ABSTRACT

MOHR, MICHAEL T. Crystal-poor and Crystal-rich Ash-flow Tuffs in the Goldfield-
Superstition Volcanic Province, Central Arizona: Evidence for a Compositionally
Zoned Magma Reservoir Formed by Crystal-Liquid Segregation. (Under the
direction of Dr. Ronald V. Fodor).

The Goldfield-Superstition volcanic province (G-SVP) is a large igneous
province on the northern margin of the southern Basin and Range. It is composed
largely of silicic pyroclastic tuffs and lavas, and smaller volumes of andesite and
basalt, emplaced ~20.5 to 16 Ma. During this time, two major pyroclastic units
erupted: the ~19 to 18.7 Ma crystal-poor (~3-11 vol.%) Tule Canyon tuff (and lavas),
and the ~18.6 Ma crystal-rich (~30-47 vol.%) Apache Leap tuff. Modal minerals in
these tuffs are plagioclase (~An2o-45), sanidine (~Or1s-50; Orso-70), quartz, amphibole
(~Mg# 64-67; 72-75), biotite (~Mg# 59-63), Fe-Ti oxides, and accessory titanite,
perrierite, and zircon. Crystal-poor tuffs have SiO2~72.4-77.8 wt.%, Al203~11.4-
13.7 wt.%, and TiO2~0.1-0.2 wt.%. Crystal-rich tuffs have SiO2~70.5-72.1 wt.%,
Al203~14.5 wt.%, and TiO2~0.4-0.5 wt.%. Each type is rhyolitic. Crystal-poor
rhyolites have higher abundances of high field strength elements than crystal-rich
rhyolites (e.g., Zr ~100 vs. ~40 ppm), but lower Fe203, Ba, and rare earth elements
(e.g., Fe203 ~1.2 vs. 2.7 wt.%, Ba ~200 vs. 1200 ppm, La ~30 vs. 50 ppm).

Among crystal-poor rhyolites, small whole-rock compositional variations are
due to mineral abundance variations. For example, adding 5% plagioclase (~Anas7),
and 1% each amphibole and biotite to a high-SiO2 tuff (SiO2 ~77 wt.%, Al203 ~12
wt.%) decreases SiO2to ~75 wt.% and increases Al203to ~13 wt.%.

Crystal-rich rhyolites also have varying modal percentages (~30-47%), but
their whole-rock compositions overlap. To understand this discrepancy, rock
compositions were calculated by using the percentages and compositions of their
modal minerals and glass matrices. The results resemble actual compositions of the
crystal-rich tuffs, suggesting that their modal differences do not affect their whole-
rock compositions. Phenocryst mineral types in the crystal-rich tuffs are generally in
the same proportions from one sample to another, and therefore post-eruption

compaction likely caused the varying percentages of modal minerals.



Despite compositional differences, the crystal-poor and crystal-rich tuffs are
related petrologically. Mass balancing calculations that remove mineral
assemblages from crystal-rich rhyolites in percentages close to observed
percentages (e.g., 14.6-19.5% plagioclase, 0.2-10.3% sanidine, 2.5-8.2%
amphibole, 0-5% biotite, 0.2-0.7% Fe-Ti oxides, and 0.2-0.7% titanite) produce
residual compositions resembling the crystal-poor rhyolites. These calculations
show that the crystal-poor and crystal-rich rhyolites differ by a composition
equivalent to ~30% crystals in modal proportions similar to those observed in the
crystal-rich rhyolites. Thus, compositional differences between crystal-poor and
crystal-rich rhyolites are largely due to the crystal cargo in crystal-rich tuffs.

Because trace element abundances for matrix glass in crystal-rich tuffs are
unavailable to compare with trace element abundances for crystal-poor tuffs,
modeling was done. Bulk partitioning coefficients weighted for mineral proportions in
crystal-rich tuffs show that trace element abundances in matrix glass are either
enriched or depleted relative to whole rocks and resemble the trace element relative
abundances for crystal-poor tuffs. That is, crystal-poor rhyolite compositions are
similar to the matrix glass in the crystal-rich rhyolites.

Whole-rock compositions and calculation models are consistent with a zoned
magma reservoir erupting both crystal-poor and -rich rhyolites. They began as one
magma that crystallized along reservoir margins. In this solidification zone,
crystallization of plagioclase (Anzo-4s5), sanidine (Oreso-70), and mafic and accessory
minerals compositionally evolved the original liquid. With continued crystallization,
the evolving liquid migrated upward from the solidification zone to concentrate in an
upper liquid zone. This upper zone, being more compositionally evolved than the
original reservoir liquid, crystallized anorthoclase (Or1s-33), Na-rich sanidine (Ors3-50)
and amphibole, but remained crystal-poor. During eruption ~19 to 18.7 Ma, the
upper zone formed the crystal-poor Tule Canyon tuff. In response to roof collapse
~0.1 Ma later, some of the remaining solidification zone erupted as the crystal-rich

Apache Leap tuff.
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INTRODUCTION

The Goldfield-Superstition Volcanic Province (G-SVP) in central Arizona is
located ~60 km east of Phoenix and is situated at the transition between the
northern margin of the southern Basin and Range and the Colorado Plateau (Figure
1). The G-SVP spans ~8,000 km?, and is composed of silicic ignimbrites, and silicic,
andesitic, and basaltic lavas which erupted in the Miocene (Sheridan et al., 1970;
Mclintosh and Ferguson, 1998, Ferguson and Trapp, 2001). Due to its large area of
silicic volcanic rocks, the G-SVP qualifies as a silicic large igneous province (SLIP)
(Bryan and Ferrari, 2013). However, the G-SVP has been the subject of only a few
detailed petrologic studies (Sheridan et al., 1970; Stuckless and O’Neil, 1973; Fodor
and Vetter, 2011).

Detailed mapping of the G-SVP (e.g., Skotnicki and Ferguson, 1995) and
sanidine Ar*%/Ar3® geochronology of G-SVP rocks was completed by the Arizona
Geological Survey (Mclntosh and Ferguson, 1998). Their results show that two
particular ash-flow tuff units constitute a large volume of the volcanic material in the
field: the ~200 km3, crystal-poor (<10 vol.% crystals) Tule Canyon tuff (and
associated lavas), which erupted from 19.0 to 18.7 Ma (hereafter referred to as ~19
Ma), and the ~800 km?3, crystal-rich (~25 to 55 vol.% crystals) Apache Leap tuff,
which erupted, ~18.6 Ma (Ferguson and Trapp, 2001). These volumes for the Tule
Canyon and Apache Leap tuffs are comparable to those of many well-known ash-
flow tuff units in the Basin and Range and Colorado Plateau (Figure 2). However,
little is known of the mineralogical and geochemical characteristics and the
petrologic relationships between the crystal-poor Tule Canyon tuff and crystal-rich
tuff Apache Leap tuff.

Coexisting crystal-poor and crystal-rich tuffs occur in many Basin and Range
and Colorado Plateau volcanic fields (e.g., Fish Canyon tuff, Ammonia Tanks tuff,
Peach Spring tuff, Bishop tuff). Recent work in these volcanic fields has shown that
processes for crystal-liquid segregation in magma reservoirs play a primary role in

creating the compositional and textural differences between these kinds of tuffs.



However, a few petrologic studies argue that crystal-poor tuffs cannot all be created
by crystal-liquid segregation (Streck and Grunder, 2008; Streck, 2014). Instead,
these studies propose that crystal-poor rhyolites in volcanic fields containing basalt
and rhyolite are produced by partial melting of mafic parent rocks followed by small
and varying amounts of fractional crystallization and assimilation. These two
opposing views show that the origins of, and relationships between, crystal-poor and
crystal-rich tuffs are not fully understood. Thus, further investigations of these
different types of coexisting rocks are required to better understand their petrologic
connection.

The G-SVP provides another opportunity to examine the relationships
between crystal-poor and crystal-rich tuffs. In this study, | use petrography, whole-
rock major and trace element compositions, and mineral compositions for 20
samples from the Tule Canyon and Apache Leap tuffs and apply their compositions
to established models for silicic magma chamber processes (e.g., Hildreth, 1981;
Bacon and Druit, 1988; Bachmann et al., 2002; Bindeman and Valley, 2003;
Hildreth, 2007). Specifically, | explore whether the crystal-poor Tule Canyon and
crystal-rich Apache Leap tuffs could have erupted from the same parent magma
chamber and how magmatic processes could have created the compositional and

textural differences between these units.
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Figure 1. Google Earth image of the southwestern United States outlining in black the location of Arizona in the Basin and Range
and Colorado Plateau physiographic provinces. Overlying regional physiographic map of Arizona (modified from www.azwater.gov)
outlines the general extent of the Goldfield-Superstition volcanic province within the black box.
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Figure 2. Erupted volume estimates of select ash-flow tuff units in the western United States. The volume estimates of the Tule
Canyon and Apache Leap tuffs of this study are compared to those of the 1980 eruption of Mount St. Helens (Lipman and
Mullineaux, 1982), the Bishop tuff in western California (Hildreth, 2004), the Ammonia Tanks tuff in southwestern Nevada (Deering et
al., 2011), the Yellowstone Huckleberry Ridge tuff in Idaho, Wyoming, Montana (Christiansen and Blank, 1972), and the Fish Canyon

tuff in central Colorado (Bachmann et al., 2002).



BACKGROUND GEOLOGY AND SAMPLING

The G-SVP is one of many volcanic fields in the western U.S. that erupted in
the Tertiary (e.g., Southwest Nevada volcanic field, Southern Rocky Mountain
volcanic field). This regional volcanism is attributed to subduction of the Farallon
plate beneath the western margin of the North American plate ~70-45 Ma (Coney
and Reynolds, 1978). Subduction was followed by slab-rollback at ~35 Ma causing
extensional thinning of the crust and lithosphere that induced partial melting of the
subcontinental lithosphere (Ferrari, 2002). Volcanism in central Arizona, as an
outcome of Farallon plate slab-rollback, began in the early Miocene (Mclntosh and
Ferguson, 1998). This volcanism created the G-SVP and is thought to be the
northern-most expression of the larger, late Oligocene Sierra Madre Occidental
silicic large igneous province in northern Mexico (Kilbey, 1986; Bryan and Ferrari,
2013).

Geologic mapping of the G-SVP began as M.S. theses by Arizona State
University students working under Professor M.F. Sheridan from ~1967 to 1988
(e.g., Sheridan et al., 1970). Some of these works included studying tuffs and lavas
with whole-rock analyses. In the 1990’s, the Arizona Geological Survey began a
detailed mapping program and established volcanic stratigraphy based on fieldwork
and “°Ar/*°Ar geochronology of sanidines in lavas and tuffs (Mclntosh and Ferguson,
1998).

The earliest volcanism in the G-SVP began as rhyolite domes (~20.5 Ma) in
Bulldog Canyon of the Goldfield Mountains (Figure 3). Basaltic and andesitic lavas
erupted sometime after, during the period bracketed by the earliest overlying silicic
pyroclastic rocks dated at ~19 Ma (Mclntosh and Ferguson, 1998). These ash-flow
tuffs are part of the crystal-poor Tule Canyon formation and are a focus of this study.
A following major pyroclastic eruption occurred ~18.6 Ma that emplaced the crystal-
rich Apache Leap tuff, the second tuff unit that is a focus of this study. Pyroclastic
volcanism continued until ~17 Ma, and G-SVP volcanism ceased at about 16 Ma
with relatively low-volume basanite lavas (Mclntosh and Ferguson 1998; Fodor and
Vetter, 2011).



Petrologic studies of the G-SVP rocks began in the 1970’s (Stuckless and
O’Niel, 1973), but there are relatively few since (e.g., Fodor and Vetter, 2011).
Among the different rock types in the G-SVP, the basalts and rhyolite domes have
the most complete compositional records (Dombroski, 2010; Fodor and Vetter,
2011). However, some whole-rock major element and Sr and O isotope
compositions are available for the ash-flow tuffs (Stuckless and O’Niel, 1973).

Samples for this study were collected from four locations within the G-SVP,
which | named Bulldog Canyon, Gazebo, Canyon Lake, and Lost Dutchman (Figures
3-7). GPS coordinates for each sample location are presented in Table 1.

Bulldog Canyon samples were collected down a ~160 vertical meter outcrop
in the Goldfield Mountains north of Apache Junction. Eight samples were collected
of the lava and tuff units that Skotnicki and Ferguson (1995) mapped as Trs rhyolite
and Trt lithic tuff. Mclntosh and Ferguson (1998) identified this unit as the Tule
Canyon formation of the Superstition Group and described it as crystal-poor rhyolite
to high-silica rhyolite, and non-welded tuff (Figure 4).

Gazebo samples were collected near a gazebo structure overlooking Canyon
Lake along the Apache Trail, Highway 88. Four samples were collected over ~45
meters elevation from the unit mapped by Ferguson and Gilbert (1999) as Tt rhyolitic
unwelded tuff with interbedded rhyolite lava flows. Ferguson and Trapp (2001)
included these mapped units as part of the Tule Canyon formation (Figure 5).

Canyon Lake samples were collected from the beginning of the LaBarge
Canyon trail south of Canyon Lake. Four samples were collected up section, over
~80 meters elevation, on a ~1 km hike beyond the trailhead. Ferguson and Gilbert
(1999) mapped this unit as Ta, the Apache Leap tuff, and described it as a crystal-
rich moderately welded rhyodacite ash-flow tuff. Before the nomenclature of
Ferguson and Trapp (2011), Stuckless and Sheridan (1971) referred to this unit as
the Superstition tuff (Figure 6).

Lost Dutchman samples were collected about 2 km beyond the trailhead of
the First Water Trail in the Superstition Mountains. Four samples were collected

down section over ~60 meters elevation from the unit mapped by Skotnicki and



Ferguson (1995) as Tsh, the Hieroglyphic Member of the Superstition tuff. The
nomenclature of Ferguson and Trapp (2011) includes this as a section of the

Apache Leap crystal-rich tuff (Figure 7).
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Figure 3. Topographic map of a portion of the Goldfield-Superstition volcanic province highlighting the four sampling locations for
this study: Bulldog Canyon, Gazebo, Canyon Lake, and Lost Dutchman.






Figure 5. Photographs of the Gazebo sampling location. A & B) Ridgohich Gazebo saples ere
collected, C & D) Outcrops of the Tule Canyon tuff that were sampled (rock hammer for scale).
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Figure 6. Photographs of the Canyon Lake sampling location. A) Overlooking the Canyon
Lake marina and the LeBarge Canyon trail, B) lithic inclusion in the Apache Leap tuff at
Canyon Lake, C & D) Outcrops of the Tule Canyon tuff that were sampled (rock hammer for
scale).
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Figure 7. Photographs of the Lost Dutchman sampling location. A) First Water trail approach
to the sampling site, B, C, D) Outcrops of the Tule Canyon tuff that were sampled (rock
hammer for scale).
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Table 1. Latitude and longitude coordinates for 20 samples from the Goldfield-Superstition
volcanic province, central Arizona.

Sample Latitude Longitude Accuracy (meters)
Bulldog Canyon
BD-1 33229'51.0"N 111931'55.1"W 4.9
BD-2 33929'49.9"N 111931'55.9"W 4.6
BD-3 33229'49.5"N 111931'55.9"W 4.0
BD-4 33929'52.3"N 111931'58.4"W 4.3
BD-5 33229'52.3"N 111932'02.3"W 5.2
BD-6 33229'51.8"N 111932'63.8"W 10.7
BD-7 33929'51.2"N 111932'04.2"W 6.1
BD-8 33229'50.5"N 111932'04.7"W 8.5
BD-9 33929'49.0"N 111932'05.3"W 4.9
BD-10 33229'48.2"N 111932'04.6"W 4.9
BD-11 33929'46.6"N 111932'05.2"W 7.3
Gazebo
GZ-1 33232'30.6"N 111927'06.3"W 4.0
GZ-2 33232'29.6"N 111927'04.2"W
GZ-3 33232'29.1"N 111927'05.4"W 5.2
GZ-4 33232'29.2"N 111926'58.6"W 7.0
Canyon Lake
CL-1 33232'00.4"N 111925'14.1"W 4.6
CL-2 33231'50.4"N 111925'07.5"W 7.0
CL-3 33231'41.8"N 111924'55.7"W 3.7
CL-4 33231'44.8"N 111925'02.0"W 6.1
CL-5 33231'40.0"N 111925'09.7"W 3.7
Lost Dutchman
LD-1 33228'06.2"N 111926'02.0"W 6.7
LD-2 33928'06.6"N 111926'00.0"W 5.5
LD-3 33228'07.9"N 111925'57.4"W 5.5
LD-4 33228'09.3"N 111925'55.9"W 8.5
LD-5 33228'08.9"N 111925'55.0"W 19.5
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PETROGRAPHY

Petrography for G-SVP samples is categorized by crystal-poor tuffs (<11
vol.% phenocrysts) and crystal-rich tuffs (~30 to 50 vol.% phenocrysts). Samples
are further arranged by the four sampling localities within the G-SVP and as lava or
ash flow tuff. Modal mineralogy data presented in Table 2 and Figure 8 were
obtained by collecting 2000 point-counts on thin sections of each sample during
petrographic microscopy. Representative photomicrographs are exhibited in Figures
9-11.

Crystal-Poor

Samples BD-1, BD-3, BD-4, BD-5, BD-6, BD-10, BD-11, GZ-1, GZ-2, GZ-3,
and GZ-4 are representative tuffs and lava samples collected from the Tule Canyon

Formation at Bulldog Canyon and Gazebo sample sites.

Bulldog Canyon Tuffs

Samples BD-5, BD-6, BD-10, and BD-11 contain 3 to 7 vol.% phenocrysts of
subhedral alkali feldspar (~0.2 to 3 mm; Figure 10A), moderately to extremely
embayed quartz (~0.2 to 3.5 mm), and oxidation-rimmed subhedral amphibole (~0.2
to 1.5 mm; Figure 10A). Rare Fe-Ti oxides (~0.2 to 0.5) and zircons (~0.2 mm)
occur and are chiefly inclusions in, or in association with, amphibole grains. The
phenocrysts appear in a mildly to moderately devitrified pyroclastic groundmass
containing glass with broken mineral fragments (<0.2 mm) and occasional pumice

(~0.5 to 6 mm). The tuffs of Bulldog Canyon contain no signs of welding.

Bulldog Canyon Lavas

Samples BD-1, BD-3 and BD-4 have ~4 to 10 vol.% phenocrysts of subhedral
alkali feldspar (~0.2 to 5 mm) (Figure 10B), moderately embayed quartz (~0.25 to 2
mm), amphibole (~0.5 to 2 mm), and less abundant Fe-Ti oxides (~0.2 to 0.5 mm),

titanite (~0.5 to 0.75 mm), and zircon (~0.2 mm). Phenocrysts occur commonly as
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glomerocrysts of alkali feldspars and some amphibole grains. Amphiboles appear
highly oxidized displaying a deep red color in plane-polarized light and commonly
have Fe-Ti oxides included or attached. BD-4 is vitrophyric with devitrification halos
surrounding most phenocrysts and all glomerocrysts. BD-3, which is
stratigraphically above BD-4 exhibits higher devitrification and contains apparent
flow-banding in the groundmass. BD-1 is stratigraphically the highest sample unit in

this type section and shows complete devitrification of its groundmass (Figure 10B).

Gazebo Tuffs

Samples GZ-1, GZ-2, and GZ-3 contain 3 to 11 vol.% phenocrysts of primarily
plagioclase (~0.2 to 0.5 mm), zoned alkali feldspar (~0.2 to 2 mm), and quartz (~0.2
to 0.5 mm) (Figure 10C-D). Biotite grains range from ~0.2 to 0.5 mm and are
commonly found with amphiboles and Fe-Ti oxides that are <0.5 mm (Figure 10D).
In sample GZ-1, one amphibole grain was observed in the groundmass, and another
was observed in pumice, both of which are ~1.5 mm long. All Gazebo tuff samples
have abundant pumice that ranges in size from ~0.2 to 5 mm as well as a devitrified

groundmass with abundant broken crystal fragments.

Gazebo Lava

Sample GZ-4 is vitrophyric and contains 3 vol.% phenocrysts of plagioclase,
alkali feldspar, and biotite. Phenoycrysts commonly occur as glomerocrysts that are
< 3 mm and surrounded by devitrification halos (Figure 10E-F). Plagioclase and
alkali feldspar grains range from ~0.2 to 1 mm and biotite and Fe-Ti oxide grains
range are <0.5 mm. One of the small (~0.3 mm) glomerocryst observed is made of

accessory minerals Fe-Ti oxide, perrierite, zircon, and apatite (Figure 10F).
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Crystal-rich

Samples CL-1, CL-2, CL-3, C-5, LD-1, LD-3, and LD-5 are representative
samples from the Apache Leap tuff collected at the Canyon Lake and Lost

Dutchman sampling sites.

Canyon Lake tuffs

Samples CI-1, CL-2, CL-3, and CL-5 contain ~30 to 39 vol.% phenocrysts
primarily of plagioclase, alkali feldspar, quartz, and biotite (Figure 11A). Plagioclase
and alkali feldspar grains are commonly zoned and range from ~0.2 to 3 mm in size
(Figure 11B). Quartz grains are moderately embayed and are typically <3 mm, and
biotite grains range from ~0.2 to 1 mm in length. Small abundances (<0.6 vol.%) of
amphibole, Fe-Ti oxides and titanite are also present and are all <1 mm in size.
Other accessories, such as zircon and perrierite were also observed (Figure 11C).

The ~61 to 70 vol.% of groundmass in Canyon Lake samples contains rare
pumice fragments and some devitrification. Present within the devitrification texture
of the groundmass is an abundance of microcrystalline fragments of sanidine and

plagioclase.

Lost Dutchman Tuffs

Samples LD-1, LD-3, LD-4, LD-5 have ~47 vol.% phenocrysts of plagioclase,
sanidine, quartz, and biotite (Figure 11A). Similar to those in Canyon Lake samples,
plagioclase and alkali feldspar crystals are typically zoned and range from 0.2 to 3
mm in size (Figure 11C). Quartz grains are moderately embayed and typically ~2 to
3 mm in size. The mafic minerals biotite, amphibole, and Fe-Ti oxides all are <1mm
in size and present in abundances ~5.5, 0.5, and 0.7 vol.%, respectively (Figure
11D). Accessory minerals titanite and zircon are present, and commonly in
association with the mafic minerals. One perrierite grain ~0.2 mm long was

observed in sample LD-1 (Figure 11C).
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The ~53 vol.% of groundmass in Lost Dutchman samples shows some
devitrification and broken crystal fragments. The groundmass also shows signs of

welding and compaction around minerals grains.
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Table 2. Modal mineralogy in volume percent for 19 samples from the Goldfield-Superstition volcanic province, central Arizona.

Region: Bulldog Canyon Gazebo Canyon Lake Lost Dutchman
Lavas Tuffs Tuffs Lava Tuffs Tuffs

Sample: BD-1 BD-3 BD-4 BD-5 BD-6 BD-10 BD-11 Gz-1 GzZ-2 GZ-3 GZ-4 CL-1 CL-2 CL-3 CL-5 LD-1 LD-3 LD-4 LD-5
Plagioclase 0.8 2.0 1.2 1.6 143 19.0 145 115 214 212 174 19.3
Alkali Feldspar*® 1.6 6.1 5.0 3.9 3.0 4.4 1.5 7.3 4.4 1.7 0.3 9.7 7.7 8.4 7.8 124 119 121 12.4
Quartz 2.3 3.8 1.6 1.3 1.4 2.6 1.1 2.4 21 0.2 7.0 3.9 4.2 4.0 7.7 71 9.3 8.3

Biotite 0.6 0.6 0.4 0.8 6.4 5.9 3.0 6.8 4.2 5.7 7.4 5.6
Amphibole 0.4 0.3 0.4 0.1 0.4 0.1 0.1 0.2 0.3 0.2 0.6 0.2 0.5 0.4
Oxides 0.3 0.2 0.2 0.1 1.4 0.2 0.6 0.4 0.7 0.8 1.0 1.1

Titanite** 0.1 0.1 0.1 0.1

Zircon** 0.1

Groundmass 958 89.6 93.0 947 952 928 973 88.7 90.6 96.6 97.4 61.0 633 69.1 695 53.1 532 527 528
Phenocrysts 4.2 10.4 7.0 5.4 4.8 7.2 2.8 1.3 9.4 3.4 2.7 39.0 368 309 305 469 468 474 472
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 99.7 99.7 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

~2000 points per sample

*Alkali feldspar includes sanidine and anorthoclase
**Titanite and zircon were observed in trace amounts in all samples
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province, central Arizona. Sample abbreviations are: BD, Bulldog Canyon samples; GZ, Gazebo samples; CL, Canyon Lake

samples; LD, Lost Dutchman samples.
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Figure 9. Representative photomicrographs (both at 16x magnification) of (A) crystal-poor and (B) crystal-rich ash-flow tuffs from
the G-SVP, central Arizona. Note the large differences in phenocryst abundances between the two groups.

20



Figure 10. Photomicrographs of crystal-poor samples. Image A in is plane-polarized light,
and images B-F are in cross-polarized light. Scale bars for A-E represent 1 millimeter. Scale
bar for image F represents 0.5 mm. Minerals shown are alkali feldspar (Al), plagioclase (PI),
biotite (Bt), amphibole (Am), Fe-Ti oxides (Ox), perrierite (Pe), and zircon (Zr). A) Tuff BD-5
from Bulldog Canyon showing mafic minerals in association with one another. B) Lava BD-1
from Bulldog Canyon site showing alkali feldspar phenocrysts in highly devitrified
groundmass. C) Zoned feldspar grain in sample GZ-1 from Gazebo area. D) Biotite and
amphibole in sample GZ-4 from the Gazebo area. E) Glomerocryst of plagioclase, Fe-Ti oxide
and biotite surrounded by devitrification halo in lava GZ-4 from Gazebo area. F) Accessory
mineral glomerocryst of Fe-Ti oxide, perrierite, and zircon in lava GZ-4 from the Gazebo area.
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Figure 11. Photomicrographs of crystal-rich samples in cross-polarized light. Scale bars all
represent 1 millimeter. Minerals shown are plagioclase (Pl), biotite (Bt), Fe-Ti oxides (Ox),
perrierite (Pe), and titanite (Ti). A) Representative crystal-rich tuff (LD-1) showing crystal-
richness. B) Zoned plagioclase grain in tuff CL-3 from Canyon Lake. C) Zoned plagioclase
grain with neighboring biotite, perrierite, and Fe-Ti oxide in tuff CL-3. D) Biotite and titanite
grains in tuff LD-1 from the Lost Dutchman site.
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ANALYTICAL TECHNIQUES

Samples were coarsely crushed (mm-cm size) in a mechanical jaw crusher
and then ground to powder in a shatterbox. Rock powders were weighed and dried
in a 100°C oven. Weight measurements before and after drying were subtracted to
calculate H20-. Powder preparation was concluded by igniting powders to 1000°C
in a furnace and subsequently weighing them for H20+ calculation.

Major element compositions of 18 samples were obtained by X-ray
fluorescence (XRF) analysis. XRF analysis and preparation (Figure 12) were
conducted at the University of North Carolina Department of Geological Sciences
XRF lab. Powders were mixed in a platinum crucible with Fluxite GF-35-5B flux at a
9:1 flux to powder sample ratio for a mass total of 9 grams. Glass discs of sample
were fused from the crucible contents using a Katanax K1 fluxer. Trace element
compositions for 20 samples were obtained by inductively coupled plasma mass
spectrometry (ICP-MS) analyses at ACME analytical laboratory, Vancouver,
Canada.

Mineral and glass compositions were analyzed using an ARL-SEMQ electron
microprobe at North Carolina State University. An electron beam ~1-2 ym in
diameter operating at 15 KeV and 0.015 pA was used for 10-second count times per
analytical point for on-peak values and off-peak background. Reference standards

used were those from the Smithsonian Institution collection.
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Figure 12. Photographs of glass-disc fusion preparation procedure for XRF analysis. A) Rock
powder and flux powder mixed in a platinum crucible. B) Melted rock powder pouring from
Katanax K1 fluxer. C) Melted rock powder cooling into glass disc. D) Resultant glass disc
used for XRF analysis.
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ANALYTICAL RESULTS
Whole-rock compositions: Major elements

18 samples were analyzed for their whole-rock major element compositions
and groundmass glass composition was obtained from a Lost Dutchman crystal-rich
sample. These compositions are presented in Table 3, in SiO2 variation and alumina
saturation diagrams in Figures 13-14, and as normative mineralogy in Table 4 and
Figure 15. All samples are rhyolites (Figure 12), with SiO2 ranging from ~70.5 to
77.8 wt.% and total alkalis from ~5.2 to ~9.3 wt.%. Additionally, all samples are
metaluminous to peraluminous (Figure 14). Crystal-poor samples have greater SiO2
and are generally more quartz normative than crystal-rich samples (Figure 15).
Major element compositions are presented in the following sections organized by

crystal-poor and crystal-rich textures and sample locations.

Crystal-poor samples

Bulldog Canyon. The five tuff and three lava samples range in SiO2 from
~74.5 to 77.8 wt.%. Across that SiO2 range, abundances of TiO2, Fe203, K20 and
P20s vary little. In comparison, Al203, MgO, CaO, Na20 have weak negative
correlations with SiO2. Lava samples do not have compositional distinctions from
Bulldog Canyon tuff samples and are similar to one another. Variation in
abundances of MgO and Na20 may be due to alteration, as suggested by LOI up to
~8.4% among these samples. That is, some major elements may have been

elevated or depleted relative to their magmatic values.

Gazebo. The four samples from the Gazebo area have ~72.4 to 75.9 wt.%
SiO2. Generally, Gazebo samples have lower total alkalis than Bulldog Canyon
samples (Figure 13). Also, compared to Bulldog Canyon, Gazebo samples both
overlap and are higher in all major element abundances except those for Na2O and

P20s5. Both Na20 and P20s overlap and are lower than those in Bulldog Canyon
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samples. The Gazebo lava sample has higher Na20 than the tuff samples. Similar
to Bulldog Canyon samples, the relatively high LOI (~ 4.1 to 6.4 wt.%) suggests

some alteration may have occurred in these rocks.

Crystal-rich samples

Canyon Lake and Lost Dutchman. The three Canyon Lake and three Lost
Dutchman samples of crystal-rich tuff have a small range in SiO2, ~70.5 to 72.1 wt.%
(Figure 13), lower than crystal-poor tuffs. Canyon Lake and Lost Dutchman samples
are compositionally similar and their descriptions will be grouped together. Total
alkali abundances for crystal-rich samples overlap with those of crystal-poor
samples, ~7.5 to 8.4 wt.% (Figure 13). Generally, these samples have little variation
in TiO2, Fe203, Al203, MgO, and P20s, but one Canyon Lake sample has
anomalously high MgO and P20s5. Na20 and CaO correlate negatively with SiOz.
Relative to crystal-poor samples, Canyon Lake and Lost Dutchman samples have
higher TiO2, Al203, Fe203, and P20s (Figure 16). Both MgO and CaO abundances
are similar to those in Gazebo samples, and Na20 and K20 abundances are similar
to those in Bulldog Canyon samples (Figure 16). LOI of these samples is lower than
for crystal-poor samples, ~0.7 to 1.4 wt.%.

The glass of a Lost Dutchman sample has ~76 wt.% SiO2 and ~12.8 wt.%
Al203. These are similar SiO2 and Al203 abundances to those in some crystal-poor
samples. Abundances of Na20O and CaO in the glass of Lost Dutchman overlap with
the compositional ranges for these elements in crystal-poor samples, but
abundances of TiO2, Fe203, MnO, and MgO, are generally lower in the glass than in

whole-rock compositions for crystal-poor samples.
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Whole-rock compositions: Trace elements

Trace element abundances for 20 samples are presented in Table 3, and in
SiO2 variation, chondrite-normalized rare earth element (REE), and primitive mantle-
normalized diagrams (Figures 17-19). Trace element compositions are presented in
the following sections organized by crystal-poor and crystal-rich textures and

sampling locations.

Crystal-poor samples

Bulldog Canyon. Among the 8 samples from Bulldog Canyon, there is little
variation in Ba, La, Ce, Nb, Ta, Y, V, and Sr. However, one sample has anomalously
high Sr. Abundances of Rb, Zr, and Hf are scattered. Trace element compositions
of lava samples are similar to those of tuff samples.

Primitive-mantle normalized diagrams (Figure 18) for Bulldog Canyon
samples all show relative depletions in Ba, Sr, P, and Ti (one sample has
anomalously high Sr). Abundances of Sr and P are relatively variable, but generally,
primitive mantle normalized diagrams overlap for all samples. Bulldog Canyon
chondrite-normalized REE patterns (Figure 19) show relative light rare earth element
(LREE) enrichments and flattening of the pattern from the middle (MREE) through
heavy rare earth elements (HREE). All samples have negative Eu anomalies
(Eu/Eu*) of ~0.2 to 0.3 and pattern slopes (La/Yb()) from ~6.8 to 10.4.

Gazebo. Samples from the Gazebo location have mild positive correlations of
Ba, Rb, Nb, Ta, Zr, and Hf and mild negative correlations of Y and V with respect to
SiO2 (Figure 17). The lava sample contains higher abundances of La and Ce than
the tuff samples. Compared to Bulldog Canyon samples, Ba, Rb, and Sr display
greatest variation. Abundances of Sr are scattered and two tuff samples have
anomalously high Sr, 2081 and 1848 ppm.

Primitive-mantle normalized diagrams (Figure 18) generally overlap with

those for Bulldog Canyon samples except for less relative Ba and Sr depletions and

27



slightly higher Lan) (~150 vs. 110 ppm). REE patterns (Figure 19) for Gazebo
samples also generally overlap those for Bulldog Canyon but have slightly higher
slopes (La/Ybn)), from ~9.1 to 17.8 due to its relative enrichment in La. Relative Eu
depletions in Gazebo samples (Eu/Eu* of ~0.3 to 0.4) are slightly less than that of

Bulldog Canyon samples.

Crystal-rich samples

Canyon Lake & Lost Dutchman. Canyon Lake and Lost Dutchman samples
have similar abundances among trace elements. Compared to Bulldog Canyon
samples, crystal-rich samples generally have higher abundances of Ba, Sr, La, Ce,
Y, and V, and lower abundances of Nb, Ta, Zr, and Hf. Crystal-rich samples have a
positive correlation of Nb and Ta and negative correlation of V with respect to SiOo.

Primitive-mantle normalized diagrams (Figure 18) for Canyon Lake and Lost
Dutchman samples show minor relative depletions in U, Nb, Ta, Sr, P, Zr, Hf, and Ti.
Compared to Bulldog Canyon samples, crystal-rich samples contain no Ba anomaly,
and are higher in La, Ce, Sr, P, Nd, Sm, and Ti. Relatively high La and Ce in
crystal-rich samples form a Nb-Ta trough in the primitive-mantle normalized
diagram.

REE patterns (Figure 19) display relative enrichment in LREEs. Compared to
crystal-poor samples, crystal-rich samples are higher in LREE, MREE and HREE
abundances. Additionally, crystal-rich samples have smaller Eu anomalies (Eu/Eu*

~0.51t0 0.7), and generally a greater REE pattern slope (La/Ybn) of ~10.3 to 15.6).
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Table 3. Major element compositions for 18 samples and trace element compositions for 20
samples from the Goldfield-Superstition volcanic province, central Arizona.

Region: Bulldog Canyon

Lavas Tuffs
Sample: BD-1 BD-3 BD-4 BD-5 BD-6 BD-9 BD-10 BD-11
Sio, 77.67 77.10 76.87 77.21 75.84 77.79 76.36 74.50
Tio, 0.14 0.15 0.16 0.15 0.16 0.18 0.18 0.18
Al,O, 11.65 11.72 12.52 11.42 12.32 12.17 13.75 12.86
Fe,0; 0.97 1.23 1.05 0.98 0.89 1.05 1.04 1.34
MnO 0.06 0.08 0.08 0.08 0.08 0.09 0.06 0.07
MgO 0.10 0.17 0.19 0.10 0.34 0.76 0.97 0.38
Cao 0.26 0.33 0.56 0.45 1.47 1.24 3.17 1.35
Na,O 3.83 3.85 4.18 3.72 3.93 1.79 191 4.60
K,0 4.40 4.63 4.17 4.42 4.76 4.24 3.30 4.76
P,0; 0.02 0.02 0.01 0.10 0.06 0.02 0.03 0.03
Total 99.10 99.27 99.78 98.62 99.85 99.32 100.76  100.07
LOI 436% 5.36% 3.01% 0.62%  1.27% 3.27% 8.38%  7.42%
Rb 125.8 133.0 158.9 124.4 131.3 127.1 95.7 138.3
Sr 10 12 72 9 17 438 25 38
Ba 141 142 153 152 185 228 213 175
Zr 66.7 88.7 115.9 38.9 58.8 103.0 113.8 112.0
Y 20.2 20.8 22.6 20.7 19.8 26.8 23.4 20.6
Nb 27.73 25.93 30.34 24.45 26.86 28.76 29.09 27.23
Sc 1.2 1.1 1.2 1.2 1.5 1.7 2.0 1.7
\Y 2 2 2 2 1 5 4 5
La 294 27.8 30.2 29.8 27.5 374 255 32.0
Ce 56.42 54.58 63.13 60.78 56.78 71.95 57.27 64.75
Pr 6.4 6.1 7.0 6.6 5.8 8.2 7.0 6.8
Nd 19.6 20.5 22.1 21.7 20.5 28.4 23.9 22.6
Sm 3.7 4.0 3.7 3.8 3.3 5.5 5.2 5.2
Eu 0.2 0.3 0.3 0.3 0.3 0.6 0.5 0.5
Gd 2.6 3.1 3.1 2.7 3.0 4.3 4.1 3.7
Tb 0.5 0.8 0.6 0.6 0.5 0.9 1.0 0.6
Dy 3.2 4.1 3.6 3.3 3.9 4.8 5.5 3.9
Ho 0.8 0.7 0.9 0.8 0.7 1.0 1.1 1.0
Er 1.9 2.6 24 2.5 23 3.0 2.9 21
Tm 0.3 0.3 0.4 0.3 0.4 0.5 0.5 0.4
Yb 1.9 2.2 2.5 2.0 2.0 2.8 2.5 2.4
Lu 0.3 0.3 0.4 0.3 0.3 0.4 0.4 0.3
Eu/Eu* 0.19 0.25 0.26 0.27 0.29 0.36 0.32 0.33
Hf 2.62 3.25 4.15 1.96 2.63 3.96 4.13 4.42
Ta 1.7 1.8 2.0 1.8 1.8 1.8 2.0 1.9
Th 11.6 12.5 14.1 11.4 11.2 13.8 12.0 14.8
U 2.8 3.6 4.2 1.6 1.9 3.5 3.3 3.3

LOI = Loss on ignition
Oxides expressed in wt.%
Elements expressed in ppm
*All Fe expressed as Fe,0,
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Table 3. Continued.

Region: Gazebo

: Tuffs Lava
Sample: GZ-1 GZ-2 GZ-3 GZ-4
Sio, 73.86 72.44 75.92 75.02
TiO, 0.21 0.22 0.18 0.16
Al,O, 13.13 13.13 12.74 12.90
Fe,0; 1.37 1.57 1.10 0.98
MnO 0.08 0.07 0.07 0.05
MgO 0.62 0.71 0.50 0.29
Cao 2.06 1.52 1.41 1.16
Na,O 1.70 0.90 2.49 3.49
K,O 5.92 7.27 5.09 4.56
P,Os 0.04 0.02 0.05 0.01
Total 98.97 97.86 99.54 98.62
LOI 5.82% 5.07%  6.39% 4.06%
Rb 135.6 165.7 207.5 224.3
Sr 437 2081 1848 452
Ba 364 277 659 1078
Zr 105.4 102.8 118.3 97.1
Y 20.7 27.0 19.1 16.2
Nb 24.41 23.85 25.33 22.58
Sc 2.3 3.5 2.3 1.6
\Y 10 11 5 4
La 35.8 35.2 319 47.6
Ce 75.93 70.17 66.71 91.86
Pr 8.1 8.3 7.4 8.8
Nd 27.7 28.9 22.0 27.7
Sm 4.8 5.7 5.0 4.5
Eu 0.4 0.7 0.4 0.5
Gd 4.0 4.3 4.0 2.3
Tb 0.7 0.9 0.6 0.5
Dy 4.2 5.4 3.6 3.3
Ho 0.7 1.1 0.7 0.6
Er 21 2.8 2.2 1.8
Tm 0.4 0.4 0.3 0.3
Yb 2.4 2.6 1.8 1.8
Lu 0.3 0.4 0.3 0.4
Eu/Eu* 0.27 0.42 0.26 0.43
Hf 3.67 3.73 4.25 3.16
Ta 1.8 1.7 1.9 1.8
Th 12.5 15.0 154 15.2
V] 2.5 2.9 3.7 4.3

LOI = Loss on ignition
Oxides expressed in wt.%
Elements expressed in ppm
*All Fe expressed as Fe,0,
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Table 3. Continued.

Region: Canyon Lake Lost Dutchman

- Tuffs Tuffs

-Sample: CL-1 CL-2 CL-3 CL-5 LD-1 LD-3 LD-3 LD-5 LD Glass
SiO, 70.54 71.19 71.67 71.95 72.08 71.22 76.0
TiO, 0.45 0.44 0.39 0.42 0.41 0.42 <0.1
Al,0,4 14.65 14.59 14.47 14.34 14.39 14.66 12.8
Fe,O, 2.74 2.68 2.47 2.65 2.72 2.77 0.5
MnO 0.09 0.09 0.07 0.07 0.08 0.08 <0.1
MgO 1.60 0.79 0.93 0.68 0.68 0.82 <0.1
Cao 2.29 1.82 1.42 1.82 1.78 2.14 0.3
Na,O 4.10 3.83 3.00 3.76 3.71 4.21 2.4
K,0O 4.10 4.49 5.44 3.95 3.83 4.17 6.6
P,Os 0.26 0.12 0.12 0.12 0.11 0.11

Total 100.81 100.03 99.98 99.75 99.79 10058 T 98.7
LOI 1.02% 0.70% 1.11% 1.09% 1.22% 1.35%

Rb 113.8 115.3 144.4 185.3 109.8 108.8 110.5 106.4

Sr 338 311 322 242 301 323 300 328

Ba 1210 1252 1239 1216 1171 1197 972 1052

Zr 33.3 47.3 43.3 58.6 32.1 33.6 38.0 333

Y 28.3 29.3 28.8 314 27.5 27.4 29.5 26.5

Nb 20.45 17.26 21.08 22.00 20.89 21.94 22.85 22.16

Sc 6.4 5.8 5.5 5.7 4.4 4.3 4.7 4.6

\Y 29 27 30 21 24 23 23 23

La 49.9 55.7 55.5 59.7 49.0 48.2 49.7 44.5

Ce 105.00 112.81 114.27 11294 104.05 105.99 109.10 103.59

Pr 12.0 12.3 11.8 13.3 11.7 11.5 11.9 11.9

Nd 42.2 45.2 44.9 42.4 39.2 40.6 42.4 40.2

Sm 7.2 7.4 7.4 6.8 7.2 8.1 8.9 6.9

Eu 1.5 1.5 1.6 1.2 1.2 15 13 11

Gd 5.6 6.2 4.6 5.7 7.0 5.8 5.5 5.9

Tb 0.9 1.0 0.9 1.0 1.0 0.9 1.0 1.0

Dy 5.3 54 5.5 6.0 53 5.4 5.9 53

Ho 1.0 13 1.0 1.1 1.0 1.1 1.1 1.2

Er 2.9 3.3 2.8 2.9 3.0 3.0 3.5 3.2

Tm 0.4 0.5 0.4 0.5 0.4 0.4 0.6 0.4

Yb 2.3 2.9 2.4 2.8 2.5 2.6 2.6 2.9

Lu 0.3 0.5 0.4 0.5 0.4 0.4 0.4 0.4

Eu/Eu* 0.70 0.66 0.78 0.57 0.51 0.64 0.53 0.51

Hf 1.39 1.70 1.71 2.31 1.35 1.42 1.50 1.54

Ta 1.2 1.2 1.3 1.4 15 1.4 1.6 1.4

Th 10.5 12.4 11.8 14.2 11.1 10.3 11.0 10.1

U 1.1 1.9 1.8 3.3 1.5 1.5 1.7 1.6

LOI = Loss on ignition

Oxides expressed in wt.%
Elements expressed in ppm
*All Fe expressed as Fe,0,
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Figure 13. Total Na20 + K20 plotted against SiO: for 18 samples from the Goldfield-
Superstition volcanic province, central Arizona. Base design and coordinates of the plot after
Le Bas and Streckeisen, (1991).

13 7
& ~ .
# Bulldog Canyon tuffs
12 1 peraluminous © Bulldog Canyon Lavas
B Gazebo tuffs
g 11 & A Canyon Lake
\«E . ’ ‘= ® Lost Dutchman
=0
%f—g e O Gazebo Lava
e 3 © a W
2 )
w
55 4 peralkaline metaluminous
S
o
0.8 : . : ;
0 1 2
{AL,0,) /(Na,0 + K,0)
mol %

Figure 14. Alumina saturation indices plotted for 18 samples from the Goldfield-Superstition
volcanic province, central Arizona.
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Table 4. Normative mineralogy for 18 samples and one glass composition from the Goldfield-Superstition volcanic province, central

Arizona.
Region: Bulldog Canyon Gazebo Canyon Lake Lost Dutchman
Lavas Tuffs Tuffs Lava Tuffs Tuffs
Sample: BD-1 BD-3 BD-4 BD-5 BD-6 BD-9 BD-10 BD-11 GZ-1 GZ-2 GZ-3 GZ-4 CL-1 CL-3 CL5 LD-1 LD-3 LD-5 LD-1Glass
Quartz 38.1 36.3 35.1 38.2 323 482 447 274 36.5 36.0 38.6 34.7 247 273 29.7 309 31.8 257 35.6
Anorthite 1.1 1.0 2.6 1.4 1.9 58 150 0.3 9.7 7.3 6.5 5.5 9.2 8.1 6.1 8.1 8.0 8.5 1.6
Diopside 0.1 1.5 1.7
Sphene 0.1 0.1 0.1 0.2 0.1 0.6
Hypersthene 02 03 04 0.2 16 20 13 15 1.0 0.6 33 16 19 14 14 17 0.6
Albite 32.8 33.0 357 321 335 156 164 393 147 79 214 30.2 353 33.1 26.0 326 323 36.2 20.8
Orthoclase 27.0 284 255 273 29.1 264 203 29.1 36.6 456 313 28.2 253 27.8 337 245 23.8 25.7 40.7
Wollastonite 0.9 1.2
Apatite 02 01 0.1 01 0.1 0.1 05 02 02 02 02 02
lImenite 01 01 01 01 01 01 01 01 01 01 01 0.1 01 01 01 01 01 0.1
Corundum 0.1 0.1 1.6 09 02 07 05 0.1 03 0.9 0.6 0.8 0.7
Rutile 0.1 0.1 01 01 01 0.1 02 02 0.2 0.2 0.2
Hematite 0.5 0.6 0.5 0.5 0.4 0.5 0.5 0.7 0.7 0.8 0.6 0.5 1.4 1.4 1.3 1.4 1.4 1.4
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
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Figure 15. Ternary plot of normative mineralogy for 18 samples and one glass analysis from
the Goldfield-Superstition volcanic province, central Arizona. End-members for plot are Albite
(Ab), Orthoclase (Or), and Quartz (Q).

34



Figure 16. SiO2 variation diagrams for major element compositions for 18 tuff and lava
samples and one groundmass glass analysis from the G-SVP, central Arizona. Samples are
grouped by color and symbols (see explanation).
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Figure 17. SiO2 variation diagrams for major element compositions for 18 tuff and lava samples and one groundmass glass analysis
from the G-SVP, central Arizona. Samples are grouped by color and symbols (see explanation)
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Figure 18. Primitive mantle normalized diagrams for 18 tuff and lava samples from the Goldfield-Superstition volcanic province,
central Arizona. Whole-rock abundances of each element are normalized to primitive mantle values (reference here). Elements
decrease in overall compatibility from left to right. A) All samples of this study organized by sample location. B) Samples from
Bulldog Canyon sample site. C) Samples from Gazebo sample site. D) Samples from Canyon Lake sample site. E) Samples from
Lost Dutchman sample site. Diagrams B & C are crystal-poor and D & E are crystal-rich.
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Figure 19. Chondrite-normalized REE patterns for 20 tuff and lava samples from the Goldfield-
Superstition volcanic province, central Arizona. Whole-rock element abundances are
normalized to chondrite (Boynton, 1985). REEs decrease in compatibility from left to right. A)
All samples organized by sample location. B) Samples collected from Bulldog Canyon
location. C) Samples collected from Gazebo location. D) Samples collected from Canyon
Lake location. E) Samples collected from Lost Dutchman location. Diagrams B & C are
crystal-poor and D & E are crystal-rich.
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Feldspar Compositions

Compositions for 47 feldspar grains in nine samples of G-SVP lavas and
ignimbrites are presented in Table 5, and end-members compositions for individual
points are plotted in Figure 20. Descriptions of feldspar compositions are grouped

according to location and their occurrences in crystal-poor and crystal-rich samples.

Crystal-poor samples

Bulldog Canyon. Sixteen feldspar grains in Bulldog Canyon samples are
anorthoclase and Na-sanidine that range in composition from ~Abss to Abass (Figure
20B). Most grains are zoned from sanidine cores that transition to anorthoclase
rims, but relatively homogeneous grains are also present. A compositional gap is
present in most grains at ~Abss, which is the boundary between monoclinic sanidine
and triclinic anorthoclase (McBirney, 2007). Bulldog Canyon sanidine and
anorthoclase grains have relatively low abundances of BaO, 0.11 to 0.24 wt.%
(Table 5). A single Or-rich grain that has an average composition of ~Orss was

found in one tuff sample.

Gazebo. Twelve feldspar grains in Gazebo samples include sanidine to
anorthoclase alkali feldspars, and andesine to oligoclase plagioclase. Alkali
feldspars in these samples have compositional range similar to those in Bulldog
Canyon, ~Ab7sOr11 to Ab4gOrag. A grain of anorthoclase and a grain of sanidine in
the tuff sample contain edges of relatively Or, ~Orgs. Alkali feldspar grains in the
lava sample have higher average BaO, 0.72 and 0.76 wt.%, than those in the tuff
sample, 0.15-0.25 wt.%. Plagioclase compositions range from ~An42 to An11 in the

lava sample, and ~Anzs.1to Ans1.sin the tuff sample.
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Crystal-rich samples

Canyon Lake and Lost Dutchman. Eleven feldspar grains in Canyon Lake
and nine in Lost Dutchman samples are sanidine and andesine to oligoclase
plagioclase. Sanidines in crystal-rich samples have lower Ab than those of crystal-
poor samples. They are normally zoned, and have a relatively small compositional
range from Abss to Ab2g. Crystal-rich sanidines have a range in BaO of ~0.3 to 1.8
wt.%, greater than the BaO in crystal-poor sanidines. Plagioclase compositions in
crystal-rich samples are normally zoned from andesine to oligoclase (Anzo-40), similar

to those in crystal-poor Gazebo samples.
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Table 5A. Average feldspar compositions for crystal-poor tuffs and lavas from the G-SVP, central Arizona.

Region: Bulldog Canyon
Lavas
Sample: BD-1 BD-3 BD-4
Sanidine Anorthoclase Anorthoclase Sanidine Anorthoclase Anorthoclase Anorthoclase Anorthoclase

Sio, 65.16 64.66 65.87 66.55 65.53 65.64 65.27 65.94
Al,0; 19.43 19.83 19.93 18.93 19.75 20.24 20.23 19.65
FeO* 0.23 0.21 0.23 0.21 0.21 0.22 0.22 0.24
Cao 0.46 0.90 0.90 0.63 0.81 0.93 1.19 0.71
Na,O 6.54 7.19 7.76 6.68 7.52 8.36 8.52 9.22
K,0 6.95 5.51 5.10 7.06 5.61 4.44 4.00 3.15
BaO 0.23 0.16 0.13 0.14 0.17 0.17 0.22 0.15
Total 98.99 98.46 99.92 100.20 99.60 100.00 99.64 99.06
Ab 57.51 63.52 66.79 57.21 64.50 70.85 72.16 78.89
Or 40.23 32.07 28.90 39.78 31.66 24.79 22.27 17.76
An 2.26 4.41 4.30 3.01 3.84 4.36 5.56 3.35

Compositions expressed in wt.%
Averages calculated from >6 points per grain

Ab, An, Or respectively represent feldspar endmembers Albite, Anorthite, Orthoclase

*All Fe expressed as FeO
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Table 5A. Continued.

Region: Bulldog Canyon

‘ Tuffs

Sample: BD-6 BD-10

Sanidine Anorthoclase  Anorthoclase Sanidine Sanidine Sanidine Anorthoclase  Orthoclase

Sio, 65.85 65.33 65.83 65.80 64.73 64.75 65.34 62.08
Al,O4 19.21 19.77 20.08 19.64 19.47 19.31 19.78 19.15
FeO* 0.21 0.22 0.21 0.18 0.20 0.20 0.22 0.02
Cao 0.35 0.75 0.75 0.40 0.62 0.48 0.91 0.01
Na,O 6.29 7.72 7.78 6.74 6.35 6.00 7.21 1.31
K,O 8.04 5.88 5.98 7.56 6.89 7.65 5.27 14.86
BaO 0.15 0.16 0.13 0.19 0.24 0.23 0.11 0.09
Total 100.09 99.83 100.75 100.52 98.50 98.62 98.85 97.51
Ab 53.41 64.31 64.16 56.49 56.58 53.10 64.48 11.78
Or 44,95 32.22 32.43 41.68 40.38 44,55 31.01 88.18
An 1.64 3.47 3.41 1.83 3.04 2.35 4.52 0.04

Compositions expressed in wt.%
Averages calculated from >6 points per grain

Ab, An, Or respectively represent feldspar endmembers Albite, Anorthite, Orthoclase
*All Fe expressed as FeO
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Table 5A. Continued.

Region: Gazebo

Tuff Lava
Sample: Gz-1 Gz-4

Sanidine Oligoclase Sanidine Anorthoclase  Anorthoclase Oligoclase Andesine Oligoclase Oligoclase Oligoclase Anorthoclase  Anorthoclase

Sio, 66.15 61.18 65.54 64.40 66.39 61.33 58.65 61.71 62.02 62.40 65.88 65.30
Al,05 19.76 24.48 20.59 22.08 19.92 24.20 26.20 22.85 23.27 22.99 19.74 20.19
FeO* 0.19 0.21 0.22 0.23 0.22 0.29 0.30 0.26 0.25 0.22 0.23 0.23
Ca0 0.45 5.83 1.08 2.68 0.92 5.62 7.90 4.47 4.84 4.33 0.64 1.13
Na,0 6.12 7.69 7.88 7.46 7.13 8.07 7.17 8.83 8.97 8.82 7.07 7.28
K,0 7.90 0.84 4.76 3.38 5.70 0.78 0.52 1.04 1.01 1.12 4.88 4.00
BaO 0.25 0.07 0.18 0.15 0.15 0.10 0.03 0.17 0.12 0.19 0.76 0.72
Total 100.83 100.30 100.25 100.36 100.43 100.40 100.76 99.33 100.48 100.07 99.20 98.87
Ab 52.91 67.05 67.87 66.80 62.59 68.99 60.33 73.65 72.86 73.79 66.47 69.06
Or 44.94 4.80 27.00 19.91 32.94 4.41 2.86 5.69 5.39 6.16 30.20 24.99
An 2.15 28.15 5.13 13.29 4.46 26.59 36.81 20.65 21.75 20.05 3.33 5.95

Compositions expressed in wt.%

Averages calculated from >6 points per grain

Ab, An, Or respectively represent feldspar endmembers Albite, Anorthite, Orthoclase
*All Fe expressed as FeO
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Table 5B. Average feldspar compositions for crystal-rich tuffs from the G-SVP, central Arizona.

Region: Canyon Lake

Tuff
Sample: CL-3

Sanidine Sanidine Oligoclase Oligoclase Oligoclase Oligoclase Sanidine Sanidine Oligoclase Andesine Oligoclase

Sio, 65.29 64.92 61.18 62.46 61.51 62.59 62.94 64.39 61.95 58.71 60.94
Al,03 19.18 19.57 24.38 23.68 23.85 24.12 19.70 19.58 24.17 24.43 25.28
FeO* 0.13 0.15 0.24 0.25 0.25 0.28 0.16 0.13 0.26 0.23 0.22
Ca0 0.22 0.24 6.17 4.92 4.85 5.32 0.25 0.25 5.32 6.47 6.04
Na,O0 3.26 3.50 7.75 8.06 7.89 8.49 3.59 3.69 8.47 7.44 8.07
K,0 11.11 11.15 0.84 1.00 1.00 0.94 10.98 11.38 0.91 0.70 0.79
BaO 1.66 0.42 0.09 0.08 0.10 0.13 1.82 0.70 0.11 0.07 0.04
Total 100.85 99.96 100.65 100.45 99.44 101.88 99.44 100.12 101.18 98.04 101.38
Ab 30.45 31.90 66.15 70.40 70.22 70.46 32.81 32.62 70.49 64.81 67.63
Or 68.43 66.88 4.70 5.78 5.87 5.11 65.94 66.14 5.01 4.00 4.36
An 1.12 1.22 29.16 23.82 23.91 24.43 1.25 1.23 24.50 31.19 28.01

Compositions expressed in wt.%
Averages calculated from >6 points per grain

Ab, An, Or respectively represent feldspar endmembers Albite, Anorthite, Orthoclase
*All Fe expressed as FeO
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Table 5B. Continued.

Region: Lost Dutchman
Tuff

Sample: LD-1

Sanidine Sanidine Andesine Oligoclase Oligoclase Andesine Sanidine Sanidine
Sio, 64.38 63.75 58.79 61.88 59.58 59.12 64.59 64.20
Al,O4 19.46 19.36 26.01 23.59 24.97 25.81 18.75 20.10
FeO* 0.18 0.09 0.31 0.23 0.23 0.27 0.14 0.10
Ca0 0.25 0.19 6.41 4.53 5.91 6.50 0.27 0.30
Na,O 3.78 3.57 7.77 8.47 7.73 7.88 4.04 3.77
K,0 10.87 11.24 0.66 0.90 0.66 0.71 11.07 11.27
BaO 0.44 0.28 0.10 0.02 0.10 0.05 0.43 0.70
Total 99.36 98.49 100.05 99.60 99.17 100.34 99.28 100.45
Ab 34.14 32.27 66.10 73.23 67.58 66.00 35.18 33.23
Or 64.59 66.78 3.67 5.10 3.79 3.90 63.52 65.28
An 1.27 0.95 30.22 21.68 28.63 30.10 1.30 1.48

Compositions expressed in wt.%
Averages calculated from >6 points per grain

Ab, An, Or respectively represent feldspar endmembers Albite, Anorthite, Orthoclase
*All Fe expressed as FeO
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Figure 20. Ternary plots for feldspar compositions in tuff and lava samples from the G-SVP,
central Arizona. End-members are Albite (Ab), Orthoclase (Or), and Anorthite (An). Each
symbol represents one point on a grain analyzed by electron microprobe. Plots are organized
by: A) All feldspar compositions for crystal-poor and crystal-rich samples, B) Feldspar
compositions for Bulldog Canyon samples, C) feldspar compositions for Gazebo samples, D)
feldspar compositions for Canyon Lake and Lost Dutchman samples. In Gazebo sample GZ-1,
note the compositionally zoned grain (open black circle) with a core of plagioclase and rim of
Na-rich sanidine. Diagrams B & C are crystal-poor, and D is crystal-rich. *Samples are lavas.
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Amphibole Compositions

Seventeen amphibole grains in seven samples are edenite composition
based on their SiO2, CaO, Na20, K20, TiO2 abundances and Mg# (Leake et al.,
1978). Average compositions and individual point analyses are presented in Table 6
and Figure 21, respectively. Two varieties of edenite are present: (1) relatively
lower Al203 and higher Mg#, and (2) relatively higher Al2O3 and lower Mg# (Figure
21). With one exception, they correspond to crystal-poor and crystal-rich,

respectively. The following sections describe the details of their compositions.

Crystal-poor samples

Bulldog Canyon. Ten amphiboles in Bulldog Canyon have relatively low
Al203 (~4.2 to 6.5 wt%) and high Mg# (~68.7 to 75.5) (Figure 21). In Al203 variation
diagrams, SiO2, MgO and Mg# weakly negatively correlate and TiO2 and K20 have
weakly positively correlate. Abundances of FeO, CaO, and Naz20 are scattered with
respect to Al203. Amphibole grains in lava samples compositionally overlap with
those in tuff samples.

Bulldog Canyon amphiboles contain high abundances of MnO, 1.5 to 2.0
wt.% (Figure 21). Four grains were analyzed for BaO and have abundances that

range from below detection to 0.28 wt.%.

Gazebo. One Gazebo tuff sample contains two compositionally different
amphiboles. One grain occurs in pumice and has Al203 from 4.0 to 4.8 wt.%, and
the second grain occurs in the rock matrix and has higher Al203, from 6.0 to 8.4
wt.%. Compositions of the pumice amphibole generally overlap with compositions of
amphiboles in Bulldog Canyon samples. Compared to the pumice amphibole, the
high Al203 matrix amphibole also has higher TiO2, FeO, and K20 and lower SiOz,
MgO and Mg#.

Abundances of MnO and BaO in the two amphiboles are also different.

Similar to Bulldog Canyon amphiboles, the pumice amphibole contains high MnO,
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~1.4 to 1.5 wt.%, and BaO from below detection to ~0.1 wt.%. The matrix amphibole

contains lower MnO, ~0.4 to 0.6 wt.%, and negligible BaO.

Crystal-rich samples

Canyon Lake and Lost Dutchman. One amphibole in Canyon Lake and four
amphiboles in Lost Dutchman samples range in Al2O3 from ~5.2 to 8.0 wt.%. and
Mg# 59.3 to 68.8. These amphiboles generally overlap in composition with the
Gazebo matrix amphibole but have notably larger ranges of Al2Os, TiO2, and Mg#.

Abundances of MnO range from 1.0 to 1.3 wt.%, less than Bulldog Canyon
amphiboles but greater than the Gazebo matrix amphibole. Four grains were

analyzed for BaO but abundances were below detection.
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Table 6A. Amphibole compositions from crystal-poor tuffs and lavas from the G-SVP, central Arizona.

Region:

Sample:

SiO,
TiO,
Al,O,
FeO*
MnO
MgO
Cao
Na,O
K,0
BaO
Total

Mg#

Bulldog Canyon Gazebo
Lavas Tuff Tuffs
BD-1 BD-3 BD-4 BD-6 GzZ-1 GZ-1 pumice

49.18 48.38 47.58 46.50 46.31 50.58 46.07 49.44 49.54 49.43 46.63 49.48
0.92 1.20 0.93 0.94 0.91 0.87 0.92 0.85 0.90 0.95 1.39 0.96
4.54 5.19 4.83 491 4.69 4.86 5.05 4.33 4.87 4.55 6.96 4.53
10.52 10.67 10.00 10.40 10.00 9.26 10.21 11.74 11.61 11.69 12.82 10.82
1.63 1.72 1.75 1.77 1.83 1.83 1.90 1.83 1.76 1.76 0.50 1.47
16.48 15.98 15.30 14.66 15.24 15.21 15.46 17.21 16.93 17.33 13.85 16.09
8.91 8.45 10.71 10.14 10.04 10.18 10.25 10.37 9.88 10.13 10.94 10.86
2.65 3.00 1.90 1.79 1.91 1.95 1.98 1.78 2.02 1.94 1.54 1.78
0.43 0.49 0.42 0.42 0.44 0.44 0.46 0.38 0.41 0.43 0.69 0.44

0.04 0.21 0.13 0.07 0.01 0.03
95.27 95.07 93.46 91.75 91.50 95.25 92.30 97.93 97.92 98.21 95.33 96.45
73.6 72.7 73.2 71.5 73.1 74.5 73.0 72.3 72.2 72.5 65.8 72.6

Compositions expressed in wt.%
Values are an average of >6 points per grain

*All Fe represented as FeO
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Table 6B. Amphibole compositions from crystal-rich tuffs from the G-SVP, central Arizona.

Region: Canyon Lake Lost Dutchman

Tuff Tuffs
Sample: CL-3 LD-1
Sio, 47.64 48.42 46.83 47.35 48.14
TiO, 1.30 1.27 1.11 1.32 1.06
Al,O, 6.86 6.10 6.87 6.90 5.65
FeO* 12.64 14.15 12.47 13.04 12.44
MnO 1.04 1.18 1.10 1.03 1.27
MgO 14.14 14.31 13.80 14.11 14.38
Cao 10.88 11.03 10.60 10.91 10.82
Na,O 1.75 1.74 1.61 1.81 1.73
K,O 0.64 0.60 0.49 0.59 0.50
BaO 0.06 0.02
Total 96.89 98.79 94.93 97.09 95.99
Mg# 66.6 64.3 66.4 65.8 67.3

Compositions expressed in wt.%
Values are an average of >6 points per grain
*All Fe represented as FeO
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Biotite Compositions

Average compositions of fifteen biotite grains in two Gazebo samples (one
tuff and one lava), one Canyon Lake sample, and one Lost Dutchman sample are
presented in Table 7. Variation diagrams in Figure 22 compare average biotite
compositions to those reported in other G-SVP rhyolites (Dombroski, 2010), the
Basin and Range Lund tuff (Maughan et al., 2002), and the Colorado Plateau Fish
Canyon tuff (Bachmann et al., 2002).

Crystal-poor samples

Gazebo. Two biotites in the tuff sample and four in the lava sample range in
Mg# from 59.6 to 62.6. With respect to Mg#, TiO2, Na2O and BaO, biotites in the tuff
sample are compositionally similar to those in the lava sample. However,
abundances of MnO are twice as high in the lava biotites (~ 0.4 wt.%) than in the tuff
biotites (~0.2 wt.%). Compared regionally, Gazebo biotites compositionally overlap
in Mg# and abundances of TiO2, MnO, and BaO, but generally have higher Na20O
(Figure 22).

Crystal-rich samples

Canyon Lake and Lost Dutchman. The compositions of five biotite crystals in
a Canyon Lake sample and four in a Lost Dutchman sample compositionally overlap
in TiO2, Naz20, and Mg# (Figure 22). Compared to Gazebo biotites, these overlap in
Mg# but have higher MnO, and lower TiO2 and Na20. Abundances of BaO in
Canyon Lake biotites overlap with those in Gazebo and are higher than those in Lost
Dutchman, with one exception. In general, other G-SVP biotites have higher Mg#
than these biotites. Compared regionally, Canyon Lake and Lost Dutchman biotites
overlap in Mg#, TiO2, Na20, and BaO but have greater MnO than Lund and Fish

Canyon biotites.
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Table 7A. Biotite compositions from crystal-poor tuff and lava samples from the Goldfield-Superstition volcanic complex, central

Arizona.

Region: Gazebo

Tuff Lava
Sample: GzZ-1 GZ-4
SiO, 36.99 36.49 36.68 37.46 37.76 37.19
TiO, 4.50 4.47 4.14 4.20 4.37 4.24
Al,O, 13.71 13.79 13.37 13.63 13.17 13.17
FeO* 14.92 15.65 16.51 17.93 15.28 15.96
MnO 0.20 0.21 0.42 0.48 0.40 0.40
MgO 14.02 14.14 15.32 14.85 14.18 14.08
Cao 0.04 0.01 0.03 0.03 0.04 0.03
Na,O 0.65 0.62 0.68 0.75 0.65 0.59
K,O 8.88 8.81 8.61 9.08 8.82 9.03
BaO 0.62 0.74 0.39 0.59
Total 94.52 94.93 95.75 98.40 95.06 95.29
Mg# 62.6 61.7 62.3 59.6 62.3 61.1

Compositions expressed in wt.%
Values are an average of >6 points per grain
*All Fe represented as FeO
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Table 7B. Biotite compositions from crystal-rich tuff samples from the Goldfield-Superstition volcanic complex, central Arizona.

Region: Canyon Lake Lost Dutchman

Tuffs Tuffs
Sample: CL-3 LD-1
Sio, 36.64 36.72 36.46 37.72 37.82 38.31 37.94 38.55 37.27
TiO, 4.16 4.22 4.07 3.81 4.02 3.74 3.80 3.63 3.99
Al,O, 13.63 12.95 13.44 13.04 13.32 13.13 12.90 13.43 14.05
FeO* 16.92 17.46 17.44 16.36 16.41 16.91 17.55 16.45 15.78
MnO 0.51 0.57 0.54 0.56 0.60 0.63 0.55 0.65 0.58
MgO 14.36 14.34 14.07 14.57 14.36 14.47 14.32 14.61 13.57
Cao 0.04 0.01 0.03 0.01 0.01 0.03 0.02 0.01 0.01
Na,O 0.48 0.48 0.47 0.52 0.54 0.47 0.47 0.60 0.52
K,O 9.02 8.79 8.88 9.25 9.36 9.21 8.86 9.45 9.10
BaO 0.60 0.38 0.36 0.26 0.03 0.07 0.47
Total 96.34 95.91 95.40 96.19 96.70 96.94 96.48 97.38 95.34
Mgt 60.2 59.4 59.0 61.3 60.9 60.4 59.2 61.3 60.5

Compositions expressed in wt.%
Values are an average of >6 points per grain
*All Fe represented as FeO
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Fe-Ti Oxides

Average compositions for 15 Fe-Ti oxides in six samples are presented in
Table 8 and as variation diagrams in Figure 23. Two compositions of Fe-Ti oxide

are present, Ti-magnetite and Fe-ilmenite.

Crystal-poor samples

Bulldog Canyon. Four Fe-Ti oxides in two lava samples, and two Fe-Ti
oxides in one tuff sample from Bulldog Canyon are Ti-magnetites. Abundances of
FeO and TiO2 range from ~63.9 to 88.5 wt.%, and ~3.1 to 13.0 wt.%, respectively.
Generally, FeO and TiO2 negatively correlate. Ti-magnetites in the tuff sample (BD-
1) have lower Al203 (~0.6 vs. 1.3) and higher MnO (~8.6 vs. 1.8) than those in the
lava sample (BD-4). In all Bulldog Canyon Ti-magnetites, MgO ranges from ~0.3 to
1.2 wt.%, ZnO ranges from ~0.5 to 0.7 wt.%, and Cr203 is <0.01 wt.%.

Gazebo. One Fe-Ti oxide from a Gazebo lava sample is a Fe-ilmenite,
having higher abundances of TiO2 (~38.8 wt.%) and lower abundances of FeO
(~54.2 wt.%) than Bulldog Canyon Fe-Ti oxides. This grain also has Al203 ~0.1
wt.% and MnO ~2.3 wt.%, which is lower than the abundances of these elements in
Bulldog Canyon Fe-Ti oxides. The Gazebo Fe-ilmenite has MgO ~1.6 wt.%, which
is higher than MgO abundances in the Bulldog Canyon Ti-magnetites, but both types

of Fe-Ti oxides have similar abundances of Cr203, ~0.1 wt.%

Crystal-rich samples

Canyon Lake and Lost Dutchman. Three Fe-Ti oxides in Canyon Lake
samples and four Fei-Ti oxides in Lost Dutchman samples are Ti-magnetites. One
Fe-Ti oxide in the Lost Dutchman sample is a Fe-llmenite. The Fe-Ti oxides in
crystal-rich samples do not show the same wide compositional ranges as those in

crystal-poor samples. Abundances of FeO range from ~78.1 to 84.0 wt.%, TiO2
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ranges from ~2.0 to 4.8 wt.%, Al2O3 ranges from ~0.7 to 1.3 wt.%, and MgO ranges
from 0.6 to 1.2 wt.%. Abundances of Cr20s in crystal-rich Ti-magnetites are higher,
but abundances of ZnO are generally lower than those for crystal-poor Ti-
magnetites. The Fe-limenite in sample LD-1 has FeO 48.6 wt.%, and TiO2 37.9
wt.%, and has higher MgO, but lower Al203 and Cr203 than crystal-rich Ti-
magnetites. Crystal-rich Ti-magnetites and the Fe-ilmenite have similar abundances
of MnO ~1.0 to 2.1 wt.%. Low abundances (<0.2 wt.%) of SiO2 were observed in all

crystal-rich Fe-Ti oxides.
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Table 8A. Fe-Ti oxide compositions for crystal-poor tuffs and lavas and crystal-rich tuffs from the Goldfield-Superstition province,
central Arizona.

Region: Bulldog Canyon Gazebo
Lavas Tuff Lava
Sample: BD-1 BD-4 BD-10 GZ-4
Sio,
TiO, 390 1296 3.39 9.27 3.49 3.07 38.77
Al,O, 0.40 0.84 0.65 0.48 1.31 0.76 0.81 0.14
FeO* 74.19 63.85 72.05 64.14 73.10 81.70 88.53 54.19
MnO 8.73 8.76 8.40 8.42 1.76 0.84 1.66 2.29
MgO 0.69 0.41 1.21 0.65 0.34 0.05 1.59
Cr,0, 0.01 0.01 0.01 0.01
Zn0 0.69 0.53 0.45 0.53 0.23 0.14

Total 88.61 87.35 86.14 83.50 80.01 86.65 91.16 96.99

Feo & Fe, 0, recalculated stoichiometrically
FeO 2290 30.80 21.30 26.30 27.60 30.60 28.80 29.70
Fe,0, 57.00 36.70 56.40 42.10 50.60 56.70 66.40 27.20

Total 94.32 91.01 91.79 87.76 85.11 92.25 97.83 99.70
%usp 12 41.1 10.7 30.4 12 9.7 0
%hem 26

Compositions expressed in wt.%

Values are an average of >6 points per grain

Usp and Hem values calculated from Carmichael, 1967 at 2 kbar
*All Fe expressed as FeO
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Table 9B. Fe-Ti oxide compositions for crystal-rich tuffs from the Goldfield-Superstition province, central Arizona.

Region: Canyon Lake Lost Dutchman

Tuff Tuff
Sample: CL-3 LD-1
Sio, 0.08 0.06 0.06 0.09 0.18 0.15 0.19 0.09
TiO, 2.00 1.99 2.02 3.94 2.46 3.50 481 37.92
Al,O, 1.10 1.16 1.11 1.31 0.71 1.22 1.04 0.56
FeO* 82.61 83.61 83.99 80.08 80.24 80.21 78.07 48.63
MnO 1.10 0.95 1.19 1.50 2.07 1.43 1.66 1.23
MgO 1.07 1.02 1.16 0.79 1.23 0.58 0.90 2.65
Cr,0, 0.02 0.02 0.05 0.02 0.04 0.02 0.04 0.01
Zn0 0.21 0.26 0.21 0.10 0.11 0.22 0.11

Total 88.19 89.06 89.79 87.82 87.02 87.34 86.82 91.08

Feo & Fe,0, recalculated stoichiometrically

FeO 28.40 28.80 28.80 30.10 27.20 29.90 30.10 28.14
Fe,O; 60.20 60.90 61.40 55.60 59.00 56.00 53.30 22.74
Total 94.18 95.16 96.00 93.44 9299 93.02 92.15 93.34

%usp 6.2 6.1 6.1 12.3 7.7 11 15.2

%hem 23.1
Compositions expressed in wt.%

Values are an average of >6 points per grain

Usp and Hem values calculated from Carmichael, 1967 at 2 kbar

*All Fe expressed as FeO
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Accessory Minerals: Titanite and Perrierite

Average compositions of four titanite grains from three samples are presented
in Table 9 and as a chondrite normalized REE pattern for one titanite in a Lost
Dutchman sample in Figure 24. Titanites have compositions of SiO2 ~26.7 to 29.4
wt.%, TiO2 ~31.8 to 33.3 wt.%, and CaO 24.2 to 25.5 wt.%. Abundances of LREEs
in the Lost Dutchman titanite are ~10,000 times chondrite values, which is similar to
titanites in other volcanic provinces, such as the Southern Rocky Mountain volcanic
field Fish Canyon tuff (Bachmann et al., 2005) (Figure 25).

Compositions of two perrierite (chevkinite group mineral; CGM) grains in
Gazebo and Lost Dutchman samples are presented in Table 9, in a CaO vs. FeO
CGM discrimination plot (Macdonald et al., 2009) in Figure 25, and as REE patterns
in Figure 25. Compositions of the two grains are similar in the crystal-poor (Gazebo)
and crystal-rich (Lost Dutchman) samples, having abundances of SiO2 ~19 wt.%,
TiO2 ~19 wt.%, FeO ~8 wt.%, CaO ~6 wt.%, La203 ~10 wt.%, and Ce203 ~18 wt.%.

Gazebo and Lost Dutchman perrierite REE patterns display high enrichment
in LREEs (~100,000 times chondrite). Their compositions are similar to those
previously reported by Dombroski, (2010) for perrierites in G-SVP rhyolites outside
of my study area (Figures 24-25). These perrierites also have compositions similar
to those in other Basin and Range igneous provinces, such as the Organ Needle
syenite, NM (Verplanck et al., 1999), and the Little Chief Granite, CA (McDowell,
1979) (Figure 25).

Back-scattered electron (BSE) images and element x-ray maps illustrate the
sizes, shapes, and compositions of the perrierite grains (Figure 26). The perrierite
grains were commonly found in association with other accessory minerals such as
Fe-Ti oxides, zircon, and apatite, which are also illustrated in the BSE image of
Figure 26. The bright white appearance of perrierite in the BSE image shows its
high density due to abundances of REEs, namely La203 and Ce20s3, relative to other

accessory minerals in the images (Figure 26).

76



Table 10. Accessory mineral compositions for 4 tuff and lava samples from the Goldfield-Superstition province, central Arizona.

Region: Bulldog Canyon Gazebo Canyon Lake Lost Dutchman
Tuff Lava Tuff Tuff

Sample: BD-3 GZ-4 CL-3 LD-1

titanite perrierite titanite titanite titanite perrierite
Sio, 26.74 19.28 28.96 29.11 29.38 19.23
Tio, 31.83 19.40 32.90 33.09 33.34 19.20
Al,O, 1.75 3.22 1.52 1.35 1.38 3.15
FeO* 2.68 7.99 2.55 2.15 2.22 7.56
MnO 0.53 0.20 0.33 0.30 0.30 0.09
MgO 0.11 0.75 0.12 0.08 0.10 0.72
Cao 24.17 5.71 25.41 25.51 25.33 5.68
BaO 0.19
ThO, 0.81 0.02 0.85
La,0, 10.83 0.43 9.11
Ce,0, 18.96 1.36 17.78
Pr,0; 1.28 0.23 1.30
Nd,O0, 491 0.69 6.10
Sm,0, 0.83 0.16 1.10
Y,0, 0.36 0.77 0.79
Zr,0, 0.85 0.08 0.58
Nb,O, 0.07 0.53 0.08
Total 87.99 95.45 91.78 95.86 92.05 93.32

Compositions expressed in wt.%
Values are an average of >6 points per grain
*All Fe expressed as FeO
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Figure 24. Abbreviated chondrite-normalized REE pattern for REE abundances in perrierite and titanite. Perrierites from this study
and previous studies on silicic rocks in the G-SVP (Dombroski, 2010) are compared to those from other Basin and Range volcanic
provinces (Macdonald and Belkin, 2002). Titanites from the G-SVP are compared to those in the Colorado Plateau Fish Canyon tuff
(Bachmann et al., 2005). Note the high light rare earth element enrichment in perrierite vs. titanite.
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Figure 25. FeO vs. CaO CGM discrimination plot used to distinguish chevkinite from perrierite. Perrierites of this study and others
in the G-SVP (Dombroski, 2010) are compared to those from the Little Chief granite (McDowell, 1979), Organ Needle Syenite
(Verplanck et al., 1999), Lava Creek tuff, Yellowstone (Macdonald and Belkin, 2002), Bandelier tuff, New Mexico (Macdonald and
Belkin, 2002), and the Huckleberry Ridge tuff, Yellowstone (Macdonald and Belkin, 2002).
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Figure 26. Back-scattered electron (BSE) image and X-ray maps for an accessory mineral
glomerocryst in lava sample GZ-4 (10f). Accessory minerals present are Fe-Ti oxides (Ox),
perrierite (Pe), zircon (Zr) and apatite (Ap) Brightness in the back-scattered electron image
(BSE) correlates with increasing atomic mass of elements that make up each mineral.
Brightness for colors in Individual element x-ray maps correlates with increasing abundances
for that element.
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DISCUSSION

The Bulldog Canyon and Gazebo samples of the crystal-poor Tule Canyon
tuff and the Canyon Lake and Lost Dutchman samples of the crystal-rich Apache
Leap tuff are metaluminous to peraluminous rhyolites. Among the Bulldog Canyon
and Gazebo samples of the Tule Canyon tuff, there are compositional and
mineralogical differences (e.g., SiOz2, alkalis, Ba, Sr, +/- biotite and plagioclase) but
also similarities (e.g., abundances of REEs and most major elements). On the other
hand, samples of the Apache Leap tuff are nearly identical in whole-rock major and
trace element and mineral compositions, and they vary only slightly in modal mineral
percentages. Compared to one another, the Tule Canyon tuff has higher SiO2, Nb,
Zr, lower REEs and most other trace elements, and much lower vol.% crystals (<11
vol.% vs. 30-47 vol.%) with a slightly different modal mineralogy than the Apache
Leap tuff.

In this section, | investigate the characteristics of these two distinctively
different tuffs in the G-SVP to determine whether they are related by certain igneous
processes, and share a common source. Some significant questions to address
when investigating petrologic relationships between the Tule Canyon and Apache
Leap tuffs are: (1) Were the crystal-poor tuffs and lavas all derived from the same
magma? (2) Do all crystal-rich samples represent the same magma? (3) Can the
crystal-poor Tule Canyon and crystal-rich Apache Leap tuffs represent a single
zoned magma reservoir? Important to also evaluate is how the compositions and
relationships of the G-SVP ash-flow tuffs compare to those in other silicic large
igneous provinces in the Basin and Range and Colorado Plateau that are used in
models for silicic magma chambers (Hildreth, 1981; Bachmann et al., 2002;
Bachmann 2004; Hildreth and Wilson, 2007; Deering et al., 2011).
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Relationships among crystal-poor tuffs and lavas

To evaluate the relationships among all samples of the Tule Canyon tuff, the
notable geochemical and mineralogical similarities and differences between Gazebo
and Bulldog Canyon samples need to be explained. Tables 3-4 and Figures 13-19
show that the two groups of samples, which are ~9 km apart (Figure 3), each have
small compositional ranges that overlap one another in most elemental abundances.
However, the two sample groups remain distinctive from one another when
evaluating the full spread of compositional ranges for major elements within each
sample group. For example, SiO2 for Gazebo ranges from ~72 to 76 wt.%, and
Bulldog Canyon SiO2 overlaps with SiO2 as low as 74 wt.% but extends to 78 wt.%.
In another example, TiO2 is 0.16 to 0.22 wt.% for Gazebo and 0.14 to 0.18 wt.% in
Bulldog Canyon (Table 3; Figure 16).

Similarly, there are small differences in compositional ranges for Gazebo and
Bulldog Canyon trace element abundances. For example, Gazebo samples range
from ~23 to 25 ppm Nb and ~39 to 116 ppm Zr, and Bulldog Canyon samples both
overlap and are different by having ~24 to 30 ppm Nb and ~97 to 118 ppm Zr. And
Ba ranges from ~277 to 1080 ppm in Gazebo samples and from ~140 to 230 ppm in
Bulldog Canyon samples (Table 3; Figure 17).

Finally, there are similarities and differences in modal minerals and
percentages between Gazebo and Bulldog Canyon samples (Table 2, Figure 8). A
straightforward model can explain all of these differences. Compositions of
plagioclase, biotite, and amphibole in Gazebo samples were used to calculate how a
small change in Bulldog Canyon modal mineralogy could produce a composition that
is similar to that of Gazebo samples. Namely, Figure 27 shows that adding 5%
plagioclase, 1% biotite, and 1% amphibole to an average Bulldog Canyon
composition appropriately lowers SiOz2, and raises Al203, Fe203, TiO2, CaO, and
MgO to create a composition that is similar to the range of Gazebo samples. Figure
27 graphically illustrates how the addition of these minerals moves the average

Bulldog Canyon composition toward overlap with the Gazebo field.
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To further explore the compositional similarities and differences between
Bulldog Canyon and Gazebo samples, | used trace element ratios, a tool commonly
used to evaluate petrologic relationships among igneous rocks (McBirney, 2007). |
used ratios of trace elements that are least likely to have been affected by alteration:
Rb/Zr, La/Th, La/Sm, and Th/U (Figure 28). To illustrate the ranges for these trace
element ratios observed in silicic rocks elsewhere, | include those for tuffs from other
Basin and Range and Colorado Plateau volcanic provinces (e.g. Fish Canyon,
Ammonia Tanks, Rainer Mesa, Peach Springs; Figure 28).

Bulldog Canyon and Gazebo samples have overlapping Rb/Zr ratios except
for one Bulldog Canyon sample that has higher Rb/Zr due to its relatively low Zr (~40
ppm vs. ~60 to 100 ppm in other crystal-poor samples). La/Th ratios overlap among
all crystal-poor samples, ranging from ~2 to 3 (Figure 28). The Gazebo sample with
the highest La/Th value, GZ-4, has higher La that is likely due to a higher amount of
perrierite in this sample.

The La/Sm ratio in Figure 28, representing the slope of the LREEs in the REE
pattern, is another ratio that can reflect presence of perrierite in sample GZ-4.
Because perrierite contains ~10 wt.% La203, small amounts of this accessory
mineral can affect the La/Sm ratio. For example, adding 0.02 vol.% perrierite will
increase whole-rock La abundances by ~ 16 ppm. The higher La/Sm ratio in GZ-4 is
therefore consistent with this sample containing a higher amount of perrierite than
other crystal-poor samples.

Zircon is another accessory phase observed in almost all samples and is
capable of affecting trace element ratios in Bulldog Canyon and Gazebo samples.
The range in Zr abundances among Bulldog Canyon and Gazebo samples, ~40 to
115 ppm, may be a result of higher or lower amounts of zircon grains in these
samples. Zircon is the only mineral observed in these rocks that has Th/U < 1
(Fujimaki, 1986; Xiang et al., 2011). Biotite, amphibole, titanite, and perrierite all
have Th/U > 1 (Bachmann et al., 2005; Baginski and Macdonald, 2013; Segalstad
and Larsen, 1978). This makes Th/U vs. Zr a good indicator of abundances of

zircons. Figure 28 shows that Bulldog Canyon samples with high Zr generally have
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lower Th/U than those with low Zr, which is consistent with different abundances of
zircon influencing whole-rock Th/U ratios.

The compositions of Bulldog Canyon and Gazebo’s modal minerals can also
help evaluate a relationship between samples from these locations. Compositions of
alkali feldspars in Gazebo and Bulldog Canyon samples overlap in Or and An and in
abundances of BaO and FeO (Table 5). An exception is two small alkali feldspars in
GZ-4 lava that have higher Ba than other Gazebo and Bulldog Canyon alkali
feldspars. Finally, the composition of an amphibole observed in a pumice of a
Gazebo sample also overlaps with amphibole compositions in Bulldog Canyon
samples (Figure 21, Table 6).

In summary, the small differences in major and trace element abundances
between Bulldog Canyon and Gazebo samples can be explained by their differences
in modal mineralogy. Additionally, compositions of minerals present in both Bulldog
Canyon and Gazebo samples (e.g., alkali feldspar, amphibole) have overlapping
compositions, which further suggests they crystallized from the same magma.
Compositional variations have also been observed among other Basin and Range
crystal-poor tuffs, specifically, the Bishop and Peach Springs tuffs (Hildreth and
Wilson, 2007; Pamukcu et al., 2013) and these tuffs have also been found to be

multiple eruptions of the same mineralogically heterogeneous magma.
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Figure 27. Results of a major element model for compositions of crystal-poor samples from the G-SVP central Arizona. Fields are
color coded according to the explanation and show the compaositional ranges among crystal-poor samples. The model
demonstrates that adding only 5% plagioclase, 1% amphibole, and 1% biotite to an average composition for Bulldog Canyon
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volcanic fields (Mills et al., 1997;Bachmann et al., 2002; Deering et al., 2011; Pamukcu et al., 2013).
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Relationships among crystal-rich tuffs

The samples from two locations of the crystal-rich Apache Leap tuff, Canyon
Lake and Lost Dutchman, have small differences among their whole-rock major
elements (Tables 3, Figures 13-16). Among trace elements, primitive mantle
normalized diagrams and REE patterns for crystal-rich samples also overlap
(Figures 17-19). Canyon Lake and Lost Dutchman samples also contain feldspars,
biotites, and amphiboles of similar compositions (Tables 5-7, Figures 20-22). All
these similarities suggest Canyon Lake and Lost Dutchman samples are the same
tuff, but there are some differences between Canyon Lake and Lost Dutchman
samples to address.

Stuckless and O’Neil (1973) reported whole-rock compositions for some
crystal-rich samples in an isotopic study of G-SVP tuffs. One of their samples was
collected at the location of the Canyon Lake samples and another near the Lost
Dutchman samples. Those samples have major element compositions that overlap
the crystal-rich samples of this study to further suggest that they are from the same
crystal-rich unit (Stuckless & O’Neil, 1973; sample locations are reported in
Stuckless & Sheridan, 1971). For the crystal-rich samples, Stuckless & O’Neil
(1973) found a range of Sr8’/Sr® isotopic ratios for whole-rock and sanidine
analyses, 0.7072 to 0.7096, which conflicts with Canyon Lake and Lost Dutchman
samples being the same tuff unit.

The difference in Sr isotopic compositions between Canyon Lake and Lost
Dutchman sampling locations, as represented by the Stuckless & O’Neil (1973)
samples, does not preclude these samples representing the same unit. This is
because some of the Sr7/Sr8 heterogeneity in the G-SVP tuff, as noted by
Stuckless & O’Neil, (1973), can be due to 1) lithic inclusions in the tuffs, 2) exchange
of Sr between devitrified glass and groundwater, and 3) assimilation of radiogenic Sr
from wall-rock. Also, heterogeneity among Sr8’/Sr8 in whole-rock and phenocryst
analyses has also been found in other large volume Basin and Range ash-flow tuff
units, such as the Bishop tuff (Christensen & DePaolo, 1993; Halliday et al., 1984).
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If Canyon Lake and Lost Dutchman samples represent the same unit, another
discrepancy is in abundances of their modal mineral percentages. Canyon Lake
samples range from ~30 to 39 vol.% phenocrysts and Lost Dutchman samples all
have ~ 46 vol.% phenocrysts (Table 2, Figure 8). Among those phenocryst
abundances, there are ranges of quartz, sanidine, plagioclase, biotite, and
amphibole abundances in all samples (Table 2). For example, Canyon Lake
samples contain ~4 to 7 vol.% quartz, but Lost Dutchman samples contain ~7 to 9
vol.% quartz. But, despite these modal differences, Canyon Lake and Lost
Dutchman samples have similar whole-rock compositions (Tables 3-4, Figures 13-
16) suggesting that they represent a single unit.

Although Canyon Lake samples have fewer crystals observed in their mineral
modes than Lost Dutchman samples, the abundant minerals are in generally similar
proportions to one another in each crystal-rich sample. With exception of a few
samples, plagioclase, sanidine, quartz, and biotite are in proportions ~3:2:1:1,
respectively. One explanation for the differences in crystal abundances between
Canyon Lake and Lost Dutchman samples is that these two sample locations have
undergone different amounts of post-eruption compaction. After an ash-flow tuff is
deposited, retained heat and high lithostatic load can cause different amounts of
compaction among tuff units (Smith, 1960; Ragan & Sheridan, 1972; Riehle, 1973;
Riehle et al., 1995, 2010). Greater amounts of compaction in the Lost Dutchman
samples would increase the volume of crystals relative to groundmass; yet retain the
proportions of minerals in these samples.

To investigate how Canyon Lake and Lost Dutchman samples have similar
whole-rock compositions but different modal mineral percentages, | calculated
whole-rock compositions for each sample using mineral and glass compositions in
the proportions present in each sample. Figure 29 shows major element variation
diagrams that illustrate how the calculated compositions compare to actual Canyon
Lake and Lost Dutchman compositions. These variation diagrams show that,
despite modal percentage differences, calculated whole-rock compositions for

Canyon Lake and Lost Dutchman samples generally overlap, particularly for SiO2
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and Al203 compositions. These two elements make up ~85 wt.% of crystal-rich
compositions and are least likely to be affected by weathering and accessory phases
in the mineral modes, thus making them the most reliable when comparing
calculated to actual compositions.

Other calculated major element abundances (e.g., TiO2, Fe203, CaO) have
ranges that overlap, but are slightly different than actual Canyon Lake and Lost
Dutchman compositions (Figure 29). The differences between calculated and actual
compositions for TiO2, Fe203, and CaO are likely due to the difficulty in obtaining
accurate modal percentages for small abundances of the minerals that contain these
elements in large quantities (e.g., Fe-Ti oxides, amphibole, titanite). That is, small
differences between the abundances of Fe-Ti oxides, amphibole, and titanite
determined in point counts and their actual abundances may greatly influence
calculated whole-rock compositions.

Trace element ratios can help further evaluate whether Canyon Lake and
Lost Dutchman samples are the same unit. Because crystal-rich samples contain
the same accessory mineral hosts for trace elements as the crystal-poor samples —
titanite, zircon, and perrierite — | use the trace element ratios previously used for
crystal-poor tuffs to illustrate how trace element abundances and ratios can be
affected by small differences in accessory mineral abundances (Figure 28). Trace
element ratios for other large ignimbrites in the Basin and Range and Colorado
Plateau (e.g., Fish Canyon tuff, Peach Springs tuff) are included in the plots to show
typical ranges of ratios found in these types of rocks (Figure 28).

Canyon Lake and Lost Dutchman samples have strongly overlapping Rb/Zr
and La/Th abundances (Figure 28). Similar to crystal-poor samples with high
La/Sm, the slightly higher La and La/Sm in three Canyon Lake samples suggests
that those samples contain greater amounts of perrierite. Two Canyon Lake
samples have Th/U ratios that are different from those in other crystal-rich samples.
One of the two has higher Th/U, and the other has lower Th/U. Because the Canyon
Lake with lower Th/U also contains higher Zr than other crystal-rich samples, it is

likely that this sample contains higher amount of zircon than the other crystal-rich
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samples. Similarly, the Canyon Lake sample with higher Th/U has lower Zr than
other crystal-rich samples and likely contains less zircon.

To summarize, the geochemical and mineralogical similarities among the
Canyon Lake and Lost Dutchman samples suggest that they both represent the
same crystal-rich Apache Leap tuff that varies locally in modal mineral percentages.
Whole-rock major element composition calculations show that observed modal
differences between Canyon Lake and Lost Dutchman samples produce similar
compositions that are consistent with their actual compositions. Trace element
ratios further support their affiliation and illustrate how varying abundances of
importance of accessory minerals affect the trace element compositions of these

rocks.
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Relationships between crystal-poor and crystal-rich tuffs

Recent studies in Basin and Range and Colorado Plateau volcanic fields
(e.g., Southwest Nevada volcanic field, Southern Rocky Mountain volcanic field,
Long Valley caldera complex) have observed that some ash-flow tuffs are zoned,
varying stratigraphically in compositions and modal minerals (Bachmann et al.,
2014; Deering et al., 2011; Hildreth & Wilson, 2007). Many of these ash-flow tuffs
are zoned from stratigraphically lower crystal-poor (<10 vol.% crystals) to overlying
crystal-rich (~20 to 50 vol.% crystals) pyroclastic units, such as the Ammonia Tanks
tuff in the Southwest Nevada Volcanic Field (Deering et al., 2011). Other examples
of strongly zoned ash-flow tuffs include the Peach Spring Tuff in northwest Arizona
and the Carpenter Ridge Tuff in the Southern Rocky Mountain volcanic field
(SRMVF). Both of these units range from having ~5 to 10 vol.% crystals at the base
and ~76 wt.% SiOz to ~20-40 vol.% crystals and ~65-70 wt.% SiO2 near the top
(Bachmann et al., 2014; Pamukcu et al., 2015). The modal and compositional
differences observed for these zoned ash-flow tuffs are consistent with top down
evacuations of zoned silicic parent magma chambers. The occurrences of early-
erupted crystal-poor and later erupted crystal-rich tuffs are interpreted as
segregation of crystals from liquid within parent magma reservoirs (Hildreth, 1981;
Bacon & Druitt, 1988; Bindeman & Valley, 2003). Therefore, one of the important
implications is that compositionally zoned ash-flow tuffs in any particular volcanic
field represent the magma from only one magma reservoir.

All of these zoning characteristics apply to the Goldfield-Superstition volcanic
province. The older ~19 Ma Tule Canyon tuff has ~5 to 15 vol.% crystals and ~72.5
to 77.8 wt.% SiO2 and the younger ~18.6 Ma Apache Leap tuff has ~30-45 vol.%
crystals and ~70.5 to 72.0 wt.% SiO2. The age differences between the Tule
Canyon and Apache Leap tuffs does not preclude a common parent reservoir
because silicic caldera complexes can remain active for a few million years, and
they commonly erupt many times during their duration (Hildreth, 1981; McDowell et
al., 2014). For example, the volcanic and intrusive rocks associated with the Silver

Creek Caldera complex (source of the 18.8 Ma Peach Spring Tuff) in western
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Arizona range from ~19 to 17 Ma (McDowell et al., 2014). In another example, the
Timber Mountain Oasis caldera complex (source of the ~11.5 Ma Ammonia Tanks
tuff) in the SWNVF was active from ~13 to 9.5 Ma (Deering et al., 2011).

In this section, | investigate whether the crystal-poor Tule Canyon and the
crystal-rich Apache Leap tuffs could be related to the same parent magma erupted
from a single reservoir, such as by crystal-liquid segregation. | do this by evaluating
the similarities and differences in their major and trace element compositions and

modal minerals.

Major element compositions

The whole-rock major element compositions of crystal-poor Tule Canyon tuff
and crystal-rich Apache Leap tuff samples generally fall within two groups (Figures
13-16). Basically, the crystal-poor samples have higher SiO2 and lower TiO2, Al203,
Fe203, CaO, and MgO than crystal-rich samples. On the other hand, abundances of
K20 and Na20 do not significantly differ between the two samples groups (Table 3,
Figures 13, 16).

To explore the above compositional differences between crystal-poor and
crystal-rich samples, | use least squares mass balancing of compositions of crystal-
rich samples, crystal-poor samples, and individual minerals (Stormer & Nicholls,
1978; Petrelli et al., 2005). Specifically, | test the compositions of two crystal-rich
samples as possible parent magmas for three different crystal-poor samples by
removal of plagioclase, sanidine, amphibole, biotite, and Fe-Ti oxide crystals.

| found that removing ~24 to 35% crystals from compositions that represent
crystal-rich tuffs CL-1 and LD-5 produces daughter compositions similar to those of
the three crystal-poor samples (Table 10). For example, removing 18.6%
plagioclase, 4.9% sanidine, 3.2% biotite, 6.6% amphibole, 0.2% Fe-Ti oxide, and
0.3% titanite crystals from a CL-1 parent composition can produce the composition
of sample BD-3 (Table 3). The total 33.6% crystals removed in this calculation is
close to the ~39% of total modal minerals observed in sample CL-1, at it leaves

~66.4 vol.% of residual liquid that is BD-3 composition (Table 10). Similarly,
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removing ~35% and ~26% total crystals from the CL-1 composition created a
residual liquid with compositions of BD-4 and GZ-4. Each of these calculations have
a very low sum of the squared residuals (<<1), indicating that they are
mathematically good fits (Table 10).

The amounts of crystals removed from LD-5 to create the same three crystal-
poor compositions ranges from 24 to 34%. This range is similar to the amount of
crystals removed in calculations for the CL-1 parent (Table 10). These calculations
for the LD-5 parent also have very low sum of the squared residuals. One distinction
is that, while the amount of crystals removed in calculations for CL-1 are similar to
the mineral mode in sample CL-1, the amount of crystals removed in calculations for
LD-5 is fewer than the mineral mode observed in sample LD-5. However, greater
compaction in Lost Dutchman samples (as mentioned previously) likely concentrated
the crystals to abundances that are higher than what was present in the crystal-rich
magma prior to eruption.

These calculations illustrate that the removal of crystals, in percentages
similar to those observed in mineral modes for crystal-rich samples, from parent
compositions of crystal-rich samples can produce compositions of crystal-poor
samples. That is, if these crystals were segregated from the whole-rock crystal-rich
composition, the removal of crystals would leave a composition similar to those of

crystal-poor samples.

Trace element compositions

Crystal-poor and crystal-rich samples are also distinctly different in some
trace element abundances. Abundances of Ba and Sr are scattered in crystal-poor
samples, but the very high abundances may be elevated due to weathering. The
HFSEs are generally higher in crystal-poor samples than crystal-rich samples, but
REE abundances are generally higher in crystal-rich samples than crystal-poor
samples (Table 3, Figure 17-19).

The distinctions among trace element abundances between crystal-poor and

crystal-rich samples also need explanation. In the absence of trace element

96



analyses for the glass in crystal-rich samples, | used trace element bulk partitioning
coefficient modeling to qualitatively evaluate the glass compositions. | did this using

the equation:

Di = ZXaA*DA+Xs*DiB+...

Where Di is the bulk partitioning coefficient for element i, Xa is the volume
percentage of mineral A in the rock, and D is the partitioning coefficient for element
i in mineral A. The average volume percentage of each mineral observed in the
crystal-rich samples was used for X. The very low abundances of accessory
minerals are likely not accurately represented in the point count data, so |
approximated 0.06 vol.% titanite, 0.02 vol.% perrierite, and 0.01 vol.% zircon in the
mineral mode as representative values. The mineral/glass partitioning coefficients
used are those used in studies of the Ammonia Tanks and Fish Canyon tuffs and
those published online in the Geochemical Earth Reference Model partitioning
coefficient database (www.earthref.org/KDD; Bachmann et al., 2005; Deering et al.,
2011). These coefficients are presented in Table 11 along with the average mineral
mode of crystal-rich samples used in calculations.

Bulk partitioning coefficient modeling results are presented in Figure 30. In
Figure 30, elements with bulk D >1 are enriched in the minerals of the crystal-rich
samples and elements with bulk D < 1 are enriched in the glass. To compare the
model to actual samples, abundances of trace elements in crystal-poor samples
must be normalized to the average trace element abundances for crystal-rich
samples. Comparing the two plots in Figure 30 shows that trace elements expected
to be enriched in the glass of crystal-rich samples (based on Figure 30A), such as
Rb, Ta, Hf, Zr, Th, and U, are generally enriched in crystal-poor whole-rock (Figure
30B). Additionally, elements with D >1, such as Sr, Ba, and the REEs, are those
that are relatively lower in crystal-poor samples (with exception of the anomalously
higher Sr values in some crystal-poor samples, Figure 18). This modeling illustrates

that the trace element compositional differences between crystal-poor and crystal-
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rich samples are a result of the higher percentage of modal minerals in crystal-rich
samples. Additionally, it shows that the glass of crystal-rich samples is either
enriched or depleted relative to the whole-rock in the same way as trace elements
are observed for crystal-poor whole-rock compositions when compared to crystal-
rich whole-rocks. Therefore, the glass of crystal-rich samples likely has trace
element compositions that are similar to those observed for the crystal-poor whole

rock compositions. This further links the two kinds of tuffs.

Trace element ratios

Trace element ratios were also considered when exploring compositional
similarities and differences between crystal-poor and crystal-rich samples.
Generally, trace element ratios for crystal-poor and crystal-rich compositions plot in
two distinct groups. However, this can also be explained by their modal mineral
differences. Because perrierite and titanite are slightly more abundant in crystal-rich
samples than in crystal-poor samples (Table 2), elements that are incorporated into
these minerals, such as the REEs and Th, are expected to be in higher abundances
in crystal-rich samples. Thus, ratios between these included elements and those not
included will be different from those of crystal-poor samples. For example, the La/Th
in crystal-poor samples ranges from ~2.1 to 3.1 and in crystal-rich samples from
~4.2 to 4.8. Crystal-poor and crystal-rich samples generally have similar ranges in
Th abundances but their La abundances are different (Table 3, Figure 16). This La
difference is likely due to more perrierite in crystal-rich samples. For example,
adding only 0.03 vol.% perrierite (~10 wt.% La203) to the ~ 30 ppm La abundances
in crystal-poor samples produces a ~50 ppm La abundance similar to that for crystal-
rich samples, but only changes Th abundances by ~2 ppm. Therefore, higher
amounts of perrierite will increase the La/Th ratio.

Despite higher La abundances in crystal-rich samples than in crystal-poor
samples, the two sample groups have similar La/Sm ratios (Figure 28). Crystal-rich

samples have higher amounts of amphibole and titanite, both of which sequester Sm
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and are likely responsible for lowering the La/Sm ratios in crystal-rich samples to
values similar to those of the crystal-poor samples.

The effect of more titanite in crystal-rich samples can also be seen in the
Th/U ratio. Titanite and perrierite incorporate more Th than U (Bachmann et al.,
2005; Baginski & Macdonald, 2013; Olin & Wolff, 2012; Troll et al., 2003) and higher
abundances of these minerals will increase the whole-rock Th/U ratio. Abundances
of Zr are lower (less zircon?) in crystal-rich samples than in crystal-poor samples
and this difference results in higher Rb/Zr ratios in crystal-rich samples than in

crystal-poor samples (Figure 28).

Mineral compositions

There are both similarities and differences between compositions of the
modal minerals in crystal-poor and crystal-rich samples. Plagioclase in Gazebo
crystal-poor samples and in crystal-rich samples have compositions that overlap,
each from ~Anas4 to An1s (Figure 20). Their plagioclase grains also overlap in
abundances of FeO and BaO (Table 5). However, alkali feldspars in crystal-poor
and crystal-rich samples have different compositions. Those in crystal-rich samples
are sanidines that range from ~Oreo to Orzo and those in crystal-poor samples are
Na-rich sanidines and anorthoclase that range from ~Or10 to Orss (Figure 20).

Crystallization of Na-rich sanidine and anorthoclase in crystal-poor samples is
consistent with the more evolved composition of those rocks. However, other
factors can also change the composition of feldspars to crystallize, such as magma
temperature, pressure, and H20 content (Arzilli and Carroll, 2013; Carmichael, 1963;
Nekvasil, 1992). It is likely that most (if not all) of these factors were different in the
crystal-poor and crystal-rich magma environments, and thus, it is expected that the
magmas of crystal-poor and crystal-rich samples crystallized different feldspar
compositions.

The one feldspar grain in a Gazebo sample (crystal-poor) that has an ~Ans4
plagioclase core and is compositionally zoned to an Orss sanidine rim is further

evidence that the feldspars in equilibrium with the crystal-poor liquid were Na-rich
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sanidine and anorthoclase. The compositional zoning in this grain indicates that
plagioclase had crystallized before it was mantled by the feldspar composition that
was in equilibrium with the crystal-poor liquid (Figure 31). Furthermore, this grain is
evidence that plagioclase was in disequilibrium with the Gazebo magma and
suggests that the plagioclase observed in Gazebo samples did not crystallize from
the Gazebo melt, but instead may have come from another source.

There are also compositional distinctions between the mafic minerals present
in crystal-poor and crystal-rich samples. Amphiboles in crystal-poor samples
generally have lower Al203 and TiOz2 but higher MnO and MG# than crystal-rich
amphiboles (Figure 21). The MnO abundances in these amphiboles are particularly
high, especially in those in crystal-rich samples (>1.5 wt.%). This may be due to
different oxidation conditions during crystallization, or the high mobility of MnO in
volatile-rich magma environments (Hildreth and Wilson, 2007; Rowe et al., 2008).

Both amphibole compositions were observed in one Gazebo sample. The
amphibole observed in the Gazebo groundmass has composition similar to
amphiboles from crystal-rich samples, but the amphibole observed in Gazebo
pumice has composition similar to those in other crystal-poor samples (Figure 21).
This occurrence of bimodal amphibole compositions in a Gazebo sample is another
line of evidence that some minerals in Gazebo samples may have been incorporated
from another source.

The biotites observed in Gazebo samples are compositionally on the high end
of the MG# and TiOz range for those observed in crystal-rich samples (Figure 22).
Biotite in both crystal-poor and crystal-rich samples are high-Ti biotites found
elsewhere in the G-SVP (Dombroski, 2010).

Summary

The crystal-poor and crystal-rich tuffs from the G-SVP have characteristics
similar to other zoned ash-flow tuffs in the Basin and Range and Colorado Plateau.
Mass balance calculations show that segregation of the crystals from crystal-rich

samples can produce major element compositions of crystal-poor samples, and
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trace element modeling shows that the glass of crystal-rich samples has trace
element abundances similar to those in crystal-poor whole-rock compositions. Trace
element ratios are greatly influenced by the accessory minerals (e.g., titanite,
perrierite, zircon) in these rocks, and discrepancies among ratios that include
elements highly compatible with these minerals are due to varying abundances of
these minerals. The differences in mineral compositions between crystal-poor and
crystal-rich samples suggest that some minerals, such as the feldspars and
amphibole, may have crystallized from two compositionally different melts. Gazebo
crystal-poor samples have some minerals that overlap with compositions of those in
crystal-rich samples (e.g., plagioclase, amphibole, biotite?) suggesting that Gazebo
samples may have incorporated some crystals from the magma of crystal-rich tuffs

and that they may represent the transition from crystal-poor to crystal-rich.
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Table 11. Multiple linear regression mass-balancing results for comparing two crystal-rich parent rocks, CL-1 and LD-5, to three
crystal-poor rock compositions that represent daughter compositions.

Observed Calculated parents needed to Observed Calculated parents needed to
crystal-rich crystal-rich
parent produce crystal-poor samples parent produce crystal-poor samples

Sample: CL-1 BD-3 BD-4 GzZ-4 LD-5 BD-3 BD-4 GZ-4
SiO. 70.33 70.26 70.26 70.34 71.07 71.01 71.00 71.09
TiO, 0.45 0.41 0.41 0.45 0.42 0.42 0.46 0.42
Al;O3 14.61 14.45 14.45 14.64 14.63 14.51 14.52 14.69
FeOtot 247 2.41 2.41 2.48 2.50 2.44 2.43 2.51
MnO 0.09 0.15 0.16 0.13 0.07 0.12 0.13 0.10
MgO 1.60 1.56 1.56 1.59 0.82 0.83 0.86 0.82
CaO 2.28 2.22 2.22 2.29 213 2.01 1.95 2.16
Na.O 4.09 4.39 4.39 4.00 4.20 4.47 4.47 4.06
K:0 4.09 4.14 414 4.07 416 419 416 414

These minerals removed (in wt.%) from parent to produce daughter compositions

Plagioclase 18.5 14.7 16.2 19.5 14.6 15.4
Sanidine 4.9 9.9 0.2 8.3 10.3 3.2
Biotite 3.2 1.5 5.0 - - 1.4
Amphibole 6.6 8.2 4.3 4.7 4.9 25
Fe-Ti oxide 0.2 0.4 0.4 1.1 1.2 1.3
Titanite 0.3 0.4 0.2 0.6 0.7 0.5
Total crystals removed 33.6 35.1 26.3 34.2 31.7 24.3
Residual liquid 66.4 64.9 73.7 65.8 68.3 75.7
Sum of the squared residuals 0.08 0.14 0.01 0.12 0.14 0.02
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Table 12. Modal mineral abundances and partitioning coefficients used for trace element modeling for crystal-rich samples to
evaluate trace elements in matrix glass (see Figure 30).

Average Crystal-rich Partitioning coefficients for trace elements

Normalized Mode

Mode La Ce Nd Sm Eu Gd Y Yb Ba Sr Rb Th U Nb Ta Zr Hf

Plagioclase 17.27 42.38 0.4 0.3 0.2 0.1 31 008 0.02 001 061 125 0 0 0019 o0 0 0 0
K-spar 10.29 25.26 0.06 0.02 0 0 2.9 0.1 01 003 171 7.4 0.7 0 0 0 0.3 0 0.1
Quartz 6.42 15.75 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Biotite 5.60 13.74 0 0.01 o0.01 0 0.3 0.2 0.02 0.03 4.4 0.1 2 0 0 2.9 1 0.05 0.1
Amphibole 0.29 0.72 1.4 3.2 9.7 155 10.8 149 135 96 0.08 04 0 0.01 0.01 2 0.5 0.5 0.9
Fe-Ti oxide 0.76 1.86 113 223 639 930 661 855 633 393 0 0.37 0 18.7 7 129 153 9.64 18.7
Titanite 0.08 0.20 0.1 1.1 041 3.28 435 19.8 181 465 0 0.01 0 10.6 48.6 2.09 129 1043 971
Zircon 0.01 0.02 0.01 0.01 0.04 01 0 0.08 0.03 0.44 0 0 0 0.4 0 0.37 0 0.05 0
Perrierite 0.03 0.07 988 806 615 392 225 142 74 0 0 84 0 200 0 15 0 3.55 85

Total 40.75 100.00
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Figure 30. Results for trace element modeling for crystal rich samples to evaluate glass. The
upper plot predicts what trace elements will be enriched in the in the mineral assemblage (>1)
and trace elements that will be in the glass (<1) for crystal-rich samples. Calculations for the
upper plot are explained in the text. The lower plot shows all compositions of crystal-poor
samples normalized to the average crystal-rich composition. This highlights the elements that
are enriched in crystal-poor samples (>1) and those enriched in crystal-rich samples (<1).
Note how the elements predicted to be enriched in the glass for crystal-rich samples (upper
plots) are those that are enriched in crystal-poor samples (lower plot).
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Figure 31. Ternary feldspar plot showing compositional evolution trend for feldspars. Point
“M” represents ~Orss, the compositional boundary between anorthoclase and sanidine, and
the thermal minimum for the feldspar system. Note how feldspars in crystal-poor samples are
more compositionally evolved than those in crystal-rich samples, which is consistent with
crystallization of feldspar in a separated high-SiO: liquid.
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The magma reservoir for the Tule Canyon and Apache Leap tuffs

My assessments for the similarities and differences in major and trace
element and mineral compositions for the crystal-poor Tule Canyon and crystal-rich
Apache Leap tuffs shows that they could have been created by crystal-liquid
segregation within a single parent magma reservoir. However, any model to explain
how these two tuffs can be related by crystal-liquid segregation requires
understanding the environment in and processes by which this relationship occurred.

A basic magma crystallization environment in which crystals and liquid co-
exist is in solidification zones of large magma reservoirs (Marsh, 2002). To achieve
a solidification zone appropriate for the Tule Canyon and Apache Leap reservoir first
requires emplacement of a rhyodacite or low-SiOz rhyolite melt. There was likely
ample source rock to create a melt of this composition because the G-SVP, prior to
the eruption of the Tule Canyon and Apache Leap tuffs, experienced several types
of alkalic basalt magmatism (Fodor & Vetter, 2011; McIntosh & Ferguson, 1998).
The heat from basalt magmas intruding lower, middle, and possibly upper crust
would have partially melted crustal rocks to create large volumes of silicic melts
(Huppert & Sparks, 1988; Jackson, 2003; Wark, 1991).

The silicic melt envisioned for creating the Tule Canyon and Apache Leap
magma likely occupied a large “coin-shaped” reservoir (width >> height; de Silva and
Wolff, 1995), in which crystallization of plagioclase (~Anso), sanidine (~Ores), biotite
(~Mg# 50), amphibole (~Mg# 65), and accessories (e.g., perrierite and titanite)
would have occurred along the walls where heat would more readily conduct out
from the magma (Figure 32A) . Over time, convection due to compositional and
thermal instabilities within the magma would disperse heat (Martin et al., 1987). The
solidification zone would grow to occupy a large volume of the reservoir and reach
~30 to 70 vol.% crystals (Bachmann & Bergantz, 2004; Hildreth, 2004). The amount
of liquid in the reservoir would continually decrease due to crystallization and
become more compositionally evolved (e.g., higher SiOz2) than the original parent
melt (Cashman and Blundy, 2000; Bachmann et al., 2002).
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Once the solidification zone occupied a majority of the reservoir, convection
would stall due to the formation of a crystal framework (~30 to 70 vol.% crystals;
Bachmann & Bergantz, 2004). Processes of crystal-liquid segregation, such as the
migration of interstitial liquid and volatiles from gas exsolution “filter-pressing”
(Anderson et al., 1984; Schmitt et al., 2003; Sisson and Bacon, 1999) and
solidification zone compaction from increasing volumes of crystals (Jackson, 2003;
McKenzie, 1984), would cause some of the interstitial liquid to migrate up from the
solidification zone, mix with any remaining original liquid, and create a concentrated
zone of once-interstitial liquid near the top of the reservoir (Bacon & Druitt, 1988;
Bindeman & Valley, 2003; Hildreth, 1981). This segregation of liquid from crystals
results in a compositionally zoned magma reservoir—an upper zone containing the
more compositionally evolved volatile-rich liquid, and a lower zone of crystal-rich
magma mush (Schmitt et al., 2003) (Figure 32B). These two zones would not
necessarily have a sharp boundary between them, but instead would likely be
gradational from one to the other, with some convection in the upper liquid zone
causing incorporation of crystals from the lower zone into the upper zone (Hildreth,
1981; Huppert & Sparks, 1988).

After becoming physically separated from the crystal-rich magma, the upper
zone of evolved liquid would be volatile-rich and under different pressure and
temperature (P/T) conditions than the lower zone (Figure 32C). Thus the upper
zone crystallized small amounts of minerals (but remained crystal-poor) with
compositions in equilibrium with the evolved liquid and its volatile content and P/T
conditions, and become a crystal-poor magma. Evidence of this post-segregation
crystallization and differences in composition and P/T conditions between the two
zones is suggested by the differences in mineral compositions between crystal-poor
and crystal-rich samples (Figures 20-22).

Feldspars in crystal-rich samples are andesine to oligoclase plagioclase
(~An20 to Anss) and sanidine (Orso to Orro), and feldspars in crystal-poor samples are
generally anorthoclase and Na-rich sanidine (~Or1o to Orso). However, some

plagioclase grains were observed in crystal-poor samples that have compositions
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that overlap with plagioclase compositions in crystal-rich samples (Figure 20).
Additionally, one feldspar grain in a crystal-poor sample has a plagioclase core with
composition similar to plagioclase grains in crystal-rich samples (Figure 20).

In the feldspar system, compositional evolution driven primarily by a changing
liquid composition takes a path as illustrated in Figure 31 (Tuttle & Bowen, 1958;
Nekvasil, 1992). Figure 31 shows that the feldspar compositions observed in
crystal-poor samples would have crystallized from a more evolved liquid than those
observed in crystal-rich samples. Furthermore, it shows that the feldspar
compositions that were in equilibrium with the more evolved crystal-poor liquid were
anorthoclase and Na-rich sanidine. Thus, the plagioclase observed in some crystal-
poor samples did not crystallize from the evolved crystal-poor melt but was likely
incorporated from the lower crystal-rich zone.

The differences in amphibole compositions between crystal-poor and crystal-
rich samples can be evidence for different pressure and temperature environments
during crystallization. In high SiO2 melts, cation substitutions in the amphibole
chemical formula can be affected by pressure conditions during crystallization
(Bachmann & Dungan, 2002; Holland & Blundy, 1994). Generally, amphiboles with
higher Al203 and TiOz2 crystallized under higher pressures and temperatures
(Bachmann & Dungan, 2002). The compositional differences between amphiboles
in crystal-poor and crystal-rich samples may be evidence for changing pressures
and temperatures in addition to the changing composition during the parent
magma’s evolution. Amphiboles in crystal-rich samples would have crystallized first
from a hotter, deeper portion of the magma, and amphiboles in crystal-poor samples
would have crystallized post-segregation from the volatile-rich evolved liquid (based
on evidence from its composition and inclusion in pumice). The crystal-poor sample
that contains both types of amphibole compositions is evidence that some crystal
exchange may have occurred between the two zones of the reservoir.

Eruption events for the Tule Canyon and Apache Leap tuff’s reservoir
beginning ~19 Ma would have initially erupted some of the upper crystal-poor portion

of the chamber as the Tule Canyon tuffs and lavas (Figure 32D). These initial
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eruptions would occur as ash-flow tuffs and lavas through vents in fractured roof
rock and were likely caused by increased pressures in the upper portion of the
reservoir from volatile exsolution and high melt buoyancy (Jellinek & DePaolo, 2003;
Malfait et al., 2014).

The lower portion of the reservoir (solidification zone) would have remained in
the reservoir until its eruption ~18.6 Ma, which may have been triggered by one of
two processes (or a combination of the two). The first possibility is that the pressure
released from initial crystal-poor eruptions and instability of the chamber roof from
fractures lead to a collapse of roof rocks. Collapse of roof rock could create a
caldera structure that forced eruptions of the lower portion of the reservoir resulting
in the crystal-rich Apache Leap tuff from the flanks (Figure 32F). The second
possibility is that an intrusion of basalt reheated the solidification zone and partially
melted some of the crystal framework, resulting in a remobilized crystal-rich magma
(Bachmann et al., 2002) (Figure 32F). Some evidence of this scenario is seen in
partially embayed quartz and sanidine phenocrysts in crystal-rich samples. This
hotter, remobilized magma would be less viscous and eruptible than the state of the
solidification zone previously, and increased volatility and melt buoyancy could
cause the crystal-rich magma to also erupt from fractures in roof rock.

A caldera complex is not obvious in the present-day G-SVP landscape,
despite attempts to locate one (Sheridan et al., 1970). However, detailed mapping
and age dates for the volcanic stratigraphy in the G-SVP estimates the volume for
the Apache Leap tuff as ~800 km? and shows that it erupted from only one caldera
structure (McIntosh & Ferguson, 1998). Evacuation of volumes of magma
comparable to that of the Apache Leap tuff from a reservoir would have undoubtedly
created a caldera, but this feature has likely become indistinguishable in the
topography of the G-SVP due to fill by the Apache Leap tuff eruption and ~18 million

years of landscape evolution.
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Figure 32. Physical model cartoon for the evolution of the Tule Canyon and Apache Leap
magma reservoir. Dimensions exaggerated to show detail. A) A magma reservoir forms
(probably due to crustal melting from basalt) and cooling begins to create a solidification zone
around the margins of the reservoir. B) As cooling continues the solidification zone grows,
becomes a large body of crystals in high SiO:z liquid. Some of the interstitial liquid escapes
the solidification zone and migrates upward (as illustrated by black arrows in image B),
creating a zoned reservoir: an upper high-SiOz liquid, and lower crystal-rich zone. C)
Increased pressures from volatile exsolution fracture roof rocks; some crystallization occurs
in the upper zone (but remains crystal-poor). D) The upper crystal-poor liquid eruptions (~19
Ma) as the crystal-poor Tule Canyon tuffs and lavas. E) Weakened and destabilized roof rocks
collapse (possibly attended by some remobilization of the lower zone from basalt intrusion),
and expel upper portions of the lower crystal-rich zone as the crystal-rich Apache Leap tuff.
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1.

CONCLUSIONS

The G-SVP contains crystal-poor and crystal-rich rhyolite ash-flow tuffs and
lavas that erupted ~19 and ~18.6 Ma, respectively. Modal plagioclase, alkali
feldspar, quartz, amphibole, biotite, Fe-Ti oxide, titanite, perrierite, and zircon
make up ~3 to 11 vol.% of the crystal-poor tuffs and lavas, and ~30 to 47

vol.% of the crystal-rich tuffs.

The crystal-poor tuffs and lavas are compositionally similar to one another,
but distinct from the crystal-rich tuffs. For example, among major elements,
crystal-poor tuffs and lavas have higher abundances of SiOz2, but lower
abundances of Al203, TiO2, and Fe20s3 than crystal-rich tuffs. Among trace
elements, crystal-poor tuffs generally have higher abundances of the high
field strength elements (HFSEs) and lower abundances of Ba, and the rare

earth elements (REEs) than the crystal-rich tuffs.

Small variations in major and trace element compositions within the crystal-
poor tuff and lava sample groups are due largely to different amounts of
modal minerals (e.g., +/- plagioclase, biotite, amphibole) present in these
samples, and, to a lesser extent, due to alteration of some weathering
sensitive elements, such as Sr. Such variation in mineral abundances
throughout crystal-poor tuffs is a common characteristic of crystal-poor
rhyolite ash-flow tuffs elsewhere, and has been observed for other Basin and

Range volcanic provinces, such as the Bishop tuff and the Peach Spring tuff.

Compositions of crystal-rich samples generally overlap even though they
have modal differences (e.g., ~30 to 47 vol.% crystals). Unlike crystal-poor
samples, greater abundances of plagioclase, sanidine, quartz, amphibole,
and biotite in some crystal-rich samples do not greatly affect the whole-rock

composition for crystal-rich samples.
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5. Accessory minerals perrierite, titanite, and zircon are the primary hosts for
REEs and HFSEs in both crystal-poor and crystal-rich samples. Modal
amounts of these minerals in each sample affect its trace element
abundances and ratios. For example, adding 0.02 vol.% perrierite (~10 wt.%
La203) to a sample can increase its whole-rock La abundance by ~16 ppm,

and also increases its La/Sm ratio.

6. Crystal-liquid segregation within one parent magma produced the modal and
compositional differences that account for the crystal-poor and crystal-rich
tuffs. Their parent magma initially crystallized plagioclase (~Anzo-45), sanidine
(~Ore0-70), amphibole (~Mg#65), biotite (Mg#61) Fe-Ti oxides, and accessory
minerals and created a solidification zone. Some of the liquid separated from
the solidification zone to create a zoned reservoir: an upper zone of more

evolved liquid, and a lower zone of crystals and liquid.

7. After segregation from the solidification zone, the compositionally evolved
liquid crystallized anorthoclase and sanidine (~Or1s.50) and amphibole
(~Mg#72-75), but remained crystal-poor. The upper crystal-poor zone of the
magma reservoir erupted first, likely due to high volatility and pressure, and

was emplaced as the crystal-poor Tule Canyon tuff.

8. Some of the solidification zone remaining in the reservoir erupted ~18.6 Ma,
probably due to roof rock collapse from roof instability assisted by basalt
intrusion reheating and remobilization of the crystal-mush zone. The erupted

mush was emplaced as the crystal-rich Apache Leap tuff.
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