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Abstract. The Greenland Ice Sheet’s negative mass balance is driven by a sensitivity to both a warming atmosphere and ocean.
The fidelity of ice-sheet models in accounting for ice-ocean interaction is inherently uncertain and often constrained against
recent fluctuations in the ice-sheet margin from the previous decades. The geological record can be used to contextualise ice-
sheet mass loss and understand the drivers of changes at the marine margin across climatic shifts and previous extended warm
periods, aiding our understanding of future ice-sheet behaviour. Here, we use the Ice-sheet and Sea-level System Model (ISSM)
to explore the Holocene evolution of Ryder Glacier draining into Sherard Osborn Fjord, North Greenland. Our modelling
results are constrained with terrestrial reconstructions of the paleo-ice sheet margin and an extensive marine sediment record
from Sherard Osborn Fjord that details ice dynamics over the past 12.5 ka years. By employing a consistent mesh resolution of
<1 km at the ice-ocean boundary, we assess the importance of atmospheric and oceanic changes to Ryder Glacier’s Holocene
behaviour. Our simulations show that the initial retreat of the ice margin after the Younger Dryas cold period was driven by
a warming climate and the resulting fluctuations in Surface Mass Balance. Changing atmospheric conditions remain the first
order control in the timing of ice retreat during the Holocene. We find ice-ocean interactions become increasingly fundamental
to Ryder’s retreat in the mid-Holocene; with higher than contemporary melt rates required to force grounding line retreat and
capture the collapse of the ice tongue during the Holocene Thermal Maximum. Regrowth of the tongue during the neo-glacial
cooling of the late Holocene is necessary to advance both the terrestrial and marine margins of the glacier. Our results stress
the importance of accurately resolving the ice-ocean interface in modelling efforts over centennial and millennial time scales,
in particular the role of floating ice tongues and submarine melt, and provide vital analogies for the future evolution of Ryder

in a warming climate.
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1 Introduction

The rate of mass loss from the Greenland Ice Sheet (GrIS) has increased fivefold between 1992 and 2020, culminating in a
contribution to global mean sea-level rise of 13.59  1.27 mm, roughly double that of the Antarctic Ice Sheet over the same
period (Otosaka et al., 2023). Mass loss from Greenland can be partitioned between changes in the ice sheet’s Surface Mass
Balance (SMB) (Box, 2013; Fettweis et al., 2020), and fluctuations at the marine interface of tidewater glaciers that drain the
ice sheet’s interior, known as discharge (Enderlin et al., 2014; Mouginot et al., 2019). Rising atmospheric temperatures have
been the key driver of increased ablation and runoff from the ice sheet (Box et al., 2022), while the present influence of warm
Atlantic Waters (AW) has been another major driver in the retreat and acceleration of Greenland’s marine outlet glaciers (Slater
and Straneo, 2022). However, there is a large spatial and temporal heterogeneity in the amplitude at which both processes affect
mass loss across the ice sheet (Mouginot et al., 2019). As a consequence, projections of future sea-level rise contribution from
Greenland vary by an order of magnitude for high emissions scenarios (Goelzer et al., 2020). The largest uncertainties in such
predictions stem from the limited ability of ice-sheet models to accurately resolve fluctuations in ice discharge from tidewater
glaciers, where calving processes dominate mass loss and are estimated to account for up to 70% of the ice sheet’s sea-level
contribution by the end of the century (Goelzer et al., 2020; Choi et al., 2021). The fidelity of ice-sheet models in capturing
such ice-ocean processes is often tested, and refined, against the satellite observation record. This implies that tidewater glacier
behaviour can only be constrained across the most recent decades, when climatic conditions were distinctly cooler than what
we expect in the future. Moreover, the ocean exhibits considerable natural variability on yearly to multi-decadal time scales.
This complicates and potentially skews our interpretation of how oceanic changes affect the ice sheet (Khazendar et al., 2019).
The geological record, however, can extend this history over centennial and millennial time scales to time periods similar to that
of future projections. This provides valuable context for the observed ice-sheet behaviour over recent decades and important
natural baselines and constraints for models of current and future ice-sheet change.

The Holocene interglacial period presents the opportunity to study Greenlandic glacier behaviour across three distinct phases:
first, the recession of the GrlIS during the deglaciation following the Last Glacial Maximum (LGM) in response to rapidly
warming temperatures (11.7-8.2 ka BP); second, the response of the ice sheet to the Holocene Thermal Maximum (HTM,
8.2-4.2 ka BP), a protracted period when Arctic temperatures were 3 1 C above pre-industrial averages (Briner et al., 2016;
Kaufman and Broadman, 2023); and third, the neoglacial cooling that began as early as 6.5-6.3 ka BP (Davis et al., 2009)
and led into the Little Ice Age (LIA) where margins of the GrIS re-advanced from a Holocene minimum towards a pre-
industrial state (Kjer et al., 2022). Terrestrial studies have presented a detailed geological record of the GrIS margin evolution
across different regions (e.g. Kelly and Bennike, 1992; England, 1999; Funder et al., 2011; Larsen et al., 2019; Young et al.,
2021), culminating in a Greenland-wide reconstruction of ice-margin retreat during the early Holocene by Leger et al. (2023)
(PaleoGrIS). Furthermore, marine geophysical mapping and marine sediment cores have provided additional knowledge of
the timing of outlet glacier retreat and changing ice dynamics throughout the Holocene (Wangner et al., 2018; Reilly et al.,
2019; Jakobsson et al., 2018; O’Regan et al., 2021). This is especially timely as paleo ice-sheet modelling efforts are using

increasingly fine resolution (<3 km) in regional studies in order to accurately resolve fjord-scale glacier dynamics and to assess
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Figure 1. Amap of Northern Greenland highlighting the contemporary drainage basins of Petermann, Steensby, Ryder and Ostenfeld Glaciers
(Mouginot and Rignot, 2019). Paleo ice sheet margins of the Kap Fulford (>12.5 - 10 ka BP, pink) and Kap Warming Stade (>9.5 - 8 ka
BP, purple) are shown as described in the terrestrial study by Kelly and Bennike (1992). Small dashed lines indicate hypothesised marine

margins of GrlS, while large dashes are used to join data gaps.

the in uence of ice-ocean interactions on the GrIS throughout the Holocene (Briner et al., 2020; Kajanto et al., 2020; Cuzzone
etal., 2022).

Recognising the patterns and drivers of retreat during the Holocene, the current interglacial period, is especially pertinent
to the Northern Sector of the GrlIS. At the LGM, the ice sheet coalesced with the Innuitian Ice Sheet (England et al., 2006)
and likely extended out into the Lincoln Sea where ice streams emanating from the Nares Strait and the northern fjords likely
formed ice-shelf conditions (Dawes, 1986; England, 1999; Larsen et al., 2010). During the Holocene, this marine-based ice
system collapsed, as the GrIS decoupled from the Innuitian Ice Sheet and the northern outlet glaciers retreated back into thei
modern day fjords. Owing to the remote nature of the region and harsh sea-ice conditions, eld surveys have been sparse anc
sporadic (Koch, 1928; Dawes, 1977; Weidick, 1978). Based on available data in the early 1990s, North Greenland's Holocene
history was summarised into a series of "Stades" (Danish for stages) by Kelly and Bennike (1992) (Fig. 1). The Kap Fulford
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Stade relates to the most recent ice-sheet maximum, the Late Weichselian Glaciation, when the northern glaciers extended to th
outer fjords and the GrIS and Innuitian Ice Sheets remained coalesced in Nares Strait. The retreat from this last maximum ice-
sheet extent is proposed to have occurred >10.5 cal ka BP by O'Regan et al. (2021), after combining new marine radiocarbon
dates and existing terrestrial dates (Kelly and Bennike, 1992). The Warming Land Stade follows between >9.5 to 8 cal ka BP,
corresponding to a well-developed moraine sequence that represents a standstill of glacial retreat 20 - 60 km inland of the Kap
Fulford Stade. Finally, the Steensby Stade characterises the neo-glacial re-advance of the GrIS from its Holocene minimum
towards its most recent maximum in the LIA. While the onset of this re-advance is poorly dated, it may have occurred prior to
the late Holocene, perhaps as early as around 5.8 ka BP (O'Regan et al., 2021).

At present, Northern Greenland contains enough ice to raise global mean sea leveéd8 byn (Mouginot et al., 2019).
However, mass loss had been relatively subdued from the region until the 2000s, likely due to the buttressing of inland ice
provided by oating ice tongues limiting ice discharge (Hill et al., 2017; Millan et al., 2018, 2023). Since 1978, the region's
ice tongues have lost25% of their volume, with the notable collapse of Ostenfeld Glacier's ice tongue in 2003. Petermann,
Steensby and Ryder Glaciers remain buttressed by their oating ice tongues, yet have all seen grounding-line retreat and an
acceleration of ice discharge explicitly linked to increasing basal melt rates beneath the oating ice (Hill et al., 2018a; Millan
et al., 2023). During the Holocene, the ice tongues of Petermann and Ryder Glacier are believed to have disintegrated anc
retreated inland of the current grounding-line positions (Jakobsson et al., 2018; Reilly et al., 2019; O'Regan et al., 2021). Such
behaviour could serve as a potential analogy for the future evolution of the contemporary outlet glaciers, where the collapse of
their oating ice tongues may accelerate ice discharge and the region's contribution to global sea-level rise (Hill et al., 2018b;
Humbert et al., 2023).

Here we use the Ice-sheet and Sea-level System Model (ISSM; Larour et al., 2012) to explore the dynamics of Ryder Glacier
during the Holocene, constrained by unique marine sediment archives, mapped submarine glacier landforms and terrestria
evidence. Focusing on a single outlet glacier allows us to employ a model that resolves ice-ocean and grounding line dynamics
in high resolution (<1 km). This puts more con dence in our simulations and gives us the opportunity to provide a new, more
detailed understanding of how Ryder Glacier and its ice tongue responded to a warming atmosphere and ocean.

2 Ryder Glacier

Ryder Glacier currently drains the GrlIS into Sherard Obsorn Fjord (Fig 2), where a oating tongue ex@md80 km from
the grounding line and velocities peak at 500 mYy(Wilson et al., 2017; Hill et al., 2017). Sherard Osborn Fjord continues

70 km from the present day grounding line toward the Lincoln Sea, reaching a maximum depth of 890 m and containing
two shallow bathymetric sills; an outer (375 - 475 m below sea level) and inner sill (193 - 390 m below sea level), with the
latter thought to play a key role in shielding the glacier from sub-surface warm Atlantic Waters (AW) (Jakobsson et al., 2020;
Nilsson et al., 2023). The oating terminus has remained relatively stable since the 1990s, undergoing a cyclic pattern of slow
advance followed by retreat, potentially controlled by fjord geometry (Holmes et al., 2021). This stability has persisted despite

a retreat of the grounding line by8 km since 1992 (Millan et al., 2023).






