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A digital database for submarine glacial landforms and sediments formed in the Arctic during and since the Last
Glacial Maximum was created in order to facilitate and underpin new research on palaeo-ice sheets and tidewater
glacier dynamics. The glacimarine database (GlaciDat) documents and standardises evidence of previous glacial
activity as visible on the contemporary seafloor of fjords and continental shelves around Svalbard, Greenland,
Alaska, northernRussia and north of 66°300N inCanada andNorway. An extensive literature search was conducted
to create GlaciDat, which compiles nearly 60 000 individual submarine landforms, more than 1000 sediment cores
and 232 radiocarbon dates. Glacial landforms included are cross-shelf troughs, trough-mouth fans, grounding-zone
wedges, lateral moraines, overridden moraines, (mega-scale) glacial lineations, drumlins, crag-and-tails, medial
moraines, terminal moraines, debris-flow lobes (including glacier-contact fans), recessional moraines, De Geer
moraines, crevasse-fill ridges, eskers, hill-hole pairs, crescentic scours, and submarine channels. They were digitised
as point, line and polygon features alongside a list of their individual characteristics. Sediment core locations are
attributed with a description of the sampled lithofacies and sedimentation rates where available. Landforms and
sediments have been standardised according to predefined nomenclatures to make the glacial evidence as consistent
as possible. Marine radiocarbon dates were included when thought to be relevant for constraining the timing of
large-scale palaeo-ice dynamics. Outlines of bathymetric data sets, which have previously been used for glacial
geomorphological mapping, were also included to give an overview of already investigated research areas. GlaciDat
is available for download (https://doi.pangaea.de/10.1594/PANGAEA.937782) and will aid researchers in the
reconstruction of past ice dynamics and the interpretation of Arctic glacial landform–sediment assemblages.
Moreover, as well as providing a comprehensive bibliography on Arctic glacial geomorphological and
sedimentological research, it is intended to serve as a basis for future modelling of Arctic glacier and ice-sheet
dynamics.
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Palaeo-ice sheets have been the focus of many research
investigations in recent decades (e.g. Elverhøi & Solheim
1983;Svendsenetal. 1996;Landviketal. 1998;Anderson
et al. 2002; Howat & Domack 2003; �O Cofaigh et al.
2003, 2005; Bamber et al. 2007; Bradwell et al. 2008;
Roberts et al. 2013; Andreassen et al. 2014; Hughes et al.
2016) andunderstanding their configuration and extents
hasbecome increasingly important to reliablypredict the
future of the cryosphere. Numerous attempts have been
made, therefore, to reconstruct the dynamics of former
and present ice masses, utilising modelling (e.g. Huy-
brechts 1994; Pollard & DeConto 2009; Simpson et al.
2009), geological and geophysical evidence (e.g. Elverhøi
et al. 1993; Vorren & Laberg 1997; Svendsen et al. 1999;
Ottesen et al. 2005; �O Cofaigh et al. 2013; Streuff et al.
2017a, 2018) and the constantly growing information
available from satellite imagery (e.g. Joughin et al. 2004;
Farnsworth etal. 2016;Allaart etal. 2018;Arad�ottiret al.
2019). Ice sheets whose outlet glaciers terminate in the
ocean, such as the Greenland or the remainder of the
Svalbard–BarentsSea ice sheets,havereceived increasing
attention in recent decades, as they are particularly
susceptible to changes in ocean currents and increasing
air and water temperatures, and have therefore been

disintegrating at dramatic rates (Nuth et al. 2010; Zwally
et al. 2011;Rignotet al. 2015;Felikson etal. 2017;Morris
etal. 2020).The retreating icemasses, in turn, result in the
uncovering of more glacial evidence, and the warmer
temperatures as well as reduced sea-ice cover facilitate
research even in previously inaccessible fjords. This, as
well as advances in the development of geological/geo-
physical instruments, has led to awealth of publications
on the submarine landform–sediment assemblages
observed in front of modern tidewater glaciers and on
continental shelves. However, to date, the lack of both a
systematic approach and a coherent terminology have
made it rather impractical to make use of the existing
geomorphological and sedimentological evidence.

In an attempt to assemble the information published
to date, and to simultaneously provide a robust basis for
future investigations, we have now created GlaciDat, a
digital database of submarine glacial landforms and
sediment core records fromArctic fjords and continental
shelves. The database is available byweb download from
the PANGAEA repository (https://doi.pangaea.de/10.
1594/PANGAEA.937782). While GlaciDat is similar to
the Geographical Information Systems (GIS) database
for the lastBritish–Irish IceSheet (Clarketal. 2004,2018;
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Evans et al. 2005), and complementary to the DATED1
database of Hughes et al. (2016), it is new and unique in
terms of both geographical coverage and the diversity of
data included. It inventories previously mapped sub-
marine glacial landforms, sediments, associated radio-
carbon dates and outlines of bathymetric data used for
glacial reconstructions, while also providing a compre-
hensivebibliographyof the scientific literature relating to
the subject of Arctic glacial geology. This paper focuses
on the methodology used to create GlaciDat and
guidelines on how to use it, while a forthcoming paper
will review the evidence included and present a concep-
tual model of the landforms and sedimentary products
commonly observed in Arctic fjords.

Context

The glacigenic sediments and landforms found on the
seafloor of contemporary continental shelves provide
valuable insight into the dynamics of many palaeo-ice
sheets. Moreover, contemporary ice sheets are often
drained by fast-flowing tidewater outlet glaciers, which
therefore represent an important link between marine
and terrestrial environments (e.g. Holland et al. 2008;
Streuff et al. 2017a; Flink & Noormets 2018). The
landforms and sediments deposited in Arctic fjords by
such glaciers thus also play an important role in
reconstructing the response of former ice sheets to
large-scale climatic events.

Glacimarine depositional processes and glacial
dynamics are generally believed to be dependent on a
number of factors including, but not limited to, geo-
graphic setting and the resulting local climate, the
presence or absence of meltwater and icebergs, and the
internal glaciological structure of the ice (e.g. Powell
1984; Dowdeswell et al. 1998; Cowan et al. 1999;
Hambrey et al. 1999; Ottesen & Dowdeswell 2009).
Furthermore, particularly in Svalbard, many glaciers
have been found to undergo cyclic switches between
advance and retreat phases, so-called surges, which tend
to produce different landform assemblages than those
glaciersmoving as a result of climatic forcing (Ottesen&
Dowdeswell 2006;Streuffet al. 2015;Flinket al. 2017). In
consequence, there is currentlyaplethoraofpublications
on former ice-sheet margin positions, submarine glacial
landforms, glacigenic lithofacies and the glacimarine
sedimentaryprocessesobservedboth in fjordsandon the
open continental shelf. However, such data records are
wide-spread, highly variable in quality and often lack
uniformity, which makes them difficult to use. Data
limitations, variations in the style of landform and
sediment description and interpretation, and selective
presentation of the geomorphological record, among
other things, have caused the evidence to be inconsistent
and difficult to synthesise. Although efforts have been
made to conceptualise glacimarine sedimentation and
glacier dynamics (e.g. Powell 1981; Ottesen et al. 2008;

Forwick & Vorren 2011; Streuff 2013; Flink et al. 2015),
most such publications provide evidence from only
limited geographical areas and consider local or regional
environmental factors at best. It is therefore difficult to
fully comprehend the large-scale dynamicsof former and
contemporary ice sheetsdespite their relevance for future
sea level (Nick et al. 2010; Meredith et al. 2019; Fox-
Kemper et al. 2021).

In an effort to facilitate and motivate future research,
and to improve the robustness of forthcoming ice-sheet
models in particular, we have created the GlaciDat
database with the following objectives: (i) to provide a
general overviewof geographic areaswhere research has
already been conducted, which will help plan future
fieldwork and facilitate easy identification of areas with
data gaps; (ii) to compile geomorphological and sedi-
mentological evidence in a consistent manner, thus
offering easy access to the submarine glacial record in
theArctic; (iii) to combine radiocarbon dates relevant to
the evolution of ice sheets and glaciers during and since
the LastGlacialMaximum (LGM); and (iv) to provide a
comprehensive bibliography for glacial geomorpholog-
ical research by including references to relevant publica-
tions. The main intention is to encourage ice-sheet
modellers to make better use of glacial geomorpholog-
ical and sedimentological palaeo-data for testing and
compiling their models. Systematising this information
across different geographic and climatic settings within
one framework will not only simplify the comparison of
glacial landform–sediment assemblages across different
glacimarine settings,but shouldalsoensure thatprevious
work in a specific area is properly credited.

Content

GlaciDat is a compilation of submarine geomorpholog-
ical evidencepertaining to theLGMand theHolocene. It
includes the locations of previously published
multibeam-bathymetric data sets and sediment cores
(gravity, piston and vibrocores, as well as selected box
cores) recovered from fjords and continental shelves, the
submarine glacial landforms and lithofacies identified
fromthese data, aswell as radiocarbondates fromglacial
andglacimarine sediments.Datawere included fromwell
over 1100 published scientific articles, books, scholarly
reports, Bachelor’s,Master’s andPhD theses, cruise and
fieldwork reports, geological memoirs and institute-
specific scientific communications as far as they were
accessible (or obtainable directly from the authors) and
published up until the end of April 2021. Literature
researchwas exclusively conducted through internet and
library searches and by cross-referencing from other
papers and research works. Unfortunately, data from
publications only existing in hard copy in selected
international libraries or from articles published in
journals that were difficult to access could not be
included.
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As a combined terrestrial and marine database
containing all glacier-related features and information
is unlikely to ever be completed owing to the extensive
research that has been done both on- and offshore,
GlaciDat concentrates on the inclusion of submarine
landforms and sediments occurring in and on Arctic
fjords and continental shelves, and particularly those
formed during or since the LGM. We define the Arctic
as everywhere located north of the Polar Circle, i.e.
66°300N, but include all of Greenland, due to the fact
that its ice sheet remains active also at lower latitudes,
and all of the fjords in Alaska, because they are
regarded as the temperate end member of glacimarine
environments (Dowdeswell et al. 1998, 2016). An
overview of the areas considered for GlaciDat is given
in Fig. 1. The database focuses on glacigenic evidence
as visible on the modern seafloor; records from pre-
LGM glaciations were therefore generally excluded.
Selected landforms, such as iceberg ploughmarks,
corrugated ridges, pockmarks, rafts and mega-blocks,
and mass-wasting features along fjord walls, as well as
gullies and slide scars, were excluded. This is due to the
fact that, contrary to Antarctic settings, in the Arctic
these features do not provide direct evidence for ice
dynamics. Instead, they merely attest to the presence of
sufficiently deep-keeled calving icebergs, or a certain
degree of sediment redeposition and/or fluid seepage at
the seafloor (see e.g. Dowdeswell et al. 1993; Forwick &
Vorren 2012; Roy et al. 2015). Locations of sediment
cores were included as far as they provided stratigraphic
evidence for glacial or deglacial glacimarine environ-
ments and were published as such; sediment cores from
publications focusing on other research questions (e.g.
palaeoceanographic or sea ice reconstructions) were
only included when lithofacies were described and
interpreted as wholly or partially glacimarine in origin.
Unless they provide relevant evidence for previous ice-
sheet behaviour, such as sediment cores taken from
trough-mouth fans, cores from deeper water beyond the
continental shelf edge were not included, owing to the
fact that their lithofacies are often very complex and
sedimentary units are unlikely to be purely glacimarine
in origin. Sediment ages were usually limited to the
oldest reliable deglaciation date from a location.
Although dates obtained from cosmogenic dating on
terrestrial boulders, as well as radiocarbon dates from
former raised shorelines, often play an important role in
reconstructing glacial and sea-level change, such fea-
tures were excluded from the GlaciDat database, but
relevant publications were, nevertheless, included in the
provided bibliography.

It is important to emphasise that, rather than re-
evaluating and re-interpreting the already published
landform–sediment assemblages,GlaciDat aims to com-
bine the fragmented information into one easy-to-use
inventoryof actual geomorphological evidence as visible
on the present seafloor. Interpretations of previous

ice-sheet extents, flow dynamics and advance/retreat
mode were therefore not included in the database,
despite the fact that such information can be useful for
understanding the complex behaviour of former and
present ice masses. An example are changes in ice-flow
direction inferred from the observation of variably
orientated sets of streamlined subglacial bedforms (see
e.g. Andreassen et al. 2007; Piasecka et al. 2016) or the
assumption that an ice sheet retreated in a slow, step-wise
manner, based on the presence of grounding-zone
wedges and recessional moraines (see e.g. Ottesen &
Dowdeswell 2006; Batchelor & Dowdeswell 2015).

Methodology

GlaciDat was created as an ESRI ArcMapTM file
geodatabase set to the WGS 1984 World Mercator
projection. The file geodatabase was subdivided into six
feature classes based on feature geometry and type (see
also ‘Database setup’ below). Data entry into the GIS
project consisted of three steps: (1) georeferencing, (2)
mapping and (3) attributing.

Georeferencing was done by copying figures and
maps published in the academic literature, pasting them
into ESRI ArcMapTM and relocating them using the
georeferencing tool provided by the software. Although
in theory this should be a simple process, a surprisingly
large number of publications provide no or only insuf-
ficiently accurate coordinate data. As a consequence,
georeferencing figures by tick marks and grid lines was
seldom possible; more often it was necessary to use
topographic points along coastlines and/or large-scale
bathymetric features from (i) the ‘Imagery’ base map
provided by ESRI online (as of July 2021) or (ii) the
international bathymetric chart of the Arctic Ocean
(IBCAO, version 3.0; Jakobsson et al. 2012) as reference.
This method of georeferencing worked reasonably
well for the majority of data; however, the range of
projections and scales, as well as the inconsistent data
quality in the literature, further exacerbated by the fact
that map projections in the Polar areas are generally
difficult, led to quite variable georeferencing results
(see also the section ‘Location errors’ below). Using the
pasted and georeferenced figure as background, glacial
features were then digitised manually as points, lines
and polygons (Fig. 2), and were assigned attributes
through which all of the relevant information, as far as
documented in the literature, was summarised.

Database setup

Data layers

The GlaciDat database contains six main layers (= feature
classes) defined by feature type and feature geometry.
These are: (i) ‘Landforms_Points’, (ii) ‘Landforms_Lines’,
(iii) ‘Landforms_Polygons’, (iv) ‘SedimentCores’ (points),
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(v) ‘Dates’ (points) and (vi) ‘BathymetryOutlines’ (poly-
gons).Thegeometrywas chosen to reflect the typical shape
of a landform in the ocean, or was set according to the
shape the featureswere originallymapped as.These feature
classeshavebeenconverted into six separate layerpackages
available for download from PANGAEA (https://doi.
pangaea.de/10.1594/PANGAEA.937782). An accompa-
nying map package is intended as a user-friendly digital
map, which sorts the information into types of landforms
and by region using the query builder in ArcGIS�.
Regardless of whether one uses the layer packages or the
map package, the data within the database can be filtered
and customised based on user preference. The three
landform feature classes include a total of 17 landform
types, which represent the glacial features most commonly
observed in the Arctic (Fig. 2A). These are cross-shelf
troughs, trough-mouth fans, hill–hole pairs (mapped only
as polygon features), grounding-zone wedges, lateral
moraines, overridden moraines, glacial lineations, drum-
lins, medial moraines, terminal moraines, debris-flow
lobes, recessional moraines and crevasse-fill ridges and
channels (occurring as both polygon and line features), as
well as crag-and-tails, crescentic scours and De Geer
moraines (line features). A few crag-and-tails, grounding-
zone wedges and recessional moraines were also mapped
as point features if they were originally mapped as points
without clear information on orientation and extent,
which should be considered when querying the database
for these landforms. Sediment cores were digitised as
point features exclusively and were plotted in the location
of sediment cores with glacimarine lithofacies (Fig. 2B).
We chose to include only piston, vibro- and gravity cores,
as they usually provide better information on the long-
termsedimentary record than box cores and grab samples.
Nevertheless, selected box cores and grab samples were

included if they gave relevant information about the
post-LGM stratigraphy in a location. The radiocarbon
ages inGlaciDat (Fig. 2B)were plotted as data points into
the ‘Dates’ feature class andwerederived either fromcored
glacial sediments or from databases that were previously
published (see Hormes et al. 2013; Hughes et al. 2016).
Rather than recalibrating all radiocarbon ages at this
stage, we have included the raw, uncorrected dates
alongside corrected and calibrated ages (as far as
provided) in the attribute table, including information on
the calibration technique and the correction parameters.
GlaciDat users can therefore recalibrate ages with their
desired and customised calibration settings. The polygon
features in ‘BathymetryOutlines’ are outlines of previously
published bathymetry data derived from multibeam
echosounding (Fig. 2C), which have been used for glacial
geomorphological mapping. They thus provide an
overview of previous study areas.

Attributes

Each feature included within GlaciDat was attributed
with a range of characteristics to make sure that the
information is as comprehensive as possible. Standard
attributes allocated by ESRI ArcMapTM are ObjectID,
Shape, Shape_Length (lines) and Shape_Area (poly-
gons), which provide a unique identifier, as well as
information on the geometry and size of the features,
respectively. Owing to skewed measurements with the
Mercator projection, however, the information given in
the _Length and _Area columns does not reflect the
actual size of the feature and should be ignored. To find
out a feature’s actual size as mapped in the GlaciDat
database, reprojection of the feature into a different
projected coordinate systemwouldbenecessary.A range

Fig. 1. Overview of the regions used for GlaciDat. Glacial geomorphological and sedimentological evidence were included from everywhere
north of the Polar Circle (red line), as well as from all of Greenland andAlaska. Key regions are Alaska, Canada, Greenland, Northern Norway,
the Barents and Kara Seas, and Svalbard. 1 = Spitsbergen; 2 = Nordaustlandet; 3 = Edgeøya; 4 = Kvitøya. Background map is the ‘Imagery’
basemap, courtesy of ESRI Online.
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Fig. 2. Overviewof theGlaciDat databasewith thedifferent feature classes.A. Submarine glacial landformsdigitisedaspoints, lines andpolygons
in their respective feature classes. B. Sediment cores documenting glacimarine lithofacies in the Arctic and radiocarbon dates associatedwith ice
sheet dynamics since the LGM. C. Outlines of bathymetry data published and previously used for the interpretation of marine glacial
geomorphology.

BOREAS GlaciDat – a GIS database of submarine glacial landforms and sediments in the Arctic 5



ofadditionalattributeswasdefined foreach featureclass,
depending on its type. For the landform feature classes
these are: (i) type, which represents our classification of
each feature as one of the common landforms outlined
above; (ii) description, as given in the original publica-
tion; (iii) length; (iv) width; (v) height/depth, as far as
specified; (vi) thickness, where sub-bottom data were
available; (vii) spacing, only used for recessional mor-
aines; (viii) elongation ratio, only relevant for stream-
lined features; (ix) interpretation; (x) location; (xi) area;
(xii) region; (xiii) references, showing the source publi-
cation as well as any others that have mentioned the
respective landforms; (xiv)mapping accuracy to indicate
the approximate location error (see also ‘Database
limitations’below); and (xv)notes forgeneral comments.
Note that the attribute ‘interpretation’ was always used
to distinguish the authors’ original interpretation; if a
feature was re-interpreted for simplification purposes,
this was mentioned in the ‘notes’ attribute.

Additional attributes for the ‘SedimentCores’ fea-
tures are: (i) core name; (ii) core type; (iii) latitude; (iv)
longitude; and (v) water depth given in the publication;
(vi) recovery, i.e. length of the core; (vii) description,
displaying the authors’ sediment description; (viii)
lithology, where we applied a standardised facies code
according to a defined nomenclature (see ‘Standardis-
ation’ below); (ix) lithofacies, wherewe assigned one of a
total of eight lithofacies group codes (see ‘Standardis-
ation’ below); (x) depositional setting and (xi) sedimen-
tation or sediment accumulation rate (both abbreviated
SAR) as far as specified; (xii) location; (xiii) area; (xiv)
region; (xv) references; (xvi) calculated latitude; (xvii)
calculated longitude; and (xiii) notes. Attribute (i) was
set to distinguish between different cores and usually
includes the names of the cores as described by the
authors of the original source publication. However, as
cores are often termed ‘A’ or ‘Core 1’, core prefixeswere
defined for those cores to allow for easier distinction
between records. Where the information could be
deduced from the publications’ methodology sections,
thiswasdonebyadding the first letters of the nameof the
research vessel and the year the coreswere collected (e.g.
AH93- or POR0205- for cores taken from RV ‘Alpha
Helix’ in 1993 or RV ‘Porsild’ between 2002 and 2005,
respectively). If acquisition details were unclear, the first
letters of the author(s) and the year of the publication,
from which the cores were digitised, were used (e.g.
Po80- and ES83- for Powell (1980) and Elverhøi &
Solheim (1983), respectively). If the core prefix was
changed, this was flagged under the notes attribute.
Attributes (vii), (viii) and (ix)were set specifically tokeep
the distinction between our interpretation/classification
and the author’s original description as transparent as
possible.Although the sediment cores aswell as the dates
were added using the coordinates provided in the
literature, owing to georeferencing problems (see ‘Data-
base limitations’ below) the cores would not always

show up in the same place as the core locations provided
in overview maps from the original publications. This
was problematic when cores described to sample a
glacial till from a terminal moraine, for instance, would
plot hundreds of metres away from the moraine. This
issue was somewhat fixed by moving relevant core
locations to their associated landforms; in these cases,
the new position coordinates were recalculated in the
‘calculated latitude’ and ‘calculated longitude’ columns
(attributes xvi and xvii), while the originally supplied
coordinates were stored in the ‘latitude’ and ‘longitude’
columns of the attribute table (iii and iv). If core
coordinates were missing in a source publication, cores
were also digitised from the overview maps and approx-
imate coordinates can be inferred from the calculated
values in the database.

Attributes for thedatesprovidedstate: (i) thecore from
which the samplewas derived; (ii) which age is displayed,
with e.g. 8/8 meaning the lowermost reliable age out of
eight total dates retrieved; (iii) the assigned lithofacies
group; (iv) the sediment depth from which a sample was
taken; (v) the dating method, (vi) the sample material;
(vii) the calibration method; (viii) the uncalibrated,
uncorrected 14C age; (ix) the corrected age (raw age –
reservoir effect); (x) the calibrated age range and mean;
(xi) the uncalibrated date in ka BP (‘date displayed’),
intended to be used as a point label for a quickoverview;
(xii) theMarineReservoir Effect; (xiii) theDRused in the
source publication; (xiv) the implications for palaeo-ice
dynamics; and again, information on (xv) location, (xvi)
area, (xvii) region and (xviii) source publications as well
as (xix) notes. Although most dates were obtained on
cores included in GlaciDat and would therefore plot in
the same location, some dates were plotted using base
maps and/or very rough coordinates.As for the sediment
cores, the attributes (xx) ‘calculated latitude’ and (xxi)
‘calculated longitude’ were added to show the coordi-
nates for each data point. For dates located in Norway,
Svalbard and the Barents and Kara seas, an additional
attribute (xxii) ‘DATED ID’ indicates the ID of the date
within the DATED database; if this attribute is void, the
datewasnot included in theworkbyHughes et al. (2016).

Further attributes for ‘BathymetryOutlines’ include
information on: (i) the resolution of the originally
published grid; (ii) the type of instrument used during
acquisition; (iii) the location; (iv) the area; (v) the region;
and (vi) references to the original source publication.
Owing to projection issues, some bathymetric data
outlines in the central Arctic Ocean could only be
partially displayed or had to be separated into an eastern
and a western sector (see data from Niessen et al. 2013;
Jakobsson 2016).

Standardisation

Landforms. – Oneof themain objectives for creating the
GlaciDat database was the intention to make glacial
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geomorphological and glacimarine records more uni-
form across the literature, but also across geographic
regions. Therefore, although a re-interpretation of the
geomorphological evidence documented in the literature
was generally avoided, a certain degree of subjective
interpretation was inevitable. This is because, as previ-
ously mentioned, the lack of a coherent terminology for
glacial landforms causes a wide array of interpretative
terms in the literature. In order to standardise submarine
glacial landforms, GlaciDat therefore uses the list of the
17 most common landforms outlined above as cate-
gories (attribute = ‘type’) for the standardisation of the
geomorphological evidence within the database. This
means that features with similar morphologies and/or
formationprocesseswere includedasone type.Examples
are ‘channels’, which include turbidity-current and
meltwater channels, as well as tunnel valleys, and glacial
lineations and mega-scale glacial lineations, which were
subsumed into the ‘glacial lineations’ type, with the
elongation ratiogivenas a crucial attribute todistinguish
between the two (sensu Stokes & Clark 2002). Rock
drumlins, drumlinoid features and actual drumlins were
summarised in the feature class ‘drumlins’, while crag-
and-tails were grouped with streamlined bedrock. Fea-
tures of the ‘debris-flow lobes’ type may represent
glacier-contact fans or debris-flow lobes deposited on
the distal flanks of terminal moraines. Although debris-
flow deposits are considered to be the building blocks of
trough-mouth fans (e.g. Vorren & Laberg 1997; Dow-
deswell et al. 2002), the latter were mapped separately.
Trough-mouth fans are exclusively related to cross-shelf
troughs (Fig. 2A), which were mapped based almost
entirely on the work of Batchelor & Dowdeswell (2014).
Their location within GlaciDat is expected to be rather
broad,however,asoriginalmapswereproducedatascale
too small for exact georeferencing.

Although several of the different moraines in the
database could have been summarised as ‘ice-marginal
features’, different types were distinguished in order to
clarify their formationprocess and their relevance for the
reconstruction of past ice dynamics. Moraines are
particularly common glacial landforms, and terminal
moraines are especially important features for under-
standing the evolution of glaciers and ice sheets; hence,
they should be easily identifiable within the GlaciDat
database. Furthermore, although overridden moraines
are generally either terminal or recessional moraines
from aprevious ice advance/retreat, it is not always clear
which type they belong to.

The distinction between recessionalmoraines,DeGeer
morainesandcrevasse-fill ridges isquitedifficultbasedon
morphology alone. This is mostly due to the fact that
recessionalmoraines are highly variable in shape and size,
and often form complex patterns on the seafloor with
variably orientated ridge segments and a large degree
of branching and anabranching. This is especially
visible on the seafloor in front of Blomstrandbreen in

Kongsfjorden, central West Spitsbergen, for example,
where themore distalmoraines are perfectly transverse to
the fjordaxisandcross the entire fjordbasin,butproximal
ridges are short and more chaotically distributed (Fig. 3;
Streuff 2013; Streuff et al. 2015; Burton et al. 2016).
Similarly, De Geer moraines can have rather variable
orientations and lengths, where spacing tends to be
irregular (e.g. Zilliacus 1989; Lundqvist 2000; Streuff
etal. 2017b).Furthermore,notall crevasse-fill ridgesshow
a pronounced rhombohedral pattern (Streuff et al. 2015;
Flink et al. 2016), commonly regarded as their unique
identifier, so that a distinction between those moraines
formedthroughpushat theglacier frontand those formed
from squeezing of subglacial sediments into basal
crevasses is nearly impossible in some locations. As the
formation mechanism of De Geer moraines has been
debated inthe literature (Lundqvist1981,2000)withsome
suggesting ice-marginal processes (Boulton 1986; Blake
2000) and others favouring subglacial formation (Hoppe
1957; Zilliacus 1989; Beaudry & Prichonnet 1991), we
suggest classifying thosemoraineswith ambivalent origin
as De Geer moraines. Accordingly, some ridges within
GlaciDat were re-interpreted as De Geer moraines
(flagged in the ‘notes’ attribute).

Sediments. – Inconsistent descriptions and interpreta-
tions are not only a problem for glacial landforms, but
also apply to glacial sediments, which, despite the
availability of a clear nomenclature (Eyles et al. 1983;
Kr€uger&Kjær 1999; Benn&Evans 2010; Lee 2017), are
often described subjectively. To organise all sedimento-
logical data in a systematic manner within GlaciDat, we
have re-classified sediments described in the literature
according to a nomenclature suggested by Eyles et al.
(1983), which was modified to include more detail
(Table 1). These lithofacies were then related to a total
of eight main lithofacies groups (LG1–LG7, LGX) with
12 subgroups, which were defined on the basis of
commonly interpreted lithofacies in the glacimarine
realm; an overview is given in Fig. 4. Both the re-
classification and the lithofacies group (LG) allocation
reflect our own interpretation.

Database limitations

Owing to the fact that data for the GlaciDat database
were gathered from numerous standalone publications
rather than from research investigations undertaken as
partof a systematic survey, thereare somecaveats tokeep
in mind when using GlaciDat. The two overarching
caveats are data consistency and reliability, because, as
previously mentioned, the quality of the data presented
in the literature was extremely variable. As a result, the
data included in the database are subject to certain
limitations, which are described in more detail in the
following paragraphs.Wewould like to emphasise at this
point that theGlaciDat database is intended to provide a
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broad overview of glacial landforms and sediments
already documented in the literature and the user is
therefore advised to always refer to the cited literary
sources from which the features were derived.

Location errors

Depending on the quality of the maps used in the
literature, the georeferencing of certain features was not
always straightforward. In a number of cases selected
marks would align perfectly in one area, but would be
off by sometimes up to several kilometres in another
area. This could lead to considerable mapping inaccu-
racies. Unfortunately, coordinate points given in the
literature also frequently omit the seconds or the
decimal digits. With 60 arc seconds being equivalent
to up to ~900 m above 60° latitude, this may obviously
lead to rather substantial errors in location. In an
attempt to qualify the degree of inaccuracy for the
location of individual features, the attribute ‘Mapping
Accuracy’ was assigned to each feature class. For this
attribute four different values were defined: (i) accurate;

(ii) approximate; (iii) rough; and (iv) schematic (Fig. 5).
‘Accurate’ was used for information gathered from
actual georeferenced data, such as shapefiles and feature
classes provided by authors or available from the
internet, or for published figures and maps which could
be exactly aligned with prominent landmarks and
coastlines (Fig. 5A). In these cases, especially with the
data already including geospatial information, it is
relatively certain that the data plot in the correct
location and any errors will be in the range of a few
metres to some tens ofmetres in rare cases. The attribute
‘approximate’ was used for maps and figures that could
be georeferenced reasonably well in at least two points,
but could not be exactly aligned with the coastline or
other prominent landmarks (Fig. 5C). Where the map-
ping accuracy is set to this value, a location error of
generally <200 m and in very few cases up to 500 m to
1 km should be expected. Location errors of around
50–150 m were attributed ‘accurate to approximate’
(Fig. 5B). The mapping accuracy was set to ‘rough’
where published figures only included sketched or
drawn landmarks that could not be assimilated with

Fig. 3. Submarine retreat moraines in front of Blomstrandbreen, Kongsfjorden, NW Spitsbergen. Note the continuous, parallel and relatively
straight nature of the ridges in the east and themuchmore chaotic and discontinuous distribution in thewest. The little inset at the top right shows
Spitsbergenwith the location ofBlomstrandbreen and its retreatmoraines indicated by the small red rectangle. Bathymetry data used in this figure
were previously published in Streuff (2013) and Streuff et al. (2015).
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the true topography, or where, owing to large scaling
differences, georeferencing led to a very imprecise
alignment of topographic features (Fig. 5D). In some
cases, glacial features mapped by different authors
needed to be assimilated, as due to the poor quality of
reference points, they plotted in different locations. In
these cases, this was flagged in the ‘notes’ attributes and
the mapping accuracy was set to ‘rough’, for which an
error of up to around 3 km can be expected. For those
features with a location error margin of more than
3 km, the attribute ‘schematic’ was set. This was used
for data providedwithout coordinates and/or prominent
landmarks, and where information on the location of
the features needed to be derived from descriptions in
the text. With the aim of keeping the database as
comprehensive as possible, rather than excluding those
features, we chose to map a few schematic features in a
location deemed most likely to fit the description.
Unfortunately, in rare cases, location information for
specific features was completely absent from a publica-
tion, or maps had been reproduced at such a coarse scale
that even a schematic mapping could not be done. If this
was the case the datawere excluded fromGlaciDat as to
avoid unnecessary errors; nevertheless, the respective
publication was listed in the bibliography provided for
download alongside the database. It is also worth
pointing out that sometimes there is a discrepancy in
the mapping accuracy assigned to the landforms of the
same assemblage, particularly where crevasse-fill ridges

are involved. This is due to the fact that crevasse-fill
ridges are usually such small features that image-
resolution limitations prevented the exact digitisation
of previous mappings.

Interpretation errors

Although in recent years the description of glacial
landforms has become more systematic and an attempt
has been made to use a standardised terminology when
describing and interpreting glacial landforms, this is not
always the case. Especially in early publications, authors
often used their own descriptive terms and names for the
interpreted features, which leads to uncertainty when
comparing glacial features across the literature. An
example is the term ‘glacial lineations’,whichoften refers
only to elongate groove-ridge featuresmoulded into soft
sediments beneath the glacier, but is sometimes used as a
blanket term for streamlined features, including drum-
lins, crag-and-tails, mega-scale glacial lineations and
flutes. Furthermore, owing to the variable characteris-
tics of such features in the field, it is sometimes difficult
to assign a proper term to the observed landforms. As
a consequence, an array of descriptive terms such
as ‘drumlinoid features’ or ‘streamlined bedrock’ are
found in the literature, which made it difficult to assign
data to the specific layers within GlaciDat. To keep the
database as manageable as possible, we used our own
judgment on how to include a landform in GlaciDat,

Table 1. Lithofacies codes used in the GlaciDat database, modified from Eyles et al. (1983). Changes to the original lithofacies codes are
emphasised in italics.

Lithofacies
code

Description Lithofacies
code

Description

D Diamicts F Fines (silts and clays)
Dmm Matrix-supported, massive Fm Massive mud
Dmst Matrix-supported, stratified Fst Stratified mud
Dcm Clast-supported, massive Fstw Weakly stratified mud

Fl Laminated (<1 cm) mud
Dmstw Weakly stratified matrix-supported diamict Flw Weakly laminated mud
DmmstFm Matrix-supported, massive diamict stratified with

massive mud
Flv
FS/F(S)

Laminated mudwith rhythmites or varves
Sandy mud/mud with sand

DmmstFl Matrix-supported, massive diamict stratified with
laminated mud

FG/F(G)
Fd

Gravelly mud/mud with gravel
Pebbly mud

S Sands FmstSm Massive mud interlayered with massive sand
Sm Massive sand FmSp Massive mud with lenticular sand inclusions
Sfu Fining-upwards sand FststSm Stratified mud interlayered with massive sand
Scu Coarsening-upwards sand FststSngr Stratified mud interlayered with normally-graded
Sr Sandwith ripples sand
Sp Sand occurring as lenses or stringers FststSfu Stratified mud with fining-upwards sand

Additional Additional
(G) Gravelly d, (d) With (some) clasts/dropstones
(S) Sandy b, (b) With (some) bioturbation
(F) Muddy lo With loading structures
ng/rg normally/reverse-graded co convoluted, contorted
p lenticular bedding/occasional lenses x cross-lamination

BOREAS GlaciDat – a GIS database of submarine glacial landforms and sediments in the Arctic 9



Fig. 4. Common lithofacies groups identified in Arctic fjords with exemplary sediment logs and X-ray imagery, and associated lithofacies codes.
Lithofacies groups (LG) are numbered according to their relative distance to the ice margin, with the exception of LG2b-d and LG4b, which,
although common in proglacial andvery proximal settings,mayalso occur in ice-distal or entirelymarine environments, because their formation is
not exclusively related to glacial activity.
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which may have led to interpretation errors. Moreover,
as a consequence of poor or limited data, features may
have already been misinterpreted in the original pub-
lications. Since our intention was a compilation of
features described in the literature, presented data or
landforms were not double checked, unless interpreta-
tions could not be reconciledwith the evidence provided;
in these cases, we tried to contact the authors and
excluded the evidence if it was not verifiable. Neverthe-
less, such misinterpretations may have been transferred
to the database.

Asmentioned above, some interpretations on our part
were deemed necessary to maintain consistency across

the GlaciDat database. Particularly where we assigned
nomenclature codes and lithofacies group-codes to
glacimarine lithofacies, there is always the possibility
ofmisunderstanding the presented evidence, particularly
whendescriptionswere lackingdetail and supplementary
data were incomplete (e.g. missing X-radiographs, core
logs). Moreover, when mapping previously unmapped
featuresbasedononly thepublishedbathymetry, variable
image quality could lead to the misinterpretation of
features. Although these re-interpretations and poten-
tially resulting errorswere usually flagged in the features’
attributes, the reader is encouraged to double check the
source publications in cases of uncertainty.

Fig. 5. Examples of the mapping accuracy resulting from variable map quality in publications and from projection issues at high latitudes. The
panels showexamples of the attributes used todefine the location errorwithinGlaciDat.A.Accurate– true locations canbeoff bya fewmetres to a
fewtensofmetresatmost (modified fromOttesen&Dowdeswell 2006).B.Accurate toapproximate– the locationerror is in the rangeof~50–150 m
(modified fromFlinket al. 2017).C.Approximate – the location error is generally less than200 m (modified fromFransneret al. 2017).D.Rough–
true locations may be off by a distance of up to 3 km (modified fromHogan et al. 2010).
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Mapping inconsistencies

Particularly in areas where several studies have been
carried out, there is often an inconsistency in the way a
landformhasbeenmapped.Dependingonthe resolution
of the bathymetric data, landforms can appear more or
less defined and the mapping of landforms remains a
rather subjective undertaking in general. A common
example is a glacier’s terminal moraine, which has
sometimes been mapped as a larger area and sometimes
as a single line. Recessional moraines and glacial
lineations are another example, where several smaller
features identified byone author may have beenmapped
asonlyasingle linebyanotherauthor.Becauseconfusion
would ensue if each individual landformwas included in
adatabaseas comprehensiveas theonepresentedhere, in
areas of overlap the features or mapping extent of only
one publication (usually the earliest) were included; this
is flagged in the ‘notes’ columnandalternativemappings
can be derived from the list provided in the attribute
‘references’.

Human error

TheGlaciDatdatabase isaproductofhumanworkand is
therefore prone to human error. Regardless of how
conscientiously the literature research was conducted,
we are likely to have missed several publications that
should have been included. Furthermore, some human
errors were detected in the already published literature,
such as transposed digits, mix-ups of latitude and
longitude, mislabelled figures, etc. Although we tried to
correct these where possible, some errors will inevitably
have been transferred to the GlaciDat database.

Conclusions

We present a new and unique digital database of
submarineglacial landformsandsediments in theArctic,
i.e. from fjords and the surrounding continental shelves
in all of Svalbard,Greenland, Alaska, the Barents, Kara
and Laptev Seas, as well as north of 66°300N latitude in
Norway, and Canada. The purpose of this glacimarine
database, GlaciDat, is to compile previously published
information in a comprehensive, easy-to-use inventory,
that is intended to standardise previous records and aid
and stimulate future research. It includes evidence
documented from the contemporary seafloor, but is not
an attempt to reconstruct ice-sheet margins or previous
ice dynamics. Because the glacial landforms and sedi-
ments in the Arctic have never been compiled in such a
systematic manner, there are some limitations to con-
sider when using GlaciDat: (i) owing to issues with
projection and geographic referencing, the landforms
may not always plot in exactly the right location; (ii)
discrepancies exist where several publications have
mapped the same morphological features or described

the same sediments –we have usually chosen the earliest
mapping or interpretation and have referred to the
alternative publications; (iii) systematically going
through the literature and trying to gather data in a
consistent manner was a very large project and it is
therefore likely that some of the evidence was misrepre-
sented or overlooked; and (iv) apart from selected
features, such as iceberg ploughmarks, corrugated
ridges, pockmarks and submarine gullies as well as slide
scars andmega-blocks,whichwere deliberately excluded
from theGlaciDat database, any evidencemissing is due
to the fact that: (i) it wasneither published inmap format
nor could it be derived from the published source data;
(ii) the landforms and/or sediment cores were already
mapped from an alternative publication; (iii) it was
overlooked; or (iv) we could not get access to the source
publication. In case of the latter two, these references
would also be missing from the bibliography provided
alongside the database.A last reason (v) for datamissing
from GlaciDat is that the information given in a source
publication was insufficient for geographic referencing,
which most often involved insufficient tick marks in
locationmaps, as theprojectiondifficulties inpolar areas
necessitate the use of coordinate information along all of
the edges of a map.

GlaciDat is intended as a helpful tool for future
research. Its components, i.e. all data layers and sublay-
ers as well as a full bibliography, are freely available for
download at the PANGAEA data repository (https://
doi.pangaea.de/10.1594/PANGAEA.937782). It is our
intention to update GlaciDat periodically to extend the
available feature layers, include new publications and
correct previous errors. Readers and researchers are
therefore strongly encouraged to contact the lead author
with suggestions for necessary data revision or newly
published evidence. Input on other useful features to
include is also much appreciated and collaboration
desired. Our long-term goal is to create an interactive
glacial database that, over time and through intensive
collaboration with researchers and/or other database
authors, will include all data relevant to glacial research,
includingalso terrestrial landformsand sediments, deep-
sea cores, geological maps, information on past ice-flow
directions, etc., and which can be used in an interactive
manner.
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