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U-Pb STUDIES OF ZIRCON CORES AND OVERGROWTHS, AND MONAZITE:
IMPLICATIONS FOR AGE AND PETROGENESIS OF THE NORTHEASTERN
IDAHO BATHOLITH!

M. E. BICKFORD, R. B. CHASE, B. K. NELSON,?> R. D. SHUSTER, AND E. C. ARRUDA?

Department of Geology, University of Kansas, Lawrence, Kansas 66045
Department of Geology, Western Michigan University, Kalamazoo, Michigan 49008

ABSTRACT

U-Pb isotopic studies of zircons, many containing xenocrystic cores with euhedral overgrowths, and
monazite from igneous rocks and metasedimentary inclusions of the northeastern Idaho batholith yield
linear arrays on concordia diagrams. We interpret these as mixing lines between an old component (cores)
and a young component (overgrowths and zircons without cores). The lower intercept of such arrays
with concordia may yield the minimum age of the rocks if the overgrowths and zircons without cores
are discordant, or the crystallization age if they are concordant. Monazites yield apparently concordant
ages either equal or less than the lower intercept zircon ages. The samples studied yield lower intercept
ages ranging from 73.5 + 6 m.y. (foliated quartz diorite) to 46.5 + 1 m.y. (feldspar megacryst granite);
ages obtained are consistent with crosscutting relations observed in the field. Upper intercepts yield
ages of 1700 to 2349 m.y. These are interpreted to indicate the mean age of xenocrystic zircon. Studies of
zircons from xenolith suites indicate that they could represent the source of the old zircon component.
The zircon and monazite results, the generally high initial 87 Sr/% Sr ratios of the igneous rocks, and the
isotopic composition of Pb in feldspar indicate that the magmas were derived anatectically from a conti-

nental crustal source or were extensively mixed with such old crust prior to or during emplacement.

INTRODUCTION

In an earlier paper (Chase et al. 1978)
we reported preliminary results from a study
of U-Pb systematics in zircons from rocks of
the northeastern Idaho batholith and Rb-Sr
systematics in these rocks and rocks of its
metamorphic aureole. In that paper we
presented evidence that the early phases of
emplacement of igneous material may have
begun about 82 m.y. ago and that the main
plutons of the batholith were emplaced
66 £ 10 m.y. ago. These results were ob-
tained by study of zircons which appeared
to include two components, one 2075
175m.y. old and another whose age we
believed to be the time of crystallization of
the magmas. The presence of the old zircon
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component, and the high values of the
initial &’ Sr/86 Sr ratio in rocks we and others
have studied from this region, suggested that
older continental crust was significantly
involved in the formation of these magmas.
In this paper we will present the results of a
much more detailed study whose goals were
(1) to determine the age of emplacement of
granitic rocks from the northeastern Idaho
batholith and its border zone; (2) to identify
the source of the “old” zircon component
and to determine its age if possible; and (3)
to consider the implications of these data
for the source and subsequent evolution of
batholith magmas.

Previous isotopic studies of rocks from
the northern part of the Idaho batholith
have included those of Reid et al. (1970,
1973), of Grauert and Hoffman (1973),
and of Armstrong (1975a, 1975b, 1976,
1978) and Armstrong et al. (1977). Grauert
and Hoffman were the first workers to
recognize the presence of an old zircon
component in their studies. Armstrong and
his co-workers have provided and tabulated
a wealth of K-Ar age data (most indicating
ages of about 40—45m.y.) and initial 37 Sr/
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86Gr values (most from within the Idaho
batholith proper are greater than .708).

GEOLOGIC SETTING OF THE
NORTHEASTERN IDAHO BATHOLITH

The Idaho batholith (fig. 1) is a com-
posite group of plutons emplaced to the
east of an inferred subduction zone (Hamilton
1969, fig. 4; 1976; Talbot and Hyndman
1975), north to northwest of the Sevier
orogenic belt (Armstrong 1968, fig. 4),
southwest of the Montana disturbed belt
(Mudge 1970, fig. 1), and south of the
Kootenay arc mobile belt in Canada
(Harrison et al. 1974, p. 7). Igneous rocks
in the northeastern sector of the batholith
(fig. 2) have intruded quartzofeldspathic
gneiss, pelitic schist, and calcsilicate gneiss
which have been subjected to conditions of
upper amphibolite-grade metamorphism and
multiphase deformation, and remetamor-
phosed wunder lower-pressure conditions
(Chase 1973, 1977; Nold 1974; Cheney
1975; Wehrenberg 1972).

The host rocks were penetratively de-
formed at least twice prior to batholitic
intrusion. The earliest intrusive phase was
quartz diorite on the periphery of the
igneous complex, which was deformed and
metamorphosed along with the host rocks
prior to more voluminous intrusion of the
main plutonic complex (Chase 1973). The
main portion of the batholith contains many
plutons whose contact locations are not
known in detail. There are two principal
granitic types, an earlier medium-grained
granite and a later porphyritic gray granite
distinguished by large potassium feldspar
megacrysts. The emplacement sequence of
these three plutonic types can be dis-
tinguished in the field by cross-cutting and
xenolith distribution relationships.

The contact between batholith rocks and
their metamorphic sheath is characterized
by a wide zone of granitic sills and isolated
blocks of country rock. Xenoliths are very
abundant near the contact and decrease
southwestward into the batholith over a
zone that is about 2 km wide. Inclusions of
quartzofeldspathic gneiss, pelitic schist, and
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calcsilicate gneiss are readily identified as
fragments of the invaded country rocks.
Other inclusions that are less abundant
consist of biotite-rich schist and amphi-
bolite. Amphibolite occurs in the country
rocks as isolated boudins, but biotite schist
is not common and may be present as exotic
blocks from a greater depth than is repre-
sented by present exposures. Xenoliths of
quartzofeldspathic gneiss and pelitic schist
can be observed in various stages of digestion
within igneous rocks, the extent of digestion
commonly increasing into the batholith
until only wisps of aligned mafic minerals
and faint hints of lithologic layering indicate
the position of an inclusion. Calc-silicate
gneiss is evidently far less reactive, for such
xenoliths typically show sharply angular
borders and little evidence of incorporation
into the magmatic rocks.

The northeastern Idaho batholith and its
metamorphic envelope has been regionally
uplifted to form a gneiss dome (Chase 1977;
Chase and Talbot 1973). A zone of cata-
clasis has developed along the eastern
margin of, and locally within, this dome
which is up to 850 meters or more thick.
Isolated parts of the dome have been
affected by faulting, with mylonitization,
retrograde metamorphism, and intrusion of
felsic dikes in the fault zone. The large
number of Eocene or younger K-Ar and
Rb-Sr (biotite) and fission track (apatite) ages
may be related to the thermal (Armstrong
et al. 1977), hydrothermal (Criss and Taylor
1978), or uplift (Ferguson 1975) events
associated with the doming, or some com-
bination of these (Chase et al. 1978). Ero-
sion to the present level has exposed the
inner sector of the dome and the lower part
of the batholith as well as the zone of
cataclasis.

ISOTOPIC STUDIES OF ZIRCON
AND MONAZITE

Rocks Sampled. — In accordance with the
goals of this study, we sampled quartz diorite
orthogneiss (sample A-33), medium-grained
granite (sample IG-39), and granite with
feldspar megacrysts (sample 1G-38) in order
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Fig. 1. — Tectonic setting of Idaho batholith. Sapphire block indicated by stippled pattern. Dash
patterns indicate regions dominated by plutons. Zone of cataclasis is along western edge of Sapphire
block.

to determine the age or ages of intrusive
events. Additionally, we have studied
samples of sheared granitic rocks (samples
79A15, 79A17, and 79A18) from within
the zone of cataclasis in an attempt to place
constraints upon the time of regional uplift.

We have studied a suite of inclusions (samples
IGI-17, 19, 23, 28, and 35) collected from
the contact zone inward into the batholith
and ranging from only slightly to extensively
reacted with the enclosing magmatic rocks,
in order to see whether these rocks are the
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Tertiary and

Quaternary sediments

Rhyolite masses

H [D Lolo Hot Springs
] batholith (epizonal)

Outlying plutons related to
main ldaho batholith
(mesozonal to katazonal)

Main Idaho batholith
Orthogneiss

[ ] Anorthosite (metamorphosed)
= Calc-silicate gneiss; known
Wallace Fm. in vicinity of thrusts

Quartzite and quartzofeldspathic
gneiss; Ravalli Group near thrusts

(] Pelitic schist

—

Ranad
Thrust fault  High-angle fault

3

-~
>v2, Zone of Local mylonite
.., cataclasis  zone showing dip

Fig. 2. — Geologic map of northeastern border zone of Idaho batholith (enlargement of area outlined
in fig. 1) showing lotation of samples studied. Map is adapted from Chase et al. (1978).

source of the old zircon component. Finally,
we have studied a sample of granite (IG-
11A), from a locality at least 20km to the
west of the contact, that enclosed a large
inclusion of biotite schist (IGI-11B) to
examine the contribution of such exotic
inclusions to the old zircon component. The
petrography of these samples is summarized
in table 1, and the locality from which each
was collected is shown on figure 2.

Nature of the Zircons and Monazite. — All
of the samples we studied yielded abundant
zircons and monazite. Under the binocular
microscope the zircons are very clear. Those
from the igneous rocks are mostly elongate
and needle-shaped, with length-to-breadth

ratios of about 4 or 5. Zircons from the
inclusions are also clear but are more
variable in shape; those from the least
digested inclusions (e.g. IGI-35) are some-
what rounded whereas those from the most
completely digested inclusions (e.g., IGI-19)
consist of numerous elongate, euhedral
forms and a smaller proportion of rounded
zircons. Monazite is a distinctive lemon-
color, occurring mostly as anhedral grains.
It is easily separated from zircon because of
its higher magnetic susceptibility.

We also studied the zircon and monazite
separates at high magnifications with a
petrographic microscope. Viewed in oil
immersion mounts under plane polarized
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Fig. 3. — Zircons from medium-grained granite (IG-39) showing altered cores and clear overgrowths.

Plane light, 80X.

light, the zircon separates from all of our
samples can be seen to contain many grains
that have rounded to sub-rounded cores
surrounded by euhedral overgrowths.
Commonly the cores appear to be more
altered or to have more tiny inclusions
than the overgrowths (fig. 3), but this is not
uniformly the case; some of the cores are
quite clear. They are easily visible, how-
ever, because a strong Becke line forms at
the boundary between the cores and the
overgrowths.

Zircon separates from the least-digested
inclusions consist almost entirely of rather
rounded zircons with cores and overgrowths
(fig. 4), but in the more completely digested
inclusions the zircons include numerous
elongate, euhedral zircons without cores as
well as many that are more rounded and
have cores (fig. 5). The igneous rocks
contain far fewer zircons with cores and
overgrowths than do the inclusions, but such

zircons have been observed in every grain
mount we have made from these rocks
(fig. 6). In general, zircons from the igneous
rocks, including those with cores, are more
elongate and euhedral than those from the
inclusions. Qualitatively, in both the inclu-
sions and the igneous rocks, smaller zircons
(i.e., those in the — 200 mesh fraction)
are more elongate and contain fewer grains
with cores than the zircons in the coarser
size fractions. All of these observations
suggest that the cores were present in the
metasedimentary inclusions, either as meta-
morphic zircons or as detrital zircons that
were present in the sedimentary precursors
of these rocks. The overgrowths presumably
formed in response to a metamorphic
episode whose relationship to the igneous
activity is discussed below. The cores in the
igneous rocks are presumably xenocrysts,
acquired either from the source material
of the melts or from contamination of the
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Fig. 4. — Rounded zircons with abundant cores from relatively undigested inclusion (IGI-28). Plane
light, 80X.

Fig. §. — Zircons from more extensively digested inclusion (IGI-19) showing rounded forms commonly
with cores and elongate forms commonly without cores. Plane light, 80X.
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Fig. 6. — Zircons from feldspar-megacryst granite (IG-38) showing rounded core with euhedral over-

growth. Plane light, 400X.

magmas with country rocks. The over-
growths on these cores were evidently
formed, along with most of the zircon that
does not have cores, at the time of crystal-
lization of the magmas. The question of the
origin of the-xenocrystic zircon cores in the
igneous rocks has major implications for
petrogenesis, and is discussed in detail
following presentation of the isotopic data.
Analytical Results. — In thisstudy we have
determined concentrations and isotopic
abundances of Pb and U from zircons and
monazites by standard methods of mass
spectrometry. The samples were dissolved
in sealed teflon vessels and U and Pb
separated according to the methods des-
cribed by Krogh (1973). Mass spectrometry
was done on an automated 9 inch radius
instrument with on-line data reduction.
Analyses of the NBS radiogenic Pb standard
SRM 983 during the period of these analyses
yielded the following values: 2°7 Pb/2% Pp =

.071209 +.000036; 22 Pb/? Pb = .013670 +
.000032; and 2% Pb/*°6Pb = .0003672 *
.0000065; errors are given at 10. During the
same period analytical blanks were < 5.0ng
for total Pb. The natural constants used were
as follows: AZ®U=1.55125x 10" /yr.,
AB5U=9.8485x 10"%/yr,, and atomic
ratio 28U/?* U = 137.88. Analytical data
are given in table 2.

Arrays of analytical data were interpreted
by fitting lines to the data points using the
least-squares-cubic method of York (1966)
and then solving for the intercepts of the
line thus determined with the concordia
curve. The program used yields the slope and
intercept of the best fit line and the un-
certainties in these parameters at one stan-
dard deviation. Use of these uncertainties
in the solution for the intercepts thus yields
a maximum and minimum value, and these
were taken as the error in the age deter-
mined at one standard deviation. As will be
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seen, the lower intercept of the data arrays
with concordia are as important in the inter-
pretation of our results as the upper inter-
cept, and this value was also determined.

It is also important to comment upon the
methods we used to make common Pb
corrections to the Pb-isotope data measured.
As noted above, many of the zircons have
rounded cores with sharply euhedral over-
growths. The data presented below shows
that the zircon populations must consist
of an old component, presumably the cores,
and a young component, the overgrowths.
Since we analyzed the zircons as mixtures
of cores and overgrowths, it was not possible
to determine whether the common Pb that
was measured in the analyses came from the
cores, the overgrowths, or both. We measured
the isotopic composition of Pb in potassium
feldspar from sample IG-38 (feldspar mega-
cryst granite) carefully by doing a step-wise
HF attack and measuring both the isotopic
composition of Pb and the concentration of
Pb and U for each step (Ludwig and Silver
1977 give an interesting account of the
necessity for studying feldspars in this way).
The data from this analysis are given in
table 3 and show that the Pb is of essentially
uniform composition throughout all of the
dissolution steps, and that U concentrations
are so small that no correction for in situ
decay is required. We have used the com-
position of Pb determined in Step 6 of this
analysis to make common Pb corrections on
the assumption that it is representative of
Pb that was in the magmas at the time of
crystallization of overgrowths and zircons
which have no cores. However, since we do
not know how common Pb is distributed
between cores and overgrowths, we also
reduced the isotopic data on the assumption
that all of the common Pb was in the cores.
For this reduction, we used the isotopic
composition of Pb according to the two
stage growth model of Stacey and Kramers
(1975), using 1750 m.y. as the mean age of
the cores, except for sample 79A15 for
which we used 2350m.y. The results of
reducing the data with these two different
common Pb corrections are given in table 2.
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In figures 7 through 10 and 13 through 15
the first age given is that resulting from
reducing the data with the common Pb
abundances measured from the feldspar;
following in parenthesis is the age resulting
from reduction with Stacey and Kramers
model Pb. In the following text, however,
we give only the age resulting from the feld-
spar Pb reduction, for in no case did the age
resulting from the other reduction differ
from this by an amount greater than the
quoted uncertainties.

Foliated Quartz Diorite Orthogneiss. —
The results of analysis of four zircon frac-
tions and a monazite sample from quartz
diorite orthogneiss are shown in fig. 7. Prior
to analysis we separated the zircons into
three fractions on the basis of size and we
also obtained a fourth fraction, labeled
“round,” by hand picking those zircons
which appeared to be the most stubby or
rounded under a binocular microscope.
The data points form a reasonably linear
array, but not so linear as those from the
other samples studied. The monazite sample
yields a result that plots on concordia within
analytical uncertainties, yielding a 206Pb/
38U age of 54.5* 1 m.y. and a 2°’Pb/®5U
age of 58.7 = 1 m.y. If one fits a line to the
monazite point and all of the zircon data
points, the result is a lower intercept of
53.6+3m.y. and an upper intercept of
1608 £ m.y. If a best-fit line is determined
by the zircon data points alone, the result
is a lower intercept of 73.5 £ 6 m.y. and an
upper intercept of 1727 £ 40 m.y. Note that
the smallest zircons (—200 mesh) plot
closest to the lower intercept whereas the
“round” zircons, which are generally among
the larger grains in the population, plot
farthest from the lower intercept. In this
array, there is little separation between the
two intermediate size fractions (— 100 +
400 mesh and — 140 + 200 mesh).

Medium-Grained Granite and Feldspar-
Megacryst Granite. — Figure 8 shows the
results of analysis of monazite and zircon
fractions from both the medium-grained
granite (Sample IG-39) and the feldspar
megacryst granite (Sample IG-38). As with
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Fig. 7. — Concordia plot for zircons and monazite from foliated quartz diorite orthogneiss (A-33).
Ages from regression of data reduced with common Pb abundances determined from K-feldspar; ages in
parentheses determined from data reduced with model common Pb.
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Fig. 8. — Concordia plot for zircons and monazite from medium-grained granite (IG-39) and feldspar-
megacryst granite (IG-38). Ages from regression of data reduced with common Pb abundances deter-
mined from K-feldspar; ages in parentheses determined from data reduced with model common Pb.

the quartz diorite orthogneiss sample, we
separated the zircons into size fractions
prior to analysis, but we were unable to
identify zircons in these rocks that were
significantly ‘“‘round” relative to the general
zircon population.

Monazite from IG-39 is essentially
concordant, yielding a 206Pb/238U age of
478+t 1m.y. and a 207Pb/235U age of
504 *1m.y. A best-fit line through the
zircon data points alone yields a lower
intercept of 55 = 3 m.y. and an upper inter-
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Fig. 9. — Concordia plot for zircons from
sheared hornblende quartz monzonite (79A15).
Ages from regression of data reduced with
common Pb abundances determined from K-
feldspar; ages in parentheses determined from data
reduced with model common Pb.

cept of 1718+ 33 m.y. If the monazite
point is included in the array, the lower
intercept is 47.7 £ 1.5m.y. and the upper
intercept is 1668 £ 40 m.y.

Monazite from IG-38 is also essentially
concordant, yielding -a 206 Pb/238U age of
47.5% 1 m.y. and a °"Pb/?* U age of 50.5 +
1 m.y. The two zircon fractions from this
sample do not yield the spread of values that
the other samples do, but it is clear that they
are displaced from the lower intercept along

4417

a line that is below that determined by the
IG-39 zircons. A line fit to the two zircon
points and the monazite yields a lower inter-
cept of 46.5 * 1 m.y. and an upper intercept
of 2013 £ 65 m.y.

Granite Rocks from the Zone of Cata-
clasis. — We studied suites of zircons from
three samples from the zone of cataclasis
on the eastern margin of the Idaho batholith.
The results reviewed here are discussed in
the companion paper by Chase et al. (in
prep.). Sample 79A15 is from an intensely
sheared, porphyritic, hornblende quartz
monzonite. Analysis of data from a zircon
suite from this sample yielded a lower inter-
cept of 49.3* 4m.y. and an upper inter-
cept of 2340 % 30m.y. (fig. 9). Sample
79A17 is from a moderately sheared,
medium-grained, biotite granodiorite. Its
zircon suite yields a lower intercept of
477+ 1.0m.y. and an upper intercept of
1772 £ 11 m.y. (fig. 10). Sample 79A18
is from an intensely sheared leucogranite
pegmatite. We separated four zircon size
fractions from this rock, but all of them are
essentially concordant, yielding 2% Pb/28U
ages ranging from 52 to 53 m.y. and 207Pb/
235U ages ranging from 53 to 55m.y.

Inclusion Suite. — The inclusions studied

0.070  79p17
400
0.06 -
350
0.05 300
Pb205 0.04F 50 177211 m.y. (175127 m.y.)
uze Z100+140
0.03f 20
150
0.02+ £
100 140+200
L Bulk
0.01 o
47.7+1 m.y. 47.6x1.6 m.y.)
0.00 L ] | 1 I \ ) L ] I
00 01 02 03 04 05 06 07 08 09 LO
Pb207/U235

Fig. 10. — Concordia plot for zircons from sheared biotite granodiorite (79A17). Ages from regression
of data reduced with common Pb abundances determined from K-feldspar; ages in parentheses determined
from data reduced with model common Pb.
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Fig. 11. — Field photograph of extensively digested inclusion of quartzofeldspathic gneiss (IGI-17).

were all collected within the contact zone
of the batholith with its carapace of high-
grade metamorphic rocks. Our purpose in
making this collection was to test whether
the inclusions might represent the source of
the “old” zircon component. We took
inclusions of the invaded country rocks that
were in various stages of reaction and diges-
tion with the magmas of the batholith at
the time that crystallization of the melts
was complete. We anticipated that such a
suite of inclusions might have varying
proportions of an ‘““old” zircon population
and “new” overgrowths that would result
in a range of values on a concordia plot. The
inclusions collected are all' quartzofelds-
pathic gneiss; they range in degree of diges-
tion from sample IGI-17 (fig. 11) which is
extensively reacted and appears in the field
as a “ghost” inclusion still showing banding
and foliation of mafic constituents but with
a quartzo-feldspathic matrix scarcely dis-
tinguishable from the enclosing granite, to
samples IGI-28 and IGI-35 (fig. 12), quartzo-
feldspathic gneiss fragments that are scarcely
reacted with the enclosing granite and still
preserve most of their structure and texture.

Samples IGI-19 and IGI-23 have field char-
acteristics indicating intermediate degrees of
reaction with magma.

For samples IGI-17, IGI-19, and IGI-28
we sized the zircon separates into — 100 +
200 and — 200 + 400 mesh fractions for
analysis, but the zircons from the other
inclusions were analyzed as the bulk popu-
lation. The data are presented in fig. 13. It
can be seen that the data points are not
colinear. A chord fitted to the complete
array yields a lower intercept of 62.3 4.6
m.y. and an upper intercept of 1700 £ 37
m.y. If sample IGI-35 and IGI-35B are
excluded from the least-squares analysis,
the result is a lower intercept of 57.4 £ 3.5
m.y. and an upper intercept of 1629 + 32
m.y. If samples IGI-28 (two size fractions)
and IGI-28B are excluded, the lower inter-
cept is 67 £ 5.5 m.y. and the upper intercept
is 1771 £ 54 m.y. It is apparent that zircons
from sample IGI-35, one of the least
digested inclusions, plot reasonably close to
the upper concordia intercept, suggesting
that they have a large proportion of the
“old” component, whereas zircons from
IGI-17, one of the most extensively digested
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Fig. 12. — Field photograph of inclusion of quartzofeldspathic gneiss that has undergone little diges-
tion (IGI-28).
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Fig. 13. — Concordia plot for zircons from inclusion suite. Ages from regression of data reduced with

common Pb abundances determined from K-feldspar; ages in parentheses determined from data reduced
with model common Pb.
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Fig. 15. — Concordia plot for zircons and monazite from inclusion at Bear Pass locality (IGI-11B).
Ages determined from regression of data reduced with common Pb abundances determined from K-
feldspar; ages in parentheses determined from data reduced with model common Pb.
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Fig. 16. — Concordia plot for zircons and monazite from granite at Bear Pass locality (IG-11A). Ages
determined from regression of data reduced with common Pb abundances determined from K-feldspar;
ages in parentheses determined from data reduced with model common Pb.

inclusions, plot very near the lower inter-
cept, indicating a large proportion of the
“new” component.

Granite-Inclusion Pair. — Sample IGI-11B
was taken from an inclusion of biotite schist
at Bear Pass (fig. 2). The inclusion, approxi-
mately 100m? in outcrop area (fig. 14)
consists of both unreacted biotite schist and
biotite schist that reacted with the enclosing
granite magma. Taken alone, the zircon
array from this inclusion yields a lower inter-
cept of 65.2 £ 3m.y. and an upper intercept
of 1813 £ 9m.y. If the data from the mona-
zite analysis are included, the lower inter-
cept in 55.4 = 1.5 m.y. and the upper inter-
cept is 1787 £ 9 m.y. (fig. 15). The monazite
analysis clearly dominates the lower intercept
age.

The granite which encloses this inclusion
is represented by sample IG-11A. The zircon
array, taken alone, yields a lower intercept
of 50.9 £ 8.0m.y., and an upper intercept
of 1778 * 65 m.y. If the monazite analysis
is included the lower intercept is 57.3 %
2.0m.y. and the upper intercept is 1911 £
80 m.y. (fig. 16).

DISCUSSION

Interpretation of Isotopic Data from
Zircons and Monazite. — Our interpretation

of the isotopic data from zircons and mona-
zite is strongly influenced by our micro-
scopic observation of rounded cores with
clear, euhedral overgrowths in many of the
zircons from both inclusions and igneous
rocks. The isotopic data could be inter-
preted as indicating that the zircons from
rocks of the Idaho batholith are of Pre-
cambrian age (about 1700 to 2300 m.y. old)
but strongly discordant due to episodic or
continuous Pb loss. This interpretation is
clearly not consistent with the regional
geologic relationships, which indicate
emplacement of the Bitterroot lobe of the
Idaho batholith in Late Cretaceous or Early
Tertiary time. Thus we interpret the linear
arrays of data points on concordia diagrams
as mixing lines between two components in
the zircon populations: an older component,
presumably the rounded cores, and a
younger component, presumably the
euhedral overgrowths and the zircons with-
out cores. Major questions in this inter-
pretation are (1) whether the lower inter-
cepts represent ages of crystallization, and
(2) whether the upper intercepts represent
the true age of the contaminating older
zircons.

Lower Intercept Ages. — The meaning of
the lower intercepts is particularly critical
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Fig. 17. — Hypothetical diagram to show effect of mixing discordant zircons, zircon overgrowths, and

monazite with older cores.

for the geochronological aspect of our
studies. The simplest interpretation is that
the linear arrays are mixing lines between
the age of the older component and the age
of the younger component; in this case the
lower intercept with concordia is the age of
the young component. However, it is
possible that the overgrowths and zircons
without cores, although relatively young,
are themselves discordant. Thus, as illus-
trated in figure 17, the lower end of the
mixing line may be only the mean value of
the Pb/U ratios for a population of discor-
dant zircons which are actually older than
the age indicated by the lower intercept.

We believe that our results for monazite
are significant in the interpretation of the
lower intercepts of the zircon arrays. Several
recent authors have found that monazites
yield concordant U-Pb ages (e.g., Aftalion
and van Breemen 1980). Koéppel and
Griinenfelder (1975) argue that monazite
ages generally indicate the peak of am-
phibolite facies metamorphism, whereas
Purdy and Jédger (1976) believe that mona-
zites have a maximum blocking temperature
of 530°C.

In our study, the data from monazite
plots on the concordia curve within analyti-
cal uncertainties. For sample 1G-38, the

youngest sample in terms of its field cross-
cutting relationships and its zircon and
monazite data, the monazite appears to plot
at the zircon lower intercept (fig. 8). For
sample IG-11A (fig. 16), the uncertainty in
the zircon lower intercept age makes it
indistinguishable from the monazite age. For
all other samples for which we have mona-
zite data (A-33, fig. 7; IG-39, fig. 8;IGI-11B,
fig. 15) the monazite data indicate an age
that is younger than the zircon lower inter-
cept age, but none of the monazite ages is
younger than the youngest zircon lower
intercept age, i.e. the 46.5 £ 1 m.y. age of
sample 1G-38.

These results may be interpreted to mean
that (1) the zircon arrays have preserved the
crystallization ages of the rocks in the lower
intercepts of the mixing lines, but that
monazites are readily reset by younger
thermal events, or (2) all of the rocks are
older than any of the zircon lower inter-
cept ages or the monazite ages, and that
zircon overgrowths, zircons without cores,
and monazites are all discordant (see fig.
17). In the latter case (interpretation 2)
the monazite samples that yielded ages
equal to the lower intercepts of the zircon
arrays have behaved discordantly in bulk
in the same manner as the young component
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of the zircons, whereas those monazites that
yielded younger ages than the lower inter-
cepts of the zircon arrays are, in bulk, more
discordant than the young component of
the zircons.

Each of these interpretations of the data
has some merit. The fact that the quartz
diorite orthogneiss bodies are strongly
foliated clearly indicates that they have
a history not shared by the non-foliated
granites. Thus, a crystallization age of
about 73m.y. (fig. 7) for our sample of
quartz diorite orthgneiss is reasonable rela-
tive to ages of 46 to 56 m.y. for the non-
foliated granites; monazite from this sample
was presumably reset during intrusion of
younger igneous rocks. The large inclusion
at Bear Pass (IGI-11B; figs. 14 and 15)
may have had a metamorphic history
sufficiently intense to form overgrowths on
old zircons, and perhaps nucleate new ones,
65 m.y. ago (before its incorporation in the
granite). Its monazite, however, could have
been reset about 55 m.y. ago during incor-
poration in granitic magma; the age of the
monazite is the same as the enclosing granite
(IG-11A, fig. 16) within analytical uncertain-
ties. The monazite age of the medium-
grained granite IG-39 (fig. 8) is consistent
with its being reset by the intrusion of the
feldspar megacryst granite I1G-38 (fig. 8),
a relation borne out by field observation.

The second interpretation, however, may
also be related to some aspects of the geo-
logical history of the Idaho batholith. K-Ar
and Rb-Sr ages of micas, and fission-track
ages of apatite, record a thermal event that
occurred 40—-45m.y. ago over a broad
region of the batholith (Chase et al. 1978;
Armstrong 1974, 1975, 1976; Ferguson
1975). The nature of this event isnot known,
but it has been suggested that it was assoc-
iated with the last uplift of the batholith
(Chase et al. 1978) or that it was associated
with the Eocene-Oligocene Challis volcanic
event (Armstrong 1974). In any case, it
seems possible that this event caused Pb-loss
in zircons and in monazite, as shown
diagramatically in figure 17. If this is the
case, the monazites are not really concord-
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ant, but lie on discordia lines between the
true age of the rocks (perhaps about 75 m.y.)
and the 40 m.y. event; analytical uncertain-
ties preclude distinguishing between truly
concordant monazite ages and data points
lying on such a discordia in the age range
considered. The overgrowths on zircon
cores, and zircons without cores, affected
during this event would also lie on the
discordia line, but the analytical points
would be displaced on mixing lines towards
the mean age of the cores. If this is the case,
the lower intercept ages of zircon arrays and
the monazite ages reported here may be
interpreted only as the minimum ages of
the rocks, and the true age of the Idaho
batholith may never be known.

Our analytical data do not permit us to
distinguish between the two interpretations
discussed above. We argue here, however,
that the first interpretation is more plausible
and more in accord with the geological facts.
First, the lower intercept ages of the rocks
studied are completely consistent with their
geologically observed relative ages. Thus, the
quartz diorite orthogneiss is the oldest rock,
having crystallized about 73 m.y. ago, the
material in the Bear Pass xenolith underwent
thermal metamorphism about 65 m.y. ago,
the medium-grained granites were emplaced
about 55 m.y. ago, and finally, the feldspar
megacryst granite and the granites from the
zone of cataclasis were emplaced between 49
and 46 m.y. ago.

If the ages indicated by the lower inter-
cepts of the zircon arrays are not crystal-
lization ages, it seems remarkable that the
relative ages of the rocks, as indicated by
field criteria, are preserved. The interpret-
ation that all of the lower intercept U-Pb
ages are minimum ages only, and are the
result of mixing old cores with the mean
value of discordant overgrowths and zircons
without cores, requires that the monazite
samples behave in such a manner that their
mean discordance be either the same as the
young zircon component, or that they be
more discordant. Although we cannot prove
that this was not the case, we believe that it
is unlikely considering the differences in
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chemical composition and crystal structure
between zircon and monazite.

Upper Intercept Ages. — Upper intercept
ages for zircon arrays alone range from a
low of 1704 (IG-39; fig. 8) to 2340 m.y.
(79A15; fig. 9). It seems clear that the
xenocrystic zircons present as the observed
cores were derived either from the source
region of the magmas or from extensively
admixed crustal material. These are import-
ant considerations, and will be treated
below. In either case, however, the xeno-
crystic zircons may have come from older
metasedimentary rocks or from older
igneous rocks of greatly varying age. Thus,
the upper intercept ages must be taken as
the apparent mean age of the incorporated
older zircons.

We studied the zircon populations of the
inclusion suite from the contact zone to
test the hypothesis that these inclusions
represent the source of the contaminating
zircons, either as representatives of con-
taminating material or as representatives of
the source region of the magmas. The data
presented in figure 13 indicates that the
older component of the zircons in the
inclusions does have about the same mean
age, 1700 £ 37 m.y., as that in many of the
granitic rocks. Thus, it seems likely that the
inclusions do represent the source of the
contaminating zircons. The fact that the
zircons from the inclusion suite do not yield
a colinear array, and that the upper intercept
ages of the several zircon populations
studied are variable, suggests that the old
component is diverse in age, as might be
expected in old metasedimentary rocks.
The inclusion from Bear Pass (IGI-11B,
figs. 14 and 15) was studied specifically to
determine whether it might represent
exotic material, perhaps derived from greater
depths. Whatever its origin, its zircon array
is strongly similar to that of the inclusion
suite collected in the contact zone.

Other than the Bear Pass inclusion, the
inclusions studied are identifiably derived
from the high-grade metamorphic country
rocks into which the igneous rocks of the
Idaho batholith are intruded. These rocks

BICKFORD, CHASE, NELSON, SHUSTER, AND ARRUDA

are thought to be metamorphosed equiv-
alents of the Proterozoic Belt Supergroup or
possibly part of a pre-Belt terrane. The data
given here only specify the mean age of the
source regions of these metamsedimentary
rocks, and thus do not indicate any specific
source rock. It is of interest that the mean
age of the old zircon component for so
many of the granite samples and for the
inclusion suite is about 1750m.y. Rocks
with radiometric ages ranging from 1,600
m.y. (Giletti 1966) to 2,750 m.y. (James and
Hedge 1980) have been reported from the
interiors of several nearby mountain ranges
in Montana to the southeast of the region
sampled for this study. Armstrong (1975)
discussed the presence of 1500m.y. old
rocks in the Salmon River Arch which
separates the Idaho batholith into its Bitter-
root lobe and Atlanta lobe. It is possible that
the approximately 1750 m.y. and 2350 m.y.
upper intercept ages determined here result
from mixtures of zircons from Archean
rocks and those from younger Proterozoic
rocks. The period 1700 to 1750 m.y. ago
was, however, a time of extensive rock
formation in other Proterozoic terranes,
such as the northern Front Range in Colorado
(Peterman and Hedge 1968; Stern and others
1977), central Wisconsin (Van Schmus
1978), and the Needle Mountains of south-
western Colorado (Bickford et al. 1969;
Silver and Barker 1968). There may be rocks
of this age within the crust in the vicinity
of the Idaho batholith.

Petrogenetic Implications. — The presence
of old, xenocrystic zircons in all of the
igneous rocks we have studied strongly
indicates that the magmas which formed
them were derived by partial melting of an
older continental crust or that magmas
derived elsewhere were extensively con-
taminated with continental crustal material.
The petrographic data available support this
contention (Chase 1973). In the former case,
the old zircon component is a refractory
residue from melting, whereas in the latter
it was derived during extensive incorporation
of crustal material into magmas that may
have been formed in the lower crust or in
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the mantle. It is interesting that the experi-
mental studies of Watson (1979) have shown
that the solubility of Zr in granitic melts is
strongly influenced by (Na, O + K, O)/Al, O3
such that in peraluminous melts Zr solu-
bility is low, and less than 100 ppm Zr is
necessary for zircon saturation. Thus the
chemistry of the magmas may account for
the presence of xenocrystic zircon in these
rocks. In about eight years of working with
zircons from subalkaline to peralkaline rocks
in which Zr is theoretically more soluble
in the magmatic phase, the senior author has
never observed xenocrystic zircon.

The conclusion that the magmas that
crystallized to form the igneous rocks of the
northeastern border zone of the Idaho
batholith were derived anatectically, or were
extensively contaminated with older conti-
nental crust, is borne out by the published
Sr isotope data (Chase et al. 1978; Armstrong
et al. 1978) and our very preliminary Sr and
common Pb isotope data. All of the igneous
rocks we have studied have initial 7 Sr/% Sr
ratios greater than .7076, and most have
ratios greater than .7100. The isotopic
composition of common Pb in the potassium
feldspar sample studied (table 3; from
sample IG-38, which has the lowest initial
875r/%Sr of any sample we have yet
studied), is not consistent with 55 m.y. old
mantle Pb, as calculated on the model of
Stacey and Kramers (1975). Rather, it is
closer to the composition of approximately
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300m.y. Pb on the Stacey and Kramers
model. These relationships strongly suggest
that initial Sr and Pb isotopic compositions
in the igneous rocks were the result of
mixing of magmas whose Sr and Pb had
more primitive isotopic compositions with
older country rocks containing more radio-
genic Sr and Pb. These suggestions will be
tested in our future work through study of
major and trace elements abundances in the
igneous rocks, the country rocks, and the
inclusions.
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TABLE 3
Results of Stepwise HF Dissolution and Pb Isotopic Analysis of IG-38 K-feldspar
Step Total Pb2 Total U2 208 py 204 PbP 207 ppy 204 Pbb 206 py /204 Pbb
HNO, Leach 34.75 2.275 38.14 15.61 18.54
b 23.63 085 38.22 15.58 18.19
2 30.10 .078 38.17 15.57 18.16
3 33.68 153 38.21 15.57 18.18
4 31.86 130 38.21 15.58 18.18
5 30.36 .003 38.11 15.55 18.15
6 25.61 .063 38.14 15.53 18.12

a Concentrations, ppm.
b Isotopic abundances * .2% or better.
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