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Abstract

The predicted increasing ground temperatures in the Arctic results in the deepening of the active layer and intensification of

geochemical processes, which could affect the geochemical composition of surface waters. Determining the responses of the

riparian soil systems to surrounding hydrological flows under changing climate conditions is important for understanding the

seasonal changes in hydrological processes. Therefore, in this study, one soil core from the study area polygon rim (close to the

Taz River, TA) and two soil cores from the riverain terrace (close to the Syoyakha River, SY and Murtyyakha River, MU) in

Russian Western Siberia and their supra-permafrost water, adjacent stream flows and river water were sampled for analysis of

geochemical elements. The results showed that most elements above their respective detection limits (Mn, Sr, Fe, Mg, Cr, Co,

V, Pb, Al and Ca) started to accumulate in the downwards gleyed layer during September–October in response to the deepest

thaw in the active layer. This study focused on the highly mobile elements, i.e., Mn, Ca, Mg, Al and Ti, in the deepest layer;

and found the transport of organic matter in the upper layer carried these elements to both surface water ponds/flows and

supra-permafrost water, and further, to the rivers. The best linear correlation for both stream flows and river water were Mn,

which may be a proxy for predicting the processes occurring within the active layer during the annual summer-autumn thaw.

Finally, landscapes with different ice contents may experience changes in the elements transported to surface waters.
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Text S1. The detailed description of pH values for supra-permafrost water in TA, SY, and MU for different
sampling months.

For all periods, the supra-permafrost waters were very acidic with the pH values ranging from 4.06 to 4.93
for Ta, from 3.80 to 4.83 for Sy, and from 3.70 to 4.86 for Mu. In spring the pH values ranged from 4.06 to
4.20 (mean = 4.13) for Ta, from 3.80 to 3.89 (mean = 3.84) for Sy, from 3.70 to 3.96 (mean = 3.81) for Mu.
During early June to end of August, the pH ranged from 4.2 to 4.57 (mean = 4.40) for Ta, from 3.81 to 4.57
(mean = 4.26) for Sy, and from 3.90 to 4.67 (mean = 4.33) for Mu. During autumn, the pH values ranged
from 4.5 to 4.9 (mean = 4.77) for Ta, from 4.34 to 4.83 (mean = 4.62) for Sy, and from 4.15 to 4.86 (mean
= 4.65) for Mu. The lowest concentrations for three sites were approximately at the beginning of May, and
the highest concentrations for three sites were observed in October 12, 2016.

Text S2. The detailed description of pH values for the surface water surrounding the soil cores for different
sampling months.

Ta exhibited acidity (pH = 6.31-6.85) from spring to the late summer in the streams and kept neutral during
autumn seasons, except for two dates in late September. For the Taz river, the pH values ranged from 6.82
to 7.15, with the average value of 6.99 from spring to the beginning of summer and decreased beginning
late July. From August, pH values showed an increasing trend until the beginning of October, when the pH
values reached their peak (pH = 8.14). In Mu, the pH values of streams fluctuated from 6.11 (the beginning
of May) to 6.43 (the end of August) and raised dramatically to between 6.91 and 7.15 from September to the
middle of October. The Murtyyakha river showed a relatively higher pH value at the end of May (6.91) and
middle of June (6.92), during early summertime and gradually increased from the end of summer to the late
autumn with the peak value of 7.84. Sy revealed more acidic pH values (5.71-5.92) in the streams during
May and kept stable pH values during June to July, while pH values increased significantly in August and
gradually increased until October. The Syoyakha river also showed acidity before late autumn, except for
two peaks where the pH values were close to 7 in May and June and the highest pH values were observed in
the beginning of October (pH = 7.44).

Text S3. CO2, CH4 and DOC in the surrounding hydrological streams.

In SY, the average CO2 concentration increased from May (164 μmol L-1) to October (178 μmol L-1). CH4
average concentrations increased from 32 to 37 μmol L-1 from May to October and that of DOC increased
from 164 to 178 mg L-1 from May to October. The same increasing trends were observed in MU and TA.
During May to October, the average DOC, CO2 and CH4 concentrations for MU rose from 32 mg L-1, 162
μmol L-1 and 5 μmol L-1 to 38 mg L-1, 178 μmol L-1and 11μmol L-1 respectively, which for TA rose from
39 mg L-1, 202 μmol L-1 and 4 μmol L-1 to 61 mg L-1, 288 μmol L-1and 14 μmol L-1 respectively. The
apparent increasing time for MU and SY was in August while for TA was in July.

Table S1. EDX results for soil core collected adjacent to Taz river (TA), Syoyakha river (SY), and Mur-
tyyakha (MU) river in Yamal-Nets Autonomous Region. The values are in mg kg-1.

Element Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA)

0-5 cm Ah@ 5-10 cm Ah@ 10-20 cm B@1 20-30 cm Bh@ 30-50 cm B@2 55-70 cm B/C@ 70-83 cm B/Cg 83-90 cm Cf
Zn 48.80 ± 3.31 45.09 ± 6.19 46.82 ± 6.73 43.93 ± 5.32 49.65 ± 4.34 47.10 ± 6.98 43.45 ± 6.17 42.38 ± 3.01
Mn 631 ± 78.61 327 ± 38.96 329 ± 47.51 473 ± 43.17 393 ±48.97 541 ± 75.82 236 ± 32.63 244.35 ± 38.72
Fe 19568 ± 2374 18821 ± 1805 20644 ± 1287 18989 ± 2386 20278 ±2795 20629 ± 2312 16837 ± 1722 17535 ± 1060
As 3.66 ± 0.27 2.82 ± 0.39 3.33 ± 0.20 2.60 ± 0.14 3.08 ± 0.29 4.46 ± 0.50 2.36 ± 0.25 2.68 ± 0.25
Co 61.2 ± 5.78 54.8 ± 3.71 48.9 ± 2.60 30.5 ± 1.67 58.7 ± 7.10 43.5 ± 4.78 41.2 ± 2.63 31.8 ± 2.31
Cr 39.37 ± 4.76 41.35 ± 4.93 42.79 ± 4.52 40.54 ± 4.27 32.43 ± 4.70 103.70 ± 8.94 105.59 ± 15.44 37.36 ± 4.13
V 69.92 ± 4.15 69.21 ± 8.50 73.15 ± 10.55 67.97 ± 4.84 64.34 ± 8.72 98.72 ± 8.68 104.57 ± 7.23 62.99 ± 6.63
Sr 77.88 ± 6.08 77.17 ± 10.11 85.05 ± 11.48 92.56 ± 9.56 76.83 ± 8.84 183.01 ± 25.79 192.96 ± 14.81 69.56 ± 8.94
Ca 8263 ± 554 7055 ± 1080 10307 ± 650 10294 ± 700 10843 ± 1724 17410 ± 2406 17455 ± 1513 6365 ± 985
Na 1154 ± 132 1203 ± 112 1280 ± 137 1262 ± 124 1364 ± 213 1551 ± 216 989 ± 127 1050 ± 82
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Element Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA)

Mg 5922 ± 551 6219 ± 751 7049 ± 604 7097 ± 629 6983 ± 497 8872 ± 629 8992 ± 666 6067 ± 653
Al 18735 ± 1259 18925 ± 1889 20149 ± 2351 18826 ± 992 17842 ± 1108 20148 ± 2882 20700 ± 2477 16842 ± 2459
Ti 1479 ± 146 1585 ± 91 1656 ± 105 1553 ± 179 1432 ± 77 1791 ± 201 1829 ± 128 1356 ± 138
Cd 0.19 ± 0.01 0.42 ± 0.03 0.44 ± 0.02 0.31 ± 0.05 0.34 ± 0.03 5.45 ± 0.47 5.41 ± 0.78 0.41 ± 0.02
Pb 29.06 ± 3.99 26.32 ± 1.92 8.60 ± 0.75 13.87 ±1.50 12.45 ± 1.07 43.04 ± 4.91 43.09 ± 5.79 25.44 ± 1.68
Mo 0.002 ± 2.5×10-4 0.005 ± 6.6×10-4 0.004 ± 6.4×10-4 0.002 ± 2.0×10-4 0.002 ± 1.7×10-4 1.025 ± 1.5×10-1 1.035 ± 9.5×10-2 0.001 ±1.6×10-4

Tl 5.23 ± 0.73 5.44 ± 0.51 4.24 ± 0.29 6.57 ± 0.56 2.70 ± 0.14 8.17 ± 0.95 7.57 ± 0.63 2.74 ± 0.39
Cu 4.08 ± 0.29 2.07 ± 0.81 2.07 ± 0.13 2.38 ± 0.16 2.55 ± 0.31 3.86 ± 0.56 2.55 ± 0.32 4.86 ± 0.44
Ni 7.57 ± 0.74 6.11 ± 0.87 6.77 ± 0.56 7.27 ± 0.91 6.57 ±0.74 6.62 ± 0.96 6.90 ± 0.90 9.44 ± 1.29
Ga 0.08 ± 0.011 0.04 ± 0.003 0.08 ± 0.008 0.06 ± 0.007 0.07 ± 0.008 0.06 ± 0.006 0.06 ± 0.007 0.08 ± 0.008
Rb 0.07 ± 0.012 0.07 ± 0.010 0.06 ± 0.009 0.07 ± 0.011 0.07 ± 0.004 0.07 ± 0.011 0.08 ± 0.010 0.07 ± 0.006

Table S1. (continued)

Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA) Site close to Taz river (TA)

0-5 cm Ah@ 5-10 cm Ah@ 10-20 cm B@1 20-30 cm Bh@ 30-50 cm B@2 55-70 cm B/C@ 70-83 cm B/Cg 83-90 cm Cf
Zr 0.66 ± 0.06 0.56 ± 0.05 0.72 ± 0.10 1.04 ± 0.15 0.96 ± 0.06 5.93 ± 0.74 6.30 ± 0.95 0.89 ± 0.09
Nb 0.04 ± 5.4×10-3 0.03 ± 3.5×10-3 0.04 ± 5.2×10-3 0.07 ± 6.1×10-3 0.03 ±4.6×10-3 0.02 ± 3.2×10-3 0.02 ± 2.4×10-3 0.07 ± 7.0×10-3

Th 0.02 ± 0.003 0.02 ± 0.002 0.02 ± 0.004 0.02 ± 0.004 0.02 ± 0.002 0.02 ± 0.005 0.02 ± 0.002 0.02 ± 0.002
Br 11.14 ± 1.16 10.23 ± 1.29 11.88 ± 1.61 11.14 ± 0.34 11.14 ± 0.71 11.14 ± 0.61 11.14 ± 0.69 11.14 ± 0.24
K 1964 ± 116 1819 ± 246 2081 ± 189 1999 ± 191 2055 ± 230 2194 ± 274 1442 ± 81 1465 ± 182
P 0.15 ± 0.012 0.27 ± 0.028 0.29 ± 0.021 0.12 ± 0.016 0.29 ± 0.027 0.30 ± 0.028 0.28 ± 0.030 0.13 ± 0.018
Y 3.80 ± 0.26 1.33 ± 0.19 2.18 ± 0.15 3.29 ± 0.39 3.25 ± 0.37 21.57 ± 2.03 19.49 ± 2.82 8.88 ± 0.87
Sc 4.58 ± 0.59 5.04 ± 0.66 5.37 ± 0.37 5.35 ± 0.53 5.36 ± 0.49 20.47 ± 1.62 22.41 ± 2.32 7.63 ± 1.14
Ce 0.35 ± 0.04 0.18 ± 0.02 0.19 ± 0.03 0.34 ± 0.04 0.53 ± 0.05 0.32 ± 0.02 0.58 ± 0.06 0.52 ± 0.06
Pr 0.036 ± 3.0×10-3 0.040 ± 3.4×10-3 0.024 ± 2.1×10-3 0.044 ± 6.2×10-3 0.053 ± 3.5×10-3 0.021 ± 2.1×10-3 0.050 ± 7.0×10-3 0.057 ± 4.0×10-3

Nd 0.039 ± 6.0×10-3 0.040 ± 4.6×10-3 0.052 ± 6.6×10-3 0.017 ± 9.2×10-4 0.083 ± 8.0×10-3 0.053 ± 3.0×10-3 0.072 ± 7.5×10-3 0.088 ± 1.1×10-2

Sm 0.004 ± 4.7×10-4 0.003 ± 3.3×10-4 0.003 ± 3.2×10-4 0.001 ±7.4×10-5 0.001 ± 8.4×10-4 0.002 ± 3.3×10-4 0.002 ± 2.7×10-4 0.001 ± 2.1×10-4

Eu 0.002 ± 2.3×10-4 0.005 ± 5.0×10-4 0.005 ± 7.2×10-4 0.003 ± 4.4×10-4 0.004 ± 3.0×10-4 0.005 ± 5.5×10-4 0.005 ± 3.7×10-4 0.003 ± 2.8×10-4

Tb 0.001 ± 1.4×10-4 0.002 ± 1.2×10-4 0.002 ± 1.1×10-4 0.001 ± 1.3×10-4 0.003 ± 3.2×10-4 0.003 ± 4.8×10-4 0.004 ± 3.9×10-4 0.003 ± 3.9×10-4

Dy 0.001 ± 1.8×10-4 0.009 ± 9.7×10-4 0.008 ± 5.3×10-4 0.007 ± 9.2×10-4 0.006 ± 8.4×10-4 0.002 ± 2.6×10-4 0.004 ± 2.2×10-4 0.006 ± 4.4×10-4

Ho 0.003 ± 4.4×10-4 0.003 ± 4.6×10-4 0.005 ± 4.3×10-4 0.003 ± 1.3×10-4 0.005 ± 2.5×10-4 0.004 ± 5.6×10-4 0.004 ±5.4×10-4 0.003 ± 1.8×10-4

Er 0.012 ± 1.5×10-3 0.007 ± 8.7×10-4 0.013 ± 1.2×10-3 0.008 ± 7.4×10-4 0.010 ± 6.3×10-4 0.009 ± 1.1×10-3 0.011 ± 9.1×10-4 0.010 ± 1.0×10-3

Tm 5.5×10-4 ± 6.3×10-5 8.7×10-4 ± 9.0×10-5 9.9×10-4 ± 5.8×10-5 7.2×10-4 ± 1.0×10-4 4.8×10-4 ± 3.3×10-5 5.5×10-4 ± 4.3×10-5 7.2×10-4 ± 6.7×10-5 9.5×10-4 ± 6.1×10-5

Yb 0.004 ± 6.0×10-4 0.005 ± 4.2×10-4 0.003 ± 2.2×10-4 0.004 ± 3.5×10-4 0.006 ± 7.8×10-4 0.005 ± 5.5×10-4 0.003 ± 4.2×10-4 0.005 ± 4.2×10-4

Lu 4.2×10-4 ± 3.7×10-5 6.5×10-4 ± 7.2×10-5 5.2×10-4 ± 2.8×10-5 8.6×10-4 ± 1.3×10-4 4.2×10-4 ± 2.9×10-5 7.8×10-4 ± 8.2×10-5 9.1×10-4 ± 1.2×10-4 2.7×10-4 ± 1.6×10-5

Table S1. (continued)

Element Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Murtyyakha (MU) Site close to Murtyyakha (MU) Site close to Murtyyakha (MU) Site close to Murtyyakha (MU) Site close to Murtyyakha (MU)

0-6 cm Ah 6-9 cm B@ 9-18 cm Bgw@ 18-35 cm Bg@ 35-40 cm B/Cg 40-50 cm Cf 0-7 cm Ah 7-25 cm Bg@1 25-40 cm Bg@2 40-60 cm B/Cg@ 60-70 cm Cf
Zn 36.4 ± 3.1 35.7 ± 3.2 38.4 ± 3.4 39.3 ± 3.9 42.7 ± 4.0 40.4 ± 5.5 31.1 ± 2.00 38.1 ± 4.08 40.4 ± 4.64 45.6 ± 6.24 40.8 ± 4.54
Mn 1039 ± 89 231 ± 34 628 ± 38 497 ± 44 388 ± 53 441 ± 48 1810 ± 246 583 ± 62 337 ± 24 383 ± 45 395 ± 51
Fe 21075 ± 1637 29790 ± 2307 27316 ± 3476 26847 ± 2778 23146 ± 2870 21545 ± 2267 18100 ± 2110 21212 ± 1135 18676 ± 1741 17544 ± 2451 16280 ± 1268
As 0.74 ± 0.08 3.02 ± 0.19 2.65 ± 0.25 2.34 ± 0.21 2.28 ± 0.18 1.82 ± 0.22 3.18 ± 0.49 5.35 ± 0.33 4.53 ± 0.53 5.01 ± 0.66 5.03 ± 0.77
Co 80.4 ± 9.27 40.1 ± 6.07 49.1 ± 5.41 45.7 ± 6.51 57.0 ± 8.28 58.1 ± 8.41 74.0 ± 9.46 42.1 ± 5.21 37.4 ± 2.33 57.9 ± 7.70 62.9 ± 7.75
Cr 25.1 ± 3.79 64.1 ± 4.58 65.0 ± 3.51 62.9 ± 4.73 61.9 ± 5.43 57.4 ± 6.85 26.3 ± 2.86 46.3 ± 6.22 45.0 ± 2.46 39.8 ± 6.26 37.0 ± 5.25
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Element Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Murtyyakha (MU) Site close to Murtyyakha (MU) Site close to Murtyyakha (MU) Site close to Murtyyakha (MU) Site close to Murtyyakha (MU)

V 46 ± 6 109 ± 15 111 ± 8 107 ± 13 105 ± 8 97.9 ± 9 38.4 ± 6.11 73.6 ± 8.60 71.2 ± 9.01 63.9 ± 5.56 59.2 ± 8.16
Sr 66.9 ± 5.6 73.2 ± 6.2 77.4 ± 5.1 79.7 ± 8.5 82.5 ± 10.6 85.5 ± 9.6 24.2 ± 1.65 55.7 ± 3.36 60.1 ± 5.36 64.6 ± 5.12 70.5 ± 7.07
Ca 6843 ± 1034 5182 ± 304 6011 ± 916 6471 ± 833 6964 ± 1066 7249 ± 808 4381 ± 545 3878 ± 227 4812 ± 734 6626 ± 933 7757 ± 462
Na 844 ± 57 912 ± 82 985 ± 97 1097 ± 63 1064 ± 121 1216 ± 72 258 ± 33 448 ± 23 568 ± 82 782 ± 74 889 ± 130
Mg 3442 ± 222 4715 ± 469 4976 ± 768 5037 ± 707 5107 ± 811 4945 ± 737 2320 ± 127 4542 ± 515 5079 ± 406 5394 ± 788 5851 ± 611
Al 10839 ± 649 24845 ± 3774 24748 ± 3679 25017 ± 1328 25106 ± 2336 24255 ± 1628 10502 ± 715 18365 ± 946 18312 ± 1953 17148 ± 1419 15782 ± 2100
Ti 779 ± 62 2046 ± 241 1960 ± 301 1968 ± 248 2195 ± 278 2268 ± 116 463 ± 30 1372 ± 205 1477 ± 170 1418 ± 85 1294 ± 126
Cd 0.16 ± 0.01 1.43 ± 0.22 1.42 ± 0.20 0.45 ± 0.06 0.50 ± 0.05 0.44 ± 0.06 1.16 ± 0.16 3.43 ± 0.19 4.42 ± 0.41 3.45 ± 0.33 3.50 ± 0.30
Pb 6.02 ± 0.68 22.17 ± 1.31 23.94 ± 2.02 26.08 ± 3.81 22.85 ± 2.09 23.69 ± 2.32 5.02 ± 0.42 12.17 ± 1.70 13.94 ± 1.40 16.08 ± 0.97 12.85 ± 0.68
Mo 0.002 ± 1.9×10-4 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 0.002 ± 2×10-4 0.94 ± 0.05 0.82 ± 0.06 0.87 ± 0.06 0.98 ± 0.11
Tl 4.12 ± 0.63 5.06 ± 0.38 6.01 ± 0.94 6.37 ± 0.64 2.74 ± 0.38 7.10 ± 0.43 3.64 ± 0.30 6.07 ± 0.54 6.21 ± 0.87 6.39 ± 0.86 4.12 ± 0.33
Cu 2.59 ± 0.27 2.11 ± 0.32 4.85 ± 0.45 3.84 ± 0.45 2.96 ± 0.29 4.53 ± 0.43 3.44 ± 0.54 4.46 ± 0.54 2.85 ± 0.31 2.20 ± 0.22 2.34 ± 0.14
Ni 6.53 ± 0.56 9.48 ± 1.15 8.35 ± 0.74 8.77 ± 1.40 9.66 ± 0.82 6.87 ± 0.70 6.84 ± 0.94 6.39 ± 0.79 7.65 ± 0.92 7.06 ± 0.83 8.46 ± 0.95
Ga 0.078 ± 0.011 0.066 ± 0.006 0.063 ± 0.009 0.063 ± 0.006 0.062 ± 0.003 0.084 ± 0.011 0.072 ± 0.0094 0.070 ± 0.0054 0.049 ± 0.0026 0.045 ± 0.0060 0.075 ± 0.0068
Rb 0.061 ± 0.005 0.051 ± 0.008 0.054 ± 0.005 0.060 ± 0.003 0.077 ± 0.004 0.055 ± 0.007 0.076 ± 0.012 0.074 ± 0.010 0.072 ± 0.008 0.061 ± 0.010 0.076 ± 0.009
Zr 0.89 ± 0.07 10.51 ± 0.80 10.74 ± 1.64 10.94 ± 1.73 10.83 ± 0.60 10.14 ± 1.09 1.44 ± 0.15 8.51 ± 0.46 7.74 ± 0.77 9.94 ± 1.24 10.83 ± 0.58

Table S1. (continued)

Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Syoyakha river (SY) Site close to Murtyyakha (MU) Site close to Murtyyakha (MU) Site close to Murtyyakha (MU) Site close to Murtyyakha (MU) Site close to Murtyyakha (MU)

0-6 cm Ah 6-9 cm B@ 9-18 cm Bgw@ 18-35 cm Bg@ 35-40 cm B/Cg 40-50 cm Cf 0-7 cm Ah 7-25 cm Bg@1 25-40 cm Bg@2 40-60 cm B/Cg@ 60-70 cm Cf
Nb 0.042 ± 0.004 0.057 ± 0.003 0.038 ± 0.005 0.064 ± 0.009 0.053 ± 0.006 0.045 ± 0.002 0.038 ± 0.0035 0.029 ± 0.0019 0.026 ± 0.0021 0.068 ± 0.0043 0.040 ± 0.0043
Th 0.024 ± 0.003 0.024 ± 0.003 0.020 ± 0.003 0.033 ± 0.004 0.017 ± 0.001 0.039 ± 0.002 0.011 ± 0.0008 0.015 ± 0.0013 0.014 ± 0.0009 0.032 ± 0.0019 0.035 ± 0.0054
Sr 24.60 ± 2.64 21.88 ± 1.40 16.33 ± 1.96 20.45 ± 1.25 16.91 ± 1.90 25.97 ± 3.03 18.11 ± 1.13 15.69 ± 1.35 14.80 ± 2.00 18.33 ± 1.91 20.28 ± 1.71
Br 3.66 ± 0.49 5.37 ± 0.81 4.28 ± 0.59 5.37 ± 0.67 2.89 ± 0.24 1.31 ± 0.13 3.91 ± 0.22 2.08 ± 0.15 5.02 ± 0.31 2.23 ± 0.21 1.50 ± 0.11
K 1964 ± 107 1819 ± 197 2081 ± 328 1999 ± 244 2055 ± 120 2194 ± 197 1964 ± 104 1819 ± 161 2081 ± 322 1999 ± 285 2055 ± 268
P 0.11 ± 0.009 0.27 ± 0.036 0.13 ± 0.014 0.27 ± 0.041 0.12 ± 0.018 0.25 ± 0.021 0.23 ± 0.034 0.30 ± 0.022 0.11 ± 0.013 0.23 ± 0.020 0.19 ± 0.029
Y 3.44 ± 0.29 11.24 ± 1.06 11.40 ± 1.41 11.63 ± 0.61 13.59 ± 1.22 15.76 ± 1.67 1.44 ± 0.09 10.32 ± 1.17 10.30 ± 1.14 10.54 ± 0.67 11.69 ± 0.80
Sc 5.53 ± 0.39 15.04 ± 2.17 15.41 ± 2.16 14.94 ± 2.08 13.83 ± 0.85 11.10 ± 0.98 3.53 ± 0.28 15.48 ± 1.01 15.38 ± 1.59 14.19 ± 0.91 13.05 ± 1.45
Ce 0.65 ± 0.093 0.16 ± 0.008 0.28 ± 0.032 0.59 ± 0.074 0.44 ± 0.030 0.44 ± 0.039 0.53 ± 0.073 0.12 ± 0.012 0.60 ± 0.056 0.42 ± 0.048 0.47 ± 0.036
Pr 0.03 ± 0.004 0.06 ± 0.006 0.02 ± 0.002 0.03 ± 0.003 0.02 ± 0.001 0.02 ± 0.002 0.05 ± 0.0047 0.06 ± 0.0059 0.03 ± 0.0023 0.03 ± 0.0017 0.04 ± 0.0069
Nd 0.05 ± 0.006 0.09 ± 0.007 0.08 ± 0.007 0.06 ± 0.009 0.02 ± 0.003 0.08 ± 0.004 0.04 ± 0.0047 0.02 ± 0.0008 0.07 ± 0.0047 0.06 ± 0.0088 0.07 ± 0.0103
Sm 0.003 ± 0.0003 0.003 ± 0.0003 0.002 ± 0.0002 0.003 ± 0.0004 0.002 ± 0.0003 0.005 ± 0.0006 0.002 ± 0.0003 0.001 ± 0.0001 0.001 ± 0.0001 0.003 ± 0.0002 0.001 ± 0.0002
Eu 0.002 ± 0.0001 0.003 ± 0.0002 0.004 ± 00002 0.005 ± 0.0005 0.004 ± 0.0002 0.006 ± 0.0004 0.001 ± 0.0001 0.004 ± 0.0004 0.004 ± 0.0002 0.002 ± 0.0001 0.003 ± 0.0005
Tb 0.001 ± 0.0002 0.003 ± 0.0002 0.002 ± 0.0002 0.004 ± 0.0003 0.004 ± 0.0002 0.003 ± 0.0002 0.002 ± 0.0003 0.002 ± 0.0001 0.003 ± 0.0005 0.004 ± 0.0006 0.002 ± 0.0003
Dy 0.005 ± 0.0006 0.007 ± 0.0004 0.010 ± 0.0005 0.007 ± 0.0010 0.004 ± 0.0006 0.004 ± 0.0003 0.005 ± 0.0005 0.003 ± 0.0002 0.010 ± 0.0014 0.009 ± 0.0009 0.008 ± 0.0009
Ho 0.002 ± 0.0001 0.003 ± 0.0003 0.003 ± 0.0003 0.003 ± 0.0003 0.003 ± 0.0004 0.003 ± 0.0003 0.003 ± 0.0002 0.003 ± 0.0004 0.004 ± 0.0005 0.003 ± 0.0004 0.005 ± 0.0005
Er 0.013 ± 0.0018 0.009 ± 0.0013 0.010 ± 0.0015 0.011 ± 0.0014 0.010 ± 0.0014 0.008 ± 0.0007 0.009 ± 0.001 0.009 ± 0.001 0.011 ± 0.002 0.005 ± 0.001 0.008 ± 0.001
Tm 0.0009 ± 8×10-5 0.0007 ± 5×10-5 0.0007 ± 1×10-4 0.0004 ± 3×10-5 0.001 ± 9×10-5 0.001 ± 1×10-4 0.0008 ± 0.0001 0.0009 ± 0.0001 0.0004 ± 0.0001 0.0006 ± 0.0001 0.0010 ± 0.0002
Yb 0.003 ± 5×10-4 0.004 ± 2×10-4 0.006 ± 3×10-4 0.003 ± 4×10-4 0.005 ± 3×10-4 0.005 ± 4×10-4 0.004 ± 0.0004 0.004 ± 0.0006 0.004 ± 0.0005 0.004 ± 0.0004 0.006 ± 0.0008
Lu 0.0003 ± 3×10-5 0.0005 ± 3×10-5 0.0009 ± 5×10-5 0.0006 ± 9×10-5 0.0002 ± 2×10-5 0.0001 ± 1×10-5 0.0008 ± 6×10-5 0.0004 ± 3×10-5 0.0009 ± 1×10-4 0.0002 ± 2×10-5 0.0007 ± 4×10-5

Table S2. Metal/element concentrations (μ g L-1) in soil porewater extracted from the soil cores collected
adjacent to Taz river (TA), Syoyakha river (SY), and Murtyyakha (MU) river in Yamal-Nets Autonomous
Region.
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Depth (cm) SY SY SY SY SY SY SY SY

Mn Fe K Ca Na Mg Al Ti
0-6 94 1686 4 411 7 344 976 62
6-9 23 2979 - 259 - 424 2236 184
9-18 50 1639 - 361 - 249 1732 98
18-35 35 1879 - 647 - 252 1751 138
35-40 31 1389 696 - 255 2511 198
Depth (cm) MU MU MU MU MU MU MU MU

Mn Fe K Ca Na Mg Al Ti
0-7 10 983 92 338 26 162 945 46
7-25 47 1273 58 387 - 227 1285 123
20-40 30 1120 - 384 - 304 1831 132
40-60 34 1754 - 463 78 377 1714 85
Depth (cm) TA TA TA TA TA TA TA TA

Mn Ca Mg Al Ti
0-5 107 132 829 318 187
0-10 36 101 808 359 188
10-20 33 155 705 221 105
20-30 85 164 752 239 95
40-50 79 216 708 238 93
55-70 76 191 774 201 109
70-83 45 332 1079 406 182

Figure S1. Supra-permafrost water pH values in the Ta, Sy, and Mu sites over course of spring to autumn
2016.
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Figure S2. Surrounding hydrological stream and its received river water pH values in the TA, SY, and MU
sites during spring to autumn of 2016.
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Figure S3. The concentrations of DOC, CO2 and CH4 in the surrounding hydrological stream for the TA,
SY, and MU sites.
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Abstract 17 

  The predicted increasing ground temperatures in the Arctic results in the deepening of the active 18 

layer and intensification of geochemical processes, which could affect the geochemical 19 

composition of surface waters. Determining the responses of the riparian soil systems to 20 

surrounding hydrological flows under changing climate conditions is important for understanding 21 

the seasonal changes in hydrological processes. Therefore, in this study, one soil core from the 22 

study area polygon rim (close to the Taz River, TA) and two soil cores from the riverain terrace 23 

(close to the Syoyakha River, SY and Murtyyakha River, MU) in Russian Western Siberia and 24 

their supra-permafrost water, adjacent stream flows and river water were sampled for analysis of 25 

geochemical elements. The results showed that most elements above their respective detection 26 

limits (Mn, Sr, Fe, Mg, Cr, Co, V, Pb, Al and Ca) started to accumulate in the downwards gleyed 27 

layer during September–October in response to the deepest thaw in the active layer. This study 28 

focused on the highly mobile elements, i.e., Mn, Ca, Mg, Al and Ti, in the deepest layer; and 29 

found that the transport of organic matter in the upper layer carried these elements to both surface 30 

water ponds/flows and supra-permafrost water, and further, to the rivers. The best linear 31 

correlation for both stream flows and river water were Mn, which may be a proxy for predicting 32 

the processes occurring within the active layer during the annual summer-autumn thaw. Finally, 33 

landscapes with different ice contents may experience changes in the elements transported to 34 

surface waters.  35 

 36 

Keywords: Geochemical elements, Arctic, Permafrost-affected soils, active layer, surface water, 37 

seasonal thawing38 
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Plain Language Summary 39 

The rapid increasing atmospheric temperature in the Arctic has led the feedback of 40 

permafrost thawing, which increases the depth of active layer and accelerate chemical 41 

weathering. These processes may cause chemical substances further releasing to adjacent 42 

aquatic landscapes. Here we investigated the horizontal and vertical transport of geochemical 43 

elements through surface flow and supra-permafrost water to river water from three cryogenic 44 

soil cores in the Arctic tundra. The results showed that most elements would accumulate in 45 

the gleyed layer that was the deepest in the active layer during thawing season. Mn, Ca, Mg, 46 

Al and Ti showed the highest mobility from soil to supra-permafrost water to the surface 47 

flows/rivers, while Mn was the only element could transport from topsoil and 48 

supra-permafrost water to surface water and river, which may be a proxy predicting the 49 

processes of active layer during summer-autumn thawing. 50 

  51 
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1. Introduction 52 

The increasing atmospheric temperatures in the Arctic have led to permafrost thawing and 53 

vertical downward migration of the active layer into formerly frozen ground, during the thawing 54 

season [H H Christiansen et al., 2010; R Connon et al., 2018; M T Jorgenson et al., 2010; V E 55 

Romanovsky et al., 2010; S L Smith et al., 2010]. The active layer responds to the changing 56 

climatic conditions by increasing its depth, thus accelerating chemical weathering [N Colombo et 57 

al., 2019; K Keller et al., 2007; 2010] and potentially releasing geochemical components and 58 

organic carbon from the soil to adjacent aquatic landscapes [A J Barker et al., 2014; G Grosse et 59 

al., 2016; K D Johnson et al., 2013; C E Johnston et al., 2014; S V Loiko et al., 2017; T V Raudina 60 

et al., 2018; E A G Schuur et al., 2015]. This would increase the movement of carbon dioxide 61 

(CO2) from the soil to aquatic reservoirs such as rivers and lakes [C D Elder et al., 2019; S M 62 

Natali et al., 2015; Y M Polishchuk et al., 2018; B Wild et al., 2019]; this occurs through the 63 

transport of solute and water along surface streams and the permafrost table, which is as known as 64 

“supra-permafrost flow”. Supra-permafrost water is found in the shallow subsurface of the active 65 

layer, where it is typically situated at the boundary between the frozen and thawed fractions of the 66 

soil profile [D J Cederstrom et al., 1953]. Owing to the absence of groundwater discharge in the 67 

permafrost-affected region, solutes being transported to lakes or rivers from adjacent soils 68 

originate primarily from supra-permafrost water. 69 

Permafrost degradation has been associated with an increased contribution of groundwater to 70 

stream via surface flows or supra-permafrost water in Canadian Arctic rivers [M A Walvoord and 71 

R G Striegl, 2007]. Ice wedge degradation has also been proven to be related to the water balance 72 

of lowland across the Arctic landscapes, and to increase streamflow [A K Liljedahl et al., 2016]. 73 

Several studies have observed substantial increments in discharges from the major Eurasian Arctic 74 

rivers due to the warming climate [N J Browny et al., 2019; D Feng et al., 2019; R B Lammers et 75 

al., 2001; D Q Yang et al., 2002; L Zheng et al., 2019]. T V Raudina et al. [2018] observed a 76 

northward shift of the permafrost boundary under climate change scenarios, and that the 77 

concentrations of dissolved organic carbon (DOC), major and trace elements, and greenhouse 78 

gases are expected to decrease in the supra-permafrost waters at the border between the thawed 79 



 

5 
 

and frozen parts from peat soils in the western Siberia lowland. S V Loiko et al. [2017] 80 

hypothesized that the direct mobilization of soil waters to hydrological networks and the 81 

transformation of autochthonous processes were controlled by physical factors in different 82 

landscapes. Overall, there appears to be considerable variability and uncertainty regarding how 83 

discharges of DOC, elements, and greenhouse gases in supra-permafrost waters/surface flows 84 

respond to permafrost thaw and are released to surface water ponds and rivers. 85 

Several studies concerning the biogeochemical cycles of carbon and related metals focused 86 

on both the aquatic and the terrestrial parts of the continental permafrost-bearing ecosystem [L 87 

Guo et al., 2007; J W McClelland et al., 2007; D Olefeldt and N T Roulet, 2012; O S Pokrovsky et 88 

al., 2011]. More recently, the biogeochemistry of soil porewater and supra-permafrost water in 89 

mineral and organic/peat parts of soil profiles in the permafrost areas have been studied [A J 90 

Barker et al., 2014; S Jessen et al., 2014; D Lamhonwah et al., 2017; S V Loiko et al., 2017; T V 91 

Raudina et al., 2018; L E Street et al., 2016]. The previous studies concluded that the export fluxes 92 

of DOC, greenhouse gases, and trace metals from the active layer of permafrost to the surrounding 93 

hydrological landscapes are determined by the amount of water passing through the active layer 94 

till the border of the frozen permafrost, before being drained to a lake or river [Oleg S. Pokrovsky 95 

et al., 2016; O. S. Pokrovsky et al., 2016; T V Raudina et al., 2018]. A J Barker et al. [2014] 96 

reported that the concentrations of metals in surface water were related to the increasing active 97 

layer thickness/degrading permafrost during late fall and early winter. These results revealed that 98 

the dynamics of trace metal concentrations in the transitions from Arctic soils to surface water 99 

corresponded to top-down freezing processes in the active layer. However, there is a lack of 100 

information connecting geochemical tracers in both the underlying supra-permafrost flow and the 101 

upper soil layer to explain the transport of geochemical compositions to surrounding hydrological 102 

networks and can be used as a proxy for the seasonal active layer dynamics. 103 

  Therefore, this study aims to provide this knowledge by analyzing supra-permafrost water, soil 104 

pore water, surrounding small water ponds/flows, and eventually, river surface water from three 105 

typical soils close to rivers from continuous permafrost regions within the Yamal and Gydan 106 

peninsulas, West Siberian Arctic. Tundra lakes and river floodplains are abundant in the Yamal and 107 

Gydan peninsulas; lakes cover, on average, 10% of the Yamal peninsula, occupying 20% of the 108 
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floodplains of large rivers [Y A Dvornikov et al., 2019]. Approximately 90% of all lakes in the 109 

study region are small (<1 km
2
) water bodies. To analyze the effluxes of permafrost soils from 110 

relatively homogeneous landscapes, the sampling sites were set up next to the largest rivers 111 

flowing to the Kara sea, such as the Syoyakha, Murtyyakha, and Taz Rivers. Our main working 112 

hypotheses are as follows: (i) Based on the response of riverine DOC and element concentrations 113 

to increasing active layer thickness reachs the highest contents during late autumn, when the 114 

active layer reaches its greatest depth in a year. Besides, when the components’ concentrations in 115 

the base flow increases, with the yearly maximum values being observed in the Siberian rivers [D 116 

Q Yang et al., 2002]. Therefore, the dominant contributor of DOC and trace elements to river 117 

waters during this time of the year is expected to be supra-permafrost water and base flow to the 118 

rivers. (ii) When mineral weathering processes continue in the deeper soil column during late 119 

autumn and early winter, shallow subsurface soil can also store major mobilized components, such 120 

as DOC, in late autumn during freezing; these components bind with elements and can contribute 121 

to spring thaw in the next year. Formerly mobilized components stored in the shallow subsurface 122 

during spring snowmelt can be potentially enhanced to supra-permafrost waters and further to 123 

surrounding surface waters. Therefore, with an increasing thawed depth of permafrost and the 124 

potentially enhanced mineral weathering fluxes into supra-permafrost waters, biogeochemical 125 

fluxes from surrounding surface waters may experience a change during spring and autumn. (iii) 126 

As the DOC and elements are controlled by the redox environment of riparian soils, they cannot 127 

be consumed by the surrounding biota or depleted by abiotic reaction, and thence persist in 128 

supra-permafrost water; they may be transported to the surrounding hydrological network.  129 

The specific objectives of this study were (1) to assess the mobility of releasing geochemical 130 

elements from upper soil layer water and supra-permafrost water to surrounding water bodies; (2) 131 

to examine whether the concentrations of geochemical elements in the surface water (connected 132 

streams and received river) can explain the active layer dynamics of permafrost riparian soils in 133 

different permafrost-affected landscapes.  134 

 135 
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2. Studying site and methods 136 

2.1 Geographical setting 137 

The study area was located in the Northwest area of the Yamal-Nets Autonomous Region, 138 

across 66° N, with continuous permafrost (Figure 1A). Sampling sites were located close to 139 

the lowlands of the Syoyakha, Murtyyakha, and Taz rivers. The Syoyakha and Murtyyakha 140 

Rivers are situated in the Yamal Peninsula on the Western Siberian plain [M Golovatin et al., 141 

2011]. These geographical features of this region are strongly divided between river valleys, 142 

lake hollows, and streams [M Golovatin et al., 2011]. Cryogenic soils in this part of the 143 

Yamal Peninsula were formed due to the high ice content of Holocene alluvial sediments [A 144 

Sidorchuk and V Grigorev, 1998] and aeolian materials [I Alekseev and E Abakumov, 2018]. 145 

This part of the lowland comprises very flat watersheds of the Syoyakha and Murtyyakha 146 

Rivers and is covered with frozen bogs and palsa. The Syoyakha is one of the largest rivers of 147 

the Yamal Peninsula [Y Bespalaya et al., 2018]; its watercourse is 165 km long and its 148 

watershed covers an area of 4,400 km2 [Y Bespalaya et al., 2018]. The Murtyyakha River has 149 

roughly 580 watercourses and numerous lakes in its basin, which contains 70 rivers more than 150 

10 km long. The Murtyyakha River flows into the Syoyakha River and then enters Kara Sea. 151 

Syngenetic permafrost close to these two rivers contains massive Holocene ice deposits [Y 152 

Vasil'chuk et al., 2016]. The 1,401 km long Taz River is located in the Gydan Peninsula and 153 

drains a basin of 150,000 km2; it flows into the Taz Estuary and ends in the Gulf of Ob. Soils 154 

along with the river included alluvial stratified parent deposits from an earlier stage of the 155 

Holocene [C Tarnocai, 2009]. 156 

We investigated the three poorly drained riparian soils with upper organic layers and a 157 

downward mineral profile adjacent to each river (Figure 1A). The soil close to the Taz River 158 

site (TA) was located at the top of the polygon rim, where the landscape is polygonal tundra, 159 

and the center of polygon was wet-depressed and an accumulation of organic matter poorly 160 

degraded by anaerobic conditions; the surrounding elevated polygon rim showed the evidence 161 
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of cryoturbation in most horizons in the active layer (Figure 1B). The soil profile was gleyed 162 

with frost heaving of the clay stratum. The surrounding vegetation consists predominantly of 163 

wet acidic tussock sedge, grass, and sphagnum moss. Soils sampled nearby at the Syoyakha 164 

(SY) and Murtyyakha (MU) Rivers were both situated from the floodplain. The SY site 165 

consisted of moist acidic moss, lichen, and sedges, and MU site consisted of lingonberry, 166 

willow, moss, and sedge. Both soil profiles had shallow active layers that were strongly 167 

gleyed and under reducing conditions, while the deeper layers at MU showed obvious signs of 168 

cryoturbation (Figure 1C and D). The formation of the SY and MU stratified soils may have 169 

resulted from the constant changes in the river water levels. All three soil profiles for TA, SY, 170 

and MU have been depicted as relatively light chroma color with oxidation of iron minerals 171 

and dominated by mineral substrates with allochthonous organic matter or autochthonous 172 

peat. 173 

2.2 Soil core and supra-permafrost water collection and analysis 174 

Three soil cores were extracted up to the permafrost table using a portable Snow-Ice 175 

Permafrost-Research-Establishment (SIPRE) auger set consisting of a coring auger and an 176 

engine from Jon’s Machine Shop, Fairbanks, Alaska, USA. The location of each soil core was 177 

directly adjacent to the borehole into which a string thermometer was inserted (Figure 1A). 178 

The thermometers, which were put in cases filled with grease as an inert material, were placed 179 

roughly 10 cm from permafrost table for 24 h in July 2016 in order to reach thermal 180 

equilibrium with surrounding soil material. The thermometers were connected to a data logger 181 

for recording hourly temperatures in degrees Celsius (Modular GM10, Yokogawa Electric 182 

Corporation, Tokyo, Japan), powered by a battery with a three-year life and attached to a 183 

stainless-steel stake inserted into the soil cores. The excavated local soils were moved back to 184 

the soil cores. The cores were collected in May 2016, sealed with Polyethylene covers, 185 

transported at a stable temperature of -4 ℃ to freeze the soils, and stored in a refrigerator at 186 

the same temperature prior to analysis. We believe the cores can partially reflect the deepest 187 

active layer during a year, with approximately 65 cm for Mu, 46 cm for Sy, and 90 cm for Ta 188 
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shown by the thawing materials. The soil pits were excavated in July 2017 adjacent to the 189 

coring location (Figure 1), and site restoration procedures followed the standard protocols for 190 

permafrost-affected soils [C-L Ping et al., 2013]. Excavating soil pits may provide an insight 191 

into the vertical depth between the active layer and permafrost that contain external flows to 192 

rivers. Each 35 × 35 cm soil pit was excavated with a shovel and hatchet until reaching frozen 193 

materials and the genetic horizon and name of each soil were identified using the World 194 

Reference Base for Soil Resources WRB [2015] classification system. The stagnic condition 195 

of soils meant that we had to use 2,2’-Dipyridyl to spray soils for 30 s to test for reducing 196 

conditions, as per the tests previously conducted on gleyed soils [C L Ping et al., 1998]. 197 

The frozen soil core was cut into 5 cm sections with a diamond wire saw (LKH-8, Kanghua 198 

Company, Guilin, China), with a cutting section of diamond-impregnated wire mounted on 199 

idler pulleys, in a cold room in the laboratory of Arctic Logistics Center, Salekhard, 200 

Yamal-Nenets Autonomous Region, Russia. The cut sections of each soil core were then 201 

placed in tightly sealed plastic bags (9.5 cm x 18 cm, Bag Whirlpak Clear 7oz, Nasco, FL, US) 202 

and kept at room temperature (approximately 23 ℃) to thaw for 12 h. Completely thawed 203 

soils were used to collect soil porewater with an SPS 200 lysimeter soil solution sampler 204 

(SDEC, Reignac-sur-Indre, France). The collected water was filtered through a 0.45 μm 205 

polypropylene filter, decanted to glass test tubes, and acidified with 0.5(wt) % ultrapure nitric 206 

acid (HNO3, CAS: 7697-37-2 Fisher Scientific, Hampton, USA) before processing through 207 

inductively coupled plasma-tandem mass spectrometry (8800 ICP-MS/MS, Agilent, Santa 208 

Clara CA, USA). To remove the spectral interferences of ions through icon/neutral reactions, 209 

the collision reaction cells (CRCs) mode in the ICP-MS was operated using He or NH3 as the 210 

inert collision gas, following the protocol developed by E McCurdy and G Woods [2004]. The 211 

elements V, Cr, Mn, Fe, Co, Ni, Cu, Zn, and As were analyzed in CRCs mode with He gas to 212 

remove unidentified polyatomic particles arising from the variables Cl−, S−, and C-. Ti was 213 

analyzed in CRCs mode with NH3 to remove interference from S-based polyatomic ions. The 214 

elements Sr, K, Ca, Mg, Al, Ba, Be, B, Cd, Pb, Au, Mo, P, Sc, Ag, Tl, Sn, and rare earth 215 
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elements (REEs) were analyzed using normal (non-CRCs) mode.  216 

Four calibration standards (1 ×10-2, 1×10-1, 1 ×101, 1×102 μg L-1) were prepared by diluting 217 

1×103 μg L-1 stock standard solution for each element and mixed REEs (TraceCERT®) 218 

purchased from Sigma-Aldrich, St. Louis MO USA. The 2% (w/w) ultrapure HNO3 was 219 

taken as the blank. Calibration was performed before every analytical test with a good 220 

calibration curve (R2 ≈ 0.999), and three blanks and check standards were run before every 221 

ten samples. The analytical uncertainty for each sample was determined by the analysis of 222 

triplicate within an error of ± 3%. The detection limits for all elements were set at the level of 223 

1 μg L-1. To correct the magnitude of the signal suppression or enhancement, a standard 224 

mixture solution of Bi, Ge, In, Li, Sc, Tb, and Y (10 µg /mL) prepared in 2% ultrapure HNO3 225 

was used as the internal standard added in all standards, blanks, and samples. 226 

Then, each soil core section was transported to the Applied Ecological Laboratory, Saint 227 

Petersburg State University. They were dried in a vacuum drying oven for 16 h, homogenized 228 

by grinding using a roller mill, processed through a 2-mm sieve, and finally, soils were 229 

pressed into a powder pellet with a vertical hydraulic jack. Each pellet was analyzed through 230 

scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) 231 

(JSM-6390 LA, EX2300, JEOL, Tokyo, Japan). EDX revealed the characteristic peak for 232 

each metal in each sample with atomic-level precision, which can directly transfer the 233 

concentration in terms of mg kg-1. The soil certified reference material CRM027 and 234 

SQC001-30G (Sigma-Aldrich, St. Louis, USA) for trace metals were used for calibration. 235 

Samples and the reference material were analyzed in triplicate, and the detection limits were 236 

determined based on the minimum value of the reference material. 237 

The location of stagnant supra-permafrost waters was collected adjacent to the previous 238 

soil cores in September 2016. To prevent the contamination of water samples due to the 239 

previous methods of collecting supra-permafrost waters with soil pit excavation, an alloy 240 

probe rod was first inserted into the soil to confirm approximately the same depth of the 241 

active layer–permafrost boundary as the previous soil core. A direct push device (SP16 242 



 

11 
 

Groundwater Sampler, Geoprobe Systems®, Salina KS USA) comprising a polyvinyl 243 

chloride screen was driven to the permafrost table within a sealed steel sheath. Then, the 244 

water samples were pumped through the tube to the surface and stored in 25-mL PVC serum 245 

bottles by oscillating the tubing up and down.  246 

For the lower floodplain (SY and MU), water samples were collected after pumping the 247 

tube for 15–20 min to flush water with permafrost materials. The time required for pumping 248 

water in TA was relatively longer than that for the other sites, by approximately 30 min, with 249 

less volume of inflowing water because of the higher depth of polygon rim. For all sites, the 250 

first portion of water containing permafrost materials was discarded, and the clearer water 251 

with fewer impurities was collected. Unfiltered water Samples in the serum bottles were 252 

treated with 0.2 mL of mercuric chloride (HgCl2, Sigma-Aldrich) and capped without air 253 

bubbles or headspace using butyl rubber stoppers pierced by a needle attached to a 3-mL 254 

syringe that allows air and water escape from the bottle when the stopper is inserted. With the 255 

bottle inverted, 10 ml of methane-free helium (Sigma-AldricFh) was added, meanwhile 10 ml 256 

of water was removed through needle displacement and the syringe. Then, another 10 ml of 257 

methane-free helium was added to the headspace without removing water, and water and 258 

headspace were equilibrated in the bottle by shaking for 2 min. The triplicates of subsample 259 

headspace gas (into the syringe) were analyzed for CH4 and CO2 by gas chromatography 260 

(GC-456, Bruker, Billerica MA, USA), with flame-ionization detection (FID) and electron 261 

capture detection (ECD), respectively. After each set of ten samples, the detectors were 262 

calibrated based on Air Liquide (CO2 = 246.6 μmole/mole, CH4 = 302.3 μmole/mole). The 263 

results of triplicate injection showed a repetition rate within ±2%. The gas solubility of CH4 264 

and CO2 [P Kastanidis et al., 2018] were taken by calculating the total concentration of CH4 265 

and CO2 in the vials and then converting to μmol/L of the initial samples. All analysis 266 

procedures for analyzing CH4 and CO2 were carried out in the Center for Chemical Analysis 267 

and Materials Research of St. Petersburg State University. The water temperature, dissolved 268 

oxygen, pH, and specific conductivity were field measured with a portable multiparameter 269 
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meter (Orion Star™ A329, ThermoFischer Scientific, Waltham MA, USA). Stagnant 270 

supra-permafrost waters in this study were oxygenated with an average O2 saturation in 271 

samples ranging from 10.2 to 82.3% with an uncertainty of 3-4%, which is very close to the 272 

previous reports in Western Siberian lowlands [S V Loiko et al., 2017; T V Raudina et al., 273 

2018]. No significant difference was observed in the O2 concentrations from water samples in 274 

each soil site. The average temperature of supra-permafrost waters did not vary significantly 275 

as 12.3±1.8 ℃ for SY, 13.4±1.6 ℃ for MU, and 15.6±2.0 ℃ for TA. The dissolved organic 276 

carbon (DOC) concentrations were analyzed by a TOC-L TOC Analyzer (Shimadzu Kyoto, 277 

Japan) with an uncertainty of 5% and a detection limit of 4 μg/L. 278 

2.3 Surface water collection and analysis 279 

All surface water samples were collected in September 2016. All sampling sites were 280 

adjacent to the location of the soil cores. We collected water samples (streams connected to 281 

each river) from shallow (< 10-30 cm) permafrost subsidence and hollows with the size of < 1 282 

m2; deep depressions (< 1 m) of palsa bogs with sizes ranging from 5 to 15 m2; small thaw 283 

ponds with sizes ranging 10-150 m2; and each river closest to the soil core within 5–10 m 284 

(depth < 5 m). Neoprene gloves were used during water sampling, and water from the 285 

shoreside was collected by a standard PVC MP2 two-stop peristaltic pump tubing (1.09 mm 286 

I.D., White/Red, Pkg. 12, PerkinElmer, Waltham MA, USA) outfitted with a pre-sterilized 287 

Durapore® 0.45 µm capsule filter (MilliporeSigma, Burlington MA, USA). The water 288 

passing through the tubing and filter capsules for the first 30 s was not collected, and 289 

polypropylene (PPCO) bottles with white PP closure precleaned by 2% nitric acid were used 290 

for water collection. The analysis of trace metals in water samples was the same as in 291 

subchapter 2.2. The samples used for chloride determination were not acidified. Chloride 292 

determination was performed by titration with silver nitrate (AgNO3, 0.02 mol L-1) as titrant 293 

according to ISO 9297: 2000 “Water quality — Determination of chloride — Silver nitrate 294 

titration with chromate indicator (Mohr's method).” Titrant calibration was used by 295 
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standardizing AgNO3 solution versus NaCl solution with the same molar concentration (0.02 296 

mol L-1). The relative standard deviation (RSD) of titrant was <1 %. 297 

3. Results 298 

3.1 Characteristics of soil profile and chemical composition in the soil column 299 

The detailed horizon and vegetation information in the soil pit profiles in the photographs 300 

for SY, MU, and TA is shown in Figure 1. The soil group belongs to Histic Gleysols 301 

(Stagnic), Histic Gleysols (Turbic), and Turbic Cryosols for SY, MU, and TA, respectively. 302 

The top fractions of soil horizons from three soil pits all show a high chroma color, with TA 303 

being relatively lighter (Figure 1B), and all the lower fractions show strong gleyed conditions, 304 

which may indicate a redox boundary. The lower fractions of soils were further tested by a 305 

few drops of alpha-alpha-dipyridyl for 30–40 s, showing that no pink color was observed for 306 

SY at the depth of 6–9 cm, with a strip-shaped iron oxidized boundary to the next horizon. A 307 

positive pink color was observed during the reaction in the next gray color horizon (9-18 cm), 308 

suggesting the occurrence of reduced ferrous oxides under the reducing condition. Compared 309 

with the previous horizon, this horizon had few plant roots and little accumulation of organic 310 

matter. The lowest section (18-35 cm depth) had a sporadic positive pink color. This 311 

difference may be due to the different redox spots visually observed in the excavated soil pit 312 

(Figure 1C). The lower 18–35 cm showed heterogeneous rusty-gray color as the ferric irons, 313 

as well as aluminum, and inclusions of organic materials due to the cryogenic mass exchange 314 

through bottom-up transportation of water by thawing/freezing processes that bring parent 315 

materials to the upper layers, where cracks can be observed in 18–35 cm. In the upper 6–9 cm 316 

horizon, the oxidation of ferrous iron to ferric iron is mostly due to the leaching process of 317 

upper thawing water containing oxygen. Therefore, the low density of strictly reduced gleyed 318 

horizon (6-9 cm) separated the two different geochemical transport pathways between the 319 

upper and lower horizons.  320 

For soil pit MU, the pink reaction color was observed at the depth of 7–25 cm (the shape 321 
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shown as Bg@ horizon in Figure 1D), and the middle part of depth 25–60 cm and 60–65 cm 322 

depth. In the Bg@ horizon, there were more disbursed rust-orange spots and stains that 323 

followed the path of roots; these ferrous irons were oxidized by the atmosphere through the 324 

growth upper vegetation’s roots growing. In the 25–60 cm depth, the apparent presence of 325 

cryoturbation with a gray-brown color was observed alongside the dark-gray inclusions from 326 

the lower permafrost. The oxidized iron in this horizon results from the multi-year 327 

freezing/thawing and lower activities of congeliturbation that transport the materials from 328 

both the upper and lower layers. The 60–65 cm depth was completely under the reducing 329 

condition with loamy soils in gray color.  330 

For soil pit TA, the reducing conditions indicated by a positive pink color were observed 331 

below 55 cm. TA shows a mixed O and A horizon within 30 cm that has a brownish-gray 332 

color and very few roots, which is common under hummocks in Western Siberia. Within the 333 

0–55 cm depth, the lateral ring-shaped layers and mud spots can be observed, which were 334 

caused by frost heave when a rounded knoll of ice rises during the freezing time. The 335 

evidence of cryoturbation can be seen below 55 cm with the dark gray color, and some moss 336 

residues are observed in the fragments of cryoturbation clusters.  337 

The vertical elemental concentrations in three soil cores measured by EDX are listed in 338 

Table S1 (Supporting Information) and plotted as logarithmic concentrations in soil core 339 

depth in Figure 2. The other elements not shown in Figure 2 did not exhibit a regular pattern 340 

under reducing conditions within the soil cores. Mn and Co were enriched in the top mineral 341 

layer with organic matter accumulation, which likely because of their complexation with 342 

natural organic matter. In contrast, Cr, V, Sr, Ca, Mg, Al, Ti, Cd, Mo, Zr, and Sc increased in 343 

lower mineral soil horizons in the three soil cores. In particular, for the MU site, Fe, Cr, and V 344 

were only higher in the first gleyed horizon with cryoturbation (7-25 cm) and decreased 345 

gradually with increased depth. Al, Ti, Cd, and Sc kept increasing until 40 cm (second gleyed 346 

horizon) and then decreased gradually or maintained relatively comparable levels in the 347 

deeper layers. As, Mo, and Zr decreased until 40 cm and then increased in deeper mineral 348 
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horizons mixed with frozen material and at the frozen horizon. Zn, Sr, K, Ca, Na, Mg, and Y 349 

were higher in all gleyed horizons.  350 

For the SY site, three trends were observed: i) relatively slight decrease from top to down 351 

within the gleyed horizons for As, Cr, V, Mo, Zr, and Se; ii) continuous increase in gleyed 352 

horizon depth for Sr, K, Ca, Va, Mg, Al, Ti, and Pb; iii) only the Cd content increased sharply 353 

in the upper gleyed horizon (9–18 cm) and decreased significantly below 18 cm. For the TA 354 

site, the maximum concentration was observed in the gleyed horizon for Cr, V, Sr, Ca, Mg, 355 

Al, Ti, Cd, Pb, Mo, Zr, Y, and Sc. These elements were apparently enhanced in reducing 356 

fractions, concentrations of which, with respect to the upper layers of soil column, can reflect 357 

the soils with increased reducing soil conditions. This obvious demarcation between elements 358 

with concentrations either increasing in the upper layers of soil column or accumulating in the 359 

lower part of soil column correlates to the variation of redox conditions in the soil pit profile 360 

as well. The fluctuation of elemental concentrations in the lower soil cores may also be 361 

caused by the effect of cryoturbation. 362 

The elemental concentrations of soil porewater are listed in Table S2 and plotted as the 363 

function of depth along the cores (not containing supra-permafrost water) in Figure 3. The 364 

results showed Ca, Mg, and Ti as soluble species that may be available for transporting 365 

supra-permafrost water for all three sites because of the increased concentrations in the deeper 366 

fraction of the soil core. Additionally, Al in TA site, Mg in MU site, and Fe in SY site may 367 

also have the same potential. To some extent, Mn, Ca, Mg, Al, Ti, and Fe all can be soluble 368 

species in both upper and deeper fractions of the soil core, indicating both the transport 369 

capability from surface flows and supra-permafrost waters to the river. 370 

3.2 Thermal dynamics within soil depth 371 

The temperatures in multiple depths from the installed thermometers are provided in 372 

Figure 4. In general, the surface (0 cm) soil temperature corresponds to the variation in 373 

ambient temperature in this region. The soils at four different depths in TA, MU, and SY were 374 

completely frozen by the end of April as our measurements were initiated. In TA, the thawing 375 
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of frozen soils (temperature rose above 0 ℃) occurred on May 30, 2016 at 0 cm, on June 7, 376 

2016 at 20 cm, on June 18, 2016 at 40 cm, and on June 30, 2016 at 75 cm. In MU, the 377 

thawing occurred on June 2, 2016 at 0 cm, on July 14, 2017 at 25 cm, on June 25, 2016 at 40 378 

cm, and on July 4, 2016 on 59 cm. In Sy, the thawing occurred on June 1, 2016 at 0 cm, on 379 

June 11, 2016 at 18 cm, on June 22, 2017 at 26 cm, and on July 2, 2016 at 38 cm. The frozen 380 

soils in the Arctic notably thaw from top down during the spring-summer season. The lower 381 

latitude of TA results in a relatively earlier thawing time than that of MU and SY. 382 

3.3 Chemical composition in the supra-permafrost water 383 

All measured elemental concentrations are plotted as the function of sampling time in 384 

Figure 5 and the pH values for supra-permafrost water in TA, SY, and MU for different 385 

sampling months are presented in Figure S1 with a detailed description in Text S1. In TA, 386 

the contents of Zn, Mn, Ti, and Sr increased generally from the beginning of summer (June) 387 

while Sr and Ti increased slightly with an obvious increasing trend at the end of summer 388 

(September 15, 2016). Zn reached its highest concentrations (15.93-17.50 μg L-1) at the 389 

beginning of autumn, and this level was maintained until October 2016. Unlike Zn, the peak 390 

value of Mn was observed in October. Fe concentrations started to rise significantly at the end 391 

of September and peaked at the end of October 2016 (2049.71 μg L-1). Mg, Cr, V, Pb, Al, and 392 

Ca concentrations exhibited less fluctuation over summer with low concentrations until an 393 

increasing trend was observed at the beginning of autumn. Na was the only element that 394 

showed a gradual increase in concentration over time till October 15, 2016. For Cd and Mo, 395 

there was no particular trend, and their levels were low. SY and MU essentially followed the 396 

pattern of TA, while the highest Fe concentration in SY was found at the end of October 397 

2016. 398 

3.4 Chemical composition in the surrounding hydrological streams and rivers 399 

We measured the elemental concentrations of the surface water surrounding the soil cores, 400 

including the connected hydrological flows (i.e., shallow, depression, and thaw ponds) and 401 
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rivers (the sites receive the flow), which are shown in Figure 6. The pH values for TA, MU, 402 

and SY for different months are shown in Figure S2 with detailed description in Text S2. The 403 

concentrations of CO2, CH4, and DOC in the surrounding streams are plotted as the function 404 

of sampling time in Figure S3 and described in Text S3. 405 

The remaining detected elements were not shown here because they were below the 406 

detection limits. The three sites showed strong similarity of elements’ distribution in the 407 

connected surface flows and the adjacent rivers with the passage of time. Most elements (i.e., 408 

Fe, Mn, Zn, Na, Pb, Al, and Ca) showed a dramatically increasing trend from the beginning 409 

of September to the beginning of October, while Co, V, and Sr significantly increased 410 

beginning in August, and only Cr increased starting in July. These elements in the 411 

surrounding hydrological streams or rivers reached their highest concentrations at the 412 

beginning of October, except for Mo, Cd, and Ti, which had very low concentrations at all 413 

time-scales with a slightly increased concentration in October. The concentrations of Fe, Zn, 414 

Al, Co, and Sr were consistent with the observation of enhanced soluble concentrations in 415 

supra-permafrost water for each of the corresponding months. This may be because of the 416 

solubility of these metals, except Co and Mn, which remained at low levels in the top layers 417 

of soil cores, and because of the different solubilities of the metals during snow melting, 418 

which are related to the bonding mechanism in the soil, especially for top soil layers with 419 

increased organic matter. The highest to lowest concentrations for metals were approximately 420 

Fe > Mn > Zn > Sr > Ti > V ≈ Na ≈ Al ≈ Pb > Cd ≈ Mo.  421 

4. Discussion 422 

4.1 Variability of elemental concentrations in solid soil and soil porewater 423 

  In the TA soil column, higher elemental concentrations in soil porewater, such as Mn, 424 

Mg, and Ti, were found in the oxidizing zone (~10-15 cm, the layer with organic matter 425 

accumulations). Compared with the deeper depth of soil column (~30-83 cm, reducing zone), 426 
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enhanced elemental accumulations were also observed, especially for Mg and Ti. The lesser 427 

extent of Ca and Al concentrations in the top organic layer (Figure 2), which may be due to 428 

the excess of Ca in the soil solutions, occupy more than 90% of total cation concentration [J 429 

O Leckie, 1986]. Ca cation can control the soluble stage of trace elements in soils, due to Ca’s 430 

presentation as an organic complex in soil solutions, preventing the precipitation of soil 431 

deposits [J O Leckie, 1986]. For instance, fulvic acid in this organic layer can significantly 432 

interfere with the crystallization of aluminum hydroxide polymorphs [H Kodama and M 433 

Schnitzer, 1980]. Besides, the aqueous Ti concentrations in both the oxidizing and reducing 434 

zones are similar, while Mn is relatively higher in oxidizing zones, and Mg is more enhanced 435 

in the reducing zone. Compared with the distribution of these elements in the solid soil core, 436 

only Ca and Al showed a similar trend. This difference is due to the soluble and chemical 437 

fraction of species. 438 

In MU soil column, the concentrations of Mn, Ca, Mg, Al, Fe, and Ti in soil porewater 439 

were increased below 7 cm in the reduced zones. However, the solid soil phase shows high 440 

levels of Mn in the oxidizing zones (~0-7 cm), with the other elements’ distribution 441 

corresponding to the soluble forms. In SY soil column, Mn, Mg, and Fe contents in soil 442 

porewater were enhanced in the upper oxidizing zones, and Ca content was only obviously 443 

enhanced in reduced zones, while Al and Ti both accumulated in the oxidizing and reduced 444 

zones. The Mn concentrations were found to be the highest in the oxidizing zones in solid 445 

phase, whereas other elements (Ca, Mg, Al, Ti, and Fe) increased in the reduced zones.  446 

In both MU and SY, Mn concentrations are found higher in top layer of soil, which is 447 

consistent with the low solubility of Mn in lower pH soils (pH = 4.7 for Mu and 4.8 for Sy) [F 448 

Scholz and H Kahlert, 2015]. We speculate this is because of a more integral gleyed layer (~ 449 

10-40 cm) caused by cryoturbation, which makes the soils share the same origin. SY revealed 450 

more heterogenous materials that divided several soil layers through cryoturbation, which 451 

results in elemental fluctuations in terms of soluble elements. 452 

The three soil cores’ depth represents the typical maximum vertical extent during the 453 
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thawing period in autumn. Among the three soil cores, differences between elemental 454 

concentrations in soil porewater and solid soil are still substantial. Taking as an example the 455 

concentrations of Mn in the Ta soil column, the concentration of Mn in the oxidizing layer is 456 

1039 mg/kg-1 with approximately 0.11 mg/L-1 in soluble form. There is approximately 0.045 457 

mg/L-1 mobilized within thawing water to the reduced zones with 388 mg kg-1 presented in 458 

solid soil of this layer.    459 

To better understand the solubility of elements, the partitioning coefficients (Kd) were 460 

calculated as shown in Figure 7. Despite the discrepancy of Kd below the top layer, the 461 

decreasing solubility can be observed within the gleyed layers, which is consistent with the 462 

theory that metals are hindered in this layer [I Antcibor et al., 2014]. However, Al and Mn 463 

were observed with clearly increasing solubility in all soil cores above the permafrost table. 464 

Besides, the high partitioning from the solid to the aqueous fraction was observed in Ti for Sy, 465 

and Fe and Mn for Mu. Unlike the top organic-rich layers mainly reflecting biogeochemical 466 

cycle, minerogenic layers reflect mineralogical weathering. Therefore, the difference may be 467 

due to different soil textures and frost processes.  468 

The enrichment of Mn and Al for soil materials in Western Siberia was previously 469 

investigated [E Abakumov et al., 2017; I Antcibor et al., 2014; L Evgeny et al., 2017; X Ji et 470 

al., 2019a; X Ji et al., 2019b]. The further soil water flows into supra-permafrost water, the 471 

more it creates consistent input of elements such as Mn and Al from soil to solution. The 472 

previous study showed that the solubility of Mn increases with increasing soil acidity [E 473 

Andrade et al., 2002], which is consistent with our observation. A J Barker et al. [2014] first 474 

reported that trace metals concentrations (Al, Ba, Fe, and Mn) correlate with the seasonal 475 

thawed active layer in the Alaskan arctic. This also proves that elemental transport occurred 476 

through thawing soil porewater with the potential for those elements to enter surrounding 477 

water bodies. 478 
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4.2 Elemental fluctuation in supra-permafrost water and surface water by 479 

seasonal controls 480 

  To some extent, except for Mn and Al, some other elements also showed high solubility in 481 

the bottom of the three soil cores (Figure 7). We expected to see high mobilization of Mn, Al, 482 

Ca, and Ti to the supra-permafrost water during spring snow thawing. However, except for 483 

Mn, no or very slightly increasing concentrations in the late May / beginning of June can be 484 

found in the supra-permafrost water (Figure 5), which may be due to the low volume of 485 

thawing water or the equilibrium between elemental pool size in solid soils and snowmelt 486 

water in the reducing zones at this time. We found the peak concentration time for most 487 

elements were shown in late autumn / the beginning of winter. Compared with elements in 488 

soil porewater, more elements were above the detection limits and at distinguishable higher 489 

levels during the August to October time period. This may indicate that the origin of elements 490 

in supra-permafrost water may not only originate from the dilution of snowmelt water within 491 

the soil core, while other water flows through the slope of the permafrost table in the 492 

landscape. The relatively higher levels of elements such as Mn, Zn, and Fe in TA, than that of 493 

SY and MU, could result from the frost heaving of the polygon rim, which released more 494 

frozen materials. During summer, thawing starts in the permafrost-affected soils leading to a 495 

deeper active layer, which can be shown by the slight increase in Mn, Fe and other elemental 496 

concentrations in the supra-permafrost water over the course of June, July, and August. This 497 

increase is correlated with the low coefficients in the bottom of the soil core, and with the soil 498 

temperature as well. The soil thermal stratification shows that soil temperatures were above 499 

0 °C at 0, 20, and 40 cm for TA from late June; in 0, 25, and 40 cm for MU from beginning 500 

June; and in 0, 18, and 25 cm for SY from late June whereas the deeper depth (75 cm for TA, 501 

59 for MU, and 38 for SY) was still frozen at this time. 502 

  Most elements revealed relatively high solubility with small Kd values at the deepest depth. 503 

In Ta, Mn follows this trend at the depth 18-35 cm, whereas at the deeper depth of 35-40 cm 504 

the solubility decreases. The high mobility of these elements in the deeper soil column, along 505 
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with the latter thawing for these layers, could account for high concentrations in 506 

supra-permafrost water and surface water in late September and beginning of October. This 507 

pattern is relatively comparable to other elements in TA, MU, and SY, except for Ca and Ti in 508 

MU. Generally, elemental fluctuations in the surface flow and river were the same as the 509 

supra-permafrost water. The concentrations of Zn, Mn, and Ti in the rivers from July to 510 

October were higher than the surface flow, indicating the mobility of these elements to the 511 

rivers from the surface flow and include the possibility of contribution to this input from 512 

supra-permafrost water. The previous study also showed some metals like Fe, Al, Mn, and Ba 513 

decreased in the active layer with subsequent thawing and increasing surface water 514 

concentrations during summer to autumn and could indicate elemental transport signals 515 

corresponding to the depth dynamics of the active layer [A J Barker et al., 2014]. Our results 516 

are consistent with the theory that major and trace elements export to the lakes and rivers 517 

through the boundary between the thawed and frozen layers [T V Raudina et al., 2018]. 518 

However, we cannot exclude the possibility of abrupt permafrost collapse in the surrounding 519 

water body and rivers, which has been shown to enhance metals release into surface water [S 520 

V Loiko et al., 2017]. This may also be a reason that not all elements in the surface water were 521 

above the detection limits in the soil porewater. 522 

4.3 Potential elemental signatures as a function of organic matter in the surface 523 

flow  524 

  The discharge and source of water are important for the transport of geochemical 525 

components such as elements and organic carbon to surface waters. However, it is difficult to 526 

determine water sources in cryogenic landscapes with large amounts of ice and multiple flows. 527 

In the present study, DOC is used as the “participating media” to estimate elements 528 

transported to the surface water; these are considered to be the major carriers of trace 529 

elements in boreal and permafrost-affected organic-rich surface waters [B Lyvén et al., 2003; 530 

Q Ma et al., 2019; E Neubauer et al., 2013; R D Rember and J H Trefry, 2004; E V 531 
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Vasyukova et al., 2010]. Due to no pollution from domestic and industrial activities in our 532 

sampling sites, the riverine organic carbon is usually subdivided into two origins as the 533 

allochthonous pool derived from terrestrial organic matter (topographical erosion and soil 534 

leaching) and the autochthonous pool derived from in-situ phytoplankton production [D Hope 535 

et al., 1994]. Additionally, an empirical model for organic carbon exports showed DOC 536 

exports to surface runoff is mostly driven by the unfrozen zones during permafrost thawing 537 

[C Fabre et al., 2019]. Therefore, the surface streams with smaller water volume connected 538 

between the soils and the rivers were investigated for the relationships between DOC and 539 

elements, and the elemental relationship among the streams, rivers, and supra-permafrost 540 

waters. 541 

The soil in the three study fields all have a top organic layer with sporadic organic 542 

distributions in the mineral layers. Previous studies reported that precipitations would form in 543 

the rapid surface runoff through supper soil layers with a depth of approximately 15–20 cm 544 

[K H Bishop et al., 1993; D Hope et al., 1994]. DOC would be exported to the surface water 545 

from the top layer without infiltration in the riparian zone. In TA, the highest concentrations 546 

of CO2 and CH4 were observed in the summer snowmelt season with an increasing thawing 547 

degree while low concentrations were observed (Figure 8), which may have been due to an 548 

abrupt thawing process from the top organic layer. This was consistent with the maximal 549 

microbial metabolism occurring at the boundary between thawed and frozen permafrost soils 550 

in the Western Siberia lowland [Y N Morgalev et al., 2017]. However, P J Dillon and L A 551 

Molot [1997] reported that the release of CO2 into the boreal waters was increased when the 552 

DOC concentration was elevated in the thermokarst lakes. We found a slight decrease in CO2 553 

and CH4 when the DOC concentrations reached its peak in Autumn in TA. However, a 554 

different pattern was observed in SY and MU in that CO2 and CH4 did not increase 555 

significantly during snow-ice melting in the spring and summer seasons, while an increasing 556 

trend was observed for DOC contents in the surface water. R M Manasypov et al. [2015] 557 

reported no significant enrichment of CO2 and CH4 in the thermokarst water bodies during the 558 
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spring flood through the base flow and further observed that CO2 levels only increased in 559 

small depressions (<10 m2), which is consistent with the ponds (approximately 1 m2) that we 560 

sampled. Although some obvious buildup of CO2 was found in the summer for SY, the results 561 

are still comparable to the phenomena in high latitude lakes [J Karlsson et al., 2013]. The 562 

reason for the contrast between TA and the other sites (SY and MU) could be caused by the 563 

low volume of the water pond in SY, and in MU due to the low ice contents and a short 564 

period suitable for this type of accumulation in low elevations. However, there is also a 565 

possibility that more ice existing in polygon rim and buried talik would lead more the more 566 

unfrozen water flowing to the surrounding streams. Combination of the results of three sites 567 

shows that the response mechanism of enhancing CO2 in the streams during snow melting is 568 

heterotrophic respiration of allochthonous DOM, as approved by the constantly elevated DOC 569 

concentrations in this period. However, we suggest the bio-utilization of these carbon types in 570 

small ponds may vary according to the contents of materials by different water volumes. 571 

The elements with high mobility in the bottom gleyed layer of the soil column and obvious 572 

higher concentrations during the snowmelt period were plotted against the DOC (Figure 8). 573 

In Ta, Mn increased sharply in the summer while Al, Ca, and Mg did not significantly 574 

increase. Peak values of Mn, Al, Ca, and Mg with DOC were observed in autumn. The same 575 

pattern was observed for SY and MU, especially for Mn. This may indicate the release of 576 

micronutrients as Mn during vegetation activity and upper moss litter leaching in the warmer 577 

water, which allows higher mobility within the soil column. Because we did not observe a 578 

high concentration of Mn in the uppermost soil layer (Figure 2), we speculate this 579 

contribution of Mn may be from the supra-permafrost water.  580 

Another difference found in the TA site was that elemental concentrations (Al, Ca, and Mg) 581 

in autumn were significantly higher in comparison to MU and SY, which may be a result of 582 

upwelling via the icy cracks beginning as early as October, producing organic- and 583 

Fe-accumulated allochthonous ice crystallized at the pond surface. The maximum values of 584 

these elements peak during autumn in the surface water are about 2 to 3 times greater than in 585 



 

24 
 

spring and summer, representing the highest water flow including DOC and dissolved 586 

elements.  587 

Additionally, the strong linear correlation of Mn between surface streams and rivers was 588 

found for all three sites, and that of Al between the surface streams and river was found for Ta 589 

(Figure 9). However, when comparing the surface streams and supra-permafrost water, Mn 590 

was correlated for all three sites; Al only for TA and SY; and Ca only for TA (Figure 10). 591 

For Mn, the snowmelt flows had higher Mn contents attributed to the increasing mobility of 592 

Mn species to other elements in superficial layers of soil as previously reported [A J Barker et 593 

al., 2014]. Supra-permafrost water also initially contributes to the surface flows and then 594 

further flows to the river. The differences for Al and Ca may be due to the different water–595 

soil interactions. Therefore, Mn could be a seasonal signature of autumn representing the 596 

dominance of overland surface flow and maximum interactions with the active layer when the 597 

active layer is the deepest. 598 

5. Conclusion 599 

  This study found that the levels of elements did not begin to increase when the surface 600 

temperature is above 0 ℃, and the deeper soil column temperature is above 0 ℃ in late 601 

summer/early autumn. The patterns for surrounding water ponds, adjacent river surface 602 

waters, and supra-permafrost waters were generally comparable for most elements above 603 

detection limits (Zn, Mn, Sr, Fe, Mg, Cr, Co, V, Pb, Al, and Ca) and were highest during the 604 

period from September to October, corresponding to the deepest depth of the active layer. 605 

Although a geochemical barrier in the reducing gleyed layers was observed in the soil column, 606 

some elements (Mn, Ca, Mg, Al, and Ti) still have high mobility above the permafrost table. 607 

Additionally, Mn may flow into surrounding water flows (to the river) by both upper soil and 608 

supra-permafrost waters transporting organic matter including CH4 and CO2. However, 609 

heterogenous landscapes with more ice and cryoturbation may cause more elements to move 610 

to the surface waters in the present study. Mn in surface flow may be a proxy for the active 611 
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layer process during the period of summer and autumn. Highly dynamic Arctic hydrological 612 

systems that receive geochemical elements from surrounding permafrost soils and delivering 613 

more DOC and elements to adjacent hydrological systems. Future climate conditions will 614 

intensify the soil–stream–river process due to permafrost degradation and the dynamics of the 615 

active layer. 616 
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Figure captions 831 

Figure 1. Location of the sampling area and installed thermometer (A). Soil pit profiles and 832 

their upper vegetation species near rivers: (B) Taz river (67°30'13.3"N, 78°40'56.2"E), (C) 833 

Syoyakha river (69°57'03.6"N, 71°23'15.2"E), and (D) Murtyyakha river (70°06'04.7"N, 834 

68°40'24.1"E) in Yamal-Nets Autonomous Region. All soil profiles are gleyed and have 835 

oxidation/reduction horizons in the upper active layer, substantial top organic layer, and 836 

cryoturbation in the lower part of the active layer. 837 

Figure 2. Vertical metal/element distribution in soil cores collected from TA (Taz river), SY 838 

(Syoyakha river) and MU (Murtyyakha river) sites in the Yamal-Nets Autonomous Region in 839 

beginning May 2016. The logarithmic transformed distribution shows the elements’ enrichment 840 

relevant to the top layer with humus accumulation in an oxidizing condition (Mn and Co) and the 841 

lower gleyed layer in a reducing condition. 842 

Figure 3. Distributions of soluble metals along the vertical soil water extracted from the soil 843 

cores collected adjacent to the Ta, Sy, and Mu rivers in the Yamal-Nets Autonomous Region. 844 

Figure 4. Soil temperature (℃) at different soil depths within the active layer as function of 845 

time in 2016. The soil in the Russian Arctic (TA, SY, and MU sites) experiences a top to down 846 

freezing process, making soil porewater flow downwards to deeper soils above frozen 847 

materials (permafrost table). 848 

Figure 5. Soluble element concentrations (μg/L) in the supra-permafrost water collected from 849 

the Ta, Sy and Mu sites as a function of date in 2016, respectively.  850 

Figure 6. Soluble element concentrations (μg/L) in the surface water from connected 851 

hydrological streams to rivers and rivers from the TA, SY, and MU sites as a function of date 852 

in 2016, respectively.  853 

Figure 7. Plot of partition coefficients (Kd) for the soil cores from the TA, SY, and MU sites, 854 

sampled in the late September 2016. Kd values were calculated by the ratio of elemental 855 

concentrations (mg/kg) in the solid soil phase to the elemental concentrations (mg/L) in soil 856 

porewater. 857 

Figure 8. Elements/CO2/CH4-dissolved organic carbon (DOC) relationships for the 858 

surrounding hydrological streams in TA, SY, and MU sites over the course of spring to 859 

autumn 2016. 860 

Figure 9. Linear correlations of the elements with high mobility in soil columns between the 861 

connected surface streams and receiving rivers. 862 

Figure 10. Linear correlations of the elements with high mobility in soil column between the 863 

connected surface streams and supra-permafrost water.  864 
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