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Abstract

Iron is an essential element for almost all living species. Previous
studies demonstrated that both the growth rate and concentration of
chlorophyll a in cultures of cyanobacteria were limited by insufficient
Fe concentrations. The cyanobacteria biological soil crust in desert
where most rain falls seasons are dominated by filamentous species are
well adapted for primary colonization of arid environments due to their
extraordinary ability to survive desiccation and extreme temperature,
high pH and salinity. Satellite imageries are widely used to map geological
and environmental features at different scales. To date, little research
has been done to spectrally examine biological soil crusts or map them
using remote sensing. Recent researches demonstrated that ASTER
visible- near infrared scanner systems can be used successfully to map
iron ores and cyanobacteria soil crust. In this study Mathematical
Evaluation Method (MEM) performed on ASTER imagery data, firstly.
This research demonstrates cyanobacteria growth –iron contamination
relationships by remote sensing techniques at the Chadormalu desert,
Yazd Province, Iran. In other words, this study illustrates directional
relationship of spatial distribution between cyanobacteria soil crust and
major iron ores contamination at this mining area, probably related to
cyanobacteria physiology. The MEM method, despite being approximate
is suitable in detecting iron contamination in inaccessible remote areas
on earth or may be useful in astrobiological studies, especially, in Mars
biological explorations.
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1. Introduction

Iron is an essential element for almost
all living species1. With the exception of some
strains of lactobacil lus2 and Borrelia
burgdorferi3 iron is a fundamental element
for all bacteria4; so that previous studies5,6,
demonstrated that both the growth rate and
concentration of chlorophyll a in cultures of
cyanobacteria were limited by insufficient Fe
concentrations (<10µM). That is growth of
cyanobacteria under conditions of iron deficiency
leads to changes in cellular physiology and
biochemistry7; in other words decreases in
cellular pigment levels, protein synthesis, and
variations in electron transport components are
commonly reported for cyanobacteria grown
in iron-deficient conditions8,9. Webb et al.4

indicated that idA protein may make an
excellent marker for Fe stress in open ocean
cyanobacterial field populations. According to
Berman- Frank et al.10 as increase in iron
concentrations in the growth media of cyano-
bacteria (e.g. Trichodesmium, Cyanothece,
Anabena) cultures resulted in an increase for
the photosynthetic activity and N-fixation.

The cyanobacteria biological soil crust
(CSC) in desert where most rain falls seasons
are dominated by filamentous species such as
Microcoleous and smaller genera such as
Scytonema, Nostoc, and Schizothrix11 are
well adapted for primary colonization of arid
environments due to their extraordinary ability
to survive desiccation and extreme temperature
(up to 70oC), high pH and salinity12. These
organisms contribute to soil stability13 soil build
up14, soil fertility15 and to the soil water regime16.

Satellite imageries are widely used to
map geological and environmental features at
different scales17-20. To date, little research has
been done to spectrally examine biological soil
crusts or map those using remote sensing21.
Karnieli et al.22 have shown that spectral
reflectance values can be measured during wet
seasons and O’ Neill23, Karnieli and Sarafis24,
Tromp and Steenis25 and Zombre et al.26,
presented spectral curves of cyanobacteria
crust. Moghtaderi et al.17 analyzed systematically
the spectral features of the cyanobacteria crust
through the atmospheric windows available to
spectral remote sensing instruments (i.e. Visible
Near Infrared (VNIR), under dry conditions).

The ability of Visible to Near infrared
(VNIR) scanner systems to map gossans, rich
in iron and associated with weathered sulfide
occurrence, as well as regolith characterization
is perhaps the most important current applications
of this new technology27.  Heavy metal
contamination of soil mostly results from
anthropogenic influences on the physical and
chemical characteristics of soil ecosystems.
ASTER visible- near infrared and short-wave
infrared scanner systems can be used successfully
to map iron ores28, 29.

Detecting and mapping a variety of
surface features using image data can be
obtained by a number of different techniques
(e. g. minimum noise fraction (MNF) transform,
matched filtering, spectral linear mixture, band
ratio, etc.17,30,31-33). Conradsen and Harpoth30

used Landsat MSS band ratio (4/5, 5/7, 6/7)
for detection and reconnaissance mapping of
iron oxide at central east Greenland. These
researchers detected limonitic rocks in pink to
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orange color  (false  color  composite).
Abdelsalam et al.31 generated clay and Fe
alteration index map by density slicing for Landsat
TM band ratio 5/7 and 3/1, respectively. Landsat
5/7- 4/5- 3/1 TM images characteristically
depict small (tens of pixels) gossans in blue
and the more extensive alteration zones in
pinkish purple. Moghtaderi et al.32,33, using MNF
transform and Mathematical Evaluation Method
(MEM) on ASTER images demonstrated the
capability of ASTER data in the detecting
alteration minerals in the Chadormalu iron ore
deposit, central Iran. The output of applying
MEM is a gray scale image, in which the Digital
Number (DN) values match the percent of
the alteration mineral present. Moghtaderi et
al.17 proposed that the MEM method despite
being approximate is suitable in detecting
microorganisms  (i. e.  cyanobacteria)  in
inaccessible areas such as extraterrestrial
planet surfaces or remote areas on Earth,
especially in extreme dry conditions. As a
result, the potential of ASTER imagery data
for spectral analysis in geological and environ-
mental investigations is a well-established fact
now.

The main purpose of this research is
to demonstrate cyanobacteria growth –iron
contamination relationships by remote sensing
techniques and ground controls at the Chadormalu
desert, Yazd Province, Iran. In other words,
this study illustrates relationship of spatial
distribution between cyanobacteria soil crust
and major iron ores contamination at this mining
area. This research is an attempt to show
remote sensing ability in detecting relations
between cyanobacteria soil crust area size,
and iron contamination extension.

2. Material and Methods

2.1. Meteoroidal and geological background:

The Chadormalu area (including the
northern desert) is located in the Bafq metallogenic
province in central Iran, about 115 km southeast
of Yazd city (55° 15' - 55° 45' E, 32° 15' -32°
25' N) (Fig 1a, b). The extreme aridity of the
Chadormalu desert is due to the Zagros and
Alborz mountain ranges to the west and north
respectively which prohibit wet (or rainy)
weather from reaching this area. Also, the salt
deserts (kavir) of Bafq and Saqand occupy
west and north of the Bafq region. The average
annual rainfall is 55.7 mm and it only rains in
the winter and early spring (January-April).
Average minimum daily temperatures ranges
from -9.6°C in January to 25°C in May, while
average maximum daily temperature ranges
between 18°C and 45°C in January and July,
respectively.

2.2. Spectral characteristics of cyanobac-
teria and major iron ores:

In semi arid and arid areas the spectral
reflectance curves (SRC) of surface materials
may be used directly to infer natural surface
features, like the biological soil crust and iron
ore minerals in this research23,34,35,36,37,38.
Laboratory reflectance spectra are accessible
over the Internet from the USGS (United
States Geological Survey) digital spectral library
(http://speclab.cr.usgs.gov/spectral.lib04/
spectral-lib.desc+plots.html). These sites
provide data on minerals, rocks, vegetation and
soils but there are no data on microphytic (e.g.
cyanobacteria) crusts. For this study the most
appropriate spectral curve selection criterion
is the spectra of dry cyanobacteria crust proposed



by Karnieli and Sarafis24 (Fig. 2a), because it
is measured from Microcoleous Vaginatus and
Nostoc which, with Schizothrix, Calothrix,
Chroococcidiopsis and Phorimidium constitutes
the most common cyanobacteria (genus) found
in the deserts of the world39,40. Sharp fluctuations
in the reflectance spectral curves for cyano-
bacteria were used to determine the best ASTER
bands (3, 2, 1 bands) for the detection of
cyanobacteria (‘i.e. M. vaginatus and Nostoc)
(Fig 2a and Table. 2).  The reflectance curves
give useful diagnostic information on the
elemental and mineralogical composition41.

         The spectra (colors) of minerals in the
VNIR are, to a large extent determined by
their transition (e. g. Fe) and rare earth element
concentrations41. Because iron, in the ferric
and sometimes the ferrous state is usually the
only element sufficiently abundant at the
surface to affect the spectrum, its presence or
absence usually determines the VNIR spectrum
(i.e. most rocks and soils are reddish or
grayscale)42. Figure 3(a, b) shows reflectance
spectra of two ferric oxides (hematite and
magnetite) and a ferric hydroxide (goethite)
in the 0.4- 2.5 μm region19,43, clay- to-silt –
sized particles (< 45 μm).

In this study, the best spectral curve
selection criterion is the particle size of the
minerals. The chosen range of the particles
size is < 45 μm, which offers comprehensive
information about variations in the reflected
characteristics of the major iron ore minerals.
It must be noted that, hematite and magnetite
do not have any sharp fluctuations with particle
size between 75- 500 μm (especially, 125-500
μm). According to Vincent44 reflectance of
iron minerals is generally lower for large

particle sizes because volume reflectance
dominates through most of this wavelength
region (0.4- 2.5 μm). Also, this author infers that,
pure magnetite is dark and almost featureless
in the entire 0.4- 2.5 μm region like most
metals. Thus, according to Singer43, because
a single homogenous geologic material is ruled
out on spectral grounds as an important dark
region component, multiple-component surface
should be considered. The simplest such
surface would consist of discrete exposures
of two materials (i.e. magnetite 50%- goethite
50%, < 45 μm). Again, the pure magnetite
spectrum is relatively featureless with a slight
positive slope (Fig. 3b). Therefore, the additive
combinations were calculated based on real
coverage by the two end-member components
(magnetite and goethite). Clearly an additive
situation such as this is inadequate to explain
the spectral reflectance of the dark materials.
The weighted average of two positively sloping
spectra will always have an intermediate
positive slope43. In this research, field studies
and XRD analyses show magnetite-hematite-
goethite mixtures at most sampling stations.

The best ASTER bands (3, 2, 1 bands)
were selected for detection of hematite and
magnetite- goethite (Fig. 3 and Table. 3). In
Fig. 2b-f spectral reflectance curves of soil
minerals with grain sizes between 150-500 and
 10 µm are displayed. Although these curves
may overlap with spectra of wet cyanobacteria
crust, examining the spectral reflectance
curves of magnetite, hematite and goethite
indicate that no such overlaps occur in this
study (dry condition).

2.3. ASTER image processing and methodology:

ASTER Image processing was carried
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out on the 321 ASTER bands according to
Moghtaderi et al.17 in 6 steps. The degree of
the proximity of the input DN (Digital Number)
values to the hematite, magnetite-goethite
(50%-50%) and cyanobacteria reflectance
values (Table 2&3) were calculated using the
MEM formula proposed by Moghtaderi et al.32.
The output of applying MEM is a gray scale
image, in which the DN values correlate with
the percentage of the major Fe- minerals (i.e.
hematite, magnetite and goethite) and
Cyanobacteria present. The iron minerals and
cyanobacteria components, which are present
in the greatest amount, are shown with brighter
pixels; these pixels indicate a greater (or major)
amount of these features (Fig. 4a-c). The
human eye responds more readily to rainbow
color than gray scale, so the MEM is presented
as a pseudocoloured image in rainbow colors
(Fig. 5a-c). Dark and pale pink colors correspond
to major amounts of the iron minerals and
cyanobacteria, while, green, yellow, cyan, and
blue colors represent minor amounts and trace
amounts are represented in dark red color.

3. Results

3.1. Image interpretation

MEM (bands 3, 2, 1) shows white and
gray pixels or high (major) to low (minor)
amount of cyanobacteria (Fig. 4a) in the
Chadormalu desert. Elsewhere in the area,
White and gray pixels are interpreted to
represent thick soil cover (Fig. 7a-c) and black
pixels represent thin soil cover (Fig. 7 d, e). At
Chadormalu iron mine (Fig 4a and Fig. 7f)
there are no white or gray pixels. According
to Belnap45, just as plants increase or decrease
with livestock grazing, many biological soil crust
components (‘e.g. cyanobacteria) are good

indicators of a lack of physical disturbance, such
as by livestock, human foot traffic, motorized
vehicles and mining activity (e.g. Fig. 4a and
Fig. 7g). Thus, the black pixels in this area are
taken to indicate the degree of disturbance in
the area caused by mining.

The iron mineral contents using MEM
method are illustrated in figure 4b, c. Hematite
and magnetite-goethite are shown in white and
gray scale pixels, clearly. The MEM method
detected Fe-minerals in chadormalu plain
(white and gray pixels~ major and minor
amounts) and country rocks (black pixels~ trace
amounts); meanwhile, black pixels at mining
area can be related to iron ore size (i. e. >
45µm). In this area iron mineral contamination
can be seen at sampling station no.17 (magnetite-
goethite gouge in mine floor), iron storage
bonkers and ore processing factory roofs (Fig.
5d, square area). Ground control revealed that
iron minerals are dust size (<45 µm) (Fig. 8b,
c and Fig. 9 a, i, j). Pseudocoloured image
presentations in rainbow colors (Fig. 5a-c)
clearly illustrate relationship of spatial
distribution between cyanobacteria soil crust
(Fig. 5a) and major iron ores contamination
(5b, c).

3.2. Ground control :

3.2.1. Field study :

Field study (ground control) was
carried out in late April (18-24 April) in dry
conditions, thus dry crust SRC was performed
on the ASTER image data. Before performing
SRC the metrological data was checked to
make sure that there was no rainfall in the
days preceding data capture.

 Application of ASTER imageries---Chadormalu area, central Iran. 65



As a first step 14 and 17(Fig. 8a-y
and 7a-h) sampling stations were selected by
the authors in white, gray and black pixels for
CSC (Fig 5d) and iron ore contamination (Fig.
5e), respectively. Their coordinates were
determined from the georeferenced ASTER
data using ENVI 4.7 SP1 (Cursor location/
value window) (Fig. 5d, e; Table 4 and Table
5). The data is orthocorrected, georeferenced
and processed by AGARSS Ltd Company,
Australia (to an accuracy of ± 45m~ 3 pixels).
The selection of sampling stations was done
on areas with high density of white and gray
pixels (major and minor amounts). In other
words, the selection of soil sampling stations
was carried out in a way to decrease the soil
sampling errors. In the field, each sampling
station was verified by GPS instrument
(Garmin Oregon 550). However, the horizontal
error of the instrument is about 5-10m; hence
soil sampling is an approximation within a 15m2

domain (soil sampling was carried out on thick
soil covers).

For cyanobacteria culturing, at each
station, soil was picked up (3cm thick) and kept
in a plastic bags before being transported (in
darkness, 25oC) within few days with no
apparent loss of viability. Castenholz46 protocol
was followed for soil sample preparation.
Hematite, magnetite and goethite were
detected both in the field and by XRD analysis
(instrumental characteristics: PW 1800 Philips,
Nickel filter and Cu cathodic lamp). XRD analysis
revealed that hematite, magnetite and goethite
constitute the major phases (Fig. 10a-q).

3.2.2. Culturing, isolation and purification:

In the laboratory, BG-11 media as
described by Hughes et al.47 and modified by

Allen48 was used as culture media. After soil
solution preparation in deionized distilled water,
a two stage serial dilution was performed on
the (original) solution. The final soil solutions
(final types) were cultured in the solid media
(BG-11). The cultures were incubated in a light-
dark cycle with a 14-h light period and a 10 dark
period for one to two weeks. The temperature
of incubation was 20-30°C or room temperature46,

49,50,51.
3.2.2. Microbiology laboratory studies:

According to Moghtaderi et al.17, the
cyanophytes in fully propagated colonies were
identified in the solid BG-11 culture media after
1 to 2 weeks. Then, the cultures were examined
by a phase-contrast microscope to determine
genus and species. They mostly included:
Microcoleous vaginatus ,  Nostoc.sp,
Microcystis.sp,  Ocillatoria.sp,
Chroococcuss. sp and Chroococcidiopsis
(Fig. 6a-f). They were found to correspond
with the white pixels, especially; sampling
stations 1, 2, 4, 6 and 8 (Fig 5d).

4. Discussion and Conclusion

Cyanobacterial Fe requirements are
higher than those of eukaryotic algae. These
high requirements are commonly attributed to
cyanobacterial evolution, since the availability
of iron would have been significantly higher in
the anaerobic conditions under which these
organisms evolved52. However, the higher iron
requirements of cyanobacteria relative to
eukaryotic plankton may also be attributed to
reduced amounts of iron-poor structural
material in the cyanobacteria, which would
lead to a proportional increase in the cellular
iron requirements53.
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Table 2. Reflectance values of the dry and
wet conditions of cyanobacteria extracted

from Karnieli and Sarafis24,

VNIR bands
  Cyanobacteria 1 2 3

Dry 0.31 0.33 0.36
conditions

Wet 0.18 0.17 0.21
conditions

Table 3. Reflectance values of the hematite
and magnetite-goethite extracted from

Groove et al. [19].
VNIR bands

Iron minerals 1 2 3
Hematite 0.13 0.18 0.24

Magnetite- 0.20 0.26 0.40
oethite

Table 4. Coordination and culturing results of cyanobacteria soil crust at
Chadormalu desert area.

Sample code culturing Coordination Genus and Species
result

Cyb1 + N32 21 1.71, E55 30 18.5    Microcystis
Cyb2 + N32 19 56.42, E55 30 30.5    M. vaginatous
Cyb3 + N32 19 57.5, E55 30 16.8 Chroococcidiopsis
Cyb4 + N32 20 36.8, E55 29 28.7    Nostoc. spp
Cyb6 + N32 22 12.1, E55 28 30.1      Microcystis
Cyb8 + N32 21 23.4, E55 29 9.1      M. vaginatous
Cyb9 + N32 21 49.6, E55 29 25.3     Nostoc. spp
Cyb10 - N32 20 22.3, E55 29 13.9    -
Cyb12 + N32 21 33.7, E55 28 13.0    very small, ND
Cyb13  + N32 21 5.7, E55 28 8.1    Nostoc. spp
Cyb15 + N32 17 55.1, E55 30 46.1    Nostoc. spp
Cyb19 - N32 21 14.63, E55 30 59.2     -
Cyb20 - N32 21 12.02, E55 31 50.6     -
Cyb18 - N32 20 36.07, E55 31 55.6     -

             A number of cyanobacteria release
extracellular ferric specific chelating agents
(sidrophores) during periods of low iron
availability54.  These agents function as
extracellular ligands that aid in the solubilization
and assimilation of Fe3+ to limit growth. In other
words they are thought to function as a part

of high affinity iron acquisitions systems
similar to those found in other eubacteria and
fungi55,56. This mechanism is resulted into that
blue-green algae have an impressive ability to
colonize in fertile substrates such as soils, sands
and rocks57,58,59. Some researchers60 added
Fe as Fe-EDTA, EDTA-chelated and unchelated
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Table 5. Coordination and XRD results of iron contamination at Chadormalu
desert area, p = primary or geogenic contamination, s = secondary or

anthropogenic contamination
Sample code        XRD Coordination Mineral results

result
ST.1 + N32 19 56.16, E55 30 32.2 Mgn-hem-geot (p)
ST.2mag + N32 20 33.40, E55 29 25.6 Mgn-geot-hem (s)
ST.2hem + N32 20 33.40, E55 29 25.6 Hem- mgn-geot (s)
ST.3 + N32 20 48.8, E55 29 17.7 Mgn-hem- geot (s)
ST.3rock + N32 20 48.8, E55 29 17.7 Mgn-hem-geot (s), (p)
ST.5hem + N32 22 15.6, E55 28 35.00 Mgn-hem-geot (s),(p)
ST.5lim + N32 22 15.6, E55 28 35.00 Geot (minor phase (s)
ST.6 - N32 22 12.08, E55 28 30.7    -
ST.6-21 - N32 24 39.00, E55 29 53.5    -
ST.6-21sed             + N32 24 44.8, E55 29 53.8  Hem (p)
ST.9 + N32 20 2183, E55 32 26.35  Hem-mgn-geot (s)
ST.10 + N32 22 12.00, E55 28 9.09 Geot (minor phase)(p)
ST.15 + N32 21 58.80, E55 29 09.3 Mgn (minor phase)(p)
ST.17 + N32 17 52.80, E55 30 57.6 Mgn-hem-geot (s)
T.18(1)                  - N32 21 58.30, E55 28 8.20   -
ST.19 + N32 20 46.00, E55 29 32.9 Mgn-hem-geot (s)
ST. verny               + N32 22 27.6, E55 29 28.80 Mgn (minor phase)(p)

FeCl3 in both naturally occurring and cultured
Trichodesmium populations and enhanced
N2-fixation (nitrogen activity), photosynthesis
(CO2- fixation), and growth (chlorophyll a
production). According to Silva and Silva61 Fe
addition as FeCl3 and Fe Na-EDTA salts increase
biomass concentration sharply. Wells et al.62

suggested that phytoplankton may utilize a
variety of strategies for extracting iron from
the surrounding environments, including: a)
uptake of Fe by membrane bound porter sites
b) uptake of Fe- sidrophore chelates c)
extracellular reduction d) excess uptake and
storage, and e) solid phase Fe acquisition (e.g.

Chadormalu desert).

The extent of cyanobacterial blooms
has been mapped using different satellite
sensors63,64. Gones et al.63 used one of the
first satellite sensors, MERIS (satellite-based
digital imagining spectrometers with a less than
1-km spatial resolution and suitable spectral
band width) that can be applied to map
cyanobacterial distributions in inland waters (i.
e. Lake Ijsselmeer, Nederland). Based on
retrieval algorithms to estimate phycocyanin,
MERIS data can produce synoptic views of
cyanobacterial bloom formation and dispersal.
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Fig.l. (a) Location of Chadormalu desert area in central Iran (b) Geological map of
Chadormalu desert and Chadormalu iron oxide deposit (bordered area) (Modified from

Moghtaderi32 et al.).

Fig. 1a Published in B/W
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Fig. 1b Published in B/W

These authors suggested that airborne,
spaceborne remote sensings and shipboard
observation need to be exploited in concreted
programmes of data acquisition, validation and
reporting in summer time. The amount of
chlorophyll-α is extremely variable spatially65.
Simis et al.64 have shown that their reflectance
band-ratio algorithm for retrieval of cyanobacterial
phycoyanin concentration (PC) decreased
gradually with time in Lake Ijsselmeer

throughout the period April–September (when
cyanobacterial abundance is known to be
high). Therefore, these studies did not capture
the seasonal variability necessary for a more
complete validation procedure66.

Kutser et al.67 show that MODIS
band 1 response to changes in the concentration
of cyanobacteria is nonlinear. Band 1 response
is strongest in the case of Nodularia spumigena,
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Fig 2 (a) Spectral reflectance curve of Cyanobacteria in dry and wet conditions (Modified
from Karnieli and Sarafis19) (nm = Nanometer) compared with clay and Iron minerals
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Fig. 3. (a, b) Spectral reflectance curves of
hematite and magnetite-goethite (Modified

from Groove19 et al.; Singer43). Fig. 4. (a) Detected cyanobacteria soil crust
(MEM 3 2 1) in Chadormalu desert and iron
mine (* area), (b, c) Detected hematite and

magnetite-goethite contaminations
(MEM 3 2 1) in Chadormalu desert

and iron mine area (ST 17),
respectively.
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Published in B/W

(Fig. 3b-f) including the Hematite, goethite,
magnetite, and kaolinite respectively, in each
figure, there is not any overlap between Fig.
3 a and spectral reflectance curves of clay

and iron minerals especially in dry condition.

Published in B/W
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Fig. 4c

Fig. 5 (a) MEM321 pseudo color display, dark and
pale pink colors correspond to major amounts (DN=
0.3-0.36) of the microorganisms, while, green, yellow,

cyan, and blue colors represent minor amounts
(DN=0.11-0.30) and trace amounts (DN= 0.00-0.11)

are represented in dark red color, (b, c) MEM321
pseudo color displays, dark and pale pink colors

correspond to major amounts of the hematite (b) and
magnetite-goethite (c) , while, green, yellow, cyan,
and blue colors represent minor amounts and trace
amounts are represented in dark red color, d and e)

Soil sampling stations at Chadormalu desert for
Cyanobacteria (d) and iron minerals (e). Each
sampling station is shown by dark red spot.

Fig. 5b
Published in color (pdf file only or color

on web only)

Fig. 5c
Published in color (pdf file only or color

on web only)
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Fig. 5d
Published in B/W
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Fig. 6 (a) Microcoleous vaginatus in 4x (b) a Nostoc filamentous with l0x (phase microscope (c)
Microcystis colony under TEM (28000x). TEM= Transmitted Electron Microscope (d) Ocillatoria.spp
filamentous (40x) were prepared by phase microscope, (e) unicellular Chroococcuss.spp (40x, phase

microscope), (f) Endolithic cyanobacteria (Chroococcidiopsis).

(a)

(c)

(e)

 

 

 

(b)

(d)

(f)
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Fig. 7 (a, b) Rich soil area in Cybl soil sampling station with high vegetation cover (c) Rich soil area in

Cyb9 soil sampling station with higher vegetation cover than Cybl (d, e) Barren area at Cybl9 soil
sampling station (f) mining activity at Chadormalu iron deposit (g) motorized vehicles activity at

Chadormalu iron deposit.
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Fig. 8. (a) Iron mineral fragments in sampling station no. 1 (Ref to Fig. 10a). (b, c) red hematite clay size in ST. 2
(Fig. 10b). (d, e) magnetite-goethite in ST. 2 (Fig. 10c) anthropogenic activities can be seen in Fig. 8d. (f-h)
anthropogenic activities in ST. 3 (Fig. l0d, e). (i-o) hematitic schist, (j) Goethite fragments, (k) Iron metallurgical
pollutions. (1, m) and stratiform iron bed in alluvial deposit, (n, o) in ST. 5 (Fig. l0f, g). (p) Full scope view
landscape in ST. 6 (Fig. l0h) (q) ST 6-21 alluvial deposit with no white pixels (Fig. l0l-i). (r) Red hematite
contamination in alluvial deposits (ST. 6-21sed) (Fig. l0j). (s-u) Hematite-magnetite- goethite pebble in ST.9 (Fig.
10k). (v-x) Hematitic schist in ST.10 (Fig. 101). (y) Magnetite fragments in ST.15 (Fig. 10m).
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Fig. 9. (a) Iron mining floor at Chadormalu deposit (ST. 17). (b) magnetite-goethite (<45µm)
at ST. 17 (Fig. l0n). (c, d) a landscape from ST. 18(1) (Fig. l0o), gray scale pixels, (e, f)

anthropogenic activity in ST. 19 and its coordination (Fig. l0p). (g, h) ST. verny (Fig. l0q).
(i, j) iron mineral dusts and iron concentration at ore processing factory.
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Fig. 10. X-ray diffraction diagram of Hematite, magnetite and goethite at sampling stations
1-17 and ST verny in major, minor and trace phases.
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indicating that quantitative mapping of this
species in bloom conditions is easier than in
the case of the other species of cyanobacteria
investigated. However, these researchers infer
that quantitative mapping of cyanobacteria
may be impossible by remote sensing sensors
due to opaqueness of the scum and variability
in the properties of cyanobacteria within the
scum.

According to Kutser68 quantitative
detection of chlorophyll in cyanobacterial
blooms by remote sensing has been less

successful. Also, the chlorophyll estimation
accuracy in cyanobacterial blooms by many
satellites is limited because of spatial resolution,
as significant changes in chlorophyll concen-
tration occur even at a smaller spatial scale
than 30 m (e.g. ALI, ASTER and Hyperion).
In other words, the chlorophyll estimation
accuracy in cyanobacterial blooms by remote
sensing satellites (e.g. SeaWiFS, MERIS and
MODIS) is limited as a result of their coarse
spatial resolution and the fine spatial phenomena
present in a bloom. The real chlorophyll values
in dense cyanobacterial blooms can only be
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estimated from remote sensing data. This,
however, requires detailed knowledge about
optical properties of the bloom, knowledge that
is currently not available69.

In this research, for the first time, a
mathematical evaluation method was applied
on the ASTER imagery data of a solid
environment (Chadormalu desert soil), in dry
or extreme conditions. Also, it must be noticed
that ASTER bands (3, 2, 1 bands) have a
higher spatial resolution (15m) than sensors
used in the previous work. On the other hand,
as already mentioned above MEM method is
a relative estimation with a full scope view.
However considering instrumental analysis
limitation, especially the lack of a portable
spectrometer, the obtained results must be
considered approximations at their best.
Despite this disadvantage, the proposed
method is a fast technique that takes little time,
is comparatively cheap, and suitable for
reconnaissance stages10.

This research demonstrates cyano-
bacteria growth –iron contamination relationships
by remote sensing techniques at the Chadormalu
desert. In other words, this study illustrates
directional relationship of spatial distribution
between cyanobacteria soil crust and major
iron ores contamination at this mining area,
probably related to cyanobacteria physiology.
Furthermore, it demonstrated remote sensing
ability in detecting relations between cyano-
bacteria soil crust area size and heavy metal
(i.e. iron) contamination extension. The above
proposed MEM method, despite being
approximate is suitable in detecting iron
contamination in inaccessible remote areas on
earth or may be useful in astrobiological studies,
especially, in Mars biological explorations.
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