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Abstract

Climate models use input parameters from early aggregated measurement data to simulate
arctic scenarios. Using coarsly resolved input causes a statisticial uncertainty which gets
passed through the rest of the computation process by error propagation.

To identify this extent of this error with regard of thermal properties, soil samples were
gathered from three locations on Kurungnakh island in the Lena River Delta, Siberia/Russia.
Comparable soil layers were investigated concerning the variability of the share of their soil
constituents (air, ice, organic matter, solid matter, water) as well as their thermal properties
(volumetric heat capacity, volumetric thermal conductivity, thermal diffusivity). As measure
of variability, the coefficient of variation CV was used. The sites vary more in the composition
of their constituents than in their thermal properties. 56.25 % of soil content CVs but only
16.6 % of thermal property CV'’s lie above 25 %.

Furthermore, it was investigated if input parameters like thermal diffusivity differ depending
on if the moment of data aggregation is hastened. A t-test was conducted to examine the
likeliness of a match of the mean of thermal diffusivity calculated for individual samples and
a value that is calculated from means as intermediate result. When values vary strongly
at the moment of aggregation, it was more likely that the hypothesis of that the resulting
thermal diffusivity value equals the mean value of thermal diffusivity of individual samples
could be rejected on the 5-% significance level. This is the case when averaging soil content
shares.

These findings indicate that resolving soil constituents on a fine scale is important to
accurately model thermal properties. Errors made by those models which assume homogeneous
soils over large grid-cells might be significant.
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Zusammenfassung

Klima Modelle verwenden zur Simulation von arktischen Szenarien oft Eingangsgrofien
aus Messdaten, die frith zu Mittelwerten zusammen gefasst wurden. Dies verursacht eine
statistische Unsicherheit, die sich als Fehlerfortpflanzung durch den gesamten Rechenprozess
zieht.

Um das Ausmafl dieses Fehler auf die Wéarmeeigenschaften festzustellen, wurden auf
der Insel Kurungnakh im Delta der Lena, Sibirien/Russland an drei Standorten im Relief
Proben genommen. Vergleichbare Boden Horizonte wurden nach der Variabilitat des Anteils
ihrer physikalischen Bestandteile (Luft, Eis, Organik, Feststoffe, Wasser) sowie thermischen
Eigenschaften (volumetrische Wéarmekapazitét, volumetrische Warmeleitfahigkeit, Warmedif-
fusivitdt) untersucht. Als Mafl der Streung wurde der Variationskoeffizient CV verwendet.
Dabei hat sich herausgestellt, dass sich die Standorte starker in ihren physikalischen unter-
scheiden als in ihren thermischen Eigenschaften. So liegen 56.25 % der CV von Bodenanteile
aber nur 16.6 % der CV von thermischen Eigenschaften tiber 25 %.

AuBlerdem wurde untersucht, ob sich Eingangsgrofien fiir Modelle, wie die Warmediffusivitat,
verdndern, wenn der Moment der Aggregierung vorgezogen wird. Dazu wurde mit einem t-test
die Wahrscheinlichkeit berechnet ob der Durchschnitt aus Warmediffusivitédtswerten einzelner
Proben mit einem Wert fiir Warmediffusivitdt iberein stimmt, der aus Durchschnittswerten
als Zwischenergebnis berechnet wurde. Bei einer hohen Streuung der Werte zum Zeitpunkt der
Aggregierung konnte auf dem 5-% Signifikanzniveau abgelehnt werden, dass der resultierende
Warmediffusivitatswert mit dem Durchschnittswert aus Warmediffusivitdaten einzelner Proben
iibereinstimmt. Das ist der Fall wenn iiber die Bodenanteile gemittelt wird.

Die gewonnen Erkenntnisse legen nahe, dass es wichtig ist physikalische Bodenanteile
hochaufzulésen um Warmeeigenschaften prazise zu modellieren. Die Unscharfe von Modellen,
die homogene Boden tiber grofie Auflésungsraster annehmen, kénnte erheblich sein.
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1 Introduction

The role of permafrost degradation and its potential to accelerate climate change has been
discussed by scientists for quite some time now (Vincent et al. (2017), Mars and Houseknecht
(2007)). Higher temperatures in the arctic tundra have a positive effect on microbiological
activity. This enhances the decomposition of soil organic matter (SOM) within the active
layer of permafrost-affected soils (Walz et al., 2017).

Permafrost-affected soils are defined as ground that maintains a temperature below 0°C
for more than two consecutive years. This ground can consist of bedrock, sediment, soil
or organic matter and may contain ground ice (Grosse et al., 2011). Permafrost-affected
soils are further vertically subdivided into an active-layer, which is affected by seasonal
thawing, and an underlying frozen-layer, which stays frozen throughout the entire year, even
through summer. Of particular significance are the 1,387,000 km? (Strauss et al., 2013) of
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Figure 1: Distribution of Siberian and Alaskan Yedoma regions. Taken from Strauss et al. (2013)

Yedoma Ice-Complex landscapes (see figure 1) of the permafrost region in the Northern
Hemisphere that are considered ice-rich in the upper 10 meters (with more than 20 % excess
ice content). Those syngenetic, i.e. growing at the pace as the surrounding permafrost table,
frozen deposits consist of fine-grained and ice-rich material and are widely distributed in
the lowlands of Northeastern Siberia, Alaska and Northwestern Canada. Scientists refer to
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those deposits as "Yedoma'" or "lce-Complex" in Siberia and as "muck" in North America
(Schirrmeister et al., 2013). These deposits are comprised mainly of silt but also contain a
high amount of organic matter. The organic carbon pool of the total Yedoma region that
is vulnerable to thawing is estimated to 211+ 160- 153 Pg organic carbon (Strauss et al.,
2013). In areas dominated by polygonal tundra, ice-wedges are forming. Those ice-wedges
are the result of the repeated process of frost-cracking of the frozen ground in winter. The
cracks fill with snow-melt water in spring which freezes again in winter and forms ice-veins
(Schirrmeister et al., 2017).

One broad branch of climate research is based on climate models. It is vital to set these
models up in an appropriate way to gain reliable results. For example it is important to
choose the right size of the grid-cells in models to simulate how quick and deeply soils thaw.
Numerical models use many parameters and depend on reliable input which is based on real
measurements. To represent permafrost-affected soils correctly, it is important to evaluate
these vital parameters e.g. of thawing. Those parameters reflect for example the soils ability
to transfer (thermal conductivity) and store (heat capacity) heat.

This bachelor thesis shall examine the variability of soil properties within the active layer of
Yedoma Ice complex with regards to landscape configuration. For this purpose, measurements
were conducted on Kurungnak island in the delta of the Lena River. The Lena River Delta is
bordering the Laptew Sea in the Northeastern Part of the Russian Federation. This delta
consists mainly of holocene and some pleistocene sediments and represents with a size of
32,000 km? (Hubberten et al., 2006) the largest delta in the Arctic and one of the largest
in the world. About 24.10-10° t of sediment is transported by with the river discharge and
flows into the Laptev sea each year, more than 70 % of that is attributed to the Lena-Delta
(Rachold et al., 2000).

On three specific sites (A,C,D) soil profiles were dug (see figure 2). These sites were chosen
in cooperation with another study which examined frozen core samples of deeper levels of
permafrost excavated by drilling. At Site B, located near a first-order stream, only frozen core
samples were taken, which are not included in this thesis. Samples of comparable horizons
were taken to measure relative parameter distribution. The shares of the individual soil
constituents were quantified and thermal properties were calculated. Spatial variability is
unavoidable but becomes a problem the higher the variability or the smaller the space is.
Differences in the landscape need to be identified and characterized to reduce small-scale
variability. Hypotheses are accordingly:

(1) the standard deviation of each soil component (air, ice, organic material, solid material,
water), within the comparable layers of all sites, is higher than their respective arithmetic
mean.

It is important to test this variability additionally with the thermal properties because there
is no linear dependence between soil composition and thermal properties:

(2) the standard deviation of thermal properties (heal capacity, thermal conductivity, thermal
diffusivity), within the comparable layers of all sites, is higher than their respective arithmetic
mean.

Lastly, it will be investigated if thermal properties of a comparable layer differ depending
on how they are calculated: (a) Thermal properties are calculated for each measurement
site and then aggregated. (b) measurements of the soil components are first aggregated
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Figure 2: Site A is located on a dry hillslope that is inclined to a first- to second-order stream.
Site B is located near a first-order stream in a small valley (not included in this thesis).
Site C is located on an upland plateau with mostly undegraded permafrost and small
amounts of polygonal-like ponds. Site D is located in an headwater area where water
begins to accumulate and flows along small tracks. Adopted from Jan Nitzbon.

and thermal properties are computed later. Many land surface models do not resolve the
small-scale variability of soil (thermal) properties but rather use already aggregated data
(path b) to reduce computational costs. The possibility of these small-scale errors must be
considered and quantified. Therefore:

(3) the mean values for thermal diffusivity of all locations differ significantly from the values
for heat diffusivity calculated from mean values for soil contents.






2 Methods and Material

2.1 Field work

All of the sampling was carried out in September 2017. The study area on Kurungnakh
Island is characterized by an arctic continental climate with a mean annual air temperature
is -12.3°C with a mean monthly temperature of the warmest month (July) recorded as 9.5°C
and for the coldest month (February) as -32.7 °C. The average annual rainfall was 169 mm and
the average annual winter snow cover 0.3 m, with a maximum snow depth of 0.8 m recorded
in 2017. This meteorological data derives from the record of the Samoylov meteorological
station (72°22'12.036" N, 126° 28’ 51.816" E) on the neighbouring Samoylov Island and dates
from 2002 to 2017 (Boike et al., 2018).

The sites A, C and D differ with respect to their topographical features of the studied
Yedoma landscape: Site A (72°2276.7908" N, 126° 15'24.2316" E) is located on a slope, C
(72°21°57.5928" N, 126° 16’ 20.9856" E) is on an upland plateau and D (72°21°45.2628" N,
126°16’7.8492"E) in an area where water gathers in small tracks that visibly starts to
flow. For each site, a central profile with chosen GPS coordinates was declared that was
representative for that specific topographical feature in the landscape. Additionally, for
further statistical weight, up to 20 supplementary profiles were distributed randomly within
a 50m radius area around each central profile.

For each site, the thaw depth was measured with a stainless steel bar that was plunged
into the soil until it hit frozen ground. The position of the top moss layer was marked with a
flat hand. After extricating, the before buried part of the bar could then be measured by
length. When tussocks, small bunches of grass, were in the way, the leaves were pushed aside
and measured from the moss-line. This process was repeated 5 times and a mean value was
calculated.

The horizon limits in the central profiles were classified by German "Kartieranleitung 5th
Edition" KA5 (Boden, 2006) and the "International Reference Base for Soil Resources" WRB
(IUSS Working Group WRB, 2015). To compare horizons with each other, the profiles were
subdivided into a peat layer, humus layer, mineral layer and frozen layer with the help of
characteristics like soil color, plasticity, density, vegetation and water content.

Two samples of each of the humus- and mineral- layers were cut out with 100 cm? core
cutter rings for further analysis. First the overlying horizon was carved out with a knife.
Then a sampling ring was hammered in with a mallet while a flat piece of wood on top of
the ring provides equal distribution of pressure. As soon as the sampling ring was completely
buried but has not yet entered the underlying horizon, it was cut out with chunks of the
surrounding soil. Before covering with caps on both ends, overhanging material was trimmed.
Afterwards the sample was packed into plastic bags. Samples of the frozen- layer were taken
out with a Piirckhauer drill. For that, the Piirckhauer was drilled into the frozen ground up
to a depth between 5 and 10 cm.
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2.2 Lab analysis

The lab analysis was conducted in the AWI laboratory in Potsdam in March 2018. For the
grain size distribution analysis, organic matter has to be removed from the sample while it is
essential for the C'/N ratio and TOC analysis. For that reason, each sample was subdivided
into two cups after freeze-drying.

2.2.1 Grain size distribution

To remove the organic content, the sample was put into a beaker, filled up with 3% H,0,.
Over a period of 3 weeks, this emulsion was placed on a stirrer. Each day, 10ml of 30 % Hy0,
was added to maintain a constantof acidity. For the pH to be in the optimal range of 6.5
to 8, the emulsion was tested afterwards and, if needed, regulated with ammonia (NH]) or
acetic acid (CH3COOH). After all organic matter was dissolved and no visible reaction
could be detected, the solid part is separated from the fluid part with a centrifuge and finally
freeze-dryed over night. To 1g of each water-free sample, dispersant (Na,O7P» - 10 H50)
and ammonia solution is added until a 250 ml cup is filled to 2/3 of its volume. After at
least one night in a rotating shaker, the content of the cup is subdivided between 8 rotating
glasses of a funnel. Depending on the similarity of the distribution curve 3 to 8 of the glasses
are given into the "Malvern Mastersizer 3000" for a high resolution grain size distribution
analysis. The Mastersizer 3000 categorizes 100 grain size bins ranging from 0.01 gm to 3500
pm by optical obscuration of a laser beam.

2.2.2 Element analysis

The samples from the cups for the element analysis were grinded in agate jars with agate
grinding balls for 6 to 8 minutes at a maximum milling speed of 360 rpm. Because in some
samples, there was only little material left after milling, a clean brush was used to recover
most of the sample. A small amount of Wolframoxide (W0O3) was added to 5mg of each
sample, then packed in tin caps, weighted and passed to an automatic element analyser. A
second tin cap with higher amounts (15 mg to 70 mg) of the sample, depending on the carbon
content, were again packed in tin caps without adding W03, weighted and passed to the
TOC-Analyser. An overview of the lab results for C', N and TOC is added as a table in the
Apendix.

2.3 Computing and statistics

2.3.1 Soil contents

The volumetric content 6,, of each soil constituent is determined by the ratio of its volume
V,, to the volume of the sample Vygmpre. The subscript n always refers to the soil constituents
air, ice, organic material, solid material, water.

0, = (1)
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Because samples of humus- and mineral layers are gained by core cutter rings, Vigmpie is a
fixed value for those samples. Samples that are retrieved by Ptirckhauer driller are of varying
length. Their volume not only differs within active layer samples but also within frozen layer
samples and needs to be calculated specifically for each sample. The samples are weighted in
a wet My, and dry mg,, state, while being boxed in an aluminum container. The difference
equals the weight of the contained ice or water. The respective volume V. ,q¢ is calculated
by dividing that difference by its density pice wat- All used densities are also displayed in table
- Viewapat = et — My 2
Pice,wat
The total mass of organic matter is calculated by multiplying mg, by the total organic carbon
TOC (weight-%) and a factor hf =1.724. This factor, known as humus-factor, originates
from an assumed mean carbon content in organic matter of 58 % (Amelung et al., 2018).
Divided by its density p,r4, the volume for the containing organic matter V,,, is calculated.

.T .
v, = Mary TOC - hf 3)

Porg

To calculate the Volume of the solid fraction V;,;, the previously used organic matter mass is
simply subtracted from mg,, and divided by the density ps,. Since the remaining content in
the solid fraction is assumed to consist of mostly quartz, it is reasonable to use the density of
quartz in this case.
Mary - (1 —TOC - hf)

Psol
To calculate the air volume V;,, all other fractions are subtracted from V.

Vtsol = (4)

‘/total - Vair + ‘/ice + Vwat + ‘/org + ‘/sal (5)

Since the calculation for the volume of every fraction contains errors and uncertainties it
is possible for V,;. to theoretically result in a negative volume. In this case total water
saturation is presumed and for further calculation the air volume is defined as 0.

2.3.2 Volumetric heat capacity

The total volumetric heat capacity ¢, in one sample is the sum of the volumetric heat
capacities of the individual soil constituents c¢,, weighted by their respective volumetric
content #,. The volumetric heat capacity values used in this thesis are listed in table 1.

Cp = Z O - Con (6)

2.3.3 Thermal conductivity

Several models exist to calculate the thermal conductivity of soils. The input parameters for
the model, developed by Johansen (1975), are easy to obtain. A newer model was developed
by Endrizzi et al. (2011). Frob (2011) shows, that the results of de Vries (1952) are still the
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most accurate. In this thesis, only the model of de Vries is used. Adjustments and from
Campbell et al. (1994) and Frob (2011) are applied as described below. First, it is assumed
that all soil particles in the solid fraction have a spherical shape (de Vries, 1975). The model
was originally developed with an water-air system in mind, meaning that the pores were either
filled with water, air or both. Frob (2011) and Ippisch (2001) both adapt this successfully on
an ice-air system by using the same input parameters as for the water-air system. Samples of
this thesis are expected to have either an air-water or an air-ice system. For simplification
reasons it is assumed that samples from frozen layers do not contain any liquid water. Vice
versa, active-layer samples do not contain any ice. To calculate the thermal conductivity K,
of a sample, the thermal conductivity of every soil constituent was used in combination with
its volumetric share 0,, and a weighting factor f,.

Zn fnenKh n
K — )
" S fabn

where Kj,,, is the conductivity of the soil constituent, f,, the weighting factor and 6,, the
constitutents volumetric share as calculated in equation 1. The weighting factors f, are, to a

(7)

large extent, determined empirically in the de Vries theory and describe the influence of the
respective constituent. Thermal conductivity values for the pure fractions are used as listed

in table 1. )
1 /Ky, B
n = |14+ = — -1
b= g (1) ®

with K. is the thermal conductivity of the continuous phase that connects all constituents.

This phase can only be formed by water, ice or air, as all solid partiles are assumed to be of
spherical shape.
Kc = Kh,air + Ba—w(Kh,wet - Kh,air) (9)

where 3,_,, is an empirical weighting function that ranges from 0 for dry soils to 1 for fully
saturated soils. K} 4 is the thermal conductivity of air. The Index wet describes that this
parameter is used differently for active-layer and frozen-layer samples. In frozen-layer samples,
the parameters with the index wet are replaced by their property for ice. In active-layers,
the pendant for water is applied.

—es -1
Baw = |1+ (9“’“) ]  for 0¢ e (10)

0¢.0

Again, 6, is replaced by the volumetric content of water in active-layer samples, respectively
ice in frozen-layer samples. 0 is a parameter that relates to the water or ice content at
which it affects thermal conductivity and the rapidity of transition from air to water or
ice-dominated conductivity (see Campbell et al. (1994), P.308). ¢, is a smoothing parameter
that is specific for different soils. In this thesis, 64 is set to 0.15 and €, = 4 as used by Frob
(2011) for a study area on Kurunghnak and Samoylov.
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2.3.4 Thermal diffusivity

The thermal diffusivity o measures the spatio-temporal heat transfer in a material due to a
temperature gradient. It describes how quickly heat moves through a substance because it
conducts heat very well relative to its volumetric heat capacity.
K,
=0 (11)

Co

with ¢, and K}, being calculated as in equations 6 and 7.

2.3.5 Arithmetic mean

The arithmetic mean T describes the center of a distribution of a set of values resulting from
an experiment or an observational study. It is calculated by dividing the sum of the numbers
in a set xy1, 2, ...,x, by their quantity n.

(12)

2.3.6 Standard deviation

To give a perception of the extent of this distribution of values, it is important always to
determine the standard deviation ¢ when calculating a mean. In a Gaussian distribution of
values, o describes the horizontal distance of an inflection point to the maximum. 68 % of
measurement data are expected within the area of the two inflection points. o is defined as
the square root of the variance var, which is calculated by summarizing of the squares of
the differences of the arithmetic mean 7 to the values in a set x1,xs,...,x, and dividing the
result by the quantity minus one.

= \/var(z \/ZZ (7 = 7) (13)
n—1

2.3.7 Coefficient of variation

The standard deviation ¢ is a good indicator to show the spread in a data set. But if two
data sets differ in units or dimensions, it can be misleading. To compare such data sets, the
coefficient C'V' can be used which is defined as o is divided by 7.

oV = (14)

SRS

2.3.8 One-sample t-test

The t-test is a very useful tool to compare a calculated mean value of a population to a
hypothetical mean. In this thesis the mean of a set of thermal diffusivity values shall be
compared to a thermal diffusivity value calculated by means. If both means are the same,
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Table 1: Properties of the soil constituents taken from Fréb (2011). !properties for quartz apply
for the solid fraction as it is assumed to be comprised mostly of quartz.

constituent Cy K, p
(WmK™1 [MJm3K™| [kgm ™3]
air 0.025 9.26%¥10~* 1.2041
ice 2.2 2.0 917
organic 0.3 2.3 1300
solid! 2.9 2.4 2650
water 4.17 0.6 1000

it does not matter where data is aggregated in the computing process. Typically a t-test
outputs a t-value and a p-value to suggest if the hypothesis should be supported or rejected.
T—p

a

/n

t =

(15)

with T being the arithmetic mean as in equation 12, o the standard deviation as in equation
13 and n the number of values. p describes the hypothetical mean. If the t-value lies outside
of the 95% range of the expected values, or confidence interval, the hypothetical mean is
strange and likely to be different of the compared population. The limits of this confidence
interval, or critical values, depend on the level of significance a = 0.05 and the degrees of
freedom df = n — 1. Those values can be taken from the t-distribution tables of two tailed
tests in literature such as Sachs and Hedderich (2006). Since the investigated layers in this
thesis differ in sample size, the confidence limits differ as well (humus- and mineral-layer
+ 2.5706, frozen-layer of central profiles + 4.3027 and frozen-layer of satellite profiles +2.1314).
P-values, on the other hand, describe the possibility or likelihood that such an experimental
situation (or a more extreme one) occurs while still maintaining the null-hypothesis. If the
p-value falls below the level of significance « it can be used as evidence against the credibility
of the null-hypothesis within the known parameters of the testing-environment. T-values and
p-values can be calculated manually by using equation 15 or the "t.test" command in R (R
Core Team, 2018).

10



3 Results

3.1 Soil profiles

3.1.1 AOQ0O0 - slope

The soils were classified by German "manual of soil mapping, 5th Ed. (KA5)" (Boden
(2006)), are in the following referred as KA5, and "the International soil classification system
for naming soils and creating legends for soil maps" IUSS Working Group WRB (2015),
further referenced as WRB. To compare different horizons with each other in terms of their
composition and thermal properties, horizons were given the additional labels: The surface
layer consists of a small seam of living moss on top of dead, slowly decomposing vegetation
and/or roots which together forms the highly organic "peat layer". No samples were taken
from this layer. The second layer marks a volumetric increase in solid, non-organic material.
As the amount of organic matter is still very high, it is called "humus layer". Beneath, a layer
is found that has a notably high amount of the silt and fine sands fraction and is further
referenced as "mineral layer". The permafrost table marks the current active-layer thickness
(ALT) as well as the upper end of the "frozen layer" which is assumed to be completely frozen
and contains no liquid water. The lowest investigated layer, determined by motorized drilling,
distinguishes itself by a sudden increase of excess ice and a drastic drop in solid material.
The analysis of this "ice complex" is beyond the scope of this thesis. Its existence is merely
acknowledged by a visual confirmation within 1 m depth. Figure 3 offers a schematic overview
of the three sites. Since frozen soils are not considered of in KA5, a trade-off has to be made
to determine a soil type by German classification: frozen layers are handled as unfrozen, i.e.
the amount of ice acts as water content. Ice wedges on the other hand are only in the WRB
system acknowledged. Another difference in classification systems are the measured depths.
The limiting values for horizons in the KA5 start from the top of the terrain surface (GOF,
from German, Gelédndeoberfliche), the WRB also measures the depth from the mineral soil
surface (MSS) for some parameters. If not mentioned explicitly, MSS depths are used (also
shown in table 2).

Site A was chosen to be representative for a typical slope of a thermo-erosional valley in an
otherwise flat Yedoma landscape. In the thawing season, the 9 cm thick peat layer acts like
a sponge, soaking rain water and releasing it to deeper levels. The underlying, 14 cm thick
sGo— Ah horizon is affected by run-off water. Rusty-red spots are visible and outbalance pale
colors of reduction. This is a sign of oxidizing conditions and fluctuation of water content.
The narrow C'/N ratio (table 2) indicates high humus quality and decomposition. In the
neighbouring Ah — sGo horizon, rusty spots decrease in area but do not disappear completely.
A darker color points to a higher share of organic content (see figure 4 II). The texture does
not vary much among horizons. Most of the time, grains of sand are visible but if not always
tactile by hand. Finer grains predominate the solid part. Grain size distribution analysis in
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25 (14) cm

Figure 4: Profile site A, I: intermediate view of the profile surroundings; II active layer profile; I1I:
transition of the frozen layer to ice-wedge visible in the core.

the lab (see tab. 2) confirms the presumption of sandy silt. The prefix s used before capital
letters G indicates the influence of slopy run-off water. The Ah — sGr horizon starts within
40 cm GOF which qualifies for a Hangnassgley. To summarize the soil profile:

GNy:ff-su (Fmu, qh)/ff-su(Fmu,qh)/ff-lu(Fmu,qh).
The diagnostic cryic horizon for a Cryosol starts at 28 cm depth. A lower mineral content
gives space to air and excess-ice. A drilling core marks the start of the ice-wedge at 36 cm
depth. On base of the lab analysis of the ice-content in the frozen layer, it is visibly reasonable
to assume the ice-wedge contains more than 75 % excess-ice, which is also the condition for
a principal qualifer of "glacic". The subqualifier "kato" means that the cryic horizon starts
within 50 cm of the mineral soil surface and does not end before 100 cm depth. Furthermore
the supplementary qualifier "profundihumic" applies since, up to a depth of 100 cm below
mineral soil surface, the weighted mean of organic carbon is above 1.5 %. By classification of
WRB this site is considered as a

Katoglacic Cryosol (Profundihumic).

3.1.2 CO00 - plateau

The Go — Ah horizon in the central profile of site C starts 10 cm under a layer of peat. A
organic matter content of 20.43 % implies extrem-humicity. By increasing depth, total organic
content (T'OC) falls rapidly but stays above a weighted mean of 3.05% organic carbon
(Profundihumic). Because of the high organic content, the horizon could be considered
Aa for half-boggy (from German, anmoorig). Although there is no information about the
acidity level available and the low C'/N ratio (table 2) of below 15 suggests an unusual high
decomposition for Aa horizons. A theoretical negative air content was caluclated for the 9 cm
thick Go — Ah horizon as well as the underlying Ah — Go horizon. This highly suggests total
saturation of water content. Due to the location on a upland plateau (see figure 5), water

13



CHAPTER 3. RESULTS

o

/o
., n-l'vi; :
(76 cm) ‘ ..;. i..:h

86 cm [Jice-wedge

Figure 5: Profile site C, I: intermediate view of the profile surroundings; II active layer profile; I1I:
transition of the frozen layer to ice-wedge visible in the core.

run-off is considered generally weak which indicates a water saturation for the thawing season
for more than 30 consecutive days in the humus- and mineral layer (Epihistic). In contrast to
the overlying layer, the Ah — Gr horizon contains a much higher mineral content of 56.26 %.
The C'/N ratio increases slightly which indicates lower decomposition. Some reddish spots
are still visible in the pale Ah — Gr whereas the frozen Gr only reveals reduction colors. Due
to the upper boundary of the Gr horizon in a depth of 42 cm below GOF, the pale color
palette and the high decomposition, this soil profile can not be of the type Anmoorgley but
must be classified as Humusnassgley:

GNh:ff-lu(Fmu,qh) /ff-su(Fmu,qh) /ff-lu(Fmu,qh,).
Under the permafrost table of 33 cm below mineral soil surface, volumetric water content in
form of ice increases again. The ice-wedge was found by drilling to be starting in a depth of
77cm (Endoglacic). By WRB classification, this is considered

Epihistic, Endoglacic Cryosol (Profundihumic).

3.1.3 DO0O - water tracks

The peat layer above the humus layer in the central profile of site D ends in 11 cm depth
below GOF. This is were the Hw horizon starts which contains more than 30 (mass-)%
organic matter and is considered above 90 % water saturated (Epihistic). In the underlying
Ghr-horizon, the content of organic matter falls on 4.99 %. The color palette of the horizon
(clearly visible in figure 6) implies reductive conditions. A C'/N ratio as high as 20.7 indicates
a bog-like low decomposition grade. By KAH classification, this soil profile is considered a
Moorgley:
GH:ff-lu(Fmu,qh) /ff-su(Fmu,qh) /ff-lu(Fmu,qh)

The silt-dominated Ghr horizon starts in a depth below mineral soil surface of 21 cm and is
thicker than 30 cm (Siltic). The TOC-content drops only to 2.83 % which makes a 100 cm
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Figure 6: Profile site D, I: intermediate view of the profile surroundings; II active layer profile; I11:
transition of the frozen layer to ice-wedge visible in the core.

weighted mean of 5.99 % organic carbon (Hyperhumic). Finally, the ice-wedge in 55 cm depth
below mineral soil surface qualifies for a
Epihistic, Endoglacic Cryosol (Siltic, Hyperhumic).

3.2 Variability of soil components

The shares of components #,, in the composition of soil layer within each profil vary with
depth (see fig. 7 (a)). The n index stands for the components air, ice, solid, organic, water.
The mineral layers of profiles A and D hold with a maximum share of about 2 % very little air.
Both neighbouring layers are with an 6,;, of at least 10 % much better ventilated. Since 6, is
calculated as the difference of all other components to 100 %, negative values are theoretically
possible and handled as an assumed maximum water saturation. This is the case for the
humus- and mineral layer of the central profile at site C. For all further computing, an 6,;,. of
0% is applied. The humus layer of profile C simultaneously represents the highest share of
water with a 6,4, of over 80 %. The lowest 0,,4s, in a mineral layer is found in profile D
which is located in the water-tracks area. However, in the humus layer directly on top of
that, the 0,4 s still above 70 %. It is assumed that no water in frozen state occurs in the
active layers just as no fluid water occurs in frozen layers. All frozen layers hold an 6;.. of
above 50 %. All active layers show an €yygenic of over 5% with one exception of the humus
layer (4.37 %) of the central profile at site A (slope). The highest amounts of organic content
with over 8 % is found in the humus layer of the central profile at site D (water tracks). Osoiq
orientate strongly anti-proportional with water respectively ice contents. The higher the
amount of water in a sample, the smaller the share of solid content.

In a horizontal comparison of the soil components (see fig. 7 (a)) within their comparable
layers, only one mean value (in specific: the 6, of humus layers) is higher than its respective
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Table 2: Soil properties of central profiles and frozen layers of satellite profiles.

Site  # of depth  horizon comparable TOC SOM C/N texture
ID samples  [cm] KA5 layer (%] (%] ratio Clay Silt  Sand
A 0 +9-0 O peat
2 0-14 sGO-Ah humus 4.03 6.94 1457 7.64 62.68 29.68
2 14 - 28 Ah-sGO mineral 4.75 818 14.23 7.9 65.14 26.96
1 28 - 36 Ah-sGr frozen 4.72 814 14,57 894 64.98 26.08
0 36 - 77 ice-wedge
C 0 +10- 0 H peat
2 00-9 Go-Ah  humus 11.85 2043 14.67 841 64.33 27.26
2 9-32 Ah-Gr mineral 3.05 526 1847 7.98 73.38 18.63
1 32-76 Gr frozen 224 386 19.42 11.19 72.13 16.86
0 76 - 77 ice-wedge
10 309 Gr frozen (sat.) 224 755 1942 9.25 66.91 23.84
D 0 +11- 0 H peat
2 0-10 Hw humus 18.58 32.04 14.57 869 71.11 20.2
2 10 - 21  Ghr mineral 2.9 4.99 20.7 7.1 705 224
1 21 -54 Ghr frozen 282 4.86 16.27 10 68.15 21.84
0 54 - 77 ice-wedge
6 29 Gr frozen (sat.) 2.24 9.28 19.42 8.05 68.71 23.25
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Figure 7: Distribution of (a) soil constituents and (b) thermal properties in central profiles
A,C and D. horizontal black bars mark sampling depths. Shapes depict additionally
instrument-measured values in active layers of the central profiles as well as calculated
values of satellite profiles.

standard deviation o error. The variation of 0,;,. decreases with lower layers. While the humus
layer holds a coefficient of variation (C'V') of above 1.3, it is lower than 0.25 in the frozen
layer in central profiles. Variation of air contents of the frozen layer in satellite profiles are
found in between with a C'V' of 0.39. The group of water (in active layers) and ice (in frozen
layers) contents represent the lowest C'V-values. Their highest variation is found in humus
layers with a C'V of 0.25. A slightly higher variation of soil components shares can be found
in the organic content. While frozen layers in central profiles provide the highest CV-value
(0.44) within their component group, mineral layers have a C'V' of only 0.10. Mineral content
varies in humus layers with 0.79 much more than in frozen layers (0.04) which is the smallest
CV value of soil components at the same time.

3.3 Variability of thermal properties

On the base of the distribution of soil components shown in section 3.2, thermal properties
can be calculated for the investigated soils. For that, volumetric heat capacity ¢, and thermal
conductivity Kj are both determined by summarizing the share of each soil component (see
equation 6 and 7). The ratio of K}, to ¢, creates a value that describes the spatiotemporal
diffusion for heat due to a gradient of temperature: the thermal diffusivity a. In active layer
horizons, ¢, and K} are measured additionally in-field by instrument to archive reference
values. The measurement, however, requires non-frozen soil. Therefore no measured data
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Figure 8: Standard deviation o and mean values of (a) soil constituents and (b) thermal properties
on logarithmic scales. Dotted lines mark noticeable CV values.

could be obtained from frozen layers of central- and satellite profiles. The values for satellite
profiles depicted in figure 7 (b) derive from calculating sample data.

Profile A is the only site where ¢, is higher in the mineral layer than in the humus layer. In
the profiles C and D, ¢, decreases strictly monotone. The highest value for ¢, (4.1 MJm K1)
in central profiles is calculated for the humus layer of profile C, the lowest (1.81 MJm3K™!)
is found in the frozen layer of profile A though mean values of satellite profiles are even lower.

In contrast to ¢,, K}, rises with increasing depth to its highest value within the profile of
all sites in the frozen layer. The overall maximum is found in site C: 2.01 W~'K~!). Humus
layers contain the lowest values with 0.57 Wm™'K~! in site D as the overall minimum. K},
values in frozen layers of satellite profiles line up with their respective central profiles almost
perfectly by depth.

In the denominator of the o quotient, ¢, drops considerably more than K}, is rising in
the nominator. As a result, « is strongly increasing with depth throughout all sites. Profile
D offers both the overall minimum (0.16 mm?s™!) as well as the highest range. Because of
the units used to display data in figure 7 (b), ¢, and K}, values of frozen layers central- and
satellite profiles are hardly distinguishable. This results in a nominal value of « close to 1
with the maximum (1.07 mm?s™!) found in the frozen layer of profile C. K}, reference values
from in-field measurements in the active layer overlap very good with the calculated data.
Measured c, values only serve as good signposts for trends in calculated data in profile C.

In contrast to the shares of soil components, thermal properties don’t vary as strongly
within their comparable layers (see fig.8 (b)). Not a single standard deviation error T is
higher than its respective mean value oz. The highest distribution of thermal property values
is found in humus layers (¢, at 0.16, K} at 0.36 and « at 0.4). With lower layer depth,
variation also diminishes. The lowest C'V-values are found in the frozen layers of the central
profiles. C'V-values of frozen layers in satellite profiles are similar to mineral layer in central
profiles.

18



CHAPTER 3. RESULTS

1.25

=N

o

o
1
o

)
N
1S
E 0751
3 humus
>
E ® mineral
g ® frozen
E
o 0.507 e frozen (sat.)
@ n [ ]
S ®ece
g ° 1 [~
= ..
0.25 1
0.00 T
1 2 3 4

generation
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3.4 Difference in calculating diffusivity values

When data is prepared to work as input parameters in models, the best-practice is always to
prepare as much data as possible beforehand to keep processing power and time on a low
level. Parameters like thermal diffusivity « of a specific soil type are, by itself, calculated in
a long and elaborate process. So it is captivating to determine an early mean value. Figure9
shows the difference of «; in taking means in earlier "generations" of the computation process.
The term generation describes a certain step in the computation process where it could make
sense to aggregate data and proceed with only one value for a set of samples. In generation
1, aq is calculated for every taken sample and subsequently a mean value is formed that can
be used as input parameter. In generation 2, mean values are calculated for K}, and ¢, which
together form ay (see equation 11). In generation 3, means are taken from the shares of the
soil constituents 6,,. Lastly, in the 4. generation, means are formed of in-field measurements
and direct lab-data like wet- and dry weight of the soil sample, TOC' content and volume of
the core cutter (and Pirckhauer samples for frozen layers respectively).

The individual layers keep their values in their arranged environment in all generations.
Meaning thermal diffusivity « is always lower in humus layers than in mineral layers and so
on. To be able to reliably tell the difference of «; values, a t-test has been conducted. The
null-hypothesis is that the a values of the samples in generation 1 form a mean that is not
different to the « value of generation 2, 3 and 4 respectively. P-values describe the probability
that such situations (or more extreme ones) occur while maintaining the null-hypothesis.
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Figure 10: P-values of the t-test. The dotted, red line represents the significance level of 0.05.

Comparable results are shown in figure 10.

In generation 3 and 4, p-values drop drastically and (except for the humus layer) fall below
the level of significance of 0.05. It can be concluded that the thermal diffusivity « of those
generations and layers are significantly different from the means of their respective samples
in generation 1. This is plausible because p-values below 0.05 offer justified doubts of the
likelihood that the null-hypothesis applies. In other words, values which are aggregated earlier
in the process of calculating input parameters for models and values which are aggregated
in the end of the calculation process are significantly different from each other in terms of
statistical evidence.
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4 Discussion

4.1 Soil layers

What is labeled "humus layers" in this thesis, is classified after the German classification
system KAH as sGO-Ah horizon in site A, Go-Ah horizon in site C and Hw horizon in site D.
Other works, such as Walz et al. (2017), define layers comparable to these as bottom active
layer. Above lies only a layer mostly comprised of dead vegetation, roots, peat and a fine
film of living vegetation, which represents the surface active layer and was not analyzed in
this thesis. Both surface and bottom active layers thaw every year. "Mineral layers" can only
be accessed by plants when thawed but this deeper layer thaws only in some years. As a
consequence there is usually less organic matter and a higher solid fraction in soil constituents
than in the upper layer. This is also known as transition zone. Mineral and frozen layer differ
mainly in the fact that the frozen layer is frozen at the moment of sampling. A part of the
frozen layer or all of it might become part of the mineral layer in other years because the exact
thaw depth varies from year to year. This thaw depth marks the boundary between mineral
and frozen layer. As ice and water have different thermal properties, the differentiation is
important in this work. Literature defines this frozen layer sometimes as permafrost which
"presumably not thawed for several decades to centuries" (Walz et al., 2017).

4.2 Classification of soil profiles

The German classification system "Kartieranleitung 5th edition" KA5 does not include frozen
soils. It was not developed for soils in arctic latitudes but offers good advice in Gley-soils
which are affected by reducing conditions because of groundwater fluctuations which are
present in the study area. The "International World Reference Base for Soil Resources"
WRB allowes for transfering from different classification systems and includes frozen soils.
KAb differentiates the investigated soils by slope dynamics in Hangnassgley and by humus
content in Humusnassgley and Moorgley. WRB, on the other hand, utilizes the underlying
ice wedge and the frozen layer to differentiate cryosols. Together, they should provide a good
understanding of underlying processes and dynamics in the soil.

4.3 Variability of soil constituents

Site A features only a narrow frozen layer and a high ice wedge which is probably due to
the slope dynamics. A high amount of run-off water transports organic and solid material
downhill and therefore grind the permafrost table down. Thaw depths vary overall strongly
depending on overlaying vegetation and water content. Differences on a small scale were
observed but have not been been sampled during the campaign. For example: the active
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layer is thicker under tussocks grasses than under a moss cover.

Site C lies on a plane plateau. Water has only little chance to run off and accumulates.
Mineral layers generally have less air than frozen layers. This is due to a degrading frozen
layer which originally had a higher pore volume. The soil subsides after thawing. Roots
usually do not penetrate into a layer which is only sporadically thawed.

The mineral layer of site D has a very siltic composition which tends to block water from
tickling down further. Although in the water tracks area, a high water content is prevalent in
the humus layer at this site. Most of the water flows within small gullies and the samples
were not directly taken from these channels. This is why the velocity is very low and water
accumulates similar to site C. The strongest flow of run-off water is presumably in site A
which leads to water being immediately drained and causes site A to be the driest o the
investigated sites.

The high amount of organic matter in the humus layerof site D is caused by a healthy
vegetation that is supported by flowing fresh water and a surplus of incoming nutrients.

Air in humus layers vary strongly (CV>100%) between sites because of water table
dynamics. In contrast, air in frozen layers is very similar in all sites because ice pores have
the same elementary structure.

The organic coefficients of variation in figure 8 (a) form a cluster of low value, low error. A
lower gradient of organic matter in site A causes a higher CV of the humus- and frozen layer
within the organic cluster. Although, a high CV values of organic matter suggest a limited
comparability as humus layer hardly by any means. A better comparability by organic means
would result in a lower CV value for this data point.

In the CV cluster of the solid fraction, the dispersion of values within the layer narrows
with increasing depth. While all layers provide for a rather high mean, the spread of values
to create this value is much higher in upper layers than in lower layers. This is due to the
high variability in the water content in upper layers. Sites that show a high share of the solid
fraction (like site A) leave no space for water and exhibit a rather dry state.

4.4 Variability of thermal properties

The volumetric heat capacity ¢, is mostly receding with depth caused by a higher share of
water in upper levels. Water has a high volumetric heat capacity (see table 1). This is also
the reason of the slow rise of ¢, in the mineral layer of site A. Water has the highest ¢, of the
constituents and the value for the ¢, of the layer is dominated by the high amount of water
in it. Water is eventually replaced by ice in frozen layers with a ¢, only half as large as the
¢, of water.

In case of the volumetric thermal conductivity, K} behaves anti-proportional to ¢, with
increasing depth but for similar reasons. When water is replaced by ice in the frozen layer, a
higher Kj, applies because K}, ice > K}, water- The K}, of ice is also closer to that of the solid
fraction which is why the mineral layer represents an intermediate state between the humus
layer and the frozen layer. The values of frozen layers (1.96 Wm™'K™!) are similar to what
other works found. The thermal conductivity values of a core on Kurungnakh island of Frob
(2011) range between 2.0 and 2.5 Wm 1K1
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Since both ¢, and K}, highly depend of the amount of ice and water in the layer, their
quotient « also depend on the same. Site D features the highest amount of water in the
humus layer as well as the highest amount of ice in the frozen layer. Consequently the highest
rise of « is also found in site D.

Air performs as a good thermal isolater because of its poor ability to store and conduct heat.
Its high variability in humus layers leads further to a high variability in thermal properties. In
deeper layers, the values for thermal properties congregate which causes a drop in variability.

The frozen layer is dominated by the ice and solid fraction which feature similar values of
¢, and K. This causes a to approach 1 ans varies less between sites. Compared to the frozen
layers, where no fluid water means lower variability, the humus layers vary more strongly
because of the higher difference of thermal properties of the solid fraction to water instead of
ice. The mineral layer represents, again, an intermediate state of higher content of the solid
fraction and less water.

4.5 Variability of calculation

The difference in calculating o comes into effect when rejuvenating the data aggregation.
It really highlights the possibility of a different outcome if data is aggregated in a different
stage of the calculation process.

In the t-test, a probability is calculated of how likely a mean of 1st generation « values
is similar to a value that is computed of aggregated data. The drop of p-values in the
third generation (data is aggregated over 6,) is caused by a high variability of the content
fractions. Compared to the lower overall variability of thermal properties, p-values in the
second generation (data is aggregated over ¢, and K},) offer a consequently higher likeliness.
It becomes clear that a mismatch to the first generation starts to be apparent in the third
generation when averaging over 6,, since 56.25 % of CV are above 25 % and 87.5% of CV are
above 10 %. In contrast to thermal properties where only 16.6 % of CV are above 25 % and
58.3% of CV are above 10%. The overall higher variability of content fraction shares over
thermal properties already implies a higher uncertainty of correct endresults for a.

Similar results as from third generation « values are shown in the t-test with fourth
generation values. Here, data is aggregated over dry- and wet-weight of the sample as well as
the sample volume and the TOC' content. An outlier value in the humus layer is probably
caused by a conspicuous strong weight difference of the samples in site A. This causes a
high difference of the solid fraction and the air content (28 %) within the two samples of the
humus layer of site A.

23






54 Conclusion

Accurate input parameters for arctic climate models are crucial to be able to simulate realistic
scenarios. Highly aggregated data as input saves processing power and time but increasing
uncertainty in inputs values inevitably leads to rather ambiguous outputs.

This thesis surveyed the variability of the share of soil constituents and thermal soil
properties of permafrost-affected soils in arctic Yedoma landscapes as well as the calculation
process itself. For that, the coefficient of variation for every constituent fraction and thermal
property serves as variability measurement. The results show that the investigated physical
properties spread more than thermal soil properties. A trend of reducing variability with
increasing depth is apparent in both shares of soil constituents and thermal properties.
Small scale errors carry weight especially in modelling surface processes like land-atmosphere
exchanges.

When calculating thermal diffusivity «, a difference in outcome could be observed, de-
pending of when in the computing process, the data is aggregated. The error really catches
attention when aggregating data with high uncertainties due to a high variability of base-values
such as volumetric content fraction 6,, or sample specific pre-data from in-field measurements.
Although, since thermal properties vary not as much as shares of physical soil constituents,
this suggests "processing first, aggregating later" is rather beneficial to keep overall erros for
deeper levels low.

Since thermal properties highly depend on the shares of soil constituents, it is important
to keep a low variability of soil constituents. Aggregated data can only be used as input
parameters for models when the gridcell sizes are chosen in a way to represent data homoge-
neously. The World Reference Base for Soil Ressources WRB offers a classifications of soils
with good indicators of how and where water and ice occurs. High variabilities, especially in
upper layers, advocate for smaller gridcell sizes in the investigated area of the Lena River
Delta to suit for the high variability in soils and soil properties.
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Proben/Exp./Name

Datum der Messung:

Lena 2017 J. Nitzbon
07.03.2018

Bearbeiter: Oliver Kaufmann
Bemerkungen:

Probenbezeichnung N (%) C (%)
A0O (71) 0,324 5,372
A00/2331 0,375 6,621
A00/2340 0,167 2,817
A00/2349 0,330 5,337
A00/2355 0,337 5,434
C00(75) 0,115 2,707
co1 0,156 3,497
C02 0,360 7,166
co3 0,353 7,654
Co4 0,168 3,945
Cco5 0,271 5,984
C06 0,184 4,135
co7 0,217 4,838
co8 0,292 4,937
C09 0,162 3,606
C10 0,260 5,924
€00/218 0,155 3,526
C00/402 0,175 3,925
€00/837 0,707 11,006
C00/1337 0,889 16,601
D00(78) 0,173 3,526
D02(69) 0,238 4,613
D03(74) 0,292 4,939
D04(86) 0,215 4,134
D07(79) 0,727 13,353
D08(70) 0,539 9,147
D17(77) 0,147 4,002
D00(2333 1,182 19,127
D00/2337 0,141 3,654
D00/2347 1,367 22,720
D00/2359 0,139 3,601

Probenbezeic TOC (%)
A00(71) 4,722
A00/2331 5,743
A00/2340 2,308
A00/2349 4,722
A00/2355 4,771
C00(75) 2,239
Co1 3,028
C02 6,202
Co3 6,630
C04 3,197
C05 5,003
C06 3,446
Cco7 4,040
Co8 4,113
C09 2,907
C10 5,211
€00/218 2,795
C00/402 3,311
C00/837 9,281
C00/1337 14,415
D00(78) 2,821
D02(69) 3,741
D03(74) 4,141
D04(86) 3,538
D07(79) 11,202
D08 (70) 6,504
D17 (77) 3,154
D00/ 2333 17,031
D00/2337 2,984
D00/ 2347 20,139
D00/2359 2,807

Figure 14: C, N and T'OC results of the element analysis in the lab.
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