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ABSTRACT

6180 and 8D measurements provide powerful tools for the study of
igneous rock petrogenesis. Among the noteworthy contributions of such
studies have been the demonstration that massive quantities of hydrothermal
fluids have interacted with considerable portions of the earth's upper crust,
that the majority of such fluids are derived from ordinéry meteoric surface
waters, and that similar fluids appear to be involved in the formation of
many ore deposits. This thesis presents the results of a combined 6180,
8D, K-Ar and petrographic study, whose principal goal was to elucidate the
characteristics and thermal history of a series of hydrothermal systems
developed within the Idaho batholith during the Eocene, about 40-45 m.y. ago.

The hydrothermal activity of concern is related to a period of intense
magmatism and tectonism in Idaho termed the Eocene event. This period was
characterized by intrusion of epizonal granite batholiths, formation of
the cogenetic Challis volcanic field, block faulting, ring faulting, and
ore deposition. The effects are very widespread but are most conspicuous
in the east-central portion of the southern half (Atlanta lobe) of the
Idaho batholith, the region which was studied in most detail.

The effects of the widespread hydrothermal activity are easily
monitored against the relatively uniform primary character of the Mesozoic
granitoids, which originally had whole-rock §180 values of 9.5tl1.5
and biotite 8D values of =-70%5 permil. The Eocene meteoric waters in
this region had §180 and 6D values of about -16 and =120 permil respect-
ively, and interaction and exchange of the rocks with deep circulating
fluids derived from these waters produced major heavy isotope depletions
in the rocks, such that the whole-rock 6180 and biotite 8D values became

as low as -4.5 and -176 permil. However, the rates of isotopic exchange of



various minerals with the fluid are not identical, and the new results prove
that feldspar exchanged 180 with the fluid at least four times as fast as
did coexisting quartz, and that biotite exchanged D with the fluid at a much
faster rate than did coexisting muscovite. These differential effects are
important because they allow the primary isotopic compositions to be deduced
from altered rocks, and have the still unproven potential of indicating
something of the temperature-time history of the hydrothermal interactions.

Widespread propylitization of the rocks occurred concurrently with
the 6180 and 6D exchange effects. The most commonly observed petro-
graphic changes are the development of chlorite and sericite, whose
quantities generally increase in crude proportion to the amount of 18¢
exchange. Such hydration effects are generally not conspicuous in
previously studied hydrothermal areas associated with gabbroic plutons,
which indicates that the hydrothermal interactions in Idaho occurred at
relatively low temperatures (generally <350°C, see below).

Systematic mapping of the §180 and D depletions of the rocks has
provided some startling new insight on the ancient hydrothermal systems
in Idaho. The largest well-studied low-180 anomaly, termed the Sawtooth
Ring Zone (SRZ), is a 5 to 15 km wide annulus of low 180 rock (average
~2 permil) which has an outer diameter of 40 X 60 km. D/H effects in the
rocks are often discernible more than 25 km outside of the periphery of
this feature, the larger size being attributable to the extreme sensitivity
of the 8D value to alteration under conditions of low water/rock ratios.
The low-180 ring is centered on the Eocene Sawtooth batholith and its
outlying plutons, and a large aeromagnetic anomaly suggests that Eocene
rocks in fact underlie the entire SRZ region. These data provide good

evidence that the SRZ is coincident with a high-permeability ring fracture
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zone associated with a giant Eocene caldera.

Several smaller low-180 zones have also been mapped in the Atlanta lobe,
and their clearcut spatial association with the Eocene intrusives provides an
important mapping and interpretative tool in the region. Furthermore, most
of the productive mines in the Atlanta lobe are located near the periphery
of these low-180 zones (along the "outer"” +8 permil §180 contour);
this association links these deposits with the Tertiary hydrothermal
activity and has great potential as an exploration tool.

K-Ar age data provide important complementary information about the
geology of the region and on the thermal characteristics of the ancient
geothermal systems. The apparent ages of Mesozoic biotites systematically
decrease from about 95 m.y. along the east and west margins of the Atlanta
lobe to <45 m.y. near the Eocene plutons, the latter ages being approximately
concordant with those of the Eocene plutons themselves. However, there is
a significant "age gap" between 45 and 53 m.y. No strong correlations of
the apparent ages with the 6180, 6D or K,0 contents of the "biotite"
separates were noted, and the majority of the apparent ages in any given
locality are in fact correlated simply with the elevation. These observations
suggest that most of the ages were produced by uniform, constant uplift
(~0.15 mm/yr) of the batholithic terrane through the Ar "blocking temperature"
(~300°C) during the early Tertiary. This uplift continued through the
Eocene but was modified by the formation of a regional dome probably
related to the intrusion of a gigantic volume (~25,000 km3) of Eocene magma.
However, rocks collected near the contacts with the Eocene plutons, or at
the lowest elevations in the overall region, definitely suffered catastrophic
Ar loss during the Eocene; the apparent ages of these rocks do not correlate

with the elevation and indicate that temperatures were high (>300°C). A
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model of the ancient temperature distribution is derived from these data and
indicates that 1) most of the hydrothermal activity occurred at temperatures
of 150-350° ( and persisted to depths of at least 7 km below the earth's
surface, 2) many of the outcropping Eocene intrusives were intruded at depths
of 5 to 7 km, and 3) a significant proportion (>1/3) of the heat provided to
the circulating fluids was provided by the ordinary geothermal gradient in
the older rocks, although the driving force for the circulation was clearly
provided by the thermal energy of the Eocene plutons.

All of the above properties bear on the nature of modern geothermal
systems at deep levels which are presently inaccessible to view, and a
close analogy of the SRZ may be made with the region at Yellowstone, Wyoming.
The evidence presented for the extensive lateral migration of fluids, the
depth of circulation and the thermal properties of these fluids are of
particular importance, and helps explain the incredibly high fluid and
thermal discharge rates currently observed within the Yellowstone caldera.
The lack of definite evidence for low-180 magmas in Idaho contrasts with
the recent discovery of voluminous extrusions of such magmas at Yellowstone,
and suggests that such magmas are produced at the top of silicic magma
chaﬁbers and are inevitably erupted, commonly as HyO-rich ash flow sheets.
last, the intense deep-level circulation patterns of the annular SRZ zone
contrast with the surface intercaldera discharge systems currently
observed at Yellowstone, and may indicate that significant geothermal
reserves may be tapped at deep levels by drilling into the ring fracture

zones of modern caldera-related systems.
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CHAPTER 1

INTRODUCTION

1.1 Object of the Research

This thesis presents considerable new data on the origin and deep cir-
culation patterns of a series of hydrothermal systems established in the
Idaho batholith during the Eocene, about 38-45 m.y. ago. These systems are
associated with large masses of rhyolitic volcanic rocks and their associ-
ated epizonal batholiths, and are thought to be analogous in many respects
to the hydrothermal and magmatic phenomena presently taking place in
Yellowstone National Park, Wyoming. Hydrothermal systems are subjects of
considerable scientific interest, and they have great economic and social
importance as well. Areas of hot water and steam discharge are among the
most beautiful and interesting places in the world, as evidenced by the fact
that Yellowstone National Park was the first such region established in the
United States and to this day remains one of the most appreciated.

The economic significance of the subsurface counterparts of geyser
systems was probably first recognized by Agricola (1556), who proposed that
many valuable metals were carried and concentrated by these types of aqueous
solutions. Current interest in geothermal systems includes all aspects of
the chemistry of the waters, the physics of the hydrologic transport process,
the character and historical development of the geothermal regions, and the
utilization of the fluids as sources of energy and chemicals.,

The discovery that much of the region underlain by the Idaho batholith
was formerly the site of large scale (~ 10%km?2) geothermal activity was
made by Taylor and Magaritz (1976; 1978). They used 1809/160 and D/H

measurements of the granitic rocks to make a reconnaissance map of the



ancient (Eocene) hydrothermal systems, a technique that is also utilized
extensively in the present work. Their principal conclusions, other than
demonstrating the existence and wide scale of the phenomenon, was that the
aqueous solutions were all of meteoric origin and that Eocene plutonic
activity provided the requisite heat. They also noted that the areas of
ancient hydrothermal activity coincided with large regions of rocks with
anomalously young K-Ar ages, as mapped in reconnaissance fashion by Armstrong
(1974) . Based on the geographic correlation, Taylor and Magaritz (1976)
proposed that the Eocene plutonism and associated hydrothermal alteration
were in fact the processes responsible for the anomalous K-Ar age pattern
discovered by Armstrong (1974).

The goal of the present investigation was to carefully map the
180/160, D/H and K-Ar age distributions in the southern half of the Idaho
batholith, and to determine whether any detailed correlations exist among
these different variables. It was hoped that such a detailed isotopic
study, together with some supportive geologic work, would produce results
that might help answer some of the following problems:

(a) The age, size, and sﬁape of the hydrothermally altered areas in the

Idaho batholith and their relationships to causal geologic factors.
(b) The nature of the deep portions of analogous modern geothermal systems,

such as Yellowstone, Wyoming and the Valles Caldera, New Mexico, using

the ancient, deeply dissected terrane in Idaho as a model.

(c) The petrology, isotopic composition and distribution of plutonic and
hypabyssal rock types of various ages in the batholith.

(d) The nature of the relationships between petrographic, isotopic, and

K-Ar age changes in the rocks.



(e) The mechanism of 180/160 and D/H exchange in the minerals and rocks of
the batholith.

(f) The mechanism of radiogenic Ar loss from minerals, and its effect on the
the K-Ar age values.

(g) The establishment of new criteria for determining the relationship
between K-Ar measurements and the true emplacement age of the plutons.

Considerable progress has been made on all of the above problems except (g).

In addition, this work has also provided new information on the following:

(h) The distribution of Eocene intrusive rocks in unmapped portions of the
batholith, as well as in the subsurface.

(i) The genesis and localization of Au-Ag mineralization in the batholith,
and some indications of potential exploration targets for such miner-
alization.

(j) The temperature distribution in the batholith during the Eocene, and
the relative thermal contributions of the Eocene magmas to the hydro-
thermal fluids, as compared to the effects of the ordinary geothermal
gradient.

(k) An approximate estimate of the volume of the Eocene magma emplaced in
the batholith, and some data on the mechanism of emplacement of these
epizonal plutons.

(1) The discovery of a relationship between K-Ar apparent ages and elevation
in the batholith, which permits calculation of the rate of uplift of
the batholithic terrane during the Cenozoic.

Besides providing new stable isotope and K-Ar data, the present work attempts

to utilize these data to evaluate and provide a synthesis of the geology and

geochemistry of a large portion of southern Idaho over the past 150 m.y. The



following discussion thus concerns itself with a very broad variety of
geologic problems, beginning with the multiple episodes of intrusion
associated with emplacement of this giant composite batholith, continuing
through all the subsolidus and hydrothermal alteration effects superimposed
on these rocks, and ending with some conclusions about the uplift and cooling
history of the batholith. 1In order to place these new data in proper context
it is necessary to review a variety of previous approaches to these problems,
not merely those concerned with the geology and geochemistry of the Idaho
batholith, but also those earlier studies that bear on the general problems
of K-Ar age re-setting, silicic volcanism and caldera formation, and water/
rock interactions associated with convective hydrothermal circulation
systems. The next few sections of the thesis therefore review the pertinent
previous scientific studies that form an essential foundation for the prin-

cipal conclusions of the present study.

1.2 Previous Work

; 1807160 and D/H Studies of the Idaho Batholith

Lawrence and Taylor (1971, 1972) made an 1803/160 and Dp/H study of
soil profiles, two of which were developed on granitic rocks of the south-
central portion of the Idaho batholith. They concluded that clastic mineral
fragments in the soils retain the isotopic compositions of the parent rocks,
but that secondary clay minerals and hydroxides that form in the weathering
environment are in approximate isotopic equilibrium with low-temperature
meteoric waters. They also made analyses of the parent rocks on which the
soils were developed, and this study provided the first indication of

unusually low s180 (4.0, -6.1) and 8D (-152) values in the plutonic igneous



rocks of Idaho. However, Lawrence and Taylor (1971) made no attempt to
explain or expand on these data.

Following up the indications discovered by Lawrence and Taylor, Taylor
and Magaritz (1976, 1978) made a reconnaissance stable isotope study of the
Idaho batholith. Inasmuch as their results are of central importance and
reflect the state of knowledge previous to the current study, they are shown
on Figs. l.1-1.4, Taylor and Magaritz recognized that the west-central
portion of the batholith was isotopically "undisturbed" and characterize& by
"normal” 8D values of about =70 permil. In this region the §180 values of
quartz and feldspar give "normal” fractionation factors, but the whole rock §18¢
values are slightly high; they suggested that this reflected the involvement
of high -180 sialic crust in the source regions of the original magmas.

East of this "undisturbed” zone, the 8D values become lower and more
erratic although the §180 values remain roughly constant, indicating rela-
tively weak hydrothermal alteration of the rocks. Still further east, in
the large (104 kmz) zone of Eocene igneous activity and anomalous K-Ar
ages, the 6D values drop to about =150 and the 6180 values of feldspar
also become very low and extremely erratic; however, the §180 value of
quartz was only slightly lowered, because of it lower exchange rate. Taylor
and Magaritz (1976, 1978) interpreted these marked 180 and D depletions in
terms of pervasive meteoric-hydrothermal activity (water/rock about 0.1 to
>2.0) developed about the Eocene plutons. They emphasized the spatial cor-
relation between the stable isotopic and K-Ar age data, and proposed that
the regional re-setting of K-Ar ages reflected large scale heat transfer and

rock alteration by the hydrothermal fluids.
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Map of the Idaho batholith, showing sample locations

(dots) and 6180 contours for the feldspar and whole-rock samples

analyzed by Taylor and Magaritz (1976).

by H.P. Taylor.

Unpublished map provided



Fig. 1.4 abe 6180 and 6D analyses of Taylor and Magaritz (1976) pro-

jected along the three section lines shown in Fig. 1.1, namely the central
section (Fig. l.4a), the northern and southern Atlanta lobe sections (Fig.
1.4b) and the Bitterroot lobe section (Fig. l.4c). Fig, l.4b strikingly shows
the relative constancy of quartz 6180, compared to the marked 18y depletions
observed in feldspars and the marked deuterium depletions in the hydrous
minerals in rocks near the large Eocene plutons. Figures l.4a and 1l.4b are
from Taylor and Magaritz (1978); Figure l.4c is unpublished data provided

by H.P. Taylor.
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1.2.2 K-Ar Age Studies of the Idaho Batholith

McDowell and Kulp (1969) made the first systematic potassium—-argon
study of the Idaho batholith, building on the earlier study of McDowell
(1966) and on the lead-alpha and petrographic work of Larsen et al (1958)
and Larsen and Schmidt (1958). McDowell and Kulp concluded that the primary
igneous activity in the region was early Cretaceous (125 m.y.) or older, and
that a major intrusive or heating event occurred during the Eocene. Because
ten of the thirteen analyzed rocks gave ages between 77 and 38 m.y., McDowell
and Kulp (1969) suggested that much of the batholith shows the effects of
complete or partial argon loss during the Eocene.

Percious et al (1967) analyzed four samples from a portion of the
porphyry belt near the Boise Basin. Ages of biotite from two small
porphyry stocks and from one sample of the host Idaho batholith ranged
from 44 to 48 m.y., but a whole-rock age of a quartz latite dike was
slightly younger (39 m.y.). The authors concluded that the data did
not necessarily indicate a period of plutonic activity in the Eocene,
because it was also possible that the results were cooling ages which
reflected uplift in the region.

Armstrong (1974) contributed much new data on the Idaho batholith
and emphasized the importance of the Eocene igneous event. He concluded
that the Challis volcanic rocks east of the batholith are predominantly
Eocene in age, confirming the work of Axelrod (1966), and he showed that
the Sawtooth batholith, the Casto pluton, and many other intrusives were in
fact Challis correlatives. He also outlined two huge regions in the Idaho
batholith which he interpreted to have been strongly affected by early

Cenozoic argon loss (Fig. l.l1l).
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Ferguson (1975) made a fission track study of part of the northeast
portion of the batholith. He proposed that major (~ 12km) regional uplift
occurred after emplacement of the Idaho batholith and before or during the
Eocene, and that the apatite ages and the available K-Ar age data in his
study area reflect this uplift and regional cooling.

Armstrong et al (1977) reviewed all available K-Ar and Rb-Sr data of
the Mesozoic rocks in the batholith and the surrounding region, and con-
cluded that the magmatism was episodic. The earliest events occurred along the
western side in late Triassic to early Jurassic time (200-217 m.y.),
continued through to late Jurassic (~ 150 m.y.), and were followed by late
Cretaceous emplacement of most of the southern half (75-100 m.y.) and the
northern half (70-80 m.y.) of the Idaho batholith proper. Armstrong et al
(1977) also discovered an abrupt discontinuity of initial 875r/86sr ratios
near the western margin of the batholith, with values of 0.704 or less to
the west, and of 0.706 or greater to the east (Fig. 1.1).

Marvin et al (1973) reported a K-Ar age of 87 m.y. for biotite associ-
ated with quartz-molybdenite-pyrite stockwork mineralization in a small
quartz monzonite stock immediately east of the Idaho batholith. Armstrong
et al (1978) obtained a 62 m.y. whole rock K-Ar age from silicified
molybdenite-bearing metasediments near the White Cloud stock, and emphasized
its post-batholithic but pre-Challis age. Rostad (1978), however, reports
several Tertiary K-Ar ages for molybdenite deposits in the "Idaho-Montana
porphyry belt"”, including Challis K-Ar ages (41-44 m.y.) for mineralization
at the Cumo and Little Falls prospects in Boise County.

A few pertinent data have also been reported by Hayden and Wehrenberg

(1960), Hietanen (1969), Cater et al (1973), Greenwood and Morrison (1973),
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and Berry et al (1976). Geochronologic determinations for surrounding areas
can be found in Armstrong's (1975a) complete compilation of age data for the

state of Idaho.

1.2.3 Oxygen Isotopic Fractionation Factors between Quartz, Feldspar,
and Water,

The isotopic fractionation factor (a) between two phases A and B is
defined as

a = RA/RB

where (R) refers to the isotopic ratio in each phase (e.g. D/H; 180/160;
13C/12C). These factors represent the partitioning of isotopic species
between the phases and generally have values close to unity. Isotopic
mixtures are almost perfectly ideal and, as a consequence, at equilibrium
the fractionation factors depend only upon the temperature and the nature of
the phases. Pressure effects are negligible, owing to the extremely small
volume changes associated with isotopic substitutions (Clayton et al, 1975).
The 180/160 fractionation factors for quartz-water, feldspar-water,
and quartz-feldspar are of particular importance to the present study;
the quartz-feldspar fractionation, in particular, is an extremely sensitive
indicator of hydrothermally altered rocks, and readily distinguishes the
latter from normal magmatic rocks. Furthermore, these fractionation factors
permit calculation of the isotopic composition of the ancient hydrothermal
fluids from isotopic analyses of the altered minerals and vein materials.
Unfortunately, in the recent literature there is less than complete agree-
ment between various experimental determinations of these fractionation

factors. This section will summarize the available experimental data and will
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discuss the geologic implications of some of the discrepancies.

The isotopic fractionation factor between quartz and water has been
determined at various temperatures by O'Neil and Clayton (1964), Clayton
et al (1972), Blattner and Bird (1974), Matsuhisa et al (1978, 1979) and
Matthews and Beckinsale (1979); the results are shown on Fig. 1.5. There
is good agreement between the results obtained in the Chicago labora-
tories by Matsuhisa et al (1978, 1979) and Clayton et al (1972) at temper-
atures of 250-500°C, and only a small discrepancy at higher temperatures.
Theoretical calculations by Becker and Clayton (1976) agree closely with
the T vs. 1000 1n o slope of the Clayton et al (1972) relationship. The
experimental results of Matthews and Beckinsale (1979) and the single
(600°C) determination of Blattner and Bird (1974) are systematically
higher than those from the Chicago laboratories.

Figure 1.6 compares the fractionation factors betﬁeen alkali feldspar
and water as determined by O'Neil and Taylor (1967), Blattner and Bird
(1974), and Matsuhisa et al (1979). Results for anorthite-water are also
shown for comparison. O'Neil and Taylor (1967) showed that although there
is no discernible fractionétion between Na and K feldspars at any temperature,
plagioclase of intermediate compositions lies between the alkali feldspar
and anorthite curves. The results of Matsuhisa et al (1979) in general
confirm the earlier work, but are appreciably divergent at temperatures
above 500°C. Matsuhisa et al (1979) have challenged the validity of O'Neil
and Taylor's (1967) results, arguing that the cation exchange method util-
ized in the earlier study may involve solute-water isotopic effects which
were not accounted for. Furthermore, Matsuhisa et al (1979) suggested that

the slopes of the 0'Neil and Taylor (1967) least-squares lines depend
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strongly on the data points at 800°C, where the run duration was severely
limited by the corrosion problem of the chloride solutions. Neither state-
ment appears to be valid. Although solute-water isotopic effects have been
measured at relatively low temperatures (K 275°C) by Truesdell (1974),
their existence at higher temperature is unlikely considering that these
effects are generally small (< 1 permil) and would probably decrease with
temperature. O'Neil and Taylor (1967) in fact demonstrated that the cation
exchange results at 500°, 600°, and 800°C are virtually identical with experi-
ments utilizing pure water. The suggestion that the 800°C determination of
O'Neil and Taylor (1967) is questionable is certainly not founded for their
alkali feldspar-water results, which are restricted in range (-1.29, -0.82,
-1.01 permil) and consistent with the results at low temperature. In contrast,
two of the three high temperature (800° and 825°C) measurements of Matsuhisa
et al (1979) seem to be much too large (by 1 to 2 permil, if one takes into
account data on quartz-feldspar 180/160 fractionations in igneous and
metamorphic rocks).

The serious nature of what may seem to be minor experimental discre-
pancies becomes evident when the quartz-water and feldspar-water results
are combined to give a quartz-alkali feldspar geothermometer. The Matsuhisa
et al (1979) results differ from the combined 0'Neil and Taylor (1967) -
Matthews and Beckinsale (1979) results by almost 1 permil at high temper-
atures. Thus, Matsuhisa et al (1979) would interpret an observed quartz-
alkali feldspar fractionation of 1.5, which is typical of the "primary”
values observed in a fresh, "unaltered" granitic rock, as indicating that
the oxygen isotopes in the minerals completely reequilibrated down to

temperatures of about 350°C, in spite of the fact that the minerals clearly
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formed from magmas at high temperatures (~ 700°C). Such an interpretation
would also be favored by Deines (1977) and Giletti et al (1978).

In fact, closed system, subsolidus, high-temperature 18y exchange is
definitely known to occur in plutonic rocks such as gabbros during slow
cooling (Anderson et al, 1971; Taylor, 1968; Taylor and Forester, 1979).
The above argument thus hinges on whether these exchange effects continue
down to temperatures well below 400°C, or whether the §180 values are
"frozen" in at relatively high temperatures. The latter interpretation
is generally favored by Taylor (1967) and Bottinga and Javoy (1973, 1975),
and by most workers dealing with data on natural samples. These workers
generally agree that significant isotopic reequilibration does occur on
cooling, especially if the rock is held for long times under wet conditioms,
but they certainly do not endorse the hypothesis that extreme reequilibration
down to temperatures as low as 200°-300°C is typical of all plutonic igneous
and metamorphic rocks.

The problem with appealing to extremely low-temperature closed-system
exchange in a granitic rock is that under such conditions the feldspar can
basically only exchange with the coexisting quartz, as these two minerals
are the only appreciable reservoirs of oxygen in the rock. Thus, although
feldspar is known to readily exchange down to low temperatures under "wet"
conditions, quartz is known to be relatively inert under these same condi-
tions. In an open system, in which hydrothermal fluids migrate into the
rock, it is thus very common to see a change in the 6180 of the feldspar.
and virtually no change in the §180 of the quartz. In a closed-system
environment the ease of exchange of feldspar is thus not pertinent, because

if the coexisting quartz is inert, the feldspar will have nothing to
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exchange with, and therefore must retain its original high-temperature
6180 value.

Until the above problems are resolved, there are bound to be some
ambiguities in interpreting oxygen isotopic data in igneous rocks. None-
theless, in this thesis we shall assume that all the plutonic igneous rocks
typically started with "normal” quartz-feldspar fractionations of 1.0 to
2.0 permil (i.e. 1.0 to 1.3 for alkali feldspar, and 1.5 to 2.0 for plagio-
clase, which are the characteristic values measured in most "fresh, unaltered”
igneous rocks), thereby making no use of the presently available laboratory
data to interpret what the original primary magmatic values may have been.
Fortunately, in calculating the 6180 values of the fluids, none of the
above complications are very important beéause all of the mineral-H,0 fract-
ionation curves agree to + 1 permil (Figs. 1.5, 1.6) and at present this
effect is far outweighed by the uncertainty in the temperature of alteration.

In summary, at low temperature we will use the extrapolated quartz-water
data of Matsuhisa et al (1979) and the alkali feldspar-water fractionation
data of O'Neil and Taylor (1967). These seem to be the most complete and
internally consistent determinations presently available, and their use at
relatively low temperatures where fractionation factors are large does not
involve serious geologic contradictions. Note, however, that at high
temperatures these independent determinations are not mutually consistent,
and result in quartz-feldspar fractionation factors with an absurd temper-

ature dependence.

1.2.4 K-Ar Age Relations in Regions of Orogeny and Uplift
(other than in the Idaho batholith)

Many studies have demonstrated that minerals in crystalline rocks often
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have K-Ar apparent ages which are younger than the true age. One way in
which this happens is by loss of radiogenic Ar, either by diffusion or by
recrystallization of the host minerals, in the reheated contact zones of
crosscutting plutons, (c.f. Hart, 1964, Hanson and Gast, 1967). It is
also possible for rocks to be emplaced or metamorphosed at relatively deep
levels in the crust, where ambient temperatures are initially too high to
allow accumulation of daughter Ar. This section describes several selected
regions where a considerable interval of uplift and cooling separates the
time of emplacement (or metamorphism) from the time of Ar retention in the

minerals.

1.2.4.1 Swiss Alps

Jager (1962) reported Rb-Sr age data for 19 mica and whole-rock samples
from the Swiss Alps. Although the true ages of most of the samples are
Paleozoic and Mesozoic, rocks from the lowest nappe units give ages of 16
to 21 m.y. and were recrystallized to high metamorphic grades (kyanite
plus staurolite; sillimanite) during the Alpine Orogeny. Jidger (1962)
regarded the 5 m.y. range as real, and proposed that the older ages, which
occur south of the 16 m.y. zone, reflect earlier uplift of the southern
region followed by rapid erosion and northward tectonic transport of super-
jacent rocks.

Steiger (1964) showed that K-Ar ages of hornblende in the Gotthard
Massif of the Alps are older than the nearby rocks that have ~ 16 m.y.
biotite Rb-Sr ages (Jiger, 1962). Steiger separated the rocks into three
groups on the basis of the orientation of the hornblende crystals. First

”

generation hornblendes commonly exhibit "partial" orientation and give ages
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between 46 and 112 m.y., reflecting either the ocurrrence of excess Ar

or (more probably) partial Ar loss in the old minerals. Second generation
hornblende crystals are oriented N-S and have "ages" near 46 m.y.; these
were thought to have been formed during the main tectonic phase when the
massif was overridden by nappes. Third generation hornblende crystals
usually exhibit random orientations and show "ages" of 23 to 30 m.y.;
Steiger (1964) proposed that the latter formed during the main phase of
"anatexis and granitization" immediately to the south. He did not support
the uplift and erosion hypothesis of Jager (1962), and suggested that her
biotite Rb-Sr ages reflec£ E-W compression during a weak, subsequent tectonic
event that has a minimum age of 16 m.y.

Armstrong et al (1966) demonstrated that K-Ar and Rb-Sr ages of biotite
samples from the Alps are usually concordant within experimental error.
They also noted that present—-day heat flow is correlated with the Rb-Sr
ages, with the youngest ages occurring in regions of high heat flow. They
proposed that late uplift in such regions is consistent with both the low
ages and the high heat flow, and hence they did not accept Steiger's (1964)
hypothesis that the young ages result from a late phase of Alpine meta-
morphism.

Clark and Jager (1969) utilized heat flow measurements in five Alpine
tunnels to calculate the rate of denudation in the Alps, assuming that
K-Ar and Rb-Sr "ages" of biotite at these localities reflect the time since
the rocks cooled to the blocking temperature of the radiogenic daughter
products. They concluded that denudation rates of 0.3 to 1.1 mm/yr char-
acterize the Alps, and argued that this estimate is in good agreement with

proposals based on sedimentation and also with the apparent age discordance
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of about 8 m.y. between biotite and muscovite. More refined calculations by
Clark (1979) support the earlier conclusions, but restrict the uplift rates

to lie between 0.4 and 0.8 mm/yr.

1.2.4.2 Peninsular Ranges Batholith

Krummenacher et al (1975) made an extensive K-Ar study of biotite and
hornblende from the Peninsular Ranges batholith of Southern California and
Baja California. Their regional contour maps of the apparent ages show that
along several 100-km traverses perpendicular to the trend of the batholith,
the ages systematically decrease eastward from values of ~ 115 m.y. to
65 m.y., with hornblende ages consistently being about 5 m.y. older than
biotite ages. The authors demonstrated K-Ar age concordance for all rocks
within a small, geologically complex area containing wallrocks, small stocks,
and numerous aplite, pegmatite and amphibolite dikes, even though great
intervals of geologic time are probably represented by these diverse litho-
logies. They also showed that several age contours pass without significant
deflection through the giant La Posta tonalite pluton, such that the apparent
ages span a range of 15 m.y., with younger ages on the east. Based on these
observations and on U-Pb age data of L.T. Silver (unpub.), Krummenacher et al
(1975) proposed that the intrusive ages of the rocks are oldest in the west.
However, there also was an east-to-west progression of uplift and erosion
such that the deepest dissection occurs in the east; therefore the K-Ar ages
in some complex manner must reflect both the true emplacement age and the
pattern of regional cooling (Armstrong and Suppe, 1973; Krummenacher
et al 1975).

Silver et al (1979) have summarized and expanded upon the results of



25

several previous U-Pb studies on zircons by L.T. Silver and his co-workers.
They conclude that zircon U-Pb ages within the batholith represent true
emplacement ages, consistent with field relations, and that these ages are

a function of geographic position (Fig. 1.7). Zircon ages within the
western half of the batholith range from 105 to 120 m.y., with any age or
lithology occurring at any position in this belt. In contrast, rocks in the
eastern portion all have ages of less than 105 m.y. and show a progressive
eastward decrease to about 85 m.y.

Comparison of the zircon ages with available K-Ar results on biotite
and hornblende thus show that: (1) Along the west side, cooling was
sufficiently rapid that K-Ar biotite and hornblende ages are almost iden-
tical and only about 5 m.y. lower than the zircon emplacement ages of the
youngest plutons; hence, all of these different age methods gi&e concor-
dant results. This is near the roof of the batholith and was a zone of
meteoric-hydrothermal activity, which caused rapid cooling of these epizoﬁal
plutons (Taylor and Silver, 1978). (2) Down the center of the batholith,
hornblende ages display a distinct ~ 10 m.y. decrease that is roughly
coincident with, and superimposed on, the zircon age step. (3) Further
east the biotite and hornblende K-Ar ages show a progressively increasing
discordance compared to the zircon ages, with biotite ages decreasing
fastest, until the easternmost rocks display biotite and hornblende ages
which are, respectively, 25 and 20 m.y. lower than the zircon ages. Silver
et al (1979) proposed that these data indicate progressive magmatic migra-
tion, with larger masses of magma in the east, greater crustal thickening,
and consequent higher isostatic recovery in the east. This produced greater

uplift and westward regional tilting, and was followed by possible late
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thermal perturbations associated with the Gulf of @lifornia rift zone.

1.2.4.3 Other Areas

Hadley (1964) compiled K-Ar and Rb-Sr age data for the Blue Ridge and
Piedmont provinces of the Appalachian Mts. He noted that the frequencies of
Paleozoic apparent ages correlated well with the thickness of correlative
clastic wedge deposits in neighboring basins. Inasmuch as uplift of the
crystalline terrane was responsible for the clastic sedimentation, Hadley
(1964) proposed that regional cooling associated with the uplift marked the
time of radiogenic daughter retention in the crystalline rocks.

Armstrong and Hansen (1966) made a K-Ar study of biotite and muscovite
from almandine—amphibolite facies rocks of the eastern Great Basin, Nevada
and Utah. Although the metamorphism is known to have occurred in the
Mesozoic, the K-Ar ages range from 20 to 57 m.y. and hence are as much as
100 m.y. younger than the true age of the metamorphism. Armstrong and
Hansen (1966) proposed that these rocks comprise part of a (rdilleran
infrastructure, and attributed the young apparent ages to Tertiary uplift
and erosion.

Harper (1967) demonstrated that K-Ar ages within the Dalradian Series
of the Scottish Highlands are related to post-metamorphic cooling. The
oldest ages (average ~ 470 m.y.) postdate the time of metamorphism, and occur
in retentive minerals such as amphibole, as well as in the upper portions
of the series. Relatively rapid uplift during the period of F3 folding
occurred between 450 and 430 m.y., as indicated by the predominance of ages
in this interval in the main portion of the series. Still younger ages

(~ 420 m.y.) are common in the stratigraphically lower Moine Series. These
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results suggested that the apparent ages are related to the rate of cooling
during uplift. Harper (1967) attributed a few 410-420 m.y. apparent ages
to localized heating effects caused by intrusion of the post—-tectonic
Newer Granites.

Turner and Forbes (1976) report that K-Ar ages of biotite show a
linear decrease from 120 m.y. at the surface to 65 m.y. at the bottom of the
2970 m Eielson drill hole in central Alaska. Utilizing the bottom temperature
(94.7°C) and the present geothermal gradient (31.5°C/km), the authors
calculated that the biotite would give a zero K-Ar age at a temperature of
225°C. They proposed that this represents the Ar blocking temperature
of the biotite, and that the linear age vs. depth relation reflects uplift

and erosion of the rock column.
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CHAPTER 2

GEOLOGY, GEOCHRONOLOGY AND GEOCHEMISTRY OF THE IDAHO BATHOLITH

2.1 Regional Setting and Location

2+141 Dimensions of the Batholith

The Idaho batholith is a large (~ 40,000 kmz), composite mass, made up
of numerous granitic plutons, located in the northern Rocky Mountains of
central Idaho and adjacent portions of Montana (Fig. 2.1). Most of the the
batholith lies between longitudes 114° and 116° west and latitudes 43° and
47° north, although small areas on the NE and SW sides lie outside these
confines. The batholith is elongate in a N-S direction, with dimensions of
approximately 125 km by 375 km.

The outcrop perimeter of the Idaho batholith is irregular in detail,
and in plan it has the appearance of a giant hourglass. The constriction
in the center divides it into two approximately equal areas, the northern
"Bitterroot"” lobe and the southern "Atlanta" lobe, as defined by Armstrong
et al (1977). Although the present study is largely confined to the Atlanta

lobe, some of the introductory remarks will deal with the batholith as a whole.

2.1.2 Geomorphology and Physiography

The region underlain by the Idaho batholith is rugged and mountainous. 0
The elevation ranges from about 3000' (900 m) on the southwest side to
almost 11,000' (3350 m) in the Sawtooth Mountains, and averages about 6000'
(1800 m) abbve sea level (Fig. 2.2). Most of the land is covered by a
dense forest comprised mainly of lodgepole pine and Douglas fir. However,
the highest regions are above the treeline, and large interior valleys and

low regions along the periphery of the batholith are covered by sagebrush



30

GENERALIZED GEOLOGIC MAP
Wodified from King & Beikmon (1974), Bond (1978), Rember & Bemett (1979)

EXPLANATION

upper Cenozoic undifferentiated
inc. ldavado. River Piain, Columbia River voks
ond continental sediments

Tertiary intrusive rocks

lower Tertiary wolcanic and sedim rocks
primorily Challis voics & seds, aiso Beawer Fm

Mesozoic intrusive rocks A
primarlly Crefaceous granitc rocks ef the Idaho batholith
Mesozoic undifferentiated

mostly seds, mc Permion seds & volcs in Seven Devils region

Paleozoic undifferentiated
wostly seds, inc small bodies of younger & older rocks

Precambrian undifferentiated

mostly Belt seds, some pre-Belt crystalline rocks
Contact

Fault

Thrust foult (highly generalized)

50
3




31

Figure 2.2 Topography of Atlanta lobe, from U.S.G.S. 1:1,000,000
and 1:250,000 sheets. Contours at 1000 (dashed), 1500 (solid),

2000 (dash-dot), 2500 (dash—dot-dot) and 3000 m (dotted line); heavy
solid line indicates the outline of the Atlanta lobe. Note that the

elevation systematically increases from west to east.
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and grass.

Several workers, most recently Schmidt and Mackin (1970), have remarked
about the existence of a "rolling upland surface", termed the "Idaho
peneplain”, which exists on a regional scale at elevations of approximately
7000' to 9000' (2100-2700 m). The age and explanation for this surface are
a matter of dispute, ranging from post Challis, Miocene-Pliocene peneplan-
ation (Ross, 1934) to Pleistocene altiplanation (Schmidt and Mackin, 1970).
Although there is an apparent accordance of summit elevations in the region,
a rude histogram of randomly chosen elevations shows an approximate confor-
mity to a Gaussian distribution. A detailed quantitative study would be
interesting.

Regardless of its origin, the "Idaho peneplain” has been disrupted
by the more recent downcutting of streams and, more importantly, by the
development of block faults having large displacements and general N-S
trends. These have broken much of the Atlanta lobe into linear, N-S
trending mountain ridges separated by large graben valleys. These faults
are often described as "Basin and Range" type, but their age relations
are poorly known. Several of them cut Miocene Columbia River Basalt and
others cut glacial moraine deposits (Schmidt and Mackin, 1970), but
Armstrong (1974) also refers to widespread block faulting during the
Eocene. Examples of faults with large demonstrated displacements are the
Sawtooth Valley fault (>1200'; Reid, 1963) and the Long Valley fault
(10,000'; Schmidt and Mackin, 1970).

Most of the region above about 8000' (2500 m) has been affected by
Pleistocene glaciation. Particularly spectacular alpine features

characterize the geomorphology of the Sawtooth Mountains, and rock exposure
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is excellent (Reid, 1963). Below the level of glacier activity much of
the granitic rock is deeply weathered to grus and good outcrops are few.
Many of the major valleys between the large mountain blocks contain
hundreds or thousands of feet of glacial moraine and outwash deposits
(Schmidt and Mackin, 1970; Williams, 1961).

Schmidt and Mackin (1970) have described the North Fork of the
Payette River near Cascade as an antecedent stream whose development
preceeded the episode of block faulting. It should be pointed out that
most N-S streams in the Atlanta lobe have broad, meadow filled valleys
with gentle gradients, whereas E-W streams are generally swift, steep and
deeply entrenched (Fig. 2.2). The antecedent hypothesis of Schmidt and

Mackin (1970) may be applicable to many of the latter streams.

2.1.3 Regional Geologic History

The Idaho batholith comprises a portion of the North American
Cordillera, which is one of the world's widest and most complex mountain
ranges. The following dis;ﬁssion will focus on the historical development
of this area, especially on the relationship of the Idaho batholith to
the surrounding rocks. However, it must be emphasized that the geology
of the region is extremely complex, that workers in the area have major
differences in interpretation of certain features, and consequently that
this brief essay cannot provide more than a highly simplified overview of
this history.

During upper Proterozoic and Paleozoic time the western margin of
the North American craton was the site of geoclinal ("geosynclinal™)

sedimentation. The position of the ancient continental margin is given
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approximately by the western limit of Precambrian rocks, a line which
trends nearly N-S through western Idaho, east-central Nevada and into
southern California (King, 1977). The upper Proterozoic of northern
Idaho is recorded by the Belt Series, a thick, monotonous sequence predom-
inantly consisting of siltstone and argillite which accumulated between
1600+ 100 and 850 + 100 m.y. before present (Obradovich and Peterman,
1968, 1973; Reid et al, 1973). The greatest thickness (to 20 km) of
these sediments was deposited in an E-W trending trough, perpendicular to
the continental margin (aulocogen?) located immediately north of what is
now the Bitterroot lobe of the Idaho batholith (Harrison et al, 1974).
Several authors have likened this "Belt basin", and also similar areas

in the Uinta region of Utah and in the Apache Basin of western Arizona,
to former aulocogens, but Harrison et al (1974) are not in complete
agreement.

The great period of time represented by the Belt Series was not
devoid of magmatism and tectonism. Significant events include possible
high temperature-high pressure metamorphism and associated folding of
Beltian rocks at ~ 1500 m.y. (Reid et al, 1970, 1973), intrusion of the
granodioritic Hellroaring Creek stock in British Columbia at ~ 1260 m.y.
(Ryan and Blenkinsop, 1971), formation of the Coeur d'Alene uraninite ores
(Hobbs and Fryklund, 1968), formation of the Purcell sills and flows
along with synkinematic metamorphism of Belt sediments at ~ 1100 m.y.
(Hunt, 1962; Bishop, 1973), and possibly other episodes of deformation,
block faulting, uplift and intrusion of mafic sills (c.f. Harrison et al,
1972; Reid et al 1973).

The relation of Paleozoic sediments to the ancient continental margin
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was first outlined by Roberts et al (1958), based on mapping in the

northern Great Basin of Nevada. These authors deduced a westward thickening
of Cambrian through Devonian sediments and a concomitant change from

shallow water to deep water facies, which they thought represented a
miogeoclinal-eugeoclinal couplet. Thus, far to the east, in the Colorado
Plateau and in central Wyoming, a thickness of a few kilometers of shallow
water shelf carbonates and other sediments were deposited — with considerable
interruption - on an older Precambrian basement (King, 1977). Further

west, in the eastern Great Basin, several kilometers of correlative
carbonate and quartzite were deposited, apparently in somewhat deeper

water (pelagic fauna common) and with shorter hiatuses (King, 1977;

Roberts et al, 1958). Still further west, and presumably outboard of the
ancient continental margin, an even thicker (~ 50,000') sequence of

pelagic carbonates, chert, shale, and siliceous volcanic rocks were
deposited during this time (Roberts et al, 1958; King, 1969, 1977).

Rocks of this age in south-central Idaho have been discussed by Ross
(1962a) and more recently by Armstrong (1975b). Ross (1962a) did not believe
that the Paleozoic geocline extended into the region, largely because he
thought that the strata were deposited in shallow water and that eugeo-
synclinal sediments were "completely lacking”. However, Ross (1962a) did
note a definite westward increase in the thickness of the sediments -
from a few kilometers in southeast Idaho to several kilometers just east
of the Idaho batholith. Armstrong (1975b) proposed that the geocline was
present in south central Idaho, but was interrupted immediately to the
north, in the region now occupied by the southern Bitterroot lobe, by a

persistent, positive, NW trending arch of pre-Belt rocks. Harrison et al
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(1972) had previously proposed that the Bitterroot lobe now occupies the
site of "Belt Island”, which was a positive structural element just south
of the Belt basin in Beltian time.
Regardless of the lower Paleozoic relations in Idaho, it is generally
agreed that an intense period of folding and faulting occurred during
upper Devonian and lower Mississippian time in both central Nevada and
south central Idaho (Roberts et al, 1958; Roberts and Thomasson, 1964).
This event is known as the Antler Orogeny and is characterized by (1) uplift
followed by clastic wedge sedimentation developed both to the east and
west (Roberts et al, 1958; Roberts and Thomasson, 1964), a pattern which
contrasts with the almost exclusively eastern source in earlier times;
(2) by thrusting, which juxtaposed the eugeoclinal and miogeoclinal strata
in Nevada (Roberts et al, 1958) and possibly in Idaho (Roberts and
Thomasson, 1964); and also (3) by its lack of plutonism (Gilluly, 1965).
The clastic wedge sediments subsequently deposited in Idaho are the
argillite, chert and limestone of the Milligen and Wood River Formations
in the west, and the conglomerate, greywacke, and shale of the Muldoon
Formation in the east (Roberts and Thomasson, 1964). These sequences
were in turn juxtaposed by another, post early Permian period of thrusting,
and now lie partly superimposed immediately east of the Idaho batholith
region (Roberts and Thomasson, 1964). The area of uplift, then, was
probably that occupied now by the Atlanta lobe of the batholith (c.f.
Armstrong, 1975b), also near the position of the ancient continental margin.
A significant new structural element appeared in the region immediately
west of the batholith in Permian and Triassic time. The associated rocks

are known as the Seven Devils Series, which consists predominantly of
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basalt, andesite, spilite, keratophyre, volcaniclastic sediments, and

rare limestone, and which probably represents an ancient volcanic arc
deposited on oceanic crust (Hamilton, 1963; Vallier, 1977); this terrane
may be an allocthonous microplate (D. Jones, pers. comm.). In places the
Seven Devils Series is overlain by Jurassic "flyschlike" sandstone, black
shale and mudstone deposits (Vallier, 1977). Rocks of Permian to Jurassic
age are generally absent in the region immediately east of the batholith;
much further east on the continental platform occur marine Permian strata
and predominantly continental Triassic and Jurassic strata.

The Seven Devils Series and the overlapping Jurassic rocks were
affected by low grade metamorphism and west-directed thrusting during the
Jurassic or lower Cretaceous, immediately followed by intrusion of quartz
diorite gneiss and trondjhemite (Hamilton, 1960, 1963a,b). These events were
followed by intrusion of the main phases of the batholith, probably during
a protracted interval encompassing much of Cretaceous time (see Sec. 2.4.2).
Intrusion of the batholith approximately coincided in time with relative
submergence and renewed marine sedimentation in the Cretaceous "seaway"
to the east, which extended from the Gulf Coast to the Arctic Ocean
(McGookey et al, 1972). Intrusion of the batholith was also associated
with large-scale high-grade metamorphism along its western margin (Hamilton,
1963a) and northern margin (Hietanen, 1962, 1963), but the metamorphism on
the eastern side is in general of restricted extent (c.f. Newhouse, in
Ross, 1934) probably indicating that these rocks comprise part of the
superstructure. Note that although the isograds mapped by Hamilton
and Hietanen generally increase toward the batholith, they are in

detail truncated by the intrusives (c.f. Chase and Johnson, 1977). This
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proves that the metamorphism at least partly predates the emplacement of
the batholith, at least at the crustal levels now exposed, as was also
found in the Peninsular Ranges batholith of southern California (c.f.
Todd and Shaw, 1979). Reid et al (1973) in fact argue that the high
temperature-high pressure (e.g. kyanite, sillimanite) metamorphism in the
northern region of the batholith is actually Precambrian in age.

Ryder and Ames (1970), and Ryder and Scholton, (1973), have described
the relations of the thick (to 5 km) Beaverhead Formation which occurs over
a broad area immediately east of the batholith. The Beaverhead Formation
is a continental deposit of conglomerate and sandstone which ranges in age
from Albian or Cenomanian to the lower Eocene (Ryder and Ames, 1970;

Ryder and Scholten, 1973). Approximately correlative rocks deposited in
the epicontinental sea further east (in Wyoming) include the Frontier
sandstone, Cody Shale, Fort Union Formation, Meeteetse Formation, etc.
(Ryder and Scholten, 1973). Ryder and Scholten (1973) view the Beaverhead
as a syntectonic formation derived from the rapidly uplifting, positive
batholithic terrane.

The Albian to Eocene uplift of the batholith was also accompanied by
the development of folds and thrust faults in the superjacent rocks,
possibly caused by gravitational gliding off the highland (Scholten,

1968; Scholten and Onasch, 1977). Most of the thrust faults are directed
eastward, and some cut the Beaverhead Conglomerate (Ryder and Scholten,
1973). Oveturned and recumbent folds which probably formed at the same
time are also found in these sediments (Scholten and Onasch, 1977). It is
possible that the tectonism progressed eastward in time, as suggested by

Armstrong and Oriel (1965) in the Sevier belt of southeast Idaho, and by
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Bally et al (1966) in the Cordillera of British Columbia. The few thrust
faults west of the batholith are west-directed and at least in part
postdate the folds (Scholten and Onasch, 1977).

The batholith region remained positive and mountainous through the
Eocene, and the eastern epicontinental seaway was infilled and tectonically
disrupted into a terrane of mountain blocks and large lakes (Axelrod,
1968)., Then, following a brief period of relative igneous quiescence,
the Eocene Challis volcanic-plutonic episode began (Armstrong, 1974).

The Challis episode was characterized by shallow-level, predominantly
granitic plutonism associated with andesite, latite and rhyolite volcanism,
widespread meteoric hydrothermal activity, ore deposition, and probably
also by block faulting, ring faulting and regional uplift (Armstrong,

1974; Taylor and Magaritz, 1976, 1978; Criss and Taylor, 1978). After
several millions of years of activity, the magmatism apparently shifted
southward and out of the area of immediate interest (Armstrong, 1978).

Renewed igneous activity was widespread in Miocene time, as evidenced
by the voluminous flows of. Columbia River Basalt which occur immediately
west of the batholith (Armstrong, 1978). Furthermore, during the Oligocene
the Snake River Plain immediately south of the batholith was downdropped
(Axelrod, 1968), and was subsequently filled with bimodal volcanic rocks
and intercalated sediments, of Miocene to Holocene age (Armstrong, 1978).
Concurrent with the eruption of these latter flows was the development of
widespread, N-S trending, Basin and Range faults, most extensively developed
in the Great Basin of Nevada but apparently with minor expression in the
Idaho batholith region (c.f. Stewart, 1978). Continuing uplift has also

characterized much of the Cordilleran region (Stewart, 1978), and in
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particular Axelrod (1968) has proposed that at least 1.5 km of post-Eocene
vertical uplift occurred in the Idaho batholith region. As already
described, some ranges attained high elevations and were affected by
Pleistocene glaciation.

Table 2.1 depicts the major Mesozoic and Cenozoic events in the
Idaho batholith region, as described above and also in section 2.4.2.
Original references should be consulted for details; the best overall
syntheses are by King (1969, 1977). No attempt will be made to relate
the various aspects of this history to plate tectonic models, but the
reader is directed to provocative essays by Atwater (1970), Burchfiel and

Davis (1972, 1975) and Coney (1978).

242 Mesozoic Plutonic Rocks

b | General Statement

The purpose of this section is to broadly describe the distribution
of igneous rock types within the Atlanta lobe of the batholith, and to
direct the reader to more detailed petrographic descriptions of individual
units. A brief chemical characterization of the batholith is given in
Sec. 2.4.1,

Early studies of the Idaho batholith described it as an integral
unit made up of two zones: 1) A giant core-zone of a massive, rather
uniform type of quartz monzonite and granodiorite, termed the "inner
facies", enclosed within; 2) A slightly older, commonly foliated, and
more mafic "marginal facies" consisting predominantly of quartz diorite
(Ross, 1936, Anderson, 1942). Although this still constitutes a valid

first-order description, it is becoming increasingly recognized that the
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TABLE 2.1

MESOZOIC AND CENOZOIC HISTORY
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batholith is composed of rocks formed during several different plutonic
episodes (Ross, 1928, 1934; Anderson, 1952; Reid, 1963; Swanberg and
Blackwell, 1973). Furthermore, recent contributions do not recognize a
mafic zone surrounding the interior, but rather that rocks of the western
margin are predominantly quartz diorite and generally more mafic than
rocks to the east. This west to east transition has been termed the
"Quartz Diorite Line" by Moore (1959).

Part of the original descriptive confusion arose because several of
the individual plutons are of enormous areal extent (Larson and Schmidt,
1958; Swanberg and Blackwell, 1973) and some may have gradational contacts
(Schmidt, 1964). The largest individual plutonic units underlie several
thousands of square kilometers, and comprise what Swanberg and Blackwell
(1973) have termed the "Main Group” of plutons. These are the oldest
intrusions in the Atlanta lobe proper, and constitute almost three-quarters
of the entire batholith (Swanberg and Blackwell, 1973); they are described
below in an ordered sequence from west to east. Smaller bodies of somewhat
younger ("intermediate age") rocks are then described, and finally, the
Eocene suite will be discuésed in some detail. Note that Bitterroot lobe
rocks, including the "Western Border Group” of Swanberg and Blackwell
(1973), and also the predominantly Triassic to lower Cretaceous rocks
which occur west of the Atlanta lobe in Oregon and westernmost Idaho,
will not be described, because they lie outside the study area. The
major plutonic units of interest are shown on the generalized geologic

map in Fig 2.3.



44

Figure 2.3 Rock units within the Atlanta lobe, after Schmidt (1964),
Swanberg and Blackwell (1973), Reid (1963), Bond (1978), Bennett (1980),

and this study.

Eocene Plutons

Tc Crags Pluton

Tcp Casto Pluton

TRy Twin Springs - Dismal Swamp - Steel Mtn. - Trinity Mtn. complex
Tgp Sawtooth Batholith

ToM Soldier Mts. Pluton

Tertiary plutons, undifferentiated

Intermediate Age Plutons

47 Cascade Granodiorite and the Quartz Dioritic Gneiss of
Little Valley

7? Landmark Granodiorite

10 Leucocratic (white) Quartz Monzonite

Main Group Plutons - Western Margin

Gneiss of Council Mtn.

Migmatite of McCall
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6 Quartz Monzonite of Warm Lake
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29242 Western Margin

Schmidt (1964) has described the rocks of the western margin of the
Atlanta lobe noting that the units are generally elongate in a N-S
direction and exhibit eastward gradations in both composition and structure
(Fig. 2.3). The westernmost rocks are strongly foliated and include a
variety of metasedimentary rocks, the "gneiss of Council Mountain", and
more importantly the "Migmatite of McCall”. The latter unit varies from
banded-gneiss to augen-and flaser-gneiss and is compositionally a leucocratic
quartz diorite (Schmidt, 1964). It grades eastward into the "quartz
dioritic gneiss of Donnelly"”, which is commonly a medium-grained biotite-
hornblende flaser-gneiss that makes up a zone about 10 km wide. East of
this unit is the "leucocratic quartz diorite of Little Valley", also
occupying a zone about 10 km wide; the latter is typically unfoliated and
rarely contains megacrysts of K-feldspar or hornblende. Still further
east is the 12 km wide body of the "granodiorite of Gold Fork", an
unfoliated, leucocratic, medium-grained rock which also contains K-feldspar
megacrysts (Schmidt, 1964). Continuing to the east, the most important
unit of the Atlanta lobe is encountered - this is the light-grey, coarse-
grained "quartz monzonite of Warm Lake", described below.

It should be mentioned here that Schmidt's (1964) description of
gradational contact relationships suggested to him that the rocks
described above were intruded during the same plutonic episode. However,
Swanberg and Blackwell (1973) concluded that while the Migmatite of
McCall, the quartz dioritic gneiss of Donnelly, the Gold Fork granodiorite,
and the quartz monzonite of Warm Lake all belong to the "Main Group” of

plutons, the leucocratic quartz diorite of Little Valley and its southern
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equivalent, the "Cascade Granodiorite", have higher heat generation values
which probably indicate a younger age of emplacement., Taubeneck (1971)
has also objected to Schmidt's (1964) conclusions, noting that intrusive
contacts are observable in several locations in the region and that
individual plutons are commonly foliated near contacts. Taubeneck (1971)
specifically states that the quartz diorite of Donnelly intrudes the east
side of the zone of mixed igneous and metamorphic rocks, and that rock
similar to the Donnelly pluton in T19N, R4E is intruded by an "interior-
type granodiorite”. Taubeneck (1971) also noted that within 50 km of the
Snake River Plain, south of the area mapped by Schmidt (1964), a west-to-
east traverse passes through porphyritic granodiorite, then through
several kilometers of more mafic hornblende-bearing nonporphyritic
granodiorite and quartz diorite, then into hornblende-free, porphyritic
granodiorite, and then presumably into the more uniform interior of the
batholith. Taubeneck (1971) concluded that modal data show no systematic
mafic to felsic change across such E-W traverses. The present writer's
opinion, however, is that rocks of the western border are indeed more
mafic (tonalitic) and more commonly foliated than the interior rocks, but
that the exceptions discussed by Taubeneck (1971) indicate that local

reversals in this sequence do occur.

26243 "Main Group” Plutons of the Interior

The quartz monzonite of Warm Lake is the largest pluton delineated
to date in the Idaho batholith. It extends for about 200 km in a N-S
direction and is more than 50 km wide (Fig. 2.3), occupying the entire
west—-central portion of the Atlanta lobe (Swanberg and Blackwell, 1973).

This distinctive rock is light-grey, coarse-grained, contains large
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(several cm) K-feldspar megacrysts and typically contains muscovite
(Larsen and Schmidt, 1958; Schmidt, 1964).

Lithologies east of the Warm Lake quartz monzonite are diverse and
poorly understood. Much more field mapping is required in this region.
The Warm Lake pluton appears to grade eastward into a porphyritic,
muscovite-free rock termed the "Bear Valley Quartz Monzonite" (Swanberg
and Blackwell, 1973). This unit is comparable in size to the giant Warm
Lake pluton, and has similar heat generation values (Swanberg and Blackwell,
1973), but modal data show that it is partly granodiorite in composition
(Anderson and Rasor, 1934a; Ross, 1963). The unit as defined by Swanberg
and Blackwell (1973) includes much of the rock originally termed "Atlanta
Granodiorite” by Larsen and Schmidt (1958). Heat generation data (Swanberg
and Blackwell, 1973), geologic mapping (Rember and Bennett, 1979) and
K-Ar ages (this study) definitely show that the "Atlanta Granodiorite" as
originally defined by Larsen and Schmidt (1958) is a composite unit, and
the Bear Valley quartz monzonite merely represents one of these sub-units.

For the purposes of the present study the term "Atlanta Granodiorite”
will be used in a much moré restricted way than used by Larsen and Schmidt
(1958), namely it will be applied to the N-trending belt of tonalite and
subordinate granodiorite in the Sawtooth Range immediately east of Atlanta,
first ﬁoted by Reid (1963). Traverses made by the present author several
kilometers north and south of the area discussed by Reid (1963) also
intersected predominantly tonalite and granodiorite. This belt is
definitely composite because some rocks (e.g. tonalite near Grandjean,
TION, R11E, sec. 34) have Pb-a (Jaffe et al, 1959) and K-Ar ages (sample
RC 39e) similar to nearby "Main Group" rocks, and other tonalites (e.g

within the Soldier Mts. pluton, Tsm) are texturally similar to the
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Eocene tonalites and granodiorites, as well as giving Eocene K-Ar ages
(e.g. sample RH 85d; see below). Furthermore, heat generation data
suggest that rocks along the southernmost traverse (units Tsm and 10 on
Fig. 2.3, as well as nearby samples from unit 11 along the S. Fork of the
Boise River) are much younger than the nearby "Main Group” rocks; Swanberg
and Blackwell (1973) termed these rocks "Atlanta Granodiorite east"” and
tentatively assigned them all to the Tertiary age grouping. However, the
data are compatible with all of these rocks, except Tsm, having "inter-
mediate” ages, or even being altered older rocks. Besides the complexities
outlined above, the N-S belt of "Atlanta Granodiorite" also contains
several of the characteristic pink grani;e plutons which are now widely
recognized to be Eocene in age (Ross, 1934; Reid, 1963; Bennett, 1980).

Lastly, a belt along the eastern border of the batholith also contains
several rock types, and is certainly composed of several distinct plutons,
predominantly some "fine-grained quartz monzonite" bodies that are locally
porphyritic (Larsen and Schmidt, 1958; Ross, 1963). Tschanz et al (1974)
state that dikes of porphyritic quartz monzonite cut hornblende quartz
monzonite and quartz diorite in the area.

Before this overview of the "Main Group"” rocks of the batholith is
concluded, a number of exceptions must be noted to the simple concept
that all units are elongate in a N-S direction. For example, traverses
made during the present study intersected several small areas (plutons?)
within the muscovite-free Bear Valley quartz monzonite zone (unit 8 on
Fig. 2.3); in each of these localized areas several nearby outcrops
contained significant muscovite, and these zones have been delineated on

Fig. 2.3 as: Area 9a, a fairly large muscovite-biotite pluton in
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T6N, R8 and 9E (samples RH 44, RH 52a), area 9b (sample RB 21) and area
9c (sample RB 49). Each of these 3 areas is more than 30 km from the
nearest exposure of the only large muscovite-bearing pluton in the
batholith, namely the "muscovite quartz monzonite of Warm Lake", as
approximately mapped by Swanberg and Blackwell (1973). It is logical to
delineate these 3 areas (9abc) as separate plutons, which are conceivably
related chronologically to the Warm Lake pluton. Similarly, the fine-
grained, relatively mafic porphyritic quartz monzonite (unit 13) in the
vicinity of Bear Valley Mountain (e.g. RK 72) appears to be a separate
pluton not previously described in the literature. Last, the gneiss and
schist along the south-central margin of the batholith (indicated gy the
symbol "Met" on Fig. 2.3; Howard and Shervais, 1973; Rember and Bennett,
1979) are not similar to any rocks further north, and their temporal
(prebatholithic?) relationship to the other rocks is unknown, except that
they are crosscut byrpegmatite dikes. In summary, the map in Fig. 2.3
summarizes the present state of knowledge of the major lithologies in the
Atlanta lobe, but a much more detailed petrographic study of the "Main
Group” of plutons is needed, especially in the southeast portion of the

batholith.

2.2.4 Intermediate Group

An entirely different class of rocks exists in the same geographic
region occupied by the plutons of the "Main Group”. This "intermediate"
age group is younger than the "Main Group"” of intrusives described
above, yet older than the Eocene granite plutons. Rocks assigned to this

intermediate age interval by Swanberg and Blackwell (1973), however,
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probably comprise only about 10% of the batholith. Detailed petrographic
descriptions are in general not available, and these rocks have in some
instances been described along with unrelated rocks. Furthermore, the
length of time represented by the "intermediate” interval may be rather
large, so that some of these rocks may eventually be shown to be older
than others. The following paragraphs attempt to summarize, criticize,
and reevaluate the status of these little understood rocks.

Ross (1934) first recognized rocks of "intermediate" age in the
Casto Quadrangle, noting that a pluton of "white quartz monzonite"” (Unit
10) as well as several small bodies of diorite and quartz diorite, cut
the typical rock of the Idaho batholith, but are in turn intruded by
Tertiary granite. Similarly, Reid (1963) mapped several plutons of
"leucocratic quartz monzonite" in the Sawtooth Mountains, all of which
apparently have temporal relationships identical to those described for
this unit from the Casto Quadrangle; these rocks are distinguished from
the older batholithic rocks by their lighter color and the slightly higher
Na contents of their plagioclase (An 4-An 28). Both Ross (1934) and Reid
(1963) interpreted these Unit 10 quartz monzonites to be late-stage
differentiates of the Idaho batholith, rather than an early phase of the
Tertiary igneous activity; Reid (1963) in fact stated that the plutons in
the Sawtooth area "are certainly....pre Challis", but without substanti-
ating his claim. Average heat generation values for these Unit 10 quartz
monzonites are intermediate between those of the "Main Group"” and the
"Tertiary epizonal group"”, in agreement with the field relations (Swanberg
and Blackwell, 1973).

As mentioned previously, heat generation values of Unit 4, made
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up of the "Cascade granodiorite"” and the "leucocratic quartz diorite of
Little Valley" are also higher than typical "Main Group" rocks, and
Swanberg and Blackwell (1973) tentatively assigned them to the "Intermediate
Group"”. Smaller bodies of "Cascade granodiorite”, which have pink
K-feldspar megacrysts and occur north of Stanley (Larsen and Schmidt,
1958) were assigned by Swanberg and Blackwell (1973) to the "Tertiary
epizonal group” on the basis of even higher heat generation values. It
seems that no solid evidence links these various rock-types to a common
intrusive epoch. I therefore propose that Larsen and Schmidt's (1958)
original "Cascade granodiorite" should be restricted to rocks that crop
out along the western border of the batholith (near Cascade), and suggest
that the similar (?) rocks farther east (i.e. Unit 7) are better compared
to the "Atlanta granodiorite”. It is extremely unlikely that any of
these rocks are related to the Eocene plutonic suite because none of
the known Eocene rocks contain the K-feldspar megacrysts that are common
in Unit 7. Incidentally, K-Ar ages of the western "Cascade granodiorite"
also preclude an Eocene age for that unit, but the ages are broadly
similar to those of the Warm Lake and Bear Valley quartz monzonite and to
the "quartz dioritic gneiss of Donnelly". My interpretation is that
available K-Ar ages, including the more recent data in this thesis (see
below), in no way support an "Intermediate” age for the "Cascade grano-
diorite", contrary to statements by Swanberg and Blackwell (1973).

Last to be discussed are several small but distinctive bodies of
"quartz-bearing, hypersthene-—augite-hornblende-biotite diorite"” which
occur in the western (Horseshoe Bend), west-central (Boise Basin)

and southeastern (Hailey-Bellevue) portions of the Atlanta lobe
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(Anderson, 1952). Anderson (1952) thought that these plutons constitute
a good time marker; he further noted that although the western and west-
central diorite bodies cut the Idaho batholith proper, the south-eastern
diorite pluton is intruded by a quartz monzonite which must be younger
than the batholith (Main Group). In contrast, Swanberg and Blackwell
(1973) concluded that the Horseshoe Bend diorite belongs in the "Inter-
mediate group"”, but assigned the Boise Basin and Hailey-Bellevue diorites
to the "Tertiary epizonal group”. This cannot be correct. Lead-alpha
ages of these diorites are 114, 94, and 115 m.y. respectively (Jaffe et
al, 1959). Regardless of the well known uncertainties of the Pb-qa
techniques, these measurements are significantly older than Pb-o deter-
minations of plutons and dikes known to be of Eocene age (c.f. Armstrong,
1975a). Furthermore, the quartz monzonite cutting the Hailey-Bellevue
diorite has been dated by the K-Ar method at 82 m.y. (Berry et al, 1976;
Hall et al, 1978). These dioritic intrusives thus should probably all be
assigned to the Late Cretaceous "Intermediate Group"”. The age of a
similar, quartz-bearing pyroxene—hornblende-biotite diorite in T13N, RI11E,
sec. 33 (e.g. RK 31) is more problematical; Armstrong (1975a) reports K-Ar
apparent ages of 45.9 m.y. for biotite and 54.3 m.y. for hornblende from

this stock.

23 Eocene Igneous Rocks

24361 General Statement

A significant part (about 20%) of the Idaho batholith region is
composed of a suite of distinctive granitic rocks that is clearly younger

than the Mesozoic plutonic complex. The largest plutons are themselves
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of batholithic dimensions (Fig. 2.4) and are typically located along a
N-trending belt in the east-central part of the Idaho batholith (Armstrong,
1974; Bennett, 1980), These plutons were apparently intruded at relatively
shallow crustal levels (Swanberg and Blackwell, 1973) and are of prime
interest because the associated heat pulse generated the gigantic meteoric-
hydrothermal systems on which this study focuses (Taylor and Magaritz,
1976, 1978).

An early Tertiary stratigraphic age for these intrusions is clearly
established by the Casto Pluton, which intrudes the older rocks of the
Idaho batholith as well as the Challis Volcanic sequence (Ross, 1934;

Cater et al, 1973). The Challis volcanic rocks are a widespread, thick
series of dominantly rhyolitic to quartz latitic volcanic flows and tuffs
that are in places intercalated with lake beds and other fossiliferous
sediments whose flora have variously been regarded to be Eocene, Oligocene
and Miocene (see Ross, 1961; Axelrod, 1966). Axelrod (1966) reports that
K-Ar determinations of Challis volcanic rocks associated with two fossil
plant localities indicate an Eocene age; he suggests that younger age
assignments are incorrect and cites Gardner's (1879) observation that
high latitude (and altitude) Tertiary forests have a young aspect because
they migrated south (and down in elevation) during the progressive cooling
of the period, replacing forests that are apparently, but not actually,
older. bIn a more extensive study, Armstrong (1974) confirmed that Challis
rocks generally give Eocene K-Ar ages, and attributed a few younger
(Oligocene) ages to Ar loss. Armstrong (1974) also reported an Eocene K-
Ar age for the Casto Pluton, in agreement with the concept (Hamilton and

Myers, 1967) that the intrusives are at least broadly comagmatic and
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contemporaneous with their associated volcanic rocks. The epizonal Eocene
plutons thus apparently locally intrude their coeval volcanic cover rocks.
Many other plutons which obviously crosscut the Idaho batholith
proper are inferred to be Eocene on the basis of lithologic (Reid, 1963;
Bennett, 1980), geochemical (Swanberg and Blackwell, 1973; this study),
or geophysical (Tschanz et al, 1974; Bennett, 1980) similarity to the
Casto Pluton, or on the basis of K-Ar and Rb-Sr determinations. In
addition, a few small plutons east of the batholith also cut Challis
volcanic rocks (Tschanz et al, 1974). In this report all of these plutons
are collectively termed "Eocene” plutons, but an Oligocene age for a few

of them cannot yet be disproved.

2362 The Epizonal Plutons

This section describes the petrographic, geochemical, geophysical and
geologic characteristics of the Eocene plutons. Descriptions of the
Casto and Sawtooth batholiths and the Twin Springs - Dismal Swamp - Steel
Mountain bodies (here termed the Rocky Bar plutonic complex) are empha-
sized, because these plutons have been most extensively studied and also
are of special importance to this isotopic and age study.

Most of the large Eocene intrusives consist of medium-to coarse-
grained, equigranular granite which varies in color from light grey to a
distinctive pink (Ross, 1934; Reid, 1963, Bennett, 1980). "Granite" is
here used in the sense of Streckeisen (1973); modal data have been reported
for the Casto (Ross, 1934) and the Sawtooth (Reid, 1963) batholiths and
also for several Eocene plutons in the Bitterroot lobe (Williams, 1979).

Note that under several older classification schemes (e.g. Williams,
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Turner and Gilbert, 1954; Compton, 1962) these plutons would be considered
to consist of granite with subordinate quartz monzonite.

Ross (1934) describes a sample of pink granite from the Casto pluton
that contains quartz (28%), microcline-microperthite (48%; with greater
than 107 Ab component), oligoclase-andesine (13%), biotite (7%), horn-
blende (3%), and accessory magnetite and apatite. Ross (1934) states
that this particular rock is atypically mafic; the "average"” Casto granite
would contain a little more quartz and less hornblende and biotite,
Variants within the Casto pluton contain as little as 10% quartz and
others almost 50% quartz (Ross, 1934).

Similar pink rocks of the Sawtooth batholith are described by Reid
(1963); they contain quartz, mesoperthitic orthoclase (about 2/3 of total
feldspar), plagioclase (An 2-32), minor hornblende, biotite and muscovite,
and accessory zircon, apatite, sphene, allanite, ilmenite, magnetite,
fluorite and rarely beryl. Several samples of perthite from these rocks
(Kuellmer, 1960), at least some of which are from the Sawtooth batholith
(Reid, 1963), had an average composition of about Orgn Ab3g An, as compared
to a sample of older "Idaho batholith” that had Orgp Abj7 An3. Although
the Eocene granites contain two feldspars and thus are not of the hyper-
solvus type, the high Ab content of the perthite suggests that the rocks
formed at relatively low pressure (c.f. Bowen and Tuttle, 1950). Alter-
natively, the pluton could have initially crystallized oligoclase albite
at higher pressures, cracked its roof and completed crystallization as a
low pressure hypersolvus granite (R. Gregory, pers. comm.).

Swanberg and Blackwell (1973) first emphasized that many of the

features of the Eocene plutons can be attributed to their shallow level
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of emplaqement, and thus contrast sharply with complementary character-
istics of the more deep-seated Mesozoic plutonic rocks. A clear-cut
example is the widespread occurrence of miarolitic cavities (Williams,
1979; Bennett, 1980) and micrographic textures (Table 4.1) in the Eocene
granites, which indicates the presence of a free fluid phase during the
late stages of consolidation of the rock (Buddington, 1959). The absence
of primary muscovite in the Eocene plutons, and its widespread occurrence
in the Mesozoic granitoids, is also compatible with this concept, because
muscovite (+ quartz) is not stable at magmatic temperatures if the pressure
is low (Yoder and Eugster, 1955; Evans, 1965). The muscovite occasionally
reported in the Tertiary rocks is in the writer's opinion probably sericite
produced during hydrothermal alteration or, alternatively, primary
muscovite in misidentified Mesozoic igneous rocks.

A semiquantitative estimate of the level of emplacement of plutons
is provided by the heat generation of the rocks, which reflects the concen-
trations U, Th and K; the concentrations of these heat producing elements
apparently decrease exponentially downward in the continental crust
(Lachenbruch, 1968). Swanberg and Blackwell (1973) have applied this
concept to the Idaho batholith region and have unequivocally shown that
the Tertiary plutons have higher heat-generation valves, and higher values
of the "(A-AK)/K" parameter, than the typical Mesozoic plutonic rocks.
They interpreted these data directly in terms of emplacement level,
suggesting (see their Fig. 5) that the Tertiary plutons were probably
emplaced within 6 km of the surface, compared to 12 + 3 km for the "Main
Group" batholithic rocks; intermediate depths were suggested for the

“"intermediate group” rocks. Bennett (1980) has compiled gamma-ray
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activity data for most of the recognized Eocene plutons, showing that the
average U, Th and K contents of these plutons are about 3 times higher
than those of the older rocks of the batholith. This observation is in
general agreement with the data of Swanberg and Blackwell (1973), but the
results cannot be directly compared because Bennett's gamma-ray activity
data are unnormalized.

Bennett (1980) has also observed that relatively dark-colored smoky
quartz crystals occur in most of the Teritary granite plutons, and
suggested that the distinctive color derives from radiation damage.
Quartz in the Mesozoic plutonic rocks is typically light grey.

Another conspicuous difference between the Eocene and Mesozoic rocks
is that the former do not contain the large (commonly 2 cm, often much
larger) alkali feldspar megacrysts that are common in most of the Idaho
batholith proper (Williams, 1979). This condition may indicate that the
growth of the megacrysts largely occurs under subsolidus (deuteric)
conditions, and is thus enhanced when slow cooling takes place and high
temperatures are maintained for long periods of time. Because of their
shallow level of emplacement (and associated meteoric-hydrothermal acti-
vity), the Eocene plutonic rocks cooled off too quickly to allow for
significant megacryst growth. It is of interest to note that the mega-
crysts often have turned from light grey to pink in the vicinity of their
contacts with the Eocene plutons (Bennett, pers. comm.). Taylor (1974a)
noted that such a color change in feldspars is commonly associated with
189 exchange and that both effects could be attributed to low-temperature
hydrothermal alteration within the hematite stability field. These "brick-

red” alteration effects in feldspars are particularly common and much
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more intense in Precambrian terranes affected by low-temperature aqueous
fluids over long periods of time. Boone (1969) suggested that a similar
color change in plagioclase of a hypabyssal granitic porphyry from the
Gaspé Peninsula, Canada, reflects transfer of iron to feldspar from
mafic minerals undergoing chloritization. Chloritization is one of the
salient characteristics of the hydrothermally altered rocks in Idaho
(see sec. 5.1.3), but a clearcut change in the Fe/Mg ratio of the mafic
minerals has not been established. Note that the intensity of the pink
coloration of alkali feldspars in the Eocene plutons appears to increase
with 180 depletion (see below).

Williams (1979) outlined several differences in the microscopic
characteristics of the Eocene and Mesozoic plutonic rocks. Whereas
subhedral grains are common in the Eocene rocks, lobate and sutured grain
boundaries predominate in the older granitoids. Quartz grains are usually
less deformed, and subsolidus reaction effects such as myrmekite less
common, in the younger rocks as compared to the Mesozoic units. Further-
more, plagioclase zoning is stronger, and twinning more distinct, in the
Tertiary rocks (Williams, 1979). It should also be pointed out that
orthoclase is common in the Eocene rocks, whereas Mesozoic rocks contain
microcline except where s;rongly reheated.

The field relations of the Eocene rocks are also distinctive. Dikes
of pink granite with chilled contacts intrude the grey rocks of the Idaho
batholith (Kiilsgaard et al, 1970), and xenoliths of the older rocks are
common in the marginal zones of the Eocene plutons (Reid, 1963). Strong
vertical jointing in the Sawtooth (Reid, 1963) and Casto (Cater et al,

1973) batholiths results in rugged "sawtooth"” topography, but in the
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Eocene plutons that are just being uproofed a relatively subdued topo-
graphy is observed (Bennett, 1980). Foliation, where present, is confined
to the Mesozoic rocks (Reid, 1963; Williams, 1979).

Positive aeromagnetic anomalies are associated with several of the
Eocene rocks, notably the Sawtooth (Kiilsgaard et al, 1970), Casto, and
Crags batholiths (Cater et al, 1973). Furthermore, a new aeromagnetic
map of the state of Idaho (see Figs. 6.3, 6.5) after Zietz et al 1978)
clearly shows positive anomalies associated with the Rocky Bar (Twin
Springs — Dismal Swamp - Steel Mtn.) complex, the Boise Basin intrusive,
and also the Pioneer Mountains and Leesburg stocks east of the batholith.
However, the correlation between positive magnetic anomalies and Eocene
plutonic rocks is much less pronounced in the Bitterroot lobe. The
Painted Lake and Running Creek plutons are probably, but not definitely,
related to a large nearby anomaly, the Whistling Pig pluton is even less
clearly related, and the Lolo and Bungalow plutons show no relationship
whatsoever to the magnetic contours. It remains to be proven that magnetic
anomalies by themselves are definitive discriminants of Eocene rocks,
contrary to preliminary findings by Tschanz et al (1974). Other aspects
of the magnetic anomalies are discussed below in Sec. 6.2.

Several geochemical features characterize the Eocene plutons. The
high U, Th and K contents have already been mentioned. Kiilsgaard et al
(1970) noted abnormally high U, Mo, Be, Sn and Nb, and low Ca0 contents,
in the Sawtooth batholith. A more detailed discussion of the major
element pattern is given in Sec. 2.4.1.

Several lithologies other than pink granite belong to the Eocene

group, but are of subordinate areal extent and are geologically poorly
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understood. Ross (1934) mapped several bodies of hornblende quartz
diorite, granophyre, and other rocks which generally occur near the margin
of the main granitic mass of the Casto pluton. Ross interpreted these
latter rocks simply as lithologic variants of the main mass. Furthermore,
a variety of dike rocks are also concentrated near the margin of the

Casto pluton (Ross, 1934; see Sec. 2.3.4). This matter clearly needs
further study.

Last, several plutons of apparent Tertiary age occur in the south-
central portion of the batholith (hornblende quartz diorite and grano-
diorite). One large pluton of this type near Trinity Mountain (RH 12)
has been mapped by Rember and Bennett (1979), and similar rocks have been
found nearby (e.g. I 22, RH 85d, RB 217, RB 64). These rocks are petro-
graphically distinct from nearby Mesozoic rocks in that they are slightly
finer-grained, lack K-feldspar megacrysts, usually contain hornblende and
sphene, have zoned andesine rather than oligoclase, and have orthoclase
rather than microcline. These rocks are considered to be Eocene because
of these petrographic differences and because: (1) All analyzed samples
(RH 12, RH 85d, I 22) give Eocene K-Ar ages (see Table 4.5); (2) Several
of these stocks appear to be surrounded by low-180 aureoles (see Sec.
6.1); (3) A porphyritic variety has been collected (RH 11). It is
possible that some of the tonalites within the Sawtooth Mts. (e.g.

RK 40) are also Eocene, but additional study is needed.

24343 Challis Volcanic Rocks

A thick and widespread assemblage of dominantly volcanic flows and

tuffs occurs immediately east of the Idaho batholith and also in small
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isolated bodies within the batholith (Ross, 1962b). Fully 8,000 km2 of
territory in south central Idaho is presently covered by these rocks, and
indications are that the unit was formerly much more widespread than this
(Ross, 1962b). The thickness is generally unknown and without question
variable, but in several places is about 1500 m (Ross, 1962b; Tschanz et
al, 1974); just west of the Casto pluton the thickness may exceed 3000 m
(Cater et al , 1973). As discussed in Sec. 2.3.1, the unit is at least
broadly correlative with the Tertiary plutons in the region and is
predominantly Eocene in age, although in part may also be Oligocene.

Ross (1962b) has summarized the characteristics of this unit which he
originally defined (Ross, 1934) and subsequently mapped in many quad-
rangles. The following discussion of the stratigraphy and petrology is
largely derived from hié detailed summary, but is augmented by recent
revisions.

In many places the Challis volcanic rocks overlie a conglomerate
unit often referred to as the Beaverhead Conglomerate (Ross, 1962b), dep-
osited immediately above a great regional unconformity (Tschanz et al,
1974). The thick volcanic assemblage above this base can be divided into
three members, which are in approximate ascending order: (1) the latite-
andesite member, (2) the Germer tuffaceous member and its probable
correlatives, and lastly (3) the Yankee Fork rhyolite (Ross, 1962b). Ross
(1962b) suggested that these units are partly interlayered, vary in
character from place to place, and that many correlations will eventually
prove unjustified. This point is to be emphasized, as Tschanz et al
(1974) have succinctly stated: "These units are actually interfingering

lithologic facies that reflect eruption from several volcanic centers
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rather than well-defined superimposed time-stratigraphic units”. Brief
descriptions of these units follow.

The lowest and dominant member of the Challis volcanic sequence is
the latite—andesite member. The unit consists of several thousands of
feet of flows, tuffs and flow breccias, which in composition are primarily
quartz latite, latite, dacite and andesite with minor rhyolite tuff,
augite andesite and basalt (Ross, 1962b). The latite and quartz latite
are commonly porphyritic, are green or lavender in color, and largely
consist of oligoclase, K-feldspar, quartz, biotite and hornblende (Ross,
1962b). Flows of andesitic composition are mostly fine-grained, but
coarser varieties contain phenocrysts of andesine or labradorite,
hornblende, augite and rarely biotite and hypersthene in a groundmass of
quartz and feldspar (Ross, 1962b). A few spherulitic rhyolite flows and
minor obsidian occur within the upper portion of the unit (Ross 1962b).
Siems and Jones (1977) suggested that these rocks were erupted from
stratovolcanoes within a NE-trending zone centered in the Salmon River
Mountains.

The "Germer Tuffaceous member and related strata” of Ross and
Forrester (1947) consists of light colored tuff, welded tuff and inter-
calated sediments which in places exceed 300 m in thickness. Most of the
tuff contains fragments of oligoclase, quartz, altered feldspar, biotite
and hornblende crystals, volcanic rock fragments, and rare glass shards
in a fine-grained, commonly silicified matrix (Ross, 1962b). Some of the
material was water sorted, and beds of conglomerate, silt, clay and
lignite may be intercalated with the tuff (Ross, 1962b).

The uppermost member (Yankee Fork Rhyolite) consists of brownish
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rhyolite and rhyolite welded tuff (Ross, 1962b). Much of the rock

contains dark, rounded phenocrysts of quartz in a devitrified matrix of

quartz, orthoclase and sodic plagioclase (Ross, 1962b). The thickness

of this unit locally exceeds 300 m, especially near the type locality.
Ross (1934) also mapped a large body of altered volcanic flows and

tuffs in the Casto quadrangle, which he called the "Casto volcanics”.

Ross thought they were Permian because they were similar in appearance to

the Seven Devils series and because he concluded that they were intruded

by the Mesozoic granitoids (Ross, 1927, 1934). However, Cater et al

(1973) have shown that these rocks are simply part of the Challis volcanic

sequence which are close to, and altered by, the Tertiary Casto pluton.

2.3.4 Dike Rocks

In addition to intrusive stocks and batholiths, several types of
dike rocks occur throughout the Idaho batholith region. Firstly,
pegmatite and aplite dikes are associated with each major phase of
plutonism; the mineralogy of each of these phases of dikes is similar to
that of the enclosing Mesozoic, "Intermediate"” and Tertiary intrusives
(Reid, 1963). This is well shown by the comparable feldspar compositions
and also by the presence of distinctive accessory minerals, for example
the common presence of fluorite and beryl in the Sawtooth batholith\and
its pegmatites (Reid, 1963). Note that the sequence of intrusion of the
pegmatite and aplite dikes accompanying each plutonic phase is very
complex. In many cases pegmatite dikes cut and are cut by associated
aplite dikes (Reid, 1963).

The other dikes in the region are fine-grained to porphyritic
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rocks of varied compositions that in the main seem to be associated with
the Challis volcanic-plutonic episode. Fig. 2.5 shows that these dikes
are concentrated near the Eocene plutons and also within a NE trending
“porphyry belt” north of Lowman. Reid (1963) has described the dikes in
the Sawtooth region and determined their temporal sequence from contact
and xenolith relationships; these rock types are indicated in Table 2.2
from oldest to youngest.

Field evidence establishes that dikes of Group 1 predate, and Groups
2-7 postdate, the emplacement of the Sawtooth batholith (Reid, 1963; see
Table 2.2). Mineralization in the Sawtooth Mts. postdates dike Group 5
and predates Group 6 (Reid, 1963). Diabase dikes constituting Group 7 are
youngest, trend predominantly NW compared to the predominant NE trends of
the older dikes, and are probably related to the Miocene Columbia River
basalt rather than to the Challis episode (Reid, 1963).

The above relationships are broadly consistent with observations by
Anderson (1934, 1947) and Ross (1934) in nearby areas, although the
lamprophyres are commonly reported to be closely associated with Au-Ag
mineralization and in some cases cut ore veins (Anderson, 1934). Further-
more, not all the dikes in Group 1 need be "Challis related"; some of
these may be related to the pyroxene-hornblende-biotite quartz diorite
dikes and stocks in the Boise Basin and Pearl-Horseshoe Bend areas which
are probably "Intermediate age" rocks (see Sec. 2.2.4). For comparison,
the intrusion sequence in the latter area, as outlined by Anderson (1934)
follows:

Idaho batholith plutons » px-hbl-bio quartz diorite » dacite porphyry

+ granite porphyry + syenite porphyry + rhyolite porphyry » basic dikes
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Table 2,2 Tertiary dike types in the Sawtooth Mts. region,

tabulated in terms of their intrusive sequence, after Reid (1963).

Youngest
A
I
| Dike Group 7: Diabase
} Dike Group 6: Hornblende trachyandesite
I - Period of Mineralization -
; Dike Group 5: Hornblende andesite, biotite andesite, hornblende-
{ biotite quartz latite, hornblende-biotite andesite,
: biotite trachyandesite, pyroxene andesite
} Dike Group 4: Spessartite#*
{ Dike Group 3: Rhyolite
{ Dike Group 2: Altered andesite, altered trachyandesite
! - Emplacement of the Sawtooth Batholith -
} Dike Group 1: Biotite andesite, hornblende-biotite trachyandesite,
{ hornblende quartz latite, quartz latite, quartz
{ monzonite porphyry, augite trachyandesite, micro-
} diorite hornfels, hornblende quartz monzonite,
} biotite quartz latite
|
v

Oldest

* Lamprophyre; Anderson (1951) reports that these dikes are commonly

closely associated in time with ore deposits.



69

+ (?) andesite dikes.

Detailed descriptions of some of the common dike types can be found

in Anderson (1934, 1947) and Ross (1934).

2.4 Summary

2.4.1 Chemical Comparison of Eocene and Mesozoic Igneous Rocks

Preceeding sections have outlined several fundamental petrographic
differences between the igneous rocks of the Mesozoic and Eocene suites.
This section will demonstrate (1) that a significant chemical contrast
exists between the Mesozoic and Eocene rocks, and (2) that the intrusive
and extrusive representatives of the Eocene suite are chemically similar.
These properties by themselves are often sufficient to allow rocks to be
assigned to their appropriate magmatic episode.

Fig. 2.6 is a Peacock diagram showing the variation of Ca0 and
Nas0 + K90 vs. Si09 for Mesozoic rocks of the Idaho batholith (data
from Larsen and Schmidt, 1958; Hietanen, 1962, 1963; Hamilton, 1963a).
The analyses define nearly‘continuous, approximately linear arrays
ranging from hornblendite (~ 46% Si0y) through gabbro (ca 46-53% Si0j,),
tonalite (primarily 57-65 % Si0,), granodiorite (ca 65-70% Si0y), quartz
monzonite (ca 70-75% Si0y) and granite (~ 76% Si0,), as pointed out by
Larsen and Schmidt (1958). The only outstanding exceptions to the trends
are the sole olivine gabbro (46.6% Si0y) and an unusual quartz-rich
tonalite (75.5% Si0jp), both collected from the Bitterroot lobe and reported
by Hietanen (1962, 1963). Note that SiOjp—poor (< 53% Si0Op) gabbroic
rocks, which occur only near the northwest margin of the batholith, are

greatly overrepresented on this plot; Larsen and Schmidt (1958) in fact
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Figure 2.6 Peacock diagram of the Mesozoic rocks of the Idaho
batholith, showing the variation of total alkalis (Naj0 + Ky0; diamonds)
and Ca0 (crosses) against the Si0y content, in weight percent. Note
the crossover of the trend lines at about 63% SiOp, which defines the
suite as "calcic". Most samples are from the western portion of the
batholith., Analyses from Hietanen (1962, 1963), Larsen and Schmidt

(1958), and Hamilton (1963a).
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>stimate that the average Si09 content of the batholith is about 70.5%.
‘furthermore, note that many of the northwestern rocks are actually members
>f the "west border group” (Swanberg and Blackwell, 1973) and are somewhat
>lder than the interior rocks; however, all these Mesozoic rocks appear
to define a common trend.

The intersection of the Ca0 and Nay0 + K90 trend lines on the figure
defines an Si0j content, termed the alkali-lime index, of approximately
63 + 2 %Z. Peacock (1931) defines suites of rocks with such high indices
to be "calcic" because of their relatively high Ca0, and low alkali,
contents for a given silica content. Trend lines for the southern
California batholith are similar despite the lower average Si0) content
(64.6%) of this batholith (Larsen and Schmidt, 1958), and so the latter
rocks would also be classified as a calcic suite.

Fig. 2.7 is a similar diagram for Challis volcanic and intrusive
rocks (data from Ross, 1962b; Fairchild, 1937, Hietanen, 1963). The data
again define linear, nearly continuous trends, the principal exceptions
being two samples of Germer tuff reported by Ross (1962). Note that the
Casto Pluton, and samples of rhyolite, quartz latite porphyry, "quartz
diorite” and lamprophyre dikes (Fairchild, 1937; Shenon and Ross, 1936)
plot on the same trend lines, which is strong evidence for their coeval
character. The Bungalow granite probably also belongs to this suite, but
the chemical data do not preclude a Mesozoic age; Bennett (1980) regards
this pluton as Eocene on the basis of its miarolitic cavities and its
high gamma-ray activity.

Note that the alkali-lime index for the Eocene rocks is about 57%

(Fig. 2.7), which indicates that these rocks are much more alkali-rich
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Figure 2.7 Peacock diagram of the Eocene rocks of the Idaho batholith
and surrounding region. Explanation as in Fig. 2.6, except that Eocene
intrusive rocks (mostly dikes) are circled, and points representing the

Casto and Bungalow granitic plutons are labeled with a "C" and "B". Other
analyses represent Challis volcanic rocks. Note the compositional similarity
of the intrusive and extrusive rocks, and also the distinct difference of

the trend lines from those of the Mesozoic rocks in Fig. 2.6 (e.g. crossover

at ~ 57% Si0p). Data from Fairchild (1937), Ross (1962b), and Hietanen (1963).
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than the Mesozoic rocks, comprising a "calc-alkalic" suite (Peacock,
1931). The trend lines are thus significantly different than those of
the Mesozoic suite.

The variation diagrams may in some instances by used to determine
the magmatic affinity of rocks with unknown or questionable relations.
As an example, Fairchild (1937) reports analyses of a granodiorite and a
quartz diorite from the complicated Profile Gap area, north of Yellow
Pine. Straightforward comparison with the plots shows that these rocks
probably belong to the Mesozoic suite, even though Shenon and Ross (1936)
tentatively assigned the granodiorite sample to the Tertiary. Similarly,
several analyses of dike rocks from the northwest portion of the batholith
(Hietanen, 1963) exhibit Mesozoic trends, with one exception which may
then be Tertiary. Last, the Challis trend lines contrast sharply with
those of the bimodal, Pliocene to Recent volcanic rocks of the Snake
River Plain, which are even more alkalic. Chemical analyses therefore
could probably be used to distinguish Challis rocks from those of the

Snake River Plain in cases where field relations are obscure.

2.4.2 Geochronologic Summary of the Idaho Batholith

The Idaho batholith proper is Mesozoic in age (Larsen et al, 1958),
probably dominantly Early to middle Cretaceous. The granitic rocks near
the southeast margin of the batholith intrude upper Paleozoic (Pennsyl-
vanian and Permian) sedimentary rocks (Ross, 1928; Hall et al, 1978).
Granitic plutons along the western margin intrude the Seven Devils Series,
which is a Permian to late Triassic complex comprised mainly of volcanic

and volcaniclastic rocks (Cook, 1954; Vallier, 1977). Some of the
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outlying plutons in east-central Oregon cut Triassic and Jurassic
sedimentary rocks (e.g. near Ironside Mtn.), while others are overlain by
fossiliferous mid-Cretaceous rocks (Thayer and Brown, 1964).

Thayer and Brown (1964) suggest that the batholith was largely
emplaced between late Jurassic (Kimmeridgian) and late early Cretaceous
(Albian) times, additionally observing that sedimentary strata within
this age interval are absent from the region. Similarly Taubeneck (1959)
observed that middle Jurassic (Callovian) sedimentary rocks in eastern
Oregon are strongly deformed and hence are probably prebatholithic; he
also noted that granitic cobbles are common in relatively undeformed
Albian sediments.

The above stratigraphic age assignments are consistent with the K-Ar
and Rb-Sr age determinations of Armstrong et al (1977) for the Bald
Mountain (147 to 158 m.y.) and Wallowa (probably 143 to 160 m.y.) batho-
liths in Oregon. However, they are slightly older than the Albian
bentonites of Wyoming, which were shown by Slaughter and Earley (1965) to
have a source in the Idaho batholith region. Note that "batholith-related”
rocks in east-central Oreéon must be distinguished from the earlier Canyon
Mountain ophiolitic series of peridotite and related gabbro, quartz
diorite, and albite granite; this series was definitely emplaced between
the lower Permian (Wolfcampian) and the upper Triassic (Thayer and Brown,
1964). Furthermore, rocks along the NW margin of the Bitterroot lobe,
termed the "West Border Group” by Swanberg and Blackwell (1973), are
somewhat older than the bulk of the Idaho batholith and are probably
Jurassic in age.

A well defined upper age limit for the batholith is provided by
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the widespread Eocene rocks produced during the Challis volcanic-plutonic
episode. Challis volcanic rocks unconformably overlie the plutonic rocks
of the batholith in several localities, and are related in time to several
crosscutting epizonal plutons and numerous dikes (Armstrong, 1974).
Additional geologic and petrographic characteristics of the Challis rocks
are described by Ross (1934, 1962b), Reid (1963), and others.

The above—described field relationships definitely restrict the age
of the Idaho batholith proper to the interval between the latest Triassic
(~ 180 m.y.) and the Eocene (~ 45 m.y.); this indicates that the rocks
are at least broadly correlative with the other great Cordilleran
batholithic masses, as first shown by Larsen et al (1958). The detailed
age relations of the Mesozoic plutons have not been fully established,
however, and indications are that these relationships will be complicated.
Anderson (1952) favored multiple emplacement of the batholith. He noted
that quartz diorite of the western margin ("Marginal facies™) is intruded
by quartz monzonite of the interior of the batholith ("Inner facies"),
which is in turn cut by a_small but distinctive pluton of quartz-bearing
pyroxene-hornblende-biotite diorite. A petrographically identical and
presumably correlative diorite pluton near the southeast margin of the
batholith is in turn cut by another quartz monzonite body, and in Montana
another diorite pluton is cut by rocks of the Boulder batholith (Anderson,
1952), which has been well documented to have a late Cretaceous age
(~ 70 m.y.; Tilling et al 1968). All available geochronologic and field
evidence is thus consistent with a pre-Tertiary age for the bulk of these
plutonic rocks, so that the entire Eocene suite represents yet another

cycle of plutonism that followed a 20-30 m.y. "quiet” period in which
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there was little or no plutonic igneous activity.

Available U-Pb determinations of the Idaho batholith also bear on
this subject. Reid et al (1973) studied quartz diorite and granodiorite
samples collected near the northwest and west—central margins of the
batholith, respectively. The results were very discordant, which they
thought reflected contamination with ancient lead, as well as recent lead
loss. Grauert and Hofmann (1973) studied four samples of quartz diorite
from the northwest portion of the batholith. These analyses were also
discordant, which the authors thought reflected "memory" of Precambrian
parent rocks, but the data form a linear array on the concordia diagram
and extrapolate to a lower intercept age of about 70 m.y. Chase et al
(1978) obtained similar results for granodiorite and quartz monzonite
samples collected near the northeast border of the batholith. These
samples gave a lower intercept age of 66 + 10 m.y. and an upper inter-
cept age of 1900 to 2250 m.y. on the concordia diagram. Chase et al
(1978) concluded that the 66 + 10 my age is close to the true age of the
rocks, and emphasized thg similarity of this result to the intrusive age
of the Boulder batholith (see Fig. 1.15; they also thought that the upper
intercept age reflects contamination with Precambrian zircons.

It is possible that most Bitterroot lobe rocks are generally younger
than most Atlanta lobe plutons, as suggested by Armstrong et al (1977),
although Swanberg and Blackwell (1973) would disagree. It is also probable
that the Bitterroot lobe rocks have experienced greater uplift than those
in the Atlanta lobe (c.f. Ferguson, 1975, Talbot, 1977), and this would
influence the heat generation results on which Swanberg and Blackwell's

(1973) interpretation rests (c.f. Lachenbruch, 1968).
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Although much more work is required, the available evidence is
consistent with the following generalized geochronologic framework for
the Idaho batholith:

(1) Emplacement of the Canyon Mountain ophiolite series in the Permian
or Triassic; (2) Emplacement of most of the western granitic rocks
within the Late Jurassic or Early Cretaceous; (3) Emplacement of much

of the batholith, especially the Main Series of the Atlanta lobe, within
the Early to Middle Cretaceous, although some plutons could be Jurassic
and some could be late Cretaceous; (4) Intrusion of the small cross-
cutting diorite plutons and possibly some other "intermediate age" rocks
in the Late Cretaceous; (5) Intrusion of the Boulder batholith (Fig. 1.1)
and many other younger more easterly plutons, possibly including many in
the Bitterroot lobe, in latest Cretaceous ("Larimide") time; and finally
(6) Intrusion of the Challis epizonal plutons and related rocks in Eocene

time about 38-45 m.y. ago.
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CHAPTER 3

GEOTHERMAL SYSTEMS AND CALDERAS

3.1 Geologic Settings of Geothermal Systems

Geothermal systems and hot springs are concentrated in regions of
high heat flow where hot rock occurs near the earths's surface, especi-
ally along active rifts, plate margins, and other areas of recent vulcanism
(White, 1973). A principal requirement is that the permeability of the
hot rock be sufficient to allow penetration of water and consequent
transfer of heat. Most large geothermal systems also have insulating cap
rocks above the premeable zone, which tends to inhibit discharge and
conserve heat, but others, such as the impressive Geysers area in
California, do not.

Modern geothermal systems thus occur in a wide variety of geologic
environments. Areas of hot water and/or steam discharge occur along mid-
ocean ridges (e.g. East Pacific Rise; Iceland), in both subaerial (East
African rift; Salton Sea) .and submarine (Red Sea) areas of recent contin-
ental rifting, above active Benioff zones (Matsukawa, Japan; Umnak Island,
Alaska), above former Benioff zones (Mt. Lassen, California), along or
near active transcurrent faults (Murrieta Hot Springs, California), within
complex continent-continent suture zones (Larderello, Italy), and in the
interiors of continents (Yellowstone, Wyoming; Steamboat Springs, Nevada).
The associated aquifers are most commonly volcanic and pyroclastic rocks
(Yellowstone; Valles, New Mexico; Wairakei, New Zealand) but may be
relatively young sediments (Salton Sea; Red Sea), older sediments
(Larderello), plutonic rocks (Steamboat Springs) or metamorphic rocks

(Geysers). Evidence of recent vulcanism is present in all areas where
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there is impressive thermal discharge, but is not necessarily found near
the vents of the cooler types of thermal springs. With the exception of
oceanic areas, the associated vulcanism in most highly active geothermal
areas tends to be silicic or at least to have silicic differentiates
(Smith and Shaw, 1973). This is apparently because on the continents,
silicic magma chambers are often very large and shallow compared to those
of basaltic magmas (Smith and Shaw, 1973).

The following discussion is restricted to the geothermal areas on
continents. Systems associated with large, shallow-level magma chambers,
silicic volcanic rocks, and cauldron subsidence are of particular interest.
Such systems (e.g. Yellowstone, Valles, Long Valley, San Juan Mts.) pro-
videvprobable analogues to the Eocene hydrothermal activity in the Idaho

batholith.

3.2 Characteristics and Origin of Silicic
Volcanic Plateaus and Associated Calderas

Calderas, craters and other geomorphic depressions related to volcanic
activity form in a variety of ways (c.f. Macdonald, 1972). The largest
features, known as "calderas of the Valles type" and the genetically
similar "volcano-tectonic depressions” are distinguished by their great
size (to several thousand kmz), their association with silicic volcanic
rocks, and by the absence of a pre-existing volcanic edifice (McBirney
and Williams, 1969; Macdonald, 1972). These features are thought to form
by subsidence of rock into large underlying batholith-sized magma chambers,
during events probably associated with voluminous eruptions of ash-flow
tuffs (Macdonald, 1972).

This section reviews the geologic characteristics and historical
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development of several rhyolitic plateau regions and their associated
calderas. All examples come from the western U.S.A., where Tertiary
occurrences are widespread and in many cases well described. The Valles
caldera is the type example of this phenomenon, the San Juan volcanic
field is of interest since many parallels may be drawn with the Challis
rocks of Idaho, and the relatively young Yellowstone and Long Valley
calderas have been the subject of extensive geophysical and geological
investigation. All of the younger calderas exhibit ongoing geothermal

activity.

3.2.1 Valles Caldera, New Mexico

Smith et al (1961) have outlined the historical development of the
Valles caldera, located in the Jemez Mts. of New Mexico. The caldera
lies within a large (2500 kmz; thickness to 1.5 km) field of late Tertiary
alkali-calcic volcanic rocks, which range in composition through basalt,
andesite, dacite, rhyodacite, and quartz latite to rhyolite. A short
period of quiescence follqwed the eruption of the volcanic plateau, but
in the late Pleistocene there was a voluminous (~ 200 km3) ash-flow
eruption, producing the "Bandelier rhyolite tuff", which was in turn
apparently associated with the tectonic collapse that formed the large
(19 x 24 km) Valles caldera (Smith et al, 1961l). In a more detailed
study, Smith and Bailey (1966) divided the Bandelier tuff into upper and
lower portions, additionally observing that the lower unit was erupted
from the now partly obscured and older Toledo caldera, and that the upper
tuff was erupted from the Valles caldera. Doell et al (1968) report K-Ar

age determinations of 1.4 and 1.0 m.y. for these two events.
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Post-collapse activity in the region included uplift of a large
(1 km relief) resurgent dome within the caldera, simultaneous eruption of
rhyolite flows along an arcuate fracture zone and also within a graben
transecting the dome, then tilting and sedimentation, and finally eruption
of an almost complete ring of late rhyolite domes within a complex,
~ 5 km-wide, ring-fracture zone (Smith et al, 1961). This late ring-
fracture vulcanism persisted at least until 0.4 m.y. and probably to 0.1
m.y., and was associated with much hydrothermal activity (Doell et al,
1968; also see Lambert, 1976). Smith et al (1961) proposed that ring
intrusion may be associated with tensional opening of the ring fractures
during resurgent doming, rather than with subsidence of the cauldron
block along outward dipping fractures as had been suggested for the Glen

Coe complex of Scotland.

3e2.62 San Juan Volcanic Field, Colorado

Lipman et al (1973, 1978) have summarized the geology of the San
Juan volcanic field of Colorado, which was developed over the NW trending,
late Cretaceous to early Tertiary Brazos-Uncompaghgre uplift. The enormous
amount of Oligocene igneous activity is indicated by the field dimensions
of ~ 40,000 km? and by the average thickness of ~1 km (Lipman et al,
1978). The earliest lavas (30-35 m.y.) comprise a calcalkaline suite of
intermediate compositions (primarily andesite, rhyodacite, quartz latite)
associated with mudflow deposits and other volcaniclastic sediments
(Lipman et al, 1978). These rocks constitute approximately two-thirds of
the total volume and are thought to have issued from several large central

volcanoes (Lipman et al, 1978).
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The remainder of the field was mainly erupted between 26 and 30 m.y.
ago, and predominantly consists of at least 16 major (to 3,000 km3), and
many minor, units of ash flow tuffs (Lipman et al, 1978). The various
ash flows range in composition from quartz latite to low-silica rhyolite,
and some individual sheets are zoned upward toward more mafic compositions
(Lipman et al, 1978). Many of the major ash flows have their greatest
thickness within the major caldera depressions (Fig. 3.1, Fig. 3.2d),
which suggests a close link between the voluminous pyroclastic eruptions
and caldera collapse (Lipman et al, 1978).

Post—-collapse activity includes resurgent doming of several of the
calderas, hydrothermal alteration and mineralization (Taylor, 1974a,

Fig. 3.1), and occasional eruption of late lavas of intermediate compos-
ition (Lipman et al, 1978). This activity was followed by bimodal
volcanism which is probably unrelated to the earlier volcanism. Lipman
et al (1978) proposed that the Oligocene ash flows were genetically
related to a subjacent, intermediate-composition batholith whose presence

is indicated by a major gravity anomaly.

3¢2.3 Yellowstone Volcanic Plateau, Wyoming

The geology of the Yellowstone region has been reviewed by Eaton
et al (1975). This area comprises the easternmost portion of the Snake
River Plain, whose volcanic rocks consist of a bimodal assemblage that
generally becomes younger to the east (Armstrong et al, 1975). Following
the eruption of tholeiitic basalts and subordinate rhyolite flows, a more
important and younger cycle of vulcanism began about 1.2 m.y. ago and was

characterized by the construction of a rhyolitic plateau from flows
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Figure 3.1 Generalized geologic map of the Silverton Caldera and
surrounding region, San Juan Mts., Colorado. Tertiary volcanic rocks

are shown in blank pattern, intrusions are stippled, and pre-Tertiary
country rocks are ruled. Plotted numbers refer to 6180 analyses of
whole rock samples, except large negative numbers (=116 to =150) indicate

6D measurements on biotite and chlorite. Note the extremely low §180

numbers along the ring fracture zone. From Taylor (1974a).
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erupted from a pair of "growing ring fracture zones"” (Eaton et al, 1975).
This period was followed at 0.6 m.y. by voluminous (~ 900 km3) eruptions
of rhyolitic pyroclastic material from two adjacent ring fracture zones,
accompanied by major collapse and the formation of a large (70 x 45 km)
caldera (Fig. 3.2a). Shortly thereafter a resurgent dome formed within
the foundered block, and a series of post—collapse rhyolitic flows erupted
until approximately 0.25 m.y. (Eaton et al, 1975). Another period of
magmatism, initiated during resurgent doming of the western portion of
the cauldron at ~ 0.15 m.y., was characterized by renewed rhyolitic
volcanism and by hydrothermal activity which continues today (Eaton et al,
1975). Most of the present surface hydrothermal activity is confined to the
peripheries of the resurgent domes. Fournier et al (1976) estimate that the
current heat flux from the 2500 km? caldera is an impressive 43 H.F.U.

The region underlying the Yellowstone caldera is characterized by
low P-wave velocity, high seismic wave attenuation (especially S waves),
a Bouguer gravity low, a negative aeromagnetic anomaly, and is relatively
aseismic compared to adjacent areas (Eaton et al, 1975). The large
(to 2.2 sec) delays of teleseismic P-waves are consistent with a ~ 55 km
wide body of low velocity material which extends almost from the surface
to a depth of ~ 100 km; this anomalous body almost certainly consists of
hot rock or magma (Eaton et al, 1975). The latter interpretation would
explain the other seismic observations, and also the aeromagnetic low,
since such material would be above the Curie temperature (Eaton et al,
1975). The gravity anomaly reflects the presence of low density caldera
fill and possibly also light rhyolitic magma at deeper levels (Eaton

et al, 1975).
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Figure 3.2 Comparison of the geology of the Sawtooth Mts. ring zone

with relationships in other areas of large scale caldera development,

all to the same scale:

A

C.

Yellowstone Caldera, Wyoming, showing caldera rim, areas of resurgent
doming, and fracture patterns, after Eaton et al (1975).

Sawtooth ring zone, Idaho, showing Sawtooth batholith (Tgg), fracture
patterns, and the annular low -185 zone (6180 fe1q < 6), based on
data from the present study and from Reid (1963), Kiilsgaard et al
(1970) and Bennett (1980). Small, isolated low -180 zones within the
Eocene plutons are not shown (see Fig. 6.4).

Long Valley caldera, California, showing the approximate size of the
caldera, and some of the fracture zones (after Bailey et al, 1976).
Fracture patterns in the Silverton (SC) and Lake City (LC) calderas,
separated by the Eureka graben (EG), in the San Juan volcanic field.
The figure also shows:the topographic wall of the earlier San Juan
and Uncompahgre calderas, after Lipman et al (1973) and Steven. et al

(1974).
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3.2.4 Long Valley Caldera, California

Bailey et al (1976) have described the geology and geochronology of
the large (17 x 32 km) Long Valley caldera in California (Fig. 3.2b). A
few hundred meters of pre-caldera (~ 3 m.y.) basalt and andesite flows
exists near the west portion of the caldera, but no great accumulation of
such rocks exists. The earliest rocks which are clearly related to the
Long Valley activity are a group of rhyolite domes and flows immediately
NE of the caldera; two K-Ar ages of this material are 0.9 and 1.9 m.y.
(Bailey et al, 1976).

The eruption of the voluminous (~ 600 km3) rhyolitic Bishop tuff
occurred about 0.7 m.y. ago, and almost certainly caused collapse along
arcuate fractures to form the Long Valley caldera (Bailey et al, 1976).
Bailey et al (1976) point out that the volume of subsidence, as calcul-
ated from present topography and geophysical data, corresponds closely to
the estimated volume of the Bishop tuff. Postcollapse activity (to ~ 0.6
m.y.) began with the eruption of more than 500 m. of intracaldera rhyolite
tuffs, domes and flows (early rhyolites), contemporaneous with formation
of a ~ 10 km diameter resurgent dome in the west central portion of the
caldera (Bailey et al, 1976). This was followed (0.5 to 0.1l m.y.) by
eruption of pumiceous "moat rhyolites"” along the periphery of the resurgent
dome, and also by formation of rhyodacite domes along or near the caldera
rim between 0.2 and 0.05 m.y. (Bailey et al, 1976).

Evidence of hydrothermal activity, which Bailey et al (1976) suggest
was maximum at about 0.3 m.y., is provided by acid leached, argillized
and silicified lacustrine sediments, and by minor hot spring and fumarolic

activity today. The youngest volcanic activity includes eruption of basaltic
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and trachyandesitic lavas erupted along the east front of the Sierra
Nevada, and also the very young (4000 yr.), rhyolitic Mono Craters and
Inyo domes which occur between Long Valley and Mono Lake (Bailey et al, 1976).
Recent geophysical investigations also bear on the nature of Long
Valley. Seismic refraction profiles show that basement rock, which lies
below low-velocity caldera fill, has been downdropped by 1 to 3 km within
the caldera (Hill, 1976). The refraction data also suggest that the top
of a low velocity (magma?) zone exists about 7-8 km below the valley
(Hill, 1976), in general agreement with the probably 7 to 25 km deep low-
velocity zone deduced from P wave delays of teleseismic events (Steeples
and Iyer, 1976). The location of the caldera coincides with a large
(~ 50 milligal) Bouguer gravity low, which primarily reflects the thick
low density caldera fill (Pakiser et al, 1964), and probably partly also
a deeper (8-16 km) source, possibly a magma chamber (Kane et al, 1976).
Chemical and temperature data on thermal waters allow a minimum
subsurface heat flux of 10 H.F.U. to be calculated for the caldera (Sorey
and Lewis, 1976). However, direct measurements of surface heat flow are
complicated by the hydrologic transport system; low flux occurs along the
caldera rim and reflects recharge of meteoric waters, intermediate values
(4-8 H.F.U.) characterize much of the interior of the caldera, and
extremely high values (to 50 H.F.U.) occur near the vents of the thermal

springs (Lachenbruch et al, 1976).

34245 Summary

In summary, the above case histories establish a definite connection

between voluminous rhyolitic eruption, major tectonic subsidence, large,
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shallow magma chambers, and resultant high heat flow and hydrothermal
activity. Associated phenomena commonly include uplift, on both a regional
scale preceding the formation of the rhyolitic plateau, and also on a
relatively small scale forming postcollapse resurgent domes within the
calderas. The major tectonic subsidence commonly occurs along arcuate or
crudely circular faults, but grabens are formed in other areas and it is
possible that some elliptical calderas are related to deeper tectonic
phenomena.

A relationship between calderas and ring intrusions is in cases
probable but is not definitely proven. Macdonald (1972) describes several
rhyolitic plateaus where no arcuate dikes are known. Figure 3.2 compares
the sizes and shapes of some of the above described calderas; also included
is the "Sawtooth Ring Zone" of the Idaho batholith that will later be

described in detail in Section 6.3.

3.3 Origin and Composition of Geothermal Fluids

334l Isotopic Relationships

One of the triumphs of stable isotope geochemistry has been the
proof that the water of most geothermal areas of the world is dominantly
of surficial rather than deep—seated or magmatic origin. This section
emphasizes the character and origin of such surface-derived fluids and
their compositional modification by interaction and exchange with hot rocks.
Craig et al (1956) studied the stable isotopic composition of several
subaerial geothermal waters and proved their surficial origin. The D/H ratios
of these waters were in almost all cases identical to those of the 1local

meteoric waters in each geothermal area. In turn, the D/H ratios of these
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local meteoric waters have been shown to vary as a well understood and
sensitive function of the surface temperature, latitude, and altitude of
the locality (Craig, 1961; Dansgaard, 1964; Friedman et al, 1964).

These critical facts establish that essentially all geothermal waters
on continents and islands are dominantly of meteoric origin, although a
small (~ 5%) component of magmatic water cannot be excluded. Note that
since the early work of Craig et al (1956), isotopic evidence for the
tentative existence of some connate and metamorphic geothermal waters has
been accumulated (Clayton et al, 1966; White et al, 1973), but such waters
are clearly of subordinate importance or totally absent in most modern
geothermal systems.

Although the §180 values of cool, meteoric surface waters are linearly
correlated with 6D (Fig. 3.3), the 8180 values of the associated geothermal
waters are typically different from the local meteoric waters, often
having significantly higher 180 contents (Fig. 3.4, Craig, 1963). This
phenomenon has been termed the "180) shift" and reflects oxygen isotopic
exchange between the heated meteoric waters and 180-rich rocks. As a
general rule of thumb the hottest, most saline waters in any geothermal
area exhibit the largest 180 shift (Craig, 1966). Although similar D/H
exchange between water and rocks is known to occur and is in fact typically
much faster than 180 exchange, the common lack of a perceptible deuterium
shift in the water is a simple consequence of the much lower concentrations
of hydrogen in most rocks. Note that oilfield brines, which were for
long periods in contact with the hydrogen-rich clay minerals of sediments,
do show both deuterium and 180 shifts (e.g. Clayton et al, 1966; Hitchon

and Friedman, 1969); however, these waters are complicated by the likelihood



93

+100
L O O N O I O O
- =
L - i
o— ) e
— / -~
- s =
- -
-100/— =
- — i
s "
P Le and
-200}— —
— 8 —
- 80:850"+10 w
-300{— ot
T ' i
[y O O U I O O 0 O O A O A O S O
-50 - 40 -30 -20 -10 0 +10 +22
80° (%)
Figure 3.3 Isotopic compositions of meteoric waters (relative to

S.M.0.W.). The 6180 value of most surface waters is linearly cor-
related with §D, except for samples from closed basins where kinetic

fractionations have been caused by evaporation. From Craig (1961).
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that they also contain a non-meteoric component.,

The phenomenon of "180 shift" indicated in Figs. 3.4 and 3.5 is of
paramount importance to this thesis, because the 180 enrichment of meteoric
waters in geothermal systems requires, by material balance, a corresponding
189 depletion of the affected rocks. Thus 189 analyses of rocks form a
basis for the study of ancient geothermal systems and even permit estimation

of the former temperatures and water to rock ratios (Taylor, 1974b).

3e3.2 Dissolved Solids

Geothermal waters commonly contain appreciable quantities of solutes.
Total concentrations are typically several thousand ppm, but range from
essentially fresh water (few ppm) to concentrated brines (25 wt. % solute).
The most important waters are neutral to alkaline chloride waters, which
have a predominance of alkali and alkaline earth chlorides (NaCl, KC1,
CaCly), are often close to saturation with calcite and amorphous silica,
and contain a wide variety of other constituents (Ellis and Mahon, 1964;
White et al, 1971). Concentrated waters of this type often occur in near-
boiling springs of moderate to high discharge (White et al, 1971).

Another type of water, termed acid sulfate water, is found in gassy
springs and fumaroles with relatively low discharge rates (White et al,
1971). Sulfate, rather than chloride, is the dominant anion of these
low pH waters, and Fe, Al, Ca and Mg are commonly abundant relative to Na
and K (White et al, 1971). These waters probably result from condensed
steam boiled from a deeper reservoir of chloride water (Ellis and Mahon,
1964; White et al, 1971). Such waters are also distinguishable from the

near-neutral chloride-rich geothermal waters on a §D-6180 diagram, because
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both the 8D and §!80 values are affected by kinetic processes assoc-
iated with high-temperature evaporation (boiling ?); the acid sulfate
waters plot along linear trends having a slope of about 3 instead of
showing the constant D "180 shift" characteristic of chloride waters
(Fig. 3.5). The boiling model is also consistent with the low vola-
tility of the common metal chlorides relative to HyS, which oxidizes
near the surface to form sulfuric acid (White et al, 1971). A few
representative analyses of geothermal waters are given in Table 3.1.

It was formerly thought that the dissolved constituents in geothermal
fluids were derived along with the water from a magmatic source, but when
the meteoric origin of the water was demonstrated it was recognized that
a primary magmatic source for all of the solutes was less likely. Subse-
quently Ellis and Mahon (1964) demonstrated by experiment that the
chemistry of these waters could be accounted for by interaction of the
hot circulating waters with their host rocks. Ellis and Mahon monitored
compositional changes of water reacting with representative volcanic
rocks and greywacke at temperatures ranging from 150° to 350°C and
water/rock ratios close to 2. Some of their results are discussed below
and show that considerable quantities of characteristic solutes were liber-
ated from the rocks on short time scales (<14 days). For example, between
13 and 75 percent of the available chlorine in the various rocks was dis-
solved by the water at 350°C, which typically gave the solution a chloride
concentration of a few hundred ppm. Several hundred pppm of sodium was
also obtained from several rocks at this temperature, and the resultant
Na/K ratios (3-20) decreased with temperature. The concentration of

aqueous Si0y was high and temperature dependent, quickly attaining a
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Geysers, CA Mud Volcano, Noris Basin, Reykjanes, Wairakei, Boiling Spr, No. 2 IID Ellis Pool
Yellowstone Yellowstone, Reykjavik, New Zealand Idaho Salton Sea Alberta,
Wyoming Wyoming Iceland CA. Canada

Acid Sulfate Acid Sulfate Cl (HO0q) a a (H7) ~ (C Brine) 0il Field Brine
$;0, 225 540 529 97 386 81 400 13
Al 14 146 o7 0.1 0.85
Fe 63 17 .3 0.4 2000 0.04
Mn 1.4 0.05 0.004 1370 .00
As 3.1 o12 <0.1 0.23
Ca 47 14 5.8 2200 26 2.2 28,800 9.6
Mg 281 11 0.2 45 <0.1 0 10 35
Na 12 16 439 13,800 1130 74 53,000 1740
K 5 17 74 1920 146 (1.9) 16,500 20
K1 84 7.4 12 0.2 210 1.2
NH, 1400 26 0.1 1.4 0.9 2.6
H004 0 27 5 35 79 (500Z005) 2650
@3 - - 0 - 27 84
S0, 5710 3150 38 128 35 12 223
a 0.5 ) - 744 27,400 1930 14 155,000 830
F 1 4.9 0.7 6.2 11 5.8
Br 0.1 98 3.5
NOj - 0.9 0.5 O~
B 3.1 12 13 26 390 1.4
HyS - 0 0 0.2 1.1 <al (301S) s
Total 7770 3980 1890 45,700 3750 304 259,000 5600
pH 1.8 Strong Acid 7.5 6.7 8.6 9.1 - 8.6
Tewp®C Boiling? 65 B4.5 100 Boiling 88 ~ 320 37

Table 3.1 Solute composition of some geothermal waters (in ppm).

(1963,1971), except Salton Sea Brine from Helgeson (1968)

From White et al
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value intermediate between quartz-saturation and amorphous silica=-saturation.
Magnesium concentrations were low (<1 ppm) and indicated strong incorporation
into alteration minerals.

As a general rule the concentrations of most constituents in the
waters (e.g. F , 804=, ca™t, NH,™, Si0,, Nat, ) were governed by equili-
brium with the various minerals in the rocks (Ellis and Mahon, 1964). The
principal exceptions were the halogens (except F~), boron, and cesium, all
of which strongly favor the water phase (Ellis and Mahon, 1964). All of
the above properties have been noted in natural geothermal waters, and it
is clear that hydrothermal alteration of solidified volcanic rock is
sufficient to explain the chemical characteristics of the waters. No
primary magmatic source is required. Incidentally, trace elements in
geothermal waters are probably complexed with the chloride or sulfide,
and may also in large part be derived from altered rock. The pressure
(~ 350 bars) and temperature range (150°-350°C) of the above experiments

are realistic in comparison with natural systems, as discussed below.

3%3s3s Physical State of Geothermal Fluids

Most geothermal systems are characterized by hot water under a hydro-
static pressure gradient. The temperature gradient in the main reservoir
of large, hot (>100°C) systems is often very gentle because of convective
heat transport (Helgeson, 1968; White, 1973). At shallow depths above
this zone the temperature gradients are very steep, and in open channelways
are controlled by the boiling curve of water under the hydrostatic head
(White, 1973). A steep temperature gradient also obtains in the adjacent
surface rocks, where the heat transfer mechanism is conduction. The

overall effect of the hot circulating water, of course, is to bring high
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temperatures close to the surface of the earth (Fig. 3.6).

An economically important but uncommon variant called a "vapor
dominated system" has been discussed in detail by White et al (1971) and
Truesdell and White (1973). These are typically found in areas of very
high heat flow and relatively low permeability. At shallow depths the
pressures are hydrostatic and temperatures are again controlled by the
boiling curve, but below about 350 m the pore pressure (~ 32 bars)
and temperature (~ 240°C) are nearly constant (White et al, 1971).

These conditions are uniquely characteristic of steam with the maximum
possible enthalpy under saturated conditions (James, 1968). Note that
the low, virtually depth-independent pressure indicates that steam is the
"continuous, pressure controlling phase”, which in turn implies that the
coexisting liquid must be present in unconnected pores in the rock (White
et al, 1971).

James (1968) suggested that the maximum enthalpy condition is a
consequence of boiling at an underlying water table. If the temperature
and pressure at the water table were higher than 240°C and 32 bars, the
steam produced would on cooling increase in enthalpy and the remainder
would condense to liquid and return. This process would lower the
temperature of the water table until eventually the conditions of maximum
enthalpy steam obtained. Lower temperatures are not realized because the
steam would on further isoenthalpic cooling become superheated, and would
not produce any condensate. This condition stabilizes the unique pressure
and temperature of the reservoir (James, 1968).

White et al (1971) outlined several differences in the geologic

characteristics of hot-water and vapor-dominated systems. Hot water
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Figure 3.6 Temperature-depth profiles in some geothermal areas,
compared to a normal conductive geothermal gradient (curve A; ~30°C/km),
and to the boiling curve of pure water under a hydrostatic head. Curves B
and D represent two hot water systems with different reservoir temperatures
(140°; 265°); the steep portions of these curves illustrate rapid heat
transfer by convection. Ascending waters in such systems will boil when
the boiling curve is intersected. Curve C illustrates a vapor-dominated
system with a reservoir of 240°C steam, overlying a deeper pool of brine.

Simplified after White (1973).
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systems are found in relatively permeable sedimentary and volcanic rocks
and in highly fractured, competent rocks, and are often characterized by
high discharge of chloride waters (White et al, 1971). High-temperature
systems are often associated with siliceous sinter and natural geyser
activity, whereas travertine deposits imply lower temperatures (White et al,
1971). In contrast, vapor—-dominated systems are characterized by lower-
permeability host rocks, and by low discharge of acid sulfate water; mud
pots, fumaroles and acid leached ground are found in areas of intense
activity (White et al, 1971).

White et al (1971) suggest that vapor dominated systems develop from
hot water systems where the heat supply is sufficient to vaporize all
recharge. This condition could obtain Ey precipitation of minerals
(esp CaCO3 and CaS04) at the margins of the system, which would decrease
the permeability (White et al, 1971). Note that a vapor dominated cap
was artifically created over the hot water system at Wairakei when the
fluid production rate from wells exceeded the natural recharge (Truesdell

and White, 1973).

3.3.4 Circulation Dynamics of the Geothermal Fluids

It is now clearly established that circulation of hydrothermal fluids
occurs around shallow level heat sources in the crust. This section will
briefly summarize the theoretical cause of this circulation and the nature
of the governing geologic variables. Model ‘calculations (Norton and
Knight, 1977) of heat and fluid transport around a pertinent pluton geom-
etry will then be discussed.

Fluid motion in permeable rocks occurs in response to lateral,

thermal or solute-induced perturbation of the fluid density (Norton and
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Knight, 1977). The magnitude of flow is given by Darcy's equation:

=K

q= v (pg +VP)

where q is the fluid flux vector (g cm™2 sec‘l), K is the rock permeability,
‘g is the gravitational acceleration, VP is the pressure gradient, and v and p
refer to the viscosity and density of the fluid. The condition of no

flow requires that (- pg) equals the pressure gradient, i.e. that dP/dx

and 3P/9y are zero and that the vertical gradient 3P/3z equals negative

(pg). Any horizontal variation in pressure or density will thus require
fluid flow (Norton and Knight, 1977). Thermal density perturbations, of
course, naturally arise around shallow level magma chambers and other
geothermal anomalies.

The Darcy equation defines the fluid and rock properties pertinent to
fluid motion. The rock permeability is of paramount importance and prin-
cipally relates to continuous open fractions in the rock (Norton and
Knapp, 1977). Norton and Knapp (1977) theoretically argue that the

permeability is given by::
K = nd3/12

where (n) is the fracture abundance (number per cm) and d is the fracture
aperture. Aperture widths are estimated to range from 5 x 10 -3 to

2 x 1072 cm, and fracture abundances range from 0.5 per cm in some ore
deposits to 10~3 per cm in unaltered igneous rocks (Norton and Knapp,
1977). An unexpected feature of this analysis is that porosity associated
with these fractures constitutes only a small fraction of the total

porosity of the rock (Norton and Knapp, 1977). Note that model calculations
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of cooling plutons show that convective heat transport predominates over
conduction when host rock permeability exceeds 10 =14 cp2 (i.e. 10-3
millidarcies, Norton and Knight, 1977). Most rocks of the upper crust
have permeabilities greater than or equal to this number (Norton and
Knapp, 1977).

The viscosity and density of the fluid also dictate the nature of
flow. The first-order dependence of fluid motion on the viscosity is
obvious, but the detailed circulation patterns depend on the change of
viscosity with temperature and pressure. The density dependence princi-
pally relates to the coefficient of thermal expansion of the fluid, which
also is a function of temperature and pressure, and also to solute concen-
tration effects which will not be considered (Norton and Knight, 1977).
Norton and Knight (1977) concluded that the circulation and heat transport
properties are strongly influenced by the approximate coincidence of a
maximum in the isobaric thermal coefficient of expansion and heat
capacity, together with a minimum in the viscosity, in supercritical Hy0
(350° < T <€ 550°C; 200 < P < 800 bars). In this range the buoyancy and
heat transport properties of the fluid are maximized and drag forces
minimized (Norton and Knight, 1977).

A model calculation of fluid circulation around a pluton, computed
by Norton and Knight (1977), will now be discussed. The model is based
on the Darcy equation and parameters just mentioned, and also on conser-
vation relations for mass, energy and momentum which they derive and
justify in detail. The two dimensional numerical calculations are assumed
to represent a cross section through the crust (Norton and Knight, 1977).

The initial and boundary conditions of the model (P5) are shown in
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Fig. 3.7a. A slightly permeable (K = 10 =14 cmz) pluton with an initial
temperature of 920°C is instantaneously emplaced into more permeable
(10712¢m2) host rocks, in which the initial temperature gradient is 20°C
per km. Emplacement of the pluton is considered to cause fracturing of
the overlying rocks, whose permeability is increased to 10710cn2, Heat
and fluid may pass through all boundaries except the lower.

The various Figs. 3.7bcd represent the heat and fluid transport
after 50, 100, and 160 thousand years. The right hand side of the figures
shows the isotherms. The "streamfunctions"” given on the left hand side

are defined by:

where E& and E; are the fluid flux vectors in the y and z directions,
respectively, and ¥ is the streamfunction. Note that the gradient of
the streamfunction is proportional to, and orthogonal to, the fluid flux
vectors. Thus the "streamlines” shown in the figure are everywhere
tangent to the instantaneous fluid flux vectors. Furthermore, since the
gradient of the streamfunction is proportional to the magnitude of the
fluid flux, the total mass flow between any two streamlines is constant.
The calculations show that fluid circulation is induced at great
distances from the causal pluton (note that these long-distance effects
on fluid motion are critical to much of the discussion in later portioms
of this thesis). The circulation, however, is strongly concentrated in
the channels above the pluton, where transport rates are probably on the
order of a few gcm"2 yr—l. Heat transport is dominated by convection in

this region, as shown by the narrow thermal dome and the steep, near-
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Figure 3.7 Calculated model (P5) of the evolution of a convective
circulation system developed around a hot, ~ 3 km wide epizonal intrusion.
Figure 3.7a shows the geologic and initial conditions, where K is the
permeability, Tp = 920°C is the initial temperature of the stock, and

To = 20°C/km is the geothermal gradient in the country rocks. Heat and
fluid may pass through all boundaries except the lower. Figs. 3.7b, c,
and d show the isotherms (right side) and fluid streamlines (S, left side)
at 50000, 100000, and 160000 years. Note the extensive lateral migration

of the fluid. See text. From Norton and Knight (1977).
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surface temperature gradient. At lower levels, and within the pluton,
conductive heat transport is considerably more important. A surprising
feature of the model is that even though large amounts of Hy0 are involved,
the cooling rate of the pluton is not shortened as much as one might
imagine, as compared to the purely conductive rates (Norton and Knight,
1977). The primary effect of the fluid, then, is to redistribute heat
from the sides toward the surface, (Norton and Knight, 1977). Note,
however, that in another model in which the pluton was shattered after
consolidation, and was thus much more permeable, the pluton rapidly

cooled to low temperatures (200°- 400°C; Norton and Knight, 1977).

Other models of Norton and Knight (1977) show the effects of increased
‘pluton width. The fluid flux is for shoft times concentrated along the
margins of a batholith sized (54 km wide) pluton. Although these zones
of concentrated fluid flux are very large, they are proportionately small
and narrow compared to those developed around smaller stocks. Secondary
circulation later develops above the pluton and eventually dominates the
circulation style (Norton and Knight, 1977). If the top of the batholith
were conical rather than flat, these secondary effects would not be as
strongly developed. Small stocks or protrusions on top of the batholith

would develop their own secondary convective circulation systems.
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CHAPTER 4

METHODS AND DATA

4,1 Fluorine Method for 180/160 Determination of Silicates

The technique used for 180/160 determination of silicate minerals in
this work is essentially the same as that outlined by Taylor and Epstein
(1962a), and involves reaction of the silicate with excess fluorine gas
in a vacuum line, purification of the released oxygen, conversion of the
oxygen to carbon dioxide, and analysis on a mass spectrometer. Five
purified mineral separates and one standard, each between 20 to 25 mg.
and weighed to + 0.1 mg, were placed along with a detachable manifold of
six nickel reaction vessels in a dry box for 24+ hours. The samples were
then sealed into the nickel cells, the manifold was removed from the dry
box and bolted to the fluorine extraction line with a vacuum tight teflon
seal, and the dry air was evacuated with a mechanical pump. About 1/6
atm. of fluorine gas was flushed into all metal portions of the line
except the nickel vessels to react any atmosphere water which may be
present; this "waste” fluérine was then reacted with solid KBr granules
at about 120°C, the resultant bromine gas frozen into a liquid nitrogen
trap (2Ny), and then the line was repumped to vacuum (~ 10 microns pres-
sure). About 5/6 atm. of high purity fluorine gas with a negligible
oxygen blank was then introduced into each nickel reaction vessel; each
vessel was resealed with teflon vacuum-tight valves and then heated to
~ 525°C overnight. The next day, following removal of any unwanted
fluorine gas in the line, the first nickel vessel was opened to the
extraction line, allowing expansion of the released gas sample; the latter
consisted primarily of oxygen and silicon tetrafluoride (from the sample)

and unreacted fluorine. The SiF, and any other condensable gasses were
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frozen into a &4Nj trap, the remainder was introduced into a hot (~ 180°C)
KBr trap to react unwanted fluorine, and the sample was then passed
through several additional 4N, traps to remove bromine. The now essen-
tially pure oxygen gas was quantitétively combusted to COp with a resis-
tance heated, spectrographic grade carbon rod with platinum leads, care
being taken to keep the temperature low enough to prevent production of
carbon monoxide, and the resultant COj simultaneously frozen into a &N,
trap. At the end of the combustion process an aliquot of sample oxygen
which had been "saved” in a closed side arm was introduced into the
combustion chamber and burned to react any (minor) CO which may have been
produced. Then the COyp gas was transferred into a calibrated manometer
to allow measurement of the amount of gas. The CO, gas was then placed
in contact with hot mercury vapor to react any remaining bromine or
fluorides, and frozen into a sample tube- ready for mass spectrometer
determination. The extraction line was pumped to high vacuum, and the
next sample was then treated in the same fashion. After all six samples
had been purified, combus;ed and collected, about 1/6 atm. of fluorine
was reintroduced into each nickel cell and heated several hours at
>525°C to react any (small) amount of remaining silicate and ready the
manifold for another set of samples.

Mass spectrometer analyses were made with a McKinney-Nier, 60° sector
double-collecting mass spectrometer, with a working standard of Harding
Iceland Spar which measures +21.62 on the SMOW scale. The analyses were
corrected to SMOW measurements with a straightforward procedure which
utilized the running average of the Rose quartz standards run with each

manifold. The latter typically has a "raw machine number"” of about
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-13.3 + 0.5 permil relative to HIS, or +8.45 permil relative to SMOW
(NBS-20 has 6180 = +9.60 on this scale). The correction formula is *

§ Sample = (6§ Sample + 13.3 + 0.5) x (1.02162) x (1 + Bkg/2520) + 8.45

SMOW HIS

The first multiplicative factor refers to the "standard conversion formula”
of Craig (1957), and the second factor to the background and leakage
correction which was usually measured for each sample and is typically
about 1.025. This correction method minimizes systematic errors resulting

from the extraction procedure and from machine drift over time. Precision

is normally + 0.2 permil.

*(Note: R.H. Becker has pointed out that the true correction formula should
have an additional multiplicative factor of 1.0014; i.e. 1.02162 should
become 1.02305. This was not used but will not affect any of the reported

numbers by more than 0.02 permil).

4.2 D/H Determination of Hydrous Minerals

Hydrogen extractions were performed both at Caltech and in the stable
isotope laboratory of the U.S.G.S. at Menlo Park, in a manner similar to
that outlined by Friedman (1953) and Godfrey (1962). The technique
involves thermal decomposition of the mineral in a vacuum line, reaction
of the released water to Hyp with hot uranium, and mass spectrometer
analyses. About 100 mg of purified "biotite"” was loosely crimped in an
envelope of molybdenum foil, placed in a platinum crucible, and either:

1) 1loaded into a pyrex—quartz vacuum vessel in a drybox, pumped down to

high vacuum (~ 10 microns pressure) and heated to 200°C for at least 1 hr
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(CIT), or (2) placed in a pyrex-quartz reaction vessel, pumped down and
heated overnight at ~ 150°C (USGS). The platinum crucible was then heated
with the working coil of an RF generator to ~ 1400°C to fuse the mineral
sample, allowing complete release of hydrogen gas and water into the
vacuum line. During this stage, plasma discharge at CIT was prevented by
allowing rapid pressure buildup in the reaction vessel (Sheppard and
Taylor, 1974); at the USGS there was no ionization problem and all water
was frozen into a cold &N, trap, while hydrogen was converted to water
with a hot (~ 550°C) Cu-CuO furnace and then frozen. The sample gas was
then passed several times through a hot (~ 700°C) uranium furnace allowing
complete conversion of the sample to Hy gas. Following manometric mea-
surements most H) samples were frozen onto activated charcoal within a
sample tube, but a few of the samples analyzed at CIT were pushed into a
sample tube with a mercury Toepler pump. The samples were always analyzed
on the mass spectrometer within 36 hours, and usually immediately, to
prevent diffusive loss of hydrogen which can fractionate the sample.

The mass spectrometer analyses were made with either a 60° (CIT) or
180° (USGS) double-collecting mass spectrometer. Raw numbers were
corrected for the contribution of H3+ to the HD beam, which was determined
by analyzing the working gas at different pressures and extrapolating the
results to zero pressure. The correction formula used at CIT is
§ Sample = { & Hy" T x (1 + Bkg/2500) =74 } &+ 1.074

SMOW MS
where M.S. refers to the machine standard which measures +74 permil rela-
tive to SMOW. Analyses at the USGS were not made by the traditional

method of a balance (resistance) panel, but rather by direct current
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measurement of the mass 2 and mass 3 beams. Corrections to SMOW were

made with a computer program which utilized analyses of several standard
waters which were extracted each day on the same hydrogen line. All but
‘four samples in Table 4.5 were extracted and analyzed at the USGS: most
other samples in Table 4.1 and all samples in Table 4.2 were analyzed at

CIT. Precision for most analyses is considerably better than *3 permil.

4.3 K-Ar Age Measurement of Minerals

The methods used for K-Ar age measurement of minerals are identical
to those described by Dalrymple and Lanphere (1969). All determinations
are of the conventional type and were made in the geochronologic labora-
tories of the USGS at Menlo Park.

About 1 to 3 grams of "biotite"” was obtained from the rocks and
purified by standard mineral separation techniques. Approximately one
gram was carefully divided into four fractions with a sample splitter -
two for potassium measurement, one for Ar extraction, and one as a backup.

Potassium measuremeqts were made by flame-photometry. A precisely
weighed, ~ 100 mg sample of "biotite” was mixed with 0.700 + .005 g of
1itﬁium metaborate, placed in a pre-ignited graphite crucible, and fused
at ~ 950°C in a furnace. The hot bead was quenched by dissolving it in
100 ml1 of 4% nitric acid, and then thelsolution was stirred to homogen-
ization. A 1 ml aliquot of the solution was diluted with 10 ml of triply
distilled water, and the resultant solution was analyzed on a flame
photometer which utilized the lithium as an internal standard. Several
(generally four) rock and mineral standards with different K,0 contents

were run with each set of samples, and the sample concentrations were
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computed from the results. All samples and standards were analyzed in
duplicate; precision was generally better than *0.04%.

Argon was extracted from the samples in an "off line" ultrahigh
vacuum system. A precisely weighed, ~ 250 mg sample of "biotite"” was
crimped in a small molybdenum foil envelope, placed in a molybdenum
crucible, and placed in the extraction "bottle" of the extraction line.

An essentially pure Ar-38 spike in a breakseal tube, and a'sample "takeoff"
tube, were blown onto the glass line, which was baked out at ~ 300°C and
pumped on overnight. . Following cooldown, the line pressure was checked
with an ionization gauge and the extraction was made if the pressure was
less than 5 x 10 =/ torr. The sample was heated by induction with an RF
generator, the Ar spike was added, and all released gas was frozen onto

an activated charcoal finger cooled by liquid nitrogen. After the fusion
was completed the charcoal finger was warmed and gas components other

than argon were removed by an artificial molecular sieve at room temperature,
by a G- QO mixture at ~ 550°C, then with titanium metal at ~ 800°C.

After cooling the titanium furnace to room temperature, the remaining

argon and small amounts of other noble gasses were collected on activated
charcoal in the "take—off" tube cooled with liquid nitrogen. The "take-
off" tube was then sealed with a torch and removed from the line.

Ar isotope ratios were measured on a computer controlled, 5 collector
mass spectrometer run in the static mode. This instrument permits simul-
taneous measurement of the mass 36, 38 and 40 ion currents. The amounts
of radiogenic and atmospheric argon were determined by isotope dilution
from the isotope ratios and the precisely known quantity of the Ar-38

spike. Machine discrimination effects are determined in the U.S.G.S.
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laboratory by periodic measurements of air argon. These data, the sample
size, and the K70 measurements permit calculation of the K-Ar age (see
formulas in Dalrymple and Lanphere, 1969). Estimated error is generally

less than + 1% but may be as large as + 3.0% for the youngest rocks.
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Table 4.2
8180 and 8D Determinations of Granitic Rocks from the Atlanta Lobe :
Data of Taylor and Magaritz (1976, 1978). Abbreviations are identical
to those in Table 4.1. Samples also analyzed for K-Ar are noted as

being listed in Table 4.5.
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n (2) (3) (4) (5)
T-R-S Rock, Mineralogy 6180 6180 418g 6D Remarks
Field #  Alt. F Q other
12-12-32 QM 0.7 9.8 =153p altered rock
16
11-10-11 QM Q,P,M,B,D,Mu? 5.0 11.1 2.6p -168p Mu on joint, v,
17 (M) [s,C,E,0,0x] =156y, (Table 4.5)

10-10-2 Gdr Q,P,0r,B,Sp,Al,0 7.6 9.0 3.5 =135y MXL, moderate def
19 (M) [s,C,E,0,0x,Sp?) (Table 4.5)

9-8-32 oM Q,P,M,B,Al,0 8.1 10.4 3.2 -139 few MXL, Mu on
114 M) [S;C;0,E] joint, (Table 4.5)
8-7-3 QM 8.3 11.0 =138y MXL, minor pyrite
116

7-7-19 QM =149 few MXL

I18

6-6-20 Gdr 8.9 10.6 -105g MXL

119

3-4-16 Gdr Q,P,0r,B,Ap,0 9.5 11.7 S.4p =115 Eocene?

122 (M) [s,C,0,Sp,E] (Table 4.5)

7-2-14 Gdr - 70p

123

9-3-28 Gdr Q,P,M,0r,B,Sp,Al 9.5 11.7 5.7g - 69p

1 24a (W) 0,% [5,C,Sp) (Table 4.5)

9-3-22 Gdr 8.8 10.4 - 76p

125

9-3-22 Q Dio 8.7 - 695 Slightly foliated
131

21-1-35 Q bio Q,P,B,Px,H,0, 7.8 10.6 5.0 - 66 Slightly foliated
132 (W) & [E,C] (Table 4.5)

19-4-10 Ton 10.7 - 67 Slightly foliated

I 202 Donnelly pluton
18-4-8 Ton Q,P,0r,B,D,Ap, 10.3 12.1 6.6p - 66g Mu on joint, (Table 4.5),
I 205 (W) Z [s,c,0,Cc,Sp] - 48y, probably Donnelly pluton
18-4-6 Ton = 74p

I 206
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T-R-S, Rock, Mineralogy 5189 5180 5189 6D Remarks

Field #  Alt. F Q other

14=4-27 Gdr 10.3 Gold Fork Gdr,

1 207 MXL

15-5-32 Gdr - 73g Do

I 208

15-6-18 QM Q,P,M,B, Ap,0 10.2 12.1 5.9 - 73 Warm Lake Pluton,

1210 (M) [s,C,E,0] - 52y, MXL, (Table 4.5)

15-7-17 - 93g Warm Lake Pluton,

I 214 MXL

15-7-15 QM 10.0 11.7 - T4p Warm Lake Pluton few

I 215 MXL, Mu on joint

14-7-23 QM 9.3 11.4 - 95p MXL

I 216

13-7-35 Gdr 10.0 11.2 - 97 MXL

I 217

12-8-5 QM 8.9 9.6 - 72 few MXL

I 220

11-5-19 QM 8.8 11.1 - 873

1222

11-5-19 Gdr 9.2 - 85p MXL

1 223

11-14-23 QM  Q,P,M,B,H,Sp,0, 8.9 11.2 -142g MXL

1 224 (M) 4P [S,C,0,E,L]

11-14-21 Gdr 8.8 10.8 =1ll6p few MXL

1225

11-14-20 o Q,P,0r,B,H,Sp,0, 8.6 10.9 -121p relatively mafic

1 226 (M) Ap,Al rock, MXL
[s,C,0,E,Cc,L]

11-13-36 QM Q,P,M,B,H,Sp,0, 6.3 10.8 0.8p -166p several, light pink

I227A (S) 4p,Al MXL, (Table 4.5)
[S’CDO’Q:’L]

11-13-36 QM 0.8uR

I 227B
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T-R-S, Rock, Mineralogy 5189 s180 4189 &D Remarks
Fleld #  Alt. F Q other
10-13-3 QM -6.8 7.9 -152p
1 228
10-13-3 QM Q,P%M,B,0, Ap 1.1 10.5 altered rock,
12284 (s) [s,C,0,Cc,E] many v
12-12-32° QM 5.1 10.5 altered rock
I 230
12-10-24 QM 8.6 10.6 =-158g MXL
1. 232
11-10-11 Gdr 7.4 10.9 few MXL
I 233
9-9-15 QM? -6.7 6.3 -158p alt rock, prob. Eocene,
1 234 C on joints
4=4=2 QM -1105  MXL
I 235
4=6-22 Grt Q,P*0r,B,0 5.0 9.8 Twin Springs Pluton
1 236 Porph [S,C,0,E,Sp,Cc]
(s)
4-6-22 Grt 0.1 8.2 =145g Twin Springs Pluton
1 237
4=6-29 QM 0.8 9.8 -142g alt. rock
1 239
3-5-9 Gdr 9.6 11.2 -148p Eocene?
1 241
3-4-11 Gdr 6.0 11.5 =123 Eocene?
1 242
8-13-27 Grt 5.6 9.0 3.5g -163p Sawtooth batholith;
YAG-1023 7.0yr Table 4.6
QM 6.9 9.2 0.5g =176 Crags Pluton, Table 4.6
YAG-1033 6.7yR
QM 8.1 9.4 4.3p -120 Do; Table 4.6

YAG-1034 8.9y



147

Table 4.3 6180 Determinations of Dike Rocks from the Idaho Batholith
Field # T-R-S Rock Phenocrysts 6180WR Dike Gizgdin Host Rock
RH 43c 6-9-35 Diabase 4.7 3.5
85a 3-14-29 Rhy Porph Q,P,H -0.9 -0.8
93a 3-12-17 And Porph P,B,H 7.8 -
113b 5-8-17 Lamp =3l =357
123b 4-6-22 Rhy Porph Q,F,B =662 8.4
RC 7b 9-6-35 Rhy Porph Q,F,B 1.8 1.3
8a 9-6-34 Rhy Porph Q,F,B 1.6 1.1
9c 9-6-34 Lamp -5.9 —
46c 7-13-26  Rhy Porph Q,F,H? -1.6 6.0
RB 89c 4=7-23 Rhy Porph Q,F 6.3 9.0
89d 4-7-23 QMP? Q,P,0r,B,H? 7.8 9.0
177 5-13-34 QMP Q,P,0r,H 4.6 -
178f 4-13-22 QMP P,B,Q? 242 6.7
RK 17c¢ 8-9-13 QMP P,H,B? -6.0 0.1
17d 8-9-13 QMP Q,F,B - =45 0.1
29b 9-9-16 QMP P,H,B? Oelfe14d 5.6
4lc  10-12-15 And F,H -4.0 -3.0
68 5-4-35 Rhy - 5.4 -
78 7-4-2 QMP P,H,B 1.4 =
I 229 11-12-14 And Porph? F,H -0.5 =

231 12-10-13 QMP F,H 3.1 -
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Table 4.4 §180 Analyses of Vein Quartz from the Idaho Batholith
Field # T-R-S §180 vein 6180 Host Rock
RK 12b 8-8-27 O.7Q 0.4 yr

RK 20e 8-8-20 4.1Q -

RK 41b 10-12-15 -6.2Q -3.0 feld
RK 43d 6-13-24 14.6Q 8.4 fe1d
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CHAPTER 5

OXYGEN AND HYDROGEN ISOTOPE RELATIONS IN THE IDAHO BATHOLITH

5.1 Alteration Effects vs. Primary Magmatic Values

S5elsl 180/160 variations

This section discusses the first order 180/160 variations in the
granitic rocks of the Idaho batholith, and attempts to distinguish between
isotopic signatures due to primary magmatic effects and those due to
hydrothérmal alteration. These relationships form the basis for mapping
the "fossil" hydrothermal systems. Many such 18p/16¢ maps will be
described in Chapter 6.

Figure 5.1 shows two histograms of §180 values, one for quartz and
one for feldspar, from plutonic igneous rocks in the Atlanta lobe of the
batholith. The data points in the figure represent measurements on
individual rock samples and are not weighted for areal significance.

The quartz §180 values vary from 5.3 to 12.1, have a mean of 10.2,
and a standard deviation of 1.3. The aﬁalyses nearly conform to a gaussian
distribution but are sliéhtly skewed toward low values. This distribution
is quite narrow, considering that the measurements represent samples
covering an area of about 25,000 km2. Most of the quartz §180 values are
similar to, or slightly higher than, those of average granitic rocks
elsewhere in the world (Taylor, 1968); therefore most of them are believed
to be close to the original primary igneous values. If all of these
quartz §180 values were "primary"” (which is not true; several have
undergone some 18¢ depletion) the §180 values of the original whole-rock
samples would have been about 1 to 2 permil lower than the §180 of the

quartz. This suggests that some of the original whole-rock §180 values
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Figure 5.1 Histograms illustrating the distribution of §180
measurements of quartz and feldspar from granitic rocks of the Atlanta
lobe of the Idaho batholith. The strongly skewed feldspar s18p

distribution is due to meteoric-hydrothermal alteration effects.
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of the granitic rocks in the Idaho batholith were as high as +11, and

many were higher than +10. These relatively high primary §180 values are
consistent with the batholith magmas having been derived from, or having
exchanged with, moderately high - 189 metasedimentary or metavolcanic rocks
at depth.

The other histogram in Fig. 5.1 shows the §180 values of feldspars
from the granitic plutons of the batholith, as well as a few whole-rock
measurements, which typically will crudely approximate the feldspar s18p
value (e.g. Taylor, 1968). The feldspar 6180 values vary between -8.2
and + 10.7, have a mean of about + 6.0, a standard deviation of 4.0, and
are strongly skewed toward low values, such that the mean is significantly
lower than the most commonly observed value of +8.9. The §180 distribution
for feldspar is thus dramatically different than that for quartz, even
though analyses of both minerals are in most cases from exactly the same
rock samples.

It is known from a variety of previous studies (Taylor, 1967; Bottinga
and Javoy, 1975; see Sec. 1.2.3) that the "normal” oxygen isotopic fraction-

18

ation (A-value = §°°0 - 6180fe1d) between quartz and alkali feldspar

qtz
in plutonic granitic rocks is about 0.8 - 1.5, and between quartz and
plagioclase is 1.0 - 2.5. These are thought to be close to the actual
equilibrium values at temperatures slightly below the solidus of the

magmas. Comparison of these "normal” A -values in plutonic igneous rocks
with the histograms in Figure 5.1 shows that most rocks in the Idaho
batholith are similar to ordinary primary magmatic granitoids; that is, they
display small (<2 permil) quartz-feldspar A-values which reflect their high

temperature origin. However, the rocks with low §180 feldspar (<8 permil)

are all characterized by abnormally large AQF - values, in some cases
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exceeding 14 permil. If these large fractionations were to be interpreted
as equilibrium features they would require formation of the rock, or
subsequent recrystallization, at extremely low temperatures (down to 20°C
or lower, see Sec. 1.2.3). However, the 6180 of quartz in these
"abnormal” rocks is usually similar to, or only slightly lower than, that

of the normal rocks. Note that simple closed system reequilibration of a

granitic rock under subsolidus conditions would produce a significant 18y
enrichment in the quartz; in fact the quartz would show a greater permil
180 shift than the corresponding 189 depletion in coexisting feldspar
because of the lower modal abundance of quartz (20-30%) compared to
feldspar (60-65%).

The above considerations strongly suggest that : (1) most of the
Idaho batholith rocks originally had relatively similar initial whole-
rock 6180 values; (2) after formation, the 18p contents of many of
the feldspars (hence many of the whole-rock values as well) were markedly
lowered; (3) the quartz 6180 values were either preserved or only
slightly lowered; and (4} none of the quartz §180 values appear to have
been increased during subsolidus cooling, as would be required if closed-
system 189 exchange were an important process. These conclusions imply
that the rocks with large A-values must all have interacted with an
external 180 reservoir of oxygen of some type.

A mechanism which is consistent with the above observations is that
the "abnormal"” granitic rocks were hydrothermally altered at moderate
temperatures with low-180 aqueous fluids, sometime after their formationm.
Such 180 lowering has previously been demonstrated to be a common phenomenon

in granitic batholiths (Magaritz and Taylor, 1976 a,b; Taylor and Magaritz,
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1976, 1978; Taylor and Silver, 1978) and also in volcanic piles in the
vicinity of epizonal stocks (Taylor, 1968, 1971, 1974a; Taylor and Forester,
1971, 1979; O'Neil et al, 1973). The marked 189 depletions in plutonic
feldspars relative to the nearly constant 18p content of quartz reflects
the much slower rate of isotopic equilibration between quartz and H,0,
consistent with experimental (0'Neil and Clayton, 1964; O'Neil and Taylor,
1967) and natural (Clayton et al, 1968; Taylor and Forester, 1971)
observations.

Considerable insight into the nature of the hydrothermal alteration
process is provided by a more detailed examination of the differing
responses of various minerals to the presence of hydrothermal fluid.
Together with plagioclase-pyroxene effects in gabbros (Taylor and Forester,
1979; Gregory and Taylor, 1981), quartz-feldspar effects in granitic
rocks are to date the best studied and most clear-cut examples of
differential 180 exchange behavior in coexisting mineral systems. However,
similar oxygen isotope behavior can be observed in quartz-biotite and
feldspar-biotite mineral pairs. The following sections will discuss this
type of behavior in more detail, will contrast the 184 exchange effects
with deuterium exchange effects, and will also discuss relative deuterium
exchange rates in biotite and muscovite.

The differential quartz-feldspar 189 exchange systematics discovered
in the Idaho batholith provide the most complete and regular patterns yet
found for this mineral pair anywhere in the world. Figure 5.2 compares
the 6180 values of coexisting quartz and feldspar in the granitic rocks
of the Atlanta lobe. The tight cluster of points near the 45° line (termed

the "primary cluster") represents rocks with quartz-feldspar fractionations
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Figure 5.2 6180 relations of coexisting quartz and feldspar

in granitic rocks of the Atlanta lobe. Rocks which show little or no
evidence of hydrothermal alteration plot in the "primary cluster” and
have quartz-feldspar fractionations of about 2 permil (the AqF= 2 line).
Hydrothermally altered rocks show large nonequilibrium quartz-

feldspar fractionations, and plot below the primary clusters. Data

from Tables 4.1 and 4.2.
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of about 2 permil; hence, these are essentially "normal"” igneous rocks in

180Q_F relationships. The total 6180 variation of quartz

terms of the A
and feldspar along this line is about 3 permil, and probably closely
represents the primary 6180 variation within the batholith. Inasmuch as
quartz and feldspar together constitute more than 907 of most of these
rocks, the primary whole-rock 8180 values of the samples can be fairly
accurately calculated. Thus the whole-rock 6180 values are constrained
to range from about +8.0 to +11.0, with the highest values occurring in
the west—-central portion of the Atlanta lobe.

The points lying below the "primary cluster” on Fig. 5.2 all have
large quartz-feldspar fractionations clearly indicative of hydrothermal
alteration. The slope of the dashed envelope that encompasses the altered
samples suggests that the feldspar exchange rate is about 4 times faster than
that of quartz; a more elaborate calculation is given in Criss et al (in prep).
Thus, despite its relative inertness, it is clear that in the hydrothermally
altered rocks the quartz has undergone some 18¢ depletion. Note that all
of the rocks with low 51§O quartz values (£ +9) also have extremely
large (> 6) quartz-feldspar fractionations, indicating that strong
subsolidus hydrothermal alteration is probably responsible for all of the
low 6180 quartz values in the Idaho batholith.

The quartz-biotite relationships shown on Fig. 5.3 have the same
general form and explanation as the quartz-feldspar relations just
discussed. The most important difference is that the "normal" points
constituting the "primary cluster” are concentrated about a 45° line
represented Sy a quartz-biotite fractionation of 6 permil, significantly

different than the quartz-feldspar A-value of about 2. The length of
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Figure 5.3 Graph of 6180 values of coexisting biotite (+ chlorite,
see text) and quartz for granitic rocks from the Atlanta lobe. Most
samples have typical igneous quartz-biotite fractionations of about

6 permil and thus plot within the "primary cluster”, but hydrothermally
altered (typically chloritized) samples show large nonequilibrium 18¢

fractionations.
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this line segment is again about 3 permil, and points which fall
significantly below the line have been 180-shifted by the hydrothermal
fluids. Note that although these biotite concentrates were made as pure
as possible, many of these "biotites"” contain finely interlayered chlorite
(see below).

The 6180 values of coexisting biotite and feldspar are compared on
Fig. 5.4. The line in the figure represents a 4 permil feldspar-biotite
fractionation, which of course is the difference between the positions of
the "primary clusters” at 6 on the quartz-biotite diagram and at 2 on
the quartz-feldspar diagram (Fig. 5.2 and 5.3). Only the points along
the uppermost 3 permil segment of this line can represent primary,
unaltered rocks. Note that beyond this line-segment the data points
markedly diverge from the line. Surprisingly, the "biotite" and feldspar
appear to have similar exchange rates, with biotite perhaps exchanging
slightly faster. However, it should be made clear that in most samples a
significant amount, if not all, of the apparent s180 change of the
"biotite" actually represents chlorite formation, as will be discussed
below in Section 5.1.3. Thus the biotite itself may not undergo significant
180/160 exchange with the fluid, but instead may simply be transformed
layer by layer to a chlorite mineral that is in approximate isotopic

equilibrium with the fluid.

i D/H Variations

D/H exchange between hydroxyl minerals and the hydrothermal fluids
occurs concurrently with the 180/160 exchange effects described above.

This section describes the D/H variations of biotite in the batholith and
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Figure 5.4 §180 values of coexisting biotite (+ chlorite,
see text) and feldspar from Atlanta lobe granitic rocks. Compare

with Figs. 5.2 and 5.3.
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relates the measurements to 6180 determinations in the same rocks. It
will be shown below that the 6D values provide a very sensitive indicator
of small water/rock ratios and/or low intensities of hydrothermal alteration.

Figure 5.5 is a histogram showing D/H analyses of biotite in the
southern half of the Idaho batholith. Although the points represent
individual analyses, the graph to a first approximation also represents
the weighted areal distribution of 8D in the Atlanta lobe. Note that in
many instances the "biotite" is partly converted to chlorite, expecially
in the low &D examples. Inasmuch as it was not possible to separate this
chlorite from the analyzed biotite concentrates, the chlorite contributes
significantly to the D/H ratios of some of the mineral separates, especially
considering that chlorite contains about 4 times more stoichiometric
hydrogen than biotite. The relative proportions of these two minerals in
the concentrates are discussed in Sec. 7.2, but the analytical data
described in this section are not corrected for this effect and hence all
refer to biotite-chlorite mixtures (here termed "biotite").

The histogram (Fig. 5.5) shows that the 8D values of the "biotites"”
range from -66 to -176 pérmil and are more or less continuously distributed
between these limits. As discussed below, a 8D value of about -70 char-
acterizes all of the petrographically fresh, unaltered rocks from the
western and northwestern part of the Atlanta lobe. The 8D values of
about =150 represent highly altered rocks, many of which are also strongly
depleted in 189, The intermediate values characterize rocks which have
also been hydrothermally exchanged, but with relatively small amounts of
water; the latter typically show only minor 189 depletions.

Figure 5.6 compares the 6180 values of feldspar with the &D values
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Figure 5.5 Histogram of 6D contents of biotite (+ chlorite) for
Atlanta lobe granitic rocks. Note the almost continuous, nearly uniform
distribution between "unaltered, primary"” values (8D =-65) and highly

altered values (8D =-150 to =176).
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of "biotite™ from the same rock. Rocks with normal feldspar §180 values
(~ 4+ 9) are generally characterized by heavy 8D values (~ -70). This
appears to be a typical primary 8D value for the Idaho batholith, and is
consistent with the 8D range of about -40 to -80 previously established
for most igneous and metamorphic rocks that are known to be of deep seated
origin (Sheppard and Epstein, 1970; Taylor, 1974b). The figure also shows
that rocks with abnormally low 6180 values (<+ 8) are without exception
strongly depleted in deuterium (6D < =120); this was, a priori, an expected
consequence of hydrothermal alteration by low -180 meteoric waters,
because such waters must also have low 8D values (Fig. 3.3) and because
the hydrogen/oxygen ratio of rocks is small. Similar relations are
exhibited in a plot of the 6D of "biotite"” vs. the 6180 of "biotite"
(see Fig. 5.11).

A complementary plot (Fig. 5.7) shows that the 8D values of "biotite"
systematically decrease as the quartz-feldspar fractionations increase,
which is clearly indicative of progressive alteration and increasing
water/rock ratios. Note that the 8D value is much more sensitive to low
degrees of alteration than either the feldspar §180 value or the quartz-
feldspar 18¢ fractionation, but that the opposite is true for strong
alteration; in the latter case the §D values remain almost constant at
=150 to =175. This relationship was first described by Taylor (1977) as
the "L-shaped plot", and is effectively a result of the low hydrogen
contents of rocks as compared to their total oxygen contents, as is
exactly the reverse of the situation in the coexisting water. Thus,
small amounts of low 6D water can drastically modify the &D value of the

rock without the water undergoing any appreciable deuterium-shift,
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Figure 5.6 Graph of 6D values of biotite (+ chlorite) vs. the
6180 value of coexisting feldspar in Atlanta lobe granitic rocks.
Most samples show signs of isotopic exchange, from an original
composition of about 8D = =65, dlSOfeld = +8 to +10.5; to lower
values. The "inverted L-shaped” distribution of the data is
discussed in the text. This plot includes the earlier data of

Taylor and Magaritz (1976, 1978).
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Figure 5.7 Graph of the 6D value of biotite (+ chlorite) versus
the A180 value of coexisting quartz and feldspar.for Atlanta lobe
granitic récks. The isotopic compositions of most samples have

been modified from their primary isotopic values of 8D ==65 and
AQ—F =~ 1,0 to 2.5; some samples have extremely large A-values
indicative of gross nonequilibrium produced by exchange with low-180

hydrothermal fluids.
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whereas high water/rock ratios are required to significantly lower the
6180 contents of the minerals. Note in this connection that the points
do not define a perfect "L" but actually conform to a continuous curve in
which there is a very sharp change in curvature at the "elbow”, showing
that minor §180 lowering does occur when water/rock ratios are small
(Taylor, 1977; c.f. Sec. 5.4.1).

Figure 5.8 contrasts the 8D contents of coexisting biotite and
muscovite. The shaded band in the figure represents the "normal"” 10-20
permil fractionation between muscovite and biotite, which appears to be
relatively insensitive to temperature (Taylor and Epstein, 1966;

Suzuoki and Epstein, 1976). The numbers in parentheses represent the
§180 values of coexisting feldspar, and show that two of the data-points
(3.1; 5.0) represent samples that have exchanged with large amounts of
low-180 hydrothermal fluids. Note that both the least 18p-shifted and
most strongly 18p-shifted points all lie near the"equilibrium" band.
Points showing weak to moderate alteration or 18 exchange lie along a
crude (curved?) reaction path which suggests that the D/H exchange rate
of "biotite" with Hy0 is much faster than that of coexisting muscovite.

Although the above conclusion is accepted, several factors complicate
the interpretation. It has already been mentioned that chlorite is
intimately interlayered with individual biotite grains in the altered
rocks, and this chlorite contributes to the observed D/H ratio of many of
the "biotite" separates. However, it will be shown below in Sec. 7.2
that the biotite itself does in fact undergo significant D/H exchange.

The graph in Fig. 5.8 is also possibly complicated by the formation

of sericite, which would be concentrated along with the primary muscovite
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Figure 5.8 8D values of coexisting biotite (+ chlorite) and
muscovite (or sericite) for Atlanta lobe granitic rocks. The numbers
in parentheses represent the 6180 values of coexisting feldspar.

Note that both unaltered and strongly altered samples plot close to
or within the Apy-pio = 10 to 20 permil "equilibrium band" (ruled
pattern), but that samples showing the effects of moderate hydrothermal
alteration plot far from this band and have large, nonequilibrium
AMu-bio Values. It is clear that the rate of D/H exchange of mus-
covite with hydrothermal fluid is much slower than that of coexisting
"biotite". In most samples the muscovite is primary and relatively
abundant; the most significant exception is sample RK 28a, which
contains coarse sericite (i.e. hydrothermal white mica that grew in

the presence of the aqueous fluids).
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in each mineral separate; the sericite would probably have grown in
approximate D/H equilibrium with the hydrothermal fluid and thus would
have a very low 6D value. However, this factor is thought to be minor
except for sample RK 28a (see Fig. 5.8). There is unambiguous petrographic
evidence for the existence of considerable primary muscovite in most of
the analyzed rocks, including at least one strongly altered rock
(-160pi0s —149puscs 3elfe1q); this observation implies that the isotopic
data in Fig. 5.8 cannot wholly represent formation of new minerals.
Actual D/H exchange is required between the primary muscovite and the
hydrothermal fluid. Another minor complication is produced by variations
in the modal muscovite/biotite ratios in the rocks. The most extreme
data-point (-150pins —62puscs 8+6fe1q) is from a sample with a great deal
of muscovite and very little biotite, so that the effective amount of
water "seen" by the biotite was unusually enhanced relative to that seen
by the muscovite. Lastly, although a small amount of interlayering
between biotite and muscovite made mineral separation difficult, this

mixing effect does not significantly complicate any of the measurements.,

5143 Relationship between §180 and 6D values and Petrographic Changes

5:l:3.l General petrographic features

Several mineralogic and petrographic changes attend the hydrothermal
alteration of the granitic rocks. Most of the alteration assemblages are
of the propylitic type, which includes, in addition to several textural
changes, the development of abundant chlorite and sericite, and smaller
amounts of calcite, epidote, sphene, opaques and/or other secondary

minerals. These changes are described below and are related to the
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isotopic effects.

One of the most informative and widespread features in the altered
granitic rocks is the presence of alteration minerals along small cracks,
voids, and grain boundaries. These are filled with fine opaque minerals,
together with fine chlorite, sericite, calcite, epidote, quartz, and some
amorphous material. Small amounts of these minerals are even observed in
rocks that have been only slightly depleted in deuterium (e.g. 8D ~ =80);
this either implies the existence of another type of hydrothermal fluid,
or more likely testifies to the extended path length followed by some of
the meteoric-hydrothermal fluids. Some rocks also show signs of cataclastic
deformation, for example bent plagioclase twins and biotite cleavage
planes, multidomain quartz grains, and evidence of granulation. These
rocks are usually lower in §180 than nearby undeformed rocks, but it is
important to point out that most of the low-180 rocks are essentially
undeformed. Most of the hydrothermal alteration has probably proceeded
in a static environment; except for fracturing and faulting there was
little or no accompanying deformation.

Another important and commonly observed feature is the clouding of
feldspar. This process commonly selectively affects plagioclase relative
to potassium feldspar, especially the calcic centers of normally zoned
grains. Much of this turbidity reflects the growth of fine sericite
crystals within the host, but calcite, saussurite, chlorite, and perhaps
clay minerals are also formed. Some of the clouding may also represent
fluid inclusions (c.f. Martin and Lalonde, 1979). In some extremely
18O—depleted rocks the alteration is so intense that it can be seen in

hand specimen, and the feldspars have a dull, almost chalky appearance.
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In such cases the K-feldspar is also strongly clouded, and albite twinning
in plagioclase may be absent. In at least some altered rocks, large

single crystals of sericite have grown within the plagioclase grains.

Sele3 a2 Chloritization of biotite

The most conspicuous and quantifiable petrographic change observed
in the altered rocks is chloritization of mafic minerals, principally the
biotite. This change is easily seen with the petrographic microscope,
which additionally shows that the conversion to chlorite first proceeds
along cleavage planes and grain boundaries of the biotites. In hand
specimen this conversion is marked by a distinct decrease in the luster
of the "biotite" grains (i.e. the biotite-chlorite mixtures) and in
extreme cases by the unmistakable green color of chlorite.

Definitive evidence for the chlorite mineralogy is provided by both
chemical and X-ray diffraction methods. Figure 5.9 shows the relation
between the K90 and Hy0 contents of the "biotite"” separates used in the
K-Ar study (see Sec. 7.2; Table 4.5). Note that on this diagram all
samples appear to conform closely to a simple mixture of an annite-
phlogopite solid solution (biotite) with a Fe-Mg chlorite. The consistent
shift of the points below the theoretical biotite-chlorite mixing band
probably results from the substitution of F~ and C1™ for OH , and also
from partial oxidation, both of which would lower the concentration of
structural water in the "biotite”. The figure also suggests that no
clearcut change in the Fe/Mg ratio occurs during chloritization, but
rather that the chlorite inherits the Fe-rich composition of the biotite.

A relatively Fe-rich composition for the primary biotite is appropriate
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Figure 5.9 Relationship between K90 (wt. %) and Hy0

(umoles H90/mg sample) of the "biotite" separates analyzed in this
study. The linear relationship is thought to represent alteration
of part of the biotite, which originally had K70 =~ 9.0 and

Hy0 = 1.6, to chlorite group minerals with a much higher H,0 con-
tent (~ 5 umoles/mg) and no potassium. All water contents are
slightly lower than predicted for stoichiometric (pure OH) biotite-

chlorite mixtures,
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for these rocks, which are predominantly quartz monzonites (e.g. see
Deer, Howie and Zussman, 1966), and this is confirmed by a few biotite
analyses from the Idaho batholith (Larsen and Schmidt, 1958; Fe/Mg atom
ratio = 2.2 and 0.96 for quartz monzonite and tonalite, respectively).

An X-ray diffractometer study has been made on several of the
"biotite" separates. The proportion of chlorite, crudely indicated by
the relative intensity of its peaks compared to those of biotite, increases
with decrease in the K70 content. Furthermore, the low intensity ratios
of the chlorite peaks (14.5 A: 7.3R) indicate that the chlorite is an
iron-rich variety.

The relation between chloritization and hydrothermal alteration is
dramatically shown on Fig. 5.10. Whereas primary, unaltered biotite with
about 9 wt. % K,0 has a normal 680 value of 4.5 to 6.6, the low-potassium
chlorites formed in the presence of the low -18g hydrothermal fluids have
extrapolated §180 values ranging from about -3.5 to -6.0, with a maximum
possible range of -2 to -8. All intermediate points on the diagram
represent biotite-chlorite mixtures and lie on a linear mixing line
(actually a band) between these extreme compositions. Note that this
result indicates that, like quartz, the biotite itself does not exchange
18p/169 readily with the fluid. The 189 changes in the "biotites" that
lie within the mixing band seem to be produced almost completely by
transformation of the primary biotite to an alteration product (chlorite)
that crystallizes in approximate isotopic equilibrium with the fluid.

The four low - 180 points with relatively high K,0 contents (RH 14a,
RH 85d, RC 39e, I 7) represent clear-cut exceptions to the above conclusion.

These relatively pure biotite samples may represent rocks altered at
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Figure 5.10 Relationship between 6180 and K50 for the analyzed
"biotite"” separates. Most samples lie within a narrow band repre-
senting mixtures between a high (~9 wt.Z%) K50, "normal” (4.5 to 6
permil) 8180 biotite and a potassium-free, low =189 (-3.5 to -6
permil) chlorite that formed in the presence of meteoric-hydrothermal
fluids. Four samples show anomalous relationships; these may have
been mainly altered at high temperatures above the stability field
of chlorite. The latter roughly straddle the dashed reference line
that extrapolates to 6180 s =25 at K90 = O; inasmuch as this is

an impossibly low 6180 value for chlorite, these four samples
cannot represent mixing between a normal -180 biotite and any type

of hydrothermal chlorite.
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higher temperatures, mostly within the stability field of biotite; this
is plausible, because two of these rocks (RH l4a, RC 39e) lie within a
few hundred meters of mapped contacts with large Eocene plutons, and thus
must have been heated to fairly high temperatures.

It should be mentioned that the relatively restricted range of s18p
values of most of the endmember chlorites (-2 to -8) is somewhat surprising
in the light of the very low calculated §180 values of unshifted Eocene
meteoric waters in this area (about =16; see Sec. 5.4.4), and the rela-
tively small (-3 + 2) chlorite-water 180/160 fractionations estimated for
moderate temperatures (250 + 100°C) by Wenner and Taylor (1971). This
indicates that most of the hydrothermal fluids probably were 180-shifted
upward to 6180 values of about -5 to +1 in essentially all of the
analyzed localities in the batholith. The consistency of this 180 shift
is remarkable. These data clearly imply that overall water/rock ratios
could not have been large, and that pristine meteoric water with s180
~-16 was not an important hydrothermal fluid in the Idaho batholith.

This result contrasts ma;kedly with the situation in the Tertiary volcanic
Au-Ag districts of western Nevada (see Taylor, 1973; 0O'Neil et al, 1973;
O'Neil and Silberman, 1974); these differences are probably explicable in
terms of the lower permeability and much greater depths of circulation in
the Idaho batholith (see below).

The 6D vs. 6180 relations of the "biotites" (biotite-chlorite
mixtures) are shown on Fig. 5.11, which indicates that whereas the
unaltered, high—180 biotites have normal 8D values of =60 to -70 and 8180
= +4,5 to +6 (Fig. 5.3), the low-180 chlorite endmember has a 6D value of

approximately -150 to -160 and §180 ~ -3 to -6 (Fig. 5.10). As shown on
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Figure 5.11 Graph showing &D vs. 6180 values for "biotite"

(i.e. biotite + chlorite) separates from Atlanta lobe granitic rocks.
Assuming the 8D of chlorite is approximately =150 to -160, a mixing
"band" was calculated for the end-member biotites and chlorites from
Fig. 5.10 and Fig. 5.3 and is shown for comparison. However, this
mixing "band" is only approximate because this is not a simple two
end-member mixing process (see text). Note that the four anomalous

points (solid dots) from Fig. 5.10 lie outside the mixing band.
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Fig. 5.11, theoretical mixing lines are not straight on this figure,

owing to the high Hy0 content of chlorite; an added complication is that
this is not a simple two—-endmember mixing process because the biotite
itself undergoes D/H exchange, but discussion of this critical aspect is
deferred to Sec. 7.2. However, note that 0'Neil and Kharaka (1976) have
demonstrated in hydrothermal experiments that D/H exchange in clay minerals
progresses at a much faster rate than 180/160 exchange, similar to most

of the Idaho samples.

Fig. 5.11 also shows that all four of the data points which depart
from the 6180/K20 mixing band on Fig. 5.10 have unusually low 8D values
(< -160) and fall outside the approximate mixing band on Fig. 5.11 as
well, This is compatible with the biotite itself having been depleted in
deuterium, and with the fact that biotite typically has a lower 8D value
than coexisting chlorite at equilibrium (Taylor and Epstein, 1966; Suzuoki
and Epstein, 1976).

Before concluding this aspect of the rock alteration phenomenon, it
should be noted that biotite in these rocks also alters to opaque minerals,
sericite, sphene, epidote, and other fine-grained alteration products in
addition to chlorite. However, chlorite is by far the most common
alteration mineral, and none of these other alteration minerals are present
in the specially purified mineral separates used for the K-Ar work; finely

intergrown chlorite is the only impurity in these separates.

5¢16343 Gorrelation between 6180 and degree of alteration

Figure 5.12 is a series of histograms showing the feldspar s180

distributions in rocks having different degrees of petrographic alteration
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Figure 5.12 Histograms of feldspar 180 analyses (including a
few whole—rock measurements) for rocks assigned to different alter-
ation categories based solely on petrographic inspection (see text).
The 6180 values tend to decrease with increase in the development
of hydrous phases and feldspar turbidity, but many reversals and

irregularities occur.



189

WEAK PROPYLITIZATION

-5 0 5 10
MODERATE
r T T T m T T ¥ ] 7
-5 0 5 0
STRONG
_ n E A prm |
=5 (0] 5 IO
EXTREME
.5 | 6 v B J A ] A | 'lo

8
60 feldspar




190

(see Tables 4.1, 4.2). The "intensity of alteration” was visually estimated
from the appearance of the biotite and feldspar in thin section; the
boundaries between the categories are arbitrary, but care was taken to
maximize consistency. In terms of this classification, fresh or "weakly"
propylitized rocks are uncommon in the region, occurring only along the
west and northwest margins of the Atlanta lobe, where there is insignificant
development of chlorite, sericite, and turbid feldspar. The most intensely
altered rocks, namely those assigned to the "extremely propylitized”
category, are fairly common in the east—central portion of the batholith;
these all have highly turbid feldspar, considerable sericite and other
hydrous secondary minerals, and these rocks generally have no remaining
biotite but rather aggregates of chlorite, sericite, opaques and sphene.
Rocks assigned to the "moderately"” and "strongly" propylitized categories
are the most common rocks of the batholith and they exhibit less extreme
development of the same petrographic features described above.

Overall, the histograms in Fig. 5.12 show that 189 depletions
correlate very well with mineralogical evidence for progressive hydration
and alteration of the rocks. The mean 6180 value of rocks within each
category becomes progressively lower as the "alteration intensity"”
increases. The range of 6180 variation within the "moderate"”, "strong"
and "extreme" categories is very broad, however, and this proves that the
oxygen isotopic exchange and mineralogic hydration effects do not proceed
at constant relative rates in all rocks. In particular, it is possible
for rocks to exchange 180 with fluids at high temperatures (> 400°C),
beyond the stability range of many hydrous phases; many of the low - 18

rocks assigned to the "moderate" class may have been altered primarily
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under these higher temperature conditions. In particular, two of the
four anomalous, low 8D rocks on Figs. 5.10 and 5.11 (RH l4a, I 7) have
relatively low feldspar 6180 values (+ 1.2 and + 5.0) but show only
"moderate” propylitization. In this connection, note that although this
type of feature is relatively uncommon in granitic rocks, it has been
shown that development of OH-bearing alteration minerals commonly does
not accompany 18y exchange in gabbroic rocks, implying that hydrothermal
alteratiop occurred at consistently higher temperatures than in the case
of the granitic rocks (c.f. Taylor and Forester, 1979; Gregory and Taylor,

1981).

542 Primary Magmatic Isotopic Composition of the Atlanta Lobe

5.2.1 Primary 180/160 variations

There is surprisingly little variation in the primary 180 contents
of igneous rocks from the Atlanta lobe. The magnitude of this variation
is partially obscured by all the hydrothermal activity, but it can be
approximately deduced from the §180 values of quartz, which is the mineral
least affected by this suﬁsolidus process. Inferred primary §180 values
of the Mesozoic rocks are described from west to east below, followed by
discussion of some remarkable relationships in the Eocene rocks.

The 6180 value of quartz from a single tonalite (I 32) from the
western margin of the batholith is +10.6 (whole rock = +8.5). Immedi-
ately to the east, granodiorites and tonalites (e.g. RM 6a, 10; I 24a,
25, 205) have slightly higher §180 quartz (+10.4 to +12.1) and whole-
rock values (generally 10 + 0.7). Somewhat further east the highest §180

quartz (11.7 to 12.1) and whole-rock (~ + 11) values in the batholith
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are found in the Warm lLake Quartz Monzonite (e.g. RC 18; I 210, 215),
which is also distinguished by its high muscovite content; one sample of
this unit that is atypical in its lack of abundant muscovite (RB 148) has
a somewhat lower quartz 6180 value of + 11.4. This sequence of increasing
6180, going from the hornblende-bearing tonalites to the muscovite-rich
Warm Lake pluton, is reminiscent of the increase in 180 that typically
accompanies a change from I-type to S—type character in plutonic granitic
rocks (Taylor, 1977; O'Neil and Chappell, 1977).

Proceeding still further east, the Mesozoic rocks from the large
interior zonme of the batholith have somewhat lower §180 quartz (+10.6
+ 0.8; 30 samples) and estimated primary whole rock values (+ 9.5 +
1.0), with no clearcut spatial variations. The principal exceptions to
this are from rocks whose feldspars have experienced extreme 18 depletion
(e.g. RH 2b, RH 1l4a, RC 7a, I 228), and it is evident that the strong
hydrothermal activity also caused some 189 depletion in coexisting quartz.
Finally, several relatively mafic rocks from the eastern margin of the bath-
olith (I 222, 224, 225,.226) have slightly higher quartz §180 values of
+11.0 + 0.2 (est. primary whole-rock = + 9 to + 9.5); although one unusual
leucocratic rock (RH 79) from an outlying pluton has §180 quartz = + 10.4.
In conclusion, the average unaltered igneous quartz from the batholith is
about 11.0, with a range of slightly more than about + 1 permil, which
indicates that almost all of these rocks belong in the high —180 (H2 and HH)
groups of Taylor (1968).

Several analyses have also been made of quartz from the Eocene
plutons. Inasmuch as these plutons are intimately connected with the

Eocene hydrothermal activity, their primary magmatic composition cannot
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be deduced from simple inspection of the quartz §180 values. However,
the alteration effects may be assessed from relationships on a quartz-
feldspar §180 plot with the primary 6180 values detrmined by extrapolation
to the primary magmatic fractionation line. These relationships are
shown for all analyzed samples of Tertiary granites on Fig. 5.13. Note
that although the hydrothermal activity has produced large variations in
6180 of the quartz and feldspar, the analyses from each pluton plot on
linear, remarkably consistent trends with slopes of about 4:1. The
primary §180 compositions of quartz are seen to be approximately 9.2 for
the Crags and Sawtooth plutons, 10.3 for the Twin Springs and Dismal
Swamp plutons from the Rocky Bar Complex, and probably about 10.9 for the
Casto pluton. With the exception of the poorly defined value for the
Casto Pluton, these values are all slightly lower than those of the
typical Mesozoic plutonic rocks of the batholith. This suggests that
these Eocene rocks probably are not simply remelted portions of the Idaho
batholith proper, because, if anything, such a process would tend to
slightly increase the 8180 value of the granitic melt relative to the
parent material. The depletion in 180 in the Eocene magmas conceivably
could have been brought about by some involvement of deeply circulating
meteoric water in the melting process (c.f. Hildreth et al, 1980), or
possibly through assimilation of low-180 hydrothermally altered roof
rocks. It is equally plausible that these Eocene rocks were derived by
differentiation from source materials that are totally unrelated to the
Mesozoic plutonic rocks.

Last, several samples of relatively unaltered Eocene (?) granodiorite

were also analyzed. The quartz from these samples (RH 12; I 22, 241, 242)
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Figure 5.13 8180 values of coexisting quartz and feldspar

from several Eocene granite plutons of the Idaho batholith region.
Even though the 6180 values of most samples have been disturbed

by exchange with low -18¢ hydrothermal fluids, with feldspar

having a much higher exchange rate than quartz, the primary isotopic
composition of these plutons can be estimated by extrapolating the
nearly linear arrays back to the primary magmatic line (A = 1.4).

SB (Sawtooth batholith), CRAGS (Crags pluton), CASTO (Casto pluton),

RB ("Rocky Bar", i.e. Twin Springs - Dismal Swamp pluton).
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ranges from 11.2 to 11.7 permil, which is slightly higher than nearby
Mesozoic rocks. Thus, based solely on the 189 data, these granodiorites

do not appear to be genetically related to the suite of Eocene granites,
and they could indeed be derived by melting of the older batholithic rocks.
Note that there is no definite evidence that these granodiorites actually

have an Eocene age.

5262 Primary D/H Variations

As a.result of the widespread hydrothermal activity and the high
susceptibility of biotite to exchange, little can be said about primary
D/H variations in the Idaho batholith. The least altered rocks, which
occur only in the western portion of the batholith, have biotite 6D values
of -66 to -74; these are interpreted to be very close to the primary
magmatic values (e.g. RB 159a; I 23, 24a, 25, 31, 32, 202, 205, 206, 208,
210). These values lie within the range (-58 + 18) of phlogopites from
rocks of deep-seated origin (Sheppard and Epstein, 1970), particularly
when it is remembered that their slightly lower 8D values can in part be
attributed to the ~ 25 pérmil equilibrium enrichment of deuterium in
phlogopite relative to Fe-rich biotite at magmatic temperatures (Suzuoki
and Epstein, 1976).

The 6D values of coexisting muscovite (=50 + 2) in two of these
western rocks (I 205, 210) also probably represent primary values, and
the indicated muscovite-biotite fractionations of 20 + 2 permil in these
rocks are compatible with equilibrium at high temperatures (Suzuoki and
Epstein, 1976). Three samples from the central portion of the batholith
which have been only moderately affected by the hydrothermal activity
(RC 18, RB 134, RH 52a; 6Dyj, = -87, -101, -108) also have essentially

unaltered muscovite with values of =55, =51 and -62 permil; one remarkable
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muscovite-rich, more strongly altered sample (RB 49; 6Dpi, = -150) still
retains muscovite with 6D = =61 . These 8D values of =51 to =62 are very
similar to those of the rocks further west, especially considering that
the hydrothermal activity which lowered the 6D values of all central zone
biotite samples should have produced minor 6D lowering of these muscovites.
All of the other analyzed muscovite-bearing samples have been very
strongly altered by the low-D hydrothermal fluids, and it is unfortunate
that rocks with primary muscovite were not found in the eastern portion
of the batholith. Thus, all that can be said from the combined muscovite
and biotite &D data is that none of the available analyses are in any way
incompatible with the primary &D variation in the batholith being any
greater than about 15 permil prior to the Eocene hydrothermal event. The
actual range in the primary 6D composition of the Mesozoic plutonic rocks
is probably even less than this (i.e. primary biotite 8D = =65 to =75 and
primary muscovite 8D = =48 to =58). This conclusion is made much more firm
when comparisons are made with other batholiths that have suffered much less

meteoric-hydrothermal alteration than the Idaho batholith (see Sec. 5.3.2).

5.3 Comparison with Isotopic Data from Other Cordilleran Batholiths

5.3.1 Mineral-Mineral Isotopic Relationships

This section compares some of the isotopic relationships between
coexisting minerals in the Idaho batholith with those of the other
Cordilleran batholiths shown on Fig. 5.14 . In a few cases, analyses
from other areas are also included. The mineral pairs discussed

below are quartz-feldspar (6180/6180), quartz-biotite (6180/6180),
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feldspar-biotite (6180/6D), and muscovite-biotite (8D/8D); pyroxene-
plagioclase relationships in gabbroic plutons are described in (riss et
al (1981).

As pointed out by Taylor (1977), 189 depletions due to meteoric-
hydrothermal activity are most pronounced in the northern batholiths,
where meteoric waters tend to be isotopically "light", and where intrusive
histories are complex and include Tertiary epizonal plutonism. This is
especially true for the ast Range batholith of Alaska and British
Mlumbia, which is the largest and the northernmost of the rdilleran
batholiths, and has a complicated intrusive history ranging from the late
Paleozoic into the later Tertiary (Hudson et al, 1977). Meteoric-
hydrothermal events of Jurassic (?), Eocene and Miocene age have all been
identified in this complex set of plutons (Magaritz and Taylor, 1976 a,b);
the mineral-mineral isotopic effects produced by these events are
discussed in Sec. 5.3.1.1. In contrast, meteoric-hydrothermal events are
much less common in the Peninsular Ranges and Sierra Nevada batholiths,
and it will be shown in.Sec. 5.3.1.2 that the mineral-mineral isotopic

relationships of these rocks are comparatively straightforward.

5.3.1.1 Mast Range batholith

Figure 5.15 contrasts the 6180 values of quartz and feldspar of
granitic rocks from the (ast Range batholith, Alaska and British lumbia
(data of Magaritz and Taylor, 1976 a,b). Many of the points exhibit
"normal"” (5_2 permil) primary magmatic quartz-feldspar fractionations,
including all of the rocks from the deep-seated "gneissic core complex”
of the Prince Rupert-Prince George traverse. The points which fall below

the line have large quartz-feldspar A-values, indicating that exchange
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Figure 5.15 6180 values of coexisting quartz and feldspar
from the Coast Range batholith, Alaska and British Columbia (data
of Taylor and Magaritz, 1976 a,b). Most samples have "normal”

A - values of 1 to 2 permil, but samples which plot below the 2
permil fractionation line have been affected by exchange with
meteoric—hydrothermal fluids. The field of data-points from the

Atlanta lobe (Fig. 5.2) is shown for comparison.
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with low -180 meteroric-hydrothermal water has lowered the 6180 values of
feldspar more than those of coexisting quartz (Magaritz and Taylor, 1976b).

The data in Fig. 5.15 are generally similar to those presented in
Fig. 5.2 for the Idaho batholith, but the relationships in the Atlanta
lobe are better constrained because more low -180 rocks have been anal-
yzed. The data-points that lie to the left of the Atlanta lobe "field"
on Fig. 5.15 thus can all be explained by the same 4:1 feldspar—quartz
exchange process described above, the only important difference
being that many of the Coast Range rocks originally had primary s180
values somewhat lower than those in the Atlanta lobe. Note also that a
few of the quartz-feldspar fractionations reported by Magaritz and Taylor
(1976 a,b) are very small (~ 0), either reflecting very low-temperature
alteration or interactions with high 180 f1uid.

Figure 5.16, taken from Taylor and Magaritz (1978), compares the
feldspar-biotite (+ hornblende and chlorite) 6180/6D relationships of
the Idaho batholith with those of the Prince Rupert and Skagway traverses
of the Coast Range batholith; also included are two low -180 rocks from the
Boulder batholith of Monténa (Sheppard and Taylor, 1974). The new iso-
topic data from the present work are not included in Fig. 5.16, but they
do not change the basic pattern. The general similarity of the isotopic
relationships in all of these northerly Cordilleran batholiths is clear.
This further emphasizes that during late Mesozoic and Tertiary plutonism,
most of the rocks in these regions have interacted to varying degrees
with hot meteoric waters that had a 6D value of about =120 + 10.

Figure 5.17 shows the same type of data for the granitic rocks of

southernmost Canada (Taylor and Magaritz, 1978). These data show that
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