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U-Th Geochronology Methods

Field and laboratory processing of pedogenic carbonates

Soil carbonate samples were collected from hand-dug soil pits or from natural exposures, where available.  Soil profile sediment and soil characteristics were photographed and described in the field. All carbonate samples collected are dense rinds that formed on the bottom of pebbles and cobbles >50 cm below the ground surface, to satisfy geochronologic requirements (Supplemental Figure 1a).
	In the laboratory, each clast and adhering rind was scrubbed with a wire brush to remove adhering detritus and rinsed thoroughly with water.  Each clast was cross-sectioned with a diamond blade saw and polished. The outer surface of each carbonate rind was abraded with a dental burr to remove porous ‘dirty’ material, then powdered samples of the exposed carbonate rind were collected with a dental drill.  We assume that carbonate formed adjacent to the clast first and grew sequentially outward, and therefore samples were collected as close to the clast/rind boundary as sample size would allow. Layers relatively free of obvious silicate detritus were targeted to minimize contributions of detrital 230Th (Supplemental Figure 1b, c).

U-Th Series Geochronology

	Aliquots of clast rinds were weighed into Teflon™ PFA vials and spiked with known amounts of a 236U-233U-229Th mixed-isotope tracer. The soluble carbonate component was digested in concentrated HNO3 at atmospheric pressure at 90-125°C.  Insoluble residue (authigenic opal or detrital silicate) was digested using concentrated HF, and the carbonate and residue digestates combined. U and Th were separated and purified by ion chromatography using Biorad™ AG1×8 (200-400 mesh) resin. Resulting U salts were loaded on the evaporation side of rhenium double-filament assemblies. Th salts were loaded onto single rhenium filament assemblies as a sandwich between layers of graphite suspension. Isotope ratios were obtained on a Thermo Finnigan Triton™ thermal ionization mass spectrometer using a single ETP™ discrete dynode electron multiplier operating in peak-jumping mode. 
Activity ratios (AR) were determined using decay constants for 234U and 230Th from Cheng et al. (2013) and for 238U and 232Th from Steiger and Jäger (1977). U isotopic compositions of NIST SRM 4321B U-isotope standard determined during the measurement period yielded an average 234U/235U atomic ratio of 0.0073042±0.18% (±2𝜎, n=25), which is within analytical uncertainty of the certified value of 0.007294±0.000028. Isotope ratios for unknown materials were normalized by the factor required to correct the 234U/235U values for the NIST standard measured at the same time. Results for solutions of uranium ore from the Schwartzwalder mine yielded an average 234U/238U activity ratio (AR) of 0.9985±0.0028 and an average 230Th/238U AR of 1.0018±0.0012 (±2𝜎, n=4), which are within analytical uncertainty of the secular equilibrium values of 1.000 expected for the 69.3-Ma ore (Ludwig and others, 1985). Results for an in-house late Pleistocene Acropora coral dating standard (age of 119.6±1.9 ka; Watanabe and Nakai, 2006) yielded an average age of 120.1±1.8 ka (±2𝜎, N=6) and an average initial 234U/238U AR value of 1.151±0.006 (±2𝜎), which is within uncertainty of accepted values for seawater (1.150±0.006; Delanghe and others, 2002). 
Measured AR values were corrected for detrital 230Th assuming a uniform detrital composition with a Th/U ratio equivalent to average continental crust (Th/U = 4±2; Shaw and others, 1976; Taylor and McLennan, 1985; Rudnick and Gao, 2003) and U-series isotopes in secular equilibrium (234U/238U AR = 1.0±0.10, 230Th/238U AR = 1.0±0.25). Sample 230Th/U ages and initial 234U/238U ratios were calculated from detritus-corrected isotope ratios using Isoplot (Ludwig, 2012). All uncertainties are given at 2𝜎 and include errors from within-run counting statistics, external errors based on reproducibility of standards, and errors propagated from uncertainties assigned to the assumed detrital component and the amount of detrital material present in a given sample.  Results for all sample and standard analyses are given in Supplemental Table 1.

Interpretation of U-Th series ages

	In addition to the stratigraphic constraint that soil carbonate must postdate stabilization of the fan surface in which it forms, there are several isotopic factors that must be satisfied when interpreting U-Th series ages for pedogenic carbonates in this study.  Accurate dating of carbonates using the U-Th series disequilibria method requires that the contribution from detrital Th is adequately low so that the ages and associated errors are not strongly affected by the choice of detritus composition.  This is typically achieved in samples with 230Th/232Th activity ratios of ~10 or greater for late Pleistocene materials (e.g. Placzek et al., 2006).  One sample from the ZP-01 site on the Qai surface has a ratio of 7.5, and the rest have ratios of 10 or higher (Supplemental Table 1).  Although this sample has a somewhat lower ratio, the calculated age agrees well with the remaining seven samples from the site, giving confidence that it is accurate.  U-Th dating also assumes closed system conditions with respect to U and Th since the time of carbonate formation, so that any open-system behavior (typically secondary loss of more soluble U) will result in erroneous or incalculable ages.  This is assessed by examining the ages and calculated initial 234U/238U activity ratios from the clasts within each site.  234U/238U AR in soil carbonate is inherited from soil water, which varies from site to site with soil parent material and water residence time (Oster et al., 2012).  At the scale of a single soil profile, these two factors should be similar, so that carbonate formed at similar time and soil water composition should yield similar initial ratios between sampled clasts.  This is the case for samples from the ZP-01 site, which show similar ages, ranging 20-26 ka, and a narrow range of initial ratios of 1.263±0.023 (2𝜎; Supplemental Table 1).  For sample sites with a range of ages (ZP-02, Qao), as long as soil water composition does not change significantly with time in the profile, initial 234U/238U AR should still be similar between samples.  This is the case with the majority of samples from this site, with the exception of one (ZP-02E).  Compared to the others, which have initial ratios ranging 1.415±0.040 (2𝜎), this sample has an anomalously high value of 1.625, and an apparent age of 161±2 ka.  This is evidence of some secondary loss of U, since unsupported daughter 230Th must be balanced by additional parent 234U, resulting in erroneously high age and initial 234U/238U AR.  We therefore discard this age in our interpretation.
	Lastly, we sampled five sequential stratigraphic aliquots from one rind (ZP-02H-0 to 4) in order to test the assumption that material near the clast/rind boundary formed first, and progressed outward.  For this sample, the five ages show generally younging from the clast boundary outward, indicating this assumption is reasonable (Supplemental Figure 1c).  Within the larger assumption that any carbonate age represents a minimum age relative to the time of surface stabilization, this stratigraphic progression provides confidence that the span of ages within the ZP-02 site do in fact represent mixing of carbonate formed over the last >100 ka.

FIGURE CAPTIONS

Supplemental Figure 1. Pedogenic carbonate sample photos. A  Closeup of soil profile sampled at ZP-01 (Qai surface), with clear carbonate undercoatings on clasts. B, C  Cross-section photos of clasts from the ZP-01 (B; ZP-01F), and ZP-02 (C; ZP-02H) sampling sites, and obtained U-Th series ages.

Supplemental Table 1. U-Th series isotope and age data for Zapata Fan soil carbonate.


REFERENCES

Cheng, Hai, Edwards, R.L., Shen, C-C, Polyak, V.J., Asmerom, Yemane, Woodhead, Jon, Hellstrom, John, Wang, Yongjin, Kong, Xinggong, Spötl, Christoph, Wang, Xianfeng, and Alexander Jr., E.C., 2013, Improvements in 230Th dating, 230Th and 234U half-life values, and U–Th isotopic measurements by multi-collector inductively coupled plasma mass spectrometry: Earth and Planetary Science Letters, v. 371–372, p. 82–91.

Delanghe, Doriane, Bard, Edouard, and Hamelin, Bruno, 2002, New TIMS constraints on the uranium-238 and uranium-234 in seawaters from the main ocean basins and Mediterranean Sea: Marine Chemistry, v. 80, no. 1, p. 79–93.

Ludwig, K.R., and Paces, J.B., 2002, Uranium-series dating of pedogenic silica and carbonate, Crater Flat, Nevada: Geochimica et Cosmochimica Acta, v. 66, no. 3, p. 487–506.

Ludwig, K.R., 2012, User’s Manual for Isoplot 3.75: A Geochronologic Toolkit for Microsoft Excel: Berkeley Geochronology Center Special Publication 5, 75 p.

Ludwig, K.R., and Titterington, D.M., 1994, Calculation of 230Th/U isochrons, ages, and errors: Geochimica et Cosmochimica Acta, v. 58, no. 22, p. 5031–5042.

Ludwig, K.R., Wallace, A.R., and Simmons, K.R., 1985, The Schwartzwalder uranium deposit, II—Age of uranium mineralization and Pb-isotope constraints on genesis: Economic Geology, v. 80, no. 7, p. 1858–1871.

Oster, J.L., Ibarra, D.E., Harris, C.R., Maher, K., 2012, Influence of eolian deposition and rainfall amounts on the U-isotopic composition of soil water and soil minerals. Geochimica et Cosmochimica Acta 88, 146-166.

Placzek C., Quade J. and Patchett P. J., 2006, Geochronology and stratigraphy of late Pleistocene lake cycles on the southern Bolivian Altiplano: Implications for causes of tropical climate change. Geological Society of America Bulletin 118, 515–532.

Rudnick, R.L., and Gao, S., 2003, Composition of the continental crust, in Rudnick, R.L. ed, The Crust, v. 3 of Holland, H.D., and Turekian, K.K., eds., Treatise on Geochemistry: San Diego, Calif., Elsevier, p. 1–64.

Sharp, W.D., Ludwig, K.R., Chadwick, O.A., Amundson, Ronald, and Glaser, L.L., 2003, Dating fluvial terraces by 230Th/U on pedogenic carbonate, Wind River Basin, Wyoming: Quaternary Research, v. 59, no. 2, p. 139–150.

Shaw, D.M., Dostal, Jaroslav, and Keays, R.R., 1976, Additional estimates of continental surface Precambrian shield composition in Canada: Geochimica et Cosmochimica Acta, v. 40, no. 1, p. 73– 83.

Steiger, R.H., and Jäger, E., 1977, Subcommission on geochronology: convention on the use of decay constants in geo- and cosmochronology: Earth and Planetary Science Letters, v 36, p. 359–362.

Taylor S.R., and McLennan S.M., 1985, The Continental Crust—Its Composition and Evolution: Blackwell, Oxford, 312 p.

Watanabe, Yumiko, and Nakai, Shun’ichi, 2006, U-Th radioactive disequilibrium analyses for JCp-1, coral reference distributed by the Geological Survey of Japan: Geochemical Journal, v. 40, p. 537–541.


