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Highlights

e 84,000 tonnes of OC is buried annually in the sediments of Scottish fjords.

e Annually, Scottish fjords bury as much OC as the North Sea.

e OC accumulates in Scottish fjords at a rate exceeding global averages for fjords.
e The OC that is buried in Scottish fjord sediments is largely marine in origin.

e Regional oceanography and geomorphology drive the OCARs in fjords.
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Abstract

Fjord sediments are recognised global hotspots for the burial of organic carbon (OC) and as an
integral part of the global carbon (C) cycle. Relative to their spatial extent, more OC is trapped
and stored in the sediments of fjords than any other marine sedimentary environment. Until
recently, our understanding of the rate at which OC accumulates and is buried in mid-latitude
fjord sediments was poor, as these systems have largely been overlooked in favour of their high
latitude counterparts. In this study, we quantify and explore the drivers of OC burial in the mid-
latitude fjords of Scotland. By examining fifteen sediment cores from ten fjords, it is estimated
that on average 57.1 £ 10.9 ¢ C m™ yr! accumulates in the sediments of Scottish fjords,
exceeding observed OC burial in other vegetated fjord systems. When combined with an
understanding of the spatial heterogeneity of the fjord sediments, it is estimated that Scottish
fjords bury 84,000 tonnes of OC annually, which is equivalent to the whole North Sea
sedimentary system, despite the area of the latter being approximately 190 times larger. These
findings highlight that mid-latitude fjords play a more significant role in global carbon cycling

than previously thought, providing highly effective burial and storage of OC in fjord sediments.



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

1. Introduction

Through the capture and burial of globally significant quantities of OC in their sediments (Cui
et al., 2016; Smeaton et al., 2017; Smith et al., 2015) fjords play an important role in the coastal
and wider marine C cycle (Bauer et al., 2013). Globally, it is estimated that fjord sediments
bury 18 Mt OC yr’!, accounting for approximately 11% of annual marine C burial globally (Cui
et al., 2016; Smith et al., 2015). High-latitude fjords are characterised by steep catchments,
shallow sills, relatively short transport times of OC from land to the sea and high sedimentation
rates (Bianchi et al., 2020; Howe et al., 2010; Syvitski et al., 1987). These features enhance the
capture of terrestrially derived OC (OCierr) in high-latitude fjords, making them hotspots for
OC burial (Cui et al., 2016; Smith et al., 2015). It is clear that fjords provide an important
climate regulation service by capturing and storing OC that would potentially have been re-
mineralized and returned to the atmosphere as CO», yet mid-latitude fjords have largely been
overlooked in estimates of global OC burial because of the sparsity of available data. Mid-
latitude fjords have many of the same characteristics as their high-latitude counterparts
(Bianchi et al., 2020; Syvitski et al., 1987) but tend to be less restricted and more open to the
adjacent continental shelf and the influence of the marine environment (Austin and Inall, 2002;
Faust and Knies, 2019). These factors potentially allow different mechanisms to govern the

burial and storage of OC between mid- and high-latitude fjords.

The fjords of Scotland provide an opportunity to better understand the role of mid-latitude
fjords within the marine carbon cycle. The sediments within the fjords of Scotland have been
shown to contain nationally significant OC stores, with an estimated 252 + 62 Mt of OC held
within their post-glacial sediments, which have been accumulating since the retreat of regional
ice cover ~ 13,500 years ago (Bradwell et al., 2021; Clark et al., 2012; Smeaton et al., 2017,

2016). It is estimated that 42 + 10% of the OC held within the surface sediments is terrestrial
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in origin (Smeaton and Austin, 2017), lower than the global average of 55 — 62% (Cui et al.,

2016).

Additionally, Scottish fjords are the only fjord system in the world where the spatial
heterogeneity of both sediment type and OC content at the seabed has been mapped (Smeaton
et al., 2021b; Smeaton and Austin, 2019). Both measures are crucial but often overlooked
when quantifying OC stocks and burial rates; even though differences in grain size and
sediment type are known to strongly influence OC composition and the rate at which C

accumulates on the seabed of fjords (Hage et al., 2020; Hunt et al., 2020; Prior et al., 1986;

Wiodarska - Kowalczuk et al., 2019). Until now, the largest unknown within Scottish fjords

has been the rate at which OC accumulates and is incorporated into the long-term OC

sedimentary stores.

In this study, we: (i) quantify OC burial across a number of Scottish fjords, (ii) estimate the
amount of OC buried across all Scottish fjords annually, taking into consideration the spatial
heterogeneity of the sediments, and (iii) determine the source of the OC. Through a better
understanding of these factors, we aim to provide greater insight into the mechanisms which
govern the modern deposition, burial and storage of OC in mid-latitude fjords. These insights
allow comparisons to be made with high-latitude fjord systems and allow the role these mid-

latitude fjords play in the marine C cycle to be better defined.

2. Methods & Materials

2.1 Study Sites

There are 226 fjords found across the west coast and the islands of Scotland, these can be

characterised as 111 large fjords (over 2 km long, with fjord length twice fjord width) (Edwards
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and Sharples, 1986) and 115 smaller systems. Scotland’s fjords are comparable to other
temperate vegetated systems, such as those found in Norway, New Zealand, Chile and North
America (Bianchi et al., 2020; Howe et al., 2010; Syvitski et al., 1987). As with fjords globally,
their catchment and submarine geomorphology defines their ability to bury and store OC
(Bianchi et al., 2020; Syvitski and Shaw, 1995). Previous studies have shown that Scotland’s
fjords can be characterised into several groups based on their glacial history and resultant
geomorphology (Smeaton et al., 2017). The mainland and Inner Hebrides are classic fjords
characterized by heavily glaciated geomorphology with over-deepened basins (Howe et al.,
2002; Syvitski and Shaw, 1995), while the Outer Hebrides and the Shetland islands systems
are shallower with a more subdued submarine geomorphology and could equally be referred to
as fjards. Fjards are narrow and, like fjords, the products of glacial processes, but unlike
classical fjords they are relatively shallow and flat-bottomed and lack the geomorphological
characteristics key to the accumulating sediment at high rates (Syvitski et al., 1987). This
geomorphological difference results in the mainland fjords being the main repositories for the
252 + 62 Mt of OC stored in the postglacial sediments of Scotland’s fjord network (Smeaton
etal., 2017). This study will therefore focus on the mainland fjords from Loch Eriboll the most

northerly fjord to the more southerly fjords within the Loch Linnhe complex (Fig.1).

2.3 Sampling

Fifteen sediment cores were collected from 10 mid-latitude fjords between 2016-2019 (Fig.1B-
G). Multi-cores (~50 cm long) were collected from Loch Eriboll, Loch Gairloch, Loch Torridon
and Loch Carron from on-board the MRV Alba na Mara in June 2018. Further, multi-cores
where collected from Loch Eishort, Loch Nevis and Loch Hourn (Fig.1B-D) from the MRV
Scotia in July 2019 (Fig.1 E-F). Sholkovitch cores (~50 cm long) were collected from Loch
Sunart, Loch Creran and Loch Etive from on-board the RV Seol Mara and R.V. Calanus
throughout 2016 (Fig.1G). At each coring site the location and the water depth were recorded

5
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alongside the sediment type described using the Folk classification scheme (Folk, 1954)

(Supplementary Table ).

Once retrieved the cores were extruded and sliced at 1 cm intervals, any shells found within
the sediment were set aside for potential radiocarbon ('*C) dating. The samples were weighed
to determine wet bulk density values and frozen on-board the vessels before being returned to

the University of St Andrews for analysis.
2.4 Bulk Elemental and Stable Isotope analysis

Each 1 cm slice was freeze dried and weighed allowing the calculation of water content and
dry bulk density following the methodology of Dadey et al. (1992). Samples were taken at 2
cm intervals from each of the cores and homogenized to a fine powder. To determine the bulk
elemental (OC and N) and stable isotope (8'*Corg and §'°N) composition approximately 12 mg
of processed sediment was placed into tin capsules and sealed; a further 12 mg was placed into
silver capsules. The samples encapsulated in silver underwent acid fumigation (Harris et al.,
2001) to remove carbonate (CaCO3) and were dried for 24 hrs at 40°C. The stable isotope
analyses were undertaken at OEA labs using an elemental analyser coupled to an isotope ratio
mass spectrometer (EA-IRMS). The acidified samples were analysed for OC and §'*Cor,, while
nitrogen (N) and 8'°N values were produced from the tin encapsulated samples. By analysing
the N and 8'°N separately, we negate the potential risk of altering these values through the acid
fumigation step (Kennedy et al., 2005). Triplicate measurements of samples (n = 25) produced
standard deviations (10) of 0.01 % for N and 0.06 %o for §'°N, 0.03 % for OC and 0.08 %o for
8'3Core. Further quality control was assured by repeat analysis of high OC sediment standard
(B2151) with reference values for C of 7.45 + 0.14 %, §'3C of -28.85 + 0.10 %o, N of 0.52 =+
0.02 % and 8'°N of 4.32 +0.2. The reference standards (n=30) deviated from the known values

by: OC = 0.07 %, 8'3C = 0.11 %o, N = 0.02 % and 8'°N = 0.13 %o. The isotope values are
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reported in standard delta notation relative to Vienna Peedee belemnite (VPDB) and air. The

C/N and N/C ratios are reported as molar ratios: C/N = (OC/12)/(N/14); N/C = (N/14)/(0C/12).
2.5 Fraction of Terrestrial OC

To estimate the fraction of terrestrial (Fierr) and marine (Fmar) OC in the sediments, the §'Corg,
8'°N and the N/C values were used in combination with a binary mixing model (Cui et al.,
2016; Faust and Knies, 2019) as well as a Bayesian isotope mixing model (Smeaton and Austin,
2017). The N/C ratio was chosen over the more commonly used C/N ratio, as the N/C ratio
represents changes in OC rather than N (Moossen et al., 2013; Perdue and Koprivnjak, 2007).
The terrestrial (' Corg: -28. £ 0.9 %o ; 8'°N: 1.3 £2.2 %o ; N/C: 0.04 + 0.02) and marine (8> Corg:
-18.7 £ 2.1 %o ; 8"N: 5.3 £ 2.1 %o ; N/C: 0.10 £ 0.03) source values were obtained from
Smeaton and Austin, (2017); these samples were collected from the catchments and foreshore
of fjords on the west coast of Scotland (Supplementary Table 2-3). The terrestrial source values
utilised in this study differ little from those used in other studies of temperate vegetated fjords
(Cui et al., 2016; Faust and Knies, 2019; Hinjosa et al., 2014). In contrast, the marine N/C
source values are lower than those observed in other fjord systems (Bertrand et al., 2012; Cui
et al., 2016; Hinjosa et al., 2014), this difference is driven by the inclusion of macro-algae in
the determination of the marine source value. The coastlines of Scotland’s fjords are dominated
by macro-algae that are potentially a significant source of OC to the sediments (Burrows et al.,
2017, 2014) therefore we consider the inclusion of these samples in determining a

representative marine source value for the region as a crucial step.

Metamorphic and igneous rocks dominate the catchments of the fjords in this study with sparse
outcrops of sedimentary material. Recent studies indicate that there is minimal fossil/pyrogenic
OC (< 0.1 % OC) input to the Scottish fjords (Smeaton et al., 2021a) therefore, it is likely OC

derived from the bedrock geology will have a minimal impact on the bulk elemental and
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isotopic values. The degradation of the organic matter (OM) down-core may potentially
influence the outputs from the models as the marine-derived OC (OChmar) is more likely to be
lost and OCierr to be preferentially preserved (Arndt et al., 2013; Derrien et al., 2020; Larowe
et al., 2020; Middelburg, 2018), therefore caution must be applied in down-core studies when

interpreting the outputs from the end-member mixing models.

The binary (or two end-member) mixing model based upon Thornton and McManus, (1994)
was employed to calculate the fraction of terrestrial OM in the sediment. §'*Corgand N/C values

were used as tracers independently from one another with the binary mixing model (eq. 1-4).

F — (613Cmar_ 813Cterr) (eq ])
terr (513Cmar_513csample) '

(N/Cmar_ N/Cterr)
F, = 2
terr (N/Cmar_N/Csample) (eq )

Frerr + Fpar =1 (eq.3)

%0Cterr = Frerr X %0C (eq.4)

The binary mixing model calculations were carried out in combination with Markov chain
Monte Carlo (MCMC) simulations in the OpenBUGS software (Lunn et al., 2009). Simply,
100,000 out of 1,000,000 random samples from a normal distribution of each end-member

were taken to populate the mixing model calculation steps (eq. 1-4), resulting in a significant
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number of solutions being generated for each sample. The mean, range and standard deviation

of the Fierr were calculated for each sample from the MCM solutions.

The open source Bayesian isotope mixing model FRUITS (Fernandes et al., 2014) which uses
multiple tracers (8'3Core, 8'°N, N/C) concurrently within a Bayesian framework was also
utilised following the approach of Smeaton and Austin, (2017). This approach allows the
estimation of the proportional contribution of terrestrial and marine derived OC and provides

a direct comparison with the simpler binary models.
2.6 Grain Size Analysis

Grain size was measured using a Beckman Coulter LS230 laser particle size analyser. The lithic
fraction of the material was isolated by boiling the samples in hydrogen peroxide (H20z) and
10 % hydrochloric acid (HCI) to remove OM and CaCOs;. Prior to analysis 5 % sodium
hexametaphosphate solution was add to the sample to assure full disaggregation of the
particles. The quantity of sample introduced to the analyser was varied to obtain a laser beam
obscuration between 8% and 12%. No sample contained particles >2000 um. From the grain

size data the simplified folk classification was derived (Kaskela et al., 2019).
2.7 Radiometric Dating

Lead-210 (half-life of 22.3 year) is a naturally-produced radionuclide, derived from
atmospheric fallout described as unsupported or excess (>!°Pbex). Cesium-137 (half-life of 30
years) and Americium-241 (half-life of 432.2 years) are artificially produced radionuclides,
introduced to the study area by atmospheric fallout from nuclear weapons testing and nuclear
reactor release. These tracers have been extensively used in the dating of recent sediments,

providing chronological control on the last 100-150 years (Robbins, 1978).

After freeze drying, the samples were weighed to determine sample specific dry bulk density

and porosity values (Appleby et al., 1986). Fifteen fjord cores were analysed for 2!°Pb, 2Ra,

9
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37Cs by direct gamma assay jointly between the Environmental Radiometric Facility at
University College London and the Scottish Association of Marine Sciences (SAMS). The
analyses were carried out using ORTEC HPGe GWL series well-type coaxial low background
intrinsic germanium detector. Lead-210 was determined via its gamma emissions at 46.5keV,
and ??°Ra by the 295keV and 352keV gamma rays emitted by its daughter isotope 2'“Pb
following 3 weeks storage in sealed containers to allow radioactive equilibration. Cesium-137
and ' Am were measured by their emissions at 662keV and 59.5keV respectively (Appleby et
al., 1986). Americium-241 was measured only on the cores analysed at UCL. The absolute
efficiencies of the detectors were determined using calibrated sources and sediment samples of
known activity. Corrections were made for the effect of self-absorption of low energy gamma

rays within the sample (Appleby and Oldfield, 1992).

Radiocarbon ages were acquired from shells (paired bivalves) found in six of the sediment
cores; these were augmented by a further eight shells collected from sediment cores collected
from other mainland fjords and the fjards of Shetland (Supplementary Fig.1). The radiocarbon
was measured by accelerator mass spectrometer (AMS) at the *CHRONO Centre at Queens
University Belfast. The radiocarbon dating was used to determine basal ages of each of the
sediment cores. The radiocarbon dates were calibrated using OxCal 4.4 age modelling software
(Ramsey and Lee, 2013), applying the Marine20 curve (Heaton et al., 2020; Reimer et al.,
2020) and the regional marine radiocarbon reservoir age correction: AR value of =26 + 14 yr

(Cage et al., 2006).
2.8 Sediment and Carbon Accumulation

The 2!°Pb and !*’Cs data have been used to calculate the linear sedimentation rates (LSR), mass
accumulation rates (MAR) and organic carbon accumulation rates (OCAR). The simplest and

most commonly used approach used in fjords to estimate depositional rates utilises the >!Pbex

10
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(*!%Pbyotal — 2!Pbsupported) data in conjunction with the constant flux—constant sedimentation
(CF—CS) model (Krishnaswamy et al., 1971), to calculate LSRs. Using the CF-CS model LSRs
were calculated for those cores which could be fitted with a logarithmic regression with R? >
0.75 (Ramirez et al., 2016). The >!°Pb derived LSRs are further constrained by LSRs calculated
using '¥’Cs. The peak of 13’Cs in the cores is attributed to fallout derived from nuclear weapons
testing (peak - 1964) and the 1986 Chernobyl accident; these chronological markers allow
LSRs to be calculated for the most recent intervals of the cores. MARs (g m? y!) were
calculated by multiplying the LSR by core specific sediment bulk density values
(Supplementary Data). The OCARs (gOC m? yr'!) were calculated by multiplying the weight
fraction of OC, which for each core is represented as the average % OC values of all 1 cm
sediment slices (Smith et al., 2015). Similarly, the terrestrial OC accumulation rates (OCerrAR)
were calculated by multiplying the MAR by the average weight fraction of OCterr determined
by the isotope mixing models. Analytical uncertainties were propagated through all
calculations and are given for each quantity. The approach produces globally comparable mean
rates but there are inherent biases that must be recognized. The calculations are based on LSR,
average OC and OCier values; this approach struggles to take into consideration changes in
sedimentation, OC input and preservation conditions potentially leading to over- and under-
estimations of the long-term rates. To overcome some of these issues, a burial efficiency
correction can be used (Koziorowska et al., 2018; Sepulveda et al., 2011; Smith et al., 2015).
The OC burial efficiency (%) for each core was calculated using the approach of Koziorowska
et al. (2018). Simply, the OC concentration in the ~ 100 year old sediment layer was compared
to the surficial sediments (Supplementary Table. 8) to determine the loss of OC due to
degradation (Arndt et al., 2013; Larowe et al., 2020; Middelburg, 2018), this approach makes
two assumptions: (i) after 100 years the OC is no longer undergoing quantitative alteration (ii)

the input and source of the OC has not changed over this 100 year period. The burial efficiency
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for each core was applied to the OCAR to quantify the OC that is being buried annually (Smith
et al., 2015). This approach allows comparison of both depositional and burial rates from other
fjord systems (Cui et al., 2016; Duffield et al., 2017; Koziorowska et al., 2018; Ramirez et al.,

2016; Smith et al., 2015).

The second approach utilises more complex 2'°Pb dating models (Arias-Ortiz et al., 2018).
There are several dating models that can be used to interpret 2!'°Pbex depth distributions in
marine sediment with increasing complexity. The two models most commonly used are the
constant rate of supply (CRS) model (Appleby and Oldfield, 1978) and the constant initial
concentration (CIC) model (Robbins, 1978). For this study, the CRS model was selected over
the CIC models because the non-monotonic variation in unsupported 2!°Pb activities found in

the sediment cores preclude their use.

The CRS model is based upon the assumption that there is a constant rate of supply of
unsupported 2!°Pb to the sediment (Appleby and Oldfield, 1978). The model assumes a constant
flux of 2!°Pb to the sediments through time. The initial specific activity is variable and inversely
related to MAR with higher MAR leading to lower ?!°Pbex and vice versa. The dating is based
upon the comparison of >!°Pbex inventories below a given depth and the integration of 2!°Pbey
specific activity as a function of the cumulative mass with the overall 2!°Pbe inventory in the
sediment core (Appleby, 2002; Arias-Ortiz et al., 2018; Sanchez-Cabeza and Ruiz-Fernandez,
2012). Again, the '*’Cs data can be used to check the quality of the CRS model by comparing
the depth at which '*’Cs peaks of known age fit to the modelled age of that depth horizon. The
MARSs calculated using the CRS model were combined with depth-specific OC and OCier
values to calculate the OCAR and OCirAR through time. This approach to calculating OCARs
and OCrAR overcome many of the issue of the simpler linear approach, yet care must be

taken when interpreting between changes in OCterr and OCmar input versus degradation effects

12
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(i.e. preferential degradation of OCnar) (Arndt et al., 2013; Larowe et al., 2020; Middelburg,

2018).

The basal radiocarbon dates from the six cores also allow LSRs to be estimated. LSR’s were
calculated between the depth of shell in the sediment core and the core top, assuming a
contemporary surface. We recognise that the calculations are crude and do not take into
consideration factors such as compaction (Bird et al., 2004) and possible changes in
sedimentation rate through time. Yet, these calculations provide initial insight into the long-
term (100’s to 1000’s of years) LSR’s of these fjord sediments allowing comparisons with

modern depositional rates (>!°Pb, *’Cs).
3. Results & Discussion

3.1 Organic Carbon Content of Mid-Latitude Fjord Sediments

The OC content of the sediments vary both spatially and temporally across the studied fjords
(Fig.2). The surface sediments at the coring sites have OC contents ranging between 0.8 and
6.2 % which is consistent with known OC values of surficial sediments from Scotland’s fjords
(Smeaton and Austin, 2017; Smeaton and Austin, 2019). The highest OC contents of the
surficial sediments are found in cores from the upper basin of Loch Etive (Fig.1G) which is
highly restricted (Howe et al., 2002; Nergaard-pedersen et al., 2006) which enhances the fjord’s
ability to trap terrestrial OC, a feature which is reflected in the depleted 8'*Corg values (-27.7
%0) found at these sites (Fig.2). Additionally, the restricted nature of the upper basin of Loch
Etive results in long-term hypoxic conditions (Friedrich et al., 2014) which reduces OC
degradation (Arndt et al., 2013; Larowe et al., 2020; Middelburg, 2018) explaining the high
OC content observed in this fjord. The lowest OC content is observed in core MC-50 from the

outer basin of Loch Gairloch (Fig.1C). Unlike Loch Etive this fjord is not restricted and is
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dominated by an open exchange with the adjacent marine environment, as illustrated by the

enriched 8'*Core values (-22.6 %o) in the surficial layers of the core (Fig.2).

Marked differences between the cores from the upper basin of Loch Etive and the outer basin
of Loch Gairloch are highlighted by sediment type (Table.1). The cores from Loch Etive are
characterised with mean grain sizes ranging between 27.6-36.1 pm with >80 % of the material
being < 63 um. Core GC-50 has a mean grain size 62.9 = 12.6 um but <50% of the grains are
<63 pm. When characterised using the simplified Folk scheme (Kaskela et al., 2019) the cores
from Loch Etive are characterised as mud to muddy sand while GC-50 is a mixed sediment.
Finer grained and in-turn higher surface area sediments are generally associated with of high
OC contents (Hunt et al., 2020; Keil et al., 1997; Mayer, 1994; McBreen et al., 2008), the
different types of sediment within Loch Etive and Gairloch are therefore likely to be a major
determinant in the difference in OC content observed. From the fifteen cores examined as part

of this study, all with exception of GC-50, classified as mud to muddy sand (Table.1).

Stratigraphically, the OC content is highly changeable down core at almost all sites. The
simplest explanation for this is the degradation of the OM, classical degradation curves can be
observed in cores SM-16-2, SM(2)-16-3 and Cal-16-22, where the OC content decreases down
core (Fig.2). Yet the §'3Cor profiles do not support this simplistic view, because degradation
alone would likely result in the preferential preservation of the more recalcitrant terrestrial over
the highly labile marine OM (Blair and Aller, 2012; Keil et al., 1997) (Fig.2). In such cases,
813Corg values should be depleted down core in comparison to the core tops; this is not the case
in the majority of the cores, which suggests more complex mechanisms governing the supply

and burial of OC in these sediments.

When examined, the §'*Cor profiles commonly follow the pattern of enriched values at the

base and depleted values at the top of the core (Fig.2), which is the opposite of what is expected
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in profiles governed by OM degradation alone. These patterns are clearest in cores SM-16-2
(Loch Creran), Cal-16-22 (Loch Etive) and MC-74 (Loch Carron). Depleted §'3Corg values are
observed in the upper sections of all three cores in comparison to the §'*Cor, values found at
depth, the most likely explanation for this is increased terrestrial OC input to the fjord
sediments in recent times. The catchments of Scotland’s fjords have undergone significant
changes over time, with a move away from small scale subsistence farming to large scale sheep
farming, the loss of natural woodland cover and the introduction of industrial forestry (Smout,
2004, 2003; Tipping, 2014). Such changes to the catchment have been shown to destabilise the
catchment soils, resulting in an increased input of terrestrial OC to the fjords (Smeaton et al.,
2021a); such changes are also likely to have caused the depleted §'*Corg values found in the
upper sections of the cores from these fjords (Fig.2). Of the many possible drivers of catchment
destabilisation in the region in recent times (last 100 years), the widespread introduction of
industrial forestry is the most likely (Moffat, 1988). However, the §'*Corg profile of SM-16-2
displays the most extreme switch from enriched values of -22%. to depleted values of -26%. in
the upper most section of the core. Core SM-16-2 is located in the outer basin of Loch Creran
and it is unlikely that increased OCterr alone could fully account for this significant shift in
813Corg values (Fig.2). The outer basin of Loch Creran does support several aquaculture sites
and while core SM-16-2 is not located in the immediate vicinity of the aquaculture
infrastructure itself, the core is down-fjord from an active aquaculture site. Over the last two
decades the percentage of terrestrial OM in aquaculture feed has gradually increased to ~ 70
% (Shepherd et al., 2017); large inputs of this feed and associated faecal waste from the
aquaculture is likely to be the main driver for the extreme shift towards the depleted §'3Corg

values at this site.

A few of the cores diverge from this pattern, core MC-70 (Loch Torridon) exhibits enriched

813Corg values with a lower OC content in the upper sections of the core in comparison to the
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lower OC content and depleted §'3Cory values at depth with a marked change occurring at 30
cm (Fig.2). The core is located in the inner basin of Loch Torridon and it is unlikely that there
has been a significant increase in marine OC input in recent times; furthermore, the reduction
in OC content also favours a decrease in terrestrial input over an increase in marine input. The
potential mechanisms that could drive such a shift are a significant reduction in terrestrial input
which would normally be caused by extreme alterations to the catchment such as damming of
the watercourse (Bianchi et al., 2015; Li et al., 2014), yet no such modification has occurred in
the catchment of Loch Torridon. The more likely cause for the recent reduction in OCrerr supply
is the catchment recovering from a past disturbance such as the loss of the natural woodland
(Smout, 2004; 2003); the observed changes in OC and §'3Cor, profiles may therefore potentially

reflect the return to pre-disturbance conditions of Loch Torridon.

The variability in the down core OC and §'*Corg across the mid-latitude fjords illustrates that
the quantity and source of the OC being trapped in the sediments has changed over time, with
the upper sections of many cores being influenced by increasing terrestrial input from

anthropogenic alterations of fjord catchments.
3.2 Quantifying Terrestrial and Marine Input

The §'3Corg, 3'°N and N/C values from the sediments collected from the 15 cores reveals a clear
mixing line between marine and terrestrial OC (Fig.3) which is consistent with previous studies
from Scottish fjords (Smeaton and Austin, 2017) and similar to other vegetated fjords around
the world (Cui et al., 2016; Faust and Knies, 2019; Hinjosa et al., 2014). Using the bulk
elemental and isotopic data in combination with the end-member mixing models, the fraction
of terrestrial and marine OC within the sediment were determined. The outputs from the §'*Corg
binary end-member mixing model compare well to the Bayesian model output (R*: 0.92)

providing confidence in the estimates of the fraction of OCierr (Supplementary Fig.2). In

16



379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

contrast the outputs from the N/C binary mixing model correlate poorly with both the 8!*Corg
(R? = 0.63) and Bayesian mixing (R? = 0.57) model outputs, this is likely a consequence of the
variability N/C values for the different OC sources (Supplementary Table 2-3). For the
purposes of this study, the outputs from the Bayesian mixing model will be utilised as the
outputs strongly correlate with the §!*Corg binary mixing model, which provides confidence in
the robustness of the results. Additionally, the model utilises the full range of terrestrial and
marine source values and the outputs are therefore comparable to other temperate fjord

systems.

Between 24 — 44 % of the OC at the coring sites originates from terrestrial sources. This
supports previous estimates from Scotland that calculated that 42.0 + 10.1 % of the OC stored
in the surficial sediments of Loch Sunart and Tecuis was terrestrial in origin (Smeaton and
Austin, 2017). Compared to other temperate fjords, these totals from Scotland are low as it is
estimated that 55 — 62 % of the OC stored within the sediments of these fjords originates from
the terrestrial environment (Cui et al., 2016). The relatively low OCierr concentrations found
within the sediments of these Scottish fjords in comparison to other temperate vegetated
systems (table 3) is potentially due to a number of factors. The high OCerr values in the fjords
of New Zealand and Patagonia (Table 3) are potentially driven by differences in catchment
vegetation with these Southern hemisphere fjords. The modern fjord catchments of New
Zealand and Patagonia are often characterised by high vegetation densities (Avitabile et al.,
2016, 2014) while Scotland’s fjord catchments are today dominated by montane environments

and low in biomass (Santoro et al., 2015), consequently reducing potential OCierr input.

The openness and lack of restriction of exchange with the adjacent shelf (Edwards and
Sharples, 1986) is another potential driver of the difference in OCierr Observed between the
Scottish fjords and other systems. New Zealand fjords are highly restricted (Ramirez et al.,
2016; Smith et al., 2015), often resulting in hypoxic and anoxic bottom waters which receive
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and preserve large quantities of OCierr. In comparison, the Scottish fjords are well ventilated
with regular flushing events (Austin and Inall, 2002; Gillibrand et al., 2005; Gillibrand and
Amundrud, 2007) resulting in well oxygenated bottom waters and the sustained input of marine
derived OC. Norwegian fjords have similar oceanographic conditions to their Scottish
counterparts (Bianchi et al., 2020; Howe et al., 2010) and recent work has observed that the
OC held in the sediments of some mainland Norwegian fjords is largely derived from marine
sources (Faust and Knies, 2019). These findings suggest, rather than Scottish and Norwegian
systems being outliers, that these more open well-ventilated fjords have been underrepresented
in previous global compilations of fjord sediment data (Cui et al., 2016; Smith et al., 2015), in
turn potentially overestimating the quantity of OCir held within fjords globally.

Supplementary fig. 3 presents the down core profiles of OCierr and OCuar.
3.5 Linear Sedimentation and Mass Accumulation Rates

The radiometric dating of the sediments (Supplementary Fig. 5-19, Supplementary Table 4)
allowed the LSRs and MARSs to be calculated from three independent datasets (*!°Pb, '*’Cs and
'4C). Estimations of LSRs and MARs derived from '*C ages on marine shells are generally
lower than those produced from the 2!°Pb and '*’Cs data, which are measures of bulk sediment.
The “C derived rates are based on basal ages (ranging between 47 — 3,065 years BP) from the
cores analysed (Supplementary Table 4), this is likely to be the major source of the
inconsistencies. Radiocarbon based age-control is used to estimate longer-term (100's to 1000's
of years) sedimentation and accumulation rates which are impacted by sediment compaction
(Bird et al., 2004) and alteration of the OM (Arndt et al., 2013; Larowe et al., 2020; Middelburg,
2018). In contrast, the similarity of the 2!°Pb and '*’Cs based rates are explained as estimates

of the modern deposition of material over similar time periods.
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In addition, when MARs calculated using radiometric approaches are compared to sediment
trap data, significant differences are observed. MARs determined using sediment trap data from
Scottish fjords estimate rates of between 65.7 — 17,702 g m yr'!' (Loh et al., 2010; Overnell
and Young, 1995; Young, 1996). These sediments trap derived rates range from an order
magnitude below to an order of magnitude above the sediment core-based estimates from this
study. While sediment trap studies report data as LSRs and MARs they differ from radiometric
measurements because these traps measure material falling through the water column and do
not account for losses during transport, burial, compaction and remineralization of OM on the
sea floor. The inconsistencies between dating methods mean that it is common when estimating
LSRs and MSRs to attribute these differences to first-order remineralization and compaction
of the OM (Baskaran et al., 2017). Baskaran et al. (2017) found that short-lived radioisotopes
(*'Pb and !*’Cs) are more suited to determining modern depositional rates than radiocarbon
and recommend where possible that the short-lived isotopes to be preferentially utilised in
determining modern LSRs and MARs; our results (Fig.4) are consistent with their

recommendations.

Across the 15 cores studied, the CF-CS based LSRs calculated using 2'°Pb and '*’Cs range
between 0.11 —0.35 cm yr! and 0.13 - 0.26 cm yr'! respectively. These LSRs are slightly lower
overall than those reported in the very limited data from Scottish fjords but are at the lower
boundary of LSR ranges observed in the temperate fjords of Chile, Norway and New Zealand
(Table 2). The MARs derived from 2!°Pb data range between 494 — 5224 ¢ m™ yr! which
compare well with other Scottish and temperate fjord data (Table 2). Neither LSRs nor MARs
are observed to be linked to water column depth or distance from the head of the fjord (Fig.4).
Instead, these rates are much more likely to be governed by submarine geomorphology, OM
input and local oceanography (Ramirez et al., 2016). Full compilation of LSR and MAR data

can be found in supplementary table 5-7.
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The CRS dating models for each of the cores (Supplementary Fig. 20-34) provide greater
insight into changes in LSRs and MARs through time than those calculated using the CF-CS
model. The observed LSRs and MARs calculated using the CRS model for all cores fluctuate
but in general, there is an upward trend in both LSRs and MARs in all but two of the cores
(Cal-16-36, Cal-16-33). While many of these cores generally show this upward trend, the
magnitude and timing of the increase in LSRs and MARs varies from site to site. Abrupt
changes to sediment supply are common in the upper 5-10cm of the cores. These recent changes
are likely driven by anthropogenic alteration of the catchments, in turn increasing the supply
of sediment and potentially OCierr. Cores Cal-16-36 and Cal-16-33 don’t exhibit this upward
trend in increasing depositional rates, but rather the LSR and MAR fluctuates throughout the
core. Both cores are from the inner basin of Loch Etive, where it is highly likely that the
changeability observed in the rates is governed by sediment supply from the terrestrial
environment. The catchment of the inner basin of Loch Etive is unique among the study sites
as the predominant land cover is blanket peat (Rannoch Moor). Peatlands are significantly more
sensitive to changes in the environment (hydrology, temperature, etc.) than the other fjord
catchments which are dominated by upland/montane land covers (Bragg and Tallis, 2001;

Leifeld et al., 2012).
3.6 OC Accumulation Rates

The CF-CS based OCARs across the 15 cores studied vary between 35.5 -~ 110.9 g C m™ yr'!,
with the greatest OCAR observed in the inner basin of Loch Torridon (Fig. 5A). The OCARs
found in these mid-latitude fjords are consistently higher than those observed in other temperate
fjord systems (Table 3), potentially suggesting a different mechanism governing the capture
and burial of OC in these mid-latitude fjords. The OCierr data suggest that the coring sites are
heavily influenced by the marine environment with only 24 — 44 % of the OC originating from
terrestrial sources (Table. 3), which is reflected by OCrARs that tend to fall below global
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average values (Fig. 5B). Other studies (Hayes, 2001) report that the OC in Loch Duich’s
sediments were 84% terrestrial, but the coastal water exchange within this loch is extremely
restricted and likely results in the high OCier content of the sediments. Recent work in
Norwegian fjords has recorded that the OC held in the sediments is largely derived from marine
sources and the OCARs here are higher than the global average (Faust and Knies, 2019). Faust
and Knies (2019) determined that one of the likely drivers of these high OCARs was the
strength of the North Atlantic Current (NAC), which provides the conditions (nutrients,
salinity, temperature) to allow marine organisms to thrive and drive high OCnar input. These
findings further support and strengthen the evidence that the above global average OCARs
observed in Scotland’s fjords are due to the high OCua input likely due to regional
oceanography, similar to that observed in Norwegian fjords (Faust and Knies, 2019)
potentially. The fjords of Scotland are heavily influenced by the NAC and the Scottish Coastal
Current (SCC) (Simpson and Hill, 1986); the SCC prevailing oceanographic current in the
region which flows from the south between Scotland and Ireland (Fig.1A). The SCC and NAC
are known transport pathways for nutrients (Heath et al., 2002; Pelegri et al., 2006) which
enhances coastal and near-shore primary productivity in the region (Holt et al., 2016). The
supply of OCmar to the fjord sediments is further enhanced by significant in-situ primary
productivity (Johnston et al., 1977; Steele and Baird, 1962; Wood et al., 1973) driven by
sheltered the low energy (Davies, 1975) conditions coupled to elevated nutrient input from
both the marine and terrestrial environments (Gillibrand et al., 1996; Glud et al., 2016; Watts
et al.,, 1998). The high primary productivity driven by local and regional oceanography
observed around the west and northern coasts of Scotland (Holt et al., 2016) facilitates

significant OCnar input to the fjord sediments driving the high OCARs.

The OCARs and OCierrAR calculated using the CF-CS approach provide a broad understanding

of OC accumulation in these environments which are comparable to other fjord systems, but
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the method does not fully account for changes in OC input through time. The integration of the
CRS dating models (Supplementary Fig. 20-34) with the OC and OCier data for each core

provides a better understanding of potential temporal changes and drivers in OC accumulation.

Down core OCARs are either stable or decrease (Fig.6). This could be due to the in situ
degradation of OC, or more likely changes in sediment and OC supply (Fig.2). The OCierrARS
remain stable in the majority of cores, suggesting that changes in the marine environment
govern the overall OC accumulation in the majority of the Scottish fjords. Exceptions do occur,
for example in cores from the inner basin of Loch Creran and Loch Etive where increases in
OCterrAR mirror that of OCAR, suggesting that OCrr plays a larger role in OC accumulation
in these more restricted fjords (Fig.6). These findings further support the suggestion that the
above average OCARs observed in the mid-latitude fjords of Scotland are a consequence of
less restricted geomorphological settings, which facilitate improved circulation and enhanced

OCmar input.

3.7 OC Burial

Following the methodology of Koziorowska et al. (2018), the burial efficiency of OC was
calculated for all cores (Supplementary Table §). The burial efficiency is highly variable
between sites, ranging between 35 — 98 %. The mean burial efficiency for the Scottish fjords
was calculated as 77 + 20 % which is in general agreement with the 80% burial efficiency
utilised by Smith et al. (2015) in New Zealand fjords, but higher than the 63% burial efficiency
observed in the Chilean fjords (Sepulveda et al., 2005). There are a significant number of
mechanisms that govern the preservation of OC in sediments, the most common being the
lability of the OM, bottom water oxygen concentration and sediment type (Arndt et al., 2013;
Larowe et al., 2020; Middelburg, 2019). Beyond these more complex drivers could also be at

play, such as armouring of the OM (Hemingway et al., 2019) and enhanced OM preservation
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promoted by iron (Lalonde et al., 2012). Therefore, to pin down the exact mechanism driving
the burial efficiency is difficult. Further, the methodology of Koziorowska et al. (2018)
assumes that OC input is consistent and does not change with time, but it is clear from the
down core analyses of this study that OC inputs can change over time (Fig. 2). Therefore, while
burial efficiencies are useful for making broad estimates of OC burial, caution must be applied
when calculating and utilising this metric in fjords and systems where sediment supplies can

rapidly change through anthropogenic or natural means.

Following the approach of Smith et al. (2015) which assumes each core is representative of an
entire fjord; the OCARs (Table 3) are multiplied by the total area of the fjord allowing the total
quantity of OC buried in each of the fjords to be estimated (Table 4). The 11 fjords (total area)
within this study bury 21,621 + 2,776 tonnes OC yr''. For comparison, Ramirez et al. (2016)
calculated that all the fjords (total area) of New Zealand bury 35,773 tonnes OC yr'!. However,
this generic approach to estimating OC burial in sedimentary systems fails to take into
consideration the heterogeneity of most sediments in coastal environments. The approach
based on Smith et al. (2015) assumes the seabed is homogenous, predominantly consisting of
muddy sediments because this is the sediment type where cores are normally recovered. Unlike
many other fjord systems, the spatial heterogeneity of Scottish fjord sediments is increasingly
well understood (Hunt et al., 2020; Smeaton et al., 2021b; Smeaton and Austin, 2019). It is
estimated that only 39 % of the sediments in Scottish fjords are muddy (Smeaton et al., 2021b;
Smeaton and Austin, 2019) and consequently, the OC burial estimates produced using the
methodology of Smith et al. (2015) are likely an over estimation. By applying a fjord specific
correction to account for heterogeneity of the seabed (Supplementary Fig. 36-37) we estimate

that the muddy sediments held within the 11 fjords of this study bury 7,971 + 1,139 tonnes OC

yrl.
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By applying the mean OCAR (58.62 + 21.21 gC m? yr') and burial efficiency (77 %)
calculated from the 10 fjords in this study to all Scotland’s 111 major fjords (2,608 km?) it is
estimated that they bury 0.118 + 0.043 Mt OC yr! but, as noted above, this is likely to be an
overestimation. Of the 15 cores collected as part of this study, 14 are from sediments classed
as mud to muddy Sand and one (MC-51, Loch Gairloch) is classed as mixed sediment (Table
1) according to the simplified Folk classification (Folk, 1954; Kaskela et al., 2019). By
applying the mean OCAR and burial efficiency to the areal extent of the different sediment
types held within the fjords of Scotland (Table 5), we estimate that 0.046 Mt OC yr'! and 0.038
Mt OC yr'! are buried in the muddy and mixed sediments, respectively (Table 5). These two
sediment types represent an estimated 67 % of the seabed of Scotland’s fjords, while an
additional 8.5 % of the seabed is classified as rock and incapable of burying OC (Smeaton and
Austin, 2019, Smeaton et al., 2021). Therefore, we estimate that 75% of the sediments held
within Scottish fjords bury an estimated 0.084 Mt OC yr''. The remaining 25% of sediments,
which we do not have burial data for, are classified as coarse sediments and sand; these
sediment types generally contain significantly less OC (Hunt et al., 2020; Keil and Mayer,
2014; McBreen et al., 2008; Smeaton et al., 2021b). Though recently, a number of studies of
river dominated sedimentary systems have shown that rapidly deposited sands can retain large
quantities of OC largely through the capture and storage of woody material (Lee et al., 2019;
Sparkes et al., 2015). Within river dominated fjords (eg. Bute Inlet, Canada), turbidity currents
have been observed to be important transport mechanism governing the storage and burial of
OC in sands (Hage et al., 2020). However, the small river systems of the fjords of Scotland
(Edwards and Sharples, 1986) are unlikely to contribute enough woody material to allow sands
to be a major store of OC as reported by Hage et al., (2020). Available sediment measurements
indicate that the coarser sediments of the mid-latitude fjords of Scotland will likely have low

OCARs and low burial efficiencies; but they do occupy a significant seabed area of
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approximately 647 km?and will consequently play an additional but currently unquantified role

in trapping and storing OC.

When compared to other regional marine sedimentary systems such as the North Sea (~500,000
km?) which buries an estimated 0.1 Mt OC yr'! (Haas et al., 1997), it is clear that the sediments

with Scotland’s mid-latitude fjords (~2,608 km?) are of national and global importance.
4. Conclusion

Here we, investigated the variability of sediment and OC accumulation across the seabed of a
number of fjords allowing the total annual OC burial within the sediments of all Scottish fjords
to be estimated at 84,000 tonnes of OC. Across fifteen cores LSR’s range between 0.11 —0.35
cm yr'! while MAR’s values between 494 — 5,224 g m™ yr'! were observed. These rates compare
favourably to those found in other temperate vegetated fjord systems globally. In contrast, we
observe OCAR’s of between 35.5 — 110.9 g C m? yr'! which are above the global average,
these heightened rates are primarily driven by OCuar input with OCeerr only representing 22 —

44 % of the total OC found in the sediments of these fjords.

Current thinking suggests that fjords are hotspots of OC burial because of their highly restricted
geomorphology, which induces low bottom water oxygenation and the enhanced capture of
significant quantities of OCierr. While it is likely that the quantity of OCierr entering mid-latitude
fjord sediments has increased in recent decades due to anthropogenic disturbance of the
neighbouring terrestrial environment, the dominant competent of the OC stored within these
sediments remains marine in origin. Above average OCARs found in these fjords are likely a
product of high OCnar input, which is likely governed by the strength of regional oceanographic

currents similar to that observed in Norwegian fjords (Faust and Knies, 2019).

While the mechanisms, which govern the burial and storage of OC in the mid-latitude fjords
of Scotland, may differ from their high-latitude counterparts, they nevertheless play an
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equivalent role in climate regulation through the burial and storage of OC within their
sediments. We conclude that all fjord systems appear to stand-out in their capacity to bury

globally significant quantities of OC in marine sediments.
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Figure 1. Locations of the fjords and associated coring sites investigated within this study. (A) Overview of study sites with the Scottish Coastal

Current (Simpson & Hill, 1986) the dominant current in the region represent by orange arrows. Coring sites at (B) Loch Eriboll (MC-11), (C)

Loch Gairloch (MC50 and MC-51), (D) Loch Torridon (MC-74), (E) Loch Eishort (MC-06), Loch Nevis (MC-13 and Loch Hourn (MC-14), (F)

Loch Sunart (GC-01) and (G) Loch Creran (SM-16-2, SM(2)-16-3) and Loch Etive (Cal-16-16, Cal-16-22, Cal-16-36, Cal-16-32). Further

details of the coring sites can be found in supplementary table 1.
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Figure 4. Differences in LSR and MAR calculated using different radiometric dating
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symbols represent the calculated rates from this study, open symbols represent rates from the

literature. Full dataset can be found in supplementary material.
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1029

1030

1031

1032

1033

1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048

1049

Core Fjord Mean (um) % < 63um Folk Class
MC-11 Eriboll 25.65 + 6.86 86.87 £ 8.76 Mud to Muddy Sand
MC-50 Gairloch 62.94+12.58 48.65+17.65 Mixed
MC-51 Gairloch 28.62 +£4.04 87.64 +3.56 Mud to Muddy Sand
MC-70 Torridon 21.27+4.96 92.90 +£3.98 Mud to Muddy Sand
MC-74 Carron 49.06 £ 12.66 66.18 + 8.85 Mud to Muddy Sand
MC-14 Hourn 2840+ 11.67 84.03 £6.92 Mud to Muddy Sand
MC-13 Nevis 12.74 £2.12 98.51 £0.97 Mud to Muddy Sand
MC-06 Eishort 18.42 +3.04 9427 +2.29 Mud to Muddy Sand
GC-01 Sunart 27.62 +6.07 91.77+1.48 Mud to Muddy Sand

SM-16-2 Creran 53.50+5.24 62.31 +4.76 Mud to Muddy Sand
SM(2)-16-3 Creran 22.57+3.28 92.59+£2.12 Mud to Muddy Sand
Cal-16-32 Etive 27.61 £5.16 88.20+ 3.53 Mud to Muddy Sand
Cal-16-36 Etive 31.54 +8.31 86.22 £ 6.20 Mud to Muddy Sand
Cal-16-22 Etive 4159+ 11.56  77.16+6.74 Mud to Muddy Sand
Cal-16-16 Etive 36.10 +4.74 82.76 +3.74 Mud to Muddy Sand

Table 1. Grain size characteristics of each of the fifteen sediment cores. Mean (um) and % <63 um

data calculated from all one cm slices of each core. The modified Folk classification scheme (Kaskela

et al.,, 2019) was used to describe the sediment type. Full grain size data can be found in the

supplementary data.
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Core ID Fjord 20pp LSR 137Cs LSR 4C LSR 210pp MAR 137Cs MAR Reference
(em yr™) (cm yr™) (cm yr™) (gm?yr?) (gm?yr"
MC-11 Loch Eriboll 0.33 +£0.08 0.13-0.15 0.22 £0.05 3,598 1,937
MC-50 Loch Gairloch 0.15+0.06 0.13-0.15 0.21 £0.03 5,224 3,077
MC-51 Loch Gairloch 0.21 +£0.02 0.07 - 0.09 0.38£0.11 2,268 2,378
MC-70 Loch Torridon 0.22 +£0.03 0.21-0.23 0.20 £0.01 2,786 2,229
MC74 Loch Carron 0.16 £ 0.06 0.22-0.26 0.01 £0.01 1,689 2,517
MC-14 Loch Hourn 0.21 +£0.03 0.17-0.19 2,954 1,868
MC-13 Loch Nevis 0.26 £ 0.04 0.16 —0.19 2,632 2,064
MC-6 Loch Eishort/Slapin 0.35+0.04 0.25-0.26 4,803 3,263 This Study
GC-01 Loch Sunart 0.21 +£0.02 1,200
SM-16-2 Loch Creran 0.19+0.1 0.26 £0.02 2,521
SM(2)-16-3 Loch Creran 0.24 +£0.02 1,910
Cal-16-32 Loch Etive 0.11+0.01 494
Cal-16-36 Loch Etive 0.22 +£0.07 1,387
Cal-16-22 Loch Etive 0.20+0.1 1,122
Cal-16-16 Loch Etive 0.22 +0.04 1,487
Other Scottish Fjords
LD 1 Loch Duich 0.4 0.56 —0.74 1,600 2,000-2,500 Hayes, 2001
PM06-MC-01 Loch Sunart 0.65 +0.41 0.56 £0.02 Cage and Austin, 2010*
Upper Basin (RE 6) Loch Etive 0.6 .
Lower Basin (RE 5) Loch Etive 0.3 Al-Qasmi et al., 2018
Upper Basin (RE 3) Loch Etive 0.31
Lower Basin (RE 5) Loch Etive 0.52 Malcolm, 1981
LE1 Loch Etive 640 700
LE2 Loch Etive 680 1,800
LE3 Loch Etive 1,000 1,000 Lo
LLI Long (Clyde) 1,000 Shimmield, 1993
GD2 Loch Goil 700
FS Loch Fyne 800
YA Loch Etive 1,970
YB Loch Etive 1,670 Young, 1996
YC Loch Etive 2,160
LES-1 Loch Etive 1,300
LES-2 Loch Etive 2,900 Ridgway, 1984
LES-3 Loch Etive 1,300
Other Vegetated Temperate Fjords
Norway 0.3-0.78 42.6 —3319 Duffield et al., 2017, Faust and Knies, 2019;
Miiller, 2001
Patagonia (Chile) 0.14-047 897 — 2841 Sepulveda et al., 2011
New Zealand 0.06 —0.38 51 -2050 Cui et al., 2016; Ramirez et al., 2016; Smith et

al, 2015

1050  Table 2. LSR and MAR for the fifteen cores analysed in this study calculated using different radiometric dating techniques (*'°Pb, '¥’Cs, *C). Additionally,

1051  compiled rates from Scottish and other vegetated temperate fjords found in the literature are presented. * Radiocarbon data recalibrated using the Marine 20

1052  calibration curve (Heaton et al., 2020)
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Fjord LSR MAR oC OCterr OCAR OCtrrAR Reference

(cm yr) (g m?yr') (%) (%) (g€ m? yr') (g€ m? yr')
Loch Eriboll 0.33+0.08 3598 1.8+0.2 27.7 65854 18.0+3.6
Loch Gairloch 0.18+0.04 37462090 2.0+0.2 36.1 60.0+6.2 21.1+£3.0
Loch Torridon 0.22+0.03 2786 40+1.5 39.5 1109+41.0 47.1+28
Loch Carron 0.16 £ 0.06 1689 2.1+0.5 36.5 355+83 129+3.7
Loch Hourn 0.21+£0.03 2954 23+0.1 323 67.7+2.4 19.7+2.1 This Study
Loch Nevis 0.26 £ 0.04 2632 2.1+£0.2 28.1 55.5+6.1 157+£2.6
Loch Eishort/Slapin 0.35 £0.04 4803 1.3+£0.1 24.3 62.4+4.8 14.6+24
Loch Sunart 0.21£0.02 1200 3.0+1.1 36.5 348 £13.2 133+14
Loch Creran 0.22 +£0.06 2215+432 1.9+0.8 38.0 424 +£18.4 16.6 +9.6
Loch Etive 0.18 +£0.06 1123 + 446 49+09 448 51.2+8.5 243+£53
Loch Duich 0.4 1600 47+0.6 84.0 729+4.2 61.3+8.5 Hayes, 2001
Scottish Fjords 0.25+0.1 2577+1159 2.74+1.2 38.8 571+£109 209+43
Other Vegetated Fjord Systems
Patagonia 0.31 1270 + 600 1.9+0.8 423 240 £163 10.2+10.7 (Aracena et al., 2011; Mayr et al., 2014; Septlveda et al., 2005; Silva et
al., 2011)
West Canada 0.30 1750+ 1870 1.6+3.6 47.5 28.0 £3.1 13.3+4 (Brown et al., 1972; Ingall et al., 2005; Nuwer and Keil, 2005;
Smittenberg et al., 2004; Walsh et al., 2008)
East Canada 0.70 4770 +£5440  0.7+0.9  70.1  348+71.6 244+738 (Louchouarn etal., 1997; St-Onge and Hillaire-Marcel, 2001; Syvitski et
al., 1987)
NW Europe 0.35 700+ 710 42+42 76.5 293 £173 14386 (Faust et al., 2014; Faust and Knies, 2019; Huguet et al., 2007; Loh et

al., 2010; Miiller, 2001; Nordberg et al., 2009, 2001; Smittenberg et al.,
2005; Velinsky and Fogel, 1999)
New Zealand 0.14 880 + 320 3.8+1.9 734  338+23.0 24.8+209 (Cui et al., 2016; Knudson et al., 2011; Ramirez et al., 2016; Smith et
al., 2015, 2010)

1053

1054  Table 3. OCAR and OCirAR data for 10 mid-latitude fjords from Scotland. Mean values are presented for fjords with multiple cores (Loch

1055  Creran, Etive and Gairloch). Data from other vegetated fjord systems are included for comparison.

51



All Sediments | Muddy Sediments
Fjords Area Burial OC Burial Mud OC Burial
(km?) Efficiency (Tonnes yr') (%) (Tonnes yr™)

(%)

Loch Eriboll 31.1 78.6 1,610 £ 132 51 819 £ 67
Loch Gairloch 13.8 92.8 769 £ 79 51 463 + 32
Loch Torridon 70.0 94.0 7,293 + 2,694 34 2,464 £910

Loch Carron 23.1 71.3 584 + 136 43 254 + 60

Loch Hourn 33.7 95.1 2,167 +£76 49 1,070 £ 37

Loch Nevis 28.7 77.5 1,234 £ 135 28 342 + 37
Loch Eishort/Slapin ~ 45.6 85.0 2,419+ 186 29 711 +£55
Loch Sunart 49.5 81.2 1,398 + 530 27 378 £ 143
Loch Creran 13.3 36.3 205 + 89 27 55+24
Loch Etive 29.5 75.2 1,134 £ 189 58 655+ 109
Loch Duich 44.2 87.0 2,808 = 161 27 760 +43

1056

1057  Table 4. Annual OC burial in the mid-latitude fjords of Scotland. Broken down into rates for the
1058  fjords as a whole and the muddy sediments alone. Supplementary figures 36-37 illustrate the spatial

1059  distribution of the different sediment types within the fjords.
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071

1072
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1073

1074

1075

1076

1077

1078

Area OCAR Burial Efficiency OC Burial

(km?) (g m? yr') (%) (Mt yr')
Rock & Boulders 220.92 0 0 0
Coarse Sediment 505.70 — — —
Mixed Sediment 729.18 486 £7.3 88.0 0.038
Mud to muddy Sand 1,011.27 59.1+22.1 76.4 (34.7-97.6) 0.046 (0.02 — 0.06)
Sand 141.24 — — —
Total 2,608.31 0.084 (0.06 — 0.10)

Table 5. National estimates of the total annual burial of OC within the different sediments of
Scotland’s fjords. Bracketed figures represent the min and max values. Data for coarse sediments and
sand are not included and the total OC burial estimates are therefore underestimated. Areal extent of

the different sediment types obtained from Smeaton et al. (2021) and Smeaton and Austin, (2019).
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