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Abstract The ultimate demise of the Laurentide Ice Sheet (LIS) and the preceding and succeeding
oceanographic changes along the western Labrador Sea offer insights critically important to improve climate
predictions of expected future climate warming and further melting of the Greenland ice cap. However, while
the final disappearance of the LIS during the Holocene is rather well constrained, the response of sea ice during
the resulting meltwater events is not fully understood. Here, we present reconstructions of paleoceanographic
changes over the past 9.3 Kyr BP on the northwestern Labrador Shelf, with a special focus on the interaction
between the final meltwater event around 8.2 Kyr BP and sea ice and phytoplankton productivity (e.g., IP,s,
HBI III (Z), brassicasterol, dinosterol, biogenic opal, total organic carbon). Our records indicate low sea-ice
cover and high phytoplankton productivity on the Labrador Shelf prior to 8.9 Kyr BP, sea-ice formation

was favored by decreased surface salinities due to the meltwater events from Lake Agassiz-Ojibway and the
Hudson Bay Ice Saddle from 8.55 Kyr BP onwards. For the past ca. 7.5 Kyr BP sea ice is mainly transported
to the study area by local ocean currents such as the inner Labrador and Baffin Current. Our findings provide
new insights into the response of sea ice to increased meltwater discharge as well as shifts in atmospheric and
oceanic circulation.

1. Introduction

Recent climate warming is causing a decline of modern Greenland and Antarctic glaciers (e.g., Golledge
et al., 2019). The resulting freshwater fluxes are key factors affecting the stability of the global heat distribu-
tion via ocean currents, and hence an improved understanding of their environmental consequences will criti-
cally enhance the quality of future climate predictions (e.g., Bakke et al., 2021; Rahmstorf, 1994; Stocker and
Wright, 1991; Sundal et al., 2011; Williams et al., 2021). In addition to changes in sea level and the Earth's
energy budget, the expected melting of continental glaciers will introduce large volumes of freshwater into the
ocean. This freshening of the surface layer in polar and subpolar oceans will strongly affect ocean circulation and
regional ecology. However, the response of sea ice and phytoplankton communities to large meltwater intrusions
is not yet fully understood. The demise of the glaciers of the last glaciation may provide key insights into the
natural mechanisms and consequences of such events.

Following the last glaciation, the ultimate demise of the Laurentide Ice Sheet (LIS) generated several meltwater
pulses into the North Atlantic, of which the 8.2 Kyr event is the most studied example (e.g., Jennings et al., 2015;
Klitgaard-Kristensen et al., 1998; Rasmussen et al., 2006, 2007; Rohling & Pilike, 2005; Stocker et al., 1992;
Vinther et al., 2006). During this event, the drainage of the proglacial lakes Agassiz and Ojibway released ca.
163,000 km? of freshwater via Hudson Bay into the Labrador Sea and the North Atlantic (Barber et al., 1999;
Jennings et al., 2015). The subsequent freshening of the subpolar gyre (SPG) is thought to have resulted in a
reduced Atlantic Meridional Overturning Circulation (AMOC), leading to a nearly global atmospheric cooling
(Barber et al., 1999; Ellison et al., 2006; Oster et al., 2017; Park et al., 2019; Thomas et al., 2007; Wiersma &
Renssen, 2006; Yu et al., 2010). Most other smaller meltwater pulses are only recognized in local sedimentary
records. For example, several sedimentary “red-beds” have been reported on the eastern Canadian Shelf between
9 and 7.5 Kyr BP, including an event around 8.6 Kyr BP (Jennings et al., 2015; Kerwin, 1996; Lajeunesse &
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St-Onge, 2008). These events are characterized by negative stable oxygen isotope (5'%0) excursions and high
detrital carbonate content that is related to ice rafting of Paleozoic carbonates previously eroded in the Hudson
Bay area (MacLean, 2001). The event at ~8.2 Kyr BP is recognized by lighter stable oxygen isotope signatures
of planktonic carbonate shells and a short-term cooling (Hoffman et al., 2012; Jennings et al., 2015; Lochte
et al., 2019a; Thomas et al., 2007). However, some larger-scale studies suggest that a longer-term cooling trend
already started around 8.65 Kyr BP or even 9 Kyr BP (e.g., Jennings et al., 2015; Rohling & Pilike, 2005) and
other studies imply that much larger volumes of freshwater would have been necessary to cause the observed
atmospheric cooling (Carlson et al., 2009; LeGrande & Schmidt, 2008; Meissner & Clark, 2006; Wiersma
et al., 2006; Wiersma & Jongma, 2010). Lochte et al. (2019a) provide sedimentary evidence from the northwest-
ern Labrador Shelf indicating that a smaller initial Lake Agassiz drainage event around 8.55 Kyr BP preceded
the much larger Hudson Bay Ice Saddle collapse, which may have caused a significant freshening that led to the
observed atmospheric cooling. After the final collapse of the Hudson Bay Ice Saddle, remnants of the large ice
sheets remained in the Labrador, Keewatin and Foxe Ice Domes, which vanished almost completely by 5.8 Kyr
BP (Dalton et al., 2020).

The Labrador Shelf provides an ideal location to study the ultimate demise of the LIS as it is located in the main
outflow route of its final meltwater drainage (e.g., Jennings et al., 2015; Lochte et al., 2019a, 2019b; Rashid
et al., 2014, 2019). Prior studies have focused on the oceanographic consequences of meltwater events caused
by the final melting of the remaining ice sheets on the Canadian landmass. The link between abrupt freshwater
events and sea ice has only been studied in the open northeastern Labrador Sea (You et al., 2023). The conse-
quences of the final meltwater pulse around 8.2 Kyr BP from the LIS on sea ice over the Labrador Shelf, that is,
within direct influence of the freshwater, is yet unknown.

A large number of proxies, including microfossil assemblages, provide indirect information about the presence/
absence of sea ice (Cronin et al., 2013; de Vernal et al., 2001, 2013; Krawczyk et al., 2017; Seidenkrantz, 2013).
However, the only proxy directly produced inside sea ice is a highly branched isoprenoid (HBI) with 25 carbon
atoms, namely IP,; (Belt et al., 2007). IP,; is produced exclusively by specific diatom species inhabiting Arctic
sea ice (Brown et al., 2014; Limoges et al., 2018) and appears to be a reliable and stable proxy for Arctic sea ice
as far back as the Miocene (Belt, 2019; Belt et al., 2018; Stein et al., 2016; Stein & Fahl, 2013). The combination
of the sea-ice biomarker IP,; with specific open-water phytoplankton biomarkers (i.e., brassicasterol, dinos-
terol and HBIIII (Z)) in the so-called “PIP,;” index allows semi-quantitative estimates of sea-ice concentrations
(Belt et al., 2015; Miiller et al., 2011; Smik et al., 2016). However, the reliability of the different phytoplankton
biomarkers used for the calculation of the PIP,; indices may differ between regions and result in different seasons
represented in the resulting PIP, indices (Kolling et al., 2020). Especially HBI III (Z), most likely produced
exclusively in the marginal ice zone (Belt et al., 2015, 2019; Koseoglu et al., 2018; Smik et al., 2016; Stein
et al., 2017b), seems to yield more specific environmental information as it is produced by a smaller group of
organisms compared to brassicasterol and dinosterol (Belt et al., 2015). Further, IP,; and HBI III (Z) have been
found in similar concentrations in marine sediments, which simplifies the calculation of the PIP,s index (Belt
et al., 2015; Smik et al., 2016).

Another frequently used biomarker is the sterol campesterol, which is produced by vascular land plants (e.g.,
Huang & Meinschein, 1979; Volkman, 1986; Yunker et al., 1995). In specific cases this sterol may also be
produced by marine phytoplankton (Rontani et al., 2014; Volkman et al., 2008). However, this biomarker has
been shown to reliably indicate terrigenous input into the Arctic Ocean, onto its shelf areas and in the Fram Strait
(Fahl & Stein, 1997, 1999, 2007; Kremer et al., 2018; Xiao et al., 2013, 2015).

Here we present a record of the sea-ice proxy IP,, along with other proxies for (open water) primary productivity
and terrigenous input from a sediment core from the northwestern Labrador Shelf, covering the past 9.3 Kyr
BP. We use these new data to explore (a) the response of sea ice during the increased meltwater discharge during
the final demise of the LIS between 8.5 and 8.0 Kyr BP, and (b) the effects of varying meltwater influence on
remaining sea-ice cover and primary productivity during the middle and late Holocene.

1.1. Regional Setting

The western part of the Labrador Sea is affected by the Labrador Current (LC), which flows southward along
the shelf off Labrador and Newfoundland. The LC transports freshwater, sea ice, and icebergs to the subtropical
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Figure 1. Modern surface circulation in the Labrador Sea and adjacent regions (adapted from Lochte et al., 2019b). The
yellow dot indicates the location of sediment core MSM45_19-2 (this study). Red diamonds indicate other relevant core
sites: CC04 (Gibb et al., 2015), GeoB199005-1 (Saini et al., 2022; Weiser et al., 2021), GeoB19927-3 (Saini et al., 2020),
AMD14-204 (Limoges et al., 2020), MSM12-2-5-1 (You et al., 2023). The blue shaded area indicates the modern maximum
sea-ice extent (spring; Cavalieri et al., 1996, updated 2017). The white shaded area indicates the extent of glaciers around

8.1 Kyr BP (Carlson et al., 2007; Dalton et al., 2020). Major surface currents are indicated in red (warm), blue (cold), and
green (mixed). Abbreviations are as follows: BC, Baffin Current; EGC, East Greenland Current; IrC, Irminger Current; LC,
Labrador Current; NAC, North Atlantic Current; WGC, West Greenland Current; NF, Newfoundland; CAA, Canadian Arctic
Archipelago.

North Atlantic (Figure 1, Lazier & Wright, 1993) and is composed of two branches, the slower inner and the faster
outer LC (Figure 1). The inner branch is mainly influenced by Davis and Hudson Strait outflow, with temper-
atures as low as —1.5°C and salinities below 34 (Lazier & Wright, 1993). It is approximately 100 km wide and
reaches about 150 m water depth (Petrie & Anderson, 1983). Arctic freshwater from the Canadian Arctic Archi-
pelago and riverine runoff via Hudson Strait is admixed to the inner LC (Figure 1). Changes in Hudson Strait
outflow thus determine the water mass properties of the inner branch of the LC, which are ultimately transferred
into the deep ocean (e.g., Dickson et al., 2008).

The outer LC branch transports the main volume of water (85%) and is mainly influenced by the West Greenland
Current (WGC), composed of Atlantic Waters from the Irminger Current (Cuny et al., 2002; Myers et al., 2009),
with temperatures around ~3.5°C and salinities around 35 (Lazier & Wright, 1993) as well as fresh, polar (0-1°C,
salinities >30) waters from the East Greenland Current (EGC) (Aagaard & Coachman, 1968a, 1968b).

East of Newfoundland, close to the Flemish Cap and the Grand Banks, the LC encounters the North Atlantic
Current (NAC), part of the northward flowing Gulf Stream (Fratantoni & McCartney, 2010). The mixing with
the LC causes a freshening and cooling of the NAC, which result in increased density, sinking and the subsequent
formation of the Labrador Sea Water (LSW) along the Labrador Slope (Czaja & Frankignoul, 2002), which
forms the upper part of the North Atlantic Deep Water (Kieke & Yashayaev, 2015). During positive phases of the
North Atlantic Oscillation (NAO), northwesterly winds carry cold Arctic air masses toward the Labrador Sea, the
intense cooling of surface waters along the SPG that contains a significant proportion of saline Atlantic Water
initiates enhanced deep convection and LSW formation (Clarke & Gascard, 1983; Pickart et al., 2002).

The sampling site on the Labrador shelf is located underneath the inner branch of the LC, close to Hudson Strait,
and within the modern southern margin of Arctic sea-ice drift where sea ice is present for around 23 weeks
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Depth (cm)

annually (Figure 1; Cyr et al., 2021). Here, sea ice usually starts to form
in December, extends southwards along the Labrador Shelf until the end
of February and disappears in June/July (Cyr et al., 2021). Sea ice is not
only formed locally but also advected from Hudson Bay and Davis Strait
(Davidson, 1985).

2. Material and Methods
2.1. Materials

Gravity core MSM45_19-2 from the northwestern Labrador Shelf was

g obtained during R/V Maria S. Merian cruise MSM45 in 2015 (58°45.68'N,

’a‘% 61°56.25'W, water depth: 202 m) (Figure 1; Schneider et al., 2016). The

%g homogenous olive gray, silty to clayey mud was sampled at 5 cm intervals

=3 on board. Samples were stored at 4°C on board and freeze-dried for further
& shore-based analytics.

2.2. Chronology

Figure 2. Bayesian age-depth model for sediment core MSM45_19-2 and

Modelled Age (kyr BP)

The new age model of Core MSM45_19-2 was constrained by 34 Accelerator
Mass Spectrometry (AMS) radiocarbon dates of mixed benthic foraminifera
(Table S1 in Supporting Information S1). Twenty-one of these AMS ages

sedimentation rates (cm/Kyr). The yellow bar indicates the freshwater peak were presented previously by Lochte et al. (2019a, 2019b). We added 13 new

based on benthic foraminifera (Lochte et al., 2019a).

age points in the upper 4 m of the core. To achieve best possible age esti-
mates, a Bayesian Poisson-process deposition model, containing all available
AMS “C ages of MSM45_19-2, was implemented in the software package
OxCal v4.4.4 (Ramsey, 2008, 2009), using the marine data from Heaton et al. (2020) for calibration (Marine20)
(Figure 2). The local marine reservoir offset was assumed to be 10 + 80 'C years, based on the data of Coulthard
et al. (2010) and McNeely et al. (2006). For the early Holocene, that is, before 7,000 cal BP, a sea-ice correction
of 200 + 50 '*C years was added for a total offset of 210 + 90 '*C years (Lewis et al., 2012). As the varying influx
of radiocarbon depleted freshwater from Lake Agassiz-Ojibway prior to the Hudson Bay Ice Saddle collapse is
influencing the radiocarbon dates (Lochte et al., 2019a), we implemented an outlier model, allowing the accord-
ing radiocarbon determinations to be shifted by up to 1,500 years toward older ages. For sample KIA-52591
(z = 1,303 cm) no freshwater offset was implemented in the final model, because otherwise only a poor agree-
ment between its radiocarbon determination and modeled age was achieved. The sample at 3 cm, closest to the
surface, had to be excluded from the final age model, because the radiocarbon content is too high to allow cali-
bration using the marine data set. The high radiocarbon content is likely indicative of bomb “C from after 1950
originating from reworked sediments from the missing sediment surface of the sediment core, lost during the
coring process. For details see Table S1 in Supporting Information S1.

2.3. Biogenic Opal Determination

Biogenic opal (BSi) was determined at Dalhousie University via wet-alkaline digestion following the method of
Mortlock and Froelich (1989). About 20 mg of the freeze-dried samples were treated with 2 mL of 10% H,O and
10% HCI, followed by sonication to remove carbonate and organics and to disaggregate the sediment. Afterward,
sediment samples were dissolved in 2M NaCOj, in a 85°C water bath for 5 hr, and repeatedly swirled about once
per hour. The amount of dissolved silica was determined by molybdate-blue spectrometry. Long-term precision
(n = 16, over 2 years, 1SD) of in-house standards was +1.2% for a JV_A (12.3% opal) and +0.45% for MESS_3a
(3.2% opal). Duplicate measurements of samples, available for a third of the samples, resulted in precision (1SD)
between 0.1% and 1.9%

2.4. Biomarker Analyses

The total organic carbon (TOC) content was determined using an ELTRA, CS-800 Elemental Analyzer on
freeze-dried and homogenized sediment samples after the removal of carbonates with hydrochloric acid
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(37%, 500 pL). The concentrations of specific biomarkers were analyzed on 4-5 g of freeze-dried sediments.
Samples were extracted by sonication (3 X 15 min) using dichloromethane:methanol (2:1 v/v; 30 mL). Prior
to biomarker extraction two internal standards, 7-HND (7-hexylnonadecane, 20 pL/sample) and androstanol
(Sa-androstan-3p-ol, 20 pL/sample), were added for quantification purposes. Hydrocarbon and sterol fractions
were separated by open-column chromatography with SiO, as stationary phase. For hydrocarbons, n-hexane
(5 mL) and for sterols, ethylacetate:n-hexane (2:8 v/v; 7 mL) were used as eluent. Sterol fractions were silylated
using 200 pL BSTFA (2 hr, 60°C).

Hydrocarbon concentrations were determined using an Agilent Technologies 7890 gas chromatograph (30 m
HP-1IMS column, 0.25 mm in diameter and 0.25 pm film thickness) coupled to an Agilent Technologies 5977
A mass selective detector. Sterol concentrations were measured with an Agilent Technologies 6850 GC (30 m
HP-1MS column, 0.25 mm in diameter and 0.25 pm film thickness) coupled to an Agilent Technologies 5975 A
mass selective detector. All compounds were identified by comparing their retention times to those of reference
compounds (IP,,: Belt et al., 2007; HBI II: Johns et al., 1999; HBI III: Belt et al., 2000; sterols: Boon et al., 1979;
Volkman, 1986). IP,; and HBI III (Z) (IP,5: m/z 350; HBI III (Z): m/z 346) were quantified by the abundant
fragment ion m/z 266 of the internal standard 7-HND. Sterols were quantified as trimethylsilyl ethers (brassi-
casterol: m/z 470, campesterol: m/z 472, dinosterol: m/z 500) in regard to the molecular ion of androstanol (ion
m/z 348). The different responses of all these ions were balanced by external calibration. For details see Fahl and
Stein (2012). During each analytical sequence, instrument stability was controlled by reruns of external standards
and replicate analyses of random samples.

All biomarker concentrations were normalized to both the extracted weight of sediment (pg/gSed) and TOC
(ng/gTOC). Accumulation rates (pg/cm?/'year) were calculated using the following equations (e.g., Stein &
Macdonal, 2004):

MAR = SR x DBD (D
TOC AR = MAR x TOC/100 )
BM AR = MAR x BM 3)

with MAR = Mass Accumulation Rate (g/cm?/year), SR = sedimentation rate (cm/year), DBD = dry bulk density
of each sample (g/cm?), TOC = total organic carbon (weight percent), BM = biomarker concentration (pg/gSed),
AR = accumulation rate. Equation 2 was also applied to calculate BSi accumulation rates.

After the determination of biomarker concentrations, the PIP,; indices were calculated as follows:

PIP2s = [IP25]/([IP2s] + ([PM] X ¢)) C)

with PM representing the specific phytoplankton marker, that is, brassicasterol (PgIP,;), dinosterol (P,IP,s) or
HBI III (Z) (P, IP,s). The balance factor c is the ratio of mean IP,; concentration and mean sterol concentration,
counterbalancing the generally higher concentrations of sterols compared to IP,;. HBI III (Z) and IP,; showed
similar concentrations in the initial studies from the Barents Sea, which led to the assumption that the balance
factor ¢ is unnecessary in the calculation of the P IP,; index (Belt et al., 2015; Smik et al., 2016). However,
findings from northern Hemisphere surface sediments indicate that this may not be the case everywhere (Kolling
et al., 2020). The applicability of the PIP,; indices on the northern Labrador Shelf will be discussed in the Discus-
sion, Section 4.2.

3. Results

Sedimentation rates vary greatly in sediment core MSM45_19-2 (Figure 3), documenting a major change in
the sedimentation regime around 6.2 Kyr. Prior to 6.2 Kyr BP, the Labrador Shelf was strongly influenced by
glacier runoff and sediment plumes and sedimentation rates as high as ca. 450 cm/Kyr. Around 6.5 Kyr BP,
when the largest remnants of the Labrador Dome melted during its termination after the last glaciation (Dalton
et al., 2020), the sedimentation rates decreased drastically (<100 cm/Kyr) and became hemipelagic with low
to moderate terrestrial input (Lochte et al., 2019a, 2019b). The lowest sedimentation rates (<100 cm/Kyr) are
observed during the last 5 Kyr BP. This shift has to be accounted for when interpreting sedimentary concentra-
tions of different proxies in core MSM45_19-2. For example, concentrations and accumulation rates of TOC and
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Figure 3. Bulk parameters of Core MSM45_19-2. Concentrations of biogenic opal (BSi; in %; gray line: concentration,
green line: 5pt running average) and its accumulation rate (in g/cm?Kyr; green area), total organic carbon (TOC)
concentration (in %; gray line: concentration, green line: 5pt running average) and its accumulation rate (in g/cm?/Kyr; green
area) and sedimentation rate in (cm/Kyr). The vertical yellow bar indicates the period of maximum meltwater outflow based
on stable oxygen isotopes (8'80) of benthic foraminifera (Lochte et al., 2019a). The roman letters indicate the different
intervals referred to in Section 4. Discussion. Black triangles indicate radiocarbon dates.

BSi (Figure 3) show contrasting trends with concentrations lowest prior to 6.8 Kyr BP whereas accumulation
rates are highest in this oldest core section (Figure 3). We will describe and interpret both concentrations and
accumulation rates of the sedimentary components here, to prevent over interpretation of signals that may be
caused by shifts in sedimentation rate rather than environmental changes.

Biomarker concentrations are presented in pg/gTOC here. Concentrations in pg/gSed show the same trends
(Figure S1 in Supporting Information S1).

TOC and BSi concentrations show the lowest values, around 0.3% and 3% respectively, from 9.3 to 6.8 Kyr
BP. After that, they rise to higher values (~0.55% and 6%) and show synchronous oscillations for the remain-
der of the record (Figure 3). Concentrations of the sea-ice biomarker IP,; are lowest from 9.3 to 8.9 Kyr BP
(~0.1-0.2 pg/gTOC) and rise gradually toward a peak around 8.2 Kyr BP (~0.8 pg/gTOC) (Figure 4). This peak
is followed by decreasing concentrations which reach intermediate values around 7.5 Kyr BP (~0.4 pg/gTOC).
IP,; concentrations then remain constant until 4 Kyr BP, rising continuously thereafter toward highest values in
the modern samples (~1.6 pg/gTOC) (Figure 4). The marginal ice zone biomarker HBI III (Z) is present in very
low concentrations (~0.1 pg/gTOC) until 8.5 Kyr BP when concentration rise to a prominent peak, reaching the
highest values between 8.2 and 7.5 Kyr BP (~9 pg/gTOC) (Figure 4). HBI III (Z) concentrations drop toward low
(~0.4 pg/gTOC) values which begin to increase from ~3.7 Kyr BP toward the core top (~1 pg/gTOC) (Figure 4).
The phytoplankton biomarkers brassicasterol and dinosterol show lowest concentrations between 9.3 and 8.9 Kyr
BP (~3 pg/gTOC and ~8.8 pg/gTOC, respectively) (Figure 4). Both start to increase around 8.9 (~12 pg/gTOC
and ~13.5 pg/gTOC), but while dinosterol concentrations remain relatively high until 6.4 Kyr BP, brassicasterol
concentrations decrease around 8.2 Kyr BP (Figure 4). Afterward, both proxies are present in low/intermediate
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Figure 4. 5-pt running average of concentrations (line, in pg/gTOC) and accumulation rates (area, in pg/cm?Kyr) for
specific biomarkers of core MSM45_19-2. Campesterol (red), dinosterol (green), brassicasterol (green), HBI III (Z) (blue)
and IP,; (blue) against age before present (Kyr BP). The vertical yellow bar indicates the period of maximum meltwater
outflow based on stable benthic oxygen isotopes 8'0 (Lochte et al., 2019a) shown in Figure 7. Black triangles indicate
radiocarbon dates.
concentrations, which start to gradually rise again around 3.7 Kyr BP toward the core top (Figure 4). Camp-
esterol concentrations, associated with terrigenous input, show low concentrations between 9.3 and 7.1 Kyr BP
(~5 pg/gTOC) (Figure 4). Between 7.1 and 5.5 Kyr BP intermediate concentrations (~10 pg/gTOC), with several
peaks, are observed. Afterward, campesterol concentrations start to rise to their highest values at the core top
(~36 png/gTOC) (Figure 4).
Accumulation rates of TOC and BSi follow the sedimentation rate (Figure 3), with highest values between 9.3
and 6.1 Kyr BP (~1.4 and ~15 g/cm?/Kyr). These high values are interrupted by a reduction in accumulation
KOLLING ET AL. 7of 21
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rates between ~8.5 and 8.2 Kyr BP (1 and 10 g/cm?Kyr) paralleled by a short-lived reduction in sedimentation
rates during the same period (Figure 3). However, concentrations of TOC in particular show a similar decreasing
trend, indicating less influence of the sedimentation rate on the accumulation rate. For both proxies, accumulation
rates decrease continuously toward 3.8 Kyr BP. For the last 3.8 Kyr BP accumulation rates increase again slightly
(Figure 3).

For the biomarker records, accumulation rates follow the trend of concentrations (Figure 4). IP,; accumulation
rates show low values between 9.3 and 8.9 Kyr BP (0.2 pg/cm?Kyr), high values between 8.2 and 7.2 Kyr BP
(1 pg/em?/Kyr) (Figure 4). After 7.5 Kyr BP, IP, accumulation is low (0. 1 pg/cm?Kyr) (Figure 4). For the last
4 Kyr BP, IP,, shows increasing accumulation rates toward the core top (5 pg/cm?/Kyr) (Figure 4). HBIIII (Z) is
absent in most of the record, except for a strong peak in accumulation rates between 8.5 and 7.5 Kyr BP (15 pg/
cm?/Kyr) and slightly elevated values from 7.5 to 7.0 Kyr BP (1 pg/cm?Kyr) (Figure 3). Accumulation rates of
brassicasterol and dinosterol all show similar trends, with intermediate accumulation rates for the interval from
9.3 to 8.9 and 6.4 Kyr BP, respectively (5 and 10 pg/cm?Kyr), followed by a gradual decrease toward the lowest
values between 5.5 and 2 Kyr BP (2.5, 10 pg/cm?Kyr). In the youngest core section, the last 1 Kyr BP, accumula-
tion rates rise to high values (brassicasterol: 30 pg/cm?/Kyr, dinosterol: 35 pg/cm?Kyr) (Figure 4). Accumulation
rates of campesterol are intermediate in the lowest core section (5 pg/cm?/Kyr), and show three higher peaks
around 7, 6.4, and 5.6 Kyr BP (Figure 4). Campesterol accumulation is low between 5.5 and 2 Kyr BP (0.0025 pg/
cm?/year) and rises to the highest accumulation rates toward the core top (30 pg/cm?/Kyr) (Figure 4).

4. Discussion

As illustrated in previous studies by Lochte et al. (2019a, 2019b), sediment core MSM45_19-2 presents an ideal
archive for the Holocene postglacial paleoceanographic changes on the northwestern Labrador Shelf. The new
high-resolution proxy records presented here, provide additional and detailed information about changes in
sea-ice conditions, terrigenous input and marine primary productivity.

4.1. Sources of Productivity Proxies

Previous studies have identified non-marine sources for the phytoplankton biomarkers brassicasterol and dinos-
terol. Brassicasterol has been shown to be associated with either a limnic source in river dominated Arctic shelf
regions, for example, the Laptev Sea (Fahl & Stein, 1999; Horner et al., 2016; Yunker et al., 1995) or a sea-ice
source in the Canadian Arctic Archipelago (Belt et al., 2013). Dinosterol, on the other hand, has been identified
in melt ponds of Antarctic glaciers (Jungblut et al., 2009). It is thus conceivable that these biomarkers could have
been delivered to our core site from sea ice and/or melt ponds/proglacial lakes of the LIS, in addition to their
production on the surface ocean by marine phytoplankton.

However, in our sediment record, we do not find any evidence of a sea-ice source of dinosterol based on the
absence of a clear correlation with the sea-ice biomarker IP,, (and 72 = 0.04, p < 0.001) (Figure 5). Brassicasterol
however shows slightly elevated correlations with IP,; (+2 = 0.27, p < 0.001), which may not completely rule
out a sea-ice source, as reported by Belt et al. (2013) from the Canadian Arctic. Based on our record, we cannot
distinguish further between the sources of brassicasterol. Hence, we will focus on dinosterol as biomarker for
open marine productivity.

To test for a non-marine source of brassicasterol and dinosterol, we investigated their relationship with the terrig-
enous biomarker campesterol, which originates predominantly from land plants.

We find elevated correlations of campesterol with brassicasterol for the entire record (2> = 0.58, p < 0.001), and
significantly lower correlations with dinosterol (r> = 0.08, p < 0.001). However, for certain intervals we also find
high correlations for dinosterol with campesterol for example, from 9.3 to 8.9 Kyr BP (r> = 0.75, p < 0.001) and
3.5-0 Kyr BP (r> = 0.73, p < 0.001) (for details see Table S3 in Supporting Information S1). This may point to a
non-marine source of brassicasterol and during specific time intervals, for dinosterol.

Another explanation for the correlations between terrigenous and open-water phytoplankton biomarkers could be
the input of campesterol by sea ice, which fertilized phytoplankton blooms. This has been observed previously by
similarly high accumulation of terrigenous sterols and phytoplankton biomarkers in the context of ice-edge and
polynya situations due to strong glacial erosion and melting (e.g., Stein et al., 2017a). We find evidence for this

KOLLING ET AL.

8 of 21

85UB01 7 SUOWILLIOD 3AIIERID 3ceo|dde 3y Aq paueA0b 88 S9o11e YO ‘8S J0 SaInJ 10} ARIq1T8UIIUO AB] 1M UO (SUOPUOO-PUR-SLLBIALI0D" A3 |1M A leq 1 [Bu 1 [UO//ScIY) SUORIPUOD pUe SWLB L 38U} 885 *[£202/0T/LT] U0 AiqiTaulluO A8]IM ‘BRI SRUlol(qicsIS AN AQ 825700 VdZZ02/620T 0T/I0p/w0d" A8 1M Arelqijeul|uo'sandnBey/sdny woiy papeojumod ‘6 ‘€202 ‘SeSt2.Se



AP~ .
NI Paleoceanography and Paleoclimatology 10.1029/2022PA004578
AND SPACE SCIENCES
29 o199 o 29 n=199 0 QO 0-25kyrBP
' =027 L =004 o @ 25-6.2kyrBP
' p=<0.001 1 v p=<0000 M 62-75kyrBP
1_6%_01 o 16— o @ 7.5-89kyrBP
gl o . . ;cl . . A\ 8.9-93kyrBP
) £ | ° marginal/variable o %1 °© marginal/variable
o 1| o seasona sea Ice O 128 o seasona sea ice
22— | ° o n - 1 [oJNe]
28 ! E“"a o .
[+ M) | ° = 4
- = i o] [=2] , 0.0
=] | ® =2 b °
= | ° 08— | % 04 ©
! L 4 ! .’.
| ° 4 e o °©
| @ ! Q0
1 ! o
| o \ o [ ]
i ° 04— e & o
| o © m ° - AL .
| o o 4 '!?“ L
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, \L o A e e e e =
less ice cover/ice free e less ice coverice free
[ T { T ‘ 0 T [ T [ T [ T { T ‘
0 10 20 30 0 10 20 30 40 50
permanent Brassicasterol permanent Dinosterol
ice cover oo (ug/gTOC) ice cover (ug/gTOC)
n
24 ip=007 o 7] n=199
! p=<0.001 r’=0.42
1 . o 7 p=<0.001
1.6 —| 3 o o 1.6 —|
| —_
=3 [(8) ©
—_ 19, T o]
@) 2! 29
Ne) 122 Lo 12 °
N S = (o) o
oo I (=]
— a | : o 3 i o
2 | M
3 °
! *
n
Qo 0.4 — I.
& " g
‘*o‘ "o o ° ° 4 - L |
. " lessice coverfice free o
T I T 1 T I T I T 1
0.03 0.04 0 10 20 30
pl‘zgnc‘?)'\‘/‘:r“ HBI 1l (Z) Campesterol
_ (mg/gTOC) (ug/gTOC)

Figure 5. Correlations of brassicasterol, dinosterol, HBI III (Z) and campesterol with IP, (all in pg/gTOC, to circumvent influences of variable TOC on the
correlations) for the time intervals 9.3—-8.9 Kyr BP (orange triangle), 8.9-7.5 (green circle), 7.5-6.2 (blue square), 6.2-3.5 (red diamond) and 3.5-0 Kyr BP (yellow
circle), indicating shifts from extended or ice free to variable seasonal sea ice conditions. Classification of sea-ice scenarios after Miiller et al. (2011).

scenario in our record that is, slightly elevated correlations between IP,; and campesterol (r*> = 0.42, p < 0.001,
Table S5 in Supporting Information S1). Further, our sea-ice biomarker record indicates the presence of sea ice
and in some cases the presence of an active ice edge during periods of high correlation between dinosterol and
campesterol. Glacial erosion and/or dirty sea ice originating from Hudson Bay or the Labrador coast could be
an explanation for the relationship of those biomarkers without an allochthonous source of brassicasterol and
dinosterol.

In summary, we recommend caution using brassicasterol and dinosterol as single indicators of phytoplankton
productivity. However, the observed correlations seem to support the input of terrigenous material and associated
biomarkers by sea ice, which in turn may have supported phytoplankton blooms. In the following we will mainly
focus on dinosterol, the phytoplankton biomarker which shows the lowest correlations to the terrigenous sterol
campesterol and the sea ice biomarker IP,; for the overall record. To prevent false interpretation of dinosterol
signals we interpret them together with BSi and TOC as indicators for marine productivity.

BSi is another indicator of phytoplankton (diatom) productivity (e.g., Nelson et al., 1999; Ragueneau et al., 2000;
Stein et al., 2017b). For this proxy, we do not find a correlation to either the sea-ice biomarker IP,; or the
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Figure 6. Schematic cross-section (W-E) of the Labrador Shelf at 58°N
showing the production areas of sea-ice biomarkers (blue) phytoplankton
biomarkers (green ovals), and the input of suspended matter (brown areas)
carrying terrigenous sterols (orange) during five different intervals during the
past 9.3 Kyr. The blue, green and orange arrows indicate the accumulation of
sea ice, open water phytoplankton and terrigenous biomarkers, respectively.
Dominant currents are indicated by blue (LC, Labrador Current; BC, Baffin
Current) and red (WGC, West Greenland Current) arrows. Size of arrows
indicates current influence (strength). Vegetation after Harrison et al. (2013).

terrigenous sterol campesterol (r> = 0.24, 0.23; Figure 4, Table Sé6a in
Supporting Information S1). Based on the slight correlation of BSi and TOC
(r> = 0.70; Table S6 in Supporting Information S1), we assume that TOC
concentrations are mostly driven by marine productivity. Furthermore, we
find no clear correlation between brassicasterol and BSi (#> = 0.24; Table
S6a in Supporting Information S1). This supports findings of Dubois
et al. (2010), who also find no strict relationship between sedimentary opal
and brassicasterol concentrations. They suggest either a change in diatom
assemblages, or different sedimentary preservation of BSi and brassicasterol,
which could both explain our findings.

Together, the above considerations caution the interpretation of individual
indicators for marine productivity and we will consider the combination of all
indicators for open water marine phytoplankton productivity at our core site.

4.2. Semi-Quantitative Sea-Ice Reconstructions

The phytoplankton marker HBI III (Z) is considered a more specific marine
phytoplankton marker and has been used for the calculation of the P IP,,
index (Belt et al., 2015; Smik et al., 2016). One of the main advantages
of HBI III (Z) as phytoplankton biomarker used in the calculation of the
PIP, index is the similar concentrations with IP,;, which made the use of
the balance factor ¢ dispensable for the Barents Sea (Belt et al., 2015; Smik
et al., 2016). However, our record from the Labrador Shelf displays larger
concentration differences between IP,; and HBI III (Z), which results in a ¢
factor of 0.2862 (Figure 4, Figure S2 in Supporting Information S1). Addi-
tionally, the source of HBI III (Z) is not yet completely established (Belt
et al., 2017; Rowland et al., 2001) and the relationship between HBI III (Z),
IP,; and sea-ice concentration has only been studied in a few samples from the
Labrador Shelf (Kolling et al., 2020). All prior studies focus on more Arctic
settings (Belt et al., 2015; Koseoglu et al., 2018; Ribeiro et al., 2017; Smik
& Belt, 2017; Smik et al., 2016). Further, Saini et al. (2020) have associated
periodic and high peaks in HBI III (Z), as observed in our core, with phyto-
plankton blooms linked with wind induced upwelling in ice-edge/polynya
environments during winter months. Hence, HBI III (Z) may represent a very
specific scenario in our study region that may not be suitable to contribute to
a more general sea-ice reconstruction. Based on this, the Py;IP,; index of our
record has to be viewed with caution, especially concerning semi-quantitative
sea-ice reconstructions.

With respect to the uncertainties of the producers and the exact ecology
of HBI III (Z) and the possible non-marine source of brassicasterol (see
Section 4.1), we consider the P,IP,, index to be the most reliable. However,
the exact interpretation for sea-ice conditions remains difficult in the absence
of larger surface data sets. We will proceed with caution in its interpretation
and use it only in combination with the concentrations/accumulation rates of
the investigated biomarkers for sea ice and phytoplankton productivity.

Despite these caveats, we find our records to be consistent with previous pale-
oceanographic reconstructions, specifically sea-ice and WGC reconstruc-
tions in the Labrador region (e.g., Limoges et al., 2020; Saini et al., 2020;
You et al., 2023) (Figure 6). These will be discussed in Section 4.3.
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Figure 7. Comparison of different proxies from the Labrador Shelf, Labrador Sea and Baffin Bay against age (Kyr BP).
(a) Stable benthic oxygen isotopes 8'%0 (Lochte et al., 2019a), (b) Atlantic group of benthic foraminifera (adapted from
Lochte et al., 2019b), (c) IP,5 accumulation rates (in pg/cm*Kyr) and (d) P,IP, index (this study) all from the Labrador
Shelf. (e) IP,5 accumulation rates (in pg/cm?*Kyr) and (f) PyIP,; index from the NW Labrador Sea (You et al., 2023). () IP,,
accumulation rates (in pg/cm?%Kyr) and (h) P,IP,, index from the NE Baffin Bay (Limoges et al., 2020; Saini et al., 2020).
(i) NAO reconstructions (Olsen et al., 2012), (j) Greenland temperatures from GISP ice core (Alley et al., 2010) and (k) mean
solar insolation at 58°N (Laskar et al., 2004). The vertical yellow bar indicates the period of maximum meltwater outflow
from the Laurentide Ice Sheet toward the study area. Roman numerals indicate the different climate intervals identified on the
Labrador Shelf.
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4.3. Environmental Conditions on the Labrador Shelf
4.3.1. Interval I: 9.3-8.9 Kyr BP

Minimum sea-ice conditions are indicated by relatively low concentrations of the sea-ice productivity marker IP,;
from 9.3 to 8.9 Kyr BP (Figure 4). In combination with intermediate concentrations of the phytoplankton marker
dinosterol, the sea-ice index PIP, indicates lower than modern sea-ice conditions (Figures 5 and 7). This is in
line with previous studies from the Labrador Sea, inferring a retreat of perennial sea ice during this time interval
(Gibb et al., 2015; Saini et al., 2022).

We note that benthic foraminiferal assemblages have been interpreted to indicate strong subsurface polar/LC
inflow and nearly perennial sea-ice cover at our core site (Lochte et al., 2019b), which differs from our biomarker
records in the same sediment core. However, benthic foraminifera are not necessarily a direct indicator for sea
ice (Seidenkrantz, 2013), and the more direct sea-ice proxy IP,s is thought to provide a more reliable signal.
Reconstructions based on IP,; and dinocysts, from the northwestern and northeastern Labrador Sea, also indicate
a reduction in sea ice during this period (Gibb et al., 2015; Saini et al., 2020; You et al., 2023). These findings
support our interpretation, however they do not rule out a strong LC and polar water inflow, as indicated by
benthic foraminifera (Lochte et al., 2019b). The combination of reduced sea ice in a major sea ice source area for
the Labrador Shelf and an increased LC strength, may explain our observations.

Intermediate concentrations of the terrigenous sterol campesterol during this period (Figure 4) may point to
relatively high input of terrigenous material from the adjacent glaciers, that is, Laurentide, Inuitian and Green-
land Ice Sheets. High concentrations of %C,;,., support this interpretation, as high amounts of %C,,., have been
inferred to be an indicator of strong meltwater input (Lochte et al., 2019a, and references therein). Similarly,
strong meltwater input has been found by other studies from the Labrador Sea during this time interval (e.g.,
Andrews et al., 1999).

For the time interval between 9.3 and 8.9 Kyr BP, we observe intermediate to high accumulation of proxies asso-
ciated with open water phytoplankton productivity (e.g., TOC, BSi, Figure 3; dinosterol, brassicasterol, Figure 4).
The minimum sea-ice conditions seem to have favored phytoplankton productivity, which probably benefited
from high nutrient availability in the photic zone stemming from high terrigenous input. This could also explain
the high correlations between terrigenous and phytoplankton biomarkers, and would, in fact, support the marine
origin of brassicasterol and dinosterol (see Section 4.1).

In summary, between 9.3 and 8.9 Kyr BP, the core location on the northwestern Labrador shelf was influenced
by low/variable seasonal sea-ice cover and high terrigenous input from the surrounding glaciers. This in turn,
appears to have promoted phytoplankton productivity (Figure 6).

4.3.2. Interval II: 8.9-7.5 Kyr BP

Interval II, between 8.9 and 7.5 Kyr BP, is characterized by rising IP,; concentrations which indicate increased
sea-ice algae productivity and thus an increase in seasonal sea ice (Figures 4 and 6). This increase of sea ice
occurs at the same time as a strengthened inflow of Atlantic water (Figures 6 and 7; Lochte et al., 2019a), supply-
ing more Atlantic water toward the inner LC (e.g., Lochte et al., 2019a, 2019b; Yang & Piper, 2021). This in
turn seems to have promoted subglacial melting which led to the initial Lake Agassiz-Ojibway outburst around
8.5 Kyr BP and the meltwater spike associated with the Hudson Bay Ice Saddle collapse around 8.5 Kyr BP, iden-
tified by a strong reduction in §'80 (Lochte et al., 2019a). With increasing Atlantic water inflow, meltwater input
toward the Labrador Shelf increased, which led to reduced surface salinity that may have gradually promoted
sea-ice formation (e.g., Close et al., 2018) as indicated in our record. These findings are supported by abrupt
increases in sea ice during meltwater intrusions and sea surface temperature (SST) reductions between 8.74 and
8.33 Kyr BP in the northwestern Labrador Sea (Figure 7; You et al., 2023).

During the interval from 8.9 to 7.5 Kyr BP, our record indicates a slight increase in terrigenous input and open
water productivity (Figures 3 and 4). However, we observe strong fluctuations in the phytoplankton biomarkers,
indicating a variable environment. Probably strong inflow of freshwater during this event created at times a
nutrient-depleted freshwater lens, causing surface cooling and increased stratification, hampering most biogenic
productivity. This is especially evident in the sedimentation rates, which show a large drop around 8.3 Kyr BP
(Figure 3). During other times, higher terrigenous input may have favored phytoplankton blooms. The influ-
ence of freshwater and the subsequent (seasonal) stratification of the water column and its effect on different
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phytoplankton species in the modern ocean has been discussed in several recent studies (e.g., Mathis &
Mikolajewicz, 2020; von Appen et al., 2021). The stronger increase in sea-ice algae compared to phytoplankton
productivity leads to a rise in the PIP,; index, supporting the extension of seasonal sea-ice cover (Figures 5
and 7). The maximum sea-ice extent seems to have been reached between 8.4 and 8.0 Kyr BP (Figure 7), which
correlates with the meltwater peak associated with the final outburst from the Lake Agassiz-Ojibway and Hudson
Bay Ice Saddle collapse around 8.5 Kyr BP (Lochte et al., 2019a). The influence of the meltwater outburst is also
recognized in sea ice increases in the northeastern Labrador Sea (Figure 7; You et al., 2023).

From 8.2 Kyr BP onwards, high concentrations of IP,; and HBI III (Z) (Figure 4) indicate the establishment of
a stable early spring ice edge at the core location on the northern Labrador shelf. The resulting local nutrient
upwelling, which is generally associated with ice-edge conditions (Sakshaug, 2004), may have promoted phyto-
plankton productivity, indicated by a slight rise in phytoplankton indicators (Figures 3 and 4). Continued strong
meltwater influence during this interval, as seen in high concentrations of %C,,, and low §'%0 values (Lochte
et al., 2019a; Figure 7), supports the interpretation of ongoing high freshwater input. Another process that could
account for the high HBI III (Z) concentrations during this period is enhanced sea-ice drift, which has been
observed during the opening in Kennedy Channel in Nares Strait (Georgiadis et al., 2020). Whether the high
HBI III (Z) concentrations are caused by an ice edge or drift ice pulses or a combination of both is difficult to
distinguish based on our record.

The increases in sea ice and the establishment of an ice edge over the core site coincide with the widespread
8.2 Kyr BP cold event caused by a major disruption in the AMOC due to massive meltwater inflow (Ellison
et al., 2006; Kleiven et al., 2008). It seems that the atmospheric cooling followed the meltwater peak (Figure 7;
Lochte et al., 2019a) and the increases in sea ice on the Labrador Shelf and the Labrador Sea (Figure 7; You
et al., 2023). This may either be related to uncertainties in age models, that is, reservoir corrections, or by a time
lag between ocean circulation and atmospheric temperatures (Muschitiello et al., 2019).

To summarize, interval Il is characterized by increasing seasonal sea ice, promoted by reduced salinities follow-
ing the large freshwater outbursts from the disintegrating LIS, which caused a widespread atmospheric cooling
(Figure 7) (Barber et al., 1999; Ellison et al., 2006; Oster et al., 2017; Park et al., 2019; Thomas et al., 2007;
Wiersma & Renssen, 2006; Yu et al., 2010). High freshwater input seems to have created a variable environment
for phytoplankton productivity, which shifted between nutrient-depleted freshwater and terrigenous input carry-
ing nutrients (Figures 4 and 6).

4.3.3. Interval III: 7.5-6.2 Kyr BP

Following the abrupt freshwater and cooling events between 8.5 and 8.2 Kyr BP, IP,; concentrations decreased,
indicating a reduction in sea ice diatom productivity, around 7.5 Kyr BP (Figure 4). Open water phytoplankton
productivity remains variable but relatively high (Figure 4). The active sea-ice margin that prevailed previously
over the core site likely moved further north, as indicated by continuously decreasing IP, and nearly absent HBI
III (Z) accumulation (Figure 4). Sea ice and phytoplankton biomarkers combined in the PIP,; index indicate
intermediate sea ice concentrations, which may be representative of low seasonal sea ice conditions (Figure 7).
These findings agree with sea-ice records from eastern Baffin Bay and northwestern Labrador Sea where reduced
seasonal sea-ice conditions to ice free conditions are observed from 7.75 Kyr BP to 8 Kyr BP, respectively,
onwards (Figure 7; Saini et al., 2020; You et al., 2023). The reduction in seasonal sea ice can be associated with
the Holocene Thermal Maximum (HTM), which is generally associated with high northern hemisphere summer
insolation (Figure 7), along with a decreasing influence of meltwater due to the advanced deglaciation of the
Labrador Ice Dome during this period (Dalton et al., 2020). The HTM has been observed in northeast Canada
from 8.5 Kyr BP onwards by increasing atmospheric temperatures (Kaufman et al., 2004). Further, the HTM has
been characterized by a reduced inflow of Atlantic waters and an increasing influence of the cold Baffin Current
(BC) toward the inner LC, as inferred from benthic foraminiferal assemblages (Figure 7) (Lochte et al., 2019b). In
combination with decreasing sea-ice conditions in Baffin Bay (Figure 7) (Limoges et al., 2020; Saini et al., 2020)
and Labrador Sea (Gibb et al., 2015), the increased inflow of polar waters may have resulted in decreased advec-
tion of sea ice to our core site.

Terrigenous input, as inferred from campesterol concentrations, remains relatively high during interval
III (Figure 4). This trend can be linked to the remaining ice sheets on Labrador (Dalton et al., 2020; Rashid
etal., 2017) and increasing vegetation on newly deglaciated areas around for example, lake Hebron (Lamb, 1984).
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These appear to be small and local signals that affected only the Labrador Shelf, as other records from the north-
eastern Labrador Sea do not record any meltwater pulses (You et al., 2023).

Phytoplankton productivity remains highly variable, which may be related to enhanced primary productivity
inferred from benthic foraminiferal assemblages at our core site (Lochte et al., 2019b). However, a drop in dinos-
terol concentrations around 6.4 Kyr BP is observed, which could point toward a reduction in phytoplankton
productivity (Figure 4). A reduction of phytoplankton productivity, in turn, is consistent with findings from the
northwest Labrador Sea, where dinocyst reconstructions revealed a general decrease in annual productivity from
ca. 7 Kyr BP onwards. This trend is accompanied by weaker stratification due to reduced meltwater inflow and a
shift to warmer winter but colder summer SSTs (Gibb et al., 2014).

In summary, interval III (7.5-6.2 Kyr BP) can be associated with the onset of the HTM, with low seasonal sea-ice
conditions and variable, high terrigenous input, due to the remaining glaciers in the hinterland (Figure 6). Phyto-
plankton productivity could benefit from both more open sea-ice conditions and nutrient input from terrigenous
sources (Figure 6).

4.3.4. Interval IV: 6.2-3.5 Kyr BP

Relatively low IP,, concentrations between 6.2 and 4.3 Kyr BP indicate a phase of low sea-ice algae productivity
followed by a slight increase after 4.3 Kyr BP (Figure 4). Following a brief phase of low phytoplankton produc-
tivity, based on brassicasterol and dinosterol concentrations, phytoplankton productivity is increasing slightly
and remains at intermediate levels (Figure 4). TOC and BSi indicate relatively high productivity with significant
variability during this period (Figure 3). Further, accumulation rates and concentrations of the biomarkers do not
show a parallel trend, which may indicate a shift in sedimentation regime.

The combination of IP,, and dinosterol results in a relatively high P, IP,, index (Figure 7), indicating high
seasonal sea-ice conditions on the Labrador Shelf for this interval. Based on the parallel decrease of sea-ice
and phytoplankton biomarkers, we assume sea-ice conditions became harsher than in the previous interval III
(Figure 6).

On the one hand, relatively warm conditions, associated with the HTM, have been found for the interval between
6.2 and 3 Kyr BP, air temperatures over Greenland remain relatively warm (Figure 7; Alley et al., 2010), warm
SSTs are also reported from Baffin Bay (Allan et al., 2021; Levac, 2001) and sea ice is reported to decrease
in eastern Baffin Bay (Saini et al., 2022). On the other hand, our findings indicate a cooling and increased
seasonal sea ice, based on IP,; concentrations, on the Labrador Shelf. This is supported by findings of freshen-
ing and cooling of the inner LC due to high melting in the Arctic and increases in meltwater export toward the
Labrador Sea. This, in turn seems to have stabilized the surface waters and favored winter cooling and sea-ice
growth (Deser, 2002; Solignac et al., 2011). This cooling is also evidenced by decreasing subsurface water
temperatures in core MSM45-19_2 between 6.2 and 5.6 Kyr BP (Lochte et al., 2019b) and also by increases in
sea ice and decreases in SSTs off Newfoundland (Richerol et al., 2016; Sheldon et al., 2016). We assume that
a strong inner LC, which has been influenced by a strong BC (polar outflow via western Baffin Bay) (Lochte
et al., 2019b) and a WGC (Atlantic inflow along eastern Baffin Bay), affected by strong inflow of Atlantic
Intermediate Water (Jennings et al., 2002), caused the opposing signals in the east (eastern Baffin Bay) and
west (Canadian Shelf).

It should be noted that some records from more southern locations on the eastern Canadian Shelf also indicate a
warming period between ca. 5.6 and 3.5 Kyr BP (e.g., Lochte et al., 2020; Sheldon et al., 2016) associated with the
HTM (Kaufmann et al., 2004). Cléroux et al. (2008) assumed that the LC did not reach their core site off North
Carolina and that a northward displacement of the Gulf Stream created a warming trend. In our record, we do not
see a clear indication of warming. IP,; and dinosterol concentrations are relatively low during this period (Figure 4).
In contrast, TOC concentrations as well as benthic foraminifera (Lochte et al., 2019b) indicate a high productivity
phase (Figure 3). A stronger influence of Gulf Stream-derived water should result in a clear warming, indicated
by all proxies. We assume that the signal recorded in the records further south did not reach or affect the core site
on the Labrador Shelf. The northwestern Labrador Shelf seems to be mainly influenced by a strong inner LC and
the reduction of the solar insolation and the onset of the Neoglacial cooling which commenced at ca. 4-5 Kyr BP
in northeast Canada with a series of glacial readvances (Andrews et al., 1999; Andrews & Tedesco, 1992; Davis
& Jacobson, 1985). However, the stronger Gulf Stream will subsequently affect the NAC and IrC feeding into the
WGC, which could account for warmer signals found in the eastern Baffin Bay records (described above).
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Terrigenous sterols on the Labrador Shelf show one final peak at ca. 5.5 Kyr BP, which may be related to the
disappearance of the last glaciers in Labrador (Dalton et al., 2020). Following this peak sterol concentrations
show a decreasing trend, indicating that terrigenous input was relatively low during interval IV (Figure 3).

4.3.5. Interval V: 3.5-0 Kyr BP

The increasing trend in seasonal sea ice, indicated by rising IP,; concentrations and PIP,, values, continues and
becomes more apparent during the past 3.5 Kyr (Figures 5 and 7). We assume sea ice remained seasonal and with-
out the formation of an ice edge in the proximity to the core site, as HBI III (Z) accumulation and concentration
remain at low levels (Figure 4). This increase in seasonal sea ice on the Labrador Shelf is associated with the
Neoglacial cooling trend, linked to declining solar insolation (Figure 7). Our findings agree with results from the
northwest Labrador Sea, where dinocyst-based reconstructions indicate colder, less saline sea surface conditions
with increased ice cover after 2 Kyr BP (Gibb et al., 2014).

We assume that this increase in sea ice is associated with a prevailing positive mode of the NAO during the
Neoglaciation (Figure 7; Olsen et al., 2012). The positive NAO mode is associated with stronger northwesterly
winds that carry Arctic air and/or low salinity and temperature anomalies to the study area, favoring the formation
of local sea ice (Deser, 2002; Drinkwater, 1996; Petrie, 2007; Prinsenberg et al., 1997). However, the positive
mode of the NAO is also associated with a stronger AMOC resulting in an increased northward advection of
Atlantic waters toward the north (e.g., Trouet et al., 2009). However, during this interval, a re-occurrence of polar
waters from the BC has been reported from Labrador Shelf and Sea (Gibb et al., 2015; Lochte et al., 2019b).
Strong westerly winds, caused by the positive NAO, may have caused an eastward shift in the Irminger Current,
carrying Atlantic waters north, to make way for the southward flowing waters of the BC, carrying cold and ice
laden waters to the core site on the Labrador Shelf. Due to the low resolution of the late Holocene in our core,
further interpretation on the influence of the NAO on sea ice on the Labrador Shelf is not possible.

In addition to influences of the NAO mode, sea ice may also be exported from the now open Canadian Arctic
(Knudsen et al., 2008), one of the two export routes of Arctic sea ice into the North Atlantic. The latter is
supported by evidence for a persistent Canadian archipelago source in the LC during the past 1.6 Kyr BP (Keigwin
et al., 2003) and increases in sea ice in Disko Bugt during the past 2.2 Kyr BP (Kolling et al., 2018; Krawczyk
et al., 2013), and Baffin Bay during the past 3 Kyr BP (Limoges et al., 2020; Saini et al., 2022; Figure 7). All of
these may lead to an enhanced sea-ice export to the Labrador Shelf.

Terrigenous input increased sharply during the past 2 Kyr, based on campesterol concentrations (Figure 4). This
trend may be related to the opening of the forest tundra and fire occurrence observed in Northern Quebec during
this interval (Asselin & Payette, 2005), which could have increased the terrigenous material transported toward
our core site via Hudson Bay.

The Neoglacial cooling observed at our core site seems to have affected different phytoplankton producers differ-
ently. TOC, BSi and the phytoplankton biomarkers brassicasterol and dinosterol rise slightly (Figures 3 and 4;
this study). Benthic foraminiferal productivity shows no change or a minor increase, and alkenone concentrations
decrease during this interval (Lochte et al., 2019b). We assume that reduced stratification during this interval
(Solignac et al., 2004) provided at times favorable environmental conditions for some phytoplankton species during
the ice-free late spring/summer whereas other groups struggled with the high inflow of nutrient-poor and cold polar
water masses (e.g., Gibb et al., 2015; Lochte et al., 2019b; Miiller et al., 2012). The phytoplankton community on
the Labrador Shelf is dominated by different species, depending on the season, diatoms dominate the phytoplankton
community during spring, dinoflagellates throughout autumn/winter (Harrison et al., 2013). More detailed studies
from Baffin Bay reveal similar results (Jensen & Christensen, 2014), and additionally indicate the dominance of
haptophytes during late winter/early spring. A similar seasonal shift in phytoplankton community on the northern
Labrador Shelf could explain the reduction in alkenone concentrations, produced by haptophytes which seem to
bloom during the still ice-covered late winter/early spring, which would hamper the haptophyte bloom. Furthermore,
diatoms and dinoflagellates could benefit from the ice-free conditions and nutrient availability during the (nearly)
ice-free spring and autumn. This in turn could have increased the export of organic matter toward the sea floor, indi-
cated by rising TOC concentrations (Figure 3), which would have provided a food source for benthic foraminifera.

In summary, interval V is characterized by an increase in seasonal sea ice following the Neoglacial cooling.
Terrigenous input increased due to vegetation changes in the hinterland, which provided nutrients for phytoplank-
ton communities blooming during the ice-free season in late spring, summer and autumn (Figure 6).
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5. Conclusions

Sea-ice conditions and phytoplankton productivity on the northwestern Labrador Shelf over the last 9.3 Kyr
were reconstructed based on geochemical and bulk sedimentary proxies in a well dated sediment core
(MSM45_19-2).

With this approach, we identified five intervals:

1. Between 8.9 and 8.5 Kyr BP, the Labrador Shelf is characterized by low seasonal sea-ice conditions and the
melting of the proximal LIS. High terrigenous input from the LIS and a short sea-ice season seem to have
favored phytoplankton productivity.

2. From 8.9 Kyr onwards, increased inflow of warm Atlantic waters triggered the Lake Agassiz-Ojibway drain-
age and the Hudson Bay Ice Saddle collapse, which caused massive meltwater outbursts toward the North
Atlantic between 8.5 and 8.2 Kyr BP. Parallel to the increased meltwater input and subsequent freshening
of the surface ocean, sea ice increased toward harsh seasonal sea-ice cover and the formation of an ice edge
over the core site. The harsh seasonal sea-ice conditions and high freshwater input seem to have hampered
phytoplankton blooms.

3. After the massive freshwater events, the interval between 7.5 and 6.2 Kyr BP was characterized by decreasing
sea-ice conditions, a trend which is likely associated with the HTM. Phytoplankton productivity could benefit
from the more open sea-ice conditions and a reduction in meltwater. However, terrigenous input was still
relatively high, associated with the melting of the last remaining glaciers in the hinterland.

4. During interval IV, 6.2-3.5 Kyr BP, sea-ice conditions seemed to increase slightly and phytoplankton produc-
tivity remained at intermediate levels, whereas other records further east still indicate warm HTM conditions.
This may be related to a strong and fresh inner LC in the west (Labrador Shelf) and a strong Atlantic inflow
in the east (Baffin Bay).

5. Following the Neoglaciation, seasonal sea-ice conditions became harsher after 3.5 Kyr BP. The increase in
sea-ice cover may also be associated with a positive mode of the NAO. Different productivity indicators show
different signals during this period, possibly indicating a strong seasonality in phytoplankton production.

Data Availability Statement

The radiocarbon age model was implemented in the software package OxCal v4.4.4 (Ramsey, 2008, 2009), using
the marine data from Heaton et al. (2020) for calibration (Marine20) (Figure 2). Local marine radiocarbon reser-
voir offset data was taken from McNeely et al. (2006) and Coulthard et al. (2010). All biomarker data, includ-
ing concentrations normalized to total organic carbon (pg/gTOC) and gram sediment (pg/gSed) used for this
research are available at PANGAEA—Data Publisher for Earth & Environmental Science via Kolling, Doering,
et al. (2022) and Kolling et al. (2022a, 2022b) with license Creative Commons Attribution 4.0 International.
Bayesian age model code is available at Zenodo (Kolling et al., 2023) with license Creative Commons Attribution
4.0 International.
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