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Abstract A multiproxy study of marine sediment gravity

core AI07-06G from Trinity Bay, Newfoundland, recorded

changes in the strength of the Labrador Current (LC) during

the Holocene. From ca. 7.2–5.7 cal kyr BP, Trinity Bay’s

seafloor was influenced by cooled Atlantic water derived

from the West Greenland Current (WGC) Davis Strait

branch, merging into the relatively cold LC. This Atlantic

water influence gradually decreased after ca. 5.7 cal kyr BP,

reaching a minimum at ca. 4.9 cal kyr BP. In contrast, sur-

face temperatures were relatively low due to cold surface

water dominated by sea ice and meltwater carried south by

the LC. Icebergs from outlet glaciers around Baffin Bay were

abundant in the LC prior to ca. 5.5 cal kyr BP. From ca.

4.9–2.9 cal kyr BP, bottom waters became slightly colder

and salinity decreased, as increased mixing of the water

column brought less saline surface waters towards the sea-

floor. This may be explained by a weaker North Atlantic

subpolar gyre, transporting less Atlantic water from the

WGC to the (outer) LC. Arctic meltwater transport was

reduced as glacial melting decreased at the end of the

Holocene Thermal Optimum. At ca. 2.9 cal kyr BP, bottom

waters returned to colder, more stable conditions, indicating

a slight decrease in bottom-water ventilation. After ca.

2.1 cal kyr BP, surface water temperatures dropped and sea

ice flux increased. The seafloor of Trinity Bay saw warmer

conditions, consistent with a stronger subpolar gyre and

increased influx of Atlantic-sourced water.

Keywords Holocene � Labrador Current � Gulf Stream �
North Atlantic subpolar gyre � Arctic meltwater

Introduction

The Labrador Current (LC; Fig. 1a) is an important com-

ponent of the modern North Atlantic circulation, including

the formation of deep and intermediate water masses in the

North Atlantic subpolar gyre [85, 123], an integral part of the

global thermohaline circulation system [45, 85, 100]. The LC

helps to export the buoyant, fresher water from the Arctic

Ocean and Baffin Bay to the North Atlantic, where it forms

the western boundary of the North Atlantic subpolar gyre

[84]. In contrast to the inner (nearshore) component of the

LC, which is almost solely made out of cold Polar Water

from the north, the outer (offshore) component also trans-

ports warmer, Atlantic-influenced water from the West

Greenland Current, although the strength of this Atlantic

water transport, as well as its variability, is still unclear.

The relative strengths of the main currents in the sub-

polar gyre (Fig. 1a) have been intimately tied to abrupt

climate changes in the past [15, 16, 47, 119], due to the

gyre’s role as a site of intermediate- to deep-water for-

mation [14, 72, 94, 101]. The importance of the LC in
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North Atlantic Ocean circulation makes refining its

development, especially after the last glacial period, useful

in reconstructions of past climate and oceanography [38,

106, 110]. Both the density- and wind-driven components

are important for the nearshore (inner) part of the LC. In

contrast, the density-driven component dominates the mean

shelf edge (outer) LC, with wind forcing of primary

importance for its seasonal variability [44].

The region of Newfoundland is located at the oceanic

frontal zone between the LC and the Gulf Stream (GS)

(Fig. 1a, b). This makes this region ideal for studying the

frontal movements between the LC and the GS, as well as the

strength of the Atlantic water influence in the LC. Trinity

Bay, on the north-eastern seaboard of Newfoundland

(Fig. 1b, c), lies just north of the core of the frontal zone and

thus carries a strong LC signal [122]. Since 1950, regular

hydrographic observations have been made on the nearby

‘Bonavista transect’ extending from the coast of Bonavista

Bay to the Northern Grand Bank [17]. These measurements

show the presence of a large volume of below 0 �C subsur-

face water mass during summer and autumn (‘cold inter-

mediate layer’), situated between a mixed surface layer and
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Fig. 1 Map of study area, including major currents impacting both

the study site and the subpolar gyre. Red arrows ‘warm’ currents, blue

arrows ‘cold’ currents. a Modern oceanographic conditions of the

Labrador Sea region. The Labrador Sea is bounded by the West

Greenland Current (WGC) to the east and by the Labrador Current

(LC) [19, 56, 115]). The WGC is comprised of cold, Arctic-sourced

East Greenland Current (EGC) water and warmer, Atlantic-sourced

Irminger Current (IC) water. WGC West Greenland Current, EGC

East Greenland Current, IC Irminger Current, DS Davis Strait, NFL

Newfoundland, CWS Cartwright Saddle. The square shows the area

given in detail in b. b Detailed map of the Newfoundland region; BB

Bonavista Bay, PB Placentia Bay. The square shows the area given in

detail in c. 06G = gravity core AI07-06G. c Detailed map of the

bathymetry of Trinity Bay based on information from nautical charts.

Dot = location of core AI07-06G (06G)
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the deeper, warmer LC slope water (derived from the outer

LC) near the bottom over the outer shelf [73]. Based on these

modern observations, there is no indication of penetration of

GS water onto the shelf this far north.

The modern hydrography of Trinity Bay and its link to

the wind system have been investigated by Yao [122], but

previous investigations on variability in regional climate

and ocean circulation on a geological timescale have

focused on nearby bays in Newfoundland. These studies

found that the Labrador Sea has been strongly affected by

the Labrador Current (LC), transporting meltwater from

the Arctic and Hudson Strait region through the Pre- and

Early Holocene. The Cartwright Saddle, north-east of

Newfoundland, recorded several glacial outburst events

from Hudson Strait in the late glacial and Early Holocene

periods [51]. After major oceanographic shifts in the

Younger Dryas (YD) and the Early Holocene [77, 78,

109], the oceanographic regime of the Labrador Sea

underwent reorganisation several times [38, 48, 77, 90,

107, 109], also prior to the generally more unstable period

of the last ca. 3000 years [95, 106, 108, 110]. Large

quantities of glacial meltwater caused harsh sea surface

conditions in the southern Labrador Sea in the Mid- to

Late Holocene, both north and south of Newfoundland

[112]. Atmospheric and ocean circulation changed in

response to changes in the mode of the North Atlantic

Oscillation/Northern Annular Mode during the Late

Holocene [55], which may also explain an increase in sea

ice recorded over the past 150 years in the southern

Labrador Sea [121].

None of the studies so far have investigated the Atlantic

water component carried by the (primarily outer) LC or its

potential influence on nearshore regions, despite the signifi-

cance of Atlantic-sourced water in subpolar gyre heat and salt

transport and deep convection. The present study thus intends

to reconstruct the varying strength of the Labrador Current

and the potential influence of Atlantic-sourced water in the

LC, impacting the subpolar North Atlantic Ocean circulation,

during the Mid- to Late Holocene. Through the reconstruction

of the Labrador Current strength and variation in the LC

Atlantic water component, changes in ocean circulation in the

North Atlantic are evaluated.

Modern environmental setting

Trinity Bay is a large embayment located on the north-east

coast of Newfoundland, at the south-western margin of the

Labrador Sea (Fig. 1a). The bay is 100 km long by 30 km

wide, with a maximum water depth of 590 m, a sill depth

of 240 m [76, 122] and variable bottom topography

(Fig. 1c). In summer, a pycnocline is formed at approxi-

mately 25 m water depth, with fresher surface waters

capping the comparatively more saline waters filling most

of the bay [122]. Trinity Bay receives run-off from local

rivers on north-eastern Newfoundland, although this con-

tribution is relatively small. Monthly sea surface temper-

atures in Trinity Bay vary between -0.5 in March and

13.0 �C in August [66], and monthly salinity in August

ranges from 30 to 31 [122] and in May from 32.5 to 33

[103].

Today, Trinity Bay is flushed by the southward-flowing

inner Labrador Current (LC), which is formed by cold,

relatively low-salinity water entering Baffin Bay through

the Canadian Arctic Islands and Nares Strait [19] (Fig. 1a).

In Baffin Bay and the northern Labrador Sea, the LC mixes

to some extent with water from the WGC, via the North

Atlantic subpolar gyre (Fig. 1a). Entrained in the WGC is

warm, saline water from the Irminger Sea, carried by the

Irminger Current [19], and cold, low-salinity water from

the Arctic Ocean relayed by the East Greenland Current.

Today, the Atlantic-sourced component is primarily found

in the outer (offshore) LC, while the inner (nearshore) LC

is, to a larger extent, characterised by Arctic water and

freshwater outflow from Hudson Strait [70]. The modern

oceanic front between the LC and the Gulf Stream (GS) is

located south of Trinity Bay. Thus, while the southern

coast of Newfoundland is characterised by influx of both

LC and GS water today [29, 70] as well as in the past (e.g.

[77, 78, 109, 110]), the oceanographic conditions at the

north-eastern margin of Newfoundland, including Trinity

Bay, are today dominantly influenced by the LC [70].

Consequently, changes in the strength or heat transport of

the GS do not directly influence the northern coast of

Newfoundland, as the Atlantic water component that

reaches Trinity Bay is first transported by the Irminger

Current, the West Greenland Current, and finally around

the northern sector of the subpolar gyre before mixing with

the cold LC. Thus, any change in Atlantic water influence

in Trinity Bay is primarily linked to the strength and

position of the subpolar gyre, although that is, of course,

again influenced by the strength of the GS and its

derivatives.

Newfoundland lies in the path of westerly winds and is

impacted by air masses from both the north and the south.

Winds are strongest in winter, with westerly to north-

westerly winds bringing Arctic air to Newfoundland

(Trinity Bay region) [7]. In contrast, the southern coast

receives warm, moist air from the Gulf Stream [12]. In

summer, winds are weaker and of south-west origin over

the entire island [7]. These winds influence the impact of

the LC and GS on Newfoundland. Nevertheless, the impact

of the GS is generally stronger in the south, and the LC is

generally stronger in the north; this leads to a clear north–

south air temperature gradient. Periods of positive North

Atlantic Oscillation increase northerly winds and decrease

temperatures in the region [29, 81, 83].
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In the central Labrador Sea sector of the subpolar gyre,

the combined effect of the cold northerly winds and the

influx of saline waters leads to deep to intermediate water

formation known as Labrador Sea Water (LSW; [123]).

The varying influxes of saline, Atlantic-sourced water, and

fresher water from the Arctic lead to variations in the

strength of LSW formation in the subpolar gyre [8],

influencing the Atlantic Meridional Overturning Circula-

tion (AMOC) [45, 115].

In addition, the LC is responsible for a significant portion

of the freshwater export from the Arctic. It transports ice-

bergs originating from (north)western Greenland and from

the Canadian Arctic Islands southward out of Baffin Bay

through Davis Strait [4, 97, 112]. Sea ice found off the north

coast of Newfoundland is mostly advected from Baffin Bay

[29] and enhanced when north-westerly winds are strong

[22, 29, 81, 83]. However, some sea ice affecting northern

Newfoundland can form locally in the Labrador Sea [22,

83], as well as in northern Newfoundland bays [27]. How-

ever, little sea ice forms in modern Trinity Bay [10].

Materials and methods

The 431-cm-long gravity core AI07-06G (hereafter 06G;

47.85N, 53.58W) was taken from Trinity Bay, north-east-

ern Newfoundland, during a 2007 cruise aboard the Rus-

sian research vessel Akademik Ioffe. The water depth at the

core site was 511 m. The core was split in half lengthwise

in the laboratory, and both halves were placed in cold

storage at 2 �C. The ‘archive half’ was used for X-ray

fluorescence (XRF) core scanning analyses, while the

‘working half’ was sampled for benthic foraminiferal and

dinoflagellate cyst assemblage analyses.

Radiocarbon dates and age model

Nine radiocarbon dates were obtained from calcareous

benthic foraminifera found in the core. The material was

dated at the AMS Dating Centre at the Institute for Physics

and Astronomy, Aarhus University. Data for the samples,

reported radiocarbon ages, and calibrated ages are avail-

able in Table 1. Radiocarbon dates were calibrated using

the Marine13 calibration data set [88] and a marine reser-

voir age offset DR of 139 ± 61 years, following the work

of Solignac et al. [112], who based this calculation on the

average of several sites around Newfoundland and Labra-

dor in the Marine Reservoir Correction Database [89]. The

age-depth model (Fig. 2) was constructed using a P_Se-

quence depositional model in the age-depth modelling

software Oxcal 4.2 [86]. All ages in this paper are listed as

calibrated (cal) kyr BP, unless otherwise noted.

Sediment lithology

The lithology of the core was determined through visual

sediment description; colours are described according to

the Munsell colour chart system. Grain sizes were mea-

sured at low resolution on a laser particle sizer at the Vrije

Universiteit Amsterdam, the Netherlands (Simon Troelstra

and Noortje Dijkstra, pers. comm.). These data serve as

background information but are not shown here.

Elemental composition

The bulk geochemical composition was determined every

centimetre on the split cores using the non-destructive

Cortex X-ray fluorescence (XRF) core scanner at Royal

NIOZ, the Netherlands [50, 96]. Measurements were taken

at 10 kV (Si, Ti, K, Fe and Ca) and 30 kV (Sr) to obtain

semi-quantitative abundances of elements and reported as

counts per second (cps) (Fig. 3). Elemental abundances

were not corrected for sediment accumulation rate.

Foraminiferal assemblages

Samples (1-cm core section) for foraminiferal analyses

were taken in 3- to 4-cm intervals through the core. The

Table 1 Radiocarbon materials and associated dates from core AI07-06G, used to create the age model for the core

Laboratory

number

Depth (cm) Material 14C age ± 1r Calibrated age range 95 %

confidence (cal BP)

Modelled mean

age (cal year BP)

d13C %

AAR-16847 3–8 N. labradorica (foraminifera) 668 ± 25 271 Modern 151 ± 79 -3.06 ± 0.05

AAR-16848 44–45 Mixed foraminifera 1078 ± 25 648 452 547 ± 52 -1.92 ± 0.05

AAR-16849 74–76 Mixed foraminifera 1513 ± 25 1066 756 918 ± 78 -2.00 ± 0.05

AAR-16850 93–95 Mixed foraminifera 1617 ± 25 1185 895 1034 ± 76 -1.46 ± 0.05

AAR-16851 154–156 Mixed foraminifera 2448 ± 25 2105 1765 1927 ± 84 -1.77 ± 0.05

AAR-16852 244–246 Mixed foraminifera 3431 ± 26 3319 2943 3124 ± 97 -1.84 ± 0.05

AAR-16853 354–356 Mixed foraminifera 486 ± 27 5230 4835 5017 ± 108 -1.19 ± 0.05

AAR-16854 413–415 Mixed foraminifera 6331 ± 35 6801 6445 6629 ± 89 -0.74 ± 0.05

AAR-12116 428–431 Mixed foraminifera 6776 ± 49 7325 6954 7152 ± 93 -0.98 ± 0.05
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still wet foraminiferal samples were wet-sieved through

sieves with mesh diameters of 1 mm, 100 and 63 lm; the

100-lm to 1-mm fraction was used for the foraminiferal

assemblage analysis. To ensure statistical validity of the

assemblages, a minimum of 300 individual foraminifera

were counted from each sample; if any sample contained
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Fig. 2 Age model for core

AI07-06G based on radiocarbon

dates obtained from

foraminifera samples. The curve

shows the relationship between

depth in the core and modelled

age, including 1r (dark shadow)

and 2r (light shadow) age

uncertainties. Radiocarbon
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laboratory number and are
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calibrated ages. Data for

individual radiocarbon dates are

found in Table 1
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insufficient foraminifera, additional sediment was taken

from the core at the same sample depth to create a larger

sample. Benthic foraminifera were counted and identified

down to species level, where possible, to create the faunal

assemblages. Islandiella helenae and Islandiella norcrossi

were counted separately but combined in Fig. 4, as sam-

ples were counted by several different persons, causing

some uncertainty in the precise counts of these species in

some of the samples. This did not cause a major loss of

information, as the species have quite similar patterns

throughout the core; nevertheless, they are in part men-

tioned separately in the zonal descriptions. The benthic

foraminiferal flux was calculated as number of for-

aminifera per square centimetre of sediment per year (f/

cm2/year), using a sediment density of 1.8 g/cm3 (cf.

[107]). It is worth noting that the core was sampled twice,

in 2008 (15 samples) and 2012 (107 samples). Samples

processed in 2008 contained higher foraminiferal fluxes

than those from 2011, indicating some dissolution after

coring, despite the cool room storage of the core.

Foraminiferal assemblage compositions were not affected,

but the foraminiferal fluxes show some peaks that can be

ascribed to the 2008 samples (Fig. 4). The general eco-

logical requirements of the foraminiferal species are dis-

cussed in Results; it should be noted that this requires

some simplification. A minimum variance, constrained

cluster analysis, run on square-root-transformed data, was

performed on the foraminiferal assemblage data (Supple-

mentary Figure S1A) using the Multi-Variate Statistics

Program (MVSP; [63]).

Dinoflagellate cyst assemblages

Samples for dinoflagellate cyst assemblages were taken in

10-cm intervals for the upper 100 cm of the core, and at

20-cm intervals for the rest of the core. Each sample was

spiked with three Lycopodium tablets, wrapped in an

11-lm nylon filter, and citric acid was added. The samples

were washed for 12 h in a household washing machine at

70 �C and subsequently dried at 50 �C for 48 h. The
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individual samples were unwrapped and placed into test

tubes containing 10 mL of 40 % hydrofluoric acid for

48–72 h, then centrifuged for 3 min at 3000 rpm, and

finally, rinsed with distilled water. Samples were prepared

for counting by smearing a drop onto a cover slip with a

drop of glycerine jelly, dried for 2 h at 50 �C, and finally

cooled before counting. In total, 26 samples were analysed

with at least 300 dinoflagellate cysts counted in each

sample on a transmitted light microscope at 5009 magni-

fication and following the taxonomy of Rochon et al. [98]

and Head et al. [46]. Here, Operculodinium centrocarpum

includes both long- and short-process forms of Operculo-

dinium centrocarpum sensu Wall and Dale [120] and

Operculodinium centrocarpum—Arctic morphotype [24].

Spiniferites elongatus s.l. includes Spiniferites elongatus

and Spiniferites frigidus, while Spiniferites spp. groups

unidentifiable and other Spiniferites species (i.e. S. ramo-

sus, S. mirabilis, S. hyperacanthus, S. membranaceus).

Brigantedinium spp. includes Brigantedinium simplex,

Brigantedinium cariacoense, and other round brown

spineless cysts that could not be identified at species level.

Rare cysts of Protoperidinium nudum and Selenopemphix

quanta were identified at species level but grouped with all

other heterotrophic cysts (in Fig. 5). Dinoflagellate cyst

flux is defined as number of dinoflagellate cysts per square

centimetre of sediment per year (day/cm2/year). A mini-

mum variance, constrained cluster analysis, run on square-

root-transformed data, was performed on the dinoflagellate

cyst assemblage data (Supplementary Figure S1B) using

the Multi-Variate Statistics Program (MVSP; [63]). In

addition, we tested the use of the Modern Analogue

Technique (MAT) to make quantitative estimates of past

winter and summer sea surface temperature, salinity, and

seasonal sea ice cover as described in de Vernal et al. [23],

Guiot and de Vernal [41], and de Vernal et al. [26].

However, the MAT analyses resulted in somewhat

ambiguous reconstructions and are thus not included in the

present study.
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The general ecological requirements of the dinoflagellate

cyst taxa shown in Fig. 5 are given in Table 3; however,

note that such a table may mean some oversimplification.

Results

Age model

The age model shows that the core covers the period from

ca. 7.2 cal kyr BP until 0.125 cal kyr BP without any

detectable hiatus. Sediment accumulation rates gradually

decrease downcore, which may be (partly) due either to

compaction or linked to the increasing downward thinning

typically seen in gravity cores due to the sediment loss

caused by the sediments being pushed laterally outwards

ahead of the core tube [39].

Lithology

The sediment of core 06G consists of laminated dark

grey/olive grey clay with some fine silt and without vis-

ible shell material. Almost all sediment particles are in

the clay and silt fractions, with only small amounts of fine

sand grains; a few rare particles were present in the

coarser 105- to 125-lm fraction (S. Troestra and N.

Dijkstra pers. comm.), and there is no indication of ice-

rafted sediment particles. Grain sizes increase slightly

above *300-cm core depth (ca. 4 cal kyr BP), seen as a

very minor increase in the mean sortable silt fraction (not

shown). Thin laminations are seen as shifts between

slightly lighter and darker bands; no significant change in

grain size was linked to these laminations. From 431- to

387-cm core depth (7.2–5.9 cal kyr BP), the clay is very

dark grey/olive grey, while laminations are very fine (ca.

0.5 mm), with concentration of lighter and darker laminae

giving the appearance of 2- to 4-cm-thick banding with

sharp contacts (colour: 5Y 3/1 and 5Y 4/2). The clay

sediment of the upper 387 cm of the core

(5.9–0.125 cal kyr BP) is somewhat lighter, i.e. dark olive

grey and olive grey, with 1- to 6-mm-thick laminations.

The laminations are indistinct and discontinuous in the

upper 39 cm (0.5–0.125 cal kyr BP), where they are

likely disturbed by bioturbation. Occasional worm tubes

were observed in the upper 39 cm of the core (colour 5Y

3/1 and 5Y 4/2).

Elemental composition

The X-ray fluorescence (XRF) data from core 06G (Fig. 3)

show a general two-part division with a general decrease in

the selected elements through time from 7.2 to 3.6 cal kyr

BP (431–273 cm), after which the values remained

relatively steady. Ca increases again slightly in abundance

at ca. 2.3 cal kyr BP (228 cm), also illustrated as a minor

increase in the Ca/Sr ratio. The Ca/Sr record does not

extend to the very top of the core, as Sr was not measured

in the uppermost core section.

Foraminiferal zones

There were very few planktonic foraminifera present in the

samples; all are believed to have been transported from the

open sea. Due to their very low number, no detailed

analyses of the planktonic foraminifera could be carried

out. The benthic foraminiferal assemblages were grouped

into five foraminiferal assemblage zones (FZ1–FZ5) based

on cluster analyses (Fig. 4; S1A).

FZ1 (7.2–5.7 cal kyr BP; 432–379 cm)

This zone contains fairly low foraminiferal fluxes (0.3–3.3

foraminifera/cm2/year). The main species present in this

zone are Astrononion gallowayi, Melonis barleeanus, Cas-

sidulina reniforme, and Islandiella spp. (slightly more I.

helenae than I. norcrossi), all of which have relatively steady

abundances with a few peaks. Peak abundances of Pullenia

bulloides and Gyroidina lamarckiana also characterise this

zone. Accessory species encompass Stainforthia loeblichi,

Elphidium excavatum f. clavata, Nonionella turgida var.

digitata and Nonionellina labradorica. Several of these

species, i.e. P. bulloides, N. turgida v. digitata, G. lamar-

ckiana, and N. labradorica, increase in relative abundance in

the upper part of the zone, after ca. 6.5 cal kyr BP.

FZ2 (5.7–4.85 cal kyr BP; 379–343 cm)

The foraminiferal flux of this zone is still fairly low

(2.3–4.1 f/cm2/year). The major species in this zone

include A. gallowayi, M. barleeanus, C. reniforme, and

Islandiella spp. (mostly I. helenae). P. bulloides is less

abundant in this zone, while N. turgida var. digitata,

Globobulimina auriculata arctica, N. labradorica, and

Elphidium albiumbilicatum increase in abundance. This

zone marks the last presence of P. bulloides and G.

lamarckiana.

FZ3 (4.85–2.85 cal kyr BP; 343–224 cm)

The flux in this zone is slightly higher (0.5–5.8 f/cm2/

year) than in FZ2. The main species in this zone are M.

barleeanus, C. reniforme, Islandiella spp. (mainly I.

helenae), A. gallowayi, E. excavatum f. clavata (peaking

at ca. 3.7–3.4 cal kyr BP), N. labradorica, G. auriculata

arctica (upwards increasing), and E. albiumbilicatum.

Accessory species include T. angulosa, T. fluens, and N.
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turgida var. digitata. Notably, a peak in T. fluens at ca.

3.2–3.0 cal kyr BP coincides with an interval with low

foraminiferal flux.

FZ4 (2.85–0.95 cal kyr BP; 79–224 cm)

The flux in this zone is the highest in the core (0.5–11.3 f/cm2/

year). The main species in this zone include A. gallowayi, M.

barleeanus, C. reniforme, Islandiella spp., S. loeblichi, G.

auriculata arctica, E. albiumbilicatum, and N. labradorica,

while T. angulosa has its peak abundance in this zone.

Accessory species include I. norcrossi, T. fluens, and N. tur-

gida v. digitata. A temporary decrease in the relative abun-

dance of E. excavatum f. clavata, centred around

1.7 cal kyr BP (140 cm), coincides with a distinct drop in flux

and an increase in N. labradorica and G. auriculata arctica.

FZ5 (0.95–0.49 cal kyr BP; 0–79 cm)

The foraminiferal flux drops to 0.7–7.2 f/cm2/year (average

1.9 f/cm2/year). The main species present in this zone

include A. gallowayi, M. barleeanus, Islandiella spp., E.

albiumbilicatum, T. angulosa, S. loeblichi, G. auriculata

arctica, and N. labradorica, the latter three increasing in

relative abundances in this zone. Accessory species include

C. reniforme, E. excavatum f. clavata, T. fluens, and N.

turgida v. digitata.

Dinoflagellate cyst zones

The dinoflagellate cyst assemblages change very little

throughout the core, but could be divided into four

dinoflagellate cyst zones (DZ1–4) based on cluster analyses

(Fig. 5; S1B):

DZ 1 (7.2–5.45 cal kyr BP; 370–432 cm)

The dinoflagellate cyst flux is the lowest in the core

(798–1654 day/cm2/year), with an average flux of

1144 day/cm2/year. The most abundant cyst species are

Operculodinium centrocarpum, Brigantedinium spp., and

Islandinium minutum, while accessory species include

Spiniferites spp., Spiniferites elongatus, cysts of Pen-

tapharsodinium dalei (hereafter simply referred to as P.

dalei) and Islandinium cezare.

DZ2 (5.45–2.1 cal kyr BP; 170–370 cm)

The dinoflagellate cyst flux (1477–4508 day/cm2/year) is

generally upwards increasing in this zone, with an average

flux of 2904 day/cm2/year. O. centrocarpum continues to

be common, as does Brigantedinium spp. the latter in

slightly higher abundances. Spiniferites spp., I. minutum

and I. cezare are less common, while S. elongatus and P.

dalei have a steady presence, the latter increasing slightly

upwards.

DZ3 (2.1–0.71 cal kyr BP; 57–170 cm)

The flux (2039–3411 day/cm2/year) shows little variability

with average values of 2694 day/cm2/year. The main spe-

cies in this zone include Brigantedinium spp. and O. cen-

trocarpum. I. minutum, Spiniferites spp. and I. cezare again

increase in this zone. A minor increase is also seen in P.

dalei.

DZ4 (0.71–0.125 cal kyr BP; 0–57 cm)

The dinoflagellate cyst flux (1744–3486 day/cm2/year)

shows a slight overall decrease, with an average of

2603 day/cm2/year. Brigantedinium spp., and O. centro-

carpum continue to dominate the assemblage, while I.

minutum, Spiniferites spp., and I. cezare continue their

increase. S. elongatus and P. dalei are also still common.

Interpretation

Sediment composition and source

The very dark colour of the sediment and abundant, fine

laminations indicate reduced bioturbation and somewhat

reduced oxygen levels of the seafloor sediments throughout

the core, but especially prior to 5.9 cal kyr BP. The slight

increase in grain size and mean sortable silt may be linked

to a minor increase in bottom-water energy level, which is

in accordance with the more disturbed laminations indi-

cating increased bioturbational activity.

The elemental records for Si, Fe, K, and Ti are inter-

preted as originating from a terrestrial provenance (see also

compilation by [99]). Some sediment may be derived from

Newfoundland and transferred to Trinity Bay via the rel-

atively minor riverine run-off; however, the majority is

most likely transported from the north with sea ice and

icebergs via the Labrador Current, as also previously

reported for neighbouring bays by Solignac et al. [112]. Ca

is linked to a combination of allochthonous material and

local biogenic production, while the Ca/Sr ratio may be

considered a proxy for detrital carbonate [49]. The general

upward decrease in the elements Si, Fe, K, and Ti observed

from 7.2– ca. 3.6 cal kyr BP suggests an upwards

decreasing terrestrial input [6, 96, 124], while the small

peak in these elements from 4.8 to 4.6 cal kyr BP suggests

a temporarily renewed terrestrial input. After ca.

3.6 cal kyr BP, the influx of terrestrial material was rela-

tively stable. The Ca signal may be derived from either
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biological productivity or from erosional products,

including detrital carbonate. The Ca/Sr ratio, however,

suggests that in the early part of the record, a significant

part of the Ca was derived from erosional products. This is

also supported by the generally low benthic foraminifera

flux, a major source of biogenic Ca, in the lower part of the

records, compared to the higher foraminiferal fluxes above,

especially from ca. 2.8–1.0 cal kyr BP. A similar shift

from a dominantly allochthonous to autochthonous source

of Ca in the Holocene has also previously been described

from other fjords at Newfoundland [112].

Bottom-water conditions based on benthic

foraminifera

The calcareous benthic foraminifera were analysed as a

proxy for the conditions on the seafloor in Trinity Bay. The

basic interpretation of the foraminiferal zones (FZ) is

presented here (Fig. 4; Table 2).

7.2–5.7 cal kyr BP (FZ1)

Cold, Arctic-sourced water flushed the seafloor of Trinity

Bay (A. gallowayi, C. reniforme, Islandiella helenae, E.

excavatum f. clavata), although some minor influence of

warmer water, possibly chilled Atlantic water (M. bar-

leeanus, I. norcrossi, N. labradorica), may also be seen.

The relatively high abundances of P. bulloides, M. bar-

leeanus, and G. lamarckiana indicates the presence of

buried organic matter and stable conditions; oxygen levels

at the seafloor, or at least in the pore water, may have been

somewhat reduced at times (G. auriculata arctica, N. tur-

gida v. digitata), as also supported by the laminated sedi-

ment. However, these periods of reduced oxygen content

did not severely affect the overall benthic foraminiferal

assemblage, indicating a relatively short duration, from a

few seasons to a few years. The benthic foraminiferal flux

remains fairly low during this period, indicating no large

productivity events.

5.7–4.85 cal kyr BP (FZ2)

The dominant species in this zone C. reniforme, A. gal-

lowayi, Islandiella spp., and N. labradorica suggest an

environment with continued dominance of cold Arctic

water and a somewhat reduced influx of the influence of

Atlantic-sourced water. However, N. turgida v. digitata, N.

labradorica, and S. loeblichi, which all thrive in connection

to fresh food supply, indicate an increase in primary pro-

ductivity, possibly linked to a more proximal location of an

oceanic front, while E. albiumbilicatum suggests a slight

reduction in salinity. This may have led to episodes of

hypoxic conditions, as indicated by G. auriculata arctica

and N. turgida v. digitata, although the less pronounced

laminations in the sediment indicate that oxygen levels

were generally higher than in zone FZ1.

4.85–2.85 cal kyr BP (FZ3)

The significant influx of E. excavatum f. clavata and E.

albiumbilicatum indicates lower bottom-water salinities, in

a continued cold-water-dominated environment (C. reni-

forme, Islandiella spp.). A reduction in M. barleeanus

indicates that the influx of warmer, saline water was at a

minimum. Primary production and food supply was still

good as indicated by S. loeblichi, T. fluens, N. labradorica,

G. auriculata arctica, N. turgida v. digitata and a high

benthic foraminiferal flux, while the decrease in N. turgida

v. digitata indicates that oxygen in the sediments had

increased further. This interval is believed to represent a

period of freshening of bottom waters.

2.85–0.95 cal kyr BP (FZ4)

The mixture of lower-salinity indicators (E. excavatum f.

clavata, E. albiumbilicatum) and species linked to cold, but

more stable, conditions of higher salinity (C. reniforme),

ventilation of the bottom waters, and increased current

activity (A. gallowayi, T. angulosa) may be explained by

seasonal variability in freshwater flux. Continued high

levels of primary productivity (S. loeblichi, N. labradorica,

G. auriculata arctica, N. turgida v. digitata, high for-

aminiferal flux) still led to episodes of somewhat reduced

oxygen levels that favoured G. auriculata arctica and N.

turgida v. digitata. The low foraminiferal flux from 1.7 to

1.5 cal kyr BP coincides with a drop in C. reniforme and E.

excavatum f. clavata and peak in productivity and ice edge

indicator species N. labradorica and Islandiella spp. Dur-

ing this interval, there was also a decrease in the low-

salinity-tolerant species E. albiumbilicatum. A possible

link to increased sea ice, which temporarily suppressed

foraminiferal productivity, is supported by the presence of

the dinoflagellate cyst I. cezare (see below; Fig. 5).

0.95–0.13 cal kyr BP (FZ5)

A drop in Arctic (C. reniforme, Islandiella spp.) and cold,

low-salinity indicators (E. excavatum f. clavata, E. albi-

umbilicatum) indicates decreasing influence of the cold,

meltwater-bearing LC at the seafloor. This coincides with

a significant increase in high-productivity indicators,

especially N. labradorica, S. loeblichi, and G. auriculata

arctica. Foraminiferal flux may be artificially low due to

dissolution during storage, but even the richest samples

(processed in 2008) indicate somewhat reduced flux rates.

This may be explained by an environment where high

8 Page 10 of 19 Arktos (2015) 1:8

123



T
a
b
le

2
G

en
er

al
en

v
ir

o
n

m
en

ta
l

p
re

fe
re

n
ce

s
fo

r
b

en
th

ic
fo

ra
m

in
if

er
a

p
re

se
n

te
d

in
th

is
p

ap
er

S
p

ec
ie

s
W

ar
m

sp
ec

ie
s

C
o

ld

sp
ec

ie
s

P
ro

d
u

ct
iv

it
y

B
u

ri
ed

o
rg

an
ic

m
at

te
r

M
el

tw
at

er
/

lo
w

sa
li

n
it

y

T
o

le
ra

te
s

lo
w

O
2

’D
ee

p
’

w
at

er

B
o

tt
o

m

cu
rr

en
ts

S
ea

ic
e

co
v

er

R
ef

er
en

ce
s

A
st

ro
n

o
n

io
n

g
a

ll
o

w
a

yi
X

X
R

as
m

u
ss

en
et

al
.

[8
7
]

C
a

ss
id

u
li

n
a

re
n

if
o

rm
e

X
K

n
u

d
se

n
et

al
.

[5
9

],
K

o
rs

u
n

an
d

H
al

d
[6

2
],

L
lo

y
d

et
al

.
[6

5
],

S
co

tt
et

al
.

[1
0

4
]

E
lp

h
id

iu
m

a
lb

iu
m

b
il

ic
a

tu
m

X
A

u
st

in
an

d
S

ej
ru

p
[5

],
A

lv
e

[1
]

E
lp

h
id

iu
m

ex
ca

va
tu

m

fo
rm

a
cl

a
va

ta

X
X

Je
n

n
in

g
s

an
d

H
el

g
ad

o
tt

ir
[5

2
],

H
al

d
an

d

K
o

rs
u

n
[4

2
]

G
yr

o
id

in
a

la
m

a
rc

ki
a

n
a

X
X

F
in

g
er

et
al

.
[3

4
]

G
lo

b
o

b
u

li
m

in
a

a
u

ri
cu

la
ta

a
rc

ti
ca

X
X

X
C

o
rl

is
s

[1
8
],

A
lv

e
an

d
B

er
n

h
ar

d
[2

]

Is
la

n
d

ie
ll

a
h

el
en

a
e

X
X

H
al

d
an

d
S

te
in

su
n

d
[4

3
],

S
te

in
su

n
d

[1
1

3
],

S
ei

d
en

k
ra

n
tz

[1
0

5
]

Is
la

n
d

ie
ll

a
n

o
rc

ro
ss

i
X

S
te

in
su

n
d

[1
1

3
],

L
lo

y
d

[6
4

],
Ś
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primary productivity could lead to periods of lower pH

that may have encouraged calcareous test dissolution. The

latter half of the zone saw the lowest abundance of spe-

cies related to cold water from the LC (A. gallowayi, C.

reniforme, Islandiella spp.). There is no increase in war-

mer water species (M. barleeanus). The disturbed lami-

nations of the sediment in this zone might indicate

increased bioturbation, inferring that the increased pro-

ductivity did not lead to lowering of bottom-water

oxygenation.

Surface water conditions

The dinoflagellate cyst assemblages provide information

on the surface water conditions in Trinity Bay. In general,

changes in dinoflagellate assemblages are small. How-

ever, the assemblages show clear grouping with interval

(zones) of comparable assemblages. Similar small, but

significant, changes in dinoflagellate cyst assemblages

have previously been described from the nearby Bonav-

ista and Placentia Bays [112], indicating that dinoflagel-

late signals are very subtle in this region despite quite

significant (season-specific) changes in environments

[110]. In this respect, it should be noted that the cysts in

the sediment represent several species, each of which can

bloom at a different time of the year; therefore, the

dinoflagellate cyst assemblages represent an integration of

environmental conditions ranging from early spring to late

fall ([117], and references therein). The interpretation is

ordered according to dinoflagellate cyst zones (DZ;

Fig. 5; Table 3).

7.2–5.5 cal kyr BP (DZ1)

The dominance of O. centrocarpum and Brigantedinium

spp. throughout the core indicates stable seasonal surface

water conditions and high nutrient availability over the

last *7.2 kyr. However, this zone is particularly char-

acterised by slightly elevated relative frequencies of I.

minutum and I. cezare, indicating that sea ice was gen-

erally present in Trinity Bay for some months every year.

The presence of winter sea ice is also supported by the

MAT results. The dinoflagellate cyst flux was the lowest

in the core, which coincides with the lowest abundances

of Brigantedinium spp., a genus associated with produc-

tivity [37].

5.5–2.1 cal kyr BP (DZ2)

A decrease in I. minutum and I. cezare indicates a reduction

in sea ice cover. This coincided with a steady increase in

Brigantedinium spp. and dinoflagellate cyst flux, indicating

increased nutrients and increased primary production in

Trinity Bay (cf. [37]).

2.1–0.71 cal kyr BP (DZ3)

The reintroduction of I. cezare and slight increase in I.

minutum and P. dalei suggest that the influx of cold water

and seasonal sea ice cover again increased somewhat.

0.71–0.125 cal kyr BP (DZ4)

Sea ice and cold, lower-salinity water influx further

increased towards the top of the core (I. cezare, I. minutum,

P. dalei), causing a slight reduction in sea surface tem-

peratures and reduced, unstable salinities as inferred by the

MAT reconstruction. The high nutrient condition continues

(dinoflagellate cyst flux).

Discussion

Mid-Holocene

During the Early–Mid-Holocene (ca. 7.2–5.5 cal kyr BP),

the dinoflagellate cysts (DZ1) indicate that Trinity Bay was

dominated by cold surface waters, most likely sourced

from the Arctic via the LC, carrying Polar water south out

of Baffin Bay. The presence of I. cezare indicates that

Trinity Bay experienced seasonal sea ice cover, possibly

reflecting the presence of widespread drift ice and icebergs

Table 3 Dinoflagellate cyst

species and their associated

environmental preferences as

compiled from Rochon et al.

[98], Marret and Zonneveld

[68], and de Vernal et al. [23]

Species Colder species Warmer species Productivity Sea ice cover

Brigantedinium spp. X

Bitectatodinium tepikiense X

Cysts of Pentapharsodinium dalei X X

Islandinium minutum X X X

Islandinium cezare X X X

Operculodinium centrocarpum X X X

Spiniferites elongatus X

Spiniferites ramosus X
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entrained by the LC, as also seen today, where ice is carried

in winter and spring to the shores of northern Newfound-

land. Our study supports the findings of Solignac et al.

[112] and Jessen et al. [55], who found cold SSTs around

Newfoundland during the Mid-Holocene, ascribing the

cause to a stronger than present LC. The increased LC flow

may have been caused by stronger atmospheric (westerly

wind) circulation patterns [55], combined with high levels

of glacial melting in the Arctic. Despite this seasonal

transport of sea ice and icebergs from the north, the

dinoflagellate cysts indicate that summer sea surface tem-

peratures in Trinity Bay were not particularly cold.

A scenario with a strong LC is also supported by the

XRF elemental analysis from core 06G with high values of

terrestrial-derived elements (Si, Fe, K, and Ti; Fig. 2).

Some of the terrestrial material may have had a local ori-

gin, but as Newfoundland was completely deglaciated by

10 cal kyr BP [31] and only small rivers today flow into

Trinity Bay, the possibility of transporting sediments of

local origin to central Trinity Bay would be limited. Hence,

as previously shown by Solignac et al. [112], the relatively

high values of K, Fe, and Ti may be largely ascribed to

transport of sediments by iceberg and sea ice via the LC,

similar to other sediment provenance studies in the North

Atlantic region [4, 32]. A significant reduction in meltwater

discharge in the Disko area, west Greenland, around

6.0 kyr BP [80] is in support of a strong advection of low-

salinity surface water and suspended terrestrial detrital

matter prior to 5.5 kyr BP. While both the foraminiferal

flux and the dinoflagellate cyst concentrations are relatively

low, indicating low biological productivity, the Ca record

has high values, indicating that the Early–Mid-Holocene

sedimentary record is primarily of allochthonous origin,

e.g. from detrital carbonate. This scenario is also supported

by the relatively high Ca/Sr ratio (Fig. 3).

In contrast to the ice-loaded surface waters, the water at

the seafloor was characterised by high salinities, as evi-

denced by P. bulloides, M. barleeanus, A. gallowayi, and I.

norcrossi. Despite the common occurrence of A. gallowayi,

which is often found associated with high bottom-current

activity, the dark laminated sediments indicate somewhat

reduced bottom-water oxygenation. This may be linked to a

stratified water column with higher salinity bottom waters

and fresher, ice-influenced surface waters. The presence of

A. gallowayi may thus be linked to either shorter periods of

increased current activity or simply be due to the relatively

high salinity of the bottom waters; the latter explanation is

supported by the fine-grained sediment and the near

absence of other strong current indicators such as Cibicides

spp. or Discorbis spp.

The high-salinity bottom water was likely linked to an

influx of Atlantic-sourced water. Two possible sources

exist for this Atlantic water: either a northward

penetration of the GS into the western sector of the

subpolar gyre or a stronger influx of the outer LC with an

entrained WGC-derived Atlantic component. Expansion

of the GS to the south-west Labrador Sea would mean a

significantly northward movement of the LC-GS oceano-

graphic front and the southern margin of the subpolar

gyre compared to modern conditions. In a study from

Placentia Bay, SE Newfoundland, Sheldon et al. [109]

saw no indication of such a strong northward location,

and it is thus most likely that the Atlantic water compo-

nent was derived from the Davis Strait WGC branch [19]

entrained by the outer LC.

Our data thus suggest that during the period ca.

7.2–5.5 cal kyr BP, the more saline outer LC penetrated

further onto the shelf and into Trinity Bay than it does

today, below the relatively low saline, ice-loaded inner LC,

which dominated the surface waters of Trinity Bay. This

would indicate the presence of a stronger than present

subpolar gyre, which allowed a stronger WGC and

increased entrainment of the WGC in the LC. A stronger

subpolar gyre was also suggested by Sheldon et al. [109]

based on foraminiferal data from off SE Newfoundland and

is in accordance with the findings by Born and Levermann

[9], Gibb et al. [38], Hillaire-Marcel et al. [47], and Sei-

denkrantz et al. [107]. Also, the timing coincides with the

Holocene Thermal Optimum, when a strong northward

transport of heat caused increased melting of Arctic gla-

ciers [3, 30, 35]. The Arctic meltwater was transported

south by the LC, causing comparatively cold surface water

conditions along the east coast of Canada.

After ca. 5.5 cal kyr BP, surface water productivity

increased slightly, as reflected in the dinoflagellate cyst flux

(DZ2) (Fig. 5). Although sea surface temperatures were

still low, the drop in I. cezare indicates a reduction in sea

ice cover. The concurrent decrease in Ti, Fe, and K (Fig. 3)

also supports a decrease in the transport of sediments via

sea ice and icebergs from the north. Apart from the epi-

sodic presence of (drift) sea ice, laminations in the core

sediments could be caused by seasonal changes in water

column overturning in the bay and general marine pro-

ductivity pulses.

Species associated with cold water dominate the for-

aminiferal faunas. The near disappearance of P. bulloides

and minor decrease in C. reniforme, combined with a

minor increase in E. albiumbilicatum, indicates increased

mixing of the water column with the lower-salinity waters

of the inner LC reaching the seafloor. This suggests that

the Atlantic water component was reduced, which could

have been caused by a weakening of the general subpolar

gyre circulation [20], bringing less WGC water to the inner

LC reflecting a ceasing inflow of outer LC water into

Trinity Bay. At the same time (ca. 5 cal kyr BP), the

oceanic front between the LC and GS was shifted
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southward, as shown by a decrease in the ocean front

indicator N. labradorica in Placentia Bay, SE Newfound-

land [109]. Although the LC was the dominant water mass

influencing Trinity Bay, the decrease in sea ice may be

ascribed to a reduction in Arctic glacier melting as also

seen later (*4 cal kyr BP) in Bonavista Bay to the north

[112]. This was likely caused by the end of the maximum

warming of the Holocene Thermal Optimum, resulting in a

reduction in Arctic glacier melting [35]. The cold tem-

peratures recorded in Trinity Bay stand in contrast to the

generally warmer climate conditions experienced by the

western North Atlantic prior to 4 cal kyr BP [21, 25, 58,

67]. However, as also illustrated here, a warmer climate in

the Arctic can lead to an increase in glacier melting and

thus iceberg export [35], which in turn cools the surface of

the LC [55, 93, 110, 112].

Notably, the reduction in meltwater transported south

from the Arctic was recorded earlier in Trinity Bay than in

Bonavista Bay (after ca. 4 cal kyr BP; [112]) or in Pla-

centia Bay (ca. 2.8 cal kyr BP; [109, 112]). The discrep-

ancy in the timing of the meltwater reduction could be due

to a number of factors, including geographical location and

current regime. Solignac et al. [112] attributed the con-

tinued presence of sea ice in Placentia Bay, with little

modern sea ice, to a meridional wind pattern which trapped

locally formed sea ice in the fjord until 2.8 cal kyr BP.

However, the time lag for the decrease in icebergs between

Trinity Bay (*5 kyr PB) and Bonavista Bay to the north-

west (*4 kyr BP) is puzzling, but may be due to the fact

that the mouth of Bonavista Bay is wider and therefore

more open to the Labrador Sea than Trinity Bay. This may

have resulted in a trap for icebergs transported with the LC

and would have allowed the impact of the, albeit reduced,

ice transport to continue influencing the environment of the

bay. Satellite images show that today more LC-transported

icebergs and sea ice are trapped in Bonavista Bay than in

Trinity Bay [74]. This local difference in surface water

temperature conditions may therefore be ascribed to the

local cooling effect of melting icebergs versus a more

general (summer) SST lowering associated with advection

of (melting) drift ice and meltwater from the Arctic. Within

this context, it may also be relevant to note that a marked

reduction in West Greenland inland ice melting has been

dated to ca. 3.2 kyr BP [71, 106], indicating a reduction in

the production of cold, low-salinity surface water at that

time.

Late Holocene

The more unstable conditions and reduction in bottom-

water salinity seen after 5 cal kyr BP (increase in for-

aminiferal species E. albiumbilicatum and E. excavatum f.

clavata) may indicate a further reduction in influx of

Atlantic-sourced subsurface water from the WGC and

increased water column mixing. Furthermore, a decreasing

meltwater load within the LC after the Holocene Thermal

Optimum (HTO) would have lessened the density gradient

between the LC and Atlantic-sourced waters, leading to an

increase in water column mixing.

An increase in the duration of the sea ice is evident from

the dinoflagellate cyst assemblages after 2.1 cal kyr BP

(DZ3), with a further increase in sea ice at ca. 0.7 cal year

BP. The sea ice may have facilitated some transport of

detrital carbonate as indicated by a slight increase in the

Ca/Sr ratio, although the Fe, K, and Ti records indicate

little change in sediment provenance. Increased sea ice and

the associated increase in nutrients and primary produc-

tivity are also supported by the increased frequencies of S.

loeblichi, which is often found in connection to sea ice

[105], and N. labradorica, which thrives in high-produc-

tivity environments [102]. The continued cold and pro-

ductive sea surface conditions indicate that the inner LC

still strongly influenced the bay. In contrast, Bonavista Bay

to the north-west recorded its warmest surface tempera-

tures from 1.7 to 1.1 cal kyr BP [112]. The discrepancy

between the bays might be at least partially due to a change

in shelf circulation off north-east Newfoundland presum-

ably associated with the regional wind pattern favouring a

shift of LC sea ice drift more towards the east. At the same

time, this could have been balanced by enhanced outer LC

(with entrained WGC Atlantic water) inflow onto the shelf

towards the west into Bonavista Bay.

The last 1000 years of the Holocene (zone FZ5 and the

top of DZ3 and DZ4; Figs. 4 and 5) represent a cold and

productive environment, suggesting that the inner LC was

the primary water mass affecting Trinity Bay. However,

the presence of N. labradorica and M. barleeanus suggests

continued impact of the WGC also during this time. The

drop in foraminiferal species T. angulosa may suggest a

slight decrease in bottom-current activity. The elemental

composition continues to show a decrease in all elements,

indicating a lessening of terrestrial input to Trinity Bay,

corresponding to the findings of Solignac et al. [112].

The last ca. 0.7 cal kyr BP in Trinity Bay recorded an

increase in sea ice and a decrease in surface salinity

(Fig. 5). The timing for the start of the cooling corresponds

well with the onset of the Little Ice Age [40, 118], but

interestingly, the pattern is opposite of that previously

described by both Solignac et al. [112] and Sicre et al.

[110], who saw a warming of the surface waters in Bon-

avista Bay. The warmer surface waters off NE New-

foundland have been ascribed to the dominance of the

negative phase of the North Atlantic Oscillation (NAO)/

Northern Annular Mode (NAM) index [36, 110], which

warmed the coastal regions of the Labrador Sea [95, 106,

108, 110]. A negative NAO generally results in less
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transport of Arctic water through the Canadian gateway,

thus resulting in a weaker LC and associated decreased

transport of sea ice during winter and spring. As outlined

above, colder conditions in Trinity Bay may well reflect the

effect of a changed Little Ice Age atmospheric circulation

pattern on the areal distribution of the spring pack ice zone

off NE Newfoundland.

The overall cooling of Trinity Bay over the last 2 cal kyr

BP is in accordance with the general global-scale cooling

of ocean surface temperatures as described by McGregor

et al. [69]. The strong millennial-scale variability often

seen in the North Atlantic region, overprinting this overall

cooling [54, 57, 60, 91, 92, 106, 110, 116], is not strongly

recorded in Trinity Bay. This may be due to either a lower

sensitivity of the proxies to such relatively minor variations

in the environment, or to the relatively enclosed setting of

Trinity Bay. The narrow inlet may provide optimal entry

for cold inner LC waters while the bulk of the outer LC,

with its entrained WGC component, misses the bay.

Conclusions

The Early–Mid-Holocene in Trinity Bay was characterised

by cold conditions at the surface, controlled by the inner

Labrador Current (LC), and relatively high salinities at the

seafloor, possibly due to the presence of Atlantic-sourced

water from the West Greenland Current (WGC). The

subpolar gyre was likely stronger during this period,

allowing more WGC-derived Atlantic water to reach the

western side of the Labrador Sea. There is a clear presence

of sea ice in Trinity Bay at this time, likely entrained by the

LC out of the Canadian Arctic archipelago and Baffin Bay.

During this time, the warmer climate in the Arctic led to

increasing glacier melting and release of icebergs,

increasing the abundance of icebergs originating from the

Baffin Bay-bordering outlet glaciers.

Following this, the water column in the bay became

more mixed and productivity increased. Sea ice became

less prevalent in the bay during the Late Holocene, which

could be linked to a decrease in Arctic-sourced meltwater,

sea ice, and icebergs transported by the LC. This could also

be linked to a weaker subpolar gyre, implying less

entrainment of WGC Atlantic-derived water along the

western side of the subpolar gyre. The Late Holocene thus

experienced a cold and productive environment in the bay,

mainly characterised by the inner LC. The end of the

Holocene saw a gradual shift into modern conditions, with

a dominantly cold water mass sourced from the inner LC

and some influence from warmer Atlantic waters entrained

in the outer LC.

The climate over the last 7200 years of the western

Labrador Sea region has been strongly influenced by the

strength of the LC, which, together with the regional

atmospheric circulation pattern, has had a marked impact

on the local fjord environment of northern Newfoundland.

Smaller changes in the main pattern of sea ice and iceberg

drift related to regional ocean and atmospheric circulation

variations are concluded to have had well-defined, but

different effects on the various fjords here.
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92. Renssen H, Seppä H, Heiri O et al (2009) The spatial and

temporal complexity of the Holocene thermal maximum. Nat

Geosci 2:411–414. doi:10.1038/ngeo513

93. Reverdin G, Cayan D, Kushnir Y (1997) Decadal variability of

hydrography in the upper northern North Atlantic in 1948–1990.

J Geophys Res 102:8505–8531. doi:10.1029/96JC03943
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