
New Ar/ Ar dates from alkaline intrusions in the northern Crazy Mountains, Montana: Implications for the

timing and duration of alkaline magmatism in the Central Montana Alkalic Province

40 39

Stephen S. Harlan
Dept. of Environmental Sciences and Policy, George Mason University, Fairfax, VA 22030-4444, U.S.A.; sharlan@gmu.edu

New Ar/ Ar dates from alkaline intrusions in the northern Crazy Mountains, Montana: Implications for the

timing and duration of alkaline magmatism in the Central Montana Alkalic Province

40 39

Tectonic Map of the Crazy Mountains Basin

ROCKY MOUNTAINS

FORELAND PROVINCE

HELENA SALIENT

LAKE BASIN FAULT ZONE

NYE-BOWLER LINEAMENT

B
IG

B
E
LT

U
P
LIF

T

BEARTOOTH

MOUNTAINS

MONTANA

0 25 km

46°N

111°W 110°W

46°N

Area of figure 2

CRAZY MOUNTAINS

Eastern limit of

Disturbed Belt folds and thrusts

B
R

ID
G

E
R

R
A

N
G

E

N

Tertiary and Cretaceous Intrusive rocks

Tertiary Fort Union Formation

Cretaceous volcanic and volcaniclastic strat
(Sliderock Mountain volcano)

Cretaceous volcaniclastic rocks
(Livingston Group)

Phanerozoic sedimentary rocks

Proterozoic Belt Supergroup

Archean crystalline basement rocks

EXPLANATION

Fault�Bar and ball on downthrown side

Thrust Fault

Anticline�Arrow shows direction of plunge

Overturned anticline

Syncline

Monocline

Outline of

Crazy Mountains Basin

Crazy Mountains Intrusions

Loco Mtn

stock

Ti

Ti

Ti

Ti

Ti

Gordon

Butte

Big Timber
stock

Ti

Ibex Mtn sill (?)

Tku

Tku

Tku

Tku

Tku

Tku
Tku

Tku

R
o
b
in

s
o
n

A
n
tic

lin
e

S
h
ie

ld
s

R
iv

e
r

A
n
tic

lin
e

C
ra

z
y

S
y
n
c
lin

e

Explanation

Tku

Ti Tertiary intrusions

Tertiary/Cretaceous

basin sediments

Fault

Anticline

Syncline

40 39

Ar/ Ar sample locality

0 5 miles

N

4
6
.0

°
N

4
6
.2

5
°
N

110.25°W110.5°W

0 10 kilometers

Comb Creek

stock (?)

1-50.61±0.14 Ma

M
tn

4-50.03±0.11 Ma

3-50.10±19 Ma

5-50.06±0.17 Ma

6-50.22±0.15 Ma

2-50.10±0.12 Ma

~49 Ma

Eastern limit of

the Disturbed Belt

49°N

47°N

45°N

115°W 113°W 111°W 109°W 107°W
105°W

Crazy Mountains

Intrusions

51-49 Ma

Absaroka

Volcanic Field

Sweetgrass Hills

54-49 Ma

54-50 Ma

68-60 Ma

69-54 Ma

49-44 Ma

54-49 Ma

Central Montana

Alkalic Province

Bearpaw Mountains

Little Rocky Mountains

Judith MountainsMocassin

Mountains

Little Belt

Uplift

AMV

Highwood

Mountains

52-48 Ma

74-73 Ma

60

55

50

45

40
20 40 60 80 100

84CC-12 Biotite

Tp = 50.22 ± 0.15 (2 )�

Percent Ar Released
39

K

60

55

50

45

40
20 40 60 80 100

83VPCC-1 Biotite

Tp = 50.06 ± 0.17 (2 )�

60

55

50

45

40
20 40 60 80 100

83VP-65 Biotite

Tp = 50.10 ± 0.19 (2 )�

60

55

50

45

40
20 40 60 80 100

83VP-75 Biotite

Tp = 50.03 ± 0.11 (2 )�

A
p
p
a
re

n
t
A

g
e

(M
a
)

Percent Ar Released
39

K

60

55

50

45

40
20 40 60 80 100

202338 Ibex Mountain Biotite

Tp = 50.10 ± 0.12 (2 )�

A
p
p
a
re

n
t
A

g
e

(M
a
)

60

55

50

45

40
20 40 60 80 100

83VP-2 Hornblende

Tw = 50.61 ± 0.14 (2 )�

A
p
p
a
re

n
t
A

g
e

(M
a
)

INTRODUCTION
The Crazy Mountains Basin is a structural and physiographic basin located along the eastern margin of

the Cordilleran fold and thrust belt in west-central Montana.. The basin originated as a fore deep located

east of the main Cordilleran orogenic belt (Dickinson et al., 1988). The original geometry of the basin has

been subsequently modified and partitioned by the encroachment of thin-skinned, decollement-style folds

and thrust faults of the Montana Disturbed Belt (Woodward, 1981; Garret, 1972) and by basement-involved

folds and thrust faults of the Rocky Mountain foreland province (Schmidt and Garihan, 1983; Gries, 1983).

The basin fill consists of Upper Cretaceousmiddle Paleocene (?) clastic and volcaniclastic sediments of

the Livingston Group and Fort Union Formation (Roberts, 1972). In the approximate center of the basin, the

sedimentary strata were intruded by subalkaline and alkaline stocks, sills, and dikes. Temporally, these

intrusions are part of the Central Montana Alkalic Province, a group of Tertiary intrusive and volcanic rocks

that form isolated uplifts east of the main Rocky Mountain front (Chadwick, 1972). Within the Crazy

Mountains, igneous rocks representing two distinct magma series are present (Dudas et al., 1987; Dudas,

1991; du Bray and Harlan, 1996): (1) sodium-rich, strongly alkaline mafic syenites (also known as malignites),

syenites, and trachytes of the Comb Creek stock (?) and dike swarm, the Gordon Butte-Elk Mountain-Coffin

Butte sills, the Ibex Mountain sill, and the Robinson anticline intrusive complex (Simms, 1966; Larson and

Simms, 1972; Fink, 1975; Emmart, 1985; Harlan et al., 1988; Dudas, 1991) and (2) subalkaline rocks

consisting of potassium-rich basalts, diorites, and granodiorites of the Big Timber and Loco Mountain stocks

and associated dike swarms (Tappe, 1966; Larsen and Simms, 1972; Starmer, 1972; du Bray and Harlan,

1996). With the exception of the sill at Ibex Mountain, the strongly alkaline rocks are largely restricted to

the northern Crazy Mountains, whereas the subalkaline rocks are found mostly in the southern Crazy

Mountains. The strongly alkaline rocks intrude the easternmost folds of the Montana Disturbed Belt and

the arcuate and concordant nature of some sills with fold structure has suggested that at least some of the

igneous activity may have preceded folding (Simms, 1966; Harlan et al., 1988). Paleomagnetic and structural

analysis, however, demonstrated that intrusion of the sills in the Robinson anticline intrusive complex post-

dated thin-skinned fold and thrust belt deformation (Harlan et al., 1988). Geochronologic data from the

Crazy Mountains intrusions indicate that they were emplaced during the Eocene at ~52 to 48 Ma during the

height of magmatic activity of the Challis magmatic flare-up (Harlan et al., 1988; Dudas, 1991). This paper

presents new high-precision Ar/ Ar geochronologic data obtained from the strongly alkaline intrusions

from the northern Crazy Mountains that complement previously published Ar/ Ar geochronologic data

from the subalkaline Big Timber stock (du Bray and Harlan, 1996).
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RESULTS and INTERPRETATION
Sample 82VP-2 was collected from a trachyte sill exposed along the eastern flank of the Robinson

Anticline intrusive complex near Davey Butte. Hornblende from the sill previously yielded a K-Ar date of

48.5 ± 4.5 Ma (1 ) (Harlan et al., 1988). Ar/ Ar analysis of the same mineral concentrate gives a somewhat

discordant age spectrum with a total gas age of 50.84 ± 0.14 Ma (1 ). The spectrum is somewhat U-shaped

with older ages released in the lower temperature steps, but yielding a fairly flat profile over ~90% of the

Ar released. The sample does not yield a plateau using the strict criteria of Fleck et al. (1977), but the

intermediate temperature steps, which give a reasonably flat release pattern, define the best estimate for

the age of the sample. These steps give a weighted mean age of 50.61 ± 0.14 Ma (2 ), which probably best

represents the emplacement age of the trachyte sill.

Five biotite mineral separates were dated from strongly alkaline intrusions, with compositions ranging

from mafic nepheline syenite to nepheline syenite. These intrusions include the sill (?) at Ibex Mountain,

just west of the subalkaline Big Timber stock; sills of the Robinson Anticline intrusive complex, previously

shown by paleomagnetic methods to have post-dated folding (Harlan et al., 1988); and the Comb Creek stock

(?) with an associated radial dike (Fig. 2). Previous K-Ar dates from the mineral concentrates obtained from

these intrusions gave ages ranging from 52.3 ± 2.0 (1 ) to 48.0 ± 1.9 Ma (1 ). The interpretation of the

Ar/ Ar results from these samples is reasonably straightforward. Although individual age spectra show

minor complications in low or high temperature steps, all samples yielded well-defined plateau-like segments

over ~90% of the Ar released in the step-heating experiments. The plateau dates are tightly grouped and

range from 50.22 to 50.03 Ma, with 2 errors ranging from ± 0.11 to 0.19 Ma. Because most of the samples

are from small hypabyssal intrusions that must have cooled very quickly, these dates represent the best

estimate of the emplacement age of these intrusions. These data indicate that strongly alkaline syenites

were emplaced during a short interval of time at ~50.10 Ma.

The Ar/ Ar dates presented here yield ages that are within the range of previously determined K-Ar

dates reported by Harlan et al. (1988), but are analytically much more precise. The Ar/ Ar hornblende and

biotite dates are somewhat older than the Rb-Sr mineral isochron reported by Dudas (1991) for the Comb

Creek stock, which yielded an age of 48.3 ± 1.25 Ma (error recalculated from Dudas (1991) assuming an Rb

decay constant of 1.42x10 and a 2% error in that value). Dudas (1991) noted that the mineral isochron

from the northern Crazy Mountains rocks essentially represents a two-point fit between clusters of low-Rb

minerals and Rb-rich biotite and that potential problems with modification of Rb/Sr of biotite due to

alteration or weathering could significantly affect the calculated age, resulting in an apparent age that

could be too young. However, this difference is not significant when uncertainties in errors for the decay

constants for the Rb-Sr and Ar/ Ar systems and uncertainties in the age of the neutron flux monitor

used in this study are fully propagated into the absolute errors for the isotopic dates. Similarly, a whole

rock isochron from a variety of the alkaline rocks of the northern Crazy Mountains yielded a somewhat

older apparent age of 51.4 ± 1.3 Ma (error calculated as above), but this age is also not statistically

distinguishable from the Ar/ Ar dates presented here when decay constant errors and flux monitor

uncertainties are considered. However, because of the potential complications in the Rb-Sr systematics and

the consistency of the of the Ar/ Ar dates from the syenites, the dates presented here are considered

to be the most reliable estimates of the age of the intrusion for this group of rocks.

The Ar/ Ar dates from the alkaline rocks of the northern Crazy Mountains are somewhat older than

biotite Ar/ Ar dates from the subalkaline Big Timber stock which give apparent ages of ~49.2 and 49.3

Ma (du Bray and Harlan, 1996). The older dates from the alkaline of the northern Crazy Mountains could be

interpreted to indicate that their emplacement predated intrusion of the subalkaline rocks exposed largely

in the southern Crazy Mountains. Such an interpretation would be problematic, however, because the biotite

dates from the Big Timber stock represent cooling ages through closure temperatures of ~350°C and thus

represent minimum ages for emplacement of the stock. Field relationships bearing on the relative ages of

the two distinct geochemical groups are rare and typically ambiguous (Simms, 1966; Dudas, 1991). Hence,

they cannot be used to distinguish the relative intrusive history between the two groups. The limited span

of Ar/ Ar ages between the subalkaline and alkaline rocks (ca. 50.6-49.2 Ma) indicates that the rocks of

these two distinctly different geochemical groups were closely linked in both time and space and may

indicate that the entire mass of intrusive rocks was emplaced in as little as 1 to 2 m.y. On a regional scale,

the 51-49 Ma age span is similar to the range of dates from most of the igneous centers of the Central

Montana alkalic province and is coeval with the peak of widespread volcanism in the Absaroka-Gallatin

volcanic field immediately to the south of the Crazy Mountains basin (Smedes and Protska, 1972; Harlan et

al., 1996; Feeley and Cosca, 2003) and the peak of magmatism of the Challis magmatic event (Armstrong,

1978). High precision Ar/ Ar dating of intrusive rocks elsewhere in the Central Montana Alkalic Province is

needed to further refine the timing, duration, and migration of magmatic activity in order to better

understand processes that gave rise to magmatism during the transition between subduction- and

extension-related tectonics during the evolution of the Cordilleran orogenic belt.
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CONCLUSIONS

Isotopic dating of mineral separates from the strongly alkaline
intrusive rocks from the Crazy Mountains yield well-defined age
spectra and represent substantial improvement in our
understanding of the intrusive history of this area. The new dates
indicate emplacement of a trachyte sill at 50.61 Ma and that mafic
and felsic nepheline syenites from five separate intrusions of
mafic and flesic nepheline syenites were emplaced during a short
period of time from 50.22 to 50.03 Ma. Because of the shallow
nature of these intrusions, these dates represent the age of
emplacement of the individual features. Overall, the geochronologic
data from the Crazy Mountains indicate that the intrusions from
the alkaline and subalkaline groups were emplaced at approximately
the same time and may have spanned an interval of time on the
order of 1 to 2 m.y.

ABSTRACT

Intrusive rocks in the Crazy Mountains, Montana, consist of
numerous stocks, dike swarms, laccoliths and/or sills of strongly
alkaline to subalkaline affinity that have intruded and
metamorphosed Tertiary sedimentary strata of the Crazy Mountains
Basin. The subalkaline rocks form stocks, sills, and radiating dikes
and are located mostly in the southern Crazy Mountains (Big Timber
stock, Loco Mountain stock). With the exception of the Ibex
Mountain sill (?), the alkaline rocks are restricted to the northern
Crazy Mountains. New Ar/ Ar dates are reported for alkaline
rocks of the northern Crazy Mountains from 50.61 Ma to 50.03 Ma,
but five dates from the strongly alkaline nepheline and mafic
nepheline syenites of the Ibex Mountain sill (?), Robinson anticline
intrusive complex, and the Comb Creek stock (?) and dike swarm give
tightly clustered dates suggesting that they were emplaced during a
restricted time interval at ~50.1 Ma. The dates from the alkaline
rocks of the northern Crazy Mountains are slightly older than those
from the subalkaline Big Timber stock in the southern Crazy
Mountains. However, the limited span of dates between the
subalkaline and alkaline rocks (i.e., 50.6 to 49.2 Ma) indicates that
the magmas represented by these different geochemical groups
were closely associated in both time and space. Furthermore, all the
rocks in the Crazy Mountains were emplaced in a narrow time
interval of 1 to 2 m.y. On a regional scale, the 51-49-Ma age span
from the Crazy Mountains is similar to that of most of the igneous
centers of the Central Montana alkalic province and is coeval with
the peak of widespread volcanism in the Absaroka-Gallatin volcanic
field immediately to the south of the Crazy Mountains Basin.
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Photographs of the Subalkaline Big Timber Stock

Subalkaline rocks are found mostly in the southern Crazy Mountains, where they form stocks, sills,
and dikes. The largest intrusion is the Big Timber stock (ca. 49 Ma), and its associated radial dike
swarm. The Big Timber sock intrudes Upper Cretaceous-Middle Paleocene strata of the Fort Union
Fromation near the approximate center of the basin. The photograph at left shows steeply dipping,
intermediate composition dikes that cut the contact metamorphic aureole of the Big Timber stock.
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Photographs of Robinson Anticline Intrusive Complex

Top: Aerial views of south plunging nose of Robinson anticline. Prominent light gray intrusion is a
trachyte sill that forms part of the east limb of the fold. Bottom left: Columnar-jointed mafic
nepheline syenite sill in south plunging nose of Robinson Anticline. Bottom Right: Mafic nepheline
syenite sills cutting Tertiary sedimentary rocks in the west flank of the anticline.
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Ibex Mountain sill (?)

50.10 ± 0.12 Ma
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