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A B S T R A C T   

Magnetic properties of soil are widely utilized to study soil development in a variety of settings due to the 
formation of strongly magnetic iron oxides during pedogenesis. Similarly, soil organic matter (SOM) is commonly 
measured in soil surveys conducted on agricultural lands due to the essential role SOM plays in the soil 
ecosystem. Here, we present data from two agricultural fields in southeastern Minnesota that demonstrate a 
relationship between soil magnetic properties and SOM. In each field, we collected 100 topsoil samples along a 
40 m by 20 m grid to determine spatial variability in soil magnetic properties and SOM, as well as two soil cores 
to constrain variability with depth (~0–60 cm). Magnetic susceptibility, low-field remanence, and hysteresis 
properties were used to characterize magnetic mineral abundance and grain-size in the soils. There are strong 
positive correlations between SOM and three magnetic properties: the frequency dependence of susceptibility 
(χfd), anhysteretic remanent magnetization (ARM), and the ratio of ARM to isothermal remanent magnetization 
(ARM/IRM). All three of these magnetic properties (χfd, ARM, and ARM/IRM) are sensitive to the concentration 
(or relative abundance) of fine-grained (<75 nm) magnetite/maghemite known to form in well-drained soils 
during pedogenesis. Correlation between SOM and magnetic properties persist in each field despite differences in 
the management strategy over the past three decades. Our results support a functional link between SOM and 
soil-formed magnetite/maghemite, where increasing SOM (up to a threshold) enhances the production and 
stability of soil-formed magnetite due to its role in soil redox processes and iron-organic complexes. Agricultural 
soils seem particularly well suited to demonstrate correlations between SOM and pedogenic magnetic minerals 
due to their relatively low SOM and typically well-drained environments, supporting the utility of soil magnetism 
in agricultural soil survey studies.   

1. Introduction 

The magnetic properties of soils are a longstanding area of interest 
(Le Borgne, 1955; Le Borgne, 1960) and represent a relatively low-cost 
means for characterizing the composition, abundance, and grain size of 
various iron oxide minerals in soil. Applications of soil magnetism are 
varied and range from studies aimed at monitoring spatial distribution 
of pollutants (e.g., Blundell et al., 2009a; Camargo et al., 2018; Hanesch 
and Scholger, 2002; Liu et al., 2012) to the reconstruction of past cli
mates (e.g., Geiss et al., 2008; Jordanova and Jordanova, 2021; Maher, 
1998; Maxbauer et al., 2016). However, to date, relatively few re
searchers have studied soil magnetism in agricultural systems (see 
Pingguo et al., 2016; Yang et al., 2015 for two recent examples). 

Several studies identify a relationship between magnetic properties 

and soil organic matter (SOM) in non-agricultural settings (Blundell 
et al., 2009b; César de Mello et al., 2020; Dearing et al., 1996; Jakšík 
et al., 2016; Jordanova, 2016; Maher, 1998; Neumeister and Peschel, 
1968; Quijano et al., 2014). Correlation between SOM and soil magnetic 
properties in these studies are usually attributed to climate and other 
soil forming factors that control both properties similarly (Maher, 2016). 
SOM in agricultural settings is dynamically impacted by many non- 
natural soil forming factors related to land-use (for example, tillage 
practices) and varies considerably in agricultural areas experiencing 
uniform climate (Fan et al., 2020; Ferreira et al., 2016; Huang et al., 
2007). Given that SOM is a key indicator of agricultural soil quality 
(Larkin, 2015; Marchetti et al., 2012) and impacts many physical, 
chemical, and biological properties and functions in soil (Cannell and 
Hawes, 1994; Dalal et al., 2003; Franzluebbers, 2002; Rawls et al., 2003; 
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Reeves, 1997), a better understanding of the relationship between 
magnetic properties and SOM within agricultural soils will help improve 
our understanding of this linkage in systems where climate cannot play a 
role in the relationship. 

Here, we explore variation in SOM and soil magnetic properties in 
two adjacent agricultural fields in southeastern Minnesota. Despite dif
ferences in land management practices described below, both fields are 
generally well-drained, have relatively flat topography, similar parent 
material, and experience the same climate. We hypothesize, then, that 
any correlations between magnetic properties and SOM ought to be 
related to pedogenic processes that directly link SOM to the production 
of pedogenic iron oxides. We propose a modification to a well-known 
model for magnetic enhancement where coupled SOM oxidation and 
iron reduction leads to the production of nanoscale magnetite (Fe3O4; 
Lovley, 1987; Orgeira et al., 2011). This model is well-known amongst 
the environmental magnetic community, where the magnetic enhance
ment of soil is useful in the reconstruction of past climate (see reviews in 
Ahmed and Maher, 2018; Evans and Heller, 2003; Liu et al., 2012; 
Maher, 1998, 2007, 2011; Maxbauer et al., 2016; Mullins, 1977; Orgeira 
et al., 2011; Thompson and Oldfield, 1986). Here, we emphasize that 
this mechanistic relationship between SOM and pedogenic magnetite 
may be particularly relevant in agricultural fields, where soil magnetism 

is less well studied. 

1.1. Site background 

Study sites are located just northwest of Northfield, Minnesota in the 
southwest corner of Dakota County (Fig. 1). Soils in this area develop on 
a thin layer of loess atop loamy glacial till deposited by the Des Moines 
Lobe of the Laurentide Ice Sheet ~12,000–14,000 years ago (Hobbs 
et al., 1990). Prior to European settlement (~1850), native vegetation in 
the area was a mixture of prairie and hardwood forests that produced 
heterogeneous soil characteristics at the study site (United States 
Department of Agriculture, 1983). The study areas contain a mixture of 
soil series assigned as either Mollisols and Alfisols (see Fig. S1; (Soil 
Survey Staff, 2020). Plowing has homogenized much of the A and upper 
B horizons on both farms. Climate in Dakota County is subhumid and 
characteristically has large temperature variations between summer and 
winter (United States Department of Agriculture, 1983). The mean 
annual temperature is 6.9 ◦C with an average temperature of − 8.9 ◦C 
and 21.1 ◦C in the winter and summer, respectively (United States 
Department of Agriculture, 1983). During winter, soils freeze to a depth 
of approximately 2 to 3 m. The average annual precipitation is 77.8 cm 
(National Weather Service Forecast Office, 2019). The area has 

Fig. 1. Location of sample collection sites in Northfield, Minnesota. L and N indicate the 40 m × 20 m grids where 100 topsoil samples were collected on the Legvold 
Farm and the Neighbor Farms, respectively. The patterned area represents the mapped extent of the Blooming soil series on both farms (from the USDA’s Web Soil 
Survey). All samples (topsoil, cores) were collected from areas mapped as the Blooming soil series. Image from Google Earth (November 2015). 
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experienced particularly thick snowpacks and increased precipitation in 
the past decade, including during the year of study (109.7 cm of pre
cipitation; National Weather Service Forecast Office, 2019). Increased 
precipitation during the past few years has produced irregularities in 
harvest dates and placed significant strain on agricultural drainage 
systems. 

We report data from two fields, referred to throughout this study as 
the Legvold Farm and Neighbor Farm. There is a long history of research 
at the Legvold Farm, including a comparative agroecosystem study 
which examined the effects of tillage and cropping patterns on the 
ecology of different farms (Gregory et al., 2005). In addition, several 
unpublished undergraduate projects from students at nearby Carleton 
College and St. Olaf College contribute to knowledge of the geologic and 
biological context for the site. Between 1879 and 1916 much of the 110- 
acre Legvold Farm was cleared of both trees and swampy land (some 
patches of marsh, as well as small, filled-in depressions, remain). Since 
1991, the Legvold Farm has utilized strip-till farming with annual corn- 
soybean rotation and cover crops during the winter. An original concrete 
tiling system was installed around 1960, but likely degraded over time 
and was ineffective by the early 2000s. A modern, plastic tiling system 
was established between 2006 and 2008 (these dates were derived from 
interpretations of aerial imagery); additionally, a controlled drainage 
structure and a saturated buffer were installed in 2015 along the field’s 
northern edge to regulate subsurface soil moisture and reduce nutrient 
pollution. At the time of sampling, the Legvold Farm had standing 
soybean crop. 

The Neighbor Farm is located directly to the west of the Legvold 
Farm fields (Fig. 1) and there is no known previous research from this 
site. Between 1957 and 1964 the Neighbor fields were cleared for 
agriculture (Fig. S2). To our knowledge, the Neighbor Farm has only 
been conventionally tilled with either corn-soybean or corn-on-corn 
crop rotation. In contrast to the Legvold Farm, the Neighbor Farm is 
naturally well-drained and does not utilize tile drainage on its 40 acres. 
Due to changes in ownership, land management practices at the 
Neighbor Farm will be shifting, and at the time of sampling, the field had 
a standing alfalfa cover crop. 

1.1.1. Blooming silt loam 
Despite soil heterogeneity in the area and across the full acreage of 

the studied fields, all soils sampled here are mapped as the Blooming silt 
loam (Fine-loamy, mixed, superactive, mesic Mollic Hapludalfs; referred 
to as simply Blooming or Blooming series in this paper), as defined by 
the USDA’s Web Soil Survey (Soil Survey Staff, 2020). The Blooming is 
typically a silt loam, formed from silty and loamy sediments (likely 
derived from loess) overlying glacial till; the Blooming is well-drained. 
Native vegetation of the Blooming series is primarily deciduous forest 
(Soil Survey Staff, 2006). Soybean and corn are the most common 
cultivated crops on the Blooming series (Soil Survey Staff, 2006). The 
Blooming Series is found in Central and Northern Iowa, and in Southeast 
Minnesota (Soil Survey Staff, 2006). 

The typical Blooming Series pedon has an Ap (plowed) horizon 
which extends to 20 cm depth, and is very dark brown to black in color, 
and a silt loam in texture (Fig. S3; Soil Survey Staff, 2006). Below the Ap 
horizon is a brown, silt loam BE horizon, which extends to approxi
mately 38 cm depth. Four Bt horizons totaling 84 cm thickness, underlie 
the BE; these horizons are developed on glacial till, contain rock frag
ments, and have loam to sandy clay loam textures (with clay films), 
which extend past one meter depth. The colors of the Bt horizons vary 
from brown to yellow and olive browns (Soil Survey Staff, 2006). A 
loamy C horizon extends to the glacial till parent material, at 152 cm 
depth. The soils in the study area are similar to the type pedon of the 
Blooming series, which is located in Steele County, MN ~72 km south of 
our study site, except that there is no BE horizon, so the Ap horizon rests 
directly over the Bt. 

2. Materials and methods 

2.1. Sampling and sample preparation 

In each field, 100 topsoil samples were collected in a 40 m by 20 m 
grid (Fig. 2). Both grids were established in areas mapped as Blooming 
series. It is important to note that the Web Soil Survey soil mapping units 
are heterogenous, and that projections of the Blooming series also 
consist of 10% Merton silt loam (Fine-loamy, mixed, superactive, mesic 
Aquic Hapludolls). The grids share the same parent material (silty sed
iments over glacial till) and climate. Although the grid areas are not 
entirely flat, topographic irregularities are too small in scale to be shown 
at one-meter resolution DEM from available LiDAR data. Major differ
ences in the soil characteristics between the two study grids likely derive 
from anthropogenic changes and land management practices noted 
above (and discussed in more detail in our discussion). 

Topsoil samples were collected using an auger from a depth of 10–25 
cm (sampled from homogenous Ap horizons). Samples were taken from 
within soil peds to minimize auger contamination. In both fields, the 
upper soil (0–25 cm depth) has been homogenized due to plowing. As a 
result, any subtle differences in our sampling depth are unlikely to have 
influenced the results. Two one-meter soil cores were acquired from 
each site and sampled in 5–10 cm intervals to a depth of 60 cm using a 
slide-hammer coring device and auger. A total of 19 samples were taken 
from these deeper cores at the Legvold Farm cores and 14 from cores on 
the Neighbor Farm. 

2.2. Sample preparation 

Soil samples for magnetic analyses were dried, lightly crushed to 
homogenize, and sieved to remove large inorganic particles and any 
organic fragments>1 mm. We note that 2 mm is more typical in soil 
studies, however our focus for magnetic measurements is on fine- 
grained particles generally less than 150 nm so the choice of a finer 
sieve size does not appreciably impact our results. From each homoge
nized sample, a specimen was packed into a diamagnetic plastic cube 
and secured with a non-magnetic potassium silicate adhesive for mag
netic analyses. Samples analyzed for SOM via loss-on-ignition (LOI), 
were homogenized and lightly crushed, but not sieved (although any 
large root fragments were removed by hand). 

2.3. Loss-on-ignition 

LOI is a common technique used to quantify the weight percent 
organic matter in soil and other sediments (e.g., Dean, 1974; Heiri et al., 
2001; Santisteban et al., 2004; Soil Survey Staff, 2014). Homogenized 
soil samples were placed in weighed crucibles and weighed again before 
two heating treatments. First, water loss was determined from weight 
loss after heating to 100 ◦C for 12 h. To measure organic content, weight 
loss was measured again after heating the samples at 550 ℃ for 4 h. 
Crucibles were cooled completely before weighing. The weight percent 
SOM was calculated for each sample as, SOM = [weight following 550 
℃ heating] / [weight following 100℃ heating to remove water con
tent] × 100. LOI analyses were conducted at the National Lacustrine 
Core Facility (LacCore) at the University of Minnesota. 

2.4. Magnetic measurements 

For each specimen in this study (n = 200 topsoil, n = 33 from soil 
cores), the mass-normalized magnetic susceptibility (χ, m3kg− 1) at low 
(465 Hz) and high (4650 Hz) frequencies was measured using a Magnon 
variable frequency susceptibility meter in an alternating current (AC) 
field of 300 Am− 1. The χ values used in our analyses represent the 
average of four replicate measurements at each frequency for each 
specimen. Magnetic susceptibility measures the total contribution of all 
mineral constituents present in a soil to its magnetism; these can include 
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diamagnetic (weakly negative χ; for example, calcium carbonate), 
paramagnetic (weakly positive χ; for example, clay minerals), antifer
romagnetic (positive χ; for example, hematite and goethite), and ferri
magnetic (strongly positive χ; for example, magnetite and maghemite) 
minerals. Ferrimagnetic minerals have χ values that are 2–3 orders of 
magnitude stronger than other mineral constituents and their contri
butions tend to dominate the soil χ signal when present, except in the 
case of clay-rich soils (Dearing et al., 1996; Dekkers, 1989; Jordanova 
and Jordanova, 1999; Maher, 2007; Yamazaki and Ioka, 1997). 
Accordingly, the χ of soils is often used as a rough proxy for the con
centration of ferrimagnetic minerals present in a soil regardless of grain 
size or composition. 

There are important behavioral changes in magnetic properties of 
ferrimagnetic minerals in soils that relate to grain size. In particular, 
fine-grained ferrimagnetic minerals (<30 nm for magnetite; Butler and 
Banerjee, 1975; Dunlop, 1973) behave as superparamagnetic (SP) ma
terials that have a χ response that is sensitive to the frequency of the 
applied magnetic field (Dearing et al., 1996). At low-frequency (~465 
Hz), nearly all of the SP grains in a sample will become dynamically 
aligned with the alternating field and contribute strongly to the 
measured χ. In contrast, at high frequencies, (~4650 Hz) the period of 
the alternating field is shorter than the relaxation time for SP particles 
and they are unable to fully align with the alternating field, and their 
contribution to the in-phase χ is reduced (Dearing et al., 1996; Dunlop 
and Özdemir, 2001; Maher, 2007; Thompson and Oldfield, 1986). It is 
possible, then, to quantify the contribution of SP grains to soil χ by 
investigating the frequency dependence of susceptibility (Dearing et al., 
1996), a property that is widely applied in various environmental 
magnetic applications (Evans and Heller, 2003; Liu et al., 2012; Maher, 
2007). 

The frequency dependence of susceptibility is expressed in terms of 
either an absolute change, where χfd = χ465 Hz – χ4650 Hz with units of 
m3kg− 1, or relative change where χfd is expressed as a percentage of the 
low-frequency χ (χfd = [(χ465 Hz- χ4650 Hz) / χ465 Hz] × 100) (Dearing 
et al., 1996). Absolute χfd represents the concentration of SP grains while 

χfd expressed as a percentage represents the relative contribution of SP 
grains to the bulk low-frequency χ. In soils, a relative χfd of ~6% in
dicates abundant SP ferrimagnetic particles while values approaching 
the maximum theoretical values of ~15% indicate a soil with χ that is 
dominated by SP grains (Dearing et al., 1996). We note here that χfd 
alone does not definitively identify any particular ferrimagnetic iron 
oxide mineral, but in many soils, including some Minnesota soils (e.g., 
Maxbauer et al., 2017), χfd is almost always related to the abundance of 
SP magnetite and/or maghemite (γ-Fe2O3). Here, we report both abso
lute and relative χfd (identifiable by units of m3kg− 1 and percent, 
respectively), but refer to χfd as a singular property related to the 
abundance of SP magnetite throughout the discussion. 

To better characterize the magnetic properties of topsoil in this 
study, including those related to a larger range of grain sizes, we selected 
a set of topsoil samples that represent the full range of χfd from each field 
(n = 30; the five highest, five lowest, and five closest to the median 
relative χfd from each field). These subset samples first acquired an 
anhysteretic remanent magnetization (ARM, Am2kg− 1) in a peak alter
nating field (AF) of 100 mT with a weak direct current (DC) bias field of 
50 μT. Subsequently, isothermal remanent magnetization (IRM, 
Am2kg− 1) was imparted using three pulses of a 100 mT DC field with a 
pulse magnetizer. Remanence was measured immediately following 
acquisition using a 2G Enterprises 760-R SQUID magnetometer in a 
shielded room with a background magnetic field of less than 100 nT. 

Both ARM and IRM are laboratory-applied remanent magnetizations 
that, by definition, can only be carried by ferrimagnetic or antiferro
magnetic (together referred to as ferromagnetic) material with grain 
sizes that exceed the threshold for SP behavior (>30 nm for magnetite). 
At the field strengths applied here (100 mT) for ARM and IRM, we 
expect only grains of ferrimagnetic minerals to be contributing to these 
low field remanences (antiferromagnets generally require magnetic 
fields >100 mT to acquire remanence). Despite their importance in 
contributing to χ, SP grains are small enough that the thermal energy at 
room temperature acts to randomize any magnetic alignment in the 
absence of an applied field. However, as particle size increases, magnetic 

Fig. 2. Spatial variation of SOM and the frequency dependence of magnetic susceptibility (χfd; abundance of SP magnetite) in topsoil samples from a depth of 10–25 
cm on the Legvold Farm and Neighbor Farm. The gradient scale denotes higher SOM and χfd with darker colors and lower SOM and χfd with lighter colors. Spaces 
between samples on W-E axis is 4 m, while spaces between samples on N-S axis is 2 m. 
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minerals are able to retain a stable, uniform magnetization that char
acterizes stable, single domain (SD) behavior (30–75 nm grain size for 
magnetite; Dunlop, 1973; Butler and Banerjee, 1975). For even larger 
particles (grain sizes exceeding 300 nm) it become energetically favor
able for grains to begin compartmentalizing magnetization into so- 
called ‘domains’, and these particles are referred to as multi-domain 
(MD). Magnetic particles with grain sizes that lie between SD and MD 
have variable magnetic behavior and are referred to as pseudo-single 
domain (PSD) grains (Dunlop, 1986; Roberts et al., 2017). Notably, 
pedogenic magnetic minerals tend to be in the SP-SD grain size range 
(Maher, 1998; Orgeira et al., 2011) while detrital grains are often 
coarser PSD-MD particles. The strength of a sample’s IRM is dependent 
on the overall concentration of all ferromagnetic material present, 
generally independent of grain size. ARM in contrast is most effectively 
held by SD grains of magnetite and/or maghemite (Maher, 1988) and is 
frequently applied as a proxy for the concentration of SD magnetite in 
soils (e.g., Geiss et al., 2008). It is common in environmental magnetism 
to correct for variations in ARM that are due to concentration of mag
netic minerals by normalizing ARM to IRM and reporting the ARM/IRM 
ratio (Geiss et al., 2008; Liu et al., 2012). Here, we interpret increases in 
ARM and ARM/IRM to be related to increases in the concentration and 
relative contributions to remanence of SD magnetite/maghemite, which 
is likely to be pedogenic. 

Following low-field ARM and IRM acquisitions, a set of hysteresis 
loops and backfield remanence curves were measured for all subset 
samples using a Princeton Measurements Corporation MicroMag 
Vibrating Sample Magnetometer (VSM) at room temperature with a 
saturating fields of 1 Tesla. Commonly reported properties, including 
saturation magnetization (Ms, Am2kg− 1), saturation remanent magne
tization (Mrs, Am2kg− 1), coercivity (Bc, mT), and the coercivity of 
remanence (Bcr, mT), are derived from hysteresis and backfield rema
nence measurements (see Tauxe et al., 2010). 

All magnetic measurements for this study were conducted at the 
Institute for Rock Magnetism (IRM) at the University of Minnesota. 

Differences in selected properties between the two fields were eval
uated using the Welch two sample t-test for normally distributed data 
sets, while the nonparametric Mann-Whitney U test was applied to all 
data sets to provide a complete comparison of significance. 

3. Results 

3.1. Topsoil plots 

Here we identify the most relevant measurements for our discussion 

(see Table 1 for summary data; full dataset available in supplementary 
material). Overall, the topsoil SOM in this study ranges from 4.5 to 7.2% 
with an average of 5.8 ± 0.6%. Both fields have broadly similar SOM 
values; however there are statistically significant differences between 
the SOM distributions from each field. In the Legvold field, SOM of 
topsoils ranges from 4.5 to 6.9% with an average of 5.7 ± 0.54% (see 
Table 1 for all summary data described here; full dataset available in 
supplementary material). The Neighbor field SOM values are signifi
cantly higher (p-value = 2.0 × 10− 4 for a Welch two sample t-test; W =
3401, p-value = 9.3 × 10− 5 for a Mann-Whitney U test), and range from 
4.5 to 7.2% with an average of 6.0 ± 0.6%. We note that SOM exhibits 
spatial trend patterns on both plots (Fig. 2). In the Legvold field, higher 
SOM samples are located on the western and southern portions, with 
lower SOM samples mainly in the north to northeast areas. In the 
Neighbor field, many of the high SOM samples are located along a 
north–south transect in the center of the plot. 

Magnetic susceptibility (χ465 Hz) in this study ranges between 88.1 
and 145.6 × 10− 8 m3kg− 1 with an average of 120.9 ± 10.9 × 10− 8 

m3kg− 1. These data sets were determined to be not normally distributed. 
Susceptibility is significantly lower (W = 9877, p-value = 2.2 × 10− 16 

for a Mann-Whitney U test) in Legvold topsoil (range 88.1 – 124.3 ×
10− 8 m3kg− 1, average 111.9 ± 6.1 × 10− 8 m3kg− 1) compared with 
topsoil in the Neighbor field (range 112.8 – 145.6 × 10− 8 m3kg− 1, 
average 129.9 ± 6.2 × 10− 8 m3kg− 1). 

The absolute frequency dependence of susceptibility (χfd) in topsoil 
from both fields in this study ranges from 2.4 to 14.1 × 10− 8 m3kg− 1 

with an average of 9.0 ± 2.0 × 10− 8 m3kg− 1. Legvold χfd ranges from 2.4 
to 11.1 × 10− 8 m3kg− 1 with an average of 7.8 ± 1.5 × 10− 8 m3kg− 1. The 
Neighbor field has absolute χfd values that vary between 6.9 and 14.1 ×
10− 8 m3kg− 1 with an average of 10.3 ± 1.5 × 10− 8 m3kg− 1 and are 
significantly higher (p-value = 2.2 × 10− 16 for a Welch two sample t- 
test; W = 8747, p-value = 2.2 × 10− 16 for a Mann-Whitney U test). 
Relative χfd percentages range from 2.5 to 10.6% in the study and 
average 7.4 ± 1.2%. Values in the Legvold field (2.5–9.6%, average 6.9 
± 1.2%) are significantly lower (p-value = 8.3 × 10− 9 for a Welch two 
sample t-test; W = 7295, p-value = 2.1 × 10− 8 for a Mann-Whitney U 
test) than the Neighbor field (5.3–10.6%, average 7.9 ± 1.0%). The 
spatial variation for χfd matches variation of SOM in both fields, with 
higher χfd areas matching closely with areas of higher SOM values (and a 
similar relationship of low χfd and SOM values; Fig. 2). 

Subset samples (n = 30) evaluated for remanence and hysteresis 
properties display trends similar to those observed in magnetic suscep
tibility, where Neighbor field topsoil skew towards slightly stronger 
magnetic properties compared to Legvold field topsoil. 

We primarily report hysteresis and backfield remanent properties for 
topsoil subset samples as a means to constrain any variability in this 
study that might relate to changing mineralogy, and not simply a change 
in the concentration of the ferrimagnetic component (soil-formed 
magnetite/maghemite). Fig. 3 shows hysteresis loops (panel A) and a 
plot of the Mr/Ms vs. Bcr/Bc ratios – referred to commonly in the rock 
magnetic community as a Day Plot (Dunlop, 2002). Full results for 
hysteresis properties are available in the supplementary material. For 
simplicity, we limit our description of these data to emphasize two 
points. First, the consistency of the hysteresis loops shown in Fig. 3A and 
the low coercivities (Bc < 10 mT; Bcr < 40 mT) emphasize that there are 
minimal if any contributions of antiferromagnetic iron oxides (hematite 
or goethite). Second, our hysteresis data fall primarily along a mixing 
line in the Day Plot that highlights the finding that high SOM samples 
have a greater proportion of SD magnetite/maghemite, likely pedogenic 
(Fig. 3B). 

Correlations between SOM and magnetic properties are reported in 
Table 2 and plotted in Fig. 4. Results from both farm fields display 
strong, positive, and significant correlations between SOM and χfd (ab
solute and relative), ARM, and ARM/IRM. Correlation between SOM 
and frequency dependence of susceptibility (a measure of SP magnetite/ 
maghemite) is stronger in the Neighbor field compared with the Legvold 

Table 1 
Range, mean, and standard deviation (SD) of major magnetic properties and 
SOM.  

Variable Field Range Mean SD 

Topsoil SOM (%) Legvold (n = 100) 4.5–6.9  5.7  0.54 
Neighbor (n = 100) 4.5–7.2  6.0  0.6 
All Samples (n =
200) 

4.5–7.2  5.8  0.6 

χ465 Hz (m3kg− 1; x10− 8) Legvold 88.1–124.3  111.9  6.1 
Neighbor 112.8–145.6  129.9  6.2 
All Samples 88.1–145.6  120.9  10.9 

Absolute χfd (m3kg− 1; 
x10− 8) 

Legvold 2.4–11.1  7.8  1.5 
Neighbor 6.9–14.1  10.3  1.5 
All Samples 2.4–14.1  9.0  2.0 

Relative χfd (%) Legvold 2.5–9.6  6.9  1.2 
Neighbor 5.3–10.6  7.9  1.0 
All Samples 2.5–10.6  7.4  1.2 

ARM (Am2kg− 1; x10− 4) Legvold (n = 15) 0.9–2.7  2.1  0.6 
Neighbor (n = 15) 2.0–3.2  2.6  0.4 

IRM (Am2kg− 1; x10− 3) Legvold (n = 15) 4.9–8.0  6.0  0.9 
Neighbor (n = 15) 6.1–7.6  6.8  0.4 

ARM/IRM (x10− 2) Legvold (n = 15) 1.4–5.2  3.6  1.1 
Neighbor (n = 15) 2.7–4.4  3.8  0.5  
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field (Table 2; Fig. 4, Panels A&B). In contrast, ARM and ARM/IRM 
(both measures of SD magnetite/maghemite) have stronger correlations 
with SOM in the Legvold field (Table 2; Fig. 4, Panels C&D). There is 
some variability in the slope of regressions between fields, most notably 
in the SOM-ARM and SOM-ARM/IRM regressions in Fig. 4C and 4D. 
Finally, there are also strong positive correlations among χfd (absolute 
and relative), ARM, and ARM/IRM (Table 2; Fig. S4). 

3.2. Vertical profiles 

Soil samples from vertical profiles (soil cores) in this study demon
strate similar positive correlation between χfd and SOM as those 
observed in topsoil samples (Fig. 5). Both χfd and SOM are relatively 
consistent from 10 to 30 cm depths due to vertical homogenization 
within the Ap horizon as a result of agricultural cultivation and plowing. 
Additionally, the relationship between χfd and SOM remains relatively 
consistent below 30 cm depth. The vertical profiles demonstrate strong, 
positive, and significant correlations between χfd and SOM, consistent 
with the topsoil samples in both fields (Fig. 6). Similar to topsoil sam
ples, stronger correlations exist between χfd and SOM on the Neighbor 
field than the Legvold Farm (Table 2; Fig. 6). ARM and ARM/IRM were 
not evaluated on vertical profile samples. 

SOM in samples from vertical profiles on the Legvold Farm range 
between 1.6 and 5.6% with an average of 3.4 ± 1.3%. On the Neighbor 

Farm, SOM ranges between 2.9 and 5.7% with an average of 4.35 
±1.1%. Relative χfd ranges between 0.7 and 8.0% with an average of 3.2 
± 2.52% on the Legvold Farm. On the Neighbor Farm, relative χfd ranges 
between 1.5 and 7.7% with an average of 5.93 ± 1.9%. 

4. Discussion 

The association between SOM and magnetic properties for agricul
tural soils reported here contributes to a small, but growing body of 
recent work emphasizing the utility of soil magnetism in agriculture and 
land management (Pingguo et al., 2016; Yang et al., 2015). To our 
knowledge, this study is the first to emphasize the strong association 
between SOM and magnetic properties in agricultural soils in North 
America. Positive correlations between soil magnetic properties and 
SOM (or organic carbon) are well documented across the world in a 
diverse set of non-agricultural soils including sites in the United 
Kingdom (Blundell et al., 2009b; Maher, 1998), Brazil (César de Mello 
et al., 2020), the Czech Republic (Jakšík et al., 2016), Bulgaria (Jorda
nova, 2016), Germany (Neumeister and Peschel, 1968), and Spain 
(Quijano et al., 2014). Here, we report positive correlations between 
magnetic properties (absolute and relative χfd; ARM and ARM/IRM) and 
SOM (Tables 1 and 2) that suggest an association between increased 
SOM and a greater abundance of pedogenically produced, fine-grained 
(SP/SD) magnetite and/or maghemite (referred to throughout the dis
cussion simply as pedogenic magnetite). Below, we first discuss the 
observed variation in SOM and magnetic properties between the two 
study fields, describe the relationships between SOM and various mag
netic measurements, and then conclude by describing a mechanistic 
basis for these relationships. 

We expected a larger difference in SOM (and thus magnetic prop
erties) between the Legvold field and Neighbor field due to differences in 
the recent land management practices. Many traditional agricultural 
practices (such as tillage) are well documented to reduce SOM over time 
through soil aggregate destruction, increased SOM oxidation, and 
erosion (Balesdent et al., 2000; Six et al., 1999). Given the adoption of 
sustainable land management practices at the Legvold Farm since the 
early 1990s (winter cover crops and strip tillage), we expected higher 
SOM values at the Legvold field. However, SOM in both fields is similar 
(ranges between 4.5% and 7.2%; see Fig. 4), and the average Neighbor 
field SOM is actually significantly higher than the Legvold field (p-value 
= 2.0 × 10− 4 for a Welch two sample t-test). Studies of agricultural fields 
show that SOM recovery rates after long periods of conventional agri
culture are irregular and complicated by soil textures and fertilizer use 
(Francis and Knight, 1993; Khorramdel et al., 2013; Stagnari et al., 
2019). Perhaps, the lower SOM values in the Legvold field are explained 
by the ~50 year longer cultivation history of the Legvold field compared 
to the Neighbor field (although this interpretation remains speculative 

Fig. 3. A) Magnetic hysteresis of subset samples. 
All samples from both fields have relatively 
similar hysteresis properties, demonstrating 
similar minerology in each of the samples. B) Day 
plot of subset samples. Most data fall along the 
labeled mixing line between SD-MD magnetite 
where samples in the upper left-hand corner have 
a higher (~20%) proportion of SD magnetite and 
samples in the lower-right hand corner have a 
lower proportion (~5%) of SD magnetite (mixing 
line from Dunlop, 2002). Shading of symbols in 
panel B related to weight percent SOM and 
symbols refer to Legvold (circles) and Neighbor 
(diamonds) fields.   

Table 2 
Results from least-squares regressions between magnetic measurements and 
SOM. The coefficient of determination (r2) quantifies the explanatory strength of 
magnetic properties in accounting for SOM variability (r2 of 1 implies that a 
magnetic property can predict 100% of variability in SOM). The correlation (r) 
indicates the strength of the relationship between the two sets of data (r of 1 
implies a perfect correlation between a magnetic property and SOM). The root 
mean square error (RMSE) provides a measure for model error. All regression 
models reported here are statistically significant at the p < 0.001 level.  

Variables Field r2 r RMSE 

χfd (relative) and SOM Legvold  0.69  0.83  1.07  
Neighbor  0.88  0.94  0.83  
Legvold Vertical  0.67  0.81  1.09  
Neighbor Vertical  0.89  0.94  0.89 

χfd (absolute) and SOM Legvold  0.68  0.82  1.48 × 10− 8  

Neighbor  0.84  0.92  1.13 × 10− 8 

ARM and SOM Legvold  0.95  0.97  0.19  
Neighbor  0.81  0.90  0.37 

ARM/IRM and SOM Legvold  0.84  0.92  0.35  
Neighbor  0.50  0.71  0.60 

χfd (relative) and ARM/IRM Legvold  0.62  0.79  1.18  
Neighbor  0.59  0.77  1.53 

χfd (absolute) and ARM/IRM Legvold  0.67  0.82  1.50 × 10− 8  

Neighbor  0.70  0.84  1.57 × 10− 8  
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Fig. 4. Correlations between SOM and various 
magnetic properties on both the Legvold and 
Neighbor Farms. A) correlation between SOM 
and absolute frequency dependence of magnetic 
susceptibility (χfd). B) correlation between SOM 
and relative χfd. Increases in relative and absolute 
χfd represent an increase in concentration of SP 
(superparamagnetic) grains. C) correlation be
tween SOM and ARM (anhysteretic remanent 
magnetization). D) correlation between SOM and 
ARM/IRM (ratio of anhysteretic remanent 
magnetization to isothermal remanent magneti
zation). Increases in both ARM and ARM/IRM are 
interpreted as increases in concentrations and 
contributions to remanence of SD (single domain) 
magnetite and/or maghemite. Samples collected 
from the Legvold Farm are represented by closed 
circle and a solid best-fit line. Samples collected 
from the Neighbor Farm are represented by open 
circles and a dashed best-fit line.   

Fig. 5. Relative frequency dependence of magnetic susceptibility (χfd) and SOM measurements of four soil cores (vertical profiles), two collected from the Legvold 
Farm and two from the Neighbor Farm. Both χfd and SOM generally decrease below the plow depth in both fields, shown by the shaded region in each core. Note 
different scale on x-axis in the four plots. 
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since historical data from these fields are not available to assess baseline 
conditions). Or, a more likely explanation may be that SOM has been 
depleted due to the use of artificial subsurface drainage (drain tiling) on 
the Legvold field, which generally decreases SOM stocks (Abid and Lal, 
2008; Kumar et al., 2014). If so, artificial drainage may offset increases 
in SOM due to conservation practices, such as reduced tillage and cover 
crops. Our comparison of SOM between fields, then, supports the idea 
that long-term land use history (a century of cultivation) has a strong 
influence for establishing baseline soil properties, and that spatial pat
terns in SOM evolve over relatively long time periods. Notably, this 
implies any mechanistic linkage between SOM and magnetic properties 
ought to be responsive on similar timescales. 

Within each field, there is a strong positive correlation between SOM 
and pedogenic magnetite (represented by absolute and relative χfd, 
ARM, and ARM/IRM) both in topsoil and at depth to at least 60 cm 
(Fig. 5, Fig. 6; Tables 1 and 2). Similar to patterns observed between 
fields with respect to SOM, grain-size dependent magnetic properties are 
significantly elevated in the Neighbor field compared with the Legvold 
field. Slopes of comparable regressions (and the strength of the corre
lations) differ slightly between the two fields and this may reflect the 
influence of confounding factors such as varying cultivation history or 
drainage patterns (artificially vs. naturally) in the two fields. For 
example, the difference in the regression of grain-size dependent prop
erties against SOM (e.g., Fig. 4) may suggest the populations of SP and 
SD magnetite in these soils respond differently over time to variation in 
soil conditions – however, our data do not enable us to speculate on 
specific grain-size dependent properties beyond our discussion below. In 
general, we interpret these data to suggest that there is at least some 
mechanistic basis for the association between SOM and pedogenic 
magnetite (including SD and SP grainsizes together) observed in this 
study. 

Pedogenic formation of magnetite in soils is well-known to be related 
to redox oscillations within soils during wet/dry cycles (see Fig. 7; 
Ahmed and Maher, 2018; Le Borgne, 1955; Le Borgne 1960; Mullins, 
1977; Maher, 1998; Orgeira et al., 2011). A general description of this 
model begins with a consideration of wet (saturated) periods in soil, 
where soil pore waters become anoxic as aerobic respiration consumes 
available oxygen. With the onset of anoxia in soil porewater, anaerobic 
dissimilatory iron reducing bacteria (DIRB) activate and begin to reduce 
ferric iron in poorly crystalline oxyhydroxides (e.g., ferrihydrite) or 
other iron-bearing minerals (for example, siliciclastic clay minerals; see 
Hyodo et al., 2020) to ferrous iron through the oxidation of organic 
matter (Fig. 7; Kappler et al., 2004; Lovley and Phillips, 1986; Lovley 
et al., 1996, 1999; see Guyodo et al., 2006 for example of the difficulties 
in identifying precise role of bacteria in this process). Iron reduction, 
through the oxidation of SOM, contributes aqueous Fe2+ ions to soil 
porewater. During a drying phase, the reintroduction of oxygen leads to 
a mixed Fe2+/Fe3+ solution that facilitates the precipitation of nanoscale 
magnetite (Fig. 7; Lovley, 1991; Lovley et al., 2004; Maher and Taylor, 
1988; Orgeira et al., 2011; Taylor et al., 1987). 

Given an adequate iron supply (which is easily achieved in most 
soils; see Orgeira et al., 2011), the pedogenic production of magnetite is 

Fig. 6. Correlations between SOM and relative frequency dependence of 
magnetic susceptibility (χfd) for all soil samples (topsoil and core). Note the 
similar slopes among all four sets, indicating similar relationships between SOM 
and χfd at and below the ground surface. Core samples from the Legvold Farm 
are represented by closed squares and a gray best-fit line. Core samples from the 
Neighbor Farm are represented by open squares and a dashed best-fit line. 

Fig. 7. Conceptual model relating redox 
dynamics during wet and dry phases of 
soil development, SOM oxidation, and 
magnetite formation (shown at left; 
conceptual model adapted from Orgeira 
et al., 2011). During wet periods, ferric 
iron from (oxy)hydroxide minerals (such 
as ferrihydrite) is reduced to Fe2+

through reaction with SOM serving an 
electron donor. During subsequent dry 
periods, nanoscale magnetite is precipi
tated (as one possible outcome; note 
goethite can also precipitate depending 
on soil conditions, see Bilardello et al. 
(2020) for recent example and discus
sion). Schematic graphs (at right) are 
meant to demonstrate the observed re
sponses of pedogenic magnetite to 
climate/soil moisture (for example, see 
Balsam et al., 2011) and the expected 
relationship with soil organic matter.   
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typically thought to be limited by the occurrence and duration of anoxia 
during wet/dry cycles. Much of the literature on magnetic enhancement 
emphasizes the relationship between pedogenic magnetite and climate 
observed in well-drained soils where variation in soil moisture is related 
to precipitation (Fig. 7; Ahmed and Maher, 2018; Evans and Heller, 
2003; Liu et al., 2012; Maher, 1998, 2007, 2011; Maxbauer et al., 2016; 
Orgeira et al., 2011; Thompson and Oldfield, 1986). These studies 
intentionally investigate soils that are relatively undisturbed and that 
occur across a regional climate gradient with variability in rainfall 
(typically between ~500 and 1500 mm yr− 1; reviewed in Maxbauer 
et al., 2016). In contrast, the agricultural soils in this study have rela
tively consistent soil moisture due to a combination of subsurface 
drainage (Legvold field), flat topography, similar soil types, and a 
consistent climate (rainfall, temperature, etc). In fact, most agricultural 
land is either naturally well-drained or artificially drained to improve 
production (see Blann et al., 2009 for history and statistics of drainage; 
Skaggs et al., 1994), to minimize variation in soil moisture across an 
individual field, and to aerate the soil profile. Therefore, the dominant 
role that climate and soil moisture play in dictating variation of pedo
genic magnetite observed and studied in most modern soils does not 
apply to variations in pedogenic magnetite in a single agricultural field 
(although, they may for agricultural fields in different areas/regions). 

SOM could be an alternative factor that limits the formation and 
accumulation of pedogenic magnetite in these settings through two 
possible pathways. First, SOM contributes the electrons necessary to 
reduce ferric iron in order to subsequently precipitate magnetite during 
dry phases. Second, nanoscale iron oxides (both poorly crystalline ox
ides like ferrihydrite along with other more crystalline oxides like 
magnetite) are known to stabilize soil organic matter and form iron- 
organic complexes within soil aggregates (Coward et al., 2017; Euster
hues et al., 2005; Inagaki et al., 2020; Wagai and Mayer, 2007; Zhao 
et al., 2016; Zhao et al., 2017). These iron-organic complexes may help 
facilitate the redox processes and subsequently lend stability to pedo
genic magnetite in soils over time. 

There ought to be considerable differences in the availability of SOM 
between comparable agricultural and undisturbed soils. For instance, 
conventional agricultural practices and artificial drainage reduce SOM 
levels in agricultural soils (Abid and Lal, 2008; Kumar et al., 2014), and 
most agricultural soils have relatively low SOM ranging from ~2 to 6% 
(with regional variance due to soil texture and climatic factors; Johnson 
et al., 2009). In a survey of soils from the United Kingdom, the strongest 
correlation between topsoil magnetic susceptibility and SOM was 
observed in settings where SOM was less than 9.4% (Blundell et al., 
2009b; originally reported at soil organic carbon, converted here to SOM 
using a 1.74 conversion factor, see Pribyl, 2010; Nelson and Sommers, 
1996). We suggest, then, that the magnetic properties of agricultural 
soils, where climate, drainage, and soil moisture are relatively consistent 
and SOM remains well below the threshold of 9.4% are ideally suited to 
show variation related to the availability of SOM (Fig. 7). Future work 
might address if the threshold identified by Blundell et al. (2009b) or 
SOM-magnetic correlations vary in different soil environments with 
other complicating factors (i.e. tropical soils with generally low cation- 
exchange capacity and arid soils with high calcium; Aprile and Lorandi 
2012; Rowley et al., 2018). However, Blundell et al. (2009b)’s threshold 
is unlikely to be reached in most temperate agricultural settings. 

An additional consideration regarding the relationship we discuss 
here is how sensitive soil magnetic properties and pedogenic magnetite 
production might be to changes in SOM. While the conversion of natural 
lands to agriculture results in a rapid loss of SOM (Post and Kwon, 2000), 
substantial changes in SOM on established agricultural lands tend to 
occur over relatively long time periods (several years to decades; Six 
et al., 2004; Zhang et al., 2016). If soil magnetism is to be a useful tool 
for soil characterization in agricultural systems, then pedogenic 
magnetite populations ought to occur in a state of equilibrium with 
respect to available SOM during pedogenesis (similar to equilibrium 
states of SOM and magnetic properties with respect to climate in 

undisturbed soils; see Maher, 1998; Maher, 2016). Several studies 
attempt to constrain the timescales required for magnetic enhancement 
to develop in non-agricultural soils (e.g., Fine et al., 1989; Lindquist 
et al., 2011; Maher et al., 2003; Quinton et al., 2011; Singer et al., 1992; 
Stinchcomb and Peppe, 2014; Vidic et al., 2004) and estimates range 
from >104 years to perhaps as quickly as a century (compare Fine et al., 
1989; Singer et al., 1992 with Lindquist et al., 2011). Taken together, 
these studies support a slow (on human timescales), evolving equilib
rium between soil conditions and pedogenic magnetite, similar to the 
long-term evolution of SOM (Maher, 2016). 

The adapted mechanistic model we describe here agrees well with 
the observed correlations in our soils. In other comparable soils with 
glacial parent materials, or that are naturally or artificially well-drained, 
similar application of magnetism may prove to be a useful tool for 
agricultural soil surveys – however we note several important caveats. 
First, SOM-magnetic correlations are likely to be field specific (note 
variation in slope and regression coefficients for different fields in this 
study; Fig. 4 and Table 2) and field calibration (i.e. creating a training 
dataset of paired SOM-magnetic measurements) is required for any 
attempted application of these relationships. Second, the SOM-magnetic 
property relationships are likely to be variable in more diverse soil en
vironments (i.e. tropical or non-glacial soils) or in areas with more 
diverse agricultural land management practices. Future studies that 
explore this relationship could aim to further develop soil magnetism as 
a tool for characterizing agricultural soil through investigations in more 
diverse settings. 

5. Conclusions 

In two agricultural fields near Northfield, Minnesota, SOM is posi
tively and significantly correlated to four magnetic properties: absolute 
and relative χfd, ARM and ARM/IRM. Mechanistically, we suggest these 
correlations reflect SOM-limited pedogenic production of magnetite via 
microbial iron reduction in soils during wet/dry cycles. Given the rela
tive consistency in soil moisture and low SOM in our study’s agricultural 
soils, these conditions may be ideally suited to observe a correlation 
between SOM and soil magnetic properties. If these relationships are 
demonstrated in a wider variety of agricultural fields through further 
research, soil magnetism has potential to be utilized as a fairly rapid, 
low-cost method used for approximating SOM if calibrated at a field- 
scale. Continued work to better understand the relationship between 
soil magnetism and SOM in agricultural fields should aim to constrain 
other possible confounding factors (e.g., fields with greater topographic 
variation or varying soil texture) or associations with additional soil 
physical properties (e.g., cation exchange capacity; Maher, 1998). Our 
work here highlights the potential for magnetic measurements in eval
uating SOM to develop as a tool for the agricultural community. 
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Eusterhues, K., Rumpel, C., Kögel-Knabner, I., 2005. Stabilization of soil organic matter 
isolated via oxidative degradation. Org. Geochem. 36 (11), 1567–1575. https://doi. 
org/10.1016/j.orggeochem.2005.06.010. 

Fan, M., Lal, R., Zhang, H., Margenot, A.J., Wu, J., Wu, P., Zhang, L., Yao, J., Chen, F., 
Gao, C., 2020. Variability and determinants of soil organic matter under different 
land uses and soil types in eastern China. Soil Tillage Res. 198, 104544. https://doi. 
org/10.1016/j.still.2019.104544. 

Ferreira, A.C.C., Leite, L.F.C., de Araújo, A.S.F., Eisenhauer, N., 2016. Land-use type 
effects on soil organic carbon and microbial properties in a semi-arid region of 
Northeast Brazil. L. Degrad. Dev. 27 (2), 171–178. https://doi.org/10.1002/ 
ldr.2282. 

Fine, P., Singer, M.J., La Ven, R., Verosub, K., Southard, R.J., 1989. Role of pedogenesis 
in distribution of magnetic susceptibility in two California chronosequences. 
Geoderma 44 (4), 287–306. https://doi.org/10.1016/0016-7061(89)90037-2. 

Francis, G.S., Knight, T.L., 1993. Long-term effects of conventional and no-tillage on 
selected soil properties and crop yields in Canterbury. New Zealand. Soil Tillage Res. 
26 (3), 193–210. https://doi.org/10.1016/0167-1987(93)90044-P. 

Franzluebbers, A.J., 2002. Water infiltration and soil structure related to organic matter 
and its stratification with depth. Soil Tillage Res. 66 (2), 197–205. https://doi.org/ 
10.1016/S0167-1987(02)00027-2. 

Geiss, C.E., Egli, R., Zanner, C.W., 2008. Direct estimates of pedogenic magnetite as a 
tool to reconstruct past climates from buried soils. J. Geophys. Res. Solid Earth. 113, 
B11102. https://doi.org/10.1029/2008JB005669. 

Gregory, M.M., Shea, K.L., Bakko, E.B., 2005. Comparing agroecosystems: effects of 
cropping and tillage patterns on soil, water, energy use and productivity. Renew. 
Agric. Food Syst. 20 (2), 81–90. https://doi.org/10.1079/RAF200493. 

Guyodo, Y., LaPara, T.M., Anschutz, A.J., Penn, R.L., Banerjee, S.K., Geiss, C.E., 
Zanner, W., 2006. Rock magnetic, chemical and bacterial community analysis of a 
modern soil from Nebraska. Earth Planet. Sci. Lett. 251 (1-2), 168–178. https://doi. 
org/10.1016/j.epsl.2006.09.005. 

Hanesch, M., Scholger, R., 2002. Mapping of heavy metal loadings in soils by means of 
magnetic susceptibility measurements. Environ. Geol. 42 (8), 857–870. https://doi. 
org/10.1007/s00254-002-0604-1. 

Heiri, O., Lotter, A.F., Lemcke, G., 2001. Loss on ignition as a method for estimating 
organic and carbonate content in sediments: reproducibility and comparability of 
results. J. Paleolimnol. 25, 101–110. https://doi.org/10.1023/A:1008119611481. 

Hobbs, H. C., Aronow, S. and Patterson, C. J., 1990. Surficial geology, pl. 3 of Balaban, N. 
H., and Hobbs, H. C., project managers, Geologic Atlas of Dakota County, Minnesota: 
Minnesota Geological Survey County Atlas C-6, pt. A, 9 pls., scale 1:100,000. 
https://conservancy.umn.edu/bitstream/handle/11299/58494/dakota_plt3_ 
surficial%5b1%5d.pdf?sequence=9&isAllowed=y (accessed 1 August 2020). 

Huang, B., Sun, W., Zhao, Y., Zhu, J., Yang, R., Zou, Z., Ding, F., Su, J., 2007. Temporal 
and spatial variability of soil organic matter and total nitrogen in an agricultural 
ecosystem as affected by farming practices. Geoderma 139 (3-4), 336–345. https:// 
doi.org/10.1016/j.geoderma.2007.02.012. 

Hyodo, M., Sano, T., Matsumoto, M., Seto, Y., Bradák, B., Suzuki, K., Fukuda, J., Shi, M., 
Yang, T., 2020. Nanosized authigenic magnetite and hematite particles in mature- 
paleosol phyllosilicates: new evidence for a magnetic enhancement mechanism in 
loess sequences of China. J. Geophys. Res. Solid Earth. 125, 1–25. https://doi.org/ 
10.1029/2019JB018705. 

Inagaki, T.M., Possinger, A.R., Grant, K.E., Schweizer, S.A., Mueller, C.W., Derry, L.A., 
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