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SUPPLEMENTAL FILE. ANALYTICAL METHODS AND RESULTS

Overview


This section describes analytical and sample preparation methods for geochronology conducted in this study to obtain maximum depositional ages and detrital provenance information on Cenozoic rocks in the eastern Piñon Range and central Huntington Valley, Nevada. Methods for 40Ar/39Ar geochronology of sanidine are detailed in Section A.2, and analytical results are given in Tables A1 and A2 and shown in Figure 5. Inverse isochron and weighted mean model ages, as well as Ca/K plots, are shown for each sample in Figure A1. Methods for ion probe U-Pb geochronology and trace element analysis of zircon using SHRIMP-RG are described in Section A.3, and analytical results are tabulated in Tables A3 and A7 and shown in Figure 4. Methods for U-Pb geochronology of zircon using LA-ICP-MS are described in Section A.4, and results are tabulated in Tables A4 and A5 and plotted in Figures 6 and 7. Concordia plots for some U-Pb detrital zircon samples are shown in Figure A2. Methods for whole-rock geochemical analysis are described in Section A.4, and results are tabulated in Table A6 and shown in Figures A3 and A4. Geologic units are summarized in Table 1 and geochronologic results from this study and others near the study area are summarized in Table 2. Sample localities from this study are shown on the simplified geologic map of the study area (Figure 2) and their relative stratigraphic positions are indicated on Figure 3. Additional details of analytical procedures and results are in Lund Snee (2013).

40Ar/39Ar sanidine geochronology


Six samples of sanidine-bearing ignimbrites and air-fall tuffs were selected for 40Ar/39Ar age analysis. The freshest available samples were extracted from outcrop with care taken to remove weathered rinds. The small dimensions and indurated nature of pumice present within the two ignimbrites analyzed from the tuff of Hackwood Ranch prevented extraction of sanidine directly from pumice. Samples were conventionally crushed and sieved to obtain the size fraction containing the largest proportions of sanidine. Recovered crystals were typically 250–500 µm. Sanidine was concentrated using a Frantz magnetic separator operated up to 2.1 A, ultrasonically cleaned in deionized water, hand selected with the aid of a binocular microscope, packed in Cu foil, and sealed under vacuum together with flux monitors in Cd-shielded quartz tubes. Taylor Creek sanidine flux monitors (28.34 ± 0.28 Ma; Renne et al., 1998) spaced at 5 mm were used to monitor the 39K[n,p]-39Ar reaction in the central thimble of the U.S. Geological Survey TRIGA reactor in Lakewood, Colorado (Dalrymple et al., 1981). The 28.34 Ma age of Taylor Creek sanidine is equivalent to a Fish Canyon sanidine standard age of 28.02 ± 0.28 Ma based on intercalibration by Renne et al. (1998). J-factors calculated for the 6 samples using methods outlined in McDougall and Harrison (1999) varied from 0.001708-0.001713. Correction factors for K- and Ca-derived argon determined from kalsilite glass and CaF2 included in the irradiation were: 40Ar/39ArK = 1.0x104 ± 7.0x104, 38Ar/39ArK = 1.268x102 ± 1x105, 36Ar/37ArCa = 2.89x104 ± 8x106, and 39Ar/37ArCa = 6.70x104 ± 3x106.


The 40Ar/39Ar measurements were undertaken at the Stanford University Noble Gas Laboratory. All measurements were performed 60 days after irradiation between 3–6 November, 2012. Single sanidine crystals were arranged in a Cu tray and baked in a double-pumped Cleartran laser chamber under vacuum at 120°C overnight prior to analysis. Argon release was achieved by fusing crystals with a 10W Synrad CO2 (10.6 µm wavelength) laser for 30 seconds at 4 watts (40% power). Sample gas was purified with a 50 l/s SAES ST101 getter operated at 2.2 Amps and a 10 l/s SAES ST172 getter at 4.0 Amps for 300 seconds. The purified gas was analyzed using a Nu Instruments Noblesse multicollector mass spectrometer fitted with a 1011 ohm faraday cup for 40Ar and ion counting electron multipliers for 39Ar through 36Ar. Detector intercalibration was performed every day by analyzing a 40Ar-39Ar-38Ar reference gas and mixtures of this reference gas with purified atmospheric argon using the same analysis sequence employed for unknowns (see method M3 in Coble et al., 2011). The volume fraction of gas delivered to the mass spectrometer was 66.5%. Total system blanks bracketed each analysis. Blanks values normalized to 100% gas delivery to the mass spectrometer averaged 40Ar = 3.2x1016 mol, 39Ar = 9.1x1019, 38Ar = 3.9x1019, 37Ar = 2.1x1018, and 36Ar = 1.49x1018. Measurements were taken on the low mass side of all peaks to avoid overlapping hydrocarbon and HCl interferences. Zero-time peak heights were corrected for ion counter dead time, line blank, detector bias, and radioactive decay using in house software. Errors indicated for tabulated 40Ar/39Ar data (Table A5) are 1 standard deviations, and those indicated in the text and Tables 2 and A4 are 2. Non-radiogenic argon monitored by 36Ar was assumed to be atmospheric in composition (40Ar/39Ar = 295.5) for all calculated total gas and weighted mean ages. These ages were calculated using a decay constant of 5.543x1010 yr-1 for 40K was employed (Steiger and Jäger, 1977). The errors reported for weighted mean plots (Figure 5) are 2 standard error values that only reflect analytical errors and do not propagate systematic uncertainty in flux monitor 40Ar*/K or corrections for nuclear interferences.

U-Pb zircon geochronology using SHRIMP-RG ion microprobe


U-Pb analyses of zircons from volcanic rocks were conducted in two sessions (November 2010 and November 2012) at the Stanford-U.S.G.S. Microanalysis Center using a SHRIMP-RG ion microprobe. Rocks were crushed and pulverized using a jaw crusher and disc mill. Zircon was concentrated using a Gemeni water shaking table and a Frantz magnetic separator. The concentrates were further refined by settling them in lithium metatungstate (LMT) and/or methylene iodide (MEI). The heavy liquid concentrates were ultrasonically cleaned in acetone followed by deionized water and oven dried. Zircon crystals were hand-selected with the aid of a binocular microscope and mounted in ~1x6 mm arrays on double-sided tape (Sellotape for 2010 analyses and Kapton for 2012 analyses) affixed to a glass plate. An additional row of R33 standard zircon (ID-TIMS weighted mean age 419.26 ± 0.39 Ma; Black et al., 2004) was placed in the center of the grain mount. Samples were potted in EpoFix epoxy that was cured overnight and then baked at 50°C under vacuum. The epoxy plug was lightly sectioned with 400 and 1200 grit wet/dry abrasive paper to expose the interiors of grains. Mounts were then polished on a Struers LaboPol-5 lap wheel using 6 µm polycrystalline diamond for 5 minutes followed by an additional minute of polishing using 1 µm grit.


Cathodoluminesce (CL) and secondary electron (SE) imaging of the mounted zircons was performed using a scanning electron microscope. Additional reflected light imaging was performed using a petrographic microscope. Imaged mounts were cleaned using soapy water, rinsed in deionized water, treated for 1 minute in 1N HCl, and rinsed again in deionized water. Cleaned mounts were dried in a vacuum oven for 30 minutes at 50ºC and sprayed with compressed and filtered CO2 gas to remove any residual dust prior to being coated with 99.99% pure gold in a sputter coater for 60 s to ensure electrical conductivity.

Ion microprobe analysis of zircons was performed using methods similar to those described by Ireland and Williams (2003). An in house zircon concentration standard MAD was used to estimate U, Th, and Pb abundances. Measurements of R33 standard zircon were performed after every 4th unknown analysis. A ~5 nA, 20–25 µm diameter, O2- primary ion beam was used to sputter secondary ions for analysis. Analysis locations were rastered for 150 seconds over an area larger than the sputter pit diameter prior to analysis to remove gold and surficial Pb contamination. Typical sputter pit depths formed over the course of ~15 minute duration of analyses are ~1–2 µm based upon independent surface profilimeter measurements. The secondary of the SHRIMP-RG instrument was tuned to achieve a mass resolving power of ~7500 using the 10% full maximum criteria. Each analysis consisted of six scans of the following mass stations: 89Y, 139La+, 140Ce+, 146Nd+, 147Sm+, 153Eu+, 155Gd+, 163Dy16O+, 166Er16O+, 172Yb16O+, 90Zr216O+, 180Hf16O+, 204Pb+, background measured 0.045 mass units above the 204Pb+ peak, 206Pb+, 207Pb+, 208Pb+, 232Th+, 238U+, 232Th16O+, 238U16O+, and 238U16O2+. Counting times for trace elements (Y, Hf, and REE) were 1 s integrations, while dwell times for the U-Th-Pb peaks were longer, with the longest count times (8-24 seconds) reserved for the Pb isotopes. Ion intensities were sequentially measured in peak hopping mode using an electron multiplier operated in pulse counting mode.


Data reduction was performed using SQUID v.1.13 (Ludwig, 2001) for 2010 analyses and SQUID2 v.2.50.09.08.06 (Ludwig, 2009) for 2012 analyses following Pb/U standardization methods outlined in Ireland (1995). A 207Pb-based correction for common lead was applied to calculate 206Pb/238U ages while a 204Pb-based correction was applied to generate 207Pb/206Pb ages. Common lead isotopic ratios were estimated using the Stacey and Kramers (1975) Pb evolution model. Concordia plots and model age determinations were obtained using Isoplot v.3.75 (Ludwig, 2003).

U-Pb detrital zircon geochronology using LA-ICP-MS

Analysis by LA–ICP–MS at the University of Arizona LaserChron Center


Zircon separates from samples collected in 2010 were poured directly onto masked strips on double-sided tape to minimize biasing of grains. For some samples, a subset of euhedral grains was hand picked and affixed to the mount adjacent to the main sample for additional analysis of what was hypothesized to represent younger magmatic fractions. Grains and surrounding tape were covered and placed inside zippered plastic bags for protection and then mailed to the University of Arizona LaserChron Center for final mount preparation according to the methods described in Gehrels et al. (2006) and Gehrels et al. (2008). Samples were analyzed on a Nu Plasma HR multicollector connected to a Photon Machines Analyte G2 excimer laser set to a 30 µm beam diameter (Gehrels et al., 2006; Gehrels et al., 2008). Sri Lanka (SL) zircon (563.5 ± 3.2 Ma) was employed as the primary standard (Gehrels et al., 2008). Data were reduced offline using “agecalc,” an in-house Excel spreadsheet with Visual Basic macros, which corrects for down-hole inter-element fractionation using least squares projection of fractionation in 9 1-second integrations of analysis time back to an initial value (Gehrels et al., 2008). Filters were applied for  30% discordance (for results  600 Ma),  5% reverse discordance, 10% maximum error for 207Pb/206Pb and 206Pb/238U ages, and  300 cps 204Pb. A 900 Ma threshold was applied for selection of common 204Pb-corrected 207Pb/206Pb versus 206Pb/238U ages. No standards were rejected. After data reduction in agecalc, plots and final age determinations were made in Isoplot v.4.15 (Ludwig, 2008).

Analysis by LA–ICP–MS at the University of California, Santa Cruz, Institute of Marine Sciences


Samples collected in 2011 and 2012 were analyzed on a Thermo Element XR single collector laser ablation inductively coupled mass spectrometer attached to a Photon Machines Analyte.H 193 nm ArF excimer laser at the Institute of Marine Sciences, UC Santa Cruz (Sharman et al., 2013). Epoxy mounts (4x25.4 mm) for detrital zircon samples were prepared using the same materials as for SHRIMP-RG analysis (Section A.3) and according to the methods outlined in Sharman et al. (2013). In cases of impure separates, non-zircon phases were removed manually before zircon separates were poured onto Kapton double-sided tape, using a ~1x12 mm mask, in order to minimize biasing of grain selection. Four samples were placed on each mount. Primary and secondary standards were handpicked and placed in rows at the center of the mount. Both sides of the mount were polished on a Struers LaboPol-5 lap wheel using 1500 grit wet/dry sandpaper, followed by 9 µm and then 3 µm diamond slurries sprayed onto Struers Dac cloth polishing discs together with a lubricant. Prior to analysis, zircons were imaged under transmitted and/or reflected light using an optical microscope, and were imaged using CL and SE methods on a SEM only after U-Pb analysis to limit bias in selection of spot locations.


A series of at least 4 primary and secondary standards was analyzed before and after each sample, and 6 primary and secondary standards were run at the start and end of analysis on each mount. One primary standard analysis was also run for every 5 unknown analyses and one secondary standard was analyzed for every 10 unknowns. Each analysis consisted of 30 s background measurement (laser not firing), 30 s sample measurement (laser firing), and 15 s lag time between analyses to purge the instrument (laser not firing). Laser spot size was set to 34 µm and ablation occurred for 30 s per analysis. Analyzed grains were selected at random and typically comprised a range of sizes and morphologies.


The R33 zircon (419.26 ± 0.39 Ma; Black et al., 2004) was used as a primary standard to monitor and correct for down-hole fraction and instrument drift. ID-TIMS weighted mean age of Plešovice zircon (ID-TIMS weighted mean age of 337.13 ± 0.37 Ma; Sláma et al., 2008) was run as a secondary standard every 10 unknowns throughout the analytical session to quantify accuracy and precision the R33-based standardization.Raw signal data for all data were corrected for down-hole fractionation and using Iolite v.2.21 (Hellstrom et al., 2008; Paton et al., 2011) and VizualAge v.2012-05-29 beta (Petrus and Kamber, 2012) add-ins for Igor Pro. Baseline subtraction was performed using forward-stepping (“StepForward”) splining. Typically, integration regions for individual analyses were fixed (32.5–58 s). In a limited number of cases, the integration regions were trimmed in Iolite using a conservative algorithm: 1) a strongly correlated rapid increase in 206Pb/238U and decrease in 238U was interpreted as a “drill-through” event—integrations were trimmed to the falling edge of 238U signal; 2) a strongly correlated, ephemeral change in 206Pb/238U ratio and background corrected 204Pb signal was interpreted as a common Pb-bearing inclusion—integrations were manually trimmed to the rising edge of the 204Pb anomaly; 3) Analyses with average 204Pb count rates greater than 400 cps were flagged for high common Pb and not interpreted in terms of isotopic ages. In only six cases were primary standards deleted from the analysis due to down-hole-corrected standard ages outlying beyond 2 standard deviations, all of which occurred in the same analytical sequence (R33 analysis numbers 53, 62, 63, 64, 80, and 81, packaged with samples 12HBD06 and 12HBD09). No secondary standards were rejected. When trimming was required for unknowns, only later parts of the signal were removed, to preserve earlier parts that were less likely to have experienced contamination from residue deposited during ablation of the outer part of the hole.


Splining options for instrument drift correction using the primary standard were selected based on the option that resulted in the lowest amount of systematic variation between the primary and secondary standard final 206Pb/238U compositions. An MSWD of ~1.0 was targeted for the secondary standard 206Pb/238U age results when determining the splining method for the primary standard. Relative sensitivity data for elemental concentrations of U and Pb were not collected due to inhomogeneities in the R33 primary standard, which precluded a 208Pb-based common Pb correction of ages. While Hg count rates on the UCSC system are relatively low (202Hg ~1000 cps; 204Hg ~250 cps), 204Pb rarely exceeds the typically defined limit of detection (at 3 standard error of background; Sharman et al., 2013). Therefore, 206Pb/238U ages less than 900 Ma were corrected for common Pb using a 207Pb-based correction from Isoplot v.4.15 Ludwig (2008). For older ages, the 207Pb/206Pb system becomes more precise for age determination; these ages were corrected for common Pb using the 204Pb-based correction in VizualAge (Petrus and Kamber, 2012) and were reported when 207Pb-corrected 206Pb/238U ages were > 900 Ma. Negative error correlations between 207Pb/235U and 206Pb/238U ratios are not uncommon in LA–ICP–MS data; negative correlations were manually changed to allow plotting of Wetherill concordia diagrams in Isoplot.

Discordance percentage was calculated using: 1) the fractional difference between207Pb/235U and 
206Pb/238U ages for “young ages” (<600 Ma); and 2) the fractional difference between 207Pb/206Pb and 206Pb/238U ages for old ages. The following discordance rejection filters were applied: 1)  15% discordance (for results  600 Ma); 2) 15% maximum error for common Pb-corrected 207Pb/206Pb and 206Pb/238U ages, and  400 cps background-corrected 204Pb. Plots and final age determinations were made in Isoplot v.4.15 (Ludwig, 2008).

Whole-rock geochemical analysis


Fifteen igneous samples were selected for whole-rock geochemical analysis. The freshest available samples were extracted from outcrop with care taken to remove weathered rinds. Because ignimbrites are commonly contaminated with xenolithic material, pumice lapilli were extracted from ignimbrites with a hammer when possible. Glassy material (vitrophyres) was sought when sampling felsic lava flows and domes in order to minimize analysis of hydrated samples. Rock chips were chosen for freshness by hand and blown off with compressed air to remove metal filings and other contamination.

Chips from samples collected in 2010 were sent to Macalester College, where they were powdered using a shatter box with tungsten carbide components, made into fused glass beads with a lithium tetraborate–lithium metaborate flux (for major oxides), and pressed into powder pellets with a polyvinyl alcohol binder (for trace elements). They were then analyzed for elemental concentrations by X-ray fluorescence (XRF) using a Philips PW 2400 according to analytical procedures outlined by Vervoort et al. (2007) and Adelsberger et al. (2011). Chips from samples collected in 2011 and 2012 were sent to Washington State University GeoAnalytical Center, where they were ground using a tungsten carbide swing mill, pressed onto a single lithium tetraborate bead, and analyzed for major and trace element concentrations on a Rigaku 3370 XRF Spectrometer according to procedures outlined by Johnson et al. (1999).

FIGURE CAPTIONS

Figure A1. Plots of Ca/K concentrations and inverse isochron and weighted mean model ages from 40Ar/39Ar geochronology.

Figure A2. Concordia plots for samples analyzed for U-Pb zircon ages using LA-ICP-MS.

Figure A3. Total alkali versus silica (TAS) plot using petrologic classification of Le Bas et al. (1986). Alkaline–sub-alkaline series boundary after Rickwood (1989). The tuff of Hackwood Ranch is pervasively silicified, so its chemistry should be considered in light of its secondary alteration.

Figure A4. Harker variation diagrams based on whole-rock major element geochemistry. Boundaries of K2O versus SiO2 plot after Ewart (1982) and Le Maitre et al. (1989). Symbols are the same as in Figure A3. The tuff of Hackwood Ranch appears pervasively silicified, so its chemistry should be considered in light of its secondary alteration.

TABLE CAPTIONS

Table A1. 40Ar/39Ar ages from ignimbrites and reworked ash-fall tuffs

Table A2. Ar isotope compositions for individual analyses

Table A3. Isotopic data used to calculate U-Pb ages using the USGS–Stanford SHRIMP-RG ion microprobe

Table A4. Isotopic data used to calculate detrital zircon U-Pb ages using the University of Arizona LaserChron Center LA-ICP-MS

Table A5. Isotopic data used to calculate detrital zircon U-Pb ages using the University of California, Santa Cruz Institute of Marine Sciences LA-ICP-MS

Table A6. Unnormalized major oxide and minor element XRF data

Table A7. Table of zircon trace element data obtained using the USGS-Stanford SHRIMP-RG ion microprobe

