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Introduction 

 

 Studies examining the relationship between magmatism and extension in the 

southern Basin and Range are numerous, e.g. Crowe (1978), Crowe et al. (1979), Tarshis 

(1982), Sherrod and Tosdal (1991), and Spencer et al. (1995), and focused on either 

plutonism or volcanism, but not on both processes together in the context of extension. 

Metcalf (2004) demonstrated that plutons can be considered records of magma chamber 

dynamics, and could be combined with volcanic rocks of similar age, composition, and 

locality to provide a greater understanding of magmatic processes. In this study, we 

utilize plutonic rocks as baseline comparisons for magmatic processes reflected in 

contemporaneous volcanic rocks of similar composition within an extensional setting. 

The southern Chocolate Mountains in southeastern California (Figure 1) provide a perfect 

study area, because erosion and Basin and Range extension have exposed 

contemporaneous volcanic and plutonic systems of similar composition. 

 Using cooling ages of the Orocopia Schist as the lower limit (Jacobson et al., 

2007), and basalts, especially the basalt at Flat Tops, as the upper limit (Sherrod and 

Tosdal, 1991; Spencer et al., 1995), regional crustal extension in the southern Basin and 

Range has been constrained between 28 ± 2 Ma (Jacobson et al., 2007) and 16 to 8 Ma 

(Sherrod and Tosdal, 1991; Spencer et al., 1995). The younger extensional limit is also 

considered the end of magmatism, although a roughly 7 Ma hiatus exists between the 

youngest tuffs dated in this study and the latest Miocene local capping basalts.  

 This study appends, and in some cases improves, previously compiled ages (Table 

1) on volcanic units throughout the area, with zircon U-Pb ages on four volcanic units – 

the tuff of Black Hills (tBH), tuff of Felipe Pass, the ignimbrite of Ferguson Wash (all 

three part of Crowe’s “silicic tuff sequence,” STS), and the Quechan volcanic rocks 

(Figure 2). This study also includes U-Pb zircon ages for two Cenozoic plutons, 

sometimes grouped together simply as “plutonic rocks” – the granites of Mount Barrow 

(gMB) and Peter Kane Mountain. All six units yield late Oligocene to early Miocene U-

Pb ages (Figure 3), indicating extension initiated slightly before the main pulse of 

magmatism, and continued after its end for roughly 7 Ma before the return of significant 

magmatism and the synchronous cessation of extension (Sherrod and Tosdal, 1991). The 
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new ages improve our understanding of the timing of regional Cenozoic magmatism in a 

manner consistent with stratigraphic relationships. Ages of basalts in the area were not 

updated in this study, however, despite stratigraphic and K-Ar age discrepancies. This 

important unfinished step is critical to finalize temporal constraints on extension, and 

thus the interplay between extension and magmatism. 

 Temperature plays a role in mineral growth within magmatic systems, and various 

mineral thermometers exist for estimating magmatic temperatures. Miller et al. (2003) 

utilized crystallization temperature of zircon to provide estimates of magma temperature. 

Wark et al. (2007) utilized crystallization temperature of quartz in the Bishop tuff, and 

described a rhyolitic system in which reheating was recorded by quartz zonation; hotter 

temperatures were recorded on the outer rim of quartz grains and cooler temperatures in 

cores. No such zonation was seen in zircons from the same unit, which record cooler 

temperatures than quartz; about 725°C (Watson et al., 2006). This implies quartz was 

growing at a time and temperature when zircon was not. Temperature estimates on zircon 

and quartz for this study reveal different scenarios for growth of those two minerals 

(Figure 4) in older, but compositionally similar silicic systems. Zircons from tBH record 

temperatures that imply quartz and zircon were growing at the same time, but zircons 

from the ignimbrite of Ferguson Wash record a similar trend as Bishop tuff quartz, 

implying zircon was growing when quartz was not.  

 Temperature comparisons between all volcanic and plutonic units (Figure 5) 

reveal most volcanic units reached plutonic, interpreted to be solidus, temperatures at 

some point in their history. The Quechan volcanic rocks are an exception. They barely 

overlap the upper limit of the general temperature field for plutonic rocks. In the other 

three units, however, reheating or remobilization seems common because the volcanic 

units must have been above solidus when extruded. Temperatures from rims of zircons in 

tBH are the lowest of all the volcanic units and plot near the lower limit of the plutonic 

rocks. Trace element data from those same zircons indicate similar HREE patterns in 

tBH, and gMB (Figure 6), and whole rock data reveal tBH was more evolved and 

enriched in rare earth elements (REE) than gMB (Figure 7). 

 Dillon (1976) proposed units of the STS are the extrusive phases of gMB based 

on field relations. This study is interested in comparing magmatic processes indicated by 
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zircons and quartz from tBH and the ignimbrite of Ferguson Wash by using local plutonic 

rocks, including gMB, as a standard for complete development of similar local coeval 

systems. Of particular interest are the similarities between tBH and gMB. 

 

 The stratigraphically lowest rocks in the area are in the Orocopia Schist, whose 

protolith is Cretaceous in age (Jacobson et al., 2007). These rocks are nonconformably 

overlain by a series of “prevolcanic sedimentary rocks,” (Sherrod and Tosdal, 1991). The 

oldest Tertiary volcanic rocks in the area, the Quechan volcanic rocks, were described by 

Crowe (1978) as a series of lava flows and subordinate volcaniclastic strata that range 

from about 300 meters to as much as 1.5 km in thickness in the Palo Verde Mountains 

(Sherrod and Tosdal, 1991). Composition of the volcanic rocks ranges from basaltic 

andesite to rhyolite, but andesite and dacite are predominant, and hypabyssal dacitic 

intrusions are locally abundant (Sherrod and Tosdal, 1991). Previous works (Crowe, 

1978; Sherrod and Tosdal, 1991) obtained plagioclase K-Ar ages ranging from 33 to 27 

Ma, but U-Pb zircon dating (this study) yields two populations at about 26 and 23 Ma. 

Geologic Setting of the Silicic Tuff Sequence  

 Conformably overlying the Quechan volcanic rocks is the regionally widespread 

silicic tuff sequence (STS), which has yielded K-Ar ages of 27 to 25 Ma (Sherrod and 

Tosdal, 1991), but U-Pb ages of 24 to 23 Ma. The STS originated mainly as rhyodactic 

and rhyolitic pyroclastic flows, including the ignimbrite of Ferguson Wash, the tuff of 

Felipe Pass, and the tuff of Black Hills (Sherrod and Tosdal, 1991). Widespread 

extensional deformation and the tilting of fault-bounded blocks in the region occurred 

after eruption of the tuff of Felipe Pass (Sherrod and Tosdal, 1991).  

 The youngest dated rocks in the region are the isolated basalt lava at Black 

Mountain that has yielded K-Ar whole rock ages of 13.4 ± 2.6 Ma (Crowe in Sherrod and 

Tosdal, 1991) and 9.6 ± 1.8 Ma (Eberly and Stanley in Sherrod and Tosdal, 1991). It is 

interbedded with fanglomerate and is probably unrelated to the main pulse of Oligocene 

and early Miocene volcanism (Crowe, et al., 1979; and Sherrod and Tosdal, 1991). 

 The goal of this work is to describe and compare relationships between thermal 

and compositional evolution in magma bodies that generated these contemporaneous 

granites and silicic tuffs, specifically tBH and gMB.  
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The initial zircon age, chemistry, and temperature similarities between tBH and gMB 

suggest these two units are good candidates for more detailed volcanic-plutonic 

comparisons. 
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Materials and Methods 

  

Six whole rock samples were crushed in a two-step jaw crushing process and 

powdered in a SPEX alumina ceramic ball mill. Subhedral to euhedral zircon grains were 

separated, plucked, mounted in epoxy in relatively straight lines on round mounts, and 

polished about halfway through the grains. Cathode luminescence (CL) images of 

samples were taken at Stanford University on the Jeol JSM-5600LV Scanning Electron 

Microprobe (SEM) at 15 kV. Samples were then analyzed using the Stanford 

University/USGS sensitive high resolution ion microprobe-reverse geometry (SHRIMP-

RG) using procedures described in Barth and Wooden (2006). The CL images were taken 

before analysis as a map to probable chemical changes in the grain. 

Zircon Ages and Geochemistry 

 A total of 78 single grains, 54 from tuffs and 24 from granites, were measured for 

isotopic ratios (Appendix Table 1) and U, Pb, and Hf concentrations using procedures 

described in Barth and Wooden (2006). Isotope ratios were standardized against 

Braintree Complex zircon R33 (419 Ma; Black et al., 2004). Errors on ages of individual 

grains in Appendix Table 1 are reported at one sigma. Grain population ages reported in 

Table 1 are averaged from weighted means of Cenozoic 207Pb-corrected 206Pb/238U grain 

ages (Ludwig, 2002), and errors are reported at two sigma (95% confidence). The goal of 

assigning average ages to grain populations is to capture the age of latest magmatic 

evolution as recorded by zircon grains. Grains from other populations are disregarded 

from population calculation. These disregarded grains include seven pre-magmatic 

grains, and three other outliers with suspected lead loss, large difference of chemistry 

indicating possible contamination of the grain, or questionable precision of the 

measurement due to high error. If a split was questionable, the author erred on the side of 

grouping together rather than splitting.  

 After polishing to remove gold coating and sputtered pits, another gold coat was 

applied and mounts were analyzed for a suite of trace elements using a 1 to 2 nA O2
- 

primary beam with a ~15 µm diameter spot size. For these trace element analyses, the 

best attempt possible was made to analyze a zircon volume directly adjacent to that 

analyzed for U and Pb isotopic compositions. This didn’t always happen, however, 
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resulting in fewer data points with both age and composition data. Additional spots were 

also analyzed to describe trace element variations more thoroughly, resulting in a total of 

112 geochemical measurements. Trace element data collection and analysis techniques 

are described in detail in Mazdab and Wooden (2006). 254UO, 248ThO, 207Pb and 206Pb 

were monitored to allow an estimated Pb/U age to be calculated, and along with 

reanalysis of Hf concentrations, helped in assuring that trace element analysis points to be 

paired with U/Pb ages were sputtered in a compositionally similar zircon volume with 

respect to luminescence, Hf, U and Th concentrations, and age. Replicate analyses of 

fragments of Ceylon (CZ3) zircon establish precision of trace element analyses 

(Appendix Table 2). Fluorine, Al, P, Ca and Fe were monitored to detect encroachment 

of inclusions, especially apatite and oxide minerals, into the analytic volume.  

 Trace element composition can be used to estimate melt conditions while zircon 

was crystallizing (Sano et al., 2002). Raw zircon chemical data (Appendix Table 3) were 

normalized to average chondrite (Rudnick and Fountain, 1995), and REE values were 

used to calculate melt concentrations following techniques described in Sano et al. 

(2002). These concentrations are used in analyses of melt chemical trends recorded by 

zircon, but raw chemical data were utilized in temperature calculations.  

 

 Temperature was calculated from titanium concentrations utilizing updated 

equations of the Ti-in-zircon thermometer from Ferry and Watson (2007). Because rutile 

was not present, activities for silica (1) and titanium (0.5) were estimated based on modal 

mineralogy of samples, and were calibrated keeping mineral saturation temperatures and 

granite solidus of 685°C at 2% water saturation (Whitney, 1988) in mind. Overestimating 

aTiO2 can result in an underestimation of temperature up to ~50°C (Ferry and Watson, 

2007; Hayden and Watson, 2007). Thus, it was a goal to underestimate aTiO2 as much as 

was reasonable to derive maximum temperatures. It is clear and evident that an accurate 

temperature estimate hinges on accurate titanium and silica activities if rutile is not 

present (Ferry and Watson, 2007; Hayden and Watson, 2007). Zircons yielding 

temperatures above the solidus were recalculated using an estimated silica activity of 0.9, 

based on acceptable ranges from Ferry and Watson (2007). This is also based on the 

Zircon Temperature Estimates 
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apparent breakdown of quartz crystals seen in thin section and CL images (Figure 8) 

indicating undersaturated conditions existed at some point in their histories. Uncertainties 

associated with the technique are between ±12° at 600°C and ±11° at 750°C and pressure 

uncertainties for the thermometer are about 50°C/GPa (Ferry and Watson, 2007). 

Calibration was checked against concentrations from Watson et al. (2006) to confirm Ti 

concentrations yielded reasonable temperature ranges. 

 

 Following the same two-step jaw crushing process as zircon, quartz grains were 

plucked from chips of tBH and ignimbrite of Ferguson Wash without powdering to 

ensure selection of whole grains. Grains were mounted and analyzed following the same 

procedure as zircon grains, except a 2 nA O2
- primary beam with a ~15 to 20 µm 

diameter spot size was used. Titanium in quartz grains was analyzed and the TitaniQ 

(Wark and Watson, 2006) geothermometer yielded crystallization temperatures. Two 

standards were used: TiQ synthetic quartz (J. Thomas, personal communication, 2009) 

and a sample of Bishop tuff quartz. Our samples regularly record temperatures about 

20°C cooler than reported Bishop tuff samples (Figure 9; Wark et al., 2007). This could 

reflect an instrument bias of 20°C or that we have a cooler sample of the Bishop tuff than 

those reported by Wark et al. (2007). Replicate analyses of these standard materials 

suggest that precision of the thermometer is about 5°C.  

Quartz Temperature Estimates 

 

 Whole rock samples for tBH, gMB, basalts of American Girl and at Black 

Mountain, and andesitic basalt at Flat Tops were crushed and powdered using the same 

powdering process discussed above. Powders were dried overnight at 100°C and taken to 

Michigan State University to be fused using low-dilution fusion (LDF) methods into 

glass disks for whole rock X-Ray fluorescence (XRF) analysis. LDF involves a mixture 

of three grams of rock flour and nine grams of lithium tetraborate. Based on XRF data, 

laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS) analyses 

were performed on 5 selected samples with high major element totals. Detailed methods 

for preparation and analysis can be found in Fohey (2006) and in Almberg et al. (2008). 

Whole Rock Chemistry 
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Some samples were harder to fuse and prepared using the high-dilution fusion (HDF) 

method, meaning only one gram of rock flour is used during fusion instead of three 

grams. This lowers precision relative to samples fused using the LDF method, but not in 

a significant manner. 

 Samples with lower XRF totals (at or below 97%) were checked for loss on 

ignition (LOI) by weighing untreated powders, drying the powders in a muffle furnace at 

100°C for one hour and weighing again. Samples were returned to the muffle furnace for 

another hour at 1000°C and LOI was calculated from weight difference between samples 

after heating to 100°C and 1000°C. This was done to most accurately reflect dry 

conditions of powders before fusing and analysis on XRF. Since some samples had ~10% 

LOI, all samples were normalized to a volatile-free basis before any whole rock 

comparisons were made.  

 

 A Mitutoyo micrometer was used to measure thickness of various points on 

standard non-polished zircon probe mounts to ±.002 µm. Thickness was measured before 

the mount was coated with gold for 15 seconds, and then grain mounts were prepared 

using aforementioned procedures for CL imaging of grains, but CL images of mounts 

were taken with epoxy still present. Mounts were then polished using 9 μm grit, on a new 

pad for about 8 minutes. This removed between 3 and 8 μm of material, mostly epoxy, in 

the first round of polishing, depending on location on the mount. CL images were taken 

again on this very outermost layer of the zircon grain. This polish, measure, image 

procedure was repeated once before grit was changed to 1 μm, and the process repeated 

four more times for a total of six sets of images per mount, with polishing times varying 

slightly on each run, resulting in CL imaging about every ~10 μm. Ultimately, we would 

like to see a study utilize this polishing technique, but include chemical analyses roughly 

every 30 μm to produce more thorough chemical and structural characterization of zoning 

in zircon and quartz grains. This would give a more detailed record of crystallization 

history from the very last stages of crystallization all the way to earliest stages, assuming 

the last analysis would be taken within the “middle” of the grain in a completely three-

dimensional sense. 

CL Depth Analysis of Zircon 
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Results 

 

 Zircon crystallization ages generally correlate well with stratigraphic relationships 

and improve previously collected, mostly biotite and plagioclase K-Ar ages (Sherrod and 

Tosdal, 1991, and references therein). U and Th concentrations and U/Pb values for all 

samples are available in Appendix Table 1. These older ages indicated larger chronologic 

differences between the volcanic units than newer U-Pb ages (Table 1), which yield ages 

that are, within error, identical. 

Zircon Geochronology and Geochemistry 

Cores of grains crystallize first, and if this crystallization is slow enough, cores 

will record a significantly different age and possibly different chemistry than rims. Most 

units had a majority of age measurements taken from the rims of grains, however, so 

even though chemistry was taken from core and rims on multiple grains within each unit, 

core-rim age differences are not significant. The notable exception to this is the sample of 

Quechan volcanic rocks, where two populations of grains are seen and the older 

population is entirely made up of cores while the younger population is a mix of cores 

and rims. Despite this age difference, little chemical variation is seen between the two 

populations (Figure 10). The only other unit possibly yielding two age populations to 

compare core-rim age trends was the gMB (Figure 3) and the two analyses yielding ages 

of ~26 Ma are from grain rims.  

 In some cases, zircon REE patterns can be used to estimate parental melt REE 

patterns (Sano et al., 2002). We infer that zircon REE can estimate REE patterns in the 

melt at least while zircon was crystallizing. Heavy rare earth elements (HREE) are 

preferentially taken out of the melt by zircon more than middle and light rare earth 

elements (MREE and LREE, respectively). Thus, HREE are more abundant and 

measurements of them are more reliable than MREE and LREE in zircon. A simple way 

of summarizing HREE pattern is to ratio the two elements with the least and greatest 

atomic numbers of the HREE; gadolinium (Gd) and ytterbium (Yb). Yb/Gd greater than 1 

indicates a pattern with higher Yb content than Gd and thus HREE enrichment relative to 

their normative values (e.g. average concentration seen in chondrite), while Yb/Gd below 

1 are HREE depleted. A value of 1 indicates similar concentration to normative values.  
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 Undifferentiated, uncontaminated melt, i.e. melt that has never lost elements to 

crystallization during its existence, is nearly impossible to find on Earth, and thus the 

geochemistry of chondritic meteorites are used to represent “primitive” Earth melt. 

Crystallizing minerals will deplete a melt in elements compatible with the structure of 

that mineral as the melt cools. Certain elements are known to be compatible with (i.e. 

taken up by) certain minerals, and melt depletion in those elements can indicate 

crystallization of those minerals. Progressive depletion of one element during cooling 

will enrich the melt in the other more incompatible elements. 

 Chondrite-normalized, calculated melt Yb/Gd are mostly between 0.8 and 0.2 and 

overlap between units (Figure 10). There is very little correlation with time between or 

within units and substantiating any differences seen is difficult because all units are 

roughly the same age. The sample from Quechan volcanic rocks is the only one with an 

appreciably older zircon population, and the older population is not chemically different 

from the younger population or other units, in terms of Yb/Gd. Volcanic units have lower 

Yb/Gd than plutonic units, although tBH has the highest range of Yb/Gd for volcanic 

units and is more similar to plutonic units.  

 Feldspar preferentially extracts Eu from the melt. Therefore, calculating the 

amount of Eu taken from the melt can indicate how much feldspar crystallized, and this 

calculation is called the europium anomaly (Eu/Eu*). Eu is between Sm and Gd in order 

of atomic numbers. If feldspar does not crystallize and no Eu is preferentially taken out of 

the melt, the normalized concentrations of Sm, Eu, and Gd fit on a relatively straight line. 

The europium anomaly is a ratio between the concentration of Eu actually measured and 

the concentration it would have if no feldspar crystallized (Eu*). A negative Eu anomaly 

is one that is below 1, indicating the measured value is below the calculated linear value, 

and a positive anomaly is above one. The size of the anomaly reflects how far above or 

below one the anomaly is. An anomaly of 0.01, for example, would be considered a large 

(or deep), negative anomaly and could indicate feldspar crystallization.  

 All units have a negative anomaly that seems to get deeper with time but again, 

ages are approximately the same so chemical differentiation is not going to be based 

solely on age (Figure 11). Zircons in Quechan volcanic rocks start with nearly no Eu 

anomaly in the cores and develop only a slightly negative one as zircons continued to 
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grow. The tuff of Felipe Pass and Quechan volcanic rocks both have shallower, and even 

some positive anomalies, followed by the plutonic rocks with negative anomalies, while 

tBH and the ignimbrite of Ferguson Wash display the deepest, negative anomalies, with 

the exception of one outlier from Felipe Pass (not shown on figure). 

 

Temperatures from volcanic rocks are expected to be higher than temperatures 

from plutonic rocks of similar bulk composition and XH2O, because they are extruded 

above solidus temperatures, but tBH yields temperatures similar to plutonic samples 

(Figure 5), and most volcanic units have at least some zircons that record temperatures as 

low as plutonic units. Except for tBH, volcanic units yield a wide temperature range from 

725°C to 950°C, but plutonic units and tBH record a cooler range from 675°C to almost 

900°C. In a closed system, temperature should steadily decrease with time as the magma 

loses heat to its surroundings, but tBH is the only unit that possibly displays such a trend 

(Figure 12), although that is suspect because of the close age of the grains. This lack of 

appreciable temperature change with age between or within units suggests heat variation 

may occur on time scales smaller than our ability to measure. Examining core-rim 

temperature trends will allow finer-scale comparisons to be made. 

Temperature Estimates 

Geothermometers from two different minerals in two different volcanic units 

allow a unique and focused look at thermal history in those two units. For this reason and 

the sake of simplicity, we will focus on these two volcanic units and exclude tuff of 

Felipe Pass and Quechan volcanic rocks from deeper geothermal and geochemical 

analyses from zircon (see Appendix Table 2 for zircon data on these units).  

Zircon cores from tBH generally record a temperature of ~850°C, although one 

core records as low as 750°C (Figure 4). Zircon rim temperatures are about 700°C, 

although one gets as high as 725°C. This indicates a cooling trend, recorded as grains 

grew from the core to the rim and the system steadily lost heat during crystallization, and 

is confirmed by temperature paths of individual grains (Figure 13). Temperature 

estimates from the ignimbrite of Ferguson Wash record a system undergoing the exact 

opposite process of reheating. Temperatures recorded by ignimbrite of Ferguson Wash 

zircon cores are extremely variable; ranging from as low as 690°C to almost 1000°C, but 
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most are between 750°C and 890°C (Figure 4). Zircon rim temperatures also vary from as 

low as 725°C to almost 1000°C, but most are between 875°C and 950°C. The ignimbrite 

of Ferguson Wash zircon cores grew in an environment similar to tBH zircon cores, but 

the rims grew in a much hotter environment, indicating the system was not losing heat 

while the grains were growing, but rather was getting hotter. Nearly all grain temperature 

paths indicate reheating, except two (Figure 14).  

Core-rim trends were not seen in quartz from tBH or the ignimbrite of Ferguson 

Wash, and quartz temperatures from both units record a range of 700°C to 750°C (Figure 

4). The cooler temperatures indicated by tBH zircon rims and quartz grains suggest a 

system in which zircon and quartz were growing at the same temperatures. In the 

ignimbrite of Ferguson Wash, however, most zircon rims and cores record temperatures 

higher than quartz grains, suggesting a system in which zircon and quartz did not grow at 

the same temperatures, and a system in which zircon was able to grow during reheating, 

but quartz was not. 

 Only one grain from gMB had core-rim analyses and records reheating of about 

75°C (Figure 15). Other grains from granite of Peter Kane Mountain record cooling to 

varying extents. Two grains do record reheating, but the temperature difference between 

the core and rim on these grains are within the error of calculation and thus, no 

conclusions can be drawn from them. 

 

 Samples with low totals Table 2 (at or below 97%) were checked for LOI, and 

since some samples had ~10% LOI, all samples were normalized to a volatile-free basis 

before any whole rock comparisons were made. Differences in oxides are important, but 

trace element data (Table 3) can indicate compositional changes in melt relatively free of 

lattice effects, so trace elements were examined as well. Silica content of felsic samples 

ranges from 69% to 77% and mafic samples range from 50% to 56%. In terms of SiO2, 

felsic and mafic samples are compositionally similar to other samples in the Basin and 

Range (Figure 16). Basalt lavas from this study are similar to other mafic samples in the 

Basin and Range, although the basalt at Black Mountain is significantly Ba and Sr 

enriched (Figure 16A and 16B, respectively) and shows smaller aberrations in Y, and Zr 

Whole Rock Chemistry 
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from other basalts (Figure 16D, 16F, respectively). Granite of Mount Barrow showed no 

significant variation within itself nor compared to other samples in the Basin and Range 

for any elements, but there are some significant differences in terms of both major oxides 

and trace elements in samples from the tuff of Black Hills. A sample collected from a 

white ash fall in the bottom part of tBH shows significant hydrothermal alteration. It is 

depleted in K2O, and Y, but enriched in Sr (Figure 16C, 16D, and 16B, respectively). 

Two other tBH samples, 08-17 and 08-19, are CaO enriched relative to everything in the 

Basin and Range and within tBH (Figure 16E), but show no other major departures from 

Basin and Range composition. The compositional similarity between samples used in this 

study and samples from the Basin and Range indicate precise geochronology and 

geothermometry may be obtained using methods similar to this study from units 

throughout the Basin and Range if their mineralogy is appropriate. 

 Whole rock REE analyses from samples with zircon analyses provide an ideal to 

way to compare predicted melt composition at the time zircon was crystallizing to the 

final magma composition preserved in the whole rock. Samples with associated zircon 

data were targeted for whole rock REE analyses. Whole rock REE analyses from 

numerous samples, even ones without zircon data, within tBH would be an ideal way to 

look for compositional patterns of the magma through eruption history, but this was not 

possible for a number of reasons. High LOI (~5%) and abnormal CaO concentrations, 

discussed above, from Basin and Range geochemistry (Figure 16E) led to the exclusion 

of 08-17 and 08-19 from REE analysis. Sample 08-24 (the sample from the white ash fall 

at the bottom of tBH) shows evidence of hydrothermal alteration in both chemical 

variation and nearly 10% LOI, so it was also excluded from REE analyses. Thus, only 

06-630 and 08-11 were analyzed for whole rock REE from tBH. Searching for variation 

between multiple eruptions is not necessary in granite, and there was no evidence to 

support major compositional variations that might justify multiple samples, so only the 

whole rock sample with associated analyzed zircons was used. Two basalts were 

analyzed also based on previous data collection. Studies from Crowe (1979) and Tarshis 

(1982) had K-Ar ages for basalt at Black Mountain and Flat Tops, and so these two were 

also chosen for REE analyses, giving a total of five samples with whole rock REE 

analyses. 
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 Figure 5 displays whole rock REE data normalized to chondrite (Rudnick and 

Fountain, 1995). Samples from the tuff of Black Hills are enriched with a pronounced Eu 

anomaly, while granite of Mount Barrow is comparably depleted with a significantly 

smaller Eu anomaly. The basalt at Black Mountain and andesitic basalt at Flat Tops are 

also both depleted relative to tBH, and have a positive Eu anomaly. They are both 

slightly enriched in all REE compared to the granite of Mount Barrow.  

 

 As discussed in the geochronology section, chemical fractionation trends in zircon 

are not related on the temporal scales recorded between or within units, but may be 

related on core-rim scales within each grain from each unit as the melt crystallizes zircon 

and other minerals. Figure 17 displays, in step by step fashion, the general effects on 

dacitic melt composition as the minerals zircon, plagioclase, amphibole, biotite, and 

apatite crystallize. The minerals listed above were selected because they are some of the 

minerals we expect to crystallize from systems with whole rock chemistry similar to tBH, 

the plutons, and the chemistry as described by previous workers for the ignimbrite of 

Ferguson Wash. A dacitic melt was used because it is likely the melt composition all 

these units came from before becoming enriched and evolving into the silicic volume we 

see today. We will use Figure 17C as a guide for what minerals might have been growing 

in tBH, the plutons, and the ignimbrite of Ferguson Wash and causing the changes seen 

in the chondrite-normalized calculated melt composition from zircon concentrations. 

Qualitatively, justifiable models can be made utilizing modal mineralogy to describe the 

melt evolution as indicated by zircons, and the following sections provide some of these 

models for each unit. Quantitative resolutions are being sought through collection of 

more whole rock data and continued analysis. 

Zircon Chemistry 

 Chondrite-normalized calculated melt Eu/Eu* decreases with an increase in melt 

Yb/Gd as zircons grow from core to rim in the tuff of Black Hills (Figure 18). The 

decrease in Eu/Eu* indicates plagioclase was growing at the same time other minerals 

were growing, given that both ratios are changing. Obviously, zircon was growing at this 

time, so Yb/Gd would be expected to decrease (Figure 17). Biotite has also been found in 

hand samples (Sherrod and Tosdal, 1991, and references therein), but the increase of 
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Yb/Gd suggests a higher volume of apatite and/or amphibole growth outpaced zircon and 

biotite depletion of Yb/Gd. Amphibole is the favored mineral because of the mafic 

elements in the whole rock chemistry (Table 2), and the fact that amphibole is commonly 

a major component in rocks of this chemistry while both zircon and apatite are accessory 

minerals. The volatile content inferred to be required to have silicic volcanic rocks at low 

temperatures (Miller, 2003) also favors amphibole growth. Amphibole breaks down 

rather quickly and could have easily been destroyed during the eruption process of tBH. 

Why biotite is preserved and amphibole is not is puzzling, but zircon geochemistry does 

indicate its growth. The implication of this observation is that tBH was likely growing 

plagioclase, biotite, some apatite, and amphibole at the same time as zircon, but lost most 

of the amphibole prior to or during eruption. 

 Plutonic rocks show an increase in Yb/Gd and only a slight decrease in Eu/Eu*. 

The Yb/Gd increase is difficult to explain from a geochemical standpoint, because biotite, 

but not amphibole was observed in gMB. Dillon (1976) reports the presence of biotite 

and amphibole in gMB, and since he was allowed access to the gunnery range in which 

most of the granite resides, it is possible that our sampling area did not include granite 

that contained amphibole. The heterogeneity implied in this result indicates more 

sampling of gMB is needed to fully characterize the pluton, but its location inside a 

gunnery range makes this difficult. The other granite included in plutonic measurements 

is the granite of Peter Kane Mountain, and its mineralogy indicates significant 

plagioclase growth affected Yb/Gd. Modal mineralogy suggests more biotite grew than 

amphibole, however, indicating the trace minerals apatite and zircon play a role. Zircon 

has a large affect on Yb/Gd, but crystallizing zircon should lower Yb/Gd, not increase it 

as we see in the plutons. Apatite likely outpaced zircon growth significantly. Also, the 

slight decrease in Eu/Eu* is a problem because a great deal of plagioclase is present in 

both plutonic units, suggesting the Eu anomaly should be larger.  

 The ignimbrite of Ferguson Wash shows an increase in Eu/Eu* with a very slight 

increase in Yb/Gd. The increase in Eu/Eu* indicates that plagioclase is melting, not 

crystallizing, along with zircon. The slight increase in Yb/Gd is interpreted to indicate 

biotite is melting, which would increase Yb/Gd in the melt. Zircon is also crystallizing 

during this melting, however, which would decrease Yb/Gd in the melt. Biotite is a 
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common mineral while zircon is a trace mineral, and the slight increase in Yb/Gd is likely 

reflecting a greater volume of biotite melting than trace amounts of zircon crystallizing. 

 

 Fractionation is expected to be related to temperature, because as melt cools and 

forms crystals, those crystals will take elements out of the melt. We see a correlation 

between Eu anomaly and temperature in tBH and the ignimbrite of Ferguson Wash 

(Figure 5) that is not as obvious in other units. We can examine that correlation more 

efficiently by removing the other units from the graph and observing temperature and 

chemical trends from cores to rims of grains (Figure 19). Since grains grow from the 

inside out, the tuff of Black Hills shows a cooling trend as Eu/Eu* decreases. This is 

corroborated by the relationship seen from zircon chemistry. The cores are hotter and 

relatively enriched in Eu, and as the melt cools, lower temperatures are recorded by 

zircons rims and the melt becomes increasingly Eu depleted as plagioclase grows. The 

plutonic rocks show the same trend, but not as pronounced. The Eu anomaly gets 

shallower in the ignimbrite of Ferguson Wash zircons. Eu/Eu* is as low as 0.01 in the 

cores and as high as 0.8 in the rims, interpreted to mean plagioclase was melting as zircon 

was crystallizing. This is supported by the temperature increase coincident with the 

Eu/Eu* increase. 

Zircon Temperature and Chemical Relationships 

 As zircons crystallize, Yb/Gd increases (Figure 20) in all three units. This ratio 

should decrease if zircon is the only mineral crystallizing (Figure 17), but other minerals 

must be crystallizing in greater abundance than zircon in tBH and the plutonic rocks. The 

tBH shows an increase in Yb/Gd as zircon crystallizes, and in the geochemistry section 

we proposed that was likely because amphibole was crystallizing. There is no 

temperature evidence suggesting otherwise. The plutonic samples do not contain 

amphibole, and a drop in temperature suggests crystallization, and not reheating, must be 

associated with the increase in Yb/Gd. It is unlikely that more apatite crystallized than 

zircon and biotite combined, because biotite is considered a common mineral in granite 

and apatite is usually an accessory. Significant amphibole may have crystallized, but was 

left out of the melt from which our hand samples came from. 
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 Whole rock samples from tBH have higher Yb/Gd values than most calculated 

melt values from both units, and have a shallower Eu anomaly relative to calculated melt 

of tBH, but deeper than gMB (Figure 21). All four analyses from cores of tBH zircons 

have the lowest Yb/Gd ratios (0.2), and three of them have the shallowest, nearly flat, 

negative Eu anomalies in the tuff, while the fourth core measurement has the deepest 

negative anomaly. The three points create a similarly positive, but steeper linear 

relationship between Eu anomaly and Yb/Gd increase, and the other core point falls along 

the trend of the rim points from tBH. More core measurements and melt calculations are 

needed to make this relationship statistically robust. 

Zircon Chemistry and Whole Rock Chemistry Comparison  

 The whole rock sample from gMB is nearly in the middle of the calculated melt 

Yb/Gd range, but has a significantly smaller Eu anomaly than all calculated melt values 

(Figure 21). The basalt samples have similar Yb/Gd to both gMB and tBH whole rock 

and calculated melt, but have smaller, roughly positive Eu anomalies. This could mean 

they represent the end result of continued mafic-felsic fractionation with gMB, but the 

age of the basalt units needs to be updated before better conclusions can be drawn. 

Within both tBH and gMB, it is clear some change occurred in the melt between zircon 

crystallization and whole rock formation, but at least within the case of Eu/EU* in gMB, 

it seems to be only an extension of the process displayed by zircons. 

 

 Zircons from units in this study were not utilized in the CL-depth experiment, but 

encouraging preliminary results call for future use. Images of zircons from (Figure 22) 

VP-10 show that the first few microns are not well formed and are generally brighter than 

the interiors of grains we usually measure. Even though we measure “rims” and “cores” 

of grains, these 2-D slices do not necessarily provide the actual “rim” and “core” of the 

grains in a 3-D sense. The SHRIMP-RG beam is incredibly small, but still not small 

enough to measure the different zones of zircons we see in CL-images and is often an 

average of multiple zones. Smaller beam sizes are becoming available, to measure such 

small areas, but a more immediate avenue is to utilize this CL-depth method and measure 

grains as they are being polished down. Some zircons from tBH show some small bright 

CL Depth Analysis of Zircon 
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areas on their outer rims (Figure 23) that would be ideal places to look for any indication 

of melt conditions at the last stage of zircon growth by taking measurements utilizing the 

CL-Depth method. 
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Discussion 

 

 The zircon and quartz mineral thermometers overcome obstacles typically 

associated with older systems and allow exploitation of their main advantage – exposed 

intrusive plumbing. Cooler temperatures and high silica content of the rocks indicates 

volatiles were present, but quantitative estimates of specific vapors is not possible 

without further analysis and is beyond the scope of this study. While the thermometers 

are resistant to hydrothermal alteration, compositional characteristics of the whole rock 

are not, and interpretations made from whole rock data, especially from tBH, are 

restricted by this fact. Whole rock data did reveal these samples are compositionally 

similar to rocks in much of the Basin and Range, implying widespread applicability of 

the thermometers may be possible. New methods of SHRIMP-RG analysis may allow a 

better, smaller-scale analysis of the temperature history recorded by individual grains.   

 Exposed plutonic rocks can be considered an intrusive analogue for volcanic units 

because of the close temporal, geographical, and chemical relationships between volcanic 

and plutonic units. Additionally, the extensional setting of the area makes this analogy 

possible by exhuming the underlying plutons. Previous studies of temperatures in 

magmatic systems, such as the Bishop tuff, did not have this advantage because the 

systems studied are too young and their plutonic plumbing systems have not been 

exposed. In this study, extension, erosion and local tilting of older units has exposed 

deeper plutonic rocks which may have fed or been part of the magmatic system from 

which volcanic rocks evolved.  

Older systems present issues including hydrothermal alteration; faulting and 

erosion which may not allow good stratigraphic correlation of units; and difficulty dating 

the actual eruptions, but the characterization of older volcanic units and associated 

plutons allows them to be used as analogues for similar younger volcanic systems. The 

utilization of thermometers from two different minerals in the ignimbrite of Ferguson 

Wash and tBH reveals each magmatic system evolved differently, despite chemical and 

temporal similarities. The thermometers also indicate the compositionally similar, but 

much younger Bishop tuff evolved differently from both those units, revealing three 

different evolutions from three compositionally similar tuffs.  
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With some exception in the dacitic Quechan volcanic rocks, most of the zircon 

rims from the STS volcanic units reached temperatures similar to zircon rims from 

contemporaneous, slightly less evolved plutons. This suggests solidus temperatures may 

have been approached or reached in these units, and thus that remobilization is a common 

volcanic process prior to eruption. In the ignimbrite of Ferguson Wash, reheating is 

clearly recorded in the hotter zircon rims. Low temperatures recorded in quartz and 

zircon rims from tBH are tougher to explain, however, because the temperatures are the 

same as plutonic temperatures and indications of reheating are not apparent. It is possible 

the zircon rims we measured may not have recorded the latest reheating event of the 

magma and a new method to measure the zircon rims should be employed, or that some 

other process of mobilization occurred. Thin, bright rims on zircons from VP-10 suggest 

zircon grains might record a very late reheating event at a scale not measurable with 

current methods. Refining the CL-Depth method described in this study and adding in 

chemical analyses for Ti-in-zircon calculations would allow clarification as to what these 

thin, bright rims represent. Examining both quartz and zircon in this manner would be 

very useful for units from this study.  

 

 According to Miller et al. (2003) high silica rocks recording low temperatures 

require high volatile content, and volatile content can be calculated given temperature, 

and percent melt (Whitney, 1988). Crystal volume estimates were made using ERDAS 

IMAGINE by calculating the sum of areas contained by most of the individual crystals in 

an entire thin section screen shot and dividing that by the total area of the thin section 

within that same screen shot. This yielded a crystal volume estimate of roughly 4-5% in 

tBH, which match well with an average of about 94% melt and 6% crystals obtained from 

Tarshis’s (1982) point counts. These two separate and independent estimates indicate 

very low crystal content erupted from tBH, but the volume of crystals in the magma at 

the time of the temperature conditions recorded by zircon is unknown. Therefore, 

deriving an exact volatile content is not possible, but nonetheless, the relatively cool 

temperatures and silicic nature of the magma infer some volatiles were likely present in 

the magma (Whitney, 1988; Miller et al., 2003). The growth of hydrous minerals, such as 

Volatile Content 
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amphibole and biotite, commonly indicates water content was present in a magmatic 

system. Within tBH, there is evidence for amphibole growth with zircon, and biotite is 

found in hand samples (Sherrod and Tosdal, 1991, and references therein). Thus, tBH 

was likely a hydrous melt at least during the time zircon was growing. 

 

 Previous studies suggest a pulse of enriched mantle lithosphere basalt initiates 

magmatism and extension in the Basin and Range, and that low volume basalt extrusion 

marks the end of extension (Gans et al., 1989; Miller and Miller, 1991; Falkner et al., 

1995; Spencer et al., 1995). The granite of Mount Barrow has whole rock REE 

concentrations very similar to the older andesitic basalt at Flat Tops and the basalt at 

Black Mountain (Figure 7). Sherrod and Tosdal (1991) dated the andesitic basalt at Flat 

Tops at about 34-25 Ma, and the basalt at Black Mountain at 16-11 Ma, although both are 

stratigraphically above the STS and Quechan. These basalts could represent the small 

volume basaltic third phase of extension-related magmatism generally seen throughout 

the Basin and Range, or possibly a heat source driving magmatism. This interpretation is 

tenuous at best and more chemical and chronological data are needed. Better timing of 

the possible heat and chemical source(s) of the felsic systems will allow for an even 

deeper examination into their origins. The granite of Mount Barrow contains numerous 

cross-cutting dikes, which together with whole rock trace element analysis by Dillon 

(1976) on the granites and dikes could potentially be used to investigate the relationship 

between these dikes, the granite they cross cut, and the basalts.  

Whole Rock Data 

 Samples from tBH were more enriched relative to both the granite and basalts, 

and slightly younger than the granite. It is possible tBH represents a more evolved melt 

separated from a depleted cumulate represented by the granite. More reliable, unaltered 

whole rock data are needed to investigate the relationship further.  

 

 Two methods are proposed to discern pre-eruption processes in tBH. These 

include melt inclusion analyses from both quartz and zircon to directly measure H2O and 

other volatile contents, performed in situ on the same SHRIMP instrument on which we 

Pre-eruption Processes in tBH 
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made original U-Pb, zircon and quartz geochemical analyses. These analyses may not 

reflect final, pre-eruptive H2O conditions. They would indicate volatile content only from 

melt present at the time that portion of the grain was growing. This method may produce 

interesting results, but nothing definitive unless a melt inclusion from the very outer part 

of the grain can be found and analyzed. 

 Analyzing the outer parts of zircon grains, which seem to be among the last stable 

grains available from tBH samples, is more likely to capture final melt conditions. 

Preliminary work has been performed to perfect a method for this, and could be achieved 

by drilling into the grain (Genareau et al., 2009). Also, modification of typical SHRIMP 

methods for analysis with CL Depth methods described in this study would yield a better 

cooling history than the current cross-section method utilized. 
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Conclusions 

 

 Obtaining a thermal history across the Basin and Range would be extremely 

useful and best achieved using at least the two thermometers utilized in this study. The 

compositional similarities between our sites and the rest of the Basin and Range suggest 

the thermometers will be applicable to other units in the Basin and Range. Utilization of 

both thermometers revealed the different evolution of all three systems in a way only one 

thermometer would not have. It has also been demonstrated that the thermometers can 

still produce robust data across great temporal boundaries.  

 Three different magmatic evolutionary histories are revealed utilizing quartz and 

zircon thermometers on compositionally similar systems. These thermometers have been 

applied to very young systems, but we demonstrate they can be utilized on older systems 

as well. These older systems can have several advantages if the thermometers are not 

affected by later hydrothermal alteration or metamorphism, such as utilization of exposed 

plutonic plumbing systems. The Bishop tuff system grew quartz but apparently not zircon 

during the latest reheating event leading up to eruption. The ignimbrite of Ferguson Wash 

records a hotter system with reheating at temperatures too high to grow quartz, but still 

conducive to zircon growth. The tuff of Black Hills records a system that was growing 

both quartz and zircon at very low temperatures prior to eruption. Deeper study on quartz 

temperatures of the plutonic rocks is highly recommended to elucidate the different 

systems seen in the volcanic rocks. Reasons for eruption of tBH are not readily available 

from the dataset, but it is possible that utilizing the CL-dept method applied to VP-10 and 

other zircons could reveal a latest growth of zircon during reheating just before eruption, 

as evidenced by some bright, thin rims on tBH zircons. If those results are inconclusive, 

melt inclusions seen in both zircon and quartz can also be analyzed to capture actual melt 

conditions at the time the inclusion was captured. 

 


