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We know less about subglacial meltwater flow properties in distributed inefficient and semi-efficient systems in
comparison to those of ice marginal eskers and proglacial environments. While previous studies have indicated
the overall common presence of upper-flow-regime (UFR) bedforms in glacigenic settings, facies expressions of
subglacial meltwater flows remain poorly documented. Three ca. 3 m deep and up to 70 m long trenches exca-
vated across a triangle-shaped subglacial landform called a murtoo in a Lateglacial to Holocene meltwater
route in SW Finland provide a detailed window into sedimentary structures presumably formed ca. 40–50 km
away from the coeval subaqueous margin of the Fennoscandian Ice Sheet (FIS). The aim of this paper is to docu-
ment small-scale bedforms, which formed subglacially by meltwater flow and to characterize the proximal and
central parts of the studiedmurtoo during its early evolutionary phase. We defined seven main facies types that
characterize the depositional processes of the unit. Overall, the studied deposits reflect increasing meltwater de-
livery through time and are characterized by abrupt lateral changes in sedimentary structures and grain size.
While the initial deposits are dominated bymassive and horizontally laminated silt with sand lenses interpreted
as lower-flow-regime deposits, the latter sediments are characterized by sinusoidal stratification, sigmoidal
cross-stratification and scours with backsets or chaotic fill interpreted as deposits of antidunes, humpback
dunes, chutes-and-pools and cyclic steps of the upper-flow regime. The upper-flow-regime bedforms developed
on a 1 m high and 15 m long bed slope and are associated with the formation of a short-lived enlarged water-
filled cavity or pond, where supercritical density flows allowed for the deposition of upper-flow regime
bedforms. Thefinal coarse-grainedmurtoo head-bar development, characterized byplanar-cross stratified gravel
and pebbly sand, indicates avalanche processes that were controlled by grain size.
Our results confirm that the core of the murtoo is depositional and meltwater processes played a key role in its
deposition. Despite the subglacial setting with a subaqueous ice-sheet margin, the meltwater flow was not per-
manently characterized by pipe-flow conditions. Overall, the findings contribute to the understanding of semi-
distributed subglacial meltwater systems during the retreat of a continental ice sheet (FIS) in a rapidly warming
climate.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Subglacial drainage systems form an important component in un-
derstanding glacier motion during climate warming (e.g., Schoof,
.V. This is an open access article und
2010; Werder et al., 2013; Andrews et al., 2014; Nienow et al., 2017;
Hart et al., 2022; Ravier et al., 2022; Simkins et al., 2023). In comparison
to ice-marginal tunnel channels/valleys and eskers, the nature of sub-
glacial meltwater routes remains poorly understood. As subglacial envi-
ronments are difficult to monitor directly, glacial landforms and their
sedimentary structures can provide critical information about the past
glacial hydrology and help to characterize the spatial and temporal evo-
lution of subglacial drainage systems (Hooke, 2019).
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Recent advances in LiDAR-based (light detection and ranging) land-
form mapping have shed light on the dynamics of glacier meltwater
routes during the Weichselian deglaciation, extending tens of kilome-
ters below the Fennoscandian Ice Sheet (FIS) (e.g., Mäkinen et al.,
2017; Peterson and Johnson, 2017; Dewald et al., 2022; Ahokangas
et al., 2021; Peterson Becher and Johnson, 2021; Ojala et al., 2022).
Lately, a distinct triangle or V-shaped subglacial landform called
‘murtoo’ was described in the FIS area in Finland and Sweden
(Mäkinen et al., 2017; Ojala et al., 2019; Peterson Becher and
Johnson, 2021). These landforms were formed in areas with exces-
sive meltwater delivery to the bed during warming climate and
rapid retreat of the continental ice sheet. Murtoos generally occur
in clusters and along meltwater corridors, pointing out an important
role of subglacial hydrology in their formation (Ojala, 2019). Based
on their spatial distribution in the FIS area, morphometric relation-
ship with meltwater corridors, eskers, and ribbed moraines, as well
as internal sediment characteristics, it has been proposed that
murtoos represent a transitional form between inefficient non-
channelized (distributed) and efficient channelized (esker tunnels)
subglacial drainage systems (e.g., Ojala, et al. 2019, 2021, 2022;
Peterson Becher and Johnson, 2021).

According to the current understanding, murtoos are subglacially
formed depositional landforms with erosional sides and triangular
heads. Previous observations have suggested that murtoos and
murtoo-related landforms can be diverse including triangle-type,
chevron-type and lobate-type murtoos, which are often associated
with ridges and escarpments (Ojala et al., 2021). They consist of sorted
and stratified sandy sediments and coarser diamictic material (Peterson
Becher and Johnson, 2021; Ojala et al., 2022). The hypothesis is that
murtoos are depositional landformswith erosional sides and heads, ini-
tially formed in a network of low canals and conduits or cavities with
fluctuating stream flow likely over 50 km from the ice margin
(Mäkinen et al., 2019, 2023). Their sediments exhibit an increasing in-
fluence from repeated influxes of glacier meltwater distributed in wid-
ening broad and low conduits with increasing sediment transport over
short distances, thus suggesting shifting toward semi-distributed drain-
age (Mäkinen et al., 2019, 2023; Ojala et al., 2022). However, their inter-
nal structures and genesis remain inconclusively documented and
understood. In general, glacigenic environments are typified by tempo-
rally powerful meltwater discharge, which varies on short time scales
(from hours to seasons, e.g., Shepherd et al., 2009; Bartholomew et al.
2010). The strong discharge, especially when associated with shallow
water depth, favors the development of near critical to supercritical
flow conditions, where the Froude number (a ratio of inertial to gravita-
tional forces) approaches or exceeds unity (e.g., Allen, 1982; Lang et al.,
2021a, 2021b). When coupled with high sediment supply, upper-flow-
regime (UFR) bedforms—e.g., upper-stage-plane beds, antidunes,
chutes-and-pools and cyclic steps—may be preserved. Upper-stage-
plane beds are expressed by horizontally stratified sand, which consists
of low amplitude bed waves or sheets (Paola et al., 1989; Best and
Bridge, 1992). Such beds can gradationally overlie sigmoidal cross-
stratification (deposited by humpback dunes or downslope migrating
antidunes), recording the transition between dunes and upper-stage-
plane beds or stable antidunes (e.g., Saunderson and Lockett, 1983;
Fielding, 2006; Lang and Winsemann, 2013). Stable antidunes have an
in-phase relationship with the upper boundary of the flow until the
wave steepens and starts breaking (e.g., Kennedy, 1963; Hand, 1974;
Allen, 1982; Alexander et al., 2001; Spinewine et al., 2009; Cartigny
et al., 2014). Depending on grain-size and Froude number they may
be either stationary ormigrate upslope or downslope. The resulting sed-
imentary structures may consist of sinusoidal stratification, low-angle
cross-stratification or shallow scour-fills with backsets. Chutes-and-
pools and cyclic steps develop under higher Froude numbers and are
characterized by unstable flows with alternating supercritical and sub-
critical flow stages separated by hydraulic jumps (see Slootman and
Cartigny, 2020 and Slootman et al., 2021 for reviews). While cyclic
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steps form trains of bedforms with a constant distance, chutes-and-
pools appear to bemore transient featureswith erratically occurringhy-
draulic jumps (Lang et al., 2021b; Slootman et al., 2021).

Previouswork has demonstrated that UFR-bedforms are common in
glacial environments both in subaqueous and subaerial settings includ-
ing proglacial environments (Hirst et al., 2002; Russell et al., 2003, 2007;
Winsemann et al., 2009, 2018; Girard et al., 2012; Lang andWinsemann,
2013; Dietrich et al., 2016; Lang et al., 2017b; Ghienne et al., 2021) as
well as subglacial eskers and tunnel channels/valleys occurring near
the ice-sheet margin (Brennand, 1994; Burke et al., 2008, 2010; Fiore
et al., 2002; Lee et al., 2015; see Lang et al., 2021b for review). In con-
trast, subglacial drainage systems and their sediments, developing
tens of kilometers away from the ice-sheet margin, are only poorly doc-
umented (e.g., Simkins et al., 2023). In case of fully water filled cavities
or conduits, pipe-flow conditions may occur suppressing the develop-
ment of most UFR bedforms (Banerjee and McDonald, 1975; Cartigny
et al., 2014; Lang et al., 2021b). However, density flows may develop
in subglacial ponds or lakes (e.g., McCabe and ÓCofaigh, 1994; Munro-
Stasiuk, 2003; Hodgson et al., 2009; Remmert et al., 2022), leading to
the deposition of supercritical bedforms (cf. Fedele et al., 2016; Lang
et al., 2021a, 2021b; Winsemann et al., 2021).

The meltwater flow properties and its spatial and temporal evolu-
tion in subglacial semi-efficient drainage systems are controlled by dif-
ferent parameters (e.g., Simkins et al., 2023). Most notably, the
meltwater flow in subglacial semi-efficient drainage systems is strongly
affected by the pressure generated by the weight of the overlying ice,
influencing water flow orientation and its velocity. Moreover, the shal-
low space formingbelow the ice and bed/bedrock is continuously evolv-
ing, being controlled by short-lived and seasonal changes in meltwater
discharge and resulting changes in drainage efficiency and effective
pressure (Lesemann et al., 2010). Drop in the water pressure leads to
creep closure and ice–bed coupling complicating the formation of per-
manent channels (e.g., Schoof, 2010). Another important challenge is
glacial erosion and deformation, which may inhibit preservation of the
original sedimentary structures in subglacial settings. Earlier sedimen-
tological studies on murtoos in Finland have concentrated on the distal
parts characterized by boulders (Mäkinen et al., 2023). Peterson Becher
and Johnson (2021) report sorted sandy and silty sediments from
murtoo interiors in southern Sweden, but these sediments do not
show clear sedimentary structures deposited by meltwater and are
more heavily deformed by ice.

Here, we report well-preserved sediments deposited by subgla-
cial meltwater flow from a triangle-type murtoo (Ojala et al., 2021)
along a Lateglacial to Holocene subglacial meltwater route in SW
Finland, deposited presumably 40–50 km (Ojala et al., 2019) away
from the coeval subaqueous ice-sheet margin. While Ojala et al.
(2021) and Mäkinen et al. (2023) excavated murtoos perpendicular
to their long-axes and close to the triangular tip of the murtoo, the
present excavation was conducted longitudinally through the entire
murtoo from its proximal to distal side, supplemented with proximal
and distal trenches perpendicular to the long-axis of the murtoo
(Fig. 1). The purpose of the paper is twofold: i) to contribute to the
understanding of the genesis and early evolutionary development
of themurtoo landform and the transition from inefficient toward ef-
ficient meltwater delivery systems and ii) to document the diversity
of small-scale subcritical and supercritical bedforms deposited by
the meltwater in shallow (semi-)distributed subglacial meltwater
drainage systems.

2. Study area and methodological approach

Our study site lies within the area covered by the Baltic Sea Ice Lobe
of the FIS during the Late-Weichselian to Holocene deglaciation (Palmu
et al., 2021; Stroeven et al., 2016) (Fig. 1). The area was deglaciated be-
tween 10.8 and 10.9 cal ka BP (Stroeven et al., 2016) and is character-
ized by several subglacial meltwater corridors (Ahokangas et al.,



Fig. 1. A) The location of the studied triangle-type murtoo along a subglacial meltwater route in the Lake Sääksjärvi vicinity in SW Finland. B) Distribution of triangle-type murtoos in
Sweden (Ojala et al., 2019), all types of murtoos (Ojala et al., 2021) in Finland, and the main ice-flow patterns (black lines) and the ice-marginal formations (green lines) in Finland
(Boulton et al., 2001). C) The studied murtoo in Myllykoski is orientated along ice-flow direction and has a relief of 2–3 m above the surrounding area. The hill-shaded digital elevation
model is based on onsite measurements of LiDAR with 0.1 m resolution.
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2021) in association with the Lake Sääksjärvi. Murtoo fields in the area
are associatedwith thesemeltwater routes, alongwith an abundance of
hummockymoraine fields. The proglacial water depth reached approx-
imately 100 m during the time of deposition (Ojala et al., 2013). The
presently studied triangle-type murtoo is ca. 40 m wide, 80 m long
and has a relief of about 2 m (Figs. 1C, 2). As a common feature for the
triangle-type murtoos, the longitudinal profile is asymmetric with a
shorter and steeper distal slope compared to the longer and gentler
proximal slope (Ojala et al., 2019) (Fig. 1C). The sides of the murtoo
are straight and steep, and a tip of the murtoo is oriented parallel to
the ice-flow and meltwater route direction (Fig. 1A). The proximal
side at the western end of the murtoo comprises a shallow fan-shaped
3

hollow, which may represent a subglacial erosional area that is related
to the murtoo forming process (see Mäkinen et al., 2017, 2023).

Prior to excavations, the triangle-type murtoo was scanned with a
terrestrial LiDAR system and studied with a GSSI SIR-3000 ground pen-
etrating radar (GPR) using a 200 MHz antenna. The murtoo sediments
were investigated by trenching 2–4mwide and up to 3m deep sections
perpendicular and longitudinal to the landform (Fig. 1C). The position
and elevation profiles of these trenches were measured with real-
time-kinematic (RTK) GPS. The trench bottom was excavated deeper
in 3 test pits, reaching the underlying till and groundwater table
(Figs. 2A, 3). The till bed and the bedrock level along the trenches
were interpreted from the GPR profiles.
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Fig. 2.A)Distal–proximal cross-section of the studiedmurtoo illustrating stratigraphic units (A–G) and locations of the sedimentological logs. This study concentrates onUnit C that contains Sub-
units C1 (silt dominated) andC2 (sand-dominated). B) A photo-panorama illustrating characteristics of Sub-unit 2. Note the bed-slopewith apparent eastward dipping orientation. See Figs. 7 and
8 for facies details. C) Selected sedimentological logs covering the studied interval. Clast measurements (rose diagrams) and paleocurrent measurements from cross-stratification (arrows) are
shown. Note that the present profile is drawn from the southern wall of the excavated trench, thereby pointing to the opposite direction than presented in the index map (Fig. 1).

J. Hovikoski, J. Mäkinen, J. Winsemann et al. Sedimentary Geology 454 (2023) 106448
Documentation of the excavated exposures was done by photo mo-
saics and logging of sections to reconstruct the sedimentary facies and
lateral facies relationships along the triangle-type murtoo system. Out-
crop descriptions include data on bed dip, grain size, sorting, roundness,
clast fabric, sedimentary structures and bed geometry. The fabric nota-
tion uses symbols a and b for the clast long and intermediate axes.

3. Results and interpretation

3.1. Depositional units of the studied murtoo

The studied murtoo can be divided into 7 main depositional units
(Units A–G; Figs. 2A–C, 3, 4A–D). Below, each unit is first briefly
4

summarized. The main focus of the study, Unit C, is subsequently de-
scribed and interpreted in more detail.

The lowermost Unit A comprises a regionally continuous, bluish silty
till bed that rests on bedrock. The unit is sharply overlain by Unit B that
forms a continuous, horizontal base of the murtoo and is generally
poorly exposed but can be divided into two subunits (B1 and B2).
Based on GPR profiles and test pits, the unit is 1.0–2.5 m thick (Fig. 3).
Subunit B1 consists of poorly sorted and crudely horizontally stratified,
bouldery gravel (Fig. 4A) pointing to winnowing by flowing water and
lag formation.

The lowermost gravel on top of the silty till is silty and wet, and the
largest clasts are subrounded to rounded (Fig. 4D). The largest boulders
are bladed and horizontally orientated. The c-axis is ca. 0.5 m long,



Fig. 3. Proximal cross-section of themurtoo. The cross-section is based on GPRwith 200MHz antenna (0.15m resolution) and reference data from trench 1 and Pit 3. Unit B represents the
meltwater route deposits and Unit C the murtoo sediments studied herein. A bouldery channel fill with clay (Unit F) separates the studied murtoo from the overlapping, neighboring
murtoo. The depth scale of the GPR profile is corrected below the groundwater table.
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whereas the a-axis length can exceed 1.0m. Horizontally oriented boul-
ders often show well-polished upper surfaces suggesting contact with
overlying ice and abrasion. The cross-section across the head of the
murtoo reveals a locally arched architecture with crude stratification
of the largest clasts (Fig. 4A). Arched architecture (1–2 m high and 4–
10 m wide) is also a common feature outlined from the proximal GPR
profile (Fig. 3).

Subunit B2 is characterized by upward fining, weakly stratified peb-
bly sand that contains laterally discontinuous lenses of clast-supported
pebbles/cobbles and pebbly sand. Clasts are subangular to subrounded.
The subunit also includes patches of structureless silt or silty fine sand.
The stratification is characterized by crudely inclined beds with appar-
ent dip toward the East (i.e., parallel to the murtoo axis toward the
head of the murtoo) or weakly defined troughs revealed by cobble
lags. The contact between subunits B1 and B2 is gradational and it is dif-
ficult to separate them from the GPR profiles. Unit B is interpreted to
represent deposition along the wider meltwater route with develop-
ment toward a semi-distributed drainage system represented by the
overlying murtoo.

Unit C sharply overlies Unit B and forms the main body of the
murtoo. It can be subdivided into Sub-units C1 and C2 (Fig. 2). Sub-
unit C1 is dominated by silt and sand, 0.6–1.0 m-thick and ~45 m long,
forming most of the sediment volume in the proximal part of the
murtoo (Fig. 5A–C). It continues laterally along the whole proximal
cross-section until it becomes eroded by marginal channels (Unit F) of
the murtoo. Upward and toward the distal tip, Sub-unit C1 is replaced
by sand dominated Sub-unit C2. Around profiles P4 and P5 (Fig. 2A,
B), an eastward dipping bed slope occurs. The slope has a relief of ~1
5

m and continues laterally for ~15 m. Sub-unit C2 terminates near the
murtoo tip, where it consists of inclined gravelly sand beds that onlap
a trough-shaped depression several meters wide on the top of the un-
derlying unit B2 (Fig. 4A, C). Moreover, in its distal end, Unit C2 is over-
lain by a laterally restricted occurrence of compacted diamicton (Unit D;
Figs. 2A, 4C). This diamicton represents the final sedimentation in the
proximal half of the central murtoo. The subsequent, channelized melt-
water flow bypassed the central zone along the northern and (to minor
degree) southern margins of the murtoo and is characterized by
erosionally-based upward-fining successions consisting of boulders,
gravel and sand (Unit E; Fig. 4A, B). Muddy, clay-rich sediments repre-
sent thefinal deposition in themarginal channels (Unit F) and represent
the abandonment and the end of murtoo sedimentation. The murtoo is
mantled by a loose, 0.5–1.0 m-thick, bouldery diamicton (Unit G) that
has been altered by later shoreline processes, bioturbation, podsol soil
development and frost-heave. This study focuses on the lateral and ver-
tical facies relationships of Unit C that form themain body of themurtoo
(Fig. 2A–C).

3.1.1. Facies of Unit C
Unit C is composed of 7 facies types (F1–F7) described and

interpreted in Table 1 and illustrated in Figs. 5–8. Generally, Unit C is
silt-dominated in the proximal part (Sub-unit C1) and gets sandier to-
ward the distal end (Sub-unit C2). Laterally, toward the sides of the
murtoo, Unit C shows slump-folding and other syn-sedimentary soft-
sediment deformation that is restricted to specific beds.

Sub-unit C1 is characterized by decimeter-scale beds comprising
interlaminated silt and very fine to fine grained sand, with local mm-



Fig. 4. Deposits from the distal head of the murtoo. A) View from the distal cross-section toward the murtoo tip. Note the head bar sediments (F7, Sub-unit C2) on top of the meltwater
route deposits (Unit B), bouldery channel deposits (Unit E) and the topmost loose diamicton, covering thewholemurtoo (Unit G). B) Closer image of bouldery channel fill deposits close to
the murtoo tip. Flow direction is indicated with an arrow. C) Deposits in the southern part of the distal cross-section. Note the arched deposits of Unit B and lateral, stratified head bar
deposits (Unit C2) overlain by diamicton (Unit D). Unit D was partly eroded by a channel along the murtoo margins (Unit E). The murtoo and its marginal channel fill are topped by a
loose diamicton (Unit G). D) Poorly sorted gravel of Unit B with leaking groundwater in Pit 3 close to the tip of the murtoo. Unit B represents deposition within the meltwater route
prior to murtoo formation. Note the lack of clayey, fine-grained matrix and roundness of the clasts.
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scale sand lenses (F1) (Fig. 5A). In addition, structureless-appearing up
to 5 cm thick silt beds with pebbles derived from the ice-roof (F1) as
well as lenticular beds of sandy gravel (F6) are locally present. The
lenses are commonly 30–50 cmwide and ~10 cm thick. Finally, subordi-
nate facies include ripple-scale climbing bedforms with apparent west-
ward (upstream) climbing direction (F2) and sinusoidally stratified
medium-grained sand (F3) (Fig. 5A–D; Table 1). The clast fabric shows
dominance of transverse clast orientation (a-axis N–S oriented, Fig. 2C).

Sub-unit C2 comprises silt-laminae and interbeds (F1), ripple-scale
symmetrical or climbing bedforms (F2), sinusoidally stratified sand
(F3), scours with structureless or backset-cross-stratified pebbly sand
(F5), sigmoidal cross-stratification (F4), and trough and planar cross-
stratification (F7) (Figs. 6–8; see below). The large-scale (~80 cm high
and several meters wide) cross-stratification shows E–NE oriented
cross-strata in the distal end, whereas the sigmoidal cross-
stratification is oriented toward the E–ESE, following broadly the east-
ward dipping bed slope as well as the general orientation both of the
meltwater route and the murtoo landform (Fig. 1A and C). Upcurrent
(W–SW) oriented cross-stratification occurs in scour fills or as small-
scale climbing bedforms (see below). Clast fabric measurements show
common transverse clast orientation (a-axis N–S oriented), but with in-
creasing scatter and flow parallel clast orientation (Fig. 2C).
6

On the bed slope, the deposits become typified by abrupt lateral
changes in sedimentary structures and grain size associated with cm-
to dm-scale changes in bottom topography (Fig. 2B). The irregular to-
pography is primarily formed by lateral trains of erosional scours
separated by convex surfaces. The individual facies commonly form
compound bedforms and facies transitions; these occurrences are sum-
marized below.

3.1.2. Lateral and vertical associations of sigmoidal cross-stratification (F4)
and sinusoidal to subhorizontal stratification (F3)

Down-current (E–SE) migrating sigmoidally cross-stratified fine to
very coarse-grained sand (F4) occurs on an eastward-dipping bed
slope, either overlying a flat surface with a sandy silt drape on the
upper portion of the slope or a scour fill (20 cm wide and 60 cm deep)
near the base of the slope (Figs. 6A, B and 7A, B, C). The deposits com-
monly display differentiation into topset, foreset and bottomset lami-
nae. Topset laminae are subhorizontal to sinusoidal and the contact
between foreset and topset laminae may be erosional or transitional.
Vertically stacked cross-sets are developed on the upper portion of the
slope,which are separated by an erosional surface. The lower foreset de-
posits downlap onto the basal surface and display a transition between
convex foreset beds and subhorizontal topset beds with rising and



Fig. 5. Facies examples of Sub-unit C1. A) Deformed silt–sand heteroliths showing loading and slumping toward the northern lateral margin of the murtoo (F1). View toward the West.
B) Example of sinusoidal stratification overlain by deformed silt–sand couplets. C) Ripple-scale climbing bedforms with apparent upstream oriented (West) climbing orientation. View
toward the south. D) Structureless mud bed with pebbels . View toward the south. E) Lenticular sandy gravel. View toward the south.
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falling brink trajectories (Fig. 6B). This sigmoidal cross-set is erosively
overlain by smaller-scale straight foreset beds, which in turn are
erosively overlain by sinusoidal topset beds. Downstream, the sigmoi-
dally cross-stratified deposits are overlain by deformed thin-bedded
(0.5–1 cm) sand-mud couplets and structureless sand (Fig. 6A, B).

On the lower portion of the slope, sigmoidally cross-stratified
medium- to very coarse-grained sand infills a scour and overlies de-
formed sediments showing structureless sand and flame structures
(Fig. 7A, B). The foreset deposits downlap onto the basal scour
surface and display a transition between concave foreset beds and sub-
horizontal topset bedswith a subhorizontal brink trajectory (Fig. 7B). In
down-flow direction, the sigmoidally cross-stratified sand passes into
sub-horizontally stratified medium-grained sand (Fig. 7C). Upstream,
the sigmoidally cross-stratified sand is erosively overlain by a scour fill
with backsets (Fig. 7A).

3.1.2.1. Interpretation. Sigmoidal cross-stratification commonly forms
under transcritical and/or supercritical flow conditions, either repre-
senting deposits of humpback dunes or downstream migrating
antidunes (Fielding, 2006; Lang and Winsemann, 2013; Fedele
et al., 2016; de Cala et al., 2020; Lang et al., 2021b) or progradational
7

infills of scours (Lang and Winsemann, 2013). The different topset–
foreset contacts and trajectories of topset–foreset transitions point
to different rates of deposition. Rising or horizontal brink trajectories
indicate the highest rates of deposition, whereas falling brink
trajectories are commonly related to the filling of troughs
(e.g., Lang andWinsemann, 2013). The vertical and lateral transition
from humpback-dune geometries into sinusoidal or subhorizontal
geometries indicates the formation of antidunes or upper-stage
plane beds, caused by flow thinning and acceleration above the
humpback dune. Erosive topset–foreset contacts commonly are re-
lated to low sediment supply. The formation of scours and deposition
of deformed strata in the lee of the humpback dunes may be related
to the formation of local hydraulic jumps and slumping (e.g., Lang
and Winsemann, 2013).

3.1.3. Lateral and vertical associations of scour fills (F5) and sinusoidal
stratification (F3)

Scours with massive or deformed chaotic infill or with up-current
oriented cross-stratification (F5) are common in various portions of
the bed slope. The scours are typically 30–50 cm wide and 10–25 cm
deep. They occur either as isolated features or are laterally offset
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stacked. Where visible, the lateral spacing between two scours is ~1m
(Fig. 7D). Between the scours thin sinusoidally stratified sand beds
occur (F3) with wavelengths of ~10–~20 cm (Fig. 8B, C). The sinusoi-
dally stratified sand is partly overlain by symmetrical ripple-scale
climbing bedforms (F2) with slightly up- and down-current oriented
climbing patterns (Fig. 8C). The scour infills are ranging from struc-
tureless sandwith outsized clasts (up to 10 cm in diameter), deformed
thin-bedded sand-mud couplets, to up-current oriented (W–SW)
cross-stratified sand and pebbly sand. Sandy cross-sets are ~5–~10
cm thick and cross-sets of pebbly sand ~10–~15 cm thick. (Figs. 7D,
8A). Commonly, the up-current part of scours is filled with deformed
deposits with outsized clasts, whereas the down-current part is filled
with structureless sand or up-current oriented stratification (Fig. 8A).
The successive scour fills become younger upstream.

3.1.3.1. Interpretation. Laterally offset-stacked scours, filled with de-
formed sediments and backsets point to the deposition by upslopemi-
grating cyclic steps, whereas isolated scour fills with backsets may
represent chutes-and-pools (cf., Cartigny et al., 2014; Lang et al.,
2017a, 2017b, 2021b; Winsemann et al., 2018; Slootman and
Cartigny, 2020). The formation of dewatering structures in some
scours indicates rapid suspension settling and pressure fluctuations
in hydraulic-jump zones (Postma et al., 2014).

The lateral and vertical association with sinusoidal stratification
and up-current aggrading climbing bedforms indicate deposition by
stable antidunes that may have formed on the stoss side of cyclic
steps during flow re-acceleration. Similar successions have been de-
scribed by Lang et al. (2017a). The symmetrical ripple-scale bedforms
with offset crests and/or upstream climbing patterns are interpreted
as small-scale antidunes (Tan and Plink-Björklund, 2021). The up-
stream and downstream migration of non-breaking antidunes caused
the slight upflow and downflow offset of wave crests (Lang and
Winsemann, 2013; Lang et al., 2017a, 2017b, 2021b).

4. Discussion

4.1. Implications for subglacial meltwater routes and development of
murtoo landforms

The results provide a rare insight into subglacial meltwater flow
properties within a transition from a distributed/inefficient system to
a semi-distributed/semi-efficient drainage system associated with en-
larging cavities. In previous works in Finland, murtoos have been exca-
vated in their elevated distal parts restricted to the triangular-shaped
tip, whereas their lower proximal part has received less attention. Im-
portantly, the results of this case study indicate that the core of the
murtoo in the proximal part is depositional and that subglacial melt-
water flows played a key role in its formation. Erosional processes
have been found to be significant at later evolutionary phases of
murtoo evolution (Mäkinen et al., 2017, 2023, Ojala et al., 2022,
Peterson Becher and Johnson, 2021), which is the case also in the stud-
ied murtoo (Units E and F).

The stratigraphic evolution of the studiedmurtoo is interpreted and
summarized as follows (Figs. 9, 10):

Themurtoo developed on the boulder and gravel dominated Unit B
(Phase 1 in Fig. 10). Its sedimentological characteristics such as sedi-
ment sorting, lag deposits and crude inclined stratification indicate
that its depositionwas influenced byflowingwater above the underly-
ing silty till. The alignment of the largest clasts and their polishedupper
surfaces proposes that the height of the depositional space (<0.5 m)
did not allow transportation of the clasts and that the sediments
were repeatedly in contact with the flowing ice, leading to abrasion.
The upward improving sorting and stratification with weakly inclined
beds toward the east and declining grain-size suggests deposition by
stream flows, probably as shallow, braid bars within rapidly widening
flow space.



Deformed sand-mud heteroliths
 and structureless sand

C

Fig. 6. A) A photo toward the north illustrating three stacked bedsets (I–III). See Table 1 for facies codes. Red stippled lines mark variably erosional bed boundaries. Black stippled lines highlight
examples of undulating sand-beds. Red arrows point to minor granule-bearing scour fills. B) A close-up view and line drawing of sigmoidal cross-stratification. The deposits show two stacked
cross-sets separated by an erosional surface (red line). The lower foreset deposits downlap onto the basal surface and display a transition between convex foreset beds and subhorizontal topset
bedswith rising and falling brink trajectories. The overlying smaller-scale cross-set shows straight foreset beds,which in turn are erosively overlain by sinusoidally-stratified topset beds (F3). C) A
photo toward the north illustrating the solitary occurrence of upstream-oriented cross-stratification.
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F5 F5
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10 cm

Fig. 7. A) A down-current inclined bed slope with various scours. See Fig. 2B for a wider photo panorama. B) Close-up view photo and line drawing of sigmoidal cross-stratification (F4) grading
upwardanddowncurrent into subhorizontal stratification (F3).Upstream, thedeposits are incisedbya scourfilledwithbackset cross-stratification (F5). The foreset of sigmoidal cross-stratification
downlaps onto the basal scour surface and displays a transition between concave foreset beds and subhorizontal topset beds with a subhorizontal brink trajectory. C) Close-up view of subhori-
zontal stratification erosively overlying the bottom set of sigmoidal cross-stratification. The red stippled linemarks the erosional contact, whereas the yellow stippled line indicates the basal scour
surface. D)Close-upviewof a scourfillwithbackset cross-stratification (F5)which canbe traced laterally to a concave surfaceand further upstream into a chaotic, cobble-bearing scourfill. Fig. 8A–
C shows the top of these scour fills and its overlying deposits.
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Following the initial enlargement of the subglacial conduit (Phase 1
in Fig. 10), sand lenses, silt-drapes, sinusoidally stratified sand, and
poorly-sorted gravel lenses were deposited in the proximal part of
Unit C (Phase 2 in Fig. 10). In particular, silt laminae and beds are com-
monly draping ripple-scale bedforms or forming interbeds, indicating
waning flows of the lower-flow regime and suspension fallout. No evi-
dence for ice–sediment coupling is observed in Unit C. The largest out-
sized clasts are cobbles, which suggests that the maximum flow depth
was probably <25 cm.

Subsequently, between profiles P4 and P5 (Fig. 2), the increasing grain
size, size of out-sized clasts (a-axis up to ~50 cm) and scale of cross-sets
10
point to an increase in flow velocity and flow depths (Phase 3 in
Fig. 10). The clasts are interpreted to be derived from the ice roof. The
down-current inclined slope of almost 1 m height and 15 m length is in
line with increasing water depth and development of an enlarged
water-filled cavity or pond. The slope sediments are characterized by si-
nusoidal stratification, sigmoidal cross-stratification and scours with
backsets or chaotic fill interpreted as upper-flow-regime deposits (dis-
cussed below). Thefinal deposition resulted inmurtoo head-bar develop-
ment, the height ofwhich indicates that thewater depth approached 1m.

Finally, the pond was rapidly closed by ice, as evidenced by the
disappearance of sorted, stratified sediments and appearance of
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Fig. 8. A) A close-up view and line drawing of the top of a scour showing upstream-oriented cross-stratification. The upstream end of the scour contains deformed heteroliths and struc-
tureless sandwith outsized clasts. Thedownstreamend shows sinusoidal stratification. B) Close-up viewof sinusoidal stratification shown in Fig. A. C) Sinusoidal stratification (F3) passing
upward into ripple-scale upcurrent climbing bedform (F2).
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compacted diamicton of Unit D (Phase 4 in Fig. 10). The ice–sediment
coupling was local and closed only the broadened central part of the
murtoo. Meltwater-flow processes continued along the sides of the
murtoo (Unit E), being forced to pass the closed space and to flow
obliquely toward the tip; this process potentially initiated the triangular
development characteristic for murtoos (Peterson Becher and Johnson,
2021). Thus, the ice–sediment coupling coincided with further intensi-
fying and increasingly erosional channelized glaciofluvial flow as indi-
cated by boulder-rich proto-channel fills (Units E and F). The
meltwater flow velocities finally dropped abruptly as evidenced by the
development of clay plugs in the marginal channels of the murtoo
(Unit F).

The deposits of Units C–E thus reflect an overall increase in meltwa-
ter delivery until its abrupt decay, which could be explained by a melt
season or autogenic changes within the meltwater system. In previous
works, murtoos have been interpreted to develop within a single melt
11
season during deglaciation on top of the broad and low, arched deposits
of the core (Mäkinen et al., 2023). Unit D is interpreted to represent lo-
calized ice–bed coupling caused by decreasing water pressure, as the
subglacial drainage system became wider and better connected. The
subsequent Units E and F (Figs. 2, 4A, B) reflect further increasing
meltwater discharge and flow velocities, until its abrupt decay and
abandonment.

4.2. Formation of upper-flow regime bedforms in a water-filled subglacial
pond/cavity

As mentioned above, the deposition of Sub-unit C2 was related to a
phase of cavity enlargement and pond formation by an increase inmelt-
water discharge (Phase 3 in Fig. 10). Characteristics are sandy deposits
with upper-flow regime bedforms (Fig. 11). Upper-flow regime
bedforms commonly form in subaerial open channel flows, where the



Fig. 9.A sketch illustrating the depositional environment of themurtoo. The highest surface area of Unit B is based on the GPR interpretation and trench observations. Note the position of
the slope andmurtoo head bar along the longitudinal trench 1within a subglacial pond. Themaximumdepth of the pondwas c. 1m. See Fig. 3 for the interpretation of GPR profile L2 along
the proximal cross-section.
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upper boundary of the flow is the air–water interface, in density flows
where the upper boundary of the flow is in contact with ambient
water or at internal density boundaries within stratified flows
(e.g., Cartigny et al., 2014; Postma and Cartigny, 2014; Fedele et al.,
2016; Lang et al., 2017a, 2021b). Under subglacial pipe-flow conditions,
the formation of supercritical flow conditions is suppressed (Banerjee
and McDonald, 1975; Cartigny et al., 2014; Lang et al., 2021b), because
there is no freely deformable flow surface (e.g., Cartigny et al., 2014).
Therefore, supercritical flow conditions are unlikely in inefficient or
semi-efficient distributed drainage systems, where only a centimeter-
to decimeter-scale space exists between the ice and the bed (Banerjee
and McDonald, 1975). However, previous work has demonstrated that
UFR-bedformsmay form in larger subglacial channels in efficient drain-
age systems under non-full pipe conditions (e.g., Brennand, 1994; Fiore
et al., 2002; Burke et al., 2008, 2010; Lee et al., 2015) or in subglacial
lakes, where supercritical density flows may develop on the slope. For
example, McCabe and ÓCofaigh (1994) documented sinusoidally strat-
ified sand beds, although they did not recognize these bedforms as
antidune deposits.

The observed supercritical bedforms in Sub-unit C2weremost likely
deposited by density flows on the slope of a water-filled subglacial
pond/cavity (Fig. 11). Tank experiments and field data show that super-
critical density flows may develop on the lee slope of mouth bars <1m
high (e.g., Lang et al., 2021a; Winsemann et al., 2021). The observed
12
UFR-bedforms are generally small with decimeter-scale wavelengths
and are comparable to bedforms described from various (glacio)lacus-
trine and marine deltas and fans (e.g., Lang and Winsemann, 2013;
Lang et al., 2017a, 2017b, 2021b; Winsemann et al., 2018, 2021; Tan
and Plink-Björklund, 2021). Sinusoidally stratified sand and ripple-
scale climbing bedforms have also been described from subglacial
ponds in Sweden and attributed to folding (Remmert et al., 2022). How-
ever, the deposits of this case study are not tectonically deformed and
show only local soft-sediment deformation that is restricted to specific,
mostly silt-rich beds. The studied sinusoidally stratified and ripple-scale
climbing bedforms are closely associatedwith other UFR bedforms such
as scours with backsets and sigmoidal cross-stratification, suggesting
that the observed features are primary sedimentary structures.

The scoured, irregular slope topography may have formed by net-
erosional cyclic steps during a major meltwater drainage event (cf.
Fildani et al., 2006; Spinewine et al., 2009; Lang and Winsemann,
2013). These scours partly display progradational sandy infills, which
resemble humpback dunes and laterally pass into antidune deposits.
Laterally offset-stacked scour fills with deformed sediments and back-
sets represent the hydraulic jump zone of upstream migrating cyclic
steps (e.g., Postma and Cartigny, 2014; Lang et al., 2017a, 2017b,
2021b; Winsemann et al., 2018; Slootman and Cartigny, 2020), which
probably formed during successive flood events. Complex infills with
prominent grain size breaks, mud-drapes and erosional surfaces point



Fig. 10. Depositional phases of the murtoo. At right a schematic in-plan view illustrates the murtoo development superimposed on the subglacial meltwater route deposits (Unit B). The
successive events reflect an initial increase in subglacial meltwater flow (Unit C), localized ice–bed coupling (Unit D), the erosion of the murtoo head during the peak flow (Unit E), and
eventually to development of marginal channel deposits (Unit F) during the diminishing meltwater flow. Phase 3 (Unit C) represents the filling of the subglacial pond with maximum
depth of ca. 1 m and the related deposition of the upper-flow-regime bedforms. The dashed lines across the in-plan views indicate the position of the drawing at left.

J. Hovikoski, J. Mäkinen, J. Winsemann et al. Sedimentary Geology 454 (2023) 106448
to pulsating flows. These deposits typically pass laterally and vertically
into antidune deposits. This lateral and vertical association of chutes-
and-pools, cyclic step, and antidune deposits is commonly observed in
the geologic record, suggesting a relation to the spatio-temporal evolu-
tion of the formative flow and the re-establishment of supercritical flow
conditions on the stoss-sides of cyclic steps (e.g., Lang and Winsemann,
2013; Cartigny et al., 2014; Postma et al., 2014; Zhong et al., 2015; Lang
et al., 2017a, 2017b, 2021b; Winsemann et al., 2018; Slootman and
Cartigny, 2020). The final coarse-grained murtoo head-bar development,
characterized by planar-cross stratified gravel and pebbly sand, indicates
avalanche processes that were controlled by grain size (cf., Winsemann
et al., 2021). The phase of cavity enlargement (Phase 3 in Fig. 10) ulti-
mately led to a decrease in water pressure and creep closure by ice.

5. Conclusions

Our study provides an insight into the early evolution of a murtoo
landformaswell as the temporal and spatial transition from a subglacial
inefficient drainage toward an efficient drainage system. The results
demonstrate that the core of the murtoo is depositional and that it
13
was formed by meltwater. The deposition of the studied interval (Unit
C) took place during intensifying meltwater delivery. The subsequent
flow was powerful and characteristically erosional and channelized
until the abrupt abandonment and end of murtoo sedimentation
(Units E and F).

Unit C comprises 7 facies types, which are interpreted to represent
various lower- and upper-flow regime bedforms. The initial deposition
in the proximal part of the murtoo was dominated by fine-grained de-
posits of the lower-flow regime in a shallow semi-efficient drainage sys-
tem. The subsequent sedimentation reflects an increase in flow velocity
and water depth and was characterized by the development of a slope
and an associated enlarged water-filled cavity/pond. The slope sedi-
ments show typical upper-flow-regime bedforms such as sinusoidal
stratification, sigmoidal cross-stratification, scourswith backsets or cha-
otic fill, interpreted as deposits of antidunes, humpback dunes, chutes-
and-pools and cyclic steps. The increased water depth led to a rapid
drop in water pressure and localized, intra-melt season ice–bed cou-
pling.

The presence of UFR bedforms indicates that, despite the overall
shallow space and water depth, the causative flows reached non-full



Fig. 11. A schematic illustration showing characteristic supercritical flow deposits on the slope of the enlarged cavity/pond.
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pipeflow conditions, particularly in the pond.Most likely, the supercrit-
ical deposits were deposited by density flows. The final coarse-grained
murtoo head-bar development, characterized by planar-cross stratified
gravel and pebbly sand, indicates avalanche processes that were con-
trolled by grain size.

In concert, the results indicate that murtoo deposition begins with a
rapid increase inmeltwater discharge into an evolving flow space and is
followed by flow channelization along the murtoo margins. Thus,
murtoos form an important element for the modeling of subglacial hy-
drology and related prediction of glacial dynamic response to increased
meltwater delivery. The combination of murtoo morphology and the
growing understanding of internal structures and depositional evolu-
tion will enable future investigations into whether there is genetic di-
versity in murtoo landforms or whether their formation can be
explained by a single formation model.
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