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Abstract

A multi-approach characterization of three earth hummock fields has been conducted to
understand the morphometrical characteristics and distribution pattern of these periglacial
features in the Zackenberg Valley, NE Greenland. Earth hummocks develop in poorly-
drained areas affected by intense cryogenic conditions. An accurate analysis of the
morphometrical properties of hundreds of earth hummocks distributed between different
Early Holocene moraine systems of the eastern slope of the Zackenberg Valley'reveals
an important control of microtopography on their distribution. Sedithentological analysis
of selected earth hummocks shows evidence of alternatingworganic-rich layers and
mineral units. Radiocarbon dates of the basal organic layers,incontact with the permafrost
table yielded ages 615 25 and 1755 + 60 cal yr BP, with lower'sedimentation rates over
the last centuries when soil formation prevailedsGeoehemical analysis of the soils (Glacic
Reductaquic Cryosols) showed also “significant differences in the properties and

composition among the soils of the different fields of hummocks.

Key words: NE Greenland;wZackenberg Valley, earth hummocks, Late Holocene,

morphometry, Cryosol:
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1. Introduction

Several periglacial landforms such as rock glaciers (e.g. Aoyama, 2005; Winkler and
Lambiel, 2018), ice-wedge polygons (Burn, 1990; Oliva et al., 2014), or solifluction lobes
(e.g. Elliott and Worsley, 1999; Oliva et al., 2011) have been successfully used to
reconstruct past environmental conditions. Other periglacial landforms such as earth
hummocks can also provide valuable information for this purpose. This term was first
used by Sharp (1942) to define dome-shaped periglacial features typical of peorly-drained
environments (French, 2007). Several mechanisms are involvedyinitheir formation,
including cryoturbation, cryostatic and hydrostatic pressure differential fiost heave and
the cellular circulation model (Grab, 2005a, 2005b). As,a‘tesult, the internal structure of
earth hummocks reveals a polygenic development, with alternating mineral sediments
and peat or organic-rich layers affected by frost,activity,(Van Vliet-Lanoé and Seppald,
2002). Indeed, the internal structure,is the,result of translocation of surface horizons.
Earth hummocks are highly dependentronivariations in thermal regime, snow thickness
and precipitation (Luoto and, Seppald, 2003), and their internal sedimentary sequences
can also be used to trace pastienvironmental and climatic conditions (Ellis, 1983). The
development of these'miniature frost-induced mounds is also related to the vegetation

cover.

Research on earth hummocks has generated interest within the scientific community
studying permafrost and periglacial processes. Several studies have been carried out since
the mid-1970s focusing mainly on their sedimentary structure (Tarnocai and Zoltai 1978;
Pemberton, 1980; Scotter and Zoltai, 1982; Grab, 2005b; Kokelj et al., 2007; Pintaldi et
al., 2016), geochronology of their formation (Ellis, 1983; Van Vliet-Lanoé and Seppila,

2002), ground thermal regime (Costin and Wimbush, 1973, Tarnocai and Zoltai 1978;
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Grab, 2005a, 2005b; Scott et al., 2008), hypotheses about their formation, evolution and
disintegration (Mackay and MacKay, 1976; Tarnocai and Zoltai 1978; Mackay, 1980;
Grab, 2005a, 2005b; Seppild, 2005; Killingbeck and Ballantyne, 2012; Gurney and
Hayward, 2014), their implications on hillslope drainage (Quinton and Marsh, 1998;
Ogata, 2007), and their relationships with vegetation and/or topography (Zoltai and
Pettapiece, 1974; Kojima, 1994; Luoto and Seppild, 2002, 2003; Ogata, 2005; Pintaldi et
al., 2016). The morphometry of earth hummocks has been also subject of research
(Pemberton, 1980; Kokelj et al., 2007; Killingbeck and Ballantyne, 20 I2). Mare tecently
researchers focused on the relationship between these featurésyand“seil erganic carbon
content, as well as with the potential release of greenhouse'gases stored in the active layer
(Gillespie et al., 2014; Verret et al., 2019). However, thetuse ‘of earth hummocks as a
paleoenvironmental archive to reconstruct pastenvirenmental and climatic conditions has
been scarcely used (e.g. Tarnocai and,Zoltai, 1978; Scotter and Zoltai, 1982; Ellis, 1983;

Verret et al., 2019).

Earth hummocks arerdistributed in a wide variety of environmental settings, including
polar and mountainyregions (Grab, 2005b). Main studies have focused on several Arctic
and sub-Arctie, areas, such as Canada (e.g. Kojima, 1994; Quinton and Marsh, 1998;
Kokelj etal., 2007), Lapland (e.g. Van Vliet-Lanoé and Seppéld, 2002; Seppild, 2005),
Icelandf(e.g: Gerrard, 1992), and Norway (e.g. Gurney and Hayward, 2014). Earth
hummocks have been also examined in a wide range of mountain environments such as
the Snowy Mountains in Australia (Costin and Wimbush, 1973), Italian Alps (Pintaldi et
al., 2016), the Cumbria and Dartmoor plateau in England (Pemberton, 1980; Kilingbeck
and Ballantyne, 2012), regions of Vlasina and Krajiste in Southern Serbia (MiloSevi¢ et

al., 2007), the Nemuro Peninsula and Nikko National Park in Japan (Ogata, 2005, 2007),
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Old Man Range in New Zeland (Scott et al., 2008), and the Mashai Valley in Lesotho

(Grab, 2005a).

Our current understanding of earth hummocks still presents some uncertainties with
regards to the genesis and development cycle of these features (Grab, 2005b). Therefore,
further research is needed to characterize these abundant features in the landscape of the
rapidly changing cold-climate regions, namely in the Arctic. Thus, the aim ofthis research
is to characterize the Late Holocene environmental evolution in“theylowlands of the
Zackenberg Valley based on the geomorphological, sedimentologicalxgeachronological
and geochemical analysis of earth hummocks. This will be done*by answering the
following specific objectives: 1) examining the morphometric properties of several fields
of earth hummocks distributed at different elevations constrained by moraine system
(MS), including the discussion of .the ‘variables that control their dimensions and
morphology and ii) presenting a detailed sedimentological characterization of several of
these periglacial features “in'worder to evaluate their internal lithostratigraphical

composition.

2. Studyarea

The,study, sites are located in the vicinity of the Zackenberg Polar Research Station
(74°28°11.50°N, 20°34°24.58°°W), namely on the eastern slopes of the Zackenberg
Valley connecting with Aucella Peak (985 m a.s.1.; Figure 1). This area is included within
the National Park of Northeast Greenland. The bedrock across the Zackenberg Valley and
its surroundings is composed of heterogeneous materials, mainly of Precambrian
orthogneiss, Jurassic and Cretaceous sedimentary rocks (mudstones, sandstones and

conglomerates), as well as Tertiary basaltic lavas (Higgins, 2003; Pedersen et al., 2013).
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Figure 1

During the Last Glacial Maximum (LGM) the entire area was covered by the Greenland
Ice Sheet (Vasskog et al., 2015; Sinclair et al., 2016), with valleys filled with hundreds
of meters of ice. Ice streams flowing along deep U-shaped glacial valleys grounded tens
of kilometers offshore the present-day coastline. The deglaciation of the valley floor
started during the onset of the Holocene prior to 11 ka cal BP (Waguer, ¢t aly, 2010;
Bennike and Wagner, 2012) and the Zackenberg Valley,sWheré“our study sites are
distributed, was deglaciated during a warmer period around ca. 8 'ka (Vinther et al., 2009;
Cable et al., 2018). The regional present-day landscapewofithe study area includes deep
fiords, U-shaped valleys, steep ravines and' glaciated plateaus at 1000-1600 m a.s.l.
forming small ice caps (e.g. Payer Land, As, Py, Olsen Land and Clavering ©). Currently,
intense periglacial dynamics prevail, imvice-free environments and conditions terrestrial
ecosystem dynamics. Permafrostisscontinuous across the ice-free areas with a thickness
up to 400 m (Browneetal. W99 Christiansen et al., 2008; Westermann et al., 2015). On
the other hand, maximum active layer thickness at the end of the thaw season varies
between 40 cm,and'more than 200 cm, with an increase of 0.8 to 1.5 cm/yr from 1996 to

2012 (Elberling et al., 2013).

Climatically, the Zackenberg Valley is situated within the High Arctic Zone (Kottek et
al., 2006), within a transition zone between the Greenland Ice Sheet (W) and the North
Atlantic Ocean (E). The mean annual air temperature (MAAT) from 1996 to 2015 was -
9.0 °C, with a yearly average precipitation of 367 mm and large inter-annual variation

(Hojlund Pedersen, 2017). Up to 90% of the annual precipitation falls in the form of snow
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(Hansen et al., 2008). Positive monthly average temperatures are only recorded in June,
July and August (Sigsgaard et al., 2009). The average maximum snow depth was 0.81 m
(1997-2009), although it varied significantly, with a maximum of 1.33 m (2001-2002),

and a minimum of 0.17 m (2008-2009; Sigsgaard et al., 2009).

Vegetation is scarce, with tundra mostly limited to the areas of flat topography and greater
soil development in the valley floors. It consists of grasslands, fens and interspersed snow
patches. It is dominated by plants such as Cassiope tetragona an@,Salix aretica (Bay,
1998). Tundra gradually becomes more open in slopes andsat,highen, elevations. As a
result of the presence of permafrost, poorly drained areas are abundant in the Zackenberg
Valley floor. During the vegetation growing season, watet supply is controlled by the
existence of large snow patches that melt gradually as temperatures rise (Westermann et

al., 2015).

The glacier outlet that occupiedsithe,Zackenberg Valley during the LGM was a tributary
of the Tyroler FjordeFhe'walley deglaciation generated at least five MS distributed at
different altitudes™on, the| slopes of the eastern part of the Zackenberg Valley.
Subsequently,'due to the abundance of melting water with underlying permafrost, several

fields of earth hummocks developed on these slopes.

3. Methodology

Three earth hummocks fields (EHFs) located on the eastern slope of the Zackenberg
Valley have been studied from the morphometric, sedimentological, geochronological
and geochemical point of view. Fieldwork was carried out in the beginning of August

2018 during the early thaw season after a cold and snowy year in NE Greenland. Field
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activities consisted in the morphometrical characterization of earth hummocks and the
geomorphological setting of each of these fields, as well as in the collection of samples

and data for morphometry, geochronology, sedimentology and geochemical analyses.

3.1. Morphometry

We examined the morphometrical characteristics of 40 earth hummocks in each of the
study sites along a vertical sequence (EHF-1, EHF-2, EHF-3), for a“total“of 120
landforms. The sample size exceeds the minimum number of Observations that, by
consensus within the statistical community (Sullivan and Weedall;19906),, is considered
necessary to obtain reliable results. Morphometrical «charaeteristics were determined
based on several quantifiable parameters, such as length'(L); width (W), maximum height
(H1), as well as the depth of the active layer at'the top of the earth hummocks (AL-TOP)
and in the inter-hummock area (AL-BASE). Derived morphometric parameters such as
L/W, L/H1, W/H1, AL-TOP/H1 andAD-BASE/HI1 ratios have been calculated. The
qualitative parameters were based'on field observations considering two different aspects
of the earth hummockss Their'geometric shape (circular, elliptical, crescent or irregular),
and the direction“of\the major axis of each hummock (longitudinal, diagonal or

perpendieular)withuespect to the direction of the drainage of the slope.

3.2. Sedimentology and geochronology

In each field, one representative earth hummock was opened to characterize its
sedimentological composition. We collected six organic-rich samples (bulk sediment) to
conduct *C AMS (Accelerated Mass Spectrometry) dating at the Radiochronology

Laboratory of the Centre d'Etudes Nordiques (Laval University, Canada; Table 1).
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Results were converted in calibrated years using the CALIB program (Stuiver and

Reimer, 1993), version 7.0.2 based on the data set IntCall3 (Reimer et al., 2013).

3.3. Soil analysis

Samples were stored in plastic bags and transported to the laboratory at approximately
4 °C. Once in the laboratory, one portion of each soil sample was dried at 45 °C and sieved
through a 2 mm mesh. The remaining subsamples were kept frozen at -18 °C.and used for

fractioning of Fe, Mn and trace metals (Co, Cu).

Duplicate determinations were made of pH in water (pHwhat aratio of 1:2.5,10 g soil: 25
ml distilled water) and electric conductivity (EC at a ratie,of.1:5;10 g soil: 50 ml distilled
water); (Rowell, 1994) and of particle size disteibution (by the pipette method: Gee and
Bauder, 1986). The total organic carbon (TOC), after removal of carbonates with 10%
HCI (Cannone et al., 2008), and“total nitrogen (TN) were measured in a ThusPec
autoanalyzer. The total concentration of metals was also extracted in duplicate by adding
8 ml of a mixture of HNO3/HEI (3:5, v/v) in a 120 ml Teflon bomb containing 0.5 g of
previously dried and ground soil (Otero et al., 2016) and heating the mixture in an Ethos
Plus microwave lab station. The efficiency of the extraction process (>92%) was

detexmined by'analysis of certified reference material (MESS-3 and Soil SO3).

Three metal fractions were also extracted: 1) metal pyrophosphate (MePy; Me=Fe, Mn)
extracted with sodium pyrophosphate (0.1M; soil:extractant ratio 1:100, 16 hours
shaking); (Bascomb, 1968), 2) metal oxalate (MeOx) extracted with acid ammonium
oxalate (0.2M, pH 3); (soil:extractant ratio 1:100, 4 hours shaking); (Blakemore, 1983),

and 3) metal dithionite (MeD) extracted with citrate bicarbonate dithionite of sodium
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(soil:extractant 1:20; 30 min shaking); (Mehra and Jackson, 1960). Metal pyrophosphate
provides an estimate of the metal-organic complexes (Bascomb, 1968; Violante et al.,
2010); the difference between metal oxalate and metal pyrophosphate provides an
estimate of amorphous iron oxyhydroxides (Blakemore, 1983), while the difference
between metal dithionite and metal oxalate provides an estimate of crystalline iron
oxyhydroxides (Mehra and Jackson, 1960).

Macro (P) and micronutrients (Fe, Mn Co, Cu) were extracted by the Mehlich=lIT'method
(Mehlich, 1984). The Mehlich-III extraction solution consisted of 2M,. CH3;COOH3; 0.25M
NH4NOs3, 0.015M NH4F, 0.013M HNOs3 and 0.001M EDTA¢The eoneentrations of Fe,
Al, Mn, Cu, and Co in each extract were determined by, atomic absorption spectrometry
(Perkin-Elmer model), while Mehlich P was determined'by the blue molybdenum method

(Murphy and Riley, 1962).

Dissolved organic carbon (Cw) was,extracted from the fresh soil samples with Milli-Q
water (soil:solution ratio, 10vg seil#k00 ml water); (Otero et al., 2013). The samples were
maintained at roomgtemperatare, with continuous shaking for 1 h. The extracted was

analysed in a loop flow,analysis system (Systea).

3.4, Statistical analysis

A descriptive statistical analysis of earth hummocks from a morphometric point of view
was carried out with absolute and relative frequency tables, distribution analysis using
box-plots, and statistical inference using linear regression models and correlation between
the variables. All statistical analyses were performed using R version 3.6.3. On the other
hand, soil data were jointly analysed for each section and compared among sections.

Differences among sections were established by one-way ANOVA followed by a Holm-

10
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Sidak test. Correlation between TOC and TN was examined using Spearman’s
coefficient. Correlation was considered significant at the 5% probability level. Tests were

performed using the Sigma Plot 11.0 software.

4. Results

4.1. Geomorphological context of EHFs and field observations

The EHF-1 (74° 27' 16.5" N, 20° 29 '17.5" W; 127 m a.s.]) constitutes the highest\field in
the eastern slope of the Zackenberg Valley including well-developed ‘earth hummocks.
This field shows a gentle slope of 5° between the MS-5 and MS=4 (Figure\2). The MS-5,
located upslope the EHF-1, is eroded by several streams, Seme, moraine boulders are
being remobilized by solifluction processes, forming even,ploughing boulders. In fact,
some large glacial erratic boulders are found inithe'middle of EHFs. A large snow field
was still present at the foot of MS;5 mwsummer 2018, where the EHF-1 is located.
Consequently, the soil surface of the,area was'saturated by water and flooded, even with
superficial drainage in some'seetors,, Vegetation consists of grasses, with the presence of

mosses and Salix aretiea.

Figure 2

The EHF-2%(74° 28' 56.9" N, 20° 29 '59.4" W; 61 m a.s.]) is located between MS-4 and
MS-3 distributed on a slope of 4°. Soil surface was much less saturated than in EHF-1.
Coalescent earth hummocks are more abundant in this field than in the others. Irregular—
shaped features are widespread, mostly due to the coalescence of several earth
hummocks. Vegetation cover is mainly composed of grasses, but there are also moss mats

on the top of some earth hummocks. These hummocks had a thinner active layer than

11
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those covered by grass formations. In some well-developed earth hummocks, cracks are
visible on the surface revealing an initial stage of partial collapse of these periglacial

landforms.

The EHF-3 (74° 27' 49.1" N, 20° 30 '15.9" W; 42 m a.s.l) is located between the MS-3
and MS-2, in a relatively flat area of 3° slope. The earth hummocks in this field are smaller
than in the EHF-2. As a result of the presence of abundant late-lying snow. patches and
lower slope inclination, soil saturation was higher in this field thanin the EHE-2%and the
inter-hummocks area was frequently flooded. Here, vegetatiofi'was'mainly composed of

grasses and Salix arctica.

4.2. Morphometry of earth hummocks

The average length and width of the hummecks are 77 cm (Figure 3B) and 58 cm (Figure
3C), respectively. The average maximum, height is 22 cm (Figure 3D). The EHF-2
includes the landforms with greater length and width, as well as maximum height.
Likewise, in the EHF=h,allineasurements of position for the variables length and width
(i.e. average, percentiles and quartiles) indicate the shortest length and width of the EHF-
1 landforms. Theretare no noticeable differences in the maximum height of the features
between the EHF-1 and the EHF-3. The examined hummocks show mainly elliptical
forms. Specifically, there is a linear relationship between length and width that can be

expressed as follows: L=1.31*W (Figure 4A).

Figure 3

Figure 4

12
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The L/W ratio does not show remarkable differences between the EHF-1, EHF-2 and
EHF-3, being favourable for the length in all of them, although it is less clear in the TF-
3, in which the shapes would be less lengthened (Figure 3A). The earth hummocks that
were classified in the field as irregular (coalescent features) stand out as those showing
the highest values of maximum height (Figure 5), and there is a positive linear relationship
between the ratio L/W and H1 in elliptical features (Figure 4B). Moreover, thethummocks
in which the longitudinal axis showed a longitudinal direction with réspect to the drainage
flow show the maximum heights, while those in which the axis,showed a,perpendicular

direction were the most lengthened (Figures 6A and 6B).

Figure 5

Figure 6

In half of the examined earth. hummocks the direction of the axis was perpendicular to
the drainage flowyfollowed by the diagonal and longitudinal direction (53%, 25% and
22%, respéctively)s Thisrtrend is observed in the three EHFs, although it is clearer in the

EHF-3 (62%,23%and 15%, respectively).

The average thickness of the AL-TOP is 39 cm. No substantial differences were detected
between the three EHFs, with a larger variability in the EHF-2 (Figure 3E). The AL-
BASE is 27 cm, and the EHF-2 shows the highest AL-BASE values (Figure 3F). Finally,
there is no relationship between AL-TOP and H1 (Figure 4C), nor between AL-BASE

and H1 (Figure 4D).

13
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4.3. Sedimentology and geochronology of earth hummocks
Three profiles of earth hummocks from each of the fields were examined to explore past

environmental changes in the area (Figure 7):

Figure 7

EH-1
We excavated a 0.5 m deep section of an earth hummock in the EHE-14(74°28°56.9°"N—
20°29°59.3’W, 72 m a.s.l.) down to the permafrost table. Fhis, [andform,included four
different lithostratigraphical units:
EH-1.1 (0-4 cm). Bottom layer highly organic-rich layer (TOC: 4.9%). The base of the
layer was radiocarbon dated, reporting an age of 1755 + 60 cal yr BP (Table 1).
EH-1.2 (4-25 cm). Mineral sandy unit with\a sharp decrease of organic matter content
(TOC: 2.1%)).
EH-1.3 (25-30 cm). Sandy (sand; 59%) layer with gradual increase of organic matter
with the presenceofismallreots (TOC: 6.7%).
EH-1.4 (3050 cm)alncreasing organic matter to the current topsoil (TOC: 4.3-5.4%).

The base ofithe layer at 30 cm depth yielded an age of 1300 + 25 cal yr BP.

EH-2
A 0.38 m deep section was excavated in an earth hummock from the EHF-2
(74°28°56.8°N-20°29°59.4’W, 62 m a.s.l.) until the frozen layer. This feature includes

five different lithostratigraphical units:

14
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EH-2.1 (0-4 cm). Bottom layer slightly brownish sandy (sand: 71%) unit with low
content of organic matter (TOC: 0.32%). The base of this unit yielded an age of 940 +
20 cal yr BP (Table 1).

EH-2.2 (4-8 cm). Sandy (sand: 62%) layer with reddish mottles (2.5YR 4/8, Soil
Munsell colour chart) and considerable organic matter content (TOC: 22%).

EH-2.3 (8-17 cm). Silty (silt: 46%), greyish layer (2.5Y 4/6) with high content of
organic matter (TOC=5.8%)).

EH-2.4 (17-24 cm). Sandy (sand: 51%) and organic rich layer (TOC:5.5%)with some
gravels (0 < 2 cm). The base of this unit at 18 cm depth zéperted an age of 495 + 20
cal yr BP.

EH-2.5 y EH-(24-38 cm). Dark brown (2.5Y 4/1) unit, with increasing organic matter

(TOC: 11.6%) and abundant roots.

EH-3
We excavated a 0.29 mdeepmsection in an earth hummock from the EHF-3
(74°28°48.1°°N-20°3015.0°°W;, altitude 53 m a.s.l.). The profile shows three different
lithostratigraphical*units down to the frozen level:
EH-3.4,(0-8,cm)xSilty mineral unit (silt: 55%), with high organic matter content (TOC:
10.3%).and the presence of oxyhidroxides of iron mottels (2.5YR 4/8) at the top. The
basethas been dated at 615 £ 25 cal yr BP (Table 1).
EH-3.2 (8-11 cm). Highly rich organic layer (TOC: 25%) that has been dated as
modern at 9 cm depth.
EH-3.3 (11-29 cm). Very organic-rich layer (TOC: 33.7%) with abundant decomposed

roots.
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4.4. Soil characterization

4.4.1. Soil properties and composition

The profile of the three EHs showed clear morphological evidence of gleyic properties in
mineral horizons. The presence of grey mottles (5Y 4/1 when moist) on an olive brown
(2.5Y 4/6), olive yellow (2.5Y 6/6), or greenish grey soil matrix (10GY 6/1), suggesting

reducing conditions.

On the other hand, red (2.5YR 4/8) or yellowish red (5YR 5/8) moftlesicorresponding to
areas of the profile with oxymorphic zones where Fe precipitates as ke ‘exyhydroxides

(IUSS Working Group WRB, 2006).

Mean pH values were slightly acidic (mean values:\pH: 5.7-6.3; Table 2), but it should
be noted that the uppermost horizons of profiles EH-1 and EH-2 were clearly more acidic
(pH: 5.1-5.4) than the deeper horizons(pH: 6+6.9). Furthermore, profiles EH-1 and EH-

2 were significantly more acidiesthan EH-3. (Table 2; Supplementary material).

Electric conductivity 'showed very low mean values (EC<215 pS cm™) in the three
profiles. Howeyer, ion concentration in field EH-3 was significantly higher than in the

other twor

Granulometric composition also varied in different EHFs. The EH-1 and the EH-2
showed a coarser texture (loamy sand; Table 2; Supplementary material) dominated by
the sand fraction (53-54%), while EH-3 showed a loamy silt texture, with silt as the
dominant fraction (54+5.6%). It is worth highlighting that granulometric composition

showed major changes with depth. Thus, the highest percentages of sand fraction were
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obtained in samples from the top and bottom of each profile, while the clay fraction

showed an inverse pattern (Supplementary material).

Table 2

Likewise, TOC content greatly oscillated with depth. TOC was extremely high in EH-3
at all depth levels, but particularly in the surface (TOCsup: 33.7%; Supplcmentary
material), corresponding to an Histic horizon formed by partially ‘decoemposed ‘organic
remains. Sections EH-1 and EH-2 showed significantly lowervalues(mean TOC values:
4.7-5%). Organic carbon soluble in sodium pyrophosphatel(CPy) was similar for the three
sites (Table 2); conversely, water-soluble organic carbon (Cw)'was significantly higher
in profile EH-3 (Cw: 1072+358 mg kg'!) thamwin the other two (Cw: 72-110 mg kg™).
Total nitrogen followed a similar patternnto “TOC, with significantly higher values in
profile EH-3 (TN: 1.1+0.3%) than in,the otherprofiles (TN~ 0.3%). The high correlation
between TOC and TN (rsi="0:965, p<0.001, n=14) suggests that most of the TN

corresponds to organicuN.

4.4.2. Total Al, Fe;;)and Mn concentrations

Mean total concentration of Al and Fe was similar in the three profiles (Table 3), which
indicates that the geological substrate is similar. However, total Mn (TMn) concentration
showed extremely high values in EH-3 (TMn: 8227+8092 mg kg!) compared with
profiles EH-1 and EH-2 (TMn: 463-709 mg kg'), which in this case indicates a

mobilization of Mn from the highest to the lowest areas of the landscape.

4.4.3. Partitioning of Fe and Mn
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Mean concentration of Fe associated with organic matter in soil (FePy) was similar among
the three sites, but Mn showed significantly higher values in section EH-3 (MnPy:
4029+4220 mg kg'; Table 3), particularly in the two upper levels (Supplementary
material). Mean content of amorphous Fe oxyhydroxides (FeOx) and crystalline
oxyhydroxides Fe (FeD) was similar in the three sections, with mean concentration ranges
of 0.21-0.33% and 0.57-0.79%, respectively. However, it is worth noting the high
concentrations of FeOx compared with FeD, which is in accordance with,oxymorphic

conditions observed.

4.4.4. Bioavailable of macro- and micronutrients and ‘mieronutrients associated to
organic matter

Total phosphorus content was low (TP<100:mg kg!) in all samples and was similar
among sites; however, bioavailable 'R, (PMe) showed significant differences.
Concentration of PMe was extremely lowtin EH-1 and EH-2 (PMe: 0.62-1.10 mg kg™),
while in EH-3 it was 10 to ‘18 times higher (PMe: 11+8 mg kg'!); (Table 4). Similarly,
FeMe and MnMe weresalsoivery high in EH-3 in relation to EH-1 and EH-2 profiles, but

only MnMe was significantly higher (Table 4).

Content of TCo was significantly higher in EH-3 (61+42 mg kg™') than EH-1 and EH-2
(mean alués: 18-21 mg kg!), whereas TCu (mean values TCu: 49-55.4 mg kg™!) did not
show significant differences among sites, although the results showed a high enrichment
of copper in the subsurface layer in EH-3 (Table 4). The bioavailability fraction of Co
(CoMe) was significantly higher in EH-3 (CoMe: 3.38+2.8 mg kg™!); than EH-1 and EH-

2 profiles (CoMe: 0.7-0.9 mg kg''); whereas CuMe did not show significant differences
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among sites but with higher values in EH-3 (CuMe: 10+14 mg kg™!) than EH-1 and EH-

2 (mean values CuMe: 2.8-7.0 mg kg!) (Table 4).

Finally, the metal fraction concentration associated to organic matter (metals soluble
pyrophosphate) did not show differences among profiles (CoPy: EH-1: 2.3+0.8; EH-2:
1+0; EH-3: 19+11 mg kg''; CuPy: EH-1: 14+6; EH2: 8.4+4.9; EH-3: 18+9 mg kg!), but

again the concentrations of EH-3 were higher (Table 4).

5. Discussion
Geomorphological, morphometrical and soil data of, earth. hummocks reveal some
remarkable differences that can provide insights into their,recent forming processes as

well as into the past climatic and environmentakevolution in the Zackenberg Valley.

5.1. Late Holocene development of earth hummocks

In NE Greenland, the large Quaternary glaciers grounded onto the outer continental shelf
started to retreat duringtheLlGM at ca. 22 ka cal BP (O Cofaigh et al., 2004; Winkelmann
et al., 2010). Following the glacial expansion during the Younger Dryas cold period,
warmer cenditions favoured ice retreat and glaciers remained confined within the fjords
(Bennikewet al'y,2008). The Zackenberg Valley floor has been ice-free during most of the
Holocene as'the oldest post-glacial sediments were dated at 10.1 ka cal BP (Christiansen
et al., 2002). Glacial retreat favoured the formation of a large delta at the outlet of the
Zackenberg River (Gilbert et al., 2017) and left a sequence of moraine ridges in the slopes
of the valley. Post-glacial slope processes have reworked these moraines leaving
smoothed remnants of these ridges. In between the lowest moraine ridges, there are the

earth hummock fields that have been examined in this paper (Figure 2). The radiocarbon
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dates of the lowest sediments observed in three earth hummocks (EH-1 to EH-3) have
revealed ages ranging between 615 + 25 and 1755 £ 60 cal yr BP (Figure 7). Therefore,
these landforms are relatively young features in this ice-free periglacial landscape, which
must have undergone large environmental changes following the large Holocene climate
oscillations occurred in the High Arctic region (Briner et al., 2016). In addition, the
difference of the basal radiocarbon dates between the earth hummocks in neighbouring
sites must be also framed within the pattern of development and dynamies, of these

features (Kokelj, et al., 2007).

The intense cryoturbation processes in this permafrost @nvironment (Christiansen et al.,
2008) accelerate the collapse and re-development of these periglacial landforms, and
therefore, important age differences can be found in‘earth hummocks distributed in close
sites. In addition, radiocarbon dates in earth hummocks can be affected by the vertical
translocation of fine-grained partieles (inclading datable organic matter fragments)
induced by cryoturbation processes. Thus, care needs to be taken when interpreting

radiocarbon dates fromnthese features.

Climate variability ‘increased in the Northern Hemisphere during the second half of the
Holeceney(Mayewski et al., 2004; Wanner et al., 2014), including in the Arctic, where a
long-term cooling trend is detected since the Neoglacial period (Briner et al., 2016). The
onset of this climate pattern shows a time-transgressive pattern across the region (McKay
et al., 2018). The first dated earth hummocks in the Arctic region correspond to this
period. Earth hummocks of Mid Holocene age started forming in areas of North America
between 5 and 2.5 ka cal BP (Tarnocai and Zoltai, 1978) as well as in Norway between

4.8 and 3 ka cal BP (Ellis, 1983). The basal ages of the earth hummocks in the Zackenberg
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Valley are therefore of Late Holocene age, being younger than 2 ka cal BP, which is very
similar to the pattern reported in Lapland and northern British Columbia (Van Vliet-

Lanoé and Seppild, 2002; Verret et al. 2019).

The internal structure of the earth hummocks reveals an alternation of mineral layers and
organic-rich units. These variations must have been driven by Late Holocene climate
variability: whereas the deposition of mineral sandy-silty sediments reveal slopes affected
by active mass-wasting processes, peat formation suggests préyailing geomorphic
stability. In cold-climate environments such as in the Zackenberg Valleys, colder and/or
wetter phases favour the mobilization of soil particles impoerly vegetated slopes, whereas
warmer temperatures favour a longer summer season enhancing soil formation (Oliva et
al.,, 2011; Oliva and Goémez-Ortiz, 2012).“Fhe formation of the organic-rich layer
covering the top of these landforms in thevZackenberg Valley took place during the last
millennium, as also occurred in Lapland (Wam Vliet-Lanoé and Seppild, 2002). Climate
conditions can trigger complex feedbacks'in a tundra environment such as the Zackenberg
Valley that can affeetssoil frest and vegetation cover, which in turn, can affect the
formation of collapse“earth- hummocks as well as the rates of peat formation covering
these features:\Earth. hummocks in the Zackenberg Valley recorded higher rates during
phases with mineral deposition (0.43-0.64 mm yr'!) than during phases with organic-rich
soil forfation (0.15-0.36 mm yr'!). However, the small number of radiocarbon dates

impedes inferring any climate control on these sedimentation rates.

5.2. Topographical and geomorphological controls on the distribution and

morphometrical parameters of earth hummocks
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Together with the moisture availability and the presence of frost-susceptible soils (Grab,
2005a; Gurney and Hayward, 2014), the topographical and geomorphological context has
a clear influence on the development of earth hummocks controlling water drainage, soil
formation, active layer thickness, etc. Surface drainage occurs through the interhummock
sectors, as well as subsurficially along the unfrozen saturated layers in these
microtopographically depressed areas (Quinton and Marsh, 1998). This subsurface
circulation results in channels oriented downslope with a low hydraulic conduetivity due
to the attenuating action of the flow exerted by the hummocks (Quinfen and Marshy 1998).
In addition, several studies have shown the important influence,of théumicrotopography
of earth hummocks on soil properties, pedogenesis and, vegetation distribution, and
significant differences on the same parameters have been, found between hummocks and

interhummocks (Pintaldi et al., 2016).

The EHF-1 includes the smallest hummoeksvin terms of length, width and height. Its
location at a higher altitude at the®foot of'the MS-5 and steeper inclination than the other
EHFs, determines ashigher intensity of erosion and transport processes compared to
deposition than in‘thevother sites. Hummocks are generally larger in flat areas such as
valley floors, whereas in steeper slopes and submittal locations the size of hummock is
usually smaller (Pemberton, 1980; Ogata, 2005; 2007). Therefore, a less favorable
topographic*position could explain the smaller size of hummocks in the EHF-1, which

however is the oldest field (Figure 7; Table 1).

It should be noted that the age of formation of the three EHFs does not correspond to the
deglaciation age of the Zackenberg Valley that took place around ca. 8 ka (Vinther et al.,

2009; Cable et al., 2018). Nevertheless, the age of the landforms seem to influence the
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size of earth hummocks, as suggested by the comparison between the data from the EHF-
2 and the EHF-3 (the youngest and the one with the shortest length and width of the
landforms). Nevertheless, the EHF-2 includes the landforms with greater length and
width, as well as maximum height, as a result of coalescing hummocks. Some of these
cryogenic mounds present small collapses, with cracks in their edges resulting from
internal pressures (Tarnocai and Zoltai, 1978; Grab, 2005a). The larger size of the features
in the EHF-2 is related to the balance between the different factors that can inflaence in
this sense: topography, age of formation, ground thermal conditiohs, snow tegime and
moisture availability. At the same time, the EHF-1, the oldest, ‘contains the smallest
features, so data suggests that the topographic contextyand geomorphologic constraints
have a greater influence on the morphology and morphemetrics of the earth hummocks.
Therefore, their morphometric properties are censequence of a multifactorial process as
also suggested in other specific studies (e.gukojima, 1994; Van Vliet-Lanoé€ and Seppald,
2002; Grab, 2005a, 2005b). In sumy hummocks can be considered polygenetic features

that can be found in very differentrenvironments (Killingbeck and Ballantyne, 2012).

The mean maximum height (22 cm) is slightly below the averages observed in other
studies cendueted at high latitude regions, such as the Subarctic Canada and Finnish
Lapland,where heights exceed 40 cm (Tarnocai and Zoltai, 1978; Luoto and Sepili,
2002).MIn the Zackenberg Valley, the heights of earth hummocks are similar to those
described in mountainous areas of mid-latitude regions, such as South West England,
Northern Japan, or the Rocky Mountains (Scotter and Zoltai, 1982; Ogata, 2005; 2007;

Killingbeck and Ballantyne, 2012).
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However, although the largest hummocks are generally located in the high latitude areas
(Grab, 2005), there are exceptions such as in Iceland, where morphometric parameters of
earth hummocks (height, width and length) are very similar to our study case (Gerrard,
1992). In some of these subarctic and mid-latitude studied areas there is no permafrost.
Several studies show that earth hummocks also develop in permafrost-free environments
(Van Vliet-Lanoé et al., 1998; Killingbeck and Ballantyne, 2012). Thus, this reinforces
the idea that different factors, many of them local in nature such as slope and altitude, can

influence the development and morphometric characteristics of earth.hummoeks:

Similarly to other studies in which the L/W ratio was 1.23%(Ogata, 2007) or 1.5
(Killingbeck and Ballantyne, 2012), earth hummocks in, NE Greenland define roughly
elliptical forms (1.31 L/W ratio). In those ‘elliptical/irregular hummocks, generally
coalescent features, the longitudinal axis show a‘perpendicular direction with respect to
the drainage flow. The perpendiculag directionrof the major axis of the hummocks is also
related with the inclination,, asshummocks usually tend to align their longest axes

perpendicularly to thesdireetion,on the maximum slope (Pemberton, 1980).

Another important factor in the formation and development of earth hummocks is the
presenceof vegetation (Kojima, 1994; Pintaldi et al., 2016). In turn, the extent of type of
vegetation cover is also a consequence of environmental and climatic conditions (Pintaldi
et al., 2016). In fact, vegetation development is good in areas where earth hummocks
develop well (Kojima, 1994). At the same time, the existence of a relationship between
permafrost occurrence and vegetation height in earth hummocks has been demonstrated.
Is the height of vegetation increases, permafrost occurrence decreases (Luoto and

Seppild, 2002). Therefore, the formation of these periglacial landforms must be
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understood as a complex cycle with many local and regional forcings favouring or
reducing their growth. In the Zackenberg Valley, no significant changes on vegetation
cover have been detected among the three EHFs, except for the slightly greater presence
of mosses in the upper part of several hummocks in the EHF-2. Remarkably,
microtopography exerts a strong control on the type of vegetation as hummocks are
dominated by grasses and Salix arctica, whereas in the poorly drained interhummocks

mosses abound.

5.3. Spatial variability in soil properties and soil classification

As a result of the geomorphological setting and topogtaphical cenditions, the type and
intensity of soil processes prevailing in the EHFs show significant differences, which also
affect the development of the earth hummocks, The three soils belong to the Cryosol
group; due to the presence of a cryic hotizen,'a perennially frozen horizon less than one
meter below the surface (IUSS Wotking Group WRB, 2006). Sections EH-1 and EH-2
can be classified as Glacic Reduetaquic ‘Cryosols (Loamic), mainly due to their sandy
texture, while section®EH=3" ¢orresponds to a Glacic Reductaquic Cryosol (Silty). This
difference in seil nomenclature at the level of the second qualifier according to the [USS
WorkingaGrouwp WRB (2016) contributes to the distinction between two different

geoechemical and sedimentary environments.

The greater amounts of silt and clay present in EH-3 seem to suggest that this area
corresponds to a depositional environment for fine sediments (silt and clay), washed from
the slope and moraine deposits and the upper hummock fields (EH-1 and EH-2) by a very
low energy erosion system. Snow melting waters have an important role as a particle

transport agent. The existence of a highly variable snow cover is considered a key factor

25



620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

in the development of these features as it controls water supply, the duration and depth of
the active layer, the vegetation cycle, etc. (Kojima, 1994; Van Vliet-Lanoé¢ and Seppald,

2002).

A clear Mn enrichment was also observed in the subsurface horizons of section EH-3,
which is consistent with the environmental implications of redox processes in soil. Mn
oxides are characterized by a great specific surface area and a low degree of exystallinity
(Burdige, 1993); therefore, under reducing conditions, Mn (IV) oxides are easily reduced
to Mn?* (see e.g. Sposito et al., 1989). Mn?" stays in solution afidicaffioyewith the water
out of the soil (Vepraska and Faulkner, 2001), dueyto,its slew ‘oxidation kinetics,
especially at pH < 8.5 (Stumm and Morgan, 1981; Thamdrup et'al., 1994). Hence, loss of
Mn may be particularly important in EH-1 and*EH-2,soils because drainage is persisting
in more elevated zones, where these two soils are located. The much lower concentrations
of total Mn and MnOx (Table 3; Supplemeéntaty material) in EH-1 and EH-2 soils than in

those located in the lower portion(EH-3) of the transect tend to support this hypothesis.

Thus, the sedimentarysenvironment influences geochemical characteristics of the three
EHFs. In, turny theéysedimentary environment is conditioned by the topographic and
geomorphological characteristics of each site. In the case of EHF-1 and 2, their location
in the intermediate sector of the eastern slopes of the Zackenberg Valley connecting with
Aucella Peak, determines the unique origin of the sedimentary contributions of these
slopes. On the other hand, the EHF-3, located at the bottom of the Zackenberg Valley,
receives both lateral sedimentary contributions from the above-mentioned slopes, and

longitudinal contributions from the main valley.
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The high concentrations of Mn found in EH-3 appear to suggest that part of the dissolved
Mn in drainage waters could be retained either by oxidation and subsequent precipitation
as an oxide or by adsorption onto Fe oxyhydroxides (Otero et al., 2009). Fe
oxyhydroxides are also reduced, as indicated by the grey or greenish mottles present in
the three sections (Montgomery et al., 2001). However, unlike Mn, Fe only experiences
segregation within the section itself, while it quickly precipitates upon contact with
oxygen as an amorphous Fe(IIl) oxyhydroxide (Vepraskas, 2001; Montgomery, et al.,
2001). The high concentrations of amorphous Fe oxyhydroxides Observed in the three

sections support this idea.

On the other hand, higher concentrations of silt and Mngive the soil in hummock field
EH-3 a greater chemical reactivity, which explains its,higher retention capacity for macro-
and micronutrients such as P and Co and,"presumably, N, as suggested by the high total
N content. The higher nutrient “concentrations are consistent with higher plant
productivity levels, which ceuldsexplain the higher organic matter content in hummock

field EH-3 than EH-d"and EH=2 where the P concentration was very low.

Therefore, thevobtained results show that, despite the proximity of the three hummock
fields, there isispatial variability in terms of soil composition and properties, with clear
implications’ for the system's primary productivity and capacity for C storage and

stabilization.

Previous works have established that the melting of ice sheets in Antarctic (Raiswell et
al., 2006, 2008a, b) and Arctic glaciers (Raiswell and Canfield, 2012), as well as of ice

residing deep below the surface, can further contribute to the biogeochemical enrichment
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of coastal ecosystems (Nowak et al., 2018). In this sense, our results suggest that the
thawing process associated with a global temperature increase can lead to the reactivation
of mineralization of organic matter and redox processes, ultimately promoting the
mobilization of biolimiting elements from land to coastal waters (Otero et al., 2009,
Nowak et al., 2018). The potential export of these elements (Co, P, Fe...), either dissolved
or forming colloids, and organic carbon (Cw) to coastal waters can have implications for

coastal productivity (Statham et al., 2008, Otero et al., 2009, 2013).

6. Conclusions

Earth hummocks in the Zackenberg Valley are widespread in relatively flat areas,
particularly between MS left by Late Quaternary glaciess. Their formation is, however,
much younger than the moraines, and they formediduring the Late Holocene (dates of
basal organic layers between 615 + 25.and'%755,+ 60 cal yr BP). These periglacial features
include an alternation between otgamichand mineral layers, suggesting significant

geomorphological changes in therlocal environmental setting during the last millennia.

The formation,of these, polygenetic landforms results from a complex balance between
climate and mierotopographical conditions, which leads to substantial differences in their
morphologicalidevelopment. Moreover, this variability significantly affects the degree of
edaphi¢’development and composition of earth hummocks. Although the geological
substrate was similar, composition and reactivity of its components showed two different
geochemical environments. Fields EHF-1 and EHF-2 were similar, while field EHF-3,
located at the bottom of the slope, was characterized by a higher degree of edaphic

development, which translates into a higher concentration of reactive organic matter (i.e.
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water-soluble C), of biolimiting elements (N, P; and Co), and of Mn oxides and

hydroxides.

Considering that hummocks in EHF-3 are the youngest in this sequence, the results
suggest that hummock fields can evolve towards a system with a higher geochemical
reactivity in a relatively short period of time. This process can be promoted by
microtopographical conditions (e.g. position of soils in the landscape) anduby, global
warming. This evolution will have clear environmental implicatiohs, such as increased
mobility and bioavailability of nutrients and organic C, both"in tetrestrial and aquatic

environments (e.g. rivers and coastal waters).
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Figure 1. Location of the study area withinithe Zackenberg valley (NE Greenland; UTM Zone 27X).

Source: Google Earth Imagery, 2012.
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Figure 2. Geomorphological sketch showing the location of the three EHFs on the slope of the Aucella

Peak (it is not to scale), together with pictures of each of them.
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for the means of each variable (see Supplement; e 3).
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Table 1. Radiocarbon dates of the three studied earth hummocks.

Earh Lab Code Depth Material 14 C-years 14 C- years cal Calendar
hummock (cm) BP (10) years BP
(95,4 %)
EH-1 ULA-8158 49 bulk sediment 1795 + 20 1692-1814 1755 + 60
EH-1 ULA-8159 20 bulk sediment 1375+ 20 1275-1324 1300 + 25
EH-2 ULA-8178 37 bulk sediment 1015 + 15 920-960 940 *20
EH-2 ULA-8179 18 bulk sediment 425+ 15 478-514 495 +20
EH-3 ULA-8160 28 bulk sediment 580+ 20 589-641 615+ 25
EH-3 ULA-8157 20 bulk sediment Modern Modern Modern
1026
1027
1028 Table 2. Mean values (tstandard deviations,SD) and range for pH,.total organic carbon (TOC), total
1029 nitrogen (TN), organic C soluble in sodium pyrophosphate (Cpyr), organie.C seluble in water (Cw) and
1030 granulometry. Values in the same column indicated by different lettersiare significantly different, at p<
1031 0.05.
Site pHw EC Sand | Silt ‘ Clay ‘ TOC | Cpyr ™ cw
uS cmt % mg kg1
EH-1
meanSD | 5.7+0.4P 46+15P 54162 33140 10+3b 4.7+1.7° 3.0£1.12 0.33+0.13b 72451
range 5.4-6.1 31-68 45-61 27-37 9-14 2.1-6.7 1.9-4.7 0.14-0.50 50-163
EH-2
meanSD | 5.7+0.7° 5526 54£112 39+8b 7.3£3b 5.0%3.8 3.4+2.32 0.33+0.24b 110450
range 5.1-6.9 31-104 42-71 27-47 2-12 0.31-1.6 0.4-7.5 0.01-0.70 50-348
EH-3
mean+SD_| 6.3%0.72 ), 162+662 3417 54462 15+32 23+122 3.6+0.12 1.10+0.322 107243582
range 5.5-7.0 87-212 26-41 48-59 10-17 10.3-34 3.5-3.7 0.76-1.35 818-1326
1032
1033
1034
1035
1036
1037
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Table 3. Mean values (tstandard deviations,SD) and range for total concentration of Fe, Al, Mn, P, Co and

1039 Cu and metal partitioning (FePy: iron associate to organic matter; FeOX: amorphous iron oxyhdroxides;
1040 FeD: crystalline iron oxyhydroxides). Values in the same column indicated by different letters are
1041 significantly different, at p< 0.05.
1042
Site TFe TAl TMn ‘ TP ‘ TCo | TCu FePy FeOx FeD MnOx
----------- Y%o-------- mg kg % mg kg
EH-1
mean+SD | 3.840.52 | 2.1+0.22 463180 684> 18+3b 55+92 0.32+0.042 0.32+0.7@ 0:6010.242 2131620
range | 3.4-4.5 1.9-24 631-547 63-73 15-22 47-66 0.24-0.35 0.24-0.58 0.32-1.05 120-314
EH-2
mean+SD | 3.2+1.2% | 1.8+0.92 709+634b 63+29b 21+2.2b 49+92 0.35+0.17°2 0.39+0.20°2 0.7940.292 5124520
range | 0.7-3.9 0.1-3.0 265-1960 8-96 19-24 36-61 0.02-0.54 0.26-0.64 0.20-1.01 134-1861
EH-3
meanSD 2.4+12 1.5+0.92 | 8226+80922 77162 61+422 55+293 0.21+0.17°2 0.21£222 0.57+0.132 4883131662
range 1.1-3.0 0.9-2.6 1440-19600 60-92 15-145 37-87 0:04-0.38 0.26-0.57 0.38-0.66 1721-9210
1043
1044
1045 Table 4. Concentration of bioavailability fractioniof macro (P) and micronutrients (Fe, Mn, Co and Cu)
1046 (soluble in Mehlich extraction, Me)@nd Co and'Cu associated to organic matter (soluble in pyrophosphate,
1047 Py). Values in the same colummiindicated by, different letters are significantly different, at p< 0.05.
Site PMe FeMe MnMe CoMe CuMe CoPy CuPy
mg kg
EH-1
meantSD 1.1+1.4> 3544382 28+14b 0.7+0.2° 7.1+3b 2.310.8° 14+5.82
range 0.33-3%6 338-444 12-47 0.6-1.0 4.8-13 1.0-3.0 8-22
EH-2
meanSD 0.6+0.4° 530+3012 43161 0.9+0.2° 2.8+1.5P 1.0+0° 8.4+52
range 0.2-1.4 364-1140 11-169 0.7-1.2 0.5-4.4 1.0-<LD 1-17
EH-3
meanzSD 1452 91418712 53314722 3.212.82 10+142 19+112 19+9.52
range 11-18 200-1885 180-1070 1.7-6.5 2-27 1.0-24 2-18
1048
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