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Evidence for late winter biogeochemical
connectivity in permafrost soils
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The permafrost active layer is a key supplier of soil organic carbon and mineral nutrients to
Arctic rivers. In the active layer, sites of soil-water exchange are locations for organic carbon
and nutrient mobilization. Previously these sites were considered as connected during
summer months and isolated during winter months. Whether soil pore waters in active layer
soils are connected during shoulder seasons is poorly understood. In this study, exceptionally
heavy silicon isotope compositions in soil pore waters show that during late winter, there is
no connection between isolated pockets of soil pore water in soils with a shallow active layer.
However, lighter silicon isotope compositions in soil pore waters reveal that soils are bio-
geochemically connected for longer than previously considered in soils with a deeper active
layer. We show that an additional 21% of the 0-1m soil organic carbon stock is exposed to
soil - water exchange. This marks a hot moment during a dormant season, and an engine for
organic carbon transport from active layer soils. Our findings mark the starting point to locate
earlier pathways for biogeochemical connectivity, which need to be urgently monitored to
quantify the seasonal flux of organic carbon released from permafrost soils.
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ermafrost soil environments are characterized by a peren-
P nially frozen soil layer (the permafrost) and the seasonally

thawed layer (the active layer: thawed in the summer and
frozen in the winter). However, winter temperatures are
increasing so that portions of active layer soil are no longer frozen
at the period when they should bel. These unfrozen winter soils
may harbor new locations for organic carbon and nutrient
exchange between soil and soil water. In turn, this may extend the
time over which the carbon in active layer soils is biogeochemi-
cally connected to lateral and vertical transport pathways. In this
work, we combine soil physics and silicon isotope geochemistry
(Methods) to locate sites for organic carbon and nutrient
exchange and migration in active layer soils in late winter and
summer months. Silicon in soil pore waters (<0.2 um) can be a
colloidal fraction (~0.2 pm to ~1 nm) and a truly dissolved frac-
tion of silicic acid (~<1 nm) (Fig. 1a). Here we propose that soil
pore waters contain different proportions of these Si pools during
freezing and thawing and apply this conceptual framework to
detect sites where soil pore waters are not connected and sites
where soil pore waters are connected allowing for water exchange,
migration, and mixing. We define soils that are below a tem-
perature of 0 °C as frozen and soils that are above a temperature
of 0°C as thawed. We define the ability for soil pore waters and
their constituents to exchange within the soil matrix? upon thaw
as biogeochemical connectivity. This is an example of ‘process
connectivity’ which ‘defines the evolutionary dynamics of how
systems operate’ in a river catchment (Bracken et al.3).

Upon freezing of soil pore waters and ice formation under a
closed system (Fig. 1b), there is a decrease in liquid water volume
which drives an increase in concentration of silicic acid in the
truly dissolved fraction. The decrease in temperature leads to a
decrease in amorphous silica solubility*. These conditions

promote the precipitation of amorphous silica, where up to
90 mol% of the primary dissolved silicic acid is fixed as amor-
phous silica during freeze-thaw cycles®. Amorphous silica pre-
cipitation induces silicon isotope (§%Si) fractionation where the
light silicon isotope (28Si) is preferentially incorporated into the
amorphous silica and the heavier silicon isotope (3°Si) remains in
the solution®. The formation of amorphous silica drives uni-
directional kinetic isotope fractionation forming a solid or col-
loidal fraction that is ~5 %o lighter than the surrounding brine>.
We hypothesize (Hypothesis 1) that the resulting soil pore water
(<0.2 um) in isolated pockets of a frozen system is composed of
isotopically heavy truly dissolved silicic acid, with a small fraction
of isotopically light colloidal amorphous silica (Fig. 1b). Under
these conditions, soil pore water exchange and organic carbon
and nutrient migration through the active layer is minimal during
winter months. There is low biogeochemical connectivity.

Upon thawing of soils (Fig. 1c), soil pore waters are connected
and migrate through the soil matrix. We hypothesize (Hypothesis
2) that the residual truly dissolved silicic acid in isolated pockets
of soil pore water (<0.2 um) mixes with: (i) a fraction of colloidal
amorphous silica; and (ii) a pool of truly dissolved silicic acid
released via mineral dissolution in the soils. The relative con-
tribution of these different Si pools will determine the soil pore
water silicon isotope composition during the period of thaw, soil
pore water exchange, migration and mixing. A contribution from
amorphous silica colloids mobilized into soil pore waters (Fig. 1c)
and from truly dissolved silicic acid from mineral dissolution®’
would drive the soil pore waters towards lighter silicon isotope
compositions, relative to soil pore waters in an isolated, frozen
system. Upon thaw, (i.e., elevated soil temperatures), we hypo-
thesize that silicon isotopes provide evidence for soil pore water
exchange, migration and mixing. There is a potential for
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Fig. 1 Conceptual framework showing the contributions to the silicon isotope composition of soil pore waters (63°Si,,,,,,; < 0.2 um) in permafrost soils.
a theoretical size distribution of silicon in soils and soil pore waters; (b) during winter months, silicon size distribution and &39Si in soil pore waters
governed by freezing processes triggering amorphous silica precipitation in active layer permafrost soils; (¢) at snowmelt onset and late summer months,
silicon size distribution and 830Si in soil pore waters governed by the mixing of winter-derived silicon pools (colloidal amorphous silica; and truly dissolved
silicic acid, open circle) and summer-derived silicon pool (truly dissolved silicic acid released from mineral weathering, black circle).
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geochemical constituents to be mixed and transported equating to
an increase in biogeochemical connectivity.

We test our hypotheses on soil pore waters collected during
different stages of active layer formation, from the period of Late
cold (one of the five stages of winter outlined in Olsson et al.3,
summarized in S.I. Fig. 1) to late summer. During the Late cold
period active layer temperatures are in phase with air tempera-
ture. Typically, the active layer is still frozen with limited liquid
water but can be punctuated by warming events resulting from
base of snow melting and rising air temperatures. The Late cold
period is increasingly identified as a period important for priming
soil respiration® and for late winter carbon!®!! and nitrogen!?
fluxes but little is known on whether soil pore waters are con-
nected during this period. This is key to know because if water
exchange and mixing are occurring in the soil matrix, this
expands the time during which carbon and mineral nutrients can
undergo biogeochemical reactions, for example leading to organic
carbon degradation, in active layer soils.

We test our hypotheses along a gradient of permafrost thaw at
Eight Mile Lake, Alaska (Methods, S.I. Fig. 2). This is a site where
the deepening of the active layer over the last 30 years has altered
the net carbon release from soils!3. At this site, maximum active
layer thickness (ALT), water table depth (WTD), vegetation
composition and the thickness of organic horizon exhibit con-
siderable variation over short lateral distances!4 (less than 1 km).
Based on this well-documented variation, we compare locations
under a ‘default’ model of minimal permafrost degradation (with
ALT <60 cm) and a ‘degraded’ model of extensive permafrost
degradation (with ALT > 60 cm). We combine soil temperature
and active layer thickness (ALT) measurements with soil pore
water geochemical measurements (Si concentration, colloidal Si
contribution, and silicon isotope composition (8§30Si, S.I. Fig. 3) to
determine if soil pore waters are connected in active layer soils
before snowmelt and in late summer periods (Methods; S.I.
Fig. 1).

Results and discussion

Pre-snowmelt temperature and geochemical variability in
active layer soils. In ‘default soils’, soil temperatures at 20 cm
depth remain below 0 °C before the start of snowmelt (Fig. 2a).
The soil pore water Si concentration in ‘default soils’
(1.31 £ 0.41 mg/l; Fig. 3) (0-20 cm) is similar to or higher than in
soil pore water from ‘degraded soils’ (0.51 + 0.41 mg/l; Fig. 3) at
the same period. The proportion of colloidal Si in late winter soil
pore waters is lower in default (2+3%) than in degraded soils
(16 + 15%; Fig. 3). The silicon isotope composition of soil pore
waters is the heaviest (§39Si up to +3.5 %o) in ‘default soils’ across
the 0-20cm layer which remained frozen throughout winter
months (Fig. 2a).

In contrast in ‘degraded soils’, before the start of snowmelt, the
soil surface (0-20 cm) is facing soil temperature fluctuations from
~—2°C to +2.5°C (Fig. 2b). Soil temperatures (0-20 cm depth)
between March and May 2018 are statistically warmer in
‘degraded soils’ compared to ‘default soils’ (Wilcoxon test
p-value < 0.05; using R software version R.3.6.11>. The soil pore
waters from these degraded soils present 8§30Si,,; pore water Values
decreasing between the least thawed layer at 15-20 cm depth and
the most thawed layer at 0-10 cm depth (Fig. 3). This decrease in
830Si, pore water Values is associated with a decrease of Si
concentration and an increase in the proportion of colloidal Si
(from <10-20%) in soil pore water from the least thawed
(15-20 cm) to the most thawed (0-10 cm) layer (Fig. 3). These
changes in Si concentration, % colloid contribution and §3°Si
upon thaw reflect a mixing between the truly dissolved Si trapped
in isolated soil pore water pockets during winter and Si-bearing

colloids precipitated during winter-borne freezing processes (with
a light 830Si of ~—0.93 + 0.05%o0; Methods) (Fig. 3).

Summer active layer depth and geochemical variability in
active layer soils. At the end of summer, the ALT oscillates
between 58 cm and 78 cm in ‘default soils’ (Fig. 4). The soil pore
waters from the active layer in ‘default soil’ have a lighter §30Si
(—0.30 + 0.32%o, Fig. 3¢, S.I. Data 1) compared to soil pore waters
at the onset of snowmelt in the same soils (+2.85 + 0.62%o;
Fig. 3). These lower 8%0Si values are associated to higher Si
concentrations (3.02 + 1.60 mg/l; Fig. 3) and a higher contribution
of Si-bearing colloids (9 +8%; Fig. 3) compared to soil pore
waters at the onset of snowmelt.

In ‘degraded soils’ with the thinner organic layer (Mod 2, Mod
3, Ext 2; S.I. Table 2), the ALT at the end of the summer ranges
between 50 and 100 cm with a larger variability than in ‘default
soils’ (Fig. 4). The Si concentration and the proportion of
colloidal Si in soil pore water increases between the organic and
the mineral horizons of the active layer (Fig. 3, S.I. Fig. 4). The
soil pore waters present more homogeneous §30Si values in the
organic horizon (—0.08 £0.14 %o; Fig. 3) than in the mineral
horizon (+1.45 + 1.37 %o; Fig. 3) of the active layer. The heaviest
530Si values in soil pore waters are found in the active layer at
~40 cm depth (up to +2.96%o) and deeper close to the permafrost
table (8%9Si ~ +3.9 %o; Fig. 3, S.I. Fig. 4).

Evidence for pre-snowmelt biogeochemical connectivity. The
heavy 839Si,; pore water il ‘default soils” before snowmelt support
Hypothesis 1, i.e., that brine-rich soil pore waters have remained
isolated throughout winter months until the onset of snowmelt
(Fig. 1b). The decrease in §30Si pore water Detween the least
thawed layer at 15-20 cm depth and the most thawed layer at
0-10cm depth in ‘degraded soil’ support Hypothesis 2, by
showing that in ‘degraded soils’, the soil pore waters can exchange
and migrate through the soil matrix inthe 0-20 cm layer, i.e.,
pathways for biogeochemical connectivity develop in the active
layer before snowmelt. Considering the expected duration of
winter in this area (S.I. Fig. 1, 1 October-1 May), at spring thaw,
the surface soil layer has experienced temperatures above 0 °C for
49 days prior to snowmelt. With the use of soil temperature, we
demonstrate that there is a potential for soil thaw prior to
snowmelt. With the use of Si isotopes, we show that soil pore
waters are exchanging and migrate through the soil matrix prior
to snowmelt. The combined use of soil temperature and Si iso-
topes demonstrate a 13% longer period of active layer biogeo-
chemical connectivity in ‘degraded soils’ than in ‘default soils’.

Exceptions to the biogeochemical connectivity observed during
summer. The §30Si,; pore water data support that ‘default soils’
follow the Hypothesis 2 at the end of summer (Fig. 3), i.e., that
upon summer thaw of the active layer there is a mixing of winter
derived-truly dissolved silicon with amorphous silica colloids and
truly dissolved silicic acid from mineral weathering (with a range
of values from ~—2%o for clay minerals mainly present in organic
soil horizons to ~0%o for primary minerals mainly present in
mineral soil horizons;%> S.I. Fig. 4). The same observation can be
made for most active layer horizons in ‘degraded soil’, i.e., sup-
porting Hypothesis 2 to explain the low range §30Si of summer
soil pore waters in ‘degraded soils’ (Fig. 3). The more homo-
geneous 83%Sisi pore water N the organic horizon than in the
mineral horizon reflect the better mixing in the organic layer that
has been exposed for longer (Figs. 4, 5) and in which preferential
drainage occurs through the organic-rich mat (0-20 cm depth)!©.

The heavy 8%%Sisoii pore water in the deeper part of the active
layer - termed the transition zone—follow the Hypothesis 1 and
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Fig. 2 Air temperature and soil temperature in permafrost soils at 20 cm depth for March-May 2018, at Eight Mile Lake, Alaska. Air temperature
measurements (a) are relevant for ‘default’ and ‘degraded’ soils. For soil temperature measurements (b, ¢), three locations for the ‘default model’ (b) and
the 'degraded model’ (c) are shown. Data are obtained from https://www.lter.uaf.edu/data/data-catalog.
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Fig. 3 Silicon concentrations, percentage colloid contribution and silicon isotope composition (539Si + 2 SD) in soil pore waters. (<0.2 um) of active
layer soils. Silicon concentrations (a, b), percentage silicon colloids (¢, d) and silicon isotope compositions (f, g) for default (maximum active layer depth
<60 cm; blue) and degraded (active layer depth > 60 cm, red) soils collected at the onset of snowmelt in May 2018 (0-20 cm depth) and during late
summer in August 2019 (0-120 cm depth) at Eight Mile Lake, Alaska. Snowmelt onset (May 2018): soil pore waters from O to 20 cm depth (SI Data
Table 1). Late summer (August 2019): soil pore waters from O to 120 cm depth (S| Data Table 1). (*) poorly mixed residue of winter freezing processes at
~40 cm, (**) poorly mixed transient layer. Also shown is a comparison with the global range of 830Si values in soil pore waters (e) (adapted from Frings
et al., 2016 and Riotte et al., 2018). The size distribution of silicon in solution (conceptual square figure) is based on Fig. 1: the truly dissolved silicic acid can
remain in solution after amorphous silica precipitation (open circle) or released into solution by mineral weathering (black circles).

points towards only recent thaw of soils that have been frozen for
decades to millennial”. This ice-rich transition zone (according to
field observations!?) is the zone between the base of the active
layer and long-term permafrost where thaw is less frequent and
occurs in response to a climate shift, disturbance of the organic
layer or change in surface vegetation!8. These soils have only
recently been hydrologically connected to the active layer above
during summer months (~30 days; Figs. 4, 5)—as such there has
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been insufficient time for mixing of a winter-borne brine enriched
in isotopically heavy truly dissolved Si with amorphous silica
colloids and truly dissolved silicon from mineral weathering (see
Fig. 1, Hypothesis 2)—subsequently a residual heavy Si isotope
composition is maintained in the soil pore water. The heavy §30Si
in soil pore water generated upon freeze-thaw cycles in this deep
transition layer can be preserved because the soils only thaw that
deep on a sub-decadal timescale allowing a cryopocket to develop
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Fig. 4 Active layer thickness (ALT) between May 2019 and September 2019 at default and degraded sites, Eight Mile Lake Alaska. Each data point
shows an average (diamonds) and standard deviation (error bars) of six ALT measurements at sites of ‘default’ (a) and ‘degraded’ (b) permafrost. Data are

obtained from https://www.lter.uaf.edu/data/data-catalog.

where amorphous silica precipitation occurs and the heavy silicon
isotopes are enriched in the surrounding brine. These deep
horizons were likely exposed during the anomalously hot summer
of 2019 when air temperatures exceeded 32 °C for over a week in
Alaska!®. These heavy 83%Sigii pore water in the transition zone are
observed in the least insulated soil profiles with the thinner
organic layer (Mod 2, Mod 3, Ext 2; S.I. Data 2), suggesting that
these ‘degraded’ soil horizons are prone to sub-decadal late
summer deeper thaw!3.

The heavy 8°%Sisoil pore water at ~40cm in ‘degraded soils’
from August 2019 support the Hypothesis 1, i.e., that the truly
dissolved 8%0Si signal associated with amorphous silica
precipitation during winter freeze-thaw cycles has not fully
mixed with other Si sources during active layer thaw in summer
months (Figs. 3, 5). Soil conditions at ‘degraded soil’ sites favor
the preservation of a winter signal because of two main reasons:
(i) during freezing of soils in winter months, the Si-rich brine
accumulates at a freezing front?). The layer ~40cm may
correspond to the position of the freezing front and

accumulation of Si-rich brine following top down and
bottom-up freezing?!. Assuming amorphous Si precipitation
as the freezing front progresses - the residual brine will contain
Si with the heaviest Si isotope composition. It follows that a
larger proportion of colloidal amorphous Si and Si derived from
mineral weathering is required to decrease the winter-derived
truly dissolved §30Si signal at the freezing front; (ii) preferential
drainage occurs through the above organic-rich mat (0-20 cm
depth), and water migration rate is lower in mineral layers due
to lower hydraulic conductivity than in the organic layers
according to transmissivity feedback?2. Hence, due to limited
soil pore water exchange with waters in the organic horizon
abovel®, the soil pore waters in the mineral-rich soil matrix may
locally preserve a winter-derived heavy &30Si signal. As a
support, the transition between organic and mineral layers is
marked by the increase in bulk soil Si concentration (S.1. Fig. 5;
S.I. Data 3) in the mineral horizons, i.e., a source for primary
mineral weathering releasing silicic acid for the precipitation of
amorphous silica during winter months.

6 COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:85 | https://doi.org/10.1038/s43247-023-00740-6 | www.nature.com/commsenv


https://www.lter.uaf.edu/data/data-catalog
www.nature.com/commsenv

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00740-6

ARTICLE

(i) Deep Cold: isolated pockets of brine in the soil matrix

(ii) Late Cold: extended period of soil pore water connectivity and migration through the soil matrix

sacne

(iii) Late summer: surface (0 — 20 cm) pore waters in the soil matrix are connected and well

(iv) Late summer: soil pore waters beneath the org-min transition are poorly connected -
low biogeochemical connectivity

(v) Late summer: sub-decadal exposure of Transition Zone. Soil pore waters are
poorly mixed with the soil matrix above - low biogeochemical connectivity

Spring
Pulse
20 cm= mixed
___organic-mineral transition
£
Q. 40 cm=
[
°
©
(2]
60 cm—| Frozen ground
80 cm-

Snowmelt

Late summer

Progressive opening of the active layer

Fig. 5 Schematic highlighting the extended period of active layer connectivity during Late Cold at Eight Mile Lake, Alaska. The schematic shows the key
findings determined using silicon isotopes, soil temperatures and active layer thickness measurements: (i) a frozen active layer and isolated pockets of soil
pore water brine in the soil matrix during Deep Cold; (ii) soil pore water connectivity and migration through the soil matrix during Late Cold and prior to
snowmelt and spring flood (blue arrow); (iii) overall evidence for soil pore water connectivity in the active layer during summer months, resulting in well
mixed horizons; (iv) decimeter-scale horizons below the organic-mineral transition (horizontal dashed line) that are poorly mixed and poorly connected
with the remaining active layer, at ~40 cm depth; (v) horizons at the base of the active layer that are only connected on a sub-decadal time scale.

Overall, 8%Sioii pore water and ALT data are support for a soil
pore water exchange and mixing of soil water constituents during
summer months (Fig. 5). Two examples (at ~40 cm and in the
deeper part of the active layer) support that parts of the active
layer are not a well-mixed at the end of the summer (Fig. 5).
The previous summer active layer depth and duration of exposure
since thawing are key parameters controlling biogeochemical
connectivity within the active layer.

Silicon isotopes to identify biogeochemical connectivity across
the permafrost landscape. Only a locked system exposed to
freezing can preserve a heavy 8%0Si signal in the soil pore water
according to Hypothesis 1. The heavy §39Si oy pore water Values at
~20cm depth (May 2018), ~40 cm depth and in the deeper
transition zone (August 2019) provide evidence for isolated
pockets of soil pore water in active layer soils during winter
months - where amorphous silica precipitation has occurred in
the presence of freeze-thaw cycles resulting in a residual pool of
truly dissolved silicon with a heavy Si isotope composition. This
concept is analogous to the process of sea ice functioning as an
open or closed system when connected with seawater, displaying
heavier 830Si in water from the closed system?3.

The lighter 8*%Sisoi pore water at ~0-20cm depth prior to
snowmelt (‘degraded soils’, May 2018), and throughout the
majority of active layer profiles during Summer (‘default soils’
and ‘degraded soils’, August 2019) provide evidence for the
mixing of truly dissolved silicon (heavy §39Si) with amorphous
silica colloids (light 83Si) and clay minerals (light §3°Si) during
the opening of the active layer soils, according to Hypothesis 2.
The heavier §30Si; pore water 1N degraded soils during summer
months suggest that mixing of truly dissolved silicon in soil pore
water is less effective when the duration of active layer thaw is
shorter (in the deeper transition zone where the active has only
been thawed for a few days; Fig. 4) or when the soil layer is
particularly enriched in silicon and characterized by a lower
hydraulic conductivity.

A pathway for late winter lateral transfer of soil organic carbon
and mineral nutrients. The active layer is biogeochemically
connected for 13% longer annually in ‘degraded’ than in ‘default’
soils. This has implications for the ecosystem carbon budget

because soil pore waters can exchange and water can be trans-
ported through the soil matrix prior to snowmelt, exposing 21%
of the 0-1m organic carbon stock previously frozen at the
equivalent time of year (Methods). This opening can: (i) increase
the area of soil that is flushed due to the superposition of early
soil thaw and snowmelt, according to the pulse-shunt event
concept** which increases the flux of soil organic carbon and
mineral nutrients transported to larger rivers (e.g.2), (ii) activate
an older pool of carbon in the active layer for transport to larger
Arctic Rivers26; (iii) increase nutrient availability for plant uptake
in early spring?7-28.

We demonstrate that areas of active layer soil are biogeo-
chemically connected during periods when they were previously
locked. These are new hot moments during a long considered
dormant season. Records show that permafrost temperatures
have increased throughout the Arctic (with very high
confidence??). We demonstrate that these conditions will pre-
set the soil for more frequent hot moments of soil pore water
exchange and transport through the soil matrix. The increased
ground heat flux before snowmelt drives soil thaw, subsidence,
and ultimately biogeochemical connectivity of the landscape3’.
These are processes which also apply to talik formation3!

associated with ocean-aquifer exchange affecting coastal
biogeochemistry32.
Methods

Environmental setting. Soil pore waters were collected on Gradient site at Eight
Mile Lake (EML) catchment (63.87°N; 149.25°W). The site is located at ~700 m
elevation on a gentle (~4 degrees), north facing hill slope surrounded by the
northern foothills of the Alaskan Range in Interior Alaska. The geology is com-
posed of Tertiary sedimentary rocks, overlain by gravelly glacial till and aeolian silt
including the Pliocene Nenana gravel. The catchment lies at the continuous to
discontinuous permafrost boundary and soils are near the point of thaw because of
their elevation and geographic position33. The soils contain permafrost within 1 m
of the surface, characterized as Gelisols>*. Gradient site at EML is a natural gradient
in permafrost thaw and thermokarst development. The difference in thaw depths
across Gradient site results from the redistribution of water into subsided areas
which increases soil thermal conductivity and increases ground heat fluxes within
depressions!®14, The permafrost degradation at Gradient site is defined on the
basis of duration of permafrost thaw which is based on observations of ground
subsidence, thaw depth, and ground temperature measurements!'43%3. The site is
characterized by an area of minimal permafrost degradation with less-disturbed
moist acidic tundra where the vegetation is dominated by tussock forming sedge
Eriophorum vaginatum; an area of moderate permafrost degradation with shallow
thermokarst depressions (<0.5 m deep) that have developed since 1990 and the
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tussock tundra is dominated by sedges; and an area of extensive permafrost
degradation with thermokarst depressions (0.5-1 m) that have developed over at
least the past 30 years (Osterkamp et al., 2009), with tussock tundra dominated by
shrubs (Vaccinium uligonosum) and mosses (Sphagnum spp.)L3.

Sampling. Soil pore waters were collected at two seasons from sites spanning a
range of permafrost degradation. Soil pore waters were recovered from active layer
and permafrost soils within 6 h of soil sampling using pre-cleaned rhizons as pore
water samplers (0.2 um). The collected soil pore waters were stored in acid-washed
polypropylene bottles at ~8 °C. In May 2018, soil pore waters (n = 36) were
recovered from nine soil profiles sampled to 20 cm depth and subdivided into 5 cm
deep soil horizons using a hammer and chisel. In August-September 2019, soil
pore waters (n = 68) were recovered from nine soil cores collected at sites of
extensive permafrost thaw (‘Degraded’: active layer > 60 cm; profiles Ext3, Min2,
Mod3, Mod 2, Ext 2; S.I. Fig. 2; S.I. Data 2) and minimal permafrost thaw
(‘Default’: active layer < 60 cm; profiles Minl, Min3, Modl, Extl; S.I. Fig. 2; S.I.
Data 2) sampled to a maximum depth of 120 cm and subdivided into 5-10 cm
horizons. The soil temperature and active layer thickness are monitored at the site
by Bonanza Creek LTER. Snow was sampled in May 2018 and rain was sampled in
August 2019. These snow and rain waters were analyzed for Si concentrations to
check if there was an external input of Si into the soil pore waters.

Snow, rain and soil pore water analysis
Silicon concentrations in <0.2um soil pore water. The Si concentrations were
determined on the soil pore waters (<0.2 um) from Gradient site at EML by
inductively-coupled plasma-optical emission spectrometry (ICP-OES; iCAP 6500
Thermo Fisher Scientific). The accuracy on Si concentrations (+ 4%) was assessed
using the water reference material SLRS-537. The detection limit for Si is 0.01 mg/L.
The Si concentrations measured in snow and rainwaters (unfiltered) from
Gradient site at EML were below detection (<0.01 mg/L), showing that there was
no external input of Si to soil pore waters.

Truly dissolved Si concentrations in soil pore waters. Within the water filtered at
0.2 pm, a portion of Si is truly dissolved and a portion is colloidal. Both forms are
ionized and measured by ICP-OES providing the total Si concentration in filtered
waters. The truly dissolved part of the silicon concentration can be quantified by
the molybdenum blue spectrophotometric method?$, i.e., based on a reaction with
truly dissolved silicic acid. Therefore, the colloidal portion in <0.2 pm soil pore
waters can be determined by the difference between the Si concentration measured
by ICP-OES and the Si concentration measured by spectrophotometric method.

The truly dissolved silicon concentration was determined in soil pore waters
from Gradient site, EML. Briefly, 2 ml of water sample was added to 0.8 ml of
ammonium molybdate solution. The solution was agitated and left to react for
10 min. Following this, 1.2 ml of a reducing solution (Na,SO3.H,O, oxalic acid and
H,S0,) were added to the sample, the solution was mixed and left to stand at room
temperature for 2 h. The absorbance was measured at 810 nm with a 10-mm
cuvette. The detection limit of the technique was 0.2 mg/L Si. For each batch of
samples, a calibration curve was made over a range of concentrations from 0 to
2mg/L.

Colloidal Recovery. Colloids were isolated from water extracts in four soil hor-
izons at different depth within the active layer (35-40 cm depth in a ‘default model’
soil profile with an active layer <60 cm and 20-25 cm depth, 25-30 cm depth and
30-35 cm depth in ‘degraded model’ soil profiles with an active layer > 60 cm
depth). Briefly, 200 g of soil was mixed with 1 L of MilliQ water and left to stand for
1 h. This water extract was then filtered at 0.2 um using pre-cleaned nitrocellulose
filters (Millipore®). The filtered water was centrifuged at 8000 rpm for 4 h following
the procedure of Mills et al.3. After centrifugation, the supernatant was decanted
off and the residual colloidal fraction was recovered.

Silicon isotope analysis on soil pore waters and colloids. Silicon isotope
compositions were determined on soil pore waters (<0.2 um) and the separated
colloids (centrifugation on <0.2 um fraction) from Gradient site, EML. The dis-
solved organic carbon was removed from the sample matrix by reflux with con-
centrated HNO; and H,0,, based on the method by Hughes et al.#0. The Si was
separated from the matrix with a one-stage column chemistry procedure using a
cation exchange resin (Biorad AG50W-X1241). The Si recoveries were >95% and
Nat, SO,>~ and Cl~ concentrations were below detection limit following column
chemistry. The combined procedural Si blank for organic carbon removal and
column chemistry was below 0.07 mg/L.

The silicon isotope composition (§3°Si) was analyzed by MC-ICP-MS (Neptune
Plus™ High Resolution Multicollector ICP-MS, Thermo Fisher Scientific, Earth &
Life Institute, UCLouvain, Belgium) in wet plasma mode in medium resolution
(Am/m~6000) using a PFA nebulizer of 100 ul/min uptake rate. The instrumental
mass bias was corrected using the standard-sample bracketing technique and an
external Mg doping?2. The analyses were performed in 2% HNO; matrix, with a
typical sensitivity of 7V for 2 ppm Si and an instrumental blank < 30 mV. The

8%0Si compositions are expressed in relative deviations of 30Si/28Si ratio from the
NBS-28 reference standard using the common §-notation (%o) as follows:

83081 = [(30S1/2881) mpte/ (30S1/28S1)nips 25 —1] x 1000. One measurement comprises
30 cycles with 4.2 s integration time corrected by blank in a 2% HNO; matrix. Each
single §-value (n) represents one sample run and two bracketing standards. The
830Si-values are reported as the mean of isotopic analyses from multiple analytical
sessions at least in duplicate. The §%°Si and §2°Si measurements fit within error
onto the theoretical mass dependent fractionation array*? supporting the
interference-free determination of all three Si isotopes via MC-ICP-MS (S.I. Fig. 3).
The long-term precision and accuracy of the MC-ICP-MS §%0Si values was assessed
from multiple measurements within each analytical session on reference materials:
the values obtained for Diatomite (830Si = 1.31 + 0.08 %o, SD, n = 21) and Quartz
Merck (8%9Si = —0.01 + 0.08 %o, SD, n = 8) are consistent with previously reported
values for these standards (Diatomite: §30Si = 1.26 + 0.10 %0*%; Quartz Merck:
830Si = —0.01 + 0.12 %0%5).

Soil analysis

Soil Si concentrations by x-ray fluorescence. Silicon concentrations were determined
on the solid fraction of soils collected in August — September 2019 using a portable
XRF device (Niton xI3t Goldd + pXRF; ThermoFisher Scientific, Waltham, USA).
The measurements were performed in laboratory (ex situ) conditions on air-dried
samples to avoid the introduction of additional variability (e.g., water content,
sample heterogeneity). Samples were placed on a circular plastic cap (2.5 cm dia-
meter) provided at its base with a thin transparent film (prolene 4 um). Minimum
sample thickness in the cap was set to 2 cm to prevent underestimation of the
detected intensities*®) and total time of analysis was set to 90 sec to standardize
each measurement. The pXRF-measured concentrations were calibrated using a
method combining sample dissolution by alkaline fusion and measurement of Si
concentration in solution by ICP-OES (iCAP 6500 ThermoFisher Scientific)*’. The
linear regression obtained based on Si concentrations measured by pXRF and ICP-
OES after alkaline fusion on all soil samples (robust R> = 0.95) was used to correct
pXRF concentrations for trueness.

Soil mineralogy by x-ray diffraction. Soil mineralogy was determined by X-ray
diffraction (XRD) on Min 3 soil profile to characterize the crystalline mineral
phases (n = 8). The mineralogy of bulk samples was determined on finely ground
powder (Cu Ka, Bruker Advance D8). Mineral phases below 5% can be present but
undetected. Diffractograms indicate the presence of quartz, plagioclase (albite),
mica (muscovite and biotite), illite, amphibole, kaolinite and vermiculite (S.I.

Fig. 4).

Total organic carbon stock in soil horizons facing freeze-thaw. Organic carbon stock
calculations were performed on ‘default’ (Min 1, Min 3, Mod 1 and Ext 1) and
‘degraded’ (Min 2, Mod 2, Mod 3, Ext 2 and Ext 3) soil profiles. Total organic
carbon (TOC) content was measured using C, N, S Vario El Cube and expressed in
percentage in reference to the dry weight. Bulk densities (BD) were estimated based
on measured TOC content (S.I. Data 2) and data from Plaza et al.!8 a quadratic
model was used to relate bulk density to TOC content based on 443 paired
measurements from Plaza et al.#8 (CiPEHR site from 2009-2010-2011-2013 and
2017). The model used is: BD = by+b,x+b,x? where x represents the TOC
expressed in g kg1 and by =1.08, b, = —3.46 x 1073 and b, =2.81 x 107¢
(R*=0.72). Lower and upper estimated BD values were inferred based on the
confidence interval of 95%. All parameters (BD, TOC, depth) are available from
Plaza et al.!8. These organic carbon stock calculations were performed on the
0-1 m soil profile in order to estimate the proportion of organic carbon stock in the
soil layers that are unfrozen before snowmelt (0-20 cm depth) relative to the 0-1 m
organic carbon stock.

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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