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ABSTRACT 

 

DOMBROSKI, BRIAN ANTHONY. Mineralogy, Petrology, and Geochemistry of 

Miocene Silicic Lavas and Pyroclastic Flows, Goldfield-Superstition Volcanic Province, 

Central Arizona.  (Under the direction or Dr. R.V. Fodor.) 

 

 The Goldfield-Superstition volcanic province (G-SVP) occupies the transition 

zone between the Basin and Range and the Colorado Plateau in central Arizona.  This 

large silicic volcanic province (LSVP) is comprised mainly of Miocene peraluminous 

rhyolite to rhyodacite lavas and pyroclastic flows, possibly related to subduction of the 

Farallon plate.  Major modal mineralogy consists of plagioclase (An50-12), anorthoclase, 

sanidine (BaO ≤ 5.0 wt. %), and quartz.  Other minerals include edenitic amphibole, 

biotite, clinopyroxene, orthopyroxene, and Fe-Ti oxides.  Accessory minerals are zircon, 

titanite, and perrierite.  Relevant compositional aspects of whole-rock trace-element 

abundances show negative Nb-Ta, Eu, P and Ti anomalies and moderate LREE 

enrichment, La/Yb(N) ~9 to 12 for most samples and ~50 for one rhyolite.  Relevant 

petrographic features are glassy to partly devitrified glass with ~2 to 33 vol.% 

phenocrysts, pits and reaction rims on feldspars, and resorbed quartz phenocrysts.  Rocks 

in the G-SVP have established 
40

Ar/
39

Ar sanidine ages, the oldest of which are rhyolite 

domes, ~20.5 Ma.  The bulk of the silicic lavas and pyroclastic flows, however, erupted 

~19 to 18 Ma.   

A main objective is determining the sources for the silicic lavas and pyroclastic 

flows represented by 16 samples, their relationships to one another, and the igneous 

processes involved in their formation.  Two samples of one type of early rhyolite dome 

(La/Yb(N) ~50 and Nb-Ta negative anomaly) are sanidine-free, therefore undated, and can 
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be modeled as a <5% partial melt of a relatively trace-element depleted lower crust 

amphibolite/pyroxenite comprised of plagioclase, clinopyroxene, amphibole, garnet, and 

rutile.  Three samples of another type of early dome (~20.5 Ma, La/Yb(N) of ~12, negative 

Eu anomaly, no Nb-Ta anomaly) can be modeled as a larger partial melt (~20 to 30 %) of 

the same or similar source that lacks garnet and rutile.  Likely fractionation of plagioclase 

in magmas for these domes was <10% and <20 %, respectively.  The remaining twelve 

samples are of voluminous silicic lavas and pyroclastic flows that can be modeled as 

various partial melts (~10 to 30 %) of a more trace-element enriched lower crustal 

amphibolite/pyroxenite comprised primarily of plagioclase, clinopyroxene, amphibole, 

and probably rutile to provide the characteristic Nb-Ta negative anomaly to the magmas.  

Negative Eu anomalies in nearly all samples suggest varying degrees of feldspar 

fractionation occurred, up to 30%, in their magmas.  Some magma mixing and upper 

crust contamination may have occurred in varying amounts as suggested by resorbed 

quartz, feldspar pitting/reaction rims in some lavas, and by varying Th/Nb ratios of 0.2 to 

0.5 across the G-SVP.  The rare-earth element rich (REE) accessory mineral perrierite 

(TiO2 ~18 wt.%, La2O3 ~11 wt. %; Ce2O3 ~20 wt. %), present in several samples, 

crystallized as a result of REE saturation in magmas and apparently did not influence the 

whole-rock rare-earth element abundances, as removal of perrierite would deplete light 

rare-earth elements.  Fe-Ti oxide geothermometry indicate equilibrium temperatures from 

~700 to 860 °C, while amphibole geobarometry indicate the bulk of the G-SVP magmas 

crystallized at ~150 MPa (1.5 kbar, ~4.5 km depth) and magmas in at least one region at 

~400 MPa (4.0 kbar, ~12 km depth).  Other Cenozoic western North American large 



 iv 

silicic volcanic provinces share similar trace-element characteristics with the G-SVP, 

such as negative Nb-Ta, P, Eu, and Ti anomalies, with distinctions in detail illustrated by 

trace-element ratios, such as Th/Nb, Ba/Nb, and La/Nb.  The G-SVP is therefore one of 

many Oligocene to Miocene LSVPs across western North America that have subduction 

zone influenced lower crust sources and experienced some upper crust contamination.  
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INTRODUCTION 

 The Goldfield and Superstition Mountains in central Arizona form a Miocene 

large silicic volcanic province (LSVP) ~8000 km
2
 in area that is located from ~ 50 to 70 

km east of Phoenix in central Arizona.  Tectonically, the Goldfield-Superstition volcanic 

province (G-SVP) lies along the transition from the southern Basin and Range province 

and the Colorado plateau (Fig. 1).  The G-SVP is made up primarily of silicic ash flow 

tuffs, lavas, and lesser amounts of volcanic breccias, and intermediate and basalt 

composition lavas (Sheridan et al., 1970; Stuckless and Sheridan, 1971; Stuckless and 

O’Neil, 1973; Ferguson and Skotnicki, 1995; Ferguson and Gilbert, 1997). 

Over recent decades, several mapping projects have described and defined various 

stratigraphic units, described the eruption history of the G-SVP (Fodor, 1969; Stuckless, 

1969, 1971; Stuckless and Sheridan, 1971; Malone, 1972; Suneson, 1976; Prowell, 1984; 

Kilbey, 1986; Sheridan, 1987; Skotnicki and Ferguson, 1995), and determined the 

40
Ar/

39
Ar ages for the sanidine-bearing volcanic rocks (McIntosh and Ferguson, 1998).  

Published mineral and whole-rock compositional data, however, are lacking for most all 

rock units.  As a result, little is known about the igneous conditions of origin of the 

various rock types, the petrologic relationships among the rock types, and how the 

volcanic rocks of the G-SVP compare to the lavas and pyroclastic rocks of other 

southwest North American LSVP (e.g., Sierra Madre Occidental to the south, in northern 

Mexico; Datil-Mogollon Province to the east, in New Mexico; San Juan volcanic field to 

the northeast, in Colorado).  
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In order to better establish the details for how the G-SVP fits into the Miocene 

volcanic history of southwestern North America, I have examined a suite of 16 silicic 

lavas and pyroclastic rocks for a detailed mineralogical and geochemical study by 

electron microprobe, X-ray fluorescence, and neutron activation.  Among the objectives 

for establishing the petrology of the G-SVP are to evaluate the roles of magma processes, 

such as fractional crystallization within magma reservoirs, assimilation of crustal 

material, and magma mixing.  Another objective is to identify the regional sources of the 

magmas, whether it is the upper mantle, lower crust, or upper crust.  Finally, I hope to 

identify any distinguishing features, chemical or mineralogical, that may serve as a 

petrologic signature for the G-SVP.
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Fig. 1. Regional physiographic map of Arizona.  The Goldfield-Superstition volcanic province (G-SVP) is 

located in the red box, east of Phoenix, Arizona in the transition zone between the Colorado Plateau and the 

Basin and Range.

G-SVP 
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BACKGROUND GEOLOGY 

 The G-SVP is one of many volcanic provinces that occupy southwestern North 

America.  These volcanic provinces formed by a sequence of events beginning ~100 Ma 

with the subduction of the Farallon plate beneath the North American plate (Fig. 2A) 

(Ferrari et al., 2002; Humphreys et al., 2007).  By ~60 Ma, the subduction angle of the 

Farallon plate shallowed and prevented asthenospheric mantle from contacting and 

heating the lithospheric mantle (Fig. 2B) (Humphreys et al., 2007). 

 At ~35 Ma, when the Farallon plate was completely subducted beneath the North 

American plate and sank into the mantle, asthenospheric heat facilitated partial melting of 

the lithosphere to create volcanism in central Mexico (Ferrari et al., 2002; Humphreys et 

al., 2007).  As more of the Farallon plate sank away and more asthenosphere provided 

heat for partial melting, volcanism progressed northward, and reached central Arizona 

~20.5 Ma to initiate volcanism in the G-SVP (McIntosh and Ferguson, 1998; Ferrari et 

al., 2002; Humphreys et al., 2007). 

 Farallon plate subduction was followed by extensional forces that created the 

Basin and Range province adjacent to the stable, undeformed Colorado plateau 

(Kempton, 1991; Liu 2001; Dickinson, 2002).  The G-SVP lies in the transition zone 

between the southern Basin and Range province and the Colorado Plateau, and has 

crustal extension features resembling those of the Basin and Range. 

 Most studies of the G-SVP have focused on mapping, volcanic stratigraphy, and 

geochronology (Sheridan et al., 1970; Stuckless and Sheridan, 1971; Kilbey, 1986; 
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Ferguson and Skotnicki, 1995; Skotnicki and Ferguson, 1995, 1996; Ferguson and 

Gilbert, 1997; Skotnicki and Leighty, 1997; McIntosh and Ferguson, 1998).  Among 

primary objectives was to define the sequence of volcanic events that make up the history 

of the area; however, the volcanic stratigraphy proved difficult to define in this area due 

to complex faulting and erosional features associated with the Basin and Range province.  

Several versions of the volcanic stratigraphy have been suggested and are summarized by 

Skotnicki and Ferguson (1995).  An abridged version of the G-SVP stratigraphy is in Fig. 

3a to highlight the relative positions and ages of the four regions sampled for this study, 

which are shown on a toporgraphic map in Fig. 3b.  McIntosh and Ferguson (1998) used 

extensive 
40

Ar/
39

Ar dating of sanidines to place the ages of the lavas and tuffs in the G-

SVP between 20.5 and 17.9 Ma, overlying a Proterozoic basement made up of various 

plutonic and metamorphic rocks, such as the Ruin granite (~1.4 Ga), Madera diorite (~1.6 

Ga), or the Pinal schist (Stuckless and O’Neil, 1973; Skotnicki and Ferguson, 1995).  

 Stuckless and O’Neil (1973) used strontium and oxygen isotopes for some lavas 

and ash flows to propose that G-SVP magmas originated as partial melts from an 

amphibolite at greater than 22 km depth, and ~10 kb pressure at ~830° C, at water 

undersaturated conditions.   
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SAMPLING 

Sampling sites across the G-SVP were chosen to attain a representative variety of 

silicic lavas and pyroclastic rocks.  I divided the field area into four regions: Tortilla Flat 

(TF); Usery and Packsaddle (PS or GF); Bulldog Canyon (T, TB, IR, or SR); and Queen 

Valley (QV) (Fig. 3b).  
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Fig. 2. Cross-sectional view of the subduction of the Farallon plate through time after Humphreys (2007). 
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Fig 3. (a) Generalized volcanic stratigraphy of the Goldfield-Superstition volcanic province modified after 

McIntosh and Ferguson (1998) to highlight the stratigraphic positions of samples from this study. (b) 

Topographic map highlighting 16 samples across 4 regions of the G-SVP.  
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UNCONFORMITY 

PROTEROZOIC 
plutonic and 
metamorphic rocks 

20.48 ± 0.10 Ma 

UNCONFORMITY 

rhyolite domes 
(Bulldog Canyon) 

basalts and andesites 

Tule Canyon  
(Usery and 
Packsaddle)  

Whitlow Canyon 
(Queen Valley) 

Buzzards Roost 
(Queen Valley) 

Apache Leap tuff 
(Tortilla Flat) 

UNCONFORMITY 

19.00 ± 0.07 Ma 

18.57 ± 0.05 Ma 

18.57 ± 0.11 Ma 

18.57 ± 0.08 Ma 

a) 
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PETROGRAPHY 

 Petrography described for G-SVP samples are grouped by the four collection 

regions within the study area and by their occurrences as either lava, lava dome, or ash-

flow tuff.  Modal mineralogy data were collected by a ~1500 points counted on each thin 

section of the samples studied using a petrographic microscope and are presented in 

Table 1 and Fig. 4.  Representative photomicrographs are shown in Figs. 5 and 6. 

 

Bulldog Canyon 

Lava domes 

 Samples T-01, TB-01, T-12, IR-03, and SR-5A represent three lava domes in the 

Bulldog Canyon area (Fig. 3b).  Two domes (T-12, IR-03, and SR-5A) have ~3 to 6 

vol.% phenocrysts of anhedral to euhedral sanidine (0.2 to 1.2 mm), plagioclase (0.2 to 

1.4 mm), and embayed quartz (0.1 to 1 mm) in a devitrified groundmass with flow 

structure (Fig. 5F) and small Fe-Ti oxide grains (0.1 to 0.3 mm).  The third dome (T-01 

and TB-01) contains ~5 vol.% phenocrysts of only anhedral quartz (0.1 to 0.7 mm) and 

euhedral plagioclase (0.2 to 2.5 mm), and groundmass grains of Fe-Ti oxides (0.1 to 0.3 

mm), rare titanite (<0.1mm), and zircon (<0.1mm).   

The two domes with sanidine were mapped as Trb, and the third dome was 

mapped as Tr by Skotnicki and Ferguson (1996).  McIntosh and Ferguson (1998) 

collectively named these domes as the rhyolites of Bulldog Canyon, and provided 
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40
Ar/

39
Ar dates of 20.52 ± 0.05 Ma and 20.55 ± 0.15 Ma for the two sanidine-bearing 

domes. 

 

Usery and Packsaddle 

Lavas 

 Two samples, PS-01 and GF-2, were collected from what appears to be the same 

stratigraphic horizon at locations ~6.4 km apart.  PS-01 has ~8 vol.% phenocrysts of 

subhedral to euhedral sanidine (0.2 to 2.2 mm), quartz (both 0.2 to 1.5 mm), and 

subhedral amphibole (0.1 to 0.7 mm).  Some of the larger grains of sanidine have 

plagioclase cores with sharp optical contacts between the two feldspars (Fig. 5A).  

Amphiboles also occur in glomerocrysts approximately 2 mm across (Fig 6A).  The 

vytrophyric, perlitic glass contains microphenocrysts of  Fe-Ti oxides (0.1 to 0.2 mm), 

and trace amounts of titanite (0.1 to 0.2 mm), zircon (<0.1 mm), and perrierite (~0.1 

mm).   

GF-2 has ~28 vol.% phenocrysts of subhedral to euhedral sanidine (0.1 to 2.2 

mm), plagioclase (0.1 to 4.5 mm), granulated quartz (0.1 to 2.5 mm), biotite (0.1 to 1.2 

mm), and amphibole (0.1 to 2.3 mm) in a vitrophyric groundmass.  It also contains 

microphenocrysts of Fe-Ti oxides (0.1 to 0.2 mm), titanite (0.1 to 0.2 mm), zircon (<0.1 

mm), and perrierite (~0.1 mm).  PS-01 was mapped as Tr2 and GF-2 was mapped as Trd, 

both directly overlying a thick section of ash-flow tuff, Trt, by Skotnicki and Ferguson 
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(1996).  McIntosh and Ferguson (1998) determined an 
40

Ar/
39

Ar date of 18.79 ± 0.07 Ma 

for Tr2. 

 

Ash-Flow Tuffs 

 Samples PS-02 and GF-1 are vesicular, non-welded tuffs collected from what 

appears to be the same stratigraphic horizon at locations approximately 6.4 km apart.   

GF-1 has ~12 vol.% anhedral phenocrysts of sanidine (0.1 to 1.5 mm), plagioclase (0.1 to 

1.5 mm), embayed quartz (0.1 to 2 mm), and amphibole (0.1 to 1.3 mm).  The whispy-

textured matrix also contains small grains of Fe-Ti oxides (~0.1 mm) and zircon (<0.1 

mm).  PS-02 has ~2.4 vol.% phenocrysts of anhedral sanidine (0.2 to 1 mm), plagioclase 

(0.3 to 1.5 mm), embayed quartz (0.1 to 1.8 mm), subhedral biotite (0.1 to 0.6 mm), and 

amphibole (0.2 to 0.6 mm), as well as small Fe-Ti oxides (0.1 to 0.5 mm) and zircon 

(~0.1 mm).  Lapilli up to 0.8 mm across are present in both samples and contain 

fragments of quartz and feldspar (Fig 5E).  These ash-flows were mapped as Trt 

underlying the Tr2 and Trd lavas by Skotnicki and Ferguson (1996).  McIntosh and 

Ferguson (1998) determined 
40

Ar/
39

Ar dates of 19.00 ± 0.09 Ma for the samples mapped 

as Trt. 
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Queen Valley 

Lavas 

 Samples QV-02 and QV-04 are from the dacite of Buzzards Roost, and QV-01 

and QV-06 are from the rhyodacite of Whitlow Canyon (Ferguson and Skotnicki, 1995).  

The Buzzards Roost samples have ~17 to 20 vol.% phenocrysts of subhedral sanidine 

(0.1 to 3 mm), plagioclase (0.2 to 2.5 mm), embayed quartz (0.1 to 0.4 mm), and biotite 

(0.1 to 1.1 mm) in a glassy, sometimes perlitic, matrix.  Small grains of Fe-Ti oxides (0.1 

to 0.4 mm), titanite (0.1 to 0.7 mm), zircon (0.1 to 0.2 mm), and perrierite (~0.1 mm) are 

also present (Fig. 6B, 6F).  The Whitlow Canyon samples have ~25 vol.% phenocrysts of 

subhedral sanidine (0.1 to 5.5 mm), plagioclase (0.5 to 5.5 mm), embayed quartz (0.3 to 4 

mm), biotite (0.5 to 1 mm), and amphibole (0.2 to 1.5 mm) with additional small grains 

of Fe-Ti oxides (0.1 to 0.4 mm), titanite, (0.1 to 0.2 mm), zircon (<0.1 mm), and 

perrierite (~0.1 mm) present in a devitrified, pilotaxic groundmass (Fig. 6C). Feldspars in 

the Whitlow Canyon samples have spongy or pitted margins sometimes enveloped by a 

thin growth rim (Figs. 5B, 5C).   

Buzzards Roost lava is mapped as Tdu, and Whitlow Canyon lava is mapped as 

Trd by Ferguson and Skotnicki (1995).  McIntosh and Ferguson (1998) determined 

40
Ar/

39
Ar dates of 18.65 ± 0.12 Ma for Buzzards Roost lavas, and 18.64 ± 0.06 Ma and 

18.71 ± 0.09 Ma for the Whitlow Canyon lavas. 
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Tortilla Flat 

 Lavas 

 Samples TF-04 and TF-05 were collected from the Whitlow Canyon type 

rhyodacite lava in what appears to be the same stratigraphic horizion at locations 

approximately 2 km apart (Ferguson and Gilbert, 1997).  Sample TF-03 was collected 

from a different lava ~0.5 km east of sample TF-04.  Sample TF-04 has ~23.8 vol.% 

phenocrysts of anhedral to euhedral plagioclase (0.1 to 3.3 mm),  subhedral to euhedral 

biotite (0.2 to 0.7 mm), amphibole (0.1 to 1.7 mm), clinopyroxene (0.1 to 0.5 mm), and 

orthopyroxene (0.1 to 0.6 mm), with microphenocrysts of Fe-Ti oxides (0.1 to 0.5 mm), 

zircon (<0.1 mm), and perrierite (0.1 to 0.3 mm) in a glassy matrix (Figs. 6D, 6E).  

Plagioclase grains may be spongy/pitted, have a spongy/pitted core surrounded by a 

euhedral margin, have a spongy/pitted margin with a solid core, or granulated (Fig. 5D).  

TF-05 appears to be a highly weathered version of TF-04 with a milky red matrix and 

phenocrysts altered beyond recognition.  TF-03 has ~5 vol.% phenocrysts of anhedral 

feldspar (0.2 to 1.2 mm), embayed quartz (0.1 to 1.5 mm), and biotite (0.1 to 0.3 mm).  

Smaller grains present are Fe-Ti oxides (0.1 to 0.2 mm), titanite (0.1 to 0.2 mm), and 

zircon (~0.1 mm).   

Samples TF-04 and TF-05 were mapped as Tw, and TF-03 was mapped as Trp by 

Ferguson and Gilbert (1997).  McIntosh and Ferguson (1998) determined 
40

Ar/
39

Ar dates 

of 18.75 ± 0.06 Ma for the Whitlow Canyon type lavas and 18.61 ± 0.24 Ma for the 

crystal-poor lava (TF-03).  
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Ash-Flow Tuffs 

 Sample TF-08 is a welded tuff collected from the Apache Leap tuff (Ferguson and 

Gilbert, 1997).  It has ~33.7% phenocrysts of anhedral to euhedral plagioclase (0.1 to 1.3 

mm), sanidine (0.1 to 1.2 mm), embayed quartz (0.1 to 3.2 mm), subhedral to euhedral 

biotite (0.1 to 1.0 mm), and amphibole (0.1 to 0.8 mm).  Additionally, there are small 

grains of Fe-Ti oxides (0.1 to 0.2 mm), titanite (0.1 to 0.6 mm), and zircon (<0.1 mm) in 

a pyroclastic matrix of wispy glass shards and lapilli, to 2.8 mm, containing small (<0.1 

mm) fragments of broken feldspar, quartz, and biotite.  This sample was mapped as Ta by 

Ferguson and Gilbert (1997).  McIntosh and Ferguson (1998) determined 
40

Ar/
39

Ar dates 

of 18.61 ± 0.07 Ma for the Apache Leap tuff. 
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Table 1: Modal mineralogy in volume percent for 15 samples of the Goldfield-Superstition volcanic province, central Arizona. 

Region: Bulldog Canyon  Usery and Packsaddle 

Sample: TB-01 T-12 IR-03 SR-5A  PS-01 GF-2 PS-02 GF-1 

Plagioclase 3.9 1.2 2.1 2.5  0.1 20.2 0.6 1.4 

Alkali feldspar*  0.7 3.8 0.9  7.9 3.8 0.2 5.0 

Quartz  0.8 0.4 0.6   0.8 1.4 6.0 

Biotite    0.1   2.8 0.1  

Amphibole      0.1 0.2  0.1 

Oxides 1.1 0.1 0.1 0.1  0.1 0.6 0.1 0.1 

Titanite tr.     tr. tr.   

Perrierite      tr. tr.   

Zircon tr.     tr. tr. tr. tr. 

Groundmass 95.0 97.2 93.6 95.8  91.8 71.6 97.6 87.2 

Total 100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0 

~1500 points per sample 
tr. = trace amounts 
* Alkali feldspar includes both sanidine and anorthoclase 
Latitude and Longitude of samples are in appendix (Table 14) 
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Table 1: continued 

Region: Queen Valley  Tortilla Flat 

Sample: QV-02 QV-04 QV-01 QV-06  TF-03 TF-04 TF-08 

Plagioclase 9.6 7.4 13.8 8.8  3.0 20.1 19.0 

Alkali feldspar* 7.0 6.0 4.1 10.3  0.2  8.5 

Quartz 2.1 1.7 5.0 3.2  0.8  2.2 

Biotite 1.0 1.2 0.6 0.8  0.1 0.3 2.9 

Amphibole   0.1 0.9   1.2 0.5 

Clinopyroxene       0.1  

Orthopyroxene       0.8  

Oxides 0.4 0.5 1.7 1.9  1.0 1.3 0.5 

Titanite tr. tr. tr. tr.  tr.  tr. 

Perrierite tr. tr. tr. tr.   tr.  

Zircon tr. tr. tr. tr.  tr. tr. tr. 

Groundmass 79.9 83.2 74.7 74.1  94.9 76.2 66.4 

Total 100.0 100.0 100.0 100.0  100.0 100.0 100.0 

~1500 points per sample 
tr. = trace amounts 
* Alkali feldspar includes both sanidine and anorthoclase 
Latitude and Longitude of samples are in appendix (Table 14)
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Fig. 4. Bar graph representing cumulative percentage of modal mineralogy for 15 samples from the Goldfield-Superstition volcanic province, 

central Arizona.
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Fig. 5. Photomicrographs in cross-polarized light of lavas, domes, and pyroclastic flows from the 

Goldfield-Superstition volcanic province (G-SVP), central Arizona.  Minerals shown are plagioclase (pl), 

alkali feldspar (includes sanidine and anorthoclase) (af), quartz (qtz), and biotite (bt).  A) Lava PS-01 from 

the Usery and Packsaddle region showing compositionally zoned oligoclase enveloped by zoned 

anorthoclase.  B) Lava QV-01 from the Queen Valley region showing sanidine with a reaction rim in a 

devitrified matrix.  C) Queen Valley lava QV-06 showing resorbed quartz and plagioclase grain with 

reaction rims and new growth rim in a devitrified matrix.  D) Crystal-rich lava TF-04 from Tortilla Flat 

showing a biotite grain next to a plagioclase with both spongy textures and fresh growth.  E) A pyroclastic 

flow, PS-02, from the Usery and Packsaddle region showing an embayed quartz adjacent to a lapilli 

containing fragments of quartz, feldspar, and biotite in a wispy-textured matrix.  F) Lava dome, T-12,  from 

Bulldog Canyon showing an embayed quartz in a devitrified matrix with flow structure.   
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Fig. 6. Photomicrographs in cross-polarized light of lavas, domes, and pyroclastic flows from the 

Goldfield-Superstition volcanic province (G-SVP), central Arizona.  Minerals shown are plagioclase (pl), 

alkali feldspar (af) (includes sanidine and anorthoclase), quartz (qtz), biotite (bt), hornblende (hbl), 

orthopyroxene (opx), clinopyroxene (cpx), titanite (ti), perrierite (pr), and Fe-Ti oxides (ox).  A) Lava PS-

01 from the Usery and Packsaddle region showing a glomerocryst of hornblende grains with anorthoclase 

and titanite.  B) Embayed quartz surrounding a perrierite and Fe-Ti oxide grains in lava QV-06 from Queen 

Valley.  C) Queen Valley lava QV-01 with titanite, Fe-Ti oxide, and zircon grains attached to a Fe-Ti oxide 

in a devitrified matrix.  D) Lava TF-04 from the Tortilla Flat region, showing the only observation of 

orthopyroxene in the G-SVP.  It is surrounded by hornblende and Fe-Ti oxides.  E) Lava TF-04 from the 

Tortilla Flat region, showing the only observation of clinopyroxene in the G-SVP next to Fe-Ti oxide and 

andesine grains.  F) A glomerocryst in sample QV-04 illustrating accessory minerals titanite, perrierite, and 

zircon grains adjoining Fe-Ti oxide.  Grains of oligoclase are also present in the glassy matrix. 
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ANALYTICAL TECHNIQUES 

 Samples were crushed into chip-size in a mechanical jaw crusher and then 

powdered in a shatterbox.  Major element compositions were analyzed by X-ray 

fluorescence as glass disks at the University of Massachusetts (J.M. Rhodes, supervisor) 

and trace elements Rb, Sr, Ba, Zr, Nb, and Y were determined by X-ray fluorescence as 

pressed powders using a Philips 1410 X-ray fluorescence spectrometer at North Carolina 

State University.  Precision for this instrumentation has been outlined by Fodor et al. 

(1992).  Rare-earth elements (REE), Hf, Th, Ta, and U were analyzed by neutron 

activation at the Oregon State University Radiation Center.   

 Mineral compositions were determined using an ARL-SEMQ electron microprobe 

at North Carolina State University.  An electron beam ~1 to 2 µm in diameter operating at 

15 keV and 0.015 µA was used at 10 second on-peak count times and 10 second off-peak 

counts.  Reference minerals include plagioclase, microcline, benitoite, spinel, ilmenite, 

clinopyroxene, orthopyroxene, amphibole, and biotite provided by the Smithsonian 

Institution, and synthetic REE standards.   

 

ANALYTICAL RESULTS 

Whole-Rock Compositions 

Major Element Compositions 

Whole-rock major-element compositions for 16 samples from the G-SVP are 

presented in Table 2 and shown as SiO2 variation diagrams in Fig. 9.  All samples have 
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between ~65 and 78 wt.% SiO2 and are rhyodacites and rhyolites, as shown in a SiO2-

total alkalis (TAS) diagram in Fig. 7.  Three samples have seemingly anomalous values 

for total alkalis (~11.5 wt.%) and plot notably higher in the TAS diagram compared to all 

other samples (Fig. 7).  All samples are peraluminous, except for QV-01 which is 

metaluminous, as shown in the alumina saturation indices plot (Fig. 8).  A CIPW norm 

was calculated and is presented in Table 3. 

Collectively, all samples show decreasing Al2O3, TiO2, Fe2O3, and P2O5 with 

increasing SiO2, a weak negative MgO correlation with SiO2, and no systematic 

correlations for CaO, Na2O, and K2O with SiO2.  Details of the compositional data for all 

samples are presented below according to their corresponding regions (Bulldog Canyon, 

Usery and Packsaddle, Tortilla Flat, and Queen Valley).    

 

Bulldog Canyon.  Five analyses of three rhyolite domes of Bulldog Canyon have 

SiO2 values ranging from ~70 to 78 wt.%.  Two samples from one dome (T-01 and TB-

01) have the lowest SiO2 (~70 wt.%) in the region and are similar in most major 

elements, but differ in CaO, Na2O and K2O.  These differences may be due to alteration 

of the rhyolitic glass, but the loss-on-ignition (LOI) value of 1.8 wt.% is not consistent 

with severe weathering or alteration as a cause for the the anomalously high K2O of ~10 

wt.%, anomalously low CaO of 0.36 wt.%, and Na2O of 0.77 wt.% in one sample.   

Two analyses from a second dome (IR-03 and SR-5A) have the highest SiO2 in 

the region (~77 wt.%) and are similar in composition, but have differences in Na2O and 
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CaO.  The third rhyolite dome (T-12), 73.5 wt.% SiO2, also has unusually high K2O 

(~10.6 wt.%) and, similar to sample T-01, has low Na2O and CaO even though there is 

1.2 vol.% plagioclase and 0.7 vol.% sanidine (Ab40Or60) in the mode.  The LOI does not 

support weathering or alteration as its value is only 0.93 wt.%.  Stringers of secondary 

granular quartz likely increased SiO2 above the magmatic value.   

 

Usery and Packsaddle.  The Usery and Packsaddle region includes two lavas with 

~72.5 and 76.5 wt.% SiO2 and two tuff samples with the highest SiO2 for rocks in the G-

SVP, ~78 and 79 wt.% SiO2.  The two lavas (PS-01 and GF-2) have similar values for 

Na2O (~3.3 and 3.8 wt.% respectively) and K2O (~4.3 and 5 wt.%), but differ greatly in 

other elements, such as Al2O3 (12.68 and 14.57 wt.%) and CaO (0.45 and 1.78 wt.%), 

mostly due to a higher modal plagioclase percentage (~20 vol.%) in sample GF-2 (Table 

1).   

The two tuffs (PS-02 and GF-1) are similar in composition, but differ in CaO 

(3.07 and 2.34 wt.% respectively), Na2O (~0.5  and 1 wt.%) and K2O (~2 and ~4 wt.%), 

most likely due to higher modal plagioclase and sanidine in GF-1 (1.6 vol.% and 5 vol.% 

respectively) when compared to PS-02 (0.6 vol.% and 0.2 vol.%).  Generally, the tuffs 

have higher concentrations of CaO and lower concentrations of Na2O when compared to 

the lavas.  The tuff samples also have high LOI (~7 to 8 wt.%) partially due to alteration 

of glass shards that make up the bulk of these pyroclastic samples.   
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Queen Valley.  The Queen Valley region is divided into the Buzzards Roost (QV-

04) and the Whitlow Canyon (QV-01 and QV-06) lava flows.  The Buzzards Roost 

sample is a rhyolite and has higher SiO2, ~74 wt.% than the Whitlow Canyon samples, 

~69 wt.% SiO2, which are rhyodacites.  Three analyses of both flows combined show 

negative correlations in Al2O3, Fe2O3, MgO, TiO2, and P2O5 with the change in SiO2 from 

69 to 74 wt.%.  For example, CaO ranges from 2.66 to 0.78 wt.% and MgO from 0.71 to 

0.26 wt.%.  K2O shows a positive correlation with SiO2, trending from 3.59 to 5.28 wt.%.   

 

Tortilla Flat.  Tortilla Flat samples have, on average, the lowest SiO2 values for 

the G-SVP ranging from ~63 to 72 wt.%.  However, the low SiO2 sample (TF-05) 

appears weathered and oxidized, and it is likely that SiO2, Na2O (2.59 wt.%), and CaO 

(1.12 wt.%) have been leached while K2O (8.95 wt.%) and Al2O3 (18.28 wt.%) have been 

enriched and are not magmatic values.  The LOI value does not support weathering, 

however, as it remains relatively low with a value of ~2.1 wt.%.  Excluding sample TF-

05, the SiO2 range for the samples is small, from ~68 to 71 wt.%.   

The composition of the Apache Gap welded tuff (TF-08) is similar to those of the 

lava flows in the region, and differs only by lower Fe2O3 (lavas ~3 to 4.5 wt.%, tuff 2.64 

wt.%), and K2O (lavas ~2.2 to 3.8 wt.%, tuff 4.3 wt.%).  Collectively, the Tortilla Flat 

samples show the same negative SiO2 correlations that samples from the other G-SVP 

regions show, with Fe2O3, TiO2, Al2O3, and P2O5 all decreasing with increasing SiO2. 
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Table 2: Major and trace element compositions for 16 samples of the Goldfield-Superstition 
volcanic province, central Arizona. 

Region: Bulldog Canyon  Packsaddle and Usery 

 Rhyolite Lava Domes  Tuffs Lava Flows 

Sample:  T-01 TB-01 IR-03 SR-5A T-12  PS-01 GF-2 PS-02 GF-1 

SiO2 70.00 71.85 77.31 77.69 73.47 76.49 72.49 78.70 77.98 

TiO2 0.15 0.15 0.05 0.06 0.04 0.13 0.40 0.10 0.14 

Al2O3 15.66 16.22 13.31 13.34 14.06 12.68 14.57 12.11 12.38 

Fe2O3* 1.02 1.57 0.72 0.60 0.68 1.10 2.07 0.77 1.06 

MnO 0.03 0.06 0.08 0.05 0.03 0.09 0.08 0.08 0.09 

MgO 0.52 0.49 0.34 0.05 0.06 0.10 0.62 0.83 0.72 

CaO 0.36 2.76 1.86 0.33 0.23 0.45 1.78 3.07 2.34 

Na2O 0.77 3.17 2.84 5.80 0.53 3.34 3.77 1.06 0.46 

K2O 10.84 2.93 2.82 2.19 10.55 5.00 4.35 2.17 4.45 

P2O5 0.12 0.07 0.02 0.02 0.01 0.01 0.26 0.02 0.01 

Total 99.47 99.27 99.35 100.13 99.66 99.39 100.39 98.91 99.63 

          

LOI 1.88 3.60 4.29 2.43 0.93 3.96 2.86 8.32 6.87 

          

Rb 500 90 100 95 160 180 160 140 150 

Sr 220 1670 1455 155 95 63 407 765 170 

Y 8 9 15 16 17 63 62 37 50 

Zr 219 212 36 95 85 252 368 185 233 

Nb 18 21 33 33 28 42 44 28 32 

Ba 1265 2070 920 615 500 230 1070 295 265 

La 40.63 38.40 14.32 13.38 11.00 35.17 63.56 27.45 34.60 

Ce 65.47 66.89 30.64 27.09 25.32 72.65 112.04 51.73 65.91 

Nd 18.23 16.96 9.32 5.84  18.66 36.87 17.12 23.65 

Sm 3.13 2.89 2.63 1.84 2.39 4.78 8.42 3.42 4.35 

Eu 0.72 0.74 0.49 0.38 0.38 0.47 1.68 0.36 0.54 

Tb 0.27 0.31 0.44 0.22 0.35 0.85 1.12 0.53 0.71 

Yb 0.48 0.59 0.86 0.73 1.09 2.56 3.39 1.77 2.59 

Lu 0.09 0.11 0.17 0.10 0.15 0.42 0.51 0.26 0.35 

Hf 4.10 4.11 2.35 2.27 2.30 5.72 6.97 4.34 4.87 

Ta 0.58 0.70 1.29 1.21 1.14 2.02 6.99 1.76 1.65 

Th 5.32 5.39 7.66 7.41 6.19 13.79 12.96 12.12 11.90 

U 2.38 1.80 2.70 1.38 3.07 3.91 3.53 1.98 2.67 

LOI = Loss on ignition 
Oxides expressed in wt.% 
Elements expressed in ppm 
* All Fe expressed as Fe2O3 
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Table 2: continued 

Region: Queen’s Valley  Tortilla Flat 

 Lava Flows  Lava Flows Tuff 

Sample: QV-04 QV-01 QV-06  TF-03 TF-04 TF-05 TF-08 

SiO2 74.00 68.40 69.82  67.99 71.52 63.54 70.79 

TiO2 0.22 0.74 0.66  0.75 0.48 0.58 0.39 

Al2O3 13.93 15.00 14.51  15.88 14.63 18.28 14.52 

Fe2O3* 1.53 4.34 4.05  4.52 3.14 3.81 2.64 

MnO 0.10 0.08 0.13  0.05 0.11 0.13 0.09 

MgO 0.26 0.71 0.55  1.06 0.73 0.71 1.27 

CaO 0.78 2.66 2.40  2.16 2.27 1.12 1.87 

Na2O 3.30 4.17 3.57  3.28 4.66 2.59 3.49 

K2O 5.28 3.59 3.90  3.82 2.27 8.95 4.32 

P2O5 0.04 0.24 0.29  0.32 0.13 0.25 0.16 

Total 99.44 99.93 99.88  99.83 99.94 99.96 99.54 

         

LOI 3.26 0.54 0.89  2.11 4.72 2.09 1.59 

         

Rb 190 95 112  100 140 275 140 

Sr 195 505 475  560 570 255 445 

Y 89 50 46  52 49 50 43 

Zr 342 281 309  462 393 575 415 

Nb 41 34 31  21 32 26 28 

Ba 1380 915 925  1290 1130 1535 1140 

La 82.12 45.69 46.52  65.02 55.73 59.40 73.99 

Ce 169.28 85.65 89.54  122.72 110.09 113.74 133.83 

Nd 68.40 34.62 31.85  57.47 41.68 40.66 47.48 

Sm 12.04 6.79 8.41  10.16 8.41 7.83 11.13 

Eu 2.43 1.41 1.35  2.72 1.71 1.61 2.61 

Tb 1.72 0.86 0.09  1.46 1.28 1.08 1.57 

Yb 4.67 3.12 2.47  3.39 3.00 3.26 3.94 

Lu 0.65 0.47 0.36  0.37 0.46 0.45 0.56 

Hf 7.29 5.97 5.68  9.06 7.58 8.11 10.17 

Ta 1.74 1.28 1.37  1.37 1.44 1.40 1.53 

Th 17.26 8.95 9.72  9.93 12.17 12.51 9.91 

U 4.07 2.59 2.40   1.72 2.86 3.01 2.23 

LOI = Loss on ignition 
SiO2 through LOI expressed in wt.% 
Rb through U expressed in ppm 
* All Fe expressed as Fe2O3 
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Fig. 7. Total Na2O + K2O plotted against SiO2 content for 16 samples from the Goldfield –Superstition volcanic province, central Arizona.  

Symbols and colors correspond to the sampling region; explained below the figure.  Base design after Le Bas and Streckeisen (1991) and 

coordinates from Le Maitre (2002). 
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Fig. 8. Alumina saturation indices plotted for 16 samples of the Goldfield-Superstition volcanic province, central Arizona. 

0.2 0.8 0 0.6 0.4 

0 

1 
 

1 1.2 1.4 

0.2 
 

0.4 

0.6 
 

0.8 

1.2 

1.4 

Na2O+K2O+CaO 

Al2O3 

Na2O + K2O 

Al2O3 

Peralkaline 

Metaluminous  

Peraluminous  

mol. 

mol. 



 32 

 
Table 3. CIPW norms for 16 samples of the Goldfield-Superstition volcanic province, central Arizona. 

Region: Bulldog Canyon  Usery and Packsaddle 

Sample: T-01 TB-01 IR-03 SR-5A T-12  PS-01 GF-2 PS-02 GF-1 

Apatite 0.26 0.15 0.04 0.04 0.02  0.02 0.55 0.04 0.02 

Ilmenite 0.21 0.21 0.07 0.08 0.06  0.18 0.56 0.15 0.20 

Magnetite 0.11 0.17 0.09 0.06 0.07  0.12 0.21 0.09 0.11 

Anorthite 1.02 13.51 9.34 1.50 1.10  2.21 7.18 15.84 12.03 

Corundum 2.54 3.31 2.51 0.95 1.53  1.08 1.14 2.83 2.91 

Diopside - - - - -  - - - - 

Hypersthene 2.53 3.18 1.88 0.85 0.99  1.57 3.76 3.33 3.33 

Quartz 21.03 32.85 42.84 31.81 27.55  34.16 26.83 54.34 49.73 

Orthoclase 65.25 17.64 17.08 12.88 63.81  30.10 25.81 13.43 27.36 

Albite 7.04 28.99 26.14 51.82 4.87  30.55 33.98 9.96 4.30 

Total 99.99 100.01 99.99 99.99 100.00  99.99 100.02 100.01 99.99 

Region: Queen Valley  Tortilla Flat 

Sample: QV-04 QV-01 QV-06  TF-03 TF-04 TF-05 TF-08 

Apatite 0.08 0.51 0.62  0.68 0.27 0.53 0.34 

Ilmenite 0.31 1.04 0.94  1.06 0.67 0.81 0.55 

Magnetite 0.17 0.47 0.44  0.48 0.34 0.40 0.29 

Anorthite 3.67 11.73 10.20  8.79 10.51 3.95 8.35 

Corundum 1.62 - 0.82  3.53 0.75 3.17 1.19 

Diopside - 0.04 -  - - - - 

Hypersthene 2.42 6.23 5.69  7.44 5.27 5.89 6.31 

Quartz 29.93 20.68 25.26  25.11 26.54 8.75 25.39 

Orthoclase 31.70 21.45 23.44  22.96 13.51 53.14 25.85 

Albite 30.10 37.85 32.60  29.95 42.14 23.37 31.73 

Total 100.00 100.00 100.01  100.00 100.00 100.01 100.00 

 



 33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. SiO2 variation diagrams for major element compositions for 16 samples of the Goldfield-

Superstition volcanic province grouped by color and symbol (explained at bottom of plot) according to 

their respective regions. 
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Trace Element Compositions 

Trace element compositions are presented in SiO2 variation diagrams in Fig. 10 

where they are presented according to the four sampling regions.  Among all G-SVP lava 

and tuff compositions, Hf, Zr, Ba, and Ce have weak negative correlations with SiO2, 

while Ta and Nb have weak positive correlations.  Most other trace elements do not 

display trends.  Trace elements, such as Rb, Ba, or Sr, may be weakly susceptible to 

weathering and as a result have seemingly anomalous values.   

Data are also presented in pyrolite (mantle) -normalized (McDonough and Sun 

1995) spider diagrams both collectively and grouped according to their respective regions 

in Figs. 11 and 12.  In these plots, the G-SVP samples show a relative enrichment in 

large-ion lithophile elements (LILE) and depletion in high field-strength elements 

(HFSE) creating a negative slope for all G-SVP samples.  Other features present in most 

all samples are a negative Nb-Ta trough and P and Ti depletions.   

REE patterns are in Figs. 13 and 14, both collectively in the G-SVP and according 

to sampling regions.  These data show relative enrichments in light rare-earth elements 

(LREE) and relative depletions in heavy rare-earth elements (HREE) creating negative 

slopes with a normalized La/Yb value (La/Yb(N)) of ~9 to 13.  Additionally, most samples 

from the G-SVP have negative Eu anomalies.  Details for trace element compositions are 

presented below, grouped by their corresponding regions.   
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Bulldog Canyon.  In SiO2 variation diagrams, the three rhyolite domes of Bulldog 

Canyon as a group show the lowest concentration of all trace elements among all G-SVP 

samples.  This region shows negative correlations in Zr, La, Ce, and Ba while showing 

positive correlations in Th, Nb, and Ta when compared to increasing SiO2 content.  Two 

analyses of the dome with the least SiO2 (T-01 and TB-01) have different amounts of Ba 

(1265 and 2070 ppm, respectively) and Rb (500 and 90 ppm).  The higher Rb value for 

T-01 corresponds with the high K2O (~11 wt.%) in this sample, but the higher Ba is in 

the sample with K2O (~3 wt.%) comparable to other G-SVP lavas.  Additionally, Sr 

appears anomalously high in sample TB-01 (1670 ppm) when compared to sample T-01 

(220 ppm).  In spider diagrams, this dome has a Nb-Ta trough and weak Th, P and Ti 

depletions.  The REE plots show a relatively strong LREE enrichment and steep slope 

(La/Yb(N) ~45 to 55).   

The second dome (IR-03 and SR-5A) is similar to the first dome in trace element 

composition; however, it does not have the same enrichment in Ba (600 to 900 ppm).  

One of the lava samples, IR-03, has high Sr (1455 ppm) similar to that in sample TB-01, 

the first dome.  In spider diagrams, the second dome does not have a Nb-Ta trough, but 

has strong P and Ti depletions.  Samples from this dome have negative Eu anomalies and 

lower slopes, La/Yb(N) ~12, in their REE pattern when compared to the first dome. 

The third dome (T-12) has trace elements concentrations that overlap those of the 

rest of the second dome in the Bulldog Canyon region on SiO2 variation diagrams.  

Plotting in line with samples from the second dome, spider diagrams for T-12 show a 
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strong negative P and Ti depletion, and a REE pattern with a negative Eu anomaly, but 

has a lower slope, La/Yb(N) ~6.   

 

Usery and Packsaddle.  Both the lavas and tuffs in the Usery and Packsaddle 

region have similar trace element compositions, except for lava flow GF-2 which appears 

anomalously high in Ba (1070 ppm).  All samples in the region, together, show negative 

correlations in almost all trace elements, namely Ce, La, Nb, Zr, Hf, and Yb, with SiO2.  

In spider diagrams, GF-2 again plots separately, showing weak Nb and Sr-P troughs and 

a Ti depletion.  The remaining samples in the region have no Nb-Ta trough, but strong 

Ba, P, and Ti depletions.  Additionally, sample GF-1 and PS-01 have negative Sr 

anomalies to accompany the depletions of P.   

REE diagrams show Eu negative anomalies for all samples, however it is 

relatively weak for GF-2.  Also, GF-2 has higher overall REE concentrations.  

Collectively, these samples have slopes of ~9 to 12 (La/Yb(N)) which is similar to the 

second and third dome from Bulldog Canyon, but have an overall enrichment in all REE 

elements.   

 

Queen Valley.  The Buzzards Roost (QV-04) rhyolite has high values for Y (89 

ppm), La (82 ppm), Ce (169 ppm), and Th (17 ppm) and is among the most trace element 

enriched samples in the G-SVP.  Spider diagrams show that this sample has a Nb-Ta 
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trough and strong Sr, P, and Ti depletions.  This sample also has a negative Eu anomaly 

on REE diagrams with an overall slope of 12 (La/Yb(N)).   

The Whitlow Canyon rhyodacite samples (QV-01 and QV-06) do not have 

anomalous values on SiO2 variation diagrams and overlap samples from other regions of 

the G-SVP.  These samples have a Nb-Ta trough, weak P depletion, and a strong Ti 

depletion in spider diagrams.  REE plots show a depletion in Eu and are overall more 

depleted than the Buzzards Roost sample, but maintain similar slopes (~10 to 12 

La/Yb(N)). 

 

Tortilla Flat.  The Tortilla Flat region has an overall enrichment in most trace 

elements compared to other regions of the G-SVP, especially Ce (~110 to 130 ppm), Zr 

(~400 to 600 ppm), and Hf (~8 to 10 ppm), and show negative correlations in Ba and Zr 

with SiO2.  Rb appears anomalously high (275 ppm) in sample TF-05, most likely due to 

the same weathering process that enriched K2O and turned the glass to an oxidized milky-

red.  Together, when plotted against SiO2, these samples show positive correlations in Sr 

while showing negative correlations in Zr and Ba.  These samples plot in a tight grouping 

in spider diagrams and all have a Nb-Ta trough and depletions in P and Ti.  Additionally, 

these samples have a weak to strong Sr anomaly that accompanies the P depletion.  In 

REE plots, samples TF-04 and TF-05 show weak Eu anomalies while TF-03 and TF-08 

show none.  REE patterns for this region have an average slope of ~12 to 13 La/Yb(N), but 

the samples are relatively REE enriched compared to the bulk of the G-SVP samples.   
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Fig. 10. SiO2 variation diagrams for trace element compositions for 16 samples of the Goldfield-

Superstition volcanic province grouped by color and symbol (explained at bottom of plot) according to 

their respective regions.  



 41 

0

100

200

300

400

500

600

60 65 70 75 80

0

4

8

12

16

20

60 65 70 75 80
 

0

500

1000

1500

2000

2500

60 65 70 75 80

0

10

20

30

40

50

60 65 70 75 80
 

 

 

 

Rb Th 

Ba Nb 

SiO2 wt.% SiO2 wt.% 

Usery and PacksaddleBulldog Canyon Queen Valley Tortilla Flat



 42 

0

20

40

60

80

100

60 65 70 75 80

0

0.5

1

1.5

2

2.5

60 65 70 75 80
 

0

30

60

90

120

150

180

60 65 70 75 80

0

300

600

900

1200

1500

1800

60 65 70 75 80
 

 

 

 

La Ta 

Ce Sr 

SiO2 wt.% SiO2 wt.% 

Usery and PacksaddleBulldog Canyon Queen Valley Tortilla Flat



 43 

0

100

200

300

400

500

600

700

60 65 70 75 80

0

2

4

6

8

10

12

60 65 70 75 80
 

0

1

2

3

4

5

60 65 70 75 80

0

20

40

60

80

100

60 65 70 75 80
 

 

 

 

 

Zr Hf 

Y 

SiO2 wt.% SiO2 wt.% 

Yb 

Usery and PacksaddleBulldog Canyon Queen Valley Tortilla Flat



 44 

0.1

1

10

100

1000

Rb Ba Th U K Nb Ta La Ce Sr P Nd Sm Zr Hf Ti Y Yb Lu

Element

S
a

m
p

le
/P

y
ro

lit
e

T-01

TB-01

T-12

IR-03

SR-5A

GF-1

GF-2

PS-01

PS-02

QV-01

QV-04

QV-06

TF-03

TF-04

TF-05

TF-08

 
Fig. 11. Spider diagrams for 16 samples from the Goldfield-Superstition volcanic province, central Arizona.  Whole-rock element abundances are 

normalized to pyrolite (McDonough and Sun, 1995) on a log scale vs element compatibility with increasing compatibility from left to right.  
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Fig. 12. Spider diagrams, organized by region, for 16 samples from the Goldfield-Superstition volcanic province, central Arizona.  Whole-rock element 

abundances are normalized to pyrolite (McDonough and Sun, 1995) on a log scale vs element compatibility with increasing compatibility from left to 

right.  The regions are A) Bulldog Canyon, B) Usery and Packsaddle, C) Queen Valley, D) Tortilla Flat.
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Fig. 13. REE plot of 16 samples in the Goldfield-Superstition volcanic province, central Arizona.  Whole-rock element abundances are normalized to 

recommended average chondrite values (Henderson, 1984) on a log scale vs. element compatibility with increasing compatibility from left to right.
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Fig. 14. REE plots, organized by regions, of 16 samples from the Goldfield-Superstition volcanic province, central Arizona.  Whole-rock element 

abundances are normalized to recommended average chondrite values (Henderson, 1984) on a log scale vs. element compatibility with increasing 

compatibility from left to right.  The regions are A) Bulldog Canyon, B) Usery and Packsaddle, C) Queen Valley, D) Tortilla Flat.
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Mineral Compositions 

Minerals analyzed in the samples collected for the G-SVP include feldspars, 

biotite, amphibole, pyroxenes, Fe-Ti oxides, and accessories.  Their compositions are 

presented in Table 4 – 10 and illustrated in Figs. 15 – 24.   

 

Feldspar 

 Feldspar compositional data were collected for 13 samples in the four regions of 

the G-SVP and are presented in Table 4, and as end-members in Figs. 15-18.  They are 

grouped by regions and discussed below. 

 

Bulldog Canyon.  Two of three domes (T-12 and IR-03) each contain sanidine 

(~Ab30Or70) and oligoclase (~An15Ab80) that show little compositional variation (Fig. 15).  

BaO is present in sanidine at concentrations of ~1 to 2 wt.% while oligoclase has ~0.3 

wt.%.  The BaO varies from point to point across each grain, but generally correlates 

positively with K2O.  The third dome (TB-01) contains only andesine (~An37-26Ab61-71) 

which is normally zoned, becoming more Na-rich from core to rim (Fig. 15).   

 

Usery and Packsaddle.  Lava sample PS-01 has strongly zoned anorthoclase 

(~Ab79-54Or15-43) grains that have rims approaching albite composition (Fig. 16).  

Included in one anorthoclase grain is a zoned oligoclase (~An31-10Ab65-75) grain with a 

rim composition similar to the rims of the anorthoclase (Fig. 16).  The second lava flow 
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(GF-2) has both normally zoned sanidine (Ab32-53Or67-46) and andesine (~An48-25Ab50-70) 

phenocrysts. 

Tuff sample PS-02 contains zoned sanidine (Ab28-43Or71-57) and un-zoned 

oligoclase (~An12Ab80).  The second tuff (GF-1) has only weakly zoned anorthoclase 

(~Ab67-76Or27-16).  BaO is present in alkali feldspars analyzed in all the samples in the 

region and has a general positive correlation with K2O.  It ranges from 0.23 to 2.7 wt.% 

in lavas and from 0.25 to 1.1 wt.% in tuffs.   

 

Queen Valley.  Feldspar compositions for this region are grouped by their 

respective flows, Buzzards Roost (QV-02) and Whitlow Canyon (QV-01 and QV-06).  

The rhyolite sample from Buzzards Roost contains weakly zoned sanidine (Ab35-44Or63-53) 

and oligoclase (An18-14Ab72-77) (Fig. 17).  Samples QV-01 and QV-06, rhyodacites from 

Whitlow Canyon, have sanidine (~Ab41-49Or57-41 and Ab35-42Or64-56 respectively) and two 

plagioclase feldspars, oligoclase (~An26-18Ab67-72 and An17-14Ab73-77), and andesine 

(~An52-42Ab45-54 and An44-39Ab55-59).  Normal zoning is present in both lava flows, 

however, sanidine in sample QV-01 has reaction rims approaching oligoclase in 

composition (Fig. 19) while andesine in QV-06 has growth rims that approach oligoclase. 

(Fig. 17).   

 

Tortilla Flat.  Lava flow TF-02, crystal-poor, has normally zoned sanidine (Ab36-

39Or62-59) and oligoclase (An75-63Ab19-31) (Fig. 18).  The sanidine in this sample has a 
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strong enrichment in BaO of 5 wt.%, which is the highest of the analyzed samples in the 

G-SVP.  TF-04 has only andesine (~An47-32Ab51-59) with a small increase of Na from core 

to rim.  TF-08 has two feldspars, sanidine (~Ab31Or68) and oligoclase (~An47-25Ab51-71).  

The sanidine shows no compositional variation, but the oligoclase has strong zoning with 

a Ca-rich core of andesine composition (Fig. 18).   

 

Table 4: Feldspar compositions for 13 samples from the Goldfield-Superstition volcanic 
province, central Arizona.  

Region: Bulldog Canyon 

Sample: TB-01  T-12  IR-03 

 Andesine  Sanidine Oligoclase  Sanidine Oligoclase 

SiO2 59.0 64.3 64.0 63.6 63.3 

Al2O3 26.6 19.4 22.5 19.2 22.3 

FeO* 0.15    0.14 

CaO 7.2  3.1  3.7 

Na2O 7.4 3.5 9.5 3.3 9.5 

K2O 0.41 11.9 1.0 12.4 0.96 

BaO  1.2 0.34 2.2 0.26 

Total 100.7 100.3 100.5 100.6 100.1 

      

Or 2.3 69.1 5.7 71.6 5.2 

Ab 63.7 30.9 79.9 28.4 78.2 

An 34.0 0.0 14.4 0.0 16.6 

Compositions expressed in wt.% 
Values are an average of >6 points per grain 
Or, Ab, and An are feldspar end-members Orthoclase, Albite, and Anorthite respectively 
* All Fe represented as FeO 
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Table 4: continued 

Region: Usery and Packsaddle 

Sample: PS-01  GF-2  PS-02  GF-1 

 Anorthoclase Oligoclase  Andesine Sanidine  Sanidine Oligoclase  Anorthoclase 

SiO2 65.8 65.2 58.8 62.1 64.8 64.6 66.7 

Al2O3 20.3 22.2 25.2 19.7 18.3 21.7 20.6 

FeO* 0.20 0.23 0.30 0.06 0.14 0.17 0.22 

CaO 0.97 2.3 6.5 0.18 0.13 2.5 1.4 

Na2O 7.9 8.1 7.4 3.9 4.5 9.5 7.3 

K2O 4.7 1.5 0.83 9.6 11.6 1.4 3.7 

BaO 0.23 0.37  2.7 1.1  0.25 

Total 100.1 100.0 99.0 98.3 100.6 99.9 100.3 

        

Or 26.8 9.6 4.7 60.9 62.7 7.9 23.3 

Ab 68.5 78.0 64.1 38.1 36.7 80.4 69.2 

An 4.6 12.4 31.2 0.9 0.6 11.7 7.5 

Compositions expressed in wt.% 
Values are an average of >6 points per grain 
Or, Ab, and An are feldspar end-members Orthoclase, Albite, and Anorthite respectively 
* All Fe represented as FeO 
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Table 4: continued 

Region: Queen Valley 

Sample: QV-02  QV-01  QV-06 

 Sanidine Oligoclase Sanidine Oligoclase Andesine Sanidine Oligoclase Andesine 

SiO2 63.5 62.5 65.9 63.9 57.7 65.3 64.0 58.0 

Al2O3 20.1 23.4 19.5 23.0 26.9 19.4 22.0 26.6 

FeO* 0.14 0.22 0.20 0.26 0.62 0.18 0.25 0.19 

CaO 0.28 3.9 0.38 4.1 9.2 0.44 3.5 8.7 

Na2O 4.3 8.8 4.6 7.3 5.5 4.5 8.9 6.6 

K2O 10.4 1.5 9.3 1.6 0.50 10.1 1.6 0.41 

BaO 1.6  0.53  0.10   0.03 

Total 100.4 100.3 100.4 100.2 100.5 99.9 100.2 100.5 

         

Or 60.5 8.3 55.8 9.7 3.0 58.3 9.0 2.3 

Ab 38.2 73.6 42.3 69.1 50.6 39.6 74.8 56.4 

An 1.3 18.1 1.9 21.2 46.4 2.1 16.2 41.3 

Compositions expressed in wt.% 
Values are an average of >6 points per grain 
Or, Ab, and An are feldspar end-members Orthoclase, Albite, and Anorthite respectively 
* All Fe represented as FeO 
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Table 4: continued 

Region: Tortilla Flat 

Sample: TF-02  TF-04  TF-08 

 Oligoclase Sanidine  Andesine  Oligoclase Sanidine 

SiO2 61.4 61.4 57.6 60.6 63.9 

Al2O3 23.5 19.9 27.0 24.3 19.3 

FeO* 0.27 0.17 0.40 0.22 0.17 

CaO 5.3 0.42 8.9 5.9 0.23 

Na2O 7.9 3.9 6.4 7.9 3.3 

K2O 1.2 9.4 0.48 0.92 11.2 

BaO 0.36 5.0  0.11 2.2 

Total 99.9 100.0 100.8 99.9 100.3 

      

Or 6.6 59.9 2.7 5.1 68.0 

Ab 68.4 37.9 54.9 67.1 30.8 

An 25.1 2.2 42.4 27.7 1.2 

Compositions expressed in wt.% 
Values are an average of >6 points per grain 
Or, Ab, and An are feldspar end-members Orthoclase, Albite, and Anorthite respectively 
* All Fe represented as FeO 
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Fig. 15. Ternary diagrams of feldspars in 3 samples of the rhyolites of Bulldog Canyon region from the Goldfield-Superstition volcanic province, 

central Arizona.  Each symbol represents one point on a grain taken by electron microprobe.  End-members are Albite (Ab), Orthoclase (Or), and 

Anorthite (An).
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Fig. 16. Ternary diagrams of feldspars in 4 samples of the Usery and Packsaddle region from the Goldfield-Superstition volcanic province, central 

Arizona.  Each symbol represents one point on a grain taken by electron microprobe.  In PS-01, a core of anorthoclase (X) has a rim approaching albite 

in composition (O) and the core of oligoclase (+) also has a more Na-rich rim composition ( ).  End-members are Albite (Ab), Orthoclase (Or), and 

Anorthite (An).
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Fig. 17. Ternary diagrams of feldspars in 3 samples of the  Queen Valley region from the Goldfield-Superstition volcanic province, central Arizona.  

Each symbol represents one point on a grain taken by electron microprobe.  In QV-01 and QV-06, there are feldspars with no reaction rims (X) and 

those with reaction rims (+) of a more Na-rich composition (O).  End-members are Albite (Ab), Orthoclase (Or), and Anorthite (An).



 57 

 
Fig. 18. Ternary diagrams of feldspars in 3 samples of the Tortilla Flat region from the Goldfield-Superstition volcanic province, central Arizona.  Each 

symbol represents one point on a grain taken by electron microprobe.  End-members are Albite (Ab), Orthoclase (Or), and Anorthite (An).
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Fig. 19. X-ray maps of a sanidine in lava QV-01 from the Queen Valley region in the Goldfield-Superstition volcanic province, central Arizona.  Higher 

color intensity indicates a higher concentration of that element.  Al (left, purple) is unchanged as the volcanic matrix appears to project needle-like 

protrusions into the sanidine, creating a K-poor reaction rim visible in the K X-ray map (right, orange).  

50 µm 50 µm 
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Biotite 

 Biotite is present in both lava flows and tuffs in three of the four regions 

of the G-SVP.  Compositions are presented in Table 5 and are compared to biotites in 

pyroclastic samples with compositions similar to G-SVP samples from the Bishop and 

Fish Canyon tuffs, and a Hawaii rhyodacite.  Biotite Mg#s are plotted against their 

respective whole-rock SiO2 contents in Fig. 20.  The Mg#s in the G-SVP range from 59 

to 71 across the G-SVP and have no regional pattern that is consistent across all four 

regions.  However, samples with the lowest SiO2 (QV-01 and TF-04) have biotite with 

highest Mg#s (71 and 70).  The low end of the G-SVP biotite Mg# range overlaps with 

biotites in the Fish Canyon dacitic tuff (57 to 64), and the high end of the range overlaps 

with biotites in the Hawaiian rhyodacite (71).  The rhyolitic Bishop tuff biotite Mg#s are 

relatively lower (41 to 52) when compared to the other biotites. 

Other notable characteristics in biotite compositions are Al2O3  from ~12 to 14 

wt.% and TiO2 from ~4 to 5 wt.%, both close to concentrations in biotites in the Fish 

Canyon tuff, overlapping in TiO2 (~4 wt.%) and Al2O3 (~13 to 14 wt.%).  The relatively 

high BaO concentration in the G-SVP bioites, ~0.5 to 2.2 wt.%, correlates with relatively 

high BaO in respective whole-rock compositions (>~1000 ppm) and Ba-bearing sanidine 

(~1 to 5 wt.%) in these rocks.  In comparison, Fish Canyon biotites have only ~0.2 wt.% 

BaO. 
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Amphibole and Pyroxene 

 Amphiboles are present in lava flows in three of the four regions and are 

hornblendes.  Their compositions, presented in Table 6, are similar to one another, all 

varying in Al2O3 from ~5 to 9 wt.% and SiO2 from ~45 to 50 wt.%.  Collectively, the G-

SVP amphiboles are similar to hornblende from Fish Canyon tuff samples, which have 

TiO2 ~1.3 wt.% and Al2O3 ~7 wt.%.  The Mg#s are plotted against respective whole-rock 

SiO2 content (Fig. 20) and show little variation, from 66 to 71.  This range overlaps those 

of amphiboles in samples from Fish Canyon dacite tuff and the Hawaiian rhyodacite, and 

also the Mg#s of co-existing biotites in the G-SVP.   

Pyroxenes were observed only in the Tortilla Flat region sample TF-04, and it has 

both clinopyroxene and orthopyroxene.  Compositions are presented in Table 7 and Fig. 

21 and show an enrichment in TiO2 (0.2 to 0.4 wt.%) and Al2O3 (1.5 to 2.6 wt.%) when 

compared to pyroxenes from the Bishop Tuff (~0.13 TiO2 and ~0.3 to 0.8 Al2O3).   

Orthopyroxenes in the G-SVP overlap those from the Hawaiian rhyodacite in 

TiO2 and Al2O3.  The Mg#s are plotted against respective whole-rock SiO2 and compared 

to samples from Hawaii and the Bishop Tuff in Fig. 20.  The Mg#s plot between those of 

the Hawaii and Bishop Tuff samples and are comparable to the Mg#s in biotite and 

amphibole in G-SVPsamples.  Fig. 21 is a pyroxene quadrilateral with superimposed 

temperature contours for experimentally determined pressures less than 2 kbar (Lindsley, 

1983) that indicate an equilibrium temperature of ~800 °C.  However, an equilibrium 

temperature of 977 °C was calculated for 2 kbar pressure using QUILF (Andersen et al., 
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1993) but may not be accurate as the program was not designed specifically for rhyolite 

composition rocks. 
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Table 5: Biotite compositions for 8 samples from the Goldfield-Superstition volcanic province, central Arizona. 

Region: Usery and Packsaddle  Queen Valley  Tortilla Flat 

Sample: GF-2 PS-02  QV-02 QV-01 QV-06  TF-02 TF-04 TF-08 

SiO2 39.5 37.9 39.4 40.3 38.2 37.0 39.5 38.1 

TiO2 3.9 3.8 3.9 3.9 3.9 4.9 4.2 4.1 

Al2O3 13.1 12.7 12.7 12.4 12.8 14.3 12.9 13.1 

FeO* 14.9 15.4 14.1 12.9 15.6 16.6 12.5 15.4 

MnO 0.54 0.43 0.51 0.19 0.56 0.40 0.32 0.50 

MgO 14.7 15.0 16.6 17.8 15.4 13.3 16.5 14.9 

CaO 0.16 0.17   0.06 0.01 0.07 0.19 

Na2O 0.54 0.48 0.49 0.50 0.62 0.62 0.81 0.47 

K2O 8.8 8.3 9.3 9.4 9.1 8.5 8.9 9.1 

BaO 0.52 0.46 1.7 0.79  2.2 0.71 0.56 

Total 96.7 94.7 98.6 98.2 96.2 97.9 96.3 96.5 

         

Mg# 64 64 68 71 64 59 70 63 

Compositions expressed in wt.% 
Values are an average of >6 points per grain 
* All Fe represented as FeO 
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Table 6: Amphibole compositions for 4 samples from the Goldfield-Superstition 
volcanic province, central Arizona. 

Region: Usery and Packsaddle  Queen Valley  Tortilla Flat 

Sample: PS-01 GF-2  QV-06  TF-04 

SiO2 49.8 47.9 48.7 45.3 

TiO2 1.0 1.3 1.2 1.9 

Al2O3 4.7 5.8 5.6 9.0 

FeO* 11.7 13.2 12.6 12.7 

MnO 1.6 1.1 1.2 0.62 

MgO 15.9 14.7 15.6 14.2 

CaO 10.9 11.0 11.9 11.1 

Na2O 1.9 1.5 1.9 2.1 

K2O 0.31 0.56 0.53 0.71 

Total 98.0 97.1 99.1 97.5 

     

Mg# 71 66 69 67 

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



 64 

 
Table 7: Pyroxene compositions for 1 sample from the 
Goldfield-Superstition volcanic province, central Arizona. 

Region: Tortilla Flat 

Sample: TF-04 

 Clinopyroxene Orthopyroxene 

SiO2 50.6 52.1 

TiO2 0.44 0.20 

Al2O3 2.6 1.5 

FeO* 10.4 21.0 

MnO 0.71 1.2 

MgO 13.4 22.9 

CaO 19.8 1.2 

Na2O 0.38  

Total 98.3 100.1 

   

En 40.1 64.4 

Fs 17.4 33.1 

Wo 42.5 2.5 

   

Mg# 70 66 

   

T°C 977  

Compositions expressed in wt.% 
Values are an average of >6 points per grain 
En, Fs, and Wo are pyroxene end-members Enstatite, Ferrosilite, and Wollastonite respectively 
* All Fe represented as FeO 
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Fig. 20. SiO2 variation diagrams for respective amphibole, pyroxene (clinopyroxene (cpx) and orthopyroxene (opx)), and biotite Mg#s for 9 samples 

from the Goldfield-Superstition volcanic province, central Arizona.  Mg#s are compared to those from studies of the Bishop tuff, CA (Mahood and 

Hildreth, 1983); Fish Canyon tuff, (Whitney and Stormer, 1985); and a Hawaiian rhyodacite, (Bauer et al., 1973).   
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Fig. 21. Pyroxene compositions for sample TF-04 from the Tortilla Flat region in the Goldfield-Superstition volcanic province, central Arizona.  

Equilibration temperatures (Lindsley, 1983) at pressures less than 2 kbar are superimposed with a resultant temperature of ~800 ºC.  End-members are 

enstatite (En), ferrosilite (Fs), diopside (Di), and hedenbergite (Hd). 
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Fe-Ti Oxides 

 Fe-Ti oxides are present in both lavas and tuffs in all four regions of the G-SVP 

and their compositions are presented in Table 8.  There are no compositional groupings 

according to G-SVP regions, and they are largely titaniferous magnetites and some are 

ilmenites.  On average, the titaniferous magnetites have ~6 to 30 % Usp but sample TB-

01 additionally has one grain with ~80 % Usp.  Ilmenites, observed in samples from three 

regions, have ~17 to 20 % Hem.  Equilibrium temperatures and oxygen fugacities 

calculated for samples with coexisting titaniferous magnetite and ilmenite using QUILF 

(Andersen et al., 1993) for 2 kbar pressure (Table 8) are between ~600 and 850°C at fO2 

~10
-12

 to 10
-14

.   
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Table 8: Fe-Ti oxide compositions for 12 samples from the Goldfield-Superstition volcanic province, central Arizona. 

Region: Bulldog Canyon  Usery and Packsaddle 

Sample: TB-01  T-12  IR-03  PS-01  GF-2  PS-02 

 TM TM  TM  TM  TM  TM ILM  TM ILM 

TiO2 4.2 25.7 4.9 1.9 5.7 5.2 39.8 4.4 42.2 

Al2O3 2.4 0.39 2.0 1.9 0.53 0.93 0.02 1.3 0.23 

FeO 80.0 61.9 80.2 75.7 83.4 82.1 49.6 81.2 47.3 

MnO 1.9 0.49 1.4 2.2 3.0 1.8 2.1 2.2 4.5 

MgO 0.03 0.75 0.53 0.18 0.98 0.84 1.7 0.63 1.5 

Cr2O3 0.14 0.17 0.10 0.09 0.09 0.05 0.02 0.16 0.09 

Total 88.6 89.4 89.1 82.1 93.8 90.9 93.3 89.9 95.8 

          

FeO 31.5 50.5 32.1 26.8 31.7 31.8 30.7 30.8 30.7 

Fe2O3 53.9 12.6 53.5 54.4 57.4 55.9 21.1 56.1 18.4 

Total 93.9 90.7 94.5 87.5 99.5 96.5 95.4 95.5 97.6 

          

%usp† 13.1 80.0 15.3 6.5 16.5 15.5  13.5  

%hem†       20.9  17.9 

          

T°C*      753  725  

Log fO2*      -12.77  -13.52  

Compositions expressed in wt.% 
Values are an average of >6 points per grain 
* Calculated using QUILF (Andersen et al., 1993) at 2 kbar 
† %Ulvöspinel and %Hematite after Carmichael (1967) 
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Table 8: continued 

Region: Queen Valley  Tortilla Flat 

Sample: QV-02  QV-01  QV-06  TF-02  TF-04  TF-08 

 TM  TM  TM ILM  TM  TM ILM  TM ILM 

TiO2 5.3 6.2 10.4 40.6 5.7 7.4 41.6 3.5 41.1 

Al2O3 1.1 0.99 1.6 0.15 2.3 1.7 0.40 1.2 0.23 

FeO 81.8 83.9 73.7 47.9 78.1 74.9 46.7 80.4 44.9 

MnO 2.5 0.64 1.1 1.4 1.7 1.3 2.2 2.2 4.3 

MgO 0.72 0.61 0.88 2.4 0.86 1.1 2.4 0.61 1.7 

Cr2O3 0.23 0.08 0.15 0.05 0.06 0.04 0.04 0.06 0.06 

Total 91.6 92.5 87.9 92.4 88.8 86.4 93.4 88.0 92.3 

          

FeO 31.6 34.8 36.1 30.9 31.8 32.6 31.0 29.4 29.5 

Fe2O3 55.7 54.7 41.8 18.9 51.5 47.1 17.5 56.7 17.1 

Total 97.2 97.9 92.1 94.3 94.0 91.2 95.1 93.7 94.0 

          

%usp† 15.8 18.3 32.8  17.7 23.6  10.9  

%hem†    18.9   17.4  17.2 

          

T°C*   858   787  695  

Log fO2*   -11.59   -12.71  -14.03  

Compositions expressed in wt.% 
Values are an average of >6 points per grain 
* Calculated using QUILF (Andersen et al., 1993) at 2 kbar 
† %Ulvöspinel and %Hematite after Carmichael (1967) 
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Accessory Minerals 

 Titanite, a calcium-titanium silicate, was observed in both lava flows and tuffs 

across the G-SVP.  It is commonly <0.1 mm in size, and typically occurs in 

glomerocrysts with Fe-Ti oxides and other accessory minerals, such as zircon (Fig. 6F).  

Compositions and structural formulae are presented in Tables 9 and 10.  Three analyzed 

titanites are similar in composition, ranging from ~29 to 30 wt.% SiO2, ~33-36 wt.% 

TiO2, and ~25 to 26 wt.% CaO.  Additionally, Ce2O3 (1.4 wt.%), Nd2O3 (1.2 wt.%), and 

Y2O3 (1.8 wt.%) are present and together with other trace elements total ~5 wt.%.   

 A titanium calcium REE-rich silicate from the chevkinite mineral group 

(Macdonald and Belkin, 2002), is present in lava flows from the Queen Valley, Tortilla 

Flat, and Usery and Packsaddle regions.  Major element components that define the 

mineral from this region and in general are SiO2 ~21 wt.%, TiO2 ~19 wt.%, Ce2O3 ~20 

wt.%, La2O3 ~11 wt.%, FeO ~8 wt.%, and CaO ~5 wt.%.  The high concentration of REE 

makes chevkinite group minerals high density as shown from the bright white color of the 

backscattered electron image (Fig. 24).  Compositions and structural formulae are 

presented in Tables 9 and 10.  The grains are commonly <0.1 mm across and occur in 

glomerocrysts with Fe-Ti oxides and other accessory minerals, such as titanite and zircon 

(Fig. 6F).   

The compositions from the G-SVP are compared to those in other studies of 

chevkinite group minerals from a variety of locations and rock types in Figs. 22 and 23.  
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Macdonald and Belkin (2002) use a discrimination plot of FeO vs. CaO to distinguish 

between chevkinite and perrierite (Fig. 22).  Those from the G-SVP plot unmistakably in 

the perrierite field near examples from the Little Chief granite and Organ Needle syenite.   

Generally, minerals of the chevkinite group have negative correlations between 

FeO and TiO2 and between CaO and total REE (Figs. 22 and 23), as FeO and TiO2 both 

occupy structural site C while CaO and REEs occupy structural site A, and the elements 

in each pair are expected to be inversely related (Macdonald and Belkin, 2002).  Ce2O3 

and La2O3, the major REEs for the chevkinite group, have a positive correlation as shown 

in Fig. 23.  Analyses from this study plot overlying the general trends formed by samples 

from other studies in each plot, although the G-SVP perrierites have higher FeO and total 

REE concentrations at a given CaO (Figs. 22 and 23).  The perrierites from this study are 

most similar to ones from the Little Chief granite and the Organ Needle syenite, having 

comparable values in CaO, TiO2 and the major REEs. 

 Zircon was observed in both lava flows and tuffs across the G-SVP.  They are 

typically small (<0.1 mm) and spherical, and occur as inclusions in major silicate 

minerals or in glomerocrysts with Fe-Ti oxides and other accessory minerals (Figs. 6C 

and 6F). 
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Table 9: Perrierite and Titanite mineral compositions for 4 samples from the 
Goldfield-Superstition volcanic province, central Arizona. 

Mineral: Perrierite  Titanite 

Sample: PS-01 QV-06  PS-01 QV-02 TF-08 

SiO2 20.7 20.6  30.1 29.2 29.1 

TiO2 18.7 18.9  33.4 36.5 33.7 

Al2O3 1.9 1.9  1.2 1.3 1.5 

FeO* 8.6 8.3  2.8 2.8 2.5 

MnO 0.33 0.30  0.43 0.19 0.40 

MgO 0.65 0.64  0.14 0.11 0.07 

CaO 5.5 5.3  25.2 25.9 25.7 

ThO2 0.63 0.54  0.04   

La2O3 10.7 11.3  0.68   

Ce2O3 19.6 20.3  1.4   

Pr2O3 1.9 1.9  0.01   

Nd2O3 5.5 5.3  1.2   

Sm2O3 2.0 2.6  0.64   

Eu2O3 0.67 0.31  0.74   

Y2O3 0.61 0.53  1.8   

ZrO2 0.79 0.77  0.06   

Nb2O5 0.06 0.07  0.40   

Total 98.8 99.6  100.2 96.0 92.9 

Values are an average of >6 points per grain 
Compositions expressed in wt.% 
* all Fe expressed as FeO 
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Table 10: Perrierite and Titanite structural formulae for 2 samples from the 
Goldfield-Superstition volcanic province, central Arizona. 

Mineral: Perrierite  Mineral: Titanite 

Sample: PS-01 QV-06  Sample: PS-01 

La 0.782 0.826  La 0.034 

Ce 1.444 1.495  Ce 0.071 

Pr 0.137 0.137  Pr 0.000 

Nd 0.389 0.375  Nd 0.058 

Sm 0.137 0.178  Sm 0.030 

Eu 0.045 0.021  Eu 0.034 

Y 0.064 0.056  Y 0.130 

Ca 1.168 1.125  Ca 3.679 

Th 0.028 0.024  Th 0.001 

Sum A 4.194 4.237  Sum A 4.039 

      

Fe (B) 1.000 1.000    

      

Fe 0.425 0.375  Fe 0.319 

Mn 0.055 0.050  Mn 0.050 

Mg 0.192 0.189  Mg 0.028 

Ti 0.786 0.816  Ti 3.422 

Al 0.444 0.444  Al 0.193 

Zr 0.076 0.074  Zr 0.004 

Nb 0.003 0.004  Nb 0.015 

Sum C 1.982 1.953  Sum B 4.031 

      

Ti (D) 2.000 2.000    

      

Si 4.103 4.083  Si 4.103 

      

Sum Cation 13.280 13.247  Sum Cation 12.172 

Perrierite based on 22 oxygens 
Titanite based on 20 oxygens 
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Fig. 22. FeO vs. CaO discrimination plot to distinguish chevkinite from perrierite.  This study (Goldfield-Superstition volcanic province, central 

Arizona) plots as a perrierite and is compared to those from the Little Chief Granite, CA (McDowell, 1979); a syenite in Organ Needle, NM (Verplanck 

et al., 1999); the Zr-rich potassic province, Peru (Carlier and Lorand, 2008); a felsic airfall, Italy (Parodi et al., 1994); the Bandelier tuff, NM 

(Macdonald and Belkin, 2002); and the Lava Creek tuff, Yellowstone (Macdonald and Belkin, 2002).
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Fig. 23. Ce2O3 vs. La2O3, FeO vs. TiO2, and Total REE vs.  CaO plots illustrating the general properties of 

chevkinite group minerals as well as comparing perrierites from this study (Goldfield-Superstition volcanic 

province, central Arizona) to those from the Little Chief Granite, CA (McDowell, 1979); a syenite in Organ 

Needle, NM (Verplanck et al., 1999); the Zr-rich potassic province, Peru (Carlier and Lorand, 2008); a 

felsic airfall, Italy (Parodi et al., 1994); the Bandelier tuff, NM (Macdonald and Belkin, 2002); and the 

Lava Creek tuff, Yellowstone (Macdonald and Belkin, 2002). 
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Fig. 24. Backscattered electron images of perrierites in sample QV-04 from the Goldfield-Superstition volcanic province, central Arizona.  Image 

brightness indicates a higher average atomic number of elements in the mineral.  
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DISCUSSION 

 The silicic lavas and pyroclastic flows of the Bulldog Canyon, Usery and 

Packsaddle, Queen Valley, and Tortilla Flat regions of the Goldfield-Superstition 

volcanic province are peraluminous rhyodacites to rhyolites.  Collectively, the samples 

have varying degrees of LREE and LILE enrichments relative to HREE and HFSE.  

Negative anomalies for Nb, Ta, P, Ti, and Eu are present in most samples when 

incompatible elements are normalized to a primitive mantle composition.  Modal 

mineralogy among the samples studied is represented by varying amounts of mainly 

plagioclase, alkali feldspar, quartz, biotite, and Fe-Ti oxides and some samples have 

amphibole, pyroxene, zircon, titanite, and perrierite.  In many samples, reaction and 

resorption rims are present among the feldspar and quartz phenocrysts.   

 Based on these broad characteristics, some of the significant issues to address for 

understanding the petrology of silicic volcanism in the G-SVP are the (i) relationships of 

samples within the different regions, (ii) how differing regions correlate, and (iii) the 

igneous processes these volcanic rocks represent, such as assimilation, fractional 

crystallization, and magma mixing.  Important objectives on a larger scale include 

determining the source material for the parent magmas, and how the characteristics of 

this igneous province relate to those of other Miocene igneous provinces in the southern 

Basin and Range. 
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Relationships Among Samples Within Each Region 

Bulldog Canyon 

 There are distinctly different trace element patterns for the sanidine-bearing 

domes (moderate La/Yb(N)  ~9 to 12 and negative Eu anomaly) compared to those of the 

sanidine-free dome (La/Yb(N)  ~45 to 57 and Nb-Ta trough).  These differences suggest 

either different source materials for the two compositional types of domes, or that they 

represent different degrees of partial melting of the same source material.  In either case, 

minerals such as amphibole, clinopyroxene, or garnet must be left in the source residuum 

after partial melting of the source rock.  The reason is that these minerals have relatively 

large partitioning coefficients for HREE and HFSE elements (KD
Yb

 amphibole/melt ~1.7) 

compared to LREE and LILE (KD
La

 amphibole/melt ~0.2).  Therefore, a relatively small 

percentage of partial melting of a source with these minerals would yield a relatively high 

La/Yb(N) ratio, which is consistent with the sanidine-free dome, while a relatively large 

percentage of partial melting would yield a relatively low La/Yb(N), which is consistent 

with the sanidine-bearing domes. 

Xenoliths of the lower crust from southeastern Arizona suggest that a possible 

source material for the G-SVP is an eclogite or granulite (Stuckless and O’Neil, 1973; 

Kempton et al., 1990).  Using modal mineralogy and whole-rock compositions from a 

study of these xenoliths by Kempton et al. (1990) and partitioning coefficients from 

Martin (1987) and Streck and Grunder (1997) (Table 11), batch partial melting and 
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fractional crystallization models were created (Figs. 25 & 26).  The models for batch 

partial melting use the formula 

CL 1 

CO 
= 

D(1-F)+F 

 

where CL is the resultant concentration in the melt, CO is the concentration in the source 

material, F is the fraction of partial melting, and D is the bulk distribution coefficient 

calculated by 

(b) D = KD
a
X

a
+ KD

b
X

b
+KD

c
X

c
 … 

where D is the bulk distribution coefficient, X
n 

is the modal percentage of each mineral 

present, and KD
n
 is the corresponding distribution coefficient for that mineral.  The 

fractional crystallization models are calculated with the Rayleigh fractionation equation 

CL 

CO 

 

where CL is the resultant concentration in the melt after fractionation, CO is the 

concentration in the melt before fractionation, F is the remaining melt fraction, and D is 

the bulk distribution coefficient for the minerals separated.   

The first model, presented in Fig. 25, is a 10 to 30 % partial melt of a relatively 

trace-element depleted one-pyroxene meta-cumulate from Kempton et al. (1990) with a 

mode of 40 % plagioclase, 25 % amphibole, and 35 % clinopyroxene.  The melt 

calculated matches the relatively low La/Yb(N) ratio patterns of the sanidine-bearing 

domes, however, it lacks a strong negative Eu anomaly.  To address this, fractional 

(a) 

(c) = F
(D-1)
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crystallization and removal of ~5 to 20 % plagioclase from the partial melt of the 

granulite is needed.  This is because the KD
Eu 

for feldspars is relatively large compared to 

the KD for other REEs in feldspars, resulting in a relative depletion in Eu in differentiated 

liquids after feldspar removal.  The large 5 to 20 % range in the amount of plagioclase 

needed to crystallize is due to the wide range of KD
Eu 

values published for plagioclase, 

from ~0.4 to ~5.9 (Severs et al., 2009).  A fractionation model was calculated based on 

20 % crystallization and removal of plagioclase from the partial melting model 

composition (Fig. 25).  A KD
Eu

 of 2 was chosen as an average value from Mahood and 

Stimac (1990) because distribution coefficients for feldspars change based on their 

composition and the Mahood and Stimac (1990) research has feldspar compositions 

similar to those in this study.   

The partial melting of the granulite to create the sanidine-bearing domes yields a 

reaction between plagioclase and amphibole to produce clinopyroxene and garnet.  The 

addition of garnet to the source can increase, in any partial melt, the La/Yb(N) ratio to 

match those of the sanidine-free dome (La/Yb(N) ~45).  However, the partial melting of 

the granulite to create the sanidine-bearing domes also depletes the source residuum in 

trace elements calculated by  

CS D 

CO 
= 

D(1-F)+F 

 

where CS is the concentration in the residuum, CO is the concentration before partial 

melting, D is the bulk distribution coefficient, and F is the fraction of partial melting.  

(d) 
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According to the equation above, the partial melt to create the sanidine-bearing domes 

depletes the source material enough to rule out the granulite as source material for the 

sanidine-free dome.  As a result, the sanidine-free dome must be a partial melt from a 

different source containing garnet.  

The second model, presented in Fig. 26, is a 1 to 5 % partial melt of a slightly 

more enriched one-pyroxene meta-cumulate from Kempton et al. (1990) with a mode of 

35 % plagioclase, 20 % amphibole, 40 % clinopyroxene, 5% garnet, and trace amounts of 

rutile.  This model matches the relatively high La/Yb(N) ratio of the sanidine-free dome 

but is relatively depleted in abundances of REEs.  Fractional crystallization, as modeled 

in Fig. 26, of ~10 % plagioclase enriches the modeled liquid to better match the patterns 

of the sanidine-free dome without creating a significant negative Eu anomaly.  Finally, a 

small partial melt of a source with trace amounts of rutile can create the Nb-Ta trough 

present in this dome.   

These models, together, suggest that a relatively large (~15 to 30 %) partial melt 

of an amphibole-bearing granulitic material occurred followed by fractionation and 

removal of ~20 % plagioclase to create the sanidine-bearing domes.  In addition, there 

was a relatively small (~1 to 5 %) partial melt of a garnet and rutile-bearing granulite 

with up to ~10 % fractionation and removal of plagioclase to create the sanidine-free 

domes.  There is no substantial evidence to establish a direct petrologic relationship 

between the two sets of domes. 
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Table 11: Source composition and distribution coefficients used in partial melt and 
crystallization modeling of rare-earth element patterns for silicic lavas and pyroclastic 
flows in the Goldfield-Superstition volcanic province, central Arizona. 

 KD for partial melting
2
  

KD for 
crystallization

3
 

 KD
plag/melt

 KD
cpx/melt

 KD
amph/melt

 KD
gt/melt

  KD
plag/melt

 

La 0.13 0.1 0.2 0.04  0.1 

Ce 0.11 0.2 0.3 0.08  0.06 

Nd 0.07 0.4 0.8 0.2  0.001 

Sm 0.05 0.6 1.1 1.0  0.01 

Eu 1.3 0.6 1.3 0.98  2.0 

Tb 0.037 0.7 2.0 7.5  0.02 

Yb 0.024 0.6 1.7 21  0.02 

Lu 0.023 0.6 1.5 21  0.01 

 Source Compositions
1
 

 
One-pyroxene  

Meta-Cumulates  Amphibole-Bearing Granulites 

 Depleted Enriched  Depleted 
Moderately 
Enriched Enriched 

La 4.5 5.5  6.3 12.0 15.6 

Ce 8.2 10  13.6 28.0 40.4 

Nd 4.0 6  11 18 31.8 

Sm 1.12 1.6  2.97 5.15 7.17 

Eu 0.74 0.8  1.14 1.98 2.21 

Tb 0.27 0.27  .63 .92 1.02 

Yb 0.56 0.92  1.58 2.01 2.13 

Lu 0.1 0.13  0.24 0.31 0.32 

Abbreviations: plagioclase (plag), clinopyroxene (cpx), amphibole (amph), garnet (gt) 
KD

plag/melt 
varies based on whole-rock compositions 

1 
Compositions expressed in ppm (Kempton et al., 1990) 

2 
Martin, 1987 

3 
Streck and Grunder (1997) 
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Fig. 25. Partial melting model of rare-earth elements (REE) of the sanidine-bearing rhyolite domes of 

Bulldog Canyon in the Goldfield-Superstition volcanic province, central Arizona.  Abundances are 

normalized to recommended average chondrite values (Henderson, 1984).  a) This model assumes batch 

partial melting of a relatively depleted one-pyroxene meta-cumulate from Kempton et al. (1990) using 

partitioning coefficients from Martin (1987).  The gray region highlights the REE pattern of a 10 to 30 % 

partial melt of the source material with a mode of 40 % plagioclase, 35 % clinopyroxene, and 25 % 

amphibole.  b) After partial melting, the model undergoes 20% fractional crystallization and separation of 

plagioclase.   

b) 

Model Composition 

IR-03 

T-12 

10% 

30% 

a) 

Model Composition 

IR-03 

T-12 

10% 

30% 



 85 

 

Fig. 26. Partial melting model of rare-earth elements (REE) of the sanidine-free rhyolite dome of Bulldog 

Canyon in the Goldfield-Superstition volcanic province, central Arizona.  Abundances are normalized to 

recommended average chondrite values (Henderson, 1984).  a) This model assumes batch melting of a 

relatively enriched one-pyroxene meta-cumulate from Kempton et al. (1990) using partitioning coefficients 

from Martin (1987).  The dark gray region highlights the REE pattern of a 1 to 5 % partial melt of the 

source material with a mode of 35 % plagioclase, 40 % clinopyroxene, 20 % amphibole, 5 % garnet, and 

trace amounts of rutile.  The light gray region highlights the sanidine-bearing domes for reference.  b) After 

partial melting, the model undergoes 10% fractional crystallization and separation of plagioclase. 
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Usery and Packsaddle 

 After the eruptions of the rhyolites of Bulldog Canyon, there was a period of ~1.5 

million years during which predominantly mafic magmas were erupted in the G-SVP 

(McIntosh and Ferguson, 1998).  The next series of silicic eruptions, the lavas and 

pyroclastic flows in the Usery and Packsaddle region, have two compositional groupings: 

the relatively trace element enriched (weak negative Eu anomaly and Nb-Ta trough) and 

the relatively depleted (strong negative Eu and Ba anomalies).  Collectively, all the 

samples in this region have La/Yb(N) ratios similar to those of the sanidine-bearing 

rhyolite domes of Bulldog Canyon.   

 Batch partial melting models (Figs. 27 and 28) were created using REE 

abundances to evaluate the possible composition and mode of the source material for this 

region.  The models use the partition coefficients and equations in the models for the 

rhyolites of Bulldog Canyon (Table 11).  They are applied to the first model (Fig. 27), a 

moderately trace-element enriched source of amphibole-bearing granulite (Kempton et 

al., 1990) with a mode of 35 % plagioclase, 50 % clinopyroxene, and 15 % amphibole.  

Calculations from this model replicate both the La/Yb(N) ratio and negative Eu anomalies 

present in the crystal-rich lava GF-2.  Fractional crystallization and separation of more 

than ~ 10 % plagioclase is unlikely in the history of the magma as that process would 

cause a depletion in Eu larger than what is present in the rock.   

 The second model (Fig. 28) presents a 10 to 30 % partial melt of a relatively 

trace-element depleted amphibole-bearing granulite (Kempton et al., 1990) with a mode 
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of 35 % plagioclase, 10 % clinopyroxene, and 55 % amphibole to replicate the trace-

element pattern of the remaining crystal-poor lavas and pyroclastic flows of this region.  

Following partial melting, fractional crystallization and separation of 30 % Ba-bearing 

plagioclase or anorthoclase occurred to create the relatively large Ba and Eu depletions.  

The model that combines these two processes replicates the La/Yb(N) ratio and the 

negative Eu and Ba anomalies present in the relatively depleted samples of this region.   

 Collectively, these models suggest two separate events, a large (10 to 30 %) 

partial melt of a relatively depleted amphibole-bearing granulite followed by a smaller (5 

to 15 %) partial melt of a moderately enriched amphibole-bearing granulite.  There are no 

age dates to distinguish the order of eruptions, but stratigraphy indicates that the smaller 

partial melt event is younger as it lies above one of the ash flows produced by the larger 

partial melt event (Fig. 3b).   
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Fig.27. Partial melting model of rare-earth elements (REE) of a crystal-rich lava flow from the Usery and 

Packsaddle region in the Goldfield-Superstition volcanic province, central Arizona.  Abundances are 

normalized to recommended average chondrite values(Henderson, 1984).  This model assumes batch 

partial melting of a moderately enriched amphibole-bearing granulite from Kempton et al. (1990) using 

partitioning coefficients from Martin (1987).  The gray region highlights the REE pattern of a 5 to 15 % 

partial melt of the source material with a mode of 35 % plagioclase, 50 % clinopyroxene, and 15 % 

amphibole.
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5 % 
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Fig.28. Partial melting model of rare-earth elements (REE) of the lavas and pyroclastic flows of the Usery 

and Packsaddle region in the Goldfield-Superstition volcanic province, central Arizona.  Abundances are 

normalized to recommended average chondrite values (Henderson, 1984).  a) This model assumes batch 

partial melting of a relatively depleted amphibole-bearing granulite from Kempton et al. (1990) using 

partitioning coefficients from Martin (1987).  The gray region highlights the REE pattern of a 10 to 30 % 

partial melt of the source material with a mode of 35 % plagioclase, 10 % clinopyroxene, and 55 % 

amphibole.  b) After partial melting, the model undergoes 30 % fractional crystallization and separation of 

plagioclase. 
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Queen Valley 

 Approximately 30 km southeast of the Usery and Packsaddle region is the Queen 

Valley region.  This region is comprised of two different composition silicic lava flows, 

the trace-element enriched lava of Buzzards Roost and the relatively trace-element 

depleted lava of Whitlow Canyon.  Both flow types have similar La/Yb(N) ratios when 

compared to those of the Usery and Packsaddle region.   

 A batch partial melting model for the Buzzards Roost rhyolite (Fig. 29) was 

calculated to identify the source material for this lava flow with partition coefficients and 

equations in the models for the rhyolites of Bulldog Canyon (Table 11).  This model uses 

a 5 to 20 % partial melt of a trace-element enriched amphibole-bearing granulite 

(Kempton et al., 1990) with a mode of 40 % plagioclase, 55 % clinopyroxene and 5 % 

amphibole to create the trace-element pattern seen in the Buzzards Roost rhyolites.  There 

is no fractionation of plagioclase in this model as this would enrich the model magma 

above the abundances in the lava samples.   

 The Whitlow Canyon rhyodacites show evidence for magma mixing as they have 

three different feldspars, most of which have resorption and reaction rims.  Mixing the 

resultant model from the Buzzards Roost rhyolites with the pre-fractionation relatively 

trace-element depleted model from the Usery and Packsaddle region (Fig. 29) in 

proportions of 35 % and 65 % respectively creates a magma mixing model that mimics 

the composition of the Whitlow Canyon rhyodacites.   
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 In summary, a 5 to 20 % partial melt of a relatively enriched amphibole-bearing 

granulite with a mode of 40 % plagioclase, 55 % clinopyroxene, and 5 % amphibole 

ascended through the crust where it mixed with residual magma left from the crystal-poor 

Usery and Packsaddle eruption in proportions of 35 % and 65 % respectively to create the 

Whitlow Canyon rhyodacites.  The ascending magma continued to erupt after the mixing 

event to reach the surface in its original non-mixed form to create the Buzzards Roost 

rhyolites.  This sequence of eruptions matches the stratigraphic column created by 

previous studies (McIntosh and Ferguson, 1998). 
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Fig. 29. a) Partial melting model of rare-earth elements (REE) of the Buzzards Roost rhyolite from the 

Queen Valley region in the Goldfield-Superstition volcanic province, central Arizona.  Abundances are 

normalized to recommended average chondrite values (Henderson, 1984).  This model assumes batch 

partial melting of a moderately enriched amphibole-bearing granulite from Kempton et al. (1990) using 

partitioning coefficients from Martin (1987).  The gray region highlights the REE pattern of a 5 to 20 % 

partial melt of the source material with a mode of 40 % plagioclase, 55 % clinopyroxene, and 5 % 

amphibole.  b) Magma mixing model of REE of the Whitlow Canyon rhyodacite from the Queen Valley 

region in the Goldfield-Superstition volcanic province, central Arizona.  Abundances are normalized to 

recommended chondrite (Henderson, 1984).  This model assumes mixing of the magma body produced to 

create the Buzzards Roost rhyolite with the magma body creating the crystal-poor lavas and pyroclastic 

flows in the Usery and Packsaddle region before fractionation in ratios of 35 % and 65 % respectively.   
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Tortilla Flat 

 The Tortilla Flat region is comprised of a stratigraphically thick section of silicic 

crystal-poor lavas, crystal-rich lavas, and welded tuffs.  These lavas and tuffs have 

similar trace-element compositions to one another and also match those of the crystal-rich 

lava from the Usery and Packsaddle region.  This suggests that collectively, these lavas 

and pyroclastic flows may not only be from the same source, but may be from the same 

eruption event.   

There are two differing possibilities to consider when modeling this region.  One 

of those is that the source that created the crystal-rich lava from Usery and Packsaddle 

was also responsible for creating the lavas and pyroclastic flows from Tortilla Flat in the 

same event.  This would use the partial melt model of a moderately enriched granulite 

calculated in the Usery and Packsaddle section (Fig. 29).  The other possibility is the melt 

that created the eruptions in the Queen Valley region depleted the source material 

according to equation (d).  A melt from the depleted source then created both the crystal-

rich lava from Usery and Packsaddle and all the silicic lavas and pyroclastic flows of the 

Tortilla Flat region.  The resultant model is a 15 to 40 % modal partial melt of a trace-

element enriched granulite with a mode of 40% plagioclase, 55 % clinopyroxene, and 5 

% amphibole that previously had been depleted by a 10 % partial melt (Fig. 30).  

However, this model does not have the same elevated abundances of La and Ce that are 

present in the samples.  To account for this, a contamination model (Fig. 30) was created 
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to mix the magma with a 10 % partial melt of an upper crustal granite (Table 12), an 

example of which was collected from an exposure 20 km west of Tortilla Flat.   

 Across the Tortilla Flat region, there are indications supporting the depletion and 

contamination models.  These include embayed quartz present in the Apache Leap tuff 

that may have been a contribution from the granite and strongly zoned plagioclase with 

indications of resorption (i.e. spongey/pitted textures).  In addition, clinopyroxene and 

orthopyroxene are present in the crystal-rich rhyolite from the Tortilla Flat region which 

is consistent with the original more mafic melt combined with the silicic contamination to 

create a silicic whole-rock composition with a mineral assemblage indicative of a more 

mafic magma.   
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Table 12: Whole-rock 
composition of basement 
granite in the Goldfield-
Superstition volcanic 
province, central Arizona. 

Sample: LN-9 

SiO2 78.2 

TiO2 0.06 

Al2O3 12.1 

FeO* 0.60 

MnO 0.02 

MgO 0.16 

CaO 0.53 

Na2O 2.5 

K2O 5.7 

P2O5 0.02 

Total 99.84 

  

La 37.1 

Ce 43.8 

Nd 3.7 

Sm 0.57 

Eu 0.17 

Tb 0.07 

Yb 0.40 

Lu 0.11 

SiO2 through Total expressed in wt.% 
La through Lu expressed in ppm 
* All Fe expressed as FeO 
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Fig. 30. a) Partial melting model of rare-earth elements (REE) of the Tortilla Flat region in the Goldfield-

Superstition volcanic province, central Arizona.  Abundances are normalized to recommended average 

chondrite values (Henderson, 1984).  This model assumes batch partial melting of an enriched amphibole-

bearing granulite from Kempton et al. (1990) that has previously been depleted from a 10 % partial melt 

using partitioning coefficients from Martin (1987).  The gray region highlights the REE pattern of a 15 to 

40 % partial melt of the source material with a mode of 40 % plagioclase, 55 % clinopyroxene, and 5 % 

amphibole.  b) Magma contamination model mixing the partial melt model (a) with a 10 % partial melt of 

an upper crust granite collected from an exposure 20 km west of Tortilla Flat using partition coefficients 

from Mahood and Hildreth (1983).   
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Geobarometry and Geothermometry 

 Amphibole compositions change based on the temperature and pressure of the 

magma from which they crystallize.  The amphiboles present in the Queen Valley and 

Usery and Packsaddle regions of the G-SVP are classified as edenite, which is a calcic 

amphibole characterized by low Al and high Mg.  The edenite formed at high oxygen 

fugacity (fO2), low ambient pressure (~150MPa, 1.5 kbar), and low temperature (~ 700 

°C) (Leake, 1978; Anderson and Smith, 1995).  The amphibole in the Tortilla Flat region 

is classified as an edenitic hornblende and formed at a similar fO2 and temperature but 

higher ambient pressure (~400Mpa, 4.0 kbar) (Leake, 1978; Anderson and Smith, 1995).  

Temperature and oxygen fugacity in both instances can not be constrained to specific 

values using amphibole alone and rely on other indicator minerals to calculate a 

quantitative estimate. 

Coexisting magnetite and ilmenite in igneous rocks are used as an indicator for 

the equilibration conditions of the magma (Buddington and Lindsley, 1964).  Ilmenite is 

rare in the G-SVP and as a result, temperature and oxygen fugacity can only be calculated 

for some of the lavas and pyroclastic flows.  These calculations rely on ambient pressures 

of ~150 MPa (1.5 kbar, ~4.5 km depth) for the Usery and Packsaddle and Queen Valley 

regions and ~400 MPa (4.0 kbar, ~12 km depth) for the Tortilla Flat region calculated 

from amphibole compositions (Leake, 1978; Anderson and Smith, 1995).  Using the 

QUILF program, a temperature of ~ 700 °C and fO2 of ~ -13 for both the Usery and 

Packsaddle and the Tortilla Flat regions are calculated (Table 13) (Andersen et al., 1993).   
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The Queen Valley region, however, has an equilibration temperature of ~860 °C and fO2 

of ~ -11, although only one of the samples from this region has two Fe-Ti oxides for 

geothermometry calculations. 

The crystal-rich lava flow from the Tortilla Flat region also has pyroxenes which, 

when coupled with Fe-Ti oxides, can be used to refine the accuracy of the temperature 

and oxygen fugacity for the Tortilla Flat region.  Using QUILF, an equilibration 

temperature of 791 ± 36 °C and fO2 of -12.64 ± 0.45 is produced at a pressure of 400 

MPA (4.0kbar, ~12 km depth) (Table 13).  Some caveats from using this technique are (i) 

the QUILF program was designed for mafic magmas and may not be calibrated for silicic 

magmas (Andersen et al., 1993) and (ii) contamination for this region may have occurred 

after the equilibration of pyroxenes and as a result, pyroxenes may not be 

compositionally stable in the erupted lava and may represent the parent magma. 

 

Table 13: Temperature and oxygen fugacity 
calculated based on coexisting Fe-Ti oxides using 

QUILF from silicic lavas and pyroclastic flows in the 
Goldfield-Superstition volcanic provice, central 

Arizona. 

 at 150 MPa (1.5 kbar) pressure 

Sample: PS-02 QV-06 

Temperature 725       ± 73 °C 860       ± 79 °C 

Log fO2 -13.533 ± 0.941 -11.265 ± 0.807 

 at 400 MPa (4.0 kbar) pressure 

Sample: GF-2 TF-04* TF-08 

Temperature 754       ± 116 °C 791       ± 36 °C 695       ± 76 °C 

Log fO2 -12.751 ± 1.403 -12.640 ± 0.452 -14.017 ± 1.044 

* Calculated using coexisting Fe-Ti oxides with orthopyroxene and clinopyroxene 
QUILF from Andersen et al., 1993 



 99 

Accessory Mineral Considerations 

The accessory minerals, such as titanite, perrierite, and zircon, present in the G-

SVP commonly appear in glomerocrysts across most regions of the G-SVP.  These 

microphenocrysts lack indications for resorption suggesting they crystallized from the 

magma and are not a result of contamination from another source.  Crystal settling must 

also be considered as accessory minerals may separate from the magma according to 

Stoke’s Law 

2∆ρgr
2
 

Vs = 
9µ 

 

where Vs is the settling velocity, ∆ρ is the difference in density between the mineral and 

the magma, g is the acceleration due to gravity, r is the radius of the grain, and µ is the 

viscosity of the magma.  In the example of perrierite, average values for density (ρperrierite 

= 4.3 g/cm
3
 ρrhyolite = 2.6 g/cm

3
), radius of a perrierite grain (r = 0.01 cm), and a low 

extreme value for magma viscosity (µ = 10
6
 poise) were used to determine that the largest 

of perrierite grains found in the G-SVP would settle 1 meter in ~300000 days or ~ 1000 

years.  This suggests that although accessory minerals are denser than the surrounding 

magma, both the grain size and the magma viscosity prevent significant accessory 

mineral settling.  This is significant for the trace-element patterns as any separation of 

these accessory minerals would notably lower trace-element abundances.   

(e) 
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Relationships Among Regions 

 Trace-element ratios are used to relate the silicic lavas and pyroclastic flows of 

the G-SVP to one another as well as to their possible sources.  Comparing Th to La, both 

normalized by Nb, shows the different sources for each region (Fig. 31).  If Th/Nb can be 

considered higher in upper crust than in lower crust (0.9 or 0.25; respectively, Collerson 

and Kamber, 1999; Rudnick and Gao, 2003), then some samples, namely those of Tortilla 

Flat, may have an upper crustal component shown by the range in Th/Nb of 0.2 to 0.5 

(Fig. 31).   

 The different source contributions can be further evaluated by comparing trace 

element ratios Zr/Y and Ba/Nb (Fig. 32).  The sanidine-bearing domes and Usery and 

Packsaddle samples plot similar to the lower crust source material; however, the Queen 

Valley and Tortilla Flat samples extend toward the 10 % partial melt of the upper crust 

granite LN-9 suggesting an upper crust influence for these two regions.  The sanidine-

free dome is an outlier when compared to the rest of the G-SVP possibly due to garnet 

residuum in the source material for this dome which would increase both the Zr/Y and 

Ba/Nb ratios.   

 Petrologically, the Goldfield-Superstition volcanic province (G-SVP) silicic 

eruption history can be chronologically broken into a series of events.  The first two 

eruptions were a result of a small degree of partial melting from two different sources to 

create the rhyolite domes of Bulldog Canyon.  The eruption order of these two domes is 

undetermined as one dome lacks an age date and there are no stratigraphic correlations 
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between the two sets of dome compositions.  Following the dome eruptions is a period of 

~ 1.5 million years during which predominantly mafic magmas were erupted.   

 The next major silicic eruption created the crystal-poor lavas and pyroclastic 

flows of the Usery and Packsaddle region.  This was a result of a relatively large (10 to 

30 %) partial melt of a trace-element poor granulite followed by fractionation of 30 % 

anorthoclase or a Ba-bearing plagioclase to create a strong Eu and Ba negative anomaly.  

However, this eruption left a portion of residual magma in the crust.  Approximately 0.5 

million years later, a new melt from a trace-element enriched granulite mixed with the 

residual magma to create the Whitlow Canyon rhyodacites in the Queen Valley region.  

High equilibrium temperatures coupled with the presence of reaction rims without 

significant resorption may indicate a relatively short residence time between the 

resurgence and eruption.  The eruption continued and released the non-mixed melt of the 

trace-element enriched granulite to form the Buzzards Roost rhyolites.   

 The final silicic eruption in the G-SVP produced the lavas and pyroclastic flows 

found in the Tortilla Flat region and the crystal-rich rhyolite from the Usery and 

Packsaddle region.  This eruption was the result of a 15 to 40 % partial melt of the trace-

element enriched granulite source that had been depleted by the melt to create the Queen 

Valley region.  This melt then was contaminated with a 10 % partial melt of an upper 

crust granite rich in La and Ce (Fig. 30).  Additionally, a higher equilibrium pressure for 

this region suggests that the magma chamber was at a greater depth than those 

responsible for the other eruptions of the G-SVP.
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Fig. 31. Trace-element ratio diagram for whole-rock compositions of the Goldfield-Superstition volcanic province (G-SVP) divided into sampling 

groups and compared to the modeled lower crust granulite source (Kempton et al. 1990) and a local upper crust granite (LN-9). 
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Fig. 32. Trace-element ratio diagram for whole-rock compositions of the Goldfield-Superstition volcanic province (G-SVP) divided into sampling 

groups and compared to the modeled lower crust granulite source (Kempton et al. 1990) and a 10 % partial melt of a local upper crust granite (LN-9) 

representing a possible source of contamination. 
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Provincial Comparisons 

 Comparisons of trace-element ratios (Fig. 33) and abundances (Fig. 34) can help 

evaluate how the G-SVP compares to regional western and southwestern North American 

volcanic provinces, such as the San Juan volcanic field (SJVF) in Colorado, the 

Mogollon-Datil volcanic province in New Mexico, and the Sierra Madre Occidental in 

Mexico (Cameron and Hanson, 1982; Davis and Hawkesworth, 1993; Orozco-Esquivel et 

al., 2002; Parker et al., 2005).  All of these provinces are large silicic volcanic provinces 

(LSVP) emplaced in late Oligocene or early Miocene. 

A plot of Ba/Nb and La/Nb ratios shows positive correlations for all provinces 

with little overlaps and is compared to an average lower crust (Fig. 33).  These ratios are 

good indicators of a subduction zone component in the sources, as LILEs such as Ba and 

La are relatively enriched compared to Nb in a subduction zone environment (Weaver, 

1990; Hawkesworth et al., 1991).  The sanidine-free dome has comparably higher Ba/Nb 

while the sanidine-bearing domes have lower La/Nb ratios creating a segregation 

between these two types of domes from the bulk of the G-SVP, most likely due to 

differing sources (Fig. 33).  Variations in trace-element ratios among the provinces may 

be a result of differences in trace-element concentrations in their sources as well as the 

composition of the local upper crust responsible for contamination in each province. 

To estimate the importance of upper crust influence in these provinces, Th/Nb is 

plotted against Zr/Hf, as a relatively high Th/Nb ratio suggests a larger contribution of 

upper crust material in the magma (Collerson and Kamber, 1999).  The relatively low  
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Th/Nb values in the G-SVP overlap those of the lower crust, therefore suggesting only a 

small percentage of upper crustal contribution when compared to samples from Mexico.  

Upper crust values may vary greatly, however, as illustrated by the difference in a G-SVP 

upper crust granite (LN-9) and the average upper crust ratios (Fig. 33).   

Higher Zr/Hf values in the G-SVP indicate a higher proportion of minerals that 

discriminate between Zr and Hf, such as garnet or amphibole, in their sources (Claiborne 

et al., 2006).  Garnet creates a larger Zr/Hf ratio when melting because the KD
Zr 

 is greater 

than KD
Hf 

for garnet while amphibole melting behaves in an opposite manner, creating a 

smaller Zr/Hf ratio.  This may illustrate that garnet melting was more important in the 

source of the G-SVP when compared to the source for Mesa Central (Fig. 33). 

 Average trace-element abundances for other LSVPs are compared to the G-SVP 

in a primitive mantle normalized spider diagram (Fig. 34).  An outstanding feature is the 

negative Nb anomaly common in these samples, the weakest of which is from the G-

SVP.  This indicates a subduction zone influence with a Ti-rich mineral phase in the 

source.  Additionally, negative P and Ti anomalies are present in each volcanic province.  

Collectively, these Cenozoic LSVPs share similar trace-element patterns with one 

another, suggesting that these volcanic provinces can be grouped together as all have a 

similar, subduction-related signatures from their sources, but have differences in the 

details of their trace-element abundances, reflecting compositional or modal differences 

among those sources.   
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Fig. 33. Trace-element ratio diagrams for whole-rock compositions of the Goldfield-Superstition volcanic 

province (G-SVP), San Juan volcanic province (Parker et al., 2005), Mogollon-Datil volcanic field (Davis 

and Hawkesworth, 1993), and the Sierra Madre Occidental in two locations: Chihuahua (Cameron and 

Hanson, 1982) and Mesa Central, Mexico (Orozco-Esquivel et al., 2002).  Average lower crust from 

Rudnick and Fountain (1995) and average lower crust from Rudnick and Gao (2003)..
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Fig. 34. Spider diagrams comparing whole-rock trace-element abundances of silicic lavas and pyroclastic flows of the Goldfield-Superstition volcanic 

province (G-SVP) to those of the San Juan volcanic province (Parker et al., 2005) and the Sierra Madre Occidental in two locations: Chihuahua 

(Cameron and Hanson, 1982) and Mesa Central, Mexico (Orozco-Esquivel et al., 2002).  Whole-rock element abundances are normalized to pyrolite 

(McDonough and Sun, 1995) on a log scale vs element compatibility with increasing compatibility from left to right.  
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CONCLUSIONS 

1. The G-SVP represents silicic lavas and pyroclastic flows that are peraluminous 

rhyolites and rhyodacites emplaced from ~ 20.5 Ma to 18.5 Ma.  Major modal 

mineralogy consists of andesine, oligoclase, anorthoclase, sanidine, and quartz.  

Feldspars in some samples have spongey/pitted areas, reaction rims, and 

resorption while quartz is embayed in almost all cases.  Other minerals include 

amphibole, biotite, clinopyroxene, orthopyroxene, and Fe-Ti oxides.  Accessory 

minerals zircon, titanite, and perrierite are present, usually in glomerocrysts with 

Fe-Ti oxides.   

2. Trace-element characteristics of this province show enrichment in LILE and 

LREE with depletion in HFSE and HREE as well as a negative Nb-Ta trough, Ti, 

P, and Eu anomalies.  This represents subduction zone characteristics in the 

source as well as fractionation of feldspar in the history of the magmas. 

3. Different regions experienced emplacement of compositionally and petrologically 

distinctive lavas and pyroclastic flows which can be modeled by a batch partial 

melt of a lower crust granulite that varies in composition and mode.  Early domes 

(~ 20.5 Ma) in Bulldog Canyon are the result of a 1 to 5 % partial melt of a 

garnet-bearing one-pyroxene meta-cumulate followed by 10 % fractionation of 

plagioclase to create the sanidine-free dome.  From 10 to 30 % partial melting of a 
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garnet-free one-pyroxene meta-cumulate followed by 20 % fractionation of 

plagioclase can create the sanidine-bearing domes.   

4. Pyroclastic flows and a crystal-poor lava from Usery and Packsaddle (~ 19.0 Ma) 

are the result of a 10 to 30 % partial melt of a trace-element-poor granulite 

followed by 30 % fractionation of plagioclase.  Magma from this eruption 

remained in the crust to mix with 5 to 20 % partial melt of a trace-element-rich 

granulite to create the rhyodacites of Whitlow Canyon (~ 18.5 Ma).  The same 

partial melt also erupted in a non-mixed form, the Buzzards Roost rhyolites.  

Finally, a 15 to 40 % partial melt of the same trace-element-rich granulite mixed 

with 10 % of an upper crust granite similar to the locally sampled LN-9 with La(N) 

~ 100 to create the Tortilla Flat region and the crystal-rich lava flow of Usery and 

Packsaddle (~ 18.5 Ma). 

5. Perrierite in the G-SVP does not influence bulk rock compositions and is a result 

of crystallization due to rare-earth element saturation in the magma. 

6. Geothermometry indicates equilibrium temperatures between 700 and 800 °C 

with the Queen Valley temperature higher at ~ 860 °C.  Amphibole geobarometry 

indicates ~ 150 MPa (1.5 kbar, ~4.5 km depth) pressure for the G-SVP except for 

the eruption at the Tortilla Flat region, ~ 400 MPa (4.0 kbar, ~12km depth).   
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7. Trace element ratios show each region had similar lower crust sources which 

varied on a small scale (e.g. Ba/Nb and La/Nb).  The domes, however, are from a 

different, more depleted source which may also be located in the lower crust. 

8. The G-SVP has significant similarities compared to other LSVPs across western 

and southwestern North America suggesting a similar, subduction zone influenced 

lower crust source with relatively small heterogeneities.  Local upper crust 

contributions for each province further distinguish the trace-element signatures of 

each province. 



 111 

REFERENCES 

 

Andersen, D.J., Lindsley, D.H. & Davidson, P.M. (1993). QUILF: a pascal program to 

assess equilibria among Fe-Mg-Mn-Ti oxides, pyroxenes, olivine, and quartz. Computers 

and Geosciences 19; 1333-1350. 

 

Anderson, J.L. & Smith, D.R. (1995). The effects of temperature and fO2 on the Al-in-

hornblende barometer. American Mineralogist 80, 549-559. 

 

Bauer, G.R., Fodor, R.V., Husler, J.W. & Keil, K. (1973). Contributions to the mineral 

chemistry of Hawaiian rocks. Contributions to Mineralogy and Petrology 40, 183-194. 

 

Buddington, A.F. & Lindsley, D.H. (1964). Iron-titanium oxide minerals and synthetic 

equivalents. Journal of Petrology 5, 310-357.  

 

Cameron, K.L. & Hanson, G.N. (1982). Rare earth element evidence concerning the 

origin of voluminous mid-Tertiary rhyolitic ignimbrites and related volcanic rocks, SMO, 

Chihuahua, Mexico. Geochimica et Cosmochimica Acta 46, 1489-1503. 

 

Carlier, G. & Lorand, J. (2008). Zr-rich accessory minerals (titanite, perrierite, 

zirconolite, baddeleyite) record strong oxidation associated with magma mixing in the 

south Peruvian potassic province. Lithos 104, 54-70. 

 

Carmichael, I.S.E. (1967). The mineralogy and petrology of the volcanic rocks from the 

Leucite Hills, Wyoming. Contributions to Mineralogy and Petrology 15, 24-66. 

 

Claiborne, L.L., Miller, C.F., Walker, B.A., Wooden, J.L., Mazdab, F.K. & Bea, F. 

(2006). Tracking magmatic processes through Zr/Hf ratios in rocks and Hf and Ti zoning 

in zircons: An example from the Spirit Mountain batholith, Nevada. Mineralogical 

Magizine 70, 517-543. 

 

Collerson, K.D. & Kamber, B.S. (1999). Evolution of the continents and the atmosphere 

inferred from the Th-U-Nb systematics of the depleted mantle. Science 283, 1519-1522. 

 

Davis, J. & Hawkesworth, C. (1993). The petrogenesis of 30-20 Ma basic and 

intermediate volcanicsfrom the Mogollon-Datil Volcanic Field, New Mexico, USA. 

Contributions to Mineralogy and Petrology 115, 165-183. 

 

Dickinson, W. R. (2002). The Basin and Range province as a composite extensional 

domain. International Geology Review 44, 1-38. 



 112 

 

Ferguson, C.A. & Gilbert, W.G. (1997). Geology of the Mormon Flat Dam Quadrangle, 

Maricopa County, Arizona. Arizona Geological Survey Open-File Report 97-14, 28pp. 

 

Ferguson, C.A. & Skotnicki, S.J. (1995). Geologic Map of the Florence Junction and 

Southern Weavers Needle 7.5’ Quadrangles, Pinal County, Arizona. Arizona Geological 

Survey Open-File Report 95-10, 27pp. 

 

Ferrari, L., Lopez-Martinez, M. & Rosas-Elguera, J. (2002). Ignimbrite flare-up and 

deformation in the southern Sierra Madre Occidental, western Mexico; implications for 

the late subduction history of the Farallon Plate. Tectonics 21, 1-23. 

 

Fodor, R.V. (1969). Petrography and petrology of the volcanic rocks in the Goldfield 

Mountains, Arizona. M.S. Thesis, Arizona State University, Tempe, 66pp. 

 

Fodor, R.V., Frey, F.A., Bauer, G.R. & Clague, D.A. (1992). Ages, rare-earth element 

enrichment, and petrogenesis of tholeiitic and alkalic basalts from Kahoolawe island, 

Hawaii. Contributions to Mineralogy and Petrology 110, 442-462. 

 

Hawkesworth, C.J., Hergt, J.M., Ellam, R.M. & McDermott, F. (1991). Element fluxes 

associated with subduction related magmatism. Philisophical Transactions: Physical 

Sciences and Engineering 335, 393-405. 

 

Henderson, P. (1984). Rare earth element geochemistry. Developments in Geochemistry 

2. Elsevier (New York), 510pp. 

 

Humphreys, E., Hessler, E., Dueker, K., Farmer, G.L., Erslev, E. & Atwater, T. (2007). 

How Laramide-age hydration of North American lithosphere by the Farallon slab 

controlled subsequent activity in the Western United States. International Geology 

Review 45, 575-595. 

 

Kempton P.D., Harmon R.S., Hawkesworth, C.J. & Moorbath, S. (1990). Petrology and 

geochemistry of lower crustal granulites from the Geronimo volcanic field, southeastern 

Arizona. Geochimica et Cosmochimica Acta 54, 3,401-3,426. 

 

Kempton, P.D., Fitton, J.G., Hawkesworth, C.J. & Ormerod, D.S. (1991). Isotopic and 

trace element constraints on the composition and evolution of the lithosphere beneath the 

southwestern United States. Journal of Geophysical Research 96, 13713-13735. 

 



 113 

Kilbey, T.R. (1986). Geology and Structure of the Goldfield Mining District, Central 

Arizona. M.S. Thesis, Arizona State University, Tempe, 254pp. 

 

 

Leake, B.E. (1978). Nomenclature of amphiboles. American Mineralogist 63, 1023-1052. 

 

LeBas, M.J. & Streckeisen, A.L. (1991). The IUGS systematic of igneous rocks. Journal 

of the Geological Society 148, 825-833. 

 

Le Maitre, R.W. (2002). Igneous rocks: a classification and glossary of terms: 

recommendations of the International Union of Geological Sciences, Subcommission on 

the Systematics of Igneous Rocks. Cambridge University Press, New York, 236pp. 

  

Lindsley, D.H. (1983). Pyroxene thermometry. The American Mineralogist 68, 477– 493. 

 

Liu, M. (2001). Cenozoic extension and magmatism in the North American Cordillera: 

the role of gravitational collapse. Tectonophysics 342, 407-433. 

 

MacDonald, R. & Belkin, H.E. (2002). Compositional variation in minerals of the 

chevkinite group. Mineralogical Magazine 66, 1075–1098. 

 

Mahood, G. & Hildreth, W. (1983). Large partition coefficients for trace elements in 

high-silica rbyolites. Geochimica et Cosmochimica Acta 47, 11-30. 

 

Mahood, G.A. & Stimac, J.A. (1990). Trace-element partitioning in pantellerites and 

trachytes. Geochimica et Cosmochimica Acta 54, 2257-2276.  

 

Malone, G.B. (1972). The Geology of Volcanic Sequence in the Horse Mesa Area, 

Arizona. M.S. Thesis, Arizona State University, Tempe 68pp.  

 

Martin, H. (1987). Petrogenesis of Archaean trondhjemites, tonalites, and granodiorites 

from eastern Finland: Major and trace element geochemistry. Journal of Petrology 28, 

921-953. 

 

McDonough, W.F. & Sun, S.S. (1995). The composition of the Earth. Chemical Geology 

120, 223- 253. 

 

McDowell, S.D. (1979). Chevkinite from the Little Chief Granite porphyry stock, 

California. American Mineralogist 64, 721-727. 

 



 114 

McIntosh, W.C. & Ferguson, C.A. (1998). Sanidine, Single Crystal, Laser-fusion 

40Ar/39Ar Geochronology Database for the Superstition Volcanic Field, Central 

Arizona. Arizona Geological Survey Open-File Report 98-27, 74pp. 

 

 

Orozco-Esquivel, M.T., Nieto-Samaniego, A.F. & Alaniz-Alvarez, S.A. (2002). Origin of 

rhyolitic lavas in the Mesa Central, Mexico, by crustal melting related to extension. 

Journal of Volcanology and Geothermal Research 118, 37-56. 

 

Parker, D.F., Ghosh, A., Price, C.W., Rinard, B.D., Cullers, R.L. & Ren, M. (2005). 

Origin of rhyolite by crustal melting and the nature of parental magmas in the Oligocene 

Conejos Formation, San Juan Mountains, Colorado, USA. Journal of Volcanology and 

Geothermal Research 139, 185– 210. 

 

Parodi, G.C., Ventura, G.D., Mottana, A. & Raudsepp, M. (1994). Zr-rich non metamict 

perrierite-(Ce) from holocrystalline ejecta in the Sabatini volcanic complex (Latium, 

Italy). Mineralogical Magazine 58, 607-613. 

 

Prowell, S.E. (1984). Stratigraphic and Structural Relations of the North-Central 

Superstition Volcanic Field. M.S. Thesis, Arizona State University, Tempe, 122pp. 

  

Rudnick, R.L. & Fountain, D.M. (1995). Nature and composition of the continental crust: 

A lower crust perspective. Reviews on Geophysics 33, 267-309. 

 

Rudnick, R.L. & Gao, S. (2003). Composition of the Continental Crust. In: Rudnick, R.L. 

(Ed.), The Crust, Treatise in Geochemistry 3, 1-64. 

 

Severs, M.J., James S. Beard, J.S., Fedele, L., Hanchar, J.M., Mutchler, S.R. & Bodnar, 

R.J. (2009). Partitioning behavior of trace elements between dacitic melt and plagioclase, 

orthopyroxene, and clinopyroxene based on laser ablation ICPMS analysis of silicate 

melt inclusions. Geochimica et Cosmochimica Acta 73, 2123–2141. 

 

Sheridan, M.F., Stuckless, J.S. & Fodor, R.V. (1970). A Tertiary Silicic Cauldron 

Complex at the Northern Margin of the Basin and Range Province, Central Arizona, 

U.S.A. Bulletin of Volcanology 34, 1-14. 

 

Sheridan, M.F. (1987). Caldera structures along the Apache Trail in the Superstition 

Mountains, Arizona; Geologic diversity of Arizona and its margins—Excursions to 

choice areas. Arizona Bureau of Geology and Mineral Technology (Special Paper) 5, 

238-243. 



 115 

 

Skotnicki, S.J. & Ferguson, C.A. (1995). Geologic Map of the Goldfield and the Northern 

Part of the Superstition Mts. SW Quadrangles, Maricopa and Pinal Counties, Arizona. 

Arizona Geological Survey Open-File Report 95-9, 26pp. 

 

Skotnicki, S.J. & Ferguson, C.A. (1996). Bedrock Geologic Map of the Apache Junction 

and Buckhorn Quadrangles, Maricopa and Pinal Counties, Arizona. Arizona Geological 

Survey Open-File Report 96-8, 17pp. 

 

Skotnicki, S.J. & Leighty, R.S. (1997). Geologic Map of the Stewart Mountain 

Quadrangle, Maricopa County, Arizona. Arizona Geological Survey Open-File Report 

97-12, 19pp. 

 

Streck, M.J. & Grunder, A.L. (1997). Compositional gradients and gaps in high-silica 

rhyolites of the Rattlesnake Tuff, Oregon. Journal of Petrology 38, 133-165. 

 

 

Stuckless, J.S. (1969). The Geology of the Volcanic Sequence Associated with the Black 

Mesa Caldera, Arizona. M.S. Thesis, Arizona State University, Tempe, 79pp.  

 

Stuckless, J.S. (1971). The Petrology and Petrography of the Volcanic Sequence 

Associated with the Superstition Caldera, Superstition Mountains, Arizona. PhD. 

Dissertation, Stanford University, Stanford, 113pp. 

 

Stuckless, J.S. & Sheridan, M.F. (1971). Tertiary volcanic stratigraphy in the Goldfield 

and Superstition Mountains, Arizona. Geological Society of America Bulletin 82, 3235-

3240. 

 

Stuckless, J.S. & O’Neil, J.R. (1973). Petrogenesis of the Superstition-Superior Volcanic 

area as inferred from strontium- and oxygen-isotope studies. Geological Society of 

America Bulletin 84, 1987-1998.  

 

Suneson, N.H. (1976). The Geology of the Northern Portion of the Superstition-Superior 

Volcanic Field, Arizona. M.S. Thesis, Arizona State University, Tempe, 123pp. 

 

Verplanck, P.L., Farmer, G.L., McCurry, M. & Mertzman, S.A. (1999). The chemical 

and isotopic differentiation of an epizonal magma body: Organ Needle pluton, New 

Mexico. Journal of Petrology 40, 653-678. 

 



 116 

Weaver, B.L. (1990). The origin of ocean island basalt end-member compositions: trace 

element and isotopic constraints. Earth and Planetary Science Letters 104, 381-397 

 

Whitney, J.A. & Stormer, J.C. (1985). Mineralogy, petrology, and magmatic conditions 

from the Fish Canyon tuff, central San Juan volcanic field, Colorado. Journal of 

Petrology 26, 726-762. 



 117 

APPENDIX 

 



 118 

 
Table 14: Latitude and Longitude for 18 samples of the Goldfield-Superstition volcanic province, 
Central Arizona. 

 Latitude Longitude 
Bulldog Canyon   

T-01 33°28'0.66"N 111°31'36.41"W 
TB-01 33°28'2.30"N 111°31'35.60"W 
IR-03 33°28'10.42"N 111°32'38.62"W 
T-12 33°28'53.81"N 111°33'4.40"W 
SR-5A 33°28'7.30"N 111°32'54.90"W 

Usery and Packsaddle   
PS-01 33°29'56.74"N 111°30'43.02"W 
PS-02 33°29'53.57"N 111°30'42.17"W 
GF-1 33°28'48.01"N 111°34'38.50"W 
GF-2 33°28'53.14"N 111°34'39.22"W 

Queen Valley   
QV-01 33°18'20.56"N 111°16'44.20"W 
QV-02 33°20'58.92"N 111°16'33.90"W 
QV-04 33°21'2.13"N 111°16'37.71"W 
QV-06 33°20'55.42"N 111°16'33.50"W 

Tortilla Flat   
TF-02 33°31'13.25"N 111°24'24.60"W 
TF-03 33°31'28.66"N 111°24'36.24"W 
TF-04 33°31'29.54"N 111°24'48.69"W 
TF-05 33°31'28.90"N 111°23'32.64"W 
TF-08 33°31'32.24"N 111°24'50.31"W 

 


