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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
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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
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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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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.
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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
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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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