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Abstract

Our study of a loessic soil profile from east-central Nebraska shows that the A horizons of the modern soil are characterized

by higher concentrations of fine-grained (b0.1 Am) magnetic minerals. This pedogenic magnetic component leads to higher

values of concentration-dependent parameters, such as magnetic susceptibility (v), isothermal remanent magnetization (IRM)

and anhysteretic remanent magnetization (ARM), combined with increases in frequency-dependent susceptibility (vfd) and
ARM/IRM ratios. Hysteresis properties are relatively insensitive towards the presence of this pedogenic magnetic component.

The magnetic properties of the soil profile are dominated by ferrimagnetic magnetite or maghemite. Analyses of bsoftQ IRM
(sIRM) and bhardQ IRM (hIRM), however, do show that approximately 80–90% of the remanence carrying magnetic component

exists in the form of hematite or goethite and that the magnetically enhanced horizons are enriched in both ferri- and

antiferromagnetic minerals.

The pedogenic magnetic component is most likely caused by the conversion of paramagnetic, iron-bearing minerals to ferri-

and antiferromagnetic minerals. Soil compaction, lessivage or decalcification cannot explain the observed magnetic soil

properties. Magnetic analyses of loess-paleosol sequences from the midwestern United States may yield valuable information

about regional variability of paleoclimate. Based on the fine-grained nature of the pedogenic magnetic component, we expect

grain-size-dependent proxies (ARM, ARM/IRM, vfd) to yield better paleoclimatic information than low-field magnetic

susceptibility used in previous analyses.
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1. Introduction

Over the last decades, rock-magnetic analyses of

loess-paleosol sequences have provided valuable

tools for the reconstruction of paleoclimatic change

in mid-continental regions, where other recorders of

climate are rare or absent. Numerous studies of the

Chinese loess plateau show that modern and buried

soils are characterized by higher concentrations of

magnetic minerals in the A and B horizons. The

degree of this magnetic enhancement is often

quantified by changes in magnetic susceptibility

between the enhanced horizons and the pedogeneti-

cally unaltered parent material (e.g., [1]). Several

studies have shown a good correlation between the

magnitude of magnetic enhancement in modern

soils and present climatic conditions, especially

rainfall (e.g., [2–4]), even though the processes that

lead to the observed magnetic signal remain under

discussion [5].

In situ formation of (ultra)fine-grained (b0.1 Am)

ferrimagnetic minerals through a variety of processes

is likely to explain the magnetic enhancement found

in many loess-paleosol sequences in China, Europe

and the North America. Potential pathways include

the effects of repeated fires [6–8], changes in redox

conditions due to plant decomposition [6,9] or

repeated wetting and drying cycles in otherwise

well-drained soils [10], and the effects of bacterial
Fig. 1. Location of soil site 4G-99a in east-central Nebraska. Map insert

extent of Pleistocene Peoria loess is indicated by a light gray line (modif
activity [11]. Soil compaction and loss of weakly

magnetic minerals through decalcification [12] or

lessivage [13] have also been suggested as potential

pathways of magnetic enhancement. Paleosols in

Alaska and Siberia, however, are often characterized

by low concentrations of magnetic minerals, com-

pared to their loessic parent material. Such low

concentrations might be due to the loss of iron oxide

minerals during periods of gleying [14] or changes in

wind vigor [15,16], which can result in changed

sediment compositions. Singer et al. [17], Maher [18]

and Tang et al. [5] provide additional information on

the pathways of magnetic enhancement in soils and

the relationship between soil magnetic properties and

climate.

While the influence of climate on soil magnetic

properties is well established, it is less clear over

which time periods the magnetic signature of soils

continues to evolve. Based on evidence from modern

or recently disturbed soils [19], as well as loess-

paleosol sequences from the western edge of the

Chinese loess plateau [20], Maher et al. argue that the

magnetic enhancement signature is acquired rapidly

within a few centuries. Analyses of a chronosequence

from California by Singer et al. [21] and a loess-

paleosol sequence from Jiaodao, China by Vidic et al.

[22], however, suggest that the magnetic signal of

soils continues to evolve, probably over several

100,000 years.
shows location within continental United States. The approximate

ied after [28]).
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Unfortunately, successful application of magnetic

proxies to the Chinese loess for paleoclimate

reconstruction is not automatically extended to other

loess regions. In Europe and Russia, many loessic

modern and buried soils [4,18] show magnetically

enhanced soil horizons, but some paleosols that

formed during marine isotope stage 5 show a

depletion of pedogenic ferrimagnetic magnetic min-

erals, possibly due to intense weathering [23,24]. As

mentioned above, some paleosols in Alaska and

Siberia contain low abundances of ferrimagnetic

minerals, though the modern soils are still enhanced

in magnetic minerals [25]. It is therefore necessary to

establish the nature of the soil-magnetic signal for a

given region before any attempts of paleoclimatic

reconstructions can be made.

Relatively few studies [26,27] are concerned with

the magnetic properties of loess-paleosol sequences in

the midwestern United States. The central Great Plains

is an ecologically and agriculturally important semi-
Table 1

Soil description for site 4G-99a

Depth Horizon Boundary Color Texture

0–20 Ap clear very dark

gray (10YR 3/1)

heavy silt

loam

20–33 A clear very dark

gray (7.5YR 3/1)

light silty

clay loam

33–44 Bt1 clear brown (10YR 4/3) silty clay

loam

44–69 Bt2 gradual light olive

brown (2.5Y 5/3)

silty clay

loam

69–91 Bt3 clear light olive

brown (2.5Y 5/3)

heavy silt

loam

91–120 BC clear light olive

brown (2.5Y 5/3)

silt loam

120–135 Ck1 gradual light olive

brown (2.5Y 5/3)

silt loam

135–200 Ck2 gradual light olive

brown (2.5Y 5/3)

silt loam,

high in very

fine sand

200–235 C light olive

brown (2.5Y 5/3)

silt loam,

high in very

fine sand

Description kindly provided by Joe Mason, University of Wisconsin.
arid region. Twenty-five percent of the world’s total

production of wheat, corn, barley, oats, rye and

sorghum are grown here, at the threshold limits of

needed rainfall, and dependence on artificial irrigation

from rivers and aquifers is high. Despite the region’s

dependence on natural rainfall, little is known about the

variability of past climatic conditions, which is mostly

due to the absence of good recorders of paleoclimate,

such as lake basins or cave deposits. A magnetic

analysis of soils and paleosols offers the opportunity to

reconstruct paleoclimatic conditions for certain time

slices. However, the absence of an universally appli-

cable link between pedogenic magnetic enhancement

and climate makes it necessary to carefully investigate

the magnetic signature of modern soils before any

climate reconstruction can be attempted. In this study,

we use a magnetic multi-proxy approach to carefully

characterize the magnetic properties of a modern

loessic soil from east-central Nebraska, to constrain

possible pathways of magnetic enhancement, and to
Structure Effervescence Other

weak fine

to medium

granular

none

moderate

fine granular

none

moderate very

fine and fine

subangular

blocky

none many thin continuous clay

coatings (10YR 3/1)

on ped faces

moderate fine

subangular blocky

none many thick, slightly

patchy (2.5Y 4/2) clay

coatings on ped faces

moderate medium

subangular blocky

none many thin patchy

(2.5Y 4/2) clay coatings

on ped faces

weak medium to

coarse subangular

blocky

none very few fine (2.5Y 6/1)

Fe depletions, very few

fine 10YR 5/6 Fe

concentrations

weak medium

subangular blocky

weak common fine and

medium CaCO3

concentrations

weak coarse

subangular blocky

none in

matrix

common fine CaCO3

concentrations, less than

in Ck1, faint

sedimentary laminations

(1–5 mm thick)

massive none few fine 10YR 5/6

Fe concentrations
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suggest magnetic parameters that might yield reliable

proxies for paleoclimate reconstructions.
Fig. 2. (a,b) Thermal demagnetization curves of low-temperature

IRM, acquired at �268.158C in 2.5 T after cooling the samples from
2. Site description

The site was sampled with a 7.6-cm (3-in.)-

diameter hydraulic soil probe and described by Dr.

J. Mason in 1999. The dried cores were subsampled in

2000, and samples were packed tightly into weakly

diamagnetic plastic cubes for magnetic analyses.

Core 4G-99a was collected from a broad (~130 m)

ridge top in Boone County, Nebraska (41.51918N,
98.21278W; Fig. 1). Uplands in this region of

Nebraska are blanketed by approximately 1–20 m of

Wisconsinan Peoria loess underlain by Illinoian

Loveland loess. Some areas have been influenced by

minor Holocene loess deposition. Presettlement veg-

etation was prairie. For the period between 1961 and

1990, mean precipitation was 710 mm/year and mean

annual temperature was 8.78C (minimum=1.58C,
maximum=15.98C) [29]. The area around the core is

mapped as Hord silt loam, and classified at the time of

the survey as a fine-silty, mixed, mesic Pachic

Haplustoll [30].

The profile horizination is Ap-A-Bt1-Bt2-Bt3-BC-

Ck1-Ck2-C (see also Fig. 4). Textures are silt loam in

the Ap and Bt3-BC-Ck1-Ck2-C horizons with A, Bt1

and Bt2 horizons being silty clay loam. Ap and A

horizons have granular structure and very dark gray

(10YR3/1) colors. The C horizon is massive; remain-

ing horizons have subangular blocky structure that

increases in size with depth. Bt horizons are light

olive brown (2.5Y5/3) with clay coatings. There are

very few b2 mm distinct (2.5 Y6/1) and prominent

(10YR5/6) mottles in the BC (90–120 cm) and C

(N200 cm) horizons, which are light olive brown

(2.5Y5/3). The Ck horizons are light olive brown (2.5

Y5/3) and have b5 mm carbonate masses. A complete

description of site 4G-99a is given in Table 1.

room temperature in a magnetic field of 2.5 T (dashed gray) and

after cooling in zero field (solid black). Shown are the results from

10 and 200 cm depth. The drop in magnetic remanence at low

temperatures is due to the thermal demagnetization of (super)-

paramagnetic minerals. (b) Zero-field cooled demagnetization

curves, normalized by the magnetic moment at room temperature

after demagnetization. Both curves are rather similar and show a

marked drop in magnetic moment at low temperatures due to

thermal unblocking of (super)paramagnetic particles. The Verwey

transition, diagnostic of magnetite, is barely visible near �1558C.
3. Methods

We characterized the magnetic mineralogy and

abundance of ultrafine (b0.01 Am) (super)paramag-

netic particles through thermal demagnetization of

isothermal remanent magnetization (IRM), acquired
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at 5 K (�268.158C) for several samples [31].

These analyses were performed on a Quantum

Design Magnetic Measurement System (MPMS 5s).

Curie temperature determinations aided in the

characterization of the magnetic mineralogy [32]

and were performed in an inert gas atmosphere on

a AGICO Kappabridge KLY-2 with modified

furnace apparatus.

To estimate the concentrations of remanence carry-

ing magnetic minerals, we acquired IRM at DC fields

of 100 and 1300 mT and at backfields of �300 and

�600 mT (Table 2). We distinguished between high-

and low-coercivity minerals by calculating bhardQ IRM
(hIRM=0.5 (IRM1300 mT+IRM�backfield)) and bsoftQ
IRM (sIRM=0.5 (IRM1300 mT�IRM�backfield))

[33,34]. Measurements for hIRM and sIRM were

repeated five times per sample and the resulting

standard deviation is shown in Fig. 4g. Anhysteretic

remanent magnetization (ARM) was acquired in a peak

AF-field of 100 mTand a bias field of 50 AT, using a D-
Tech 100 mT 2000 AF demagnetizer. The ratio of

ARM/IRM100 mT was used as a proxy for the relative
Fig. 3. Curie temperature (TC) measurement for a sample from 20 cm depth

close to magnetite as the principal magnetic mineral. The increase in su

magnetic antiferromagnetic minerals, such as goethite or hematite, to mag
abundance of single domain (SD) magnetic particles

[35,36]. The relative abundance of low- and high-

coercivity minerals was estimated from S-ratios

(S300=�IRM�300 mT/IRM1300 mT) [37]. All remanence

parameters were measured in a cryogenic magneto-

meter (2G, Model 760-R) with a nominal sensitivity of

2�10�11 A m2. Low-field susceptibility (v) was

measured using a Kappabridge KLY-2 susceptibility

meter with a nominal sensitivity of 4�10�8 SI.

Frequency-dependent susceptibility (vfd), a proxy for

the presence of superparamagnetic (SP) particles [38],

was measured at 20 frequencies between 40 and 4000

Hz. Frequency values for 400 and 4000 Hz were

obtained from a best fit through the entire data set to

calculate vfd=(v400 Hz�v4000 Hz)/v400 Hz. The errors

associated with the measurement and shown in Fig.

4c were calculated from the error of the best fit line

and the resulting error for v400 Hz and v4000 Hz.

Hysteresis loops were measured for selected sam-

ples in a maximum field of 1300 mT using a

vibrating sample magnetometer (Princeton Applied

Research, modified by the Institute for Rock
. A Curie temperature of 5708C suggests a ferrimagnetic component

sceptibility upon heating is likely due to the reduction of weakly

netite.



Table 2

Magnetic properties for samples from site 4G-99a

Depth

(cm)

vif

(m3/kg�10�6)

ARM

(mA m2/kg)

IRM100 mT

(mA m2/kg)

ARM/

IRM100 mT

vfd

(%)

Ms

(mA m2/kg)

Mrs

(mA m2/kg)

Hc

(mT)

(%)

0–5 0.81 0.18 6.10 2.97 4.0F1.2 58.70 6.01 8.4

5–10 0.84 0.17 5.93 2.88 4.0F1.2 61.90 6.53

10–15 0.83 0.19 4.99 3.72 4.4F1.2 55.20 5.95 8.21

15–20 0.76 0.17 4.78 3.61 4.0F1.8 52.00 5.40 8.51

20–25 0.76 0.16 5.20 3.13 3.8F1.5 48.90 5.30 8.72

25–30 0.75 0.16 5.21 3.03 3.4F1.2 29.00 2.92 8.26

30–35 0.56 0.11 3.91 2.90 3.2F1.5 41.80 4.22 8.36

35–40 0.55 0.11 3.86 2.85 2.1F2.1 37.70 3.84 8.32

40–45 0.50 0.09 3.54 2.54 34.70 3.66 8.61

45–50 0.54 0.09 3.86 2.42 1.2F1.9 32.20 3.39 8.61

50–55 0.50 0.08 3.65 2.29 33.00 3.40 8.66

55–60 0.46 0.07 3.35 2.07 1.0F1.8 34.70 3.59 8.69

60–65 0.46 0.07 3.46 2.02 31.90 3.32 8.77

65–70 0.48 0.07 3.64 1.93 32.10 3.62 7.82

70–75 0.43 0.06 3.23 1.95 32.10 3.47 8.74

75–80 0.45 0.06 3.47 1.77 0.5F1.9 33.50 3.48 8.81

80–85 0.46 0.07 3.51 1.85 33.00 3.51 8.78

85–90 0.50 0.07 3.96 1.71 35.70 3.68 8.74

90–95 0.48 0.06 3.50 1.86 36.80 3.86 8.66

95–100 0.43 0.06 3.52 1.62 1.1F1.3 34.50 3.66 8.69

100–105 0.48 0.06 3.33 1.94

105–110 0.46 0.06 3.73 1.56

115–120 0.47 0.06 3.77 1.60

120–125 0.47 0.06 3.81 1.59

125–130 0.39 0.05 3.19 1.60

135–140 0.46 0.06 3.71 1.63

140–145 0.54 0.07 4.11 1.76

145–150 0.48 0.07 4.08 1.64

150–155 0.43 0.06 3.35 1.65

155–160 0.47 0.06 3.61 1.72 0.4F1.9

165–170 0.48 0.06 3.76 1.61

170–175 0.43 0.06 3.45 1.60

175–180 0.48 0.06 3.72 1.65

180–185 0.42 0.06 3.29 1.72

185–190 0.44 0.06 3.35 1.68

190–195 0.42 0.06 3.31 1.69

200–205 0.53 0.07 4.15 1.58

205–210 0.49 0.06 3.78 1.61
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Magnetism) to estimate bulk magnetic particle size

in a plot of saturation remanent magnetization/

saturation magnetization vs. coercivity of rema-

nence/coercive force ( Jrs/Js vs. Hcr/Hc) [39,40],

and to correct for the v
hf presence of para- or

diamagnetic minerals using the high-field slope v
hf

of the hysteresis loop [32]. Concentrations of major

and trace elements were measured for three mag-

netically enhanced horizons and two samples from

the unaltered parent material using an Inductively
Coupled Plasma Mass Spectrometer (ICP-MS, Per-

kin-Elmer/Sciex Elan 5000).
4. Results

Thermal demagnetization curves of low-temper-

ature IRM show a distinct drop at temperatures below

�2508C for all samples (Fig. 2), which indicates that

para- and superparamagnetic minerals are abundant



Hcr

(mT)

vhf

(m3/kg)

Jrs/Js Hcr/Hc S300 hIRM300 mT

(mA m2/kg)

hIRM600 mT

(mA m2/kg)

sIRM300 mT

(mA m2/kg)

25.85 3.76E�08 0.102 3.077 0.927F0.003 0.27F0.01 0.13F0.03 7.30F0.02

3.90E�08 0.105 0.934F0.003 0.27F0.01 0.15F0.03 7.54F0.02

26.79 3.83E�08 0.108 3.263 0.925F0.003 0.26F0.01 0.13F0.01 6.92F0.04

26.12 4.77E�08 0.104 3.069 0.923F0.006 0.23F0.02 0.13F0.01 6.05F0.01

45.09 4.69E�08 0.108 5.171 0.13F0.02

26.22 0.101 3.174 0.922F0.006 0.20F0.02 0.12F0.03 5.23F0.01

27.16 5.61E�08 0.101 3.249 0.016F0.005 0.20F0.01 0.12F0.02 4.96F0.01

26.86 5.74E�08 0.102 3.228 0.10F0.01

27.05 5.73E�08 0.105 3.142 0.919F0.003 0.18F0.01 0.11F0.005 4.20F0.01

26.3 5.33E�08 0.105 3.055 0.10F0.01

27.07 5.41E�08 0.103 3.126 0.919F0.003 0.17F0.01 0.11F0.005 4.15F0.01

27.39 5.60E�08 0.103 3.152 0.11F0.01

27.16 5.26E�08 0.104 3.097 0.917F0.006 0.16F0.01 0.10F0.01 4.12F0.01

26.4 5.44E�08 0.113 3.376 0.10F0.01

28.31 5.31E�08 0.108 3.239 0.11F0.02

28.51 5.16E�08 0.104 3.236 0.11F0.005

28.26 5.06E�08 0.106 3.219 0.11F0.005

28.49 4.70E�08 0.103 3.260 0.11F0.01

28.28 4.92E�08 0.105 3.266 0.917F0.007 0.18F0.02 0.11F0.005 4.37F0.02

28.17 5.01E�08 0.106 3.242 0.11F0.02

0.911F0.009 0.19F0.2 4.54F0.01

0.924F0.006 0.16F0.01 4.22F0.01

0.920F0.011 0.15F0.03 3.92F0.03

0.919F0.018 0.17F0.05 4.84F0.05
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throughout the soil profile. In absolute terms, the loss

in remanence at low temperatures is greatest in the

magnetically enhanced horizons (Fig. 2a and b),

consistent with a slight increase in SP particles

deduced from an increase in frequency-dependent

susceptibility (Fig. 4c). In relative terms, however,

the concentration of (super)paramagnetic particles

remains fairly constant (Fig. 2c), which is due to the

simultaneous increase of remanence carrying SD

particles in the magnetically enhanced horizons and a
loss of paramagnetic minerals suggested by a decrease

in vhf (Fig. 4i). Curie temperatures between 550 and

5808C (Fig. 3) suggest that a ferrimagnetic mineral

close to magnetite with probably minor Ti substitution

(xb0.1) dominates the magnetic properties of the soil

at ambient and high temperatures. Weak Verwey

transitions confirm this interpretation (Fig. 2).

Increases in concentration-dependent parameters

(v, IRM) show that the A horizon is enhanced in

magnetic minerals (Fig. 4a and b). The additional



Fig. 4. Summary of magnetic properties for site 4G-99a. (a) Magnetic susceptibility (v) and (b) isothermal remanent magnetization (IRM) are proxies for the abundance of magnetic

minerals. (c) Frequency-dependent susceptibility (vfd) is a proxy for the relative abundance of ultrafine (b0.01 Am) superparamagnetic particles. (d) ARM/IRM is a proxy for the

abundance of fine (0.01–0.1 Am) single-domain particles. (e) Hcr /Hc characterizes bulk magnetic grain size. (f) S-ratios quantify the relative abundance of low-coercivity

ferrimagnetic minerals, while (g) bhardQ IRM (hIRM) quantifies the absolute abundance of high-coercivity antiferromagnetic minerals, such as hematite or goethite. Solid symbols:

hIRM300 mT, open symbols: hIRM600 mT.d (h) bSoftQ IRM (sIRM) is used to estimate the presence of low-coercivity ferrimagnetic minerals. (i) High-field susceptibility tracks the

abundance of paramagnetic Fe-bearing minerals.
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Table 3

Concentration of iron and selected heavy metals for selected samples

from site 4G-99a

Depth Fe2O3 Cu Zn Pb

(cm) (%) (ppm) (ppm) (ppm)

15 3.01F0.05 22.18F0.44 83.22F1.87 17.80F0.42

25 3.48F0.02 24.39F0.80 89.21F2.42 18.96F0.46

45 4.15F0.05 28.50F1.16 97.36F3.10 19.44F0.65

175 3.63F0.06 26.51F0.85 92.99F1.87 17.21F0.30

220 3.68F0.08 28.97F0.89 92.91F1.44 17.47F0.14
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pedogenic material is likely fine-grained (SD and

smaller) leading to higher values of vfd and ARM/

IRM100 mT in the upper soil horizons (Fig. 4c and d).

This shift to smaller, remanence carrying ferrimagnetic

grains is quite small as maximum ARM/IRM100 mT

ratios reach only slightly above 0.03. Hysteresis

parameters (only Hcr/Hc shown, Fig. 4e), which are a

measure of the average magnetic grain size, confirm

this interpretation, showing only slight changes

towards finer grains in the magnetically enhanced

horizon.

S-ratios between 0.9 and 0.95 (Fig. 4f) agree with

the results of high- and low-temperature analyses,

indicating that the magnetic component is magneti-

cally dominated by low-coercivity (titano) magnetite

or maghemite. S-ratios increase slightly in the A

horizon, which suggests that pedogenetically pro-

duced magnetic signal is caused predominantly by

magnetite or maghemite. The abundance of high-

coercivity hematite or goethite has been estimated

from hIRM measurements (Fig. 4g). hIRM increases

in the upper soil horizon, which is either due to the

direct generation of hematite or goethite, or the

relatively rapid oxidation of pedogenic ferrimagnets

(magnetite, maghemite) to antiferromagnetic minerals

(hematite, goethite).

We estimated the abundance of ferri- and anti-

ferromagnetic minerals from measurements of hIRM

and sIRM. Hysteresis measurements show that all

samples have ratios of Jrs/Jsc0.1. Assuming that

hysteresis properties are dominated by a component

close to magnetite, we use a saturation remanence of

Jmt=0.1 Jsc0.1�90 A m2/kg to estimate the amount

of ferrimagnetic material based on observed values of

sIRM. We further assume that the antiferromagnetic

component consists of hematite or goethite with a

saturation magnetization of Jsc0.1 A m2/kg [41].
Since this component is likely finer-grained, which

leads to higher ratios of Jrs/Js, we approximate its

saturation remanence as Jhemc0.5 Js=0.05 A m2/kg.

Using the values for hIRM and sIRM (both measured

for backfields of 300 mT) shown in Fig. 4g, we obtain

concentrations ranging between 1 and 0.6 mg/cm3 for

ferrimagnetic minerals and concentrations ranging

between 7 and 4 mg/cm3 for antiferromagnetic

minerals.

High-field susceptibility (vhf) measurements (Fig.

4i) show that the concentration of paramagnetic

minerals remains relatively constant throughout the

B horizon, but drops significantly for the magnetically

enhanced upper part of the profile.

ICP-MS analyses of iron and heavy metal concen-

trations are shown in Table 3. Total iron concentrations

as well as the concentrations of copper, zinc and lead all

show a decrease in the magnetically enhanced soil

horizons.
5. Discussion

Our study of a modern loessic soil profile from

Nebraska shows a distinct magnetic enhancement in

the upper soil horizon, similar to profiles in loess

elsewhere in temperate regions. Preliminary, unpub-

lished data further confirm that site 4G-99a is fairly

typical for loessic soils of the midwestern United

States. The magnetic enhancement is limited to the

upper (Ap and A) soil horizons, though changes in

grain size proxies extend farther down into the

underlying Bt horizon to a maximum depth of

approximately 50 cm. The added pedogenic mag-

netic component consists of fine-grained (SP and

SD) ferri- and antiferromagnetic minerals, leading to

increases in all concentration-dependent parameters

(v, ARM, IRM, Js), as well as increases in grain-

size-dependent magnetic parameters diagnostic of

fine-grained magnetic material, such as vfd and

ARM/IRM100 mT.

Numerous coal-fired power plants exist in the

western United States providing a potential source of

magnetic fly-ash to our site. Site 4G-99a is approx-

imately 100 km northeast of the nearest coal-fired

power plant (Gothenburg NE) and more than 450 km

downwind of the coal-fired plants located in eastern

Wyoming. We did not observe any opaque spherules
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in the uppermost soil horizon and concentrations of

heavy metals, such as Cu, Zn or Pb do not increase

towards the top of the profile, indicating the absence

of significant levels of atmospheric pollution [42].

Furthermore, significant contamination of the soil

profile by magnetic fly-ash seems unlikely since the

magnetic enhancement is expressed in a shift towards

finer SD and SP particles rather than coarse (MD) fly-

ash spherules. The site has not been plowed for

several decades and any recent anthropogenic con-

tamination would be expected in the upper soil

horizons, while the magnetic enhancement signal is

found to a depth of approximately 40 cm.

The site is well drained and located in a stable

upland position, making it ideally suited to study

pedogenic effects on soil magnetic properties. The

few redoximorphic features in the BC (90–120 cm)

and C (N200 cm) horizons do not significantly affect

the overall magnetic properties.

5.1. Mineralogy of the remanence carrying

component

Even though most magnetic parameters are domi-

nated by low-coercivity ferrimagnets (magnetite or

maghemite), antiferromagnetic minerals (hematite or

goethite) are the dominant remanence carrying com-

ponent by mass. Our rough estimate of both compo-

nents makes several assumptions regarding the grain

size and resulting saturation remanence of the two

components. Our assumption of an SD antiferromag-

netic component with a Jrs/Jr=0.5 may underestimate

its concentration. However, since hematite and goe-

thite are likely produced in situ or during (eolian)

transport, their grain size is likely rather small and

below the lower grain size limit of 0.1 mm for MD-

hematite [43]. We are likely to underestimate particles

near the SP–SD boundary (c0.003 Am for hematite

and magnetite [32]) and all (super)paramagnetic

components, which might represent up to 70% of

the iron-bearing fraction, based the observed loss of

remanence between �275 and �2008C in low-T

analyses (Fig. 2). Mfssbauer analysis might allow

further quantification of the ferri- and antiferromag-

netic components. The identification of nanocrystal-

line, ionically substituted iron-components, however,

is difficult and might not improve significantly our

current estimates. Our simple estimates show that at
least 90% of the remanence carrying component exists

in the form of hematite or goethite, rather than

magnetite or maghemite.

5.2. Constraints on pathways of magnetic

enhancement

Our analyses can be used to shed some light on

possible pathways of magnetic enhancement. Com-

paction of the top soil horizons can be ruled out since

the enhancement is clearly expressed in mass-

normalized magnetic susceptibility and IRM, which

are independent of changes in density and hence

compaction. The concentration of magnetic minerals

through lessivage or removal of carbonates [17] is

unlikely as well. Our soil descriptions show that clay

increase in the Bt horizon is slight, and carbonates are

leached completely from the profile to a depth of 130

cm, approximately 90 cm below the highest values of

v and IRM.

The addition of Holocene Bignell loess and hence

changes in the magnetic properties of the parent

material are likely to influence the studied profile to

some extent. Bignell loess is not distinguished as a

separate sedimentary unit in our site as pedogenesis

was able to keep up with loess deposition rates,

creating a welded soil profile. The good correlation of

magnetic properties with soil horizination, however,

argues in favor of a pedogenic origin for the magnetic

enhancement signal rather than a simple change in

parent material.

Magnetic enhancement is also not due to con-

version of weakly magnetic antiferromagnetic miner-

als into strongly magnetic ferrimagnetic minerals, as

both increase in concentration in the upper soil

horizons. It is possible, however, that paramagnetic

minerals are converted into ferri- and antiferromag-

netic minerals, which is suggested by the vhf distinct

drop in P in the Ap and A horizons (Fig. 4i).
6. Suggestions for paleoclimate reconstructions

Many studies (e.g., [44–46]) agree that the mag-

netic properties of loess-paleosol sequences are domi-

nated by coarse ferrimagnets in the PSD to MD (N1

Am) grain-size range, but that the pedogenetic mag-

netic component, which is responsible for the observed
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magnetic enhancement, is composed of fine- to ultra-

fine (b0.1 Am) magnetite or maghemite (e.g.,

[9,10,47,48]). Antiferrimagnetic minerals, such as

goethite or hematite, may comprise the bulk of the

iron-bearing component of the sediment, and changes

in their mineralogy may be related climatic conditions

during soil formation [49], but, due to their low

saturation magnetization, these minerals contribute

little to the bulk magnetic signal. For these reasons, we

think that the magnetic proxies most useful for transfer

function between climate and magnetic soil properties

should be the ones that selectively respond to this

change in magnetic grain size.

Low-field magnetic susceptibility (v), which is

commonly used as a paleoprecipitation proxy, has

been shown to work well in well drained, buffered and

unpolluted loessic soils that contain sufficient amounts

of iron to allow for the formation of pedogenic

magnetic minerals (e.g., [4,18,48,50,51]). However,

v is relatively insensitive to SD particles, while it

depends on a variety of other components, such as the

abundance and mineralogy of paramagnetic minerals,

or grain size and mineralogy changes in the parent

material. For these reasons, we expect susceptibility-

based paleoclimate reconstructions to perform poorly

in areas like the midwestern United States, where

loessic parent material is derived from different

sources [52].

Enhancement parameters based on changes in

ARM, ARM/IRM ratios, and frequency-dependent

susceptibility (vfd) focus on this (ultra)fine-grained

magnetic component and therefore offer some promise

as a useful paleoprecipitation proxy. ARM, or ARM its

equivalent field-normalized ARM (vARM), has been

measured for several soil sites in the United States [53],

Asia [4] and on the Chinese loess plateau (e.g.,

[31,54]), and Liu et al. [55] use it extensively to

estimate grain size variations between loess and

paleosol units. Basing a paleoclimate proxy on

frequency-dependent susceptibility might have several

disadvantages. The SP signal derived from vfd meas-

urements is weak and the nanocrystalline particles can

be easily altered by weathering processes. Further-

more, accurate determinations of vfd are time-consum-

ing, and the results should ideally be corrected for

paramagnetic contributions. It may therefore not be

feasible to apply vfd measurements to large sample sets

as it will be necessary to reconstruct regional climate
change. Measurements of time-dependent IRM [56]

might allow for the rapid quantification of grains near

the SP–SD boundary. Time-dependent IRM is diag-

nostic of grain sizes slightly larger than these quanti-

fied by vfd, and both techniques yield comparable

results for a wide range of well-characterized (natural

and synthetic) samples. Presently, ARM or ARM/IRM

might be a better foundation for paleoclimate recon-

structions based on soil magnetic properties. They are

easily and rapidly measured and reflect (slightly) larger

SD particles, which may better withstand long-term

weathering. IRM acquisition curves, S-ratios, or

measurements of hIRM and sIRM may also yield

useful information regarding the relative abundance

and possibly mineralogy [34,57] of the high-coercivity

antiferromagnetic component goethite and hematite.

Combined with measurements of soil color, these

magnetic parameters may yield another parameter to

quantify soil moisture and temperature [49].
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