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Abstract:

Determining how soft-tissues are preserved and petsisugh geologic time are continuing
challenges because decay begins immediately after sewweswhile diagenetic transformations
generally progress over days millions of years. However, in recent years, carbonate
concretions containing partialtlp-fully decayed macroorganisms have proteie remarkable
windows into the diagenetic continuum revealing insights the fossilization process. Thgs

because most concretions are the resuttiologically-induced mineral precipitaticceusedby
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the localized decayf organic matter which oftentimes preserve a greater haalbgignal
relative to their host sediment. Herave present a compaive lipid biomarker study
investigating processes associated with soft-tissue peg®er within Holocene-age carbonate
concretions that have encapsulated modern capelin dtdaliillosus).We focus on samples
collected from two depositional settings that have preduughly contrasting preservation end-
members: 1) Kangerlussuaq, Greenland: a marine environment, whieto isostatic rebound,
has exposed strata containing concretions exhibiting agoaptsoft-tissue preservation {67
Kya), and 2) Greens Creek, Ottawa, Canada: a paleo bracKigshwater marine excursion
containing concretionsxhibiting skeletal remains (~11 Kya). Lipid biomarker ansly®veal
endogenous capelin tissues and productive watdfangerlussaq that arein sharp contrasio
Greens Creek concretions which lack appreciable capelin emdronmental signals.
Comparable distribution®f bacterial fatty acids and statistical analyses suggeftttissue
preservation within concretions agnosticto specific heterotrophic decay communiti&¥e
therefore interpret preservation within carbonatecoetions may represent a race between
microbially-induced authigenic precipitation and decay. Nanfabtpors resultingn exceptional
preservation within concretions likely includg&) organic matter input?) rate of decay, 3)
carbonate saturation, 4) porewater velocity, and 5) ahiuthigenic (carbonate) precipitation
resulting in arrested decay/bacterial respiration due to cementing-guaces limiting the

diffusion of electron acceptors into the decay foci.

Key words. carbonate concretions, soft-tissue preservation, dokens, fossilization

1. Introduction

Determining how animal fossils form and the wagswhich their soft-tissues are
preservedin the geologic record a@s been a challengéo unravel because decay begins
immediately after senescence while diagenetic alteratiborganic matter continues over
millions of years. Laboratory experiments running daygears provide important insights
someof the processes taking place (e.g., Allison, 1986; Briggs arat,KL993; Butleet al.,
2015; Darrocletal., 2012; Galet al., 2020; Guptat al., 2009; Iniest@t al., 2013; McCot al.,
2015b; Naimarket al., 2016; Sansomet al., 2011). However, fossilizatiois ultimately the

consequenceof compounding factors, and this complexity poses varioudlecigas for
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laboratory and modelling studies (Briggs, 1995; Briggs and McMak@16; Parryet al., 2018;
Purnellet al., 2018; Sansom, 2014). Pathwayorganic matter preservation are thoutghhot
only dependon its original composition (e.g., Sansarnhal., 2011), but also contingeah the
depositional setting (e.g., sedimentation rates, sauigny composition, water chemistry, etc.)
(Allison, 1988a; Elder and Smith, 1988), and the natirenicroorganisms involveth decay
(Allison, 1988b; Briggs, 2003; Gaét al., 2020; Iniestcet al., 2017, 2015). Therefore, while
taphonomic experiments have signifidgntadvanced our understandingf soft-tissue
preservationit would be idealif fossilization coulde caughtin theactunder natural conditions.

In recent years, with the applicatiai contemporary organic geochemistry techniques
(e.g., gas chromatography-mass spectrometry), intstesbunding carbonate concretions has
seen a resurgencas potential windows into the fossilization process the ‘diagenetic
continuum (Melendezet al., 2013a). Ubiquitous throughout the geological record,ocaite
concretions are thougtib be the resultof biologically-induced (i.e., Dupraet al., 2009)
authigenic precipitation containing a rargfepartiallyto-fully decayed macroorganisms as their
nucleus (Clementst al., 2019; Coleman, 1993; Duan al., 1996; Raiswell, 197&aton and
Marynowski, 2004). Although concretions without obvious organic foci have disen
described (e.g., McBride and Milliken, 2006). Specificallgitformation has been proposted
be the resultof: 1) anaerobic microbial decayf an organic carbon source (e.g, a dead fish)
resulting in 2) localized supersaturatiomf HCO;™ ions which generate a pH and alkalinity
gradient (i.e., microenvironment) th& 3) proportionalto the rateof decay and diffusion
resulting in 4) the decreased solubility (i.e., increased saturaimolex) and consequent
microbially-induced carbonate precipitation (Berner, 1969;n&er 1968; Coleman, 1993;
Coleman and Raiswell, 1995, 1981; Mozley, 1996; &yal., 1990; Raiswell, 1976; Raiswell
and Fisher, 2000).

Due to thar frequent association with encapsulated organisms, etogs are
particularly interesting for studying the fossilizatiohanimal soft tissues (Thiel and Hoppert,
2018; Wilson and Brett, 2013)[his is because authigenic mineral precipitation has been
observedto entomb organic carbon sources within carbonate matgossiring its survival
through diagenesis (Blumenbestal., 2015; Browret al., 2017; Griceet al., 2019; Mchamarat
al., 2009; Melendezet al., 2013a; Pletet al., 2017). Moreover, organomineralized and

biomineralized carbonates (e.g., stromatolites, eggssiselashells, coccoliths) have been shown
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to adsorb and encapsulate peptide sequences, polysaccharides,aD8iApids for timescales
beyond their normal stability range (Crispal., 2013; Demarchat al., 2016; Oskarat al., 2010;
Sandet al., 2014). Mineral precipitation may also fractionatemarkers into inter- and intra-
crystalline species with varied degredsdiagenetic alteration (Ingalkst al., 2004). Therefore,
carbonate concretions containing a discernable organboo source and low thermal maturity
may be viewed as instances where the fossilization process has efédgtheen‘caught in the
act’ in its natural state (Thiel and Hoppert, 2018; Wilson andtB&213). This notions
supported by work demonstrating concretions can presegualsibr the nucleating organism
(Melendezet al., 2013b), diagenesis (Melendetzal., 2013a), and the sedimentary environment
(Lenggeretal., 2017; Thiel and Hoppert, 2018).

During the earliest stepef animal decay, autolysis by hydrolytic enzymes digest
carbohydrates and proteins while labile organic compounds aoklyguemineralized by
heterotrophs (Butleet al., 2015; Galet al., 2020; Iniest@t al., 2017). Under aerobic conditions,
these processes, along with bioturbation and scavencamgresulin the complete destruction
of organic mattem sediments (Hedges and Keil, 1995, ®ual., 1997; Lehmanet al., 2002).

As the supplyof oxygenis consumed by respiration, microorganisms then transitbward less-
optimal terminal electron acceptors (e$Q:>, F€') which effectively decrease ratedecay
(Muscenteet al., 2017, Andersen, 1996). However, this shift does not redgsesultin an
increased preservation potential although anoxic conditioay restrict scavenging and permit
the preservatiorof articulated body fossils under some settings (Allison, 198Baereatfter,
recalcitrant materials (e.g., biomineralized tissygdd, and some polymers suak melanin)
may survive dugo selective preservation and/or diagenetic transformatim their stable
counterparts and incorporations into macropolymers (Aletal., 2017; Briggs and Summons,
2014; Guptaet al., 2009; Larter and Douglas, 1980; Lindgetal., 2012; Wiemanet al., 2018).
Interestingly, taphonoim studies have suggested that communities responsibldeé@y may
paradoxicallybe responsible for enhanced preservation (Allison, 1988b; Brig@33; Darroch
et al.,, 2012; Iniestet al., 2013; Sagemaret al., 1999). For instance, sulfate-reducing bacteria
(SRB) sustaining b&-rich conditions (i.e. euxinia) appdarhave mediated the preservatioh
cholesterol and diagenetically modified derivativesdpproximately 380 million years within a
carbonate concretion (Melendet al., 2013b). This has been inferraxbe via 1) authigenic

carbonate precipitation and subsequent encapsulatiansw®l and Fisher, 2000), 2)
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sulfurizationof lipids (Adamet al., 2000), and 3) abiotic8-mediated hydrogenation (Hebting,
2006).

Despite advances understanding preservation mechanisms woncretions, the nature
of biological activityin more recent settings affords opportunityto identify biases relevarib
the wider topicof animal soft-tissue and lipid biomarker preservatiothe geological recordn
this study, we investigate the rolef biotic and abiotic mechanisms (e.g., decay, authigenic
precipitation, water chemistry, sulfurization, etor) soft-tissue preservation within Holocene-
age concretions which have encapsulated capelin (Maldtasus). Capelin are small forage
fish which spend modgif their life offshore and only enter coastal waterspawn demersallgr
on gravely beaches, usually resultiig mass deaths (Nakashima, 200®Je compare and
discuss biomarker results from two depositional settingd have produced fossils with
contrasting degreex soft-tissue preservation. The sites are:

Kangerlussuaqg, Greenland: A marine environment where glacial sedimecésitly
exposed dueo isostatic rebound (Dietricbt al., 2005; Stormet al., 2012), host concretions
containing exceptional soft-tissue preservation (Bennike, 1#3g)re 1a).

Greens Creek, Ottawa, Canada: Represents the sedimemaigsdrom the ephemeral
brackishto-freshwater Champlain Sea (Parent and Occhietti, 1988) riaariacursion episode
which harbors concretions mostly containing articulagkeletal remains (Gadd, 1980) (Figure
1b).

The samples from these sites are thermally unaltesationate concretions found
shallowly buriedin sediments which are similar with respéetthe nucleating organic carbon
source (i.e., capelin) and relative age (Bennike, 1997; Gadd, 198@yeDcesin preservation
states may thereforee attributableto their contrasting depositional settings which potentially
host varying heterotrophic microbial communities. Theseilfosbus serveas approximate
fossilization experiments under natural conditidios investigate the resulbf contrasting

conditions and underlying soft-tissue preservation nashas.

2. Materialsand M ethods
2.1. S$te description and sample collection
Kangerlussuaq, Greenland: The Kangerlussuaq fjord (Danish: Sgmdrefj@id) is a marine

environment flanked by highly reworked Archean gneisses itdthly various speciesf
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vascular plants and lichens encompassing its modern aatthiiienkemanst al., 2018). The
present-day depth varies between a few meters by the HKiasgyeaq airport (SFJ) near uplifted
sediments where concretions have been colleidaner 300 meters where the mowhthe
flord meets the Davis Strait. During the early Holocesea level was approximately 40 meters
above the present-day land surfagethe headof fijord in this paleo tidewater glacier
environment. Eventuallyit experienced relative sea level decline tusostatic reboundsthe
Greenland Ice Sheet (GIS) retreattthe endof the Last Glacial Maximum (LGM) (Dietricét

al., 2005; Stormst al., 2012). Thiss important because, during deglaciation periods, fjords$ (an
glacial valleys) usually become major sediment sinkstdgacier-induced mass wasting. This
resultsin significant influxesof terrigenous organic matter and nutrients into the watlemnm
often inducing eutrophic conditions and bottom water anoxmit{&nberget al., 2004). The
concretion studied hereascollected southwest of the Kangerlussuaq airpbtihe headf the
flord (c.1960 by Lise Lawaetz) from uplifted sandy glacial sedimentiere a suitef marine
and land vertebrate fossils have been repdmeBennike, 1997 (67°00'06.8"N 50°46'19.8"W)
(Supplementary Figure 1).

Greens Creek, Ottawa, Canade:.the Laurentide ice sheet continued its retreat beyond
the Canadian shield from its furthest extent during It&&M, freshwater proglacial Lake
Candona s breached by intruding marine waters from the Goldth®eadin the isostatically
depressed St. Lawrence Valley ~12,400 years ago (Parent armet@c 1988). This event
resultedin the ephemeral marine phase recognaethe Champlain & which stood ugo 230
meters above the present-day Ottawa/Montreal/Burlington meglowever, isostatic rebound
resultedin the retreatof marine waters ~10,000 years ago followed by the emplaceofent
modern Lake Champlain (Parent and Occhietti, 1988). Wmrkdepositional facies near
Montreal indicate that waters were approximately a mixafr83% marine and 67% glacial
meltwater (Desaulniers and Cherrl989) resultingin brackishto-freshwater (and possibly
estuarine) conditionas previously suggested by the presentdreshwater-tolerant fish fossils
at Greens Creek (e.g., capelin, stickleback, sculpin) (M&tat et al., 1981). Palynological
analysisof concretion matrices and the discoverfya rare, leopard frog concretion (Rana
pipieng, indicate the paleo catchment supported shrub tundra commsufiHolmanet al.,

1997). Canadian capelin concretions were generously providedeb@édblogical Surveyf
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Canada collected from Greens Creek clays derived ftben ephemeral Champlain Sea
(45°27'56.6"N 75°34'34.7"W)GSC loc. 60327) (Supplementary Figure 1).

Samples from both locations have been determioeble Holocene-age through'C
radiocarbon dating techniques (Table 1). Capelin concrefirmm Kangerlussuaq are about
6000 - 7000 years old (Brink, 1975) while concretions from Gréeek have been datadl
10,780+ 80 years old (Gadd, 1980). Modern capelin, our analyticatenede control, were
acquired from the Denmark Strait (Icelarid@apelin Whole Fish).

2.2. Sample preparation

Concretions were preparaa accordanceo similar methods implemented by Melendstzal.,
(2013a). Approximately 10nm of eachconcretion’s exposed outer surface was removsd
abrading with a Dremel rotary (model 8220-1/28) and diamonaftwtheel (McMaster-Carr,
1257A33). Approximately ~2nm thick slices oriented paralléd the fossil nucleus were then
taken yielding 4 layers foeachspecimen (Figure 2). The slices are the fossil layatyixnl,
matrix 2, and the concretion rim (Figure 2). Biomarkecuksions from Greenland and Canada
shown here represent analysis from the fossil layemaattix 1, respectivelyThese selections
were made becaus# the presencef a carbonaceous filnm the Greenland fossil layer while
only trace lipids were detectad the Canada fossil layer. Matrix 1 was selected wués
proximity to the nucleus and abundarafedetectable compounds. Slices were crushedSpex
8510 Shatterbox with a mill and puck cleaned with solvergs, (inethanol, dichloromethane -
DCM, n-hexane) and combusted sand (12 ha@ur850 °C) between samples. Recently dead
capelin were segmented into different components inclutlreg head, tail, internal organs
(including heart, stomach, etc.), stomach only, whle With internal organs, anghole fish
without organs. These were then ground with a tissue genizer. All tools (except the Dremel
rotary) were solvent cleaned five-times with methamal DCM and combusteat 550°C for 12
hours while glassware underwent two dishveaistycles priorto being combustedt 550°C for

12 hours priorto usage. Lipid extractions described below were accompadnjesolvent and

extraction blank$o determine potential source§contaminants (if any).

2.3. Extractiorof free lipids (inter-crystalline)
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An internal standar@@ pgof 3-methyltricosane) asaddedo all samples prioto extraction for
calculating extraction efficiencyp to 5 gramsof the crushed concretion samples were solvent-
extracted using a Dionex Accelerated Solvent Extrag®SE) 350 with DCM-methanol (9:1,
v/v) programmed with the following method: cell volum84 mL, oven temperature100 °C,
oven heat 5 minutes, static time 15 min, static cycles 3, flush volume- 130%, purge time-

100 seconds. Homogenized modern tissue samplesmg-€hch) were solvent-extracted with 25
mL DCM-methanol (9:1, v/v) via sonicatidn 50 mL glass vialsn orderto prevent probable
cross-contamination from organic-rich samples in th8EA All extracted samples were
concentratedo ~ 1mL under a steady nitrogen streama Zymark Turbosp LV evaporator
then transferrednto 2 mL vials to evaporate overnighinside an empty fume hood. Dry total
lipid extracts (TLEs) were methylated by adding 100 @fLO.5 N methanolic-HCI (Sigma
Aldrich, 07607)to 2 mL vials which were then tightly capped and heated fandlBsat 60°C in
orderto convert glycerides and free fatty acids (tmte confused with irgr-crystalline free
lipids) into fatty acid methyl esters (FAMES). Derivatizsimples were cooled, 1@ of five-
times DCM-cleaned Milli-Q water was then addedjuench the reaction and permit extraction
from the aqueous phase with 4:1 (v/v) n-hexane-DCM (fop) organic phase was transferred
into 2mL GC vials with inserts folGC-MS. Samples were concentrated under a gentle nitrogen
stream and resuspended 100 puL n-hexaneto be analyzed, 50% (5QL) was takento be

fractionated by column chromatography.

2.4. Extractiorof carbonate-bound lipids (intra-crystalline)

ASE extraction residues from the concretion samplege vdacedin 500 mL beakers and
dissolved by the gradual additiosfi DCM-washed 2N hydrochloric acitb release intra-
crystalline lipids(O’Reilly et al., 2017). Once dissolution was complete, solutions witueed
with DCM-cleaned water and extracted five times with D@M 500mL separatory funnddy
liquid-liquid extraction.As above, the carbonate TLEs were methylated (16 hai§8 °C) and

split for column chromatography.
2.5. Copper desulfurization (elemental sulfur removal)

Elemental sulfur (only detected GreenlandTLE chromatogramsisa broad hump dominated

by m/z 64) was removed by incubating the TLEs withdf gctivated-copper shavings 4 mL
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247 glass vials for 2 hourat room temperature. Additional shavings were addlechost of the
248 copper darkened due reactng with sulfur. TLEs were then recovered by rinsing thesglaal
249 five times with DCM.

250

251 2.6. Raney nickel desulfurization (sulfur-bound lipid extraction)

252 Freshy extracted (i.e., additional subsamples from cormmnesiices) Greenland TLEs (not Cu-
253 treatedasabove) underwent Raney nickel (RN) desulfurizatmorderto liberate (potentially)
254  sulfur-bound lipids (Sinninghe Damstt al., 1988). TLEs, initially ASE extracteoh 9:1
255 DCM:MeOH, were gently dried and resuspended.00 pL distilled absolute ethanol (EtOH
256 >99.5%)to betransferred into 500 mL conical flasks, each couptesh Allihn condenser. Five
257 9-inch glass Pasteur pipette volumes (~10 oiLlRN were addedo eachconical flask and the
258 reaction was heatei 80 °C for 2 hours and continuously mixed via a magnetic stir bae
259 system was kept anaerobic with a constant nitrogennstirearderto prevent theRN reacting
260 with atmospheric @ Desulfurized TLEs were then extracted five times withMDQiquid-
261 liquid) being carefuto avoid theRN becoming dry before deactivation. Subsequently, tme no
262 polar fractionof the desulfurized TLEs were fractionated accordape method below.

263

264  2.7. Column chromatography

265 TLE splits (free, carbonate-bound, amiN-desulfurized) were fractionated using column
266 chromatographyn ~5 g of deactivated silica gel (2%t H,O). Three fractions were collected:
267 F1 (saturated hydrocarbons) eluted with 2 dead volumes @\f-hexane;F2 (FAMEs and
268 aromatics) eluted with BV of 1:1 (v/v) n-hexane:DCME3 (polar lipids) eluted with DV 4:1
269 (v/v) DCM:MeOH and 1DV MeOH. F3 samples were concentrated under a gentle nitrogen
270 streamto be derivatizedin 25 uL pyridine and 25uL N,O-Bis(trimethylsilyltrifluoro-acetamide
271 with trimethylchlorosilane (i.e., BSTFA+TMCS; Sigma Aldrjc15238) for 1 houat 70 °C
272 immediately priorto GC-MS analysis. Raney nickel desulfurized TLES were separatedwo
273 fractions:F1 RN (non-polar lipids) with DV 9:1 n-hexane:DCME2 RN (polar lipids) with 4
274 DV 4:1 DCM:MeOH. All fractions, excluding3 (to be derivatized by BSTFA/pyridine), were
275 concentrated and resuspende&0 uL n-hexando be analyzed bycGC-MS.

276

277 2.8. Gas chromatograplmyass spectrometry
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Aliquots of the methylated TLEs and subsequent fractions from cokeparations (F: F3, F1
RN) were analyzedn an Agilent 6890A gas chromatograph (GC) interfaced vathAgilent
5975C (MS). TheGC was equipped with a programable temperature vaporizer (f&f)
(Gerstel) heloat 300°C and a J&WDB-5MS fused silica capillary column (60 m x 0.28n x
0.25 um) programed with the following parameters: 6 injection and hold for 2 min, ramp
at 10 °C min * to 140 °C, followed directly by a ramgt 3.5 °C min* to 320 °C, and a final
isothermal holdat 320°C for 33.6min.

The MS source was sdb 230 °C, the quadrupole was $et150 °C, ad the MS was
operatedn electron impact (EI) modat 70eV with a scan range between m/zt6®80. Resué
were analyzed using Agilent MassHunter Qualitative B.08AID.reported compounds were
identified using a combinatioof Cg — C40 n-alkane standards (Sigma Aldrich, 4014)]-Oy.0 —
Cz40 FAME standards (Sigma Aldrich, 18919-1AMP), steroid standéedg, sterol, stanols),
mass spectral libraries (NIST17), interpretation of fragiagon patterns, retention times, and
comparisorto reference literature. Fatty acid identifications were ®rppnted using a modern
capelin tissue reference (Supplementary Figure 2) and amofish lipids (Sigurgisladottir and
Palmadottir, 1993). Branched-chain fatty acids (BCFA) wdemntified using fragment ions
formed by cleavages adjacettt branch-pointsas determined by Ran-Resslet al., 2012.
Sterol/stanol identifications were supplemented usiagnfrentation patterns compiled by Prost
etal., 2017.

2.9. Gas chromatography isotope-ratio mass spectrometry

Compound specific carbon isotope ratwoisn-alkanes (F1) and major fatty acids (F2) were
measuredon a Trace 1310 gas chromatograph coupieda MAT253 isotope ratio mass
spectrometer (GC-IRMS) (Thermo Fisher) via a combushimnace containing copper, nickel,
and platinum wires operated 850 °C. The GC was equipped with a PTV injectard a J&W
DB-1MS column (60 m x 0.2dm x 0.25 um). Measurements were perforrrettiplicate and
are reportedn delta notation8*°C in per mil, %o) against Vienna Pee Dee Belemnite. Carbon
isotope ratios were corrected for changeslinearity and reproducibility with an n-alkane
mixture standard (A5, Arndt Schimmelmann, Indiana Universitjgcted after every sample

replicate group. The standard deviation for the instrantersedn replicate standard injections,
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was below0.4%.. We report data from all concretion slices, albeit, forllxnesolved analytes

only.

2.10. Multivariate analysis

Principalcomponent analysis (PCA$ a multivariate statistical method for identifying eatts
within large data setsf correlated variables (Hotelling, 1933). PCA has been previassgto
identity classeof fossilized tissue (Fabbsgt al., 2020; McCoyet al., 2020; Wiemanret al.,
2020, 2018) and factors affecting soft-tissue preservatiohinvitoncretions (McCoyet al.,
2015b).We accordingly implement PC#o identify potential relationships between lipid source
and preserved soft-tissues. Fatty acids detantewdern capelin along with free and carbonate-
bound lipids across all slices (i.e., fossil layeatnx 1, matrix 2, rim) were define@svariables.
Only methylated and diagenetically unaltered fatty acidstifteohin F2 fractions from column
separations were selected for consistency. Theredgoedicarboxylic fatty acids and hydroxy
fatty acids (which have also been silylatedF3) were not included. The area under each
compound (peakin the total ion chromatografTIC), normalizedto total organic carbon (Q)
(see below), was determined using an automated integsatigot curated with retention times
on the Agilent Quantitative Analysis (fo6C-MS) B.08.00 software. PCA was executed
GraphPad Prism 9.1.1 software.

2.11. Bulk composition by loss on ignition

Bulk weight percent total organic carbon and carbonatéentsof all concretion slices (fossil,
matrix layers, and rim) were estimated by lassignition (LOI). 500 mg of each (crushed)
concretion slice was weighed on a small ceramic crucible and combustétside a
Barnstead/Thermolyne 30 400 furnaae550 °C for 4 hours. Once the samples cooled, the
crucibles werere-weighed, and the mass loss was infer@de the TOC. Samples wenme-
combustedat 950°C for 2 tours, and the subsequent mass loss was inféorkd predominantly

from calcium carbonate converterCaO.
2.12. Thin sections and targeted electron microprobe asalys

Concretion thin sections, perpendicutarthe fossil nucleus (as defingad section 2.2.), were

preparedon a Struers Accutom-100 for imaging and elemental anagisite MIT Electron
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Microprobe Facility. Thin sections were first photograplmda Zeiss AX10 followedby
targeted mineral identificatioon a JEOL-JXA-8200 Superprola¢a 2-micron aperture.

3. Results

3.1. Bulk composition

The total organic carboaf the Greenland and Canada fossil layers were indisthghbleat
5.9%. The carbonate contents were also similar, 57% Greeradd55% Canada (Table 1).

Results for all concretion slices (Greenland & Canadajaundin Table 1.

3.2. Thin sections and mineral identifications

Both Greenland and Canada thin sections reveal micriticredon matrices containing sparse
detrital inclusions (Supplementary Figure 3). The Greentamtretion displays irregular radial
laminations which alternate between light and dark bandseateo laminations were observed
in the Canada concretion (Supplementary Figure 3). The Carmauzietion contains detrital
guartz, dolomite, and epigenetic manganese dendrites dl8®ila2001) while the Greenland
concretion contains quartz, apatite, and sulfur-richrahmus organics (Supplementary Figure 3,
4).

3.3. Saturated hydrocarbons

n-Alkanes(Ci7 — Ca0) Were the predominant saturated hydrocarbons detectedGresmland
free lipids(GFL) and carbonate-bound (GCB) fractions along withdti free lipid¢CFL) and
carbonate-bound (CCB) fractions (Figure 3). GFL dispdegn odd-carbon number preference
for long-chain(Cyo — Cs7) n-alkanes with a maximum g9 at C,; (Figure 3a),GCB did not
display a carbon preference and hadax@t Cyo for long-chain n-alkanes (Figure )3a&CFL
displayed a Gyax at Cigfor short-chain n-alkang€,7 — Cy), odd-carbon preference ang.feat
C,7 for long-chain n-alkanes, ar€lCB did not display a carbon preference while havingnaC
at Cyo (Figure 3b). Calculated pristane/phytane/RR) ratios spanning all slices from the fossil
layer towards the outer rim were between 0.8.4in GFL and 0.6- 1in CFL samples (Figure
4a). Pristane and phytane could rim detectedin the carbonate-bound fractions. Carbon
preference index (CPI) (Bray and Evans, 1961) values ramgtecben 1.94- 3.6 for GFL, 1-
1.1 for GCB, 2.3- 35 for CFL, and 1.4- 1.5 forCCB (Figure 4b). Terrestrial-aquatic ratios for
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hydrocarbons (TAR:) (Meyers, 1997) ranged between Z80 for GFL, 100 for GCB, 0.1
0.2 for CFL, and 9.3- 18 for CCB (Figure 4¢. Total ion chromatograms are availalie
Supplementary Figure 5.

3.4. Fatty acids

Lipid extracts from modern capelin tissues (e.g., tailh internal organs, stomach only, etc.)
yielded the same major fatty acisthose presenh muscle (Supplementary Figure 2), albatt,
varying relativeabundances. Fatty acids from Greenland were abundardiasein structure.
Straight-chain(Ci4.0 — Cso.0), branched-chain (BCFAC140 — Ci7.9, monounsaturated (MUFA),
and polyunsaturated (PUFA) fatty acids were all detecte@FL (Figure 5a, Table 2) while
similar compounds, except for unsaturated fatty acids, aise detecteih GCB (Figure 5a,
Table 2). GFL long-chaifCz00 — Cso:0) fatty acids displayedn even-carbon preference with a
Cmax at Cy4.0 (Figure 5a) GCB displayed a similar carbon-preference with@x@t Cyo.0 (Figure
5a). Fatty acids from CFL exhikil a comparable diversityp GFL. G40 — Csoo Straight chain
fatty acids, long-chain fatty acid€,0.0 — Cso.0 With a Gnax at Cz4, BCFAS (Cis.0 — Ci7:0), and
MUFAs were all detected (Figure 5b, Table 2). Straight-chain satdr@igo, - Cis.oand Gs.o
BCFA were the only fatty acids detected CCB (Figure %, Table 2). Both GFL and CFL
contained compounds found modern capelin soft-tisSu€i40, Cis:0, Cis:ie0, Cis:0) Whereas
Cis:206: Cis:107, G100, @and Ga.109/11 Were only detecteth GFL (Table 2). G.i,7 was the single
major monoenoic fatty acid from modern capelin not c@etitin any concretion sample (Table
2). Terrestrial-aquatic ratios for fatty acids (TAR(Meyers, 1997) were between 0.D.3 for
GFL, 0- 04 for CFL, and were 0 for both GCB a®{B (Figure 4d). Notable similarities
between Greenland and Canada include: 1) homologous longeltigi acid distribution with
Cmax at C4, and 2) detectionf 3-MeGe.o, 8-MeGgo, 10-MeGe.0, 2-MeGg.0, 15-MeGeo, and
14-MeGgy (i.e., branched G.) BCFAsin GFL, GCB, and CFL.In addition,an abundancef
hydroxy fatty acids (OHFA) were detected Greenland polar fractions, GFL ar@CB,
including B-OHFA, o-OHFA, andw-OHFA. B-OHFA dominated between; £ and Gs.oin GFL,
while a-OHFA were more prominent between,@ and Go.o (Supplementary Figure 7)»-
OHFA were only detecteth Cy60 and G carbon lengthan GFL (Supplementary Figure 7).
Lastly, a,o-dicarboxylic fatty acids (DCFA) were detectedboth GCB and CCB (Table 2.

Total ion chromatograms are availabieSupplementary Figure 6.
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3.5. Multivariate analysief fatty acids

Principal component analysis (PCA) performed using fatiysasvariables (excluding hydroxy
and dicarboxylic acids) detected PT axes, with the first three explaining more than 1&%%6
variation and 98%of the total variability (Figure 6, Supplementary Figure 7). Rfjjfots for
the first threeaxes simultaneously represent samples and how stroagly variable influences
the principal component (Figure 6). Samples are desigragatbove (i.e., GFL, GCB, CFL,
CCB), however, all concretion slices have been incldde@nalysis. The nomenclature ussd
the following: M1 — modern capelin tissudefmale), M2 — modern capelin tissue (male —
fossil layer, 1- matrix 1, 2— matrix 2, 3— rim. For example, GFLO Greenland fossibyer free
lipids and CCB2- Canada matrix 2 carbonate-bound lipids. Variainc®C1lis explainedby
branched G., (13MeG4.0, 12MeGg4.), branched G. (3-MeCig.0, 8-MeGg:0, 10-MeGg:o, 2-
MeCieo 15-MeGeo and 14-MeGs,), and Go.o — Csoo Straight chain fatty acids (Figure 6a,
Supplementary Figure 7). Variande PC2is explained by unsaturated fatty acids found
modern capelin tissue (£, Cis:o Cis:109, Cis:109, Cisi1o7: Co0:109, Coo:107, Cr2:107) (Figure 6a,
Supplementary Figure 7). VarianoePC3is explained by branched:& (2MeG4.0), branched
Ci6:0 (14MeGs.), and unsaturated fatty acidsi{Gs, Cis:109, Cis:105) (Figure 6b, Supplementary
Figure 7).

3.6. Polar lipids

Following hydrolysis, the lipid extracts from modermehn tissue samples yielded identical
profiles, inthis case, cholesterol was the only compound detected (Sugmiary Figure B
GFL was primarily composedf C;, — Cs, fatty alcohols (n-alkanols) with anfx at Cy, Co1 —
Cos alkan-2-ols, and phytol (Table 2, Supplementary Figure 7)oiM&prols detecteoh GFL
were cholesterol ang-sitosterol along with minor stigmasterol and cangredt Stanols
detected in GFL were coprostanol, epicoprostanol, cholestas@kstigmastanol, epif-
stigmastanol, and osstigmastanol (Table 2, Supplementary Figure 7). Moreo@egy — Cs»
hopanoids and triterpenoids (i.3;amyrin and a-amyrin) were also detected (Table 2,
Supplementary Figure 9)In general, compoundsn GCB mirrored GFL except for

epicoprostanol, campesterol, angh € C31hopanoids (Table 2). & Css, and Ggn-alkanols and
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cholesterol were identifieth trace amountsn CFL, no polar lipids were identifiecth CCB
(Table 2).

3.7. Raney nickel

RN desulfurized non-polar lipids are dominatadiong-chain(C,1 — Cag) n-alkanes with
a Gnax at Gy and a serief methyl-branched alkanes (Supplementary Figure 10). Aryl
isoprenoids and carotenoids diagnosbé sulfur-oxidizing bacteria were not detected

(Supplementary Figure 10

3.8.6"C measurements

No corrections were made for the single carbon added biiytagon of the fatty acidsas
experiments with internal standards did not reveal asomable impact. Saturated hydrocarbon
isotope values from GFLGCB, and CFL varied from -2% -32%0 without defined structure
(Figure 7). Measurements from all samples appeagsemble each other across carbon length,
site (Greenland vs. Canada), and source (free vs. cagbbooand) (Figure 7). Short-chai@140

— Ci3.9 and monoenoic fatty acid carbon isotope values from,GHCB, and CFL varied
between -240 -30%o, in contrast, long-chaifCi9.0— Cso.0) fatty acid measurements for GFL and
GCB varied between -2& -32%. (Figure 8).

4. Discussion

4.1. Results overview

Two concretions from glacial environments (marine vschish-to-freshwater), comparable age,
and similar organic carbon sources (capelin) have produggdyhcontrasting fossil end-
members (soft-tissue present me.soft-tissue) (Figure 1). Due their relatively young age and
shallow burial depths, thermal diagenesis is infen@chave been negligible. Thus, these
concretions servas approximate fossilization experiments found under natuoaditions.
Lipids extracted from the concretion free fractimer-crystalline) appeato be derived from
more diverse (and possibly geologically recent) organiccssufe.g., vascular plants, algae,
sulfate-reducing bacteria) (Table 2) (Acknetral., 1968; Bianchi and Canuel, 2011; Drengek
al,, 2007;O’Reilly et al., 2017; Rielleyet al., 1991; Volkmanet al., 1980).In contrast,

carbonate-bound lipids (intra-crystalline) have a reddyi lower diversity and exhibit more
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diagenetically altered byproducts (e.g., dicarboxylic acstisnols, losof carbon preference)
which may coincide with carbonate precipitation/conoregrowth (Table 2) (Bray and Evans,
1961; Volkman, 2016). Results from all concretion slices gperntedin Supplementary Figures
11-15.

4.2. Greenland lipid sources & paleoenvironmental conditions

Vascular plant lipids: GFL long-cha{z — Cs7) n-alkanes containingnodd-carbon preference
and Gnaxat Cyyrepresent a predominant input from land plant leaf wakegife 3a) (Eglinton
and Hamilton, 1967). Long-chaii€.0.0 — Cs0.0) even-carbon preference fatty acids (Figure 5a)
and triterpenoid alcohols (i.e., amyrim) both GFL and GCB (Table 2) further suggest input
from vascular plants (Bianchi and Canuel, 20Rkzanka, 1989; Rielleyet al., 1991).
Accordingly, 5'3C values between -28 -32%, for n-alkane{C,o — Cs7) (Figure 7) and -28 -
32%o for fatty acids(Cio0 — Cso.0 (Figure 8) typical forC3 plants appeato confirm this
interpretation (Drenzekt al., 2007; Volkman, 2006). Interestingly, the ladkcarbon preference
in GCB n-alkanes (Figure 3a) andn& at Cyg may indicate contribution from a catchment-
derived mature hydrocarbon (Bray and Evans, 1961). CPIs/@iigure 4b) further demonstrate
contrasting terrestrial sources have been incorporatedhe free lipid (GFL > 1) and carbonate
fractions (GCB = 1) (Bray and Evans, 1961). High TARatiosat Greenland indicate greater
terrestrial (i.e., vascular plants) hydrocarbon dbuation versus aquatic (i.e., algal & bacterial)
(Figure 4c).

Algal lipids: Gg — Cy9 phytosterols (campesterol, stigmasterol, and sitolytdsranched
Ci60 (14MeGsg), monounsaturated fatty acids 14Gs, Cis:09, Cieiws, Ciz:we), and fatty
alcohols (n-alkanols) suggest contribution and enhancedapyiproductivity by microalgae
(Ackman et al., 1968; Volkman, 2006; Volkmaet al., 1998, 1980). TAR ratios indicate
greater aquatic contributioind fatty acids (Figure 4d) (Meyers, 1997).

Bacterial lipids: Short-chain fatty acid€,4.0 — Ci0.0) detectedin both GFL and GCB
(along with the presencef elemental sulfurin chromatograms m/z 64) suggest a close
association with sulfate-reducing bacteria (SRB).nBh@d Gr.fatty acids (Table 2), namely,
10-MeGg.0 are particularly diagnostic for Deltaproteobacteria (Dogvet al., 1986; Taylor and
Parkes, 1983) and have been identifiadculturesof Desulfobacter andn areas harboring
persistent SRB communities (Elvettal., 2003; Hinrich€t al., 2000).
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Paleoenvironment: Altogether, lipid biomarker results are corbfgata contemporary
eutrophic fjords (e.g., Smittenbeegal., 2004). Bottom watelest Kangerlussaq were most likely
reducing (Figure 4aPr/Ph 0.3- 0.4) and sulfidic maintained by enhanced biological seHfat
reductionin responsdo glacier-induced mass wasting (and organic matter inpug.|ddk of
detectable aromatic carotenoids, howevegesthot indicate sulfidic conditions the photic zone
(Supplementary Figure 10) (Melendet al., 2013b). PCA results indicate varianoe GFL
samples (e.g., fossil lay#o rim) is best explained by a mixtud algal lipids and capelin soft-
tissue (Figure 6b

4.3. Canada lipid sources & paleoenvironmental conditions
Vascular plant lipids: Like Greenland, CFL long-ché@i, — Cs7) n-alkanes containingn odd-
carbon preference andn&at Cyrlikely represent input from land plants (Figure 3b) (Eglinton
and Hamilton, 1967)CCB trace hydrocarbons (like GCB) witdin apparent laclkof carbon
preference and faxat Cyg indicates a mature hydrocarbon input from the surrounchibchment
(Figure 3b) (Figure 3a) (Bray and Evans, 1961). CPI value€kar andCCB mirror thoseof
GFL and GCB suggesting terrestrial sources with contigastiaturities have been incorporated
into free and carbonate-bound fractions. Homologoug-tdrain (Cy.0 - Cso.9 €ven-carbon-
number preference fatty acids with&at Cos:0(Figure 5band 8*°C values consistent witG3
plants support input from terrestrial vascular plantgufe 8) (Bianchi and Canuel, 2011;
Rezanka, 1989; Rielleyet al., 1991). Still, we note that others have attributed ttity f&cid
patternto a microbial sourceRezanka 1990; Summonest al., 2013).

Algal lipids: TARyc and TAR:a ratios (< 1) both indicate greater aquatic contributions
(algal & bacterial) over terrestrial (Meyers, 1997). Hogre CFL short-chain n-alkan€€:; —
Ca0) exhibit an unusual Gaxat Cig possibly attributabléo sulfate-reducing bacteria (discussed
below). G+ to Cy 8'°C values between -2® -32%. could represent a likely mixed bacterial-
algal source (McKirdyet al., 2010; Volkman, 2006). Phytosterols and unsaturated dattis
diagnosticof aquatic inputs are abseantbothCFL andCCB (Table 2). Only G4, Cos, and Ggn-
alkanols were identifieth CFL (Table 2) (Volkmaret al., 1998).

Bacterial lipids: CFL hydrocarbons displag unusual Gaxat Cis which hare previously
been attributedo bacterial originsin marine sediments (Alouloet al., 2010; Grimalt and
Albaigés, 1987; Nishimura and Baker, 1986). Work by Davis, 1968 deratetsthat culturesf
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the sulfate-reducing bacterium Desulfivibrio desulfuricans produce@aable n-alkane profiles
howeverunusual n-alkane distributions have also been detecteddtber marine bacteria and
algae (Han and Calvin, 1969). In this instance, the coocagrodibranched &.o BCFAIn CHL
and CCB suggest a likely association with sulfate-redusaugeria likein Greenland (Figure 5,
Table 2) (e.g., Dowlingt al., 1986; Taylor and Parkes, 1983).

PaleoenvironmentGiven the deartlof lipid biomarker informationwe are unableto
clearly establish environmental conditioas time of concretion formation. Pristane/phytane
values indicate possibly reducing bottom waters (ano¥@u(e 4a) which are requiret
prevent scavenging and permit the preservatiolully articulated fish remains (Allison, 1988a;
McAllister et al., 1981). Hydrogeological studies of clays, minerals, po@waters emplaced
during the Champlain Sea suggest widespread occur@nsalfate-reductioras pyrite and
HCOs concentrationsin saturation have been recorded (Desaulniers and ChEe80b).
However, SRB activity would have most likely been attenudtgdow SQ;% concentrations
which are predictedo have approached zero dte dilution from seasonal glacial discharge
(Cronin et al., 2008). Lipid biomarker results appear more consisiattt low productivity
(pelagic) waters or perhaps generally reflect the decrepseskrvation potentiaht Greens
Creek. PCA results indicate varian@® CFL samplesis best explained by bacterial and

environmental lipids (Figure 6).

4.4. Hypotheses for mechanisms resultmgoft-tissue preservation

The diverse assemblagé lipids identifiedin this study, morphological features, and the
detectionof nearly all lipids foundn the reference capelin (except fofs(7) demonstrate that
the Greenland concretiois an exampleof exceptional soft-tissue preservation (Figure 1,)5, 6
This contrasts with the Canada concretion whishmostly devoidof soft tissue ands
overrepresented by environmental and bacterial sigfadgire 1, 5, 6).At Kangerlussuaq,
Greenland, sulfate-reducing bacteria (SRB) app®dre the principal mediatorsf concretion
formation under a eutrophic regime induced by glacial massinga Aquatic and terrestrial
lipids are characterized by long-chain n-alkanes, mosetunated fatty acids, polyunsaturated
fatty acids, long-chain fatty acids, hydroxy fatty acidslkanols, phytosterols, and triterpenoids
(Table 2). At Greens Creek, although SRB lipids have beentifgkd, it remains unclear

whether additional microbial communities were involved concretion formation and how
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productive waters may have been. Using the presented wiatpropose preservation biases
within concretions &n be determined by evaluating two alternate hypotheses whichhwéae
importanceof specific bacterial communities (i.e., sulfate-redudagteria) versus depositional
parametersn exceptional preservation:

I: Enhanced preservation occurs diwe SRB activity resultingin euxinic conditions
which resultin H,S-lipid interactions that impart labile compounds resistéo decay (Adanet
al., 2000; Hebting, 2006; Melendetal., 2013b, 2013a).

[I: Enhanced preservation occurs dte depositional parameters (g.gprimary
productivity, organic matter input, sediment porosity, diffasiporewater velocity, and solute
concentrations) which determine favorable alkalinity gnatdi@nd mediate the rabé carbonate
precipitation (Berneret al., 1970; Berner, 1968a, 1968b). That is, exceptional sefietis
preservation within concretions may fundamentally regmesa race between carbonate

precipitation and decay (Sagemagtmal., 1999).

4.5. Controls on capelin soft-tissue preservation at Greenland and Canada

Taphonomic experiments have suggested that microbial comesumtolvedin decay
may paradoxicallype responsible for increased preservation (e.g., Allison, 19B8dgs, 2003;
Briggs and Kear, 1993; Briggs and McMahon, 2016; Bted., 2015; Galet al., 2020; Iniesto
et al., 2013; Sagemanet al., 1999). Early microbial colonization and product@mmnbiofilms
may enhance the preservatiof morphological features while decay can stimulate mineral
replacement (e.g., pyritization, phosphatization) andier éncapsulationf soft-tissues (e.g.,
concretion formation). Furthermore $trich (euxinic) environments sustained by SRBs have
been showmo mediate the preservation of organic compounds via madeouniar incorporation
and reduction (Adarat al., 2000; Hebting, 2006; Melendetal., 2013b).

Biomarker results indicate SRB may have been regplentir concretionst Greenland
and Canadasbranched-chain fatty acids (brG) (Figure 5) andainunusual n-alkane fax (Cis)
(Figure 3b) were detected. However, two key differenetwden locations are the detectmih
endogenous capelin tissue and significant algal limidSreenland (Figure 6, Table 2). Tlis
important because biomarker results from Greenland illese&rdtighly productive water column
fed by glacier-induced mass wasting resultimgnassive organic matter input into fjord bottom

waters.In particular, bacterial sulfate-reduction has been shtowwe directly proportionako
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organic matter input not sutiaavailability (Edenbormt al., 1987; Jgrgenseat al., 1982). A key
implication is that bottom watersat Kangerlussuaq fjord likely sustained a considerable
bicarbonate (HC®) reservoir from enhanced SRB activity (Berner, 1968benThs capelin
mortality events occurred due spawning, depositional conditions were conducive toward rapid
carbonate encapsulation (Berner, 1968a)contrast, biomarker results from Canada appear
more consistent with relatively unproductive waters andigegple organic matter input from
the environment. Therefore, capelin decay may have direotitributed toward concretionary
growthin lieu of anenvironmental bicarbonate reservoir (Berner, 1968a).

Although biomarker results indicate the preseo&RB at both sites, we are unabie
ascribe preservation differences observed betwees teitélypothesid. First, the presencef
SRB showso relationshipto capelin soft-tissue preservation (Figure 6). CFL sasngie most
influenced by bacterial and environmental lipidsPC1 (Figure 6a), GFL samples are most
influenced by algal lipidén PC2 (Figure 6a), and GFL samples are influenced by a miafur
algal lipids and capelin soft-tissue PC3 (Figure 6b). Second, reduction and sulfurizatibn
lipids do not appeato be key abiotic processes contributirig increased preservatioat
Greenland duéo readily extractable and labile lipidts both free and carbonate-bound fractions
(e.g., MUFAs, PUFAs, sterols, etc.)n particular, because sulfate reductiam marine
environmentss regulated by organic matter input, SRB actiatyKangerlussuag may have been
key toward sustaining particular porewater chemistries rathem #vabling indirect abiotic
preservation mechanisms. Hypothesis therefore represents a viable proposition which
emphasizes the depositional context (i.e., primary pitodhyc organic matter input, etc.) on the
rateof concretion formationln supportof this, taphonomic experiments and statistical analysis
of environmental parameters (i.e., host lithology, minemhposition, water chemistry, etc.)
have emphasized the rolef authigenic precipitatioron exceptional preservation (Allison,
1988b; Briggs, 2003; McCost al., 2015b, 2015a; Sagemaemnal., 1999). As microbial decay
induces carbonate precipitation within shallow sedimentsnenting pore spaces impede
electron acceptor flow (e.gSQ?) into the decay foci resultingn attenuated microbial
respiration (McCoyet al., 2015a, 2015b). Thus,is importantto understand how environmental
parameters suchs organic matter delivery, primary productivity, microbial reapon rates,
sedimentation rate, and lithology could conceivabledcffthe post-depositional setting and

influence concretion formation.
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4.6. Concretion formation at Greenland and Canada

Studies on concretion formation have generally noted thiatporewaters are adequately
supersaturated (i.eSl > 0.8, Kempe and Kazmierczak, 1994), unremarkable bodieaat@as
simple nucleators (e.g., detritus, shells) for carbonaeigitation (Coleman and Raiswell, 1995;
Pyeet al., 1990; Raiswell, 1976). Conversely, other environments, decaying organism may
become the primary sourcef alkalinity driving precipitation (Coleman, 1993; Colemand
Raiswell, 1995; Raiswell, 1976). Early work by Berner, 1968a hypadesithat in
supersaturated porewaters (i.e., 10 ppm GxQ@e rateof concretion growth mape modeled
as a functionof porewater velocity. That is, carbonate precipitatiatesin stagnant post-
depositional settings are diffusion limited and slow, madale, precipitation ratesn non-
diffusion limited sediments are much faster. Work byddésiers and Cherry, 1989 has shown
that sedimentsn the Ottawa Valley immediately adjacetat Greens Creek are composefl
marine clays with measured porewater velocities (Remeters/yearpnpar with (modeled)
stagnant, diffusion-limited, concretion formation (Bsmn1968a).0On the other hand, while
velocities are not available from Kangerlussuaq, measmesof analogous glacial deposits
from Norwegian fjords estimaten excessof 100 meters/year (Soldat al., 1994; Soldal and
Rye, 1995). Thee observations suggest organic matter input, decay ratgégaat-depositional
properties are parameters which greatly influence theofatencretion formation.

Modekd precipitations rates outlineth Berner, 1968a predict the Kangerlussuaq
concretion (concretion radius = 1cdin, porewater velocity = 100 m/yr) could have formed
within ~400 years and Greens Creek (concretion radius sm.g¢orewater velocity = 2 m/yr)
within ~1000 years. Accordingly, preliminary radiocarbonamgements across concretion
transects reflect concentric growth patterns, todty, which occurred within 450-years for
Greenland and 1100-years for Canada (Mojatral., 2021). However, further investigatiom
requiredto confirm age trends and exclude possible mixing sigmfatdd and young carbon that
might introduce artefacts. Still, key implications ahatt 1) low-permeability clayat Greens
Creek may have impeded porewater circulation leadingecreased precipitation rates and
persistent decay by SRB (and subsequently by other micast®@,> became scarce) resulting
in the complete remineralizationf capelin tissues; 2) high-permeability sandy sediments

supplemented by likely supersaturated carbonate porewatersd{easted by organic matter
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input) at Kangerlussuaq facilitated rapid concretion formatiGiven lipid analysis, modeling
work, and known depositional parameterge conclude preservation differences observed
between Canada and Greenland represent varyingofatesicretion formation (i.e., Hypothesis

).

5. Conclusions

Fish are commonly founth concretions, but the very recent occurrentehe same
taxon (capelin)in different depositional environments has dftra unique opportunityto
explore process resultingin soft-tissue preservation. Hevee have presented a comparative
biomarker analysi®f Holocene-age concretions from two environments that Ipaeduced
highly contrasting fossils. 1) Kangerlussuaq, Greenland: anenamvironment with recently
exposed sediments due isostatic rebound, and 2) Greens Creek, Ottawa, Canadae@ pal
brackishto-freshwater marine episode that resulted from theatdf the Laurentide ice sheet.
Given lipid biomarker evidencewe have determined that eutrophic conditions mediat
enhanced ratesf sedimentary sulfate-reduction resultingporewater carbonate supersaturation
at Kangerlussuaq. Porous sandy sediments then pedmeétpid porewater velocities (e.g., non-
diffusion-limited) resultingin a subsequent increase of carbonate precipitatioa eatmunting
for soft-tissue preservation. We propose that exceptigneservation within concretions
possibly occurs via the following steps aim,ts simplest iteration, represents a race between
precipitation and decay: 1) organic matter input feederbgbphic microbial communities
sustaining large carbonate reservoirs, 2) high porewatecities replenish ions (e.g., HGO
Fef*, C&*, etc.) spentt sitesof active precipitation, and 3) decay decreases (and aiélgn
ceases)in responseo a cementing pore spaces. It remains unknown whether G@eaek
concretions were the sole byprodusts$SRB or a microbial consortiunf sulfate-reducers, iron-
reducers, or methanogens (for instance) because of predégsdnal limitatiomf SO If so,
microbes using lower-efficiency redoxouples dd not necessarily yieldan increased
preservation potentiat Greens Creek. Lastly, while the ra&H,S was not explicitly involved
with enhanced biomarker preservatiaat Kangerlussuaq, Raney nickel desulfurization
experiments confirmed the preserafea recalcitrat sulfurized macromolecular fraction which

have been observed persist over geological timescales.
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Figure 1: Capelin concretions analyzed this study. The Greenland concretion was collected
south-wesbf the Kangerlussuaq airport (67°00'06.8"N 50°46'19.8"W).blawaetz while the
Canadian concretion was collected from Greens Creek,w@ttdntario (45°27'56.6"N
75°34'34.7"W) by the Geological Survey Canada (GSC loc. 60327). (a) The Kangerlussuaq
concretion does not include a head but otherwise disglaysptional soft-tissue preservation
(e.g., organic filmn stomach area, skin impressions, color banding), PDttawa concretiois

fully articulated but lacks tissue impressions and stbneantents illustrating a greater degoée

decay (each bas 1 cm).

(a) Kangerlussuaq, Greenland (b) Greens Creek, Ottawa, Canada

Figure 2: Sampling strategyApproximately 10mm of eachconcretion’s exposed outer surface
was removed via abrasion2 mm thick slices oriented paralléd the fossil nucleus were then

taken yielding 4 layers foeachspecimen (3D exaggeration riot scale). Results shown and
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Figure 3: Saturated hydrocarbons (Fl(g) Greenland free lipids displagn odd-carbon
preference for long-chaifC, — Cs7) n-alkanes with a G at C,7 while (b) carbonate-bound
lipids do not display a carbon preference with @x@t Cyq (c) Canada free lipids displagn
unusual Gax at Cigwhile (d) carbonate-bound lipids (right y-axis) could ohe/detected via
extracted ion chromatogram (EIG) m/z 57 and do not display a carbon preference witha C
at Cyo.
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a. Greenland hydrocarbons
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Figure 4: Biomarker ratios. (a) Pristane/phytane ratios indicateasguesl reducing conditiona

Greenland and possibly reducitgoxidizing at Canada. (b) Carbon preference index (CPI)
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generally demonstrate contrasting hydrocarbon maturities hegn incorporated into the free
lipid and carbonate fractions. (c) Terrigenous/aquatiosdiAR+c) for n-alkanes demonstrate a
higher terrestrial contributionn GFL, GCB, and CCB while CFL shows higher aquatic
contributions. (d) Terrigenous/aquatic ratios (TFARfor fatty acids show a greater aquatic

contribution for all samples.
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Figure 5: Fatty acids (F2). Frée extractable fatty acids from Greenland and Canada were
abundant and diverse structure(a) Greenland free lipids displaneven-carbon preference for
long-chain(Czo.0 — Cso:0) fatty acids with a Gax at Cp4.0 While carbonate-bound lipids (right y-
axis) also displayneven-carbon preference but with g.cat Cyo.0 Ci6:.0andCis.0exceeded the

y-axis window selected here and are therefore showme small box(b) Canada free lipids
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displayan even-carbon preference for long-ché@o.0 — Cso.g) fatty acids with a Gax at Caa0
Carbonate-bond lipids (right y-axis) could oril¢ detected via extracted ion chromatogram
(EIC) of m/z 74 and reveal mostly non-specific short-chain fatigs(Ci4.0— Cis:o).
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Figure 6: Principal component analysis. Fatty acids found across all sapida modern
capelin were designateak variables and their values are represented by thgratezl area
(response/TOC (g)n the F2 total ion chromatogram (TIC). (a) P@% PC2. (b) PClvs PC3.
Blue circles dano indicate statistical significance; however, theywsedto identify compounds
which are too tightly groupetb discretely label. (a) CFL samples are most influeniogd
bacterial and environmental lipids PC1, (b) GFL samples are most influenced by algal lijpds
PC2, (c) GFL samples are influenced by a mixuiralgal lipids and capelin soft-tissire PC3,

and CFLO groups with carbonate fractions.
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Figure 7: Saturated hydrocarbon fractio®C data (F1). Isotope measurements from both

Kangerlussuaq and Ottawa varied from %230 -32 %o without defined structure.

Canada free n 8, Greenland free n &, Greenland carbonate-bound 6=

=25 -
. s
= 2 §
F()_)-30-A ‘E %= Iﬁ Iﬁ Py x x & - ] ®
E : _ " e 18y xo o

ST T T T T T T T T T T T T T T T T T

Ci7 Cig Cqg9 Cz €z Cp Cp3 Cpy Cys Cp Cyp Cp Cpe C3p C3y Cyy C33 Cyy Cy5 Cyp Cyp
n-Alkanes
4 Canada free (CFL) ® Greenland free (GFL) Greenland carbonate-bound (GCB)

Figure 8: Major fatty acid 5*°C data. Short-chaifCi4o — Cigo) isotope measurements varied
from -24%. to -30. Long-chainCigo — Csz00) measurements spanned a narrower rangéo-28
32%o.

Modern n =3, Canada free n=6Canada carbonate-bound=Greenland free n &, Greenland carbonateund n = 6.
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Table 1: Environment summary, ages, and composition across all samples.

Greenland Canada
Summary
Environment marine brackish-fresh*
Estimated age (yrs) 6,000 - 7,000° 10,000 - 11,000°

Composition

.* . . . . . . .
fossil  matrix1 matrix2 rim fossil matrix1* matrix2  rim
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TOC (%) 5.50 5.15 5.30 510 5.51 5.62 5.54 5.64
Carbonate (%) 57 58 56 57 55 55 56 55

'Desaulniers and Cherry, 1989, “Brink, 1975, *Gadd, 1980
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Table 2: Compound identification, abbreviations, and sample detection.

Compound Abbreviation(s)

n-Alkyl compounds

n-alkanes Ci6 ... C3
branched-chain alkanes brC17 ... brCyg
n-alkanols Ci21 ... C321
alkan-2-ols Cy12 ... Cy500
methyl n-ketones Cig ... C33
Fatty Acids

Straight-chain saturated fatty acids (< 20 carbons) C14:0 ... C1990
Long-straight-chain saturated fatty acids C>0.0 ... C30:0
12-methyl tridecanoic acid (Cy4.0 is0) 12MeCi3.0
tetradec-9-enoic acid Cia:1us
2-methyl tetradecanoic acid 2MeCia.0
13-methyl tetradecanoic acid (Cys.0 iso) 13MeC14.0
12-methyl tetradecanoic acid (C;s.0 anteiso) 12MeC14.0
pentadec-6-enoic acid Cis:1w9
hexadec-11-enoic acid Ci6:1ws
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Modern

Greenland
free  carbonate

+ +
+ ;
+ +
+ +
+ +
+ +
+ +
+ i
+ +
+ +
+ +
+ i
+ _

free

Canada

carbonate



14-methyl pentadecanoic acid (Cy¢.0 is0)
hexadec-9-enoic acid

hexadec-7-enoic acid

3-methyl hexadecanoic acid

8-methyl hexadecanoic acid

10-methyl hexadecanoic acid

2-methyl hexadecanoic acid

15-methyl hexadecanoic acid (Cy7. is0)
14-methyl hexadecanoic acid (Cy7.9 anteiso)
heptadec-10-enoic acid
octadeca-9,12-dienoic acid
octadec-9-enoic acid

octadec-11-enoic acid

icos-11-enoic acid

docos-11-enoic acid

docos-13-enoic acid

a-hydroxy fatty acids

B-hydroxy fatty acids

Cis.0 methyl-branched B-hydroxy fatty acids
w-hydroxy fatty acids

dicarboxylic fatty acids

14MeC15;0
C16:1(..)7
C16:1(»9
3MeC16;o
8MeC16;o
10MeC16;o
ZMecle;o
15l\/IeC16;o
14MeC16;0
C17:109
Cis:206
Cis:109
Cis:107
C20:1w9
Ca2:1011
Ca2:109
O(sz;o 0(C30;o
BCi4:0... BCis:0
aBCis.0, iBC1s:0
wCi1e:0, wC22:0,

a,w-fa
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Steroids

5B-cholestan-33-ol (coprostanol) Cor7PP
5B-cholestan-3a-ol (epicoprostanol) (O R
cholest-5-en-3B-ol (cholesterol) Cor N’
5a-cholestan-3B-ol (cholestanol) Co %
24-methyl-cholest-5-en-3B-ol (campesterol) Cas A2
24B-ethyl-5B-cholestan-3B-ol (5B-stigmastanol) oo PoP3P

24B-ethyl-5B-cholestan-3a-ol (epi-5p-stigmastanol) CpotPoR3e

24-ethyl-cholest-5,22-dien-3B-ol (stigmasterol) CagA>??
24-ethyl-cholest-5-en-3B-ol (B-sitosterol) Cao N’

24a-ethyl-5a-cholestan-3B-ol (5a-stigmastanol) Cpo2 4P 5038

Hopanoids

17B,21B(H)-hopan-30-ol BBC30
17B,21B(H)-hopan-31-ol BBC31
178,21B(H)-bishomohopan-32-ol BRC32
Terpenoids

3a-hydroxy-5B-cholanic acid (lithocholic acid) LCA
B-amyrin B-am
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a-amyrin a-am

11-oxo-a-amyrin OX0-0-am
Miscellaneous

norpristane npr
pristane pr
phytane ph
phytol phy
pyrene py
retene re

This article is protected by copyright. All rights reserved



Table 1: Environment summary, ages, and composition across all samples.

Environment

Estimated age (yrs)

TOC (%)

Carbonate (%)

Greenland Canada
Summary
marine brackish-fresh®
6,000 - 7,000° 10,000 - 11,0003
Composition

fossil* matrix 1 matrix 2 rim fossil matrix1*  matrix 2
5.50 5.15 5.30 5.10 5.51 5.62 5.54
57 58 56 57 55 55 56

"Desaulniers and Cherry, 1989, 2Brink, 1975, >*Gadd, 1980
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Table 2: Compound identification, abbreviations, and sample detection.

Compound Abbreviation(s)

n-Alkyl compounds

n-alkanes Ci6 ... C3
branched-chain alkanes brC17 ... brCyg
n-alkanols Ci21 ... C321
alkan-2-ols Cy12 ... Cy500
methyl n-ketones Cig ... C33
Fatty Acids

Straight-chain saturated fatty acids (< 20 carbons) C14:0 ... C1990
Long-straight-chain saturated fatty acids C>0.0 ... C30:0
12-methyl tridecanoic acid (Cy4.0 is0) 12MeCi3.0
tetradec-9-enoic acid Cia:1us
2-methyl tetradecanoic acid 2MeCia.0
13-methyl tetradecanoic acid (Cys.0 iso) 13MeC14.0
12-methyl tetradecanoic acid (C;s.0 anteiso) 12MeC14.0
pentadec-6-enoic acid Cis:1w9
hexadec-11-enoic acid Ci6:1ws
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14-methyl pentadecanoic acid (Cy¢.0 is0)
hexadec-9-enoic acid

hexadec-7-enoic acid

3-methyl hexadecanoic acid

8-methyl hexadecanoic acid

10-methyl hexadecanoic acid

2-methyl hexadecanoic acid

15-methyl hexadecanoic acid (Cy7. is0)
14-methyl hexadecanoic acid (Cy7.9 anteiso)
heptadec-10-enoic acid
octadeca-9,12-dienoic acid
octadec-9-enoic acid

octadec-11-enoic acid

icos-11-enoic acid

docos-11-enoic acid

docos-13-enoic acid

a-hydroxy fatty acids

B-hydroxy fatty acids

Cis.0 methyl-branched B-hydroxy fatty acids
w-hydroxy fatty acids

dicarboxylic fatty acids

14MeC15;0
C16:1(..)7
C16:1(»9
3MeC16;o
8MeC16;o
10MeC16;o
ZMecle;o
15l\/IeC16;o
14MeC16;0
C17:109
Cis:206
Cis:109
Cis:107
C20:1w9
Ca2:1011
Ca2:109
O(sz;o 0(C30;o
BCi4:0... BCis:0
aBCis.0, iBC1s:0
wCi1e:0, wC22:0,

a,w-fa
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Steroids

5B-cholestan-33-ol (coprostanol) Cor7PP
5B-cholestan-3a-ol (epicoprostanol) (O R
cholest-5-en-3B-ol (cholesterol) Cor N’
5a-cholestan-3B-ol (cholestanol) Co %
24-methyl-cholest-5-en-3B-ol (campesterol) Cas A2
24B-ethyl-5B-cholestan-3B-ol (5B-stigmastanol) oo PoP3P

24B-ethyl-5B-cholestan-3a-ol (epi-5p-stigmastanol) CpotPoR3e

24-ethyl-cholest-5,22-dien-3B-ol (stigmasterol) CagA>??
24-ethyl-cholest-5-en-3B-ol (B-sitosterol) Cao N’

24a-ethyl-5a-cholestan-3B-ol (5a-stigmastanol) Cpo2 4P 5038

Hopanoids

17B,21B(H)-hopan-30-ol BBC30
17B,21B(H)-hopan-31-ol BBC31
178,21B(H)-bishomohopan-32-ol BRC32
Terpenoids

3a-hydroxy-5B-cholanic acid (lithocholic acid) LCA
B-amyrin B-am
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a-amyrin a-am

11-oxo-a-amyrin OX0-0-am
Miscellaneous

norpristane npr
pristane pr
phytane ph
phytol phy
pyrene py
retene re
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(a) Kangerlussuaq. Greenland (b} Greens Creek, Cttawa, Canada
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