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Aeolian dunes are widely used to reconstruct paleoenvironmental conditions. However, terminal dune fields
(ergs) in the coastal desert of southern Peru - where information regarding Quaternary paleoenvironmental
conditions is very limited - have until now not been used for paleoenvironmental reconstructions and the
time depth of their accumulation is unknown. Here, different estimates are derived to constrain the time

{)(z)r/zvords: depth recorded in the Dunas Pampa Blanca, a terminal dune field in coastal southern Peru. Dune field age is
Aeolian transport calculated using the volume of the Dunas Pampa Blanca and (i) recent aeolian transport rate in migrating
Dunes transverse dunes feeding the Dunas Pampa Blanca (derived from digital processing of sequential Landsat and

Quickbird images) and (ii) limitations posed by recent fluvial sediment supply to the source of aeolian
transport. The resulting maximum age estimate of 70+ 8 ka (from aeolian transport) compares with a
minimum age estimate of 4-75 ka (from sediment supply). However, a minimum age estimate of 110-450 ka
is deduced from the tectonic and topographic evolution of the region. This discrepancy contradicts the
hypothesis of late Quaternary stability in the Peruvian coastal desert and indicates that recent conditions of
aeolian sediment supply and transport are not representative for the late Quaternary.
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Introduction barchans (Finkel, 1959; Lettau and Lettau 1969; Gay, 1999). While

aeolian sediments have been recognised for their potential as
geoarchives elsewhere (e.g. Wasson et al., 1983; Besler, 2002; Singhvi
and Kar, 2004; Mahan et al., 2007), their potential for paleoenviron-
mental reconstructions has so far received little attention in this
region. In particular, even the age of Peruvian dunes is unknown.
The aim of this paper is to investigate the potential time depth
recorded in the southern Peruvian terminal dune field Dunas Pampa
Blanca. Digital elevation models (DEM) and satellite images are used
to determine the volume of sediment stored in the Dunas Pampa
Blanca as well as the recent rate of aeolian sediment flux to these
dunes. It is known from several studies that in other parts of the world
aeolian activity has varied throughout the Quaternary (e.g. Argentina:
Zarate and Blasi, 1993; Australia: McGowen et al., 2008; Canada:
Wolfe et al., 2007; China: Wang et al., 2004; India: Singhvi and Kar,
2004; Oman: Radies et al., 2004; USA: Forman et al., 2001; Lancaster,
1994a). However, in the light of the high age of the Peruvian coastal

On the coast of Peru and northern Chile, hyperarid conditions are
thought to have prevailed since the Miocene (Clarke, 2006; Rech et al.,
2006). However, while a variety of proxy data and paleoenviron-
mental reconstructions are available for the Andean highlands
(Macharé et al., 1990; Grosjean et al., 2003), the climatic history of
the coastal desert is largely unknown. Although the factors underlying
the aridity have persisted at least since the Miocene, fluvial and debris
flow sediments as well as stacked terraces in local catchments are
evidence for deviations from the prevailing conditions, either through
short-term, episodic El Nifio events or long-term climatic changes
(e.g. Noller, 1993; Sébrier and Macharé, 1980). Timing, duration and
intensity of Quaternary climatic changes in the coastal desert are not
well understood and the question as to what extent present
conditions can be considered representative for the Quaternary
remains unsolved.

In general, paleoenvironmental reconstructions in the coastal
desert of Peru are hampered by a paucity of well-datable, high-
resolution records outside of the allogenic river valleys which are
influenced by both coastal and highland climates. Large sand dunes
may offer such records. However, investigations of dunes in Peru have
until now focused on the morphology and dynamics of migrating
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desert (Alpers and Brimhall, 1988; Arancibia et al., 2005; Rech et al.,
2006; Clarke, 2006), its exceptional climatic stability (Weischet, 1966,
1996) and the paucity of paleoenvironmental data, variations in
aeolian activity cannot be taken for granted. Therefore, one objective
of this paper is to assess whether or not the present conditions could
hypothetically be considered representative for the Quaternary. To
this end, age estimates for the Dunas Pampa Blanca based on recent
conditions of aeolian sediment supply and transport and on the
potential age derived from the tectonic history of the region are
compared.
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Regional setting and climatic conditions

The study region (Figs. 1 and 2) is located in the Peruvian-
Chilean coastal desert, the Chilean portion of which is known as the
Atacama. This desert extends for 3200 km from Talara in northern
Peru to Santiago de Chile (Gay, 1962). Aeolian transport corridors of
migrating barchan and transverse dunes are common in the coastal
desert of Peru. However, large terminal dune fields (ergs) at the end
of these corridors occur mainly in the study region between Pisco
(13.7°S) and Tanaca (15.7°S). Here, uplift driven by the oceanic
Nazca Ridge has led to a widening of the desert lowlands and to the
creation of a coastal mountain range (Cordillera de la Costa) west of
the Andes (Hsu, 1992). The close correspondence between the
presence of the Cordillera de la Costa and the accumulation of large
terminal dune fields indicates a strong topographic influence on the
genesis of these dune fields (Gay, 2005). In the present study, the
Dunas Pampa Blanca, a moderately sized (60 km?) erg in southern
Peru, were chosen for investigations regarding the rate and age of
aeolian accumulation.
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The Dunas Pampa Blanca are situated on the western margin of the
Pre-Andean Basin at 14.53-14.64°S, 75.31-75.38°W in the centre of
the segment of the Peruvian coast in which the Cordillera de la Costa is
present. They are located approximately 40-50 km inland from the
coast in the lee of Cerro Machocoyungo (1002 m), one of the highest
mountains in the Cordillera de la Costa. The main fault separating the
uplifting Cordillera de la Costa from the Pre-Andean Basin runs
perpendicular to the direction of prevailing wind and sand transport.
Aeolian sediment is supplied by a 3-12 km wide aeolian transport
corridor crossing the Pampa Coyungo and Cerro Machocoyungo. The
source of aeolian sediment is the coastline of the Pacific Ocean 8-
15 km north of the mouth of the Rio Grande de Nazca. Sediment
supply is modulated by fluvial suspended sediment delivery of the Rio
Grande (Gay, 1999). The aeolian transport corridor widens as it
crosses Cerro Machocoyungo. In the lee of this obstacle, winds, and
consequently sand transport, converge towards the Dunas Pampa
Blanca where most if not all sand accumulates. Beyond the Dunas
Pampa Blanca, no migrating dunes are present. In the Late Intermediate
Period archaeological site Ciudad Perdida de Huayuri, which is located
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Figure 1. Relief map of western South America showing the location of the research area (enlarged in Fig. 2). Nazca Ridge is shown as 4000 m isobath.
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Figure 2. SRTM relief map of the research area indicating the location of the Dunas Pampa Blanca (white), the corresponding aeolian transport corridor (within dashed limits) and

the transect in which dune migration was quantified (black).

~4 km east of the north-eastern margin of the Dunas Pampa Blanca, only
a few centimetres of aeolian sediment have accumulated in the
>600 a since the abandonment of the site (before AD 1400, cf. Unkel,
2006). The seasonal, allogenic Rio Santa Cruz which runs in a north-
south direction east of the eastern margin of the Dunas Pampa Blanca
has an average discharge of 5.3x10° m> a~! (data for the period
1975-2007, Junta de Usuarios Palpa, 2007). This implies a potential to
remove aeolian sand deposited in the river channel. However, for
much of the stretch of the river along the Dunas Pampa Blanca the
dunes do not reach down to the valley floor from the bajada terrace. In
the southern part of the dune field, where dunes are present close to
the Rio Santa Cruz, they migrate parallel to the river.

Present-day climatic conditions in the coastal desert are hyperarid.
At the station Palpa, mean annual precipitation is less than 10 mma~',
potential evaporation is 1648 mm a~ ! and mean monthly tempera-
tures range between 16 and 26°C (ONERN, 1971). Measurable
precipitation occurs only at irregular intervals of several years
(Weischet, 1966; Oberlander, 1994). While El Nifio events regularly
lead to strong precipitation and geomorphic impacts in northern Peru,
this influence is less pronounced in southern Peru (e.g. Barber and
Chavez, 1983; Cane, 1983; Caviedes, 1984; Noller, 1993).

Climatic conditions in coastal Peru are controlled by the South-East
Pacific Anticyclone (SEPA) (Messerli et al., 1992; Messerli et al., 1993).
Meridional position and strength of the SEPA are stabilised and
reinforced by the Andes which also block moisture transport from the
Amazon Basin (Weischet, 1966). Descending air in the SEPA combined
with the thermal effect of marine upwelling causes a very stable
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inversion in the lower troposphere (Gay, 1962; Weischet, 1966;
Prohaska, 1973; de Abreu and Bannon, 1993) which in turn inhibits
convection and convective precipitation over the subtropical south-
east Pacific and adjacent land areas (Caviedes, 1973; Weischet, 1966).
Sea-land temperature gradients cause a diversion of the SEPA-related
trade winds: near-surface air movement over the coast is dominated
by sea winds (de Abreu and Bannon, 1993 for Lima; Gay, 1962, 1999
and 2005 for southern Peru).

The initiation of arid conditions along the west coast of South
America due to the uplift of the Andes as a moisture barrier is widely
accepted (Macharé et al., 1990; Houston and Hartley, 2003). Generally
arid conditions have therefore been in place for millions of years (e.g.
Oberlander, 1994; Clarke, 2006). Uplift of the Andes during the
Tertiary led to a stabilisation of the SEPA and the creation of rain-
shadow conditions. Arid conditions in the Atacama have persisted at
least since the Late Eocene and hyperarid conditions since the Middle
to Late Miocene (Alpers and Brimhall, 1988; Arancibia et al., 2005;
Rech et al., 2006). During the Quaternary, fundamental climatic
changes in the coastal desert should not be expected as the height of
the Peruvian Andes did not change significantly (Macharé et al., 1990).
However, despite generally hyperarid conditions at least since the
Miocene, substantial precipitation must have occurred to deposit and
dissect the ubiquitous large alluvial fans in the coastal desert
(Evenstar et al., 2005; Macharé et al., 1990; Sébrier and Macharé,
1980). It is not known to what extent these changes in moisture were
linked with changes in the wind climate and may have influenced
aeolian processes and landforms.
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Data and methods ASTER (Advanced Spaceborne Thermal Emission and Reflection
Radiometer, NASA, 2006b) as well as three Landsat images (Landsat
Data MSS of 30 April 1974: GLCF, 2004; Landsat TM of 23 April 1990;

Landsat ETM of 26 April 2000: NASA, 2005) and a Quickbird image of
The data used in this study are digital elevation models (DEM) 15 March 2003 (DigitalGlobe, 2003). Landsat MSS band 4, Landsat TM
based on SRTM (Shuttle Radar Topography Mission, NASA, 2006a) and and ETM band 7 as well as Quickbird band 3 were used. As all images

for each possible combination of satellite images

/[ cross-correlation step 1 //

for each of 2 dune-free areas NW and SE of the aeolian transport corridor

for each of 100 regions (1001 x 1001 m)

repeat until maximum correlation coefficient is reached

calculate correlation coefficient between the two images

shift images relative to each other by 1 m in direction of increasing correlation coefficient

resulting cross-correlation shift quantifies co-registration error between images

calculate mean and standard deviation of cross-correlation shifts for all regions

remove outliers

{/ cross-correlation step 2 //

for each of 3 dune-covered areas within the aeolian transport corridor

for each of 100 regions (1001 x 1001 m)

repeat until maximum correlation coefficient is reached

calculate correlation coefficient between the two images

shift images relative to each other by 1 m in direction of increasing correlation coefficient

resulting cross-correlation shift is due to dune migration and co-registration error between images

calculate mean and standard deviation of cross-correlation shifts for all regions

remove outliers

remove coregistration error by calculating difference between shifts observed in dune-covered and dune-free areas
results quantify dune migration between times of image acquisition

calculate annual dune migration rates

perform supervised minimum-distance classification to identify slip faces in Quickbird image

for each of 1000 greyscale profiles along the aeolian transport corridor

count number of 1 x 1 m pixels classified as slip face

count number of slip faces

calculate average slip face height for profile

calculate average slip face height for all profiles

for each possible combination of satellite images

calculate aeolian transport rates from dune migration rates and average slip face height

Figure 3. Pseudocode structure illustrating the calculation process to derive aeolian transport rates (see text).
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Figure 4. Landsat image taken in 2000 (NASA, 2005) of the investigated segment of the
aeolian transport corridor. White arrows indicate direction of dune migration; white
rectangle shows transect for which average dune height was determined.

were acquired at ca. 11:00 a.m. between mid-March and late April,
they were recorded at almost identical sun azimuth and elevation
angles. The differences in pixel brightness are primarily due to
differences in reflectance and secondarily due to sun incidence angle.
Given the high sun elevation angle at the times of image acquisition
and maximum dune slopes of 33° (angle of repose; cf. Bourke et al.,
2006), shade is not an issue. The slip faces in the study area are
characterised by very high reflectance. Therefore - given the shape of
the dunes - pixel brightness values allow the distinction of slip faces
under a wide range of incidence angles. Cloud cover was minimal in all
images and care was taken to avoid cloud-covered areas in all
processing steps described below.

Calculation of terminal dune field volume

To derive the volume of aeolian sediment stored in the Dunas
Pampa Blanca, the basal topography of the dune field was interpolated
from elevations of the surrounding terrain. As the dune field lies on a
large bajada with very limited topographic roughness, this approach
can be expected to deliver reliable results. Basal topography of the
Dunas Pampa Blanca was interpolated by manually masking the dune
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field along its perimeter and using the interpolation algorithm in ENVI.
Sand thickness was then calculated by subtracting the basal topo-
graphy values from the original DEM values. Subsequently, dune field
volume was calculated by spatially integrating the derived sand
thicknesses. Basal topography interpolation, sand thickness calcula-
tion and volume calculation were performed for both the ASTER and
the SRTM DEM. Performance of DEM generation using optical photo-
grammetry may have been limited by the large, featureless areas
within the dune fields while SAR relies on radar backscatter which is
poor for dry sand (Lewis et al., 1998). However, while both DEMs are
thus based on methods which are not ideally suited for large, dry sand
dunes, the comparison of the results allows an estimation of error.

Quantification of aeolian transport

Aeolian sediment flux towards the Dunas Pampa Blanca was
quantified by observing the migration of transverse dunes in the aeolian
transport corridor. Shifts in dune position between three Landsat images
taken in April 1974 (GLCF, 2004), April 1990 and April 2000 (NASA,
2005) and a Quickbird image taken in March 2003 (DigitalGlobe, 2003)
were used to determine the migration rate. The Quickbird image
(DigitalGlobe, 2003) was further used to determine average dune
height. Figure 3 summarises the data processing described below.

Because the spatial resolution of Landsat images (79 m for Landsat
MSS, 30 m for Landsat TM, 15 m for Landsat ETM) is not sufficient to
accurately measure the displacement of individual point targets, a
cross-correlation approach (Wernstedt, 1989) was applied to measure
dune displacement. All satellite images were resampled to a
resolution of 1x1 m using bicubic resampling. Because a very high
number of data points (200 and 300 regions with ~10° data points
each) all experiencing similar positional shifts were sampled, the
cross-correlation approach allows sub-pixel resolution with regard to
the original data. Possible co-registration errors had to be taken into
account because the accuracy of co-registration between the
individual satellite images was not known. Therefore, two steps
were necessary to quantify dune displacement. First, co-registration
errors between the satellite images were determined using two areas
outside (north-west and south-east) of the aeolian transport corridor,
i.e. covering dune-free land surface. In each of the two areas and for
each combination of satellite images, cross-correlation between 100
pairs of 1001 x 1001 m regions was calculated using
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Figure 5. Elevation profile along the aeolian transport corridor indicating the wind shadow position of the Dunas Pampa Blanca behind the uplifting Cordillera de La Costa from which
the antiquity of topographic conditions favourable for terminal dune field accumulation was estimated.
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where r is the correlation coefficient, x and y are pixel coordinates
relative to the centre coordinates of the 1001x 1001 m regions, ay,
and by, are pixel greyscale values of the two satellite images and
@ and b are the mean pixel greyscale values over the 1001 x 1001 m
regions. The position of the maximum correlation coefficient was
found using a gradient approach, i.e. the two paired regions were
shifted relative to one another by 1 m in the direction of increasing
correlation coefficient until a maximum was reached. No a-priori
limits were applied to the relative shifts. The resulting positional shifts
quantify the co-registration shifts between the individual satellite
images. Outliers exceeding a threshold distance of three standard
deviations from the mean were removed (Sun, 2006).

In the second step, cross-correlation shifts for areas within the
aeolian transport corridor (i.e. in areas of migrating transverse dunes)
were determined. Calculations were performed as described above,
i.e. for each of three areas within the aeolian transport corridor and
each combination of satellite images, cross-correlation between 100
pairs of 1001 x 1001 m regions was calculated. The gradient approach
as described above was used and outliers were removed as described
above. Because in this case the cross-correlation approach was applied
in areas of continuous dune cover, the resulting shifts quantify the
migration of the dunes, albeit biased by co-registration shifts between
the respective satellite images. Dune migration rates are then
calculated by subtracting the co-registration errors derived in the
first step.

Dune crest heights were determined within a transect (Fig. 4)
spanning the entire width of the aeolian transport corridor perpendi-
cular to the direction of dune migration. Dune slip faces were
identified by applying a supervised minimum distance classification to
the Quickbird image (DigitalGlobe, 2003; resampled to a resolution of
1x1 m). Within the transect, 1000 narrowly spaced greyscale profiles
were extracted in the direction of dune migration. For each greyscale
profile, the number of pixels classified as slip face as well as the
number of slip faces were counted. Average dune slip face length L
was calculated as

1 10 g
L= To00 2 N, - sina @
p=1

where p is the greyscale profile number, S, is the number of 1x1 m
slip face pixels in profile p, N, is the number of slip faces in profile p
and « is the angle between North and the direction of the profile.
Assuming an angle of repose of 33° (Bourke et al., 2006), average slip
face height H was calculated as

H=tan(33") L. 3)

While the total height of the transverse dunes is mostly larger than
slip face height H (i.e., the base is not exposed between dunes), slip
face height is assumed to represent the height of the migrating dune
body. Aeolian transport rate T was calculated from dune migration
rate R and aeolian transport corridor width W as

T=H W:R (4)

Error propagation was taken into account in all calculation steps.
Results are given as 99% confidence ranges (4), and standard
deviations (SD) are given as additional information.

Limitation of sediment supply

Sediment supply calculations based on fluvial suspended sediment
delivered to the littoral by the Rio Grande de Nazca were performed to
derive additional age estimates. Gay (1999) and Moseley et al. (1992)
have stated that the volume of sediment available for aeolian
transport on the beaches is modulated by the flux of suspended
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Table 1
Dune volume and maximum sand thickness of the Dunas Pampa Blanca derived from
ASTER and SRTM DEM.

Volume Maximum thickness
ASTER DEM 3.42 km® 233 m
SRTM DEM 3.44 km? 215 m

sediment load from the fluvial to the littoral system. Therefore, an
upper limit of sediment available for aeolian transport can be
estimated based on the fluvial suspended sediment supplied by the
Rio Grande de Nazca. The available river discharge data for the years
1975-2007 (Junta de Usuarios Palpa, 2007) are multiplied with the
suspended sediment concentration of two grab samples taken in 2005
during average discharge conditions. As these two samples cannot be
considered representative, a range from 50% of the lower to 200% of
the higher measured suspended sediment concentration is assumed
to represent the range which includes the long-term average value.

Antiquity of topographic conditions

Favourable conditions for aeolian accumulation in the lee of Cerro
Machocoyungo were created by uplift of the Cordillera de la Costa.
According to Hsu (1992), the section of the Peruvian coastal desert in
the vicinity to the mouth of the Rio Grande de Nazca has been under
the influence of the oceanic Nazca Ridge for ca. 1 Ma. However, using
the more recently published lower data on plate convergence rate and
associated migration of the Nazca Ridge relative to the coast of South
America (Norabuena et al., 1998; Hampel, 2002), the area has been
affected by uplift for almost 2 Ma. The lower plate convergence rate
also explains the discrepancies between observed (ca. 0.5 m ka~—!)
and modelled (ca. 0.7-0.9 m ka™!) coastal uplift rates (cf. Hsu, 1992;
Ortlieb and Macharé, 1990).

To estimate the antiquity of the topographic conditions which
allowed the accumulation of the terminal dune field Dunas Pampa
Blanca in the lee of the Cordillera de la Costa (Cerro Machocoyungo),
the observed coastal uplift rate of ~0.5ma~ ! (Hsu, 1992) was applied
to the Cordillera de la Costa (Fig. 5). This approach is based on the
assumption that the present elevation difference between the lowest
pass of the aeolian transport corridor crossing the Cordillera de la
Costa and the area of sand deposition is both necessary and sufficient
to create wind shadow conditions allowing terminal dune accumula-
tion. The present mean and maximum height of the Dunas Pampa
Blanca are used to derive two age estimates.

Results
Terminal dune field volume

From the calculations based on the ASTER and the SRTM DEMs,
similar volumes of the Dunas Pampa Blanca of 3.43 km? are derived
(Table 1). Mean maximum sand thickness is 224 m; average sand
thickness is 57 m. Relative error between results derived from ASTER
and SRTM is 0.3% (0.01 km?) for dune volume and 4.0% (9 m) for
maximum sand thickness. Figure 6 shows the distribution of sand
thickness in the Dunas Pampa Blanca.

Aeolian transport

Dune migration rates are summarised in Table 2. The dune
migration rate in the aeolian transport corridor feeding the Dunas
Pampa Blanca was 1.28 +0.15 m a~ ' (SD=0.82 m a~!) for the 29-
year period from 1974 to 2003. This is in general agreement with dune
migration rates for the shorter periods with even the lowest (0.95+
0.33ma !, SD=180ma~ ', for the period 1990-2003) and highest
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(1.984+0.27ma~ ', SD=150ma" !, for the period 1974-1990) results
overlapping within one standard deviation. The independent deter-
mination of dune migration for sequential as well as overlapping time
windows thus delivered consistent results. For all time windows, dune
migration vectors lie in the north-western quadrant. Taking into
account the direction of dune migration, the results for the periods
2000-2003 (43°), 1974-2000 (58°) and 1974-2003 (67°) agree best
with the dune migration direction of 31-54° derived manually from
the 2003 Quickbird image while the results for the periods 1974-1990
(11°) and 1990-2003 (84°) - which also resulted in the highest and
lowest dune migration rates, respectively — are least compatible with
the true direction of dune migration. The dune migration rates for the
periods 1974-2000 (1424017 m a~ ', SD=0.95 m a~ '), 2000-2003
(141+050ma~ ', SD=2.72ma" ') and 1974-2003 (1.28 +0.15ma |,
SD=0.82 m a~ ') are therefore considered to provide the most reliable
results. These dune migration rates are statistically identical at a
confidence level of 99%. The data therefore indicate that dune
migration rates have been similar over these time windows.

Average dune height determined in the 2003 Quickbird image
from the average dune slip face lengths is 6.73 m. In combination with
the average dune height, the data on dune displacement allow the
volumetric calculation of dune migration. Sand transport by dune
migration in the transect under investigation was 4.9x10%+
57x10® m® a= ' (SD=3.1x10* m® a=!) in the period 1974-2003.
As this approach only captures sand transport in migrating dunes and
ignores transport in suspension and streamers, this is the minimum
sand transport rate towards the erg under recent conditions of sand
supply and wind regime.

Under the hypothetical assumption that recent conditions of
aeolian sediment supply and transport are representative for the
Quaternary (i.e. implying climatic stability with regard to all factors
influencing sediment supply and transport), the volume of the Dunas
Pampa Blanca would thus have accumulated within 70 4 8 ka. This has
to be considered a maximum age because it is based on a minimum
sand transport estimate.

Limitation of sediment supply

According to the available river discharge data for the period 1975-
2007 (Junta de Usuarios Palpa, 2007), mean annual discharge is
3.05x108+1.07x10* m* a~! (SD=8.52x 10" m> a—!). The concen-
tration of suspended sediment measured in two grab samples was 3.0
and 6.6 kg m™3, respectively. It is assumed that a range from 50% of
the minimum to 200% of the maximum measured value (i.e. 1.5-13.2 kg
m™3) includes the plausible long-term average sediment concentration.
The fluvial suspended sediment delivery by the Rio Grande de Nazca
is thus estimated to be between 3.0x10% and 5.4x10° kg a~'
(between 2.3 x 10° and 4.2 x 10° m® a— ! at 1300 kg m~3). However,
comparison of the grain size distributions of suspended fluvial
sediment in the Rio Grande de Nazca (poorly sorted sandy silt) with
the aeolian sediment in the Dunas Pampa Blanca (well-sorted fine to
medium sand) indicates that only a limited grain size fraction (~20%)
is incorporated in the dunes. Under this limitation, the Rio Grande
supplies between 4.6x10% and 8.4x10° m> a~! of sediment for
potential aeolian transport. As the sediment transfer efficiency from
the fluvial through the littoral to the aeolian system is an unknown
fraction of 100%, this represents a maximum estimate for the
sediment supply to the aeolian system under recent conditions.
Dividing the volume of the terminal Dunas Pampa Blanca by this rate
therefore provides a minimum age constraint for the Dunas Pampa
Blanca of 4-75 ka (99% confidence interval).

Antiquity of topographic conditions

Dune field accumulation can only have commenced much later
than the begin of uplift at ca. 2 Ma, because during the initial stages of
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uplift the Cordillera de la Costa was a suboceanic feature (Hsu, 1992).
After subaerial exposure, suitable topographic conditions for the
accumulation of the terminal dune field - i.e., the creation of a
topographic lee situation downwind of the Cordillera de la Costa —
required further uplift. At present, the maximum height of the Dunas
Pampa Blanca (647 m according to the SRTM data) is 38 m lower than
the height of the lowest pass where the aeolian transport corridor
crosses the Cordillera de la Costa (685 m). The mean height of the
Dunas Pampa Blanca (471 m according to the SRTM data) is 214 m
below the pass height. These height differences between the lowest
pass where the aeolian transport corridor crosses the Cordillera de la
Costa and (a) the height of the highest dune and (b) the mean height
of the Dunas Pampa Blanca characterise the wind shadow conditions
under which aeolian accumulation takes place. Comparison with the
topographic situation of the Dunas Usaca (ca. 30 km to the south-east)
and the Ica dune field (ca. 60 km to the north-west) indicates that
these dune fields are located in wind shadows created by elevation
differences of 120-340 m.

Assuming that the wind shadow conditions created by the uplift of
the Cordillera de la Costa are both necessary and sufficient to allow the
accumulation of aeolian sand in the lee of Cerro Machocoyungo, the
age of topographic conditions favourable for dune field creation can be
constrained using the uplift rate. Thus, by dividing the average (57 m)
and maximum (224 m) sand thickness of the Dunas Pampa Blanca by
the coastal uplift rate of 0.5 ma~ ' (Hsu, 1992), the potential age of the
dune field based on topographic conditions can be constrained to 110-
450 ka. However, while uplift primarily affects the Cordillera de la
Costa, to an unknown but lower extent it also affects the location of
the Dunas Pampa Blanca. The age of 110-450 ka therefore represents a
minimum age for the creation of topographic conditions favourable for
aeolian accumulation.

Discussion
Regional context of dune migration rates

At 1.28 £0.15 m a~ !, the migration rate of transverse dunes in the
aeolian transport corridor feeding the Dunas Pampa Blanca is much
lower than that found by Gay (1999) for migrating barchans in the
Pampa de Jaguay, approx. 90 km to the south-east (10-60 m a~!).
However, this difference can be attributed to a number of independent
factors. Under a given wind and sediment supply regime, migration
rates of transverse and barchan dunes depend on dune type (with
barchans having the fastest migration rates) and are inversely related
to dune size. The dunes in the aeolian transport corridor feeding the
Dunas Pampa Blanca are coalescing transverse dunes while the dunes
studied by Gay (1999) are generally well-separated barchans of
varying size. While empirical relationships between barchan size and
migration rate have been established by Gay (1999), no comparable
studies exist for coalescing transverse dunes. Furthermore, even
though both areas are located in the coastal desert of southern Peru,
they are not necessarily subject to the same wind regime. The Pampa
de Jaguay dune swarm studied by Gay (1999) is subject to only weakly
topographically modified south-east trade winds, but dune migration
towards the Dunas Pampa Blanca shows strong topographic control
over the wind direction (and hence presumably also over wind
strength): winds are from south at the coast and shift to south-west
near the terminal dune field, departing by 90° from the south-east
trade winds (cf. Gay, 2005). The two areas further differ in
representing a transport corridor along a topographic depression in
the case of the Pampa de Jaguay and a transport corridor over a
topographic high (Cerro Machocoyungo) in the case of the dunes
migrating towards the Dunas Pampa Blanca. Sedimentological
differences between the dunes in the two areas may potentially also
contribute to diverging migration rates. The low dune-migration rate
found here therefore is not considered unusual.
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Figure 6 (continued).

Paleoenvironmental implications particular on the hypothesis that present conditions might be represen-
tative for the Quaternary. Comparison of the different aeolian transport

The sediment supply, transport and storage calculations and the and dune field age estimates allows these hypotheses to be tested.
derived age constraints were based on the hypothesis of Quaternary Table 3 summarises the age estimates for the Dunas Pampa Blanca.
climatic stability with regard to fluvial and aeolian processes and in From the minimum sand transport rate and the total volume of the

Table 2
Results of the cross-correlation approach to dune migration rates.
1974-1990 1990-2000 2000-2003 1990-2003 1974-2000 1974-2003
Mean SD Mean  SD Mean SD Mean SD Mean SD Mean SD
Cross-correlation  Dune-free areas X shift [m] —16.51 12.60 2090 566 —10.71 234 12.30 8.87 —1.84 916 —11.34 8.87
Y shift [m] —3.15 10.60 148 941 —12.87 282 —1574 19.03 —7.70 780 —21.97 9.63
n (outliers) 200 (10) 200 (9) 200 (0) 200 (5) 200 (0) 200 (0)
Dune-covered areas X shift [m] —1046 12.09 33.87 1.67 —793 247 2445 2.86 2931 14.29 2257 15.24
Y shift [m] —3419 1241 —153 398 —1585 646 —17.08 953 —2754 1615 —36.60 12.62
n (Outliers) 300 (7) 300 (0) 300 (0) 300 (0) 300 (0) 300 (7)
Difference X [m] 6.05 1746 1297 590 278 340 1215 9.32 3115 1698 3391 1763
Y [m] —31.04 1632 —3.01 1022 —299 705 —134 2128 —1984 1793 —1463 1587
Dune migration Total [m] 31.63 2390 1332 11.80 4.08 783 1222 2324 36.93 24.69 36.93 23.72
Annual rate [m a~ '] 1.98 1.50 133 118 141 272 0.95 1.80 1.42 0.95 1.28 0.82
99% Confidence 1.98 +0.27 1.33+0.22 1.41+0.50 0.95+0.33 1424017 1.28+£0.15
interval [ma~ 1]
Direction [°] 1 77 43 84 58 67
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Table 3

Comparison of age estimates for the accumulation of the Dunas Pampa Blanca.

Age determination based on Age
Transverse dune migration <70+8 ka
Fluvial sediment delivery >4-75 ka

Favourable topographic conditions >110-450 ka

Dunas Pampa Blanca it follows that under present sand transport
conditions the maximum age of the dune field is 70 + 8 ka. While this
is compatible with the estimates derived from the sediment supply
calculations which indicate a minimum age of 4-75 ka under the
assumption of a long-term persistence of recent conditions, it is at
odds with the minimum age of 110-450 ka deduced from the tectonic/
topographic considerations. This indicates that, based on the age of
favourable wind shadow conditions in the lee of Cerro Machocoyungo,
dune field accumulation could have occurred over a time span at least
1.6-6.4 times longer than that suggested by the observation of
present-day sediment supply.

If present conditions of sand supply and transport were repre-
sentative for the late Quaternary, a much larger volume of sand should
have accumulated in the Dunas Pampa Blanca. Present conditions can
therefore not be considered representative for the Quaternary. The
discrepancy between the maximum age deduced from sand transport
calculations and the minimum age from tectonic/topographic con-
siderations indicates that after the creation of topographic conditions
favourable for the formation of the terminal dune field, average sand
accumulation rate was on average less than 14-71% of the present rate.
This could be explained by (a) phases of reduced sediment availability,
(b) phases of reduced sediment transport or (c) phases of dune field
erosion. All of these explanations require climatic changes. While (a)
implies changes in sediment delivery by the Rio Grande de Nazca, (b)
points to possible changes in wind strength or direction and (c)
implies either changes in wind strength or direction or, alternatively,
considerable local precipitation in the coastal desert.

Comparison of the recent aeolian transport rate (atleast 4.9 x 10* +
5.7x10% m*® a—!) with the recent sediment supply from the fluvial
system (at most 4.6x 10% — 8.4x 10° m® a~!) shows that these two
ranges are compatible, i.e. the aeolian transport rate is near the lower
limit of the rate of sediment supply from the fluvial system. If sediment
supply and transport had occurred at constant rates during the late
Quaternary, this could be interpreted as suggesting a sediment transfer
efficiency from the fluvial through the littoral to the aeolian system
between 5 and 100%. However, as aeolian transport by dune migration
was observed ~20 km inland from the coast, the time lag caused by the
migration time from the coast to the present dune locations has to be
taken into account. Given the dune migration rate of 1.28 +0.15ma™ ',
this time lag may be as much as 14-18 ka. Taking into account that over
much of the distance from the coast sand transport is achieved by
faster-migrating barchans rather than by slower transverse dunes, this
is a maximum time lag estimate. The difference between the two rates
may thus be due to temporal changes in sediment supply. Such
temporal changes in sediment supply at the source of aeolian transport
were found for a barchan dune swarm in the Pampa de Jaguay, ~90 km
south-east of the Dunas Pampa Blanca. There, reconstructed aeolian
sediment supply to the aeolian system was found to have been low
during the past 300 a compared to average middle to late Holocene
conditions (Hesse, 2008).

The fine fraction (mainly silt) of aeolian sediment is transported in
suspension rather than in migrating dunes. This suspended aeolian
sediment is transported further inland and may accumulate as desert
loess at the foot of the Cordillera Occidental or be incorporated into
vesicular layers under bajada desert pavements (Noller, 1993;
McFadden et al., 1998). However, at present no desert loess accu-
mulation takes place (Eitel et al., 2005; Hesse and Baade 2007). This
cannot be attributed to lacking supply from the fluvial into the aeolian
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system as grain size distributions of suspended fluvial sediment show
that it is rich in silt. Thus, while the results of this study indicate that
recent aeolian transport is at least 1.6-6.4 times higher than the average
for the late Quaternary, the lack of recent desert loess accumulation in
areas with fossil desert loess cover implies that there must have been
times of even higher aeolian fluxes. According to the Global Seafloor
Topography (Smith and Sandwell, 1997) as well as marine bathymetry
profiles (National Geophysical Data Center, 2004), the shelf in the
vicinity of the mouth of the Rio Grande de Nazca has a width of
approximately 15 km with a slope of <1%. Under conditions prevailing
during glaciations, this shelf area with a present-day water depth of
<130 m was exposed to deflation. In combination with stronger winds
due to increased latitudinal temperature contrasts, higher rates of
aeolian transport should be expected during Glacial periods (Garleff et
al., 1991; Lancaster, 1994b). To achieve the low average rate of aeolian
accumulation implied by the volume and potential age of the Dunas
Pampa Blanca, periods of greatly reduced aeolian flux or (partial)
erosion of the Dunas Pampa Blanca therefore have to be postulated.
While discrete phases of aeolian activity have been reconstructed for
the Thar Desert of India (e.g. Thomas, 1999), comparable studies are so
far not available for the coastal desert of Peru. Given the results and
implications discussed here, investigations regarding temporal changes
in dune field accumulation in Peru are necessary to quantify the
temporal variability of aeolian transport and accumulation.

Conclusions

Observations of aeolian sediment transport in migrating trans-
verse dunes as well as fluvial sediment supply constrain the age of
aeolian accumulation of the Dunas Pampa Blanca to a minimum age of
4-75 ka and a maximum age of 70+ 8 ka under the assumption that
recent conditions are representative for the late Quaternary. These
constraints are not compatible with the minimum age 110-450 ka for
topographic conditions favourable for aeolian accumulation in the lee
of Cerro Machocoyungo. The hypothesis of late Quaternary stability
with conditions similar to the present therefore has to be rejected.
Recent aeolian sediment transport rates are not representative and are
at least 1.6-6.4 higher than average for the late Quaternary.

The present study shows that changes in net sand accumulation
must have taken place during the late Quaternary. However, it cannot
deliver information regarding the causes underlying the discrepancies
between the estimated minimum and maximum ages of the Dunas
Pampa Blanca. These discrepancies will have to be attributed to, either
individually or in combination, temporal changes in sediment
availability and transport as well as possible periods of erosion of
the Dunas Pampa Blanca. All of these mechanisms imply climatic
changes in the coastal desert. These changes are likely recorded in the
stratigraphy of the Dunas Pampa Blanca. With an estimated age depth
of between 704 8 ka and perhaps more than 450 ka recorded in the
Dunas Pampa Blanca, further research has the potential to contribute
significantly to the reconstruction of the presently poorly understood
climatic history of the Peruvian coastal desert.
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