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Paleoclimatic investigation of loess-paleosol sequences from northern Iran is important for
understanding past changes in a region highly sensitive to shifts in precipitation, and along
potential routes of past human migration. Here, we present carbon and oxygen isotopic
compositions of bulk carbonate (δ13Cbc and δ18Obc, respectively) coupled with particle size
distributions of samples from the Mobarakabad section, northern Iran, to study past wind
dynamics and hydroclimate. We also present new initial clay-sized Hf-Nd isotope results
from key horizons in order to assess general dust sources. Variations of δ13Cbc and δ18Obc

values of modern soils compared to paleosols allow reconstruction of late
Pleistocene–Holocene climate change in the area. Our results show severe drought
during a major eolian deposition phase (EDP) after 34 ka. The thickness and PSD of
the C horizon of unit 5 suggest significant shifts in loess sources and depositional
environments during this EDP after 34 ka. Indeed, based on our new clay-sized Hf-Nd
data, we hypothesize that the loess unit 5 might originate from the young crustal source of
the Alborz and Kopet Dagh mountains. In general, the PSD of C horizons in the section is
bimodal in the silt fraction and the very small, very fine clay fraction, with a mode at c. 1 μm
in the modern soil and paleosols possibly produced by weathering and pedogenic
processes. There also appears to be a good correlation between δ13Cbc and δ18Obc

values, differentiating phases of loess accumulation and paleosol formation and hence
providing quantitative data for reconstructing paleoclimatic conditions in the study area.
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INTRODUCTION

Loess sediment in the mid-latitude of Eurasia provides an excellent sedimentary archive for
understanding past climate and environmental changes in the continental interior (e.g.,
Rousseau et al., 2017, 2020; Fenn et al., 2020; Fitzsimmons et al., 2020; Költringer et al., 2020;
Song et al., 2021). In northern Iran, loess deposits are found in the so-called Northern Iranian Loess
Plateau (NILP) and along the northern foothills of the Alborz Mountain range (NFAM). These
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deposits represent outstanding archives of past climate in a region
highly sensitive to changes in hydroclimate and potentially
important in past human migrations (Shoaee et al., 2021) but
otherwise poorly represented by past climate records. The loess
units in the area are separated by paleosols showing various
development degrees, providing valuable sedimentary archives of
loess accumulation, soil, and paleosol formation within the loess
units (Kehl et al., 2005; Frechen et al., 2009; Kehl, 2010; Khormali
and Kehl, 2011; Ghafarpour et al., 2016, 2021; Vlaminck et al.,
2016, 2018; Lauer et al., 2017a; Lauer et al., 2017b; Shahriari et al.,
2017; Pourmasoumi et al., 2019; Sharifigarmdareh et al., 2020;
Kehl et al., 2021). These previous studies of loess–paleosol
sequences in northern Iran mainly focused on dating of the
deposits, particle size distributions, and paleosol formation in
response to paleoprecipitation and paleopedogenic process, with
little emphasis on phases of eolian deposition, meaning that
additional detailed analyses of the loess units in particular are
essential. In addition, there is still considerable uncertainty about
the potential source(s) area of the northern Iranian loess, due to
the lack of previous provenance analyses.

The particle size distribution (PSD) has proved an appropriate
property of loess and eolian sediments for understanding loess
sedimentary environment, eolian dynamics, and pedogenesis
reconstruction (e.g., Nilson and Lehmkuhl, 2001; Vandenberghe
et al., 2006; Jacobs and Mason, 2007; Prins et al., 2009; Stevens and
Lu, 2009; Tripaldi et al., 2010; Vriend et al., 2011; Markovic et al.,
2013; Vandenberghe, 2013; Sweeney and Mason, 2013; Schaetzl
et al., 2014; Forman et al., 2014; Ujvari et al., 2016; Zeeden et al.,
2016; Vandenberghe, et al., 2018; Stevens et al., 2020; Wacha et al.,
2021). Most loess is dominated by medium silt-sized grains, but a
proportion of fine silt and clay particles in fine-grained eolian
landforms, and loess is also likely to be transported as silt- or sand-
sized aggregates (Pye, 1995; Mason et al., 2003; Qiang et al., 2010;
Mason et al., 2011a). The PSD of loess is the result of a combined
local/regional signal of atmospheric properties (wind strength and
its variations, vertical mixing) and environmental settings such as
topography (Vandenberghe et al., 1997; Mason et al., 1999;
Rousseau et al., 2002; Nottebaum et al., 2014), vegetation cover
(Stevens et al., 2011), source distance (Ding et al., 2005; Yang and
Ding, 2008), and regional aridity and/or a change in sediment
availability (Forman et al., 2008; Muhs et al., 2013). Bulk loess grain
size proxies such as U-ratio and “grain size indexes” (GSIs) have
been commonly employed as a measure of wind strength, with
application to loess depositional history in Europe, Asia, and North
America (e.g., Vandenberghe et al., 1985; Vandenberghe et al.,
1997; Rousseau et al., 2007;Machalett et al., 2008;Muhs et al., 2008;
Antoine et al., 2009). The U-ratio represents the proportion of
medium and coarse-grained silt (44–16 μm) vs. fine-sized silt
(5.5–16 μm) (Vandenberghe et al., 1985), and GSI is the ratio of
20- to 50-μm/<20-μm fractions (Rousseau et al., 2002); both
indices are designed to assess changes in the silt fraction and
exclude larger sand particles, or in the case of the U-ratio,
pedogenic clays. Kehl et al. (2005) and Kehl (2010) showed an
increase in PSD from west to east and from south to north in
northern Iran, coinciding with pronounced east–west
and north–south gradients of modern climate from arid to
subhumid.

Soil carbonate isotope studies of modern soils and paleosols
have typically focused on samples collected from temperate or
warm environments (e.g., Quade et al., 2007; Hough et al., 2014;
Diaz et al., 2016; Gallagher and Sheldon, 2016; Ringham et al.,
2016; Bayat et al., 2017; Dietrich et al., 2017). The carbon and
oxygen isotope composition of pedogenic carbonate (δ13Cpc and
δ18Opc) and land snail shell carbonate within successions of
rapidly buried Quaternary soils exhibit stratigraphic trends
that are interpreted to record a history of significant climate
variation and provide an additional technique for investigating
Quaternary climate and ecologic changes (McDonald and
McFadden, 1994; Monger et al., 1998; Lechler et al., 2018;
Huth et al., 2019; Újvári et al., 2019, 2021; Zamanian et al.,
2021). Recent studies suggest a strong summer seasonal bias in
some (Breecker et al., 2009; Passey et al., 2010; Quade et al., 2013;
Huth et al., 2019) but not all pedogenic carbonates (Peters et al.,
2013). The δ13C values of soil carbonates are controlled by the
δ13C of soil CO2, which is mainly determined by the abundance of
C3 and C4 plants in the local ecosystem (Amundson et al., 1988;
Cerling and Quade, 1993; Breecker et al., 2009). The δ 13C values
of soil carbonates can also be affected by soil-respired CO2

concentrations, pCO2, and the carbon isotope value of
atmospheric CO2 (Fischer-Femal and Bowen, 2021). In
addition, water availability and pCO2 can also significantly
affect the discrimination against 13C during photosynthesis,
which then changes the carbon isotope value of respired CO2

(Diefendorf et al., 2010; Kohn, 2010; Schubert and Jahren, 2012;
Fischer-Femal and Bowen, 2021). Soil carbonate δ18O values are
controlled by the oxygen isotope composition of soil water
(δ18Osw) and the temperature of mineral precipitation (Cerling
and Quade, 1993; Quade et al., 2007). The δ18Osw values
predominantly track isotope values of rainfall (Tan et al.,
2017; Kelson et al., 2020), even though they can also be
affected by evaporation in the near surface (e.g., Breecker
et al., 2009; Huth et al., 2019). Soil carbonate δ18O is thought
to decrease with lower temperatures and higher elevation
(Dworkin et al., 2005; Quade et al., 2011). Some authors
suggested that δ13Cbc in loess represents a mixed signal
derived from both detrital carbonate and authigenic pedogenic
carbonate (Ning et al., 2007; Liu et al., 2011; Koeniger et al., 2014),
and the effects of multiple formation times on bulk soil carbonate
isotope composition should also be considered (Burgener et al.,
2016). Also, Zamanian et al. (2021) studied isotopic signatures of
different types of carbonates in the Nussloch paleosol-loess
sequence in Germany, and they excluded the stable isotope
composition of bulk carbonate for reconstructing the local
paleoenvironment because the bulk carbonates in the section
were detrital materials from the diagenetic conditions of
carbonates in the deflation area.

δ13Cbc values have been shown to be an indicator of
paleovegetation density in response to the intensity of the
Asian summer monsoon in arid parts of the Chinese loess
plateau (Rao et al., 2006). In addition, some investigations on
modern ecosystems have identified that the increase in mean
annual precipitation (MAP), to which soil humidity is directly
related, influences vegetation density and together, and these
factors cause a depletion in δ13Cbc and δ13Cpc values in the
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northwestern Chinese loess plateau (CLP). Chinese loess
δ13Cbc variation therefore likely reflects the regional
precipitation change and therefore can be regarded as a
sensitive proxy for the summer monsoon intensity (Liu
et al., 2011; Sun et al., 2015). Recently, Khormali et al.
(2020) investigated δ13 Cbc and δ18 Obc as well as δ13Cpc

and δ18Opc and organic carbon from modern soils and
paleosols in northern Iran along a west to east and south to
north precipitation gradient. They concluded that δ13Cbc and
δ18Obc values showed a significant relationship with MAP,
over the range from 200 to approximately 750 mm/yr, and also
suggested a summer bias in carbonate nodule formation in the
area. This development opens up an excellent opportunity to

reconstruct hydroclimate in northern Iran and yield new
insights into climate variability and forcing in the region.

While past climate records based on isotopic and particle size
parameters are still much needed to refine the picture of
Quaternary climate change from loess in northern Iran, the
provenance of loess in this area has not been studied
previously. The clay-sized Hf-Nd isotopic composition of dust
has been successfully used as a tool for aerosol/dust source
discrimination (Pettke et al., 2002; Aciego et al., 2009; Lupker
et al., 2010; Pourmand et al., 2014; Ujvari et al., 2015; Zhao et al.,
2014, 2015), based on the fact that radiogenic isotopes of these
elements differ in source rocks of different ages and weathering
histories. Compared with the detailed provenance studies of

FIGURE 1 | (A)Map of north Iran showing the locations of the study site and the occurrence of loess deposits supplemented by other geomorphological features in
the region (after Kehl et al., 2021). (B) Photo overview and stratigraphic section of Mobarakabad, showing bedding characteristics, buried soils (paleosols) with
recognized horizons (Figure 3 for legend). The total thickness of the section is about 17 m, and it contains six loess units separated by paleosols. Section location:
Mobarakabad (37° 09ʹ 32ʺ N, 55° 18ʹ 14ʺ E).
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aerosol/dust in Greenland (Lupker et al., 2010), Mongolian
Plateau (Zhao et al., 2015), CLP (e.g., Zhao et al., 2014),
Carpathian Basin (Újvári et al., 2012), and North Africa (e.g.,
Zhao et al., 2018), the provenance of northern Iranian loess has
not been investigated so far and lacks analyses of multiple clay-
sized Hf-Nd isotopic compositions. Dust provenance to loess
deposits is especially important to constrain in order to
understand past sediment routing processes, dust transport,
and a possible link to climate change.

This study presents δ13Cbc, δ18Obc, and PSD of the late
Pleistocene loess–paleosol sequences at Mobarakabad in
northern Iran (Figure 1A), in order to reconstruct late
Pleistocene hydroclimate and eolian processes in the region.
Also, we report the first clay-sized Hf-Nd isotopic composition
for northern Iranian loess, focusing on the three upper loess units
at the section, which accumulated since middle MIS 3. Our aims
were to 1) assess the feasibility of using δ13Cbc and δ18Obc to
reconstruct paleoenvironment at the study section, 2)
demonstrate how the PSD of the loess–paleosol sequence
reflects paleoclimate changes, and 3) make a first general
preliminary assessment of potential source(s) of loess on the
northern foothills of the Alborz Mountain range since late MIS 3.

GEOGRAPHIC SETTING

The study area is characterized by seasonal rainfall variation, with
high precipitation amounts from October to March, dropping
sharply in summer when the air temperature reaches its peak in

July–August. The section at Mobarakabad is located on the
NFAM and lies 310 m above sea level, with forest vegetation
cover. The modern climate at Mobarakabad is characterized by
∼680 mm MAP and with a mean annual air temperature
(MAAT) of 16.5°C. The 17-m-thick section at Mobarakabad
contains six loess units separated by paleosols (Figure 1B).
The uppermost unit (unit 6) is the modern soil that formed
under forest vegetation and is classified as a Calcic Argixeroll in
the U.S. Department of Agriculture (USDA) soil taxonomic
system (Soil Survey Staff, 2014). Unit 5 is ∼4 m thick and
primarily reflects eolian deposition and contains some shells of
mollusks. Unit 4 lies below this, 6–8 m below the surface. The
upper 1 m of unit 4 is a pedogenically altered, light brown soil
with secondary calcium carbonate (Bwb and Bkb horizons).
Furthermore, small shells of mollusks are detected in the Ck1
and Ck2 horizons of this unit (Figure 2). The underlying unit 3
exhibits BAb, Bkb, Bwb, Bkkmb, and C horizons and contains Fe
mottles, and at the top of the unit, a 5- to 7-cm weak, buried
organic-rich horizon is present (Figure 2). The uppermost 1.5 m
of unit 2 is a well-developed paleosol (Btb) that shows clear signs
of secondary accumulation of clay containing and Fe mottles
based on visual observation in the field. The BCkb horizons of
unit 2 reflect eolian depositional phases composed of detrital
carbonate with small shells of mollusks (Figure 2). The
lowermost unit (unit 1) lies at a depth of ∼14.5 below the
surface and is mostly pedogenically altered, hosting well-
developed Btb and Btkb horizons. The lower 2.5 m of unit 1
contains Bk1b, Bk2b, BCb, and Ck horizons, containing
pedogenic carbonate with small shells of mollusks (Figure 2).

FIGURE 2 | Stratigraphic column for Mobarakabad along with trends of (A) δ13Cbc and δ18Obc, (B) δ13Cpc and δ18Opc (Khormali et al., 2020), (C) U-ratio and GSI,
(D) clay (<5.5 μm), (E) mode. Note in the stratigraphic column, the capital letters A, B, and C represent the master horizons of loess units (Soil Survey Staff, 2014).
Lowercase letters are used as suffixes to designate specific subordinate distinctions within master horizons. The suffix symbol meanings are as follows: b: buried genetic
horizon; k: accumulation of secondary carbonates; kk: engulfment of the horizon by secondary carbonates; m: pedogenic cementation; t: accumulation of silicate
clay; and w: development of color or structure (Soil Survey Staff, 2014).
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METHODS

Sampling
A total of 164 samples were taken in 10-cm intervals for
particle size measurements down section, while 40 samples
were taken from the modern soil, C horizons, and paleosols for
carbon and oxygen isotope analyses of bulk carbonates. In
addition, four samples from the Bt and Bk horizons of the
modern soil (unit 6), C horizon of unit 5, and Bk horizon of
unit 4 were selected for clay-sized Hf-Nd isotopic
measurements.

Particle Size Measurements
All samples were treated using 0.1 N HCl and 10% H2O2 before
instrument measurement to remove carbonate and organic
matter, respectively. After adding deionized water, sample
suspension was left for 48 h prior to pipetting, to remove
acidic ions. After that, the samples were dispersed with 10 ml
of 30% (NaPO3)6 and placed in an ultrasonic vibrator for 10 min
prior to particle size measurements. Each sample was measured
three times repeatedly in a Mastersizer 2000 Laser Particle
Analyzer at the Ministry of Education Key Laboratory of
Surficial Geochemistry, Nanjing University. A constant of
1.33 was used for the refractive index of dispersant water,
while a 1.52 refractive index was used for the solid phases
(Özer et al., 2010), and an absorption index of 0.1 was
applied. The default ideal range of obscuration on the
Mastersizer 2000 (10–20%) is adopted as a working
obscuration target for our standard operating procedure. As
an assessment of measurement uncertainties, it must be noted
that the applied optical parameter settings in laser diffraction
may have considerable effects on the grain size results, in
particular for the clay fractions (Varga et al., 2019a). At the
same time, the clay size content of sediments is typically
underestimated by the laser diffraction method in
comparison with other methods such as pipette analyses
(Beuselinck et al., 1998; Mason et al., 2003; Polakowski et al.,
2014). Konert and Vandenberghe (1997) suggested the clay-silt
break be set at 8 μm for comparison with traditional, that is,
pipette particle size analysis. Our data have suggested better
correlations between laser diffractometry and the pipette
method (Ghafarpour et al., 2016) when the clay-silt break is
set at 5.5 μm. Therefore, we used a 5.5-μm clay-silt break in this
study. (For further discussion on the principles and application
of laser diffractometry for particle size characterization, see, e.g.,
Mason et al. (2011b), Miller and Schaetzl (2012), and Varga
et al. (2019b).)

δ13Cbc and δ18Obc
The samples were ground to <75 um; ∼200 mg of powdered
sample was reacted directly with 100% phosphoric acid for
20 min at 70°C to produce carbon dioxide. Carbon dioxide
was gathered and analyzed with MAT-253 at the Nanjing
Institute of Geology and Palaeonotology, Chinese Academy of
Sciences. Carbon and oxygen isotope compositions were
measured and normalized against international standards
(NBS-19). Isotope values are given in per mil (‰) as δ values:

δ(‰) � [(RSample/RStandard) − 1] × 1000,

where R is the ratio of the heavier to the lighter isotopes of carbon
and oxygen (13C/12C, 18O/16O). All δ values are expressed against
V-PDB (Vienna Peedee Belemnite). The standard deviation is less
than 0.08 and 0.03‰ for δ18O and δ13C, respectively.

Hf-Nd Isotope Measurements of Units 4-6
Hf and Nd isotopic analyses followed the procedures described by
Zhao et al. (2014). To isolate the clay-sized silicate mineral
fraction for Hf analysis, organic matter and carbonate were
removed. Organic matter was removed with excess hydrogen
peroxide (30%) overnight and then a decarbonation step was
carried out using excess 1 M acetic acid for 10 h in order to
eliminate the influence of secondary carbonate on Hf isotopic
composition. The samples were subsequently rinsed at least three
times with MilliQ water to completely remove major ions and
soluble salts. Different fractions were extracted by sieving the
ultrasonically dispersed samples in mesh with MilliQ water, and
the 2-μm particles were separated based on Stokes’ law and then
were recovered by centrifuging. The samples were subsequently
rinsed at least three times withMilliQ water to completely remove
major ions and soluble salts. The Hf-Nd isotopic ratios of the
extracted clay-sized fractions were measured with a Thermo
Fisher Scientific Neptune MC-ICP-MS at the State Key
Laboratory for Mineral Deposits Research, Nanjing University.
These samples were prepared as follows: first, sample digestion;
100 mg of the dry silicate residue was totally dissolved with
HF–HClO4 mixture in steel jacketed autoclaves at 180 ∼200°C
for 72 h, while 100 mg of clay-sized fractions were digested with a
mixture of HF–HClO4 110∼140°C for 72 h. The second step is
purification for Hf and Nd with ion chromatography. The Hf
analysis used a modified method of Yang et al. (2010), which
includes dissolving the samples in an HF–HClO4 mixture and
separation by chromatographic extraction using a cation
exchange resin, Bio-Rad 50WX8 resin + Eichrom® Ln-Spec
resin. Hafnium was separated from the matrix by ion-
exchange procedures using Eichrom® Ln-Spec resin. The
details of the analytical procedure for the Hf isotopic
measurement are published elsewhere (Yang et al., 2010). Nd
was then separated and purified by ion-exchange procedures (Pu
et al., 2005). All chemical digestion and purification were carried
out in a Class 100 ultraclean laboratory. 179Hf/177Hf was
normalized to 0.7325, and 143Nd/144Nd was normalized to
0.7219. The analytical blank was <60 pg for Nd and <60 pg for
Hf. Reproducibility and accuracy of the Hf and Nd isotopic
analyses were periodically checked by running the standards,
Nd (JNDi-1) and Hf (MC-475) every two sample runs. The mean
standard 143Nd/144Nd value was 0.511840 ± 8 (2σ external
standard deviation, n � 6), and the mean standard 176Hf/177Hf
value was 0.282160 ± 8 (2σ external standard deviation, n � 15).
The observed natural variability in Hf and Nd isotopic
composition is small and usually expressed in εHf and εNd
notations, which are deviations from the Chondritic Uniform
Reservoir (CHUR, 176Hf/177Hf � 0.282785 and 143Nd/144Nd �
0.512630) and calculated using the equations of Bouvier et al.
(2008) as follows:
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εHf � 104 × [176Hf/177Hf sample

− 176Hf/177HfCHUR]/176Hf/177HfCHUR,

εNd � 104 × [143Nd/144Ndsample

− 143Nd/144NdCHUR]/143Nd/144NdCHUR.

RESULTS AND DISCUSSION

δ13Cbc and δ18Obc Results
Carbonate δ18O and δ13C records and particle size
parameters of the Mobarakabad section are shown in
Figures 2A–E. The samples show δ13Cbc ranging from
−9.4 to −3.4‰ (mean value � −7.1‰) and δ18Obc ranging
from −13.7 to −5.1‰, with a mean value of −7.8‰.
Comparison of organic and carbonate δ13C values of
samples reveals that both pedogenic and bulk carbonates
are enriched 14.5–16.5‰ with respect to associated
organic matter, suggesting that organic matter and
carbonate are cogenetic (Cerling et al., 1989). In units 1–5,
δ13Cbc values decrease with increasing pedogenesis and
vegetation cover from loessic C horizons to the paleosols
(Figure 2A). Additionally, the vegetation in the paleosols of
the section is dominated by C3 plants, with a mean δ13C value
of soil organic matter (−23.6‰) (Khormali et al., 2020).
Thus, δ13Cbc values of paleosols are very sensitive to
changes in the precipitation-controlled vegetation density
and can serve as a reliable proxy of paleoprecipitation.
During paleosol formation (interglacials and/or
interstadials) in units 1–5, enhanced precipitation can
result in increased soil moisture and biomass, strong soil
respiration, and high pCO2, leading to the depleted carbonate
δ13C values in the paleosols (Cerling et al., 1989; Quade et al.,
1989; Liu et al., 2011).

The Bkb and BCb horizons of unit 1 produced an average
δ18Obc value of ∼ −13.3‰ and an average δ13Cbc value of ∼
−8.3‰. In contrast, the average δ13Cbc and δ18Obc values of upper
Btb and Btkb horizons in unit 1 are ∼ −9 and ∼−7.7‰,
respectively. Additionally, the average δ13Cpc and δ18Opc

values in the Btb and Btkb horizon of unit 1 are ∼ −8.8 and
∼−7.8‰, respectively (Figure 2B). Therefore, lower δ18Obc values
of Bkb and BCb horizons relative to δ18Obc and δ18Opc values of
upper Btb and Btkb horizons in unit 1 suggest that the Bkb and
BCb horizons record colder periods of carbonate formation than
the Btb and Btkb horizons. Also, a (∼5.5‰) increase in the δ18Opc

values of the Btb and Btkb horizons compared to the Bkb and
BCb horizons in unit 1 reflects significant evaporative 18O
enrichment at shallow soil depths. This observation is in line
with other studies suggesting that evaporation affects oxygen
isotope values at shallow soil depths (e.g., Quade et al., 1989;
Breecker et al., 2009; Stevenson et al., 2010). Thus, we infer that
pedogenic carbonates in unit 1 could initially form at the time of
the deepest wetting front penetration into the soil during the
summer season when soil moisture levels are low (Quade et al.,
1989; Stevenson et al., 2010). Furthermore, it is the maximum

wetting front that fixes the δ18O values of the soil carbonates, and
therefore, no marked difference between δ18Opc values compared
to δ18Obc is seen in the paleosol of unit 1.

The δ18Obc values of the C horizons of units 2–4 are about −7
to −8‰, and the δ18Obc values of paleosols of units 2–4 range
from ∼−5.1 to ∼ −8.3‰, suggesting a positive shift of ∼2–3‰ in
δ18Obc values of these paleosols compared to underlying C
horizons (Figure 2A). The mean δ18Obc values of paleosols of
units 2–4 (−7.2‰) are similar to mean δ18Opc values (−7.4‰) of
these paleosols, showing no shift in the seasonality throughout
the time of accumulation of carbonate nodules in the paleosols of
units 2–4. This may suggest that carbonates in the paleosols of
units 2–4 formed over the same time periods during the summer
seasons when soil temperature and soil water evaporation are
high, and so the major driving variables behind the δ18Obc values
might be the temperature of carbonate formation.

The average of δ13Cbc (∼−5.3‰) with the maximum values of
−3.4‰ of the C horizon of unit 5 is higher than that of the other
loessic C horizons. The inferred timing of eolian phases of unit 5
is after 34 ka (Ghafarpour et al., 2017), and the average pH value
of the C horizon of this unit is about 7.8 with relatively high
carbonate contents (∼20%) (Ghafarpour et al., 2016). When
vegetation cover is low, due to aridity, the soil zone CO2

becomes mixed with atmospheric CO2, which has a more
positive value. Furthermore, high rates of soil moisture
evaporation result in the degassing of CO2, preferentially of
the lighter 12CO2, therefore also resulting in higher δ13 C
values in the soil carbonates (Dever et al., 1987; Candy et al.,
2012; Gallant et al., 2014). Therefore, high δ13Cbc with a pH of 7.8
in the C horizon of unit 5 probably reflects a period of increasing
loess accumulation accompanied by an arid environment.

The δ18O value of rainfall (δ18Omw) can be used to predict
δ18Osw values and determine how they interact on an ecosystem
scale (Quade et al., 1989; Stevenson et al., 2010; Hough et al.,
2014). In the modern soil, the calculated δ18Osw from which the
soil carbonate formed was −8.3 to −7.1‰ (Kim andO’Neil, 1997),
consistent with the local rainfall δ18Omw value (−8.2‰). This
suggests that the Bk horizon of modern soils at ∼ 130 cm depth
did not undergo significant dewatering by evaporation prior to
pedogenic carbonate formation, and thus, the 18Opc values
(−8.1‰) of Bk horizons have not been influenced by the
evaporation of soil water. In the modern soil, δ13Cbc and
δ13Cpc are higher than δ18Obc and δ18Opc values, respectively.
This trend in modern soil differs significantly from that shown in
paleosols in which δ13Cbc and δ13Cpc values are lower than δ18Obc

and δ18Opc values, respectively (Figure 2A). The observed shift in
average δ13Cpc values from paleosols (−8.5‰) to modern soil
(−6.1‰) suggests that the paleosols δ13Cpc values were ∼2.5‰
lower than those of the modern soil. Additionally, the δ13Cpc

values of the modern soil of Mobarakabad are similar to the
average δ13Cpc values of loessic modern soils (−6.2‰) in the
NFAM with forest cover, reported in Khormali et al. (2020).
Furthermore, the mean δ13C values of soil organic matter
(−23.6‰) of the paleosols in Mobarakabad (Khormali et al.,
2020) are within the same range as the δ13C values of modern soil
organic matter, indicating a C3-dominated environment for both
paleosols and the modern soil of Mobarakabad. Therefore, we
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inferred a ∼2.5‰ increase in δ13Cpc values of the modern soil of
Mobarakabad and loessic modern soils in northern Iran
(Khormali et al., 2020), as compared to paleosols of
Mobarakabad section, might result from a drier climate in
Holocene, as compared to the paleosol formation periods in
late Pleistocene in the NFAM. In contrast, the similarity in
average δ18Opc values of both the modern soil and paleosols in
Mobarakabad (−7.3‰) with the average δ18Opc values of loessic
modern soils in the NFAM (−7.4‰) may reflect no shift in the
source of late Pleistocene-to-Holocene regional precipitation in
the NFAM.

A comparison δ18Obc and δ13Cbc values of Mobarakabad
samples with those of loessic modern soils in northern Iran
(Khormali et al., 2020), and the loess–paleosol sequences at
Xifeng in China (Luo et al., 2020) and at Sütto in Hungary
(Koeniger et al., 2014) are shown in Figure 3. This illustrates that
the δ18Obc and δ13Cbc values of most Mobarakabad samples
match with δ18Obc and δ13Cbc values of those loessic modern
soils in northern Iran (MAP ∼300–700 mm), Xifeng in China
(MAP � 480 mm), and Sütto in Hungary, each receiving
∼600–650 mm of annual precipitation. Interestingly and in
contrast, the δ18Obc values of Bkb and BCb of unit 1 at
Mobarakabad are in the range of loessic modern soil isotope
values in northern Iran, whereMAP is ∼800 mm andMIS 5e loess
in Hungary (Figure 3). In addition, by comparing loess units at
Mobarakabad, including the OSL ages of unit 4, with stratigraphy
and previously published luminescence ages from other sections
at NFAM, this unit 1 at Mobarakabad correlates well with MIS 5e
(Particle Size Parameters of Loess Units). Corroborating this
assignment, based on magnetic depletion in the paleosol of
unit 1 at Mobarakabad, Ghafarpour et al. (2021) concluded
that the paleosol formation was accompanied by high (winter)
rainfall in which dissolution of pedogenic maghemite–magnetite
occurred. As such, one way of explaining these observations is
high rainfall in winters, probably in MIS 5e, followed by dry and
hot summers in which evaporative soil water loss predominates

with little meteoric recharge, resulting in enriched δ18Obc and
δ18Opc values of the upper horizons (Btb and Btkb) compared to
those of Bkb and BCb horizons in unit 1 (Figure 2A).

Our dataset suggests that the δ13Cbc and δ18Obc values of the
loess–paleosol sequences at Mobarakabad are well correlated with
changing phases of increased eolian sedimentation and periods of
pedogenesis recorded in the loessic C horizons and paleosols,
respectively, and most likely reflect the regional precipitation
change. We find that both δ13Cbc and δ18Obc values decrease with
increasing rainfall, pedogenesis, soil humidity, and C3 biomass,
from the loessic C horizons to paleosols. However, it is also
essential to take into account that any change in the source of
loessic detrital materials in the modern soil reflects the conditions

FIGURE 3 | Comparison of δ13Cbc and δ18Obc values of loess–paleosol
samples of Mobarakabad (this study) with δ13Cbc and δ18Obc of loessic
modern soils in northern Iran (Khormali et al., 2020) and loess–paleosol
sequences at Xifeng in China (Luo et al., 2020) and at Sütto in Hungary
(Koeniger et al., 2014). Note that dashed ovals show mean annual
precipitation of the loessic modern soil sections in northern Iran, which
correspond to ranges of isotope data from the same sections Khormali et al.
(2020).

FIGURE 4 | PSD curves with the modal sizes of modern soil, C (k)
horizons, and paleosols (Bkb and Btb horizons) at the study section.
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of δ13Cbc and δ18Obc values in the deflation area, rather than local
environmental conditions.

Particle Size Parameters of Loess Units
All the sample particle size distributions from the C horizons of
the section are bimodal in the silt fraction. One mode lies at ca.
19 μm, but all the distribution curves show a broad top which
consists of two modes, with the second one somewhat coarser at
ca. 35 μm. The latter mode dominates only in the C horizons of
unit 5. The C and Ck horizons of units 1–3 show a fine modal
particle size of 10.7–12 μm, and the Ck1 and Ck2 horizons of unit
4 show a bimodal distribution with a modal particle size of
19.1 μm (Figure 4). These fine-grained loess types
approximately correspond to the “subgroup 1. c.,” with the
modal diameter ranging from 4 to 22 μm classified by
Vandenberghe (2013). This subgroup is interpreted to be
transported and deposited as background dust transported in
high-suspension clouds over long distances continuously over
time and incorporated in the high-level westerlies (Pye, 1995; Sun
et al., 2002; Vandenberghe et al., 2018). Under such a scenario, it
is therefore possible that the C horizon samples include loess
transported over long distances (c. 10.7–12 μm mode) and loess
transported over a short distance (c. 35 μm mode) by lower level
suspension. Furthermore, the very small fraction of fine clays with
mode at c. 1 µm in the loessic C horizons suggests an origin from
high-level background dust mixed with a small amount of clay
which might originate from sources that consist of very fine
particles such as a very fine-grained alluvium. However, we
cannot exclude the possibility that the fine-grain clay-sized
particles are also partly a product of weathering or transported
as aggregates in lower-level suspension clouds over shorter
distances of 10–100 s of km, as discussed previously.

The C horizon of unit 5 is characterized by the lowest clay
content (26%) and highest U-ratios (1.3) as well as GSI (0.6), with
a mode size around 34 μm, representing the coarsest segment of
the section (Figures 2C–E, 4). This is exceptionally coarse for the
profile and dominates the changes in grain size parameters with
depth at the site; the implications will be discussed later. In units

1–3, the modal values of loessic C horizons (10.7–12 μm), U-ratio
(∼0.8), and GSI (∼0.3) are lower than those of unit 5. Also, the
average clay content of the loessic C horizons of units 1–3 (38%)
is higher than of loessic C horizon of unit 5 (26%). These trends
may suggest that the dynamics of the silt population is also
reflected in the clay-sized fraction. Therefore, we interpret the
increase in clay content of the loessic C horizons of units 1–3 as
resulting from source(s) with very fine-grained alluvium and/or
were probably carried in high suspension clouds at least hundreds
of kilometers (Comparison With Other Northern Iranian and
Global Loess Records), rather than being produced by weathering
or pedogenic process. This may suggest that the % of clay is at
least partly influenced by eolian processes, rather than reworking,
as in theory, the U-ratio at least ought to reflect changes in the
eolian dynamics independent of postdepositional pedogenesis
(Vandenberghe et al., 1985). As such, we generally interpret the
changes in grain size parameters in the loessic C horizons of the
Mobarakabad section as showing more intensive eolian dynamics
during phases of loess deposition as than periods of pedogenesis
and soil formation, especially higher wind speeds and/or
relatively greater coarse sediment availability during loess
forming periods. The impact of possible source changes is
discussed in Comparison With Other Northern Iranian and
Global Loess Records.

In marked contrast, the developed Bk(b)-, Bt(b)-, and Btk(b)
horizons of the modern soil and paleosols exhibit clay (<5.5 μm)
proportions between 38.5 and 45.5% (Figure 2D). These buried
horizons in modern soil and paleosols have clearly been affected
by pedogenic processes, and their high clay content (with an
increase in pedogenic smectite content) is the result of weathering
and clay illuviation (Ghafarpour et al., 2016). Therefore, we argue
that in the modern soil and paleosols, the dominant mode at c.
8.5–9.5 µm, with a secondary one in very fine clay fraction (c.

FIGURE 5 | PSD curves of C horizons of unit 1 (black line) and unit 5
(dashed line) at Mobarakabad in comparison with least weathered loess at
Toshan (green line) (Vlaminck et al., 2016), Now Deh (red line), and Neka-
Abelou (blue line) sections (Kehl et al., 2021) on the NFAM. The yellow
line represents PSD of a loess sample from Aghband in the NILP (Lauer et al.,
2017a) (see text for discussion).

FIGURE 6 | Relationship between the mode size of loessic C horizons
and the latitude of Mobarakabad as well as the mode grain size of
loess–paleosol sequences located along the NFAM (Vlaminck et al., 2016;
Kehl et al., 2021), supplemented by data from the Aghband section
(Lauer et al., 2017a) in the NILP. Note that with increasing latitude, the mode
size of loess from early tomiddleMIS 3 increases (r2 � 0.98), but it appears that
there is a weaker trend in the mode size of loess samples in the sections at the
NFAMwithin MIS 5 (see text). There is a noticeable anomaly in the C horizon of
unit 5 (red triangle) at Mobarakabad that is accumulated after 34 ka (see text
for discussion).
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1 μm), was almost certainly produced by pedogenic processes and
clay illuviation (Mason et al., 2003; Stevens et al., 2011) but
potentially mixed up with clay (illite and kaolinite) derived from
background dust input.

Comparison With Other Northern Iranian
and Global Loess Records
One possible way to identify local effects on PSD is to compare
the spatial patterns of loess thickness and PSD over a depositional
area (e.g., Muhs et al., 1999, 2008; Mason, 2001; Mason et al.,
2003) as the trends may provide insights into sediment transport
pathways or distance from the source, availability of sediment,
and sedimentation rate. Furthermore, these comparisons allow
wider patterns to be identified that are independent of local
topographic or proximal source influences. Previous studies in
northern Iran defined the median particle size as 9.12–11 μm for
least weathered loess at Neka-Abelou and Toshan sections
(Figure 5) on the NFAM (Vlaminck et al., 2016; Kehl, et al.,
2021). In particular, the modes of the C horizons of units 1–3
(10.7–12 μm) at Mobarakabad are comparable with the modal
values of the loess (∼11 μm) in unit 5 at Toshan (Figure 6) and
also with the mode size of loess in unit 3 (∼10.5 μm) at Neka-
Abelou (Figure 6), both forming during MIS 5 (Lauer et al.,
2017b; Kehl et al., 2021) (Figure 7). This consistency implies
similar source and dust transport dynamics for these loess
sediments. By comparing the OSL ages (unit 4), magnetic
susceptibility, and clay variations of loess units at
Mobarakabad with the previously published results from
luminescence dating of Neka-Abelou and Toshan sections, we
suggest that the units 1–3 at Mobarakabad correlate well with

MIS 5 (Figure 7), supporting the assignment based on the
isotopic analyses above. Therefore, we postulate that the
similarity between modal peaks of MIS 5 loess at
Mobarakabad, Neka-Abelou, and Toshan sections suggests that
the loess was probably carried some hundreds of kilometers over
a wider area from its source(s) and that the source material
consisted of very fine particles (such as a very fine-grained
alluvium). To a great extent, therefore, the fine MIS 5 loess at
Mobarakabad and other sites on the NFAM would be consistent
with transport in high suspension clouds throughout the year
over (relatively) large distances, at least under the model of
Vandenberghe (2013). We do however agree that
luminescence ages from units 1–3 at Mobarakabad are needed
to support these interpretations.

By contrast, the strong correlation between average mode size
of early-middle MIS 3 loess at Mobarakabad (unit 4), Toshan,
Now Deh, and Neka-Abelou with the geographical latitude of the
sections (Figure 6) in northern Iran is in agreement with the
findings of Kehl et al. (2021), who suggested dust transport by
north to northeasterly winds supplying coarse-grained dust to the
NILP and finer facies along the NFAM. Currently, north to
northeasterly winds are most frequent during late autumn and
winter as the influence of the Siberian high-pressure cell
intensifies (Kehl et al., 2021). Hence, similar wind dynamics
during early-middle MIS 3, almost certainly, would have been
responsible for the entrainment of coarse silt from the north and
the transport of this coarse sediment to NFAM. However, the
influence of source distance or local source activation complicates
this possibility.

In contrast to the relatively fine-grained loess at Mobarakabad,
the average median particle size of the Aghband loess in NLIP is

FIGURE 7 | Correlation among loess (in yellow) and paleosols (in pink) of the loess–paleosol sequences located in NFAM based on patterns of magnetic
susceptibility (Ghafarpour et al., 2016), clay variations (this study), and OSL ages (Ghafarpour et al., 2017) at Mobarakabad and associated luminescence ages (red
circles) of Toshan and Neka-Abelou sections (see Vlaminck et al., 2016; Kehl et al., 2021).

Frontiers in Earth Science | www.frontiersin.org December 2021 | Volume 9 | Article 7958269

Ghafarpour et al. Late Pleistocene Climate and Dust Source

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


around 33–38 μm (Figure 5), as reported in the study of Lauer
et al. (2017a). Kehl (2010) indicated the fining trend of loess from
north to south and east to west across northern Iran. Also, the
U-ratios of Aghband show values of 2.5–7 (Lauer et al., 2017a)
and are indicative of significantly coarser silt dominance than
shown in the C horizons of Mobarakabad, with a maximum of 1.3
at Mobarakabad. This difference may again partly reflect the
influence of nearby source areas of especially coarse silt and also
hint at the transport of dust from the north to northeast.

However, one factor must be considered when interpreting the
particle size distributions of fine-grained loess such as at
Mobarakabad. Similar particle size distributions to those of the
loess–paleosol sequences from Mobarakabad can be seen in
Miocene–Pliocene Chinese Red Clay and the parna/loessic clay
of Australia (Dare-Edwards, 1984; Xu et al., 2015). In the case of
Australian parna, clay size particles are likely transported as
aggregates by low-level winds and not via high-altitude
suspension clouds (Dare-Edwards, 1984). In China, the Red
Clay sequences of the Chinese Loess Plateau have an uncertain
or mixed source, but patterns in grain size variability over the
depositional area suggest low-level atmospheric transport (Xu
et al., 2014). As such, it is hard to use the particle size distribution
of these deposits to infer transport mode, and this may also be the
case in the NFAM; sediment size and availability in proximal
source regions may be a more significant factor on overall
distributions.

An Abrupt Shift in Dust Source and Drought
Event in Unit 5
As discussed in Particle Size Parameters of Loess Units, the C
horizon of unit 5 with a modal particle size of 30.4 μm is much
coarser than the other C horizons of the section (Figures 4, 5).
The inferred eolian phase timing for the C horizon of unit 5 is
after 34 ka, and the thickness almost reaches 6 m. The unusual
thickness, U-ratio, and GSI values that characterize this unit
suggest that the loess was deposited at high accumulation rates
in relatively dry and windy conditions, or during a phase with a
high availability of relatively coarse sediment in source regions.
From this, we infer that the primary loess source for this unit
was likely nearby and/or that winds were stronger in this region
with more sediment availability during the time of eolian
transport than during the deposition time of the C horizon
of unit 4 (between 48.9 and 46.8 ka). As discussed in
Comparison With Other Northern Iranian and Global Loess
Records, the U-ratio and GSI values of the C horizon of unit 4
(Figure 2C) during middle MIS 3 suggest that loess
accumulation at the time of unit 4 formation was mainly
controlled by northerly transport winds, probably under
Siberian high-pressure cell influence. In contrast, the
significant increase in GSI and U-ratio of unit 5 (Figure 2C)
which accumulated after 34 ka suggests spatiotemporal changes
in sedimentary environment related to the local source or
transport conditions. Indeed, the PSD of the C horizon of
unit 5 at Mobarakabad is significantly coarser than all other
units at the section. We therefore suggest that it may reflect the
temporary activation of a local source of loess from alluvial

plains of Gorgan, Atrek, and other rivers (Figure 1A), which
originate from the nearby mountains (Hf-Nd isotopic
compositions in units 4–6). Similar temporary close by source
activation has also been seen in some Chinese loess sections and
is also reflected in a dramatic increase in loess grain size (Stevens
et al., 2013).

We therefore postulate that this EDP in the C horizon of unit
5 indicates an apparent shift to a likely local source and stronger
wind dynamics (high GSI and U-ratio (Figure 2C)), almost
certainly a result of spring–summer winds which dominate for a
longer period in the year and eolian deposition keeping ahead of
pedogenesis. Also, the EDP in the C horizon of unit 5 is
generally associated with a severe drought as evidenced by
high δ13Cbc values (Figure 2A). This finding is in accordance
with a possible drought phase that likely extended to Central
Asia, as evidenced by thick loess deposits in Tajikistan and
Kazakhstan allocated to MIS 4–2 (last Pleniglacial) (Mestdagh
et al., 1999; Dodonov et al., 2006; Machalett et al., 2008;
Fitzsimmons et al., 2018).

Hf-Nd Isotopic Compositions in Units 4–6
The 176Hf/177Hf and 143Nd/144Nd ratios (plotted as εNd (0) and
εHf (0)) of clay-sized fractions from the samples are shown in
Figure 8 and Table 1. Clay-sized fractions from Bt and Bk
horizons of the modern soil (unit 6) have εNd values of −7.18
and −7.37, respectively. The εHf value of the Bt horizon of the
modern soil is −0.52, and the Bk horizon of the modern soil
has an εHf value of 0.03. The C horizons of unit 5 have the
most radiogenic εNd values (−6.73) of samples, and the εHf
value of this horizon is −0.42. The least radiogenic εNd and
εHf values (−8.06 and −0.64, respectively) are obtained from
the paleosol (Bkb horizon) of unit 4. The Hf-Nd isotope data
of samples (Figure 8A) plot well above the terrestrial array
(Vervoort et al., 2011) and clay-sized array (Zhao et al., 2014),
which are also above typical published zircon free arrays.
Zircons are enriched in Hf and have a low εHf value compared
to the average continental crust (Bayon et al., 2009). Zircons
in loess will be very fine, but probably, much of the zircon is
not <2 μm; the fraction we have analyzed. Also, the wind will
tend to sort grains by density, so that relatively more zircon is
left behind and hence depleted in the bulk samples of loess to
begin with.

The samples at Mobarakabad comprise of much more
radiogenic εNd (0) and εHf(0) than last glacial loess and
modern and last glacial dust samples of N. America, W.
Africa, Greenland, and Europe but are fairly close to some N
African and some CLP samples, albeit more radiogenic
(references shown in Figure 8B). Furthermore, the Hf-Nd
isotopic values of the Asian dust end-members are −10.8 <
εNd < −9 and 2.5 < εHf <. −4 (Patchett et al., 1984), and
similar ranges were reported for Hf-Nd isotope data from the
Taklimakan, Badain Jaran, and adjacent Tengger deserts (Zhao
et al., 2014). Also, Chauvel et al. (2014) reported −10 < εNd < −9
for Chashmanigar loess deposits in Tajikistan. In addition, while
the εNd of Chinese, Tajik, and Central European loess sediments
scatters closely around the average Nd isotopic signature of the
upper continental crust [εNd (0): 10.3] (Chauvel et al., 2014;
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Ujvari et al., 2018), reflecting various mixed, homogenized crustal
sources, the more radiogenic εNd values of unit 4–6 at
Mobarakabad range from −8.06 to −6.73 (Figure 8B). Hence,
we propose that the more radiogenic εNd of loessic C horizon of
unit 5 at Mobarakabad reflects sourcing from the relatively young
crust, and the effects of incorporation of radiogenic Hf into clays
released during silicate weathering. This implies that the EDP
after 34 ka (unit 5) at Mobarakabad is likely sourced from a
young, actively weathering crustal source, rather than from
(Central) Asian dust. Hence, we presume non-glacial erosion
of the tectonically close by active mountains (Alborz and Kopet
Dagh) produced fine silt-sized sediment in the area which was
then carried into dry basins by fluvial transport of seasonal rivers,
where it is deflated as dust to form loess.

SUMMARY AND CONCLUSIONS

Our results yield new insights on the provenance and
paleoclimatic implications for loess deposits in northern
Iran. The most important result from particle size trends
and isotopic signatures of bulk carbonates at the
Mobarakabad is that the eolian deposition phase after 34 ka
reflects rapid loess accumulation during severe drought
associated with windy conditions and potentially activation

of close by sediment sources. The different trends of δ13Cbc and
δ18Obc in the modern soil in comparison to paleosols suggest
that the regional climate of the northern foothills of the Alborz
Mountain range during the Holocene is drier than that of the
late Pleistocene. In unit 1, a ∼5.5‰ increase in the δ18Obc and
δ18Opc values of the Btb and Btkb horizons compared to the
lower Bkb and BCb horizons may reflect high rainfall (most
probably during MIS 5e) in the winters, followed by dry and
hot summers in which evaporative soil water loss
predominates with little meteoric recharge. This would
result in enriched δ18O values of carbonate in the upper
horizons (Btb and Btkb) of unit 1. The compiled dataset
from northern Iranian loess plateau, Chinese loess plateau,
and loess–paleosol sequences in Hungary suggests that δ13Cbc

and δ18Obc variation in loessic modern soils and paleosols
most likely reflects regional precipitation change and can
provide valuable, quantitative paleoenvironmental
information. Particle size distributions data suggest that the
depositional patterns of loess at Mobarakabad are comparable
to those of loess at other sites in the northern foothills of the
Alborz Mountain range. Finally, based on Hf and Nd isotopic
data, we hypothesize that loess unit 5, accumulated after 34 ka
at Mobarakabad, might originate from the actively eroding
crustal sources of relatively young mountain (Alborz and
Kopet Dagh) belts around the loess area.

FIGURE 8 | (A) Plot of clay-sized εHf(0) vs. εNd(0) from this study (Mobarakabad) plus a range of published modern and last glacial loess and dust data from the
CLP, N. America, N. Africa, W. Africa, and Europe relative to the Terrestrial array (Vervoort et al., 2011) and clay-sized array (Zhao et al., 2014). (B) Plot of εNd(0) by area
representing more radiogenic Nd in Mobarakabad than loess and dust in Europe, W. Africa, N. America, and last glacial maximum dust in Greenland, but close to some
N. African and some CLP samples. Source data are from Biscaye et al. (1997) and Svensson et al. (2000) for Greenland; Biscaye et al. (1997), Feng et al. (2009),
Újvári et al. (2015), and Zhao et al. (2015) for Asia; Biscaye et al. (1997) and Újvári et al. (2015) for North America; Zhao et al. (2018) and Skonieczny et al. (2013) for North
and West Africa; and Újvári et al. (2015) and Biscaye et al. (1997) for Europe.

TABLE 1 | Hf and Nd isotopic compositions of samples from Mobarakabad.

Horizon/unit 143Nd/144Nd 2δ εNd 2δ 176Hf/177Hf 2δ εHf 2δ

Bt horizon of modern soil (unit 6) 0.512262 4 −7.18 0.078029 0.282769 4 −0.56 0.14145
Bk horizon of modern soil (unit 6) 0.512252 16 −7.37 0.312116 0.282786 4 0.03 0.14145
C horizon of unit 5 0.512285 19 −6.73 0.370638 0.282773 5 −0.42 0.176813
Bk horizon (paleosol) of unit 4 0.512217 12 −8.06 0.234087 0.282767 4 −0.64 0.14145

1Errors on 176Hf/177Hf and 143Nd/144Nd represent within-run uncertainty calculated as 2σ ×10–6, expressed as variation in the 6th decimal place.
2εHf and εNd values are calculated using the chondritic values of 176Hf/177Hf � 0.282785 and 143Nd/144Nd � 0.512630 (Bouvier et al., 2008). Measured values for BCR-2, fromWeis et al.
(2006, 2007), are 0.512634 ± 0.000012 for 143Nd/144Nd and 0.282857 ± 0.000004 for 176Hf/177Hf.
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