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ABSTRACT

The 2.8 Ma Chegem caldera, an 11x15 km ash-flow caldera located in the
Caucasus Mountains, presents a unique opportunity to study silicic magma
systems because of its combination of youth, exposure and simplicity. Rapid
uplift and erosion in the region has exposed over 2 km of flatlying caldera fill,
consisting of densely welded tuff (rhyolitic to dacitic), overlain by glacial
deposits and andesite flows and cut by a granodiorite porphyry intrusion. The
Eldjurta Granite, whose age and composition are similar to the Chegem
volcanics, is exposed in an adjacent river valley 10 km to the northeast. Major
Mo-W deposits located in nearby skarns have prompted mineral-exploration
drillholes (to 4 km depth) in the granite. An isotopic study of the rocks of the
Chegem caldera and the Eldjurta Granite has been performed to examine their
petrogenesis, fluid flow and thermal histories.

Biotite and sanidine 40Ar/39Ar ages for 8 Chegem Tuff samples and the
granodiorite intrusion are analytically indistinguishable at 2.82 + 0.02 Ma. Thus,
the Chegem Tuff was erupted, cooled and intruded by the granodiorite within
< 50,000 yrs. In the nearby Eldjurta Granite, biotite and K-feldspar 40Ar/3%Ar
ages for 11 samples, including 8 from the deep drillhole (to 3970m depth) yield
ages between 0.83 +0.29 Ma and 2.78 £ 0.09 Ma. A decrease in biotite ages from
1.90 % 0.24 Ma near the roof of the granite to 0.83 + 0.29 Ma at 3970m depth,
apparently records the uplift and cooling history of this pluton. The ages of the
upper 10 samples imply an isotherm migration rate of 13 mm/yr, probably due
to a combination of downward migration of isotherms and regional uplift.

Oxygen isotope studies of the intracaldera tuff, including 38 samples from
a continuous 1405m-stratigraphic section, reveal a striking caldera-wide

stratigraphic horizon of 180-depleted rocks in which there is extreme



disequilibrium between phenocrysts and groundmass (sometimes still glassy).
All quartz and feldspar phenocrysts have "normal" igneous 8180 values of ~8.5
and =7.0, respectively. Whole-rock and groundmass 8180 values are as low as
—4.0 and -7.7, respectively. Infrared spectroscopic analyses of glassy pumices
reveal that they contain 3.3 to 4.8 wt% water. The 8D and water speciation of
these glasses reflects low-temperature hydration by meteoric water, whereas
some of their 8180 values require higher temperature water-glass interaction.

Pronounced disequilibrium between coexisting feldspar and groundmass
or glass has never been observed before on this scale. It requires a hydrothermal
event involving large amounts of low-180 HyO at sufficiently high temperatures
and short enough time that glass exchanges thoroughly but feldspar does not.
The most likely process responsible for the 180 depletions at Chegem is a high-
temperature (500-600°C), short-lived (10-25 years), vigorous meteoric-
hydrothermal event similar to that which occurred at the Valley of Ten Thousand
Smokes, Alaska. Mass balance calculations indicate fluid fluxes of
~6x10-6 mol/ cm?2-sec over that time period. Sr isotopic studies reveal that this
hydrothermal event caused increases in whole-rock 875r/86Sr, possibly because
the hydrothermal waters attained radiogenic Sr from crystalline rocks which
were incorporated in the caldera fill during caldera collapse.

87Gr /86Gr; ratios of unaltered Chegem volcanic and intrusive rocks range
from 0.7044 to 0.7060, significantly lower than values for surrounding country
rock (0.7070 to 0.7319). Thus, the Chegem magmas were probably derived from
the mantle or lower crust. The 87Sr/86Sr; ratios correlate with major- and trace-
element trends, indicating that the Chegem magma chamber was both
isotopically and compositionally zoned. Compared to the Chegem rocks, the
Eldjurta Granite has higher 87Sr/86Sr; (0.7069), 8180quartz (+10.0) and 8180 feldspar

(=8.8), and so must have evolved separately at some time.
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Chapter 1. Introduction

1.1 Ash-flow Calderas
1.1.1 The Importance of Siudying Ash-Flow Calderas

Large-volume silicic ash-flow eruptions are some of the most catastrophic
geologic events that occur at the earth's surface. Pyroclastic flows are hot,
gaseous, particulate-rich density currents produced during these giant explosive
volcanic eruptions, which take place in a matter of hours. In most if not all cases
when erupted volumes are greater that 25 to 50 km3, a roughly circular caldera
collapse structure surrounded by ring fractures develops to compensate for the
removal of the erupted volume of magma. These calderas can be as large as 60
kilometers in diameter while volumes of erupted ash-flow can be greater than
3000 km3.

The erupted deposits provide a unique geochemical "snap-shot” in the
evolution of the sub-volcanic magma chamber, and studies of the caldera

structure provide clues to the eruption process itself. Frequently, the shallow
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intrusions associated with resurgent doming or ring fracturing of these structures
provide a heat source which drives hydrothermal circulation. These
hydrothermal fluids are a source of geothermal energy, and they also serve to

transport metals that may form economically important ore deposits.

1.1.2 Occurrence

Ash-flow calderas occur in a variety of tectonic settings. In general, silicic
magmas are generated at convergent plate margins in regions of island arcs and
active continental margins and in areas of extensional tectonics within
continental plates.

Probably the most extensively studied ash-flow calderas are the Cenozoic
calderas of western North America (e.g., Lipman, 1984). These calderas are
scattered across the western U.S.A. from Mexico to Canada, with concentrated
clusters in three major Tertiary volcanic fields on the boundaries of the Colorado
Plateau (Fig. 1.1): Marysvéle (Utah), San Juan (Colorado), and Mogollan Datil
(New Mexico). Because most of these calderas are older that 11 million years,
they are exposed by erosion to deep levels, so that both volcanic rocks and the
upper parts of the cogenetic intrusion are exposed (Lipman, 1984). Some well-
known and relatively well-studied examples of mid- to late-Tertiary calderas
(Fig. 1.1), which will be referred to in this thesis, are: Creede (Colorado; Steven
and Ratte, 1965); Grizzly Peak (Colorado; Fridrich and Mahood, 1984); Lake
City, San Juan, Silverton, and Uncompaghre (Colorado; Lipman et al., 1973);
Questa (New Mexico; Lipman, 1983); and Timber Mountain (Arizona; Byers et
al., 1976). Other examples are listed in Lipman (1984). Several younger caldera
structures, less than 1.5 million years old, are also found in the western U.S.A,,
exposed in their uppermost levels. Examples which have been extensively

studied are: Valles (New Mexico, the type example of a resurgent caldera; Smith
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and Bailey, 1966); Long Valley (California; Bailey et al., 1976); Yellowstone
(Wyoming; Christiansen and Blank, 1972); and Crater Lake (Oregon; Williams,
1942; Bacon, 1983).

Large volume silicic magmas, often associated with volcanic eruptions, are
common around the circum-Pacific region. Ash-flow calderas commonly occur
in active volcanic arcs (e.g., the Kurile and Aleutian Islands, Kamchatka, Alaska,
Japan, Indonesia and the South American Andes). Well-known large volume
ash-flow deposits are found in Indonesia (Toba Tuff; Bemmelen, 1949), New
Zealand (Taupo volcanic field; Healy, 1964) and Japan (Nohi rhyolites; Kawada,
1971).

1.1.3 Historical Perspective

For many years, ash-flow tuffs, particularly welded deposits, were
misinterpreted, in part because they resemble both lava flows and pyroclastic
rocks. Our understanding of their origin and depositional environment
developed over a long period of time through a series of observations and events.
The present conceptions of ash-flow calderas have been strongly influenced by
the work of R.L. Smith and his colleagues (Smith, 1960a, b, 1979; Smith and
Bailey, 1968; Smith and Shaw, 1975). In a now classic paper, Smith and Bailey
(1968) outlined a generalized model of caldera formation and its relationship to
ash-flow deposits. This model (Fig. 1.2) includes seven stages of volcanic,
structural and sedimentary events: regional tumescence and generation of ring
fractures; caldera-forming eruptions; caldera collapse; preresurgence volcanism
and sedimentation; resurgent doming; major ring volcanism; and terminal
fumarolic and hot spring activity. More recently, Lipman (1984) reviewed the
current knowledge of ash-flow calderas, emphasizing variations in eruptive

history, volcanic structures, petrologic evolution and tectonic settings. The
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general caldera cycle described by Lipman (1984; Fig. 1.3) combines the stages of
Smith and Bailey (1968) into three major divisions: premonitory activity;
culminating eruptions and collapse; and postcollapse activity. This caldera cycle
is similar to the seven-stage cycle of Smith and Bailey (1968) but it emphasizes

possible time overlaps between stages, such as eruption and caldera collapse.

1.2 The Role of Aqueous Fluids in Caldera Evolution

As in many crustal processes, aqueous fluids play an important role in
caldera formation, evolution and cooling. They transport heat, creating
hydrothermal systems around cooling sub-volcanic plutons, and chemicals, often
being responsible for mineral and ore deposition in and near calderas. Water can
also interact directly with magma, as is the case in phreatic and phreatomagmatic

eruptions.

1.2.1 Hydrothermal Activity

Caldera formation is commonly accompanied by hydrothermal activity,
because a shallow magma chamber is usually present to provide the heat to drive
hydrothermal circulation. Hydrothermal activity is most common late in the
caldera cycle and thus was considered by Smith and Bailey (1968) to be the final
stage in the caldera cycle. Several presently active volcanic fields that have
undergone caldera collapse, such as Long Valley (Bailey et al., 1976), Yellowstone
(Christiansen and Blank, 1972), and Valles (Smith and Bailey, 1966), are now
going through a hydrothermal stage. However, hydrothermal activity can occur
at any time during a caldera's evolution provided that the shallow subvolcanic
magma chamber is large enough and has risen to a level where the country rocks
are sufficiently permeable to ground waters that a hydrothermal circulation

system can be established. Some calderas show little or no evidence for
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hydrothermal activity and associated mineralization (e.g., Mount Hope caldera,
Colorado; Steven et al., 1974), possibly because they have relatively simple
structural histories and are not extensively fractured.

The hydrothermal systems associated with calderas are frequently sources
of geothermal energy. Consequently, some active hydrothermal systems have
been extensively studied. Examples of well-studied geothermal areas are: Valles
Caldera, New Mexico (e.g., Hulen and Nielson, 1986; White, 1986; Vuataz and
Goff, 1986; Truesdell and Janik, 1986); volcanic fields in Italy (reviewed in
Wohletz and Heiken, 1992); and the Taupo Volcanic Zone of New Zealand
(reviewed in Wohletz and Heiken, 1992). The hydrothermal system around the
Long Valley caldera (California), though it is not a major source of geothermal
energy, has also been the subject of much research (Goff et al., 1991; Smith and
Suemnicht, 1991; White and Peterson, 1991; Sorey et al, 1978, 1991; Flexser,
1991). |

1.2.2 Mineralization

Ore deposits are commonly associated with caldera structures. There are
a broad range of types of mineralization, and the ores are deposited in a variety
of styles. This point is best illustrated by considering calderas of the western
United States where the ore deposits have been studied extensively and where
considerable effort has been made to date these ore deposits as well as the
calderas. Examples of such ore deposits are: gold and other metals at the
Goldfield, Round Mountain and Jefferson calderas in central Nevada (Rytuba
and Glanzman, 1979); gold, silver and base metals at the Silverton, Creede and
Summitville calderas in the San Juan Mountains of Colorado (Steven et al., 1974);
molybdenum at the Questa caldera in northern New Mexico (Lipman, 1983);

uranium near calderas of the Marysvale volcanic field in Utah (Cunningham and
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Steven, 1979); and major porphyry copper deposits associated with Late
Cretaceous to early Tertiary calderas in southern Arizona (Lipman and Sawyer,
1985).

The frequent association of ash-flow calderas with ore deposits is due to
the structural controls provided by the calderas (Steven et al., 1974; McKee, 1972;
Rytuba, 1981; Lipman, 1992). Caldera-related faults serve as channels for
circulating hydrothermal waters, while the shallow magma chamber provides
the heat to drive such circulation. The ore potential of this environment is
further enhanced by an extended history of igneous and structural activity after
caldera subsidence (Steven et al., 1974). In fact, mineralization which is not
genetically related to the subcaldera magma chamber can occur in a caldera

setting long after caldera collapse (Steven et al., 1974).

1.2.3 Water-Magma Interaction

The study of hydrovolcanism, or the natural phenomena produced by the
interaction of magma and/or magmatic heat with an external source of water, is
reviewed by Sheridan and Wohletz (1983). The most obvious settings for direct
interaction between magma and external water are subaqueous environments,
such as submarine, lacustrine or littoral environments. Many studies have
documented the deposits and landforms resulting from magma-water interaction
in these environments (e.g., Bonatti, 1967; Sigvaldason, 1968; Honnorez and
Kirst, 1975; Moore, 1975).

The extent to which external water interacts with magmas during
explosive caldera-forming eruptions is not well understood, as it is difficult to
observe. Historical caldera-forming ash-flow eruptions are rare, and it is

hazardous to monitor them up close. The question of water-magma interaction
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during ash-flow eruptions is usually addressed by examining their deposits (e.g.,
Heiken, 1972; Wohletz, 1983; Heiken and Wohletz, 1985; Cioni et al., 1992).

In some cases, water-magma interaction has actually triggered volcanic
eruptions, as is certainly the case for phreatic and phreatomagmatic eruptions.
Phreatic eruptions are steam explosions, which occur entirely within the country
rock above a magmatic heat source. Examples are crater-producing steam
eruptions in Yellowstone (Muffler et al., 1971), Long Valley (Mastin, 1991) and
New Zealand (Nairn and Wirdadiradja, 1980). Phreatomagmatic eruptions also
involve the conversion of groundwater to steam by a subvolcanic magma, but, by
definition, deposits from these eruptions must include clasts derived from the
magma. Well-known phreatomagmatic eruptions are the 1888-90 eruptions of
Vulcano, Italy (Mercalli and Silvestri, 1891) and those of Surtsey, Iceland in 1963-
1964 (Kokelaar, 1983). Large scale infiltration of fluids into a magma chamber
during eruption is a more controversial topic (see below and Chapter 4, where

the problems associated with low-180 magmas are discussed in some detail).

1.2.4 Studying Aqueous Fluids Associated with Calderas

In regions of active silicic volcanism, aqueous fluids at shallow depths can
be monitored directly by sampling on the surface and from drillholes (e.g.,
White, 1986; Sorey et al., 1991). Deeper fluids can be sensed remotely by
geophysical means, such as studies of heat flow (e.g., Ingebretson et al., 1992). In
ancient calderas, the hydrothermal fluids involved are not recovered except
perhaps in inclusions (e.g., Browne et al., 1976). Evidence for the timing,
amounts and transport properties of these fluids is usually indirect, through

studies of timing of mineralization, veining and stable isotopes.
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1.3 Previous Geochemical Studies of Calderas

I'have used a variety of geochemical techniques to study the Chegem ash-
flow caldera. Previous geochemical studies of rocks associated with ash-flow
calderas are too numerous to list here. Many will be mentioned in the chapters
of this thesis, which are arranged according to the technique used. Here, I briefly

review some important observations and conclusions of previous studies.

1.3.1 Major and Trace Elements

Major and trace element studies of numerous ash-flow sheets have
revealed compositional zoning, from silicic at the bottom to more mafic at the top
(e.g., Smith, 1979; Hildreth, 1979, 1981; Fridrich and Mahood, 1984). This
zonation is believed to represent an inverted view of the compositional zonation
at the top of the silicic magma chamber. That is, the ash-flow eruption taps a
magma chamber to progressively lower levels as the eruption progresses. There
is currently much debate over how this zonation forms. Mechanisms which have
been proposed for zonation in rhyolitic magmas are assimilation and/or
fractional crystallization (e.g., Noble and Hedge, 1969; Michael, 1983; Johnson,
1989), and liquid state thermodiffusion (Hildreth, 1981).

1.3.2 Radiogenic Isotope Studies

Radiogenic isotope studies of ash-flow calderas are frequently aimed at
deciphering the petrogenesis of those magmas. Many of these studies have
found that ash-flow tuffs have isotopic signatures which are closer to mantle
rocks than to the radiogenic crustal rocks which surround them (e.g., Halliday et
al., 1984; Johnson and Fridrich, 1990; Johnson et al., 1990). As a result, it is
generally believed that large-volume silicic magma chambers which erupt ash

flows originate in the mantle or lower crust. A common scenario (e.g., Johnson et



9
al., 1990) is one in which silicic magmas are generated by fractional
crystallization of substantial volumes of mantle-derived magmas, which have
assimilated country rock from the lower, middle and upper crust during their
ascent. Isotopic zonations have been observed in various individual ash-flow
sheets (e.g., Noble and Hedge, 1969; Stuckless and O'Neil, 1973; Farmer et al.,
1991; Johnson and Fridrich, 1990), and are most easily explained by some

amount of assimilation.

1.3.3 Stable Isotope Studies

Stable isotope studies of calderas have been useful for deciphering the
history of water-rock interaction, especially when meteoric waters are involved.
As described above, hydrothermal activity involving meteoric waters is
commonly associated with calderas. Several stable isotope studies have been
performed to determine the flow pathways and extent of water-rock interaction
in these environments (e.g., Lambert and Epstein, 1980; Larson and Taylor,
1986a,b; Smith and Suemnicht, 1991).

Stable isotope studies have also revealed an intriguing phenomenon: the
low-180 magma. In a few cases, it has been shown that erupted magmas are
significantly depleted in 180 relative to "normal" igneous compositions (e.g.,
Lipman and Friedman, 1975; Hildreth et al., 1984). The origin of these magmas
is a subject of controversy. The two main theories are: (1) they are the result of
direct interaction between meteoric water and magma (e.g., Lipman and
Friedman, 1975; Hildreth et al., 1984); or (2) they are the result of assimilation or
melting of large amounts of hydrothermally altered country rock (e.g., Taylor,
1987; Bacon et al., 1989). This debate will be discussed in more detail in
Chapter 4.
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1.4 Description of Thesis Project and Chapters
1.4.1 Chegem Caldera Research

My thesis research has involved an isotopic and petrologic study of the
Chegem ash-flow caldera in the north-central Caucasus Mountains of Russia.
This research project grew from a co-operative exchange program on "Geological
Processes in the History of the Earth" between the U.S. and Russian Academies of
Sciences, involving field trips in the Caucasus Mountains of Russia and the Sierra
Nevada of the western United States. During the first field season in the summer
of 1989, the scientists recognized the great potential of the Chegem caldera as a
site for studying processes affecting silicic magmatism. This caldera is unique in
the world for its combination of young age, vertical exposure and simple
eruptive history.

The following two summers (1990 and 1991) a team of American scientists
consisting of Peter Lipmah and Ken Hon of the U.S. Geological Survey and
myself returned to the Caucasus Mountains together with our Russian
counterparts, led by Andrei Tsvetkov and Anatoly Gurbanov. The aim of this
research group was to study and sample the Chegem caldera, its outflow sheets
and the nearby Eldjurta Granite. My part in this project was to study the fluid
flow and related thermal history of this shallow magma system by using various
isotopic techniques. The questions I was concerned with were: What was the
timing of the eruptive and intrusive events associated with the Chegem caldera?
How closely are the Chegem caldera and the Eldjurta Granite related? How
quickly did these bodies of rock cool? How were aqueous fluids involved? Did
they play a role in the eruption process? Was there any interaction between
water and magma before eruption? Was there an active hydrothermal system at
any time? Might this caldera lend any insight into the general question of the

origin of low-180 magmas?
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1.4.2 Description of Thesis Chapters
The chapters in this thesis describe some of my attempts to answer the

above questions. Chapter 2 is an overview of the tectonic and geologic setting of
the Chegem caldera, including descriptions of the various rock units and their
field relationships. Chapter 3 presents an 40Ar/39Ar geochronological study of
the Chegem volcanic rocks as well as total fusion 40Ar/39Ar ages and mineral
oxygen isotope data for samples from a four-kilometer drillhole in the Eldjurta
Granite. This chapter has been submitted to Earth and Planetary Science Letters
with co-authors, Marvin Lanphere, Hugh P. Taylor, Jr. and Anatoly Gurbanov.
In Chapter 4, the oxygen isotope and major- and trace-element geochemical data
are presented for the rocks of the Chegem caldera. This chapter will be
submitted to Journal of Volcanology and Geothermal Research with co-authors Ken
Hon, Hugh P. Taylor, Jr. and Andrei Tsvetkov. Chapter 5 presents a study of the
hydrogen isotopic composition and water speciation in glasses from the
intracaldera Chegem Tuff. These studies were carried out in collaboration with

| Sally Newman and Philip Thinger. Chapter 6 presents strontium isotopic data for
the various lithologies in the field area. The strontium isotopic studies were
performed in the laboratory of Jason Saleeby. Finally, because all of these data
sets are truly intertwined, Chapter 7 summarizes the results of the previous
chapters in terms of the overall picture of fluid flow and heat transport in the
Chegem system and poses some concluding questions and recommendations for

future research.
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Figure 1.1 -- Locations of Cenozoic calderas (circles), selected batholiths (coarse stipple), and
major Tertiary volcanic fields (dashed lines) in the western U.S. (Fig. 1 from Lipman, 1984). A,
Apache; B, Bachelor; BB, Boulder Batholith; BM, Black Mountain; BJ, Big John; BZ, Bonanza;
BU, Bursom; C, Creede; CB, Casto Batholith; CH, Chinati; CL, Crater Lake; CP, Cochetopa
Park; CR, Cowboy Rim; E, Emory; G, Grizzly Peak; GC, Gila Cliff Dwellings; GCH, Goodsight-
Cedar Hills; I, Infiernito; H, Henrys Fork; ], Juniper; L, Lake City; LG, La Garita; LV, Long
Valley; M, Muir; MA, Mount Aetna; MB, Mount Belknap; MC, McDermit Complex; MH,
Mount Hope; MI, Minarets; MP, Monroe Peak; OM, Organ Mountain; OV, Oasis Valley; P,
Platoro; Q, Questa; QU, Quitman; R, Red Hills; S, Summitville; SB, Silver Bell; SC, Silent
Canyon; SJ, San Juan; SL, San Luis Peak; SO, Socorro; SV, Silverton; T, Tucson Mountains; TC,
Three Creeks; TM, Timber Mountain; TP, Twin Peaks; TH, Thunder Mountain; TR, Thomas
Range; TU, Turkey Creek; U, Ute Creek; UN, Uncompahgre; V, Valles; Y, Yellowstone.
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Figure 1.3 -- A generalized ash-flow caldera cycle (Fig. 3 from Lipman, 1984). (a) Precollapse
volcanism. Clustered intermediate-composition stratovolcanoes grow over isolated small high-
level plutons that mark beginning of accumulation of batholithic size silicic magma body that will
feed ash flow eruptions. Uplift related to emplacement of plutons leads to development of
arcuate ring fractures: site of subsequent caldera collapse indicated by dotted lines. Heavy
arrows indicate upward movement of magma. (b) Caldera geometry just after ash flow eruptions
and concurrent caldera collapse. Central area of clustered earlier volcanoes caves into collapsed
area. Intracaldera tuff ponds during subsidence and is an order of magnitude thicker than
cogenetic outflow ash flow sheet. Initial collapse along ring faults is followed by slumping of
oversteepened caldera walls and accumulation of voluminous collapse breccias that interfinger
with ash flow tuff in the caldera fill sequence. Caldera floor subsides asymmetrically and is tilted
to the left side of diagram. Main magma body underlies entire caldera area and is
compositionally zoned (or was prior to eruptions), becoming more mafic downward.
(c) Resurgence and post-caldera deposition. Resurgence is asymmetrical, with greatest uplift in
area of greatest prior collapse. Extensional graben faults form over crest of the dome. Some
resurgent uplift is accompanied by movement along the ring faults in the sense opposite that
during caldera subsidence. Magma body has risen into volcanic pile and intrudes cogenetic
intracaldera welded tuff. Original caldera floor has been almost entirely obliterated by rise of the
magma chamber to near the level of prevolcanic land surface. Caldera moat is partly filled by
lava domes and volcaniclastic sediments. Hydrothermal activity and mineralization become
dominant late in cycle.
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Chapter 2. Geologic Background

2.1 Tectonic Setting

The Greater Caucaéus Mountain Range, a rapidly rising collisional
orogenic belt located in southwestern Russia between the Black Sea and the
Caspian Sea (Fig. 2.1), is one of the largest mountain belts in Eurasia, rising as
high as 5648 m at Mount Elbrus, the tallest mountain in Europe. It represents a
central section of the active Alpine-Himalayan system and is presently in the
early stages of continental collision. Philip et al. (1989) describe three principle
phases in the evolution of this mountain range (Fig. 2.2a-c): (1) From Jurassic to
Paleogene times, the Tethys ocean was subducted northward under the Turkish,
Lesser Caucasus and Iranian continental blocks. A calc-alkaline volcanic arc was
active with a back-arc basin in the position of the present-day Greater Caucasus
(Fig. 2.2a). When the Red Sea began to open in the middle-late Miocene, the
Arabian Plate began to migrate northward, thus closing the Tethys Sea. (2) The
Tethys was closed at about 20 Ma, at which time subduction shifted to the
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northern boundary of the back-arc basin. A new episode of calc-alkaline
volcanism developed north of the new subduction zone as the back-arc basin
rapidly closed (Fig. 2.2b). By Middle Pliocene time, the basin was closed at the
northern border of the Lesser Caucasus and the present stage of continental
collision began, with oceanic crust remaining on either side of the collision zone
(the Black Sea and the Caspian Sea). (3) The present tectonic setting (Fig. 2.2c) is
characterized by the on-going collision of the northward-moving Arabian plate
with the Russian craton, accompanied by lateral ejection of the Turkish Plate to
the west and of the Iranian Plate to the east. Uplift in the Greater Caucasus
Mountains began in Middle Pliocene time and volcanic arc activity has continued
into the present, represented by Kazbek and Elbrus volcanoes.

The present stage of uplift in the Caucasus Mountains has given rise to a
west-northwest trending regional anticlinoral structure. On the north flank of
the range, the limb of this}structure is a northward-dipping monoclinal section of
Jurassic through Plio-Pleistocene strata. The basement is well-exposed in the
core of the anticlinoria. The basement rocks to the south are thrust southward
over Jurassic through Cretaceous marine strata.

The anticlinoral structure is complicated by thrust and reverse faults,
especially on the southern flank, and is intersected and segmented longitudinally
by a major north-northeast trending transverse structural zone known as the
Trans-Caucasus Rise. Two alternative explanations for the Trans-Caucasus Rise
have been proposed: (1) that it represents a wrench system related to the impact
of the promontory against the northern edge of the Arabian Plate (Philip et al.,
1989); or (2) that it is a northward-propagating extension of the Red Sea rift
system (Tsvetkov, 1989).
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2.2 Regional Geology

The Chegem caldera is located in the intersection zone of the Trans-
Caucasus Rise and the long axis of the range. Plate 1is a geologic map of the
central section of the Caucasus Mountains in the vicinity of this zone. The
central Caucasus can be divided into four zones from north to south: (1) the
Bechasin zone in the north contains mostly northeast-dipping Jurassic-
Cretaceous Russian platform strata with local windows into the basement;
(2) the Fore Range zone contains crystalline basement rocks, interfolded with
Paleozoic marine and volcanic strata. Locally, Jurassic strata overlap these rocks;
(3) the Main Range zone comprises the core of the range, consisting almost
entirely of crystalline basement. Topographically, it is the highest of the four
zones; (4) the Southern Slope zone consists of Jurassic volcanic and marine strata
which are in thrust contact with the crystalline rocks of the Main Range zone.

The structural configuration of the core of the Caucasus is the result of
several episodes of compressional and extensional tectonics. There is a
complicated record of magmatism, sedimentation and tectonic activity from
Hercynian time to the late Mesozoic. Then, because of the Alpine and modern
uplift and consequent extensive erosion of the Caucasus Mountains, there is a
large gap in the preserved geologic history in the core of the range. The only
post-Jurassic rocks exposed in the core region are Plio-Pleistocene and Recent

volcanic and plutonic associations.

2.3 Plio-Pleistocene and Recent Volcanic and Intrusive Rocks
Pliocene to Recent volcanic rocks extend for over 1200 km from Armenia
to the Russian craton, trending roughly north-south, in the general vicinity of the

Trans-Caucasus Rise (Fig. 2.2¢). It appears that this structure, rather than
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subduction-related structures, may be controlling the locations of these magma
chambers.

Along the axis of the Greater Caucasus, rapid uplift and erosion have
exposed extremely young plutonic rocks, usually 1-2 Ma, in the core zone. These
so-called "neointrusions" (Gurbanov and Favorskaya, 1977) are exposed where
deeply-incised river drainages cut into the high mountains; they are often
associated with metallogenic ore deposits. The Eldjurta Granite and the Chegem
intracaldera intrusion are members of this belt and thus are probably related to
this significant, but volumetrically small pulse of silicic magmatism.

The 2.8 Ma Chegem caldera represents a major episode of Pliocene silicic
ignimbrite activity. Remarkably, it is the only known ash-flow caldera in the
entire Greater Caucasus Mountains. The Chegem caldera is perched between
two active andesitic stratocones, Mount Elbrus (the highest mountain in the
range, 5648m) and Mount Kazbek (5043m), and is itself overlain by Pliocene post-

caldera andesites.

2.4 Rocks of the Chegem Caldera
24.1 Previous Studies

The geology around the region of the upper Chegem Valley was first
described by Abich (1874) and Levinson-Lessing (1913), and later in more detail
by Soloviev (1938) and Masurenkov (1957, 1961). In the middle 1950s, the area
was mapped by Sedenko and Rzhevinsky, members of the Northern Caucasus
Territorial Geological Survey (SKTGU) from the USSR Ministry of Geology.
From the late 1950s to the 1970s, the Pliocene volcanic rocks of the Chegem
caldera were studied by E. Milanovsky and his student N. Koronovsky
(Milanovsky and Koronovsky, 1961, 1973; Milanovsky et al., 1962). Koronovsky

continued this mapping, later joined by Molyavko and Ostafiychuk of Kiev
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University (Koronovsky, 1975, 1976a, b, 1983a,b; Koronvsky et al., 1982).
Koronovsky and his co-workers described the rocks of the Chegem caldera as
rhyolite (liparite) lava flows with tuffaceous horizons. They interpreted the
volcanic rocks of the lower Chegem Valley as ash-flow tuff erupted from local
vents. Recently, the present research group reinterpreted both upper and lower
Chegem volcanic rocks as ash-flow from a single eruption at the Chegem caldera
(Bogatikov et al., 1992; Lipman et al., 1993). The difference in thicknesses and
resultant welding styles are responsible for the different appearance of the
intracaldera tuff and its earlier interpretation as lava. Lipman et al. (1993)
provide a description in English of our present knowledge of the Chegem

caldera.

2.4.2 Field Relationships and Structure

The Chegem caldera (Fig. 2.3) formed during a single eruptive event 2.8
million years ago. The 11)?15 km structure collapsed along arcuate ring faults
and was filled with a thick sequence of ash-flow tuff, locally interlayered with
breccia of the surrounding country rock which fell into the caldera along the
over-steepened ring faults. Recent rapid uplift and erosion in the Caucasus
Mountains has exposed over two kilometers of stratigraphic thickness in the
caldera fill, but no pre-caldera floor is exposed. The welded tuff within the
caldera is resistant to erosion, and so the caldera fill stands out as a topographic
high beside the Chegem River. Bedding within the caldera fill, defined by the
orientation of flattened pumices, is subhorizontal; this indicates that there has
been little, if any, caldera-wide resurgent doming.

In the northeast quarter of the caldera, a granodiorite porphyry has
intruded along the caldera ring fault, pushing up a block of intracaldera tuff in

piston-fashion along high angle faults (Fig. 2.3). A foundered block of Chegem
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Tuff is present in the northeast section of this intrusion. In the southern and
western sides of the caldera, the intracaldera tuff is capped by post-caldera
andesite flows. Generally, these flows are stratigraphically above an erosional
horizon which contains glacial deposits. Thus a glaciation event occurred
between the time of deposition of the tuff and the eruption of the andesites;
locally, however, the andesites appear to rest directly on poorly-welded
intracaldera tuff.

Outside the caldera structure, the Chegem Tuff is more poorly welded and
thus less resistant to weathering. Nevertheless, it is preserved as small erosional
outliers in the vicinity of the caldera and as larger outflow remnants in the lower
Chegem Valley. These are found up to 50 km away from the margin of the
caldera, where they dip below more recent deposits on the stable craton. These
outflow tuff sheets are exposed on both sides of the Chegem and Baksan River
valleys, where they filled broad, shallowly sloping (2-5°) paleovalleys. Exposed
thicknesses of outflow tuff range from a few tens to several hundred meters. The
original top of the outflow sheet is not preserved, and the base is usually covered
by talus.

The country rock around the Chegem caldera can be classified in two
groups: Paleozoic and Proterozoic crystalline rocks of the Main Range Zone to
the southwest of the caldera, and Jurassic marine strata of the Bechasin Zone to
the northeast (Fig. 2.3). The contact between the two rock groups is a regional
unconformity which is locally faulted along transverse fault structures. The
Jurassic strata are openly folded, as well as being tilted along the outer ring faults

of the caldera.
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24.3 Intracaldera Chegem Tuff

The intracaldera Chegem Tuff is compositionally-zoned, ranging from
silicic rhyolite (76 wt% SiO») at the lowest exposure to silicic dacite (69 wt% SiO;)
at the top of the section. Phenocrysts of quartz, sanidine, plagioclase, biotite, and
pyroxene with minor magnetite and ilmenite constitute approximately 20% of
the rock. These phenocrysts vary in abundance with the compositional zoning;
the rhyolite contains predominantly quartz and sanidine, whereas in the dacite,
the phenocrysts are predominantly plagioclase, biotite and pyroxene.
Intracaldera tuff is typically moderately to densely welded with ubiquitous
flattened pumices, usually about 1-5 cm in length with compaction ratios of 3:1 to
5:1. The lower 1000 m of exposed caldera fill is fairly massive with cooling joints
passing through the section, indicating that the bulk of the intracaldera tuff
cooled as a single unit. However, there are welding variations, including one
distinct horizon of poorly-welded tuff toward the middle of the section (at 3160m
elevation), which suggesfs that there were brief interruptions in the caldera-
forming eruption.

The upper dacitic section of tuff has at least two, and possibly three,
distinct cooling subunits that are 30-50 m thick. Cooling breaks are defined by 2-
3 m zones of flattened vitrophyric pumice at the base of each subunit. The
uppermost dacitic subunit is capped by 20m of tan, nonwelded tuff that marks
the top of the intracaldera ash-flow sequence. Emissions were apparently more
sporadic in the waning stages of eruption. However, there are no erosional
horizons anywhere in the intracaldera tuff stratigraphy, implying that there were
no major interruptions to the caldera-forming eruption. Thus, the intracaldera
Chegem Tuff is considered to be a complex cooling unit with discernible cooling

subunits (such as the dacitic horizons).
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Vitrophyric horizons are preserved at and near the marginal contacts
between tuff and wallrock, occurring as discrete layers, as dikelike structures or
as more complexly-shaped zones where the cooling of the tuff has been
controlled by irregularities (such as water content?) in the adjacent wallrocks.
Glassy pumices, up to 15 cm in length, are preserved in the upper 100-200m of

dacitic tuff.

2.4.4 Outflow Chegem Tuff

The outflow tuff of the lower Chegem Valley is predictably much less
densely welded than the intracaldera tuff. At distal sites, where the thickness of
outflow tuff is 50 m or less, the tuff is only partly welded and displays strong
vapor-phase crystallization, whereas in the thicker sections, the tuff is densely
welded in the interior with well-developed columnar jointing.

A nearly complete section of outflow tuff is located near the town of
Lechnikai, exposed for =100-200 m in natural and quarry outcrops. There, the
outflow tuff is rhyolitic in composition, ranging from 73 to 75% SiO;. Large
black glassy pumices (flamme, up to 5 cm) are preserved toward the top of this
section. At least two other pumice types are present in the upper interior
exposures. Phenocryst content, biotite content, and pumice diversity increase
upward in the outflow tuff. At the top of this outflow remnant, there is a large
quarry, the Lechnikai Quarry, which contains tuff with a light brown, devitrified

matrix and black glassy rhyolitic pumices.

2.4.5 Granodiorite Intrusion
The intracaldera granodiorite intrusion, exposed for 1100m vertically in
the northeast part of the caldera, is locally steep-walled with a gently dipping

roof zone. The intruded tuff was probably not completely cooled when the
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pluton intruded, but it was brittle enough to fracture along faults as the pluton
pushed a block of tuff upward.

The granodiorite is porphyritic, with phenocrysts of plagioclase, quartz,
biotite, rare sanidine and locally magnetite in a groundmass of fine-grained
quartz and feldspar. The groundmass constitutes up to 60% of the rock and
displays both aplitic and felsitic (near contacts) textures. Compositionally, the
granodiorite is similar to late-erupted tuff with 70-72 wt% S5iO. The margins of
the intrusion tend to be more granitic (quartz-rich) with local zones of miarolitic
cavities.

Within the intrusion, sparse inclusions of porphyritic andesite were found.
These inclusions are rounded and embayed with locally finer-grained borders;
they are thought to represent more mafic magma that was incompletely mixed
with the granodiorite (Lipman et al., 1993). Lipman et al. (1993) suggest that the
granodiorite may represeﬁt the core of a post-caldera volcano that has now been

removed by erosion.

2.4.6 Andesites

The andesitic lava flows which cap the intracaldera tuff sequence are
chiefly found at the tops of three peaks: Bolshaya (Big) Kum Tyube and Malaya
(Little) Kum Tyube in the southeast; and Mt. Kyugenkaya in the west. The flows
are up to 200-300 m thick with an unknown thickness eroded from above. On
Mt. Kyugenkaya, as many as eight separate flows 10-50 m thick are discernible.

On Bolshaya and Malaya Kum Tyube, eruption of the andesites was
preceded by erosion and deposition of glacial deposits. Because of this glacial
erosion, the andesite flows do not necessarily lie entirely at the highest

stratigraphic level of tuff; some of the flows also fill paleovalleys which cut into
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the intracaldera tuff sequence. In contrast, the andesite flows on Mt.
Kyugenkaya lie directly on intracaldera tuff with no obvious erosional breaks.
The andesites contain 10-40 volume% phenocrysts of plagioclase
(andesine-labradorite), pyroxene, amphibole and biotite. The groundmass is
usually crystalline and fine-grained, although at the base of some flows glasses
are still preserved in the groundmass. Microdiorite inclusions (2-5cm) are
common in the andesites. They may represent chilled margins ripped from dike
walls during eruption (Lipman et al., 1993). A single altered basaltic inclusion, in
an andesite flow near Mt. Kyugenkaya, is the most mafic sample found among

the intracaldera rocks.

2.4.7 Basaltic Andesite

One important difference between the Chegem caldera and most other
ash-flow calderas is that its formation was not preceded by significant precaldera
volcanism. However, a single basaltic andesite flow, located beside and
topographically below one of the outflow tuff remnants, is a notable exception.
This flow has a typical basaltic texture with a finer-grained, quenched base and a
highly vesicular top. The basaltic andesite contains olivine phenocrysts in a dark,
aphanitic matrix. In addition, distinctive quartz xenocrysts rimmed with augite

are present in the rock.

2.5 Eldjurta Granite

The Eldjurta Granite (Fig. 2.4; also called the Eldzhurtinskiy Granite) is
exposed in the valley of the Baksan River, the next river to the north of the
Chegem River. The surface exposure covers an area of 8 km? and 1150 m of
vertical relief. In addition, mineral-exploration drillholes have been placed in the

granite, the deepest of which extends to a depth of 4 km. The granite is similar in
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age and composition to the Chegem volcanic rocks, and thus it has been
suggested that they constitute a single, physically continuous magma system
(Lipman et al., 1993).

Throughout its entire sampled thickness, the Eldjurta Granite is texturally
and compositionally remarkably uniform. It is porphyritic with large
phenocrysts of K-feldspar and a fine- to medium-grained matrix of quartz, K-
feldspar, plagioclase (An 16-37) and biotite with trace amounts of apatite, sphene
and zircon. The margins of the granite are finer-grained, more equigranular and
often more mafic than the interior of the intrusion. Sparse mafic inclusions are

also present in the granite.

2.5.1 Rhyolite Necks

Three large porphyritic rhyolite necks cut through the Eldjurta Granite, on
its northwest side. The necks are about 500 m in diameter and dip steeply. The
rhyolites are similar in bulk composition to the Eldjurta Granite and contain
phenocrysts of quartz, K-feldspar and some plagioclase. Smaller dikes of

andesite and non-porphyritic rhyolite are associated with the rhyolites.

2.5.2 Tirniauz Ore Deposit

The Eldjurta Granite has been the subject of much research because it is
located adjacent to the Tirniauz ore deposit, Russia's largest source of tungsten
and a major source of molybdenum. The Tirniauz deposit, whose geology has
been described in detail, especially in the Russian literature (e.g., Khruschev,
1958; Pek, 1962; Semochkin, 1969; Liakhovich, 1976; summary in English by
Smirnov, 1977), is located at the upper contact of the Eldjurta Granite. The
mineralization is associated with amphibole-biotite hornfels and pyroxene-

garnet skarn zones which, like the granite, lie in a block between two WNW-
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trending regional faults. Though the deposits are adjacent to the Eldjurta
Granite, the molybdenum mineralization appears to be genetically related to two
small (<1 km) leucogranite bodies.

The relationship of the ore deposit to the Eldjurta Granite is an on-going
topic of debate. Many researchers have assumed the Eldjurta Granite,
leucogranites and Tirniauz deposits are genetically related because of they
appear to be closely associated in time and space (Smirnov, 1977). The recent
study of Zhuravlev and Negrey (1993, 1994), who found that Rb/Sr isochron
ages for the Eldjurta Granite and én ore metasomatite are identical, supports this
view.

On the other hand, several arguments have developed against this theory.
Theoretical calculations suggest that the Eldjurta Granite could not have
generated enough heat to produce the large hornfels and skarn zone associated
with the mineralization (Lyakhovich, 1953, 1976; Rodzyanko, 1969; Rodzyanko
et al., 1973). However, this argument was developed before the deep drillhole
revealed that the Eldjurta Granite is actually a very large body, possibly of
batholithic dimensions. Another argument against a genetic relationship
between the Eldjurta Granite and the Tirniauz deposits is that the leucogranites
with which the deposits are most closely associated have yielded K-Ar ages of 20
Ma (Borsuk, 1979) and data of Arakelyants et al. (1988) suggests that this may in
fact represent a resetting age. Nonetheless, even those who argue against a direct
genetic relationship between the Eldjurta Granite and the Tirniauz deposit
acknowledge that there may be an indirect relationship. The Eldjurta Granite
may have initiated a hydrothermal convection cell which remobilized the Mo-W

concentrates and deposited them in their present location.
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2.6 Sampling for This Study

Given the excellent 3-dimensional exposure in this young silicic magma
system, our research group made an effort to sample the various lithologies at a
range of stratigraphic and structural levels, with an emphasis on sampling the
Chegem caldera stratigraphy in detail and attaining samples from the 4-km deep
drillhole in the Eldjurta Granite. The surface exposures of the Chegem caldera
span over 2 km, while the Eldjurta Granite is exposed for over 1 km above the
Baksan River valley where the deep drillhole is sited. Thus, the combined
structural thickness which we sampled was over seven kilometers. In two
summers of fieldwork, we collected (and transported to the U.S.) over 250
samples. Field descriptions of these samples are given in Appendix A. Locations

of the Chegem caldera samples are shown on Plate 2.
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Figure 2.3 -- Geologic map of the late Pliocene Chegem caldera (from Lipman et
al., 1993). Precaldera geology modified from Milanovsky and Koronovsky (1961)

and Koronovsky (1976).
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1 - alluvial deposits and rivers. 2 - Lower Jurassic argillites, sands and
conglomerates. 3 - Upper Carboniferous molasse. 4 - Lower Carboniferous
carbonates. 5 - Upper Devonian-Lower Carboniferous carbonates. 6 - Upper
Devonian volcanogenic rocks. 7 - Middle Devolian phyllite. 8 - Proterozoic
metamorphic rocks (schist, gneiss, migmatite). 9 - liparites. 10-13 - Eldjurta
Granite (10 - Phase 1; 11 - Phase 2; 12 - Phase 3; 13 - Phase 4). 14-16 - leucocratic
granitoids (14 - two-feldspar granite; 15 - intrusive breccia; 16 - granite
prophyry). 17 - tonalite and plagiogranite. 18 - ultrabasite. 19 - skarn. 20 -
contacts and faults. 21 - number of drillhole.

Figure 2.4 -- Geologic map of the Eldjurta Granite and the surrounding country
rocks (from Sobolev and Kononov, 1993). The Eldjurta Granite is represented by
patterns 10-13. The 4-km deep drillhole is number ¢1500.
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Chapter 3. An 40Ar/39Ar Study of the Chegem
Ash-flow Caldera Including 180/160 and 40Ar/39Ar
Analyses from a 4-km Deep Drillhole in the
Eldjurta Granite (Caucasus, Russia)

(Submitted to Earth and Planetdry Science Letters, coauthors are

Marvin Lanphere, Hugh P. Taylor, Jr. and Anatoly Gurbanov)

3.1 Introduction

Because of their combination of youth, exposure and simplicity, the
Chegem caldera and the related Eldjurta Granite in the northern Caucasus
Mountains of Russia offer a unique opportunity to study high-level silicic
magmatic systems. The Chegem caldera rocks are late Pliocene in age, but
because of the rapid uplift of the Caucasus Mountains, a 2-km thick section of
caldera fill is exposed in deeply incised river drainages. Several drillholes,
originally intended for mineral exploration, but later used for scientific research,
have been sited in the Eldjurta Granite, which is exposed in an adjacent river

valley. These drillholes extend as deep as 4 km below the river valley, whereas
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the roof of the granite is 1150 m above the river valley. Accordingly, an overall
structural thickness of at least 7 km can be sampled in this young magmatic
system. The Chegem caldera is structurally simple, containing a single cooling
unit of caldera-filling welded tuff and little evidence for precaldera volcanism. A
small resurgent pluton in the northeast region of the caldera has faulted the
caldera fill and pushed up a block of tuff, somewhat analogous to resurgent
structures in calderas elsewhere (e.g., Grizzly Peak, Colorado; Fridrich et al.,
1991). However, this resurgence has not significantly domed the intracaldera tuff
as is commonly observed (e.g., Yellowstone, Wyoming, Christiansen, 1990; Long
Valley, California, Bailey et al., 1976). Petrographically, the Chegem caldera
rocks and the Eldjurta Granite typically show only minor amounts of
hydrothermal alteration.

The 40Ar/39Ar method of K/ Ar dating has allowed us to decipher the
chronology of igneous processes, particularly volcanic processes, with high
resolution. Incremental-héating experiments are useful in eliciting information
about the cooling history of plutonic and metamorphic rocks. Previous
conventional K-Ar age measurements on minerals from Chegem caldera rocks
and some of the related intrusives gave ages ranging from 1.2 to 3.0 Ma (Borsuk,
1979 - discussed in detail below). The uncertainties on these age estimates are as
high as 0.2 Ma, about 10% of the age estimate itself. Our 40Ar/39Ar studies were
undertaken to refine these earlier age estimates for the Chegem volcanic rocks, as
well as to address some basic questions about caldera formation: Can 49Ar/39Ar
ages resolve the time difference between cooling of the deep interior and the
outer edge of a single thick cooling unit of welded tuff? How closely after the
eruption of the ash flow were the intracaldera intrusion and the post-caldera
andesites emplaced? What is the temporal relationship between the Eldjurta

Granite and the Chegem volcanic and intrusive rocks?
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The Eldjurta Granite has recently been studied in detail by Hess et al.
(1993), who obtained 40Ar/39Ar ages for biotites from 7 samples, taken from a
horizontal and vertical profile through the granite body. Two of these samples
were from the deepest drillhole (4 km deep). Hess et al. (1993) also compared
ages of different grain-size fractions of biotite and found a rough correlation
between biotite age and grain-size. Our study of the Eldjurta Granite expands on
the Hess et al. (1993) study: 8 of our samples are from the 4-km drillhole,
providing a much more extensive vertical profile than has heretofore been
sampled. In addition to biotite total-fusion ages for these drillhole samples, we
measured K-feldspar total fusion ages and two plagioclase incremental-heating
age spectra. Our data can be compared to the data of Hess et al. (1993) and
combined with those data to further constrain the uplift and cooling history of
the granite pluton. These two data sets are the first 40Ar/39Ar data which span
such an extensive verticalbprofile in a single young pluton.

In this chapter, we present 40Ar/39Ar results for 3 whole rocks and 32
mineral separates (biotite, K-feldspar and plagioclase) from 20 samples. Argon
was extracted from irradiated samples by two methods: total fusion of biotite
and K-feldspar using a continuous Ar laser; and incremental heating of
plagioclase and whole rock using a resistance-heated furnace. We also present
oxygen isotope data for mineral separates from the Eldjurta Granite; the oxygen
data can be combined with the argon data to determine the role of hydrothermal

fluids in the granite's cooling history.

3.2 Previous Geochronology
The most complete geochronologic analysis of the Chegem volcanic and
intrusive rocks prior to the present work was a K-Ar study by Borsuk (1979),

whose results are listed in Table 3.1 and described below. The most complete
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thermochronologic study of the Eldjurta Granite was performed by Hess et al.
(1993). Some of their results are shown in Fig. 3.8 and described below.

3.2.1 Chegem Volcanic Rocks and Porphyry Intrusion

At the time of Borsuk's work, the rhyolite of the Chegem highland was not
recognized as tuff, as fill within a caldera structure, or as correlative with the
outflow tuff to the north. Within the caldera fill, sanidine from a gray tuff near
the base of the caldera fill sequence gave an age of 3.0 + 0.2 Ma and sanidine from
a black vitrophyric rhyolite, presumably from the margin of the caldera, yielded
an age of 2.8 £ 0.2 Ma (Borsuk, 1979). Biotite from an outflow tuff sample on the
Jungusu plateau, 15km NNE of the caldera gave an age of 2.5 + 0.2 Ma (Borsuk,
1979).

Of the post-caldera rocks, biotite from the cross-cutting granodiorite
porphyry was dated at 2.6 + 0.2 Ma (Borsuk, 1979). The caldera-capping andesite
was not dated, but an andesite dike in the Baksan River valley yielded a biotite

age of 1.2 + 0.2 Ma (Borsuk, 1979).

3.2.2 Eldjurta Granite

Borsuk (1979) obtained K/ Ar biotite and K-feldspar ages for surface
samples of the Eldjurta Granite of 1.8-1.9 £+ 0.15 Ma, while an associated rhyolite
dike within the granite yielded an age of 1.8 + 0.25 Ma. More recently, Hess et al.
(1993) completed an 40Ar/39Ar study of biotite from 7 samples of Eldjurta
Granite, including 4 drillhole samples. Their biotite ages range from 2.48 + 0.03
Ma at the roof to 1.26 £ 0.03 Ma at a depth of 3825 m in the deepest drillhole.
They note that 40Ar /39 Ar ages for biotites of different sieve fractions from the
same sample are discordant, that there is a general correlation between grain size

and age, and that for a given sieve fraction there is a steady decrease in age with
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depth. However, the smallest sieve fractions (50-100 um) do not follow this
trend.

Recently, Zhuravlev and Negrey (1993, 1994) determined Rb-Sr isochron
ages of 1.98 + 0.01 Ma for a surface Eldjurta Granite sample and 1.96 £ 0.02 Ma
for an ore-bearing metasomatite from the Tirniauz Mo-W deposit. These
isochron ages were based on density separates of 3 minerals (biotite, K-feldspar
and plagioclase) for the granite and two minerals (amphibole and biotite) for the

metasomatite.

3.3 Samples Studied

Twenty-three samples were examined in this study: 5 intracaldera
Chegem Tuff samples, 3 outflow Chegem Tuff samples, one intracaldera
granodiorite porphyry, 3 andesites and 11 Eldjurta Granite samples. The sample
locations are shown on F1g 3.1 (the geologic map of the area) and Figs. 3.2 and
3.3 (cross sections through the Chegem caldera and the Eldjurta Granite). The

units and samples are described below.

3.3.1 Chegem Tuff

The intracaldera tuff, exposed over a vertical distance of 2 km on the
northeast side of the Chegem River, ranges from silicic rhyolite (76% SiO») at
river level to silicic dacite (69% SiO») high in the section. This entire section
appears to be a single cooling unit with no evidence for significant interruptions
during deposition. Black vitrophyre zones (5-20 m thick) are well developed at
the margins of the intracaldera tuff, and black glassy pumices (fiamme) up to 15
cm in length are abundant in the upper 200-300 m of section.

The Chegem Tuff contains approximately 20% phenocrysts of quartz,

plagioclase (An32-47), sanidine, biotite and pyroxene. Quartz and sanidine are
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more abundant low in the section; pyroxene only occurs in the upper, dacitic
tuff. Generally, phenocrysts are fresh with little evidence for hydrothermal
alteration. However, biotite deep in the caldera fill and near the granodiorite
porphyry intrusion has been extensively altered to magnetite + feldspar.

Five samples were collected from the intracaldera tuff (Fig. 3.2): one
marginal vitrophyre (MV), representing early-cooled tuff; two densely-welded,
devitrified tuffs from deep in the interior of the caldera (DI), presumably the
most slowly-cooled samples available; and two glassy dacitic pumice lenses (DP)

collected high on the southwest side of the caldera.

3.3.2 Granodiorite Porphyry

Across a 4x5 km area in the northeast quadrant of the Chegem caldera, a
porphyritic granodiorite intrusion has uplifted in piston-fashion a block of
rhyolitic tuff at least 300 m to the level of silicic dacites in the south and west.
The intrusion, exposed for 1100 m vertically, is locally steep-sided with a gently
dipping roof zone on its south side.

Compositionally, the granodiorite is similar to late-erupted dacitic
Chegem Tulff, although locally at its margins the porphyry is granitic and more
fine-grained with zones of miarolitic cavities. The granodiorite consists of
plagioclase (An38-61), biotite and K-feldspar (sanidine?) phenocrysts in a
groundmass of fine-grained quartz and feldspar. As in the deeper part of the
intracaldera welded tuff, biotite is extensively altered to magnetite + feldspar
while feldspar is largely unaltered. A single granodiorite (GD) sample was

collected several meters from the southeastern margin of the intrusion.
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3.3.3 Andesite

Andesite flows cap the southern and western parts of the Chegem caldera.
In the west, as many as 8 separate flows (10-50m thick) can be discerned on
Kyugenkaya Peak, where flows appear to overlie intracaldera tuff directly. In the
southeast, on Kum Tyube Peak, andesite flows were preceded by variable
erosion and overlie glacial deposits above Chegem Tuff. Thus, there is the
possibility of two or more generations of andesite flows. The two andesite
samples of this study were collected from Kyugenkaya (A-KY) and Kum Tyube
(A-KT) Peaks (Fig. 3.1).

3.3.4 Outflow Tuff

Erosional remnants of outflow Chegem Tuff are exposed up to 50 km to
the north of the caldera in the lower Chegem and Baksan River valleys. The
outflow tuff filled paleovalleys and was later dissected by these modern rivers.
The outflow facies ranges from tens to hundreds of meters in thickness and is
compositionally similar to the lower to middle section of the Chegem caldera fill.
There are several quarries in the outflow tuff; the three outflow tuff samples in
this study were collected from Lechnikai quarry (Fig. 3.1), the largest of these

quarries. Two are pumice samples (OP) and one is a whole-rock tuff sample (O).

3.3.5 Basalt

A single small basaltic andesite flow is located on the flank of one of the
outflow tuff erosional remnants, Teraclan Hill (Fig. 3.1). Because of its
topographic position below the tuff, this flow Illas been interpreted as part of a
precaldera eruption (Koronvsky, oral communication); however, an alternative

interpretation (Lipman et al., 1993) is that it fills a paleovalley, created after the
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tuff was deposited. A sample of basalt (B) was collected in order to try to resolve

this question with whole-rock 40Ar/39Ar dating.

3.3.6 Eldjurta Granite

The Eldjurta Granite is exposed 10 km NW of the Chegem caldera, in the
adjacent Baksan River valley, over an area of 6 km? and a vertical distance of
1150 m. The granite is of particular economic interest because the Tirniauz mine,
Russia's largest tungsten mine and a major source of molybdenum, is located
along the upper contact of this intrusion. The relationship of this mineralization
to the Eldjurta Granite is uncertain and has stimulated much research, including
the drilling of three cored drillholes; the deepest of these extends to 4 km depth
below the Baksan River valley. This hole was drilled to that depth in the hopes
that the Mo-W deposits would be encountered below the granite, but it was
discontinued when the granite body turned out to be bigger than expected.

Fig. 3.3 is a simplified cross section of the Eldjurta Granite with several
details of the deep drillhole. The temperature at the base of the drillhole is
223°C, and the geothermal gradient is fairly constant at 43°C/km. At =900 m
depth the granite is cut by dikes, and at 3850 meters depth, a sheared contact
separates the more typical Eldjurta Granite from a finer grained, more leucocratic
granite below. Hess et al. (1993) state that this is probably a younger intrusion of
Pliocene or Quaternary age.

Over nearly the entire vertical range sampled (over 5 km), the Eldjurta
Granite is remarkably homogeneous, both compositionally and texturally. Itis
porphyritic with megacrysts of K-feldspar in a matrix of quartz (26 £ 2%),
plagioclase (32 + 2%, An16-37), K-feldspar (34 £ 2%) and biotite (8 + 2%) with
accessory apatite, zircon, monazite and sphene (Umsonst, 1991). Muscovite is

present in trace amounts in all samples below 2340m depth. The lowermost
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sample contains slightly more muscovite (1-2%), slightly less biotite (4-5%) and
has plagioclases with much lower Ca content (An3). Petrographic evidence, such
as concentric and oscillatory zoning in plagioclase and microperthitic textures in
K-feldspar, records a complex history of crystallization and exsolution but there
is little evidence for substantial hydrothermal alteration. Biotites contain minor
amounts of chlorite (<3%) but are otherwise quite fresh and inclusion-free.
Eleven Eldjurta Granite samples have been analyzed in this study (Fig.
3.3): one (CG-C2-58B) was collected one meter from an upper contact, 670 m
above the Baksan River valley; two were collected from 70-100 m above the
Baksan River valley, near the center of the exposed granite; and 8 samples were
collected at approximately 500-m intervals in the 4-km drillhole in the center of
the exposure. Hess et al. (1993) collected two of their samples from this same

drillhole. Two of their surface samples are from river level at the top of that

drillhole.

3.4 Analytical Techniques
3.4.1 Sample Preparation

The nine Chegem samples selected for mineral separation were crushed
and sieved. Biotite and sanidine separates were obtained from the 165-335um
size fraction by conventional heavy-liquid and magnetic techniques. Sanidines
were usually etched in 5-10% HF to remove glass fragments and other
impurities. As a final step, separates were hand-picked to ensure >98% purity.
Plagioclase, K-feldspar and biotite separates from the Eldjurta Granite, provided
by Anatoly Gurbanov, were prepared by similar techniques at the mineral
separation laboratory of the Russian Academy of Sciences. Whole-rock andesite
and basalt powders were ground with a mortar and pestle, and the 350-590um

size fraction was analyzed.
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3.4.2 90Argon/39Argon Analysis

Purified mineral separates were encapsulated in commercial grade Al foil
(for laser fusion) or 99.995% pure Cu foil (for incremental heating) and sealed in
three fused silica vials. The vials were wrapped in Cd foil to reduce the neutron-
induced 40Ar production. Sixteen flux monitor packets of sanidine from the
Taylor Creek Rhyolite, which has an age of 27.92 Ma (Duffield and Dalrymple,
1990), were interspersed among the samples. The samples were irradiated for 2
hours in the core of the U.S. Geological Survey TRIGA reactor (Dalrymple et al.,
1981).

The two extraction systems used in this study are attached to the
ultraclean, ultrasensitive mass spectrometer (Mass Analyser Products model 216)
at the U.S. Geological Survey in Menlo Park, California. The GLM continuous
laser extraction system described in Dalrymple (1989) was used on biotite and K-
feldspar separates. A low-blank, resistance-heated furnace attached to the same
mass spectrometer and extraction system was used for analyses of whole-rock
samples and plagioclase separates. For the Eldjurta Granite samples, the laser
extraction system was chosen for analysis of biotite and K-feldspar to minimize
the amount of sample consumed; plagioclase was analyzed by the incremental-
heating method because the laser extraction method would require unacceptably
long fusion times.

The spatial distribution of the neutron flux parameter, J, was calculated by
analyzing the sanidine monitors using the laser extraction system. Five or six
separate analyses were made on each packet of monitor mineral, using three or
four grains of sanidine were used in each analysis.

For analyses of K-feldspar from the Chegem and Eldjurta samples on the

laser extraction system, 30-40 grains were fused and degassed in one step. To aid
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total fusion to a single glass ball without bubbles, synthetic basalt glass was
fused with the feldspars. For biotites, 30-150 grains were fused, depending on
the apparent age of the sample. A defocused beam was used to minimize the
mobility of biotite grains under the laser beam.

For whole-rock samples and the two Eldjurta Granite plagioclase
separates, argon was extracted using a resistance-heated furnace for periods of 5
minutes at successively higher temperatures followed by clean-up for 8 minutes
on non-evaporable getters. Temperatures were measured with an optical-fiber

thermometer and are probably accurate to within 2%.

34.3 Age Uncertainty Estimates

Laser Total Fusion - When the laser extraction system was used, 5 replicate
measurements were made on the same irradiated sample. Each measurement
has an associated corrected 40Ar/3%Ar ratio and error that can be converted to an
age and error if the neutrdn flux is known. These instrumental errors are
calculated using formulae given by (Dalrymple et al., 1981). Two methods are
commonly used to get an apparent age and error from these 5 measurements and
errors: one is to disregard the error estimates and calculate a mean and standard
deviation for the five values; the second is to weight the age estimates according
to their errors as described in (Taylor, 1982) using the formulas:

33/,
1
i\/O'iZ/

_ 3 2 _
Xweighted = 7 N’ O weighted = 7\

2 Yoo, 2 i)

The error estimate associated with this second method is essentially a standard

1

error of means because it sums the standard deviations for the five

measurements. In this study, since the individual machine errors are similar in
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size, the weighted mean and the unweighted mean are essentially the same. In
order not to overestimate our precision, we report here the more conservative

error estimate, the standard deviation (o) for the five measurements.

Incremental Heating - For the incremental heating experiments, the analytical
uncertainty for ages of the argon extracted at each temperature step were also
calculated as described by Dalrymple et al. (1981). When a series of gas fractions
released contiguously had the same age within analytical uncertainty, a "plateau
age" could be calculated as described in Dalrymple and Lanphere (1974). A
mean and uncertainty were assigned to this "plateau age" by weighting the age
estimates according to their uncertainties (Taylor, 1982). This method is
warranted here because the extracted gases all clearly come from the same
minerals. However, in cases where the ages were not within analytical

uncertainty, an unweighted mean age and standard deviation were determined.

3.4.4 Oxygen Isotope Analysis

Oxygen isotope analyses were performed on quartz, K-feldspar,
plagioclase and biotite separates from the Eldjurta Granite samples. The
fluorination technique used is essentially that described by Taylor and Epstein
(1962). Oxygen isotope ratios are reported in the familiar 8-notation as per mil
difference from standard mean ocean water (SMOW). Raw &-values were
corrected to the SMOW scale by comparison with the Caltech Rose Quartz
standard whose §-value is +8.45. NBS-28 has a 8-value of +9.60 on this scale.

Analytical precision is better than +0.15 per mil (1c).
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3.5 Results
3.5.1 Chegem Tuff and Postcaldera Granodiorite

Calculated 40Ar/3%Ar ages and their associated errors for the 7 Chegem
Tuff samples and the Chegem granodiorite sample are listed in Table 3.2. Ages
for the tuff samples, both intracaldera samples and outflow samples are
analytically indistinguishable with a (weighted) mean and standard deviation of
2.82+0.02 Ma. Sanidine from the post-caldera granodiorite intrusion yielded an
age of 2.84 + 0.03 Ma.

3.5.2 Andesite Flows

The results of incremental heating experiments for the two andesite
samples are shown as age spectra in Fig. 3.4. The age spectrum for sample
KH91-16 is flat and yields a plateau age of 2.81 + 0.02 Ma, with =80% of the argon
released between temperdtures of 600° and 770°C. Incremental heating of sample
CG-C-44P yields a more disturbed age spectrum: Ages fluctuate between 2.71
Ma and 6.82 Ma, the bulk of the gas yielding an unweighted mean age of
3.07 £ 0.22 Ma. Approximately 50% of the 39Ar in this sample was released

between the temperatures of 800° and 875°C.

3.5.3 Basalt

Incremental heating ages from the single basaltic andesite flow located
adjacent to the outflow tuff of Teraclan Hill (Fig. 3.5a) range from 3.1 to 3.8 Ma
(except for the 1400°C step). Total fusion and plateau ages are 3.51 £ 0.25 Ma,
while the isochron ages (Figs. 3.5b and 3.5¢) are 3.7-3.8 Ma.
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3.5.4 Eldjurta Granite

40Ar/39Ar Laser Total Fusion- 40Ar/39Ar total fusion ages for biotites and K-
feldspars from the 11 Eldjurta Granite samples are listed in Table 3.3 and plotted
against depth in Fig. 3.6a. The biotite ages decrease from 1.90 + 0.24 Ma at the
roof-zone contact with country rock 670 m above river level to 0.83 £+ 0.26 Ma at
3970 meters depth in the drillhole. By contrast, K-feldspar ages range from

2.09 £ 0.09 Ma to 2.78 £ 0.09 Ma and show no clear trend with depth.

40Ar/39Ar Incremental Heating- Incremental heating ages were determined for
plagioclase separates from two drillhole samples (Fig. 3.7), one at 800m depth (5-
2/90) and the other at 3700m depth (59/90). Sample 5-2/90 (Fig. 3.7a) has a
saddle-shaped spectrum, indicative of excess 49Ar in the low and high
temperature steps, and a roughly flat plateau from 825° to 1150°C with an
unweighted mean age of 2.18 + 0.21 Ma. The deeper sample, 59/90 (Fig. 3.7b),
also shows signs of excess 40Ar in its low temperature steps but does not have a
distinct plateau. From 550° to 750°C, ages steadily decrease from 1.58 to 0.98 Ma.
At temperatures of 800° to 1500°C, ages are much higher (5.59 to 7.49 Ma).

Oxygen - The oxygen isotopic compositions of quartz, K-feldspar, plagioclase
and biotite (Table 3.3, Fig. 3.6b) remain relatively constant with depth in the
drillhole with several exceptions. One clear exception is the shallowest drillhole
sample 5-2/90 from 800m depth, whose mineral 3180 values (particularly the
two feldspars and the biotite) are markedly lower than those of other samples.
The sample 525m below that (10-4/90) contains minerals with relatively high
3180 values, including the most 180-rich quartz and feldspar analyzed in the

entire drillhole. Nevertheless, the mineral isotopic compositions of the bottom
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7 drillhole samples are remarkably uniform with means (1o std. dev.) of:

8180 4uartz = +10.1 £ 0.3; 3180yspar = +9.1 £ 0.4; 3180y 15gioctase = +8.6 £ 0.3;
3180yi0tte = +5.6 + 0.5. The two surface samples have biotite and plagioclase
oxygen isotopic compositions comparable to the drillhole samples, but the K-
feldspar 8180 values of +7.9 and +7.2 are more than one per mil lighter than the
mean in the drillhole; thus the surface samples are more comparable to the

shallowest drillhole sample at 800m depth.

3.6 Discussion
3.6.1 Chegem Tuff and Postcaldera Granodiorite

Interpreting geochronologic data for the Chegem igneous rocks requires
evaluation of the processes of eruption and emplacement that have modified
magmatic thermal conditions and influenced subsequent cooling rates of the
igneous bodies. The formation of phenocrysts and eruption of the ash-flow
occurred at temperatures well above the range of argon closure temperatures in
biotite and sanidine (=115-400°C; Berger and York, 1981; Harrison et al., 1985).
Typical rhyolite eruption temperatures are 700-900°C (Cas and Wright, 1988).
After eruption, the vitrophyric margins of the tuff were quenched. Meanwhile,
the tuffs remained hot after they came to rest, and welding was initiated at
temperatures of about 600-750°C (Cas and Wright, 1988). Then, because porous
glassy tuffs are poor conductors of heat, the mass of welded tuff cooled slowly.
At some time during the course of this cooling, when the tuff was cool enough to
undergo brittle fracture along faults, the granodiorite porphyry intruded in the
northeast quadrant of the caldera. Estimated timescales of resurgence are 103-10°
years (Smith and Bailey, 1968; Christiansen, 1984). Marsh (1984) infers that these

timescales of resurgence are inversely proportional to the size of the caldera. If
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this were the case, the time between the quenching of the marginal vitrophyre
and the cooling of the granodiorite porphyry below the range of argon closure
temperatures for this medium-sized caldera would probably be less than 0.1 Ma.
In fact, the ages of the caldera fill, both quenched margin and deep interior, and
the age of the granodiorite porphyry are analytically indistinguishable,
suggesting, based on the uncertainties of our age measurements, that the time

between eruption and resurgence was less than 50,000 years.

3.6.2 Andesite Flows

The two andesite samples may represent two temporally different post-
caldera flows. KH91-16 lies directly on top of poorly-welded tuff without any
discernible erosional break. CG-C-44P sits stratigraphically above glacial till that
has in turn been deposited on poorly-welded tuff. Petrographically, KH91-16 has
a microcrystalline groundﬁlass with 15-20% phenocrysts, whereas CG-C-44P has
a partly glassy groundmass with =30% phenocrysts. The two andesite samples
yielded different incremental heating age spectra: KH91-16 has a flat age
spectrum. The weighted mean plateau age of 2.82 + 0.02 Ma is consistent with
the stratigraphic relationships, which require that this andesite is younger, but
probably only slightly younger, than the Chegem Tuff. In contrast, sample CG-
C-44P has an irregular age spectrum and its total fusion and "plateau" ages are
inconsistent with the stratigraphic relationships: this andesite is younger than
the Chegem Tuff, yet it has an apparent age of 3.07 £ 0.22 Ma, marginally
distinguishably older than the tuff. Inasmuch as this is the only whole-rock
sample with a partly glassy groundmass, a possible explanation for the
stratigraphically inconsistent age is the loss of 39Ar by recoil, a well-known

problem in fine-grained samples and glasses (Harrison and McDougall, 1989).
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3.6.3 Basalt

The single basaltic andesite flow, exposed adjacent to and topographically
below an outflow tuff remnant, is the only candidate for precaldera volcanism in
the region. Alternatively, it might be a postcaldera flow which filled a
paleovalley (Lipman et al., 1993). 40Ar/39Ar age determinations provide a
simple means of resolving this question. The age spectrum (Fig. 3.5a) is fairly
flat, and all heating steps (except 1400°C) yielded gas ages between 3.1 and 3.8
Ma with a mean age of 3.51 + 0.25 Ma. Isochron diagrams (Figs. 3.5b and 3.5¢)
yield ages of 3.7-3.8 + 0.1 Ma with a "trapped argon" isotopic composition
(40Ar/36Ar) of 28514, slightly below the atmospheric value of 295.5 (Nier, 1950).
The incremental heating ages assume an atmospheric trapped component. A
lower 40Ar /36Ar ratio in the trapped component will produce older ages, so the
approximate plateau age of 3.51 * 0.25 Ma should be a minimum age. Thus, it
appears that this basalt is indeed older than the Chegem Tuff and represents a

precaldera flow.

3.6.4 Eldjurta Granite

Biotite- Comparison with Data from Hess et al. (1993) - Our biotite ages are plotted
against depth on Fig. 3.8 together with the ages reported by Hess et al. (1993).
Hess et al. (1993) concluded that it is important to compare ages for biotite
populations of the same grain size. Our samples have variable grain size from 50
to 400um but the majority of the grains are 200-300pm. Though the age data of
Hess et al. (1993) for all grain sizes span our age-depth curve, their data for
grains 200-315um define a distinctly different slope than our curve. However,
the uncertainties reported by Hess et al. (1993) are instrumental errors based on
single analyses which only account for errors in the 40Ar/39Ar ratio

measurements and uncertainties in irradiation monitors and gradient corrections,
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whereas we report standard deviations for 5 replicate analyses of each sample.
Our errors also account for uncertainties due to incomplete fusion, impurities in
the sample, problems in cleaning the sample gas, etc. If Hess et al. (1993) had
performed multiple analyses, their 200-315um data points with 2 error bars
would probably overlap our curve. Furthermore, only two of their samples (HP
201 and 63/90) were collected from the same drillhole sampled in this study.

The slope of the line defined by the ages of these two samples is actually quite
similar to the slope of the line through our data. The surface sample ages of Hess
et al. (1993) are much more variable than the drillhole ages, perhaps because of
mobility of K during surface weathering. The slope of their age/depth line is

largely controlled by one surface sample collected 800m above the Baksan River.

Uplift and Cooling History - The regular decrease in biotite ages with depth,
together with the observation of Hess et al. (1993) that biotites produce flat age
spectra indicate that these ages reflect the uplift and cooling history of this young
granite. The discussion which follows assumes that the observed biotite ages
represent the time at which each sample passed through the "closure
temperature" for argon diffusion in biotite, and that this "closure temperature" is
approximately 350°C and does not vary significantly within the Eldjurta Granite
body. We will discuss three possible explanations of the observed biotite
age/depth profile (Fig. 3.9): (1) simple uplift through stationary isotherms;
(2) simple cooling with no uplift; and (3) a combination of uplift and cooling.
The simplest calculations of uplift rate are made assuming that the
geothermal gradient has remained constant (i.e., isotherms are horizontal and
have not moved relative to the earth's surface, Fig. 3.9a) from the time that the
roof of Eldjurta Granite cooled through the range of closure temperatures of

argon diffusion in biotite to the present. Justification of this assumption is that
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by the time the body had cooled to =400°C, a pluton of this size would be almost
entirely thermally equilibrated with its wall rocks (Hess et al., 1993). For this
stationary isotherm assumption, the uplift rate is equal to the slope of the age-
depth curve. Excluding the lowermost point, which is discussed below, the slope
of our age-depth curve suggests an uplift rate of approximately 13 mm/yr. This
is significantly higher than previous estimates, which range from 3 to 6 mm/yr
(Hess et al., 1993; Philip et al., 1989; Lewis, 1993); however, this rate is not
implausible for this dynamic tectonic setting.

Nevertheless, several lines of reasoning argue against an uplift of
13 mm/yr rate being maintained for over 0.5 million years. Arakelyants et al.
(1988) observed that K-Ar mica ages outside the aureole of this pluton have not
been reset since Permian times. Based on this observation, Hess et al. (1993)
estimate a depth of emplacement of 10 km or less, which would imply a net
uplift rate of <5.5 mm/yr. Thus, the uplift rate of 13 mm/yr could not have
remained constant throughout the cooling history of the pluton. In fact, the ages
which constrain this rate only range from 1.90 to 1.56 Ma. Secondly, for the
stationary isotherm assumption, uplift rates of 13 mm/yr are equivalent to
cooling rates of 500°C /Ma, over three times the 180°C/Ma rate estimated by
Hess et al. (1993). Not only is this an extremely high cooling rate, but it is highly
unlikely that isotherms would remain stationary when a pluton was being cooled
so rapidly.

The stationary isotherm assumption will tend to overestimate uplift rates
if there has been any cooling (isotherms moving down, Figs. 10b and 10c) after
the argon ages are set. In fact, regional tectonic uplift with no movement of
isotherms relative to the Earth's surface is unlikely, especially in cases of recent
rapid uplift (Parrish, 1983, 1984). If the isotherms are not stationary, then the

slope of the age/depth line represents the isotherm migration rate through the
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pluton. The isotherm migration rate is equal to the uplift rate plus the rate of
isotherm movement away from the earth's surface (particularly the critical
isotherm which represents the "closure temperature” of biotite).

The next question to be addressed regards the second scenario, simple
cooling (Fig. 3.9b): How quickly can an isotherm move through a stationary
pluton? This depends on the method of heat transport, the thermal properties
and heat production of the pluton and its surroundings, and the initial
conditions. In the case of the Eldjurta Granite, heat transport within the pluton
was apparently mainly by conduction as there is no stable isotopic evidence for
influx of any substantial amounts of HoO- or COa-rich fluids (see below).
Outside the pluton, the presence of deposits of Mo and W at Tirniauz suggests
that there was an external hydrothermal system associated with this pluton
though some researchers (Gurbanov et al., 1987, Rhekharskii et al., 1987) believe
that these ore deposits prédate the Eldjurta Granite.

The size of a pluton, its temperature and emplacement depth are
important variables which control the rate of movement of the 350°C isotherm.
A large or hot pluton, or one emplaced at greater depth, will tend to cool more
slowly and it will take longer for the 350°C isotherm to enter the pluton. The
longer it takes an isotherm to enter a cooling pluton, the more slowly it will be
moving, because the heat of the pluton is more dissipated and isotherms are
further apart later in the pluton's cooling history. A smaller, colder or shallower
pluton will tend to cool more quickly and it is likely that the 350°C isotherm will
also move more quickly into the pluton.

Norton and Knight (1977) present numerical simulations of heat and mass
transport in a shallow plutonic environment for a variety of permeability
regimes. In these simulations, the thermal properties and intrusion temperatures

(870-920°C) of the pluton are similar to those predicted for the Eldjurta Granite
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composition. The model pluton is 3 km wide and is emplaced at 5 km depth.
These simulations examine the thermal regime in the first 160,000 years after
pluton emplacement. In general, isotherms will tend to move more rapidly
during these initial stages of cooling. In most of these simulations, the 200°C
isotherm moves away from the pluton as heat is conducted away from the hot
body. Meanwhile, the 400°C isotherm either remains stationary above the roof of
the hot pluton, or it moves slowly down into the cooling pluton. The fastest rate
of movement of the 400°C isotherm in these simulations is 10 mm/yr in the case
of purely conductive transport of heat from a relatively cool magma (870°C). The
350°C isotherm should move at about half this rate. Thus, for a pluton like the
Eldjurta Granite, a large proportion of the isotherm migration rate can be
explained simply by downward relaxation of isotherms (i.e. simple cooling, Fig.
3.9b). Most likely, the observed isotherm migration rate of 13 mm/yris duetoa
combination of uplift and’cooling (Fig. 3.9¢) focused between 1.90 and 1.56 Ma.

In order to determine the relative contributions of uplift and cooling to the
isotherm migration rate, it is critical to know the emplacement age
(=crystallization age) of the pluton. The measured 40Ar/39Ar ages represent
cooling ages. The greater the time interval between the emplacement age and the
these measured cooling ages, the more likely it is that the isotherms were moving
slowly through the cooling pluton; thus, the contribution of cooling to the
isotherm migration rate would be relatively small. At present, the emplacement
age of the Eldjurta Granite is not known. It is possible that it was emplaced 2.8
million years ago when the nearby Chegem volcanics were erupting.

Though the exact proportion of uplift relative to downward migration of
isotherms is difficult to discern, both will serve to cool a hot pluton. The net
cooling rate of the pluton can be estimated given the modern temperature profile

and assuming that a biotite 40Ar/39Ar age represents the time at which a given
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sample was at 350°C. This would imply net cooling rates of 100 to 150°C/Ma,
much lower than the cooling rates derived from the stationary isotherm
assumption. However, if for some period of time, the pluton cooled very slowly,
then the net cooling rates may be considerably lower than the maximum cooling
rate. Again, the most likely scenario is that during the time of rapid isotherm
migration (1.5-1.9 Ma), the cooling rates were also at a maximum, probably

between 200 and 500°C/Ma.

Sheared Contact at 3850m Depth - The significantly younger age of the lowermost
sample (as well as sample 63/90 of Hess et al., 1993) is probably due at least in
part to the sheared contact at 3850m depth. Several possibilities exist: (1) The
sheared contact is a fault which caused comminution of grain size which
enhanced argon loss. The samples below the contact are finer-grained, which
would help to account for some of the argon loss. However, additional heating
would still be needed to ekplain the magnitude of the argon loss. (2) Heat was
introduced along the shear zone, either by friction or by hot fluids traveling
within the zone. Hess et al. (1993) note that their deepest sample (63/90), which
is also near the sheared contact, has cooled more quickly than the shallower
samples; this is based on the flatter correlation line on the age-log(a2) plot, where
a is the mean grain radius. They suggest that fluids within the shear zone
facilitated this cooling. The sample at 3970m depth does contain relatively low-
180 biotite. However, the rest of the oxygen isotope data, including the fa& that
the bulk-rock 8180 remains fairly constant across the contact, argue against
infiltration of any appreciable external fluid in this zone. Frictional heating on a
shear zone of such small dimensions (less than 5 m) would probably not have an
effect on rocks 120 m away. (3) the sheared contact is simply a reactivated

intrusive contact separating younger, hotter rocks below from older ones above.
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Our preferred interpretation is possibility (3), namely that this contact is a
sheared intrusive contact between the main body of the Eldjurta Granite and a
slightly younger granite. Because of the mineralogical and isotopic similarities
between the two units, the younger intrusion may be a later pulse from the same
magma chamber, intruded into the overlying rocks after they had cooled
significantly, thereby explaining the finer grain size. A break in the slope of the
temperature-depth curve at this level (Fig. 3.3) supports this interpretation.
Oxygen isotopic evidence (below) also indicates that rocks near this contact have

experienced different thermal histories.

Potassium Feldspar - K-feldspars from intrusive rocks have been known to yield
unreliable K-Ar and 40Ar/3%Ar ages (Zeitler and FitzGerald, 1986). The fact that
the oldest K-feldspar total-fusion ages are in sc;me of the deeper samples
indicates that these ages do not have any significance in terms of the cooling
history of the granite. Stepped heating experiments on K-feldspars from the
deep drillhole have in fact identified "excess Ar" (Gazis, Grove and Harrison,
unpublished data) which would explain the older K-feldspar ages. Possibly, we
can gain further knowledge about excess Ar from this sample suite. Two
observations about our data, though probably not statistically significant, are
worth noting: (1) Though there is no clear trend of K-feldspar age with depth,
the four deepest samples have the four oldest ages, and thus the K-feldspar age-
depth curve crudely moves in the opposite direction of the biotite age-depth
curve. (2) The two oldest K-feldspar samples correspond to the biotite ages with
the greatest error, that is the biotites with the greatest range of ages when 5
replicate analyses were performed. One of these samples (37/90, 2800m) also

contains slightly more chlorite (5-10% of biotite) than the other samples.
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Plagioclase - The two Eldjurta Granite plagioclase (An37 and An22) separates,
collected from 800 and 3700 m depth in the drillhole, both show evidence for
excess 40Ar, especially at the low temperature heating steps. In other aspects, the
age spectra for the two samples are quite different. The difference can be
explained in part by the measured drillhole temperatures of these samples, 73
and 192°C, along with argon diffusion theory. The deeper sample is still within
the range of closure temperatures for argon diffusion in plagioclase (170-270°C;
Berger and York, 1981) and, because it is farther from the margin of the pluton, it
probably had more time to develop the microstructures which allow for diffusion
at these low temperatures. As a result, the deeper sample is less retentive of
argon; that is, most of its 39Ar is released at lower temperatures and the
apparent age of this aliquot is younger, between 1.6 and 1.0 Ma. The shallower
sample is presently closed to argon diffusion in plagioclase and displays an age
spectrum more typical of éamples which have cooled relatively quickly. The
approximate plateau age of the shallower sample, 2.18 + 0.21 Ma, is 0.3 million
years older than the corresponding biotite ages, a puzzling result considering
that the closure temperatures for plagioclase are thought to be lower than those
of biotite (Berger and York, 1981). However, Lanphere and Dalrymple (1976)
found that the minima of "saddle-shaped" age spectra approach but rarely reach
the known crystallization age of a rock or mineral, and when excess 40Ar is

present, it may be present at all temperature steps.

Oxygen Isotopes - With the exception of the surface samples and the sample at
800m depth (5-2/90), the oxygen isotopic compositions of the Eldjurta Granite
minerals are relatively constant with depth and appear to reflect "magmatic"
values, essentially unaffected by hydrothermal isotope exchange. These mineral

8180-values are distinctly higher than the phenocryst 3180-values of Chegem
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caldera rocks (8180 gyartz = +8.2 to +8.5, 8180¢c1dspar = +7.0 to +7.9; Gazis et al.,
1991). Similarly, the calculated bulk magma 8180-values for the two systems are
different (8180 Chegem magma = +7-5 to +8.0, 8180idjurta magma = +8.7 to +9.2). Thus,
the Eldjurta Granite and the Chegem caldera rocks have evolved as separate
magma batches: either they were formed from different source rocks or they
underwent different paths of assimilation and fractional crystallization.

Assuming equilibrium, measured fractionations for quartz - K-feldspar,
quartz-plagioclase and quartz-biotite mineral pairs can be used to calculate
temperatures (Table 3.4; Clayton and Kieffer, 1991; Bottinga and Javoy, 1975).
Though the mineral isotopic compositions appear to be magmatic, they have
clearly not all equilibrated at a uniform temperature. Most notably, K-feldspars,
which have the most variable isotopic compositions, tend to record distinctly
higher temperatures. Excluding samples 5-2/90 and 67/90, which we discuss
below, quartz-plagioclase and quartz-biotite fractionations define temperatures
between 550 and 680°C, While quartz-K-feldspar temperatures range between
610 and 1290°C. Possibly this discrepancy can be explained by the existence of
K-feldspar megacrysts as well as the K-feldspars in the matrix. Petrographically,
the megacrysts display a complex history of crystallization and e#soluﬁon.
Perhaps the two populations of K-feldspar equilibrated isotopically at different
temperatures.

Alternatively, the observed oxygen isotope fractionations can be explained
utilizing the concept of Giletti (1986) that different minerals in a slowly cooling
pluton become closed to diffusional isotopic exchange at different temperatures
(the so-called "blocking" temperature). The simplest model of this concept
assumes that all minerals begin with the 3180 values appropriate for
crystallization from the bulk magma at high temperature. As they slowly cool,

each mineral is assumed to maintain instantaneous isotopic equilibrium until it
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reaches its temperature of closure to oxygen diffusion (which is dependent on the
cooling rate and the grain size). At this point, the isotopic composition of that
mineral is "frozen" and the system can be treated as a new rock (with a different
bulk isotopic composition and modal abundances) consisting of the minerals that
are still open to 180/160 exchange. As the cooling process continues, minerals
continue to close to oxygen diffusion at different temperatures until the last two
minerals are "frozen" at the temperature which corresponds to the isotopic
fractionation between them. Given the modal abundances of minerals in a rock
and their isotopic compositions, closure temperatur