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Abstract

The rhyolite of Little Glass Mountain (73-74% SiO:z) is a single eruptive unit that contains
inclusions of quenched andesite liquid (54-61% SiO2) and partially crystalline cumulate
hornblende gabbro (53-55% SiO.). Based on previous studies, the quenched andesite
inclusions and host rhyolite lava are related to one another through fractional crystallization
and represent an example of a fractionation-generated composition gap. The hornblende
gabbros represent the cumulate residue associated with the rhyolite-producing and
composition gap-forming fractionation event. This study combines textural (Nomarski
Differential Interference Contrast, NDIC, imaging), major element (An content) and trace
element (Mg, Fe, Sr, K, Ti, Ba) data on the style of zonation of plagioclase crystals from
representative andesite and gabbro inclusions, to assess the physical environment in which
the fractionation event and composition gap formation took place. The andesite inclusions
(54-61% SiO2) are sparsely phyric with phenocrysts of plagioclase, augite and
Fe-oxidezxolivine, +/-orthopyroxene, +/~hornblende set within a glassy [...]
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Abstract The rhyolite of Little Glass Mountain (73—
74% Si0,) is a single eruptive unit that contains inclu-
sions of quenched andesite liquid (54-61% SiO,) and
partially crystalline cumulate hornblende gabbro (53—
55% Si0,). Based on previous studies, the quenched an-
desite inclusions and host rhyolite lava are related to one
another through fractional crystallization and represent
an example of a fractionation-generated composition
gap. The hornblende gabbros represent the cumulate
residue associated with the rhyolite-producing and com-
position gap-forming fractionation event. This study
combines textural (Nomarski Differential Interference
Contrast, NDIC, imaging), major element (An content)
and trace element (Mg, Fe, Sr, K, Ti, Ba) data on the style
of zonation of plagioclase crystals from representative
andesite and gabbro inclusions, to assess the physical
environment in which the fractionation event and compo-
sition gap formation took place. The andesite inclusions
(54-61% Si0,) are sparsely phyric with phenocrysts of
plagioclase, augite and Fe-oxide + olivine, +/—orthopy-
roxene, +/-hornblende set within a glassy to crystalline
matrix. The gabbro cumulates (53-55% Si0,) consist of
an interconnected framework of plagioclase, augite,
olivine, orthopyroxene, hornblende and Fe-oxide along
with highly vesicular interstitial glass (70-74% SiO,).
The gabbros record a two-stage crystallization history of
plagioclase+olivine+augite (Stage I) followed by pla-
gioclase+orthopyroxene+ hornblende+Fe-oxide (Stage
IT). Texturally, the plagioclase crystals in the andesite
inclusions are characterized by complex, fine-scale os-
cillatory zonation and abundant dissolution surfaces.
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Compositionally (An content) the crystals are essentially
unzoned from core-to-rim. These features indicate
growth within a dynamic (convecting?), reservoir of an-
desite magma. In contrast, the plagioclase crystals in the
gabbros are texturally smooth and featureless with
strong normal zonation from An,, at the core to around
Ang,. K, and Ba abundances increase and Mg abun-
dances decrease steadily towards the rim. Ti, Fe, and St
abundances increase and then decrease towards the rim.
The trace element variations are fully consistent with the
two-stage crystallization sequence inferred from the
gabbro mineralogy. These results indicate progressive
closed-system in situ crystallization in a quiescent mag-
matic boundary layer environment located along the
margins of the andesite magma body. The fractional
crystallization that generated the host rhyolite lava is one
of inward solidification of a crystallizing boundary layer
followed by melt extraction and accumulation of highly
evolved interstitial liquid. This mechanism explains the
formation of the composition gap between parental ande-
site and rhyolite magma compositions.

Introduction

Fractionation-generated composition gaps are a notable
feature of volcanic systems in many different tectonic
environments including subduction zones (e.g. Gerlach
and Grove 1982; Hildreth 1983; Crawford et al. 1987;
Bacon and Druitt 1988; Brophy 1991), back-arc environ-
ments (Weaver et al. 1979). continental rifts (Baker et al.
1977. Weaver 1977; MacDonald 1987), continental flood
basalt provinces (Thompson 1972), and oceanic islands
(Daly 1925). Given that fractional crystallization gener-
ates a continuous rather than discontinuous range of liq-
uid compositions, the presence of a composition gap
among erupted lavas and/or pyroclastics is most likely
due to some physical process that prohibits a certain
range of magma compositions from erupting. Thus, un-
derstanding the formation of fractionation-generated
composition gaps may be a key to understanding the
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Fig. 1a— Location map from Donnelly-Nolan (1988) showing
a the location of Medicine Lake volcano (shaded area); b an en-
larged view of the central portion of the volcano showing the
locations of wvarious late-Holocene basalt to rhyolite eruptive
events; and c a further enlarged view of the Little Glass Mountain
and Crater Glass lava flows along with the locations of hornblende
gabbro cumulate inclusions 431M-b and 1555 M, and quenched
andesite inclusion 1049M-b. The heavy lines in a show the loca-
tions of faults throughout the region. The solid triangles indicate
the locations of specific vents or vent areas

physical aspects of fractionational crystallization in gen-
eral. Medicine Lake volcano, located in the southern
Cascade Range of northern California east of the main
volcanic axis (Fig. 1) is a Pleistocene to Holocene shield
volcano that has a well-defined fractionation-generated
composition gap between high-SiO, andesite (61% SiO,)
and rhyolite (73% SiO,). The late Holocene rhyolite of
Little Glass Mountain consists of several flows and
domes aligned along a NE-trend, including the Crater
Glass flows (Fig. 1). The unit contains numerous inclu-
sions of quenched andesite liquid (Mertzmann and
Williams 1981). Grove and Donnelly-Nolan (1986)
demonstrated that the host rhyolite lava was generated by
fractional crystallization of a parental andesite magma
that was similar to the quenched andesite liquid inclu-
sions. The parental andesite inclusions and host rhyolite
lava are one example of the Medicine Lake composition
gap. Also present are hornblende gabbro inclusions that
represent samples of the cumulates from the actual (or
similar) fractional crystallization event that produced the
host rhyolite (Grove and Donnelly-Nolan 1986). The oc-
currence of a parental magma and fractionation-generat-
ed derivative magma that define a fractionation-generat-
ed composition gap, along with the cumulates associated
with the formation of the gap, provides an opportunity to
assess the physical environment in which the fractional
crystallization and gap formation took place.

Based on the assumption that crystal zonation styles
preserve a record of the physical magmatic environment
during crystal growth, this study presents a combined

textural (Nomarski Differential Interference Contrast,
NDIC, Imaging) and compositional (electron and ion mi-
croprobe) analysis of plagioclase zonation styles in both
the parental magma (quenched andesite inclusions) and
fractionation-generated cumulate (hornblende gabbro
inclusions). Our results illustrate that the fractional crys-
tallization event that generated the rhyolite magma oc-
curred primarily through closed system in situ factiona-
tion within a thermal magmatic boundary layer (i.e. so-
lidification front) located somewhere along the margins
of an andesitic magma body. Eruption of non-fractionat-
ed parental andesite, coupled with extraction and erup-
tion of highly evolved rhyolitic melt from within the
boundary layer, is responsible for the formation of the
Little Glass Mountain composition gap.

Medicine Lake Volcano and the rhyolite
of Little Glass Mountain:
geologic setting and previous work

Medicine Lake volcano lies in a predominantly E-W extensional
setting that reflects the impingement of basin and range style ex-
tensional faulting on the main Cascade volcanic arc to the west.
Late Holocene mafic and silicic lavas have erupted through vents
that define roughly linear vent systems typically oriented NNW to
NNE and parallel to the trend of major faults in the region (Fig. 1).
Different aspects of the geology of Medicine Lake volcano have
been studied by numerous authors (Powers 1932; Anderson 1933
1941; Eichelberger 1975 1981; Condie and Hayslip 1975; Mertz-
mann 1977a, b; Heiken 1978: Mertzmann and Williams 1981;
Ciancanelli 1983). More recent papers include detailed petrologic
work by Grove and co-workers (Grove et al. 1982 1988; Gerlach
and Grove 1982: Grove and Donnelly-Nolan 1986: Donnelly-
Nolan et al. 1991; Wagner et al. 1995)) and a summary of the
geology and geochronology of the volcano by Donnelly-Nolan
(1988) and Donnelly-Nolan et al. (1990). Grove and co-workers
have demonstrated that the spectrum of basalt to rhyolite lava com-
positions can be derived from parental tholeiitic basalt by a combi-
nation of processes including fractional crystallization, assimila-
tion of granitic crustal material, and magma mixing.

The rhyolite of Little Glass Mountain is one of several late
Holocene units at Medicine Lake volcano that contain inclusions
(e.g. Mertzmann and Williams 1981: Eichelberger 1981; Grove



and Donnelly-Nolan 1986; Grove et al. 1988). At Little Glass
Mountain, quenched magmatic inclusions of basaltic and andesitic
compositions are the most common, but gabbros of presumed cu-
mulate origin are also present. Fragments of partially fused gran-
ite are also present. Grove and Donnelly-Nolan (1986) studied
these inclusions in detail and convincingly demonstrated that: (1)
the hornblende gabbro inclusions represent the cumulate residue
of a fractionation event that produced a rhyolite similar or identical
to the host rhyolite of Little Glass Mountain; (2) the parental mag-
ma from which the cumulate hornblende gabbros were derived was
a low-S10, andesite (¥ 56 wt% Si0,) that is similar to many of the
quenched andesite inclusions; and (3) the fractionation process
was accompanied by selective assimilation (up to and perhaps
more than 30% by weight: Donnelly-Nolan, unpublished data) of
granitic wall rock that is now represented by the partially fused
granite xenoliths. These conclusions, which are ultimately sup-
ported in full by our study, form the initial working premise for
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much of the work discussed below. For more specific information,
the reader is referred to Grove and Donnelly-Nolan (1986).

Analytical techniques

Polished thin sections were etched in fluoro-boric acid, HBF,, for
25-30 s and then studied with reflected light NDIC microscopy.
Major element analyses of plagioclase phenoerysts were conduct-
ed on a four-spectrometer Cameca SX-50 clectron microprobe
located at the Department of Geological Sciences, Indiana Univer-
sity. Standard operating conditions included a 15 k'V accelerating
voltage, 15 nA sample current, and 10 s counting times for all
elements. A spot size of 2 mm was used for plagioclase, while a
defocused 20 mm wide beam was used for glass. To minimize
Na-loss due to volatilization or diffusion, Na was always counted

Table 1 Whole rock geochemical data (n.d. not determined)®

431M-b 1012M-d 1025M-c 1025M-d 1043M 1555M 366M-b 1025M-h 366M-b 1042M-a 1012M-b 1049M-b

Gabbro Gabbro Gabbro Gabbro Gabbro Gabbro Andesite Andesite Andesite Andesite Andesite Andesite
510, 52.9 55.00 53.70 53.40 53.30 53.2 54.8 54.6 54.8 58.7 58.0 56.4
Ti0, 0.81 0.86 0.86 0.80 0.81 0.86 0.79 0.83 0.79 1.10 0.75 0.77
Al,0, 19.10 18.00 17.90 19.40 18.40 18.60 18.10 18.20 18.10 17.00 17.30 17.60
Fe,04 0.69 0.77 0.81 0.75 0.81 0.74 0.69 0.71 0.69 0.72 0.62 0.65
FeOP 6.19 6.20 6.56 6.05 6.52 6.70 6.20 6.36 6.20 6.48 5.54 5.81
MnO 0.12 0.12 0.13 0.12 0.13 0.13 0.12 0.13 0.12 0.12 0.11 0.11
MgO 5.82 5.45 5.71 5.60 6.14 6.08 5.65 5.52 5.65 3.06 4.73 5.17
CaO 9.64 8.68 9.69 9.69 9.49 9.21 8.61 9.18 8.61 6.61 7.42 7.92
Na,O 3.09 3.24 3.21 3.05 3.03 3.24 3.08 2.98 3.08 3.75 3.40 3.31
K50 0.76 1.03 0.73 0.80 0.79 0.75 1.19 0.93 1.19 1.73 1.58 1.33
P>0s5 0.18 0.17 0.17 0.17 0.16 0.18 0.14 0.17 0.14 0.24 0.14 0.14
LOI 0.00 0.31 0.31 0.16 n.d. 0.16 0.03 0.21 0.03 0.24 0.41 0.63
Total 99.3 100.21 100.20 100.50 100.30 99.69 99.37 99.61 99.37 99.51 99.59 99.2
Mg#“ 63 62 61 63 63 62 62 61 62 46 61 62
Rb 21 28 16 19 16 22 32 25 32 51 48 121
Sr 490 419 448 477 460 504 428 442 428 390 376 383
Ba 261 298 260 255 252 253 293 267 293 440 369 348

1235M- 1554M 1121M 1329M 532M-a 647-M 661M-¢c  1-25M-d 431M-b 1012M-c 1555M

Andesite  Andesite  Rhyolite  Rhyolite  Glass Glass Glass Glass Glass Glass Glass
510, 59.0 55.2 73.8 73.6 76.21 75.40 74.40 71.07 70.46 75.93 70.34
Ti0, 1.34 0.84 0.27 0.26 0.29 0.17 0.36 0.45 0.42 0.21 0.41
Al,0, 16.00 17.50 13.7 13.7 12.96 13.65 13.80 15.47 15.68 13.26 15.43
Fe,04 0.74 0.71 0.17 0.17 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FeOP 6.63 6.37 1.56 1.49 1.18 0.98 1.71 2.36 2.57 1.03 2.72
MnO 0.14 0.13 0.02 0.02 0.03 0.06 0.06 0.08 0.07 0.05 0.11
MgO 2.58 5.13 0.33 0.30 0.11 0.07 0.14 0.38 0.40 0.08 0.47
CaO 5.61 8.68 1.28 1.26 0.36 0.76 0.52 1.81 1.87 0.46 1.80
Na,O 4.47 3.14 3.98 3.98 3.10 3.83 3.57 5.64 5.26 3.37 4.85
K50 1.79 1.10 4.35 4.36 5.35 4.51 5.09 2.01 2.46 5.00 2.85
P,05 0.35 0.14 0.00 0.00 0.13 0.04 0.12 0.16 0.13 0.06 0.12
LOI 0.36 0.01 0.19 0.31 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Total 98.65 98.94 99.46 99.13 99.72 99.46 99.76 99.42 99.31 99.45 99.09
Mg 41 59 28 27 15 11 13 22 22 12 24
Rb 51 34 160 132 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sr 330 451 143 132 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ba 530 321 890 820 n.d. n.d. n.d. n.d. n.d. n.d. n.d.

* Analysts (major elements): J.S. Wahlberg, J. Taggart, J. Baker, A.J. Bartel, K. Stewart, R.V. Mendes, D. Siems, USGS, Lakewood, CO.

Analysts (trace elements): R. Johnson, H.J. Rose, B. McCall, G. Sellers, J. Lindsley, USGS Reston, VA, and P. Bruggman, USGS Menlo

Park, CA.

® Fe0=0.9* (FeO+Fe,0;)
¢ Mg#=Mg/(Mg+Fe

)
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first. Automatic core to rim traverses across plagioclase were con-
ducted by selecting the beginning and end points of the traverse
and then setting the number of analyses such that a 4-mm interval
between spots was maintained throughout. Raw counts were con-
verted to oxide concentrations using the on-line PAP correction
scheme of Pouchou and Pichoir (1985). Trace (K. Ti, Sr, Ba) and
minor (Mg, Fe) element concentrations in plagioclase were deter-
mined by secondary ion mass spectrometry (SIMS) on a Cameca
IMS 3f ion microprobe located at the Woods Hole Oceanographic
Institute. The primary O beam was focused to a spot diameter of
approximately 15 mm. For each analysis, intensities of 2*Mg, 2281,
SEK, 40Ca, 47Ti, 58Fe, 58Sy , and 13®Ba were measured five times.
Each i11tensit% measurement was converted to an intensity ratio by
dividing by 25Si. Average intensity ratios were then converted to
element abundance using empirical calibration curves determined
for each element (Shimizu and Hart 1982). Typical relative stan-
dard deviations (RSD, 2s) for element abundances are Mg (1.5%),
K (2.75%). Ti (3.62%), Fe (2.0%), Sr (4.25%). and Ba (3.5%).
Analyses with a RSD>10% were excluded. Automatic core-to-
rim analyses were conducted by selecting the beginning and end
points and then setting the number of analyses such that an analysis
interval of either 4 or 5 mm was maintained throughout. Because
this interval is less than the diameter of the primary O beam,
adjacent analyses overlapped with one another. Due to the large
width of the primary beam, analyses within 15 mm of the crystal
rim showed interference from the surrounding matrix.

Host rhyolite, hornblende gabbro, and
quenched andesite inclusions:
geochemistry, petrography and mineralogy

Table 1 lists major element and selected trace element
(Rb, Sr, Ba) compositions of numerous host rhyolite lava
samples, hornblende gabbro inclusions and interstitial
glass, quenched andesite inclusions, and granitic xeno-
liths. Additional data can be found in Grove and Donnel-
ly-Nolan (1986). The host rhyolite lava consists of obsid-
ian and pumice that ranges from 73 to 74% SiO, . The
obsidians contain less than 1 vol.% phenocrysts of pla-
gioclase, orthopyroxene, and Fe-oxides set within a ma-
trix of glass and flow-aligned plagioclase microlites. Mi-
crophenocrysts of hornblende and apatite are rarely
present. The phenocrysts are all rounded and embayed in
appearance. Mineral analyses have been reported by sev-
eral investigators (Smith and Carmichael 1968; Mertz-
man and Williams 1981; Gerlach and Grove 1982).

The hornblende gabbros range from 53 to 55 wt%
Si0, and have Mg#s that range from 59 to 63. All gab-
bros consist of an interconnected crystalline network of
plagioclase, augite, hornblende, orthopyroxene, olivine,
and Fe-oxide (magnetite and ilmenite) set within a ma-
trix of highly vesicular light- to dark-brown glass. Modal
analyses of several gabbros are given in Table 2. Photo-
micrographs of two typical gabbros can be found in
Grove and Donnelly-Nolan (1986). Small crystals of ap-
atite and zircon, as well as quench crystals of plagioclase
are distributed throughout the glass portion of many
samples. The interstitial glass is rhyolitic in composition
(70 to 75% SiO,, Table 1) and is similar to the composi-
tion of the host rhyolite lava . Grove and Donnelly-Nolan
(1986) inferred a two-stage crystallization sequence
starting with early cotectic crystallization of olivine

Table 2 Modal analyses of selected hornblende gabbros®

431M-b 1555M 1012M-c® 661M-c® 532M-a®
Olivine 2 3 2 1 1
Plagioclase 34 37 50 42 49
Augite 8 9 7 8 11
Opx 2 4 4 3 3
Amphibole 8 8 19 20 11
Fe-Oxide 2 1 1 1 1
Glass 44 38 17 25 24

* Volume percentages based on 1000 pts/slide
® Chemical Data in Grove and Donnelly-Nolan (1986)

+augite+plagioclase (Stage I) followed by reaction of
olivine and augite with the liquid to produce orthopyrox-
ene and hornblende respectively and continued crystal-
lization of plagioclase + orthopyroxene + hornblende +
Fe-oxide + apatite (Stage II).

The andesites range from 54 to 61 wt% SiO, and are
aphyric to sparsely porphyritic in texture. Photomicro-
graphs of typical andesite inclusions can be found in
Grove and Donnelly-Nolan (1986). These authors classi-
fied the inclusions as: low SiO, (54-57%, olivine+pla-
gioclase+augite), intermediate SiO, (58—60%, orthopy-
roxene, plagioclase, Fe-oxide, +/—hornblende) and high
Si0, (>60%, orthopyroxene, hornblende, plagioclase,
Fe-oxide). Rare xenocrysts of iron-rich orthopyroxene
and both calcic and sodic plagioclase are present in many
samples.

Hornblende gabbros 1555 M and 431M-b,
and andesite inclusion 1049M-b: textural, major element
and trace element zonation styles

Two representative hornblende gabbro inclusions and
one quenched andesite inclusion were selected for de-
tailed study. The two hornblende gabbros (1555M and
431M-b) are from the Crater Glass flows (Fig. 1) and are
representative of the more mafic end of the gabbro com-
positional spectrum (Mg# 62—63). Gabbro 1555M was
sampled from an ejected pumice block adjacent to the
southern Crater Glass flow. Gabbro (431M-b) was stud-
ied by Grove and Donnelly-Nolan (1986). Composition-
ally, texturally, and mineralogically the two gabbros are
identical. The one quenched andesite inclusion (1049M-
b) is from Little Glass Mountain and belongs to the low-
SiO, andesite group of Grove and Donnelly-Nolan
(1986) with around 56.5 wt% Si0,.This SiO, value is
close to that of the parental andesite magma predicted by
Grove and Donnelly-Nolan (1986). It contains phe-
nocrysts of plagioclase, olivine, clinopyroxene, and rare
Fe-oxide.

Fifty plagioclase cores were analyzed in the gabbro
inclusions, and around 40 cores were analyzed in the
andesite inclusion. The two gabbro inclusions display a
bi-modal distribution of plagioclase core compositions
(Fig. 2). Obvious xenocrystic cores define a high-An



population of Ang, to Ang,. Most crystals lack xenocrys-
tic cores and define an intermediate-An population of
An,, to Ans,. Plagioclase crystals that contain An-rich,
xenocrystic cores will be referred to as Type 4 plagio-
clase whereas those that belong to the intermediate-An
population will be referred to as Type B plagioclase. The
andesite inclusion posesses a single population of inter-
mediate-An plagioclase phenocrysts that fall between
Ang, and An,. It is noteworthy, that the composition of
the most An-rich andesite phenocryst corresponds pre-
cisely with that of the most An-rich Type B plagioclase
crystal in both gabbro cumulates. The andesite inclusion
also contains a small number of more sodic crystals in
the An;, to Ans, range.

Plagioclase textures in all three inclusions were exam-
ined with NDIC microscopy. Numerous crystals were
thereby selected for detailed major element (mol% An)
core-to-rim electron microprobe analysis. The results
show that, within a given sample (gabbro or andesite),
and within a given crystal group (Type A cumulate, Type
B cumulate, andesite phenocryst) the zoning styles are
nearly identical. Among the different groups, however,
several important differences exist. Figure 3 shows

Hornblende Gabbro Inclusions

# of Analyses

30 34 38 42 46 50 54 58 G2 66 70 74 78 82 86 90
Plagioclase Cores (Mole % An)

15 431M-b

Type B Type A

# of Analyses

30 34 38 42 46 50 54 58 62 66 70 74 78 82 86 90
Plagioclase Cores (Mole % An)

Quenched Andesite Inclusion

15 1049M-b

# of Analyses

30 34 38 42 46 50 54 58 62 66 70 74 78 82 86 90
Plagioclase Cores (Mole % An)

Fig. 2 Histograms of plagioclase core compositions from horn-
blende gabbro cumulate inclusions 1555M and 431M-b (n=50/
sample), and the low-Si0O, andesite inclusion 1049M-b (n=40). In
the hornblende gabbro cumulate inclusions, the Type A plagio-
clase crystals are defined as those that contain calcic xenocrystic
cores whereas Type B crystals lack xenocrystic cores
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NDIC images and major element (mol% An) core-to-rim
traverses for representative Type A and Type B crystals
from each of the two hornblende gabbro cumulates, and
two representative phenocrysts from the andesite inclu-
sion. We refer to these crystals as 1555M-A and 431M-b-
A (Fig. 3a,b) indicating the Type A crystals from gabbro
cumulates 1555M and 431M-b respectively, 1555M-B
and 431M-b-B (Fig. 3c,d), indicating the Type B crys-
tals, and 1049M-B-1 and 1049M-b-2 (Fig. 3e,f), indicat-
ing the two plagioclase phenocrysts from quenched an-
desite inclusion 1049M-b.

The two Type A crystals are very similar (Fig. 3a,b).
In each case, an anhedral, calcic core (An;s_go) displays
complex wavy and/or patchy zonation that is abruptly
truncated by a surrounding mantle that is texturally
smooth and featureless save for a few widely spaced
NDIC zone boundaries. The mantles lack any evidence
of crystal dissolution, resorption, and/or overgrowth.
Both mantles display smooth normal zonation from An.,
at the core-mantle boundary to around An,s (1555M-A)
or Ang, (431M-b-A) near the crystal rim. The various
zone boundaries seen in the NDIC images are correlated
with either very small (<2 mol% An) or non-detectable
shifts in An content. The outermost portion of both
mantles are truncated by a noticeable dissolution surface
which forms the inner boundary of a very narrow quench
rim of around An,,. The textural and compositional fea-
tures of the two type B crystals are also nearly identical
to one another (Fig. 3c,d). Both crystals are texturally
smooth and featureless with relatively few zone
boundaries and a complete lack of dissolution surfaces.
Both crystals are normally zoned from core composi-
tions of around An,, to rim compositions of around An,s,
followed by a narrow quench rim of around An,,. In all
respects, the Type B crystals are identical to the mantle
of the Type A crystals in the same gabbro inclusion. The
two andesite plagioclase phenocrysts (Fig. 3e,f) are
markedly different from the Type A mantles and Type B
crystals of the two gabbro cumulates. Both phenocrysts
display complex, fine-scale oscillatory zoning through-
out the entire crystal as indicated by numerous, closely
spaced zone boundaries. Both crystals contain one or
more dissolution surfaces accompanied by discontinuous
changes in An content of <2 mol% to as great as
10 mol% An. Both crystals have a core composition of
An,, and are largely unzoned throughout much of the
crystal. Towards the rim, both crystals have a very slight
reverse zonation followed by an abrupt quench zone at
the rim.

In the two gabbro cumulates, the compositional range
of the Type A xenocrystic cores (Ang, g,) is much more
An-rich than any of the phenocrysts observed in the low-
Si0, andesite inclusions and thus indicates crystalliza-
tion from a more mafic magma, presumably of basalt
composition. The ultimate origin and significance of
these calcic plagioclase xenocryst cores is not consid-
ered here. Since the compositional range and style of
zonation in the Type B crystals is identical to that of the
mantles of the Type A crystals, the Type A mantles and
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Fig. 3 NDIC images and accompanying core-to-rim electron mi-
croprobe (mol% An) zonation profiles of representative Type A
and Type B plagioclase crystals from hornblende gabbro cumu-
lates 1555M and 43 1M-b, and representative phenocrysts from the
low-Si0, andesite inclusion 1049M-b. Specific crystals are:
a 1555M-A; b 431M-b-A; ¢ 1555M-B; d 431M-b-B; e 1049M-b-
1; and f 1049M-b-2. In each image, the location of the microprobe
traverse is indicated by a solid white line. In the four gabbro cumu-
late crystals, the location of the core-to-rim ion microprobe tra-
verse is clearly visible near the white line. The horizontal white
scale bar in the lower right corner is 100 m in length. The white
arrows indicate the locations of minor and/or major dissolution
surfaces
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Type B crystals within a given gabbro inclusion have
likely recorded the same period of crystallization from a
liquid of the same composition. The most An-rich pla-
gioclase that was formed during this period of crystal-
lization (An,,) is similar to the most An-rich phenocrysts
in andesite inclusion 1049M-b. This suggests, as previ-
ously concluded by Grove and Donnelly-Nolan (1986),
that the parental magma that gave rise to the two gabbro
cumulates was a low-SiO, andesite similar to some of the
quenched inclusions.

The textural and compositional diversity of the andes-
ite phenocrysts implies a dynamically complex growth
history, such as one might expect in the interior of a
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Fig. 4 Core-to-rim variations in major element (mol% An, elec-
tron microprobe) and selected trace element (Mg, K, Ti, Fe, Sr,
Ba. ion microprobe) abundances in hornblende gabbro cumulate
Type A crystals (1555M -A and 431M-b-A) and Type B crystals
(1555M-B and 431M-b-B). The vertical solid bars on the far right
side of each traverse indicate the maximum analytical uncertainty
associated with individual trace element analyses. The analytical
uncertainty in mol% An is smaller than the symbols. The stippled
area in 431M-b-A indicates a small inclusion of clinopyroxene
that was inadvertently included in the ion-probe traverse. Note that
the horizontal and vertical scales are the same for all parts of the
figure

convecting magma body (e.g. Pearce 1994; Singer et al.
1995) whereas the uniformity of the cumulate plagio-
clase crystals implies a more simple growth history. This,
in turn, implies that the plagioclase crystals now found in
the cumulate hornblende gabbros did not originate as
free-floating phenocrysts in a parental low-SiO, andesite
magma but, rather, were formed in an entirely different
magmatic environment. As discussed below, we inter-
pret this environment to be a stagnant thermal magmatic
boundary layer (i.e. solidification front) located some-
where along the margins of the parental andesite magma
body.

The four Type A and B crystals from the two gabbro
inclusions were analyzed for selected trace elements
(Mg, K, Ti, Fe, Sr, Ba) along core-to-rim profiles (Fig.
4). The ion microprobe traverses are clearly visible in the
NDIC images of Figure 3. Due to the width of the prima-
ry O beam (¥15 mm), analyses within the outermost
15 mm of all four crystals overlap the surrounding glass
matrix and are therefore excluded from consideration.
The two Type A crystals have similar variations in Mg,
K, Ti, Fe, Sr, and Ba abundances. The calcic cores have
somewhat variable element abundances whereas the
mantles show smooth, systematic rim-ward variations in
all element abundances. Going toward the rim, K and Ba
abundances increase, Mg abundances decrease, and Ti,
Fe, and Sr abundances initially increase and then de-
crease. As with An content, the Type B crystals
have trace element variations that are very similar to the
Type A mantles, futher supporting simultaneous growth
from a liquid of the same composition. One difference
between the Type A and Type B profiles is a second-
order “sawtooth™ variation superimposed on the latter.
The potential significance of this feature is not consid-
ered here.
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Discussion

An assessment of equilibrium vs non-equilibrium
partitioning behavior

Equilibrium plagioclase-melt partition coefficients and
measured plagioclase zoning profiles have been used to
reconstruct the evolution of melts that produced the cu-
mulate minerals in the gabbro xenoliths. Compelling ev-
idence that favors near equilibrium trace element parti-
tioning behavior is the similarity in zoning across the
mantle of crystal 1555M-A and the entirety of 1555M-B.

® 1555M-A Mantle O 1555M-B
= T T T T
; 80 Lo (Microprobe) -
o 60 E 3
2" 40 | ]
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K, ppm
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Fig. 5 A comparison of major element and trace element abun-
dances in the mantle of 1555M-A and the entirety of 1555M-B
versus the percentage distance from the rim, L, where L=(dist
from the rim/total distance)*100. A given value of L is thought to
represent the same period of erystal growth. The close similarity
in absolute abundances and overall zonation profiles in the two
different crystals is evidence that the major and trace element
partitioning behavior during crystal growth approached that of
equilibrium conditions

The two crystals appear to have grown over the same
period from the same progressively fractionating liquid.
If the growth rate of the two crystals was about the same,
then any two points at the same relative distance across
the two crystals should have formed from the same period
of crystal growth and should have similar chemical char-
acteristics. Figure 5 shows that this is indeed the case.
The overall trend and absolute elemental abundances are
nearly identical in each of the two crystals. The one ex-
ception is Mg, which displays significantly lower abun-
dances in crystal 1555M-B for the initial half of the zon-
ing profile, but is nearly identical in the outer half of the
crystal. There is nearly exact correspondence of the in-
flection point in the Fe and Ti profiles about 55% of the
way to the rim and a possible correspondence of an in-
flection point in the Sr profile about 90% of the way to
the rim. These results indicate that, at a given period of
plagioclase crystallization, the operative plagioclase-lig-
uid partition coefficient for a given major or trace ele-
ment was the same for both crystals, despite the fact that
they are separated from one another by a distance of
1.3 cm which is at least one order of magnitude greater
than the diameter of the crystals themselves. This implies
that major and trace element partitioning occurred under
near equilibrium conditions.

Reconstruction of the liquid-line-of-descent during
parental andesite fractionation: Predicted SiO2, FeO,
MgO, Sr and Ba abundances in the liquid

In this section the variations in liquid SiO,, FeO, MgO.,
Sr and Ba during fractional crystallization are recon-
structed and then compared with the corresponding ob-
served abundances in the rhyolite of Little Glass Moun-
tain. Given that the mantles of the Type A crystals have
the smoothest zoning profiles and appear to have record-
ed the least amount of disequilibrium partitioning, all
reconstructions of liquid composition are based on data
from crystals 1555M-A and 431M-b-A. Liquid oxide
(8i0,, FeO, MgO) concentrations in wt% and trace ele-
ment (Sr, Ba) abundances in ppm were predicted from
the observed concentrations in plagioclase of An
(mol%), Fe, Mg, Sr and Ba (in ppm) respectively as fol-
lows:

(SiOo)g=—7-622X10>(X,,)?

plag

-3 2
+7.631X107° (Xan),,

—5.019><10_1(Xm)plag+84.64 (1)
(S1)13q=(51),12¢ " €xp (26.800/RT—26.700 (X5 ,),1../RT) (2)
(Ba)y,=(Ba), .. - exp (10,200/RT-38.200 (X,,),1../RT) (3)
(Fe0)q=0.0021" (Fe)piag (4)
(MgO);q=0.0060 - (Mg)p1ae (5)

The SiO,-X,, relationship is based on an observed
correlation between plagioclase composition and bulk
rock SiO, content in late Holocene mafic to silicic lavas
from Medicine Lake volcano (see Appendix). The Sr-X,,,
and Ba-X,  relationships are from Blundy and Wood



(1991) and assume a temperature of 950°C, which is
based on the results of Fe-Ti oxide geothermometry
(Grove and Donnelly-Nolan 1986). Liquid FeO and MgO
abundances (wt%) were calculated from the observed Fe
and Mg abundances in plagioclase (in ppm) through a
constant partition factor chosen such that the innermost
Fe and Mg concentrations (in ppm) in the mantle of
1555M predicted a liquid with FeO* and MgO abun-
dances (in wt%) equivalent to that of the most primitive
andesite inclusions (7.0% FeO* and 5.5% MgO). The
corresponding Fe and Mg plagioclase/liquid partition
coefficients are 0.063 and 0.028 respectively. The Fe
partition coefficient is consistent with the experimental
study of Longhi et al. (1976), who reported an average
value of 0.058 (4+/-0.008), as well as the more recent
work of Sato (1989) and Phinney (1991) who showed
that partition coefficient values between coexisting high-
An plagioclase and basalt liquid vary from around 0.05 to
0.06 at f,2 conditions along the QFM oxygen buffer to
around 0.08 to 0.16 at f,2 conditions of NNO + one log
unit. The Mg partition coefficient is less than the experi-
mentally determined values of 0.041, 0.042, and 0.043
reported by Longhi et al. (1976), Sato (1989), and Phin-
ney (1991) respectively, but is within the range of values
based on co-existing phenocryst-matrix pairs (0.026,
0.023,0.03, and 0.018) reported by Sato (1989), Phinney
and Morrison (1990), Meyer and Shibata (1990) and Bro-
phy and Allan (1993) respectively.

Figure 6 shows the variations in liquid MgO, FeO¥*,
Sr, and Ba versus SiO, as predicted from the mantles of

Fig. 6 Co-variations of liquid

1555M-A
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crystals 1555M-A and 431M-b-A. Also shown are the
observed compositions of the entire suite of quenched
andesite inclusions and the four host rhyolite lava sam-
ples from Table 1 and Grove and Donnelly-Nolan (1986)
for which MgO, FeO*, Sr and Ba data are available. The
andesite inclusions define a field of decreasing MgO
(5.65 t0 2.24 wt%), FeO* (7.0 to 6.13 wt%) and Sr (572
to 311 ppm), and increasing Ba (267 to 624 ppm) over a
Si0, range of 54.6 to 60.8 wt%. The four rhyolite sam-
ples range from 0.30 to 0.38 wt% MgO, 1.63 1.71 wt%
FeO*, 118 to 143 ppm Sr and 803 to 890 ppm Ba over a
very narrow SiO, range of 73.5-74.5 wt%. The initial
(i.e. parental) liquid composition predicted from the two
crystals is 57% Si0,, 6.8 to 7.0% FeO, 4.2 to 5.5% MgO,
381 to 389 ppm Sr and 250 to 292 ppm Ba, all of which
overlap the middle region of the andesite inclusion field.
In all cases, the overall variations in the predicted liquid
MgO, FeO*, Sr and Ba abundances trend directly to-
wards the composition of the host rhyolite lava. This re-
sult indicates that the two hornblende gabbros have
recorded a fractional crystallization event that produces
rhyolitic liquids similar to that of the host rhyolite com-
position. Thus, on the basis of a completely different line
of reasoning, our results confirm those of Grove and
Donnelly-Nolan (1986) and demonstrate that the horn-
blende gabbros are indeed relevant to the fractionation
process that generated the host rhyolite lava. Significant-
ly, the maximum predicted SiO, values of 67% for
431M-b-A and 71% for 1555M-A, which agree favorably
with the actual interstitial glass compositions of around

431M-b-A
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70% Si0, for both inclusions, fall short of the 73—-74%
Si0, levels of the host rhyolite. If the two gabbros have
recorded the same (or similar) fractionation event that
generated the host rhyolite, then it is clear that neither
sample has crystallized to the degree necessary to pro-
duce the host magma.

Hornblende gabbro plagioclase crystal zonation styles:
evidence for in situ crystallization in a quiescent
magmatic environment

The plagioclase phenocrysts in the low-Si0O, andesite in-
clusions are characterized by minor compositional zona-
tion, which implies crystallization from a liquid reservoir
that was very large compared to the degree of crystalliza-
tion. The crystals have closely spaced, euhedral, fine-
scale (+/-2 mol% An) oscillatory zones and minor to
abundant dissolution surfaces in places associated with
abrupt changes in composition of up to 10 mol% An.
Compositional and textural features such as these are
exceedingly common in volcanic plagioclase phe-
nocrysts (e.g. Anderson 1984; Nixon and Pearce 1987;
Pearce etal. 1987; Singer et al. 1993 1995; Pearce 1994).
Euhedral, oscillatory zones are normally thought to re-
flect diffusion-controlled processes within the local en-
vironment of the growing crystal (e.g. Sibley et al. 1976;
Haase et al. 1980, Allegre et al. 1981; Pearce and Kolis-
nik 1990) whereas repetitive dissolution surfaces are best
explained by small scale fluctuations in temperature dur-
ing crystal growth (e.g. Pearce 1994). These observa-
tions have most recently been attributed to crystallization
within a dynamic environment where cyclical, small
scale changes in temperature during convective crystal
cycling lead to repetitive periods of crystal growth and
dissolution (e.g. Singer et al. 1993 1995; Pearce 1994).
Altogether, the textural and compositional features of
the andesite inclusion and its constituent plagioclase
phenocrysts indicate growth within a dynamic, largely
crystal-free body of andesite magma. The presence of
occasional dissolution surfaces, most of which are char-
acterized by only small (<2 mol% An) discontinuous
jumps in An content suggests that the andesite body may
have been undergoing weak convection (e.g. Homma
1932; Singer et al. 1995)

In contrast to the andesite phenocrysts, plagioclase
crystals in the gabbros have smooth, progressive rimward
variations in both major and trace element abundances.
The cumulate plagioclase phenocrysts display little to no
oscillatory zonation. Most importantly, these crystals
completely lack dissolution surfaces. As pointed out by
Pearce and Kolisnik (1990), textures that lack dissolution
surfaces are very rare among volcanic plagioclase phe-
nocrysts, which suggests crystallization in a fundamen-
tally different environment from that in which volcanic
phenocrysts are grown. We interpret the smooth, feature-
less textures of the cumulate gabbro crystals as indicative
of crystallization in a quiescent environment in which the
small scale temperature fluctuations that are seemingly

necessary for repetitive crystal dissolution (Pearce 1994)
are absent. Altogether, the textural and compositional
features of the hornblende gabbro inclusions and their
constituent plagioclase crystals indicate a process of in
situ fractional crystallization within a stagnant environ-
ment that underwent steady, progressive, internal differ-
entiation. The most likely environment is that of a stag-
nant, thermally generated magmatic boundary layer
somewhere along the margins of a body of parental ande-
site magma (e.g. McBirney et al. 1985; Marsh 1989;
Langmuir 1989; Jaupart and Tait 1995). The textural and
compositional characteristics of the plagioclase crystals
require that little to no movement of the interstitial liquid
occurred within the boundary layer prior to melt extrac-
tion and eruption.

Implications for the interpretation of trace element
zonation profiles

A basic tenet in trace element partitioning theory is
that the amount of a trace element that is incorporated
into a growing crystal is controlled, in part, by the con-
centration of the element in the liquid at the crystal-lig-
uid interface. Shimizu (1983) has shown that crystal
growth generates a liquid compositional boundary layer
around the crystal, and that the liquid concentration of a
given trace element within the boundary layer, and espe-
cially at the crystal-liquid interfac, is significantly differ-
ent from its concentration in the liquid beyond the outer
edge of the compositional boundary layer. Thus, the
core-to-rim variation in trace element abundance pre-
serves a temporal record of what happened within the
compositional boundary layer, not the large-scale liquid
reservoir as a whole, and cannot be used to reconstruct
large-scale liquid composition changes as a function of
time.

This conclusion is at odds with our own study, which
has shown that the core-to-rim variations in trace ele-
ment abundance in plagioclase appear have indeed
recorded the progressive, large-scale (i.e. on the scale of
the entire magmatic boundary layer) fractionation of an
interstitial boundary layer liquid. How, then, can the the-
ory and our observations be reconciled? One option is
that buoyancy-driven convection of the interstitial liquid
was occurring through a permeable magmatic boundary
layer and that it was sufficiently vigorous to continuously
strip away the compositional boundary layers around
each and every crystal. However, the compositional and
textural features of the plagioclase crystals (Fig. 3 and 4)
clearly argue against any environment in which signifi-
cant movement of the interstitial liquid occurred prior to
extraction and eruption. An alternative explanation, and
one that we favor, is that following an initial period of
crystal nucleation and rapid crystal growth at the leading
edge of an inward solidifying magmatic boundary layer,
the bulk of the plagioclase crystallization occurred with-
in the partially to eventually largely solidified region of
the magmatic boundary layer. During this time, the cool-
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Fig. 7 Results of open-system AFC calculations assuming a bulk
assimilant equivalent to the average of the granitic xenoliths re-
ported in Table 1. The left hand side of the diagram displays the
predicted co-variation in liquid FeO* and MgO with increasing
SiO, for the mantle of 1555M-A. along with the observed compo-
sitions of the average andesite inclusion, host rhyolite and assumed
granitic assimilant. The right-hand diagrams display, for both
FeO* and MgO, the predicted liquid compositions for Stage I
crystallization along with calculated AFC paths for increasing val-
ues of R (mass assimilated/mass crystallized). The dashed lines
represent the approximated variation in predicted liquid abun-
dances. The fractionation calculations are based on the method of
Grove and Donnelly-Nolan (1986) and assume a parental magma
equivalent to the average of the quenched andesite inclusions. Note
that, in both cases, the slope of the calculated variation agrees best
with the slope of the predicted variation for 0% crustal assimila-
tion (i.e. R=0.0). These results suggest that fractional crystalliza-
tion occurred under closed system conditions

ing rate was sufficiently slow that plagioclase growth
rates were significantly less than chemical diffusion
rates in the liquid. In this case, rapid diffusion of chemi-
cal species towards a slowly advancing crystal-liquid in-
terface could forestall the development of a significant
compositional boundary layer around individual crystals,
and thus ensure that the liquid composition at the crystal-
liquid interface was close to that of the liquid reservoir as
a whole. Significantly, Cashman and Marsh (1988) have
estimated plagioclase phenocryst growth rates at around
107! ¢cm/s whereas chemical diffusion rates in silicate
melts are typically on the order of 107 to 107'° cm?/s
(e.g. Donaldson 1975; Baker 1992). These growth rates
are indeed smaller (but only by a few orders of magni-
tude) than typical chemical diffusivities and would seem
to support our suggestion. However, without detailed
knowledge of the thermal history of the two gabbro in-
clusions, which is critical for estimating true plagioclase
growth rates, it is impossible to draw any firm conclu-
sions.

Closed- versus open-system crystallization

Grove and Donnelly-Nolan (1986) have demonstrated on
trace element grounds that the andesite fractionation that
generated the host rhyolite must have been accompanied
by up to 30 wt% assimilation of granitic wall rock. If the
fractional crystallization occurred within a quiescent
magmatic boundary layer, obvious questions are how and
when the required granitic component was incorporated.
One possibility is that assimilation occurred during frac-
tional crystallization (i.e. classical AFC, DePaolo 1981).
An alternative possibility is that fractional crystalliza-
tion and wallrock assimilation were separated in space
and time and that the granitic component was added as a
crustal melt after the fractionation had already taken
place (e.g. Grove et al. 1988).

Based on textural observations, the crystallizing as-
semblages during the fractionation recorded by the gab-
bros were plagioclase+olivine+augite (Stage 1) fol-
lowed by plagioclase+hornblende+orthopyroxene+Fe-
oxides+apatite and zircon (Stage II). If fractionation oc-
curred under closed system conditions, these fractiona-
tion assemblages should lead to an initial period of
FeO*-enrichment and MgO-depletion (Stage I) followed
by subsequent FeO*- and continued MgO-depletion
(Stage II). Both of these features are observed in the
predicted liquid composition paths shown in Fig. 6.
Simultaneous assimilation of large volumes of granitic
wall-rock should diminish (or eliminate) the initial peri-
od of FeO*-enrichment and reduce the rate at which
MgO decreases with increasing Si0,. To test the possi-
bility of closed- versus open-system fractionation during
Stage I (and by inference Stage II) crystallization, a
closed-system fractionation calculation was performed
based on the procedure outlined in Grove and Donnelly-
Nolan (1986). The initial parent magma and granitic as-
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similant used in the calculation are based on the average
of the low-SiO, andesite inclusions reported in Table 1
and Grove and Donnelly-Nolan (1986) and several analy-
ses of granitic xenoliths from the rhyolite of Little Glass
Mountain (Grove and Donnelly-Nolan 1986; Donnelly-
Nolan, unpublished data).

The results of the calculation are shown in Fig. 7. The
left side of Fig. 7 shows the variations in liquid FeO* and
MgO from Fig. 6, as predicted from the mantle of crystal
1555M-A. The right side of Fig. 7 shows an enlarged
view of the predicted Stage I liquid compositions along
with the calculated liquid compositions for closed sys-
tem (i.e. R=0, where R is mass assimilated/mass crys-
talized), and open system (R=0.1, 0.2 and 0.3) condi-
tions. The calculated liquid compositions show that, as
anticipated, the slope of both the FeO*-SiO, and MgO-
Si0, variation decreases as progressively more granitic
assimilant is added. A comparison of the predicted and
calculated variations shows that the best agreement in the
slope, if not the absolute abundances, is found for the
case of closed-system crystallization (i.e. R=0.0). These
results strongly imply that the magmatic boundary layer
in which the hornblende gabbro cumulates were formed
was chemically isolated from the surrounding wall-rock
during crystallization. In this event, the necessary
granitic component was added following extraction of
the fractionation-generated liquid from the boundary
layer environment. Thus, our results indicate that frac-
tional crystallization and crustal assimilation did not oc-
cur simultaneously (i.e. the traditionally envisioned AFC
process) but, rather, through a process in which the frac-
tionation and assimilation were separated from one an-
other in both space and time. Grove et al. (1988) have
used different lines of evidence to advocate such a pro-
cess beneath the Burnt Lava flow, located approximately
15 km to the southeast of Little Glass Mountain (Fig. 1).
The similar results of these two studies in which the
relative timing of fractionation and assimilation have
been deduced indicates that the separation of fractiona-
tion and assimilation processes may be a common phe-
nomenon where crustal assimilation is important.

A model of silicic magma generation
at Little Glass Mountain

The most important conclusions of this study are: (1) the
two hornblende gabbro inclusions record the progressive
fractional crystallization of parental low-SiO, andesite
magma through in situ processes in a quiescent magmat-
ic environment (i.e. a crystallizing magmatic boundary
layer); (2) fractional crystallization occurred under
closed system conditions with little to no assimilation of
crustal material during fractionation; and (3) a signifi-
cant [more than 30% (Donnelly-Nolan, unpublished
data)] crustal component was added to the final host rhy-
olite magma after extraction of the fractionation-gener-
ated silicic liquids. Based on these results, Fig. 8 sum-
marizes a proposed model for the formation of the rhyo-

lite of Little Glass Mountain. Intrusion of parental andes-
itic magma into granitic country rock led to cooling and
crystallization through boundary layer solidification
along the roof, walls, and floor. Closed-system boundary
layer crystallization generated fractionated liquids that
were trapped within the partially crystallized boundary
layer. Heat from the crystallizing magma partially melt-
ed the granitic country rock in the vicinity of the intru-
sion. After some arbitrary period of time, the boundary
layer sequence consisted of an inner rigid crust, defined
by crystal contents of 50% or greater for low-Si0, andes-
ite magma (Marsh 1981; Brophy 1991), and an outer
mushy layer. Within this overall sequence, the interstitial
liquids covered the entire liquid line of descent of the
initial parental andesite and varied from around 56—-57%
SiO, at the inner margin of the boundary layer to around
74% Si0, at the original country rock contact. Fractur-
ing of the rigid crust through local seismic activity, mag-
matic intrusion, or local foundering of the crust itself
(e.g. Marsh 1995) led to extraction and accumulation of
the silicic interstitial melt which then mixed with par-
tially molten granitic country rock and erupted to form
the rhyolite of Little Glass Mountain. The andesitic in-
clusions, gabbroic inclusions and granitic xenoliths are
representative of the parental andesite magma, the de-
pleted rigid crust, and partially molten country rock re-
spectively. The specific gabbros studied must have come
from somewhere in middle of the rigid crust (Fig. 8) as
the observed and predicted interstitial liquids are around
70% SiO,, which is 3 to 4 wt.% less than that of the final
host rhyolite magma composition.

As drawn, Fig. 8 suggests that the host rhyolite lava,
andesite inclusions, and cumulate gabbro inclusions nec-
essarily were derived from the same body of magma.
Though this is possible, trace element data from the an-
desite inclusions (Grove and Donnelly-Nolan 1986)
seem to indicate the presence of at least two unrelated
andesite magmas. This suggests a process in which a
pre-existing body of rhyolite magma, generated through
the process outlined in Fig. 8, is intruded by successive
injections of different composition andesite magma. The
rhyolite magma probably already contained genetically
related hornblende gabbro entrained during extraction of
the rhyolitic melt, plus xenoliths of partially molten
granitic wall rock incorporated during assimilation and
mixing of the rhyolite and melted granitic liquids. The
intruded andesites could have commingled with the rhyo-
lite to generate magmatic andesite inclusions, perhaps
along the lines originally envisioned by Eichelberger
(1981) for the nearby Glass Mountain rhyolite lava. Nev-
ertheless, Fig. 8 summarizes what we believe to be the
general magmatic relations between rhyolite, andesite,
granitic country rock, and gabbro cumulates beneath Lit-
tle Glass Mountain.

Though ultimately impossible to determine, it is
tempting to speculate on the specific location of the
boundary layer from which the silicic magma was ex-
tracted. The hornblende gabbro xenoliths record in situ
crystallization in a static magmatic boundary layer. In
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calc-alkaline systems, crystallization leads to a progres-
sive decrease in liquid density. In a magmatic boundary
layer located along the chamber floor, evolved low-densi-
ty liquids may lie beneath less-evolved, higher density
liquids. Along the wall, evolved low density liquids will
lie adjacent to less evolved high density liquids. In both
situations gravitational instability of the liquid should
lead to compositional convection through permeable re-
gions of the boundary layer (e.g. Jaupart and Tait 1995).
Movement of the interstitial liquid would lead to dynam-
ic rather than quiescent conditions during crystallization.
As considered above, the textural and compositional fea-
tures of the cumulate plagioclase crystals do not support
such a conclusion. In contrast, a magmatic boundary lay-
er beneath the roof should contain interstitial liquids that
are gravitationally stable. Compositional convection
should be absent and crystallization should proceed un-
der quiescent conditions, which agrees with our own ob-
servations. Thus, we favor a process of melt extraction
from the roof sequence of the crystallizing andesite mag-
ma body.

Implications for the formation of
fractionation-generated composition gaps

Numerous models have been suggested for the origin of
fractionation-generated composition gaps. These in-
clude:
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(1) a liquid density or viscosity maximum that pro-
hibits the eruption of a specific range of magma compo-
sitions (e.g. Baker et al. 1977; Jones 1979);

(2) sidewall crystallization, compositional convec-
tion, and collection of evolved liquid at the top of a mag-
ma body (i.e. liquid fractionation, McBirney et al. 1985);

(3) closed system fractional crystallization in a vigor-
ously convecting magma body accompanied by crystal
retention, crystal congestion, cessation of convection,
and eventual melt extraction from a rigid crystal-liquid
mush (Brophy 1991);

(4) closed system fractional crystallization of quies-
cent magma with eventual melt extraction after the entire
body consists of a rigid crystal-liquid mush (Thompson
1972); and

(5) closed system boundary layer solidification be-
neath the roof of a magma body followed by melt extrac-
tion accompanying sagging or internal tearing of the
rigid crust (i.e. solidification front instability, Marsh
1995).

Based on Fig. 8, we suggest that the fractionation-
generated composition gap at Little Glass Mountain
formed through a process similar to (4) or (5) above,
wherein all fractionation takes place within magmatic
boundary layers. The fractionating interstitial liquid is
held within the boundary layer until the layer itself be-
comes rigid enough to permit fracturing and melt extrac-
tion. In this fashion, a significant portion of the parental
magma liquid-line-of-descent is effectively prohibited
from reaching the surface, thus forming a composition
gap on the surface. If melt extraction is indeed from a
boundary layer located beneath the roof of the magma
body, as suggested above, then the general solidification
front instability model of Marsh (1995) may be the most
applicable here.

Phase equilibria controls on the composition gap
formation

Several authors have proposed that fractionation-gener-
ated composition gaps are due to the appearance of a new
liquidus mineral that causes a fractionating magma to
pass rapidly through a certain composition interval (i.e.
Si0,), thus reducing the probability that magmas within
that composition range are erupted onto the surface.
Suggested minerals include an Fe-oxide phase (Mukher-
jee 1967; Weaver 1977; Clague 1978) and/or various
mafic mineral/melt reaction products such as amphibole
or orthopyroxene (Grove and Donnelly-Nolan 1986).
Figure 9 shows plots of An content (mole%) and Fe abun-
dance (ppm) in plagioclase versus the cube of the dis-
tance from the rim ( m?) of the mantle of 1555M-A. Also
plotted is the predicted variation in liquid SiO, content
from the same crystal. If the crystal grew at a constant
rate, the volume of the crystal increases at a rate propor-
tional to the cube of the crystal radius, r. Thus, any
change in the slope of a given geochemical parameter
when plotted against r* should indicate a change in the
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Fig. 9a—c An content (mol%) and Fe abundance (ppm) in plagio-
case, and predicted liquid Si05 from the mantle of 1555M-A ver-
sus the cube of the distance from the core (mm). The boundary
between Stage I and Stage II crystallization is marked by the in-
flection point in the Fe profile. Note the systematic increase in
predicted liquid Si0, during crystal growth, which suggests a con-
stant rate of increase in liquid Si0, during fractionational crystal-
lization

rate at which that parameter is changing in the liquid
(Pearce et al. 1987). The mantle of 1555M-A records the
crystallization of plag+oliv+cpx (Stage I) followed by
plag+opx+amph+Fe-oxide (Stage II). Significantly,
the beginning of Stage II is marked by the appearance of
all three minerals that have been invoked to explain a
composition gap. Thus, if the phase equilibria model is
correct, there should be a significant increase in the slope
of the predicted liquid SiO2 variation at the onset of
Stage II crystallization. The Fe profile shows where the
transition from Stage I to Stage II crystallization occurs
in 1555M-A. In the liquid SiO, profile the transition
from Stage I to Stage II shows only a very slight increase
in slope. This suggests that the appearance of these min-
erals did not dramatically increase the rate of change of
Si0, in the liquid, a result that argues against the phase
equilibria explanation for the formation of a composition
gap. Thus, we conclude that the most reasonable expla-
nation for the formation of a fractionation generated
composition gap beneath Little Glass Mountain (and oth-
er volcanic systems?) is the physical model of boundary
layer crytallization and eventual melt extraction pro-
posed in Fig. 8.

Conclusions

The rhyolite of Little Glass Mountain and associated cu-
mulate hornblende gabbro and quenched andesite liquid

inclusions represents a situation where all three compo-
nents of a fractional crystallization event that produced a
composition gap have been preserved in a single volcanic
eruption. This occurrence provides an opportunity to
evaluate the potential processes that generate a composi-
tion gap and, in turn, the physical mechanisms of frac-
tional crystallization in general. Through the combined
analysis of textural (NDIC) and compositional (major
and selected trace element) zonation styles in plagioclase
phenocrysts from the parental andesite magma
(quenched andesite inclusions) and fractionation-gener-
ated cumulate residue (hornblende gabbro inclusions),
we conclude that the most likely mechanism of fractional
crystallization that generated the host rhyolite lava is one
of inward solidification of a crystallizing boundary layer
along the margins of an andesitic body of magma fol-
lowed by melt extraction, accumulation and eruption of
the highly evolved interstitial liquid. The proposed mech-
anism of inward solidification and melt extraction fully
explains the formation of the composition gap that is
observed between the parental andesite and derivative
rhyolite magma compositions. Finally, perhaps the most
significant aspect of this work is the demonstration that
the combined analysis of major and trace element zona-
tion profiles coupled with detailed textural information
of individual crystals provides a very powerful tool for
deciphering igneous magmatic processes.

Appendix

Fractional crystallization leads to a correlation between liquid
Si0, (in wt%), liquid Ca/Na (mol%) and plagioclase An content
(mol%). Due to insufficient information on the differentiation
pressure as well as the H,O content of the parental andesite magma
beneath Little Glass Mountain, it is impossible to determine rigor-
ously the magmatic Si0,-equilibrium plagioclase composition re-
lationship. Thus, an alternative approach has been adopted for
reconstructing liquid SiO, contents.Grove and Donnelly-Nolan
(1986) and Donnelly-Nolan et al. (1990) have shown that the com-
positional variations among the late Holocene lavas of intermedi-
ate to silicic composition that were erupted during the same gener-
al time period as the Little Glass Mountain rhyolite are due largely
to low-pressure fractional crystallization. If the compositional
variation of the erupted lavas is assumed to represent the general
fractionation-generated liquid-line-of-descent beneath Medicine
Lake Volcano during the late Holocene, then the compositional
variations recorded by the erupted lavas should be roughly equiva-
lent to that followed by the liquid during the fractionation process
recorded by the two gabbros. Figure Ala shows the variation in
whole-rock Si0, versus Ca/Na ratio for late Holocene mafic to
silicic lavas from Medicine Lake Volcano (Donnelly-Nolan et al.
1990), which, for the intermediate to silicic lavas at least, is taken
as being representative of the likely variation in magmatic (i.e.
liquid) Si0, and Ca/Na. Figure A1b shows the variation between
magmatic Si0, content and predicted equilibrium plagioclase
composition, where the magmatic Ca/Na ratios have been convert-
ed to equilibrium plagioclase composition using a plagioclase-lig-
uid Ca/Na Ky, value of 2.5 which has been shown to be appropriate
for the Medicine Lake lavas (Grove and Donnelly-Nolan 1986). A
third-order polynomial curve, that has been fit to the data in
Fig. Alb is assumed to represent the general relationship between
liquid Si0, abundance and plagioclase composition during the
fractionation process recorded by the plagioclase crystals of the
two gabbros.
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Fig. A1 a Plot of whole rock Si0, (wt%) versus Ca/Na (molar) for
late-Holocene lavas from Medicine Lake plotted in Donnelly-
Nolan et al. (1990) b Plot of whole rock Si0, (wt%) versus predict-
ed equilibrium plagioclase composition where the latter has been
calculated from the molar Ca/Na ratio assuming a plagioclase-lig-
uid Ca/Na K, of 2.5 as suggested by Grove and Donnelly-Nolan
(1986) The solid line represents a third order polynomial best fit
curve through the data (y=—7.622X107(x*)+7.613X1073(x%)-
5.019%X107Y(x)+84.64 (r=0.996)). It is assumed that this curve
represents the general relationship between fractionation-related
liquid Si0, abundances and equilibrium plagioclase composition
for all Medicine Lake magmas, including those present during the
fractional crystallization recorded by the plagioclase crystals of
the two hornblende gabbro cumulates
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