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GL02777 TABLE 8

Summary of Rb and Sr analyses on Petersburg Granite samples

Average content, Average content, Average,
Element 12 weathered samples 17 fresh samples weathered /fresh
Rb 263 ppm 218 ppm 1.21
Sr 77 ppmn 106 ppm 0.73
Rb/Sr 3.42 2.06 ) 1.66

—

The Rb and Sr X-ray fluorescence and isotope dilution analyses are
summarized in table 3. (Eighteen additional fresh samples were analyzed
for approximate Rb/Sr ratios by sawing smooth surfaces on specimens.
and analyzing these surfaces by X-ray fluorescence. The 18 fresh samples
have an average Rb/Sr ratio of approximately 2.3 which is close to the g
alue of 2.06 given in table 3. These additional results support our he. -
lief that 2.06 is the approximate Rb/Sr ratio for the unweathered Peters.
burg Granite.) The average Rb/Sr ratios for the 13 samples selected for
additional chemical analyses (table 2) are in good agreement with the
data for all 29 samples (table 8). This agreement indicates that the 13
samples are representative of the larger sampling of the granite. '

CONCLUSION -

RDb-Sr analyses of the Cape Ann Granite from Massachusetts and

the Petersburg Granite from Virginia indicate that weathering readily
visible in hand specimen has lowered the Rb-Sr wholerock ages. Hov.r;
ever, the Rb-Sr whole-rock ages have been lowered only by approximately
10 percent. These results suggest that incipient weathering should not
significantly affect the Rb-Sr whole-rock age of granitic rocks. If addi
tional studies show that Rb-Sr whole-rock ages are consistently lowered
by about 10 percent due to weathering, useful age data might be obtained
on weathered granitic rock. Analyses of weathered granitic rocks would
be especially useful in areas such as the southeastern United States where
in places it is very difficult or impossible to obtain fresh samples.
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K-Ar AGES AND TIME SPAN OF EMPLACEMENT
- iy e
OF THE BOULDER BATHOLITH, MONTANAF
ROBERT I. TILLING,* “TONTIS R. KLEPPLR,*
and JOHN D. ¢ QADOVICH** ;
ioti S : he composite Boulder &
S > {-Ar ages of biotite and sublende from  the composite )
\BST'IS"}(%{;'d s]z\lt‘;llliti‘cg mees yange from 7o to 68 muy. A statistical analysis 0(; ::ﬁ%
ml.hollf‘:;d‘ on mean ages the batholith wnits suggests that the cr‘nplflccnzlentl ?h the g
d;”? l)i?h ‘could have taken as little as 5 m.y. (76-71 m.y.). H().\\'C\'f??, C}(jll ]ro)l(gi e
D onic lata generally support the sequence of intrusion inferred from ficld rela =
PN .ligC[f ‘:1“0% K \‘r ages (particularly of biotite) of older rocks in the vicinity of %g = B
o phuto speci : S i hat maximum ages are more mean- & =% =
oY s is suspected. On the assumption that maximu e more mean- ¢
"O"f"%( lreli:(l:gi)(l:lllys wlkl‘n possible post-emplacement, rcheating is a faclo’x,. \\‘e ”x“(']l?(:l(li
:x;}g :\"ﬁl'il)le data to indicate that the total time of cm)plafcc;x}ncn]t r[rllz:)‘,{lﬁ;u‘c\ 1;C;:)1]'()‘]1)'1|)]y
oy, (78-60 0 percent) of the bath 'S @
.. (78-69 m.y.) and that the bulk (—~ 9 pe ) ! ) pre
?n:‘;)'l}"ahcnszlg((l)uring) )thc first 6 m.y. (78-72 m.y.). The youngest prebatholith rocks, the

E 1 \ i 1 i i y av b hg]l I
clkhorn Mow tains Volc nics, have lSOlOplC ages of NIS ]11: '. but may 1¢CI S : t Yy
)‘ll‘(’l' 1f so, the total time of (,’lllI)lZl((’Hl(’lll could even be as g[(fd( as 10 to 12 m.

€ . B ¥

INTRODUCTION
Rocks of the Boulder batholith were ﬁ1‘§t radiometricall}y (late(tll (l))()lr
Chapman, Gottlried, and Waring (1955) usnjg th(; Iead»aié);‘a. mediod
and by Folinsbee and Reynolds (in Knopf, 1956) _usmg‘ the 1_- I m(zemc
on K—/féldspar. During the past decade, these ploneei g§511‘1?2:1116t61~;
investigations have been supplemented by more than 50 l-A 1l d?'ﬂ e
minations on biotite and hornblende from rocks qf the bat 101; ‘1 (Y.}
satellitic bodies. The abundant K-Ar ages now aval]abl‘e, toget 1elf\\1tn1_
geologic evidence, provide a means of estimating the time span of e
place he batholith.
P]‘]Cﬁ;}l@:tl{‘f\; :ge of a mineral from an ‘intrusive 'rock unf"xfficted 12(){
postemplacement phenomena records the time at whxc'h thefxo‘c I.(c)or(;nic
below the temperature required f(')r complete re%en.tzﬁn (i 11(“2( 11& rg)rwes
argon by that mineral. If the intrusive bf)dy cools rapidly, the d- v ;toal-
of the minerals approximate the actual time of el?]l)lace11ient1an yt :
lization. The relatively shallow depth (< 1-2 mll.es) of emp acefnlen Io
the Boulder batholith, inferred from stl‘ntlg_r&lphm and strbtllctu.la.drial;
tionships, permits the assumption that c.oohng was ploba }Ir 1?11)11 ge
the batholith, so that the K-Ar ages obtained on biotite and hornblen
robably approximate emplacement ages. . .
pmb;(ll)fc})p;p(ll%ll), basinglhis conclusions‘on K—.Ar ages of pnnerals i)l;
rocks from the northern part of the batholith, estimated the time .span :
emplacement of the Boulder batholith to be 7 to 8 m.y. Th}e 111.62\* lsotolzlsi
ages presented herein, representing the wh‘ole of the bat 101 ltl,isu(;gogled
that the bulk (~ 90 percent) of the batholith was em[')lacecf afl(]'c oled
below the temperature required for complete retention o 1;;10yg n
argon in biotite and hornblende in about 6 m.y. (78-72 nr].y.). box\‘e]\le(i
a tofal time span of emplacement of about 10 to 12 m.y. cannot be 1t
out.
T Publication duthorized by the Director, U. S. Geological Survey.
* U. S. Geological Survey, Washington, D. C. 20242
** U. 8. Geological Survey, Denver, Colorado 80225
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GEOLOGIC SETTING :

. T'he I’Sroulfler batholith, onsed throughout some 2200 square miles
in southwestern Montana, intrudes rocks ranging [rom Precambri
{pre-Beltian) to Late Cretaceous in age. The ym?ngest rocks intrud Jd“an
the batholith are the Elkhorn Mountains Volcanics of Late Cret yo
age (Klepper, Weeks, and Ruppel, 1957, p. 37). They are lar 2;?0113‘,
}\'l}oll)r Campanian. The batholith is unconformably overlain andg]o) I(l)r' .
injected by Lowland Creek Volcanics (Smedes, 1962), recently reassi e
to the ezn'.ly Eocene by Smedes and Thomas (1965) on the basis (of %{ngd
ages on blf)ntes (48-50 m.y.). The age of the batholith is thus establisl;e(li
e H " i "
‘I))’;Ie&;;ll(;gxc and geochronometric grounds as very late Cretaceous or”“
The composite nature of the Boulder batholith has been describe(‘l "
b}' Knopf (1957), Klepper (ms), Smedes and others (1962), Becraft,
Pinckney, and Rosenblum (1963), Ruppel (1963), Tilling (1’964) '3 i
Smedes (1966). Rocks of the batholith range in composition from s"e‘m( -
gabbro to alaskite, but approximately 90 percent of the exposed ;1'?(1'); L
quartz monzonite or granodiorite (with 30-50 percent plagioclasep15»30”;’ .
percent K-feldspar, 20-30 percent quartz, and 10-15 percent bioti’te‘ d
hornblende). More than two-thirds of exposed rock constitutes a sil?gle

T T

large body, the Butte Quartz Monzonite, which is the host rock of the. 2

1*1c}1 copper deposits at Butte in the southern end of the batholith, De
tailed mapping in recent years has clearly demonstrated that the éutté :
Quzn‘tz Monzonite is coextensive with and indistinguishable from th'e” -
r(:lzmcy Granqdiorite (Knopf, 1963) in the northern end of the batholith,
The correlation, based on complete physical continuity, of the Buttc;
and Cl;}n_cy rocks is further supported by the similarity of the isolopié
compositions of lead in the K-feldspars of these two rocks (Doe Tilling,
and Klepper, 1965). - -
Numerous petrographic facies have been mapped within the large -
Elxt‘Fe mass (see, for example, the geologic map of Becraft, Pinckney, and
.‘osm‘xblum, 1665; Ruppel, 1963). Most of these facies, based primarily.
on slight textural and/or compositional differences, zu‘é in subtlle gr(ada)? .
tional rather than sharp contact with typically coarse-grained Butte
r)ocks that have a color index of about 15. In fact, Becraft tI’)inckney and .
Rosenblum (1963, p. 8) stated: “Despite slight but nmf)pable te\;,tural ‘
and compositional differences, all the rocks that constitute the -Butté::"
gllmrtz Monzonite,' except possibly three fine-grained types, are con-'%
;Slll(l(cflizlbg;:éoo«f, a st\ig]z’z la.rge Vplutc’m”.‘ Sgbscquent and conti.nuing field.
ratory work indicates that some of the finer grained facies
\'o]ulm.fmcul]y quite subordinate, may indeed be equivalents of thé
geologically and geochronometrically established younger leucocratic
pluton's. Ho.\vever, the preponderance of data strongly sf?ggests thatlno"
!n.rge‘ intrusive masses of distinctly younger or older age are included
within the Butte Quartz Monzonite (as generalized in ﬁé. 1), which ap-

R

A S R i

annd Louie span of cumplacenient oj the Bounlder butiolili G
;,Jmmly crystallized as a relatively homogeneous body with local textural
wnd minor compositional differences.

Ficld relations indicate that small masses of syenogabbro, syenodi-
and melamonzonite (“mafic rocks” in fig. 1) are consistently the
batholithic rocks. Next in the intrusive sequence are the plutons
dark colored grzmodioritcs composing the Rader Creek

sluton (Tilling, 1964) and the Burton Park pluton (Smedes, 1967) near
e southern end of the batholith and the Unionville Granodiorite
1968) near the northern end. These rocks are cut by the lighter
Butte Quartz Monzonite. The Butte Quartz Monzonite, its silicic

pit Rock), and abundant bodies of

orite,
oldest
of relatively

(knopk,
colored
facies (as at Homestake and
slaskite form a continuous, genetically related series, as shown by close

petrographic similarity and by both crosscutting and gradational contacts
petween different rock types. At any locality, however, the more felsic
of the two rocks in contact is generally the younger. The silicic facies of
ihe Butte Onartz Monzonite, for example the Pulpit Rock and other
elsewhere in the batholith (see fig. 1), generally grade into
{ the main mass of the Butte Quartz Monzonite.

are the leucocratic granodiorites and

artz monzonites of the Donald, Hell Canyon, Moose Creek, and Climax
t of the batholith and the plutons of
biotite adamellite and biotite gmnite (of Knopf, 1963) in the northern
part, Rocks of the Donald and Climax Gulch plutons cut the Butte
Quartz Monzonite. The Hell Canyon and Moose Creek masses are not
in contact with other batholith rocks; their position in the intrusive
sequence is inferred on the basis of lithologic similarity and proximity

to the Donald mass.
The Boulder bathol

small pluter s
but locally cu

Last in the ingrusive sequence
qu
Gulch plutons in the southern par

ith is fringed by many small satellitic intrusive
masses, which range in composition from syenogabbro to silicic quartz
monzonite; most of these masses are relatively homogeneous, but a few
are composite. Because they are intruded into country rock of different
ages, the satellitic plutons cannot be fit into the intrusive sequence of the
batholith on geologic evidence. Nonetheless, the limited isotopic age
data support the inference from field relations and petrographic simi-
larities that these plutons were emplaced during the same time span as
the batholith.

DISCUSSION OF RESULTS

K-Ar ages of biotites and hornblendes of the Boulder batholith and
satellitic stocks from all available published and unpublished works are
presented in tables I, 9, and % and are plotted against the sequence of
plutonjsm as determined by field relations in figure 2. The geographic
locations of the dated rocks are plotted (in approximate numerical order.
from north to south) on a generalized geologic map of the batholith
{fig. 1). Analytical techniques used in this study are similar to the tech-
niques generally used in K-Ar geochronology outlined in detail elsewhere
(Kistler, Bateman, and Brannock, 1965; Evernden and Curtis, 1965). The
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112030" 112°00' Explanation of Figurc 1
Post-batholith rocks of Cenozoic oge
rocks
Age relotions among these unils nol known
bg, brotite gromite of Knopf (1963)
bo, biotite adamellite of Knopf (1963)
" he, Hell Canyon pluton
5 me, Moose Creek pluton
%- ¢, Climox Gulch pluton Sateiliic  plutons
d. Donald pluton Rocks of diverse composition
2 whose positions in the intrusive
5 »r‘hﬁl sequence aré nol Kknown
3 pr.
% bgm
7 Butte Quortz Monzonite and related
g 8 silicic facies
2w a, aloskité, aplite, and pegmatite
g z h, Homesrake pluton; locally grades into
- aglaskite ond into Butte Quartz Monzonile
g “‘I" pr. Pulpil Rock pluton; generally grades info
S lo but locally cuts Butte Quartz Monzonrte
8 bam, Butte Quortz Monzonire; includes and
i o 15 coextensive with Clancy Granodiotite
e £ of Knopf (/1963) :
.~ q I <J
2 ANAVARIRY
& Granodiorite
Age relations among these units not known
ug, Unionville Granodiorite of Knopf (/963)
re, Rader Creek pluton
bp, Burton Park pluton -
= Contact
2 Dashed where inferred
4
(-4

Mafic rocks
Syenogabbro, syenodrorite, monzonite and K-Ar, biotite
related rocks
-]

v
.K-Ar, hornblende

Elkharn Mountains Volcanics of Late A
Cretgceous age
Includes intrusive rocks correlated
with the volconics
12

D Locality number

Pre- volcanic rocks
Includes sirata of Mesozoic, Paleozcic, and
Jote Precombrian age, and metamorphic
rocks of early FPrecambrian ageé

MONTANA K-Ar, biotite & hornblende

2

(o] 5 10
(SNSRI E— |
MILES

Fig. 1. Generalized geologic map of the Boulder batholith and vicinity
location of rocks dated by the K-Ar method.

showing =

sive. Indeed the K-Ar age of biotite in an intruded rock may be signifi-
cuntly.lowered even at distances {rom the contact as great as the width of
the intruding mass. Hornblende in the vicinity of a younger intrusive is
much less susceptible to argon loss. Hart (1964) found that the K-Ar ages
of hornblende in intruded Precambrian rock are virtually unaffected
beyond a distance of one one-hundredth of the width of the small in-
truding Tertiary stock (approx. 2 miles in diam). Kistler, Bateman, and

constants utilized for K-Ar age determinations and the analytical un-
certainties are included in tables 1 and 2.

The recent work of Hart (1964) and Kistler, Bateman, and Brannock
(1965) shows that diffusion losses of radiogenic argon, resulting in re
duced K-Ar ages, can be particularly significant when older rock§ are.
reheated by younger intrusives. Both these studies indicate that biotit€ -
is particularly susceptible to thermal effects of a nearby younger intri

iR
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T 1 T | T T T | ]
SATELLITIC PLUTONS i;
Positions in intrusive ) g
sequence not known
g
2| LEUCOCRATIC ROCKS
2 Donald, Hell Canyon, and
T Climax Guich plutons;
t Biotite granite, Biotite adamellite
_J / /
Q -
T SILICIC FACIES OF BUTTE g ‘! .
= QUARTZ MONZONITE L & ;
g Homestake and Pulpit Rock) A I —@
( plutons; alaskite 4 /
o
|8 ‘ /
~oeo =y
s AR VA
O 1§ | BUTTE QUARTZ y 180,
@
5’ v MONZONITE AN\ 100 // A
o (inc!uding Cloncy) Joay_ % / 2
a8} ,3 Granodiorite / /
w
£ &/
£ N N
T GRANOCDIORITE 7 V-4 4
Unionville Granodiorite und) A}%\/] VA
Rader Creek piluton ] /
!
| /
< @f i
1 &,
- MAFiC ROCKS L A
3 6 ‘
T
(o]
T
55 e
8ex ELKHORN MOUNTAINS :
ZE£8 VOLCANICS
@ @
> ¥ ] 1 I ] ] | L I I
= 84 82 80 78 76 74 72 70 &8
AGE, in my BP
AUSGS ALamom A()ther workers .
v Symbol obove line Hornblende K-&
fine rmarks age; Py
(ﬁf’rev::ei 'rre.?:rm:oogonz;le locatities of Flg.l) A Symbol below line Biotite

i hor i Tol-
Fig. 2. K-Ar ages of the Boulder batholith and of the Elgl}()111.z\on;l}ta.xnts‘u\s&lc
canics. Ages of batholith rocks are grouped accm:dmgl t]o pIOSl}UO;][{!}m;;;Ss 1:1161 o
cquence termine ¢ ficld relations. Ages indicated by dashed tri a
scquence as determined by field re 0 ndical e o e table 3)
i a s (sce text); for samples with replicate determinatio 2
sidered anomalous (sce text); for samp ) inations (see 0 s o
: i T 've AA may approximate the begmming tn
the average value is plotted. The curve ) he i %
cn1pl~1cemgmlt of the Igmnps, of the dated plutons, IIE pos(cmyl)ldcun[e)ntoflc[ﬂzct:sgous
] T 3 ink : mean ages (shown as |—eoe— @
ages has occurred. Curve BB links the n g t : f th
g%oups of rocks; bars give error of the mean at the 95 percent confidence level.

Brannock (1965), dealing with intrusive masses of batholithic dlmensw(lllz
in the Sierra Nevada, show, however, that loss of argon from ]}Olnblfllle
may be significant as far away from the contact as half the width of th

: 3 B .
niruding inass. ) o .
Thus it is clear that the thermal effect of later intrusions must b

and time span of emplacement of the Boulder batholith 677

batholith such as the Boulder batholith or of any rock cut by younger
igneous rocks. As will be evident from the discussion to follow, an un-
known number of the isotopic ages for the Boulder batholith may well
be reduced ages (resulting from postemplacement reheating by later
intrusions).

Elkhorn Mountains Volcanics.—A precise fix on the age ol the Elk-
horn Mountains Volcanics, the youngest rocks cut by the oldest rocks of
the batholith, is essential to establish the limits of time of inception of
batholith emplacement, Hornblende K-Ar ages of approximately 78 m.y.
were obtained on samples [rom the lower member of the Elkhorn Moun-
tains Volcanics (of probable early Campanian age on geologic grounds)
at two widely separated localities (nos. 27, 28, fig. 1). Locality 27 is at
least 3000 fect above the base of the volcanics and approximately 5 miles
[rom the nearest exposed batholith rocks. No estimate of the vertical
scparation from the roof of the batholith can be given for locality 28
which is about 12 miles north of the nearest exposure of the Tobuacco
Root batholith (not shown on fig. 1); two biotites from this batholith
have K-Ar ages of 75 and 52 m.y. (Giletti, 1966). The remoteness of lo-
cality 28 from any exposed batholithic rocks minimizes the possibility
that later thermal events have affected its age.

Assuming that the isotopic age of the volcanic rocks has not been
reduced by later thermal events, the time of inception of batholith em-
placement can be no earlier than 78 —«« 1.7 m.y. (error of the mean given
at the 95 percent confidence level). If, on the other hand, the K-Ar ages
have been reduced by heat of the batholith, the carliest permissible time
for the inception of emplacement would be about §1 m.y., and the latest
would be about 78 m.y., on the basis of the early Campanian time point
given by Gill and Cobban (1966, table 2).

Mafic rocks.—Age determinations of the mafic masses, the oldest
rocks of the batholith, range from 73 to 78 m.y. As these plutons intrude
the Elkhorn Mountains Volcanics, the maximum age probably does not
exceed 78 m.y. and cannot exceed 81 m.y. The age for sample at locality
9 (73 m.y.) almost certainly is a minimum, because this is within a quarter
mile of the margin of a younger intrusive mass whose diameter is ap-
proximately 2.5 miles.

Granodiorite (Unionville Granodiovite and the Rader Creeh pluton).
—These granodiorite plutons intrude rocks as young as the middle mem-
ber of the Elkhorn Mountains Volcanics and are intruded by the Butte
Quartz Monzonite and/or younger rocks. The K-Ar ages of these two
plutons range from 72 to 78 m.y. Because all the dated rocks are within
b miles (that is, < than half the width) of the intruding Butte Quartz
Monzonite, theé ages obtained may have been reduced by reheating,
judging from the work of Kistler, Bateman, and Brannock (1965). The
fact that ages ol paired biotite and hornblende from fwo Rader Creek
samples are concordant, however, suggests that the range 74 to 77 m.y.

. ite . approximates the time of emplacement of these rocks. An alternative
- . : . ) . ] osite  2P] 1 . natiy
considered in assessing the isotopic age of any pluton in a comp !




TaBLE 1

K-Ar isotope ages, U. S. Geological Survey data

Locality no. % Radiogenic  *Ar* ¢ 10— Age
Igneous unit (ig. 1) Mineral %K.0 argon (*Ar*) moles/g (m.y.) Source*
Elkhorn Mountains Volcanics ‘
(Kv), Lower unit 27 Hornblende 0.938%*:* 90 1.155 77.6 + 24 1 E
) 28 Hornblende 0.820%%% 94 0.975 788 + 2.4 1 4
Hornblende 0.83 4% 95 0.984 776 =24 1 :,
Mafic rocks (m) 7 Biotite 9.54% 93 1088 758 = 3.8 2 T
Biotite 9.24 91 10.77 774 + 3.1 1 -
9 Biotite 8.82 91 9.76 785 + 2.9 1 :
15 Biotite 8.75 89 10.31 782 + 3.1 1 >
Granodiorite =
Rader Creek pluton (rc) 23 Biotite 8.84% 92 9.68 728 + 3.6 2 =
24 Biotite 6.79% 82 7.55 739 + 3.7 2 =
. Hornblende 0.476 60 0.535 747 = 8.0 1 -
Butte Quartz Monzonite (bqm) : 2
(includes Clancy Granodiorite) 10b Biotite 8.74 96 9.42 T1.7 + 2.8%* 1 o
Biotite 8.74 96 9.45 71.9 + 2.2 1 .
Hornblende 0.456%+* 84 0.503 73.3 23 1 B
Hornblende 0.45G% % 70 0.492 714 + 25 I =
16 Biotite 7.35% 86 8.08 72.9 % 3.6 2 -
Hornblende 0.550 69 0.589 71.2 + 3.6 I <
18b Biotite 9.00 74 9.84 72.7 = 3.0 1 <
Hornblende 0.600%** 57 0.691 6.5 = 2.4 1 2
Hornblende 0.602%%:# 72 0.680 75.0 = 3.4 1 =
Silicic facies of Butte Quartz Monzonite S
(including alaskite) g
Pulpit Rock pluton (pr) 11 Biotite 9.10% 39 9.84 719 + 3.6 2 T
Biotite 9.10% 87 9.59 70.2 + 3.5%* 2 =
Alaskite (a) 18 Biotite 8.61% 86 9.78 75.1 + 87 9
Homestake pluton (h) 17 Biotite 8.61% 90 9.13 70.5 «+ 3.3 2 =
Biotite 8.61% 91 9.28 71.7 4 8.8%% 1 N
Hornblende 0.39G#x 63 0.449 747 + 2.6 1 %
——— “
R
TasLe 1 (Continued) I
a
Locality no. % Radiogenic  *Ar'® 3¢ 100 Age =
Igneous unit (fig. I) Mineral %K.0 argon (*Ar') moles/g {m.y.) Source* §
Leucocratic rocks S
Climax Gulch pluton (c) 20 Biotite 7.92% 85 8.34 706 + 3.5 2 =
Donald pluton (d) 21 Biotite 7.91 86 8.35 702 + 3.5 2 z
Biotite 7.91 93 8.80 74.0 & 3.0%% 1 ~
Hornblende 0.417%%% 79 0.459 78.2 =25 1 N
Hell Canyon pluton (hc) 26 Biotite 8.21% 90 8.65 70.1 + 3.5 2 PN
Hornblende 0.486 71 0.540 73.9 + 3.0 1 3
3
*(1) John D. Obradovich, U. S. Geol. Survey, Denver, Colorado, 1965 and 1966. :
(¢) Richard Marvin and Herman Thomas, U. S. Geol. Survey, Washington, D. C., 1963. X
** Replicate argon analyses. ;:
;ks*ifgelgh}fg:;ss}i)gﬁszrl:ﬁys??,alﬂy;f;’e 1;?::5);13261;{“0‘1' } All other potassium analyses in replicate, flame photometer. g"
All ages have been calculated using the following constants: 2
e == 0.584 » 10— YR—* S
Ap = 4.72 X 10— YR .
K#= 1.19 3 10— atomic abundance L2
=
2
=

GLY
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8. Sample preparation and splitting procedures (such as pouring or
quartering) may result in incorrect Ar'*/K#® ratios, For example, if a
hornblende sample has a few percent admixed biotite, the biotite may
be concentrated in cither the argon or the potassium [raction and, if
concentrated in the argon [raction, would result in an anomalously high
age. To minimize such problems, we employed a multichanneled micro-
splitter. ‘

4. A characteristic feature of the Butte Quartz Monzonite s its high
content of hornblende:rich mafic inclusions relative to the other plutons
of the batholith. If these inclusions are of significantly older age and
were not completely degassed at the time of their incorporation by the
Butte magma, then the presence of xenocrystic hornblende in the sample
would also produce an anomalously high age. Great care was excercised
in collecting the sample at locality 18b to avoid this problem.

Because our ages for the Elkhorn Mountains Volcanics and the
Butte sample at locality 18b are consistent with geologic relations but at
variance with McDowell’s hornblende ages, McDowell’s ages are con-
sidered to be anomalous, whatever the cause.

The range in ages (76-70 m.y.} for the Butte Quartz Monzonite (ex-
cluding the anomalously high values discussed above) do not indicate
the actual span of emplacement of this large pluton. The youngest ages
obtained almost certainly have been reduced by the thermal effect of.
younger intrusives, several of which (samples at locs. 4, 13, 17, 21, and
26) are as old as 75 m.y. For example, the ~ 72 m.y. age for the Butte
sample at locality 16 probably is due to its proximity (less than half a. .
mile) to the younger Homestake pluton (see figs. 1 and 2). The lower than
expected ages (~ 72 m.y.) for the sample at locality 10b (the Kain Quar-
ry rock discussed earlier) cannot be explained by proximity to sizeable:
younger intrusives but may be accounted for, in part, by the higher in--
cidence (relative to other localities of rocks dated from the same mass) of -
small bodies of aplitic rocks, quartz latite and rhyolite dikes, chalcedony
veins, and zones of hydrothermal alteration and silicification (see the
maps of Becralt, Pinckney, and Rosenblum, 1963, and of Smedes, 1966).
Thus, the actual time of emplacement of the Butte Quartz Monzonite is
probably best approximated by the ages in the range 76 to 74 m.y. of the
dated rocks (samples at locs. 12, 14, and 18b) which apparently have been,
unaffected or least affected by postemplacement phenomena.

Stlicic facies of the Bulle Quartz Monzonile.—Many small to mod-
crate-sized dikes, sheets, and irregular bodies of silicic rocks in places
grade into and in places crosscut the Butte Quartz Monzonite and are’
genetically related to it. Field and petrographic evidence suggests that
these rocks crystallized from local concentrations of residual Butte Quartz.
Monzonite magma rather than from separate batches of younger magma.
Only one hornblende age is available for these rocks—the 74.7 m.y. age
for the Homesiake pluton (loc. 17, fig. 1). Biotite ages of these silicic
facies of the Butte Quartz Monzonite fall in the range 75 to 70 m.y.
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Leucocratic vocks.—~The youngest rocks of the Boulder batholith in-
clude the biotite granite and biotite adamellite of Knopf (1963) and the
Donald, Hell Canyon, Moose Creek, and Climax Gulch plutons (sce
fig. 1). Although contact relations have not been observed between these
leucocratic rocks and silicic facies of the Butte Quartz Monzonite, the
younger relative age ol the leucocratic rocks is inferred from indirect
evidence: (1) many bodies of rocks of the silicic facies of the Butte Quartz
Monzonite are gradational into Butte rocks, whereas leucocratic rocks
always have sharp contacts with the Butte rocks; and (2) aplites and
alaskites are rare in these leucocratic rocks, except in the Climax Gulch
pluton, but are abundant in the silicic facies of the Butte Quartz Mon-
zonite. Ages of the leucocratic rocks range from 68 to 74 m.y. Ages of 68
to 70 m.y. for the Climax Gulch pluton and the 70 m.y. age for the biotite
granite of Knopf (1963) suggest that sporadic plutonism may have per-
sisted for 4 to 6 m.y. alter the main mass of the batholith had been
emplaced.

Satellitic plutons.—Because of their isolated occurrence in country
rocks of diverse ages, it is impossible to rank the satellitic plutons in the
intrusive sequence on geologic grounds. Isotopic ages of 77 to 78 m.y.,
however, indicate that two of the dated satellitic masses (locs. 1 and 25,
fig. 1) are early in the intrusive sequence. The age (~ 72 m.y.) of a third
mass (loc. 2, fig. 1) may be a minimum because of the presence nearby of
a pluton (the porphyritic granodiorite of Knopf, 1963) which is inferred
to be younger.

INTERPRETATION

Interpretation of the available isotopic age data (table 3) may be
approached from two different viewpoints—one based solely on a statisti-
cal assessment of the data, the other, tempered by geologic relationships
and by results obtained in prior geochronometric studies in composite
batholiths or in regions characterized by multiple igneous and/or meta-
morphic events.

A statistical analysis of the data reveals that the standard deviation
of a single analysis selected from the total data for the various batholith
units is usually less than that stated for individual age determinations
(compare table 4 with tables 1 and 2). This probably stems from over-
estimation of the analytical error of individual age determinations. In
addition, an “F" test of the observed variances indicates that at the 95
percent confidence level the dispersion in the results could be entirely
due to random errors in analysis, if all the samples were drawn from a
single population having a coefficient of variation of 2.5 percent (see
table 4). .

A test based on the ratio of the mean square successive difference
to the variance of means (see Crow and others, 1960, p. 63) demonstrates
that the trend of the plotted mean ages (fig. 2) has significance at the
99.0 percent confidence level. A#l “t” test for significance of the difference
of two means shows that the results for the Elkhorn Mountains Volcanics
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TavLe 3

Tsotopic ages of the Boulder batholith and of the plebathohth volcanics,

Ages of the batholith rocks are listed according to intrusive sequence

established geologically; oldest to youngest

Locality

no.
Igncous unit Sample no. (hg. 1) Mincral — Age  Sourcex
1. Elkhorn Mountains Volcanics _ .
(Kv), Lower unit DI564 27 H 77.6 1
D1567 28 H 78.8 1
H 77.6 1
rocks (m Si419 7 B 75.8 2
2. Mafic rocks (m) 5 o .
603-599 9 B 73.6 1
63K-350 15 B 78.2 1
3. Granodioritek*
Unionville Granodiorite y
(ug) 3 B 76.4 3
5 B 77.8 3
6 B 72.4 6
ader Creek pluton (rc MB-1 22 B 76.7 8
Rader Creek (rc) d o 8
61K-661 23 B 72.8 2
GIK-647 24 B 73.9 2
‘ H 74.7 1
4. Butte Quartz Monzonite
bgm
( (mzlud(s (‘mey ) AK-18 10a g ‘;‘}’}1 g
ts iorite .
Granodi ) B Syo 3
H 76.0 5
63T-273 10b B 717 1
B 719 1
H 73.2 1
H 714 1
MB-9 12 B 75.8 8
B 73.1 8
H 81.5 8
MB-8 14 B 75.1 8
H 75.0 8
63K-306 16 B 72.9 2
H 71.2 1
MB-2 18a B 70.4 8
B 70.3 8
H 80.4 8
H 78.2 8
D1566 18h B 727 1
H 76.5 1
H 75.0 1
5. Silicic facies of Butte Quartz
Monzonite
(includes alaskite related
to qu) ‘ol K90 . B 1o 0
»it Rock pluton (pr HRC-45 71. B
Pl : ) B 70.2 2
Alaskite (a) 62K00 13 B 75.1 2
Homestake platon (h) 1K-241 17 B 70.5 2
B 71.7 1
H 74.7 1
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TasLr 3 (Continued)

Locality

no.
Igncous unit Sample no. (fig. 1) Mineral — Age  Source*
6. Leucocratic rocks*®
Donald pluton (d) W-21 21 B 70.2 2
B. 74.0 I
H 73.2 1
Hell Canyon pluton (hc) G1K-633 20 B 70.1 2
H 739 |
Biotite granite (bg) 4 B 73.3 3
Biotite adamellite (ba) 8 B 70.2 3
Climax Gulch pluton (c) MB-7 19 B (8.0 8
H 69.0 8
G0S-C3 20 I 70.6 2
7. Satcllitic plutons (syx#s 1 B 78.0° 7
MB-15 2 B 73.0 8
. B 712 8
MB-6 25 B 77.1 8
H 772 8

# 1. John D. Obradovich, U. S. Geol. Survey, Denver, Colorado.
. Richard Marvin and Herman Thomas, U. 8. Geol. Survey, Wash,, D. C.
. Geochron Lab,, Inc, in Knopf, 1964.
. Folinsbee in Knopf, 1964.
. Evernden in Knopf, 1964.
. Geochron (Knopf, 1964, written commun)
. Baadsgaard, Folinsbee, and Lipson, 1961.
McDowell, Lamont OQhservatory, 1966.

Hox Gcolog;c age relationships between the members of this group cannot be deter-
mined because of their separated occurrences.

##% Relative positions of the satellitic plutons in the intrusive scquence are not
known; placement on this group at end of table is arbitrary and has no age sig-
nificance.

All ages have been calculated using the following constants:

Ae = 0.584 % 10—°YR—
Ag = 4.72  10—°YR™?
¥ = 1.19 % 10—* atomic abundance

w\IOiJ(.:..;,uxc

and the mafic rocks are statistically different at the 70 percent confidence
level but not the 80 percent level. This observation is compatible with
geologic evidence indicating that the time gap between prebatholith
volcanism and onset of plutonism was small indeed (Robinson, Klepper,
and Obradovich, 1968).

The statistical test shows the difference between the means of the
mafic rocks and leucocratic rocks is significant at the 99 percent confi-
dence level; the difference between the means is 4.9 -+ 3.0 m.y. (table 4;
error given at the 95 percent confidence level). If the calculated error is
considered, then an interval of 1.9 to 7.9 m.y. would encompass the total
time of cooling of the first and last phases of the batholith through the
critical isotherm for quantitative argon retention.

© Implicit in the preceding statistical assessment, of course, are two
fundamental suppositions:

1. Specimens from widely scattered localities within a single pluton

or specimens from groups of contemporaneous plutons represent
a valid (homogeneous) sample population,
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G50 ; ‘
2. The distribution of ages ol any one pluton or group is strictly
es o random ervors in analysis. , ‘

B()lilhel;]iz‘("l[,Sl(ll)l)()SfLiOHS are open to question for the lollowmg

1045(11\1?‘ Our delining of a single pluton or lh? gr(.)u}'f‘i‘ng("()f‘tlctonltfmE
poraneous plutons is based on field and I)Cl]‘()].()gl(" C]‘?ICII(I. ]46)1 t;lu( ;n?
such ficld and petrologic C\')ll[l“()],. however, ol)vxous.ly (.}nm{mt 4)Lm 760? C‘f,
for every mapped body, depcmlmg‘on 111? q“é??% ‘.m([ (‘1:11“1) Henc‘e
posure, samplihg density, numbcz: ol m:tppmg‘ t.l avel ses; ,C .F:,}S‘ i.nherenz
for niost gcolr)};ic samples, a certain amount of inhomogeneity i
i 5 : population. .
b lh]i.SJI)::P::L(‘!)mlposiLe phutonic muss such as l]}e .B(Ju'ldef‘ Fletil(z)lfltlz,tei :
finite degrec of thermal disturb:mce. ol early P]utons l)y‘mtfusio [ o Jater
plutons cannot be excluded and indeed might be e‘\pe)uE( . o other
words, the Art/K* ratio ol some samples may h(l\'Cv]}-CU; pd])'[;gm}nces
totally reset. Llven in the case of [Qtzll resetting, ]]O\\:?\(}]l, t;ﬁf:;mmes .
caused by thermal disturbance \\'1‘11 not Vbe great, 11[ ][ 'uz .([l “.mas s
ages of successive intrusions are sh.ght.'H homb]cn‘( c )1()111(2( p(u pvere
u'mlismrbed, then a random distribution should result, that is, h

U - les an biotite. However, the
blende ages greater than, equal to, or less than o How [Or’ e
common relationship of hornblende > Dbiotite age observe !

Tanre 4

F ] Ar ag ‘minations
Ranges, means, and errors of the mean of the K-Ar age (lyetlenn.m wio
‘ h » ' 3 -~ . M Z ),
of the Bouldar batholith and Elkhorn Mountains Volcanics
(calculated from data of table 3)

Cocflicient of

Range Mean* variation®* (94) Intrusi\je***
Uni (m.y.) (m.y) of single analysis  sequence
nit Y. )
7 = Youngest
Leucocratic rocks 63.0-73.9 71.3 + 1.6 3.1 (n==10) g
Silicic facies of . N . B
Butte Quartz Moazonite  70.2-75.1 724 + 2.2 2.9 (n=06)
. RO 8 - 927 (m—1
Butte Quartz Monzonite  70.3-76.5% 732+ 1.0 2.7 (n=17)
Granodiorite 72.4-77.8 75.2 + 1.7 2.7 (n=8) _ 1 -
7 7 (= st
Mafic rocks 73.6-78.2 76.2 + 3.1 2.7 (n=4) Olde
Eikhorn Mountains ~ _
\'o](:micsX 77.678.2 78.0 +- 1.7 0.9 (n=3)

i - level : : : using’
* Error of the mean given at the 95 percent confidence level and calculated i “

imi ati f 951, p. 24).
Student’s “t” factor for limited sample population (Youden, 1951, y )

ithi s ; the

ik (n) is the number of age (lctcrn}innliohs \\'1t‘h‘m ea§h gr()l{[’) ::izg tl(:1 C{I}igugtliulaf—k
means and crrors. All age determinations for a given group a':Lsen{se e e londe
tions, regardless of the fact that some may be g]lxpleét]e§,/1111]£)l bcm, disurbed (a8 i :
and biotite ages arc duplicates for one sample, if they have

assumed in these calcuiations). o ) 4 ) -
w44k Established geologically; data for sateliitic plutons mf mzv[n included
table, because their positions in the intrusive sequence are not known,

I Ages greater than 76.5 m.y. are excluded for reasons stated in text (p. 681-682):,

AR

st
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Boulder batholith and other composite batholiths is indicative of some
resetting of Ar/K4o due (o thermal disturbance. If resetting has oc-
curred, then the assumption that all scatter of ages is due to random
ervors Is invalid, '

Nonetheless, although the application of the statistical approach to
this problem is open to question, the succession of mean ages of the vari-
ous groups ol plutons is in agreement with the geologically established
intrusive sequence (table hH

In the Discussion of Results, we have stated why we suspect that
some ol the samples may have heen lhernml]y alfected. Thercfore, we
place greater significance on the oldest ages (both biotite and hornblende)
of the oldest plutons that almost certainly have been thermally disturbed,
Within this context, the grouping of ages around 78 m.y. for the Lik-
horn Mountain Volcanics, mafic rocks, and granodiorite plutons would
place a valid upper limit on the beginning of emplacement of the batho-
lith. "The concordani hornblende-biotite ages of 68 to 69 m.y. for the
voungest leucocratic rocks may well represent the latest phase of plutonic
activity. Thus, we interpret the total time span of the emplacement of
the entire batholith to be about 9 m.y. (78-69 m.y.). However, since the
youngest plutons of the bhatholith are volumetrically minor, the bulk of
the batholith was emplaced in shorter time, perhaps about 6 m.y. (78-
72 m.y.). :

This interpretation rests on two key premises: (1) the best upper
limit of the actual time of emplacement for any one pluton or group of
geologically established penecontemporaneous plutons is the maximuin
age(s) (using cither hornblende or biotite or both) obtained for that
pluton or group of plutons; and (2) the time interval between the em-
placement of a given pluton and irs cooling to some low temperature
to permit quantitative retention of radiogenic argon in biotite and horn.
blende s negligibly small compared to the time intervals between em-
Placement of successive plutons.

Premise (1) is supported indirectly by the generally good agreement
between geochronometric data and known intrusive sequence—any over-
Lipping of Isotopic ages of two plutons is generally on the young side.
Moreover, abundant data of Evernden and Kistler for the Sierra Nevada
batholith (Kistler, oral commun., 1968) demonstrate that maximum K-Ar
ages on undisturbed minerals from any pluton agree well with the whole
rock Rb-Sr isochron age established for that pluton. Premise (2) appears
well justified in view of the relatively shallow depth of emplacement of
ihe composite Boulder batholith and of the narrow spread of K-Ar ages
(both hornblende and bio[ite) observed for each of the constituent
plutons,

Thus, within the context of the above-stated premises and excluding-
the anomalous high ages [or samples at localities 10a, 12, and 18a for
reasons stated previously (p. 681-682), we believe that the beginning of the
fme of emplacement of each pluton or group of plutons is closer to the
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curve A than to curve BB on figure 2. Yet, the fact that both the curve
for mean ages and that for maximum ages are nearly parallel and in
good agreement with the intrusive sequence suggests that some ol the
dispersion of ages may well be due to random ervor. It is probable that
the spread in ages [or a given unit of the batholith, particularly those
early in the intrusive sequence, reflects both random errors and systematic
elfects of postemplacement reheating.

In summary, regardless of the analytical uncertainties and pesible

interlaboratory biases, there is good agreement between the m num

or the mean ages of the various plutons and their positions in i/ geo-
logically established intrusive sequence. On the assumption that inany
ages are somewhat reduced because of postemplacement reheating, the

data suggest that the total time for emplacement of the composite

Boulder batholith was not more than about 9 m.y. (78-69 m.y.), the bulk
ol the batholith, perhaps 90 percent, being emplaced during the first
6 m.y. (78-72 m.y.). However, if the ages ~ 78 m.y. obtained for the pre-
batholith volcanic rocks are minima, the total time of emplacement
could be somewhat greater, perhaps as great as 10 to 12 m.y. However,

on the assumption that the deviations in ages for the various plutons
are due entively to random error, the mean ages would indicate a time .
span of emplacement of 5 =+ 3 m.y. (76-71 m.y.). The actual times of the
beginning of emplacement of each pluton or group of contemporaneous
plutons might best be represented by ages between curves AA and BB in

figure 2.
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