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Abstract. The Scotian Shelf lies at the confluence of warm Gulf Stream (GS) waters and the cold Labrador Current (LC), 

making it highly sensitive to large- and small-scale climate variability. Modern observations show rapid regional warming 15 

accelerated by episodic GS-derived intrusions, yet Holocene paleoceanographic reconstructions from this margin are sparse 

and often conflicting with respect to the frequency and extent of intrusion events. Here, we present high-resolution Mg/Ca-

derived sea-surface temperature (SST) and planktonic δ¹⁸O records from St. Anns Basin on the north-eastern Scotian Shelf 

that provide new insights into the hydrographic surface-ocean variability of the past 8.5 ka calibrated Before Present (cal BP). 

While the SST record does not capture the 8.2 ka event, this event is evident in the δ¹⁸O and Ca/Sr records, indicating that its 20 

freshwater signal reached the Scotian Shelf. Reconstructed SSTs are generally cold from ~8.5 to ~6.2 cal ka BP, followed by 

a gradual increase in mean SSTs punctuated by multiple short-lived warm and saline events beginning around 6 cal ka BP, at 

6.0-5.8, 5.5-5.4, 5.1-4.9, 3.2-3.1, 2.5-2.2 and 1.05-0.8 cal ka BP, which we interpret as intrusions of GS-sourced slope waters. 

We attribute these events to basin-scale reorganizations of the GS-LC system, consistent with the minimum/maximum modal 

state framework of Pickart et al. (1999). Minimum modal state circulation, characterized by a strong onshore LC and an 25 

intensified Deep Western Boundary Current (DWBC), which is dominated by Denmark Strait Overflow water, creates a sharp 

front which restricts intrusions of warm water onto the Scotian Shelf. Maximum modal state conditions feature a weakened 

LC and increased Labrador Sea Water (LSW) contribution to the DWBC, and reduce cross-slope temperature and salinity 

gradients that permit GS-derived waters to penetrate the shelf. Overall, our results indicate that warm-water intrusions occurred 

regularly throughout the past 6.5 ka BP with magnitudes of 6.7°C and 1.5 psu comparable to those observed today. 30 
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1. Introduction 

The northwest Atlantic provides a unique environment to monitor and reconstruct modern and past ocean variability, 

respectively. Within the NW Atlantic, the Scotian Shelf is a critical climatic region as it lies at the frontal zone between the 35 

colder and fresher polar waters of the Labrador Current (LC) and warmer and saltier Atlantic water masses from the Gulf 

Stream (GS) (Fig. 1). Both currents are key components of the Atlantic Meridional Overturning Circulation (AMOC) and are 

influenced by changes in the Subpolar Gyre (SPG) (Brickman et al., 2018; Gonçalves Neto et al., 2021). Over the past decade, 

the Scotian Shelf has warmed faster than many other ocean regions (e.g., Pershing et al., 2016). Climate models suggest that 

present-day and future warming of the water column on the Scotian Shelf is linked to the retreat/retroflection of the LC and a 40 

northward shift of the GS (Zhang & Vallis, 2007; Saba et al., 2016). Further, the continuous sea surface temperature (SST) 

warming trend since 2011 has been linked to increasing GS intrusions onto the Scotian Shelf that was associated with a general 

northward shift of the GS system (Gonçalves Neto et al., 2021 and references therein). The degree to which these 

oceanographic changes are influenced by basin-scale processes, including AMOC and SPG dynamics, as well as enhanced 

freshwater fluxes from melting Arctic sea ice and glaciers, remains uncertain. 45 

 

Holocene SST reconstructions from the northwest Atlantic off Canada, including the Scotian Shelf (Levac, 2002; Keigwin et 

al., 2003; Sachs, 2007) are often described as ambiguous due to the strong influence on LC variability, freshwater input, and 

seasonal or stratification effects. Levac (2002) employed dinocyst transfer functions to reconstruct surface ocean conditions 

in La Have and St. Anns Basins: La Have Basin shows an early Holocene warming peak (~10.5-8.5 ka BP) followed by middle 50 

Holocene cooling, whereas St. Anns Basin exhibits a later early-Holocene peak (~7.5-6 ka BP) and a second warm interval 

between ~5 and 2.5 ka BP. In the adjacent Emerald Basin, Sachs (2007) recorded a more muted SST signal, with an overall 

Holocene cooling trend using alkenones. In the same basin, Keigwin et al. (2003) applied Mg/Ca thermometry and stable 

isotopes on planktonic foraminifera, documenting distinct early-Holocene warmth followed by mid-Holocene cooling. These 

diverging patterns reflect complex regional interactions between the GS and LC and are further complicated by seasonal biases 55 

inherent to different SST proxies (Schneider et al., 2010). Moreover, no high-resolution, continuous Holocene reconstructions 

exist that capture centennial- to decadal-scale hydrographic variability in the GS-LC system on the Scotian Shelf. 

Understanding this variability is critical as shifts in the balance between subpolar and subtropical waters in the NW Atlantic 

may reflect broader oceanographic changes in the NW Atlantic Ocean, controlling the delivery of warm, saline Atlantic waters 

onto the Atlantic Canadian Shelf (Pickart et al., 1999). Such modal-state transitions influence local SST and sea surface salinity 60 

(SSS), and, as shown in terrestrial records, can drive broader hydroclimatic effects in the North Atlantic region (Shuman et al., 

2019).  
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In this study, we present a high-resolution Holocene reconstruction of SST and water mass dynamics from the Scotian Shelf 

using planktonic foraminiferal Mg/Ca thermometry and stable oxygen isotopes. For additional freshwater reconstruction we 65 

present elemental data, i.e. Ca/Sr ratio and calcite content. Our record provides new insights into centennial- to millennial-

scale variability in the GS-LC system and allows a link to be made from local SST-SSS anomalies to modal-state circulation, 

AMOC and SPG variability, and broader North Atlantic climate patterns.  

1.1. Regional Oceanography 

The surface ocean circulation proximal to the Scotian Shelf reflects the competing influence of the LC and the GS, both 70 

components of the SPG. On its western boundary, the LC consist of an inner and an outer branch (Fig. 1). The inner LC is fed 

by outflow from Davis and Hudson Straits, whereas the outer LC is a continuation of the West Greenland Current (Fig. 1; 

Lazier & Wright, 1993; Straneo & Saucier, 2008). The outer LC follows the shelf edge southward along the coast of Labrador 

and Newfoundland, feeds the Slope Water Jet along the Scotian Slope, and contributes to the inflow into the Laurentian 

Channel (Fig. 1; Loder et al., 1998, 2003; Fratantoni & McCartney, 2010). The inner LC flows parallel to the outer LC on the 75 

Labrador Shelf until entering the Gulf of St. Lawrence via the Strait of Belle Isle, where it mixes with Gulf of St. Lawrence 

outflow and continues onto the Scotian Shelf as the Nova Scotia Current (NSC; Fig. 1). 

 

On the southern boundary of the SPG, the GS transports warm, saline and relatively oxygen-depleted waters northwards along 

the U.S. eastern coast before turning towards the east at Cape Hatteras (~35.2°N). It then meanders northeast towards the 80 

Grand Banks of Newfoundland, generating warm eddies which may reach the Scotian Shelf (Brickman et al., 2018). These 

eddies enter the Scotian Shelf via deep gullies and channels (Petrie & Drinkwater, 1993; Loder et al., 1998; Petrie & Yeats, 

2000) and can be considered a key mechanism for episodic intrusions of warm, saline slope waters onto the Scotian Shelf.  

The interaction between the cold waters of the LC and the warm, saline GS forms the Slope Waters along the Scotian Slope, 

which comprise of cold Labrador Subarctic Slope Water and the warm Atlantic Thermal Slope Water (ATSW; Greene et al., 85 

2013; Seidov et al., 2021). At greater depth, the Deep Western Boundary Current (DWBC) carries components of LSW and 

Denmark Strait Overflow Water (DSOW), both key components of the North Atlantic Deep Water (NADW) (Bower et al., 

2009). 

The Scotian Shelf exhibits a strong spatial gradient in SST and SSS (Petrie & Drinkwater, 1993). St. Anns Basin (Fig.1) on 

the northeastern Scotian Shelf modern summer SSTs (0-5m water depth) reach around 3-4°C (World Ocean Atlas 2023; 90 

Locarnini et al., 2023) and salinities of 31.5 psu (World Ocean Atlas 2023; Reagan et al., 2023). SST anomalies of up to 2°C 

have been reported for more than 50 years typically within the upper 150m of the water column (Lauzier, 1965). However 

more recent observations indicate anomalies of up to 4°C and salinity anomalies of 0.5 psu within the upper 300m water depth 

in Scotian Shelf Basins (Hebert et al., 2021). 

 95 
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2. Material & Methods 

2.1. Sediment Material 

Gravity core MSM101_44-3 was taken during expedition MSM101 with the German research vessel Maria S. Merian from 

St. Anns Basin on the north-eastern Scotian Shelf (45°46.651’N 58°31.967’W, Fig. 1) at 274 m water depth (Schneider et al., 100 

2021). Upon recovery, the core was cut into 1 meter-sections, with each section subsequently split lengthwise into a working 

and archive half. The sediment material consists of olive-greyish to dark greyish-brown, organic-rich, hemipelagic silty clays, 

with varying degrees of bioturbation. Sediment samples were taken onboard using 10 ml-syringes in 5 cm-intervals and stored 

at 4°C. They were freeze-dried and washed over 63- and 150 μm-sieves in the sediment laboratories at Kiel University. 

 105 

2.2. Chronology  

The chronology of core MSM101_44-3 is based on 10 accelerator mass spectrometry (AMS) 14C dates of mixed benthic 

foraminifera obtained at Leibniz Laboratory for Radiometric Dating and Stable Isotope Research at Kiel University (Matzerath 

et al., 2026). Radiocarbon dates were converted to calendar ages BP and a sediment depth-age model was developed (Fig. 2, 

Appendix A - Table A1) using a Bayesian Poisson-process deposition model with the software package OxCal v4.4.4. 110 

(Ramsey, 2008, 2009) and the Marine20 dataset (Heaton et al., 2020). The local marine reservoir offset was assumed to be -

86 (±66) years, based on the Canadian Marine Reservoir Ages database (McNeely et al., 2006; Matzerath et al., 2026). The 

resulting modelled ages have 95.4% credible interval widths of 350-530 years. 

 

2.3. Mg/Ca measurements and temperature estimates 115 

For Mg/Ca measurements, about 20-50 specimens of the planktonic foraminifera Neogloboquadrina pachyderma were picked 

from the >150 μm size fraction of the sediment. Each sample was gently crushed between two glass plates and subsequently 

transferred in a pre-cleaned PCR-vial. Foraminifera tests were cleaned following established protocols after Barker et al., 

(2003). This procedure incorporates an oxidative cleaning step, which includes clay removal by several milli-Q and methanol 

rinses and organic matter removal with alkali-buffered 1% H2O2 solution in a hot water bath (~100°C for 10min). Prior to a 120 

final leaching step, using ultrapure 0.001M HNO3, remaining silicates were removed by hand with a fine brush. Dissolved and 

diluted samples (0.1 M ultrapure HNO3) were measured with an inductively coupled plasma-optical emission spectrometry 

(ICP-OES) instrument (Spectro Arcos) at the Institute of Geosciences at Kiel University. The instrument was calibrated for 

Ca concentrations between 15 and 30 mg/L. For samples outside this range, a higher degree of uncertainty is expected and 

they were excluded from the data set. Instrument stability and accuracy were controlled using the reference material ECRM 125 

752-1 (Limestone), with 1.01 % relative standard deviation throughout the measurements (n=20). Additional trace elements 

(Fe, Al, Mn) were monitored to check for possible contamination originating from authigenic foraminiferal coatings or 

introduced during the cleaning procedure. For surface water temperature estimates (SSTMg/Ca), the calibration of Elderfield & 

Ganssen (2000) adapted  by Jonkers et al. (2013) was used.  
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𝐶𝑎 = 0.687 ∗ 𝑒!.!#∗%%& 130 

 

The standard deviation of the Mg/Ca measurements was controlled by 10 duplicate samples and averaged to 0.02 mmol/mol 

which translates into an average uncertainty of 0.21°C for our SST estimates. 

 

Mn/Ca ratios were measured and evaluated to assess the cleaning efficiency and possible contamination from diagenetic 135 

processes. Generally, Mn/Ca ratios are low (< 0.2 mmol/mol) and do not show a significant correlation to Mg/Ca ratios (r2 = 

0.025; p = <0.01, Appendix B - Fig. B1). Based on the protocol of Boyle (1983), the threshold level of 100  μmol/mol for 

diagenetic coatings is surpassed in 62 of our samples. Hence, we apply a correction based on Elderfield et al. (2012) for all 

Mg/Ca values. Corrected and uncorrected Mg/Ca data do not differ (Fig. 2), we conclude that Mn-rich authigenic coatings did 

not significantly bias our planktonic foraminiferal Mg/Ca data. 140 

 

N. pachyderma abundances in the water column of the Irminger Sea have been shown to peak during spring and late summer 

phytoplankton blooms, and its δ18O signal reflects temperatures from below the seasonal mixed layer (Jonkers et al., 2010). 

More broadly, studies from the Arctic and North Atlantic demonstrate that the depth habitat of N. pachyderma varies 

systematically with sea-ice cover and chlorophyll concentration, with a consistent preference for a depth habitat below the 145 

chlorophyll maximum (Greco et al, 2020). Under conditions of strong sea-ice cover and/or high chlorophyll concentrations, 

the species typically occupies depths of ~50-100 m, whereas under reduced sea-ice cover and lower productivity conditions 

its depth habitat deepens to ~75 and 150 m (Greco et al., 2020). On the Scotian Shelf, the mixed layer depth is generally ~60-

80 m, shoaling to <20m during summer stratification (Colbourne et al., 2015; Renkl et al., 2024), while the chlorophyll 

maximum is typically located in the upper to mid-euphotic zone at ~20-40m (Herman & Platt, 1986). Taken together, these 150 

constraints suggest that the reconstructed SSTs derived from N. pachyderma primarily reflect spring-summer subsurface 

temperatures integrated over approximately 20-80 m water depth. 

 

2.4. Stable oxygen isotopes 

For stable oxygen isotope measurements, 25 crushed specimen of N. pachyderma were used. Analyses were carried out using 155 

a Finnigan MAT 253 mass spectrometer coupled with a Kiel IV carbonate preparation device at Leibniz Laboratory for 

Radiometric Dating and Stable Isotope Research at Kiel University. All carbonate data are reported in delta notation (δ18Oc) 

with reference to the Vienna Pee Dee Belemnite (V-PDB) standard. Five duplicate samples resulted in a standard deviation of 

δ18Oc =0.13‰. For calculating the δ18O of seawater (δ18Osw), the measured δ18Oc (in ‰ V-PDB) was, in a first step, translated 

to the Vienna Standard Mean Ocean Water (V-SMOW) scale by adding 0.27 ‰. In a second step, the equation of Bemis et al. 160 

(1998)  

 

https://doi.org/10.5194/egusphere-2026-809
Preprint. Discussion started: 17 February 2026
c© Author(s) 2026. CC BY 4.0 License.



6 
 

  T = 16.5 – 4.80 (δ18Oc - δ18Osw)  

 

was applied, where T represents the SSTMg/Ca in our study core. In a last step, δ18Osw was corrected for global ice volume 165 

(δ18Osw-ivc) by using a sea-level correction of 0.0083‰ per 1 m (Siddall et al., 2003), derived from the relative sea level curve 

by Austermann et al. (2013).  

 

SSS were calculated based on the global equation by LeGrande & Schmidt, (2006): 

  SSS = (δ18Osw + 18.98)/0.55. 170 

 

2.5. X-ray fluorescence (XRF) core scanning 

Elemental composition of the bulk sediment was determined on the archive halves of core MSM101_44-3 at Kiel University 

using an Avaatec XRF core scanner. The sediment surface was smoothed and covered with a 4-μm-thin 

SPEXCertiPrepUltralene foil to avoid contamination during measurements (Richter et al., 2006). Each core section was 175 

successively scanned using a 10kV (tube current: 200μA, time: 10s, no filter) and a 30kV (tube current: 800μA, time: 20s, Pd-

thick filter). To ensure instrument stability, standard materials (SARM4, JGa-1, JR-1, KGa-1) were measured at the start and 

end of each analytical day. 

 

2.6. X-ray diffraction (XRD) analyses  180 

For XRD analyses, 40 freeze-dried and homogenised sediment samples were analysed for their main mineral components with 

X-ray diffraction using a Bruker AXS D 8 Discover equipped with a copper x-ray tube at Kiel University (step size: 0.0037° 

2q, count time: 1.5 s, scan range: 10°-70° 2q). XRD results were processed using the HighScore Plus Version 4.8. (4.8.0.25518) 

by PANalytical and the Inorganic Crystal Structure Database (ICSD) from FIZ – Leibniz Institute for Information 

Infrastructure Karlsruhe. Quantitative mineral phase analysis was performed via automatic Rietveld refinement, in which the 185 

software iteratively adjusts the scale factors of the constituents’ phases to achieve an optimal least-squares fit between the 

observed and calculated diffraction patterns, thereby providing robust estimates of the relative mineral abundances. Based on 

internal calibration, the uncertainties of the Rietveld-derived abundances were estimated to be approximately ±10%. 

 

2.7. Spectral Analysis 190 

For statistical analysis, spectral analysis was performed on time series of SSTMg/Ca reconstructions, δ18Oc and δ18Osw-ivc using 

the QAnalySeries program version 1.5.4. (Kotov & Pälike, 2018). Each data series was detrended using QAnalySeries (Kotov 

& Pälike, 2018). Spectral densities were then calculate using the BTuckey function, and the significance of spectral peaks was 

assessed at the 95% confidence level. 

 195 

3. Results 
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3.1. Age model 

Sediment core MSM101_44-3 represents the past 10 cal ka BP with sedimentation rates ranging between 66 and 134 cm/ka 

(Fig. 2). Lowest sedimentation rates (66 cm/ka) are observed in the oldest core sections until 7.4 cal ka BP, afterwards 

sedimentation rates increase rapidly reaching the highest values of the record around 4.8 cal ka BP with 134 cm/ka (Fig. 2). 200 

This steep increase is followed by sedimentation rates falling to 104 cm/ka until 2.8 cal ka BP, when the sedimentation rates 

continue to rise again towards the core top reaching 119 cm/ka BP (Fig. 2). Based on these sedimentation rates and our sample 

interval of 5 cm, a resolution of 36 – 74 years is reached with our record, adequate to resolve centennial to multi-decadal 

hydrographic changes in the study region.  

 205 

3.2. Mg/Ca ratios and SSTMg/Ca estimates 

The absence of planktonic foraminifera prior to 8.6 cal ka BP limits the reconstruction of a compete Holocene Mg/Ca record. 

Between 8.6 and 6.5 cal ka BP, N. pachyderma Mg/Ca ratios remain stable around 1.02 mmol/mol, corresponding to an average 

SST of approximately 0.9°C (Fig. 3). From 6.5 to 3 cal ka BP, Mg/Ca ratios display pronounced variability (0.7-2.6 mmol/mol), 

yielding reconstructed SSTs between -2.1 and 13.5 °C, with a mean of ~1.2°C (Fig. 3). This high amplitude variability 210 

continues through the most recent interval (3 – 0.2 cal ka BP), but around a slightly higher SST baseline of ~3 °C (Fig. 3). 

During this period, N. pachyderma Mg/Ca ratios range 0.7 between 2.8 mmol/mol Mg/Ca, equivalent to SSTs ranging from -

1.8 to 9.4 °C and an average SST of 2.5°C (Fig. 3). These temperatures are consistent with modern subsurface conditions on 

the Scotian Shelf, where temperatures of 0.4-2.8 °C are observed at 20-100m water depth (World Ocean Atlas 2023; Locarnini 

et al., 2023). 215 

 

3.3. Stable oxygen isotopes 

Planktonic δ18Oc values exhibit a distinct negative excursion by ~1‰ V-PDB around 8 cal ka BP followed by a stabilization 

of δ18Oc values of ~1.8 ‰ V-PDB until 4 cal ka BP (Fig. 3). Between 3.2 and 2.1 cal ka BP, δ18Oc values decline slightly to 

1.6 ‰ before increasing thereafter, reaching 2 ‰ V-PDB at the core top (0.2 cal ka BP) (Fig. 3).  220 

 

The ice volume corrected oxygen isotope signature (δ18Osw-ivc), mirrors the δ18Oc, with minimum values around 8 cal ka BP (-

2.5 ‰ V-SMOW) and a rise to intermediate values (-2 ‰ V-SMOW) between 6.2 and 2.8 cal ka BP (Fig. 3). From 2.8 cal ka 

BP onward, δ18Osw-ivc values decreases again to an average of -1.5 ‰ V-SMOW until the core top (Fig. 3). Several distinct 

positive excursions in δ18Osw-ivc occur at ~6.0, 5.0, 2.2 and 1.0 cal ka BP (Fig. 3). 225 

 

3.4. Elemental composition 

XRF Ca/Sr ratios decrease throughout the core, with higher values in the older sediments and lower values after ~4 cal ka BP 

(Fig. 3). A pronounced XRF Ca/Sr peak occurs between 8.7 and 8.3 cal ka BP (Fig. 3). XRD Calcite content follows a broadly 

similar pattern, decreasing gradually from ~7 wt% until approximately 6 ka cal BP to ~3 wt% towards the core top (Fig. 3). A 230 
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distinct maximum, reaching up to 10 wt% calcite, is recorded between 8.5 and 8.1 cal ka BP, coinciding with the XRF Ca/Sr 

peak at that time (Fig. 3). Generally, XRF Ca/Sr and XRD Calcite content follow the same trend. 

 

4. Discussion 

4.1. Holocene hydrographic evolution on the Scotian Shelf  235 

Our new SSTMg/Ca record indicates relatively stable temperatures with a slight warming trend over the past 8.6 cal ka BP (Fig. 

3F and 4A). Superimposed on this trend, several distinct warm anomalies occur within the past 6.5 cal ka BP (Fig. 3F). This 

aligns with dinocyst-based reconstructions (Fig. 4; Levac, 2001, 2002) but contrasts with other micropaleontological (Scott et 

al., 1984; Orme et al., 2021) and alkenone-based SST (Fig. 4; SSTAlkenone; Sachs, 2007) reconstructions from the Scotian Shelf. 

Similar discrepancies between SSTMg/Ca and SSTAlkenone proxies have also been reported from the Laurentian Fan (Keigwin et 240 

al., 2005). In addition, our record does not show the mid-Holocene warming observed elsewhere in the NW Atlantic between 

10 and 6 cal ka, which is typically interpreted as a northward shift of the GS (Fillon, 1976; Vilks & Rashid, 1976; Balsam, 

1981; Keigwin & Jones, 1995; Solignac et al., 2004). The absence of such a surface-ocean warming at our study site in St. 

Anns Basin may be caused by (i) a lack of data prior to 8.5 ka cal BP, (ii) lower relative sea level (Vacchi et al., 2018), partly 

exposing the shelf-edge sills, likely restricting exchange with the open Atlantic, causing basins to be more isolated, or (iii) a 245 

persistent influence of cold meltwater from the Gulf of St. Lawrence throughout the late and mid-Holocene on the Scotian 

Shelf (Licciardi et al., 1999).  

 

SSTAlkenone reconstructions from the Scotian Shelf indicate an overall cooling trend of up to 10°C over the past 10 cal ka BP 

without any centennial-to-millennial-scale variability (Fig. 4; Sachs, 2007), quite different from the Mg/Ca based SST 250 

reconstruction presented here (Fig. 3F). Although alkenone-based reconstructions typically represent ocean temperatures at 

shallower water depths than N. pachyderma or dinocysts (Müller et al., 1998; Herbert, 2001), depth-habitat differences alone 

cannot explain the contrasting proxy trends, as all proxies record temperatures from a relatively narrow depth range (0-100m), 

too limited to experience the magnitude of change implied by the differing signals (Wharton, 2022). Comparable SSTAlkenone 

records from the NW Atlantic show similar long-term cooling trends as was observed here (e.g., Keigwin et al., 2005; Marsicek 255 

et al., 2018). It was suggested that SSTAlkenone reconstructions may reflect GS-LC frontal migration rather than mean seasonal 

or annual SSTs in the NW Atlantic (Osman et al., 2021). In contrast, alkenone records highlight an extension of the bloom 

season through the Holocene relative to foraminiferal proxies, with blooms shifting from being restricted to summer to 

occurring from spring through autumn, which likely contributed to the general cooling trend observed in SSTAlkenone records 

(Keigwin et al., 2005; Eynaud et al., 2018; Bova et al., 2021). Because foraminiferal SSTMg/Ca primarily record spring-summer 260 

conditions, which we assume remained relatively consistent throughout our record, our SSTMg/Ca reconstruction provides a 

complementary perspective to alkenone SSTs, which are influenced by changes in bloom seasonality and/or frontal migration, 

allowing us to resolve variability not captured by the SSTAlkenone records while remaining consistent with broader regional 

trends. 
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 265 

SSTMg/Ca reconstructions extend only as far back as 8.6 cal ka BP, as earlier intervals lack sufficient planktonic foraminifera 

for reliable analysis (Matzerath et al., 2026). This limitation, attributed to their absence or low abundance, is a well-documented 

issue on the Scotian Shelf (Scott et al., 1984; Levac, 2002), which may be linked to a shift from sympagic to pelagic conditions 

around 8.4 cal ka BP at St. Anns Basin due to rising sea level and reduced melt water influence from the Gulf of St. Lawrence 

(Matzerath et al., 2026).  270 

 

Our SSTMg/Ca record suggests relatively stable SSTs of around 2°C between 8.5 and 6.5 cal ka BP (Fig. 3). These results agree 

with dinocyst and sea-ice biomarker reconstructions from St. Anns and La Have Basins, which document a mid-Holocene 

cooling between 8.7 and 7.0 ka cal ka BP, characterized by lower SSTs and SSSs than today and an extended sea ice period 

(Fig. 4; Levac, 2002; Matzerath et al., 2026). Planktonic foraminiferal faunal reconstructions and stable oxygen isotopes from 275 

Emerald Basin show a similarly pronounced cooling between 8 and 6 cal ka BP (Wharton, 2022). This cooling has been 

associated with a shift in surface circulation in the North Atlantic due to a SPG contraction which caused a westward shift in 

the subpolar front, increasing the influence of LC waters on the Scotian Shelf (Fig. 5; Bersch, 2002; Holliday et al., 2020; 

Yang & Piper, 2021). Together, these findings suggest that the mid-Holocene cooing observed in our SSTMg/Ca record reflects 

the combined effects of circulation changes and extended sea-ice cover. 280 

 

This regional cooling aligns with large-scale changes in North Atlantic circulation. A pronounced reduction in NADW 

ventilation between 8.5 and 6.5 cal ka BP suggest a weakened AMOC during this interval (Oppo et al., 2003 Gerber et al, 

2025; Fig. 5). Additional evidence indicates that the LSW component of the NADW was particularly suppressed, implying 

reduced convection in the Labrador Sea and enhanced upper-ocean stratification (Hillaire-Marcel et al., 2007; Thornalley et 285 

al., 2009; Fig. 5). In combination, enhanced stratification of the water column, and a strong, on-shore LC would have prevented 

Atlantic water intrusions onto the Scotian Shelf, maintaining the relatively stable and cold conditions reflected in our record 

at St. Anns Basin throughout the last 8.5 ka. Superimposed on this cold early Holocene background, the 8.2 ka event represents 

a short-lived freshwater perturbation whose expression differs across proxies. 

 290 

4.2. The 8.2 ka event: Expression on the Scotian Shelf 

Planktonic δ18Oc anomalies and increased detrital carbonate content between 8.5 and 7.9 cal ka BP indicate a meltwater pulse, 

coinciding with elevated sedimentary inorganic calcite (Fig. 3). This interval likely corresponds to the 8.2 ka cold event, 

attributed to the catastrophic drainage of Lake Agassiz via Hudson Strait (Lochte et al., 2019). The 8.2 ka cold event is well-

documented in terrestrial, marine and ice-core records throughout the Northern Hemisphere (Spooner et al., 2002; Alley & 295 

Ágústdóttir, 2005; Rohling & Pälike, 2005). δ18Osw-ivc and reconstructed salinities do not record a contemporaneous signal; 

however, these proxies contain a data gap over this interval (Fig. 3). Despite this, the δ18Oc and detrital carbonate anomalies 

provide robust evidence of the meltwater event, consistent with independent Holocene paleoclimate records. 
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Previous studies suggest that the final Lake Agassiz outburst reached the Scotian Shelf, dramatically reducing sea surface 300 

salinities (Scott et al., 1984; Levac et al., 2001; Levac, 2002). This freshwater pulse likely became entrained in the GS, 

significantly impacting AMOC strength (Keigwin et al., 2005) and contributing to the widespread 8.2 ka cold event in the 

North Atlantic region (Thomas et al., 2007; Hoffman et al., 2012; Jennings et al., 2015; Lochte et al., 2019). A comparable 

signal in SSTMg/Ca and planktonic δ18O records from the Laurentian Fan has been reported between 8.4 and 8 cal ka BP (Fig. 

4; Keigwin et al., 2005). Reconstructions from the NW Atlantic show a similar δ18O depletion around ~7.5 cal ka BP (Keigwin 305 

& Jones, 1995; de Vernal & Hillaire-Marcel, 2006), which recalibrates to ~8.2 cal ka BP using the Marine20 calibration curve 

and updated local reservoir corrections based on McNeely et al., (2006). However, some NW Atlantic records lack a clear 

meltwater signal (e.g., Piper et al., 2021; Rashid et al., 2017), likely due to the strong influence of the cold and fresh LC, which 

muted expression of the meltwater signal in the sedimentary record (Wharton, 2022). 

 310 

 The absence of a significant SST reduction in relation to the 8.2 ka event in our Mg/Ca record likely reflects pre-

existing cold conditions on the Scotian Shelf, driven by the combined influence of a strong LC, persistent freshwater input 

from the Gulf of St. Lawrence, and seasonal sea-ice cover (Matzerath et al., 2026). Under these already cold and fresh 

conditions, the upper water column was already at low temperatures, such that additional cooling associated with the 8.2 ka 

event would have had negligible impact on the SSTMg/Ca signal. Model simulations suggest a salinity reduction of ~5 psu in 315 

the subtropical North Atlantic between 8.16-8.74 ka BP (Condron & Winsor, 2011), falling below the tolerance threshold of 

planktonic foraminifera (e.g., Greco et al., 2020). The N. pachyderma specimens found in our core may have adapted by 

migrating to deeper, more stable water masses – an ecological response consistent with previous studies during the 8.2 ka 

event (e.g., Simstich et al., 2003). There is no clear evidence for the depth extent of the freshwater pulse that is associated with 

the 8.2 ka event. Meltwater penetrated the water column of the northern Labrador Shelf, near its source, to depths up to ~200m 320 

(Lochte et al., 2019). The depth habitat of N. pachyderma on the Scotian Shelf, further south, is difficult to constrain; however, 

it is likely that during this event, the species calcified at greater depth than during the rest of the record, potentially exceeding 

100m. 

An alternative explanation could involve freshwater and detrital carbonate input from the Gulf of St. Lawrence region, which 

contains carbonate outcrops on Anticosti Island (Loring & Nota, 1973). However, evidence for meltwater routing in this area 325 

is sparse (Keigwin et al., 2005; Levac et al., 2011) and it is generally accepted that the Gulf of St. Lawrence region was fully 

deglaciated by ~10.85 cal ka BP (Dyke, 2004). 

 

Between 8.5 and 7.9 cal ka BP, we propose that low SSTs in St. Anns Basin result from a more onshore pathway of the LC, 

as observed in the NW Atlantic during the early Holocene (Wharton, 2022) coupled with the presence of seasonal sea ice 330 

conditions (Matzerath et al., 2026) and significant meltwater inflow from the retreating Laurentide Ice Sheet. The 8.2 ka BP 
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freshwater pulse reached the St. Anns Basin, and caused planktonic foraminifera to migrate to deeper water masses, which 

explains the occurrence of inorganic calcite along with the discrepancy in δ18Oc and SSTMg/Ca. 

 

4.3. Emergence of mid- to late Holocene hydrographic variability  335 

After ~6.5 cal ka BP, the previously stable cold and relatively fresh sea surface conditions at St. Anns Basin transition to 

slightly higher SSTs accompanied by a marked increase in variability (Fig. 3). This shift marks the onset of episodic warm 

and saline anomalies superimposed on a generally cool baseline state (Fig. 3).  

 

Comparable increases in SST variability after ~6.5 cal ka BP have been identified in Emerald Basin based on N. pachyderma 340 

occurrence, suggesting that this shift reflects broader reorganizations of shelf hydrography (Wharton, 2022). The timing of 

this transition broadly parallel the establishment of the modern North Atlantic circulation system, characterized by deep water 

formation in the Labrador Sea after meltwater stratification decreased (Hillaire-Marcel et al., 2001; Born & Levermann, 2010). 

This reorganization likely weakened the dominance of cold, fresh LC waters on the Scotian Shelf and increased the influence 

of warmer, saltier Atlantic-sourced waters, leading to the higher and more variable SST and SSS observed in our record. 345 

 

A modest warming centered around ~6.5 cal ka BP may reflect a short-lived mid-Holocene thermal maximum previously 

identified on the Scotian Shelf between ~7.5 and 6 cal ka BP in dinocyst records (Fig. 4; Levac, 2002) and supported by pollen-

based reconstructions indicating warmer-than-present summer air temperatures in Atlantic Canada (Jetté & Mott, 2007). 

However, this interpretation contrasts with evidence for a general cooling trend between ~6 and 4 cal ka BP across the NW 350 

Atlantic, including N. pachyderma occurrence from Emerald Basin (Fig. 4; Wharton, 2022). The relative low baseline SSTs 

in the St. Anns Basin record (~2.1 °C) suggest that any mid-Holocene warming was weak or regionally muted. This regional 

cooling has been linked to a contraction of the SPG and a westward shift of the Polar Front, as inferred from both the North 

Atlantic and the Nordic Seas (Colin et al., 2010; Staines-Urías et al., 2013).  

 355 

Following ~6.5 cal ka BP, surface-water variability on the Scotian Shelf increases progressively, consistent with evidence for 

a recovery and strengthening of NADW formation following the early Holocene ventilation minimum (Oppo et al., 2003). The 

mid-Holocene stabilization of deep-water formation is thought to reflect the waning influence of Laurentide meltwater (de 

Vernal & Hillaire-Marcel, 2008) and a progressive increase in surface-water density in the Labrador Sea (Thornalley et al., 

2009). Such changes would have supported a stronger overturning circulation and a re-expansion of the SPG (Hillaire-Marcel 360 

et al., 2001). These large-scale adjustments would have reduced the strong upper-ocean stratification characterizing our study 

site in the early Holocene and allowed for episodic intrusions of Atlantic sourced warm waters, such as the GS sourced slope 

waters, after ~6.5 cal ka BP. This interpretation is further supported by increased variability in planktonic δ¹⁸O values after 

~6.5 cal ka BP (Fig, 3), indicating more dynamic temperature–salinity conditions and enhanced water-mass variability at the 

core site. 365 
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Between 4.4 and 3.2 cal ka BP, our record indicates a relatively stable phase of low SST and SSS. Dinocyst evidence from St. 

Anns Basin find relatively low summer SSTs, while winter SSTs increased (Fig. 4; Levac, 2002) – nevertheless this is 

inconsistent with our spring/summer SST reconstruction. Increasing sea ice in the Gulf of St. Lawrence (Solignac et al., 2011) 

and reduced Atlantic water input to the LC associated with stronger mixing and a weaker SPG likely also contributed to the 370 

cold, stable conditions on the Scotian Shelf from 4.4 to 3.2 cal ka BP (Thornalley et al., 2009; Fig 4). However, other 

hydrographic reconstructions from the NW Atlantic, find a warmer phase at that time associated with a reduction of sea-ice 

and meltwater export from the Arctic (Fig. 4; Levac, 2002; Solignac et al., 2011; Sheldon et al., 2016).  

 

During the last 3.2 cal ka BP, our record is characterized by lower-amplitude SST variability (Fig. 3F, 4A). This is consistent 375 

with foraminiferal assemblages from Emerald Basin, indicating alternating but muted influence of contrasting water masses 

on the central Scotian Shelf (Fig. 4; Wharton, 2022). This trend may be related to a stabilization of the atmospheric circulation 

towards the establishment of dominating north-westerly winds in the NW Atlantic region, which also stabilized the GS-LC 

frontal system (Sheldon et al., 2016).  

 380 

4.4. Warm water anomalies as indicators of Gulf Stream-sourced slope water intrusions 

Superimposed on the mid- to late Holocene trend, the St. Anns Basin record contains several distinct warm and saline 

anomalies (Fig. 3, 4). In this study, warm events are defined as either extreme events, characterized by at least two consecutive 

data points exceeding two standard deviations (2s), or as moderate events, defined by values exceeding one standard deviation 

(1s), above the mean SST (2.4°C) and SSS (32 psu). Two peaks consisting of only one data point at 4.7 and 4.5 cal ka BP are 385 

excluded. Our record indicates four extreme events from 6.0-5.8, 5.5-5.4, 3.2-3.1 and 2.5-2.2 cal ka BP as well as two moderate 

warm events from 5.1-4.9 and 1.05-0.8 cal ka BP, which last 100-300 years (Fig. 3). These events are expressed by concurrent 

positive anomalies in SST and SSS and are superimposed on otherwise cool baseline conditions (Fig. 3). 

 

Although, variations in Mg/Ca ratios can be influenced by factors other than temperature, including pH, calcification depth, 390 

or changes in depth habitat due to stratification or oxygenation (Nürnberg et al., 1996; Lea et al., 1999; Simstich et al., 2003; 

Kuroyanagi & Kawahata, 2004) the warm evens identified here are supported by a coherent SST-SSS signal. This combined 

temperature-salinity expression provides a robust basis for distinguishing genuine hydrographic anomalies from proxy specific 

artefacts.  

 395 

The six SST and SSS anomalies in our St. Anns Basin record after 6.5 cal ka BP most likely reflect episodic intrusions of GS-

sourced slope waters. Comparable events have been interpreted in both modern and paleoceanographic studies from the Scotian 

Shelf as periods of enhanced GS influence and reduced LC strength (Fig. 5; e.g., Keigwin et al., 2005; Townsend et al., 2015; 

Saba et al., 2016; Gonçalves Neto et al., 2021; New et al., 2021; Jutras et al., 2022). GS-sourced slope waters enter the Scotian 
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Shelf primarily through a limited number of deep gullies and channels incising the Scotian Shelf, e.g., the Gully or the Scotian 400 

Gulf (Fig 1; Petrie & Drinkwater, 1993; Loder et al., 1998; Petrie & Yeats, 2000). The origin of these warm waters remains 

uncertain. They may represent (i) GS-sourced slope waters entering the shelf via the Gully and adjacent channels, or (ii) 

shallower GS eddies affecting the surface waters only (Silver et al., 2023). Both pathways could have been modulated through 

post-glacial isostatic uplift. The apparent discrepancy between geochemical evidence for warm intrusions in the NE Scotian 

Shelf and the absence of such signals in Emerald Basin foraminiferal assemblage-based reconstructions (Fig. 4) likely reflects 405 

differences in basin geometry, water-mass pathways, and proxy sensitivity. St. Anns Basin is more sensitive to episodic 

subsurface Atlantic-derived intrusions that can be recorded by δ¹⁸O and Mg/Ca at specific depth habitats, whereas Emerald 

Basin assemblages integrate surface conditions over longer timescales and may remain dominated by Labrador Current waters. 

As a result, transient or subsurface warming events may be effectively masked in assemblage-based SST reconstructions from 

Emerald Basin. 410 

 

4.5. Mechanisms controlling modal-state variability 

Warm-water intrusions onto the Newfoundland Shelf have been explained by the interaction of the LC, the Slope Water Jet 

(SJ) and the DWBC (Pickart et al., 1999). Adapting this concept to the Scotian Shelf, we consider two contrasting circulation 

states that may explain warm-water intrusions to the study site (Fig. 6). During the minimum modal state, a strong onshore LC 415 

and an intensified SJ deliver cold, fresh subpolar water masses southward along the slope. At depth, a vigorous DWBC – 

dominated by cold DSOW – reinforces this configuration, maintaining a sharp front between cold LC and warm GS waters 

that acts as a barrier to intrusions of warm, saline slope waters. The Scotian Shelf and Slope are therefore dominated by cold, 

fresh subpolar water masses (Fig. 6). By contrast, during the maximum modal state, reduced LC and SJ strength together with 

diminished DSOW export and increased LSW influence, flatten the density gradients across the Scotian Slope and allow warm, 420 

saline slope waters to intrude onto the shelf (Fig. 6).  

 

Larger scale climate patterns support this interpretation. Shuman et al. (2019) showed that Holocene hydroclimate in the NE 

United States responded to changes in the North Atlantic temperature gradient: cool subpolar conditions, associated with a 

steep temperature gradient, produced widespread droughts, whereas warm subpolar conditions, associated with a weaker 425 

temperature gradient between the Greenland and the NW Atlantic margin, resulted in wetter intervals. This mirrors the warm 

SST events during the past 6.5 ka inferred in our Mg/Ca record – periods without warm intrusions on the Scotian Shelf 

correspond generally to drought events (Fig. 5). 

 

Several large-scale forcing mechanisms may drive these modal shifts. In the modern North Atlantic, positive phases of the 430 

North Atlantic Oscillation (NAO; the seesaw in atmospheric pressure between Icelandic Low and Azores High) are associated 

with enhanced wind stress curl over the subpolar North Atlantic, promoting SPG contraction and a northward displacement of 

the GS, conditions that favor maximum-mode intrusions (Pickart et al., 1999; Bersch, 2002; Holliday et al., 2020). Conversely, 

https://doi.org/10.5194/egusphere-2026-809
Preprint. Discussion started: 17 February 2026
c© Author(s) 2026. CC BY 4.0 License.



14 
 

negative NAO phases tend to reinforce minimum modal state conditions. However, the NAO primarily reflects wintertime 

atmospheric variability and operated on interannual to decadal timescales, limiting its direct application to centennial-to-435 

millennial Holocene records.  

 

Longer-term changes in ocean circulation may therefore provide a more appropriate framework for interpreting the observed 

modal variability. A weakening of the AMOC has been suggested to shift the GS northward and enhance the influence of 

subtropical Atlantic slope waters along the NW Atlantic (Zhang & Vallis, 2007; Zhang, 2008; Saba et al., 2016; Caesar et al., 440 

2018). In parallel, SPG-dynamics – controlled by wind stress, and buoyancy forcing – exert additional regional control: a 

contracted SPG weakens the LC and promotes warm intrusions, while an expanded SPG strengthens subpolar export and 

reinforced minimum-modal state conditions (Bersch, 2002; Thornalley et al., 2009; Peterson et al., 2017; Holliday et al., 2020).  

 

Together, these processes describe a spectrum of processes capable of shifting the NW Atlantic between minimum (cold, fresh, 445 

LC-dominated) to maximum (warm, saline, ATSW intrusions) modal states seen on the Scotian Shelf. Rather than reflecting 

control by a single driver, maximum modal state intrusions likely occur when multiple conditions align, including reduced LC 

strength associated with SPG contraction and intervals of weakened AMOC. Reconstructed AMOC minima between 6 and 5 

cal ka BP and near 2.8 cal ka BP (Oppo et al., 2003; Fig. 5) may therefore represent background states favorable for enhanced 

slope-water influence, potentially explaining the cluster of warm events between 6 and 5 ka BP in the St. Anns Basin. The 450 

cool anomaly at ~2.8 ka BP suggests that regional circulation patterns, such as sustained subpolar export or persistent LC 

influence, could locally override the effects of large-scale overturning variability.  

 

 The influence of the NAO on the Holocene oceanography of the Scotian Shelf thus remains ambiguous. While 

instrumental data show correlations between NAO and regional hydrographic variability (Petrie & Drinkwater, 1993; Marsh 455 

et al., 1999; Bersch, 2002; Petrie, 2007; Gonçalves Neto et al., 2021), the spatial heterogeneity of NAO impacts and its seasonal 

focus on winter conditions limit its relevance for our spring-summer proxy record resolving centennial to millennial trends 

(deMenocal et al., 2000; Orme et al., 2021).  

 

In summary, the centennial-to-millennial-scale hydrographic variability observed in the St. Anns Basin record is best explained 460 

by repeated shifts between Pickart-type modal states, driven by low-frequency variability in AMOC strength and SPG 

geometry, and modulated regionally by changes in LC intensity. These shifts are expressed as episodic intrusions of warm, 

saline Atlantic slope waters onto the Scotian Shelf when large-scale and regional circulation conditions align.  

 

4.6. Cyclicity of SST variability  465 

Spectral analysis of our SST and SSS record reveals centennial- to millennial-scale cyclicity during the past 8.6 cal ka BP. The 

most prominent is a 1400-1200-year cycle (Fig. 7), which broadly consistent with the widely recognized ~1500 year oscillation 
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commonly linked to solar forcing (Bond et al., 2001). This mode has frequently been used to explain centennial-to-millennial-

scale climate variabilities across the North Atlantic (Haigh, 1996; Swingedouw et al., 2011; Moffa-Sánchez & Hall, 2017) and 

similar periodicities have been reported in marine and terrestrial records from the NW Atlantic region (Solignac et al., 2004; 470 

Willard et al., 2005), including the Scotian Shelf (Levac, 2002).  

 

In our dataset, warm SST-SSS phases generally anti-correlate with Bond events 0, 1, 3 and 5 (~400yrs BP, 1.4 ka BP, 4.2 ka 

BP, 8.1 ka BP respectively; Fig. 7). Bond events are associated with enhanced drift-ice export, reduced NADW formation, and 

colder, fresher surface conditions in the Labrador Sea (Bond et al., 2001). Intensified northerly winds during these cold 475 

intervals in our record strengthen the LC (Morison et al., 2012) and push the GS-LC frontal zone southward favouring the 

delivery of cold, fresh subpolar waters to the Scotian Shelf. This circulation pattern closely resembles the minimum modal 

state described earlier (Pickart et al., 1999), in which a strong LC and an intensified DWBC act as a barrier to the northward 

penetration of warm, saline Atlantic waters. Hydrographic changes in the St. Anns Basin are consistently associated with Bond 

events 0, 1, 3 and 5, whereas Bond events 2 and 4 leave no discernible imprint in the record (Fig. 5). This contrast suggest that 480 

regional oceanographic conditions modulate whether Bond-scale climate perturbations are expressed on the Scotian Shelf. 

Before 6 ka BP, the relationship between Bond cycles and our SST-SSS record becomes less consistent, likely due to stronger 

local oceanographic influences driven by lower relative sea level (Vacchi et al., 2018), enhanced meltwater discharge from the 

Gulf of St. Lawrence (Licciardi et al., 1999), and an overall colder background state. 

 485 

We also identify a 200-300-year cycle, consistent with the de Vries solar cycle (Vasil’ev et al., 1999; Muscheler et al., 2003) 

and a broader ~800-year periodicity that may represent a modulation of the de Vries cycle, consistent with findings from NE 

Newfoundland (Orme et al., 2021). These longer, solar-paced oscillations could influence the coupling between LC, SJ and 

the DWBC – the same dynamical system characterizing the minimum-maximum modal state transitions. For instance, periods 

of reduced solar irradiance are associated with SPG expansion, leading to enhanced subpolar export and a strengthened LC 490 

flow (Wanamaker et al., 2008; Moffa-Sánchez et al., 2014), again favoring minimum modal state circulation and cold 

conditions on the Scotian Shelf. Conversely, periods of enhanced solar output may reduce high-latitude buoyancy forcing and 

cyclonic circulation in the SPG, leading to SPG contraction and diminished southward subpolar export. The resulting 

weakening of the LC facilitates Atlantic slope water intrusions, promoting maximum modal state conditions. 

 495 

Short-period climate oscillations such as the NAO cannot be resolved in this record and are therefore not considered further. 

However, their known present influence on SPG and LC dynamics provides a useful conceptual framework for understanding 

how higher-frequency atmospheric variability may interact with lower-frequency oceanic forcing. 

 

Overall, the SST-SSS variability on the Scotian Shelf reflects a combination of externally paced solar forcing and the internal 500 

ocean-atmosphere feedbacks that govern modal-state transitions in Northwest Atlantic circulation. Warm phases likely 
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correspond to episodes of weakened LC flow, reduced DWBC transport, and northward GS displacement – conditions 

characteristic of the maximum modal state, which favor intrusions of Atlantic slope waters into our study region. Cold phases, 

particularly those aligning with Bond Events, likely reflect minimum modal state configurations characterized by stronger LC 

influence and enhanced subpolar control. While our results suggest that solar forcing appears to pace millennial- and 505 

centennial-scale oceanographic variability on the Scotian Shelf, fully resolving the interplay between solar cycles, NAO/SPG 

dynamics, and AMOC strength will require higher-resolution and spatially integrated paleoclimate records across the broader 

Scotian Shelf region. 

 

 510 

5. Conclusions 

Our new N. pachyderma Mg/Ca-derived SST and δ¹⁸O records from the Scotian Shelf provide improved constraints on 

variability in surface-ocean hydrography over the past 8.6 cal ka BP. Prior to 6.5 cal ka BP, our data indicate cold and fresh 

surface conditions consistent with continued Laurentide Ice Sheet decay and elevated meltwater discharge through Hudson 

Strait and the Gulf of St. Lawrence. A distinct freshwater anomaly that we attribute to the 8.2 ka BP event demonstrates that 515 

the meltwater reached the NE Scotian Shelf at that time. 

During the mid- and late Holocene, SSTs exhibit a modest long-term rise punctuated by multiple warm, saline excursions at 

6.0–5.8, 5.5–5.4, 5.1–4.9, 3.2–3.1, 2.5–2.2, and 1.05–0.8 cal ka BP. We interpret these short-lived events as intrusions of GS–

sourced slope waters, driven by reorganizations of the GS–LC system. The occurrence of these warm-water intrusions is 

consistent with alternation between the minimum and maximum modal states defined by Pickart et al., (1999): the minimum 520 

modal state, with a strong onshore Labrador Current and DWBC that is dominated by Denmark Strait Overflow Water, 

suppresses the penetration of warm-water onto the Scotian Shelf, whereas the maximum modal state, marked by a weakened 

Labrador Current and enhanced contribution of LSW to the DWBC, facilitates intrusions of warm waters onto the Scotian 

Shelf by reducing cross-slope density gradients. 

Overall, our findings indicate that warm-water intrusions comparable in magnitude to modern events were a persistent feature 525 

of the Holocene, modulated by variability in AMOC strength, SPG dynamics and multi-centennial solar forcing. Further work 

is required to determine the spatial extent, sources and forcing mechanisms of these intrusions. Ultra-high-resolution sampling, 

combined with records from multiple shelf–slope locations, will be critical for determining the impact of NAO-scale variability 

on Scotian Shelf hydrography and for placing these regional changes within the context of broader North Atlantic circulation 

modes. 530 
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Figures  535 

 

 
Figure 1: Schematic surface circulation of the NW Atlantic. (a) The main surface circulation system in the Northwest Atlantic 
(adapted from Drinkwater, 1996). Blue arrows mark the flow pattern of cold-water surface currents (BC: Baffin Current; EGC: 
East Greenland Current; LC: Labrador Current; NSC: Nova Scotian Current), while red arrows symbolize the transport of warm 540 
surface water masses (WGC: West Greenland Current; IC: Irminger Current; NAC: North Atlantic Current). (b) Nova Scotia and 
Newfoundland Shelves and Slopes bathed by Slope Waters as a result of converging warm and cold-water masses originating from 
the GS and the LC; NSC: Nova Scotian Current, GoSL: Gulf of St. Lawrence waters, NAC: North Atlantic Current, SW: Slope 
Water inflow (adapted from Drinkwater, 1996; Brickman et al., 2018). The major sedimentary basins on the Scotian Shelf are the 
St. Anns Basin (SAB), the Emerald Basin (EB) and the La Have Basin (LHB). The yellow square indicates the core location of this 545 
study, MSM101_44-3. Cores mentioned in this study are indicated by red squares, 1: 95-030-24 (Levac, 2001); 2: OCE326-GGC30 
(Sachs, 2007; Wharton, 2022); 3: 84-011-12 (Levac, 2002); 4: OCE326-GC26 (Keigwin et al., 2005). Figure adapted from Matzerath 
et al. (2026). 
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Figure 2: Bayesian age-depth model based on 10 radiocarbon dates (Appendix A - Table A1) for sediment core MSM101_44-3 as 
published by Matzerath et al. (2026). The red shading indicates the extend of the 95% confidence interval as determined by OxCal. 
Sedimentation rate is shown in the bottom right (black line).  
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Figure 3: Results of sediment core MSM101_44-3 from St. Anns Basin. (A) Ca/Sr ratio, Calcite in weight % (wt%), (B) δ18O values 
from planktonic foraminifer N. pachyderma (δ18Oc-Nps) as well as (C) ice volume corrected δ18O for sea water (δ18Osw-ivc Nps) both in 
‰, (D) calculated sea surface salinity (SSS) in psu based on LeGrande & Schmidt (2006), (E) Mg/Ca ratios from the planktonic 560 
foraminifer N. pachydema in mmol/mol and (F) reconstructed sea surface temperature (SST) based on Mg/Ca ratios (red line: 
original data; black line: corrected data) of the planktonic foraminifer N. pachyderma based on Jonkers et al. (2013) in °C. Inverted 
triangles on the x-axis indicate age points (Fig 2; Appendix A - Table A1, Matzerath et al., 2026). The blue shaded area indicates a 
cold phase with high freshwater input. Red shaded areas indicate warm events, linked to Gulf Stream intrusions towards the Scotian 
Self. Horizontal stippled lines denote the +1s (grey) and +2s (black) thresholds above the mean SST and SSS, defining moderate 565 
and extreme warm events. 
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Figure 4: Comparison of Holocene sea-surface temperature (SST) reconstructions from the northwest Atlantic. (A) Mg/Ca-based 
SST reconstruction based on the planktonic foraminifer N. pachyderma from the Laurentian Fan (OCE326-26GGC; Keigwin et al. 570 
2005). (B) Mg/Ca-based SST reconstruction from planktonic foraminifer N. pachyderma from the St. Anns Basin (MSM101_44-3; 
this study). Dinocyst-based SST reconstructions from (C) St. Anns Basin (84011-12) and (E) La Have Basin (95-030-24) representing 
seasonal summer and winter estimates (Levac et al. 2001; Levac, 2002). (D) Alkenone-derived SST and N. pachyderma reconstructed 
SSTs from Emerald Basin (OCE326-GGC30; Sachs, 2007; Wharton, 2022). 
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 575 

 

Figure 5: Comparison of Holocene oceanographic variability on the Scotian Shelf with subpolar circulation, AMOC strength, and 
North Atlantic climate forcing. (A) Mean sortable silt record from Emerald Basin on the Scotian Shelf, indicating LC intensity (Yang 
& Piper, 2021) (B) Reconstructed sea-surface temperature (SST, running average) and sea surface salinity (SSS, running average) 
from St. Anns Basin based on Mg/Ca rations in N. pachyderma. (C) East-west density gradient across the Subpolar Gyre (SPG) from 580 
(Thornalley et al., 2009). Higher density differences indicate a strong, expanded SPG and intensified Labrador Current influence; 
lower values reflect contracted, weak SPG conditions. (D) Benthic δ13C from the subpolar North Atlantic (Oppo et al., 2003), 
reflecting changes in deep ventilation and Atlantic Meridional Overturing Circulation (AMOC) strength. Lower δ13C indicate 
reduced deep convection and a weakened AMOC. (E) North Atlantic ice-rafted debris (IRD) index representing Bond Events (Bond 
et al., 2001, shaded in grey). These cold subpolar intervals are characterized by enhanced drift-ice export, strong SPG circulation, 585 
and southward displacement of the Gulf Stream. Warm anomalies (shaded in red) on the Scotian Shelf indicate episodic intrusions 
of warm, saline Gulf Stream-sourced slope waters onto the Scotian Shelf. Orange bars indicate drought events in the U.S. (Shuman 
et al., 2019). 
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 590 

Figure 6: Conceptual model of minimum and maximum modal states circulation on the Scotian Shelf (adapted after Pickart et al., 
1999). Solid arrows denote surface currents, dashed arrows denote deep currents. (A) Minimum State: Strong, onshore Labrador 
Current (LC) and a Denmark Strait Overflow Water (DSOW)-dominated Deep Western Boundary Current (DWBC) maintain steep 
density gradients across the slope and limit intrusions of warm Gulf Stream (GS) sourced waters. Increased freshwater supply 
(indicated by icebergs) lead to stratification in the Labrador Sea and reduced deep water production. Periods of increased freshwater 595 
supply could be related to Bond events (Bond et al., 2001). (B) Maximum State:  Increased ventilation in the Labrador Sea, increased 
contribution of LSW to the DWBC, and a weakened LC collectively reduce density gradients across the slope, and therefore allow 
GS derived warmer waters to reach the Scotian Shelf. The yellow square indicates the location of this study, MSM101_44-3. 
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 600 

Figure 7: Spectral analysis of (A) sea surface temperatures based on Mg/Ca ratios in N. pachyderma, (B) calculated oxygen isotope 
variations of sea water (δ18Osw) and (C) stable oxygen isotope variations in N. pachyderma (δ18Oc) reconstructed in sediment core 
MSM101_44-3. Red shaded areas indicate the most prominent frequencies and periods in our record (1.300 yrs, 450 yrs, 280 yrs). 
Grey horizontal stippled lines denote the 95% confidence level. 
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Appendices 

Appendix A  

 

Table A1: Radiocarbon dates and calibrations from core MSM101_44-3.  610 
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Sample 

ID 

Depth 

(cm) 

Species AMS 14C 

age (14C a 

BP) 

△ R 

(14C yrs) 

Standard 

deviation 

Confidence interval 

 

Age median 

(cal. a 

BP) from 95.4 to 94.5 

57530 26.5 mixed benthics 920±40 -86 ± 66 88 615 269 439 

57531 126.5 mixed benthics 1737±29 -86 ± 66 91 1395 1022 1215 

57532 226.5 mixed benthics 2540±40 -86 ± 66 116 2345 1898 2132 

58011 328.5 mixed benthics 3370±35 -86 ± 66 117 3368 2908 3143 

57534 426.5 mixed benthics 4110±40 -86 ± 66 124 4315 3820 4057 

58013 528.5 mixed benthics 4715±40 -86 ± 66 119 5089 4598 4849 

57536 627.5 mixed benthics 5290±55 -86 ± 66 111 5768 5315 5551 

57537 725.5 mixed benthics 6040±40 -86 ± 66 104 6585 6164 6357 

57538 826.5 mixed benthics 7040±45 -86 ± 66 93 7611 7244 7433 

57539  946.5 mixed benthics 9105±50 -86 ± 66 137 9983 9455 9675 

https://doi.org/10.5194/egusphere-2026-809
Preprint. Discussion started: 17 February 2026
c© Author(s) 2026. CC BY 4.0 License.



25 
 

Appendix B 635 

 
Figure B1:  Downcore variability of (A) N. pachyderma Mn/Ca and (B) Mg/Ca rations (in mmol/mol) in core MSM101_44-

3 from St. Anns Basin, Scotian Shelf. Mg/Ca values are used for sea-surface temperature (SST) reconstructions, while Mn/Ca 

ratios provide an indicator of post-depositional diagenetic overprinting or redox sensitive Mn mobilization. (C) Crossplot of 

Mg/Ca and Mn/Ca ratios (in mmol/mol) does not indicate a correlation between both ratios.  640 
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