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Abstract

Greenland Ice Sheet (GrIS) melting occurred during the later part of the Holocene Thermal
Maximum (HTM) with a well-documented significant GrIS retreat between 7 and 3 ka.
However, less is known about the immediate melt water impact on Greenland fjord hydrog-
raphy and more distant ocean circulation. A compilation of published sediment records
from southwest Greenland fjords and Disko Bay, West Greenland, demonstrates marked
local erosional events and deposition of extensive (silty) melt water sediments within
the period 4.4 to 3.2 ka BP. The termination of fjord perturbation in this region is dated
at c. 3.2 ka and closely corresponds to the reported timing of minimum GrIS extent. As
an ocean response, an increased freshening and enhanced melt water transport by the
Labrador Current (LC) between 4.4 and 4.0 ka are concluded to signal the most prominent
melt water discharge events in the southwest Greenland fjords. The latter melt water pulses
were coeval with a marked warming episode and negative surface mass balance peak
recorded in ice cores. As suggested by modelling and paleo-oceanographic records from
the North Atlantic subpolar gyre, temporarily enhanced GrIS melting and increased LC
freshwater release into the North Atlantic around 4.2 ka may have led to destabilization
of the AMOC. The GrIS melt water surges associated with an anomalous atmospheric
(Greenland blocking) regime are proposed to reflect a regional climate anomaly related to
the so-called ‘4.2 ka BP event’.

Keywords: Greenland; Holocene Thermal Maximum; ice sheet melting; sediments; fjord
and ocean circulation; AMOC

1. Introduction
An early-to mid-Holocene Thermal Maximum (HTM) has been documented in many

high-latitude and Arctic climatic records of the Northern Hemisphere [1]. Lake records
in Greenland indicate that atmospheric summer temperatures locally were 2–4 ◦C higher
than observed today, with a particularly persistent warming in West Greenland occurring
between 6 and 4 ka [2]. The warm conditions led to excessive circum-Greenland Ice Sheet
(GrIS) melting and thinning [3], with the ice sheet margin retreating behind present-day
extent [4,5]. The minimum extent of the southwest GrIS was reached near the end of the
HTM between 5 and 3 ka [6,7], when the ice sheet again started to gradually expand due to
the subsequent onset of Neoglacial cooling. Apart from higher temperatures, the climate
regime during the HTM was characterized by increased windiness and precipitation [3,8,9].
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This variety of records thus clearly document warmer-than-present climate conditions and
reduced GrIS extent in SW Greenland during the mid-Holocene.

A recent study [10] illustrated the impact of glacier retreat after the last glaciation
on fjord bedforms in the Nuup Kangerlua (Godthåbsfjorden) region, where the Ameralik
Fjord is one of the study areas (Figure 1). However, the direct impact of widespread
ice sheet melting on fjord hydrographical circulation and ocean dynamics is still poorly
understood. This is the case for the impact of the late HTM ice retreat in particular. The
effect of more limited, regional glacier retreat on fjord environments and ocean circulation
is even less known. Presently, according to a number of model simulations the ongoing
GrIS melting would significantly weaken the Atlantic Meridional Overturning Circulation
(AMOC, Figure 1a). It is, however, highly debated whether this AMOC weakening would
lead to a complete collapse [11,12].

Figure 1. Cont.
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Figure 1. (a) North Atlantic circulation (base map:https://en.wikipedia.org) with the North Atlantic
Current transporting warm, saline surface waters polewards, where in the Greenland and Labrador
Sea cooling and evaporation lead to the formation of cold, dense water masses that flow south at
depth. These sink water processes are crucial in maintaining a surface-to-deep water mass transfer
known as the Atlantic Meridional Overturning Circulation (AMOC). The areas where Greenland
fjord sediments reveal excessive glacier melting 4400 to 3200 years ago are indicated by open, red
dots, whereas seabed sediment sites in coastal waters off Newfoundland with records of Labrador
Current hydrographic changes are marked by open, blue dots. Key sediment core IDs (see Table 1) are
also indicated. LC = Labrador Current; WGC = West Greenland Current; (b) Southwest Greenland
areas where particularly strong ice sheet melting had occurred in 2020 (European Space Agency, ESA)
and 2021 (National Snow and Ice Data Center, NSIDC). The red dots indicate the areas where fjord
sediment cores document strong glacier melting 4400 to 3200 years ago.

Table 1. Summary of key sites with sediment core information and respective publications repre-
senting the framework of our review study. The sediment coring sites in coastal waters off eastern
New-foundland are located in several embayments (1 = Bonavista Bay; 2 = Placentia Bay; 3 = Trinity Bay).

Author & Ref. No. Core ID & Area Latitude Longitude Water Depth (m)
Core Length (m)
with Number of
AMS14C Datings

Lloyd et al. [13]

DA00-05
mouth of

Kangersuneq fjord,
Disko Bay

68◦42′92′′ N 51◦06′42′′ W 335 10.48 m (7)

Ren et al. [14] DA04-41P
Ameralik 64◦05.388′ N 51◦15.038′ W 744 8.58 m (12)

Møller et al. [15],
Seidenkrantz et al. [16]

248260-2
Ameralik 64◦ 05.433′ N 51◦15.530′ W 674 3.48 m (5)
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Table 1. Cont.

Author & Ref. No. Core ID & Area Latitude Longitude Water Depth (m)
Core Length (m)
with Number of
AMS14C Datings

Lassen et al. [17] PO245-451
Igaliku 60◦41.96′ N 46◦02.00′ W 304 3.51 m (9)

Solignac et al. [18] AI07-03G
Newfoundland 1 48◦44.321′ N 53◦29.181′ W 329 4.72 m (7)

Solignac et al. [18] AI07-12G
Newfoundland 2 47◦08.204′ N 54◦33.182′ W 230 4.75 m (4)

Orme et al. [19] AI07-06G
Newfoundland 3 47◦85′ N 53◦58′ W 511 4.31 m (9)

Our review study will therefore focus on the impact of late HTM ice sheet melting on
the hydrography of three southwest Greenland fjords and possible implications for more
distant ocean circulation, especially AMOC. We choose this study region as recent satellite
data have shown the ice sheet in the area to be especially sensitive to modern warming
with strong ice sheet melting occurring in recent years (Figure 1b). We compare sediment
records from three southwest Greenland fjord systems (for study areas, see Figure 1) that
are all located within one of these actual melting sectors of the GrIS. This is supplied by
sub-bottom information from an adjacent near-coastal site. In addition, we compare these
data with marine sediment records from coastal waters off eastern Newfoundland, where
the Labrador Current (LC, Figure 1a) carries melt water from West Greenland and the
northeast Canadian archipelago towards the subpolar gyre of the North Atlantic Ocean
with direct impact on the AMOC [20,21].

2. Material and Methods
The material used for this review study primarily consists of eight publications listed

in Table 1, which shows information on key sediment core location, sediment core length,
and number of AMS14C datings applied at each of these cores. Each of these publications
provides detailed information on the chronology and various analytical methods employed.
The many AMS14C sediment datings (Table 1) in these cores with only a few exceptions
reveal a dating error range of generally less than 100 years. Within this context it is
noteworthy that the reconstruction of a regional ocean–atmosphere–cryosphere regime
discussed below yields a very coherent picture with regard to the chronology of the
various environmental records, despite the fact that these are based on widely different
dating methods (AMS14C dates, ice core chronology, and geological field observations). In
addition to dating, in all sediment cores a multi-proxy parameter approach was applied
which included micropaleontological components (foraminiferal fauna, dinoflagellates
cyst assemblages, diatom flora), XRF multi-element analysis, and grain-size measurements
including sediment modelling. For a detailed methods description we refer to the original
publications. It must be noted, however, that the selected multi-proxy parameters vary
from core to core, with one exception, which is the analysis of the foraminiferal fauna.
Increasing knowledge of the effect of GrIS melting on AMOC behaviour and its possible
weakening under a further climate warming has been crucial for our decision to make a
compilation of this archive data set available for public information.
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3. Results
3.1. Holocene Hydrographic Records from Southwest Greenland Fjords

The three southwest Greenland fjords that are the focus of this review are all located
in regions that have experienced particularly strong ice sheet melting in recent years
(Figure 1b). The ocean circulation offshore is characterized here by the prevalence of the
West Greenland Current (WGC, Figure 1a), which transports relatively warm and saline
Atlantic water masses derived from the Irminger Sea towards the north [20], with its core
between 200 and 600 m water depth [22]. This warm water plays a crucial role in subglacial
melting of the southwest Greenland tide-water glaciers [23], and satellite images clearly
illustrate the presence of melt water plumes at the mouth of several southwest Greenland
fjords, being entrained in a northerly direction by the WGC (Figure 2). The uppermost
WGC waters involved in this entrainment are colder and less saline than the underlying
Atlantic-derived water mass [22] and originate from the melt water discharge from the
GrIS mixed with low-salinity Polar water masses initially advected southward by the East
Greenland Current [24]. For summarized information on the key sediment coring sites
with respective publications that have been the framework of our study, refer to Table 1.

Figure 2. Satellite image (https://earthobservatory.nasa.gov/IOTD/view.php?id=84464, accessed on
20 May 2026)) showing large, sediment-rich melt water plumes exiting from West Greenland fjords
being entrained to the north by the West Greenland Current.
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In the Disko Bay area, i.e., the northern sector of the modern melting region
(Figure 1b), a marine sediment core (DA00-05, see Table 1) was retrieved from the mouth
of Kangersuneq fjord, exiting in the southeastern part of the bay [13]. At around 4.5 m
core depth the Holocene depositional record from this site reveals a major ice-rafted-
detritus (IRD) event documented by markedly increased silt and fine-sand fluxes dated
between ca. 4.0 and 3.5 ka. According to benthic foraminiferal assemblage data of this core,
the glacial surge coincided precisely with a period of significantly increased warm WGC
inflow into Disko Bay. A high-resolution sub-bottom profile of the Disko Bay seabed
(Figure 3) obtained about 7 km offshore of the latter coring site shows a transparent, vir-
tually undisturbed upper acoustic unit indicative of regular Holocene sedimentation [25].
However, within the upper part of this Holocene unit, one single reflector is visible at
5–7 m below the seabed. The transparent unit of fine-grained Holocene sediments is known
to consist of fast accumulated melt water deposits with sedimentation rates decreasing
towards the late Holocene [26]. The acoustic stratigraphy displaying this single reflector
at 5–7 m sub-bottom depth is concluded to illustrate a prominent glacial surge event with
a silt–sandy IRD deposit on the Disko Bay shelf and based on a comparable depth, we
suggest that the reflector is correlatable with the IRD layer in the fjord core DA00-05 [13].
This shows that this area of Disko Bay may have experienced a significant change in the
marine environment in that late Holocene period. On the open shelf, not far south of Disko
Bay, hydrographic conditions are also reported to have changed around 3.8 ka [27].

Figure 3. High-resolution (CHIRP) sediment sub-bottom record from the southeastern part of Disko
Bay [17–23] (p. 3) showing an upper, Holocene transparent unit (above the yellow reflector) overlying
laminated de-glacial sediments (between red and yellow lines). The red line shows the top of the
acoustic base-ment. This upper Holocene unit above the yellow reflector displays one single internal
(blue) re-flector situated 5–7 m below the seabed. The reflector is concluded to represent a prominent
silt–sandy IRD deposit which has been found in a nearby 10.48 m long piston core (DA00-05) and
dated between c. 4.0 and 3.5 ka [13] (p. 2).

In the present melting region further to the south, the Ameralik Fjord (see Figure 1b),
which is part of the larger Nuup Kangerlua (Godthåbsfjord) fjord complex, is another area
where several sediment records provide evidence of significant hydrographic perturbation
and disturbance of regular sedimentation. In sediment core DA04-41P (see Table 1) a
significant hiatus over the period 6.8 to 4.4 ka was found [14]. Another sediment core
(248260-2, Table 1), located close by and near the mountainous north side of the fjord,
displayed an interval of massive, silty melt water sediments deposited between 4.4 (core
bottom) and 3.2 ka [15]. Modelling of the sediment grain size data from this interval
confirmed that deposition can be ascribed to suspension settling processes from melt
water plumes. At the same time foraminiferal benthic faunas from this core indicated that
an otherwise persistent inflow of warm, saline Atlantic-derived water masses at depth
weakened and became unstable after ca. 3.2 ka [16]. Furthermore, multi-proxy records
from sediment cores taken at a water depth of 399 m in the innermost part of the Nuup
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Kangerlua fjord complex confirm that higher-than-present Atlantic water influx prevailed
at that site between 7 and 3 ka, with a peak of Atlantic water influence from 5 to 3 ka [28].

In southern Greenland, benthic foraminiferal data from a marine sediment core
(PO245-451, Table 1) collected in the Igaliku fjord (Figure 1b) likewise reveals prevalence of
Atlantic-derived water masses during the later part of the Holocene [17]. On this site, an in-
terval with sandy and silty melt water sediments and a major hiatus separates late Holocene
sediments deposited after 3.2 ka from an early Holocene (>7 ka) sediment sequence of
mainly turbiditic origin.

3.2. Holocene Hydrographic Records from Coastal Waters off Eastern Newfoundland

Ocean circulation in coastal waters off eastern Newfoundland is characterized by
the Labrador Current (LC, Figure 1a), which transports cold, low-salinity water masses
southwards, including melt water from the GrIS and local ice caps in the Canadian
archipelago [20,21] (p. 2). In this area sediment cores from sites in three different em-
bayments (see Table 1) were investigated for Holocene variations in LC activity, salinity,
and sea surface temperature (SST) [18,19]. The results of these studies demonstrate that
the lowest SST values occurred in the period 5.7 to 4.0 ka and were associated with higher
amounts of terrestrial elements and detrital carbonate. Moreover, a long-lasting minimum
in salinity has been recorded in the period 4.5 to 4.0 ka.

4. Discussion
4.1. Greenland Fjord Water Perturbation Due to Enhanced Melt Water Discharge

The Holocene sediment records from the three fjord areas in Southwest Greenland
all signal enhanced melt water discharge and a coeval deep inflow of Atlantic-derived
(WGC) water masses during the late HTM. These conditions prevailed until the onset
of gradual Neoglacial cooling finally affecting all areas after 3.2 ka. In these fjords that
form the main melt water gateway between the GrIS and the open ocean, saline ocean
waters interact directly with tide-water glaciers and outflowing GrIS melt water streams. In
exchange with the Labrador Sea and Baffin Bay, Atlantic-derived, warm and saline water
today flushes these deep fjords at subsurface depth [29]. Buoyant plumes of glacial melt
water from tide-water glaciers and riverine runoff rich in suspended matter flow in the
opposite direction towards the open sea (Figure 2). Increasing melt water fluxes lead to
enhanced estuarine circulation, in turn favouring an increased inflow of Atlantic-derived
water at depth. As illustrated in the satellite image of Figure 2, this circulation pattern is
today responsible for entrainment and export of large amounts of suspended, fine-grained
(silty) sediment towards the open ocean [30,31]. On the West Greenland shelf such deposits
of terrestrial origin are recognizable owing to their elemental composition, which reveals
here widespread deposition of suspended matter from melt water plumes during the early-
and mid-Holocene [32]. The acoustic reflector in the upper part of the Holocene unit
from Disko Bay (Figure 3) may illustrate such enhanced fjord-to-shelf transport of more
proximal, glacially derived sediment, in this case having occurred in the late Holocene,
i.e., 4.0 to 3.5 ka [13] (p. 2).

With regard to the bathymetric setting of the sediment cores involved in this study, it
is important to note that all coring sites have a water depth within the depth stratum of
warmer, Atlantic-derived WGC shelf water masses. In the 75 km long, WSW-ENE trending
Ameralik Fjord, despite its deep basins, the bottom water masses are, however, isolated
from a direct inflow of these Atlantic-derived subsurface masses due the presence of a
shallow (110 m) sill at its entrance. Still, a strong tidal-induced mixing at the outer sill
enables a dense inflow of relatively saline water masses leading to deep water renewal,
particularly during the winter [33]. In contrast to the other fjords of Nuup Kangerlua,
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there are presently no marine-terminating glaciers in the Ameralik Fjord, which implies
that subglacial freshwater discharge does not occur here. The fjord receives, however, a
significant freshwater flux of melt water throughout the year through riverine discharge of
freshwater at the head of the fjord. We suggest here that the sediment hiatus in the deep
basin of the Ameralik Fjord, spanning the period 6.8–4.4 ka [14] (p. 3), may be attributed
to a significant erosional event as lithological and geochemical evidence of a sediment
’hardground’ is lacking, which excludes a longer period of non-deposition. Erosion due to
mass flow or turbidity flow action is also unlikely, as the XRF element data do not show any
sign of allochthonous sediment influx. We propose that intensified mixing processes and
temporarily enhanced deep water inflow flushed the fjord immediately prior to 4.4 ka. This
is supported by the fact that mid-Holocene sediments underlying this hiatus display a trend
of increasing silt admixture and cooling indicative of higher bottom water hydrodynamic
energy promoted by enhanced estuarine circulation and mixing processes at the sill. Such
increased deepwater renewal can be explained by strongly enhanced export of low-density
(melt) water at the surface. In addition, increased WGC flow activity over the shelf after
5 ka [32] (p. 4) may have further contributed to the enhanced mixing processes at the outer
sill of the Ameralik fjord. The sediment core records from inner Nuup Kangerlua also
reveal exceptional influence of Atlantic-derived water masses having occurred in particular
after 5 ka [28] (p. 3). This is further supported by analyses of reworked bivalve shells from
coastal sites further to the north, showing optimum ocean conditions between 5 and 3 ka [7]
(p. 1). Both the timings of excessive melt water discharge in Disko Bay (c. 4.0 ka) and the
Ameralik Fjord (c. 4.4 ka) correspond to an episode of positive temperature anomalies in
Greenland ice cores and on Ellesmere Island, Arctic Canada [34,35]. This warming around
4.2 ka is also reflected in a prominent negative anomaly in the GrIS mass balance [36].
A remarkable increase of mercury accumulation found in the Greenland EGRIP ice core
has been dated at 4.3 to 3.8 ka [37]. Recent measurements of ocean-to-atmosphere fluxes
of mercury could demonstrate that riverine-influenced coastal waters display markedly
higher mercury fluxes than open ocean surface waters farther away from the coast [38].
We thus tentatively propose that the reported mercury anomaly originates from increased
mercury fluxes released from extensive melt water plumes in Greenland coastal waters.

Sediment core 248260-2 (Table 1) from the Ameralik Fjord was collected close to the
northern side of the fjord [22] (p. 2) and has a basal date of c. 4.4 ka. The top of the
thick, massive silty melt water deposit representing the lower unit of the core has an age
dated at 3.2 ka. We observe here a transition to mainly clay-sized sediments indicating a
well-defined ceasing of melt water flow. However, in the deep basin core nearby (DA04-
41P) the sediment facies of the interval 4.4 to 3.2 ka do not show any sign of massive silt
deposition such as observed in the core taken close to the north side of the fjord. A possible
explanation could be a strong estuarine flow regime with Ekman-transport forcing the
outflowing sediment-loaded melt water to be concentrated along the northern side of the
fjord. One could further speculate whether the landscape with moraines and smaller valleys
on the north side of the fjord [39] provided an environment from which local glaciers had
contributed with silt-loaded melt water with proximal perturbation of the outflowing melt
water stream along the northern fjord side. On the shelf outside the Ameralik fjord, lower
surface-water salinities during the late HTM show that melt water release from Greenland
was sufficiently strong enough to affect the WGC regime of the open shelf sea [40].

The sediment record from the Igaliku Fjord in southern Greenland [17] (p. 3) shows
that environmental conditions characterized by frequent turbidite deposition in the early-
Holocene were followed by a period of high-energy bottom water dynamics and melt water
flow which lasted until c. 3.2 ka. The sandy and silty sediment unit marking this period
includes a hiatus as well. The age of this possible hiatus could, however, not be determined
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with confidence. The foraminiferal data also confirm that during most of the Holocene at
this site Atlantic-derived water masses had prevailed in the deeper parts of the fjord. The
termination of excessive melt water flow in this fjord dated at 3.2 ka corresponds notably
well with the start of regrowth of local glaciers in South Greenland after 3.0 ka [41].

4.2. Labrador Current Melt Water Export and Possible AMOC Instability

In the North Atlantic Ocean the AMOC surface branch is formed by the pole-
ward transport of warm, saline waters by the Gulfstream-North Atlantic Current system
(Figure 1a) where at higher latitude the Greenland and Labrador Sea cooling and evapo-
ration lead to deep convection. These processes result in the formation of dense and cold
water masses that flow south at depth. The direct impact of this Atlantic circulation system
on climate is immense, which particularly applies to the European climate. As mentioned
before, it is a matter of international debate whether increasing melt water release from
Greenland in the near-future may lead to an AMOC disruption. Estimates of the impact of
recent freshwater fluxes from Greenland on deep convection in the Labrador Sea suggest
the possibility of an AMOC weakening [42]. The reported seabed sediment records from
coastal waters off eastern Newfoundland [18,19] (p. 3) show lowered SST values in the pe-
riod 5.7 to 4.0 ka and a long-lasting minimum in salinity between 4.5 and 4.0 ka. Sediments
from the latter period are further characterized by higher amounts of terrestrial elements
and detrital carbonate, the latter component presumably originating from the surroundings
of Ellesmere Island. This data set clearly signals enhanced LC advection of low-salinity
(melt) water masses from Greenland and to a minor extent presumably also from local
icecaps in northeastern Canada (e.g., Ellesmere Island). The timing of these LC anomalies
excludes other melt water sources of any significance. The glacial North-American Lau-
rentide Ice Sheet had completely disappeared a few millennia earlier. This low-salinity
(melt)water mass transport by the LC along the Canadian coast is part of a large-scale
cyclonic circulation pattern including the northward transport of Atlantic-derived warmer
and saline water by the WGC along the coast of West Greenland (Figure 1a).

Recently, enhanced northward transport of heat by the WGC and strong GrIS melting
could be linked to an atmospheric circulation pattern characterized by extreme Greenland
blocking and a shift in regional cyclone tracks [43]. In analogue, a relatively frequent
occurrence of such an atmospheric circulation regime may have led to increased northward
advection of Atlantic-derived water masses by the WGC between 5 and 3 ka, reaching a
peak in the period 4.4 to 4.0 ka. As discussed above, this is suggested by prominent melt
water pulses indicated by the sediment records from Ameralik Fjord (4.4 ka) and Disko
Bay (4.0 ka) and anomalies occurring in WGC and LC hydrography. A puzzling and tem-
porarily accelerated sea level rise between 4.5 and 3.8 ka at the Nova Scotian coast [44] also
here confirms changes in the coastal hydrography of the LC. The latter authors tentatively
propose that this temporary sea level rise may be attributed to an enhanced LC export of
melt water released from the Arctic. An overview of GrIS excessive melting and concurrent
ocean anomaly patterns is presented in Figure 4. An atmospheric circulation regime with
Greenland blocking and shifted cyclone tracks [43] points to a changed wind regime which
could have been favourable for initiating a higher sea level stand at the Nova Scotian coast.
Within this context we refer to a recent study [45] describing a highly complex relationship
between summer warming, freshening and cessation of Labrador Sea deep convection
leading to a marked sea level rise. Thus, apart from freshwater influxes due to southwest
Greenland melting, the regional atmospheric circulation regime is a crucial factor in control-
ling deep convection in the Labrador Sea [46]. In particular in summer these atmospheric
conditions also are linked to the atmospheric circulation pattern with an anomalous an-
ticyclone over Greenland, which appears to respond to large-scale Arctic warming and
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a reduced North American Snow cover [47]. About 4200 years ago such conditions did
indeed occur in continental North America, and also at that time severe centennial-scale
drought occurred [48]. Strong Greenland blocking in that period is further indicated by
(exotic) pollen assemblages from Newfoundland and surrounding waters [49,50] pointing
to warm spring/summer conditions favoured by frequent occurrence of southerly winds
in association with an anticyclone ridge over (southern) Greenland. It is thus evident that
increased LC freshwater transport is not the only factor controlling deep convection in the
Labrador Sea.

Figure 4. Overview map of Greenland Ice Sheet excessive melting and concurrent ocean anomaly
patterns 4.4 to 3.2 ka BP. It is important to note that Labrador Sea deep convection is controlled by
complex, large-scale air–sea exchange process patterns, which include, among others, freshwater
input (dark blue arrows) from Greenland and other Arctic regions [45,46]. WGC = West Greenland
Current (light blue arrow pointing north); LC = Labrador Current (light blue arrows pointing south).
Base map from https://www.Wikimedia.org.

Within this context it is important to underline that this period around 4.2 ka rep-
resents a climate anomaly that is not only restricted to Greenland and adjacent regions,
as it has been documented in many parts of the world and is known as the so-called
4.2 ka BP event [51,52]. In analogue to studies pointing to a possible future AMOC
weakening [31] (p. 5), enhanced LC freshwater transport associated with prominent GrIS
melting pulses in the period 4.4–4.0 ka may have led to a temporary AMOC destabilization.
Such a temporary disruption of the AMOC around 4.2 ka has been confirmed in modelling
experiments [53], and is also suggested by paleo-oceanographic studies. These have shown,
amongst others, a North Atlantic SST pattern indicative of a weakening of the subpolar
gyre circulation around 4.2 ka [54]. These changes included a marked transition shortly
after c. 4.0 ka from fresher, more nutrient-rich water masses circulating in the subpolar
gyre to more saline surface water conditions as recorded off NW Europe [55] and around
the Faroe Islands [56,57]. Recent observations provide further support for cessation of
Labrador Sea deep convection when negative salinity anomalies prevail east of the LC
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realm and in the central convection region of the subpolar gyre [58]. Moreover, variations in
Labrador Sea deep convection strongly control the spreading of dense Labrador Sea water
masses at intermediate water depth of the North Atlantic, which also includes the deeper
currents along the Greenland margin slope [59]. Furthermore, another study could confirm
a relation between LC strength found to be at a maximum between 5.0 and 3.1 ka and
circulation in the North Atlantic deep basin [60]. Complex, partly wind-driven interaction
between northward advection of saline and warmer, southern-source surface water masses
by the Gulfstream and North Atlantic Current (see Figure 1) and southward entrained
low-salinity LC waters plays a further, important role in determining the strength of deep
convection [61]. This water mass interaction is crucial with regard to subsurface warming
and stratification of the subpolar North Atlantic, which has important implications for
Greenland and Arctic glacier stability [62]. A fresher subpolar gyre around 4.2 ka with pos-
itive SST anomalies [54] in combination with an anomalously accelerated sea level rise [44]
(p. 6) notably resembles very much the modern scenario linked to cessation of Labrador
Sea deep convection [45] (p. 7). A weakening of the subpolar gyre and slowdown of the
thermohaline circulation around 4.2 ka is thus concluded to signal a large-scale climate
anomaly characterized by marked changes in ocean circulation in combination with more
frequent atmospheric blocking. Additional evidence is provided by the reported blocking
effects induced by a strengthened Siberian High [63]. A temporarily reduced ENSO vari-
ability with a dominant La Niña regime has been proposed to have prevailed during the
4.2 ka BP event [51], which is supported by actual climate research stating that Northern
Hemisphere atmospheric blocking preferably occurs under La Niña conditions [64,65].

5. Conclusions
In southwest Greenland the late HTM resulted in widespread ice sheet melting in

the period 4.4 to 3.2 ka, which is documented in marine sediment records from several
fjords. The termination of this period with strong melt water outflow corresponds well
with the reported timing of minimum GrIS extent at c. 3.0 ka. More prominent GrIS
melt water pulses occurred between c. 4.4 ka and 4.0 ka, which appears to have led to an
increased further freshening and cooling of LC surface waters off eastern Newfoundland.
The latter melt water pulses coincided with an atmospheric warming peak and negative
anomaly in the GrIS surface mass balance recorded in ice cores around 4.2 ka. In analogue
to modern observations, enhanced ice sheet melting at that time may have been related
to an atmospheric circulation regime characterized by Greenland blocking and associated
increased northward transport of warm, Atlantic-derived water masses by the WGC.
This period around 4.2 ka is well known for marked climate anomalies in many parts of
the world (‘4.2 ka BP event’), and coincides with the internationally accepted boundary
between Mid- and Late Holocene. Excessive melting in the southwest sector of the GrIS
with associated increased melt water transport by the LC around 4.2 ka is concluded to
have had a major impact on N-Atlantic Ocean subpolar gyre circulation which is supported by
other studies that suggest a possible destabilization of the AMOC. We underline that complex
atmosphere–ocean interaction processes must be taken into account here, in which, among
others, the impact of strong GrIS melting on ocean circulation has played an important role.
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