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ABSTRACT
INDEPENDENTLY GENERATED MAGMA BATCHES IN THE
COMPOSITIONALLY ZONED ASH-FLOW SHEETS FROM
THE SOUTHWEST NEVADA VOLCANIC FIELD
By

Karen Sue Tefend

Compositionally zoned ignimbrites have been inferred to represent the eruptive
product of zoned magma chambers. Topopah Spring (12.8 Ma), Tiva Canyon (12.7 Ma),
Rainier Mesa (11.6 Ma), and Ammonia Tanks (11.45 Ma) are four compositionally zoned
ash-flow sheets within the southwest Nevada volcanic field, SW Nevada. These large
volume ash-flow sheets have been extensively studied with the goal of understanding the
formation of large volumes of high silica magmas that are, in this case, rapidly generated
and erupted within short time intervals (150,000 years between the youngest of these ash
flows). Previous studies have concluded, based on major and trace element geochemistry
and isotopic analyses, that the lower silica magmas and high-silica rhyolite magmas
within and among each ash-flow sheet cannot be related by assimilation/fractional
crystallization processes occurring within a single magma chamber.

The purpose of this current study is to evaluate this conclusion using Polytopic
Vector Analysis (PVA). Based on these analyses we conclude that not only can unrelated
magma types be identified, but that magmas related by mixing processes can also be
determined. Using PVA, it can be shown that the coevally erupted lower silica (< 73
wt% Si0,) and high-silica rhyolite magmas (= 74 wt% SiO,) within Topopah Spring,
Tiva Canyon, Rainier Mesa, and Ammonia Tanks are unrelated, and must represent

independent magma batches. An intermediate magma type identified in Tiva Canyon



was found not to be the result of mixing between the lower silica and high-silica rhyolites
of Tiva Canyon; however, a similar intermediate magma type of Ammonia Tanks can be
explained as the result of mixing between more evolved portions of the lower silica
magma and the coevally erupted high-silica rhyolite. Rainier Mesa is unique among
these ash-flow sheets in that three high-silica rhyolite magmas (HSR-1, HSR-2, and
HSR-3) can be identified based on trace element geochemistry (in particular Th/Nb, and
La). PVA results show that the HSR-1 magma type is unrelated to the coevally erupted
lower silica magma and the other two high-silica rhyolites. However, HSR-2 and HSR-3
are related and may be considered as one magma type.

End members determined by PVA for each of the high-silica rhyolite magmas of
Rainier Mesa overlap in cqmposition, which may be interpreted as the result of mixing.
Indeed, sanidine and melt inclusion, and glass matrix trace-element compositions support
mixing among these high-silica magmas and also with a less evolved magma type.
However, mixing is limited, such that standard geochemical modeling fails. PVA is more
sensitive than typical major and trace element least squares linear regression models in

recognizing mixing systems.
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CHAPTER 1

INTRODUCTION

Chemically and mineralogically zoned ash-flow sheets have been used to infer the
existence of a compositionally zoned preeruptive magma body. Major- and trace-element
variations within these ash-flow sheets have been attributed by earlier researchers as in
situ differentiation processes within the magma chamber prior to eruption, where high-
silica magma has formed by crystal fractionation processes from lower silica magma.
However, recent studies have shown that compositionally zoned ash-flow sheets can
result from open system processes where chemical variations are due to emplacement of
different magma batches into the magma chamber prior to eruption. The Timber
Mountain/Oasis Valley magmatic group of the southwest Nevada volcanic field
(SWNYVF) is a well-studied example where such processes have been inferred.

The southwest Nevada volcanic field (SWNVF) contains four large ash-flow
sheets, the Topopah Spring (TS), Tiva Canyon (TC), Rainier Mesa (RM), and Ammonia
Tanks (AT) tuffs that are some of the best studied series of ash-flow sheets in the world
(Figure 1) (Lipman et al., 1966; Christiansen et al., 1977; Byers et al., 1989; Flood et al.,
1989a; Flood et al., 1989b; Schuraytz et al., 1989; Warren et al., 1989; Farmer et al.,
1991; Cambray et al., 1995; Vogel and Aines, 1996; Mills et al., 1997; Bindeman and
Valley, 2003). These ash-flow sheets are interpreted as being compositionally zoned due
to the emplacement of discrete, independently generated magma batches into a high-level

magma chamber below Timber Mountain prior to eruption (Cambray et al., 1995; Mills
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Figure 1. Location of the southwest Nevada volcanic field, Nevada, showing aerial extents of the

Topopah Spring (TS), Tiva Canyon (TC), Rainier Mesa (RM) and Ammonia Tanks (AT) tuffs.
(modified from Huysken et al, 2001).



etal,, 1997). Each of the four ash flows have a lower, volumetrically dominant rhyolitic
portion containing high-silica rhyolite pumice fragments, and a smaller volume, less
evolved upper portion containing high-silica rhyolite and more mafic pumice fragments
that represent the entire compositional range of the ash flow. These lower and upper
portions of each ash flow have distinct Sr- and Nd- isotopic compositions (Farmer et al.,
1991). Furthermore, 5'®0 compositions show that the lower and upper portions of each
ash-flow sheet cannot be related to one another by fractional crystallization, nor can the
compositions from one ash-flow sheet be related to another ash-flow sheet by fractional
crystallization (Bindeman and Valley, 2003).

The origin of silicic magmas in chemically zoned magma systems has long been
an enigma; trace element studies and isotope analyses have been used to constrain the
origin of silicic magmas and to infer the existence of compositionally zoned pre-eruptive
magma bodies (Farmer et al., 1989; Cambray et al., 1995; Mills et al., 1997; Bindeman
and Valley, 2003). However, in systems that have diverse silicic magma batches, the
question still arises ‘what is the relationship of these silicic magmas among the ash-flow
sheets, and/or the relationship between the silicic magmas and the coeval mafic magmas
within each ash-flow sheet?’. In this study, two types of analyses are used to answer
these questions: 1) Polytopic Vector Analysis (PVA), a multivariate statistical method of
determining end member compositions in a sample dataset, and 2) trace element

compositions of melt inclusions and sanidine phenocrysts.



Polytopic Vector Analysis

Polytopic Vector Analysis (PVA) is explicitly designed to analyze samples that
are mixtures; basically, each sample in a dataset is described in terms of some proportion
of each end member generated by the program. Therefore, three parameters are needed
to define a mixing system: 1) the number of end members, 2) the composition of each
end member, and 3) the relative proportion of each end member in each sample within
the dataset. Given knowledge of 1) and 2) the mixing proportions can be derived using
many procedures. PVA is designed to estimate all three parameters from ambient data
(e.g. chemical analyses of rock samples). The only assumptions are that every end
member be present in low proportions in at least one sample and that the proportions of
each end member within each sample sums to a constant (such as 1.00).

All mixing systems require plotting the data onto a geometric figure termed a
simplex. A simplex may occur as a line with end members defined at the two ends (two
‘end member, like the plagioclase series), an equilateral triangle (3 end members), a
symmetric tetrahedron (4 end members) or a higher dimensional equivalent. For instance
a five end member system requires a four dimensional simplex. Unfortunately the term
“simplex” has been used as a label for the Simplex Method of Linear programming. To
avoid confusion, the PVA procedure was named Polytopic Vector Analysis. All
simplexes are polytopes but not all polytopes are simplexes; only “equilateral” polytopes
are simplexes.

PVA was developed by and for geologists, and has evolved over a period of about
40 years; the procedure is now used in many other fields. The initial impetus came from

John Imbrie who at the time was interested in grain size distributions and



micropaleontological data sets (Imbrie, 1963; Imbrie and Kipp, 1971). Imbrie, and his
graduate student Ed Klovan, coded up a version of “Qmode” factor analysis where the
data is placed in a covariance matrix that defines relationships between samples. This
program was ultimately named “CABFAC” (Klovan, 1968; Klovan and Imbrie, 1971) and
is now widely used to analyze faunal assemblages associated with climate analysis.

The next major development was made at the suggestion of Al Miesch, an
igneous petrologist / geochemist at the USGS. Miesch and Klovan converted CABFAC
into EXTENDED QMODEL and added the QMODEL procedure (Miesch, 1976a;
Miesch, 1976b; Klovan and Miesch, 1976). Miesch wanted an analytical tool to test
hypotheses. His concept was that petrologists had developed models of end member
systems for a variety of igneous rock types and that a better way to evaluate sample data
must exist in order to determine whether one or another model was feasible. Most
petrologic data sets contain many more variables than the number of expected end
members. If the variables (or analytes) were truly independent, then the data must be
plotted using one reference axis for each analyte, in which case the data would plot as a
multi-dimensional hypersphere. However, there are many correlations that exist between
analytes such that fewer than k dimensions (where “k” is the number of variables) are
necessary to enclose the data. Miesch and Klovan developed a superior way to determine
the number of dimensions necessary for each variable: the now widely used “Coefficients
of Determination” table. Once the dimensionality of the data is known, then the number
of end members required is simple: one more than the true dimensionality. So, if this
analysis determined that the system required 5 end members, for instance, and theory

predicted three end members, then the theoretical system was incapable of defining the



variability among samples. QMODEL permits the analyst to input compositions of
theoretical end members to define a simplex, and if all sample data fits within the
simplex, then the imposed end member system is feasible. If some samples fall outside
the simplex, negative mixing proportions occur and either the model end members are
incorrect, or there are problems with data accuracy.

Finally, in 1982 the version that has evolved into the present version of PVA was
developed in the context of a particular problem. The research group under Robert
Ehrlich had developed a way to quantify grain shape, and it soon became clear that grain
shape frequency distributions were polymodal: the sand samples were mixtures of grains
of various provenance or transport history. With the help of Klovan, PVA was
developed; the principle developer was William Full (Full, et al., 1981, 1982; Ehrlich
and Full, 1987). Full’s hyper-dimensional insight resulted in the creation of the DENEG
procedure (Full, et al., 1981); when a simplex based on extreme samples in the dataset
proved to be insufficient or was mis-oriented, the DENEG procedure allowed an iterative
systematic enlargement and rotation of the simplex such that, at convergence, a simplex
is defined where the compositions of each end member (located at the vertices) had non-
negétive components and all of the samples could contain non negative mixing
proportions. At this stage the procedure was named EXTENDED QMODEL, which was
then refined over the next 20 years, and the procedure was renamed PVA. The evolution
in PVA continued with major improvements by Glenn Johnson, including the idea of the
CD plot as well as the art and practice of PVA implementation with different data set

(Johnson, 1997; Johnson, et al., 2000; Johnson, et al., 2002).



The VSPACE Module

PVA consists of 2 modules; the first module (VSPACE) is a variant of Q mode
factor analysis that decomposes the covariance matrix into eigenvectors. Eigenvectors
represent a rotation of the reference axes that were previously defined by the analytes.
As with the original axes, the eigenvectors are mutually orthogonal. The orientation of
each eigenvector is controlled by the orientation of the cloud of multivariate variance.
By design, the first eigenvector is oriented in the direction of highest variance; the second
is oriented in the direction of the highest variance residual to the first, and so on. The
amount of variance each eigenvector absorbs is measured by the eigenvalue associated
with each eigenvector. Because eigenvectors represent progressively less variance, a
common assumption is that at some level variance is so low that it mostly consists of
random noise, so that if the higher numbered eigenvectors are disregarded, only noise
rather than information is lost. This is the equivalent of projecting the data from the
original number of dimensions defined by the number of analytes to a lower dimension
defined by the reduced set of eigenvectors.

A chronic problem has been to decide how many eigenvectors to discard.
VSPACE utilizes criteria first described by Klovan and Miesch (1976) and later,
extended by Johnson et al. (2002). In general these criteria are based on the agreement,
variable by variable, between the values in the original data and the values of each
variable obtained by back calculation using progressively fewer retained eigenvectors. If,
for instance, all of the variables are well approximated by two eigenvectors, then all of

the relationships between samples can be displayed on a two dimensional graph. As



discussed above, the number of end members is one higher than the number of necessary
dimensions.

Often it is unclear whether there are k or (k+1) dimensions; commonly both
solutions are run. The difference between the two solutions often hangs on the
“importance” of the agreement between raw data and the back-calculated values for one

or two variables.

The PVA Module

The second module is PVA proper. The task of the PVA module is to fit a
simplex that encloses the data cloud once the number of end members is determined in
the first module, VSPACE. Two criteria are needed to run PVA: 1) an initial guess for
the initial simplex and 2) the DENEG procedure (Full et al.,1982).

PVA is an iterative procedure; that is, it starts with an initial simplex and then
enlarges and reorients it so as to leave no samples outside the final simplex such that all
of the vertices (end member compositions) have elements in the negative orthant. There
are several ways to define the location of the initial simplex; the preferred procedure is to
choose the most mutually distant samples. The EXRAWC procedure attempts this by
initializing on the k samples (where k is the number of end members), each having
maximum varimax loadings on an eigenvector; next, a simplex defined by those points is
constructed, and then tested, to determine whether any sample is located outside of the
simplex (e.g. has negative mixing proportions). The Achilles heel of this option is its’

sensitivity to outliers that actually represent data analytical error or entry errors.



However, proper use of information from VSPACE can largely mitigate this problem;
hence, this is the default option in PVA.

It is a simple matter to determine which samples fall outside the polytope, as well
as determine the composition of any vertex (the candidate end member); the DENEG
procedure is an iterative procedure aimed at defining a simplex that encloses all samples
and determines the compositions of the vertices. The procedure is designed to operate
incrementally by moving any “side” of the simplex outwards a given distance (the DNEG
value) parallel to itself or until the DENEG distance contains no samples; at this point,
the procedure signals convergence. Thus, each iteration has two parts: 1) the movement
of the simplex edges outwards, thus defining new vertices, and 2) changing any negative
elements in the end member compositions to zero, thus rotating the simplex.

Sometimes PVA does not converge, or it converges so slowly that the number of
iterations is very large. If so, this can be ameliorated by either changing the DENEG
value or accepting an iteration that has low negative values in either mixing proportions
or end member compositions. Sometimes a lack of convergence reflects the fact that the
data cloud is hyper-spherical and thus unmixing is not applicable.

PVA was used to evaluate the relationship of the co-erupted magmas within each
of the major ash-flow sheets of SWNVF. Pumice fragment geochemistry and melt
inclusion compositions were analyzed by PV A; furthermore, the end members
recognized by PVA were used to identify disequilibrium compositions in sanidine

phenocrysts.



Statement of the Problem

As stated earlier, the low silica and high silica magmas of each ash flow represent
independently generated magmas; this hypothesis, as well as the question of the
relationship between the high-silica rhyolites among the ash flows, will be tested by
PVA. Furthermore, previous workers had identified the presence of more than one high-
silica rhyolite magma represented by the pumice fragments within the Rainier Mesa tuff;
these high-silica rhyolite magmas are distinguished from one another by their trace
element compositions (Figure 2). PVA will be used to address the relationship of these
coevally erupted magma batches of Rainer Mesa. In addition, sanidine and trace element
compositions of melt inclusions were obtained in order to further evaluate the
relationship among the magmas involved in the generation of these large ash-flow sheets.

Trace elements are sensitive indicators to changes in magma composition, and can
record open system processes (magma mixing, assimilation), crystal fractionation, the
degree of partial melting and the composition of an assimilant added during magmatic
evolution. Melt inclusion compositions have provided a highly useful avenue to study
magma evolution (see Taylor et al., 1997; Halter, et al., 2002), because these inclusions
can record the change in melt composition during crystallization. These melt inclusions
represent the melt from which the host phenocryst grew, and the melt inclusion
compositions may record changes in melt composition due to crystal fractionation,
magma mixing or assimilation (Roedder and Weibblen, 1970; Urusov and Dudnikova,
1998; Frezzotti, 2001). Not all melt inclusions are accurate representatives of the melt
composition at the time of entrapment; recognition of melt inclusion compositions altered

by post-entrapment re-equilibration is important (Qin et al., 1992; Lu et al., 1995; Nielsen
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Figure 2 A). Th/Nb versus La plot showing division of Rainier Mesa high-silica rhyolite pumice
fragments into three groups (HSR-1, HSR-2, and HSR-3). B). Cumulative frequency plot
shown as a normal probability diagram for Rainier Mesa pumice fragments.
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etal., 1998). Melt inclusions can have regular shaped walls defining a negative-crystal
shape that may indicate post-entrapment crystallization. In this study, only those
inclusions with rounded shapes were selected for analysis in order to eliminate melt
inclusions with post-entrapped altered compositions. Furthermore, the compositions of
sanidine-bearing melt inclusions were compared with quartz-bearing and plagioclase-
bearing melt inclusions in order to identify which melt inclusions may be altered due to
interaction with the host phenocryst. Bacon (1989) suggested that the melt trapped
during crystallization of the host phase is not representative of the bulk melt due to the
formation of a ‘boundary layer’ adjacent to the growing host crystal that is enriched in
those elements that diffuse slowly through the melt. However, several researchers report
that this boundary layer effect is negligible or absent on melt inclusions of > 25 um in
size (Anderson, 1974; Lu et al., 1995; Thomas et al., 2001; Fedele et al., 2003). The melt
inclusions chosen in this study all have diameters of > 35 um.

In addition to trace element compositions in the melt, trace element compositions
within the solid phases are also useful in modeling changes in magma evolution. Trace
element compositions of plagioclase phenocrysts have been used as evidence of open
system processes within a magma chamber such as assimilation and magma mixing
Singer et al., 1995; Ginibre et al., 2002; plagioclase phenocrysts can record changes in
magma compositions during crystal growth due to the low diffusivities within plagioclase

attributed to the Al-Si bond (Grove et al., 1981).

Geologic Setting
The Timber Mountain/QOasis Valley magmatic complex (Figure 1) formed

between 13 Ma and 9.5 Ma in the Southern Great Basin, and is part of the 37 Ma to 5 Ma
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volcanic activity of the Basin and Range, which has been related to subduction of the
Farallon Plate and subsequent regional extension of continental crust (Eaton, 1984;
Lipman et al., 1972). Numerous calderas and associated magmatic deposits are
collectively called the Southwest Nevada Volcanic Field (SWNVF); the Timber
Mountain/Oasis Valley caldera is one of the more recent major calderas within the
SWNVF (Christiansen et al., 1977; Byers et al., 1989). The Oasis Valley caldera formed
as a result of the eruption of the Paintbrush Group, of which the Topopah Spring (12.8
Ma, 1200 km?®) and the Tiva Canyon (12.7 Ma, ~900 km®) members are associated.
Eruption of the Rainier Mesa tuff (11.6 Ma, 1200 km®) and Ammonia Tanks tuff (11.45
Ma, 900 km®) formed the Timber Mountain caldera. Each ash-flow sheet contains high-
silica rhyolite pumice fragments (HSR), and a lower silica (LS) pumice fragment
composition (Figure 3). In addition, Tiva Canyon and Ammonia Tanks contain an
intermediate (INT), rhyolitic pumice fragment population. Rainier Mesa is unique
among these ash-flows in that three high-silica rhyolite pumice fragment compositions

can be identified based on Th/Nb and La (HSR-1, HSR-2, and HSR-3).

Geochemistry

New pumice fragment geochemistry of Rainier Mesa samples have been added to
the existing database and are reported in Appendix 1. Large compositional ranges were
reported for the pumice fragments within the Ammonia Tanks (59-78 wt% SiO) and
Rainier Mesa (57-80 wt% SiO,) tuffs of the Timber Mountain group (Mills et al., 1997)
(Figure 3). The lower silica pumice fragments range from 59.4-66.9 and 56.8-72.1 wt%

SiO; for the Ammonia Tanks (AT-LS) and Rainier Mesa (RM-LS) tuffs, respectively.
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Figure 3. Total alkali diagram of pumice fragment compositions of the major ash-flow sheets of
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rhyolite.
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The high-silica rhyolite (HSR) pumice fragments within the Ammonia Tanks (AT-HSR)
tuff have >75.8 wt% SiO,. There is also an intermediate pumice fragment group (AT-
INT) of 68.9-73.8 wt% SiO,. Within Rainier Mesa, three separate high-silica rhyolite
compositional groups are defined, based on trace element (Th, Nb, and La)
concentrations (Figure 2A): a high Th/Nb, high La group (RM-HSR-3), a high Th/Nb,
low La group (RM-HSR-2), and finally the low Th/Nb group (RM-HSR-1). Pumice
fragment compositions in cumulative frequency plots shown as normal probability
diagrams confirms the existence of the separate RM-HSR-1, RM-HSR-2, and RM-HSR-3
compositions within the Rainier Mesa ash-flow (Figure 2B).

The range of compositional zoning is not as large for the Topopah Springs and
Tiva Canyon tuffs (Figure 3); the Topopah Spring tuff contains pumice fragments that
range in composition from 69-79 wt% SiO, (Flood et al., 1989a; Schuraytz et al., 1989),
and the Tiva Canyon tuff contains pumice fragments that range in composition from
65.9-77.4 wt% SiO,, (Flood et al., 1989a). The low silica pumice fragment compositions
range from 69.0-73 wt% SiO, for Topopah Springs (TS-LS) and 65.9-68 wt% SiO, for
Tiva Canyon (TC-LS). The high-silica rhyolite pumice fragments within the Topopah
Springs (TS-HSR) and Tiva Canyon (TS-HSR) have >75.9 wt% SiO, and >74.1 wt%
Si0;, respectively. Within the Tiva Canyon tuff, there is also a pumice fragment group

(TC-INT) with intermediate silica compositions between 71.0-72.6 wt% SiO,.

Mineralogy
The pumice fragments from these ash flows are nearly aphyric, with sanidine,

albite plagioclase and quartz dominating the RM and AT phenocryst assemblages within

17



the high-silica rhyolite samples (Mills et al. 1997), and sanidine and albite plagioclase
(no quartz) dominating the TS and TC phenocryst assemblages within the high-silica
rhyolite samples (Flood et al., 1989a). High-silica rhyolite pumice fragments from TS,
TC and AT have allanite, chevkinite and perrierite as the LREE-bearing accessory
phases, however within the RM high-silica pumice fragments, monazite represents the
major LREE-bearing accessory phase (Warren, et al., 1989; Mills et al., 1997). Sphene is
also present in AT and TC high-silica rhyolite pumice fragments; it has been noted by
others that there is an antipathetic relationship between monazite and both allanite and
sphene (Lyakhovich, 1967; Mackie, 1928; McAdams, 1936; Rapp and Watson, 1986). A
more comprehensive report of mineralogy for each of these ash flows can be found in the
above cited publications on SWNVF. New analyses of sanidine and plagioclase

phenocrysts from pumice fragments of all four ash-flow sheets are listed in Appendix 2.

Isotopic Studies

The earliest isotopic studies of SWNVF ash flows were on 37S1/*Sr; variations
using whole rock and feldspar separates (Noble and Hedge, 1969); these authors reported
more radiogenic (higher ¥'St/*Sr; ) values for the lower portion (more silicic) versus the
upper portion (more mafic) of each ash-flow sheet. Nd and Sr isotopic variations for
these ash-flow sheets are reported by Farmer et al. (1991); these authors report lower
initial eng values and higher ®’Sr/*®Sr; for the lower portions of these ash flows as
compared to the upper, less evolved portions. Oxygen isotope data was reported by
Farmer et al. (1991) and more recently by Bindeman and Valley (2003). Bindeman and

Valley (2003) interpret their data to indicate that the lower silica and high-silica rhyolite
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magmas involved in the formation of each ash flow are not related by fractional
crystallization and assimilation within a single magma chamber, and that these magmas
most likely represent independent magma batches. Furthermore, Bindeman and Valley
(2003) report that the low silica magmas involved in the generation of each ash flow
cannot be related by fractional crystallization, and that the high-silica rhyolite magmas of
each ash flow likewise cannot be related by fractional crystallization.

Over time, both the low silica and the high-silica rhyolite magmas of the Topopah
Spring, Tiva Canyon, and Ammonia Tanks tuffs show a decrease in 8'%0, which is
consistent with these magmas representing an increase in the contribution of mantle-
derived melts; however, Rainier Mesa magmas (both low silica and high silica) have an
elevated 8'%0 isotopic signature. Bindeman and Valley (2003) proposed that the Rainier
Mesa magmas were derived from an '®0-enriched crustal source; this source region
dominates the isotopic signature of the Rainier Mesa magmas, thereby obscuring the
isotopic contribution from mantle-derived melts.

Radiogenic isotopic analyses also provide a stratigraphic framework for these ash
flow sheets. Sawyer et al. (1994) reported “°Ar/*°Ar isotopic ages to constrain the timing
of eruptive events of the SWNVF. More recently, Huysken et al. (2001) reported
©Ar/*Ar isotopic ages for the Post-Grouse Canyon tephra (oldest age at 13.52 + 0.06
Ma) and the Pre-Rainier Mesa tephra sequences (between 12.79 and 11.84 Ma) that place
age constraints on the overlying Topopah Springs and Rainier Mesa tuffs, respectively.
Of particular interest is the reported geochemistry of the Pre-Rainier Mesa tephra, which
has a lower portion (12.79 + 0.10 Ma) that is geochemically the equivalent of a mixture

between Tiva Canyon low silica magma (TC-LS) and Rainier Mesa HSR-1, and an upper
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portion of the tephra sequence (11.84 + 0.18 Ma) with a geochemistry similar to Rainer
Mesa HSR-1, indicating that the 11.6 Ma Rainier Mesa magmas were rapidly generated

(within 100,000 years) after eruption of the 12.7 Ma Tiva Canyon magmas.

Sampling and Analytical Techniques

Most of the pumice fragments were collected by previous workers (Flood et al.,
1989a; Flood et al., 1989b; Schuraytz, et al., 1989; Mills et al., 1991; Bindeman and
Valley, 2003), and they report bulk pumice and mineral analyses. Melt inclusion and
matrix glass compositions were reported by Vogel and Aines (1996). Additional Rainier
Mesa pumice fragments were collected for this study. For new bulk chemistry analyses
of these additional samples, the pumice fragments were leached in a glacial acetic
acid/sodium acetate solution to remove secondary carbonate precipitation, and then
ground by hand using a ceramic mortar and pestle into a fine powder for fusing into glass
disks for analysis. Major and minor elements of pumice fragments were measured using
a Rigaku S-Max X-ray fluorescence spectrophotometer (XRF) at Michigan State
University. New trace element data was collected by a laser ablation-inductively coupled
mass spectrometer (LA-ICPMS) at Michigan State University (Cetac LSX 200+ and
Micromass Platform ICP-MS). Earlier reported trace element compositions of pumice
fragments were collected by XRF (Rb, Sr, Y, Zr, Nb, La, Ba) and instrumental neutron
activation analysis (INAA) at Michigan State University (see above references). All
major element data have been normalized to 100% anhydrous conditions.

For melt inclusion and phenocryst studies, phenocrysts were liberated from lightly

crushed portions of pumice fragments and placed in immersion oil for microscopic
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examination to select melt inclusion-bearing grains. Only phenocrysts with melt
inclusions >35 um were isolated and later mounted in resin on a microscope slide for
analysis. After the resin hardened, the grains were exposed by hand grinding using
abrasive paper, and later polished using diamond paste on a grinding wheel. Major and
minor element analyses for melt inclusions and host sanidine and plagioclase were
obtained using a Cameca SX-100 electron microprobe at University of Michigan.
Microprobe operating conditions wer<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>