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balance parameters derived from MCMC modeling. Figure S2 depicts the relationship
between carbonate buffering transformation and net internal CO, production. Table S1-S3 are
the measured data and parameters for water and carbon balance calculation. Table S4 shows
the initial parameters used for PHREEQC simulation. Table S5 is the measured carbon isotopic
data. Table S6 is the comparison of different headwater stream CO, evasion rates. All
measurements were obtained between 9 and 14 May 2019 (dry season), and according to the
methods described in the manuscript. Table S7 is all the related data used in this study, and
uploaded separately as excel file.



39
40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Text S1. pCO; and DIC calculation

Dissolved inorganic carbon (DIC) is defined as the sum of CO,  (i.e., COz(aqg) *+
H,COs), HCO3 and CO4%. The relative proportion of the three inorganic carbon species

(partition coefficient) depends on pH and temperature in water

-1

Kl I<1 KZ

H+]+[H*]2

o= 1+[

L2
a,= 1+[H ]
I<1|‘<2 KZ

where a,, a,, and a, are the partition coefficient of CO,", HCO3 and CO3”,
respectively. [ H" | is the activity of H" (mol/L), which equals 10®". K, and K, are the

temperature-dependent first and second dissociation constant for the dissociation of

H.COg, respectively. K, and K, are determined according to empirical equations from

Clark and Fritz (1997)

—log,, (K;)=1.1x10T? ~0.012T +6.58

—~1og,, (K,)=9x10"°T2—0.0137T +10.62

where T is the temperature in water (°C).

Alkalinity is defined as

(S1)

(S2)

(S3)

(S4)

(S5)
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Alkalinity =[ HCO; |+2[CO}™ |+[OH ™ |-[H"]
= o,DIC +2a,DIC +[ OH™ |-[H" ]
Rearranging Equation (S6) leads to the expression of DIC

1

a, +2a,

DIC = (Alkalinity +[ H*]-[oH])

when pH is 5~9 and Alkalinity > 1 meg/L, [ H* |~[ OH" ] can be neglected and the

expression of DIC can be simplified into

DIC = Alkalinity

a, +2a,
where the unit of Alkalinity is meg/L, «;, and «, can be derived from Equation (S2) and
(S3), respectively, and the unit of DIC is mmol/L.
According to Plummer and Busenberg (1982), the partial pressure of CO, ( pCO, ,

atm) can be calculated by (all the variables are in mol/L)

bCO, = HCO; xH
K, xK;

where HCOj' is the activity of bicarbonate and can be determined by multiplying the DIC
(mol/L) and the partition coefficient o, H* equals 10", and K, can be derived through
Equation (S4). K, is the Henry’s law constant (mol/L/atm), and can be derived from
Clark and Fritz (1997)

~log,, (K, ) =~7x10°T? +0.016T +1.11

where T is the temperature in water (°C).

(S6)

(S7)

(S8)

(S9)

(S10)
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Text S2. Empirical stream CO; evasion model

We utilized Equation (7) in Raymond et al. (2012) to estimate the normalized K,

with a Schmidt number of 600 (K, )

Keoo = 4725 (VS )" x Q04 x DO (S11)

where V, S, Q,and D are the stream velocity (m/s), slope (dimensionless), stream

flow rate (m*/s), and stream depth (m). S is derived from Digital Elevation Model in our

study area, and the other variables (V, Q, and D) are field measured values.

Empirical K, can be calculated by

Sc. )8
Keo, = Koo X[ 6(;82-] (S12)

where SC.,, is the Schmidt number of the field measured stream temperature (°C) and

derived from Raymond et al. (2012)

SCeo, =1742-91.24T + 2.208T*-0.0219T° (S13)

The stream CO; evasion rate (F£% , g C m2 d™) of the empirical model was

air

calculated by

ECO _ ( pCO, ,, — PCO, ,; )x Ky xKgg, x12+1000 (S14)

air
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where pCO,,, and pCO, ,, are the CO, partial pressure in the stream and the air (patm),

2 air
respectively. We assumed that the atmospheric pCO, was 390 patm. K,, and K., are

the temperature-dependent Henry’s Law constant (mol/L/atm) derived from Equation

(S10) and the CO; gas transfer velocity (m/d) derived from Equation (S12).
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Figure S1. Longitudinal spatial variability of the optimal model parameters and
corresponding uncertainty bounds (16™-84'" percentiles) including (a) ***Rn gas transfer
velocity (k), (b) hyporheic zone thickness (h), (c) ??Rn production rate in the hyporheic zone (¥
), and (d) hyporheic zone residence time (t;) derived from the evolutionary Markov chain
Monte-Carlo simulation.
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100  Figure S2. The positive relationship between carbonate buffering transformation ( FbCoz )and

101  netinternal CO, production ( FmC02 ). The black line is the linear regression result, while the grey

102  dashed lines are the 10% and 90% confidence intervals.
103



Flowrate Width Depth® Velocity”

Distance Q W q v Stream Groundwater
- km m%/s m m m/s EC(uS/cm) ?*Rn(Bg/L) EC(uS/ecm) ?’Rn(Bg/L)
Hailiutu-01 0 0.283 6.3 0.19 0.234 994 1.080 659 4.830
Hailiutu-02  1.57 0.343 4.1 0.24 0.347 887 1.080 640 5.340
Hailiutu-03  3.37 0.440 4.7 0.49 0.190 726 1.150 396 6.442
Hailiutu-04 5.83 0.547 4.4 0.42 0.294 699 1.119 648 4,922
Hailiutu-05  7.52 0.596 3.8 0.33 0.477 619 1.049 396 5.337
Hailiutu-06  9.30 0.713 5.2 0.41 0.338 576 0.837 609 5.077
Hailiutu-07  11.05 0.693 8.2 0.15 0.578 631 0.832 376 5.470
Hailiutu-08  13.57 0.793 9.6 0.11 0.735 581 0.837 375 4,797
Hailiutu-09  15.99 1.394 8.0 0.19 0.930 686 0.904 338 5.707
Hailiutu-10  18.41 0.949 5.9 0.22 0.727 612 0.944 558 5.707
Hailiutu-11  21.29 1.191 7.9 0.21 0.705 563 1.020 679 4.020
Hailiutu-12  24.37 0.845 6.2 0.17 0.808 516 0.978 420 6.636
Hailiutu-13  27.39 0.898 5.0 0.19 0.956 491 1.046 517 4.070
Hailiutu-14  30.44 1.116 11.0 0.13 0.786 485 0.731 488 4.350
Hailiutu-15  34.08 1.085 53 0.21 0.958 456 0.800 628 4,755
Hailiutu-16  38.09 1.824 6.8 0.31 0.869 457 0.383 241 4.482
Hailiutu-17  42.98 2.093 5.4 0.34 1.156 472 0.322 674 4.447

104  Table S1. Field measured values for reach-scale water and mass balance modeling. ® d equals
105 the cross-section area divided by the stream width. ® v equals the stream flow rate divided by
106  the cross-section area. The Bulang River (Q, EC and **’Rn activity are 0.076 m®/s, 433 uS/cm and
107  0.767 Bq/L, respectively) flows into the Hailiutu River at the distance of 14 km. Three irrigation
108 diversion points exist between Hailiutu-01~Hailiutu-02, Hailiutu-04~Hailiutu-05, and Hailiutu-
109  09~Hailiutu-10, and their outgoing fluxes are 0.071, 0.116, and 0.557 m>/s, respectively.

110
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112
113
114
115
116

117

Type Symbol Description Values
Fixed® E Evaporation rate 0.005 m/d
0 Hyporheic zone porosity 0.38
A Radioactive constant of ??Rn 0.18d*
w Stream width Measured values
d Stream depth Measured values
Caw Groundwater **’Rn activity (or EC) Measured values
Cri Tributary ?Rn activity (or EC) Measured values
Qo Incoming stream flow rate 0.283 m*/s
Co Incoming stream %?Rn activity (or EC)  1.08 Bg/L (or 994 pS/cm)
Calibrated” I Groundwater discharge 0-10 m%d
k 222Rn gas transfer velocity 1-12 m/d
h Hyporheic zone thickness 0.1-2m
y 222Rn production rate in hyporheic zone ~ 2-4 Bg/L/d
th Hyporheic zone residence time 0.01-1d
Modeled Q Stream flow rate -
C Stream ???Rn activity (or EC) -

Table S2. Model parameters for reach-scale water and mass balance modeling. * E usually
varies in 10%-102 m/d and is negligible (Cook et al., 2003; Cook et al., 2006). 6 was taken from
(Ma et al,, 2017). A is a constant value of 0.18 d. For a given stream reach, w, d, C4u, and Cy; are
the mean values between two measurement points. ® The calibrated parameter ranges were
chosen according to literature review (Cook, 2013; Cook et al., 2006; McCallum et al., 2012;
Raymond et al., 2012; Xie et al., 2016)

10



Measured Temperature pH DO  Alkalinity DIC ~ DOC pCO, Ca”® Mg IAP/K(calcite)
S °C - mg/L  meq/L mg/L  mg/L patm mg/L  mg/L -
Stream
Hailiutu-01 14.8 848 10.30 5.14 6155 5.71 954 76.50 34.38 15.49
Hailiutu-02 17.7 876 940 4.76 56.12 5.86 470 75.13 3215 27.54
Hailiutu-03 121 836 871 474 57.13 5.18 1131 6559 2853 9.12
Hailiutu-04 13.3 849 917 3.82 4575 491 681 67.33 27.33 10.47
Hailiutu-05 15.6 863 934 420 4992 475 552 63.52 2450 15.85
Hailiutu-06 15.9 8.65 9.15 395 46.90 5.25 497 60.84 23.12 15.14
Hailiutu-07 12.2 838 948 3.70 4456  4.97 843 59.54 19.66 7.24
Hailiutu-08 215 850 7.67 3.68 4390 4.86 706 57.13 18.10 11.75
Hailiutu-09 15.3 852 825 3.60 43.02 493 611 60.36 19.62 10.47
Hailiutu-10 9.7 849 974 3.78 4535 8.08 648 58.74 19.16 851
Hailiutu-11 13.1 8.46 872 390 46.78 5.49 744 5749 18.10 8.91
Hailiutu-12 17.2 850 840 388 46.37 4.89 706 5741 17.68 10.96
Hailiutu-13 15.9 848 804 3.70 4428 475 695 57.61 16.59 9.77
Hailiutu-14 144 841 826 3.68 4421 557 801 56.96 16.86 7.94
Hailiutu-15 8.7 835 956 3.84 46.38 4.46 904 60.20 16.56 6.31
Hailiutu-16 11.7 850 9.37 3.70 4433 481 633 50.16 17.10 9.12
Hailiutu-17 16.2 850 847 3.62 4328 4.89 651 5756 16.20 10.00
Groundwater
Hailiutu-01-G  15.0 726 159 8.68 119.29 9.29 27349 80.36 46.53 1.70
Hailiutu-02-G =~ 12.8 771 163 4.88 61.62 534 5304 6599 2645 229
Hailiutu-03-G ~ 12.1 736 026 4.74 63.84 6.61 11465 57.67 13.03 0.89
Hailiutu-04-G = 14.3 768 2.09 5.16 6529 529 6117 7369 2488 2.63
Hailiutu-05-G  10.2 770 090 432 5479  4.93 4667 60.85 17.18 1.74
Hailiutu-06-G  14.6 739 073 536 71.27  6.75 12454 68.75 2436 1.35
Hailiutu-07-W  13.7 8.04 208 3.02 37.00 551 1545 46.96 12.66 245
Hailiutu-08-G  16.7 781 494 324 40.33 3.85 2927 60.02 1192 214
Hailiutu-09-w  13.1 8.00 475 2.62 3219 373 1461 3650 12.77 151
Hailiutu-10-G  11.6 754 113 524 6797 739 8320 8299 2321 200
Hailiutu-11-G  15.6 7.38 215 6.58 87.52 1545 15834 95.85 27.79 2.19
Hailiutu-12-G  14.4 757 100 4.12 5295 553 6304 7196 12.20 1.70
Hailiutu-13-G  13.3 755 277 4.80 61.99 6.49 7593 96.69 27.81 2.24
Hailiutu-14-G ~ 13.8 733 025 6.60 89.22 1230 17446 96.37 28.07 1.86
Hailiutu-15-G 9.2 7.47 020 7.00 92.48 8.89 12720 12850 29.78 2.95
Hailiutu-16-G ~ 13.9 8.05 737 244 29.87 761 1223 4454 791 2.00
Hailiutu-17-G ~ 14.0 738 176 6.82 91.01 7.62 16102 108.40 31.87 2.34

11
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121

Table S3. Measured values for quantifying the reach-scale CO, budget. The Hailiutu-07-W and

Hailiutu-09-W are groundwater collected from wells, while others are the riparian
groundwater.
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Parameters

Values

temperature
pH

pe

Ca2+

M92+
Alkalinity

13.43°C
7.6

4

75.06 mg/L
22.26 mg/L
5.04 meqg/L

122  Table S4. Initial model parameters for modeling IAP/K calcite value change after the CO,-rich

123  groundwater discharged to the stream.
124

13
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126
127
128
129

130

River points Distan Sgeam G1 I;oundwater

ce °Cpic SD 0°Cpic SD
- km %o %o %o %o
Hailiutu-01 0 -10.29  0.03 -6.15 0.09
Hailiutu-02 1.57 -9.42 0.02 -12.01  0.02
Hailiutu-03 3.37 -10.66  0.03 -12.41  0.03
Hailiutu-04 5.83 -10.52 0.04 -12.49  0.02
Hailiutu-05 7.52 -10.21  0.03 -10.91  0.05
Hailiutu-06 9.30 -10.13  0.03 -13.86  0.02
Hailiutu-07 11.05 -10.74  0.03 -11.45 0.03
Hailiutu-08 13.57 -10.70  0.05 -11.17  0.06
Hailiutu-09 15.99 -10.69 0.04 -10.01  0.06
Hailiutu-10 18.41 -10.24  0.05 -12.79  0.03
Hailiutu-11 21.29 -10.31  0.06 -13.87 0.04
Hailiutu-12 24.37 -10.49  0.07 -12.18 0.03
Hailiutu-13 27.39 -10.71  0.05 -12.47  0.03
Hailiutu-14 30.44 -10.88  0.03 -13.74  0.03
Hailiutu-15 34.08 -10.68  0.04 -12.35  0.02
Hailiutu-16 38.09 -10.76  0.03 -9.81 0.08
Hailiutu-17 42.98 -10.41  0.03 -1456 0.03

Table S5. 6"*Cpic values of the Hailiutu River and its adjacent groundwater. All §"Cpc are
reported as per mil deviation (%o) from the standard Vienna Pee Dee Belemnite (VPDB). SD
represents the standard deviation. The Hailiutu-07 and Hailiutu-09 groundwater samples are
groundwater collected from wells, and others are riparian groundwater.
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Location Streamtype  pCO; (patm)? Stream CO, evasion (g C m*d™*)* Reference

Scotland, UK peatland 174-2678 (1136) 0.07-110.94 (9.33) Long et al. (2015)
Scotland, UK peatland 420-4500 (-) 0.26-45.88 (-) Hope et al. (2001)

UK® peatland 671-10271 (-) 0-43.2 (-) Billett and Harvey (2013)
Connecticut, USA forest 667-11104 (3534)  0.75-66.23 (7.40) Aho and Raymond (2019)
Northern Sweden forest 722-24167 (-) 3.99-17.56 (-) Wallin et al. (2013)
Northern Sweden forest 2015-7838 (-) - (6.45) Oquist et al. (2009)
Tennessee, USA forest 360-6228 (-) 1.88-4.48 (-) Jones and Mulholland (1998)
Northern Czech Republic  forest 450-3749 (-) 0.02-59.5 (5.90) Marx et al. (2018)

Alps, Swiss Alpine 309-1305 (634) 18.66-44.69 (31.20) Horgby et al. (2019)
Northern China Semiarid 470-1131 (719) 0.62-3.18 (1.40) This study

131 Table S6. Comparison of CO, evasion rates from different headwater streams. ? pCO, and
132  stream CO, evasion rates are expressed as minimum-maximum (mean). ® This research
133 surveyed headwater streams in six UK peatland catchments.
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