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The 7.1 Ma Rattlesnake Tuff (RST) of eastern Oregon is a widespread and voluminous (>300 km3) ignimbrite composed of 99% crystal poor (≤1%) high-silica rhyolite (HSR) and <1% dacites. Basaltic andesitic to basaltic inclusions within dacites are samples of underpinned mafic magmas. The RST HSR is comprised of five increasingly evolved compositional Groups (E–A), and HSR pumices range from white to dark grey, often co-mingled in spectacular banded pumices. Previously, Groups were interpreted as rhyolites generated by crystal fractionation within a single reservoir, where more evolved rhyolite melts formed from relatively less evolved rhyolite parents. To reassess compositional HSR Groups and their implications for tapping a single or multiple rhyolite reservoirs as well as reevaluating the petrological relationships among groups, we focus on large banded pumices for geochemical analysis. Statistical analysis of existing and new data verified these five compositional Groups and gaps, best characterized by variations in Ba, Eu/Eu*, Eu, FeO*, Hf, and Zr. Wet-liquidus temperatures, storage temperatures, and storage pressures calculated for all HSR Groups indicate similar pre-eruptive conditions (∼6.1–7.5 km depth; storage temperatures of ∼805–895°C). Differentiation trends, trends in storage pressure and temperature, and lack of crystal-rich tuff or country rock corroborate existing models for HSRs that involve a single, density-stratified magma reservoir prior eruption. Density differences are sufficient to prevent convection between layers of HSRs in a single reservoir when water content increases from 2–4 wt% from Groups E–A. However, if HSRs do not represent a liquid line, it is possible to generate HSRs through batch melting of various regional country rock. Yet, HSRs would still accumulate within the same storage zone, where density variations kept HSRs from mixing until eruption when these banded pumices formed. In either scenario, our study underscores the significance of water content and density variations for accumulating rhyolite magmas in a contiguous magma body without mixing. This has implications for other compositionally heterogenous rhyolitic ignimbrites where natural samples do not provide comparable evidence to argue for pre-eruptive confocal storage of different rhyolite magmas as is the case for the Rattlesnake Tuff.
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1 INTRODUCTION
Studying the violent, explosive caldera eruptions within bimodal volcanic provinces provides valuable insight into the complex magma plumbing systems involved. Debate and discussion continues around the magmatic and tectonic processes responsible for generating both the mafic and silicic volcanism of the 12–0 Ma High Lava Plains (HLP) in eastern Oregon, with the peculiar northwest-younging trend of rhyolite volcanism being a topic of several recent studies. Generally, the primary factor of debate among proposed models for HLP volcanism is whether it is associated with a deep-sourced mantle plume (e.g., Jordan et al., 2004; Camp, 2019), or whether it is more upper-mantle or tectonics driven phenomena (e.g., Ford et al., 2013; Hawley et al., 2019). Others have proposed models that ascribe HLP volcanism to a combination of both aforementioned processes (e.g., Swenton and Streck, in press, 2022). In any case, detailed analyses of caldera eruptions within bimodal provinces like the HLP has provided valuable insight into the intricacies of the convoluted magmatic plumbing systems and the production of voluminous, compositionally heterogeneous rhyolites (e.g., Isom, 2017; Sales, 2018). The 7.05 ± 0.1 Ma (Streck and Grunder, 1995; Jordan et al., 2004) Rattlesnake Tuff (RST) is one of the three voluminous and widespread ignimbrites that erupted in Oregon after 12 Ma, and it is included within the HLP silicic volcanic trend. The spectacularly banded high-silica rhyolite (HSR) pumices of the RST provide rare and valuable insight into the pre-eruptive magma configuration and co-eruptive processes that created the RST. Understanding the multifaceted petrogenetic processes responsible for generating significant compositional heterogeneity among the RST can be applied to other heterogeneous rhyolitic ignimbrites across the HLP and other bimodal provinces worldwide.
Streck and Grunder (2008) compiled geochemical data from MacLean (1994), Streck and Grunder (1997; 1999), Johnson and Grunder (2000), and Jordan, (2002) and determined that of the 286 rocks analyzed, at least 93% were of either mafic or felsic composition, the other 7% intermediates. Regional basalts in and around the HLP that erupted after 15.0 Ma west of the 0.706 Sr isopleth were grouped as high-aluminum olivine tholeiites (HAOTs), containing higher Ni, higher Mg numbers, and lower concentrations of incompatible elements compared to Snake River Plain olivine tholeiites (SROTs) east of the 0.706 Sr isopleth (Hart et al., 1984). The 87Sr/86Sr isopleth is interpreted as representing the boundary between accreted terrane and the North American craton (e.g., Pierce et al., 2002). The ∼13.9–13.1 Ma (Lees, 1994; Hooper et al., 2002; Camp et al., 2003; Camp and Ross, 2004) Tims Peak Basalts are considered the oldest known HAOTs. HAOTs have been described as younging westward towards the Cascade Volcanic Arc and Newberry volcano (<4 Ma) (Hart et al., 1984; Christiansen et al., 2002; Camp and Ross, 2004), but Trench et al. (2012; 2013) explain that mafic volcanism has been episodic but continuous (no discernable age progression) across the entire HLP since 8 Ma. Conversely, silicic volcanism within the HLP province displays a northwest-younging age progression (e.g., Walker, 1974; MacLeod et al., 1976; McKee and Walker, 1976; Jordan et al., 2004; Ford et al., 2013) paralleling the northwest trending Brothers Fault Zone (Jordan, 2002; Jordan et al., 2004) and mirroring the northeast-younging trend of adjacent Yellowstone–Snake River Plain (YSRP) silicic volcanism. Some of the oldest rhyolite centers in the easternmost HLP trend include the rhyolites of Iron Point (11.85 ± 0.06 Ma), Sacramento Butte (11.84 ± 0.06 Ma), and Visher Creek (11.46 ± 0.02 Ma) (Swenton and Streck, in press, 2022). It has recently been discovered that <∼12 Ma HLP silicic volcanism is composed of two distinct eruptive episodes (12.1–9.6 Ma and 9.0–5.1 Ma), and eruption of the RST occurred within the later eruptive episode (Swenton and Streck, in press, 2022).
The RST is a widespread, variably welded ignimbrite sheet with an estimated eruption volume of ∼300 km3 (DRE) which does not include any intra-caldera tuff or fallout deposits (Figure 1) (Streck and Grunder, 1995). The caldera source for the RST is not structurally exposed but is inferred to be from an ∼20 km diameter caldera that is now Capehart Lake within the western Harney Basin (Streck and Grunder, 1995). Tuff exposure thicknesses are mostly uniform (15–30 m) within the eastern HLP province and north into the Blue Mountains province (Streck and Grunder, 1995). Present day exposures of the RST span semicontinuously over 9,250 km2, but original eruptive coverage estimates are a minimum of 35,000 km2 (Streck and Grunder, 1995). It should be noted that recent mapping of newly discovered outcrops of the RST extend the original distribution significantly towards the NE and, thus, all distribution and volume estimated need to be updated. The minimal variation in unit thickness is attributed to lack of significant topographic relief at the time of eruption and very energetic eruptions leading to a low aspect ratio (low average thickness over a wide areal extent) ignimbrite (Streck and Grunder, 1995).
[image: Figure 1]FIGURE 1 | Map showing extent of known outcrops of the Rattlesnake Tuff (RST) in eastern Oregon and sampled pumices in situ. Banded pumices can be found throughout the RST, but the sampling area for this study is a location where the pumices are large and most abundant. Mapping compilation is from the Oregon Department of Geology and Mineral Industries (DOGAMI), Streck and Grunder (1995), Isom and Streck (2016), Isom (2017), Cruz and Streck (2017), and more recent mapping from EdMap projects completed by Rachel Sweeten, while affiliated with Portland State University, Portland, OR. New outcrops found by Streck are also included. Proposed source for the RST is from Streck and Grunder (1995). Highways 20 and 395 are labeled.
The RST is a crystal poor rhyolite comprised of pumices and glass shards (Streck and Grunder, 1997). Over 99% of the RST is high-silica rhyolite (HSR; >75 wt% SiO2), with sparse (<1%) dacite pumices and <<0.1% basaltic inclusions (Streck and Grunder, 1995) (Figure 2). The tuff is one cooling unit that ranges from non-welded to densely-welded, with tuff displaying rheomorphic flow features within 40–60 km of the inferred eruptive source (Streck and Grunder, 1995). Streck and Grunder (1997) analyzed primarily non-banded rhyolite pumices and glass shards and determined that the RST is comprised of five distinct high-silica rhyolites. The five groups (A, B, C, D, and E) become increasingly evolved, where E is the least evolved and A is the most evolved with respect to parameters such as silica content, incompatible trace element concentrations, and parameters of feldspar fractionation. These metaluminous to borderline peralkaline HSRs are distinguished by variations in Fe, Ti, LREE, Ba, Eu, Rb, Zr, Hf, Ta, and (Streck and Grunder, 1997). Streck and Grunder (1997) interpreted these groups to represent five distinct rhyolites, four of which were generated by crystal fractionation occurring at the magma chamber roof and walls, where these processes caused a series of more evolved rhyolite melts to form from relatively less evolved rhyolite parents within the magma chamber, resulting in a density and compositionally zoned magma chamber and the compositional clustering observed in rhyolites. Furthermore, the least evolved of the rhyolites was thought to be the product of partial melting of a mafic protolith with high Ba/Rb ratio (Streck, 2002). Homogeneous and banded pumices range from more evolved and aphyric to less evolved with ∼1% alkali feldspar, Fe-rich clinopyroxene, titanomagnetite, ± quartz and fayalite phenocrysts, and the trace phases apatite, zircon, and chevkinite (Streck and Grunder, 1997; 1999). Based on mafic mineral assemblages, oxygen fugacity is at QFM, and oxidation conditions increase from Group E to Group A (Streck and Grunder, 1997).
[image: Figure 2]FIGURE 2 | Original Rattlesnake Tuff (RST) high-silica rhyolite (HSR), dacite pumices (that are variably banded), and mafic inclusions from Streck and Grunder (1997, 1999). The RST is comprised of 99% HSR, <1% variably dacite pumices, and <<0.1% mafic, basaltic and basaltic-andesitic inclusions found within the dacites.
Streck and Grunder (2008) build upon the model they previously proposed by assessing petrogenetic processes responsible for generating crystal-poor rhyolites in bimodal provinces like the HLP, and they found that rather than these rhyolites being derived from granodioritic mush as other studies may suggest (i.e., Bachmann and Bergantz, 2004; Hildreth, 2004), their compositional diversity can be explained by subtle variations in crustal composition and degrees of partial melting of the mafic crust from which the least evolved rhyolites were derived.
The subalkaline to mildly alkalic dacite pumices are primarily banded, vitric, and black, with varying amounts of high-silica rhyolite bands throughout (Streck and Grunder, 1999; 2008). Basaltic inclusions <3 cm in length are found almost exclusively within the dacite pumices and dacite bands within rhyolite pumices (Streck and Grunder, 1999). The three types of basaltic inclusions (crystal-poor, crystal-rich, and cumulus) are determined to be co-magmatic because 1) the ellipsoidal shape and quenched rinds indicating they were liquid when incorporated, 2) mingling textures with the host pumice, 3) the presence of plagioclase phenocrysts with quenched textures in a glassy groundmass, and 4) the basaltic inclusions being compositionally, texturally, and mineralogically similar, indicating they are magmatically related (Streck and Grunder, 1999). Evidence of a petrogenetic history involving protracted crystal fractionation and cyclic recharge was recorded in the crystal-rich basaltic inclusions (Streck and Grunder, 1999). The geochemistry of the basaltic inclusions within the RST homogeneous dacite pumices indicates they are too enriched in incompatible elements to be incorporated HAOT basalt. Rather, the underpinning of primitive HAOT magma and subsequent periods of crystal fractionation, mafic recharge, and some rhyolite magma assimilation produced an enriched basaltic andesite ponded beneath the rhyolite reservoir (Streck and Grunder, 1999). Dacite pumices are a result of disturbing the density boundary between the rhyolites and the basaltic andesites during eruption of the RST (Streck and Grunder, 1999). Streck and Grunder (1999) found that equilibrium phenocrysts in the dacite pumices were rare, suggesting that the basaltic andesite and rhyolite mixing was shortly prior to eruption. Streck and Grunder (1997) focused their investigation on the non-banded (homogeneous) dacite pumices, and such a detailed geochemical, mineralogical, and petrological study had not yet been performed on the banded HSR pumices of the RST.
Globally, rhyolites exist that are comprised of multiple cooling units of notably different compositions or of one unit that possesses a compositional gradient. Modeling the intricate magma plumbing systems responsible for generating these rhyolites has been a popular topic of recent research. Several studies relate compositional complexities to the tapping of multiple separate and distinct melt lenses throughout the duration of rhyolite eruption (e.g., Shane et al., 2008; Ellis and Wolff, 2012; Cooper et al., 2012; 2016; Bégué et al., 2014), while others attribute compositional heterogeneities to a single, large magma reservoir that may contain large-scale internal zoning (e.g., Streck and Grunder, 1997; Hildreth and Wilson, 2007; Ukstins Peate et al., 2008; Gregg et al., 2012, 2015; Caricchi et al., 2014) or crystal-rich and crystal-poor melt lenses (e.g., Cashman and Giordano, 2014; Szynamowski et al., 2019). The RST is an example of one of these voluminous, compositionally heterogeneous rhyolites that has been the subject of several studies, but there was insufficient data to make definitive statements on its pre-eruptive magma configurations. Previous studies have focused on homogeneous HSR pumices, and the significantly low crystallinity of the HSRs had made certain detailed geochemical analyses on phenocrysts difficult, if not impossible. However, in this study, we provide new pre-eruptive insights by conducting detailed analyses on the strikingly banded HSR pumices. These banded pumices contain at least two of the distinct HSR magmas, constituting them as physical evidence of the pre-eruptive magma mingling, and thus provide substantial additional insight into the complexities of large silicic magma reservoirs and the production of voluminous, compositionally heterogeneous rhyolites. We contribute critical evidence to support or negate preexisting models of RST HSR petrogenesis that either involve a single, zoned, large silicic magma reservoir or the tapping of multiple, distinct silicic magma batches, which can be used as a case study in deciphering complex HSR magma systems around the world, especially those in bimodal systems.
2 MATERIALS AND METHODS
2.1 Collecting High-Silica Rhyolite Pumices
Large (greater than ∼20 cm) banded HSR pumices with at least two visibly different bands were the targets when collecting pumice samples for analysis. An outcrop ∼21 km E of the junction of Highway 395 and ∼85 km SSW of Burns, OR, hosts an abundance of glassy, relatively fresh banded HSR pumices (Figure 1). This location is close to (<60 km away from) the approximated eruptive center. Few other outcrops of RST are known to contain such large, fresh, and glassy banded pumices, so we exclusively sampled this outcrop.
Fifteen banded pumices were collected based on size, visible variation in color of bands, and width of bands. Pumices with wider bands were preferred for easier separation, though pumices with mm-sized, multicolored bands were common. Banded pumices ranged in their appearance from having multiple shades of light grey to white, multiple shades of medium grey, shades of dark grey and light grey, or several different shades of grey. Two homogeneous white pumices of different textures were also collected for analysis to compare to data from previous studies. The largest unbanded and banded pumices of glassy RST are on the order of 1 m in size. A granitic lithic fragment found within the outcrop of RST in the sample area and obsidian from a pristine densely welded vitrophyre from the area near the Silver Creek location described by Streck and Grunder (1995) was also included for bulk rock analysis.
2.2 Geochemical Analysis of Banded and Homogeneous Pumices
All 17 pumices were lightly crushed, and the largest bands in the banded pumices were separated based on visible differences in color and possibly texture as compared to surrounding bands. A numbering system was implemented to keep track of different bands of the same sample. A decimal and a number were placed after each original sample ID, where “.1” was considered the lightest appearing band, and each darker band received an increasing number after the decimal. For example, there were three band separates analyzed for sample VS20-122H, so the lightest grey material was given the sample ID of VS20-122H.1, the medium grey material was VS20-122H.2, and the darkest grey material of that sample was labeled VS20-122H.3. Samples were analyzed for ten major and minor element concentrations and 17 trace elements in parts per million (ppm) at Washington State University’s (WSU) Geoanalytical Laboratory. Each sample was powdered at WSU using a low trace element tungsten carbide shatterbox. Powdered forms of each sample are placed in a high temperature oven to vaporize any organic or secondary volatile contents (unrelated to magmatic volatile content) in each sample and to produce a ‘dry’ powder. The percent loss on ignition (LOI) is the weight percent of these volatiles removed during this process. Lower LOI values generally equate to lower secondary water content and thus to data that are more representative of the original composition at the time of emplacement. Major, minor, and some trace element concentrations were measured using WSU’s ThermoARL X-ray fluorescence (XRF) spectrometer using methods described in Johnson et al. (1999). More trace element compositions were determined using WSU’s Inductively coupled plasma-mass spectrometer (ICP-MS).
2.3 Recalculating Geochemical Data on Pumices From Previous Studies
Streck and Grunder (1997) gathered compositional data from RST HSR pumices using XRF and Instrumental Neutron Activation Analysis (INAA). Five pumices analyzed in Streck and Grunder (1997) were reanalyzed again in this study as a measure of comparison. When plotting results from this study with geochemical data from Streck and Grunder (1997) of the same samples, several elements displayed noticeable offsets. When comparing Nb, Pb, Rb, Sr, and Zr, it is preferred to compare old XRF values to new ICP-MS values, because the INAA method cannot be used for analyzing such elements or lead to much lower precision as compared to elemental concentrations determined by XRF. Percent differences were calculated for all measured elements and oxides where possible. Those with a percent different greater than ∼5% were deemed candidates for recalculation, except when the measured concentrations were <0.05 wt% for oxides or <6 ppm for minor and trace elements (Table 1). Zr, Nb, Pb, and Sr XRF, as well as Ce INAA values from Streck and Grunder (1997) were plotted against new data from this study, and linear regression lines were calculated. The equation from each individual regression line was used to recalculate the old XRF or INAA data for that particular element (Supplementary Appendix A).
TABLE 1 | Examples of recalculations to Streck and Grunder (1997) XRF and INAA data.
[image: Table 1]2.4 Statistical Analyses of High-Silica Rhyolites by Geochemical Composition and Determining Most Influential Parameters
A kmeans cluster analysis was performed using R Studio on all HSR pumice samples from this study and samples of interest from Streck and Grunder (1997). We used recalculated geochemical data from Streck and Grunder (1997). XRF and INAA analyses conducted by Streck and Grunder (1997) did not measure detectable amounts of some oxides and elements that recent XRF and ICP-MS analysis are able to detect, such as P2O5 (XRF), Cr (XRF), and As (INAA). There were also no data reported for elements such as Pr, Gd, Dy, Ho, Er, and Tm, and several samples (i.e., RT219A; RT62A; RT173I; RT173L) did not have measurable Ba, Nb, Y, Pb, Rb, Sr, and Zr INAA data. Because kmeans clustering analysis cannot be conducted when cells in a given spreadsheet are empty (there is no numerical value for that element or oxide), the aforementioned missing elements and oxides were excluded from the analysis, as well as the samples with a significant number of missing values. A principal component analysis (PCA) was then conducted on the same data to determine which elements and oxides have the strongest influence on differentiating the samples, and thus, differentiating each cluster. Elements and oxides with PC1 values >1.5 or < −1.5 were considered the most significant factors in distinguishing samples, and those with PC2 values >2.0 or < -2.0 were also considered. The significance of this subset of elements and oxides was verified by observable differentiation in scatterplots. See Supplementary Appendix C1 for the data spreadsheet used and Supplementary Appendix C2 for the script used in R Studio to conduct both the kmeans clustering and PCA analyses.
2.5 Temperature and Pressure Calculations
Wet liquidus temperatures were calculated for each HSR group using Rhyolite-MELTS software (Gualda et al., 2012). Wet liquidus temperatures were calculated from 1–5 wt% H2O at 200 MPa and 1–4 wt% H2O at 150 MPa. Water content ranges were chosen based on the experimentally determined water solubility in rhyolitic melts at ∼850°C (Wallace and Anderson, 2015). Rhyolite-MELTS software was unable to generate wet liquidus temperatures for any Group composition at 150 MPa and 5 wt% H2O, likely because such water content is not soluble at depths as shallow as 150 MPa.
Storage temperatures were calculated using various equations from Putirka (2008), such as the plagioclase-liquid, alkali feldspar-liquid, clinopyroxene-liquid, and zircon-saturation geothermometers. Appropriate geothermometers for each Group were chosen based on mineral assemblages determined by Streck and Grunder (1997). RST HSRs have euhedral phenocryst phases (Streck and Grunder, 1997), and there is homogeneity within phases (Streck and Grunder, 2008), suggesting these crystals were in equilibrium with the host melt and, thus, are deemed acceptable phases for geothermometers that involved crystal and liquid compositions (e.g., Putirka, 2008). Mineral compositions determined by Streck and Grunder (1997) were used where required, including the clinopyroxene-liquid, plagioclase-liquid and alkali feldspar-liquid geothermometers. Whole rock compositions for all samples within a Group were used where a liquid or glass composition was required, such as the clinopyroxene-liquid, plagioclase-liquid, alkali feldspar-liquid, and zircon-saturation geothermometers. Water content (wt% H2O) does not influence results for alkali feldspar-liquid temperatures, so 2 wt% H2O was entered into the calculation spreadsheet but essentially acted as a placeholder. However, water content does make a notable difference in plagioclase-liquid temperatures. It should be noted that HSR Group A is aphyric, but Streck and Grunder (1997) found and analyzed three plagioclase phenocrysts. The single plagioclase-liquid temperature reported for Group A comes from the average of temperatures calculated at 2 wt% and 4 wt% H2O. For the zircon-saturation geothermometer, the calculated maximum temperature represents the crystallization temperature if the sample does not contain zircon or if it is unknown whether the sample contains zircon. If the sample is known to contain zircon, the calculated minimum temperature represents the crystallization temperature. Streck and Grunder (1997) determined that zircon is present in all HSR Groups except for Group A.
Mineral separates of quartz, feldspar, titanomagnetite, and clinopyroxene from each Group were targets for three oxygen isotope analysis using University of Oregon’s Laser fluorination line with 35W Newwave CO2 IR laser run in O2 mode. Oxygen isotope values were gathered to calculate storage temperatures. Samples chosen for this analysis are from Streck and Grunder (1997), including MS-91-34E (Group E), MS-91-165A (Group C), MS-91-173B (Group D), and MS-91-173C (Group E). No phenocrysts were analyzed from Group A because it is aphyric. Titanomagnetite was separated and analyzed for Groups B-E, clinopyroxene and feldspar were analyzed for Groups C-E, and quartz was analyzed for Groups B and C. Temperatures were calculated using the equation and appropriate coefficient (A) from Chiba et al. (1989) for quartz-titanomagnetite (qtz-tmt), quartz-clinopyroxene (qtz-cpx), quartz-albite (qtz-alb), albite-clinopyroxene (alb-cpx), albite-titanomagnetite (alb-tmt), and clinopyroxene-titanomagnetite (cpx-tmt). It should be noted that coefficients from Chiba et al. (1989) were experimentally determined under higher pressure (15–16 kbar) conditions than what we estimate for the RST HSR magmas, so these are considered in addition to several other geothermometers when determining magma storage temperatures.
Storage pressures were calculated using SiO2 wt%, K2O wt%, and Na2O wt%, representing quartz, albite, and orthoclase components. CIPW normative values for the average composition were calculated using the CIPW normative value calculator from Bolte et al. (2015). These values were plotted on a haplogranitic Qtz-Ab-Or ternary diagram (Holtz et al., 1992) to determine the storage pressures and equivalent storage depth for each Group.
3 RESULTS
3.1 Recalculated Geochemical Data From Previous Studies
At first glance, plotting the original XRF and ICP-MS data from Streck and Grunder (1997) with our new XRF and ICP-MS data showed significant offset between several elements, most notably Zr and Nb, where older XRF concentrations for each element were consistently higher than new ICP-MS concentrations (Figure 3). Results from calculating the percent difference (% diff.) between XRF and INAA data from Streck and Grunder (1997) and our new XRF and ICP-MS data determined that Zr, Nb, Ce, Pb, Sr, and Zr were elements that needed to be recalculated (Table 1). Ba was not recalculated, because the large difference of 84% is only observed within the Group with the lowest concentration of Ba, Group A. The percent difference of Ba in Groups B–E ranges from only 2.9–0.2%. See Supplementary Appendix A for full recalculation methods and all recalculated values. These recalculated values are used from this point forward in the study unless otherwise noted.
[image: Figure 3]FIGURE 3 | (A,B) Original XRF and INAA data from Streck and Grunder (1997) plotted with new ICP-MS data from this study for comparison. Streck and Grunder (1997) Zr, Nb, Ce, Pb, and Sr XRF and INAA data were recalculated based on their significant percent difference when compared to new ICP-MS data of five select samples from Streck and Grunder (1997) reanalyzed in this study (connected by tie lines). Error bars (2-sigma) for the new ICP-MS data are too small to be visible beyond the data point for nearly all analyses. (C,D) Zr and Nd examples of linear regression plots comparing old and new data to display offset and generate a recalculation equation. Blue points use Streck and Grunder (1997) data and new data, and grey points use recalculated Streck and Grunder (1997) data and new data. Recalculated data are used in all analysis after this point. See Supplementary Appendix A for full recalculations and plots.
3.2 High-Silica Rhyolite General Geochemistry
Based on the XRF and ICP-MS results, all 17 samples analyzed, including the two homogeneous pumices, are high-silica rhyolites (>75 wt% SiO2), except two band separates (VS20-120A.2 and VS20-122G.2) that had between 70 and 73 wt% SiO2. These may be a mixture of a dacite magma or mafic component in the system and, thus, are excluded from analyses to focus on HSR petrogenesis.
In accordance with Streck and Grunder (1997), the majority of the HSRs appeared to be broadly segregated into groups with compositional gaps, which is readily apparent with respect to FeO*, Ba, Nb, and Zr compositions. Major element oxides other than FeO* do not prove to be useful in segregating Groups, and the trace element variability among all HSRs analyzed is astounding. See Supplementary Appendix B for full XRF and ICP-MS results.
3.3 Identifying Initial Outliers and Potential Mixtures
Based on scatterplots of numerous elements and oxides, combined with re-examining the hand sample from which the material was separated, it was clear that some separates were accidental physical mixtures of two or more Groups during the preparation process (Figure 4). It is beneficial to exclude these samples from the dataset entered into the statistical analyses, because they will blur the geochemical distinction parameters that would otherwise be clear in generating clusters.
[image: Figure 4]FIGURE 4 | Samples VS20-122C (1), VS20-120A (2), and VS20-120E (3), with an analyzed separates that turned out to be an accidental physical mixture of two high-silica rhyolite compositions in the separation process. This was determined after preliminary observations in the geochemical data combined with reexamination of the hand sample photos taken prior to separation.
Plotting geochemical data from VS20-120E.1 suggested it may be a mixture of Groups A and B. Two band separates were analyzed from sample VS20-120E. Upon closer examination of the hand sample from which the bands were separated, the separate labeled as the lighter material (VS20-120E.1) seems to include material of possibly two different magmas; one appears slightly lighter and more stretched than the other.
Band separate VS20-120E.2, the darkest band analyzed from sample VS20-120E.2, appeared to be a potential mixture of D and E with some parameters like Ba and Eu/Eu*, but it plotted with strong similarity to Group D with respect to elements like Nb and Zr. The dark grey material targeted for this band separate appears homogeneous, and calculated mixing proportions range dramatically. Thus, we conclude that this band separate is not likely to be a mixture of multiple magmas, and it is likely a Group D HSR magma.
Scatterplots of geochemical data from VS20-122C.1 suggested it could be a mixture of Groups A and B, but with a number of outlying concentrations with various elements and oxides. Two band separates were analyzed from sample VS20-122C. The pumice from which the material was separated has thinner, more convoluted banding relative to other pumices analyzed, making physical isolation of one color or texture of material difficult.
Sample VS20-120A.1 consistently plots between Groups B and C on element and oxide scatterplots, but usually slightly more similarly to Group B. The hand sample of this pumice has relatively thin and convoluted banding, so isolation of a single composition was difficult in the preparation process.
3.4 Statistical Compositional Grouping of High-Silica Rhyolites and Determining Most Distinguishing Parameters
To objectively determine how these HSRs would be grouped based on composition, a PCA was first conducted on all samples (excluding the aforementioned outliers). This resulted in the samples being placed into eight clusters (Figure 5; Supplementary Appendix C). In accordance with findings from Streck and Grunder (1997), the PCA determined that the most influential factors (PC1 > 1.5) in distinguishing the HSRs were Ba, Eu/Eu*, Eu, FeO*, Hf, Zr, with Cs, Nb, Rb, Ta, Th, Y, and Yb also being identified as significant factors (PC1 < -1.5). Scatterplots verify the significance of these parameters in clustering the samples.
[image: Figure 5]FIGURE 5 | (A) Results of kmeans cluster analysis of RST high-silica rhyolites (HSRs) using R Studio when number of desired clusters in undefined. Analysis placed samples into eight clusters, where all samples originally postulated to be Group E were placed into cluster 2, Group D were placed into cluster 7, Group C were placed into cluster 4, Group B were placed into cluster 8, and Group A were placed into cluster 2. The obsidian fragment included in this analysis was categorized into cluster 2. Samples identified as outliers or potential mixtures were excluded from kmeans cluster analysis, because they were deemed as “impure” with respect to a HSR composition. Error bars (2-sigma) are shown for clusters that included two or more samples. (B) Assigning each sample from this study and Streck and Grunder (1997) into a HSR Group, including mixture separates from this study. Colored squares are analyses from Streck and Grunder (1997) and colored hollow circles highlight the reanalysis of those same samples from this study. See Supplementary Appendix C for R script, kmeans clustering and principal component analysis (PCA) plots, and full kmeans clustering results. Error bars (2-sigma) are mostly too small to be visible beyond the data points.
A kmeans cluster analysis without presetting the desired number of clusters resulted in HSRs being placed into eight clusters (Figure 5; Supplementary Appendix C). As the PCA indicated, the primary components that influenced cluster formation were Ba, Eu/Eu*, FeO*, Zr, and Nb. All 11 samples categorized into cluster 6 were those identified as Group A by Streck and Grunder (1997) and samples from this study with the lowest Ba (10–51 ppm), Eu/Eu* (0.18–0.22), FeO* (0.74–0.89 wt%), and Zr (161–182 ppm), and the highest Nb (31.6–36.2 ppm). This also includes homogeneous white pumice VS20-122J, obsidian sample RNL 1903. All samples within cluster 6 are considered Group A HSRs. Granite lithic fragment MS-20-05 was not included in the kmeans cluster analysis, but it possesses compositional similarity to Group A and will be categorized as such.
All 10 samples categorized into cluster 8 were those identified as Group B in Streck and Grunder (1997) and samples from this study with 115–225 ppm Ba, 0.24–0.29 Eu/Eu*, 1.14–1.38 wt% FeO*, 242–308 ppm Zr, and 27.2–29.0 ppm Nb. All samples within cluster 8 are considered Group B HSRs.
All 13 samples categorized into cluster 4 were those identified as Group C in Streck and Grunder (1997) and samples from this study with 367–730 ppm Ba, 0.30–0.42 Eu/Eu*, 1.37–1.80 wt% FeO*, 338–375 ppm Zr, and 24.1–26.3 ppm Nb. This also includes homogeneous light grey pumice VS20-120H. All samples within cluster 4 are considered Group C HSRs.
Two of the three “Group D” samples from Streck and Grunder (1997) that could be included in the kmeans cluster analysis were included in cluster 7, as well as six other samples from this study. Compositions for samples within cluster 7 are 1,201–1,274 ppm Ba, 0.44–0.48 Eu/Eu*, 1.57–1.85 wt% FeO*, 389–401 ppm Zr, and 21.9–23.0 ppm Nb. All samples within cluster 7 are considered Group D HSRs. Two samples from this study were categorized into cluster 5, including VS20-122H.3 with 1,370 ppm Ba, 0.49 Eu/Eu*, 1.95 wt% FeO*, 401 ppm Zr, and 23.6 ppm Nb, and VS20-122A.2 with 1,298 ppm Ba, 0.47 Eu/Eu*, 1.83 wt% FeO*, 397 ppm Zr, and 22.8 ppm Nb. VS20-120E.2 is the only sample within cluster 1, with 1,541 ppm Ba, 0.53 Eu/Eu*, 1.94 wt% FeO*, 410 ppm Zr, and 22.8 ppm Nb. Sample RT4A, originally identified as a ‘Group D’ sample in Streck and Grunder (1997), is the only sample categorized within cluster 3. RT4A has 1116 ppm Ba, 0.47 Eu/Eu*, 1.95 wt% FeO*, 400 ppm Zr, and 21.5 ppm Nb.
Slight variances in the compositions of VS20-120E.2, RT4A, VS20-122H.3, and VS20-122A.2 provide an explanation for why the statistical analysis essentially categorized these samples as separate and distinct groups and how this can be reconciled. RT4A was originally categorized as a Group D HSR in Streck and Grunder (1997). The PCA identified Ba as one of the top five most influential components for distinguishing rhyolites. Both VS20-120E.2 and RT4A plot with striking similarity to Group D samples in almost all compositional parameters, except for Ba, where there are slight variations (∼85–270 ppm difference). The broad similarity but variance in one critical element may be the cause for RT4A and VS20-120E.2 being isolated from all other Groups. Cluster 5 consisted of only two samples: VS20-122H.3 and VS20-122A.2. With respect to the most distinguishing parameters (e.g., Zr, Eu/Eu*, Nb), these samples plot similarly to Group D. These samples only vary slightly from Group D composition with respect to a few elements, such as Ta, TiO2, FeO*, and Ba. As with samples VS20-120E.2 and RT4A, these few and slight variations may have been sufficient to result in a categorization as a separate cluster in the analysis. We conclude that the four samples distributed among kmeans clusters 1, 3, and 5 should be combined with those in cluster 7, and all should be considered Group D HSRs.
All 12 samples categorized into cluster 2 were those classified as Group E in Streck and Grunder (1997) and samples from this study with the highest Ba (1835–1999 ppm), Eu/Eu* (0.56–0.68), FeO* (1.83–2.18 wt%), and Zr (420–451 ppm), and the lowest Nb (21.1–22.7 ppm). All samples within cluster 2 are considered Group E HSRs.
3.5 High-Silica Rhyolite Pumices in This Study
In total, there are 12 samples classified as Group A, 11 as Group B, 14 as Group C, 14 as Group D, and 12 as Group E (Figure 5). Samples VS20-120E.1 and VS20-122C.1 are classified as mixtures of Group A and B magmas, and sample VS20-120A.1 is considered a mixture of B and C magmas with some possible contamination of the low-silica VS20-120A.2 magma. The two homogeneous pumices included in this study possess compositions that strongly represent a single HSR Group type: VS20-120H, a light grey, minimally stretched pumice is composed of Group C magma, and VS20-122J, a white, super stretched pumice, is composed of Group A magma.
Individual banded pumices contain at least two and as many as four HSR magma types (Figure 6; Supplementary Appendix D). For example, VS20-122B contains bands of Group C and D magmas, VS20-120C contains Group A, C, and E magmas, and VS20-122E contained Group B, C, D, and E magmas. As previously mentioned, material was separated from a pumice and considered a unique band relative to the other bands in an individual sample if it possessed a discernable difference in color and/or texture. Each analyzed separate did, in fact, represent a distinctly different composition to other bands within that sample, except for the accidental physical mixtures.
[image: Figure 6]FIGURE 6 | Examples of high-silica rhyolite (HSR) Group compositions assigned to separates from two different samples. All banded pumices analyzed contained magmas of at least two and up to four HSR Groups. (1) VS20-122E was the only pumice that contained four different HSR magmas (B–E). (2) VS20-122B is an example of one pumice that contained two HSR magmas (C,D). With respect to all pumices, HSR magmas contained within a single pumice were not always consecutive e.g., (A–C). See Supplementary Appendix D for all pumice samples annotated with assigned Groups.
3.6 Analyzing High-Silica Rhyolites as Groups
Average compositions (Table 2) were used in mass balance equations to produce mixing lines based on mixing proportions in intervals of 10% from 90–10% (Figure 7) as one possible test to determine whether mixing of endmember Groups can produce intermediate Groups (i.e., mixing of Group C and Group A to produce Group B). These calculations failed to produce intermediate compositions, most notably with concentrations of La, Sm, Ba, FeO*, Eu/Eu*, TiO2, and Al2O3. Band separates previously identified as outliers or potential mixtures, including VS20-120E.1, VS20-122C.1, and VS20-120A.1, notably fell on or near some of these mixing lines. However, because standard mixing lines are calculated based only on the concentrations of two elements at a time, they alone are not enough to conclusively state whether these outlier analyses are or are not simply mixtures of multiple Groups.
TABLE 2 | Average geochemical compositions for Rattlesnake Tuff high-silica rhyolite Groups.
[image: Table 2][image: Figure 7]FIGURE 7 | Mixing lines calculated using average Group compositions to display how intermediate Groups are not mixtures of adjacent endmember Groups (e.g., Group B magma is not a mixture of Group C and A magmas). Colored polygons represent extent of compositions for each Group. The failure to produce Groups via mixing is most notable in trends observed with FeO* vs. TiO2, FeO* vs. Al2O3, La vs. Zr, and La vs. Ba. Error bars (2-sigma) are shown for each Group.
In order to determine whether these outliers are, in fact, some mixture of two Groups, a simple mixing equation was arranged to calculate the potential mixing proportion of each element
[image: image]
where Cmix is the element concentration of the potential mixture, CX is element concentration of one endmember composition in the mixture, and CY is the element concentration of the other endmember composition in the mixture. This equation is arranged such that the resulting value is the percent of CX in the mixture. The calculated average composition for each Group was used to address each sample of interest. If a sample is a mixture of two endmember components, the calculated proportions of each element should be similar (within ∼10%).
It should be noted that mixing proportion calculations, though a common method for determining the likelihood and proportions of mixture between two materials, do not provide meaningful results when the two materials of interest possess great similarity. Especially for trace elements of low concentrations (<10 ppm), small variations will result in a wide range of mixing proportions. For example, Group A has an average of 2.25 ppm Tb and 4.55 ppm U, and Group B has an average of 2.62 ppm Tb and 3.36 ppm U. When calculating the mixing of A and B to make VS20-122C.1 with 2.29 ppm Tb and 3.63 ppm U, the resulting proportions are low for Tb (∼10%) and are high for U (∼79%). With this noted, we report all results, and it is apparent that La, Ce, Nd, Sm, Eu, Hf, and Zr are most consistently within a ± 10% range of mixing proportions calculated for each given sample.
Calculated mixing proportions for VS20-120E.1 vary widely overall from ∼10 to 85%. However, of the 21 trace elements analyzed, 14 (La, Ce, Nd, Sm, Eu, Tb, Th, Hf, Ta, U, Rb, Cs, Sc, and Zr) fall within the range of an ∼27–45% proportion of Group A mixed with Group B.
Mixing proportions calculated for VS20-122C.1 also range widely from ∼10 to 80%. Of the 21 trace elements analyzed, seven (La, Ce, Nd, Sm, Eu, Hf, and Zr) fall within the range of an ∼27–41% proportion of Group A mixed with Group B. Five other trace elements (Lu, Ba, Th, Rb, and Cs) fall within the range of ∼62–71% proportion of A mixed with B.
Calculated mixing proportions for VS20-120A.1 overall range between ∼18 and 67%, with 9 of 21 trace elements calculated to have an ∼52–67% proportion of Group C mixed with Group B, including La, Ce, Nd, Sm, Eu, Tb, Ba, Ta, and U. Calculating mixing proportions to test if VS20-120A.1, instead, could be a mixture of A and D also displayed large overall variance (∼18–80%) but slightly better results, where 11 of the 21 trace elements (La, Ce, Nd, Th, Nb, Hf, Ta, U, Rb, Cs, and Zr) ranged between 64 and 80% proportion of Group A mixing with Group D. As mentioned previously, compositional analysis of VS20-120A.2 revealed that it is not a HSR, with only ∼73 wt% SiO2. Inability to generate a reasonable mixing proportion of any magma types to generate VS20-120A.1 may be because it is a product of mixing with a non-HSR magma, possibly such as a dacite magma.
3.7 Pressure and Temperature Calculations
Wet liquidus temperatures were calculated using the average composition of rhyolites within each Group. Temperatures determined using Rhyolite-MELTS (Gualda et al., 2012) when conditions varied from 150 to 200 MPa and 1–5 wt% H2O show mostly a decrease in calculated range overall from Group E to Group A, where Group E temperatures range from ∼850 to 970°C, from ∼833 to 970°C for Group D, ∼812–975°C for Group C, ∼790–980°C for Group B, and ∼768–990°C for Group A (Figure 8). Varying water content has a greater impact on calculated wet liquidus temperatures than varying pressure. The lowest water contents produce the highest temperatures for each Group. At 1 wt% H2O at both 200 and 150 MPa, the overall trend shows a decrease in temperature from Group A to Group E. At 2 wt% H2O at both 200 and 150 MPa, there is no discernable trend in wet liquidus temperatures from Group A to Group E. With 3–5 wt% at pressures where applicable, the trend shows a general increase in temperature from Group A to Group E.
[image: Figure 8]FIGURE 8 | Calculated temperatures for Rattlesnake Tuff (RST) high-silica rhyolites. (A) Wet liquidus temperatures at 200 and 150 MPa and various water contents were determined using Rhyolite-MELTS software (Gualda et al., 2012). (B) Crystal-liquid and zircon saturation storage temperatures were calculated using equations from Putirka (2008). The clinopyroxene (cpx crystal only) temperatures were calculated using a geothermometer and R script developed by Jorgenson et al. (2021). δ18O temperatures were calculated using coefficients and equations from Chiba et al. (1989). Group A is considered aphyric, but a plagioclase-liquid temperature was calculated using the composition of one plagioclase grain from Streck and Grunder (1997). Calculated zircon-saturation maximum temperatures are reported for Groups B-E because they are known to contain zircon, and a minimum is used for Group A because presence of zircon within Group A is not known. Alkali feldspar-liquid temperatures are used for Groups A-E because Streck and Grunder (1997) reported these Groups contained Na-sanidine to anorthoclase composition feldspars. Groups B-E contain clinopyroxene and titanomagnetite that were analyzed for oxygen isotopes. Group E titanomagnetite produced an anomalously high δ18O and subsequent clinopyroxene-titanomagnetite (cpx-tmt) temperature of ∼1300°C, so this temperature is considered erroneous and is not included here. See Table 3 for all plotted temperatures and Table 4 for all oxygen isotope results.
Calculations from the Putirka (2008), δ18O, and Jorgenson et al. (2021) geothermometers yielded average storage temperatures for all Groups from ∼600 to 1,300°C, with temperatures increasing from Group A to Group E (Figure 8; Table 3). Pressure variations had little impact on the resulting temperature when using the plagioclase-liquid geothermometer for Group A, so the calculations were performed at 200 MPa. Considering all calculated temperatures, temperatures range from 787 to 842°C for Group A, 792–896°C for Group B, 811–1,135°C for Group C, 600–981°C for Group D, and 800–1,300°C for Group E. All δ18O results are considered accurate except for the titanomagnetite value for Group E (Table 4). δ18O of titanomagnetite for Groups B, C, and D were 2.79‰, 2.83‰, and 2.71‰, respectively, and was 4.17‰ for Group E. The relatively high δ18O value for Group E is likely due to an impure titanomagnetite separate.
TABLE 3 | Calculated crystal, crystal-liquid, and oxygen isotope temperatures (°C).
[image: Table 3]TABLE 4 | Oxygen isotope analysis results.
[image: Table 4]Plotting CIPW normative values for average Group compositions on the Qtz-Ab-Or ternary diagram resulted in a wide range of pressures (Figure 9), with Groups A and C at ∼200 MPa (∼7 km depth), Groups B and D at ∼500 MPa (∼17 km depth), and Group E at ∼600 MPa (∼21 km depth). The obsidian sample categorized as Group A (sample RNL 1903) and the granitic lithic fragment (sample MS-20-05) with a similar composition to Group A were also plotted on the Qtz-Ab-Or ternary and yielded pressures of ∼175–200 MPa (∼5–7 km depth). XRF analysis of the obsidian sample had a significantly low percent loss-on-ignition (LOI ∼ 0.6%), so the nearly 1:1 Na/K ratio is considered as a representation of the true Na/K ratio for Group A. Therefore, the pressure estimates for the granite and obsidian samples are interpreted as more accurate for Group A. All high-silica rhyolite pumices have higher LOI (∼2-4%) and variable Na/K ratios and thus are likely affected by alkali exchange (cf. Streck and Grunder, 1997). Hence, this skewing of the Na/K ratio is assumed to be the case for all RST HSRs, so Na/K ratios were adjusted to 1:1 for each Group average and plotted on the same Qtz-Ab-Or ternary. After these adjustments, Group B and C are also at ∼200 MPa (∼7 km depth), but Group D remained at ∼500 MPa (∼17 km depth), and Group E remained at ∼600 MPa (∼21 km depth).
[image: Figure 9]FIGURE 9 | Quartz-albite-orthoclase (Qtz-Ab-Or) ternary geobarometer (Holtz et al., 1992) and clinopyroxene geobarometer (Jorgenson et al., 2021) results for Rattlesnake Tuff (RST) high-silica rhyolite (HSR) Groups. Large colored circles in the Qtz-Ab-Or ternary results when plotting CIPW normative compositions for each HSR Group. The obsidian sample with Group A composition and granite sample with a composition similar to Group A are also plotted on the Qtz-Ab-Or ternary. The low LOI (0.6%) from the XRF analysis of the obsidian sample indicates that the nearly 1:1 Na/K ratio is representative of the true, original Na/K ratio of Group A magma. Thus, all Na/K ratios are adjusted to 1:1 for all other Groups and plotted on the Qtz-Ab-Or ternary. Results from the Qtz-Ab-Or geobarometer are compared to results from the clinopyroxene geobarometer (top right) for each HSR Group. The Qtz-Ab-Or pressures for Groups D (∼500 MPa) E (∼600 MPa) are excluded from the graph, because they are considered erroneously high.
The clinopyroxene “cpx no liquid” geobarometer from Jorgenson et al. (2021) was used to calculate storage pressures for Groups B–E, because these Groups contained clinopyroxene (Figure 9). Clinopyroxene compositions come from INAA of 100–300 grains by Streck and Grunder (1997). Group B clinopyroxenes had a calculated pressure of 175 MPa (∼6.13 km depth), 217 MPa (∼7.52 km depth) for Group C, and 200 MPa (∼7.00 km depth) for Groups D and E.
4 DISCUSSION
4.1 Understanding Crystallization and Storage Conditions
Detailed compositional analysis (XRF and ICP-MS) of RST HSRs and subsequent statistical analysis in this study confirms the compositional Groups and compositional gaps first proposed by Streck and Grunder (1997). There is little evidence for mixing among these Groups observed in the geochemical data, which agrees with the conclusion of Streck and Grunder (1995) that these banded pumices represent distinct magmas that erupted together during the same eruption.
We consider all calculated storage temperatures between 700°C and 1,000°C to be valid, and thus, only temperatures within this range are included when calculating the average storage temperatures for each Group (Table 3). The significantly high clinopyroxene-titanomagnetite and albite-titanomagnetite temperatures of about 1,166°C and 1,300°C, respectfully, for Group E reflect the erroneously high δ18O titanomagnetite value for Group E. Temperatures from thermometers that involve albite vary widely and produce unrealistically low temperatures like 600°C and unrealistically high temperatures like 1,135°C for Group C. These erroneous temperatures are likely related to these thermometers from Chiba et al. (1989) being calibrated for high-pressure conditions. Additionally, Chiba et al. (1989) does not provide thermometers for Na-sanidine or anorthoclase feldspars. Albite thermometers were used because it was the closest composition to feldspars within the RST HSRs. However, this could also explain the wide range of calculated temperatures. Other calculated temperatures for Group D and E indicate similar storage temperatures, so it is assumed that the quartz-titanomagnetite and albite-titanomagnetite temperatures for Group E would likely be similar to Group D. Thus, when calculating the average storage temperature for Group E assumes the same albite-clinopyroxene and albite-titanomagnetite temperatures of Group D. The average calculated storage temperature for Group A is 805 ± 38°C, Group B is 826 ± 42°C, Group C is 877 ± 60°C, Group D is 880 ± 63°C, and Group E is 895 ± 73°C (Table 3).
All calculated storage temperatures using phase-liquid equations from Putirka (2008) suggest a broad increase of ∼805°C to ∼895°C from Group A to Group E. This agrees with estimated temperatures from Streck and Grunder (1995; 1997) ranging from ∼800 to 880°C. The Jorgenson et al. (2021) clinopyroxene no-liquid geothermometer results for Groups B-E are comparatively low, which may be due to the general increase in Fe at lower temperatures and the significance of Fe concentration in the pressure calculation.
Assuming this overall temperature increase from Group A to Group E is accurate, then wet liquidus temperatures would parallel this trend at greater water contents (≥3 wt% H2O), implying either that all RST HSR magmas contained a minimum of 3 wt% H2O or that water content must decrease from Group A to Group E. Combining wet liquidus temperatures with storage temperatures, Group E magma is the hottest, and magmas get progressively slightly cooler to Group A magmas.
Various geobarometers (Holtz et al., 1992; Jorgenson et al., 2021) show a slight increase in pressures from Group A to Group E, where Group A was stored at ∼6.1 km depth and Group E was stored at a ∼7 km depth. With calculated temperatures varying among different geobarometers, it can be generalized that these magmas were generated and stored at approximately similar depths of ∼6.5 km.
Melt densities for each HSR magma were calculated to further understand how these magmas would reside together in the crust (Figure 10). Melt densities are expected to increase with increasing Fe content, so a decrease in density is expected from Group E with the highest average FeO* content (∼2 wt%) to Group A with the lowest average FeO* content (∼0.8 wt%). Keeping temperature, pressure, and water content consistent among all Groups (800°C; 200 MPa; 3 wt% H2O), calculated melt densities for adjusted and pre-adjusted Na/K ratios differed only slightly (∼0.005–0.008 g/cm3). Restoring the Na/K ratio to 1:1 (to make up for a slight Na-K exchange during glass hydration, cf. Streck and Grunder, 1997) resulted in a slight decrease in densities that ranged from ∼2.269 to 2.246 g/cm3 from Groups E–A. Continuing to use the compositions with the restored Na/K ratio, densities calculated at 800°C, 3 wt% H2O, and decreasing 245–125 MPa from Groups E-A displayed an overall decrease (∼2.284–2.251 g/cm3) that highlights the decrease of density at lower pressures, particularly with Groups A and B. Densities calculated at 200 MPa, 3 wt% H2O, and average storage temperatures for each Group (from Group E at 895°C and Group A at 805°C) also showed little variation compared to conditions where temperatures among Groups were consistently at 800°C. However, as expected, increasing temperature decreased the density of these magmas, so the calculated range of densities between less evolved (Group E) and more evolved (Group A) magmas becomes slightly muted (∼2.271–2.259 g/cm3). Keeping temperature (800°C) and pressure (200 MPa) consistent among Groups but increasing the water content from 2–4 wt% H2O from Group E to Group A resulted in a drastic difference in calculated melt densities, where densities decreased from Group E (∼2.318 g/cm3) to Group A (∼2.227 g/cm3). These results show that water content is the most significant variable influencing melt densities of these HSR Groups. However, since increasing water content and temperature can have opposite effects on density, densities were also calculated where all three parameters were adjusted using our new pressure, temperature, and water content estimates. When using average storage temperatures for each Group, increasing pressure 125–245 MPa from Groups A-E, and decreasing water contents 2-4 wt% form Groups A-E, the overall trend was similar to when only varying water contents among Groups, but densities for each Group were slightly lower, ranging from ∼2.217 g/cm3 for Group A and ∼2.310 g/cm3 for Group E. These calculations underscore the significance of water content on the densities of RST HSRs.
[image: Figure 10]FIGURE 10 | Melt densities of average Rattlesnake Tuff Group compositions calculated when altering pressure, temperature, and water content conditions using the DensityX calculator by Iacovino and Till (2019). Lines connect the average density among each Group in the given conditions to highlight the overall trend between all Groups. Black and grey data represent Group densities calculated given the same pressure, temperature, and water content conditions, but grey data use the originally reported Na2O and K2O values, and black data use compositions with the restored (1:1) Na/K ratios. Purple data represent calculated densities using all the available pressure, temperature, and water content data, and are thus considered the most accurate densities for all Groups.
If water content does, in fact, increase 2-4 wt% from Group E to Group A and we assume storage pressures of 200 MPa for all Groups, then calculated wet liquidus temperatures also show an overall increase of ∼115°C: ∼905°C for Group E, ∼870°C for Group D, ∼835°C for Group C, ∼821°C for Group B, and ∼798°C for Group A (Figure 11). These temperatures are approximately within the range of calculated storage temperatures for each Group (Figure 8).
[image: Figure 11]FIGURE 11 | Wet liquidus temperatures calculated from average Rattlesnake Tuff high-silica rhyolite Group compositions at 200 MPa (as seen in Figure 8), that now highlights wet liquidus temperatures if water content decreased from 4-2wt% H2O from Group A to Group E (black triangles), using the same water contents estimated when calculating melt densities (Figure 10).
4.2 Evaluating Evidence for Magma Configurations
Combining the plethora of previously acquired data and data from this study provides a wealth of information on magma storage conditions that can be useful in deciphering the magma storage configuration of the RST. However, it is apparent that the RST is derived from a complex system. From here, we synthesize all data to propose the most likely magma storage configuration of the RST.
4.2.1 Evidence Supporting HSR Storage in a Single Holding Zone
Streck and Grunder (1997) and Streck (2002) presented detailed geochemical and modeling evidence that Group E is a product of melting of mafic crust, and subsequent, increasingly more evolved Groups are a result of fractionation from the HSR preceding it (e.g., Group D is a product of fractionation of Group E magma, Group C is a product of fractionation of D magma, etc.). Compositional trends, particularly among FeO, TiO2, Al2O3, La, Zr, and Ba, agree more with a fractional crystallization scenario than magma mixing (Figure 7). The phenomena that are difficult to reconcile with a model of crystal fractionation concentrated occurring primarily on the roof of the chamber are the presence of the compositional gaps between HSR Groups and the physical aspect of melt extraction along a crystallizing roof mush zone.
Systems comprised of multiple crystal-rich and crystal-poor magma lenses seem plausible in a scenario where multiple distinct rhyolite compositions are erupting from the same conduit simultaneously (e.g., Cashman and Giordano, 2014; Szynamowski et al., 2019). Arakawa et al. (2019) used differences in An content and Mg# to estimate storage pressures (200–350 MPa or ∼7.0–12 km depth) of the four different types of rhyolite that erupted from three different volcanoes within the Taupo Volcanic Zone, New Zealand, over the last ∼100 ka, and they concluded that each rhyolite was generated within a separate, shallow reservoir. Previous work on Snake River Plains rhyolites by Ellis and Wolff (2012) ascribed variations in trace element compositions and presence of two pyroxene compositions to magmas being physically separated in two adjacent magma bodies, and they concluded that crystal aggregates found within the rhyolites represented the crystallizing rinds of these magma bodies. RST HSRs are notorious for their subtle differences in major element oxides but striking progressive variability in trace element compositions and considerable variations in mineral compositions among comparable mineral assemblages (Streck and Grunder, 1997; 2008). If there was any solid interface or crystal mush lenses between HSR magma chambers or crystal-poor lenses, one would expect to find greater abundance of granitic crystal-rich lithic fragments or crystal-rich inclusions within these HSRs, or at least one would need to see variable and high phenocryst content rather than near 1% or less throughout. There is no evidence for any of this (Streck and Grunder 1995; 1997; 1999) aside from the one granite lithic fragment found in the outcrop of interest in this study. In other words, although fractional crystallization trends support melt separation from some crystal framework between HSRs, draw-up during the eruption of the RST did not reach any marginal mush zone that must have existed based on available evidence.
From a structural standpoint, magma reservoirs separated by a sufficient volume of solid or mush interface to inhibit mixing is difficult to reconcile in the context of a single caldera eruption. If eruption is driving magmas to finally come in contact in a common conduit, this type of model is lacking an evacuating-reservoir into which the overlying crust can subside.
There is currently work in progress (Grunder et al., 2021) also using banded pumices from this study to assess RST magma ascent rates by calculating diffusion rates. According to Grunder et al. (2021), diffusion times range from 2 to 40 min, and in one case, 300 min, implying a minimum magma ascent rate of 0.2 m/s, assuming the travel distance from chamber to surface is ∼3 km. Data from this study suggest HSR magmas were stored at greater depths, so this rate may be an underestimate. Grunder et al. (2021) also stated that preliminary results display a trend where diffusion was slightly greater between less evolved, hotter magmas (i.e., D and E) than more evolved, cooler magmas (i.e., B and A). This trend supports a model where the earliest, less evolved magmas like Groups D and E were in contact for slightly longer than later, more evolved magmas like B and A, suggesting that D and E ascended from greater depth than A and B, implying different times of magma juxtaposition to one another during mingling as eruption initiated.
A range of calculated storage depths (∼6.1–7.0 km) and average storage temperatures increasing from Group A to Group E (∼805–895°C) support HSR magmas being stored in a single holding zone, where Group E magma is nearest to the heat source. This parallels findings from Streck and Grunder (1995; 1997; 1999; 2008) regarding the RST magma system and configuration with respect to the mafic magmas that were drawn up during the eruption as well. However, if these magmas develop and reside in a single holding zone as originally suggested by Streck and Grunder (1995; 1997), there must be a parameter inhibiting mixing of these magmas.
Turning to well-studied and observable liquid systems, Boehrer and Schultze (2008) state that a body of water is considered meromictic when it remains permanently stratified, and the pycnocline is the boundary between the two layers that will not mix because of a notable variation in density. If the density difference is greater than ∼0.004 g/cm3, then convection will occur within a single layer but not between layers to cause mixing (Boehrer and Schultze, 2008). When densities are calculated by adjusting only one variable and keeping others constant (pressure, temperature, or water content) among each HSR, decreasing pressure from E to A results in little density variation, and the same observation is made with increasing temperature from E to A (Figure 10). Variations in water content most significantly impact magma density. When using the average storage temperature for each HSR Group, a pressure of 200 MPa, and increasing water content from 2–4 wt% H2O from Group E to Group A, density differences range from 0.018 to 0.025 g/cm3. Increasing water content has the opposite effect on density as decreasing temperature (Wallace and Anderson, 2015), so it is useful to calculate HSR densities when these two contrasting parameters are influencing the result. It should be noted that no precise water contents have been reported for each RST HSR, and the water contents chosen are based on new and previous temperature and compositional data. If the phenomena of meromixis can be applied to high-silica melts within a magma body, then our calculations indicate that it is possible for density differences to hinder mixing between HSR Groups, and thus, variations in water content among HSR Groups may play an important role in the dynamics of the magma storage system.
Christiansen (2005) explained the significance of viscosity and water content with respect to magma chamber dynamics and the development of compositionally distinct silicic magmas. Hot, water-poor, crystal-poor rhyolites with a low enough viscosity (<106 Pa s) can allow for uninhibited crystal-liquid separation to occur, where differentiation is primarily focused on the floor and sides of the magma chamber (Christiansen, 2005). Christiansen (2005) explains that this sidewall crystallization and rise of less-dense magma can result in a large, vertically zoned chamber, and the parameters necessary typically occur within A-type silicic magmas generally associated with hotspots. The RST is an A-type, crystal-poor rhyolite (Streck and Grunder, 1995; 1997). Applying the model for viscosity of volatile-bearing melts developed by Giordano et al. (2008) to RST HSRs under the same temperature (800°C) conditions and water contents (3 wt% H2O), there is little variability among HSRs (Figure 12). However, when altering water content from 2–4 wt% from Group E to Group A, melt viscosities significantly increase from Group A (105.45 Pa s) to Group E (106.60 Pa s). When viscosities are calculated using average storage temperatures for each Group and increasing water content 2–4 wt% from Group E to Group A, viscosities increase overall from Group A (105.40 Pa s) to Group E (105.60 Pa s), and all viscosities are <106 Pa s. However, Group C has the lowest viscosity of 105.29 Pa s. Additionally, like water content, increased concentrations of fluorine will decrease magma viscosity (Wallace and Anderson, 2015). Streck and Grunder (1997) report high fluorine concentrations in several biotite grains found in Groups B, D, and E. Though the source of these sparse biotite grains is not certain, if they are part of the magma system and were not inherited during eruption, elevated fluorine contents in these biotites would reflect elevated fluorine contents of the magma, corroborating the low viscosities calculated for RST HSRs. No fluorine concentrations have been reported for RST HSR magmas, so we do not enter any fluorine contents in our viscosity calculations. These parameters further validate a model like that proposed by Streck and Grunder (1995; 1997), where crystallization can occur around all margins of the magma chamber, and a model still seems plausible where each HSR develops from one another primarily through crystal fractionation, and density differences result in convection occurring within and not between compositional layers in a single magma chamber (Figure 13). This model would also agree with the lack of country rock and granitic lithic fragments found within the RST.
[image: Figure 12]FIGURE 12 | Melt viscosity modeling at various temperatures and water contents for Rattlesnake Tuff (RST) high-silica rhyolites (HSRs) and the viscosity calculator by Giordano et al. (2008). Viscosities calculated using Group average storage temperatures and decreasing water content from 4-2wt% H2O from Group A to Group E are interpreted as the most accurate viscosity estimates. The dashed line represents 106 Pascals, which is the estimated limit of viscosities for large-volume, high-temperature, crystal-poor rhyolites to experience uninhibited crystal-melt segregation in the process of fractional crystallization.
[image: Figure 13]FIGURE 13 | A single, density-stratified, meromictic magma chamber to consider for the Rattlesnake Tuff magma configuration, a similar model to the one proposed by Streck and Grunder (1995; 1997; 1999; 2008). (1) RST HSR Group E forms from partial melting of regional mafic crust. Other HSR Group magmas develop through episodes of crystal fractionation, where one more evolved rhyolite develops from the fractionated product of the less evolved rhyolite before it. (2) HSR magma layers convect within layers but remain unmixed between compositional layers due to sufficient density differences. (3) These density boundaries are disturbed during eruption, where all HSR Groups erupt together, and dacite magmas are likely generated from mixing of Group E and underplated enriched basaltic andesite. Labeled densities are those calculated using average storage temperatures (Figure 8), decreasing storage pressure 210–150 MPa from Group E to Group A, and increasing water content 2–4 wt% from Group E to Group A.
Studies such as Grunder et al. (1987) have calculated Rayleigh numbers to determine whether a compositionally heterogeneous magma chamber will convect based on parameters like thickness, density, and viscosity of the different magmas. Grunder et al. (1987) states that convection will occur within magma layers when the Rayleigh number exceeds the critical value of 2000 (Sleep and Langen, 1981; Christiansen, 1985). Rayleigh numbers were calculated for Groups A, B, C, and D using our calculated densities, temperatures, and viscosities, and using the thermal diffusivity value for high-silica rhyolites of 6.55 × 10−7 m2/s from Romine et al. (2012). Rayleigh numbers were >2000 when thicknesses exceeded 1.1 m. Inferring a magma chamber diameter of 15 km and chamber volume of 300 km3 from Streck and Grunder (1995), the thickness of the entire chamber would be ∼1.7 km or ∼1700 m. If assuming all five HSR magma layers are the same thickness, each layer would be ∼340 m thick. These calculations imply that convection must have occurred within the RST magma system. If the magmas lie juxtaposed within the same storage zone, convection would have had to occur within each layer and not between layers to produce the banded HSR pumices shortly prior to and during eruption.
In this model similar to Streck and Grunder (1995; 1997) where RST magmas are residing in a single storage zone (Figure 13), all HSR magmas are drawn up together during eruption. Boundaries between HSR Group magmas are disturbed, but magmas only mingle with little to no physical mixing. Magmas erupting through ring fractures allowed for simultaneous evacuation of all magma compositions, resulting in the observed range of homogeneous, single-composition pumices to pumices with multiple band compositions in a variety of arrangements.
4.2.2 Alternatives to Consider
Hildreth (2004) described several crystal-poor HSRs of the southeastern cluster of Long Valley Caldera that erupted over a span of ∼75 kyr as more likely a product of extraction from a felsic, crystal-rich mush, because of the euhedral nature of the small, sparse phenocrysts and the lack of xenocrysts or any signs of resorption textures. Similarly, effusive, compositionally distinct rhyolites at Yellowstone have erupted over a period 100–200 kyr within the earlier caldera (Girard and Stix, 2010). Rhyolite centers can erupt distinct rhyolites over short periods within a restricted area, and it is known that complex ignimbrites can preserve evidence for evacuating multiple magmatic systems including distinct rhyolites that were tapped from different parts of the caldera (Swallow et al., 2019).
So, we must consider the possibility that the compositional trend of RST HSRs is not a liquid line as a result of fractionation, but instead, each HSR is generated independently and that smooth compositional trends of the HSR are fortuitous, yet solely due to different sources. For example, Metz and Mahood (1991) ascribe significant trace element variability among rhyolite lava compositions from Glass Mountain and the Long Valley Caldera magma system to rhyolites developing with variable degrees of crystal fractionation and partial melts of upper crust. We have modeled what batch melting would produce from various compositions known to reside in the regional crust (Figure 14). Batch melting of Oligocene dacites, Hunter Creek Basalt, or Upper Steens Basalt can produce Group A compositions. Batch melting of Oligocene dacites can possibly produce Group B (F = 25–30%), C (F = 30–45%), D (F = 30–50%), and E (F = 40–60%). Batch melting of Hunter Creek basalt can possibly produce Groups B (F = 50–55%) and C (F = 55–65%), but not Groups D and E. Batch melting of Upper Steens Basalt can possibly produce Groups C (F = 40–45%), D (F = 40–50%), and E (Streck, 2002), but not B. Batch melting of various types of crustal and terrane rocks can produce Group A (F = 10–30%), B (F = 10–40%), C (F = 40–50%), and D (F = 15–45%), but it is difficult to produce Group E from batch melting of any of these crustal rocks. Overall, these results suggest, from a mathematical standpoint, that HSR Groups can develop independently from each other, and it lends to the possibility that the most evolved RST HSRs can come from fractional crystallization of a granitic mush (as potentially represented by the felsic crust in Figure 15).
[image: Figure 14]FIGURE 14 | Batch melting modeling of various rocks that reside within the crust around the Rattlesnake Tuff magma storage system to determine whether individual high-silica rhyolite Groups can form independently from each other rather than as a liquid line. D values for each element were manipulated until a composition of a HSR Group was achieved. Melt fraction (F) for each model ranges from 0.85 to 0.05 in increments of 0.05. (A) Batch melting of regional Oligocene dacites (Isom and Streck, 2016; Cruz and Streck, 2017; Streck, unpub. data), Hunter Creek Basalt (Webb et al., 2018), and Upper Steens Basalt (Moore et al., 2018). (B) Batch melting of various regional crustal and terrane rocks, divided by felsic, intermediate, and mafic (Steiner and Streck, 2013; Streck, unpub. data).
[image: Figure 15]FIGURE 15 | A magma configuration model to generate the Rattlesnake Tuff (RST) high-silica rhyolite (HSR) Groups where each HSR magma is generated independently from one another, based on potential batch melting or crystal fractionation sources. In this scenario, Group E and D magmas come from batch melting of Upper Steens Basalts, Group C and B magmas come from batch melting of Oligocene dacites, and Group A magma comes from batch melting of felsic regional crust. Density differences would be great enough to allow one more evolved, higher-silica magma to buoyantly ascend through a less evolved, lower-silica magma. Density differences allow these HSR magmas to reside juxtaposed to one another in the crust and continue to fractionate without mixing between layers, and compositional boundaries are disturbed during eruption.
If these magmas can be produced from various sources in the crust, one must explain how they become arranged in order to remain compositionally isolated but eventually erupt together. Considering the possible potential sources of each HSR from batch melt modeling, we have put forth an alternative model where rhyolites develop independently from one another based on known variabilities within the regional crust during this time (Figure 15). In this scenario Group E and D magmas come from batch melting of Upper Steens Basalt, Group C and B magmas could come from batch melting of Oligocene dacites, and Group A magma comes from batch melting of felsic regional crust. Eventually, we would still need a single density-stratified magma chamber that was assembled by HSR originating from their respective source likely in sequence but where density differences allow these HSR magmas to reside juxtaposed to one another in the crust and continue to crystallize the equilibrium mineral assemblage that we observe without mixing between layers. This model would involve magmas eventually residing in a single holding zone with compositional boundaries mainly disturbed during eruption. In this alternative model, the focus is not the feasibility of generating each rhyolite from a distinct source but what conditions keep rhyolite magmas from erupting and instead favoring them to assemble into a contiguous crystal-poor magma reservoir.
As in the model where RST HSRs reside within a single storage zone prior to eruption, these alternative models must also involve boundaries between HSR Groups mingling with little to no physical mixing. Evacuation of all HSRs through the caldera ring fractures rather than a single vent during eruption would allow for ejection of homogeneous magmas and multiple magmas in different portions of the vent structure, as observed by Streck and Grunder (1995; 1997).
5 CONCLUSION
Geochemical and statistical analysis from this study confirms the Rattlesnake Tuff (RST) high-silica rhyolite (HSR) is composed of five compositionally distinct, increasingly evolved HSR magmas that compose the RST, with compositional gaps between Groups, as stated in Streck and Grunder (1995; 1997), and that the most significant parameters in distinguishing these Groups are variations in Ba, Eu/Eu*, Eu, FeO*, Hf, and Zr. We have also verified conclusions from Streck and Grunder (1995; 1997) that intermediate Groups are not a result of mixing of endmember Groups.
Individual banded pumices can contain up to four different Group compositions, and compositions are sometimes not consecutive (e.g., A, C, and E). Calculated wet-liquidus temperatures, storage temperatures, and storage pressures indicate that these HSRs were stored in similar conditions (∼6.1–7.5 km depth; ∼805–869°C).
Crystal fractionation trends, similar storage temperatures and pressures, and lack of crystal-rich inclusions, granitic inclusions, or country rock corroborate existing models for RST HSRs that involve a single, density-stratified magma chamber more so than models where HSR magmas are separated by country rock or multiple crystal-rich frameworks. When temperature and pressure decrease and water content increases from Groups E-A, the density difference between adjacent Groups is significant enough to prevent convection between layers of different HSRs in a single chamber. RST HSR magma viscosities are low enough to allow for uninhibited crystal-liquid separation, where differentiation can be primarily focused on the floor and sides of the magma chamber. Density and compositional boundaries would be disturbed during eruption, allowing magmas to mingle with minimal mixing during eruption to produce both the homogeneous and banded pumices that contain multiple HSR compositions.
Alternatively, if HSRs do not represent a liquid line, it is possible to generate RST HSRs through batch melting of older plutonic material and other types of country rock within the regional crust. In this scenario, Group E and D magmas come from batch melting of Upper Steens Basalts, Group C and B magmas come from batch melting of Oligocene dacites, and Group A magma comes from batch melting of felsic regional crust. Density differences would be great enough to allow one more evolved, higher-silica magma to buoyantly ascend through a less evolved, lower-silica magma. Density differences allow these HSR magmas to reside juxtaposed to one another in the crust and continue to fractionate without mixing between layers, and compositional boundaries would be disturbed during eruption, generating the observed banded HSR pumices.
Whether these rhyolites are generated primarily via crystal fractionation from one another, are batch melts from different sources within the regional crust, or are some combination of both processes, these data suggest that a feasible magma configuration for RST HSRs must ultimately involve the five HSRs becoming juxtaposed in the same storage zone prior to eruption. Water content and density variations are clearly a critical component in keeping these HSR magmas from mixing prior to eruption.
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Group averages Potential mixtures Non-HSR
XRF norm. A B c D E VS20-120A1  VS20-122C.1  VS20-120E4  VS20-120A2  VS20-122G.2
(Wt%)
Si0, 7740 T7A1 7702 7634 75.32 7713 76.12 77.07 72.95 70.76
T, 012 012 013 0.15 017 013 0.12 0.12 043 050
AlO3 11.96 11.76 11.78 11.96 12.34 11.80 11.78 11.80 12.44 12.82
FeO* 0.82 187 1.57 1.81 2.04 1.49 1.056 0.99 328 4.43
MnO 008 009 009 0.09 0.10 008 008 0.09 013 020
MgO 0.10 0.1 0.13 0.1 017 0.14 0.36 0.45 0.63 0.87
ca0 052 039 040 051 067 038 088 065 151 201
Na,O 362 343 3.49 347 370 353 4.09 308 382 386
K0 532 562 511 545 531 528 549 562 460 426
P.0s 003 004 004 002 004 003 001 012 020 028
Total Akal 894 9.05 860 892 901 881 958 871 842 812
XRF pr. Total 96.44 91.40 96.54 96.26 96.24
LOI % 336 835 333 322 347
XRF prn. (ppm)
Ni 7.87 6.15 4.05 413 6.48 1.85 1.82 243 264 191
cr 299 256 268 2550 2.40 336 288 263 10.20 694
Sc 4.16 3.93 3.96 4.06 a7 3.92 4.02 364 8.74 15.04
v 277 291 267 300 7.84 4.42 332 1.62 27.98 18.76
Ba 46.77 147.39 548.30 1251.05 1889.73 351.78 104.41 96.35 1,611.02 2021.15
Rb 11948 9112 7647  69.30 63.63 84.53 100.46 107.85 61.58 55.66
Sr 9.18 11.14 9.46 17.85 26.52 10.94 47.47 11.94 56.20 94.01
7 16842 28448 35876 40281 43478 31884 21561 21483 406.29 590.50
Y 97.37 93.97 84.66 76.11 74.89 89.90 88.49 97.26 75.24 77.86
Nb 34.10 28.32 25.44 2317 22.68 27.32 29.46 32.66 22.40 23.84
Ga 1837 1885 1871 1897 19.07 20.12 17.97 19.42 19.30 19.82
Cu 1.78 3.1 3.23 3.40 423 31 263 718 5.93 7.75
Zn 8232 9853 10520 10959 11827 95.88 83.78 7112 11893 144.11
Pb 19.14 16.40 14.80 15.19 13.78 12.96 14.68 13.56 1813 19.16
La 2195 4069 5298 5502 51.50 45.40 27.13 27.45 46.06 45.22
Ce 5249 9102 11689 11772 11152 101.30 64.25 65.27 104.87 98.99
™ 884 7.02 6.48 578 537 714 782 850 508 453
Nd 2896 4821 6001  60.88 58.28 5429 35.24 3520 56.25 55.60
u 434 2.94 258 2.41 2.48 332 368 399 281 232
‘Group averages Potential mixtures non-HSR
ICP-MS A B c D E VS20-120A1  VS20-122C.1  VS20-120E4  VS20-120A2  VS20-122G.2
(Ppm)
La 2083 3967 4924 54.18 51.36 46.11 2829 27.74 48.04 46.16
Ce 5331 9254 11777 11959 110.80 105.54 68.81 67.59 107.34 102.09
Pr 7.38 12.52 15.60 15.75 14.92 13.82 9.10 9.08 1411 13.72
Nd 2014 4950 6052 6124 56.55 56.12 36.30 3613 57.64 58.03
sm 932 1313 1434 1372 13.02 18.77 10.50 10.84 18.18 13.33
Eu 068 1.19 1.65 207 261 1.46 084 084 270 385
Gd 1n21 14.06 14.09 1321 12.66 14.00 11.59 12.19 12.70 13.22
b 226 2.58 245 221 214 250 229 238 217 226
Dy 15.06 16.11 14.78 13.39 12.87 15.41 14.53 15.41 13.14 13.66
Ho 331 3.40 3.07 279 2.69 327 313 332 2.76 2.86
Er 9.89 9.79 8.80 802 784 935 9.13 999 8.02 847
Tm 1.58 1.52 1.37 1.25 1.22 1.45 1.46 1.59 1.24 131
Yo 10.15 954 876 7.86 775 914 942 10.14 7.86 839
Lu 1.60 1.46 1.39 1.24 T3 1.48 1.48 1.65 1.30 143
Ba 4765 15102 56266 127713  1907.33 366.48 107.83 98.34 1654.63 2070.62
Th 957 7.77 7.23 638 575 7.53 8.40 9.05 578 528
Nb 3406 2805 2502 22.70 2198 26.77 2921 31.60 22,69 23.15
Y 97.711 94.35 84.77 75.74 74.87 90.28 88.71 96.41 77.02 80.11
Hf 7.06 9.40 10.13 10.45 10.97 9.60 775 7.81 10.23 1274
Ta 216 1.75 1.56 1.39 1.36 1.64 1.94 204 1.36 1.38
u 454 335 283 251 2.42 305 363 411 234 224
Pb 1928 1677 1509 15.40 14.38 12.96 15.08 13.07 18.26 19.29
Ro 11994 9163 77.18 69.77 63.71 86.01 102.28 108.20 64.08 58.18
Cs 433 3.10 273 240 235 299 355 391 233 229
Sr 11.01 1277 111 19.10 27.16 1270 48.73 13.64 57.44 96.31
sc 394 382 387 380 4.47 393 395 390 894 15.42
z 16860 28211 35464  397.75 42837 316.11 21323 211.43 407.64 595.63
EWES® 021 027 037 048 06

“Averages include data from this study and recalculated data from Streck and Grunder (1997). See Supplementary Appendix X for complete geochemical analysis resuls.
See Supplementary Appendix B for full compilation of data from this study and Streck and Grunder (1997).
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Group A A E E

Source $8G1997 This study $8G1997 This study

Sample ID RT173H MS-92-173H RT173C MS-91-173C

Method XRF XRF % diff XRF XRF % diff Avg % diff. for all Groups
SO, 77.67 77.78 0.14 75.47 75.58 0.15 0.20
TO, 0.1 012 673 0.16 0.16 065 362
AlLO5 11.96 11.96 0.00 12.26 12.26 0.02 0.20
FeO® 078 080 264 218 205 6.22 4.49
MnO 0.08 0.09 7 0.10 0.10 0.42 4.06
MgO 005 006 1045 001 008 87.29 53.61
ca0 026 027 271 050 050 081 1.88
NaoO 346 337 271 461 457 093 2.6
K0 553 555 039 469 469 010 059
P,05 0.02 001 109.67 001 001 2363 3151
Total alkali 899 892 078 930 925 051 093
Method XRF XRF % diff XRF XRF % diff Avg % diff. for all Groups
Ni 14.3 1 1,237.64 88 2 332.80 562.82
Cr 3 03 2 80.39 8322
s 4 5

v 1 19 2 4.47 42,65
Ba 39 21 84.24 1835 1889 287 18.09
Rb 122 124 1.54 64 63 224 1.67
St 21 2 294 234 23 288 434
z 175 165 578 457 429 6.47 6.19
Y 100 100 019 76 74 320 1.70
Nb 39.4 350 12.46 26.4 231 14.27 14.21
Ga 17.6 19 847 186 19 425 592
Cu 1 2 3458 47 4 3165 39.57
Zn 8 86 249 113 108 422 320
Pb 20 21 279 103 12 15.14 7.80
La 20 52

Ce 49 112

Th 9 6

Nd 28 59

u 5 2

Group A A E E

Source $8G1997 This study 58G1997 This study

Sample ID RT473H Ms-92-173H RT473C MS-91-173C

Method® INAA or XRF ICP-MS % diff INAA or XRF ICP-MS % diff Avg % diff. for all Groups
La 19.9 20.07 0.87 51.7 5222 0.99 1.10
Ce 49 5145 476 112 114.68 234 538
Pr 714 14.90

Nd 28 28.20 071 58 60.15 3.58 437
sm 957 931 276 13.39 12,95 343 215
Eu 065 065 054 248 252 1.43 273
Gd 10.88 12,67

To 222 232 450 213 213 0.06 287
Dy 15.31 12,68

Ho 338 269

Er 10.06 767

Tm 1.64 122

Yb 1054 1051 031 7.91 782 114 1.19
Lu 1.61 1.74 7.39 1.23 125 1.62 6.81
Ba 39 21.49 8152 1835 1905.96 372 19.20
Th 9.47 9.88 417 567 593 442 355
Nb* 39.4 34.95 12.74 26.4 2216 19.13 16.08
v 100 108.71 358 76 7333 365 307
Hf 713 7.06 0.99 11.07 10.79 2.56 1.00
Ta 216 2.21 2,06 1.35 1.36 042 209
u 49 468 481 2.18 233 6.50 1.29
Pb° 20 2011 056 103 11.60 11.23 6.96
Ro® 122 12359 1.29 64 61.74 3.66 1.92
Cs 4.48 439 1.98 235 242 279 260
s 5| 3.95 46.85 23.4 2293 2.04 18.94
s 393 429 838 432 420 2.94 537
z 175 164.28 652 457 420.86 8.59 7.24

“Elements where Streck and Grunder (1997) XRF, comparison to new ICPMS, is preferred (rather than Streck and Grunder (1997) INAA, compared to new ICPMS) due to poor precision of
INAA, data.

Greyed elements were those chosen to recalculate based on % diiflerence (% diff.) and significance of concentration. See Supplementary Appendix B for complete data on all five
reanalyzed pumices.
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HSR group Sample ID

MS-91-34E
MS-91-34E
MS-91-165A
MS-91-165A
MS-91-166A
MS-91-165A
MS-91-1738
MS-91-1738
MS-91-1738
MS-91-173C
MS-91-173C
MS-91-173C

mmmoouoanonwm

Mineral

magnetite
quartz
magnetite
cinopyroxene
quartz
feldspar
magnetite
cinopyroxene
feldspar
magnetite
cinopyroxene
feldspar

5'°0

279
7.42
283
5.28
7.44
6.20
2n
497
635
447
561
6.77

§'%0 values of felsic minerals were converted to buk rock §'%0 values, or §'°0 magma,
using equations from Bindeman et al. (2004). Samples are from Streck and Grunder

(1997), reanalyzed for this study. Group A high-silca hyolite is considered aphyric. See
Loewen and Bindeman (2015) for three oxygen isotope methods.
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Crystal and crystal-iquid (Putirka, 2008)
Zircon-saturation
Plagioclase-liquid; 2wt% H;0
Plagioclase-liquid; 4wt% H,0
Apatite-saturation
Clinopyroxene-liquid
Akali feldspar-liquid

§'°0 two-phase (Chiba et al., 1989)
Quartz-titanomagnetite®
Quartz-titanomagnetite
Ginopyroxene-titanomagnetite
Quartz-clinopyroxene
Quartz-abite
Albite-clinopyroxene
Albite-titanomagnetite

Ciinopyroxene (Jorgenson et al., 2021)
Ginopyroxene, no liquid
Average temperatures®

842 £ 10
807 + 27
766 + 25

842 £ 10
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811+ 10
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808 + 29
811+ 10

896.00

791.67
826 + 41

847 + 14

826 +32
810 £ 32
847 £ 14
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931.30
858.80
599.78
1135.04
990.04

825.00
877 + 60

857 + 4

829 + 28
878 + 40
857 x4

981.10

87367

941.44

800.00
880 + 63

851 £ 10

836 + 52
875 + 35
851+ 10

1299.68

980.93

1166.34

800.00
896 + 73

“Streck and Grunder (1997)

“Average storage temperatures are calculated using temperatures between 1,000 and 600°C, assuming temperatures outside of that rage are emoneous. An impure titanomagnetite
separate for Group £ is responsible for high calculated temperatures involving titanomagnetite. Other calculated temperatures for Group D and E indicate similar storage temperatures, soit
js assumed that the quartz-titanomagnetite and albite-titanomagnetite temperatures for Group E would likely be similar to Group D. thus, the calculated average storage temperature for

Group E incorporates the quartz-titanomagnetite and albite-titanomagnetite temperatures of Group D.

Varying water content greatly influenced plagioclase-liquid temperatures, and varying pressure had a much less significant effect. Varying water content had no impact on akalifeldspar-
lquid temperatures, and varying pressure had a negligible effect.

Uncertainties are reported as 1-sigma.





