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Résumé

 Le géoradar est une méthode électromagnétique haute fréquence (>10 MHz) utilisé pour 

caractériser les premiers mètres du sous-sol.

 Lors de la présence d�une topographie, les données géoradar sont déformées en conséquence. 

prenant en compte la topographie. La méthode est démontrée grâce à un modèle synthétique 

 Les algorithmes de migration apportent cependant du bruit dans les données. Pour pallier à 

ce problème, deux méthodes ont été mises en place : la première, inhérente à la migration, permet 

de paléo-sismologie en Mongolie. L�utilisation conjointe de deux fréquences (50 et 500 MHz) ainsi 

sur les géométries et les déplacements potentiels le long de deux failles.



Abstract

 Georadar is a high frequency (>10MHz) electromagnetic method used to prospect near 

surface. 
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L�historique de la méthode est disponible dans Neal (2004) et Annan (2002).

pour un milieu isotrope linéaire, nous amène aux équations de diffusion-propagation, données 

ci-dessous pour un champ électrique :

 

sur un mode de propagation. Dans ce mode de mesure, les ondes électromagnétiques sont 

 Le géoradar émet un signal impulsionnel comprenant une largeur de fréquence dont la 

diélectrique et la perméabilité magnétique par l�équation :

électrique du milieu et de la fréquence. Plus la fréquence augmente, plus la profondeur de 

pénétration décroit, mais meilleure sera la résolution. Dans la gamme de fréquences utilisées 



14

 

nécessitent des techniques d�imagerie qui, pour la plupart, sont similaires à celles rencontrées en 

sismique. Un traitement de base permet de faire ressortir les informations pertinentes des données. 

concerne la prise en compte de la topographie, et notamment lors de l�étape de migration quand 

celle-ci est nécessaire. Dans un premier chapitre, nous présentons la migration topographique, 

un modèle synthétique simpliste, nous montrons les effets de la topographie sur les données, puis 

 Malgré les améliorations obtenues (disparition des hyperboles, prise en compte correct 

de la topographie), la migration apporte toujours du bruit dans les données. Une partie du bruit 

été rajoutée pour examiner les améliorations sur les données.

sismique de la région. 

 Deux antennes de fréquences 500 MHz et 50 MHz, ainsi que des tranchées, ont été utilisées 

conjointement. L�antenne de 500 MHz, de par sa haute résolution, mais une profondeur de 
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présentant une signature sédimentaire particulière. 

 Dans ce chapitre, nous présentons la méthodologie employée et les résultats obtenus lors 

plusieurs antennes de fréquence différente (ici 250, 500 et 800 MHz) qui permettent d�imager 





LA MIGRATION TOPOGRAPHIQUE, LE FILTRE ANTI-ALIASING, 
LES PROFILS DE PENDAGES
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1. Introduction

compte de la topographie ainsi que deux méthodes de réduction du bruit. La première, inhérente 

à la migration topographique, permet de réduire les artefacts de migration. La deuxième est basée 

Migration topographique

 Dans cette partie, nous présentons d�abord la migration de Kirchhoff en nous appuyant sur un 

modèle synthétique simple : un point diffractant. Le principe de la méthode réside dans le calcul de 

l�hyperbole de diffraction (template) le long de laquelle les échantillons sont sommés puis replacés 

effets de la topogrpahie dans les données. Le résultat est alors une hyperbole tronquée en son 

sommet (sommet horizontal). Le template initial n�est donc plus adapté à la migration des données. 

Nous nous basons sur ce modèle pour démontrer les équations de la migration topographique dont 

le principe est la correction du template.

 Les données synthétiques sont alors reprises pour permettre la comparaison entre la 

migration topographique et les techniques classiques de prise en compte de la topographie (i.e. 

la topographie étant importante, les différences entre les différentes méthodes sont marquées et la 

migration topographique exprime clairement sa supériorité.

la migration topographique.

Cette partie a été publiée dans la revu CRAS sous la référence suivante : 

Dujardin, J. R., & Bano, M. (2013). Topographic migration of GPR data: Examples from Chad 

and Mongolia. Comptes Rendus Geoscience, 345(2), 73-80. 

(la version publiée est disponible en annexe).

 Lors de la migration de Kirchhoff et donc de la migration topographique, trois types d�aliasing 
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précédemment et le dernier est l�aliasing sur l�opérateur, lorsque la pente de la trajectoire de 

pas inter-trace donné, l�échantillon choisi lors de la sommation le long du template est sélectionné 

un contexte où l�aliasing est beaucoup plus présent. L�aliasing, alors très marqué dans les données 

données.

dans les données.

 Deux algorithmes ont été codés à cet effet. L�un en domaine temporel et le second dans le 

plus proche de zéro. Dans les deux cas (domaine temporel et fréquentiel), la prise en compte de la 

pente la plus proche de zéro donne les résultats les plus stables. Les différences entre la méthode 
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des traces.

la migration uniquement, des artefacts tendent à apparaitre, dégradant légèrement la qualité du 
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2. Migration topographique des données géoradar : exemples du 

Tchad et de la Mongolie

Résumé 

topographie, une correction statique est généralement appliquée aux données géoradar. Une 

Kirchhoff et montrons l�importance de la migration topographique dans le cas où la profondeur 

2.1. Introduction

detailed and continuous images of the subsurface. One of the goals of GPR measurements is 

migration techniques could be of a more important use in GPR data than in seismic, as the target 

 Lehmann and Green (2000) adapted a topographic migration for GPR data based on the 
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Kirchhoff algorithm proposed by Wiggins (1984) for the seismic data collected in mountainous 

and demonstrate the diffraction equation used in this method as presented by Lehmann et al. 

Figure 1 : 
d
, z

d
-
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2.2. The Kirchhoff topographic migration

2.2.1. The Kirchhoff migration

 Let us consider a simple 2D geological model (x-z plane) composed of a diffraction point 

d
 and z

d

d
, z

d
) 

2.2.2. Effect of the topography

diffraction point (x
d
, z

d

GPR acquisition surface. 

2.2.3. Migration with topography
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Figure 3 : 

x position of the diffraction point (x
d d 

position to get x and z(x) (position of the antenna) in 

d

d
,z

d
) using equation (2) to 

classical migration after static shift and the topographic Kirchhoff migration. Figure 4b displays 

(4)
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Figure 4 : 
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top

expected, are focused on a single bright spot located at its real depth of 1.5 m (Figure 4f).

2.3. 

2.3.1. The Chad Dunes

to all GPR data presented in this section.
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Figure 5 : processing 

standard migration and d) After Kirchhoff�s topographic migration.
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not exceed 5%, the result of the topographic migration is slightly better than the result of the static 

data at large depth (case of the diffraction under the base of the dune).
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Figure 6 : 

-

2.3.2. Example of a fault in Mongolia 

less than 1 mm per year), and the fault geomorphology has been smoothed during a long period 

such as the dip of the structure and the exact location of the fault near the surface to help design 
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Figure 7 : -

-

ity of 0.12 m/ns.
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2.4. Conclusion

the depth of the target structures. We demonstrate the template migration equation, as a function 

migrated section. 

global surface slope does not exceed 5%, the application of the topographic migration is necessary 
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3. 

3.1. Introduction et travaux antérieurs

 L�aliasing est un problème bien connu en géophysique et plus généralement dans tous les 

énonce que la composante fréquentielle maximum enregistrée dans un signal est égale à la moitié 

conduisant au phénomène d�aliasing.

1. Sur l�image de départ, dû au sous-échantillonnage du signal. Si le théorème de 

l�aliasing de troisième type).

3. L�aliasing sur l�opérateur. Il apparait lorsque la pente de la trajectoire de migration 

cohérent.

pendage sont largement atténuées, 

pentes à haute fréquence peut subsister.

2. Interpolation des traces : l�augmentation du nombre de traces par interpolation 

augmente l�échantillonnage et réduit les risques d�aliasing. Néanmoins les algorithmes 

d�interpolation des données sont très couteux en mémoire et en temps de calcul.

d�un jeu de données à un autre. Les données lors de la migration sont utilisées en fonction de la 
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Nyquist pour une pente, soit : 

)(2

1
max

kt
f

 

d�aliasing.

)sin,cosmax( yx

l�azimuth de l�opérateur gradient. 

22 )sin()cos( yx

données.

 Biondi (2001) montre la possibilité de récupérer du signal dans des données où l�aliasing 

études précédentes se basent sur une migration en temps. Baina et al. (2003) adaptent la méthode 

3.2. Le principe retenu

 Bien que les ondes soient différentes entre les données sismiques (ondes acoustiques) et les 

et le mode de présentation des données est également similaire. Une série de traces juxtaposées 

problèmes inhérents à la méthode.
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précédemment, plusieurs auteurs ont démontré les améliorations sur les données en réajustant la 

prenant pour fréquence de coupure que celle présentée initialement (eq. F
max

sera cependant ajouté à ce calcul pour augmenter ou diminuer les fréquences retenues et ainsi en 

Figure 8 : 

 

f
n
/4, f

n
/10 et f

n
/25. Au sein de la troisième boucle, la fréquence maximum non aliasée de l�opérateur est calculée en 

fonction de sa pente, puis le jeu de données approprié est sélectionné pour la sommation de long de l�hyperbole.

3.3. Algorithme

 précédent 

lieu, la fréquence de Nyquist est calculée :



CHAPITRE 1

37

de plus en plus basses : f
n
/4, f

n
/10 et f

n
/25).

 A l�intérieur de la troisième boucle (sur la profondeur de la source), la pente de l�opérateur 

est calculée (slo) en prenant en compte la topographie, puis la fréquence maximum non aliasée le 

long de l�opérateur et donné par l�équation :

max

jeu de données utilisé dans tous nos tests (i.e. la dune de sable comprenant 681 échantillons et 

800 traces), le temps de calcul passe de 11 à 50 secondes, ce qui reste inférieur à la minute, et 

largement utilisable pour la plupart des jeux de données si nécessaire.

Figure 9 : 

démonstration de la migration topographique (Fig. 5a). Seuls les 50 premiers mètres ont été utilisés.

3.4. Résultats

D
fn

*2

1

t

Dslo
F

**2

1
max

x
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Figure 10 : -
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Figure 11 : 

fortement atténué dans la zone à fort gradient topographique (à 35 m de distance).

intense.
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Figure 12 : 

intermédiaire entre 1 et 3 serait le mieux adapté. Néanmoins, dans cet exemple, le signal étant bien 

d�une absolue nécessité.
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Figure 13 : -
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dans les cas où un aliasing sur les données est présent). Le temps de calcul en est considérablement 

augmenté (multiplié par 5 dans notre exemple), mais la migration restant inférieure à une minute, 

son utilisation reste tout à fait adaptée pour de larges jeux de données. Dans les données radar 

de tout aliasing et l�aliasing sur l�opérateur n�apparait que très rarement. L�utilisation de cet outil 

mesure, les conditions d�aliasing sont plus rarement respectées dans le cas de mesures 3D. Une 

Figure 14 : 
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4. Le calcul de pentes automatiques

4.1. Introduction 

 Le bruit est un problème récurrent en géophysique et plus largement dans tous les domaines 

impliquant un enregistrement. La qualité des données en est altérée, ainsi que les interprétations 

interprétation correcte des données.

 Le bruit est constamment présent dans les données géophysiques et peut apparaitre lors 

de deux stades. Pendant l�enregistrement des données, lorsque le rapport signal/bruit est trop 

existant au détriment du signal ou par introduction d�un bruit supplémentaire lors de l�utilisation 

lorsque leur utilisation est modérée. Lors d�une utilisation poussée, une partie du signal utile 

 

impliquant une migration topographique.

4.2. 

4.2.1. Algorithmes

le domaine temporel et le second dans le domaine fréquentiel. Le principe de base est similaire 
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Les pentes sont enregistrées en nombre d�échantillons pour une distance d�une trace. Ainsi une 

data len contenant la 

des traces et des échantillons à l�aide d�une double boucle. Une sous-trace, de la longueur de la 

ref

autour de l�échantillon de référence. A chaque itération, une sous-trace de chacune des traces 

entre ces sous-traces et la sous-trace de référence (ref ) sont calculés et les résultats enregistrés 

Corcofneg et Corcofpos

Figure 15 :  Schéma présentant l�algorithme de calcul des pendages dans le domaine temporel. 

Corcofneg et Corcofpos est enregistrée dans 



CHAPITRE 1

45

data) et une 

len

 

les traces et les échantillons). A chaque itération, les transformées de Fourier sont calculées sur la 

len fft_data

dimensions : la première pour les traces, la deuxième pour les échantillons et la troisième de la 

longueur de la transformée de Fourier.

la transformée de Fourier correspondante (pré-calculée lors de la double boucle précédente) est 

fft_ref

trace précédente autour de l�échantillon de référence. Les transformées de Fourier associées sont 

fft_ pos et fft_neg fft_ref. Pour les 

imaginaires est calculée. Le résultat de la somme et l�échantillon associé sont enregistrés dans 

diff _ fft_ pos et diff _ fft_neg

l�échantillon de référence, l�échantillon correspondant à la somme minimum de diff _ fft_ pos 

(diff _ fft_neg diff _ fft_ pos (diff _ fft_neg) sont enregistrés 

info_ pente_ pos (info_ pente_neg).

pente_ pos

(pente_neg) seront alors calculés en sortie des boucles, puis combinés de trois manières différentes 

comme précédemment :
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1. Par la moyenne entre pente_neg et pente_ pos.

Figure 16 : Schéma explicatif de l�algorithme de calcul des pendages en domaine de Fourier.

4.2.2. Résultats

pentées, dont certaines à haute fréquence, ainsi que la présence d�une topographie localement 

étant bien échantillonné et les données étant de bonne qualité, les conditions sont optimales pour  
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Figure 17 : 

traitement classique des données géoradar.

entre les traces mais sans qu�elles ne soient pour autant reliées à de réelles continuités entre les 

les pente_ pos et pente_neg

données en échantillon (pour un espacement d�une trace).

Ils sont considérés comme du bruit et donc de moins bonne qualité. Dans les deux algorithmes 

proche de zéro). Pour une méthode donnée de mélange de pente_neg et pente_ pos, l�algorithme en 

 Les temps de calcul de ces deux algorithmes ont été comparés et ne sont malheureusement pas 

 

décourager l�utilisation de cette méthode, notamment dans le cas d�un large jeu de données 
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Figure 18 : 

4.2.3. 

échantillons comprises dans le rectangle est alors extraite, puis affectée à l�échantillon considéré. 
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Figure 19 : 
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Figure 20 : 

échantillons et (c) 8 traces et 24 échantillons.

 

4.3. Filtre sur les données

4.3.1. Algorithme

data pente), la largeur de la 

l_tr

(cof
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Figure 21 : Schéma de calcul utilisé pour la ré-interpolation des données en utilisant l�information a priori sur les 

pendages.

 

 Le poids de chaque échantillon dans la ré-interpolation des données est ensuite calculé 

wint 2*l_tr+1 l_tr le nombre 

considéré est au centre de la série de mesures.

(tr) et des échantillons (spl sp_ p et sp_n spl (i.e. 

temp est initialisée à la donnée considérée : temp=data(tr,spl). 

k). A 

chaque itération, sp_ p

de pendage et sp_n

équations :

sp_ p=sp_ p+pente(sp_ p,tr+k-1)

et 

sp_n=sp_n-pente(sp_n,tr-k+1)

 Les données correspondantes (dans data temp, puis 

wint temp pondérée par 

wint

. 
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cof

wint

éléments de temp cof prend les 

temp prend de plus en plus d�importance, donnant plus 

4.3.2. Résultats

40 ns).

Figure 22 : 

4.3.2.1. 
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Figure 23 : 

De gauche à droite (Fig. 23, ligne du bas), le bruit est de plus en plus atténué et nous obtenons 
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suite de l�exposé (i.e. 4 traces et 12 échantillons). 

4.3.2.2. 

 Pour ce faire, une batterie de tests est effectuée (Fig. 24) en incrémentant d�une part la 
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Figure 24 : 



56

Figure 25 : 

le texte.
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sont peu à peu effacées. Le bruit peut localement entraîner une erreur sur le calcul des pentes, 

4.4. Exemple avec migration

données. Bon nombre d�artefacts dus à la migration sont réduits et ce particulièrement dans la 
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Figure 26 : 

4.5. Conclusion

 Deux algorithmes, l�un en domaine temporel, l�autre en domaine fréquentiel ont été écrit 

combinaison basée sur la pente la plus faible est celle donnant les résultats les plus propres (i.e. les 



CHAPITRE 1

59

pendages.

nombre de traces à prendre en compte de part et d�autre de l�échantillon à interpoler) et l�intensité 

résultats.

 Il est cependant important de noter quelques limitations. Les algorithmes de calcul des 
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1. Introduction

économique et politique du pays, regroupe 1,2 millions d�habitants sur les 3 millions que compte 

la Mongolie. Depuis 2005, la sismicité n�a cessé d�augmenter et se localise principalement le long 

L�étude du risque sismique est donc de première importance pour le pays.

 La région est caractérisée par un contexte tectonique intracontinental associé à de faibles 

déformations, très probablement inférieures à 1 mm par an. Pendant les périodes de retour (quelques 

milliers d�années), les marqueurs géomorphologiques ont été largement érodés. Par conséquent, 

une première reconnaissance géomorphologique a été effectuée sur le terrain en 2009, suite à 

qu�elles pourraient produire des séismes de magnitude 6.5 à 7.5.

Emeelt :

par la faille.

simultanément pour permettre une comparaison directe entre la géologie et les données radar. De 

l�extension en profondeur et latéralement.
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Cette partie a été publiée dans la revu GJI sous la référence suivante : 

Dujardin, J. R., Bano, M., Schlupp, A., Ferry, M., Munkhuu, U., Tsend-Ayush, N., & Enkhee, B. 

(2014). GPR measurements to assess the Emeelt active fault�s characteristics in a highly smooth 

topographic context, Mongolia. Geophysical Journal International, ggu130. 

(la version publiée est disponible en annexe).

Hustaï :

focalisée sur deux grappes. La première correspond à l�extrémité est de la faille et la deuxième se 

mesures GPR ont été effectuées.

les 2 à 3 premiers mètres du sous-sol sont considérés postérieurs aux derniers grands séismes sur 
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2. Emeelt

Abstract 

(type of displacements and amplitude) of the faults in the area of interest need to be understood. 

2.1. Introduction
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the faults geomorphology has been highly smoothed by erosional processes and the exact location 

Figure 1 : -
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Figure 2 : 

-

2.2. Context and purpose
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the precise location of the fault on the surface. In addition, no clues on the direction of the fault 

Figure 3 : 

2.3. Data acquisition and processing

2.3.1. 

0.14 m/ns. In general, features such as sedimentary structures, lithological boundaries, fractures 
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and discussed later on (Fig. 4). 
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Size (inline x crossline) 25 m x 26.5 m 24 m x 10 m 24 m x 9.5 m 20 m x22 m

Number of inlines 107 41 38 45

25 cm 25 cm 25 cm 50 cm

Number of crosslines 26 25 9

1 m 1 m 3 m

Table 1 : 

Frequency (MHz) 50 500 (Z1) 500 (Z2)

Antenna separation 4.2 m 0.18 m 0.18 m

0.2 m 0.02 m 0.03 m

Samples 512 528 528

16 16 16

535 82 82

Table 2 : Details of the acquisition parameters.

2.3.2. 
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et al., 2005 and Dujardin and Bano, 2013), has been applied before loading the data into seismic 

2.4. 

2.4.1. 
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Figure 4 : 

Figure 5 : 

2.4.2. Comparison with the trench
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interpreted in terms of crushed or disorganized material destroying the continuity of the layers. 

2.4.3. 

2.4.3.1. 

acquisition geometry is presented in table 2.
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Figure 6 : 
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Figure 7 : -

2.4.3.2. 
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Figure 8 : 

2.4.3.3. 
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of layering.

2.4.3.4. 
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Figure 9 : 

Figure 10 : 

-

2.4.4. RTA (50 MHz antenna)
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direction (north-east), its dip and the exact location of the fault (from near the surface up to ten 

its origin.

2.5. Discussion
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Figure 11 : -

change in the GPR facies that highlight the location and geometry of the fault (see the text for more details).

chaotic facies, interpreted in terms of crushed or disorganized material destroying the continuity 
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suspected by the morphology and the dip of the fault near the surface but its amplitude cannot be 

Figure 12 : S
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Figure 13 : 

channel.
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2.6. Conclusion

imaging of different structures. 
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3. Hustaï

3.1. Introduction

première se situe sur son extrémité est, tandis que la seconde se concentre sur la limite ouest de la 

Figure 14 : Image satellite (google earth) de la région d�Ulaanbaatar. La zone de la faille d�Hustai est représentée par 
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Figure 15 : 

3.2. 

augmenté localement la porosité du milieu. Dans les deux cas, le résultat est une plus grande 
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d�anciennes ruptures de surface, ont été surlignés en noir. La partie en pointillé est une supposition 

Figure 16 : Image satellite (google earth) des zones Z1 (a), Z2 (b) et Z3 (c). Les localisations sont montrées sur la 

-

terrain. Les cercles 2 et 3 indiquent des coudes dans un chenal. A noter : le possible alignement entre le glissement de 

-

posées sur les marqueurs de la faille en surface. La partie en pointillé est une supposition sur la continuité du segment 
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3.3. 

3.3.1. Mesures et traitements 

le but est la localisation précise du plan de faille en surface et en profondeur et si possible (cf. 

surface. Les données radar ont été enregistrées en 2010.

Figure 17 : 

500 MHz, distants de 5m, le premier étant à l�est.

 Les paramètres d�acquisition étant similaires entre les deux zones, ils sont résumés dans la 
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Frequency (MHz) 50 500

Antenna separation 4.2 m 0.18 m

0.2 m

Samples 512 528

16 16

535 81

Table 3 : 

3.3.2. Description et interprétation 

Figure 18 : 

Faciès fortement atténué.

3.3.2.1. zone ZO

- 
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Figure 19 : 

est dans le texte.

280 m.
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de la profondeur de pénétration. La partie fortement atténuée (de 280 à 360 m) est cohérente 

est considérée comme une zone de déformation due à la faille. L�épaisseur des sédiments étant 

interprétées comme des zones à plus forte concentration en argile. Bien qu�aucune tranchée ne 

semble couper le plan de faille. De plus, le plan de faille serait bien plus en amont qu�attendu au 

- 500 MHz

en moyenne 20 ns, localement 30 ns, ce qui correspond à une profondeur de 1.2 à 1.8 m pour une 
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dernier grand séisme.

Figure 20 : 

3.3.2.2. 

- 

de part leur répétition, sont interprétées comme le plan de faille. Les pendages mesurés sont de 

topographie (de 120 à 180 m), puis par un faciès chaotique à très faible profondeur de pénétration 

collines. 

la faille, et probablement déclenché par le séisme.
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Figure 21 : 

- 500 MHz

un des facteurs déclencheurs, il n�est en aucun cas possible de conclure sur leur origine.

3.4. Conclusion

un site d�étude pour le géoradar. Les données géoradar ont été effectuées à la limite ouest d�une 
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les contreforts des collines alentour.

Figure 22 : 

et délimitant des petits bassins (en rouge).

 Sur la première zone (ZO), deux types de faciès, caractéristiques du socle (faciès chaotique) 

qu�un faciès chaotique et n�indiquent aucune perturbation notable dans les deux premiers mètres 

du sous-sol.

bassins interprétés comme des petits glissements de quelques dizaines de mètres maximum, mais 
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1. Introduction

  

éruptif a débuté en 1999 et est toujours d�actualité. Le paroxysme de l�éruption, atteint les 16 et 17 

août 2006, a conduit à la formation de courant de densité pyroclastiques (coulées pyroclastiques).

de la méthode est clairement démontré, mais les traitements et méthodologies utilisés restent 

des résultats très positifs, mais les traitements 3D (time slice, migration 3D, attributs) n�ont pas 

permis d�améliorer la qualité des données. Les raisons et améliorations possibles sont discutées. 

 

 Cette partie est actuellement en cours de publication dans la revue Solid Earth sous le titre: 

Dujardin, J. R., Douillet, G. A., Kueppers, U., Abolghasem, A., Hall, J., Ramon, P., Mothes, P., 

Bano, M., Dingwell, D. B. The 3D structure of pyroclastic dune bedforms from the August 2006 

deposits of Tungurahua volcano, (Ecuador): Part 1, ground penetrating radar methods.
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 La deuxième partie, quand à elle, est axée sur l�interprétation des données. Il s�agit ici de 

Ces résultats sont actuellement repris et approfondis pour la rédaction d�un second article qui 

sera publiée également dans la revue Solid Earth,  sous le titre :

Douillet, G. A., Dujardin, J. R., Kueppers, U., Abolghasem, A., Hall, J., Ramon, P., Mothes, P., 

Bano, M., Dingwell, D. B. The 3D structure of pyroclastic dune bedforms from the August 2006 

deposits of Tungurahua volcano, (Ecuador): Part 2, ground penetrating radar results.
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2. The 3D structure of pyroclastic dune bedforms from the august 

2006 deposits of Tungurahua volcano, Ecuador : Part 1, ground pe

netrating radar methodology

Abstract

2.1. Introduction

2.1.1. 

 Ground Penetrating Radar (GPR) is a high-resolution, near surface, geophysical method 

of grains (Guillemoteau et al., 2012). In the sedimentological context, interpretation generally 



Paper Frequencies (MHz)

units

100 0.1 assumed

major stratigraphic units - lab K'

10Hz-10MHz (lab K')

Rust et al. 1999 lab K' 8 poro 0.01 - 10 -

image stratigraphic units pyroclasts

Rust and Russel 2000 

fall - poro

50 0.09 assumed

Rust and Russel 2001

fall - poro

50

Gómez-Ortiz et al. 2006 100

Grimm et al. 2006

measurements

12.5-80 0.12-0.14

Heggy et al. 2006b scoria cone 20, 40, 80 0.075

Abrams and Sigurdsson 2007 deposit boundaries PF, fall 100, 200

Gómez-Ortiz et al. 2007 LF,  fall, hydromagmatic PF 100

exposures and hyperbolae)

Khan et al. 2007 100-400

PF lobe contact PF lobe 225

Gomez et al. 2008 Longitudinal architecture PF 100 0.11 to 0.14 in text

characterization

PF /pumice 225, 450

Gomez et al. 2009 BAF architecture BAF lobe 100

Gertisser et al. 2012 BAF architecture 200

soil contact, stratigraphy, 

bedforms

phreatomagmatic cross 

bedded tuff ring

50, 100, 200

phreatomagmatic cross 

bedded tuff ring

900

pseudo 3D

phreatomagmatic cross 

bedded tuff ring

900

soil contact, stratigraphy,  phreatomagmatic cross 

bedded tuff ring

50, 100, 200, 900

Kruse et al. 2010 stratigraphy tests

deposits

100, 200

Nobes et al. 2012 phreatomagmatic cross 

bedded tuff ring

100, 200

Koralay et al. 2007 determination of zonation 

boundaries

250 0.14 (hyperbolae)

fallout architecture tephra fallout on cinder cone 50, 100, 200

deposition

cinder cone 100

supercritical bedforms

50, 100

architecture and stratigraphy 50, 100

preliminary architecture Fresh lahar 500 ?

Gomez et al. 2012 large scale bedding

ignimbrite

50 0.04 to 0.075 (hyperbolae)

Starheim 2013 architecture 500 approx 0.09 to 0.11 (hyperbolae)
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the reconstruction of 2D slices. A full 3D acquisition schema, although time-consuming, usually 

2.1.2. Pyroclastic density currents

Manga, 2012). 

2.1.3. 

been employed to date. 
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2.1.4. Dilute PDC deposits from the August 2006 eruption of Tungurahua

of July and the night from 16th to 17th of August 2006 (Hall et al., 2013). A series of studies on 
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2.2. Field acquisition

2.2.1. Material

Figure 1 : 

 

Antenna frequency (MHz) 250 500 800

Antennas separation (m) 0.36 0.18 0.14

0.05 0.05 0.02

Samples per trace 564 528 512

205 75 50

16 16 16

Table 2 : 
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2.2.2. Survey

 

(0.5 cm), consolidated, ash crust draped the 2006 pristine surface. Intermittent rain occurred daily 

topographic constraints.

Lunate A Q

Frequency (MHz) 500 800 500 800 800 500 800 250 500 800

35 35 71 8 32 5 59 01-18 18-23 23-32 11 24

0.1 0.1 0.1 1 0.2 1 0.1 5 10 20 4 2

Size (inl*crl) (m*m) 12.5*3.4 9*7 6.6*6.2 10.75*5.8 ~50*200 ~40*40 ~40*40

Table 3 : 

2.2.3. Topography acquisition
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2.3. Processing

2.3.1. Standard processing

2.3.1.1. 

Figure 2 : 

-

-
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2.3.1.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 : 

 

 

2.3.1.3. 

800 MHz antennas (Fig. 3B).
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time gain are combined to account for the spherical spreading losses and the exponential 

2.3.1.4. 

2.3.2. Topography correction

measured by diffraction hyperbolae modelling (Fig 4). Here, three different methods for including 

satisfying the full-3D requirements, 3D migration (Fig. 5).

Figure 4 :  

 

2.3.2.1. 
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2.3.2.2. 

migration used here is an algorithm based on the Kirchhoff migration and corrected to account 

origin (Fig. 6).

Figure 5 : 

2.3.2.3. 3D topographic migration

 3D topographic migration is similar to the 2D topographic migration, except for the fact that 

2.3.3. 3D visualization
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Figure 6 : -

-

 

 

 

 

Figure 7 :  
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2.4. Results and Discussion

2.4.1. Wave velocity

 

 

2.4.2. 

2.4.3. Penetration depth

800 MHz signal is coherent for around 40 ns (2 m).
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2.4.4. Topographic migration

2.4.5. 3D migration
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2.5. Conclusions

schemes should further focus on 3D imaging.

3, this chapter).
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3. The 3D structure of pyroclastic dune bedforms from the August 

2006 deposits of Tungurahua volcano, (Ecuador): Part 2, ground 

penetrating radar results

3.1. Introduction

al., 2013b). In order to decipher the formation of these DBs, a ground penetrating radar (GPR) 

3.1.1. Pyroclastic dune bedforms

nature, and notably, because the stoss-face can exhibit more deposition than the lee, leading to an 

boundary. 
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3.1.2. Dune bedforms from the 2006 eruption of Tungurahua

are organized in trains (Fig. 8d).  

3.1.3. Nomenclature 
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Figure 8 : 

the upstream end of a deposition zone.

or lee dip, or chaotic. 

into prograding (more aggradation on lee than stoss) or retrograding (more aggradation on stoss 

chaotic.

3.2. Data

3.2.1. Quarter pipe onset
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Figure 9 : 
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Figure 10 :  
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3.2.1.1. 

base of the morphological feature.

laminated 

by the quarter pipe geomorphologic limit. 

laminations bedded. Indeed, migration 

rather than cm-scale laminations. 

3.2.1.2. 
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subcritical dune on the other side. We thus interpret this as a reason to disregard stoss-aggradation 

 

3.2.2. Elongate

Table 4 : 

3.2.2.1. 

location top / conformity base: terminations gpr facies interpretation

P6 top stoss side L8: onlap sub-horizontal

P5 crest area L7: stoss / conform -  lee / 

truncations

L6 parallel stoss-aggrading

eroded on lee

P4 lee side L6: stoss / conform - lee / 

diffuse

L5

P3 stoss and lee L5: stoss / conform - lee / 

toplap on cross lines) lensoids, separated by hyatus. 

2 DBs forming in train

L4 stoss and lee

drapping

green L4: toplaps 

-conform morphology

P2b stoss side L3b: conform L2: onlap sub-horizontal

material

P2 upper lee L3: stoss / truncation - lee 

/ diffuse onlaps

P1

truncations

L1: tangeantial 

a series of small DBs

P0 - L1 - -
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3.2.2.2. 

it appears that a large amount of material in the upper part of the stoss side corresponds to a 

Figure 11 : 
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3.2.2.3. Proto-orientation

of the eruption.

3.2.2.4. 

other insight helps this interpretation.

3.2.2.5. Intricate patterns and boundary control
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3.2.3. Transverse

DB (Fig. 12).

Figure 12 : 
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3.2.4. Lunate 

interpretation is still ongoing.

Figure 13 : -

3.2.5. 2D 

in suspension before deposition.
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Figure 14 : -

are present (green).

 

 

 

3.3. Preliminary conclusions

 Dune bedforms formed by dilute pyroclastic density currents from the 2006 eruption of 

their genesis.



CONCLUSION
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de topographie sont importantes. L�utilisation de cette méthode est recommandée lorsque les 

géoradar.

par exemple), biaisant la reconstruction. Un algorithme de migration prenant en compte un modèle 

milieux fortement hétérogènes.

 Les algorithmes de migration ont également, et malheureusement, leur limitation. Outre les 

explication de l�algorithme, les résultats ont été présentés. Du bruit incohérent est correctement 

Lorsqu�une topographie, localement forte, est présente, les conditions d�aliasing sur l�opérateur 

et nous préconisons de le tester pour en apprécier les effets.

et  l�autre en domaine fréquentiel) ont été testées et celle dans le domaine fréquentiel semble 

plus robuste. Plusieurs paramètres permettent une utilisation plus ou moins poussée. Lorsque 

l�utilisation est modérée, une part non négligeable de bruit est supprimée, sans affecter le signal 

d�artefacts sont éliminés des données. L�algorithme souffre malheureusement d�un temps de calcul 

énorme (de l�ordre de quelques heures) qui le rend inutilisable sur des grands jeux de données pour 

chapitre deux se focalise sur l�imagerie de faille en Mongolie. Dans un contexte d�étude du risque 



128

premiers effectués autour de la capitale Mongole et beaucoup d�efforts restent à fournir pour en 

apprécier les mécanismes. La méthodologie a été axée sur la combinaison de deux fréquences 

différentes (50 MHz et 500 MHz) et de tranchées. Bien que les profondeurs de pénétration soient 

conclusions sur l�utilisation des antennes sont similaires. L�antenne de 500 MHz a été utilisée 

échelle (quelques dizaine de mètre de large sur quelques mètres de profondeur). Sa profondeur 

orientation entre 3 et 12 m de profondeur, complétant les données précédentes.

l�objet d�une publication en cours de soumission au moment de la rédaction de ce manuscrit. 

détaillés les traitements effectués, montrant les améliorations apportées et discutant les limitations 

des traces étant trop faible pour les fréquences employées. Des mesures plus denses, enregistrées 

d�imager plusieurs structures à différentes échelles. Les unités principales ainsi que la stratigraphie 

encore qu�à ces débuts. Par conséquent les résultats présentés dans ce manuscrit sont à prendre 

comme des résultats préliminaires. Une étude appronfondie fera l�objet d�une publication future, 

actuellement en cours de rédaction.
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Internal geophysics

Topographic migration of GPR data: Examples from Chad and Mongolia

Migration topographique des données géoradar : exemples du Tchad et de la Mongolie

Jean-Rémi Dujardin, Maksim Bano *

Institut de physique du globe de Strasbourg, CNRS–UDS UMR 7516 CNRS, université de Strasbourg/EOST), 1, rue Blessig, 67084 Strasbourg cedex, France

1. Introduction

The ground-penetrating radar reflection (GPR) tech-

nique, a geophysical method based on high frequency (10–

2300 MHz) electromagnetic (EM) wave propagation, can

provide very detailed and continuous images of the

subsurface. One of the goals of GPR measurements is to

determine the geometries of fine structures by imaging the
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A B S T R A C T

Most ground-penetrating radar (GPR) measurements are performed on nearly flat areas. If

strongly dipping reflections and/or diffractions are present in the GPR data, a classical

migration-processing step is needed in order to determine the geometries of shallow

structures. Nevertheless, a standard migration routine is not suitable for GPR data

collected on areas showing a variable and large topographic relief. To take into account

topographic variations, the GPR data are, in general, corrected by applying static shifts

instead of using an appropriate topographic migration that would place the reflectors at

their correct locations with the right dip angle. In this article, we present an overview of

Kirchhoff’s migration and show the importance of topographic migration in the case

where the depth of the target structures is of the same order as the relief variations.

Examples of synthetic and real GPR data are shown to illustrate the efficiency of the

topographic migration.

� 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

La plupart des mesures géoradar sont effectuées sur des zones relativement planes. Lorsque

des réflexions à fort pendage et/ou des diffractions sont présentes dans les données, un

algorithme de migration classique est nécessaire pour retrouver les géométries des

structures souterraines. Cependant, une migration standard n’est pas adaptée aux données

géoradar enregistrées sur des zones présentant de fortes variations du relief. Pour prendre en

compte les variations de la topographie, une correction statique est généralement appliquée

aux données géoradar. Une migration topographique serait plus appropriée pour replacer les

réflecteurs à leur vraie position, avec leur vrai pendage. Dans cet article, nous présentons une

vue d’ensemble de la migration de Kirchhoff et montrons l’importance de la migration

topographique dans le cas où la profondeur des structures et les variations du relief sont du

même ordre de grandeur. Des exemples, basés sur des données radar synthétiques et réelles,

permettent d’illustrer l’efficacité de la méthode.
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shallow subsurface. In general, the GPR measurements are

performed on nearly flat surfaces and in this case, if highly

dipping reflections and/or diffractions are present in the

data, a standard migration is needed in order to precisely

determine the geometries of shallow structures (Feng

et al., 2009; Zeng et al., 2004).

For a variable topographic relief, a standard processing

procedure includes the application of static shifts (Annan,

1991; Sheriff and Geldart, 1995) followed by a classical

migration commonly performed with a flat datum plane.

Nevertheless, this processing technique does not give good

results for large topographic variations. In addition, the

inadequacy of conventional elevation static corrections to

take into consideration a gentle to rugged topographic

relief was shown to be a particular problem (Lehmann and

Green, 2000). To obtain reliable images from GPR data

acquired on areas showing irregular topography, a special

processing that takes topography into account may be

required. Although the relief variation, in seismic acquisi-

tion, is small compared to the investigation depth, various

migration methods with topography have been developed

for seismic data (Berryhill, 1979; Bevc, 1997; Shtivelman

and Canning, 1988; Wiggins, 1984). These migration

techniques could be of a more important use in GPR data

than in seismic, as the target structures have often the

same order of depth as the topographic relief variations.

Lehmann and Green (2000) adapted a topographic

migration for GPR data based on the Kirchhoff algorithm

proposed by Wiggins (1984) for the seismic data collected in

mountainous areas. According to these authors, the

topographic migration should be considered when the

surface slope exceeds 10%. This migration method has been

successfully used, in 3D, by McClymont et al. (2008) for the

GPR data acquired on active fault areas showing a rugged

topography.

In this article, we first present an overview of Kirchhoff’s

topographic migration algorithm and demonstrate the

diffraction equation used in this method as presented by

Lehmann et al. (1998). To show the efficiency of the method,

we first use synthetic data from a single diffraction point

model, and compare the migration results with flat datum

and topography, respectively. Then, we present two

different examples of real GPR data recorded in areas

presenting local and large topographic variations as well as a

mean slope of less than 10%. The first example is from a dry

sand dune of the Chadian desert, presenting a high velocity

medium with local topographic variations, while the second

one is from Mongolia, presenting a topographic slope of 10%.

Finally, we show and compare the results of GPR profiles

processed with static shift followed by migration, migration

followed by static shift and topographic migration, and

discuss the superiority of the later one even in the cases

where the topographic slope is lower than 10%.

2. The Kirchhoff topographic migration

2.1. The Kirchhoff migration

Let us consider a simple 2D geological model (x–z

plane) composed of a diffraction point (diffractor) placed

on a perfectly resistive medium with a constant EM

velocity. The coordinates of this diffractor are xd and zd,

respectively (Fig. 1a). We assume a zero-offset survey with

transmitting and receiving antennas that move on a flat

horizontal surface at z = 0 (dashed line in Fig. 1a). In this case,

the result of the zero-offset GPR profile in time (x–t plane)

will be a diffraction hyperbola (shown by the dashed line in

Fig. 1b) and the electric field variation can be described by a

scalar wave propagation equation, which is similar to the

acoustic wave equation (Leparoux et al., 2001).

The goal of the migration is to find the geological model

(in the x–z plane) from the zero-offset GPR profile (in the x–

t plane). For a resistive medium (high-frequency approxi-

mation), we can use Kirchhoff’s method that gives the

wave field at the location of the diffractor (xd, zd) from the

zero-offset wave field measured at the surface z = 0 (Feng

et al., 2009; Schneider, 1978). Practically, the Kirchhoff

migration will calculate the diffraction hyperbola (migra-

tion template) for each point of the GPR profile and, by

Fig. 1. a) Geological model composed of a diffraction point (black dot)

placed on (xd, zd). The dashed line represents the flat datum plane located

at z0 = 0, while the thick one shows the acquisition surface with

topography; b) zero-offset ground-penetrating radar profiles obtained

by moving the antennas on both surfaces. The dashed line (a diffraction

hyperbola) corresponds to the acquisition on the flat datum plane

(dashed line in Fig. 1a), while the thick line represents the case where the

acquisition is performed on the surface with topography (thick line in

Fig. 1a). Note the difference between the two observed curves.

Fig. 1. a) Modèle géologique composé d’un point diffractant (point noir),

placé en (xd, zd). La ligne pointillée représente la surface plane théorique,

située en z0 = 0. La ligne épaisse représente la surface d’acquisition réelle.

b) profil géoradar à offset nul, obtenu en déplaçant les antennes sur les

deux surfaces. La ligne pointillée (hyperbole de diffraction) correspond à

l’acquisition sur la surface plane théorique (ligne pointillée, Fig. 1a). La

ligne épaisse représente l’acquisition sur la surface avec topographie

(ligne épaisse, Fig. 1a). Noter la différence entre les deux résultats.
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adding the amplitudes along the template, will place it at

the top of the template in the migrated profile (Claerbout,

1985; Yilmaz, 2001). Migrating each of these points for a

given velocity will focus the amplitudes at their correct

positions and the reflector is imaged with its true position

and dip angle.

2.2. Effect of the topography

When GPR measurements are performed over a surface

with topography, the migration template is no longer a

diffraction hyperbola; instead, it will be a distorted

diffraction curve. This is shown in Fig. 1 where the

topography is chosen to be a circle whose centre is on the

diffraction point (xd, zd), and on both sides of which the

topography is flat (see the thick line in Fig. 1a). The

distance between the diffraction point and the antennas

(in zero offset), moving on the surface along the circle, is

constant. Therefore, the migration template, shown by the

thick line in Fig. 1b, will be flat on the top, and on both sides

it will be represented by two flanks of a diffraction

hyperbola. In this case, the imaging result of the classical

Kirchhoff migration with a flat datum plane will be

spurious (Fig. 4). For this reason, we absolutely need to

take into account the topography of the GPR acquisition

surface.

2.3. Migration with topography

For the standard Kirchhoff migration, at a location x on

the surface z = 0 (i.e. the antennas move on the flat datum

plane), the two-way travel time t(x) along the grey line

path in Fig. 2 is given by:

t xð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

t0
2 þ

4 x � xdð Þ2

V2

s

(1)

where t0 = 2zd/V is the two-way travel time above the

diffraction point (black dot in Fig. 2), xd is the horizontal

position of the diffraction point, zd is the depth of the

diffraction point from the flat datum surface (Fig. 2), and V

is the EM wave velocity. This is the equation of a diffraction

hyperbola (or migration template) which is used in the

standard Kirchhoff migration scheme with a flat datum

plane.

Correcting for the topography means to choose for the

migration template the thick line of Fig. 1b, instead of using

the dashed one, which is exactly a diffraction hyperbola.

This will allow the template to follow exactly the real

travel path of the GPR data. Indeed, for the same x location

(Fig. 2), the z position of the antennas (moving on the

rugged surface) has been changed and the two-way travel

time t(x) is now calculated along the thick line path in Fig. 2

to obtain:

t xð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tto p
2 þ

4 x � xdð Þ2

V2

s

(2)

with:

tto p ¼ t0 �
2 z xð Þ � z0ð Þ

V
(3)

Fig. 2. Schematic presentation showing the topographic correction for

the Kirchhoff migration. For a given position x at the surface z0 = 0, we take

into account the topography z(x) instead of considering the flat datum

plane (dashed line at z0 = 0). The travel time t(x) is now calculated along

the thick line path rather than along the grey line one.

Fig. 2. Schéma illustrant la correction topographique pour la migration

de Kirchhoff. Pour une position x donnée sur la surface z0 = 0, la

topographie z(x) est utilisée au lieu de considérer la surface plane

théorique (ligne pointillée à z0 = 0). Le temps de trajet t(x) est alors calculé

le long de la ligne noire plutôt que de la ligne grise.

Fig. 3. Diagram showing the different steps of the Kirchhoff topographic

algorithm. The names of the variables are the same as the ones used in

equations (1) to (4) and Fig. 2. A first matrix with the data (data), a vector

Z with the topography, and an empty matrix for the model (model) are

required. The algorithm starts with a first loop on the x position of the

diffraction point (xd). We move around the xd position to get x and z(x)

(position of the antenna) in a second loop. The third loop is running on the

depth location of the diffraction point (zd). Finally, we calculate the two-

way travel time between the antennas location (x, z(x)) and the diffraction

location (xd, zd) using equation (2) to fill the model.

Fig. 3. Schéma représentant les différentes étapes de l’algorithme de la

migration de Kirchhoff. Les noms des variables sont les mêmes que ceux

utilisés dans les équations (1) à (4) et la Fig. 2. Une première matrice avec

les données (data), un vecteur Z comprenant la topographie, et une

matrice vide pour le modèle (model) sont requis. L’algorithme commence

par une première boucle sur l’abscisse du point diffractant (xd). Dans une

seconde boucle, la position des antennes est déplacée autour de la

position xd pour obtenir x et z(x) (position des antennes). La troisième

boucle incrémente sur la profondeur du point diffractant considéré (zd).

Le temps de trajet aller-retour entre la position des antennes (x, z(x)) et la

position du point diffractant (xd, zd) est calculé via l’équation (2) pour

remplir la matrice modèle (model).
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where z(x) is the topography of the acquisition surface

shown by the thick line in Fig. 2. Substituting equation (3)

into equation (2), we obtain:

t xð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

t0
2 þ 4

x � xdð Þ2 z xð Þ � z0ð Þ2

V2
� 4

t0 z xð Þ � z0ð Þ

V

s

(4)

This equation is the same as the one given without any

demonstration by Lehmann et al. (1998) in the case of a 2D

migration. Fig. 3 presents an overview of the different steps

to compute the topographic migration. We have used the

same notations as in equations (1) to (4).

In Fig. 4 we compare the results of the classical

migration with flat datum plane, the classical migration

after static shift and the topographic Kirchhoff migration.

Fig. 4b displays the synthetic radargram computed with

the model of Fig. 4a. This radargram is obtained by using a

second order Ricker source having a dominant frequency of

500 MHz, located over a homogeneous medium with a

velocity of 0.1 m/ns. The distance between traces is 2 cm.

Fig. 4c shows the classical migration of the zero-offset

GPR synthetic data of Fig. 4b. One can see a flat horizontal

2-m-wide layer located at a depth of 1.5 m, as well as a

bright spot in the middle of the section at a depth of around

1 m (Fig. 4c). The imaging result is very poor and might

lead to a misinterpretation of the data. The actual classical

procedure is a static shift followed by a classical migration.

Fig. 4d shows the synthetic data after the static shift, and

Fig. 4e displays the migration after the static shift. The

result seems to be better than the one of Fig. 4c. In Fig. 4e

Fig. 4. a) Diffraction point model, with topography (thick line); b) zero-offset ground-penetrating radar data corresponding to a survey over this area. Note

the distorted diffraction curve (migration template); c) classical Kirchhoff migration with a flat surface at z = 0; d) GPR data after the static shift, e) classical

Kirchhoff migration after static shift; f) The result of the topographic migration; the thick line on Fig. c, e and f corresponds to the real topography.

Fig. 4. a) Modèle du point diffractant avec la topographie (ligne noire continue) ; b) données géoradar à offset nul correspondant à un levé sur la zone. À

noter : la distorsion de la courbe de diffraction (maquette de migration) ; c) migration de Kirchhoff classique avec une surface plane à z = 0 ; d) données

géoradar après corrections statiques ; e) migration de Kirchhoff classique après corrections statiques ; f) migration avec topographie. La ligne noire continue

en c, e et f correspond à la vraie topographie.
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we observe not only a bright spot at the correct depth of

1.5 m, but also two strong spots located on both sides of the

diffraction point (around a depth of 1.2 m). In Fig. 4f, we

present the result of the topographic migration appropri-

ately weighted by an amplitude factor proportional to

cos(a) = ttop/t(x) which also depends on the topography

(Fig. 2). The amplitude factor is added to take into account

the directivity factor that describes the angle dependence

of amplitudes and is given by the cosine of the angle

between the propagation direction and the vertical axis

(Claerbout, 1985; Yilmaz, 2001). The data are well imaged

and, as expected, are focused on a single bright spot located

at its real depth of 1.5 m (Fig. 4f).

3. Real ground-penetrating radar data examples

3.1. The Chad Dunes

The first example is a GPR profile collected over an

aeolian dry dune in the Chadian desert (Bano et al., 1999).

The goal of this survey was to image the interior and the

base of the dunes to better understand sedimentological

processes. The GPR profile has been obtained using a 450-

MHz shielded antenna. The acquisition mode was a

constant offset of 0.25 m, the antennas were moved by

0.125 m steps with a stack of 64 to improve the signal-to-

noise ratio.

A standard processing (with in-house interactive GPR

software) has been applied and the resulting profile is

displayed in Fig. 5a. The following processing sequence

was used: constant shift to adjust the time zero followed

by normal move-out corrections; running average (DC)

filter to remove the low frequency; flat reflections filter to

remove some clutter noise (continuous flat reflections)

caused by multiple reflections between shielded antennas

and the ground surface; a band-pass filter and finally a

time-varying gain function. The same standard processing

is applied to all GPR data presented in this section.

The GPR profile of Fig. 5a shows complex geometries,

with imbricate reflections corresponding to different

deposit phases. The undulating reflection indicated by

four white arrows in this figure represents the base of the

dune, which in fact is nearly flat and consists of pebbles

(> 2.0 mm in diameter). This reflection stems from the

contact between the aeolian sands near the surface and

deeper lake deposits consisting of an unconsolidated silty

sandstone layer of very fine to medium grain size. In

order to apply the topographic static shift and/or

migration, we need to know the velocity of the GPR

waves. In Fig. 5a, we also observe a nice 10-m-wide (80

traces) diffraction hyperbola situated just under the base

of the dune (see black circle). After analyzing this

diffraction, with different velocities, we found that it

can be fitted very well with a constant velocity model of

0.18 m/ns. This value represents an average velocity from

the surface of the dune to the diffraction point and it is in

good agreement with values found in the literature for

dry sands (Gómez-Ortiz et al., 2009; Guillemoteau et al.,

2012).

Fig. 5b shows the same GPR profile as in Fig. 5a, but

when a standard migration followed by topographic

corrections is performed, using a velocity of 0.18 m/ns.

The topography shows a local variation of about 30% (at

profile coordinate 38 m, black arrow in Fig. 5b) and its

global variation of about 5 m (5%) is comparable to the

investigation depth. The diffraction hyperbola is well

collapsed (at profile coordinate 25 m, black circle) and the

reflection from the base of the dune is roughly flattened.

Below the area of high topographic gradient (38 m

horizontally), we observe a very bad feature (black arrow).

The whole area looks blurred, and reflectors are losing

consistency. The results of the standard migration

followed by topographic corrections are bad.

Fig. 5c presents the profile after a static shift followed

by a standard migration. The migration hyperbola (black

circle) is slightly over-migrated. The bad feature indicated

by the black arrow in Fig. 5b is corrected. The reflectors are

now consistent and the dipping reflector shown by the

black arrow (Fig. 5c) has been moved up-dip.

Fig. 5. Ground-penetrating radar profile acquired over a Chadian dry

dune with a 450-MHz antenna. a) After the standard processing described

in the text. b) after a standard migration followed by a static shift, with a

velocity of 0.18 m/ns. This same velocity has been used for all following

migrations and topographic corrections; c) after static shift followed by

standard migration and d) after Kirchhoff’s topographic migration.

Fig. 5. Profil géoradar enregistré sur une dune de sable sec, dans le désert

du Tchad, avec une antenne de 450 MHz. a) Après le traitement classique

décrit dans le texte ; b) après migration classique suivie d’une correction

statique, avec une vitesse de 0,18 m/ns. Cette vitesse a été utilisée pour

toutes les migrations et les corrections statiques qui suivent ; c) après

corrections statiques, suivies par une migration classique ; d) après

migration topographique de Kirchhoff.
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Fig. 5d presents the topographic migration with the

same velocity (0.18 m/ns, as in both previous cases) and a

specific migration template 13 m wide (100 traces) has

been chosen, which is slightly larger than the width of the

observed hyperbola (10 m) on the profile. The base of the

dune is flattened and the diffraction at 25 m is now

correctly focused on a single point inside the black circle,

which justifies our choice of 0.18 m/ns for the GPR velocity.

The dipping reflector shown by the black arrow has

undergone a vertical and horizontal shift of 1.1 and 3.8 m,

respectively. It starts at the base of the dune and goes up-

dip rightwards as expected (on the non-migrated section

of Fig. 5a, these reflections were crossing the base of the

dune).

The measured dips on the topographic migrated section

of the same reflectors (shown by white arrows) are slightly

larger than the dips measured in Fig. 5c (static shift

followed by standard migration). Their values are now

26.58 and 19.58 on the topographic migrated section,

instead of 258 and 17.78 in Fig. 5c. Although the global

topographic variation of the profile does not exceed 5%, the

result of the topographic migration is slightly better than

the result of the static shift followed by the standard

migration. Remember here that the later routine over-

migrates the data at large depth (case of the diffraction

under the base of the dune).

Fig. 6 shows a portion of the profile of Fig. 5d with

topographic migration for different velocities ranging from

0.16 m/ns (left) to 0.20 m/ns (right) with a 0.1 m/ns

increment. The hyperbola is not collapsed for the two

first figures, while it is over-migrated for the last two ones.

The middle figure shows the migrated image with the

correct velocity of 0.18 m/ns. The depths and the dips of

the reflectors are also changed. The depth of the diffracting

point is ranging from 6.5 m (for a velocity of 0.16 m/ns) to

7.8 m (for a velocity of 0.20 m/ns). Therefore, a change of

around 5% in the velocity causes a change in depth of

nearly 0.3 m (for a depth of around 7 m). The dip of the

reflector indicated by the arrow is ranging from 22.68

(velocity of 0.16 m/ns) to 29.98 (velocity of 0.20 m/ns). The

dip increases by roughly 28 per 0.01 m/ns velocity increase.

To have a correct migration, we conclude that the precision

in the estimation of the velocity should be better than 5% of

the true velocity.

3.2. Example of a fault in Mongolia

In 2010, we conducted a GPR campaign in Mongolia,

80 km to the west of the capital Ulaanbaatar. The context of

this study was seismic hazard. Fig. 7 shows a GPR profile

obtained with an unshielded 50 MHz Rough Terrain

Antenna (RTA). The profile is more than 200 m long and

is perpendicular to the Hustay Fault. This is in a context of a

very low slip rate (most likely less than 1 mm per year),

and the fault geomorphology has been smoothed during a

long period of erosion. Therefore displacements in the

topography are not observable. However, in the field,

evidences of the fault plane are still visible. Most of the

profiles acquired in this area display a strong reflection,

which corresponds to the fault plane. These profiles give

complementary information such as the dip of the

structure and the exact location of the fault near the

surface to help design the layout of future palaeoseismic

campaigns. The acquisition mode was a constant offset of

4.1 m; traces have been recorded every 0.2 m with a stack

of 16 to improve signal-to-noise ratio.

The processing used to obtain Fig. 7a is similar to the

one used in the case of the Chadian GPR data. A velocity

analysis, which is not presented here, has been done over

the surveying area by analysing diffraction hyperbolae

present in the GPR data. A mean velocity of 0.12 m/ns has

been determined for the whole area. As in the previous

example, the topographic variation of 20 m (slope less than

10%) is comparable to the investigation depth. Figs. 7b, c

and d respectively display the data after standard

migration followed by static shift, static shift followed

by standard migration, and topographic migration. The

diffraction hyperbola indicated by the black circle is well

focused in Fig. 7b and d, and appears slightly over-

migrated in Fig. 7c (as in the case of the Chad dune). The

dipping reflector (fault plane) indicated by the white arrow

now displays a constant slope down to a depth of 24 m in

Fig. 6. Detailed area of the base of the dune showing the topographic migration of the diffraction curve (under the base of the dune) for different velocities

ranging from 0.16 m/ns (on the left) to 0.20 m/ns (on the right) with a 0.01 m/ns increment. The figure in the middle shows the correct topographic

migration with V = 0.18 m/ns.

Fig. 6. Zoom sur la base de la dune, montrant la migration topographique de l’hyperbole de diffraction (sous la base de la dune) pour différentes vitesses

allant de 0,16 m/ns (à gauche) à 0,2 m/ns (à droite), avec un incrément de 0,01 m/ns. La figure du milieu montre la migration topographique correcte avec

une vitesse de 0,18 m/ns.
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Fig. 7b and d. However, on the section of Fig. 7c, the

reflector is attenuated at a depth of 17 m and has lost its

continuity. Its dip angle is changing from 32.28 (migration

and static shift) to 348 (static shift and migration and

migration with topography). The main observation is the

location of the reflector, which is very similar in the cases

of Fig. 7b and d, while in Fig. 7c the reflector has been

shifted (5.5 m horizontally and 2.6 m vertically) and is

reaching the surface. In this case, the migration followed

by static shift seems to give more convincing results than

the static shift followed by migration (which is the

opposite of what was observed in the Chadian dune

example). From this result, we conclude that topographic

migration should be considered at any location where the

subsurface shows steep dip angle structures (exceeding

308), even in the case where the surface slope is less

than 10%.

As in the previous case, we performed a velocity

sensitivity analysis by using a topographic migration of the

fault plane reflection with different velocities ranging from

0.1 m/ns to 0.14 m/ns with a 0.01 m/ns step. After

topographic migrations, the slope of this reflector is

varying from 28.98 to 39.58 and increases by roughly

2.658 for a 0.01-m/ns increase in the velocity. In this case,

for a correct topographic migration, the estimation of the

velocity should be better than 8%.

4. Conclusion

In the presence of relief variations of the same order as

the investigation depth of GPR data, a topographic

migration is necessary to correctly locate the dipping

reflectors and focus the diffractions. The topographic

migration presented in this article is based on Kirchhoff’s

algorithm similar to the method proposed by Lehmann and

Green (2000). The application may be more useful for GPR

data than for seismic data, as the topographic variations

are comparable to the depth of the target structures. We

demonstrate the template migration equation, as a

function of the topography, along which the amplitudes

are added together to give a single point on the migrated

section.

By comparing processed sections obtained from GPR

data measured over media of high EM velocity (dry sand)

having large local topographic variations within a global

topographic slope of 5%, we show that reflectors obtained

by standard processing (static shift corrections followed by

migration) have dip angles that deviate from the angles in a

topographically migrated profile by 1 to 2 degrees. Their

locations are also changing by a few meters, even for

reflectors close to the surface. Thus, for high velocity media

with large local topographic variations, even in the case

where the global surface slope does not exceed 5%, the

application of the topographic migration is necessary and

efficient. We also show that topographic migration should

be considered at any location where the subsurface shows

steeply dipping structures (> 308), even for surface

topographic slopes of less than 10%. Finally, we have

shown that the precision in the velocity estimation should

be from 5 to 10% of the true velocity, in order to have a

correct topographic migration.
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Yilmaz, Ö., 2001. Seismic Data Analysis, 2nd ed. Society of Exploration
Geophysicists, Tulsa, OK.

Zeng, X., McMechan, G.A., Janok, P., Bhattacharya, J.P., Aiken, C.L.V., Xu, X.,
William, S., Hammon, W.S., Corbeanu, R.M., 2004. 3D imaging of a
reservoir analogue in point bar deposits in the Ferron Sandstone, Utah,
using ground-penetrating radar. Geophys. Prospect. 52, 151–163.

J.-R. Dujardin, M. Bano / C. R. Geoscience 345 (2013) 73–8080



ANNEXES : DUJARDIN AL.   (2014)

153

Geophysical Journal International
Geophys. J. Int. (2014) doi: 10.1093/gji/ggu130

G
JI

M
ar

in
e

g
eo

sc
ie

n
ce

s
a
n
d

a
p
p
lie

d
g
eo

p
h
ys

ic
s

GPR measurements to assess the Emeelt active fault’s characteristics
in a highly smooth topographic context, Mongolia
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2University of Montpellier 2, Géosciences, Montpellier, France
3Research Center of Astronomy and Geophysics, Mongolian Academy of Sciences, Ulaanbaatar, Mongolia

Accepted 2014 April 2. Received 2014 April 2; in original form 2013 August 9

S U M M A R Y

To estimate the seismic hazard, the geometry (dip, length and orientation) and the dynamics

(type of displacements and amplitude) of the faults in the area of interest need to be understood.

In this paper, in addition to geomorphologic observations, we present the results of two ground

penetrating radar (GPR) campaigns conducted in 2010 and 2011 along the Emeelt fault in

the vicinity of Ulaanbaatar, capital of Mongolia, located in an intracontinental region with

low deformation rate that induces long recurrence time between large earthquakes. As the

geomorphology induced by the fault activity has been highly smoothed by erosion processes

since the last event, the fault location and geometry is difficult to determine precisely. However,

by using GPR first, a non-destructive and fast investigation, the fault and the sedimentary

deposits near the surface can be characterized and the results can be used for the choice of

trench location. GPR was performed with a 50 MHz antenna over 2-D lines and with a 500 MHz

antenna for pseudo-3-D surveys. The 500 MHz GPR profiles show a good consistency with the

trench observations, dug next to the pseudo-3-D surveys. The 3-D 500 MHz GPR imaging of

a palaeochannel crossed by the fault allowed us to estimate its lateral displacement to be about

2 m. This is consistent with a right lateral strike-slip displacement induced by an earthquake

around magnitude 7 or several around magnitude 6. The 2-D 50 MHz profiles, recorded

perpendicular to the fault, show a strong reflection dipping to the NE, which corresponds to

the fault plane. Those profiles provided complementary information on the fault such as its

location at shallow depth, its dip angle (from 23◦ to 35◦) and define its lateral extension.

Key words: Geomorphology; Palaeoseismology; Fractures and faults; Asia.

1 I N T RO D U C T I O N

Central Asia is known for its high level of seismic hazards, espe-

cially Mongolia, which has been one of the most seismically active

intracontinental regions in the world with four large earthquakes

(magnitude around 8) along its active faults in the western part of

the country during the last century (Khilko et al. 1985). The de-

formation in Mongolia is located between compressive structures

related to the collision and penetration of the Indian plate into the

Eurasian plate and extensive structures in the north of the country

related with the Baykal rift (Tapponnier & Molnar 1979; Baljinnyam

et al. 1993; Schlupp 1996; Bayasgalan & Jackson 1999).

The seismic activity observed in the vicinity of Ulaanbaatar (UB),

capital of Mongolia, is relatively low compared to the activity ob-

served in western Mongolia. Nevertheless, since 2005, the seismic

activity around UB not only has increased, but is also organized (see

Fig. 1) at the west of UB along two perpendicular directions, which

determine two active faults: Emeelt fault, discovered in 2008 (NNW-

SSE direction, 25-km-long minimum and situated about 10 km W

of UB) and Hustai fault (WSW–ENE direction, 80 km long, with

its NE tip at less than 20 km west of UB); their length and mor-

phology indicate that they can produce earthquakes of magnitude

6.5–7.5 (Schlupp et al. 2012). Most of the Mongolian population

(1.2 million over 3 million) is concentrated at UB, which is the

main political and economical centre of the country. Hence, the

study of seismic hazard and the estimation of the probability of

future destructive earthquakes are of primary importance for the

country (Dugarmaa et al. 2006). Since the last large earthquake,

the faults geomorphology has been highly smoothed by erosional

processes and the exact location of the fault plane surface rupture

is thus hidden within a several metre wide strip.

The GPR method has been proven to give good and useful re-

sults to characterize faults by identifying offsets of radar reflections

(Malik et al. 2007; Christie et al. 2009; Yalçiner et al. 2013) and

C© The Authors 2014. Published by Oxford University Press on behalf of The Royal Astronomical Society. 1
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Figure 1. (a) Map of Mongolia with location of the capital, Ulaanbaatar. (b) Zoom over the area of Ulaanbaatar. Yellow lines surround the two main active

faults (Emeelt and Hustaı̈) and Ulaanbaatar urban area. Red dots represent the seismicity since 2005 (after NDC data, RCAG). Note the strong alignment of

the seismicity defining the Emeelt fault.

buried fluvial channel deposits (Ferry et al. 2004). Many studies

have shown that pseudo-3-D and 3-D GPR allow a better and reli-

able interpretation than 2-D GPR profiles (e.g. Gross et al. 2000,

2002, 2003, 2004; Tronicke et al. 2004; McClymont et al. 2008b).

Beauprêtre et al. (2012) used a pseudo-3-D survey in order to image

a buried channel network, which allows the reconstruction of the

past slip history. McClymont et al. (2008a) have used geometric

attributes of 3-D GPR data to improve the visualization of active

faults. Dentith et al. (2010) compared GPR data with trench results

in order to study palaeofault scarps in the case of deeply weathered

terrains. The concept of radar facies developed and mainly used in

sedimentology (Neal 2004; Pellicer & Gibson 2011) is now widely

considered in active tectonic context (e.g. McClymont et al. 2008a,

2010).

Nevertheless, none of these studies were performed on active

fault zones showing low slip rate. It is the first time that we use GPR

to explore and reveal the buried traces of an active fault in such a

context. Our study is focused on the Emeelt fault (Fig. 1), which is

associated to an intracontinental context, with moderate deforma-

tion very likely much less than 1 mm yr−1 (Calais et al. 2003, 2006;

Vergnolle et al. 2007). After some preliminary geomorphologic

observations and a trench dug in 2009, two GPR campaigns were

conducted in 2010 and 2011. Pseudo-3-D profiles were recorded

with a 500 MHz antenna over an alluvial fan and a palaeochan-

nel crossed by the fault, to look for the displacement and/or the

deformation of reflections and horizons. In addition, several long

50 MHz 2-D lines (about 200 m long) were realized perpendicular

to the fault in a much wider area. The objective of these profiles was

to look for the geometry and lateral extension of the fault at greater

depth and to verify the presence of other branches.

2 C O N T E X T A N D P U R P O S E

The geomorphologic features shown by the picture in Fig. 3 are

clearly visible on the satellite view (Fig. 2). The scarp generated by

the fault is clearly seen. The trace left by the fault on the surface

(black arrows, Fig. 2) is a couple of metre wide. It has a N143◦

direction and can be followed about 10 km on the satellite image

(Fig. 2, from Google Earth). If we include the seismic activity, we

can consider its length to be 25 km minimum. From the picture

(Fig. 3), we observe a valley in the centre that is surrounded by

two hills on both sides. The scarps separate those hills and the

valley. This specific geometry recalls a collapsed basin such as

a normal graben system (in an extensional tectonic context) or a

reverse graben (in a compressional tectonic context) or even in a

transtensional context. However, due to the low slip rate (less than

1 mm yr−1) and the long recurrence time, the fault scarp has been

heavily smoothed by erosional processes, hiding the precise location

of the fault on the surface. In addition, no clues on the direction of

the fault dip are yet observed. However, recent deposits recognized

in the area allow possible dating in palaeoseismology. Thus, a first

trench (referred to as trench T1) was dug in 2009 on the edge of an

actual alluvial fan (Fig. 2c). GPR surveys were performed only in

2010 near the trench to, on the one hand, compare both data sets and

connect GPR facies with geological units and, on the other hand,

identify the fault rupture at depth. Furthermore, we investigated

a palaeochannel, by combining the trenches and GPR results, to

estimate the cumulative displacement along the fault. A second

trace, parallel to the first one, is observed on a smaller area (white

arrows, Figs 2 and 3). Both traces show a similar signature on the

surface, and raise the question of a possible second branch.

3 DATA A C Q U I S I T I O N A N D

P RO C E S S I N G

3.1 Methodology of GPR acquisition

Ground penetrating radar (GPR) is a geophysical method based

on the propagation, reflection and scattering of high-frequency

(from 10 MHz to 2 GHz) electromagnetic (EM) waves in the Earth

(Daniels et al. 1988; Jol 2009). For non-magnetic rocks, it allows

imaging of the electric and dielectric contrasts of the shallow sub-

surface. The depth of investigation depends on the EM attenuation

of the medium and the frequency used. The lower the frequency, the

greater the penetration depth, which varies from a few centimetres

in conductive materials up to 50 m for low conductivity (less than

1 mS m−1) media (Davis & Annan 1989; Jol 2009). The vertical

resolution depends on the velocity of EM waves and the frequency
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Figure 2. Aerial view of the studied area (satellite image digital globe, Google Earth 2009). Red lines indicate the location of the 50 MHz profiles (RTA).

Black arrows highlight the fault trace and white arrows highlight a morphological scarp at the opposite side of the basin. Camera pictogram indicates the

viewpoint of the Fig. 3. (b) and (c) Zoom of areas Z1 and Z2. Trench locations are in black and the border of pseudo-3-D 500 MHz GPR cubes are with black

dashed lines. The C1 and C2 cubes were recorded in 2010, while the C3 and C4 cubes were recorded in 2011 (see the text for more details). The blue line in

Z2 area represents the 500 MHz profile shown in Fig. 6.

Figure 3. Picture of the survey area (see Fig. 2 for location). Black arrows highlight the Emeelt fault scarp and white arrows show another morphological

scarp. The trenches are visible on the right side.

of the antennae used. Following the λ/4 criterion (Widess 1973;

Jol 1995; Zeng 2009), it varies from 70 to 5 cm for frequencies of

50–500 MHz and velocities of 0.1–0.14 m ns−1. In general, features

such as sedimentary structures, lithological boundaries, fractures

and/or faults are clearly visible with GPR (Gross et al. 2004; Neal

2004; Deparis et al. 2007; McClymont et al. 2010), even when these

features differ only by small changes in the nature, size, shape, ori-

entation and packing of grains (Guillemoteau et al. 2012).

After the geomorphologic recognition of the Emeelt fault and a

preliminary trench (T1) realized in 2009 (Fig. 2), we decided to use

GPR measurements to investigate subsurface deposits potentially

affected by the fault on a wider area. The GPR observations should

help us to decide location of future trenches. Our first objective was

to study an alluvial fan situated close to the trench T1 (referred to as

Z1 area) for three reasons. First, the sedimentary deposits provide a

stratigraphy that, if offset by the fault, can give us information on the

geometry and dynamic of the fault, such as the dip, amplitude and

direction of displacement with a non-destructive method. Secondly,

sediments are usually favourable to EM propagation and thirdly, the

proximity of the trench will allow us to perform a direct compar-

ison of both data sets (geology and GPR). In this survey, we used

a 500 MHz antenna to get detailed features at shallow depth and to

have a depth of penetration and a wavelength consistent with the

trench observations. We recorded 25 profiles of 40 m long on both

sides of the trench T1 and parallel to it with the aim to cut through

the fault. The space between profiles was 1 m and the recoding step
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Figure 4. (a) Same as Fig. 2(c) with the location of the GPR profiles (c and d) and the alluvial fan in yellow. (b) Log of the southern wall of trench T1 situated

in Z1 area and dug in 2009. (c) and (d) 500 MHz GPR profiles. The profiles and the log are equally scaled; the vertical exaggeration is 1.9. Red lines in the log

represent ruptures dipping mostly to the north–east from 20◦ to subvertical. The three first units, purple, blue and yellow in (b) are superimposed on the profile

(c) for comparison. Black arrows show horizontal reflections and grey arrow shows dipping reflection (contact between blue and yellow units). Horizontal

black brackets show the position of the fault scarp at the surface.

was 0.03 m. Only 15 profiles situated south of the trench show inter-

esting results and two of them are presented and discussed later on

(Fig. 4).

About 300 m north of Z1 area, the morphology shows two small

streams crossing the fault and evidence of recent sedimentary de-

posits (Fig. 2). To check for the presence of hidden palaeochannels

filled by sediments and cut by the fault, we recorded 11 profiles

across and perpendicular to both streams using the 500 MHz an-

tenna. The profiles were 80 m long with a recording step of 0.03 m.

The profiles show a clear palaeochannel under the northernmost

stream, well imaged by GPR (blue line in Figs 2b and 6). Con-

sequently, we decided to perform the pseudo-3-D GPR survey in

this area crossed by the fault (Z2 area). We opened simultaneously,

due to field constraints, three trenches (T2, T3 and T4) in Z2 area;

one across the fault (T2) and two parallel to it (T3 and T4). Their

location and geometry are shown in Fig. 2(b). The GPR survey was

separated in four distinct pseudocubes, denoted 1–4. Cubes C1 and

C2 were recorded in 2010, while complementary cubes C3 and C4

were recorded in 2011. An overlap of five profiles was performed

between the cubes C2 and C3 in order to assess the reliability of

GPR data recorded at two different periods (2010 and 2011). The

main objective of this survey was to image the palaeochannel in

3-D in order to characterize any horizontal/vertical displacement

caused by the fault. The pseudo-3-D approach has become a com-

mon procedure and has successfully been used in the case of active

fault studies (e.g. Malik et al. 2007; Beauprêtre et al. 2012). A full

3-D acquisition schema requires an interval of a quarter wavelength

grid spacing (Grasmueck et al. 2005) in both inline and cross-line

directions of the 3-D cube. This would require one profile every

5 cm (for a mean velocity of 0.1 m ns−1) with a 500 MHz antenna.

The number of profiles would then be multiplied by five compared

to our current survey. As a result, and due to time constraints on the

field, we have chosen the pseudo-3-D approach rather than a full

3-D schema.

The profiles were parallel to the fault direction and spaced each

25 cm (see Table 1 for more details about the acquisition geometry).

In addition, long 2-D lines were recorded with a 50 MHz rough ter-

rain antenna (RTA). The acquisition geometry is shown in Table 2.

The purpose of those lines was to provide additional information

such as the geometry and behaviour of the fault at greater depth, the

lateral extension of the fault and to test the hypothesis of a second

branch in the area of investigation, which could take place along the

second scarp.

The topography of all GPR profiles was recorded using differ-

ential GPS. The GPS antenna was mounted on a backpack carried

by an operator who was following GPR paths. The recording step

of the GPS was set to twenty centimetres. Saw-tooth effects were

observed on the topographic profiles due to the small movements

Table 1. Details of the pseudo-3-D surveys.

C1 (2010) C2 (2010) C2 (2011) C3 (2011)

Size (inline × cross-line) 25 m × 26.5 m 24 m × 10 m 24 m × 9.5 m 20 m × 22 m

Number of inlines 107 41 38 45

Space between inlines 25 cm 25 cm 25 cm 50 cm

Number of cross-lines 26 25 9

Space between cross-lines 1 m 1 m 3 m
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Table 2. Details of the acquisition parameters.

Frequency 50 MHz 500 MHz (Z1) 500 MHz (Z2)

Antenna separation 4.2 m 0.18 m 0.18 m

Step Interval 0.2 m 0.02 m 0.03 m

Samples 512 528 528

Stacks 16 16 16

Time window (ns) 535 82 82

of the operator while he was walking. In order to get rid of these

undesirable effects, a high degree polynomial curve fitting for the

data was used, instead of using raw topographic profiles.

3.2 Methodology of GPR processing

The processing of all GPR profiles has been performed with in-

house software (Girard 2002) written in Matlab. We used a common

flow procedure involving a constant shift to adjust the time zero;

a dc filter to remove the low frequencies; a flat reflections filter

to remove some clutter noise (ringing caused by multiple reflec-

tions between shielded antennae and the ground surface); a time

varying gain function and finally a bandpass filter (elliptic-tapered

filter). The time varying gain function is a smoothed version of the

trace envelope calculated by Hilbert transform. Bandpass filters are

of 20–150 and 100–800 MHz for the 50 and 500 MHz antennae,

respectively. A velocity analysis, which is not presented here, has

been done over the surveying area by analyzing diffraction hyper-

bolae present in the GPR data. It gives a mean velocity of 0.135 and

0.095 m ns−1 for the data collected in 2010 and 2011, respectively.

These values are constant and consistent for both frequencies (500

and 50 MHz antennae). The difference in velocity is explained by

the unusual humid period during the survey in 2011 compared to

the 2010 dry summer. Afterwards, a Kirchhoff migration, which

accounts for the topography (Lehmann & Green 2000; Heincke

et al. 2005; Dujardin & Bano 2013), has been applied before load-

ing the data into seismic interpretation software (OpendTect). The

topographic migration of each profile has been performed with a

constant velocity.

4 G P R I M A G I N G R E S U LT S

A N D I N T E R P R E TAT I O N

4.1 500 MHz antenna, Z1 area, description of the profiles

The filtered radar sections were visually analysed for data interpre-

tation, and two of them are presented in Fig. 4. They are equally

scaled and are presented with a vertical exaggeration of 1.9. Their

locations are shown in Fig. 4(a). The investigated alluvial fan is

highlighted in yellow in Fig. 4(a). The beginning of the profiles

is on the NE to be in agreement with the map. The x-axis is also

from NE to SW to stay consistent with the recording path of the

GPR. For the interpretation, we used a combination of reflections

picking with radar facies recognition. Four facies, used in the inter-

pretation, are presented in Fig. 5. Despite the very low penetration

depth of the profiles (up to 1.5 m), special features are observed

and are related to the local geology. They give us information that

helps to understand the fault behaviour. The first facies is visible on

both the profiles, it is either horizontal (pointed by black arrows)

or with a slight dip in the direction of the topographic slope (grey

arrow). Horizontal ones are related to the inner stratigraphy of the

alluvial fan and were slowly deposited probably during rainfall or

snow thaw. The dipping one is only observed in the first profile and

Figure 5. Facies used in the interpretation of the 500 MHz data. (a) Fa-

cies having subhorizontal to slightly dipping reflections with a clear lateral

continuity. (b) Subhorizontal to slightly dipping reflections with a moder-

ate lateral continuity. (c) Chaotic background with no lateral continuity.

(d) Strongly attenuated signal.

is aligned with the uphill topography. This reflection is interpreted

as palaeotopography before being wrapped up by the recent allu-

vial fan. Looking at the location of the profiles (Figs 2 and 4a), we

note that profile (c) is on the edge of the fan, whereas profile (d)

is much more on its central part. The sediment cover, undoubtedly

greater in the central part of the alluvial fan (combined with the low

penetration depth), results in the disappearance in the GPR profiles

of the dipping reflection, which are either deeper or eroded. The

third facies, the discontinuous-chaotic background, is observed on

profile (d) at the beginning and the end. It also appears in-between

the horizontal reflections (profile (c): from 23 m to the end; profile

(d): from 20 to 25 m). On profile (d), a special feature has to be

noted: at the meeting point of facies 1 and 3, horizontal reflections

are bent upward (circle in Fig. 4d). This curvature can be due to the

warping of the reflectors during the last fault rupture.

4.2 Comparison with the trench

Trench T1 was dug in 2009 on the edge of an actual alluvial fan

(Fig. 2c), just before the GPR survey. It is around 2 m deep and

displays mainly typical alteration from dry and cold climate. In the

first metre, we find clay and silty material, which can be responsible

for the low depth of penetration the GPR signal. On the south wall

of the trench, a network of synthetic and antithetic ruptures and

displacing deposits has been mapped (see red lines). The dip of

these ruptures ranges from 20◦ to subvertical and most of them

are dipping toward the north–east. The upper units of the trench

(purple, blue and yellow) have been reported on profile (c) to allow

comparison. Although the profile is 5.5 m away from the trench,

interfaces between units are relatable to particular reflections in

the GPR profile. The dipping reflection (grey arrow) is then well

aligned with the top of the yellow unit and on the left is following the

bottom of the light blue one. The interface between the purple and

the blue units is rather flat and fits the observed horizontal reflections

(from 16 to 13 m). This is relatable to both reflections indicated by

black arrows on profile (d) of Fig. 4. The chaotic background in

the middle of the profiles (24–29 m on profile (c) and 20–25 m

on profile (d)) corresponds to the location where the purple–blue

interface is dipping. However, due to the low penetration of the

500 MHz antenna, it is not possible to link the deeper units and

ruptures with the GPR data.

To sum up, two different types of reflections were observed (the

dipping one and the horizontal ones), and a chaotic facies is breaking

off their continuity. The dipping reflection observed on the first

profile is related with a previous palaeosurface, wrapped up by the

alluvial fan sediments. The horizontal reflections, overlapping the

dipping one on the right, are related to the inner sedimentation of

the fan. However, in the middle, a chaotic facies is observed and
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Figure 6. Example of a 500 MHz profile crossing palaeochannels and recorded in 2010 to verify the presence of the palaeochannel in the GPR data before the

precise work on ‘cubes’. Its location is displayed in Fig. 2 (blue line). Black arrows highlight dipping reflections (with facies, Fig. 5a), which are related to the

flanks of the channels.

interpreted in terms of crushed or disorganized material destroying

the continuity of the layers. The location of it, in the fault zone

(black brackets, Figs 4c and d), is considered to be the result of

the movement of the fault underneath. The horizontal reflections

are bent where they meet the chaotic facies. As the fault seems

to have an important strike-slip component, we cannot use these

observations as a measure of displacement but only as a deformation

zone.

4.3 500 MHz antenna, Z2 area, pseudo-3-D cubes

4.3.1 Description of the profiles

On the north of the Z1 area, we recorded 11 profiles of 80 m long

across the two streams to verify the presence of the palaeochannel

in the GPR data and to help choose a location for the precise 3-

D work. One of these profiles is presented in Fig. 6. The dipping

reflections showing moderate continuity are indicated by black ar-

rows. The middle and the right ones clearly define the flanks of a

palaeochannel. Subhorizontal reflections with moderate continuity

and many diffraction hyperbolas lie in-between and are related to

the sedimentary filling of the channel and the presence of many

rocks. On the left side, another dipping reflection is observed. It is

related to the edge of a second palaeochannel crossed by the pro-

file. From those results, we decided to investigate the first channel

in depth with the pseudo-3-D surveys (Dujardin et al. 2012). The

acquisition geometry is presented in Table 2.

A selection of five profiles, extracted from the pseudo-3-D cubes,

equally scaled and with a vertical exaggeration of 1.4 is displayed

in Fig. 7. The depth axes of the profiles are related to the most

Figure 7. Selection of 500 MHz profiles from the pseudo-3-D cubes in Z2 area (profiles (a)–(e) in Fig. 7f), respectively. They are equally scaled and the

vertical exaggeration is 1.4. Although the depth of penetration is low (from 1 to 1.5 m), many reflections, organized in two groups, are observed. The dipping

reflections are related to the flanks of the channel (black arrows), while the horizontal reflections, confined between the flanks, are related to the sedimentary

filling of the channel. Note on profile (b) a second deeper flank (grey arrow) probably due to interlocked channels. Profiles (b) and (c) are the same (b was

recorded in 2010 and c in 2011), and display very consistent image. Note the much smaller wavelength in (c) due to the lower velocity in 2011 (soil more

humid). Profile (e) is a cross-line showing only subhorizontal reflections dipping slightly downstream, which are related to the sedimentary filling.
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elevated point for the four GPR cubes; thus, the zero does not ap-

pear in the presented profiles. As observed in the map (Fig. 7f),

profiles (a)–(d) are inline profiles (from downstream to upstream).

Profile (e) is a cross-line profile. Profiles (a) and (b) were recorded

in 2010, and profiles (c), (d) and (e) in 2011. GPR sections (c) and

(b) are both presenting the same profile, but recorded at different

periods (2010 and 2011, respectively). They allow a comparison

between the 2010 and the 2011 surveys. The location of the ac-

tual stream is at the lowest point of the topography in the profiles

(between 6 and 10 m in profiles (a)–(c)). Once again, for the inter-

pretation, we use the combination of reflection picking with facies

recognition as presented in Fig. 5. The first facies (having subhor-

izontal to slightly dipping reflections) show strong continuity and

are observed in the central part of each profile. Their edges are

highlighted by dipping reflections (black arrows) towards the centre

of the profiles except for profile (a). The dipping reflections are

the signature of the flanks of the channel. On profile (b), a second,

deeper reflection is observed (grey arrow). This feature is proba-

bly due to interlocked channels. Horizontal reflections are related

to the sedimentation within the channel. Facies having subhorizon-

tal reflections with moderate continuity and facies showing chaotic

background with no lateral continuity are interlocked in between

(profile (a): 14–18 m; profile (b): 11–14 m; profile (c): 13–15 m)

and on the extremities of the profiles (profile (a): before 9 m and

after 21 m; profile (b): before 8 m; profile (c): before 7 m). On pro-

file (d), the extremities are characterized by a strong attenuation of

the GPR signal corresponding to the bedrock in which the channel

has been incised and filled. EM waves are then attenuated by a dif-

ferent lithology. The last profile (e) presents a cross-line from north

to south; it shows many continuous reflections subparallel to the

topography and consistent with the first facies. They are the GPR

response of the sedimentary deposition in the direction of the flow.

Cross-line profiles are of great importance in the later interpretation

as they allow a strong connection with inline profiles.

4.3.2 Comparison of the 2010 and 2011 data

The 2010 and 2011 profiles were then compared to check for their

consistency. In 2011, the weather was very wet with heavy rainfall.

This translated into a soil much more humid and a decrease in the

EM wave velocity from 0.135 m ns−1 in 2010 to 0.095 m ns−1 in

2011. Profile (c) is the repetition of profile (b) (Fig. 7). The most

striking feature is the difference in the wavelength, a direct conse-

quence of the change in the velocity. The first facies is recognized

in both profiles. In profile (b), it is restricted between 14 and 20 m,

with the chaotic facies lying from 9 to 14 m. In profile (c), the first

facies is observed in the whole channel and the dipping reflection

on the left, related to the flank of the channel, is better resolved until

the surface. On the right, the deeper flank is not observed on profile

(c). The electrical conductivity of the ground is higher due to the

increased water content and the depth of penetration has decreased,

masking the deeper flank on the 2011 data. It is not possible to

connect specific reflection in both profiles, but the location of the

facies is in good agreement and the channel flanks are very similar

in both the profiles.

4.3.3 Comparison between profiles and trenches

Fig. 8(a) presents a photomosaic from the north wall of trench T4.

White wires in vertical and horizontal directions highlight the 1 m

spacing gridding of the trench. The profile shown in Fig. 8(b) is

the northern most profile of the cube C1 and is 2.5 m away from

the trench T4 wall. The photomosaic and the GPR profile have

the same scale, and there is no vertical exaggeration. Three main

units were identified in the trench and highlighted here by brown,

yellow and orange colours. The brown unit is a homogeneous silty–

sandy material with some gravel scattered inside it. In some areas,

gravels are gathered in thin horizontal layers, highlighted by red

lines. It corresponds to the filling of the channel. The two next units

are characterized by yellowish coarser material. The first one (the

yellow unit) is a layer of around 50 cm thick with centimetric stones.

The last unit (orange one) is very similar to the yellow unit, but

with many scattered centimetric stones. The consistency between

the GPR profile and the photomosaic becomes evident when we

superimposed the interpretation of the trench on the profile. Bound-

aries of the units match reflections observed in the GPR profiles.

The gravel lens (red lines) is almost perfectly aligned with a reflec-

tion in the GPR profile. The left flank of the channel (limit between

the yellow and the orange unit) is as well matching a reflection

and the yellow unit corresponds to an attenuated signal. On the

east side, the units interfaces seem to match with dipping reflec-

tions but with a lateral offset that can be explained by the distance

Figure 8. (a) Photomosaic of the north wall of T4 trench and (b) northernmost profile of cube C1, 2.5 m away from the trench wall (see location at Fig. 2).

Three main different units were identified in the trench highlighted here by brown, yellow and orange colours. They are superimposed on the trench and the

profile for comparison. The brown is a thin brownish unit filling the channel, the yellow is a yellowish coarse deposits unit (centimetric sized) and the orange is

a yellowish unit with fine material. Within the brown unit, a gravel lens is observed and highlighted by the red lines. A good consistency is observed between

the GPR data and the trench. The gravel lens (red lines) is almost perfectly aligned with a reflection in the GPR profile. The left flank of the channel (limit

between the yellow and the orange unit) is as well matching a reflection and the yellow unit corresponds to an attenuated signal. On the east side, the units

interfaces seem to match with dipping reflections but with a lateral offset that can be explained by the distance between the trench and the GPR profile (2.5 m).
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Figure 9. Four GPR profiles with the palaeochannel picked in green. The 3-D surface (in colours) of the palaeochannel was deduced from the picking on all

the profiles of the cube C2, C3 and C4. The red arrow shows the palaeoflow direction.

between the trench and the GPR profile (2.5 m). It is worthwhile to

do the comparison for two reasons: first, it confirms our interpre-

tation and secondly, it allows the connection of GPR facies with a

specific lithology. Thus, first and second facies (Fig. 5) are linked to

the brownish, massive unit of silty sands where gravel-sized lenses

are found sporadically. Third facies is linked to a coarser-grained

material (centimetric size stones) showing no evidence of layering.

4.3.4 Picking of the palaeochannel

After processing, all the profiles were merged in one single survey

and loaded into seismic interpretation software (Opendtect) which

allows 3-D representations, depth slices and horizon picking. We

tried depth slices representation and attribute analysis to improve

the quality of the interpretation, but the results were disappointing

due to the space between the profiles. Horizon picking was much

more time-consuming but gave much more interesting results. Ow-

ing to the strong disparity of the reflections, which did not allow a

semi-automatic picking, we picked the channel’s flanks manually.

During this step, cross-line profiles were of great importance as

they permit a strong correlation of the reflections from one profile

to the next one. The result of the manual picking is the 3-D surface

presented in Fig. 9 in relation with GPR profiles (three inlines and

one cross-line). The depth (from the most elevated point in the to-

pography) is presented by colour scale. Green lines on the profiles

represent the picking, thus the intersection between the surface and

the profiles. The red arrow indicates the flow direction. The dis-

played surface is obtained by interpolating the picked profiles taken

from cubes C2, C3 and C4. Afterwards, the main slope of the chan-

nel was subtracted to provide a better interpretability of the data. The

removal of the main slope straightens the channel, and the geometry

of the flanks is greatly enhanced. The result is superimposed on the

aerial view (Fig. 13). The channel appears very heterogeneous and

many bumps are observed at its bottom. The penetration depth, from

1.5 to 2 m, is often lower than the depth of the channel. Thus, the

bumps are related either to a mispicking of the base of the channel

or to the collapse of a flank during storm weather. The SE flank is

fairly straight on its upper part and starts enlarging at around 27 m

distance from the south–east corner of cube C1 (scale on Fig. 13a).

This enlargement is linked to the arrival in the sedimentary basin.

The NW flank is as well fairly straight in its deepest part except

for the shift at around 49 m distance with right lateral amplitude of

about 2 m (black arrow, Fig. 13).

4.4 RTA (50 MHz antenna)

RTA profiles (50 MHz) were interpreted in a similar way as the

500 MHz profiles. They were visually analysed and interpreted us-

ing a combination of GPR facies with reflection picking. The four

facies used in the interpretation are shown in Fig. 10. They represent

reflections parallel to the topography with strong and moderate con-

tinuity, facies with chaotic reflections, and finally, facies strongly

attenuated. All the RTA profiles presented in Fig. 11 were equally

scaled with a vertical exaggeration of 1.8. The x-axis is from right

to left to match the direction of the profiles on the map (Figs 2

and 11f). Black lines on the map are the intersection of the fault

scarps with the profiles. Their locations are reported on the profiles

Figure 10. Four facies (extracted from the GPR images) used in the interpretation of the 50 MHz GPR profiles. (a) Reflections showing clear lateral continuity;

(b) reflections showing moderate lateral continuity; (c) chaotic background and (d) strongly attenuated signals.
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Figure 11. 50 MHz GPR profiles (RTA). All the profiles are equally scaled with a vertical exaggeration of 1.8. Location of profiles (from top to bottom) is

shown by red lines on the map (Fig. 11f). Letters (a)–(e) show the place where morphological scarps are observed on the surface. Black arrows show the

reflections from the fault plane and the change in the GPR facies that highlight the location and geometry of the fault (see the text for more details).

with the brackets. Despite the low penetration depth (10 m in the

best case), much information is recovered from those profiles. First,

a strong north–east dipping reflection was observed in almost every

profile (indicated by black arrows). This feature is interpreted as a

direct reflection from the fault plane, it gives access to the dipping

direction (north–east), its dip and the exact location of the fault

(from near the surface up to 10 m depth). The dip ranges from 27◦

in the north (profiles b and c), to 23◦ (profile d) increasing up to

35◦ in the south (profile e). Those reflections are exactly located

under the brackets, which mean that the rupture reaches the surface.

On profile (a), the reflection is not observed. However, a strong

separation (white arrow) between the chaotic facies (at NE) and
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Figure 12. Synthesis figure of area Z1. (a) Map, displaying the RTA profiles (red lines) with the location of the fault at surface (black lines perpendicular to

the profiles). Trench T1 and the 500 MHz profile are drawn in black. (b) Trench T1, (c) 500 MHz profile from Z1 (Fig. 4c) and (d) RTA profile (Fig. 11d). They

are all equally scaled and the vertical exaggeration is 1.9. Black brackets at the top of the profiles show the location of the scarp as observed on the field and

satellite image. The dashed line, surrounded by yellow zone, highlights the fault as observed in the RTA profile. It is reported as well on the 500 MHz profile

and corresponds to a chaotic facies between clear horizontal reflections.

the reflection with clear continuity (at SW) is observed at the base

of the scarp. Discontinuities in the reflections (pointed by grey ar-

rows) are the results of the collapse of diffraction hyperbolae after

migration. Reflections, showing a clear continuity, are also present

in other profiles, especially in their central part (in the valley) and

in profiles (c) and (d), in their upper part as well. Around the fault

reflections, a chaotic facies is always observed on a width of around

30–40 m.

On the other side of the valley, neither reflections nor a change in

facies are observed on profiles (a) and (b) where they cross the sec-

ond scarps. However, profile (c) displays an abrupt variation as well

with a change in the penetration depth (white arrow). Reflections

with lateral continuity on the right are contrasting with a chaotic

background on the left. This sharp contact is in good agreement

with the location of the geomorphologic scarp but is not enough to

conclude on its origin.
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Figure 13. (a) Interpretation map of Z2 area. The interpolated 3-D surface of the channel (after subtraction of its main slope) is superimposed on the satellite

image. An offset of 2 m horizontally is observed on the NW flank of the channel (see black arrow), which is consistent with a right lateral strike-slip. The

pink asterisk shows the location of picture (b) in the trench where an evidence of the fault is observed. The closest RTA profile (upper left corner) shows the

record and the location of the fault plane in depth. (c) Illustration of the evolution of the channel flanks due to the right lateral strike-slip. The down left flank

is preserved while the down right flank is eroded after the shift. The filling of the palaeochannel fossilizes the palaeomorphology.

5 D I S C U S S I O N

In addition to geomorphology and trench observations, the GPR

images obtained by using 500 and 50 MHz antennae give us impor-

tant information about the Emeelt fault, which was discovered in

2008 (Schlupp et al. 2012).

The GPR profiles across the fault with the 50 MHz antenna show

the structure between 3 and 12 m depth. The location of the fault

is consistent with the surface observations. The strong reflection,

observed on all the profiles and related to the fault plane, confirmed

the stability of the fault geometry in depth along the structure over

about 2 km. This reflection is probably due to the contact between

base rock on top and sedimentary deposits underneath. It gives us

a good estimation of the near surface slope of the fault (23◦–35◦ to

the NNE) in addition to the observations done at the bottom of the

trench T1 (in area Z1) at depth between 1.5 and 2.5 m but showing

steeper angle, mainly from 30◦ to 45◦ (Fig. 4b and 12b). The picture

in Fig. 13(b) has been taken inside the trench T2 (area Z2), at the

position of the pink asterisk. It shows evidence of the fault within a

gravel layer with a dip towards the NNE. This dip direction was also

determined at the surface as the fault trace moves upstream when

crossing a local valley.

The 500 MHz profiles across the fault, imaging a small alluvial

fan (Z1 area), highlight a chaotic facies, interpreted in terms of

crushed or disorganized material destroying the continuity of the

layers, and located in the fault zone but no ‘fault reflection’ has

been observed with this antenna (Figs 4b and d). However, the ‘fault

reflection’ observed in the 50 MHz profile crossing the area is totally

consistent with the location of this chaotic facies (Figs 12c and d).

The locally apparent vertical offsets of reflections on some of these

profiles cannot be directly related to a vertical component of the slip.

First, it is impossible to associate the reflections observed on each
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side of the fault zone because of the shallow penetration of 500 MHz

signal and the very few subhorizontal reflections. On the other hand,

the right lateral component can bring itself apparent vertical offsets

in a context of interlocked alluvial deposits. However, a vertical

component is suspected by the morphology and the dip of the fault

near the surface but its amplitude cannot be quantified by our data.

On Z2 area, we observed a deep palaeochannel with a few

500 MHz profiles (down to about 2.5 m depth) fossilized by the

filling material and crossing the fault. As we suspected a horizontal

slip component from the linearity of the seismicity and the fault

morphology, we decided to map the channel flanks across the fault

by a pseudo-3-D approach with numerous 500 MHz inline and

cross-line profiles that were acquired during 2010 and 2011 sum-

mers. A right lateral offset of about 2 m was imaged on the right

downstream flank; it was preserved on the downstream right flank,

while it has been eroded on the downstream left flank (schema,

Fig. 13c). Afterwards, the filling of the palaeochannel fossilizes the

palaeomorphology.

This horizontal displacement could have been produced by one

event (at least of Mw = 7) as it is observed for the Mogod earthquake

(in 1967, about 280 km west of UB) of Mw = 7.1 with a mean

horizontal slip of 1.5 m (Baljinnyam et al. 1993; Bayasgalan et al.

1999) or by several of Mw ≥ 6. In the 3-D channel reconstruction,

we did not observe any clear vertical offset. Nevertheless, it does not

prove its absence as the bottom of the channel was locally difficult

to follow due the low penetration depth, which was more or less of

same depth as the bottom of the channel.

6 C O N C LU S I O N

This work is a part of numerous studies on the characterization

of active faults near the capital of Mongolia, UB. For the first

time, we used GPR to explore and reveal the buried traces of a

newly discovered active fault in area showing low slip rate. It is a

challenge as we are in a context where the geomorphologic features

have been heavily smoothed since the last event due to erosion

processes combined with a very long return period probably of

several thousands of years. Despite the low penetration depth of the

GPR (up to 12 m for the 50 MHz antenna and 1.5 m for the 500 MHz

antenna), it clearly provided several important pieces of information

that improve our understanding of the Emeelt fault geometry and

horizontal displacement. The combination of 500 with 50 MHz

antennae produces two complementary and consistent data sets as

they allow the imaging of different structures.

A good consistency is observed between the 500 MHz GPR

profiles and trench results. Pseudo-3-D profiles, recorded with a

500 MHz antenna over a palaeochannel crossing the fault, provided

information about the lateral displacement of 2 m caused by the

fault. It could be associated with an earthquake with magnitude Mw

of about 7 or several with magnitude Mw ≥ 6.

The 50 MHz GPR profiles show a direct reflection, coming from

the fault plane, giving access to the location, the dip angle and

direction of the fault. The dip is towards NNE and it ranges from 23◦

in the north to 35◦ in the south part of fault segment investigated.

In contrast, the linearity of the actual seismicity indicates a near

vertical fault plane. To clarify that point, we need to investigate

more in depth the active structure, by combining GPR with high-

resolution seismic profiles and very precise 3-D relocation of the

seismicity.

A C K N OW L E D G E M E N T S

The authors thank the Editor, Prof. Randy Keller and two anony-

mous reviewers for their constructive comments and helpful sugges-

tions, which considerably improved the quality of the manuscript.

The DGB Earth Sciences society made their Interpretation Soft-

ware OpendTect freely available to academic research. The GPR

campaigns conducted in 2010 and 2011 were funded by EOST

and RCAG, respectively. Many thanks to Sarantsetseg Lkhagva-

suren and two students, Battsetseg Byambakhorol and Batdorj

Nyamdavaa, who participated in the acquisition of the GPR data.

R E F E R E N C E S

Baljinnyam, I. et al., 1993. Ruptures of Major Earthquakes and Active

Deformation in Mongolia and Its Surroundings, Memoir 181, Geological

Society of America.

Bayasgalan, A. & Jackson, J., 1999. A re-assessment of the faulting in the

1967 Mogod earthquake in Mongolia, Geophys. J. Int., 138, 784–800.

Bayasgalan, A., Jackson, J., Ritz, J.-F. & Carretier, S., 1999. Field examples

of strike-slip fault terminations in Mongolia and their tectonic signifi-

cance, Tectonics, 18, 394–411.

Beauprêtre, S. et al., 2012. Finding the buried record of past earthquakes

with GPR based palaeoseismology: a case study on the Hope fault, New

Zealand, Geophys. J. Int., 189, 73–100.

Calais, E., Vergnolle, M., Sankov, V., Lukhnev, A., Miroshnitchenko,
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Résumé 

Le géoradar est une méthode électromagnétique haute fréquence (>10 MHz) utilisé pour caractériser 

les premiers mètres du sous-sol. 

Lors de la présence d'une topographie, les données géoradar sont déformées en conséquence. Afin 

de retrouver la vraie géométrie des réflecteurs, nous avons codés un algorithme de migration prenant en 

compte la topographie. La méthode est démontrée grâce à un modèle synthétique simple, puis testée avec 

succès sur des données réelles. 

Les algorithmes de migration apportent cependant du bruit dans les données. Pour pallier à ce 

problème, deux méthodes ont été mises en place : la première, inhérente à la migration, permet de réduire 

l'aliasing dit sur l'opérateur. La deuxième est un filtre ré-interpolant les traces en se basant sur un profil de 

pendage. Les deux méthodes suppriment un bruit incohérent des données mais dégradent les profils 

lorsqu'utilisées abusivement. 

Dans un deuxième chapitre, nous avons appliqués avec succès le géoradar dans un contexte de 

paléo-sismologie en Mongolie. L'utilisation conjointe de deux fréquences (50 et 500 MHz) ainsi que des 

comparaisons avec des tranchées a permis d'obtenir des informations complémentaires sur les géométries et 

les déplacements potentiels le long de deux failles. 

Dans un dernier chapitre, nous avons appliqués les mesures géoradar sur les dépôts pyroclastiques 

du volcan Tungurahua en Equateur. A nouveau, l'utilisation jointe de différentes fréquences (250, 500 et 800 

MHz) nous permet d'imager efficacement les dépôts. Les unités principales sont mises en évidence avec 

l'antenne de 250 MHz et les architectures des dépôts sont observables avec les antennes de 500 et 800 

MHz. 

Mots clés : géoradar, migration topographique, paléo-sismologie, dépôts pyroclastiques 

Abstract 

 Georadar is a high frequency (>10MHz) electromagnetic method used to prospect near surface.  

When a topography is present, GPR images are distorted. To restore the true geometry of reflexions, 

we coded an migration algorithm which takes the topography into account. The method is first demonstrate on 

a simple synthetic model, and then succesfully applied on real data. 

However, migration algorithms bring noise to the data. Two methods have then been tested to avoid 

and remove it. The first one is inherent to the migration algorithm and reduce what is called operator's 

aliasing. The second one is a filter re-interpolating traces based on a profile containing the slope. Both 

methods remove inconsistent noise when used with caution, but decrease their quality when used with 

excess: reflexions presenting dip are the first to be deteriorated, as well as reflexions below strong 

topography. 

In a second chapter, we successfully used GPR in a paleo-sismology context in Mongolia. The use of 

two frequencies (50 and 500 MHz) as well as comparison with trenches bring complementaries informations 

on the geometry and possible offset along two faults. 

In the last chapter, GPR was tested over pyroclastic deposits from the Tungurahua volcano in 

Ecuador. Again, the combination of several frequencies (250, 500 and 800 MHz) has proven its efficiency. 

Main units were obvious with the 250 MHz antenna while the inner architecture of deposits was visible with 

the 500 and 800 MHz antenna. 

Keywords: georadar, topographic migration, paleosismology, pyroclastic deposits 


