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Abstract
With use of the new and very precise LIDAR data (Light Detection And Ranging) of
Sweden, tracts of hummocks that most likely are of an erosional origin have been
discovered in several places in the southern part of Sweden. In the Quaternary maps of
these areas (SGU, 1:50 000), most of them have been mapped as ‘hummocky moraine,’
with the general explanation that they were formed by the melting and downwasting of
dead ice at the margin of an ice sheet (e.g. Hilldén, 1988, Fredén, 1990, Hilldén 1990). In
the present paper, these hummocky tracts are proposed to represent the first stage of a
tunnel‐valley‐forming process, where continued erosion would have resulted in a tunnel
valley with a flat bottom, similarly as described by Sjogren et al. (2002). The small
thickness of Quaternary deposits in the areas of investigation is suggested as one of the
reasons why hummocks where left behind as erosional remnants, as opposed to in areas
with thick layers of sediment like for example Denmark, Germany and the US, where the
subglacial streams erode large, flat‐bottomed tunnel valleys (Jørgensen & Sandersen,
2006, Piotrowski, 1994, Hooke & Jennings, 2006). The proximity to bedrock would force
the streams to move sideward instead of cutting deep down into the bed, and thereby
erode hummocky valleys instead of deep, flat‐bottomed ones. A short duration of the
floods that eroded the valleys might also be a part of the explanation of why they are
hummocky, and why the hummocks have irregular shapes. That is, their irregular
shapes reflect that they were formed under chaotic flow conditions, during a short
period of time.
Several evidence indicate a formation by subglacial meltwater erosion of these
hummocky tracts, including the following; First, most of the hummocky tracts of this
investigation occur nearly parallel to the ice flow, as opposed to dead‐ice hummocks,
which normally occur in moraines and in bands at former ice‐margin positions (Johnson
& Clayton, 2003). Second, the sharp, arcuate, erosional escarpments separating the flat
till‐plain uplands from the inset hummocky areas are best explained to represent the
erosional banks of subglacial streams. The fact that eskers and channels are associated
with all of the hummocky tracts also indicates that meltwater was present. Third, the
morphological relationships between several landforms point at a subglacial formation
of the hummocks. For instance, all eskers in the hummocky tracts lack of superimposed
hummocks, and one esker is superimposed on top of hummocks. Forth, a convex
longitudinal profile of one of the hummocky valleys suggests that it only could have been
formed by a highly pressurized subglacial stream. Fifth, the similarity in composition
between the hummocks and surrounding, streamlined areas (they both consist of till)
indicates that the hummocks are erosional remnants of the original surface.
It is clear that not all glacial hummocky tracts are formed in the same way. As proposed
by Johnson & Clayton (2003), Munro & Shaw (1997) and others, it is concluded in the
present paper that a non‐genetic description like hummocky topography or hummocky
terrain, is better to use for this morphology.
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1. Introduction
Eskers are often associated with hummocky topography, but these landforms are
usually thought to be formed by completely different processes, and are therefore often
treated separately. In the present paper, the formation of eskers and the hummocky
topography in consideration will be discussed together, seen as parts of the same kind of
processes. ‘Hummocky topography’ is a non‐genetic, descriptive term applied to
landscapes with irregular hills and depressions. For example, some aeolian dunes and
many karst landscapes are characterized as ‘hummocky’ (Johnson & Clayton, 2003).
However, ‘hummocky topography’ is also found commonly in glaciated landscapes,
where the term is used essentially synonymous with the genetic term ‘dead‐ice
moraine’. This term implies that the hummocky topography was formed by the melt‐out
and collapse of supraglacial till, during the melting of stagnant ice (Gravenor & Kupch,
1959, Boulton, 1972).
A different type of hummock is described in the present paper, which most likely are
erosional features rather than depositional ones. These hummocks are proposed to have
been eroded by subglacial meltwater streams. The eroded material in between the
hummocks is suggested to partly have been deposited in eskers in the same valleys.
Other parts of the eroded material is proposed to have been transported further away,
along the belts of glaciofluvial material that reach from the areas of investigation, all the
way to the west coast of Sweden, where sand, silt and clay has been deposited
(Quaternary maps 1:50 000, SGU). Left behind is the eroded landscape of depressions
and hummocks that we today usually call dead ice moraine.
This project was initiated by Tore Påsse at SGU (Sveriges geologiska undersökning) who
formed the hypothesis while viewing the new, high resolution, digital elevation model
(DEM) of Sweden. This DEM is generated from LIDAR data, which has a vertical accuracy
of around 0.05 meters rms (root mean square) on plane, hard surfaces and a horizontal
accuracy of around 0.25 meters, according to Lantmäteriverket (2011). The accuracy
can locally be significantly lower, for example in areas of dense vegetation or large
topographical variations. The cell size in this DEM is 2x2 meters. Due to its high
resolution, the DEM gives us a greater detail of the geomorphology of the landscape and
lets us distinguish shapes and patterns of landforms that were ‘invisible’ before.
Three areas in the south of Sweden have been studied using this DEM, and field
reconnaissance has been carried out in these areas.
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Figure 1. A hummocky valley situated north‐east of Ljungby, in the south of Sweden. The valley contains
irregular ‘hummocky’ bumps consisting of till, as well as braided patterns consisting of glaciofluvial material.
There are erosional escarpments where the valley cuts the higher elevated, streamlined areas.

The main observations and inferences showed in the present paper are indicated by the
features in Fig. 1. It shows hummocky terrain located between higher elevated, smooth,
streamlined areas. There are irregular hummocks in the valleys that consist of till, as
well as braided patterns consisting of glaciofluvial deposits. Channels are clearly visible
and there are erosional escarpments on the sides of the valley. There are similarities
between these valleys of investigation and tunnel valleys, which are the elongated casts
of former drainage pathways of subglacial meltwater (Kehew et al., 2012). Some authors
use the term ‘tunnel channel’ instead of ‘tunnel valley,’ thereby inferring that the
subglacial stream forming the tunnel channel filled it up completely. ‘Tunnel valley,’ on
the other hand, is a more general term that would include valleys formed by wide or
narrower streams (Clayton et al, 1999). In the present paper, the term ‘tunnel valley’
will be used, without any implications of the characteristics of the flow that formed it.
The valley in Fig. 1 is interpreted to have been eroded by subglacial meltwater, similarly
to the other hummocky tracts of investigation. Sjogren et al. (2002) discusses a similar
type of landform, and came to the conclusion that the hummocky valleys of their study
are incipient tunnel valleys. That is, they represent the first stage in the process of
tunnel‐valley formation, and a continuous erosion of this valley would have resulted in a
‘normal’, flat‐bottomed tunnel valley. To find out if this could be applicable to the
hummocks in the present paper, the subglacial drainage system will be examined in
theory, as well as the formation processes and characteristics of hummocky topography,
eskers and tunnel valleys. With the theory as a benchmark, the hummocky areas of
study will be discussed based on morphology and composition.
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2. Background
2.1. Subglacial drainage systems
In cold‐based ice, there is no meltwater at the ice‐bed interface, and no (or at least, very
little) subglacial erosion can take place since the ice is frozen to its bottom. It is drained
mainly by supraglacial drainage systems. A warm‐based ice on the other hand, has a
drainage system in supraglacial, englacial and subglacial levels. Thermal regimes can
shift in time as well as between different parts of an ice‐sheet, and where a warm‐based
ice converts to a cold‐based one, the subglacial drainage system gets interrupted or
diverted (Bennet & Glasser, 2009, Hambrey, 1994). The hydraulic gradient is the driving
force of the water inside a glacier, which means that the ice‐surface slope leads the
subglacial meltwater flow in the same direction as the ice flow. The topography of the
area naturally affects the stream direction as well, but the steeper the ice surface, the
smaller is the effect of the topography. On the up‐glacier side of a hill, the pressure
increases, leading to a larger transport capacity of a stream there. This is why eskers
usually are discontinuous over divides (Shreve, 1972).

Figure 2. The left part of the figure is an illustration by Benn & Evans (1996) of 7 different subglacial
drainage systems which will be described in points 1‐7 in the text below. The right part is an illustration by
Shaw, from Knight (2006). It demonstrates the erosion of an outburst sheet flood, which is explained in point
no 8 below.

A subglacial meltwater stream may be very powerful and often charged with a high
sediment load. The turbulence and high concentration of debris causes a buoyant effect
that makes it able to carry even large boulders (Bennet & Glasser, 2009), that is, these
streams are highly competent. There are several theories of how water can move under
the ice. The largest part of these theories are illustrated in Fig. 2, and will be described
below (Benn & Evans, 1996).
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1. Advection along with deformable sediment. An increasing pore‐water
pressure in subglacial sediments reduces the its viscosity and lowers its shear
strength. This can result in sediment deformation, and the water inside the
deforming sediment moves along with the till in the process of shearing (Boulton,
Jones, 1979). The low pressure inside a meltwater channel, can affect deforming
sediment to move laterally towards the conduit where it is transported away
by the stream. This process is proposed to result in the formation of tunnel
valleys (Boulton & Hindmarsh, 1987). When conditions in the ice change during
different stages of its lifetime, the hydraulic system will change as well. It seems
as most of the transport of till through sediment deformation, takes place during
shifts of hydraulic regime (Boulton et al., 2009).
2. Darcian pore water flow means that water is flowing through the pore spaces
between the grains in the bed.
3. Pipe flow of water within the sediment. This process normally takes place in
unconsolidated sediment, and evidence of pipe flow can be found in various
diamictons where pipes of stratified sediment are revealed (Menzies, 1997).
4. Dendritic channel network. On a rigid bed, and for high effective pressures on
sediment beds, channels will be incised up into the ice. These types of channels
are called R–channels (Röthlisberger, 1972) and they form a stable, efficient,
dendritic network (Walder & Fowler, 1994) which can stay open even at a steady
state flow with relatively low water pressures (Brennand, 2000). The channels
are kept open by the melting of the walls due to viscous dissipation and erosion
by the sediment‐laden turbulent flow, which counteracts the creep of the ice
(Shreve, 1972). The reason why the distribution of R‐channels is dendritic is that
the high stream velocity inside the channels creates a low pressure that leads to
capturing of small channels by bigger ones. Boulton (2007 a, b) suggests that
meltwater reaches these R‐channels largely by groundwater flow, since the low
pressure inside the channels acts as a sink, drawing surrounding groundwater
and meltwater laterally towards the channels. This groundwater‐channel
circulation helps the channels to stay open in periods of low meltwater discharge.
The effect of this circulation is an upward flow of groundwater directly under the
channel, which together with the low pressure of the stream causes quicksand
conditions and lead to very high level of erosion. The zone of upward
groundwater‐flow can be up to 1 km wide, so it causes sediment liquefaction and
erosion around the channels as well. When a new channel is formed, a shock
change in water pressure distribution causes liquefaction of the sediment and
erosion in the interfluves (Boulton 2007 a, b). The dendritic distribution of these
major R‐channels is reflected by the existence of eskers, as well as tunnel valleys,
depending on the characteristics of the substrate (Boulton et al., 2009).
5. Linked‐cavity system can form as the ice moves across bedrock obstacles
creating cavities of low pressure. Water is filled up in the cavities, which are
linked to each other through minor conduits that increase in size as water
pressure increases. Cavities can be incised into the bed or cut up into the ice, and
their size seems to depend more on the sliding of the glacier than the role of
viscous dissipation. Compared to a channelized system, linked cavities distribute
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water over a large area under the ice, and the water moves much slower between
relatively small cavities. As opposed to in an R‐channel system, cavities will not
be captured by each other since higher discharge in cavities leads to higher water
pressure (Walder, 1986). A linked cavity system normally forms on hard beds,
but can develop on a deformable bed as well, if bedrock protrudes in places
(Walder & Fowler, 1994). Willis et al. (1990) proposed that the meltwater in a
glacier flows in a linked‐cavity system when the water pressure is low, but as
meltwater discharge increases the flow develops into a conduit system.
6. Braided‐canal network. Walder & Fowler (1994) suggest that the stable form
of drainage network in an ice sheet with a thick, deformable bed should be broad
and shallow, braided canals, incised into the bed. This is an inefficient drainage
network that requires high relative water pressures to stay open (Brennand
2000). If pore‐water pressures are low, the substrate will be strong, and the
canals will be incised up into the ice as well as down into the bed. Higher water
pressures will weaken the till and result in an incision of the channel solely into
the bed. In a braided‐canal network, a greater water discharge will lead to an
increase in pressure, as opposed to in R‐channels where an increase in water
velocity leads to a decrease in pressure. This is why canals will tend to split up in
a distributed, braided network, rather than forming a dendritic network like R‐
channels. The theory is strengthened by the fact that eskers are more common in
areas of bedrock or with only a thin layer of till, than in areas with a thick
substrate where canals generally are incised into the bed and esker‐deposition
has been inhibited. Canals under ice‐sheets can be up to 2 meters deep and they
are generally much wider than they are deep (Walder & Fowler, 1994). Indirect
sedimentological evidence has been found of canals with a width of 0.1‐8 meters
(Brown et al, 1987) and they will be spaced on the order of 10s‐100s of meters
apart (Carlson et al, 2007). There will be continuous erosion as wet till creeps
into the braided canals where it is transported away by the stream, but
deposition will also take place in this process. These streams should deposit
broad lenses with concave‐ up lower contacts and nearly planar upper contacts
with deformation till (Walder and Fowler, 1994). Rhomboid or diamond shapes
of erosional remnants are often formed by braided streams because of the
interaction between the stream and the landforms (Komar, 1983).
7. A thin film of water between the bottom of the ice and the bed surface will,
according to Weertman (1965), exist between a rigid bed and the ice, as well as if
the bed is rather permeable with a thick stratum. The exception is near the ice
edge where the water is easily discharged. On the contrary, Walder & Fowler
(1994) argue for the instability of such a film of water, due to viscous dissipation
in the water.
8. Shaw (e.g. 1996) proposes outburst sheet floods as a significant process of
meltwater discharge from Pleistocene ice sheets. The sheet flow only lasts for a
relatively short period of time before it switches to a flow in R‐channels, where
the eskers were deposited in the later stages of the discharge. Shreve (1972), and
many others, argue that a sheet flow is inherently instable. However, Shoemaker
(1994) points at the difference between a laminar flow and a turbulent flow and
suggest that turbulent sheet flows can stay stable up to a month, as opposed to
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laminar flows which would split up into a channelized flow. In fact, if the source
of meltwater is large enough, a sheet flood must exist in the early stages of an
outburst flood since it takes time to form a tunnel according to Shoemaker
(1992). Evidence of this was found in Iceland 1996, when a jökulhlaup resulted in
a broad meltwater sheet that remained stable for several tens of hours and
resulted in high levels of erosion (Russell and Knudsen, 1999). Outburst sheet
floods are proposed to erode a variety of landforms, including drumlins, tunnel
channels and hummocky topography. The erosive forces of the meltwater are
explained to be enhanced by cavitation, powerful vortices and the sediment‐load
in the flows (e.g. Sharpe, 1989, Munro & Shaw, 1997).
9. In addition to the types of drainage system which are illustrated in Fig. 2, there is
one more which could be of importance for this paper. Nye‐channels, (Nye,
1973) are stable channels incised into the substrate, as opposed to the unstable
canals of no 6. In fact, they are even more stable than R‐channels, because they
affect the ice surface slope less than R‐channels (Piotrowski, 1997). Nye‐channels
can vary in width and depth between a few meters (Piotrowski, 1999) up to
hundreds of meters in depth and kilometers in width (Hooke & Jennings, 2006,
Jørgensen & Sandersen, 2006). The larger Nye‐channels are usually referred to
tunnel valleys. The large Nye‐channels (tunnel valleys) are proposed by
(Piotrowski, 1997, Clayton et al., 1999; Jørgensen, & Sandersen, 2006) to be
eroded by single flood events. They are stable and generally inherit their position
of earlier channels, so that several occasions of single floods together erode the
deep tunnel valleys (Piotrowski, 1997). Small Nye‐channels on a meter‐scale,
filled up with till, have been found in association with large tunnel valleys. The
contact between the till and surrounding sediment is sharp and surrounding
sediment is undisturbed, which indicates the importance of channelized drainage
systems in comparison with distributed drainage systems (Piotrowski, 1999).
By contrast, proglacial streams are high‐velocity, sediment‐laden, highly erosive
streams, but they are still not as erosive as subglacial streams. Proglacial streams are
often aggrading, as shown by the high amounts of outwash near LGM ice margin
positions. They flow in a braided‐stream pattern and cause continuous erosion and
deposition as they switch paths due to its high velocity and sediment load. This can be
seen in the sedimentary structures left behind (Hambrey, 1994).
In addition to the drainage systems mentioned above, there is another type of meltwater
stream that might be of interest here. Highly erosional, subaerial glacial lake
outbursts floods are described by Kehew & Lord (1986), that flow in bankfull condition
in spillways approximately parallel to ice flow direction. Practically no deposition takes
place from these floods. The spillways are suggested to evolve from planes of shallow,
anastomosing channels, to deep, trench‐like channels, surrounded by the erosional
plains. The erosional residuals in the spillways start off as irregular shapes that
gradually become rhomboid‐ , elliptical‐ and elongated shapes, and finally turns into an
equilibrium, minimum‐drag shape. Continued erosion results in longitudinal grooves
that eventually would be carved out, to form a deep, trench‐like channel, surrounded by
the erosional plains. Boulder lags are common in areas where a large degree of erosion
took place. Erosional scarps were often formed, which show how much till that was
eroded to produce this boulder lag.
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Shape analysis of the erosional residuals in these spillways show that most of them have
approximately the same length‐ width‐ and area‐ ratio, even though only 20 % of them
have minimum‐drag (lemniscate) shapes. The irregularity of the shapes of many of the
erosional remnants could be a result of a flood that only lasted for a short period of time.
It could also have to do with the fact that the hummocks are located relatively closely
together, which causes the stream to affect them in a different way than if they would
have been isolated hummocks. Only the hummocks that are located close together get
rhomboid or elliptical shapes. Long linear residuals are proposed to be the result of
incision of longitudinal grooves. There is a difference between erosional residuals which
were submerged under the flow and the ones which were not. The lower elevated,
submerged hummocks have a smooth surface, as opposed to other, higher elevated ones
with a glacial, hummocky surface, which seemingly has not been affected by meltwater‐
erosion. Isolated hummocks completely submerged in a flood of long duration would
have the best prerequisites to develop a minimum‐drag shape (Kehew & Lord, 1986).

2.2 Eskers and tunnel valleys
Eskers
Eskers are long ridges of stratified glaciofluvial sediments, which have been deposited in
R‐channels, as re‐entrants into the ice margin, or in open, ice‐walled channels
(Brennand, 2000). In addition, englacial tunnels may fill with sediment that is lowered
upon melting, forming eskers, or they may be deposited supraglacially and subsequently
be lowered to the ground. Eskers of this type are small, discontinuous and deformed. In
some cases, small eskers can be deposited as crevasse‐fills in a stagnant ice (Brennand,
1994). Large, single eskers are normally thought to be deposited subglacially in an
active, but receding ice. They can form in stagnant ice as well, but in this case the eskers
tend not to be as long. Many authors believe that stream velocity has to decrease in
order for an esker to be deposited. This can happen either due to a blockage of the
tunnel or as the stream reaches the edge of the glacier (Hambrey, 1994). On the
contrary, Shreve (1972) suggests that eskers can form at rather high discharge rates,
and that small eskers located in large tunnel valleys could have been formed with no
decrease in discharge at all. The inward flow of dirty ice towards the tunnel carries basal
debris, which is eroded by the subglacial stream and transported away or deposited as
an esker (Shreve, 1972).
Tunnel valleys
Tunnel valleys are the elongated casts of former drainage pathways of subglacial
meltwater, where essentially no deposition has taken place from the powerful streams
that eroded them. There are some characteristics that can be used to separate tunnel
valleys form river valleys. For example, tunnel valleys are generally deeper and have
steeper sides than river valleys, and they are usually completely filled up with glacial
deposits (Piotrowski, 1994). They do not have meandering or dendritic appearances like
rivers. Instead, a large part of the documented tunnel valleys are anabranching, while
others are relatively straight. They normally form a radiating pattern from the thicker,
inner parts of the glacier towards the margin, where they terminate. Tunnel valleys
typically have undulating longitudinal profiles due to high hydraulic pressures under the
ice, and they are often associated with subglacial landforms like eskers (Kehew et al.,
2012). The width of tunnel valleys are typically between 250 and 2000 meters and the
9

largest part of them are about 750 meters wide (Jørgensen & Sandersen, 2006).
Nevertheless, tunnel valleys as wide as 4 kilometers and of a depth of 200‐300 meters
have been documented in Germany (Piotrowski, 1994) and Denmark (Jørgensen &
Sandersen, 2006), and the US (Clayton, Et al, 1999; Hooke & Jennings, 2006).
Timing of esker formation and tunnel valleys
According to Boulton (2007a, b), eskers and tunnel channels mark large, perennial R‐
channels containing continuous streams that can stay stable for hundreds of years. He
implies that eskers were deposited at the mouth of these stable, long‐lived channels and
built up time‐transgressively, as the ice retreated. Main eskers represent areas with
low enough transmissivity between the tunnels to prevent capturing of a stream by
another, which therefore can stay stable long enough for an esker to build up.
Intersecting eskers are believed to have been formed due to the confluence of streams
caused by capturing (Boulton, 2007a, b). In case of softer substrate, tunnel valleys were
proposed to have been formed continuously, by erosion of the channel floor by a
subglacial stream, in combination with upward flow of groundwater (Boulton et al.,
2009) and conducting of deforming sediment towards the R‐channel (Boulton &
Hindmarsh, 1987).
Brennand (1994), on the other hand, suggests that eskers are deposited synchronously
by high discharge, pulsed flows. The sediment is supposed to be largely derived from
surrounding areas and squeezed into the conduit, where it is reworked. Only the largest
floods would result in eskers (Brennand, 1994). When it comes to the formation of
tunnel valleys, the most common explanation seems to be that they were eroded by
spontaneous outburst floods, released from subglacial, englacial or supraglacial lakes
(e.g. Kehew & Lord, 1986, Piotrowski, 1997, Clayton et al. 1999, Sjogren et al., 2002,
Jørgensen & Sandersen, 2006). Piotrowski (1997) suggest single flood events as the
main process of meltwater discharge from an ice sheet. Subglacial hydrological cycles
start with pore‐pressure buildup at the ice bed due to recharge of meltwater. The pore
pressure increases faster in areas where the substrate has low hydraulic transmissivity,
since less subglacial meltwater can be discharged by groundwater flow here, than in
areas where the bed has higher transmissivity. When groundwater flow is not enough to
discharge all of the meltwater, ponding starts taking place in topographic depressions,
or if a permafrost wedge dams the subglacial lake. Water then forms a thin film that
separates the ice from its bed, and as the water pressure increases to a critical point,
channels are opened up to discharge a flood. These types of outburst floods only lasts for
days or weeks, and when water pressure has dropped enough, channels are closed and
the cycle starts all over again with an increase in pore pressure buildup. The location of
the tunnel valleys eroded by these outburst floods is determined by the groundwater
flow path. They only open up in areas of increased groundwater flow, but there are also
areas of high energy groundwater flow where no tunnel valleys have been formed
(Piotrowski, 1997). Shaw (1996), as well as Kehew & Lord (1986), propose a sort of
domino effect of discharge between interconnected glacial lakes that together add up to
a large, catastrophic flooding event. In this case, single flood events can erode deep
incisions.
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Tunnel valley versus eskers
Shreve (1972) suggests that it is the ice flow towards the conduit versus the melting of
the walls that determines if a tunnel valley or an esker is formed. In case of low
meltwater discharge, leading to little melting of the ice walls, broad and flat conduits will
erode tunnel valleys. If discharge increases, as during the melting of a glacier, tunnels
will form in the ice where eskers can be deposited. This means that tunnel valleys
should be formed in the early stages of a glaciation, while eskers are deposited in the
late stages (Shreve, 1972). Most authors though, ascribe the difference in distribution of
tunnels and eskers to the properties of the substrate. Eskers are most common in areas
of hard substrate where the till is coarser and more permeable, while tunnel channels
are formed where the substrate is soft, with fine‐grained, low‐permeable beds (e.g.
Walder & Flower, 1994, Boulton et al., 2009, Piotrowski, 1997). But Piotrowski (1997)
suggests that the presence of eskers also indicates high meltwater discharge, similarly to
Shreve (1972). This is due to the fact that the water pressure at the bed has to be at least
equal to the pressure of the ice for an R‐channel to stay open. A glacier which is moving
at the bed (steep ice surface slope) would facilitate tunnel valley formation and inhibit
esker formation, since eskers are formed in channels cut up into the ice and therefore
would be more affected by the moving ice than Nye‐channels, which are incised into the
bed (Piotrowski, 1997). Hooke & Jennings (2006) propose that small eskers in tunnel
valleys were deposited in a much later stage than when the tunnel valley was formed.
Origin of the esker material
Previous investigations on the transportation of esker stones have shown that esker
stones were carried not more than a few kilometers from their source (Okko, 1945;
Hellaakkoski, 1930). Some even suggest that eskers are purely made up of reworked till,
derived from surrounding areas (Brennand, 1994, Flint, 1971). According to Shreve
(1972), the material in eskers normally comes from melting of the dirty ice in tunnel
walls. Other investigations though, imply extremely long transport distances, for
example one investigation on a Swedish esker by Lundquist (1941), which showed that
hard porphyries were transported between 100 and 200 km by subglacial meltwater
streams. This idea was later rejected by (Lilliesköld, 1990), who argued that the ice must
have been too thick to let a tunnel stay open as far as 200 km. Instead, this material is
suggested to have been transported fluvially in a preglacial incision of a former river,
and then some further ice‐transport took place during the last glaciation (Lilliesköld,
1990).
A large investigation by Virkkala (1958) showed that 60% of the sediment was
transported less than 5 km, and that the topography in the area and the resistance of the
rocks had played an important role in the meltwater transportation of the material. A
very small portion of the rocks had been transported about 110 km (Virkkala, 1958).
This material could possibly have been carried from afar by the glacier in till, and then
locally eroded and deposited in the esker.
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2.3. Hummocky topography
‘Hummocky topography’ is a term that describes the morphology of a set of landforms. It
does not say anything about the genesis of the landforms, even though it is commonly
used for belts of mounds and depressions formed in previously glaciated areas. The
material in these hummocks is composed of till, or a combination of till and stream
sediment and/or lake sediment. They can be of different forms and sizes ranging from
15‐400 m in diameter with a relief of 2 to 70 m (Johnson & Clayton, 2003). Hummocky
topography is also frequently interpreted as ‘dead‐ice moraine,’ which is also referred to
as ‘ablation moraine,’ or ‘stagnation moraine’. These terms indicate a formation by the
letdown of supraglacial debris in a dead‐ice environment (Gravenor & Kupch, 1959,
Boulton, 1972), an explanation which has been debated by several authors (Hoppe,
1952, Munro & Shaw, 1997, Eyles et al., 1999). A few possible processes, including
subglacial ones, which have been proposed to form hummocky topography in glacial
terrains, are described below.
Formation of hummocky topography by the letdown of supraglacial till
The most common explanation for the formation of hummocky topography, is that a
thick cover of supraglacial moraine on top of a stagnant ice at the ice‐margin was let
down as the ice melted (Johnson & Clayton, 2003, Boulton 1972). Stagnant ice, also
called ‘dead ice,’ is formed when the ice undergoes differential melting at the margin,
due to an uneven isolating sediment cover that detaches it from the main ice as it melts
(Bennet & Glasser, 2009). Repeated topographic inversion proceeds when the areas of
thick sediment covers become highs as the buried ice melts and debris flows from the
highs to depressions (Clayton & Moran, 1974). It has been questioned if a glacier can
transport enough sediment to its surface to produce a supraglacial till cover which is
thick enough to form the vast hummocky fields we see today (e.g. Hoppe, 1952). An
explanation suggested for this is that the material can get incorporated in the ice by
freezing‐on, and is either transported up towards the ice surface by thrusting along
shear planes, or stacked in the ice and later melted out (Johnson & Clayton, 2003).
Formation of hummocky topography by the pressing of the ice on a soft bed
Another process that has been suggested to create hummocky topography is pressing of
the heavy ice on soft, clay‐rich till with high water content. The water‐laid till is
squeezed up in between the ice‐blocks and in crevasses in the stagnant ice (Eyles et al,
1999, Hoppe, 1952). Material can also fall down in the crevasses in between the ice‐
blocks and create mounds (Hoppe, 1952).
Formation of hummocky topography by deposition of sediment in cavities
underneath the ice
Brennand (1994) describes a type of hummocky topography as in‐phase wave
structures, formed by a pulsed, hyperconcentrated flood which breaks out from a
conduit into an expanded area of a linked cavity system. The cavities are incised into the
ice and can be the result of substrate variations, pre‐existing weaknesses in the ice, or
fluctuations in stream velocity. Localized hydraulic lifting over a broad zone can be the
result of high subglacial‐water pressures, which opens up the connections between the
cavities. When the water pressure declines, the cavities are cut off and sedimentation of
12

finer grains occurred in standing water bodies. Next time a flood occurs, the cavities gets
filled up again and this process creates rhythmic sediment structures, which often
reflects seasonal flooding. Erosion is also a part of forming the hummocks (Brennand,
1994).
Formation of hummocky topography by subglacial outburst sheet flood erosion
A different, fairly controversial idea is that large outburst sheet floods can erode
hummocky terrain, as well as other landforms like drumlins and tunnel channels.
Hummocky tracts are proposed to represent the initial erosion by the outburst sheet
flood, which would gradually evolve into a tunnel valley if the erosion were to continue
(Munro & Shaw, 1997, Sjogren et al. 2002, Rains et al., 1993). Hummocky plateaus, if
present, are the remnants of the initial subglacial bed surface. Where hummocky zones
are lacking moraine plateaus, the flood was more erosive, and therefore they left no part
of the initial surface of the bed (Rains et al, 1993). Image no 8 in Fig. 2, illustrates how
the difference in morphology between the landforms is due to the difference in stream
velocity between the inner and outer part of the sheet flood. The drumlins are believed
to be formed in the middle of the sheet flood, where it is most powerful, whereas the
hummocky topography was formed in the outer parts of the flood that had less erosion
(Shaw, 2002). Extensive exposures in hummocky terrain in south‐central Alberta in
Canada, show abruptly truncated sedimentary units that can be traced between the
hummocks, clearly indicating an erosional origin. Many hummocks are aligned, and
there are up‐hill trends in some of the hummocks which must have been formed by
subglacial steams, since other streams cannot flow uphill. Boulder lags as large as 2 m,
some with percussion marks, lie on the hummocks indicating subglacial meltwater
transport. Sandfilled scours under some of the boulders suggest that they were frozen
on to the ice while the sand was deposited by subglacial streams (Munro & Shaw, 1997).
Sjogren et al. (2002) describe erosional hummocky valleys, referred to as incipient
tunnel channels, which are proposed to represent the first stage in the process of
tunnel channel‐formation. The erosion is caused by catastrophic drainage of large
meltwater reservoirs, where the broad, turbulent flow produces self‐enhancing vortices
due to irregularities in bed and the interaction of internal waves. These vortices erode
potholes that gradually will link up and as erosion continues it will result in hummocky,
incipient tunnel valleys. Yet continuous erosion would eventually have resulted in a
“normal”, flat‐bottomed tunnel valley. The size of the incipient tunnel channels varies
from 0.5 to 2 kilometers wide and 15 to 20 meters deep, up to 4 kilometers wide and 50
meters deep. The thickness of the Quaternary deposits surrounding most of these
channels is generally up to 20 meters thick. There are three different types of channels;
the first is more like a long row of depressions, and the second type has a beaded shape
and its bottom has a linked pothole appearance, while the third has sharper margins and
a flat bottom, with occasional hummocks on top of it. The first two types are generally
located in an area with a relatively thick layer of till (up to 20 meters) whereas the third
type is situated where the till cover is thin or absent. Longitudinal profiles of the
channels are frequently convex or undulating, and they often cut landforms like
drumlins (Sjogren et al., 2002).
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2.4 Maps of the investigation areas

Figure 3. A DEM with 50 meters resolution of the
southern part of Sweden (Lantmäteriverket). The
red squares mark the investigation areas.

Figure 4. A map of the Quaternary deposits (SGU,
1:1000 000) around the areas of investigation.The
black lines illustrate the long bands of glacio‐
fluvial sediments that can be followed from the
investigation areas all the way down to the west
coast of Sweden.

Three areas in Sweden have been studied for the purpose of this paper:
1. The valley of Hörda is located about 30 km north east of Ljungby.
2. The Dalstorp area is situated about 40 km south east of Borås.
The area extends from Ljungsarp in the south up to Köttkulla in the north.
3. The Trädet area surrounds the community of Trädet, and extends from Åsarp in
the north to Blidsberg in the south.

2.5 Former studies
The valley of Hörda
The area around the valley of Hörda is described by Daniels (1986) to be covered with a
thin layer of sandy to fine sandy till, with a normal or low amount of boulders. The till is
generally loose, and occasionally contains lenses of sand, which in places is fine. In many
places, the bedrock is weathered. The thickness of the till in the area is estimated to
generally be between 0‐5 meters. It can probably be up to around 10 meters in a few
fissure valleys and drumlins, but there is no clear evidence of this. The valley of Hörda is
described to have ‘the most beautiful and widespread hummocky topography in the
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area’ (translated from Swedish, Daniels, 1986). The hummocks in this valley are 4‐6
meters high, and they are composed of a relatively loose, sandy‐silty till, with inclusions
of sand and gravel. The surface has a normal quantity of boulders, and the orientation of
the hummocks is generally completely irregular. Hummocky moraine is in general
referred to as ‘dead‐ice moraine’ in the descriptions in many of the Quaternary maps of
SGU (e.g. Hilldén, 1988, Fredén, 1990, Hilldén 1990). In Daniels (1986), there is no
general explanation about the formation processes of hummocky terrain, but at least the
area north of lake Gässjön is described as a landscape of dead‐ice landforms (Daniels,
1986). The esker in the valley of Hörda is 1‐3 meters high and 15‐25 meters wide. It
consists of gravelly sand, sometimes with angular stones. The glaciofluvial material
north of the valley is hard to differentiate from the till because it is poorly sorted
(Daniels, 1986).
The Dalstorp area
The geology of the area around Dalstorp is described by Hilldén (1988) as covered
almost entirely with a rather thin layer of till. The till cover is often somewhat thicker in
valleys, and it can be even thicker in drumlins and other streamlined accumulations. The
till is generally sandy to fine sandy but it is often coarser in association with glaciofluvial
deposits. The bedrock in the area is highly weathered in places. Hummocky moraine, up
to 10 meters in relief, normally occurs in association with glaciofluvial material. Large
boulders often occur on top of the hummocks, and in the depressions in between them.
The hummocky terrain in the area is referred to as dead‐ice moraine by Hilldén (1988),
described to have been formed by the meltout of debris in a more or less stagnant ice.
The entire valley of Grönahög is mapped as dead‐ice moraine, as well as an area in the
valley east of the valley of Dalstorp (Hilldén 1988).
The Trädet area
The area around Trädet has only been mapped on a regional scale (Lindström, 1898),
which means that the general geology has been observed without going into detail. Since
more detailed descriptions have been done for the areas west and south of the Trädet
area, these modern ones will be used here instead. These areas are almost completely
covered by till, which in general is sandy to fine sandy with a normal amount of boulders
at the surface. The till in association with glaciofluvial material and hummocky terrain is
often sandy to gravelly, sometimes with rounded grains (Fredén, 1990, Hilldén
1990).The till cover in the area west of the Trädet area is generally around 5‐20 meters,
but measurements in some moraine heights reveals till‐thicknesses of over 30 meters. In
areas where bedrock outcrops are frequent, the till cover is not more than 1‐5 meters
thick (Fredén, 1990). The area south of Trädet is covered in a rather thin cover of till. It
is generally not more than a few meters thick, even though greater depths of till can be
found in drumlins and other streamlined till accumulations (Hilldén 1990). Hummocky
moraine normally occurs in association with glaciofluvial material at elevations about 5‐
10 meters above the highest coastline. These sets of landforms are described to have
been formed mainly by dead ice. In the hummocky terrain, a larger part of the boulders
are exposed, as opposed to in the smooth areas were normally more than half of the
boulders are covered in the till. This can make it look like there are fewer boulders in the
non‐hummocky areas. Areas consisting of fine sand, with boulders on top as well as
inside are mentioned. These areas have a similar appearance as till at the surface, and
are impossible to distinguish from till without access to a section (Fredén, 1990, Hilldén
1990).
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3. Material and methods
To get a good overview of the morphological patterns of importance to this study, a large
part of the DEM of southern Sweden was viewed in ArcMap 10. The display settings of
the hillshade have been adjusted, to get the best picture possible of the topography in
every area. In areas with large elevation differences, the contrast was increased less
than in flat areas. In some cases, the azimuth and altitude used to create the hillshade
have been changed, in order to get a different and possibly better view of the landforms.
Brightness and transparency of the different GIS‐layers have also been modified to get
the best images possible. The digital Quaternary map from SGU was added as a
transparent layer in ArcMap to get a better picture of the geology. Glaciofluvially
affected corridors were located by manually scanning for meltwater erosional pathways
and glaciofluvial material. Many of these corridors contain what today often is referred
to as ‘dead‐ice moraine’ (Fredén, 1990, Hilldén, 1988, Hilldén, 1990). Three such areas
were chosen for a closer study in ArcMap and for field investigations.


The field reconnaissance of the valley of Hörda took place in September 2012,
with a spade and a camera as tools. The area was overviewed by driving and
walking around, and five sections were observed and documented. One of these is
presented in the text.



Field observations were carried out in the Dalstorp area in March 2012 under
guidance of Tore Påsse. The smooth streamlined area south‐east of Dalstorp was
visited, as well as the valley below it. The hummocky tract east of Grönahög was
studied, as well as an area near Rånnaväg, which is not displayed in the present
paper. Four sections were observed and documented, which are presented in the
text. The tools at hand were a camera and a spade.



The Trädet area was studied in field under the period between May and July
2012, during mapping for SGU. The tools that are used during field mapping are a
shovel, hand auger, spear, camera and a GPS. The type of sediment at a depth of
0.5 meters is determined and mapped. Numerous sections were observed and
documented during this work, whereof three are presented in this paper.

During interpretation of the results, some morphological patterns were elucidated in the
maps presented in the text. Arrows showing roughly estimated flow lines of the
presumed subglacial streams were added to the images. The glaciofluvially affected
corridors were outlined to further clarify the border between them and the streamlined
areas. Some photos in the text were edited in Adobe Illustrator, and profiles of the
valleys were done using ArcMap 3D.

3.1 Sources of error

It is possible that some sediment types of the Quaternary maps are erroneous, especially
where hummocky moraine is associated with glaciofluvial material, since these can be
hard to separate. A misplacement of the sediment contacts of up to several tens of
meters can occur in Quaternary maps. The LIDAR data, on the other hand, is very exact,
and even if there are some errors these are not thought to be a problem here.
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4. Description of the investigation areas
4.1 The valley of Hörda

Figure 5. A map showing an overview of the Valley of Hörda. The pink line is the longitudinal profile of Fig. 6
below. The green colour represents glaciofluvial material and the red colour is bedrock outcrops. The
remainder of the substrate of this map consists mainly of till, which is represented by the grey areas. There is
peat on top of the till in the lower elevated areas. The section of Fig.9 is marked as a red circle and the yellow
circle shows the location of Fig. 7 below.
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Fig. 5 shows an overview of the valley of Hörda. There is a sharp border between the
smooth, streamlined areas and the knotty, hummocky tracts in the valleys. The
escarpments that separate these two morphologies have a distinct erosional appearance
and are clearly visible in field. Glaciofluvial deposits have been deposited in the valley
located east of it (green pattern in Fig. 5), but in the valley of Hörda, the only
glaciofluvial material is found in a small esker. The rest of the area is composed of sandy
till, with peat on top of it in the depressions. There are bedrock outcrops in a few, small
areas, which are marked with red on the map. A dendritic esker has been deposited in
the south, by streams from the two valleys that merge in the lower part of the figure. The
depth of the valley is about 15‐20 meters, and it is about 800‐900 meters wide.

Figure 6. A longitudinal profile of the valley of Hörda, marked as a pink line in Fig. 5. The area where the
hummocks are most prominent is marked by the black line in the lowest part of the figure. The scale of this
profile is not in meters, but the actual length of the profile is around 16 kilometres and one unit on the scale
bar equals around 1.88 meters.

A longitudinal profile of the valley of Hörda was drawn with the start in the north at the
lake Gässjön, which has a level of 151.5 meters above sea level. It follows the lowest
point of the valley, on the flat ground in between the hummocks if possible, in order to
get the profile of the valley and not the hummocks. The highest top in the middle of the
valley has a level of 166 meters. This means that the highest point in the valley of Hörda
is 15 meters higher than the lake at the start of the longitudinal profile. The small lake at
the southern end of the profile, Förarpasjön, is situated at 150 meters above sea level.
The longitudinal profile of the valley of Hörda is thereby convex. Hummocks are most
prominent in the higher elevated part of the valley, between 2000 and 4400 on the
longitudinal profile. The scale of the longitudinal profile has a bundled value to
emphasize to height differences, so one unit does not equal one meter. The actual length
of the profile is around 16 kilometres, and one unit on the scale bar equals around 1.88
meters. This means that the elevated area where the ‘best’ hummocks are located, in
reality starts at around 3800 meters on the longitudinal profile of Fig. 5 and 6, and
continues for about 4000 meters.
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Figure 7. A close‐up of a part of the esker located
south of Hörda. The location of this close‐up is
marked as a yellow circle in Fig. 5.

Fig. 7 shows a close‐up of a part of the
esker south of Hörda, which is located
inside the yellow circle of Fig. 5. The
esker is sharp‐crested and it is of the
dendritic type, as the two eskers merge
where the valleys join. It is sinuous and
continuous for about 6000 meters
before it has breaks. The esker is resting
on top of the hummocks and there are
no hummocks superimposed on the
esker.

Figure 8. A close‐up of the valley of Hörda. The
red circle marks where the section of Fig. 9 is
situated. The green colors represent glaciofluvial
material, and the red shows where bedrock
outcrops can be found. The village of Hörda is
located in the south‐east of the valley.

Fig. 8 shows a closer view of the valley of Hörda, where the field reconnaissance was
carried out. The hummocks in the area are 1‐7 meters high and somewhat less than 20
meters to over 100 meters wide. They are of irregular shape and have with fairly steep
slopes. The alignment of the hummocks has not been investigated in detail, but the
overall appearance is that they show no particular alignment. There are clear channels
on the sides of the valley, near the escarpments between the hummocky and smooth
area. The smooth, higher elevated areas are in general fairly sparse of boulders, and only
rather small boulders are revealed. The surface of the hummocky terrain contains some
relatively larger boulders, and seemingly a bit more of them, even though this is not
obvious. Two bedrock outcrops are visible in the valley, west of the village of Hörda.
There is a small esker on the valley floor, east of the section marked by the red circle.
Five sections were observed in the valley. They were all composed predominately of a
fairly loose sandy to fine sandy till, with lenses of sorted material included in some
cases. Only one of the sections is presented in this text, and the position of this site is
marked on the maps of Figs. 5 and 8 as red circles. The rest of the landscape in the area
is composed of a rather loose, sandy till, sometimes with peat on top of it in the lower
elevated areas.
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Figure 9. A 2.5 meter high section in a hummock in the valley of Hörda. The section is situated inside the red
circle illustrated in Figs. 5 and 8. It consists of sandy till and some small lenses of gravel and sand.

The hummock in Fig. 9 consists of sandy till and some small lenses of gravel and sand.
The section is about 2 meters high and 5 meters wide, but partly covered. The hummock
has steep sides and the surface contains a normal amount of boulders.

Figure 10. The surface of the hummocky terrain in the valley of Hörda. Boulders are covered with moss. This
photo is taken a few hundred meters west from the section in Fig. 9.

Fig. 10 shows the surface of the hummocky terrain located a few hundred meters west of
the section of Fig. 9. The surface is fairly devoid of boulders compared to the other areas
of investigation, but there are still more boulders here than in the surrounding flat
terrain. Moss covers these boulders so that they are hard to see in the photo.
The model of thickness of the Quaternary deposits (SGU, 1:50 000) indicates that the
sediment cover in the valley of Hörda is between 5‐15 meters. Two small bedrock
outcrops are visible west of the village of Hörda in the middle of the valley, indicating
that the closeness to bedrock around that area. Fig. 4 in chapter 2.4 shows an overview
of the Quaternary deposits in the southern part of Sweden (SGU, 1:1000 000). There is a
band of glaciofluvial deposits that reaches out from the valley of Hörda (inside square no
3), which is coloured in green and marked with a black line in the figure. This
glaciofluvial band can be followed towards the southwest, all the way down to
Helsingborg on the west coast of Sweden, where sand, silt and clay has been deposited.
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4.2 The Dalstorp area

Figure 11. An overview of the Dalstorp area. The red circles represent the points of observation that are
presented in the text. Estimated borders between the streamlined areas and the glaciofluvially affected,
hummocky areas have been drawn into the map. These estimations are based on morphological patterns
visible in the DEM and the existence of glaciofluvial material.
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Fig. 11 shows a clear distinction between the streamlined landforms at higher elevations
and the hummocky terrain in the valleys. The escarpments that separate the hummocks
from the flat upland southwest and southeast of Dalstorp have a distinct erosional
appearance. Estimated borders between the streamlined areas and the glaciofluvially
affected areas have been outlined. This estimation is based on the morphological pattern
revealed by the DEM, and the Quaternary map (Hilldén, 1988), which shows where
glaciofluvial material has been deposited. Closer studies have been made in the valleys
south of Dalstorp and east of Grönahög.

Figure 13. An overview of the valley of Dalstorp,
which merges with another glaciofluvially
affected valley from the northeast. There are
sharp erosional escarpments in both of the valleys,
separating the hummocky areas form the higher
elevated, smooth, streamlined areas.

Figure 12. A closer view of the area south of
Dalstorp. The grey areas consist of sandy till, with
peat on top of it at places of lower elevation.
There is an esker and some glaciofluvial sediments
in the center of the valley, which are colored
green. The red circles illustrate the location of the
field observations of Figs. 14‐16.

Fig. 12 shows an area southwest of Dalstorp. The escarpment between the hummocky
topography and the smooth, streamlined area is clearly visible in field. The height
difference between the higher‐elevated, smooth area to the west, and the bottom of the
valley, is about 50 meters. The valley is about 1000 meters wide. The relief of the
hummocks is between 1‐10 meters and the slopes are for the most part steep. They
consist of sandy till and have irregular forms. There is no apparent alignment of the
hummocks, but no detailed investigation has been done concerning this. The only
pattern that possibly can be distinguished while viewing the pattern of these landforms
is that a few hummocks seem to be lined up approximately transversally against the
22

presumed meltwater flow direction. The surface of the hummocks has a lot of boulders,
while the smooth area is quite poor of boulders. The depth to bedrock in the hummocky
area south of Dalstorp is 3‐10 meters according to the model of thickness of Quaternary
deposits (SGU, 1:50 000). No bedrock outcrops have been found in this valley according
to the Quaternary map (Hilldén 1988).
Fig. 13 shows an overview of the Dalstorp valley, and a valley merging with it from the
northeast. The eastern valley also has a sharp escarpment to the higher elevated area in
the west and there is meltwater pathways and glaciofluvial material in the valley. An
esker is situated in the lowest part of the valley floor in the eastern valley, and there is
hummocky topography in its eastern part. This has been marked as hummocky moraine,
which is described by Hilldén (1988) to have been formed by the melt‐out of debris in a
more or less stagnant ice.

Figure 14. The left photo shows the section of glaciofluvial material located inside circle no. 1 in Fig. 12. The
bedrock has been cracked and glaciofluvial sand is deposited in horisontal fissures in the bedrock. The right
photo shows a close‐up of the cracked bedrock.

The left photo in Fig. 14 shows a part of a section which is about 4 meters high and 10
meters wide, located within a few meters from the hummocky topography in the
Dalstorp valley, inside circle no 1 of Fig. 12. The section consists of glaciofluvial deposits,
which is composed of layers of sand and gravel. There is bedrock in this section which
has been cracked and glaciofluvial sand is deposited in horisontal fissures in the
bedrock. A close‐up of this cracked bedrock with sand underneath is shown in the right
photo in Fig. 14.
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Figure 15. Boulder rich surface of the hummocky terrain inside circle no 2 of Fig. 12.

The photo in Fig. 15 shows a boulder rich surface on the hummocky terrain. The
hummocks have fairly steep sides leaning towards the valley center. This photo taken on
the area located inside circle no 2 of Fig. 11.

Figure 16. The boulder rich surface of the hummocky terrain inside circle no. 3 in Fig. 12.

Fig. 16 illustrates another view of the boulder‐rich hummocky topography in the area
southwest of Dalstorp. The location of this hummocky topography is less than 100
meters from Fig. 15, in no 3 in in Fig. 11. Small sections were found in this area, which
generally consisted of sandy till.
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Figure 17. An overview of the hummocky tract east of Grönahög, a valley located northeast of Dalstorp (see
Fig. 11). The area generally consists of till, with some bedrock outcrops which are colored red in the figure,
and some peat bogs on top of the till. The sections shown in Figs. 19 and 20 are marked as no 4 and 5.

Fig. 17 shows the clear distinction in morphology between the smooth areas and the
hummocky tract, which has a pattern of stream erosion. The band of hummocks is about
800 meters wide and the elevation difference between the smooth, higher elevated
areas and the bottom of the valley is about 15‐20 meters at the deepest. In some places,
especially in the northern part, it has approximately the same elevation as surrounding,
flat areas. There is a large peat bog northeast of the hummocky tract, which is located at
lower elevation than surrounding area.
The entire area consists of sandy till, with peat in some of the depressed areas. The
hummocky topography is marked as dead‐ice moraine on the Quaternary map (Hilldén,
1988). In the northern part of the image, outside the valley, bedrock is exposed and
affects the morphology. The surface in the hummocky tracts is fairly rich of boulders, but
sparser of boulders in the smooth areas. Glaciofluvial sediments have been deposited
further down in the valley, as it merges with a glaciofluvial corridor coming from the
north. The depth of the sediment cover in the Grönahög valley is about 5‐10 meters thick
according to the model of thickness of the Quaternary deposits (SGU, 1:50 000). Only
two small bedrock outcrops have been marked in the valley on the Quaternary map
(Hilldén 1988). One of these can be found at the start of the valley, in the north, and the
other one is located next to the pond, south of the village of Grönahög.
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Figure 18. A closer view of a part of the valley of Grönahög. The red circles mark where the section of Figs. 19
and 20 are located. The green circle marks a small and irregular type of hummock that occurs in clusters,
often located on top of a larger hummock. Inside the yellow circle is a type of hummocks that is elongated in
the former meltwater direction. A third type of hummock is lower elevated, with a flat surface and often with
a rhomboid shape. An example of this type is found inside the turquoise circle.

Fig. 18 shows a closer view of the valley of Grönahög. Meltwater pathways delineate and
dissect many hummocks in the area. The hummocks are between 1‐10 meters high and
10‐140 meters wide, and vary in shape. There is one type of hummocks which are small
and have irregular shapes. This type of hummocks occurs in clusters that often seem to
be located on top of a larger hummock, which is delineated by channels. An example of
this type of hummocks is located inside the green circle in the figure. Many hummocks
are elongated in the meltwater flow direction. These hummocks are obviously dissected
by meltwater pathways. Examples of such meltwater pathways can be found within the
yellow circle in Fig. 18. A third type of hummocks normally has rhomboid shapes and is
often lower elevated, with a flat surface. These hummocks are delineated by meltwater
pathways, which generally are revealed by sharp escarpments. The turquoise circle
marks an example of a rhomboid hummock with a flat surface.
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Figure 19. A section in a hummock that consists of ‘normal’, sandy till.
The position of the site is marked as circle no 4 in Figs. 17 and 18.

The section of Fig. 19 is about 1.5 meters high and consists of sandy till. The hummock
itself is 4 meters high and about 70 meters wide, and its surface has a normal amount of
boulders. The entire section has not been thoroughly scraped and examined, as it
showed no sign of containing anything but sandy till.

Figure 20 shows a section which is located in circle no 5, in Figs. 17 and 18.
It is about 2.5 meters high and consists of ‘normal’, sandy, lodgment till.

Fig. 20 shows a section of a hummock in the valley of Grönahög. It is about 2.5 meters
high and consists of normal subglacial till. This hummock has a longitudinal shape,
aligned in the former meltwater direction.
A long band of glaciofluvial deposits, which is coloured green in the Quaternary map
(SGU, 1:1000 000) in Fig. 4 and marked with a black line, can be followed from the
Grönahög and the Dalstorp valley, down towards the southwest. This band of
glaciofluvial deposits joins together with the band of similar composition that reaches
out from the valley of Hörda, described in chapter 4.1. It then continues all the way
down to Helsingborg on the west coast of Sweden, where sand, silt and clay has been
deposited.
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4.3 The Trädet area

Figure 21. An overview of the area of study around Trädet. The examined sections that are presented in the
text are marked with red circles.

Fig. 21 shows an overview of a part of the study area of Trädet. Thorough field
investigations were carried out in the area during mapping for SGU. This landscape is
flatter than in the area of Dalstorp and around the valley of Hörda. The entire area
generally slopes towards lower elevations in west. The hummocky areas are more
extensive here, and they do not always occur in valleys. The shape of the hummocks is
usually irregular, but many hummocky tracts have a ‘smeared out’ appearance, slightly
streamlined in the ice‐flow direction. There is a difference between these, and the type
of hummocky tracts where the hummocks have a sharper appearance, with more
distinctive forms and steeper slopes. This difference will be illustrated in Fig. 27 below.
The more distinctive hummocks often occur in association with glaciofluvial landforms.
In some areas, there is a slight tendency for hummocks to line up approximately
transversally to the ice‐flow direction.
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Figure 22. A hummock with a boulder rich surface, located north of St Björken. The photo
is taken from the description to the Quaternary map of Ulricehamn SV. This map is located
southwest of the Trädet area and has a similar geology as at Trädet (Hilldén, 1990).

The till in the area is generally sandy, usually with a layer of fine sandy till at the top 0.5‐
1 meter. There are occasional lenses of sorted material in the hummocks, and some
hummocks, associated to glaciofluvial material, consist of till made up of coarser,
rounded material. The surface of the hummocky terrain is often very rich in large
boulders, as can be seen in Fig. 22 (Hilldén, 1990). In the smooth areas, on the other
hand, the boulders are covered in till and only parts of them are visible.

Figure 23. A DEM showing hummocky topography east of Trädet. The location of the
two sections which are presented in Figs 24 and 25 below, is marked with red circles.
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Fig. 23 shows a part of the hummocky terrain at Trädet. The sections 1 and 2 in Figs. 24
and 25 are both located in hummocky areas, but the hummocks have rather different
morphologies. There are no meltwater pathways in the hummocky topography
surrounding section no 1. Instead, the hummocks show a certain degree of streamlined
alignment, with the ‘smeared out’ appearance that was mentioned above. The surfaces
of these hummocks are very boulder rich, and they have rather steep slopes. The
hummock of section no 2, on the other hand, is flat‐topped and delineated by channels.
This hummock has a flat, fairly large surface, suggesting that it was a part of the original
ground surface that has been cut by channels. But there are also smaller hummocks
nearby of section no 2 that are delineated by meltwater pathways, for example the one
inside the yellow circle in Fig. 23. This hummock has steep slopes and its surface is rich
of boulders, in contrast to the surface of the hummock of section 2, which is fairly poor
of boulders. The erosional escarpments around the hummocks are clearly visible in field.
There is a large esker in the valley west of section 2, surrounded by a flat channel.
Neither the esker, nor the channel, has any hummocks on top of them.
A band of glaciofluvial deposits that can be followed from the Trädet area (Fig. 4,
Quaternary maps, SGU 1:1000 000), towards the southwest, all the way down to
Falkenberg on the west coast of Sweden, where sand, silt and clay has been deposited.
According to the model of thickness of Quaternary deposits (SGU, 1:50000), the depth to
the bedrock in the Trädet area is around 5‐10 meters. There are bedrock outcrops in a
few places in Fig. 23, for example near the large channel in the western part of. This is
not indicated in the figure since there is no Quaternary map at hand for the moment.

Figure 24. A section in a hummock consisting of sandy till, with half a meter fine sandy till at the top. The
location of this section is marked as no 1 in Figs. 21 and 23.

Section no 1 is about 3 meters high and 10 meters wide, Fig. 24. The hummock is
composed of sandy till with half a meter fine sandy till at the top. It has a relief of about 4
meters and is about 20 meters wide. The shape of this hummock seems to be irregular,
with a slight streamlining in the direction of the former ice‐flow.
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Figure 25. No 2 of the marked sections of Figs. 21 and 23. The top 0.5‐1 meters consist of fine
sandy till and the till underneath this layer is sandy, with a normal amount of boulders.

The section 2 in Fig. 25 is about 4‐5 meters high and about 200 meters wide in total. It is
composed of sandy till with 0.5‐1 m fine sandy till at the top. This composition with fine
sandy till on top of sandy till can be found in most sections in the surrounding area. The
hummock is situated at an elevation about 20 meters below section no 1 in Fig. 23.

Figure 26. A ditch in one of the flat areas of sand with boulders on top, a few km from Åsarp.

Field observations in an area west of Åsarp and Trädet, revealed a landform‐sediment
combination different from the surrounding hummocks. Many low, flat fields in the area
consist of very well sorted sand, with boulders on top. This sediment is completely
lacking of fines, gravel, and stones. By talking to farmers in the area, it was made clear
that the boulders were superimposed on the sand, and not deposited inside, even if
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many of them naturally have sunk down a bit into the sand. This phenomenon is
mentioned in the early descriptions to the Quaternary maps of nearby areas, where it is
emphasized that this sediment type can only be discovered if sections are available, due
to its similarity with till on the surface (Fredén, 1990). Fig. 26 shows a ditch in a flat field
composed of sand with boulders on top, a few kilometers west of Åsarp.

Figure 27. An area west of Åsarp and Trädet, The purple polygons represent fields of sand with boulders on
top. Estimated glaciofluvially affected areas are outlined in blue. The photo of Fig. 26 is located inside circle
no 3.

Fields of sand to fine sand with boulders are outlined in purple in Fig. 27, and the
location of Fig. 26 is marked as no 3. Since these fields often are covered with peat, and
look just like till at the surface, it can be presumed that they have not always been noted
during the Quaternary mapping of these areas. The DEM reveals that they generally
occur in association with hummocky tracts and meltwater pathways. Borders between
estimated glaciofluvially affected tracts and surrounding areas have been drawn into the
map. This estimation is based on the presence of channels, glaciofluvial deposits and on
the morphological pattern in general.
The areas surrounding the glaciofluvially affected tracts are partly flat and streamlined,
but they also contain the sort of ‘flattened out’, streamlined hummocks as described
above. The DEM in Fig. 27 reveals the difference between these, and the more distinct,
sharper hummocks with steep slopes, which are located inside the glaciofluvially
affected corridors.
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5. Discussion
5.1 The investigation areas

Figure 28. This image illustrates the valley of Hörda, with suggested flow lines.
The red circle shows the location of the field observation of Fig. 9 in chapter 4.

The valley of Hörda is the most distinct example of the phenomena described in this text.
The shape of the valley closely resembles a tunnel valley, except for the fact that it has a
hummocky bottom instead of a flat one. Fig. 28 shows the valley of Hörda, where flow‐
lines have been drawn to suggest how the subglacial streams could have flown. The
general direction of the estimated flow lines is from the sides towards the center of the
valley.
The longitudinal profile of the valley of Hörda (Figs. 5 and 6) is convex, sloping down in
both ends. Since only a confined, subglacial stream could have climbed about 15 meters
up before it flowed downslope again, at least the shape of the valley itself must have
been formed subglacially. This also means that there are topographical conditions for a
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subglacial meltwater reservoir north of the valley of Hörda. The flow direction is
estimated to have been from the north, in the ice surface‐slope direction. The fact that
the hummocks in this valley are most prominent in the highest part of the valley long
profile, might have something to do with their formation.
The esker in the lower part of Fig. 5 is clearly the type of long, dendritic esker that is
formed subglacially. There are no hummocks on top of the esker, and the esker is clearly
resting on top of the hummocks. These facts strongly point to a subglacial formation of
the hummocks, since the subglacial esker must have been deposited after the
hummocks. If the hummocks were formed by downwasting of supraglacial material in a
dead‐ice environment, there should have been hummocks on top of the esker as well.
The small esker in the valley of Hörda consists of gravelly sand, sometimes with angular
stones (Daniels, 1986). This is an indication that the material in the esker has not been
transported very far. It might even originate from the same valley as the esker is
deposited in.

.
Figure 29. The glaciofluvial corridor of Grönahög, with estimated flow lines. The red circle marks where the
section of Fig. 19 is located. The green circle marks a small and irregular type of hummock that occurs in
clusters, often located on top of a larger hummock. Inside the yellow circle is a type of hummocks that is
elongated in the former meltwater direction. A third type of hummock is lower elevated, with a flat surface
and often with a rhomboid shape. An example of this type is found inside the turquoise circle.

There are clear meltwater pathways in the hummocky tract of Grönahög, and
glaciofluvial sediments have been deposited further down in the valley, which means
that it is highly likely that meltwater streams have been flowing here. In Fig. 29, flow
lines have been drawn in the map to illustrate how the meltwater is suggested to have
flown and eroded the landscape. While studying the small channels closer, it is easy to
see that they dissect hummocks in places and delineate them elsewhere, which means
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that they have eroded the shape of the hummocks. The most probable explanation is
that these were subglacial streams. Alternatively, one could suggest that proglacial
streams eroded these meltwater pathways. But since proglacial streams do not have the
same transport capacity as subglacial ones, they would likely deposit large parts of the
sediment in the process. As there is no glaciofluvial material in the hummocky tract of
Grönahög (but further downstream from it), it is unlikely that proglacial streams formed
the meltwater pathways. There are topographical conditions for a subglacial meltwater
reservoir northeast of the valley of Grönahög, where the peat bog is located, which could
have been the source of a powerful outburst flood.
The hummocks in the Grönahög valley are comparable with the erosional remnants
described by Kehew & Lord (1986): Anastomosing channels dissect and delineate the
hummocks, but no deeper channel has developed in the middle. This valley seems to
represent the first stage of erosion by a powerful stream. Continuous erosion might have
formed a larger channel, surrounded by a plane with hummocks as suggested by Kehew
& Lord (1986). The hummocks would then gradually become smaller and smaller, and if
erosion continued, a completely flat tunnel valley would probably be formed.
The distribution of different types of hummocks in the valley of Grönahög, suggests that
these types have been subject to different processes of formation. The lower elevated,
rhomboid‐shaped, flat‐topped hummock inside the turquoise circle in Fig. 29 is similar
to one of the shapes described by Kehew & Lord (1986). They propose that this type of
flat‐topped, erosional remnants is a result of complete submersion in the erosive stream.
The hummock inside the green circle on the other hand, appears to be the type that was
not completely submerged by the stream, and therefore was left with its original,
hummocky surface. The elongated hummocks inside the yellow circle might have been
formed by the incision of longitudinal grooves, similarly as described in Kehew & Lord
(1986).
The similarity of the hummocks in the valley of Grönahög and the erosional remnants
described by Kehew & Lord (1986), as well as the fact that there is no esker in this
valley, could point at a subaerial formation by the erosion of glacial outburst floods
rather than a subglacial formation. On the other hand, it seems quite likely that these
two types of streams would result in similar erosional remnants, and since an esker and
glaciofluvial material has been deposited further downstream, this might be an
indication that a subglacial stream eroded the Grönahög valley as well. Either way, these
hummocks have obviously not been formed by deposition in a dead ice environment, as
described by Hilldén (1988).
In the Dalstorp valley, the fissure in the bedrock with sand underneath it (Fig. 14) could
be seen as an indication of the enormous power of the meltwater stream that was
flowing in there. A possible explanation is that this stream cracked the bedrock open and
deposited sand in horizontal fissures underneath. If this explanation is correct, it is an
indication of the great power of this stream, which then can be used as an argument that
the stream was subglacial. With such an enormous power, the subglacial stream must
have been highly erosive, with a great transport capacity, and it would certainly be able
to erode the hummocky tracts in the Dalstorp valley.
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Figure 30. A DEM in the same view of the area around Trädet as showed in Fig. 23, chapter 4. Here, flow lines
of former meltwater streams have been estimated and drawn in the map.

Parts of the hummocky terrain in the Trädet area contain clear meltwater pathways that
delineate the hummocks and hills, showing that meltwater streams formed the
hummocks rather than that the hummocks where formed in a later stage. In Fig. 30,
estimated flow lines have been filled in to these meltwater pathways in the places where
they can be distinguished, to indicate the former meltwater stream direction. Since there
are no meltwater pathways in the eastern part of the figure, no estimated flow lines have
been drawn there.
In the Trädet area, the ‘sharp’ hummocks associated with eskers and former meltwater
pathways (Figs. 30 and Fig. 31) are in the present paper interpreted to have been
formed by subglacial meltwater erosion. Three possible explanations are offered for the
origin of the surrounding, ‘smeared out’ hummocks. First, it could be that they were
formed as dead‐ice hummocks. Alternatively, the ‘sharp’ and the ‘smeared out’
hummocks were both eroded by subglacial meltwater streams, but then the ice overrode
the ‘smeared out’ hummocks after their formation, creating a slightly streamlined form
of the landscape and eliminating former meltwater pathways. The streamlining of the
landforms could actually be seen as evidence that the hummocks were formed
subglacially, since they were formed before the ice overrode them. A third alternative is
that the ‘smearing out’ happened during a readvance, or if the hummocks were formed
in an earlier glaciation and then were over‐ridden by the last ice sheet.
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Figure 31. The same view as Fig. 27, with fields of sand with boulders of top and tracts of ‘sharp’ hummocks
associated with eskers and channels, located between flatter, partly streamlined areas. Here, flow lines have
been drawn into what seems to be vague channels.

Fig. 31 shows the same area as in Fig. 27, with fields of sand with boulders of top and
tracts of ‘sharp’ hummocks associated with eskers and channels, located between flatter,
partly streamlined areas. In this figure, flow lines have been drawn into what seems to
be vague channels. These vague channels appear in many places to be running to and
away from the fields of sand with boulders.
It is difficult to explain the formation process of the fields of sand with large boulders
deposited on top of it. The sand fields are completely lacking of fines, gravel and stones,
which can make one wonder where all the other grain sizes of the original glacial debris
went. One possible explanation could be that glaciofluvial streams eroded these fields
subglacially, and washed away all other grain sizes of the till, leaving large boulders at
the surface. The coarser grain sizes were probably carried away by the stream and got
deposited in eskers and other glaciofluvial landforms, and the fines were deposited in
completely calm environments. After everything but the largest boulders of the till was
washed away, the ice might have frozen to the bottom, so that the boulders got frozen
into the ice. In a later stage, subglacial streams decoupled the ice from the bed, lifting up
the boulders which were frozen into the ice. Fine sand to sand could settle in places
where the stream velocity decreased, in cavities or pinched off conduits branching off
the main channel. A steady stream was flowing in these environments, preventing the
fines to settle here. After the sorted sediment had settled on the bed, the boulders
melted out of the bottom of the ice and got deposited on top of, and in the sand. This
explanation might be far‐sighted, but it would explain the fields of sand with boulders
found in the Trädet area, and why there seems to be vague, shallow channels running
37

towards these fields. A different explanation could be that the boulders were let down
on the sand from the ice edge. But it seems hard to explain how the ice could transport
that great amount of large boulders to the ice edge, without bringing any smaller
boulders or other grains sizes there.

5.2 Collected arguments for a formation by subglacial
meltwater erosion of the investigated hummocky areas
Many observations suggest that the hummocks within the valleys described in the
present paper were eroded by subglacial meltwater streams. First, they all occur in
bands nearly parallel to the ice flow, except for the Grönahög valley. Dead‐ice
hummocks, on the other hand, normally occur in moraines in bands at former ice‐
margin positions (Johnson & Clayton, 2003). In the Trädet area there are wider areas of
hummocky terrain, but the sharp‐looking, steep‐sloped hummocks associated with
eskers and former meltwater pathways in Fig. 27, still occur in tracts. There are no
hummocks on the smooth, streamlined landforms surrounding the hummocky tracts. If
the ice transports as much debris to its surface as suggested in the supraglacial theory,
at least some material should reasonably get deposited in the flat areas surrounding the
hummocky tracts, as the ice withdrew. It seems unlikely that hummocks would only be
deposited in thin bands, like in the Hörda valley.
Second, the fact that eskers and channels are associated with the hummocky terrain in
all of the investigated areas, might indicate that subglacial meltwater streams are
involved in the formation of hummocky terrain as well. Channels clearly dissect and
delineate the hummocks, showing that the hummocks were formed by the same
meltwater streams that eroded the channels.
Third, the sharp escarpments dividing the flat, streamlined areas from the hummocky
zones often consist of a series of arcuate, erosional sections. These seem to be best
explained as the margin of a subglacial stream.
Fourth, there are no hummocks on top of any of the eskers in the areas of investigation,
and the esker in the valley of Hörda is clearly resting on top of the hummocks. This fact
strongly point to a subglacial formation of the hummocks, since it means that the eskers
must have been deposited after the hummocks. If the hummocks were formed by
downwasting of supraglacial material in a dead‐ice environment, there should have been
hummocks on top of the esker as well. In the Dalstorp valley (Figs. 12 and 13) and in the
Trädet area (Fig. 23), the channels and the glaciofluvial material surrounding the eskers
cover a rather wide area. Thereby, the chance for hummocks to be deposited in these
areas, if they were deposited from the ice margin after the channels were eroded, should
have been quite large.
Fifth, the longitudinal profile of the valley of Hörda (Figs. 5 and 6) is convex, sloping
down in both ends. Since only a confined, subglacial stream could have climbed about 15
meters up before it flowed downslope again, the valley must have been formed
subglacially.
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Sixth, the investigated hummocks are composed primarily of till, and this till seems to be
of similar composition as the till underlying the streamlined, till uplands that border the
hummocky valleys. No sections have been observed in the flat, streamlined areas
surrounding the hummocky terrain in the Hörda valley and the Dalstorp area, so the
information about the composition of the till in those areas is based on the descriptions
to the Quaternary maps (Daniel, 1986, Hilldén, 1988). In the Trädet area, on the other
hand, many sections have been observed during mapping for SGU. These observations
reveal that areas with a) smooth, streamlined surface, b) sharp hummocks, or c)
smeared out ones, all seem to consist of ‘normal’ sandy till, occasionally with lenses of
sorted material, with a layer of fine sandy till at the top 0.5‐1 meters of them. The layer
of fine sand at the top could be explained by a development in a later stage, possibly as a
result of weathering due to soil forming processes. Either way, the composition of most
of the sections is the similar. This is a strong argument that the hummocks were carved
out of the original substrate, rather than that they were deposited from the ice edge.
Nevertheless, the general apprehension appears to be that lenses of sorted material are
more common in hummocky terrain than in other till areas. For instance, they are
mentioned as a characteristic feature of hummocks in the general description for
hummocky moraine by Johnson & Clayton (2003). It seems clear that the abundance of
sorted material in hummocks might vary between different types of hummocky
topography, since they apparently can be formed by different kinds of processes. But in
general, lenses of sorted material appear to be noticed more often during mapping in
hummocky terrain, compared to in other landscapes of till. This might be due to the
general idea that there should be more sorted material in the hummocks. But the
primary reason is probably that there are not as many sections available in the
surrounding, flatter, till areas, which means that nobody actually knows how abundant
lenses of sorted material are in these areas.
Seventh, the dimensions of the Hörda valley, the Dalstorp valley, and the Grönahög valley
are concurrent with the average dimensions of tunnel valleys described elsewhere
(Clayton et al., 1999; Jørgensen & Sandersen, 2006). This speaks for the suggestion that
they represent the first stage of the erosion of a tunnel valley, or a different type of
tunnel valley than the flat ones. Even though the valley of Grönahög is very shallow,
continued erosion by a subglacial meltwater stream could possibly have eroded a tunnel
valley. There are wider areas of hummocky terrain in the Trädet area than in the other
areas of investigation. Still, the width dimensions for the tracts of ‘sharper’ hummocks in
the Trädet area (Fig. 27), which here are interpreted as the result of erosion by
subglacial meltwater, are concurrent with the average widths of tunnel valleys.
Eighth, field observations, especially in the Dalstorp area and in the Trädet area, show
that the streamlined areas contain very few, often smaller boulders at the surface, while
the hummocky terrain is rich of large boulders at the surface. This seems to be the case
for most hummocky terrain, and is mentioned by for example Fredén (1990). The
abundance of surface boulders in the hummocky terrain could be seen as an indication
of erosion by subglacial meltwater flows, since these powerful streams naturally would
wash away the till at the surface, leaving only the large boulders that were too heavy for
it to lift. In the smooth, streamlined areas, on the other hand, the ice has flattened the
bed while riding over it, concealing the largest parts of the boulders in the till.

39

5.3 Possible processes of formation
Various processes have been suggested by researchers for the formation of hummocky
terrain in general, most of which have been described in this text. However, based on the
observations outlined in this paper, it is unlikely that the hummocks described in the
present paper were formed by the collapse of supraglacial debris on stagnant ice. The
results in this study suggest that these hummocks were formed subglacially. With this in
mind, several mechanisms are outlined below that possibly could have formed the
hummocky tracts of this study.

Subglacial till deformation


Subglacial squeezing of sediment (sediment deformation) into crevasses
and cavities. Pressing of the ice in a soft substrate, and thereby squeezing up
sediment in cavities (Hoppe, 1952) would explain why there are no hummocks
superimposed on the eskers, but there is no explanation why the hummocks
would only occur in linear tracts that lie in valleys. Since there are erosional
escarpments bordering the hummocky areas of this investigation, and since their
morphological pattern indicates an erosional origin rather than having a
squeezed‐up appearance, this explanation does not seem appropriate for the
hummocks of investigation.



Deforming sediment conducted laterally towards a conduit, due to the lower
pressure in the channel (Boulton & Hindmarsh, 1987), was arguably a part of the
process forming the incipient tunnel valleys described in the present paper. It has
not been proposed as a hummock forming mechanism before, but since it is
supposed to form tunnel valleys, it could possibly be a part of forming
hummocky, incipient tunnel valleys as well. It could be that the transport of
water within the deforming sediment decreased the pore pressure and
strengthened the till in the remaining hummocks, and thereby prevented them
from being eroded. Local differences in characteristics of the till, could have
affected which parts of the bed that discharge the pore water more easily, and
therefore resist deformation and flowing towards the channel, leaving behind
remnants in the shape of hummocks. Another possibility is that piping took place
in the hummocks, lowering the pore pressure locally, making some areas
stronger against deformation.

Subglacial meltwater erosion


A dendritic channel network incised into the ice, formed by a stable,
continuous meltwater stream, with groundwater‐channel coupling (Boulton
2007 a, b), would cause erosion in the channels as well as around it. Since the
zone of up‐ward flow can be up to 1 km wide, erosion due to sediment
liquefaction could have eroded valleys of similar dimensions to the ones of study
in this thesis. A combination of sediment deformation and groundwater‐ and
meltwater flow towards the channels would erode deeper and wider into the
channel in a time‐transgressive way. Debris‐laden ice would also be transported
towards the conduit as a part of the process (Shreve, 1972). It is possible that this
erosion and transportation of sediment from the sides, toward the stable channel
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in the middle of the valley, could have formed the types of hummocky tracts of
this investigation. The pattern of the groundwater‐ and meltwater flow, in
combination with local differences in the characteristics of the till, would
determine where hummocks were left as erosional remnants. Examples of the
type of landscapes that possibly could have been formed by these stable,
dendritic meltwater flows, can be seen in the area south of Dalstorp (Figs. 12 and
13)and in the Trädet area (e.g. Figs. 30 and 31), where channels have been
incised into the substrate and eskers have been deposited in these channels.
Especially in the Trädet area, small channels are directed from the sides towards
the large channel with the esker in it. This theory could possibly also apply for
the valley of Hörda. It does not have a clear, large channel on its floor, but there is
a small swath in the middle where the substrate has been eroded to form a nearly
flat bottom. There is also a small esker situated downstream, which probably was
deposited in an R‐channel at some stage.


Meltwater can flow in linked cavity systems in a continuous way (Willis et al.,
1990), or as single floods (Brennand, 1994). The possibility of formation of
hummocks in a linked cavity system was suggested by Brennand (1994) and
Utting et al (2009). Pulsed, hyperconcentrated flows are supposed to deposit and
partly erode hummocks in a linked cavity system. Since there is no stratification
of the hummocky tracts of question in this thesis, and since they mainly have an
erosional appearance rather than a depositional one, the linked cavity theory is
out‐ruled as a possibility here.



Continuous meltwater streams in a braided canal network would with time
erode deeper and wider valleys, as they migrate laterally incised into the
substrate, rather than flowing in a stable tunnel cut into the ice like the dendritic
channels. Deforming sediment would creep into the canal from the sides, where it
would be eroded and transported away by the subglacial stream. Inward flow of
ice as suggested by Shreve (1972) would also bring basal and englacial debris
into the canals, which then would be carried away by the stream. This type of
braided streams should deposit lenses of sorted materal (Walder & Fowler,
1994), which has been found in several of the investigated hummocks. The
spacing between the hummocks in all of the areas discussed in this thesis is in the
same range as the spacing of braided canals (Carlson et al, 2007). In the
Grönahög valley, there are hummocks with rhomboid and diamond shapes,
similarly to the ones described by Komar (1983) that are formed by braided
streams. These facts suggest that the hummocky tracts investigated in the
present paper, could have been formed by the erosion of subglacial, braided
canals, incised into the bed.



The initial erosion of single, subaerial outburst floods in glacial spillways
form anabranching channels incised into the substrate, which with continuous
erosion will develop longitudinal grooves, an inner channel and boulder lags
(Kehew & Lord, 1986). Anabranching means that the canals diverts and rejoins
with each other similarly to the braided canal system, but anabraching channels
are more stable and do not migrate in the same way as braided canals. These
outburst floods have similarities with the outburst sheet flows suggested by e.g.
Munro & Shaw (1997), but they are not described as a sheet flow. The spillways
are similar to tunnel valleys in that they can form steep, narrow incisions and
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that hardly any deposition takes place in them. The difference is that they are
formed by subaerial floods from glacial lakes. Single outburst floods in glacial
spillways produce landforms that are similar to the ones described in the
Grönahög valley. This suggests that this process would be a possible mechanism
for the formation of the hummocks there. However, the occurrence of eskers
downstream of the Grönahög valley preferably speaks for a subglacial formation
of its hummocks. The comparison with the erosional remnants described by
Kehew & Lord (1986) is rather used as a tool to understand what type of
processes in meltwater streams that can form the shapes of hummocks that can
be found in the investigation areas.


Stable, major channels incised into the bed (NYE‐channels, Nye, 1973)
The spontaneous subglacial floods, described by Piotrowski, (1997), could
potentially have gradually eroded the type of incipient, hummocky tunnel valleys
which are in focus in this thesis. The turbulent flow could cause vortices to erode
a hummocky landscape rather than a flat one. Nye‐channels are incised into the
substrate rather than into the basal ice like the dendritic channels and the stream
fills up the entire channel that it is eroding, submerging all of the landforms
inside of it. Since there are topographical conditions for large subglacial
meltwater reservoirs north of the valley of Hörda, as well as northeast of
Grönahög and in its extension the Dalstorp valley, outburst floods could have
formed the hummocky tracts in question. It is also possible that a permafrost
wedge can dam a subglacial lake, so topographic depressions are not always a
necessary condition (Piotrowski, 1997).



Outburst sheet flows (e.g. Munro and Shaw, 1997, Shaw, 2002) would have a
great erosional power and could result in the sort of incipient, hummocky, tunnel
valley as described in the present paper. A turbulent flow could erode the
substrate irregularly, due to self‐enhancing vortices. Even though very large
sources of meltwater are needed to create this type of outburst sheet floods, a
domino effect of subglacial lakes, possibly in a combination with supraglacial
lakes (Shaw, 1996), could potentially answer for these large volumes of
meltwater in the areas of investigation. The theory of outburst sheetflows would
explain virtually all of the morphological features and relationships in the areas
of investigation. But since many authors argue that a sheetflood like this is not
possible (e.g. Shreve, 1972), and since other subglacial drainage networks also
explain these features and relationships, outburst sheet flows seems like one of
the least probable explanations for the formation of the hummocks in
consideration.

If the hummocky valleys described in the present paper actually do represent the first
stage in the formation of tunnel valleys, it is vital to understand why these valleys where
left hummocky instead of flat, like most ‘normal’ tunnel valleys. A possible explanation
could be the closeness to bedrock. Similarly to the areas investigated by Sjogren et al.
(2002), the thickness of the sediment cover in the hummocky areas of investigation in
the present paper is about 5‐20 meters. In most regions where large, deep, flat‐
bottomed tunnel valleys can be found, on the other hand, for example in Germany,
Denmark and the US, the sediment cover is considerably deeper (Piotrowski, 1994,
Hooke & Jennings, 2006, Jørgensen & Sandersen, 2006). The closeness to bedrock in
areas of shallow, crystalline bedrock like we have here, should force the subglacial
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meltwater stream to migrate laterally, as opposed to in areas of thick sediment covers
where it is easier for the stream to cut down into the sediment and form flat tunnel
valleys.
The irregularity of the shapes of the hummocks could be a result of a flood that only
lasted for a short period of time. It could also have to do with the fact that the hummocks
are located relatively closely together, which causes the stream to affect them in a
different way than if they would have been isolated hummocks. Isolated hummocks,
completely submerged in a flood of long duration on the other hand, would have the best
prerequisites to develop a minimum‐drag (lemniscate) shape (Kehew & Lord, 1986).
The abundance of boulders in some of the hummocky areas of investigation could also
have contributed to the processes resulting in irregular hummocks instead of
streamlined ones. And the turbulence in powerful meltwater streams can produce self‐
enhancing vortices due to irregularities in bed and the interaction of internal waves
(Sjogren et al., 2002, Munro & Shaw, 1997). This process might have played a part in
why the valleys in consideration are hummocky. The vortices can erode potholes that
gradually will link up and form a hummocky surface.
One of the topics of the present paper concerns the origin of the material in the eskers
associated with the hummocky tracts of this investigation. It seems unlikely that the
esker material has been transported any long distances. Theories of long transport
distances have been proved wrong (Lilliesköld, 1990), and most studies seem to
conclude that the largest part of the esker material was transported a few kilometers
from the surrounding till (Okko, 1945, Hellaakkoski, 1930, Flint, 1971). The angular
stones in the small esker in the valley of Hörda also indicate short transportation of the
esker material. Therefore, it is reasonable to think that the sediment in these eskers
originates from a small distance up in the same valley. One possible explanation for the
transportation process of this material is that spontaneous outburst floods eroded the
hummocky areas of investigation, and then quickly deposited parts of the eroded
material in eskers in the same valley. Other parts of the eroded sediment were most
likely transported further away, along the bands of glaciofluvial sediments that can be
followed from the areas of investigation to the southwest, all the way down to
Falkenberg and Helsingborg on the west coast of Sweden. The general direction of the
sediment transportation in the valley was probably from the sides of the valley towards
the channel, similarly to the estimated stream direction of Fig. 28 and 30 in chapter 5.
Before and after the outburst floods, continuous streams were probably flowing in these
valleys as well. These streams would cause additional erosion in the valleys, and the
eroded material would be continuously deposited along the bands of glaciofluvial
sediments. An alternative explanation is that the streams that eroded the hummocky
valleys of investigation were continuous instead of spontaneous.
If the streams that eroded the hummocky valleys described in the present paper were
outburst floods or continuous streams will not be concluded here. Either way, the bands
of glaciofluvial deposits and the large accumulations of sand, silt and clay at the end of
these glaciofluvial bands, are more than enough to explain where the eroded material in
the hummocky valleys of investigation went.
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6. Conclusions
The hummocky topography in Sweden has commonly been described as dead‐ice
moraine, presuming that it was formed by the melt‐out of debris in a dead‐ice
environment. In the present paper, strong evidence of subglacially meltwater‐eroded
hummocky tracts has been presented. Some of these are:


The hummocky tracts of this investigation occur nearly parallel to the ice flow.
Dead‐ice hummocks, on the other hand normally occur in moraines and in bands
at former ice‐margin positions (Johnson & Clayton, 2003).



Time relationships between several landforms point at a subglacial formation of
the hummocks. For instance, all eskers in the hummocky tracts lack of
superimposed hummocks, and one esker is superimposed on top of hummocks.



Sharp, arcuate erosional escarpments separate the flat and hummocky areas in
several places, which are best explained as the margin of a subglacial stream.



The similarity in composition between the hummocks and surrounding,
streamlined areas, indicates the hummocks are erosional remnants of the original
surface



The abundance of large boulders on the surface of the hummocks compared to
surrounding areas indicates that powerful streams eroded the till on the surface,
leaving only the largest boulders.



The convex longitudinal profile of a hummocky valley means that it only could
have been formed by a highly pressurized subglacial stream.

Different types of subglacial streams have been suggested as possible formation agents
of the hummocky, ‘incipient valleys’ of this investigation, but no conclusion has been
drawn about this. What is clear though, is that not all hummocky tracts are formed in the
same way. As proposed by Johnson & Clayton (2003), Munro & Shaw (1997) and others,
it is concluded in the present paper that a non‐genetic description like hummocky
topography or hummocky terrain, are better to use for this morphology.
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7. Further studies
More detailed field studies, as well as shape analysis on the hummocks of investigation
using the LIDAR data, would be helpful to answer the questions of this thesis. Shape
analysis might help to find out if the length‐ width‐ area ratio is concurrent with the
results described by Kehew & Lord (1986), as well as the results of shape analysis in
other papers of similar investigations. An analysis of the direction of the hummocks
could potentially reveal if they have any particular alignment, which would be a
reflection of the formation processes. More thorough investigation of sections in
hummocks as well as the surface of them should also be done, to see if there are any of
the characteristics that indicate the presence of meltwater streams, as mentioned by for
example Munro & Shaw (1997), Brennand (1994) and Walder & Fowler (1994),
described in chapter 2. Studies of sections of the surrounding ‘normal’ would be very
helpful to understand the difference between the formation of these areas and the
hummocky tracts.
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