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Preface

This thesis is the result of a three year PhD study at the Department of Geology at the Uni-
versity of Tromsa, Norway. It compromises three scientific papers, which were prepared in
the period between November 2011 and April 2014 at the Geological Survey of Norway
(NGU) in Trondheim. The project was funded by the European Union and was part of the
Marie Curie Initial Training Network CASE "The Changing Arctic and Subarctic Environment”.
In addition to intensive training sessions and progress meetings the CASE Network provided
close collaboration with eleven other PhD students from nine different European countries
at the Universities of Bordeaux, Amsterdam, Plymouth, Tromsg and Kiel. The existent work
was also presented at the Goldschmidt conference in Montreal and Florence as well as at
the EGU in Vienna. Additionally, The Geological Society provided a travel and accommoda-
tion grant for a conference presentation in London, a research award from Iso-Analytical
Ltd. supported isotopic analysis, the Research Council of Norway provided a Marie Curie
"toppfinansiering” and the Stiftung Mercator, part of the European Campus of Excellence
(ECE), offered the participation in the summer school "Climate Change in the Marine

Realm” in Bremen and Sylt, Germany.
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1 Introduction

How do natural climate variations affect the environmental conditions on Earth's different
regions? And how sensitive is Earth's climate to the alteration of its surface and atmos-
phere by human activity? To answer these basic questions a profound knowledge of the
climate system is required which can only be developed by studying long term past cli-
matic changes. However, since climate is the statistical evidence of the average weather
over a longer period of time (decades to millions of years) at a certain point (IPCC, 2007) it
is not possible to see, feel or directly measure climate. Hence, to estimate climate vari-
abilities over long time scales changes of the internal components of the climate system
(air, water, ice, land surfaces and vegetation (Ruddiman, 2001)) are reconstructed by us-
ing climate proxies. Thus, it is crucial to identify high-resolution proxy data from key areas
characterized by specific climate phenomena where instrumental record data are available

to estimate the relative magnitude of past climatic changes (Abrantes et al., 2009).

Norwegian fjords meet all these requirements to decipher past climate signals. Their sedi-
ments contain information regarding environmental changes of the hinterland and oceano-
graphic variability on the adjacent continental margins and shelves through water mass
exchange (Schafer et al., 1983; Syvitski and Schafer, 1985; Hald et al., 2003; Husum and
Hald, 2004; Forwick and Vorren, 2007; Howe et al., 2010; Hald et al., 2011). Moreover,
biogenic sedimentation generated in-situ in the fjord through biogeochemical processes
and primary productivity can also reflect local and global influences on the environment
(Knies et al., 2003; Knies, 2005). General high sedimentation together with the possibility
to quantify environmental parameters such as water exchange and freshwater input offer
an excellent opportunity for studying land-ocean interactions and can provide ultra-high-
resolution records of local responses to short-term variability in the earth’s climate
(Mikalsen et al., 2001; Kristensen et al., 2004; Paetzel and Dale, 2010).

Apart from the relatively warm northward flowing North Atlantic Current, the Norwegian
coastal climate is strongly influenced by the North Atlantic Oscillation (NAO) (e.g. Hurrell,
1995; Dickson et al., 2000; Cherry et al., 2005). This dominant mode of the atmospheric
circulation is most pronounced during winter times (Dec-Mar) and is defined as the differ-
ence in atmospheric pressure at sea level between the Icelandic low and the Azorean high
(Hurrell, 1995). It controls the strength and direction of westerly winds and storm tracks
across the North Atlantic (Olsen et al., 2012) and swings between two phases: A positive

(negative) NAO generates periods of warmer and wetter (colder and dryer) climate condi-
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tions in north-western Europe (e.g. Wanner et al., 2001; Fig. 1). Moreover, its strong im-
pact on precipitation, temperature and wind intensity changes along the Norwegian coast
(Ottersen et al., 2001) affects e.g. energy supply and demand, agricultural, fisheries and
marine and terrestrial ecological dynamics (Ottersen et al., 2001; Drinkwater et al., 2003;
Hurrell et al., 2013).

NAO -

Westerlies Westerlies

Fig. 1: During a negative NAO phase (left) both, the Azorean high and the Icelandic low are weaker and the
Westerlies flow further south which results in colder and drier conditions in Norway. During a positive NAO
phase (right), both pressure areas are well developed, the Westerlies are "pushed” further north transporting
moisture and heat to Norway resulting in warmer and wetter conditions. The red square is the location of the
study area, the Trondheimsfjord. Yellow arrows indicate the North Atlantic Current transporting relative warm
water towards the north and the Norwegian Coastal Current (NCC).

To better understand NAO variability and to estimate not only the range of possible fluc-
tuations but also assess their predictability and possible shifts associated with ongoing
global warming, long term NAO reconstructions are crucial, but until today rare and often
inconsistent (Pinto and Raible, 2012). The general challenges for NAO reconstructions are
its possible non-stationarity (a spatial shift of the atmospheric pressure areas) and its
strong alteration on very short time scales requiring high resolution (winter) paleoclimatic
records which can provide the essential knowledge for its prediction and the quantification
of possible anthropogenic induced changes. Reconstructions based on early instrumental
and documentary proxy data, tree rings, speleothems, and ice core data gave best results
so far (Jones et al., 1997; Appenzeller et al., 1998; Glueck and Stockton, 2001;
Luterbacher et al., 2001; Cook et al., 2002; Vinther et al., 2003) but only for the past
950 years (Trouet et al., 2009). Recently, Olsen et al. (2012) extended the NAO record to
5,200 years using a multi-proxy geochemical record from lake sediments in Greenland.
However, this record still covers only half the Holocene and needs support from additional

studies.

Changes in precipitation and temperature associated with the NAO are assumed to alter

the constitution of fluvial sediment flux from land towards ocean basins generated by
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weathering and erosion of bedrock and soils (e.g. White and Blum, 1995; Lamy et al.,
2001; Govin et al., 2012). Exploring such a relationship between terrigenous input and
changes in environmental conditions requires detailed knowledge of the transport mecha-
nisms dominating particle supply (e.g. Zabel et al., 2001). To date no systematic organic
and inorganic geochemical investigation of the marine sediments as a basis for long term
paleoclimate studies has been conducted in any Norwegian fjord. As for most Norwegian
fjords, studies from the Trondheimsfjord in central Norway (Fig. 1 and 2) focus on biologi-
cal processes (e.g. Haug et al., 1973; Sakshaug and Myklestad, 1973; Bagrsheim et al., 1999;
Sakshaug and Sneli, 2000; Oztiirk et al., 2002), sedimentary and mass-wasting processes
(Boe et al., 2003; Bge et al., 2004; Rise et al., 2006; Lysa et al., 2008; L'Heureux et al.,
2009; L'Heureux et al., 2010; Hansen et al., 2011; L'Heureux et al., 2011) and oceanogra-
phy (Wendelbo, 1970; Jacobson, 1983).

The objective of this PhD project is to (a) detect sources of particular sediment compo-
nents to identify environmental mechanisms controlling their supply and distribution, (b)
to identify geochemical proxies for terrestrial input/river discharge and finally (c) apply
these findings on Holocene sequences to reconstruct the variability of the North Atlantic
Oscillation (NAO) for the last 2,800 years. For this purpose we establish a multiproxy data
set from various sediment cores and surface sediment samples from the Trondheimsfjord
and compare the results with instrumental data of air temperature, precipitation and river
discharge as well as with geochemical bedrock and overbank sediment data from the adja-

cent drainage area.
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2 Study Area

The Trondheimsfjord

The temperate Trondheimsfjord is located in the central part of Norway (Fig.1 and 2) and,
with a length of approximately 135 km, it is the third longest fjord in the country
(Jacobson, 1983). Like many fjords, its complex morphology is characterised by relatively
wide and shallow areas, narrow trenches and steep slopes, up to 30-40 degrees (Bge et al.,
2003). Three sills, the Agdenes Sill at the entrance (max. 330 m water depth), the Tautra
Ridge in the middle section (max. 100 m water depth) and the Skarnsund in the inner part
(max. water depth 100 m) divide the Trondheimsfjord into four main basins: Stjernfjord,
Seaward basin, Middle fjord and Beistadfjord (Fig. 2).
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Fig. 2: Map of the Trondheimsfjord showing the three sills (red lines) dividing the fjord into four main basins as
well as the six main rivers entering the fjord from the south/southeast. Inset upper right corner: Location of
the Trondheimsfjord in central Norway.
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The average tide in the Trondheimsfjord is 1.8 m, the average water depth is 165 m and
the maximum water depth (620 m) is found at the mouth of the Seaward basin (Sakshaug
and Sneli, 2000 and references therein). The total drainage area is approximately
20 000 km* (Rise et al., 2006) with a mean precipitation in the north-west area
(1700 mm/year) that is twice as high as in the south-east region (855 mm/year). Moreover,
the maritime climate in the Trondheimsfjord region is strongly influenced by the North
Atlantic Oscillation (NAO) (Wanner et al., 2001), causing warm and wet (+NAO) or cold and
dry (-NAQO) weather conditions especially during winter times. Additionally, the relative
warm (about 7.5°C) Atlantic water flowing into the Trondheimsfjord modulates seasonal
air temperatures over the fjord region, resulting in lower (higher) air temperatures in
summer (winter) and a strong temperature gradient from the fjord towards the hinterland

can be observed, especially during winter months.

Oceanography

In general, interactions between forces governing the fjord circulation, coupled with the
complex bottom topography and coastline, result in a complicated flow pattern and distri-
bution of different water masses within the fjord system (Svendsen et al., 2002). The sea-
sonal variation of freshwater supply from the six main rivers entering into the fjord (Gaula,
Orkla, Nidelva, Stjerdalselva, Verdalselva and Steinkjerelva; Fig. 2) affect the surface sa-
linity and the three sills hinder a free exchange of water with the open ocean. The water
masses in the fjord are, therefore, often stratified and three layers can often be identified

(Fig. 3): a brackish water layer on top; an intermediate layer down to the height of the sill

RIVER (FRESH WATER)
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Fig. 3: Sketch of the estuarine circulation of a fjord (modified after Jacobson, 1983)

top and a deep water/basin water layer beneath the sill height which is usually renewed
twice a year (Jacobson, 1983). The level of stratification is the balance between the buoy-
ancy flux, set up by the discharge of freshwater, and processes that work to homogenize
the water masses such as tidal mixing and wind acting on the surface layer (Syvitski, 1989).

The overall water circulation is marked by the outward flowing brackish water above an
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inward moving compensating marine current with almost constant temperature and salinity
of approximately 7.5°C and 34.8, respectively, around the entire year (Sakshaug and Sneli,
2000). The mixing of these two main currents produces a residual compensating current
below the surface layer (Jacobson, 1983). This current system is known as the “estuarine

circulation” and is shown schematically in Figure 3.
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Fig. 4: Surface water circulation pat- °
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tide phase B) (modified after Jacobson,
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The Coriolis effect deflects surface currents towards the right, especially in the Seaward
basin. Ocean water entering the fjord, therefore, always flows along the south side of the
fjord, while outward currents always flow along the north side (Fig. 4). As a result, large
volumes of the riverine water recirculate and mix into each basin before leaving the

Trondheimsfjord after a residence time of ca. 20 days (Jacobson, 1983).

Sedimentary processes

Depending on the river discharge, which varies with season, rivers can transport all types
of grain sizes into the fjords. The coarse component is usually deposited close to the river

estuary and the re-sedimentation of these sediments may occur as slide and debris flow
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events (Bge et al., 2003; Bge et al., 2004; Lysa et al., 2008; L'Heureux et al., 2009;
L'Heureux et al., 2010; Hansen et al., 2011; L'Heureux et al., 2011). However, the finest
component of the inorganic fraction may be transported over long distances even beyond
the fjord. The transport takes place in the brackish surface plume (Fig. 3), above the halo-
cline (Hoskin et al., 1978). Thus, the distance a particle is carried out into the fjord de-
pends on its size, the velocity of the surface current and the stratification of the water
column. As mentioned above one of the main causes for the surface-layer velocity is the
freshwater discharge. During periods of high discharge e.g. due to the snow melt in spring,
the velocity of the fjord's surface water is also high and the water column is well strati-
fied. As a result the suspended material can be transported over long distances. Accord-
ingly, although the fjord is partly very deep, the water masses below the estuarine circula-
tion cell can be described as an energetically relatively low environment and the distribu-
tion of sediments within the fjord are, therefore, largely controlled by the circulation in

the upper part of the water column (Wendelbo, 1970; Syvitski, 1989).

Geology

The geology in the Trondheimsfjord region is characterised by Caledonian nappes along its
south-eastern side, autochthonous Precambrian granitoid gneisses and Caledonian slivers
along its north-western side, and a basement window (Tegmmeras anticline) exposing Pre-
cambrian volcanic rocks near its north-eastern end (Roberts, 1997). The Caledonian nappes
belong to the Middle and Upper Allochthon and consist mainly of schist, metagreywacke
and ophiolitic greenstone, intruded by gabbroic to tonalitic rocks. During the Quaternary,
glaciers eroded deeply into the bedrock, forming a 1100-1300 m deep basin between
Trondheim and the Agdenes sill (Rise et al., 2006). The hemipelagic sediments of mostly
pre-Holocene age have a maximum thickness of up to 750 m (Bge et al., 2003; Rise et al.,
2006).
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3 Materials and methods

The results presented and discussed in this thesis were obtained by extensive, mostly geo-
chemical but also mineralogical and sedimentological analyses of sixty surface sediment
samples collected across the entire Trondheimsfjord, plus one entire multicore (MC99-3)
and the first five meter of a giant piston core (MD99-2292; see also Bge et al., 2003) both

recovered from the same location in the fjords Seaward Basin (Fig. 2).

Organic carbon, bulk elemental geochemistry and grain size analyses

The elemental composition of the surface- and the multicore sediment samples, retrieved
from different multicores sliced in 1 cm intervals, were analysed at the ACME Ltd. labora-
tory in Vancouver, British Columbia Canada. Determination was performed by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) following a four-acid digestion,
which is considered to be a total digestion method. Prior to sediment sampling the ele-
mental composition of the sediment core MD99-2292 was measured in 0.5 cm steps using
an Avaatech X-ray fluorescence (XRF) core scanner at EPOC, CNRS/University of Bordeaux
1, France. Subsequently, sediment slices (1 cm deep, 1.5 cm wide, 7 cm long) were taken

in a 4 cm interval for further analyses.

Analyses for total carbon (TC), total organic carbon (C,) and grain size were performed at
the Laboratory of the Geological Survey of Norway (NGU). Weight percentages (wt. %) of
Corg and TC were determined with a LECO SC-444 and Carbonate content was calculated as
CaCO; = (TC - Corg) x 8.33. The determination of grain size distribution was performed by
laser diffraction using a Coulter LS 200 instrument. The analysis was carried out on mate-

rial within a particle diameter range of 0.4-2000 pym.

Total nitrogen and stable carbon isotope analyses

Total nitrogen (N in wt%) was determined using a Carlo Erba NC2500 Isoprime elemental
analyzer isotope ratio mass spectrometer at EPOC, CNRS/University of Bordeaux 1, France.
The inorganic nitrogen (Ninorg) content was analysed on sediment subsamples treated with
KOBr-KOH solution to remove organic nitrogen (see Knies et al. (2007) for details) using an
EA-IRMS (Iso-Analytical Ltd., UK). The organic proportion of the total nitrogen content was
calculated by subtracting the Niyre fraction from N Stable carbon isotopes of the Cr
fraction (613Corg) were measured on decarbonated (10 % HCl) aliquots using an EA-IRMS (Iso-

Analytical Ltd., UK). 8"C, values are given in per mil vs. Vienna-PDB.
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Bulk mineral assemblage analyses

Bulk mineral assemblages were measured via X-ray diffraction (XRD) using a Philips X’Pert
Pro MD, Cu-radiation (k(alpha) 1.541, 45 kV, 40 mA) and X’Celerator detector system at
the Central Laboratory for Crystallography and Applied Material Sciences (ZEKAM), Univer-
sity of Bremen, Germany. Quantification of the mineral content was carried out with
Quantitative Phase-Analysis with X-ray Powder Diffraction (QUAX) (details are given in Vogt
et al., 2002).

Chronology

The chronology of the multicore MC99-3 is based on 2'°Pb and "*’Cs content on neighbouring
sediment core in the multi-corer rack (MC99-1). 2'Pb and "*’Cs measurements were per-
formed in a low background, high efficiency, well-shaped vy-detector at EPOC,
CNRS/University of Bordeaux 1, France. According to the age model of Milzer et al. (2013),
the sedimentation rate is 0.49 cm/year and the core base age is 1959. The dating error
increases gradually down core from +0.07 to +3.53 years. As changes in sedimentation
rate, degree of sediment compaction, sediment remobilisation as well as biological activity
and diffusion can influence the accuracy of the °Pb analysis, the artificial nuclide *’Cs
was used to validate the chronology. Distinct "*’Cs increases have been found at core
depths of 12.5 cm and 36.5 cm. According to the age model these depths correspond to
1986 (£1.7 yr) and 1963 (+£3.4 yr), respectively (Milzer et al., 2013). Hence they are in good
agreement with the nuclear weapon tests fallouts (max. in 1963) and the power plant ac-
cident of Chernobyl in 1986.

The age model of the upper five meters of the MD99-2292 is based on eight accelerator
mass spectrometry (AMS) radiocarbon ('*C) date measurements and polynomial regression
between the dates. The "C-AMS dates were determined on carbonate shell material at the
Leibniz Laboratory (University of Kiel, Germany) and at the Laboratoire de Mesure du Car-
bone 14 (Gif sur Yvette Cedex, France). We applied a reservoir correction of 400 years
(AR = 0) and converted the radiocarbon dates into calibrated years with the Calib 6.0.1

software (Stuiver and Reimer, 1993).

Additional geochemical and instrumental data used

To identify geochemical proxies for terrestrial input and river discharge in the Trondheims-
fjord we used two additional geochemical data sets including overbank sediments and bed-
rock analyses from the drainage area. The bedrock analyses reflects the chemical composi-
tion of geological units. Overbank sediments (also called alluvial soil, levée or floodplain

sediments) accumulate during active widespread erosion related to flooding episodes. They
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are considered to represent the average lithological input of a whole catchment area up-

stream from the sampling site (Ottesen et al., 1989).

In order to compare our results with the recent climate variability, seasonal and annual
mean air temperature and precipitation records for the Trondheimsfjord region since 1900
were obtained from the Norwegian Meteorological Institute (www.eklima.no). Moreover,
time series (1963 - present) of river discharge for the six largest rivers entering the Trond-
heimsfjord, Gaula, Orkla, Nidelva, Stjordalselva, Verdalselva and Steinkjerelva (Fig. 2)

were obtained from the Norwegian Water Resource and Energy Directorate (www.nve.no).
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4 Summary of papers

Paper |

Faust, J.C., Knies, J., Slagstad, T., Vogt, C., Milzer, G., Giraudeau, J., (in review).
Geochemical composition of Trondheimsfjord surface sediments: Sources and spatial

variability of marine and terrigenous components. Continental Shelf Research

This first paper aims to investigate the inorganic/organic geochemistry of surface sedi-
ments and to identify geochemical proxies for terrestrial input and river discharge in the
Trondheimsfjord, central Norway. Sixty evenly distributed surface sediment samples were
analysed for their elemental composition, total organic carbon (Cor), nitrogen (Nor) and
organic carbon stable isotopes (6"*Coy), bulk mineral composition and grain size distribu-
tion. The results indicate carbonate marine productivity to be the main CaCO; source. A
strong decreasing gradient of marine-derived organic matter from the entrance towards
the fjord inner part is consistent with modern primary production data. We show that the
origin of the organic matter, as well as the distribution of CaCO; in Trondheimsfjord sedi-
ments can be used as a proxy for the variable inflow of Atlantic water and changes in river
runoff. Furthermore, the comparison of grain size independent Al-based trace element
ratios with geochemical analyses from terrigenous sediments and bedrocks provides evi-
dence that the distribution of K/Al, Ni/Al and K/Ni in the fjord sediments reflecte regional
sources of K and Ni in the northern and southern drainage basin of the Trondheimsfjord,
respectively. We propose that the application of these findings to temporally well-
constrained sediment records will provide a robust reconstruction of past climate changes
in central Norway and potentially illuminate both the variability of the North Atlantic Cur-

rent and the North Atlantic Oscillation since the last deglaciation.

Paper Il

Faust, J.C., Knies, J., Milzer, G., Giraudeau, J., (in review). Terrigenous input to a
fjord in central Norway records the environmental response to the North Atlantic Oscil-

lation over the past 50 years. The Holocene

In the second paper we examine instrumental time series and show that the dominant
mode of the atmospheric circulation in the North Atlantic region, the North Atlantic Oscil-
lation (NAO), has a strong impact on river discharge, temperature, and precipitation in

central Norway. In addition, elemental composition analysis of a short sediment core re-
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veals that from 1959 to 2010 winter precipitation and temperature changes are recorded
by changes in the inorganic geochemical composition of Trondheimsfjord sediments. Ele-
mental ratios of Al/Zr and K/Ni in the sediment core MC99-3 show a close relation to small
scale, high frequency climate variations and large-scale changes in the Northern Hemi-
sphere climate. Thus, terrigenous input and related erosional processes in the fjord hinter-
land are highly sensitive to atmospheric circulation variability in the North Atlantic region.
A comparison between the elemental ratio of Al/Zr and NAO records derived from ice ac-
cumulation rates of Norwegian glaciers, western Greenland ice sheets and river discharge
anomalies in the Eurasian Arctic, supports our assumption that it is possible to reconstruct

long term NAO variations from sedimentary archives in central Norwegian fjords.

Paper Il

Faust, J.C., Fabian, K., Milzer, G., Giraudeau, J. Knies, J., (in prep.). North Atlantic
Oscillation dynamics recorded in central Norwegian fjord sediments during the past

2800 years. To be submitted to Nature Geoscience

The objective of the third paper is to establish the first reconstruction of the North At-
lantic Oscillation from marine sediments. By comparing geochemical measurements from a
short sediment core from the Trondheimsfjord, central Norway with instrumental data we
show that marine primary productivity proxies are sensitive to NAO changes during the past
50 years. This result is used to link a 2800 years paleoproductivity record to a reliable 500-
year long winter NAO reconstruction based on early instrumental and documentary proxy
data and establish a late Holocene high resolution NAO record. We show that NAO variabili-
ties coincide with climatically associated changes in paleo-demographics, northern hemi-
sphere (NH) glacier advances and compared to the recent (300 years or so) NAO variabili-
ties positive/negative phases are more persistent. Furthermore, a strong volcanic eruption
may have induced the onset of the Little Ice Age (LIA), which is marked by a rapid transi-

tion from a stable positive to a stable negative NAO phase.
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5 Synthesis

Fjord deposits have a great potential for providing high-resolution sedimentary records
that reflect local terrestrial and marine processes and, therefore, offer unique opportuni-
ties for the investigation of sedimentological and geochemical climatically induced proc-
esses. However, the complexity of fjord systems in terms of bathymetry, oceanography
and sedimentary processes requires a profound knowledge of the fjord constitution before
starting to interpret climatic signals in Holocene sediment sequences. For this reason, we
first attempt to provide a comprehensive overview of the Trondheimsfjord environmental
system by applying a geochemical multiproxy analysis on sixty surface sediment samples
and compare our findings with available geochemical data from the fjords drainage area.
Next, we use the gained knowledge to identify possible organic and inorganic geochemical
climate proxies. The consistency of these proxies is evident from a fifty year long geo-
chemical record paralleled with instrumental data of regional temperature, precipitation,
river discharge and the NAO. The ultimate result is the first high resolution NAO recon-
struction established on marine sediments based on a 2,800 year long paleoproductivity

record.
The main conclusions of this study are:

¢ The inorganic geochemical composition of Trondheimsfjord sediments reflects re-
gional differences in the geology of the terrestrial source area. Specifically, green-
stones and metagreywackes located along the southern side of the fjord are the
main Ni source in Trondheimsfjord sediments. Thus, Ni enters the Trondheimsfjord
mainly via the rivers Orkla, Gaula and Nidelva directly into the Seaward Basin. On
the other hand, K and Zr originate largely from Precambrian felsic volcanic rocks
related to a tectonic window called Temmerds anticline (see Roberts, 1997 for

details) in the north-eastern hinterland.

e Changes in the inorganic geochemical composition of the Trondheimsfjord sedi-
ments are closely related to the variability of Trondheimsfjord regional winter-
spring river runoff, winter air temperature and precipitation which in turn are
strongly related to changes of the NAO. In particular, K, Ni, Zr and Al are proxies
for temporal changes in the supply of terrigenous material induced by river runoff,
air temperature and precipitation and record both small scale, high frequency, and

large scale long term shifts in Northern Hemisphere climate.
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Due to its strong impact on changes of wind, temperature and precipitation in Nor-
way the NAO strongly affects marine primary productivity changes within the
Trondheimsfjord. Hence, marine primary productivity proxies such as Ca and CaCO;

can be used to reconstruct NAO variability.

Finally, the NAO reconstruction based on marine primary productivity changes re-
veals that late Holocene NAO variability coincides with climatically associated
changes in paleo-demographics, and Northern Hemisphere glacier advances. Fur-
thermore, a strong volcanic eruption may have induced the onset of the Little Ice
Age, which is marked by a rapid transition from a stable positive to a stable nega-

tive NAO phase.
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6 Outlook

This study shows that Trondheimsfjord sediments have a great potential for high resolution
climate reconstruction. Further investigations should focus on the inorganic geochemical
climate proxies presented in this study and test their reliability for long term reconstruc-
tions. In this context, a detailed elemental source to sink study in the Trondheimsfjord
region could provide important knowledge about the transport mechanisms of individual
elements from the hinterland into the fjord. Among others, this would help to identify the
response time of the different proxies and provide a better understanding of the seasonal

variation of the sediment supply from the main rivers entering the fjord.

Long-term observation of primary productivity in the Trondheimsfjord could reveal season-
al and NAO induced changes in more detail. Furthermore, a detailed study of the connec-
tion between planktic and benthic marine productivity and their relation to CaCO; produc-
tion and sedimentation could help to provide a better understanding of the proposed link

between NAO and CaCO; in Trondheimsfjord sediments.

Moreover, Trondheimsfjord sediments should be used to expand the NAO record for the
entire Holocene. Also, the application of physical modeling studies of the NAO could help
to constrain potential triggers and main amplifiers for the reconstructed large scale cli-

matic changes.

As shown in this study, fjord sediments provide the possibility to unveil past atmospheric
processes. Hence, further investigations of fjord sediments from other parts of the world
may reveal other atmospheric modes for example the NAO related Arctic Oscillation (AO).
By combining the findings from different fjords from different continents past atmospheric

changes can be revealed on a global scale.
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Abstract

High sedimentation rates in fjords provide excellent possibilities for high resolution
sedimentary and geochemical records over the Holocene. As a baseline for an improved
interpretation of geochemical data from fjord sediment cores, this study aims to investigate
the inorganic/organic geochemistry of surface sediments and to identify geochemical
proxies for terrestrial input and river discharge in the Trondheimsfjord, central Norway. Sixty
evenly distributed surface sediment samples were analysed for their elemental composition,
total organic carbon (Corg), nitrogen (Norg) and organic carbon stable isotopes (613Corg), bulk
mineral composition and grain size distribution. Our results indicate carbonate marine
productivity to be the main CaCOs source. Also, a strong decreasing gradient of marine-
derived organic matter from the entrance towards the fjord inner part is consistent with
modern primary production data. We show that the origin of the organic matter as well as
the distribution of CaCOs in Trondheimsfjord sediments can be used as a proxy for the

variable inflow of Atlantic water and changes in river runoff. Furthermore, the comparison of



grain size independent Al-based trace element ratios with geochemical analysis from
terrigenous sediments and bedrocks provides evidence that the distribution of K/Al, Ni/Al
and K/Ni in the fjord sediments reflect regional sources of K and Ni in the northern and
southern drainage basin of the Trondheimsfjord. Applying these findings to temporally well-
constrained sediment records will provide important insights into both the
palaeoenvironmental changes of the hinterland and the palaeoceanographic modifications
in the Norwegian Sea as response to rapid climate changes and associated feedback

mechanismes.

1. Introduction

In general, fjords are ideal places to study modern and past environmental and climate
changes (Syvitski et al., 1987). The sediments delivered to fjords contain information
regarding environmental changes of the hinterland and oceanographic variability on the
adjacent continental margins and shelves through water mass exchange (e.g. Schafer et al.,
1983; Syvitski and Schafer, 1985; Howe et al., 2010). Moreover, biogenic sedimentation
generated in-situ in the fjord through biogeochemical processes and primary productivity
can also reflect local and global influences on the environment. As such, sediments
accumulating in fjords offer an excellent opportunity for studying land-ocean interactions
and can provide ultra-high-resolution records of local responses to short-term variability in

the earth’s climate.

Before deciphering the past climate signals in the sedimentary record, however, it is
important to understand the modern depositional environment within the fjords (Inall and

Gillibrand, 2010). Here, we investigate the environmental constraints in the



Trondheimsfjord, central Norway, based on sixty surface sediment samples from the entire
Trondheimsfjord (Fig. 1). We used these samples to study the modern geochemical and
sedimentological processes that occur within the fjord and to identify possible proxies for
past environmental changes. For these purposes, we analysed all surface sediment samples
for elemental composition, total organic carbon (Co) and total organic nitrogen (Norg)
content, organic carbon stable isotopes (613Corg), bulk mineral composition and grain size
distribution. To the best of our knowledge, no similar systematic organic and inorganic
geochemical investigation of fjord surface sediments as a basis for long term palaeoclimate

studies has been conducted in the Trondheimsfjord or in any other Norwegian fjord.

To gain a better understanding of the modern environmental system, numerous studies
have focused on the contribution of organic carbon (e.g. Sargent et al., 1983; Goiii et al.,
1997; Winkelmann and Knies, 2005; Knies and Martinez, 2009) and trace elements (Hirst,
1962; Calvert et al., 1993; Hayes, 1993; Cho et al., 1999; Karageorgis et al., 2005; Govin et al.,
2012) to identify marine/terrigenous sources of shelf and open ocean surface sediments. In
particular, Sepulveda et al. (2011) and Bertrand et al. (2012) conducted inorganic and
organic geochemical surveys on surface sediments obtained from fjords in northern
Patagonia, Chile. They reported a significant influence from freshwater inflow on their
geochemical composition and a decreasing gradient of terrigenous-derived organic- and
inorganic material from the inner fjords towards the open ocean. Further, Sepulveda et al.
(2011) and Bertrand et al. (2012) argued that fjords may be an important CO, sink and that
Al-based elemental ratios are suitable proxies for estimating temporal variations in river
discharge. In the current study, we took a high spatial surface sediment sample distribution

and combined our results with geochemical and geological field mapping datasets from the



drainage area of the Trondheimsfjord. We aim to detect sources of particular sediment
components and to better identify environmental mechanisms controlling their supply and
distribution in the Trondheimsfjord. Further, by using this multiproxy approach to obtain a
better understanding of the modern environmental conditions in the Trondheimsfjord area,
new baseline knowledge is provided for future applications on Holocene sequences to
reconstruct the variability of the North Atlantic Oscillation (NAO) and the North Atlantic

Current (NAC) for the last 10,000 years.

2. Study area

The temperate Trondheimsfjord is located in the central part of Norway (Fig.1) and, with
a length of approximately 135 km, it is the third longest fjord in the country (Jacobson,
1983). Like many fjords, its complex morphology is characterised by relatively wide and
shallow areas, narrow trenches and steep slopes, up to 30-40 degrees (Bge et al., 2003).
Three sills, the Agdenes Sill at the entrance (max. 330 m water depth), the Tautra Ridge in
the middle section (max. 100 m water depth) and the Skarnsund in the inner part (max.
water depth 100 m) divide the Trondheimsfjord into four main basins: Stjgrnfjord, Seaward
basin, Middle fjord and Beistadfjord (Fig.1) (For detailed maps of bathymetry and
topography of the drainage area, we refer to http://kart.statkart.no). The average tide in the
Trondheimsfjord is 1.8 m, the average water depth is 165 m and the maximum water depth
(620 m) is found at the mouth of the Seaward basin (Sakshaug and Sneli, 2000 and

references therein).

The maritime climate in the Trondheimsfjord region is strongly influenced by the NAO

(Wanner et al., 2001), causing warm and wet (+NAO) or cold and dry (-NAO) weather



conditions especially during winter times. The Atlantic water flowing into Trondheimsfjord
display temperatures and salinity of approximately 7.5°C and 34.8, respectively, around the
entire year (Sakshaug and Sneli, 2000). It modulates seasonal air temperatures over the fjord
region, resulting in lower (higher) air temperatures in summer (winter) and a strong
temperature gradient from the fjord towards the hinterland is observed, especially during
winter months. The total drainage area is approximately 20 000 km? (Rise et al., 2006) with a
mean precipitation in the north-west area (1700 mm/year) that is twice as high as in the
south-east region (855 mm/year). Glaciers are not present in the drainage area and the
annual precipitation is strongly correlated to the river discharge (Sakshaug and Sneli, 2000)
of the six main rivers enter into the fjord: Gaula, Orkla, Nidelva, Stjgrdalselva, Verdalselva
and Steinkjerelva (Fig. 1). The freshwater supply from these rivers decreases the surface
salinity and initiates an estuarine circulation, which is a typical surface circulation system for
fiords (Jacobson, 1983). The Coriolis effect deflects surface currents towards the right,
especially in the Seaward basin. Ocean water entering the fjord, therefore, always flows
along the south side of the fjord, while outward currents always flow along the north side
(Fig. 1). As a result large volumes of the riverine water recirculate and mix into each basin
before leaving the Trondheimsfjord after a residence time of ca. 20 days (Jacobson, 1983).
Although the fjord is partly very deep, the water masses below the estuarine circulation cell
can be described as an energetically relatively low environment and the distributions of
sediments within the fjord are, therefore, largely controlled by the circulation in the upper
part of the water column (Wendelbo, 1970; Syvitski, 1989). Deeper water masses are usually
renewed twice a year (Jacobson, 1983) and there is no observation of sub- or anoxic

conditions in the fjord.



The geology in the Trondheimsfjord region (Fig. 2) is characterized by Caledonian nappes
along its southeastern side, autochthonous Precambrian granitoid gneisses and Caledonian
slivers along its northwestern side, and a basement window (Temmeras anticline) exposing
Precambrian volcanic rocks near its northeastern end (Roberts, 1997). The Caledonian
nappes belong to the Middle and Upper Allochthon and consist mainly of schist,
metagreywacke and ophiolitic greenstone, intruded by gabbroic to tonalitic rocks. During the
Quaternary, glaciers eroded deeply into the bedrock, forming a 1100-1300 m deep basin
between Trondheim and the Agdenes sill (Rise et al., 2006). The hemipelagic sediments of
mostly pre-Holocene age have a maximum thickness of up to 750 m (Bge et al., 2003; Rise et
al., 2006). Moreover, numerous slide and debris flow events have affected the fjord during
the Holocene (Bge et al., 2003; Bge et al., 2004; Lysa et al., 2008; L'Heureux et al., 2009;

L'Heureux et al., 2010; Hansen et al., 2011; L'Heureux et al., 2011).

3. Material and Methods

3.1 Fjord surface sediments: Sampling and preparation

In April 2011, sixty surface sediment samples were collected at water depths between 25
and 605 m across the entire Trondheimsfjord (63°40°N, 09°45°E, 64°45°N, 11°30°E) (Fig. 1
and Tab. S1). The first centimetre of multicores (5.5 cm diameter) collected from each
sampling location was sampled aboard the research vessel "FF Seisma" and stored in plastic
bags at -18°C. Prior to further analyses, all samples were freeze-dried and, except for grain
size measurements, homogenised through grinding using a Fritsch Micro Mill PULVERISETTE

7 with agate grinding bowls and balls for 1-2 minutes at a speed of 250 rotations per minute.



3.2. Organic carbon, bulk elemental geochemistry and grain size analyses

35 elements (Al, Ti, Na, Mg, Ba, Ca, Zr, Ni, Fe, Cu, Pb, Sr, Zn, Ag, Co, Mn, As, U, Th, Cd, Sb,
Bi, V, P, La, Cr, K, W, Sn, Y, Nb, Mo, Be, Sc, S) were analysed at the ACME Ltd laboratory in
Vancouver, British Columbia Canada. Determination was performed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) following a four-acid digestion which is
considered to be a total digestion method. 250 mg of each sample is heated (200°C) in a
mixture of H,0-HF-HCIO4-HNOs (2:2:1:1) to fuming and taken to dryness. The residue is
dissolved in hydrochloric acid (50 %). The analytical quality was calculated by duplicate
analyses of every 20 samples (Tab. S1) and further controlled by using the certified multi-
element soil standard OREAS 45e and the certified multi-element basalt standard OREAS

24p.

Analyses for total carbon (TC), total organic carbon (Corg) and grain size were performed
at the Laboratory of the Geological Survey of Norway (NGU). Weight percentages (wt. %) of
Corg and TC were determined with a LECO SC-444 (Tab. S2). Prior to the analysis for Corg,
sediment subsamples (ca. 200 mg) were transferred into carbon-free pervious ceramic
combustion boats. To remove inorganic carbon (carbonate) combustion boats were placed
on a heating plate with 50°C (+5°C) and samples were treated with 10 % (vol.) hydrochloric
acid (HCl). Subsequently, samples were rinsed 10 times with distilled water (water was
withdrawn by vacuum attached to the combustion boats). The certified reference material
Leco 501-034, blanks and sample replicates were included in every batch. Results are given
in weight percentage and the analytical error for TC and TOC was 2.3 % rel. (n =28) and
+2.0% rel. (n=26), respectively. Carbonate content was calculated as CaCO;=(TC-

Corg) X 8.33. The determination of grain size distribution was performed by laser diffraction



using a Coulter LS 200 instrument. The analysis was carried out on material within a particle
diameter range of 0.4-2000 um and the results are presented on the basis of volume, as
cumulative volume percentage (Tab. S3). Prior to the grain size analyses, sediment samples
(0.12-0.58 g) were treated with 5 % sodium pyrophosphate (NasP40; ® 10H,0, Merck PA) to
prevent particles becoming charged and agglomerated and afterwards placed in an
ultrasonic bath (5-6 min). At least one duplicate of each sample with the same net weight
were analysed and the uncertainty was £10% cumulative mass volume percentage. We
assume biogenic silica and CaCOs to have only a minor effect on the grain size measurement
because: (a) Biogenic silica analysis of 10 surface sediments from the Trondheimsfjord
applying the method from Mortlock and Froelich (1989) (unpublished data, Geological
Survey of Norway) reveal very low content of biogenic silica (< 0.8 %). (b) The grain size
distribution is consistent with previous studies (e.g. Bge et al., 2004) and our own
observation during sampling. Furthermore, (c) the CaCO3 content in 73 % of all samples

within the Trondheimsfjord reveal values lower than 4.5 wt. % of the total sediment.

3.3. Total nitrogen and stable carbon isotope analyses

Total nitrogen (Nyt in wt%) was determined using a Carlo Erba NC2500 Isoprime
elemental analyzer isotope ratio mass spectrometer (EA-IRMS) at EPOC, CNRS/University of
Bordeaux 1, France. Duplicate measurements of all samples and additional triple
measurements of ~25% of all samples produced a standard deviation of 0.002 % for N
(sigma 1, n = 60). The inorganic nitrogen (Ninorg) content was analysed on 20 mg sediment
subsamples treated with KOBr-KOH solution to remove organic nitrogen (see Knies et al.
(2007) for details) using an EA-IRMS (Iso-Analytical Ltd., UK). Precision of the measurement

was 3.48 % (n = 10). The organic proportion of the total nitrogen content was calculated by



subtracting the Niorg fraction from N The results from the nitrogen analyses are shown in

the supplementary information Tab. S2.

Stable carbon isotopes of the C, fraction (613C0rg) were measured on decarbonated
(10 % HCI) aliquots using an EA-IRMS (Iso-Analytical Ltd., UK). §"*C, values are given in per
mil vs. Vienna-PDB (Tab. S2). The applied reference standards were IA-RO05 (Beet sugar)
with a 6™Cy.pps Value of -26.03 %o, IA-R001 (wheat flour) with a 8Cy.ppg value of -26.43 %o
and IA-RO06 (sugar from cane) with a 83Cy.pps value of -11.64 %o The mean standard
deviation for 8°C of 1A-R005, IA-R001 and IA-R006 is 0.14 % (n = 10), 0.23 % (n = 10) and

0.53 % (n = 10), respectively.
3.4. MT index

An index for the variable input of marine versus terrigenous organic matter (MT index)
was designed applying a modified version of the method described in Bertrand et al. (2012)
and Sepulveda et al. (2009). In brief, the MT index is calculated by a linear regression
between the score of the first axis of a principle component analysis (observation scores F1:
93.06 %; F2: 6.94 %, Tab. S4) and its variables: 613C0rg and the fraction of terrestrial organic
carbon (Ferr), which is calculated from the Nog/Corg ratio (Perdue and Koprivnjak, 2007; data
in the Tab. S2). To calculate Fier, the lowest and highest No/Corg ratios (0.052; Site 314,
0.113; Site 502) were used to define the terrestrial and the marine end member,
respectively. The resulting equation is MT index = 16.68 - 0.034 * F + 0.65 * (SBCOrg and
positive (negative) MT index values indicate higher (lower) marine OM input. The MT index
does not consider lacustrine components. We ultimately apply the MT index on the surface
set of samples as a baseline for an improved evaluation of changes in marine versus

terrigenous OM supply into the fjord on longer time scales. By using the end members for
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Norg/Corg given in this paper, the MT index can be calculated not only for any surface
sediment samples but also for long sediment cores retrieved in the Trondheimsfjord for
follow up studies. Instead of interpreting relative variation of raw (Sla'COrg and Norg/Corg data,
the MT index combines both parameters and provides the possibility to compare past
changes of marine versus terrigenous OM with the modern distribution of the OM in the

Trondheimsfjord.

3.5 Bulk mineral assemblage analyses

Bulk mineral assemblages were measured via X-ray diffraction (XRD) using a Philips
X’'Pert Pro MD, Cu-radiation (k(alpha) 1.541, 45 kV, 40 mA) and X'Celerator detector system
at the Central Laboratory for Crystallography and Applied Material Sciences (ZEKAM),
University of Bremen, Germany. Samples were prepared by means of the Philips/Panalytical
back loading system and a fixed divergence slit (1/4°20) with a detection angle from 3°-
85° 20 and a step size of 0.0168° 26 was used. The calculated time was 100 s per step.
Quantification of the mineral content was carried out with Quantitative Phase-Analysis with
X-ray Powder Diffraction (QUAX) (details are given in Vogt et al., 2002). Results and error

(rel. %) are shown in Tab. S3.

3.6 Elemental composition of terrestrial material

In order to compare our results with geochemical studies from the terrestrial area
surrounding the Trondheimsfjord, we used two data sets including overbanked sediments
and bedrock analyses. The bedrock analysis reflects the chemical composition of geological
units. Overbanked sediments (also called alluvial soil, levée or floodplain sediments)

accumulate during active widespread erosion related to flooding episodes. They are
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considered to represent the average lithological input of a whole catchment area upstream

from the sampling site (Ottesen et al., 1989).

Ottesen et al. (2000) reported the natural chemical composition of 38 overbanked
sediments samples (< 63 um) collected across Trondheimsfjord drainage area using X-ray

fluorescence analyses at the Geological Survey of Sweden.

Finally, 183 bedrock samples were available from the Trondheimsfjord drainage area as
part of the regional mapping program at the NGU. The chemical composition of these
samples (Tab. S5) were determined on a Philips PW 1480 X-ray spectrometer (XRF) at the
Geological Survey of Norway (NGU). The locations of the samples are plotted in the

simplified geological map (Fig. 2).

4. Results and Discussion

4.1. Mineral assemblages and grain size

The mineral assemblages of surface sediments from Trondheimsfjord are characterized,
generally, by high concentrations of metamorphic minerals consistent with the local geology
(Fig. 2 and section 2.1), indicating the material to be of local origin and freshly weathered.
The XRD analyses reveal that, on average, more than one third of the sediment is composed
of phyllosilicates (34.2 %), followed by quartz (22 %), plagioclase (19.5 %) and illite+mica
(18.2 %). Calcite (2.2 %), aragonite (0.4 %) and other carbonates (1.9 %) are, on average, only

poorly represented in Trondheimsfjord sediments (Tab. S3).

Previously, Howe et al. (2010) reported that the distribution of sediments within fjords

depends on its bathymetry and the hydrographic regime. In the Trondheimsfjord, mineral
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assemblages and grain sizes were, in some cases, highly variable, even over relatively short
distances, most likely due to the inflow of rivers and rapid changes in water depth; however,
no correlation between water depth and any grain size fraction was found (r’ =< 0.09),
although a general pattern of increasing grain size from the inner fjord to the fjord mouth

could be observed (Fig. 3).

This observation is consistent with the XRD analyses, which also shows an increasing
trend in the amount of quartz (17.3 % to 26.1 %) and a decrease in illite/mica (21.5% to
7.9 %) and phyllosilicates (42.9 % to 16.3 %) (Tab. S3), on going from the inside to the outer
parts of the fjord. We suggest that the increase in grain size is mainly related to current
speed, especially due to tidal currents. This is particularly well illustrated at the fjord
entrance where the in- and outflowing (tidal) currents are forced through the narrow
passage and above the Agdenes sill (Fig. 1). The high mean current velocity (0.2 m/s) results
in sediment winnowing (Jacobson, 1983) and thus enrichment in the coarser grain fractions.
Since the velocity of the tidal current decreases towards the inner fjord (less water has to be

transported), the proportion of fine grained material increases in that area.

4.2. Sources of organic matter
In order to estimate the relative contributions of marine versus terrigenous organic
matter (OM) to the surface sediments in Trondheimsfjord, we examined the stable isotope
composition of organic carbon (613C0rg) and the ratio of total organic carbon (Co) to total
organic nitrogen (Norg) (Fig. 4). In contrast to Cog 0nly, these parameters are independent of
changes in sedimentation rate and their differences for marine and terrigenous OM have
been investigated and utilised extensively in previous studies (Goiii et al., 1997; Stein and

MacDonald, 2004 and references therein; Karageorgis et al., 2005; Winkelmann and Knies,
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2005; Perdue and Koprivnjak, 2007; Knies and Martinez, 2009; Sepulveda et al., 2009;
Knudson et al., 2011; Sepulveda et al., 2011; Bertrand et al., 2012). Terrigenous OM s
relatively depleted in nitrogen, and characterized by Corg/Norg ratios >15, compared to
marine OM with a significantly lower C/N signature (e.g. Bordovskiy, 1965; Stein and
MacDonald, 2004; Rullkétter, 2006). The stable isotope composition (813Corg) of OM reflects
the isotope composition of the different carbon sources and the fractionation of **C and *C
during photosynthesis (e.g. Hayes, 1993). In general, the carbon source for marine organisms
is enriched in *C compared to atmospheric CO, (carbon source for land plants) and the
fractionation factor for plants using the C; pathway for carbon fixation, typical for high
latitude regions (Collins and Jones, 1986; Still et al., 2003), is also larger than for marine
organisms (O'Leary, 1981; Schubert and Calvert, 2001; Rullkdtter, 2006) which results in
higher 613C0rg values for marine OM compared to terrigenous OM (e.g. Schubert and Calvert,

2001).

The Corg/Norg ratios of the surface sediment samples from Trondheimsfjord show an
increase from the entrance of the fjord (e.g. Corg/Norg = 8.8; Site 502) towards the inner fjord
(e.8. Corg/Norg = 14.3; Site 201) (Fig. 4) with highest values occurring in the samples closest to
river inlets (e.g. Corg/Norg = 19.1; Site 314). In contrast to the Corg/Norg ratios the 1513C0rg values
in the surface sediments show the opposite trend (Fig. 4), decreasing from the outside
towards the inside of the fjord. Highest (-21.2 %o0; Site 502) and lowest values (-26 %o; Site
324) values were found for sites corresponding to the entrance of the fjord and river deltas,
respectively. Furthermore, as expected from the spatial distribution <513Corg and Norg/Corg

correlates well (r* = 0.74, Fig. 5).
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The systematic relationship between 813C0rg signatures and the N,/Corg ratio have been
used to establish a two end member mixing model (for mathematical reasons we use the
Norg/Corg ratio here, seePerdue and Koprivnjak (2007)). All data show that the composition of
sedimentary organic matter in surface sediments is consistent with mixing of marine and
terrigenous C3-photosynthetic organic matter. As discussed previously, the admixture of C4
plant types is insignificant in the study region (Collins and Jones, 1986; Still et al., 2003) and
does not influence the binary system of the two end members (terrestrial vegetation/soil
and marine organic matter). Furthermore, the regression of Norg/Corg Vs 8'>Corg (Fig. 5) for the
studied sample set indicates that the proposed Nor/Corg €nd member values (0.052; 0,113)
corroborate typical 8 C,, based end members for terrestrial (-27 %o) and marine OM (-
21 %o - -20 %o0) in the study region (Knies, 2005; Winkelmann and Knies, 2005; Knies and

Martinez, 2009).

The resulting MT index (Fig. 6), which builds on the overall good regression of Nog/Corg
VS. 813Cc,rg (Fig. 5), trace the change from more terrigenous OM in the inner fjord towards
higher relative abundances of marine OM in the sediments towards the entrance. Thus, the
MT index is sensitive for evaluating the origin of the OM (Jasper and Gagosian, 1990) and

this is demonstrated convincingly for the locations studied here (Fig. 6).

Bge et al. (2003) reported sedimentation rates between 0.4 and 2.5 mm/year over the
past 6000 years in the Seaward and Middle fjord basin based on eleven sediment cores.
Assuming these sedimentation rates our surface sediments contain a record of 25 to 4 years.
Most of our samples, however, were very fluffy due to a high content of water and
furthermore 2°Pb-dating results of four multicores from different basins (Entrance,

Seaward, Middle fjord) reveal sedimentation rates of 5-7 mm/year for the past 60 years
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(Milzer et al., 2013b). We assume therefore, that our results mirror modern environmental

conditions.

The reliability of the MT index as a proxy for the origin of the OM can be demonstrated
further by comparison with the modern primary production in the Trondheimsfjord. Volent
et al. (2011) studied the spatial and temporal evolution of phytoplankton blooms in the
Trondheimsfjord from March to October 2004 by combining the analysis of water samples,
and data from a ship-mounted automatic flow through sensor system, Ferrybox (measuring
Chlorophyll a and turbidity) with red, green, blue (RGB) colour satellite images and remotely
sensed total suspended matter (TSM) from the MERIS instrument aboard the satellite
ENVISAT (ENVIironmental SATellite, European Space Agency). Volent et al. (2011) reported
that high turbidity (cloudy water in the RGB images and high TSM concentrations) was not
related to suspended minerals of nonbiological origin, but was caused by loose coccoliths
(calcium carbonate plates of coccolithophores) as well as by large cells with high pigment
content. Thus, the measured turbidity was interpreted as reflecting primary production in
the fjord. Even though the images from Volent et al. (2011) only reveal a snapshot of the
annual primary production in the Trondheimsfjord, a strong visual correlation with our MT
index data is clear (Fig. 6). According to the MT index values, the turbidity (phytoplankton)
concentration is highest at the fjord entrance and in the centre part of the Seaward basin
and decreases towards the river deltas and the inner part of the fjord. In addition, the
distribution of phytoplankton in Trondheimsfjord is related to river runoff and surface water
circulation (Sakshaug and Myklestad, 1973; Volent et al., 2011) and is most obvious in the
channel behind the Tautra sill. In this region, we find high MT index values on the south side

compared to the north side. Satellite images (Volent et al., 2011) reveal that turbid,
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coccolith-rich, inward flowing surface water from the Seaward basin crosses the Tautra sill
on the southern side whereas the outward flowing surface water on the north side is clearer.
The distribution of phytoplankton, therefore, potentially helps to explain the variations in
MT indices over short distances near the Tautra sill and illustrates the important role of the
inflow pattern of oceanic water for the distribution of marine OM versus terrigenous OM in
Trondheimsfjord sediments. Finally, the distribution of § 3C in benthic foraminifera from the
Trondheimsfjord is very similar to the MT index. Milzer et al (2013a) found a general
increasing trend of §*°C in benthic foraminifera from the inner Trondheimsfjord towards the
open ocean with lowest values close to river deltas. In accordance to our findings, Milzer et
al. (2013a) assume terrigenous derived Cor to be responsible for lower 8%3C values at river
deltas and the inner part of the fjord marine derived C, for the increasing 8%3C values

towards the fjord entrance.

Only two samples sites (Site 329, south of the Agdenes sill and Site 214, northeast of the
Tautra sill) fail to fit into the observed pattern (Fig. 6). Analysis from the deepest part at the
entrance of the fjord (Site 329; water depth 605 m; MT index = -0.75) indicates a more
terrestrial source of the OM compared to the surrounding sample sites. Site 329 is close to a
disposal place for ships and explosives and, therefore, the OM could be anthropogenically
influenced; although, we do not find any other indication for contamination in this area from
the inorganic analyses and currently have no firm explanation for this discrepancy. In
contrast, data from Site 214 indicates a more marine source of the OM compared to the
surrounding stations, with a MT index value of 1.54. This area is a well-known fishing ground
(O. Longva, pers. comm. 2012), as supported by numerous fish bones in the sample and the

hinterland region is used intensively for agriculture. Thus, the OM is probably altered by
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marine organic waste and nitrogen-rich fertilizer. This is supported by a tSl‘Q‘COrg value (-

22.35 %o) which is in line with the values of the surrounding samples (Fig. 4).

To summarise the organic geochemical analyses, the MT Index appears to represent an
excellent tool for distinguishing, semi-quantitatively, between marine and terrigenous OM
for the majority of the surface sediments from the fjord. The clear proximal to distal trend of
the MT index is in agreement with previous investigations of fjords in northern Patagonia.
The terrestrial index based on 613Corg and salinity (Bertrand et al., 2012), for example, shows
a decreasing trend from the fjord inner part towards the open ocean. Similarly, Sepulveda et
al. (2011) found a strong gradient (84 % difference) of organic carbon sources between open
ocean areas and those located towards inner fjords and/or river outlets using a combination
of Corg/Ntot, 613C0rg and 8N data. Collectively, these findings reveal that changes in the
terrigenous vs. marine OM input in fjords are mostly controlled by two opposing and
fundamental processes: (1) the inflow of freshwater transporting terrigenous OM and (2) the
inflow of oceanic waters supporting marine organisms e.g. through higher salinities. In the
Trondheimsfjord, the freshwater supply is controlled by continental precipitation and
temperature (snowmelt), while the inflow of Atlantic water is mainly controlled by the
strength of tides, bathymetry, the amount of river run-off, as well as the strength of the NAC
flowing along the Norwegian coast. On a smaller scale, the fjord surface circulation may also
play an important role in the distribution of marine versus terrigenous OM in fjord
sediments, as illustrated by the variations in the MT index in the Middle fjord basin close to
the Tautra sill (Fig. 6). Since the inflow of Atlantic water and precipitation pattern in central
Norway are linked via NAO and NAC to large-scale climate systems (Hald et al., 2011; Pinto

and Raible, 2012), well-constrained (temporally) MT index records from the Trondheimsfjord
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may be used as a proxy-based method for further Holocene climate change studies in the

future.

4.3. Bulk inorganic sediment composition

4.3.1. Marine source

Ca and CaCOs in Trondheimsfjord sediments are strongly correlated (r’=0.97, n = 60) and
corroborate the spatial pattern of the MT index data (Fig.7 and 8). Both parameter (Ca and
CaCOs3 ) show a clear proximal to distal trend in the Trondheimsfjord sediments with highest
values at the entrance and lowest values in the inner part of the fjord and river deltas (Fig 7
and 8). However, the overall regression of the MT index vs. Ca and CaCOs, respectively, is
relatively poor (both r*=0.3, n = 60). One possible explanation for this discrepancy lies in the
extremely high Ca and CaCOs concentrations for five sampling locations (mean Ca =7.9 %;
mean CaCO;=18.3 %) compared to the mean value for the entire dataset (Ca=2.9%;
CaCO3 = 4.6 %; n=60). Samples from these locations are the only samples where aragonite
(1.6 - 6.0 %) was present (Tab. S3). This indicates that eroded remnants of the deep water
coral Lophelia pertusa, which grows at the entrance of the fjord and on the Tautra sill
(Mortensen et al.,, 2001 and reference therein) are the source for the carbonate
enrichments. By excluding these five samples (Sites 500, 501, 502, 329 & 217) the overall
regression between the MT index increases significantly for CaCOs (r? = 0.6, n = 60) but only
slightly for Ca (r*=0.4, n=60). Our findings show that the latter is likely explained by the
dilution of marine produced carbonates with terrigenous Ca bearing minerals (e.g.
amphibole). Indeed, alluvial soil samples show a fairly homogenous distribution of Ca in the

catchment area of the fjord (Fig. 7), with mean Ca concentration of 2.5 % (Ottesen et al.
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2000). Moreover, samples recovered along the shore and in river deltas with a negative MT
index show no relation between Ca and the MT index (Fig 9). CaCOs is only slightly related to
the negative MT index values (r*=0.2) and also Ca and CaCOs; show no connection in
samples with a negative MT index (r” = 0.04, n= 29). These findings express the influence of a
terrestrial Ca source on biogenic components in samples close to the shore and in river

deltas.

Samples with MT index values > -0.7 (Fig. 9) reveal a good correlation of Ca and the MT
index (r*=0.57, n=43). The regression becomes even stronger (r>=0.77, n=39) by
excluding the samples enriched in aragonite from eroded deep water corals (Fig. 9). Also the
regression between CaCOs; and Ca in samples with MT index values >-0.7 increases
significantly, r*=0.98 (n =43). The strong correlation between Ca and CaCO; points to
biogenic calcite as the main Ca source in samples with positive MT index values. This
assumption is further supported by clear negative correlations (r = -0.6 to -0.8) of Ca and

CaCOs3 with any terrigenous element (e.g. Al, Fe, Ti, and Zr).

As a result, variations in the concentrations of Ca and CaCOs3 in samples with positive MT
index values can be treated as a proxy for carbonate marine productivity and may serve as

an indicator for the variable inflow of North Atlantic water masses versus river discharge.

4.3.2. Terrestrial sources

In the following section, we discuss the changes in the geochemical composition of the
terrigenous fraction in the surface sediments and identify possible land sources by studying
the behaviour of Al-based ratios. From the 35 analysed elements, we focus on the elements

Ni and K as their spatial distribution can be directly related to the available bedrock and
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alluvial soil measurements in the hinterland. The variation in grain size and mineral
assemblage may have contributed to some trace element variability (e.g. Loring, 1990 and
references therein). Elemental ratios are insensitive to dilution effects and by using a
normaliser incorporating mainly in a single grain size fraction the grain size effect can be
minimized. Al is a conservative element, showing a strong correlation (r2 =0.8) with grain
size fraction < 63 um in our study area and Bertrand et al. (2012) found that Al is relatively
insensitive to changes in the nature of sediment sources, catchment size, and hydrodynamic

sorting in fjords of northern Patagonia.

4.3.2.1. Proxies for terrestrial sediment supply from the southern hinterland

Ni/Al ratios show highest values close to the river deltas of Orkla, Gaula and Nidelva in
the southwest and decrease towards the inner and outer part of the Trondheimsfjord
(Fig. 10). Alluvial soil which are assumed to represent the overall geochemical signature of
the catchment areas (Ottesen et al., 1989) show elevated Ni values in the southern
hinterland (Fig. 10; Ottesen et al., 2000). Ottesen et al. (2000) also found that Ni in alluvial
soil correlated well with Cr and Mg, suggesting that the main sources for Ni were iron-
magnesium minerals e.g. olivine, amphibole and pyroxene. Consistent with the observations
of Ottesen et al. (2000), Ni correlates best with Mg (r*=0.9) and Cr (r*=0.9) in the fjord
surface sediments, pointing to a distinct Ni source located in the southern hinterland. This
conclusion is supported further by the bedrock analyses, that reveals high Ni concentrations
in the greenstones and metagreywackes located along the southern side of the fjord
(Fig. 10). Other geochemical investigations of urban surface soil from Ottesen and Langedal
(2001) and Andersson et al. (2010) exhibit no anthropogenic Ni contamination by the city of

Trondheim and attributed elevated Ni concentration by the presence of greenstone
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bedrocks. This suggests that the elevated Ni/Al values are natural and related to changes in
the terrestrial sediment supply from the southern hinterland. Furthermore, temporal
changes in Ni/Al are, thus, likely the result of changes in erosion and runoff in the southern

hinterland that, in turn, are controlled by precipitation and temperature variability.

4.3.2.2. Proxies for terrestrial sediment supply from the northern hinterland

A precise association of K to a specific mineral does not exist. Several studies (e.g.
Shimmield, 1992; Martinez et al., 1999) reported potassium feldspar (K[ALSizOg]) and illite
(K,H3O)AI[(OH),Si3Al040]) (e.g. Yarincik et al., 2000) as the dominant K source in marine
sediments deposited in upwelling regions or restricted basins (Cariaco Basin). In the
Trondheimsfjord surface sediments K is not related to the amount of potassium feldspar
(r=-0.44) and like Al, K correlates well with the clay fraction (r>=0.8). As a result, the
distribution of K in the Trondheimsfjord sediments is related to the concentration of
phyllosilicates (r?=0.6), however, K has no affiliation to a specific clay mineral. Best
regression was found with illite r’ = 0.2. These findings suggest that the analysed K originates
potentially from a mixture of different (clay) minerals and maybe also from K ions adsorbed
to clay minerals (Miiller, 1977). Additional analyses are necessary to define the specific K
source in the Trondheimsfjord sediments. Nevertheless, K/Al values in the surface sediments
are highest in inner fjord (Beitstadfjord and Middle fjord) and at the mouth of the
Steinkjerelva river (Fig. 11). They decrease continuously towards the fjord entrance
suggesting a K source in the northern drainage area of the Trondheimsfjord. The comparison
of these findings with geochemical investigations of bedrock and overbanked sediments on
land, further confirms this suggestion. Precambrian felsic volcanic rocks related to a tectonic

window called Tgmmerds anticline (see Roberts, 1997 for details) in the north-eastern

[-21



hinterland (Fig. 2) show highest K concentration (average >4 %) in the hinterland bedrock
(Fig. 11). Ottesen et al. (2000) found highest K concentration in samples from the Tgmmeras
anticline region compared to the rest of the fjord catchment area (Fig. 11). Depending on the
freshwater discharge, fine grained K-rich material can be transported over large distances
above the halocline in the brackish surface layer (Hoskin et al., 1978). As such, we suggest
that temporal changes of K/Al are an indicator of the variable supply of sediments from the

northern hinterland of the Trondheimsfjord.

To summarise, we show that the inorganic geochemical composition of surface sediment
from the Trondheimsfjord reflect regional differences in the geology of the terrestrial source
area. Specifically, K is transported from the northern hinterland into the Middle fjord and Ni
enters into the Seaward basin from a separate region in the southern hinterland (Fig. 10 and
11). Compared to other Al-based elemental ratios K/Al and Ni/Al show a distinct spatial
distribution which is related to the spatial distribution of K und Ni in bedrock and alluvial soil
measurements in the hinterland. Thus, the grain size independent distribution of Ni/Al and
K/Al in the Trondheimsfjord sedimentary records might be used to investigate past changes
in terrestrial input and, thus, reconstruct variable freshwater inflow from separated
provinces. Moreover, the distribution of K/Al and Ni/Al are strongly influenced by the fjord
bathymetry. The Tautra sill forms the boundary between the Seaward basin and the Middle
fjord (Fig. 1) and prevents a free water exchange between these deep basins. By forming a
ratio between K (northern province) and Ni (southern province), the strong effect of the sill

on circulation and sedimentation in the fjord can be demonstrated (Fig. 12).

It should be noted that in drainage areas with generally lower content of K or Ni,

temporal and spatial variations of transport and storage processes, for example due to faster
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erosion or variable run-off, could significantly alter the spatial distribution of K/Al and Ni/Al.
To exclude this possibility and to finally confirm our findings it is necessary to study the flux
rates of production, transport, and discharge of detritus for every drainage basin over longer
time periods. Unfortunately, to our knowledge no such data set are available yet and
accumulation rates cannot be calculated. However, the strong relation between the spatial
variation of elemental concentrations in Trondheimsfjord sediments with their distribution
in the drainage area bedrock and overbanked sediments is a strong indicator that hinterland
areas with low Ni and low K concentration have a negligible effect on K and Ni concentration
in Trondheimsfjord surface sediments. In addition, overbanked sediments are formed along
the streams during flood events (Ottesen et al., 1989) and, therefore, they reflect to some
extent the river loads. Further investigations of short sediment cores covering the last
century will prove the capability of the proxies by comparing K/Al and Ni/Al records to
instrumental data such as temperature and precipitation, and thus the erosional capacity of

the fjord catchment area.

5. Conclusions and Implications

The geochemical composition of sixty surface sediment samples from the
Trondheimsfjord, central Norway, show that the distribution of carbonate and marine C,,
follow related patterns of primary production within the fjord which are related to the
inflow of salty oceanic waters. As such, we propose that a combined marine-terrestrial (MT)
index and the carbonate content can be used to recognise past changes in the inflow of
North Atlantic derived ocean waters. Furthermore, by analysis of grain size independent
elemental ratios such as K/Al, Ni/Al and K/Ni, distinct Ni and K sources in bedrocks and

alluvial soil in the southern and northern hinterland, respectively, can be identified in fjord

[-23



sediments. In applying this approach for reconstructing past climate in the region, we
assume that temporal variations of these ratios are mainly controlled by continental
precipitation and the resulting river discharge transporting the material into the fjord.
Ultimately, the application of these organic and inorganic proxies on longer time scales will
provide a robust reconstruction of past climate changes in central Norway and potentially
illuminate both the variability of the North Atlantic Current and the North Atlantic Oscillation

since the last deglaciation.
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Coordinates are presented in Tab. S5.
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Trondheimsfjord. Data are presented in Tab. S3.
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Figure 10: Left: Comparison of the Ni concentration from Ottesen et al. (2000) in the Trondheimsfjord drainage area and Ni/Al in the fjord sediments (this
study, Tab. S1). The drainage areas of the six main rivers are indicated by grey lines. Ni/Al in fjord sediments shows highest values close to the river deltas
of Orkla, Gaula and Nidelva in the south and decreases towards the inner and outer fjord. This pattern is in accordance with the distribution of Ni in the
hinterland. Right: In general our analyses reveal metagreywackes and greenstones to contain highest Ni concentration in the terrestrial bedrock. In
accordance with Ottesen et al. (2000) interpolated Ni concentrations within the metagreywackes area (sampling positions are shown in figure 2, data are
presented in Tab. S5) and Ni contents in the greenstones samples are highest in the southern hinterland of the fjord.

[-34



Average K (wt%)
|00-10
10-20
20-30
< 130-40 z
- e 140-50 3
e
K/Al x100 Fjord
® 41-43
© 38-40
o 35-37
(o) =
oow 8.2 o 31-34 .
1 (o o e 25-30 =
P X\ Trowonem . - m
& < \ /F AN \/t/\,fﬁ\) K Terr. [%] &
2 , o o S o 18-2.1
S O 16-18
O 13-16
o 11-13
@ 08-1.1
z
o
z B
g4 ¢
b
50
_——km
L] L) L] L]
10°E 12°E 10°E 12°E

Figure 11: Left: Comparison of the K concentration from Ottesen et al. (2000) in the Trondheimsfjord drainage area and K/Al in the fjord sediments (this
study, Tab. S1). The drainage areas of the six main rivers are indicated by grey lines. K/Al in fjord sediments shows highest values close to the Steinkjerelva
river delta the in the north and decreases towards the outer fjord. This pattern is in accordance with the distribution of Ni in the hinterland. Right: The
chemical data (sampling positions are shown in figure 2, data are presented in Tab. S5) from the various geological units are used to calculate the units’
average K concentration. The Teammeras anticline (TA) in the northern drainage area show highest K concentration (average > 4 %).
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Table S1: Location of sampling stations and list of the presented elements measured by

4 Acid digestion ICP-AES

S?g E:J'rr:g Latitude Longitude \é\gtfg Al Ca K Ni Mg Cr
(BD) (BD) (m) (%) (%) (%) (ppm) (%) (ppm)
100 64.0031  11.4382 57 6.68 1.77 2.69 36 1.77 86
101 64.0002  11.2442 157 7.62 1.27 3.2 53 2.29 105
102 63.9580  11.0923 222 7.69 1.18 3.28 59 2.45 110
103 63.9075  11.0352 252 7.73 1.55 3.26 58 2.36 112
104 63.8664  10.8323 128 7.11 1.5 2.92 47 2.05 91
200 63.8090 11.0305 325 7.41 1.96 2.98 57 2.35 113
201 63.8262  11.1542 110 7.27 1.9 2.86 50 2.15 105
202 63.8393  11.2666 82 7.39 1.92 2.73 50 2.19 108
203 63.8183  11.2904 402 7.46 1.65 2.98 56 2.33 114
204 63.8255  11.3938 300 6.68 2.07 2.35 47 2.01 99
205 63.7883  11.4052 81 7.11 2.09 2.37 47 2.05 98
206 63.7801  11.2117 422 7.61 1.53 3.12 57 2.39 112
207 63.7644  11.2976 25 5.7 2.09 151 27 1.25 60
208 63.7537  11.1220 421 6.94 2.11 2.7 49 2.13 103
209 63.7157  11.1205 30 5.57 2.39 1.52 23 1.29 65
210 63.7266  10.9822 425 7.65 1.9 3.03 59 2.41 118
211 63.7559  10.9887 416 7.53 1.82 3.12 60 2.48 113
212 63.7129  10.8874 426 7.5 1.9 3.06 60 2.49 114
213 63.6887  10.8005 412 7.78 2.16 3.1 63 2.48 119
214 63.6568  10.8284 72 5.65 4.33 1.39 24 1.27 55
215 63.6711  10.7238 370 7.53 2.07 3.06 60 2.48 114
216 63.6227  10.6901 175 5.88 3.62 1.73 31 15 65
217 63.6080 10.5619 212 5.27 6.27 1.63 32 1.41 70
300 63.5885  10.4822 253 7.7 2.83 2.94 68 2.68 124
301 63.5641  10.5268 176 6.55 3.14 2.17 48 1.98 94
302 63.5349  10.4954 165 6.81 2.66 2.4 54 2.12 107
303 63.5610 10.3484 240 6.99 2.54 2.54 58 2.26 118
304 63.5475  10.7542 63 5.97 2.32 1.95 39 1.76 88
305 63.5521  10.8345 62 6.7 2.11 2.31 48 2.05 97
306 63.5791  10.8429 117 7.65 1.69 3.23 70 2.8 134
307 63.4956  10.6603 173 7.56 1.64 3.03 69 2.7 124
308 63.4872  10.7320 82 6.6 2.18 2.19 46 2.02 98
309 63.4602  10.8520 77 6.86 2.04 2.24 54 2.09 115
310 63.4346  10.7829 58 6.44 2.19 2.17 49 2.02 109
311 63.4624  10.6616 177 7.22 1.59 2.89 67 2.57 139
312 63.4661  10.5415 254 7.27 1.86 2.82 69 2.59 138
313 63.4743  10.4608 316 7.32 1.99 2.72 69 2.48 137
314 63.4411 10.3736 71 5.74 1.9 1.57 40 1.63 99
315 63.4723  10.2674 492 6.15 2.16 2.03 51 1.96 114
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Table S1 - continued

82{25329 Latitude Longitude \cljvee;[fr: Al Ca K Ni Mg Cr
(BD) (BD) (m) (%) (%) (%) (ppm) (%) (ppm)

315 63.4723 10.2674 492 6.15 2.16 2.03 51 196 114
316 63.5072 10.2681 483 7.81 2.39 2.83 72 272 147
317 63.5436 10.2457 292 7.57 2.64 2.68 64 24 132
318 63.5052 10.1794 500 7.73 2.56 2.82 72 2.65 149
319 63.4771 10.1936 504 7.35 2.48 251 65 246 137
320 63.4517 10.1248 500 7.43 2.85 2.72 71 258 150
321 63.4686 10.0443 512 7.1 3.05 2.34 60 229 129
322 63.4029 10.0158 433 7.51 2.44 2.68 72 2.61 146
323 63.3586 10.0596 335 7.24 1.58 2.8 74 259 151
324 63.3311 10.1693 170 6.31 1.71 2.04 60 195 114
325 63.3432 9.9087 301 6.99 2.24 1.9 66 238 150
326 63.4755 9.9337 530 6.98 3.42 2.18 57 214 119
327 63.5279 9.8733 546 6.21 4.03 1.83 45 186 101
328 63.5736 9.8417 566 6.96 4.05 2.02 48 1.95 107
329 63.6251 9.7759 605 5.95 5.46 1.78 48 194 116
400 63.7080 9.8546 225 5.75 4.53 1.68 37 162 85
401 63.7101 9.8621 225 6.88 4.19 2.25 53 222 112
402 63.7226 10.0101 83 6.53 3.77 1.86 42 1.91 95
403 63.7607 10.0419 94 6.9 3.86 2.13 48 2.04 101
500 63.6841 9.7277 115 4.3 9.59 1.09 22 1.07 50
501 63.6525 9.6666 389 4,94 7.84 1.27 26 1.24 57
502 63.5941 9.4771 350 4.59 10.55 1.25 22 1.08 52
mean 6.8 2.9 24 52.1 21 108.1

sd® 08 1.8 0.6 14.1 04 256

Analytical uncertainty (rel.%)® 0.6 0.5 1.4 0.8 09 22

Lower detection limit (ppm) 100 100 100 2 100 2

@ s.d. = standard deviation (1 sigma)

®) The analytical uncertainty was calculated as 1 s.d. of repeated analyses of every 20th sample
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Table S2: Organic geochemistry and calculated MT index

SZ‘;‘EEQQ Latitude Longitude \é\gaptfhr TOC  TC Ninog Nt 8°Corg Fierr® MT Index ®
(DD) (DD) (m)  (wt%) (Wt%) (%) (%) (%)  (Wt%)
100 640031 114382 57 152 175 002 013 -2493 6662  -1.79
101 640002 112442 157 119 136 004 013 -23.32 6400  -0.66
102 639580 11.0923 222 124 147 004 014 -2329 5657  -0.39
103 63.9075 110352 252 107 135 004 013 -23.35 4967  -0.19
104 63.8664 108323 128 136 167 004 013 2323 7326  -0.92
200 638090 11.0305 325 103 144 004 012 -2340 5491  -0.40
201 638262 111542 110 094 124 004 010 -2391 7128  -1.29
202 638393 112666 82 082 112 004 010 -2448 67.67  -154
203 638183 112904 402 094 122 004 011 -2443 6578  -144
204 638255 11.3938 300 092 127 003 009 -2545 7116  -2.29
205 637883 114052 81 082 102 003 008 -2520 7557  -2.28
206  63.7801 112117 422 097 125 004 012 -2404 5904  -0.96
207 637644 112976 25 078 100 002 007 -2518 6494  -1.90
208 63.7537 111220 421 087 118 003 010 -2383 5632  -0.73
209 637157 111205 30 111 135 001 008 -2519 9131  -281
210  63.7266 109822 425 103 143 004 013 -2340 4901  -0.20
211 637559 109887 416 112 150 004 013 2323 5211  -0.19
212 637129 108874 426 097 131 004 012 -2340 5306  -0.34
213 636887 108005 412 110 147 004 013 -2301 5328  -0.09
214 636568 108284 72 050 132 001 006 -22.35 18.32 1.54
215 636711 107238 370 110 149 004 012 -22.96 5224  -0.02
216 636227 106901 175 055 119 001 006 -22.36 44.00 0.65
217 636080 105619 212 035 217 002 004 -22.34 48.96 0.49
300 635885 104822 253 097 150 003 012 2246 32.19 0.99
301 635641 105268 176 073 127 002 009 -22.40 26.32 1.24
302 635349 104954 165 075 118 002 009 -22.45 38.98 0.76
303 635610 10.3484 240 080 116 002 009 -22.33 50.59 0.44
304 635475 107542 63 065 094 001 007 -2321 3450 0.43
305 635521 108345 62 084 110 002 009 -2328 41.35 0.15
306 635791 108429 117 125 147 003 014 2305 41.66 0.28
307 634956 106603 173 093 112 003 010 -22.87 5137 0.07
308 634872 107320 82 074 093 002 008 -2344 4829  -0.20
309 634602 108520 77 123 150 002 011 2564 67.03  -2.27
310 634346 107829 58 102 127 002 009 -2431 6201  -1.24
311 634624 106616 177 090 106 002 010 -2305 5094  -0.04
312 634661 105415 254 099 128 002 011 -22.87 41.26 0.42
313 634743 104608 316 097 125 002 011 2278 39.42 0.54
314 634411 103736 71 120 127 001 008 -2453 100.00  -2.69
315 634723 102674 492 085 113 002 009 2248 44.33 0.56

-44



Table S2 - continued

SZ‘;‘EEQQ Latitude Longitude \é\g%tfhr TOC  TC  Niorg  Niot 8°Corg Feerr® MT Index ®
(DD) (DD) (m)  (wt%) (wt%) (%) (%) (%)  (Wt%)
316 63.5072 10.2681 483  1.01 1.39 0.02 011 -2240 36.72 0.88
317 63.5436  10.2457 292  0.98 1.47 0.03 0.12 -22.25 28.02 1.27
318 63.5052 10.1794 500  1.13 1.57 0.02 013 -22.38 38.11 0.84
319 63.4771 10.1936 504  1.08 1.50 0.02 012 -22.89 4243 0.36
320 63.4517 10.1248 500  1.31 1.86 0.02 015 -22.28 31.97 1.12
321 63.4686  10.0443 512  1.20 1.79 0.02 013 -22.35 35.03 0.97
322 63.4029 10.0158 433  1.11 1.50 0.02 012 -2257 37.68 0.73
323 63.3586  10.0596 335  1.01 1.23 002 010 -2356 57.71 -0.60
324 63.3311  10.1693 170  1.02 1.22 0.01 0.07 -2598 88.96 -3.25
325 63.3432  9.9087 301 131 1.56 0.02 012 -2467 61.94 -1.47
326 63.4755 99337 530 1.34 2.05 0.02 015 -2258 2745 1.08
327 63.5279  9.8733 546  0.95 1.73 002 010 -22.15 32.04 1.20
328 63.5736  9.8417 566  1.19 1.99 0.02 013 -22.36 29.12 1.16
329 63.6251  9.7759 605  1.04 2.51 0.02 0.10 -23.78 57.88 -0.75
400 63.7080  9.8546 225  1.19 2.17 001 014 -21.61 1513 1.65
401 63.7101  9.8621 225  1.48 2.47 0.02 0.18 -21.88 7.30 1.93
402 63.7226  10.0101 83 1.75 2.49 001 020 -22.05 1253 2.23
403 63.7607 10.0419 94 1.87 2.68 0.02 021 -22.35 15.09 2.13
500 63.6841  9.7277 115  0.54 3.24 0.01 0.06 -21.60 30.40 1.61
501 63.6525  9.6666 389  0.80 2.91 001 010 -21.82 7.21 2.27
502 63.5941 94771 350 0.71 3.59 001 0.09 -21.19 0.00 2.93
mean 1.0 1.4 0.02 011 -23.0 49.0 0.11
sd.© 03 0.6 001 003 11 207 1.38

@ F . = fraction of terrestrial organic carbon (Fterr), which is calculated from the Norg/Corg ratio

® MT Index = index for the variable input of terrigenous versus marine organic matter

© s.d. = standard deviaton (1 sigma)
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Table S3: Mineralogical and sedimentological data

Wate

Sampli | ity Lomgitu r <2 2-63 63-125 125- 250-500 29 . _ sumllit+ sum . K-
ng de de dept m m m 250 um m 2000 Calcite  Aragonite Mica Phyllosilicates Quartz  Plagioclase feldspar
station hp H H u H u um y p
(DD) (OD)  (m) (%) (%) (%0) (%0) (%0) (%0) (%0) (%0) (%0) (%0) (%0) (%0) (%0)
100 640031 114382 57 49 839 56 3.9 13 0.4 05 0.0 15.6 28.3 249 28.6 35
101 640002 112442 157 115 873 12 0.0 0.0 0.0 0.4 0.0 143 39.0 16.1 18.2 40
102 63.9580 11.0923 222 13.1 85.7 1.2 0.0 0.0 0.0 0.3 0.0 235 46.9 15.1 18.5 2.9
103 639075 110352 252 112 808 44 35 0.1 0.0 05 0.0 311 56.6 126 183 14
104 63.8664 10.8323 128 9.5 80.2 7.3 2.9 0.1 0.0 0.4 0.0 22.9 43.6 17.9 22.2 2.9
200 638090 11.0305 325 107 866 27 0.0 0.0 0.0 0.7 0.0 138 434 15.9 16.1 2.1
201 63.8262 11.1542 110 8.3 88.7 3.0 0.0 0.0 0.0 0.6 0.0 24.0 42.6 18.6 18.2 2.2
202 638393 112666 82 59 908 34 0.0 0.0 0.0 05 0.0 23.9 53.1 18.7 158 2.1
203 63.8183 11.2904 402 9.6 84.7 3.7 2.0 0.0 0.0 0.4 0.0 34.0 45.1 15.7 16.0 2.4
204 638255 113938 300 59 830 88 23 0.0 0.0 0.8 0.0 211 39.0 21.9 211 26
205 637883 114052 81 50 865 6.4 2.1 0.0 0.0 0.4 0.0 208 36.7 253 223 2.2
206 637801 112117 422 100 878 22 0.0 0.0 0.0 05 0.0 33.1 472 12.9 175 2.1
207 63.7644 11.2976 25 2.6 44.9 13.3 15.9 14.9 8.4 1.3 0.0 19.7 34.7 31.8 20.3 1.8
208 637537 111200 421 87 802 87 2.4 0.0 0.0 14 0.0 19.3 413 24.8 165 3.0
209 63.7157 11.1205 30 2.9 57.9 22.3 10.9 25 35 0.4 0.0 6.3 145 42.5 22.6 3.6
210 637266 109822 425 98 881 21 0.0 0.0 0.0 0.8 0.0 20.9 375 19.1 19.0 42
211 63.7559 10.9887 416 115 87.1 1.4 0.0 0.0 0.0 1.0 0.0 33.1 46.1 16.3 15.6 43
212 63.7129 10.8874 426 10.7 87.7 1.6 0.0 0.0 0.0 1.1 0.0 235 47.4 17.4 13.6 2.7
213 63.6887 10.8005 412 10.6 87.3 2.1 0.0 0.0 0.0 1.9 0.0 255 42,5 17.0 15.2 4.4
214 636568 10.8284 72 26 414 362 146 2.2 3.1 38 0.0 6.9 19.3 33.2 19.6 65
215 63.6711 10.7238 370 11.1 87.4 15 0.0 0.0 0.0 2.2 0.0 20.8 47.0 20.2 16.0 3.0
216 63.6227 10.6901 175 4.5 47.9 25.9 13.1 4.5 4.1 3.7 0.0 20.1 30.7 30.5 16.2 35
217 636080 105619 212 23 170 43 205 217 241 145 44 6.3 15.9 195 o 46
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Table S3 - continued

Wate

Sampli ity Lomgitu r <2  2-63 63125 Lo~ 250- 500- . _ sum it + sum . K-
ng de de dept m m m 250 500 2000 Calcite Aragonite Mica Phvllosilicates Quartz Plagioclase feldspar
station hp H H H pm pm pm Y P
(dD)  (@OD)  (m) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
300 63.5885  10.4822 253 9.7 83.2 4.0 3.0 0.1 0.0 3.0 0.0 21.3 39.3 20.0 16.6 3.6
301 63.5641  10.5268 176 74 71.4 12.7 6.0 2.1 0.5 28 0.0 17.4 28.5 229 259 29
302 63.5349  10.4954 165 8.0 79.4 9.9 2.7 0.0 0.0 1.2 0.0 20.4 32.0 21.7 22.4 23
303 63.5610  10.3484 240 8.7 78.2 9.6 34 0.1 0.0 1.7 0.0 12.3 36.0 21.6 15.8 6.0
304 63.5475  10.7542 63 5.8 745 14.9 4.8 0.0 0.0 0.6 0.0 10.0 20.9 26.8 26.8 49
305 63.5521  10.8345 62 5.7 85.7 6.4 22 0.0 0.0 0.6 0.0 22.8 34.7 22.7 15.1 24
306 63.5791  10.8429 117 10.5 88.8 0.7 0.0 0.0 0.0 0.5 0.0 21.0 479 14.3 147 2.8
307 63.4956  10.6603 173 8.8 90.4 0.8 0.0 0.0 0.0 0.4 0.0 29.5 44.8 12.8 16.0 26
308 63.4872  10.7320 82 4.4 87.0 6.1 25 0.0 0.0 0.9 0.0 136 305 27.1 221 5.1
309 63.4602  10.8520 77 4.7 87.5 5.6 22 0.0 0.0 0.9 0.0 15.5 314 26.2 25.3 31
310 63.4346  10.7829 58 5.1 88.3 5.0 1.7 0.0 0.0 0.5 0.0 9.0 24.6 28.3 27.2 4.2
311 63.4624  10.6616 177 8.1 90.8 11 0.0 0.0 0.0 0.4 0.0 11.7 33.9 20.0 234 1.0
312 63.4661  10.5415 254 9.0 89.5 15 0.0 0.0 0.0 0.7 0.0 15.2 30.9 18.5 24.4 3.7
313 63.4743  10.4608 316 8.4 84.3 4.7 26 0.0 0.0 0.0 0.0 14.0 32.9 19.8 19.8 31
314 63.4411  10.3736 71 31 49.4 16.5 14.9 8.6 75 0.4 0.0 117 29.9 321 20.1 47
315 63.4723  10.2674 492 6.6 71.2 15.6 6.6 0.0 0.0 0.7 0.0 17.8 35.0 28.4 18.4 51
316 63.5072  10.2681 483 9.0 89.0 2.0 0.0 0.0 0.0 15 0.0 22.5 35.8 17.2 16.4 35
317 63.5436  10.2457 292 8.8 74.8 6.5 8.0 16 0.3 14 0.0 16.4 41.8 17.2 19.8 29
318 63.5052  10.1794 500 7.9 89.7 24 0.0 0.0 0.0 18 0.0 19.6 39.7 19.2 17.6 41
319 63.4771  10.1936 504 7.4 85.4 5.6 1.6 0.0 0.0 29 0.0 5.8 23.6 26.0 18.3 45
320 63.4517 10.1248 500 7.8 90.2 2.1 0.0 0.0 0.0 38 0.0 17.7 29.7 23.9 17.2 42
321 63.4686  10.0443 512 6.4 77.2 11.7 4.7 0.0 0.0 31 0.0 214 335 21.9 20.0 34
322 63.4029 10.0158 433 7.0 90.4 26 0.0 0.0 0.0 2.8 0.0 25.2 41.6 20.3 15.8 47
323 63.3586  10.0596 335 6.2 92.1 17 0.0 0.0 0.0 0.0 0.0 23.5 37.3 21.8 19.7 35
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Table S3 - continued

Wate

Sampli ity Longitu r <2 263 9 g5 250~ 500- . . Sum Illit + Sum . K-
ng de de dept m m 125 250 um 500 2000 Calcite  Aragonite Mica Phvllosilicates Quartz  Plagioclase feldspar
station hp H H pm H pm pm y P
(BD)  ([®OD) (m) (%) (%) () (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
324 633311 10.1693 170 3.1 730 157 7.2 0.7 03 0.0 0.0 235 36.2 30.5 20.3 24
325 63.3432 9.9087 301 4.4 81.0 9.8 4.7 0.1 0.0 0.0 0.0 16.6 325 25.0 18.4 3.8
326 63.4755 9.9337 530 6.5 75.8 12.9 4.8 0.0 0.0 1.9 0.0 20.5 39.4 20.7 18.5 24
327 63.5279 9.8733 546 55 67.1 14.3 11.2 1.7 0.2 4.0 0.0 205 31.9 25.6 18.7 52
328 63.5736 9.8417 566 5.6 73.9 12.7 6.7 0.9 0.2 3.9 0.0 20.0 32.4 21.2 21.8 5.8
329 63.6251 9.7759 605 35 52.9 4.6 8.1 17.3 13.7 3.8 1.6 16.1 30.8 21.7 12.0 29
400 63.7080 9.8546 225 5.6 66.1 19.7 8.6 0.0 0.0 3.7 0.0 17.6 314 18.7 18.1 3.7
401 63.7101 9.8621 225 6.2 80.3 9.4 3.6 0.4 0.1 4.6 0.0 10.9 20.1 18.9 30.0 75
402 63.7226 100101 83 3.8 781 135 46 0.0 0.0 48 0.0 19.6 345 18.2 17.4 34
403 63.7607  10.0419 94 4.7 75.9 12.3 5.3 1.1 0.7 35 0.0 9.3 23.2 25.2 22.9 3.4
500 63.6841 9.7277 115 24 25.0 19.2 26.3 10.6 16.5 10.3 5.9 5.3 11.7 27.7 20.3 5.8
501 63.6525 9.6666 389 2.7 41.8 325 20.3 25 0.3 9.0 3.8 7.7 18.8 27.8 17.3 5.0
502 63.5941 9.4771 350 3.2 32.2 15.7 271.7 14.0 7.2 9.1 6.0 10.7 18.5 22.8 19.1 5:8
mean 6.6 83.1 5.9 2.7 0.0 0.0 1.1 0.0 19.6 34.7 214 19.5 3.6
sd.® 28 17.6 7.8 6.6 5.0 44 2.7 13 6.9 9.7 5.7 3.8 1.3
@ s.d. =standard deviation (1 sigma) (Erlﬁ) +1 +2-3 +5 +5 +1 +2-5 +2-5

®) Samples containing aragonite are mark in grey
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Table S4: Results of the PCA used to calculate the TM index. Variables are 61‘°’Corg and the

fraction of terrestrial organic carbon (Fier)

Sampling Factor Factor
station scores: scores:
F1 F2
100 -1.79 -0.45
101 -0.66 0.51
102 -0.39 0.27
103 -0.19 -0.01
104 -0.92 0.88
200 -0.40 0.14
201 -1.29 0.38
202 -1.54 -0.12
28431 ;gg gég Variables (axes F1 and F2: 100.00 %)
205 -2.28 -0.31 !
206 -0.96 -0.13
207 -1.90 -0.67 0.75 1
208 -0.73 -0.09
209 -2.81 0.23 05 |
210 -0.20 -0.06
211 -0.19 0.16 d13C\W\PDB
212 -0.34 0.08 _ 025 err N/C T %o
213 -0.09 0.34 §
214 1.54 -0.44 a9 " " ; } " "
215 -0.02 0.34 <
216 0.65 0.44 S 025 |
217 0.49 0.63 :
300 0.99 -0.03
301 1.24 -0.19 -0.5 .
302 0.76 0.21
303 0.44 0.69 075 |
304 0.43 -0.44
305 0.15 -0.24
306 0.28 -0.09 -1
307 0.07 0.37 -1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
308 -0.20 -0.11 F1(93.06 %)
309 2.27 -0.89
310 -1.24 -0.21
311 -0.04 0.23
312 0.42 0.02
313 0.54 0.01
314 -2.69 0.96
315 0.56 0.38
316 0.88 0.17
317 1.27 -0.04
318 0.84 0.22
319 0.36 0.04
320 1.12 0.08
321 0.97 0.14
322 0.73 0.09
323 -0.60 0.14
324 -3.25 -0.36
325 -1.47 -0.44
326 1.08 -0.27
327 1.20 0.17
328 1.16 -0.07
329 -0.75 0.00
400 2.13 -0.06
401 2.23 -0.51
402 1.93 -0.44
403 1.65 -0.55
500 1.61 0.46
501 2.27 -0.47
502 2.93 -0.31
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Table S5: Location of the presented bedrock samples and results of the elemental analysis

UT™M UT™M Rock type Ni K,O | UTM UuT™M Rock type Ni K,0

E N [ppm]  [%] E N [ppm]  [%0]
645188 7021680 Sandstone, feldspar-bearing 110 2.89 | 642875 7066809 Greenstone 35 044
641558 7021519 Metagreywacke 95  2.73 | 641030 7068934 Trondhjemite 8 263
641632 7028146 Gabbro 160 0.25 | 614498 7083448 Greenstone 43 0.83
644835 7031285 Gabbro 48 0.24 | 626138 7065705 Phyllite 61 258
649304 7029928 Phyllite 59  2.82 | 620181 7069009 Garben schist 62 224
618189 7029671 Mica schist 37 1.76 | 619476 7059312 Greenschist 133 131
614794 7029506 Quartzite 15 1.26 | 617342 7055829 Phyllite 17 1.05
613791 7033720 Phyllite 93  1.37 | 615843 7056711 Phyllite 28 1.19
620595 7039507 Hornblende schist 137  3.32 | 611108 7058801 Metagreywacke 106 2.15
630851 7037838 Diorite 57  0.16 | 549438 6992795 Quartz sandstone 67 1.26
617719 7042497 Metagreywacke 58  3.05 | 543704 6994428 Conglomerate 66 0.84
616119 7042602 Conglomerate 12 0.43 | 535579 6991720 Metagreywacke 8 3.69
632669 6996987 Trondhjemite 6 0.87 | 536587 6973767 Trondhjemite 0 3
644458 6976089 Mica schist 81 2.6 | 535927 6970934 Trondhjemite 0 278
647922 6979264 Mica schist 41 2.1 | 538369 6967138 Hornblende schist 111 242
655295 6983875 Granite 0 5.11 | 539600 6981706 Greenstone 78 094
657027 6986490 Granite 0 472 || 531738 6980998 Trondhjemite 0 054
639453 6985033 Mica schist 61 2.85| 526048 7004681 Mica schist 43 1.28
640705 7007508 Metapelite 69 2.68 | 528604 7008646 Mica schist 95 203
646215 7002010 Mica schist 44 207 | 535578 7000663 Greenstone 70 0.19
643205 6999502 Amphibolite 111 0.2 | 553653 6978306 Phyllite 11 1.2
635774 6990308 Mica schist 49 195 | 560616 6994257 Quartz sandstone 29 045
618618 7000670 Mica schist 177  3.12 | 562262 6996882 Quartz sandstone 34 195
614180 7000104 Mica schist 195  3.31 | 557922 6952945 Phyllite 39 279
612362 7005961 Mica schist 16  3.54 | 552185 6947400 Metagreywacke 60 2.83
607211 7009906 Hornblende schist 140  2.24 | 555131 6941829 Mica schist 39 3.02
597507 7010404 Phyllite 42 1.7 | 560024 6930983 Mica schist 118 153
677647 7121405 Sandstone, feldspar-bearing 5 6.13 | 560929 6932619 Mica schist 22 1.68
683852 7120557 Phyllite 31  4.43 | 575148 6938832 Mica schist 179 351
662781 7113302 Phyllite 84 234 | 572260 6941301 Mica schist 13 212
666479 7117786 Phyllite 61  1.77 | 569079 6938612 Mica schist 53 3.17
654158 7120648 Rhyolite 0 5.26 | 564056 6944155 Mica schist 78 1.38
660120 7126308 Limestone 0 0.521 | 571446 6929320 Mica schist 240 4.68
672237 7135177 Greenstone 66  1.71 | 572397 6926283 Mica schist 67 242
662238 7131649 Greenstone 227 0.83 | 618906 6965795 Amphibolite 12 014
565811 7036241 Granitic gneiss 0 162 | 583173 6962655 Mica schist 16 3.14
562423 7024523 Greenstone 63 0.1 | 584457 6957862 Mica schist 46 2.7
565820 7028590 Greenstone 130 0.05 | 576426 6967119 Mica schist 24 1.62
585457 6981171 Mica schist 94 056 | 576112 6971793 Mica schist 44 3
612036 6973158 Mica schist 398  3.14 | 575091 6983736 Mica schist 40 1.9
600025 6983066 Mica schist 38 1.98 | 631682 6968183 Garben schist 71 282
596942 6984770 Diorite 0 2.26 | 628262 6967686 Mica schist 70 176
540060 6945326 Quartzite 11  1.46 | 609046 6979067 Mica schist 190 3.38
552036 6970756 Quartzite 0 0.84 | 573986 6987421 Mica schist 112 1.4
548793 6953013 Granodiorite 84  1.08 | 554034 6975900 Phyllite 42 1.78
542502 6950474 Trondhjemite 15  2.26 | 553246 6977237 Phyllite 29 229
558937 6978263 Phyllite 125 2.28 | 563141 6985613 Metagreywacke 65 0091
556885 7009074 Greenstone 110 0.18 | 594233 7055171 Slate 50 231
539034 7019919 Mica schist 11 0.29 | 594763 7059166 Metagreywacke 8 31
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Table S5 - continued

UTM UTM  Rock type Ni K20 UTM UTM Rock type Ni K20
E N [ppm]  [%] E N [ppm]  [%0]
542960 7051225 Granitic gneiss 0 6.34 | 566883 7007844 Metagreywacke 10 1.98
560850 7061972 Granitic gneiss 5 3.62 || 582127 6998738 Mica gneiss 10 191
559610 7046353 Mica schist 47  2.02 | 574096 6999590 Mica gneiss 75  3.05
558886 7050541 Mica schist 98 4.26 | 568195 7001346 Phyllite 70 197
548789 6935163 Mica schist 12 1.13 | 644459 7051600 Phyllite 17 0.46
544294 6930090 Phyllite 29 1.86 | 646254 7048778 Metasandstein 28 1.44
547533 6928148 Mica schist 163 2.8 | 593929 7044906 Greenstone 66 0.32
552681 7024343 Mica schist 53 1.72 | 589877 7041717 Metasandstein 53 1.65
606247 7038278 Carbonaceous phyllite 47 272 | 605036 7040702 Slate 18 322
590696 7032150 Mica schist 15 151 | 603968 7025311 Greenstone 24 0.18
595460 7018957 Greenstone 227 0.72 | 608304 7018480 Mica schist 74 223
540544 7044219 Greenstone 26 035 | 604696 7015717 Mica schist 68 1.85
544874 7037108 Granodioritic gneiss 8 3.92 | 590589 7023717 Greenstone 28 112
548317 7034320 Mica gneiss 19 3.68 | 588742 7012785 Carbonaceous phyllite 56 2.6
533388 7017160 Arkose 12 3.38 | 596262 7003841 Mica schist 44 1.2
613485 7094887 Greenschist 65 2.57 | 604906 7000827 Mica schist 40 3
609119 7091151 Greenschist 61 0.19 | 569731 7021750 Metagabbro 85 0.06
603698 7085791 Mica schist 22 176 | 572403 7009327 Greenschist 349  0.08
600460 7083602 Granite 0 295 | 607064 6989266 Migmatite 41 2.05
596978 7072270 Mica schist 69 2.03 | 644340 7117876 Rhyodacite 0 535
593387 7078490 Phyllite 64 223 | 648233 7119662 Rhyolite 5 485
580448 7067722 Mica schist 19 1.12 | 669836 7131945 Marble 0 0.015
584344 7064645 Mica schist 69 3.16 | 642622 7121754 Carbonaceous sandstone 0 019
563560 7048358 Mica schist 45 1.86 | 660457 7132490 Greenschist 82 0.1
611055 7114910 Granitic gneiss 0 595 | 645213 7122667 Sandstone 9 164
588300 7085144 Granodioritic gneiss 0 2.67 | 624066 7113046 Carbonaceous sandstone 12 202
601259 7103885 Diorite 11 195 | 625077 7111204 Carbonaceous sandstone 12 3.03
603140 7102075 Quartz sandstone 11 2.02 | 592594 6967789 Phyllite 50 0.58
628640 7092524 Quartz sandstone 33 4.39 | 591828 6968689 Phyllite 27 0.74
669130 7079120 Garben schist 77 4.15 || 586538 6974998 Mica schist 67 298
666562 7077103 Quartz sandstone 27 2.38 | 569538 6961611 Phyllite 77 164
662392 7079386 Phyllite 41  1.41 | 567452 6974063 Quartz mica schist 84 268
655598 7079165 Phyllite 57 274 | 574992 6956842 Mica schist 31 0.57
646429 7080942 Phyllite 31 1.81 | 525012 6956637 Quartz schist 6 3.82
643891 7085468 Rhyolite 0 5.89 | 607209 6958636 Gabbro 52 0.52
639722 7077692 Greenstone 23 0.6 | 607603 6964921 Gabbro 37 0.51
660168 7062329 Gabbro 31 122 | 611959 6967761 Phyllite 161 341
656335 7062564 Carbonaceous phyllite 69 2.73 | 652275 7093987 Greenstone 56  0.08
645463 7065972 Diorite 60 0.16 | 648437 7097519 Metadacite 0 483
622354 7097936 Metaarkose 11  4.41 | 631428 7098266 Mica schist 34 375
552847 6917668 Muica schist 102 1.3 | 633228 7111398 Greenschist 38 1.02
640005 7104785 Metarhyodacite 0 533
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Abstract

During the last century, both earth surface temperature and moisture transport towards
high latitudes have increased rapidly. The response of the sub-arctic region to these changes
in terms of weathering, transport and delivery of terrigenous material towards the coastal
and deep ocean is both complex and poorly understood. Sediments accumulating in fjords
offer an excellent opportunity for studying such land-ocean interactions and may provide
ultra-high-resolution records of environmental response to short-term climate variability. As
a basis for Holocene climate change studies modern sources, supply and distribution of
particular sediment components in the Trondheimsfjord have been investigated and imply
lithogenic elements as a promising proxy for terrigenous input and river discharge. To better
understand the impact of atmospheric variability on central Norwegian environment, we
examine instrumental time series and show that the dominant mode of the atmospheric
circulation in the North Atlantic region, the North Atlantic Oscillation (NAO), has a strong
impact on river discharge, temperature, and precipitation in central Norway. In addition,

elemental composition analysis of a short sediment core reveals that from 1959 to 2010
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winter precipitation and temperature changes are recorded by changes in the inorganic
geochemical composition of Trondheimsfjord sediments. Elemental ratios of Al/Zr and K/Ni
in the sediment core MC99-3 show a close relation to small scale, high frequency climate
variations and large-scale changes in the Northern Hemisphere climate. This implies that
terrigenous input and related erosional processes in the fjord hinterland are highly sensitive
to atmospheric circulation variability in the North Atlantic region. By comparing our results
with NAO records derived from ice accumulation rates of Norwegian glaciers, western
Greenland ice sheets and river discharge anomalies in the Eurasian Arctic, we show that it is

possible to reconstruct the NAO from sedimentary archives in central Norwegian fjords.
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1. Introduction

The investigation of sub-Arctic environmental response to climate variability requires
well-dated high resolution archives from climate sensitive regions. One such region is the
Trondheimsfjord in central Norway (Fig. 1), which experienced relatively high sedimentation
rates since the last deglaciation (approx. 0.3-0.5 cm/yr, Bge et al., 2003; Rise et al., 2006a).
These sediments represent a natural repository for dissolved and particulate material
derived from terrestrial weathering and erosion. Apart from the relatively warm northward
flowing North Atlantic Current, the Norwegian coastal climate is strongly influenced by the
North Atlantic Oscillation (NAO) (e.g. Dickson et al., 2000; Hurrell, 1995; Cherry et al., 2005).
This dominant mode of the atmospheric circulation is most pronounced during winter times
(Dec-Mar) and swings between two phases: A positive (negative) NAO generates periods of
warmer and wetter (colder and dryer) climate conditions in north-western Europe (e.g.
Wanner et al., 2001). Changes in precipitation and temperature associated with NAO are
assumed to alter the constitution of fluvial sediment flux from land towards ocean basins
generated by weathering and erosion of bedrock and soils (e.g. Govin et al., 2012; Lamy et
al.,, 2001; White and Blum, 1995). Moreover, several studies of sedimentary and mass-
wasting processes in the Trondheimsfjord (Bge et al., 2004; Bge et al., 2003; Hansen et al.,
2011; L'Heureux et al., 2011; L'Heureux et al., 2009; L'Heureux et al., 2010; Lysa et al., 2008;
Rise et al., 2006b) imply Holocene climate variability as a potential trigger for geohazards.
Exploring such a relationship between terrigenous input and changes in environmental
conditions requires detailed knowledge of the transport mechanisms dominating particle
supply (e.g. Zabel et al., 2001), although intricate fjord bathymetry combined with complex
water circulation systems provides additional constraints on identifying climate proxies that

pinpoint the terrigenous response to climate variability. In this study we examine the
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inorganic geochemical record of the Trondheimsfjord sediments over the past 50 years
(2010 - 1959). This data provides the possibility for a proxy calibration of selected sediment
constituents to instrumental data of temperature, precipitation, river runoff and to large
scale modes of climate variability such as the NAO. Thus, the existing relationship between
climate and sediment composition can be quantified and the relative magnitude and impact
of past changes can be better assessed. Previous investigations of Trondheimsfjord surface
sediments and hinterland bedrocks have shown that the distribution of Al/Zr and K/Ni in the
fjord sediments reflect regional sources of Al, Zr, K and Ni in the hinterland (Fig. 2). Thus, by
studying the lithogenic elements Zr, K, Ni, Al in temporally well-constrained sediment
records we may identify the causes, timing and extent of past changes in the erosion and
weathering regime of the Trondheimsfjord catchment area associated with variable NAO

modes.

In this paper we show that changes in Trondheimsfjord regional temperature,
precipitation and river runoff are strongly related to variabilities in the winter NAO.
Moreover, our terrigenous proxies record both small scale, high frequency, and large scale
long term shifts in temperature and precipitation. This good relationships between regional
sedimentary climatic proxies and key parameters of hydrological and atmospheric changes
over the past 50 years potentially allows the reconstruction of long term NAO variations
from Trondheimsfjord sediments. With regard to an expected future warming and
associated overall increase in runoff (Gedney et al., 2006; Labat et al., 2004) this study will
also help to better estimate the expected impact of climate change on geohazards due to

weathering and erosion.
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2. Study area

The temperate Trondheimsfjord is located in the central part of Norway (63°40°N,
09°45°E, 64°45°N, 11°30°E, Fig. 1). With a length of approximately 135 km, it is the third
longest fjord in the country (Jacobson, 1983). Three sills, the Agdenes Sill at the entrance
(max. 330 m water depth), the Tautra Sill in the middle section (max. 100 m water depth)
and the Skarnsund Sill in the inner part (max. water depth 100 m), subdivide the
Trondheimsfjord into three main basins: Seaward Basin, Middle Fjord and Beitstadfjord
(Fig. 1). The total fjord volume is 235 km?, total surface area 1420 km?, average tide 1.8 m
and the average water depth is 165 m (Sakshaug and Sneli, 2000: and references therein).
The total drainage area is approximately 20 000 km? (Rise et al., 2006a) with a mean
precipitation of about 1100 mm/year. Six main rivers enter the fjord from the South-East;
four in the Seaward Basin (Gaula, Orkla, Nidelva, Stjgrdalselva), one in the Middle Fjord
(Verdalselva) and one in the Beitstadfjord (Steinkjerelva) (Fig. 1). The freshwater supply from
these rivers decreases the surface salinity and initiates an estuarine circulation (Jacobson,
1983) with a brackish surface layer 5 to 15 m thick (Oztiirk et al., 2002). Although the fjord
reaches depths up to 620 m, in general water masses below the estuarine circulation cell can
be described as an energetically low environment and the distribution of sediments within
the fjord is, therefore, largely controlled by the circulation and particle load in the upper part
of the water column (Syvitski, 1989a; Wendelbo, 1970). The temperature and salinity of
Trondheimsfjord surface waters vary strongly with changes in insolation and river runoff
(Jacobson, 1983). Due to the inflow of North Atlantic water, Trondheimsfjord deep water
(below ca. 100 m), however, show stable temperature and salinity values of approximately

7.5°C and 34.8 PSU, respectively, throughout the year (Wendelbo, 1970).
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3. Material and methods

3.1 Sediment cores: Sampling and preparation

A short sediment core MC99-3 (26 cm) (hereafter referred to as MC99) from the
Trondheimsfjord Seaward Basin (water depth 504 m, 63°28'37"N, 10°11'37"E) was collected
in April 2011 (Fig. 1). The multicore (5.5 cm diameter) was sliced in 1 cm intervals aboard the
research vessel "RV Seisma" and samples were stored in plastic bags at -18°C. Prior to
further analyses, all samples were freeze-dried and, except for grain size measurements,
homogenised through gentle grinding. All analytical techniques applied in this study are
described in detail by Faust J., Knies J., Slagstad T., Vogt C., Milzer G. and Giraudeau J,.
Geochemical composition of Trondheimsfjord surface sediments: Sources and spatial
variability of marine and terrigenous components. Continental Shelf Research (in review),

hereafter referred to as (Faust et al., Paper |) and will be briefly summarised below.

3.2. Chronology

The chronology of the core is based on **°Pb and "*’Cs content on neighbouring sediment
core in the multi-corer rack (MC99-1). ?!°Pb and **’Cs measurements were made at EPOC,
CNRS/University of Bordeaux 1, France. According to the age model of Milzer et al. (2013)
(supplementary Tab. 1), the sedimentation rate of the MC99-1 is 0.49 cm/year and the core

base age is 1959. The dating error increases gradually down core from +0.07 to +3.53 years.

3.3. Bulk elemental and grain size analyses

Sediment elemental composition was analysed at the ACME Ltd laboratory (Vancouver,
Canada). Determination was performed by inductively coupled plasma atomic emission

spectrometry (ICP-AES) following a four-acid digestion, which is considered to be a total
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digestion method. The analytical quality was calculated by duplicate analyses of every 20
samples and further controlled by using the certified multi-element soil standard OREAS 45e
and the certified multi-element basalt standard OREAS 24p. Grain size distribution was
determined by laser diffraction using a Coulter LS 200 instrument. The analysis was carried

out on material within a particle diameter range of 0.4—2000 pum.

3.4 Instrumental data

Seasonal and annual mean air temperature and precipitation records for the
Trondheimsfjord region since 1900 were obtained from the Norwegian Meteorological
Institute (www.eklima.no). Time series (1963-present) of river discharge for the six largest
rivers entering the Trondheimsfjord, Gaula, Orkla, Nidelva, Stjgrdalselva, Verdalselva and
Steinkjerelva (Fig. 1) were obtained from the Norwegian Water Resource and Energy
Directorate (www.nve.no). All data were collected at monitoring stations close to river
outlets. The winter (December — March) PC-based NAO index (Hurrell, 1995) is based on the
difference of normalised sea level pressure between Lisbon, Portugal and Stykkishomur,
Iceland and the dataset was retrieved from https://climatedataguide.ucar.edu/climate-

data/hurrell-north-atlantic-oscillation-nao-index-pc-based.

4. Results and discussion
4.1 Linkage between climate variability and terrigenous sediment supply

The inflow of relatively warm and saline Atlantic water keeps most of the
Trondheimsfjord ice free during winter (Dec-Mar). However, the drainage areas of
Trondheimsfjord experienced average winter air temperatures of -4.6°C over the last 50

years. Thus, precipitation in these regions occurs primarily as snow, rivers are often ice-
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covered and freshwater inflow into the fjord is reduced. Annual precipitation and river
discharge into the Trondheimsfjord are strongly correlated (Sakshaug and Sneli, 2000).
Precipitation is highest in autumn and lowest in spring (Fig. 3). However, the highest runoff
occurs in late April to May and is primarily caused by snow melt (Fig. 3). Thus, the major
causes controlling the strength and duration of spring flooding events are: winter
precipitation (P), air temperature (T) and the resulting amount of river runoff (R) in
April/May. As shown in figure 4, winter-spring river runoff, winter temperature and winter
precipitation are closely linked to each other on an annual basis (supplementary Tab. 2).
Hence, we combined these parameters by normalising the instrumental data and show the
aggregated annual mean as RTP record in figure 4. The strong relation between river runoff,
temperature and precipitation (Fig. 4) indicates that these regional records are strongly

influenced by larger scale atmospheric or oceanic processes, such as the NAO.

Numerous studies suggest that the NAO has a strong impact on the Norwegian climate.
For example, Dickson et al. (2000) showed from spatial analysis of northern hemisphere
winter precipitation that positive NAO periods are characterised by positive precipitation
anomalies in Scandinavia. Moreover, Cherry et al. (2005) found 55 % of river discharge
variation within Norway is associated with NAO variations. In accordance with these
findings, our Trondheimsfjord regional RTP record shows a very good correlation to the
winter NAO index (Fig. 4 and supplementary Tab. 2), confirming that regional temperature
and precipitation in the Trondheimsfjord area are responding to changes in large-scale

Northern Hemisphere climate patterns.

To date, the only detailed studies of sediment transport in Trondheimsfjord rivers are

within the River Gaula, where between 1975 and 1976 more than 90 % of the annual
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sediment transport occurred during spring floods (Bulgurlu, 1977). Although the total annual
water runoff differed by only 13 %, a higher level and longer duration of spring flooding in
1976 generated a 68 % increase in the total sediment transport compared to 1975. Our
working hypothesis is that the other main rivers entering the fjord show similar sediment
transport behaviour. The latter is supported by (1) a similar vegetation and landscape of the
entire Trondheimsfjord drainage area, (2) an up to 15 m thick brown brackish surface water
layer often observed to cover the entire fjord in spring, and (3) concurrent snow melting in
the whole Trondheimsfjord region. As drainage basin temperature and precipitation are
primary controls on the intensity of terrestrial weathering and erosion (Syvitski, 2002; White
and Blum, 1995), the elemental composition of the terrigenous material delivered into the

Trondheimsfjord is likely able to record past NAO changes.

4.2 NAO as determinant of temporal variation in terrigenous material supply

Chemical and mechanical weathering fluxes depend on climate through changing
temperature and runoff (e.g. Gislason et al., 2009; White et al., 1999). Bulk sediment
elemental ratios can detect onshore weathering conditions and the intensity of the transport
process such as freshwater discharge (e.g. Bertrand et al., 2012; Koinig et al., 2003; Zabel et
al., 2001). Our previous study of numerous surface sediments provides evidence that
Trondheimsfjord sediments are an excellent (recent) geochemical archive potentially
reflecting the intensity of river discharge and therefore also the variability of the North
Atlantic Oscillation (Faust et al., Paper 1). To further validate these findings and gain a better
understanding of the environmental response to climate variability within the
Trondheimsfjord region we analysed the bulk geochemical composition of a short sediment

core MC99 from the Trondheimsfjord Seward Basin (Fig. 1).
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In the following we will (1) illustrate processes responsible for observed changes in
elemental ratios of Al/Zr and Ni/K and (2) show their potential to detect NAO related
regional changes in air temperature, winter precipitation and river discharge in
Trondheimsfjord sediments. The high resolution record of the MC99 enables us to capture
past-environmental variabilities that are comparable to the instrumental records. However,
the sampling resolution of approximately two vyears is still too low to reveal strong
interannual variations. Thus, we compare our proxy records to three point running averages

of the RTP data.

Due to a sudden rise in the K concentrations, samples dated between 2010 and 1985
show much higher concentrations (16 % in average) compared to the samples between 1985
and 1959 (Fig. 5). However, no sedimentological (grain size, colour) difference between the
upper and lower part of the core can be identified and a similar rise is not observed in any
other elemental record. Since we cannot fully exclude an analytical problem or
anthropogenic impact for this offset, we divide the K/Ni record into two sections (lower:
1959-1984, upper: 1984-2010) and individually compare the K/Ni records with RTP and NAO
(Fig. 5). Still, K/Ni closely follows the winter RTP curve in the range of the dating error
(€ +1year) in the upper and lower record, implying K/Ni accurately records temporal
changes in the supply of terrigenous material (Fig. 5). Furthermore, as expected from the
good correlation between RTP and NAO, K/Ni shows a clear relation to the NAO over the
investigated time span as illustrated by distinct K/Ni peaks during positive NAO phases (e.g.

1961, 1967, 1973 and 1992).

Recently, Faust et al. (Paper I) investigated the organic and inorganic composition of sixty

evenly distributed surface sediment samples and revealed that the distribution of K/Ni in the
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fijord sediments reflects regional geological bedrock pattern in the northern and southern
hinterland, respectively (Fig. 1 and 2). Greenstones and metagreywackes located along the
southern side of the fjord are the main Ni source in Trondheimsfjord sediments (Fig. 1).
Thus, Ni enters the Trondheimsfjord mainly via the rivers Orkla, Gaula and Nidelva directly
into the Seaward Basin. On the other hand, K originates largely from Precambrian felsic
volcanic rocks related to a tectonic window called Tgmmerds anticline (see Roberts, 1997:
for details) in the north-eastern hinterland (Fig. 1 and Fig.2). Hence, K enters the
Trondheimsfjord primarily by the rivers Verdalselva and Steinkjerelva into the inner part of
the fjord. We assume that the distribution of K and Ni rich material within the fjord takes
place in the brackish surface current, above the halocline (Hoskin et al., 1978) because the
water column below the estuarine circulation cell is a relatively low energy environment
(Syvitski, 1989b). Moreover, during periods of high river discharge, the velocity of the fjord's
surface currents is high, the water column is well stratified and the suspended material is
transferred over longer distances. Hence, increased river discharge will strengthen surface
water currents, and more K will be transported from the Middlefjord basin in the north
across the Tautra sill into the Seaward basin in the south. Alternatively, hyperpycnal flows
associated with sediment-laden river discharges and turbidity currents can also affect the
distribution of terrigenous sediments in the Trondheimsfjord (Bge et al., 2004: and refs.
therein). However, the sediment core MC99 is composed of homogeneous very fine grained
material. More than 90 % of the sediment grains are smaller than 63 um and the grain size
maximum is only 250 um. Moreover, it has a linear sedimentation rate (0.49 cm/year).
Hence, it seems very unlikely that the core position has been affected by strong and variable
bottom currents during the past 50 years. Thus, we propose that the good relation between

RTP and K/Ni in the MC99 can be explained by the variable strength and duration of the
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annual spring floods. A strong (weaker) flooding event will generate higher (lower) surface
velocity and transports more (less) K across the Tautra sill and causing an increase (decrease)
in the K/Ni values. Finally, the annual spring floods are caused by snow melt and therefore,
K/Ni is related to the NAO variability due to its impact on winter precipitation and winter

temperature (Fig. 5).

The comparison of Al/Zr from the MC99 with NAO (DJFM) and the winter RTP in shown
in figure 6. Similar to the K/Ni record, the Al/Zr ratio closely follows the winter RTP curve
between 1959 and 2002. The temporal offset between relative maxima and minima of Al/zZr
and RTP is less than the dating error. Due to very low and very high Al/Zr values in 2004 and
2008, respectively, the relation between RTP and Al/Zr in the period 2004 - 2010 is less clear.
However, besides these two data points Al/Zr is shown to be sensitive to regional changes in
winter precipitation, river discharge and temperature (as summarised by the winter RTP
curve) which are in turn strongly related to the NAO. These findings indicate that large
amounts of Al-rich (clay) minerals are transported into the fjord during the snow melt and
the resulting spring flooding events. Due to a rapid Holocene glacioisostatic uplift of the
Trondheimsfjord region (approximately 175 m) large onshore areas are dominated by fjord-
marine and glacio-marine clays which contain high proportions of Al-rich illite and chloride
(e.g. Hansen et al., 2011; Rise et al., 2006a; Lysa et al., 2008). Therefore, it is likely that these
clays contribute considerably to the delivery of Al-rich material to the Trondheimsfjord
especially during flooding events. It is generally assumed that an increase of Zr concentration
in sediments points to enhanced physical weathering (e.g. Koinig et al., 2003). Bertrand et al.
(2012) found Zr/Al to be well suited for estimating changes in the energy of terrestrial
sediment supply in Chilean fjords. Zr is most often associated with the very dense minerals

zircon (ZrSiO4) and baddeleyite (ZrO;). Thus, Zr is generally expected to be concentrated in
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the coarse grain fraction (e.g. Ganeshram et al., 1999). As Zr, Al is a conservative element
and due to its strong relation to the clay fraction it is often used as a normaliser to limit
granulometric effects. As a result, lower (higher) Al/Zr values are assumed to occur during
stronger (weaker) river discharge. However, as shown in Fig. 6, Al/Zr in this study correlates
positive with RTP and NAO. One probable reason for this behaviour is that in the sediment
core MC99, Al is positively correlated to the grain size fraction < 63 pm (r* = 0.55), while Zr
shows no clear statistical relationship to any grain size fraction. Best regression for Zr was
found with the grains size fraction < 63 pm (r* = 0.2). Moreover, Zr and Al are well correlated
(r* = 0.6). This indicates that Zr in the MC99 originates rather from fine grained, heavily
weathered, material and from Zr ions adsorbed to clay minerals. We thus consider that Zr/Al
in this study is not related to grain size changes. Furthermore, previous investigations of
fjord surface sediments (Faust et al., Paper I) reveal Al/Zr to increase from the inner part of
the fjord (Beitstadfjord) towards the fjord entrance (Fig.2). These points to either a Zr
source in the northern- or an Al source in the southern hinterland. However, geochemical
surveys of the Trondheimsfjord drainage area (see Faust et al., Paper I: for details) show that
Al is ubiquitous in the fjord's hinterland. A distinct Zr source in the north could explain the
affinity of Zr to the fine grain fraction in our core. Due to the large distance between the Zr
source in the north and the position of the MC99, larger and heavy Zr rich grains might not
be transported over such long distances. In fact, bedrock analyses suggest Precambrian rocks
(same source rocks as for K) as a possible Zr source and a good relation between Zr and K
(r* = 0.6) supports the suggestion. However, the relation between Zr and K is as good as
between Zr and Al, and floodplain sediments (Ottesen et al., 2000) do not confirm a Zr
anomaly in the northern drainage area. Further studies are needed to identify the Zr source

in the sediments of the Seaward Basin.
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5. Implications and Conclusions

With a global surface temperature increase of 0.6°C between 1975-2005 (Hansen et al.,
2006) the time span discussed in this study corresponds to the most rapid recent global
warming periods (e.g. Jones et al., 2001). Consequently, due to the direct link between
temperature and weathering (e.g. West et al., 2005; White and Blum, 1995) overall
weathering rates are expected to increase. In addition to the short term changes of K/Ni and
Al/Zr, the Al/Zr record reveals a long term increasing trend with a shift towards a steeper
gradient from approximately 1980 until today (Fig. 6). We assume that the overall increase
of Al/Zr and the gradient shift is a response to an increase in weathering and erosion
favouring the input of Al-rich clay minerals. This assumption is supported (a) by a strong
agreement of Al/Zr with the Trondheimsfjord regional air temperature record (Fig. 6) and (b)
by the course of the <63 um fractions in the MC99 (Fig. 7). The air temperature from the
Trondheimsfjord region overall decreases slightly from 1920 until approximately 1980 and
then in accordance with the global surface temperature record (Hansen et al., 2006), it
increases steeply until about 2005 (Fig. 6). Similar to the temperature record, the <63 um
fraction in the MC99 slightly decreases from 1960 (92.7 %) to 1983 (91.3 %) and afterwards
increases to the highest value in the record in 2008 (95.3 %, Fig. 7). These findings show that
Al/Zr in sediments of the Seaward Basin records two climatic processes: 1) a short term
variability portably caused by changes in the seasonal strength and duration of spring floods
and 2) a long term weathering development caused by an increase in the Al-rich clay fraction

due to enhanced weathering and erosion.

The long term response of the hinterland to climate variability is not confirmed by the

K/Ni due to the conciseness of both segments. However, the observed changes in the
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chemical composition of the Trondheimsfjord sediments in close relation to the rapid
variability of NAO and atmospheric temperatures (Fig. 5 and 6) suggest that weathering and
erosion in the Trondheimsfjord hinterland responds very sensitive to climate change.
Gravitational sedimentary processes in the Trondheimsfjord region are common today (e.g.
L'Heureux et al., 2010), and a relation between periods of warm/wet climate and increased
land slide activity during the Holocene in the Trondheimsfjord region was reported by Bge et
al. (2003). The ongoing increase in global surface temperatures and the related increase in
the moisture transport from lower to higher latitudes are therefore likely to induce an
increase in erosion and river sediment load of Trondheimsfjord rivers. Accelerated
sedimentation and erosion is considered to be one of the main potential factors triggering
slope failures, sub-marine mass movements (e.g. L'Heureux et al., 2013; Masson et al., 2006;
L'Heureux et al., 2011) and quick-clay landslides in the Trondheimsfjord region (Hansen et
al., 2011: and ref. therein). The risk for geohazards in future times can therefore be expected
to increase in central Norway. Based on this assumption one might expect the MC99 to show
an increase in the sedimentation rate for the last 50 years, which is not shown by the
radiogenic isotope-based chronological framework (Milzer et al., 2013). While a change in
the sedimentation rate could be masked by the dating error, we are highlighting that most
sediments are probably transported to the position of the MC99 in a brackish surface water
layer in a pulse during spring. This configuration possibly will limit the amount of material
reaching the position of the MC99. Further studies of river load and sediment cores close to
the river outlets are required to reveal the mechanism of the sediment transport in more

detail.

The correspondence between NAO, RTP, K/Ni and Al/Zr suggest that the terrigenous

input to the Trondheimsfjord responds to changes in large-scale Northern Hemisphere
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climate patterns. In order to further investigate the reliability of the elemental composition
of Trondheimsfjord sediments as climate proxy, we compared the continuous Al/Zr record
with the following three NAO records from the circum-North Atlantic region (Fig. 8): (l)
winter snow accumulation rates on a small glacier (Alfotbreen) located near the coast
approximately 300 km south-west of the Trondheimsfjord (Nesje et al., 2000). (ll) Total
annual discharge of the six largest Eurasian Arctic rivers (Yenisey, Lena, Ob, Kolyma, Pechora
and Severnaya Dvina) (Peterson et al., 2002). (lll) Normalised proxy NAO index based on

western Greenland ice accumulation rates (Appenzeller et al., 1998).

Figure 8 shows a strong relation between the three point running average of the
accumulation rate from the Alfotbreen and the river runoff of the Eurasian Arctic rivers. Both
records indicate the strong impact of the NAO on the precipitation patterns in Eurasia. The
elemental ratio of Al/Zr in Trondheimsfjord sediments show a close relation to these records
(Fig. 8) implying that terrigenous input and thus weathering and erosion in the central
Norwegian hinterland, responds very sensitive to atmospheric circulation variability. Only
the older part deviates slightly from the NAO pattern which might be related to the
increasing dating error with core depth. The NAO index from Appenzeller et al. (1998) is less
well related to any of the parameters in figure 8. Appenzeller et al. (1998) noted that the
accumulation measurement of the top meters of the ice core is difficult due to uncertainties
in the density measurements. Furthermore, Mosley-Thompson et al. (2005) analysed the
same ice core data used by Appenzeller et al. (1998) and found a decrease in the correlation
between NAO and the accumulation rate from r?=0.53 in the period 1865-1925 towards
r> =0.23 in the period 1926-1994. Mosley-Thompson et al. (2005) assumed that this change
is caused by the Arctic warming and related change in the NAO impact on precipitation

variability in west-central Greenland. Nevertheless, the difference of the NAO index
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provided by Appenzeller and the other records in Fig. 8 indicates that the temporal impact of

the NAO in Greenland might be different as in Eurasia.

We conclude that the winter NAO is strongly related to changes in regional temperature,
precipitation and river runoff in central Norway. Moreover, our terrigenous proxies recorded
both small scale, high frequency, and large scale long term shifts in temperature and
precipitation in the Northern Hemisphere over the past 50 years. By comparing our results
with NAO records from the broader Atlantic-Arctic region, we show that it is possible to
reconstruct a proxy NAO index from sedimentary archives in central Norwegian fjords on

longer time scales.
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Figure 1: Location of the study area (upper left corner) and the Trondheimsfjord region with
the core position of the MC99 (green circle) in the Seaward Basin. Three sills divide the fjord
into three main basins and the six main rivers enter the fjord form the south-east. Regional
sources for Ni and K in the hinterland bedrock are greenstones and metagreywakes in the
southern and Precambrian volcanic rocks in the northern region, respectively (Faust et al.,

Paper I).
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Figure 2: K/Ni and Al/Zr in Trondheimsfjord surface sediments (0-1 cm) shown as average
values for each of the three main basins and the entrance area. Size of the basin areas is
shown at the top and the number of samples for each basin is indicated below (see Faust et

al., Paper I: for details).
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spring floods, thus, annual river discharge is highest in May-June. Precipitation in the
Trondheimsfjord region is highest in autumn but the effect on river discharge is small

compared to the discharge in spring.

l-21



800 — - 2
----------------- Winter River
z ———— Winter Preci |
o RTP
% E 600 — - 1
9 ot
2 8 ] o
& © : Y o
€ a 1 ]
<5 200 - V - -1
: 3 ‘
.
(=]
0 - — -2
qQ ----- Winter Temp — 2
RTP B
o A \
= -2 - ,”\ i
- A /RN AVIR -1
® l" | I'l‘ / \ \
s 1 N AV Ao VAR VARV
£ 1\ \ \ i i ¥ XY
@ Iy \ \ i i\ f | o
- N n [ \ J i1\ ] | -0
s HAVEEE! n \ R b, 14
e 6 — i I\ \ , V[l
= i I\ \ { I
o i 1y M a X
= /IR '] /I
g \ ‘|ll \\II — -1
- a1 y
o
=
[
-10 - — -2
4 = - 2
RTP
- [0 NAo
©
3
- 2 — — 1
°
=
S
£
x o
3 0 - -0
E 14
o
<
=z
s 2 - -1
[
=9
[=]
4 T T T T T 2
1960 1970 1980 1990 2000 2010

Year

Figure 4: A) River discharge [DJFMAM] precipitation [DJFM] and RTP (the annual winter
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Figure 8: a) Normalised proxy NAO index based on western Greenland ice accumulation
rates (see Appenzeller et al., 1998: for details) b) Normalised Al/Zr record between 1959 and
2002. Very high and low values in 2004 and 2008 were treated as outliers c) Combined and
normalised Eurasian river discharge (DJFMAM) from the six largest arctic rivers: Yenisey,
Lena, Ob, Kolyma, Kolymskoye, Pechora and Severnaya Dvina. We utilise the same river

discharge data as Peterson et al. (2002) from the R-ArcticNet database, but only total
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discharge values for the time period Dec-May, 1959-1999. In this period (Dec-May) discharge
is much stronger related to the NAO (DJFM) (r* = 0.46) as the annual run of (r’ = 0.22). The
black line is the three point running average d) Normalised annual winter accumulation on
the Norwegian glacier Alfotbreen located approximately 300 km south-west of the
Trondheimsfjord near the coast. Similar to the precipitation in the Trondheimsfjord area
positive (negative) NAO periods corresponds to large (little) winter accumulation (see Nesje
et al., 2000: for details). The black line is the three point running average e) Winter (DJFM)
NAO index from https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-
oscillation-nao-index-pc-based. The black line is the three point running average. Grey bars
indicate five positive NAO phases (1: 1966-1968; 2: 1972-1976; 3: 1981-1985; 4:1989-1994;
5:1998-2001)
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Table 1: Chronology and dating error for the MC99-3 based on %p and *’Cs measurement as well as

geochemical and sedimentology data used in Figures 5, 6, 7 and 8.

Core Length Age Age Error Grain size Al/Zr K/Ni
[em] [year] [year %] <63 um [%]
0.5 2010 0.1 92.8 1050.0 386.2
1.5 2008 0.2 95.3 1101.4 385.5
2.5 2006 0.3 95.1 1049.3 395.5
3.5 2004 0.5 93.1 993.2 394.1
4.5 2002 0.6 93.8 1062.9 383.8
5.5 2000 0.8 93.7 1039.1 386.6
6.5 1998 0.9 93.9 1057.1 386.6
7.5 1996 1.0 92.9 1035.2 390.9
8.5 1994 1.2 92.4 1033.3 386.2
9.5 1992 1.3 92.8 1051.4 398.4
10.5 1990 1.5 92.6 1026.8 386.6
11.5 1988 1.6 91.9 1013.9 377.9
12.5 1985 1.7 92.3 1021.4 384.8
13.5 1983 1.9 91.3 1041.8 326.9
14.5 1981 2.0 91.5 1031.3 342.4
15.5 1979 2.1 93.5 1013.0 336.8
16.5 1977 2.3 92.7 1027.5 336.2
17.5 1975 2.4 91.5 1026.9 307.6
18.5 1973 2.6 92.3 1040.9 3554
19.5 1971 2.7 93.8 1040.6 328.6
20.5 1969 2.8 93.0 1011.4 316.9
21.5 1967 3.0 92.2 1002.9 326.5
22.5 1965 3.1 93.4 1026.1 315.3
23.5 1963 3.3 92.8 1021.7 321.1
24.5 1961 3.4 92.7 1020.6 346.4
25.5 1959 3.5 91.1 1009.1 292.6
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Table 2: Correlation coefficients between winter NAO (DJFM) and Trondheimsfjord regional winter
precipitation (P) (DJFM), temperature (T) (DJFM), river discharge (R) (DJFMAM) and RTP (the annual winter

mean of normalized river discharge (R), air temperature (T) and precipitation (P)) for 1963-2011.

NAO [DJFM] R [DJFMAM] T [DJFM] P [DIFM] RTP
NAO - 0.49 0.54 0.43 0.60
R 0.49 - 0.52 0.63 0.86
T 0.54 0.52 - 0.41 0.77
P 0.43 0.63 0.41 - 0.81
RTP 0.60 0.86 0.77 0.81 -
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The North Atlantic Oscillation (NAO) is the leading mode of atmospheric circulation
variability in the North Atlantic regionl. Along the Norwegian coast it has a strong impact
on precipitation, temperature and wind intensity changes, thereby affecting energy supply
and demand, fisheries, agricultural, marine and terrestrial ecological dynamics“. Long
term NAO reconstructions are crucial to better understand NAO variability in its response
to climate forcing factors, and assess predictability and possible shifts associated with on-
going global warming. However, existing records are rare and often inconsistent®. By com-
paring geochemical measurements with instrumental data we show that primary produc-
tivity recorded in central Norwegian fjord sediments is sensitive to NAO variability. This
observation is used to calibrate paleoproductivity changes to a 500-year reconstruction of
winter NAO® and to establish a high resolution NAO proxy record covering the past 2800
years. We find that NAO variability coincides with climatically associated changes in paleo-
demographics and Northern Hemisphere (NH) glacier advances. Furthermore, a strong vol-
canic eruption may have induced the onset of the Little Ice Age (LIA), which is marked by a

rapid transition from a stable positive to a stable negative NAO phase.
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Apart from the northward flowing North Atlantic Current (NAC), the climate in northern

178 This dominant

Europe is strongly influenced by the North Atlantic Oscillation (NAO)
mode of atmospheric circulation is most pronounced during winter (Dec-Mar) and swings

between two phases: a positive (negative) NAO generates periods of warmer and wetter

(colder and dryer) climate conditions in north-western Europe”.

Instrumental time series are too short to reveal NAO responses to internal and external
climate forcing with confidence. Paleo-NAO records based on historical records, tree ring or
ice core data are shorter than ~950 years'®, and have large uncertainties for the pre-
industrial period5'8’11. General challenges for NAO reconstructions are its possible non-
stationarity, and its strong alteration on very short time scales requiring high resolution
(winter) paleoclimatic records. Only the latter can provide the essential knowledge for NAO

prediction and quantification of possible anthropogenic changes.

The Norwegian coastal area is supposed to be consistently influenced by NAO variability
over long time scales®. General high sedimentation in Norwegian fjords, together with the
possibility to quantify environmental parameters such as water exchange and freshwater
input, offer an excellent opportunity for studying local responses to short-term variability in
the Earth’s climate. Here we use the geochemical record of two sediment cores: the upper
five meter of the piston core MD99-2292"? and multi-core MC99-3 (hereafter referred to as
MC99). They were recovered from the Trondheimsfjord, central Norway (Fig. S1, supplemen-
tary information), and have a temporal resolution of 1.8-3 years covering the past 2800

years.

The most important factors regulating primary productivity in fjords are light, tempera-

ture, wind-driven vertical mixing and freshwater runoff i.e. nutrient supply (e.g. Fe, N, )
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Thus, the strong impact of the NAO on changes on physical climate parameters, such as
wind, temperature and precipitation in Norway, influences ecological dynamics in marine
and terrestrial systems and encompasses change in (e.g.) the phytoplankton production in

2,3,16

terms of timing of reproduction and population dynamics . In particular, the annual

spring bloom, most likely the strongest primary productivity event in fjords, is triggered by

the strength of spring river discharge due to snow melt***

. During this period autotrophic
production and heterotrophic consumption are uncoupled, resulting in dense phytoplankton

population and large amounts of aggregated particles reaching the seafloor,'” nourishing the

benthic populationz.

Principle component analysis (PCA) indicates that for the last 50 years the three climate
components of 1) winter-spring (DJFMAM) river discharge (R), 2) winter (DJFM) air tempera-
ture (T), and 3) precipitation (P) from the Trondheimsfjord area are strongly related. The first
principal component (PCA1) explains 81 % of the variance (supplementary information, Tab.
S3), and combines the three physical factors into a new RTP index (Fig. 1). The concurrent
changes of the three climate components in the Trondheimsfjord region appear to be
caused by changes in the large-scale atmospheric climate pattern as defined through the

winter NAO index" (supplementary information, Fig. S4).

In accordance with investigations of Trondheimsfjord surface sediments™® a strong connec-
tion (r’ = 0.8) between marine derived organic matter and CaCOjs retrieved from the short
sediment core MC99 indicates carbonate marine productivity to be the main CaCOs source in
Trondheimsfjord sediments during the past 50 years (supplementary information Fig. S2).
Moreover, CaCOs variations are closely linked to the RTP index (Fig. 1 and S3), implying that

the combined impact of air temperature, precipitation and river discharge on marine pro-
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ductivity is directly reflected by the CaCOs concentrations in Trondheimsfjord sediments.
Due to the insufficient resolution of the sediment record the available number of CaCO;
measurements does not allow a reliable statistical comparison with the instrumental time
series although, the CaCO; record from MC99 closely follows the winter NAO variation dur-
ing the past fifty years. Temporal offsets between relative maxima and minima lie within
chronological uncertainties (Fig. 1). Accordingly, winter NAO apparently is very well recorded
by CaCOs in Trondheimsfjord sediments due to its impact on the annual spring bloom inten-
sity, suggesting planktic and benthic carbonate productivity during spring as a promising

proxy for NAO reconstruction.

In the sediment core MD99-2292, CaCO3 percentages coincide closely with its high reso-
lution (1.8 - 3.0 years) Ca/Si record (Fig. S5). This enables us to compare Ca/Si to reliable™
winter (DJF) NAO reconstructions based on early instrumental and documentary proxy data
covering the past 500 years (AD 1500-1990)°. A correlation of r* = 0.8 between Ca/Si and an
averaged winter NAO index was achieved by adapting the depth-age relation of Ca/Si within
its 1-sigma age error range to the Luterbacher ® NAO using a dynamic time-warping algo-
rithm (Fig. 2 and supplementary information). The derived linear calibration function was

used to calculate a winter NAO+gp proxy index for the past 2800 years (Fig. 3).

As previously proposed®, but so far not completely recorded, the NAO+qp reveals persis-
tent positive values during the Medieval Climate Anomaly (MCA, ~950 to ~1250 A.D.)"”. A
rapid change towards a stable negative mode occurs at the LIA% onset followed by a much
more variable behavior during the past 300 years. The only previous NAO reconstruction
beyond 1000 A.D. (NAOpca3)*! suggests a similar overall paleo-NAO pattern (Fig. 3). However,

the NAOqgp varies more and does not contain the NAOpca3 extended stable periods between
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e.g.~500 to~350 B.C. and~0 to~200 A.D. In particular the longest persistent NAOpca3 period
(1100 - 1400 A.D.), originating from the calibration of the NAOpcas'>*?, differs from our rec-
ord. The differences between the proxies are probably related to different response times of
the proxies, dating uncertainties, and maybe also to changes in the stationarity of the NAO
spatial pattern®. Nevertheless, spectral analysis of NAOrgp reveals dominant periodicities of
about 300 (+20), 170 (+x10) and 66 (+2) years (Fig. S7, supplementary information), which are
consistent with the cyclicities of the NAOpcast. The occurrence of a 300-year climatic cycle,
identified in NH meteorological observations and terrestrial climate archives, historically has
been related to changes in solar activity22'23, but to our knowledge this has not been con-
firmed. Although there might be an intrinsic atmospheric (NAO) periodicity driven by exter-
nal forcing, the apparent 300-year cycle could also be a spurious periodicity of a red-noise

climate process (Fig. S7, supplementary information).

It is noteworthy that climatically associated changes in central European paleo-
demographics24 coincide with long and short term NAO+rp variations (Fig. 3 and Tab. S4).
Socio-economic crises, population migration, and settlement desertion intensified during
negative NAOtrp phases while positive NAOtrp phases seem to heighten sustained demo-
graphic and economic growths. Moreover, a pronounced negative NAOrp overlaps with the
collapse of the Classical Maya Civilization 800 to ~1000 A.D.)* during an annual precipita-
tion reduction of 40 % in Mexico that is assumed to be caused by a shift of the Intertropical
Convergence Zone (ITCZ)*°. Within the same period glaciers advanced in Canada and
Iceland® (Fig.3) as well as in the Alps, Alaska and Tibet?. The synchronicity of the central-
American precipitation anomaly and widespread glacier advance in the NH suggest a com-

mon forcing promoting a negative NAO phase.
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It is notable that transitions from positive to negative phases of the NAO+rp are often
rapid, whilst the increases back to positive values are more gradual. Possibly the spontane-
ous phase changes are related to threshold transitions triggered by internal or external forc-
ing. For example, distinct positive to negative NAO+rp shifts with subsequent advance of NH
glaciers?®?” occurred at the same time as the two major volcanic eruptions of the past 2800
years (536 and 1257 A.D.**%?) (Fig. 3). The rapid NAOtzp MCA-LIA transition in the mid to
late 13th century differs from the NAO reconstruction based on tree rings and speleothems
(NAOmSm, Fig. 3), but is consistent with ice-cap development reconstructed in Canada®
(Fig. 3). Associated climate modeling shows that volcanic-induced cooler climate conditions
can continue after the aerosols are removed by sea-ice/ocean feedbacks over long time
scales®. This scenario could explain the long negative NAOtgp phase from 1250-1450 A.D..

Furthermore, periods of "volcanic-solar downturns"*°

seem to correspond with negative
NAO+rp phases (Fig. 3). Nevertheless, many phase changes in the NAO+gp record are unaf-

fected by volcanic activity, and other forcing factors such as internal atmospheric dynamical

processes31 may be responsible for NAO variability.

Compared to other paleoclimate records the LIA onset occurs relatively early in the
NAO+rp. We propose that this difference reflects different response times between the
ocean and the atmosphere to internal or external forcing on short time scales. A positive
NAO, as during the MCA, is generally associated with stronger eastward air-flow towards
northern Europe supporting a strengthening of the North Atlantic Current (NAC) and
Meridional Overturning Circulation®?. The rapid NAO reversal at ~1250 A.D. may have de-
creased heat and moisture transport towards northern latitudes, whilst the buffering effect

of the ocean may have prevented an immediate temperature drop in northern Europe. By
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following Miller %°, we propose that the onset of the LIA occurred around 1250 A.D. when
volcanic activity triggered large changes in the atmospheric circulation. A delayed LIA ap-
pearance by 100 years or so and a slower MCA-LIA transition in other records® is likely the
result of the delayed response of the oceanic circulation to atmospheric forcing. Similar sce-

narios may also hold true for other periods of rapid NAO+p shifts.

The here presented first high-resolution winter NAO reconstruction from marine sedi-
ments (Fig. 3) reveals a strong connection between NH climate history and NAO regional
impact in central Norway. Persistent positive and negative NAO phases are in accordance
with cooler and warmer climate periods during the late Holocene, such as MCA and LIA. Rap-
id phase transitions related to large volcanic eruptions indicate the existence of internal at-
mospheric thresholds and instabilities in the atmospheric circulation pattern. Ongoing cli-
mate change and global warming requires improved physical modeling of the NAO to gain
better knowledge of the feedback mechanisms involved in these changes to answer the im-
portant questions of which processes are potential triggers, and which are the main amplifi-
ers of large scale climatic changes. Compared to the historic NAO variability over the last
300-400 years, the NAOrp proxy record shows comparable amplitudes over the last 2800

years, but also indicates that positive and negative phases are typically more persistent.

Material and Methods

The data presented here were obtained from two sediment cores, MD99-2292 and
MC99, recovered at the same site in the Trondheimsfjord Seaward Basin (Fig. S1). The 31 m
long sediment core MD99-2292 (water depth 486 m, 63°28'62"N, 10°11'63"E) was taken by
the research vessel “Marion Dufresne” in 1999. Prior to sediment sampling the elemental

composition of the first five meters were measured in 0.5 cm steps using an Avaatech X-ray
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fluorescence (XRF) core scanner. Additional X-ray images using the SCOPIX system were
taken at EPOC, CNRS/University of Bordeaux 1, France. Subsequently sediment slices (1 cm
deep, 1.5 cm wide, 7 cm long) were taken in 4 cm intervals. The short (26 cm) multicore

Ill

MC99 (5.5 cm diameter) was collected by the research vessel “Seisma” in April 2011 (water
depth 504 m, 63°28'37"N, 10°11'37"E). The core was sliced in 1 cm intervals aboard the re-
search vessel, and samples were stored in plastic bags at -18°C. Prior to further analyses, all

samples (MD99-2292 and MC99) were freeze-dried and, except for grain size measurements,

homogenised through gentle grinding.

Total carbon (TC) and total organic carbon (Corg) measurements were performed at the
Geological Survey of Norway (NGU). Coz and TC were determined with a LECO SC-444. Prior
to the Corg analysis, sediment subsamples (ca. 200 mg) were treated with 10 % (vol.) hydro-
chloric acid at 60°C, and subsequently washed 10 times with distilled water to remove inor-

ganic carbon (carbonate). Carbonate content was calculated as CaCO3 = (TC- Cog) x 8.33.

Total nitrogen (Nt in Wt%) was determined using an elemental analyzer isotope ratio
mass spectrometer (EA-IRMS) at EPOC, CNRS/University of Bordeaux 1, France. The inor-
ganic nitrogen (Ninorg) content was analysed on 20 mg sediment subsamples treated with
KOBr-KOH solution to remove organic nitrogen (see Knies 33 for details) using an EA-IRMS
(Iso-Analytical Ltd., UK). The organic proportion of the total nitrogen content was calculated
by subtracting the Ninorg fraction from Nyt Stable carbon isotopes of the Cyg fraction (513Corg)
were measured on decarbonated (10 % HCI) aliquots using an EA-IRMS (Iso-Analytical Ltd.,

UK). 613C0rg values are given in per mil vs. Vienna-PDB.
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Figure 1: Comparison of instrumental data with CaCO3 over the past 50 years. 3 point run-
ning average of RTP index (black line) combines instrumental records of winter-spring
(DJFMAM) river discharge (R), winter (DJFM) air temperature (T) and precipitation (P) from
the Trondheimsfjord area since 1963 (supplementary information). Grey bars are the annual
winter NAO index! and dotted line is a 3 point running average. CaCO; concentration from
MC99 (green line) follows the course of the averaged instrumental data in the range of the

dating error (yellow bars).
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Figure 2: NAO+pp calibration using a DTW fit A) Comparison between Ca/Si (MD99-2292)
and averaged winter NAO index.® B) DTW fit between Ca/Si and averaged winter NAO index®.
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tion curve (r* = 0.8) based on Ca/Si winter NAO in C).
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Study area

The temperate Trondheimsfjord is located in the central part of Norway (Fig. S1) and,
with a length of approximately 135 km, it is the third longest fjord in the country?. Three sills
(the Agdenes Sill at the entrance (max. 330 m water depth), the Tautra Ridge in the middle
section (max. 100 m water depth) and the Skarnsund in the inner part (max. water depth
100 m)) divide the Trondheimsfjord into four main basins: Stjgrnfjord, Seaward basin, Mid-
dle fjord and Beistadfjord (Fig. S1) (for detailed maps of bathymetry and topography of the
drainage area, we refer to http://kart.statkart.no). The average tide in the Trondheimsfjord
is 1.8 m, the average water depth is 165 m and the maximum water depth (620 m) is found

at the mouth of the Seaward basin .
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Figure S1: A) Location of the study area (upper left corner) and map of the Trondheimsfjord with the position
of the sediment core MD99-2292 and MC99 (green circle). Three sills divide the fjord into three main basins
and the six main rivers enter the fjord from the south-east.
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Origin of organic matter

On the basis of sixty evenly distributed surface sediment samples around the entire
Trondheimsfjord an index for the variable input of marine versus terrigenous organic matter
(MT index) was generated by Faust et al (Paper [): MT index = 16.68—
0.034 * Fierr + 0.65 * 613C0rg. Fierr is the fraction of terrestrial organic carbon, which is calcu-
lated from the Norg/Corg ratio®. To calculate Fierr, the lowest and highest Norg/Corg ratios (0.052
and 0.113) revealed from the surface sediment analysis (Faust et al Paper |) were used to
define the marine and terrestrial end members, respectively. Thus, MT index variations (Fig.
S2) in the sedimentary record discussed in this study is tied to the modern environmental
conditions in the fjord and positive (negative) MT index values indicate higher (lower) ma-

rine organic matter input.
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Figure S2: A strong connection between positive (negative) MT index values indicate higher (lower) marine
organic matter input and CaCO; retrieved from the short sediment core MC99 indicates carbonate marine
productivity to be the main CaCOj; source in Trondheimsfjord sediments during the past 50 years.
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Instrumental Data: NAO versus temperature, precipitation and river discharge

Seasonal and annual mean air temperature and precipitation records for the Trond-
heimsfjord region since 1900 were obtained from the Norwegian Meteorological Institute
(www.eklima.no). Time series (1963-present) of river discharge for the six largest rivers en-
tering the Trondheimsfjord, Gaula, Orkla, Nidelva, Stjgrdalselva, Verdalselva and Steink-

jerelva (Fig. S1) were obtained from Vear D)
‘IQIBU 19I80 1990

1970 2(]'0(]

the Norwegian Water Resource and 100 45

Energy Directorate (www.nve.no). 1 ™

80 —
All data were collected at monitor-
ing stations close to river outlets. 60
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nent analysis (Tab. S3).
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Our Trondheimsfjord regional RTP record (PCA1) shows a very good correlation to the
winter NAO index (r2 = 0.6, Fig. S4), confirming that regional temperature and precipitation
in the Trondheimsfjord area are responding to changes in large-scale Northern Hemisphere

climate patterns.

NAO
ssssessse RTP Winter

ensssnesnse®

eeagst®
LT 3

DJFM NAO Index (Hurrel 1995) and RTP
o
1

-3 T T T T T T T T T T 1
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Figure S4: Winter NAO index’ versus RTP index since 1963.
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Figure S5: CaCO; in the gravity core MD99-2292 is in correspondence with CaCOj; variations in the MC99. The ultra high resolution Ca/Si record closely resembles
the CaCOj; percentage in the MD99-2292.
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NAO+gp calibration

To convert Ca/Si ratios from MD99-2292 to estimates of the winter NAO index for the
last 2800 years, the upper part (containing about 200 measurements between 1500 and

1930 A.D.) was fitted to a smoothed version of the winter NAO index of Luterbacher *.

The smoothing kernel used,

jmax(O,l —%) t> 01
Ker(L,t) ==
)

2L
lexp (T)' t<o0

takes into account both exponential mixing during sedimentation and linear averaging of
the XRF sensor over its footprint area. Its only free parameter, the exponential decay con-
stant, was chosen such that the variability of the smoothed record best resembled the Ca/Si

variability (Fig. S6).

Because MD99-2292 contains only two 4c ages in the time interval 1500 to 1930 A.D,, its
interpolated age model was modified to achieve an optimal fit of the Ca/Si signal to the
smoothed winter NAO index, while keeping the dated sediment layers within their 1 sigma
error range. This was performed using a dynamic time-warping (DTW) algorithm as de-
scribed by Hofmann ® and results in the transfer function between the two time scales
shown in Fig. 2B. The suggested fit (Fig. 2C) shows that after alignment the two standardized
signals agree very well, although near 1700 A.D. there is an alternative signal alignment. Af-
ter alignment, the original Ca/Si measurement is plotted against the matching smoothed
NAO index value of Luterbacher * in Fig. 2D. A robust linear fit (neglecting 10% of the data

points furthest away from an initial fit) results in a clear (r*=0.8) linear relation, whereby

Ca
smoothed NAO = 4.65 —3.8

The fit quality related to all data points is r> = 0.7. This relation was used to calibrate the

Ca/Si record from MD99-2292 over the full time interval of 2,800 years.
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Figure S6: Smoothing of the NAO index* required to correctly account for
delays in the transport and sedimentary deposition processes, as well as
averaging during measurement, due to the finite overlapping footprints of
the XRF sensor. Above) Original record (0) and increasingly smoothed
versions (2-20) of the NAO index’. Right) Smoothing kernel (12) visually
chosen to represent the high-frequency reduction observed in the Ca/Si
record from the MD99-2292. Note that Ca/Si signal can only serve as a
proxy for an accordingly smoothed NAO index.

Year offset

Spectral Analysis

The Ca/Si record from the sediment core MD99-2292 was analyzed for periodicities using
Fourier transforms of length 512 with Welch overlapping windows (WOSA, overlap 384). The
WOSA periodogram shows spectral peaks at frequencies corresponding to about 300 +20,
170 £10 and 66 +2 years (Fig. S7). None of these peaks is statistically significant as a climatic
periodicity. To confirm this we created random sequences (rn)n-1..1000 of AR(1) processes
based on white noise (Wp)n=1.1002 With standard deviation o = 0.45 according to ro = O,

p=0.92, and
M+1 =P M tWp,

These sequences were smoothed by the same smoothing kernel as used for the NAO
data and finally analyzed by the WOSA periodogram’. While the average periodogram corre-
sponds to the known theoretical red noise spectrum each individual random record shows
distinct peaks at varying frequencies. Within the first 50 trials we already found a spectrum

closely resembling the one obtained from the observed Ca/Si record.

It is therefore impossible to relate the observed periodicities to true eigenfrequencies of

the climate system. Yet, because they originate from the NAO signal, these frequencies may
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be observed in other related time series covering the same time interval even if they are

spurious.

160 — 300 years

~

Power
2]
o
|

170 years
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0 0.01 0.02 0.03
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Figure S7: One out of 50 random AR(1) processes (blue) shows a WOSA periodogram similar to the observed
signal (red).

Chronology

The chronology of the core MC99 is based on 21%h and *’Cs content on neighbouring
sediment core in the multi-corer rack (MC99-1). ?°Pb and **’Cs measurements were made at
EPOC, CNRS/University of Bordeaux 1, France. According to the age model of Milzer 8
(Fig. S8), the sedimentation rate of the MC99-1 is 0.49 cm/year and the core base age is

1959. The dating error increases gradually down core from +£0.07 to £3.53 years.

The age model of the upper five meters of the MD99-2292° is based on eight **C-AMS
dates and polynomial regression between these dates (Fig. S8). The 14Cc-AMS dates were de-
termined on shell material at the Leibniz Laboratory (University of Kiel, Germany) and at the
Laboratoire de Mesure du Carbone 14 (Gif sur Yvette Cedex, France) (Tab. S1). We applied a
reservoir correction of 400 years (AR = 0) and converted the radiocarbon dates into cali-
brated years with the Calib 6.0.1 software®®. Six sand layers between 3-8 cm thick in various

core depths (Tab. S2) were identified as gravitational mass movement and therefore as short
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term sedimentation events. The depth of the six slides (in total 35 cm) were subtracted from

the total core depth prior to the construction of the age model.

Age (calBP)
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O O O MC99 Dates
1 H HE N MD99-2292 Dates &
------- Age Modell .
2500 — Age = -4*10%x2 + 0.0048x2 + 3.6663x + 22.701 o
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Figure S8: Age model for the MD99-2292. Black squares represent calibrated *“C dates from core MD99-2292

and open circles are

210

Pb dates from core MC99%. Dashed line represents the age model for the MD99-2292.

Equation of the 3rd order polynomial regression is shown at the upper left side. The inlayed graph on the lower
right side is the magnification of the past~300 years marked by the square at the lower left corner.
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Table S1: Chronological information

oo P beoae o O Wedlise Selmeii
MD99-2292 34.5 SacA23876 Shell fragment 550+£35 186+54 0.2
MD99-2292  105.5 KIA-38731  Shell (Modiolaria) 800425 448426 0.2
MD99-2292 1925 SacA 19110 Shell fragment 1360430 908+36 0.2
MD99-2292  201.5 SacA23879 Shell fragment 1495430 1042450 0.2
MD99-2292 270 KIA-38732  Shell (Abra alba) 1960+25 1514+43.5 0.2
MD99-2292 293 SacA 19111 Shell fragment 2015430 1579446 0.2
MD99-2292  390.5 SacA 19112 Shell fragment 2420430 2056149 0.2
MD99-2292 498 KIA-38734 Shell fragment 2915435 2703132 0.2

FKIA: Leibniz Laboratory (University of Kiel, Germany); SacA: Laboratoire de Mesure du Carbone 14 (Gif sur Yvette Cedex, France)
b) . . . : . 10
Ages with 1 sigma range were determined using Calib 6.0.1

Table S2: Depth of six slides subtracted from the total core depth

Slide Num- Core Slide Length
ber Depth (cm)
1 23-26 3
2 40-44 4
3 67-70 3
4 157-165 8
5 305-310 5
6 326-332 6
7 407-413 6

Table S3: PCA Analysis

Loadings
Eigenvalue Variance (%) | RIDIFMAM]? T[DJFM]® P[DJFM]
PCA1 2.44 81.2 0.92 0.71 0.97
PCA2 0.37 12.3 0.4 0.18 -0.24
PCA3 0.19 6.5 0 0.69 0

I River discharge (m/s)
h)Temperature (°C)
9 precipitation (mm)
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Table S4: European paleo-demographic climatic associated development shown in Fig. 3. All data are from

Blintgen n
Number Period Histroical Event Climate summer conditions
in Fig. 3
1 ~350 B.C. Celtic Expansion, followed by the Colder Temperatures
Late Iron Age
2 ~50 B.C. Roman Conquest followed by the Colder Temperatures
Roman Empire
3 250-300 A.D. Crisis in the West Roman Empire Distinct drier conditions
marked by barbarian invasion
4 300-500 A.D. Dynasties of Constantine and Relative stable conditions
Valentinian
5 500-600 A.D. Frequent epidemics, disrupt food Sharp drop in precipitation in the first
production of agrarian societies half of the 6th century, NH cooling
6 End 600 - 800 Societal consolidation of new king-  Increase in temperature and precipita-
A.D. doms that developed in the former  tion
West Roman Empire
7 700-1000 A.D. Sustained demographic growth in Stable wet and warm conditions

the northwest European country-
side, establishment of colonies in
Iceland and Greenland
8 1000-1200 A.D.  Peak medieval demographic and Stable wet and warm conditions
economic growth

9 1300-1400 A.D. Widespread famine across central Colder Temperatures
Europe, desertion of Greenland
settlements
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Table S5: Ca/Si values from the MD99-2292 and calculated NAOgp

Age AD/BC  Ca/Si_ NAO+rp | Age AD/BC  CalSi NAOrrp | Age AD/BC  Ca/Si NAO+rp | Age AD/BC  CalSi NAOtrp
1921 0.79 -0.19 1764 0.88 0.23 1583 0.71 -0.53 1382 0.66 -0.76
1920 0.81 -0.07 1762 0.89 0.30 1580 0.69 -0.64 1379 0.67 -0.74
1918 0.90 0.33 1760 0.90 0.33 1578 0.69 -0.64 1376 0.69 -0.64
1916 0.85 0.12 1757 0.86 0.16 1575 0.69 -0.61 1374 0.65 -0.80
1914 0.80 -0.14 1755 0.96 0.62 1573 0.72 -0.50 1371 0.67 -0.71
1912 0.86 0.15 1753 0.85 0.12 1571 0.75 -0.36 1368 0.65 -0.80
1910 0.92 0.43 1751 0.84 0.05 1568 0.77 -0.27 1366 0.69 -0.64
1909 0.98 0.71 1749 0.82 -0.05 1566 0.80 -0.13 1363 0.66 -0.75
1907 0.96 0.60 1747 0.80 -0.14 1563 0.74 -0.40 1361 0.65 -0.81
1905 0.88 0.24 1745 0.85 0.10 1561 0.77 -0.28 1358 0.67 -0.72
1903 0.92 0.43 1742 0.85 0.12 1558 0.79 -0.19 1355 0.65 -0.80
1901 0.87 0.21 1740 0.83 0.02 1556 0.78 -0.21 1353 0.64 -0.85
1899 0.87 0.20 1738 0.83 0.01 1554 0.77 -0.26 1350 0.63 -0.91
1898 0.84 0.06 1736 0.80 -0.14 1551 0.76 -0.33 1347 0.61 -1.01
1896 0.84 0.04 1734 0.82 -0.06 1549 0.81 -0.07 1345 0.67 -0.71
1894 0.80 -0.13 1731 0.83 -0.01 1546 0.78 -0.20 1342 0.61 -1.00
1892 0.75 -0.35 1729 0.80 -0.12 1544 0.79 -0.15 1339 0.62 -0.96
1890 0.71 -0.53 1727 0.78 -0.23 1541 0.78 -0.20 1337 0.61 -1.00
1888 0.71 -0.55 1725 0.75 -0.35 1539 0.81 -0.07 1334 0.62 -0.96
1886 0.72 -0.48 1723 0.79 -0.17 1536 0.82 -0.05 1331 0.62 -0.98
1884 0.76 -0.29 1721 0.77 -0.27 1534 0.78 -0.21 1329 0.61 -1.00
1883 0.75 -0.37 1718 0.69 -0.64 1532 0.80 -0.13 1326 0.56 -1.24
1881 0.76 -0.29 1716 0.75 -0.33 1529 0.78 -0.22 1323 0.56 -1.22
1879 0.78 -0.23 1714 0.74 -0.42 1527 0.80 -0.11 1321 0.61 -1.00
1877 0.79 -0.18 1712 0.73 -0.47 1524 0.87 0.21 1318 0.59 -1.08
1875 0.77 -0.27 1710 0.75 -0.35 1522 0.83 0.03 1315 0.56 -1.21
1873 0.80 -0.13 1707 0.72 -0.51 1519 0.83 0.02 1313 0.56 -1.25
1871 0.81 -0.07 1705 0.71 -0.52 1517 0.83 0.03 1310 0.55 -1.28
1869 0.81 -0.07 1703 0.71 -0.55 1514 0.82 -0.06 1307 0.53 -1.37
1867 0.84 0.07 1701 0.70 -0.57 1512 0.80 -0.13 1305 0.52 -1.40
1865 0.83 0.02 1698 0.73 -0.46 1509 0.84 0.06 1302 0.57 -1.20
1863 0.84 0.08 1696 0.69 -0.61 1507 0.82 -0.03 1299 0.57 -1.19
1861 0.86 0.17 1694 0.63 -0.90 1504 0.81 -0.06 1296 0.58 -1.16
1859 0.88 0.25 1692 0.65 -0.80 1502 0.79 -0.18 1294 0.58 -1.15
1858 0.89 0.30 1689 0.67 -0.71 1499 0.78 -0.23 1291 0.58 -1.13
1856 0.87 0.19 1687 0.72 -0.51 1497 0.78 -0.23 1280 0.44 -1.78
1854 0.86 0.15 1685 0.74 -0.40 1494 0.79 -0.16 1278 0.43 -1.81
1852 0.88 0.22 1683 0.80 -0.11 1492 0.81 -0.08 1275 0.49 -1.55
1850 0.82 -0.03 1680 0.80 -0.14 1489 0.82 -0.05 1272 0.52 -1.40
1848 0.86 0.13 1678 0.80 -0.13 1487 0.79 -0.17 1269 0.48 -1.61
1846 0.85 0.11 1676 0.79 -0.18 1484 0.77 -0.27 1267 0.42 -1.89
1844 0.83 -0.01 1674 0.80 -0.15 1482 0.76 -0.30 1264 0.43 -1.84
1842 0.87 0.20 1671 0.80 -0.12 1479 0.78 -0.21 1261 0.45 -1.74
1840 0.88 0.23 1669 0.80 -0.14 1477 0.82 -0.03 1259 0.43 -1.83
1838 0.83 -0.01 1667 0.79 -0.17 1474 0.80 -0.12 1256 0.47 -1.66
1836 0.93 0.46 1665 0.79 -0.17 1472 0.78 -0.20 1253 0.50 -1.53
1834 0.81 -0.08 1662 0.75 -0.35 1469 0.77 -0.25 1250 0.47 -1.66
1832 0.79 -0.19 1660 0.73 -0.45 1467 0.78 -0.22 1248 0.45 -1.73
1830 0.79 -0.17 1658 0.75 -0.37 1464 0.78 -0.24 1245 0.74 -0.39
1828 0.78 -0.23 1655 0.73 -0.43 1462 0.81 -0.07 1242 0.78 -0.23
1826 1.03 0.92 1653 0.74 -0.40 1459 0.79 -0.17 1239 0.76 -0.33
1824 0.87 0.21 1651 0.76 -0.32 1456 0.76 -0.31 1237 0.76 -0.32
1822 0.84 0.08 1648 0.78 -0.21 1454 0.79 -0.16 1234 0.80 -0.14
1820 0.82 -0.04 1646 0.76 -0.31 1451 0.78 -0.24 1231 0.81 -0.08
1818 0.83 0.03 1644 0.77 -0.26 1449 0.78 -0.23 1228 0.82 -0.03
1816 0.85 0.13 1642 0.77 -0.24 1446 0.75 -0.35 1226 0.75 -0.34
1814 0.86 0.16 1639 0.78 -0.21 1444 0.77 -0.28 1223 0.77 -0.24
1812 0.84 0.05 1637 0.80 -0.11 1441 0.80 -0.12 1220 0.80 -0.15
1810 0.75 -0.34 1635 0.81 -0.07 1439 0.78 -0.23 1217 0.80 -0.10
1808 0.77 -0.24 1632 0.85 0.11 1436 0.77 -0.28 1215 0.78 -0.22
1806 0.80 -0.13 1630 0.79 -0.17 1433 0.76 -0.31 1212 0.79 -0.16
1804 0.77 -0.26 1628 0.80 -0.13 1431 0.77 -0.28 1209 0.89 0.27
1801 0.79 -0.17 1625 0.74 -0.39 1428 0.76 -0.31 1206 0.92 0.43
1799 0.82 -0.04 1623 0.82 -0.04 1426 0.74 -0.42 1204 0.86 0.16
1797 0.81 -0.10 1621 0.81 -0.09 1423 0.70 -0.59 1201 0.85 0.11
1795 0.79 -0.16 1618 0.78 -0.22 1421 0.69 -0.62 1198 0.80 -0.13
1793 0.75 -0.37 1616 0.78 -0.24 1418 0.70 -0.60 1195 0.77 -0.26
1791 0.73 -0.45 1613 0.83 0.02 1415 0.67 -0.71 1192 0.82 -0.02
1789 0.75 -0.38 1611 0.86 0.13 1413 0.68 -0.69 1190 0.94 0.51
1787 0.77 -0.25 1609 0.84 0.04 1410 0.69 -0.61 1187 0.95 0.59
1785 0.77 -0.27 1606 0.80 -0.12 1408 0.69 -0.62 1184 0.96 0.63
1783 0.77 -0.28 1604 0.85 0.09 1405 0.68 -0.68 1181 0.96 0.62
1781 0.88 0.22 1602 0.80 -0.12 1402 0.65 -0.80 1179 0.95 0.58
1779 0.85 0.10 1599 0.83 0.00 1400 0.62 -0.96 1176 0.96 0.60
1776 0.84 0.05 1597 0.82 -0.04 1397 0.61 -0.98 1173 0.97 0.64
1774 0.82 -0.04 1595 0.78 -0.24 1395 0.66 -0.79 1170 1.01 0.86
1772 0.90 0.35 1592 0.78 -0.23 1392 0.63 -0.92 1167 0.98 0.71
1770 0.88 0.25 1590 0.78 -0.24 1389 0.65 -0.82 1165 1.03 0.94
1768 0.87 0.21 1587 0.72 -0.49 1387 0.65 -0.83 1162 1.01 0.83
1766 0.87 0.19 1585 0.70 -0.58 1384 0.65 -0.82 1159 0.99 0.75
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Table S5: Continued

Age AD/BC  CalSi_ NAO+rp | Age AD/BC  Cal/Si NAO+rp | Age AD/BC  CalSi NAO+rp | Age AD/BC  CalSi NAOrtrp
1156 0.95 0.59 921 0.70 -0.61 683 0.79 -0.18 435 0.91 0.38
1153 0.92 0.42 918 0.69 -0.62 680 0.78 -0.24 432 0.88 0.24
1151 0.93 0.45 915 0.66 -0.75 677 0.78 -0.20 429 0.91 0.38
1148 0.88 0.23 912 0.70 -0.59 674 0.82 -0.04 426 0.90 0.31
1145 0.86 0.15 909 0.67 -0.73 671 0.78 -0.23 423 0.96 0.59
1142 0.90 0.35 906 0.66 -0.78 668 0.79 -0.18 420 0.96 0.62
1139 0.92 0.45 903 0.65 -0.81 665 0.76 -0.31 417 0.95 0.58
1137 0.89 0.27 900 0.65 -0.82 662 0.77 -0.29 414 0.88 0.24
1134 0.88 0.26 897 0.65 -0.80 659 0.77 -0.27 411 0.88 0.24
1131 0.89 031 895 0.63 -0.89 656 0.76 -0.30 408 0.88 0.24
1128 0.89 0.27 892 0.59 -1.10 653 0.76 -0.32 405 0.87 0.19
1125 0.93 0.46 889 0.56 -1.23 650 0.76 -0.33 402 0.90 0.31
1122 0.96 0.60 886 0.61 -0.99 647 0.75 -0.37 399 0.86 0.14
1120 0.92 0.43 883 0.64 -0.87 644 071 -0.56 396 0.83 0.02
1117 0.89 0.30 880 0.60 -1.03 641 0.70 -0.60 393 0.85 0.10
1114 0.88 0.26 877 0.55 -1.26 638 0.69 -0.61 390 0.89 0.27
1111 0.91 0.40 874 0.54 -1.33 635 0.71 -0.52 387 0.88 0.23
1108 0.94 0.50 871 0.52 -1.44 632 071 -0.54 384 0.90 0.34
1106 0.88 0.22 868 0.55 -1.28 629 0.68 -0.69 381 0.91 0.37
1103 0.78 -0.22 865 0.53 -1.35 626 0.66 -0.76 378 0.92 0.41
1100 0.80 -0.15 862 0.60 -1.07 623 0.66 -0.76 375 0.92 0.43
1097 0.85 0.09 859 0.67 -0.71 620 0.68 -0.70 371 0.98 0.68
1094 0.84 0.04 856 0.66 -0.75 617 0.67 -0.71 368 1.01 0.85
1091 0.83 0.03 853 0.67 -0.71 614 0.71 -0.53 365 0.94 0.50
1088 0.83 0.03 850 0.70 -0.58 611 0.76 -0.29 362 0.99 0.77
1086 0.90 0.31 847 1.01 0.83 608 0.69 -0.63 359 0.95 0.56
1083 0.85 0.13 844 1.04 0.99 605 0.72 -0.51 356 0.97 0.67
1080 0.94 0.54 841 1.00 0.82 602 0.67 -0.70 353 0.99 0.74
1077 0.91 0.38 838 112 1.37 599 0.68 -0.68 350 1.00 0.80
1074 0.90 0.34 835 1.06 1.08 596 0.73 -0.45 347 0.98 0.69
1071 0.87 0.21 833 1.09 1.20 593 0.73 -0.47 344 0.93 0.48
1069 0.85 0.09 830 1.05 1.00 590 0.69 -0.65 341 0.93 0.46
1066 0.86 0.16 827 1.02 0.88 587 0.71 -0.54 338 0.91 0.38
1063 0.87 0.20 824 1.02 0.90 584 0.81 -0.10 335 0.75 -0.34
1060 0.89 0.30 821 0.91 0.36 581 0.72 -0.50 332 1.04 1.00
1057 0.86 0.16 818 0.95 0.57 578 0.75 -0.35 329 1.04 1.00
1054 0.84 0.06 815 1.01 0.82 575 0.75 -0.38 326 1.02 0.89
1051 0.83 0.02 812 1.04 0.97 572 0.75 -0.33 323 1.02 0.87
1048 0.84 0.05 809 1.06 1.09 569 0.77 -0.26 320 1.03 0.92
1046 0.85 0.10 806 1.07 111 566 0.70 -0.58 317 1.00 0.78
1043 0.83 0.01 803 111 1.29 563 0.74 -0.42 314 0.94 0.52
1040 0.83 -0.01 800 1.07 1.14 559 0.71 -0.52 311 0.95 0.57
1037 0.82 -0.06 797 1.01 0.83 556 0.71 -0.55 308 0.95 0.55
1034 0.86 0.15 794 1.00 0.79 553 0.72 -0.50 305 0.92 0.41
1031 0.82 -0.03 791 1.01 0.84 550 0.74 -0.39 302 0.91 0.38
1028 0.93 0.46 788 1.02 0.88 547 0.75 -0.34 299 0.93 0.46
1026 0.82 -0.03 785 1.02 0.87 544 0.71 -0.55 296 0.91 0.39
1023 0.90 0.31 782 0.97 0.66 541 0.80 -0.13 293 0.88 0.26
1020 0.84 0.07 779 1.00 0.81 538 0.73 -0.45 290 0.89 0.27
1017 0.84 0.06 776 0.98 0.70 535 0.76 -0.33 287 0.86 0.15
1014 0.83 0.00 773 0.93 0.49 532 0.76 -0.30 284 0.86 0.16
1011 0.82 -0.04 770 0.97 0.65 529 0.87 0.20 281 0.84 0.07
1008 0.84 0.06 767 0.96 0.62 526 0.95 0.54 278 0.84 0.06
1005 0.89 0.29 764 0.96 0.60 523 0.94 0.53 275 0.86 0.16
1002 0.86 0.16 761 0.93 0.48 520 0.94 0.51 271 0.86 0.14
1000 0.88 0.26 758 0.94 0.51 517 0.93 0.48 268 0.78 -0.24

997 0.91 0.36 755 0.95 0.59 514 0.87 0.19 265 0.78 -0.21
991 1.01 0.83 752 0.97 0.66 511 0.85 011 262 0.75 -0.34
988 0.81 -0.07 749 0.98 0.70 508 0.87 0.20 259 0.78 -0.23
982 0.86 0.13 746 0.86 0.16 505 0.92 0.41 256 0.77 -0.26
979 0.92 0.41 743 0.86 0.13 502 0.93 0.47 253 0.78 -0.21
976 0.84 0.07 740 0.84 0.08 499 0.93 0.47 250 0.77 -0.28
973 0.80 -0.12 737 0.89 0.30 496 0.95 0.56 247 0.84 0.05
971 0.80 -0.14 734 0.81 -0.08 493 0.95 0.57 244 0.89 0.31
968 0.81 -0.07 731 0.86 0.15 490 0.92 0.44 241 0.83 0.02
965 0.81 -0.10 728 0.85 0.11 487 0.95 0.56 238 0.84 0.08
962 0.85 0.10 725 0.88 0.25 484 0.94 0.53 235 0.84 0.04
959 0.85 0.10 722 0.89 0.27 481 0.92 0.43 232 0.86 0.15
956 0.86 0.14 719 0.88 0.22 478 0.90 0.33 229 0.85 0.13
953 0.84 0.08 716 0.85 0.10 475 0.90 0.34 226 0.89 0.27
950 0.91 0.37 713 0.85 0.09 472 0.88 0.24 223 0.85 0.10
947 0.79 -0.17 710 0.88 0.22 469 0.85 0.11 220 0.85 0.10
944 0.79 -0.19 707 0.87 0.21 466 0.84 0.05 217 0.85 0.09
941 0.77 -0.25 704 0.87 0.20 463 0.87 0.21 214 0.88 0.22
938 0.76 -0.31 701 0.89 0.30 453 0.92 0.43 211 0.86 0.16
936 0.78 -0.21 698 0.87 0.19 450 0.88 0.23 208 0.86 0.14
933 0.79 -0.15 695 0.88 0.26 447 0.94 0.52 205 0.87 0.18
930 0.75 -0.36 692 0.83 0.02 444 0.94 0.53 202 0.86 0.16
927 0.74 -0.41 689 0.80 -0.14 441 0.93 0.47 199 0.87 0.19
924 0.70 -0.61 686 0.79 -0.15 438 0.90 0.32 196 0.85 0.11
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Table S5: Continued

Age AD/BC  CalSi_ NAO+rp | Age AD/BC  Cal/Si NAO+rp | Age AD/BC  CalSi NAO+rp | Age AD/BC  CalSi NAOrtrp
193 0.84 0.07 -46 0.66 -0.77 -277 0.75 -0.35 -497 0.81 -0.08
190 0.82 -0.05 -49 0.64 -0.88 -280 0.75 -0.38 -500 0.80 -0.14
187 0.81 -0.06 -52 0.65 -0.81 -283 0.68 -0.66 -502 0.88 0.25
184 0.77 -0.26 -55 0.65 -0.83 -285 0.66 -0.78 -505 0.85 0.08
181 0.74 -0.39 -57 0.63 -0.89 -288 0.65 -0.82 -507 0.82 -0.06
178 0.73 -0.45 -60 0.63 -0.89 -291 0.71 -0.53 -510 0.81 -0.07
175 0.71 -0.52 -63 0.62 -0.98 -294 0.73 -0.44 -513 0.85 0.09
172 0.73 -0.44 -66 0.62 -0.97 -297 0.71 -0.52 -515 0.82 -0.01
169 0.72 -0.49 -69 0.62 -0.95 -299 0.71 -0.56 -518 0.85 0.09
166 0.74 -0.38 -72 0.62 -0.97 -302 0.72 -0.50 -521 0.77 -0.25
163 0.74 -0.41 -75 0.61 -0.99 -305 0.72 -0.49 -523 0.74 -0.40
160 0.73 -0.46 -78 0.62 -0.97 -308 0.73 -0.44 -526 0.79 -0.16
157 0.74 -0.42 -81 0.62 -0.98 -311 0.76 -0.33 -529 0.80 -0.15
154 0.76 -0.29 -84 0.66 -0.79 -314 0.73 -0.43 -531 0.86 0.14
151 0.75 -0.34 -87 0.73 -0.44 -316 0.72 -0.50 -534 0.86 0.14
148 0.69 -0.63 -90 0.74 -0.40 -319 0.73 -0.47 -537 0.86 0.16
145 0.70 -0.61 -93 0.76 -0.31 -322 0.72 -0.48 -539 0.85 0.08
142 0.66 -0.75 -96 0.77 -0.26 -325 0.63 -0.92 -542 0.84 0.07
139 0.70 -0.59 -98 0.71 -0.54 -328 0.60 -1.07 -544 0.77 -0.25
136 0.73 -0.46 -101 0.68 -0.68 -330 0.58 -1.13 -547 0.72 -0.50
133 0.71 -0.52 -104 0.69 -0.64 -333 0.58 -1.13 -550 0.69 -0.61
130 0.71 -0.56 -107 0.65 -0.82 -336 0.57 -1.18 -552 0.66 -0.75
127 0.70 -0.58 -110 0.69 -0.62 -339 0.56 -1.23 -555 0.68 -0.66
124 0.74 -0.41 -113 0.86 0.15 -341 0.58 -1.16 -557 0.71 -0.56
121 0.74 -0.42 -116 0.85 0.10 -344 0.57 -1.17 -560 0.68 -0.68
118 0.73 -0.44 -119 0.87 0.19 -347 0.57 -1.18 -563 0.68 -0.69
115 0.75 -0.38 -122 0.83 0.00 -350 0.59 -1.10 -565 0.69 -0.63
112 0.75 -0.37 -125 0.86 0.13 -353 0.65 -0.80 -568 0.67 -0.75
109 0.74 -0.42 -128 0.84 0.06 -355 0.62 -0.97 -570 0.69 -0.62
106 0.73 -0.46 -131 0.81 -0.09 -358 0.63 -0.91 -573 0.68 -0.66
103 0.76 -0.31 -133 0.80 -0.11 -361 0.63 -0.89 -576 0.69 -0.61
100 0.79 -0.19 -136 0.85 0.12 -364 0.61 -0.99 -578 0.67 -0.74

97 0.79 -0.18 -139 0.83 -0.01 -366 0.64 -0.88 -581 0.71 -0.55
94 0.74 -0.40 -142 0.71 -0.54 -369 0.63 -0.92 -583 0.75 -0.36
91 0.74 -0.42 -145 0.73 -0.47 -372 0.65 -0.81 -586 0.76 -0.32
88 0.78 -0.21 -148 1.05 1.04 -375 0.67 -0.74 -589 0.67 -0.73
85 0.82 -0.04 -151 0.71 -0.56 -378 0.65 -0.81 -501 0.67 -0.73
82 0.83 0.02 -154 0.77 -0.27 -380 0.62 -0.93 -594 0.70 -0.60
79 0.86 0.15 -157 0.77 -0.26 -383 0.62 -0.97 -596 0.68 -0.68
76 0.86 0.15 -160 0.81 -0.08 -386 0.55 -1.28 -599 0.68 -0.69
73 0.85 0.10 -162 0.79 -0.16 -389 0.63 -0.93 -601 0.68 -0.70
70 0.87 0.19 -165 0.84 0.06 -391 0.64 -0.87 -604 0.65 -0.83
67 0.83 0.00 -168 0.84 0.04 -394 0.62 -0.94 -607 0.67 -0.74
64 0.83 0.02 -171 0.79 -0.18 -397 0.61 -0.98 -609 0.69 -0.64
61 0.82 -0.05 -174 0.84 0.04 -400 0.64 -0.87 -612 0.64 -0.84
58 0.82 -0.02 -177 0.91 0.40 -402 0.64 -0.84 -614 0.64 -0.87
55 0.86 0.16 -180 0.88 0.22 -405 0.62 -0.96 -617 0.67 -0.75
52 0.84 0.07 -183 0.84 0.08 -408 0.61 -1.02 -619 0.65 -0.83
49 0.88 0.23 -186 0.85 0.12 -410 0.62 -0.93 -622 0.63 -0.91
46 0.88 0.26 -188 0.86 0.14 -413 0.61 -0.98 -624 0.80 -0.14
43 0.85 0.08 -191 0.85 0.12 -416 0.57 -1.17 -627 0.74 -0.41
40 0.86 0.15 -194 0.89 0.30 -419 0.63 -0.92 -629 0.67 -0.73
37 0.85 0.12 -197 0.97 0.64 -421 0.65 -0.80 -632 0.64 -0.86
34 0.84 0.04 -200 0.91 0.39 -424 0.57 -1.18 -635 0.64 -0.85
31 0.93 0.49 -203 0.83 0.00 -427 0.54 -1.34 -637 0.62 -0.96
28 0.85 0.09 -206 0.83 -0.01 -430 0.74 -0.42 -640 0.59 -111
25 0.81 -0.08 -209 0.85 0.12 -432 0.76 -0.31 -642 0.60 -1.06
22 0.83 0.01 -211 0.80 -0.14 -435 0.74 -0.41 -645 0.60 -1.06
19 0.80 -0.12 -214 0.82 -0.04 -438 0.76 -0.30 -647 0.62 -0.93
16 0.76 -0.30 -217 0.83 -0.01 -440 0.75 -0.37 -650 0.62 -0.96
13 0.81 -0.07 -220 0.83 0.01 -443 0.79 -0.19 -652 0.62 -0.95
10 0.76 -0.31 -223 0.86 0.13 -446 0.76 -0.31 -655 0.60 -1.05
8 0.75 -0.37 -226 0.86 0.15 -449 0.79 -0.17 -657 0.65 -0.84

5 0.78 -0.23 -229 0.86 0.14 -451 0.81 -0.09 -660 0.65 -0.83

2 0.78 -0.24 -231 0.80 -0.11 -454 0.80 -0.14 -662 0.62 -0.93
-1 0.78 -0.24 -234 0.80 -0.11 -457 0.78 -0.20 -665 0.59 -1.07
-4 0.81 -0.09 -237 0.84 0.05 -459 0.77 -0.26 -667 0.64 -0.88
-7 0.78 -0.20 -240 0.82 -0.01 -462 0.78 -0.22 -670 0.60 -1.02
-10 0.78 -0.21 -243 0.81 -0.06 -465 0.79 -0.16 -672 0.62 -0.94
-13 0.75 -0.37 -246 0.79 -0.17 -467 0.79 -0.17 -675 0.64 -0.86
-16 0.78 -0.22 -249 0.82 -0.01 -470 0.84 0.05 -677 0.62 -0.97
-19 0.76 -0.29 -251 0.78 -0.22 -473 0.86 0.14 -680 0.59 -1.11
-22 0.72 -0.49 -254 0.75 -0.36 -475 0.95 0.55 -682 0.59 -1.11
-25 0.74 -0.42 -257 0.76 -0.30 -478 0.81 -0.09 -684 0.61 -1.02
-28 0.79 -0.17 -260 0.74 -0.42 -481 0.83 0.02 -687 0.58 -1.15
-31 0.72 -0.49 -263 0.75 -0.34 -484 0.81 -0.06 -689 0.61 -1.01
-34 0.71 -0.55 -266 0.79 -0.18 -486 0.81 -0.10 -692 0.64 -0.87
-37 0.71 -0.52 -268 0.80 -0.12 -489 0.79 -0.18 -694 0.60 -1.04
-40 0.72 -0.50 -271 0.79 -0.18 -492 0.74 -0.40 -697 0.62 -0.96
-43 0.71 -0.53 -274 0.75 -0.34 -494 0.78 -0.24 -699 0.66 -0.77
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Table S5: Continued

Age AD/BC Ca/Si NAO+rp
702 0.64 -0.85
-704 0.65 -0.83
-707 0.69 -0.65
-709 0.74 -0.38
711 0.70 -0.58
714 0.73 -0.47
-716 0.74 -0.39
-719 0.77 -0.28
721 0.72 -0.49
724 0.69 -0.63
-726 0.69 -0.63
-728 0.68 -0.69
731 0.68 0.70
-733 0.63 -0.92
-736 0.70 0.57
-738 0.70 -0.59
741 0.73 -0.46
-743 0.73 -0.43
-745 0.72 -0.51
-748 0.71 -0.52
-750 0.69 -0.65
-753 0.68 -0.69
-755 0.70 -0.60
-757 0.70 -0.60
-760 071 -0.55
-762 0.76 0.32
-764 0.73 -0.43
-767 0.75 -0.35
-769 0.75 -0.36
772 0.77 -0.26
774 0.73 -0.44
-776 0.73 -0.44
779 0.77 -0.26
-781 0.75 -0.36
-783 0.81 -0.08
-786 0.74 -0.42
-788 0.72 051
-790 0.71 -0.54
-793 0.72 -0.49
-795 0.75 -0.34
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