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Abstract
Greenlandic fjords contain vast amounts of glacially derived mineral material (glacial

rock flour [GRF]), which may be used to amend structureless, low-clay, and water-

repellent agricultural soils in South Greenland and elsewhere. In this study, we inves-

tigate key physical amendment properties of GRF from 16 different deposits in South

Greenland. The clay-sized fraction varied largely (range, 0.11–0.57 kg kg−1), and the

particles were mostly angular. The specific surface area (SSA) determined by either

ethylene glycol monomethyl ether (EGME, polar liquid) (range, 13.32–88.06 m2 g−1)

or water-vapor adsorption (range, 10.62–63.82 m2 g−1) agreed well (r = .90) and

were comparable to kaolinitic-clay dominated cultivated soils (KA-soils) with clay

content similar to the GRFs. The cation exchange capacities (CECs) (range, 4.25–

21.91 cmol kg−1) were similar to or higher than those of the KA-soils. The water

content at the permanent wilting point (PWP) for the GRFs were considerably lower

than those of the KA-soils. The addition of 5% GRF to a sandy soil from Greenland

showed a tendency (although not statistically significant) to increase plant available

water (PAW). However, very high GRF addition (10 and 15%) significantly decreased

the PAW. The specific surface charge (CEC/SSA) of the GRFs were higher than

for comparable KA-soils, suggesting a good soil amendment potential. The results

from this study are valuable toward designing sustainable GRF amendment strate-

gies, matching a given cultivated soil with the right amount and type of GRF.

Abbreviations: CEC, cation exchange capacity; DSL, Danish Soil Library;
EC, electrical conductivity; EGME, ethylene glycol monomethyl ether;
GRF, glacial rock flour; IL, illite; KA, kaolinite; KA-soils,
kaolinitic-clay-dominated cultivated soils; LD, laser diffraction; MO,
montmorillonite; OM, organic matter; PAW, plant available water; PSD,
particle size distribution; PWP, permanent wilting point; RH, relative
humidity; SP, sieve and pipette; SSA, specific surface area; SSAw, specific
surface area estimated from water vapor sorption isotherms; SSC, specific
surface charge; WSI, water vapor sorption isotherm; Ψ, soil-water potential

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original
work is properly cited.
© 2021 The Authors. Soil Science Society of America Journal published by Wiley Periodicals LLC on behalf of Soil Science Society of America

1 INTRODUCTION

The South Greenlandic soils are characterized by a rela-
tively coarse texture and moderate to high organic matter
(OM) content and show little to moderate soil development
(Jakobsen, 1991); Caviezel et al., 2017; Weber et al., 2020;
Pesch et al., 2021). In a recent study, Weber et al. (2021)
revealed the hydrophobic tendency of Greenlandic agricul-
tural soils, which was attributed to the combination of coarse
soil texture and high OM content. Furthermore, Pesch et al.
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(2021) revealed the quasi absence of any soil aggregation and
Weber et al. (2020) pointed out the complexity of adequate
soil aeration because of pronounced pore network tortuosity.
The cold environment, relatively coarse soil texture, and the
lack of soil development result in large amounts of noncom-
plexed OM (Pesch et al., 2020), which will be prone to degra-
dation following increasing temperatures (Kirschbaum, 1995)
or changes in soil management (Besnard et al., 1996).

To counteract such unfavorable soil conditions for pro-
ductive agriculture, different soil amelioration strategies have
shown more or less promising results (Maslov, 2009). Inten-
tional or unintentional soil conditioning has a long history in
agriculture (Simonson, 1959), and in recent years, the use of
chemically untreated mineral rock dust has been given more
attention (van Straaten, 2007).

It is well known that the soil’s fine particle content gov-
erns its functional, physical, and chemical properties. Among
others, McKissock et al. (2002) reported that the addition of
small amounts of clay (≤1.6% w/w) effectively reduced water
repellency in sandy soils even though for coarse soils, the finer
fractions often exhibit highest water repellency because of
the higher OM content of the finer fractions (de Jonge et al.,
1999). This corroborates with Tahir and Marschner (2016),
who reported increased OM retention in Australian farmlands
after clay amendment. Dexter et al. (2008), Schjønning et al.
(2010), Oades (1984), and Wagner et al. (2007) pointed out
the importance of the specific surface area (SSA) and thus
the content of fine particles of the mineral soil fraction for
OM protection and soil aggregate stability. The soil’s nutrient
holding capacity is largely dependent on the OM and the fine
mineral fraction and the associated cation exchange capac-
ity (CEC), as concluded by Matus (2021) and Nguyen and
Marschner (2013). Last but not least, the effect of the fine
solid fraction on soil-water retention and plant-available water
is widely acknowledged (e.g., Rawls & Brakensiek, 1982;
Karup et al., 2017).

Throughout the former glaciated parts of the northern
hemisphere, the perpetual movement of the ice sheet pro-
duced vast amounts of fine-grained mineral material by abrad-
ing the crystalline bedrock with debris embedded in its base-
ment (Belmonte, 2015). The sediments were discharged via
the glacial outwash streams into periglacial lakes or into the
marine environment, where the particles settled and formed
thick bottom layers of fine-grained material, referred to as
glacial rock flour (GRF). Investigations on sediments origi-
nating from Alaska (Ramesh & D’Anglejan, 1995), Canada
(Bentley & Smalley, 1979), Scandinavia (Roaldset, 1972), and
South Greenland (Belmonte, 2015) revealed that they shared
similar mineralogical properties with varying clay content
between 20 and 90% (w/w). Under specific circumstances, the
low internal cohesion of the sediments of the raised seabeds
can lead to dangerous landslides and serious subsidence;
therefore, their geotechnical properties have been investi-

Core Ideas
∙ We analyzed fine-grained, glacially abraded min-

eral material from Greenland.
∙ The surface area was comparable with similar-

textured, kaolinitic-clay-dominated soils (KA-
soils).

∙ The water content at the permanent wilting point
was lower than that of KA-soils.

∙ The cation exchange capacity was similar to or
higher than that of KA-soils

∙ The properties of the glacial rock flour suggest that
it can be used as mineral soil amendment.

gated in detail (Belmonte, 2015). Generally, the abraded and
mechanically weathered mineral material mainly consisted of
the primary minerals quartz, feldspars, and amphiboles, which
were also found in relatively high abundances in the clay frac-
tion (<2 μm). Pederstad and Jørgensen (1985) and Belmonte
(2015) reported the presence of illite and kaolinite in the clay-
sized fraction as well as expandable clays (e.g., smectite and
vermiculite) and concluded that the material underwent sub-
aerial postglacial chemical weathering.

There are only a few studies that investigated the use of
Greenlandic GRF as a potential soil fertilizer. Gunnarsen et al.
(2019) applied GRF as mineral fertilizer in controlled lab-
oratory experiments and concluded that the GRF could act
as slow-release potassium and magnesium source for crops.
Furthermore, Gunnarsen (2020) concluded that high rates of
GRF application increased biomass production in active soil
environments following enhanced weathering of the mineral
material. Sukstorf et al. (2020) presented the results of a one-
season (2 mo) field experiment in Greenland and concluded
that an amendment with only GRF was not suited as short-
term fertilizer; however, a combination of GRF and artificial
N–P–K fertilizer significantly increased the yields. Regarding
the slow dissolution rates of the primary silicates found in the
GRF, especially in cold environments, the results of Sukstorf
et al. (2020) were expected. In contrast to conventional soil
amendments, for example, organic and artificial fertilizers, or
liming, the addition of a fine-grained mineral material to soil
is a long-term and profound intervention on the soil, and any
negative effect on the latter needs to be assessed before large-
scale application.

This study is a first step toward the availability and char-
acterization of GRF deposits across South Greenland in the
perspective of their suitability as soil conditioner for the local
farmland. The focus was put on potential soil–GRF inter-
actions after application to (a) promote soil development in
terms of aggregation and structure development, (b) increase
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F I G U R E 1 Overview of the investigated area in South Greenland. Detailed map of the marked area in Figure 2

mineral fertilizer efficiency, and (c) exclude negative effects
on water-holding capacity. For this purpose, we analyzed the
particle-size distribution, the SSA, and CEC of 16 selected
GRF deposits found in the vicinity of the present agricultural
area in South Greenland. Additionally, the bulk mineralogy
and several basic soil chemical and physical properties were
determined and discussed.

2 MATERIAL AND METHODS

2.1 Geological description of the study area

The investigated area (Figure 1) lies within the diverse geo-
logical Gardar province, which formed 1.2 Ga BP. It is
surrounded by the Ketilidian fold belt (1.8 Ga) and joins
the Archaean block further north (3.8 Ga). The crystalline
bedrock (Julianehåb batholith) mainly consists of biotite and
hornblende-bearing granite and gneiss (Berrangé, 1966) bear-
ing intrusions of intermediate metavolcanic rocks (plagioclase
phenocrysts) and light-colored, small-grained granites (leuco-
cratic quartzo-feldspathic and aplitic rocks) (Kalsbeek et al.,
1990). The GRF studied here thus consists of some of the old-
est geological surface materials on Earth (Henriksen, 2008).

Agriculture in Greenland mainly consists of sheep hus-
bandry with summer pastures and indoor production dur-

ing winter. The region is the only important agriculturally
exploited area in Greenland totaling ∼1,100 ha of occa-
sionally cultivated lands (Westergaard-Nielsen et al., 2015)
mainly used for winter fodder production.

The subglacial watersheds encompass large areas, and the
abraded mineral material suspended in the outwash streams
is thus a mix of the bedrock found throughout the watershed.
This assumption corroborates with the findings of Andrews
(2011) and White et al. (2016), who investigated the mineral-
ogy of marine sediments along the west coast of Greenland.
They reported a general similarity of the mineral composition
of the collected samples, which suggests that the sediments
originate from a similar parent material.

The formation of the investigated GRF deposits took place
in the estuaries of the glacial outwash streams (Bennike
et al., 2019; Andrews, 2011) and appeared at the surface only
after the isostatic rebound because of reduced load following
deglaciation. Considerable continental uplift occurred since
the end of the Pleistocene (∼11 ka BP), with 20–40 m close
to the current inland ice margin (inner-fjord) and 60–80 m
in the outer-fjord regions (Bennike et al., 2002). According
to Bennike et al. (2002), most of the investigated area was
deglaciated prior to 10 ka BP. With time, the deposits were
covered by combined solifluction of slope deposits and fluvial
and aeolian sediments and thus partly protected from exten-
sive erosion (see photograph in Figure 2).
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F I G U R E 2 Detailed map of the area marked in Figure 1. The approved and discarded sampling sites (green squares and red crosses,
respectively) in South Greenland. Top left photograph shows deposition Ataarnasit (AT); its horizontal extent covers ∼250 m. EI, Eqaluit Ilulat; FB,
Fox Bay; GRF, glacial rock flour; IK, Iterlak; NA, Narsarsuaq; NU, Nunakullak; QE, Qeqertaasaq; QI, Quinngua; SQ, Sioraq

In this study, a total of 16 GRF deposits were either identi-
fied from aerial images or reported from locals and sampled
during two sampling campaigns in 2018 and 2019 (see map
in Figure 1).

We used two datasets from literature as comparative mate-
rial: the Danish Soil Library (DSL), consisting of 41 agricul-
tural top- and subsoils from Denmark (Hansen, 1976; Resur-
reccion et al., 2011), and 18 soil samples that have differing
clay mineralogy from across the United States and Denmark
(Arthur et al., 2020).

2.2 Laboratory methods

Prior to the laboratory analyses, the air-dry material was care-
fully crushed in a mortar and presieved to <2 mm. Generally,
we found little to no particles >2 mm in the untreated mate-
rial.

2.2.1 Texture and organic matter

The texture was determined using a combination of wet siev-
ing and pipette (SP), according to Gee and Or (2002). For total
carbon determination, the samples were ball-milled before

oxidization of the carbon at 950 ˚C using an elemental ana-
lyzer combined with a thermal conductivity detector (Thermo
Fisher Scientific) (Nelson & Sommers, 1996). No carbonates
were detected; the total carbon could be set equal to the total
organic carbon. The OM was obtained by multiplying the total
organic carbon with a conversion factor set to 2 as suggested
by Pribyl (2010).

The particle size distribution (PSD) was additionally deter-
mined by laser diffraction (LD), using a Hydro 2000MU
wet dispersion unit coupled to a Mastersizer 2000 (Malvern
Instruments Ltd). The samples were dispersed using 0.1 M
tetrasodium pyrophosphate (Na4P2O7). Further dispersion
was achieved by sonication for a period of 60 s. The recorded
diffraction pattern was evaluated by the built-in software,
using the Mie-scattering theory for which the real and imag-
inary parts of the refractive index were set to 1.53 and 0.1,
respectively, as suggested by Ryżak and Bieganowski (2011).
The software stored the result as frequency distribution from
which the cumulative PSD was calculated.

2.2.2 Scanning electron microscopy for
particle shape analysis

The shape of the fine fraction of the studied material was visu-
alized by scanning electron microscopy. The pictures were
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taken on the air-dried and presieved (<2 mm) material using
a Zeiss EVO 60 (Carl Zeiss AG). No additional sample treat-
ments prior to the measurement were performed.

2.2.3 X-ray diffraction for mineral phase
identification

The mineralogical composition of the sediments was deter-
mined by X-ray (Cu Kα, 40 mA, 45 kV) powder diffraction
analysis (XRD) on the bulk samples using a Malvern Panalyti-
cal Empyrean diffractometer mounted with a PIXcel1D detec-
tor (Malvern Instruments Ltd). Prior to the measurement, the
material was carefully ground in a mortar. No standard for
quantitative analysis was added. The step size was set to 0.02
Å with an exposure time of 60 s per step. The semiquantita-
tive mineral phase distribution was determined by Rietveld
full-pattern refinement for 2θ degrees ranging from 5 to 65˚
using the software Profex (Doebelin & Kleeberg, 2015).

2.2.4 Specific surface area and water vapor
sorption isotherms

The SSA was determined by the standard ethylene glycol
monomethyl ether (EGME) method according to Petersen
et al. (1996) and referred to as SSAEGME (m2 g−1) throughout
the text.

The water vapor sorption isotherms (WSIs) were deter-
mined using a vapor sorption analyzer (METER Group Inc.).
Arthur et al. (2014) include detailed information about the
device and procedure. The SSAs were estimated from the
WSIs following the procedures as described in the section
below and referred to as SSAw.

2.2.5 Supporting physical–chemical
parameters

The total CEC (cmol kg−1) was measured using the ammo-
nium acetate extraction method according to Sumner and
Miller (1996). The acidity of the sediments was assessed by
the hydrogen ion activity (pH) measured by a glass electrode
on a 1:4 soil/water (pHw) and soil–0.01 M CaCl2 (pHCaCl2)
suspension according to Thomas (1996). The electrical con-
ductivity (EC, μS cm−1) as a measure of salinity was deter-
mined with a conductivity cell on a 1:9 soil/water suspen-
sion according to Rhoades (1996). The specific surface charge
(SSC, cmol m−2) was calculated as the ratio of CEC to
SSAEGME.

2.3 Water vapor sorption isotherm model

The Guggenheim–Anderson–de Boer model (van den Berg &
Bruin, 1981), as given in Equation 1, was fitted to the desorp-
tion WSIs for water activities (aw) ranging from 0.2 to 0.8,
corresponding to relative humidities (RHs) between 20 and
80% as suggested by Akin and Likos (2014) and Arthur et al.
(2018).

θm =
θ0 × 𝐶 ×𝐾 × 𝑎w[(

1 −𝐾 × 𝑎w
) (

1 −𝐾 × 𝑎w +𝐾 × 𝐶 × 𝑎w
)] (1)

where θm is the gravimetric water content, θ0 is the free-
fitting parameter representing the gravimetric water content
at monolayer coverage, and C and K are related to the ther-
modynamics of the liquid–solid interactions.

The SSA could eventually be determined from the rela-
tion between θ0 (kg kg−1), the surface covered by one water
molecule (A = 10.8 × 10−20), Avogadro’s constant (Na = 6.02
× 1023 mol−1), and the molar weight of water (Mw = 0.018 kg
mol−1) according to Newman (1983) and Quirk and Murray
(1999) as given in Equation 2:

SSAw =
θ0 ×𝑁a × 𝐴

𝑀w
(2)

2.4 Numerical and statistical analysis

The linear relation between two variables was determined by
least-squares regression as implemented in MATLAB (The
MathWorks, 2018). The goodness of fit was assessed by the
coefficient of determination, R2, and the RMSE, as given in
Equation 3:

RMSE =

√√√√ 𝑛∑
𝑖=1

(�̂�𝑖 − 𝑦𝑖)2

𝑛
(3)

where n is the number of observations, and yi and ŷi are the ith
observation and ith predicted value, respectively. The linear
correlation between two variables was given as the Pearson
linear correlation coefficient r.

The nonlinear least-squares regression to fit the
Guggenheim–Anderson–de Boer model to the WSIs
was performed using the trust–region–reflective algorithm as
implemented in MATLAB and Optimization Toolbox (The
MathWorks, 2018).

The significance of differences in means was assessed by
ANOVA, and the post-hoc pairwise comparisons by Tukey’s
HSD test (Tukey, 1977).
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T A B L E 1 Physical and chemical properties. Texture classes according to Soil Survey Division Staff (1999)

Sample Class Claya fSiltb cSiltc Organic matter SSAEGME CEC EC pHw 𝐩𝐇𝐂𝐚𝐂𝐥𝟐 Volume
kg kg−1 m2 g−1 cmol kg−1 μS cm−1 H+ × 103 m3

AT L 0.21 0.23 0.12 nd 31.90 8.52 12.01 7.19 6.05 1400

EI SiL 0.16 0.37 0.16 0.002 22.68 6.04 7.23 6.39 4.91 nd

FB L 0.24 0.27 0.16 nd 34.36 6.66 18.96 7.17 6.12 nd

IK-1 SiCL 0.40 0.40 0.09 nd 51.90 11.35 21.10 7.35 6.31 175

IK-2 SiL 0.19 0.45 0.15 0.005 33.38 7.55 12.73 6.36 4.85 250

IK-3 L 0.22 0.32 0.17 0.002 32.69 7.16 17.67 7.48 6.16 290

IK-4 SiCL 0.34 0.40 0.10 nd 48.67 9.21 15.34 7.27 6.02 360

NA-1 SiL 0.19 0.35 0.16 0.006 24.46 6.90 8.63 5.56 4.52 nd

NA-2 L 0.13 0.20 0.18 nd 17.21 4.25 10.77 6.40 5.10 nd

NU SL 0.16 0.16 0.11 nd 43.34 9.92 9.93 7.38 6.15 140

QE L 0.11 0.22 0.16 0.012 13.32 5.43 6.61 5.61 4.63 nd

QI-1 L 0.24 0.30 0.19 nd 43.26 7.97 13.19 7.16 6.05 nd

QI-2 L 0.26 0.22 0.16 0.001 27.93 14.25 58.10 6.70 6.26 200

QI-3 C 0.57 0.20 0.09 nd 88.60 21.91 10.02 7.53 5.95 nd

QI-4 CL 0.30 0.20 0.15 0.002 21.95 7.11 89.10 6.73 6.26 60

SQ SiCL 0.40 0.42 0.01 0.012 24.09 9.25 2204.00 6.71 6.48 nd

Note. AT, Ataarnasit; C, clay; CEC, cation exchange capacity; CL, clay loam; EC, electrical conductivity; EI, Eqaluit Ilulat; FB, Fox Bay; IK, Iterlak; NA, Narsarsuaq; nd,
below detection limit or not determined; NU, Nunakullak; QE, Qeqertaasaq; QI, Quinngua; SiCL, silty clay loam; SiL, silty loam; L, loam; SL, sandy loam; SQ, Sioraq;
SSAEGME, specific surface area determined by the standard EGME-method (ethylene glycol monomethyl ether). Volumes estimated from drone pictures.
aClay, <2 μm.
bfSilt, 2–20 μm.
ccSilt, 20–50 μm.

3 RESULTS AND DISCUSSION

3.1 Identification and sampling of the GRF
deposits

Figure 2 shows the map of the investigated area and the iden-
tified deposits. Some of the deposits were only accessible by
water because of the lack of terrestrial infrastructure in Green-
land caused by the rugged terrain. The area was dominated
by the three major fjord systems: Bredefjord, Eriksfjord, and
Einarsfjord (from north to south). A typical GRF deposition
is shown in the photograph insert in Figure 2 (site AT); the
overlying coarser sediments bearing the vegetation cover pro-
tecting the GRF from very fast erosion can be clearly identi-
fied. Generally, the probability of finding GRF decreased with
increasing distance to the current ice margin, which could be
explained with longer exposure to erosion of the outer-fjord
deposits.

In the field, the texture of the deposits was assessed by
feel partly following Thien (1979). Sediments with high fine
particle content were sampled and brought to the laboratory
for further analysis; sediments with high sand content were
discarded (red crosses on the map in Figure 2). The GRF
deposits were generally overlain by sand and gravel, which

was removed prior to sampling; ∼2 kg of field moist material
was collected from a depth of ∼30 cm from each deposit and
stored in plastic bags.

In total, 16 from 32 investigated deposits with acceptable
levels of fine particle content were retained and further ana-
lyzed in the laboratory (green squares in Figure 2). The differ-
ent deposits were named according to local place names: SQ,
Sioraq; QE, Qeqertaasaq; EI, Eqaluit Ilulat; NU, Nunakul-
lak, QI-1 to QI-4, Quinngua; NA-1 and NA-2, Narsarsuaq;
AT, Ataarnasit; FB, Fox Bay; and IK-1 to IK-4, Iterlak.
The volumes of selected deposits were approximated from
georeferenced aerial (drone) photographs and ranged from
60,000 m3 (QE) to 1,400,000 m3 (AT) with a median value of
225,000 m3 (see Table 1).

In 2014, the total cultivated area in Greenland was ∼1,100
ha (Lehmann et al., 2016) and the total estimated volume of
selected deposits amounted to 2,875 × 103 m3, which would
be enough to cover the entire cultivated area with a theoretical
surface application height of 25 cm.

3.2 Grain geometry and mineralogy

The shape of the natural, untreated material was found to
be mostly angular as shown in the example micrograph for
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F I G U R E 3 Scanning electron microscopy micrographs of sample
Iterlak (IK-4)

sample IK-4 in Figure 3. This was expected because the crys-
tal structure of the material was not altered during the physical
weathering. The disintegration into smaller fragments hap-
pened along the cleavage planes, partly reflecting the shape
of the unit cell crystal structure of the basic material. The X-
ray diffraction analysis revealed that feldspars dominated the
mineral composition of the sediments. The feldspars crystal-
lize in mono- and triclinic crystal structures, exhibiting rela-
tively sharp edges and plane surfaces (Smith & Brown, 1988).
The resulting particles followed the shape of the unit cell crys-
tal structure resulting in generally angular shapes.

Figure 4 a shows a typical diffractogram of a GRF exem-
plified by sample QI-3, the full-pattern Rietveld fit, and the
resulting error in the bottom subplot. Supplemental Figure S1
shows the diffractograms of the 16 GRFs individually, and
Supplemental Table S1 shows the relative abundance of the
primary minerals following the Rietveld refinement.

The mineral assemblage of the sediments was dominated by
feldspars (anorthite, oligoclase, and microcline, 72.5 ± 3.7%)
and quartz (14.4 ± 4.1%); additionally, diffraction peaks of
amphiboles (hornblende and arfvedsonite, 6.3 ± 1.4%) and
micas (biotite and muscovite, 6.9 ± 2.0%) were identified
and common to all of the 16 GRF samples. The origin of
the broad hump at low diffraction angles (range 5–20˚ 2θ)
was not clearly identified; it was either an instrument arti-
fact or the result of the presence of nonidentified amorphous
phases.

The similarity between the mineral assemblages of the 16
GRF deposits indicated common parent material (see Supple-
mental Table S1). The results were in accordance with the pri-
mary mineral compositions reported by Belmonte (2015) who
also reported the presence of clay minerals associated to the
chlorite–vermiculite group as well as illite and kaolinite for a
GRF deposit sampled near Narsaq (see map in Figure 2). Gen-
erally, Belmonte (2015) and Pederstad and Jørgensen (1985)

found high abundance of feldspars and quartz in the clay frac-
tion (<2 μm), which indicated intense mechanical weathering.

3.3 Texture and surface properties

The gravimetric clay content varied greatly among the 16
GRFs. The samples were identified as loamy sediments with
generally high silt-to-clay content according to Soil Survey
Division Staff (1999). The OM content were low to null
(below detection limit).

The EC clearly reflected that the sediments were non-
saline, except for sample SQ, which could be classified as
very slightly saline according to Soil Survey Division Staff
(1993). The pH values in water and CaCl2 suggested slightly
to moderately acidic conditions. The measured SSAEGME of
the GRFs were markedly lower than those reported for agri-
culturally used soils from Denmark (DSL) (Hansen, 1976;
Resurreccion et al., 2011), exhibiting similar gravimetric clay
and OM content. As a reference, soils from the DSL exhibit-
ing OM <1.2% (13 soils) were plotted together with the GRFs
in Figure 5a and b.

The total CEC of the GRFs was generally lower than those
of agriculturally used soils exhibiting similar texture and OM
content (Figure 5b). The SSAEGME and the CEC correlated
well with the gravimetric clay content (r = .77 and r = .80 for
the SSAEGME and CEC, respectively). Simple linear regres-
sions yielded satisfactory results; the regression equations are
given in the plot areas of Figure 5. Similar linear correlations
between SSAEGME and gravimetric clay content were reported
by other studies, although the linear dependence of SSAEGME
on the gravimetric clay content was generally stronger (e.g.,
Petersen et al., 1996). Omitting sample QI-3, the correlation
coefficients and significance levels (p values) between gravi-
metric clay content and SSAEGME and CEC dropped to r =
.49, p = .049 and r = .57, p = .028, respectively. The CEC
was positively correlated to the SSAEGME (r = .83), similar to
the findings of Curtin and Smillie (1976) and Petersen et al.
(1996).

3.4 Extended physical characterization
using laser diffraction

Figure 6a exemplifies the PSD measured by laser diffraction
(LD, solid lines) and conventionally by a combination of the
sieve and pipette (SP) methods (filled squares). The multi-
modality of the PSD of the GRFs was well depicted by the
frequency distribution (FD) determined by LD (FDLD).

The first and second modes occurred within the narrow
size ranges around a mean value of 4.02 ± 1.17 and 27.82
± 12.78 μm (sample SQ excluded), respectively. The parti-
cle size distributions of the different GRFs were thus very
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F I G U R E 4 Example X-ray diffraction diffractogram for sample Quinngua (QI)-3. Counts per second (black dots) and Rietveld fit (green) and
the corresponding error (grey) in the bottom subplot. The phyllosilicates chlorite (C) and kaolinite (K) were not identified separately on the <2-μm
fraction, but their potential diffraction peaks were indicated

F I G U R E 5 (a) Specific surface area (SSAEGME) (m2 g−1) and (b) cation exchange capacity (CEC) (cmol kg−1) of the glacial rock flours
(GRFs) as a function of the gravimetric clay. A subset of the Danish soil library dataset (DSL) (13 out of 41 soils) with similar clay and organic
matter content was added for reference

similar in terms of their principal mode locations (first and
second modes). The individual PSDs of all the GRFs are
shown in Supplemental Figure S2. Figure 6b shows the
PSDLD of all the 16 GRFs measured by LD. The smallest par-
ticle diameter averaged over all the samples was detected at
dmin = 0.60 ± 0.08 μm, sample QI-3 excluded (dmin = 0.07
μm).

In this study, the relationship between the conventionally
determined gravimetric clay fraction (Clay) and the volu-
metric fraction <2 μm, F(d < 2 μm), determined by LD
could be described by Clay = 0.02 + 2.57 × F(d < 2
μm), with R2 = 0.68 and RMSE = 0.07 (data not shown),

and was in the same order of magnitude as the findings of
Konert and Vandenberghe (1997), for example, although the
relationship found in this study exhibited lower goodness
of fit.

The gravimetric clay content was best represented by
the volumetric fraction of particles exhibiting a diameter
<3.38 μm as shown in Figure 7a; it was reasonably close
to the first mode of the FDLD as derived earlier (d =
4.02 μm). As shown in Figure 7, the volumetric fraction of
particles with diameter <2.38 μm was an excellent predictor
of the SSAEGME and the CEC, exhibiting coefficients of deter-
mination (R2) of .89 and .81, respectively.
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F I G U R E 6 (a) Combined plot of the particle size distribution (PSD) measured by laser diffraction (LD, solid lines) and sieve and pipette (SP,
filled squares); the cumulative particle size distributions (PSDSP and PSDLD) and the frequency distribution (FDLD), exemplified by sample
Quinngua (QI)-3. (b) PSDLD of the 16 glacial rock flours and indicated volumetric fraction, F(dopt), at dopt = 2.38 μm and dopt = 3.36 μm shown
explicitly for the sample QI-3 by the dashed lines

F I G U R E 7 (a) Best agreement between particle size distribution measured by laser diffraction (PSDLD) fraction and gravimetric clay
determined conventionally (found at dopt = 3.36 μm, based on minimum RMSE) and the best-fit line. (b) Best agreement between PSDLD fraction
and specific surface area determined by the standard EGME-method (ethylene glycol monomethyl ether) (SSAEGME) or cation exchange capacities
(CEC) (found at dopt = 2.38 μm)

3.5 Extended physical characterization
using water vapor sorption

The WSIs determined on the GRFs exhibited minimum and
maximum equilibrium RH between 7.2 ± 5.7 and 92.6 ±
0.3%, corresponding to a soil-water potential (ψ) range of
−360 to −10 MPa. Besides samples SQ and QI-3, the WSIs
of the GRFs shared similar geometry with a relatively low
degree of hysteresis as shown in Figure 8a. The individual
sorption isotherms are shown in Supplemental Figure S3. The
distinct shape of both ad- and desorption isotherms of sample
SQ could be explained by the salinity, that is, the relatively
high EC compared with the other samples (Chen et al., 2020).
The generally higher θm throughout the whole RH range of

sample QI-3 could be attributed to the significantly higher
clay content. No apparent correlation between the mineralogy
and the shape or θm level of the WSIs could be found.

Figure 8b, c, and d show the WSIs of selected GRFs com-
pared with agriculturally used soils in which the gravimetric
clay fraction was dominated by either montmorillonite (MO),
illite (IL), or kaolinite (KA). The comparative soil samples
were taken from Arthur et al. (2020) and selected such that
the soil samples exhibited clay content as close as possible to
the minimum (b), median (c), and maximum (d) clay content
of the GRFs. The WSIs of the GRFs closely followed the ones
of the KA-soils for RH <80%. For the given RH ranges, the
water content of the 2:1 clays (IL and MO) were considerably
higher.
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F I G U R E 8 (a) Water vapor sorption isotherms of the 16 glacial rock flours (GRFs). Desorption isotherms for (b) low, (c) median, and (d) high
clay-level GRFs (green filled squares) and soils bearing similar levels of montmorillonitic (MO), illitic (IL), and kaolinitic (KA) dominated clay
content. Fitted Guggenheim–Anderson–de Boer (GAB) model (solid black lines). The red vertical line indicates the water content at relative
humidity (RH) = 0.92 (ψ ≈ −11 MPa). Some isotherms were partly hidden by others. Note the differences in y axis limits

The estimated SSAw of the GRFs were in line with the
SSAw of the KA-soils. The IL- and MO-soils exhibited, as
expected, significantly larger surface areas for given clay con-
tent. For reference, the slopes of the trend lines were given
in the plot area of Figure 9a. As reported by other studies
(Akin & Likos, 2014; Arthur et al., 2018), the SSAw and
the SSAEGME were significantly correlated; a linear regres-
sion, excluding the sample SQ, exhibited acceptable good-
ness of fit (Table 2). However, considering only the KA-soils
from Arthur et al. (2020), the regression coefficients of the
best fit line were very close to those obtained for the GRFs
(Table 2).

3.6 Towards soil amendment

A linear relationship between the water content at the perma-
nent wilting point (PWP) at ψ = −1.5 MPa (RH = 98.9%)
and the water content at RH = 92.1% (highest equilibrium
RH of the WSIs common to all the GRFs) was established
from measurements of the soil-water retention at low water
content of the DSL-dataset (Resurreccion et al. (2011). The

regression resulted in an excellent fit, with a coefficient of
determination (R2) of 0.96. The regression was not dependent
on the OM content as shown in Figure 10a. Thus, the relation-
ship could directly be used to estimate the PWP of the GRFs
and the Arthur et al. (2020) comparison soils. The PWPs of
the DSL dataset were taken from the water-retention measure-
ments directly.

Figure 10b clearly depicted the linear dependence of the
PWP on the gravimetric clay content and the distinctively dif-
ferent relationship obtained for the GRFs, depicted by the sub-
stantially different slopes of the trend lines. The direct identi-
fication of the reason for the considerably different behavior
was hidden by the effect of the OM on the PWP of the com-
parison soils.

To investigate the effect of GRF on the plant available water
(PAW) content, we amended a sandy soil from South Green-
land (clay, 1.33%; OM, 2.33%) with four levels of GRF from
deposit QI-3 (0, 5, 10, and 15% w/w). For each binary mix,
we repacked five replicates into soil-core cylinders (diam.,
60.5 mm; height, 34.8 mm; volume, 100 cm3) to a dry bulk
density of 1.4 Mg m−3. The samples were saturated in a reten-
tion box and equilibrated to ψ = −100 hPa corresponding to
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F I G U R E 9 Properties determined on the water-vapor sorption isotherms. (a) Specific surface area estimated from water vapor sorption
isotherms (SSAw) as a function of gravimetric clay content and trend lines for the four different materials (only slope of the trend line given as
reference); (b) SSAw vs. the specific surface area determined by the standard EGME method (SSAEGME) and the best fit line of the glacial rock flours
(GRFs) (excluding sample SQ) and the kaolinite (KA) soils (see Table 2)

T A B L E 2 Regression equations and goodness of fit for Figure 9b. Result of regression for combined illitic (IL) and montmorillonitic (MO)
soils given for completeness

Reference Material Regression equation R2 RMSE
m2 g−1

(1) Figure 9b GRF (− site SQ) SSAw = 4.79 + 0.63 × SSAEGME .80 5.94

(2) Figure 9b KA SSAw = 8.79 + 0.60 × SSAEGME .76 9.65

(−) Figure 9b IL + MO SSAw = 20.50 + 0.88 × SSAEGME .98 14.33

Note. GRF, glacial rock flour; KA, kaolinitic clay dominated soils; SQ, Sioraq; SSAw, specific surface area estimated from water vapor sorption isotherms; SSAEGME,
specific surface area determined by the standard ethylene glycol monomethyl ether method.

F I G U R E 1 0 (a) Estimation of water content at the wilting point (PWP) based on the Danish soil library dataset (DSL, 41 soils), and (b) linear
relation between PWP and gravimetric clay of the glacial rock flours (GRFs) and comparison soils. IL, illitic; KA, kaolinitic; MO, montmorillonitic;
OM, organic matter; RH, relative humidity

the field capacity of sandy soils (Aljibury & Evans, 1965).
We estimated the PWP of the binary mixtures from the clay
content, according to Hansen (1976) (PWP = 0.336 × clay +
0.973, based on 209 Danish soils). The PAW was then calcu-

lated as the difference between water content at field capac-
ity and the PWP. Figure 11 shows the resulting mean PAW
for each GRF concentration. The one-way ANOVA revealed
that there was a significant effect at the p < .05 level of
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F I G U R E 1 1 Plant available water (PAW) of a repacked, glacial
rock flour (GRF) amended, sandy soil from Greenland. Symbols (mean
PAW values) bearing the same letters are not statistically significant
form each other. The whiskers represent the standard deviation

the GRF concentration on the PAW [F(3,16) = 51.3, p <

.001]. The post-hoc pairwise comparisons (Tukey’s HSD test)
are displayed by letter notation in Figure 11. Although not
statistically significant, the addition of 5% GRF showed a ten-
dency for PAW increase. The reduction in PAW for the two
highest GRF concentrations vs. the 0 and 5% levels mainly
were due to lower water content at field capacity resulting
from a reduction of meso-sized pores because of a shift in
the PSD.

Figure 12a gives the overview of the CEC measurements
obtained for the different materials as a function of the
gravimetric clay content. The CEC of pure MO (100 cmol
kg−1) and pure KA (5 cmol kg−1) (Carroll, 1959) were
added as a visual guide. According to Schnitzer (1965), the
OM contributes significantly (30–60%) to the CEC; although
exhibiting higher OM content, the CEC of the KA-soils
(mean OM, 0.5%) were generally lower than the CEC of
the GRFs (mean OM, 0.3%). The presence of 2:1 clay min-
erals and micas in the mineral composition were likely the
reason for the slightly higher CEC (Carroll, 1959). Bel-
monte (2015) found high content of primary minerals in the
clay-sized fraction of comparable sediments, which explained
the lower CEC than the IL- and MO-soils for given clay
content.

The SSC of the GRFs were similar to or slightly higher
than the SSC of comparable soils exhibiting low OM con-
tent. As a reference, all the soils from the DSL were added to
Figure 12b; samples exhibiting OM > 1.5% were highlighted
by red circles to expose the paramount influence of the OM
on the SSC.

4 CONCLUSIONS

The study characterized 16 GRF deposits located across South
Greenland in the perspective of their suitability as soil condi-
tioner for the local farmland. From the results, we conclude
the following:

(1) Based on the estimated volumes of the GRF deposits,
the exploitation for local agricultural use should be fea-
sible. The deposits QI-3, AT, and IK-4, close to major
agricultural areas, are easily accessible and high in clay
content (0.21–0.57 kg kg−1) and thus well suited for
exploitation.

(2) The scanning electron microscopy micrographs showed
that the particles were mostly angular in shape.

(3) The X-ray diffractograms revealed that the GRF shared
similar mineralogies and contained large fractions of pri-
mary minerals (quartz and feldspars).

(4) The LD granulometry revealed the multimodality of the
PSDs; the surface properties (SSAEGME and CEC) of the
GRFs could be accurately predicted by LD-determined
volumetric fractions of particles exhibiting a diameter
<2.38 μm.

(5) The GRF exhibited low water vapor sorption, comparable
with soils dominated by kaolinitic clay and much lower
compared with 2:1 clay-dominated soils. For given clay
content, the SSAEGME and the SSAw were in line with
KA-dominated soils.

(6) The water content at the PWP of Greenlandic soils is
unlikely to be increased by the addition of GRF because
of the low sorption activity.

(7) Five percent GRF addition to a sandy, cultivated soil
from South Greenland showed a tendency to increase
PAW content, whereas very high amendments of 10–15%
decreased PAW.

(8) Despite the lack of OM, the GRF exhibited relatively high
CEC and SSC compared with soils dominated by KA-
clay.

This study showed promising results in view of the use
of GRF as a soil conditioner and amendment for sandy
agricultural soils in South Greenland. It is likely that GRF
amendment reduces water repellency in a relatively short
period of time and increases the soil’s nutrient holding
capacity.

Future research should investigate the long-term effect of
GRF amendment on soil aggregation potential and water-
holding capacity of sandy and structurally low developed sub-
arctic agricultural soils. In perspective, to give local farmers
advice on application rates and suitable soils for GRF amend-
ment, field-plot experiments covering the major soil types in
Greenland are necessary.
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F I G U R E 1 2 (a) Cation exchange capacity (CEC) of the three used datasets vs. gravimetric clay. The two solid black lines indicate the CEC
levels of pure kaolinite (KA) (5 cmol kg−1) and montmorillonite (MO) (100 cmol kg−1). (b) Specific exchangeable surface charge (SSC =
CEC/specific surface area [SSA]) of the three datasets as a function of gravimetric clay
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