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ABSTRACT

The Gara Djebilet iron ore region is one of the most important regions in Africa. Located in the south-
western part of Algeria at the border with Mauritania, the Gara Djebilet region is characterized by steep
terrain, which makes this area not easily accessible. Due to these conditions, remote sensing techniques
and geophysics are the best ways to map this iron ore. The Gara Djebilet formations are characterized by
high iron content that is especially rich in hematite, chamosite and goethite. The high iron content causes
an absorption band at 0.88 um, which is referred to as band 5 in the Operational Land Imager (OLI)
Landsat 8 images. In this study, we integrated geological data, aerogravity data, and remote sensing data
for the purpose of mapping the distribution of the Gara Djebilet iron deposit.

Several remote sensing treatments were applied to the Landsat 8 OLI image, such as color composites,
band ratioing, principal component analysis and a mathematical index, which helped locate the surface
distribution of the iron ore. The results from gravity gradient interpretation techniques, 2-D forward
modeling and 3-D inversion of aerogravity data provided information about the 2-D and 3-D distribution
of the iron deposit. The combination of remote sensing and gravity results help us evaluate the ore
potential of Gara Djebilet. The estimated tonnage of the iron ore at Gara Djebilet is approximately 2.37
billion tonnes with 57% Fe.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The iron industry in Algeria has expanded over the last 20 years;
the demand for this resource is growing continuously. Algeria has
two large deposits of iron, but only the ore of El Ouenza (NE Algeria,
60 million tonnes) is currently exploited. The deposit of oolitic iron
at Gara Djebilet represents the largest deposit of iron in the country
and in North Africa (1 billion tonnes of iron at a grade of 57% iron,
Taib, 2009) but is in an isolated and hardly accessible area. Thus, it
was not until the historic visit of the Algerian Prime Minister in July
2013 that mine operations at Gara Djebilet were launched to
counter high market demand, especially to supply large Algerian
national projects (East-West highway, Algiers Metro, infrastructure
and housing projects).

The Gara Djebilet oolitic iron deposit is situated in the
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southwest of the Tindouf Basin (Fig. 1) and was discovered by Gevin
in 1952. The Gara Djebilet region is characterized by steep terrain,
which makes this area not easily accessible (1600 km south of the
Algerian Mediterranean coast) as it presents high topography
(Fig. 2), and only one track of 200 km connects it with the city of
Tindouf. Under such conditions, it is difficult to map accurately; the
capacities of this deposit are still estimated by approximation.

Previous estimated of iron tonnage in Gara Djebilet are
Matheron (1955): 2.65 billion tonnes (grade of 53—58% Fe);
Guerrak (1988): 0.98 billion tonnes (grade of 57% Fe); Marelle and
Abdulla (1970): 1.48 billion tonnes (grade of 49—54% Fe); The
Ministry of Energy and Mining of Algeria (2005): 0.75 billion tonnes
(grade of 58% Fe) (Porter GeoConsultancy, 2015). Ciampalini et al.
(2013a,b) used Landsat ETM+ to visualize iron deposits in south-
western parts of Algeria.

Remote sensing techniques using multispectral images can
recognize ore deposits (Sabins, 1999), and airborne gravity data
analysis allows for detailed mapping of iron deposits. Many authors
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Fig. 1. Major geotectonic units of West Africa, modified from Fabre (1976). 1: Tertiary and Quaternary; 2: Alpine molasse; 3: Tertiary thrust sheet; 4: Secondary tabular; 5: Secondary
plication; 6: Primary plication; 7: Primary tabular; 8: Precambrian and Early Cambrian Sahara; 9: Cenozoic magma; 10: Megafault. The study area is located in southwestern Algeria.

have used remote sensing techniques and geophysics separately or
combined to map ores in general or iron ore specifically.

Hammer (1945) explained the application of Gauss's theorem to
evaluate the mass of a causative body from gravity data. Seguin
(1971) discovered iron ore by the gravity method in the central
part of the Labrador Trough (Canada). Wang et al. (2012) inverted
gravity data to explore mineral deposits in Henan Province (China).
Martinez et al. (2013) inverted airborne gravity data for mineral
exploration in Quadrilatero Ferrifero (Brazil). Dufrechou et al.

(2015) used gravity data to investigate mineralization in the
Bandy gneiss complex (Greenville, Canada), and Woolrych et al.
(2015) succeeded in the discovery of the Kitumba iron oxide cop-
per gold deposit using airborne gravity data.

There are several examples of the application of remote sensing
technologies in exploring iron ores. Murthy and Mallick (1984)
applied Landsat MSS data to delineate the iron-ore-bearing zone
in Goa (India). Abulghasem et al. (2011) integrated remote sensing
data and magnetic data for iron ore investigation in the western
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Fig. 2. Digital elevation model of the study area.

part of Wadi Shatti District (Libya). Mouton (2002) combined
gravity data and remote sensing data (Landsat 5) to delineate a new
iron ore deposit in northern Cape Province (South Africa). Feizi and
Mansouri (2013) used ASTER and ETM7+ satellite images to study
the iron potential of Qom Province (Iran).

The gravity method has a unique advantage for iron ore inves-
tigation as it responds directly to the density contrast between
high-density iron ore and low-density surrounding rocks. Thus,
deposits of high-density iron ore yield gravity highs. In addition,
the gravity technique enables an estimation of the total mass
responsible for such gravity anomaly.

The main objective of this study is to evaluate the potential of
the Gara Djebilet iron ore using two different data sets, the first
consisting of OLI Landsat 8 images and the second consisting of
airborne gravity data.

The images from Landsat 8 of the Gara Djebilet area (Path/Row
number 201/41) include this scene imaged on August 2, 2014 taken
from the Landsat 8 satellite and acquired from http://earthexplorer.
usgs.gov.

The airborne gravity data set consists of gravity data down-
loaded from http://bgi.omp.obs-mip.fr and provided by the BGI
(International Gravimetric Office). These data were used to under-
stand thickness and volume of the gravity source (iron ore)
responsible for such high gravity anomalies.

Image processing techniques (color composites, band ratioing,
principal component analysis and indexes) and gravity analysis
(Bouguer anomaly, analytic signal, tilt derivative, 2-D modeling and
3-D inversions of gravity data) were used, and pertinent results
were obtained. Remote sensing contributed to surface recognition
of the iron ore distribution, and gravity analysis allowed us to
detect the depth extent of the iron ore distribution and to estimate
the total tonnage, which is approximately 2.37 billion tonnes
(57% Fe).

2. Geological setting

The Gara Djebilet iron ore deposit is located in the southern
flank of the Tindouf basin (Southwestern Algeria), and belongs to
the North African Palaeozoic oolitic ironstone belt, extending more
than 3000 km from Zemmour (Mautitania) to Lybia, containing
ironstones of Ordovician, Silurian and Devonian age (Guerrak, 1988,
1991).

The Tindouf basin is a large (120,000 km?) elongated WSW-
ENE-trending syncline bordered by the basement of the Reguibat
shield (Yetti-Eglab massif) in the South, the Anti-Atlas in the North,
the Reggane basin and the Ougarta range in the east and the El
Aioun basin and the Mauritanides belt in the west. On the southern
flank of the Tindouf basin, the Paleoproterozoic basement
(2.21-2.07 Ga) of the Yetti-Eglab massif (Peucat et al., 2005) is
covered by up to 2000 m succession of Upper Ordovician to late
Carboniferous rocks (Gevin, 1960; Guerrak, 1988; Bitam et al., 1996)
(Figs. 3 and 4). The sedimentary succession begins with the Upper
Ordovician glaciogenic sandstones (Gevin and Mongereau, 1968) of
the “Ghezziane formation”. It is followed by the Silurian shales of
“Sebkha Mabbes formation”. Early Devonian sediments, known as
“Gara Djebilet formation”, consist mostly of sandstone with shale
intercalations. It is divided into two members: the lower “Gres de
Djebilet” member of Lockhovian-Pragian age, and the upper “Gres
supra-minéraux” member of Emsian age. Middle Devonian sedi-
ments (Oued Talha formation) are mainly composed of shales
(lower “Oued Talha” member, Eifelian) and limestones (upper
“Kerba Tsabia” member, Givetian). Upper Devonian (Kereb En Naga
formation) comprises Frasnian siltstones (Oued Rhazzal member)
and Famennian shales (Oued Slouguia member) which hosts the
Mecheri Abdelaziz oolitic iron deposit, located 250 km in the East of
Gara Djebilet (Guerrak and Chauvel, 1985). The Carboniferous
comprises 4 formations: shales and limestones of Tournaisian (Kreb
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Fig. 3. Geologic map of the Djebilet area.

es Slouguia formation), lower Visean (Kreb es Sefiat formation) and
upper Visean (Ain el Barka formation) age; finally, the succession
ends with shales, sandy shales and sandstones of Namurian and
Westphalian age (Hassi Aouloulel formation).

A few isolated long dolerite dykes, WSW-ENE trending, crosscut
the entire Paleozoic terrains of the area, and are part of the ~201 Ma
Central Atlantic Magmatic Province (CAMP) (Chabou et al., 2007,
2010). These dykes are probably responsible of the meta-
morphism of the Gara Djebilet oolitic iron ore (Fabre, 2005). In
some area, dolerite sills of the CAMP intruded the Upper Devonian,
and the few exploration wells drilled in the southern limb of Tin-
douf basin have also found dolerites lying directly on the basement
or interbedded with the Upper Ordovician sandstones (Chabou
et al., 2007).

The Cenozoic in the study area is represented by the Hamada of
Kereb Cheheiba and the Quaternary by the large sand dunes of the
“Erg Iguidi”.

The chronological deposits of these formations can be synthe-
sized by a stratigraphical column (Fig. 4).

3. Iron ore deposits of Gara Djebilet

The oolitic iron ore of Gara Djebilet is interbedded within the
Early Devonian sediments (Gara Djebilet Formation), located at the
lower and upper members boundary, between Pragian argillaceous
sandstones of Lower “Gres de Djebilet” and Emsian conglomerates/
sandstones of the Upper “Gres supra-minéraux” (Guerrak, 1988).
Three main separate deposits were recognized throughout the
area: Gara West (14 km length, 4 km width, 30 m thick), Gara

Center (20 km length, 5 km width, 30 m thick) and Gara East (7 km
length, 1 km width, 9 m thick) extending West-East for about 60 km
(Guerrak, 1988) (Fig. 3). The deposits are preserved as mesas of flat
lying (1.5—2° north dipping) oolitic ironstone lenses interbedded
with predominantly argillaceous and sandy sediments. According
to Guerrak (1988), the main iron ore body can be subdivided into
three zones: (1) the Lower non-magnetitic ore (3—10 m thick,
Fe = 54.6%), containing chamosite, siderite, hematite, goethite,
apatite, quartz; (2) the Magnetitic ore (6—10 m thick, Fe = 57.8%),
which corresponds to the main economic ore, contains magnetite,
maghemite, chamosite, siderite, hematite and apatite; and (3) the
Upper non-magnetitic ore (4—12 m thick, Fe = 53%) with goethite,
chamosite, hematite, siderite, and apatite.

4. Remote sensing analysis

The Landsat 8 image covering the area of Gara Djebilet was
calibrated and resized to the zone of interest. A series of grayscale
visualizations were performed on the 6 bands (2, 3,4, 5,6 and 7) to
obtain the reflectance values and the tint of the iron formations in
all bands. This operation allows us to choose the best ratios and to
define the iron ore index.

Band Sharpening is a technique that combines highly resolved,
panchromatic data with low resolution, multispectral data. This
fusion creates a product with the spectral characteristics of the
multispectral data, while maintaining the spatial resolution of the
panchromatic image (Vrabel, 1996). We employ the Color
Normalized (CN) spectral sharpening technique to create the
multispectral data with high spatial resolution, which has been
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Fig. 4. Synthetic stratigraphical column of Gara Djebilet (modified from Guerrak, 1988).

demonstrated to be effective in previous work (Vrabel et al., 2002).

The OLI panchromatic band (0.50—0.68 pm) has been used to
sharpen the resolution of the 6 bands (Roy et al., 2014). The
sharpened bands are used to make a natural light color composite
corresponding to bands 4, 3 and 2 displayed in RGB mode. The
composite of bands 6, 5 and 4 obtained from sharpened bands was

used to enhance the visualization of iron high-content zones. The
iron ore presented a high content of iron, especially the hematite
(Guerrak, 1988); it caused high absorption in the near infrared
channel and in the far infrared channel (Clénet et al., 2010), cor-
responding, respectively, to band 5 and band 6 in the Landsat 8
sensor (Roy et al., 2014).
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Ratioing is a processing technique where reflectance values in
one channel are divided by values for the same pixel in another
channel (Prost, 2014). The 4/5, 5/6 and 6/7ratios are used to
differentiate between the iron ore and the neighborhood forma-
tions. These three ratios initially have a 30-m resolution, but using
the sharpening operation by the panchromatic band (band 8), the
resolution is improved to 15 m. Principal component analysis (PCA)
is used to reduce the number of initial data by eliminating re-
dundancies. It allows for linear transformations of a large number
of inter-correlated variables to obtain a limited number of uncor-
related components (Vogt and Tacke, 2001). This transformation
provides a reduced number of channels while maintaining the
maximum amount of information (Dronova et al., 2015). Investi-
gation into the correlation coefficients displayed as radar shows
that the PC4 component is the most correlated with the other
bands (Fig. 5); this component will be used for display with the
ENVI color table.

4.1. Color composites

The natural light composite (Fig. 6) shows the iron ore with a
dark shade, which is due to the absorption of the electromagnetic
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radiation in this range by the high ferric iron content. Two different
zones can be observed in the iron ore area. The first is highlighted in
dark red and corresponds to low iron content. The second is
highlighted in dark blue and corresponds to high iron content. The
false color composite of B6, 5 and 4, displayed in RGB mode and
sharpened with the panchromatic band, shows the boundaries
between the iron ore and the Paleozoic formations (Fig. 7). The iron
ore is well highlighted, appearing in a dark blue color. The Devonian
formation appears in red.

4.2. Band ratioing

The ratioing process depends on the spectral response of the
different land classes in the 6 OLI multispectral bands. The most
important differentiation between the iron ore and the surround-
ing formations is observed in the range between band 4 and band 7
(0.66—2.29 pm). The ratios 4/5, 5/6 and 6/7 were chosen, respec-
tively, for an RGB display (Fig. 8).

In band 4 (0.64—0.67 pm), the iron formations absorb little,
unlike in bands 5 and 7, where the iron formations readily absorb
more electromagnetic radiation than the surrounding formations
(Fig. 9). The 4/5 ratio presents high values for the iron ore (near 1),

-

N
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Fig. 5. (a) Radar showing correlation coefficients. PC4 is the most correlated with the other PCs. (b) Eigenvalues spectrum showing the maximum information contained in the first

three components.
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Fig. 6. Natural light composite of the Djebilet area. The OLI panchromatic band (0.50—0.68 um) has been used to sharpen the resolution of the red, green and blue bands. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. False color composite using bands 6, 5 and 4 displayed in RGB mode, respectively. The iron ore corresponds to the deep blue zone. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. OLI band ratios 4/5, 5/6 and 6/7 displayed, respectively, in RGB mode. The reddish zone corresponds to the high iron content.

while the other formations present values less than 1. The iron ore
is highlighted with a red color.

The same ratios are pan-sharpened using panchromatic bands;
the new ratios are displayed in RGB mode. The iron ore is well
highlighted with a deep green color (Fig. 10); geologic features and
the hydrographic network are best observable in this image with a
15-m resolution.

4.3. Principal component analysis (PCA)

PCA can be useful for reducing data redundancy, suppressing
data noise, or enhancing particular patterns. Most of the variability

in the original variables is detected in the first few PC (Yang, 2009).
PCA imagery is very useful in geological recognition. The covariance
matrix is used in this transformation. The 6 multispectral bands are
used (2—7); correlation coefficients are displayed in a radar plot
(see Fig. 5), and this figure shows that the fourth component (PC4)
is the most correlated with the other components. Ciampalini et al.
(2013a,b) revealed that PC4 usually contains spectral/lithological
information; this component is used to display in rainbow colors
using the ENVI color table (Fig. 11). In this figure, we can distinguish
three levels of iron content, with the first one in red corresponding
to high iron content, the second level in orange corresponding to
medium iron content and the last one in yellow corresponding to
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Fig. 10. OLI pan-sharpened ratios 4/5, 5/6 and 6/7 displayed, respectively, in RGB mode. The high iron content corresponds to the deep green zone. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

low iron content. PC4, PC3 and PC2 displayed in RGB mode,
respectively (Fig. 12), proved the best composite to highlight iron
ore; the iron formations are in white, and boundaries are well
observable.

4.4. Iron ore index

Indexes are mathematical operations applied to bands on sat-
ellite images. Operations include addition, subtraction and division.
Indices have recently proved most useful in geological and envi-
ronmental studies. Hassani et al. (2015) performed the index of
water surfaces (IWS) using Landsat 7 ETM+ images. The main
objective of the iron ore index is to make iron mapping easier. The
index consists of applying mathematical equation (1) to a Landsat 8

image. The first step is to visualize the spectral behavior of iron ore
formations and nearby formations and classify radiometric in-
tervals for each formation. The second step is to find specific
radiometric intervals for the iron ore, in this area usually corre-
sponding to absorption bands in the range of 0.88—2.27 um. The
intervals where the iron ore and surrounding formations have the
same spectral behaviors are not used to perform the iron ore index.
We note that in the visible range, the Sebkhas and Reguibat for-
mations have high reflectance values, which cause confusion with
the iron ore formations when dividing; therefore, only the near
infrared channels were used. The final step consists of choosing the
optimum combination of these three bands (bands 5, 6 and 7). The
iron ore absorbs electromagnetic radiation in band 5 (Escadafal,
1994; Mathieu et al., 1998; Ciampalini, 20133, b; Pirie et al., 2005)
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Fig. 12. PC4, PC3 and PC2 displayed in RGB mode, respectively. The white zone corresponds to the iron deposit.

and absorbs less in bands 6 and 7. The Paleozoic formations absorb
electromagnetic radiation in band 7 due to clay mineral enrich-
ment. Dividing band 6 by band 5 shows the iron ore in a dark color
and the other formations in gray shades. Multiplying band 6 by 2
increases the range between iron ore values in bands 6 (B6) and 5
(B5), and the iron ore will present low values displayed as a black
color in this new channel. The iron ore in this new channel is not
the only formation displayed in black as the Sebkha and Reguibat
formations are also in black. To solve this, we must subtract their
formations by applying some additional operations. The Sebkha
and Reguibat formations are well highlighted by dividing band 5 by

band 7 (B7), and when multiplying the numerator by 3, these for-
mations will appear in black. The last operation consists of sub-
tracting 3*B5/B7 from 2*B6/B5. The final result (Fig. 13) shows the
iron ore in black and all other formations in white, and a simple
vectorization of the obtained raster image gives us the shape of the
iron ore, and the perimeter and area are easily obtained from GIS
software.

The application of mathematical operations to the bands allows
the creation of neo-channels with the objective of highlighting the
iron ore. Addition, subtraction and division have been used to
define the iron ore index as follows:
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Fig. 15. Horizontal gradient map of gravity data. White dashed line indicates the limits of the high HG values interpreted as high-density rocks.
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5. Gravity data analysis

The gravity dataset is composed of 864 gravity measurements
and is derived from the Earth Geopotential Model EGM2008 pro-
vided by the National Geospatial Intelligence Agency (Bonvalot
et al, 2012). The data were already corrected for elevation and
topographic effects, and a Bouguer density of 2.67 g/cm> was used
to calculate the Bouguer gravity. The Bouguer gravity data range
between —69 and —20 mGal (Fig. 14). The grid size of the data is
100 m and the line spacing is 4 km.

In general, the Bouguer gravity increases from SE to NW. The
high Bouguer gravity in the NW of Gara Djebilet is due to the uplift
of basement rocks in southern of Tindouf Basin.

A very high local anomaly is observed at Gara Center, and high
anomalies are seen at Gara West and Gara East (Fig. 14). The local
high Bouguer gravity anomalies explain the high density under-
ground just below the anomalies.

Many gravity data interpretation methods have been developed

over the last three decades to determine the location of gravity
sources, which helps in geological interpretation. The gravity
interpretation methods we use here are: Horizontal Gradient (HG),
Analytic Signal (AS), and Tilt Derivative (TDR). The different de-
rivative methods were applied after upward continuation of the
gridded Bouguer gravity data by 2000 m to avoid artifacts.

A 3-D inversion of gravity data was also performed to show the
underground density distributions in the study area.

5.1. Horizontal gradient

The HG method has a characteristic to locate density contrast
boundaries from gravity data (Grauch and Cordell, 1987; Fedi and
Florio, 2001) and can delineate shallow and deep gravity sources.
Maxima in the HG indicate the location of faults or contacts. The
equation of the HG (Cordell and Grauch, 1985) is given as:

9\ 2 2

og\*, (ag)*

ox 6]
where g is the gravity field observed at (x, y), and 9g/dx and dg/dy

are the two horizontal derivatives of the gravity field in the x- and
y-directions. The results of the HG of gravity data for Gara Djebilet

HG = (2)
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Fig. 16. Analytic signal map of gravity data. White dashed line shows the limits of the high AS values explained as high-density rocks.

are shown in Fig. 15.

High HG anomalies are observed over the location of iron ore
deposits, especially at Gara west and western part of Gara center. A
high gradient features with gravity exceeding 0.2 mGal/km trends
NE-SW. Two other high anomalies are also observed in south and
south-east of Gara Djebilet.

5.2. Analytic signal

The AS method (Nabighian, 1972) has been the subject of
continuing investigation and improvements since it was first
applied (e.g., Nabighian, 1974, 1984; Roest et al., 1992; MacLeod
et al, 1993; Hsu et al., 1996, 1998; Debeglia and Corpel, 1997;
Keating and Pilkington, 2004; Saibi et al., 2006). The AS peaks
over the location of the top of the contact or fault. The general
equation for a 3D gravity source (Klingele et al., 1991) is:

B og 2 og 2 og 2
AS(x. )| = \/ () + () + (52
where |[AS(x, y)| is the amplitude of the analytic signal at (x, y), g is

the gravity field observed at (x, y), and dg/dz is the vertical deriv-
ative of the gravity field.

(3)

The AS map shows clear maximum AS values (higher than
1.2 mGal/km) over the causative iron ore bodies especially at Gara
center and Gara east (Fig. 16). The high AS values are trending
WSW-ENE, which correlates with the results of HG.

5.3. Tilt derivative

The TDR method was applied to enhance the potential field
anomalies. The zero value of the TDR delineates the source edges.
The TDR (Miller and Singh, 1994) is described as (Fig. 17):

0g/0z

TDR = tan~!
\/(ag/0%)? + (ag/ay)?

(4)

5.4. Forward and inverse modeling

5.4.1. 2-D forward modeling

A 2-D forward-gravity model (Fig. 18) was constructed along a
profile (see Fig. 14) using the GM-SYS program (GM-SYS User's
Guide, 2004), based on the algorithms developed by Rasmussen
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Fig. 17. Tilt derivative of gravity data. The black dashed line shows the zero-value TDR.

and Pedersen (1979) and Won and Bevis (1987). GM-SYS allows
forward modeling of the gravity data to obtain the best matching
between the calculated and observed gravity data.

To compute the 2-D gravity model, the subsurface geological
layers were assumed to be five polygons based on the lithological
characteristics of the study area, and then density values were
assigned to each geological layer. The gravity field response is
calculated and visually compared with the measured data. We
assumed an average density for the iron ore of 3.5 g/cm> based on
the average density of common rock-forming and ore minerals
(Dentith and Mudge, 2014).

The topography was also taken into account during the
modeling process. A good match (best fit) was achieved between
observed and calculated gravity data, and the result is shown in
Fig. 18.

5.4.2. 3-D gravity inversion

Potential-field inversions are commonly used for mineral and
structural investigations. Martinez et al. (2013) successfully inver-
ted the airborne gravity gradiometry data to delineate the iron ore
formation in Quadrilatero Ferrifero (Brazil).

The forward modeling of gravity data is adequate for testing the
gravity response for different structures and geometries; however,

the 3-D gravity inversion approach is much sophisticated and the
response can be checked and modified until a good agreement with
measured gravity field is achieved.

A 3-D inversion model of the aerogravity data from the Gara
Djebilet region was developed using VOXI earth modeling tool in
Geosoft Oasis Montaj Ver. 8.4 (Fig. 19 A). The model covers
16,650 km? (150 km in the x-direction and 111 km in the y-direc-
tion) with 50 grid-blocks in the x-direction and 37 grid-blocks in y-
direction. Vertically, the model extends from the Earth's surface to
11,695 m below the surface, discretized using 23 grid-blocks. The
horizontal and vertical increment is constant for all cells above the
lowest point of the terrain. Below that level, the cell size increases
by the given cell expansion ratios shown in Table 2.

As is customary, the vertical extents of the cells are allowed to
gradually increase with depth, reflecting the loss of resolution. The
gravity data were inverted using Geosoft VOXI smooth model
inversion, and the results are summarized in Tables 1 and 2. The
unconstrained density results give smooth distributions of both
positive and negative density contrasts. Blocks with density con-
trasts of 1.5 g/cm?, 1.0 g/cm? and 0.5 g cm? are shown in Fig. 19 (B, C,
D), respectively.

The density contrast between the iron deposits and the sur-
rounding rock is approximately 0.5 g/cm? as modeled in the
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Fig. 18. 2-D forward model of gravity data along the ENE-WSW profile. (A) shows the gravity data comparison along the same 2-D forward model profile between observed gravity
data and calculated gravity from 3-D inversion results. (B) shows the good correlation between the observed gravity data and the model response from 2-D forward modeling
results. The differences between the results from 2-D forward modeling and 3-D inversion are due to the effects of trend removal, which is applied in the 3-D inversion calculations,
and the 2-D forward modeling does not take into account the Y-direction in the calculations.

forward model (Fig. 18). In this case, the inversion results presented
in Fig. 19(D) are the most probable for the location of the iron de-
posits. For this situation, four blocks are detected in the inversion
model (Fig. 19 E). These four blocks have a total volume of 7.2 km?,
and each block has dimensions of 3 km x 3 km x 0.2 km.

6. Discussion and conclusions

The Gara Djebilet iron ore is the most important iron deposit in
Algeria. Because it is situated in the southwestern part of Algeria
and is difficult to access, remote sensing techniques (Landsat 8
images and airborne gravity data) are integrated in this study to
investigate the iron ore deposit.

In the remote sensing analysis, several treatments are applied,
including color composites, bands ratioing, principal component
analysis and indexing. The results obtained allowed us to map the
iron ore boundaries and to obtain the surface distribution of the
iron formations. The iron ore index applied to OLI multispectral
images is the most efficient image processing result, allowing a fast
surface detection of the extent of the iron, and the obtained raster
image could be saved as an 8-bit GeoTIFF image, which can be
imported to a GIS environment from which a simple vectorization
area and perimeter are easily obtained. The iron ore surface
manifestation occupies an area of 123.89 km?; this very important
area measurement confirms the importance of this deposit.

The different gravity derivative methods helped us to map the
extension of iron deposits and detect their limits. The limits of iron
deposits exceed the outcropping iron regions and can not be seen
on the surface due the sedimentary cover. The general trend of the

iron deposits is WSW-ENE to SW-NE, which is the same direction
detected by geological and remote-sensing mapping.

The high gradient anomaly detected by HG technique observed
in the south-east of Gara Djebilet (26°20’N 7°05’W) is explained by
the intrusion of an ultramafic body (the Gara Djebilet ring struc-
ture), interpreted as an outcrop from a huge subsurface magma
chamber composed of ultramafic rocks (Tabeliouna et al., 2008).

Another high gradient anomaly detected by AS technique
observed in the north-east of Gara Djebilet (26°50'N-27°00'N,
6°30'W-6°55'W) and located above the paleozoic cover of the
Tindouf basin where doleritic sills of the CAMP are abundant
(Gevin, 1960; Chabou et al., 2010). These dense dolerites may also
explain these anomalies.

Finally, the NE-SW trending high anomalies in Mauritania may
be the continuity of the iron deposits because in the Mineral map of
Mauritania, it is reported an iron deposits near the Algerian border
(MPEM-IRM, 2015).

A good agreement was observed between the location of the
causative bodies detected by gravity gradient interpretation tech-
niques and the results of remote sensing.

Analysis of gravity data could estimate the iron reserve
geophysically based on geological and remote sensing assumptions.
The calculated tonnages using information from remote sensing
data and geophysical results are presented in Table 3.

The density of iron ore is assumed to be 3.5 g/cm>. We used the
results of the remote sensing image analyses for an area extent of
123.89 km?. For the thickness of the iron ore bodies, two values
were selected, one of 30 m from geological information and the
other of approximately 100 m from the gravity forward model,
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Table 1
Mesh parameters of the active volume of the gravity data.

Table 2
X Y Z Mesh parameters of the base and padding of the gravity data.
Cell size (m) 3000 3000 200 Base Horizontal padding Vertical padding
Dimensions (cells) 50 37 23 R R
Minima (m) 600630.0 2878607.6 —10845.0 E"l’l‘ensmns.(ce”st)_ 2? o8 f 5 ':’ s
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Table 3
Estimation of ore tonnage in Gara Djebilet.
Parameters Approach
Geology 2-D forward gravity modeling 3-D gravity inversion Remote sensing images
Surface area (A) - — 36 km? 123.89 km?
Thickness (H) 30m 100 m 200 m —
Volume (V) 3.72 km? (using A = 123.89 km?) 24.78 km® (using A = 123.89 km?) 7.2 km? (4 blocks x 3000 m x 3000 m x 200 m) —
V=AxH

Mass (M) =p x V
(p = 3.5 g/cm?)
Tonnage (T) at 57% Fe 7.41 x 10°T

1.3 x 10 kg 4.33 x 103 kg

2720 x 10°T

2.52 x 103 kg —

15.83 x 10°T —

(—) No data.

giving tonnages of 7.4 billion tonnes and 272 billon tonnes,
respectively, at a 57% grade. The calculated tonnage from the 3-D
gravity inversion results is approximately 15.8 billion tonnes,
much higher than the geological results. If we re-calculate this later
tonnage (15.8 billion tonnes) for the 30 m thickness (geologically
estimated thickness), the tonnage of iron deposit is 2.37 billion
tonnes at a 57% grade, which is much closer to the estimated
tonnage by Matheron (1955) of 2.7 billion tonnes at the same grade
of Fe.

The results of this work estimate the tonnage of iron ore at
approximately 2.37 billion tonnes, which is the first estimation
from available airborne gravity data and satellite images and not far
from previous results.

We recommend drilling projects in the study area to determine
the exact thickness of the iron ore strata and its vertical extent to
create a new inversion model with a priori information and
geological constraints for better iron ore tonnage estimation. We
recommend rock density measurements that will help us in the
gravity modeling. We also recommend full tensor airborne gravity
gradiometry for better estimation of total anomalous mass as
applied by Braga et al. (2014) in exploring iron ore deposits in
Minas Gerais (Brazil) and an aeromagnetic survey, which will
mainly help locate the magnetite in this area.
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