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Introduction

This document contains details on (1) Heavy mineral analysis for the fluvial sediments
(Text S1), (2) TIMA automatic mineral analysis for the fluvial sediments (Text S2), (3)
Backscatter images, scanning electron microscopy images and mineral phase maps of
representative samples (Figure S1), (4) Heavy mineral abundance of the Songhua River at
63-250 um fraction (Figure S2), (5) The heavy mineral composition of the 63-125 pum fraction
in fluvial sediments in the Songhua River drainage (Table S1), (6) The heavy mineral
composition of the 125-250 um fraction in fluvial sediments in the Songhua River drainage
(Table S2), (7) Heavy mineral composition of the 63-250 um fraction in fluvial sediments in
the Songhua River drainage based on the traditional optical and TIMA methods (Table S3), (8)
Heavy mineral abundances in the different-sized fractions in the Balan River (Table S4), and
(9) Comparison of dominant mineral assemblages between wide window and multi-window

in river sediments of Songhua River (Table S5).
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Text S1: Heavy mineral analysis for the fluvial sediments

The procedures for the heavy mineral analysis in this study include size separation, preliminary
elutriation, elaborate elutriation, separation and identification, which is referred to as follows:

1) Size separation. The samples were dry-sieved to separate the 63-125 and 125-250 pm fraction.

2) Preliminary elutriation. First, the subsamples were weighed after drying in the oven with a
temperature lower than 60 °C, and then were elutriated with clear water repeatedly to eventually collect
heavy components, light components and mud components, respectively.

3) Elaborate elutriation. The heavy components taken after preliminary elutriation were placed into the
separate setting container filled with bromoform (density: 2.88), and remained stable for some time after
being well stirred, with a aim to separate light minerals adhering to the heavy components and to further
extract heavy and light minerals. The heavy and light minerals were collected from the container after
several hours. These two batches of samples were lightly washed with ethanol 2-3 times and were dried for
weighing again, whereby getting the percentage of heavy minerals.

4) Further separation of heavy minerals into different species. ferrimagnetic minerals, like ilmenite and
magnetite, were obtained from the collected heavy mineral grains with a piece of glassine-wrapped magnet.
This process was repeated several times until ferrimagnetic minerals were separated completely.
Paramagnetic minerals (such as epidote, tourmaline, pyroxene, amphibole and garnet) were selected with
an electromagnetometer (current: 10 A). The remainders were collected as diamagnetic heavy minerals,
which were elutriated again with ethanol to further concentrate zircon. The separated heavy mineral species
(ferrimagnetic, paramagnetic and diamagnetic) were weighed respectively.

5) Microscope identification. The separated heavy mineral species were identified under
stereomicroscopy and polarized microscope by smearing on a slide. Mineral identification of each specie
proceeded along the grid lines on the slide, with each species totaling up to 1000 grains. Weathering
detritus minerals were counted as other category.

The percentage of each heavy mineral type was calculated based on the weight, which is regarded as

the concentration of each heavy mineral.



Text S2: TIMA automatic mineral analysis for the fluvial sediments

The TIMA operating system comprises a scanning electron microscope (SEM) with four silicon drift
energy dispersive (EDS) detectors arranged at ~ 90 <intervals around the chamber. The four EDS detectors
ensure the simultaneous reception of the characteristic electronic information from the sample surface
sputtered by the electron beam in four vertical directions. On the one hand, the simultaneous operation of
the four receiving channels can quickly obtain more and more reliable counts in a very short time, ensuring
the quality and reproducibility of the data; on the other hand, it can ensure that sufficient energy spectrum
counts can be obtained to identify minerals when the sample surface is uneven or irregular during
automatic testing, which helps to analyze samples of thin slice size in a single focus (Chen et al., 2021).

The operation steps are summarized as follows: (1) Sample prepared as a thin section; (2) Area of
interest, field size, pixel spacing and analysis mode selected; (3) Energy Dispersive x-rays collected for
every pixel in each field and a BSE image; (4) Grain boundaries are determined using BSE image and
spectroscopic data. EDS data from each pixel summed together within each grain; (5) Spectroscopic data
compared to mineral definition files within the TIMA classification scheme (Ward et al., 2018).

In this study, the 63-250 pm river sand samples were mounted in epoxy and polished. A conductive
coating is then applied to the sample surface in order to reduce the charge generated during observation and
to enhance the secondary electron or backscattered electron signal to obtain a better signal-to-noise ratio.
The operating conditions were conducted at 25 keV using a spot size of 69.61 nm, a working distance of 15
mm and a field size set at 1500 um. The image and grain resolution is determined by the pixel spacing, here
set at 2 um pixel size. The TIMA analysis using high-resolution liberation analysis mode. The area of the
sample to be analyzed is framed (containing as many particles as possible), and the selected test area is then
cut equally into a number of square fields. The analysis is performed in fields, the sample stage is
automatically shifted, and the scan is completed in one field before moving to the next field to start
scanning; within the field, BSE photographs and EDS tests are analyzed point by point with pre-set pixel
parameters (Hrstka et al., 2018; Chen et al., 2021).

After the tests are completed, the TIMA offline processing software is used to obtain the test point
spectra. Element identification is automatically performed and the content of the identified elements is
calculated based on the characteristic energy values of the test point spectra. The spectral lines and the
elemental content of the test point are then compared with the spectral lines and composition of standard or

existing minerals in the database to determine the mineral type and name of the test point (Hrstka et al.,
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2018; Chen et al., 2021). Finally, various data analysis reports are exported as needed.
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Fig. S1 Backscatter images, scanning electron microscopy images and mineral phase maps of representative samples from the

Songhua River. Scale bar = 2 mm.
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Heavy mineral distributions of 63-250 pm fraction

Fig. S2 Heavy mineral abundance of the Songhua River at 63-250 pum fraction, expressed as relative weight
percentage (Wt%). Systematic mineral abbreviation list: Ap = apatite, Spn = sphene, Amp = amphibole, Gt =

garnet, Ep = epidote, Px = pyroxene, lIm = ilmenite, Hem = hematite, Lm = limonite, Fm = ferromagnetic
minerals, ZTR = zircon + tourmaline + rutile. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)



Table S1 Heavy mineral composition of the 63-125 um fraction in fluvial sediments in the Songhua River drainage, expressed as relative weight percentage (wt.%).

Sampling sites Sample number| Zr Ap Rt Ant Lecx  Spn Mnz Tr  Amp  Tur Gt Ep Px IIm  Hem+Lm Sd Fm Cr-Spl ZTR index Other
Balan River BLH1 429 064 008 006 017 1635 000 0.00 2212 013 379 419 092 1832 3.40 0.00 22.16 0.00 4.50 3.40
Balan River BLH2 345 092 004 007 018 1009 000 0.00 4367 054 323 719 198 6.65 1.80 3.06 1240 0.00 4.03 4.74
Chalin River TH1 164 055 0.00 0.3 008 1152 0.00 000 3444 000 0.00 4.90 0.00 2228 1.74 0.00 18.02 0.00 1.64 481
Mayan River TH3 122 080 0.00 0.3 012 1232 0.00 000 6423 000 017 571 0.00 4.33 2.08 0.00 3.10 0.00 1.22 5.86
Mayan River MYH1 433 006 004 004 002 1028 000 0.00 3535 000 104 224 119 2372 2.83 0.00 15.98 0.00 4.37 2.87
The middle reaches
Mudan River MDJ1 062 196 021 003 024 917 000 0.00 3169 253 1069 2100 000 7.19 214 0.00 4.67 0.00 3.36 6.26
Mudan River MDJ3 152 074 003 001 003 366 000 004 4479 0.00 423 1287 081 11.24 0.49 0.00 1490 0.00 1.55 4.65
Mudan River MDJ2 433 000 0.00 000 003 1869 019 0.00 3745 000 266 3.04 076 1844 361 0.00 129 0.00 4.33 9.51
Tonghe T3 terrace YL1 955 268 051 094 492 065 000 000 000 126 205 1009 0.00 3232 3.78 0.00 598 16.87 11.32 8.32
Tonghe T3 terrace YL2 486 040 0.07 018 231 000 000 000 000 076 956 6.00 000 5346 319 0.00 1035 0.00 5.69 8.84
Duobukuer River DBKE1 219 053 0.03 022 017 1554 000 0.00 1530 0.00 040 2596 121 27.77 221 0.00 5.02 0.00 2.22 3.45
Ganhe River GH1 236 032 001 014 030 537 000 000 847 000 079 2877 217 2758 1340 000 3.68 0.00 2.37 6.63
Nuomin River NMH1 060 131 0.03 003 047 366 000 000 298 000 019 2516 3429 1528 485 0.00 4.22 0.00 0.63 6.94
Alun River ALH1 164 09 031 010 106 887 000 000 646 019 171 3588 323 1405 11.39 0.00 4.75 0.00 214 9.41
Nenjiang River reaches Nenjiang River NJ1 384 040 025 011 056 589 0.00 000 1219 019 300 3394 6.00 2344 413 0.00 346 0.00 4.27 2.60
Nenjiang River NJ10 295 051 021 0.00 031 517 000 000 2459 000 191 3201 318 1654 361 0.00 352 0.00 3.16 5.41
Nenjiang River SN40a 213 174 036 003 140 559 000 000 3078 019 151 3852 0.00 831 264 000 040 0.0 2.69 6.39
Yalu River SN62 116 034 012 003 082 475 018 000 114 000 032 3377 0.00 1055 3198 000 866 0.00 1.28 6.17
Kule River SN73 126 072 015 003 077 594 003 000 623 018 073 3500 0.00 568 2383 000 1425 0.00 1.60 5.18
Lalin River Ha22 192 019 0.09 007 034 402 000 000 6542 000 143 518 644 572 2.86 000 239 0.00 2.01 3.74
Second Songhua River JL44 150 200 0.07 002 024 376 000 000 3763 0.00 039 2587 0.00 6.08 3.92 0.00 11.88 0.00 1.57 6.64
The upper reaches
Songhua River Hal6 220 116 011 003 017 417 000 0.00 3863 0.00 155 1974 412 16.14 1.03 0.00 841 0.00 231 2.56
Songhua River T2terrace| Hal7 239 051 022 006 013 55 000 000 3489 0.00 306 2554 414 1169 1.44 0.00 5.07 0.00 261 5.28

Systematic mineral abbreviation list: Zr=zircon, Ap=apatite, Rt=rutile, Ant=Anatase, Lcx=leucoxene, Spn=sphene, Mnz=monazite, Tr=tremolite, Amp=amphibole, Tur=tourmaline, Gt=garnet, Ep=epidote, Px=pyroxene,
lIm=ilmenite, Hem+Lm=hematite+limonite, Sd=siderite, Fm=ferromagnetic minerals, Cr-Spl=chrome-spinel, ZTR index=Zircon+Tourmaline+Rutile. The samples of YL1 and YL2 were sampled from the Songhua River T3 river

terrace in Tonghe county.



Table S2 Heavy mineral composition of the 125-250 um fraction in fluvial sediments in the Songhua River drainage, expressed as relative weight percentage (wt.%). Abbreviation definitions

see Table S1.

Sampling sites Sample number| Zr Ap Rt Ant Lecx  Spn Mnz Tr  Amp  Tur Gt Ep Px Ilm Hem+Lm Sd Fm Cr-Spl ZTR index Other
Balan River BLH1 121 011 0.02 002 010 2699 000 0.00 3621 034 201 268 050 1425 352 0.00 7.26 0.00 1.57 4.78
Balan River BLH2 016 044 002 002 012 3597 000 0.00 3878 037 262 300 075 787 1.87 150 351 0.00 0.56 2.94
Chalin River TH1 008 0.06 000 000 014 3713 000 0.00 4863 0.00 0.00 193 0.00 415 111 0.00 254 0.00 0.08 4.24
Mayan River TH3 000 1.00 000 000 0.00 1997 000 0.00 5507 0.00 499 699 1.00 1.00 3.00 0.00 0.00 0.00 0.00 6.99
Mayan River MYH1 117 005 0.00 000 023 2832 000 0.00 3445 000 163 743 089 1945 0.59 0.00 275 0.00 4.37 2.87

The middle reaches
Mudan River MDJ1 020 262 000 0.00 452 863 000 0.0 3507 0.00 1072 261 725 174 9.85 0.00 0.00 0.00 0.20 12.45
Mudan River MDJ3 143 053 000 000 016 915 0.00 002 5153 000 261 942 140 822 1.40 0.00 4.74 0.00 1.43 9.18
Mudan River MDJ2 064 0.00 002 002 0.08 3428 000 0.00 3127 0.00 436 545 127 14.00 5.09 0.00 0.37 0.00 0.66 2.73
Tonghe T3 terrace YL1 143 000 051 000 11.89 0.00 000 0.00 000 140 260 3.01 000 53.08 361 0.00 176 0.00 3.34 6.29
Tonghe T3 terrace YL2 385 106 043 007 078 197 000 000 000 468 271 000 000 7442 271 000 0.00 0.0 8.96 7.25
Duobukuer River DBKE1 058 072 000 002 058 1736 000 0.00 16.64 0.00 042 3392 442 1454 147 0.00 1.88 0.00 0.58 7.44
Ganhe River GH1 116 029 000 000 100 809 0.00 000 1335 000 040 4784 219 1276 7.18 000 124 0.00 1.16 4.50
Nuomin River NMH1 035 068 000 0.00 071 926 000 0.00 1171 0.00 0.00 37.07 17.37 8.78 2.34 000 138 0.00 0.35 10.34
Alun River ALH1 110 003 0.00 000 055 440 000 0.00 1066 000 023 5782 0.68 0.00 7.48 0.00 1.04 0.00 1.10 8.98
Nenjiang River reaches Nenjiang River NJ1 340 013 030 019 019 1007 000 0.00 1856 020 195 39.26 332 1309 3.32 0.00 248 0.00 3.89 3.47
Nenjiang River NJ10 006 0.00 000 000 162 183 000 0.00 1563 020 653 3562 11.08 6.93 2.57 0.00 0.86 0.00 0.26 12.02
Nenjiang River SN40a 073 091 022 000 278 432 000 000 2140 0.00 058 56.97 0.00 0.00 521  0.00 0.00 0.0 0.95 6.90
Yalu River SN62 025 0.07 002 004 132 482 000 000 455 000 024 4170 0.00 9.35 2301 0.00 258 0.00 0.27 12.05
Kule River SN73 016 015 005 000 157 561 000 000 1981 0.00 000 5058 000 778 867 000 112 0.0 0.22 4.50
Lalin River Ha22 050 0.05 000 000 091 799 000 0.00 7395 078 047 654 0.78 296 0.47 0.00 0.61 0.00 1.28 3.39
Second Songhua River JL44 003 122 000 000 026 495 000 0.00 5267 021 042 2823 000 1.05 0.63 0.00 3.78 0.00 0.24 6.53

The upper reaches
Songhua River Hal6 069 0.80 004 000 009 414 000 0.00 4374 000 514 2320 285 1236 057 000 270 0.0 0.73 3.63
Songhua River T2terrace| Hal7 138 021 0.04 000 027 458 000 0.00 3778 017 084 2968 219 6.91 0.84 0.00 1255 0.00 1.59 2.53




Table S3 Heavy mineral composition of the 63-250 pum fraction in fluvial sediments in the Songhua River drainage based on the traditional optical and TIMA methods, expressed as relative

weight percentage (wt.%). Abbreviation definitions see Table S1.

Methods Sampling sites Sample number| Zr Ap Rt Ant  Lcx  Spn Tr  Amp  Tur Gt Ep Px IIm Fm Ky ZTRindex Other
Lalin River H20c 082 023 000 003 054 414 000 7397 005 058 763 121 452 184 0.01 0.87 4.43

Songhua River H20g 064 112 006 0.03 148 442 000 4872 051 154 2456 440 501 378 0.04 1.21 3.69

Second Songhua River H20h 005 045 000 000 153 320 0.00 5916 0.00 276 1265 596 276 4.60 0.05 0.05 6.83

Alun River ALH10 124 031 010 022 379 700 000 806 072 007 5789 105 1173 235 0.00 2.06 5.47

Nuomin River NMH10 001 029 000 0.00 394 229 000 1459 0.00 0.00 3722 2710 1.36 2.80 0.00 0.01 10.4

) Ganhe River GH1 211 038 006 023 182 667 000 834 011 006 2586 4.00 19.63 27.40 0.00 2.28 3.33
optea Duobukuer River DBKE1 161 111 0.03 027 225 114 000 863 000 047 2740 114 2276 1759 0.00 1.64 5.33
Yalu River YLH12 008 021 000 005 273 677 000 514 000 014 6089 122 447 1130 0.00 0.08 7.00

Mudan River MDJ10a 001 029 003 003 064 716 164 5505 019 351 1396 6.04 117 214 0.00 0.23 8.14

Balan River BLH11la 005 024 000 000 118 2210 0.00 5433 019 103 555 329 207 193 0.00 0.24 8.04

Chalin River CLH11 063 078 004 0.07 043 2850 0.00 468 000 019 470 160 507 7.76 0.00 0.67 3.46

Mayan River MYH10a 044 023 000 0.03 113 2150 0.00 5548 0.00 018 640 213 516 298 0.00 0.44 4.33

Lalin River H20c 000 067 067 000 034 370 000 7398 107 013 1311 005 153 066 2.00 1.74 2.09

Songhua River H20g 016 139 057 0.00 106 437 0.00 5299 214 114 2956 0.04 284 139 0.21 3.69 2.15

Second Songhua River H20h 003 014 026 000 010 399 0.00 5421 097 090 2578 010 164 6.06 0.00 1.14 5.82

Alun River ALH10 005 031 312 000 255 692 000 1164 036 171 6771 001 124 149 179 0.72 1.10

Nuomin River NMH10 001 08 130 0.00 199 282 0.00 1205 0.73 259 4328 2524 144 483 0.00 1.59 2.87

Ganhe River GH1 1.04 018 338 000 229 1240 0.00 9.99 098 413 4198 0.03 1348 9.14 0.00 2.20 0.98

TIMA Duobukuer River DBKE1 068 127 350 000 291 1552 0.00 6.72 106 848 3259 0.09 1337 13.07 0.20 3.02 0.53
Yalu River YLH12 014 014 222 000 190 501 000 657 111 316 7238 004 358 287 0.37 1.39 0.52

Mudan River MDJ10a 002 073 065 000 09 716 0.00 4821 389 480 2380 045 048 317 227 4.65 3.40

Balan River BLH11la 043 030 049 000 025 1978 0.00 3711 4.68 340 2249 012 203 175 132 5.40 5.87

Chalin River CLH11 018 070 193 0.00 206 3243 0.00 3579 050 051 888 014 987 442 0.09 1.37 2.52

Mayan River MYH10a 022 004 060 000 044 2716 0.00 4430 117 160 16.08 003 532 125 0.20 1.44 1.57




Table S4 Heavy mineral abundances (wt.%) in the different-sized fractions in the Balan River (A: < 63 um, B: 63-125 um, C: 125-250
um). Systematic mineral abbreviation list: Amp=amphibole, Spn=sphene, Zr=zircon, Mgh=maghemite, lIm=ilmenite, Mag=Magnetite,

Hem=hematite, Lm=limonite, Px=pyroxene, Gt=garnet, Ep=epidote, Tur=tourmaline, Leu=leucoxene, Mnz=monazite, Rt=rutile, Ant=anatase,

Ap=apatite.
Hem

Sample Zr Ap Rt Ant Mnz Px Amp Tur L Mag Mgh Gr Spn Ep Leu
BLH1A 7.00 0.06 0.12 0.06 0.17 2.85 50.70 0.84 3.02 4.1 0 1.68 12.41 1.18 0.42
BLH2 A 4.76 0.63 0.10 0.03 0.21 4.86 55.97 1.06 0.42 4.29 0.48 1.48 9.42 3.17 0.02
BLH3 A 6.05 1.25 0.12 0.09 0.20 2.95 48.94 0.39 1.38 157 2.48 0.79 15.81 413 0.20
BLH4 A 9.14 0.83 0.19 0.69 0.00 2.47 38.17 0.95 3.60 3.05 2.07 1.90 9.80 15.00 0.19
BLH5A 1411 1.00 0.56 0.83 0.00 0.00 30.75 0.00 1.61 0.56 10.42 242 9.14 14.28 0.72
BLH6A  11.93 2.00 0.16 0.05 0.00 0.56 4251 0.19 1.50 9.18 251 0.56 13.52 3.56 0.05
BLH7A  11.53 2.10 0.24 0.05 0.00 1.85 4478 0.00 1.39 12.31 3.13 0.31 8.23 7.10 0.20
BLH8A  10.72 1.37 0.17 0.05 0.00 0.41 44.02 0.00 0.62 341 5.23 1.03 14.37 5.14 0.11
BLH1B 4.29 0.64 0.08 0.06 0.00 0.92 22.12 0.13 3.40 155 6.66 3.79 16.35 4.19 0.17
BLH2 B 3.45 0.92 0.04 0.07 0.00 1.98 43.67 0.54 1.80 3.33 9.07 3.23 10.09 7.19 0.18
BLH3 B 0.45 1.27 0.00 0.01 0.00 1.00 5506 0.20 2.80 0.27 5.9 0.60 18.37 6.61 0.01
BLH4 B 1.10 0.25 0.00 0.11 0.00 1.56 46.22 0.00 1.33 9.16 2.74 1.33 16.30 7.78 0.29
BLH5 B 5.01 0.42 0.00 0.21 0.00 0.25 45.18 0.00 2.76 3.97 3.58 4.27 14.09 11.30 0.27
BLH6 B 2.65 0.34 0.02 0.10 0.00 0.52 40.64 0.00 3.96 2.62 17.75 1.89 15.50 1.72 0.34
BLH7 B 132 1.78 0.00 0.02 0.00 0.78 48.36 0.00 1.56 12.75 8.48 0.47 10.50 2.65 0.20
BLH8 B 2.16 1.29 0.00 0.01 0.00 0.49 50.50 0.00 1.80 8.21 6.39 0.33 14.29 2.46 0.18
BLH1C 121 0.11 0.02 0.02 0.00 0.50 36.21 0.34 3.52 4.52 274 2.01 26.99 2.68 0.09
BLH2 C 0.16 0.44 0.02 0.02 0.00 0.75 38.78 0.37 1.87 1.13 2.38 2.62 35.97 3.00 0.12
BLH3 C 0.45 0.35 0.00 0.00 0.00 126 5339 084 1.05 1.28 0 0.63 28.77 3.99 0.14
BLH4 C 0.00 1.39 0.00 0.00 0.00 1.46 39.49 0.00 2.30 1.74 1.87 1.05 30.36 7.73 481
BLH5C 0.00 1.03 0.00 0.10 0.00 0.53 45.00 0.00 0.27 1.08 0 0.53 1204 26.21 212
BLH6 C 0.18 0.59 0.00 0.12 0.00 0.18 42.67 0.18 2.88 0.98 4.32 252 26.47 3.42 0.45
BLH7 C 0.01 0.75 0.00 0.00 0.00 0.16 49.43 0.00 1.43 14.39 3.11 0.48 18.47 4.77 0.19
BLH8 C 0.22 0.29 0.00 0.00 0.00 0.17 42.40 0.00 1.02 6.02 5.87 1.19 26.45 271 0.22
Enrichment Enriched in fine particles Enriched in intermediate particle Enriched in coarse-grained
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Table S5 Comparison of dominant mineral assemblages between wide window (63-250 um) and multi-window (63-125 um and

125-250 pm) in river sediments of Songhua River. Abbreviation definitions see Table S1.

Rivers\ Grain-size fraction

125-250 um

The upper reaches

The middle reaches

Duobukuer River

Nuomin River

Alun River

Yalu River

63-250 pm 63-125 pm
Amp+Ep Amp+Ep+IIm+Fm
Amp+Spn+Ep Amp+Spn+lim+Fm

Ep+lim+(Hem+Lm)  Ep+lim+Spn+Amp

Ep+Px+Amp Px+Ep+llm
Ep+lim+Amp+Spn  Ep+lim+(Hem+Lm)

Ep+(Hem+Lm)+Spn  Ep+(Hem+Lm)+Fm

Amp+Ep+Spn+IIm/Fm
Amp+Spn+lIim
Ep+lIm+Amp+Iim
Ep+Px+Amp
Ep+Amp+(Hem+Lm)+lIm

Ep+(Hem+Lm)+IIm
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