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Abstract

The systematic distribution of vein and alteration mineral assemblages in porphyry Cu deposits largely arises
from changes in the temperature and pressure of fluids that traversed fractures throughout the hydrothermal
system. Magmatic and hydrothermal minerals record the complex history of the fluctuating temperature and
pressure regime as hydrothermal fluids transfer heat from their magmatic source to cold wall rock in response
to lithostatic-to-hydrostatic pressure variations. We examine the thermal profile of the porphyry Cu-Mo deposit
in Butte, Montana, by determining formation temperatures for magmatic and hydrothermal samples represent-
ing different time frames and depths within the deposit, in context with sample pressure estimates. We use
three independent mineral thermobarometers: Ti in quartz, Zr in rutile, and Xy,-Ti in biotite, from which we
estimate that final dike injection temperature, and hence the initial magmatic-hydrothermal fluid temperature,
was ~700°C while the ambient host-rock temperature was ~450° to 500°C. We find a magmatic-hydrothermal
continuum represented in hydrothermal veins, ranging from ~710° to <440°C. Distinct mineral generations
within vein samples consistently display large temperature ranges, spanning 50° to 250°C, capturing the tran-
sient thermal condition of the ascending aqueous fluids. Mineral precipitation temperatures within veins show
the same range as those in accompanying envelopes, indicating at least partly contemporaneous formation of
veins and envelopes. Hydrothermal veins of a single type show no systematic relationship between temperature
and depth within the deposit, although different vein types show systematic temperature ranges as a function
of depth. We observe anomalous crosscutting relationships indicating that porphyry vein formation tempera-
tures fluctuated significantly within a single cubic centimeter parcel of rock from one vein-forming episode to
another. We suggest that the thermal profile does not mimic domical isograds based on alteration mineral zones,
but rather it mimics an irregular pattern following active fractures at any given time and evolves by discrete
cycles of dynamic, transitory, high-temperature hydrofracturing, fluid release, and vein formation that over-

prints cooler host-rock temperatures.

Introduction

PorpHYRY Cu deposits are composed of large volumes of
hydrothermally altered rock centered on porphyritic, silicic
magmatic intrusions. They develop as components of calc-
alkaline batholiths and arc volcanoes at convergent plate
margins (Sillitoe, 1973, 2010; Tosdal and Richards, 2001;
Richards, 2003) and include important resources of Cu, Mo
+ Au, and minor amounts of other metals (Re, Ag, Pd, Te, Se,
Bi, Zn, and Pb; Seedorf! et al., 2005; Sinclair, 2007; Singer
et al., 2008). Mid- to upper-crustal magma chambers are the
precursors to volatile-rich felsic magmas that concentrate sul-
fur and metals into porphyry stocks or cupolas at about 1- to
5-km depth (Seedorff et al., 2005; Sillitoe, 2010). Fluid over
pressurization within the crystallizing cupola leads to hydro-
fracturing of the overlying crust, intrusion of porphyritic
dikes, and expulsion of metal-rich aqueous fluids that form
a vein stockwork. High overall vein formation temperatures
(550°-700°C), transient lithostatic-to-hydrostatic pressures,
and potassic alteration dominate early porphyry system veins,
whereas late veins indicate declining temperatures, hydro-
static pressures, sericitic alteration, and waning fluid flux
(e.g., Brimhall, 1977; Bowman et al., 1987; Redmond et al.,
2004; Field et al., 2005; Seedorff et al., 2005; Rusk et al., 2006,
2008c; Reed and Palandri, 2010; Sillitoe, 2010; Reed et al.,
2013).
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The physicochemical evolution of hydrothermal fluids, and
the resulting diversity of mineralization, in part reflects the
evolution of the system’s thermal profile through space and
time. An intuitive underlying assumption in porphyry Cu
genetic models is that the orebody shape, which is defined by
the distribution of metals and alteration minerals, is a proxy for
the system’s thermal profile. This thermal profile is generally
portrayed by gently curving concave isotherms that surround
intrusions hosted by pervasively heated rock (e.g., Seedorff et
al., 2005; Rusk et al., 2008¢; Sillitoe, 2010). However, metaso-
matic isograds after which the character of the thermal profile
has been inferred do not reflect pervasive alteration, but only
alteration in centimeter-scale vein envelopes spaced meters
to tens of meters apart. Mineralization is only truly perva-
sive where stockwork veinlets are so tightly spaced that their
alteration envelopes overlap, leaving no unaltered wall rock
(Roberts, 1975).

In this study, we conduct a detailed textural and geochemi-
cal survey of igneous and hydrothermal samples from the
porphyry Cu-Mo deposit at Butte, Montana, to help define
the space-time evolution of the thermal profile. Specifically,
we apply three independent mineral thermobarometers: Ti in
quartz (Thomas et al., 2010; Huang and Audétat, 2012), Zr in
rutile (Tomkins et al., 2007), and Xyg-Ti in biotite (Henry et
al., 2005), in context with scanning electron microscopy (SEM)
cathodoluminescence (CL) and backscattered electron (BSE)
textural observations to better characterize the thermal pro-
file. We evaluate whether rock that hosts the porphyry system
was heated pervasively as previously envisioned, or whether
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high temperatures were attained only near vein-forming frac-
tures. We also assess whether the thermal profile defines a
single, major high-temperature fluid release followed by pro-
gressive cooling (e.g., Cathles and Shannon, 2007) or whether
it evolved more dynamically through repeated, transient epi-
sodes of high-temperature fluid release.

Geologic background

The porphyry deposit at Butte, Montana, is hosted by the
77 to 75 Ma Butte Granite (e.g., Lund et al., 2002; Dilles et
al., 2003), the volumetrically dominant pluton of the Boulder
batholith (e.g., Smedes et al., 1973). The Butte Granite is
remarkably homogeneous throughout the district (Doe et al.,
1968; Smedes et al., 1973; Tilling, 1973; du Bray et al., 2012)
and thereby provides a chemically uniform host-rock frame-
work within which to evaluate features of the Butte deposit
itself. Within the Boulder batholith, quartz porphyry dikes
that cut the Butte Granite are unique to the Butte mining
district (Figs. 1, 2A). The source stock from which the dikes
emanate is not well constrained, however, the deepest drill
holes (2 km) intersect a porphyry-rich zone in the center of
the district that may be the uppermost extent of a parental
cupola. Brimhall (1973) first recognized the Steward porphyry
dikes as contemporaneous with porphyry mineralization
(66-64 Ma; Lund et al., 2002; Dilles et al., 2003), and Meyer
et al. (1968) recognized that the Modoc porphyry plug post-
dates porphyry mineralization (64-63 Ma; Dilles et al., 2003;
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Lund et al., 2005). The genetic link between the dikes and
porphyry mineralization is indicated by the occurrence of
chalcopyrite-bearing  biotite breccias along dike borders
(Brimhall, 1973) and dike apices that stream into biotite
crackle veinlets, which in turn emanate from the dikes and
constitute the earliest Cu mineralization (Reed et al., 2013).

Patterns of alteration and ore mineralization at Butte have
been well documented (e.g., Meyer et al., 1968; Brimhall,
1973; Roberts, 1975; Rusk et al., 2008b; Reed et al., 2013).
In the core of the district, early alteration includes character-
istic biotite replacing host-rock hornblende (Roberts, 1975).
Outside the core of the district, the intensity of this altera-
tion gradually wanes to unaltered Butte Granite. Roberts
(1975) described the hornblende biotitization as “pervasive,”
although he recognized that it is controlled by the distribution
of early quartz veins and biotite crackles. Pre-Main Stage Cu
and Mo mineralization lies in two zoned domes that are ~2 km
in diameter (Reed et al., 2013). The extent of the Anaconda
and Pittsmont domes are defined by magnetite-bearing vein
zones and Mo-grade contours (Fig. 2). Both the Anaconda
and Pittsmont domes have typical porphyry-style concentric,
overlapping alteration zones around centimeter-scale stock-
work veins. A 1.2-km bulb-shaped zone of pyrite-quartz veins
with pervasive gray sericitic (GS) alteration separates these
two domes and extends downward more than 2 km. All three
of these features are superimposed within a porphyry dike
swarm (Fig. 2A).
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FI1G. 2. Map and cross section showing the distribution of porphyry dikes, pre-Main Stage mineralization, and sample
locations. (A). The subsurface trace of porphyry dikes at all depths is shown projected to the surface with orange lines. The
subsurface position of pre-Main Stage mineralization centers is shown in purple for the Anaconda and Pittsmont dome Cu
centers. A zone of pervasive sericitic alteration, shown in yellow, separates the two subsurface porphyry Cu mineral centers.
Deep drill holes (DH) sampled in this study are numbered. The locations of the Steward (S) and Kelly (K) mine shafts are also
shown. (B). West-east cross section (A-A') of pre-Main Stage porphyry Cu-Mo mineralization at Butte. The Anaconda and
Pittsmont domes are defined by zones of abundant magnetite veins (shaded purple) and by Mo grade contours (blue lines).
The Continental fault displaces the Pittsmont dome upward by ~1,300 m. Dashed lines indicate drill holes and mine shafts
(those in parentheses indicate holes projected into this cross section). Colored circles show locations of samples analyzed for
this study. Circles with multiple colors represent samples that contain crosscutting veins representative of different vein types.
Map numbers correspond to sample numbers and descriptions in Table 1. Abbreviations are explained in Table 1.
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A single magmatic fluid apparently produced the zoned
domes as pressure, temperature, and pH conditions evolved
during its ascent (Rusk et al., 2008¢; Reed et al., 2013). The
innermost zone in the Pittsmont dome includes barren quartz
(BQ) veins with minor molybdenite and K-feldspar alteration.
BQ veins grade upward and outward into a zone of quartz-
molybdenite (QMB) veins which generally lack alteration
envelopes. QMB veins cut veins of the next outward zone,
consisting of quartz-chalcopyrite-pyrite veins with early dark
micaceous (EDM) alteration envelopes that contain biotite,
K-feldspar, sericite, and andalusite (Meyer, 1965; Brimhall,
1977). Early dark mica-dominant alteration grades upward and
outward into abundant quartz-chalcopyrite-magnetite veins
with pale-green sericitic (PGS) alteration envelopes com-
posed of sericite, K-feldspar, and chlorite (Rusk et al., 2008c;
Reed et al., 2013). EDM and PGS veins are both cut by BQ
and QMB veins in the Anaconda and Pittsmont domes. Above
the PGS zone is a zone that contains sparse quartz-pyrite-
chalcopyrite veins with chlorite, sericite, and K-feldspar alter-
ation envelopes (Geiger et al., 2002; Rusk et al., 2008c; Reed
etal., 2013). Pyrite-quartz veins with GS alteration in the cen-
tral bulb cut all other pre-Main Stage vein types. The outer-
most propylitic alteration zone contains K-feldspar, sericite,
chlorite, epidote, sphalerite, and galena (Rusk et al., 2008c;
Reed et al., 2013). Individual veins from any given zone reflect
one or more episodes of fracturing, dilation, dissolution, and
mineralization (Rusk and Reed, 2002). Igneous rocks, stock-
work veins, and associated alteration at Butte have been well
described and we refer readers to earlier works for further
descriptions (e.g., Meyer et al., 1968; Brimhall, 1973, 1977;
Roberts, 1975; Seedorff et al., 2005; Rusk et al., 2008c; du
Bray et al., 2012; Reed et al., 2013).

Methods

Sample selection

We described and analyzed 33 samples from the Butte
deposit, including igneous rocks, transitional magmatic-
hydrothermal rocks, and hydrothermal stockwork veins. Igne-
ous samples include fresh Butte Granite, Steward porphyry
dikes, and the Modoc porphyry plug (Table 1, Figs. 1, 2).
Transitional samples include biotite breccias from the margin
of porphyry dikes and biotite crackles that emanate away from
biotite breccias (Table 1, Fig. 2B). Most samples are pre-Main
Stage stockwork vein types, including early dark micaceous
(EDM), PGS, BQ, QMB, and GS (Table 1, Fig. 2B) and are
from deep drill holes in the Pittsmont dome and the adjacent
pervasive sericitic alteration zone in the center of the district
at depths of 350 to 2,070 m below the surface. The deepest
core samples represent the quartz vein stockwork with abun-
dant porphyry dikes that are interpreted to be from near the
top of the inferred cupola. Several samples of the Pittsmont
dome are from the Continental and Berkeley pits and samples
of the Anaconda dome are from underground drill holes at
depths of 400 to 1,000 m below the surface.

SEM analyses

We conducted SEM imaging at the University of Oregon
using an FEI Quanta 200 FEG scanning electron microscope
equipped with an Oxford Instruments cathodoluminescence
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(CL) detector and a Thermo SDD energy dispersive spec-
trometer detector. Polished 200-um-thick sections were car-
bon coated (15-20 nm) and analyzed at 10 keV with a beam
current of 0.5 to 5 nA for quartz, and 15 to 20 keV with a
beam current of 2 to 8 nA for rutile and zircon. We collected
more than 300 SEM-CL images of igneous and hydrother-
mal quartz with corresponding SEM-backscattered electron
and secondary electron images. The CL image brightness of
quartz is a function of operating conditions such as carbon
coat thickness, beam conditions, bias, and gain, which we
kept nominally constant except for the beam current, which
we had to change depending on the luminosity of the quartz
(Rusk et al., 2006). For the following discussion, relative CL
brightness is described as CL-black, CL-dark, CL-gray, and
CL-bright. We identified rutile and zircon using SEM-energy
dispersive spectrometry and collected over 100 SEM-BSE
images of these minerals.

Electron microprobe analyses

Trace element concentrations in quartz and rutile were
measured at the University of Oregon using a Cameca SX-100
electron microprobe operated using two setups individually
optimized for Ti in quartz and Zr in rutile. Quartz was ana-
lyzed using a 15-keV accelerating potential, a 200-nA beam
current, and a 20-um spot size (selected to average alteration
caused by Ti diffusion; see mineral thermobarometry sec-
tion). Ti was measured simultaneously on two spectrometers
with LPET and PET crystals while Fe, K, and Al were mea-
sured on the remaining spectrometers. The “aggregate inten-
sity” technique (Donovan et al., 2011) was applied using
Probe for electron microprobe microanalyzer (EPMA) soft-
ware to improve Ti counting statistics. Ti, Fe, K, and Al were
counted for 600 s on-peak and 600 s off-peak. Synthetic rutile
was used as a standard for Ti, synthetic magnetite was used
for Fe, and natural orthoclase was used for K and Al. To
reduce systematic continuum artifact errors, a matrix “blank”
correction was applied to Ti data using a synthetic quartz
standard as a Ti-free blank (Donovan et al., 2011). Detection
limits (99% confidence) achieved on spot analyses are 4 ppm
for Ti, 12 ppm for Fe, 11 ppm for K, and 6 ppm for Al. We
avoided analyzing quartz within 200 um of rutile needles to
avoid excitation of Ti atoms by Bremsstrahlung radiation and/
or secondary fluorescence (e.g., Bastin et al., 1984; Wark and
Watson, 2006; Llovet et al., 2012), and consequent errone-
ously high Ti concentrations in quartz contaminated by rutile
were easily identified and eliminated. One-sigma analytical
errors on individual Ti-in-quartz analyses range from 1.5% at
high Ti concentrations (10s of ppm) to 10% at 16 ppm Ti. As
Ti concentrations approach 0 ppm the analytical errors grow
exponentially with an error of ~50% at the detection limit of
4 ppm Ti.

Rutile was analyzed using a 15-keV accelerating potential, a
200-nA beam current, and a <1-um spot size, which was re-
quired because some analyzed crystals were very small (<5 um).
Zr was measured simultaneously using two spectrometers
with LPET and PET crystals while Fe and W were measured
on one spectrometer, and Nb and Ta were measured on the
remaining spectrometers. The “aggregate intensity” tech-
nique (Donovan et al., 2011) was also applied to improve Zr
counting statistics. Zr, Ta, and Nb were counted for 300 s
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TABLE 1. Sample Locations and Types

Depth below  Elevation
Location Map no.  Sample no. Location description surface (m) (m) Host rock  Vein//alteration type
West of CF
Anaconda 1 10772-32a Kelly Shaft, 3400 level 1,037 763 BG Qz-py-cp//PGS/EDM
Anaconda 2 10778-6 Kelly Shaft, 3400 level 1,037 763 BG Qz-mt//PGS/EDM
Pittsmont 3 11185-3771 DH 11 1,150 553 BG Qz-cp//EDM cut by qz-cp-py//NA
Pittsmont 4 11135-2470 DH 2 753 965 Steward ppy ~ Qz-py-cp/PGS
Pittsmont 5 11135-3481 DH2 1,061 657 BG Qz-py-cp/EDM
Pittsmont 6 11135-3568 DH 2 1,088 630 BG Qz-py-cp//PGS/EDM
Pittsmont 7 11135-3586 DH2 1,093 625 BG Qz-py-cp/EDM
Pittsmont 8 11135-3597 DH 2 1,097 622 BG Bi crackles cut by qz-mb/NA
Pittsmont 9 11135-2-4209  DH 2 1,283 435 Steward ppy ~ Qz-mb//NA cut by barren qz/NA
Pittsmont 10 11135-5051 DH 2 1,540 178(26) BG Qz-py-cp/EDM
Pervasive GS zone
Central GS zone 11 10969-1571c¢ DH 1 479 1,217 BG Py-qz//GS/SBr
Central GS zone 12 10969R-2075 DH 1 633 1,063 BG Py-qz//GS
Central GS zone 13 10969-2101 DH 1 641 1,055 BG Py//GS cut by gz-mb-py//NA
Central GS zone 14 10969-2665 DH 1 813 884 BG Py-qz-op//GS cut by qz-mb-py//NA
Central GS zone 15 10969-5699 DH1 1,738 -41 dplite Qz-mb//NA
Quartz vein stockwork
Central 16 10969-6804 DH 1 2,074 -378 aplite Qz-mb//NA cut by barren qz//NA
Pittsmont 17 11135-5461 DH 2 1,665 53(-1,247) aplite Barren qz/NA
Shallow GS
Anaconda 18 F2033-488 DH F2033 402 1,168 BG Qz-py-cp/EDM
Anaconda 19 F2033-513 DH F2033 405 1,165 BG Qz-mb//NA cut by qz-mb/NA
Pittsmont 20 11067-1 5480 bench 0 1,670 Modoc ppy  None
Pittsmont 21 11148-1141 DH 3 348 1,372 BG Py-qz//GS/SBr
Pittsmont 22 11148-1169.4 DH 3 356 1,364 BG Py-qz//GS/SBr
Pittsmont 23 11148-1197 DH 3 365 1,355 BG Py-qz//GS/SBr
Pittsmont 24 11148-1293 DH 3 394 1,326 BG Py-qz//GS/SBr
Pittsmont 25 11148-1300 DH 3 396 1,324 BG Py-qz//GS/SBr
Pittsmont 26 11135-1150 DH2 351 1,368 BG Qz-py-cp/EDM
East of CF
Pittsmont 27 11172-1847 DH 10 563 1,247(-53) BG Bi crackles cut by barren qz//NA
Pittsmont 28 11172-4247 DH 10 1,295 515(-785) BG Qz-mb//NA
Pittsmont 29 BUR-03-213 6080 bench 0 1,853(553) BG Bi crackles
Pittsmont 30 BUR-03-214 6080 bench 0 1,853(553) BG Qz-py/EDM
Pittsmont 31 BU96MR-11 5680 bench 0 1,731(431) BG Bi breccias
Pittsmont 32 BUR9S-13 5480 bench 0 1,670(370) BG Bi crackles
Pittsmont 33 BU-214 Road cut,
46°02'26"N 112°27'25"W 0 2,072(772) BG Fresh

Notes: Map numbers correspond to sample labels in Figures 1 and 2B; elevation of samples that lie east of the Continental fault have been fault-corrected
and are shown in parentheses next to present-day elevations: abbreviations: BG = Butte Granite, CF = Continental fault, DH = drill hole, EDM = early
dark micaceous, GS = gray sericitic, NA = no alteration, PGS = pale green sericitic, SBr = sericite with remnant biotite, bi = biotite, cp = chalcopyrite, mb =

molybdenite, op = open, ppy = porphyry, py = pyrite, qz = quartz

on-peak and 300 s off-peak. Fe was counted for 120 s on-peak
and 120 s off-peak, and W was counted for 180 s on-peak and
180 s off-peak. Synthetic zircon was used as a Zr standard,
synthetic magnetite was used for Fe, and pure metals were
used for W, Nb, and Ta standards. Interference corrections
were required for the Zr La and Ta Ma lines. Matrix “blank”
corrections were applied for both Zr and Ta data using a syn-
thetic TiOs standard as a Zr-free blank (Donovan et al., 2011).
Calculated detection limits (99% confidence) on spot analyses
are 16 ppm for Zr, 27 ppm for Fe, 130 ppm for W, 52 ppm for
Nb, and 34 ppm for Ta. One-sigma analytical errors on indi-
vidual microprobe analyses range from 1.5% at high Zr con-
centrations (100s of ppm) to 10% at ~50 ppm Zr. As for Ti

errors, analytical error grows exponentially as Zr concentra-
tions approach 0 ppm with an error of ~50% at the detection
limit of 16 ppm Zr.

We made no new analyses of biotite, but compiled chemical
analyses from Zhang (2000) and Roberts (1975). We supple-
mented these analyses with additional biotite analyses by D.A.
Soule (unpub.) who used a Cameca SX-50 electron micro-
probe at the University of Oregon.

Mineral thermobarometry

Ti-in-quartz thermobarometry: We employed the experi-
mentally calibrated thermobarometers of Thomas et al. (2010)
and Huang and Audétat (2012) to calculate quartz precipitation
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temperatures. We assumed a pressure of 250 MPa for isobaric
calculations involving igneous quartz and veins that formed
near-lithostatic pressure (biotite crackles, EDM, BQ, and
QMB), and 70 MPa for veins that formed near-hydrostatic
pressure (PGS and GS) in accord with Butte fluid inclusion
barometry results (Rusk et al., 2008c¢). Rutile is not present in
granitic quartz, and there are no coexisting Fe-Ti oxides with
which to calculate the activity of TiOz (ato,) for the porphyry
dikes (e.g., Ghiorso and Evans, 2008). Consequently, we
assumed an amio, of 0.5 by analogy to similar silicic magma
systems for which aro, was determined by equilibria among
coexisting Fe-Ti oxides (Wark et al., 2007) and the experimen-
tally determined TiOs saturation model for rhyolite (Hayden
and Watson, 2007). While rutile “needles” are present in all
porphyry quartz phenocrysts, which suggests rutile saturation
(a0, = 1.0), the porphyry magma was unlikely to be saturated
with rutile due to its low bulk TiOs2 content of ~0.20 wt %
(Hayden and Watson, 2007; Dilles, pers.commun.). Conse-
quently, we infer that these randomly oriented rutile needles
grew by localized diffusion of Ti during subsequent cooling
and exsolution (Cherniak et al., 2007b), and we carefully
avoided analyzing quartz within 200 ym of rutile needles and
associated radially cylindrical Ti depletion zones. As with gra-
nitic quartz, we used an ario, of 0.5 for the porphyry quartz
calculations. Rutile needles and blocky rutile occur in biotite
breccias, biotite crackles, and all hydrothermal veins. We
interpret the rutile needles in hydrothermal quartz to reflect
regions of locally exsolved Ti due to cooling of the samples,
however, blocky rutile grains are routinely intergrown with
hydrothermal quartz and other alteration minerals and are
thus interpreted to be hydrothermal, so we used an ario, of 1.0
in all calculations for hydrothermal quartz. Assuming an ario,
of 1.0 provides a minimum temperature estimate, whereas
using an ario, of 0.5 yields a calculated temperature ~80°C
higher.

Ti is known to diffuse ~15 ym in quartz at 600°C over a
million years (Cherniak et al., 2007b), which can alter original
Ti concentrations and thus the significance of calculated tem-
peratures. By using a microprobe beam spot size of 20 um, we
average the diffusional alteration of Ti concentrations. There-
fore, we consider the effects of diffusion negligible over the
1- to 2-m.y. porphyry lifespan, a duration based on Ar-Ar and
U-Pb dating (Lund et al., 2002; Dilles et al., 2003).

Huang and Audétat (2012) have demonstrated experimen-
tally that the growth rate of quartz affects the concentration
of Ti in quartz. We address the implications of variable quartz
growth rates for our samples in the discussion below.

Zr-in-rutile thermobarometry: We calculated hydrothermal
rutile precipitation temperatures using the experimentally
calibrated thermobarometer of Tomkins et al. (2007). When
possible, analyses of hydrothermal rutile grains in veins and
alteration envelopes were acquired near (within ~1-2 mm)
the locations of analyzed quartz. As with quartz, we assumed
a pressure of 250 MPa for isobaric calculations involving veins
that formed near-lithostatic pressure (biotite breccias, biotite
crackles, EDM, BQ, and QMB), and 70 MPa for veins that
formed near-hydrostatic pressure (PGS and GS) following
results from Rusk et al. (2008c). The equilibrium controlling
Zr contents in rutile requires the coexistence of zircon and
quartz (Tomkins et al., 2007). Zircon grains, mostly <30 um
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in size, were identified intergrown with hydrothermal quartz
and rutile in veins and alteration envelopes in 60% of the sam-
ples. The sparse distribution and small grain size of zircons
made it difficult to confirm its presence in all samples, but
given that zircon has been recognized as a common accessory
mineral in the Butte Granite (e.g., Lund et al., 2002), we find
evidence for some hydrothermal zircons, and since essentially
all silicic rocks ubiquitously contain zircon (e.g., Watson et al.,
2006), we assume that all of our analyzed samples contain zir-
con. The consistent presence of quartz in all analyzed samples
fixes the activity of SiOs to 1.0, making this thermobarometer
quite robust (Ferry and Watson, 2007).

Precision of the geothermometer is most precise at ~510°C
with a 20 error of +28°C. At ~650°C the error is +32°C
and at the detection limit (~430°C) the temperature error
approaches +50°C.

Xug-Ti-in-biotite thermometry: We used the empirical
Xwmg-Ti-in-biotite geothermometer of Henry et al. (2005) to
calculate igneous and hydrothermal biotite precipitation tem-
peratures. Biotite from the Butte samples falls within the cali-
brated compositional and temperature range specified for the
geothermometer (Xyy = 0.275-1.000, Ti = 0.04-0.60 atoms
per formula unit (apfu), T = 480°-800°C); however, they
likely formed at slightly lower pressure (~250 MPa) than the
calibration range (400-600 MPa). We calculated biotite for-
mula on an anyhydrous basis with 22 oxygens to determine
the Ti apfu following Henry et al. (2005).

Errors arising from application of the biotite geothermom-
eter relate to microprobe analytical uncertainties and the
precision of the empirical fit reported by Henry et al. (2005).
Precision of the geothermometer is estimated to be +24°C
in the 480° to 700°C range and +12°C in the 700° to 800°C

range.

Results

Igneous and hydrothermal quartz

Cathodoluminescent (CL) images were used to distinguish
different generations of quartz precipitation within each sam-
ple, all of which were then analyzed for trace elements by
electron microprobe. Consequently our analyses best portray
the range of Ti concentrations within each sample (e.g., a par-
ticular quartz vein may contain one generation of quartz with
~50 ppm Ti and another generation with ~100 ppm Ti), but
they do not reflect the frequency distribution of a given Ti con-
centration (i.e., our analyses give no information about what
proportion of the vein may contain 50 ppm Ti vs. 100 ppm). In
addition, we distinguished “compositional zones,” which are
typically 50 to 1,000 ym in width and result from extrinsic
physicochemical changes during quartz growth (e.g., pres-
sure, temperature, atio,, etc.), from “oscillatory zones,” which
are generally <2 to 20 um thick and result from intrinsic dif-
fusion-controlled boundary layer effects (e.g., Shore and
Fowler, 1996; D’lemos et al., 1997; Gotze et al., 2001). Nearly
all analyses represent the former, and we specify the few anal-
yses that represent the latter.

Quartz in the host Butte Granite and porphyry dikes exhib-
its a variety of CL textures (Fig. 3). Butte Granite quartz
grains are 0.5 to 3 mm in diameter and are always relatively
CL bright compared to hydrothermal quartz, as observed by
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F1c. 3. Examples of cathodoluminescent textures preserved in igneous quartz. Quartz (qz) dominates these images unless
otherwise marked: bi = biotite, kf = K-feldspar, mt = magnetite, Gm = groundmass, Env = envelope. Representative micro-
probe analyses are shown with Ti concentrations given in ppm (regular font), and corresponding isobaric temperature esti-
mates (°C) calculated using Huang and Audétat (2012) are shown in italics. (A). CL-bright plutonic quartz from Butte Granite
(BU-214_Q5), center shows concentric bands resembling resorption/overgrowth bands in magmatic quartz phenocrysts,
while upper left and right show interstitial quartz. (B). CL-bright porphyritic quartz “eye” from Modoc porphyry dike with
prominent microcracks filled with CL-black hydrothermal quartz (11067-1_Q1). (C). Angular fragments of CL-bright quartz
from the Butte Granite cemented together by CL-dark quartz in a shallow EDM vein (11135-1150_Q2), dotted line indicates
edge of vein. (D). Angular fragments of CL-bright quartz from the Butte Granite cemented together by CL-dark quartz in a

shallow GS vein (10969R-2075_Q1).

Rusk et al. (2006). Many large grains show CL-bright cores
with rounded, alternating CL-gray and CL-bright concentric
bands suggestive of resorption and overgrowth processes,
whereas small grains of interstitial quartz are relatively monot-
onous and CL-gray (Fig. 3A). Boundaries between CL-bright
and CL-gray zones are generally diffuse. Quartz phenocrysts
from porphyry dikes are 0.5 to 7 mm in diameter and are
characteristically rounded (i.e., resorbed). CL images reveal
CL-gray cores surrounded by ~3 to 15 concentric, rounded
to euhedral, alternating CL-gray and CL-bright growth bands
(Fig. 3B). The boundaries between CL-gray and CL-bright
bands are most diffuse near the core of the quartz phenocrysts.
Nearly all granitic and porphyry quartz grains contain second-
ary CL-dark features that overprint primary, relatively CL-
bright textures (i.e., hydrothermal quartz-filled microcracks
that are relatively CL-dark; Fig. 3A, B). Angular fragments
of CL-bright quartz from the Butte Granite are cemented
by CL-dark hydrothermal quartz in many veins, particularly
veins that formed at shallow levels (Fig. 3C, D).
Hydrothermal quartz displays a large variety of CL bright-
ness and textures within individual samples and among
sample types. We have divided these textures based on two

main observations. First, many samples show distinct genera-
tions of quartz that are recognizable by relatively sharp over-
growth rims, abrupt changes in CL textures, and distinctive
Ti concentrations, and therefore formed by successive fluid-
flow events (e.g., Rusk and Reed, 2002; Rusk et al., 2006).
We carefully distinguish these generations when interpreting
trace element data. Second, many samples show indistinct
textural gradations in quartz that are either relatively monoto-
nous or heterogeneous in CL-brightness and Ti concentra-
tion. Because there are no sharply contrasting, crosscutting,
or superpositional CL characteristics to differentiate one gen-
eration of this type from another, we have grouped each of
these indistinct generations within each sample together for
trace element data interpretation.

Samples with distinct generations of quartz are shown in
Figure 4. Biotite crackles that formed deep within the deposit
display CL-dark, resorbed, rounded quartz cores that are
overgrown by CL-bright quartz that also fills fine fractures
(Fig. 4A). Many BQ and QMB veins contain wide (50-200
um) CL-gray to CL-dark veinlets that cut original, brighter
vein quartz (Fig. 4B). Boundaries of crosscutting veins are not
always straight, and at a fine scale deviate along quartz grain
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F1G. 4. Examples of cathodoluminescent textures in vein quartz that show distinct generations of quartz. Generations are
distinguished by crosscutting relationships, abrupt changes in CL brightness, and overgrowth textures. Quartz (qz) dominates
these images unless otherwise marked: py = pyrite. Representative microprobe analyses are shown with Ti concentrations
given in ppm (regular font), and corresponding isobaric temperature estimates (°C) calculated using Huang and Audétat
(2012) are shown in italics. (A). Biotite crackle with rounded CL-dark quartz grains overgrown by CL-bright quartz that also
fills small fractures (BUR-03-213_Q1). (B). CL-bright quartz-molybdenite vein cut by later stage CL-gray veinlet (11135-
2-4209_Q1); note CL-gray quartz extends into fractures and along grain margins, as does another generation of CL-black
quartz. (C). Contact (dashed line) between CL-dark EDM quartz vein cut by CL-bright barren quartz vein (11185-3771_Q5);
note grains of both veins are cut and surrounded by “spiders and cobwebs” of CL-black quartz that represent a third quartz
generation (Rusk and Reed, 2002). (D). GS vein with CL-gray quartz along vein margins (left and right) that is filled by CL-
brighter quartz (right of center) and a small seam of CL-darker quartz; note enveloped pyrite and euhedral quartz growth
bands, CL-dark grains overgrown by CL-brighter quartz, CL-bright grains overgrown by CL-darker quartz, and the CL-

bright rim along the fracture that is perpendicular to the vein (upper left; 10969-2665_Q2).

boundaries and cracks within the preceding vein (Fig. 4B).
Crosscutting relationships include CL-bright quartz that is
cut by CL-dark quartz (Fig. 4B) and CL-dark quartz that is
cut by CL-bright quartz. For example, a CL-gray EDM vein
is cut by a later generation of CL-bright BQ (Fig. 4C), which
is in turn cut by CL-black quartz that resembles “spiders and
cobwebs” (Rusk and Reed, 2002). Many veins display a com-
plex combination of overgrowths and crosscutting CL tex-
tures. For example, a GS vein, which shows heterogeneous
CL-gray vein quartz (that envelopes pyrite) with euhedral
overgrowths, is cut by a heterogeneous CL brighter vein (that
also envelopes pyrite), that is in turn cut by a CL-gray veinlet
(Fig. 4D, right of center). Nearly all quartz grains from every
vein type display CL-black grain boundaries and CL-black
“spiders and cobwebs” (Rusk and Reed, 2002).

CL textures indicate that some samples display indistinct
generations of quartz (Fig. 5). Many BQ, QMB, and GS
veins exhibit relatively monotonous CL-gray textures (Fig.
5A), whereas others display grains with heterogeneity in CL-
brightness, both within grains and among grains (Fig. 5B,

C). Several deep and shallow quartz grains of all vein types
preserve euhedral growth bands along vein edges (Fig. 5C)
and along vein-parallel fractures within the vein (Fig. 4D). GS
veins tend to have more quartz with euhedral growth bands
than any other vein types, and these bands tend to occur as
bands parallel to the fracture wall (Fig. 4D) rather than as
single grains of zoned quartz that sit among monotonous or
mottled quartz grains (Fig. 5C). However, not all quartzin GS
veins contains euhedral bands. Most deep EDM veins contain
CL-bright to CL-gray heterogeneous grains, some of which
have thin (5 gm) CL-bright semiconcentric bands (Fig. 5D).
None of these CL textures is clearly diagnostic of a particular
vein type.

Electron microprobe trace element analyses of quartz
(Table 2) show that concentrations of Fe, Al, and K in differ-
ent generations of quartz in individual samples are highly het-
erogeneous. As observed in other studies, Ti concentrations
are relatively less heterogeneous and correlate positively with
relative CL brightness for high-temperature (>500°C) quartz
(e.g., Miieller et al., 2003; Landtwing and Pettke, 2005; Rusk



PORPHYRY Cu-Mo STOCKWORK FORMATION AT BUTTE, MONTANA

1355

Fic. 5. Examples of cathodoluminescent textures in vein quartz that show indistinct generations of quartz with either
monotonous or heterogeneous features (i.e., quartz for which there are no obvious crosscutting relationships, abrupt changes
in CL brightness, or overgrowth textures). Note that we ignore CL-black “spiders and cobwebs” (Rusk and Reed, 2002) that
overprint most pre-Main Stage porphyry and vein quartz. Images are dominantly quartz (qz) unless otherwise marked: anh =
anhydrite, mb = molybdenite, Env = envelope. Representative microprobe analyses are shown with Ti concentrations given
in ppm (regular font), and corresponding isobaric temperature estimates (°C) calculated using Huang and Audétat (2012) are
shown in italics. (A). QMB vein with monotonous CL-gray texture (11172-4247_Q2). (B). QMB vein with CL heterogeneity
within and among quartz grains (10969-5699_Q2). (C). Deep BQ vein with blotchy quartz grains and CL-bright euhedral
growth bands; *thin CL-bright oscillatory bands are thought to be formed from an intrinsic diffusion-controlled boundary
layer effect (e.g., Shore and Fowler, 1996; D’lemos et al., 1997; Gotze et al., 2001); dotted line indicates edge of vein (10969-
6804_Q2). (D). Deep EDM vein quartz with grains of varying CL brightness (but no clear rims) (11185-3771_Q4).

et al., 2006, 2008a; Miieller et al., 2010). This consistent cor-
relation, along with low Ti detection limits in CL-dark quartz,
indicates that Bremsstrahlung radiation and/or secondary
fluorescence did not hinder our Ti analyses. Concentrations
of Al and K show a weak positive correlation, presumably
owing to coupled substitution. Fe and K concentrations do
not correlate with CL brightness nor with any other deter-
mined trace element abundance. Notably, Al concentrations
do not correlate with Ti concentrations (Fig. 6) or with CL
brightness, unlike some experimentally grown quartz that
was used to calibrate the Ti-in-quartz thermobarometer
(Huang and Audétat, 2012). However, individual quartz types
do tend to show distinct, but overlapping ranges of Ti and Al
concentrations. For example, Butte Granite quartz has the
highest Ti concentrations (~50-160 ppm), but a limited range
of lower Al concentrations (~55-320 ppm). Quartz pheno-
crysts from porphyry dikes contain relatively moderate con-
centrations of both Ti (~20-70 ppm) and Al (~125-465 ppm).
Concentrations of Ti and Al in hydrothermal quartz from BQ
and QMB veins encompass nearly the entire range defined by
hydrothermal samples (~5-100 ppm Ti, ~30-3,675 ppm Al),

whereas those from EDM and PGS veins are generally lim-
ited to lower Ti concentrations (~5-40 ppm) and low to mod-
erate Al concentrations (~30-370 ppm). Overall, GS vein
quartz has the lowest Ti concentrations (~5-35 ppm) but
spans the entire range from