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Sammanfattning
Röntgenfluorescensanalys av kinesisk lössjord för fastställning av
högupplösta förändringar i härkomst av vindburet stoft
Alexandra Engström Johansson
Kunskap om härkomsten av det vindburna stoft som har skapat de omfattande
lössjordarna på den Kinesiska Lössplatån är avgörande for rekonstruktion av
atmosfäriska cirkulationsmönster och transportvägar för vindburet stoft. Dessa
härkomstområden är dock omtvistade, framförallt på grund av alltför lågupplöst data
och tvetydiga geokemiska proxies. Grundämneskvoter används ofta som indikatorer
av härkomst, då kemisk vittring inte påverkar den relativa mängden av orörliga
grundämnen och därmed bevarar förändringar kopplade till härkomst. Högupplösta
spatiala och temporala förändringar i sammansättningen av lössjord fastställdes för
två studieområden och tre litostratigrafiska enheter genom användning av
röntgenfluorescensanalys samt absolut datering med optisk stimulerad och infraröd
stimulerad luminiscens. Fyra grundämneskvoter valdes baserat på egenskaper av
rörlighet och kornstorlek, linjär korrelationsstyrka och förekomst av litostratigrafiska
trender: Ti/Al, Si/Al, K/Al och Fe/Ti. Potentiella förändringar i härkomst upptäcktes i
båda studieområdena, vid glacial-interglaciala övergångar samt inom litostratigrafiska
enheter. Förändringar i härkomst inom litostratigrafiska enheter visar variabilitet på
tusenåriga tidsskalor, vilket indikerar att abrupta förändringar i härkomsten av
vindburet stoft är möjliga. Detta antyder att förändringar i den Östindiska monsunen
som sker på tusenåriga tidsskalor kan vara kopplade till förändringar i mängden
atmosfärsburet stoft.
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Abstract
Using Bulk XRF-Analysis of Chinese Loess to Determine High-Resolution
Records of Dust Provenance
Alexandra Engström Johansson
Understanding the sources of the dust that forms the extensive loess deposits on the
Chinese Loess Plateau is crucial for reconstructing atmospheric circulation patterns
and dust pathways. Dust sources are however highly debated, mainly due to the low
resolution of many records and the often ambiguous nature of geochemical proxies.
The widely used concept of elemental ratios as provenance indicators is based on
the idea that the relative abundance of immobile elements remains unaffected by
chemical weathering, thereby preserving source signals. High-resolution spatial and
temporal records of loess composition were determined for two study sites and three
lithostratigraphic units using bulk X-ray fluorescence (XRF) analysis, and
independently dated using Optically Stimulated (OSL) and post-IR Infrared
Stimulated (pIR-IRSL) Luminescence dating. Four elemental ratios were chosen
based on element properties of mobility and grain size, linear correlation strength and
the existence of lithostratigraphic trends: Ti/Al, Si/Al, K/Al and Fe/Ti. Potential source
signals were detected at both sites, at glacial-interglacial transitions as well as within
lithostratigraphic units. Source changes detected within lithostratigraphic units show
millennial-scale variability, indicating that abrupt shifts in dust provenance are
possible. This implies that millennial-scale variability of the East Asian Monsoon may
be related to changes in atmospheric dust content.
Key words: dust, provenance, elemental ratios, Chinese Loess Plateau
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1. Introduction
The processes and dynamics of the global dust cycle greatly affect atmospheric
circulation and precipitation patterns, biogeochemical cycles and the Earths radiation
balance, which are important drivers and causes of climatic change (Choobari et al.,
2014; Maher et al., 2010; Harrison et al., 2001; Arimoto, 2001). Dust flux and grain
size is recorded in marine and terrestrial sedimentary cores and polar ice cores.
Variations in these stratigraphic paleo-dust archives correlate with variations in
paleoclimatic indicators such as atmospheric CO2 concentration and the oxygen
isotope record, indicating a connection between atmospheric dust content and
climate variability on glacial-interglacial to sub-millennial time-scales (Maher et al.,
2010; Harrison et al., 2001). A detailed understanding of the dust record and the
mechanisms that govern past dust variability provides valuable insight into the
complex feedbacks linking dust and paleoclimate (Maher et al., 2010).
Loess is wind-blown dust, mainly consisting of silt- and clay-sized mineral and rock
particles from several different source regions, that has been well mixed and
homogenized before deposition (Yang et al., 2006). The Chinese Loess Plateau
(CLP) covers an area of over 440,000 km2 (Xiao et al., 2012) in Northern China, and
is considered the most extensive and complete terrestrial archive of late Cenozoic
paleoclimatic change (Porter, 2001)(Fig. 1). Variations in the record have been linked
to Quaternary changes in East Asian monsoon strength and duration (Porter, 2001;
Zhisheng et al., 1990). During cold and dry glacial periods, the strong northwesterly
winter monsoon winds could carry and deposit large amounts of dust onto the
plateau that forms loess. During interglacials, humid southerly winds were more
dominant and the warmer climate allowed for weathering of the loess and for soils to
develop. Simultaneously, weaker winter monsoon winds meant less dust was
transported to the plateau. These shifts in climate are recorded as alternating layers
of loess and paleosols in the stratigraphic record (Porter, 2001). Properties such as
grain size, magnetic susceptibility, and elemental and isotopic concentrations and
ratios have been used as proxies for climate change and have been widely used as
bench marks for understanding global climate change during the late Cenozoic (Bird
et al., 2015; Liang et al., 2013; Buggle et al., 2011; Jeong et al., 2008; Ding et al.,
2002; Zhisheng and Porter, 1997; Eden et al., 1994).
The CLP archive has been studied extensively for the past three decades, but
there is still much debate concerning dust provenance, and its spatial and temporal
variability (Xiao et al., 2012; Jeong et al., 2008). While changes in geochemical
signatures in loess often are used as indicators of source (Jeong et al., 2008), many
geochemical measures are influenced by multiple factors, including weathering (at
source and post deposition), grain size sorting and provenance (Liang et al., 2013).
Difficulties arise when trying to distinguish between and isolate the effects of these
factors. A major factor limiting the separation of weathering, grain size sorting and
provenance is the low resolution of many records (Bird et al., 2015; Qingyu et al.,
2008; Yang et al., 2006). However, comparisons within and between sites give
information on the detailed temporal and spatial variations in dust geochemistry and
when dated using independent dating methods, yield high-resolution records of how
geochemical variations relate to abrupt climate changes on regional and global
scales (Bird et al., 2015; Xiao et al., 2012; Jeong et al., 2008). This provides a means
to potentially separate the influences on dust geochemistry so as to isolate the
influence of source.
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Figure 1. Map of CLP with the study sites of Jingbian and Xifeng marked in yellow. Blue
arrows show winter monsoon direction, red arrows show summer monsoon direction.
Revised from Jeong et al. (2011).

Provenance analysis of terrestrial loess is primarily undertaken using methods of
geochemical fingerprinting; i.e. comparing composition and/or relative abundance of
mineralogical and isotopic tracers in loess samples with potential source regions
(Harrison et al., 2001). To remove the effects of weathering and grain size sorting,
proxies that are either relatively unperturbed by these factors or that are normalized
to remove their effects are used (Buggle et al., 2011; Sheldon and Tabor, 2009).
Ratios of chemically immobile elements have been shown to be useful as indicators
of provenance, as they remain unaffected by post-depositional alteration (Liang et al.,
2013; Hao et al., 2010).
Knowledge of dust provenance and its spatial and temporal variability is crucial for
reconstructing past atmospheric circulation patterns and dust pathways, as well as
the environmental controls on dust emission. Our understanding of the valuable
information that terrestrial loess archives hold, and the interpretations of the
paleoclimatic environments and processes that produce, transport and deposit loess,
depend on accurately identifying dust source regions (Xiao et al., 2012; Stevens et
al., 2010; Hao et al., 2010; Harrison et al., 2001). Multiple studies have focused on
understanding the evolution of the CLP by investigating the history of loess
provenance using techniques such as single-grain U-Pb geochronology, single-grain
heavy mineral analysis, and isotopic, elemental and mineralogical analysis of both
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bulk and grain-size fractionated samples (Nie et al., 2015; Bird et al., 2015; Nie and
Peng, 2014; Stevens et al., 2013; Che and Li, 2013; Pullen et al., 2011; Stevens et
al., 2010; Yang et al., 2009; Sun, 2002). The debate is however still on-going and no
consensus on exact source regions has been reached (Peng et al., 2016).
The winter monsoon winds that carry dust to the CLP move across many dustproducing deserts and sandy lands in northern China and Mongolia, and across the
mountainous areas of northeast Tibet, Qilian and the Gobi Altai. These have all been
suggested as possible source regions. The Yellow River, with its high load of
suspended loess, has also been suggested to be a source of the wind-blown dust
deposited on the plateau. The major debates concern which of these regions that are
the main sources, and whether these sources show temporal and spatial variability
across the CLP (Bird et al., 2015). The main obstacle towards agreement is the bias
inherent in the sampling and analytical procedures (Bird et al., 2015; Stevens et al.,
2010). Studies using bulk samples have not found significant temporal or spatial
variability in dust source, but may be flawed by averaging out signals from multiple
sources (Jeong et al., 2011; Stevens et al., 2010). Studies using single-grain
methods have found source changes on glacial-interglacial and millennial timescales,
as well as spatial variability across the CLP (Bird et al., 2015; Xiao et al., 2012;
Stevens et al., 2010). These results may however be biased towards coarser grain
sizes, and thereby towards reflecting provenance signals from proximal sources over
distal sources. As heavy minerals are susceptible to weathering, studies based on
heavy mineral analyses may not allow for comparisons between weakly weathered
and stronger weathered regions and lithostratigraphic units (Bird et al., 2015).
More high-resolution data, analysed using a multi-proxy approach, is therefore
needed to reliably detect complex source signatures and to increase statistical
validity, which in turn could allow for a differentiation between source regions and an
understanding of their spatial and temporal variability (Bird et al., 2015). In this thesis
I will use bulk X-ray fluorescence spectrometry (XRF) and Luminescence dating
(OSL and pIR-IRSL) to determine high-resolution geochemical composition of loess
samples from two sites on the CLP, plotted on a completely independently dated
timescale. The overall aim is to investigate the temporal and spatial variation in dust
geochemistry and to discuss how this relates to potential shifts in provenance.

2. Chinese Loess Plateau: geochemical composition and
provenance
2.1 Loess: geochemical composition and weathering effects
Loess is composed of the major elements of the primary rock-forming minerals; Ca,
Fe, K, Mg, Na, Al, Si, O, Mn, P and Ti (Sheldon and Tabor, 2009). Chemical
weathering affects dust mineralogy to varying degrees at source and after deposition.
Admixing of non-aeolian sediment, and reworking and sorting during transport, also
changes dust composition (Harrison et al., 2001). Loess mineralogy and composition
may therefore no longer adequately reflect the dust parent material, complicating
attempts to distinguish provenance signals (Liang et al., 2013). These effects should
therefore minimally influence an ideal geochemical provenance indicator.
Chemical weathering changes the elemental composition of a source rock by
depletion of soluble and mobile elements, enrichment of immobile elements and by
formation of new secondary minerals (Liang et al., 2013; Buggle et al., 2011). The
solubility of an element is a function of the strength of its chemical bonds, and is
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further influenced by factors such as pH-value, other components in solution, redox
conditions, and temperature. Na, Ca and Mg form weak bonds with oxygen and are
easily mobilized during early stages of weathering through leaching of carbonates
and plagioclase weathering, suggesting they are unsuitable for provenance studies
(S. Peng et al., 2016; Li et al., 2016; Buggle et al., 2011).
By contrast, chemically immobile elements hold great potential for tracing source
signals of aeolian sediments, as their composition remains relatively unchanged by
the effects of weathering (Buggle et al., 2011; Hao et al., 2010; Qingyu et al., 2008).
Si, Al, Fe, K, Ti, and Mn all have similar chemical behaviour (Li et al., 2016). Al, Si
and Ti are the least mobile elements in loess and therefore the most frequently used
elements in provenance studies (Liang et al., 2013; Buggle et al., 2011; Yang et al.,
2006). Al, mainly found in feldspars, micas and clay minerals, is primarily removed by
chemical weathering under acidic conditions. Ti, which in loess is mainly a
component in heavy minerals that are resistant to weathering, is mostly removed by
physical weathering (Peng et al., 2016; Buggle et al., 2011; Sheldon and Tabor,
2009). Si in loess is found primarily in quartz, which is not significantly altered in
composition due to its weathering resistant properties (Hao et al., 2010). Al is
considered the most immobile of the three, and therefore potentially the most suitable
for provenance studies. Si is sensitive to changes in content of quartz and Ti may
show temporal and spatial changes in content due to heavy mineral enrichment and
grain size sorting during transport. As both these changes are related to changes in
parent rock material and may therefore be a function of source, Ti and Si are also
considered suitable for provenance studies (Liang et al., 2013; Buggle et al., 2009;
Yang et al., 2006). Al shows a slightly higher mobility than Ti, which potentially
increases to a significant degree in samples older than 150ka (Sheldon and Tabor,
2009). Fe is highly immobile during pedogenesis, and in Chinese loess is mainly
found as oxidized detrital and pedogenic iron minerals (e.g. maghemite, hematite,
goethite)(Sun et al., 2016; Liang et al., 2012). Mn can also be oxidized during
pedogenesis, or become fixed in secondary minerals (Li et al., 2016). The Kfeldspars, hosting loess K-content, are more resistant to weathering than plagioclase,
although are still relatively easily mobilized (Peng et al., 2016). Depending on degree
of weathering of samples, K has been found useful in provenance studies (S. Peng et
al., 2016; Hao et al., 2010; Sheldon and Tabor, 2009).
The degree of past weathering on loess sections can be difficult to determine,
meaning that some of the elements mentioned above may have been impacted to
varying degrees and be less useful as a provenance indicator. One way around this
is through the measurement of a soil-forming indicator like magnetic susceptibility.
Loess magnetic susceptibility is a measure of the concentration of pedogenic iron
oxides that form as a result of weathering (Heller and Evans, 1995; An et al., 1991;
Kukla et al., 1988). As paleosols are layers of weathered loess, formed during
periods of summer monsoon domination, magnetic susceptibility has been widely
used as a proxy for summer monsoon intensity (Liang et al., 2012). On the CLP,
magnetic susceptibility measurements have shown significant variability over glacialinterglacial scales, showing correlation between high values during interglacial stages
and low values during glacial stages (Heller and Evans, 1995; Kukla et al., 1988).
Comparing potential source signals with magnetic susceptibility records can therefore
be a useful way of separating shifts in provenance from the effects of weathering
related to changes in climatic conditions.
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2.2 Grain size sorting
Aeolian grain size sorting is the process by which dust clouds under the force of
gravity deposit heavier sediment grains before lighter ones with increasing distance
from the source region, resulting in dust deposits becoming increasingly thinner and
fine-grained in the downwind direction (Licht et al., 2016; Yang and Ding, 2008; Ding
et al., 2005)(Fig. 2). Some elements and minerals are enriched in the coarse grained
fraction of loess, while others are more frequently found in the finer grains. The
elemental composition of loess will therefore depend on its grain size distribution, and
consequently on the proximity to the source region (Buggle et al., 2011; Yang et al.,
2006). For provenance studies, it is of fundamental importance to separate the
effects of grain size sorting on loess composition from the effect of source changes.
This is done by either removing the effects of grain size sorting by focusing of specific
grain size fractions, or by accounting for the sorting effect by focusing on specific
elements or minerals that are characteristic of a certain grain size or show a relatively
uniform distribution across grain size fractions (Liang et al., 2013; Buggle et al.,
2011).
Chinese loess has a unimodal particle size distribution that is skewed toward the
fine-grained fraction. The grain size on the CLP shifts from sand-dominated areas in
the northwest, to progressively silt- and clay-dominated areas toward the southeast
(Jeong et al., 2011; Maher et al., 2010). The well-sorted and heavier coarse-grained
fraction (12-70 μm) has a low atmospheric residence time and is therefore deposited
close to its source area. The less sorted and lighter fine-grained fraction (1-3 μm) is
continuously uplifted in high-level dust clouds, where a long residence time and rapid
transport can carry dust loads thousands of kilometres from the source area before
deposition by descending air or by precipitation wash-out (Vandenberghe, 2013; Sun
et al., 2004). The coarse-grained fraction accounts for 70-90% of loess sediment
loads, while the fine-grained fraction accounts for the remaining 30-10% (Sun et al.,
2004).
As the process of grain size sorting is related to the capacity of winds to entrain
and transport sediment, changes in bulk grain size have been used as indicators of
changes in atmospheric circulation patterns and wind strength (Prins et al., 2007).
Traditional interpretations of grain size in loess are that an increase in the heavier
coarse-grained fraction of bulk samples suggests a strengthened wind capacity.
Conversely, a decrease in the coarse-grained fraction towards higher amounts of
finer grains would suggest that wind capacity has weakened. On the CLP, a
coarsening of grain sizes has been interpreted as an increase in the strength of the
windier and drier winter monsoon. An increase in the finer grain sizes is suggested to
indicate that a weaker winter monsoon has allowed for the humid summer monsoon
to have a stronger effect (Porter, 2001). However, changes in grain size distribution
could also be caused by shifts in source regions. If the distance between the source
area and the depositional area increases, average bulk grain size will decrease if
wind capacity and direction remains unchanged, as the heavier coarser grains would
be deposited closer to the new source area. Shorter distance between source area
and depositional area will increase average bulk grain size for an unchanged wind
direction, as an unchanged wind capacity is able to carry more coarse grains the
shorter distance (Prins et al., 2007). Understanding how the complex interplay
between source changes and grain size sorting affects loess composition is therefore
crucial in provenance studies (Liang et al., 2012; Buggle et al., 2011; Yang et al.,
2006).
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Figure 2. Loess transport mechanisms from distal/proximal source to place of deposition.
Revised from Pye (1995).

Knowledge of the grain size distribution for specific elements and minerals offers the
possibility to account for the effect of grain size sorting during transport, and to
potentially use this knowledge for interpretations of source changes (Prins et al.,
2007). Al, Fe3+, Mg, K and Mn are mainly enriched in finer fractions for both loess
and paleosol layers. Provenance studies using these elements could therefore be
biased towards distal dust sources. Si shows higher concentrations in coarse grain
fractions, which could shift the bias toward proximal dust source regions (Li et al.,
2016). Although Ti shows enrichment in finer grain fractions, the correlation between
mean fine grain size and Ti content across lithostratigraphic units suggests that Ti
has a low grain size dependency and that Ti-content therefore will be less affected by
changes in grain size sorting (Buggle et al., 2011). Ti could therefore potentially be
an indicator of both distal and proximal source regions. As Ca shows irregular
variations between size fractions and lithostratigraphic units, it is neither
characteristic of a specific grain size fraction, nor unaffected by grain size sorting
(Liang et al., 2012; Buggle et al., 2011).

2.3 Temporal and spatial variability in loess composition on the CLP
Loess deposits vary in thickness and degree of post-depositional alteration along a
transect crossing the CLP roughly from northwest to southeast. The high
sedimentation rates and coarse grain sizes characteristic of the northwest has been
interpreted to reflect proximity to source regions, as shorter transport distances would
allow for heavier grains and higher dust loads to be deposited. The weak
pedogenesis of the northwest is interpreted as the effect of the dominating dry and
cold winter monsoon (Liang et al., 2013, 2012; Jeong et al., 2008). The northwest
parts of the CLP contain higher amounts of coarse silt and sand, and are richer in
heavy minerals, feldspars and hornblende (Eden et al., 1994).
As the influence of the summer monsoon increases toward the southeast, climatic
conditions become progressively warmer and wetter (Jeong et al., 2011). Dustcarrying winds become weaker with increased distance to travel, resulting in lower
sedimentation rates and smaller grain sizes in the southeast parts of the CLP.
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The higher temperatures and precipitation rates affect loess mineralogy by increasing
rates of chemical weathering (Liang et al., 2013). The southeast sites are therefore
comparatively enriched in micas and secondary clay minerals, and depleted in easily
weathered- and heavy minerals (Jeong et al., 2011; Eden et al., 1994).
Changes in loess composition are also observed down-section with increasing age
(depth), as the effects of climate variability are recorded as fluctuations in grain size,
dust flux and geochemical composition over time (Porter, 2001). The interplay
between the spatial and temporal effects of source mineralogy and climatic
conditions on loess composition is observed as oscillations on both glacialinterglacial and sub-millennial time-scales in the geochemical record (Liang et al.,
2013; Maher et al., 2010). Different conclusions have however been drawn as to
whether these oscillations reflect source changes. While some studies have
attributed variability in loess composition to processes of grain size sorting and postdepositional alteration (Nie and Peng, 2014; Jeong et al., 2011, 2008), others have
found temporal variability over glacial-interglacial time-scales and spatial variability
from west to east (Bird et al., 2015; Xiao et al., 2012). These contradictory findings
demonstrate the need for high-resolution, independently dated geochemical records
to accurately and reliably understand the provenance history and evolution of the
CLP.

2.4 Major element ratios as provenance proxies
Dust from different source areas are mixed and homogenized by aeolian processes
during transport before deposition on the CLP. This complicates the task of
distinguishing between multiple source regions (Liang et al., 2013). The widely used
concept of elemental and isotopic ratios as proxies for provenance is based on the
idea that the relative abundance of immobile elements remains unaffected by
chemical weathering, thereby preserving source signals (Buggle et al., 2011; Jeong
et al., 2008; Yang et al., 2006). Even though weathering can cause large variations in
absolute values of single elements to be common on small spatial and temporal
timescales, ratios of immobile elements will not change significantly (Qingyu et al.,
2008).
Elements that have similar chemical properties and behaviours, and that show
strongly correlated change in absolute values, are potentially responding to the same
causal mechanism. Comparing two or more elements to each other using elemental
ratios therefore offers a better understanding of the involved processes than
measurements of single elements (Liang et al., 2013; Buggle et al., 2011; Sheldon
and Tabor, 2009). As such, ratios of immobile elements that show variations within
the same grain size fraction indicate differences in geochemical composition of
source materials. A high diversity in ratio values may represent multiple source
signals and shifting source (Hao et al., 2010). Knowledge of elemental properties in
terms of ease of solubility and mobility is crucial for choosing the appropriate
elemental ratio as well as for interpreting its results (Buggle et al., 2011).
Accounting for the great influence that mineral grain size has on bulk geochemistry
is also an important factor to address when choosing elemental ratios (Sheldon and
Tabor, 2009). Including an immobile element in the elemental ratio that is enriched in
the finer grain size fractions (e.g. Al, Fe) that have been transported a relatively long
distance from the source area will bias the result toward changes in distal dust
sources. Conversely, including an immobile element that is enriched in the coarser
grain size fractions (e.g. Si) that have been transported a relatively short distance
from the source area will bias the result toward changes in proximal dust sources

7

(Sun et al., 2016; Liang et al., 2012). Ti-content is relatively unaffected by grain size
changes and is therefore often used in elemental ratios to reduce the influence of
grain size sorting on loess composition (Liang et al., 2013; Buggle et al., 2011; Hao
et al., 2010). Both source changes and changes in wind patterns can cause changes
in average bulk grain size. Changes in wind patterns on the CLP are caused by
changes in climatic conditions on a range of temporal and spatial timescales. If the
effects that these changing climatic conditions have on loess composition could be
removed, the remaining changes could be those caused by source changes (Sun et
al., 2016). Using element ratio proxies that take grain size parameters into account,
by either removing or the influence of grain size sorting or focusing on a specific grain
size fraction, hold the potential to detect source changes on both glacial-interglacial
and millennial timescales. These can in turn can be used to understand the influence
of dust variability on East Asian paleomonsoon evolution and timing (Sun et al.,
2016; Liang et al., 2013, 2012; Yang et al., 2006).
As Ti and Al have the lowest solubility of all major elements, the Ti/Al ratio is
suggested as a reliable indicator of provenance in multiple studies (S. Peng et al.,
2016; Liang et al., 2013, 2012; Buggle et al., 2011; Hao et al., 2010; Sheldon and
Tabor, 2009; Qingyu et al., 2008; Yang et al., 2006). Both elements are relatively
immobile, and the ratio should remain fairly stable under near-neutral and oxidizing
conditions by depth for a constant dust source, even in the weathered paleosols (Hao
et al., 2010; Sheldon and Tabor, 2009). The content of Ti-bearing heavy minerals can
vary among different rocks without a corresponding change in Al-content, making the
ratio value a possible indicator of type of parent rock. A higher ratio is often related to
a more mafic source rock (Sheldon and Tabor, 2009). As Ti content varies with mean
fine grain size, the Ti/Al ratio may be useful when tracing source signals in the siltsized fraction. This is particularly important when performing bulk measurements as
the mixing of different grain sizes in bulk samples otherwise may obscure source
signals through homogenization. This is especially relevant for source signals in finer
grain fractions as these constitute a comparably small part of bulk loess composition
compared to the coarser grains sizes (Sun et al., 2016; Hao et al., 2010).
The Si/Al ratio is suggested a reliable proxy for winter monsoon intensity, as the
relative amount of Si-enriched coarse grains is related to the relative influence of
winter monsoon wind strength. An intensification of winter monsoon winds increases
their capacity to transport heavier grains, which results in changes in the Si/Al ratio
(Sun et al., 2016; Peng and Guo, 2001). As previously described, changes in the
ratio could also reflect relative changes in the proximity to source regions as well as
changes in the quartz content of source rocks. Both factors are relevant for
provenance studies (Li et al., 2016).
Other ratios suggested suitable as provenance proxies include K/Al, Fe/Ti and
Fe/Al (Hao et al., 2010; Buggle et al., 2008; Muhs et al., 2001; Cox et al., 1995). Kfeldspar is more resistant to weathering than plagioclase and is not removed by the
weak weathering rates that affect Ca and Na content. The K/Al ratio can therefore be
used as a provenance proxy during early stages of weathering as ratio values are
characteristic of different feldspars, micas and clay minerals in source rocks (Hao et
al., 2010; Cox et al., 1995). The Fe/Ti ratio is proposed to reflect iron-enriched
material and clay content variations, while the highly immobile properties of Fe and Al
suggest the Fe/Al ratio as suitable to reflect changes caused by mechanisms other
than weathering (Buggle et al., 2008).
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By using XRF-analysis to determine temporal and spatial changes in loess
composition, an interpretation of the relative impact of different causal mechanisms
may be possible, thereby allowing for a detection of potential source signals.

3. Materials and methods
3.1 Sites and sampling
Samples from two sites on the CLP were chosen for analysis (for map see Fig. 1).
The Jingbian (37.4°N, 108.8°E) loess section is located close to the Mu Us desert in
the arid/semi-arid northern part of the CLP. Mean annual temperature is ~7.8°C and
mean annual precipitation ~395 mm (Deng et al., 2006). The section is 252m thick
and covers the entire Pleistocene. Jingbian paleosols are relatively weakly developed
compared to more central sites on the CLP (Ding et al., 2005). The Xifeng (35.8°N,
107.7°E) loess section is located in the central part of the CLP were winters are cold
and dry and summers hot and rainy. Xifeng section is 160m thick, has a mean annual
temperature of ~8.7°C and a mean annual precipitation of ~545mm (Sun et al., 2006;
Jahn et al., 2001). For the Jingbian section, 49 samples from units S0 (Holocene), L1
(last glacial) and S1 (last interglacial) were analysed, covering depths of 30-720cm
taken at 10-20cm intervals. For the Xifeng section, 74 samples from units S0, L1 and
S1 (last interglacial to Holocene) were analysed, covering depths of 30-950 cm taken
at 10-20cm intervals. Terms used for lithological units follow the widely used Chinese
“S-L”-system, where “S” represents paleosols (soils) and “L” represents loess
(Buggle et al., 2009). The loess-paleosol units used in this study span correspond to
marine oxygen-isotope stages (MIS) 1-5 and were deposited during the last glacialinterglacial cycle (Bradley, 2014)(Fig. 3).
Boundaries between loess-paleosol units were established based on stratigraphic
field descriptions and widely recognized ages for glacial-interglacial transitions by
correlation with the marine oxygen-isotope record (Bradley, 2014). Sediment
samples, stratigraphic field descriptions, luminescence dates and low-frequency
magnetic susceptibility data was provided by the Danish Technical University (DTU),
Denmark, Nanjing University, China and the Leibnitz Institute for Applied
Geochronology, Germany.

3.2 Major element X-ray Fluorescence Spectroscopy (XRF)
XRF-spectrometry is a geochemical method widely applied to analysis of loess and
other sedimentary material, as it is non-destructive and relatively low-cost, and is
considered to provide accurate and reliable results (Sheldon and Tabor, 2009). As
analyses are performed on bulk samples and measurements thus will reflect average
sample composition, consideration should be taken to the risk of results not capturing
multiple or complex source signals due to sample homogenization (Bird et al., 2015;
Pullen et al., 2011; Stevens et al., 2010).
Stimulating a sample with X-ray radiation excites electrons to a higher energy
level. When stimulation stops, the electrons return to their former state, releasing
energy (fluorescence) in the process (Fig. 4). Elements emit this secondary radiation
in a characteristic wavelength that can be measured to identify the geochemical
composition and elemental concentration of the sample. A high intensity of emitted
light within a specific part of the spectrum is the result of a high concentration of a
corresponding element. Conversely, a low concentration of an element produces a
low emission of light.

9

Figure 3. Loess-paleosol stratigraphy and correlation to the MIS record and paleomagnetic
polarity timescale. Revised from Porter (2001).

For many of the key elements in rock-forming minerals, the wavelengths at which
they emit fluorescence are well known and can therefore be used to easily match
peaks in a spectra to sample composition (Shackley, 2010).
Bulk XRF-analysis was performed using a Risø TL/OSL model DA-20 reader fitted
with an X-ray radiation source attachment (Bøtter-Jensen et al., 2010). Emitted X-ray
fluorescence was measured by a photomultiplier tube (PMT), which multiplies the
effect of electromagnetic radiation, making it capable of detecting and counting
individual photons. To minimize interference from gas molecules in the air, the
analysis was performed in vacuum (Shackley, 2010). All samples were ashed
(450°C, 24h) and ground to remove organic material and increase homogenization
(JP Buylaert 2016, personal communication, 13 January).
Instrument calibration was undertaken based on trial runs to identify the most
suitable set up for full analysis (Shackley, 2010). Plastic cups (10mm in diameter)
were chosen to hold the samples, showing less unwanted background interference
compared to the steel and molybdenum cup options. Two different calibration set-ups
of time, voltage and current were chosen: (1) 180s, 10kV, 30mA and (2) 120s, 30kV,
5mA (MH Kook 2015, personal communication, April). Changing voltage and current
set up means changing the detail and range of the elements that can be detected
(Shackley, 2010).
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Figure 4. Conceptual image of X-ray stimulated (primary X-radiation) sample emitting
secondary radiation (fluorescence) as excited electrons are returned to their former state.
The wavelength (energy) of the fluorescence depends on which shell the electron has been
excited to. Fluorescence can therefore be emitted in different wavelengths from the same
atom (element), described in the figure as Kα (L to K), Kβ (M to K) (Shackley, 2010). Source:
Helmut Fischer, 2016.

A lower voltage and higher current means shortening the spectral range but
increasing its detail, focusing on identifying smaller but fewer peaks. A lower voltage
and higher current allows for a wider spectral range and the possibility to identify
more elements in the sample, but with less detail (MH Kook 2015, personal
communication, April). Two repeat runs on three aliquots (subsamples) were
performed for each sample using each set up, thus giving 12 values for each sample.
Spectral analysis was performed using the DppMCA software program, manually
viewing and analysing each measured aliquot spectrum (Fig. 5). Peaks were
assigned spectral values based on comparison with calibration values (MH Kook
2015, personal communication, April). High and symmetrical peaks were selected for
element identification, as well as less clear peaks whose corresponding elements
were deemed of interest for the purpose of the study. Spectral overlap, limitations in
calibration range and detail, and background interference were taken into account
when determining the elemental composition, adding a necessarily subjective
component that leaves room for potential interpretation error (Shackley, 2010). The
Risø Analyst software program was used to convert spectral intensity to a numerical
intensity value (cps) for each aliquot. Spectral results from a trial run with empty
plastic cups were used to produce background intensity values. The average
background value was subtracted from the average intensity value for each sample,
leaving the result best representative of the true concentration of each element
(Shackley, 2010).

11

Figure 5. Spectrogram of Xifeng loess sample measured by XRF spectroscopy, with
detected peaks assigned their corresponding elements. The spectral range of the
fluorescence of different elements may overlap, making a correct identification less
straightforward. Some of the elements emit a relatively strong fluorescence in different
spectral ranges, as seen in the Kα and Kβ peaks assigned to Ca, Ti and Fe.

3.3 Luminescence dating
Interpretation of the XRF-results requires an age model for the loess deposits.
Aeolian sediments are well suited for luminescence, due to their likely prolonged
exposure to light during transport (Aitken, 1998). The previously widely used method
of age model derivation by stratigraphic correlation to the marine oxygen-isotope
record, has been found to not accurately account for discontinuities and hiatuses in
the loess record (Stevens et al., 2007). Luminescence dating methodologies are now
being continuously developed and applied in studies of loess to establish
independently dated time-scales (Stevens et al., 2016; Buylaert et al., 2015; Li and
Li, 2012, 2011; Lai, 2010; Stevens et al., 2007; Lu et al., 2007; Buylaert et al., 2007;
Watanuki et al., 2003; Kohfeld and Harrison, 2003; Roberts and Wintle, 2001). The
luminescence dating methods use light, infrared photons or heat to stimulate the
release of trapped charges that has been built up in mineral crystals due to ionising
background radiation from cosmic rays and from surrounding sediments since burial.
This stored charge is proportional to time since burial, given a constant dose rate,
and can therefore give an estimated age of when the sample was buried (Aitken,
1998; Huntley et al., 1985).
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Figure 6. Conceptual image of how the luminescence signal is built up in rocks and
sediments during storage and released (bleached) during transport in the laboratory. Source:
Cordier (2010).

When a sediment grain is deposited and subsequently buried, it gets surrounded by
sediment and shielded from sunlight. Naturally occurring ionising radiation from
surrounding sediment and from cosmic radiation, affect the grain by exciting
electrons in the crystal structure (Aitken, 1998). Some of these electrons then get
stuck in defects in the crystal structure that can act as “traps” for electrons freed by
the ionising radiation. Some of these traps are stable over millions of years and can
be used for dating (Murray and Wintle, 2000; Aitken, 1998; Huntley et al., 1985). The
amount of trapped electrons is proportional to time of exposure to background
radiation, since the last exposure event of the crystal to light, and hence is a measure
of time passed since burial (Duller, 2004)(Fig. 6).
In the laboratory, controlled exposure to heat and light releases trapped electrons,
which gives a “luminescence signal” from photons that can be directly measured. The
older the sample (time since burial), the more light is emitted (Aitken, 1998). These
principles are based on the assumption that sediment grains were sufficiently
exposed to light during transport to release any previous build-up of trapped charges.
If electron traps are not completely emptied (bleached) during transport, this would
increase the measured luminescence signal in the laboratory and consequently
increase the determined age of the sample (Murray and Wintle, 2003). Aeolian
sediments are therefore ideal for luminescence dating, since they are likely to be
sufficiently bleached during transport (Aitken, 1998). For luminescence dating, the
energy used to stimulate the sample is electromagnetic radiation of a specific
spectrum, dependent on the mineral in the sample (Hütt et al., 1988). To estimate the
age of a sample, the following equation is used:
Age = Equivalent dose (De) / Dose rate (Dr)
The equivalent dose (De) is the estimated total amount of accumulated electron
charge trapped in the sample, expressed as an equivalent of radiation dose (in Gy).
The dose rate (Dr) is the rate of exposure of the sample to ionising radiation (in
Gy/ka). Dividing one by the other leaves units of time, the age of the sample (Murray
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and Wintle, 2000). Both are measured under luminescence dating. De determination
requires measurement of luminescence signal in samples.
Signals were obtained for Xifeng samples using polymineral (feldspar) fine-grains
(4-11 μm), and for Jingbian samples using quartz (63-90 μm + 90-180 μm). Chemical
preparation was performed in a laboratory under red light, which does not bleach the
sample (release trapped charges). The light-exposed outer parts of the sediment in
the sample tube were used to measure sample radioisotope activity in order to
calculate the Dr. The unexposed inner sediment was used to measure De (Aitken,
1998). To separate quartz from feldspar, the sample was put into a heavy liquid
diluted to a density between that of the two minerals, making the heavier quartz
grains sink and the lighter feldspar grains float. The sediment was sieved (quartz) or
Stokes’ settled (feldspar) to isolate the appropriate grain size fraction, and treated
with HCl and H2O3 to remove organics and carbonates. The isolated mineral grains
were put onto 10 mm steel discs using silicon oil (Buylaert et al., 2012).

3.3.1 Optically Stimulated Luminescence (OSL) dating
OSL-measurements were performed using the single-aliquot regenerative-dose
(SAR) protocol, on the same type of Risø TL/OSL model DA-20 reader as used for
the XRF-analysis (Bøtter-Jensen et al., 2010). The SAR-protocol (Fig. 7) essentially
compares the natural luminescence signal with a range of luminescence signals
induced by known radiation doses in the laboratory, termed regeneration doses
(Murray and Wintle, 2000). Each set of measurements is performed on an individual
aliquot (usually quartz), and repeated with multiple aliquots, with the signal
normalised to a constant ‘test dose’ luminescence signal induced after the natural or
regeneration doses. This test dose signal accounts for sensitivity change in the
sample, which would otherwise invalidate the assumption of a constant luminescence
response to a given does over the duration of the SAR protocol. The measured
natural dose, corrected by the test dose (Ln/Tn), is then converted to a De value
through comparison to the test dose corrected regeneration dose values (Lx/Tx)(Fig.
7)(Murray and Wintle, 2003).
OSL-signals were measured on quartz grains using a Schott U-340 glass filter and
blue LEDs emitting at 470 nm. External dose rates were calculated using 238U, 232Th
and 40K sample concentrations measured by high-resolution gamma spectrometry
(Murray et al., 1987). The internal contribution of radionuclides to dose rate was
included in the total dose rate (Buylaert et al., 2011).
A number of tests were performed to assess the accuracy of luminescence
measurements by detecting atypical behaviours in the samples and assessing the
ability of the samples to replicate De measurements (Murray and Wintle, 2003).
Recycling ratio, recuperation, pre-heat plateau and dose recovery tests were
performed on quartz aliquots. The “recuperation test” is performed after each
measurement cycle to make sure that all luminescence traps have been emptied and
no residual signal remains. The “recycling ratio” tests whether the SAR-protocol is
working correctly by comparing whether a repeated test dose given to an aliquot
emits the same luminescence signal as previously emitted natural signal. “Dose
recovery tests” attempt to replicate the natural build-up of the luminescence signal in
a sample by resetting the luminescence signal, giving it a known radiation dose and
then comparing whether this artificial dose matches the previously calculated natural
dose (Duller, 2008). Recycling was for all aliquots within 10% of unity, and
recuperation below 5% (JP Buylaert 2016, personal communication, 13 January).

14

Figure 7. Left: Modified SAR-protocol. Source: Stevens et al. (2007) Right: De-value
determined using the regenerative dose method. Revised from Munyikwa (2014).

The measured luminescence ages were linearly interpolated to determine age
estimations for each loess sample, using depth as calibration reference.

3.3.2 post-IR Infrared Stimulated Luminescence (pIR-IRSL) dating
Most luminescence dating is performed using the optically stimulated luminescence
signal from quartz. The electron traps that store the luminescence signal in quartz
can however become saturated with time, limiting its application to approximately the
last 100ka. Using the infrared stimulated luminescence signal (IRSL) of feldspar has
the potential of accurately dating samples as old as 400-500ka. The IRSL signal is
however unstable, and ages can be significantly underestimated if the effects of this
“anomalous fading” is not corrected for (Buylaert et al., 2012).
The post-IR infrared Stimulated Luminescence dating protocol (pIR-IRSL; Table 1)
is the procedure used when dating feldspar (polymineral fine grains). The principles
and calculations are the same used in the previously described SAR-protocol, with
two exceptions. Instead of using optical light, an infrared light source is used to
release the luminescence signal. There is an extra step added after preheating and
before recording the dating signal (step 3 and 7 in table 1), where unstable signals
that could potentially contaminate the luminescence signal are removed by lowtemperature infrared radiation (Buylaert et al., 2012).
Feldspar pIR-IRSL signals were measured using a combination of Schott BG39
and Corning 7/59 filters, and IR LEDs emitting at 870 nm (Buylaert et al., 2012).
External dose rates were calculated in the same way as for the quartz samples, using
238U, 232Th and 40K sample concentrations measured by high-resolution gamma
spectrometry, with the internal contribution of radionuclides to dose rate included in
the total dose rate (Buylaert et al., 2011; Murray et al., 1987).
Recycling ratio, recuperation, first IR stimulation and dose recovery tests were
performed on the feldspar samples (Murray and Wintle, 2003).
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Table 1. An example of the post-IR IRSL protocol (pIR-IR290).

Source: Buylaert et al.(2012).

The “first IR stimulation test” was performed to ensure that unstable signals do not
contaminate the luminescence signal (Buylaert et al., 2012). As for the quartz
samples, recycling was for all aliquots within 10% of unity, and recuperation below
5% (JP Buylaert 2016, personal communication, 13 January).
The measured luminescence ages were linearly interpolated to determine age
estimations for each loess sample, using depth as calibration reference.

4. Results
4.1 Geochemical composition
The following eight major elements were reliably detected by bulk XRF-analysis of
loess and paleosol samples from Jingbian and Xifeng: Mg, Al, Si, K, Ca, Ti, Mn, and
Fe. To be able to use the measured chemical composition of the samples to detect
provenance signals, an understanding as to what degree these results reflect source
rock mineralogy is of fundamental importance. As post-depositional weathering
chemically alters loess mineralogy, the effect of weathering must be taken into
account when interpreting the results. Comparing how element concentrations
change, with depth and between the two study sites, could give an indication of the
spatial and temporal effects of weathering on loess composition. This in turn could be
used to assess which site and which lithostratigraphic unit that has been the least
affected by weathering and therefore more likely to reflect source signals. However,
as changes in element concentrations can be caused by several additional factors
such as grain size sorting and source changes, the causal mechanism cannot be
isolated by these results alone.
The spectral emission intensities that the XRF-results are based on are
inherently different for different elements. As the results are measured in counts per
second (cps) and are not calibrated to reflect absolute values, comparisons of
absolute values or of the relative changes of different elements cannot be made. A
qualitative comparison of the relative concentration between sites and of
lithostratigraphic trends can however be made for single elements. Fig. 8 shows
element concentrations with depth for the Jingbian and Xifeng study sites.

16

Figure 8. Element concentrations (in counts per second) plotted against depth for Jingbian
(above) and Xifeng (below). Included is low-field magnetic susceptibility data plotted against
depth for each respective site, and loess-paleosol boundaries (S0, L1, S1). As results are not
calibrated to absolute values and elements have different spectral emission intensities,
spatial and temporal comparisons are only valid for single elements.

Included in the graph is low-field magnetic susceptibility data for each respective site,
which has been used as a proxy for summer monsoon intensity. High values are
related to increased rates of weathering, while low values are related to decreased
rates of weathering. Loess-paleosol boundaries (S0, L1, S1) are also included.
More elements show higher relative concentrations at Jingbian than at Xifeng.
Mg, Al, Si, K and Fe reach higher element concentration values at Jingbian and lower
relative concentrations at Xifeng. Conversely, Mn and Ti reach higher element
concentration values at Xifeng and lower concentration values at Jingbian. Ca shows
both its highest and lowest concentration values at Xifeng. Relative element
variability also shows differences between sites. Mn, K, Ca, Ti and Fe show higher
range in concentration values at Xifeng, while Si, Al and Mg show higher range in
concentration values at Jingbian.
At Jingbian most elements show higher relative concentrations in either of the
paleosols than in the loess. Mg and Fe show higher concentrations in S1, while Mn,
Al, K and Ti show higher concentrations in S0. Si and Ca show higher relative
concentrations in the loess compared to the paleosols.
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Most elements at Jingbian do however also show the lowest relative concentrations
in either of the paleosols compared to in the loess. Al, Si and Ca show the lowest
concentration values in S1, while Mg and Ti show the lowest concentration values in
S0. Mn, K and Fe show the lowest relative concentrations in the loess unit. More
elements show higher relative variability in the paleosols than in the loess, with only
Mg and Si showing the highest relative variability in L1. Mn, Al, K, Ca, Ti and Fe show
the highest range in concentration values in S1, while all elements show the lowest
relative variability in S0.
As at Jingbian, most elements at Xifeng also show higher relative concentrations
in the paleosols compared to the loess. Mg, Al, Si, K, Ti and Fe show higher relative
concentrations in S1 compared to L1, while only Ca shows higher relative
concentration in the loess than in either of the paleosols. Mn shows both its highest
and lowest relative concentration values in S1. Most elements at Xifeng show highest
relative concentration variability in S0, which is the opposite trend to that observed at
Jingbian. Mg, Mn, K, Ca, Ti and Fe show higher range in values in S0, while Si shows
the highest range in L1. Lowest overall variability is for Mg, Mn, Al, K and Ti shown in
S1, for Al and Si in S0, and for Fe and Ca in L1.
The magnetic susceptibility record at Jingbian only covers the end of S1, but
shows overall lower values at Jingbian, with Xifeng showing higher overall values and
significantly higher overall range. The lithostratigraphic trends are different for the two
sites. At Jingbian, the highest relative MS-values are found in S0 and the lowest in L1,
while relative variability is highest in L1 and lowest in S1. At Xifeng MS-values show
the highest and lowest values, as well as the highest relative range, in S1 while the
lowest relative variability in seen in S0.

4.2 Major element correlation and variability
Changes in one element alone does not tell us enough about the causes of the
change to be able to distinguish between the effects of weathering, grain size sorting
and shifts in provenance. Different elements behave differently under similar
conditions, and are affected by changing conditions in different ways. Understanding
the relationships between elements, by looking at how elements change in relation to
each other, can therefore help us to understand the conditions under which the
change occurred. This in turn can potentially provide the additional information
needed to identify a causal mechanism.
Table 2 shows how the eight elements detected in the loess and paleosol samples
from Jingbian and Xifeng relate to each other using Pearson’s correlation coefficient
(r) for combinations of two element datasets. The results are separated by site and
into lithostratigraphic units. The correlation coefficient is a number from -1 to 1 that
determines the degree to which two variables are linearly related. The strength of a
positive linear relationship between two variables increases, as r gets closer to 1,
which means that as one variable increases so does the other by a proportionate
amount. If the amount of one variable instead decreases as the other proportionally
increases, a negative linear relationship exists. The strength of this negative linear
relationship increases, as r gets closer to -1. For a correlation coefficient value close
to zero, the two variables change independently of each other and no evidence of a
linear relationship exists. The size of the datasets influences the statistical
significance of the determined relationship. Datasets with few data pairs need higher
values to increase the significance of a statistical relationship, while a large number
of data pairs can give the same statistical significance for lower values.
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Table 2. Pearson correlation coefficients (r) for paired element datasets for Jingbian (JB) and
Xifeng (XF) separated by lithostratigraphic unit. Strong correlations (r≥0.7) are given in bold.

For this study, a correlation coefficient value of r≥0.7 or r≥-0.7 is deemed as
demonstrating a strong linear relationship. Lower correlation values are not
considered relevant for the purpose of this study. Values were calculated separately
for each lithostratigraphic unit (S0, L1, S1) to better capture and identify correlations
that may otherwise be lost through homogenization. The correlation coefficient does
however, not demonstrate temporal or spatial variability. Visualising paired datasets
in scatter (xy) plots can confirm and improve the interpretation of the correlation
coefficients, by allowing for temporal correlations within sites and spatial correlations
between sites to be explored.
Scatter plots for Jingbian (Fig. 9) and Xifeng (Fig. 10) show results using trend
lines and R2-values separated by lithostratigraphic unit. The statistical coefficient of
determination (R2) is the square of Pearson’s correlation coefficient (r), and indicates
to what degree the dependent variable (y) is explained by variations in the
independent variable (x). The R2-value varies between 0 and 1, with a number close
to 1 indicating that y- values can be well predicted by changes in x-values. R2-values
close to zero indicate a low fit between the observed and the predicted data values.
Strong correlation values are in this study used as a basis for choosing the
appropriate elements to use for further analysis. If the variation in the concentration
of one element is highly related to (high r-value) and can be well explained by (high
R2-value) another, it suggests that both elements may have responded to changes in
environmental conditions, such as source changes, in similar ways and may
therefore be useful as potential provenance proxies.

4.2.1 Jingbian
For the Jingbian samples, 7 out of 28 pairs of datasets show no strong evidence of a
linear relationship (r<0.7): Mg/Ti, Mg/Mn, Mg/Fe, Ca/Mg, Ca/Mn, Mn/Ti and Mn/Fe.
They are all ratios including either Mg or Mn.
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Nineteen out of 28 dataset pairs show a strong correlation (r≥0.7) for at least one of
the lithostratigraphic units, with 6 of these showing strong correlation for all three
lithostratigraphic units (S0, L1, S1): Si/Al, K/Al, Ca/Al, Si/K, Ca/K and Fe/Ti. Two of
these show very high correlation values for all units (r>0.9): K/Al and Ti/Fe.
The following 7 element pairs show a strong correlation in both paleosols (S0,
S1) without a strong correlation in the loess (L1): Mg/Si (rS0=0.73, rS1=0.97), Ti/Al
(rS0=0.97, rS1=0.95), K/Ti (rS0=0.92, rS1=0.93), Ca/Ti (rS0=-0.95, rS1=-0.97), Ca/Fe
(rS0=-0.94, rS1=-0.92), Al/Fe (rS0=0.94, rS1=0.90) and K/Fe (rS0=0.95, rS1=0.93). Fe
and Ti are included in all but one pair. Mg/Al (rS1=0.73), and Mg/K (rS1=0.73), both
including Mg, show a strong correlation in S1 alone. Ca/Si (rS0=-0.92), Ti/Si (rS0=0.90)
and Fe/Si (rS0=0.90), all including Si, show a strong correlation in S0 alone. Mn is the
only element that, against Si (rL1=-0.84), Al (rL1=-0.72) and K (rL1=-0.78), shows a
strong (negative) correlation in L1 alone, with no strong correlation in either of the
paleosols. Ca and Mn stand out as showing negative values for all their respective
strong correlations.
Examining the correlation matrix (Table 2), some general observations are that
pairs of datasets can show a strong correlation in either or both of the paleosol units,
without a strong correlation in the loess unit. Conversely, paired datasets can show a
strong correlation in the loess unit alone without a strong correlation present in either
of the paleosol units. Overall, lower correlation values are found in the loess
compared with the paleosols. These observations are confirmed by the scatter plots
(Fig. 9), in which the trend lines for the paleosols are overall more similar in direction
and slope compared with the loess, as well as showing an overall higher degree of
linear fit between the trend lines and the paleosol data points (higher R2-values). The
scatter plots also affirm the existence of lithostratigraphic trends, as there is an
overall grouping of data points into the corresponding lithostratigraphic units.

4.2.2 Xifeng
The Xifeng samples show no statistical evidence of a linear relationship (r<0.7) for
the following 3 out of 28 paired datasets (compared to 7 for Jingbian): Mg/Al, Mg/Mn
and Si/Mn. As for Jingbian, these are ratios including either Mg or Mn. Twenty-five
out of 28 dataset pairs show a strong correlation (r≥0.7) for at least one of the
lithostratigraphic units (S0, L1, S1), with 6 of these showing strong correlation for all
three lithostratigraphic units (S0, L1, S1): K/Al, Ca/Al, Ti/Al, K/Ti, K/Fe and Fe/Ti.
Overall, these ratios show somewhat lower correlation values than at Jingbian. Three
of these ratios are the same as at Jingbian: K/Al, Ca/Al and Fe/Ti. The remaining
three ratios, including either Si or Ca, have been replaced with ratios including either
Ti or Fe.
The following 10 pairs of elements show a strong correlation in the paleosols (S0,
S1), while lacking a strong correlation in the loess (L1): Mg/Si (rS0=0.91, rS1=0.70),
Ca/Ti (rS0=-0.83, rS1=-0.96), Ca/Fe (rS0=-0.89, rS1=-0.97), Al/Fe (rS0=0.76, rS1=0.94),
Al/Mn (rS0=0.96, rS1=0.95), K/Mn (rS0=0.86, rS1=0.89), Ca/Mn (rS0=-0.95, rS1=-0.97),
Fe/Mn (rS0=0.74, rS1=0.95), Ca/K (rS0=-0.97, rS1=-0.91) and Ti/Si (rS0=0.89, rS1=0.83).
There is a noticeable change in Mn, which at Jingbian showed strong negative
correlations in L1 only, whereas at Xifeng instead shows strong positive correlations
in the paleosols. Mg/Ca (rS0=-0.73), Mg/Ti (rS0=0.87) and Mg/Fe (rS0=0.73), all
including Mg, show a strong correlation in S0 alone. K/Si (rS1=0.73), Ca/Si
(rS1=-0.74), Fe/Si (rS1=0.74) and Ti/Mn (rS1=0.93), most of which include Si, show a
strong correlation in S1.
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Figure 9. Scatter plots of pairs (4 out of 28) of element datasets for Jingbian. Results are
separated into lithostratigraphic unit (S0, L1, S1), showing trend lines and R2-values for each
unit: A) Al vs. Ti, B) Si vs. Ti, C) K vs. Al, D) Fe vs. Ti. Elemental concentrations are
measured in counts per second [cps]. For remaining scatter plots see appendix I.
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These are reversed trends compared to the Jingbian results, where the strong
correlations for Mg are found in S1 and the strong correlations for Si are found in S0.
Mg/K (rS0=0.76, rL1=0.70) and Al/Si (rL1=0.77, rS1=0.82) show strong correlations in
the loess as well as in one of the paleosols. Ca is the only element to show negative
correlation values, and does so for all strong correlations.
There are more strong correlations occurring at Xifeng compared to Jingbian, and
fewer paired datasets show weak correlations for all lithostratigraphic units. As
previously observed in the Jingbian samples, the results for Xifeng generally show
stronger correlation values in either or both of the paleosols compared with the loess.
Strong correlations do however occur for all combinations of lithostratigraphic units,
depending on the examined pair of datasets. The scatter plots for Xifeng (Fig. 10)
show data points grouping into lithostratigraphic units, as seen at Jingbian. There is
however a less clear separation between units at Xifeng, with more overlaps between
data points for both paleosols and loess. S1 stands out as showing the overall biggest
range in absolute values, and the clearest separation from the other units.

4.3 Major elemental ratios as provenance proxies
The following four elemental ratios were chosen based on suggestions made in
previous provenance studies performed on loess samples, and on a combination of
the existence of a strong positive linear relationship, lithostratigraphic trends, stable
element properties and sensitivity to grain size changes: Ti/Al, Si/Al, K/Al and Fe/Ti.
As Si and Al are enriched in different grain size fractions, the Si/Al ratio may not
appear an ideal choice when attempting to reduce the effect of grain size sorting on
elemental ratio results. Si is however the only element enriched in coarser grains.
Focusing on the heavier coarse-grained fraction may increase the potential of
detecting abrupt shifts in source, as these grains are transported a shorter distance
from the source area before deposition (Li et al., 2016; Sun et al., 2016). This may
increase the likelihood of preserving distinguishable source signals by reducing the
time during which mixing of sediment from multiple sources can occur. As the coarser
grain fraction constitutes the bulk of loess sediment, source signals in this size
fraction would have a stronger relative influence on loess composition. A high relative
amount of coarse grains in bulk samples are characteristic of winter monsoon
conditions, during which sedimentation rates are higher than during summer
monsoon conditions (Prins et al., 2007; Porter, 2001). Source changes that occur
when sedimentation rates are comparably high should therefore be magnified in the
loess record relative to source changes occurring when sedimentation rates are low.
High sedimentation rates also bury previously deposited grains faster, thus reducing
grain exposure to weathering climatic effects. These factors all suggest that including
Si in the elemental ratio could be useful for provenance analysis.
The four elemental ratios were plotted against age (depth) on a completely
independently dated timescale, to illustrate and investigate temporal variability for the
Jingbian and Xifeng sites. Included in the ratio-age graphs is low-field magnetic
susceptibility (lf-MS) data for each respective site, which has been used as a proxy
for changes in weathering rates related to shifts in climatic conditions (Liang et al.,
2012; Heller and Evans, 1995).
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Figure 10. Scatter plots of pairs (4 out of 28) of element datasets for Xifeng. Results are
separated into lithostratigraphic unit (S0, L1, S1), showing trend lines and R2-values for each
unit: A) Al vs. Ti, B) Si vs. Ti, C) K vs. Al, D) Fe vs. Ti. Elemental concentrations are
measured in counts per second [cps]. For remaining scatter plots see appendix II.
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4.3.1 Jingbian
The timescale for Jingbian is based on linear interpolation of 9 OSL-ages and covers
a time span of 3ka – 66ka. The geochemical record is based on 18 samples from S0,
23 samples from L1 and 9 samples from S1. The timescale for Jingbian reveals a
large hiatus in L1, excluding ages 20ka – 63ka from the results.
The Ti/Al curve (Fig. 11) roughly mirrors the MS-curve. As there is an increasing
trend in the MS-values, there is a decreasing trend in the Ti/Al ratio and vice versa. A
difference is seen in the more frequent fluctuations of the ratio values during S0,
compared with the slower changes in the MS-curve.
The Si/Al ratio shows a decreasing trend during S1 as the MS-curve slowly
increases, with a sharp rise as the S1-L1 boundary as the MS-curve shows a small
drop. The two curves show a similar increasing trend during L1, and a similar but
asynchronous sharp drop at the L1-S0 boundary. The decreasing trend in the MScurve during S0 is not reflected in the relatively small but steady fluctuations of the
Si/Al ratio.
The K/Al ratio shows a decreasing trend during S1, while the MS-values slowly
increase. The two curves show opposite trends at the S1-L1 boundary and into L1 as
well, with an increasing trend in K/Al and a decreasing trend in MS-values. There’s a
continued mirroring trend after the hiatus in L1, as well as during early S0. The K/Al
ratio shows more frequent and steady fluctuations during S0 than does the increasing
MS-curve.
The Fe/Ti ratio roughly mirrors the MS-curve, as there is a decreasing trend in the
ratio values there is a decreasing trend in the MS-values and vice versa. The Fe/Ti
ratio does however show relatively big fluctuations during S0 as the MS-curve does
not. While the MS-values are relatively low during S1, with small fluctuations, the
Fe/Ti ratio shows relatively big fluctuations during S1 and a significant relative
decrease in values crossing the S1-L1 boundary.

4.3.2 Xifeng
The timescale for Xifeng is based on linear interpolation of 6 pIR-IRSL ages and
covers a time span of 4ka – 127ka. The geochemical record is based on 7 samples
from S0, 46 samples from L1 and 20 samples from S1.
During S1 up to around 62ka, the Ti/Al ratio (Fig. 12) roughly mirrors the pattern of
the MS-curve, with overall decreasing values in the Ti/Al ratio corresponding to
increasing values in the MS-curve. The fluctuations in the Ti/Al ratio are however
more pronounced. Two peaks of similar size and duration that are not reflected by
similar changes in the MS-curve occur at 66ka and 69ka. The two curves show
similarities and differences from 52ka in L1 through S0. Some fluctuations in the Ti/Al
ratio show similar, albeit less pronounced fluctuations in the MS-curve. Other
fluctuations show a mirroring pattern, with a peak in the Ti/Al ratio corresponding to a
drop in the MS-curve.
The Si/Al ratio is roughly mirrored by the MS-curve, with an increase in the Si/Al
ratio corresponding to a decrease in the MS-curve and vice versa. There are some
differences in the size of the fluctuation patterns, with the Si/Al ratio showing bigger
changes during S1 and L1 compared with the MS-curve. The previously mentioned
two peaks at 66ka and 69ka do not visibly correlate to similar fluctuations in the MScurve.
As for the previous ratios, the MS-curve roughly mirrors the fluctuations of the K/Al
ratio, although showing smaller changes.
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Figure 11. Elemental ratios and low-field magnetic susceptibility for Jingbian, plotted against age and
including lithostratigraphic units (S0, L1, S1). From top to bottom: Ti/Al, Si/Al, K/Al and Fe/Ti.
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Figure 12. Elemental ratios and low-field magnetic susceptibility for Xifeng, plotted against age and
including lithostratigraphic units (S0, L1, S1). From top to bottom: Ti/Al, Si/Al, K/Al and Fe/Ti.
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The two curves show opposite trends during the first part of L1, while showing a
similar decrease in values during the latter part of L1 (52-24ka). The two peaks at
65ka and 67ka are not correlated to similar changes in the MS-curve.
The Fe/Ti graph roughly mirrors the trends in the MS-curve, an increase in one
curve corresponding to a increase in the other and vice versa. The Fe/Ti ratio does
however show more visible fluctuations, especially during L1, where the
corresponding fluctuations in MS-values are comparably minor.

5. Discussion
5.1 Causal mechanisms for element composition, variability and
correlation strength
The higher values and range in magnetic susceptibility, the lower relative
concentrations of mobile elements such as Mg and K, the higher relative
concentrations of relatively immobile elements such as Mn and Ti, and the overall
higher relative variability of both immobile and mobile elements suggests that the
Xifeng site has been exposed to higher rates of weathering than the Jingbian site (Li
et al., 2016; Buggle et al., 2011; Heller and Evans, 1995). As Xifeng is warmer and
receives higher annual rates of precipitation, these results are consistent with
weathering being a causal mechanism for spatial changes in loess composition
(Jeong et al., 2011; Jahn et al., 2001). If weathering was the only mechanism
affecting loess composition, Si would however have a higher relative concentration at
the more weathered site of Xifeng due to the progressive enrichment of immobile
elements (Li et al., 2016). Instead, Si has a higher relative concentration and shows
higher variability at Jingbian. As Si is enriched in coarser grain sizes and as average
grain size is coarser at Jingbian, this may suggest the influence of grain size sorting
(Liang et al., 2013; Yang and Ding, 2008).
The impact of weathering and grain size sorting does not explain why Ca shows a
higher relative concentration, and Fe and Al lower relative concentrations, at Xifeng.
For a shared source, higher weathering rates at Xifeng should result in lower relative
concentrations of the highly mobile Ca, and higher relative concentrations of the
relatively immobile Fe and Al (Buggle et al., 2011; Hao et al., 2010). This should also
be the result when considering that Fe and Al are enriched in the finer grain size
fractions that are more abundant at Xifeng (Liang et al., 2013). An explanation may
be that the dust deposited at Jingbian was higher in Al- and Fe-content and that the
dust deposited at Xifeng was higher in Ca-content, which would indicate different
source areas as a cause for spatial variability.
The higher relative concentrations of easily mobilized Ca in the Jingbian loess unit
(L1) compared to either of the two paleosols, and the lower relative concentrations of
relatively immobile Fe, Ti and Mn, suggests that L1 has been less affected by
weathering than S0 or S1 (Li et al., 2016; Liang et al., 2013; Buggle et al., 2011).
Although the magnetic susceptibility values for L1 are lower than for S0, the similarly
low values reached during S1 is inconsistent with expected temporal trends (Maher,
1998). Since the magnetic susceptibility record for Jingbian does not cover the entire
S1, the results do not show whether values increase with depth. Assuming that
values remain low, an explanation may be the relatively coarse grained
characteristics of Jingbian sediment caused by the proximity to the Mu Us desert
(Buylaert et al., 2015; Yang and Ding, 2008). As magnetic susceptibility is influenced
by the concentrations of ultrafine pedogenic iron oxides, increasing the sandy grain
size component may dilute magnetic susceptibility values (Maher and Thompson,
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1995). The higher relative concentrations and variability of Si in L1 compared to both
paleosols also suggests the influence of grain size sorting, as windy glacials can
carry higher loads of Si-enriched coarser grains to the CLP (Li et al., 2016). Similar
concentrations of K across lithostratigraphic units suggests that weathering rates at
Jingbian have not been high enough to affect K-feldspars (S. Peng et al., 2016). The
higher concentrations of relatively easily mobilized Mg in both paleosols may also
suggest relatively weak weathering rates, or a shift during the Holocene and last
interglacial towards dolomite-rich source rocks (Meng et al., 2015; Buggle et al.,
2011). The higher concentrations of highly immobile and fine-grained Al in L1
compared to S1, is not consistent with the influence of weathering or grain size
sorting, but may be the result of a shift toward a source rock richer in Al-content
during the last glacial (Li et al., 2016; Liang et al., 2013).
At Xifeng, the significantly higher magnetic susceptibility values and variability in
the paleosols suggests that S0, and to a higher extent S1, have been exposed to
higher rates of weathering than L1 (Maher and Thompson, 1995). The higher relative
concentrations and low variability of easily mobilized Ca in L1, the higher relative
concentrations of the relatively immobile Al, Ti, Mn, Si and Fe in S1, and the high
relative variability shown by all elements in S1 except Ca, further suggest the
influence of weathering on temporal trends in loess composition (Li et al., 2016;
Liang et al., 2013; Buggle et al., 2011). Grain size sorting does not appear to be as
influential across lithostratigraphic units at Xifeng as at Jingbian, as Si shows higher
relative concentrations in S1 compared to L1. This may however be the result of a
shift towards a source rock with a higher Si-content between L1 and S1. If that Sicontent was hosted by K-feldspars, it may also explain the higher relative
concentrations of K in S1. A shift in source rock mineralogy between L1 and S1 may
also explain the higher relative concentrations of the relatively easily mobilized Mg in
S1 compared to L1.
The overall grouping of data points into lithostratigraphic units (Fig. 9, 10;
Appendix 1, 2) and the differences in correlation strengths (Table 2) between
lithostratigraphic units and between study sites further suggest spatial and temporal
variability of the relative influence of weathering, grain size sorting and potential shifts
in provenance on loess composition. The strong positive correlation of K against Al in
all lithostratigraphic units at both sites suggests that weathering has not been strong
enough to mobilize K, as this would lead to a negative correlation between the two
elements as the relative decrease in K would lead to a relative increase in Al
(Sheldon and Tabor, 2009). The strong negative correlation of Ca against Al in all
lithostratigraphic units at both sites suggests the effects of initial stages of weathering
(Buggle et al., 2011). However, if weathering was the primary cause of geochemical
change, lithostratigraphic units at the less weathered site of Jingbian should show
less distinct temporal trends, leading to a higher number of strong correlations. The
clearer separation between loess and paleosols at Jingbian and more strong
correlations at Xifeng may therefore suggest a higher relative influence of grain size
sorting at Jingbian. The relative concentrations of two elements enriched in opposite
grain size fractions would result in negative correlation strength, as an increase in
one would lead to a decrease in the other (Liang et al., 2013). The higher number of
negative correlations against Si and Ti in the Jingbian loess supports the influence of
grain size sorting, as these two are the only elements not enriched in the finer grain
sizes and as changes in average bulk grain size are more pronounced during windy
glacials (Liang et al., 2013; Prins et al., 2007).
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The strong negative correlations for Mn against Al and K at the Jingbian loess
requires an explanation other than weathering and grain size sorting, as these
elements are considered relatively immobile during initial stages of weathering and
are all enriched in the finer grain size fraction (Liang et al., 2012; Buggle et al., 2011).
As a strong negative correlation is not present in L1 at Xifeng nor in either of the
Jingbian paleosols, and as Mn instead shows a strong positive correlation in the
Xifeng paleosols against Al and K, these changes may be caused by shifts in the
relative Mn-content of Jingbian source rocks during the last glacial.
The effects of grain size sorting and shifts in provenance are likely to have a higher
relative impact and be better preserved during glacials when sedimentation rates are
high, the relative influence of proximal dust sources are high and weathering rates
are relatively weak (Porter, 2001). Repeatedly changing the linear relationship
between elements by changing the average grain size or source rock mineralogy,
could decrease correlation strength for loess units relative to the paleosols and may
explain the overall lower correlation values in L1 at both sites, as well as the opposite
trends of strong correlations observed in loess versus paleosols. As grain size sorting
appears to be less influential at Xifeng, shifts in provenance may instead play a more
important role.

5.2 Abrupt shifts in provenance
There are peaks in the Xifeng and Jingbian elemental ratio curves that are not
satisfactorily explained by the expected effects of weathering and grain size sorting
and may therefore be caused by shifts in provenance. As the interplay between these
three causal mechanisms makes distinguishing the relative influence of each a
difficult task, attempts have been made based on a comparison between the relative
changes in single element concentrations and with weathering trends as implied by
the magnetic susceptibility record (Liang et al., 2013; Jeong et al., 2008; Heller and
Evans, 1995).
Fluctuations that occur as a result of a decrease (increase) in the relative
concentrations of all four elements during decreasing (increasing) weathering rates,
are consistent with a relative enrichment (depletion) of mobile elements as more
stable elements are depleted (enriched) (Liang et al., 2013; Jeong et al., 2008).
During relatively high rates of weathering, the less stable properties of K and the
pedogenic component of Fe-content may work to counteract their expected relative
depletion (S. Peng et al., 2016; Liang et al., 2012). This may explain observed lower
relative changes in K- and Fe-content relative the other elements. Similarly, lower
relative changes seen in Ti and Si compared to Al may be caused by a relative
enrichment in coarser grains (Liang et al., 2013). Increased windiness would bring
higher dust loads to the CLP, resulting in higher sedimentation rates and weaker
weathering rates (Porter, 2001). Increased windiness would also, for a constant dust
source, increase average grain size, resulting in a relative increase of Ti- and Sicontent that may work to counteract relative depletion related to increased
weathering rates (Yang et al., 2006).
Fluctuations occurring as a result of a decrease (increase) in the relative
concentration of Al, K and Fe and an increase (decrease) in Si and Ti are the
expected results of grain size sorting (Liang et al., 2013). This is made more likely by
a simultaneous decrease in weathering rates, as this may allow for the relative
influence of grain size sorting to increase. A source shift toward a more proximal
(distal) dust source could however also produce the same results (Prins et al., 2007).
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The fluctuations that have been identified as potential source changes are caused by
changes in relative element concentrations that are either disproportional or
contradictory to the expected changes predicted by the effects of weathering and
grain size sorting.
At Xifeng (Fig.12), the slow rise in Ti/Al, Si/Al and K/Al and the simultaneous slow
decrease in Fe/Ti at 97ka (S1), occur as the result of a decrease in the relative
concentrations of Ti, Si, Al, K and Fe, despite increasing MS-values. As the influence
of weathering should have the opposite effect, and as grain size sorting would result
in different trends for elements enriched in different grain size fractions, this change
may be caused by a shift in dust source. At the S1-L1 boundary (81ka), MS-values
significantly decrease as the relative concentrations of Ti, Si, Al, K and Fe increase.
Al is however disproportionally affected considering the expected decrease in finer
grains with the onset of the last glacial. If there was a change from a proximal source
area to a more distal source area, this could help explain the disproportional rise in
Al-content as well as the relatively small change in relative Si- and Ti-content (Prins
et al., 2007). At 74ka, 80ka, 87ka (S1) there is an increase in the relative
concentration of Ti, Si, Al, K and Fe as MS-values decrease, suggesting source
changes rather than weathering and grain size sorting as primary causal mechanism.
Ti/Al, Si/Al and K/Al each show a distinct peak at 66ka, as MS-values slowly
increase. Although there is an expected increase in the relative concentrations of Ti,
Si, Al, K and Fe, the disproportional increase in Al is responsible for the distinct
peaks in the elemental ratios. The relatively slow increase in MS-values suggests
that changing weathering rates are not a satisfactory explanation. Neither is grain
size sorting as all elements show increasing trends. The 66ka may therefore reflect a
source change, as may the somewhat less distinct 69ka peak for the same
aforementioned reasons. At 58ka (L1) there is a decrease in MS-values and a
simultaneous increase in the relative concentration of Ti, Si, Al, K and Fe instead of
an expected decrease, primarily in Al and Si. As Si and Al are enriched in opposite
grain size fractions, this is not the expected result caused by either weathering or
grain size sorting, and may therefore reflect a source change (Liang et al., 2013;
Buggle et al., 2011). At the L1-S0 boundary (20ka), the rise in MS-values predicts the
increase in relative concentration of Ti, Si, Al, K and Fe (Buggle et al., 2011). Si and
Ti do however show a relatively high increase compared to Al. This may, in addition
to weathering, indicate a source change from a distal source area during the end of
the last glacial to a more proximal source area at the onset of the Holocene, as
previously suggested at the S1-L1 boundary (Prins et al., 2007).
At Jingbian (Fig. 11), there is a decrease in MS-values before the hiatus at the S1L1 boundary (64ka). The decrease in the relative concentrations of Ti and Fe can be
explained by decreased weathering rates (Buggle et al., 2011). The disproportional
increase in Si-content may reflect the expected shift toward a coarser average grain
size with the onset of the last glacial (Liang et al., 2013; Porter, 2001). The
enrichment of Al and K in finer grain sizes may have counteracted the expected
decrease in these relatively immobile elements, resulting in the relative increase of
both elements (Liang et al., 2013). At 18.4ka, increasing MS-values and a relative
decrease in Al-, Si- and K-content suggest increased weathering rates. The decrease
in relative Fe- and Ti-content is however inconsistent with a relative enrichment of
stable elements, and with geochemical changes related to grain size sorting (Liang et
al., 2013; Buggle et al., 2011). The first fluctuation in the elemental ratio values after
the hiatus is therefore suggested to reflect a source change. At 17ka there is a
simultaneous rise in all the elemental ratios as MS-values increase.
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This is the result of an expected increase in the relative content of Al and Ti, and an
unexpected decrease in relative Si-, K- and Fe-content. As element enriched in
different grain size fraction show the same trend, the changes are not consistent with
effects of grain size sorting and may therefore reflect a source change (Liang et al.,
2013). At 13.3ka, MS-values and weathering rates increase as the relative
concentrations of Ti, Si, Al, K and Fe decrease. This is not consistent with either the
effects of weathering or grain size sorting and may therefore reflect a source change
(Buggle et al., 2011). The fast rise in MS-values at 12.5ka suggests significantly
increased weathering rates at the L1-S0 boundary, which is reflected in the increase
of the relative concentration of Ti, Si, Al, K and Fe (Jeong et al., 2008; Heller and
Evans, 1995). The disproportional effect on Al and Fe compared to the other
elements may indicate a shift toward a finer average grain size (Liang et al., 2013).
As the influence of the strong winter monsoon winds that transport the coarser grains
to the CLP is expected to diminish at the onset of the Holocene, this may be
explained by the effects of grain size sorting (Prins et al., 2007). Although a source
change may be expected in relation to major climatic transitions, the results do not
clearly contradict weathering and grain size sorting as primary causal mechanisms at
either of the glacial-interglacial boundaries at Jingbian.

5.3 Implications for dust origin and evolution of the CLP
The previously discussed results contradict the claims of spatial and temporal
homogeneity of loess mineralogy made in previous studies, and suggest that dust
provenance varies across the CLP and between glacial-interglacial cycles (Stevens
et al., 2010, 2013; Xiao et al., 2012; Jeong et al., 2011; Jahn et al., 2001; Gallet et
al., 1996). This has implications for the mechanisms that produce, transport and
deposit dust on the CLP, as well as for the usefulness and paleoclimatic significance
of the CLP loess archive.
The temporal context and the millennial time-scales on which the source
changes appear to occur, suggest that localized conditions are, at least, as influential
as major glacial-interglacial transitions. A change in the dust-producing capacity of
one source area would change the relative influence of remaining source areas and
result in a shift in provenance. If this mechanism is the cause for the detected source
changes, it implies that dust production in CLP source regions can show millennialscale variability. Changes in the transportation mechanisms may also increase the
relative influence of one source area over another, without a change in dustproduction, resulting in a shift in provenance. If changes in transportation
mechanisms, such as atmospheric circulation patterns or the suggested Yellow
River, are responsible for the detected source changes, it instead implies that the
capacity of wind and water pathways can change on millennial time-scales.
The source shifts detected at the Xifeng glacial-interglacial boundaries seem to be
primarily related to a change in dust-producing capacity rather than a significant
change in mineralogy, as an increased distance between source and depositional
areas would explain the otherwise contradictory shift toward a finer average grain
size with the onset of the last glacial. The indications of a shift to a higher relative
influence of distal dust sources at the onset of the last glacial may suggest the
increased reach and impact of global or regional climatic events on local conditions.
This would also explain the relatively small effect on loess mineralogy, as distal
source signals would have more time to mix and homogenize. The distinct peaks at
66ka and 69ka at Xifeng do however appear to be less connected to changes in
distances to source, and more to changes in the relative concentrations of specific
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elements. This may therefore point to a higher relative influence of proximal sources,
from which the source signal is more likely to be well preserved compared to the
mixed source signals of the distally transported dust, and therefore to changes in
local conditions.
The possibility of dust source changes occurring on millennial timescales implies
that millennial-scale variability in the aridity, and precipitation and atmospheric
circulation patterns of the East Asian Monsoon could be related to changes in
atmospheric dust content. The detection of abrupt shifts in provenance motivates and
underlines the importance of investigating the loess archive using high-resolution
geochemical proxies to decipher the origin and evolution of the CLP, which in turn
may advance our understanding of the spatial and temporal interplay between dust
and climate.

6. Conclusions
Spatial and temporal variability in loess geochemistry was detected using bulk XRFanalysis and OSL and pIR-IRSL dating of 122 samples taken from the last
interglacial, last glacial and the Holocene from the sites of Jingbian and Xifeng on the
CLP. Using the Ti/Al, Si/Al, K/Al and Fe/Ti ratios as provenance proxies, fluctuations
that could not be satisfactorily explained by the effects of weathering and/or grain
size sorting were identified at both sites, at both glacial-interglacial transitions and
within lithostratigraphic units. These may therefore be related to shifts in provenance.
Although changes in dust sources are to be expected at major climatic transition such
as glacial-interglacial boundaries, source changes occurring on millennial timescales
within lithostratigraphic units suggest that abrupt shifts in loess provenance are
possible on the CLP. This is turn implies that millennial-scale variability of the East
Asian Monsoon could be related to changes in atmospheric dust content.
Further research is recommended to include grain-size data or the use of a singlegrain analysis approach to increase the understanding of the influence of grain size
sorting on loess geochemistry and to reduce the potential mixing and
homogenization of source signals caused by measuring bulk samples. Calibration of
the XRF-results to reflect absolute values of element content would allow for a
quantitative comparison between the composition of ‘pristine’ and supposedly
unweathered loess and that of the two study sites. This would improve the
understanding of how the effects of weathering have influenced loess composition,
and thereby potential source signals. Comparing absolute values of elemental ratios
could also allow for interpretations of potential source rocks, which in turn could allow
for a differentiation between possible source regions.
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