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Abstract. The article characterises Late Glacial and Holocene deposits and provides a morphometric 
analysis of erosional and denudation valleys in the slope and terraces of the Drwęca Valley near Ja-
jkowo village, a few kilometres east of Brodnica. A detailed field mapping was used to identify in 
detail two such forms within the western slope of the Drwęca Valley. Based on the results, it was 
found that the longitudinal profiles of these forms are not aligned (with an inclination of approxi-
mately 4˚). The slopes of valley I are asymmetrical, with the southern slope being milder than the 
northern exposure, which is not the case with form II. Form I is narrower and has a V-shaped cross 
profile, while II is wider and has a trough-shaped profile cross profile. The side valleys were initially 
cut by the flow of what were most probably meltwaters and precipitation water from the moraine 
plateau, then the erosion stopped and the valleys gradually filled and widened mainly as a result of 
rinsing and mass movements, which may have been increased by man. Currently, forestry use is sig-
nificantly reducing the activity of slope processes and rinsing. The sediments that fill the bottoms of 
these forms are usually consist of silt or sandy lithofacies with massive, streaky or deformation hori-
zons. They are characterised by a significant enrichment in organic matter which is typical for colluvial 
deposits of young glacial areas. The relatively high pH values result from the investigated erosion-
al forms intersecting into sediments rich in calcium carbonate. Moreover, groundwater flowing from 
the moraine plateau may also be the source of basic components.

The morphogenesis of erosional valleys  
in the slopes of the Drwęca valley and the 
properties of their colluvial infills
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Introduction

The slopes of young glacial river valleys are an in-
teresting place to observe denudation processes. 
These are expressed, among others, in numerous 
concave forms in the slopes (the valleys of small 
watercourses, erosional and denudation valleys, de-
nudative troughs, permafrost niches, flat-bottomed 
valleys, young erosional cuttings. The evolution of 

studies on erosional and denudation slope forms 
was recently summarised by Paluszkiewicz (2016), 
who indicated at the same time that the main re-
search problem was the genesis, evolution and clas-
sification of these forms. Their asymmetry was also 
a problem. Paluszkiewicz (2016) also pointed out 
where research had been conducted on the mor-
phology, morphodynamics and morphogenesis of 
edge and morphogenetic zones (see Paluszkiewicz 
2016). The slopes of the valleys, ice-marginal valleys, 
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and the edges of outwashes have taken the interest 
of many researchers studying erosion and denuda-
tion, including soil erosion in both young glacial 
(Marsz 1964; Churska 1965, 1976, 1989; Kostrzews-
ki 1971; Stochlak 1978; Nowaczyk 1991; Sinkiewicz 
1994, 1998; Paluszkiewicz 2007, 2008, 2009, 2011, 
2013, 2014, 2016; Smolska 2007, 2008; Majewski 
2008, 2013; Tylmann 2011; Mazurek and Palusz-
kiewicz 2013; Paluszkiewicz and Ratajczak-Szc-
zerba 2013, 2014; Jaworski and Juśkiewicz 2014; 
Ratajczak-Szczerba and Paluszkiewicz 2015; Świto-
niak et. al 2015; Pindral and Świtoniak 2017) and 
Saalian glaciate areas (Klatkowa 1954, 1965, 1989a, 
b; Maruszczak 1968; Twardy 1995; Turkowska 1999; 
Jonczak and Kuczyńska 2008). Studies have exclud-
ed escarpment zones built of loess, which are prone 
to gully erosion and further evolution through an-
thropopressure (see Zgłobicki 2008). 

The genesis of these forms is most often associ-
ated with the late glacial period but one must not 
forget their subsequent transformation by rinsing, 
erosion, mass movements, and even in many cas-
es human activity (e.g. Churska 1965; Twardy 2000, 
2003; Smolska 2007, 2008; Majewski 2008, 2013; 
Zgłobicki 2008; Paluszkiewicz 2011, 2014, 2016 and 
many others). Erosional and denudation forms have 
excellent potential for the reconstruction of erosion, 
sedimentation, climate and soil processes, and are 
an indicator of the rate and intensity of changes in 
land use. Dorywalski (1958) indicates that “erosion 
and soil denudation not only relate to changes in 
soil cover; they constitute what is certainly a more 
advanced process that leads to dynamic changes on 
the surface of the earth”. In describing the Drwę-
ca valley, Niewiarowski (1973) emphasised that the 
course of denudation processes on its slopes is in-
fluenced by a number of factors: land relief, geolog-
ical structure, land use, and above all, water erosion. 
Recognising how these factors influence the evolu-
tion of erosional forms in the slopes of the Drwę-
ca valley will help us better understand this valley’s 
morphogenesis.

The main research problem undertaken in ana-
lysing the Drwęca Valley slopes and escarpment 
zone of the moraine plateau is to identify the mech-
anism that led to the formation of the concave ero-
sional forms and assess the current dynamics of the 
processes shaping these forms. This required sever-
al more specific research objectives: 

- identifying the structure, morphology and 
morphometry of the studied forms, 

- identifying the morphogenetic processes that 
shaped the erosional marks, 

- recognising and classifying the sediments with-
in these forms (lithofacial characterisation of sedi-
ments), 

- identifying the textural features of sediments, 
- classifying the studied forms according to the 

typology of erosional and denudation valleys based 
on literature data, 

- identifying the impact of climatic and habitat 
conditions on soil development within the studied 
forms, 

- identifying the influence of human activity on 
morphogenetic processes within the escarpment 
zones of the case in hand.

Research area

The study area is located within the Drwęca Val-
ley mesoregion, which is adjacent to the Brodnica 
Lake District and the Chełmno Lake District to the 
north, to the Dobrzyń Lake District to the south 
and the Lubawa Hummock to the east (Kondracki 
1998; Solon et al. 2018). Administratively, the area 
is in the Brodnica poviat in the north-west of the 
Kuyavian-Pomeranian Voivodeship. The land relief 
of the research area and its immediate surround-
ings is very diverse (Fig. 1). This area was covered 
by the most recent glaciation – the Weichselian – 
and has all the characteristics of a young glacial 
landscape. The last stage in shaping the topogra-
phy of this area was during the ice sheet retreat in 
the Kuyavia-Dobrzyń subphase and during the stop 
and deglaciation of the Krajno-Wąbrzeźno subphase 
(Niewiarowski 1968, 1986). The valley slopes differ 
in height and morphology. Fragments adjacent to 
the moraine plateau have the smallest heights, rang-
ing from 4 m to 15 m, they are strongly denuded 
and less diverse (Fig. 2). They are made of till de-
posits covered with denudation sediments (Niewia-
rowski and Wysota 2000). The slopes adjacent to 
the medium-height terraces reach a height of 20–30 
m, and slopes adjacent to low terraces are strong-
ly cut into by side valleys of up to 40–60 m deep. 
Their geological structure displays several exposure 
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of tills, and fluvioglacial and glacilacustrine sedi-
ments (Niewiarowski 1968, 1973).

The Drwęca Valley was initially formed by wa-
ters running from the melting icesheet which, as 
assumed by Niewiarowski (1968), flowed along the 
outwash routes. These streams merged into one big-
ger river in the area of the lower valley of Drwęca, 
which flowed into Toruń-Eberswalde ice-marginal 
valley. In the next stage, river waters led to the de-
velopment of Drwęca’s valley. Progressive lowering 
of the erosive base in Pleistocene caused the devel-
opment of the several terraces (Niewiarowki, 1968). 
Quoted author drew also attention to the existence 
of older depressions that predisposed the develop-

Fig 1. Location and relief of the study area; A – location of the study area against physical and geographical units according to Solon et 
al. 2018; B – Digital Terrain Model of study area; C and D – numerical terrain models of valleys I and II made on the basis of 
terrestrial laser scanning (TLS) with marked lines of transverse hypsometric profiles (dotted line) and places of excavations made 
(red arrows and number of pits)

Fig. 2. A part of the Brodnica Upland and the valleys of meltwater 
cutting it (photo M. Świtoniak)
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ment of the Drwęca Valley. They were filled with 
ice-dammed lake or other limnic sediments. 

Methods

In order to meet the study’s main objectives, field 
work, and laboratory and desk research were con-
ducted. In the field, geomorphological mapping was 
performed, and 15 boreholes made with a manual 
auger of maximum depth of 4 m. The most infor-
mation came from identifying the geological struc-
ture of sediments recognized in 7 pits of up to about 
2 m deep (three pits in valley I and four in valley 
II – Fig. 1 ). In each of the boreholes, a lithofacial 
analysis of colluvial sediments and their substratum 
was performed. Textural and structural traits were 
determined using the Miall lithofacial code (1977) 
modified by Zieliński (1995) and Zieliński and Pis-
arska-Jamroży (2012). Eighty-seven sediment sam-
ples were collected for further laboratory analysis 
to determine the nature of individual horizons and 
their lithological boundaries. 

The laboratory tests included: 
- granulometric sediment analysis using a com-

bined method (sieve and laser),
- determination of organic matter content (in %) 

by loss-on-ignition in a muffle furnace for 3 hours 
at 550˚C, 

- determination of CaCO3 content (in %) using a 
Scheibler apparatus (Bednarek et al., 2004), 

- pH determination in destiled H2O by potenti-
ometric method at a sediment–water ratio of 1:2.5 
for mineral samples, 1:5 for mineral-organic sam-
ples and 1:10 for organic samples,

- determination of electrical conductivity (EC) 
by the conductometric method.

Most analyses were performed according to the 
methodology proposed by Bednarek et al. (2004) 
with the exception of the grain-size analysis, for 
which the procedure proposed by Mycielska-Dow-
giałło (1995) was used. The percentage contents of 
individual fractions were calculated taking into ac-
count the grain-size scale according to Wentworth 
(after Mycielska-Dowgiałło 1995) and the parame-
ters of the basic grain indices such as Mz, σ1, Sk1 
and KG as proposed by Folk and Ward (1957) and 

expressed in the φ scale using Gradistat 8.0 software 
(Blott and Pye 2001).  

When making hypsometric profiles, terrain mod-
els made using LiDAR data and data from terres-
trial laser scanning were also used (Fig. 1). A Riegl 
VZ-4000 terrestrial laser scanner was used to im-
age the contemporary land relief and morphology. 
It was used to obtain data from 6 sites that were lo-
cated on both sides of the valleys (valley I – 18 sites; 
valley II – 14) in such a way as to eliminate the 
possibility of measurement shadows. Measurements 
were made at a resolution of 0.04–0.06°. Then the 
point clouds were combined using the Multi Station 
Adjustment module and filtered to obtain only re-
flections coming from the ground. The average den-
sity of the final point cloud was 650 pts/m2. The 
resultant data was used to create a high-resolution 
raster terrain model with a pixel size of 5 cm. 

The following programs were used in preparing 
the drawings: Microsoft Excel 2003 for calculations 
and ArcGIS 9.3 and CorelDraw X4 for graphics. 

Results

Morphometric valley characteristics

Valley I is located in the west of the research 
area (Fig. 1). It cuts into terraces X, III and II of 
the Drwęca (Niewiarowski 1968). Its source area 
has a dendritic layout, and the edge of the up-
per escarpment is quite sharp. It is worth adding 
that this arrangement indicates erosion processes 
were inhibited by vegetation, as indicated by Marsz 
(1964). Just beyond its source area, the valley runs 
south-westwards. It changes direction to the south-
east in the middle section (Fig. 3), and in the low-
er section it goes south-westwards again. Its course 
is nearly straight. At the mouth, the alluvial fan has 
not been preserved, and was probably removed by 
the waters of the Drwęca River undercutting the 
valley slope. Within the analysed valley, one branch 
that is poorly marked on the map can be distin-
guished; it is short (35 m) and shallow (about 3 m), 
indicating that it is young. The main valley is 250 
m long and its longitudinal profile is uneven, with 
an average slope of 4.2° (Figs 1 and 3). The height 
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difference between the upper and lower section is 
approx. 19 m.

Valley II is located in the east of the research 
area (Fig. 1) and cuts into the same terraces as Val-
ley I, but it is a more branching form. The analysis 
was performed on its main, western branch (Fig. 1). 
Among the numerous secondary slope forms, the 
largest and longest branch is on the eastern side, 
and its mouth is halfway along the main valley (Fig. 
1). This side valley has a length of 80 m and is cut 
to a depth of 3–4 m in the upper section, 5–6 in the 
middle and 6–10 m in the bottom. The source area 
of the valley has a dendritic outline. The main valley 
is about 220 m long and at its mouth a fan extend-
ing about 100 m and the morphological thickness 

of the fan about 1 m has formed in the bottom of 
the Drwęca valley. The longitudinal profile of this 
valley is even, and inclined at about 4˚ (Fig. 3). The 
height difference between the upper and lower sec-
tion is approx. 17 m.

Valley fill sediment characteristics

In order to identify the sediment infill in val-
ley I, three pits were cut, from which the sediment 
samples were taken for further investigations, tak-
ing into account the individual horizons (Fig. 4). 

Fig 3. Erosion and denudation valleys; A – hypsometric profiles 
through valley I; B – hypsometric profiles through valley 
II; C – the middle part of the valley I, D – the middle part 
of the valley II; E – hypsometric profiles along the bottom 
of both valleys
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In the first pit (1), which was in the upper part 
of the valley, sediments were identified to a depth of 
2.6 m. In the bottom of the series, the substratum 
deposits are clays and glacilacustrine silts that have 
an average diameter of 6.3–6.4 φ, are poorly sort-
ed and have positive skewness, which along with 
poor sorting indicates a colluvial sedimentary en-
vironment with variable dynamics and without the 
influence of flowing water. They have high CaCO3 
content, are alkaline and have a very high EC level 
of 200 μS·cm-1. 

Colluvial deposits are present in the middle of 
the profile at a depth of between 2.12 and 1.58 m. 
They are formed of varigrained sands with massive 

structure, and are moderately well-sorted with pos-
itive skewness. They have extremely variable CaCO3 
contents, pH between 7 and 8.5, higher EC and ele-
vated organic matter content relative to the underly-
ing sediments, particularly in horizon 7 (2Ab).

In the upper part, from a depth of 1.58 m there 
is a series of medium-grained and fine-grained 
sands of disturbed structure (Sd, Sf). This hori-
zon has clearly interbedding of rust, indicating the 
movement of iron compounds. These sediments are 
moderately well-sorted, with negative skewness (Fig. 
4), and are free of calcium carbonate with variable 
reaction – with pH between 5.5 and 8. They also 
stand out for their very low EC and, apart from the 

Fig 4. Valley I. Lithofacial profiles and percent content of basic fractions in the deposits, grain-size distribution indexes, CaCO3 content, 
electrolytic conductivity (EC), organic matter (MO) and reaction (pH) of the tested sediments (red dots with LOG profiles indi-
cate the place of sampling for laboratory analyzes)
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current surface humus level (0–10 cm), are almost 
devoid of organic matter. The fact that these sedi-
ments were deposited on a series of colluvial sedi-
ments, preserved, undisturbed stratification Sl and 
lack of OM indicate they originate from landslides. 
According to the Polish Soil Classification, this pro-
file is of weakly developed sandy soil – i.e. arenosol. 
According to the WRB (IUSS Working Group WRB 
2015), the soil formed by these sediments was clas-
sified as Dystric Arenosol (Ochric). 

The second pit was located in the middle sec-
tion of the valley (Fig. 4, pit 2) to a depth of 1.7 m, 
which was further deepened to 2.8 m with a man-
ual auger. The colluvial sediments are thickest in 
this part of the valley bottom, at approximately 2.7 
m. They are characterised by the mixing of sands 
and varigrained silts. The average diameters range 
from 1 to 3 φ, which indicates fine-grained and me-
dium-grained sediments (Fig. 4). The highest val-
ue of this index is for the sample taken from the 
sandy silt horizon (from a depth of 2.55 m it is 4.4 
φ). The sediments are poorly sorted, and moderate-
ly in some places. In the lithodynamic interpreta-
tion “poorly sorted” may indicate a zone of washing 
(rozmywanie osadów). For most sediments, the 
skewness of grain-size distribution is very positive 
or symmetrical (at a depth of 0.7–0.9 m). 

Massive transit prevails in the investigated de-
posits, and this is apparent from a positive skewness 
value. Additionally, the SM and SFm lithofacies al-
ternate with sand-silt layers with flaser lamination 
(SFf) and massive sand-gravel diamicton (SGDm).

Individual horizons have different colours rang-
ing from light to dark grey, which is associated with 
a variable content of organic matter (humus). The 
horizon at a depth of 2.7 m to 2.8 cm was con-
sidered to be the substratum sediments (terraced 
sands). According to the WRB classification (IUSS 
Working Group WRB 2015), the soil in the pro-
file is a Haplic Phaeozem (Arenic, Colluvic, Pachic). 
According to the Polish Soil Classification (2011), 
it is a humic colluvial soil (Świtoniak et al. 2016).

In the mouth section of the valley, a pit (Fig 4; 
pit 3) was excavated to a depth of 1.8 m, where it 
the depth of colluvial sediments was found to be 
1.65 m. The sediments in this part of the valley are 
mostly fine-grained sands. Only at a depth of 0.62–
0.35 m do medium-grain sands dominate with a 
small amount of fine gravel (up to 6%). A high con-

tent of coarse silt was found in the surface hori-
zon. Median grain diametr (Mz) of these sediments 
range from 1.8 to 3, .4 phi, and their sorting is weak 
and very weak (Figure 4), which indicates the high 
dynamics of the deposit environment (Racinowski 
et al., 2001).  The structural and textural features 
of sediments in the bottom of the valley indicates 
three stages of their deposition (Fig. 4), which is 
expressed in horizons enriched with organic mat-
ter. In the lower part there are massive sands (Sm) 
and sands with flaser lamination (Sf) without or-
ganic matter. In the central part of the excavation 
dominate the massive sands and massive silt-sand 
deposits (SFm and Sm) separated by the humic ho-
rizons. In the upper zone of the series, similar gray 
deposits with a high content of organic matter were 
found. These are probably buried horizons of humic 
soils. During their development, denudation pro-
cesses were inhibited. As with the previous pit, the 
soil is a humic colluvial soil (Polish Soil Classifica-
tion 2011), and a Haplic Phaeozem (Arenic, Collu-
vic) according to the WRB (IUSS Working Group 
WRB 2015).

Within the second valley, four pits were excavat-
ed, including one on the alluvial fan at its mouth. 
In the upper escarpment of eastern side valley, a 
pit was excavated to a depth of 1.4 m, in order 
to identify the sediments forming the terraces in 
which the studied erosional form was formed (Fig. 
5; pit 4). Medium-grained and fine-grained sands 
with massive structure (Sm) dominate here to con-
stitute a typical rusty soil (Polish Soil Classification 
2011) that is referred to as a Dystric Brunic Areno-
sol (Ochric) according to the WRB system (IUSS 
Working Group WRB 2015). No colluvia were 
found here. The bottom part is made up of very 
fine-grained sands and fine-grained sands with sig-
nificant participation of medium-grained sands (up 
to 48%). In the central and upper part of the sedi-
ments in the profile, the share of medium-grained 
sands predominates. Mz values   slightly increase 
from the top down to the bottom and range be-
tween 1.5 and 2.1 φ, with sediments becoming fin-
er with depth (Fig. 5). They are moderately sorted, 
and their skewness is symmetrical (in the top and 
bottom sediments) and very positive (bottom sed-
iments). They are acidic (pH from 4.6 to 5.2), ex-
cept for the upper part, which is devoid of organic 
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matter and carbonates and has a very low EC value 
(from 7 to 13 μS·cm-1).

In the middle section of the valley, a pit was 
made to identify the geological structure to a depth 
of 2.2 m. It was found that below 1.7 m there are 
horizontally layered silty sands (SFh) that con-
stitute the substratum of the colluvial sediments 
(Fig. 5, pit 5). Colluvia exposed in the upper part 
of the profile are formed (Sm, FSm and SFm) as 
fine- and very fine-grained massive sands (69–78%) 
and massive sandy silts (silts represent from 23 to 
31%). From a depth of 1.7 m to 1.0 m the shares 
of the silty fraction (54–87%) and the clayey frac-
tion (4.5–7.5%) increase. In turn, from 1.0 m to 
the top, the fine-grained fraction has the marked-
ly dominant share. In sub-colluvial sediments at a 

depth of 2.0 m, Mz is 3.2 φ, then increases up to 
5.5 φ in the upper part, and then drops to 2.3 φ in 
the surface sediments. The sorting of sediments is 
weak or moderate throughout the entire tested pro-
file. The skewness distribution of the values   is very 
positive in the bottom part (substratum deposits), 
then symmetrical (to a depth of 1.0 m), and nega-
tive in the top. Poor sorting of sediments in the lov-
er section indicates the changes of dynamics of the 
deposit environment. Nevertheless, the flow ener-
gy could be large, causing redeposition or transit of 
sediments. Better sorting was found in surface sed-
iments, which can be related to the stabilization of 
the deposit environment. At a depth between 1.1 
and 1.6 m, CaCO3 is enriched, with a clear increase 
of up to even 19%. At this depth, an increase in EC 

Fig 5. Valley II. Lithofacial profiles and percent content of basic fractions in the deposits, grain-size distribution indexes, CaCO3 content, 
electrolytic conductivity (EC), organic matter (MO) and reaction (pH) of the tested sediments (red dots with LOG profiles indi-
cate the place of sampling for laboratory analyzes)
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was also noted, with values ranging from 50 to 73.5 
μS·cm-1. The reaction of the sediments at a depth of 
0.8 m is slightly acidic, and alkaline deeper down 
(Fig. 5). In the colluvial material of the upper part 
of the exposure, mixed material from the genetic 
sideric horizon has survived, allowing the pedon to 
be classified as a typical rusty soil (Polish Soil Clas-
sification 2011) and as an Epidystric, Brunic Areno-
sol (Protocalcic, Colluvic, Ochric), 

In the lower section of the valley II, an excava-
tion was made (Fig. 5, pit 6), where it was found 
that colluvial sediments occur to a depth of 1.5 m, 
with massive, sandy substratum sediments (Sm) be-
low them (down to 2 m). The colluvia are very well-
mixed. This situation was previously described by 
Twardy (2008), who drew attention to the “rhyth-
micity” of the colluvia, which results from the oc-
currence of alternating sediments of two fractions 
- colluvial sands and sandy silts with massive struc-
ture or flaser lamination (Sm, SFf). In sediments at 
a depth of 1.5 to 1.0 m, alongside the sand frac-
tions there are admixtures of gravel constituting 
up to 40% of the total sample (SGm). These may 
be proluvia (Stochlak 1978; Twardy 2000; Paluszk-
iewicz 2014, 2016). From a depth of 1.0 m to the 
top, the valley bed is made up of sandy-silt depos-
its with a large proportion of very fine-grained and 
medium-grained sands, and coarse-grained and 
medium-grained silts. In the majority of the tested 
samples Mz ranges from 1.7 to 2.8 φ (Fig. 5). The 
lower values   are only for two samples with the grav-
el material from a depth of 1.2 m (0.6 φ) and 1.42 
m (-0.5 φ). The distribution skewness is positive or 
very positive, indicates the delivery of a small frac-
tion. For silty deposits in the bottom, the distribu-

tion of sorting becomes symmetrical (at a depth of 
2.0–1.5 m) and negative (1.43 m). Higher values 
of KG, confirm the stability of the deposit environ-
ment, the lower - the pulsatile changes in its ener-
gy. The soil was classified as humic colluvial (Polish 
Soil Classification 2011). According to the WRB 
classification (IUSS Working Group WRB 2015) it 
was a Haplic Phaeozem (Arenic, Colluvic, Pachic). 

An excavation was made in the alluvial fan that 
accumulated at the mouth of the valley, and collu-
vial sediments were found to reach a thickness of 
1.25 m (Fig. 6, pit 7). They are in the form of sands 
(up to a depth of 0.8 m, Sm or Sh), as well as silty 
sands and massive silts (1.0–1.1 m), which are en-
riched with organic matter and calcium carbonate, 
and have an elevated EC value (SFm, Sm, Fm and 
FSCm). Under the series of fan sediments, fluvial 
sediments were found in the form of silts enriched 
with organic matter (warps). And at a depth of 1.25 
to 1.44 m, silt fractions prevail. These horizons are 
separated by a horizon of medium-grained, fine-
grained and very fine-grained sands with the partic-
ipation of mainly coarse- and medium-grained silts. 
It is worth noting that the sediments become finer 
from the surface down to the bottom, as also indi-
cated by Tylman (2011), Paluszkiewicz (2008) and 
others in their observations. As in previous cases, 
the soil was classified as humic colluvial soil (Pol-
ish Soil Classification 2011) and a Haplic Phaeozem 
(Arenic, Colluvic, Endogleyic) in the WRB system 
(IUSS Working Group WRB 2015). 

In order to analyse selected features of the sed-
imentary environment of the studied deposits, 
graphs of the mutual relations between the calcu-
lated grain-size indices Mz – δ1, SK – δ1 were used 

Fig 6. Cone at the mouth of the valley II. Lithofacial profiles and percent content of basic fractions in the deposits, grain-size distribu-
tion indexes, CaCO3 content, electrolytic conductivity (EC), organic matter (MO) and reaction (pH) of the tested sediments (red 
dots with LOG profiles indicate the place of sampling for laboratory analyzes)
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(Folk and Ward 1957, Fig. 7). The graphs of the re-
lationships were compiled separately for sediments 
from valley I and valley II, and for the fan at the 
mouth of valley II. Valley I deposits are the more ho-
mogeneous of the two valleys. In general, the sort-
ing effect is lower with the increase in the average 
diameter of the grain. Mycielska-Dowgiałło (1995) 
states that this is typical for sedimentary environ-
ments with varied dynamics and significant vari-
ability of the transporting power of the sediment. 
Such dependencies were also confirmed, among 
others,by Twardy (2000, 2003) and Paluszkiewicz 
(2016). Against this background, the sediments de-
posited on the colluvial fan stand out. From the di-
agram  (Fig. 7) we can conclude that the samples 
taken from the cone are better sorted, because their 
transport path was theoretically the longest. This re-
lationship can be weakly seen in the samples tak-
en from the upper and middle parts of the valleys.

In addition, cumulative curves analysis was used 
to determine the dynamics of the depositional en-
vironment of the sediments. Large part of samples 

reveals a similar shape of cumulative curves with a 
distinctive and steep saltation population that trun-
cates between 1.0 and 4.0 phi (Fig. 8). This set ad-
ditionally owes a flattish traction population along 
with a suspension part. Other samples as for exam-
ple the 6th, 8th, 11th, 40th, 48th and 48th clearly show 
gently-inclined population of saltation, and thus 
meaning that sorting has a lower value comparing 
with the rest samples. Additionally, no traction pop-
ulation is present in this set, and suspension popu-
lation is rather vague. Finally, the 59th sample looks 
odd, and not revealing clear populations (Fig. 8).

 In the upper parts of the valleys, the flow rate 
and the load on surface waters was much higher, as 
evidenced by the thickness of washed layers, devoid 
of organic matter. In the middle and lower part of 
the valley the layers rich in OM are definitely thick-
er. A detailed analysis of the cumulative curves of 
the sediments making up the bottom of the low-
er and upper sections of the valleys indicates some 
differences in their shape, though these are subtle 
(Fig. 8). Basically, they confirm that the colluvia 

Fig 7. Relationships between grain-size distribution indexes: average grain diameter (Mz), sorting (δ1),  average grain diameter (Mz) and 
skewness (SK)
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Fig 8. Cumulative curves for deposit samples from tested valleys (pits 1,2,3 from valley I, pits 4,5,6, and 7 from valley II)
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are fine-grained, occasionally with a significant silt 
fraction. Some sediment samples are enriched with 
fractions of fine gravels. The dynamics of the envi-
ronment were more moderate than high, which is 
largely indicated by the commonality of shape of the 
cumulative curves. Similarly, as Paluszkiewicz notes 
(2014, 2016), in the lower, middle and upper sec-
tions of the valley the formation of the upper part 
of the curve is visibly weaker, which according to 
Vischer’s analysis (1969) indicates a small share of 
grain transport in suspension or by aeolian trans-
port.

Discussion 

The analysed erosional and denudation valleys 
in the slope of the Drwęca valley probably were 
shaped during the late glacial period under peri-
glacial climate conditions. These forms are found in 
the prolongation of tunnel valleys and valleys that 
drained southern parts of the Brodnicki Lake Dis-
trict as lumps of dead ice filling in thaw depressions 
degraded. According to previous research, this pro-
cess took place mainly in the Oldest Dryas, as in-
dicated by, inter alia Churska (1965), Maruszczak 
(1968), Marsz (1964), Majewski (2008) and Tylman 
(2011). As claimed by Tylman (2011), waters from 
a higher area flowing over the frozen ground heat 
up the ground and melt frozen sediments. And this 
causes the initial downcutting and begins the devel-
opment of valleys. The edge zone also comes into 
play, where the flow accelerates and increases down-
cutting. The climate of both the Late Glacial and the 
Holocene were characterised by thermal and mois-
ture fluctuations. In warmer periods, erosion pro-
cesses dominated, especially when there was not 
yet a dense vegetation cover. Then it was flushed 
and sand deposits with a massive structure (Sm) or 
silty-sandy deposits (SFm), were accumulated with-
out any admixture of OM. Majewski (2002) believes 
that permafrost hindered infiltration and thus in-
creased erosion. In addition to erosion, there are 
also rinsing and solifluction – processes that cause 
slopes to retreat and valleys to widen. And if lin-
ear erosion can not keep up with the removal of 
slope sediments, this also leads to they infilling and 
shallowing of valleys (Majewski 2008; Tylman 2011; 

Paluszkiewicz 2009, 2011, 2014, 2016). Nearby pale-
ogeographic studies (Karasiewicz et al. 2012, 2014) 
indicate that the Allerød was a warmer period in 
this area and a dense vegetation appeared, which 
may have significantly inhibited erosion. Then the 
soil cover was developed, the traces of which are vis-
ible in sediments that fill up the valleys, eg in sed-
iment digs 2 and 6. Alternate deposition of sandy 
and silt deposits without OM and containing OM is 
visible on EC diagrams (Figs 4, 5 and 6). Diagrams 
with a higher EC value have greater overall miner-
alization. Sediments containing higher amounts of 
OM are generally characterized by higher pH val-
ues due to the presence of humins. 

In the Younger Dryas, a cooler period, the veg-
etation cover may have thinned out again (No-
ryśkiewicz 2012) and rinsing again became more 
significant. Other researchers have also indicated 
this type of relationship (Paluszkiewicz 2009, 2011, 
2014, 2016; Tylman 2011; Majewski 2013). During 
the Holocene, the analysed valleys were only slight-
ly transformed by rinsing (water erosion), denuda-
tion and mass movements. In one of the studied 
forms (valley II), there were horizons of sediments 
indicating human activity, so in the later period this 
may have influenced their shaping through, for ex-
ample, a change in land use (burning, deforesta-
tion).

Conclusions

To sum up: the valleys were initially deeply 
downcut and later filled with colluvial sediments. 
Based on the data, it can be concluded that the ex-
amined valleys may have been initially deeper than 
they are today, by even three metres. The poor and 
moderate sorting of colluvial sediments indicates 
short-distance transport of sediments in their bot-
toms.

The colluvia of individual parts of the analysed 
forms was determined to of variable thickness. The 
maximum thickness of the colluvia is 2.7 m. Struc-
tural and textural studies identified the main lith-
ological features of the colluvia and substratum 
sediments. Inter alia, it was found that: 

1) the substratum sediments developed as 
varigrained terraced sands with admixture of grav-
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els, and as clays and silts. The main lithofacies rep-
resenting substratum deposits were: Sm, SFh and 
FSCm.

2) colluvial sediments of varying thickness rep-
resented mainly by: fine-grained sands; silty sands; 
and silts of massive, streaky or disturbed structure. 
The calculated indices of grain-size and physico-
chemical properties of colluvial sediments and sub-
stratum sediments allowed them to be characterised 
and differences between them to be revealed:

- the average diameter of colluvial sediments 
ranged from -0.50 to 6.33 φ, and from 1.54 to 6.44φ 
for substratum sediments;

- the colluvial sediments are more poorly or sim-
ilarly sorted compared to the substratum deposits, 
the colluvial sediments being poorly or moderate-
ly sorted;

- skewness values   for the colluvial sediments are 
variable and distributions range from positive to 
negative, and for sediments of the substratum the 
skewness of sediments is positive or symmetrical;

- the reaction of sediments increase from the 
surface downwards, from acidic to alkaline; the sur-
face acidity of the sediments can be explained by 
the presence of soil humus acids;

- electrical conductivity was greater for horizons 
with a fine fraction (sandy-silty, silty) that was very 
uniform within the colluvia;

- the higher content of organic matter indicat-
ed the onset of soil processes in the horizons cov-
ered by colluvial sediments and thus the dynamics 
of denudation processes;

- the calcium carbonate content increased in 
places rich in the clayey and silty fraction typical 
of colluvial sediments and also for substratum sed-
iments formed as silts and glacilacustrine clays.

Disclosure statement

No potential conflict of interest was reported by the 
authors.

Author Contributions

Study design T.K. L.T.; data collection T.K., L.T, 
M.Ś., K.M., S.T.; statistical analysis T.K.; result in-
terpretation T.K., L.T., M.Ś; manuscript preparation 
T.K., L.T.; literature review: T.K., L.T., M.Ś.

References

BEDNAREK R, DZIADOWIEC H, POKOJSKA U and 
PRUSINKIEWICZ Z, 2004, Badania ekologiczno-gle-
boznawcze. Wydawnictwo Naukowe PWN, Warszawa.

BLOTT SJ and PYE K, 2001, Gradistat: a grain size dis-
tribution and statistics package for the analysis of un-
consolidated sediments. Earth Surface Processes and 
Modern Environments 26: 1237–1248.

CHURSKA Z, 1965, Późnoglacjalne formy denudacyjne 
na zboczach pradoliny Noteci-Warty i doliny Drwę-
cy. Studia Societatis Scientiarum Torunensis, Sec. C, 
6(1): 112.

CHURSKA Z, 1976, Osady stokowe jako zapis etapów 
rozwoju stoku doliny Drwęcy w Nowym Mieście 
Lubawskim. Studia Societatis Scientiarum Torunensis, 
Sec. C, 4-6: 23–43. 

CHURSKA Z, 1989, Przekształcenie stoków w późnym 
glacjale i holocenie przedstawione na wybranych 
przykładach. Studia i Materiały Oceanologiczne 56, 
Geologia Morza 4: 223–236.

DORYWALSKI M, 1958, Znaczenie powierzchni pery-
glacjalnej dla badań erozji i denudacji gleb w okol-
icach Łodzi. Biuletyn Peryglacjalny 2: 33–46.

FOLK RL and WARD W, 1957, Brazos River bar: a study 
in the significance of grain size parameter. Journal of 
Sedimentary Petrology 27: 3–26.

IUSS WORKING GROUP WRB, 2015, World Reference 
Base for Soil Resources 2014, update 2015. Interna-
tional soil classification system for naming soils and 
creating legends for soil maps. World Soil Resources 
Reports No. 106. FAO, Rome.

JAWORSKI T and JUŚKIEWICZ W, 2014, Morfologia i 
etapy rozwoju parowu w Uściu koło Chełmna. Land-
form Analysis 25: 13–20.

JONCZAK J and KUCZYŃSKA P, 2008, Uwarunkowan-
ia rozwoju i wybrane właściwości gleb dolinki erozy-
jno-denudacyjnej Wieprzy w okolicach Mazowa. 
Landform Analysis 7: 69–79. 

http://dx.doi.org/10.3402/polar.v34.24326
http://dx.doi.org/10.1515/bgeo-2015-0011


T. Karasiewicz et al.The morphogenesis of erosional valleys ... 

Citation: Bulletin of Geography. Physical Geography Series 2019, 16, http://dx.doi.org/10.2478/bgeo-2019-000118

KARASIEWICZ MT, HULISZ P, NORYŚKIEWICZ AM, 
KRZEŚLAK I and ŚWITONIAK M, 2014, The record 
of hydroclimatic changes in the sediments of a ket-
tle-hole in a young glacial landscape (north-central 
Poland). Quaternary International 328-329: 264–276.

KARASIEWICZ MT, HULISZ P and ŚWITONIAK M, 
(red.), 2012, Postglacjalna historia zagłębienia bezod-
pływowego w rezerwacie Retno (Pojezierze Brodnickie). 
Wydawnictwo Naukowe UMK, Toruń, 161 pp.

KLATKOWA H, 1954, Niecki korazyjne w okolicach Łod-
zi. Biuletyn Peryglacjalny 1: 69–75.

KLATKOWA H, 1965, Niecki i doliny denudacyjne w 
okolicach Łodzi. Acta Geographica Lodziensia 19: 142.

KLATKOWA H, 1989a, Postwarciańskie kształtowan-
ie górnych odcinków dolin. Przykłady z Wyżyny 
Łódzkiej. Acta Geographica Lodziensia 59: 39–74.

KLATKOWA H, 1989b, The incorporation of closed de-
pressions into the open erosional system as one the 
models of head Valley streach fashioning in the Vistu-
lian. Queastiones Geographicae, Special Issue 2: 83–91.

KONDRACKI J, 1998, Geografia regionalna Polski. PWN 
Warszawa.

KOSTRZEWSKI A, 1971, Niecki denudacyjne w krawęd-
zi wysokiej terasy ujściowego odcinka doliny Bobru. 
Badania Fizjograficzne nad Polską Zachodnią XX-
IV(A), Geografia Fizyczna: 77–95.

MIALL AD, 1977, A review of the braided-river depo-
sitional environment. Earth-Science Reviews 13: 1–61.

MAJEWSKI M, 2002, Morfogeneza dolinek erozy-
jno-denudacyjnych w rynnie jeziora Jasień u schył-
ku plejstocenu i holocenu. In: Klimek K and Kocel 
K (eds), Transformacja dolin plejstoceńskich w holoce-
nie. Strefowość i piętrowość zjawisk. Sosnowiec: 71–73.

MAJEWSKI M, 2008, Ewolucja form i osadów w późnym 
vistulianie i holocenie w rynnie jeziora Jasień. Land-
form Analysis 7: 95–101.

MAJEWSKI M, 2013, Rozwój form i procesów stokowych 
w rynnie jeziora Jasień w późnym vistulianie i holoce-
nie. Wydawnictwo Naukowe Akademii Pomorskiej w 
Słupsku, Słupsk.

MARSZ A, 1964, O rozcięciach erozyjnych krawędzi Pra-
doliny Kaszubskiej między Gdynią a Redą. Badania 
Fizjograficzne nad Polską Zachodnią, Seria A, Geogra-
fia Fizyczna 13: 113–154.

MARUSZCZAK H, 1968, Procesy denudacyjne w póź-
nym glacjale i holocenie w świetle badań suchych do-
lin w Polsce. Folia Quaternaria 29: 79–87.

MAZUREK M and PALUSZKIEWICZ R, 2013, Forma-
tion and development of a 1st-order valley network in 

postglacial areas (the Dębnica catchment). Landform 
Analysis 22: 75–87.

MYCIELSKA-DOWGIAŁŁO E, 1995, Wybrane cechy 
teksturalne osadów i ich wartość interpretacyjna. In: 
Mycielska-Dowgiałło E. and Rutkowski J (eds), Bada-
nia osadów czwartorzędowych, Wydział Geografii i 
Studiów Regionalnych UW, Warszawa, 29–105.

NIEWIAROWSKI W, 1968, Morfologia i rozwój prado-
liny i doliny dolnej Drwęcy. Studia Societatis Scien-
tiarum Torunensis, Sec. C, 6, 6, Toruń.

NIEWIAROWSKI W, 1973, Rzeźba terenu i budowa geo-
logiczna Doliny Drwęcy i jej otoczenia (w granicach 
województwa bydgoskiego) i ich wpływ na zagrożenie 
erozją wodną gleb. Acta Universitatis Nicolai Coperni-
ci, Geografia 9(3): 39–59.

NIEWIAROWSKI, W, 1986, Morfogeneza sandru brod-
nickiego na tle innych form polodowcowych Pojezier-
za Brodnickiego. Acta Universitatis Nicolai Copernici, 
Geografia 19: 3–30.

NIEWIAROWSKI W and WYSOTA W, 2000, Objaśnie-
nia do Szczegółowej Mapy Geologicznej Polski w ska-
li 1: 50 000. Arkusz Górzno (286), PIG, Warszawa.

NORYŚKIEWICZ AM, 2012, Historia roślinności i klima-
tu zarejestrowana w małym bezodpływowym zagłębi-
eniu w rezerwacie Retno. In: Karasiewicz MT, Hulisz 
P and Świtoniak M (eds), Postglacjalna historia zagłę-
bienia bezodpływowego w rezerwacie Retno (Pojezier-
ze Brodnickie). Wydawnictwo Naukowe UMK Toruń: 
88–107.

NOWACZYK B, 1991, Wiek i warunki sedymentac-
ji stożków napływowych w zachodniej części prad-
oliny warszawsko-berlińskiej. In: Kostrzewski A and 
Paluszkiewicz R (eds), Geneza litologia i stratygra-
fia utworów czwartorzędowych I, Seria Geografia 50: 
153–177.

PALUSZKIEWICZ R, 2007, Charakterystyka geomor-
fologiczna strefy krawędziowej w obrębie Pomorza 
Zachodniego (na przykładzie okolic Pisaki Pomorsk-
ie). In: Smolska E and Szwarczewski P (eds), Zapis 
działalności człowieka w środowisku przyrodniczym 4: 
105–108.

PALUSZKIEWICZ R, 2008, Charakterystyka osadów 
stożka napływowego suchej dolinki erozyjno-aku-
mulacyjnej Piaski Pomorskie (Pomorze Zachodnie). 
Landform Analysis 9: 68–71.

PALUSZKIEWICZ R, 2009, Zróżnicowanie litologiczne 
osadów dolinek erozyjno-denudacyjnych (Pomorze 
Zachodnie). In: Kostrzewski A and Paluszkiewicz R 

http://dx.doi.org/10.3402/polar.v34.24326
http://dx.doi.org/10.1515/bgeo-2015-0011


T. Karasiewicz et al. The morphogenesis of erosional valleys ...  

Citation: Bulletin of Geography. Physical Geography Series 2019, 16, http://dx.doi.org/10.2478/bgeo-2019-0001 19

(eds), Geneza, litologia i stratygrafia utworów czwar-
torzędowych V. Seria Geografia 88: 383–406.

PALUSZKIEWICZ R, 2011, Erosional-denudational val-
leys and their significance for the reconstruction 
of the late glacial environmental conditions (the 
Drawsko Lakeland, NW Poland). Quaestiones Geo-
graphicae 30(3): 71–81.

PALUSZKIEWICZ R, 2013, The Developmental Stages 
of An Accumulative Cone of Dry Valley as an In-
dication of Change in Natural Environment Condi-
tions (Western Pomerania). Quaestiones Geographicae 
32(1): 15–20.

PALUSZKIEWICZ R, 2014, Późnoglacjalna depozycja 
osadów dolinek wschodnich stoków Buślarskich Gór 
(Pojezierze Zachodniopomorskie). Landform Analy-
sis 26: 85–93.

PALUSZKIEWICZ R, 2016, Postglacjalna ewolucja do-
linek erozyjno-denudacyjnych w wybranych strefach 
krawędziowych Pojezierza Zachodniopomorskiego. Bo-
gucki Wydawnictwo Naukowe, Poznań, 225 pp.

PALUSZKIEWICZ R and RATAJCZAK-SZCZERBA M, 
2013, Późnoglacjalne formy denudacyjne w krawędzi 
Pradoliny Toruńsko-Eberswaldzkiej. In: Kostrzewski 
A, Rachlewicz G and Woszczyk M (eds), Geneza, 
litologia i stratygrafia osadów czwartorzędowych. 
Streszczenia. Poznań.

PALUSZKIEWICZ R and RATAJCZAK-SZCZERBA M, 
2014, Geneza form wklęsłych rozcinających połud-
niowe zbocze krawędzi Pradoliny Toruńsko-Eber-
swaldzkiej w okolicach Ujścia. In: Molewski P, 
Juśkiewicz W (eds), Krajobrazy młodoglacjalne ich 
morfogeneza, teraźniejszość i przyszłość. Streszczenia. 
Toruń: 82.

PINDRAL S and ŚWITONIAK M, 2017, The usefulness 
of soil-agricultural maps to identify classes of soil 
truncation. Soil Science Annual 68(1): 2–10.

RACINOWSKI R, SZCZYPEK T and WACH J, 2001, 
Prezentacja i interpretacja wyników badań uziarnie-
nia osadów czwartorzędowych. Wydawnictwo Uniw-
ersytetu Śląskiego. Katowice.

RATAJCZAK-SZCZERBA M and PALUSZKIEWICZ R, 
2015, Analiza sedymentologiczna osadów denuda-
cyjnych w niszy niwalnej w krawędzi Pradoliny To-
ruńsko-Eberswaldzkiej. Landform Analysis 28: 73–85. 

SINKIEWICZ M, 1994, Paleogeograficzna wymowa bu-
dowy stożków napływowych w okolicy Biskupina na 
Pojezierzu Gnieźnieńskim. Acta Universitatis Nicolai 
Copernici 92: 35-54.

SMOLSKA E, 2007, Fazy erozji wąwozowej na Pojezier-
zu Suwalskim. In: Smolska E, Szwarczewski P (eds), 
Zapis działalności człowieka w środowisku przyrod-
niczym 4, 125–128.

SMOLSKA E, 2008, Rola opadów ekstremalnych w denu-
dacji stoków młodoglacjalnych na przykładzie Pojezi-
erza Suwalskiego. Landform Analysis 8: 69-72.

SOLON J, BORZYSZKOWSKI J,  BIDŁASIK M, RICH-
LING A, BADORA K, BALON J, BRZEZIŃSKA-WÓ-
JCIK T, CHABUDZIŃSKI Ł, DOBROWOLSKI R, 
GRZEGORCZYK I, JODŁOWSKI M, KISTOWSKI 
M, KOT R, KRĄŻ P, LECHNIO J, MACIAS A, MA-
JCHROWSKA M, MALINOWSKA E, MIGOŃ P, 
MYGA-PIĄTEK U, NITA J, PAPIŃSKA E, RODZIK 
J, STRZYŻ M, TERPIŁOWSKI S and ZIAJA W, 2018, 
Physico-geographical mesoregions of Poland: Verifi-
cation and adjustment of boundaries on the basis of 
contemporary spatial data. Geographia Polonica 91(2): 
143-170.

STOCHLAK J, 1978, Struktury i tekstury młodo plejsto-
ceńskich osadów deluwialnych. Biuletyn Instytutu 
Geologicznego 306: 115–174.

SYSTEMATYKA GLEB POLSKI, 2011, Soil Science An-
nual 62(3).

ŚWITONIAK M, DĄBROWSKI M and ŁYSZKIEWICZ 
A, 2015, The Influence of Human-induced Erosion on 
the Soil Organic Carbon Stock in Vineyards of For-
don Valley. Polish Journal of Soil Science 48(2): 197–
211.

ŚWITONIAK M, KABAŁA C and CHARZYŃSKI P, 
2016, Proposal of English equivalents for the soil taxa 
names in the Polish Soils Classification. Soil Science 
Annual 67(3): 103–116.

TURKOWSKA K, 1999, Kryteria oceny roli morfogenezy 
peryglacjalnej w Polsce środkowej. In: Rola plejsto-
ceńskich procesów peryglacjalnych w modelowan-
iu rzeźby Polski. Societas Scientiarum Lodziensis, 76: 
101–130.

TWARDY J, 1995, Dynamika denudacji w strefie 
krawędziowej Wyżyny Łódzkiej. Acta Geographica 
Lodziensia 69:  1–213.

TWARDY J, 2000, Deluwia neoholoceńskie – przykłady 
z Wyżyny Łódzkiej. Acta Geographica Lodziensia 78: 
135–203.

TWARDY J, 2003, Cechy sedymentologiczne neohol-
oceńskich osadów stokowych na Wyżynie Łódzkiej 
i ich wartość interpretacyjna. Prace i Studia Geogra-
ficzne WGiSR UW 33: 25–44.

http://dx.doi.org/10.3402/polar.v34.24326
http://dx.doi.org/10.1515/bgeo-2015-0011


T. Karasiewicz et al.The morphogenesis of erosional valleys ... 

Citation: Bulletin of Geography. Physical Geography Series 2019, 16, http://dx.doi.org/10.2478/bgeo-2019-000120

TYLMAN I, 2011, Morfogeneza dolinki denudacy-
jno-erozyjnej koło Mazowa (dolina Wieprzy). 
Słupskie Prace Geograficzne 8: 109–128.

VISHER GS, 1969, Grain size distribution and deposi-
tional processes. Journal of Sedimentary Petrology 39: 
1074–1106.

ZIELIŃSKI T, 1995, Kod litofacjalny i litogenetyczny – 
konstrukcja i zastosowanie. In: Mycielska-Dowgiałło 
E and Rutkowski J (eds), Badania osadów czwar-

torzędowych. Uniwersytet Warszawski, Warszawa, 
220–235.

ZIELIŃSKI T and PISARSKA-JAMROŻY M, 2012, Jak-
ie cechy litologiczne osadów warto kodować, a jakie 
nie? Przegląd Geologiczny 60(7): 387–397.

ZGŁOBICKI W, 2008, Geochemiczny zapis działalności 
człowieka w osadach stokowych i rzecznych. Wydawn-
ictwa UMCS, Lublin.

Received 04 October 2018
Accepted 01 March 2019

http://dx.doi.org/10.3402/polar.v34.24326
http://dx.doi.org/10.1515/bgeo-2015-0011

