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Abstract 29 

In contrast to good knowledge of dissolved organic matter (DOM) adsorption on mineral soils in 30 

temperate climate, the behavior of DOM in frozen mineral horizons located under peat soils of permafrost-31 

affected regions remains poorly characterized. Yet, these regions contain sizeable and potentially highly 32 

labile pools of organic (peat) carbon (C) that may migrate downwards across mineral layers in case of 33 

massive thaw in frozen peatlands induced by on-going climate warming. To quantify these pools and the 34 

lability of DOM in permafrost peat soils, we performed experiments focusing on dissolved organic carbon 35 

(DOC) desorption from, and adsorption onto, mineral horizons (iron-poor and iron-rich sands as well as silt 36 

loam) from the largest frozen peatland in the world, the western Siberia Lowland (WSL). Desorbed DOC 37 

ranged between 0.1 and 0.6 mg C gsoil
-1 depending on type of mineral substrate. The adsorption of peat 38 

leachate DOM ranged between 0.1 and 0.5 mg C gsoil
-1 being highest in Al-Fe-rich mineral horizons. 39 

Field measurements of C pools in peat and underlying mineral horizons over 1 m depth in the 40 

discontinuous permafrost zone yielded 47 and 15 kg C m-2, respectively. The organic carbon (OC) 41 

adsorption capacity of the 1 m - thick mineral layers represented < 2% of total amount of OC containing in 42 

the 1 m - thick peat layer. However, this adsorption capacity is comparable to the amount of DOC that can 43 

be leached from overlaying peat horizons (18 %). On average, out of 1.38±0.13 kg C m-2 capable of being 44 

initially released from the upper 0-100 cm of peat, 0.25±0.19 kg C m-2 can be adsorbed by the underlying 45 

100-200 cm of Fe- and Al-rich sands and clays. The remaining 1.13 kg C m-2 can be exported to lakes and 46 

rivers. Therefore, DOC released during peat thaw in upper soil horizons in permafrost regions can be sizably 47 

attenuated via adsorption on mineral layers. This should be taken into account when modeling the feedback 48 

of permafrost thaw on C export and CO2 emissions. 49 

 50 

 51 

 52 

 53 

1. Introduction  54 
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The fate of organic carbon (OC) stored in peat and mineral frozen deposits of the Northern 55 

Hemisphere under climate warming and permafrost thaw scenario is a central issue in modern Earth surface 56 

biogeochemistry (Feng et al., 2013; Kramer and Chadwick, 2018; Ciais et al., 2019; Opfergelt, 2020). 57 

Global C storage in peatlands is 530 ± 160 Pg C, and 80 % of this storage occurs in northern peatlands 58 

(Hugelius et al., 2020). The western Siberian Lowland (WSL) contains a vast amount of carbon (70 Pg, 59 

Sheng et al., 2004) in the form of massive 1-3 m thick peat deposits, most of which are currently frozen 60 

(Kremenetski et al., 2003; Smith et al., 2004). The frozen peat in the WSL is highly vulnerable to thawing; 61 

permafrost temperatures in these regions are close to zero and zones of sporadic to discontinuous, rather than 62 

continuous, permafrost prevail (Romanovsky et al., 2010). As a result, a sizeable proportion of OC stored in 63 

this peat can be exchanged with the hydrological network and the atmosphere. There are two main pathways 64 

of OC removal from the soil system. A part of OC is dissolved via peat leaching by soil water and removal 65 

to the surface waters, whereas another part can be mineralized by bacteria and emitted into the atmosphere 66 

(Schuur et al., 2008, 2009; Gentsch et al., 2015a; Serikova et al., 2018, 2019). However, frozen mineral 67 

horizons, which underlay peat layers, can act as important sinks of OC due to their high affinity to DOC (Gu 68 

et al., 1994; Kaiser, 1998; Kalbitz et al., 2005; Kothawala et al., 2012). For example, in the south of western 69 

Siberia, these mineral soils are known to decrease lateral export of DOM: the catchments of southern rivers 70 

exhibit extended unfrozen mineral horizons compared to those of northern rivers because the latter drain 71 

essentially frozen peat (Frey and McClelland, 2009; Kawahigashi et al., 2004; Pokrovsky et al., 2015). This 72 

mechanism of surface DOM retention by deep horizons of mineral soil is thought to be of importance for 73 

high latitude and boreal regions (Kaiser and Guggenberger, 2000) without an impermeable permafrost table, 74 

where infiltration of organic-rich surface waters to deep mineral layers and DOC sorption on clay minerals 75 

may occur causing a decrease the overall DOC export (Smedberg et al., 2006).  76 

A number of factors are known to govern DOC retention in mineral soils [typically B horizon of 77 

podzols as noted by Zysset and Berggren (2001)] such as: 1) adsorption onto Al and Fe sesquioxides (Kaiser 78 

et al., 1996; Kaiser and Zech, 1998; Kleber et al., 2005; Kothawala et al., 2009; Moore et al., 1992; 79 

Pengerud et al., 2014), and 2) co-precipitation of DOM with Al and Fe oxy(hydr)oxides (Buurman, 1985; 80 

Kaiser, 1998; Nierop et al., 2002; Mu et al., 2016) and 3) DOM retention onto other mineral phases (i.e., 81 
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clay minerals, Mn oxides, Zysset and Berggren, 2001; Jardin et al., 1989;  Oosterwoud et al., 2010).  In 82 

contrast to numerous works demonstrating a dominating role of mineral surfaces in DOM transport in non-83 

permafrost soils (i.e. Groeneveld et al., 2020; Kaiser et al., 1996; Kaiser and Guggenberger, 2000; 84 

Kothawala et al., 2009; Porras et al., 2017; Ussiri and Johnson, 2004)), limited information is available on 85 

transport of DOM between organic (i.e., peat) and mineral (sand, clay) horizons in permafrost-affected soils. 86 

In the latter settings, the underlying DOC-poor mineral horizons can be separated from organic-rich upper 87 

soil/peat layers via an impermeable permafrost boundary. As a result, the water and OM residence time and 88 

DOM bioavailability/biodegradation potential in the mineral soil horizons of the permafrost zone can be 89 

drastically different from those of the non-permafrost zone, and even autochthonous subducted OM can be 90 

protected from decomposition via, for example, cryoturbation  (i.e., Čapek et al., 2015).  91 

A few experimental studies of DOC adsorption on the mineral fraction of soils in arctic and subarctic 92 

regions provided experimental parameters of DOC retention by mineral layers in the non-peat context 93 

(Dahlgren and Marrett, 1991; Kothawala et al., 2009; Pengerud et al., 2014). In these works, the authors 94 

performed laboratory assessment of adsorption constants, partitioning coefficients and reactive soil pool of C 95 

for a large number of mineral horizons.  Several other studies demonstrated the importance of organo-96 

mineral (Prater et al., 2020), and organo-ferric (Patzner et al., 2020) associations and bioavailability of 97 

mineral-associated organic matter in permafrost soils (Gentsch et al., 2015b). Of special note is a work on 98 

the role of soil clay fraction in DOM sorption across the forest-tundra gradient in Central Siberia 99 

(Kawahigashi et al., 2006). These authors demonstrated that large concentrations of DOM comprising large 100 

shares of hydrophilic fraction can pass mineral soils where the active layer is thin (such as Gelisols), and 101 

enter streams, whereas soils with deep active layer such as inceptisols release little DOM because of DOM 102 

adsorption onto their thick mineral horizons. Furthermore, Prokushkin et al. (2007) related the DOM 103 

adsorption capacity of the mineral soils to the lateral export/retention of DOM by rivers across the gradient 104 

of active layer thickness in the non-peatland soils of the Yenisey basin in Central Siberia and demonstrated 105 

that DOM produced in the active layer is retained and stabilized in underlying, unfrozen mineral soils. 106 

Sizable retention of DOM on unfrozen mineral horizons was later confirmed by quantitative estimations of 107 

DOM release from frozen peat layers and impact of DOM adsorption capacity by mineral horizons on DOM 108 
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export fluxes in rivers of western Siberia, draining through partially frozen peat deposits (Pokrovsky et al., 109 

2015). However, quantification of parameters controlling DOM adsorption onto and release from frozen 110 

mineral horizons and quantitative estimation of reaction parameters in the peatland context remains very 111 

limited. A lack of this information precludes the predictive assessment of the link between the permafrost 112 

thaw (deepening of the active layer) and C emission and export in frozen peatlands of arctic and subarctic 113 

regions via quantitative modeling at the catchment scale (i.e., Jantze et al., 2013; Tang et al., 2018). 114 

To bridge this knowledge gap, we estimated the soil organic carbon (SOC) pool in organic and 115 

mineral layers in both thawed and frozen horizons in typical soil environments of the permafrost peatlands in 116 

the western Siberia Lowland (WSL).  We further performed laboratory experiments on DOC release from 117 

peat and adsorption onto various mineral soils that were sampled in permafrost peatlands of the region. Our 118 

experimentation goal was to answer 3 specific questions: 1) How much DOC issued from frozen peat can be 119 

retained by mineral horizons during thaw of peatlands? 2) Is there a strong control of Al- and Fe-oxides on 120 

DOC adsorption by mineral soils (as known for non-permafrost environments)? and 3) Is the magnitude of 121 

DOC cycling between organic and mineral horizons at the watershed scale comparable with lateral export of 122 

C from watershed soils? It is anticipated that, when combined with natural observations of SOC pools in 123 

peat and mineral horizons as well as with DOC riverine fluxes, these experimental results will allow possible 124 

prediction of changes in soil C stocks and fluxes that are induced by thawing of organic (peat) horizons and 125 

transport of DOC over the mineral layers. 126 

 127 

2. Materials and methods 128 

2.1. Site description and soil sampling 129 

Peat core samples were collected in the northern part of west Siberian Lowland at the Khanymey 130 

INTERACT station (https://eu-interact.org/) in the discontinuous permafrost zone (forest-bog biome) and at 131 

the Tazovsky site in the continuous permafrost zone (polygonal tundra), Fig. 1 and S1. A detailed 132 

description of the sites is provided elsewhere (Loiko et al., 2019; Morgalev et al., 2017; Raudina et al., 2018, 133 

2017). Peat and mineral horizons were sampled in the end of August 2017 when the active layer thickness 134 

(ALT) was at maximum. The peat (0.4-1.5 m thick on Khanymey) developed on sands with minor amounts 135 
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of clay and silt. The dominant soil catenae are flat-mound bogs along the watershed divides which comprise 136 

the Hemic Cryic Histosols on mounds (palsas) and Fibric Gelic Histosols on fens. The soil specifications 137 

from here forward are termed according to WRB IUSS (2015). Average active layer thickness is 41±5 cm at 138 

the top of mounds and between 1 and 2 m in depressions and hollows. For experiments described below, we 139 

collected the frozen peat from the peat mound and three types of sandy soil horizons (0.05-0.50 mm grain 140 

size) underlying peat deposits (E, Bs and Bh horizons). The mineral layers had C content from 1.4 to 40 mg 141 

g-1 and Fe content from 0.4 to 3.1 mg g-1 (Table 1). Typical soil profiles containing thawed and frozen peat 142 

and frozen mineral deposits from the discontinuous permafrost zone collected for leaching and adsorption 143 

experiments are shown in Fig. 1.  144 

The second sampling site was located in the continuous permafrost zone, near town of Tazovsky, 145 

where polygonal tundra developed on thick (2-4 m) peat deposits underlain by silt/loam mineral deposits. 146 

Note that in the continuous permafrost zone (Tazovsky), we collected only frozen silt loam material (a 147 

mixture of < 0.05 and < 0.002 mm grain size underlying a 4 m-thick frozen peat) because such type of 148 

substrate is absent in Khanymey.  149 

Core samples of frozen peat and mineral deposits were extracted using a motorized Russian peat 150 

corer (UKB-12/25 I, Russia) with a 4-cm diameter corer sterilized with 40% ethanol prior to each extraction. 151 

Thawed horizons were sampled laterally at discrete depths from a 1 x 1 m pit using a ceramic knife. The 152 

lateral stock of organic carbon in peat and underlying mineral deposits was estimated in the discontinuous 153 

permafrost zone,  were we disposed 11 independent cores (7 to 15 horizons in each core), sampled from 154 

positive (mounds) and negative (hollows, depressions) micro-landscapes (Table S1). In order to evaluate the 155 

lateral storage of C in peat and mineral horizons, each 5 cm of both peat and mineral horizons of the drilled 156 

core were collected using a clean ceramic knife and stored frozen at -18°C before freeze-drying in the 157 

laboratory. The density and C concentration were measured on bulk sample with a resolution of 5 cm. 158 

 159 

2.2. DOC leaching from peat 160 

Peat leachate was prepared using the frozen peat horizon (55-75 cm), which was sampled below the 161 

bottom boundary of the active layer (~40 cm) of the frozen mound in the discontinuous permafrost site 162 
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(Khanymey). The frozen peat was reacted at 10 gdry peat L-1 with Milli-Q water in a sterile glass bottle under 163 

gentle stirring over 24 h at room temperature. The obtained solution was filtered through a sterile Sartorius 164 

filtration unit (0.22 µm) and stored in the refrigerator prior to adsorption experiments.  165 

The capacity of frozen peat to release DOC was studied by varying the concentration of peat in Milli-166 

Q water (1, 2, 5, 10 20 and 100 gpeat L-1) placed in 60-mL aerobic glass reactors and measuring the resulting 167 

DOC concentration (< 0.45 µm) at the steady-state (pseudo-equilibrium), typically achieved after 48 h of 168 

incubation. The kinetics of DOC leaching from frozen peat was studied in batch glass reactors at 1 gpeat L-1, 169 

25°C over 132 h of exposure with sampling after 1, 3 and 9 h during first day and after 48, 72 and 132 h the 170 

other 5 days. All peat leaching experiments were conducted in replicates, in two parallel reactors. At each 171 

sampling, the whole reactor was sacrificed. 172 

 173 

2.3. DOC release from and adsorption onto mineral horizons  174 

Three fine sand horizons (E, Bs and Bh exhibiting different concentrations of Fe, Al and Corg) from 175 

the discontinuous permafrost zone and one silt loamy horizon (Bgh) from the continuous permafrost zone 176 

were used for DOC adsorption and release experiments (Table 1). The desorption of DOC from Al-Fe-rich 177 

sand was studied in 30-mL sterilized glass batch reactors with Milli-Q water, where different amounts of 178 

solid phase (0, 0.5, 1, 2, 5, 10, 20 and 100 gsolid L-1) were added. The reactors were shaken on a ping-pong 179 

shaker at 25°C and the fluid was sampled after 2 days of exposure, filtered through a 0.45 µm filter unit and 180 

stored in the refrigerator for several days prior to analyses. These experiments were run in duplicates, and for 181 

each sampling, two entire reactors were sacrificed.  182 

Preliminary DOC adsorption experiments were run in closed (batch) sterilized glass reactors 183 

containing 20 ml of peat leachate into which a different amount of mineral fraction (0, 0.02 and 0.2 g) was 184 

added. The peat leachate - mineral suspensions were shaken at room temperature over 24 h. These 185 

experiments allowed for defining optimal conditions for studying adsorption capacity in dynamic and static 186 

experiments. The DOC desorption experiments were also run in dynamic system using two parallel flow-187 

through column reactors, well adapted for both mineral and organic substrates (i.e., Sanderman and Kramer, 188 

2017). For these experiments, we used only the Bh horizon from the discontinuous permafrost zone because 189 
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this sample contained the highest amount of organic carbon. MilliQ water was delivered from the bottom to 190 

the top of a glass column reactor (diameter 1 cm) containing 3 g of mineral phase with a flow rate of 191 

0.05±0.01 mL min-1. The resulting 0.45 µm - filtered outlet solution was analyzed each day over the period 192 

of 10 days of time and the breakthrough curves of DOC concentration and UV absorbance vs elapsed time 193 

were compared between the control run (DOC-free for desorption and mineral-free for adsorption) and the 194 

experiment. These dynamic experiments were conducted in duplicates and allowed to constrain the optimal 195 

conditions of exposure time and the range of solid and DOC concentration suitable for reliable 196 

measurements of adsorption and desorption effects. 197 

The main experiments were conducted for each of the 4 mineral horizons listed in Table 1, at 1 198 

gmineral soil L-1 and 0, 6, 11, 20, 32 and 58 mg DOC L-1 concentration of peat leachate, using 30- mL sterile 199 

glass bottles that were gently stirred on a ping-pong shaker (100 rpm) at 25°C. After 2 days of exposure 200 

time, the supernatant was filtered through a 0.45 µm disposable filter and stored in the refrigerator for 201 

several days before the DOC analyses. For these experiments, we used three independent sub-samples from 202 

each soil horizons and each sub-sample was run in duplicates. This provided six identical replicates for each 203 

soil horizon. For the sampling, the entire vial was sacrificed. 204 

In order to account for the release of ‘native’ DOC when treating the adsorption results, we used the 205 

initial mass isotherm approach which is standard in this field (Kaiser et al., 1996; Kothawala et al., 2008; 206 

Moore et al., 1992; Nodvin et al., 1986; Ussiri and Johnson, 2004; Vance and David, 1989): 207 

RE = m × [DOC]added – b      (1) 208 

where RE is the net DOC sorption (mg C g−1) and b is the amount desorbed to a solution containing no DOC 209 

(mg C g−1), corresponding to the release of native soil organic carbon (OC). The [DOC]added is the DOC 210 

concentration added to the soil suspension (mg C g−1). The empirical partition coefficient m corresponds to 211 

the slope of this dependence and represents a fraction of total reactive DOC that is adsorbed by the soil. 212 

Further, following Nodvin et al. (1986) and Pengerud et al. (2014), we defined the reactive soil pool (RSP; 213 

mg C g−1) as the amount of native soil OC that can readily exchange with DOC in solution under the given 214 

experimental conditions as: 215 

RSP = b / (1 – m)     (2) 216 
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 217 

2.4. Analyses 218 

The DOC was measured in filtered samples using a Shimadzu TOC-VCSN with an uncertainty of 3 219 

% and a detection limit of 0.1 mg L–1. The specific UV-absorbance (L mg-1 m-1) was measured in 10 mm 220 

quartz cuvette at 254 nm using a CARY-50 UV-VIS spectrophotometer (Bruker, UK) and normalized to the 221 

DOC concentration in the sample. 222 

The C and N concentrations in dry peat and mineral samples were measured by Cu-O catalysed dry 223 

combustion at 900 °C with ≤0.5% precision for standard substances (Thermo Flash 2000 CN Analyzer). The 224 

total major composition of mineral fractions (Si, Al, Fe, Ti, S, Na, Ca, Mg, Na, Mn, K, P, O) was measured 225 

by X-ray Fluorescence (Bruker AXS GmbH) in tablets of Li borate fused with mineral powder, with an 226 

uncertainty of 2% and a detection limit of 0.02% (see Table S2). Dithionite-extractable Fe (Fed) was 227 

measured for bulk soil samples using the method of Mehra and Jackson (1960). Oxalate-extractable Fe (Feo) 228 

and Al (Alo) were quantified using standard techniques (van Reeuwijk, 1995). The extracts were measured 229 

using flame AAS (Perkin Elmer AAnalyst 300). 230 

The BET specific surface area of mineral phases was measured by multi-point N2 adsorption 231 

(Autosorb-1, Quantachrome Instr.). The specific surface area of samples ranged from 0.12 to 2.1 m-² g for 232 

sands of the discontinuous permafrost zone and amounted to 25.3 m-² g for the silt/loam horizon of the 233 

continuous permafrost zone.  The size of soil particles distribution was assessed using a laser diffraction 234 

particle size analyzer (Beckman Coulter, USA). To separate the soil particles into their spherical diameter 235 

size classes as following: coarse sand (2-0.50 mm), fine sand (0.50-0.05 mm), silt (0.05-0.002 mm) and clay 236 

(<0.002 mm) using the USDA groupings. 237 

 238 

3. Results 239 

3.1. Field assessment of C stock in peat and underlying mineral horizons 240 

The stock of SOC in peat and mineral horizons at the Khanymey site was estimated from measured C 241 

concentrations and bulk density of peat and mineral horizons. We integrated the C pool in mineral horizons 242 

located over 100-200 cm under the organic+mineral layer. In the latter, we considered the thickness till the 243 
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depth where the C concentration dropped down to 0.1 %. The C pool in the discontinuous permafrost zone 244 

over 2 m deep on peat mounds encompassed 40±20 cm of the active (thawed) peat layer, 60±20 cm of the 245 

frozen peat and 100 cm of the frozen mineral layer (Fig. 1). In sands of discontinuous permafrost zone, the 246 

OC content decreased from ca. 3% at the top of mineral horizon (0-20 cm) to 0.5-1.5% in the deeper parts of 247 

the core (40-80 cm), Fig. 2A. The lateral variability of C stock in the 11 sampled sites shown in Fig. S1 is 248 

illustrated in Table S1. The average C stock in the peat and mineral deposit was 46.5±22.7 and 14.6±9.2 kg 249 

m-2, respectively. It can be seen from this table that the active layer thickness (ALT) and peat thickness have 250 

no straightforward impact on C stock in mineral horizons (correlation coefficients are below -0.3, p > 0.05). 251 

The OC concentration in the silt/loam under peat of the continuous permafrost zone showed a sizeable 252 

maximum (6-10%) at 20-40 cm below the peat deposit (Fig. 2 B). Overall, the OC pool in 100 cm frozen 253 

mineral horizons is generally lower but not negligible compared to the upper 0-100 cm peat layer (Fig. 2 C). 254 

 255 

3.2. Leaching of DOC from frozen peat 256 

Kinetics of DOC leaching from frozen peat demonstrated that stable yield of DOC (5.7±0.5 mg C 257 

gpeat
-1) is achieved after 48 h of reaction; however, a 70% level of final DOC (4.6 mg C gpeat

-1) is reached 258 

over first 3 hrs (Fig. 3A). The peat-mass normalized DOC concentration (5.7 mg C gpeat
-1 at 1 gpeat L-1) was 259 

consistent with the value obtained in batch reactors which were used for preparation of DOC stock solution 260 

for adsorption experiments (10 gpeat L-1 yielded 58 mg L-1 of DOC). The 2 day interaction of frozen peat with 261 

MilliQ water at different concentrations of peat demonstrated a general decrease in DOC with peat 262 

concentration increase from 1 to 20 gpeat L-1 following an increase at 100 gpeat L-1 (Fig. 3B). Overall, for the 263 

range of peat concentrations comparable to those of mineral phases in adsorption experiments (i.e., 1-5 gsolid 264 

L-1; see section 3.3 below), an average value of 5.5±0.5 mg C gpeat
-1 was obtained. The SUVA254 also 265 

increased from 2.7 to ca. 5.3 L mg C-1 m-1  over 132 h of reaction (Fig. 3A), and decreased with peat 266 

concentration from 4.2 to 1.7 (Fig. 3B). 267 

 268 

3.3. DOM adsorption onto and leaching from mineral horizons 269 
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At low concentrations of added DOC (typically < 5 mg L-1), all mineral substrates released C with 270 

maximal desorption values equal to 0.49±0.23, 0.13±0.13, and 0.1±0.1 (mean ± s.d., n = 6) mg C gsoil
-1 for 271 

Bh, Bs, and E horizons in the discontinuous permafrost zone (Table 2). The silt/loam from the continuous 272 

permafrost zone (Bgh) exhibited 0.09±0.02 mg C gsoil
-1. Additional desorption experiments were conducted 273 

with the Bh horizon (organo-Al-Fe-rich sand) from the discontinuous permafrost zone, at variable soil to 274 

water ratios over 48 h of exposure time. These experiments yielded an average value of released OC equaled 275 

to 1.20±0.95 mg C gsoil
-1 (for 0.5 to 100 g L-1 of sand, n = 7, Fig. 4 A). The SUVA254 of DOM released from 276 

the Bh horizon was low at 1 gsand L-1 (1.2 L mg C-1 m-1) but raised to approx. 4.9 L mg C-1 m-1 at higher 277 

concentrations of added mineral substrate (2 to 100 gsand L-1). 278 

The release of DOC from the Bh horizon was also studied in dynamic mode using a column reactor. 279 

The breakthrough curves of DOC and SUVA254 demonstrated a contrasting pattern (Fig. 4 B). The DOC 280 

decreased from ca. 260±40 mg L-1 to 17±5 mg L-1 over the first 0-10 h of reaction and was followed by a 281 

further decrease to ca. 8-4 mg L-1 after 100-200 h of leaching. Numerical integration of the breakthrough 282 

curve allowed assessing the overall amount of DOC released from 3 g of mineral soil, although insufficient 283 

temporal resolution at the beginning of reaction yielded sizable uncertainty. The integral value of DOC 284 

released over 200 h of reaction was 2.3±0.8 mg C gsoil
-1, which is somewhat higher than the value obtained 285 

in batch (static) reactors (1.2±0.6 mg C gsoil
-1). An elevated amount of DOC released in dynamic experiments 286 

compared to batch reactors could be due to longer (4 x) exposure time of the solid phase in the column-287 

through reactor and enhanced mobilization of internal, strongly bound DOC from poorly accessible pores.  288 

Initial SUVA254 strongly increased from approx. 0.8 L mg C-1 m-1 after the first 2 h of reaction to its 289 

maximum of 4 L mg C-1 m-1 after 8 h before gradually decreasing to 1.8 L mg C-1 m-1 between 10 and 200 h 290 

of leaching (Fig. 4 B). 291 

 292 

3.4. Adsorption parameters 293 

A plot of net adsorbed DOC as a function of added DOC concentration demonstrated linear (R² > 294 

0.86, p < 0.005) dependences for both adsorption and desorption parts. The linear regression (Eqn. 1) with 295 
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R² = 0.86 to 1.0 (p < 0.001) allowed for determination of DOC adsorption parameters (Fig. 5). The b and m 296 

parameters of Eqn. 1 as well as the RSP value are listed in Table 2. 297 

The partition coefficient m (Eqn. 1) and the maximal reactive soil pool (RSP, mg C g-1) were highest 298 

for the Bs horizon (0.61±0.05 and 0.38±0.02, respectively; mean ± s.d., n = 6) and lowest for the E horizon 299 

(0.17±0.12 and 0.13±0.15, respectively; mean ± s.d., n = 6). Note quite high uncertainty on adsorption 300 

parameters obtained for the E and Bh horizons of the discontinuous permafrost zone. This uncertainty is 301 

mostly due to sizable release of DOC from these mineral samples prior the addition of peat leachate. The 302 

maximum amount of adsorbed C ranged from 0.15 to 0.63 mg C gsoil
-1 when 58 mg C L-1 were added; 303 

however, no saturation of mineral surface for C was observed (Fig. 5). In the discontinuous permafrost zone, 304 

maximum adsorption capacities were observed for the Al-Fe-rich sand (Bs horizon) with minimum 305 

adsorption capacities observed in poor sand and organo-Al-Fe-rich sand (Bh horizon). The adsorption 306 

capacity of the silt/loam horizon from the continuous permafrost zone was intermediate between two sand 307 

horizons of the discontinuous permafrost zone.  Note that the surface-area normalized adsorption was 308 

maximal for the poor sand E horizon (0.83±0.42 mg C m-²) of the discontinuous permafrost zone and 309 

minimal for the Al-Fe-rich silt/loam (Bgh horizon) of the continuous permafrost zone (0.01±0.0004 mg C m-310 

²). Therefore, after normalization to mineral specific surface area, the order of DOC adsorption on mineral 311 

horizons was E >  Bs > Bgh. 312 

The evolution of DOC quality which is adsorbed onto/desorbed from mineral horizons was 313 

monitored via analysis of the specific ultraviolet absorbance of the aqueous solution. The SUVA254 of 314 

equilibrium solution exhibited a peculiar pattern depending on the amount of sorbed C (Fig. 6 A-D). In the 315 

discontinuous permafrost zone, the E horizon exhibited non-systematic variations in SUVA254 between 1.5 316 

and 6.0 L mg C-1 m-1. The Bs horizon exhibited an increase in SUVA254 with an increase in the amount of 317 

adsorbed C varying from 1.5 to 5.0 L mg C-1 m-1. For the silt/loam Bgh horizon from the continuous 318 

permafrost zone, SUVA254 slightly increased from 3.3 to 4.4 with an increase in adsorbed C (Fig. 6 D). 319 

 320 

4. Discussion 321 
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4.1. Lateral C stock in mineral vs organic layers of WSL peatlands: comparison with other 322 

estimations in Siberia and across the permafrost zones 323 

The stock of C in peat layer of the permafrost peatbogs of the discontinuous permafrost zone 324 

obtained in this study (47±23 kg C m-2 (mean±s.d.); median of 15 kg C m-2, IQR from 9 to 22 kg C m-2 over 325 

1 m depth, Fig. 2 C), is consistent with the range of 31 to 60  kg C m-2  for this territory (Sheng et al., 2004) 326 

and with the value of 44.8 kg C m-2 provided by Schepaschenko et al. (2013). The Northern Circumpolar 327 

Soil Carbon Database lists a value of 44.3 kg C m-2 for the 0-100 cm layer (Hugelius et al., 2013b). 328 

However, if we consider the C in mineral soil horizons (100-200 cm depth), the C stock increases by a factor 329 

of 1.4-1.5 and reaches 61±21 kg C m-2. Similarly, consideration of mineral horizons in the NE European 330 

tundra peatlands increased overall C stock by 30% (Pastukhov and Kaverin, 2013) which is similar to our 331 

estimations for western Siberia. Note that lack of correlation between peat thickness and C stock in mineral 332 

horizons (according to our data, Table S1, section 3.1) suggests that accumulation of C in mineral layers 333 

most likely occurs via lateral influx of C-rich shallow subsurface waters such as supra-permafrost waters 334 

(Raudina et al., 2018) rather than via direct vertical downward transfer from the peat to the mineral layer. 335 

The sizeable stock of OC in mineral horizons of frozen soils of WSL  Fig. 2 C) is consistent with that 336 

reported in Central Siberia (Gentsch et al., 2015a), Northern Siberia (Palmtag et al., 2016), East Siberian 337 

Arctic (Gentsch et al., 2015b) and lower than in the yedoma of Eastern Siberia (Hugelius et al., 2013b) and 338 

Alaska and Canada (Michaelson et al., 1996; Tarnocai et al., 2009). Although the current estimates of OC 339 

stock in WSL comprises more than 2 m depth (70.2 Gt C for WSL, Sheng et al. (2004)) and up to 3 m depth 340 

(Hugelius et al., 2014, 2013a), the non-negligible stock of C in the underlying mineral horizon may increase 341 

this number by approx. 30 to 50% depending on local peat depth, mineralogical character of mineral 342 

deposits, and type of permafrost distribution. In this work, we did not aim to estimate C stock in mineral 343 

layers below 3 m depth. In a 7-m deep core from the Tazovsky region (continuous permafrost zone, WSL) 344 

that was comprised of 2 m of peat, it was demonstrated that the addition of 4 m of a mineral layer to the first 345 

3 m of peat+mineral layer yields an increase in overall SOC stock by only 8.7% (Fig. S2). Further, these are 346 

silt and clay marine deposits strongly enriched in C compared to the organic-poor sands of the discontinuous 347 

permafrost zone. However, given the poor current assessment of C stock in mineral sediments underlying the 348 
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WSL peat deposits, and the high vulnerability of WSL permafrost with respect to climate warming (i.e., up 349 

to 4 m of frozen soils may be thawed over next 50 to 100 years (Vasiliev et al., 2020)), a detailed field-based 350 

assessment of OC stocks in mineral layers of this environmentally important region is clearly needed. 351 

In this work, we focused exclusively on organic C in peat and mineral horizons. Another important 352 

nutrient in the permafrost soils is nitrogen (N). Thus, Meyer et al. (2006) demonstrated that in western 353 

Siberia, most of N mineralization occurs in mineral soil horizons rather than in overlaying peat. As such, 354 

study of organic N adsorption onto and release from frozen mineral layers in permafrost peatlands should be 355 

of high priority. 356 

 357 

4.2. DOC release from peat and mineral horizons and DOC adsorption capacity  358 

The efficiency of DOC leaching from frozen peat of western Siberia measured in this study (5.5±0.5 359 

mg DOC gpeat
-1) is very similar to that of the peat from the NE European tundra (5 mg DOC gpeat

-1, Payandi-360 

Rolland et al., 2020) but substantially higher than the values obtained for organic soil samples from Alaska 361 

(0.14-2.2 mg gsoil
-1; Gao et al., 2018). The DOC leaching efficiencies from organic-poor mineral horizons 362 

underlying peat deposits of the WSL (0.1 to 0.5 mg C/gmineral soil) are comparable with those reported for 363 

mineral horizons in Canada (b = 0.05-0.1 mg g-1, Kothawala et al., 2012) and Norway (b = 0.17±0.03 mg g-1, 364 

Pengerud et al., 2014).  365 

To assess the capacity of mineral horizons to process DOC from the overlaying peat, we present a 366 

histogram of soil mass-normalized adsorption/desorption yields (Fig. 7 A). Whereas poor sand exhibits 367 

comparable adsorption and desorption capacities, Al-Fe-rich sand of the discontinuous permafrost zone and 368 

silt/loam of the continuous permafrost zone can adsorb at least 5 times more C than they can release. In 369 

contrast, organo-Al-Fe-rich sand of the discontinuous permafrost zone presents the highest desorption 370 

capacities. This demonstrates a strong variability of DOC behavior in frozen mineral horizons that underlay 371 

peat deposits in western Siberia, and calls a need for a thorough region- and depth-specific inventory of C 372 

surface stock depending on underlying mineral deposit type. For example, in the discontinuous permafrost 373 

zone, thawing of peat and underlying mineral layers, notable in hollows and depressions, can saturate the 374 

mineral horizons in OC originated from peat and plant litter leaching in surface layers. Later, these horizons 375 
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(such as Bh) are capable of releasing the adsorbed DOC, if the hydrological conditions modify the lateral 376 

flow leading to DOC export along the permafrost boundary. 377 

At the same time, experiments of this study demonstrate that adsorption of OC on mineral horizons 378 

cannot sizably increase SOC stock in these horizons. This increase was only 5 and 15% for the E and Bs 379 

horizons of the discontinuous permafrost zone. The Bh horizon exhibited only desorption thus decreasing its 380 

stock by 2 %. Overall this indicates the rather stabile non-exchangeable nature of C in these horizons, similar 381 

to what is reported for other clay soils (Avneri-Katz et al., 2017). Furthermore, the SUVA254 of DOM 382 

released from E and Bs horizons was much lower than that of Bh and Bgh horizons (Fig. 6). This may 383 

reflect more refractory and less labile OM in the Bh and Bgh horizons that contain elevated proportions of 384 

clays, Fe, and Al oxides. These compounds are likely to retain aromatic and highly polymerized refractory C 385 

(He et al., 2016). Specifically, the long-term persistence of C in subsoil minerals is known to occur due to 386 

strong bonds between hydroxylated mineral surfaces and phenolic functional groups of DOM (Kramer et al., 387 

2012). 388 

To assess the factors controlling DOC release from and adsorption onto frozen mineral soils we 389 

tested a possible link between magnitude of C release/adsorption and basic physical and chemical properties 390 

(including Fe and Al content) of study soils. The latter are known to be responsible for DOM adsorption on 391 

non-permafrost soils (Kaiser et al., 1996; Karavanova et al., 2020; Nierop et al., 2002). The amount of C 392 

desorbed from mineral horizon and the RSP positively correlated (p <0.05) with Al0, N and C (r = 0.93, 393 

0.92, 0.91, respectively). Maximal adsorption capacity positively correlated (p < 0.05) with Fed and Feo (r = 394 

0.75, 0.68, respectively). Such correlations are consistent with recent observations on strong interactions 395 

between iron and organic carbon in European permafrost peatlands (Patzner et al., 2020). At the same time, 396 

sizable desorption of DOC from the Bh horizon and high concentration of oxalate-extractable Al for this soil 397 

suggest that the majority of Al hydroxides sites are already saturated with organic matter. This strongly 398 

corroborates a recent result of Fukumasu et al. (2021) that Al-bearing reactive mineral phases are more 399 

important than clay content and Fe-bearing reactive mineral phases for SOC stabilization in topsoils of 400 

humid continental climates. 401 
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It is important to note that the leaching of DOC from the frozen peat and DOC adsorption onto 402 

mineral surfaces occur quite fast, within hours to the first day (Fig. 3A); a stable DOC concentration in 403 

contact with peat is attained within 1-2 days. This is consistent with the generally high reactivity of peat in 404 

aqueous solutions (Payandi-Rolland et al., 2020). Similarly, the adsorption pseudo-equilibrium was typically 405 

achieved within the first several hours of reaction. This suggests highly labile behavior of OC within the 406 

peat-mineral soil profile. As a result, the vertical and lateral water travel rate (from 8 до 80 cm per day, 407 

Loiko et al., 2019) rather than chemical reactions of leaching and adsorption will be the limiting step in 408 

DOC distribution within the soil profile. Fast reaction of DOC in laboratory experiments of this study further 409 

demonstrates that the response of frozen peat and mineral horizons to permafrost thawing will be quasi 410 

instantaneous, and that the fast leaching/adsorption reactions may prevent the modification of OC fluxes 411 

within the soils- surface waters continuum. It has been shown from incubation experiments that sizeable 412 

biodegradation and photo-degradation of DOC in soil and surface waters occurs within 7-40 days (i.e., 413 

Oleinikova et al., 2017b, 2017a; Shirokova et al., 2019; Vonk et al., 2015). In this regard, the temporal 414 

variability of DOC sources (leaching from peat or mineral horizons) and sinks (sorption to minerals) will be 415 

more important than the autochthonous transformation processes. At the same time, a part of mineral-fixed 416 

carbon, especially the labile fraction of DOM, can be decomposed by microorganisms over the time scale of 417 

days to month (Panneer Selvam et al., 2017). From the one hand, this may diminish the efficiency of long-418 

term retention of the leached carbon by mineral layers, given quite long (thousands of years) residence time 419 

of OM in Siberian soils below 30-50 cm depth (Goryachkin et al., 2000) and very slow rate of DOC 420 

movement downward the peat profile (0.047 cm y-1, Zarov et al., 2021). From the other hand, certain mineral 421 

horizons, such as clay/silt, are known to stabilize organic matter in soil (Six et al., 2002). Despite the fact 422 

that clay/silt soil had a lower capacity to C adsorption compared to Al- and Fe-rich soil (Fig. 7 A), this may 423 

enhance overall retention ability of C in the soil profile due to lower decomposition rate of OM in the Bgh 424 

horizon. 425 

4.3. The impact of C mobility within peat-mineral soil profile at the watershed scale 426 

Climate change in western Siberia is likely to cause a shift of the permafrost boundary northward and 427 

an increase in active layer thickness (Anisimov et al., 2013; Frey and Smith, 2003; Pavlov and Moskalenko, 428 
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2002; Romanovsky et al., 2010; Vasiliev et al., 2011).  According to available scenarios of permafrost 429 

thawing in the continuous zone, ALT may reach 1 to 4 m in the western Siberia (Anisimov and Zimov, 430 

2020; Anisimov and Kokorev, 2017) and will inevitably involve currently-frozen mineral horizons into OC 431 

release and adsorption. However, these scenarios have to take into account the difference in thawing of 432 

micro-landscapes of permafrost peatlands. These include positive (mounds in the discontinuous permafrost 433 

zone and polygons in the continuous zone) and negative (hollows/depressions in the discontinuous and 434 

cracks in the continuous zone) forms of relief. In the discontinuous permafrost zone, the ALT rarely exceeds 435 

40-50 cm at the mounds and is entirely located within the peat layer. In contrast, the hollows (depressions) 436 

are thawed down to the mineral horizons and thus can represent to some extent, an extreme case of the 437 

permafrost thawing at mounds in the discontinuous permafrost zone. Based on experimentally-assessed C 438 

desorption from mineral horizons, we calculate that thawing of 1 m of frozen sand in the discontinuous 439 

permafrost zone may release between 0.05 and 0.5 mg C/gsoil m-2 (Fig. 7 B) whereas thawing of frozen 440 

silt/loam in the continuous permafrost zone will yield 0.1 mg C/gsoil m-2. Further, the amount of OC 441 

originated from leaching of peat that can be adsorbed by unfrozen sand horizons of 1 m thick is between 0.3 442 

and 0.4 kg C m-2 (Fig. 7 B). This is likely to occur in many sites of the discontinuous permafrost zone, where 443 

the active layer often extends into the mineral horizon, although it is dependent on the degree of sand 444 

coverage by Fe and Al hydroxides.  Thus, at the Khanymey site, a transport of OC with seepage into the 445 

mineral horizons and the following adsorption onto Al hydroxides of the Bh layer can form organo-mineral 446 

spodic horizons.  447 

 The values of OC adsorption capacity assessed in this study are non-negligible compared to the 448 

amount of DOC that can be leached from peat column by downward migrating fluids (1.38±0.13 kg C m-²). 449 

This suggests a sizable control by mineral horizons on C migration across the peat - mineral soil profile in 450 

the permafrost region. In particular, in the discontinuous permafrost zone, especially at the hollows and 451 

depressions, this control is currently visible via release rather than accumulation of DOC in the already 452 

saturated Bh horizon. In the continuous permafrost zone, the manifestation of DOC adsorption on mineral 453 

layers is anticipated to occur within the next decades. 454 
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On average, out of 1.38±0.13 kg C m-2 capable of initial release from the upper 0-100 cm of peat and 455 

migrating downwards, 0.25±0.1 kg C m-2 can be adsorbed in the 100-200 cm underlying Fe- and Al-rich 456 

sand and silt with the remaining 1.13 kg C m-2 to be exported to lakes and rivers (Fig. 7 C). Assuming that, 457 

in the continuous permafrost zone, all 200±100 cm of frozen peat and underlying sand/silt will thaw over 458 

next 100 years, this yields an export potential of 6±3 t C km-2 y-1 which is higher than the current estimation 459 

of annual DOC export by peatland-draining Siberian rivers (around 3 t C km-2 y-1, Pokrovsky et al., 2020).  460 

The results of this work demonstrate that, in the continuous permafrost zone, on a short-term scale, sizeable 461 

amounts of DOC can be liberated to soil waters due to frozen peat thawing and will be quickly captured by 462 

underlying mineral horizons if thawing progresses according to the proposed scenarios. In the discontinuous 463 

permafrost zone, this OC retention by mineral (Fe- and Al-rich sand horizons) is already occurring in 464 

depressions and hollows. Overall, the DOC retention via adsorption can greatly mitigate the “negative 465 

“impact of OC release from frozen peat and should be taken into account for modeling of OC transport 466 

between soils and rivers in permafrost-bearing landscapes, especially in the continuous permafrost zone 467 

where the peat is underlayed by clay/silt horizons, capable of strong DOC adsorption.  468 

 469 

Conclusions 470 

We revealed a sizeable stock of organic carbon in mineral horizons underlaying peat in the 471 

discontinuous and continuous permafrost zone of the western Siberian Lowland (WSL). Significant 472 

contributions to the C pool in mineral layer are provided by organo-Al-Fe-rich Bh horizons. These mineral 473 

horizons can adsorb part of the C released from peat. The Fe-rich sand of the discontinuous permafrost zone 474 

did not exhibit any DOC adsorption but instead released sizable amount of DOC. This horizon contained the 475 

highest amount of oxalate extractable Al which could act as strong adsorbent of DOC in the form of Al 476 

oxy(hydr)oxides. 477 

The on-going climate warming and permafrost thaw will produce a deepening of the active layer into 478 

mineral horizons. Such thawing will liberate some amount of DOM from peat and also release of DOM from 479 

mineral horizons. However, a sizeable amount of DOC may be retained on mineral horizons via adsorption. 480 

This can mitigate the negative impact of climate warming on permafrost thaw and DOC release and thus 481 
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attenuate the positive feedback of permafrost thaw on CO2 emissions. Further measurements of the C pool 482 

and adsorption capacity of mineral horizons under frozen peatlands of western Siberia, down to 5-10 m 483 

under variable micro-landscapes and biomes (perhaps most importantly under forests), are necessary for 484 

improved regional and global modeling of C cycle in permafrost peatlands. 485 

 486 
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Table 1. Physico-chemical characteristics and sorption properties of the 4 mineral horizons from the 794 

discontinuous (E, Bs and Bh) and continuous (Bgh) permafrost zones. 795 

 796 

Soil Horizon 
E 

(n=3) 

Bs 

(n=3) 

Bh 

(n=3) 

Bgh 

(n=3) 

Permafrost zone Discontinuous (Khanymey) Continuous 

Description 
poor white sand 

poor brunic 
sand 

Al-Fe-rich 
sand Silt loam 

Material/horizon albic brunic spodic cryic 
pHH2O 5.1±0.4 5.0±0.4 4.9±0.8 5.9±0.7 
Sand, % 95 98 82 45 
Silt, % 4.3 1.4 16 48 
Clay, % 0.7 0.6 2 7 
C, mg g-1 2±1.4 3.8±1.4 32.3±13.5 6.1±1.7 
N, mg g-1 0.12±0.03 0.13±0.05 0.89±0.42 0.2±0.01 
Surface area, m-2 g  0.12 2.1 1.05 25.3 
Total SiO2, % 97±1.2 96±2.1 86±5.1 68.78 
Total Al2O3, % 0.8±0.1 1±0.1 3.1±0.5 11.66 
Total Fe2O3, % 0.1±0.03 0.2±0.1 0.4±0.1 4.1 
Aloxalate, mg g-1 6.6±3.5 11±5.7 79±29 - 
Feoxalate, mg g-1 1.41±0.32 1.35±0.22 2.27±0.48 - 
Fedithionite, mg g-1 2.69±0.94 2.45±0.58 4.86±1.55 - 
 797 

 798 

 799 

 800 

 801 

 802 

 803 

 804 

Table 2. Sorption characteristics (Eqn. 1) of the studied mineral horizons. 805 

 806 
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Soil Horizon 
E 

(n=3) 

Bs 

(n=3) 

Bh 

(n=3) 

Bgh 

(n=3) 

Permafrost 

zone Discontinuous Continuous 
Adsorbed OC, 

mg g-1 0.1±0.05 0.55±0.09 -0.21±0.26 0.35±0.01 
Adsorbed OC, 

mg m-2 0.83±0.41 0.26±0.04 -0.20±0.25 0.014±0.0004 
b, mg g-1  

(Desorbed OC) 0.1±0.1 0.13±0.13 0.49±0.23 0.09±0.02 
m 0.17±0.12 0.61±0.05 0.2±0.05 0.38±0.02 

RSP, mg g-1 

0.13±0.15, 
y=0.17x-0.12, 

R2=0.86 

0.37±0.41, 
y=0.61x-0.14, 

R2=1 

0.6±0.25, 
y=0.20x-0.43, 

R2=0.69 

0.15±0.03, 
y=0.38x-

0.09, R2=1 
 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 
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Fig 1. Map of the two study sites (A), a photo of soil profiles with peat (used for leachate preparation) and 815 

underlying mineral horizons (B), and a schematic representation of soil profile (C).  816 
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Fig. 2. Examples of depth profile of C concentration in the discontinuous permafrost zone 

(Khanymey, A) and continuous permafrost zone (Tazovsky, B) and lateral pools of C in 

Khanymey, averaged over 11 cores (C). Note that C concentration in peat and the mineral part 

of the core (A and B) are shown in the upper and bottom x-axes, respectively. 
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Fig. 3. Patterns of DOC (solid circles and lines, left y-axis) and SUVA254 (open triangles and 

dashed lines, right y-axis) leaching from frozen peat (55-75 cm depth) in batch reactors as a 

function of exposure time at 1 g peat L-1 (A) and as a function of added peat concentration over 48 

h of exposure (B). The error bars represent uncertainties of duplicates unless smaller than symbol 

size . Inserts illustrate the leaching during short exposure time (top left) and low concentration of 

peat (bottom left). 
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Fig. 4. Leaching of DOM from organo-Al-Fe-rich sand at different concentration of solid phase, 

after 48 h of equilibration time (А) and the breakthrough curves of DOC in a column reactor 

filled with 3 g of organo-Al-Fe-rich sand (Bh horizon), with a constant discharge of 3 mL h-1. 

The error bars represent the uncertainties of duplicates (unless smaller than the symbol size). 

(B). The evolution of DOC concentration is shown by solid circles and the SUVA254 is 

represented by open triangles and dashed lines. The uncertainties are estimated from the 

propagation error and analytical procedure. 
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Fig. 5. Amount of DOC adsorbed or desorbed as a function of initial DOC concentration added to 

the reactor for mineral soil horizons of the discontinuous (A, B, C) and continuous (D) 

permafrost zone (1 g L-1, 48 h of exposure). The linear regressions represent initial mass 

isotherms (Eqn. 1). Symbols represent the mean along with s.d. of experimental replicates (2 

parallel reactors for 3 subsamples of each soil horizon, n =  6). Note that for the Bhg sample, 

the s.d. are within the symbol size. 
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Fig. 6. Evolution of SUVA254  (L mg C-1 m-1 , mean ± s.d., n = 6) as a function of sorbed DOC 

concentration for mineral soil horizons of the discontinuous (A, B, C) and continuous (D) 

permafrost zone (1 g L-1 of soil, 48 h exposure time). 
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Fig. 7. Soil mass-normalized adsorbed and desorbed C concentration for the 4 mineral horizons 

(A), the lateral pool оf mobile C (over 1 m depth) that can be released from peat, mineral 

horizons and adsorbed onto minerals (B) and a mass balance illustration of C release from 

peat, adsorption on mineral horizons and lateral export to hydrological network (C). 

 

 

 




