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What is this mind of ours:
what are these atoms with consciousness?
Last week’s potatoes!

They now can remember what was going on in my mind a year
ago

a mind which has long ago been replaced.

— Richard Feynman about the half-life of phosphorus in the (human) brain,
in Feynman and Leighton (2007).






Abstract

The Arctic has a very important role in the global climate system and is drastically in-
fluenced by climate change. The atmosphere is rapidly warming, permafrost is thawing,
river discharge and wildfire risk are increased, and the carbon cycle overall is intensified.
In this context rivers are integral because they are the main link between processes on
land and in the ocean. Rivers transport sediment from its source to its terminal burial in
the oceans by a series of routes and processes. Throughout the journey, important con-
stituents of sediment, such as organic substances, are subject to modifications. It is thus
important to have a detailed look at sediment transported by a river.

In this thesis the geochemical characteristics of different grain size fractions from sed-
iment of the Mackenzie River and important tributaries are investigated. The delta-head
rivers, Mackenzie, Arctic Red and Peel are compared to samples from the delta. The ex-
plored geochemical characteristics include the mineral specific surface area, inorganic el-
ements (Al, Si, Ca, Ti), organic carbon (Corg) and black carbon (BC).

The results show different grain size distributions in the delta-head rivers and a distri-
bution in the delta that is not simply explained by the inputs. In the delta both smaller and
larger particles are lost, while intermediately sized particles increase in importance. Indi-
cators of minerals (Al, Ti) clearly increase with decreasing particle size. Corg and BC are
associated with smaller particles (highest in < 20 um) but it looks like larger particles do
also contain significant amounts. The results highlight that it is important to account for
geochemical differences as well as grain size characteristics when sampling - at least dur-
ing the freshet.

The fluxes of both Corg and BC for 2017 were 1.7 £ 0.7 Mt and 0.36 + 0.09 Mt respec-
tively. With current estimates of burial efficiency, the amount of particulate organic car-
bon potentially buried could be 0.994 + 0.130 Mt, of which up to 0.208 * 0.027 Mt could
be in the form of particulate black carbon.
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Figure 1-1 Overview of the observed changes to the average surface temperature from 1901 to 2012.
White areas represent regions with sparse data availability (less than 70 % complete records and
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Figure 1-2 Distribution of Corg in and on river suspended sediment particles. Corg can be incorporated into

pores and laminar structures of minerals but it can also be distributed onto particle surfaces. Colors
indicate sources of Corg (green modern; aged brown, and sedimentary rock derived, black). Red
colored patches are reactive oxides (e.g. Iron-oxides) that may be present (not relevant to this
study), figure based on Blair and AlLET (201 2). .oereeeeseeseessessssssessssesssssssssssssssssesssssssssssssesssssssssssssesssssssseses 4
Figure 1-3 (a) The BC continuum as function of pyrolysis temperature. Aromatic ratios H/C and 0/C

decrease with increasing temperature, while particle size decreases from cm scale to um scale.
Aromaticity, degree of condensation as well as resistance to oxidation increases, while surface
reactivity decreases. Particle size relation has exceptions, smoke for example can form under low
temperature and contains extremely fine particles. (b) Example for a possible structural molecular
representation of black carbon, from Ziolkowski et al. (2011). Highlighted in bold are benzene-
polycarboxilic acids (BPCAs); for more details on BPCA please refer to the text (p. 22). oveenreerreeeneens 6
Figure 2-1 Map depicts Canada along 60 degrees latitude. Indicated are the large rivers and lakes of the
Mackenzie River system, as well as the main physiographic regions. Map created using QGIS
software (QGIS Development Team, 2019) and publicly available data from Natural Resources
Canada (Natural Resources Canada, 2016) as well as with Natural Earth, free vector and raster map
data @ naturalearthdata.com. Projection is Canada Lambert Conformal Conic (CLCC, EPSG:102002).
Shaded relief based on NWT Centre for Geomatics (2015). cuereernmemmsessesssssssssssssssesssssesssssssssesssssesssanes 11
Figure 2-2 Satellite imagery (false color: thermal IR, green and blue) of the section of the Mackenzie Basin

relevant to the study. Highlighted are the confluence of Arctic Red and Mackenzie River at
Tsiigehtchic, the sampling location on the Peel River as well as on Mackenzie River at Inuvik. Star
symbols indicate samples from 2017 analyzed in this thesis, whereas circles indicate samples from
other authors (red = Vonk et al., 2015a, yellow = Hilton et al,, 2015). Map created using QGIS (QGIS
Development Team, 2019) and free satellite orthoimages (geo-referenced) from Natural Resources
L0610 Ta - I (7] 0 ) DO 12
Figure 2-3 (a) different size classes used to describe sediment, (Table 2-2, note the logarithmic scale). (b)

sketch of the particle transport in a river, including the common terminology used for the
description of different particles transported in a river (Parsons et al,, 2015).), please note the
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Figure 2-4 Image of a composite particle (Woodward and Walling, 2007). 15

Figure 3-1 Schematic illustration of the methodology used in diffuse reflectance spectrometry, modified
from Chen et al. (2015). IR denotes Infrared radiation. A source emits infrared radiation that is
redirected by a mirror onto the sample, where it is scattered by the particles. Scattering can be due
to reflection, refraction and diffraction. A sensor can finally measure the beam of IR that reemerges
from the sample. Analysis of the signal yields information about molecules present in the sample...21

Figure 3-2 Sketch of the improved BPCA method with individual steps, (Wiedemeier et al.,, 2016). ............. 23
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Figure 3-3 (a) Molecular structure of the marker compounds (benzene polycarboxylic acids, BPCAs)
isolated in the BPCA method, figure adapted from Brodowski et al. (2005). (b) Illustrating the
approximate retention time in the HPLC for BPCA marker compounds (Wiedemeier et al., 2013). In
(b) The specific samples used were (a) a soil sample (chernozem) and (b) grass charcoal (Oryza
Y10 A2 ) 1RO 25

Figure 4-1 Mass balance for the four different sampling locations and rivers (Station / River). Particle

sizes were determined by two consecutive rounds of sieving, more info in Table 4-1......cccorrerrerrneen. 30
Figure 4-2 (a) Overview of selected elemental shares. Black bars indicate the error range for a specific
measurement. The working code is a unique code identifying each sample. MT refers to Tsiigehtchic
/ Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to Fort Mcpherson / Peel and MD to Inuvik /
Mackenzie, the number refers to the particle size, with 1 being associated with bulk and 8 with < 20
um (more details in Table 3-1). (b) Particle size (grain size fraction) vs. Al/Si ratio. ......enreeeens 32
Figure 4-3 Mineral specific surface area for the 2017 samples (BET method, see methods, p. 18). Colors
indicate different measurement sites. The working code is a unique code identifying each sample.
MT refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to Fort McPherson / Peel
and MD to Inuvik / Mackenzie, the number refers to the particle size, with 1 being associated with
bulk and 8 with < 20 um (more details in Table 3-1). 34
Figure 4-4 Relationship between aluminum and surface area. Linear regression significance levels (* 0.05,
**0.01, ***0.001) and R2 Colors indicate the different measurement sites (Location / River).
Aluminum was determined using XRF (p. 19), mineral specific surface area was determined using
BET (. 18). cooreeerrrerrneermsssssssssssssssssssssssssssssssssssssnns 34
Figure 4-5 Amount of total carbon (% C). Colors indicate different measurement sites. The working code is

a unique code identifying each sample. MT refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic /
Arctic Red, PR to Fort McPherson / Peel and MD to Inuvik / Mackenzie, the number refers to the
particle size, with 1 being associated with bulk and 8 with < 20 um (more details in Table 3-1).......35
Figure 4-6 Relationship between calcium and carbon. The upper panel (a) includes the extreme values
found in Inuvik / Mackenzie (Pearson’s r = 0.35), while the lower panel (b) ignores these two
(Pearson’s r = 0.83)..ccccomermeereerreesseeens .36
Figure 4-7 Organic carbon (Corg) in the samples. Colors indicate different measurement sites. The Working

code is a unique code identifying each sample. MT refers to Tsiigehtchic / Mackenzie, AR to
Tsiigehtchic / Arctic Red, PR to Fort McPherson / Peel and MD to Inuvik / Mackenzie, the number
refers to the particle size, with 1 being associated with bulk and 8 with < 20 um (more details in
Table 3-1). e 37
Figure 4-8 Compilation of the measured BPCA in the samples. (a) Overview by location, giving all size

fractions individually, BC in [g BPCA-C / kg sample) is independent of the amount of Corg. (b)
Overview by particle size, location indicated by the same colors as in (a), same units as (a). (c) same
as (a) but BC reported in [g BPCA-C / kg Corg]. (d) same as (b) but in units of (c). The working code is
a unique code identifying each sample. MT refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic /
Arctic Red, PR to Fort Mcpherson / Peel and MD to Inuvik / Mackenzie, the number refers to the
particle size, with 1 being associated with bulk and 8 with < 20 pm (more details in Table 3-1).......38
Figure 4-9 Mineral specific surface area vs. BPCA-C. (a) Corg independent measurement in [g BPCA-C / kg
sample], (b) BPCA-C as portion of Corg in [g BPCA-C / kg C]. Linear regression significance levels (*
0.05,** 0.01, *** 0.001) and R2. Colors indicate the different measurement sites (Location / River).
BPCA-C determined using the method introduced by Wiedemeier et al. (2013) (p.22), mineral
specific surface area was determined using BET (p. 18). 39
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Figure 4-10 Distribution of the different BPCAs. (a) all samples individually, stacked distribution of the
BPCAs. (b) shows the distribution of the different BPCAs between sites. Here the grouping colors
indicate statistically significant different groups. For each of the four BPCAs a test for normal
distribution was conducted by using the Shapiro method, subsequently a Levene test was used to
test for equal variances and finally either a Kruskal-Wallis (K.-W.) or an analysis of variance
(ANOVA; AOV) was conducted to see if measurement sites have significantly different BPCA
distribution. A Dunn post-hoc test, using the Bonnferoni method, was used to find the different
groups. The working code is a unique code identifying each sample. MT refers to Tsiigehtchic /
Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to Fort McPherson / Peel and MD to Inuvik /
Mackenzie, the number refers to the particle size, with 1 being associated with bulk and 8 with < 20
UM (MOTre details iN TADIE 3-1). coiecernreerrerseesinsssssssssssssssssssss s sssssssss s sssssssssssssssssssssssssssssssssssssssssssnsssssssssssssssssneeas 40

Figure 4-11 Stable carbon isotopes (total carbon, Ciot, organic + inorganic C) in (a) the different size

fractions and the different sampling sites, and in (b) relative to calcium content. Significance levels *
p<0.05,**p<0.01, **p < 0.001. The working code is a unique code identifying each sample. MT
refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to Fort McPherson / Peel and
MD to Inuvik / Mackenzie, the number refers to the grain size fraction, with 1 being associated with
bulk material and 8 with < 20 pm (more details in Table 3-1). .. 42
Figure 4-12 Stable carbon isotopes in the different size fractions, determined using isotope ratio mass

spectrometry (p. 25). The Working Code is a unique code identifying each sample. MT refers to
Tsiigehtchic / Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to Fort McPherson / Peel and MD to
Inuvik / Mackenzie, the number refers to the grain size fraction, with 1 being associated with bulk
material and 8 with < 20 um (more details in Table 3-1). .. 42

Figure 4-13 Overview of the mid-infrared spectral data from diffuse reflectance spectrometry across all
samples and all sites. Colors highlight sites, individual spectra represent samples. From top to
bottom the particle sizes decrease. Absorbance is a unitless ratio defined as A = —logII0, where [ is
the measured light intensity and 10 is the initial INtENSILY. ... seeseees 43

Figure 4-14 Mid-infrared spectral data from diffuse reflectance spectrometry for the site Tsiigehtchic /
Mackenzie. Dashed lines indicate absorption bands of compounds related to aromatic structures.
Aromatic C-H i-p-b refers to aromatic C-H in-plane bending. Aromatic C-H o-p-b denotes aromatic C-
H out-of-plane bending. For more details about the bands and the spectra refer to the text and Table
3-3. Absorbance is a unitless ratio defined as A = —loglI0, where [ is the measured light intensity
and 70 is the INTtIAl INTENSILY. ..ot ss bbb bbb bbb 44

Figure 4-15 C-H stretch absorbance area under curve vs. BPCA-C. (a) AUC vs. g BPCA-C / kg C, no
significant relationship (b) AUC vs. g BPCA-C / kg sample showing a significant relationship. Levels
of significance * p < 0.05, **p < 0.01, ***p < 0.001. .45

Figure 5-1 Relationship (SA:Corg), also referred to as Corg loading, between mineral specific surface area

(SA) and organic carbon (Corg). Superimposed is the typical range for this relationship from 0.4 to 1.0
mg Corg / m2 (gray area, calculation based on Blair and Aller, 2012; Mayer, 1994). Color indicates
different grain size fractions, whereas shapes represent different sampling sites (Location / River).

Figure 5-2 Flux of POC (Corg associated with particles) and PBC (black carbon associated with particles) for
the year 2017 presented for the different rivers and the different grain size fractions. For
Tsiigehtchic / Mackenzie two different estimates for TSS were available, dark blue is the lower limit
(51 Mt yr-1) measured by Gareis and Lesack (2017), light blue is the upper limit (93 Mt yr-1)
estimated by Carson et al. (1998). Please note that the scale is in kt yr-! (10-3 Mt yr-1). Results for the
bulk as well as the < 63 pm grain size fraction are intentionally not presented (see text). The




working code is a unique code identifying each sample. MT refers to Tsiigehtchic / Mackenzie, AR to
Tsiigehtchic / Arctic Red, PR to Fort McPherson / Peel and MD to Inuvik / Mackenzie, the number
refers to the grain size fraction, with 1 being associated with bulk material and 8 with < 20 um (more
details in Table 3-1). .coenmrerreeereereeens 57

Figure S-1 Overview of the selected samples (MT1, MT4, MT8, MD1, MD2, MD3, PR8) and elements (Na,
Mg, A, Si, Ca, Ti), as well as the total concentration and the reference series (Ref), see Table S-1.

Concentration has variable scales in this figure! Samples are indicated using their working code,
where MT refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to Fort McPherson
/ Peel and MD to Inuvik / Mackenzie, the number refers to the particle size, with 1 being associated
with bulk and 8 with < 20 pm (more details in Table 3-1). 78
Figure S-2 Mid-infrared spectral data from diffuse reflectance spectrometry for the site Tsiigehtchic /

Arctic Red. Dashed lines indicate absorption bands of compounds related to aromatic structures.
Aromatic C-H i-p-b refers to aromatic C-H in-plane bending. Aromatic C-H o-p-b denotes aromatic C-
H out-of-plane bending. For more details about the bands and the spectra refer to the text and Table
3-3. Absorbance is a unitless ratio defined as A = —loglI0, where [ is the measured light intensity
and I0 is the initial intensity. 82
Figure S-3 Mid-infrared spectral data from diffuse reflectance spectrometry for the site Fort McPherson /

Peel. Dashed lines indicate absorption bands of compounds related to aromatic structures. Aromatic
C-H i-p-b refers to aromatic C-H in-plane bending. Aromatic C-H o-p-b denotes aromatic C-H out-of-
plane bending. For more details about the bands and the spectra refer to the text and Table 3-3.
Absorbance is a unitless ratio defined as A = —loglI0, where I is the measured light intensity and /0
is the initial intensity. ... 83

Figure S-4 Mid-infrared spectral data from diffuse reflectance spectrometry for the site Inuvik /
Mackenzie. Dashed lines indicate absorption bands of compounds related to aromatic structures.
Aromatic C-H i-p-b refers to aromatic C-H in-plane bending. Aromatic C-H o-p-b denotes aromatic C-
H out-of-plane bending. For more details about the bands and the spectra refer to the text and Table

3-3. Absorbance is a unitless ratio defined as A = —loglI0, where [ is the measured light intensity
and /0 is the initial intensity. 84
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Table 4-2 Results of the simple mixing model, values in [%] of total or in [%] of the grain size fraction < 63
um, where indicated with a star (*). Calculated using data from (a) Gareis and Lesack (2017) and (b)
Carson et al. (1998) and equation IlI-6. The last column gives the measured contribution (m)........... 31

Table 4-3 Area under the curve (AUC) for the samples and the different NIR bands important for aromatic
1070) 101 01011 o 1c (30O 46

Table 4-4 Overview of the results from the different measurements. Individual samples are referred to by
their working code (WC). WC is a unique code identifying each sample. MT refers to Tsiigehtchic /
Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to Fort McPherson / Peel and MD to Inuvik /
Mackenzie, the number refers to the grain size fraction, with 1 being associated with bulk material
and 8 with < 20 um (more details in Table 3-1). L/R denotes the sampling location (L) and the
corresponding river (R), GFR denotes the grain size fraction, S1 denote the share of a certain GFR to
the total. S2 denotes the share of a certain GFR to < 63 pm. SA denotes mineral specific surface area,
Corg denotes organic carbon, Cpred denotes Corg predicted from a partial least squares regression on
diffuse reflectance spectrometry data, Ciot gives the total carbon content measured with cavity ring-
down spectrometry. BPCA denotes benzene poly-carboxylic acid and is the sum of the individual
marker compounds (B3CA, B4CA, B5CA and B6CA). BPCA is given in % of Corg, in g / kg Corgas well as
in g / kg S, where S denotes sample mass. Al denotes aluminum, Si denotes silicon, Ca denotes
calcium and Ti dENOLES tIEANTUINL .. ceeeeeeseerreesseeessees e essses s ss s s ss s s ss bR R R 47

Table 4-5 ContinuUation 0f TADIE 4-4......... e p s 48

Table 5-1 W/C = Working Code, MT = Tsiigehtchic / Mackenzie, AR = Tsiigehtchic / Arctic Red, PR = Fort
McPherson / Peel, MD = Inuvik / Mackenzie, L/R = Location / River, TSS = Total Suspended

Xi



Sediment, * conversion factor = 4 + 1 (Ziolkowski et al., 2011). 2 Hilton et al. (2015), » Coppola et al.
(2018). cevreereermrereermseeesssssssesssssssessssssssssssssessans 58
Table 5-2 Overview of relevant results found in other work. MT = Mackenzie at Tsiigehtchic, AR = Arctic
Red, PR = Peel River, MD = Mackenzie at Inuvik/Delta. SA = Surface Area, Corg = organic carbon, POC
= Particulate Organic Carbon, DOC = Dissolved Organic Carbon, TSS = Total suspended sediment....59

Table S-1 Overview of the XRF elemental composition for selected samples and selected elements as well
as the total summed up concentration (device internal processing). Samples are indicated using their
working code, where MT refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to
Fort McPherson / Peel and MD to Inuvik / Mackenzie, the number refers to the particle size, with 1
being associated with bulk and 8 with <20 um (more details in Table 3-1). 80

Table S-2 Descriptive statistics of the BPCA distribution across measurement sites. MT = Mackenzie at
Tsiigehtchic, AR = Arctic Red (at Tsiigehtchic), PR = Peel River, MD = Mackenzie Delta (at Inuvik).
For each of the four BPCAs a test of normal distribution was conducted by using the Shapiro method,

subsequently a Levene test was used to test for equal variances and finally either a Kruskal-Wallis
(K.-W.) or an analysis of variance (ANOVA; AOV) was conducted to see if measurement sites have
significantly different BC quality. A Dunn post-hoc test, using the Bonnferoni method, was used to
find the different groups. Correlation coefficient was calculated using r = zn, effect size is based on
L000) 4 155 ¢ T (351 77 PP 81
Table S-3 Descriptive statistics for the relationship between aromatic C-H stretch AUC and BPCA [g/kg

sample]. No autocorrelation according to D-W statistics, residuals normally distributed and
000 40 LTy of =T b= T o (o7 84

Xii



List of Abbreviations

BC, PBC Black Carbon, Particulate Black Carbon

BPCA Benzene Poly-Carboxylic Acid; [g BPCA-C / kg Sample] or [g BPCA-C / kg Corg]

POC,DOC | Particulate Organic Carbon (POC), Dissolved Organic Carbon (DOC)

SOC Soil Organic Carbon

0C, Corg Organic Carbon in [%]

C, Ceot Total Carbon in [%] (inorganic carbon + organic carbon)

BET Brunauer-Emmet-Teller method to determine mineral specific surface area
(Brunauer et al,, 1938)

SA Surface area in [m2/g]

XRF X-Ray Fluorescence, phenomenon exploited to determine the elemental composi-
tion (Jenkins, 2012)

DRIFT Diffuse Reflectance Infrared Fourier Transform, better referred to as DR-spec-
trometry, (Griffiths and Haseth, 2007)

IRMS Isotope Ratio Mass Spectrometry

CRDS Cavity Ring-Down Spectrometry

PLSR Partial Least Squares Regression

MT Mackenzie River at Tsiigehtchic

AR Arctic Red River (at Tsiigehtchic)

PR Peel River (at Fort McPherson)

MD Mackenzie River at Inuvik (delta middle channel, after the confluence of MT, AR
and PR)

Tg Tera-gram, 1012 g = 109 kg = 106 t (metric tons)

Gg Giga-gram, 109g=106kg =103t

Mt Mega-ton, 106 t

um Micrometer, 10-¢ m

Xiii






The movement of water drives the carbon cycle

— Ward et al. (2017)

1 Introduction

In this thesis I look at river bank and bedload sediment from four different locations in
the Mackenzie River basin. Three of which are from the delta-head rivers of the Mackenzie
Delta; Mackenzie River itself, Arctic Red River and Peel River. These are the most im-
portant sediment contributors to the delta. The last sample is from the middle channel of
the delta.

[ look at these samples on the level of different grain size fractions, going from larger
particles (> 250 um) to very fine particles (< 20 um). Each grain size fraction is analyzed
for inorganic elements, for mineral specific surface area and organic matter, including
black carbon content. With this [ try to answer the question whether different grain size
fractions show differences in their geochemical characteristics. It is important to look at
these different size fractions because they are not transported equally in a river. Depend-
ing on particle characteristics (size, density, shape, porosity) they experience different
hydrodynamic sorting along the course of the river (Walling et al., 2000; Williams et al,,
2008).

If these hydrodynamic differences were to be further contrasted by differences in the
composition (Walling et al., 2000), then there would be implications for the cycling and
remineralization of organic matter. Which in turn could influence our understanding of
the carbon balance and dynamics in the whole drainage basin, with consequences for the
adjacent shelf and open ocean.
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1.1 The Arctic

Current changes observed in the global climate system, such as the warming atmos-
phere and oceans, reduced snow cover, reduced land- and sea-ice (IPCC, 2013) are also
affecting, and are being observed in the Arctic (Box et al., 2019). Major feedback mecha-
nisms on all scales are altered by climate change. The air temperature, for instance, is ob-
served to be increasing twice as fast as the global average (Figure 1-1 and Osborne et al.,
2018). The hydrological cycle shows increased and earlier river discharge (Overeem and
Syvitski, 2016). The sea ice is younger and shows dramatic decreases in extent (Laxon et
al,, 2013). Snow cover decreases in spring and summer (Estilow et al., 2015) and the arctic
tundra is greening (Reichle et al., 2018) due in part to increasing shrub biomass (Box et
al,, 2019; Martin etal,, 2017). The vast areas of permafrost, with huge stocks of soil organic
carbon (SOC), are observed to be warming (Tarnocai et al., 2009; Smith et al., 2010) and
the risk for wildfire ignition in boreal landscapes by cause of lightning is increasing due
to drier conditions and higher maximum air temperatures (Box et al.,, 2019).

The implications of changes to all these systems are manifold and far-reaching
(McGuire et al., 2006). The importance of the Arctic for the global climate system lies in
reducing the input of energy the earth receives at and near the equator (McGuire et al.,
2006). McGuire et al. (2006) estimate that positive feedback mechanisms are likely to
dominate in the near future (next 50 to 100 years), thereby strengthening already existing
climatic changes. With these dramatic changes it is clear why the Arctic is an important
topic of research. One of the most prominent study objects is the Arctic Ocean (Stein and
Macdonald, 2013).
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Figure 1-1 Overview of the observed changes to the average surface temperature from 1901 to 2012. White areas represent regions with
sparse data availability (less than 70 % complete records and less than 20 % data availability in the first and last 10 % of the time period).
Changes are derived from linear regression on temperature data. Significant trends (a = 10 %) are indicated by a + sign (IPCC, 2013).

The Arctic Ocean is a shelf-dominated, sea-ice influenced waterbody, with little biolog-
ical activity (Honjo et al., 2010), and while being a small ocean compared to the rest of the
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world’s oceans (1 % of the total volume, Menard and Smith, 1966), it is very important for
the climate system (McGuire et al., 2006). In contrast to its size, it receives 10 % - 13 %
of the global freshwater and 2.2 % of the global sediment discharge (Holmes et al., 2012;
Milliman and Farnsworth, 2011), illustrating how important rivers are for arctic land-
ocean interactions (McGuire et al., 2006).

Rivers represent the main link between the terrestrial source of material and its ter-
minal burial in oceanic sediments (Freymond et al., 2018; Aufdenkampe et al., 2011; Guo
et al,, 2018). Only in oceanic sediments organic carbon is stored over geologic timescales
(Emerson and Hedges, 1988). Riverine processes are therefore important for feedback
mechanisms and regional and global climate on many spatial and temporal scales (Cole et
al., 2007; Battin et al., 2009). The transfer of sediment by rivers, from its source through
a series of routes and processes to the oceans, is denoted aquatic continuum or sediment
cascade / continuum (Koiter et al., 2013; Burt and Allison, 2010; Ward et al., 2017).

In the context of this continuum, rivers are hotspots for transport, modification, redis-
tribution and remineralization of organic matter. And as such, rivers have the potential
for the release and burial of large quantities of CO2, granting them a key yet understudied
role in the climate system (Cole et al., 2007; IPCC, 2013; Galy et al., 2007; Aufdenkampe et
al., 2011; Regnier et al., 2013; Galy et al., 2015; Ward et al., 2017). Arctic rivers play a key
role in the global climate system because they link the Arctic landscapes to the Arctic
Ocean.

Arctic landscapes contain about 40 % - 50 % of the global SOC stocks (amounting to
1’100 Pg to 1’672 Pg of SOC, Tarnocai et al., 2009; Hugelius et al., 2014). These massive
amounts of SOC are susceptible to increased mobility under future warming and likely to
be incorporated in microbial decomposition and also likely to enter rivers (Spencer et al.,
2015; Fengetal,, 2013; Mann et al., 2015). If remineralized, this amount of SOC could eas-
ily double the current amount of carbon in the atmosphere (Spencer et al., 2015). The
focus of this study lies on the Mackenzie River system, as it is the largest arctic sediment
contributor (Vonk et al., 2015a).

The most important part of the sediment for the climate is the amount, type and reac-
tivity of the organic material that is transported. This part of the sediment can potentially
be remineralized to COz and thereby increase atmospheric CO2 (Blair and Aller, 2012).
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1.2 Organic Carbon

Rivers transport organic carbon (Corg, OC) both in association with particles (POC, par-
ticulate organic carbon) and in solution (DOC, dissolved organic carbon). Organic carbon
transported by particles in a river has three main sources: (i) recently produced, (ii) old
and altered Corg (e.g. soil organic carbon) and (iii) sedimentary rock derived Corg (Blair and
Aller, 2012). The amount of Corgis typically between 0.2 % to 3 % of the particle mass. It
is found in association with all particle sizes, where it is distributed onto particle surfaces
but is also incorporated into mineral structures. Furthermore, it can form and be inte-
grated into gel-like structures (Blair and Aller, 2012). The contribution of the three com-
ponents is influenced mainly by the composition of the drainage basin (Blair and Aller,
2012).

100 pm Inter-particle, occluded
Co,g, gel aggregates

Mineral surface, intra-
structure associated C,,,

Figure 1-2 Distribution of Corg in and on river suspended sediment particles. Corg can be incorporated into pores and laminar structures of
minerals but it can also be distributed onto particle surfaces. Colors indicate sources of Corg (green modern; aged brown, and sedimentary

rock derived, black). Red colored patches are reactive oxides (e.g. Iron-oxides) that may be present (not relevant to this study), figure based
on Blair and Aller (2012).

The amount and composition of POC in Arctic rivers is heavily influenced by the sea-
sonality. The largest share of exported sediment is transported during the freshet and it
comes to a large part from bank erosion (McClelland et al., 2016). The annual yield of POC
in Arcticrivers (5.767 Mt) is estimated to be lower than the DOC yield (34.042 Mt, McClel-
land et al,, 2016; Holmes et al., 2012).

DOC is regulated by hydrology and landscape composition (wetlands, permafrost, for-
ests, etc.) and heavily influenced by seasonal forcing (Laudon et al., 2011). Up to 60 % of
DOC in the five largest arctic rivers is exported after ice breakup in spring (Raymond et
al., 2007). Increases in DOC, which are observed in many rivers of the northern hemi-
sphere, are attributed to numerous drivers (Laudon et al,, 2011; Clark et al., 2010). This
includes changes to atmospheric chemistry, to precipitation and temperature, to land
management or acid rich precipitation (Clark et al., 2010; Carpenter et al., 2011).

A certain fraction of organic carbon is present in the form of black carbon (BC), which
is a variant of organic carbon produced during combustion. BC describes a continuum of
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substances formed during pyrolysis. Pyrolysis happens during combustion of organic ma-
terial under elevated temperatures and low to zero oxygen (Bird and Ascough, 2012, Bird
et al., 2015, Scott et al., 2014). It is most often produced from biomass burning (i.e. wild-
fires) as well as fossil and bio fuels (Bird et al., 2015; Chatterjee et al., 2012; Preston and
Schmidt, 2006; Hammes and Abiven, 2013). BC can be found everywhere in the environ-
ment, from the atmosphere to soils, to riverine as well as oceanic water and sediments
(Bird et al., 2015; Hammes and Abiven, 2013).

Fires occur frequently and in almost all vegetated areas. Each year around 4 % of ice-
free land biomes are on average burnt worldwide (Randerson et al., 2012), from which
about 27 % of the burnt biomass is transformed into some form of BC (Santin et al., 2015).
The main way for BC to enter rivers is through soils and overland flow. The estimated BC
stock of soils is around 200 Pg of BC for the uppermost 2 m of soil (Reisser et al.,, 2016).
However, the connection between fire history or climate and black carbon is not yet fully
understood (Zimmerman and Mitra, 2017). Total riverine transport of particulate (PBC, 1
<d < 63 um) and dissolved (DBC, d < 1 pum) BC amounts to an estimated 17-37 Tg yr1,
respectively 27 Tg yr'! (Coppola et al., 2018).

Since BC is regarded as a continuum (Figure 1-3 a), with a myriad of substances (Ham-
mes and Abiven, 2013), its appearance and characteristics are complex and highly varia-
ble (Figure 1-3 b, Bird et al., 2015). The specific type of BC produced in a fire is predomi-
nantly moderated by the conditions during formation (Hammes and Abiven, 2013). Com-
mon to all forms of BC enclosed in the continuum are aromatic ring structures in varying
sizes (Preston and Schmidt, 2006). Chemical functional groups, which are important for
biological degradability and are indicated by large molar ratios of H/C and O/C, decrease
with increasing thermal alteration (Figure 1-3 a, Preston and Schmidt, 2006). BC repre-
sents a slow cycling component of the carbon cycle and a potential sink for atmospheric
CO2 (Santin et al.,, 2015). Evaluating the fate of BC in river suspended sediment can thus
give further insights into the role of rivers in the climate system.
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Figure 1-3 (a) The BC continuum as function of pyrolysis temperature. Aromatic ratios H/C and O/C decrease with increasing temperature,
while particle size decreases from cm scale to um scale. Aromaticity, degree of condensation as well as resistance to oxidation increases,
while surface reactivity decreases. Particle size relation has exceptions, smoke for example can form under low temperature and contains
extremely fine particles. (b) Example for a possible structural molecular representation of black carbon, from Ziolkowski et al. (2011).
Highlighted in bold are benzene-polycarboxilic acids (BPCAs); for more details on BPCA please refer to the text (p. 22).
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1.3 Motivation

Riverine biogeochemical processes as well as land-ocean coupling in the Arctic; and in
the Mackenzie River system in particular; are important parts of the carbon cycle and the
climate system. The main question underlying this work lies on the geochemical charac-
teristics of different grain size fractions of sediment in the Mackenzie River system. First
off it is important to assess the magnitude of the total flux of organic matter in the Mac-
kenzie River system for 2017. Since organic matter was further analyzed for its BC con-
tent, this can be extended to the size of the BC flux in 2017. The amount of Corg and BC in
different grain size fractions then becomes a main topic of interest. How do mineralogical
and geochemical characteristics change with particle size? Are Corg and BC preferentially
associated with certain grain size fractions? Are they associated with the same particles,
or are they attracted to differently sized particles?

Furthermore, the grain size distribution in different rivers is of interest because certain
grain size fractions might be more likely deposited in the delta than others. Which parti-
cles consequentially provide a sink and which a source for organic matter (Corg, BC)?

Based on the hydrodynamic properties, larger particles (> 63 um) should be more
prone to sediment out in the delta than smaller particles (< 63 pm). If in turn the amounts
of Corg and BC found for these larger particles are not negligibly small, then this could pro-
vide a sink of organic matter important to the global climate.

Organic substances are attracted to and stabilized by particle surfaces, minerals, pores
and aggregates (Blair and Aller, 2012). In consequence both Corg and BC should increase
with an increase in surface area and mineral content, something that is usually associated
with smaller particles (Walling et al., 2000).

This detailed look at the grain size distribution and its geochemical properties in sus-
pended sediment will further our understanding of the fate of organic matter in this major
river system. It will furthermore allow to look at black carbon dynamics by highlighting
the amount and type of BC in suspended sediment of the most important tributaries of the
Mackenzie River. The findings will contribute to better constrain the export of organic
matter to the delta and ultimately to the Arctic Ocean. Thereby also refining the under-
standing of the Mackenzie River sediment transport and its consequences for the global
climate by remineralization or burial of organic matter and black carbon.
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1.4 Research Questions

The aforementioned questions can be grouped into two main research topics. The first
set is concerned with differences in the geochemical characteristics between grain size
fractions and between rivers:

e Do grain size fractions show differences in geochemical characteristics?
e Do observed differences exhibit a trend or relationship to grain size?

e How do differences between rivers and grain size fractions compare?

And the second set is motivated by the fluxes of Corgand BC for the year 2017:
e How large was the total flux?

e How large was the grain size specific flux?

The findings can be used to answer the question whether certain grain size fractions
present a sink or a source of CO2 and what this implies for the global carbon cycle and
climate.




2 Study Setting and Riverine Sediment Transport

2.1 Study Setting

2.1.1 Mackenzie River Basin

The Mackenzie River basin spreads over British Columbia, Alberta, Saskatchewan, the
Northwest Territories and eastern Yukon and comprises seven major rivers as well as
three major lakes and three major deltas (Figure 2-1, Dumont et al., 1986). Since Great
Slave Lake acts as a sediment trap, inputs from upstream rivers are not very important
for the sediment budget (Vonk et al., 2015a). The Mackenzie River ultimately drains into
the Beaufort Sea via the Mackenzie Delta (Figure 2-2), which is the most extensive and
important delta in North America (Dumont et al., 1986).

In total the Mackenzie River system drains a watershed of 1.787 * 10¢ km? (Vonk et al.,
2015a). According to Gareis and Lesack (2017) 62 % of the total suspended sediment ex-
port in the Mackenzie River is exported during the freshet (May to late June). The period
from May to October furthermore accounts for about 99 % of the total sediment export
(Carson et al., 1998). This illustrates that sampling timing is very important (Vonk et al,,
2015a).

At the measurement station for the Mackenzie River in Tsiigehtchic, the total sus-
pended sediment is estimated to be 96 Mt yr-1 (Carson et al., 1998). This early estimate
was recently updated by Gareis and Lesack (2017), who measured suspended sediment
over four years (2007 - 2010), yielding an estimate of 51 Mt yr-1. It is not clear why these
estimates differ so much (Gareis and Lesack, 2017). At any rate, the rivers Mackenzie (at
Tsiigehtchic), Arctic Red and Peel are also referred to as the delta-head rivers and they
are the most important sediment contributors for the delta (Figure 2-2, Table 2-1).

Table 2-1 Fine sediment load for the delta-head rivers. Mackenzie River wash load (< 0.125 mm), Arctic Red and Peel Rivers suspended
load, additionally added is the relative contribution of the respective load to the total found at Mackenzie / Inuvik, data from(a) Gareis
and Lesack (2017) and (b) Carson et al. (1998).

Mackenzie / Tsiigehtchic Arctic Red / Tsiigehtchic Peel / Fort McPherson Mackenzie / Inuvik
512 - 96> Mt 7.3 Mt 20.8b Mt 79.12- 124.1> Mt
0.65-0.77 0.06 - 0.09 0.17-0.26 1.0

2.1.2 Carbon Export

Hilton et al. (2015) estimate a total particulate Corg flux of 2.2 (+ 1.3, - 0.9) Tg yr'! from
the Mackenzie River. The most up-to-date estimate for POC from Mackenzie River is from
McClelland et al. (2016) and is at 0.758 Tg yr-1 + 0.066 Tg yr-1. Hilton et al. (2015) further
suggest an efficient burial of Corg off-shore (65 % * 27 %). Additionally, Vonk et al. (2015a)
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also find an efficient burial of Corg on the shelf. 55 % of what arrives at the delta head is
buried on the shelf (Vonk et al.,, 2015a). The export of organic material transfers Corg from
a temporary and vulnerable sink (soils, permafrost) to a reservoir that is stable over geo-
logic timescales, which might represent a long-term sink for CO2 (Hilton et al., 2015). The
DOC flux from the Mackenzie River is estimated at about 1.4 Mt yr-1 (Raymond etal., 2007;
McClelland et al., 2016).

2.1.3 Geology and Climate

The drainage basin consists of three geologic units. The Precambrian Shield, the Inte-
rior Plains and the Western Cordillera (Figure 2-1). Only minor glacial and alluvial sedi-
ments cover the bedrock and the rivers and streams do not cut deep into the ground on
the Precambrian Shield. The thin soils and the bedrock have low solubility and the vege-
tation is dominated by bogs and small trees. Permafrost thickness varies from 10 m at
Lake Athabasca up to 90 - 375 m at Great Bear Lake (Dumont et al., 1986).

The Interior Plains follow west of the Precambrian Shield. The terrain is mostly flat and
interspersed by ranges of smaller mountains and hills. The bedrock comprises a host of
different rock formations, including sandstones, limestones and dolomites as well as allu-
vial and glacial deposits where rivers can cut several tens of meters into the surroundings
(Dumontetal,, 1986). But overall the erosion is limited by the low gradient and vegetation
cover. Soils here are deep and can contain large quantities of water and ice. About 25 %
to 75 % of the region is wetland and the vegetation ranges from grass and sedge domi-
nated meadows, over forests comprising mostly the same trees as on the Precambrian
Shield, to extensive wetlands (bogs, swamps, fens, Dumont et al., 1986). Permafrost thick-
ness varies from 12 m at Fort Simpson over 60 m at Norman Wells, up to more than 800
m at the Mackenzie Delta (Dumont et al., 1986).

Lastly, the Western Cordillera lies to the west of the Interior Platform. The tectonically
active mountain range (Vonk et al., 2015a) is between 2’000 to 2’500 m higher than the
Mackenzie River and harbors amongst others the headwaters of the Liard, Arctic Red and
Peel Rivers (Dumont et al., 1986). Here rivers cut deep into the bedrock and form moun-
tain valleys. About 40 % - 70 % of the precipitation becomes runoff in this region, which
is more than twice the amount found in the Precambrian Shield or the Interior Platform
(Dumont et al., 1986). Rocks and soils in the Western Cordillera are well soluble and thus
the runoff carries large sediment loads (Dumont et al.,, 1986). The subalpine and alpine
vegetation zones provide habitat for black spruce and tamarack in wetter areas and bal-
sam poplar and white spruce occur in the river valleys. When going northwards, trees are
replaced by alpine tundra vegetation.

10
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Figure 2-1 Map depicts Canada along 60 degrees latitude. Indicated are the large rivers and lakes of the Mackenzie River system, as well
as the main physiographic regions. Map created using QGIS software (QGIS Development Team, 2019) and publicly available data from
Natural Resources Canada (Natural Resources Canada, 2016) as well as with Natural Earth, free vector and raster map data @ natura-

learthdata.com. Projection is Canada Lambert Conformal Conic (CLCC, EPSG:102002). Shaded relief based on NWT Centre for Geomatics
(2015).

Annual Precipitation varies from 250 mm - 400 mm east of the Mackenzie River to 500
mm - 1’600 mm in the mountains west of the river. The winter lasts about 175 to 250
days depending on location and snow cover varies between 500 mm to 1°’520 mm. Surface
albedo varies from 10 % - 20 % in summer to 60 % - 70 % in winter.

11
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lighted are the confluence of Arctic Red and Mackenzie River at Tsiigehtchic, the sampling location on the Peel River as well as on Mac-
kenzie River at Inuvik. Star symbols indicate samples from 2017 analyzed in this thesis, whereas circles indicate samples from other au-
thors (red = Vonk et al, 2015a, yellow = Hilton et al.,, 2015). Map created using QGIS (QGIS Development Team, 2019) and free satellite
orthoimages (geo-referenced) from Natural Resources Canada (2016).

2.1.4 Fire History

With fires being a frequent and integral disturbance in the earth system, they are also
affecting boreal forests to a large extent (Power, 2013; Flannigan et al,, 2009; Scott et al,,
2014). Each year around 100’000 km?2 - 150,000 km? of forests are burnt (Flannigan et

12



Setting

al., 2009) with about 20’000 km? in Canada (Stocks et al., 2003). With BC being primarily
produced in fires, the Mackenzie River also exports large amounts. The Mackenzie River
system is estimated to export 296 Gg yr-! of PBC, which makes it the third largest exporter
of PBC globally (Coppola et al., 2018). BC as mass-% of total SOC in boreal soils is reported
by Reisser et al. (2016) in a range from about 4 % up to about 7 % - 9 %. In combination
with an expected increase in release of SOC from permafrost thaw in the Mackenzie region
(Guo et al., 2007) with increased warming, a large amount of BC will also be susceptible
to be released in the boreal regions. This will especially affect POC release (Guo et al,
2007). Overall large quantities of BC are produced and transported and there is a clear
need to further our understanding of the BC cycle as a compartment of the global carbon
cycle (Bird et al., 2015; Coppola et al., 2018).

2.2 Sediment

2.2.1 Transport and Erosion

Erosion of terrestrial land forms in combination with the production of organic matter
is the main contributor to river sediment (Heininger and Cullmann, 2015). This sediment
(mineral and organic material) is transported either in particulate (particle diameter >
0.1 um - 1.0 um) or in dissolved form (particle diameter < 0.1 - 1.0 pm, Table 2-2, Figure
2-3 a). Particulate sediment is divided into suspended sediment and bed load (Viers et al.,
2009).

The bed load consists of larger grain size particles that move through the river in con-
tact with the bed by saltation and rolling (Gilvear, 2016; Sly and Hart, 1989). The sus-
pended sediment is further divided into suspended bed material, that is locally mobilized
from the river bed, and wash load, that is fine material that has its origin further upstream
(Figure 2-3 b) and rapidly moves through the channel (Gilvear, 2016; Sly and Hart, 1989).
The differentiation between the two compartments (bed load and suspended load) is a
function of the water velocity (Grotzinger and Jordan, 2010).

Kuhnle (2013) highlight that much more than 50 % of the total load a river carries is
in the form of suspended load (total sediment load = bed load + suspended load, Sly and
Hart, 1989). Generally, the larger the drainage basin, the higher the share of the sus-
pended load is (Kuhnle, 2013).

Sediment is further divided into cohesive and non-cohesive sediment (Figure 2-3 a, Table
2-2). Cohesive sediment, with particles < 62 um and non-cohesive sediment, starting with
particles > 62 um, are put into and held in suspension by different mechanisms. The be-
havior and transport of cohesive particles in a river is not yet well understood (Williams
etal.,, 2008). Important to note is that silt sized particles (4 - 62 um) are regarded as being
both cohesive and non-cohesive, and that cohesion gradually becomes more important

13



Setting

towards the clay sized fraction, which is considered dominated by cohesive forces
(Kuhnle, 2013).

(a)
_______ Dissolved Particulate
Suspended Sediment Table 2-2 Particle size classes and their re-
spective particle diameter in pm,
_______________ Cohesive . Mon-Cohesive (Turnewitsch et al., 2007; Owens, 2008;
" Viers et al., 2009; Kuhnle, 2013)
Sand
Silt
Class Particle diameter
Glay [m]
een-n...Collbidal Particu- >0.1-1.0
late
19102 19;00 1'3':'02 19;04 Dissolved <0.1-1.0
Particle Diameter [um] ' '
Sus-
ded >0.20 - 0.45
enae
(b) P
X Cohesive <62
> Particleinwashload - Non-Cohe- > 62
) rticle in suspension
T Sand 2’000 - 625
Silt 625-2.0

.. Particle in bed load )

-~

Figure 2-3 (a) different size classes used to describe sediment, (Table 2-2, note the log-
arithmic scale). (b) sketch of the particle transport in a river, including the common
terminology used for the description of different particles transported in a river (Par-
sons et al, 2015).), please note the logarithmic scale.

The erodibility of the river bed surface is influenced by sediment properties such as
the bulk density and water geochemistry, organic matter content and substances pro-
duced by sediment-dwelling organisms (e.g. bacteria) called extracellular polymeric sub-
stances (EPS, Grabowski et al,, 2012). In consequence of the interplay between erosive
(shear stress, turbulence) and resisting forces (gravity, friction), once the water reaches
a critical flow velocity and erosive forces are higher than resisting forces, particles begin
to move (Grabowski et al.,, 2011; Grabowski et al., 2012). First only by rolling, but with
increased flow velocity also by saltation (Kuhnle, 2013). If the water velocity further in-

creases, particles can be carried into the main body of the stream (Kuhnle, 2013). On its
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way through the continuum, sediment therefore constantly undergoes transport, deposi-
tion and remobilization based on the balance between erosional and resisting forces (Koi-
ter et al,, 2013; Grabowski et al., 2012; Gilvear, 2016).

2.2.2 Effective Particle Size

Suspended fine sediments, especially those in the cohesive range (Droppo, 2001), are
mostly transported as flocculated material, also called composite particles (Droppo, 2001;
Woodward and Walling, 2007; Gilvear, 2016). The effective particle size is thus not found
in the laboratory using traditional sampling and analysis methods, which chemically and
physically alter and destroy flocs and aggregates (Gilvear, 2016). A floc can be orders of
magnitude larger than the primary particles it is made up of (Woodward and Walling,
2007, Figure 2-4). Composite particles constitute a matrix of microbes, organic material
such as EPS and cellular debris, inorganic particles such as clays and silts and a consider-
able pore volume (Droppo, 2001).

Fine silt

particle
Discrete
silt particle

Filter
membrane
pores

)

Figure 2-4 Image of a composite particle (Woodward and Walling, 2007).

Clay particles

2.2.3 Further Considerations

Elucidating the origin of sediment by analyzing key physical and chemical characteris-
tics is called sediment source fingerprinting (Gilvear, 2016) and is a powerful tool for the
further interpretation of sampled sediment. For this approach to be successful, it is im-
portant to know the processes and mechanisms that sediment undergoes from its source
up until the measurement station (Koiter et al., 2013).

Overall it can be assumed that the longer the transit time of a sediment through a river
is, the less it will resemble its source (Koiter et al., 2013). As a result Koiter et al. (2013)
note that it might not be possible to determine the source of sediments in large river ba-
sins (which includes the Mackenzie River).

The differentiation between suspended and non-suspended sediment is ultimately not
given by a clear boundary with physical differences (Parsons et al., 2015). Parsons et al.
(2015) and (2018) found that suspended sediment does - on average - not move with the
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velocity of the flowing water body and that suspended sediments are in a constant cycle
of suspension and deposition.

Itis thus important to keep in mind that the sediment taken from the suspended or bed
load or from the river banks at a certain measurement station has experienced a myriad
of saltation cycles. Consequently, the sampling locations in this thesis represent the aver-
age sediment exported by the selected rivers.
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3 Methods

3.1 Sampling

The river bank and bedload samples used in this study were collected in 2017 by
Melissa Schwab. The samples were collected in June, shortly after the freshet, from fresh
deposits close to the channel. Table 3-1 gives an overview of the samples used in this
study. In this thesis samples are often referred to by their working code (WC). The work-
ing code uniquely identifies a certain river and sampling station as well as a grain size
fraction (Table 3-1). From the collected sediments (CAN17-XX) seven size fractions were
filtered. Sieves of the sizes 250 pm, 150 um and 63 pm were previously used by e.g. Hilton
et al. (2015). The sieves of sizes 32 uym and 20 pym were used to get even smaller size
fractions, approaching the dissolved pool.

Table 3-1 Sample overview. River bank and bedload material sampled in 2017 (Schwab, 2016). The first column (sample code) refers to
the code used in other work. The second column (laboratory code) refers to the code attached for the present work in the laboratory and
the third column (WC, working code) is a more convenient version for this specific text. MT refers to Tsiigehtchic / Mackenzie, AR to
Tsiigehtchic / Arctic Red, PR to Fort McPherson / Peel and MD to Inuvik / Mackenzie, the number refers to the particle size, with 1 being
associated with bulk and 8 with < 20 um. GFR denotes the respective grain size fraction in [um].

Sample Code Lab. Code wC Lat. Long. Date River Location Type GFR
CAN17-31 186B18AC36 ARl 67.4308 133.7820 6/5/2017 ArcticRed Tsiigehtchic Bank Bulk
- 186B18AC1  AR2 “ “ - “ “ “ >250
- 186B18AC2 AR3 “ “ - “ “ “ 150 - 250
- 186B18AC3  AR4 “ “ - “ “ “ 63 -150
- 186B18AC4 AR5 “ “ - “ “ “ <63
- 186B18AC5  AR6 “ “ - “ “ “ 32-63
- 186B18AC6  AR7 “ “ - “ “ “ 20-32
- 186B18AC7 ARS8 “ “ - “ “ “ <20
CAN17-24 186B18AC37 MT1 67.4503 133.7208 6/5/2017 Mackenzie Tsiigehtchic Bank Bulk
- 186B18AC8 MT2 “ “ - “ “ “ > 250
- 186B18AC9  MT3 “ “ - “ “ “ 150 - 250
- 186B18AC10 MT4 “ “ - “ “ “ 63-150
- 186B18AC11 MT5 “ “ - “ “ “ <63
- 186B18AC12 MT6 “ “ - “ “ “ 32-63
- 186B18AC13 MT7 “ “ - “ “ “ 20-32
- 186B18AC14 MT8 “ “ - “ “ “ <20
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Table 3-2 Continuation of Table 3-1.

Sample Code Lab. Code wC Lat. Long. Date River Location Type Fr
CAN17-11 186B18AC38 MD1 68.4136 134.1153 6/3/2017 Mackenzie Delta Bedload  Bulk
- 186B18AC15 MD2 “ “« — “ “ “ 250
186B18AC16 MD3 “ “ “ « “ 125500
186B18AC17 MD4 “ “ « « « ?30
- 186B18AC18 MD5 “ “ — “ « « <63
o 186B18AC19 MD6 “ “ - “ “ “ 3623-
o 186B18AC20 MD7 “ “ - “ “ “ 2302-
- 186B18AC21 MD8 “ “ — “ « « <20
CAN17-42 186B18AC39 PR1 67.3311 134.8642 6/7/2017 Peel Fort McPherson Bank Bulk
- 186B18AC22  PR2 “ “ - “ “ “ > 250
186B18AC23 PR3 “ “ “ « “ 125500
186B18AC24 PR4 “ “ “ « « ?go
- 186B18AC25 PR5S “ “« — « « « <63
o 186B18AC26  PR6 - “ « « 3623-
a 186B18AC27  PR7 “ “ - “ “ “ 2302-
- 186B18AC28 PR8 “ “« — « « « <20

3.2 Mineral specific Surface Area

The Brunauer, Emmet and Teller (BET, Brunauer et al., 1938) method was used for the
determination of the mineral-specific surface area (SA). Nitrogen vapour at very low tem-
peratures (77.350 K) adsorbs onto the surface of the sample. This induces a change in the
relative pressure (p/p,, whit p the pressure and p, the saturation pressure) correspond-
ing to the amount of gas adsorbed onto the sample surface (van Erp and Martens, 2011).
For the cross-sectional area (oy,) of nitrogen, 0.162 nm?2 were assumed, which is the pre-
sent standard (van Erp and Martens, 2011; Lange et al., 2014). The adsorption isotherm
for nitrogen is close to linear in the range 0.05 < p/p, < 0.35. The relative pressure range
from 0.048 to 0.3022 used here agrees with this linear range.

To remove organic components, 1 g of the freeze-dried samples were heated to 350 °C
(12 h) and then transferred into pre-weighed sample cells. Organic matter was removed
because its low surface area offsets the measured mineral specific SA. To determine the
sample amount, the cells were again weighed. Finally, a glass rod was added to the sample
cell. Before analyzing the samples, the sample cells were degassed using a Quantachrome
Instruments FloVac degasser (Quantachrome Instruments, 2018a) at 350 °C for about 8
hours (or at 150 °C overnight). The sample cells were flushed with helium and removed
from the degasser when the pressure reached a stable value (at around 2 Pa). The de-
gassed cells were put onto the Quantachrome NOVA 4000e Surface Area Analyzer
(Quantachrome Instruments, 2018b). The Quantachrome NovaWin software was used to
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derive a 5-point BET measurement of relative pressure (p/po). The values of the correla-
tion coefficient for all samples are r > 0.9998.

Mineral specific surface area (SA) is often used to normalize Corg, to indicate particle
size or the amount of clay, or to differentiate supply and decomposition scenarios (Blair
and Aller, 2012; Vonk et al,, 2015a). The reported SA for the marine standard SRM 1941b
(NIST, 2015) will be compared to the result for the same standard in the current samples.
The difference between the two results will be used as an error estimate.

3.3 Homogenization

For all subsequently used techniques sample homogeneity was important. Thus
roughly 6 g of each size fraction was milled for 2 minutes at 30 Hz using a horizontal
Retsch Mixer Mill (MM 400, Retsch, 2018a) with two tungsten carbide balls.

3.4 Elemental Composition

Selected elements can give further insight into the cycling of substances, about the type
and amount of minerals and about the processing of sediment. Aluminum is mainly asso-
ciated with secondary minerals while silicon is associated with primary minerals (Viers
etal.,, 2009). Furthermore the ratio between Al and Si (Al/Si) is often used to differentiate
the environmental conditions and the processing of the sediment (Vonk et al., 2015a; Vi-
ers et al., 2009). Calcium on the other hand serves as a good proxy for carbonates present
in a sample. All selected elements (Si, Al, Ca and Ti) are furthermore major elements in
rocks and minerals, while Al, Si and Ti are only trace elements in river water (Gaillardet
et al., 2014, Viers et al,, 2009).

The elemental composition of the samples was determined using X-Ray Fluorescence
(XRF). The method relies on the principle of interactions between X-rays and matter. The
number of photons absorbed by an atom increases with the atomic number (Z). The meas-
ured beam of radiation leaving the sample is a function of the element distribution in the
sample (Jenkins, 2012). The sensitivity of the XRF methods is generally in the ppm range
(Jenkins, 2012). Jenkins (2012) notes that it is rather unlikely to receive error-prone re-
sults from an XRF device.

Five grams of milled sample were transferred into XRF cups and analyzed using an en-
ergy-dispersive XRF spectrometer (AMETEK Spectro) under helium gas flush. The lower
atomic number limit for this device is Z = 11 (sodium). Each batch of 7 samples was run
with an additional standard of known composition (chernozem soil standard, prepared in
Spring 2018).

The uncertainty estimates AZ were derived using the standard deviation (Eq. I1I-1),
where AZ is the uncertainty on the element with order Z, x are individual measurements
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of the element Z in the reference soil matrix (chernozem), or of Z in replicates (if availa-
ble).

(11 -1)

The uncertainty AR (uncertainty propagation, Eq. III-2) for subsequent calculations
based upon the elements with orders Z ... Z,, (e.g. ratio of Al/Si) were derived as follows.

AR = j (AZ%’“)2 + (A%)Z (1l — 2)

The measurements were affected by some problems with accuracy and reproducibility
due to the use of powdered samples. A good estimate of the measurement error is very
important. This issue was treated by a set of repeat measurements and can be found in
the supplemental material (p. 78).

3.5 Diffuse Reflectance Infrared Fourier Transform

DRIFT (Diffuse Reflectance Infrared Fourier Transform) better referred to as diffuse
reflectance (DR) spectrometry (Griffiths and Haseth, 2007) is a technique that allows to
derive information about structure and composition of a sample on the molecular level
(Chen et al,, 2015). It is based on the absorption and excitation of polar molecular bonds
by infrared radiation (IR, Vogel et al., 2008). Diffuse reflection means that radiation is
scattered by reflection, refraction and diffraction upon interaction with a (powdered)
sample (Griffiths and Haseth, 2007). A certain fraction of the incoming radiation will then
reemerge from the sample, and due to scattering it is termed diffusely reflected radiance
(Figure 3-1).

The infrared radiation produces molecular vibrations (such as stretching, bending and
others, see Chen et al,, 2015). A diatomic linear molecule for example has only a single
way of vibration. Nonlinear molecules, however, can further vibrate in different ways
(Griffiths and Haseth, 2007). The difference of energy between the non-excited or ground
state and the first excited state corresponds (in most vibrational modes) to the emission
of radiation in the mid-infrared (mid-IR) spectrum (400 - 4’000 cm-1, Griffiths and Haseth,
2007). Thus, as noted in McKelvy (2000) the mid-IR is the most useful region for a general
assessment of compounds. The far-infrared (10 - 400 cm-1) is less often used but contains
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information about inorganic compounds and hydrogen bonds (Griffiths and Haseth,
2007).

Mirror Mirror

- -1-.\
f’fI\
Y '

%

\
IR source i  Detector
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~ B v

Figure 3-1 Schematic illustration of the methodology used in diffuse reflectance spectrometry, modified from Chen et al. (2015). IR denotes
Infrared radiation. A source emits infrared radiation that is redirected by a mirror onto the sample, where it is scattered by the particles.
Scattering can be due to reflection, refraction and diffraction. A sensor can finally measure the beam of IR that reemerges from the sample.
Analysis of the signal yields information about molecules present in the sample.

The central unit used in DR-spectrometry is the so-called wavenumber G, in cm_l) -

the number of waves observed per cm (thus cm-1, Che and Védrine, 2012). For quantita-
tive purposes the spectra are reported in the dimensionless absorbance parameter (A,
reported as absorbance unit, AU), since absorbance is proportional to concentration (Grif-
fiths and Haseth, 2007; Stuart, 2004). Absorbance is defined as:

A= —log (i) (I = 3)

with I being the intensity of light transmitted and measured by the sensor. As an ex-
ample at an absorption of 1.0, 90 % of the light is absorbed or only 10 % is transmitted
(—log(x/100) = 1.0 » x = 10, see Stuart, 2004).

The observed spectral signal has regions which are often suggestive to chemical func-
tional groups in a molecule (Chen et al,, 2015). Consequently, there exist large tables that
correlate spectral features with compounds and functional groups (e.g. LibreTexts, 2019;
Sigma-Aldrich, 2019). Due to a relationship between absorbance and concentration, it is
possible to do a quantitative analysis of spectral data (McKelvy, 2000). The amount of a
specific functional group, determined by its spectral response and hence its vibrational
band in the spectrum is given by the area between peak and baseline (Chen et al., 2015).

A quick overview of the sample can be gained by looking at the overall appearance of
the spectrum and subsequently by looking at diagnostic wavenumber bands (Table 3-3).
Testing for aromatic substances is conducted in a region with well-defined absorptions
from 1’615 cm1 - 1’495 cm! in combination with aromatic C-H stretching bands from
3’150 - 3’000 cm! and some other indicative bands (Table 3-3, Coates, 2000).

In DR-spectrometry and for powdered, non-KBr diluted samples containing a large
amount of unknown components, the previously introduced relation between absorbance
and concentration is no longer clearly defined (Che and Védrine, 2012; McKelvy, 2000;
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Griffiths and Haseth, 2007 and Stuart, 2004). A more advanced analysis is thus required.
Partial least squares regression (PLSR) is the most common method (Stuart, 2004). PLSR
allows to find spectral loadings that contribute to the observed concentrations. As Grif-
fiths and Haseth (2007) note, PLSR is very robust and able to analyze complex mixtures.
Furthermore, PLSR was already successfully tested on its potential to gain insight on black
carbon (Bornemann et al., 2008) or other biogeochemical properties of sediments and
soils (e.g. Vogel et al.,, 2008; Egli et al., 2015).

Table 3-3 Specific spectral bands for the determination of aromatic structures in a sample, from Coates (2000). Further the table shows
bands of further importance (LibreTexts, 2019).

Wavenumber [cm1] Function
1’615 - 1’580 Aromatic ring stretch
1’510 - 1’450 Aromatic ring stretch
3’130-3'070 Aromatic C-H stretch
1’225 - 950 (several) Aromatic C-H in-plane bend
900 - 670 (several) Aromatic C-H out-of-plane bend (medium-to-strong ab-
sorptions, more than one)
2’000 - 1’660 (several) Aromatic combination bands (simple aromatic com-
pounds)
3’700 Alcohol (O-H stretching)
2’400 CO2 (0=C=0 stretching)

The milled samples were placed in the sample holder cups and measured using a
Bruker Tensor FTIR spectrometer (Bruker Tensor 27) from wavenumber 4’000 cm! to
250 cm1 at a resolution of 6 cm1. The resulting spectra were water- and baseline cor-
rected and smoothed using the device’s software.

3.6 Black Carbon

For the determination of black carbon, the benzene polycarboxylic acid (BPCA) method
was used (Wiedemeier et al., 2013). The method contains four steps (Figure 3-2 and Table
3-4) that allow to isolate marker compounds specific to fire-derived organic carbon.

Dry and homogenized samples (containing 1 - 10 mg of organic carbon) were digested
based on an average Corg content of about 1 % - 3 % (based on POC values published in
previous works, Hilton et al., 2015, Vonk et al., 2015a). About 800 mg were used for the
sediment samples, 125 mg - 250 mg for the chernozem, about 20 mg for the chestnut
wood-char, and about 200 mg for the marine sediment.

A pre-treatment using trifluoroacetic acid (TFA, C2HF302) to remove polyvalent metals
(Coppola et al,, 2013; Brodowski et al., 2005) is required for sediment samples. This step
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is omitted in the case of the chernozem soil standard (Schmidt et al., 1999; Wiedemeier et
al., 2013) and chestnut wood standard (Hammes et al., 2006). It is omitted because
Brodowski et al. (2005) found that pre-treating charred substances or soils with TFA can
already produce BPCAs, which may result in an overestimation of BC content in the sam-
ple. The samples are placed in quartz tubes and 10 ml of 4 M TFA are carefully added.

B5CA

B6CA 1,2,4,5 B4CA

1 1 | 1.2,3,5B4CA

\ ‘ 1,2,3,4 BACA

’ 1,2,4 B3CA

| “ { ;-1.2.3B3CA
1
G ¥ v ¥

HNO, digestion cation removal solid phase extraction chromatography

Figure 3-2 Sketch of the improved BPCA method with individual steps, (Wiedemeier et al., 2016).

The tubes are put into high pressure digestion chambers (Schramel et al., 1980) and
putinto a dry oven for 4 hours at 105 °C (see Brodowski et al., 2005). After recovery from
the oven the samples are filtered using Chromabond glass fiber filters (< 0.7 pm) placed
into glass syringes. Then the samples are dried overnight at 60 °C.

Table 3-4 Overview of the BPCA method steps and reference material. TFA stands for Trifluoracetic acid, C/R denotes Cation Removal, SPE
denotes Solid Phase Extraction (removal of apolar compounds).

Type Reference Pretreatment Oxidation C/R SPE

Time Temp Acid Time Temp Acid
Chernozem  Schmidt et

(30800GW8) a1, (1999) — — 8h 170°C  HNO3 Yes Yes
Chestnut Hammes et “ « “

(125B16MH23) al. (2006)

Marine Hammes et 4h 105 °C TFA « “ “«

(124B16MH4)  g]. (2007)

Sample “ “ “ “ ) ‘ ‘ i

The first step of the BPCA method is the nitric acid (HNO3) digestion (Figure 3-2). The
samples are again placed into quartz tubes and 2 ml of nitric acid are added. Samples pre-
viously treated with TFA are transferred from the glass syringes, carrying over the Chro-
mabond glass fiber filter. The quartz tubes are then placed into the high pressure cham-
bers and put into a drying oven at 170° for 8 hours (Wiedemeier et al., 2016). The quartz
tubes are then recovered from the pressure chamber and the samples are filtered with
Milli-Q water into 25 ml volumetric flasks using glass syringes, Chromabond filters and a
vacuum chamber (Wiedemeier et al., 2016).
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Once the samples are collected in the volumetric flasks, the cations need to be removed
with a cation exchange resin (a synthetic resin with all sites being negatively charged to
remove cations; Encyclopaedia Britannica, 2009). The conditioning involves rinsing it
with 2 columns of water, 1 column of 2 M NaOH, again 3 columns of water, then 1 column
of 2 M HCl and finally, 2 columns of water.

The quality of the resin is controlled by checking the conductivity of water collected
after rinsing, it should be below 2 puS. For standards, an aliquot of 10 ml is applied to the
resin and subsequently rinsed five times with 10 ml ultrapure water. For samples, the
whole 25 ml were applied to the resin, rinsed with 4 times 10 ml of ultrapure water. The
solution is collected in 100 ml conical flasks and frozen at - 25 °C. Freezing with liquid
nitrogen (“snap freezing”) was omitted because of the higher nitric acid content posing a
risk for the breaking of the conical flasks. The frozen samples were then freeze-dried at
- 80 °C and 100 Pa (Christ, 2018).

The dry samples are then re-dissolved in 3 ml of a methanol / water (1:1, v:v) solution
and applied to Supelco LC 18 SPE cartridges (Supelco, 1998). Here the sample solution is
splitinto A and B for later reproducibility checks. Onto each SPE cartridge 1.5 ml of sample
solution are added and rinsed with 1 ml of MeOH/H20 solution (1:1, v:v) and collected in
2.5 ml test tubes. The test tubes are then dried in a vacuum concentrator for 4.5 hours at
45 °Cand 500 Pa.

Finally, the dried samples are dissolved using 0.5 ml of ultrapure water and dissolution
is supported using a shaker. This procedure is repeated once again, so that 1 ml of sample
solution is produced. Now the samples are ready for chromatographic analysis and can be
stored in a refrigerator for up to three months (Wiedemeier et al.,, 2016).

The chromatography was done using high pressure liquid chromatography (HPLC, Ag-
ilent technologies, Infinity). For solvent A 20 ml of 85 % orthophosphoric acid (H3P04)
were diluted in 980 ml of ultrapure water. The solution was filtered using a glass fiber
filter under vacuum. The pH of this solution should be between 1.23 and 1.27. For solvent
B pure HPLC grade acetonitrile was used (Wiedemeier et al.,, 2016).

Standard solutions, consisting of commercially available BPCAs were used to produce
a standard series with known concentrations of BPCAs (5 pg, 20 pug, 60 pg, 100 pg, 150 pg
and 250 pg of each BPCA dissolved in 1 ml of ultrapure water, see Wiedemeier et al,,
2016). The BPCAs in the external standard series are: hemimellitic (B3CA), trimellitic
(B3CA), pyromellitic (B4CA), pentacarboxylic (B5CA) and mellitic acid (B6CA, see also
Figure 2-3 a).

The five BPCAs have distinct retention times and are thus quantitatively distinguisha-
ble (Figure 2-3 b). The area under the curve (of a certain peak) is representative of the
concentration. Thus, extracting the correct retention time and the corresponding peak
area yields the amount of a certain compound. In order to extract the correct peak from
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the noisier chromatogram of a sample, the relative retention time can be used (RRT =
t,/t;). It is a better measure than the absolute retention time (M. Hilf, personal commu-
nication, 2018). The exact retention time is not constant across multiple HPLC runs and is
a function of the sample as well as the solvent and the age of the column, thus the absolute
retention time of the sampled BPCAs is not exactly comparable to e.g. results found in
other literature (such as Wiedemeier et al., 2013). The distribution of the different BPCAs
indicates the degree of aromatic condensation of BC (Wiedemeier et al., 2016).

The BPCA method suffers from the disadvantage of underestimating the amount of BC
in the sample because the actual overarching structure (Figure 1-3 for an example) of the
condensed BC is lost during the breakdown into marker compounds (Wiedemeier et al.,
2016). Several conversion factors from the measured amount of BPCAs to the actual BC
have been proposed, ranging from 2.27 (Glaser et al., 1998) to 4.5 (Brodowski et al., 2005).
Most recently the conversion factor was estimated at 4 + 1 (Ziolkowski et al., 2011).

(a) (b)
COOH HOOC COOH
A~ ~COOH B5CA
L1 g| a) B6CA
COOH  HOOC COOH g 1,2,4.5B4CA
COOH o0 = 1,2,3,5 B4CA
hemimellitic acid trimellitic acid trimesic acid E =} SRt
= & [ 1,234B4CA
= | /
COOH  HOOC COOH  HOOC CooH @ kl J}UM
j@ .0_.2 — ) N s it MJL ~Aannm
HOOC COOH COOH  HOOC cooH - = 7~
COOH COOH g g1 b) 1279 1,2483CA
prehnitic acid mellophanic acid pyromeliitic acid % - 1,2,3B3CA
3 5.99 1550 o
COOH )
HOOC COOH HOOC COOH h 136 | / 18.08 10.08
1— I\ A e Wi A, ﬁ _____ A
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benzene pentacarboxylic acid mellitic acid time [mm]

Figure 3-3 (a) Molecular structure of the marker compounds (benzene polycarboxylic acids, BPCAs) isolated in the BPCA method, figure
adapted from Brodowski et al. (2005). (b) lllustrating the approximate retention time in the HPLC for BPCA marker compounds
(Wiedemeier et al., 2013). In (b) The specific samples used were (a) a soil sample (chernozem) and (b) grass charcoal (Oryza Sativa).

3.7 Carbon and Stable Isotopes

3.7.1 Isotope Ratio Mass Spectrometry

For the determination of organic carbon and the stable organic carbon isotopes, about
15 mg - 20 mg of the milled and freeze-dried samples were weighed into analytical silver
capsules (Santis Analytical AG, 2019). The capsules were placed in a desiccator and fumi-
gated with HCI at 60 °C for three days. NaOH pellets were added to remove residual acid.
The capsules were then closed and measured using an elemental analyzer isotope ratio
mass spectrometer (IRMS) at the Department of Earth Sciences of the ETH Ziirich.
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[sotopic signals are presented in the §-notation, which is the ratio of the heavier iso-
tope (H) to the lighter isotope (L, Table I1-6) in a ratio between the sample and a standard
(Eq. I11-4).

Rsample

SMASSElement = [R - 1] X 1000 %o (11 — 4)

standard

[sotopic differences express themselves in kinetic reactions, where the weight differ-
ence between the two isotopes is the driver when it comes to mixing and fractionation.
The lighter isotope is usually faster in kinetic reactions. In chemical equilibrium reactions,
the heavier isotope concentrates in the state with the higher bonding strength (Fry, 2006).

Different behavior in kinetic reactions arises due to the different mass of the two iso-
topes. Kinetic energy is defined as:

1
Ekin =kT = Emvz (III - 5)
with k = Boltzmann constant, T = temperature, m = mass, v = velocity. Kinetic energy

depends only on temperature (kT = constant) and thus heavier isotopes (Mpeqpy >

Myigne) are less mobile (Mook, 2001).

Table 3-5 Isotopes of carbon (C) and nitrogen (N) and their relative attribution to the total, from Fry (2006).

Isotope Abundance

Element Light (L) % Heavy (H) %
Carbon 12C 98.89 13C 1.11
Nitrogen 14N 99.64 15N 0.36

For some samples it was not possible to directly measure Corg by means of IRMS. In
these cases, the amount of Corg was approximated by means of a partial least squares re-
gression using data obtained by DR-spectrometry. A discussion of this procedure can be
found in the supplements (p. 85).

3.7.2 Cavity Ring-Down Spectrometry

The total carbon stable isotopic signature (6§13C,,.) and carbon content (%) was deter-
mined with a PICARRO G2131-I Cavity Ring-Down Spectrometer (CRDS) concentration
analyzer (PICARRO, 2017). In CRDS a single-frequency laser beam is inserted into a cylin-
drical chamber with three mirrors. These three mirrors continuously re-direct the laser
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beam. The reflectivity of the PICARRO mirrors is 99.999 % and thus the laser beam grad-
ually loses light intensity as soon as the incoming laser is shut off. This decay, also called
ring-down is measured by a photodetector. This leads to up to 100’000 cycles and a path
length of up 20 kilometers (PICARRO, 2019). Using an empty cavity (no sample gas in-
jected) the ring-down time is only dependent on the reflectivity of the mirrors, however
once a sample gas is introduced, further intensity loss occurs and the ring-down time is
shortened (Berden and Engeln, 2009).

CO2 has a well-defined absorption spectrum in the near-infrared, which is used in CRDS
to calculate the concentration of carbon. The strength of the absorption can be precisely
measured with CRDS, which in turn relates directly to the concentration (PICARRO, 2019).
Since the sample is burned and converted into CO2, the measured amount of CO2 corre-
sponds directly to the carbon content in the sample. Furthermore, the precision of CRDS
in combination with different but well-constrained absorption spectra of 12C0O2 and 13CO2
allows to determine the isotopic signature 613C.

For the measurement around 10 mg - 15 mg of the milled samples were weighed into
analytical tin capsules (Santis Analytical AG, 2019), which were then measured using a
PICARRO G2131-i concentration analyzer (PICARRO, 2017).

3.8 Mixing Model and Export Fluxes

The transport behavior of particles can be studied with a mixing model (Eq. I1I-6). The
measured contribution of a certain grain size fraction at Inuvik / Mackenzie should result
from the input of the three main rivers (Mackenzie, Arctic Red, Peel). For this the fraction
(f) of each river in the total sediment flux measured at Inuvik is used (Table 2-1). Where
0 refers to the measured fraction of a certain grain size in a specific river, and x refers to
a certain sampling site (x; ...x,, with x;= Tsiigehtchic / Mackenzie, x, = Tsiigehtchic /
Arctic Red, x; = Fort McPherson / Peel, and x, = Inuvik / Mackenzie).

fer ¥ O, + fi, ¥ O, + fiy % 0y, = By, (I — 6)

The fluxes for the different grain size fractions are based on three assumptions. Firstly,
the measured grain size composition represents a temporally averaged and representa-
tive distribution in the sampled rivers. Secondly, the averaged suspended sediment yield
reported by others is representative both in time and space. Finally, suspended sediment,
river bank sediment and bedload sediment are regarded as being identical. Based on this,
a flux is calculated as follows:

Fluxg = TSS X f X 6 (11— 7)
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Where TSS denotes total suspended sediment in [Mt yr-1] and f is the fraction of the
total a certain size fraction is accounting for. 8 represents a certain measure, here either
Corg, relative to the sampled sediment [%], or BPCA-C in [g BPCA-C / kg sample].
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4 Results

4.1 Mass Balance

The samples were size fractioned, and the results are thus represented as particle size
ranges. And since the size fraction < 63 um was further sieved down, the results can be
putinto different size-classes (Table 4-1). This essentially means that “bulk” is an average
of what is found in the sample (no sieving). Then what is called “first sieving” entails par-
ticles with diameters larger than 63 pm and what is called “second sieving” encompasses
particles with diameters smaller than 63 pm.

Table 4-1 Overview of the presentation scheme for the sampled results.

Size-Class Particle size range
Bulk Bulk sample, as mixture of all particle sizes
first sieving / larger particles > 250 um, 150 - 250 um, 63 - 150 pm, < 63 pm

second sieving / smaller particles, pseudo-dissolved 32 -63 pm, 20 - 32 pm, < 20 um

The rivers show different distributions in the larger particles (Figure 4-1, first sieving).
The largest particles (> 250 pm) have the lowest share in all four sites. The second lowest
contribution is found for the next smaller grain size fraction (150 - 250 um). The Macken-
zie River at Inuvik shows a lower value (5 %) than the incoming rivers (15 %, 11 %, 10 %,
same order as presented in Figure 4-1).

The range of particles between 63 and 150 um comes next in importance for the dis-
tribution, with 34 % in Tsiigehtchic / Mackenzie, 21 % in Arctic Red, 40 % in Peel, and
60 % in Inuvik / Mackenzie. Particles smaller than 63 pm account for 48 % and 62 % of
the total mass in Tsiigehtchic / Mackenzie, respectively Tsiigehtchic / Arctic Red. Peel
River shows a different distribution, with particles smaller than 63 pm only accounting
for 21 % of the mass. Inuvik / Mackenzie shows the second lowest contribution of this
grain size fraction (29 %).

When looking at the smaller particles, the distributions look more similar. Highest in
all four rivers is the contribution of particles in the range of 32 - 63 um. It is at 59 %
(relative to < 63 um) for Tsiigehtchic / Mackenzie, at 41 % for Arctic Red River and at
53 % for Peel River. In Inuvik / Mackenzie this grain size fraction accounts for 48 % of the
particles < 63 um.

Particles below < 20 um are next in importance, with 22 % in Tsiigehtchic / Mackenzie,
31 % and 30 % in Arctic Red, respectively Peel River and 34 % in Inuvik / Mackenzie. This
grain size fraction accounts for less mass in the delta with only a contribution of about
20 %.
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Figure 4-1 Mass balance for the four different sampling locations and rivers (Station / River). Particle sizes were determined by two con-
secutive rounds of sieving, more info in Table 4-1.

The mixing model is subsequently demonstrated based on sediment discharge data
from Carson et al. (1998) and the 32 - 63 um grain size fraction (Eq. [V-1). The theoretical

57 % contribution at Inuvik / Mackenzie is contrasted with a measured contribution of
48 % for the 32 - 63 um grain size fraction.

0.77*59% + 0.06*41% +0.17%*53% =57% #48% (v -1
Overall intermediate sized particles (63 - 150 um) as well as very small particles (<
20 um) are enriched in the deltaic environment, whereas the other particles experience

either little change (32 - 20 pum) or are being deposited (bulk, > 250 pm, < 63 pm, 32 -
63 pum, Table 4-2).
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Table 4-2 Results of the simple mixing model, values in [%] of total or in [%] of the grain size fraction < 63 um, where indicated with a star
(*). Calculated using data from (a) Gareis and Lesack (2017) and (b) Carson et al. (1998) and equation I1I-6. The last column gives the
measured contribution (m).

Grain Size Fraction Inuvik / Macken- Inuvik / Macken- Inuvik / Macken-
zied zieb ziem
> 250 pm 6 5 5
150 - 250 pm 18 17 5
63 - 150 pm 34 34 60
<63 um 42 44 29
32-63 um 56 57* 48"
20 - 32 pm 19° 19° 18°
<20 um 25" 24" 34"

4.2 Elemental Composition

Aluminum (Figure 4-2, a) is higher in Tsiigehtcic / Arctic Red (average of 7.1 + 0.4 %)
and Fort McPherson / Peel (6.3 £ 0.4 %) compared to Mackenzie River. Mackenzie River
at Tsiigehtchic shows lower values (average 5.3 + 0.4 %) than at Inuvik (5.8 * 0.4 %).
Which is reasonable due to the input of sediment with higher Al content from Arctic Red
and Peel Rivers (mixing model tested). Also noticeable is a lower Al content in > 250 um
(average 4.9% * 0.4 %) compared to < 20 pm (8.2 + 0.4 %) in all four rivers. This trend is
most pronounced in Mackenzie River, both at Tsiigehtchic and Inuvik. With Tsiigehtchic
/ Mackenzie increasing from 3.7 + 0.4 % (> 250 pum) up to 8.2 + 0.4 % (< 20 pm) and Inuvik
/ Mackenzie increasing from 3.8 + 0.4 % up to 8.5 * 0.4 %. As both the bulk as well as the
< 63 um size fraction are mixtures of the respectively smaller size fractions, it is obvious
why they show values in the middle of the distribution.

Silicon content is generally high compared to the other elements, with values rarely
below the range of 30 % - 40 %. The highest values are on average found in Peel River
(40.3 £ 2.6 %), with Arctic Red (37.5 + 2.6%) and Tsiigehtchic / Mackenzie (36.6 + 2.6 %)
having lower values. Inuvik / Mackenzie has on average the smallest Si content (33.1
2.6 %). The low values of Si in Inuvik / Mackenzie (bulk: 29.6 + 3.3 %, > 250 um: 22.6 +
2.6 %, 150 - 250 um: 28.5 + 3.3 %) and in the bulk of Tsiigehtchic / Mackenzie (30 +
7.0 %) might be affected by measurement problems. In contrast to aluminum, silicon does
not show a trend or relationship between size fraction and content. The ratio of Al/Si (Fig-
ure 4-2, b) shows a trend for the correlation between Al/Si and particle size. Al/Si in-

creases with decreasing particle size.
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Figure 4-2 (a) Overview of selected elemental shares. Black bars indicate the error range for a specific measurement. The working code is
a unique code identifying each sample. MT refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to Fort Mcpherson / Peel
and MD to Inuvik / Mackenzie, the number refers to the particle size, with 1 being associated with bulk and 8 with < 20 um (more details
in Table 3-1). (b) Particle size (grain size fraction) vs. Al/Si ratio.

Calcium is the lowest in Peel River (average of 2.5 + 0.1 %), followed by the Arctic Red
River (4.3 £ 0.1 %). Tsiigehtchic / Mackenzie has on average 6.9 + 0.4 % of Ca, spanning a
range from 4.5 + 0.1 % (> 250 um) up to 8.9 £ 0.1 % (32 - 63 um). Inuvik / Mackenzie has
on average about 6 + 0.2 % Ca, ranging from 4.3 + 0.1 % (< 20 um) up to 7.6 + 0.1 % (32 -
63 pm). Then it decreases again towards the smallest size fractions.
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The difference between Tsiigehtchic / Mackenzie and Inuvik / Mackenzie is attributa-
ble to a dilution with low-Ca water from Arctic Red and Peel Rivers. For the bulk, the mix-
ing model suggests a Ca-content of 6.33 % for Inuvik / Mackenzie. Measured for the bulk
is 5.9 £ 0.62. Ca in Inuvik / Mackenzie is thus diluted by the lower Ca-containing sediment
from Arctic Red and Peel Rivers.

0.77 7.2+ 0.06 x4.6 + 0.17 x3.0 =6.33 = 5.9 + 0.62 (v -=12)

The only exception is the > 250 grain size fraction, where Ca is increased compared to
the inputs (Figure 4-2).

Titanium is mainly associated with minerals (Viers et al., 2009; Bouchez et al., 2011).
Itis highest in Tsiigehtchic / Arctic Red (0.4 £ 0.03 %), followed by Fort McPherson / Peel
(0.32 £ 0.03 %), Inuvik / Mackenzie (0.24 + 0.03 %) and Tsiigehtchic / Mackenzie (0.17 *
0.03 %). Ignoring the mixed samples (bulk and < 63 pm) shows a clear trend from large
particles with lower Ti (> 250 um average of 0.17 * 0.03 %) to small particles with higher
Ti (<20 um 0.63 + 0.03 %).

4.3 Surface Area

The measurement conducted here for the marine standard (SRM 1941b, NIST, 2015),
resulted in 27.9 m?/g. Hammes et al. (2007) measured 28.6 m?/g. The difference of 0.7
m?/g or about 2.5 % is used as an estimate for the measurement uncertainty.

Tsiigehtchic / Arctic Red has on average the highest value of SA (10.6 = 0.7 m2/g), fol-
lowed by Fort McPherson / Peel (8.1 + 0.7 m2/g), Inuvik / Mackenzie (6.6 + 0.7 m?/g) and
Tsiigehtchic / Mackenzie (3.9 £ 0.7 m2/g, Figure 4-3).

When leaving the bulk and the < 63 um aside, as they represent mixtures of the other
grain size fractions, a clear increase of SA from larger to smaller particles is found in Tsi-
igehtchic / Mackenzie. This trend is not as well pronounced in the other rivers. A certain
increase in surface area can further be noted for smaller size fractions, where especially
the size fraction < 20 um shows high values of up to 23 + 0.7 m?/g.

Surface area is significantly correlated with Al content, which in turn is a proxy for clay
mineral content (R? = 0.83, highly significant, p = 3.5%10-13, Figure 4-4).
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sites. The working code is a unique code identifying each sample. MT refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic / Arctic Red,
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Figure 4-4 Relationship between aluminum and surface area. Linear regression significance levels (* 0.05, ** 0.01, *** 0.001) and R2. Colors
indicate the different measurement sites (Location / River). Aluminum was determined using XRF (p. 19), mineral specific surface area
was determined using BET (p. 18).
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4.4 Carbon Content

4.4.1 Total Carbon

The total carbon amount (Figure 4-5) can be used as a proxy for carbonate content and
to constrain the Corg measurement and predictions. Carbon is lowest in Fort McPherson /
Peel (average 2.1 % C) and highest in Inuvik / Mackenzie (4.8 %). Tsiigehtchic / Macken-
zie with an average of 3.5 % and Tsiigehtchic / Arctic Red (3.3 %) fall in between. Inuvik
/ Mackenzie being a good portion higher (1.3 %) than Tsiigehtchic / Mackenzie means
that the two other rivers contribute to the total C found in the samples at Inuvik. Two
large values of carbon are present in the Inuvik / Mackenzie larger size fractions (>
250 pm and 150 - 250 pm). Here the carbon content is 10.3 % respectively 6.9 %. These
two values contrast with other samples.
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Figure 4-5 Amount of total carbon (% C). Colors indicate different measurement sites. The working code is a unique code identifying each
sample. MT refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to Fort McPherson / Peel and MD to Inuvik / Mackenzie,
the number refers to the particle size, with 1 being associated with bulk and 8 with < 20 um (more details in Table 3-1).

The influence of carbonates on the total carbon content can be estimated by looking at
the Ca content in the samples (Figure 4-6). The correlation between total carbon and cal-
cium is low (Pearson’s r = 0.35, Figure 4-6 a) when using the full dataset, but high when
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ignoring the two extreme values (Pearson’s r = 0.83, Figure 4-6 b) found for Inuvik / Mac-
kenzie grain size fractions > 250 pm and 150 - 250 pm. The significance of the relationship
could not be assessed since regression conditions were not met (auto-correlation).
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Figure 4-6 Relationship between calcium and carbon. The upper panel (a) includes the extreme values found in Inuvik / Mackenzie (Pear-
son’s r = 0.35), while the lower panel (b) ignores these two (Pearson’s r = 0.83).

4.4.2 Organic Carbon

Using total carbon as a constraint for Corg (Figure 4-7) shows that no single value can
be regarded as unrealistic. This is clear because no value shows higher organic carbon
than total carbon.

Corg in the samples ranges from as low as 0.4 % for the 32 - 63 pm particles of Fort
McPherson / Peel up to more than 6 % for the >250 um particles in Inuvik / Mackenzie
(Figure 4-7). More variation is found for Corg than for total carbon. On average Fort
McPherson / Peel and Tsiigehtchic / Mackenzie have the lowest Corg content (0.9 %). The
highest value of Corg (on average) is in Inuvik / Mackenzie (2.2 %) followed by Tsiigehtchic
/ Arctic Red (1.6 %). On average the size fraction > 250 um has the highest Corg content
(2.9 %) followed by the 150 - 250 um size fraction (1.9 %). This can be explained with
plant residues (roots, leaves, etc.). The two smallest size fractions come next in average
Corg content. Particles between 20 - 32 um have on average 1.1 % of Corg and particles <
20 pm have about 1.6 %. This indicates that Corg is associated with larger fragments of
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biomass (as in bulk and the larger size fractions) and is again increasing towards the very
small particles.
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Figure 4-7 Organic carbon (Corg) in the samples. Colors indicate different measurement sites. The Working code is a unique code identifying
each sample. MT refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to Fort McPherson / Peel and MD to Inuvik /
Mackenzie, the number refers to the particle size, with 1 being associated with bulk and 8 with < 20 um (more details in Table 3-1).

4.4.3 Black Carbon

Evaluating BPCA based on sample mass (Figure 4-8, a) yields on average the lowest
amount for Tsiigehtchic / Mackenzie (0.56 + 0.14 g BPCA-C /kg sample), followed by Fort
McPherson / Peel (0.93 * 0.14 g BPCA-C /kg sample) and Inuvik / Mackenzie (0.99 + 0.14
g BPCA-C /kg sample). Arctic Red River has the highest amount of BPCA per kilogram of
sample (1.26 + 0.14 g BPCA-C /kg sample). The two peaks in the larger particles of Inuvik
/ Mackenzie (>250 pm and 150 - 250 um) are also present for total carbon (Figure 4-5)
and organic carbon (Figure 4-7).

Comparing the individual measurements across the different particle sizes (Figure 4-8,
b) illustrates that the sites show some distinct features. For instance, Tsiigehtchic / Arctic
Red and Fort McPherson / Peel follow a similar pattern with Arctic Red having just slightly
higher values (except for < 20 um, where they are the same). Furthermore, a clear (alt-
hough small) difference between the Mackenzie River and both Arctic Red and Peel Rivers
is evident. Overall no clear relationship or trend can be found between particle size and
BPCA. However, looking only at the smallest particles (32 - 63 pum, 20 - 32 pm and <
20 pm) shows an increase of BPCA with decreasing particle size.
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Normalizing the measured BPCA values to the amount of organic carbon found in the
samples changes the situation (Figure 4-8, c). Here the lowest average values are in Inuvik
/ Mackenzie (60 = 14 g BPCA-C /kg Corg) and Tsiigehtchic / Mackenzie (64 + 14 g BPCA-C
/kg Corg). Arctic Red River follows next with about 86 + 14 g BPCA-C /kg Corg. The most
amount of BC is present in samples from Peel River (121 + 14 g BPCA-C /kg Corg). Both the
Arctic Red and Peel Rivers have on average higher values than the Mackenzie River. Thus,
it is surprising to find the lowest overall value of BC in the Mackenzie River at Inuvik.

Again, the two rivers Arctic Red and Peel show different values in the size fractions
(Figure 4-8, d), however the pattern is not the same as for the non-normalized values. For
the Mackenzie River (Tsiigehtchic and Inuvik) an increase of BC from 48 (+ 14) g BPCA-C
/kg Corg, respectively 32 (+ 14) g BPCA-C/kg Corg, at > 250 um, to about 81 (+ 14) g BPCA-
C /kg Corg, respectively 75, at 32 - 63 pm is visible. Then Inuvik / Mackenzie further in-
creases to 93 (= 14) g BPCA-C /kg Corg and subsequently decreases drastically to 64 (* 14)
g BPCA-C /kg Corg. Mackenzie decreases directly after 20 - 32 um. The variability of BPCA
per particle size narrows down from large particles to the smallest, with especially 20 -

32 um and < 20 pm exhibiting little variation.
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As with Corg, BC may be primarily associated with particle surfaces and mineral aggre-
gations, thus assessing the relationship between SA and BC is important (Figure 4-9).
When ignoring the outliers found in the samples from Inuvik / Mackenzie (as done earlier
for total carbon) there is a strong correlation (Pearson’s r = 0.75) between SA and BC on
the level of [g BPCA-C / kg sample] (Figure 4-9 a). The correlation is low when looking at
BC as a portion of C [g BPCA-C / kg Corg] (Pearson’s r = 0.04, Figure 4-9 b).
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Figure 4-9 Mineral specific surface area vs. BPCA-C. (a) Corg independent measurement in [g BPCA-C / kg sample], (b) BPCA-C as portion
of Corg in [g BPCA-C / kg C]. Linear regression significance levels (* 0.05, ** 0.01, ***0.001) and R Colors indicate the different measurement
sites (Location / River). BPCA-C determined using the method introduced by Wiedemeier et al. (2013) (p.22), mineral specific surface area
was determined using BET (p. 18).

The distribution of the different BPCAs (B3CA, B4CA, B5CA, B6CA) gives an indication
of the quality, structure and polycyclic aromatic condensation of BC (Figure 4-10). Across
all samples (Figure 4-10, a) the distribution shows some variation. B3CA has the lowest
share across all samples (6.7 £ 0.3 %), followed by B5CA (27.9 £ 1.7 %) and B6CA (30.0 £
3.3 %). The highest average share across all samples has B4CA with 35 + 3.2 %.
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Figure 4-10 Distribution of the different BPCAs. (a) all samples individually, stacked distribution of the BPCAs. (b) shows the distribution
of the different BPCAs between sites. Here the grouping colors indicate statistically significant different groups. For each of the four BPCAs
a test for normal distribution was conducted by using the Shapiro method, subsequently a Levene test was used to test for equal variances
and finally either a Kruskal-Wallis (K.-W.) or an analysis of variance (ANOVA; AOV) was conducted to see if measurement sites have sig-
nificantly different BPCA distribution. A Dunn post-hoc test, using the Bonnferoni method, was used to find the different groups. The work-
ing code is a unique code identifying each sample. MT refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to Fort
McPherson / Peel and MD to Inuvik / Mackenzie, the number refers to the particle size, with 1 being associated with bulk and 8 with < 20
um (more details in Table 3-1).

Differences become more apparent when comparing BPCAs between sites (Figure
4-10, b). B3CA in Tsiigehtchic / Mackenzie is significantly lower (r = 1.18, large effect,
Cohen, 1992) than in the other three sites. For B4CA the distribution in Tsiigehtchic /
Mackenzie is lower than in Tsiigehtchic / Arctic Red (r = 1.15, large effect), while both are
no different from the distribution at Fort McPherson / Peel and Inuvik / Mackenzie. Fur-
thermore, the distribution of B5CA is higher in the Mackenzie River than in the Arctic Red
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River at Tsiigehtchic, while they are no different from Peel and Mackenzie (at Inuvik). Fi-
nally, B6CA is statistically the same across all sites.

These results indicate that the three delta-head rivers transport BC of slightly different
quality. These differences are especially apparent between the rivers Mackenzie and Arc-
tic Red. With Arctic Red exporting, on average, less condensed BC, as B3CA and B4CA are
higher and B5CA is lower than in Mackenzie River (at Tsiigehtchic).

4.5 Stable Isotopes

The signal of total stable carbon shows a group of less negative §13C values for Tsi-
igehtchic / Mackenzie (~ -7.3 £ 0.1 %o to 10.3 £ 0.1 %o0) and overall more negative §13C
values for most of the other samples (-14.2 £ 0.1 %o to -24.4 + 0.1 %o, Figure 4-11, a). Four
samples show even lower (i.e. more 13C depleted relative to standard) values. The lowest
(i.e. most negative) value is that of the size fraction < 20 pm in Fort McPherson / Peel with
-24.4 = 0.1 %eo. This is followed by Inuvik / Mackenzie, > 250 um with -23.6 + 0.1 %o and
Fort McPherson / Peel, > 250 pm with -21.5 £ 0.1 %o. Then there is the size fraction of
particles within 150 pum to 250 pm in Inuvik / Mackenzie with -21.2 + 0.1 %o.

Higher (less negative) 13C (values close to 0.0 %o) is attributable to higher calcium con-
tent, while biological processes result in a 13C depletion and lower (more negative) §13C.
The values with the least negative §13C signal, as described above at around -7.3 to 10.3 *
0.1 %o, show the highest Ca content (Figure 4-11, b). While values with more negative
013C values show less Ca content (R? = 0.84, highly significant, p = 1.1*10-12). In this re-
gression the two outliers in Inuvik / Mackenzie were again ignored.

Stable organic carbon is distributed over a narrow range (Figure 4-12). The differences
between the sites as well as the particles sizes are not further explored because of limita-
tions in the laboratory. Overall the values fall into the range of terrestrial C3-plant origin
(-30 %o to -25 %o).
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Figure 4-11 Stable carbon isotopes (total carbon, Cw:, organic + inorganic C) in (a) the different size fractions and the different sampling
sites, and in (b) relative to calcium content. Significance levels * p < 0.05, ** p < 0.01, *** p < 0.001. The working code is a unique code
identifying each sample. MT refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to Fort McPherson / Peel and MD to
Inuvik / Mackenzie, the number refers to the grain size fraction, with 1 being associated with bulk material and 8 with < 20 um (more

details in Table 3-1).
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Figure 4-12 Stable carbon isotopes in the different size fractions, determined using isotope ratio mass spectrometry (p. 25). The Working
Code is a unique code identifying each sample. MT refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to Fort McPherson
/ Peel and MD to Inuvik / Mackenzie, the number refers to the grain size fraction, with 1 being associated with bulk material and 8 with <

20 um (more details in Table 3-1).
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4.6 Mid-infrared spectrometry

The inspection of all absorbance spectra in a single view highlights dominant features
across samples, sites and particle sizes (Figure 4-13). First off, this is a rather complex
situation, with a lot of signals, and more than a few peaks. A strong peak at around
3600 cm! is visible for all samples. Another clear peak around 2600 cm-1! is also found in
all samples, albeit it is not as well pronounced everywhere (see e.g. < 20 pm at Fort
McPherson / Peel). The signature from around 2000 cm! down to 400 cm-! shows the
strongest differences both between as well as across sites and size fractions. A closer look
at this region can only be successful when looking at the results with a higher resolution.
This is exemplarily done for a single site (Figure 4-14). Spectra for the other samples are
found in the supplementary figures (p. 82).
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Figure 4-13 Overview of the mid-infrared spectral data from diffuse reflectance spectrometry across all samples and all sites. Colors high-
light sites, individual spectra represent samples. From top to bottom the particle sizes decrease. Absorbance is a unitless ratio defined as

A= —log (i), where [ is the measured light intensity and 1 is the initial intensity.
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Bands resulting from aromatic structures are highlighted in different colors, based on
Table 3-3. Starting with the region indicating aromatic C-H stretching (shaded red, 3°'130
- 3’070 cm1) no clear peaks can be observed and absorbance is close to 0.1. A peak is
however visible near 3’700 cm-1, which corresponds to alcohol functional groups (O-H
stretching). A very clear peak is visible at around 2’400 cm-, this corresponds to CO2
(0=C=0 stretching).
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Figure 4-14 Mid-infrared spectral data from diffuse reflectance spectrometry for the site Tsiigehtchic / Mackenzie. Dashed lines indicate
absorption bands of compounds related to aromatic structures. Aromatic C-H i-p-b refers to aromatic C-H in-plane bending. Aromatic C-
H o-p-b denotes aromatic C-H out-of-plane bending. For more details about the bands and the spectra refer to the text and Table 3-3.

Absorbance is a unitless ratio defined as A = — log (i) where I is the measured light intensity and I, is the initial intensity.
Naturally this is atmospheric COz. In the aromatic combination band (shaded yellow,
2’000 - 1’600 cm1) two peaks are visible. Absorbance in this region indicates simple aro-
matic compounds (therefore maybe indicative of BC). Two peaks are also present for the
aromatic ring stretch bands (shaded in dark blue and orange, 1615 - 1580 cm-1, respec-
tively 1510 - 1450 cm-1), indicating benzene ring stretching. The band for aromatic C-H

in-plane-bending (1225 - 950 cm-1, shaded in light green) shows one small peak and one
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large peak, that extends beyond the boundaries of the band. The band for aromatic C-H
out-of-plane bending (900 - 670 cm-1, shaded in dark green) shows two distinctive peaks
at 700 cm! and 600 cm! and a small peak at around 900 cm-1.

The correspondence between the area under the curve (AUC, or the integral) of a cer-
tain band and the concentration of BPCA-C is only significant for AUC-3 (aromatic C-H
stretch, R? = 0.66, Figure 4-15). The individual AUC values are found in Table 4-3. Again,
the relationship is only significant for BPCA-C in relation to sample mass (Figure 4-15 b)

and not in relation to Corg (Figure 4-15 b).
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Figure 4-15 C-H stretch absorbance area under curve vs. BPCA-C. (a) AUC vs. g BPCA-C / kg C, no significant relationship (b) AUC vs. g
BPCA-C / kg sample showing a significant relationship. Levels of significance * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table 4-3 Area under the curve (AUC) for the samples and the different NIR bands important for aromatic compounds.

AUC-1 AUC-2 AUC-3 AUC-4 AUC-5 AUC-6 AUC-tot

% L L . . Aromatic C-H Aromatic

g Aromatic ring Aromatic ring Aromatic C-H Aromatic C-H .

B stretch (blue) stretch (orange) stretch in-plane bend out-of-plane conTblna-

bend tion

MT1 5.5 13.7 3.7 22.7 19.5 41.0 106.2
MT2 10.8 29.5 1.3 35.0 379 46.0 160.6
MT3 8.0 25.0 0.3 29.2 324 44.3 139.2
MT4 7.2 21.3 0.1 231 31.5 47.2 130.4
MT5 4.8 21.4 2.0 43.0 15.6 22.7 109.5
MT6 6.3 20.6 0.6 28.1 27.4 44.1 127.2
MT7 5.0 19.9 1.9 29.1 159 25.6 97.5
MT8 43 15.3 3.2 25.8 14.2 14.7 77.5
AR1 3.1 9.2 4.4 35.7 12.6 10.2 75.1
AR2 6.1 18.6 3.8 35.1 20.7 18.1 102.4
AR3 6.5 20.2 3.6 34.3 31.1 25.2 120.8
AR4 4.3 21.4 3.6 67.5 20.0 12.5 129.3
AR5 53 17.9 2.7 22.4 25.4 17.7 91.4
AR6 6.1 20.2 2.4 26.3 25.3 25.6 106.0
AR7 3.1 12.2 3.6 18.9 16.1 6.4 60.3
AR8 5.8 19.1 3.0 23.7 29.3 19.0 100.0
PR1 53 12.9 3.7 27.9 319 27.5 109.3
PR2 7.5 22.5 3.3 39.7 32.3 26.4 131.6
PR3 7.9 23.8 2.0 36.2 43.7 371 150.8
PR4 6.4 23.2 2.0 38.0 29.2 29.4 128.2
PR5 6.6 20.0 3.2 32.8 331 26.3 121.9
PR6 7.5 24.7 1.6 39.0 35.6 36.1 144.6
PR7 7.4 25.1 1.9 35.4 389 31.2 140.0
PR8 2.7 8.1 4.4 24.2 16.6 4.5 60.4
MD1 6.4 13.7 4.9 21.3 22.6 31.5 100.5
MD2 11.1 17.8 7.3 21.2 10.8 30.7 98.8
MD3 9.5 18.6 5.0 221 15.6 28.4 99.2
MD4 6.7 24.2 0.9 35.2 24.5 34.8 126.3
MD5 5.4 20.0 2.6 29.9 18.4 23.5 99.7
MD6 5.6 22.8 1.3 37.4 17.2 29.5 113.7
MD7 6.0 20.7 1.7 31.3 24.5 30.4 114.6
MD8 3.6 14.4 3.1 34.2 16.0 7.8 79.2
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Table 4-4 Overview of the results from the different measurements. Individual samples are referred to by their working code (WC). WC is a unique code identifying each sample. MT refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic / Arctic
Red, PR to Fort McPherson / Peel and MD to Inuvik / Mackenzie, the number refers to the grain size fraction, with 1 being associated with bulk material and 8 with < 20 um (more details in Table 3-1). L/R denotes the sampling location (L)
and the corresponding river (R), GFR denotes the grain size fraction, S1 denote the share of a certain GFR to the total. S2 denotes the share of a certain GFR to < 63 um. SA denotes mineral specific surface area, Corg denotes organic carbon, Cprea
denotes Corg predicted from a partial least squares regression on diffuse reflectance spectrometry data, Crwt gives the total carbon content measured with cavity ring-down spectrometry. BPCA denotes benzene poly-carboxylic acid and is the
sum of the individual marker compounds (B3CA, B4CA, B5CA and B6CA). BPCA is given in % of Corg, in g / kg Corgas well as in g / kg S, where S denotes sample mass. Al denotes aluminum, Si denotes silicon, Ca denotes calcium and Ti denotes

titanium.
WC L/R GFR s1 S2 SA 81340 8130rg Corg  Cprea  Crot BPCA B3CA B4CA B5CA B6CA Al Si Ca Ti
[um] [%] [%] m2gt [%o] [%] [%-Corg] [g / kg Corg] [g/kgs] [%]
MT1 o Bulk 7.31 -8.7 -263+0.2 0.61 3.5 7.4 +1.46 74.1+14.6 0.4+0.28 59+0.31 34.7 £3.18 30.3+1.69 29.2+3.26 52+1.32 30.5+7.04 7.2+1.60 0.3+0.03
MT?2 = > 250 4 3.88 -8.5 1.7 3.1 49+ 1.46 48.6 + 14.6 0.8+0.28 5.0+0.31 31.0+3.18 329+1.69 31.1+3.26 3.7+0.42 43.8+2.61 4.5+0.10 0.2+0.03
[}
MT3 f‘n‘g 150 - 250 15 4.38 -9.8 -26.5+0.2 0.66 3.0 5.1+1.46 50.5 + 14.6 0.4 +0.28 6.0+0.31 36.1+3.18 29.1+1.69 28.8+3.26 43+042 40.6 +2.61 6.9+0.10 0.2+0.03
MT4 5 63-150 34 4.57 -8.2 -26.5+0.2 0.55 3.4 6.2+1.46 61.7 + 14.6 0.4+0.28 53+0.31 34.0 £3.18 29.4 +1.69 31.2+3.26 4.1+0.58 35.7 +5.35 7.4+0.99 0.2+0.03
MT5 E <63 48 9.23 -9.6 -26.8+0.2 0.8 3.7 7.2+1.46 71.7 £ 14.6 0.6 +0.28 6.0+0.31 33.5+3.18 29.4 +1.69 31.1+3.26 6.2 +0.42 35.3+2.61 7.7+0.10 0.5+0.03
MT6 E 32-63 59 5.59 -7.3 -26.4+0.2 0.54 3.8 8.1+146 81.4+14.6 0.4 +0.28 5.3+0.31 31.8+3.18 279+1.69 349+3.26 48+0.42 36.4+261 89+0.10 0.4 +0.03
MT7 :g;ﬂ 20-32 18 10.01 -0.3 -26.0+0.2 0.96 3.7 6.4 +1.46 639+ 14.6 0.6 £0.28 6.1+0.31 32.7+3.18 29.2+1.69 32.0+3.26 6.4+042 35.5+2.61 7.2+0.10 0.6 £0.03
MT8 = <20 22 18.34 -4.8 1.5 3.4 59+1.46 59.0 + 14.6 0.9+0.28 6.5+0.31 33.0+3.18 29.2 +1.69 31.4+3.26 8.2+0.42 34.8+2.61 5.5+0.10 0.6 +0.03
AR1 = Bulk 11.87 -16.8 11 3.2 10.4 £ 1.46 104.5 £ 14.6 1.1+0.28 7.6+0.31 36.5+3.18 269 +1.69 29.0+3.26 7.3+0.42 36.4+2.61 4.6 £0.10 0.6 +0.03
Q

AR2 f > 250 6 14.96 -20.0 -26.6 +0.2 2.13 3.6 7.0 £1.46 699 + 14.6 1.4+£0.28 7.4+0.31 36.6 £3.18 26.0 £ 1.69 30.0+£3.26 7.0+£0.42 38.2+2.61 3.9+0.10 0.5+0.03
AR3 § 150 - 250 11 13 -18.1 -26.6 +0.2 1.7 2.9 6.9+ 146 69.2 +14.6 1.2+£0.28 6.4+0.31 36.0 £3.18 27.7+£1.69 299+3.26 6.5+ 0.42 39.6+2.61 3.7+0.10 0.4 +0.03
AR4 <\ 63-150 21 10.74 -15.2 -26.3+0.2 1.47 3.5 8.5+ 1.46 84.6 + 14.6 1.3+0.28 6.3+0.31 36.0 £3.18 27.1+1.69 30.6 +3.26 59+0.42 38.0+2.61 54+0.10 0.4+0.03
ARS E <63 62 14.26 -17.2 -264+0.2 1.5 3.3 13.1+1.46 131.5+14.6 1.3+0.28 7.2+0.31 369 +3.18 26.2+1.69 29.7 +3.26 7.5+0.42 37.0+2.61 4.3+0.10 0.6 +0.03
AR6 E 32-63 41 10.63 -15.0 -26.2+0.2 1.5 3.5 7.2+1.46 719 £ 14.6 1.1+£0.28 6.3+0.31 359+3.18 27.7+£1.69 30.1+3.26 6.2+042 379+261 5.3+0.10 0.5+0.03
AR7 Eﬂ 20-32 28 21.34 -20.5 -26.4+0.2 1.92 3.1 7.4 %146 73.9+14.6 1.4+£0.28 7.7+0.31 36.8+3.18 26.3+1.69 29.1+3.26 8.8+0.42 36.1+2.61 3.1+0.10 0.6 £0.03
ARS8 & <20 31 16.66 -17.7 -26.2+0.2 1.5 3.2 8.5+ 1.46 84.8 +14.6 1.3+0.28 74+0.31 38.1+3.18 254 +1.69 29.1+3.26 7.5+0.42 37.1+2.61 3.9+0.10 0.6 +0.03
PR1 Bulk 114  -165 0.6 21 143+146 1433+146 09+028 6.6+031 352+3.18 283+1.69 30.0+326 7.1+042 392+261 3.0+£010 0.5+0.03
PR2 g_'j > 250 10 11.06 -215 -267+02 1.2 20 87146 86.5+14.6 1.0+028 63+031 344+318 281+1.69 313+326 51+042 43.1+261 19+0.10 0.3%0.03
PR3 : 150-250 28 9.28 -165 -26.6+0.2 06 20 139+146 139.2+14.6 0.8+0.28 6.2+031 34.8+3.18 278+1.69 31.2+3.26 55+042 41.5+261 2.7+010 0.40.03
PR4 § 63 -150 40 843 -14.2 0.6 23 13.8+146 1381+146 08+0.28 64+031 347+3.18 28.0+1.69 309+326 54+042 41.0+261 34+010 0.4+0.03
PR5 é <63 22 12.47 -188 1 2.1 9.4 +146 939+146 091028 7.2+031 372+3.18 275+1.69 281+326 7.2+042 39.1+261 24+010 0.6+0.03
PR6 § 32-63 53 8.08 -155 -26.6+0.2 04 20 19.2+146 1922+146 081028 6.7+031 358+3.18 282+1.69 292+326 57042 414+261 29+010 0.4+0.03
PR7 g 20-32 16 9.55 -178 -26.7+0.2 09 20 9.6+146 963+146 09+028 73+031 36.1+3.18 283+1.69 283+3.26 61+042 41.0+261 25+0.10 0.6+0.03
PR <20 30 2293 -244 1.6 21 8.0+ 1.46 79.8+14.6 1.3+028 87+031 37.1+318 255+1.69 287+326 88+044 359+261 15+0.10 0.7+0.03
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Table 4-5 Continuation of Table 4-4.

wC L/R GFR S1 S2 SA 81340 8130rg Corg Cpred Ciot BPCA B3CA B4CA B5CA B6CA Al Si Ca Ti
[um] [%]  [%] m2g? [%o] [%] [%-Corg] [g/kgCorg]  [g/kgSs] (%]

MD1 Bulk 7.47 -14.2 -26.2+0.2 1.57 3.9 5.4 +1.46 54.1+14.6 0.9+0.28 5.8+0.31 32.0+3.18 30.2+1.69 320+£3.26 5.6£0.60 29.6 £3.31 59+0.62 0.3 +0.03
MD2 & > 250 5 8.44 -23.6 -26.6 £0.2 6.4 10.3 3.2+146 319 +14.6 2.0+0.28 9.4+0.31 39.9+3.18 23.3+1.69 274+326 3.8£042 22.6£2.61 5.0+0.10 0.2+0.03
MD3 E 150 - 250 5 9.22 -21.2 -26.1£02 447 6.9 3.5+1.46 354 +14.6 1.6 £0.28 9.7+0.31 419+3.18 17.7 £1.69 30.7+3.26 4.7+0.53 28.5+3.27 53+0.57 0.3+0.03
MD4 s 63-150 60 6.57 -10.2 -26.3+0.2 0.77 3.3 6.3 +1.46 63.3 £14.6 0.5+0.28 6.3+0.31 37.5+3.18 31.5+1.69 248+3.26 53%042 38.7+2.61 7.0+0.10 0.3+0.03
MD5 E <63 29 11.4 -11.5 -26.2+0.2 1.05 3.5 6.5+ 1.46 64.5 £ 14.6 0.7 +£0.28 6.8+ 0.31 33.8+3.18 29.6 £ 1.69 299+326 7.0£042 364 +2.61 6.3+0.10 0.5+ 0.03
MD6 é 32-63 48 7.35 -8.8 -26.7+0.2 0.72 3.6 7.5+1.46 75.2+14.6 0.5+0.28 6.0+0.31 33.9+3.18 29.3£1.69 30.8+3.26 5.6+0.42 371+2.61 7.6+0.10 0.4 +0.03
MD7 E 20-32 18 9 -11.2 -26.7+0.2 0.7 3.5 9.3+ 1.46 93.2+14.6 0.7 +£0.28 6.7 £ 0.31 33.7+3.18 29.4 £1.69 302+£3.26 6.2%0.42 36.8+2.61 6.6 +0.10 0.5+0.03
MD8 <20 34 19.89 -174 -26.5+0.2 1.6 3.3 6.4 +1.46 64.3 £ 14.6 1.0 £0.28 7.2+0.31 33.8+3.18 28.1+1.69 30.8+£3.26 85%0.42 349+261 43%0.10 0.7 +0.03
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5 Discussion

5.1 Geochemical Characteristics of Grain Size Fractions

The driving question for the present work is: “Do grain size fractions show differences
in geochemical characteristics?”.

Depending on the hydrodynamic sorting of particles, river suspended sediment has a
different grain size distribution (Walling et al., 2000). Furthermore, a large river on a pas-
sive margin is different from a steep river on an active continental margin (Blair and Aller,
2012). The geochemical characteristics of different grain size fractions in suspended sed-
iment from the Mackenzie River as well as the fluxes of organic matter and black carbon
are discussed in the following.

5.1.1 Grain Size Distribution

The three delta-head rivers, as well as the delta middle channel, exhibit different grain-
size distributions (Figure 4-1). What Mackenzie, Arctic Red and Peel Rivers bring into the
delta does however not correspond to what is found there (Inuvik / Mackenzie).

Considering the particle size distribution there are three main observations. First,
there seems to be a loss of particles in the range of 150 - 250 um. These particles account
for very little mass in the delta (5 %) but are considerably higher in Arctic Red (11 %),
Peel (28 %) and Mackenzie (15 %). This is interesting because the even larger particles
(> 250 pm) are transported conservatively. Secondly, there is a loss of particles smaller
than 63 pm. In the delta these particles account for 29 % of the mass, whereas they ac-
count for 62 % in the Arctic Red River, 22 % in the Peel River and 48 % in the Mackenzie
River at Tsiigehtchic. Thirdly, there is an increase of particles in the range of 63 - 150 um.
In the delta they account for 60 % of the mass.

This clearly demonstrates that the delta dynamics in combination with arctic hydrol-
ogy (freshet) create a unique sedimentological setting. Both large (150 - 250 um) and
small particles (< 63 um) are lost, while the very large particles (> 250 um) are kept in
suspension and medium sized particles (63 - 150 pm) become the dominant particle size.

During the freshet, the Mackenzie River transports the most material, and the timing
can influence the results discussed here. Temporal differences in discharge could thus ac-
count for these differences to some extent. From a hydrodynamic point of view, it is less
likely that both small and large particles are lost, while medium sized particles become
the dominant mode of transport. But the delta gets flooded massively during the freshet,
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with almost half of the whole discharge being distributed over lakes and floodplains (Em-
merton et al., 2007). This could potentially remobilize medium sized particles from river
or channel banks, closed lakes and floodplains.

Studies have shown that overbank sediment close to the river channel is sand domi-
nated and that sediment gets progressively finer with increasing distance to the channel
(Lecce and Pavlowsky, 2004; Walling et al., 1997). Walling et al., 1997 found that more
than 50 % of particles from overbank deposits fell into the range of 112 pm - 346 pm. At
the same time the grain size fraction < 63 pm accounted for about 13.4 % - 36.8 % of the
total (Walling et al., 1997), similar to the Peel River (22 %) and the Mackenzie River
(29 %) in the delta. According to Walling et al. (1997) the overbank sediment was sub-
stantially more coarse than actual river suspended sediment. However, they were only
able to compare their results to river suspended sediment sampled during non-flooding
conditions. Interestingly Yamada et al. (2016) found fine grained overbank deposits dur-
ing a flooding event, and argue that coarser grains are being deposited at the channel mar-
gin and cannot be transported into newly formed overflow-channels. Differences between
river suspended sediment samples and riverbank, overbank and bedload samples are
thus very likely influencing the grain size distribution.

The observed composition of the delta-head rivers represents their respective drain-
age basin quite well. Arctic Red River has its source in the Western Cordillera, however at
the measurement station it already passed several hundred kilometers of the Interior
Plains. The Mackenzie River on the other hand flows out of Great Bear Lake, where the
Liard River contributes the largest amount of sediment, shortly after the outflow from
Great Bear Lake (at Fort Simpson). After this, the Mackenzie River gradually flows down
towards the Delta, draining mostly the Interior Plains. In consequence of similar hydro-
dynamics, it is reasonable that these rivers show similar particle size distributions. Even
more so since Liard River also has its source in the Western Cordillera. Carson et al.
(1998) found a similar grain size distribution between the Mackenzie River and the Arctic
Red River and a clearly different distribution for Peel River - at least during the sampling
time May to June. The Peel River finally has its source also in the Western Cordillera; how-
ever, its source is far more up north than that of the other rivers. It may thus be even more
affected by seasonal forcing, with large parts of the snow-cover mobilizing massive
amounts of bedrock during the melting period. Furthermore, the passage of the Peel River
over the flat Interior Plains is shorter and thus provides less time and place for the settling
out of larger particles. This would explain the shift towards larger particles in this river.

It was not possible to account for composite particles in this work. Particles in the co-
hesive range (< 62 pm) can form large aggregates with huge pores (Droppo, 2001; Droppo
et al,, 2015). This implies that the grain size fractions 32 - 63 pm, 20 - 32 ym and < 20 um
might have been transported as aggregates, bringing them towards the relative size of the
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larger grain size fractions. Aggregates in the range of several 100 um are well possible
(Droppo, 2001). This suggests that it might be more reasonable to sample suspended sed-
iment and riverbank material based on a bulk sample, with known grain size distribution,
rather than on a filtered sample (of any filter size).

5.1.2 Geochemical Characteristics

Aluminum is higher in the two tributaries Arctic Red and Peel than in the Mackenzie
River. They likely transport more minerals in suspension because they are closer to their
drainage basin, where they can mobilize material from soils and bedrock. Calcium on the
other hand seems to peak at medium sized particles and is lowest in the Peel River and
highest in the Mackenzie River. The Al/Si ratio, as an indicator for relative grain size and
clay content, shows an increase with smaller particles (Figure 4-2 b). This suggests that
the ratio, commonly used to reflect mineral content as well as grain size, is also suitable
for grain size fractions. It shows however, that Al/Si is not a site-specific indicator for
mineral content and sediment processing, but rather that it is grain size dominated.

Inorganic elements are frequently used in the assessment of weathering strength in
the catchment (Guo et al., 2018). Since many minerals are enriched in finer grain size frac-
tions, it is important to know the grain size distribution and the corresponding geochem-
ical and mineral compositions (Guo et al., 2018). Otherwise weathering will be assessed
too strong, simply by the higher amount of minerals in finer material (Guo etal., 2018). In
the samples analyzed here, titanium clearly increases with decreasing particle size (low-
est in > 250 pm and highest in < 20 pm). This enrichment of Ti is reasonable as it is pri-
marily associated with high-density secondary minerals (Guo et al., 2018; Viers et al,,
2009). For instance Viers et al. (2009) report on average 0.44% of Ti in the world’s rivers.
The average Ti content in the sampled rivers ranges from 0.17 + 0.03 % to 0.4 + 0.03 %
and one could thus think that the weathering is below or near the average. However, Ti
can be as high as 0.63 % for the smallest grain size fraction, which would then result in
much stronger weathering. Of course weathering indices are not solely based on a single
element (Guo et al., 2018), but it still demonstrates the magnitude of variability between
grain size fractions.

The relationship between minerals, indicated by high aluminum content, and surface
area is significant (R% = 0.83). This illustrates that the two tributaries Arctic Red and Peel
export higher amounts of clay minerals than the Mackenzie River (Figure 4-4). The Mac-
kenzie River has the higher surface area at Inuvik than at Tsiigehtchic, which is attributa-
ble to the inputs of the tributaries.

The bulk surface area for Tsiigehtchic / Mackenzie measured here is 7.31 + 0.7 m2/g,
which is lower than the 12 m2/g measured by Vonk et al. (2015a) for the middle channel,
however their value for the east channel is the same (7.3 m2/g,). For the Peel River they
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report 11 m?/g which is in good agreement to the value of 11.40 m?/g measured here
(Table 5-2). Interestingly the mineral specific surface area shows little variability between
years. This could indicate export of similar minerals and consequently similar weathering
and hydrodynamic conditions in the catchments.

5.1.3 Carbon in the Mix

Total carbon is on average lowest in the Peel River (2.1 %), followed by the Arctic Red
River (3.3 %) and the Mackenzie River at Tsiigehtchic (3.5 %, Figure 4-5). It is highest in
Mackenzie at Inuvik (4.8 %). There is no clear relationship with particle size. However,
total carbon and calcium are related (Figure 4-6) and clearly group the four rivers, with
Fort McPherson / Peel exhibiting low calcium and low carbon, Tsiigehtchic / Arctic Red
exhibiting high C and intermediate Ca and the two Mackenzie River sites falling into the
high carbon / high calcium range.

Organic carbon shows variability between both sites and size fractions. Differences be-
tween sites are larger than differences between size fractions. High organic carbon con-
tents are present in the smallest grain size fraction (< 20 um). This is likely due to the
higher surface area and higher mineral content that allows for more Corg to attach to the
surface or inter-particle areas (Blair and Aller, 2012).

In 2015, Hilton et al. also investigated Corg in different grain size fractions (Table 5-2).
The reported value for the grain size fraction 150 - 250 um of Tsiigehtchic / Mackenzie is
about 2.0 % in the year 2009. The same fraction shows 0.7 % Corgin 2017. The fraction of
particles between 63 — 150 um is reported with 1.0 % Corgin 2009. This was measured at
about 0.6 % in 2017. Lastly for particles < 63 pm, Hilton et al. (2015) report about 1.0 %
Corgin 2009. This corresponds to about 0.8 % in 2017. The comparison shows that Corg is
variable between grain size fractions and to some extent also between different years.

The relationship between surface area and Corg, referred to as Corg loading, gives infor-
mation about the sedimentological setting but also about the supply and preservation of
organic matter (Figure 4-1). The three main regimes defined by different loadings are: 0.4
- 1.0 Corg / m2, < 0.4 Corg/ m2and > 1.0 Corg / m? (Blair and Aller, 2012).

The region between 0.4 Corg / m?and 1.0 Corg / m2 describes river suspended and non-
deltaic shelf sediments that are in balance between composition and supply. Many values
fall into this range. The smallest particles (20 - 32 pym and < 20 pm), with high surface
area, are mostly distributed in this range. This is reasonable as the higher amount of min-
erals likely has a stabilizing effect on Corg. At the same time very high amounts of Corg
would be required to bring these particles into the high-productivity zones (> 1.0 Corg /
m?). Intermediately sized particles as well as the bulk and < 63 pm size fractions mostly
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fall into a zone between 5 m?/g and 12.5 m?/g. In Vonk et al. (2015a) the riverbank sam-
ples are also located in the same region with around 10 m2/g SA and around 1 % Corg
(Table 5-2).
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Figure 5-1 Relationship (SA:Corg), also referred to as Corg loading, between mineral specific surface area (SA) and organic carbon (Corg).
Superimposed is the typical range for this relationship from 0.4 to 1.0 mg Cory / m2 (gray area, calculation based on Blair and Aller, 2012;
Mayer, 1994). Color indicates different grain size fractions, whereas shapes represent different sampling sites (Location / River).

Values above 1.0 Corg / m% mark regimes with inefficient decomposition (high produc-
tivity, upwelling regions; Blair and Aller, 2012). This region is mostly occupied by larger
grain sizes, especially > 250 um, but also 150 - 250 pm particles. This is reasonable due
to inputs from plant litter. At the same time, the range of surface area values that the sam-
ples in this zone span is noticeably large (< 5 m2/g to ca. 15 m2/g). This indicates that
there are multiple ways of stabilizing (or at least mobilizing from a point source) high
amounts of organic carbon (Blair and Aller, 2012).

The zone below 0.4 Corg / m%describes regimes with efficient decomposition (energetic
deltaic sediments and deep sea; Blair and Aller, 2012). No sample falls into this zone. Ac-
cording to the definition of the energetic deltaic sediment, samples from Inuvik / Macken-
zie might have been expected to fall into this range. During the freshet, however, the sup-
ply of sediment might just be too high for an efficient decomposition.

Although an increase of POC through increased release of SOC from soils and thawing
permafrost might have been expected (Vonk et al., 2015b), compared to previous years
this is not directly visible in the amount of carbon found here. The age, type and isotopic
signature of exported Corg can be used to identify material sourced from permafrost (Feng
et al,, 2013). Due to limited samples and measurement difficulties this is not possible for

53



Discussion

the present data. According to Feng et al. (2013) permafrost Corg can be masked by other
sources of organic material. Furthermore, during the freshet large parts of the sediment
that is transported is mobilized from bank erosion and not yet from soils, as they might
still be frozen (McClelland et al., 2016). In conclusion POC from permafrost could still be
present but masked by other sources. However, it could also have not yet been released
or it could also have been remineralized in soils or along the transport.

Overall the findings show different amounts of organic carbon both in size fractions
but also in the different rivers. Some grain size fractions show ineffective decomposition,
noticeably the largest particles. The particles > 250 um are furthermore likely to be ex-
ported beyond the sampling point in the delta.

Having looked at organic carbon, the black carbon portion that was also analyzed is
discussed next. BC has the potential for being a reservoir for the longer-term storage of
organic carbon and is thus of interest for the broader context of the riverine-oceanic-at-
mospheric coupling.

5.1.4 Black Carbon

Black carbon is clearly the lowest in the Mackenzie River prior to its confluence with
the Arctic Red River (at Tsiigehtchic, Figure 4-8). The Arctic Red River in turn shows the
highest absolute values of BC (normalized to sample mass, otherwise second highest
amount). Overall the results indicate that no single grain size fraction dominates the oth-
ers (except in Inuvik / Mackenzie). BPCA-C is high in all grain size fractions of Arctic Red
and Peel Rivers and hints at an increase with decreasing particle size in Arctic Red. This
trend is also evident in the Mackenzie River (both sites). This is consistent with the pat-
tern of Corg and indicates that BC is associated with mineral surfaces. Which might be ex-
plained to some extent by surface area (Figure 4-9, Pearson’s r = 0.75).

As the amount of BC is different between rivers, so is also its quality (Figure 4-10).
Differences of BC quality between grain size fractions are present but not reasonably
quantifiable (number of samples too low). Differences between sites are clearer. Here Arc-
tic Red exports the least condensed BC. The amount of B6CA produced from pyrolyzing
wood scales with the fire temperature, with almost exclusively B6CA at temperatures
near 1000 °C (Schneider et al., 2010). From the work of Schneider et al. (2010), the BC
found on average in the Mackenzie River might come from fires burning at 250 °C to
300 °C. Different conditions during the formation of BC might be attributable to vegeta-
tion differences in the catchments. The Western Cordillera has different vegetation, dif-
ferent climate and higher elevations than the Interior Plains. Fire frequency and history
is also different between the Western Cordillera and the Interior Plains (Flannigan et al.,
2009). Furthermore, BC is processed on its journey from the site of formation to the sam-
pling point in the river.

54



Discussion

Black Carbon from Diffuse Reflectance Spectrometry

With the use of mid-infrared spectroscopy, a relationship between the amount of
BPCAs and an aromatic band (aromatic C-H stretch) was uncovered (Figure 4-15, R? =
0.64). This relationship is important because it allows to quickly determine BC by using
DR-spectrometry. It remains unclear how this relationship would shift if more condensed
BC (i.e. more B6CA) were to be present in the samples. The more condensed the BPCA, the
less C-H groups are present, with none at all for B6CA (Schneider et al., 2010). Conse-
quently, the C-H stretch would not be possible. However, this would maybe produce a dip
in absorbance in this band, which again could be diagnostic. Using a sampling approach
similar to Schneider et al. (2010) with increasing pyrolysis temperature could elucidate
the predictive power of the found relationship for a wider range of conditions.

In two specific samples the total and organic carbon as well as the black carbon content
is drastically higher than in all other samples (Inuvik / Mackenzie, >250 um and 150 -
250 pm), the sources and implications of these high amounts of carbon can now also be
explored.

5.1.5 Identifying Sources for Higher Corg Content

The high carbon content found for two samples (Inuvik / Mackenzie of particles with
sizes > 250 pm and 150 - 250 pum) could either be caused by large amounts of carbonates,
by biomass litter (e.g. plant fragments, root or leaf litter, etc.), or both. Calcium content is
however not able to explain these high C values (Figure 4-6). Furthermore, the high values
are also found for organic carbon (Figure 4-7). This implies that they are the result of
some organic material. The high values are likely from larger fragments of biomass, such
as vascular plant debris, like roots or leaves.

Interestingly these two samples also exhibit high values of BPCA-C (Figure 4-8). Zim-
merman and Mitra (2017) note that plants, fungi and pigments can yield BPCAs, and that
during strong oxidation conditions (such as in the BPCA method), BPCA can be formed
from non-BPCA substances. Additionally, it is also possible to have some charcoal or pre-
aged soil organic matter with high BPCA content in these larger grain size fractions.

This shows that alongside the larger particles (250 - 63 pum) tiny fragments of organic
residues (roots, leaves, etc.) can be transported. Which seems to be especially important
in the deltaic environment, rather than under the flow conditions in the delta-head rivers.
Such fragments of organic material in larger grain size fractions were also found by e.g.
Hilton et al. (2010), where it was particularly apparent for the grain size fraction > 500
um. In the case of Hilton et al. (2010) the C/N ratio, as well as stable carbon isotopes
clearly indicated these plant fragments and they were further also visible to the naked
eye.
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These organic substances should be readily digestible by organisms and they should
furthermore rapidly sediment out of the suspension. It seems thus not likely that these
high values of Corg will be exported to the shelf or beyond. However, Schwab (2016) found
values of Corg as high as 9.01 % in sediments collected in May in a sediment trap on the
shelf. This demonstrates that during the freshet, with the large pulse of freshwater, even
large particles and fragments of biomass can be transported through the delta and onto
the shelf.

Having explored the amount and distribution of Corg and BC between grain sizes and
sampling sites, as well as the transport through the basin, the flux for the year 2017 is of
interest. Not only the total flux for POC and PBC, but also the flux for the individual grain
size fractions.

5.2 Fluxes

The total export of POCin 2017 (1.7 £ 0.7 Mt, Table 5-1, Figure 5-2) is within the range
reported by Hilton et al. (2015) of 2.1 +1.3, - 0.9 Mt and others (Table 5-2). The total ex-
port of PBC in 2017 (0.362 * 0.090 Mt) is within the range presented by Coppola et al.
(2018) based on samples from 2006 (0.296 Mt, Table 5-2). The fluxes for the individual
rivers show that the Mackenzie River transports the most POC and BC, which was to be
expected because of the higher sediment discharge.

The bulk and the < 63 pm value were not integrated and thus not presented. The bulk
represents all size fractions, whereas < 63 um represents the sum of 32 - 63 um, 20 -
32 umand < 20 pm.

The fluxes calculated for the different rivers and sites clearly show that larger (>
63 pm) grain size fractions are also carriers for large amounts of Corg and BC. This is not
surprising as these size fractions account for a large amount of the total mass. Evidently
what the individual rivers transport does not add up to what is found in the delta. Differ-
ences can be attributed to assumptions, to measurement errors, to mobilization in the
delta and to inputs by smaller rivers or lakes. But most importantly the high export in the
Mackenzie River in the delta is attributable to the high Corg content in the two grain size
fractions > 250 pm, 150 - 250 pm. In Fort McPherson / Peel and Inuvik / Mackenzie the
larger particles (> 63 um) contribute more to the total, than the smaller particle sizes (<
63 um). This is not so much the case in Tsiigehtchic / Mackenzie and Tsiigehtchic / Arctic
Red. In general, this shows that the larger grains (> 63 pm) also carry a significant amount
of the load.
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Figure 5-2 Flux of POC (Corg associated with particles) and PBC (black carbon associated with particles) for the year 2017 presented for
the different rivers and the different grain size fractions. For Tsiigehtchic / Mackenzie two different estimates for TSS were available, dark
blue is the lower limit (51 Mt yr) measured by Gareis and Lesack (2017), light blue is the upper limit (93 Mt yr) estimated by Carson et
al. (1998). Please note that the scale is in kt yr-! (103 Mtyr!). Results for the bulk as well as the < 63 um grain size fraction are intentionally
not presented (see text). The working code is a unique code identifying each sample. MT refers to Tsiigehtchic / Mackenzie, AR to Tsi-
igehtchic / Arctic Red, PR to Fort McPherson / Peel and MD to Inuvik / Mackenzie, the number refers to the grain size fraction, with 1
being associated with bulk material and 8 with < 20 um (more details in Table 3-1).

The burial efficiency of organic carbon on the shelf is about 50 % - 65 % (Ward et al,,
2017; Vonk etal., 2015a; Hilton et al., 2015). By assuming this burial efficiency to hold for
all grain size fractions this could result in a sink of about 0.994 + 0.130 Mt of POC in 2017.
Of which 0.208 = 0.027 Mt could be in the form of PBC. Converted to CO2 this amounts to
roughly 3.6 + 0.48 Mt CO2. For reference, the cumulated emissions of Madagascar (3.2 Mt)
or Iceland (3.5 Mt) were about of the same size in 2017 (Global Carbon Project, 2018).
This illustrates that the Mackenzie River system and the adjacent shelf are important sites
of carbon processing for the global climate.

The particle size range 63 - 150 pm shows the most impressive flux in the delta. It has
previously been suggested that during the freshet a burst of sediment-laden water is
pushed onto the shelf (Lalande et al.,, 2009), thus also explaining the extremely high Corg
contents found in the Mackenzie Basin sediment traps (up to 9 %). If that would be the
case, then the Mackenzie River would be a very efficient exporter of Corg during the freshet.
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On the other hand, if these rather large particles were primarily deposited in the delta, in

lakes and on floodplains, due to lower relative water velocities, then it could as well be,

that the most part of the estimated flux of POC and PBC never reaches the ocean.

The important question is thus how are these particle sizes affected by hydrodynamic

sorting further down into the delta? Clearly, they are found in the delta where the samples

were taken, but this is only a single point. Furthermore, what happens to these particles

at the terminus or on the shelf? Are they rapidly consumed? Or do they quickly deposit

because they flocculate in salt water?

Table 5-1 W/C = Working Code, MT = Tsiigehtchic / Mackenzie, AR = Tsiigehtchic / Arctic Red, PR = Fort McPherson / Peel, MD = Inuvik
/ Mackenzie, L/R = Location / River, TSS = Total Suspended Sediment, * conversion factor =4 * 1 (Ziolkowski et al, 2011). ¢ Hilton et al.
(2015), " Coppola et al. (2018).

W/C SizeFraction L/R TSS Flux Flux Reported
Corg BPCA-C PBC* Corg PBC
[ktyr-1] [ktyr-1] [ktyr-1] [ktyr-1] [ktyr-1]

MT?2 >250um 30.8-57.9 1.5-2.8 6.0-113
MT3  150-250pm ¢ 53.8-101.3 2.7-5.1 10.9-20.5
MT4 63-150pym S 1029-193.8 6.4-120  254-479
MT6 32-63um = £1.93 723-1361 59-11.1  23.5-443
MT7 20-32um 2 44.6 - 83.9 2.8-5.4 11.4-21.4

[)
MT8 <20um £ 81.4-153.2 4.8-9.0 19.2-6.1

2 96.4 +24.1-
Total 2 385.8-726.2 24.1-45.4

181.5 £+45.4

AR2 >250 um 9.3 0.6 2.5

O
AR3  150-250um 3§ 13.8 1.0 3.8
AR4 63-150pum < 22.8 1.9 7.7
AR6 32-63um § g 73 27.8 2.0 8.0
AR7 20-32pm £ 24.3 1.8 7.2
ARS8 <20pm 2 20.9 1.8 7.1
Total . 1189 9.1 36.3+9.1
PR2 >250 um 25.5 2.2 8.8
PR3 150-250um = 35.5 4.9 19.8
PR4 63 - 150 ym % 49.6 6.9 27.4
PR6 32-63um & § 208 9.6 1.8 7.4
PR7 20-32um = 6.6 0.6 2.5
PR8 <20pum $ 218 1.7 6.9
Total 148.6 18.1 72.8+18.1
MD2 > 250 um 4215 13.4 53.8
MD3  150-250pum = 315.1 111 44.6
MD4  63-150pm B 616.5 39.0 156.1
MD6 32-63um & § 128 124.6 9.4 37.5
MD7 20-32um = 48.1 4.5 17.9
MD8 <20pm B 202.9 13.0 52.2
Total 1'728.7 90.4 362.1£90.4 2'100.0°  296.0b
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Table 5-2 Overview of relevant results found in other work. MT = Mackenzie at Tsiigehtchic, AR = Arctic Red, PR = Peel River, MD = Mac-
kenzie at Inuvik/Delta. SA = Surface Area, Corg = organic carbon, POC = Particulate Organic Carbon, DOC = Dissolved Organic Carbon, TSS
= Total suspended sediment.

What Where Value Reference
Al 8.72 %
Si 25.4 %
' Suspended sediment ~ World River average ° Viers et al. (2009)
Ca 2.59%
Ti 0.44 %
Bank and channel
. MT, MD, PR 0.15-0.22 Vonk et al. (2015a)
sediment
. MT 0.08-0.36
Al/Si
AR 0.30-0.31 .
Suspended Load MT, AR, PR, MD, LR Hilton et al. (2015)
PR 0.10-0.29
MD 0.15-0.40
MT 12 m?/g
Bank and channel
SA . MT, MD, PR PR 11 m?/g Vonk etal. (2015a)
sediment
MD 7.3 m?/g
MT 1.24 %
Bank and channel
. MT, MD, PR PR 0.78 % Vonk etal. (2015a)
sediment
MD 11%
0.16 - 1.62
MT
%
Corg 1.95-2.17
AR o
Suspended Load MT, AR, PR, MD 0 Hilton et al. (2015)
0.75-2.27
PR
%
0.37-2.71
MD
%
MT
Bulk 0.99 %
150 - 250
2.02 %
. . pm
Bank sediment, size .
Corg . MT, PR 63 - 150 pm 1.01% Hilton et al. (2015)
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6 Conclusion

This study allowed to look at organic and black carbon on different spatial scales. Both,
organic carbon and black carbon, are distributed differently across the rivers and across
different grain size fractions. Generally, the differences between rivers are larger and
more obvious than differences between grain size fractions. Having said that, some major
differences between particle sizes were also uncovered. Firstly, results confirmed that Corg
and BC are associated with high surface area particles, most likely secondary minerals (i.e.
clay). But the larger particles also transport high amounts of Corg and BC mostly likely
from larger fragments of plants and charcoaled material.

Interestingly it looks like they might be able to transport these high amounts of PBC
and POC out onto the shelf and into sediments. The total flux of POC (1.7 + 0.7 Mt) and
PBCin 2017 (0.362 + 0.090) was large and in agreement with assessments from previous
years.

The mass balance provided information about the distribution of grain size fractions
in the different rivers. It is now clear that the sedimentological setting in the delta is com-
plex, as distribution of grain size fractions in the delta does not correspond to the inputs.
This highlights the need to use bulk samples for suspended and riverbank sediments. This
adds weight to the argumentation of Parsons et al. (2015), that there is no real reason for
the differentiation between suspended sediment and bed load.

The initial research questions can now be answered:
e Do grain size fractions show differences in geochemical characteristics?

o Yes, both the climate relevant substances (Corg, BC) as well as indicators for
minerals and sediment processing (Al, Si, Ti, Ca) clearly show differences.

e Do observed differences exhibit a trend or relationship to grain size?

o Yes, Corgand BC are high in the largest as well as the smallest grain size frac-
tion, where they are sourced and stabilized by different mechanisms. In
larger grain size fractions, they are sourced from plant biomass fragments
and charcoal residues. In smallest grain size fractions, they are attached to
minerals. Indicators for minerals show a trend towards higher values for
smaller grain size fractions (Al Si, Ti).

e How do differences between river and grain size fractions compare?

o Differences between rivers are generally clearer than between grain size
fractions. The rivers drain different catchments and they travel different
distances across the Interior Plains. This results in different sediment
budget and different composition. Titanium and mineral specific surface
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Conclusion

area, as well as BC are higher in the Peel River and the Arctic Red River than
in the Mackenzie River. Calcium is lower in the Peel River and the Arctic
Red River than in the Mackenzie River. Corg is highest on average in the Arc-
tic Red River.

e How large was the total flux of Corg and BC?

o The total flux of POC was 1.7 = 0.7 Mt and that of PBC was 0.362 + 0.090 Mt
in 2017.

e How large was the grain size specific flux?

o The larger grain size fractions account for the largest part of the export, be-
cause they account for more mass of the sediment. Some evidence points at
the possibility that these larger grains can also be exported through the
delta.

In conclusion this implies that no single grain size fraction is evidently a sink for Corg
and BC. The freshet seems to keep a large variety of grain sizes in suspension and can
transport them into the delta and likely onto the shelf. However, the burial rate on the
shelf is high and thus the potential sink is large.
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7 Outlook

The observed variability between grain size fractions deserves more attention and
should be explored in the future with an optimized setup. Replicates would be required
to account for both spatial and temporal heterogeneity. This could be achieved by taking
several samples from the same site, thereby creating real replicates. As also the timing
affects the results, it is advisable to take samples on several days before, throughout and
after the freshet. This would allow to draw statistically meaningful conclusions. By col-
lecting both suspended and bed load sediment as well as riverbank sediment at the same
time, it would be possible to further our understanding of differences and similarities be-
tween these two types of sediment.

Another interesting aspect would be to measure the age of the exported constituents
in the different grain size fractions. It has already been shown that the Mackenzie River
exports very old, potentially permafrost derived and pre-aged POC. The age and prove-
nance of POC changes with the hydrology and thus a combination of the spatially and tem-
porally improved sampling with dating techniques would be very interesting.

As research in the area is in the process of uncovering many more details about the
Mackenzie Basin and especially the delta and shelf dynamics, this work ads valuable in-
formation about the amount and location of Corg and BC.
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8 Limitations

The main drawbacks for the present work concern the variability and the precision of
measurements. As the relatively large error ranges denote, the precision required to draw
decisive results concerning the different grain size fractions are quite high. Therefore, im-
proved methods would be highly beneficial. Some problems that caused these issues are
clear. For instance more precise measurements could be achieved when pressing samples
into pellets for x-ray fluorescence (Jenkins, 2012). Another matter for concern was the
mid-IR spectrometry. Here it is highly advisable to dilute a powdered sample with KBr to
reduce sources of interference. Then it needs to be stated that the approximation of Corg
is not optimal. Although it is possible to derive information about Corg from mid-IR spec-
trometry, it should not be conducted with less than 50 samples. Finally, it would be im-
portant to have the stable carbon and stable nitrogen isotopic signature as well as abso-
lute carbon and nitrogen amounts for more detailed analyses and provenance studies.
This data was unfortunately not available for all samples (Corg), or not at all provided (ni-
trogen) and thus was only touched upon.

Finally, neither the hydrodynamic differences nor the geochemical differences are well
enough established in the literature. For the present work this means that observed dif-
ferences could also be influenced by differences in sediment type.
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Supplements

S-1. Methods

Sieving and Drying

About 200 g of sample were wet sieved into the different size fractions. In a first round,
sieves of sizes 250 pm, 150 pm and 63 pm were used. The sample was sieved using Milli-
Q ultra-pure water (MilliporeSigma, 2018), Retsch analysis sieves (Retsch, 2018c) and a
Retsch sieve shaker AS 200 basic at 2 mm/g (Retsch, 2018b). Material was collected in
plastic bags and frozen overnight. The frozen samples were subsequently freeze-dried (-
80 °C, 100 Pa, see Christ, 2018) until all water was removed. From the size fraction <
63 um about 90 % was further sieved down using sieves of sizes 32 um and 20 pm (un-
dergoing the exact same protocol).

Area under the curve

To calculate the area under the curve for aromatics-related bands, the libraries MESS
(miscellaneous useful and semi-useful functions, Venables and Ripley, 2002) and CAR
(companion to applied regression, Fox and Weisberg, 2011) were used inside the R
(Team, 2017) and Rstudio (Team, 2016) statistical environment. Linear interpolation was
used with 50 equally spaced points over the selected interval and the integration was
done using 100 subintervals.

Partial Least Squares Regression

For this the R statistical software (Team, 2017) and the integrated development envi-
ronment Rstudio (Team, 2016) with the pls package (Mevik and Wehrens, 2007; Mevik
and Wehrens, 2018b) was used.

As in total only 18 samples had both OC and IR measured by primary means, the whole
18 samples were used for the training of the PLSR, thereby omitting a split of the samples
with known composition into a training set (2/3) and a test set (1/3), to avoid poor PLSR
quality (i.e. optimize learning). However, since a Leave-One-Out cross-validation proce-
dure was selected, the model performance can still be evaluated.
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S-2. Treatise of XRF Reproducibility and Error

XRF yields a final overview of the total element concentration as a sum of all the meas-
urement elements, which should theoretically amount to near 100 % as otherwise some-
thing might not have been properly measured, this is a device internal processing that is
not accessible for evaluation. For the present samples these summed-up concentration
values ranged from around 60 % to around 100 %. Due to this, affected samples with very
low total concentrations were measured again, to find out if these low values were repro-
ducible. The selected samples are given in Table S-1 with the results for selected elements

as well as the summed-up concentration values and the reference material series (soil
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Figure S-1 Overview of the selected samples (MT1, MT4, MT8, MD1, MD2, MD3, PR8) and elements (Na, Mg, Al, Si, Ca, Ti), as well as the
total concentration and the reference series (Ref), see Table S-1. Concentration has variable scales in this figure! Samples are indicated
using their working code, where MT refers to Tsiigehtchic / Mackenzie, AR to Tsiigehtchic / Arctic Red, PR to Fort McPherson / Peel and
MD to Inuvik / Mackenzie, the number refers to the particle size, with 1 being associated with bulk and 8 with < 20 um (more details in
Table 3-1).

The total amount (panel 1) shows strong changes between replicates, interestingly,
sample MT8, which was chosen as a control (having around 100 % total concentration in

78




Supplements

the very first measurement run,) shows little changes between runs, indicating good
measurement reproducibility. The reference soil material however shows quite some
changes between replicates. Also, very interesting is sample MD2 which consistently
shows low total concentrations at around 65 %. When looking at the element concentra-
tions, clear differences between replicates are visible, for sodium changes of up to 0.75 %
can be found (MT1), magnesium measurements differed up to about 0.7 % (for MT1 and
MT4 relative increase of > 25 %). The other elements also show clear and strong differ-
ences, especially silicon, with an increase from about 25 % to 35 % for MT1 and from
about 28 % to 39 % for MT4.

Furthermore, a pattern can be found when looking at the reference material. A clear
change in total concentration (panel 1, replicates E and F)) is accompanied by clear
changes in the elemental concentrations (panels 2 - 7). This pattern is also well visible for
the samples and their replicates. This means that accompanied to a change in total con-
centration, the relative share of a sample changes (which is somewhat logical). This high-
lights that the total concentration amount in some cases can give an indication of the
measurement quality, but this is not necessarily always true, as shows sample MD2, which
ranks amongst the lowest total concentration values, but shows very good reproducibil-
ity.

Between the runs the samples were not modified in any way, except that care was
taken to get a smooth surface on the sample cup membrane. In consequence this means
that XRF on powdered samples may exhibit drastic changes between runs and multiple
runs are advisable to check consistency and derive relative measurement errors (which
in this case are orders of magnitude larger than the devices internally reported measure-
ment error, in the order of fractions of a percent). Furthermore, sample preparation
seems also very important, as homogeneity is a key factor since otherwise the X-Rays and
thus the resulting fluorescence signal can be very different between runs (especially when
the sample cup was removed and later placed differently in subsequent runs).
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Table S-1 Overview of the XRF elemental composition for selected samples and selected elements as well as the total summed up concen-
tration (device internal processing). Samples are indicated using their working code, where MT refers to Tsiigehtchic / Mackenzie, AR to
Tsiigehtchic / Arctic Red, PR to Fort McPherson / Peel and MD to Inuvik / Mackenzie, the number refers to the particle size, with 1 being
associated with bulk and 8 with < 20 um (more details in Table 3-1).

Sample Replicate  Na Mg Al Si Ca Ti Total
099 191 4.22 2556 611 029 7253

— A
=
= B 140 268 6.09 3552 838 041 101.24
A 091 247 342 2953 623 0.20 7899
% B 1.18 3.19 444 3881 798 0.26 103.00
C 1.39 319 442 3878 7.89 0.25 103.00
A 113 235 829 3489 553 0.65 10298
g B 1.23 232 817 3458 551 0.64 10218
C 125 236 825 3486 550 0.64 102.89
A 087 1.65 496 2582 517 031 7325
é B 111 211 6.1 32.06 633 037 90.80
C 1.02 200 583 3087 613 036 8727
A 089 170 3.88 2267 5.01 0.24 6546
E B 090 1.65 3.80 2257 499 0.24 65.00
C 086 1.67 3.81 2248 5.00 0.24 6482
A 1.05 1.73 434 2585 485 027 7257
é B 097 1.77 452 2740 511 0.29 7645
C 1.09 206 533 3212 593 033 8943
A 093 155 831 3333 144 0.66 9281
% B 1.09 1.64 9.04 3717 159 072 102.74
C 1.07 163 9.09 3731 158 0.72 103.00
A 1.2 0.77 495 3043 1.12 035 75.03
B 1.08 0.79 506 3131 116 036 77.08
C 112 079 494 3053 113 035 7525
w D 1 0.79 49 30.23 113 035 7449
= E 141 091 585 36.06 135 042 89.06
F 134 093 581 3582 134 042 8843
G 1.06 0.77 487 2974 111 035 7347
H 1.09 0.78 492 3012 112 035 7434
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S-3. BPCA Statistics

Descriptive statistics for the distribution of BPCAs in the different rivers.

Table S-2 Descriptive statistics of the BPCA distribution across measurement sites. MT = Mackenzie at Tsiigehtchic, AR = Arctic Red (at
Tsiigehtchic), PR = Peel River, MD = Mackenzie Delta (at Inuvik). For each of the four BPCAs a test of normal distribution was conducted
by using the Shapiro method, subsequently a Levene test was used to test for equal variances and finally either a Kruskal-Wallis (K.-W.) or
an analysis of variance (ANOVA; AOV) was conducted to see if measurement sites have significantly different BC quality. A Dunn post-hoc

test, using the Bonnferoni method, was used to find the different groups. Correlation coefficient was calculated using r = |\/%|, effect size
is based on Cohen (1992).

Effect Size

BPCA Shapiro Levene Grouping Post-Hoc Grouping (Cohen, 1992)
ohen,

MT AR PR MD

B3 sig. sig * K.-W.**  Du. - Bo.* a b b b r=118,large
B4 n.s. sig*** K-W.* Du-Bo.™ a b ab ab r=1.15,large
B5 sig sig** K-W.** Du.-Bo.** a b ab ab r=1.24,large
B6 n.s. n.s. AOV.ns. — a a a a —
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S-4. Mid-infrared spectrometry

Tsiigetchic / Arctic Red
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infrared spectral data from diffuse reflectance spectrometry for the site Tsiigehtchic / Arctic Red. Dashed lines indicate

Figure S-2 Mid-

absorption bands of compounds related to aromatic structures. Aromatic C-H i-p-b refers to aromatic C-H in-plane bending. Aromatic C-

H o-p-b denotes aromatic C

of-plane bending. For more details about the bands and the spectra refer to the text and Table 3-3.

H out-

Absorbance is a unitless ratio defined as A = —log

, where I is the measured light intensity and I, is the initial intensity.

3
Io

(
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Fort McPherson / Peel
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Figure S-3 Mid-infrared spectral data from diffuse reflectance spectrometry for the site Fort McPherson / Peel. Dashed lines indicate ab-

sorption bands of compounds related to aromatic structures. Aromatic

-plane bending. Aromatic C-H o-

b refers to aromatic C-H in

p

C-Hi

b denotes aromatic C-H out-of-plane bending. For more details about the bands and the spectra refer to the text and Table 3-3. Absorb-

-

), where | is the measured light intensity and 1 is the initial intensity.

1
Io

ance is a unitless ratio defined as A = —log (
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Inuvik / Mackenzie
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Figure S-4 Mid-infrared spectral data from diffuse reflectance spectrometry for the site Inuvik / Mackenzie. Dashed lines indicate absorp-

H o-p-b

plane bending. For more details about the bands and the spectra refer to the text and Table 3-3. Absorbance

-plane bending. Aromatic C-

H in

b refers to aromatic C:

C-Hi-p

tion bands of compounds related to aromatic structures. Aromatic

denotes aromatic C:

t-of-

is a unitless ratio defined as A = — log (

H ou

), where [ is the measured light intensity and 1 is the initial intensity.

1
Io

Table S-3 Descriptive statistics for the relationship between aromatic C-H stretch AUC and BPCA [g/kg sample]. No autocorrelation ac-

cording to D-W statistics, residuals normally distributed and homoscedastic.

Pr(>|t])

tvalue
4.

Std. Error
0.085
0.026

Estimate
.35
0.20

Coefficients:

0.000232 ***

18

0

Intercept

AUC-A3

1.37e-08 ***

7.70

Multiple R-squared: 0.66

p-value: 1.369e-08

F-statistic: 59.3 on 1 and 30 DF
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S-5. Estimating the Organic Carbon Content

To get an estimate of the amount of Corg in samples that had no primary method yield
this information, a partial least squares regression (PLSR) was conducted. First off, the
number of components or latent variables (see Mevik and Wehrens, 2018a) to be used in
the regression was set to six, because this amount minimizes the residual mean square
error of prediction (RMSEP, see Figure S-5). RMSEP compares the predicted values with
the measured values and should be as low as possible. In this case the minimum, found
for 6 components is about 0.44, which is rather high, but since the sample amount is ra-
ther low, nothing can be changed to further decrease RMSEP. In their example, based on
50 samples and a higher scan resolution, Mevik and Wehrens (2018a) achieve an RMSEP
of 0.297 with only two components. However, their samples being of type gasoline, are
rather simple mixtures, showing only a couple of peaks.

107
™,

0.8
o Component
»

— adjcV

= j
ia cv

0.6 1

0 5 10 15

Number of Components

Figure S-5 Number of components vs. residual mean squared error of prediction (RMSEP) for the prediction of organic carbon by PLSR on
DR-spectrometry data.

The relationship between different components can be analyzed by comparing the dif-
ferent combinations in a scatterplot matrix or a score plot (see Figure S-6). The percent-
age behind the name of the component gives the amount of variance explained. No special
patterns, grouping or outliers can be found here.
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Figure S-6 Scatterplot matrix of the combinations of the 6 components, percentages in braces indicate the amount of variance explained
by the component.

When comparing measured values in relation to the predicted values, the points closely
follow the 1:1 line, with only one major outlier in the top right corner, otherwise no cur-
vature or clustering is clearly visible (Figure S-7).

OC, 6 comps, validation

predicted
15

10

05

measured
Figure S-7 Measured vs. predicted values, the line indicates a 1:1 relationship.
The loadings can finally be investigated individually over the whole spectrum by a

spectral loadings plot (Figure S-8). Interestingly the alcohol peak and the CO2 peak seem
to have some biased influence on the prediction (having both negative and positive values
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at the same position). The region from 400 cm-! to 2’200 cm-1 looks chaotic, with no clear
bands or peaks. Ideally the components would not differ as strongly as presented here,
they would tend to highlight the same indicative or important bands and regions in the
spectrum. Thus, as a final note, it should be stated that the analysis and regression con-
ducted here presents only a very rough estimate of organic carbon, this is clear from the
amount of components required (6), from the rather high RMSEP (0.44) as well as from
the loadings plot (Figure S-8). Nonetheless it allowed to continue with the BC analysis,
that would otherwise have been hindered by missing Corg data.

017

Component
— Comp 1
Comp 2

— Comp 3

0.0 #\bv f___'\f LTG‘"

Comp 4

Loading Walue

— Comph

Comp &
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4000 3400 2800 2200 1600 1000 400
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Figure S-8 Components and their loading values.

87



What will become of you and me;
Besides the photo and the memory?
This is the school in which we learn,

That time is the fire in which we burn.

What is the self amid this blaze?

What am I now, that I was then,

Which I shall suffer and act again.

The children shouting are bright as they run,
Ravished entirely in their passing play!
This is the school in which they learn,

That time is the fire in which they burn.

),

— Adaptation from Delmore Schwartz'’s “Calmly We Walk through This
April’s Day”.
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