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In light of recent instrumental records of warming along the Antarctic Peninsula1, there has been 

much debate about what has influenced rising temperatures during the late Holocene, with 

mechanisms ranging from variations in the westerly winds that cause upwelling of warm deep 

waters onto the continental shelf2 to the influence of El Niño – Southern Oscillation on sea surface 

temperatures3.  Here, we present a Holocene glacial discharge record derived from the oxygen 

isotope composition of marine diatoms from the west Antarctic Peninsula continental margin.  Our 

results provide a unique opportunity to assess atmospheric versus oceanic influence on glacial 

discharge because analysis of diatom geochemistry provides information about atmospherically-

forced glacial ice discharge whilst diatom assemblage4 ecology provides information about the 

oceanic environment.  We show that increasing occurrence of La Niña5 and increasing summer 

insolation, atmospheric forcing, had a stronger influence on glacial discharge to the west Antarctic 

Peninsula margin during the late Holocene than oceanic processes driven by southern westerly 

winds and upwelling of upper circumpolar deepwater.  Given uncertainty about the future evolution 

of El Niño – Southern Oscillation under global warming6, it remains to be established how these 

changes will impact on the climatically-sensitive system of the Antarctic Peninsula Ice Sheet. 

 

World-wide, the west Antarctic Peninsula (WAP) has experienced one of the greatest and fastest 

rates of atmospheric warming since observations began1.  Much of the increase in surface air 

temperature has been attributed to an atmospheric circulation pattern characterised by a positive 

Southern Annular Mode (SAM)1.  However, the warming trend began prior to the recent positive 

phase of the SAM1, so other factors must also be contributing to WAP warming.  Concomitant with 

the processes that are proposed for atmospheric warming (and involved in a positive feedback loop 
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with those processes), mean surface ocean temperatures have increased by >1°C7.  All of these 

factors have contributed to the retreat of 87% of marine glacier fronts along the WAP over the past 

six decades8.  Given likely future increased melting rates due to anthropogenic warming, we place 

these contemporary observations into their historical context by analysing the oxygen isotope 

composition of marine diatom silica (δ18Odiatom) from 13.0-0.3 ka (Fig. 1a).  We show that from 3.6-

0.3 ka, glacial ice discharge (icebergs/brash ice) to the WAP increased and was most likely related 

to the increasing strength of the El Niño – Southern Oscillation (ENSO) circulation pattern of the 

Pacific Ocean and peak summer insolation. 

We interpret our δ18Odiatom record (Fig. 1a) from Palmer Deep, WAP (ODP Site 1098A, 

64°51.72’S, 64°12.47’W)9 as being forced by variations in glacial discharge (δ18O < –20‰) and our 

record, together with planktonic diatom assemblage data4, provides a unique opportunity to assess 

the relative contributions to past glacial discharge of (i) glacial ice discharge forced by atmospheric 

processes, and (ii) frontal melt (of floating glaciers/ice shelves) driven by oceanic warmth.  Over 

our record, the base shows the most intense period of deglaciation in the Palmer Deep region (13.0-

12.1 ka; lowest bulk δ18Odiatom +38.3‰, mean = +41.3±1.8‰ [± 1 s.d.], Fig. 1a).  This peak glacial 

discharge to the coastal margin was co-incident with ice sheet retreat across the outer10 and inner11 

Anvers Shelf, the break-up of the Marguerite Bay ice shelf to the south12 and the transition from 

perennial to seasonal sea ice in Maxwell Bay to the north13 (Fig. S1).  Increased upwelling of upper 

Circumpolar Deepwater (UCDW) onto the continental shelf at this time14 associated with strong 

winds in the southern region of the Southern Hemisphere westerlies15 (Fig. 1g) would have supplied 

additional warmth to the upper water column making frontal melting the dominant mechanism 

driving glacial discharge/δ18Odiatom. 

Between 12.1-11.5 ka, higher δ18Odiatom (mean = +42.8±0.2‰) suggests a slow-down in 

glacial discharge to the WAP shelf (Fig 1a).  Following this reversal, δ18Odiatom declined between 

11.5-9.0 ka (mean = +41.8±0.8‰) indicating prolonged and increasing influx of glacial discharge 

(Fig. 1a) during a time of widespread warmth along the WAP exemplified by ice sheet retreat and 

thinning2, high SSTs3 and thin sea ice cover with warm winters4 in Palmer Deep, the collapse of the 

George VI Ice Shelf (Fig. S1) at 9.6 ka16 and increased influence of glacial melt and precipitation in 

Maxwell Bay13.  This warmth was concomitant with the last influence of orbitally-forced 

deglaciation5,15 and ENSO-sensitive proxy records from the Peru margin and Ecuador5,17 that 

indicate a persistent warm, mean La Niña-like state (relative to mean El Niño-like conditions).  

Hence, an atmospheric link between ENSO-like tropical Pacific climate variability and the WAP 

may have been delivering atmospheric warmth and driving glacial ice discharge to the WAP at this 

time, as well as UCDW upwelling driving frontal melting (Figs. 2a,d, and e).  δ18Odiatom (Fig. 1a) 

steadily increased between ~9.0-6.7 ka (mean = +42.0±0.6‰), indicating a slowdown in glacial 
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discharge following early Holocene warmth, and was relatively stable between 6.7-5.0 ka (mean = 

+42.4±0.6‰) (Fig. 1a), with occasional moderate excursions suggesting abrupt increases in iceberg 

calving.  From 9.0-5.0 ka reductions in diatoms that prefer cool, ice-rich surface waters through 

summer, increases in diatoms associated with spring sea ice melt water stratification4 and the 

persistent presence of UCDW at Palmer Deep18 suggests that ocean-driven frontal melting of 

floating glaciers and ice shelves made a significant contribution to glacial discharge. 

From 5.0-3.6 ka, there was a notable shift to increased variability in δ18Odiatom (mean = 

+42.1±0.8‰) that reflects the increased occurrence of large (c. 2‰) multicentennial fluctuations in 

glacial discharge to the WAP (Fig. 1a).  Following the onset of this variability, Antarctic Peninsula 

terrestrial records also show significant warmth between 4.5-2.8 ka2 and references therein which suggests an 

increasing, but variable, influence of glacial ice, hence atmospheric forcing, on glacial discharge to 

the WAP.  Morlet wavelet analysis (Supplementary Information) of our δ18Odiatom data shows a 

significant increase in the power of these multicentennial fluctuations with a period of 400-500 yr 

after 5.0 ka (Fig. 2).  Increased variability and periodicity are also observed from c. 5.0 ka in many 

other Southern Hemisphere palaeoclimate records and are linked to movement of the inter-tropical 

convergence zone (ITCZ)19 combined with increasing ENSO activity17,20 (Fig. 1c), the position and 

strength of the Southern Hemisphere westerlies15 (Fig. 1g), upwelling of UCDW onto the WAP 

shelf and cyclonic activity21, and rapid shifts between warm and cold sea surface conditions along 

the WAP4 (Fig. 1b).  This increased δ18Odiatom variability also coincided with a mid-Holocene 

transition in the regulation of Antarctic climate from being dominated by non-cyclic forcing to 

cyclic internal forcing14.  An abrupt increase in Peru margin climate variability, at multicentennial-

scale and recorded in ENSO-sensitive proxies, took place between 5.4-4.6 ka19 and was ascribed to 

a combination of the ITCZ moving southwards away from the equator and changes in the source 

region of the tropical thermocline waters, i.e. Antarctic Intermediate Water, sourced from around 

the Antarctic margin19.  The multicentennial period variability in our Antarctic δ18Odiatom record 

(Fig. 2) supports this interpretation and provides additional evidence for an eastern Pacific Ocean-

Southern Ocean centennial-scale ocean teleconnection following the mid-Holocene transition. 

From 3.6-0.3 ka, δ18Odiatom continued to record multicentennial fluctuations in glacial 

discharge, and also shows an underlying decrease towards lower values, particularly from c. 2.5 ka 

(Fig. 1a; 3.6-0.3 ka: δ18Odiatom mean = +41.7±0.8‰).  We interpret this decrease as increasing 

glacial ice discharge rather than frontal melting because the persistent presence of warm UCDW in 

Palmer Deep ended at c. 3.6 ka18 and diatom concentration and assemblage data indicate cooler 

SSTs and less spring sea ice melt-induced stratification after this time4,22.  Increased glacial ice 

discharge was driven by atmospheric warming of the WAP and increased moisture delivery as a 

result of two forcing mechanisms; maximum Holocene ENSO frequency from c. 2.2 ka5,17,20 (Fig. 
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1c-e) and increased La Niña intensity23 (Fig. 1d), coupled with peak summer insolation at 60ºS24 

(Fig. 1f).  Our δ18Odiatom interpretation of atmospheric warmth driving glacial ice discharge over the 

last 3.6 ka is consistent with diatom assemblages that show low concentrations, low productivity 

and, in general, icier sea surface conditions4 because delivery of oceanic warmth by UCDW 

upwelling was variable and increased glacial ice discharge to the coastal ocean further acted to cool 

surface waters.  From 2.5 ka biological indicators show decreased lacustrine productivity 

(interpreted as cooling2 for a summary) but are likely to be responding to decreasing spring insolation and 

so do not contradict our δ18Odiatom interpretation.  Our increase in glacial discharge is cyclic and 

includes cooler periods that may be related to regionally-variable glacier advances during this 

period18.  Our unique combination of atmospheric (δ
18Odiatom) and oceanic (diatom assemblages4) 

proxies provides the first direct evidence to support the suggestion that the terrestrial and marine 

environments of the WAP are responding to different primary forcings2 and enables examination of 

the relative influence of glacial ice discharge versus frontal melt in the past.  The oceanic proxies 

respond strongly to spring insolation (peak 8.0-6.0 ka24) and the delivery of warmth from upwelling 

UCDW (that would influence the frontal melt component of glacial discharge), whereas the 

terrestrial environment and glacial ice discharge is strongly linked with changes in tropical Pacific 

SSTs via atmospheric teleconnections25 and with summer insolation (peak c. 2.0 ka24) 

(Supplementary Information and Fig. S4).  The pattern of ENSO circulation is teleconnected to 

Antarctic climate, in particular the Amundsen Sea Low (ASL) pressure region, via movements of 

the South Pacific Convergence Zone (SPCZ)26, an atmospheric Rossby wave train and the Antarctic 

Dipole25.  La Niña events are accompanied by a northerly shift in the SPCZ and the production of 

cyclones in the region of the ASL, which produce a warm, northerly air flow over the WAP1.  

Weaker winds in the southern region of the Southern Hemisphere westerlies after c. 3.5 ka15 (Fig. 

1g), following the shift of the westerly wind belt northwards at c. 5.0 ka (Debret et al. 2009), would 

normally have promoted dry, cooler conditions along the WAP, however, our record shows an 

increase in glacial ice discharge, particularly after c. 2.5 ka (Fig. 1a).  This increase reflects 

continued atmospheric warming when the ENSO pattern was strong and La Niña was enhanced, 

especially relative to El Niño during the period between 2.0-1.0 ka5.  A late Holocene link between 

La Niña and WAP SST via oceanic forcing has been suggested beginning 1.7 ka3, however, this is 

based on comparisons with a proxy ENSO record that is insensitive to variations in the strength of 

La Niña20 and the reconstructed high SSTs from 1.7 ka are inconsistent with diatom assemblage and 

concentration data that show evidence for extensive sea ice, cooler SSTs and reduced spring sea ice-

melt water stratification at this time4 (Fig. S3).  The resemblance of multicentennial periodicity 

between δ18Odiatom (Fig. 2) and a Pacific ENSO record17 provides strong evidence that a direct 

atmospheric teleconnection between the low latitude Pacific and Antarctic Peninsula Ice Sheet 
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(APIS) discharge existed since at least 2.5 ka.  This strengthens our proposition that La Niña, 

together with summer insolation, exerted a strong atmospheric forcing on ice sheet dynamics and 

glacial discharge along the WAP from 3.6-0.3 ka that was more important than mechanisms 

involving changes in the southern westerlies and ocean circulation. 

Although the warming along the WAP over the past century cannot solely be attributed to 

the SAM, the teleconnection between ENSO and the WAP atmospheric circulation is strongest 

when it is in phase with the SAM1.  Here we extend this observation into the geological record and 

show that increased ENSO variability from 3.6-0.3 ka, particularly enhanced La Niña activity, 

augmented the opportunity for constructive interference of the SAM and ENSO during a period of 

peak summer insolation, all of which together are responsible for the underlying increase in glacial 

discharge seen in our record.  Given recent research investigating the potential future evolution of 

the ENSO system under global warming6, it seems likely that changes in ENSO will continue to 

impact on the Antarctic ice sheets which, in recent decades25, have also come under the increasing 

influence of the southern westerly winds with greater volumes of UCDW on the continental shelf 

accelerating frontal melting of glaciers and basal melting of ice shelves8,25,27. 
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Methods 

To construct our δ18Odiatom record, diatoms were extracted from the sediments, purified and 

analysed for δ18Odiatom using a step-wise fluorination procedure (replicate analysis of sample 

material indicates an analytical reproducibility of 0.3‰ (1σ); see Supplementary Information for 

further detail).  We interpret our δ18Odiatom record as being forced by variations in meteoric water 

flux28 with glacial discharge (iceberg/brash ice melt and floating glacier/ice shelf basal melting) 

being volumetrically more important than inputs (i.e. from the surface snow layer) introduced by 

the seasonal melting of sea ice28.  Further, from modern observations on the WAP, the dominant 

seasonal shift in surface water δ
18O occurs with the summer glacial discharge to the coastal ocean 

and not the spring sea ice-derived snow melt28, hence, we are confident that glacial discharge is the 

dominant driver of our δ18Odiatom record.  Modern ice-free seasonal sea surface temperature (SST) 

variations along the WAP shelf of 2°C only account for up to 0.4‰ of the δ18Odiatom  variability and, 

correcting for Holocene changes3, we show that SST has little impact on δ
18Odiatom (Supplementary 

Fig. S3).  Hence, we can use δ
18Odiatom to monitor Holocene glacial discharge along the WAP (Fig. 

1a).  Extremely high post-glacial (13.0-12.0 ka) sedimentation rates in Palmer Deep (2.32 cm yr-1) 

and the preservation of annually laminated sediments29 allows single taxon δ18Odiatom samples to be 

concentrated from individual laminations of near-single-taxa composition and analysed to provide 

an insight into the seasonality of glacial discharge and melt water input to the margin at that time30.  

These analyses on individual laminations reveal that the variability in bulk species δ18Odiatom 

samples over the last deglaciation (5.0‰, Fig. 1a) can be accounted for by glacial discharge during 

summer and lower contributions in spring30, which follows the pattern of modern observations28. 
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Figure Captions 
 
Figure 1 Proxy records illustrating potential west Antarctic Peninsula ocean and climate 

forcing mechanisms  Holocene proxy records from ODP Site 1098, Palmer Deep, 

plus proxy records from other sites that demostrate ocean and climate forcing 

meachnisms.  a, δ18Odiatom from Site 1098 (bar shows analytical reproducibility of 

0.3‰ (1 standard deviation)); b, relative abundance of the cryophilic marine diatom 

Fragilariopsis cylindrus, ODP Site 10984; c, % sand, El Junco Crater Lake, 

Galápogos20; d, cholestrol abundance, ODP Site 1228, Peru margin5; e, dinosterol 

abundance, ODP Site 1228, Peru margin5; f, summer (December) insolation at 

60ºS24; clay/silt ratio, Skyring 1, Southern Chile15.  Vertical shaded box indicates 

transition seen in (a) that represents the shift from non-cyclic forcing to cyclic 

internal forcing of Antarctic climate14. 

 

Figure 2 Morlet wavelet analysis of ODP Site 1098 δ18Odiatom record  Lower panel shows 

the wavelet power spectrum.  Shaded contours represent normalised variances and 
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black lines surround statistically significant regions that exceed 95% confidence for 

a red noise process.  Power in hatched regions (cone of influence) is treated with 

caution due to the wavelet approaching the end of the finite time series. 
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Figure 1 
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