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The Pioneer batholith, southwestern Montana, crops out over an area
of approximately 740 km? and comprises numerous plutons ranging in
composition from hornblende gabbro to muscovite-biotite granite (Zen and
others, 1975; Snee, 1978, 1982)., The Pioneer Mountains and vicinity have
been the subject of a detailed geochromologic study conducted to define
1) the ages and cooling histories of plutons of the Pioneer batholith and
2) the ages and cooling histories of alteration and mineralization events.
“0Ar/3%r age-spectrum and conventional K/Ar dates on hornblendes, biotites,
and muscovites from unaltered samples were determined for the first part
of this study. qur/sgAr age~-spectrum dates on muscovites, biotites, and
whole rocks from altered and (or) mineralized samples were completed for
the second part. The purpose of this report is to compile the 40pr/39%r
age-spectrum and conventional K/Ar data for unaltered rocks that form the
basis of part I of the study.

Techniques:

Sample collection

Representative samples of all phases of each pluton were collected as
well as samples from selected aplites, mafic dikes, rhyolite dikes, and
volcanic rocks. 1In general, one to five samples were collected from each
unit depending on its relative size; as many as 10 samples were collected
from the largest plutons.

Mineral separation

Thin-sections were prepared for each sample and studied petrographically.
Samples for mineral dating were examined to determine character of hornblende,
biotite, and muscovite with particular attention to grain size, alteration,
intergrowths of other K-bearing minerals, and presence or overgrowths of
other minerals.

Selected samples were crushed, pulverized, sized, and washed in tap
water and acetone. Grain size used for mineral separation ranged from 125
to 250 ym. Within that range, the largest size fraction free of composite
grains was chosen to facilitate mineral separation while minimizing surface
area. Purified mineral separates of hornblende, biotite, and (or) muscovite
were then obtained by techniques using one or more the following: heavy
liquids, magnetic separation, and paper friction. Hand picking was usually
necessary to ensure 99,97 purity. Mineral separates were then washed in
acetone, ethyl alcohol, and distilled water, and dried to 100°C.

K/Ar analysis

After purification of mineral separates, representative aliquants of
each sample were analyzed for K and Ar in the K/Ar Laboratory, The Ohio State
University. Ar analysis was done by isotope-dilution mass spectrometry using
a Nuclide Corporation, Model SGA-6-60 gas-source, 6-inch, 60° sector mass
spectrometer operated in the static mode and equipped with a Cary Model 401
vibrating reed electrometer. Automatic peak-stepping was done by Hewlett-



Packard 9825 computer—assisted stepping to pre-determined magnetic field
intensities after 10 second counting intervals, Peak intensities were
collected on a Nuclide Integrating Ratiometer, Data were partially reduced
using an on-line Hewlett-Packard 9825 desk-top computer. Final data reduc-
tion was completed on Ohio State University's IBM 370 Computer., Gas extrac-
tion was performed in an ultra-high vacuum extraction system that is on-line
with the mass sp%ctrometer. Extractions were not made if pressures were
greater than 10~ ' torr. Approximately 0.2 gm of biotite or 0.5 to 2 gm of
rock sample, depending on K content, were loaded directly into a Mo crucible
or into high-purity aluminum capsules that were dropped into the crucible
from a side-arm on the extraction bottle. Total gas extraction was done

in a single step by melting samples using a Lepel radio-frequency generator.
Each sample was kept above its melting temperature for approximately 15
minutes., During heating, the gas was collected on a charcoal trap cooled

to the temperature of liquid nitrogen. Immediately after heating, Ar
tracer was added to the extracted gas by means of a Dorflinger pipetting
system, The gas was then purified by reaction with hot Cu-Cu0, molecular
sieve desiccant, and hot Ti foil, The purified gas was immediately trans-
ferred to the mass spectrometer for analysis. Air standards were analyzed
periodically to determine the discrimination factor of Ar isotopes in the
mass spectrometer. Samples were not analyzed if blank values were non-
atmospheric,

Potassium analyses were made on duplicate representative aliquants of
each sample on a Zeiss PF-5 flame photometer. Samples were prepared for
dissolution by pulverizing rock samples to -100 mesh in a tungsten carbide
mortar and pestle; micas were not pulverized., Samples were dissolved in
HF, H2S0y, and HNO3 acids and alkali elements were separated according to
the technique of Cooper (1963). Standard solutions of 0-10 ppm K were
prepared from stoichiometric K2S0y by the same techmique and analyzed by
flame photometry to determine a calibration curve and to ensure accuracy.
K content of samples was determined by bracketing each sample between
standards of appropriate K concentration. K content of replicate analyses
was demanded to be within 1% or new aliquants were prepared and analyzed.
Overall precision of all K analyses (pooled coefficient of variation) done
in the K/Ar Laboratory of Ohio State is <0.5%.

40Ar/3%r analysis

After purification mineral separates were loaded into aluminum capsules.
Approximately 0.2 gm of biotite or muscovite and 1.8 gm of hornblende were
used, Aluminum capsules were stacked in 6 mm (inside diameter) commercial
quartz vials to a length that did not exceed 5.6 cm. Most irradiations
were done in locations H3 or H4 of the Ford Reactor in the Phoenix Memorial
Laboratory of the University of Michigan at a power level of 2 megawatts,
For these irradiations, 14 quartz vials were systematically disposed around
the inside wall of a 50 mm (inside diameter) commercial quartz sample-
container fitted with an inner commercial quartz liner to fix sample-vial
locations, One of the 14 vials was stacked with monitors (~n.04 gm mica or
15 gm hornblende) to cover the entire length of samples. The primary



monitor was OSU DY-8c-71 biotite with 7ZK = 8,113 # 0.050% (23 determinations),
40Ar = 1,407 * 0,027 x 107° mol/g (6 determinations), and K-Ar age = 811 Ma,
Other monitors were hornblende MMhb-l (University of Minnesota) %K = 1,555 +
0.001, “OAr = 1.624 * 0.005 x 102 mol/g, and K/Ar age = 519.5 Ma) and an
internal monitor from the Pioneer Mountains, 818 muscovite (7K = 8,509 *

0.027, “OAr, = 1,010 x 10”9 mol/g, and K/Ar age = 67.2 Ma). Samples were
irradlated §or 60-80 hours at 2 megawatts to ensure optimum %0ar, /3%y
ratios between 1 and 10 with low Ca—derived Ar (Dalrymple and others, 1981).
The sample container was rotated throughout the irradiation to eliminate
possible horizontal flux gradients, During this study, production ratios,

as determined from CaFg, for the University of Michigan reactor averaged
(36ar/3 Ar)ca = 2, 73 0.216 x 10~% (7 determinations), (3%¢r/3 Ar)c

7.24 + 0,391 x 10~ (7 determlnatlons) over a 1.5 year perlod. In February
and March 1979 (3% Ar/ Ar)Ca averaged 2,81 + 0,056 x 10~* (3 determinations)
and (3 Ar/ Ar)Ca averaged 7. 24 + 0,097 x 10~"% (4 determlnations). In May,
1980, they averaged 2,87 x 10-% (2 determ1nat10ns) and 6.86 x 10~"% (2 deter-
mlnatlons), respectively. Production ratio (%0Ar/3 Ar)K was not evaluated
because of the difficulty in producing precise determination. However,
because the thermal to fast neutron-flux ratio of the Michigan reactor is
only about twice that of U.S. Geological Survey Triga Reactor (GSTR), an
(40ar /3 Ar) production ratio of 0.0059 (that of GSTR; Dalrymple and others,
1981) was assumed In any event using the data from Tetley and others
(1980), the maximum (*0ar/3 Ar) ratio for facilities H3 and H4 in the Ford
Reactor would be 0.0164., This dlfference would cause less than 0.1 Ma
change in Pioneers samples and thus is insignificant,

A few samples analyzed during the early stages of this study were
irradiated in GSTR. For these experiments, the sample container was like
that described by Dalrymple and others (1981) (Exhibit C, Figure 7, p. 9).
Irradiations were done for approximately 40 hours at 1 megawatt. The
sample container was not rotated but horizontal gradients are negligible.
Production ratios for GSTR are (35Ar/37Ar)Ca = 2,67 + 0,017 x 10~% (25 deter-
minations), (39Ar/37Ar) ca = 6473 + 0,037 x 10~% (25 determinations),
(L’OAr/39Ar)K = 0.59 + 0,072 x 10"2 (4 determinations) (Dalrymple and
others, 1981). Dalrymple and others (1981) pointed out that (“0Ar/3%r)y
was difficult to reproduce but that it is a direct function of the
integrated fast neutron flux, an inverse function of the age of the
sample, and independent of the K/Ca ratio, For Pioneer samples, if no
K-derived *OAr correction were made, the maximum error in age would be
0.2 Ma, Thus, even if a large error exists in the (40ar/3 Ar) production
ratio, the error in the calculated age will be insignificant.

Ar extraction from samples was similar to that for K/Ar dating
except that the gas was released in 1 - 7 heating steps ranging from
about 600° to 1350°C. Each fraction was analyzed separately by mass
spectrometry, Data reduction was done in part on-line with a Hewlett-
Packard 9825 table-top computer and in part with 0SU's IBM-370.



Ar extraction from monitors was done in a single fusion step.
J-values for each monitor were calculated and a calibration curve for
the length of the package was constructed. The appropriate J for each
unknown was assigned by comparison with adjacent monitors. If the
sample covered a length that included several monitors, the appropriate
monitors' J-values were averaged,

For calculation of concentration of 3%Ar in Table 2, mass-spectrometer
sensitivity was calculated for each package from the electronic signal
produced corresponding to the amount of radiogenic “0Ar in the monitors.
Sensitivities by package are:

Sensitivity
Irradiation Package (x 101" moles/millivott)
oD 23 7.9
oD 27 5.57
oM 2 6.07
oM 3 7.80
oM 8 9.70
oM 12 1.02
oM 15 4.80
OM 16 4,77
oM 19 6.95
oM 20 6.82
OM 21 3.80
OM 22 4.60
OM 24 4.50

OD refers to packages irradiated in GSTR, Denver. OM packages were
irradiated in the Ford Reactor, University of Michigan. Precision of
sensitivities is approximately + 10%.

Dalrymple and others (1981) measured K/Ca ratios by independent
techniques on many samples of various ratios that were irradiated in
GSTR, Denver. From these data, they determined that

= 39 37
K/Ca = (0.49 * 0.09) Ar /°'Ar.

as production ratios in the Ford Reactor are similar to GSTR, this
expression has been used to obtain approximate (+20%) K/Ca ratios for
some samples in this study.



Decay constants and age calculations

In this study, the decay constants and isotopic abundances are those
recommended by Steiger and Jager (1977).

Decay constants Isotopic abundances in atomic percent
e = 0.581 x 10-10/yr 3% 93,2581
Ag_ = 4.962 x 10-10/yx 40g 0.01167
A= A+ Ay = 5,543 x 10-10/yr g 6.7302
40y 99, 600
385y 0.0063
“Oar/3%Ar atmosphere = 295.5 365r 0.337

K/Ar dates were calculated in the manner described by Dalrymple and
Lanphere (1969). Ar/39Ar dates were calculated as described by Dalrymple
and others (1981),

Presentation of the data

Sample locations are listed in Table 1 according to quadrangle. Sample
numbers begin with a letter abbreviation of the quadrangle followed by a
number, Sample numbers are followed by original field number, latitude,
longitude, section, township, range, and county.

l*OAr/:‘)gAr age-spectrum data are compiled in Table 2. Each sample is
identified along its top line by sample number, material, J-value, number
of its irradiation package, mass, and plutonic group. Plutonic groups are
those defined by Snee (1982). Data for each temperature step are listed
plus "total gas" (TG) and "plateau" (PLAT) data. In most cases, an M appears
after a temperature fraction that is considered to be the "most preferred
fraction" (Smee, 1982). Analytical precision at one standard deviation is
given for age of most preferred fractions and plateaux.

Conventional K/Ar data are compiled in Table 3. The "Description"
column lists plutonic group or rock-type as defined by Smee (1982).



Argenta Quad

Al  Argenta biotite

Dewey Quad
D1 809~76-2

D2  813-78-~3

D3  813-78-2

D4  827~78-1B

Foolhen Ridge Quad

FR1 729-78-~2

Maurice Mountain Quad

MM1 906-76-1

Odell Lake Quad

OL1 FT36

OL2 708-79-2

Pine Hill Quad

PH1 727-78-2

PH2 727-78-4

PH3 727-78-5

Table 1.

45° 17' 02" N,
T.6S., R.10W.,

45° 45' 44" N,
T.1S., R.10W.,

45° 45' 40" N,
T,1S., R.10W.,

45° 46' 37" N,
T.1S., R.10W.,

45° 46' 41" N,
T.1S., R.10W.,

45° 50' 46" N,
T.1N,, R.12W.,

45° 31' 29" W,
T.3S., R.12W.,

45° 30' 29" N,
T.4S., R.13W.,

45° 35' 13" N,
T.3S., R.13W.,

45° 45' Q9" W,
T.1S., R.14W.,

45° 49' 19" N,
T'lN.’ R. léw. ’

45° 49 14" N,
T.1N., R.13W.,

Sample locations

112° 52' 15" W; SWY NEY Sec
Beaverhead County, MT,

112° 48% 36" Wy NW% SW% Sec
Beaverhead County, MT.

112° 48" 22" W; SE% SWX% Sec
Beaverhead County, MT.

112° 49% 57" W; NW% SWX% Sec
Beaverhead County, MT.

112° 52' 12" W; NE% Swk% Sec
Beaverhead County, MT. .

113° 09' 02" W; NEY% SEY; Sec
Beaverhead County, MT.

113° 05' 22" Wy SWk% SEY Sec
Beaverhead County, MT.

113° 12' 12" W; NEY% NEY% Sec
Beaverhead County, MT.

113° 14! 33" w; NWY SWY Sec
Beaverhead County, MT.

113° 21" 53" W; SWh% NW% Sec
Beaverhead County, MT.

113° 17' 29" W; SWk% W% Sec
Deer Lodge County, MT,

113° 16" 18" W; NWwk% SWk Sec
Deer Lodge County, MT,

30;

11,

11;

12;

33;

17;

24



Polaris Quad

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

P13

831-76-1

707-78-8B

707-78-1

707~78-5

709-78-2

709-78-1

FT1

FT24

FT16

FT26

FT27

FT28

FT23

Proposal Rock Quad

PR1

727-78-1

Table 1 (cont'd)

45° 19' 01" N,
T.6S., R.12W.,

45° 19' 14" N,
T.6S., R.12W.,

45° 19' 00" N,
T.6S., R.12W.,

45° 19 01" N,
T.6S., R.12W.,

45° 18' 56" N,
T.6S., R.12W.,

45° 20' 15" N,
T.6S., R.12W.,

45° 23' 41" N,
T.5S., R.11W.,

45° 27 33" N,
T.4S., R.10W.,

45° 25' 50" N,
TQSS., R.llw.,

45° 26" 41" N,
T.4S., R.12W.,

45° 26 49" N,
T.4S., R.12W.,

45° 29' 06" N,
T.4S.’ R.le.’

45° 27' 34" N,
T.4S., R.10W.,

45° 42 41" N,
T.ls., R.l4w.,

113° 05" 02" W; NE¥ MW Sec
Beaverhead County, MT,

113° 05' 07" W; NWk% NWY Sec
Beaverhead County, MT,

113° 05" 12" W; SWX% NEX; Sec
Beaverhead County, MT.

113° 05 02" W; NEY% W% Sec
Beaverhead County, MT.

113° 02" 53" W; SWk NWX% Sec
Beaverhead County, MT,

113° 01' 46" W; NEY% SEY Sec
Beaverhead County, MT,

113° 00' 30" W; SEY SW4 Sec
Beaverhead County, MT.

113° 03" 03" W; SEY% NWY Sec
Beaverhead County, MT,

113° 00' 39" W; SEY WMWY Sec
Beaverhead County, MT,

113° 04' 51" W; SEY4 NEY Sec
Beaverhead County, MT.

113° 07" 11" W; NEY NEY Sec
Beaverhead County, MT,

113° 11" 48" W; NE% SW% Sec
Beaverhead County, MT.

113° 02' 32" W; SEY% NE% Sec
Beaverhead County, MT,

113° 19" 46" W; NWY% NEY% Sec
Beaverhead County, MT.

16;

163

17;

16;

14,

18;

26;

31;

33;

15;

26;

33;



Shaw Mountain Quad

SM1  731-79-4

SM2 731-79-5

Stewart Mountain Quad

StM1

StM2

StM3

StM4

FT37

FT31

FT9

801~79-~6

Stine Mountain Quad

S1

1315-3

Torrey Mountain Quad

™1

™2

™3

™7

™S8

™9

820~76~1

806-76-1

816-78-1

820-76~3

621-76-2

630-76-1

Table 1 (cont'd)

45° 44" 33" N,
T.1S., R.12W.,

45° 44" 28" N,
T.1S., R.12W.,

45° 35' 19" N,
T.3S., R.14W,,

45° 34" 30" N,
T.3S., R.14W.,

45° 36' 03" N,
T.3S., R.14W.,

45° 35" 43" N,
T.3S., R.14W.,

45° 39' 07" N,
T.2S., R.11W.,

45° 25' 27" N,
T.5S., R.11W,,

45° 24% 27" N,
T.5S., R.11W.,

45° 25' 20" N,
T.5S., R.11W.,

45° 24 59" N,
T.5S., R.11W.,

45° 29' 03" N,
T.4S., R.10W.,

45° 29" 54" N,
T.4S., R.11W,,

113° 07' 59" W; NE% NWY Sec
Beaverhead County, MT.

113° 08' 09" W; NE% NW% Sec
Beaverhead County, MT.

113° 19' 56" W; NW% SEX Sec
Beaverhead County, MT.

113° 16' 34" W; SEY% MW Sec
Beaverhead County, MT.

113° 22' 11" W; SEY% NEY% Sec
Beaverhead County, MT.

113° 16" 12" W; SW4% SE¥% Sec
Beaverhead County, MT,

113° 00' 04" W; SE¥% SEY% Sec
Beaverhead County, MT.

112° 58' 13" W; NEY% SWk% Sec
Beaverhead County, MT,

112° 58' 08" W; NWX% SEX Sec
Beaverhead County, MT.

112° 59 34" W; NE% SW4 Sec
Beaverhead County, MT,

112° 59' 11" W; SW% NEY Sec
Beaverhead County, MT.

112° 53" 06" W; MW% SE¥ Sec
Beaverhead County, MT.

112° 58' 20" W; NE% Swk% Sec
Beaverhead County, MT.

19;

19;

19;



Table 1 (cont'd)

Torrey Mountain Quad (cont'd)

M10  825-76~1
™11 728-76-2
™12 713—76—1‘
™13 730-76-1
™14  829-76-1
™15 806-76-4
™16 FT7

Twin Adams Quad

TA1 820-79-3

TA2 820-79-2

Vipond Park Quad

VPl 812-76-1

VP2 812-76-6

VP3 812-76-7

VP6 313-1

45° 28' 04" N,
T.4S., R.11W.,

45° 27' 22" N,
T.4S., R.11W.,

45° 28" 03" W,
T.4S., R.11W.,

45° 26' 33" N,
T.4S,, R.11W.,

45° 27' 48" N,
T.4S.’ R.]-OWO,

45° 24 50" N,
T.5S., R.11W.,

45° 237 25" N,
T.5S., R.11W.,

45° 24 39" N,
T.5S., R.10W.,

45° 24' 39" W,
To SSQ, RolOWo,

45" 34" 46" N,
T.3S., R.11W.,

45" 341 37" N,
T.35., R.11W,,

45° 34% 25" W,
T.3S., R.11W.,

45" 35' 36" N,
T.3S., R.11W.,

112° 56' 02" W; SEY SE4
Beaverhead County, MT.

112° 58" 23" W; NEY; SwWy
Beaverhead County, MT.

112° 56' 01" wW; SEY SEY
Beaverhead County, MT,

112° 57" 54" W; NWY SE4
Beaverhead County, MT,

112° 53" 24" w; NEYL Nwy
Beaverhead County, MT,

112° 59' 59" W; SEY NE;
Beaverhead County, MT,

112° 58' 50" W; NEYL NEY4
Beaverhead County, MT.

112° 50' 53" wW; NEL SWy
Beaverhead County, MT,

112° 50 53" W; NEY SWy
Beaverhead County, MT,-

112° 54' 33" W; NEY NWy
Beaverhead County, MT.

112° 54' 52" W; SEl; NWY
Beaverhead County, MT.

112° 54' 44" W; SEY NWY
Beaverhead County, MT.

112° 57' 10" W; NEY Nw4
Beaverhead County, MT.

Sec

Sec

Sec

Sec

Sec

Sec

Sec

Sec

Sec

Sec

Sec

Sec

Sec

223

28

33;

30;

13;

13;

13;

10;



Table 1 (cont'd)

Wise River Quad

WR1 DCQMZ 45" 51' 34" N, 112° 59" 26" W; SWY SEY Sec 5;
T.1N., R.11W., Silver Bow County, MT.

McCartney Mountain Sample

45° 31' 16" N, 112° 36" 40" W; SE% NE% Sec 5;
T.4S., R.8W,, Madison County, MT.

10
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