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Running Title: Quartz ESR-SI as an effective sediment-provenance indicator

ABSTRACT

Quartz is one of the most common rock-forming minerals and crystallizes over
a wide range of temperature and pressure conditions. This diversity of quartz
crystallization environments is reflected by trace-element compositional variations,
which can be used to distinguish between different source sediments. Trace elements
that are incorporated into the quartz lattice form corresponding paramagnetic centers
(impurity centers, such as Al and Ti centers), which can be detected using the
electron spin resonance (ESR) method. However, whether the quartz impurity center
ESR signal intensity (quartz ESR-SI) can be used for quartz sediment provenance
tracing remains uncertain. In the present study, five present-day (modern) fluvial
sediments from the Songhua, Yellow, Yangtze, Huai, and Pearl rivers in China and
eight ancient fluvial sand lenses from the Yichang Gravel Layer (YGL) located in
the middle Yangtze River were sampled for major- and trace-element determinations
by ICP-OES and ICP-MS for the purpose of provenance discrimination. A total of
1404 ESR spectra were also measured to evaluate the effect of gamma-ray dose
(varying from 50 to 50,000 Gy) on quartz ESR-SI to establish the relationship

between quartz element contents and quartz ESR-SIs and thereby to assess the
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potential utility of quartz ESR-SI for sediment provenance analysis. Results indicate
that (1) quartz collected from the different studied locations can be distinguished by
element contents; (2) the quartz Al center ESR-SI increases with increasing
gamma-ray dose from 50 to 50,000 Gy; (3) the quartz Ti center ESR-SI increases
within a gamma-ray dose of 10,000 Gy and decreases beyond 10,000 Gy; (4) quartz
Al and Ti center ESR-SIs are closely related to the contents of Al and Ti in quartz;
and (5) a plot of quartz Ti center ESR-SI versus Al center ESR-SI using data for a
gamma-ray dose range of 4000—-7000 Gy is the best indicator of fluvial sediment

provenance using the ESR method.

Keywords: source-to-sink system, provenance tracing, quartz, electron spin

resonance (ESR), Al center, Ti center
INTRODUCTION

Quartz is one of the most abundant minerals in Earth’s crustal and surficial
systems and is widely distributed in aeolian and fluvial-lacustrine sediments. Its
resistance to physical, chemical and biological weathering has enabled its use for
distinguishing sediment source/provenance (Jacamon et al., 2009; Tanner et al., 2015;
Yan et al., 2017; Gotte, 2018; Jaeger et al., 2019). Quartz provenance indicators
include 8"*0 composition (Jackson et al., 1981; Marin-Carbonne et al., 2011; Aléon
et al., 2012; Tanner et al., 2013; Yan et al., 2014), major- and trace-element contents
(Rottier et al., 2017; Monnier et al., 2018; Hong et al., 2019), oxygen vacancy

detected by electron spin resonance (ESR) (Sun et al., 2007, 2008, 2013; Toyoda et

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7565. http://www.minsocam.org/

al., 2016; Wei et al., 2017, 2019) and luminescence (Lii et al., 2011; Chang et al.,
2019; Nian et al., 2019) methods, and infrared (IR) spectroscopic measurements
(Stalder et al., 2013, 2019; Frigo et al., 2019). Previous studies have shown that
trace-element contents are useful indicators of provenance (e.g., Gotze et al., 1997,
2004; Cherniak et al., 2007; Jacamon et al., 2009; Larsen et al., 2009; Breiter et al.,
2013; Ackerson et al., 2015; Rottier et al., 2017; Trail et al., 2017; Tailby et al.,
2018), and the substitutional incorporation of trace elements Al, Ge, and Ti into the
Si position of quartz has been well established (e.g., Weil, 1984, 1993). Trace
elements incorporated into the quartz lattice form its corresponding paramagnetic
centers (impurity centers, such as Al and Ti centers), which can be detected using
ESR analysis (Gotze et al., 2004). As these impurity elements reflect the
geochemical and geophysical conditions of quartz crystallization, the ESR signal
intensities of quartz impurity centers (hereafter referred to as “quartz ESR-SIs”) can
provide information concerning the concentration and distribution of the
corresponding paramagnetic lattice defects, meaning that such intensities have

potential use for sediment provenance tracing.

The successful and wide application of quartz ESR-SI in geological studies
includes the determination of sediment age. The ESR dating method has been used
to establish a variety of geological and archaeological chronologies (e.g., lkeya,
1975; Griin, 1989; Rink, 1997; Yin et al., 2011; Duval et al., 2016; Richter et al.,
2019; Voinchet et al., 2019; Wei et al., 2020a). Besides its widespread application to

age determinations of Quaternary depositional systems, quartz ESR-SIs have

4
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84  recently been assessed for tracing sediment provenance (e.g., Sun et al., 2007, 2008,
85 2013; Tissoux et al., 2015; Toyoda et al., 2016; Saito et al., 2017; Wei et al., 2017,
86 2019, 2020b). Commonly observed paramagnetic defects in quartz include the E/’,
87  Al, and Ti centers. The heat-treated E," center, which refers to the E,’ center after
88  gamma-ray irradiation to more than 2000 Gy followed by heating at 300 °C for 15
89 min (Toyoda et al., 2016), is one of the most useful ESR signals for sediment
90 provenance tracing and has been successfully applied to tracing East Asian eolian
91  dust sources (Sun et al., 2007, 2008, 2013). The main principle of the heat-treated E;’
92 center for ESR dating and provenance tracing is that quartz is irradiated by
93 radioactive nuclides in the natural environment, resulting in an increase in the
94  number of unpaired electrons in quartz with geological time. However, unlike the
95 heat-treated E,’ center, the application of impurity centers, such as the Al center and
96  Ti centers, has been rarely reported (Toyoda, 2016). Besides, previous studies have
97  focused only on describing the potential application of impurity centers to sediment
98  provenance tracing (Shimada et al., 2013; Tissoux et al., 2015), meaning that there is
99 a lack of knowledge regarding the change in the ESR-SI of impurity centers with
100  increasing radiation dose, which is the main methodological basis for the potential

101 use of such centers for distinguishing sediment provenance.

102 In the present study, five present-day fluvial sediment samples collected from
103  the Songhua, Yellow, Huai, Yangtze, and Pearl rivers and eight sand lens samples
104  collected from ancient fluvial sediments of the Yichang Gravel Layer (YGL), middle

105  Yangtze River Basin, China, were analyzed for quartz major- and trace-element

5
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106  contents using inductively coupled plasma—mass spectrometry (ICP-MS) and
107  inductively coupled plasma—optical emission spectrometry (ICP—OES). A total of
108 229 aliquots of 13 quartz samples were irradiated with various gamma-ray doses and
109  prepared for ESR measurement. In total, 1404 ESR spectra were measured, allowing
110  investigation of the effects of high-dose radiation on quartz ESR-SI as well as the
111 relationship between major element contents and corresponding quartz ESR-SIs. The
112 principal goal of the study was to investigate the potential use of impurity center

113 ESR-SIs in quartz provenance discrimination.

114 STUDY AREA AND SAMPLING

115 Five present-day fluvial sediment samples were collected from five large rivers
116  in China: the Songhua, Yellow, Huai, Yangtze, and Pearl rivers (Fig. 1-a and Table 1).
117 The five rivers run through different geological blocks and bedrock, favoring the
118  possible existence of differences in the trace-element composition of quartz (Tables
119 2 and 3). The five present-day fluvial samples were collected far from potential
120  artificial pollution sources, and the sampling depth in each case was less than 5 cm

121 from the floodplain surface.

122 Eight sand lens samples were collected from the YGL in the middle Yangtze
123  River Basin, China. The YGL is a >100-m-thick continuous detrital sediment phase
124  that can be observed at three successive sections, which (from oldest to youngest)
125  are the Lijiayuan, Yunchi, and Shanxiyao sections (Fig. 1-b; Wei et al., 2020a). The

126 Lijiayuan (LJY) Section is ~21 m thick, has an elevation of 69-92 m above sea level
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127  (asl), and contains a basal sand lens of >10 m in thickness. The Yunchi (YC) Section
128 is ~60 m thick, has an elevation of 92—-152 m asl, and contains several sand lenses
129  measuring 3—8 m in thickness. The Shanxiyao (SXY) Section is ~20 m thick, has an
130 elevation of 152-173 m asl, and consists mainly of thick gravel layers with

131 intercalated thin sand lenses.

132 The sedimentary facies and depositional sequence of the YGL are summarized

133  in Fig. 1-b. More detailed information for the 13 samples is given in Table 1.

134 METHODS

135 ICP-MS and ICP-OES analyses

136 Major- and trace-element content determinations were performed at China
137  University of Geosciences, Wuhan, China. Major-element contents were determined
138  using an IRIS Intrepid II XSP ICP-OES instrument (Thermo Fisher Scientific, USA),
139  and trace-element contents were determined using an §20MS ICP-MS instrument
140  (Varian Corporation, USA). The relative errors on major- and trace-element contents
141 are <2% and <5%, respectively. In preparation for ICP-MS and ICP-OES analyses,
142 the 13 quartz samples were triturated to less than 32 um with an agate mortar,
143  following which 0.04 g quartz powder of each sample was placed into a 10 ml Teflon
144  beaker. The Teflon beaker was sealed after the addition of 1.5 ml HF and 0.5 ml
145  HNO;. All sealed Teflon beakers were put into an air oven for 12 h at 180 °C. After
146  removal and cooling, the Teflon beaker was unsealed and heated on an electric hot

147  plate at 150 °C until the solution evaporated. Then, 1 ml HNO; and 1 ml H,O were

7
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148  added to the Teflon beaker, which was resealed and the solution dissolved for 12 h at
149 150 °C. After cooling to room temperature, the dissolved 0.04 g sample was
150  prepared for content determinations using ICP-MS and ICP-OES. A standard
151  sample was analyzed before each of the 13 quartz samples to ensure the analytical
152  accuracy of the measured elemental compositions. The eight sand lens samples and
153  modern sediment samples YER-O1 and YAR-01 were analyzed twice by ICP-MS

154  and ICP-OES to evaluate replicate analysis errors.
155 Quartz ESR measurements

156 Extraction of quartz. The 100-200 pum size fraction of the samples were
157  firstly separated by wet sieving (Liu et al., 2015). All samples were then successively
158  treated with 30% H,O, and 40% HCI to remove organic material and carbonates.
159  Magnetic minerals were removed by magnetic selection after washing and cleaning
160  the samples with distilled water. Minerals with densities ranging between 2.57 and
161  2.73 g/em’ were separated using sodium polytungstate, following which the samples
162  were etched using 40% HF for 40 min to remove feldspars and external irradiation
163 by alpha particles. Fluorides created by the HF etching process were removed using
164  HCI. Finally, all samples were rinsed in distilled water to neutralize the acid and

165  dried at 40 °C to obtain pure quartz grains (Wei et al., 2020a).

166 Heating treatment. Heating treatments were performed to anneal the quartz
167  natural ESR-SIs of the thirteen samples to zero to avoid the effect of burial time on

168  quartz natural ESR-SI. Toyoda et al. (1991) showed that the Al center and Ti center
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169  ESR signals are annealed to zero after heating for 15 min at about 420 °C. In the
170  present study, all pure quartz samples were heated at 450 °C for 20 min to anneal the
171 Al center and Ti center ESR signals. Specifically, the temperature of the muffle
172 furnace was firstly heated to 450 °C; then the pure quartz sample was quickly put

173  into the muffle furnace and heated at 450 °C for 20 min.

174 Gamma-ray dose irradiation. After the heating treatment, quartz was
175  prepared for gamma-ray dose irradiation. Each quartz sample of the five present
176  fluvial sediments was divided into 26 aliquots to receive gamma-ray doses of 50,
177 100, 200, 400, 600, 800, 1000, 1200, 1500, 1800, 2200, 2600, 3000, 3500, 4000,
178 4500, 5000, 6000, 7000, 8000, 9000, 10,000, 20,000, 30,000, 40,000, or 50,000 Gy
179  to evaluate the effect of radiation dose on impurity center ESR-SI. Before applying
180  the gamma-ray dose, each aliquot was irradiated with a 2500 Gy dose (Toyoda et al.,
181 2016). Each quartz sample of YGL sediment was divided into 13 aliquots to receive
182  gamma-ray doses of 100, 200, 400, 800, 1200, 1600, 2000, 2500, 3000, 5000, 6000,
183 7000, and 9000 Gy to further evaluate the effects of dose on the quartz impurity
184  center ESR-SI of sediments over geological time. A total of 229 aliquots of 13 quartz
185  samples were irradiated with ®°Co sources at Peking University. The dose rate was

186  42.25 Gy/min, calibrated by dosing of an alanine sample.

187 ESR measurements. In the present study, the Al and Ti centers of the possible
188  quartz ESR impurity centers were selected for ESR analysis. ESR measurements

189  were carried out on an X-band BRUKER EPR041XG spectrometer cooled to 77 K

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7565. http://www.minsocam.org/

190  with liquid nitrogen in a finger dewar at the State Key Laboratory of Earthquake
191  Dynamics, Institute of Geology, China Earthquake Administration, Beijing, China.
192  The Al and Ti center ESR measurements were performed using a microwave power
193  of 5 mW and modulation amplitude of 0.16 mT. The Al center intensity was
194  measured from the top of the peak at g =2.018 to the bottom of the peak at g = 2.002
195  (Voinchet et al., 2015), whereas the Ti center intensity was measured between the top
196  of the peak at g = 1.979 to the bottom of the peak at g = 1.913 (Fig. 2; Rink et al.,
197  2007; Liu et al., 2010). For each impurity center, ESR signal measurements of quartz
198  aliquots were obtained at six angles, and the mean value was calculated to reduce the
199  variation caused by the anisotropy of quartz. Overall, 1404 signal intensity data for

200 the Al and Ti centers were measured.

201 RESULTS

202  Major- and trace-element contents of quartz

203 Results of the analysis of major- and trace-element contents of the investigated
204  quartz are summarized in Tables 2 and 3. Differences in the chemical compositions
205  of the studied quartz samples are illustrated in Al,O3/TiO, and Al/Ti plots (Breiter et
206 al., 2013) (Fig. 3-a and b). The Al/Ti ratio was used as a basis for investigating the
207  discrimination of various sources of quartz (Figs. 3-c and d; Breiter et al., 2013)
208  because the Al/Ti ratio in quartz is a good indicator of its parental melt degree (e.g.,

209 Jacamon and Larsen, 2009; Breiter et al., 2012; Ackerson et al., 2015).

210 Of the major elements analyzed, the contents of Al and Ti are the highest (Table
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211 2). Furthermore, the investigated quartz collected from various rivers can be clearly
212  discriminated against based on the Al and Ti contents (Fig. 3-a and b). The highest
213 Al (1.5%) and Ti (0.21%) contents in quartz are found in the Pearl River sample.
214 Quartz collected from the Yangtze, Huai, Yellow, and Songhua rivers shows
215  similarly low Ti contents (~0.04%) but can be distinguished by Al content variation:
216  Songhua River (0.9%), Huai River (0.58%), Yellow River (0.35%), and Yangtze
217  River (0.13%). The quartz Al (0.04%) and Ti contents (0.02%) of the YGL have the
218  lowest values, and the contents of both of these elements are closest to those of the
219  Yangtze River (Fig. 3-a and b). Moreover, the quartz extracted from the investigated
220  five rivers can be distinguished by a plot of Na content versus Al/Ti (Fig. 3-c). For
221 Na content, the Pearl River shows the highest value (0.22%), and the Yangtze River
222 shows the lowest value (0.01%); the value for the Songhua River (0.17%) is closest
223  to that for the Pearl River, and the value for the Yellow River (0.05%) is closest to
224  that for the Yangtze River. The value for the Huai River (0.1%) is intermediate for

225  the five rivers.

226 The content of Li in quartz varies over a wide range (Fig. 3-d). The lowest
227  contents (mean 3.37 ppm) are found in the present-day fluvial sediment of the
228  Yangtze River, whereas the highest contents are recorded in the Songhua River
229  sample (5.54 ppm). The Yellow and Huai rivers show lower values (between 3.54
230 and 3.68 ppm) than those of the Pearl River (4.14 ppm) and the YGL (3.72-4.91)
231 ppm. On the whole, the information presented in Fig. 3 and Tables 2 and 3 confirms

232  that the quartz extracted from the five studied river sediments can be distinguished

11

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7565. http://www.minsocam.org/

233 by major- and trace-element contents.

234  ESR signal intensity

235 Effect of radiation dose on quartz Al center ESR-SI. The response of Al
236  center ESR-SIs of the investigated quartz to increasing gamma-ray dose is presented
237 in Fig. 4. Fig. 4-a and b reveal that the Al center ESR-SIs of all five present-day
238  fluvial sediment samples increase with increasing gamma-ray dose. The Al center
239  ESR-SIs increase markedly with increasing gamma-ray dose for doses of up to
240 50,000 Gy. The quartz Al center ESR-SI of the YGL samples also increases with
241  increasing gamma-ray dose (Fig. 4-c). Quartz Al center ESR-SIs for the YGL
242  samples are not saturated, and rather exhibit marked increases with increasing
243  radiation dose. Fig. 4-a and b also show that the Pearl River sample exhibits the
244 highest Al center ESR-SIs. Samples from the other four rivers display similar low Al

245  center ESR-SIs for the same gamma-ray dose.

246 Effect of radiation dose on quartz Ti center ESR-SI. The response of the Ti
247  center ESR-SIs of the investigated quartz to increasing gamma-ray dose is shown in
248  Fig. 5. Fig. 5-a and c reveal that quartz Ti center ESR-SIs of the five present-day
249  fluvial sediments and eight ancient fluvial sediments increase with increasing
250 gamma-ray dose up to 10,000 Gy and 7000 Gy, respectively. Ti center ESR-SIs
251  decrease with increasing gamma-ray dose from 10,000 to 50,000 Gy (Fig. 5-b), in
252  contrast to the pattern for Al center ESR-SIs (Fig. 4-b). Fig. 5-c shows that quartz

253  samples LJY-01, LJY-02, SXY-01, YC-01, and YC-03 exhibit decreasing Ti center

12
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254  ESR-SI with increasing gamma-ray dose from 7000 t010,000 Gy. Fig. 5-a and b also
255  reveal that the Pearl River sample exhibits the highest Ti center ESR-SI for the same
256  gamma-ray dose, the Songhua and Yangtze river sediment samples show
257  intermediate Ti center ESR-SIs, and the Yellow and Huai rivers display the lowest Ti

258  center ESR-SIs for the same gamma-ray dose.

259 Al center to Ti center ESR-SI ratios. The variation in Al center to Ti center
260  ESR-SI ratio (hereafter referred to as the quartz Al/Ti ESR-SIR) with increasing

261  gamma-ray dose can be divided into five phases (Fig. 6-a and b):

262 Phase 1: Quartz Al/Ti ESR-SIRs decrease markedly at a gamma-ray dose of
263 2600 Gy;
264 Phase 2: Quartz Al/Ti ESR-SIRs show a gentle decrease for increasing

265 gamma-ray dose from 2600 to 4000 Gy;

266 Phase 3: Quartz Al/Ti ESR-SIRs are essentially invariant for increasing

267  gamma-ray dose from 4000 to 10,000 Gy;

268 Phase 4: Quartz Al/Ti ESR-SIRs gradually increase with increasing gamma-ray

269  dose from 10,000 to 30,000 Gy; and

270 Phase 5: Quartz Al/Ti ESR-SIRs increase sharply above a gamma-ray dose of

271 30,000 Gy.

272 Quartz Al/Ti ESR-SIRs of the YGL samples decrease up to a gamma-ray dose

273  of ~2000 Gy, above which a plateau state exists to ~7000 Gy, and an increase with

13
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274  increasing gamma-ray dose above ~7000 Gy (Fig. 6-c), as in phases 1, 2, and 3 of
275  Fig. 6-a. Nevertheless, the quartz Al/Ti ESR-SIRs of the YGL sediments are not as

276  well defined as those of the studied present-day fluvial sediments.

277 DISCUSSION

278  Quartz ESR-SI and its relationship to element abundance

279 Results of the ESR measurements reveal that elements Al and Ti are
280 incorporated into the structure of quartz (Figs. 3, 4, and 5). Al and Ti contents of the
281  Pearl River sample are much higher than those from the Yangtze, Huai, Yellow, and
282  Songhua rivers (Fig. 3-a and b). In addition, the quartz Al center and Ti center
283  ESR-SIs of the Pearl River sample are much higher than those of samples collected
284  from the Yangtze, Huai, Yellow, and Songhua rivers (Figs. 4 and 5). Titanium center
285 and Al center ESR-SIs are higher for samples in which Ti and Al contents of quartz
286  are higher, respectively (Figs. 3-a and 5). However, Al center ESR-SIs are not
287  correlated with Al content, possibly because all Al contents of quartz samples were
288  measured by ICP-OES but not all Al center signals were measured by ESR owing to
289  the non-saturation of Al center ESR-SIs in this study. In addition, the gamma-ray
290 dose may have been too low to transform the trace-element defects from the
291  nonparamagnetic precursor state into paramagnetic centers (Gotze et al., 2004). In
292  conclusion, Figs. 3, 4, and 5 reveal that the measured quartz Ti center and Al center
293  ESR-SIs are closely related to the given gamma-ray dose and that the measured

294  quartz Ti center and Al center ESR-SIs are also closely related to the contents of Ti

14

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7565. http://www.minsocam.org/

295  and Al in quartz, respectively, confirming the conclusions of Usami et al. (2009) and

296 Toyoda et al. (2016).

297  Quartz AlI/Ti ESR-SIR as an effective provenance indicator

298 On the whole, the use of quartz ESR centers as indicators of sediment
299  provenance relies on the stability of the quartz ESR measurement after the long
300 erosion—transportation—deposition cycle from source to sink (Wei et al., 2020b). The
301  results presented in Fig. 6 show that the quartz Al/Ti ESR-SIR is stable for
302 gamma-ray doses in the range of ~4000 to ~7000 Gy, which demonstrates that this
303 ratio can serve as an effective indicator of sediment provenance. This conclusion
304  appears to be sound, given that quartz Al/Ti ESR-SIRs of all five rivers presented in
305 this study showed a similar plateau pattern regardless of the fact that the rivers run
306 through different geological bodies and source rocks. The plateau value should

307 represent diagnostic information regarding source rocks (Figs. 3-0).

308 Implications for sediment provenance tracing

309 The ability of an indicator to distinguish among samples is an important
310  requirement for the use of quartz ESR centers as sediment provenance indicators. Fig.
311 7 shows a plot of quartz Ti center ESR-SI versus Al center ESR-SI coded by location
312 for all studied samples. The Pearl River and YGL samples display the highest Al and
313  Ti center ESR-SIs, occupying the upper-right of Fig. 7, and the Yellow and Huai
314  rivers show the lowest Al and Ti center ESR-SIs, plotting in the lower-left of Fig. 7.

315  The Yangtze and Songhua rivers exhibit intermediate Al and Ti center ESR-SIs in the
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316  center of Fig. 7. It is noted that each river occupies a distinct region in Fig. 7.
317  Consequently, a plot of quartz Ti center ESR-SI vs. Al center ESR-SI with the same
318  gamma-ray dose in the range 4000—7000 Gy could be used as an effective indicator

319  of sediment provenance.

320 IMPLICATIONS

321 Five present-day fluvial sediment samples from the Songhua, Yellow, Huai,
322  Yangtze, and Pearl rivers in China and eight samples from the Yichang Gravel Layer
323  in the middle Yangtze River Basin were collected for determination of quartz major-
324  and trace-element contents as well analysis of quartz Al center and Ti center ESR-SIs
325  with high-dose gamma-ray dose. The study aimed to evaluate whether Al center and

326  Ti center ESR-SIs could be used as indicators of sediment provenance.

327 Results showed that the different sources of the sampled fluvial quartz could be
328  distinguished by element contents. Quartz Ti center and Al center ESR-SIs are
329  closely positively related to the content of Ti and Al in quartz, respectively. Results
330 also revealed that quartz samples from different sources could be differentiated by
331  the combined use of quartz Al center and Ti center ESR-SIs in a gamma-ray dose
332 range from 4000 to 7000 Gy. Specifically, a plot of quartz Ti center ESR-SI versus

333 Al center ESR-SI is an efficient indicator of provenance for fluvial sediments.
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517  Figure captions

518

519  Figure 1. Sampling locations of the present study. (a) Sampling locations of the five
520  present-day fluvial sediments and the Yichang Gravel Layer (YGL); (b) Sedimentary
521  logs of sampling sites in the YGL, middle Yangtze River Basin, with the locations of

522  individual samples marked.

523
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Figure 2. Typical ESR spectra of quartz Al and Ti centers.

Figure 3. Major- and trace-element contents of the studied quartz. (a) TiO; vs. Al,Os3;

(b) Tivs. Al; (¢) Na vs. AI/Ti; (d) Li vs. AI/Ti.
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Figure 4. Response of quartz Al center ESR-SI to gamma-ray dose. (a) Variation in
quartz Al center ESR-SI of five fluvial sediment samples for a gamma-ray dose of up
to 10,000 Gy; (b) Variation in quartz Al center ESR-SI of five fluvial sediments for a
gamma-ray dose range of 10,000 to 50,000 Gy; (c) Variation in quartz Al center

ESR-SI of eight YGL sediment samples for a gamma-ray dose of up to 9000 Gy.

Figure 5. Response of quartz Ti center ESR-SI to gamma-ray dose. (a) Variation in
quartz Ti center ESR-SI of five fluvial sediment samples for a gamma-ray dose of up
to 10,000 Gy; (b) Variation in quartz Ti center ESR-SI of five fluvial sediments for a
gamma-ray dose range of 10,000 to 50,000 Gy; (c) Variation in quartz Ti center

ESR-SI of eight YGL sediment samples for a gamma-ray dose of up to 9000 Gy.
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Figure 6. Variation in quartz Al center to Ti center ESR-SIR with increasing
gamma-ray dose. (a) Variation in quartz ESR-SIR of five fluvial sediment samples
for a gamma-ray dose of up to 10,000 Gy; (b) Variation in quartz ESR-SIR of five
fluvial sediments for a gamma-ray dose range of 10,000 to 50,000 Gy; (c) Variation
in quartz ESR-SIR of eight YGL sediment samples for a gamma-ray dose of up to

9000 Gy.
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Figure 7. Plot of quartz Ti center ESR-SI vs. quartz Al center ESR-SI for all samples

investigated in the present study.
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559  Table 1. Sample information for the different sampling locations of the present

560  study.
Sample Sampling Sampling Latitude | Longitude
No. Property
name site (city) river/section (N) (E)
126°11’
1 SHR-01 Harbin Songhua R. 45°41'15"
04"
117°00’
2 YER-01 Jinan Yellow R. 36°43'31"
41"
117°15' Present-day
3 HR-01 Bengbu Huai R. 32°57'12"
49" fluvial sediment
118°42'
4 YAR-01 Nanjing Yangtze R. 32°04'00"
24"
112°11’
5 PR-01 Zhaoqing Pearl R. 23°04'59"
40"
6 SXY-01 Shanxiyao 127
30°28'53"
7 SXY-02 section of YGL 39"
8 YC-01
Ancient fluvial
9 YC-02 Yichang Yunchi section 111°27'
30°28'52" sediment
10 YC-03 of YGL 30"
11 YC-04
12 LJY-01 Lijiayuan section | 30°28'23" 111°27
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13 LJY-02 of YGL 12"

561
562  Table 2. Major-clement contents of the investigated quartz samples, determined

563  using I[CP-OES.

A1203 CaO Fe203 Kzo MgO MnO NazO T102
Sample name

(%) | (%) | (%) | (%) | (%) | (%) | (%) | (%)

SHR-01 0.902 0.156 0.028 0.111 0.093 0.001 0.167 0.053

YER-01-al 0.352 | 0.041 0.022 | 0.034 | 0.014 | 0.001 0.047 0.034

YER-01-a2 0.348 | 0.045 0.024 | 0.034 | 0.015 | 0.001 0.046 0.033

HR-01 0.575 0.080 0.034 0.069 0.029 0.001 0.095 0.037

YAR-01-al 0.130 | 0.018 0.009 0.010 0.018 0.000 0.009 0.036

YAR-01-a2 0.134 0.021 0.011 0.010 0.018 0.000 0.009 0.034

PR-01 1.50 0.272 0.044 0.117 0.043 0.001 0.219 0.205

SXY-01-al 0.066 0.025 0.053 0.003 0.012 0.001 0.006 0.027

SXY-01-a2 0.032 0.016 0.003 0.002 0.003 0.000 0.003 0.023

SXY-02-al 0.048 0.031 0.026 0.002 0.013 0.001 0.004 0.027

SXY-02-a2 0.042 | 0.028 | 0.016 | 0.003 0.009 | 0.001 0.003 0.023

YC-01-al 0.036 | 0.017 | 0.003 0.002 | 0.003 0.000 | 0.004 0.032

YC-01-a2 0.040 | 0.012 | 0.006 | 0.003 0.005 | 0.000 | 0.004 0.031

YC-02-al 0.037 0.021 0.014 0.002 0.005 0.001 0.003 0.024

YC-02-a2 0.038 0.017 0.013 0.002 0.005 0.001 0.003 0.024
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YC-03-al 0.034 | 0.019 0.006 0.002 0.005 0.000 0.003 0.011

YC-03-a2 0.054 | 0.029 0.019 0.002 0.012 0.001 0.004 0.014

YC-04-al 0.028 0.013 0.005 0.002 0.004 | 0.000 0.003 0.014

YC-04-a2 0.047 0.034 0.029 0.002 0.015 0.001 0.004 0.018

LJY-01-al 0.030 | 0.016 | 0.004 | 0.002 | 0.005 | 0.000 | 0.004 0.015

LJY-01-a2 0.034 | 0.015 0.017 | 0.002 | 0.007 | 0.000 | 0.004 0.015

LJY-02-al 0.056 | 0.017 | 0.014 | 0.003 0.005 | 0.000 | 0.003 0.023

LJY-02-a2 0.058 0.008 0.015 0.003 0.005 0.000 0.004 0.023

564  Note: “al” denotes the analysis of aliquot 1, and “a2” denotes the analysis of aliquot

565 2 of the same sample.
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Table 3. Trace-element contents of the investigated quartz samples, determined using ICP-MS.

Ele | SH PR YC- | YC- | YC- | YC- | YC- | YC- | YC- | YC- | LIY- | LIY- | LIY- | LIY-
YER- | YER- | HR | YAR- | YAR- SXY- | SXY- | SXY- | SXY-
me | R-0 -0 0l-a | Ol-a | 02-a | 02-a | 03-a | 03-a | 04-a | 04-a | Ol-a | Ol-a | 02-a | 02-a
0l-al | 01-a2 | -01 | Ol-al | Ol-a2 0l-al | 01-a2 | 02-al | 02-a2
nt 1 1 1 2 1 2 1 2 1 2 1 2 1 2
5.5 3.5 4.1
Li 3.68 3.54 3.27 347 4.07 4.03 4.18 424 | 475 | 491 | 384 | 428 | 3.77 | 3.89 | 3.72 | 419 | 4.16 | 4.01 4.07 | 4.07
4 8 4
0.2 0.6 0.1 0.03 | 0.03 | 0.03 | 0.03 | 0.03 | 0.03 | 0.02 | 0.02 | 0.03 | 0.02 | 0.04 | 0.03
Be 0.095 | 0.102 0.067 | 0.059 0.029 | 0.033 | 0.041 | 0.030
40 57 72 9 6 3 4 6 1 7 8 5 9 9 9
2.4 0.9 2.8 0.58 | 0.26 | 0.40
B 1.11 1.08 2.51 1.61 1.21 | 0.899 | 1.54 5.02 1.38 | 1.10 | 1.92 | 1.11 139 | 1.14 1.52 1.08 1.52
5 39 2 7 0 6
0.2 0.3 0.5 0.98
Sc 0.210 | 0.240 0.355 | 0.178 1.66 1.31 1.51 1.53 1.04 | 145 | 149 | 148 | 140 | 1.17 | 1.78 1.18 1.24 1.40 1.42
94 72 13 3
A\ 1.3 | 0918 | 0.806 | 1.1 | 0.765 | 0.923 | 6.9 | 0.749 | 0.891 | 0.764 | 0.792 | 048 | 0.58 | 0.80 | 0.72 | 047 | 039 | 046 | 0.61 | 0.39 | 0.32 | 0.71 0.62
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5 4 4 9 5 5 2 4 4 4 0 4 7 0 6
0.7 1.3 6.1 0.67 | 0.24 0.85 | 0.11 | 0.17 | 037 | 037 | 0.31
Cr 1.07 1.62 1.38 2.58 0.185 | 0.158 | 0.811 | 0.883 749 | 694 | 1.03 1.33
98 9 3 3 7 5 2 1 7 1 2
0.0 0.0 0.0 0.06 | 0.07 | 0.14 | 0.30 | 0.06 | 0.05 | 0.03 | 0.05 | 0.03 | 0.05 | 0.05 | 0.06
Co 0.049 | 0.047 0.038 | 0.061 0.099 | 0.058 | 0.078 | 0.076
50 63 78 4 5 1 3 0 8 5 3 6 9 5 1
0.0 0.0 0.1 | <0.0 | <0.0 | <0.0 | <0.0 | <0.0 | <0.0 | <0.0 | <0.0 | <0.0 | <0.0 | <0.0 | <0.0 | <0.0 | <0.0 | <0.0 | <0.0
Ni 0.011 | 0.026 0.16 | 0.164
50 24 32 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
0.8 0.8 1.1 0.84 | 0.68 0.95 0.76 | 0.73
Cu 0.746 | 0.694 1.18 1.18 0.645 | 0.732 | 0.783 | 1.00 145 | 191 | 1.85 1.15 1.68 | 1.14 | 1.09
59 86 0 4 2 5 3 9
0.4 1.3 32
Zn 3.04 2.40 0.736 | 2.52 4.07 | 4.01 1.50 | 2.74 | 337 | 401 | 1.88 | 253 | 3.73 | 442 | 113 | 853 | 40.7 | 38.0 | 55.6 | 56.6
52 6 9
0.9 0.6 2.1 0.05 | 0.05 | 0.05 | 0.05 | 0.04 | 0.04 | 0.03 | 0.04 | 0.04 | 0.04 | 0.08 | 0.07
Ga 0.438 | 0.431 0.192 | 0.215 0.047 | 0.078 | 0.053 | 0.058
90 44 8 7 4 3 0 3 8 5 7 4 2 2 9
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0.2 0.2 0.2 023 | 024 | 025 | 0.23 | 0.21 | 024 | 023 | 023 | 0.21 | 024 | 0.22 | 0.23
Ge 0.210 | 0.220 0.219 | 0.221 0.253 | 0.255 | 0.247 | 0.229
48 31 32 9 8 0 5 8 5 3 0 8 3 5 1
3.7 2.2 2.8 0.04 | 0.12 | 0.04 | 0.06 | 0.08 | 0.00 | 0.12 | 0.12 | <0.0 | 0.00 | 0.16 | 0.12
Rb 1.55 1.45 0.651 | 0.575 0.120 | 0.060 | 0.080 | 0.026
3 0 1 3 1 4 5 2 4 4 7 5 7 0 2
22. 15. 37. 0.49 | 0.60 | 0.86 0.85 | 0.74 | 0.02 0.14 | 0.61 | 0.86
Sr 8.65 8.59 2.53 2.92 1.08 1.39 | 2.14 | 0.849 1.31 1.12 1.09
7 1 9 1 5 5 5 3 6 8 2 4
1.6 1.6 3.7 094 | 0.61 | 0.61 | 0.88 | 0.80 | 0.73 0.99
Y 1.42 1.44 1.65 1.63 1.09 | 0.922 | 0.927 | 0930 | 1.45 | 1.30 | 1.00 | 1.15 1.48
2 7 3 2 4 1 3 3 4 7
84. 12 31
Zr 198 208 294 270 13.8 127 | 21.2 | 23.1 | 23.8 | 26,5 | 16.7 | 23.5 | 10.1 | 9.12 | 13.7 | 16.0 | 145 | 192 | 233 | 17.0
7 0 0
1.3 0.8 4.2 0.56 | 0.54 | 0.39 | 036 | 0.16 | 0.15 | 023 | 0.26 | 0.27 | 0.28 | 0.48 | 0.51
Nb 0.699 | 0.636 0.685 | 0.648 0.389 | 0.389 | 0.345 | 0.341
5 12 5 2 5 8 7 9 4 4 9 7 8 7 7
Cd | 0.0 | 0.009 | 0.004 | 0.0 | 0.010 | 0.003 | 0.0 | 0.006 | 0.006 | 0.013 | 0.017 | 0.01 | 0.00 | 0.01 | 0.02 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.04 | 0.00 | 0.00
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15 08 20 3 8 1 0 3 5 4 9 6 2 9 8

0.0 0.0 0.0 0.03 | 0.03 | 0.03 | 0.03 | 0.02 | 0.03 | 0.03 | 0.02 | 0.02 | 0.02 | 0.05 | 0.06
Cs 0.054 | 0.053 0.033 | 0.037 0.032 | 0.034 | 0.038 | 0.031

92 75 67 3 3 0 3 9 0 1 8 9 9 9 6

56. 39. 61.
Ba 26.8 26.7 12.9 232 438 830 | 4.18 713 | 2.67 | 798 | 495 | 3.84 | 289 | 857 | 694 | 1.63 | 635 | 515 | 2.18 | 6.77

1 3 1

1.7 1.3 55 0.99 0.78 | 0.65 | 0.53 | 0.66 | 0.53 | 0.98 | 0.57 | 0.55 0.52
Nd 1.02 1.08 0.981 | 1.20 0.679 | 1.77 | 0.799 | 0.861 1.03 1.05

3 1 1 2 3 1 3 1 5 5 8 9 6

0.2 0.2 0.9 0.18 | 0.18 | 0.14 | 0.12 | 0.12 | 0.11 | 0.10 | 0.18 | 0.10 | 0.10 | 0.20 | 0.10
Sm 0.201 | 0.189 0.193 | 0.224 0.134 | 0.253 | 0.157 | 0.166

94 31 91 5 2 4 4 4 7 6 8 2 1 9 6

2.1 2.8 7.4 0.93 0.59 | 0.51 | 0.80 | 0.57 | 0.67 | 0.71
Hf 4.79 4.91 7.13 6.56 0.967 | 1.64 10.6 16.8 | 1.10 3.68 | 7.17 | 5.62 | 1.28

5 2 2 6 3 7 8 3 3 7

0.0 0.0 0.2 0.04 | 0.04 | 0.03 | 0.03 | 0.01 | 0.01 | 0.01 | 0.02 | 0.01 | 0.01 | 0.02 | 0.03
Ta 0.063 | 0.046 0.047 | 0.053 0.032 | 0.036 | 0.028 | 0.025

99 57 55 6 2 1 0 5 3 9 3 8 9 9 0
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1.7 1.1 1.8 048 | 047 | 051 | 0.82 | 040 | 044 | 056 | 0.81 | 040 | 0.48 | 0.48 | 0.40
Pb 0.683 | 0.773 0.382 | 184 0.557 | 0.520 | 0.831 | 0.500
7 5 5 2 3 9 9 3 3 3 4 8 3 0 0
0.5 0.5 0.8 045 | 044 | 037 | 031 | 033 | 040 | 032 | 053 | 034 | 0.29 | 0.80 | 0.40
Th 0.444 | 0.468 0.569 | 0.671 0.333 | 0.428 | 0.603 | 0.477
90 68 61 5 2 5 3 4 4 8 1 6 5 4 9
0.2 0.2 0.5 0.14 | 0.12 | 0.09 | 0.10 | 0.07 | 0.06 | 0.09 | 0.11 | 0.08 | 0.08 | 0.13 | 0.11
U 0.301 | 0.362 0.410 | 0.392 0.096 | 0.090 | 0.126 | 0.097
76 52 41 0 8 4 4 1 4 5 8 5 2 0 8

Note: “al” denotes the analysis of aliquot 1, and “a2” denotes the analysis of aliquot 2 of the same sample.
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