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ABSTRACT

The 160-Ma Grayback pluton provides ample evidence for the role of mantle-
derived magmas in the crystallization history of the magma chamber. Mafic magmas
tapped several distinct mantle sources, and evidence for magma mixing is manifest in
(1) widespread mafic enclave swarms in which basaltic magma mingled with basaltic
to andesitic magma, (2) late-stage granodioritic dikes containing pillow-shaped enclaves
of basalt and hybrid andesite, and (3) late-stage tonalitic dikes including microdioritic
enclaves contained within a dark-colored hybrid matrix. These magma-mingling
zones reflect large-scale magma mixing processes in the Grayback system. Much of
the compositional variation among Grayback main-stage samples was apparently pro-
duced by magma mixing between mafic and intermediate magmas similar to those ex-
posed in some of the mafic enclave swarms. Mixing between basaltic and granitic
end-members at deeper levels in the Grayback magma chamber produced hybrid an-
desite. Enclaves of basalt and hybrid andesite are observed in late-stage granodioritic
dikes that cut the mafic enclave swarms. Mingling between partially crystalline
basaltic and tonalitic mushes, resulting in a mega- and microscopically complex hy-
brid, is observed in the late-stage tonalitic dikes. Few Grayback main-stage samples
were apparently produced in this manner.

The Grayback pluton is one of several similar-aged plutons in the Wooley Creek
suite, in which mafic magma played a prominent role in petrogenesis. The Grayback
system is unusual in that mafic magmas from several obviously different sources were
present throughout its crystallization history. This circumstance probably resulted
from its position in an extensional, back-arc setting.
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INTRODUCTION

Most Jurassic plutons in the Klamath Mountains province
occupy “belts” or suites that are defined by relatively narrow age
ranges, geographic settings, and exposed rock types (Hotz, 1971,
Irwin, 1985; Irwin and Wooden, 1999). More recent work has
shown that plutons within belts share broadly similar petroge-
netic histories. This commonality is particularly the case for plu-
tons within the Ironside Mountain batholith (Barnes et al., this
volume, Chapter 10), the Wooley Creek suite (Barnes, 1983;
Barnes et al., 1986, 1995; Gribble et al., 1990), which now in-
cludes several plutons from the Grayback belt of Irwin (1985),
and for Late Jurassic to Early Cretaceous tonalitic and trond-
hjemitic intrusions in the eastern Klamath Mountains (Barnes
et al., 1996; Allen and Barnes, this volume). Plutons within the
Wooley Creek suite evolved largely as open systems, involving
assimilation of crustal rocks, recharge of mantle-derived magma,
and/or mixing between mantle and crustal melts. Detailed study
of such open systems provides information about the source(s)
of magmas, the nature of the crust through which they ascended,
and the timing of magma mixing/mingling events.

Magma mixing is commonly invoked to explain composi-
tional variations in plutonic and volcanic suites from a variety of
tectonic environments. Evidence for the interaction of magmas
at the outcrop scale is found in banded pumice and mafic mag-
matic enclaves. Mafic magmatic enclaves (hereafter referred to
as “enclaves”) are common and often widespread features of
both volcanic and plutonic rocks, and there is general consensus
that they represent blobs of mafic magma that were rapidly un-
dercooled when brought into contact with cooler, more felsic
magma. Striking examples of basaltic “pillows” in felsic rocks
have been presented that leave little doubt, at least at the outcrop
scale, as to their magmatic origin (e.g., Wiebe, 1991; Wiebe et al.,
2001). Often the petrogenetic significance of enclaves is uncer-
tain, other than to indicate that mafic magma was present during
the crystallization history of the pluton. If the presence of en-
claves in mingling zones can be used to demonstrate that magma
mixing was important in the compositional evolution of a
magma, then such features may provide information about the
physical and chemical processes involved in mixing.

The late Middle Jurassic Grayback pluton in southwestern
Oregon is a large, reversely zoned member of the Wooley
Creek plutonic suite. Magma-mingling zones are extensively
exposed throughout the pluton. They feature a wide variety of
intermingled rock types and provide evidence for mingling
throughout the pluton’s history. The observed mixing and min-
gling relationships indicate that mafic mantle-derived magmas
were not only present, but played an important role in the evo-
lution of the Grayback pluton. The Grayback pluton is not
unique in this respect; all plutons in the Wooley Creek belt ex-
hibit characteristics of open-system behavior and the involve-
ment of mafic magmas during their crystallization histories
(Barnes et al., 1986, 1987; Gribble et al., 1990). However, the
Grayback pluton is particularly well suited for such study, be-
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cause magma-mixing processes were arrested in situ in a vari-
ety of mixing stages and involved a range of end-member com-
positions. In this chapter, we describe the range of mingling
zones in the Grayback pluton and demonstrate their utility as
small-scale analogues to pluton-wide processes. We then dis-
cuss the tectonic conditions under which the Grayback system
evolved, conditions that may have allowed for widespread
mixing and mingling behavior. In the following text, “mixing”
refers to the process of blending two or more magmas together
to form reasonably uniform hybrid magma, and “mingling”
refers to incomplete mixing in which end-members are physi-
cally distinct, typically resulting in enclave-bearing rocks or
mingling zones.

REGIONAL GEOLOGY

The Klamath Mountains of northwestern California and
southwestern Oregon comprise an arcuate assemblage of four
lithotectonic terranes, which represent fragments of oceanic
crust and island arcs that were accreted to the western margin of
North America during Late Paleozoic through Middle Mesozoic
time (Irwin, 1981). These units are, from east to west and from
structurally highest to lowest, the eastern Klamath, central
metamorphic, western Paleozoic and Triassic, and the western
Jurassic terranes or belts (Fig. 1). The belts are separated by east-
dipping thrust faults, so that structurally higher rocks were thrust
over generally younger rocks to the west. Thrusting of the west-
ern Paleozoic and Triassic over the western Jurassic belt along
the Orleans fault was responsible for some of the deformation
associated with the Nevadan orogeny at ca. 152-150 Ma (Saleeby
et al., 1982; Harper and Wright, 1984).

Calc-alkaline and calcic magmatism occurred during Juras-
sic and Early Cretaceous times. Barnes et al. (1992a) showed
that pre-Nevadan plutons are chemically and isotopically dis-
tinct from post-Nevadan ones, reflecting a change from largely
mantle-derived magmas to those formed by crustal melting in
response to underthrusting of ophiolitic rocks beneath older ter-
ranes to the east (Barnes et al., 1992b, 1996). A sample from the
Grayback pluton main stage yielded a zircon U-Pb age of 160
2 Ma (Yule et al., this volume), whereas late-stage samples
yielded a zircon U-Pb age of 157 2 Ma (Yule et al., this vol-
ume) and a hornblende 4°Ar/3°Ar age of 157.3 1.4 Ma (Hacker
et al., 1995). These ages place Grayback magmatism within the
age range of plutons belonging to the 165- to 156-Ma “Wooley
Creek suite” that includes the Wooley Creek batholith and
Slinkard pluton (Barnes et al., 1986), the Russian Peak pluton
(Cotkin and Medaris, 1993), the Ashland pluton (Gribble et al.,
1990), and the English Peak pluton (Schmidt, 1994). To the west
of the Wooley Creek belt are the 165- to 159-Ma Josephine ophi-
olite (Wyld and Wright, 1988; Harper et al., 1994) and 161- to
156-Ma Rogue—Chetco volcanic arc complex (Garcia, 1982;
Yule et al., this volume).

The Grayback pluton intruded rocks of the Rattlesnake
Creek and western Hayfork terranes, the westernmost of four
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SAMPLE PREPARATION AND ANALYSIS

Samples were crushed and powdered in tungsten carbide
and alumina shatterboxes. All samples were analyzed by induc-
tively coupled plasma atomic emission spectrometry (ICP-AES)
at Texas Tech University following methods described in Shan-
non (1994). Rare earth elements (REES) were separated using
the cation exchange elution method of Shannon (1994) and then
analyzed by ICP-AES. Rubidium abundances were determined
by flame atomic emission.

Mineral compositions were determined with a JEOL JXA-
733 electron probe microanalyzer at Southern Methodist
University, Dallas, Texas. Operating conditions were 15-kV
accelerating potential, 20-nA beam current, and a 10- m spot,
defocused to 20 m for plagioclase. Online corrections were
made with the Bence-Albee procedure, and a suite of natural and
synthetic minerals and glasses was used as standards.

GEOLOGY OF THE MAGMA-MINGLING ZONES

The main stage of the Grayback pluton consists of tonalite,
quartz diorite, gabbro, and norite that were intruded by syn-plu-
tonic noritic and gabbroic magmas, some of which resulted in
widely dispersed enclaves throughout the pluton (referred to as
“main-stage enclaves”). Late-stage activity was characterized
by the intrusion of tonalitic and granodioritic dikes, many of
which were enclave bearing. Detailed discussions of the geol-
ogy and petrology of the Grayback pluton were presented in
Godchaux (1969) and Barnes et al. (1995).

This study focuses on three types of magma-mingling zones
in the Grayback pluton: (1) large, widespread swarms of mafic
enclaves in a mafic to intermediate host; (2) late-stage grano-
dioritic dikes containing pillow-shaped basaltic and andesitic
enclaves; and (3) late-stage tonalitic dikes containing micro-
dioritic enclaves enclosed in an intermediate matrix.

Mafic Enclave Swarms

Field Observations. These swarms consist of microgab-
broic enclaves in gabbroic to dioritic host rocks. They are ex-
posed on Lake Mountain and the ridge extending north from
Grayback Mountain (Fig. 1). Some can be traced laterally for
several hundred meters. They are complex intrusive zones within
the main stage of the pluton and are intruded by coarse-grained
hornblende gabbro and enclave-bearing felsic dikes.

Individual enclaves range from 1.0cmto 2.5 m in longest
dimension. Enclaves are generally lens-shaped and oriented par-
allel or subparallel to foliation in the host (Fig. 2A). In some
places, enclaves constitute 90% of outcrop area and are separated
by a thin septum (' 0.5 cm) of host rock. The enclave boundaries
are sharp and well defined, but lack the fine-grained “chilled” mar-
gins suggestive of rapid undercooling of the enclave magma.

On Grayback Mountain, enclaves are generally flattened at
the margins of the mingling zones with aspect ratios approach-
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ing 35:1, whereas in the center of the zone, aspect ratios are es-
timated to be 10:1. The enclaves are plastically deformed
around brittle xenoliths, resulting in pressure shadows in which
prismatic hornblende is randomly oriented. Elsewhere in the
mingling zones, hornblende is parallel to the foliation.

Veins of the host rock, generally 0.5 cm in width, are com-
mon in most enclaves. However, most do not penetrate the en-
tire enclave, but pinch out. These veins are generally parallel to
the foliation of the host from which they originate and to the di-
rection of enclave elongation (Fig. 2B). Aggregates of coarse-
grained plagioclase and poikilitic hornblende, as muchas 1.5 cm
in length, are common throughout the finer-grained enclaves.
The long axes of these aggregates are parallel to the foliation in
the host and to the veins of host within the enclaves. They are
commonly collinear with pinched out veins (Fig. 2C and D).

Petrography. The host rocks to these enclave swarms are
hornblende norite (on Grayback Mountain) and biotite-horn-
blende quartz gabbro (on Lake Mountain). Host rocks consist of
euhedral to subhedral, reversely to normally zoned plagioclase
(An,g ) + magnesio-hornblende (Mg/[Mg + Fe] = 0.52-0.62)
+Fe-Tioxides orthopyroxene (Eng,Fs,,Wo, to En,.Fs.,Wo,)

biotite quartz (Johnson, 1991). Titanite and zircon are minor
accessories, whereas apatite is common. Hornblende is prismatic
or poikilitic, with inclusions of plagioclase, apatite, and oxides.
Minor late-stage cummingtonite is associated with hornblende.

Enclaves are micronorite (Grayback Mountain) and biotite
hornblende quartz microgabbro (Lake Mountain). They have
the same mineral assemblages as their respective hosts. Plagio-
clase compositions in the enclaves reach Angg, whereas horn-
blende and orthopyroxene compositions are similar to those in
host rocks (Johnson, 1991). Plagioclase xenocrysts from the
host are strongly zoned and are partially resorbed and embayed
by quartz. Hornblende in the quartz microgabbro is prismatic,
but it forms rims around pyroxene grains in the micronoritic en-
claves. Aspect ratios of apatite in the enclaves rarely exceed 5:1
and are very similar to those in the host.

In thin section, enclaves typically exhibit a well-developed
lamination defined by the parallel alignment of plagioclase laths
(Fig. 2E), although enclaves with little or no lamination were
observed. Lamination in the enclaves is generally parallel to the
enclave/host interface, and may be deflected around mineral ag-
gregates and xenocrysts from the host (Fig. 2F).

Late-Stage Granodioritic Dikes

Field Observations. Granodioritic dikes containing basaltic
and andesitic “pillows” were studied at several localities in-
cluding Lake Mountain summit, the U.S. Forest Service Bound-
ary Trail south of Grayback Mountain, and along logging roads
east of Oregon Caves National Monument in the southern por-
tion of the pluton.

Basaltic enclaves are fine-grained, dark green to gray mafic
pillowlike blobs that range from a few centimeters to slightly
less than one meter in diameter. The basalt-granodiorite inter-



Figure 2. Photographs and photomicrographs of enclaves in the mafic enclave swarms. (A) Tightly packed enclaves of all
sizes showing plastic behavior and high degree of elongation. (B) Coarse-grained vein of host material in fine-grained en-
clave. Vein terminates near tip of pencil. (C) Trails of hornblende xenocrysts in pyroxene-rich enclaves. Xenocryst trails
are oriented parallel to lamination in the enclaves and foliation in the host. (D) Remnants of host vein material, now man-
ifest as plagioclase and hornblende xenocrysts, within pyroxene-rich enclave. (E) Pronounced lamination in pyroxene-
rich enclave defined by orientation of plagioclase laths (field of view is 6.0 mm). (F) Hornblende xenocryst in
pyroxene-rich enclave. Plagioclase laths (white) and pyroxene grains (gray) are deflected around xenocryst (mostly ex-
tinct; field of view is 6.0 mm).






















































