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ABSTRACT: Extensive research has focused on the loess deposits in southern England, aiming to unravel their
stratigraphic and palaeoenvironmental significance. However, no systematic mineral magnetic study on these deposits
has yet been undertaken. Here we address this by investigating the magnetic mineral composition and alignment of
loess at two sites in southern England, Lowland Point (LP) on the Lizard Peninsula of Cornwall, and Pegwell Bay (PB) in
eastern Kent on the Isle of Thanet. A set of rock magnetic analyses was conducted to understand mineral magnetism
within the studied sections. In addition, the primary depositional origin of the magnetic fabrics as well as their
overprinting caused by various possible post‐depositional processes were examined through anisotropy of magnetic
susceptibility (AMS). The magnetic mineral composition is similar at both sites, derived from both sedimentary (aeolian)
and post‐depositional processes. The AMS results show magnetic foliation that varies between the two sites, aligning
with the bedding plane, indicating deposition from gravitational dust fall at the PB site, and a stronger wind transport
energy at the LP site. Although the magnetic lineation of bulk AMS is relatively weak, there is a noticeable tendency
towards alignment in most samples, with flow directions from the SE indicated at both sections if a strong wind is
assumed at LP, although with a possible SW direction if a weaker wind is assumed. These observations may imply the
preservation of palaeowind directions during dust transport, with a substantial southerly component, which contradicts
previous assertions of dominant northerly or northeasterly winds. Indeed, a possible dominant southeasterly wind
direction between 25 and 18 ka would suggest a limited influence of katabatic, westerly or polar northeasterly winds
during dust transport, and rather may imply the effect of low‐pressure systems passing through the English Channel
during that period. © 2024 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd
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Introduction
Thin loess deposits of up to c. 4 m thickness cover significant
parts of southern Britain (Figure 1) (Catt et al., 1987; Lehmkuhl
et al., 2021; Bunce et al., 2022). These predominantly late
Quaternary deposits (Wintle, 1981, Stevens et al., 2020) have
long been studied but considerable uncertainty exists over
their source, formation and relevance for understanding past
climate change (e.g. Eden, 1980; Smalley et al., 2009; Baykal
et al., 2022). Indeed, a recently published review of loess in
Britain and Ireland (Bunce et al., 2022) highlights uncertainty
over the distribution and formation of true loess (sensu lato; the
terrestrial accumulation of windblown dust, dominantly silt,
with clays and fine sand particles), which currently limits its
use in understanding past environmental changes and land-
scape processes of southern Britain and NW Europe more
widely. Furthermore, notwithstanding a few multi‐proxy
investigations suggesting valuable palaeoclimate information
is preserved within loess deposits in southern England

(as evident in studies by Rose et al., 2000; Stevens et al., 2020),
the utilization of such records remains limited. One key
question is the extent to which loess deposits in Britain are
reworked by processes such as gelifluction, hydro‐
consolidation, cryoturbation and pedoturbation (e.g. Clarke
et al., 2007; Milodowski et al., 2015; Butcher, 1990), or
whether primary airfall deposits are preserved. Moreover, loess
facies are highly variable across southern Britain, and
reworking of loess is probably highly site‐specific, and linked
to local topography and conditions (Bunce et al., 2022).
Mineral magnetism is widely used in studies of loess

deposits, to understand past climate, landscape and post‐
depositional reworking conditions (e.g. Oches & Bane-
rjee, 1996; Költringer et al., 2021a, 2021b; Bradák, 2009;
Bradák et al., 2011). In particular, the magnetic susceptibility
of loess, and its frequency dependence, is widely used as a
proxy for past soil formation. However, the controls on the
magnetic susceptibility signal in loess can be complex (e.g.
Bradák et al., 2021), especially for loess in peri‐ or paraglacial
environments (Marković et al., 2012; Bunce et al., 2022), and
additional rock magnetic experiments such as hysteresis,
remnant magnetism or temperature dependence are required
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to fully understand the controls on iron oxide mineral type and
grain sizes in loess (e.g. Hus, 2003; Lagroix and Banerjee,
2002; Liu et al., 2005; Necula et al., 2015; Taylor et al., 2014;
Gao et al., 2019; Költringer et al., 2021a, 2021b; and
references therein). Furthermore, to reconstruct depositional
conditions and post‐depositional reworking, magnetic
fabric has been determined by applying anisotropy of
magnetic susceptibility (AMS) measurements, and in ideal
cases may be used for palaeowind reconstruction (e.g.
Thistlewood and Jianzhong, 1991; Bradák et al., 2018;
Költringer et al., 2021b).
As long as it is not extensively reworked, examining the ice‐

marginal loess preserved in southern Britain using AMS,

therefore, offers an opportunity to reconstruct the impact of
extensive ice sheets on atmospheric circulation over Europe.
However, despite the widespread use of these techniques
across European loess (e.g. Bradák et al., 2021), the mineral
magnetism of loess in Britain has not yet been studied in detail
and only two early studies have utilized AMS to attempt to
understand depositional and reworking processes in loess in
southern England (Butcher, 1990) and close by NW France
(Derbyshire & Mellors, 1988). Butcher (1990) argued that
slope movement had extensively reworked loess across Britain
under an ‘aqueous’ or ‘solifluction’ regime, dominantly
originating from higher ground to the north. Derbyshire &
Mellors (1988) suggested that the reworking of loess in

© 2024 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd J. Quaternary Sci., Vol. 39(5) 710–728 (2024)

Figure 1. (a) Map of southern Britain and English Channel area loess and coversand deposits, topography and bathymetry, with sample sites marked
and zoom in around (b) Lowland Point and (c) Pegwell Bay. Modified from Stevens et al. (2020) with loess thickness based on Catt (1977), Antoine
et al. (2003) and Bateman & Catt (2007). [Color figure can be viewed at wileyonlinelibrary.com]
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northern France and southern Britain was evidenced by
anisotropy grain alignment in scanning electron microscopy
analysis of thin sections and laser scanning of grains and that
anisotropic fabrics in northern French loess confirmed this.
However, it is now known that anisotropic magnetic fabrics
shown in AMS analysis are not necessarily the result of
reworking (e.g. Nawrocki et al., 2006; Bradák et al., 2021).
Furthermore, there is mixed evidence for the reworking of
loess in southern Britain, with some studies reporting in situ
deposits (Rose et al., 2000; Stevens et al., 2020), others
showing mixed in situ and reworked (Milodowski et al., 2015),
and others arguing for extensive or near complete reworking,
i.e. through periglacial activity (e.g. Antoine et al., 2003).
Furthermore, little specific detail on the evaluation and
interpretation of AMS data in Derbyshire & Mellors (1988) is
presented, while Butcher (1990) is an unpublished PhD thesis,
which makes it hard to assess the reproducibility and
implications of these findings and interpretations.
Stevens et al. (2020) performed some preliminary rock

magnetic experiments on loess at Pegwell Bay (PB) in east Kent
and found a mixture of single‐domain (SD) and multi‐domain
(MD, or PSD – pseudo‐single‐domain) magnetic grains, with
the dominant magnetic mineral carrier being magnetite,
similar to other loess deposits globally (e.g. Lagroix and
Banerjee, 2002; Liu et al., 1992; Pan et al., 2002; Jin and
Liu, 2010; Li et al., 2018; Taylor et al., 2014; Necula
et al., 2015). However, Stevens et al. (2020) found only
limited evidence of weathering and control of superparamag-
netic (SP) grains on increased magnetic susceptibility in soils.
Instead, they concluded that the ‘wind‐vigour’ model of
magnetic enhancement (see e.g. Chlachula et al., 1998) may
be appropriate for part of the section, while pedogenetic or
hydromorphic dissolution models (Baumgart et al., 2013;
Taylor et al., 2014; Bradák, 2009; Bradák et al., 2011) may be
more applicable over other intervals. Furthermore, evidence
from temperature‐dependent magnetic susceptibility experi-
ments suggested that neoformation of maghaemite as coatings
on larger MD magnetite grains may have occurred due to weak
pedogenesis at certain intervals in the sequence (see e.g.
Spassov et al., 2003; Hao et al., 2009; to compare); thus, the
magnetic mineralogy in loess at PB is complex and with
potentially multiple competing influences.
Overall then, previous work on loess in Britain using rock

magnetic analysis hints at a complex picture, but has focused
only on one site and misses some methods that may further
elucidate the controls on mineral magnetism. Furthermore,
AMS analysis of loess in Britain has been extremely limited,
and considerable uncertainty still exists over whether the
deposits preserve depositional fabrics. Here we attempt to
overcome these limitations by conducting a detailed rock
magnetic analysis of two contrasting loess sections in the far
east and west of southern England (Figure 1): Thanet, Kent
(PB), and Lizard Peninsula (Lowland Point, LP), Cornwall,
respectively. We apply routine magnetic susceptibility and
frequency‐dependent susceptibility analyses, together with a
range of rock magnetic experiments, and conduct preliminary
AMS and frequency‐dependent AMS analyses of pilot
samples from the two sections. The AMS investigation aims
primarily to ascertain if undisturbed depositional fabrics are
present in the loess, and subsequently to provide initial hints
at the specific near‐surface winds responsible for transporting
dust over NW Europe during the Last Glacial Maximum
(LGM). These proposed regimes include a high‐pressure cell
over the European Ice Sheet (EIS) with easterly winds
(Schaffernicht et al., 2020), cyclones tracking over the
channel (Antoine et al., 2009) or prevailing katabatic winds
(Lefort et al., 2013a).

Sites and study areas
The loess section at PB (51°19.651′N, 001°22.200′ E) is
located at the eastern edge of the Isle of Thanet (eastern Kent)
and exposed at the sea cliffs of PB at Cliffs End (Figure 1), the
site of a former hover port. Here the sequence unconformably
overlies the late Palaeocene shallow marine sands of the
Thanet Formation (Stevens and Baykal, 2021) or heavily
brecciated upper Cretaceous chalk (Pitcher et al., 1954). The
site was first studied by White (1928) and named as loess by
Pitcher et al. (1954) and Kerney (1965). It was later dated in
detail using quartz optically stimulated luminescence (OSL) by
Clarke et al. (2007) and Stevens et al. (2020), the latter
showing that the majority of the loess was deposited between
25 and 18 ka. The 3.3‐m‐thick loess sequence is capped by a
grey to brown modern/Holocene soil, below which lies a non‐
calcareous blocky brownish loess. Underlying this, an abrupt
boundary marks the transition to calcareous yellow loess with
faint brown banding in the upper part and sandy bands
towards the base (Figure 2). The interpretation of many of these
stratigraphic features is still debated, and a detailed stratigra-
phy is presented in Stevens et al. (2020) who argue that
permafrost active layer freeze–thaw processes drive the
stratigraphic changes between the two main loess units. Loess
on Thanet is some of the thickest in Britain, and at least the
lower loess unit is buff‐coloured and calcareous, and has a
porous, open structure that is reminiscent of more ‘classical’
loess deposits in Eastern Europe and Asia. However, in
general, there is no consensus about the degree of reworking
of the Thanet loess deposits (Catt et al., 1987; Clarke
et al., 2007; Milodowski et al., 2015; Stevens et al., 2020).
Recent detailed multi‐method provenance analysis of loess at
PB reveals that it comprises British–Irish Ice Sheet (BIIS)‐
derived dust, via glaciofluvial systems in the exposed North
Sea (Baykal et al., 2022). However, given that these ice sheet‐
derived materials were probably transported by glaciofluvial
systems over a wide area, this leaves the question of past dust‐
transporting wind directions open.

By contrast, loess deposits at LP (50°02.205′ N,
005°04.141′ W, Figure 1), belonging to the Lizard Loess
Formation (Roberts, 1985), are non‐calcareous and much
darker (Figure 2). The main section (LP2019) crops out on a
low, flat promontory consisting of Devonian gabbro backed
by a raised beach terrace (Budge, 1842) and a palaeocliff
line, and is located c. 2.5 km NE of Coverack on the eastern
edge of the Lizard Peninsula (west Cornwall). Underlying the
c. 1.8‐m‐thick loess is a unit of geliflucted loessic material
with extensive angular gabbro clasts (Ealey and James, 2011).
Below the thin O horizon of the modern soil is a c. 30‐cm‐
thick darker grey silt that has occasionally rounded clasts and
has previously yielded Mesolithic flint flakes and cores, as
well as pottery sherds (Dawson, 2013) (Figure 2). This layer is
underlain by a unit of stone‐free dark silt, mostly dark brown
in colour but with irregular orange and lighter brown streaks,
bands and tongues. At the base of this unit (down to c. 1.1 m),
a weak frost wedge was identified, penetrating into the unit
below, which comprises banded loess down to 1.6 m
(Figure 2). The bands are alternating dark, finer‐grained,
and lighter, coarser‐grained (sandier) bands c. 0.5–1 cm
thick, and are similar to banded loess described in northern
France and Jersey (Lautridou, 1985; Antoine et al., 2003),
termed limon á doublet (Lautridou & Sommé, 1974, Derby-
shire & Mellors, 1988; Keen et al., 1996; Bunce et al., 2022).
While the origin of these features is controversial, they have
been interpreted to indicate permafrost processes (‘tounged’
horizon, frost wedge) and freezing and thawing cycles of
seasonal snow melt‐inducing low‐energy overland flow

© 2024 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd J. Quaternary Sci., Vol. 39(5) 710–728 (2024)
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(limon á doublet) (Haesaerts et al., 1981; Derbyshire &
Mellors, 1988). Underlying the banded loess is a darker,
compacted silt that overlies the gelifluction deposits
(Figure 2), which are better exposed at section LP20‐2, c.
5–10m to the SE. Section LP20‐2 shows a similar loess
stratigraphy to the LP2019 section, albeit with a noticeably
darker upper part of the loess below the upper soil (Figure 2).
The loess at LP has been examined previously by a number of
authors, including Catt and Staines (1982), Roberts (1985), Ealey
and James (2011) and Scott et al. (2011), while Wintle (1981)
first applied thermoluminescence dating to a single sample from
the site, suggesting loess deposition around 16 ka.
LP is one of the main loess exposures of the Lizard Loess

Formation (Roberts, 1985), which comprises a geliflucted
lower unit and an apparently in situ aeolian upper loess (Ealey
and James, 2011). Immediately to the east in Devon, the loess
is generally thinner, while in Cornwall it thickens, with the
thickest deposits found on the serpentinite and gabbro of
the Lizard Peninsula (Catt and Staines, 1982). The reasons for
the remarkable association of Lizard Loess with certain
bedrock types, as well as its unusual thickness, are unclear,
although local sources and permeability of underlying bedrock
may be factors (Catt and Staines, 1982; Ealey and James, 2011).

In addition to the permafrost features in the loess at LP
discussed above, Ealey and James (2008) argue that the
irregular contact between the upper structureless loess and
the lower geliflucted loess exhibits periglacial involutions or
periglacial‐driven fragipan formation. Indeed, sporadic last
glacial permafrost features have been identified over the whole
of Cornwall (James, 2004).

Sampling and methods
Samples were taken from a cleaned exposed cliff section at
PB and freshly dug sections in the low cliffs at LP. Non‐
oriented samples were taken at regular 5‐ to 10‐cm intervals
at all sites, while flat lying c. 10‐cm‐thick blocks of loess were
cut and oriented to the north (two each from PB and LP20‐2
section) at representative depths in the exposed sections
(Figure 2). At PB the loess was sufficiently compact and
cemented such that complete blocks could be cut by knife
from the section. At LP, the soft and less consolidated nature
of the sediments meant that blocks were cut with a knife with
the help of a plastic container, to keep the sampled blocks
intact after sampling.

© 2024 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd J. Quaternary Sci., Vol. 39(5) 710–728 (2024)

Figure 2. Stratigraphy, magnetic susceptibility, grain size and selected geochemical proxies of the sample sites by depth. Stratigraphy is described in
the text. Abbreviations: χlf976 and χFN, low‐frequency (976 Hz) and frequency‐dependent magnetic susceptibility, respectively. The U‐ratio is
calculated after Vandenberghe and Nugteren (2001). CIA, chemical index of alteration (see Supporting Information for details). Blue dots on
stratigraphic charts represent the depth of AMS samples. Note that the majority of samples from Lowland Point were taken from LP 2019 but AMS
samples are from LP20‐2. Stratigraphic correlation is based on visual stratigraphy in the field. [Color figure can be viewed at wileyonlinelibrary.com]
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A detailed description of methods can be found in the
Supporting Information.

Results
Magnetic susceptibility, grain size and
geochemistry by depth

Absolute low‐frequency (976 Hz) magnetic susceptibility (χlf)
values are similar at the two sites, with slightly higher values in
the upper unit at LP (Figure 2). Frequency‐dependent magnetic
susceptibility (χFN) values are low at both sites, mostly <3%.
At both sites, the χ parameters decrease with depth, although
at LP this happens more rapidly in the uppermost part of the
profile, and χFN values form peaks in the upper soils, with the
uppermost values decreasing again to the surface. Peak values
in χlf and χFN do not exactly match but broadly coincide with
the Holocene soil. Grain‐size parameters are also similar at
both sites (Figure 2), although larger abrupt changes are seen at
PB and coincide with sandier layers and at the boundary with
the underlying Thanet Formation. Sand content also increases
in the banded loess at LP. Modes are generally in the coarse
silt range at both sites. In the banded loess of the LP site, the
U‐ratio decreases significantly (from values c. 5 to c. 2) at c.
0.8–0.5 m, while in contrast at PB higher U‐ratios occur in
coarser bands (at 2.0 and 2.8 m depths), reaching values up to
6 (Figure 2). The chemical index of alteration (CIA) at PB is
dominated by the transition from calcareous to non‐/weakly
calcareous loess at c. 1.8 m, but generally values are lower
than those at LP (Figure 2). The CIA drops slightly in the upper
c. 0.3 m at LP. Similarly, the Rb/Sr ratio is probably influenced
by the dynamics of carbonates in the PB section, but generally
higher values of Rb/Sr in the LP section suggest more intensive
weathering and pedogenesis (see Supporting Information
Fig. S1). In turn, the chemical proxy of alteration, insensitive
for uncertainties in separating carbonate‐Ca from silicate‐Ca or
from biases due to K‐fixation (e.g. illitization of smectite) (see
Buggle et al., 2011), shows higher values in the LP section
(84 – 92) than the PB section (from 47m in the lower part, up
to 70 in the upper one) (see Fig. S1). As expected, the values of
pedogenic indicators, such as CIA and Rb/Sr, are higher in the
LP section and the upper part of the PB site, and the quotients

(CaO* + Na2O+MgO)/TiO2 and Na2O/Al2O3 are in line with
this observation (Fig. S1).

Magnetic domain characteristics

The ratio of coercivity of remanence (remanent coercive force)
to coercivity (Hcr/Hc) falls into the range of approximately
1.2–6 for LP samples, with an average concentrated around 4
and a standard deviation of 0.9. The average Hcr/Hc ratio for
PB samples is slightly lower (3.62) with a much lower standard
deviation (0.44) compared to LP. The ratio of saturation
remanence to saturation magnetization (Mrs/Ms) ranges from
approximately 0.1 to 0.23 for all specimens (Figure 3). Despite
the larger scatter in the LP data, the average of Mrs/Ms ratio for
both specimen groups is 0.12, with a slightly higher standard
deviation for LP (0.03) than for PB (0.01). Most of the samples
are located in the PSD region of the Day plot. Based on the
study of Dunlop (2002), the PSD region represents a mixed
MD and SD grain size character, which, in the case of the
studied samples, indicates a mixture of c. 80–90% MD and
10–20% SD grains. Some exceptional specimens show higher,
c. 40–50%, SD content. The majority of the specimens tend to
move toward the region of the MD+ SD mixing curve, and
interestingly, no SP domain character can be convincingly
identified (Figure 3a). Complementing the results of the Day
plot, most of the specimens fall into the MD region in the
Tauxe plot with a possible appearance of mixed uniaxial single
domain (USD)+ SP component (Figure 3b).

Thermomagnetic characteristics

The most common feature among all types of heating curves is
a clear decrease of magnetization at about 550–600 °C
(Fig. S2a–h). In contrast to the recent soil samples from both
sites, which are quasi‐demagnetized following this drop
(Fig. S2a, b and e), the loess samples still have residual
magnetization which disappears when the temperature
reaches c. 660–700 °C (Figs S2c, d, f–h). Along those common
characteristics, there are also some features of the heating
curves which are characteristic for particular groups of
specimens. Some curves from the LP loess specimens show a
significant inflection or bump between c. 120 and 200 °C
(Fig. S2c and d). Similar inflection points or bumps were

© 2024 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd J. Quaternary Sci., Vol. 39(5) 710–728 (2024)

Figure 3. Magnetic domain (grain size) characteristics of the magnetic contributors in the studied sections. (a) Day plot (Day et al., 1977;
Dunlop, 2002) and (b) Tauxe plot (Tauxe et al., 2002). Abbreviations: USD, uniaxial single domain (grains that can be magnetized in only one of two
directions, thus showing uniaxial anisotropy); MD, multi‐domain; SP, superparamagnetic; SD, single domain; PSD, pseudo‐single domain; VS,
vortex state (e.g. Roberts et al., 2017); L, length; W, width. [Color figure can be viewed at wileyonlinelibrary.com]
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observed in specimens from the lower, calcareous loess unit of
the PB profile between c. 250 and 400 °C (Fig. S2g and h). A
relatively unique double peak feature from loess sections
appears between ~300 and 500 °C in the surface soil samples
(Fig. S2a, b and e).
The frequency of various inflection points in the samples is

shown in Figure 4. In general, the following main characteristic
group of inflection points are indicated by the kernel density
estimation (KDE) in the heating curves during the thermo-
magnetic experiments: one at ~100–230 °C (LP section;
Figure 4a), one between ~250 and 450 °C (appears in LP but
is characteristic in the PB section; Figure 4b), and another one
between ~550 and 650 °C (both LP and PB sections; Figure 4).
The histograms show more details, in comparison to the
thermomagnetic curves. The ~100–220 °C bump in the KDE
of LP consists of two significant inflection points, one at c. 150
°C, and a group of inflection points between c. 180 and 220 °C
(Figure 4a). Significant numbers of the thermomagnetic curves
contain an inflection point between ~250 and 450 °C (appears
in LP but mainly in the PB section). As already suggested above,
the most characteristic inflection points of the thermomagnetic
curves are located around 550–600 °C (both in LP and PB
samples; Figure 4). At around 630–650 °C, some additional
inflection points were observed mainly in the PB section.
All samples display a Verwey transition on room‐temperature

saturation isothermal remanent magnetization (RT‐SIRM) and
low‐temperature saturation isothermal remanent magnetization
(LT‐SIRM) curves (Fig. S5). However, in both zero field cooling

(ZFC) and field cooling (FC) curves the transition is hardly visible
(Fig. S5), which may suggest titanium substitution or a grain size
effect (for further discussion see ‘Magnetic mineral composition
of the loess’ below). The transition occurs at ~110–115 K
[–163.15 to –158.15 °C], which suggests a small degree of
cation deficiency, probably modified by maghaemitization (after
Özdemir et al., 1993). FC SIRM has a higher intensity than a ZFC
LT‐SIRM suggesting SD magnetite (Carter‐Stiglitz et al., 2006).
The RT‐SIRM curves present a decrease of remanence during
warming to 400 K (126.85 °C), which suggests reaching the Néel
temperature (TN) (Fig. S5b–d; see Özdemir & Dunlop, 1996).
Higher values of FC ZFC remanences and increasing differences
between them while cooling confirm the occurrence of goethite
grains (Fig. S5; after Özdemir and Dunlop, 1996; Liu et al., 2006).
The Morin transition was not observed (Fig. S5).
Generally, in all specimens, ZFC and FC remanences

decrease with increasing temperature with no distinct drops
(Fig. S5a and c, see ‘Magnetic mineral composition of the
loess’ below for further discussion). The rapid decrease in
intensity below 60 K and then a more gradual decrease to
300 K can be attributed to typical superparamagnetic beha-
viour and is consistent with the presence of SP grains and/or
decreasing magnetocrystalline anisotropy in phases like
goethite (e.g. Banerjee et al. 1993; Moskowitz et al., 1993;
Passier & Dekkers 2002).

Thermal and field dependence of magnetic
susceptibility

The magnetic susceptibility variations in the temperature (κT)
provide very similar results to the thermomagnetic analyses. The
most common feature among the heating curves is a clear
decrease at about 550–600 °C (Fig. S3), suggesting the presence
of magnetite. Other common features are the inflection points or
bumps between c. 250 and 400 °C and a characteristic peak
around ~500 °C (Fig. S3). The latter peak can be recognized in
the cooling curve as well. Similar to the results of the
thermomagnetic experiments from the surface soil samples
(Fig. S2a, b and e), this may also be interpreted as a double peak
feature, appearing between ~300 and 500 °C. In the case of the
κT experiments, the phenomenon appears in loess samples as
well (Fig. S3). Less common features are the inflection or bump
between c. 120 and 200 °C, and the small bump between c.
650 and 700 °C, which appears in PB170 (Fig. S3). The low‐
temperature κT curves show one inflection point at approxi-
mately −160 to −150 °C (c. 120 K), characteristic for the Verwey
transition (TV), indicating the presence of magnetite in most of
the presented samples, especially visible in PB samples (Fig. S3).
There are significant differences between the initial and final

susceptibility values of the samples, particularly the LP
samples and PB210. Together with the irreversible heating
and cooling cycles, this possibly indicates ferromagnetic
mineral (e.g. magnetite or haematite) neoformation from
paramagnetic components (e.g. clay minerals) during the
heating experiments (see e.g. Ao et al., 2009).
Both LP20_2_1_4 and PB240‐245_17 specimens show

relatively weak susceptibility with a slight increase (c. 1%) in
magnetic susceptibility as a function of field (Fig. S4). No
obvious differences in the trends are seen between samples or
applied measurement frequencies.

Anisotropy of magnetic susceptibility –
examination of pilot samples

While all of the measurements passed the F‐test (Jelínek, 1977),
64 of the 74 measurements show statistically significant
magnetic lineation with F12> 4 and ε12< 20° (statistical

© 2024 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd J. Quaternary Sci., Vol. 39(5) 710–728 (2024)

Figure 4. The distribution and probability of inflection points
appearing during heating experiments of the selected samples from LP
and PB (LP: 36 and PB: 32). The plot combines a histogram, a rug‐plot
which indicates every observation by a small vertical tick and the results
of kernel density estimation (KDE). Abbreviations: Gt, goethite; Hem,
haematite; (SD) Mag, (single‐domain) magnetite; Mgh, maghaemite.
[Color figure can be viewed at wileyonlinelibrary.com]
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parameters described in the SM) and 61 samples had well‐
resolved foliation (F23> 10) (Figure 5, Table S1) following Zhu
et al. (2004) and Lagroix and Banerjee (2004). ε12 shows an
inverse relationship to lineation (L) in the case of both the LP
and PB samples. There is a slight difference between
the magnetic fabric parameters of LP and PB samples. The
distribution of PB specimens is similar to those presented in
Lagroix and Banerjee (2004), indicating a lower variation of
κmax, compared to the scattering of maximum principal
susceptibility axi (κmax) in LP samples (Figure 5b). No statistical
relationship exists between ε12 and corrected degree of
anisotropy of magnetic susceptibility (Pj) (Figure 5c). The
absence of a correlation between Pj and mean value of
principal susceptibility axis (κmean) and strongly correlated
foliation (F) with Pj (r> 0.85), as depicted in Figure 5, both
imply that magnetic anisotropy is governed by the paramag-
netic mineral fraction (which includes silicates and clays),

rather than by ferrimagnetic minerals such as magnetite (e.g.
Borradaile, 1987; Rochette et al., 1992; Hus, 2003; see
‘Discussion of AMS results and their environmental interpreta-
tion’ below for further discussion).
The allocation of the samples is scattered in the Jelinek

plot, without forming any characteristic group (Figure 5f). In
contrast to the PB samples, which are scattered around mainly
the oblate–triaxial (T> 0) region of the plot, LP samples are
located in the prolate–triaxial (T< 0) area as well. Although
loess samples are often characterized by strongly oblate
(planar), foliated fabric (T > ~ 0.5–0.6) only some samples
fall into this region (mainly from the PB profile), and most of
the samples are located in the triaxial region ( − 0.5< T< 0.5).
Most of the samples’ bulk magnetic fabrics indicate quasi‐

horizontal magnetic foliation, with magnetic lineation scattered
on this foliation plane to varying extents (Figure 6b–d). The bulk
magnetic fabric of the PB specimens seems to be more foliated

© 2024 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd J. Quaternary Sci., Vol. 39(5) 710–728 (2024)

Figure 5. Evaluation of the magnetic fabric parameters by various methods following Lagroix and Banerjee (2004) and Zhu et al. (2004). Plots reveal
the relationship between various magnetic parameters, such as (a) ε12 and F12 (samples located in the pink area were excluded from the analysis); (b)
lineation (L) and ε12; (c) corrected degree of anisotropy (Pj) and ε12; (d) examination of the potential influence of paramagnetic contributors on the
magnetic fabric [Pj vs. foliation (F)], following the method of Rochette et al. (1992) and Taylor and Lagroix (2015); (e) characterization of the
magnetic fabric of the samples by the Jelinek plot (see Supporting Information and ‘Discussion of AMS results and their environmental interpretation’
for further information about the plots); and (f) Pj vs. shape parameter of AMS ellipsoid (T). Note that samples from PB are separated: sample PB160‐
170 (open circles) and sample PB240‐245 (filled circles) on plot (e). [Color figure can be viewed at wileyonlinelibrary.com]
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© 2024 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd J. Quaternary Sci., Vol. 39(5) 710–728 (2024)

Figure 6. Bulk magnetic fabric and the separation of superparamagnetic fabric from the bulk magnetic fabric in pilot specimens from loess
horizons of LP and PB successions. Stereoplots (a)–(d) present magnetic fabric measured at low frequency (976 Hz), representing the
alignment of all magnetic contributors in the samples (‘bulk magnetic fabric’). Squares represent K1 and circles represent K3 of each
specimen, the confidence ellipses (red and blue lines), and mean tensor directions of the block sample (larger empty symbols). Stereoplots
(e)–(h) show the orientation of the frequency‐dependent magnetic components (‘nanofabric’) for each specimen with the mean tensor (empty
symbols). The plots in the lower part present the relationships between AMS parameters: mean magnetic susceptibility and corrected degree
of anisotropy of magnetic susceptibility (Pj) for bulk AMS (i) and fdAMS (k), and between Pj and shape parameter (T) for bulk (j) and fdAMS (l).
[Color figure can be viewed at wileyonlinelibrary.com]
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(compacted). However, the scattering of the orientation of the
κmax axis seems larger (Figure 6c and d) compared to the better‐
aligned but less foliated LP (Figure 6b). An exception to this is
that the bulk magnetic fabric of LP20‐2_06 has more scattered
magnetic fabric compared to the other LP sample (Figure 6a).
The above series of AMS measurements were focused on the
general characterization of the magnetic fabric. In contrast,
the separation of fabric by applied frequency (fdAMS)
allows analysis of SP and SD frequency‐dependent contributors
(so‐called ‘nanofabric’). The alignment of the frequency‐
dependent contributors (fdAMS) seems to be different compared
to the bulk AMS magnetic fabric in all samples. The ‘nanofabric’
of both LP samples and the upper layer of the PB site
(Figure 6e–g) shows the vertical orientation of κmax axes,
probably implying inversed fdAMS fabric, normally typical for
SD magnetite (see ‘Site palaeoenvironmental comparison –
Environmental magnetic approach’ below for more details).

Discussion
Magnetic mineral composition of the loess

The magnetic domain size of loess at PB mainly falls into the
PSD or mixed MD and SD region of the Day plot (Dunlop,
2002). In addition, some of the PB samples and a significant
amount of LP samples are located in the MD region (Figure 3a).
These results are similar to those of loess from Alaska (Lagroix
and Banerjee, 2002), the Chinese Loess Plateau (e.g. Liu
et al., 1992; Pan et al., 2002; Jin and Liu, 2010; Li et al., 2018),
Europe and Russia (e.g. Taylor et al., 2014; Necula et al., 2015;
Költringer et al., 2021b), and show that generally PSD (or mixed
MD and SD state) and MD components are the main magnetic
contributors in loess and soil units.
The clear drop in magnetization and susceptibility in the

heating curves at about 550–600 °C, observed in almost all
samples, indicates the Curie temperature (TC) of magnetite or
oxidized magnetite (Dunlop and Özdemir, 1997) (Figs S2a–h
and S3). The TV on RT‐SIRM and LT‐SIRM curves and heating
curves of κT at ~120 K (−153.15 °C) confirms this conclusion
(Figs S3 and S5). In all cases, the transition is not abrupt but
rather extends across a temperature range of ten degrees or
more. The suppression or masking of the Verwey transition can
be attributed to several factors, including non‐stoichiometry
and/or cation substitution in magnetite crystals, or the effects of
grain size (e.g. Kąkol & Honig, 1989; Özdemir et al., 1993). The
dominance of magnetite in the studied samples is reinforced by
the weakly positive field dependence (Fig. S4; max. 1.5%),
which hints at the dominance of MD magnetite (e.g. Worm
et al., 1993; Jackson et al., 1998; Hrouda et al., 2006), and is
also consistent with the low χFN in the samples (see Figure 2
and S4).
Small amounts of high‐temperature residual magnetization,

disappearing gradually up to 680–700 °C, may indicate the
presence of haematite (TC of haematite: 680 °C), especially in
the PB profile. However, haematite observed in high‐
temperature experiments can be an end product of magnetite
and/or maghaemite alteration in elevated (>450 °C) tempera-
tures (see Krs et al., 1992; Tarling and Hrouda, 1993; Deng
et al., 2001). This conclusion is in line with the lack of an
observed Morin transition, characteristic for haematite in low‐
temperature measurements (Fig. S5). Note that this does not
exclude the presence of ultrafine‐grained haematite, if any (see
Jiang et al., 2014 for details). However, even a small amount of
impurities in SP haematite grains may have a significant
influence on magnetization, which might suppress or mask the
transition (Jiang et al., 2014).

The bump observed at ~120 °C in LP loess samples (Figure 4a
and S2) and the PB170 sample (Fig. S2) may indicate two
different contributors. The inflection around 120 °C (Figure 4a)
as well as the decrease of magnetization on the RT‐SIRM curve
while heating to 400 K (126.85 °C, Fig S5) may indicate the
Néel temperature of goethite (Özdemir and Dunlop, 1996). This
feature may overlap with the slight increase in magnetisation
from room temperature to about 200 °C, and the rapid intensity
decrease of FC SIRM below 60K (see Fig. S5a and c) probably
reflecting the unblocking of SD particles (e.g. Liu et al., 2005;
Moskowitz et al., 1993). This suggests that the LP and PB
samples contain ultrafine pedogenic ferrimagnetic grains of size
near the SP/stable single domain (SSD) boundary (the size of the
magnetite grains is around 10–25 nm; Dearing et al., 1996), in
line with fdAMS results (see Figure 6e–g). However, the Day
and Tauxe plot did not yield conclusive evidence of SP
components (as depicted in Figure 3). Additionally, χFN
indicates low values (>1%) in the lower part of the profile
and slightly higher values (around 3%) in the upper part of the
LP section, implying a very limited (if any) presence of SP
particles (see Figure 2, and ‘Anisotropy of magnetic suscept-
ibility – examination of pilot samples’ above for more detailed
insights). This distinction can be attributed to the proposition put
forth by Buggle et al. (2014), suggesting the preferential
degradation of fine‐grained magnetic particles in lower layers
due to excess moisture or waterlogging. These apparently
contradictory findings point to possible limitations of various
magnetic methods in the study of loess–palaeosol sequences
with complex, mixed magnetic mineral assemblages.
The bump observed in PB loess samples between c. 250 and

400 °C can be explained by the appearance of various
contributors (Figure 4b and S3). In particular, it may indicate
the thermally induced transformation of metastable maghae-
mite (γ‐Fe2O3) (Gendler et al., 2005; Liu et al., 2010; Gao
et al., 2019). Alternatively, the small step or bump may
indicate the alteration of iron sulphides [e.g. pyrrhotite
(Fe(1‐x)S) or pyrite (FeS2)] to iron oxides during heating
(Schneider et al., 2004; Sagnotti, 2007), although these are
not common mineral contributors in loess.
A relatively unusual asymmetric double peak feature between

~300 and 500 °C from both loess sections, observed in the
surface of soil samples, may indicate the two stages of mineral
transformation: conversion of lepidocrocite to maghaemite, and
later to haematite (see e.g. Gehring and Hofmeister, 1994;
Gendler et al., 2005). However, an alternative explanation may
be the overlapping of two processes, namely the transformation
of maghaemite (suggested above, first peak) and the Hopkinson
peak, related to the wide grain size distribution of fine particles
which undergo a transient SP phase during heating (second
peak; the gradual increase of magnetic parameters from 400 °C
followed by a drop from c. 500 to 580 °C; Muxworthy
et al., 2002). Note that even when suitable fine‐grained
magnetite is present, the Hopkinson peak may be masked by
coarser (MD) grains, abundant in analysed samples (see
Figures 3 and 5), and result in flat insignificant thermal peaks
(see Dunlop, 2014). The double peak (between ~300 and
500 °C) may also represent paramagnetic (i.e. phyllosilicates)
mineral alteration during the heating cycle, as the clay mineral
content varies from 10 to 40% within the PB section (Clarke
et al., 2008). A small, hardly recognizable step‐like feature or
decay of magnetization appearing around 645 °C in the loess
samples (LP: 36 and PB: 32) may indicate the TC of thermally
stable maghaemite (Gendler et al., 2005) (Figure 4a and b). The
observed small peak between 650 and 700 °C on the heating
curve of the PB170 sample (Fig. S3, PB170) can be defined as
another Hopkinson peak related probably to secondary fine‐
grained haematite.

© 2024 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd J. Quaternary Sci., Vol. 39(5) 710–728 (2024)
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Discussion of AMS results and their environmental
interpretation

We emphasize here that the inferences based on the AMS
results are preliminary and should be further developed based
on higher sampling resolution from both PB and LP. Never-
theless, the presented results are intended to facilitate an initial
analysis of dominant patterns seen in the fabrics at these sites
and assess the possibilities for palaeowind reconstructions
from British loess.
The above magnetic investigation demonstrates that the

predominant ferrimagnetic mineral in the sections is magnetite
[i.e. in the LP section MD is dominant, while in the PB section
PSD (mixed SD and MD) is dominant]. Therefore, the magnetic
fabric is mainly controlled by MD grains, reflecting the shape‐
preferred orientation of the grains’ alignment and thus yields a
primarily oblate shape of the AMS ellipsoid (e.g. Hrouda,
1982). Notably, despite the presence of some SD magnetite
grains, an inverse bulk AMS fabric (arising from crystal-
lographically favoured alignment) was not predominantly
preserved, although it did emerge as a secondary fabric
resulting from sediment reworking (see’ Site palaeoenviron-
mental comparison’ below). The maximum susceptibility axes
of primary fabrics are statistically well resolved at the
specimen (ε12= 11.4± 8.7°) and population (ε12= 11.5°)
levels (see Table S1), and thus inferring palaeowind directions
from the magnetic lineation appears possible. However, it is
crucial to consider the impact of paramagnetic minerals,
probably clay minerals, on the magnetic fabric record in this
context (see e.g. Lagroix and Banerjee, 2002; Taylor and
Lagroix, 2015; Bradák et al., 2018a). Based on the low
magnetic susceptibility values observed in both analysed
sections (κlf: <5 × 10−4 SI), and the lack of an apparent
relationship between κlf and Pj (refer to Rochette, 1987;
Hrouda and Jelínek, 1990; Rochette et al., 1992; Hus, 2003;
Taylor and Lagroix, 2015; for more detailed information), it
can be concluded that paramagnetic minerals do indeed make
a substantial contribution to the magnetic fabric. Under prior
research conducted by, for example, Taylor and Lagroix
(2015), Lagroix and Borradaile (2000) and Költringer et al.
(2021b), the AMS magnetic fabric of loess arises from the
alignment of two components: the paramagnetic constituents
(such as phyllosilicates, exhibiting an inherently oblate AMS
character) and the ferrimagnetic minerals that are present to a
lesser extent. Taylor and Lagroix (2015) suggest even that AMS
is controlled by the paramagnetic mineral fraction rather than
ferrimagnetic minerals. Nevertheless, even if the dominant
magnetic carriers are clay minerals we can infer that the
predominant sedimentary fabric remains intact in the sections,
as oblate fabric is dominant in the bulk AMS results
(Figure 6a–d). Below we discuss three possible interpretations
of the AMS data, starting with consideration of possible past
wind directions preserved in the fabric, and followed by
analysis of possible complication factors such as slope
deposition, and other post‐ or syn‐depositional processes.
We then consider the probable post‐depositional origin of the
nanofabric preserved in the fdAMS results.

Palaeowind reconstruction

Among the four studied horizons, the magnetic fabric of three
units (both PB samples and LP20‐2_1) shows quasi‐horizontal
foliation plains with different degrees of dip and lineation
characteristics (Figure 6b–d). Well‐defined lineation can be
observed in LP20‐2_1 (1 m depth), with a possible imbrication
indicated by the discrepancy of the κmin axis from vertical
(Figure 6b). This type of loess magnetic fabric may suggest

higher energy and relatively stable currents (wind) during
deposition, as previously inferred from similar features
observed in loess from the East European Plain and the
Pannonian Basin by, for example, Nawrocki et al.
(2006, 2019) and Bradák et al. (2020). In contrast, the
magnetic fabric of both PB units probably indicates calmer
sedimentary environments, evidenced by scattered lineation
and a well‐defined foliation plane (Figure 6c and d). These
features probably reflect gravitation‐controlled particle deposi-
tion, such as dust fall (see e.g. Bradák et al., 2020, and
references therein). There are slight differences between the
studied samples from the upper (PB160‐170) and lower
(PB240‐245) units of the PB section (160–170 and 240‐
245 cm depths respectively; Figures 2 and 6c and d). The
upper layer has less scattered and vertically oriented κmin axes,
while in the lower unit, the κmin axes are tilted in a NW
direction (Figure 6c and d).
Overall, the apparently well‐preserved primary fabric of

LP20‐2_1 and the PB samples allows a preliminary examina-
tion of possible aeolian depositional processes. Under the
model of Nawrocki et al. (2006), the orientation of κmax axes
shows the wind‐driven direction of the magnetic lineation, the
direction of which depends on wind strength. For weaker
winds, the long axes of elongated grains are oriented parallel
to the wind direction, while for stronger ones, the long axes are
oriented perpendicular to the wind direction (see Tarling and
Hrouda, 1993). Further, inclination of the foliation (tilting of
κmin axes) in this model is caused by the imbrication of platy
minerals by a wind originating from the opposite direction as
the dip. Thus, if the well‐aligned, imbricated fabric of the
lower sample from the LP site (LP20‐2_1) is interpreted as
reflecting wind directions under strong wind currents, as
discussed above, then it may indicate SE winds during
deposition. By contrast, if weaker winds are assumed, a SW
direction would be reconstructed under this model. While the
imbrication of κmin axes does not allow testing between SE and
SW winds in the lower LP sample, it does strongly support
southerly blowing winds (Figure 6b). In turn, in the case of the
PB site it is more difficult to define the characteristic flow
directions during deposition, as κmax axes are more randomly
distributed along the bedding plane (Figure 6c and d),
probably caused by lower transport energy (sedimentation
rate is 4̴0 cm ka−1 at c. 160 cm depth and <20 cm ka−1 PB at c.
240 cm depth; Stevens et al., 2020). Despite this, there is a
slight tendency for grouping of κmax axes in the S to SE
direction for both layers (Figure 6c and d). However, for the
upper PB sample the absence of imbrication of κmin axes
complicates interpretation of the wind direction, which can
only be inferred from the κmax distribution; as such, either
southeasterly or northwesterly winds can be evoked, if weak
wind is assumed (see Figure 6c). By contrast, in the lower PB
layer the imbrication of κmin axes to the NW suggests a
dominant southeasterly wind direction (Figure 6d).
Although preliminary in nature, our results suggest that there

is good reason to believe that reconstructions of past wind
directions can be obtained from the AMS analysis of loess in
southern England. The nature of prevailing dust‐transporting
winds in the English Channel area has previously been a
source of considerable debate. Previous proposals include
northerly, northeasterly or easterly, based dominantly on loess
distribution, mineralogy and particle size (Figure 7; Catt, 1977;
Catt et al., 1987; Lefort et al., 2011, 2013a; Stevens
et al., 2020). This may reflect polar or ice sheet anticyclonic
(Ludwig et al., 2016; Schaffernicht et al., 2020; see Figure 7a),
Atlantic low‐pressure system winds originating from depres-
sions tracking to the south of the field area (Antoine et al., 2009;
Pinto et al., 2020; Stevens et al., 2020; Figure 7b), or the

© 2024 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd J. Quaternary Sci., Vol. 39(5) 710–728 (2024)
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influence of ice sheet katabatic winds (Lefort et al., 2013a; see
Figure 7c). To date, published particle size and sediment
source proxy data from LP are too limited to draw conclusions
on dust sources and transport pathways at that site (although
some evidence points to the influence of local sources having
some influence along the south coast; see Bunce et al., 2022
for discussion). More detailed investigations have recently
been conducted at PB, by Milodowski et al. (2015), Stevens
et al. (2020) and Baykal et al. (2022), with a general consensus
for relatively short‐distance aeolian transport at the site, based
on the mineralogy and coarse grain size of the sediments.
However, while Milodowski et al. (2015) suggest some local
bedrock contributions to dust sediment, Baykal et al. (2022)
rule this out using a multi‐proxy analysis of provenance
indicators and demonstrate a dominantly BIIS source for loess
at PB, with dust deflation from proximal glacial fluvial
sediments in the exposed southern North Sea. Stevens et al.
(2020) and Baykal et al. (2022) argue that the bulk of loess
accumulated at PB occurs after the confluence of the BIIS and
Fennoscandian Ice Sheet (FIS) after c. 26 ka, and continued
broadly until the ice sheets decouple at c. 18 ka. This ice sheet
coupling rerouted all ice sheet drainage into the southern
North Sea and English Channel, and was probably coupled
with a westward expansion of the Eurasian ice sheet high‐
pressure system, giving rise to robust north‐easterly/easterly
winds across southern Britain and the North Sea region (as
detailed in Stevens et al., 2020). Alternatively, ice sheet
katabatic winds (probably northerly to northeasterly) may have
dominated at this time (Lefort et al., 2013a) or easterly flow
associated with westerly tracking depressions south of the
English Channel (Stevens et al., 2020). Considering AMS
results, the change from stronger winds towards a calmer
sedimentary environment as possible at PB may be linked to a
change in atmospheric circulation. This would be consistent
with the idea that the atmospheric constellation is greatly
controlled by ice sheet extent, and the BIIS and FIS had
separated and were decaying rapidly from around 20 ka
(approximately the age of the upper PB sample). Under
scenario A (Figure 7a) this would be consistent with a weaker
high pressure over the ice sheet or that this high‐pressure
system was more over the FIS where the ice sheet was larger.
Under scenario B (Figure 7b) this could indicate a change in
the storm track related to a change in ice sheet extent
(in particular the big Irish ice stream lobe was gone). In
scenario C (Figure 7c) this would indicate less strong katabatic
winds due to ice sheet extent.
Fully testing between these possibilities requires a more

extensive AMS dataset than obtained here, but nonetheless,
the interpretations outlined above allow a tentative suggestion
of dominant southeasterly (or northwesterly) dust‐transporting
winds at the sites. Notably, this interpretation would argue
against a katabatic origin for the dust‐transporting winds, and
rather points to influences from depressions tracking to the
south of the site, or possibly an expanded ice sheet high‐
pressure system.

Deposition on a slope

It is important to highlight that when interpreting palaeowind
direction based on AMS fabric, one must consider and rectify
potential sources of misinterpretation, such as surface condi-
tions during dust deposition, which may involve aspects such
as inclination or palaeoslope. The magnetic fabric character-
istics of slope sediments were originally described by Rees
(1966) and later found in loess as well (e.g. Bradák et al., 2011;
Bradák and Kovács, 2014). In the analysed samples, slope
deposition may be indicated by the discrepancy of κmin from

© 2024 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd J. Quaternary Sci., Vol. 39(5) 710–728 (2024)

Figure 7. Three different scenarios of prevailing dust‐transporting
winds in the English Channel area around 21 ka: (A) high‐pressure
cell over the European Ice Sheet (EIS) and easterly winds (after
Schaffernicht et al., 2020), (B) cyclones tracking over the channel
(Antoine et al., 2009) and (C) katabatic winds (after Lefort
et al., 2013a). Ice sheet extent after Clark et al. (2022) and loess
distribution after Antoine et al. (2003). Abbreviations: British–Irish Ice
Sheet (BIIS), Fennoscandian Ice Sheet (FIS). [Color figure can be
viewed at wileyonlinelibrary.com]
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vertical (the dip of the foliation plane) and imbrication
(Figure 6b and d). Such fabrics would indicate the possible
dip and orientation of the slope, as the imbrication is in the
same direction relative to the local surface of deposition (see
e.g. Rees, 1966; Rees and Woodall, 1975; Ellwood and
Howard, 1981). As such, an alternative interpretation of the
magnetic fabric in at least the LP20‐2_1 and the PB240‐245
samples is that the material was deposited on a slope. Indeed,
the interpretation of a trend to calmer wind regime during
deposition of PB, as inferred from the changes in imbrication of
κmin in sample PB160‐170 outlined above, would somewhat
contradict previous suggestions that the upper unit may be the
more reworked loess unit of the two (Milodowski et al., 2015;
Stevens et al., 2020), and an alternative scenario may be that a
stronger palaeoslope existed at the site during the earlier
phases of loess deposition (c. 23–25 ka), and may have
modified the contemporary dust fall, probably under perigla-
cial conditions. Indeed, a related possibility is that following
deposition, the material of LP20‐2_1 and PB240‐245 was
redeposited by various surface processes, such as sheet‐wash.
In the case of LP20‐2_1, the process might have re‐aligned the
original loess fabric and formed a strong lineation. Such a
slope process would not have been as strong in the PB240‐245
sample, as the lineation is less developed in this sample
(Figure 6d).
In the case of PB240‐245, a NW slope aspect would be

inferred from the scattered distribution of κmin (Figure 6). Indeed,
the loess units at PB appear to gradually pinch out northeast‐
ward, due to the increasing elevation of the pre‐Quaternary
bedrock. However, if this exerted any influence on the
imbrication it might be expected to do so via more southerly
oriented slopes, and the underlying contact with the Thanet
Formation at the PB is broadly flat (Murton et al., 2003).
Irrespective, any potential palaeoslope might have been reduced
by the time of the deposition of the younger unit at PB, as the dip
in foliation is lower in that sample (Figure 6c; PB160‐170). In
turn, if slope‐driven, the fabric of LP20‐2_1 would point to
deposition on a NE‐facing slope (see Figure 6b). Although the
Quaternary sediments here are underlain by a flat wave‐cut
gabbro platform, it is possible that loessic gelifluction deposits
that directly underlie the loess may preserve a slope at the
surface. However, the main headland adjacent to LP is oriented
to the NW of the site, making a NE‐facing slope unlikely.
As such, we suggest here that any interpretation of

deposition or reworking on a slope and potential slope aspect
does not precisely align with the frameworks presented by
Rees (1966), Rees and Woodal (1975), or Ellwood and Howard
(1981). According to these models, the inclination of κmin

should indicate the slope aspect, with κmax axes primarily
oriented in the same direction or perpendicular to it. However,
the observed κmin axes for both studied sites deviate
considerably from this expectation, as any possible slope
alignment at the sites predominantly opposes the inclination
(as illustrated in Figure 6b and d). This inconsistency lends
support to the notion of preserving a palaeowind record as a
more plausible scenario, which is in line with the observations
of, for example, Nawrocki et al. (2006; see ‘Palaeowind
reconstruction’ above for details).

Pedogenic and other processes

Even though loess deposits can preserve the primary magnetic
fabric originating from dust deposition, they can be easily altered
by different secondary reworking processes, including pedogen-
esis, freeze–thaw and gelifluction (e.g. Bradák et al., 2020).
Based on the findings from Stevens et al. (2020), deposition

of loess at PB occurs between ~16 and 26 ka. No recent age

dating has been published at LP, but early luminescence ages
also suggest peak last glacial age deposition (Wintle, 1981).
Across western Europe, this timeframe aligns with the Upper
Pleniglacial, representing the coldest period within the
Weichselian glacial cycle. This period is characterized by ice
expansion, widespread permafrost occurrence and substantial
aeolian dust deposition, as documented by, among others,
Vandenberghe and Pissart (1993), Antoine et al., (2001, 2009)
and Guiter et al. (2003). Although there are compelling pieces
of evidence indicating the presence of permafrost in western
Europe during this time, Murton et al. (2003) only observed
extensive solifluction and cryogenic features in underlying
rocks and sediments in the Thanet area (PB), prior to loess
accumulation. Nonetheless, the properties of the upper unit at
PB and some fragipan‐like features at LP have stimulated
discussion as to possible cryogenic, permafrost or gelifluction
processes affecting the loess at both sites (Ealey and James,
2011; Milodowski et al., 2015; Murton and Ballantyne, 2017;
Stevens et al., 2020).
The disrupted and turbulent arrangement of magnetic

particles in the LP20‐2_06 sample (at a depth of 60 cm),
characterized by a somewhat biaxial–oblate‐like pattern, may
point to the disruptive impact of secondary processes within
the upper part of the LP profile (as depicted in Figure 6a). This
could have been driven by pedogenesis (Bradák et al., 2011;
Bradák et al., 2020), cryoturbation (as noted Taylor and
Lagroix, 2015) and/or sheet wash processes (as proposed by
Bradák et al., 2011; Bradák and Kovács, 2014). However, the
scattered direction of the principal susceptibilities may also
indicate bioturbation (Ellwood, 1984; Taylor and Lagroix,
2015). On the one hand, the geochemical proxies for
weathering and pedogenic processes tend to indicate a
relatively higher degree of these processes in the LP section
and to a lesser extent in the upper part of the PB section
(refer to Fig. S1 and ‘Magnetic susceptibility, grain size and
geochemistry by depth’ in the Results). The particular sample
from the upper LP site was extracted from a broadened, darker
layer just below the topsoil in the LP20‐2 profile (a layer that is
~45 cm thick in LP19; as shown in Figure 2), also pointing to
possible pedogenic influences. However, the unevenly
banded orange and brown loess unit from which the sample
was taken may also have been affected by seasonal water-
logging during active layer thawing, resulting in varying redox
states. Furthermore, as both κmin and κmax axes in bulk AMS
are randomly distributed in the upper LP sample, this might
imply the influence of cryogenic processes. Regardless, it is
worth noting that secondary processes have substantially
diminished the primary sedimentary fabric in the LP20‐2_0.6
layer. The flip side of this though is that the visibly well‐
preserved aeolian dust fall fabric found in the upper sample
from PB is unlikely to endure the active layer freeze–thaw
processes as suggested by Stevens et al. (2020), nor the
gelifluction suggested by Milodowski et al. (2015). This
preservation is possibly more aligned with the upper unit's
decalcification driven by soil formation processes, as dis-
cussed by Catt et al. (1987). Nonetheless, the impact of active
layer processes on a flat loess surface on magnetic fabric needs
more detailed study.

Frequency‐dependent AMS results and origin of preserved
‘nanofabric’

Evaluation of the allocation of the principal axis from fdAMS
measurements, i.e. the orientation of the SP size nanoparticles,
reveals similar results from the studied units (Figure 6e–h),
even if the values of χFN are slightly higher in the PB section
than in LP in the upper part (Figure 2). While the bulk fabric of
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the upper LP sample (LP20‐2_06) shows scattered alignment,
an inverse nanofabric (sub‐vertical orientation of SP grains) is
preserved in the sample. Similarly, in the lower LP and upper
PB units, despite the generally oblate AMS bulk fabric
(Figure 6b and c), inverse (fdAMS) ‘nanofabrics’ can also be
observed (Figure 6f and g).
Typically, this type of fabric in bulk AMS in rocks is caused

by the ‘single‐domain effect’ of magnetite (see e.g. Hrouda,
1982; Potter and Stephenson, 1988), but when applying
fdAMS on loess samples, any signs of inversed fdAMS fabric
have not been noticed, although some authors do not exclude
the occurrence of possible partial inversion (e.g. Hrouda and
Ježek, 2014; Bradák et al., 2018). Indeed, Hrouda and Ježek
(2014) suggested the possibility of an unrecognized complex-
ity in the particle‐scale anisotropy of fdAMS. In any case, the
sub‐vertical orientation of SP grains (inverse fdAMS fabrics),
deviating from the bedding plane (and sedimentary fabric),
suggests the post‐sedimentary formation of very fine magnetite
grains oriented perpendicular to the bedding plane. One
possible secondary process resulting in the neoformation of SP
magnetite (characterized by inverse fdAMS) may be fine‐
grained downward mineral migration through percolation of
water from the surface under wet conditions. This would have
affected the whole LP section and at least the upper part of PB,
while the lower PB unit nanofabric is more scattered (Figure 6h;
PB240‐245). This is in line with the greater current mean
annual precipitation at the LP site compared to PB (c. 1000 to
600mm at LP and PB respectively; Met Office UK). Another
possibility may be preferential vertical orientation of SP grains
during post‐depositional soil formation under very wet
conditions, although the exact mechanism for this is unclear.
In any case, the occurrence of inversed fdAMS fabric in both,
the upper PB layer, and LP layers, including the upper one
with the heavily disrupted bulk fabric (Figure 6e–g), suggests
that the neoformed nanofabric is significantly post‐
depositional, occurring after any cryoturbation, gelifuction or
other reworkings that modified the upper LP layer (sample

LP20‐2_0.6). As such, these new observations of inversed
nanofabric have great potential to reveal post‐depositional
processes occurring in loess.

Site palaeoenvironmental comparison –
Environmental magnetic approach

Based on rock magnetism, AMS results and geochemical
proxies it seems that the LP section is slightly more influenced
by various post‐depositional processes than the PB section
(Table 1), including pedogenesis, cyclical variation in
oxidation–reduction conditions and changes in hydrological
conditions. The alterations in hydrological conditions, gov-
erned by either climatic shifts or changes in palaeotopography,
could be regarded as a factor impacting both the magnetic
fabric (see section above for details), but also the composition
of magnetic minerals in the studied loess sections.
In many of the samples, weathering during early pedogenesis

is probably a factor altering magnetic mineral composition,
forming, for example, maghaemite. Indeed, the higher content
of PSD grains in the PB section can be attributed to the presence
of maghaemite (or magnetite with a high oxidation degree).
Maghaemite can be abundant in palaeosols, as maghaemite
also forms a transitional phase in a weathering sequence from
ferrihydrite to haematite (Hao et al., 2009). Indeed, higher χlf
and χFN values indicating in situ pedogenesis in the uppermost
part of the sections broadly coincide with the observed
Holocene soil (Figure 2), probably caused by the formation
of new SP and SD magnetic minerals, presumably magnetite
(as this process is well established by, for example, Zhou
et al., 1990; Maher and Thompson, 1991; Heller et al., 1993).
The slight offset of peak values to c. 30–40 cm below the surface
in both sections is possibly a function of washing of the finest
nanoparticles down profile under wet conditions, as potentially
also hinted at by inverse nanofabrics (see Frequency‐dependent
AMS results and origin of preserved ‘nanofabric’ above).

© 2024 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd J. Quaternary Sci., Vol. 39(5) 710–728 (2024)

Table 1. Summary of the magnetic mineralogy and AMS characteristics in the examined samples from both sites, Lowland Point (LP) and Pegwell
Bay (PB), southern England.

Magnetic
contributor

Magnetic characteristics

LP section PB section Comment

Domain
characteristics

MD (mainly) + PSD (mixed
SD & MD)

PSD (mixed SD & MD;
mainly) + MD

Possible mixture of minerals with a sedimentary and
post‐depositional origin

Goethite + + (sample PB 170) (1) Sedimentary, detrital material from already weathered
source

(2) Neoformed during pedogenesis: temperature‐ and
pH‐sensitive goethite/haematite transformation;
goethite prefers low tempertaure and pH

Maghaemite + ++ (Grain surface) weathering, early pedogenic processes
Magnetite + MD+ SD (Hopkinson,

Verwey)
+ MD+ SD (Hopkinson,
Verwey)

Sedimentary (MD, SD) and secondary (e.g. pedogenic)
origin (SD, SP)

Haematite ? ? Very fine (SP) grains, if any
Weathering: the cyclical appearance of oxidative/reductive
environment; mainly pedogenic in origin, haematite prefers
higher tempertaure and less humid conditions

AMS Triaxial AMS ellipsoid, quasi‐
horizontal magnetic
foliation

Oblate AMS ellipsoid,
horizontal foliation

Primary depositional fabric preserved within a moderately
compacted loess section

fdAMS Inverse fabric Inversed or scattered (1) Inverse: post‐depositional fabric of magnetite (vertically
oriented SP grains) – the result of percolation (?)

(2) Scattered – possible impact of the secondary
process: hydrological, pedogenic and/or seasonal
thawing
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The presence of goethite within the LP section and at
170 cm depth in the PB section is notable and may indicate
two contrasting scenarios: (i) differences in palaeoclimate
conditions during pedogenic processes or (ii) variations in
the source material of the deposited sediments. The
formation of goethite and haematite in loess sections has
been extensively studied, and it is well established that the
haematite/(haematite + goethite) ratio indicates changes in
specific pedoenvironmental conditions, such as shifts
between colder or drier to warmer and/or humid, acidic
and organically enriched conditions, in order to favour the
prevalence of goethite over haematite (e.g. Schwertmann,
1985; Cornell and Schwertmann, 2003; Torrent et al., 2007).
Consequently, the appearance of goethite in the LP loess
section could be linked to the high precipitation into soils
that are moderately drained. This conclusion is in line with
the outcome from fdAMS, where inverse ‘nanofabric’ was
observed (Figure 6e–h), suggesting the occurrence of
processes producing and washing down, by, for example,
percolation of water along the section, neoformed SP
particles. It is also interesting to note that goethite‐bearing
bog iron has been found in a particularly marshy and
waterlogged part of the loess outcrop, c. 50 m to the north of
the LP20‐2 section (Scott et al., 2011). This potentially
supports the inference that waterlogging, which may also
have occurred more widely at the site during periods of
frozen ground, can drive goethite formation at the site.
However, in contrast to this, following the research
conducted by Torrent et al. (2006, 2007), a major contribu-
tion of goethite to loess may be that which formed in the
source area prior to transport and deposition, with compar-
able concentrations in both the pedogenic and detrital
fractions. Furthermore, the study by Hao et al. (2009)
demonstrated that the goethite record predominantly re-
flects alterations in the source area preceding transportation
and deposition, and might indicate progressive weathering
in source regions. Indeed, goethite is a secondary weath-
ering product of gabbroic rocks (Thompson and Rodgers,
1977), such as those underlying the LP site, potentially
supporting the idea that local sources have some impact on
the loess in Cornwall (Bunce et al., 2022).
In summary, post‐depositional ferromagnetic minerals,

including maghaemite and goethite, and hypothetically
haematite (see Supporting Informatio, section 4), potentially
provide insight into past environmental conditions or source
areas. These post‐depositional effects appear not to have
altered the primary depositional (sedimentary) fabric resulting
from palaeowind in at least three of the four AMS samples.
Instead, all of these ferromagnetic minerals follow the original
alignment of the sediments, which may support a detrital or
early post‐depositional origin for these minerals. By contrast,
the fraction of the finest magnetic particles is oriented
perpendicularly to the bedding plane and does not follow
the alignment of the depositional fabric. A possible explana-
tion for this is the influence of high levels of water percolation
processes, probably during the Holocene, either aligning
neoformed SP particles during soil formation with water flow
downwards through the profile, or via the washing down of
only the finest particles.

Conclusion
Mineral magnetic investigation of loess at opposite ends of a
transect across southern England allows insight into the
environmental processes during deposition at the end of the
last glacial period (~25–18 ka), as well as post‐depositional,

Holocene, processes in southern England. First, the mag-
netic mineral composition was identified as broadly similar
for both sites and originates from both sedimentary and
post‐depositional processes. Magnetite, derived from detri-
tal input (MD, SD) and pedogenic origins (SD, SP), is the
primary ferrimagnetic contributor. However, maghaemite
resulting from weathering and/or early pedogenic processes
is also prevalent. The presence of goethite in the LP section
in Cornwall, western England, potentially indicates more
pronounced weathering processes, although may reflect
gabbro weathering in source rocks. Waterlogging at the LP
section may have caused dissolution of fine magnetic
minerals in the uppermost part of the section, potentially
under seasonally thawed permafrost active layer conditions.
Regardless, the main weathering imprint at the sections is
Holocene in age.
Primary AMS fabrics are characterized by nearly vertical

κmin axes and horizontal magnetic foliations, aligning with the
anticipated pattern for the deposition of silt‐sized sediments
onto a horizontally oriented bedding plane. While slight
imbrications in lower samples at both sites may indicate
deposition on a slope, we suggest the most plausible
interpretation is that these minor imbrications are due to wind
transport. The resulting tentative palaeowind reconstructions
demonstrate higher energy and relatively stable wind during
late last glacial loess deposition at the LP section (1 m depth).
The prevailing wind direction at that time was SW or SE (the
latter if a stronger wind is assumed) (Figure 6b). In contrast, the
PB section is characterized by a generally calmer sedimentary
environment, with dominant gravitational dust‐fall deposition
of loess. The palaeowind direction is interpreted to be broadly
SE for both sampled layers (or NW for the upper PB layer,
which shows no imbrication; Figure 6c), indicating a stable
wind direction over several thousand years. On the other
hand, post‐depositional neoformation and/or transport of SP
particles under intense water percolation conditions down
section were identified within intervals having inverse fdAMS
fabric. These magnetic fabrics are probably caused by
processes associated with pedogenesis and percolation of
water from the surface, aligning SP particles vertically, and
probably occurred significantly post‐depositionally, during
Holocene conditions.
The reconstructed wind directions at the two sites in

southern England contradict some previously presented
models of dust‐transporting winds in the region during the
last glacial, notably the katabatic (northerly) model. However,
we emphasize that these wind direction findings are pre-
liminary. Most importantly, we demonstrate for the first time
that primary depositional fabrics are preserved in loess in
southern England and that these can be used for reconstructing
past wind directions. Conducting systematic sampling for AMS
investigations both vertically and spatially, particularly at the
PB site, could yield valuable insights into the original air‐fall
fabric preserved in loess in southern England. This approach
potentially allows robust reconstruction of wind directions in
NW Europe during a highly dynamic phase of landscape and
climate change.
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Figure S1. Ratios of selected XRF results through the depth for

the PB and LP sites. Abbreviations: Chemical Proxy of Alteration
(CPA) – i.e. the molar ratio Al2O3/(Al2O3 + Na2O) × 100; ratio
(CaO* + Na2O + MgO)/TiO2 is a geochemical indicator of
pedogenic intensity proposed by Yang et al. (2006), ratio (CaO*
+ Na2O + MgO)/TiO2, a proxy Na2O/Al2O3.
Figure S2. Characteristic types of heating and cooling curves

from thermomagnetic experiments from pilot samples from LP
(a to d plots) and PB (e to h plots) sites. The red curves indicate
the heating and the blue curves the cooling steps.
Figure S3. Temperature dependence of magnetic suscept-

ibility for selected samples from the PB and LP profiles. Data
are normalized to the highest measured value. The red curves
indicate the heating and the blue curves the cooling steps.
Figure S4. Field dependence of magnetic susceptibility (χ) at

two operating frequencies (976 and 15,616 Hz) with
frequency and field dependence parameters indicated for the
low‐frequency curves (kHD = 100 × (χ700 – χ200)/χ200 [%]
where χxxx are magnetic susceptibilities in the respective field
values). a) LP20‐2_1 specimen, b) PB240‐245 specimen.
Figure S5. The results of low‐temperature magnetization

experiments performed for representative specimens from
Pegwell Bay (PB) from (a) 160 cm depth, (b) 240cm depth,
and Lowland Point (LP) from (c) 60 cm and (d) 100 cm depths.
The experimental sequence includes the following steps:
(1) Room Temperature SIRM (RT‐SIRM) which is the
measurement of magnetization while cooling of the specimen
from 300 to 10 K (from 26.85 to –263.15 °C) in 5 K intervals,
(2) Low‐Temperature SIRM (LT‐SIRM) after the application of
a 1 T field at 10 K (–263.15 °C), the field was switched off and
the specimen was gradually heated to 300 K (26.85 °C),
(3) Field Cooling (FC), entailing the measurement of
magnetization during cooling in a continuous 1 T induced
field, and (4) Zero Field Cooling (ZFC), involving magnetiza-
tion measurement in zero magnetic fields in 10 K stages.
Furthermore, selected specimens underwent initial heating to
400 K (126.85 °C) to eliminate potential goethite contribu-
tions, achieved by heating the samples above the Néel
temperature of goethite (RT SIRM 300‐400).
Table S1. Selected anisotropy parameters of magnetic

susceptibility for all studied specimens from two sites in
southern England: Pegwell Bay (PB) and Lowland Point (LP).
The measurements were performed in a 200 A/m field and a
frequency of 976 Hz. Abbreviations: L ‐ lineation, F –
foliation, P – degree of anisotropy, Pj ‐ corrected degree of
anisotropy of magnetic susceptibility, T – shape parameter,
F‐test, F12, F23, E12, E23, E13 ‐ the parameters F‐test for
anisotropy, for explanation see the main text (section 3.1).
Parameters that do not satisfy the statistical evaluation (F12
> 4°, ε12 < 20°, and F23 > 10°) are marked in red with a gray
background, and these specimens were excluded from
subsequent analysis.

Abbreviations. AMS, anisotropy of magnetic susceptibility; CIA,
chemical index of alteration; LP, Lowland Point; LT‐SIRM, low‐
temperature saturation isothermal remanent magnetization; MD,
multi‐domain; PB, Pegwell Bay; PSD, pseudo‐single‐domain; RT‐
SIRM, room‐temperature saturation isothermal remanent magnetiza-
tion; SD, single‐domain; SP, superparamagnetic; χlf976, low‐frequency
(976Hz) magnetic susceptibility; χFN, Frequency‐dependent mag-
netic susceptibility.
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