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Loess deposits constitute an important archive of aeolian deposition reflecting wider patterns of glacial
atmospheric circulation, and more localised interactions between riverine source areas, loess trapping
efficiency and geomorphic controls on erosion rate. Conceptual models have been formulated to explain the
coeval evolution of loess mantles and associated landscapes (loess landscape models) but none apply to
areas of tectonically induced base-level lowering. This study uses an age sequence of alluvial fill terraces in
the Charwell Basin, north-eastern South Island New Zealand, which straddles the transpressive Hope Fault,
to investigate geomorphic controls on loess landscape evolution in an active tectonic region. We hypothesize
that the more evolved drainage networks on older terraces will more effectively propagate base-level
lowering by way of a greater areal proportion of steep and convex hillslopes and a smaller proportion of non-
eroding interfluves. Eventually, as the proportion of interfluves diminishes and hillslope convexity increases,
terraces shift from being net loess accumulators to areas of net loess erosion. We investigate the nature of
erosion and the geomorphic thresholds associated with this transition.
Morphometric analysis of alluvial terraces and terrace remnants of increasing age demonstrated geomorphic
evolution through time, with a decrease in extent of original planar terrace tread morphology and an
increase in frequency of steeper slopes and convexo-concave land elements. The number of loess sheets and
the thickness of loess increased across the three youngest terraces. The next oldest (ca. 150 ka) terrace
remnant had the greatest maximum number of loess sheets (3) and loess thickness (8 m) but the loess
mantle was highly variable. A detailed loess stratigraphic analysis and the morphometric analysis place this
terrace in a transition between dominantly planar, uniformly loess-mantled landforms and loess-free ridge
and valley terrain exemplified by the oldest terrace remnant. Variations in thickness and preservation of
loess sheets demonstrated spatially and temporally variable erosion during loess accumulation.
To test our hypothesis of loess persistence we calculated critical steady-state hillslope curvatures from a soil
transport model, calibrated for the study area, above which the uppermost loess sheet (L1, max. thickness
1.8 m) should be completely eroded. We compared loess distribution mapped in the field to values of slope
curvature calculated from topographic surveys and found two of three critical curvature values had
acceptable predictive ability. Where predictions failed this is probably due to transient responses related to
active steam incision. Because all critical curvature values predicted presence of loess on the oldest terrace
remnant where there is none we conclude that important factors other than morphometric ones are
important in determining loess distribution in loess landscapes in active tectonic regions. These may include
internal changes to regolith affecting erodibility, or vegetation or topographic interaction with wind patterns
affecting loess trapping.
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1. Introduction

Quaternary loess deposits are found on all major ice-free continental
land masses (Derbyshire, 2003). Loess mantle structure, spatial
distribution and internal stratigraphy canprovide insight into landscape
evolution processes. The aeolian nature of loess deposits has long been
established, and factors influencing loess mantle distribution include
proximity to major dust sources (Smith, 1942; Ruhe, 1969; Handy,
1976; Olson and Ruhe, 1979), the effects of vegetation on trapping dust
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and/or increasing surface roughness (Trainer, 1961; Tsoar and Pye,
1987; Pye, 1996) and source valley geometry (Putman et al., 1988;
Leigh, 1994). Topography also influences loess distribution through
interactionswith airflow causing turbulence leading to loess deposition
downwind of hills and mountain ranges (Goossens, 1988; Pye, 1996),
through providing topographic obstacles downwind of which there is
long-term loess accumulation and limited dust re-entrainment (Mason
et al., 1999), and through slope length, slope gradient and/or curvature
influencing competing processes of loess accumulation and erosion
(Vreeken, 1975; Goossens, 1988, 2001; Mason and Knox, 1997). Loess
stratigraphic studies complemented by relative and absolute dating
techniques have reconstructed landscape histories, and identified
timing and duration of erosion (McDonald and Busacca, 1988; Busacca
and McDonald, 1994).

Most loess landscape evolution studies have focussed on tectonically
stable areas in continental interiors. Despite the quiescent tectonics of
these areas, loessmantles themselves form on continually evolving pre-
existing landscapes (Ruhe, 1969; Rebertus et al., 1989; Zhang et al.,
1991) and often display considerable complexity in their spatial
distribution and stratigraphy due to erosion and redeposition. Although
tectonically active areas show potential for research on interactions
between tectonics, climate change and resulting influences on land-
scape evolution, with few exceptions (e.g. Sun, 2002; Mériaux et al.,
2005) there is a paucity of published loess landscape studies in these
areas. TheNewZealand landmass, straddling the boundary between the
Indo-Australian and Pacific tectonic plates, provides an opportunity for
investigating loess landscape evolution in tectonically active areas
adjacent to mountain belts. While much of the loess mantling New
Zealand's South Island occurs on low-relief downlands and adjacent
alluvial terraces and fans (Raeside, 1964; Ives, 1972; McIntosh et al.,
1990), loess is also widespread in hill country and on mountain river
terraces (Eden, 1989; Schmidt et al., 2005). Loess landscape models of
Schmidt et al. (2005) showconsiderable intra-regional variation in loess
cover and thickness, and in some areas loess appears to be thin to absent
adjacent to major rivers where aeolian dust was presumably abundant
in glacial periods. This suggests significant spatial and temporal
variation in loess deposition, and subsequent/coeval stripping and
redistribution.

Some South Island landscapes showdistinct terrain attribute variation
between areas with loess mantles and those without, and other
landscapes with similar morphometric characteristics show significant
differences in loess cover. Figure 1 presents morphometric analyses for
four South Island locations using a 25 m-resolution Digital Elevation
Model (DEM). In coastal north Otago, the loess pattern is strongly
controlled by underlying lithology and associated slope form. In areas of
steep hill country underlain by Cenozoic sediments, loess is largely absent
(Wilson, 1973; Hughes et al., 2009a,b), whereas on flatter upliftedmarine
terraces loess comprises a thick mantle in which significant relief has
formed(Young, 1964). There are clearmorphometricdifferencesbetween
these areas, with higher frequencies of steeper slopes and convex and
concave slope elements in areas of thin to absent loess (Fig. 1e). In
contrast, the coastal plains of south Canterbury are mantled by multiple
loess sheets (Runge et al., 1974; Tonkin et al., 1974) into which all local
relief has formed, and this area is characterised by low slope angles and
curvatures close to zero (Fig. 1d). Loess landscapes in inland central
Canterbury share thesemorphometric characteristics (Fig. 1c) but exhibit
a discontinuous loess mantle as evidenced by the soil cover (Soil Bureau
Staff, 1968; Schmidt et al., 2005). Areas in inland north Canterbury also
exhibit low slope angles, and curvatures close to zero (Fig. 1b) butwith no
loess mantle (Griffiths, 1978, 1980; Tonkin and Almond, 1998).

These examples show different modes of landscape evolution
within a single region, each determined by different relative
magnitudes of loess accumulation rate and erosion rate. These need
not be mutually exclusive and different landscape evolution modes
may occur in a single region depending on proximity to loess source
and intra-regional variation in uplift rates. For landscapes whose
forms are adjusted to erosion rates less than typical loess accumu-
lation rates, loessmantles thicken through time and all topography is
formed into the mantle itself (e.g. parts of north Otago and coastal
south Canterbury, areas of the Palouse region (McDonald and
Busacca, 1988; Busacca and McDonald 1994), and the Texas High
Plains in the USA (Holliday, 1990)). For landscapes whose forms are
adjusted to erosion rates approximating loess accumulation rates,
glacial accumulation phases result in the development of a loess
mantle, parts of which are then stripped away with interglacial
cessation of accumulation and valley incision. This leads to an
increase in relief where loess on ridges and interfluves persists
contemporaneously with lowering or static valley floors, as seen in
some areas on the Chinese Loess Plateau (Zhang et al., 1991). For
landscapeswhose forms are adjusted to erosion rates exceeding loess
accumulation rates, loess either never accumulates or, if deposition
temporarily overwhelms erosion, forms a transient mantle that is
ultimately stripped (e.g. parts of north Otago and north Canterbury).
Although the 25 m-resolution DEM differentiates those landscapes
where loess is absent on steep slopes and those areas where all relief
is formed into a thick loess mantle, it is of insufficient resolution to
identify critical slope gradient and curvature thresholds between
areas with and without loess mantles, which otherwise exhibit
similar morphometry.

While landscape morphometry plays a key role in loess accumula-
tion (Goossens, 1988) and has been used in the quantitative functional
spatialmodellingof loess landscapes (Schmidt et al., 2005;Hughes et al.,
2009a,b), to date there has been no quantitative study of the co-
evolution of loess mantles and landscape. The alluvial packages
preserved in Charwell Basin as a result of offset along the Hope Fault
display an increase in uplift-driven incision, relative relief and drainage
density. Since these surfaces were mantled with late Pleistocene loess,
Charwell Basin presents an ideal setting for investigating loess
landscape evolution in an active tectonic region. The aim of this study
is to characterise Charwell Basin loess landscapes, and to elucidate the
geomorphic thresholds andmechanisms involved in the transition from
a loess-mantled landscape to a loess-free ridge and valley terrain. By
investigating these thresholds and processes we conribute to a more
complete understanding of loess landscapes.

2. Study area and approach

Charwell Basin is a 6 km-wide structural depression to the imme-
diate south of the Seaward Kaikoura Range in north-eastern South
Island, New Zealand (42°26.5′S, 173°20.5′E). The Basin is bounded to
the north by the transpressive Hope Fault, a major splay of the main
Alpine Fault demarcating the Pacific/Indo-Australian plate boundary
(Fig. 1a). The Seaward Kaikoura Range and hill country surrounding
the basin are comprised of Cretaceous folded and faulted, massive to
medium bedded greywackes and argillites of the Pahau terrane
(Rattenbury et al., 2006). Themountainous catchment of the Charwell
River and the basin are separated by the 220 km-long Hope fault.
Uplift on the Range side of the Hope Fault is 3–6 mmyr−1, and basin
uplift is ~1.3 mmyr−1 (Bull, 1991). Bull (1991) explained the spatial
and temporal pattern of valley fills and terraces in terms of
climatically controlled valley aggradation and degradation occurring
within a translocating and uplifting basin. A high rate of right-lateral
slip (20–35 mmyr−1) along the fault has preserved cold-climate
valley fills and associated fill terraces in the basin by translocating
them away from the locus of erosion and deposition associated with
the river channel so that terraces become progressively older to the
southwest (Fig. 2a). Fill terraces were attributed to valley aggradation
during periods of cold climate and high sediment supply (low stream
power), whereas fill-cut and strath terraces formed during warmer
periods of low sediment supply and high stream power. The strath
terraces reflect the river's response to long term base-level lowering
(Fig. 2b).



Fig. 1. (a) Locationsof CharwellBasin (42°26.5′S,173°20.5′E)andother loess landscapes inSouth Island,NewZealand. TheAlpineandHopeFaults are indicated. (b–e)Shadedreliefmodels
and slope and curvature frequency distributions of selected South Island loess landscapes. All data derived from a 25 m-resolution DEM. Loess landscape coordinates (lat/long) are: Inland
North Canterbury— 42°58.14′S, 172°38.61′E; Inland Central Canterbury— 43°31.43′S, 171°52.41′E; Coastal South Canterbury— 44°23.47′, 171°8.83′E; Coastal North Otago— 44°58.57′S,
170°51.98′E.
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Fig. 2. (a) Late Quaternary surfaces in Charwell Basin, underlain by a shaded relief model of the area. Location of near-river transect (T) also shown (see Fig. 5). Fault data from
Rattenbury et al. (2006). Morphometric data in Fig. 4 are from within polygon areas. (b) Model of Charwell Basin terrace formation, based on Bull (1991) and Tonkin and Almond
(1998). Ages refer to culmination of aggradation events as defined by Hughes (2008).

Table 1
Areas (ha) and loess stratigraphy of the Charwell Basin terrace remnants.

Terrace
remnant

Area
(ha)

Loess
sheets

Maximum
loess depth (m)

Age (ka)
previous studies

Aggradation
culmination
(ka)a

Post Stone Jug 76 None – <14b <11
Stone Jug 691 Minor 0.4 26–14b ca. 14
Flax Hills 210 1 1.9 38–31b >50
Lynton 54 2 3.1 49–43b >95
Dillondale 301 3 >8 MIS 6c >150
Quail Downs 359 None – ? ?

Also presented are landform age estimates from other studies.
a Based on inferred ages of base of overlying loess sheets (Hughes, 2008).
b From Bull (1991).
c From Tonkin and Almond (1998).
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The surfaces of the fill terraces, assumed here to have been originally
planar, are increasingly dissected and have greater relative relief with
increasing age. These (modified) terraces are named (modified after
Bull, 1991) Stone Jug, Flax Hills, Lynton, Dillondale and Quail Downs
(Table 1) in order of increasing age. Tonkin and Almond (1998)
examined the loessmantles across these landforms and showed that the
thickness and number of loess sheets systematically increased with
increasing terrace age, butwith loess absent from the oldest erosionally
modified valleyfill, now forming theQuail Downs ridge. Loess is derived
from both local Charwell River and regional sources (Hughes, 2008).
There no local analyses of loess mineralogy; the closest is from Cust in
North Canterbury, ~135 km to the southwest of Charwell Basin. Here
loess is 69% quartzofeldspathic silt, with 24% clay and 7% sand (New
Zealand National Soils Database, 2009).

Roering et al. (2002) calibrated a linear slope-dependent transport
model for the Dillondale terrace remnant. They used the depth
variation of a 27 ka tephra within the uppermost loess sheet along a
slope transect from interfluve to gully floor. Subsequent simulations
(Roering et al., 2004) adequately replicated the evolution of the
paleohillslope (as revealed from loess stratigraphy) to the present
convex form, and also the profile distribution and concentration of
tephra along the transect. This model allows us to make predictions
about loess preservation based on topographic variables and compare
them with field observations. We expect that as terrace remnants
become older and more integrated drainage networks form, the local
signal of base-level lowering (1.3 mkyr−1) will propagate throughout
a terrace remnant by way of stream incision and hillslope response in
a bottom-up fashion (Bishop, 2007). At steady state, landscape
lowering at a rate of 1.3 mkyr−1 would not allow loess, typically
accumulating at ~0.05 mkyr−1 (refer Eden and Hammond, 2003) to
persist. In a landscape dominated by linear slope-dependent soil
transport, local erosion rate will be reflected in hillslope curvature.



Fig. 3. Locations of Dillondale terrace auger site locations and gully transects (GT), Quail
Downs terrace remnant soil pits (S), and RTK GPS/25 m DEM slope transects (ST).
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We calculate critical steady state curvatures, based on a range of local
parameterisations of a linear slope-dependent transport model, for
the threshold between loess presence and absence and test these
critical values against field measurements of hillslope curvature and
loess thickness. If we can successfully predict the preservation/loss of
loess in the study area we may provide fundamental insights into the
processes controlling loess distribution and loess landscape evolution
in active tectonic regions.

3. Methods

3.1. Quantitative characterisation of landform morphometry

Terraces andmodified terraceswere delineated fromhigh resolution
digital orthophotos and 1:50,000-scale digital topographic maps of the
area, guided by the previous interpretations of Bull (1991) and Tonkin
andAlmond (1998). A 25 m-resolutionDEMcovering the areawas used
to derive Digital Terrain Models (DTMs) useful for quantitative
characterisation of landforms. Slope and curvature DTMs were derived
for all terrace remnants using the algorithms of Zevenbergen and
Thorne (1987) andMoore et al. (1991). Curvatures usedwere combined
profile and plan curvature values giving an overall description of
landscape convexity and concavity. For the two oldest and most
dissected terrace remnants (Dillondale and Quail Downs), flow
accumulation DTMs were derived using the algorithms of Jenson and
Domingue (1988) and Tarboton et al. (1991). Using aflowaccumulation
threshold of ≥100, drainage networks were delineated to calculate
drainage densities for each landform. Interfluves were delineated using
a combination of low slope (≤2°) and low flow accumulation (log flow
accumulation ≤2) values, and percentage of terrace remnants com-
prising the landformwas calculated. Interfluve land elements are gene-
rally representative of remnants of initial terrace landforms, and their
relative spatial extent is indicativeof the erosional status of the landform
as a whole.

Hillslopes were measured in the field by survey-grade GPS to
provide high-precision profiles of slope morphometric diversity within
and between landforms. Lower precision carrier phase differential GPS
was also used for some slope transects. We surveyed a ~400 m transect
adjacent to the Charwell River, traversing the treads and risers of the
Stone Jug, post-Stone Jug terraces and themodernfloodplain to estimate
initial terrace form, and selected four transects judged to be represen-
tative of slopemorphological diversitywithin each of theDillondale and
Quail Downs terrace remnants. In order to compare directly critical
curvatures for preservation/loss of loess we also surveyed two adjacent
transects on a single ridge on theDillondale terrace remnant, onewhere
loess persisted and the other where loess was absent. Profile data were
projected on a common axis, and profile curvatures describing degree of
convexity and concavity along each slope transect were calculated in
5 m intervals, using amoving 10 mwindow, from the second derivative
of a secondorder polynomialfitted to the x and z data. Convex slopes are
denoted by negative curvatures and concave slopes have positive
curvatures. We also compared profile curvatures derived from the
25 m-resolution DEM with the field survey-derived curvatures.

3.2. Loess mantle investigation

Most of the soil and loess descriptions onwhich our analysis is based
come from Tonkin and Almond (1998) and P. Tonkin (unpublished
data). Observations were from hand auger borings supplemented by
some pits, and description terminology followed Milne et al. (1995).
Using a cliff-side exposure on the Dillondale terrace to calibrate key soil
stratigraphic markers, Tonkin used auger borings to characterise loess
stratigraphic variation across the whole terrace. Using survey-grade
GPS, we located and spatially referenced auger borings plotted on aerial
photographs, and then used an inverse distance weighting method to
interpolate elevation of gravel surface and loess isopachs. We also use
three auger transects on theDillondale terrace, gathered in the course of
earlier field investigations of Tonkin and Almond (1998) and Lincoln
University field trips (P. Almond and P. Tonkin, unpublished data) for
which topography was measured by dumpy level.

On the Quail Downs terrace remnant, three soil pits were located
on interfluve positions (P. Tonkin, unpublished data), and one soil pit
description on a colluvial gully deposit which included a single IRSL
date at 0.75 m depth (P. Almond and J. Roering, unpublished data;
see Appendix A). Locations of soil pits, auger observation sites, gully
transects and RTK GPS/25 m DEM slope transects are shown in
Figure 3.

4. Results

4.1. Morphological variation of the terrace remnants

The terrace remnant of greatest areal extent is the Stone Jug,
followed by the Quail Downs, Dillondale, Flax Hills, post-Stone Jug and
Lynton surfaces (Fig. 2, Table 1). The post-Stone Jug terraces occur as
relatively small fill-cut and strath terraces adjacent to the modern
Charwell River. The Stone Jug terrace comprises a large area issuing from
the Seaward Kaikoura Range front and is situated largely to the west of
the modern Charwell River. The Flax Hills and Lynton terrace remnants
comprise smaller areas within an ancestral channel of the Charwell
River, lying between and abutting the margins of the Dillondale and
Quail Downs remnants. The Dillondale and Quail Downs landforms
comprise larger areas displaying increasing levels of stream dissection.

Slope and curvature frequency distributions derived from the 25 m-
resolution DEM are very similar between landforms, although the oldest,
Quail Downs, has the highest frequency of steep, and strongly convex and
concave slopes (Fig. 4). With the exception of the post-Stone Jug and



Fig. 4. Slope and curvature frequency distributions for the post-Stone Jug (a, b), Stone Jug (c, d), Flax Hills (e, f), Lynton (g, h), Dillondale (i, j) and Quail Downs (k, l) terrace remnant
landforms in Charwell Basin. All values derived from a 25 m DEM.
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Lynton remnants,whose small extentsmeant frequency histogramswere
biased by terrace risers in the former and erosion scarps in the latter, the
frequencies of both steeper slopes and areas of convexity and concavity
increase with terrace remnant age (Fig. 4). The Stone Jug, Flax Hills and
Dillondale surfaces are dominatedby slopes<10° andby curvature values
close to zero, reflecting their relatively undissected nature and mostly
planar morphometry of both terrace tread remnants and slopes. Despite
the apparent similarity in slope and curvature frequency distributions
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between the Dillondale and both the post-Stone Jug and Flax Hills
remnants, the Dillondale hasmuch greater local relief than the latter two.
The Quail Downs remnant has departed the most from its orginal
extensive planar tread morpology, and its steep slopes reflect its deep
incision and high drainage density.

The GPS profile adjacent to the Charwell River shows that the Stone
Jug surface is nearly horizontal and has essentially zero curvature, and a
margin that descends convexly to the post-Stone Jug surface below,
which alsohas lowcurvature values and appears to be comprised of two
surfaces (Fig. 5). The Charwell River floodplain is 40 m below the post-
Stone Jug surface and although having mostly low curvatures, exhibits
undulations associated with the channel and bar microtopography of
the braided river channel.

The selected profiles for the Dillondale and Quail Downs landforms
illustrate thediversity of slopemorphologywithin andbetween these two
altered terraces (Fig. 6). The twoadjacent ridge transects on theDillondale
terracedisplay superficially similarprofiles, but the ridge segmentwithno
loess mantle (Fig. 6a(ii)) displays higher convexity values than the loess-
mantled ridge segment (Fig. 6a(i)). TheDillondale sideslope displays both
convex and concave curvatures (Fig. 6a(iii)), and the nose land element
displays dominantly convex curvature along its length (Fig. 6a(iv)). The
Quail Downs profiles represent a north–south series of transects along
~800 m of the altered terrace (Fig. 3). These nose land elements display
convex–concave morphology, with transects in Figure 6b(ii) and (iv)
showing distinct breaks in slope. DEM and profile curvature DTM
transects (Fig. 6a(iii, iv), b) exemplify the extreme smoothing resulting
from DEM interpolation. With few exceptions the DEM both under- and
over-estimates landscape elevation and removes landscape profile
curvature evident in the RTK GPS data.

The Quail Downs altered terrace has significantly less interfluve
area in comparison to the Dillondale (10% versus 30%), although both
have approximately the same drainage density (Table 2). Local relief
for the Dillondale and Quail Downs altered terraces is 100 m and
201 m, respectively.

4.2. Loess stratigraphy in the Charwell Basin and paleotopography of the
Dillondale terrace remnant

Pleistocene glacials are periods of fast loess accumulation (Pillans,
1994; Palmer and Pillans 1996), and synchronicity of cold climate
river aggradation and loess accumulation, at least in New Zealand's
North Island, is supported by tephrochronology and absolute ages
(Milne, 1973a,b; Litchfield, 2003). Accordingly each loess sheet on
Charwell Basin terrace landforms, as documented by Tonkin and
Almond (1998), can be interpreted as corresponding to a contempo-
raneous alluvial aggradation event. The general pattern of loess
mantle distribution on the different Charwell Basin terrace remnants
was described by Tonkin and Almond (1998), and is presented in
Table 1. The Stone Jug terrace is mantled by a thin layer of what
Tonkin and Almond (1998) refer to as minor loess which may include
Fig. 5. Slope profile and curvature for terraces adjacent t
some overbank sediment. The Flax Hills terrace has one loess sheet
(L1), and the Lynton terrace has two loess sheets (L1+L2). The
Dillondale terrace is mantled by three loess sheets (L1+L2+L3). A
detailed soil-stratigraphic description is presented in Table 3. Bull
(1991) presented an aggradation chronology for the Stone Jug, Lynton
and Flax Hills alluvial deposits based on radiocarbon data, which also
provided a potential chronology for the loess deposits. However, as
described in Hughes (2008), an alternative chronology is presented
based on the occurrence of the 27,097±957 cal. yr B.P. Kawakawa/
Orunanui Tephra (KOT) (Lowe et al., 2008) as cryptotephra at ca 0.7 m
depth in loess sheet L1, a Dillondale terrace gully infilling rate and
timing of high clastic sediment accumulation rates from marine core
DSDP 594 east of South Island (Barrows et al., 2007). This revised
chronology is presented in Table 1 and Figure 2b. L3 corresponds to an
aggradation event subsequent to that of the Dillondale aggradation.
The Quail Downs terrace has no loess mantle, although it presumably
did so in the past considering its proximity to other loess-mantled
surfaces to the east and the Charwell River itself.

For thepresent study, variation of loess stratigraphyof theDillondale
terrace is presented indetail because it represents an intermediate stage
of landformevolutionbetween theyounger, less dissectedStone Jug and
Lynton surfaces mantled by loess, and the older, more dissected Quail
Downs surfacewhere loess is absent. Loess auger sites on the Dillondale
terrace occur mostly on interfluves or low gradient slopes. The loess
mantle varies considerably in thickness from 0.5 m to >8 m. Loess is
thickest where all three loess sheets are preserved, whereas thinner
loess deposits are consistently comprised of L1 alone (Fig. 7). Although
limited by density of data points, interpolation by inverse distance
weighting illustrates considerable short-scale spatial heterogeneity in
loessmantle thickness, and no consistent pattern of variation across the
Dillondale landform is evident (Fig. 8b).

When all auger observation sites are projected onto a north–south
line, the surface of Dillondale alluviumshows twodistinct levels (Fig. 7).
Contouring of the alluvium surface (Fig. 8c) suggests at least two
terraces; perhaps the original fill terrace and a fill-cut terrace separated
by a terrace riser (Fig. 8c). Within the higher remnant there is
considerable variation in the gravel surface, and the greater consistency
in gravel elevation on the lower surface suggests less post-fluvial
modification. There is considerable variation in loess mantle thickness
and preservation of loess sheets on both gravel surfaces. The presence of
L3 on both the higher and lower part of the Dillondale indicates the fill-
cut terrace was formed before L3 accumulation. The distributed but
localised occurrence of only L1 on both the higher and lower sections of
the Dillondale suggests significant erosion prior to L1 accumulation.
Gully transect 1 (Fig. 9a) implies extensive gullying prior to L2
deposition, the subsequent inactivity permitting L2 and L1 to accumu-
late. Gully transect 2 (Fig. 9b) contains a colluvial fill coeval with L1
(Hughes, 2008), indicating active gullying sometime after L2 which
stopped prior to L1 accumulation. In gully transect 3 (Fig. 9c), the lower
gravel elevationon the true left of thegully,which ismantledwith fewer
o the Charwell River. See Fig. 2 for transect location.



Fig. 6. Slope transects for (a) Dillondale and (b) Quail Downs landforms. For each transect, except a (i, ii), both RTK GPS and 25 m DEM slope profiles and curvatures are presented.
Critical curvatures also shown.
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Table 2
Interfluve and drainage areas for the Dillondale and Quail Downs altered terraces.

Terrace
remnant

Total area
(ha)

Interfluve
area (%)

Other areas %
(sideslopes
and gullies)

Drainage density
(m ha−1)

Dillondale 301 30 70 71
Quail Downs 359 10 90 66
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loess sheets, suggests initial post-L3 fluvial erosion. The locus of incision
shifted laterally subsequent to L2 and L1 accumulation, and the surface
thalweg profile suggests incision is again active.

4.3. Quail Downs soil and regolith mantle

Four soil pits and numerous auger observations on the Quail Downs
terrace remnant show that it has no loessmantle, andmodern soils have
formed directly into weathered greywacke alluvium (Table 4). Three
soils (Sa, Sc and Sd) are situated on interfluve and ridge positions, and
are dominantly comprised of gravellymaterial. Profile Sbwas excavated
in a colluvial fill in the head of the gully on thewestern flank of the Quail
Downs remnant. The fill was clayey gravel indicating that the most
recent episode of gully infilling was derived from underlying Quail
Downs gravels. An IRSL age of 6250±400 yr BP at 0.75 m depth
suggests infilling commenced mid-Holocene, or, acknowledging a
tendency for IRSL to underestimate depositional age (Hughes, 2008),
possibly early Holocene.

5. Discussion

5.1. Dillondale terrace paleotopography and loess mantle evolution

The Dillondale terrace has the thickest loess mantle of all Charwell
Basin landforms, and thus is of interest in characterising loess landscape
evolution. It is clear fromauger observations and gully transects that the
loess mantles a pre-existing topography formed into the Dillondale
alluvium. This is shown by L3 mantling alluvium surfaces at distinctly
different elevations (420±5 m, 405±5 m). As illustrated by the Stone
Jug terrace surface, the original alluvial fan probably had a planar
morphology. Subsequentfluvial erosion truncated part of the Dillondale
alluvial package to formafill-cut terrace analogous to thepost-Stone Jug
fill-cut terrace adjacent to the modern Charwell River channel. Super-
imposed on this significant alteration of the original alluvial package is
finer-scale topographic variation in the gravel surface related to either
original floodplain relief or pre-L3 gullying. The occurrence of L2 in a
gully (Fig. 9a) demonstrates gullying prior to this particular accumu-
lation episode, and stabilistion of the gully coevalwith it. On the basis of
similarity of phytolith spectra, Hughes (2008) showed that colluvial
filling of the gully of Transect 2 (Fig. 9b) and accumulation of L1 on the
interfluve were coeval. The age of the base of L1 was estimated by two
independent approaches. One estimated the time taken to accumulate
the mass of loess below KOT to the base of loess sheet L1 on the
interfluve, using the mass accumulation rate calculated for the loess
above KOT. The other estimated the time taken to accumulate the gully
fill below KOT using the infilling rate calculated for the gully fill above
KOT. Both approaches gave answerswithin10%of eachother at ca50 ka.
The stratigraphy shows that whatever gully evacuation processes were
occurring during accumulation of L2 at this site were not re-initiated
during the time of L1 accumulation.

Assuming there was little spatial variation in loess deposition rates
across the Dillondale terrace, the spatial heterogeneity of loess sheet
preservation and thickness represents a transient loess mantle morphol-
ogy resulting fromdifferent erosion rates atdifferent timesandatdifferent
places. The fact that in many places L3 and L2 are no longer preserved
indicates sufficient time and/or relief for erosion either coevally with, or
subsequent to, loess deposition. Variations in L1 thickness clearly demon-
strate similar spatial and temporal variablity in erosion process since ca.
50 ka. In summary, the Dillondale terrace loess largely mantles and
mirrors a pre-existing landscape, with gully incision persisting in some
areas while loess continues to accumulate in others. This emphasises that
the loess-mantled Dillondale terrace is a transient landform in which
accumulation and erosion processes have continuously interacted and
shifted in intensity to produce the current landscape.

5.2. Coupled landform geomorphic and loess mantle evolution in
Charwell Basin

As discussed byGoossens (1988, 2001),Mason andKnox (1997) and
Mason et al. (1999), landformmorphometry plays a key role inwhether
loess deposition leads to subsequent accumulation or erosion. The
present study shows that the Stone Jug, Flax Hills and Lynton terrace
tread remants with low gradient and close to zero curvature are able to
retain loess subsequent to deposition. The Dillondale remnant is more
dissected and has relatively significant local relief compared to the
younger surfaces, yet still retains a significant loess mantle largely
mirroring the underlying dissected paleolandscape. The even more
dissected Quail Downs retains relatively flat interfluve areas, but even
on these loess is completely absent. Clearly there is a transition or
threshold point, possibly morphometric, that leads to complete erosion
of the loess mantle and prevents further loess accumulation. What is
that point, and what processes are involved?

Roering et al. (2002, 2004) showed that erosion rates on the
Dillondale terrace are determined by local curvature. Sediment flux
rate, qs (m3m−1yr−1) varies proportionally with hillslope gradient
(in one dimension) as:

qs = −K
∂z
∂x ð1Þ

where K is a transport rate constant (m2yr−1), z is elevation (m) and
x is horizontal distance (m). Erosion rate (E) is given by the
divergence of the flux rate ∂qs

∂x

� �
:

E =
∂z
∂t = K

∂2z
∂x2

: ð2Þ

This relationship shows that erosion is proportional to local hillslope
curvature (Roeringet al., 2002). Roeringet al. (2004)wenton to showthat
slope evolution on part of the Dillondale remnant is most likely driven by
fluctuating erosion rates dependent on shifting vegetation communities
responding to glacial and interglacial climate conditions. In this scenario,
vegetation is the medium through which climate signals are filtered to
influence landform evolution: under glacial grassland systems there are
relatively low rates of soil transport, whereas under interglacial forest
systems there are higher rates of soil transport via bioturbation- and
disturbance-driven (e.g. tree throw due to seismic shaking and wind)
diffusive processes. Roering et al. (2004) demonstrated in a series of
simulations that the recticlinear morphometry characteristic of loess
sheets overlying terrace treads and gully scarps can evolve in 10 kyr to
convex curvilinear forms under increased interglacial soil transport
rates, and that a modelled interglacial soil transport rate constant of
0.016 m2yr−1 produced a convex slope profile similar to that observed
in the field. In the present context, once this convex morphometry is
attained it will then strongly control subsequent loess erosion and
accumulation.

A Critical Convexity (CC) can be calculated such that the corres-
ponding erosion rate would lower the land surface enough to have
removed a given thickness of loess (H) over the time since the loess
started being deposited. Using loess sheet L1 (H=1.8 m), that time is
50 kyr. Assuming steady state erosion, some of loess sheet L1 should
remain on land surfaces with curvatures less convex than CC, and loess
should be removed from all landsurfaces with curvature as, or more,



Table 3
Detailed soil stratigraphic descriptions for Dillondale terrace loess mantle.

Soil Soil
horizon

Depth (cm) Bndrya Colour Mottlesb Texturec Consistenced Structuree Concretions and nodulesf Coatingsg Loess sheet

Dillondale
loess section

Ah 0–27 G, S 10YR 3/3 sil wk, sd, 3 pl 1, fi, bk L1
Bwg 27–50 G, S 2.5Y 6/6, 7.5Y 5/8 c, fi, D sil fm, br, 1 st, 3 pl 2, fi, bk c, fi-med, nd
Btg 50–80 D, W 10YR 5/6, 2.5Y 7/1 grey veins sil, sicl (veins) fm, br, 2 st, 2 pl msv f, cont, cl
Bx(g) 80–175 C, S 10YR 5/8 sil fm, br, 2 st, 2 pl 3, v. co, psm c, fi, nd

m, me, D, 10Y v. fm, sd, 2 2, v. co, c, disc, D (<1–2 mm) cl 10YR 5/3,
bBw(g) 175–200 A, S 10YR 6/8 7/1 sicl st, 2 pl psm f, ptch, D (<0.5 mm)

Fe/Mn 7.5YR 2/1
L2

bBcg 200–209 C, W 10YR 7/1 c, me, F, 10YR sil fm, sd, 1 st, 2 pl 2, med, m, med, cn c, disc, D (<0.5 mm) cl 10YR 5/3
6/8 psm 5YR 2/3 c, cont, D (<0.5 mm) Fe/Mn 7.5YR 2/1

bBc(g) 209–228 D 7.5YR 5/7 v. m, me and co, D (mottles
and veins) 10Y 7/1

sicl fm, sd, 2 st, 2 pl 2, med, c, fi, fil, 5YR c, disc, D (<0.5 mm) cl 10YR 5/3

psm 2/2 c, cont, D (<0.5 mm)
Fe/Mn 7.5YR 2/1

bBt(g) 228–280 D 7.5YR 5/7, 7.5YR 5/8 v. m, me, D (vertical veins)
10Y 7/1

sicl sl fm, sd, 1 st, 2 pl 1, v. co, psm c-f, fi, fil, 5YR 2/2 cutans alongside prisms

2.5Y 8/1–6
10YR 7/2, 10YR

b2Bt(g) 280–320 G 7/6, 10YR 6/8 cl fm, br, 1 st, 2 pl 2, co, psm c, disc (~2 mm thick) ox
L3

b2Btgc1 320–342 S, S 2.5Y 8/1–6 m, me-co, F, c fm, sd, 2 st, 3 2, med, bk (black) c, c, disc (~2 mm thick) ox (grey)
7.5YR 6/8–0 N1.5 5/0, pl med, cn

b2Btgc2 342–355 C, S 2.5Y 8/1–6 m, fi, fil (black) c fm-v. fm, sd, 2 2, med, cont, D (horizontal)
7.5YR 6/8–0 N1.5 5/0 st, 3 pl psm

b2Btg 355–378 A, W 5Y 8/1–6, 10YR 5/6, me-co, lam cl (matrix), cl – 2 pl and 1 st; 2, fi-med,
5YR 5/8 c (mottles) c – 3 pl, 3 st pty

b2Bt 378–480 S, W 10YR 5/6, 5YR 5/8 sl gr sicl v. fm, br, 1 st pl msv

See Fig. 3 for site location.
a S = sharp, A = abrupt, C = clear, G = gradual, D = diffuse, S = smooth, W = wavy, I = irregular.
b f = few, c = common, m = many, v.m = very many, fi = fine, med = medium, co = coarse, lam = laminar, fil = filamentous, F = faint, D = distinct.
c sil = silt loam, sicl = silty clay loam, cl = clay loam, c = clay, sl = slightly, mod = moderately, v = very, gt = gritty, gr = gravelly, st = stony, bo = bouldery.
d wk = weak, slfm = slightly firm, fm = firm, v.fm = very firm, br = brittle, sd = semi-deformable, df = deformable, 1 = slightly, 2 = moderately, 3 = very, st = sticky, pl = plastic.
e 1 = weakly developed, 2 =moderately developed, 3 = strongly developed, fi= fine, med = medium, co = coarse; gnl = granular, sbbk = subangular blocky, bk = blocky, psm = prismatic, pty = platy, msv = massive.
f f = few, c = common, m = many, fi = fine, med = medium, co = coarse, fil = filamentous, nd = nodules, cn = concretions.
g f = few, c = common, m = many, D = distinct, ptch = patchy, disc = discontinuous, cont = continuous, cl = clay, ox = oxide.
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Fig. 7. Loess (L) sheet, mantle and colluvial fill (CF) thicknesses, and elevation above sea level (ASL) of underlying gravel surface for select areas on the Dillondale terrace remnant.
Observations presented trending north–south. Exact spatial locations presented in Fig. 8.
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convex than CC.We calculate CC in Eq. (3) (derived from Eq. (2)), which
accounts for different soil transport rate constants for the late
Pleistocene and Holocene:

CC = − H
KLPTLP + KHTH

ð3Þ

where KLP and KH are transport rate constants for the late Pleistocene
phase (39–11 ka) and the Holocene (11–0 ka), respectively, and TLP
and TH are the relevant late Pleistocene and Holocene durations since
onset of deposition of L1 (Hughes, 2008). Critical curvature values
calculated using transport rate constants derived locally, but in different
Fig. 8. Loess thickness isopachs (b) and alluvium surfac
ways, are presented in Table 5. Because our predictions of loess
presence/absence are based on a steady-state erosion assumption, we
will incorrectly predict loess absence where slope curvature has
increased in recent times, for example, as a response to stream incision,
but the increased erosion rate has not had enough time to remove the
loess mantle. Similarly, we may predict loess presence where low
convexity surfaces have evolved by the ‘diffusing-out’ of previously
more convex topography in the 11 kyr since loess accumulation
stopped. More likely is an incorrect prediction of loess on planar (low
convexity) hillslopes that have formed in the last 11 kyr by shallow
landsliding in response to active stream incision. Essentially these
geomorphic surfaces are too young to have accumulated loess.
e elevation (c) on the Dillondale terrace remnant.



Fig. 9. Loess stratigraphy and underlying gravel surface in four transects on the Dillondale terrace remnant, illustrating the nature of the loess-mantled landscape. CF=colluvial fill.
Transect locations shown in Figs. 2 and 3.
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The CC values, which vary from −0.014 to −0.005 depending on
the combination of K values used (Table 5), are plotted with hillslope
and curvature profiles on Figure 6. Critical curvatures that lie below
hillslope curvatures predict loess presence, whereas those that lie
above hillslope curvatures predict loess removal.

Profiles in Figure 6a(i) and (ii) are from upper and lower transects,
respectively, across a ridge formed between two drainages on the
Dillondale terrace. Theupperprofile corresponds to the ridge on the true
left of Gully Transect 2 in Figure 9. A CC of−0.014 m−1 or−0.008 m−1

successfully predict preservation of loess on the ridge crest, though the
higher (less convex) CC predicts loess removal on the NE side of the
ridge crest where it is, in reality, present. This may be due to the recent
evolution of high convexity on this part of the ridge crest in response to
the active incision of the drainage on its NE flank. By contrast, the
drainage on the SW flank is inactive, as shown by the deep gully fill
(Fig. 9b), and convexity across this side of the ridge crest is less.

The lower ridge profile Figure 6a(ii) is sufficiently convex across
the crest that all CC values succesfully predict its absence. The
incorrect prediction of loess on the low convexity sideslopes is most
likely due to these planar slopes having evolved only recently, as
discussed above. In this part of the ridge the drainages on either side
of the ridge are actively incising.

The profile in Figure 6a(iii) is located between the previously
discussed profiles, and loess sheet L1 is thin or absent. In this zone
bioturbation has blurred the boundary between L1 and the underlying
loess sheet L2. A CC of −0.008 m−1 appears to best predict this
situation.

The profile in Figure 6a(iv) occurs in an area of loess mantled
hillslopes no longer coupled to active drainages. AllCC values succesfully
predict loess preservation, except over short slope segments. Our
understandingof preservationof loess across this hillsope is not detailed
enough to judge which gives the best predicition.

To summarise, the CC values of−0.014 m−1 and−0.008 m−1 have
similar success predicting loess presence/absence on the Dillondale
terrace. However, we favour the higher value (−0.008 m−1) because
the lower value (−0.014 m−1) was calculated on an unrealistic
assumption that erosion was confined to the last 11 kyr, when forest
returned to the landscape after post-glacial climatic amelioration
(Table 5) (Roering et al., 2002).

In contrast to the Dillondale terrace, critical curvature thresholds have
no predictive ability on the Quail Downs landform. As illustrated by soil
morphology, there is now no loess mantle on the Quail Downs landform
(Table 4), although part of the silty matrix amongst the surficial gravel
may be loess-derived. All three CC values predict persistence of L1 on the
interfluve/upper shoulders of the Quail Downs RTK GPS slope profiles
(Fig. 6). These profiles do not, however, account for the significant
planform curvature in the Quail Downs ridge and valley terrain which is
largely absent on the Dillondale terrace. Comparison of a 25 m planform
curvature DTM of the Dillondale and Quail Downs terraces shows the
latter having a wider range of convexity and concavity values than the
former (Fig. 10), and this may play a key role in controlling loess erosion.
However, the 1-dimensional profile transects analysed here are unable to
address this possibility. The evident stripping of loess from the most
convex portions of the Quail Downs slopes means that the current
colluvial source is theweathered gravel regolith,which is being deposited
in gullyfills (Table4, profile Sb). The absence offine-textured colluvialfills
indicates that all loess material has already been transported from slopes
since at least ~6 ka.



Table 4
Detailed descriptions for soils on the Quail Downs altered terrace.

Soil Soil
horizon

Depth
(cm)

Boundraya Colour Mottlesb Texturec Consistenced Structuree Coatingsf Clastsg

Quail Downs Sa Ah 0–26 10YR 3/3 sl gr sil
Bw1 26–55 10YR 5/5 sl gr sil 3, sbrnd
Bw2 55–75 10YR 5/7 sl gr sil 2–3, sbrnd
Bg 75–90 10YR 6/4 mod gr sil 2–3, sbrnd

Quail Downs Sb Ah 0–34 10YR 3/2 v gr sil wk 2, fi, gnl
A/B 34–50 10YR 3/2,

2.5Y 5/3
v gr sil wk, br 3, fi+med bk 2+3, sbrnd

Bw1 50–72 2.5Y 6/4 gr cl wk, br 2, fi, sbbk 2, sbrnd
Bw2 72–100 2.5Y 5/4 v gr cl sl fm, br 2, fi+med, bk+

fi, gnl
3 sbang

2BCt 100–130 2.5Y 5/5 v gr cl sl fm, br 2, fi+med, bk ptch, cl 10YR 4/4
on clasts

2+3, sbrnd+
sbang

2C 130–180 2.5Y 5/4 v gr cl sl fm, br 2, fi, bk cont, cl 10YR 4/4
on clasts

3, sbrnd+
sbang

Quail Downs Sc Ah 0–30 10YR 3/2 cl
Br 30–150 2.5Y 6/1 c, med, D

7.5YR 5/6
c

2Br 150–240+ 10G 5/1 c, med-co, D 7.5YR 5/8+
10YR 4/6

sl gt c

Quail Downs Sc Ah 0–24 C, S 10YR 3/2 sl si gr wk, sd 3, fi, sbbk
AB 24–37 C, I 10YR 6/4 sig r wk, br 3, fi, sbbk
Bw 37–80 10YR 5/6 v st+bo sil wk, br 3, fi, sbbk

See Fig. 3 for site locations.
a S = sharp, A = abrupt, C = clear, G = gradual, D = diffuse, S = smooth, W = wavy, I = irregular.
b f = few, c = common, m = many, v.m = very many, fi = fine, med = medium, co = coarse, lam = laminar, fil = filamentous, F = faint, D = distinct.
c sil = silt loam, sicl = silty clay loam, cl = clay loam, c = clay, sl = slightly, mod = moderately, v = very, gt = gritty, gr = gravelly, st = stony, bo = bouldery.
d wk = weak, slfm = slightly firm, fm = firm, v.fm = very firm, br = brittle, sd = semi-deformable, df = deformable, 1 = slightly, 2 = moderately, 3 = very, st = sticky, pl =

plastic.
e 1 =weakly developed, 2 =moderately developed, 3 = strongly developed, fi= fine, med=medium, co= coarse; gnl = granular, sbbk= subangular blocky, bk = blocky, psm=

prismatic, pty = platy, msv = massive.
f f = few, c = common, m = many, D = distinct, ptch = patchy, disc = discontinuous, cont = continuous, cl = clay, ox = oxide.
g sbrnd = subround, sbang = subangular, 1 = slightly weathered, 2 = moderately weathered, 3 = strongly weathered.

Table 5
Critical curvatures (CC) for removal of L1 by erosion calculated from previous estimates
of soil transport coefficients (m2yr−1) for a late Pleistocene phase (LP) from 50–11 ka,
and for the Holocene (H).

Source of K value KLP TLP KH TH L1 depth (m) CC

Roering et al. (2002) 0.000 39 0.012 11 1.8 −0.014
Roering et al. (2004) 0.001 39 0.016 11 1.8 −0.008
Hughes et al. (2009a,b)) 0.007 39 0.011 11 1.8 −0.005

CC values are presented with slope profiles in Fig. 6.
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The prediction of loess on Quail Downs where it is in fact absent
highlights that our purely geomorphic threshold is unable to completely
capture the processes determining loess mantle evolution. A more
sophisticated analysis incorporating higher-resolution planform curva-
turedatamay showthat sufficient curvature exists so that absenceof loess
is broadly consistent with the thresholds identified in this work, but we
would be surprised if this were the case on the broad, gently rolling
interfluves.

The strongly dissected Quail Downs may have sufficient curvature,
and high enough background erosion rates, that only thin loess has
accumulated over the last three loess accumulation phases. Thin loess
over weathered gravel may enhance tree-throw, the main mechanism
implicated by Roering et al. (2002, 2004) for transporting soil, so that
transport coefficients (K values) are greater than for a thickly loess-
mantled landscape like the Dillondale terrace. Alternatively, the highly
weathered and clay-plugged gravels of Quail Downs may enhance sub-
surface erosion (piping-failure) or overland flow erosion. Other factors
may be the interplay between thewidth of Quail Downs ridge andwind
turbulence, and the nature of dust-trapping vegetation at the site
(Trainer, 1961; Goossens, 1988; Tsoar and Pye, 1987; Pye, 1996). In
physical landscape studies of a narrow ridge aligned perpendicular to
windflow, Goossens (1988) showed that loess accumulated on the
windward and leeward sides, but that wind shear prevented loess
accumulation on the ridge crest.

The above considerations highlight the considerable complexity of
loess landscape evolution. As alluvial terrace landforms evolve from
rectilinear to more dissected landforms with greater curvature, with
progressive fluvial dissection, their tendency to accumulate and retain
loess mantles also changes. There is, therefore, a closely coupled co-
evolution of landform and loess mantle and, when certain critical
curvatures are reached, erosional processes dominate. Geomorphic
controls alone, however, appear to not completely explain loess
landscape evolution.
6. Conclusions

Loess-mantled alluvial terraces accumulating in tectonically active
regions demonstrate a distinctive evolutionary trajectory in landform
morphometry and loess cover. Terrace surfaces begin with planar
former floodplain morphometry, with high frequencies of low slope
angles and low frequencies of convex–concave slope elements. With
uplift, incipient gullying commences. Loess accumulation occurs in
climatically controlled episodes, and with continued lowering of base
level drainage networks propagate across the terrace surfaces. Alter-
nating glacial–interglacial climates interact with shifting sites of erosion
to produce a spatio-temporally complex loess landscape as incision and
drainage systems integrate, the proportion of hillslopes relative to
interfluves increases, and the balance between loess accumulation and
loess erosion shifts. As hillslope convexity increases, those parts of the
landscape thatwere net accumulators of loess become areas of net loess
erosion.

We calculated a critical steady state hillslope curvature based on a
locally parameterised linear slope-dependent transport model that
successfully predicted loess presence/absence using critical hillslope
convexity. The critical curvature identified where the most recent
loess sheet deposited in Charwell Basin should have been removed by



Fig. 10. Planform curvature of Quail Downs and Dillondale landforms, derived from a 25 m DEM of the area.
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erosion. Where the predictions failed, this is probably due to transient
slope responses related to active steam incision. Our morphometric
parameter however does not provide a complete understanding of
loess landscape evolution. On the oldest, narrowest terrace remnant
in Charwell Basin, loess was absent on surfaces where our critical
values predicted it should be present and where explanations of
transient responses are improbable. We hypothesise that different
processes or process rates might prevail/occur where loess sheets are
thin, or where landform geometry might interact with wind to
prevent loess accumulation.
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Appendix A. IRSL methodology

The Quail Downs IRSL sample was collected at 0.75 m depth. The
measurement was conducted at the Luminescance Dating Laboratory at
the Victoria University of Wellington, New Zealand. Palaeodose was
determined bymeasuring the blue luminescence output during infrared
optical stimulation of the feldspar fraction. Doserate was estimated on
the basis of a low level gammaspectrometry measurement.

The sample was prepared under darkroom subdued safe light
conditions. Outer sample surfaces were removed and discarded, and
water content was determined. Carbonates and organic matter were
removed by treatment with 10% HCl and 10% H2O2, respectively. Iron
oxide coating on mineral grains were removed with a solution of
sodium citrate, sodium bicarbonate and sodium dithionite. The 4–
11 µm grain size fraction was separated in a water-filled cylinder
using Stokes' law, with a dispersion agent used to prevent clay
flocculation. Other fractions were discarded. The sample was then
brought into suspension in pure acetone and deposited evenly in a
thin layer on 70 aluminium discs (1 cm diameter).

Luminescence measurements were conducted using a standard
Riso TL-DA15 measurement system, equipped with Kopp 5-58 and
Schott BG39 optical filters to select the luminescence blue band.
Stimulation was done at ~30 mWcm−2 with infrared diodes at
880Δ80nm. β-irradiations were done on a Daybreak 801 90Sr, 90Y β-
irradiator calibrated against SFU, Vancouver, Canada to ~3% accuracy.
α-irradiations were done on a 241Am irradiator supplied and
calibrated by ELSEC, Littlemore, UK.

Palaeodoses were estimated using the multiple aliquot additive-
dose method with late light extraction. After an initial measurement,
30 aliquots were β-irradiated in six groups up to six times the dose
rate of the test. 9 aliquots were α-irradiated in three groups up to
three times the dose rate of the test. These 39 disks were stored in the
dark for four weeks to relax the crystal lattice after irradiation.

After storage these 39 irradiated disks and 9 unirradiated disks
were preheated for 5 min at 220 °C to remove unstable signal
components, and thenmeasured for 100 s each resulting in 39 shine-
down curves. The curves were normalised for their luminescence
response 0.1 s shortshine measurements taken before irradiation of
all aliquots.

The luminescence growth curve (β-induced luminescence intensity
vs. added dose) was then constructed using the initial 10 s of the shine
down curves and subtracting the average of the last 20 s (late light). The
shine plateauwas checked to beflat after thismanipulation. Extrapolation
of the growth curve to the dose-axis gave the equivalent dose De,
which was used as an estimate of Palaeodose. Similar plots were
generated for α-irradiated discs to test for α-efficiency. Sample
feldspars were tested for anomalous fading, whichwas not observed.

Dry, ground and homogenised portions of the sample were sealed
in an airtight perspex container and stored for >4 weeks, minimising
the loss of 222Rn gas and allowing 226Ra to equilibrate with it
daughters 214Pb and 214Bi. The sample was counted using high-
resolution gammaspectrometry with abroad Ge detector for >24 h.
Spectra were analysed using GENIE2000 software. Doserate
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calculation was based on the activity concentration of the nuclides
40K, 208Tl, 212Pb, 228Ac, 214Bi, 214Pb, and 226Ra. The U chain of the
sample was in radioactive equilibrium. For doserate calculation, the
U-equivalent of 226Ra and its immediate daughters was used.
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