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Abstract—The naturally occurring noble gas isotop8%¢, 3°Ar, 8Kr and *?°Xe) and halogens (Cl, Br, 1)

have been determined simultaneously in irradiated quartz vein samples by noble gas mass spectrometry.
Quartz vein samples were collected from the potassic and propylitic alteration zones of six porphyry copper
deposits (PCD): Bingham Canyon, Utah; and Silverbell, Ray, Mission, Pinto Valley and Globe-Miami in
Arizona. In addition, analyses dHe/*He have been obtained from sulphide minerals hosted by the quartz
veins at Silverbell, Ray, Pinto Valley and Globe-Miami.

The majority of PCD fluids studied have Br/Cl and I/Cl ratios that overlap those of fluids included in mantle
diamond, suggesting that the salinity had a juvenile origin. The high I/CI 2D~ ° mole, M) in samples
from the propylitic zone of Silverbell is attributed to the presence of sedimentary formation water.

3He/'He ratios have R/Ra values in the range 0.3 to 1.72, and provide evidence for the involvement of a
crustal component in addition to mantle volatil&%Ar/3°Ar ratios vary from meteoric values e¥317 in the
propylitic zone of Bingham Canyon, and 323 in the skarn alteration of Mission up to 3225 in the potassic zone
of Pinto Valley. Fluids in both the potassic and propylitic alteration zones of every deposit are a mixture of
a low salinity end-member comprising meteoric water and air, and a high salinity end-member consisting of
a mixed mantle and crustal fluid.

The*CAr/Cl ratio of fluid inclusions at Pinto Valley10~* M) is similar to values obtained previously for
mantle fluids. ThéC°Ar/Cl value is two orders of magnitude lower at Bingham Canyon, where a depf%ed
concentration (0. 10~ ® cm®/g) below that of air saturated water (ASW), and a range of highly fractionated
noble gas compositions {#Kr = 13 and B?°Xe = 160) indicate that boiling and pulsed fluid flow have
occurred. Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION to a variety of hydrothermal systems, and has provided an
overview to geothermal, metamorphic, Mississippi Valley-
Type and granite related systems (Kelley et al., 1986; Bohlke

nd Irwin, 1992a; Bohlke and Irwin, 1992c; Turner and Ban-
f

non, 1992; Burgess and Parsons, 1994; Irwin and Reynolds,
. . o . . . 1995; Irwin and Roedder, 1995). Of the granite related hydro-
Fluids of different origins (meteoric, magmatic or sedimentary .

thermal systems, two porphyry copper deposits have been

formation water) have characteristic noble gas Isotope signa- investigated: Bingham Canyon, Utah, and Butte, Montana, both
tures, and noble gases can be used to quantitatively evaluate the

contribution of these different components to a hydrothermal n the USA (Irwin and Roedder, 1995)1 . . .
fluid (e.g., Turner et al., 1993). Hydrothermal fluids may attain _The present work focuses_ on the orgin of _fluu_js assou_ated
a hiah sallinit by a nljmber of mechanisms includin arti- with porphyry copper deposit (PCD) mineralisation. Detailed
L g NIty by . . . 9. part study of the noble gas and halogen composition of fluids
tioning of juvenile halogens into a magmatic fluid phase, boil- : . o . . . -
ing, dissolution of evaporites, and evaporation of seawater. involved in PCD genesis will test their uniformity and origin.

' ' Heavy noble gas (Ar, Kr and Xe) and halogen analysis of

These processes can be resolved because they lead to Chara?r'radiated uartz vein samples and helium isotope analyses of
teristic halogen signatures (Bohlke and Irwin, 1992a; Worden, 4 P P Y

1996) associated unirradiated sulphides have been undertaken. Ar-Ar

. . . age determinations made possible through this work have pro-
Extension of the Ar-Ar technique allows simultaneous de- vided the focus to a separate publication (Kendrick et al
termination of the halogens (Cl, Br, 1), and the naturally oc- P P v

curring noble gas isotopes of Ar, Kr, and Xe, by noble gas mass 2001).
spectrometry (Kelley et al., 1986; Bohlke and Irwin, 1992b). In
addition to information on fluid origins, the technique can,
under the right circumstances, provide direct age determina-

tions (Kelley et al., 1986; Turner and Bannon, 1992; Kendrick
et al., 2001). PCD fluids have been well characterised by both fluid inclu-

Combined noble gas and halogen analysis has been appliedsion and stable isotope studies. Classic studies include: Roed-
der (1971; 1984); Sheppard et al. (1971); Nash (1976); Shep-
pard and Gustafson (1976); Eastoe (1978); Beane and Titley
*Author to whom correspondence should be addressed (1981)and Bowman et al. (1987). The abundant data available
(Ray.Burgess@man.ac.uk). from conventional techniques enables a comparison with infor-
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Saline fluids are arguably the most important mineralising
component in hydrothermal systems and the combined study of
noble gases and halogens can be used to determine the origin o
the fluid, the source of salinity and the age of mineralisation.

1.1. Porphyry Copper Deposits
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I, et al., 1987). Unmodified meteoric fluids may have been im-
e Propylitic % portant in only the late sericitic and argillic alteration zones.
g Chl-Epi-Carb \\\ The importance of sedimentary formation waters has also been
// Adul-Alb N demonstrated at the Ann-Mason deposit, Yerington, Nevada

(Dilles et al., 1992).

The PCD deposits chosen in this study are the 5Gt Bingham
Canyon deposit, Utah, USA (Moore and Nash, 1974; Lanier et
\ al., 1978; Warnaars et al., 1978; Bowman et al., 1987; Irwin
and Roedder, 1995) and five smaller deposits from the Lar-
amide metallogenic province in southwest Arizona, USA. The
Arizonan deposits include; Silverbell, Ray, Pinto Valley,
Globe-Miami and Mission (e.g., Livingston, 1973; Nash, 1976;
Titley, 1982; 1994; 1995; Titley et al., 1989). Although all the
deposits show the classic features of PCD mineralisation, al-
| teration styles at the six deposits vary (Table 1), providing the
opportunity to compare common features of fluid evolution as
well as the extent of noble gas and halogen variation

N ——_——_——_—————

1.2. Noble Gases and Halogens in Crustal Fluids

The noble gases are chemically inert, and show conservative
behaviour in the Earth’s crust. The abundance of the noble
gases Ar, Kr, and Xe in a fluid and their ratios to each other,
particularly an atmospherit®Ar/3®Ar ratio of 295.5, can de
termine whether a fluid originated at the surface. Furthermore,
the temperature and salinity dependence of noble gas solubility
(Smith and Kennedy, 1983) means that in principle, meteoric
water and seawater can be distinguished using noble gas con-
centration data (Bohlke and Irwin, 1992¢PAr/3Ar ratios
above the atmospheric value of 295.5 indicate enrichment of
mation obtained through combined noble gas and halogen the fluid in exces§°Ar (*°Ar) from either a crustal or mantle
analysis. source.*Ar is the “°Ar not attributable to an atmospheric

PCD wall rock alteration is genetically related to and centred origin or to in situ production from radioactive decay*8K. A
upon, an evolved calc-alkaline porphyritic stock (Fig. 1). Fluid crustal fluid may acquiré®Arz by interaction with K-rich
inclusion data shows that ‘magmatic’ fluids of the inner potas- rocks, or from degassing of the upper mantle, which4%4s/
sic zone have temperatures up to 725°C and salinities as high as*®Ar >40 000 (e.g., Burnard et al., 1997). An upper mantle
60 wt.% NaCl equ. (Roedder, 1984). The outer propylitic zone noble gas component is most easily recognised by having a
fluids have lower temperature and salinity, e.g., at Bingham high3He/*He (R) value of~8 Ra (Ra= the atmospheric value
Canyon approximately 370°C and 33 wt % NaCl equ. (Bow- of 1.4 X 10~ °), and is therefore distinct from a typical crustal

Fig. 1. Schematic drawing of alteration zoning in a typical porphyry
copper deposit (after Guilbert and Lowell, 1974). Samples in this study
come from the potassic and propylitic zones (Table 1)=Quartz;

Ksp = K-feldspar; Bi = biotite; Ser= Sericite; anh= anhydrite;
Chl = chlorite; Epi = epidote; Carb= carbonate; Adul= adularia;
Alb = albite; Kaol = kaolinite; mt= magnetite.

man et al., 1987). Fluid inclusions in the temporally later
sericitic and argillic alteration zones yield lower fluid inclusion

homogenisation temperatures and lower salinities (3—20 wt.%

He signature of between 0.01 and 0.05 Ra (Tolstikhin, 1978;
O’Nions and Oxburgh, 1988).
The evolution of a fluid in the crust may involve changes of

NaCl equ.), compatible with the system becoming invaded and state, such as boiling, which leads to fractionation of noble

progressively dominated by meteoric water.

gases (Ar, Kr, Xe) and Cl, but does not affect the noble gas

Comparison between different PCD deposits reveals that the isotope signatures (e.d'°Ar/®Ar). When such a fractionation
stable isotope (O and H) composition of potassic zone biotites occurs the residual fluid will become enriched in Cl and de-
is independent of latitude, and overlaps that of a hypothetical pleted in the noble gases which are partitioned overwhelmingly
primary magmatic composition (see Taylor, 1997). In contrast, into the vapour phase. However, in relative terms the residue
the stable isotope composition of clay and sericite from the will exhibit an enrichment in the less volatile heavier noble
later sericitic/argillic alteration zones are dependent on latitude, gases (Xe-Kr>Ar) and the vapour phase will be enriched in
supporting the predominance of external meteoric or sedimen- the lighter more volatile noble gases (AKr>Xe) making
tary formation water in the outer/later zones (Sheppard et al., identification of such a process relatively straight forward.
1969; Sheppard et al., 1971; Sheppard and Taylor, 1974). The use of halogens as conservative fluid tracers and indi-

At individual deposits stable isotope data can be less con- cators of the acquisition of salinity has been demonstrated
clusive in that it is difficult to distinguish isotopically modified  through Br/Cl studies of sedimentary brines (e.g., Crocetti and
meteoric water from sedimentary formation water. For example Holland, 1989; Viets et al., 1996; Worden, 1996). Analysis of
at Bingham Canyon the composition of propylitic zone fluids iodine, which is usually the least abundant halogen in fluid
can be explained by either mixing of magmatic andnriched inclusions, is possible because of the high sensitivity of the
formation water, or by isotopic exchange between meteoric noble gas neutron activation technique. In the present study, the
water and igneous rocks at very low water/rock ratio (Bowman determination of I/Cl in addition to Br/Cl has enabled the
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Table 2. Summary of noble gas and halogen data

Quart? Sulphidé
CI/3eAr 84K r/3CAr Br/Cl I/Cl SHef'He ““Ars#/*He
Samplé  “°Ar/3CAr (x10° 4CAr/Cl (x1073) (x1073) (X107  “ArP°Ar  (R/Ra)  (X107°9) F*He

BC5-A 1137+ 6742 116.8-17.3 3.6X 107° 263.7+ 39.5 1.23+ 0.02 16.29+ 0.71 — — — —
BC5-B 552+ 64 241.9+98.2 1.4x10°° 38.4= 156 1.33+ 0.03 21.38* 0.56 — — — —
BC5-C 1894+ 390 365.3+ 75.4 3.6xX 10°® 44.2+95 1.05+0.02 18.70+0.47 — — — —
BC4 1222+ 258  90.8+ 19.2 8.1x 10°® 57.9x35 154+ 0.01 21.61*0.22 — — — —
BC3 594+ 116  66.3+= 12.9 6.5 10°°® 34.9+6.3 1.87=0.01 28.30* 0.62 — — — —

BC2 3175 50+0.3 1.2x10° 285*x04 117+0.01 — — — — —
R1 677+ 34 37.7+82 1.1x10° 28.0+0.02 0.87+=0.01 9.34+0.23 547+3 1.38+0.06 1800+3 870*4
R3 433+ 12 3.4+ 0.1 47x10° 29.8+0.02 0.91* 0.01 18.38-0.53 813*2 1.72+0.01 970+1 3200=7

GM3 824= 41 89+05 57x10° 281*14 1.01+0.01 3563-1.00 9071 0.32+0.01 370+0 10000= 12
GM3 — — — — — — 845+ 22 0.60+ 0.02 6101 4700=* 123
GM4 662+ 62 29.8+-28 19x10° 33.1+3.1 1.00*=0.04 16.03+0.38 612 0.69 — —
PV6 3211920 11.6=3.3 2.7x 104 41.9*12.0 1.06+0.01 28.54-0.55 6704 0.62+0.03 1000+ 1 2200+ 13
PV6 — — — — — 1063=5 0.76%=0.02 1300+ 2 3500+ 16
PV1 985+ 101 48+05 14x10“ 23913 1.37+0.02 24.48-0.88 603+2 1.15+0.03 1100+ 2 1500+5
SB4 372x7 54+02 17x10° 205+0.9 1.23=0.01 99.00+1.92 852+6 1.20+0.01 690+1 4900+ 36
SB1(5) 324+ 17 25+01 1.3x10° 21.0+x11 1.24+*0.02 69.20=3.77 914+3 1.12+0.01 700+x1 5300= 15
SB8 1112+ 114 27.3+28 3.3x10°° 353*4.3 1.45+0.01 121.00- 2.42 — — —
SB6 609 + 92 18.9+29 17x10° 256+22 158+0.02 89.30+ 153 924+2 0.84*0.02 590+ 1 5600= 13
M3 323+ 35 8.0+ 0.9 3.7x10°°® 25705 0.94+0.01 42.20+2.31 — — — —

@ Potassic zone samples are in regular font, outer zone samples (mainly propylitic, see Table 1 for details)iar&8ingham Canyon (BC), Ray
(R), Globe-Miami (GM), Pinto Valley (PV), Silverbell (SB) and Mission (M).

b The noble gas ratiog'{Ar/3®Ar, CI/3°Ar and 8Kr/3Ar) are the highest values determined during sequeintishcuocrushing; usually the first
or second crushing extraction. They are considered to be the analyses most free of air contamination and therefore representative of the chagmatic flui
end-member. Th&%Ar/Cl ratio is obtained from linear correlation betwe®Ar/*éAr and CIF®Ar (shown in Fig 4). The halogen compositions are
obtained by summing the gas released during both in vacuo crushing and step heating experiments (Kendrick et al. 2001).

© The noble gas composition of fluids included in sulphide were determined by a single in vacuo crushing experirignsample. fHe values
reflect enrichment ofHe in the fluid relative to air; fHe = (*Hel°Ar) ,md(*HePAr) ,;, where®HeFAr;, = 0.1655.

composition of a ‘juvenile’ magmatic signature to be confi- to be determined. Subsequently 40 to 60 mg of the crushed residue was
dently resolved from that Of evolved seawater and Sedlmentary packed in aluminium fOlI and loaded into .a tantall‘Jm resistance furnace.
formation water Samples were heated in steps of 30 min duration over a temperature
’ range of 200°C to 1600°C at intervals of 200°C. Stepped heating
extracts neutron-induced noble gas isotopes present in solid phases
2. EXPERIMENTAL METHODS AND SAMPLING such as fluid inclusion daughter minerals (Kendrick et al., 2001). The
) halogen ratios Br/Cl and I/Cl are calculated from the total combined
Quartz vein samples have been collected from the central potassic rgjease of CI, Br and | (measured as noble gas isotopes) during in vacuo
and outer alteration zones of the following porphyry copper deposits; ¢,shing and stepped heating experiments (the complete data are tab-
Bingham Canyon (BC), Utah, and Silverbell (SB), Globe-Miami (GM),  yated in Appendix 1). A full discussion of the methods used is given
Pinto Valley (PV) and Ray (R), in Arizona, as well as from skarn i, kendrick et al. (2001).
alteration at Mission (M), Arizona. Before noble gas analysis, charac- |, aqdition to data obtained from irradiated quartz, complimentary
terisation of fluid inclusion populations and limited thermometric de-  phgjium and argon isotope analysédé, “He, 3°Ar and“°Ar) have been
terminations enabled average salinities to be estimated (Table 1). gpiained from unirradiated sulphide minerals (pyrite and chalcopyrite)
Samples were crushed, and quartz chips (1-3mm size, total 60-90 mg)present in the quartz veins of Silverbell, Globe-Miami, Pinto Valley
were ha}nd-p|cked' under_a binocular microscope and cleaned in an 5,4 Ray. Helium and Ar measurements were obtained using a MAP
ultrasonic bath using distilled water and acetone. Three samples were 515 (Mass Analyser Products) mass spectrometer. Fluids were ex-
selected from a single 5cm wide vein at Bingham Canyon (BC5- A, B racted from gram-sized samples using a hydraulically induced pressure
and C) to detect any localised variations in fluid composition. of 12 tonnes. Helium and Ar were separated using a charcoal cold
Quartz vein samples were irradiated in position L67 of the Ford finger at liquid nitrogen temperature. Before isotopic analysis, noble
reactor, University of Michigan (irradiation designated MN11), and gases were purified using two Zr-Al getters (SAES GP50 and NP10) to

; ; 9 =2
received a total neutron fluence of approximately°iteutrons cm?. remove active gases. Detailed procedures are described in Stuart et al.
Hb3gr monitors were used to determine the irradiation parameters J (2000).

0.01785* 0.00025 ang3 =4.28 +0.01 (Kelley et al., 1986). Subse-

quently,3 and J were used to calculate the fluence of fast and thermal

neutrons, and thus to determine the abundance of Cl, Br, | and K 3. RESULTS AND DISCUSSION

measured a¥fAr,, 8Krg,, 1?®Xe, and*Ar, respectively. Calculated ) . .
amounts of Br and | were corrected for production from resonant ~ 1he data are tabulated in Appendix 1; values representative
neutrons based on data from the Shallowater meteorite I-Xe standard. of the included fluid composition are summarised in Table 2.
The resonant neutron flux was calculated as 2.8% of the total, account-

ing for approximately 25 and 45% of the neutron-produ g, and

128xq respectively. The methods are described in detail by Johnson et 3-1. Halogens

al. (2000). ) . Halogen ratios show a narrow range and are similar to values
Approximately 80 mg of each sample was loaded into modified 9 9

Nuprc® valves and analysed by in vacuo crushing, five sequential Obtained from mantle samples defined by diamond and mido-
crushes were obtained allowing the noble gas composition of the fluid cean ridge basalts (MORB) (Fig. 2; Belle et al., 1992;
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® Silverbell
B Globe Miami

V Ray
O Mission @ Butte (1)

A Pinto Valley € Bingham Canyon

< Bingham Canyon (1)

Br/Cl (x10-3M)

20

40 60

80 100 120 140

I/IC1 (x10-6 M)

Fig. 2. Halogen composition of hydrothermal fluids included in porphyry copper quartz veins. The “mantle” box
represents the range of halogen ratios measured in mantle diamond from Africa (Johnson et al., 2000) the “fumarole” box
represents the halogen composition of volcanic fumaroles; see Bohlke and Irwin (1992a) for references. Previously
determined halogen ratios for Bingham Canyon (Bingham Canyon-1) and Butte (Butte-1) are shown for reference (Irwin
and Roedder, 1995). Solid symbois potassic zone, open symbois outer zones (Table 1). SW seawater. Arrow
indicates evolution of salinity away from the primary magmatic source.

Jambon et al., 1995; Johnson et al., 2000). PCD quartz havemagmatic brine. In a later study, Irwin and Roedder (1995)

Br/Cl between 0.87 to 1.8% 10 mole (M) and I/C| between
9.34 to 42.2x 10 ® M; these ratios are similar to those
previously determined for Bingham Canyon and Butte (Irwin
and Roedder, 1995) which are included in Figure 2 for com-
parison. Of the samples analysed in this study, only those from
Silverbell have halogen compositions significantly different,
with a higher I/Cl ratio of up to 12 10~° M (Fig. 2).

The I/Cl ratios of all the samples are an order of magnitude
greater than that of seawater (0.95 107 ¢ M). However,
samples BC4 and SB6 have a Br/Cl ratio close to that of
seawater (1.54< 10~2 M) and with the exception of sample
BC3, all the remaining samples have a significantly lower Br/Cl
ratios. Schilling et al. (1978) estimated the Br/Cl ratio of the
MORB source region to be close to that of seawater. However,
from the halogen analysis of volcanic fumarole gases it has
been argued that a magmatic fluid should have Br/Cl lower than

suggested that the low Br/@ 0.65x 10~ *M and high I/Cl=

79 X 10°® M values of the St. Austell fluid inclusions may
reflect contamination of the magmatic brine with a minor
crustal component. The St. Austell brine has been further
constrained as ‘magmatic’ by Banks et al. (2000) using Cl
isotopes, who also reported a Br/Cl ratio of 0.49 to 06T0

M. The lower limit of Br/Cl compositions measured in this
study lies within the range of fumarole gas compositions sup-
porting the magmatic origin, but with the exception of Silver-
bell, the I/Cl ratios are significantly lower.

The Br/Cl and I/Cl values measured in PCD do not preclude
the involvement of sedimentary formation waters. However,
the clustering of data points does indicate the operation of
similar processes at five out of the six deposits studied and the
range of compositions overlaps that observed in mantle sam-
ples (Fig. 2). Moreover, fluids associated with the crystallisa-

the seawater value (Fuge, 1974; Sugiura et al., 1963). Bohlke tion of an I-type granite may be expected to retain a magmatic/

and lrwin (1992a) compared the composition of fluids associ-
ated with the St. Austell granite and the average composition of
volcanic fumaroles with Br/Cl in the range 0.5 to 2x010 3

M and I/Cl in the range 50 to 208 10 ° M, to characterise a

mantle signature. Therefore, it is considered that the halogen
ratios are representative of a magmatic end-member.

With the exception of Silverbell, the compositional change
between the outer zones and the inner potassic zone is small
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Fig. 3. Histogram of théHe/"He composition of quartz vein hosted sulphide from Arizonan PCD, normalised to the
atmospheric value (R/R& 1).

and both inner and outer zones have fluids with a mantle-like This means thatHe is enriched by more than 1000 times above
halogen signature. This is compatible with the potassic zone the atmospheric concentration and is more than 3000 times
fluid having a magmatic origin and acquiring its salinity from above thé'He concentration in ASW (fHe= 0.18-0.28). The
ajuvenile source. The preservation of this signature in the outer high F*He values are evidence that the fluids contain negligible
zones suggests magmatic fluids are present and that dilution orcontributions of atmospheric He, and therefore the measured
mixing can only have occurred with low salinity meteoric *He/*He ratios result from mixing of crustal and mantle He
water. sources. Unlike th&°Ar/3®Ar ratios discussed later, the scarcity
The I/Cl value of fluids at Silverbell increases from the inner of helium in the atmosphere means the measuidd/He
potassic to the outer propylitic zones and exceeds the range ofvalues do not reflect the extent of meteoric water involvement.
values measured in mantle samples. Sedimentary formation Post entrapment modification of th#le/*He ratio is not
waters can obtain elevated I/Cl ratios because | is enriched in considered to have been important. The low levels of neutron-
sedimentary rocks as a result of sequestering by organic matterinduced*>*Xe from U released from quartz shows that the fluid
(Worden, 1996). The trend in I/Cl at Silverbell may indicate inclusions contain low concentration of U and that production
that formation waters have become entrained in the hydrother- of “He since trapping has been negligibke(.01%).
mal system of the outer propylitic zone, and to a lesser extent Assuming binary mixing, the R/Ra ratio can be used to

are also present in the potassic zone. estimate the proportion of mantle (Rand crustal (R com
ponents in the fluid. The proportion of manfide is calculated
3.2. Helium as:
Helium data have been obtained from sulphide samples in (R-R)
the potassic and propylitic zones of Silverbell, Ray, Globe- % mantle He:ﬁ X 100

Miami and Pinto Valley. Helium isotope ratios are between 0.3

and 1.7 Ra (Table 2; Fig. 3). The atmospheric He contribution To use this expression, the composition of the two end-mem-
can be determined from the'tfe values, defined as tHéle/ bers must be defined. The crust typically has an R/Ra value in
38Ar of a sample relative to the atmosphetide°Ar value of the range 0.01 to 0.05 (Tolstikhin, 1978), which is much lower
0.1655, such that a sample containing air will have an F value than the MORB source region with an R/Ra-eB. Using a

of 1. The FHe values for the sulphides are1000 (Table 2). value of 8 Ra as representative of pure mantle helium, and the
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measured range in R/Ra of 0.3 to 1.72, gives the proportion of 3.3.2.°Ar/Cl and CI/°Ar ratios

mantle helium as between 4 and 20%. However, magmatic

bodies intruded into continental lithosphere usually have a
lower *He/*He than the MORB source due to the effects of
crustal contamination and magmatic ‘ageing’. Simmons et al.
(1987) considered that a value 6f3 Ra may be more repre-

sentative of evolved ‘magmatic’ bodies. Using the lower value

The highest*Arg/Cl value of 2.7X 10~* M is obtained
from potassic zone fluids at Pinto Valley; this decreases to
1.4 X 10~* M in the propylitic zone (Table 2). Such high
40Ar/Cl are about 10 to 100 times higher than previously
measured in crustal fluids (Turner and Bannon, 1992) and are
similar to the range determined for fluids in diamonds and

of 3 Ra, it is estimated that the fluids contain between 10 and mantle xenoliths of 5 to 15 10~* M (Johnson et al., 2000).

58% of ‘magmatic’ He.
The relatively low R/Ra values of all the deposits in this
study, indicate that crustal fluids are important in both the inner

The “°Arc/Cl values measured at the other deposits are at least
an order of magnitude lower (Table 2), being similar to values
previously measured at Buttel to 2.5X 10~ M (Irwin and

and outer zones of PCD. At Silverbell the R/Ra value decreases Roedder, 1995), and implying the involvement of saline crustal

from 1.2 in the potassic zone to 0.84 in the propylitic zone
(Table 2). The change is compatible with dilution of a mag-
matic fluid in the potassic zone, with formation water contain-
ing crustal He in the propylitic zone and is also in accord with
the explanation given earlier for the outward increase in I/Cl

fluids. Bingham Canyon and Mission have the lowt8ir _/Cl
ratios of between 1.X 10~ ®and 3.7x 10 ° M (Fig. 4), these
are within the range of values previously determined for Bing-
ham Canyon at 0.5 to & 10~° M (Irwin and Roedder, 1995).
The Arizona PCD show a range in €3Ar values of between

values. In contrast, the R/Ra values at Ray, Pinto Valley and 2.5 to 38.7x 10° M this is identical to the range previously

Globe-Miami increase outwards from values of 1.38, 0.76 and

determined for granite-related mineral veins in southwest and

0.32 to 0.60 in the potassic zones to higher values of 1.72, 1.15 northwest England (2—48 10° M; Turner and Bannon, 1992).

and 0.69 in the outer zones, respectively (Table 2). This ‘re-

At Bingham Canyon the maximum CfAr ratio of potassic

verse' trend is based on a small number of samples, but zone fluids (365x 10° M; Fig. 4b) is an order of magnitude
suggests crustal fluids are important in the centre of these greater than that measured at any of the Arizonan deposits

deposits and implies that fluids of different origin are thor-
oughly mixed throughout the hydrothermal system. The lowest
measured R/Ra value of 0.3 indicates tha®0% of the*He in

the potassic zone of Globe-Miami is of crustal origin.

3.3. Argon
3.3.1. Atmospheric Ar sources

4OAr/36Ar and CIP®Ar data obtained by in vacuo crushing
(Fig. 4) have been corrected for in situ production of radiogenic
4%Ar since trapping. This was done using the published miner
alisation ages (Table 1; Kendrick et al., 2001) and the K
contents of the fluids measured &%r,. The correlations
shown in Figure 4 represent binary mixing between two end-
members; a high salinity end-member with elevet®ar/2Ar
and CIP®Ar, and a low salinity end-member with an atmo
spheric?®Ar/®Ar (296) and CI?°Ar = 0. The gradient of the
mixing line is equivalent to thé®Ar/Cl value of the high
salinity component and is discussed in section 3.3.2.

The low salinity, low*°Ar/3®Ar end-member may represent
either, a mixture of air-saturated meteoric water (ASW) and
palaeoatmospheric Ar included within the sample, or simply

which are mostly<40 x 10° M (Table 3, Fig. 4a)The CIF®Ar
value decreases t0%6 10° M in the propylitic zone at Bingham
Canyon, which is similar to the values in the propylitic zones of
the Arizonan deposits (Table 2 and Fig. 4). The outward
decrease in CifAr from the central potassic zone to the outer
zones, at Pinto Valley, Ray and Bingham Canyon is compatible
with fluids being diluted by meteoric water; as reflected by the
outward decrease in salinity seen in all the deposits (Table 1).
The high CI?°Ar ratio measured in the potassic zone of Bing
ham Canyon (Fig. 4b) may be further explained by Ar loss
during boiling of the hydrothermal fluid which would also
account for the low*°Ar/Cl value of this deposit. The greater
extent of boiling at Bingham Canyon compared with the Ari-
zonan deposits, gains some support from the relatively high
abundance of high salinity and vapour inclusions observed in
the Bingham samples (Table 1). The Bingham Canyon samples
show a wide variation in CiPAr and “°Ar/Cl ratios of 66 to
365 x 10° M and 8.1 to 1.4X 10 ® M respectively. Further
more, the potassic samples BC5-A, B and C, show significant
variation in these ratios across a single vein reflecting the
differing extent to which boiling has affected fluids from within

modern atmospheric Ar that has been adsorbed on to thethe same zone on a local scale. The samples with the highest
sample as a contaminant. Although air contamination is almost “°Ar/Cl ratio are dominated by the vapour phase inclusions,
impossible to eradicate entirely, the effects can be minimised while samples having lowef°Ar_/Cl ratios may contain a

by considering the analyses furthest from the atmospheric higher proportion of the liquid residue.

composition as being most representative of the high salinity

end-member. Ideally the data should cluster around the maxi-

mum “°Ar/3¢Ar and CIP®Ar values to be considered free of air
contamination (Irwin and Roedder, 1995). The composition of
the high salinity endmember estimated in this way for each
sample are summarized in Table 2. The maximun?3al
measured in the samples can be used to estimat€®te
concentration of the fluid (section 3.3.4). When the estimated
38Ar concentrations in the fluid are combined with measured
84Kr/3®Ar values, which are mainly in the range between air
(0.02) and ASW (0.04), it appears that air contamination is
significant in samples SB4, SB1, GM3, R3 and PV1.

The CIF®Ar and “°Ar/Cl are influenced by the concentra
tion of Ar and salinity of the fluid, however these ratios do not
appear to be related in a systematic manner in the other depos-
its. The reason for this is probably that the sourcé%f - and
Cl, most likely K-rich crustal rocks or the upper mantle, is
unrelated to the source 8fAr, which is from the atmosphere
possibly by way of meteoric water.

3.3.3. Crust and mantl&’Arg and “He sources

The measured®Ar/*°Ar composition of PCD fluids range
from 317 in the propylitic alteration at Bingham Canyon to
3211 in the potassic zone of Pinto Valley (Table 2). Irwin and
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Fig. 4. Log-log plots of*°Ar/3®Ar against CI?°Ar for (a) Arizonan PCD, and (b) Bingham Canyon, Utah. Trajectories
of “°Arg/Cl with an intercept of 296 are plotted as dotted lines and appear as curves. Data are on binary mixing arrays
(parallel to the trajectories) between a high salinity end-member with an ele?awefAr value, probably an intimate mix
of mantle and crustal fluids, and a low salinity end-member with an atmospgHaric®Ar ratio, consistent with meteoric
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Noble gases and halogens in Cu-porphyry mineralising fluids 2659
Table 3.4°Ar/*°Ar composition of quartz and sulphide fluid inclusions
Silverbell Globe-Miami Pinto Valley Ray Bingham
Mission Canyon
Q* S Q S Q S Q S Q Q
Potassic
40Ar/38Ar 372 914 824 907 3211 1063 677 547 1222
% 40ArE 21 68 64 67 91 72 56 46 76
Outer zone
40Ar/3CAr 1112 924 662 612 985 603 433 813 323 317
% “°Arg 73 68 55 52 70 51 32 64 9 7

2Q and S distinguish quartz and sulphide fluid inclusion compositions.

Roedder (1995) reported*8Ar/3®Ar value of 3700 at Bingham

2) which is not observed, thus making He loss the favoured

Canyon, and 650 at Butte that cover the same range measuredxplanation for the variation ii°Arz/*He values.

in the present study'°Ar/3®Ar values higher than the atmo
spheric ratio indicates the presence of a significant proportion
of “°Ar of mantle or crustal origin. The proportion &fAr

can be estimated using the maximum meas@fad *°Ar value
[(*°Ar/3®Ar) .. as follows:

(*°Ar/*® Ar) max — 296

COAT Ay 100

% “Arg =

Estimates of théAr contents for the inner potassic and outer
zones are given in Table 3. TH8Ar of 20% for the potassic
zone at Silverbell is probably an underestimate due to the
effects of air contamination, a more realistic approximation,
based on thé®Ar/3®Ar in sulphide, is 67%'°Arg (Table 3).
Both the*°Ar/3®Ar value and the proportion ¢ °Ar. decrease
from the central potassic zone to the outer zones in all the
deposits except Silverbell (Table 3); this is consistent with the
dilution of fluids containing*Arz by meteoric water. The
slight outward increase itfPAr/3CAr at Silverbell can be attrib
uted to the involvement of formation waters containing crustal
4%Arc in the propylitic zone of that deposit.

The “°Ar/3®Ar of fluid inclusions in sulphide tend to show
slightly less variation than in quartz fluid inclusiorf8Ar/3¢Ar
values are between 547 and 1063 in sulphide compared to 323
to 3211 in quartz (Table 3). The variation in the sulphide
40Ar/3®Ar values corresponds to between 46 and 78%r ..

The “°Ar content of the fluid from which the quartz gangue
formed appears to be more variable than fluid responsible for
precipitation of the ore minerals. The meteoric water reduces
the “CAr/3Ar ratio in the outer zone, but has little effect on the
R/Ra ratio.

The range irf°Arz/*He values of between 0.37 (GM3) and
1.8 (R3) are, with the exception of the lowest value (GM3),
above the crustal and manfiéAr/*He production ratios of 0.2
and 0.5 respectively (Fig. 5). Th&Ar/*He ratio and the
*He/*He ratio do not exhibit a well defined correlation, sug
gesting that two independent processes account for the varia-
tion in “°Arz/*He and®*He/*He. The variation irfHe/*He ratio
results from mixing different quantities of crustal and mantle-
derived volatile components. The higPAr/*He ratios can be
explained by either loss of He due to its relatively high vola-
tility, or enrichment in*°Ar, derived from crust already de

.3.4.%%Ar concentration
The concentration 6i°Ar can be estimated by combining the

CI/3®Ar value with salinity measurements based on thermemet
ric analysis (Turner and Bannon, 1992). The main limitation to
this approach is in the accuracy with which the bulk salinity of
fluid inclusion populations can be obtained. Estimates of the
average fluid inclusion salinity have been made based on ther-
mometric analyses of individual fluid inclusion types and a
qualitative assessment of their occurrence (Table 1). Despite
the limitations imposed by averaging fluid inclusions of differ-
ent type and salinity, we believe that some useful inferences
can be made from the derivé@Ar concentrations.

The estimated concentrations BAr in the inner and outer
zones of the PCD are given in Table 4. Ti%ar concentration
for potassic fluids at Bingham Canyon (BC5) are low at 0.2 to
0.6 X 10~ ® cm® STP/g HO (calculated assuming a €3Ar of
117-365x 10° and an average salinity of 17 wt. % NaCl equ.;
see Tables 1 and 2). This is below tFRAr-concentration of
ASW (0.96X 10~ ° cm® STP/g at 25°C and 1.68 10~ ° cm®
STP/g at 0°C; references in Ozima and Podosek, 1983). Irwin
and Roedder (1995) estimated a similarly [8%Ar-concentra
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Fig. 5. *Hel'He versus*®Arc/*He for Arizonan PCD.*°Ar/*He
values in PCD fluids are higher than the crustal and MORB mantle

gassed of He. However, the latter process would be expected tOproduction ratios. Solid symbols potassic zone, open symbots

lead to a correlation betwedfAr/*He and*°Ar/*®Ar (Table

outer zones.
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Table 4. Estimated®Ar concentrations in fluidsX 10-¢ cm® STP/g HO) of PCD deposits

Bingham
Zone Silverbell Globe-Miami Pinto Valley Ray Mission Canyon
Potassic SB4 7.8 GM4 43 PV6 4.0 R1 6.0 BC5 0.2
Outer SB6 11 GM3 0.5 PV1 4.0 R3 6.0 M3 1.9 BC2 1.6
zone

tion of 0.1 to 0.3X 10~ ® cm® STP/g for Bingham Canyon

explained by Ar loss during boiling. This finding is supported

which they used as evidence that the fluids had a magmatic by the FXe values determined for sample BC5-A, which cor-

origin. However, the low°Ar concentration is also compatible
with Ar loss during boiling of hydrothermal fluids. Based on an
average salinity of 2 wt % NaCl, the propylitic zone at Bing-
ham Canyon has &°Ar-concentration of 1.56x 10~ °® cm®
STP/g, this is within the range of values for ASW indicating
that this zone is dominated by meteoric water. Irwin and
Roedder (1995) reported a similar value of 24710~ ¢ cm®
STP/g for meteoric fluids included in quartz at the Butte PCD.
In contrast to Bingham Canyon, tff€Ar concentrations of

relates with FKr (Fx= (X/3°Ar)sample/(X?°Ar)air where

(*2%%efeAnair = 0.7237 X 102 and Er/*Anair =

0.0207; Fig. 6b) indicating that the hydrothermal fluid has
preferentially lost noble gases corresponding to their volatility,
Ar>Kr>Xe. Similar fractionations have been attributed to
partitioning of noble gases between liquid and steam in the
geothermal waters of Yellowstone national park, U.S., although
in this system the fractionation factors are somewhat lower FKr
<4 and FXe<16 (Kennedy et al., 1985). To attain the extreme

fluids at the Arizonan deposits are equal to or above that of values of FK=10 and FXe=100 may require a multistage

ASW (Table 4). This indicates a significant involvement of
externally derived surface fluid (meteoric or formation water)

fractionation process.
The ®Kr/®Ar values of samples BC5-B (0.038) and BC5-C

in both the potassic and propylitic zones of these deposits, and (0.044) from the same vein and situated adjacent to sample

is consistent with the lack of evidence for boiling amongst the
fluid inclusion populations of these samples (Table 1).

The high3®Ar concentration of=4.0 X 10°® cm® STP/g
H,O in the potassic samples from Silverbell (SB4) and Globe-
Miami (GM3), and the outer zone samples from Ray (R3) and
Pinto Valley (PV1) are most easily explained as a result of air
contamination (Table 4). These samples hZfka/CAr values

BC5-A, are significantly lower. In contrast to BC5-A these
samples have F values within or close to the range explained by
mixing of air and ASW. This may be because boiling has been
less important in these fluids, or that samples BC5-B and
BC5-C contain fluid inclusions dominated by the vapour phase
of boiling compared to sample BC5-A which contains a higher
proportion of liquid residue. Although noble gas ratios Kr/Ar

(Table 2) that are between the atmospheric ratio (0.02) and and Xe/Ar are correlated within samples BC5-A, B and C; the

0.03, well below the ASW value (0.04) and supporting signif-
icant air contamination ¥50%). The potassic zone sample
from Pinto Valley (PV6) also has a highiAr concentration but
this is combined with &*Kr/3®Ar value of ASW (Table 2) thus,
unless the®Kr/3®Ar was initially above that of ASW, air

highest Kr/Ar ratio does not correlate with the highesfeir,
lowest*®Ar/Cl ratio and lowesE®Ar concentration (Tables 2
and 4) as may have been expected if boiling was the only
process involved. This inconsistency may be attributed to either
variations in salinity, which affect the calculat&8hr concen

contamination does not provide a good explanation for the tration, small but variable extents of air contamination, or the

source of*®Ar in this sample. One possibility is thatAr may

have been acquired through interaction with fine-grained sed-

differing sources of®Ar, Kr, 6Ar, and CI.
The lack of a systematic difference3fKr/3°Ar between the

iment which can be enriched in adsorbed atmospheric noble potassic and propylitic zones of the other deposits (Table 2) is

gases (see Ozima and Podosek, 1983).

3.5. Elemental Fractionation of Ar, Kr and Xe by Boiling

The 8Kr/3¢Ar and “°Ar/®Ar ratios of fluids from Bingham

Canyon and Pinto Valley show a marked decrease between the

potassic and propylitic zones (Fig. 6a) which is compatible with
an influx of meteoric water. Additionally, the higlKr/3®Ar

probably related to the variable extent of air contamination.
However at Silverbell, it is also possible that the higftr/
S8Ar of the propylitic zones may result from an influx of
sedimentary formation water with a higH&Kr concentration.

4. SUMMARY AND CONCLUSIONS

Combined noble gas and halogen analysis provides impor-

values of the Bingham Canyon potassic zone samples, BC5-A tant new insight as to the source and interactions of mineralis-
(0.264) and BC4 (0.058), which are above the ASW value ing fluids in PCD. The findings are consistent with interpreta-

(0.04) suggests significant Kr/Ar fractionation has occurred. tions based on existing fluid inclusion and stable isotope data,
This is most easily explained by preferential loss of more but unlike O and H isotopes, understanding of the noble gases

volatile Ar during boiling.
Previously, Irwin and Roedder (1995) measuféir/>°Ar
values up to twice the ASW value at Bingham Canyon

and halogens is largely unaffected by processes involving iso-
topic equilibration and exchange with host rocks.
The data acquired in this study shows considerable variation,

(=0.086) which they interpreted as being characteristic of a not all of the PCD characteristics are displayed by a single

magmatic fluid. However, the lo’PAr-concentration, and the
elevated Cf®Ar and ®Kr/*CAr ratios observed in sample

sample, or by a single deposit. However, taken together the
samples provide a comprehensive overview of the features

BC5-A (Tables 2 and 4), are all characteristics that can be best most typical of PCD mineralisation, including the effects of
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Fig. 6. (a)®*Kr/®Ar versus*°Ar/3®Ar for Pinto Valley and Bingham Canyon. The data are compatible with mixing of
two fluid end-members; a high salinity end-member dominates the potassic zone having ‘@AnigPAr value and
84Kr/3®Ar value above that of ASW, at Bingham Canyon this attributed to the boiling. The other endmember fluid, dominant
in the propylitic zone, has an atmosphelfar/®Ar ratio compatible with meteoric watet*Kr/*°Ar are between the ASW
(shown for 0° and 25°C) and air values suggesting air contamination of the samples. (b) An F-plot showing the effects of
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Cl mol Br mol | mol 40Ar mol 36Ar mol 84Kr mol 129 mol
Sample (x1079) (x10713 (x10719) (x10°1® (X 10719 (X 10718 (x 10718
BC5-A
Crush 1 46.0+ 0.86 72.51+ 1.56 1177+ 76.1 550.0+ 7.1 0.98+ 0.05 125.2+ 3.6 27.7+ 0.10
Crush 2 69.0+ 1.26 102.92+ 2.38 1617+ 90.5 584.0+£ 7.4 0.94+ 0.06 194.6+ 5.3 44.9*+ 0.16
Crush 3 36.1*+ 0.66 50.84+ 1.04 813.0+ 45.4 227.4+ 2.6 0.31+ 0.05 81.4+ 2.4 35.6+ 0.11
Crush 4 17.9+ 0.28 25.64+ 0.52 403.7= 23.0 97.4+ 0.58 0.08+ 0.05 7.0+ 0.6 9.00+ 0.05
Heating
200°C 5.1+ 0.21 0.78+ 0.18 20.0+ 25.7
400°C 40.1+ 1.70 17.22+ 2.26 194.4+ 11.8
600°C 25.3£1.04 31.01+ 4.08 267.6+ 18.2
800°C 7.74+ 0.32 8.99+ 1.17 141.4+ 10.4
1000°C 5.04+ 0.08 5.53+ 0.32 83.2+ 16.1
1200°C 23.1+ 0.34 25.88+ 1.56
1400°C 41.1+ 0.61 45.39+ 2.76 60.3+ 151.1
Total 316.4+ 2.73 386.3+ 6.54 4778+ 202
BC5-B
Crush 1 137.6- 2.55 234.30+ 12.6 3829+ 216.7 1137+ 14.4 2.78+ 0.06 82.2+ 2.48 7.20+ 0.03
Crush 2 40.2+ 0.62 69.01+ 1.50 1196+ 67.2 246.9+ 1.33 0.59+ 0.04 15.3£ 0.51 1.37+= 0.03
Crush 3 69.3+ 1.06 125.37+ 2.61 2207+ 123 227.9+1.21 0.40+ 0.05 12.4+ 0.60 2.41+ 0.02
Crush 4 34.1+ 0.55 54.01+ 1.42 907.8+ 51.3 97.9+ 0.52 0.14+ 0.06 5.40+ 0.18 1.13*= 0.02
Heating
400°C 91.7+ 1.43 30.82+ 0.40 286.8+ 34.6
600°C 46.7+ 0.71 55.35+ 1.26 806.3+ 45.7
800°C 10.1+ 0.16 14.52+ 0.19 249.6+ 14.2
1000°C 6.83+ 0.12 7.50+ 0.21 122.6+ 7.02
1200°C 35.2+ 0.53 42.03+ 1.14 618.6+ 54.3
1400°C 43.4+ 0.72 52.11+ 0.65 788.6+ 45.8
Total 515.1+ 3.42 684.6+ 13.2 11012+ 279
BC5-C
Crush 1 25.0+ 0.38 49.48+ 1.02 739.5+ 41.0 567.0+ 3.17 1.35+ 0.04 39.0+ 1.03 2.21+ 0.03
Crush 2 248.9+ 3.81 213.5+ 11.0 6290+ 359 2235+ 11.9 3.84+ 0.04 132.3+ 4.19 7.38+ 0.05
Crush 3 96.0+ 1.49 155.7+ 3.34 2284+ 128 570.5+ 4.36 0.64+ 0.07 20.0+ 0.60 2.19+ 0.03
Crush 4 77.5+ 1.23 125.53+ 12.6 1901+ 104 407.2+ 3.75 0.21+ 0.04 9.37+ 0.57 0.99+ 0.02
Crush 5 84.5- 1.30 125.13* 2.69 1893+ 105 397.0+ 2.21 0.24+ 0.05 7.36+ 0.33 1.25+ 0.05
Crush 6 37.6- 0.57 51.42+ 1.07 793.2+ 435 154.3+ 0.86 0.09+ 0.06 3.39+ 0.28 1.03+ 0.01
Heating
400°C 157.5+ 2.36 43.61+ 1.51 419.5+ 29.5
600°C 66.6= 0.99 69.45+ 1.65 953.4+ 80.3
800°C 13.4+ 0.22 14.97+ 0.43 226.4+ 12.5
1000°C 11.5- 0.18 11.82+ 0.47 143.6+ 16.1
1200°C 76.5+ 1.17 86.34+ 2.25 1373+ 74.9
1400°C 55.8+ 0.84 51.92+ 1.31 760.6+= 41.8
Total 950.6+ 5.39 998.4+ 17.7 17778+ 432
BC4
Crush 1 8.34+ 0.16 13.31+ 0.12 188.4+ 5.88 306.6+ 3.68 0.58+ 0.03 33.7+ 0.44 4.36+ 0.01
Crush 2 16.5+ 0.31 27.33+ 0.24 359.4+ 9.81 423.8+ 5.07 0.56* 0.04 20.1+ 0.29 2.19+ 0.00
Crush 3 13.4+ 0.20 22.84+ 0.26 318.8+ 8.47 247.6+ 0.72 0.30+ 0.02 5.68+ 0.30 0.76*+ 0.00
Crush 4 15.5+ 0.23 28.96+ 0.32 441.7+ 11.9 209.3+ 0.58 0.17+ 0.04 3.94+ 0.08 1.00= 0.00
Crush 5 19.0+ 0.28 34.78+ 0.36 490.2+ 14.6 224.7+ 0.74 0.23+ 0.05 4.04+ 0.25 1.37+= 0.00
Crush 6 5.54+ 0.09 9.28+ 0.09 143.4+ 4.26 76.0= 0.18 0.15*+ 0.04 1.66* 0.13 0.54+ 0.01
Heating
200°C 4.28+ 0.06 0.67+ 0.02 30.9+ 1.01
400°C 14.7+ 0.22 13.93+ 0.10 165.5+ 2.5
600°C 2.23+ 0.03 3.04+ 0.03 1.4+ 3.3
800°C 2.17+ 0.05 2.42+ 0.07 29.9+ 3.1
1000°C 2.93+ 0.06 3.64+ 0.03 452+ 2.1
1200°C 17.6= 0.26 26.17+ 0.19 364.1+ 7.1
1400°C 11.3+ 0.18 13.05+ 0.09 175.1+ 3.7
1600°C 2.53+ 0.04 10.02+ 0.08 184.8+ 3.8
Total 136.0+ 0.68 209.0+ 0.67 2939+ 26.2
BC-3
Crush 1 0.98+ 0.03 2.61+ 0.03 39.5+ 2.60 18.9+ 0.07 0.10+ 0.03 1.70+= 0.11 2.19+ 0.01
Crush 2 7.97 0.12 19.5+ 0.21 323.1+ 20.7 100.0+ 0.27 0.23+ 0.04 7.58+ 0.17 6.92+ 0.03
Crush 3 15.3+ 0.23 37.9+0.41 617.7+ 39.8 157.6+ 0.46 0.34+ 0.04 9.57+ 0.20 8.58+ 0.05
Crush 4 15.4- 0.23 37.3+ 0.40 602.9+ 38.3 145.5+ 0.45 0.23+ 0.05 8.30+ 0.14 5.36+ 0.02
Crush 5 8.39+ 0.16 17.8+ 0.16 258.3+ 6.27 82.8+ 0.99 0.19+ 0.03 5.72+ 0.12 1.70= 0..01
Crush 6 8.43+ 0.17 16.7+ 0.15 244.6+ 6.39 84.4+ 1.02 0.18+ 0.03 6.62+ 0.10 2.36+ 0.00

Table (Continued)
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Cl mol Br mol I mol “°Ar mol 36Ar mol 84Kr mol 129e mol
Sample (X1079) (X10713 (x107%9) (x10°%® (X 10719 (X 10718 (X 10718
Heating
200°C 6.79+ 0.11 1.59+ 0.02 27.7t 1.99
400°C 15.0= 0.24 9.91+ 0.08 87.9+ 1.84
600°C 1.85+ 0.03 3.06+ 0.10
800°C 1.99+ 0.09 3.73= 0.04
1000°C 3.22+ 0.06 5.23+ 0.03
1200°C 11.4+ 0.17 20.1+ 0.11 269.8+ 4.10
1400°C 8.31+ 0.13 13.0+ 0.08 170.7+ 2.49
1600°C 2.05+ 0.03 11.0*+ 0.05 188.7+ 3.33
Total 107.1+ 0.55 199.4+ 0.68 2831+ 60.1
BC-2
Crush 1 0.63+ 0.02 1.33+ 0.02 38.9+ 1.82 284.9+ 0.81 0.98+ 0.04 26.9+ 0.42 2.22+0.01
Crush 2 0.88+ 0.03 1.83+ 0.01 50.1+ 1.49 352.4+ 1.26 1.15* 0.06 32.4+ 0.32 1.98+ 0.00
Crush 3 2.77 0.05 5.76+ 0.04 132.7+ 3.16 651.3F 3.71 2.03+ 0.03 58.0+ 0.46 3.29+ 0.01
Crush 4 4.10+ 0.08 7.85+ 0.05 187.7+ 4.69 498.3+ 4.21 1.56=* 0.05 41.3+ 0.42 2.59+ 0.01
Crush 5 3.59+ 0.06 6.74+ 0.05 160.4+ 3.99 289.6+ 1.70 0.83+ 0.04 21.3+ 0.19 1.67+ 0.00
Crush 6 2.20+ 0.04 3.74+ 0.02 85.9+ 5.01 156.9+ 0.89 0.44+ 0.03 10.1+ 0.14 0.87+ 0.01
Crush 7 0.77= 0.02 1.26+ 0.01 254+ 1.77 50.2+ 0.13 0.17+ 0.04 3.27+ 0.08 0.46=+ 0.00
Heating
200°C 0.61+ 0.05 0.26+ 0.04
400°C 2.31+ 0.04 1.35% 0.05
600°C 8.43+ 0.15 0.06%+ 0.39
800°C 6.65+ 0.11 1.05*= 0.11
1000°C 7.09+ 0.10 9.01+ 0.06
1200°C 2.68+ 0.05 5.24+ 0.03
1400°C 1.33+ 0.02 5.47+ 0.03
1600°C 0.07+ 0.02 0.63*+ 0.02
Total 441+ 0.26 51.6+ 0.43 681.1+ 9.04

Cl mol Br mol I mol 4°Ar mol S8Ar mol 84Kr mol

Sample (x1079) (X107 (x10719) (x10°*® (X 10719 (x 10718
SB8
Crush 1 7.0+ 0.11 10.6* 0.06 675.1+ 21.2 332.3t 0.94 0.39+ 0.03 11.33+ 0.26
Crush 2 6.14+ 0.09 8.44+ 0.06 508.5F 16.0 286.2+ 0.76 0.28+ 0.05 9.12+ 0.18
Crush 3 4.66+ 0.07 7.02+ 0.07 435.3+ 14.4 271.9+ 0.84 0.45+ 0.05 9.70+ 0.37
Crush 4 11.3- 0.17 16.7+ 0.06 1081+ 33.8 475.8+ 1.17 0.41+ 0.04 13.6x 0.30
Crush 5 7.38- 0.12 11.5+ 0.09 718.2¢ 25.7 320.5+ 0.87 0.28+ 0.03 9.95+ 0.23
Heating
200°C 0.21+ 0.02 0.36x 0.02 49.9+ 3.59
400°C 6.48+ 0.11 8.87+ 0.33 634.3F 44.0
600°C 4.46+ 0.10 7.53+ 0.11 588.3* 34.8
800°C 0.96+ 0.04 1.95*+ 0.02 383.0= 31.9
1000°C 1.76+ 0.06 1.87+ 0.12 1596+ 117
1200°C 13.0+ 0.22 15.3+ 0.53 1529+ 92.3
1400°C 9.26+ 0.15 9.55+ 0.44 542.4+ 33.4
1600°C 3.04+ 0.06 9.71+ 0.32 412.2+ 26.5
Total 75.6+ 0.4 109.4+ 0.86 9152+ 175.9
SB6
Crush 1 5.96+ 0.09 9.87+ 0.05 671.8+ 21.2 522.2+ 1.06 1.42+ 0.04 28.22+ 0.54
Crush 2 8.57 0.13 14.4+ 0.06 931.2+ 31.6 372.1+ 0.81 0.75% 0.07 18.30+ 0.23
Crush 3 8.21+ 0.12 14.1+ 0.09 924.0* 36.0 334.4+ 0.67 0.68+ 0.06 17.32+ 0.26
Crush 4 7.68+ 0.12 12.9*+ 0.06 828.5+ 27.2 266.3*+ 0.86 0.52+ 0.04 12.18+ 0.22
Crush 5 7.50+ 0.13 12.3+ 0.10 775.9F 26.3 241.8+ 0.52 0.40+ 0.06 10.11+ 0.13
Heating
200°C 0.15+ 0.03 0.19+ 0.06 18.9+ 1.39
400°C 2.92+ 0.06 497+ 0.18 362.5F 23.9
600°C 1.55+ 0.04 2.40+ 0.17 167.4+ 11.3
800°C 0.46= 0.03 0.44+ 0.02 29.5+ 2.54
1000°C 1.19+ 0.05 1.47+ 0.04 93.6+ 6.24
1200°C 12.8+ 0.23 147+ 0.71 925.2+ 56.9
1400°C 10.5+ 0.19 10.4*+ 0.13 431.8+ 26.0
1600°C 12.2+ 0.24 27.5+ 0.84 956.5*F 65.1
Total 79.7+ 0.48 125.6+ 1.15 7117+ 114.3
SB4
Crush 1 12.0- 0.18 17.0+ 0.15 1252+ 41.6 1809+ 4.84 5.36+ 0.05 100.7+ 0.60

Table (Continued)
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Cl mol Br mol I mol 4Ar mol S8Ar mol 84Kr mol
Sample (X1079) (X107 (x107%9) (x1071® (X 10719 (X 10718
Crush 2 7.53+ 0.13 9.75+ 0.07 620.1+ 21.7 967.0+ 2.65 2.84+ 0.06 47.8+ 0.42
Crush 3 11.2+ 0.17 15.7+ 0.07 1090+ 33.9 1029+ 2.57 2.76+ 0.05 55.0+ 0.50
Crush 4 6.08+ 0.12 8.56+ 0.04 589.7+ 19.5 4445+ 1.16 1.12+ 0.04 23.0+ 0.48
Heating
200°C 0.51+ 0.09 0.60= 0.06 527.1+ 32.2
400°C 9.59+ 0.38 14.6+ 0.34 2078+ 131.5
600°C 4.28+ 0.16 7.37+0.20 688.6+ 41.2
800°C 0.53+ 0.03 0.50+ 0.01 219.1+ 15.4
1000°C 1.20+ 0.05 0.78+ 0.01 292.3+ 18.4
1200°C 10.7+ 0.16 8.4+ 0.18 668.5+ 40.4
1400°C 25.3+ 0.37 18.1+ 0.70 846.1+ 50.9
1600°C 8.73+ 0.13 18.4+ 0.68 798.0+ 47.7
Total 97.6+ 0.68 119.9+ 1.09 9670+ 175.6
SB1
Crush 1 1.93+ 0.03 264.8+ 0.52 0.77+ 0.04
Crush 2 3.36+ 0.05 1026+ 3.24 3.30+ 0.06
Crush 3 2.61+ 0.05 681.3+ 1.13 2.24+ 0.05
Crush 4 2.32-0.08 0.75+ 0.03 595.9+ 0.90 1.92+ 0.04 1.34+ 2.15
Crush 5 2.15+ 0.05 3.43+ 0.02 196.3+ 7.46 338.1+ 0.56 1.06+ 0.06 21.9+ 0.45
Crush 6 1.70+ 0.04 2.57+ 0.02 140.8+ 5.27 240.0+ 0.60 0.74+ 0.04 15.5+ 0.24
Heating
200°C 0.32+ 0.02 0.72+ 0.05 86.6+ 7.83
400°C 3.84+ 0.06 4.84+ 0.05 295.3+ 17.4
600°C 3.54+ 0.06 3.12+ 0.12 196.1+ 11.9
800°C 1.65+ 0.04 0.38+ 0.13
1000°C 1.66+ 0.03 1.05+ 0.02 27.5+ 1.96
1200°C 8.53+ 0.13 7.16x 0.08 380.0+ 22.3
1400°C 11.1+ 0.16 9.88+ 0.49 399.6+ 57.8
1600°C 4.47+ 0.07 15.3+ 0.72 858.0+ 122.9
Total 49.17+ 0.28 49.2+ 0.90 2580+ 139.7
GM3
Crush 1 9.26+ 0.15 8.80+ 0.08 353.1+ 12.0 1263.0+ 2.20 2.49+ 0.04 66.8+ 0.72
Crush 2 7.69+ 0.13 7.49+ 0.04 822.8+ 1.81 1.15+ 0.05 33.1+0.75
Crush 3 8.3+ 0.13 7.93+ 0.05 243.9+ 8.33 773.3+ 1.48 0.94+ 0.05 26.3+ 0.24
Crush 4 2.74+ 0.06 2.70+ 0.02 83.7= 3.40 245.5+ 0.50 0.33+ 0.06 7.7+ 0.35
Heating
200°C 0.13+ 0.02 0.09+ 0.01 6.28+ 0.98
400°C 1.54+ 0.04 1.33+ 0.07 34.4+ 5.02
600°C 1.36+ 0.04 1.06+ 0.06 27.1+ 3.88
800°C 0.16*+ 0.03 0.16+ 0.01 5.51+ 0.79
1000°C 0.24+ 0.02 0.39+ 0.02 12.1+ 1.90
1200°C 2.06+ 0.03 1.79+ 0.09 75.2+10.9
1400°C 1.44+ 0.04 1.71+ 0.09 95.2+ 13.7
1600°C 1.86+ 0.03 3.36+ 0.16 100.6+ 14.6
Total 36.8+ 0.26 36.8+ 0.25 1037+ 28.1
GM4
Crush 1 46.4+ 0.68 55.2+ 0.37 923.3+ 32.3 3395+ 7.63 9.18+ 0.06 249.8+ 1.26
Crush 2 30.4+ 0.46 19.5+ 6.59 275.7+ 9.476 893.2+ 2.06 1.66+ 0.03 49.2+ 0.34
Crush 3 13.4- 0.20 15.8+ 0.06 254.9+ 9.11 384.9+ 0.96 0.74+ 0.05 20.1+ 0.39
Crush 4 14.4+ 0.22 17.2+ 0.09 253.9+ 9.33 372.3+ 0.85 0.48+ 0.05 16.0+ 0.25
Crush 5 3.83+ 0.10 4.4+ 0.03 58.0= 3.96 95.4+ 1.41 0.09+ 0.05 3.71+ 0.60
Heating
200°C 0.67+ 0.01 0.45+ 0.02 101.8+ 15.0
400°C 9.88+ 0.15 8.89+ 0.47 147.8+ 21.2
600°C 6.00+ 0.09 5.66+ 0.30 121.3+ 175
800°C 1.35+ 0.07 1.06+ 0.06 13.7£ 4.0
1000°C 1.81+ 0.05 1.29+ 0.07
1200°C 8.42+ 0.13 5.04+ 0.25 11.3+ 3.0
1400°C 11.3+ 0.18 5.82+ 0.28 70.4+ 10.6
1600°C 4.33+ 0.07 11.4+ 0.55 175.8+ 25.2
Total 152.1+ 0.93 151.6+ 6.66 2408+ 55.5
PV6
Crush 1 6.16+ 0.09 6.07+ 0.04 177.8+ 6.02 1903.0+ 5.20 2.01+ 0.04 54.8+ 0.36
Crush 2 3.97+ 0.07 4.25+ 0.03 114.9+ 4.03 1047.1+ 3.24 0.59+ 0.06 18.7+ 0.41
Crush 3 1.49+ 0.04 1.78+ 0.01 53.1+ 2.82 419.7+ 1.15 0.20+ 0.03 6.33+ 0.44
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APPENDIX 1 (Continued)
Cl mol Br mol | mol 4%Ar mol S8Ar mol 84Kr mol
Sample (x1079) (x10713 (x10719) (x10°1® (X 10719 (X 10718
Crush 4 2.48t 0.04 3.00+ 0.02 77.9+ 2.95 688.7+ 1.90 0.21+ 0.06 8.95+ 0.18
Crush 5 0.53+ 0.04 0.60+ 0.01 28.5+ 1.66 143.7+ 0.42 0.06%+ 0.05 2.74+ 0.23
Heating
200°C 0.06+ 0.05 0.04+ 0.01 2.5+ 0.23
400°C 1.33£ 0.04 1.39+ 0.04 37.2+ 2.56
600°C 1.27+ 0.02 1.40+ 0.05 28.4+ 1.71
800°C 0.10+ 0.03 0.12+ 0.03
1000°C 0.18+ 0.02 0.20+ 0.05
1200°C 1.03+ 0.04 0.89*+ 0.04 2.61+ 1.47
1400°C 0.88+ 0.03 0.51+ 0.06
1600°C 0.80+ 0.03 1.53* 0.08
Total 20.28* 0.16 21.8+ 0.15 522.8+ 9.14
PV1
Crush 1 3.14+ 0.05 4.42+ 0.03 97.4+ 8.09 2199+ 5.84 5.48+ 0.06 113.8+ 1.01
Crush 2 3.21*+ 0.06 4.14+ 0.03 71.9+2.41 1117+ 2.30 2.18+ 0.05 44.5+ 0.37
Crush 3 2.09- 0.04 2.88+ 0.02 44,7+ 2.02 529.7+ 1.20 0.71+ 0.04 16.9*+ 0.27
Crush 4 2.42+ 0.06 3.36%+ 0.03 58.1+ 3.01 493.0+ 1.02 0.50+ 0.05 10.3= 0.32
Heating
200°C 0.14+ 0.03 0.11+ 0.07 1.90* 6.82
400°C 2.20+ 0.24 3.75+ 0.54
600°C 0.72+ 0.16 2.10+ 0.05 48.8+ 5.59
800°C 0.14+ 0.02 0.17+ 0.02 8.85+ 0.56
1000°C 0.12+ 0.02 0.18+ 0.04 4.23+ 0.97
1200°C 1.57+ 0.04 1.56+ 0.06 31.9+ 2.60
1400°C 0.97+ 0.04 0.78+ 0.05 10.7= 1.72
1600°C 1.72+ 0.05 2.60+ 0.06 18.9+ 1.79
Total 18.4* 0.32 26.1+ 0.56 397.4+ 13.3
R1
Crush 1 36.2t 0.54 36.4+ 0.20 403.7+ 12.7 1835+ 10.0 4.50+ 0.04 116.2+ 34.8
Crush 2 28.8- 0.42 27.4+ 0.22 260.6+ 10.5 656.9+ 1.1 1.08= 0.03 18.2+ 5.40
Crush 3 25.6+ 0.38 24.9+ 0.08 252.3+ 8.2 524.2+ 0.9 0.75* 0.04 12.8+ 3.82
Crush 4 9.02- 0.14 8.83+ 0.04 74.7£ 2.8 175.3+= 0.3 0.24* 0.05 1.57+ 0.48
Heating
200°C 0.76+ 0.03 0.37+ 0.02 46.2+ 6.6
400°C 9.30+= 0.14 6.22+ 0.31 70.5+ 10.2
600°C 7.29+ 0.11 5.91+ 0.32 57.7£ 85
800°C 1.33£ 0.03 1.13*= 0.05 6.10+ 3.2
1000°C 1.43+ 0.03 1.01+ 0.05 12.0+= 2.1
1200°C 17.1+ 0.25 9.69+ 0.46 108.0+ 15.6
1400°C 17.1+ 0.25 8.59+ 0.41 113.7+ 16.5
1600°C 8.81+ 0.13 10.4= 0.50 112.9+ 16.4
Total 162.6+ 0.90 140.8+ 1.0 1518+ 37.0
R3
Crush 1 7.75-0.12 7.53+ 0.04 166.2+ 8.20 2006.3+ 3.93 5.58+ 0.05 33.38+ 10.04
Crush 2 4.89+ 0.08 4.30+ 0.04 101.9+ 3.48 773.4+ 1.17 1.92+ 0.06 5.83+ 1.78
Crush 3 5.84+ 0.10 5.27+ 0.02 103.5+ 4.31 767.0= 1.60 1.74+ 0.05 6.23+ 1.87
Crush 4 4.93+ 0.09 4.46+ 0.03 78.4+ 3.07 666.9+ 1.12 1.53*= 0.05 4,79+ 1.37
Crush 5 3.72- 0.09 3.41+ 0.05 85.2+ 8.17 1395.9+ 2.25 4.14+ 0.04 8.27+ 2.50
Crush 6 5.40t 0.08 4.40+ 0.14 68.1+ 5.77 810.8+ 2.04 1.74* 0.05 6.06+ 1.79
Crush 7 17.4- 471 40.0+ 0.13
Heating
200°C 0.09+ 0.02 0.17+ 0.01 22.1+ 3.20
400°C 2.43+ 0.04 2.63+ 0.13 49.9+ 7.48
600°C 2.13+ 0.05 2.39+ 0.12 39.8+ 5.74
800°C 0.26* 0.03 0.23+ 0.02
1000°C 0.61+ 0.01 0.43+ 0.02
1200°C 5.52+ 0.08 4.11+ 0.20 79.0+ 11.4
1400°C 6.54+ 0.10 3.80+ 0.18 80.8+ 12.1
1600°C 3.14+ 0.05 5.46+ 0.28 88.2+ 12.8
Total 53.3+ 0.28 48.6*+ 0.46 980.5+ 27.7
M3
Crush 1 2.75+ 0.06 2.74+ 0.03 88.5+ 3.26 812.9+ 2.29 2.70+ 0.04 0.61+ 0.02
Crush 2 6.29+ 0.10 5.96+ 0.03 184.7+ 6.95 678.3+ 1.66 2.13+ 0.04 0.46*+ 0.01
Crush 3 4.37+ 0.08 3.99+ 0.03 125.6+ 7.04 175.5+ 0.88 0.54=+ 0.06 0.03+ 0.01
Crush 4 3.14f 0.05 2.73+ 0.02 80.4+ 3.34 133.2+ 0.53 0.43+ 0.03 0.02+ 0.01
Crush 5 2.70+ 0.06 2.44+ 0.02 65.1+ 3.66 109.5+ 0.42 0.35+ 0.03 0.01+ 0.01
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APPENDIX 1 (Continued)
Cl mol Br mol | mol 4%Ar mol 84Kr mol

Sample (x1079) (x1071?) (x10715) (x10718 (x 1079
Heating
200°C 0.18+ 0.02 0.17+ 0.03 21.6+ 3.14
400°C 1.99+ 0.04 1.55+ 0.09 52.4+ 7.62
600°C 1.87+ 0.03 1.51+ 0.08 50.1+ 7.41
800°C 0.87+ 0.04 0.64+ 0.03 8.69+ 1.32
1000°C 0.53* 0.02 0.44+ 0.02
1200°C 5.32+ 0.08 3.42+ 0.21 119.8+ 17.7
1400°C 7.18+ 0.11 4.29+ 0.23 153.1+ 23.6
1600°C 7.79+ 0.12 6.96+ 0.33 383.6+ 55.0

0.28+ 0.02 547+ 0.35 553.7+ 80.2
Total 45.3*+ 0.25 42.3*+ 0.59 1887+ 102.9

40Ar+/ “He 2ONeeAr
Sample SHelHe 4OAr/36Ar (x1079) (x1073)

SB5 1.12+ 0.01 913.8+ 2.6 697.3+ 0.8 325.0+ 62.0
SB6 0.84+ 0.02 924.1+ 2.1 590.9+ 0.6 666.8+ 12.2
SB4 1.20+ 0.01 852.2+ 6.3 685.6+ 0.9 396.7+ 9.6
PV6(py) 0.62+ 0.03 670.0= 3.8 1005.9+ 1.2 460.2+ 11.5
PV6(cpy) 0.76x+ 0.02 1063.1+ 4.8 1325.9+ 1.6 349.0+ 3.8
PV1 1.15+ 0.03 603.1+ 1.8 1075.7+ 2.4 797.3+= 15.9
R3 1.72+ 0.01 813.4+ 1.8 972.0+ 1.0 305.9+ 2.6
R1 1.38+ 0.06 547.4+ 25 1755.5+ 2.7 395.3+ 2.1
GM3 (cpy) 0.32+ 0.01 907.2+ 1.1 366.6+ 0.4 468.1+ 2.5
GM3 (py) 0.60* 0.02 845.3+ 21.8 612.1+ 1.0 1187.7+ 32.5




