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Quantification of pedogenic 
particles masked by geogenic 
magnetic fraction
Marcin Szuszkiewicz1*, Hana Grison2, Eduard Petrovský2, Maria Magdalena Szuszkiewicz1, 
Beata Gołuchowska3 & Adam Łukasik1

Pedogenic magnetic fraction in soils is attributed to fine-grained particles, i.e. superparamagnetic 
grains. In the case of a strongly magnetic geogenic fraction, pedogenic magnetic contribution is 
hard to detect. To the best of our knowledge, detailed research into the masking of pedogenic 
superparamagnetic grains and quantification of this effect has not yet been carried out. The principal 
aim of our research is to quantify the influence of coarse-grained ferrimagnetic fraction on the 
detection of the superparamagnetic grains. In order to describe the masking phenomenon, volume 
and frequency-dependent magnetic susceptibility were determined on a set of laboratory prepared 
samples composed of natural substances: a diamagnetic quartz matrix, detrital coarse-grained 
ferrimagnetic crystals from alkaline and ultra-alkaline igneous rocks, and superparamagnetic soil 
concretions formed in the Haplic Cambisol. Mineralogy, concentration, type and grain size of the 
tested material were described by parameters of environmental magnetism. The magnetic parameters 
distinguish both geogenic multidomain and pedogenic superparamagnetic grains. The magnetic signal 
of the superparamagnetic grains is gradually masked by the increasing proportion of multidomain 
grains of magnetite/maghemite. The experiment clearly describes the masking effect and brings new 
insight to studies dealing with strongly magnetic soils of natural and/or highly contaminated origin as 
a tool for estimation of superparamagnetic pedogenic contribution.

Occurrence of naturally formed ferromagnetic minerals sensu lato (i.e. ferrimagnetic and canted antiferromag-
netic) as a result of pedogenesis may affect the vertical distribution of the magnetic susceptibility values in soils. 
Most research has focused on ferrimagnetic phases (the so-called ‘soft magnetic fraction’) such as magnetite 
 (Fe3O4) or maghemite (γ-Fe2O3), which have been identified as the main carriers of the soil magnetic suscepti-
bility  enhancement1–7. However, antiferromagnetic iron oxide minerals (the so-called ‘hard magnetic fraction’) 
like haematite (α-Fe2O3), goethite (α-FeOOH), lepidocrocite (γ-FeOOH) or ferrihydrite  (Fe5HO8·4H2O) are 
generally much more abundant in soils than ferrimagnetic  minerals8.

Iron oxides play an essential role in pedogenic processes, supplying information about distribution, migration, 
and transformation of iron minerals in  soils9. The type of iron oxide minerals, which will be formed, depends on 
the iron ions’ oxidation state, i.e. the ratio of the  Fe2+ ions to the  Fe3+, related to such soil parameters as oxidation 
rate, the content of organic acids and pH, as well as the process of  hydrolysis8. Pedogenic iron oxide minerals in 
soils are attributed to nanoparticles and the processes of their formation fall within the group of medium-rate 
development from  103 to  104  years10. The pedogenic magnetite can be formed both in inorganic and biogenic 
processes, e.g. from ferrihydrite in the microbially mediated  Fe3+  reduction11 or during its intracellular produc-
tion by magnetotactic  bacteria12.

It is a well-known fact that the magnetic susceptibility of the soil is related to the specific factors ranked from 
the most important to the least important: mineral concentration ≫ mineral composition > crystal size > the shape 
of ferrimagnetic phases of both natural (geogenic and pedogenic) and artificial (e.g. technogenic)  origin13. The 
distinction between geo-, pedo-, and technogenic magnetic signal works well in soils developed from non-mag-
netic or weakly magnetic bedrocks, but in the case of strong geogenic contribution can still be  problematic14–21. 
The same applies to the coexistence of different sources of magnetic particles, when the domination of the 
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magnetic signal of secondary over primary minerals may  occur22–24. The secondary magnetic minerals in the 
soil, including the secondary ferrimagnetic minerals (SFMs), can be pedo- and  biogenic22, or anthropogenic in 
origin as technogenic magnetic particles  (TMPs25,26). By contrast, the primary magnetic minerals are represented 
by geogenic magnetic particles  (GMPs20). The frequency-dependent magnetic susceptibility of the pedogenic 
magnetic  fraction27–29 can be efficiently suppressed (masked) by the presence of frequency-independent and/or 
weakly frequency-dependent ferrimagnetic grains, or a significant amount of (frequency-independent) paramag-
netic components, which account for over 50% of the total magnetic susceptibility  signal13. On the other hand, 
the reason for this phenomenon could be the pedogenic components consisting of a mixture of superparamag-
netic (SP), single-domain (SD)30 and pseudo-single-domain (PSD)  grains31.

To the best of our knowledge, there has been no detailed research into the masking phenomenon of pedogenic 
superparamagnetic grains and quantification of this effect so far. Up to now, the presented models of SP/stable 
SD magnetic  enhancement11,32–34 cannot be applied to estimate the absolute amount of pedogenic magnetic 
fraction or to explain the mechanism of the masking phenomenon. Nonetheless, a mixing experiment suggests 
that the frequency-dependent magnetic susceptibility may be used semi-quantitatively to estimate the propor-
tion of SP grains in a  sample22.

The principal aim of this research was to show the influence of the coarse-grained ferrimagnetic fraction on 
the detection of the very fine superparamagnetic grains. For this purpose, the frequency-dependent magnetic 
susceptibility was used, i.e. the parameter which reflects the presence of the grains near the SP/stable SD bound-
ary (~ 20 nm in diameter). Consequently, to understand and describe the phenomenon of the ‘masking effect,’ 
research into its modelling was initiated.

Materials and methods
Environmental settings and sampling. Quartz (Q). Milky quartz, the most common variety of 
quartz, i.e. a crystal form of silicon dioxide  (SiO2), was collected in the abandoned vein quartz mine ‘Stanisław’ 
located in Szklarska Poręba on the south slope and a ridge of the Izerskie Garby Mountain (the central-east part 
of the Izera Mountains, southwestern Poland; see Supplementary Table S1). The milky quartz crystals were up 
to 10 cm in length.

Magnetite/maghemite (M). A crystal form of primary iron oxide  (Fe3O4/γ-Fe2O3) was collected from Quater-
nary deposits (i.e. the horizon of opaque heavy minerals) of the Baltic Sea coast of  Poland35 (see Supplementary 
Table S1). Detrital magnetite/maghemite crystals have been found in seashore sand, deriving from alkaline and 
ultra-alkaline Scandinavian igneous  rocks36. The horizon of opaque sands of heavy minerals (including magnet-
ite/maghemite) is quite common in this area, making the extraction of natural (geogenic) ferrimagnetic grains 
easier and cheaper than using lab-made samples.

Soil concretions (SCs). Soil concretions were collected from Haplic Cambisol developed from Carboniferous 
sandstones in the ‘Murckowski’ Forest in Katowice, southern  Poland37 (see Supplementary Table  S1). These 
spherical soil concretions, looking like ‘pepper grains,’ were formed as a result of residual accumulation in the 
cambic horizon (Bw) at depths of 20–30 cm. The concretions were isolated from soil pits and/or soil cores in the 
under-crown areas of Norway spruce (Picea abies Karst.) biogroups. The Bw horizon is rich in soil concretions on 
the study site, which favors the acquisition of natural (pedogenic) samples with a relatively high concentration 
of SP grains, with a relatively low content of multidomain (MD) grains.

Experimental procedures. The composition of the experimental samples, i.e. the contribution of matrix 
(milky quartz) and components (magnetite/maghemite and/or soil concretions), prepared for the measurements 
of magnetic susceptibility are presented in Table S2 (see Supplementary).

Milky quartz crystals were crushed and ground in an agate mortar, then were weighed and placed into 
10 ml diamagnetic cylindrical containers for magnetic susceptibility measurements. The magnetite/maghemite 
samples from seashore sand (i.e. opaque heavy minerals horizon) were air-dried (at room temperature) and 
sieved through a 0.2 mm mesh to separate the coarse sand grains, organic matter, or shell fragments, etc. Next, 
a one-stage magnetic separation process was carried out using a weak ferrite magnet to isolate ferrimagnetic 
grains of magnetite/maghemite (up to 0.2 mm in diameter) from antiferro-, para-, and diamagnetic grains 
(see Supplementary Fig. S1). High clay content in the field sediments may cause problem during separation of 
magnetic  particles38, due to the clay particles which stick to the ferrimagnetic grains and may carry the other 
magnetic phases. In the case of sedimentation processes, the opposite situation is observed. Clay particles are 
covered by ferrimagnetic nanoparticles and affect the magnetic  behavior39. Therefore, to reduce these effects after 
the magnetic separation process, we carefully washed the magnetite/maghemite grains in an ultrasonic bath. 
The magnetite/maghemite grains were used to prepare 15 samples of increasing low-field volume magnetic sus-
ceptibility from 10 to over 500 ×  10–5; coded  Mn where M—magnetite/maghemite, n—the approximate value of 
κ465Hz in ascending order, i.e.  M10,  M20,  M25,  M50,  M75,  M100,  M125,  M150,  M175,  M200,  M250,  M300,  M400,  M500,  M> 500 
(see Supplementary Table S2). The  Mn-specimens were created by adding more magnetite/maghemite grains 
until a specific value of magnetic susceptibility was obtained in a given sample. The collected soil concretions 
(up to 5 mm in diameter) were air-dried, cleaned using a small brush of soil grains, rock crumbs or root frag-
ments. Every clean concretion was wrapped in foil and placed into a 10 ml container filled with milky quartz for 
preliminary magnetic susceptibility measurements. Next, the concretions with the highest percentage frequency-
dependent magnetic susceptibility values were crushed and ground in an agate mortar. The magnetite/maghemite 
crystals (15 samples) and ground soil concretions (3 samples) were placed inside diamagnetic, transparent gelatin 
capsules and immobilized in cotton wool. Afterwards, the capsules in various configurations were placed in 10 ml 
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containers filled with milky quartz for magnetic susceptibility measurements (see Supplementary Table S2). The 
same material (i.e. SC1, SC2, SC3, and M capsules) was used for further studies that included the hysteresis loops 
and back-field remagnetization measurements as well as the thermomagnetic analyses.

Magnetic measurements. In order to test the magnetic characteristic of geogenic and pedogenic samples, 
the following magnetic parameters were determined: volume magnetic susceptibility (κ465Hz and κ4650Hz) and 
frequency-dependent magnetic susceptibility (κfd and κfd%), high-temperature dependence of magnetic suscep-
tibility, saturation induced magnetization (Ms), remanent saturation magnetization (Mrs or SIRM), coercive 
force (Bc) and coercivity of remanence (Bcr).

The magnetic mineralogy of the investigated samples was determined by the Curie point (Curie temperature—
TC) estimation from thermomagnetic curves (heating and cooling). The Curie point was estimated using the test 
for paramagnetic Curie–Weiss law at temperatures above  TC

40,41. The analyses of the temperature-dependence of 
magnetic susceptibility of the samples were performed in the ambient air at a heating rate of 8.6 °C/min, and in 
the temperature range from ~ 40 to ~ 700 °C. Thermomagnetic measurements were carried out using AGICO Kap-
pabridge MFK1-FA equipped with a high temperature furnace CS4 (AGICO Kappabridge MFK1-FA; Advanced 
Geoscience Instruments Company, Brno, Czech Republic).

The contribution of magnetic minerals in the samples was estimated on the basis of concentration-dependent 
parameters (κ465Hz, SIRM, and Ms), which increase monotonically with the amount of magnetic phase present 
in a monomineral  sample42. Moreover, the κ is approximately proportional to the contribution of ferrimagnetic 
phases in a sample, while, the SIRM is a parameter of the volume concentration of magnetic phases in a sample, 
but it is also sensitive to grain size  changes27. In turn, the parameters κfd and κfd% were used to assess the relative 
significance of ultrafine nanosized superparamagnetic grains. Whereas, the Bcr/Bc and Mrs/Ms ratios express 
differences in magnetic mineralogy and grain  size43. A high value of the Mrs/Ms ratio reflects the dominance of 
non-interacting SD  grains44, while, the Bcr/Bc and Mrs/Ms ratios express differences in magnetic mineralogy 
and grain  size43.

Measurements of low-field κ were performed using a MS2 Bartington meter equipped with a MS2B dual 
frequency (low = 465 Hz and high = 4650 Hz) sensor on the 0.1 scale (Bartington Instruments Ltd., Witney, 
Oxon, UK), which is the most often used instrument for the frequency-dependent magnetic susceptibility meas-
urements despite its limitations (e.g. sensitivity, temperature drift etc.13). The frequency-dependent magnetic 
susceptibility is either expressed as an absolute change of magnetic susceptibility (κfd) Eq. (1)13, or a percentage 
loss of magnetic susceptibility (κfd%) Eq. (2)13:

The frequency-dependent magnetic susceptibility estimation for the milky quartz sample as well as speci-
mens 1 and 2 (i.e.  M10 and  M20; see Supplementary Table S2) was not carried out due to the sensibility of the 
 instrument33. Moreover, due to the samples (i.e. magnetite/maghemite and soil concretion materials) were non-
randomly distributed within diamagnetic matrix and may show anisotropy with magnetic susceptibility values 
partly depending on sample  orientation33, the samples were measured in the same orientation at both frequencies.

The hysteresis loops were measured (at room temperature) using EV9 Vibrating Sample Magnetometer (DSM 
Magnetics; ADE Corporation, Lowell, MA, USA) with the maximum applied field of ± 2 T (see Supplementary 
Fig. S2). The Ms, Mrs, and Bc parameters were obtained by subtracting the linear part of closed branches from 
the hysteresis loops. However, the Bcr was obtained from the direct current (DC) back-field remagnetization 
curve in order to remove the remanent saturation magnetization.

The number of magnetic components was estimated according to a method of decomposition of the isother-
mal remanent magnetization (IRM) acquisition curves and with application of a program which is designed 
to decompose IRM acquisition  curves45. The number of magnetic components in this method is evaluated 
statistically. The combined analysis of the linear acquisition plot (LAP), gradient of the acquisition plot (GAP) 
and, and the standardized acquisition plot (SAP) versus the logarithm of the applied field provides information 
on relative contributions of magnetic components in the sample (see Supplementary Figs. S3-S6 and Table S3).

Results and discussion
Magnetic response of experimental samples. On the basis of a laboratory-prepared set of samples 
containing diamagnetic quartz matrix, MD grains of magnetite/maghemite, and SP grains of magnetite/magh-
emite, experimental magnetic data on κ465Hz and κ4650Hz as well as κfd% and κfd were obtained (see Supplementary 
Table S2).

Placing the isolated material in capsules, rather than dispersion in a diamagnetic matrix, may result in mag-
netostatic interactions. Dispersed powders of SD particles, in which agglomeration of particles occur, show type 
I behavior, whereas, SD particles in a diamagnetic matrix, in which minimal agglomeration occurs, show type II 
 behavior46. Magnetic properties of these two types are significantly  different47. In samples consisting of magnet-
ite dispersed in a diamagnetic matrix, the interactions are mostly due to particle agglomerations. However, the 
observed negative character of interactions, yielding a net demagnetizing effect, can be attributed to the specific 
arrangement of magnetic particles in the specimen M and to a significant contribution of superparamagnetic 
 particles48 as in the specimens SC1, SC2, and SC3.

(1)κfd = κ465Hz − κ4650Hz , expressed in 10−5 SI

(2)κfd% =

(

κ465Hz − κ4650Hz

κ465Hz

)

, expressed in %
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The magnetite/maghemite samples (specimens 1–15; see Supplementary Table S2) show significantly scat-
tered κ465Hz values (from 9.4 to 571.5 ×  10–5 SI) and relatively low and constant values of κfd% (0.11–0.71%). In 
contrast, samples containing mixtures of magnetite/maghemite  (Mn) and soil concretions (specimens: 17–31 for 
SC1, 33–47 for SC2, 49–63 for SC3; see Supplementary Table S2) are characterized by the values of κ465Hz from 
47.0 to 763.8 ×  10–5 SI, and κfd% values varying from 0.4 to 10.7%. The wide range of κ465Hz and κfd% values is 
related to the gradual increase in the contribution of MD grains in the specimens. As the amount of MD grains 
increases, the κ465Hz rises and κfd% drops (Fig. 1a and see Supplementary Table S2). Our experimental results 
are in agreement with the observations of other authors that samples with κfd% smaller than 3% are dominated 
by frequency-independent MD grains; a κfd% between 3 and 5% reflects the presence of in principle frequency-
independent and frequency-dependent grains, and the κfd% value equal or greater than 5% indicates that SP 
grains are present in significant  amounts13,27,34,49.

The relationship between κ465Hz and κfd% for the experimental data is shown in Fig. 1a. Due to the drop in 
the values of κfd% with the increase in the values of κ465Hz at a certain rate, we used a power trendline to fit the 
obtained data and to quantify the masking effect. The trendlines of soil concretion samples (SC1-3) show  R2 in 
the range 0.9796–0.9909, which can be considered as a very strong correlation (Fig. 1a). In addition, we calculated 
the percentage decline in κfd% depending on the percentage increase in κ465Hz for the data set, which is displayed 
in Fig. 1b. The κfd% values increase rapidly and then stabilize. This trend is best fitted by a logarithmic trendline 
(yielding  R2 = 0.9775), indicating a very strong correlation between the two parameters (Fig. 1b).

The percentage frequency-dependent magnetic susceptibility gradually decreases with magnetite/maghemite 
(M) content in the sample. Based on the experimental data (Fig. 1a,b and see Supplementary Table S2), we esti-
mated how much the initial κ465Hz value should increase in order to reduce significantly the initial κfd% value. 
In the case of samples containing the SC1 soil concretion (specimens 16–31; see Supplementary Table S2), an 
increase in the initial value of κ465Hz of approximately 1.2, 1.7, 3.0, and 4.4 times is required to reduce the initial 
value of κfd% of approximately 1.2, 1.5, 2.5, and 4.0 times, respectively. For SC2 samples (specimens 32–47; see 
Supplementary Table S2), a decline in the initial value of κfd% of approximately 1.2, 1.6, 2.5, and 4.0 times is 
associated with an increase in the initial value of κ465 of approximately 1.3, 1.7, 2.9, and 4.2 times, respectively. 
Finally, in the case of SC3 samples (specimens 48–63; see Supplementary Table S2), the initial value of κ465Hz 
should be increased by approximately 1.3, 1.7, 3.1, and 4.0 times to reduce the initial κfd% value of approximately 
1.2, 1.5, 2.6, and 3.8 times, respectively. The experimental measurements were carried out until the κfd% values 
were below 3% (Fig. 1a and see Supplementary Table S2), indicating a minute influence of SP grains on soil 
magnetic  properties49.

In addition, based on the experimental data (see Supplementary Table S2), the bi-logarithmic plot of the 
distribution normalized to SCs κ465Hz versus normalized to the absolute change in κfd is shown in Fig. 1c. The 
absolute change in κfd of SCs from the initial stage is relatively constant and does not exceed 20% (Fig. 1c). The 
exception is the sample with the lowest value of κ465Hz, SC1, where a noticeable decrease in the absolute change in 
κfd is observed, when the contribution of M is very large (i.e. more than 20 times; see Supplementary Table S2). In 
contrast, the M samples show an increase between κ465Hz and the absolute change (yielding  R2 = 0.5765; Fig. 1c). 
However, the scattered absolute change of κfd values (from 0.05 to 1.57 ×  10–5 SI; see Supplementary Table S2) 
as well as  R2 value are not important. Strictly speaking, such low κfd values suggest virtually no or less than 10% 
SP grains in the  samples13.

The obtained data are important for detecting the contribution of the pedogenic magnetic fraction (i.e. SP 
grains) in soils derived from strongly magnetic parent material and/or in soils significantly affected by TMPs.

Magnetic characteristic of environmental samples used for the experiment. Magnetic mineral‑
ogy of environmental samples. The curves (heating and cooling) of the temperature dependence of magnetic 
susceptibility are shown in Fig. 2. Thermomagnetic analysis of the sample M indicates the presence of magneti-
cally monomineral sample with sharp decrease around the Curie point of below 600 °C which suggests narrow 
grain-size distribution and good crystallinity of the magnetite/maghemite phase (Fig. 2a). Moreover, the sharp 
decrease around the Curie point and the absence of the haematite-related peak (i.e. very low and constant values 
of κ above  TC) for the sample M indicate that the sample represents magnetite/maghemite50. The three SC con-
cretion samples (SC1, SC2, and SC3) show in principle similar features as the sample M, but expressed with dif-
ferent intensity. The SC samples show gradual decrease before and around the Curie temperature between ~ 550 
and ~ 570 °C, (Fig. 2b). In addition, the thermomagnetic analyses (Fig. 2a,b) show an irreversible behavior in 
the temperature range below  TC, and the cooling curves run below the heating curves, which imply that changes 
occur during heating, i.e. transformation of a strongly magnetic mineral into a mineral with weaker magnetic 
properties.

Magnetic concentration and components in environmental samples. The magnetite/maghemite (M) sample 
shows a very high κ465Hz value (3221 ×  10–5 SI), coupled with a very low κfd% value (0.2%) (Table 1). Such a low 
value of κfd% results from the dominance of non-SP grains (< 10% of the SP contribution)13, i.e. coarse MD 
grains (≥ 30 nm) or extremely fine SP grains (< 5 nm). In contrast, samples of soil concretions (SC1-3) are char-
acterized by much lower values of κ465Hz from 37.7 to 191.6 ×  10–5 SI, and higher κfd% values ranging from 10.3 
to 10.7% (Table 1) suggesting more than 75% of SP grains in the  samples13. Moreover, pedogenic magnetite may 
vary in size (from a few to several hundred of nanometers)11. Particles below 30 nm will be  SP33, i.e. they will 
be able to produce high κ and Ms, but will not retain SIRM and  Bc51. In contrast, the particles between 30 and 
100 nm will be SD or PSD grains. However, the frequency-dependent magnetic susceptibility measured at two 
frequencies (465 and 4650 Hz) is sensitive only to the presence of magnetite grains between 18 and 20 nm, and 
not to grains up to 30  nm51,52.
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We modelled the IRM acquisition  curves45 for the M and SC1-3 samples (see Supplementary Figs. S3-S6). 
The predominant mineral phase shows relatively low coercivity component  (B1/2 = ∼17–56 mT), this phase makes 
from ∼52 to ~ 76 per cent of the total IRM (see Supplementary Table S3), and is present in M and SC samples. 
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Figure 1.  Plots for the experimental data on magnetite/maghemite  (Mn) and soil concretion (SC1-3) samples: 
(a) volume magnetic susceptibility (κ465Hz) vs. percentage frequency-dependent magnetic susceptibility (κfd%); 
(b) percentage increase in κ465Hz vs. percentage decline in κfd%; (c) bi-logarithmic plot of normalized to SCs of 
κ465Hz vs. normalized to absolute change of frequency-dependent magnetic susceptibility (κfd).
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A medium coercivity component  (B1/2 =  ~ 126–200 mT), constituting from ~ 13 to ~ 48 per cent of the total IRM 
(see Supplementary Table S3), is also present in all samples. In addition, SC samples contained a high coercivity 
component  (B1/2 =  ~ 1000–1122 mT), constituting from ~ 11 to ~ 15 per cent of the total IRM (see Supplementary 
Table S3). Based on the coercivity  distribution53–56, we interpreted these three coercivity ranges (from low to high 
coercivity) as magnetite/maghemite, haematite and goethite, respectively.

The values of the parameters κ465Hz, SIRM, and Ms for the soil concretion samples show a similar behav-
ior, which means the highest values of κ465Hz are accompanied by the highest values of SIRM and Ms. There 
is, however, one exception, the SC1 sample, with the lowest values of κ465Hz and SIRM (37.7 ×  10–5 SI and 
100.6  mAm2  kg−1), but a moderate Ms value (803.6  mAm2  kg−1) (Table 1). This may result from the presence of 
various kinds of magnetic behavior, i.e. different magnetic phases, but with an unquestionable predominance of 
ferrimagnetics (magnetite/maghemite) in the tested samples (Fig. 2b).

Magnetic grain‑size analyses in environmental samples. The dimensions of magnetic grains decrease in the 
following order: MD > PSD > SD >  SP42. The distribution of the data obtained for soil concretions (SC1-3) in 
the Day  diagram57, modified by  Dunlop58, in the region of PSD grains (Fig. 3a) probably results from the co-
existence of minerals with different kinds of magnetic behavior, however, with a predominance of the SFMs, i.e. 
magnetite/maghemite (Fig. 2b). The coercivity (Bcr/Bc) and magnetization (Mrs/Ms) ratios allow for recogni-
tion of the SC samples as PSD grains, i.e. in the region that is characteristic for the mixture of several types of 
domain  states58. The position of SCs close to and above the region of single-domain and multidomain grains 
(SD-MD) may indicate a relatively high amount of SD grains in the studied samples (Fig. 3a). The presence of SD 
and not SP grains, despite the relatively high values of κfd% (> 10%; Table 1), may be confirmed by the fact that 
the κfd% parameter measured with MS2B sensor is sensitive to the presence of ferrimagnetic grains near the SP/
stable SD boundary. On the other hand, the relationship between the grain distribution and the reduced block-
ing volume (i.e. the boundary between SP and stable SD grains) causes a decrease in the values of κfd%, and can 
reduce κfd% by over 50% for certain grain  distributions59. Domain-state variations for two or more co-occurring 
magnetic minerals within a single sample may be associated with different particle size ranges for each  mineral60. 
Moreover, the particles of identical size but different stoichiometry could have different domain states, and the 
particle sizes at which the SP to stable SD, stable SD to PSD, or PSD to MD transitions occur vary from mineral 
to  mineral60. Nevertheless, the position of the magnetite/maghemite sample (M) clearly indicates the dominance 
of the MD grains of the primary mineral (i.e. GMPs), even despite a slight shift in the Day diagram (Fig. 3a). 
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Figure 2.  Thermomagnetic measurements of the tested samples: (a) magnetite/maghemite (M); (b) soil 
concretions (SC1-3). T temperature; κ volume magnetic susceptibility.

Table 1.  Magnetic parameters (κ465Hz—volume magnetic susceptibility; κfd%—percentage frequency-
dependent magnetic susceptibility; SIRM (Mrs)—remanent saturation magnetization; Ms—saturation induced 
magnetization; Bcr—coercivity of remanence; Bc—coercive force) of the tested samples (Q—quartz; M—
magnetite/maghemite; SC1-3—soil concretions).

Sample Formula Magnetism

κ465Hz κfd% SIRM (Mrs) Ms Bcr Bc

(×  10–5 SI) (%) (mAm2  kg−1) (mT)

Q SiO2 Dia- − 0.1 – – – – –

M Fe3O4/γ-Fe2O3 Ferri- 3221.5 0.2 1724.0 55,480.0 36.3 4.6

SC1

Fe3O4/γ-Fe2O3 Superpara-

37.7 10.7 100.6 803.6 11.4 3.2

SC2 79.4 10.3 106.0 692.8 16.8 5.4

SC3 191.6 10.3 170.5 963.2 17.5 6.6
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However, there are many variables (e.g. magnetic mineralogy, stoichiometry of minerals, or mixtures of mag-
netic particles), which limit the interpretation of the Day diagram in terms of the diagnosis of domain  state60.

Generally, the relation of SIRM versus κ is used to obtain information on magnetic granulometry as well as 
mineralogical transformations of ferrimagnetic phases in samples, whereas, the relationship between Ms and 
κ is used to estimate the concentration of ferrimagnetic  particles43. The relationships between both SIRM and 
Ms versus κ465Hz are displayed in Fig. 3b,c. The studied samples are located diagonally, which indicates that fer-
rimagnetic minerals prevail, i.e. magnetic susceptibility is mainly produced by magnetite/maghemite. Moreover, 
in terms of the plots (SIRM versus κ465Hz and Ms versus κ465Hz; Fig. 3b,c), it is possible to distinguish a cluster of 
soil concretions (SC1-3) from a magnetite/maghemite sample (M). The nearly linear distribution of data points 
in the bi-logarithmic plot reflects the concentration effect rather than the grain size (Fig. 3b,c). The value of 

M

SC1

SC2
SC3

0.1

1

10

100

1 000

10 000

0.1 1 10 100 1 000 10 000

κ 4
65

H
z

×(
10

-5
SI

)

SIRM (mAm2 kg-1)

M

SC1

SC2
SC3

0.1

1

10

100

1 000

10 000
0.1 1 10 100 1 000 10 000 100 000

κ 4
65

H
z

(×
10

-5
SI

)

Ms (mAm2 kg-1)

M

1 10

MD

SD

SD + MD

SP + SD

SP saturation envelope

PSD

0.02

0.05

20 302 5

Figure 3.  Illustration of hysteresis results for magnetite/maghemite (M) and soil concretion (SC1-3) samples. 
(a) The Day  diagram57 with modification of  Dunlop58. Bi-logarithmic plots of: (b) SIRM vs. κ465Hz; (c) Ms vs. 
κ465Hz. Bcr—coercivity of remanence; Bc—coercive force; SIRM or Mrs—remanent saturation magnetization; 
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Bcr should be lower for the mineral with a significant contribution of SP grains than for MD grains as the fine-
grained mineral only contributes to κ and not to the SIRM or  Bcr44 as in the case of SCs and M samples (Table 1).

Conclusions
This experimental study brings new, very important information for the proper use of the frequency-dependent 
feature of magnetic susceptibility as a parameter used for the estimation of pedogenesis mostly in areas with 
strongly magnetic geology. Our results clearly prove that highly magnetic coarse grains are masking superpara-
magnetic grains of pedogenic origin. This masking can be assessed by using frequency dependent properties, 
sensitive to the superparamagnetic particles until a certain concentration threshold.

Magnetic susceptibility (κ465Hz) of pedogenic (superparamagnetic) grains is gradually masked as the con-
tribution of coarse multidomain grains increases. The masking effect can be evaluated on the basis of a power 
trendline. The three experimental sets of samples show in principle similar features  (R2), but expressed with 
different intensity (initial κ465Hz values and contribution of multidomain grains). The initial κ465Hz values of 
superparamagnetic materials of the experimental set increased approximately 4, 8, and 16 times, while, the initial 
κfd% values decreased approximately 4, 9, and 27 times.

Our results provide a good basis for further research of the masking effect. More experiments should be car-
ried out on a larger number of samples and various types of pedogenic superparamagnetic minerals, as well as 
on various coarse-grained primary ferrimagnetic minerals to produce a database, which may serve as a reliable 
and useful model for the quantification of magnetic contributions of geo-, pedo-, and technogenic origin in 
the soil. Moreover, the role of the magnetostatic interaction (i.e. superparamagnetic and multidomain particles 
dispersed and undispersed in a diamagnetic matrix) on frequency-dependent magnetic susceptibility needs 
to be clarified. For this purpose, subsequent magnetic analyses, detailed geochemical analyses as well as the 
granulometry have to be carried out.

Received: 31 March 2021; Accepted: 29 June 2021

References
 1. Quijano, L., Chaparro, M. A. E., Marie, D. C., Gaspar, L. & Navas, A. Relevant magnetic and soil parameters as potential indica-

tors of soil conservation status of Mediterranean agroecosystems. Geophys. J. Int. 198(3), 1805–1817. https:// doi. org/ 10. 1093/ gji/ 
ggu239 (2014).

 2. Maxbauer, D. P., Feinberg, J. M., Fox, D. L. & Nater, E. A. Response of pedogenic magnetite to changing vegetation in soils developed 
under uniform climate, topography, and parent material. Sci. Rep. 7, 17575. https:// doi. org/ 10. 1038/ s41598- 017- 17722-2 (2017).

 3. Huang, L. et al. Phases and rates of iron and magnetism changes during paddy soil development on calcareous marine sediment 
and acid Quaternary red-clay. Sci. Rep. 8, 444. https:// doi. org/ 10. 1038/ s41598- 017- 18963-x (2019).

 4. Magiera, T., Łukasik, A., Zawadzki, J. & Rösler, W. Magnetic susceptibility as indicator of anthropogenic disturbances in forest 
topsoil: A review of magnetic studies carried out in Central European forests. Ecol. Indic. 106, 105–518. https:// doi. org/ 10. 1016/j. 
ecoli nd. 2019. 105518 (2019).

 5. Kang, J. et al. Critical altitudinal shift from detrital to pedogenic origin of the magnetic properties of surface soils in the western 
Pamir Plateau, Tajikistan. Geochem. Geophys. Geosyst. 21, 15. https:// doi. org/ 10. 1029/ 2019G C0087 52 (2020).

 6. Chaparro, M. A. E., Moralejo, M. D. P., Böhnel, H. N. & Acebal, S. G. Iron oxide mineralogy in Mollisols, Aridisols and Entisols 
from southwestern Pampean region (Argentina) by environmental magnetism approach. CATENA 190, 104534. https:// doi. org/ 
10. 1016/j. catena. 2020. 104534 (2020).

 7. Jordanova, D. & Jordanova, N. Updating the significance and paleoclimate implications of magnetic susceptibility of Holocene 
loessic soils. Geoderma 391, 114982. https:// doi. org/ 10. 1016/j. geode rma. 2021. 114982 (2021).

 8. Cornell, R. M. & Schwertmann, U. The Iron Oxides: Structure, Properties, Reactions, Occurrences and Uses 2nd edn. (Wiley, 2003).
 9. Schwertmann, U. Occurrence and formation of iron oxides in various pedoenvironments. In Iron in soils and clay minerals. NATO 

ASI Series, Series C, Mathematical and Physical Sciences 217 (eds Stucki, J. et al.) (Reidel Publ. Company, Springer, 1988).
 10. Jordanova, N. Soil Magnetism: Applications in Pedology, Environmental Science and Agriculture (Academic Press, 2016).
 11. Maher, B. A. & Taylor, R. Formation of ultra fine-grained magnetite in soils. Nature 336(368–370), 1988. https:// doi. org/ 10. 1038/ 

33636 8a0 (1988).
 12. Fassbinder, J., Stanjek, H. & Vali, H. Occurrence of magnetic bacteria in soil. Nature 343, 161–163. https:// doi. org/ 10. 1038/ 34316 

1a0 (1990).
 13. Dearing, J. A. Environmental Magnetic Susceptibility Using the Bartington MS2 System 2nd edn. (Chi Publishing, 1999).
 14. Lu, S. G. Lithological factors affecting magnetic susceptibility of subtropical soils, Zhejiang Province, China. CATENA 40, 359–373. 

https:// doi. org/ 10. 1016/ S0341- 8162(00) 00092-8 (2000).
 15. Ouyang, T. et al. Magnetic mineralogy of a weathered tropical basalt, Hainan Island, South China. Phys. Earth Planet. Int. 240, 

105–113. https:// doi. org/ 10. 1016/j. pepi. 2015. 01. 001 (2015).
 16. Jordanova, N., Jordanova, D. & Petrov, P. Soil magnetic properties in Bulgaria at a national scale: Challenges and benefits. Glob. 

Planet. Change 137, 107–122. https:// doi. org/ 10. 1016/j. glopl acha. 2015. 12. 015 (2016).
 17. Szuszkiewicz, M., Łukasik, A., Magiera, T. & Mendakiewicz, M. Combination of geo- pedo- and technogenic magnetic and geo-

chemical signals in soil profiles—diversification and its interpretation: A new approach. Environ. Pollut. 214, 464–477. https:// 
doi. org/ 10. 1016/j. envpol. 2016. 04. 044 (2016).

 18. Karimi, A., Haghnia, G. H., Ayoubi, S. & Safari, T. Impacts of geology and land use on magnetic susceptibility and selected heavy 
metals in surface soils of Mashhad plain, northeastern Iran. J. Appl. Geophys. 138, 127–134. https:// doi. org/ 10. 1016/j. jappg eo. 2017. 
01. 022 (2017).

 19. Grison, H., Petrovský, E. & Kapička, A. Detection of the pedogenic magnetic fraction in volcanic soils developed on basalts using 
frequency-dependent magnetic susceptibility: Comparison of two instruments. Geophys. J. Int. 209, 654–660. https:// doi. org/ 10. 
1093/ gji/ ggx037 (2017).

 20. Szuszkiewicz, M. et al. Technogenic contamination or geogenic enrichment in Regosols and Leptosols? Magnetic and geochemical 
imprints on topsoil horizons. Geoderma 381, 114685. https:// doi. org/ 10. 1016/j. geode rma. 2020. 114685 (2021).

 21. Grison, H., Petrovský, E. & Hanzlikova, H. Assessing anthropogenic contribution in highly magnetic forest soils developed on 
basalts using magnetic susceptibility and concentration of elements. CATENA 206, 105480. https:// doi. org/ 10. 1016/j. catena. 2021. 
105480 (2021).

https://doi.org/10.1093/gji/ggu239
https://doi.org/10.1093/gji/ggu239
https://doi.org/10.1038/s41598-017-17722-2
https://doi.org/10.1038/s41598-017-18963-x
https://doi.org/10.1016/j.ecolind.2019.105518
https://doi.org/10.1016/j.ecolind.2019.105518
https://doi.org/10.1029/2019GC008752
https://doi.org/10.1016/j.catena.2020.104534
https://doi.org/10.1016/j.catena.2020.104534
https://doi.org/10.1016/j.geoderma.2021.114982
https://doi.org/10.1038/336368a0
https://doi.org/10.1038/336368a0
https://doi.org/10.1038/343161a0
https://doi.org/10.1038/343161a0
https://doi.org/10.1016/S0341-8162(00)00092-8
https://doi.org/10.1016/j.pepi.2015.01.001
https://doi.org/10.1016/j.gloplacha.2015.12.015
https://doi.org/10.1016/j.envpol.2016.04.044
https://doi.org/10.1016/j.envpol.2016.04.044
https://doi.org/10.1016/j.jappgeo.2017.01.022
https://doi.org/10.1016/j.jappgeo.2017.01.022
https://doi.org/10.1093/gji/ggx037
https://doi.org/10.1093/gji/ggx037
https://doi.org/10.1016/j.geoderma.2020.114685
https://doi.org/10.1016/j.catena.2021.105480
https://doi.org/10.1016/j.catena.2021.105480


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:14800  | https://doi.org/10.1038/s41598-021-94039-1

www.nature.com/scientificreports/

 22. Dearing, J. A., Bird, P. M., Dann, R. J. L. & Benjamin, S. F. Secondary ferromagnetic minerals in Welsh soils: A comparison of 
mineral magnetic detection methods and implications for mineral formation. Geophys. J. Int. 130, 727–736. https:// doi. org/ 10. 
1111/j. 1365- 246X. 1997. tb018 67.x (1997).

 23. Egli, R. Magnetic susceptibility measurements as a function of temperature and frequency I: Inversion theory. Geophys. J. Int. 177, 
395–420. https:// doi. org/ 10. 1111/j. 1365- 246X. 2009. 04081.x (2009).

 24. Hrouda, F. Models of frequency-dependent susceptibility of rocks and soils revisited and broadened. Geophys. J. Int. 187, 1259–
1269. https:// doi. org/ 10. 1111/j. 1365- 246X. 2011. 05227.x (2011).

 25. Magiera, T., Jabłońska, M., Strzyszcz, Z. & Rachwał, M. Morphological and mineralogical forms of technogenic magnetic particles 
in industrial dusts. Atmos. Environ. 45, 4281–4290. https:// doi. org/ 10. 1016/j. atmos env. 2011. 04. 076 (2011).

 26. Catinon, M. et al. Isolation of technogenic magnetic particles. Sci. Total Environ. 475, 39–47. https:// doi. org/ 10. 1016/j. scito tenv. 
2013. 12. 083 (2014).

 27. Maher, B. A. Characterization of soils by mineral magnetic measurements. Phys. Earth Planet. Int. 42, 76–92. https:// doi. org/ 10. 
1016/ S0031- 9201(86) 80010-3 (1986).

 28. Dearing, J. A. et al. Magnetic susceptibility of soils: A test of conflicting theories using a national database. Geophys. J. Int. 127, 
728–734. https:// doi. org/ 10. 1111/j. 1365- 246X. 1996. tb040 51.x (1996).

 29. Eyre, J. K. Frequency dependence of magnetic susceptibility for population of single-domain grains. Geophys. J. Int. 129, 209–211. 
https:// doi. org/ 10. 1111/j. 1365- 246X. 1997. tb009 51.x (1997).

 30. Mullins, C. E. Magnetic susceptibility of the soil and its significance in soil science: A review. Eur. J. Soil Sci. 28, 223–246. https:// 
doi. org/ 10. 1111/j. 1365- 2389. 1977. tb022 32.x (1977).

 31. Geiss, Ch. & Zanner, W. How abundant is pedogenic magnetite? Abundance and grain size estimates for loessic soils based on 
rock magnetic analyses. J. Geophys. Res. 111, B12S21. https:// doi. org/ 10. 1029/ 2006J B0045 64 (2006).

 32. Verosub, K. L., Fine, P., Singer, M. J. & TanPas, J. Pedogenesis and paleoclimate: Interpretation of the magnetic susceptibility record 
of Chinese loess-paleosol sequences. Geology 21(11), 1011–1014. https:// doi. org/ 10. 1130/ 0091- 7613(1993) 021% 3c1011: PAPIOT% 
3e2.3. CO;2 (1993).

 33. Dearing, J. A. et al. Frequency-dependent susceptibility measurements of environmental materials. Geophys. J. Int. 124, 228–240. 
https:// doi. org/ 10. 1111/j. 1365- 246X. 1996. tb063 66.x (1996).

 34. Maher, B. A. Magnetic properties of modern soils and Quaternary loessic paleosols: Paleoclimatic implications. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 137, 25–54. https:// doi. org/ 10. 1016/ S0031- 0182(97) 00103-X (1998).

 35. Wajda, W. Minerały ciężkie piasków dennych polskiego wybrzeża Bałtyku. Ann. Soc. Geol. Pol. 40(1), 131–149 (1970) ((in Polish)).
 36. Sawicka, E. Minerały ciężkie w piaskach plażowych polskiego wybrzeża Bałtyku. Biul. Państw. Inst. Geol. 233, 29–35 (1953) ((in 

Polish)).
 37. Łukasik, A., Gruba, P. & Magiera, T. Application of magnetometry to assess distribution of dust pollution in topsoil of under-crown 

area of Norway spruce (Picea abies Karst.) and European beech (Fagus sylvatica L.). CATENA 150, 246–255. https:// doi. org/ 10. 
1016/j. catena. 2016. 11. 024 (2017).

 38. Abdel-Karim, A.-A.M. & Barakat, M. G. Separation, upgrading, and mineralogy of placer magnetite in the black sands, northern 
coast of Egypt. Arab J. Geosci. 10, 298. https:// doi. org/ 10. 1007/ s12517- 017- 3075-0 (2017).

 39. Galindo-González, C. et al. Preparation and sedimentation behavior in magnetic fields of magnetite-covered clay particles. Lang‑
muir 21(10), 4410–4419. https:// doi. org/ 10. 1021/ la047 393q (2005).

 40. Petrovský, E. & Kapička, A. On determination of the Curie point from thermomagnetic curves. J. Geophys. Res. 111, 1–10. https:// 
doi. org/ 10. 1029/ 2006J B0045 07 (2006).

 41. Fabian, K., Shcherbakov, V. P. & McEnroe, S. A. Measuring the Curie temperature. Geochem. Geophys. Geosyst. 14, 947–961. https:// 
doi. org/ 10. 1029/ 2012G C0044 40 (2013).

 42. Evans, M. & Heller, F. Environmental Magnetism: Principles and Applications of Enviromagnetics (Academic Press, 2003).
 43. Thompson, R. & Oldfield, F. Environmental Magnetism (Allen and Unwin, 1986).
 44. Thompson, R. et al. Environmental application of magnetic measurements. Science 207, 481–486. https:// doi. org/ 10. 1126/ scien 

ce. 207. 4430. 481 (1980).
 45. Kruiver, P. P., Dekkers, M. J. & Heslop, D. Quantification of magnetic coercivity components by the analysis of acquisition curves 

of isothermal remanent magnetization. Earth Planet. Sci. Lett. 189, 269–276. https:// doi. org/ 10. 1016/ S0012- 821X(01) 00367-3 
(2001).

 46. Kneller, E. Fine particle theory. In Magnetism and Metallurgy Vol. I (eds Berkowitz, A. E. & Kneller, E.) (Academic Press, 1969).
 47. Moskowitz, B. M., Frankel, R. B., Flanders, P. J., Blakemore, R. P. & Schwartz, B. B. Magnetic properties of magnetotactic bacteria. 

J. Magn. Magn. Mater. 73(3), 273–288. https:// doi. org/ 10. 1016/ 0304- 8853(88) 90093-5 (1988).
 48. Petrovský, E., Hejda, P., Zelinka, T., Kropáček, V. & Šubrt, J. Experimental determination of magnetic interactions within a system 

of synthetic haematite particles. Phys. Earth Planet. Int. 76(1–2), 123–130. https:// doi. org/ 10. 1016/ 0031- 9201(93) 90061-D (1993).
 49. Lu, S. G., Xue, Q. F., Zhu, L. & Yu, J. Y. Mineral magnetic properties of a weathering sequence of soils derived from basalt in Eastern 

China. CATENA 73, 23–33. https:// doi. org/ 10. 1016/j. catena. 2007. 08. 004 (2008).
 50. Petrovský, E. et al. Magnetic properties of magnetite prepared by ball-milling of hematite with iron. J. Magn. Magn. Mater. 210(1–3), 

257–273. https:// doi. org/ 10. 1016/ S0304- 8853(99) 00624-1 (2000).
 51. Banerjee, S. K., Hunt, C. P. & Liu, X.-M. Separation of local signals from the regional paleomonsoon record of the Chinese Loess 

Plateau: A rock-magnetic approach. Geophys. Res. Lett. 20, 843–846. https:// doi. org/ 10. 1029/ 93GL0 0908 (1993).
 52. Néel, L. Some theoretical aspect of rock magnetism. Adv. Phys. 4, 191–243. https:// doi. org/ 10. 1080/ 00018 73550 01012 04 (1955).
 53. Dunlop, D. J. Hysteresis properties of magnetite and their dependence on particle size: A test of pseudo-single-domain remanence 

models. J. Geophys. Res. 91(B9), 9569–9584. https:// doi. org/ 10. 1029/ JB091 iB09p 09569 (1986).
 54. Manning, E. B. & Elmore, R. An integrated paleomagnetic, rock magnetic, and geochemical study of the Marcellus shale in the 

Valley and Ridge province in Pennsylvania and West Virginia. J. Geophys. Res. 120, 705–724. https:// doi. org/ 10. 1002/ 2014J B0114 
18 (2015).

 55. Peters, C. & Dekkers, M. Selected room temperature magnetic parameters as a function of mineralogy, concentration and grain 
size. Phys. Chem. Earth 28, 659–667. https:// doi. org/ 10. 1016/ S1474- 7065(03) 00120-7 (2003).

 56. Sagnotti, L., Macri, P., Egli, R. & Mondino, M. Magnetic properties of atmospheric particulate matter from automatic air sampler 
stations in Latium (Italy): Toward a definition of magnetic fingerprints for natural and anthropogenic PM 10 sources. J. Geophys. 
Res. 111(B12), 1–17. https:// doi. org/ 10. 1029/ 2006J B0045 08 (2006).

 57. Day, R., Fuller, M. & Schmidt, V. A. Hysteresis properties of titanomagnetites: Grain-size and compositional dependence. Phys. 
Earth Planet. Inter. 13(4), 260–267. https:// doi. org/ 10. 1016/ 0031- 9201(77) 90108-X (1977).

 58. Dunlop, D. J. Theory and application of the Day plot (Mrs/Ms versus Hcr/Hc) 1. Theoretical curves and tests using titanomagnetite 
data. J. Geophys. Res. 107(B3), 2056. https:// doi. org/ 10. 1029/ 2001J B0004 86 (2002).

 59. Muxworthy, A. R. Effect of grain interactions on the frequency dependence of magnetic susceptibility. Geophys. J. Int. 144, 441–447. 
https:// doi. org/ 10. 1046/j. 1365- 246x. 2001. 00342.x (2001).

 60. Roberts, A. P., Tauxe, L., Heslop, D., Zhao, X. & Jiang, Z. A critical appraisal of the “day” diagram. J. Geophys. Res. Solid Earth 123, 
2618–2644. https:// doi. org/ 10. 1002/ 2017J B0152 47 (2018).

https://doi.org/10.1111/j.1365-246X.1997.tb01867.x
https://doi.org/10.1111/j.1365-246X.1997.tb01867.x
https://doi.org/10.1111/j.1365-246X.2009.04081.x
https://doi.org/10.1111/j.1365-246X.2011.05227.x
https://doi.org/10.1016/j.atmosenv.2011.04.076
https://doi.org/10.1016/j.scitotenv.2013.12.083
https://doi.org/10.1016/j.scitotenv.2013.12.083
https://doi.org/10.1016/S0031-9201(86)80010-3
https://doi.org/10.1016/S0031-9201(86)80010-3
https://doi.org/10.1111/j.1365-246X.1996.tb04051.x
https://doi.org/10.1111/j.1365-246X.1997.tb00951.x
https://doi.org/10.1111/j.1365-2389.1977.tb02232.x
https://doi.org/10.1111/j.1365-2389.1977.tb02232.x
https://doi.org/10.1029/2006JB004564
https://doi.org/10.1130/0091-7613(1993)021%3c1011:PAPIOT%3e2.3.CO;2
https://doi.org/10.1130/0091-7613(1993)021%3c1011:PAPIOT%3e2.3.CO;2
https://doi.org/10.1111/j.1365-246X.1996.tb06366.x
https://doi.org/10.1016/S0031-0182(97)00103-X
https://doi.org/10.1016/j.catena.2016.11.024
https://doi.org/10.1016/j.catena.2016.11.024
https://doi.org/10.1007/s12517-017-3075-0
https://doi.org/10.1021/la047393q
https://doi.org/10.1029/2006JB004507
https://doi.org/10.1029/2006JB004507
https://doi.org/10.1029/2012GC004440
https://doi.org/10.1029/2012GC004440
https://doi.org/10.1126/science.207.4430.481
https://doi.org/10.1126/science.207.4430.481
https://doi.org/10.1016/S0012-821X(01)00367-3
https://doi.org/10.1016/0304-8853(88)90093-5
https://doi.org/10.1016/0031-9201(93)90061-D
https://doi.org/10.1016/j.catena.2007.08.004
https://doi.org/10.1016/S0304-8853(99)00624-1
https://doi.org/10.1029/93GL00908
https://doi.org/10.1080/00018735500101204
https://doi.org/10.1029/JB091iB09p09569
https://doi.org/10.1002/2014JB011418
https://doi.org/10.1002/2014JB011418
https://doi.org/10.1016/S1474-7065(03)00120-7
https://doi.org/10.1029/2006JB004508
https://doi.org/10.1016/0031-9201(77)90108-X
https://doi.org/10.1029/2001JB000486
https://doi.org/10.1046/j.1365-246x.2001.00342.x
https://doi.org/10.1002/2017JB015247


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:14800  | https://doi.org/10.1038/s41598-021-94039-1

www.nature.com/scientificreports/

Acknowledgements
This work was supported by the National Science Centre (Poland), grant numbers 2011/01/N/ST10/07548, 
2016/21/N/ST10/02467 and 2016/23/D/NZ9/00550. It was conducted under an agreement of scientific coopera-
tion between the Polish Academy of Sciences and the Czech Academy of Sciences. E.P. is grateful for the support 
from the Ministry of Education, Youth and Sports of the Czech Republic (MEYS) through an Inter-Vector project 
LVT19011. H.G. extends thanks for financial support to the INTER-EXCELLENCE program of the MEYS of the 
Czech Republic, grant No. LTC19029. The authors would also like to thank professional proofreaders at Proof-
Reading-Services.com for their language corrections.

Author contributions
M.S. designed the research, took samples, carried out the measurements, conducted the experiment, and wrote 
the manuscript with input from all authors. E.P. and H.G. contributed to measurements, data analysis, interpre-
tation, and improvement of the manuscript. M.M.S. prepared samples, contributed to data analysis and inter-
pretation. B.G. contributed to data analysis and interpretation. A.Ł. took samples, contributed to data analysis, 
interpretation, and improvement of the manuscript. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 94039-1.

Correspondence and requests for materials should be addressed to M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-94039-1
https://doi.org/10.1038/s41598-021-94039-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Quantification of pedogenic particles masked by geogenic magnetic fraction
	Materials and methods
	Environmental settings and sampling. 
	Quartz (Q). 
	Magnetitemaghemite (M). 
	Soil concretions (SCs). 

	Experimental procedures. 
	Magnetic measurements. 

	Results and discussion
	Magnetic response of experimental samples. 
	Magnetic characteristic of environmental samples used for the experiment. 
	Magnetic mineralogy of environmental samples. 
	Magnetic concentration and components in environmental samples. 
	Magnetic grain-size analyses in environmental samples. 


	Conclusions
	References
	Acknowledgements


