Provenance variations of the Tengger Desert since 2.35 Ma and its linkage with the Northern Tibetan Plateau: evidence from U-Pb age spectra of detrital zircons
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Supplementary Data

Text S1 Methods of U-Pb dating of detritus zircon grains 
Detrital zircon grains were extracted from bulk samples using conventional mineral separation techniques described in detail in Gehrels et al. (2006). For each sample, more than 1000 zircon grains were randomly picked by hand under a binocular stereomicroscope in order to provide a statistically significant sample. About 250 zircon grains were randomly selected and then mounted on epoxy resin using lead-free tape and resin. Zircon grains were imaged under cathodoluminescence (CL) to reveal internal textures and to provide information on genesis. They were also imaged under reflected light and transmitted light to provide a guide for locating analysis pits in optimal sites and to assist in interpreting the results. The epoxy resin was polished to expose more than one third of the zircon grain surface before measuring the U-Th-Pb isotopic ratios using the laser ablation ICP-MS method. 
An Agilent 7500a inductively coupled plasma–mass spectrometer with a new wave GeoLas 200M 193 nm laser ablation system (LA-ICP-MS) was used to analyze the U-Th-Pb isotope ratios of zircon grains at the State Key Laboratory of Continental Dynamics, Northwest University, China. The laser-beam diameter was 24/32 μm with a 6 Hz repetition rate and an energy of 14 J cm2. Helium was used as the carrier gas with a flow rate of 1 L/min to transport ablated materials from the laser-ablation cell to the ICP-MS torch. Date acquisition for each analysis took 90 s, including 50 s for signal collection and 40 s for analysis of the background signal. 
Detailed instrumental settings and analytical procedures are described in Zong et al. (2010). Around 100–150 zircon grains were dated for each sample. Zircon 91500 and GJ-1 were used as external standards to correct for isotopic fractionation during measurement of U-Th-Pb isotope ratios, while NIST610 (National Institute of Standards and Technology) (Pearce et al., 1997) was measured after every 10 analyses to normalize the measurements for the contents of U, Th and Pb. A time-drift correction of U-Th-Pb isotope ratios was applied using a linear interpolation (with time) for every five analyses according to the variations of 91500 (i.e., 91500 – 5 samples – 91500). Analysis of the results for individual zircons, including off-line selection and integration of signals, time-drift correction and quantitative calibration, was performed using GLITTER 4.0 (GEMOC, Macquarie University, Sydney, Australia).
The uncertainty of individual analyses is expressed as 1σ. The ‘reported age’ of each analysis used in plots and interpretations was calculated based on 206Pb/238U for zircons younger than 1000 Ma and on 206Pb/207Pb for zircons older than 1000 Ma. For zircons aged <1000 Ma, the concordance value was calculated using the formula (207Pb/235U) / (206Pb/238U)100%; and for zircons aged > 1000 Ma, the concordance value was calculated using the formula (207Pb/206Pb) / (206Pb/238U)100%. The U-Pb age of individual zircons was accepted only if the concordance value of the sample was within 10% of unity. 
In order to visualize the distributions of detrital zircon U-Pb ages, histogram diagrams, probability density plots (PDPs), and kernel density estimators (KDEs) (Vermeesch, 2012) were plotted for each sample. 

[bookmark: OLE_LINK15][bookmark: OLE_LINK16]Text S2 Method of calculating source contributions from the northern Tibetan Plateau (NTP) and Gobi Altay Mountains (GAMs)
The U-Pb age spectra of detrital zircon grains extracted from drill core BJ14 from the Tengger Desert are grouped into several age clusters which reflect geotectonic events in the provenance areas of the NTP and the GAMs in western China. The clusters are: 230–0 Ma, 350–230 Ma (Variscan orogenic movement), 550–350 Ma (Caledonia orogenic movement), 1300–550 Ma (Rodinia collision), and 2800–1300 Ma (early Proterozoic and Archean). 
Because ages within the ranges of 350–230 Ma and 550–350 Ma are the common components of the detrital zircon U-Pb age spectra for the potential provenance areas of the NTP, GAMs and the study area, the relative contributions of these two potential provenance areas can be calculated using a two end-member mixing model, assuming that the minor 230–0 Ma component is approximately mixed in the same ratio as that of the 550–230 Ma component. Following the approach of Zhang et al. (2016), the CV value is defined as the ratio of the number of ages within the range of 550–350 Ma to the number of ages within the range of 350–230 Ma, which represents the ratio of detrital zircon grains derived from the Caledonian and Variscan orogenic movements, respectively. Based on published U-Pb ages (Table S4), the calculated CV value is 1.60 for the NTP (CVNTP), and 0.76 for the GAMs (CVGAMs). For the samples from core BJ14 studied here, where the CV value for a sample (CVS) is >1.60, we regard all zircon grains in this sample with ages within the range of 550–0 Ma as being sourced from the NTP; whereas if the CV value of a sample is <0.76, we regard all zircons with ages from 550–0 Ma as being sourced from the GAMs. If the CV value for a sample ranges from 0.76–1.60, its relative contribution is calculated based on a two-end member mixing model, defined by the following equation:

Here, x is the proportion of U-Pb ages within the range of 230–550 Ma from the NTP, and the proportion from the GAMs is 1x. Since the CV value for the NTP (CVNTP) is 1.60 and that for the GAMS (CVGAMs) is 0.76, the formula above should be modified to:

The proportion of U-Pb ages >550 Ma for the GAMs is scattered and comprises only ~25% (Fig. 2M), whereas that for the NTP is concentrated within peaks and comprises ~45% (Fig. 2L). In order to simplify the calculation, we assume all zircons with U-Pb ages >550 Ma were sourced from the NTP. For samples, we can define the proportion with ages of 550–0 Ma as S[550–0 Ma] and the proportion aged >550Ma as S[>550Ma]. Therefore, the contribution from the NTP ()can be calculated as:  

Correspondingly, the contribution from the GAMs is . The calculated proportions from the NTP and GAMs for each sample are listed in Table S3.

Text S3 Method of calculating the error of relative contributions from the potential provenance areas
[bookmark: _Hlk5645632]Most traditional provenance investigations based on detrital zircon ages with a sample-size of ~100 were considered to be statistically limited for identifying the ‘true’ relative proportions of different age clusters because of the sample-size effect (Pullen et al., 2014). However, observation revealed a negligible difference between the proportions of the principle age clusters when the sample size was increased from 100 to 1000, indicating that high abundance ages clusters could be quantitatively compared between samples. In order to obtain the relative error of the relative contribution from the provenance areas which is introduced by the sample-size effect, a comparison was made with sample-size n increasing from 100 to 150 in four samples. The results showed that the proportions of different age clusters did not change significantly (see Fig. S2). For example, for the four samples GT-1, GT-2, BJX-1 and GT-6, the calculated CV values based on ~100 zircon ages per sample are 1.38, 1.20, 0.30 and 0.80, respectively, while the corresponding CV values are 1.26, 1.26, 0.34 and 0.55 when the sample-size was increased to ~150 per sample. Therefore, the CV values can accurately describe the U-Pb age spectra of zircons from core BJ14 in this study. The relative error of the relative contribution of the NTP was determined using the following method. 
[bookmark: _GoBack]After following the calculation method described in Text S2, in four samples (GT-1, GT-2, BJX-1 and GT-6), the calculated relative contributions of NTP based on U-Pb ages of ~100 zircon grains per sample are 83%, 68%, 16% and 44%, respectively; and the calculated relative contributions of the NTP are 73%, 75%, 17% and 38%, respectively, when the sample size was increased to ~150 grains. The relative deviation value of the relative contribution of NTP based on the above datasets is the relative error caused by the sample-size effect for an individual sample. For example, in sample GT-1, a difference of the relative contribution of the NTP (83%–73%=10%) is produced when the sample size n was increased from ~100 to 150, and the relative error of the relative contribution of 14% for sample GT-1 is obtained by the ratio of (83%–73%) divided by the relative contribution of the NTP with a sample size of ~150 (i.e., 73%.) Similarly, the relative errors of the relative contribution of the NTP are calculated as -9%, -6% and 16% for samples GT-2, BJX-1 and GT-6, respectively. The average relative error based on these four sample is calculated as 11%, obtained by averaging the absolute relative error of the samples. This value is the relative error of the relative contribution of the NTP for each sample.
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