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Abstract

We have investigated the potential of hiibnerite for U-Pb dating. Hiibnerite forms typically at medium to low-temperatures in a wide
range of pneumatolytic-hydrothermal mineral deposits, particularly porphyry molybdenum and Sn-specialized granites. Hiibnerite from
the Sweet Home Mine (Alma, Colorado) formed in a Pb-rich, U-poor environment, but still developed relatively radiogenic Pb isotopic
compositions. The low Pb.ommon contents in hiibnerite (0.075 to 0.155 ppm) demonstrate that Pb is efficiently excluded from the crystal
lattice. In contrast, U may substitute for Mn. The U-Pb data of hiibnerite scatter. Most of the scatter originates from samples with
206pp/294ph values below 50, where Pby, contributes up to 30% to Pby. Using the least radiogenic galena Pb, samples with
208pp/294Ph values above 70 have overlapping 2°°Pb#/>*¥U and 2*’Pb#/>*>U values and yield a >*°Pb/>**U age of 25.7 + 0.3 Ma (20).
Late stage apatite from the Sweet Home Mine yields a 2°°Pb/***Pb->*8U/?**Pb isochron corresponding to an age of 24.8 + 0.5 Ma
(26). A comparison of the U-Pb hiibnerite ages with literature *°Ar/>’Ar ages on earlier sericite and the U-Pb age on later apatite sug-
gests that (i) hiibnerite yields accurate U-Pb ages and (ii) the evolution of the Sweet Home mineralization from greisen-type minerali-
zation to medium-temperature hydrothermal vein mineralization took place in a few hundred thousand years at most. Aqueous low-N,-
bearing and aqueous inclusions in the dated hiibnerite have homogenization temperatures between 325 and 356 °C and moderate salinity
(up to 6.7 wt% NaCl equiv.). Thus, hiibnerite represents one of the rare examples of a mineral that can be dated accurately and carries

petrological information.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

One of the major ambiguities in geochronology origi-
nates from the linking of age data with petrological param-
eters. This problem is particularly important for
metamorphic rocks, where precise and accurate age data
must be linked through mineral reactions to pressure and
temperature conditions (e.g., Moller et al., 2003) and are
then used to derive rates of cooling, exhumation, mineral
growth, and deformation. The ambiguity was resolved in
part by dating minerals used to define P-T conditions
(e.g., Christensen et al., 1989; Vance and O’Nions, 1990;
Burton and O’Nions, 1991; Duchene et al., 1997; Romer
and Rotzler, 2001; Baxter, 2003), although daughter-ele-
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ment inheritance from precursor minerals may result in
inaccurate ages (e.g., Romer, 2001; Romer and Roétzler,
2003; Romer and Siegesmund, 2003; Romer and Xiao,
2005). The problem of linking age data with petrological
data is even more obvious in low-temperature hydrother-
mal systems, as there are only a few geochronometers
available to date such systems, e.g., YOAr/*Ar, K-Ar,
and Rb-Sr on white mica (e.g., Franzke et al., 1996; Mac-
farlane et al., 1999; Kontak and Archibald, 2002), U-He
on hematite (Wernicke and Lippolt, 1993, 1994), and more
recently U-Pb on opal and chalcedony (Neymark et al.,
2000) and agate (Romer and Linnemann, 2004). For
hydrothermal deposits, however, the petrological informa-
tion is generally derived from fluid inclusions in minerals
(e.g., quartz, calcite) other than the dated ones.

Minerals that can be dated directly and that carry
fluid inclusions accessible to observation, i.e., the host is
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transparent to light in the visible or the near IR spectral
range, provide the best possibility to link unambiguously
age and petrologic information. Such an approach has
been taken by Liiders et al. (2005) and Romer et al.
(2005b) who dated fluid inclusions in hematite from jacut-
inga-type Pd-Pt-Au mineralizations of the Quadrilatero
Ferrifero (Brazil) and performed micro-chemistry and fluid
inclusion studies on the same material. A similar approach
was taken earlier by Pettke and Diamond (1995, 2000) who
used the Rb—Sr systematics of fluid inclusions in quartz and
sphalerite to infer the age of hydrothermal formations. In
this paper, we present for the first time U-Pb data from
hydrothermal hiibnerite. Hiibnerite is known to be trans-
parent to infrared light and, thus, suitable for fluid inclu-
sion studies (Liiders, 1996; Bailly et al., 2002). The fluid
inclusions carry information about the composition of
the fluid in terms of major constituents and dissolved com-
ponents, which in combination with the trapping condi-
tions allows to constrain the evolution history of the fluid
and to deduce its possible source. The dating of the same
minerals places an age constraint on these specific condi-
tions. Extending this approach to a polystage hydrother-
mal system and performing fluid inclusion and dating
studies on an entire range of minerals from different
evolution stages of the hydrothermal system would allow
evaluation of its geochemical development through time.
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2. Hiibnerite from the Sweet Home Mine (Alma mining
district, Colorado)

The Sweet Home Mine, located in the Alma mining dis-
trict on the eastern slope of central Colorado’s Mosquito
Range (Fig. 1), was mined for silver in the 19th century.
The mineralization of the Sweet Home Mine is hosted by
Precambrian igneous and metamorphic rocks and minor
Tertiary porphyric dikes and pegmatites. Paragenetically,
two distinct stages are observed in the mine, an early,
high-temperature mineral assemblage containing quartz—
muscovite—pyrite-topaz-molybdenite-fluorite, and a later,
lower temperature assemblage containing galena—sphaler-
ite-tetrahedrite-bornite and other sulfides/sulfosalts, and
fluorite-rhodochrosite. Hydrothermal activity ended with
the precipitation of apatite, calcite, and minor barite. With-
in the mine three major steeply dipping structural fault sys-
tems, striking WNW, NE, and N, can be distinguished
(Misantoni et al., 1998). These structures contain altered
Tertiary porphyritic intrusions and all stages of mineraliza-
tion indicating their pre-existence to mineralization. How-
ever, most of the Ag-bearing sulfide mineralization occurs
on NE trending faults (Misantoni et al., 1998).

Tungsten mineralization, in the form of hiibnerite, is
common, but it is not clear whether it is associated with
the early mineralization stage. It may in fact be transitional
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Fig. 1. Simplified location map of the Alma mining district and the Sweet Home Mine (Moore, 1998). Note that the Alma mining district lies within the
Colorado Mineral Belt and that the Sweet Home Mine is less than 8 km from the Climax porphyry molybdenum deposit.
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between the two main stages. It is irregularly distributed in
the mined area and generally forms blades with and on nee-
dle quartz and is associated with sulfides, rhodochrosite,
and fluorite (Fig. 2A). Single blades of hiibnerite are as
long as 3 cm (Murphy and Hurlbut, 1998). Locally, hiibne-
rite is followed by pyrite, muscovite, and topaz. Rhodo-
chrosite grows on needle quartz and where present also
on hiibnerite. There is rare gem-clear cherry-red rhodo-
chrosite and pale-pink, typically cloudy rhodochrosite.
The cherry-red rhodochrosite is older than the cloudy rho-
dochrosite and formed at temperatures around 300-325 °C
(Reynolds, 1998). It has fewer solid and fluid inclusions
than the cloudy rhodochrosite and has low contents of
Fe (+ Mg+ Ca) (Wenrich, 1998). In contrast, the younger
pale-pink rhodochrosite is rich in inclusions of topaz, apa-
tite, and fluid inclusions (Wenrich, 1998), that homogenize
at temperatures ranging from around 200 °C to as low as
145-135 °C (Reynolds, 1998). This cloudy pale-pink rho-
dochrosite has high contents of Fe (+ Mg+ Ca), i.e., up
to ¢. 9 wt% FeO (Wenrich, 1998). Rhodochrosite is fol-
lowed by fluorite, which is characterized by aqueous fluid
inclusions that homogenize at temperatures of 150 to
110 °C (Reynolds, 1998), and fluorapatite.

Primary two-phase fluid inclusions in hiibnerite samples
of the Sweet Home Mine are always oriented along the
growth direction, i.e., parallel to {100} or {010}, and are
irregular in shape. They are typically 30-60 um long
(Fig. 2B). During freezing runs, most fluid inclusions in
hiibnerite show melting of ice at around —5 °C and melting
of clathrate between 3.6 and 3.8 °C. Laser Raman spectros-
copy proves the exclusive presence of dissolved nitrogen in
these aqueous inclusions (Fig. 2C). An estimate of the
salinity is derived from two-phase inclusions in hiibnerite
samples that host N,-free aqueous inclusions yielding salin-
ity between 5.7 and 6.3 wt% equivalent. In the system
N,-H,O0, clathrates of nitrogen form at about 250 bar at
3.6-3.8 °C (Jhaveri and Robinson, 1965). Since the salt
content of the ore-forming fluid is moderate, this pressure
estimate may be realistic for the conditions of fluid entrap-
ment and the homogenization temperatures of both types
of inclusions, which lie between 325 and 355.6 °C, are close
to the true trapping conditions. The presence of nitrogen in
some hiibnerite-hosted inclusions is unusual as fluid inclu-
sions in quartz, rhodochrosite, and some early fluorite crys-
tals contain small amounts of CO, but no N,.

3. Analytical procedures

The top part of a single 2 X2 x 18 mm large hiibnerite
crystal was broken into small pieces. Individual fragments
selected for dating were checked under the binocular
microscope to be free of surface alterations, fractures,
and visible intergrowths. The hiibnerite samples were
washed in warm 7 N HNOs, H,O, and acetone. A mixed
205pp_25U tracer was added before sample dissolution.
Samples were dissolved in 40% HF overnight, using closed
screw-top teflon vials on the hot plate at 160 °C. The

I 300

- 250

I 200

|11 2200

Fig. 2. (A) Typical appearance of hiibnerite in Sweet Home Mine.
Hibnerite forms distinctive needles on a carpet of white to colorless quartz
and is overgrown by pink rhodochrosite crystals. Photo courtesy of Jeff
Scovil. Hibnerite has formed early in the hydrothermal mineral assem-
blage. (B) Fluid inclusion in hiibnerite. (C) Raman spectrum of N,-bearing
inclusion in hiibnerite.
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perfectly clear solution was dried slowly at 90 °C. The sam-
ple was then transformed into chloride form using 6 N
HCI. The dried sample was taken up in 3 N HCI for ion-
exchange chromatography using Biorad AG1-X8 anion-
exchange resin (cf. Romer et al., 2005a). In HCI, elongate
yellow crystals precipitated that did not redissolve. As sam-
ple and tracer homogenized in HF, and U and Pb appar-
ently were not scavenged to a significant extent by these
precipitates, the yellow crystals did not compromise the
ion-exchange chemistry. Instead, they even reduced the
ion-charge on the columns. The apatite samples were bro-
ken from the top part of single crystal, separated under the
binocular, and washed in alcohol, H,O, and acetone. A
mixed 2°°Pb—>*U tracer was added before sample dissolu-
tion. Samples were dissolved in 7 N HNO; and then trans-
formed into chloride form. Lead and U were purified using
the same procedure as for hiibnerite samples.

The isotopic composition of Pb and U was determined
using a Finnigan MAT262 multi-collector mass-spectrom-
eter. Pb and U were loaded with dilute H;PO, and silica
gel on separate Re single-filaments. Lead was analyzed at
1200-1260 °C, U at 1300-1360 °C. U and Pb were analyzed
using static multi-collection. The hiibnerite samples were
analyzed using a SEM and Faraday collectors, the Pb-rich
apatite samples were analyzed using Faraday collectors. All
isotope ratios were corrected for isotopic fractionation of
0.1%/a.m.u. as determined from the repeated analysis of
Pb reference material NBS 981, 15 pg Pb blank, 1 pg U
blank, and tracer Pb contribution.

All uncertainties (concentrations, isotopic ratios, and
ages) were estimated using a Monte-Carlo simulation with
the following uncertainties: measurement errors, 30%
uncertainty for the correction of mass fractionation, 50%
uncertainty of the amount of blank Pb and U, 0.1, 0.05,
0.2 absolute uncertainty for 2°’Pb/?**Pb, 2*’Pb/***Pb, and
208ph/204pYy of the blank and initial Pb composition,
respectively, tracer Pb contribution (**>Pb/**°Pb = 21.693),
and 0.3% for the 2°>Pb/**°U ratio of the mixed tracer. Data
reduction was performed by Monte-Carlo modeling of
1000 random normally distributed data sets that fit above
uncertainty limits, allowing for error correlation when
appropriate.

4. U-Pb isotope data
4.1. Hiibnerite

Hiibnerite is a monoclinic tungsten manganese oxide
(MnWO,) that forms solid solutions with ferberite
(FeWO,). Typically, it occurs in medium to low tempera-
ture hydrothermal mineral deposits, pneumatolytically al-
tered granites and greisens, and granite pegmatites (e.g.,
Wood and Samson, 2000). Nb, Ta, and Sn may substitute
for the sixfold coordinated W, whereas Sc, Fe, and Zn may
substitute for sixfold coordinated Mn. Charge balance for
Nb and Ta may be obtained by coupled substitution (Fe,
Mn)*" + W & (Fe, Sc)** + (Nb, Ta)>" (e.g., Cerny and

Ercit, 1989). Similar coupled exchange may also account
for the incorporation of REE** and U®*. This substitution
of REE into wolframite-series minerals was exploited in
several attempts to data this mineral by the '*’Sm-'*Nd
method (e.g., Belyatsky et al., 1993; Nie et al., 2002).
Due to the relatively limited range in "*’Sm/'**Nd values,
these ages have relatively large uncertainties and—at least
locally—gave anomalously old isochron ages.

Crystal chemical consideration indicate that Pb is
unlikely to be incorporated in the crystal lattice of hiibne-
rite, as the ionic radius of Pb*" (1.21 A, Sh%nnon, 1976) is
too large to fit into the W octahedral (0.60 A) or Mn octa-
hedral sites (0.83 A). In contrast, U*" and U®" have much
smaller ionic radii and higher charges, which makes U
much more likely than Pb to be incorporated in the crystal
lattice of hiibnerite. To our knowledge, there are no inves-
tigations on the valence of U in hiibnerite. Octahedrally
coordinated U®" and U*" have ionic radii of 0.73 and
0.89 A, respectively. Since octahedrally coordinated Fe*"
and Mn>" that have ionic radii of 0.78 A and 0.83 A (Shan-
non, 1976), respectively, U may substitute in the site of
Fe*" and Mn”" independent of its oxidation stage by cou-
pled substitution. Thus, it may be anticipated that hiibne-
rite develops a highly radiogenic Pb isotopic composition
with time even if the total contents of U are relatively low.

We analyzed eight hiibnerite fragments. 2*°Pb/?**Pb val-
ues of individual fragments fall in the range from 38.3 to
120.1 (Table 1). The amount of Pb.ymmon in the dated
hiibnerite fragments ranges from 17 to 40 pg (total amount
of Pb ranges from 46 to 105 pg), which for sample weights
of 0.346 to 0.929 mg corresponds to Pb.ommon contents of
0.076 to 0.155 ppm. Because of the low total amount of
Pb in each sample, 5 to 30% of the Pb,, originates from
the blank (c. 7 to 20 pg Pb, possibly of different composi-
tion for individual samples). Thus, especially for samples
with low measured 2°°Pb/?**Pb values, the amount and iso-
topic compositions of blank and initial Pb significantly
influence the calculated amount of radiogenic Pb. U con-
tents are markedly higher than those of Pb and fall in the
range of 6.30 to 30.4 ppm (Table 1).

The best age estimate is obtained from those samples
with the highest measured *°Pb/?**Pb as these are least
sensitive to uncertainties from the corrections of blank
and common Pb. Apparent 2°°Pb/>**U ages of the eight
hiibnerite  fractions range from 242402 to
29.2 +£0.2 Ma (2o, Table 1). The three samples with the
highest 2°°Pb/?**Pb, however, yield 2°°Pb/>**U ages over-
lapping within error in the range from 25.5 to 25.9 Ma.
The data fall slightly to the right of the concordia curve
(Fig. 3a). This may be due to the Pbiommon cOrrection
based on the least radiogenic galena—Pb from the Sweet
Home Mine (Table 1). The use of a different Pb isotopic
composition for blank Pb, a more radiogenic Pb isotopic
composition for initial Pb, or a change in the relative
importance of blank and initial Pb shifts the three samples
with the highest 2°°Pb/?**Pb values to lower 2°’Pb#/>*U
values, i.e., onto the concordia. Samples with lower



207Pb/235 U

Apparent ages (Ma)®

Rho 206Pb/238U

207Pb/206Pb

Atomic rations?
207py, 235

206Pb/238 U

208Pb

207Pb

Radiogenic Pb (at%)?

ZOGPb

28U2%Pb Pbyoct® (pg)

207Pb/204Pb

Measured ratios®
206py, /204py,

Pb

Concentrations

(ppm)

Weight (mg)

U-Pb analytical results for hiibnerite from the Sweet Home Mine, Colorado

Table 1
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® Lead isotope ratios are corrected for fractionation and isotopic tracer. The uncertainty of the uncorrected 2**U/?**Pb ratios, which is essentially the concentration ratio of U and Pb, is better than

1%. Since Pbyjani represents a significant contribution to Pbyg, all ratios involving 2**Pb change considerable with blank correction and are highly correlated.
9 Lead corrected for fractionation, blank, isotopic tracer, and initial lead with 2°°Pb/?**Pb = 17.866; 2°’Pb/***Pb = 15.604, and 2**Pb/?**Pb = 38.543. The ratios were corrected for 15 pg Pb and 1 pg

U. Uncertainties at 2 level (brackets refer to last digits) were calculated using Monte-Carlo modeling as described in the text. Rho = correlation between errors of 2°°Pb/?**U and 2*’Pb/?**U values.

¢ Lead concentration determined by isotope dilution. The reported value is the combined amount of sample Pb and blank Pb.

& Hiibnerite samples are from the top of a single crystal.
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206pp/294Ph values are even more sensitive to the com-
mon Pb correction. For instance, varying the amount
of blank Pb would reduce the age of the samples with
the higher *°°Pb/***Pb by less than 0.1 Ma, whereas
those samples with the lowest °°Pb/?**Pb would be re-
duced by 0.4 Ma. The scatter among the apparent
206pp/238U ages, however, does not change (Fig. 3a). It
should be noted that other processes that generate scatter
in 2°°Pb/**Pb and **’Pb/***Pb values among fragments
from a single crystal cannot account for the observed
scatter. Since Th is much less efficiently transported in
many kinds of fluids, there may have been an initial def-
icit in **°Th, which is an intermediate daughter in the
238U decay series, eventually resulting in a 2°°Pb deficit
(e.g., Mattinson, 1973; Schéarer, 1984). The maximum
magnitude of this deficit is estimated using the equation
of Schirer (1984). The effect corresponds to less than 130
ky, i.e., cannot account for the observed scatter. Miner-
als that have grown into open spaces may lose U daugh-
ters by oa-recoil (e.g., Fleischer, 1980; Romer and
Rocholl, 2004), which would especially affect the accu-
mulation of °°Pb. Loss of U daughters by this process
is restricted to a thin veneer at the crystal surface. Be-
cause of the relatively large size of the individual frag-
ments analyzed in this study, such a loss is not
analytically resolvable. A second kind of U-Pb fraction-
ation by a-recoil may occur when the U content of the
hiibnerite fragments is not hosted in the hiibnerite lattice,
but in U-rich micro-inclusions in hiibnerite. Since the
spatial distribution of parent (U, Th) and daughter
(Pb) is not identical (due to a-recoil of the daughters),
there may be fragments with an excess or a deficit in
radiogenic Pb (cf. Mattinson et al., 1996; Romer and
Thomas, 2005). U-rich phases would generate halos of
radiation damage and therefore become optically distinc-
tive. Since no halos were observed, it is unlikely that the
combination of micro-inclusions and a-recoil resulted in
the excess scatter of the data. Furthermore, U/Pb
fractionation by a-recoil is likely to affect samples with
higher U contents more strongly than those with lower
U contents. Thus, the excess scatter of the data is solely
due to the correction procedure for Pbeommon and reflects
the order of magnitude uncertainties may take for sam-
ples where blank and initial Pb have comparable levels
and the measured °°Pb/?**Pb is relatively low.

A 2%Pb/*Pb-*U/?%Pb isochron circumvents the
problem to estimate the initial Pb isotopic composition
and yields for single-stage systems accurate and precise
age data as long as the isotopic composition Pb.gmmon 18
homogeneous and Pby,,,i 1s subordinate to Pbeommon. If
these requirements are not fulfilled, the data scatter in par-
ticular at the low->%U/?%Pb side of the isochron. This is
shown in Fig. 3b. The data (Table 1; not corrected for
Pbyiank) scatter significantly about the regression line that
corresponds to an U-Pb age of 25.4 4+ 1.1 Ma and an ini-
tial 2°°Pb/?°*Pb value of 19.1 + 2.1 (20, Fig. 3b). Account-
ing for 15 pg blank Pb increases the **°Pb/***Pb and

¢ Apparent ages were calculated using the constants of Jaffey et al. (1971), recommended by TUGS (Steiger and Jéger, 1977).
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28U/?%Pb values to range from 44.49 to 186.9 and from
6100 to 42,000, respectively. As the isotopic composition
of Pbyjank and Pbeommon 18 similar, blank correction essen-
tially does not affect the slope of the regression line and,
thus, the isochron age (25.4 + 1.0 Ma, 2c). Because of the
larger spread of blank-corrected 2*®U/?**Pb values, the
age uncertainty becomes smaller even for a larger MSWD
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(204 vs. 60), whereas the uncertainty of the initial increases
(19.2 4 3.1). Both slope and initial are strongly influenced
by the highly scattered low->"°Pb/>***Pb samples. The aver-
age value of the initials is markedly higher than the Pb com-
position of galena form the Alma area or the Colorado
Mineral Belt (*°°Pb/?**Pb: 17.5-18.1; Stein, 1985), which
suggests that the actual initial 2°°Pb/?**Pb is lower and, con-
comitantly, the slope is steeper. Thus, the regression lines
represent rotated mixing lines that yield minimum ages.
Using the 2°’Pb/?**Pb-**U/***Pb diagram (Fig. 3c), which
is insensitive to effects of initial decay-series disequilibrium,
does not change the situation considerable. The fit of the
regression line to the measured values (no blank correction)
shows an apparently better fit (MSWD = 4.2) than for the
corresponding data in the °°Pb/***Pb—>**U/***Pb diagram
(MSWD = 60), but the data pattern remains the same. The
apparently better fit is due to the small range in *°’Pb/?**Pb
values relative to the analytical uncertainties. The larger rel-
ative uncertainty in 2*’Pb/>**Pb eventually results in a less
precise age (Fig. 3c).

The best age estimate is obtained from the three samples
with the highest °°Pb/>***Pb values. Taking uncertainties
for the relative importance of blank and common Pb and
for the isotopic composition of these Pb contributions into
consideration, the 206p 2381y age of hiibnerite from the
Sweet Home Mine is 25.7 + 0.3 Ma (20).

4.2. Apatite

The Pb isotopic composition of five fragments from a
single hydrothermal apatite crystal that formed during
the late stage of the Sweet Home Mine mineral paragenesis,
is only little radiogenic (Table 2) and, therefore, the most
robust age estimate for apatite is obtained from a
206pp/204pp,_2381J/2%4Pp isochron (Fig. 3d). Because of the
high contents of U and Pb in the various samples, blank
correction has an insignificant effect on the **°Pb/?**Pb
and >*U/?™Pb ratios. The regression line fitted through
the apatite samples—if interpreted as isochron—corre-
sponds to an age of 24.8 + 0.5 Ma (2o; MSWD = 1.0) with
an initial **°Pb/>***Pb value of 17.791 4 0.021 (Fig. 3d).

<

Fig. 3. (a) Concordia diagram for fragments from a single, hydrothermal
hiibnerite crystal. Note, that those samples with 2°°Pb/>**Pb values above
70 fall in a cluster, whereas the scatter to younger and older apparent
206pp/238 ages is due to samples with 2°°Pb/?**Pb values below 46. The
scatter is entirely due to the high contribution of common Pb to these
latter samples and the ratio between blank Pb and initial Pb, which may
differ from sample to sample. (b) 2°°Pb/>**Pb->*3U/***Pb isochron
diagram for hiibnerite. Note that the isochron age, which is independent
on an estimate for the common Pb composition, is only slightly younger
than the 2°°Pb/>*3U age, whereas the initial 2°°Pb/>***Pb is distinctly more
radiogenic than the composition of galena from the Sweet Home mine and
other deposits of the Colorado Mineral Belt. Note the strong scatter at low
206pp,29%4pp, (c) 207Pb/2*Pb-233U/**Pb isochron diagram for hiibnerite.
(d) 2°°Pb/%*Pb->*¥U/*Pb isochron diagram for late stage apatite.
Hiibnerite and apatite data from Tables 1 and 2; rhodochrosite and
galena data from Romer et al. (unpublished data).
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Table 2
U-Pb analytical results for apatite crystals from Sweet Home Mine, Colorado
Sample®  Weight (mg) Pb® (ppm) U (ppm) 206ppe/204py, 207pyye/204py, 208py,c/204py, 238 7d 204py, 206ppd 238y 206ppe /2381
Al 29.674 5.48 26.4 18.994 15.593 38.501 309 .00389 (17) 250+ 1.1
A2 36.014 1.86 6.94 18.700 15.574 38.427 238 .00380 (22) 244+ 14
A3 36.762 1.60 12.2 19.687 15.624 38.504 492 .00385 (11) 24.8 +0.7
A4 33.022 7.78 18.9 18.384 15.570 38.405 154 .00383 (33) 247 +2.1
A5 33.745 6.71 18.4 18.466 15.571 38.427 174 .00385 (30) 248+ 1.9

& All apatite samples are small fragments of individual, perfectly clear crystal.

® Pb and U concentration were determined by isotope dilution.

¢ Tsotope ratios were corrected for 15 pg Pb blank, tracer Pb, and 0.1 %/a.m.u. mass discrimination. Note that each sample contained more than 50 ng

Pb and, thus, corrections for blank and tracer Pb are insignificant.

4 Isotope ratios were corrected for 15 pg Pb blank, tracer Pb, 1 pg U blank, and 0.1%/a.m.u. mass discrimination. The following initial Pb composition
was used for data reduction: 2°°Pb/2**Pb = 17.792 + 0.050; 2°7Pb/>**Pb = 15.542 + 0.030; 2°°Pb/>**Pb = 38.372 4 0.050. The reported 2o error limits for
206pp/2381 (brackets refer to last digits) were obtained from Monte-Carlo modeling as described in the text.

¢ Apparent ages calculated using the constants of Jaffey et al. (1971) recommended by TUGS (Steiger and Jdger, 1977).

This value for the initial Pb isotopic composition falls in
the range known for galena and rhodochrosite from the
Sweet Home mine (Romer et al., unpublished data).
Including the rhodochrosite samples into the apatite data
set to extend the range in 2°°Pb/?**Pb, however, makes little
sense, as they may have precipitated from fluids with con-
trasting Pb isotopic composition. Including rhodochrosite
to constrain the apatite isochron increases the scatter
(MSWD = 7.3) and does not contribute to a better con-
strained age (24.4 + 0.8 Ma). The age difference between
apatite and hiibnerite, which agrees with the textural rela-
tions, however, is difficult to quantify because of the scat-
tered appearance of the hiibnerite data.

5. Discussion

Recent *°Ar/*’Ar age determinations indicate that seri-
cite from the Sweet Home mine formed between
26.1 £0.1 and 25.5+0.1 Ma (20) ago (Barba et al.,
2005), possibly indicating that earlier published K—Ar ages
of 30-27 Ma for sericite (Misantoni et al., 1998) have been
affected by excess argon. Furthermore, the “°Ar/*Ar ages
agree closely with ages from nearby deposits, including
quartz—molybdenite veinlets from the world-class Climax
Mo-deposit (K/Ar on sericite, 25.5 + 0.3 Ma (1c), Book-
strom et al., 1988). The short >°°Pb/>**Pb—>34U/***Pb iso-
chron from late apatite from the Sweet Home mine yields
a minimum age of 24.8 £ 0.5 Ma for the rhodochrosite
and hiibnerite mineralization. The 2°°Pb/?3%U age for
hiibnerite of 25.7 + 0.3 Ma (2c) falls within the expecta-
tion range of 26.1 £ 0.1 to 24.8 + 0.5 Ma.

U-Pb dating of hiibnerite can yield accurate and precise
ages, even for very young samples. Because of the similarity
of the ionic radii of Mn®* and Fe?" and the mutual substi-
tution of these two elements in the same lattice site in wol-
framite-series minerals, it is quite likely that not only
hiibnerite is appropriate for U-Pb dating, but also ferbe-
rite. In contrast, the Ca-wolframate scheelite is less likely
to be suitable for U-Pb geochronology as Pb may substi-
tute in significant amounts for Ca.

Combined dating and fluid inclusion studies of hiibne-
rite may be particularly useful in deposits with mineral
assemblages that show systematic changes in fluid compo-
sition and that may have been deposited either from a sin-
gle evolving fluid-rock system or from several
hydrothermal systems widely separated in time. For in-
stance, fluids giving rise to the Sweet Home Mine mineral-
ization were interpreted as magmatic fluids that have been
increasingly diluted (Reynolds, 1998). The arguments for
this view include: (i) There are only two-phase, low-carbon-
ic, liquid-rich aqueous inclusions present; (ii) There is no
evidence for boiling; (iii) high-temperature inclusions have
low to moderate salinities in the range between 2 and
4 wt% NacCl equivalent; (iv) Later, medium- and low-tem-
perature inclusions show systematically decreasing salinity
and are free of CO,. Romer et al. (unpublished data) found
evidence for boiling and phase separation during early
quartz formation and demonstrated the mutual exclusive
occurrence of N, and CO, in different fluid inclusions.
Hiibnerite is the paragenctically oldest mineral at Sweet
Home that contains N, and reveals the involvement of a
fluid that has re-equilibrated with the metamorphic wall-
rocks or that was derived from a meteoric source. This is
in line with heterogeneous initial Pb isotopic composition,
more radiogenic Sr in late minerals (Romer et al., unpub-
lished data), and higher Fe-contents in late rhodochrosite
(e.g., Wenrich, 1998). The close correspondence of the ages
of hiibnerite, apatite, and mica suggests that the presence
of different fluid sources do not require several hydrother-
mal systems, but may reflect an evolving system that with
progressively lower temperature sampled different fluid
sources.

It is noteworthy that the emplacement of the Climax-
type porphyry molybdenum deposits as for instance the
Climax leucogranite and leucocratic porphyry and—far-
ther to the north—the Henderson rhyolite stocks typically
is associated with hydrothermal mineralization in the outer
parts of the ore system. These hydrothermal deposits are
characterized by the paragenetic sequences of W, Pb-Zn,
and Mn minerals (e.g., Wallace et al., 1968; Seedorff and
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Einaudi, 2004) and locally include rhodochrosite. In such a
context, the Sweet Home Mine is not the only rhodochro-
site producing mineralization in the Colorado Mineral
Belt, but just the most famous one. In some deposits, there
is a distinct metal zonation with porphyry molybdenite
mineralization in the central stockwerk-type high-temper-
ture part of the deposit and W, Pb, Zn, and Mn in the
medium to low-temperature external parts. During cooling
of the ore forming system, the spatial distribution of the
metals may vary, eventually result in a partial overlap in
the distribution of metals deposited at different tempera-
tures (cf. Seedorff and Einaudi, 2004). The combination
Re-Os dating of molydenite in the internal and (predomi-
nantly) high-temperature zones and the U-Pb dating of
hiibnerite from the external and medium to low-tempera-
ture zones may help to constrain the life-time of large phor-
phyry molybdenum deposits, particularly if formed from
multiple intrusions.

6. Conclusions

The 2°°Pb/***U age of hiibnerite (MnWOy,) from Sweet
Home mine, Colorado, is slightly older than texturally
younger apatite and closely corresponds to genetically
related intrusions from the nearby Climax area. This agree-
ment demonstrates that the U-Pb system of hiibnerite can
yield accurate and precise ages. Hiibnerite is transparent to
light in the near IR spectral range and, thus, represents one
of the rare examples of a mineral suitable for both geochro-
nological and fluid-inclusion studies. Fluid inclusion data
from hiibnerite of the Sweet Home mine demonstrate that
hiibnerite was deposited at shallow-level from a non-mag-
matic fluid at around 325-355 °C. Although hiibnerite is
rare, its occurrence in medium-temperature hydrothermal
deposits—for which reliable chronometers are not too
common—may make it an important mineral for the dat-
ing of some types of hydrothermal ore deposits. In partic-
ular in porphyry molydenite deposits, the combination of
Re-Os dating of molydenite from the high-temperature
and central sections with U-Pb dating of hiibnerite from
the medium-temperature and external sections may provide
important constraints on the understanding of processes
forming these deposits and the duration of ore formation
and metal redistribution. It is speculated that ferberite
(FeWO,) also may represent a potentially useful mineral
for U-Pb dating.
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