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ABSTRACT

Tourmaline is a widespread mineral in the Mesoproterozoic Blackbird Co-Cu-Au-Bi-Y-REE
district, Idaho, where it occurs in both mineralized zones and wallrocks. We report here major-element
and B-isotope compositions of tourmaline from stratabound sulfide deposits and their
metasedimentary wallrocks, from mineralized and barren tourmaline breccia pipes, from late barren
quartz veins, and from Mesoproterozoic granite. Tourmalines are aluminous, intermediate schorl-
dravite with Fe/(Fe+Mg) ratios of 0.30 to 0.85 and 10 % to 50 % X-site vacancies. Compositional
zoning is prominent only in tourmaline from breccias and quartz-veins; crystal rims are enriched in
Mg, Ca and Ti, and depleted in Fe and Al relative to cores. The chemical composition of tourmaline
does not correlate with the presence or absence of mineralization.

The 3''B values fall into two groups. Isotopically light tourmaline (-21.7 to -7.6 %o) occurs in
unmineralized samples from wallrocks, late quartz veins and Mesoproterozoic granite, whereas heavy
tourmaline (-6.9 to +3.2 %o) is spatially associated with mineralization (stratabound and breccia-
hosted), and is also found in barren breccia. At an inferred temperature of 300°C, boron in the
hydrothermal fluid associated with mineralization had 8''B values of -3 to +7 %o. The high end of this
range indicates a marine source of the boron. A likely scenario involves leaching of boron principally
from marine carbonate beds or B-bearing evaporites in Mesoproterozoic strata of the region.The §''B
values of the isotopically light tourmaline in the sulfide deposits are attributed to recrystallization
during Cretaceous metamorphism, superimposed on a light boron component derived from footwall
siliciclastic sediments (e.g., marine clays) during Mesoproterozoic mineralization, and possibly a
minor component of light boron from a magmatic-hydrothermal fluid. The metal association of Bi-Be-
Y-REE in the Blackbird ores suggests some magmatic input, but involvement of granite-derived fluids

cannot be conclusively established from the present database.

Key words: Blackbird, Idaho, cobalt belt, stratabound sulfides, tourmaline, chemical composition,

boron isotopes, SIMS, fluid sources, metallogeny
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INTRODUCTION

The wide stability range of tourmaline, and its compositional variability and resistance to
alteration, make this mineral a useful geochemical tracer (e.g., Henry & Guidotti 1985, Slack 1996,
Bebout & Nakamura 2003). Tourmaline can be particularly valuable in studies of hydrothermal
mineral deposits because it is the main host for boron in most rocks, and because the boron isotopic
composition is sensitive to changes in fluid source, P-T conditions of crystallization, and phase
changes such as boiling or fluid unmixing (Palmer & Slack 1989, Slack et al. 1993, Palmer & Swihart
1996, Smith & Yardley 1996, Trumbull & Chaussidon, 1999, Taylor et al. 1999, Jiang et al. 1999,
2002, Kasemann et al. 2000, Mlynarczyk & Williams-Jones 2006, Krienitz et al. 2008, Marschall et
al. 2008, Xavier et al. 2008, Trumbull et al. 2008, 2009, Garda et al. 2009, Pal et al. 2010).

In this contribution, we present the first study of chemical and boron isotope compositions of
tourmaline from the Blackbird district in central Idaho, U.S.A., with the aim of gaining insight into the
source of the contained boron and mineralizing fluids. The Blackbird district is metallogenically
important because it hosts the largest known reserves of cobalt in the United States. Stratabound
sulfide deposits of this district, occurring within the central part of the ~60-km-long Idaho cobalt belt
(ICB), have been interpreted for over two decades as products of syngenetic to diagenetic
mineralization (e.g., Modreski 1985, Eiseman 1988, Nash & Hahn 1989, Nold 1990, Evans et al.
1995, Bending & Scales 2001). Recent work has identified several diagnostic mineralogical and
geochemical features in the deposits, including locally high contents of Bi, Y, rare earth elements
(REE), and Be, which together suggest mineralization in a magmatic-related, iron oxide-copper-gold
(IOCG) system (Slack 2011). Our study seeks additional constraints on the origin of these enigmatic

deposits by using tourmaline as a geochemical tracer of boron sources and its evolution in the district.

GEOLOGICAL SETTING
Sulfide deposits of the Blackbird district occur mainly within interlayered siltite, argillite, and
quartzite of the Mesoproterozoic Apple Creek Formation (Fig. 1). The maximum age of this
stratigraphic unit, previously mapped as the lithologically similar Yellowjacket Formation, is 1409 +

10 Ma based on Sensitive High-Resolution Ion Microprobe (SHRIMP) U-Pb dating of detrital zircons
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(Aleinikoff et al. 2011). This unit is intruded on the north side of the district by a large sill-like body
of megacrystic granite, which has a SHRIMP U-Pb zircon age of 1377 + 4 Ma (Aleinikoff et al. 2011).
Areally smaller, coeval intrusions of coarse metadiabase in this area have a U-Pb zircon age of 1378.7
+ 1.2 Ma (Doughty & Chamberlain 1996). During the Neoproterozoic and Late Cambrian, felsic and
minor mafic alkalic plutons were emplaced in the region, the nearest occurring ca. 5 km east of the
district (Tysdal et al. 2003, Lund et al. 2010). Igneous activity resumed during intrusion of the
Laramide (~93-54 Ma) Idaho batholith, ca. 30 km northwest of the district, and during intrusion of the
Eocene (49-44 Ma) Big Horn Crags pluton ca. 10 km west of the district (see Tysdal et al. 2003, Lund
& Tysdal 2007).

The oldest deformation in the region is Mesoproterozoic based on the presence of folds in the
Yellowjacket Formation that are cut by the 1.37 Ga megacrystic granite (Evans 1986; A.A.
Bookstrom, written commun., 2010). Several regional metamorphic events occurred in northern Idaho
from ~1463 Ma to ~1064 Ma (Doughty & Chamberlain 2008, Zirakparvar et al. 2010), but their
effects on rocks of the Blackbird district, if any, are unknown. During the Cretaceous, folding, thrust
faulting, and greenschist- to amphibolite-facies metamorphism overprinted rocks and ores in the
district (Lund & Tydsal 2007), and led to widespread recrystallization of ore and gangue minerals
(Slack 2011, Aleinikoff et al. 2011). Cretaceous metamorphism in the study area is recorded by Lu-Hf
ages of 151 + 32 Ma and 112.8 = 7.7 Ma on garnet (Zirakparvar et al. 2007), by an Ar-Ar cooling age
of 83 Ma on cleavage-hosted white mica (Lund et al. 2007), and by SHRIMP U-Pb ages of 145, 110,

and 92 Ma on monazite in the sulfide deposits (Aleinikoff et al. 2011).

Types of mineral deposits

The Blackbird district contains three principal types of mineral deposits: (1) stratabound and
locally discordant sulfide lenses, (2) discordant tourmaline breccias, and (3) stratabound magnetite-
sulfide lenses. The first of these, the stratabound sulfide deposits, is the most important economically,
having supplied the majority of cobalt production (Nash & Hahn 1989, Bending & Scales 2001,
Bookstrom et al. 2007). These deposits vary in thickness from <1 m to 4 m, and show a variety of

deformational features including shears, folds, boudins, cusps, and remobilized veins. Based on
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detailed underground mapping, Vhay (1948) determined that the sulfide deposits are mainly localized
in preexisting structures such as faults, shear zones, and fold axes. Principal ore minerals are cobaltite
and chalcopyrite, which occur in a gangue of quartz and biotite with generally minor chlorite,
muscovite, garnet, chloritoid, or tourmaline (Anderson 1947, Modreski 1985, Eiseman 1988, Nash &
Hahn 1989). Other ore minerals include pyrite, pyrrhotite, arsenopyrite, glaucodot, safflorite,
bismuthinite, native bismuth, Bi-tellurides, and gold. Recent geochemical and mineralogical studies
have documented previously unknown high Bi contents (up to 9.2 wt %) and occurrences of sparse
uraninite and stannite (Slack 2011). Some of the sulfide deposits, such as Sunshine, Merle, Brown
Bear, and Ram (Fig. 1), locally contain minor to abundant allanite, apatite, xenotime, or monazite,
which in whole-rock analyses produce total REE+Y oxide contents up to 3.66 wt % (Slack 2006,
2011). SHRIMP U-Pb dating of paragenetically early xenotime from the Merle deposit yields an age
of 1370 + 4 Ma, which is within analytical uncertainty of the 1377 = 4 Ma age of the megacrystic
granite (Aleinkoff et al. 2011). The Northfield deposit has local concentrations of gadolinite-(Y)
(Slack 2011), a Be-rich silicate containing essential Fe, light rare-earth elements (LREE), and Y
[(LREE,Y),Fe*'Be,O(Si0,),]. Most of the stratabound sulfide deposits are interlayered with
distinctive rocks composed mainly of Fe- and Cl-rich biotite, termed biotitite (Nash & Hahn 1989,
Nash & Connor 1993), which likely formed by hydrothermal metasomatism of argillaceous sediments.

The discordant tourmaline breccia zones comprise pipes and breccias up to ca. 50 m in diameter
that cross-cut metasedimentary rocks of the Apple Creek Formation or the overlying Gunsight
Formation (Modreski 1985, Bookstrom et al. 2007). The breccias consist of angular to rounded
fragments of siltite or quartzite with a matrix of abundant fine-grained tourmaline and lesser quartz.
Some of the breccias are mineralized and contain minor to major amounts of disseminated cobaltite; in
addition, the Haynes-Stellite breccia (Fig. 1) has abundant fine-grained xenotime (Slack 2011). All of
the tourmaline breccia zones except one, both mineralized and barren, are distal (>1 km) to the
stratabound sulfide deposits and occur in the stratigraphically higher unit (Gunsight Formation). The
exception is a thin (~0.5-m-thick) tourmaline breccia that occurs within the Idaho stratabound sulfide

zone (sample GH-BB-19).
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The third type of mineral deposit in the region consists of stratabound magnetite-sulfide deposits
in the Iron Creek area ca. 25 km southeast of the Blackbird district (Fig. 1). These deposits form
magnetite-rich lenses up to 5 m thick within siliciclastic metasedimentary rocks of the Apple Creek
Formation. Magnetite occurs as massive concentrations, in sulfide-poor veins, and in stratabound
layers containing abundant cobaltiferous pyrite and minor chalcopyrite (Nash 1989). The Iron Creek

deposits are not part of the tourmaline study presented here.

Tourmaline occurrences

Tourmaline in the Blackbird district occurs in different settings. Within the stratabound sulfide
deposits, it typically forms fine-grained (50-100 pm) subhedral to euhedral crystals intergrown with
chlorite or muscovite, with or without associated cobaltite (Fig. 2a). It also occurs as fine or coarse
euhedral grains disseminated in silicate wallrocks, typically 0.1 mm in the Sunshine deposit and 1 to 3
mm in the Ram deposit (Fig. 2b). Textural relationships suggest a contemporaneous precipitation of
tourmaline and sulfides in most cases. Tourmaline also occurs as coarse (1-5 mm) euhedral crystals in
late quartz veins that cut metamorphic fabrics in wallrocks to the deposits (Fig. 2¢). The coarse vein-
hosted crystals of tourmaline contrast with those in the tourmaline breccias, which are generally very
fine-grained (10-50 pm), and together with fine-grained quartz and local cobaltite, form the matrix to
angular or subrounded fragments of siltite and quartzite (Fig. 2d). Tourmaline in the mineralized
breccias also appears to be contemporaneous with cobaltite and other sulfides. A different variety of
tourmaline breccia occurs ca. 15 km east of the district (Fig. 1), where fine-grained euhedral
tourmaline and quartz make up the matrix for angular fragments of brecciated quartzite. Tourmaline
also is present as 1- to 3-mm-thick laminae in scapolite-bearing metaevaporite schists of the
Yellowjacket Formation (Tysdal & Desborough 1997, Tysdal et al. 2003), but this tourmaline was
unavailable for our study.

The 1377 Ma megacrystic granite contains three types of tourmaline. One occurs within the
granite as small (50-100 um) euhedral grains intergrown with quartz and alkali feldspar, and is
interpreted to be magmatic in origin. A second type, also within the granite, forms euhedral grains 50

to 100 um in length interspersed with chlorite and muscovite in pseudomorphs after K-feldspar (Fig.
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2e), a texture that suggests a late magmatic to deuteric origin. The third type of tourmaline occurs as
coarse 1 to 3 mm euhedral crystals in a planar quartz vein (Fig. 2f), within the granite a few meters
from its contact with surrounding metasedimentary rocks, implying a late magmatic-hydrothermal
origin for this tourmaline.

Variations in grain size of the tourmaline in most of the non-granitic samples likely reflect
metamorphic recrystallization of pre-existing tourmaline. Numerous studies have established that
tourmaline recrystallizes during metamorphism, particularly at upper greenschist and higher
metamorphic grades and high fluid/rock conditions (e.g., Slack et al. 1993, Henry & Dutrow 1996,
Sperlich et al. 1996, Pesquera et al. 2005; Trumbull et al. 2009). Disseminated tourmaline in
wallrocks to the Ram deposit, for example, ranges from 1 to 3 mm in length and typically is euhedral
with well-developed growth-induced zoning (Fig. 2b). These features strongly suggest growth of
tourmaline during metamorphism, probably the pervasive Cretaceous metamorphic event in the ICB.
In contrast is the very fine-grained (<50 pm) tourmaline that characterizes the tourmaline breccia
pipes (Fig. 2d), which is texturally similar to that in the tourmalinized feeder zone of the Sullivan Pb-
Zn-Ag deposit in British Columbia and in regional tourmalinite bodies within lower to middle
greenschist-facies strata of the Mesoproterozoic Belt and Purcell Supergroups (Slack et al. 2000 and
references therein). As described in those studies, such very fine-grained tourmaline is likely pre-
metamorphic, having formed during primary hydrothermal B metasomatism of argillaceous sediment,
whereas coarser tourmaline in the deposits is considered to have formed during metamorphic
recrystallization of pre-existing, smaller tourmaline grains. We are uncertain, however, of the extent of
metamorphic recrystallization, if any, of the relatively fine-grained tourmaline in several samples,
including that in wallrocks to the Sunshine deposit (i.e., sample SS-1A-456, 0.1 mm) and in the

mineralized and barren tourmaline breccia pipes (e.9., sample JS-06-32B, up to 0.1 mm).

SAMPLING AND ANALYTICAL METHODS

The tourmaline samples analyzed in this study represent all major types of tourmaline occurrence in

the Blackbird district, namely:
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(1a) Stratabound sulfide ore zones (GH-BB-20 from the South Idaho deposit, SP-79-803 from the
Brown Bear deposit). The relatively fine-grained (mostly <50 pm) tourmaline in the Brown Bear
cobaltite-rich sample is considered the best example of primary (unrecrystallized) hydrothermal
tourmaline within the ore zones,

(1b) Silicate wallrocks to the stratabound ores (RO5-03-419 from the Ram deposit, SS-1A-456
from the Sunshine deposit; NW-8030-1 from ca. 800 m stratigraphically above the Blackbird
deposit, close to the Horseshoe zone),

(2a) Mineralized tourmaline breccias (GH-BB-19 from the Idaho deposit, GH-BB-23 from the
Haynes-Stellite deposit, JS-06-32B from the CoNiCu deposit),

(2b) Barren tourmaline breccias (AB-1-Beliel from the Beliel deposit, CoNiCu-tg from the
CoNiCu deposit, and BB-DC-4 from the quartzite breccia in the Gunsight Formation east of the
district),

(3) Late (probably Cretaceous) planar quartz-tourmaline veins in wallrocks to the sulfide deposits
(R97-15-221 from the Ram deposit),

(4a) Quartz-tourmaline vein in the margin of the megacrystic granite (67SB160A),

(4b) Disseminated tourmaline within the megacrystic granite (SA-1-3, SA-1-4).

Electron-microprobe analysis

Chemical analyses of tourmaline were determined on polished thin sections using wavelength-
dispersive electron-microprobe analysis (EMPA) at the U.S. Geological Survey in Reston, Virginia.
Analyses employed a JEOL JXA-8900/R five-spectometer, fully automated electron microprobe.
Samples were examined optically and by back-scatter electron imaging to identify sites for analysis.
Analyses were made at 15 kV accelerating voltage and 30 nA beam current as measured with a
Faraday cup. Peak and background counting times were 20 and 120 s, respectively, on major and
minor elements, and the beam size was approximately 2 pm in diameter. The following natural and
synthetic reference materials were used for calibration: Na - synthetic albite, Ti - SPI rutile, Fe -
Rockport fayalite, Mg, Si, Ca - Kakanui pyroxene, Al - Lake County plagioclase, K- PSU adularia, Cl

- SPI tugtupite, F - synthetic fluorphlogopite, Cr - Bushveld chromite, Mn - synthetic tephroite. The
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results were corrected for electron-beam matrix effects, instrumental drift, and deadtime using a Phi—
Rho-Z (CITZAF, Armstrong 1995) scheme. Relative trueness of the analytical data, as determined by
comparison of measured and published compositions of reference materials, is ~1-2% for oxide
concentrations above 1 wt% and ~5-10% for oxide concentrations less than 1 wt%. Detection limits,
based on the 36 deviation of background counts, are as follows: SiO, and Cl = 0.02 wt%; TiO,, Al,Os,
Cr,03, FeO, MnO, MgO, CaO, and K,0 = 0.03 wt%; Na,O and F = 0.04 wt%.

Tourmaline structural formulae were calculated from the electron-microprobe data by normalizing
to a sum of 15 cations in the tetrahedral and octahedral sites (T+Z+Y) following the approach of
Henry & Dutrow (1996). Typical exemplary tourmaline compositions are listed in Table 1; the
complete chemical data set is included in the Electronic Supplementary Material (ESM Table 1),

available from the Depository of Unpublished Data on the MAC website.

SIMS analysis

Boron isotopic compositions of tourmaline were determined with the CAMECA ims6f SIMS
instrument in Potsdam. After electron-microprobe analysis, samples were re-polished with alumina
and distilled water, then ultrasonically cleaned with ethanol and sputter coated with a ~35-nm-thick
layer of high-purity gold. Where grain size permitted, analyses were made on rim and core portions of
each grain. In all but a few cases, SIMS analyses were located directly adjacent to spots previously
analysed by EPMA. Boron isotopic analyses employed a nominally 12.5 kV, 0.8 nA '°O" primary
beam that was focused to a ~5 um diameter spot on the sample surface. The use of a liquid nitrogen
cold trap provided a secondary ion source pressure in the mid to low 10”7 Pa range. Prior to each
analysis, a 3-min preburn was used in order to remove the gold coat and establish equilibrium
sputtering conditions. The mass spectrometer was operated at a mass resolution power M/AM = 1370,
sufficient to separate the isobaric interference of '°B'H on the ''B mass station. A 150-um-diameter
contrast aperture, an 1800 pm field aperture (equivalent to a 150 um field of view), and a 50 V energy
window were used without any voltage offset. These conditions resulted in a count rate of ~300 kHz

for ''B and ~ 80 kHz for '°B on the electron multiplier, to which a 16 ns deadtime correction was
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applied. A single analysis consisted of 100 scans of the sequence '°B (2 s) and ''B (1 s), resulting in a
total time of about 10 min for each analysis.

Instrumental mass-fractionation (IMF) and analytical quality were monitored by repeated analyses
of tourmaline reference materials dravite (HS #108796) and schorl (HS #112566) from the Harvard
University Mineralogical Museum and B4 from the Instituto Geocronologia et Geochimica Isotopica,
Pisa. Assigned ''B/'°B ratios of the Harvard tourmalines are reported by Dyar et al. (2001), and of B4
by Tonarini et al. (2003) and Gonviantini et al. (2004). Daily routine was to precede and follow 8-10
analyses of unknowns by 3-5 measurements on the reference tourmalines. This study combines data
from 5 SIMS sessions of 2-3 days each, from August, 2008, to August, 2010; data were corrected for
IMF factors detemined for each session separately. Results for reference tourmaline analyses during a
typical session are given in Table 2. Systematic drift of IMF values occurred in the course of one
session, possibly due to fatigue of the electron multiplier, and required correction of the measured
isotope ratios from a linear regression of the IMF values (also see Garda et al. 2009). The uncertainty
of individual analyses (1 sd/mean of 100 blocks) was < 1%o (1sd) and repeatability of multiple
analyses on each reference tourmaline during a session varied from 1-2%o (n = 5 to 10 typically). The
observed variations in average IMF values among the three reference samples are about 2%o, which we
take as the best estimate of the total analytical uncertainty. Corrected boron isotope ratios are reported
using the 8''B notation (3''B = {“B/mBSaInplemrr / "B/"Bry - 1} x 1000) relative to the reference
material NIST SRM 951, which has a ''B/'°B ratio of 4.04362 (Cantanzaro et al. 1970). Table 3
summarizes the results for all samples from the Blackbird district; the full data set is reported together
with corresponding microprobe results in the Electronic Supplementary Material (ESM Table 1),

available from the Depository of Unpublished Data on the MAC website.

RESULTS
Tourmaline classification and major-element variations
Tourmaline from all lithologies in the Blackbird district belongs to the alkali group in the

nomenclature of Hawthorne & Henry (1999), except for some grains from the quartzite breccia

10
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(sample BB-DC-4) that have up to 63 % X-site vacancies and plot within the vacancy group (Fig. 3a).
Typical values for X-site vacancy in the other samples are 10 % to 50 % (Fig. 4e). All samples have
less than 20 cation % of Ca at the X site; calcium abundances are particularly low in tourmaline from
the mineralized breccias. In the Al-Fe-Mg discrimination diagram of Henry & Guidotti (1985), data
for the Blackbird tourmaline plot on the Al-rich side of the schorl-dravite join and cover a wide range
of Fe/(Fe+Mg) values, from about 0.30 to 0.85 (Fig. 3b). Tourmaline data plot either within field 2
(Li-poor granitoids, pegmatites and aplites), field 4 (Al-saturated metapelites and metapsammites), or
field 5 (metapelites and metapsammites lacking an Al-saturating phase). The wallrock-hosted
tourmaline stands out compositionally from most other groups in this and other diagrams because of
lower Fe/(FetMg) and Na/(Na+Ca) values (Fig. 4a, see also 4d). At the other end of the compositional
spectrum, with high Fe/(Fe+Mg) and high Na/(Na+Ca) values (low Ca and Mg contents), is the
breccia-hosted tourmaline and that from the South Idaho stratabound ore zone (Figs. 4b, d).
Tourmaline from the quartz veins and from the granite overlaps compositionally with the breccia-
hosted tourmaline, but is distinguished from the latter by relatively high Al contents and low values
for the X-site vacancy (Fig. 4¢).

Most Blackbird tourmaline is more Al-rich than ideal schorl-dravite compositions (Figs. 3b, 4e),
and the positive correlation of total Al with X-site vacancies (Fig. 4¢) suggests that the "excess Al"
(total Al > 6 apfu) is charge-balanced by the foitite-magnesiofoitite substitution, ([1,Al)(Na,Fe).; or
(O,A)(Na,Mg).;. Very few compositions have Al(Z) contents less than 6 apfu, which suggests
minimal substitution of Fe’* for Al. The exceptions to this include several grains from the granite-
hosted quartz vein (sample 67SB160A) and one composition each from mineralized and barren
tourmaline breccias from the CoNiCu locality (samples JS-06-32B and CoNiCu-tg). Negligible
contents of ferric iron are also suggested by the lack of excess cation charge if all Fe is assumed as
Fe**. Complete analyses would be needed to quantify the proportion of ferric to ferrous iron in the
tourmaline but the microprobe data clearly suggest that it is low, which implies deposition from
relatively reduced hydrothermal fluids.

Most Blackbird tourmaline has low Ti contents, less than 0.5 wt% TiO, (0.05 Ti apfu, see Fig. 4¢),

with scattered higher values in some samples but little dependency on host lithology. The fluorine

11
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concentrations in most samples are below the detection limit (0.04 wt %). Exceptions to this pattern
are tourmalines from the megacrystic granite (samples SA 1-3, SA 1-4) and the granite-hosted quartz
vein (sample 67SB160A), which typically have F concentrations of 0.1 to 0.2 wt % F (Table 1). Only
one sample from outside the granite, in the stratabound ore zone of the South Idaho deposit (sample
GH-BB-20), has appreciable fluorine contents in tourmaline, and in this case, it is only the rims of
zoned grains that contain 0.07 to 0.18 wt % F. These F contents are low relative to those in tourmaline
from many other hydrothermal ore deposits (up to 1.9 wt %, Taylor & Slack 1984, Sinclair &
Richardson 1992, Williamson et al. 2000, Mlynarczyk & Williams-Jones 2006). Together with the
absence of fluorite or other F-rich minerals in the deposits, the tourmaline data suggest that
hydrothermal fluids in the Blackbird district had low F contents. Chlorine concentrations in tourmaline
are, without exception, below the detection limit of 0.02 wt %. Even tourmalines from wallrock
samples SS-1A-456 and RO5-03-419, which have abundant Cl-rich biotite, contain only negligible Cl.

Compositional zoning was evaluated in all samples and determined to be weak, patchy, or absent
in most wallrock- and granite-hosted tourmaline, but relatively common and locally strong in some
tourmaline from the breccias and stratabound ores. Typically, the rims of zoned grains are enriched in
Mg, Ca, and Ti, and are depleted in Fe and Al relative to the cores (Fig. 5a-c). A special case of
strong compositional zoning was found in mineralized sample SP-79-803, which is a Co-rich
metasedimentary rock (argillite) from the stratabound Brown Bear ore zone. Most tourmaline in this
sample forms small and unzoned (<50 pum) prismatic grains but the interesting feature are larger
crystals that have optically distinct cores. Three such zoned grains occur in the thin section studied;
the following arguments suggest that the cores are detrital in origin. First, the core compositions differ
in terms of Mg, Fe, Al, Ti, and Ca contents whereas rims in all three grains are nearly the same (Fig.
5d-f). Note also that the compositional shift from core to rim in SP-79-803 is opposite that observed in
other samples from the Blackbird district (compare Fig. 5a-c), which underscores the point that these
core compositions are exotic. Second, some cores are irregular in form and not concentric with the
outer grain shape. Third, and this is brought up in the following section, there is a strong and abrupt
contrast in boron isotope composition between cores and rims, and the rim compositions are in the

same range as the unzoned tourmaline in this sample.
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Boron isotope compositions

Table 3 summarizes the range, mean value, and standard deviation of B-isotope compositions
determined on tourmaline from the Blackbird district (for all results see electronic supplement ESM
Table 1). The total range of &''B values is very large, from -21.7 to +3.3%o (Fig. 6). From 4 to 16
analyses were made in each sample, depending on the petrographic complexity and abundance of
tourmaline. Isotopic variations within individual samples are mostly less than 5%o, and the standard
deviation of multiple analyses is rarely greater than the analytical uncertainty of 2%o (Table 3). All
optically zoned grains were checked for isotopic zoning by multiple SIMS analyses. Some grains
show internal variations in 8''B greater than the 2%o uncertainty, but variations tend to be patchy (Fig.
7d, e). The single case of systematic core-to-rim isotopic zoning is that of sample SP-79-803 having
the detrital cores described above. The cores in the three grains measured (A, B, C on Fig. 5d-f) are
not all uniform in isotopic composition: core compositions from two grains are among the lowest in
the entire data set, at -21.1, -20.5, and -20.0%o. The core in a third grain is much different isotopically,
at -5.7%o. The tourmaline rims in these grains range in composition from -7.5 to -3.9%., which is close
to the value of unzoned tourmaline in this sample (-5.9%o). The variability in core compositions and
the extreme isotopic contrast of more than 13%o between core and rim compositions in these grains
support other evidence for a detrital origin of the cores in this sample. Marschall et al. (2008)
described isotopically variable detrital cores in tourmaline from Syros, Greece, whose chemical and
isotopic distinction from their rims survived subsequent metamorphism.

From the frequency distribution of B-isotope ratios we distinguish isotopically light and heavy
groups of tourmaline from the Blackbird district, with a boundary between the two at about -8%eo (Fig.
6). Among the isotopically light tourmaline grains are those from the megacrystic granite (average -
16.9 £ 2.0 %0) and the granite-hosted quartz-tourmaline vein (average -13.1 £+ 3.4%o). Other members
of this group are the siltite-hosted quartz-tourmaline vein from the Ram deposit (average -12.8 +
2.2%o) and tourmaline in wallrocks to the Ram and Sunshine deposits (average -9.9 £ 1.7%o and -9.4 +
2.2%o, respectively). Palmer & Slack (1989) determined a 8''B value of -8.14%o for fine-grained

tourmaline in a stratabound tourmalinite from the hangingwall of the Brown Bear deposit. This value
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is in good agreement with our results for the wallrock tourmaline. The tourmaline group having
relatively heavy B-isotope compositions includes that in the stratabound ore zone at the South Idaho
deposit (average -1.2 + 3.0%0), and all breccia-hosted tourmaline regardless of location, form, or
association with or without sulfide mineralization. In detail, tourmalines in the mineralized breccia
pipes at the Haynes-Stellite and the CoNiCu deposits average +0.1 = 0.7%0 and +0.3 = 1.0%o,
respectively; tourmaline from mineralized breccia in the Idaho stratabound ore zone averages -0.1 £
2.7%o. Tourmaline from barren breccia pipes at CoNiCu and Beliel have average 5''B values of -4.7 £
2.2 %o and +1.6 = 1.7%o, respectively. The average for tourmaline from the unmineralized quartzite
breccia east of the district is -2.5 £ 2.0%eo.

We took care to locate SIMS analyses close to the electron microprobe spots to permit comparison
of chemical and B-isotope compositions. No systematic relationships in the Blackbird tourmalines
were found. A lack of correlation between major-element concentrations and B-isotope compositions

in tourmaline has been noted in other studies (e.g., Jiang & Palmer 1998, Krienitz et al. 2008).

DISCUSSION

Controls on compositional variations in tourmaline

The considerable range of tourmaline compositions in the Blackbird district with respect to major
elements depends in part on the host-rock lithology. For example, dravitic tourmaline, with Fe/(Fe +
Mg) < 0.5, is almost exclusively found in samples of biotite-rich wallrock (Fig. 4a). Also, fluorine
concentrations above the detection limit are restricted to tourmaline from the granite or quartz veins
within the granite. Granite-hosted tourmaline is also distinctive in having high total Al and moderate
X-site vacancies (Fig. 4¢). Some of the observed range of chemical compositions is due to zonation
(Fig. 5). Typically, the rims of zoned tourmaline grains show a relative increase in Mg, Ti, and Ca at
the expense of Fe and Al. These trends presumably reflect changing concentrations in the
hydrothermal fluids or changes in the mineral assemblage (e.g., Fe uptake during pyrite
crystallization), but their interpretation is complicated by the possible polymetamorphic history of the

district.
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There was significant recrystallization of the Blackbird deposits during Cretaceous
metamorphism, which is best demonstrated by Cretaceous Lu-Hf ages of metamorphic garnet in
silicate wallrocks, by Cretaceous U-Pb ages of monazite from the sulfide zones, and by the widespread
occurrence of coarse euhedral cobaltite grains in the deposits (Zirakparvar et al. 2007, Aleinikoff et al.
2011, Slack 2011). With respect to tourmaline, a contrast in textures and grain sizes is also attributed
to the recrystallization process. Thus, in most samples from the stratabound sulfide deposits,
wallrocks, and breccias, tourmaline forms a fine-grained (10-50 pm) mosaic of subhedral to anhedral
crystals that we interpret as primary, Mesoproterozoic growth of tourmaline. Other samples contain
coarser (>0.5 mm) euhedral tourmaline, which we attribute to recrystallization during later
hydrothermal or metamorphic events. An example is the coarse-grained tourmaline occurring in
undeformed quartz veins within wallrocks at the Ram deposit (sample R97-15-221). We propose that
the formation of these and similar tabular veins relates to the Cretaceous event, and note that the
contained tourmaline has similarly high Mg, Ti, and Ca concentrations, as do the rims of zoned
tourmaline grains in many of the other samples. The Cretaceous recrystallization of tourmaline in the

Blackbird district is relevant for interpretion of the B-isotope data discussed below.

Boron isotope variations and implications for multiple sources

First-order features of the boron isotope data from the Blackbird tourmaline are the large overall
range of compositions (-21.7 to +3.3%o0) and the contrast between tourmaline from metamorphic wall
rocks, quartz veins, and granite (low 8''B group) versus tourmaline from the stratabound ore and
breccia zones (high 8''B group). The total range in 8''B values of 25%o and the systematic relationship
between isotopic composition of tourmaline and its lithologic host are inconsistent with a single boron
source for the district. Instead, the results suggest that at least two discrete sources of boron, and, by
inference, at least two sources of fluid, were present during tourmaline growth in the Blackbird
district. This conclusion ignores the detrital tourmaline cores in sample SP-79-803, which represent a
separate and earlier phase of tourmaline growth unrelated to the Blackbird mineralization and

Cretaceous recrystallization events.
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Before discussing the tourmaline data in terms of boron sources, it is necessary to consider the
temperature-dependent fractionation of ''B and '°B between tourmaline and hydrothermal fluid, which
can be significant. Different values for the fractionation factors have been experimentally determined
by Palmer et al. (1992) and Meyer et al. (2008). The latter are preferred because of their success in
modelling isotopic zoning profiles of synthetic tourmaline produced at known temperature and fluid
composition (Marschall et al. 2009). The temperature of mineralization at Blackbird is poorly
constrained. A reconnaissance fluid inclusion study obtained 275° to 375°C for high-salinity fluid
(halite + other daughter minerals) in quartz within the stratabound sulfide zones (Nash & Hahn, 1989).
However, the fluid inclusion paragenesis in that study is uncertain, both with respect to sulfide
mineralization and tourmaline formation. Lacking better temperature estimates for Blackbird
tourmaline, we draw analogy to the 250° to 300°C estimates determined by Taylor et al. (2000) for
footwall tourmalinites at the Mesoproterozoic Sullivan deposit. Using 300°C as a reasonable estimate
for tourmaline formation in the Blackbird district, the hydrothermal fluid would be about 4%o heavier
in 8''B than coexisting tourmaline based on Meyer et al. (2008). A 50°C misjudgement in the
temperature of tourmaline growth corresponds to a relatively minor 0.7%o difference in the

fractionation effect.

Significance of the isotopically heavy tourmaline

Tourmaline having relatively high 8''B values (the "heavy group") occurs exclusively in the
stratabound sulfide deposits and tourmaline breccias, both mineralized and barren. Within this group,
there is a small but intriguing contrast in 5''B values between mineralized and barren tourmaline
breccias in the CoNiCu deposit. Tourmaline from paragenetically early, mineralized (Co-rich) breccia
is heavier (JS-06-32B, 3''B -1.2 to +1.2%o) than later, barren tourmaline breccia (CoNiCu-tg, 8''B -6.4
to -2.1%eo). It is unclear if this difference is significant geologically, because the CoNiCu deposit is the
only one where such a comparison of mineralized and barren breccias can be made, and because
tourmaline from barren breccia at Beliel has even heavier boron than the mineralized CoNiCu breccia
(AB-1-Beliel, 3''B -0.9 to +3.2%o). An important observation is that tourmaline from both stratabound

and breccia-hosted mineralization in the district belongs to the isotopically heavy group, and we
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suggest this is evidence for a genetic link between the two. Equally important, the high end of §''B
values from this tourmaline group implies a marine affinity for the boron. The calculated 5''B values
for the mineralizing fluid are as high as +7%o, based on the fractionation factor of about 4%o at 300°C
(Meyer et al., 2008). This exceeds the range of all major continental boron sources (sediments and
clastic metasediments, granites, nonmarine evaporites), which have more negative 8''B values (Palmer
& Swihart 1996, Kasemann et al. 2000; Marschall & Ludwig, 2006). The known ranges in 8''B values
for siliciclastic marine sediments, arc volcanic rocks, and oceanic crust are commonly negative or
slightly positive, but rarely as high as +7%o (Palmer & Swihart 1996, Jiang et al. 1999, Peacock &
Hervig 1999, Nakano & Nakamura 2001). According to data from Jiang et al. (2000), the fine-grained,
clearly pre-metamorphic tourmalinite from the Sullivan area and elsewhere in the Belt and Purcell
Supergroups of the northern Rocky Mountains is uniformly lower than -2.3%o in 8''B. Given these
constraints, the most viable source for the high 8''B values of Blackbird tourmaline is marine
evaporites, carbonates, or entrained seawater. This is consistent with the presence of high CI contents
in biotite within biotite-rich wallrocks to the sulfide deposits (Nash & Connor 1993). The
Yellowjacket Formation, which is broadly coeval with the Apple Creek Formation, locally contains
marine carbonate beds and scapolite-bearing and tourmaline-rich schists, which have been interpreted
as meta-evaporites (Tysdal & Desborough 1997, Tysdal et al. 2003). We propose that leaching of
marine-sourced boron from these or similar lithologies in the Mesoproterozoic metasedimentary
sequences is the best explanation for the heavy group of Blackbird tourmaline. The isotopically
“heavy group” of tourmaline samples is distinct but not homogeneous, and has 8''B values as low as -
6.9%o (Fig. 6). To what extent this range in isotopic composition records variations in temperature of
mineralization or fluid:rock ratios, or mixing of fluids from different B sources, cannot be evaluated

with certainty at present.

Significance of the isotopically light tourmaline
The isotopically light group includes tourmaline from the megacrystic granite, quartz veins hosted
by the granite and by siltite (the last probably Cretaceous), and from the biotite-rich wallrocks of the

Apple Creek Formation at the Sunshine and Ram deposits (Fig. 6). The isotopic composition of
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tourmaline from the megacrystic granite and quartz vein within it (-21 to -10%o) is important as an
indicator for the expected isotopic composition of boron in a local magmatic-hydrothermal fluid. Since
only minor fractionation is expected between tourmaline and high-temperature fluid (e.g., 1%o at
600°C, Meyer et al. 2008), we can infer that granite-sourced boron in the Blackbird district would
have had 8''B values of about -15 £5%o. Magmatic-hydrothermal fluid with this composition is clearly
unimportant as a boron source for the stratabound and breccia-hosted mineralized tourmaline (heavy
group), but it may have played a role in the wallrock-hosted tourmaline. Wallrock tourmaline in the
Ram and Sunshine deposits (RO5-03-419 and SS-1A-456, respectively) have almost identical 5''B
ranges of -12.7 to -7.6%o and -13.0 to -7.6%o (Table 3), which overlap at their low end with that of the
magmatic-hydrothermal fluid. Similarity in composition between the Ram and Sunshine tourmaline
has signficance because they are texturally very different. The sample from the Sunshine deposit
contains disseminated, fine-grained tourmaline (0.1 mm maximum length), suggesting a primary (pre-
metamorphic) growth, whereas tourmaline in wallrock at the Ram deposit is much coarser (1 to 3 mm)
likely due to metamorphic recrystallization of primary tourmaline. If this interpretation is correct, the
similar 8''B values of the two tourmaline samples suggest that recrystallization had little effect on the
B-isotopic composition, implying that the metamorphic fluid and earlier hydrothermal fluid(s) had a
similar boron isotopic composition. We can estimate the composition of Cretaceous metamorphic
fluids from the 8''B values of tourmaline in the post-mineralization quartz veins in siltite at the Ram
deposit (sample R97-15-221), which are interpreted to have formed during that event. This coarse (1-3
mm) tourmaline has variable but light 8''B values (-17.0 to -9.2%o) in the same range as other
tourmalines in the "light group." Therefore, Cretaceous metamorphic fluids appear not to have had a
distinctive B-isotope composition compared to the granite and the Mesoproterozoic metasedimentary
rocks of the Apple Creek Formation.

If we take the 8''B range of disseminated and fine-grained tourmaline in the Sunshine deposit wall
rocks (-13 to -7.6%o) as the primary pre-metamorphic composition, a fitting boron source could be
marine clays in the footwall siliciclastic sediments. Jiang et al. (1999, 2000) also proposed a marine
clastic sedimentary source of boron to explain similar B-isotope values of tourmalinites from the

Sullivan deposit, British Columbia, and from other tourmalinites within the Belt-Purcell basin. Those
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authors, however, required an additional component of isotopically lighter boron to explain all of the
tourmaline data and they proposed an additional contribution from non-marine evaporates in the basin.
Our results suggest that in the Blackbird district a granite-derived magmatic-hydrothermal fluid could
be an alternative source of isotopically light boron.

Like the isotopically heavy group of tourmaline, the light group spans a considerable range of 8''B
values. One can speculate that part of this variation is due to mixing between the light and heavy
boron (fluid) sources, which might be viable for the wallrock samples adjacent to mineralization.
However, mixing is unlikely to be the sole explanation because other factors influence the isotopic
composition of tourmaline, including temperature-dependent fractionation, variations in fluid : rock
ratios, and Rayleigh fractionation (Jiang et al. 1999). The metamorphic overprint on the Blackbird
ores and wallrocks can also contribute to isotopic variations although the effect is probably not large
as discussed above. The separate contributions of these different factors are impossible to evaluate

rigorously without more information on mineralization temperatures and fluid compositions.

Implications for metallogenesis

Of obvious interest for economic geology and mineral exploration is the question of whether
tourmaline in the Blackbird district shows systematic features in major element or isotopic
composition that could indicate the presence or absence of associated metal (e.g., Co, Cu, Au)
enrichments. Jiang et al. (2000) discussed this point in their study of tourmaline from the Sullivan
massive sulfide deposit and from regional tourmalinites in lower siliciclastic strata of the
Mesoproterozoic Belt and Purcell Supergroups. Their data indicate that tourmaline from Sullivan and
other massive sulfide deposits within these strata tends to have high ratios of Mg/(Mg + Fe), but that
this general pattern is not a robust indicator of associated mineralization (see also Slack 1996). The
association of Mg-rich tourmaline with mineralization does not in any case hold for the Blackbird
district, where the most magnesian tourmaline occurs in biotite-rich wallrocks with no directly related
metal enrichments, and in barren and postore quartz-tourmaline veins of probable Cretaceous age.
Indeed, tourmaline from the stratabound sulfide deposits and mineralized breccias in the Blackbird

district are among the most Fe-rich of all samples in the suite (see Fig. 4d).
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In terms of major elements determined in this study, there are no obvious compositional
differences between mineralized and unmineralized samples that might have exploration significance.
However, the B-isotope compositions of tourmaline from the mineralized zones are distinctive.
Tourmaline in mineralized samples from the Haynes-Stellite, CoNiCu, and South Idaho deposits all
have moderately negative to positive 8''B values, which contrast greatly with the strongly negative
values in tourmaline from the metasedimentary rocks of the Apple Creek Formation and from the
megacrystic granite (Fig. 6). The inferred B-isotopic composition of hydrothermal fluid in the
Blackbird stratabound and breccia-hosted deposits (4%o heavier than tourmaline) reaches 8''B values
up to about +7%o. The upper range of these values implies a major contribution of marine-sourced
boron in the fluid, most likely from meta-carbonate or meta-evaporite layers in the broadly coeval
Yellowjacket Formation.

There is conflicting evidence for the role of granite-derived fluid in the Blackbird district. A
granitic contribution is permitted in the case of the light B-isotope values of pre-metamorphic, fine—
grained tourmaline from the Sunshine deposit wallrocks; a magmatic or mantle source of helium is
implied from the highly-radiogenic He-isotope values (R/Ra = 8) of fluid inclusions from
paragenetically early quartz in the Sunshine deposit (Johnson et al. 2007). On the other hand,
Bookstrom et al. (2007) and Johnson et al. (2007) reported sulfide 5**S values from +7 to +9%o for the
Blackbird ores and noted that these results are consistent with a sedimentary sulfur source, but not
with a purely magmatic-hydrothermal, sulfur source. We emphasize, however, that the source of
metals in the deposits is not necessarily the same as the sources of light elements such as B, He, and S.
Considering the distinctive association of metals concentrated in the Blackbird deposits (Co, Cu, Au,
Bi, REE, Y, Be), it is likely that some—especially Bi, REE, Y, and Be—were derived from the
megacrystic granite (Slack 2011). The issue is nevertheless unresolved and future studies involving
radiogenic isotopes (€.9., Nd, Sr, Pb) and other stable isotopes (e.g., C, O) could provide valuable
insights into the nature and contribution of these source reservoirs during mineralization in the

Blackbird district.
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Figure captions

Figure 1. Simplified geological map of the Idaho cobalt belt showing locations of major stratabound

sulfide deposits and stratabound iron oxide deposits (modified from Slack 2006). Geology from
Tysdal et al. (2003) and Lund & Tysdal (2007). Ages of the Apple Creek Formation and the
megacrystic granite are from Aleinikoff et al. (2011). Locations of analyzed samples not shown on
this map are the quartz-tourmaline vein from the margin of the megacrystic granite and the
disseminated grains within this granite, which are ca. 6 and 8 km, respectively, northeast of the
map. The Blackbird district comprises the cluster of deposits centered on the Blackbird mine
(BB). Brown Bear and Merle deposits, which are not shown, are ~1400 m northwest and ~600 m

northeast of the Idaho deposit, respectively (locations in Bookstrom et al. 2007).

Figure 2. Photomicrographs of tourmaline samples (all plane transmitted light). (a) fine-grained

tourmaline intergrown with chlorite, muscovite, and cobaltite (black); ore zone sample GH-BB-
20, South Idaho deposit, (b) coarse-grained tourmaline intergrown with biotite and minor garnet;
wallrock sample RO5-03-419, Ram deposit, (¢) coarse-grained tourmaline in late quartz vein from
siltite wallrocks; sample R97-15-221, Ram deposit, (d) fine-grained tourmaline with quartz and
cobaltite (black) in mineralized breccia of argillite; sample GH-BB-23, Haynes-Stellite deposit, (¢)
fine-grained tourmaline with chlorite and muscovite in pseudomorphs after K-feldspar; sample
SA-1-4, megacrystic granite, (f) coarse tourmaline in granite-hosted quartz vein; sample

67SB160A, megacrystic granite.

Figure 3. Overview of Blackbird tourmaline in classification diagrams, in (a) based on groups defined

by the principal constituents in the X-site after Hawthorne & Henry (1999); and in (b) based on
cation proportions of total Al, Fe and Mg after Henry & Guidotti (1985), with labeled divisions
according to tourmaline provenance as follows: (1) Li-rich granitoid pegmatites and aplites, (2)

Li-poor granitoids, pegmatites and aplites, (3) Fe’'rich quartz-tourmaline rocks (altered
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granitoids), (4) metapelites and metapsammites with Al-saturating phase, (5) metapelites and
metapsammites lacking Al-saturating phase, (6) Fe*"rich quartz-tourmaline rocks, calc-silicate
rocks and metapelites, (7) low-Ca meta-ultramafic rocks and Cr-V-rich metasediments, (8) meta-
carbonates and meta-pyroxenites.

Figure 4. Selected features of Blackbird tourmaline composition illustrated in terms of (a) atomic
ratios Fe/(Fet+Mg) versus Na/(Na+Ca), (b) Ca versus Mg, (c) Ca versus Ti, (d) Mg versus Fe, (e)
total Al versus X-site vacancies, and (f) total Al versus Fe. All element concentrations are in
atoms per formula unit (pfu). Possible tourmaline exchange vectors are shown in panels (e) and (f)
(L = site vacancy), see text for discussion.

Figure 5. Examples of compositional zoning in tourmaline from the Blackbird district, which is
restricted to mineralized and breccia-hosted samples. Samples illustrated in left-side plots (a, b, ¢)
are unmineralized breccia AB-1-Beliel, statabound ore GH-BB-20, and unmineralized breccia
CoNiCu-tg. The right-side plots (d, e, f) illustrate the variable compositional shifts from core to
rim in three grains (A, B, C) of stratabound ore sample SP-79-803. The cores in this sample are
interpreted as detrital in origin (see text).

Figure 6. Frequency histogram of boron isotope compositions of tourmaline from the Blackbird
district, shown separately for sample groups. Also shown in the upper panel (dotted circle) is a B-
isotope value of fine-grained tourmaline from a stratiform tourmalinite a few hundred meters from
the Beliel breccia-hosted deposit (Palmer & Slack 1989). The lower panel shows the range of B-
isotope composition of relevant continental and marine boron reservoirs (Barth 1993, Chaussidon
& Albaréde 1992, Palmer & Swihart 1996, Kasemann et al. 2000, Marschall & Ludwig 2006).

Figure 7. Back-scattered electron images of selected tourmaline samples showing examples of internal
compositional variation and position of SIMS analysis spots with 8''B values (in %o). (a) JS-06-
32B, mineralized breccia, CoNiCu (b) AB-1-Beliel, barren tourmaline breccia, (¢) SP-79-803,
mineralized metasediment with detrital core, stratabound ore, Black Bear deposit, (d) RO5-03-
419, biotite-rich wall rock (e) SA-1-4, megacrystic granite, (f) GH-BB-20, mineralized

metasediment, stratabound ore, South Idaho deposit. Mineral labels: Ap, apatite; Bt, biotite (Fe-
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and Cl-rich); Cbt, cobaltite; Chl, chlorite; Kfs, K-feldspar; Ms, muscovite; Py, pyrite; Qtz, quartz;

Tur, tourmaline; Zrn, zircon.

Table captions

Table 1. Selected electron-microprobe compositions of tourmaline from different lithotypes in the
Blackbird district.

Table 2. Example of B-isotope results on reference tourmalines

Table 3. Summary of boron isotope composition of tourmaline from the Blackbird district

Electronic Supplementary Material (ESM)

ESM Table 1. Full data set of electron-microprobe and SIMS B-isotope compositions of tourmaline

from the Blackbird district.
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Table 1 Selected electron-microprobe compositions of tourmaline from different lithotypes in the Blackbird district

Sample GH-BB-20 SS-1A-456 JS-06-32B AB-1-Beliel R97-15-221 67SB160A SA-1-4

Lithotype stratabound gtz-chl-tur mineralized barren gtz-tur vein gtz-tur vein megacrystic
ore wall rock breccia breccia in wall rock in granite granite

Position core  rim core  rim core  rim core  rim core rim interior interior interior -interior

SiO; (wt. %) 364 36.2 36.7 37.1 36.3 3538 364 36.0 365 364 36.0 35.2 36.6 36.5

TiO2 0.03 0.33 0.19 0.07 0.12 1.36 013 152 0.71 0.77 0.17 0.36 0.05 d.L
AlL,O3 346 32.7 33.9 339 33.7 304 338 313 321 320 336 311 346 351
MgO 148 4.32 593 7.02 257 4.13 386 4.02 6.02 5.80 3.92 3.46 546 5.30
MnO d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.05 0.04 d.L
FeO 13.7 11.9 885 798 133 134 11.3 124 98 10.1 121 154 8.5 8.1
Cr,03 d.l. 0.03 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.
CaO 0.03 0.37 0.65 0.69 0.06 0.89 0.07r 048 084 0.77 0.33 049 0.39 0.30
Na,O 162 224 1.75 2.05 1.63 1.80 181 193 195 210 220 2.34 229 215
K20 d.l. 0.04 d.l. d.l. d.l. d.l. d.l. 0.04 d.L 0.06 d.l. 0.04 0.04 0.04
F d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.07 0.15 0.21 0.18
Cl d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.
Sum 88.0 88.2 88.0 88.8 87.7 87.8 874 876 88.0 881 88.4 88.6 88.2 87.6
Si (atoms p.f.u.) 6.009 5937 5924 5899 5972 5961 5966 5974 5942 5944 5882 5860 5921 5913
AI(T) 0.000 0.063 0.076 0.101 0.028 0.039 0.034 0.026 0.058 0.056 0.118 0.140 0.079 0.087
Al(Z) 6.000 6.000 6.000 6.000 6.000 5.932 6.000 6.000 6.000 6.000 6.000 5.953 6.000 6.000
Al(Y) 0.729 0.269 0.355 0.261 0.523 0.000 0.488 0.094 0.109 0.110 0.360 0.000 0.517 0.615
Ti 0.004 0.041 0.023 0.009 0.015 0.170 0.017 0.190 0.087 0.094 0.021 0.045 0.006 d.l
Mg 0.363 1.056 1.424 1666 0.631 1.025 0.942 0.995 1.462 1.412 0956 0.858 1.316 1.281
Mn d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.006 0.005 d.l.
Fe 1.893 1.628 1.193 1.063 1829 1871 1548 1.718 1.338 1.382 1.660 2.135 1.155 1.098
Cr d.l. 0.003 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.
Ca 0.005 0.066 0.112 0.118 0.010 0.158 0.012 0.085 0.146 0.134 0.058 0.088 0.067 0.052
Na 0.518 0.712 0.547 0.633 0.521 0.581 0575 0.621 0.616 0.665 0.698 0.755 0.718 0.676
K d.l. 0.009 d.l d.l. d.l. 0.005 d.. 0.009 d.l 0.013 d.. 0.007  0.008 0.007

X-site vacancy 0.473 0.213 0.341 0.247 0.466 0.256 0.413 0.285 0.233 0.188 0.238 0.150 0.207 0.265

Mineral abbreviations: qtz- quartz, chl-chlorite, tur-tourmaline
Analyses by electron microprobe, total Fe reported as FeO, structural formula based on 15 cations in T, Z and Y sites (Henry &
Dutrow, 1996). “d.l.” indicates below detection limit (0.02 — 0.04 wt.%, see text), all data are in electronic supplement ESM1



Table 2. Example of B-isotope results on reference tourmalines

Analysis date

UB/%B  1SD (%0)?

IMF®

5B (%o)°

Schorl (*'B/*°B = 3.993 and 6"'B = -12.5 %o)

12.08.2008 3.877 0.5 0.9709 -10.6
12.08.2008 3.881 0.5 0.9719 9.6
12.08.2008 3.874 0.5 0.9702 -11.4
12.08.2008 3.872 0.8 0.9697 -11.9
Mean 3.876 0.9707 -10.9
Repeatability’  1.01

Dravite (*'B/*°B =4.017 and 6B = -6.6 %o)
12.08.2008 3.893 0.4 0.9692 -6.5
12.08.2008 3.890 0.5 0.9684 -7.3
12.08.2008 3.893 0.8 0.9692 -6.5
12.08.2008 3884 0.7 0.9669 -8.8
Mean 3.890 0.9684 7.3
Repeatability’  1.09

B4 (*'B/*°B = 4.0078 and 5*'B = -8.9 %o)

12.08.2008 3.880 0.5 0.9681 -9.9
12.08.2008 3.880 0.6 0.9681 9.9
12.08.2008 3.877 0.7 0.9674 -10.6
Mean 3.879 0.9679 -10.1
Repeatability’  0.45

% Individual uncertainty for 100 cycles (standard deviation / mean) x 1000
® Instrumental mass fractionation (**B/*°Bneasured/ **B/*°Bry)

¢ Calculated with mean IMF of all reference tourmalines (0.9691), and with
H1B/°B = 4.04362 for NIST SRM 951 (Cantanzaro et al.,1970)
 Repeatability from multiple analyses (standard deviation / mean ) x 1000



Table 3. Summary of boron isotope composition of tourmaline from the Blackbird district

Sample Lithotype and deposit 5''B range SD N Within-grain
(%0) analyses variations®

Mineralized samples

SS-1A-456 mineralized qtz-chl-tur wall rock, Sunshine -13.0 to -7.6 2.2 7 no
GH-BB-19 mineralized tur- breccia, ldaho -3.1 to +25 2.7 4 no
GH-BB-23 mineralized tur- breccia, Haynes Stellite -1.1 to +1.0 0.7 6 no
JS-06-32B mineralized tur- breccia pipe, CoNiCu -1.2 to +1.2 1.0 6 no
GH-BB-20 gtz-bio lens, stratabound ore, South Idaho -6.9 to +1.6 2.9 8 5.3%o
SP-79-803 Stratabound sulfide zone, Brown Bear 75 to -2.4° 1.7 9 2.9%o
Barren samples

RO5-03-419 bio-gar-tur wall rock, Ram -12.7 to -7.6 1.7 10 5.0%o
NW-8030-1 Stratiform tur-rich biotitite -6.7 to -2.9 1.1 16 4.3%o
AB-1-Beliel barren tur-breccia pipe, Beliel -09 to +3.3 1.7 5 no
CoNiCu-tg late, barren tur-qtz breccia in CoNiCu pipe -7.2 to -2.1 2.2 5 no
BB-DC-4 barren brecciated quartzite with tur matrix -46 to +0.5 2.0 7 4.1%o
SA-1-4 late magmatic/hydrothermal tur in granite -20.0 to -149 2.0 6 5.0%0
R97-15-221 late gtz-tur vein in siltite, Ram -17.0 to -9.2 2.2 16 7.8%o
67SB160A late gtz-tur vein in granite margin -12.8 to -10.2° 1.0 9 no

Mineral abbreviations: qzt- quartz, chl-chlorite, bio-biotite, tur-tourmaline

4 Range in single grains if >2%., excluding outliers (see notes ° and ©); variations are patchy; no grains show significant zoning
®) Excluding 3 outlier core analyses (-20, -21.5, -21.1%o)

° Excluding 2 outlier analyses (-17.4, -21.7%o)



