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Abstract

The changes in color of sand dunes fromwhite to yellow or red is often interpreted to signify their age or their source materials. In this study we
demonstrate the effect seasonal inter-dune freshwater ponds have on the bleaching of the color of sand dunes by iron reduction in the anaerobic
conditions they create. By combining spectral measurements of field samples of dune sand together with the analysis of satellite images covering
three dune fields in NE Brazil (Lençóis Maranhenses, Jericoacoara and Canoa Quebrada) we demonstrate its existence in the field. In areas where
ponds cover 41% of the dune field (as in Lençóis Maranhenses) an almost total bleaching in the color of the sand occurs after which the dunes
remain white with no relation to distance from the coastline. In areas with less ponds (e.g. Jericoacoara or Canoa Quebrada) dune whitening is less
active, and there are areaswhere dune rubification occurs. As this processmay have occurred in other dune fields during past climate conditions that
may have been different from current ones, interpretations of dunes age based on their color should be handled with care.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Dune reddening

There is abundant evidence that many dune sands become
reddened with time. That process is promoted by warm
temperatures, oxidizing conditions and periodic presence of
moisture (Norris, 1969). Thus the percentage of iron oxides in
sand dunes may indicate their age, source materials, and
transport paths, as demonstrated for both desert dunes (White
et al., 1997, 2001) or coastal dunes (Levin et al., 2005; Ben-
Dor et al., 2006), in which the sand becomes more yellow or
red with distance from the coastline. This process is known as
rubification, which is defined as a pedogenesis stage in which
iron is released from primary minerals to form free iron oxides
that coat quartz particles in soils with a thin reddish film (Buol
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et al., 1973). During the weathering of a primary rock to a soil
the iron, predominantly bound in silicates in the reduced state,
will be released through a combined hydrolytic and oxidative
reaction in which atmospheric oxygen takes up the electron
(Schwertmann and Taylor, 1977). Due to the extremely low
solubility of Fe3+ oxides in the normal pH range of soils, the
iron released will be precipitated as oxide or hydroxide.
Williams and Yaalon (1977) have demonstrated reddening in
sand dunes under laboratory weathering conditions. Their
research showed that organic matter is not necessary to initiate
the process. In Terra Rossa and Rendzina soils (Rhodoxeralfs
and Xerochrepts, respectively, according to the US Soil
Taxonomy) differences in iron oxide mineralogy (red hematite
vs. yellow goethite) were interpreted by Singer et al. (1998) to
be due to differences in the pedoclimate.

1.2. Dune whitening

Whereas the reddening of sandy soils and sand dunes is
well studied, the opposite process, in which iron is reduced
-dune freshwater ponds in NE Brazil, Catena (2006), doi:10.1016/j.
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Fig. 1. Locationmap of the field sites. (a) Location of the study area in NEBrazil with respect to SouthAmerica; (b) the location of the three field siteswithin the states
of Cearã andMaranhão; (c) CanoaQuebrada dunes field site. In the background: a Landsat satellite image from 9/8/1989. The locations of sand samples are marked in
orange; (d) Jericoacoara dunes field site. In the background: a Landsat satellite image from 23/8/1992. The locations of sand samples aremarked in orange; (e) Lençóis
Maranhenses dunes field site. In the background: a Landsat satellite image from 23/5/2000. The locations of sand samples are marked in orange.
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and the color of sand becomes whiter, has received far less
attention. Experimentally, sand abrasion has been shown to
remove only aminor percentage of the iron from grain surface
coatings (Bullard et al., 2004; Bullard and White, 2005).
Roden et al. (2000) have demonstrated microbial caused
reductive dissolution of 95% of synthetic crystalline Fe3+

(goethite) oxide-coated sand in continuous flow column
reactors within 6 months. This was visibly evidenced by
extensive bleaching of color from the sand in the columns.

The reversibility of the oxidation–reduction of iron
therefore plays an important role in its behavior in soils.
In saturated soil oxygen becomes deficient and micro-
Fig. 2. Photographs of the different dune generations found in the study area: (a) Red c
(b) Red palaeodune sand surface covered by an active white sand dune, Jericoacoara,
Ceará, Brazil (photo by H.T.); (d) Aeolionite, west of Fortaleza, Ceará, Brazil (photo
Dunes and ponds, LençóisMaranhenses,Maranhao, Brazil (photo byReginaldo Lima
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organisms may utilize Fe3+ as final electron receptors to
accomplish their oxidative decomposition of organic
matter. The Fe3+ is thereby reduced to Fe2+, which, being
generally more soluble, accelerates the dissolution of the
oxide (Schwertmann and Taylor, 1977). In wetland soils it
has been shown that redox depletions occupy N60% of the
horizon at 15–30 cm depths in soils that were saturated for
21 days or longer at least 9 years out of 10 (Vepraskas et
al., 2004).

Whereas the bleaching of sand as it is carried by longshore
currents is well known (Emery and Neev, 1960), evidence
from field studies regarding the reduction of ferric iron in
liffs of the Barreiras formation, CanoaQuebrada, Ceará, Brazil (photo byN.L.);
Ceará, Brazil (photo by N.L.); (c) Stabilized parabolic dunes, east of Fortaleza,
by N.L.); (e) Barchan dunes, Jericoacoara, Ceará, Brazil (photo by N.L.); (f)

Verde); (g, h)Mega-ripples in the dune field ofCanoaQuebrada (photo byH.T.).

-dune freshwater ponds in NE Brazil, Catena (2006), doi:10.1016/j.
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Table 1
Wind power parameters of drift potential (DP), resultant drift potential (RDP), and wind directionality (RDP/DP) following Fryberger (1979)

ID on map Location and measurement
period

DP RDP RDP/DP RDD
(deg.)

Percent of time above threshold
for moving sand

1 São Luis a 1972–1990 138.4 106 0.77 67.3 16.2
2 Aranaú b 2003 2173 2110 0.97 96 76
3 Pecémb 1995–99 692.2 659.5 0.95 99.2 59
4 Parajuru b 2003 282.3 257.6 0.91 89.8 49.8
5 Natal a 1973–1990 97.7 81.5 0.83 113.8 15.1
6 Recife a 1973–1993 81.9 45.7 0.56 108 7.2
7 Maceió a 1972–1990 34.4 23.1 0.67 84.1 5.5

Locations are ordered along the coast from the north-west (São Luis) towards the south-east (Maceió), and are shown in Fig. 1a.
a Taken from International Station Meteorological Climate. Federal Climate Complex, Ashville, Dept. of the Navy/Dept. of Commerce/Dept. of the Air Force.
b Data supplied by L.P.M.
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freshwater commonly indicate only partial reduction (e.g.
Lovley and Phillips, 1986; PiPujol and Buurman, 1997).

1.3. Remote sensing of iron oxides

Based on the free iron oxides that redden soil particles, and
using spectral color indices or linear mixing models, Madeira
et al. (1997) and White et al. (1997, 2001) showed that it is
possible to account for iron oxide status using the Landsat
ThematicMapper data (only six bands in the VIS–NIR–SWIR
region) over lateritic soils in Brazil, and sand dunes at the
Namib, and at the Northern Rub'Al Khali (United Arab
Emirates), respectively. Field spectroscopy was used by
Bullard and White (2002) to quantify iron oxide coatings on
dune sand in the Simpson-Strzelecki Desert, Australia.
Although in coastal dunes the iron content is relatively low, it
has been shown that it can be quantified using spectral indices
(e.g. the redness index) by either an airborne hyperspectral
sensor (Ben-Dor et al., 2006) or even by a simple digital camera
(Levin et al., 2005).
Table 2
Satellite images used in the study

No. Study area Sensor Image ID

1 Lençóis
Maranhenses

Landsat MSS Path 220 row 62
2 Landsat TM Path 220 row 62
3 Landsat ETM+ Path 220 row 62
4 Aster AST_09_003081420011330000000000.hdf0
5 Aster AST_09_003090820011322430000000.hdf0
6 Aster AST_07_003070620011324120010000.hdf0
7 Jericoacoara Landsat TM Path 218 row 62
8 Landsat ETM+ Path 218 row 62
9 Landsat ETM+ Path 218 row 62
10 Landsat ETM+ Path 218 row 62
11 QuickBird pan

sharpened
04SEP14130853-
S2AS_000000178619_01_P002.TIF

12 Canoa
Quebrada

Landsat TM Path 216 row 63
13 Landsat ETM+ Path 216 row 63
14 Landsat ETM+ Path 216 row 63
15 Landsat ETM+ Path 216 row 63
16 Aster AST_07_003062820001313200000000.hdf
17 Aster AST_07_003083120001313050000000.hdf
18 QuickBird pan

sharpened
Several images

Please cite this article as: Noam Levin, et al, Dune whitening and inter
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1.4. Study aims

No study has reported yet the bleaching of active dune
sands due to iron reduction. Our study aims were therefore to
present the existence of such a mechanism in the coastal
dunes and freshwater ponds system located in the inter-dune
area in NE Brazil. By combining spectroscopy of sand
samples and satellite-borne remote sensing, we aim to show
that the presence of temporary freshwater ponds is
responsible for this process.

Our hypotheses were the following:

(1) In areas without ponds the process of rubification will
be evident with downwind distance from the coastline.

(2) In areas with ponds this process of rubification will not
exist because iron oxides will be reduced so that the
color of sand will become whiter with distance from
the coastline.

(3) These patterns may be hampered by exposures of red
sand from older generations of sand dunes.
Date Saturation in Use of image

13/8/1986 Bands 2, 3 None
21/8/1992 Bands 1, 5 Color indices
23/5/2000 Bands 1, 2, 3, 5, 7 Pond areas
14/8/2001 Bands 1, 2 None
8/9/2001 Bands 1, 2 None
6/7/2001 Bands 1, 2 None
23/8/1992 Band 1 (marginal), Band 5 Color indices
30/9/2000 Bands 2, 3, 5, 7 None
16/8/2001 Bands 3, 5, 7 None
18/11/2003 Band 1 (some), Band 5, cloudy None
14/9/2004 None Color indices

9/8/1989 Band 5 Color indices
13/8/1999 Bands 3, 5, 7 None
2/8/2001 Bands 3, 5, 7 None
20/7/2002 Bands 3, 5, 7 None

0 28/6/2000 None Color indices, pond areas
1 27/9/2002 Band 1 None

19/2/2004 Bands 1, 2, 3 None

-dune freshwater ponds in NE Brazil, Catena (2006), doi:10.1016/j.
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Fig. 3. The reflectance spectra of six representative sand samples from the study area as obtained in the laboratory before (a) and after applying the continuum
removal (CR) algorithm (b). LM stands for Lençóis Maranhenses, JR for Jericoacoara, and CQ for Canoa Quebrada.
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1.5. Study area

Our study area is located within the north-eastern tropical
coast of Brazil in the states of Maranhão and Ceará (Fig. 1).
The two major geomorphologic provinces included in the
coastal dunes area are (Leão and Dominguez, 2000; Zuquette
et al., 2002) the Tablelands in which white and pinkish red
sandstone is common (Barreiras Formation of Tertiary age),
and above that the Quaternary plain, with deposits of various
origins (beach-ridge plains, wetlands and coastal dune
fields). Almost the entire Ceará coast (as well as those of
Piaui and the eastern part of that of Maranhão) are backed by
extensive dune fields. Three to four generations have been
identified (Maia, 1998; Jimenez et al., 1999):
Please cite this article as: Noam Levin, et al, Dune whitening and inter
catena.2006.06.006.
(1) Palaeodunes without defined dune forms placed on top
of the Barreiras formation (Fig. 2a). These consist of
unconsolidated quartz sand varying from moderately
to well-sorted fine to medium grains of a deep red
color (Fig. 2b, g and h).

(2) Stabilized parabolic dunes formedbymedium to fine sand
of unconsolidated quartz, from moderately to well-sorted
grains and colors varying from orange to grey (Fig. 2c).

(3) Aeolionites which are placed above the Holocene
marine terrace but below the present mobile dune
system (Fig. 2d).

(4) The current active dunes (Fig. 2e and f) which are the
object of the present work. These dunes penetrate
some 5–10 km inland (in Maranhão even more than
-dune freshwater ponds in NE Brazil, Catena (2006), doi:10.1016/j.
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Table 3
Correlation coefficient values found between the spectral color indices (calculated from the three specific bands of the ASD) and the same indices calculated from
simulated TM bands, as well as with the distance from the coastline for various regional subsets of the field samples

Correlation with Samples included BI CI HI RI SI RI (w/o B)

The same indices calculated from simulated TM bands All (n=75) 0.99 0.88 0.52 0.96 0.98 0.90
Distance from the coastline, Lençóis Maranhenses,

active dunes before the ponds
31–39 (n=9) −0.95 0.93 0.25 0.97 0.94 0.97

Log distance from the coastline, Lençóis Maranhenses,
active dunes separated by ponds

1–3, 5–6, 9–14, 16–36
(n=32)

0.81 −0.63 0.60 −0.84 −0.69 −0.83

Distance from the coastline, Lençóis Maranhenses, Lagoa Bonita
(before, after and within the pond)

20–27 (n=8) 0.82 −0.34 0.29 −0.82 −0.37 −0.79

Distance from the coastline, Jericoacoara, active dunes separated by ponds 41–48, 51–53 (n=11) 0.70 −0.51 −0.50 −0.55 −0.50 −0.55
Distance from the coastline, Canoa Quebrada, active dunes separated by ponds 57–65 (n=9) 0.69 −0.74 −0.88 −0.77 −0.72 −0.77
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20 km) downwind of the coastline and comprise
barchans, barchanoids and sand sheets, with the
dominant dune type depending on the available
sand stock. At present, the active dunes are detached
from the coast by a deflation plain 600 m to 2000 m
Fig. 4. (a) A scatter-plot presenting the correlation between the redness index as ca
coastline in the direction of the dune movement, for three study areas; (b) as in (a), b
sample, on the left, was taken from the dune top just upwind of the pond, and th
downwind of the pond.

Please cite this article as: Noam Levin, et al, Dune whitening and inter
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wide, and are migrating on top of older dune
generations. The migration rate of the barchans of
Jericoacoara is estimated to be on average at 17.5 m/
year (Jimenez et al., 1999). Maia (1998) estimated
that the original conditions for dune formation
lculated from the three specific bands of the ASD and the distance from the
ut only for the samples taken from the bed of the Lagoa Bonita pond. The first
e last sample, on the right, was taken from the stoss slope of the dune just

-dune freshwater ponds in NE Brazil, Catena (2006), doi:10.1016/j.
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Table 4
Grain size distribution moments of 14 samples from the Lençóis Maranhenses dune field (in Φ values)

Row Name of sand sample Distance from the coastline Distance along the Lagoa Bonita transect Mean Sorting Skewness Kurtosis

1 LM 37 beach 40 1.918 0.373 0.025 1.116
2 LM 32 dune top 679 2.086 0.461 0.375 1.216
3 LM 29 dune top 4,998 2.104 0.442 0.220 1.181
4 LM 18 dune top 14,169 2.300 0.397 −0.003 1.067
5 LM 5 dune top 17,837 2.170 0.440 0.008 1.159
6 LM 19 dune top 19,719 2.339 0.395 0.094 1.008
7 LM 20 dune top 19,121 0 2.492 0.332 0.034 0.980
8 LM 21 pond 19,151 30 2.118 0.580 0.102 0.857
9 LM 22 pond 19,208 87 1.926 0.460 −0.053 0.846
10 LM 23 pond 19,260 139 2.337 0.337 0.048 1.004
11 LM 24 pond 19,307 185 1.805 0.422 0.066 0.864
12 LM 25 pond 19,371 250 2.089 0.391 −0.064 0.957
13 LM 26 pond 19,444 323 1.986 0.452 −0.149 0.870
14 LM 27 wind facing slope 19,565 443 2.045 0.406 −0.095 1.046
Correlation with distance for the dune samples (rows 1–7) 0.85 −0.38 −0.58 −0.71
Correlation with distance for the dune samples without the beach (rows 2–7) 0.78 −0.70 −0.89 −0.81
Average for the dune samples (rows 1–7) 2.20 0.41 0.11 1.10
Average for the dune samples without the beach (rows 2–7) 2.25 0.41 0.12 1.10
Average for pond samples (rows 8–13) 2.04 0.44 −0.01 0.90
Average for pond samples with the wind facing slope just after the pond (rows 8–14) 2.04 0.44 −0.02 0.92
T-test between the dune samples (rows 1–7) and the inter-dune samples (rows 8–14) 0.13 0.39 0.07 0.00
T-test between the dune-top samples (rows 2–7) and the pond samples (rows 8–13) 0.07 0.47 0.11 0.00

Rows 1–7 represent dune environments, whereas rows 8–14 represent inter-dune environments. Rows 7–14 covers the Lagoa Bonita transect. In the lower rows
some statistics regarding these moments are given (see text for details). LM stands for Lençóis Maranhenses.
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occurred during a period of low sea level during the
last 2000 years.

Three field sites were studied:

(1) The natural reserve of Lençóis Maranhenses in the
state of Maranhão (Figs. 1e and 2f), where the dunes
extend along some 75 km and penetrate inland to
distances greater than 20 km. The area of the
“Lençóis” is mainly characterized by the presence of
barchanoids and transverse sand dunes. During the
rainy season the inter-dune areas are inundated by high
water table thus forming ponds (Fig. 2f).

(2) The natural reserve of Jericoacoara in the state of Ceará,
west of the city of Fortaleza (Figs. 1d and 2b and e). This
dune field, located on a small peninsula, is characterized
by large barchans (heights of up to 40 m). In the inter-
dune areas of these barchans are formed temporary
ponds (though less extensive than in the “Lençóis”),
mainly between vegetation cuspate marks (as described
in Jimenez et al., 1999; Claudino-Sales and Peulvast,
2002). The dune migration rates in this area is between
14 and 22 m/year, depending on the dunes' height
(Jimenez et al., 1999; Sauermann et al., 2003).

(3) The dune field of Canoa Quebrada in the state of Ceará,
east of the city of Fortaleza (Fig. 1c). This dune field is
characterized by transverse dunes, with fewer inter-dune
pond areas. The Barreiras formation forms red sandstone
cliffs along its south-eastern parts (Fig. 2a).
The wind climate of north-eastern Brazil is governed by
the easterly strong trade winds. Seasonal latitudinal
Please cite this article as: Noam Levin, et al, Dune whitening and inter
catena.2006.06.006.
positioning of the ITCZ determines both the presence of
dominant winds and the rainfall regimes (Wang et al.,
2004). The annual average rainfall in Fortaleza is
1663 mm (for the years 1974–1995) and is highly
seasonal, with a wet period from January to July, when
almost 93% of the rainfall takes place (Jimenez et al.,
1999). The rainfall increases westward, where in the
“Lençóis” it is more than 2000mm.During the dry period
from August to December there is almost no rainfall, and
wind velocity is much higher than in the wet season.
Generally along the coast of NE Brazil, wind velocity
increases towards the north-west and, at the same time, a
change in the direction fromwhich the wind is blowing is
also detected from SE to NE (Jimenez et al., 1999). The
wind power and the resultant drift potential (RDP;
Fryberger, 1979) of the sand increase fromMaceió (in the
state of Alagoas) to Aranaú (in the state of Ceará) and
probably to the “Lençóis”, decreasing dramatically in Sao
Luis and westward (see locations in Fig. 1, andDP values
in Table 1). The DP and RDP/DP values of Aranaú,
Pecém and Parajuru correspond to values found at areas
with highly active dune systems (Tsoar, 2005).

2. Methods

2.1. Field samples

Altogether 75 sand samples were collected from the three
field sites: 22 from Canoa Quebrada, 13 from Jericoacoara
and 40 from the Lençóis. The sand samples collected include
the beach, red cliffs of the Barreiras formation (sample 75 in
-dune freshwater ponds in NE Brazil, Catena (2006), doi:10.1016/j.
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Fig. 5. Grain size distribution of sand samples from the Lençóis Maranhenses coastal dune field. In blue: sand samples from the bottom of the pond, in green:
sand samples from the lower stoss slope of dunes, and in red sand samples from dune tops. Given are both the % frequency (a) and the % cumulative
frequency (b).
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Canoa Quebrada), active sand dunes (taken from a depth of
about 2 cm so as to avoid bias caused by the sand ripples;
Tsoar, 1990), and exposures of red sand grains from
Table 5
Correlation coefficient values found between the spectral color indices (calculated
from satellite images for various regional subsets of the field samples

Correlation with Sa

The same indices calculated from Landsat satellite images, surface samples n=
The same indices calculated a Landsat satellite image,

Lençóis Maranhenses, surface samples
1–
27

The same indices calculated a Landsat satellite image,
Jericoacoara, all surface samples

41

The same indices calculated from a QuickBird satellite image,
Jericoacoara, all surface samples

41

The same indices calculated from a Landsat satellite image,
Canoa Quebrada

58

The same indices calculated from an Aster satellite image, Canoa Quebrada 58

The following indices are used in the table: BI (brightness index), CI (coloration ind
(redness index calculated without the blue band).

Please cite this article as: Noam Levin, et al, Dune whitening and inter
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palaeodunes either in the inter-dunes areas (samples 49 and
50 in Jericoacoara; see Fig. 2b) or forming mega-ripples (in
Canoa Quebrada; Fig. 2g and h). In each area most of the sand
from the simulated TM bands of the ASD) and the same indices calculated

mples included BI CI HI RI SI RI (w/o B)

44 (as detailed below) 0.49 0.89 0.18 0.69 0.85 0.43
3, 5–6, 9–12, 16–20,
–36 (n=24)

0.86 0.76 0.18 0.87 0.14 0.82

–49, 51–53 (n=12) 0.86 0.35 0.54 0.94 0.23 0.93

–49, 51–53 (n=12) 0.73 0.95 0.93 0.97 0.95 0.97

–65 (n=8) 0.54 0.77 0.79 0.91 0.69 0.93

–65 (n=8) 0.65 0.47 0.93

ex), HI (hue index), RI (redness index), SI (saturation index) and RI (w/o B)

-dune freshwater ponds in NE Brazil, Catena (2006), doi:10.1016/j.
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Fig. 6. A scatter-plot presenting the correlation between the redness index as calculated from the August 1989 Landsat satellite image of Lençóis Maranhenses
dune field and the distance from the coastline in the direction of the dune movement. The dashed line represent 95% confidence intervals.
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samples were collected from the dune tops and along a
transect ranging from the coastline inland allowing to
examine color changes as a function of distance from the
coastline. The Canoa Quebrada dune transect was chosen in
an area where there are some ponds between the dunes, and
which is located north with respect of the red Barreiras cliff so
they will not be affected by it. In addition, samples were taken
in transects across two ponds in the Lençóis Maranhenses:
commencing in the dune upwind of the pond, then sampling
the pond bed (a few centimeters below its surface) and ending
the pond transect in the dune downwind of the pond. This was
done to study changes in the color of the sand between the
dune and the pond bed. The first pond (samples 12–16) is
100 m long (in the direction of dunes' movement) whereas
the second pond (Lagoa Bonita, samples 20–27) is 350 m
long.

2.2. Satellite images

Awide array of satellite images was examined for spatial
patterns in dune color in the study areas. Only images that are
not cloudy and are without saturation effects (caused by the
bright color of the sand and improper calibration of the
sensor; see Karnieli et al., 2004) were examined. Images from
different seasons show the change in the pond area. A full list
of these images and their saturation problems is given in
Table 2.

All satellite images were radiometrically and atmospher-
ically corrected following Chavez (1988). The Aster images
were downloaded from the USGS Internet website in
reflectance values following the automatic correction
described in Thome et al. (1999). As most of the images
used were several years older than our field samples, and due
to the high mobility of the dunes in these areas, we adjusted
the location of the samples with respect to dune movement.
Please cite this article as: Noam Levin, et al, Dune whitening and inter
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The area of the ponds was determined by images close to
the end of the rainy season and applying a supervised
classifier (either Maximum Likelihood or Mahalanobis
Distance, as implemented in Envi 4.2, Research Systems,
2005).

2.3. ASD measurements

Spectral measurements of the dry sand samples were
performed in the laboratory with an ASD field spectrometer
(ASD, 2001) that covers the VIS–NIR–SWIR spectral region
(0.4–2.5 μm) using a contact probe with constant and self
Tungsten illumination. Twenty spectral measurements were
taken for each sample and averaged to present the spectral
characteristics of each sample. This was repeated for each
sample from four directions, and the resulting spectra were
then averaged, to avoid biases related with Bidirectional
Reflectance Distribution Function (BRDF; King, 1995). In
order to enhance the absorption features in each mineral
spectrum, we applied a spectral continuum removal (CR)
algorithm (Clark et al., 1987) in which the monotonous
spectra signals are characterized by a unity reflectance value
and absorption features are presented relative to a continuum
of interpolated reflectance values that connect between two
absorption edges.

2.4. Spectral indices

The free iron oxide content of the sand was estimated by
the following color indices (Mathieu et al., 1998). These
indices and especially the Redness Index (RI) are highly
correlated with free iron oxide content in sand dunes (Levin
et al., 2005; Wenkart et al., 2005; Ben-Dor et al., 2006):

Brightness index;BI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðB2 þ G2 þ R2Þ=3

p
ð1Þ
-dune freshwater ponds in NE Brazil, Catena (2006), doi:10.1016/j.
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Coloration index;CI ¼ ðR−GÞ=ðRþ GÞ ð2Þ

Hue index;HI ¼ ð24R−G−BÞ=ðG−BÞ ð3Þ

Redness index;RI ¼ R2=ðB4G3Þ ð4Þ

Saturation index; SI ¼ ðR−BÞ=ðRþ BÞ ð5Þ

where R, G, and B represent the reflectance at the wave-
lengths of Red, Green and Blue bands (Bands 3, 2 and 1,
respectively in Landsat). As these indices are mostly ratio
indices, we expected them to reduce shading and BRDF
Fig. 7. The QuickBird satellite image of Jericoacoara from September 2004 and eigh
areas underneath the colored lines (a) so that their color may be visually apprecia
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effects that may be present in the images, due to viewing
angle with respect to the direction from which the light is
coming (Lillesand and Kiefer, 1994; King, 1995). This is
because a ratioed image of a scene effectively compensates
for the brightness variation caused by the differences in the
topography, and emphasizes the color content of the data.
From the ASD measurements these indices were calculated
after convolving the reflectance spectra to match that of the
Landsat bands. As the Aster sensor does not include a blue
band the only indices we could calculate for those images
were the coloration index (CI), and also modified versions of
the brightness index (BI) and of the redness index (RI)
without the blue band (thus the modified RI is termed as “RI
w/o B”). As between the ASD derived values of RI and RI
w/o B there was a correlation of R2 =99%, the two are
almost identical.
t digitized lines of dunes used in Fig. 8. The lower image (b) shows the dune
ted.

-dune freshwater ponds in NE Brazil, Catena (2006), doi:10.1016/j.
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Fig. 8. A scatter-plot presenting the correlation between the redness index as
calculated from the September 2004 QuickBird satellite image of
Jericoacoara dune field and the distance from the coastline in the direction
of the dune movement, for each of the lines designated in Fig. 7.
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Fig. 9. The Aster satellite image from June 2000 of the Canoa Quebrada
dune field and the seven areas of dune penetration we defined.
The hypotheses presented above (Section 1.4) were tested
by calculating the correlations between the distance from the
coastline and the various color indices. This was done both
by using the field samples and the satellite images. From the
satellite images we derived gradients showing the changes in
the color indices as a function of the distance from the
coastline. For the higher resolution images of Aster (for
Canoa Quebrada) and QuickBird (for Jericoacoara) we did
this after defining dune path areas according to the wind
direction and the existence of ponds or of exposures of red
sand (see below in the Results).

2.5. Grain size distribution

Some of the sand samples underwent particle size
analysis to determine the differences between the sand at
the bottom of the ponds and that on the dunes themselves.
All sand samples were sieved in a nest of sieves at 0.25Φ
(Φ=− log2d, where d is the grain diameter in millimeters)
intervals for 15 min. The four principal moments (mean,
standard deviation, skewness and kurtosis) were calculated
d inter
according to Folk and Ward method using the GRADISTAT
program (Blott and Pye, 2001).

3. Results

3.1. Spectra, color indices and grain size distribution of the
sand samples

The spectra of six selected sand samples covering the range
of colors fromwhite to red present in the study area is shown in
Fig. 3. From the reflectance values overall changes in the
albedo of sand are apparent, the whitest sand found in the
beach, the reddest one in the Barreiras cliff (Fig. 3a).
Absorption features in general, and those of the iron oxides
especially, are more visible after a continuum removal
transformation (Fig. 3b). The major iron oxide absorption
feature is centered at 487 nm (the median for all 75 samples).
This may indicate that the iron oxide present in these dunes is
goethite, whose absorption feature falls at 485 nm (based on
the spectral library of Grove et al., 1993). The color index
calculations were based on the following three specific bands
(in addition to calculating them from the simulated TMbands):
450 nm, 487 nm and 610 nm.

By analyzing the correlation between the color indices
based on the specific bands and those of the simulated TM
bands it can be seen that it is high for all indices except for
the HI (Table 3). Therefore, HI was not taken into con-
sideration in the following analyses. Examining the
correlation between the various indices and the distance
from the coast for regional subsets of the field samples
-dune freshwater ponds in NE Brazil, Catena (2006), doi:10.1016/j.
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Fig. 10. A scatter-plot presenting the correlation between the redness index as calculated from the June 2000. Aster satellite image of the Canoa Quebrada dune
field and the distance from the coastline in the direction of the dune movement, for each of the seven areas designated in Fig. 9.
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(including only active dunes along transects and disregard-
ing exposures of red sand) the following patterns emerge
(Table 3, Fig. 4):

(1) Before the area of the ponds, the process of rubification
indeed takes place, as demonstrated for the near coastal
area of the Lençóis Maranhenses (LM).

(2) In areas where the dunes are separated by ponds,
whitening of the dunes takes place. This holds true for
all three study areas, and will be further explored in the
analysis of satellite images below.

(3) Within the LagoaBonita pond, which is a relatively deep
pond some350m long, awhitening of the sand occurs as
found from sand samples taken from the pond's bed
(Fig. 4b; this pattern did not appear however in a smaller
pond just 100 m long that we sampled; samples 12–16).

(4) The redness index is in most cases the best index in
terms of the correlation coefficient values. We therefore
focused the following analyses on this spectral index.
Based on their grain size distribution, all sand samples
from the dunes and ponds are characteristic of aeolian
sand (Table 4), with a medium to fine sand size, well
sorted, mostly symmetrical and on the average meso-
kurtic. For the samples representing the sand dune tops
(and the beach), with distance downwind from the
coastline, mean grain size decreases (R=0.85, p=0.01),
sorting improves, and their distribution becomes more
symmetrical and mesokurtic (Table 4 and Fig. 5). Due to
these changes in the sand distribution, when comparing
the mean grain size of the dune samples (μ=2.20Φ) with
that of samples taken from the bottom of the Lagoa
Bonita pond which is located some 20 km inland from
the coastline (μ=2.04Φ), the difference between the two
groupswas not statistically significant (p=0.13). In fact,
the dunes and the ponds sand samples were only
Please cite this article as: Noam Levin, et al, Dune whitening and inter
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different in their kurtosis (μ=1.10 and 0.90, respective-
ly; p=0.00), where some of the dune samples are
leptokurtic, and some of the pond samples are
platykurtic (according to the classification in Blott and
Pye, 2001). The platykurtic and even bimodal distribu-
tion found in some of the pond samples indicates poor
sorting, and may be the result of the mixing of very fine
sand that was carried by turbulences from the upwind
dune and those deposited in the pond, with lag deposits
on the pond's bed. It is also clear that the grain size
distribution of the ponds' bottoms (samples 21–26) is
coarser than that of their immediate surrounding dune
tops (samples 19 and 20).

3.2. Satellite image-derived color indices

Based on the good correlation between the color indices as
calculated from the field samples and their corresponding
values as calculated from satellite images (especially when
using higher resolution sensors such as Aster or QuickBird;
Table 5) we went on to examine the full gradient of changes in
the redness index (RI) of the sand as a function of the distance
from the coastline.

3.3. Lençóis Maranhenses

The average redness index for intervals of 50 m of distance
from the coastline was calculated from the August 1992
Landsat image covering the Lençóis Maranhenses coastal
dunes (this image was saturated in the blue band). The inter-
dune ponds cover some 41% of this coastal dune field. The
average inter-dune pond area is 7 ha and their average
circularity (as in Robinson and Friedman, 2002, where the
circularity of a sphere is one) is 0.47. Thus, most of the ponds
are longer in the cross-wind direction and not in the along-
-dune freshwater ponds in NE Brazil, Catena (2006), doi:10.1016/j.
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wind direction (as in the Lagoa Bonita pond). In the following
analysis of the redness index only active dunes were included.
These were defined as those pixels who were assigned by the
maximum likelihood classifier into this category at a
probability threshold of 90%. After a distance of about 1 km
in which there was almost no change in the color of the sand,
there is a clear bleaching in the color of the sand until a
distance of about 7.5 km (Fig. 6). From there onwards the
color of the sand stays more or less the same with minor
fluctuations that are mostly within the 95% confidence
intervals of the saturation curve. Altogether the distance
from the coastline explains some 78% of the variation in the
redness index.

3.3.1. Jericoacoara
Eight lines of dune penetration were defined on the

QuickBird image of Jericoacoara (Fig. 7), assuming that the
movement of sand in each line is independent to the others.
For each of the 116 dunes (or sand tongues/sheets) that were
digitized on this image (excluding slip face areas, or areas
shadowed by clouds) the average Redness Index and the
average distance from the coastline were calculated. As line 1
and line 2 comprised of just three dunes, their data were not
analyzed statistically. The results are presented in Fig. 8. It
can be clearly seen that in most lines not only that there is no
process of rubification, but rather dune whitening is taking
place. Some interesting exceptions should be noted however.
In the sand sheets at the beginning of line 3 there is a clear
rubification which is reversed once ponds start forming,
more to the west. In lines 5 and 7 the process of dune
whitening stops at a distance of about 9 km from the coastline
due to a combined lack of ponds and the existence of ex-
posures of red sand between the ponds.

3.3.2. Canoa Quebrada
Such combined processes are also evident at the area of

Canoa Quebrada. Here we defined seven areas of dune
penetration from north to south based on the presence or
absence of ponds, the inland penetration of the dunes as
well as latitudinal changes in their color (these are related
to exposures of red sand; Figs. 2g, h and 9). Here too we
averaged the redness index for intervals of 50 m of dis-
tance from the coastline. In this analysis only active dunes
were included. These were defined as those pixels who
were assigned by the maximum likelihood classifier into
this category at a probability threshold of 90%. In this dune
field, where the ponds are less abundant, the process of
dune whitening is not apparent, however dune rubification
clearly evident in line 3 does not exist in most areas (Fig.
10). The rapid rise in the redness index in line 2 may be
related to exposure of red grains of sand from palaeodunes
that participate in the formation of mega-ripples in that
area (Fig. 2g and h). We would like to note that in the
longest dune penetration areas (lines 4, 5 and 6) where
there are some ponds, there is almost no change in the
color of the sand.
Please cite this article as: Noam Levin, et al, Dune whitening and inter
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4. Discussion

4.1. Spectral indices of sand color

Dune reddening is commonly identified in the visible
range of the electromagnetic spectrum. Of the various spec-
tral indices we examined, the redness index (RI) performed
the best, as found also in previous studies (Levin et al., 2005;
Ben-Dor et al., 2006). This was established by the high
correlations between RI values derived from the ASD and
those derived from the satellite image, as well from the high
correlations between RI values and distance from the coast-
line (Tables 2 and 3). The brightness index which ideally
should also perform well is not a ratio index and is more
affected by shading effects.

Working on a high albedo target, in many of the images
available to us one or more of the visible bands were
saturated, especially in the Landsat 7 ETM+ (Table 2). The
existence of bright features in a tropical climate area is
probably the reason why proper gain and offset adjustments
were not performed. Some errors in the values of the spec-
tral indices may arise from moisture differences between
and within the dunes. We estimate that by working with
satellite images from the dry season such problems were
minimized. As these dunes are highly active and devoid of
vegetation, the presence of organic matter did not hamper
our results.

4.2. Dune whitening

The process of dune whitening as emerges from this study
seems to confirm the experimental results of Roden et al.
(2000). In areas where there is a high presence of freshwater
ponds (as in the Lençóis Maranhenses: 41% of the area),
sandy inter-dune areas are being covered by water during the
rainy season, and the dunes themselves are saturated to a
height of up to 2–3 m (depending on location of specific
dune). In the anaerobic conditions that develop within the
saturated sand, the Fe3+ is reduced to Fe2+ as microorganisms
consume oxygen to accomplish their oxidative decomposi-
tion of organic matter. This process continues as long as sand
is water logged during the dry season as the ponds are
gradually dried. It seems that if the ponds were not temporary
but stable then iron reduction would be much less intense as it
is most intense in the top 1 cm (Lovley and Phillips, 1986).
The reduced iron then accumulates on the impermeable layer
beneath the sand dune (or beneath the pond) or on the bottom
of the pond, and may be further washed downwards by
rainfall after the ponds are dried out. Once the ponds dry out
the bleached sand is available again to participate in aeolian
processes of dune movement. It is clear from the grain size
distribution, common to aeolian dunes sand, that the sand
from the bottom of the ponds participates in aeolian processes
(Pye and Tsoar, 1990). The somewhat coarser grain size
(though not statistically significant in our sample size)
distribution at the bottom of the ponds with respect to that
-dune freshwater ponds in NE Brazil, Catena (2006), doi:10.1016/j.
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found on dune tops fits other studies in which it was shown
that there is a gradual decrease in grain size and better sorting
towards a dunes' top (Lancaster, 1981; White and Tsoar,
1998). In addition, it should be noted that sand in transport is
almost always finer and better sorted than the surface sand on
the stoss slope (Lancaster et al., 2002).

In the Lençóis Maranhenses a nearly complete bleaching is
accomplished at a distance of 7.5 km from the coastline, and
from there inland there are almost nomore changes in the color
of the sand. It should be noted that through abrasion iron oxide
coating of sand grains is only slightly removed (Bullard et al.,
2004; Bullard and White, 2005), and certainly not to the same
degree as achieved through reduction by bacteria (Roden et al.,
2000).

In other areas where pond cover is lower the whitening is
less intense or non-existent. Where ponds are present for
shorter durations of time it is likely that saturated conditions
do not exist for long enough periods of time to permit
complete microbial exhaustion of the oxygen dissolved in the
water and iron reducing conditions are seldom or never
created. That the conditions for rubification are present in the
dunes of NE Brazil is given by its occurrence in the sand
sheets in Jericoacoara, or even in the Lençóis Maranhenses in
the area near the coastline before the massive ponds begin
(Figs. 4a and 8—line 3), as well as by the existence of red
sand from previous dune encroachments phases (assuming
similar climate conditions in the past as influenced by ITCZ;
Wang et al., 2004).

Dune color is traditionally interpreted as an indicator of a
dunes' age (within a dune field; Norris, 1969). The results of
this study indicate that the process of dune reddening is
reversible, and with the appropriate conditions dune
whitening may occur. The implication is that dune color
should be interpreted with care and with relation to past
climatic conditions: especially the possible past existence of
temporary ponds. Such ponds may either exist covering large
areas due to seasonal rainfall patterns (as currently in NE
Brazil), or may form due to blocking of rivers by migrating
dunes in arid periods (as in the Negev desert of Israel:
Magaritz and Enzel, 1990). Thus, in areas where dune color
changes, an additional explanation to those of different
source minerals or of different ages may be the past (or
present) existence of temporary freshwater ponds. In
conclusion, this study demonstrates that the early pedogenic
dune processes are not one way, but rather the system is very
dynamic.
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