Version of Record: https://www.sciencedirect.com/science/article/pii/S0277379119300502
Manuscript_1a9f53e4ae27cd296be696tadc1155fa

Reilly et al. — History of the Petermann Ice Tongue 1

1 Holocene Break-up and Reestablishment of the Petermann I ce
2 Tongue, Northwest Greenland
3
4
5 *
6 Brendan T. Reilly, Joseph S. StorferAlan C. Mix', Maureen H. WalczadkAnne Jenninds
7 Martin Jakobssoh Laurence DykKé Anna Gluedér Keith Nicholls, Kelly A. Hogan, Larry A.
8 MayeP, Robert G. Hatfield Sam Albert. Shaun Marcotf,Stewart Fallofy Maziet Cheseby
9

10

11

12  *College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, Corvallis,
13 Oregon 97331, USA

15 Z?Institute of Arctic and Alpine Research, University of Colorado, Boulder, CO 80309-0450,
16 USA.

18 3Department of Geological Sciences, Stockholm University, 106 91 Stockholm, Sweden.

20 “*Geological Survey of Denmark and Greenland, Department of Glaciology and Climate, @ster
21 Voldgade 10, DK-1350, Kgbenhavn K, Denmark.

23  °British Antarctic Survey, Natural Environmental Research Council, High Cross, Madingley
24 Road, Cambridge, CB3 OET, UK

26  °Center for Coastal and Ocean Mapping, University of New Hampshire, NH 03824, USA
28 " Department of Geoscience, University of Wisconsin-Madison, Madison, WI, 53706, USA

30 ®Radiocarbon Laboratory, Research School of Earth Sciences, The Australia National
31 University, Canberra, ACT, Australia

35 *Correspondence to: breilly@ceoas.oregonstate.edu

39 Keywords: Holocene; Glaciology; Greenland Ice Sheet; Sedimentology-marine sediment cores;
40 Petermann Glacier; Petermann Ice Tongue; Ice Shelf; Paleomagnetism; Paleomagnetic Secular
41 Variation

© 2019 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/


http://www.elsevier.com/open-access/userlicense/1.0/
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0277379119300502

42

43
44
45
46
47
48
49
50
51
52
53
54

55

Reilly et al. — History of the Petermann Ice Tongue 2

Highlights

» Atransect of sediment cores constrain past retmedtadvance of Petermann Glacier’'s
floating ice tongue in response to climate change.

» Particle-size specific properties disentangle sediary source and transport signals
* Multi-proxy age-depth modeling constrains the tighof glacial changes

* Petermann Ice Tongue broke-up during early Hologer@ning and was absent for
nearly five of the last seven thousand years

» Historically observed ice tongue extents of Peterm@lacier are only characteristic of
the latest Holocene
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Abstract

Over the last decade, two major calving eventhi@fRetermann Ice Tongue in
Northwest Greenland have led to speculation ofuitge stability and contribution to further
Greenland Ice Sheet mass loss. However, it hasuredear if these events are anomalous or
typical within the context of limited historical sérvations. We extend the historical record of
the floating ice tongue using the stratigraphy etfePmann Fjord sediments to provide a longer-
term perspective. Computed tomography (CT) scarRaX Fluorescence (XRF) scans, Ice-
Rafted Debris (IRD) counts, and the magnetic priogepf specific particle size fractions
constrain changes in depositional processes amehaetisources at our core sites, allowing for
reconstructions of past behavior of the Petermaarmbngue. Radiocarbon dating of
foraminifera,”*%b, and paleomagnetic secular variation (PSV) peeige control and help to
address uncertainties in radiocarbon reservoir.ggésating ice tongue in Petermann Fjord
formed in late glacial time as Petermann Glaciteatded from an advanced grounded position.
This paleo-ice tongue broke-up during the earlyddehe when high northern latitude summer
insolation was higher than present. After gradagtowth of the ice tongue associated with
regional cooling, the ice tongue reached its hisabextent only within the last millennium.
Little or no ice tongue was present for nearly 5088rs during the middle Holocene, when
decadal mean regional temperatures are estimategl@B-2.9 °C higher than preindustrial
(1750 CE) and seasonal sea-ice in the Lincoln Seareduced. This pre-historical behavior
shows that recent anthropogenic warming may alréady the range of ice tongue instability

and future projected warming increases the riskefongue break-up by the mid=2Century.
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1. Introduction

The Greenland Ice Sheet (GIS) is losing mass atceelerated rate (Rignot et al., 2011;
Velicogna et al., 2014) and holds the potentiaH6®4 m of sea level rise above modern levels
(Morlighem et al., 2017). While the 2tentury sea level projections of the Intergovemiale
Panel on Climate Change Assessment Report 5 (IPR®) Aow include dynamic responses
from ice sheets, these dynamic responses ara $ile source of uncertainty (Stocker et al.,
2013). Beyond these dynamic changes, the impas#asfevel rise on humanity will extend
much further than 2100 as ice sheets will contitmuespond to the present anthropogenic
climate perturbation for centuries to millenniad et al., 2016). The geologic record provides
a means to observe interactions between the crgosgimd climate system on centennial,
millennial, and orbital timescales, capturing pagstmples of both dynamic and longer-term ice

sheet responses to Earth system changes.

Petermann Glacier, which drains much of the nor8tv&S (Rignot and Kanagaratnam,
2006), terminates as a floating ice tongue. Basdling accounts for 80% of Petermann Ice
Tongue’s negative mass balance, making it partiusgnsitive to ice-ocean interactions
(Rignot and Steffen, 2008; Minchow et al., 2014;&@al., 2017). Unlike Greenland’s other
large marine terminating outlet glaciers, partidyl@achariee Isstram (Mouginot et al., 2015)
and Jakobshavn Isbrae (Joughin et al., 2014), Pateri@lacier has been relatively stable over
most of its observed history (Rignot and Kanagamatn2006; Nick et al., 2012; Hogg et al.,
2016). However, large calving events in 2010 antP2@ave reduced the ice tongue length from
a historical range of ~70-90 km beyond its grougdiane to ~45-50 km, which is shorter than
any historical observations since its initial maggpby the 1875-1876 British Arctic Expedition

of Sir Nares (Falkner et al., 2011; Munchow et2014; Nares, 1878). This calving may
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represent a departure from steady state mass kalamwever given limited historical data it is
uncertain whether these events were anomaloustlinywast norms (Falkner et al., 2011;

Minchow et al., 2014, 2016; Washam et al., 2018).

The fate of the Petermann Ice Tongue is plausibkel to its interactions with the warm
modified Atlantic Water (AW) that fills the fjordt @epths below 400 m (Heuzé et al., 2016;
Johnson et al., 2011). This warmer water enter§ahe across a sill with maximum depth of
443 m (Jakobsson et al., 2018), having first catad through the Arctic Ocean and Nares Strait
(Heuzé et al., 2016). While some observations sstgglowing AW is warming (Minchow et
al., 2011), recent observation and modeling algblight mechanisms that could strengthen the
fjord circulation and thereby increase the fluxa@rmer water interacting with the Petermann
Ice Tongue. For example, a decrease in extencogase in mobility of sea ice in Nares Strait
would increase Ekman transport of AW into the fj@&hroyer et al., 2017) and increased
subglacial run-off driven by surface-air warmingleaurface melting would increase entrainment
of warm AW in buoyant plumes seaward of Petermaaci®t’s grounding zone (Cai et al., 2017;

Washam et al., in review).

Seafloor morphology suggests an early Holocen@nadideglaciation with retreat of the
Petermann Glacier from a past grounding zone aomipent shallow sill bordering Hall Basin
via marine ice cliff instability around 7.5 ka (&ddsson et al., 2018Jhe Petermann 2015
Expeditionrecovered the first suite of sediment cores eadezrt from the fjord, outboard of the
historical ice front, in the zone of open water @sgd by recent calving, and (by drilling through
the ice) from under the existing ice tongue. Theses document a long history of the fjord’s
glaciers and floating ice tongue since the earlioeene retreat and provide a centennial-

millennial timescale context for the historical oed (Figures 1-2; Supplementary Table S1).
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124 These sediment archives span a period of timeeimtildle Holocene when oceanographic

125 conditions in Nares Strait were different (Jenniagal., 2011), regional surface air temperatures
126 were higher (Axford et al., 2019; Buizert et aD,18; Lasher et al., 2017; Lecavalier et al., 2017,
127 MckFarlin et al., 2018), seasonal sea-ice covenénLincoln Sea was reduced (England et al.,
128 2008; Funder et al., 2011), and the northwest settihe GIS was likely smaller (Farnsworth et
129 al., 2018; Lecavalier et al., 2017; Reusche eR8ll8) relative to late Holocene/preindustrial

130 times. Model comparisons suggest the middle Holeeeay be a suitable analog for future

131 warming in the High Arctic despite differences e tunderlying forcing (i.e., insolation versus

132 greenhouse gasses, respectively) (Yoshimori andkguz018).

133

134 2. Materials and Methods

135

136 2.1 Sediment Cores

137 Sediment cores were collected from Petermann Forohg the internationd?etermann
138 2015 Expeditioronboard the Swedish Icebreak#len(OD1507) Figures 1-2; Supplementary
139 Table S1). Petermann Fjord multicores (MC), gravity coré€|, piston cores (PC), and trigger
140 cores (TC) were recovered froddenseaward of the 2015 ice tongue extent. Additional

141 sediment cores were collected from beneath theoimgue at locations about 15 and 25 km
142 seaward of the 2015 grounding zone using a modddTEC corer (UW) through holes

143 drilled using the British Antarctic Survey ice-shiebt water drill (Makinson and Anker, 2014;

144  Muinchow et al., 2016).
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Following recovery, whole round sediment cores weeasured at 1 cm intervals for
magnetic susceptibility, gamma ray attenuationstiegty, and p-wave velocity using the
Oregon State University (OSU) GEOTEK Multi-Sensar€Logger (MSCL). Gravity cores and
piston cores recovered from Petermann Fjord wdre gpotographed using a GEOTEK Line
Scan Camera, and described onboard. Multicorggetricores, and the sub-ice tongue UWITEC
cores were split, photographed, and described i 2046 at the OSU Marine and Geology

Repository.

Computed tomography (CT) scans of the most promisatiment cores were made on a
Toshiba Aquilion 64 Slice Medical CT Scanner at@fU College of Veterinary Medicine at
120 kV, converted into 2 mm thick coronal sliceshwan effective in-plane resolution of about
0.5 x 0.5 mm, and processed using SedCT MATLABg¢Bkilly et al., 2017). X-ray
Fluorescence (XRF) scans were made using the OSuhé&iand Geology Repository ITRAX
XRF Core Scanner, using a Mo Tube and 5 s expdsuoee The resolution of XRF scans varied
for cores depending on visual and CT scan obsengtranging from 0.5 mm to 2 mm.
Anomalous XRF counts based on extreme values indbets per second (cps) distributions for
each core, typically those with less than 1300@apexceeding 200000 cps, were cleaned from
the dataset, as these data were likely impactentdnks, section edges, uneven surfaces, or large

clasts.

Coring disturbance was not always clearly visiblelevdescribing the cores. CT scans
were useful for identifying disturbed intervalsheit through inspection of the sediment fabric or
through comparison with nearby cores (examplésdnre 2; Supplementary Figur es S1-S3).

As different coring methods are better at recogundisturbed sediments at different depths

(e.g., Skinner and McCave, 2003), a spliced retmatiincluded the best recovered sections,
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based on CT-scan observations, was made for tleenoost fjord cores, 03TC, 41GC, and 03PC.
Correlations were based upon XRF Ti/Ca ratios, CE gmages, and CT numbers (CT#)
extracted using SedCBpplementary Figure S1; Supplementary Table S2). This spliced
record was used as the reference depth scaledati@n of a correlated equivalent depth (ced)
scale at locations from slight bathymetric highschirare mostly free of gravity deposits

forming a transect through the fjord by graphicatrelations of XRF Ti/Ca ratios (when

available), CT#s (when available), and magneticepisbility (Supplementary Table S3).

2.2 CT >2 mm Clast Index

Coarse clastic material in sediment cores that Warscanned was quantified through an
automated image analysis MATLAB routine applie@lid mm thick coronal slices generated
for each core. This creates an index of change=irafted debris (IRD) concentration. Similar
approaches have been implemented in recent stusiieg segmentation routines in medical CT
software (Bartels et al., 2017), and thresholdihgxtal slice data in a commercial image
analysis program (Hodell et al., 2017). IRD quacdition through this method can be easily
applied to a large suite of sediment cores andoierabjective and reproducible than supervised

x-ray IRD counts.

CT#s, quantified in Hounsfield Units (HU), are adited as the x-ray attenuation
coefficient of the sample relative to the atteruratioefficient of water (Hounsfield, 1973),
which, in sediment cores, is largely a functiorsefliment densityp] (Fortin et al., 2013; Reilly
et al., 2017). For clayey sediments recovered fiiares Strait duringhe Petermann 2015
Expedition this relationship can be approximatedpby 0.8(CT#) + 1000 (Reilly et al., 2017).

Lithic clasts, like IRD, typically have a highethan the finer-grained sediment matrix they are
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found in, thus allowing these clasts to be idemtifby setting a representative CT number
threshold. For this study, we choose a CT# of 2000(~2600 kg/m), based on the bimodal
distribution of Petermann Fjord CT# histogram pl@3 slices were used to create a three-
dimensional matrix with binary values of 0 and $igsed to values less than and greater than
2000 HU, respectively. Pixels with connected valoies were indexed and object volumes were
calculated by multiplying the in-plane pixel redtn of the coronal slice, by the 2 mm slice
thickness, by the number of connected pixels. @bjeith volumes greater than 4/8nt

(volume of a 2 mm diameter sphere) where indexetthéiy central depth and binned in 2 cm
thick depth bins. Bin counts were then normalizedhe volume of sediment in each bin, which
varies based on the diameter of the core typefahd CT scan was made on a half core or
whole round. This is a >2 mm clast index, rathanth count of grains, because intervals with
tightly packed clasts were likely undercountedat enough matrix sediment was present
between clasts. Similarly, some small clasts wigsdyl undercounted because each pixel in the
CT slice is an integration of the objects thatthét space (e.g., a pixel filled 50% with matrix
sediment and 50% lithic clast may fall below ouetihold value). Coarse and well-sorted sand
layers that are likely gravity deposits were somes greater than our 2000 HU threshold, but
had a minimal influence on our results, as thesd &ayers are well connected and only counted

once.

2.3 Sediment Magnetism
A subset of cores identified to be representativih® fjord stratigraphy (i.e., free of
gravity deposits and with minimal coring deformaliavere subsampled using plastic u-channel

samples, 2 cm by 2 cm by up to 150 cm u-shaped@tabes with clip on lids (e.g., Weeks et
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al., 1993). Magnetic measurements on the u-chaamples were made at the OSU Paleo- and
Environmental Magnetism Laboratory. Although measugnts were made every 1 cm, the
effective resolution is an integration of the rematnmagnetizations within the response function
of the magnetometer (~7 cm width of half heigh&iGaussian window). A detailed description

of the OSU system is given by Oda and Xuan (2014).

Volume-normalized magnetic susceptibilig) (vas measured every 1 cm using a custom
designed automated tracking system and 36 mm adtdrameter Bartington loop sensor with
MS3 meter. The natural remanent magnetization (NRi&H measured every 1 cm before and
after alternating field (AF) demagnetization evBrinT from 10 to 70 mT and every 10 mT from
80 to 100 mT on a 2G Enterpris¥amodel 755-1.65UC superconducting rock magnetometer
with inline AF coils optimized for u-channel samplé\n anhysteretic remanent magnetization
(ARM) was applied using a 100 mT peak AF field &@b mT biasing field and demagnetized
using the same protocol as the NRddrm was calculated by normalizing the ARM by the
biasing field.xarm/k, @ parameter sensitive to changes in magneticraligeain-size and
mineralogy (Banerjee et al., 1981, King et al., 298vas calculated by normalizing tkgwm by
K. Flux jumps were monitored for and corrected usiRMAG MATLAB tools (Xuan and
Channell, 2009) and the characteristic remanennetagations (ChRMs) were isolated using the
standard principle component analysis method withaghoring to the origin (Kirschvink,

1980) over the 20-60 mT AF demagnetization range€ps).

A Petermann Fjord paleomagnetic secular varial®R$M) stack of inclination and
declination was made for cores 04GC, 40TC (sectzoasd 3), and 41GC (selected based on
assessment of CT scans as recovering the beshgouns sections with minimal coring

disturbance) on their correlated equivalent dep#tes by binning the data using a 5 cm bin size
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and calculating the Fisher mean of the directioitBiwthe bin (Fisher, 1953). Uncertainty is
guantified as the circular standard error by dividihe circular standard deviation by the square
root of the number of the cores that contributeaoh bin. We used the number of cores rather
than the number of measurements, as neighborifgurel measurements are not independent
due to magnetometer’s response function. Stackieglata demonstrates the reproducibility of
paleomagnetic directions in the three cores amavallquantification of uncertainty that may be
related to coring deformation, geologic processegssues in the correlated equivalent depth

scale.

To better understand the relationship between sadimagnetic properties and physical
particle size, discrete intervals (~10%flom sediment cores 03TC, 03PC, 41GC, 04GC, and
05UW were sampled and separated into nine padiztefractions (see Hatfield, 2014 for
review of particle size specific magnetic methodg)o Samples were freeze-dried, weighed,
dissociated with a dilute Calgon solution, and sat&d for at least 5 minutes, before wet sieving
to isolate the >250 pum, 150-250 pm, 63-150 pum, 3pd, 32-45 pm, and 20-32 pum fractions.
The 10-20 um, 4-10 um, and <4 um fractions were ibaated by settling the sediment in a
graduated cylinder three times according to Stokais, assuming grain densities of 2650

kg/nr. Particle size fractions were dried in & €5oven.

For sediment cores 03TC, 03PC, 41GC, and 04GC, nmssalized magnetic
susceptibility ) of bulk sediment and the nine sediment size iivastwere measured at the
Western Washington University (WWU) Pacific Northst/@aleomagnetic Laboratory on an
AGICO KLY3-S Magnetic Susceptibility Bridge. Addithal rock magnetic measurements on
bulk and particle size specific samples from C&E\W/ were made at the Montclair State

University (MSU) Environmental and Paleomagnetisabdaratory on an AGICO KLY-4
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260 Susceptibility Bridge and a Princeton Measurem@uatporation MicroMag Model 3900

261 Vibrating Sample Magnetometer (VSM), including leystsis loops, Direct Current (DC)

262 demagnetization curves, magnetic susceptibilitg &sction of increasing temperatugg),
263 Isothermal Remanent Magnetizations at 1 T (SIRMpv¥eed by a backfield of 300 mT (IRM
264  300m7), and first-order reversal curves (FORCs). The EQRere processed using FORCinel v.
265 3.03 (Harrison et al., 2018; Harrison and Feinb2€§8) and VARIFORC smoothing (Egli,
266 2013). S-ratios were calculated by normalizingl&#& 300mt by the SIRM (Stober and

267 Thompson, 1979).

268 We adapt the method of Heslop & Dillon (2007), whis based on non-negative matrix
269 factorization, to model the particle size distribatofy as the linear combination of end-member
270 contributions. In this case, the end-members reflearce contributions, traced fpyto specific
271 particle size fractions. This approach is justifimdlaboratory experiments which demonstrate
272 thaty of a mixture is equal to the linear sum of its poments (Hatfield et al., 2017, Lees,

273 1997). The result of this end-member modeling aggiacan be influenced by the choice of

274 initial conditions. We quantify this uncertaintyimg the output of 1000 iterations initialized

275 using random numbers and normalizeglo®ntribution to the particle size fraction to themy

276 for all particle size fractions used.

277

278 2.4 Terrestrial Sediments

279 To better understand potential source materidieédjord, terrestrial sediment samples
280 were taken when possible by the 2015 Petermanrdeigreteams working via helicopter. An
281 attempt was made to find samples with a wide rariggain-sizes representative of material

282 eroded from local catchments (after Hatfield et2017) or from glacial deposits. The samples
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were split into <4 um, 4-63 pm, 63-250 um, and >@B0fractions and a representative subset
of the samples was further split into the nine &iaetions described for the sediment cores. The
x of the sediments were measured at WWU as desciib@eke. A summary of the terrestrial
sediment samples can be foundsimpplementary Table S4 and the samples subject to detailed

analysis are plotted inigure 1.

2.5 #'°pp, Radiocarbon Dating, PSV, and Age-Depth Estimation

Fory-ray spectroscopy, an aliquot of bulk sediment fsasze dried, gently
disaggregated via mortar and pestle (with carentake to pulverize mineral grains) and
weighed prior to analysis in a Canberra GL2020RS&&planary-ray detector. Totat*Pb and
21%pp activity were simultaneously quantified for eaemple, allowing for estimation of excess

?1%p and accumulation rates via the methods of Whafaet al. (2013).

Foraminifera were picked for radiocarbon datingrfré1GC, 03UW, and 38MC and
measured at the Australian National University (ANRadiocarbon Laboratory (Fallon et al.,
2010) (Table 1). Radiocarbon ages were calibrated using the MARIBIcurve (Reimer et al.,

2013) and MatCal MATLAB tools (Lougheed and Obregt2016).

As *C reservoir ages in Petermann Fjord are unknowrgal@ilate hypothetical age-
depth models aiR values (the difference between the regional dmon age offset and the
calibration curve; Stuiver et al., 1986) every Bangs from 0 to 1500 years. At eatR choice,
an ensemble of 1000 age depths models were getheagtriming an upper most sediment age
of -65 cal years BP. Our age-depth modeling appr¢after Reilly et al., 2018) is inspired by

BCHRON (Haslett and Parnell, 2008), but simpliffiedcomputation efficiency and integration
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to our MATLAB workflow to allow for efficient calclation of 150,000 model runs per
sensitivity test. In addition to age control poiraadomly selected from calibrated probability
distributions at radiocarbon dated horizons, randgerdepth control points were added, with a
density of about 4 real or simulated age-depthrobpbints per meter (actual numbers vary in

each model run). We did not accept any iteratia Wiolates the law of superposition.

To optimize theAR choice, we compared the Petermann Fjord PSV steakvell-dated
reference template created from reproduced Ar@i¢ Records—the Western Hemisphere
Arctic PSV (WHAP18) Template. We first define reg@ PSV signals from high-resolution and
well-dated sediment cores at ©70in the Northern North Atlantic, using cores MD2869 and
2322 (Dunhill et al., 2004; Kristjansdottir et &Q07; Stoner et al., 2013, 2007), and the
Chukchi Sea, using cores HLY0205 JPC15 and JPCafo{let al., 2012; Keigwin et al., 2006;
Lund et al., 2016), and project the directions éteBmann Fjord (81.19N, 61.977°W) via
their virtual geomagnetic pole (VGP) paths (c.fri€cet al., 2018; Olafsdéttir et al., 2019). The
goal of the stacking procedure is to average aidllor non-geomagnetic signals and capture
broad scale geomagnetic field behavior for the Afastlemisphere Arctic. This approach is
justified because high-amplitude multi-centenntartillennial wavelength features are broadly
consistent on hemispheric length scales when cangpasell dated sedimentary records (Stoner
et al., 2013; Walczak et al., 2017) and can beipted by a simple dipole model based on few
high quality records with roughly the same precishas more complex spherical harmonic
models (Nilsson et al., 2010). The sedimentatidesrat the sites used to construct the stack are
typically around or in excess of 100 cm/ka, minimggzthe impact of potential depth offsets due
to sediment magnetization acquisition processe-io depth; e.g., Stoner et al., 2013;

Suganuma et al., 2010), although systematic eotse order of a few hundred years are
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possible. To ensure each region is weighted equaigiminary stacks for each region’s
projected inclination and declination were createthg a running 100 year bin size and
calculating the Fisher mean and circular standaxdation for directions in that bin (Fisher,
1953). We then generate 1000 possible inclinatt@hdeclination pairs for each region for each
age bin using the associated probability distriufunction and calculate the WHAP18 Fisher
mean and circular standard error. The circulardsietherror is calculated from the circular
standard deviation by normalizing by the squaré odthe number of cores used (N), where N

varies from 1-4 depending on the number of corasgpan the age bin time interval.

After applying each of the 1000 age-depth modeéaahAR value to the Petermann
PSV stack, we interpolate to 5 year intervals aaldutate the cosine distance (1 — éps{here
0 is equal to the angle between the two vectorth@Petermann PSV Stack and WHAP18 stack
directions at each time step where the two recoveslap. Goodness of fit is quantified by the
mean and variance of the cosine distances. Inktbenge of other information, for the final age
model the optimizedR value is held constant, although we explore #émsisivity of this

solution to various assumptions.

3. Results

3.1 Fjord Stratigraphy
The suite of cores captures a range of depositi@gaines that are influenced by
proximity to glaciers, water depth, and bathyme@gmparison of these cores provides the

ability to assess coring deformation and local psses that may not be representative of fjord-
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wide signals. The reproducible signals in multipbees are ultimately the signals we choose to

interpret in our discussion of the middle to latelétene history of the Petermann Ice Tongue.

Well-sorted coarse deposits, either sands or ailesfound in sediment cores taken from
deeper bathymetric basins in cores 37PC/TC, 08GERC105UW, 06UW, and 07UW. Just
seaward of the 2015 ice tongue extent, we obsapsetwell-sorted coarse deposits in 37PC/TC,
raised from 1041 m depth in a basin near the maeimainating Belgrave GlacieFigure 1;
Supplementary Figure S2). Similar coarse deposits are found at a few loaszn 08GC (1062
m) and 10PC (970 m), although their overall strafpdpy is more consistent to what is observed
elsewhere in the fjord. Although there is no matgreinating glacier proximal to these sites,
mass wasted blocks are identified nearby in mudtib&athymetry and during the expedition we
observed a mass wasting event of the fjord wallgosth of the hanging glacier close to these

coring locations (Jakobsson et al., 2018).

Well-sorted coarse deposits also dominate the sedsmecovered in the sub-ice tongue
cores taken about 15 km from the Petermann grogrldie and near the marine terminating
Porsild Glacier, 05UW, 06UW, and 07UW (837 ra)ifplementary Figures S2-S3). While
bathymetry has not been observed with acousticadstbeneath the Petermann Ice Tongue,
geophysical data suggest these cores were takenafideeper basin between the Petermann
grounding line and a basement sill about 25 km ftieengrounding line (Tinto et al., 2015). In
all cases, these deposits seem to reflect localsikgpnal processes related to the nearby marine

terminating glaciers or mass wasting from the fjoalls.

The cores that best replicate consistent, or fyuidk, signals were those taken from
relative bathymetric highs-(gures 1-2). Sediment is most likely transported to these cor

locations via suspension settling from fine seditiethe water column and/or as ice rafted



Reilly et al. — History of the Petermann Ice Tongue 17

373 debris and include: 3PC/TC and 41GC in the outedfj4GC, 6PC/TC, and 40PC/TC just

374 seaward of 2015 ice tongue extent; and cores 02W08UW recovered from beneath the

375 existing ice tongue on the inferred basement B& 25 km from the Petermann grounding

376 zone. For the focus of this study, we also inclodiees 08GC and 10PC/TC, discussed earlier.
377 Except for the few well-sorted coarse layers déescrin these cores, they also capture the same
378 signal observed at the other locations. Cores tékem shallow water in the southwest fjord,

379 notably 11GC (473 m), also appear to capture thre-jvide signal, but seem to have much

380 lower sedimentation rates and, as a result, aretodied in detail here.

381 The Petermann Fjord stratigraphy can be dividea timtee lithologic units, with the
382 uppermost unit subdivided into three subunits, da@sevisual inspection of the split core
383 surfaces and CT scans and variations in XRF geosltmRD, and physical properties

384 (Figure?2).

385

386 3.1.1 Lithologic Unit 3

387 Unit 3 was recovered at the base of piston cor®C030PC, 40PC, and 06PC and is a
388 sandy mud with abundant coarse particles. Interb@dider-grained laminated sediments are
389 found at sites that recovered the thickest exangdlésis unit (06PC and 10PC). While XRF
390 Ti/Caratios can reach 0.4 or higher at the col@esec to the 2015 ice tongue edge (06PC and

391 40PC), Ti/Ca ratios for this unit in the outer fjaare around 0.05-(gure 2).

392
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3.1.2 Lithologic Unit 2

Unit 2 is clayey mud with absent or low concentrmasi of dispersed clasts and in some
cases faint laminations, most easily visible in@¥escan images. Ti/Ca ratios are lower in Unit
2 than in overlying or underlying sediments. Thiekhess of this unit is about one meter at the
outer fjord sites (O3PC and 10PC) and <1 meteitex sloser to the 2015 ice tongue edge (40PC

and 06PC).

3.1.3 Lithologic Unit 1

Unit 1 is bioturbated clayey mud with disperseddsand clasts. The degree of
bioturbation increases with distance from the gdwoig line, particularly in the upper part of the
unit, with sharper contacts and preservation aftfiaminae closer to the grounding zone and
low-density burrow features further from the groumgdzone Figure 3d-e; Supplementary
Figure S3). These near-surface sediments also show gradrelR® concentration and
sediment geochemistriFigur e 3b-c). We divide Unit 1 into three subunits, A-C, basedthe
concentration of coarse material and Ti/Ca ratgunit 1A has relatively low Ti/Ca ratios and
very low abundances of IRD, Subunit 1B has higiC&iratios and intermediate abundances of
IRD, and Subunit 1C has a trend from high Ti/Ca B near its base to low Ti/Ca and
intermediate IRD concentration near its top. Unig Approximately 4 meters thick at sites that
form the main transect in the cores identified agrting minimal deformation in their upper

sediments by CT scans, including 41GC, 08GC, 40EC0RGC.
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3.2 ldentifying Variations in and Signatures for Sediment Sources

The steep fjord walls and bedrock surrounding lReen Fjord are composed of
exclusively Paleozoic Franklinian Basin sedimentaiks, containing abundant carbonate
lithologies (Dawes et al., 2000a). In contrasthis bedrock, terrestrial glacial deposits (e.qg.,
Reusche et al., 2018) and drop stones in the maedienent cores often contained crystalline
rocks, including a very distinctive and abundamkggranitic lithology similar to that of the
Precambrian shield exposed in Inglefield Land ®gbuthwest and Victoria Fjord to the
northeast $upplementary Figure S4). Previous work has documented banded iron foonati
rocks, porphyritic volcanic rocks, dolerite, ane fArecambrian shield granites, gneisses and
ultramafic rocks in Hall Land and Washington Lamacgal deposits, indicating a diverse group
of lithologies inland under the ice sheet thatalyeent from the exposed bedrock beyond the ice

sheet margin (Dawes et al., 2000b).

XRF Ti and Ca counts measured on the marine sedicoees from the Fjord show a
strong anticorrelation. To illustrate this variatiand investigate how variations in sediment
geochemical and magnetic properties relate to edmdr, we perform an R-mode factor analysis
on XRF elements with high counts (K, Ca, Ti, Mn, Ré, Sr, Zr) and u-channel magnetic
measurements &f karm, andkarv/k. XRF data and magnetic data were filtered andmpsad
every 5 cm using a ~6 cm wide (at half-height) Garsfilter to align the chemical data with the
response function of the magnetometer (after Wéletal., 2015). We use measurements from
03PC/TC, 04GC, 10PC, 41GC, 40TC, and 40PC, as ttayes had both XRF and u-channel

magnetic data.

After centering the data to a mean of zero and abring by the standard deviation for

each parameter, over 90% of the variance is exgdday the first three factors, which we keep
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for a varimax rotation. After the rotation, factbhas positive loadings for all elements except Sr
and Ca, while factor 2 has strong positive loadiiogsSr, Zr, anck and negative loadings for
Karm/K (Supplementary Figure Sha-b). Rock magnetic investigation of fijord sediments
indicates that the magnetic mineral assemblagensrthted by magnetite and that magnetic
coercivity has a strong particle size dependeBaog({lementary Figure S6), meaning that

Karm/k can be interpreted as dominantly reflecting magngtain-size’ or domain state
variations (Banerjee et al., 1981; King et al., 29&ccordingly, we interpret the sediment
geochemical and magnetic variations as reflectieg¢lative concentration of
sedimentary/carbonate rocks versus granitic/ciystatocks (Factor 1) and sediment particle
size (Factor 2)Supplementary Figure S5b). Thus, in the sediment cores, we interpret magnet
susceptibility (bothk andy) and XRF Ti/Ca ratios as tracers for the graratiggtalline rocks

sourced inland, beneath the Greenland Ice Sheet.

Particle-size-specifig (e.g., Hatfield, 2014), as a tracer for granitigétalline rock
sources, was studied to further our understanditigeorelationship between source material to
the fjord and particle-size dependent transportgsses. We first measured hef the <4, 4-63,
and 63-250 pm fractions of the terrestrial samjp#sd inSupplementary Table S4, and then
picked four samples that seemed to be represeatattithe variations for further analysis
(Figure 1). We find that catchment samples from Hall Land #ashington Land have low
concentrations of magnetic minerals in all sizetfrms, while uplifted poorly sorted
glaciomarine sediments in Hall Land are enricheshagnetic susceptibility in only the coarser
fractions Gupplementary Figure Soc-€). Sediments sampled directly from the left lateral
ablation zone of Petermann Glacier are enrichedagnetic minerals in the finer silt fractions,

while having low abundances in the sand fractiGsflementary Figure S5f). We
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supplement these observations with samples froe @WJW, which are the closest sediments
recovered to the Petermann grounding line andylikggresent a mixture of sediments sourced to
Petermann and Porsild Glaciers (§egure 1). The core 05UW samples are also enriched in
magnetic minerals in the finer silt fractions, witlwer concentrations in the coarser silt and fine
sand fractionsfupplementary Figure S5g-h). Compared with the particle size-specifiof the
more distal fjord sediments, we recognize that mafraur ‘source’ samples have the high
concentration of magnetic minerals observed irctaser fractionsSupplementary Figure

S5¢-h).

Downcore records of particle-size specjfi@as a tracer for the relative contribution of
inland granitic/crystalline sourced rocks, offdre bpportunity to link sediment province
changes to specific glacio-marine depositional @sees and can be measured on small size-
fraction sample sizes. For example, changagimat occur predominantly in the coarser fraction
may be linked to sediment delivered as IRD, whilarges iry that occur only in the finer
fractions may be linked to sediment transportetthéwater column and deposited by suspension
settling. The outer fjord splice was sampled ainté&rvals to capture variability observed in the
bulk magnetic and XRF geochemical data. An additid® samples were taken from 04GC at
the same correlated equivalent depths to ensuraiterved signals were representative of broad
scale signals. Particle-size-specificeveals systematic variations with respect toigarsize
and was reproducible between the cores, exceptevdaanple sizes were very small in the
coarsest fractions-(gure 4). y is very low in the <4 um fraction in the marineliseent cores

and terrestrial samples, indicating that fine $dtsand-size particles have a greater influence on

X
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Usingy as a tracer for source, we employ an endmembeelnodsolate characteristic
distributions ofy across the 4-150 um patrticle size fractions, whanh be used to evaluate
relative source contributions to specific glaciomarsedimentary processésdure 4). We
choose a three-endmember model, as two endmembearpabr job of fitting the data from 175-
308 cm ced and four endmembers do not do a signific better job of explaining variance
(Figure 3k-m). The result are end-members thaktralative source changes to the finer silt,
coarser silt, and sand fractions. Most importarttis illustrates that changes in bulk sediment
Ti/Ca andk are likely related to different processes abowklaiow 200 cm ced in lithologic
unit 1. Above 200 cm the increased relative contidm of crystalline/granitic sources is related
to changes in the finer silt fraction, while bel@@0 cm the changes are related to a change in

composition of the coarser fractions.

3.3 Using IRD Gradients to Reconstruct Past Ice Tongue Extents

The spatial distribution of IRD in near-surfaceisgehts recovered from Petermann
Fjord demonstrates that the ice-tongue is a prirnangrol on the spatial distribution of IRD
deposited in the fjord. Little-to-no IRD is founélbw the ice tongue and there is a gradient in
IRD within the pre-2010 historical ice tongue exgefrigure 3b). Using this observation, we
reconstruct past ice-tongue extents by lookingpatspatial distributions of downcore IRD

concentrations on their ced scale.

Ouir first step was to create stacks with 4 cm ded of the >2 mm index to improve
signal to noise using cores from four distancesiftbe Petermann grounding line: 25 km
(02UW and 03UW), 52-56 km (08GC and 10PC), 68-71(BAGC and 40PC/TC), and 80 km

(O3PC/TC and 41GC){(gure 5a).
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Based on IRD concentrations in the upper 50 cnaoheore figure 3a) and assuming
these represent conditions like the historical récave use concentrations greater than 0.03
clasts/cr as representative of a depositional environmeyome the limit of the ice tongue and
concentrations less than 0.005 clasté/amrepresentative of sub-ice tongue depositional
environment. As our IRD record likely integratesaees to centuries and we know from the
historical record that ice tongue lengths can \@r0s of km on these timescales (e.g., Falkner
et al., 2011), we also assume that values betw®&% @nd 0.03 clasts/émepresent a
depositional environment within the range of mdiicadal ice-tongue extents, like observed in

the near-surface IRD concentrations.

We reconstruct ice tongue extents by estimatingevtiee 0.005 and 0.03 clastsfcm
position might be. If all sites have concentration3.03 clasts/cfy then we infer absence of an
ice tongue at that time. If sites more proximahtl¢hers have < 0.03 clastsftwe linearly
interpolate using core location and IRD concerdratd estimate where the 0.005 and 0.03
clasts/cm position would be found and use those distancéseasinimum and maximum ice
tongue extents for that time slice. If all sitegdidess than .005 clasts/tme estimate the
minimum extent but set the maximum extent arbiyai 90 km from the modern grounding

line (Figure 5d).

The resulting reconstruction suggests that a paktengue was present near the base of
the stratigraphy and broke-up around 402 cm ced.iddtongue was not reestablished until the
upper 160 cm ced and did not reach historical éxtentil the upper 55 cm ced. Changes in ice-
tongue configurations inferred from IRD are accomed by changes in particle size specific
sediment compositions (especially coarse silt amdl snagnetic susceptibilitylFigure 6). This

indicates that not all IRD in our IRD records apairged to Petermann Glacier and that the
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relative amount of Petermann sourced IRD covarids @ur reconstructed presence or absence

of the Petermann Ice Tongue.

3.4 Paleosecular Variation (PSV) and Sediment Core Chronology

14C dates for cores 41GC and 03UW display good ageaemhen transferred to their
correlated equivalent depth scale except for on@daspecies benthic foraminiferal date in
41GC at 159-161 cm core depth (188.72 cm ced) wikiokder than a stratigraphically lower
date at 166-168 cm (195.72 cm ced) on the singléhiiespecie&. excavatunfT able 1). As the
anomalously old date in core 41GC is also olden tha 03UW date at 229-231 cm, which we
correlate to 173.02 cm ced and is in good agreeminiall other dates in 41GC, we exclude the

anomalous date from our age-depth modeling.

Comparison of*®Pb-based accumulation rates af@ dates in 38MC suggest a
considerable apparent radiocarbon age offset. Radtion ages are on the order of 1200-1400
14¢ years AR equivalent of roughly 800-1000 years), whichlieo than expected ages for the
last few decades when compared with regional estgraAR of a few hundred (~200-300)
years from Southern Nares Strait and Northern B&fy for near surface waters (Coulthard et
al., 2010) Eigure 7). While it is difficult to quantify an exact reseir age from these post-
bomb dates, radiocarbon age offsets relative®Rb are likely quite large in Petermann Fjord.
To further investigate the potential for similaeagffsets in the older part of the stratigraphy, we

compare PSV in Petermann Fjord cores to the WHAB®late.

Petermann Fjord sediments in lithologic unit 1 thgsimple AF demagnetization

behavior, with ChRM directions mostly plotting nextppected inclination values based on the
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550 geocentric axial dipole (GAD) hypothesis (Inclimati= 85) and with maximum angular

551 deviation (MAD) values almost entirely less th&r(Rupplementary Figure S7). Disturbed

552 intervals and places where large IRD clasts war®wed prior to sampling were removed from
553 the paleomagnetic dataset before stacking. The prosbunced paleomagnetic feature has
554  shallow inclinations around 200 cm céddur e 8f). As large changes in declinations can result
555 from small angular changes at steep inclinatiorgs,(at an inclination of 85a 4 angular

556 change can result in a%8eclination swing), we rotate the declinationsdach core by 85

557 (04GC), 85 (40TC), and 115(41GC), based on the declination values in thervail of

558 shallowest inclination and ARCH3k.1 model predicigKorte et al., 2009). While this

559 declination treatment strategy may not necesseajpure absolute declination values, it does
560 allow us to compare relative declination changeduldor PSV stratigraphy. Alternate

561 declination treatment strategies like arbitrardyating declinations to a mean of zero, as is often
562 done for low to mid-latitude sites, yields pooregment between the three Petermann Fjord

563 cores.

564 The Northern North Atlantic and Chukchi Sea recdraige excellent agreement when
565 projected to Petermann Fjord via their VGP pathd. 6% of the circular standard errors in our
566 WHAP18 Template, spanning 320 to 9000 cal yrs B&batween 3%and 18 with a median

567 value of 8 (Figure 8). The best agreement is between 840 and 5580 &R, where 95% of
568 the circular standard errors are betweefl 2@ 7.9 with a median of 48 The most prominent
569 feature in the WHAP18 template is an inclinatiow lof about 70 around 2500 cal yrs BP, that
570 occurs around the time of the f to e transitiondeféned in the British Master Curve (Thompson
571 and Turner, 1979) and subsequently observed iNtnth Atlantic (Stoner et al., 2013, 2007)

572 and Europe (Snowball et al., 2007). This interaalghly corresponds to high paleointensities in
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Europe (Genevey et al., 2008; Stoner et al., 2a@hd)shallow inclination in Western North

America and the Northeast Pacific (Hagstrum andn@an, 2002; Walczak et al., 2017).

When comparing the Petermann Fjord PSV Stack toMHAP18 Template and,
assuming thaAR is constant in time, we find the best agreemetiit AR = 770 yrsfigure
9a; Table 2). We use thidR for our preferred age model (M1; Figures 9a abald) but
recognize there are many additional uncertaintiasdre difficult to quantify. One uncertainty is
the choice oAR for the marine records used to construct the&kstamvever, these regions have
much better constraints on thalR than Petermann Fjord and these uncertaintidikahg
minor in comparison to Petermann Fjord. To asdespotential impact of other uncertainties on
our chronology, specifically on the timing of theeats discussed in the main text, we run a

series of sensitivity tests, summarized #ble 2 and discussed below.

One of the largest uncertainties in the applicatibRSV stratigraphy is our limited
understanding of the sediment magnetic acquisgirogess. Laboratory tests and theoretical
work suggest that a post-depositional remanent etagion (0bDRM) is acquired in a lock-in
zone following deposition (Egli and Zhao, 2015;itgyand Major, 1964; Levlie, 1976; Verosub,
1977), although study of the mechanisms and sedaneprocesses that are important for
remanence acquisition is still an active area séaech. Where independent stratigraphic control
and/or superposition allow comparison, studies Hiauad evidence for little or no offset (Valet
et al., 2014), offsets of about 15-25 cm (Chanaetl Guyodo, 2004; Simon et al., 2018; Stoner
et al., 2013; Suganuma et al., 2010), or largesetéf (Snowball et al., 2013). The records used to
construct the reference WHAP18 template were degmbsit sediment accumulation rates ~100+
cm/ka and we assume that offsets in the magneticadiment ages are negligible. However,

the Petermann Fjord cores, which have lower sedatien rates (averaging ~60 cm/ka for the
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596 last ~7 ka on the M1 age model), could have a migr@ficant offset in age. We test this impact
597 in our M2 age-depth model by offsetting the Petenm@SYV by 20 cm. The result is a younger
598 optimizedAR of 570 yrs, which pushes age estimates for keigdwas up to a few hundred years
599 older (Figures 9b and 10d-f; Table 2). While this is a significant difference, it dosst change
600 our overall interpretation in our discussion, whislbased on long-term trends from the Middle

601 to late Holocene.

602 AR may vary systematically through time, both in ffe#germann region and in the

603 WHAP18 template records. To account for this urety, our M3 age-model uses a standard
604 AR uncertainty of £200 yrs. The optimizad is 800 yrs, which is only a slight differencerfro
605 our preferred model’s optimized choidedure 9c; Table 2). The biggest difference is the

606 change in the uncertainty structure of the resgiléige models, with the biggest impact close to

607 the age control point depths.

608 The high amplitude inclination feature in the Petann Stack is the most important

609 feature controlling the optimizesR choice in the M1-M3 age-depth models; away frbia t

610 feature, PSV correlations are less robust. Accgigjwe run our final sensitivity tests, starting
611 with the M4 age-models, by prescribingR of 750 £500 years which creates a very wide

612 uncertainty structure. We then generate 100,008tites of the M4 age model, but only accept
613 the best 1,000 PSV fits, quantified as the meameadistance of the overlapping time series, for
614 the final results. As expected, age control is besstrained where the highest amplitude PSV
615 feature is and uncertainty is much greater wheié f@8tures are lower amplitudgifure 10b-

616 c; Table2). While this age model changes the uncertaintyctire and may offer insight to

617 unresolved sedimentation rate changes, it agre@sweitatistical uncertainty with our preferred

618 age model (M1) and would not change our overadrpetation. For comparison, we repeat the
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619 same experiment applying a magnetic lock-in dep@0acm andAR of 500 +500 yrs to
620 generate the M5 age modeliqure 10e-f; Table 2). Like the M4 age model, the M5 age model
621 changes the uncertainty structure of the age-degationship but is within statistical uncertainty

622 of the M2 age model.

623 We recommend using the radiocarbon based M1 agelmekich uses a constant

624 reservoir age constrained by PSV stratigraphyfuture studies and regional comparisons. The
625 uncertainty estimates of the M1 age model quastife precision of the age given our

626 assumptions and the positions of our age contrioltpoHowever, when making sub-millennial
627 comparisons, our sensitivity tests suggest thabgeouncertainties inherent to radiocarbon
628 reservoir ages and magnetic acquisition processeasod fully quantified and may account for

629 difference of a few hundred years.
630

631 3.5 Conceptual Depositional Model for Petermann Fjord

632 Three depositional processes are the most appartr@ stratigraphic record of

633 Petermann Fjord: suspension settling from the waikmn, IRD (transported by sea-ice or
634 iceberg), and gravity flowsS(ipplementary Figure S8). While reworking of sediment by

635 currents or tides may also play a role, we havevidence of its importance at this stage.
636

637 3.5.1 Well-sorted Coarse Deposits
638 The well-sorted coarse deposits found in sele@sare interpreted to be gravity flow
639 deposits and/or suspension settling from nearbycsduurbid melt-water plumes. Beneath the

640 Petermann Ice Tongue, these deposits dominatérttgsaphy of 05UW, 06UW, and 07UW,
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but are absent in 02UW and 03UW, indicating thaytare only deposited in the deeper ‘inner
basin’, bound by the ‘inner sill’ of Tinto et aR15) and the Petermann grounding line. Similar
facies have been observed in grounding-line prokbbasins beneath paleo-ice shelves on the
Antarctic Peninsula (Christ et al., 2014; Evans Bodsey, 2002; Reilly et al., 2016) and in
basins proximal to tidewater glaciers by a varigtyepositional processes (Domack, 1990; O
Cofaigh and Dowdeswell, 2001). The Ti-rich bulkiseeht composition and high fine-sjitof
these layers suggest they may reflect the dynaofite Petermann grounding-line, however we
cannot fully rule out influence from the smallerr§ital Glacier Figure 1) that also terminates
near the inner-basin. Seaward of the inner s#l,@a-rich composition of the other well-sorted
coarse deposits observed are interpreted as iafidbe dynamics of the smaller marine
terminating glaciers in the fjord, like Belgravea@Gier near 37PC, or mass wasting events of the

fljord walls, as documented by Jakobsson et al.(R(EL§plementary Figure S2).

3.5.2 Ice Rafted Debris

Poorly sorted coarse material found in a finermggdisediment matrix is interpreted as
IRD in lithologic units 1 and 2H{gure 2). We consider four sources of IRD: icebergs salitoe
the Petermann Ice Tongue, icebergs sourced torPaerFjord tidewater glaciers, icebergs
sourced externally from the fjord, and coarse ntéansported by sea ice. The glacial ice
likely entrains the majority of its sediment in ltasal ice (Alley et al., 1997) which is generally
thought to be the most important contributor to IRDes (Andrews, 2000), with observations
and estimates from other systems indicating orfleragnitude higher sediment concentrations
than ice outside of the basal debris layer (Ashley Smith, 2000; Dowdeswell and

Dowdeswell, 1989; Syvitski et al., 1996). Additibsadiment can be sourced from supraglacial
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debris or entrained during medial or lateral magdormation. For discussion later, this will be

referred to as englacial sediments as opposedstd badiments.

The Petermann ice tongue is a primary control erdibktribution of IRD, as clearly seen
in the distribution of coarse material in the uppest sediments throughout the fjofddure
3b). While it is possible that some IRD is deposietieath the ice tongue itself at our coring
locations, it seems that this is a rare occurrefea.ice could also be an important source of IRD
seaward of the ice tongue, as we observed sea tbe fjord with high concentrations of poorly
sorted material during the expedition, which weiptet as reflecting mass wasting events of the
steep fjord wallsSupplementary Figure S9). IRD was also observed in icebergs, seaward of
the ice tongue, which were sourced to the smatemtater glaciers that terminate in the fjord or
to the ice tongue itself. Sediments present indbeongue or in ice tongue calved bergs, are
likely englacial or supraglacial sourced, as therdeentrained in basal ice is thought to be
deposited close to the grounding line during mgl{ialley et al., 1989) where melt rates are the
highest (Cai et al., 2017; Minchow et al., 2014t and Steffen, 2008). Our best estimate of
the composition of the Petermann ice tongue sowsupdaglacial/englacial sediment comes
from our lateral ablation zone terrestrial samplE5EM-03), which suggests that while the fine
material is enriched in highcrystalline/granitic sources, the coarse matesiprimarily
composed of lowy, carbonate/sedimentary sourc8spplementary Figure S5). These
observations suggest past changes to ice tonggthlenabsence of the ice tongue would have a

significant impact on the abundance, distributenmg composition of IRD deposited in the fjord.

In lithologic unit 3, found at the base of 03PCP@, 10PC, and 40PC, coarse material is
likely not IRD and instead represents deposits &afrlose to grounded ice, where melt rates are

high, but the exact nature of these deposits neelds investigated furtheFigure 2).
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3.5.3 Suspension Settling

Transport of fine sediments in the water columal$® an important depositional process
as some of the lithologies observed show little@evidence for IRD or gravity flows. While no
turbidity measurements were made in the water coldaringThe Petermann 2015 Expeditjon
sediment-rich turbid layers were visually obserusthg a GoPro camera attached to the
UWITEC coring system while coring beneath the megue Gupplementary Movie S1) and
guantified as function of backscatter in the vif@dasham et al., in review). While sediments
transported beneath ice shelves in pulsed meltwéaieres have been assumed to be an
important process where small fjord paleo-ice sbelre inferred (e.g., Christ et al., 2014;
Reilly et al., 2016), observations of high turbydéyers near the surface, in the water column, or
near the sea floor are based on oceanographic neeaesnts near ice-shelf free marine
terminating glaciers (Ashley and Smith, 2000; Cowad Powell, 1990; Domack and Ishman,
1993; Jaeger and Koppes, 2016; Syvitski et al.6198 Petermann Fjord, backscatter calculated
from the GoPro video suggests the highest condenisof suspended sediments in meltwater
within 20 m of the base of the ice tongue (Washaal.gin review). Seaward of the ice tongue,
meltwater in Petermann Fjord was observed in 20 hbghest concentrations at about 150 m
water depth seaward of the ice tongue edge (Heualé 016); however, turbidity measurments
are still needed to assess concentrations of sdegesediments in the water column. IRD free,
fine-grained facies, particularly lithologic unidlat sub-ice tongue locations, indicates the
importance of deposition by suspension settlinghfeediment sourced to Petermann Glacier

transported in the water column.
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710 4. Discussion

711

712 4.1 The Recent Ice Tongue Facies in the Uppermost Stratigraphy

713 We assume that the lithologic Subunit TAdur e 2) reflects depositional processes with
714 anice tongue like that observed in the histonieabrd. In the upper 50 cm of the cores, we
715 observe along-fiord gradients in the degree ofublmtion tracesHigur e 3d-e; Supplemental

716 Figure S3). More diffuse contacts and increased low-dersityow features in the outer fjord
717 indicate enhanced bioturbation, likely due to geeatganic rain as food supply to the benthos
718 associated with open water outside and near thieaneand no significant spatial gradients in
719 accumulation rate as unit thickness is consisiém. sub-ice tongue cores taken closest to the
720 modern grounding zone are laminated, banded, akdiaturbation suggesting a depositional
721 environment in which sediment flushed by subglaaialtwater is deposited both by rain-out of
722 fine materials from buoyant plumes, and intermit@mwvnslope gravity flows from a grounding

723 zone sedimentary wedg8upplementary Figures S2-S3).

724 Geochemically, Ti is enriched relative to Ca clasethe grounding zoné-{gur e 3c).

725 The ratio of these elements tracks the contribubiorarbonate and Paleozoic sedimentary rocks
726 that comprise the local surficial geology (Dawesglgt2000a), relative to sediments derived

727 from igneous crystalline rocks. Quartz and feldgpar pink granite and other Ti enriched rocks
728 were observed locally on land only as glacial asahat must originate from inland sub-ice

729 sources (Reusche et al., 2018). Thus, Ti/Ca anchet@gsusceptibility fupplementary Figure

730 S5) can be interpreted as tracers for sedimentsiaattan basal ice from Petermann Glacier.
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We also observe a spatial pattern in the uppercabQnit for >2 mm clast concentration,
interpreted in this lithologic unit to reflect IREPigure 3b). In the sediment sampled from
underneath the historical ice tongue (i.e., thasent prior to 2010, with a front ~70 km from the
grounding zone), > 2 mm IRD clasts are essent&ient. Seaward of the historical ice front,
IRD concentrations increase. This is consistertt wie hypothesis that ice shelves act as a
debris filter (e.g., Alley et al., 2005) and depiosial models (e.g., Domack and Harris, 1998) in
which basal ice entrains high quantities of suliglaaediment (Alley et al., 1997) which is
removed by rapid basal melting of the ice shelf tlea grounding zone (Cai et al., 2017; Rignot
and Steffen, 2008). While we observed supraglagidlenglacial sediment, likely entrained
from medial and lateral moraines, these sedimastsastly located near the edge of the ice
tongue, and would be smaller contributors to the @f IRD compared to sediments entrained by
basal ice (Andrews, 2000). Video evidence fromulgteice boreholes reveal that the ice
comprising the ice tongue is remarkably clean sl of clasts or sedimertbpplementary
Movie S1). Coarse material obtained from the left laterarame has a low abundance of the
high magnetic susceptibility crystalline materialigplementary Figure S5), suggesting its
derivation from local sedimentary country rock gmdviding further support that magnetic

susceptibility is a reliable tracer of crystallipesement rocks entrained in basal ice.

4.2 Petermann Glacial History Inferred from Fjord Stratigraphy
Down-core variations of these sedimentologic armtemical properties constrain past
changes of the Petermann Ice Tongtie\(r e 6). Changes in the ice tongue extent are inferred

from the concentration of >2 mm clasts, Ti/Ca, Hredy of nine particle size fractions, the later
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which traces the fraction of crystalline basemeatanals in the context of particle size-

dependent depositional processes.

The lowermost (oldest) recovered sediments araayldiamicts, likely deposited near
grounded ice after the abrupt retreat from therdyaed sill (Jakobsson et al., 2018), but are
likely not subglacial till, as they are not ovedgmpacted (Unit 35igure 2). Above this unit are
IRD-poor laminated sediments, which record the gmes of an extensive ice tongue that existed
following retreat from the outer fjord sill (Unit Zigure 2). The preservation of laminae
indicates a lack of bioturbation and/or high acclanon rates, suggesting a great distance
between this site and the floating ice front orropater, and perhaps proximity to a paleo
grounding zone. This is likely to be the 540-61@vater depth bedrock-cored inner sill located
about 25 km seaward of the modern grounding zoh&hahas been identified by geophysical
surveys (Tinto et al., 2015F(gure 1; Figure 6f-g). This inference is also supported by higher
magnetic susceptibility in the coarse silt fracttban in near surface IRD-poor sediments,
suggesting a coarser grain size for Petermannatlipet basement sourced material and, in turn,

increased proximity to the Petermann sourced turigtiwater layersHigure 4).

The abrupt appearance of IRD clasts around 402echmaveal that the paleo-ice tongue
broke-up, and that seasonally-open marine conditvath no stable ice tongue persisted to
around 160 cm ced (Subunit 1C), when a less extense tongue (i.e., with diminished but not
absent IRD in the middle fjord) reformed (SuburBt Eigures 2 and 6). The newly established
ice tongue only reached stable pre-2010 histoegtgnts (i.e., with IRD absent in the middle
flord) in the upper 55 cm ced (Subunit 1A). Follagithe paleo-ice tongue break-up, we observe
a significant change in the composition of IRD,lWRD enriched in crystalline basement

sourced sediments, indicating inclusion of basalincPetermann calved icebergsgures 4 and
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6). The relative contribution of sediments souraearf crystalline basement in the coarse
fraction reduces to negligible values when IRD lmees rare, consistent with initiation of the
floating ice tongue as a basal ice debris filteeakwhile, the relative proportion of sediments
sourced from crystalline basement increases ifiiteesilt fraction, indicating a change in
sediment flux or transport processes with the ook#te new ice tongue, perhaps via channeling

of buoyant meltwater plumes emanating from the gding zoneKigure 6).

4.3 The Chronology and Regional Context of Petermann’s Glacial History

After applying our multi-proxy chronology (M1 ageodel used in this discussionable
2), the timing of ice tongue changes can be us@avestigate the stability of Petermann Glacier
and its ice tongue in relationship to paleoenvirental conditions—patrticularly the conditions
needed to prevent a stable ice tongue from forrii§0-402 cm ced) and to rebuild and
maintain a ~70-90 km long ice tongue (i.e., coesiswith pre-2010 extents; ~0-55 cm ced)

(Figure11).

Petermann’s floating ice tongue broke-up ~6.9 Kas (fange: 6.8-7.0 ka), with our
sedimentological and provenance data indicatinglbaapt collapse. This break-up lagged the
warmest Holocene temperatures as inferred fronmélaeby Agassiz ice core or nearby lake
sedimentsKigure 1; Lecavalier et al., 2017; McFarlin et al., 2018pwever, the sediments in
Petermann Fjord only contain a history of Peterm@tatier following the glacier’s retreat from
the outer sill a few centuries earlier, which wae kast of a series of deglacial events inferred
from the seafloor bathymetry of Nares Strait (Jaisoln et al., 2018). Nares Strait glacial
histories suggest deglaciation was underway folemmia prior to the start of our record and

likely included a series of retreats (Bennike, 2(02gland, 1999; Georgiadis et al., 2018;
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799 Jakobsson et al., 2018; Jennings et al., 2019,; /dudsche et al., 2018; Zreda et al., 1999). The
800 ~6.9 ka ice tongue break-up documented here wasfdhe final events of the early Holocene
801 deglaciation. The earlier transition from lithologinit 3 to Unit 2 is only constrained by

802 occurring after the retreat of Petermann Glacianfiis grounded position at the outer sill in

803 Hall Basin (~7.5 ka) and prior to this ice tonguedk-up.

804 Initial reestablishment of a small ice tongue begaund 2.2 ka (i range: 1.9-2.3 ka),
805 indicating almost five thousand years where palemenmental conditions were unfavorable for
806 the reformation of the ice tongue. From 6.9 tok&2decadal mean surface air temperatures
807 (Lecavalier et al., 2017) were 0.8-2.9 °C warm&&Qnterval) than preindustrial times (defined
808 here as 1750 CEJ-(gure 11b). The trend of these temperatures, as reconstrficien the

809 Agassiz Ice Core, is consistent with independetitiyved temperature estimates of maximum
810 seasonal temperatures from Northwest Greenland lgkdord et al., 2019; Lasher et al., 2017).
811 While it is possible that warmer subsurface mawagers co-occurred with higher air

812 temperatures, the atmospheric warming alone waowctase surface melting on Petermann
813 Glacier. Accordingly, the flux of sub-glacial rufifevould increase, amplifying subglacial run-
814  off driven melt rates near the grounding zone tghoentrainment of warmer AW seawater in
815 buoyant plumes and, as a result, strengthen thelation of the fjord (e.g., Cai et al., 2017;

816 Washam et al., in review). Additionally, while skdrased studies suggest extensive land-fast
817 sea ce in Northern Ellesmere Island and Greenldmityvood deposition continued in the

818 Clements Markham Inlet (Ellesmere Island) until.5 &al ka BP (England et al., 2008; Funder
819 etal.,, 2011)Kigure 11c). From this, we infer relatively mobile sea-icetle Lincoln Sea and
820 Nares Strait, which would alter wind stress onacgfNares Strait waters and increase Ekman

821 transport of subsurface AW into the fjord (e.g.r&fer et al., 2017). Thus, a combination of
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decreased sea ice and higher atmospheric tempesdikely prevented the reestablishment of a

stable ice tongue from 6.9 — 2.2 ka.

The reestablishment of a small Petermann Ice Tongaerred during long-term regional
cooling of the middle to late Holocene and follovied onset of heavier sea-ice in the Lincoln
Sea (England et al., 2008; Lasher et al., 201 7a\aeer et al., 2017). A stable ice tongue with
an extent similar to pre-2010 historical observaioias not established until about 0.6 kas(+1
range: 0.4-0.9 ka), when regional air temperatteashed their coolest values of the Holocene

(Figure11).

Our inferred late Holocene advance of the Peternh@miiongue is supported by
independent cosmogenic ages from lateral moraipediis on the Petermann Glacier margins
with ages of 2.8 + 0.3 ka and 0.3 + 0.2 k&gg(ire 11e; Reusche et al., 2018) and broadly
consistent with insolation driven late Holocene tRern Hemisphere Neoglacial cooling
culminating in maximum Little Ice Age glacial extsr{fKaufman et al., 2009; Marcott et al.,
2013). Further to the south in Northwest Greenldmeke is also evidence for a smaller
Greenland Ice Sheet in the middle Holocene witheloreconstructed elevations than present at
the Camp Century ice core roughly between 6-3 kzdlalier et al., 2017) and recently exposed
4C dated plant material indicating a retreated ieegim around 4.7 ka (Farnsworth et al., 2018).
Further to the south in West Greenland, near Jdlesisisbrae, there is evidence that following
deglaciation margins of the Greenland Ice Sheegwsraller than present until they advanced
around 2.3 ka and 0.4 ka (Briner et al., 2010). ifkerval during which we infer the lack of a
floating ice tongue also aligns with the timinghefman occupation of the region; the long-lived

Independence | and Il cultures of Northern Greeathlaare only present before the
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reestablishment of the smaller ice tongue arouBd&.(Grgnnow and Jensen, 2003y(re

11d).

The reconstruction of the Holocene history of teéePmann Glacier ice tongue offers
potential insight into the short-term future of the-tongue. 28 and 2% century warming is
amplified in the High Arctic, reversing an insotatidriven Holocene cooling trend, with
modern regional temperatures warmer than thodeegbast 6.8 ka, as reconstructed from the
nearby Agassiz Ice Core (Lecavalier et al., 20E8)imated warming between 1982-2011 for
North Greenland is 2.7 + 0.3 °C relative to the@-9970 average, with decadal mean
temperatures at levels of the warmest anomalieg giii50 CE preindustrial times (Orsi et al.,
2017). Models project additional warming in Nortre@nland of 1.5-3.9C (RCP 4.5) or 2.0-3.5
°C (RCP 8.5) by 2050 (Fettweis et al., 2013). Basethe middle Holocene as an analog, Arctic
regional temperatures may have already passetittghbld of Petermann Ice Tongue stability,
and almost certainly will by 2050, suggesting tiaak-up of the existing ice tongue is
imminent. While it is still uncertain what the dyne response of the grounded portions of
Petermann Glacier will be following future ice targgloss (e.g., Nick et al., 2013), the
modification of fjord circulation without an icerigue is projected to increase melt rates near the
grounding zone by an order of magnitude (Cai e8l17) and removal of the buttressing effect
of the thickest floating ice within 12 km of theoginding zone is projected to increase inland

glacial velocities significantly (Hill et al., 2018
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5. Conclusion

Using a suite of sediment cores collected fromraean Fjord during thBetermann
2015 Expeditionwe find that the Petermann Ice Tongue only readct@ble lengths consistent
with historical observations about 600 years ageemregional air temperatures were the coolest
of the Holocene. The Petermann Ice Tongue was afimesimost 5 thousand years in the
middle Holocene when ice core reconstructed degadah surface air temperatures were 0.8-
2.9 °C warmer than pre-industrial (1750 C.E.) (hedi@r et al., 2017). As the Petermann Ice
Tongue is particularly sensitive to surface airpenature driven subglacial run-off melting (Cai
et al., 2017; Washam et al., in review), this obaggon provides new insight to temperature
thresholds of Petermann Ice Tongue stability. Rexgional warming has reversed the region’s
long-term insolation driven Holocene cooling angbiisjected to pass this temperature threshold

by the mid-21' century, suggesting the Petermann Ice Tongueiigrgasing risk of break-up.
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895 Tables

896 Tablel. Radiocarbon results. Dates in italics are not us¢lde age-depth model, as discussed
897 in the text.

Core Correlated

Equivalent 5 C Error
Core Depth (cm)  pepth (cm) Material (%) *CAge (1) S-ANU#  ANU N#
03UW 52-54 40.87 Mixed Benthics 1.2 1421 26 56605 18414
03UW 229-231 173.02  Mixed Benthics 2.2 3427 27 56606 18415
38MC 9-10 - Mixed Planktonics 1.08 1375 33 53518 17241
38MC 9-10 - Mixed Benthics -0.07 1211 35 53519 17242
38MC 9-10 - C neoteretis 2.31 1298 45 53520 17243
41GC 62-64 91.72  Mixed Benthics -1.65 2578 33 53517 17240
41GC 159-161 188.72  Mixed Benthics -5.92 4077 26 53021 17226
41GC 166-168 195.72  E.excavatum -1.82 3567 26 56603 18423
41GC 292-296 322.72  N.pachyderma (s) -1.7 5697 30 56604 18423
41GC 374-376 403.72  C.neoteretis -1.4 7174 53 53516 17239

898
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899 Table2. Resultsof age-depth modeling sensitivity tests. The details for each model are

900 described in the text. Median ages (cal yrs BRegfhorizons are reported for each test with

901 their +1o uncertainties in parentheses (rounded to the sedeeade). The three depths used here
902 are the depths of the paleo-ice tongue collapsé ¢dt), ice tongue reestablishment (160 cm),
903 and growth to stable extents like those observelddrhistorical record (55 cm).

904

Optimized

Description AR (yrs) 402 cm Age 160 cm Age 55 cm Age
ML1. Preferred Age Depth Model 770 6900 2180 590

(6820-6980)  (1930-2300)  (390-920)
M2. Like M1, but with 20 cm magnetic lock-in offset 570 7140 2450 780

(7060-7220)  (2180-2590)  (570-1160)
M3. Like M1, but including a 200-year uncertainty on 800 6780 2050 580
AR

(6500-7040)  (1790-2290)  (320-940)
Ma4. Like M1, but prescribing 750 yr AR £ 500 yr N/A 6510 2020 620
uncertainty and optimizing fit to PSV

(6060-6980)  (1740-2250)  (300-1040)
MS5. Like M4, but prescribing 500 yr AR + 500 yr with N/A 6940 2420 480

a 20 cm magnetic lock-in offset
(6460-7440)  (2280-2540)  (270-750)

905
906

907
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Figure 1. Overview map and coring locations. Left, overview of region indicating Petermann
Fjord (red box), terrestrial sediments used to @ttarize source materials (red dots), the
HLY0301-05GC core from Nares Strait (yellow dotmdimgs et al., 2011), the Agassiz ice core
(blue dot; Lecavalier et al., 2017), and the Cletsdtarkam Inlet (brown dot; England et al.,
2008). Right, locations of sediment cores recayém@m Petermann Fjord durinihe
Petermann 2015 Expediti@and discussed in this study (yellow ddéispplementary Table
S1). Past ice tongue extents are indicated for 18&@®),(2010 prior to that year’s calving event
(dark orange), 2012 prior to that year’s calvingr\(light orange), and 2012 following that
year’s calving event (yellow). Landsat 8 OLI imdgam August 11, 2014. Bathymetry in
Petermann Fjord from Jakobsson et al. (2018) oweolzer IBAO v3 (Jakobsson et al., 2012).
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Outer Fjord (80 km) 2015 Ice Tongue Edge (52 km) 2015 Sub-Ice Tongue (25 km)
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Figure 2. Petermann Fjord stratigraphy. CT scan slices, CT > 2 mm clast index, and XRF
Ti/Ca ratios for cores recovered at three locatiartbe fjord: 80, 52 and 25 km from the
Petermann grounding zone. The outer fjord is regmtes! as the outer fjord splice
(Supplementary Figure S1; Supplementary Table S2), while the other two locations are
represented by two cores, with the deeper coretaifsalign a lithologic transition captured in
both cores. Sections 4 and 5 for 06PC are plottsgite significant coring deformation, as they
capture what are likely some of the oldest sedimesttovered from the fjord.
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Figure 3. Gradientsin near surface sediment properties along Petermann Fjord transect.

(a) Petermann fjord sediment cores and historicalaogue extents from 1959, before the large
calving event in 2010, and before and after thgdaralving event in 2012bY Mean and
standard deviation of the >2mm CT IRD Index in tipper 50 cm of the fjord correlated
equivalent depth (ced)c)Mean and standard deviation of a relative low-2B7cm ced; filled)
and relative high (28-36 cm ced; open) XRF Ti/Geordd) Qualitative CT bioturbation index.
(e) 2 mm thick CT slices of the uppermost recoveestiraents, from top to bottom, 03TC,
10TC, 40TC, 06TC, 03UW, and 02UW (dark = low dgndight = high density; larger versions
of the images can be found$applemental Figure S3). In b-d, purple shading represents the
range of historical ice tongue extents observediden 1879 and 2009. Light blue shading
indicates the range observed since the 2012 cakxiagt.
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Figure 4. Downcor e particle size specific magnetic susceptibility. (a-d), Downcore plots for
the outer fjord splice (blue) and 04GC (red) ondbeelated equivalent depth scale, including
the @ CT >2 mm index, lf) XRF Ti/Ca ratios, ) u-channel volume normalized and ¢) sub-
sampled mass normalizgdor bulk sediment and patrticle size fractioresj)( Endmember
modeling results fog as a function of particle size in the outer sptioees and 04GC. Shading
represents the one sigma range calculated from it®@®@ions with each iteration using a
different random initial condition. Factor loadin@sh, j) were normalized by the sum factor
loading of all six size fractions to represent fitaetion ofy in the particle size fraction, relative
to the sumy all 4-150 pm fractionském) To assess the model? Ralues of the model results
and primary data were calculated at core defthddr each particle size fractioh),(and for all
data using models that used 1-6 end memimeys\We choose a three-endmember model (black
lines ink andl; black circle inm) over a two- (cyan lines ik andl; cyan circle inm) or four-
endmember model, as there is little benefit toudrlg more endmembers and there is a poor
model fit from 175 — 308 cm ced in the two-endmemhbedel scenario.
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960 Figureb. Reconstructing past spatial patternsof IRD deposition in Petermann Fjord. ()
961 Stacks of the CT IRD Index at four locations relatio the modern grounding zone position.
962 Dashed lines indicate concentrations of 0.005 ab8 @lasts/crused for reconstructing the ice
963 tongue (see text)b] XRF Ti/Ca ratios that track the relative conttiba of Petermann sourced
964 materials to bulk sediment)(Heat plot of the down stratigraphy IRD index &sdnterpolated
965 between coring locationsd) Estimates of past ice tongue extents based ospidugal pattern of
966 IRD deposition, with dark blue indicating the minim estimate and light blue indicating the
967 maximum estimate. PGZ = Petermann Grounding Zone.
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Figure 6. Reconstructing the Peter mann | ce Tongue history. Ice tongue reconstruction on
depth, documenting glacial retreat and ice tongeaksup, seasonally open marine conditions
with no ice tongue in Petermann Fjord, and reesstiatlent and regrowth of the Petermann Ice
Tongue. & XRF Ti/Ca in the outer fjord splice trace theatele abundance of Petermann
Glacier sourced materials to bulk sediment commosi(b) Peterman Fjord stacked >2 mm clast
index for fjord cores 52 — 56 km from the moderawgrding zone.d) MS of fine silt, calculated
from patrticle size specific measurements of theroijord splice and a core 52 km from the
modern grounding zone, tracks the relative contidimuof Petermann Glacier sourced material
to fine sediments transported in the water columtutbid melt water plumes-(gure 4). (d)

MS of coarse silt and sand, as @), tracking the relative contribution of Petermdaglacier to
IRD following the initial glacial retreat and icertgue break-upef Multi-decadal to centennial
ice tongue extent estimates, relative to moderarmtimg zone, from the spatial distribution of
IRD in the fjord, with darker blue indicating thanmimum and light blue indicating the
maximum estimated rangesiur e 6). (f-g), lllustrations of the Petermann Glacier when
terminated with a stable ice tongue 70-90 km lomglaserved in the pre-2010 historical record
and where there was no stable ice tongue and sdjsopen marine conditions in the fjord.
Bathymetric profile is the gravity modeled eashsect of Tinto et al. (2015) and ice tongue
draft is after Minchow et al. (2014). Colored pimdicate coring locations used in this study’s
transect. Small brown arrows indicate sources igin MS Petermann basal ice sourced coarse
material, while brown shading along the distands ardicates the zones in which the same
material would be deposited in each scenario.
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Figure 7. Comparison of ?°Pb and **C data. Horizon with mixed planktonic foraminifera,
mixed benthic foraminifera, and C. neoteretis radibon samples indicated with dashed red
line. @) *°Pb profile from 38MC indicates a surface mix lagér-5 cm at 38MC (brown
shading). I6) Regression of In(Exce$¥Pb) indicates accumulation rates at this site 6£B000
cm/ka (95% C.1.).€) The resulting age-depth relationship suggestdadta radiocarbon dates
are post-bomb (after 1960s) and likely depositetthénlast ~10-30 years. Radiocarbon ages
suggest incorporation of very old carbon, but dificult to constrain thé\R due to the
unknown influence of*C produced during nuclear bomb testing on disscirerhanic carbon
in Petermann Fjord.
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1007 Figure 8. Petermann Fjord predicted and reconstructed PSV. (a) Historical (1590-1990 AD)
1008 time average field of the radial magnetic fieleestyth at the core mantle boundary (2880 km
1009 below Earth’s surface) from the GUFM1 field mod#ckson et al., 2000), with yellows

1010 indicating high field intensity and blues indicailow or negative field intensities. Locations of
1011 high resolution and well dated arctic paleomagmnetiords from the Chukchi Sea (Lund et al.,
1012 2016) and Northern North Atlantic (Stoner et a13, 2007) used to create the Western

1013 Hemisphere Arctic PSV Template (WHAP18) indicat@dng with the location of Petermann
1014 Fjord. (b-d), Declination and inclination records from the Narn North Atlanticlf) and

1015 Chukchi Sead) were projected to the location of Petermann Fjgadtheir virtual geomagnetic
1016 pole paths (dots in). The vector mean (black line ey and standard error (gray shading)rof
1017 the projected data are used as the predicted dé&olinand inclination variations at Petermann
1018 Fjord. For comparison, site predictions for eaatatmn from a higher complexity spherical
1019 harmonic model based on archaeomagnetic and voldata for the last 3000 years, ARCH3k.1
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(Korte et al., 2009), are included (green linelwahe sigma uncertainty (green shading). Data,
model, and WHAP18 Petermann Fjord predictions ages¢in the overlapping time interval
from about 1-2.5 ka, were data coverage for the ABIC1 is best (Donadini et al., 2009:d)
PSV stack (black line) and standard error (graysttp for Petermann Fjord Cores 04GC
(blue), 40TC (red), and 41GC (yellow), includirg) fleclination, ) inclination, and ) number
of cores contributing to each 5 cm bin. AF demaigagbn results can be found in
Supplementary Figure S7.
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Figure 9. Assessment of apparent radiocar bon age offset in Petermann Fjord with PSV.
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Sensitivity tests of PSV optimizetR, through comparison of the Petermann PSV statiketo
WHAP18 reference template, quantified by calcutatime cosine distance where the two records
overlap for each of the 1000 age-depth modelscit £ choice. The minimum mean cosine
distance for each scenario is used as the optimiRe(tesults and implications summarized in
Table 2). (a) M1 uses constatR and assumes no offset in the depth of the magtietn. p)

M2 is like M1, except we assume a 20 cm offsehendepth of the magnetizatior) M3 is like

M1, except we assign a 200 year uncertainty to aé&tlShading represents the 95% interval
from the 1000 iterations.
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1042 Figure10. PSV constrained radiocar bon age models. Comparison of possible age models
1043 given assumptions of constant versus variaiiteand no offset versus 20 cm offset in

1044 magnetization depth (summarizedliable 2). (a-b) Comparison of the Petermann PSV stack
1045 with no offset in magnetization depth to the WHARé&8\plate on the M1 and M4 age model
1046 median age, where M1 assumes a constant 7ZA& yand M4 assumes a variallB and only
1047 accepts the best 1% of PSV fits. (c) Comparisah®iuncertainty structures for the M1 and M4
1048 age models. (d-e) Comparison of the Petermann R&¥ with a 20 cm offset in magnetization
1049 depth to the WHAP18 template on the M2 and M5 agdehmedian age, where M1 assumes a
1050 constant 570 yAR and M5 assumes a variallB and only accepts the best 1% of PSV fits. (f)
1051 Comparison of the uncertainty structures for thedvd M5 age models.
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median age of the M1 age modeldure 10; Table 2). (a) 65° N summer insolation, illustrating
the long-term Holocene reduction in northern heimésp insolation by changes in Earth’s orbit
(Laskar et al., 2004)bj Regional surface air temperature (SAT) anomalyneges

reconstructed from the Agassiz Ice Core relatives0 CE (Lecavalier et al., 2017). Shading
represents the t2confidence interval and line is the 10-year rugmmean. Relative

temperature changes reconstructed from Secret(sak®res; local summer precipitati&fio
calibration, Lasher et al., 2017) and Deltasgr{gies; FOR15 chironomid calibration, Axford et
al., 2019) also show a similar cooling trend duttimg Holocene.d) Calibrated radiocarbon age
distributions for driftwood deposited in the ClerteeMarkham Inlet (CMI), Ellesmere Island,
indicating seasonally reduced sea-ice conditiorteerLincoln Sea during the middle Holocene
(England et al., 2008)d) Time intervals with evidence for human settlemartlorthern
Greenland of the Independence I, IndependencedITaule cultures (Grgnnow and Jensen,
2003). €) °Be cosmogenic exposure ages for Humboldt Glacian@e squares) and Petermann
Glacier (blue squares), with interpreted landfogaesa(circles) and tluncertainty (lines)
(Reusche et al., 2018). Note the uncertainty fer<t8.3 ka Humbolt Glacier moraine age extends
to ages older than 9 kd) Median age (circle) and sluncertainty of the major transitions in
Petermann Ice Tongue history using the M1 age mwitlelAR of 770 yrs. @) Like (f), but

using the M2 age model, which is a sensitivity that explores the uncertainty in the depth the
sediment remanent magnetization is acquifedu( es 9-10; Table 2). (h-1) XRF, IRD, particle

size specific magnetic susceptibility, and ice tomgeconstruction (as figure 6) plotted on

the M1 age model. Early Holocene deglacial estithatge ranges for the opening of Nares Strait
(after Georgiadis et al., 2018; Jennings et all92@011), retreat of the Petermann Glacier from
the outer sill into Petermann Fjord (orange; alaobsson et al., 2018), and ice tongue break-up
documented in the sediment cores discussed istinly (blue dashed line) are indicated.
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