
lable at ScienceDirect

Quaternary Research 86 (2016) 95e109

https://doi.o
Contents lists avai
Quaternary Research

journal homepage: http: / /www.journals .e lsevier .com/quaternary-research
Climatic interpretation of loess-paleosol sequences at Mobarakabad
and Aghband, Northern Iran

Amin Ghafarpour a, Farhad Khormali a, *, William Balsam b, Alireza Karimi c,
Shamsollah Ayoubi d

a Department of Soil Science, Gorgan University of Agricultural Sciences and Natural Resources, Gorgan, Iran
b Department of Earth Sciences, Dartmouth College, Hanover, NH 03755, USA
c Department of Soil Sciences, Ferdowsi University of Mashhad, Mashhad, Iran
d Department of Soil Science, College of Agriculture, Isfahan University of Technology, Isfahan, Iran, 84156-83111
a r t i c l e i n f o

Article history:
Received 4 May 2015
Available online 24 June 2016

Keywords:
Loess
Paleosol
Magnetic susceptibility
Micromorphology
Quaternary
Northern Iran
* Corresponding author. Hezar Peach Blvd. (Pardis),
University of Agricultural Sciences and Natural Resou

E-mail addresses: Khormali@yahoo.com, fkhormal

http://dx.doi.org/10.1016/j.yqres.2016.05.004
0033-5894/© 2016 University of Washington. Publish

rg/10.1016/j.yqres.2016.05.004 Published online by Camb
a b s t r a c t

Loess accumulation and paleosol formation are important Quaternary geoarchives in northern Iran. Two
loess-paleosol sequences at Mobarakabad and Aghband were examined using soil morphology and
micromorphology, mineralogy, magnetic susceptibility (MS), free Fe oxides and calcium carbonate
equivalent. The loess-paleosol sequences provide a record of changes in paleo-rainfall in the northern
Iran. Micromorphological and MS differences between the loess and paleosols in the sections reflect
changes in climate. The different behaviors of magnetic susceptibility between Aghband and Mobar-
akabad loess are mainly produced by their different pedogenic environments, topography and climatic
conditions. As a result, the MS at the Mobarakabad section is much higher than at Aghband. Paleoeco-
logical reconstructions coupled with magnetic depletion in paleosols at Mobarakabad suggest a wetter
climate dominating during the formation of the paleosols.

© 2016 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Loess deposits are well-recognized as an archive of information
on Quaternary climate change and atmospheric circulation (Muhs,
2007). In mid-to high-latitude regions, an important paleoclimate
record is preserved in loess modified by pedogenic processes (Catt,
1991; Beg�et, 2001). Loess in the mid-latitude of Eurasia provides an
excellent sedimentary archive for understanding past climate and
environment changes in the continental interior with important
implications for aridification, dust sources, past atmospheric cir-
culation, and past global climate change (Dodonov,1991; Ding et al.,
2002; Fang et al., 2002; Machalett et al., 2008; Song et al., 2010a).
Northern Iran is a key area that connects the European and Asian
loess zones. Investigations of loess-paleosol sequences from this
region are important, partly due to the special location and their
thickness of up to 30m on the foothills of the AlborzMountains and
about 60 m in the Northern Iranian Loess Plateau (Lauer et al.,
Dept. of Soil Sciences, Gorgan
rces, Gorgan, Iran.
i@gau.ac.ir (F. Khormali).
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2015). The loess potentially records paleoenvironmental change
in Iran over multiple glacial cycles, and helps to assess the extent to
which key features of loess stratigraphy can be traced along the
loess belt that crosses Eurasia, from Eastern Europe through Central
Asia to China.

The spatial and temporal signature of loess deposits in Northern
Iran is less known than loess-paleosol sequences from the Chinese
Loess Plateau (e.g. Liu and Ding, 1998; Ding et al., 2002; Chen et al.,
2006; Song et al., 2013) and Central Asian loess (e.g. Dodonov and
Baigusina, 1995; Ding et al., 2002; Dodonov et al., 2002; Song et al.,
2010a; Yang et al., 2014). Previous analyses of loess paleosol se-
quences in Northern Iran mainly focused on dating of deposits
(Frechen et al., 2009; Lauer et al., 2015) with little emphasis on the
micromorphological features to aid in understanding associated
pedogenesis (Kehl et al., 2005, 2010; Khormali and Kehl, 2011;
Wang et al., 2016). Recently, the loess deposits near Gorgan have
been investigated in more detail (Vlaminck et al., 2015).

This study investigates two loess-paleosol sequences at Mobar-
akabad and Aghband in northern Iran, usingmacro- andmicro-scale
analyses. We attempt (1) to analyze the loess and paleosols soil
morphology and micromorphology to estimate the degree of soil
formation and explore paleoecological changes, (2) to assess the
ed.

mailto:Khormali@yahoo.com
mailto:fkhormali@gau.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1016/j.yqres.2016.05.004&domain=pdf
www.sciencedirect.com/science/journal/00335894
http://www.journals.elsevier.com/quaternary-research
http://dx.doi.org/10.1016/j.yqres.2016.05.004
http://dx.doi.org/10.1016/j.yqres.2016.05.004
http://dx.doi.org/10.1016/j.yqres.2016.05.004
https://doi.org/10.1016/j.yqres.2016.05.004


A. Ghafarpour et al. / Quaternary Research 86 (2016) 95e10996

https://d
mechanisms by which the magnetic susceptibility (MS) is enhanced
in comparison to the magnetic properties of loess deposits in
Romania (Constantin et al., 2014), the northern Black Sea coastal area
(Dodonov et al., 2006), Siberia (Liu et al., 2008), Tajikistan (Ding et al.,
2002), Ili Basin (Song et al., 2010a) and China (Song et al., 2010a); and
(3) to propose a pedostratigraphical scheme for the studied sections
and compare them with previously published loess-paleosol se-
quences at Neka, Now Deh, Aghband (Frechen et al., 2009) and
Toshan (Vlaminck et al., 2015) in Northern Iran.

Location and setting

The study sites are located in Golestan province, Northern Iran
(Fig. 1). The present climate in this loess region of northern Iran is
characterized by hot, dry summers and mild, wet winters.
Currently, in northern Iran the time of the highest wind velocity
and lowest rainfall is during the early summer, especially during
mid or late June. During this time it is likely that deflated eolian
dust is carried by westerly air streams to the east and during the
wet winter season, dust storms decrease or disappear with the
increase of precipitation.

The section at Mobarakabad (37� 090 3200 N, 55� 180 1400 E), is
located on the northernmost ridge of Alborz Mountains, 310 m
above sea level. The total thickness of the section is about 17 m and
it contains five paleosols (Fig. 2). The natural vegetation on the
Figure 1. Map showing the distribution of loess in Eurasia (modified fromMuhs, 2007) and t
paper. Numbers (in blue in color illustration) are based on previously published research
illustration) are first reported in this paper (see Figs. 2 and 3A and Table 4 for details). The
Costineşti, 2) northern Black Sea coastal area, 3) Neka, 4) Toshan, 5) Now Deh, 6) Mobaraka
interpretation of the references to color in this figure legend, the reader is referred to the
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section is Hyrcanian forest, dominated by temperate broad-leaved
deciduous trees. At present, the mean annual precipitation (MAP)
and temperature (MAT) at Mobarakabad are about 670 mm and
15�C respectively. The other section is at Aghband and is located in
the area between the Gorganrud and Atrek rivers on the Iranian
loess plateau, 150 m above sea level. At present, MAP and MAT at
Aghband are about 300 mm and 18�C respectively and the natural
vegetation on the section is grassland. At Aghband, two profiles are
located ~200 m away from each other were studied (Fig. 3). The
main profile (37� 370 1000 N, 55� 090 4200 E) is located along a steeply
inclined eastward facing slope of a loess hill. The thickness of loess
deposits at this site is about 44 m and contains one paleosol
(Fig. 3A). The other profile is the AG 2 paleosol (Fig. 3B) (37� 370 1800

N, 55� 090 3900 E). In this study samples were collected for MS
measurements from the AG 2 paleosol, while the chemical and
mineralogic analyses are presented in Khormali and Kehl (2011)
and the chronological results (correlating with marine isotope
stage (MIS) 5e) were published by Frechen et al. (2009).

Material and methods

Chemical and mineralogical analyses of loess and paleosols

A total of 276 samples were prepared for magnetic susceptibility
(MS) measurements and chemical analyses. One hundred and
he approximate location of studied sections and previously studied sections used in this
(see Table 4 and Fig. 7 for details); underlined numbers in italics (and red in color

numbers correspond to the sections listed by location in Table 4 and Fig. 7. They are 1)
bad, 7) Aghband, 8) Chashmanigar, 9) Zhaosu, 10) Talede, 11) Kurtak, 12) Chaona. (For
web version of this article.)

https://doi.org/10.1016/j.yqres.2016.05.004


Figure 2. Photo overview of the Mobarakabad section including schematic presentation of the loess-palosols. In the section the pedocomplex sequence splits into five different
paleosols that are intercalated in the loess with anticlinal shapes. Since there is no indication of modern tectonic activity in the area (Kehl et al., 2005) it is more likely that the
anticlinal shape of the loess-paleosol sequence results from mantling a pre-existing land surface.
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seventy one samples were collected at the Mobarakabad section at
10 cm intervals. At Aghband, 82 samples of the loess were collected
at 50 cm intervals and 23 samples from the AG 2 paleosol were
collected at 10 cm intervals.

Free Fe oxides (Fed) of the samples were determined by the
citrate-bicarbonate-dithionite (CBD) method (Mehra and Jackson,
1960). Alkaline-earth carbonate was measured by acid neutraliza-
tion and expressed as calcium carbonate equivalent, CCE (Salinity
Laboratory Staff, 1954). X-ray diffractometry (XRD) analyses were
performed on representative samples from both sections. Chemical
cementing agents (carbonate, organic matter and free iron oxides)
were removed and clay fractions were separated according to
Mehra and Jackson (1960), Kittrick and Hope (1963) and Jackson
(1975). Iron-free samples were centrifuged at 670 rpm for
5.4 min to separate total clay (<2 mm; Kittrick and Hope, 1963). The
total clay fractions were analyzed mineralogically by X-ray
diffractometry (Jackson, 1975). The same concentration of clay
suspensions was used for all samples to yield comparisons between
relative peak intensities. The (001) reflections were obtained
following Mg-saturation, ethylene glycol solvation and K-satura-
tion. The K-saturated samples were studied both after drying and
after being heated at 550�C for 4 h. To identify kaolinite in the
presence of tri-octahedral chlorite, samples were also treated with
1 N HCl at 80�C overnight. Clay minerals were estimated semi-
quantitatively from the relative first order X-ray peak areas of
glycol-treated samples (Johns et al., 1954).
rg/10.1016/j.yqres.2016.05.004 Published online by Cambridge University Press
Magnetic susceptibility measurements

Magnetic susceptibility of the samples was measured at low
(0.47 kHz) (clf) and high (4.7 kHz) (chf) frequency using a Bar-
tington magnetic susceptibility meter with MS2B dual frequency
sensor. cfd%, which reflects the concentration of superparamagnetic
grains in soils (Dearing et al., 1996), was calculated as (clf � chf)/
clf � 100%.

Micromorphological analysis

In Mobarakabad, undisturbed blocks were collected from each
horizon of the surface soil and the B horizons of paleosols, and
representative samples from loess horizons. In Aghband, the un-
disturbed blocks were collected from the A and C horizons of the
surface soil, the Bwy horizon of the paleosol, and the loess deposits.
Representative thin sections of about 60 and 30 cm2 were prepared
from air-dried, undisturbed clods using standard techniques
(Murphy, 1986). Carbonate was removed from some thin sections
by placing them in a 1 N HCl solution for 3 min before mounting a
cover slip (Wilding and Drees, 1988). Micromorphological de-
scriptions were made according to Bullock et al. (1985) and Stoops
(2003) while the interpretation of micromorphological features
followed criteria of Stoops et al. (2010). The micromorphological
index of soil evolution in highly calcareous arid to semiarid con-
ditions (MISECA) suggested by Khormali et al. (2003) was

https://doi.org/10.1016/j.yqres.2016.05.004


Figure 3. Picture showing the hilly landscape of the Iranian loess plateau at Aghband. The yellow and red rectangles represent the position of the main loess-paleosol section and
AG 2 respectively. The paleosol horizons at the Aghband section (A); AG 2 (B). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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calculated to estimate the degree of soil development. This index
includes the micro-structure, b-fabric, clay coating, decalcified
zone, Fe/Mn hydroxide and alteration degree of mineral grains.
With increasing degree of soil development, the MISECA values
range from 0 to 24 (Khormali et al., 2003).

Results

Profile descriptions

The profile from Mobarakabad consists of a surface soil and five
loess-paleosol sequences (Fig. 2), all of which overlie Jurassic-age
gray massive cherty limestone bedrock. The surface soil is a Calcic
Argixerolls based upon standard USDA-NRCS classifications (Soil
oi.org/10.1016/j.yqres.2016.05.004 Published online by Cambridge University Press
Survey Staff, 2014) with a 1.65 m thick, A-Bt (Fig. 4A) -Bk-CBk
profile. The paleosol and loess sequences are ordered from top (P 1
and L 1) to bottom (P 5 and L 5) respectively (Fig. 2 and Table 1).
Paleosol 1 (P 1) is a brown Bk horizon (1.65e2.45 m) with pedo-
genic carbonate filaments below the surface soil. Loess 1 (L 1) is a
yellowish brown horizon (2.45e4.95 m) with a coherent structure
and primary CaCO3 and scattered mollusc shells. It gradually
merges into a CBk horizon (4.95e5.95 m). The CBk shows signs of
weak browning and partially fine subangular blocky structure
(Table 1). Paleosol 2 (P 2) is a brown Bt horizon (Fig. 4B)
(5.95e7.15 m) with a subangular blocky structure while the voids
are entirely filled with secondary carbonate precipitates. Loess 2 (L
2) extending from 7.15 to 8.65 m and consists of a yellowish brown
Ck horizon and a slightly browner CBk horizon, bearing small

https://doi.org/10.1016/j.yqres.2016.05.004


Figure 4. Outcrop and photomicrograph images of the profile at Mobarakabad wich horizon features described in Table 1. (A) A and Bt horizons of surface soil. (B) Typical Bk
horizon from P 2. (C) Btk horizon from P 3. (D) Slickensides and peds from Bt horizon in P 4. (E) Btk horizon from P 5. (F) Carbonate concretions (loess dolls) observed in L 5. (GeO)
Photomicrographs of the represented Loess and Paleosols along Mobarakabad and Aghband sections, all images in cross-polarized light (XPL). (G) Speckled b-fabric and clay coating
within surface soil (Bt). (H) Calcite depletion and pore infillings within P 1 (Bk). (I) Calcite depletion and calcite coating around pores within P 2 (Bk). (J) Clay coating and FeeMn
coating within P 3 (Bt). (K) FeeMn hydroxide nodules within P 4 (Bt). (L) Hypocoating of carbonate within P 5 (Btk). (M) Shell fragments within L 3. (N) Parallel oriented needle-fiber
calcite forming in pore within CBk horizon of L 1. (O) Crystallitic b-fabric within loess at Aghband section.
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subangular aggregates within a partially decalcified and coherent
matrix. Paleosol 3 (P 3) is a reddish brown (Fig. 4C) from 8.65 to
9.75 m. Clay films were observed on the faces of peds and the
aggregate surfaces are mottled by FeeMn hydroxides. Loess 3 (L 3)
is a CBk horizon (9.75e11.05 m), as it shows partial decalcification,
calcite coating and small MneFe mottles dispersed within the
stratum point to incipient soil formation. Paleosol 4 (P 4)
(11.05e12.95 m), is a strongly developed dark reddish brown Bt
horizon with shiny surface (Fig. 4D), FeeMn nodules and high
calcite depletion. Loess 4 (L 4) is about 1 m (12.95e13.95 m) thick,
yellowish brown and has coherent structure (Table 1). Paleosol 5 (P
5) is 1.2 m thick (13.95e15.15 m), reddish brown (Fig. 4E), thick clay
skins and large FeeMn concretions. Loess 5 (L 5) is a yellowish
brown Ck horizon 1.85 m thick (15.15e17 m) with calcite nodules
and large loess dolls (Fig. 4F). From 15.45 to 16.05 m a CBk horizon
rg/10.1016/j.yqres.2016.05.004 Published online by Cambridge University Press
is intersected in the L 5, showing a coherent to subangular blocky
structure and a slightly browner color indicating a weak pedogenic
imprint (Table 1).

In Aghband, the surface soil is a Typic xerorthents (Soil Survey
Staff, 2014). Loess deposits about 44 m thick cover a brown pale-
osol (40.5e42.5 m) including brown to slightly red Bwy, brown Bky
and Bk horizons (Fig. 3A and Table 1). AG 2 is a well-developed
paleosol with a 2.5 m thick with Bwy, Bk, Bky and CBy horizons
(Fig. 3B).

Micromorphology

Loess and paleosol field and thin section descriptions for the
sections are summarized in Table 1. The main micromorphological
properties and MISECA of the B horizons are shown in Table 2. At

https://doi.org/10.1016/j.yqres.2016.05.004


Table 1
Loess and paleosol field and thin section descriptions along the sections.

Stratigraphy Depth (m) Description

Mobarakabad ~17
Surface soil 0e1.65 A: 0e30 cm; dark (10 YR 3/2), organic rich, silty clay, crumb microstructure, mollic epi pedon, root traces and worm

channels, excrement, speckled b-fabric, calcite depletion.
Bt: 30e70 cm; reddish (7.5 YR 4/3), silty clay, angular blockymicrostructure, channels and chambers, excrement, speckled b-
fabric, calcite depletion, clay coating.
Bk: 70e165 cm; brown (10 YR 5/3), crystallitic partially speckled b-fabric, subangular blockymicrostructure, calcite nodules,
calcite coating.

P 1 1.65e2.45 Bk: 165e245 cm; brown (10 YR 5/4), crystallitic partially speckled b-fabric, subangular blocky microstructure, calcite
nodules, calcite coating

L 1 2.45e5.95 Ck: 245e495 cm; yellowish brown (10 YR 6/4), silt loam, uniform, massive microstructure, crystallitic b-fabric, calcite
nodules, calcite coating, without clay domains.
CBk: 495e595 cm; yellowish brown (10 YR 4/4), silt loam, weakly developed angular blocky microstructure, crystallitic and
partially speckled b-fabric, needle-shaped calcite, calcite nodules, calcite coating, very few FeeMn coating, very few clay
domain.

P 2 5.95e7.15 Bk: 595e715 cm; brown (7.5 YR 5/4), angular blocky microstructure, speckled b-fabric, calcite depletion, FeeMn coating,
few clay skins.

L 2 7.15e8.65 Ck: 715e805 cm; yellowish brown (10 YR 6/4), silt loam, massive microstructure, crystallitic and partially speckled b-fabric,
calcite nodules, calcite coating, without clay domains.
CBk: 805e865 cm; yellowish brown (10 YR 4/4), silt loam, weakly developed angular blocky microstructure, crystallitic and
partially speckled b-fabric, needle-shaped calcite, calcite nodules, calcite coating, very few FeeMn coating, few clay domain

P 3 8.65e9.75 Bt: 865e975 cm; brown (7.5 YR 5/4), silty clay, angular blocky microstructure, speckled and partially striated b-fabric, few
clay coating, degraded calcite nodules, few FeeMn coating and hypo coating.

L 3 9.75e11.05 CBk: 975e1105 cm; brown (10 YR 5/4), silty clay loam, crystallitic and speckled b-fabric, cytomorphic calcite, needle-shaped
calcite, calcite coating, shell fragments, few FeeMn coating, clay domain

P 4 11.05e12.95 Bt: 1105e1295 cm; dark reddish brown (7.5 YR 4/4), silty clay, angular blocky microstructure, channels and chambers,
speckled and partially striated b-fabric, calcite depletion, common clay coating, common FeeMn coating and hypo coating,
FeeMn nodules.

L 4 12.95e13.95 Ck: 1295e1395 cm; yellowish brown (10 YR 4/3), silty loam, speckled and crystallitic b-fabric, needle-shaped calcite, calcite
nodules, calcite coating, shell fragments, very few FeeMn coating, few clay coating.

P 5 13.95e15.15 Bt: 1395e1515 cm; reddish brown (7.5 YR 4/3), silty clay, subangular blocky microstructure, channels and chambers,
speckled and partially striated b-fabric, calcite depletion, common clay coating, common FeeMn coating and hypo coating,
FeeMn nodules.

L 5 15.15e17 Ck: 1515e1545; 1605e1700 cm; yellowish brown (10 YR 6/4), silt loam, uniform, massive microstructure, crystallitic b-
fabric, calcite nodules, calcite coating, few clay domains.
CBk: 1545e1605 cm; brown (10 YR 4/6), silty loam, speckled and crystallitic b-fabric, needle-shaped calcite, calcite nodules,
calcite coating, few FeeMn coating, few clay domain.

Aghband ~44
Surface soil 0e0.5 A: 0e30 cm; yellowish brown (10 YR 5/4), silt loam, massive microstructure, without calcite depletion, root channels.

Ck: >30 cm; yellowish brown (10 YR 6/4), silt loam, massive microstructure
Paleosol 40.5e42.5 Bwy-Bky-Bk: 40.5e42.5 m; brown (10 YR 6/4), slightly reddish hue, weakly developed subangular blocky, crystallitic and

partially speckled b-fabric, few passage feature, gypsum mycelia.
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Mobarakabad, the A horizon of the surface soil is strongly influ-
enced by high calcite depletion, worm channels and excrement
(fecal pellets) identified within a biopore associated with organic
matter. The Bt horizon is characterized by clay illuviation and clay
coatings (Fig. 4G). Calcite depletion zones can be identified as areas
Table 2
Micromorphological properties, MISECA and cfd% of B horizons at the sections.

Section Horizon Microstructure B-fabric Clay
coating

Mobarakabad
Surface soil Bt Well separated abk Speckled Commo

P 1 Bk Mod. separated abk
to fine sbk

Speckled, partially
crystallitic

Few

P 2 Bk Mod. separated abk
to fine sbk

Speckled, partially
crystallitic

Few

P 3 Bt Well. separated abk
to sbk

Speckled, partially
striated

Commo

P 4 Bt Well separated abk Speckled, partially
striated

Commo

P 5 Bt Well separated sbk Speckled, partially
crystallitic

Commo

Aghband
Paleosol Bwy Weakly developed sbk Crystallitic, partially speckled e

AG 2a Bw Weakly developed sbk Crystallitic, partially speckled e

abk ¼ angular blocky, sbk ¼ subangular blocky.
a From Khormali and Kehl (2011).

oi.org/10.1016/j.yqres.2016.05.004 Published online by Cambridge University Press
of speckled or striated b-fabric in a micromass dominated by a
crystallitic b-fabric (Fig. 4H, I). The other noticeable characteristic
pedofeature is FeeMn hydroxide nodules. FeeMn hydroxide nod-
ules occur in volume percentages varying from about 10% in Bt
horizons of P 3 (Fig. 4J) and P 4 (Fig. 4K) to 4% in surface soil and P 2.
s
Decalcified
zone

Alteration
degree

Fe/Mn
hydroxide

MISECA Average cfd%

n >90% 1 Few 15, moderately
developed

9.0

50e70% 1 Few 13, moderately
developed

8.7

50e70% 1 Few 12, moderately
developed

8.5

n >90% 2 Common 18, well developed 10.0

n >90% 2 Common 19, well developed 9.5

n >90% 1 Common 16, moderately developed 3.1

20% 0 Very few 3, weakly developed 6.0
20% 0 Very few 5, weakly developed 7.5

https://doi.org/10.1016/j.yqres.2016.05.004
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Pronounced clay coatings occur in the Bt horizons of the surface
soil, P 4 (Fig. 4K), and P 5 (Fig. 4L), which show abundant calcite
depletion pedofeatures and some evidence of secondary calcite
including pore infillings, coatings and hypocoatings. Mollusc shell
fragments are dispersed throughout large parts of the deposit
especially in loess horizons (Fig. 4M). Various forms of calcitic
pedofeatures are present in loess horizons, most notable are calcite
nodules, cytomorphic calcite and needle-fiber calcite. Most of the
needles are randomly oriented or form subparallel bundles along
the walls of vughs, although some parallel oriented needles are also
observed (Fig. 4N). Micromorphological analysis showed that
paleosols P 3 and P 4 have the highest MISECA values of 18 and 19
respectively, which reflect advanced soil formation. Conversely, P 1
(MISECA of 13) and P 2 (MISECA of 12) show the lowest degree of
soil development (Table 2).

At Aghband, the microstructure of the horizons ranges from
massive in the loess (Fig. 4O) to weakly developed subangular
blocky in the paleosol. FeeMn hydroxide nodules are as little as 2%
by volume percentages. The dominant b-fabric is calcitic crystallitic
which indicates a low degree of soil formation. Most notable of the
calcitic pedofeatures are microcrystalline impregnative gypsum
mycelia. The paleosol shows a higher degree of soil formation, with
MISECA of 3 compared to the loess deposits. The paleosol, AG 2
reflects a higher degree of soil development with MISECA values of
5 (Khormali and Kehl, 2011).

Magnetic susceptibility variations

The clf and cfd% e depth curve of the Mobarakabad section is
shown in Fig. 5A. At Mobarakabad, clf of the section ranges from 28
to 200� 10�8 m3 kg�1 and cfd% varies from 0.36% to 11.39% with an
average of 6.33% and cfd% shows an approximately linear rela-
tionship with clf. High MS values are present in the surface soil and
the red-brown paleosols in which cfd% values ranging from 8% to
11.4% and at the clf peaks, cfd% is often >11%. clf for P 3 and P 1 have
the highest and second highest values in the section respectively.
However, clf and cfd% of the P 5, with a respective mean of
51 � 10�8 m3 kg�1 and 3% are significantly lower than the surface
soil and other paleosols. In contrast, low MS values are present in
the loess horizons and the lowest value is present in the Ck horizon
of L 1 with an average clf of 31 � 10�8 m3 kg�1 and cfd% of 2.5%.
Among the loess horizons, L 3 shows highest clf and cfd% with an
average of 67 � 10�8 m3 kg�1 and 8.7% respectively. A MS increase
is seen in the CBk horizons of L 1, L 2 and L 5 compared to their Ck
horizons.

The clf of the Aghband loess (Fig. 5B) is significantly lower than
that of Mobarakabad in that clf is mostly less than
30 � 10�8 m3 kg�1 with an average of 24 � 10�8 m3 kg�1 and low
values are especially present in the loess. Moreover, the cfd% of the
Aghband loess is mostly <3%with an average of 1.8%. In this section,
the maximum clf (40 � 10�8 m3 kg�1) and cfd% (6.8%) are seen in
the paleosol. The maximum clf and cfd% of the AG 2 paleosol are
80 � 10�8 m3 kg�1 and 8.8% respectively, which is considerably
higher than of the paleosol.

CBD extractable iron (Fed)

Fed values are distinctly higher in paleosols than loess in both
sections (Fig. 5). At Mobarakabad, the content of Fed ranges from
4.3 mg/gr in L 1 to 10.75 mg/gr in P 5 (Fig. 5A). The curve of Fed and
clf/Fed mirror the clf and cfd% curves and the correlation co-
efficients (r2) for Fed and clf and for Fed and cfd% in P 3 with values
of 0.663 and 0.703 respectively are higher than the other loess and
paleosol horizons. However, in P 5 the curve of Fed differs from clf
and cfd% (Fig. 5A). In contrast, at the Aghband section the content of
rg/10.1016/j.yqres.2016.05.004 Published online by Cambridge University Press
Fed varies from 1.95 mg/gr in the loess to 4.4 mg/gr in the paleosol.
The Fed and clf/Fed curves of the section are similar to the clf and
cfd% curves (Fig. 5B) and Fed values are significantly positively
correlated with cfd% at P < 0.01 level (r2 ¼ 0.301).

Calcium carbonate equivalent (CCE) analysis

In Mobarakabad, CCE varies between 0.5 and 40%, with lower
values in paleosols and higher values in loess horizons (Fig. 5A).
Also the upper parts of L 2, L 3 and L 4 are recalcified and enriched
in CaCO3 as shown by the highest CaCO3 contents of 40%, 38% and
37% respectively. In contrast, at Aghband CCE varies between 15
and 20% (Fig. 5B) and there is no significant difference in CCE be-
tween the paleosol and loess. As shown in Fig. 5, a negative rela-
tionship was observed between MS and CCE in these sections.

Mineralogical analysis

XRD patterns and the mineralogical composition of the clay
fraction are shown in Fig. 6 and Table 3. XRD patterns of the ori-
ented samples of the clay fraction exhibited the presence of illite
(peaks around 1.0 nm), smectite and illite-smectite mixed layers
(weak and broad peak around 1.7 nm) and traces of quartz (small
peak at 0.425 nm). The peak at 1.4 nm is attributed to vermiculite
and chlorite since the 1.4 nm peak decreased and shifted to lower
d-spacing resulting in the increasing intensity of the 1.0 nm peak
after K-25�C and a peak at approximately 1.4 nm remained after K-
550�C. The peak at 0.72 nm is attributed to kaolinite and chlorite
because the peakwas absent in K-550�C and separatedwith the use
of the 0.358 nm peak (kaolinite) and the 0.354 nm peak (chlorite).
The clear peak at 1.23 in K-550�C indicated that the interlayer of the
irregularly interstratified mica and vermiculite minerals was
occupied by Al polymers (Egli et al., 2004). At Mobarakabad, illite is
the dominant clay mineral with lesser amounts of chlorite, smec-
tite, kaolinite, vermiculite and hydroxy-interlayer vermiculite
(Table 3). Kaolinite concentration is higher in loess horizons than in
paleosols. Vermiculite is present in the Bt horizons of the surface
soil (Fig. 6A), P 3, P 4 and P 5 (Fig. 6B) and hydroxy-interlayer
vermiculite is present in small amounts in the Bt horizons of the
surface soil and P 4. Smectite is present with small amounts in loess
horizons (Fig. 6C) and increases in paleosols (Fig. 6A). Chlorite
content is higher in loess horizons and significantly decreases in
the surface soil and paleosols (Table 3). At Aghband, the clay frac-
tions of the samples are dominated by illite and chlorite but also
contain some smectite and kaolinite with highest content for illite
and lowest for smectite (Fig. 6D and Table 3).

Discussion

Paleoclimatic implications of the loess-paleosol sequences in north
Iran

Micromorphological features of paleosols such as clay illuvia-
tion, calcification, decalcification, redoximorphosis or relocation,
reflect the environmental conditions under which these soils
formed (Bronger et al., 1994; Kemp, 1998; Fedoroff et al., 2010;
Meier et al., 2014). At the Mobarakabad section, a comparison of
the degree of soil development of the surface soil and paleosol Bt
horizons, usingMISECA, indicates that the Bt horizons of P 3 and P 4
have the highest degree of development including FeeMn nodules
and the best developed and preserved clay coatings (Fig. 4J and K).
These features may reflect higher soil moisture, strong enrichment
in clay particles due to clay neoformation and clay illuviation from
overlying horizons as evidenced by clear clay coatings and domi-
nance of vermiculite (Table 3) and therefore may indicate high
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Figure 5. The clf, cfd%, Fed, CCE and clf/Fed e depth curve of the sections; Mobarakabad (A), Aghband (B).
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precipitation during their formation. Moreover, micromorpholog-
ical analyses and the pattern of cfd% variations in the sections
indicate a positive relationship between MISECA and cfd% (Table 2).
The maximum average cfd% values are 9.5 and 10 in P 4 and P 3
respectively that suggest pedogenesis in these paleosols was
stronger than in the surface soil and in other paleosols. Micro-
morphological analyses also confirm that these paleosols are well
developed with a MISECA of 19 and 18 respectively.

The limited expanding nature of the vermiculitic type of clay
minerals and the stable landscape on which the soil formed pro-
vided a suitable environment for the downward translocation of
clay and thus formation of thick and more pronounced clay coat-
ings with higher soil moisture conditions. Moreover, with intense
chemical weathering conditions, hydroxy-interlayer vermiculite
can be formed (Khormali and Abtahi, 2003) and is present in small
amounts in the Bt horizons of the surface soil and of P 4. Similar
results were reported by Khormali and Kehl (2011) in Bt horizons of
Alfisols in humid regions (MAP > 850 mm) of Northern Iran. In the
sections, higher kaolinite concentrations in loess horizons
compared to paleosol horizons indicate that the presence of this
mineral is mainly controlled by source area mineralogy rather than
pedogenesis. Khormali and Kehl (2011) suggest that increasing
available moisture in soil, and consequently the intensity of
leaching increases the release of K from micaceous minerals and
especially illite. A calcareous environment with highMg2þ and high
oi.org/10.1016/j.yqres.2016.05.004 Published online by Cambridge University Press
Si4þ mobility may provide favorable conditions for the formation of
smectite through transformation. Hence, compared to Aghband
and loess horizons in Mobarakabad, the increase in smectite in Bt
horizons of the Mobarakabad section (Table 3) may be mainly of
transformed origin.

Illite and chlorite are the dominant clay minerals in northern
Iranian loess and may carry environmental information (Khormali
and Kehl, 2011). Illite is not easily weathered in warm and wet
conditions, whereas chlorite is very susceptible to weathering
(Zhao et al., 2005). Neither illite nor chlorite is formed pedogeni-
cally in the loess sequences; they are considered to be derived from
preexisting sediments and from very low- to low-grade meta-
morphic rocks (Liu et al., 1985; Ji et al., 1999). Chlorite is found in all
samples with different amounts (Ghafarpour et al. unpublished
diffuse reflectance spectrophotometery data) and since the reflec-
tion at 1.4 nm remains stable after saturation with Kþ heating to
550�C, it is very likely, that it is primary chlorite of detrital origin.
XRD data shows that chlorite easily weathered in the wetter con-
ditions of paleosols. Compared to loess horizon, the chlorite con-
tent is significantly lower in the surface soil and paleosols. Previous
studies show that the silicate weathering in loess and paleosols are
mainly characterized by the change of chlorite to vermiculite and/
or smectite (e.g., Zhao et al., 2005). Chlorite together with
vermiculite occurs in the Bt horizon of surface soil, P 3, P 4 and P 5.
Also, the significant decrease in the content of chlorite in the
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Figure 6. X-ray diffractograms of the clay fraction in Bt horizons of surface soil (A), P 5 (B) and Ck horizon of L 1 (C) at Mobarakabad and in loess deposits (D) at Aghband section.
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surface soil and paleosols (Table 3) coupled with CBD and MS in-
crease (Fig. 5A) suggests a wetter climate during their formation
and indicates that strong chlorite weathering was likely due to
higher precipitation. As the main iron-bearing silicate mineral, the
weathering of chlorites may also provide free iron for the produc-
tion of nanoscale iron oxide minerals in the pedogenic process (Ji
et al., 2002; Liu et al., 2005), leading to the enhancement of the
CBD (Guo et al., 2000) and magnetic susceptibility (Maher, 1998; Ji
et al., 2002) in paleosols. Our data therefore corroborates the views
of Zhao et al. (2005) and Ji et al. (2002) that during weathering
chlorite may release iron, so that nanometer-sized iron oxide
minerals may form, and the pedogenic free Fe2O3 and magnetic
rg/10.1016/j.yqres.2016.05.004 Published online by Cambridge University Press
susceptibility increased in the paleosols. Therefore we suggest that
weathering of chlorite can be a good indicator of a strongly humid
climate during the formation of loess-paleosol sequences in
Northern Iran. This conclusion is similar to the results presented by
Khormali and Kehl (2011) which indicated that the modern soil
characteristics show a strong correlation with precipitation along
the pronounced climate gradient in Northern Iran and that the
content of chlorite decreased due to increased humidity from east
to west and from north to south on the Iranian loess plateau.

Primary carbonates, identified as a main component of the
sediments deposited in the loess-soil sequences of the Caspian
Lowland and loess deposits in northern Iran have contents of
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Table 3
Semiquantitative analyses of clay minerals in the studied sections.

Section/horizon Illite Chlorite Kaolinite Smectite Vermiculite Hydroxy-interlayered vermiculite

Aghband
Surface soil þþþ þþ þþ þ e e

Paleosol (Bwy) þþþ þþ þþ þ e e

Loess þþþþ þþþ þþ þ e e

Mobarakabad
Surface soil
A þþþ þþ þþ þþ e e

Bt þþ þ þ þþ þþ þ
P 1 þþ þþ þþ þþ e e

L 1 þþþþ þþþ þþ þ e e

P 2 þþþ þþ þ þþ e e

L 2 þþþ þþþ þþ þ e e

P 3 þþ þ þ þþ þþ e

L 3 þþþ þþ þ þþ e e

P 4 þþ þ þ þþ þþ þ
L 4 þþþ þþ þþ þ e e

P 5 þþ þ þ þþ þþ e

L 5 þþþ þ þ þ þ e e

þþþþ: >50%; þþþ: 30e50%; þþ: 10e25%, þ: <10%, e: not present.
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primary CaCO3 ranging between 15 and 20% (Frechen et al., 2009;
Khormali and Kehl, 2011). In the Aghband section, CCE varies be-
tween 15 and 20%, which might primarily be geologic in origin. At
Mobarakabad, very low values of CCE in paleosols indicates that
high precipitation and carbonate leaching occurred during their
formation. Carbonate content largely depends on the balance be-
tween precipitation-induced leaching intensity and temperature-
related evapotranspiration effectiveness (Reheis, 1987). In Mobar-
akabad, relatively higher values of CCE in loess horizons may
indicate that decreased evapotranspiration probably caused soil
moisture to increase andmay have permitted some carbonate to be
leached from the soils, driving the carbonate enrichment in the
underlying loess layers. The rather high carbonate content and its
fluctuations can show connections with the extensive leaching of
the overlying pedocomplex and/or it may be influenced by the
changes of source material of the dust (Barta, 2014). The upper
parts of L 2, L 3, and L 4 are enriched in CaCO3, indicating that the
carbonate in the parent material could not be the only source of
carbonates and the loess horizons were strongly influenced by
precipitation of secondary carbonates leached from the overlying
horizons (paleosols) due to high leaching and/or they may indicate
paleoenvironmental changes leading to slightly less arid (more
moist) conditions and leaching during their formation.

Carbonate concretions (also known as loess dolls) are macro-
scale secondary carbonates and are frequently found below pale-
osols because they are formed by leaching and re-precipitation
(Jiamao et al., 1997; Kemp, 1998; Barta, 2011). The presence of large
loess dolls in L 5 (Fig. 4F) may be related to former stable surfaces
developed under decreasing dust accumulation rates, variable
moisture regimes and may indicate paleoenvironmental changes
connected with a multiphase leaching history.

Microscale secondary carbonates include calcified root cells,
hypocoatings, carbonate coatings, earthworm biospheroids, and
needle-fiber calcite (Barta, 2014). The origin of needle-fiber calcite
is related to fungal biomineralization or physiochemical precipi-
tation from supersaturated solutions (Verrecchia and Verrecchia,
1994; Khormali et al., 2006; Cailleau et al., 2009). Needle-fiber
calcite indicates the presence of decaying organic material,
because these pedofeatures appear in former humic horizons
where fungi were associatedwith higher plants and took part in the
decomposition processes (Verrecchia and Verrecchia, 1994;
Bajn�oczi and Kov�acs-Kis, 2006). Their occurrence in loess in-
dicates a vegetation cover and seasonally sufficient moisture for
oi.org/10.1016/j.yqres.2016.05.004 Published online by Cambridge University Press
saprophyte activity (Becze-De�ak et al., 1997). In Mobarakabad, the
absence of needle-fiber calcite, clay coatings, and lower values of
cfd% and clf in the Ck horizon of L 1 indicate cold and dry conditions
during its accumulation. In contrast, the existence of needle-fiber
calcite (Fig. 4N), few clay coatings, speckled b-fabric and higher
values of cfd% and clf in L 2, L 3, L 4 and L 5 and the CBk horizon of L
1 indicate some degree of pedogenesis and suggest comparatively
semi-arid conditions during or after dust accumulation because
these horizons show stronger pedogenic features than the Ck ho-
rizon of L 1.

Ferruginous mottles are typically a product of alternating
oxidation and reduction conditions during soil formation associ-
ated with gleying under water-saturated conditions (Chlachula,
2003). Ferruginous mottles are widespread in the Mobarakabad
section. There are more ferruginous mottles in paleosols than the
loess because the air and water permeability of loess is better than
the soil due to its coarser texture (Chen et al., 2015). The high
volume percentages of FeeMn nodules andmottles in P 3, P 4 and P
5 also indicate that high precipitation and alternating oxidizing and
reducing conditions occurred during their formation. In contrast, at
Aghband the lack of calcite nodules, FeeMn mottles, clay coating
and low values of cfd% and clf suggest that the degree of weathering
and pedogenesis and the translocation of clays was weaker than
that of Mobarakabad.

The presence of gypsum in silty deposits in north and north
eastern Iran has been noted by researchers (Frechen et al., 2009;
Karimi et al., 2011; Khormali and Kehl, 2011). The likely source of
the gypsum in loess deposits at Aghband is the thick beds of the
green and black shale and marly limestone in the Aghband fault
zone (Karimi et al., 2009). Occurrence of gypsum in paleosols at
Aghband may indicate that local climatic conditions with low
precipitation and high evaporation did not allow leaching of soluble
gypsum during soil formation.

Enhancement mechanisms of magnetic susceptibility in the sections

Several possible mechanisms for magnetic enhancement have
been suggested for the Chinese Loess Plateau. These include aeolian
dust dilution (Kukla and An, 1989), sediment compression and
carbonate leaching (Heller and Tungsheng,1984), decomposition of
plant residues (Meng et al., 1997) and pedogenesis (Zhou et al.,
1990; Maher, 1998). Another model for magnetic enhancement is
the wind velocity/vigor hypothesis (also named the Alaskan or
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Siberian model), where wind strength affects magnetic suscepti-
bility values of loess through physical sorting of magnetic grains
(Beg�et and Hawkins, 1989). One of the most widely accepted
interpretation of the loess magnetic susceptibility enhancement is
in situ formation of ultrafine magnets during pedogenesis (i.e.,
pedogenic model), which suggests that the magnetic enhancement
is the result of the formation of ultrafine (superparamagnetic (SP)
and single domain (SD)) magnetic minerals during the pedogenic
process (Liu et al., 2007, 2008; Song et al., 2010a).

The magnetic susceptibility of the studied sections shows a
general positive proportional relationship to the modern climate
which can be used as a proxy for paleoprecipitation. The Aghband
section is much closer to the desert, with altitude (150 m asl) with
MAP of 300 mm, whereas the Mobarakabad section has a relatively
high altitude (310 m asl) with MAP of 670 mm. This indicates that
the relationship between the MAP and pedogenic intensity can
explain the MS enhancements in Mobarakabad. When climate
varies toward higher temperature and higher moisture, weathering
and pedogenesis also increase, which favors the development of an
oxidizing pedogenic environment, forming ultrafine magnet grains
such as maghemite and magnetite in this oxidizing environment,
resulting in an increase of magnetic susceptibility (Song et al.,
2010a). In Mobarakabad, high clf together with high cfd% indicate
that many extrafine grains of maghemite andmagnetitemight have
been formed during pedogenesis under warm,moist paleoclimates.
The contributions of magnetite to magnetic susceptibility in the
Iranian loess can be ignored because the mass magnetic suscepti-
bility of pure SD magnetite is 450 � 10�6 m3/kg (Song et al., 2010a)
which is at least 225 times that of the highest Iranian loess MS (i.e.
2 � 10�6 m3/kg). Therefore, loess magnetic susceptibility
enhancement in paleosols at Mobarakabad probably mainly de-
pends on the content of maghemite. Song et al. (2010a) assumed
that warm humid climates are favorable to form new fine-grained
magnetic minerals, and strong pedogenesis produces new mag-
netic minerals. The increased precipitation is conducive to chemical
weathering and biological processes and pedogenesis. Therefore,
the pedogenic model can explain the MS enhancements of the
Mobarakabad section.

cfd% is usually regarded as a proxy to determine the contribution
of superparamagnetic particles to magnetic susceptibility (Zhou
et al., 1990; Liu et al., 1990, 1992), which indicates that the con-
tent of super-paramagnetic particles is very low, and is a very
limited contributor to the susceptibility enhancements. cfd% is also
related to the formation of new pedogenic ferromagnetic minerals
and is higher in paleosols than in loess (Chlachula et al., 1998;
Kravchinsky et al., 2008). cfd% of the Mobarakabad section shows
an approximately linear relationship with clf and cfd% in paleosols
being higher than in loess horizons within the section, which re-
flects a strong pedogenesis. The average clf and cfd% values of the
Aghband section are much lower than those of Mobarakabad sec-
tion, indicating that the total magnetic mineral concentration of the
northern Iranian loess plateau is less than that of the loess in the
southern basin (foothills of Alborz Mountains). This may be caused
by differences such as altitude, or the distance to dust source re-
gions. Dry climate conditions in Aghband give rise to weaker
pedogenic processes in loess, which are unfavorable to producing
SP magnetic grains so that the SP grains have a very limited
contribution to magnetic enhancement. Hence, the main contrib-
utors to magnetic susceptibility may be pseudo-single-domain
maghemite and multi-domain magnetite, which are difficult to
produce during the process of pedogenesis (Song et al., 2010a) and
therefore they may originate partially at least from detrital mag-
netic minerals from the source region.

These findings therefore lead to the conclusion that different
behaviors of magnetic susceptibility between the Aghband and
rg/10.1016/j.yqres.2016.05.004 Published online by Cambridge University Press
Mobarakabad loess sections are mainly produced by their different
pedogenic environments, which are in turn related to local
topography and climatic conditions. With a median grain size of
29 mm, the loess from Aghband is considerably coarser than the
loess from foothills of Alborz Mountains (Frechen et al., 2009). Also,
the content of clay, silt and sand for the modern loess deposits in
Aghband are 18%, 72%, and 10% respectively whereas L 1 in
Mobarakabad consists of about 33% clay, 57% silt and 10% sand. This
may indicate higher wind velocities during the time of deposition
and/or proximity to a sediment source in the Aghband section and
may indicate weak biological and chemical weathering processes.
The exact location(s) of the various potential loess source area(s) in
northern and northeast Iran are still debated (Frechen et al., 2009;
Kehl, 2009; Karimi et al., 2011), however, XRD analyses and MS of
L1 in the Mobarakabad section and modern loess deposits in the
Aghband section are similar, and therefore they probably have a
similar source.

Magnetic susceptibility is regarded as a proxy of paleo-
precipitation (Heller et al., 1993; Maher et al., 1994; Maher and
Thompson, 1995; Evans et al., 2002). It is also believed that mag-
netic susceptibility is related to local precipitation because of the
difference of topography (e.g., altitude, slope) (Song et al., 2010a). In
Aghband, the CCE, Fed and XRD analyses of the paleosol are similar
to the AG 2 paleosol (Khormali and Kehl, 2011) even though the
sections differ in MS. The clf of the AG 2 paleosol
(80 � 10�8 m3 kg�1) is higher than of the studied paleosol
(40� 10�8 m3 kg�1). Also, the paleosol shows a lower degree of soil
formation, with MISECA of 3 and cfd% values of 6, than AG 2 which
reflects a higher degree of soil formation with MISECA and cfd%
values of 5 and 7.5 respectively (Table 2). We therefore postulate
that a difference in rainfall values is probably responsible for the
increase in MS seen in AG 2 and these two paleosols may belong to
different time periods in the past and be formed under different
precipitation regimes and/or receiving different local precipitation
because of the difference of slope.

Magnetic depletion in the P 5 at Mobarakabad

As shown in Fig. 5A, clf of the P 5 is greatly reduced, whereas, the
Fed values remain at high levels. Fed represents the amount of fine-
grained secondary Fe oxides in soils (Mehra and Jackson, 1960). The
total Fed may indicate the degree of pedogenesis and the clf/Fed
ratio reflects the proportion of ferrimagnetic minerals (FM) to total
secondary Fe oxides (Hu, 2004; Hu et al., 2009a,b). Higher Fed and
lower clf/Fed in P 5 indicate lower FM in the secondary Fe oxides
and it seems unlikely that primary deposition could influence Fe
oxide mineralogy. Kravchinsky et al. (2008) assumed that gleying,
acidification and podzolisation may cause MS to decrease by
destroying original magnetic minerals and/or by limiting the for-
mation of secondary ferromagnetic minerals in west Siberian loess
sections. Based on detailed rock magnetism research, Liu et al.
(2008, 2012) inferred that extreme moist and cold conditions
during interglacial periods in Siberia and central Alaska, tended to
produce a moist-oxidizing to reducing environment, which led to
the formation of weakly magnetic iron oxyhydroxides and sulfides
and that reduction of ferromagnetic minerals to weakly magnetic
iron oxyhydroxides and sulfides can effectively deplete the MS
value. Interglacial periods may favor more saturated soils and
stronger moist-oxidizing conditions. If moisture is over a critical
value, the pedogenic environment tends towards a moist-oxidizing
e reducing condition, that would result in greater destruction of
iron oxides (maghemite and magnetite) to form more stable iron
oxyhydroxides (such as goethite). Further moisture causing soil
saturation (gleying) would lead to destruction of iron oxides to
form iron sulfides. In both the above processes, the iron oxides
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deposited by aeolian dust are destroyed and the more para-
magnetic minerals are produced, leading to a negative relationship
between magnetic susceptibility with pedogenesis. However in the
most cases, the loess susceptibility will bear no relation to paleo-
climate or pedogenesis, due to pedogenic moisture that varies
around a critical value (Liu et al., 2008).

Micromorphological studies show oriented clay films, FeeMn
hydroxide and indicate that paleosol P5 is moderately to well
developed,with aMISECA of 16 (Table 2). The content of clay, silt and
sand for Bt horizon of the surface soil are 45%, 41%, and 14%; for P 3:
40%, 53%, 7%; for P 4: 46%, 40%, 14% and 43%, 43%, and 14% for P 5,
indicating there is no major difference in the texture among these
soils. Moreover, there is no evidence for existence of ground water
fluctuation in the section. In anaerobic soil conditions, pedogenicfine
maghemite and/or magnetite are easily reductively dissolved
(Cornell and Schwertmann, 2003), causing the depletion of soil
magnetism (Maher, 1998; Grimley and Arruda, 2007). Hu et al.
(2009a,b) assumed during post-depositional hydromorphic pro-
cesses, pedogenic maghemite was more easily dissolved than he-
matite, which caused the sharp decrease of clf. Therefore, temporary
anoxic conditions couldhave occurred inP5due tohighprecipitation
and maghemite may have been completely destroyed, but hematite,
as indicated by reddish hue (Ghafarpour, A. et al. unpublished diffuse
reflectance spectrophotometery data) and Fed has not been signifi-
cantly affected. Hence, the clf of this horizon may have been initially
higher and decreased later. As a result, the clf of P 5 is inconsistent
with its strong degree of pedogenesis. The inconsistency between
weakmagnetismand intensiveweatheringdegree in loess sequences
has previously been observed by Liu et al. (1999, 2001), Sun and Liu
(2000), Hu et al. (2003, 2009a,b) and explained by Balsam et al.
(2004, 2011). Higher precipitation is also indicated by high chlorite
weathering, dominance of vermiculite, and a sharp decrease inMS in
P 5 suggesting a very wet climate during the formation of P 5.

Liu et al. (2003) suggested that, if soil moisture exceeds some
critical level and Fe reducing bacteria are present, FM will be dis-
solved and the correlation between pedogenesis and clf in loess
deposits may be uncertain. A similar result was also reported by Hu
et al. (2009a,b) who indicated that clf can be used as a paleoclimatic
proxy only when the amount of FM is significantly correlated with
the degree of soil development. Our study showed that a decrease
in MS in P 5 at the Mobarakabad section, due to temporary anoxia
resulting from stagnant water from very high precipitation may
indicate wet conditions during soil formation. Our work therefore
corroborates Liu et al. (1999, 2003, 2008), Song et al. (2010a) and
Balsam et al. (2004, 2011) that there is not a linear relationship
between MS and pedogenesis. Moreover, when temporary anoxic
conditions due to groundwater fluctuations or higher precipitation
occur, the correlation between MS and pedogenesis in loess-
paleosol sequences can be complicated and uncertain. Our results
are also consistent with Shi (2005), Song et al. (2008, 2010b), Jia
et al. (2011, 2012) and Chen et al. (2012, 2015) that pedogenic
enhancement, pedogenic depletion and geographic locations
should all be taken into account when explaining the observed
variations in the magnetic parameters.

Comparison of the magnetic susceptibility of Iranian loess with
other regions

Magnetic susceptibility values are affected by sediment sources,
sedimentary processes, post-depositional pedogenesis, weathering
processes, and biological effects. Therefore, the MS enhancement
mechanism of loess-paleosol sequences in different regionsmay vary
significantly (Zhuet al., 2000;Wanget al., 2003; Liu et al., 2007). In the
Iranian loess, low clf togetherwith low cfd% in loess, and high clf with
high cfd% in paleosols, indicates the formation of SP/SD grains during
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pedogenesis. In the northern Black Sea coastal area (Dodonov et al.,
2006) Tajikistan (Ding et al., 2002; Yang et al., 2006), Romania
(Constantin et al., 2014) and Chinese loess (Liu et al., 1990; Zhou et al.,
1990) the relationship between MS and pedogenesis is very close to
that of Iranian loess (Table 4). However, in Alaska and the Kurtak sec-
tion in Siberia, loess intervals generally have higher susceptibility
comparedtothepaleosols (Liuetal.,1999,2001,2008;Zhuetal.,2003).

The average MS values of the Mobarakabad section are much
lower than the Chaona section located in the central Chinese Loess
Plateau, greater than the Zhaosu section and similar to the Talede
section the Ili Basin in eastern Central Asia (Table 4). This indicates
that the total amount of magnetic minerals in the Iranian loess
sediments is much lower than in Chinese loess, but higher than of
the Zhaosu section and is close to the Talede section, which means
that the total amount of magnetic minerals in the Mobarakabad
section is similar to the eastern Ili Basin (Talede section). Also, the
maximumvalues of clf in paleosols at Mobarakabad are higher than
those of in Romania, Tajikistan and the northern Black Sea coastal
area (Table 4). However, clf in the loess horizons of Mobarakabad is
similar to those of the northern Black Sea coastal area. While clf in
the loess horizons of Mobarakabad is approximately the same as
that of the northern Black Sea coastal area, clf in the surface soil P 1,
P 3 and P 4 in Mobarakabad is higher than those in the northern
Black Sea coastal area. At present, the MAP at the Roksolany section
in the northern Black Sea coastal area is about 470 mm, which is
drier than Mobarakabad (MAP of 670 mm). This indicates that the
climatic gradient as observed in the area of the Mobarakabad sec-
tion might have existed in the late Pleistocene and indicates a
wetter climate in the Mobarakabad region compared to the
northern Black Sea coastal area during the Upper Pleistocene.

In contrast, the average clf value of the loess in the Aghband
section is much lower than that in Ili and Chinese loess (Table 4),
which means that the total amount of magnetic minerals in Agh-
band and the Iranian loess plateau with low precipitation, is much
lower than that in that in Ili and Chinese loess. However at Aghband
the MS characteristic in loess is comparable with those at northern
Black Sea coastal area (Table 4), indicating that the occurrence and
transport of atmospheric dust in northern Iran may be similar to
that in the northern Black Sea coastal area.

Stratigraphic comparison with other palaeoclimatic archives

Figure 7 summarizes correlations between the loess stratig-
raphy of different sites in northern Iran. Based on the MS variation,
the formation of P 1 in the Mobarakabad section may be correlated
to the first Bt-horizon in the Toshan section (Vlaminck et al., 2015)
and the Bryansk paleosols (26,760 ± 7240 yr BP) in the Rokolany
section in the northern Black Sea coastal area (Dodonov et al.,
2006). Based on the aforementioned assumption, the absence of
developed paleosols with same age at the Chashmanigar section
(Ding et al., 2002) in Tajikistan may indicate that during MIS 3, the
southern and western Iranian loess plateau had experienced a
warmer and wetter climate than in Tajikistan. Also, L 1 at Mobar-
akabad indicates a period of increased dust deposition with lower
values of MS in the Ck horizon and only minor soil formation with
MS enhancement in the CBk horizon and may indicate a transition
from MIS 4 to MIS 3. This may corroborate the results of Frechen
et al. (2009) who proposed increased dust accumulation starting
at around 60 ka for loess at the Neka section and Vlaminck et al.
(2015) who assumed that Unit 4 at Toshan represents a transition
from MIS 4 to MIS 3 (see Fig. 7), based on luminescence ages that
range from 66 ± 4.7 to 52.4 ± 3.5 ka (see also Lauer et al., 2015).
Because of the lack of chronological data, the pedostratigraphical
correlation of P 2 to L 5 at Mobarakabad with the other previously
studied sections in Northern Iran is less clear.

https://doi.org/10.1016/j.yqres.2016.05.004


Table 4
Magnetic susceptibility data used in this study.

Section Location clf (10�8 m3 kg�1) cfd%

Min Max Mean Min Max Mean

MS of studied sections
Mobarakabad Iran 28 200 76 0.36 11.39 6.33
Aghband Iran 18 40 24 0.00 6.81 1.80

MS of previously studied sections
used in this study

Reference

Costineşti Romania ~20 ~150 e e e e Constantin et al., 2014
Northern Black Sea coastal area Ukraine 15 120 e e e e Dodonov et al., 2006
Chashmanigar Tajikistan ~20 ~150 e e e e Ding et al., 2002
Zhaosu Ili Basin e e 54.30 1.33 6.07 2.90 Song et al., 2010a
Talede Ili Basin e e 76.90 1.33 6.07 2.90 Song et al., 2010a
Kurtak Siberia 115 300 e 0.19 2.92 e Liu et al., 2008
Chaona China e e 116.80 7.50 12.10 e Song et al., 2010a

Figure 7. Preliminary pedostratigraphic correlation of Mobarakabad and Aghband section with loess-paleosol sequences in Northern Iran (Frechen et al., 2009; Vlaminck et al.,
2015).
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Frechen et al. (2009) assumed that the developed paleosol at the
Aghband section (Ag 2) likely correlates with MIS 5e, the last
interglacial. Therefore, we postulate that the paleosol at Aghband
most likely correlates with MIS 5e and is in good agreement with
the findings of Frechen et al. (2009) for AG 2 (see Fig. 7). However as
discussed above their significant MS difference should be taken
into account and a chronostratigraphic correlation of loess and
paleosols at Mobarakabad and Aghband with the aforementioned
archives requires age control by means of a luminescence dating
study.
Conclusions

At the Mobarakabad section, based on the degree of soil devel-
opment of surface and paleosol Bt horizons and taking MISECA into
account, it appears that the Bthorizonsof P 3 and P4have the highest
rg/10.1016/j.yqres.2016.05.004 Published online by Cambridge University Press
degree of development. The presence of FeeMnnodules, vermiculite
andhighvalues ofclf andcfd% indicate highprecipitationduring their
formation. Post-depositional processesmay increase theMSvalue by
producing new ferromagnetic minerals during oxidation of well
aerated soils and also decrease the MS value by reducing processes
(Chen et al., 2015). In P 5 even higher precipitation is indicated by
chlorite weathering, the dominance of vermiculite and a sharp
decrease in MS suggesting very wet conditions. Our study demon-
strates that once the loess material is deposited pedogenesis is the
dominant factor affecting variation of magnetic mineralogy and
susceptibility. This study has also suggested that the susceptibility
may be a complicated parameter; its application as a proxy of paleo
precipitation has its limitations and conditions and therefore more
attention should be paid to topography, depositional environment,
and climatic factors, when loess magnetic properties are used for
paleoclimate reconstruction (Liu et al., 2008).

https://doi.org/10.1016/j.yqres.2016.05.004
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