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ABSTRACT

Rare earth element and v (REY) systematics of authigenic seep carbonates can provide
insights into the physice chemical characteristics of seep systems and allow discrimination of
carbonate precipitation under seawater- or porewater-dominated fluid regimes. However, care
must be taken when interpreting their REY systematics, since seep carbonates comprise a
mixture of detrital silicates and authigenic carbonate cement. Since concentrations of trace
elements, including Rb, Zr, Th and REY, are considerably lower in the carbonate fraction than in
the detrital silicate fraction, leaching of these trace elements from detrital components

(particularly aluminosilicates) even during a rather “mild”” sample decomposition approach with,



for example, nitric acid (HNO3) can effectively mask the authigenic carbonate REY signal. To
assess this effect, trace element concentrations were determined in seep carbonates and detrital
sediments from two sites off the Norwegian margin (Lofoten-Vesterdlen margin and Vestnesa
Ridge). Seep carbonate samples included bulk crusts and nodules, and individual microfacies
(microcrystalline aragonite and/or Mg-calcite cementing detrital sediment and void-filling
fibrous aragonite cement) microdrilled from crusts. A screening procedure based on Rb, Zr, Th
and REY reveals effective masking of the carbonate REY sysiematics by leaching of trace
elements from even minute amounts (0.1-1%) of detrital corpai.2its. The latter cause elevated
trace element concentrations and flat shale-normalized RE “ patterns. They are prominent in the
bulk crusts and nodules, and in microcrystalline carhc zate cementing sediment microfacies,
which makes these unsuitable as archives of the ©\E' inventory of the carbonate-precipitating
fluid even when digested with HNOs. Sor «e vuid-tilling cements, however, contain little detrital
material and show REY signatures chaacterized by light REY-depletion in shale-normalized
(subscript SN) patterns and small n~nai'v: Cegy anomalies.

Comparison of the seep carboi.ate REYgy patterns with seawater and seep porewater REEsy
patterns indicate that the ~=u*<l contribution considerably masks putative pore water REY sy
patterns of microcrysta.:ine carbonate cement. Seawater-like REYsy patterns of void-filling
fibrous cements, however, agree with precipitation of this microfacies in an open system
dominated largely by seawater near the sediment-water-interface.

Keywords: Rare earth elements, methane seeps, seep carbonates, geochemical screening, trace
elements, leaching

1 INTRODUCTION

Methane seeps occur along continental margins where reducing methane-rich fluids escape from



hydrocarbon reservoirs at depth, migrate upwards along faults and fractures, and eventually
emanate at the seafloor into the water column (Suess, 2014). Based on geophysical and
hydroacoustic data, numerous methane seeps have been found and studied along the Norwegian
continental margin (e.g., Hustoft et al., 2009; Mau et al., 2017; Mazzini et al., 2005). Steep
geochemical gradients at such methane seeps provide ecological niches for microbial
communities mediating the anaerobic oxidation of methane (AOM; Boetius et al., 2000;
Reeburgh, 2007), coupling it to either sulfate reduction (Boetius e. .!., 2000) or the reduction of
Fe-(oxyhydr)oxides or Mn-oxides (Beal et al., 2009). A consz~ucnce of AOM is the production
of bicarbonate (HCO3), resulting in increased pore fluid a.'-alinity that induces the precipitation
of authigenic seep carbonates (e.g., Aloisi et al., 2002: C-einert et al., 1987). Depending on the
methane flux and the environmental conditions ¢ '«inJ carbonate precipitation, seep carbonates
comprise variable proportions of aragon’-e, ~.alcite and dolomite cements (e.g., Aloisi et al.,
2002; Greinert et al., 2001; Luff et al., 2004; Naehr et al., 2007; Tong et al., 2019). Aragonite
cements typically form mm- to cm-*hic' .inings within open voids, whereas calcite and dolomite
mostly occur as microcrystalli,.» cement filling the pore space of detrital seafloor sediments
which mainly consist of r'ar.>, feldspar and clay minerals (Greinert et al., 2001; Naehr et al.,
2007; Tong et al., 20.7). The distribution of the different mineral assemblages between
microcrystalline matrix and fibrous cement are not necessarily always the same. In some cases,
the microcrystalline matrix may also comprise aragonite and the fibrous cement can be calcite or
dolomite.

Carbonate precipitation at methane seeps promotes local sediment lithification and formation of
extensive seafloor authigenic carbonate crusts (e.g., Aloisi et al., 2002; Liebetrau et al., 2010;

Romer et al., 2014). Geochemical and isotopic characteristics, such as C and O isotope



compositions and Th-U systematics of the crusts provide information for reconstructing sources
of emanating fluids and seepage histories (e.g., Aloisi et al., 2002, 2000; Bayon et al., 2013;
Crémiére et al., 2016, 2013; Hu et al., 2014; Luff et al., 2004; Magalhdes et al., 2012; Naehr et
al., 2007; Peckmann et al., 2001; Peckmann and Thiel, 2004; Pierre et al., 2014; Ritger et al.,
1987; Roberts et al., 2010; Watanabe et al., 2008; Zwicker et al., 2018). Rare earth elements and
yttrium (REY) distributions in seep carbonates have also been applied as proxies for
discriminating between fluid sources (i.e. seawater vs. porewater, >nd redox-conditions during
carbonate precipitation (e.g., Crémiére et al., 2016; Feng et =., Z009; Himmler et al., 2010;
Novikova et al., 2015; Rongemaille et al., 2011). Shai.-normalized (subscript SN; shale =
European Shale of Bau et al., 2018) REY distributions ~1 modern oxic seawater are typically
characterized by light REYsny (LREYsn) deplat.mn elative to the heavy REYsy (HREYsy),
positive Lagy and Gdsy anomalies, a dic:inc. negative anomaly of redox-sensitive Ce, and a
positive Ygsy anomaly, i.e. a super-chonuritic Y/Ho ratio (e.g., Alibo and Nozaki, 1999; Douville
et al., 2002; Elderfield, 1988; Sho'“ov 't~ et al., 1994). In contrast, REYgsy distributions of pore
fluids can differ significantly frcm those of modern oxic seawater and display much higher REY
concentrations and often k't ,»~ always lack an anomaly of redox-sensitive Ce (Abbott et al.,
2015; Deng et al., 2017, YHaley et al., 2004; Himmler et al., 2013; Kim et al., 2012; Paul et al.,
2019b, 2019a; Soyol-Erdene and Huh, 2013). Reductive dissolution of Fe-oxides in the sediment
may release REY with a distinct enrichment of the middle REY (MREY) in their shale-
normalized patterns (Haley et al., 2004; Himmler et al., 2010), while reduction of Mn-oxides
does not significantly contribute to the REY budget of pore waters (Haley et al., 2004).

Since REY are incorporated into inorganic carbonates without significant fractionation

(Nothdurft et al., 2004; Palmer, 1985; Terakado and Masuda, 1988; Zhong and Mucci, 1995), the



REY distribution of the carbonate-precipitating fluid is captured by the seep carbonates
(Himmler et al., 2013; Rongemaille et al., 2011). Therefore, the REY distribution of authigenic
seep carbonates can be a valuable geochemical tool to distinguish different fluid sources and to
constrain the physico-chemical conditions during carbonate formation.

A prerequisite for the applicability of seep carbonate REY distributions as a geochemical proxy
for the physico-chemical environment, however, is an assessment of sample purity, i.e. the
verification of the absence of significant contributions from detric..! (alumino)silicates that can
mask the authigenic carbonate REY signal. Seep carbonates ~n..25rise a mixture of authigenic
carbonate cement and silicates of which especially the alui. inosilicates are characterized by high
concentrations of elements such as aluminum (Al), rubicsim (Rb), zirconium (Zr), and thorium
(Th), but also of REY. Contribution of even miru.~ ariounts of aluminosilicates to the carbonate
samples can, therefore, effectively mask ‘he carbonate REY distribution (e.g., Kamber et al.,
2014; Rongemaille et al., 2011; Schier ot al., 2018; Tostevin et al., 2016; Webb and Kamber,
2000). Therefore, a thorough scre~nir.2 procedure is necessary to identify samples which can
serve as reliable geochemical ai hives of the authigenic carbonate REY distribution.

This study presents trace 7't data, including REY, for authigenic seep carbonates and for
adjacent seep carbonate noor detrital sediments, sampled from two sites at the Norwegian
continental margin (Fig. 1). Our study applies a detailed screening procedure for the detrital
aluminosilicate contribution in seep carbonates based on the composition of the adjacent detrital
sediment. The screening provides insights into the degrees and effects of aluminosilicate
contribution and potential trace element leaching from non-carbonate material during sample
preparation using nitric acid. It allows to identify the least aluminosilicate-affected samples

which can then serve as archives of the authigenic carbonate REY distribution. The assessment



presented here helps to characterize samples most suitable for the interpretation of the

environmental conditions during authigenic seep carbonate formation.

2 SAMPLES, METHODS AND ANALYTICAL TECHNIQUES

2.1 Sampling sites

Seep carbonates were collected from two sites at the Norwegian continental margin (Fig. 1), i.e.
from the Lofoten-Vesterdlen margin (hereafter L-V site; 80 km ffshore, 68°9' N, 10°28' E,
~750 m water depth; Hong et al., 2019) and from the Vestnec: RiZye (hereafter VR site; 79° N,
~6°54" E, ~1200 m water depth; Hustoft et al., 2009; Bdur.. et al., 2012). Samples from the L-V
site were collected from two canyons incised into the _ofoten-Vesterdlen continental slope.
Permeable horizontal sandstone beds of Eocene 3y~ ar: exposed in the canyon walls and serve as
conduits for fluid seepage (Hong et al., 2C «9) U-Th dating of authigenic carbonates from the L-
V site suggest protracted seep carbonate “armation throughout the last 22 000 years (Hong et al.,
2019). The VR site is characterizer hy artive methane seeps at its ridge crest (Biinz et al., 2012;
Hustoft et al., 2009; Plaza-Fave ala et al., 2015). Uranium-Th dating of seabed and sub-seabed
seep carbonates suggest tha ,»<in episodes of past methane seepage between 160-130 ka, 50-40
ka and 20-5 ka ago (. 'immler et al., 2019). Past methane seepage is attributed to fault
reactivation and associated methane release due to the waxing and waning of the Svalbard ice
sheet (Himmler et al., 2019).

2.2 Sample collection

At the L-V site, carbonate crust and sediment samples (push cores) were collected from the
seafloor with the remotely operated vehicle (ROV) Agir 6000 during R/V G.O. Sars NGU cruise

1710in 2017 (Fig. 1c; Hong et al., 2019; Sen et al., 2019).



At the VR site, carbonate crusts and nodules were sampled with the ROV from the seafloor and
from drill cores intersecting the subsurface down to ~23 meters below seafloor (mbsf). Seafloor
carbonate crusts were sampled from metre-scale depressions and mounds within the two up to
~700 m wide actively seeping pockmarks Lunde and Lomvi during the R/VV G.O. Sars cruise
1606 in 2016 (Fig. 1b). Subsurface carbonates representing former seafloor crusts were sampled
between 5.8 and 21.7 mbsf from two MeBo cores (GeoB21616-1 and GeoB21673-1) drilled
within the central Lunde pockmark during expedition MSM57 w.*h R/V Maria S. Merian in
2016 (Fig. 1b; Table 1; Bohrmann et al., 2017; Himmler et 2! 2229). Nodular seep carbonates
were sampled between 0.1 and 7.5 mbsf from ROV-samp.>d push cores at Lomvi (P1606-009)
and Lunde (P1606-017), and from two gravity cores (Ge.21601-GC02 and GeoB21605-GC04)
from Lunde pockmark (Table 1). Carbonate-po~. catrital sediment was sampled at various
depths from gravity and MeBo drill cores vith.n the pockmarks (Table 1).

2.3 Subsampling procedure

In order to study the REY geoch~mi-t*y of the authigenic carbonate fraction, four types of
samples were taken for geochei. ical analysis: (1) two types of carbonate microfacies — sampled
on a millimeter scale from -~rust slabs with a handheld microdrill (Figs. 2a, b and 3) —
represented by (1a) microcrystalline carbonate cementing detrital sediment (hereafter called
microdrilled matrix samples; see Fig. 3 for photomicrographs) and (1b) void-filling fibrous
carbonate cement (hereafter called microdrilled fibrous cements; see Fig. 3 for
photomicographs); (2) bulk carbonate crusts comprising pulverized cm-sized crust chips
including an undefined mixture of matrix and fibrous cement (Figs. 2c, d and 3g, h); (3) bulk
carbonate nodules comprising microcrystalline carbonate cementing sediment, i.e. matrix (Fig.

2e, f); and (4) seep carbonate-poor unlithified seafloor sediment sampled from cores adjacent to



the seep carbonates. The sediments represent the detrital endmember; their REY signatures are
used to assess the aluminosilicate components present in the seep carbonates and to constrain the
degree of contamination of the REY signature of the authigenic carbonate precipitates. All four
sample types were analyzed from the VR site, whereas only bulk carbonate crusts and sediments
were analyzed from the L-V site.

2.4 Mineralogy

The mineralogical compositions of bulk carbonate crusts (L V site) and microdrilled
microfacies-specific (VR site) samples were determined bv X-,zy diffraction (XRD) using a
BRUKER D8 Advance diffractometer at the Geological S.rvey of Norway (Cu-Ka radiation; 3
to 75° 2q scanning angle; step size 0.02°, 1 second .= step). Minerals were identified by
automatic and manual peak search using the BRL"\E R Diffrac.EVA 3.1 software with ICDD’s
PDF 4 Minerals database as well as the Crvstallographic Open Database. Quantification was
performed applying Rietveld refinemer.* with the TOPAS 5 software. Seep carbonate XRD-
samples comprised powdered as w~ll ~<. The uncertainty of mineral quantification is mineral-
dependent but generally better t.2n z wt%.

2.5 Digestion procedure fr tioc2 element analysis

The digestion method ap,>lied here uses a 5 M HNOj3 leach which (i) is strong enough to ensure
that leached tri- and tetravalent trace elements of interest (e.g., REY) do not re-precipitate or re-
adsorb to the residual fraction and are lost during sample decomposition, and (ii) represents the
strongest acid previously used in studies investigating trace elements in seep carbonates (e.g.
Crémiére et al., 2016) in order to quantify the highest possible REY contribution from leaching
effects during the applied digestion.

For the 5 M HNO; digestion, powders of carbonate and sediment samples were dried for



approximately 12 hours at 110°C. Up to 250 mg (lowest amount: 2.5 mg) of sample powder was
digested in 5 M HNO; for 2 hours at 60°C in closed acid-cleaned Savillex PTFE vessels on a
hotplate. A certified reference material (J-Dol; dolomite CRM, GSJ) was digested along with the
carbonate samples for quality control purposes. The digested samples were then filtered using
acid-cleaned filter syringes (0.2 pum). The sample solutions were subsequently evaporated to
incipient dryness twice and redissolved in 0.5M suprapure HNO3.
In addition, one sediment sample from the L-V site and two from ti> VR site were fully digested
in a PicoTrace high-temperature high-pressure digestion systzm (ZAS, Bovenden, Germany) at
165 °C overnight using 50 mg of dried sample powder & 1 3 ml of conc. HCIO, and 3 ml of
conc. HF. Sample solutions were evaporated to incipient ' yness, redissolved in conc. HCI twice
and finally diluted using 0.5 M HNOg3. The refercv.ce material SCo-1 (Cody Shale, USGS) was
digested along with the samples for quc«ity control. Details regarding this sample digestion
procedure are provided in (Dulski, 2001,.
Trace elements were analyzed with 2 F 2r<inElmer NexION 350X quadrupole ICP-MS at Jacobs
University Bremen using standc.d-sample-bracketing and 2 pg/kg Ru, Re, Rh and Bi as internal
standard elements. Interferan.~ corrections were implemented using a method modified after
Dulski (1994). Uncertan.*ies of ICP-MS measurements are conservatively estimated to be 10%
based on results from numerous previous studies. Due to very low REY abundances some
samples were further subjected to a column separation/preconcentration technique (Bau et al.,
2010) modified after Shabani et al. (1992) and Bau and Dulski (1996a). Anomalies of REY were
calculated for shale-normalized data as

(La/La*)sn = Lasn/(3Prsy - 2Ndsy),

(Ce/Ce*)SN = CeSN/(ZPrSN - NdSN),



(Pr/Pr*)sn = Prsn/(0.5Cesn + 0.5Ndsy)

(EUu/Eu*)sn = Eusn/(0.67Smgy + 0.33Thbsy),

(Gd/Gd*)sy = Gdsn/(2Thsn - Dysn),
after Bau and Dulski (1996b) and Bolhar et al. (2004).
2.6 Calculation of mixing hyperbolas
For the assessment of carbonate and aluminosilicate fractions, mixing hyperbolas were
calculated following the computational approach of Langmuir et al. (1978). This calculation does
not require the actual elemental concentrations of endmembe-z tv Le known. Instead, it is based
on the elemental concentrations of two samples of differe, + composition, which are assumed to
have intermediate concentrations between the theore.al endmembers. Consequently, the
calculated mixing hyperbola intersects the two se."ipl2 compositions its calculation is based on
and points towards the composition of the roteatial endmembers.
3 RESULTS
3.1 Petrography and mineralogy
Seafloor crust samples from the ' -V site comprise hemipelagic sediment cemented by authigenic
Mg-calcite and barite (Ho~2 ¢! <., 2019). Quartz (2-33 wt%), feldspars (up to 3 wt%), and clay
minerals (up to 6 wty.) constitute the major non-authigenic minerals. The proportion of
authigenic cement phases amounts to 66-98 wt%, with high barite content (up to 86 wt%, Table
A.1) in some samples.
Seafloor and carbonates from drill cores of the VR site show brecciated fabrics, comprising
relatively early microcrystalline calcite- and aragonite-cemented sediments subsequently
cemented by void-filling botryoidal and radial-fibrous aragonite (Himmler et al., 2019). The

major non-carbonate phases are quartz (11-18 wt%), plagioclase (up to 6 wt%), and clay



minerals (up to 5 wt%); (Table A.1; Himmler et al., 2019).

Carbonate cemented nodules comprise mainly Mg-calcites, aragonite, and calcite. Quartz,
plagioclase and clay minerals are the main non-carbonate minerals. Please note that
mineralogical data are not available for all seep carbonate samples analysed in this study.

3.2 Trace elements

3.2.1 Lofoten-Vesteralen site — Bulk carbonate crusts and sediments

Concentrations of trace elements associated with detrital aluminosi:icates (e.g., Rb, Zr, and Th)
are variable in the HNOgs-digested bulk crust samples, wit~ 2%, Zr and Th concentrations
between 1.53 and 26.6 mg/kg, 0.115 and 9.06 mg/kg, an'' 0.094 and 2.64 mg/kg, respectively
(Figs. 4, 5a, b; Table 1 and A.2). All three elements covary, i.e. samples with elevated Rb
concentrations also show high Zr and Th concent.~.ccas (Fig. 4). Samarium (as a representative
of the REY) also shows a positive co' arizdon with Rb and Th (Fig. 5a, b). Total REY
concentrations (3 REY) range from 3.20 2 63.9 mg/kg (Table 1 and A.2).

Shale-normalized REY patterns of ' -\, kulk crust samples show a slight increase from La to Gd
and a moderate decrease from C to Lu resulting in an overall depletion of the heavy relative to
the light REY ((Yb/Pr)sy k~tve~zn 0.61 and 0.78; Fig. 6a; Table A.2) and a slight enrichment of
the middle REYsy (MTEYsy). The samples do not show pronounced anomalies of Lasy
((La/La*)sn: 0.84-1.07), Cesn ((Ce/Ce*)sn: 0.98-1.21), and Gdsy ((Gd/Gd*)sn: 0.95-1.03; Fig.
6a; Table A.2). Y/Ho ratios range between 28.3 and 32.9 (Figs. 6a, 7a-c; Table 1 and A.2). Three
samples (P1710-045, -004 and -038) vyield slightly different REYgsy patterns with super-
chondritic Y/Ho ratios between 36.0 and 43.5 and total REY concentrations (YREY: 3.20, 10.4,
and 17.6 mg/kg, respectively) below those of the other bulk crust samples (Fig. 6a; Table 1 and

A.2). Sample P1710-045 additionally shows a small positive Lasy anomaly ((La/La*)sn: 1.31),



while the other two do not (Table A.2).

The HNOs-digested L-V sediment samples show Rb, Th and Sm in the same range as the HNOs-
digested bulk crusts with concentrations between 10.9 and 19.8 mg/kg, 1.70 and 3.14 mg/kg, and
1.59 and 2.61 mg/kg, respectively (Figs. 4c, 5a, b; Table 1 and A.2). Total REY concentrations
range from 42.6 to 69.2 mg/kg (Table 1 and A.2). Their REYgsy patterns are similar to those of
the bulk crusts with a lack of Lasy, Cesny Eusy and Gdsy anomalies ((La/La*)sn: 0.93-1.03,
(Ce/Ce*)sn: 1.00-1.07, (EU/Eu*)sn: 0.94-1.01, (Gd/Gd*)sn: 1.02-1.28) and Y/Ho ratios between
24.2 and 26.1 (Fig. 6a; Table 1 and A.2). The HCIO4-HF-digezteu -V sediment sample (sample
P1710-16) shows much higher concentrations of Rb, Zr a:. 4 Th of 124 mg/kg, 69.4 mg/kg, and
5.62 mg/kg, respectively (Fig. 4), as well as increaseu 5m, i.e. total REY concentrations of
YREY = 129 mg/kg (Fig. 5a, b; Table 1 and A ") 'elative to HNOs-digested bulk carbonate
crusts and sediments (Fig. 6a). The REY_. p-.ttern of the fully digested L-V sediment is rather
flat (Fig. 6a). Its Y/Ho ratio is 26.7, i.e. vhondritic (Table 1 and A.2).

3.2.2 Vestnesa Ridge site — Bulk ca~hoi 2’ nodules, microdrilled matrix and sediment
Microdrilled matrix and bulk 1.~duies from the Vestnesa Ridge generally show trace element
concentrations similar to b1k >rusts and HNOj3-digested sediments of the L-V site. Rubidium, Zr
and Th concentrations -ange from 13.5 to 40.9 mg/kg, 2.70 to 8.17 mg/kg, and 1.10 to
5.70 mg/kg, respectively (Figs. 4, 5; Tables 1, A.2, A.3), with the bulk nodules extending the
range of values to the higher elemental concentrations (Fig. 5c, d). Samarium concentrations
(0.99-2.38 mg/kg) and > REY (32.5-74.0 mg/kg) are also similar in both HNO3-digested sample
sets (Tables 1, A.2, A.3; Fig. 5c, d) with the exception of nodule samples T34, T36 and T38,
which show elevated Y REY of 113 mg/kg, 130 mg/kg and 186 mg/kg, respectively (Table 1 and

A.3).



REY gy distributions of VR microdrilled matrix samples are also remarkably similar to those of
the L-V bulk carbonate crusts and sediments with a gradual increase from La to Gd and a
decrease from Gd to Lu, i.e. a slight MREYgsy enrichment (Fig. 6b) resulting in (Yb/Pr)sy
between 0.46 and 0.97 (Table A.3). The REYgy patterns are devoid of pronounced anomalies
((La/La*)sy = 0.78-1.39, (Ce/Ce*)sy = 0.96-1.22, (Gd/Gd*)sy = 0.89-1.42, and (Eu/Eu*)sy =
1.06-1.24). The slightly elevated (Gd/Gd*)sy in some samples can be attributed to the
underestimation of Th. None of the samples exhibits super-chondr...~ Y/Ho ratios (Y/Ho = 23.1-
27.4; Fig. 7a-c; Table 1 and A.3). Again, bulk nodule samp!z~ 25 and T38 are exceptional in
that they show higher (Yb/Pr)sy ratios of 1.31 and 1.4 respectively (Table A.3), and the
microdrilled matrix sample TO1 exhibits a negative Cen =nomaly with (Ce/Ce*)sy = 0.71 and a
super-chondritic Y/Ho ratio of 40.7 while cavpol. TO3 shows no negative Ce anomaly
((Ce/Ce*)sn = 1.15) and Y/Ho of 36.1 (Ta':le 7 and A.3).

The two HCIO4-HF-digested sedimen. samples from the VR site show Rb, Zr and Th
concentrations in the same order of m. 2+itude as the corresponding L-V site sediment, with Rb
concentrations of 228 and 177 mg/kg, Zr concentrations of 151 and 159 mg/kg, and Th
concentrations of 10.6 ar< /.25 mg/kg, respectively (Figs. 4, 5a, b; Table 1 and A.3). REY
concentrations in the Vi sediment samples (3 REY: 156 and 206 mg/kg; Table 1 and A.3) are
higher than those of the VR microdrilled matrix and most of the bulk nodule samples (except for
T38) (3 REY: 32.5 to 53.5 mg/kg; Table 1 and A.3; Fig. 6b), but their REYgy patterns are
similar, except for the lack of a distinct HREY sy depletion ((Yb/Pr)sn: 0.96 and 1.15; Table
A.3). They do not show any REY anomalies and close-to-chondritic Y/Ho ratios of 26.4 and 25.8
(Fig. 7b; Table 1 and A.3).

3.2.3 Vestnesa Ridge site — Void-filling fibrous cements



Microdrilled fibrous aragonite cements show overall very low trace element concentrations and
larger variability in REY concentrations and REY gy distributions compared to the microdrilled
matrix samples. Rubidium, Zr and Th concentrations range from 0.117 to 2.15 mg/kg, from
0.135 to 0.865 mg/kg and 0.0073 to 0.132 mg/kg, respectively (Fig. 5c, d; Table 1 and A.4).
Total REY concentrations are an order of magnitude lower than in the VR microdrilled matrix
samples (Figs. 5c, d, 6b, c, d), ranging from 0.39 to 4.27 mg/kg (Table 1 and A.4). Some REY sy
patterns are LREYsn-depleted with (Yb/Pr)sy up to 3.26, along w:th strongly super-chondritic
Y/Ho ratios as high as 62.7 (Figs. 6¢, 7d-f; Table 1 and A.4). 7, t.ie other hand, some samples
show relatively high total REY concentrations (see Sm in ~igs. 5¢, d, 7d; Table 1 and A.4) and
rather flat REY sy patterns with (Yb/Pr)gy ratios close to o below unity (e.g., samples T08, T24,
TO4; Fig. 6¢; Table A.4).

4 DISCUSSION

4.1 Impact of detrital aluminosilicates

Previous studies on the REY ge~chomistry of authigenic seep carbonates have commonly
applied a single step digestior, meuwiod with acetic acid or HNO; of various strengths (e.g.,
Crémiére et al., 2016; Fenq ~* al., 2009; Himmler et al., 2010; Rongemaille et al., 2011).
However, systematic stu.'ies on the effects of REY liberation from non-carbonate phases during
digestion with HNO3 demonstrate that leaching of REY and other elements potentially associated
with detrital aluminosilicates (e.g., Rb, Zr and Th) may not be negligible, even during partial
leaching with 2% HNO3; or weak acetic acid (Rongemaille et al., 2011; Tostevin et al., 2016).
This may lead to a strong masking effect of the authigenic carbonate-hosted REY inventory by
detritus-derived REY, depending on the relative proportions of pure carbonate and non-carbonate

phases. This masking effect may be reflected by an increase of the LREY sy and the attenuation



of super-chondritic Y/Ho ratios and (Ce/Ce*)sy anomalies in carbonates carrying a pristine
seawater REYgsy pattern (Tostevin et al.,, 2016). Therefore, when interpreting the REY
geochemistry of carbonates, a thorough screening procedure needs to be applied to ensure that
the targeted carbonate REY content and, therefore, its distribution is not controlled by the
presence of leached REY from detrital phases (e.g., Schier et al., 2018). Alternatively, laser
ablation (LA) ICP-MS can be applied to target individual carbonate mineral phases with high
spatial resolution, omitting the detrital components if the differein minerals are not too tightly
intergrown. This method was used for example by Himmls: €. 2. (2010) and Smrzka et al.
(2016) on different kinds of seep carbonate samples 2 measure trace element contents,
especially REY, in aragonite. However, REY data obtai."=d by LA-ICP-MS often produce less
smooth REY patterns than solution ICP-MS ¢ 2 10 (very) low REY concentrations. This
hampers reliable interpretation of REY :-attr/ns and calculation of the respective anomalies.
When applying solution ICP-MS on dige~ted sample material — as in our study — leaching effects
have to be considered, which requiv~s . cetailed screening procedure to identify the samples that
are adequate archives of the car. "nawe-precipitating fluid.

Constraining the detrital »'n.»osilicate endmember composition represented by the sediments
from the respective sites, is of utmost importance to the aforementioned screening procedure. At
both the L-V and the VR site, the HCIO,s-HF-digested sediments are characterized by
significantly higher Rb, Zr, Th and REY concentrations than bulk crusts and nodules,
microdrilled matrix and fibrous cement samples and show rather flat REYgy patterns (Tables
A.2-A.4; Figs. 4, 5, 6a, b). The HNOg3-digested L-V sediments, however, show Rb, Th and Sm
concentrations that are in the same range as in the L-V bulk crusts.

Also, the composition of the authigenic carbonate-precipitating fluid needs to be constrained. At



seeps, the carbonate-precipitating fluid is mainly influenced by either seawater or porewater.
Whereas seawater REY distributions are well-studied, REY data for porewaters are scarce —
especially for methane seeps (Bayon et al., 2011; Himmler et al., 2013) — and do not show
uniform characteristics (Abbott et al., 2015; Deng et al., 2017; Paul et al., 2019a, 2019b; Soyol-
Erdene and Huh, 2013) since their distribution is governed by the respective biogeochemical
processes within the sediment such as Fe-, Mn- and sulfate-reduction.

We therefore approximate the possible REY gy distribution of porev.aters near methane seeps by
using the average dissolved REE composition of five samplzz 1271 0 to 80 cm below seafloor
sampled at an active methane seep in the Niger Delta (b>von et al., 2011). The average seep
porewater shows a rather flat REEgy pattern with a posiu = Cesy anomaly and a slight MREY sy
enrichment (Fig. 6a). In contrast, modern oxic s?a *.at.r is characterized by a LREY sy depletion,
a positive Lagy and Gdsy anomaly, a di tinr¢ negative Cesy anomaly and a super-chondritic
Y/Ho ratio (e.g., Alibo and Nozaki, 199yv; Douville et al., 2002; Sholkovitz et al., 1994, Fig. 6).
Since the pore water REEsy patten .~ very similar to that of the sediments sampled for the
present study (except for the oc-itive Cesy anomaly), applying a screening procedure based on
detrital indicators (Th, RP, and REY concentrations) and a specific anomaly characterizing the
REYsy pattern of the precipitating fluid would be ineffective due to the lack of distinctive
REY sy features of the seep porewater compared to the sediments (Fig. 6a).

In the case of seawater, on the other hand, a screening procedure based on Sm (as a
representative of the REY), Rb and Th concentrations (as an indicator of the presence of detrital
material) and Y/Ho ratios (super-chondritic values as an indicator of a seawater-like REY
distribution) works reasonably well.

4.2 Screening procedure based on detrital indicators and a seawater-like fluid endmember



4.2.1 Lofoten-Vesteralen bulk crust samples

High concentrations of Rb, Th and Sm and a positive covariation of the Sm concentration with
Rb (Fig. 5a) and Th abundances (Fig. 5b) in the bulk carbonate crust samples suggest a detrital
control of the Sm concentrations and, hence, their entire REY inventory. This is corroborated by
the mixing hyperbolas that were calculated using the lowest and highest concentrations of Rb,
Sm, Zr and Th in the L-V sample set, respectively (Figs. 4, 5a, b). These mixing hyperbolas give
an indication of the composition of a possible endmember, i.e. in ti.~ case of the detrital fraction
in the samples. Samarium, Rb and Th concentrations of the L */ ..« carbonate crusts plot along
the mixing hyperbolas based on the samples P1710-045 an.' P1/10-056-17 of the L-V sample set
(Fig. 5a, b). These mixing hyperbolas point towards a. endmember composition that closely
resembles that of the HCIO4-HF-digested L-V sed.~ier.t (Fig. 5a, b).

Consequently, samples with the lowest Rt Tk and REY concentrations show the least impact of
detrital aluminosilicates on their REY Histribution, which is corroborated by Y/Ho ratios in
relation to Sm, Rb, and Th co~cei tration (Fig. 7a-c): Super-chondritic Y/Ho ratios are
characteristic of seawater (e.q., AliLo and Nozaki, 1999; Bau et al., 1995) and are shown by
samples that show low conce, *rations of Sm, i.e. REY (Fig. 7a), Rb (Fig. 7b) and Th (Fig. 7c)
while quickly approachi. g chondritic Y/Ho ratios ((Y/HO)chondrie = 28; Anders and Grevesse,
1989) with increasing Sm, Rb and Th content. Therefore, samples P1710-045, -038 and -004,
which are the samples with the least aluminosilicate contribution of the L-V bulk carbonates,
may point towards a carbonate-precipitating fluid endmember, the composition of which is
seawater-like rather than porewater-like. Still, their REY distribution is markedly influenced by
detritus-derived REY, as indicated by elevated Rb, Th, and Sm concentrations combined with

only “mildly” super-chondritic Y/Ho ratios. Given that REY easily desorb/leach from detritus



during sample digestion with weak nitric acid (Rongemaille et al., 2011; Tostevin et al., 2016),
the majority of the carbonate REY in our bulk carbonate crust samples is likely derived from
leaching of the detrital fraction with its abundant clay minerals. This obscures the genuine
authigenic carbonate REYgsy patterns. This is corroborated by the mineralogical composition
which reveals trace amounts of plagioclase and kaolinite in the three samples with the least
aluminosilicate contribution (Table A.1). The remainder of the L-V bulk crusts shows even
higher amounts of detrital clay minerals and, therefore, also a le er detritus imprint on their
REY distribution (Figs. 6a, 7a-c).

A comparison of the 5 M HNO;3; and a full HCIO4-HF diy~stion reveals the effect of increased
detrital influence: Bulk crust samples that were digeste. «n HNO; generally show lower REY
concentrations than those that underwent a ful' c<id digestion (Fig. A.1 of the supplementary
material). Moreover, samples that show sl'1ht!y super-chondritic Y/Ho ratios in the HNO3 digest
lose this feature when fully digested, ‘.e. when the detrital fraction is also dissolved and
contributes to the sample’s total R=Y ~-dget (Fig. A.1). Assuming that the REY content of the
carbonate fraction in the bulk c. ists is almost negligible relative to that of the residual fraction,
simple mass balance calc':'au2r.s show that using 5 M HNOj3 liberates more than 32 % of the
REY in a sample (Table .\.5), underlining that the digestion with 5 M HNO3 not only attacks the
authigenic carbonate phases but also leaches a significant proportion of REY from the residual
fraction. Additionally, this is supported by HNOs-digested L-V sediments which show similar
elemental concentrations and REY sy patterns as the L-V bulk crusts (Figs. 4c, 5a, b). Therefore,
we consider a leaching effect of the aluminosilicate fraction (best approximated by the HNO3-
digested L-V sediments) in our bulk crust samples to be responsible for the REY sy patterns (Fig.

6a). Because of the significant influence of detrital material on the REY abundances and



distribution of the bulk carbonate crusts digested with 5 M HNO3;, none of the samples is
considered a suitable geochemical archive of the REYgy signature of the ambient fluid from
which the authigenic carbonate fraction of the bulk samples precipitated. Whether the dominant
REY source for the authigenic carbonate fraction of the bulk crust samples was seawater or a
diagenetic pore fluid remains, therefore, elusive.

It should also be noted, that not only the digestion with 5 M HNO; will result in significant trace
element leaching from the detrital fraction as shown here, but dige tions applying weaker acids
to similar sample material will suffer from the same effect, 2!t iess pronounced. However, a
quantification of the leaching effect using weaker acids is .*at possible based on the results for a
5 M HNO; digestion presented in this work. This woulu “ather require digestions and screening
procedures — similar the one presented here — to b co'iducted with different acid strengths, most
preferably those that are commonly used n trace element analysis of seep carbonates (2 to 5%
acetic acid and weaker nitric acid strengu™s than 5 M HNO3). Nevertheless, we re-emphasize that
data determined using weaker e~ide rnay suffer from experimental artifacts such as re-
precipitation or re-adsorption o1 *nalytes.

4.2.2. Vestnesa Ridge bulk ~au:'es and microdrilled matrix samples

Rubidium, Th and Sm ooncentrations in the VR bulk nodules cover the same range as the
microdrilled VR matrix samples (Figs. 5¢c, d, 7d-f) and their REY sy patterns are very much alike
with a few exceptions (T34, T36, T38; Fig. 6b). Their mostly (sub-)chondritic Y/Ho ratios are
similar to those of the HCIO4-HF-digested VR sediment samples (Fig. 7d-f), indicating that the
bulk nodules and the microdrilled matrix samples suffer from the same masking effect with
respect to their REYgsy patterns as the bulk carbonate crust samples from the L-V site. The

microdrilled matrix samples comprise carbonate cemented seafloor sediment. The REY



concentrations in the carbonate cement fraction are very low compared to those of the seafloor
sediment (Figs. 6a, b, 7) that mainly consists of clay minerals, plagioclase and quartz. Leaching
of the latter during the digestion procedure very likely releases REY (with flat, sediment-like
patterns; Fig. 6b), and other elements associated with the detrital fraction of the sample, resulting
in effective masking of the carbonate REYsy patterns (e.g., Tostevin et al., 2016). A
straightforward interpretation of the authigenic carbonate REY distribution is, therefore,
hampered by the aluminosilicate contribution to the VR bulk noucles and microdrilled matrix
samples.

Concentrations of Th and Sm as well as the shape of the \v.> microdrilled matrix REY sy patterns
are similar (Figs. 5d, 6b, 7d, f) to previously publishea “ata of HNOgs-digested seep carbonate
matrix samples from the Alvheim channe! ‘Cremiére et al., 2016). Texturally early
microcrystalline aragonites of carbonate crists from the Northern Arabian Sea also show
MREY -enriched REY sy patterns with tc*al REY concentrations of 39 to 52 mg/kg (Himmler et
al., 2010), which are in the same r~ng~ s in the VR matrix samples. Both studies attribute the
relatively high REY concentrau.ns and non-seawater like, MREY-enriched REYsy patterns of
the microcrystalline cemert (.~ Fig. 6b for an exemplary REY sy pattern from Crémiere et al.
(2016)) to carbonate previnitation from an early diagenetic and possibly anoxic fluid that showed
MREY sy enrichment due to the remobilization of MREY during diagenetic processes (Crémiére
et al., 2016; Himmler et al., 2010). Previous studies on anoxic pore waters from the Peru Basin
revealed elevated REY concentrations relative to seawater and a MREY sy bulge in their REY gy
patterns due to MREY release during the reduction of Fe(lll)-oxides by early diagenetic
processes and subsequent incorporation of this MREYgsy enrichment in diagenetic carbonate

precipitates (Haley et al., 2004; Himmler et al., 2013). A study by Paul et al. (2019a), on the



other hand, revealed seawater-like REY sy patterns in pore waters of the Peru Basin showing that
pore water characteristics and elemental distributions are highly heterogeneous at relatively
small spatial scales.

However, our screening procedure reveals an alternative explanation for the elevated REY
concentrations and the MREY sy enrichment in microcrystalline seep carbonate cement. Since
nitric acid was used to digest the microcrystalline carbonate samples, it is likely that a similar
leaching effect is responsible for the REYgsy patterns described Ly Crémiére et al. (2016) and
Himmler et al. (2010).

4.2.3 Vestnesa Ridge microdrilled void-filling fibrous ceme.>ts

Fibrous cements show much more variable REY gy patte. s and lower REY concentrations than
the matrix samples (Fig. 6¢, d). However, a pesiive covariation of Sm with detrital indicators
(Rb, Th; Fig. 5c, d) and decreasing Y/Hc rat’os with increasing Sm, Rb and Th concentrations
(Fig. 7d-f) suggest at least a partial con. 0l of the REY systematics by detrital material in some
of the fibrous cement samples.

To illustrate the impact of a leaching effect by even minute amounts of aluminosilicate minerals
on the REY signature of *he */1R fibrous cements, binary mixing calculations were performed
(Fig. 8a, b). We calculat. 1 the REY sy patterns of sample T02, assuming the presence of different
amounts of aluminosilicates (given in % of the total sample; Fig. 8a). We chose sample T02,
because judging from its low Rb and Th concentrations it is a rather pure carbonate and the
complete REY pattern is available. For the endmember of the aluminosilicate fraction, REY
concentrations and patterns were assumed to be equal to HCIO4-HF-digested VR sediment which
represents the most likely aluminosilicate contributor to the sample set. The results demonstrate

that only 0.1% of aluminosilicates in the total sample would already result in a significant



attenuation of the super-chondritic Y/Ho ratio, a less pronounced LREYsy depletion, and an
overall increase in REY concentrations (green REYsy pattern in Fig. 8a). With a share of 1%
(brown REYsy pattern in Fig. 8a), all seawater-like characteristics of the carbonate endmember
in sample TO2 are fully obscured and the REYgsy pattern is similar to that of VR background
sediment, although REY concentrations are still two orders of magnitude lower (Fig. 8a).
Additionally, the same calculations were performed for sample T02, assuming it had a
pronounced negative Cesy anomaly (Fig. 8b). For this purpose, an artificial negative Cesy
anomaly was implemented, setting the Ce concentration of <aple T02 to only 50% of its
original value. These mixing calculations demonstrate ho. ' a potentially present negative Cesy
anomaly would be obscured by 0.1% and 1 % aluminosi.'~ates in the sample: Like for the Y/Ho
ratio, a share of 0.1% significantly suppresses i.>: s.ze of the negative Cesy anomaly (green
REYy pattern in Fig. 8b) and a share of <% .ully erases it (brown REY sy patterns in Fig. 8b),
resulting in a similar REYgy distributio. as in the VR background sediment sample but lower
concentrations.

However, samples with very lo.* Sni, Rb and Th concentrations, i.e. small detrital contribution,
show the highest Y/Ho ratins (=.g. 7d-f) and REYsy patterns that are similar to those of modern
seawater with the charac.>ristic LREY gy depletion and super-chondritic Y/Ho ratio (Figs. 6d, 7d-
). Only these samples (T02, T05, T20, T26, T28, and T53) approach the true composition of the
precipitating fluid. Hence, these are considered the most reliable geochemical archives that give
meaningful insights into the REY composition of their parental fluid and the physico-chemical
conditions during their precipitation. Hence, when performed carefully, microdrilling of fibrous
cements is a useful technique to gather interpretable seep carbonate REY samples.

4.3 Seawater origin of VR void-filling fibrous cements



The remarkable similarity of REY sy patterns of the purest VR microdrilled fibrous cements (Fig.
6d) with similar cements of Crémiere et al. (2016) suggests that fibrous cements of the VR site
precipitated most likely under similar conditions and from a parental fluid of similar
composition. The seawater-like REYgy patterns with small negative Cesy anomalies (Fig. 6d;
Table A.4) indicate precipitation from a fluid influenced by oxic seawater (Himmler et al., 2010).
Assuming that the REY gy pattern of the parental fluid is incorporated into the carbonates without
major fractionation (Kamber et al., 2004; Kamber and Webb, 20C., Nothdurft et al., 2004; Van
Kranendonk et al., 2003; Webb and Kamber, 2000), this indirz*es at precipitation of aragonitic
fibrous cements in the carbonate crusts of the VR site ocotirred in rather open conditions with
respect to seawater at or very close to the sediment-water ““icerface where the parental fluid (most
probably seawater) was negligibly influenced hy .iagjenetic remobilization and enrichment of
REY in pore waters (Himmler et al., 207 9). 3recciated fabrics (Fig. 2a, b) of the samples and
anomalously high §*°0 values indicate oast gas hydrate dissolution (see Himmler et al., 2019)
and corroborate the implications ~f i"eir REY geochemistry. This is in line with aragonite
precipitation primarily takina ace under more open conditions during enhanced methane
release, i.e. more vigorous ~mcration of CHg-bubbles, at the methane seep site. These conditions
enable the entrainment ¥ sulfate-rich seawater (Greinert et al., 2001; Luff et al., 2004) most
probably carrying the typical seawater REYgsy distribution to the site of aragonite formation,
where it is readily captured by the precipitating aragonitic fibrous cements (Crémiere et al.,
2016; Himmler et al., 2010).

Most recently, Bayon et al. (in press) reported large positive La anomalies in chitinous tubes of
siboglinid tube worms (Escarpia southwardae) from methane seeps off the coast of West Africa.

These unusual La anomalies were attributed to vital effects of aerobic methanotrophs living in



symbiosis with the tube worms. It has been suggested that these symbionts preferentially
incorporate LREY — especially La and Ce — utilizing these specific REY as enzymatic cofactors
in methanol hydrogenase (e.g., Pol et al., 2014; Roszczenko-Jasinska et al., 2020). Lanthanum
anomalies calculated following the quantification used by Bayon et al. (in press) for the purest
Vestnesa void-filling aragonite fibrous cements investigated in our study, do not exceed values
of 1.3 for (La/La*), i.e. they do not show unusually large positive La anomalies. This suggests
that aerobic methanotrophs did not affect the REY distribution recu Jded by this aragonite.

5 CONCLUSIONS

Seep carbonate crusts from two sampling sites off the N.rwegian margin (Lofoten-Vesteralen
margin and Vestnesa Ridge) were analyzed for their trac> and rare earth element systematics to
gain insights into the characteristics of the cari7ne.e-precipitating fluid, i.e. to discriminate
between a porewater and a seawater sou ce ~f the latter. Carbonate crusts at marine methane
seeps are mixtures of authigenic carbona:» and detrital (alumino)silicate components which show
markedly higher concentrations of *rac= 2lements like Rb, Zr, Th and REY than the authigenic
carbonate fraction. Therefore, the presence of even small amounts of such detrital
aluminosilicates may meac »: targeted authigenic carbonate REY inventory. A detailed
screening procedure basc on detrital indicators (e.g., Rb, Th, REY) allows to identify the seep
carbonate samples with the least contribution from detrital aluminosilicates and is therefore an
essential prerequisite for successfully assessing the REY systematics of the authigenic carbonate
fraction. We show that during the applied sample digestion with 5 M HNOs, significant leaching
of elements such as Rb, Th, Zr and also REY from the detrital fraction of a carbonate crust may
occur. This leaching effect may not be confined to the digestion method applied here but most

likely also occurs when weaker acids are used. It effectively masks the carbonate REY signature



and leads to REY gy patterns controlled by detrital aluminosilicates, even when they are present
at very low amounts (< 1%). This compromises the use of such HNOg3-digested aluminosilicate-
containing seep carbonate samples as archives of the authigenic carbonate REY inventory.
Alternatively, analysis by LA-ICP-MS may circumvent this problem by targeting individual
minerals. However, due to low REY concentrations, this usually produces rather irregular REY
patterns that are difficult to interpret. Careful microdrilling of aluminosilicate-poor void-filling
fibrous aragonite cements produces sample material that is suiteu'2 for solution ICP-MS and
pure enough to serve as archives of the carbonate-precipi*ztu.g fluid. Seawater-like REYsy
patterns of the Vestnesa Ridge fibrous cements, charactei.7ed by LREYsy depletion and small
negative Cesy anomalies, suggest precipitation of suci. cements from a fluid dominated by
seawater, most probably in an open system <i>.e (0 the sediment-water interface. This is
consistent with the precipitation of aragc ite rather than calcite as void-filling cements during
more vigorous emanation of methane buchles at the seep site.
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FIGURE CAPTIONS

Fig. 1: Sampling locations and bathyme'ry. a) Overview of the sampled locations; asterisks
indicate sampled seepage sites (VR = Vestnesa Ridge; L-V = Lofoten-Vesterdlen). b) ROV-
acquired micro bathymetry of two activ.. 'nckmarks on Vestnesa Ridge; white triangles = MeBo
cores 127 (station GeoB21616-1) «na 138 (station GeoB21637-1). ¢) ROV-acquired micro
bathymetry of two canyons of: Lovoten islands. a) and b) are modified after Himmler et al.
(2019), c) is modified after t 'ong ¢t al. (2019).

Fig. 2: Photographs ~f -epri sentative seep carbonates. a) to d) Cut slabs of surface crusts
sampled from Vestnesa Fidge (a and b) and the Lofoten-Vesteralen site (¢ and d); respective
micro drilled areas (e.g., T57) are highlighted in a) and b); cm-sized chunks were used for bulk-
rock analyses for samples ¢) and d); note skate-egg cases (arrows) in c). e) and f) carbonate
nodules sampled from gravity cores and respective bulk-rock trace element samples (e.g., T35).
Fig. 2b) is modified after Himmler et al. (2019).

Fig. 3: Photomicrographs of representative seep carbonate textures. a) and b) Scans of epoxy-
impregnated slabs of drill core samples (a: sample GeoB21616-2R-1B; b: GeoB21637-12R-2Q)
and marked respective micro drilled areas (T05, T06, T21, and T22). c) and d) thin-section
micrographs of samples shown in a) and b), respectively; Mic = microcrystalline carbonate



cementing sediment with abundant silt-sized quartz grains; Vfc = void-filling aragonite cement;
P = pore space (crossed-polarized light, pore space appears black). e) to h) thin section
micrographs of seabed crusts sampled from Vestnesa Ridge (samples e: P1606-002; f: P1606-
012) and the Lofoten-Vesteralen site (g: P1710-001; h: P1710-043); parallel-polarized light (i.e.
pore space appears bright) in e) and f), cross-polarized light in g) and h); Mic = microcrystalline
carbonate cementing sediment; Vfc = void-filling aragonite cement; B = bivalve fragment; P =
pore space; note sand-sized quartz grains cemented by microcrystalline carbonate cement (Mic)
and authigenic barite (Bar, arrow) in h). Fig. 3a) and b) are modified after Himmler et al. (2019).
Fig. 4: Graphs of detrital indicators — a) Zr vs. Rb, b) Zr vs. Th, ond ¢) Rb vs. Th — for bulk
carbonate crusts and sediment from the Lofoten-Vesteralen (L \/) 'nargin, Norway. All graphs
also include pelagic clay for comparison (data from Li and Schoo 1maker, 2003).

Fig. 5: Graphs of a) Sm as a representative of the RE"” v. Rb for bulk carbonate crusts and
sediments from the Lofoten-Vesteralen (L-V) margin, h) ~n vs. Th for the same bulk carbonate
crusts and sediments, ¢) Sm vs. Rb for microdriled matrix and fibrous cement samples, bulk
nodules, and sediments from the Vestnesa P:dgc (VR), and d) Sm vs. Th for the same samples.
d) additionally shows matrix and fibrous ce.»ents of carbonate crusts from the Alvheim Channel
(data from Crémiere et al., 2016). All grcnhs also include pelagic clay for comparison (data from
Li and Schoonmaker, 2003).

Fig. 6: Shale-normalized (shale = Furupean Shale of Bau et al., 2018) REY patterns of a) bulk
carbonate crusts and sediment. frem the Lofoten-Vesteralen (L-V) margin, Norway, and average
seep pore water (n = 5) fre™ a ~4ld seep in the Niger delta (average calculated from Bayon et al.,
2011), b) of bulk ncac'es, iicrodrilled matrix and sediments from the Vestnesa Ridge (VR),
Norway, c) all microdri!'~d fibrous cements from carbonate crusts from the Vestnesa Ridge, and
d) fibrous cements with the least impact of detrital aluminosilicates on their REY geochemistry
following our screening procedure (for more details see text). A fibrous cement of a carbonate
crust from the Alvheim Channel is shown for comparison (data from Crémiere et al., 2016). All
graphs show a modern seawater REYgsy pattern for comparison (data from Alibo and Nozaki,
1999).

Fig. 7: a) Sm vs. Y/Ho ratios for bulk crust samples and sediments from the Lofoten-Vesteralen
margin (L-V), Norway, b) Rb vs. Y/Ho ratios, and c¢) Th vs. Y/Ho ratios for the same samples, d)

Sm vs. Y/Ho ratios of bulk nodules, microdrilled matrix samples and fibrous cements from the



Vestnesa Ridge (VR), ) Rb vs. Y/Ho ratios, and f) Th vs. Y/Ho ratios for the same samples. d)
and e) also include matrix and fibrous cements of carbonate crusts from the Alvheim Channel
(data from Crémiere et al., 2016). All graphs include the corresponding sediments for the
respective locations, pelagic clay (Li and Schoonmaker, 2003), and the chondritic Y/Ho ratio (C1
data from Anders and Grevesse, 1989).

Fig. 8: Calculated shale-normalized (shale = European Shale from Bau et al., 2018) REY
patterns resulting from the mixing of a) a detrital aluminosilicate component (given in % of the
sample) represented by Vestnesa Ridge (VR) sediment, and VR fibrous cement sample T02, and
b) the same calculated REY sy patterns but with an artificially aduc negative Cesy anomaly in
the REY sy pattern of TO2.
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Table 1: Overview of all sample locations and sample types from the Lofoten-Vesteralen site and the Vestnesa Ridge, and relevant
trace element concentrations discussed in this study. Trace element concentrations are given in mg/kg; Y/Ho is given as weight ratio.

MCS = microcrystalline carbonate cementing sediment; Vfc = void-filling cement.

Lab Latitude Longitude = Sampling Sample depth Rb Zr Th Sm Y REY
Location Sample/core ID Sample type (°N) (°E) device (mbsf) Remarks (m~/kg) (mg/kg) (mg/kg) (mg/kg) Y/Ho (mg/kg)
Lofoten- bulk crust 689 10727 “.16 181 | 0931 | 0821
Vesteralen P1710-001 n.a. 30.6" 39.24" ROV seafloor sample MCS \ | | ) 29.7 23.9
Lofoten- 68°9' 10° 27
Vesteralen P1710-003 | na. bulk crust 29.88" 38.88" ROV seafloor sample MCS L0 216 109 | 0.8% 2.7 25.0
Lofoten- 68°9' 10° 27
Vesteralen P1710-004 na. bulk crust 30.24" 38.88" ROV seafloor sample MCS ~18 107 0.348 0.367 36.8 10.4
Lofoten- 68°9' 10° 27"
Vesteralen P1710-038 | na. bulk crust 28.8" 57.60" ROV seafloor sample MC .78 136 | 0632 | 0633 36.0 17.6
Lofoten- 68°9' 10° 27
Vesteralen P1710-039 na. bulk crust 28.8" 57.24" ROV seafloor sample MC. 165 273 1.5 1.33 324 38.4
Lofoten- 68°9' 10° 27"
Vesteralen P1710-042 na. bulk crust 28.8" 57.24" ROV seafloor sample = 10.6 191 0.918 0.797 32.8 22.8
Lofoten- 68° 10 10° 27
Vesterdlen P1710-043 | na. bulk crust 0.12" 51.84" ROV serflo * 2 ple MCs 266 9.06 2.64 200 283 63.9
Lofoten- 68° 10' 10° 27"
Vesteralen P1710-044 na. bulk crust 0.12" 52.56" ROV st “0or Sanple MCS 128 3.61 135 0.900 32.9 27.2
Lofoten- 68° 10' 10° 27"
Vesteralen P1710-045 | na bulk crust 0.84" 52.20" ROV seafloor sample MCS 153 | 0115 | 00941 | 0119 435 3.2
Lofoten- 68° 10 10° 27
Vesteralen P1710-047 na. bulk crust 0.48" 50.76" 20V seafloor sample MCS 15.3 4.66 147 114 32,6 33.0
Lofoten- . 68° 10 10° 28
Vesteralen P1710-086 | 7 sediment 1.56" 12.72" Pus. core 0.07 Silty clay 10.9 ; 170 159 25.2 426
Lofoten- . 68° 10' 1ne 28
Vesterlen P1710-056 | 10 sediment 1.56" 12, Push core 0.10 Silty clay 187 ; 187 167 2556 449
Lofoten- . 68° 10 10° 2t
Vesteralen P1710-056 1 sediment 1.56" 72 Push core 011 Silty clay 180 - 257 221 24.6 60.8
Lofoten- . 68 0 16 28
Vesteralen P1710-056 | 12 sediment 1.56 12.72" Push core 012 Silty clay 185 ; 3.01 250 2.2 67.7
Lofoten- . %10 10° 28
Vesteralen P1710-056 13 sediment 1058 12.72" Push core 013 Silty clay 173 - 302 261 24.9 69.2
Lofoten- : 68° 10 10° 28
Vesteralen P1710-056 | 17 sediment 1.56" 12.72" Push core 017 Silty clay 19.8 ; 3.14 240 26.1 65.1
Lofoten- . 68°9' 10° 27
Vesteralen PI710:016 | sediment 30.96" 21.60" Push core 0.1 Silty clay 124 60.4 5.62 417 26.7 129
Lab Latitude Longitude | Sampling Sample depth Rb Zr Th Sm Y REY
Location Sample/core ID Sample type (°N) (°E) device (mbsf) Remarks (mg/kg) = (mag/kg) (mg/kg) = (mg/kg) = Y/Ho (mg/kg)
Vestnesa Ridge | P1606-012 T41 crust - microdrilled matrix 79°0.46' 6°53.95' ROV seafloor sample MCS 21.8 3.87 2.18 153 26.2 38.2
Vestnesa Ridge | P1606-012 T411 crust - microdrilled matrix 79°0.46' 6°53.95' ROV seafloor sample MCS 233 4.56 2.56 1.63 2.4 42.4
Vestnesa Ridge | P1606-013 T421 crust - microdrilled matrix 76°0' 27" | 6°53'56" ROV seafloor sample MCS 195 5.30 2.98 1.88 48.8 48.8
Vestnesa Ridge | P1606-014 T431 crust - microdrilled matrix 79°0' 27" | 6°53'55" ROV seafloor sample MCS 135 2.70 2.08 1.29 32.6 32.6
Vestnesa Ridge | P1606-023 T441 crust - microdrilled matrix 79°0.41' 6°54.07' ROV seafloor sample MCS 16.1 5.26 2.71 151 41.1 411
Vestnesa Ridge | P1606-012 T50 crust - microdrilled matrix 79°0.46' 6°53.95' ROV seafloor sample MCS 24.2 6.87 2.66 1.61 43.0 43.0
Vestnesa Ridge | P1606-023 T52 crust - microdrilled matrix 79°0.41' 6°54.07' ROV seafloor sample MCS 245 6.95 3.14 1.72 46.8 46.8
Vestnesa Ridge | P1606-002 T54 crust - microdrilled matrix 79°0.16' 6°55.28' ROV seafloor sample MCS 25.6 5.59 2.21 1.48 40.5 40.5

Vestnesa Ridge | P1606-013 TS6 crust - microdrilled matrix 76°0'27" | 6°53'56" | ROV seafloor sample MCS 24.6 6.10 2.89 1.92 50.0 50.0
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al Pre-proof

GeoB21637- crust - microdrilled fibrous MeBo core

Vestnesa Ridge | 1 T4 cement 79°043 | 6°5426' | 138 19.25 Vic 109 | 0420 | 47,3 | 00551 35.9 1.91
Vestnesa Ridge SoOBHET | 11 ggﬁﬁtmicmdﬁ"ed florous wr0ay | esaze | tae T | 278 Ve 0.748 | 0404 | o677 | 00420 39.3 1.38
Vestnesa Ridge ?0821637_ T20 g:rjrﬁr_nmicmdri"ed florous 79°043 | 6°54.26' %ZBO 2 Vic 0117 | 0135 - - 63.8 0.387
Vestnesa Ridge SoOBHET | 12 ggﬁﬁtmicmdﬁ"ed florous wr0ay | esaze | tae T | 278 Ve 0161 | 0398 | g9 | 000821 62.7 0.389
Vestnesa Ridge (1390821637- T16 g:::;r-nmicmdﬁ"ed florous w0y | esaze | 1| AT Vic 0140 | 0187 | 00311 | 00812 53.2 1.09
Vestnesa Ridge $EOBHOT | 126 gﬁ;r;tmicmdri"ed florous 79°043 | 6°54.26' ﬂesBo ¢ 2 Vic 0156 | 0309 | 00362 | 00176 434 0.649
. GeoB21601- sediment ) Silty clay; station
Vestnesa Ridge 1 M1 79°0.50" 6°54.64" Gravity core 0.04 GC-1 228 151 10.6 6.27 26.4 206
Vestnesa Ridge ?0821637_ Meozs | Sediment 79°043 | 6°54.26' %ZBO < Silty clay RO 159 7.38 4.80 258 156
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HIGHLIGHTS
e screening procedure to study REY geochemistry of seep carbonate crusts
e trace element leaching from silicates of carbonate crusts during HNO3 digestion
e masking of authigenic carbonate REY signal
e void-filling cements are reliable archives of REY in carbonate-precipitating fluid
e seawater-like REY gy patterns in purest void-filling cements



