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RESUME 

 

/o�����u�]v��v�v���}uuµv u�v����u]���µ�� o�������µ����]}v����� (oµ]�����v�� o�� ��}¸��� ����������

P v���v�� ���� ���u�o�u�v��� ��� �����X� W��� �Æ�u�o�U� ���� ����]u�� �]�u]�µ��� ���}u��Pv�v�� o���

u}v� ������u�Pu���}µ�o������]À]� ���v�Z�}�]�µ����[�Æ�o}]���]}v������ ���À}]��X�>���}u�� Z�v�]}v�

�µ� o]�v� �v���� o��� (oµ]���� ��� o��� � ]�u��� ������ ]u���(�]��U�u!u�� �]� �oo�� ���� ]v�]���v���o�� �}µ��

�u o]}����o���µ�À�]oo�v���������}����µ���Çv�u]�µ����v���}(}v��µ�U�����u o]}����o[�v�]�]���]}v�����

�]��µ��X� 

Woµ�]�µ���}����À��]}v�����u����v���[�((]v������o]�v��v���v��]Pv�v���µ��o�����}����µ��(oµ]��l�}o]����v�

��}(}v��µ�X�/o������v��((����}��]�o���[µ�]o]�����������Zv]�µ����[]u�P��]���� �](]�µ���}µ��o}��o]����o���

(oµ]���� �v� ��}(}v��µ�X� >��� �]���]�µ�]}v�� ����]}r��u�}��oo�� ���� ����]u�� �]�u]�µ��� }µ� o��� (}�u���

�[}v����h v}v��}vÀ�v�]}vv�oo���i���v��]Pv�v���µ��o�����}����µ������]((µ�]}v����������]}v�(oµ]��U�}µ�

�µ�� o�� �� ��v��� ��� Po]���u�v��� o�v��X� �v(]vU� o��� }����À��]}v�� uµo�]r����u�����U� �}��]�o��� o}���

�[�Æ� �]�v���� �}v���o ��� ��� �]�u]�]� � ]v�µ]��U� ���u����v�� ��� �}v���]v���� o��� �}µ�o�P��� ZÇ��}r

u ��v]�µ�������]�u}o}P]�µ��X� 

�����](( ��v����}����À��]}v�U�uµo�]r �Z�oo������uµo�]r}�i���U�u[}v�����u]���[���}��������v}µÀ�oo���

�}v���]v�����µ��o��o]�v������µ��o]� ��Æ]���v���v����(oµ]������� ]�u��X��v�����]�µo]��U�i[�]�u}v�� ��µ�����

o]�v�v[��������(}�� u�v���]����X�>���(oµ]������u�o�v���v��((�����]v�]��o�u�v��]v�µ]�������Po]���u�v���

o�v��� ��� � (}�u��]}v�� ��]�u]�µ��U� �µ]� � �o�v�Z�v�� �� o�µ�� �}µ�� ���� � ]�u��� ���� ���v�(���� ���

�}v���]v���X�� 

 

D}����o�(� W� 

^]�u]�]� � ]v�µ]�� V�À}o��v�U�� ���À}]��U�Ì}v�������}v]�µ�u�v�����]À�� V��Æ� �]�v���� ]vr�]�µ V�����]u�

�]�u]�µ� V� �]�u]�]� � h v}v� �}vÀ�v�]}vv�oo� i V� � (}�u��]}v�� o�v���� ��� ��]�u]�µ�� V� �}µ�o�P��

(oµ]��l� (}�u��]}vl� ]�u�� 
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PREAMBULE 

 

���u u}]����[Z��]o]���]}v����]�]P����������Z���Z����������µv��]o�v��������]À]� ��������Z���Z����µ��

i[�]�u�v ��� ���µ]�� o[}���v�]}v� ���u}v� �}��}���� �}µ��vµ� �v� îììó� �� o[hv]À���]� � ��� '��v}�o�U�

~o��}���}]���/^d����U��ÆX�>'/d�X�>������À�µÆ��� ��v� ��]�]�}v�� � �}���vµ��o}������ð��vv �������}��r

�}��}������o[hv]À���]�Ç��}oo�P���µ�o]v�~ �µ]����]�]P �������X����v�U������o[hv]À���]� ����o��������[�Ìµ��

���µ]��u}v�����µ��u�v���}uu��u�`��������}v( ��v�����v�îìíî��µ�o��}���}]���' }�Ìµ�X� 

>}����������íî��vv ���������Z���Z�U� i[�]�v�À]Pµ ��v���� o[]u�P��]���]�u]�µ�������Z����� (oµ]���U� o��

������ �]���]}v������]Pv�µÆ�À}o��v}r�]�u}o}P]�µ��U�o��� À�o}���u�v�����o[�v�oÇ����[�Æ� �]�v������

�]�u]�]� �]v�µ]�������]vi���]}v����(oµ]�������o�������� �]���]}v�������}����µ����o[}�]P]v�����o��u]��}r

�]�u]�]� � ����}v]�µ�X� ���� ���]À]� �U� �� ��]}�]� �]��������U� }v�� �}µ����  � � �}v�µ]���� ��v�� o�� �µ�� ���

�}u���v���� o�� ��o�� ���� (oµ]���� ��v�� o��� ��}����µ�� �Çv�u]�µ��� ��� o�� ��}¸��� ���������X� Woµ��

�� �]� u�v�U�o���}�i���](���}v���}v��í������}u���v�����}uu�v��o���(oµ]����]v(oµ�v��v��o����µ��µ����

�]�u]�µ������î������}µÀ}]��µ�]o]����o����]Pv��µ�����]�u]�µ����}µ���µ]À���o���u]P���]}v�����(oµ]��X�W}µ��

��o�U�i��u���µ]��]v� ���� ����](( ��v���}�i����P }o}P]�µ���~� ���À}]��U�À}o��v�U�Ì}v�������}v]�µ�u�v��

���]À���U�������](( ��v���� �Z�oo���~�Æ� �]�v���� ]vr�]�µ�� ��u ��]�µ��� iµ��µ[�µÆ�Ì}v�������}v]�µ���

�oµ�]l]o}u ��]�µ���X� 

��� ��o�� ���À�µÆ� v�� ��µÀ�v�� !���� � �o]� �� ��µo�X� �}uu�� ���� ���À�µÆ� �}v�� �� o[]v���(���� �v���� o��

�]�u}o}P]����� o[ZÇ��}u ��v]�µ�U� i[�]��v�����]�µo]���� À�o}�� ����� �}oo��}���]}v�� (}����� �À�������

�Z���Z�µ����v�ZÇ��}u ��v]�µ�������À����[�µ������]�u}o}Pµ��U��µ������}]���µ���]v����' }�Ìµ�U�}µ�

]v���v��]}v�o�u�v�X����� �Z�vP�������}v��(�]����v��o������������](( ��v�����}i������v��o���µ�o��i[�]�

 � �]u�o]�µ �~��}i�����µ�}� �v� W�sK>hD�U���� V��EZ W�^��&KK�U����X�U�}µ�(}���u�v��]vÀ���]�~�EZ�

:�:��,z�ZK^�/^U�W/X�&X������V�&oµ]����v��&�µo��U�(]v�v��u�v��d}��o�X��µ��v��u������]���U�i[�]��µ��]��}r

�v���� �ñ��}��}��v������í��}��r�}��}���U�����}oo��}� ����]À�u�v���µ��µ]À]����ð��µ����� �Z����X�:[�]�

�µ��]��v���� ��������P����[ �µ�]�v������](( ��v���v]À��µÆU����o��>ï��µ�DîX��������À�µÆ�u[}v�����u]��

����µ�o]���ïï����]�o��������vP��U��}v��íô��v�í����µ��µ��}µ�����]����µv� �µ�]�v�X� 

������µv��]v��}�µ��]}v��µ]����o����u������À�µÆ���v��o�µ���}v��Æ�����]�v�](]�µ������((]v��o���}v�}µ��

������}�o u��]�µ����µ��o���µ�oo���i[�]����À�]oo ����o[}�]P]v�o]� ����u������À�µÆ�~�Z��]����í�U�i���� ��v���

µv���Çv�Z����������]v�]��µÆ�� �µo�����}���vµ��~�Z��]����î�X��v(]vU�o�����v]����Z��]����~�Z��]����ï��

�Æ�o}����µ�o�µ����]�����������À�]oU��}uu�v� ���}µ��vÀ]��P ��U��}µ������Ç������u]�µÆ�� �}v�����µÆ�

�µ���]}v���µ��i��u���}��X�hv��µ��]�µoµu�À]����� ��]oo ����o��o]�����}u�o�������u����µ�o]���]}v���}v��

�}vv ���v��vv�Æ����������}�µu�v�X� 
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1. INTRODUCTION 

1.1. Contexte scientifique et sociétal 

1.1.1. Fluides dans la croûte terrestre 

>�� ��}¸��� ���������� �}v�]�v�� ��� v}u���µÆ� À]���U� ���µ� �� ��� �](( ��v��� (oµ]���U� ��� �](( ��v����

}�]P]v�� W� 

x �µ�v]À��µ�����À}o��v�U� o���(oµ]����u�Pu��]�µ��U���}À�v�v����� o[]v���(����v}Ç�µru�v���µ�

~�}]v����Z�µ���U����o��� �ZÇ������]}v����o���o��µ���o}vP��v����v��}v��Æ�������µ��µ��]}v�}µ�

���� ��u}v� ���u�Pu��]�µ��� �µ� u�v���µ� �µ� �]�µ�U� �}v�� ��}�l �� ��v�� ���� �Z�u�����

u�Pu��]�µ��U� �À�v�� ��� P v ���� ����  �µ��]}v�� À}o��v]�µ��� �v� �µ�(���X� ���� (oµ]���� �}v��

�}u�o�Æ��U� �À��� µv�� �Z���� u�Pu��]�µ�� ��� µv�� �Z���� P�Ì�µ��U� ��� À}v��  À}oµ���

�Z]u]�µ�u�v���À���o����}�Z����v��]���v�����}µ���µ�o}vP����o�µ����u}v� �X����(oµ]����Z�µ��

��µ���µ��]� ]v����P]���À��� o[��µ���v�� o��� �](]����À}o��v]�µ��U��}v�µ]��v�������� �µ��]}v��

�Z� ��]�µ��X� 

x >����}¸��������µ��]� (�]oo ����� (����µ� �U����u����v�� o����}�l�P����� o���]��µo��]}v��[��µX��v�

����]�µo]��U� o���(�]oo��U��µ]�� �}µ��v�� o����}¸������}µ���� o��� �Z�oo��U��}v���v�}µ� ����[µv��

Ì}v�� �v�}uu�P �� ��� (����µ� �U� ���u����v�� o�� �]��µo��]}v� �[��µ� u � }�]�µ�� À���� o��

��}(}v��µ�U�}µ�o����u}v� �����(oµ]����~��µU��Kî����}(}v��X� 

x >�� ��}¸��� �µ���(]�]�oo�� ���U� v}v� ��µo�u�v�� (����µ� �� ��� (�]oo �U�u�]�� �µ��]� �}��µ��X� ����

ZÇ��}����µ���U��}µ��(}�u��P�Ì�µ���}µ�o]�µ]�����µÀ�v���À}]��u]P� ����o���}�Z��u������v��

o��µ�oo��]o������}v��(}�u �U�À���������]�P���P }o}P]�µ��X�>���ZÇ��}����µ������������ ���À}]���

�}v���Æ�o}]� �U����u�v]�����}vÀ�v�]}vv�oo��}µ�����(����µ���]}v�ZÇ���µo]�µ���}µ���µPu�v����

o�µ�� u}�]o]� X� /vÀ����u�v�U� ���� �]�P��� �� ZÇ��}����µ���� ��µÀ�v�� !���� µ�]o]� �� �}µ�� �µ�

��}�l�P�� P }o}P]�µ�U������Æ�u�o����� �KîX� �v(]vU� o��� �}o����� �}�Z��� �µ���(]�]�oo��� �}v����

o[]v���(�����À���o[ZÇ��}��Z���U�����}v�]�vv�v���}v��������µ](����U��µ]��}v���Æ�o}]� ���}µ��o���

����}µ������v���µX� 

>���(oµ]�������µ��v��o����}�Z������o����}¸����µ� �]�µ����}�����}v��v���}v���������vi�µÆ��}�] ��µÆ�

(}��� W 

x ����}v���v��((�����������}µ����X�>���ZÇ��}����µ�����}v���}µi}µ���u���]À�u�v��µ�]o]� ���}µ��

��}�µ]������o[ v��P]�U�����u�� �]�µÆ�~�o���]�µ��U��]�µu��U����X��}µ������}u�}� ���Z]u]�µ��X�

>�� � À�o}���u�v�� � ��v�� ��� o�� P }�Z��u]�� Z�µ��� �v�Z�o�]�� v ����]��� �µ��]� o��u]��� �v�

�]��µo��]}v��[��µ���P��v�����}(}v��µ�X�>[��������o[��µ��}���o���������µ�u}]v���v�����]������

o[�Æ�o}]���]}v� ���� ��µ](����� �}µ�����]v�U� ��� �}v�� ���� o�µ�� �µ]À]� ��� ��}����]}v� (���� �µÆ�

�}ooµ�]}v���Z]u]�µ������]v��µ�]}v���[��µ���o]v�X� 

x /o�� ]v���À]�vv�v�� ��v�� o��� �]��µ��� v��µ��o�X� �À]��uu�v�U� o�� ��u}v� �� ���� (oµ]����

u�Pu��]�µ�������o����µ������� �µ��]}v��À}o��v]�µ��X�>���� ��v����[��µ������µ��]�µv�(����µ��

]u�}���v����v��o��� �o�v�Z�u�v�����o���µ��µ����]�u]�µ�������v��o���Po]���u�v�����������]v�U�

����o��u]����v������]}v����� ����]o]���]}v����(����µ�������(�]oo��X� 
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Yµ������}]���}µ��������}�o�u����������}µ�����}µ�����]��µ���v��µ��o�U� ]o������}v����]u}��]�o����

�}vv�]����o���]���]�µ�]}v�����(oµ]�����v���}(}v��µ�U�u�]���µ��]���������� �]�����}uu�v���[�((���µ��

o�µ��u]P���]}vX�D�]��]o������µ��]�]v�]���v���o������}u���v�����}uu�v��o��(oµ]���]v����P]���À���o��

u]o]�µ��}o]����v��]���v�U��}µÀ�v��P v ���������µ��µ���������}�Z��X� 

 

1.1.2. Fluides et séismes 

^]�u]�]� ���� �µ��]}v��À}o��v]�µ�� 

>��o]�v��v����(oµ]�������}o]��������}vvµ����µ]��o}vP��u��U��v�����]�µo]�����v��o���Ì}v���À}o��v]�µ��U�

}¶�� (}�u��]}v����� o[ �](]���À}o��v]�µ������� ]�u����}v��}����À ���À�v�� o[ �µ��]}vX�W����Æ�u�o�U�

����� ]�u���(µ��v�������v�]������o���}�µo��]}v����W}u� ]��À�v��o[ �µ��]}v��µ�s �µÀ�U�u�]��v��(µ��v��

���� ]v����� � �� �}uu�� ���� �� �µ���µ��� �[µv�� ���]À]� � À}o��v]�µ�X� >[]v���oo��]}v� ��� ����]}v��

�]�u]�µ�������}Æ]u]� �����À}o��v�������u]�����������o[}����À��]}v�������o]�v�� ]�u��r �µ��]}v������}v�

µ�]o]���]}v���v��o[�v�]�]���]}v����� �µ��]}v��~^����v�U�íõîñV�d}l���ÀU�íõòï�X�/o�����u�]v��v�v�����}vvµ�

�µ�� o��u}v� ����� o�À�� �[���}u��Pv����� �µ��µ������v�� o��u]o]�µ��v��]���v�U�P v ��v��µv�� (}����

�]�u]�]� X���oo�r�]�����µv�����}µ�]o����]v�]��µÆ���� �µ�À�]oo�v����������� À]�]}v����� �µ��]}v�X� W���

�Æ�u�o�U�o��&]Pµ���í��� ��v���o���]�u]�]� ��Ç�v��o]�µ��À�v��o[ �µ��]}v��µ�íð�}��}����îìíì��µ��o��W]�}v�

��� o�� &}µ�v�]��U��]v�]��µ�� o��u]P���]}v� À���]��o������ZÇ�}��v����� ~��� ����}������oXU�îìíï��X� ���

v}u���µÆ� À�v�u�v��� �]�u]�µ����� ����v��µv���Z��������µ]����v����À�v�� o[ �µ��]}vX� >����]���

�]�u]�µ���� r �µ��]À���µ]��Po}��o�u�v��o��u!u����Z u���µ���}µ��o���À}o��v�U�u!u���]�����µ� ����µ��

À��]�������µ�o�µ���Z�µ�������oµ�]�µ����vv ���~D�Eµ��U�îììñ�X 

 

 

 

&]Pµ���íW���]����]�u]�µ���� � ��v�� o� �µ��]}v��µ�íð�}��}����îìíì��µ�W]�}v���� o�� &}µ�v�]���~>��Z µv]}v�U����

��}(}v��µ�����o���]�u]�]� �~�������}������oXU�îìíï��X 
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^]�u]�]� �]v�µ]�������o������]À]� ���v�Z�}�]�µ�� 

>������u]������}�� o��]}v���v��������µ����]}v�����o�������]}v�(oµ]���������u�o�u�v����������������v��

���� �vv ��� íõòìU� �µ]��� �µÆ� ]vi���]}v�� ��� (oµ]���� �� �oµ�� ��� ïñìì�u� �µ� Z}�lÇ� D}µ��]v� ����v�oU�

�}o}���}�~,��oÇ�����oXU�íõòô�X�>��������À � ������]�u]�]� �]v�µ]��������������]À]� ���v�Z�}�]�µ����}v��

u�]v��v�v�������v}u���µÆ�~&]Pµ���î�X�>���]��µ��o] ���o���]�u]�]� �]v�µ]�������À��]u�v����À�vµ��µv��

�Z u��]�µ�� �[���µ�o]� U� ��v�� �}�] ��o�� �µ�� ��]�v�](]�µ�U� �µ]��� �� o[�µPu�v���]}v� �Æ�}v�v�]�oo�� ���

o[���]À]� ��]�u]�µ����v��o����v�������������rhv]�U��v�����]�µo]�����v��o[ �������Klo�Z}u�X�����Ì}v��U�

������� (�]�o��� (}�u��]}v�����}v]�µ�U�}v��Àµ� o�µ�� ��µÆ�����]�u]�]� �uµo�]�o] �����ïì����µ]��îììô�

~�oo�Á}��ZU�îìíïV� <���v�v�����oXU�îìíð�X����� � ]�u������u�Pv]�µ�����}�Z�����òU���}�µ]��v������

� P����u]v�µ��U� }v�� �µ��]�  � � �v��P]��� �X� ������ �µPu�v���]}v� ��� o�� �]�u]�]� � ���� ���}�] �� �µÆ�

]vi���]}v����� ����� P��v��� À}oµu����[��µÆ�µ� ��U� � �]�µ����� o[�Æ�����]}v����� P�Ì����� (����µ���]}v�

ZÇ���µo]�µ�� ���� ��Z]����X� �v� ��Z}��� ��� ������ Ì}v�U� o��� �Æ�u�o��� ��� �]�u]�]� � ]v�µ]��� o] �� �µÆ�

�Æ�o}]���]}v������ ���À}]����[ZÇ��}����µ���U��}v��v}u���µÆ�~&]Pµ���î�X���v��o����}À]v������o[�o������

~��v����U� o�� (����µ���]}v�ZÇ���µo]�µ���oo�ru!u����u�o���À}]��P v � ������ ]�u������u�Pv]�µ���

iµ��µ[��ïXõU��À����oµ�]�µ�����u�]v�������������~��}��v�����}vU�îìíòV��Ç�������oXU�îìíõ�X����u!u��

�µ��o���]vi���]}v���[��µU�o���]vi���]}v�����P�ÌU��µ������}]���}µ���µ���}�l�P���[ZÇ��}����µ����P�Ì�µÆ�

}µ��}µ��o��� �µ������]}v�����KîU���µÀ�v���µ��]�]v�µ]�������� ]�u���~s���}v��v��^�}�lU�îìíò�X��v(]vU�

o[�Æ�o}]���]}v��o���]�µ������ZÇ��}����µ������µ��P v �����������u�o�u�v������������X�W����Æ�u�o�U�

�µ�W�Ç�r���U�o[�Æ�o}]���]}v��µ�P�Ì��µ��o���]������'�}v]vP�v��}v�µ]����µv��((�]���u�v���µ�� ���À}]�U����

��o[}��µ���v������v}u���µÆ�� ]�u���~DD�ïXñ�����µ]��íõõí�~À�v�dZ]�v�vrs]������v�����µv���U�îìíñ�X�

���� � ]�u��� }v��  � � µv�� �}µ���� �[]v�µ] �µ��� �}µ�� o�� �}�µo��]}vU� �PP��À �� ���� µv�� �������]}v�

���}v ������ o���}�µo��]}v����µv��P���]}v�u�o���}]������ o����]��� ~^]v�µ�]vU�îìíô�X��v�&��v��U�µv��

�]�u]�]� �u}� � ��~DoDðXî���� � �]v�µ]�������o��� �o �]}v��µ�� ���À}]�����P�Ì����>�����v����íõóì����

îìíí�~�����]vv������oXU�îììô�X��������]�u]�]� ����v�µ]��� � �� ���]À ������o[]vi���]}v�����Kî���v������

�v�]�v��� ���À}]������P�Ì��v�îìíírîìíð�~W�Ç�������oXU�îìíð�X� 

 

>[�Æ�o}]���]}v� ���� �Z�u��� P }�Z��u]�µ��� ��}(}v��� ]v�µ]�� �µ��]� ���� � ]�u��U� �}��v�]�oo�u�v��

��vP���µÆ� ~��vP�����oXU�îìíð�X� >���]��� �������� ^}µo�Ìr�}µ�r(}�!���� � �µv��������u]�����]����}¶� o��

�]�u]�]� �]v�µ]����� � �}����À ����������� �]� ���µ]�����������]uµo��]}v��ZÇ���µo]�µ���~�}µ�}µ]���v��

���v���U�îììóV��}�v�������oXU�íõõôV�^�Zu]���µZo�����oXU�îìíð�X��v�îììòU�o����]uµo��]}v����oµ�����ñ�lu�

�����}(}v��µ���������� o��À]oo�������o���� ]v�µ]������� ]�u��������v�]������ o���}�µo��]}vU�����µ]���

�}v�µ]����o[���!���µ���}i������P }�Z��u]��~��]�Zu�vv��v��']���]v]U�îììõ�X�Woµ��� ��uu�v��~îìíó�U�

o��� ]�u��~DñXñ�����W}Z�vP��v��}� �������µ����� ��[�À}]�� � �]v�µ]������o���Z�u��P }�Z��u]�µ����

��}Æ]u]� �~'�]P}o]�����oXU�îìíô�X����� À v�u�v������o�����}v��� ]�u��o���oµ��(}����µ[�����}vvµ�������

Ì}v������}v]�µ�u�v����ou�X� 

 

6



 

&]Pµ��� îW� ���� ��]v�]��µÆ� ��� �]�u]�]� � ]v�µ]��� }����À �� ��v�� o��u}v��U� ��� ���}�] �� �� �](( ��v���� ���]À]� ��

�v�Z�}�]�µ��X� >��u�Pv]�µ������� ��oo���µ��oµ��P��v�� À v�u�v�X� >��v}u�����[ À v�u�v��� ��� ����}�����µÆ�

v}u���������]����}¶����o���]�u]�]� �]v�µ]����� � �}����À ��~��À]�������oXU�îìíïV�(]Pµ������'�]P}o]�����oXU�îìíó� 

d}µ�� ���� ���� ��� �]�u]�]� � ]v�µ]���� �}v�� ��o] �� �� ���� ����µ����]}v�� ���� (oµ]���� �v� ��}(}v��µ�X�

����v��v�U�����u}�](]���]}v�����o�������]}v�(oµ]����v��µ�(����P v���v���µ��]������ ]�u���~'µ���U�

îììî�X��[���� o�������}µ�� o��u]����v���µ���������P��X�W����Æ�u�o�U� o����u�o]���P����������P����v�

&��v����[�������}u��Pv ����� ]�u������u�Pv]�µ����µ��]�(}�����µ��DðXõ�~'����}�����oXU�îìíô�X�����

���u�o�u�v�����������������µ���µ���}v���µ��]� � �P v � �U���o�o��� ]�u�����<}Çv���v�/v���~'µ���U�

îììî�X�>��o]�v��v����o��� ]�u�����t�v�Zµ�v�~�Z]v�U�îììôU�DóXõ�U��µ]���(�]���oµ�����íìì ììì�u}���U�

���o��u]����v���µ��µ������P������]�]vP�µ������}µi}µ���µv���µ���]}v�}µÀ�����~'������oXU�îììõ�X 

 

&oµ]�������� ]�u�������}v]�µ�� 

>��� �o�v�Z�u�v������� ]�u����[}�]P]v������}v]�µ�������µ��]�]u���� �����o���� ��v�������(oµ]���X�

>���}�� o��]}v�����]�]���v�µ���]((]�]o������o��u�v�µ������}vv�]���v����µ��o���(oµ]�����v��� ��v�����v��

o���(�]oo������oµ�]�µ���l]o}u�����������}(}v��µ�X�>���}����À��]}v���µ��o����o������(oµ]�����}v���}v��

P v ��o�u�v��]v�]������X�����]u�P��]����]�u]�µ���u}v���v�������v}u�o]������À]��������}µÀ�v��!����

��o] �����o���� ��v������(oµ]����µ�}µ�����o��(�]oo���Ç�v��P v � �o��� ]�u�����<}� ��v�íõõñ�~�Z�}����

�oXU�íõõò�X��v� ]vÀ����v�� o���u ��v]�u������ o���]�u]�]� U� d���l�Á������oX� ~îìíì��u}v���v���µ������

Ì}v�������µ������]}v�(oµ]���~�}��]�o�u�v������Kî��}v���}v�µ]����o��� �µ�v����]�u]�µ�����o[��µ]o��

�v�îììõ� ~DòXî�X� ^µ]��� ������ �Z}�����]v�]��µÆU�µv�����u ��v]�u����}��]�o����}µ���Æ�o]�µ��� o���

� �o]�µ�������o] ��µ��  �µ]o]���P�����������]}v�����(oµ]���~�������}������oXU�îìíõ�V�Eµ���v���}}l��U�

íõóî�X� 

�v��oµ����� o�µ�� ]v(oµ�v�����v�� o��� � �µ�v�����Z}�����]v�]��µÆl� �o]�µ��U� o��� (oµ]����}v��µv� ��o��

�����]v���v��o��P�v������������]u���]�u]�µ��X���µÆr�]��}v�������� �]� ������µv����v����}v��v����]}v�

��� � ]�u��U� o}��o]� �� ��v�� o[������� ��� o�� ��u��U� �À��� o�� ���u�o�u�v�� ��� ������ ��� �oµ�� (}����
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u�Pv]�µ����µ���]v����o��� �µ�v��X�Ils peuvent évoluer vers des tremblements de terre de plus fortes 

u�Pv]�µ���� ~���� �Æ�u�o�U� � ]�u�� ��� o[��µ]o�U� îììõ ; �Z]���oµ��� ��� �oXU� îìíí�U� }µ� �[���!���X� Ils 

accompagnent aussi les éruptions volcaniques, les injections anthropiques de fluide, ou les 

glissements lents en zone de subduction. Pour maintenir une telle activité sismique ��v��v������

Z�µ���U�i}µ��U�À}]�����u�]v��, un « moteur » est nécessaire. Ils sont donc attribués à une interaction 

avec les fluides et/ou les glissements lents. >���(oµ]����}v���}v�� � � ]u�o]�µ ���}µ���Æ�o]�µ���o���

��}����µ�����v}u���µÆ�����]u���]�u]�µ���~���µ�������oXU�îììõ�U���o��o���]�u]�]� ���v��o���µ�����o��

��o](}�v]��~�Z�v�����oXU�îìíî�U� o[h��Ç��~>��o��������oXU�îìíï�U� o��P}o(������}�]v�Z�� ~�µÀ��P�������oXU�

îìíñ�U� o�� �}Z�u�� ~W��}�]�]������oXU�îììï�U����Y�Cependant, les raisons pour lesquelles une zone 

�[�Æ��]u���}µ�� (}�u����[����]u�U����v}v��}uu��µv���µ]����Z}����]v�]��ol� �o]�µ��U������v��u�o�

comprises. 

 

Yµ������}]����v��o���À}o��v�U�o���Ì}v�������}v]�µ�u�v�����]À���}µ�o���� ���À}]��U�o�������µ����]}v��

��� �����]}v� ���� (oµ]���� ]v�µ]��v�� ���� � ]�u��X� >��� (oµ]���� ��u�o�v�� �v� �((��� ����]�]���� �� o��

vµ�o ��]}v� ��� o��P��� ���u�o�u�v��� ��� ������U�u�]�� �µ��]� P v ���� ���� ����]u�� ��� � ]�u��� ���

u�Pv]�µ���u}� � X� 

 

1.1.3. Fluides et mécanismes de ruptures 

Fluide et rupture 

Le rôle de la pression de fluide P dans une rupture cisaillante est décrit de manière simple par le 

critère de Mohr-Coulomb : R L :PF �;����T. Il y a donc glissement lorsque la contrainte cisaillante 

R devient égale au produit de la contrainte normale effective (contrainte normale�P réduite de la 

pression �) par un coefficient de friction µ=���T. La rupture peut donc être atteinte de deux 

manières (&]Pµ���ï, �oo�Á}��ZU�îìíï) : soit en augmentant la pression dans la faille, ce qui diminue 

la contrainte normale effective, soit par une perturbation de contraintes, qui peut être due à une 

déformation (poro-thermo-)élastique ou à une modification des charges. En plus de ces 

mécanismes, il a récemment été montré que les déformations asismiques, et les transferts de 

contraintes associés, sont un facteur efficace dans le déclenchement de séismes ~����������oXU�îìíõV�

�������}������oXU�îìíôV�'µPo]�ou]�����oXU�îìíñ��. Le lien entre les fluides et la sismicité induite ne peut 

�}v���������� �µu�����o[]v(oµ�v����]���������o�������]}v��µ��o���}v���]v����((���]À�X� 

�v� (}v��]}v���� o������µ����]}v���������]}vU��](( ��v���u}������� �µ��µ�����µÀ�v��!����}����À ��

~�}�v��U�îìíò� W� 

x Zµ��µ�����}v��µ�oo�����v��µv�u���](��}�}r o���]�µ��W���(�]�o�������]}vU�o��(oµ]���À���]((µ����

���]v�µ]��������µ��µ�������Ì}v���o}��o]� ����}µ��o���µ�oo���o����]���������µ��µ�����������]v��

�����]u]vµ�]}v����o���}v���]v����((���]À��}µ��µPu�v���]}v����o���}v���]v����]��]oo�v��X� 

x Z ���]À��]}v���� (�]oo����v� �]��]oo�u�v� W� o�������]}v���� (oµ]��� À�����u������ o�� Po]���u�v��

�]��]oo�v���µ�����P��v�����µ�(��������(�]oo����� �Æ]���v���X� 

x Z ���]À��]}v����(�]oo����v�u}���/ W����oµ��(}���������]}vU�o���}v���]v����((���]À��u]v�µ�����µ��

��À�v]��v P��]À�X�>��� ���]À��]}v�����(�]oo���À���}v�����(�]����À���µv���}u�}��v���v}�u�o�U�
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�oµ��}µ�u}]v��(}���X� 

x ,Ç��}r(����µ���]}v W��������(}���������]}vU�����v�o[����v����[Z � �}P v ]� ��P }o}P]�µ��U�o��

�����]}v� ��µ�� � �o�v�Z��� µv�� �µ��µ��� ��� o��u���]��� �}�Z�µ��U� �À��� µv�� �}u�}��v���

v}�u�o���}u]v�v��X� 

 

>����µ��µ����u ��v]�µ���]v�µ]���������µPu�v���]}v����o�������]}v�(oµ]���}µ���������µ����]}v����

o[ ���� ��� �}v���]v���� ��µÀ�v�� !���� � ��]���� ���� o�� �Z }�]�� ��� D}Z�r�}µo}u�X� ����v��v�U� o���

�](( ��v���u}��������µ��µ��� ]v�µ]������� o���(oµ]������µÀ�v��!�����]�u]�µ���}µ�v}vU��[���r�r�]���

�µ[]o����µÀ�v��}µ�v}v� u����������}v����� ������o����������������µ����]�u}o}P]�µ��X� 

 

Fluide et déformation asismique :  

>��o}]����D}Z�r�}µo}u�����u����}v������ ��]���o[}��µ���v��������µ��µ���U�u�]��v����v��]Pv������

�µ���}v������������]�u]�µ�X�>��Po]���u�v����µ���v��((��������}�µ]�����µv��À]��������}��(�]�o���}µ��

P v ��������}v�����]�u]�µ��X�hv����oo��� (}�u��]}v���]�u]�µ������������ �]��]�µ�����o��� (}�u��]}v�

��v��o�������]����µ��]o������o����}¸��X��oo������u�]v��v�v��Àµ���}uu��v}v�v Po]P���o�U�u!u����v��

o������]���]�u}P�v�����o����}¸��X��v��((��U�o��� À�o}���u�v������� ���µÆ�'W^������u]�����u}v�����

�µ����µo�µv�(�]�o���}µ���v��P�����o��� (}�u��]}v� ��]���]�u]�µ����v��o���Ì}v�������µ��µ��]}v�~>]µ�

�v��Z]��U�îììóV�W��(���]v]�����oXU�îìíì�X�������� (}�u��]}v���µ���[�Æ��]u�������µv�u}µÀ�u�v��o�v��

����}v�]vµ�}µ��������� �]�}�������Po]���u�v��� o�v��� ~^�ZÁ���Ì��v��Z}l}�lÇU�îììó�U�� ����v������

� �]}����}¶�o[]v���(���������o}�µ �X��o}����µ�������]v���Ì}v������o��(�]oo�����^�vr�v������Po]���v��

o}��� ��� ���u�o�u�v��� ��� ������ ���u�Pv]�µ��� ò� ��� �oµ�U� �[�µ����� Ì}v��U� v}v� �}µ�o ��U� Po]���v��

��]�u]�µ�u�v�� ~>]v��� ��� �oXU� íõõò�X� ��v�� o��� À}o��v�U� o��u�i}�]� � ��� o�� � (}�u��]}v� ���� �µ��]�

��]�u]�µ�U��Z v}u�v������v�µ �����o���Z�µ������u� ���µ�����v�i�µX��v�����]�µo]��U�o���Z����(]v�o��

&]Pµ���ïW�^�Z u������u ��v]�u�������o���µ�o��o���(oµ]������µÀ�v��]v�µ]�������� ]�u��U��[���r�r�]�������

�µPu�v���]}v��]���������o�������]}vU�}µ�����u}�](]���]}v������}v�]�]}v������Z��P�u�v�����o��(�]oo��~(]Pµ���

����oo�Á}��ZU�îìíï��X 
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��� ��}��P��]}v� �µ�u�Pu�� À���� o�� �µ�(���U� ���}u��Pv �� ��� ����� o��P�� � (}�u��]}v� ��� o[ �](]���

À}o��v]�µ�U�v[�Æ��]u���µ���������µ�����]�u]�]� �~�������}������oXU�îìíï�V�D�Eµ��U�îììñ�X����P��v���

Po]���u�v����µ������(�]oo�����µÀ�v���]v�]������}�µ]�����v�� u]��]}v���[}v����~���À�oo]�����oXU�îììî�X 

 

 

��� v}u���µÆ� ���� �[]vi���]}v� ��� (oµ]���� }v��  � � ���}�] �� �� µv�� � (}�u��]}v� ��]v�]��o�u�v��

��]�u]�µ��~'����}��v��t]��o]vP��U�íõõìV�^�Zu]���µZo�����oXU�îìíðV�^�}��]��v���}�v��U�íõõðUY�X�W���

�Æ�u�o�U�o���}u����]�}v������ (}�u��]}v��u��µ� ����v�(}��P��������o���]�u]�]� �]v�µ]���o}����[µv��

]vi���]}v���^}µo�Ìr^}µ�r&}�!���� u}v����o���� �}u]v�v�������� (}�u��]}v����]�u]�µ���~�}�v������

�oXU�íõõô�X�>[�Æ�o}]���]}v�P }�Z��u]�µ��������Áo�Ç�~��o](}�v]�����P v � ������ ]�u������u�Pv]�µ���

ñ=U�u�]����ñ�lu���}µ��o��� ���À}]�X�>���� (}�u��]}v������µ�(����}v�����u]�����u}v������µ��������

�]�u]�]� ��� � �P v � ���v� � �}v�����µv� o��P��Po]���u�v����]�u]�µ�U��]�����u�v�� ]v�µ]������ o���

����µ����]}v�� ���� (oµ]���� ~&]Pµ��� ðU� t�]� ��� �oXU� îìíñ�X� ���� �v�o}P]��� ��v�� o�� �]���]�µ�]}v� ��� o��

�]�u]�]� �]v�µ]����À���o���Po]���u�v���o�v������o��(�]oo�����^�v��v�����U����o����]o�v�� v��P �]�µ��U�

�µPP���v��µv��o��P���}u�}��v�����]�u]�µ��o}�������]vi���]}v�����}��}v�s�oo�Ç�~Zµ�o��P������oXU�îììð�X�

�v(]vU�o����Æ� �]�v����]vr�]�µ����� ���]À��]}v����(�]oo�����µv�� �Z�oo��� ��u ��]�µ��}v��u}v�� ��µ��

o��� (}�u��]}v� ��]��u�i}�]��]��u�v����]�u]�µ�U��v�����]�µo]����µ�À}]�]v�P���µ��}]v���[]vi���]}v�~���

����}������oXU�îìíôV�'µPo]�ou]�����oXU�îìíñ��X� 

W}µ�����v�����v��}u����o���}u�}���u�v���]�u]�µ��}µ���]�u]�µ�����o���µ��µ��U�]o�����v �����]������

���v�����v��}u����o��� ��v��v������o��(�]��]}v��µ�Po]���u�v��~�o]��Á��l�v]vPl����vPZ��v]vP��}µ���

o��À]���������Po]���u�v��~����r�v�r�����U��]����]�ZU�íõõî�X�>��À��]��]}v��µ��}�((]�]�v�����(�]��]}v�����

&]Pµ���ðW�>���Z�u��P }�Z��u]�µ��������Áo�Ç�~��o](}�v]��U���]v�µ]������� ]�u����v�� ��}�Z�u�v�����u�Pv]�µ���

ñ=� ~�}v�}µ������Po]���u�v����µ��µv�� (�]oo���v���}(}v��µ�X������ ]�u���}v�� � �� �o�v�Z ������ o��Po]���u�v��

��]�u]�µ���[µv��(�]oo��v}�u�o�U��µ]��� � ��]�����u�v��]v�µ]������o���]vi���]}v��~t�]�����oU�îìíñ�X� 
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�v�µ]���]v��}�µ]�����v��o��o}]����D}Z�r�}µo}u�X�>�������]}v�(oµ]�������µÆ��((����v}���o�����v������

o}]�� ��� (�]��]}v W� í�� o�� À��]��]}v� ���� ����u������ (�]��]}vv�o�� ��� î�� o[�µPu�v���]}v� ��� o�� ��]oo�� ���

vµ�o ��]}v��À��� o�������]}v�~^�µ���]��v���}oo���]v]U�îìíò�X�������µÆ��((�����Æ�o]�µ�v���}µ��µ}]� o��

� (}�u��]}v�������]v�]��o�u�v����]�u]�µ���µ�v]À��µ����o[]vi���]}v�~&]Pµ���ñU�����������oXU�îìíõ�X� 

hv������� ]u�}���v������ o��� (}�u��]}v������}v����]�u]�µ�X� >���� ��v�������������}u�}��v���

��]�u]�µ���}u�o�Æ](]��v}�����}u�� Z�v�]}v���� o���µ��µ��U���]v�]��o�u�v��������oo�r�]�v[��������

À]�]�o����v��o����}vv ����]�u]�µ��X� 

 

 

&]Pµ���ñ W�̂ �Z u���}v����µ�o����o[ À}oµ�]}v��[µv��(�]oo���}µu]�����µv��]vi���]}v��[��µU��[����������}����À��]}v��

�Æ� �]u�v��o����������u}� o]���]}v��vµu �]�µ���~����������oXU�îìíõ�X�>��Ì}v�������µ�]� ����������o[]vi���]}v�

u}v����µv�Po]���u�v����]�u]�µ�U����}�] ���µv��}u�}���u�v��v�µ����}µ�����o����v��o��o}]����h ������v������� iX�

>�� �Zµ��� ��� �}v���]v��� �]��]oo�v��� ��v�� ������ Ì}v�� P v���� µv� ���v�(���� ��� �}v���]v���� �µ�� ���� �}���U� �µ]�

�� ��v��v��µv��}u�}���u�v��(��P]o�U�����}v���]�u]�µ�X� 

 

Couplage hydro-mécanique : lien fluide-séisme-déformation 

>����o��]}v��v����(oµ]������� (}�u��]}v�v[��������µv]o�� ��o�U�µv��}µ�o�P���Æ]�����v�����µÆX�>��(oµ]���

]v�µ]�������µ��µ���U�u�]��o����µ��µ����u}�](]�v��o�������]}v����o���]��µo��]}v��µ�(oµ]��X�W����Æ�u�o�U�

µv�Po]���u�v����µ���[���}u��Pv����[µv���Z��������]o���v���}µ��[µv���}u�}��v���v}�u�o�X�������

À��]��]}v����À}oµu��À��(�]����]u]vµ���o�������]}v���v��o��(�]oo�U�����}v����µ�����!����o���µ��µ��X����

�Z v}u�v�����h �]o���v�r����vPZ��v]vP i��}v�µ]���}v��������Po]���u�v��� o�v��U��}v���]v������� o��

À]�����������}��P��]}v�����(oµ]������v��o��(�]oo��~^�P�oo�����oXU�îìíì�X� 
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>�� ���u ��]o]� � �[µv�� (�]oo�� �v� Po]���u�v�U� �]�u]�µ�� }µ� ��]�u]�µ�U� ���� �µ��]� �}v�]� ���o�u�v��

�µPu�v� ��~���Á(}�������oXU�îììô�U�����µ]���µ���}v�µ]�����u}�](]���o����Z�u]v������]��µo��]}v�����

(oµ]��U�����������  �µ]o]���P�����������]}vX��]v�]U� o��(�]oo�U���µ����u ��o���À�v��Po]���u�v�U�À�����

�}v�µ]��� �}uu�� µv� ���]v� o}��� �µ� Po]���u�v�U� ��� �µ]�u}�](]�� ����� (}���u�v�� o�� �]���]�µ�]}v� ���

�����]}v�o��o}vP����o��(�]oo��~h &�µo�rÀ�oÀ����Z�À]}µ� iU�^]��}vU�íõõì�X 

�v(]vU��}µ���� (}�u��]}vU��µ[�oo���}]�� o���]�µ�U��]�u]�µ��}µ���]�u]�µ�U�À��]v�µ]���µv����v�(�������

�}v���]v������v�� o��u]o]�µ��vÀ]�}vv�v�X� >��� ���v�(���������}v���]v���� o] ���µÆ�� (}�u��]}v���}�}r

 o���]�µ����}v�����(�]�o����u�o]�µ���U�u�]����µÀ�v��!�����µ((]��v�����}µ��P v �������o���]�u]�]� ��µ��

����(�]oo���� i����}�Z������o���µ��µ��X��]v�]U�o�������µ����]}v����������]}v���v��o���(�]oo����]�u}P�v���

��� o[Klo�Z}u��  ��v�� ����� (�]�o��U� µv�� ����� ��� o�� �]�u]�]� � ��� ������ Ì}v�� ���� �Æ�o]�µ �� ���� ����

����µ����]}v���}�}r o���]�µ��������}v���]v�����µ������(�]oo�����}�Z������o���µ��µ���~�Z�vP��v��̂ �P�ooU�

îìíòV�'}���o�����oXU�îìíó�X 

>���Z v}u�v��������v�(��������}v���]v���������]�v��}vvµ��}µ��o���� ]�u��U�����]o���������}v���o��

����� �o]�µ���~^��]vU�íõõõ�U��}µÀ�v��P v �����������u�o�u�v�������������v��������� ~D����v��v��

>�vPo]v U�îììô�X� �v��oµ���[µv�� �o�v�Z�u�v���]�������� o�� �]�u]�]� U����� ���v�(���������}v���]v����

��µÀ�v��P v ��������Po]���u�v���o�v���~Z}o�v�}v������oXU�îìíô���������u}�](]���]}v�����o�������]}v�

������o���]��µo��]}v�����(oµ]����~�������}������oXU�îìíõ�V�D]oo�������oXU�îììð�X������Z v}u�v�����µÀ�v��

P v ������o�µ���}µ������ À�v�u�v����]�u]�µ��X�����v��v�U�o���u}�](]���]}v������}v���]v������o] ���

�µÆ�� (}�u��]}v��o�v���������]�u]�µ����}v���]�v�u}]v���}vvµ��U��v�����µ���������o���� (}�u��]}v��

��]�u]�µ��� �}v�� �]((]�]o�u�v�� }����À��o��X� >��� u}� o]���]}v�� vµu �]�µ��� ZÇ��}u ��v]�µ���

u}v���v������v��v��µv���µPu�v���]}v����o���}v���]v����]��]oo�v����µ�(�}v���µ�Po]���u�v����]�u]�µ�U�

�µ]���µ��]v�µ]�������� ]�u�����v��o��Ì}v��v}v������µ�]� ���µ�}µ�����o[]vi���]}v�~&]Pµ���ñU����������

�oXU�îìíõ�X�������]v����� ���]}v��� � �� À�o}�� ����v��o�������µ��]���P }�Z��u�o�������Áo�Ç�~&]Pµ���

ðU�t�]�����oXU�îìíñ�����o}����[�Æ� �]�v�����}v���o ����[]vi���]}v�~�������}������oXU�îìíô�X 

>�������µ����]}v������}v���]v������µÀ�v���µ��]�!�������v�]�}]��X��]v�]U�o�������P������}v�����]�u]�µ���

��µ��u}�](]��� o��� �}v���]v���� �[�Æ����v�� �µ�� µv�� (�]oo�U� ��l}µ�u������ �v� �����]}v� o��� (oµ]���� o��

���µ��v�X�^]� o�� (�]oo��������v��µv� ������]�]�µ�U��oo����µ���o}���Po]����X��]�v��µ�� o[�u�o]�µ����������

����µ����]}v��������(�]�o�U�o���}����À��]}v�������o��� �o�v�Z�u�v����Çv�u]�µ����}v��v}u���µ����

~�������}������oXU�îìíóV�,]oo��v��W��i��vU�îìíñ�X� 

 

���� �](( ��v��� �Æ�u�o��� u}v���v�� �µ[]o� �Æ]���� µv� �}µ�o�P�� ����� (}��� �v���� �����]}v� (oµ]��U�

� (}�u��]}v���� � ]�u��� ~&]Pµ���ò�X� >[]v������]}v��v���� o��� � ]�u������ o��� (oµ]��������µv� i�µ���ï�

����µ��U�}¶�� (}�u��]}v� o�v��U�� ]�u������(oµ]���� ]v���(���v�����u�v]�����}u�o�Æ���µ��}µ����µ�

��u��U������À�����������v�(���������}v���]v���������������µ����]}v�����������]}v�X���v��o��u��µ���

�µ��}��]�o�U� ]o������}v��v �����]����[ �µ�]������u�v]����Po}��o���µ��µ����]�u]�µ�������}����µ��

ZÇ��}u ��v]�µ��X� 
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1.1.4. Quelles observations ?  

W}µ��u]�µÆ��}u���v��������]v������]}v���}u�o�Æ��U�]o������}µZ�]���o���[�À}]������u��µ������o��(}]��

���� (oµ]���U� ��� o�� � (}�u��]}v� ��� ����  u]��]}v�� �]�u]�µ��X� ��� ��oo��� }����À��]}v�� �Æ]���v�� �v�

o��}���}]��X�W����Æ�u�o�U� ^�Zµ�v�o�����oX� ~îììó��}v���v��P]��� � o��� u]��]}v����}µ��]�µ��� o}������

�µ��µ���� ]v�µ]���������µPu�v���]}v���� o�������]}v� (oµ]��� �µ������ �Z�v�]oo}v�����P������v��µv��

������� ��]�Æ]�o�X�����v��v�U� o�� ��]oo������ �Z�v�]oo}v����� o�µ���� �����]}v� (}v���µ�� o���u�� �]�µÆ�

µ�]o]� �� ��v�� ��� ��oo��� �Æ� �]�v���� v[}v�� ���� �}µ��� o�� �}u�o�Æ]� � ���µ��µ��o�� ���� (}�u��]}v��

P }o}P]�µ��X� ��v�� o����vÀ]�}vv�u�v���v��µ��o�U� o���}����À��]}v��uµo�]r����u������ �}v�� ���������

�}µÀ�v�� ]v�}u�o����X���v�� o���� ���À}]��U���µo��µv�� ]v(}�u��]}v������oo�]��������]��}v]�o���µ�� o���

(oµ]���U��À���o�������]}v����o��� �]��u��µ� ���v��!�������µ]����À���µv� �Z�v�]oo}vv�P����u�}��o�o��Z�X�

W�µ� �[]v(}�u��]}v�� �Æ]���v�� �µ�� o�� � (}�u��]}vU� ���� o��� u��µ���� �v� �µ]��� �}v�� ������ ��� o���

� (}�u��]}v���v��µ�(�����}µÀ�v�������(�]�o��X�>���o}��o]���]}v�����(�]oo������o[ ��������}v���]v�����}v��

�µ��]� ]u���(�]��u�v�� �}vvµ�X� ��v�� o��� Ì}v��� ����}v]�µ��U� ��µo��� o��� o��P��� � (}�u��]}v�� �}v��

}����À ������ o���µ�(���X�>��'W^���� o[/E^�Z���v��]Pv�v���µ�� o���u ��v]�u����������u�o�u�v������

���������u�Pv]�µ���ò=U�u�]��v����µÀ�v�� � �}µ���� o���� (}�u��]}v�����}�] ���������oµ�� (�]�o���

u�Pv]�µ����}µ�����������]u���]�u]�µ��X�����oµ�U� o��P }u ��]������ (�]oo����}���v�� o���� ]�u������

u�Pv]�µ���(�]�o����u}� � ������P v ��o�u�v��]v�}vvµ�X�>���� ��v������(oµ]�����v��o���(�]oo���v[����

�µ���µ��}� �U��À�������}����À��]}v��]v�]������X�^µ��o���À}o��v�����](�U�����(oµ]�����}u�o�Æ���~��µU�

P�Ì� ���u�Pu��� �}v�� �� ��v��U�u�]�� o�µ�� o}��o]���]}v� v[���� �µ[]u���(�]��u�v�� �}vvµ�X� >�� (}����

� (}�u��]}v���� o[ �](]��� �À�v�� o�� �µ��µ�������u��µ���o�U�u�]�� �oo��u}Ç�vv��µv�� �}u�o�Æ]� ����

��}����µ�� ~� (}�u��]}v� �}�}r o���]�µ�U� Po]���u�v�� P��À]��]��U� ���X�� ��v�� µv� u]o]�µ� P }o}P]�µ��

&]Pµ���òW�^�Z u���]u�o](] �����]v������]}v���Æ]���v���v����o���(oµ]���U�o���� ]�u������o���Po]���u�v�����]�u]�µ��X�

>���(oµ]����]v�µ]��v������� ]�u����������Po]���u�v�����]�u]�µ��������]u]vµ�]}v������}v���]v�����((���]À�����l}µ�

����µ����]}v�� �}�}r o���]�µ��� �µ� �Z�u�� ��� �}v���]v���� ~íUï�X� �v� ���}µ�U� ���� Po]���u�v��� À}v��u}�](]��� o��

�]��µo��]}v� ��� o�������]}v����� (oµ]���� ~îUð�X� �v(]vU� ���� ���v�(���� ��� �}v���]v���U� o��� Po]���u�v�����]�u]�µ���

� �o�v�Z�v������� ]�u��U����]vÀ����u�v��~ñUò�X 
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�Æ��!u�u�v��Z � �}P�v�X��v�� �µu U��µ�o��µ���}]��o[}�i���P }o}P]�µ���}v�]� � U�o���}����À��]}v��

�µ��v}µ���}µÀ}v���À}]���}v�������oo�]���U�]v�}u�o���������v�P v ��o����µ]������o���µ�(���U��[���r�r

�]���o}]v�������}����µ�X 

W}µ�� �}µÀ}]�� ���� Z�v���� o�� �}u�o�Æ]� � ��� o�� �µ��µ��� �]�u]�µ�U� ]o� Ç� �� �}v�� µv�� v ����]� �

�[}����À��]}v��uµo�]r����u������ ~(oµ]��U�� (}�u��]}vU� �]�u]�]� ���� o u�v��� ���µ��µ��µÆ���� o��

P }o}P]��U����������}�Z���]���v��U�����À���µv���}vv��� �}oµ�]}v���u�}��oo�X���v��������}��]�µ�U�

���� � À�o}���u�v��� ]v���µu�v��µÆ� ��µÀ�v�� !���� v �����]���U� �}µ�� ��v(}����� o��� }����À��]}v��

�}��]�o��X�W����Æ�u�o�U�o���� ��v���� À�o}���u�v������Zv]�µ����[]v����}P��]}v�����(]�����}��]�µ���

���u����v�� �[�vÀ]��P��� o��� u��µ���� �}vi}]v���� ��� � (}�u��]}v� ��� ��� �]�u]�]� � ��v�� ����

�vÀ]�}vv�u�v����]((]�]o�����o��o���(}v���u��]v��~^o���v�����oXU�îìíõ��}µ�o���À}o��v�����](��~:}µ��������

�oXU�îìíô�X�>��� ��v��� À�o}���u�v���[µv���}v������(}��P�U���� ���µ��µv�� ���µ����(]�����}��]�µ��U�

���u������u��µ����o���� (}�u��]}v���v�(}��P��U��}µ�o ���������u��µ������������]}v�������� �]��

�[]vi���]}v�~^/D&/WU�'µPo]�ou]�����oXU�îìíð�X��������}v������]v�]����u]���������}�µ]���o�����}����µ��

v��µ��o������]�u]�]� �]v�µ]���o}����[�Æ� �]�v����]vr�]�µU���µv�� �Z�oo��]v���u �]�]���~u���������]Ì�]v��

���u������X�/o������o}����}��]�o���[]v���oo���µv�� ���µ�����µ]À]���v��U�����}Æ]u]� ��������µ����]}v��

~]vi���]}v�����(oµ]�����}v���o ��X� 

 

&]Pµ���óW��]���]�µ�]}v���u�}��oo������ À v�u�v����]�u]�µ����v��P]��� ����v��o��� P]}v����o[h��Ç�X����^ ]�u���

���u�Pv]�µ���ðXï���� ���� � �o]�µ��� ~dZ}µÀ�v}������oXU�îìíò� V��������]u� �]�u]�µ����� :�µ�]�����v�îììïrîììð�

~:�v���}v�����oXU�îììó�.  

 

W}µ���}v�����o�v�������u�v�µ���[}����À��]}v���µ�� o���(oµ]��������}Æ]u]� ������}µ������]�u]�µ��U�

���� }����À��]}v�� �]�u}o}P]�µ��� ]v�]������� ��µÀ�v�� �µ��]� !���� µ�]o]� ��X� >[]v������]}v� (oµ]��r

� (}�u��]}vr� ]�u�����µ���]v�]����À}]����v��o���]���]�µ�]}v�����]�o�U���u�}��oo��������u�Pv]�µ���

���o���]�u]�]� X�>���� �µ�v�����]�u]�µ����[}�P�v]��v��P v ��o�u�v���µ�}µ���[µv�� ]�u����]v�]��oU�

u�]����µÀ�v���µ��}v���]���������`�����}uu����������]u�� �]�u]�µ��� ~&]Pµ���ó�X��������](( ��v���

�[}�P�v]���]}v��µPP��������(}���P��������}����µ���](( ��v����µ�v]À��µ����o���}µ���X�>��u]P���]}v����

o���]�u]�]� �]v�]�µ���}]�������]((µ�]}v�����(oµ]����}]������Po]���u�v���o�v��X �]v�]U�o[�µPu�v���]}v����

o���]���v�������� ]�u����µ��}]v���[]vi���]}v��À���o����u��������o���]�µ�u�v����o] ����o���]((µ�]}v����

o�������]}v� (oµ]��� ~^Z��]�}�����oXU�íõõó��X�hv� ��o�u}��o��v�����v������v��v�������v��}u���� o���

� (}�u��]}v��o�v�������o������v�(���������}v���]v�������}�] �U���������}v�����(���]�o�X������v}u�o]���
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��v�� o����]���]�µ�]}v�����u�Pv]�µ���~o}]����'µ��u���PrZ]�Z����U���v�� o��v}u�������� �o]�µ���~o}]�

�[Ku}�]U�h��µ��v��KP���U�íõõñ�U���v�� o����Zµ������� �}v���]v���� ~>�vPo]v �����oXU�îìíð�U���v�� o���

�]���]�µ�]}v�������u����������]���v���]v���r À�v�u�v���~,�]vÌo��v��KP���U�îììñV�^�Z}�v��oo�����oXU�

îìíñ��}µ���v��o���]�����]}v�����u ��v]�u��������}µ�����~>��o��������oXU�îìíï���µPP���v��o���� ��v���

�����}����µ���}u�o�Æ����µ�v]À��µ������}µ���������� ]�u��X�>[]v����� ���]}v���������v}u�o]���������

����v��v���u�]Pµ# W�o���(oµ]�����}v���}µÀ�v��u]���v��À�v�U�u�]������Po]���u�v���o�v���~}µ��µ�����

��}����µ� M�� ��µÀ�v�� �µ��]� �Æ]����X� ��� ���u�v]���� P v ��o�U� ]o� v[Ç� �� ���� ��� À �](]���]}v� �]������

�}��]�o�U���v��v������]v����� ���]}v���}µi}µ���� o]�����X� 

 

�v(]vU����� À v�u�v����]�u]�µ���~�]�u]�]� �v}v��}vÀ�v�]}vv�oo��U��À�������(}�u����[}v���������

�](( ��v���� ��� ��oo��� ���� ���u�o�u�v��� ��� ������ ~&]Pµ��� ô�U� �}v�� ����u���µ�µ��� ��� ��}����µ��

�](( ��v������o���µ��µ������]�������]��]oo�v�����o[}�]P]v������� ]�u��X����µ]���oµ�]�µ���� ��vv]��U�o���

�� u}��� ~�l]� ��� �oXU� íõóó�U�  À v�u�v��� o}vPµ��� ��� ����� o}vPµ��� � �]}���� ~�Z}µ��U� íõõò�� �}v��

}����À ���µ��o���À}o��v�����](�U�������À�v�����v�]�]����o��� �µ��]}v�X�/o���}v���o���]�µ�u�v��]v����� � ��

�}uu�� o��� �}v�v��������À]� ����u�o]������(oµ]����~P�ÌU� o�À��}µ���µ�X�����v��v�U�������}����µ��

�o���v��](�U��oµ���}u���]�o����À���o���]�u}o}P]��v}vrÀ}o��v]�µ�U�}v�� � ���}�}� ��~Po]���u�v��o�v��U�

���v�����oXU�îìíðV��µ��µ����� � �]�]À��U��u]��]�À������oXU�îìíï�X�>���u ��v]�u�����������]Pv��µ����

�}v���}v���}µi}µ����v�� ���X������]Pv��µ�����]�u]�µ���v}v��}vÀ�v�]}vv�oo����}v���µ��]�}����À ���

��v�������vÀ]�}vv�u�v���v}v�À}o��v]�µ��X������� u}�����������]Pv��µ����o}vPµ���� �]}����}v�� � �

}����À ��o}������Po]���u�v���o�v�����v��o���Ì}v�������µ��µ��]}v�}µ��µ�������]v���(�]oo���~K���������oXU�

îììðV� ^Z�ooÇ� ��� �oXU� îììó�X� W}µ��µ}]� �����]v��� Ì}v��� ��� �µ��µ��]}v� Po]���v�� �}µ�� (}�u�� ���

���u�o�u�v������ �����U���� Po]���u�v�� o�v��� �]}�]�µ�� ~�À��� �]Pv��µ��� �]�u]�µ��}µ�v}v�U� }µ����

� (}�u��]}v� �}v�]vµ�� ���� �}µi}µ��� µv�� �µ���]}v� }µÀ����X� �v� ����]�µo]��U� ���� �v�o}P]�� �À��� o���

�]Pv��µ����À}o��v]�µ��U� o����o������ (oµ]������v�� o��P�v��������������]�u]�]� ������}µi}µ���� ����µ�

~^Z��]�}�����oXU�îìíô�X������]Pv��µ����v}v��}vÀ�v�]}vv�oo��U��}µÀ�v������o ���>W>��~h >}vP�W��]}��

>}vP��µ���]}v i��}v���µ��]� � �}����À ��o}��������Æ�o}]���]}v������ ���À}]��U��v�����]�µo]���o}�������

(����µ���]}v�� ZÇ���µo]�µ��� ��v�� ���� ��P]o]���� ~���� �v�� �}���lU� îìíïV� <µu��� ��� �oXU� îìíó��X�

/v]�]�o�u�v������]�µ ��������Po]���u�v���o�v��U�o[�Æ]���v��������oo����]Pv��µ����������v��v�� � �u]���

�v��}µ���~����À]������oXU�îìíò��X����u�v]����P v ��o�U�o���]((]�µo� ����� ����]}v�����[�v�oÇ����������

�]Pv��µ����(}v���µ�� o�µ���u ��v]�u��������v��� ����µ�U��}µÀ�v��!������o] ���µÆ�(oµ]������l}µ��µÆ�

� (}�u��]}v��o�v���X 
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1.2. Parcours scientifique 

1.2.1. Problématique scientifique 

D������]À]� ��������Z���Z�����µ]��u���Z�����}���v���}v���µ��o���]Pv��µ����]�u]�µ��������}����µ��

��]v������]}v��v����(oµ]��������}o]������v�� o���µ��µ�(�������������X�:��u[]v� �������v�����]�µo]�����

o[]v(oµ�v�������(oµ]������v��o�����}����µ�����vµ�o ��]}v������ ]�u��X�/vÀ����u�v�U�o[}�i���](������µ��]�

o[µ�]o]���]}v����u]��}r�]�u]�]� �]v�µ]�������}v� À}oµ�]}v�����]}r��u�}��oo�U��}µ���u o]}����o���µ]À]�����

(oµ]�����v���}(}v��µ�U�����]v�]�}��]u]����í�� o��v�]�]���]}v������]��µ����]�u]�µ�����À}o��v]�µ�����î��

o[������]�]o]� ��µÆ�����}µ����X�W}µ���u o]}����v}�����}vv�]���v����µ���o������(oµ]������v��o��P�v����

����� ]�u��U����v}u���µ�����µ���]}v�������v��}µÀ�����U����v ����]��v�����v}µÀ��µÆ� �o�]��P�� W� 

x K¶�����]�µ�v��o���(oµ]������v������u]o]�µÆ�(}���u�v��Z � �}P�v�� M 

x �}uu�v�� o��� (oµ]��������]�]��v���µÆ�� (}�u��]}v� M�Yµ�o��u}��������µ��µ���� ]v�µ]��v�r

]o� ~�]�u]�µ���}µ���]�u]�µ��� M� 

x Yµ�o�����o��o]�v��v����o���(oµ]�������o����]oo������� ]�u�� M� 

x W}µ��µ}]� }����À�r�r}v� ���� ����]u�� �]�u]�µ��� ��l}µ� ��� o��P���  À v�u�v��� ���}�] �� �µÆ�

(oµ]��� M 

x Yµ�oo���}����À��]}v����µÀ�v��v}µ�� ��v��]Pv��� �µ�� o�� ��o���µ� (oµ]��� M� &}�u����[}v��� M�

�]���]�µ�]}v�����]}r��u�}��oo� M����X� 

x Yµ�oo����}v��o���]v������]}v���v����(oµ]������Po]���u�v��o�v� M� 

x ���X 

 

�v�� �µu U�o��(]o��}v�µ���µ���µ]�u}�]À��u�����Z���Z����]�v�](]�µ����� W��µ�o���}v��o���u ��v]�u���

�[]v������]}v���v����o���(oµ]���U�o���� (}�u��]}v��o�v�������o���� ]�u�� M�����}µ��� �}v������������

�µ���]}vU�]o������µ��]�]v� �����v�����o�����v������o[�vÀ��� W��µ�oo����}v��o���}����À��]}v���]�u]�µ���

~ À�v�µ�oo�u�v�� ��� � (}�u��]}v� ��� ��� (oµ]���� ���u����v�� ��� �µ]À��� ~��� �[�v�]�]����� ����

]v������]}v� M� 

 

1.2.2. Originalités de mon approche 

D}v�����}�Z������}�]P]v�o�����oµ�]�µ���v]À��µÆ W 

x W��u]���u�v�U� i�� u�� �µ]�� ]v� ���� � �� ������ ��}�o u��]�µ�� �µ�� �](( ��v��� }�i����

P }o}P]�µ���~� ���À}]��U�À}o��v�U�Ì}v�������}v]�µ��U�&]Pµ���õ�X��]�v��µ��o����}v�]�]}v�����

�����]}v�U������u� ���µ��U�o����Ç�������(oµ]�������o����}v�]�]}v��P }o}P]�µ����]((���v�U�����

�]u]o��]� �� �Æ]���v�� ��v�� o�� �]�u]�]� � ��� ��v�� o��� ��}����µ�� o�� P v ��v�X� >�� u]��� �v�

��������]À������}����À��]}v���v�����](( ��v���}�i������µ���}v�����u�������[�Æ���]��� o���

 o u�v����}uuµv�U�����}v��P v �]�µ��U��Æ]���v�����v��o�����}����µ��(oµ]��r�}o]��X�^µ]À�v��

o��u!u��]� �U�o[�Æ�o}���]}v������ �}v�������(�]oo������](( ��v���� �Z�oo�������]�o������u���

�[�Æ���]���o����}u�}���u�v���o����oµ��P v ��µÆ��}��]�o��X��v�����]�µo]��U�i[�]����À�]oo ���µv��

 �Z�oo�� � ��u ��]�µ� o}��� �[�Æ� �]�v���� �[]vi���]}v� ��� (oµ]��X� /vZ��]�µ�oo�� ��� }�]P]v�o�U�

������  �Z�oo�� ���u��� �[�À}]�� µv�� �}vv�� �}vv�]���v��� �µ� u]o]�µ� P }o}P]�µ�� ��� µv��

]v���µu�v���]}v� ��}�Z�� �}µ�� �v� �����v�� ��v�� µv�u]o]�µ� v��µ��oX� /v���u �]�]��� �v���� o��
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o��}���}]������o��� ���À}]�U��oo���}v�]o]���}v��o����À�v��P������������µÆ� �Z�oo��U�������u���

�]v�]������o]�����������}�Z��X� 

 

 

&]Pµ���õW��](( ��v���� �Z�oo������}�i������v�� o���µ�o�� ��� ����}µÀ�v��������}����µ�� o] ���µÆ� (oµ]���X� ����

�](( ��v���� �Z�oo������}�i����}v���Z��µv�o�µ��]v� �!�����]v�}vÀ v]�v�����v��o����� Z�v�]}v�������}����µ�X�

:[�]����À�]oo ��µ��o��� �Z�oo����µ�u������µ�l]o}u����U���]v�]��o�u�v���µ��o����Æ� �]�v����]vr�]�µU�À}o��v�����

Ì}v����[���]À]� ������}v]�µ��X  

 

x ��µÆ]�u�u�v�U� i[�]� ���À�]oo � �� o�� (}]�� �µ�� o[]u�P��]�� ��� o��� �}µ����� �]�u]�µ��� �}uu��

u���µ�µ��� ���� ��}����µ�� (oµ]���r�}o]���X� :[�]� �v� �((��� �Z���Z U� ���� ���� ���Zv]�µ���

�[]u�P��]�U���}���v]������]v(}�u��]}v���µ��o���(oµ]�����v���}(}v��µ�U��µ������}]���}µ������

� ���À}]��� �}��µÆ� }µ� ���� �Z�u����� u�Pu��]�µ��X� ���� ���v]����� �vv ��U� i�� u�� �µ]��

����v��v���oµ��]v� ���� ���o[�v�oÇ��������o[]v����� ���]}v������}µ��������o��u]��}r�]�u]�]� �

�}µ�� }���v]�� ���� ]v(}�u��]}v�� �µ�� o��� (oµ]���X� �µ��v��u}v� ����}µ��U� i[�]� �}v�� ��o�Ç �

�](( ��v��������}�Z������o���]�u}o}P]�X� 

 

x W}µ��o���}u�� Z�v�]}v�����}µ��������� ]�u��U�o���]�u}o}P]�����}��������}����À��]}v�U�u�]��

v�� ���u��� ���� ��µo�� ��� � �}µ���� o�� �µ���]}vX� /o� ���� �}v�� v �����]��� ��� �}µ�o��� o���

]v����� ���]}v�� �]�u}o}P]�µ��� v}��uu�v�� �À��� ����u}��o��� ZÇ��}ru ��v]�µ��X� ���µ]��

u}v�����µ��u�v����' }�Ìµ�U�i[�]��}v���}µZ�]� ����À�]oo ���o[]v���(�����v�����]�u}o}P]�����

ZÇ��}ru ��v]�µ�U��v�� À�o}���v��v}��uu�v�������}oo��}���]}v�� ��}]�����À��������Æ������

�v� ZÇ��}ru ��v]�µ�X� �v� ����]�µo]��U� ���� �}oo��}���]}v�� ��� �}v�� �}v�� �]� ��� ���� o��

� �o]���]}v� ���� �Æ� �]�v���� ��� � ���]À��]}v� ��� (�]oo��U� }¶� �}vv ��� ZÇ���µo]�µ��U�

u ��v]�µ��U�P }o}P]�µ�������]�u}o}P]�µ���}v�� � ��]uµo��v u�v�����µ]�������]v����� � ��X� 

 

x �v(]vU�i��]�µ�]o]� �µv���]À���]� ��[����}�Z���u �Z}�}o}P]�µ��X�D}v�����}�Z����]v�]��o�����

����� �µ�� o[�v�oÇ��� ���� �}vv ��� �]�u}o}P]�µ��U� ]u�o]�µ�v�� ���]��u�v�� �µ� �]Pv�o� ���
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��}�o�u��� ]vÀ�����X� ��v�� ��� �µ�U� i[�]� �¸� � À�o}����� }µ� �������� ����u �Z}���� �}µ��

�u o]}����o�����]��u�v������}vv ��X�:[�]��µ��]����À�]oo ��µ��o��� À�o}���u�v�����µ�]o]� �����

����}�Z��� vµu �]�µ��X� �v(]vU� i[�]� ����]�]� � �� o�� �}v����]}v� �[�Æ� �]�v���� }�]P]v�o��� ���

]vv}À�v���� ��� � ���]À��]}v� ��� (�]oo��� ���� ]vi���]}v� ��� (oµ]��� �v� �vÀ]�}vv�u�v�� v��µ��oU�

v}��uu�v������o���}v����]}v������ ���µÆ�]v���µu�v��µÆ�����µ�À�]oo�v��X� 

 

1.2.3. Cadre collaboratif 

W}µ��� �o]�����������À�µÆ�������Z���Z��U�i[�]��Z���Z ���� À�o}����������}oo��}���]}v����]�v�](]�µ���

�À��������Æ��������v�������}u�]v����}u�o u�v��]������u����}u� ��v���U��µ������}]���v�o}��o�}µ�

��o[]v���v��]}v�oX�>�����À�]o��À����[�µ������]�u}o}Pµ�������(��]o]� �����µv�À}���µo�]��U�����}µ�]o���������

�µ���]}v�� �}uuµv��X� W}µ��u������ �v� �}uuµv� ���� �}]v��� ��� Àµ�� �](( ��v��� �µ�� ���� �µ���]}v��

�}uuµv��U�i[�]��µ��]�� À�o}�� ������}oo��}���]}v��(}������À�������ZÇ��}ru ��v]�]�v�U��� �]�o]�����

���o��u ��v]�µ�����o���µ��µ��U����µ]��u}v�����µ��u�v����' }�Ìµ�X�>����}�µ��µ������u������]�o���

��]�v�](]�µ���u}v���v��o���]À���]� ������}oo��}���]}v�� ���o]��X�W��u]������}oo��}����µ����À���o��µ�o�

i[�]����À�]oo ����µ]��u���Z���U�i���}µZ�]����v�����]�µo]���u�v�]}vv�� ~�����u���]���W� 

x �µ�v]À��µ�v��]}v�o W�&X������U��X�Z]À��U��X�����Z�u��U�&X��}µ��}µo�ÆU��X�^o���vU�DX�'}��v}U�/X�

D�v]PZ���]U� ,X� �Pµ��}U� :XWX� �u�µ��}U� �X� >���}�µ�U� YX� �o ���Ç� ~' }�Ìµ�� V� :X� s]�]�µÆU� �X�

,�ou�������U�^X�'���u�}]�U� :XrWX�D ��Æ]�vU�:XrZX�'����}U�~/^d����� V�KX�>�vPo]v �~�K^d�V�WX�,�v�Ç�

~����P��V�'X���v]�o�~��&�V��X��µÀ��P���~����V�,X�:}u����~/Z^E�V�WX��µ�o�v�Z���~D]v���W^>�V����X� 

x �µ�v]À��µ�]v���v��]}v�o W zX�'µPo]�ou]U�DX�^�Z}�v��oo�~���l�o�Ç�V��X����vU�/X�>}lu���'X�K[��]�v�

~�µ�o]v�U�zX�,µ�vP�~hX�D]�Z]P�v�V�>X��µ�����oo}U�'X�^���}��}�]�~/E's�V����X� 

������À�]o���]�v�](]�µ�������µ��]����� �����o[�v�����u�v���[ �µ�]�v��U��}v��ô� �µ�]�v������o]��v������

ò� �µ�]�v������u�����X�:[�]��µ��]��]�����u�v���v���� �ñ��}��}��v���~DX�����À]�U�dX��Ç��U�>X��µ�}�µ(U�

EX�tÇv�v��U�DX����µ��������}oo��}� ��µ��o[�v�����u�v�����ð��µ������Z����X��v(]vU�:[�]��µ���À]� �î�

�v������}���}��}��������X�Z]À��U��µ]����v�µ]��� � �����µ� ����' }�Ìµ��~�E�WrK���X� 

 

�v(]vU�µv������]��������������]À]� �������Z���Z���[����(�]�����v��o�������������}i����������Z���Z�X�:[�]�

�v��((�������]�]� ����oµ�]�µ�����}i���U�(]v�v� ������o[�µ�}���~sK>hD�U�W/��X����v V�Yh�^d�/dEU�W/�,X�

/P�o V�Z��<dU�W/�WX����v����U����� o[�EZ� ~^��&KK�U�W/��X�^o���v V��WK^dU�W/�DX�s��Pv}o���}µ����� o��

u}v��� ]v�µ���]�o� ~,WD^r��U�d}��oU�W/�zX�'µPo]�ou] V�dµoo}Á�K]oU�W/��X����v�X��v�����]�µo]��U� i[�]� � �

(}���u�v��]u�o]�µ ���v��ï���}i��� W� 

� W�}i���h &oµ]�������&�]oo�� iU�îìíîrîìíóU�(]v�v��u�v��d}��o�~�µ�P�� W�íXô�D¦�U�W/��X�'}µ��

��WX�,�v�ÇU 

�µ���]v���������}i��U�i[�]� � �����}v���o���µ�tWð�h ^µ�À�]oo�v����]�u]�µ� i��À���µv��µ�P������ññìl¦X�

>�}�i���](���������}i�������o���}u�� Z�v�]}v����o��� �}v�������(�]oo�����P]o�µ������µv������µ����]}v�

��������]}v����(oµ]��X�����]vi���]}v������µ���Z�µ��������]}v�}v�����u]������ ���]À����](( ��v����Ì}v���

��µv�� (�]oo�� ���À����v�� o��� ��P]o]���� ��� o�� �o���r(}�u�� �Æ� �]u�v��o�� ��� d}µ�v�u]��� ~/Z^EU� íî�X�

>�]v���µu�v���]}v���� �µ�À�]oo�v��������u]���[�v�oÇ���� o��u]��}r�]�u]�]� � ]v�µ]��������� �µ]À��� o���

À��]��]}v������À]��������]�u]�µ������}�] ����µ�u}µÀ�u�v�����(�]oo�U��v��}oo��}���]}v��À���o���}�] � �
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D�Pv]�µ���~ôð������À�������ZÇ��}ru ��v]�]�v��~��Z�'��D����]oo�U�/^d�����'��v}�o�U��E^�W��]��X�>��

���À�]o����W}��r�}��}��������X�Z]À���~îìíðrîìíñ���� � �(]v�v� ��µ�������}i��X� 

 

� �EZ�:�:��,z�ZK^�/^W�îìíðrîìíõU�(]v�v��u�v���EZ�:�:��~�µ�P���ïíì�l¦�U�W/�&X�������

~Z����Wll��}i���X}��X�µl�vlZÇ��}��]�rZ}u�� 

�µ���]v���������}i��U� i[�]� � �����}v���o���µ�tWî�h �Æ� �]�v�������v�oÇ��������}vv �� iU��µ�P���

íòìl¦X������Æ� �]�v��������]�u]�]� � ]v�µ]���}v�� � �� �o]� ����v�îìíñ���v��µv�u���](������o��]���

(����µ� � ~>^��U� Zµ����o�X� >[]v���µu�v���]}v� ��v��� ��� À��] �� ~�����]}vU� � (}�u��]}vU� �]�u]�]� �� ��

���u]��o[���µ]�]�]}v�����}vv ���ZÇ��}u ��v]�µ�������]�u}o}P]�µ���µv]�µ����v�o�µ��P�v��X������}i���

�� � �u�v ��v��}oo��}���]}v��À���o����}i���,WD^r���~W/ W�zX�'µPo]�ou]�U�(]v�v� �����d}��o�^�X�W}µ��o��

�}v�� �}µo�u�v����������}i��U�i��]�}���vµ�µv���}µ��������Z����~>X��µ�}�µ(U�(]v�v��u�v��D�^Z�����

µv��v�����}��r�}��}����~�X�Z]À��U�îìíòrîìíóU�(]v�v��u�v��hE^�X 

� 

� W�}i����h��z� W�îìíõrîìîîU� (]v�v��u�v�� /Z^Er���U�W/�>X��������}�����&X��}µ��}µo�ÆU�

�µ�P���íòñ�l¦ 

�>[}�i���](� ��� ��� ��}i��� ���� ��� �}u���v���� �}µ��µ}]� ������ Ì}v�� ���� �o���� �µ� �µ�� �� µv� ��µÆ�

�v}�u�o�u�v�� (}������ � ]�u��U��À������� �o���v�v���� �Z}�����]v�]��µÆ��������]u�� �]�u]�µ��X� �v�

����]�µo]��U�o[����v�������u]���µ��o�������� �]���]}v�������}����µ���������(}���P������o���]�u]�]� U��v�

 �µ�]�v���v�� ��]o�o���]�u]�]� ��v�îìíð��}µ���Æ����}o�������}u������o���� �µo�������µv���oµ��P��v���

 �Z�oo����u�}��oo��������[�µ�����Ì}v����]u]o�]���X������}i���(]v�v���o���Z�������DX����µ��X� 
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1.3. Bilan 

D������]À]� ��������Z���Z���}v���v�v��o���}u�� Z�v�]}v�����]v������]}v���v����(oµ]������� ]�u��U�

�v�o]�v��À���o���� (}�u��]}v����]�u]�µ��X��������Z u��]�µ��������Z���Z�����������o]���]}v��(}�����

�}µ��o[�Æ�o}]���]}v���������}µ�����~P }�Z��u]�U����X������}µ��o[�v�]�]���]}v������]��µ����]�u]�µ������

À}o��v]�µ��X� 

�µ��v��u������]���U� i��u���µ]�� ]v� ���� ����](( ��v���� �Z�oo���������](( ��v���}�i����P }o}P]�µ��U�

�À����}µ��}�i���](��[�Æ���]���o�����}����µ��ZÇ��}u ��v]�µ���o����oµ��P v �]�µ����}��]�o��X���v��o��

�µ]���������u�vµ���]�U�i���}µZ�]����}v��u�������v�����oo�o��o���}����À��]}v�����]v����� ���]}v��(�]����

�µ��o����](( ��v���}�i�����µ��o���µ�o��i[�]����À�]oo X 

W}µ�� � �}v���� �� ������ ��}�o u��]�µ�U� :[�]� µ�]o]� � ���� u}� o]���]}v�� vµu �]�µ��U� � �o]� � ����

�Æ� �]�v�����}v���o �������v�oÇ� ������]Pv�µÆ��]�u}o}P]�µ��U�u�]��o���}����À��]}v�������v��o�������

���u}v�����}�Z�X� �v��((��U� o�� o]�v� (oµ]��l�]�u]�]� lPo]���u�v����]�u]�µ����µ�� �[ �µ�]���������]��

�[�Æ� �]�v���� �}v���o ��U� ��� o[]u�P��]�� ���� Z � �}P v ]� �� �µ�u]o]�µU� ���� o�� �]���]�µ�]}v� ��� o��

�]�u]�]� �}µ����������]Pv��µ�����]�u]�µ���v}v��}vÀ�v�]}vv�oo���~&]Pµ���íì�X�:[}�P�v]����]��}v��o���

� �µo����� ��� u}v� ���À�]o� ��v�� o�� �µ]��� ��� ��� u�vµ���]�� �� ����]�� ��� ���� �](( ��v���� �o������

�[}����À��]}v�X� 

 

 

&]Pµ���íìW�Z �µu ����u}v����À�]o�������Z���Z�X�D����}�o u��]�µ����]v�]��o�u�v���µ��o��µ�oo��i[�]����À�]oo �

�}v���v��o�����o��]}v���v����(oµ]��U�� ]�u������� (}�u��]}v���]�u]�µ��X�W}µ��� �}v�������������µ���]}vU�i[�]�í��

� À�o}�� ������Æ� �]�v��������]�u]�]� �]v�µ]��U�î���Z���Z ���]u�P���o����Z�����(oµ]���l�}o]��������u]o]�µÆ����o��

�µ��µ�(���U� ï���v�oÇ� ����� (}�u����[}v�����[ À�v�u�v���v}v� �}vÀ�v�]}vv�o����� ð�� ��P��� � o���]���]�µ�]}v�

����]�o�U���u�}��oo������[ v��P]�����o��u]��}r�]�u]�]� X  
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2. SYNTHESE DES TRAVAUX DE RECHERCHES 

 

Ce chapitre présente une synthèse des principaux résultats scientifiques �µ��i[�]�}���vµ� dans mon 

parcours. /o������}v���µ]���µ�}µ���[µv��� o���]}v��[���]�o��U��Z}]�]���}µ��o�µ������ ��v���]À]� �de mes 

travaux et questions.  

Il est organisé à partir des observations ayant permis ces travaux (&]Pµ���íì), en essayant dans la 

mesure du possible de mettre en parallèle différents objets et échelles. Il est donc constitué de 4 

parties. La première se focalise sur les résultats des expériences in-situ pour affiner les couplages 

sismo-hydro-mécaniques. La deuxième présente quelques résultats obtenus en imagerie, en 

utilisant des théories poro-élastiques dans les réservoirs et pour les stockages volcaniques. La 

��}]�]�u�� ����]�� �[]v� ������ �µx (}�u��� �[}v���� v}v� �}vÀ�v�]}vv�oo��U� ��]v�]��o�u�v�� �µ�� o���

À}o��v�U�u�]���µ��]���v��o���� ���À}]��X��v(]vU�o�����v]��������]���[]v� ��������o[}�P�v]���]}v�����]�o��

et temporelle de la sismicité induite par les fluides.  
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2.1. Couplage sismo-hydro-mécanique : approches expérimentales  

Articles publiés dans ce thème 

tÇv�v��rD}��oU�EXU������U�&XU��������}�U�>XU��u�µ��}U�:XWXU�îìîìX�^������W���µ����]}v�&�}u����]�u]��^o]����]À���

dZ��^�]�u]��&�}v���µ�]vP�&oµ]��/vi���]}v�/v���W��u���o��&�µo�X�:}µ�v�o�}(�'�}�ZÇ�]��o�Z������ZW�^}o]������ZU�/v�

��À]�Á 

,µ�vP� zXU� >X� ��� ����}�U� &X� �����U�îìíõX� /ooµu]v��]vP� �Z�� �µ��µ�]vP�}(�u]��}��]�u]�� �}µ����� ]v��v� ]vi���]}vr

]v�µ��������Z�µ�l���Æ���]u�v�U�'�}�ZÇ�]��o�Z������Z�>������U��}]W�íìXíìîõlîìíõ'>ìôïôñò 

�������}�U� >XU� &X� �����U� zX�'µPo]�ou]U� >X��µ�}�µ(U� :XrZX�'����}� ~îìíõ�� �v��PÇ�}(� ]vi���]}vr]v�µ���� ��]�u]�]�Ç�

����]�����(�}u�]vr�]�µ��Æ���]u�v��U�^�]�v�](]��Z��}���U�íìXíìïôl�ðíñõôrìíõrðíïìòrÆ 

�������}�U�>XU�'µPo]�ou]U�zXU�Z]À��U��XU������U�&XU����µ�}�µ(U�>X�~îìíô�X�^�]�u]�]�Ç��v��(�µo�����]�u]����(}�u��]}v�

��µ�����Ç�(oµ]��]vi���]}v�]v�����u���]��]vr�]�µ��Æ���]u�v��X��}u�����Z�v�µ��'�}��]�v��U�ïñì~ô�U�ðòðrðóñX 

�µ�}�µ(=U�>XU��������}�U�>XU������U�&XU�'µPo]�ou]U�zXU�����Z�u��U��XU���^�PµÇU�^X�~îìíó�X����]�u]��u}�]}v����]À��

�����������]�u]�]�Ç��µ�]vP�(oµ]��]vi���]}v��]v�}���(����µ����Ì}v��]v�������}v���������À}]�X�:}µ�v�o�}(�'�}�ZÇ�]��o�

Z������ZW�^}o]������ZU�íîî~íì�U�ôîôñrôïìðX 

Z]À����XU��������}��>XU�'µPo]�ou]�zXU�������&XU�����]oo��ZXU�,�v�Ç�WXU~îìíò��^�]�u]��À�o}�]�Ç��Z�vP������}�]�����

Á]�Z����]�u]����(}�u��]}v��}(���(�µo����]uµo������Ç�(oµ]��]vi���]}vU�'�}�ZÇ�]��o�Z������Z�>������U�ðï~íô�U�õñòïr

õñóîX 

�������}�U�>XU�'���v]�oU�z�'µPo]�ou]U���Z]À��U�,����}vU�y�W�Ç��U�����oX�~îìíò�U�&�µo�����µ��µ��U�������U�}�������µ���

�}v��}o�}(��Z����]�u]�]�Ç�]v��Z�o�M�/v�]PZ���(�}u����}v��}oo����Æ���]u�v��}(�(oµ]�r]v�µ����(�µo�������]À��]}vU�:X�

'�}�ZÇ�X�Z��X�^}o]������ZU�íîíU�ðñìòtðñîîU��}]WíìXíììîlîìíñ:�ìíîòïïX 

���}��=U��XU�'µPo]�ou]U�zXU��������}�U�>XU��������U�&X�~îìíñ�X�^�]�u]������}v�����}�(oµ]�������µ�������µ����]}v��

]v����o]��]vP�(�µo�X�'�}�ZÇ�]��o�Z������Z�>������U�ðî~õ�U�ïíõórïîìïX 

 

����Z��]����u���o[����v���µ��o����}µ�o�P����Æ]���v���v�����]�u]�]� U�(oµ]������� (}�u��]}vX�/o��[���µ]��

�}v�� ��]v�]��o�u�v�� �µ�� o��� �}vv ��� ���� �Æ� �]�v���� ]vr�]�µU� �}µ�� o���µ�oo��� ���� }����À��]}v��

uµo�]����u ��]�µ����Æ]���v��~ì�X������Æ� �]�v����}�]P]v�o���u[}v���v�����]�µo]������u]�����u}v�����

o[]u�}���v����� �}v� ��v������� �}u�}���u�v�����]�u]�µ�����v�� o��� � �}v�������� (�]oo��� ������

����µ����]}v��(oµ]����~îXíXî�X�:���µPP�����}v��µv�v}µÀ��µ�u}��o����v��o��µ�o�o���]�u]�]� ������oµ����

� �o�v�Z ������o������v�(���������}v���]v�����µ�Po]���u�v����]�u]�µ���µ������o���(oµ]���X��v(]vU�o���

u��µ����uµo�]����u ��]�µ��U� ��� o���u}� o]���]}v�� vµu �]�µ��� ���u����v�� ��� �µ�v�](]��� o�� o]�v�

�v�����]�u]�]� ����� �}v����ZÇ��}ru ��v]�µ���~îXíXï�X� 
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2.1.1. Expériences de réactivation de failles  

W}µ���u o]}���� o���}u�� Z�v�]}v���� o���]�u]�]� � ]v�µ]��U����µ]��u}v�����µ��u�v����' }�Ìµ�U� i[�]�

� À�o}�� � µv�� � u���Z�� �Æ� �]u�v��o�U� �v� ���À�]oo�v�� �µ�� ���� �Æ� �]�v���U� �� µv��  �Z�oo��

� ��u ��]�µ�U����� ���]À��]}v����(�]oo���v��µ��oo�����������]vi���]}v���[��µ��}µ�������]}vX��[µv��}]v��

���Àµ���]�u}o}P]�µ�U� ]o��[�P]���}v���[�Æ� �]�v�����}v���o �������]�u]�]� � ]v�µ]��X������Æ� �]�v����

}v�� o]�µ���v�������µvv�o�U��}µ����� ������ o���}�Z���v���}(}v��µ������À}]��µv� ��������}v���]v����

(�À}�]��v�� µv� Po]���u�v�� ���� ���µ��µ���� P }o}P]�µ��� �� � o���]}vv ��X� ���� ���µ��µ���� ���� ���

������]�vv�v����o��Ì}v���v�}uu�P �����(�]oo���l]o}u ��]�µ�� W�����}v������(�]oo������}v��]���U�����

(����µ���U� ���� Ì}v��� ]v������U� À}]��� o�� �}��o]� � ��� o�� Ì}v�� ��� (�]oo�� ��v�� ��� o��P�µ�X� ���� (}��P���

���u����v���[��� �����µÆ�Ì}v�����������U�������í�������� �]����o��P }o}P]�����o������µ��µ���U�î��]vi������

��� o[��µU����ï�� ]v���oo���µv��Ç���u������µ�À�]oo�v������������}�Z���]���v������� ]vi���]}v�X���v�� o��

(}��P���[]vi���]}v�~&]Pµ���íí�U�o���}v���^/D&/WU�� À�o}�� ������zX�'µPo]�ou]�~'µPo]�ou]�����oXU�îìíð��

���u����[]�}o���µv��Ì}v����v��o��µ�oo��o[��µ������µ�]� ������]vi��� �X��v��oµ�����o�������]}v�����µ�

� �]�U�o��� (}�u��]}v���o[]vi���]}v�����u��µ� ����v��o���ï��]����]}v�U�������]���[µv�� ���µ����(]�����

}��]�µ���~� ���µ�������PP�X� 

�������]���v����u ��]�µ�������Ì}v����[]vi���]}vU�µv�� ���µ���v������uµo�]����u ��]�µ����������µ���

����µ�À�]oo�v�������]v���oo X�/o����u�������u��µ�������� (}�u��]}v�U����o���]�u]�]� ������������]}v��

(oµ]���X��v�����]�µo]��U�o���]�u]�]� ��� � ��v��P]��� �����µv�P��v��v}u������������µ���~iµ��µ[��ïñ��µ�

>^��� W�P }�Z}v���~íìrñìì�,Ì�U���� o �}u������~ìXìírð�l,Ì����������µ�����}µ��]�µ���~ìXíríì�l,Ì�X�>��

u��µ��� �}vi}]v��� ���� � (}�u��]}v�� ��� ��� ���� �����µ��� �]�u]�µ��� ���u��� �[�À}]�� µv�� � �}v���

(� �µ�v�]�oo���oo�v���µ�����]�µ���µÆ�Z�µ����(� �µ�v����~�íì�l,Ì�X� 

 

Woµ�]�µ����Æ� �]�v���U���v���](( ��v����}v��Æ����P }o}P]�µ��U�}v�� � �� �o]� �� W� 

1- hv���Æ� �]�v����� o]u]v�]��� �� � � � �o]� ���v�îìíì� �µ� >^����� Zµ����o� ~'µPo]�ou]�����oXU�

îìíñ��U� �À�v��u}v� ���]À �� �� ' }�Ìµ�X� ����v��v�U� o�� v}u���� ��� o�� �Z}]Æ� ���� �����µ���

�]�u]�µ���v[}v���������u]��µv���v�oÇ���(]v����������]v�����o���]�u]�]� �~���}�������oXU�îìíñ�X�

:[�]�  � � (}���u�v�� ]u�o]�µ � ��v�� o�� �}v����]}vU� � �o]���]}v� ��� �v�oÇ��� �[µv�� ��µÆ]�u��

�Æ� �]�v����v�îìíñ�~(]v�v��u�v���EZ�,Ç��}��]�U����d}��o�,WD^r���U��À���µv�� ���µ���v���

����µ�À�]oo�v���~�µ�}�µ(�����oXU�îìíóV�,µ�vP�����oXU�îìíõ�X� 

2- ��v�� o��� ��P]o]���� ��� d}µ�v�u]��� ~Wo���(}�u�� �Æ� �]u�v��o�� ��� o[/Z^EU� �À�Ç�}v�U� ����

]vi���]}v��}v�� � � � �o]� �����v���](( ��v���� ���µ��µ�����[µv�� Ì}v����� (�]oo�U��µ]����v�� o��

�}��o]� ������oo�r�]U��À���µv���µ�À�]oo�v�����v����µ�}µ��~(]v�v��u�v��d}��o�&oµ]������&�]oo�U�

�������}������oXU�îìíòV�'µPo]�ou]�����oXU�îìíñ�V�Z]À�������oXU�îìíò�X 

3- ������������ o]u]v�]�������� ���]À��]}v��[µv��Ì}v�����(�]oo����v��o�����P]o]�����µ�D}v��d���]U�

�À���µv�v}u����o]u]� ���������µ���~&^U�'µPo]�ou]�����oXU�îìíóV�Eµ����µu�����oXU�îìíó�U������À]�

��� ����� �}µ�� o�� �}v����]}v� �[µv�� �Æ� �]�v��� �À��� µv�� ]v���µu�v���]}v� ��v��� ~&^r�U�

(]v�v��u�v���}v�}��]µu��[�v�����]������}v��o��� �o]���]}v������� Àµ��� �µ��îìîìX� 

 

24



 

&]Pµ���íí W�^�Z u���}v����µ�o������Æ� �]�v�����[]vi���]}v�~����µ�>^��X����o��P�o��]�U�����(}��P������u����v��

�[��� ������o��Ì}v�����(�]oo����������U��}µ��� �o]���� o��� ]vi���]}v�����(oµ]���P�������o���}v���^/D&/W�~��X�������

�}v������u����[]�}o��U��v����î����l���U�µv�� Ì}v�������v�� o��µ�oo�� o[]vi���]}v����� � �o]� �U�������u��µ���� o��

� (}�u��]}v� �v� ï�� ���� µv� � ���µ� ��� (]����� }��]�µ��X� �µ�}µ�� ��� o[]vi���]}vU� �[�µ����� (}��P��� ���u����v��

�[]v���oo���µv�� ���µ�����µ�À�]oo�v�������}Æ]u]� �����]vi���]}v��~&]Pµ���������}�������oXU�îìíñ� 

 

�����Æ� �]�v�����}v��v}À���]�������µv]�µ����}µ���oµ�]�µ���������� W� 

1- >[ �Z�oo�����o[�Æ� �]�v��U��µ]����u�������}vv�]����o���}v��Æ���P }o}P]�µ��������� o���]}vv���

�� �]� u�v��o������µ��µ����P }o}P]�µ�����������X� 

2- >����v�]� ����o����}Æ]u]� �����}����À��]}v��uµo�]����u ��]�µ��U����u����v��µv��}v���o������

�}v�]�]}v���Æ� �]u�v��o������µv���v�oÇ������}����]}�]�(]v�X� 

3- >����}oo��}���]}v���v����P }o}Pµ�U�ZÇ��}ru ��v]�]�v������]�u}o}Pµ���u]�����v��o�����}µ��

o���}v����]}vU�o��� �}µo�u�v�����o[�v�oÇ��������Æ� �]�v���X� 
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2.1.2. Une déformation principalement asismique 

���� À�v�u�v��� �]�u]�µ��� �}v�� �v��P]��� ���v� � �}v��� �µÆ� ]vi���]}v�X� ����v��v�U� ]o�� �}v����µ�

v}u���µÆU��À���ïð����îíñ� �]Pv�µÆ��v��P]��� �� o}�������ñ� ��������� d}µ�v�u]������ o���íí� ���������

Zµ����oU� �������]À�u�v�X� ��� �oµ�U� ����  À v�u�v��� �}v�� ������ �]� �� ���� µv��u�Pv]�µ��� (�]�o�U�

�}u��]��� �v���� DÁArðXî� ��� rïXíU� �[���r�r�]��� ]v���u �]�]��� �v���� o�� �]�u]�]� � }����À �� ��v�� o���

� ���À}]���~�rîXñ�D�DÁ�D�ì��������oo��� �o�v�Z ��o}����[����]���v�o��}���}]���~DDrñ�X�>�µ��(� �µ�v���

�}]vU� �µ� �]�µ��� �� ìXô� l,ÌU� �}v�µ]�� �� ���� ��]oo��� ��� �}µ����� D� ìXï� u� ��� �� ���� � (}�u��]}v��

u]��}u ��]�µ��X�����v��v�U���v��o��u�i}�]� ����������U�µv��� (}�u��]}v��o���]�µ�����]�� À���]�o�U�

�À��� ���� Po]���u�v��� �}µÀ�v�� ����]v���� ìXð�uuU� ���� }����À �� �� o[]vi���]}vU� ��� �[ ��v�� �µ�� ����

�µ�(������ ��u ��]�µ��X� 

>}������� ]vi���]}v����v�� o�����P]o]�������d}µ�v�u]��U��v����ì����íî� À v�u�v�������������}v�� � �

� ���� �X����� À v�u�v����}v��o}��o]� ��o}]v�~�v����ï����îñ�u�����������µ��µ������]vi���]}v�U������v��

o���}u����]u�v��}µ�������o��(�]oo�X�/o�v[Ç����v�����]�µo]�����������]�u]�]� ��µ�}µ�����o[]vi���]}vU�u�oP� �

o���� (}�u��]}v���o���]�µ���}����À ��X�����oµ�U� o���u ��v]�u���������� �]Pv�µÆ��µPP���v���µ�� o��

u�i}�]� ������}µ������]�u]�µ����}v���µ��o[µv]�µ��(�u]oo��������µ��µ����P }o}P]�µ����µ]��}������µv�

��u�o]���P�������o�]���~�������}������oXU�îìíò�X� 

^µ��o���íí����������Zµ����oU���µo��ò��� ��v��v��µv��� (}�u��]}v�� �]�µ�oo����o[]vi���]}vX�����ò�������

}v�� ]v�µ]�� îíñ�  À�v�u�v��U� �]���]�µ �� ���u�v]���� ����� Z � �}P�v�� �v���� o��� �����X� �}uu�� ��

d}µ�v�u]��U�]o�v[Ç��������[ À�v�u�v�����v��o��Ì}v���µ�}µ�����o[]vi���]}v�~�µ�}�µ(�����oXU�îìíó�X����

�oµ�U�o���}v(�}v���]}v�����o}��o]���]}v�����u ��v]�u�����������]Pv�µÆ��À���o��� o u�v���P }o}P]�µ���

u}v���v���µ��o����}µ������]�u]�µ���v���}v������o}��o]� ����µ��o������µ��µ������v��o���µ�oo���o��(oµ]���

����]vi��� �~�µ�}�µ(U�îìíôV�,µ�vP�����oXU�îìíõ�X 

W}µ�� ���� ��µÆ� �Æ� �]�v���U� v}µ�� �À}v�� (�]�� ���� �]o�v�� �[ v��P]�� �]�u]�µ�U� ��� � (}�u��]}v� ���

ZÇ���µo]�µ�X�D}]v�����í�9����o[ v��P]��]vi��� ����v��o���Ç���u��~ v��P]��ZÇ���µo]�µ��������}vÀ���]��

�v�� (}�u��]}vU�������íìrï���í�9����o[ v��P]������ (}�u��]}v��������}�] ����o[ u]��]}v�����]Pv�µÆ�

�]�u]�µ���~�������}������oXU�îìíõ�U�îìíô�X�>��� (}�u��]}v������}v����]v�]��o�u�v����]�u]�µ�X�����

}���������P��v��µ����]u]o�]����}v�� � � ��}µÀ �U��� o�� (}]�� o}����[�Æ� �]�v������� o��}���}]��U���� o}���

�[�Æ�o}]���]}v����� ���À}]��X� 

��� ��oo���}����À��]}v���}µ���]�v��!���� �� �](]�µ�����v}���� �Z�oo�����u��µ��X� �v�����]�µo]��U� o���

(�]�o����Zµ��������}v���]v������������� �]�u]�]� ��}µ���]�v��!���� ��o] ����� o�� (�]�o���vÀ��Pµ�������

����µ����]}v�U���v��µv�u]o]�µ�}¶�o����}v���]v����]v]�]�o����}v��(�]�o��X��v���o�µo�v�����u�v]����(]v��

o��� ��}��] � �� ��� �}µ����� �µ�� ����  À v�u�v��� �]u]o�]���U� ��� �v� o��� �}u����v�� �� ���� �v�oÇ����

�]u]o�]���� (�]���� �µ�� o�� �]�u]�]� � ��� o[Klo�Z}u�U� v}µ�� �À}v�� u}v�� � �µ�� o�� �]�u]�]� � ��� ����

�Æ� �]�v���� ��]���}v(}�u���µÆ� o}]������]��]�µ����[ �Z�oo���}uuµv u�v����u]���� ~,µ�vP�����oXU�

îìíõ�X 

d}µ��������}����À��]}v��v}µ��}v���}v�µ]�������}�}����µv�v}µÀ��µ�u}��o��~�������}������oXU�îìíôU�

îìíòV��µ�}�µ(�����oXU�îìíó���}µ���Æ�o]�µ���o���]�u]�]� �]v�µ]��X�>��� (}�u��]}v�]v�µ]����µ�}µ�����

o[]vi���]}v� ���� ��]�u]�µ�X� ������ � (}�u��]}v� À�� ]v�µ]��� ���� ����µ����]}v�� ��� �}v���]v��� �� ���

� �]�Z �]�X�hv�� ]�u���µ���o]�µ��]���������µ����]}v�U���v��o[ ��������}v���]v����o}��oU�� �o�v�Z�v��µv�
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Po]���u�v�� �µ��µv�� ���µ��µ��� P }o}P]�µ�� �Ç�v������ ��}��] � ����� (�]��]}v��� �µ���X� >�� �]�u]�]� �

������]���}v���}uu��µv���}v� �µ�v���]v�]�������µ�(oµ]��U����v[�����µ[µv�����µ�����}v��]�����v��o��

� (}�u��]}v� ]v�µ]������� o��� (oµ]���X� �oo�������}v���}v���o ���� o�� (}]������ o��� À�o}���u�v���[µv�

Po]���u�v����]�u]�µ�U��������o��v}u���������}��] � ������(�]oo��X����u}��o�����v�µ]��� � �À�o]� �����

�����Æ� �]�v�����v� o��}���}]����������u}� o]���]}v��vµu �]�µ��� ~����������oXU�îìíõV�tÇv�v��r

D}��o�����oXU��µ�u]�����U��]v�]��µ����������}����À��]}v����o[ �Z�oo���µ�� ���À}]��~�Ç�������oXU�îìíõ�X 

 

Article sélectionné 

>[���]�o���µ]À�v��� �µu��o����](( ��v����}����À��]}v���]�u}o}P]�µ������o���� �µo�����}���vµ���v�o���

confrontant aux mesures hydro-mécaniques lors des expériences contrôlées de réactivation de 

failles réalisées à Tournemire, Rustreo����D}v��d���]X�/o�u����v�����]�µo]���o[����v���µ��o[]u�}���v���

de la déformation asismique, et sur son rôle dans la sismicité induite.  

�������}�U�>XU�'µPo]�ou]U�zXU�Z]À��U��XU������U�&XU����µ�}�µ(U�>X�~îìíô�X�^�]�u]�]�Ç��v��(�µo�����]�u]����(}�u��]}v�

��µ�����Ç�(oµ]��]vi���]}v�]v�����u���]��]vr�]�µ��Æ���]u�v��X��}u�����Z�v�µ��'�}��]�v��U�ïñì~ô�U�ðòðrðóñX 
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1. Introduction

Fluids are present in the upper crust and are usually

related to either underground resources (water, oil, and

gas) or natural hazards. One major probe to infer where

fluids are present and how they are moving at depth is

through seismic monitoring and imaging. For instance, in

natural hazard assessment, seismicity is indeed used to

monitor volcanic eruptions and magma upwelling (De

Barros et al., 2013; McNutt, 2005). Anthropogenic activi-

ties in reservoir operations such as fluid storage or

extraction also induce seismicity. For examples, induced

seismicity has been observed in deep geothermal fields
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A B S T R A C T

Seismicity induced by fluid perturbations became an important societal concern since felt

earthquakes (Mw up to 6) occurred after anthropogenic activities. In order to mitigate the

risks associated with undesired seismicity, as well as to be able to use the micro-seismicity

as a probe for in-depth investigation of fluid-driven processes, it is of crucial importance to

understand the links between seismicity, fluid pressure and flow. We have developed a

series of in-situ, decameter-scale experiments of fault zone reactivation by controlled fluid

injection, in order to improve the near-source geophysical and hydromechanical

observations. The deployed geophysical monitoring close to the injection allows one to

cover the full frequency range of the fault responses from the static deformation to the

very high-frequency seismic emissions (up to 4 kHz). Here, we focus on the

microseismicity (Mw� –4 to –3) recorded during two fluid injection experiments in

low-permeable shale and highly-fractured limestone formations. In both experiments, the

spatio-temporal distribution of the seismic events, the energy balance, and the seismic

velocity changes of the fractured medium show that most of the deformation does not

actually emit seismic signals. The induced deformation is mainly aseismic. Based on these

high-resolution multiparametric observations in the near-field, we therefore proposed a

new model for injection-induced seismicity: the seismicity is not directly induced by the

increasing fluid pressure, but it is rather triggered by the stress perturbations transferred

from the aseismic motion caused by the injection.
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(e.g., Lengliné et al., 2017; Wei et al., 2015), during gas

storage into depleted reservoir (e.g., Cesca et al., 2014), and

induced by CO2 geological storage (Payre et al., 2014) or

gas and hydrocarbon extraction (Albano et al., 2017;

Bardainne et al., 2008). In recent years, unconventional

shale gas exploitation strongly increases the seismicity

rate around the reservoirs, in particular in the central

United States and Western Canada (e.g., Bao and Eaton,

2016). While in Oklahoma (USA) the seismicity is mainly

induced by the large volume of waste water injected below

the shale layers (e.g., Keranen et al., 2014; Schoenball and

Ellsworth, 2017), the seismicity in Western Canada might

be produced by the fracking process itself (Atkinson et al.,

2016). Earthquakes are also observed during and after

hydraulic dam fillings (e.g., Gupta et al., 2017). Recent

observations at fluid injection sites indicated that induced

earthquakes can reach magnitudes up to Mw� 6, as the

Prague and Pawnee earthquakes in Oklahoma (USA).

Therefore, seismic hazard due to anthropogenic activity

is a major concern and should be mitigated.

It is now well known that fluid pressure induces

failures, by decreasing the effective normal stress acting on

faults and fractures, which brings the stress state close to

the failure envelope. Therefore, when the fluid pressure

reaches a failure threshold, an earthquake occurs if

sufficient frictional weakening occurs. Within this idea,

the seismicity should follow the fluid pressure diffusion,

and the measure of the seismicity front could lead to an

estimation of the diffusivity of the medium (Shapiro,

2015). Consequently, as the size of the pressurized volume

increases with the volume of injected fluids, the length of

the faults which get close to failure also increases.

Therefore, the maximum magnitude of the induced

seismicity should scale with the injected volume (McGarr,

2014).

However, the response of a faulted medium to fluid

pressure perturbation can be much more complex. Firstly,

the seismicity may occur far and much deeper from the

injection, as observed in Oklahoma, where wastewater

disposals induced seismicity more than 40 km away from

the injection (Schoenball and Ellsworth, 2017; Yeck et al.,

2017). The seismicity may also be delayed in time, with the

largest event occurring after the shut-in of the injection, as

observed at the Basel geothermal field (Mukuhira et al.,

2013). Furthermore, only a fraction of the energy injected

into the reservoirs is converted to seismicity, as a large part

of the deformation may not express seismic signatures

(Guglielmi et al., 2015a; Schmittbuhl et al., 2014). For

instance, a large aseismic motion was induced by the

geothermal field of Brawley in southern California (Wei

et al., 2015), which, in turn, triggered two M � 5 earthqua-

kes. At the laboratory scale, Goodfellow et al. (2015) showed

that the seismic energy represents less than 1.25�10�4% of

the injection energy during hydraulic fracture tests,

highlighting that aseismic deformation represents a large

part of rupture mechanisms.

Therefore, the relationships between fluids, earthqua-

kes and aseismic deformation are still under debate, and

detailed observations near injection wells are rare, even if

the understanding of induced seismicity is crucial for

reservoir engineering and hazard mitigation. In order to

get well-constrained data close to injection and to

investigate the seismological and hydromechanical behav-

ior of the pressurized rock volume, we have developed

a series of innovative in-situ experiments at a decameter

scale. The main idea is to reactivate well-identified

geological structures belonging to mature fault zones in

shale and limestone at about 300 m depth. To do so, high-

pressure water is directly injected into them. Around the

injection zone, a dense network of geophysical sensors

allows the simultaneous monitoring of the hydrological,

mechanical, and seismological responses of the ruptured

faults over a broad frequency band, from static to high

frequency (10 kHz). Such experiments therefore benefit

from realistic in-situ conditions, well-characterized geo-

logical structures, controlled hydraulic perturbations, and

a multi-parametric monitoring network at close distance

(meter to decameter) from the injection.

In this paper, we first describe the two injection

experiments performed in fault zones nested in low- and

high-permeability rocks, together with the seismic and

hydromechanical responses of the tested geological

structures. Importantly, these experiments provide new

complete dataset for seismological and hydromechanical

characterization and show unequivocally that most of the

deformation induced by the fluid injection is aseismic. In

the light of the coupled analysis of the data, we therefore

suggest that the seismicity is only a secondary response to

the fluid pressure, and that seismicity is rather triggered by

aseismic deformation caused by the injection.

2. Data and experiments

2.1. Geological context and injection procedure

The experiments aim at injecting high-pressure water

(1 to 5 MPa) into selected existing geological features (e.g.,

fault, fracture, bedding plane), in order to induced slips on

the tested structures. Those experiments took place in

underground research laboratories, at about 300 m depth.

This depth allows a stress state that favors shear motions of

the tested structures. From the galleries, boreholes were

drilled, to intersect the different geological structures of a

mature fault zone. Inside the injection borehole, the SIMFIP

probe (Guglielmi et al., 2013) isolated a 2.5-m-long

chamber with a straddle packer system. The probe is a

new borehole tool that allows water injection together

with simultaneous measurements of the fluid pressure and

of 3D mechanical displacements. With this probe, water

was injected into the geological structures that crosscut

the sealed section of the borehole. The injection sequences

were design to (1) test the pore-elastic response of the

medium with low-pressure injections (e.g., pulse tests of

short duration, some minutes) and (2) induce the

mechanical shearing and opening of existing fractures

with a step-by-step increasing pressure. The pressure

increase however stays below the fracturing pressure,

since the aim of such experiments is to reactivate existing

faults and is not to induce fluid driven hydro-fractures.

The first experiment of this type was performed in

2010 into the fractured limestone of the Low Noise
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Underground Laboratory of Rustrel (southern France). The

experiment consisted in injecting water in a high-

permeable fault zone. The hydromechanical and seismo-

logical measurements showed unprecedented and direct

evidence of an aseismic motion preceding seismic failures

(Guglielmi et al., 2015a). However, this experiment

suffered from a very limited number of seismic sensors,

which prevented the in-depth analysis of the seismic

responses (Derode et al., 2015). To resolve this limitation,

similar experiments took place again in the same facility, in

2015, with a denser monitoring network made up of

31 seismic sensors around the injection (from 1 to 20 m)

(Duboeuf et al., 2017). Injections were performed at

11 different locations (Fig. 1A), to test the responses of

either (1) the sub-horizontal bedding planes that separate

layers with different facies, and (2) the minor faults or

fractures, belonging to the extended damage zones of a

kilometer-long fault (Jeanne et al., 2012). Results con-

firmed that most deformation is aseismic in these

experiments, with seismicity mainly occurring at distance

(1 to 12 m) from the injection.

In order to test another lithology and investigate

seismicity in low-permeable formations, a set of experi-

ments (De Barros et al., 2016; Guglielmi et al., 2015b) was

conducted in 2014 in the Toarcian shale of the IRSN

underground experimental platform of Tournemire

(France). Here, the injection borehole fully crossed a

kilometer-long fault zone, and 4 injections were performed

Fig. 1. Experimental setup of the experiments. A. Map view of the gallery and vertical cross-section, showing the locations of the monitoring network and

the injection tests, in the Rustrel limestone (see Duboeuf et al. (2017) for details). B. Map view of the experiment in the Tournemire shale with the schematic

structures of the fault zone and the location of the injection tests and the seismic sensors (see De Barros et al. (2016) for details). C. Schematic view of the

SIMFIP injection probe, and details on the optic-fiber strainmeter anchored in the injection chamber.
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in different geological structures: (1) minor faults in the

damaged zones, (2) the unfractured medium, (3) fractures

in the damaged zone, and (4) the fault core (Fig. 1B). In top

of the responses of those isolated structures, the full

thickness of the fault zone, including the fault core and the

western damages zone, was tested using a 15-m-long

portion of the borehole as injection.

2.2. Monitoring network and data

Both injection experiments (limestone in Rustrel,

2015 and shale in Tournemire, 2014) were instrumented

with a dense monitoring network in order to record in high

detail the hydrological, mechanical, and seismological

responses (Fig. 2) of the hydraulically-stimulated structures.

Inside the injection chamber, the newly developed SIMFIP

probe allowed the simultaneous measurements of the

injected pressure, the flow rate, and the 3D motions of the

injected structures. This borehole strainmeter (Fig. 1c),

based on optical-fiber Bragg grating measurements, was

anchored on the borehole walls, independently from the

injection system (Guglielmi et al., 2013). It captured

deformations as small as 1 mm/m. At a few meters from

the injection, deformation was also recorded by three two-

components tiltmeters set on the gallery floor in the Rustrel

experiment. At Tournemire, a borehole was equipped with

40 extensometric gauges, distributed on a 12-m-long probe.

Surrounding the injection, the seismicity was mainly

recorded by a dense network of 22 and 16 accelerometers,

for the Rustrel (Fig. 1A) and Tournemire (Fig. 1B) experi-

ments, respectively. These sensors, with a flat response

between 2 Hz and 4 kHz, were preferred to classical

geophones, in order to have a much wider and higher

frequency response. Fig. 3 shows the time and the

frequency signature of a seismic event recorded at Rustrel.

Below � 500 Hz, accelerometers and seismometers have

similar responses. Above this frequency, while the geo-

phone is losing sensitivity, the accelerometers fully catch

the event waveform, including its frequency corner at

around 1.2 kHz. To complement this backbone network at

lower and higher frequency, a few geophones (10–800 Hz)

and acoustic sensors (10 Hz–10 kHz) were also deployed

(Fig. 1).

All these data were synchronously recorded, at

sampling frequencies going from 1 kHz for hydrological

and mechanical data to 2, 10 or 20 kHz for seismological

data. Fig. 2 summarizes this multi-parameter dataset, by

showing data recorded by different sensors during part of

an injection in Rustrel (2015). In addition to the pressure

and flow rate, which are more commonly recorded during

reservoir-scale fluid injection, the variety of sensors used

here allow one to span the full frequency range of the fault

responses from the static deformation to the very high-

frequency seismic emissions.

Fig. 2. Example of data recorded during step-rate injections in test 11, Rustrel. Top panel: hydraulic data, with pressure and flow rate at the injection;

middle panel: quasi-static data, with one component of the deformation (INJ) at the injection point and of a tiltmeter (TILT) set on the gallery floor; bottom

panel: high-frequency data, with high-pass filtered deformation (Inj, 10–500 Hz) at the injection point, geophone (Geo, 10–800 Hz), accelerometric (Acc,

0.1–4 kHz) and acoustic (AE, 0.2–10 kHz) data. The light blue vertical lines show the detected seismic events.
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Finally, in both experiments, active seismic sources

were also installed. The repetitive signals from these

sources (hammer shots in Tournemire and vibrating device

in Rustrel) are then used to monitor small velocity changes

associated with medium perturbations during fluid

injections and fault reactivations.

3. Experimental results

3.1. Seismic signatures

In both experiments, seismic events were detected by

amplitude threshold methodsand then checked by eye-

screening. In the Tournemire dataset, to identify small

amplitude signals, the already detected events were used

as templates and cross-correlated with the continuous

seismic records (template-matching, Gibbons and Ringdal,

2006). At the end, only 34 events were detected in the

Tournemire dataset during three injection tests (De Barros

et al., 2016). The other two tests show no or single seismic

emission. Out of the 11 tests performed in Rustrel, six tests

show seismicity, with a total of 215 events (Duboeuf et al.,

2017). An example of seismic event is shown in Fig. 3.

P- and S-wave arrival times and P-polarizations were

used to get an absolute location for 24 events in the

Tournemire experiment. One hundred and thirty-seven

events from Rustrel were located both absolutely and

relatively using arrival times and inter-event delays

measured between similar events. The focal mechanisms,

assuming a pure double-couple mechanism, were deter-

mined using either the first peak amplitudes for 16 events

in the Tournemire dataset, or the first-motion polarity for

59 events in Rustrel.

The event magnitudes lie between Mw = –3.2 and

Mw = –4.2. For both experiments, the detection threshold

is around Mw� –4, at least around the injections.

Frequency corners are found to be greater than 1 kHz,

which leads to rupture area with an estimated radius of

about 0.1 m to 0.3 m for a circular crack. Such seismicity is

quite small compared to reservoir-scale seismicity, usually

greater than Mw� –3 or tectonic seismicity (Mw> 0).

However, such magnitude and source size are consistent

with classical scaling laws for shearing events (e.g.,

Madariaga, 1976), with a stress drop of about 0.1 MPa.

No major differences in magnitudes or frequency corners

were observed between experiments.

Unconventional seismicity, like low-frequency events,

tremor signals or long-period/long-duration signals have

been observed around fluid injection in reservoirs (e.g.,

Kumar et al., 2017). They are interpreted as the seismic

signature of slow-slip failures, but their existence and

interpretation are still under debate (Zecevic et al., 2016).

In the datasets recorded during the 2010 Rustrel experi-

ments, Derode et al. (2015) identified such events. The

source process behind them was, however, not clear, as the

number of sensors did not allow a detailed analysis. Some

low frequency events, with a peaked frequency content

Fig. 3. Example of a Mw� –3.6 seismic event recorded in the Rustrel experiment. (Left) Accelerometric data, sorted accordingly to the hypocentral distance.

(Right) Waveforms and spectrum, recorded by a geophone and an accelerometer (after time integration) set at the same location. The corner frequency of

this event is around 1.2 kHz.
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at � 400 Hz, were also detected in the Tournemire dataset.

However, the location of those events showed that they

occurred in or around boreholes. They are likely to be

produced by borehole wall resonance induced by pressure

change (Tary et al., 2014). Therefore, unconventional

seismic signals cannot be clearly linked to the fault

reactivation in our datasets.

3.2. Deformation at the injection points

Hydromechanical responses strongly differ between

the two experimental sites. In the shale of Tournemire, at

low pressure, the flow rate was very small, indicating a

very low initial fracture permeability. Once a pressure

threshold was reached, the tested fractures slipped with

some dilatancy, leading to a strong increase in flow rate

and permeability. This pressure threshold, called Fracture

Opening Pressure (FOP; Zoback, 2010), clearly separated

the poro-elastic behavior near the injection borehole, from

the plastic behavior on one or a few fractures which could

extend several meters from the injection. Logically,

seismicity only occurred once the FOP was reached.

Maximum displacement measured between 0.08 and

0.55 mm with the SIMFIP probe was observed at the

injections. At the end of the tests, the 0.05 to 0.52 mm

residual displacements confirmed that a plastic motion

was induced for all tests, even if two out of the five tests did

not show any measurable seismic events, highlighting that

aseismic motions occur during injections.

The fractured limestone of Rustrel, belonging to the

unsaturated zone of the massif, behaves differently. Before

any injections were performed, some fractures already had

a millimeter opening. Therefore, even at low pressure, the

flow rate was high: for four tests, injecting in highly

permeable fractures led to a 70 L/min flow rate, while

injection pressure remained below 2 MPa. No clear failures

were observed in those tests, and no seismicity occurred.

On the contrary, for six other tests, the pressure reached

high value (5.5 MPa), with a flow rate increasing with

pressure. Within these six tests, we observed a strong

increase of permeability for two of them. A 20-fold

permeability increase was also measured between the

beginning and the end of the test performed in Rustrel in

2010 (Guglielmi et al., 2015a). Mechanical failures at the

injection points are confirmed by residual displacements

of 0.01 to 0.05 mm. However, contrary to the Tournemire

tests, the pressure threshold between the poro-elastic and

the plastic responses cannot be clearly defined using either

the hydraulic or the deformation data. It suggests a

transitional behavior, rather than the binary open/close

process observed in the Tournemire experiments. For

those six tests, as well as for the 2010 test, at least a few

seismic events, and up to 120 events, have been observed.

3.3. Partitioning between seismic and deformation energy

Our observations show that the seismicity is unevenly

distributed among tests. Some tests are fully aseismic,

even if residual displacements are measured at the

injection points, indicating a plastic motion on the injected

structures. Moreover, there is a clear lack of seismicity near

the injections, and the seismicity is also unevenly

distributed in space, with some areas without any seismic

sources. As instance, the seismicity in the Tournemire

experiments occurred only in the eastern damage zone of

the main fault. We can therefore wonder what fraction of

the deformation is actually emitting seismic signals.

To evaluate the contribution of the seismicity to the

deformation, seismic moments are compared to an

equivalent moment computed from the deformation

(Fig. 4). The latter can be computed as M0
def = m D S, with

m the shear modulus. The displacement D, measured at the

injections, can be a fraction of either the maximum or the

residual displacement, by considering either the total

motion or only the shearing part. The surface S of the

shearing zone can be estimated by assuming that the

seismic events are all located either inside or around it.

Therefore, both D and S are rough estimations. They,

however, show that less of 0.1% of the deformation energy

is actually emitting seismicity in the Tournemire shale.

This ratio is higher, but still very small, in the Rustrel

limestone, as seismicity represents less than 6% in average.

Therefore, in both cases, most of the deformation is

aseismic during fluid injections.

Based on our observations, we suggest that not

considering aseismic deformation induced by injections

can lead to an overestimation of the maximum magnitude

prediction as proposed by McGarr (2014). The authors

linked the maximum seismic moment M0
max of induced

earthquakes to the injected volume V by M0
max = m V, with

V the injected volume. The maximum seismic moment

observed here is indeed linearly related to the volume

(Fig. 4). However, the McGarr (2014) theoretical predic-

tions are six orders of magnitudes above our observations.

This strong discrepancy may be explained by the strong

aseismic component of the deformations, as McGarr

(2014) considered that all deformations are emitting

seismicity.

3.4. Location of the deformation

Repetitive, active seismic sources were shot during the

experiments to image seismic velocity perturbations that

testify to changes in the mechanical properties of the fault

zone. Monitoring seismic velocity changes has proven its

efficiency in giving valuable information about active fault

behavior with either seismic slip (e.g., Brenguier et al.,

2008), aseismic motion (e.g., Rivet et al., 2011), or pore-

pressure changes (e.g., Hillers et al., 2015). In such injection

experiments, with a dense monitoring network around the

fault, seismic velocity change measure aims to detect

aseismic deformation processes distributed around the

reactivated structures.

The active seismic signals recorded during injection

periods were compared with reference signals recorded

prior to the tests and considered as the baseline responses

of the medium. The delay betweensignals are then inferred

from the phase differences by interferometric techniques.

As P- and S-waves do not have the same sensitivity with

respect to deformation and fluid content, we measured

travel-time changes for both phases separately. Using

tomography methods, these P- and S- wave velocity
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changes were located in the medium, by converting travel-

time differences to velocity changes (Rivet et al., 2016).

Fig. 5 presents images of the seismic velocity changes

measured during the first injection test of Tournemire

experiment in a set of minor, secondary faults belonging to

the western damaged zone and located at the center of the

seismic sensor array. This test does not show clear seismic

emissions, despite plastic deformations observed at the

injection point. First, below the FOP (i.e. before plastic

deformation on the injected structures), both P- and S-

waves show a slight increase around the injection chamber

(Fig. 5a,c). The pressure in the chamber makes it inflate,

which increases the stress in the surrounding medium.

Above the FOP, velocity perturbations are much stronger

(up to 5%, Fig. 5b,d). A strong decrease of P- and S-waves is

associated with the dilatancy of the minor faults that are

aseismically slipping in response to the injection. The

plurimetric extension of the perturbations (i.e. of the

slipping area), is confirmed by numerical modeling of

fluid-assisted stress perturbations (Rivet et al., 2016). The

dilatant shear on these faults induces a stress transfer, with

a stress increase in the surrounding areas, associated with

a positive perturbation of the velocity.

The seismic velocity changes are therefore related

either to the dilatancy of the slipping faults or to the

opening/closing of micro-cracks due to stress perturba-

tions. As no seismicity was recorded during this test,

velocity changes appear as a good probe to monitor (1)

aseismic deformation and (2) stress transfer. Across the

tested fault, averaging the positive and negative perturba-

tions leads to a small decrease of velocity of about 0.1%.

This agrees with the perturbations measured across

tectonic fault zones, and induced by earthquakes (Bren-

guier et al., 2008). Therefore, the small negative per-

turbations observed after earthquakes might be a spatial

average of stronger and localized perturbations.

4. Discussion

Our experiments only induced a sparse seismicity,

despite plastic behaviors at the injections. Particularly,

there is a lack of seismic events near the injection points

and an uneven spatial distribution around. The number of

seismic events strongly differs from one test to another,

with some tests without any seismicity. Therefore, the

spatio-temporal distribution of the seismicity is very

heterogeneous. Assuming that the fluid pressure, which

reduces the effective stress, directly triggers the seismicity,

the earthquakes should move away from the injection with

the square (or cubic) root of time for a poro-elastic

diffusion of the fluid (Shapiro, 2015). Such distance-time

plot is given in Fig. 6, with a normalized diffusivity to make

the different tests comparable. The actual diffusivity is

found to range between 0.0015 and 0.13 m/s2 among tests,

which agrees with values usually measured in geothermal

areas. However, this diffusive pattern is not clear, as

seismicity does not gather behind a seismic front. For some

tests (e.g., test 2, Rustrel), seismicity occurred clustered in

Fig. 4. Cumulated and maximum seismic moment (red and green symbols), deformation moment and predicted volume moment (blue and black symbols)

versus injected volume V for the different tests of Rustrel (square) and Tournemire (circle). The volume moment is the maximum seismic moment following

McGarr (2014) relationships, as M0
max = m V. The shear moduli m are different for Tournemire and Rustrel. The deformation moment is computed by

M0
def = m S D. Uncertainties on the rupture surface S and the displacement D measured at the injection give the error bars.
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Fig. 5. Map view of the P- (left panels, a and b) and S-wave (right panel, c and d) velocity variations observed during test 1, Tournemire (see Fig. 1A). The blue

rectangle shows the injection chamber. a and c: velocity changes for an injection pressure below the FOP; b and d: velocity changes for an injection pressure

above the FOP, i.e. when aseismic failures were observed.

Fig. 6. Spatio-temporal distribution of the seismicity. Distance R between hypocenters and injection points versus time t where the pressure is above

s3. The time has been normalized, in order to make the different tests comparable, with a diffusivity D = 1 m/s2. This normalization coefficient is the mean

for the three events with the largest diffusivity. The dotted line is therefore the theoretical prediction R = sqrt(4pDt), with D = 1 m/s2. The color-code stands

for the test number, in either Tournemire (cross symbols) or Rustrel (filled symbols).
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time but spatially scattered. Test11 seismicity (Rustrel)

seems to follow two different diffusive patterns, with a

higher diffusivity at early time than later in the test, which

is inconsistent with the observed increase of permeability.

Therefore, a poro-elastic diffusion is too simple to model

the full complexity of the medium response. On top of that,

the medium is changing with fluid injection, as new fluid

paths are created. The intertwined relationships between

injection parameters, geological settings, aseismic defor-

mation and seismicity are therefore complex.

Based on our original experiments, the respective role

of lithological, hydraulic and frictional properties of the

fault zone can be better constrained. Firstly, we observe

that the lithological properties influence the seismic

behavior. For similar fluid perturbations, seismicity

production is smaller in the Tournemire shale than in

the Rustrel limestone. Similar experiments, also at

decametric scale, but in crystalline rocks reveal a much

numerous seismicity (Jalali et al., 2017; Zang et al., 2016).

Besides, in the Tournemire shale, 11 out of 16 events with

computed mechanisms occurred on the same family of

fractures (Fig. 7), which are the only ones in the area with a

calcite filling. While the shale has a rate-strengthening

behavior, the calcite fillings may be rate-weakening.

Therefore, seismicity occurred only on geological structu-

res with an adequate mineralogy and frictional behaviors.

In Rustrel, more numerous seismicity is observed in the

layers with the highest density of fractures. The density

and frictional properties of the fractures around the

injection are then one controlling factor of seismicity

production.

Fracture permeability also has a strong effect on

seismicity. For both experiments, injections into areas

with higher permeability fractures induce very little

seismicity. As the fluid flows rapidly out the injected area,

the volume invaded by the fluids is too large to allow a

pressure higher than the FOP away from the injection.

Therefore, no failures and no seismicity could happen.

Finally, at the experiment scale, the fault zone is very

heterogeneous, such as the seismicity distribution. The

fault core seems indeed to act as a barrier for the fluid and

for the stress field. It leads to heterogeneous hydraulic

responses and stress concentration and rotation (Faulkner

et al., 2006). Those heterogeneities, together with the

permeability differences, may explain the asymmetric

distribution of seismicity between the two sides of the

fault core in the Tournemire shale (De Barros et al., 2016).

The stress field may also impact the seismic behavior.

The seismic events show very scattered mechanisms for

both experiments. Particularly, for Tournemire test 2,

7 mechanisms were computed for events that share similar

horizontal location. Those events show similar nodal

planes, but opposite polarities. The four left-handed strike

slip mechanisms (Fig. 7a) agree with the local stress field

measured by Cornet (2000) and confirmed by Guglielmi

et al. (2015b). The three remaining events show an

opposite mechanism (right-handed mechanism, Fig. 7b).

As the fluid pressure equivalently reduces the effective

stress of all normal components, such events with opposite

slip-direction cannot be directly induced by a fluid-

pressure increase. An additional forcing, likely the aseismic

deformation, should interfere in order to strongly perturb

the local stress field.

A strong aseismic motion was observed, when compar-

ing deformation at the injection, induced seismicity, and

medium perturbations imaged through seismic velocity

changes. The strong discrepancy between seismic moment

and either deformation energy or McGarr (2014) rela-

tionships clearly shows that most of the deformation is not

emitting seismicity. Such small seismic-to-aseismic ratio

Fig. 7. Example of mechanisms computed for two seismic events in Tournemire. The bold lines are the fault planes, which are N150–180, 30–608W

structures with calcite fillings. The local stress field (S1 = 4 � 2 MPa, S2 = 3.8 � 0.4 MPa and S3 = 2.1 � 1 MPa) was measured by Cornet (2000) and confirmed by

Guglielmi et al. (2015b). Out of the computed mechanisms in the Tournemire test 2, four events have a mechanism similar as the left-handed strike-slip given in

(a), and three events follow a right-handed strike-slip mechanism (b).
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has been observed at the laboratory scale (Goodfellow

et al. (2015), during reservoir monitoring (e.g., Calò et al.,

2011; Schmittbuhl et al., 2014) or in subduction areas (e.g.,

Vallée et al., 2013).

In our experiments, deformation is particularly ob-

served aseismic at the injection points. Therefore, it is

firstly induced before any seismic failures (Guglielmi et al.,

2015a). Both velocity change measurements and numeri-

cal modeling show that this aseismic motion may

propagate over a distance of tens of meters away from

the injection points (Guglielmi et al., 2015b; Rivet et al.,

2016). Around it, the stress field should be perturbed, by

Coulomb failure stress change, in the same way as for

earthquakes (Stein, 1999). Moreover, this stress transfer

around mainshocks triggered aftershocks, whose number

decay with time follows an Omori’s law. Here, stacking the

event distributions for all tests, we also observed a 1/t

decay of the number of seismic events (Fig. 8). Therefore,

the observed seismicity seems to be ‘‘aftershocks’’ of the

aseismic motion. In other words, the main slow failure

induced at the injection modifies the stress field, strongly

enough to trigger opposite-slip seismic events.

We can therefore propose a new model to explain how

fluid perturbations induce seismicity (Fig. 9). The increase

of fluid pressure and the associated reduction in effective

normal stress induce large, aseismic failures. These

aseismic deformations modify the fracture permeability

and open new paths for the fluid flow. The volume to

pressurize becomes larger, with new aseismic deforma-

tions once the pressure level becomes high enough. The

fluid propagation could follow a fault-valve-like process as

proposed by Sibson (1990), except that failures do not

generate seismicity. It could also be modified by sudden

shifts from highly channeled to large pressurized patches.

In that case, the evolution of permeability with stress and

strain could be an important mechanism driving the

growth of aseismic fault rupture (Jeanne et al., 2018). The

seismicity is likely a consequence of the main failures: the

stress transferred from the aseismic deformation modifies

the local stress field, which generates seismicity on

Fig. 8. Stacked time distribution of the seismic events for all tests. The time is defined as the time when the injection pressure is above s3. The red line is the

cumulative number of events (divided by 5 for the sake of clarity). The black line is the Omori’s law (N(t) � 1/t), which best fits the distribution.

Fig. 9. Schematic view of the dual processes for fluid-induced seismicity, as inferred from the in-situ experiments.
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structures with adequate rate-weakening frictional beha-

viors. It means that the seismicity may surround the main

deformation area, and can eventually be outside the

pressurized area. Moreover, as the pressurized zone

increases with injected volume, the seismic cloud size

also increases with time, leading to an apparent diffusivity

of the seismicity.

However, from the saturated area, fluid diffusion may

also occur, and may directly induce seismicity by

decreasing effective stress. Therefore, a dual process, by

either stress perturbations or increase in fluid pressure,

may lead to seismicity. The balance between those two

processes mainly depends on the pressure level, the

variations of the medium permeability with stress and

strain, and the injection time (Cornet, 2016; Jeanne et al.,

2018). In our experience, seismicity seems mostly domi-

nated by stress perturbation processes, but a lower-

pressure fluid, injected during a longer time might

generate a seismic front that follows fluid diffusion.

Aseismic deformation is therefore dominating the

hydraulic responses of reservoirs (i.e. the fluid-flow paths).

Thus, it is of crucial importance to monitor deformation

during reservoir stimulation, by using either borehole

instruments (strainmeters, extensometers, etc.), or surface

measurements when possible. Monitoring velocity chan-

ges prove to be a promising tool to infer in-situ aseismic

deformation and stress changes (Calò et al., 2011; Hillers

et al., 2015; Rivet et al., 2016). On the contrary, the use of

induced seismicity may not be a direct probe for the fluid,

as it depends, among other parameters, on the injection

properties, on the local stress field and on the density, the

frictional and strength properties, and the permeability of

the fractures. Therefore, great care should be taken in

interpreting fluid extension from the spatio-temporal

distribution of seismicity.

5. Conclusion

Two experiments of fault reactivation by fluid pressure

injections were performed in shale (Tournemire site) and

limestone (Rustrel site). The multi-parameter and dense

monitoring network allowed the close observations of the

hydro-mechanical and seismological responses of the

injected structures, from the static deformation to the

high-frequency (10-kHz) acoustic emissions. While plastic

deformation was observed after most of the injections,

only a sparse seismicity was observed. Its uneven spatio-

temporal distribution, the energy budget and the seismic

velocity changes show that more than 95% of the

deformation is indeed aseismic. Seismicity rather seems

to be a response to the stress transferred from this large

aseismic deformation, than to the fluid pressure. Therefore,

a dual process of stress transfer from aseismic deformation

and poro-elastic diffusion of pressure leads to a complex

seismic behavior. Moreover, the seismic emissions depend,

not only on the injected volume, but also on the local stress

field, on the geological heterogeneities, on the fracture

permeability and frictional properties, and on their stress –

strain dependency. Therefore, the spatio-temporal distri-

bution of the seismicity in, e.g., reservoirs may mainly map

the aseismic deformation, together with lithological

heterogeneities. Therefore, in order to improve reservoir

monitoring and seismic hazards mitigation, it is of crucial

importance to better monitor and understand the defor-

mation that are not recorded by conventional seismic

instruments.

Acknowledgments

Tournemire experiment was funded by TOTAL SA

through ‘‘Fluids and Faults’’ project (PIs: Claude Gout,

Raymi Castilla and Pierre Henry). Rustrel experiment was

supported by the ‘‘Agence nationale de la recherche’’

(HYDROSEIS project, PI. F. Cappa, ANR-13-JS06-0004-01)

and by Total SA (HPMS-Ca project, Albion, PI. G. Massonat).

We thank the IRSN (French Institute of Radioprotection

and Nuclear Safety) for their dedicated help and access to

the IRSN Tournemire platform, and the low-noise under-

ground laboratory (LSBB) of Rustrel for logistical help

during the experiment. SITES Company (J. Durand,

H. Caron, and Y. Zouhair) is acknowledged for installing

and maintaining the SIMFIP probe, sensors, and acquisition

during the experiment. We thank the Magnitude Company

(Sainte-Tulle, France office) for the Tournemire microseis-

mic data processing. Louis De Barros deeply thanks the

French Academie des Sciences for awarding him the

Gouilloud–Schlumberger prize.

This paper is invited in the frame of Académie des

Sciences 2017 Prizes (Grand prix Gouilloud-Schlumberger

2017). It has been reviewed/approved by Michel Campillo

and Vincent Courtillot.

References

Albano, M., Barba, S., Tarabusi, G., Saroli, M., Stramondo, S., 2017. Dis-
criminating between natural and anthropogenic earthquakes:
insights from the Emilia Romagna (Italy) 2012 seismic sequence.
Scientific Reports 7 (1), 282.

Atkinson, G.M., Eaton, D.W., Ghofrani, H., Walker, D., Cheadle, B., Schultz,
R., Liu, Y., 2016. Hydraulic fracturing and seismicity in the Western
Canada Sedimentary Basin. Seismol. Res. Lett. 87 (3), 631–647.

Bao, X., Eaton, D.W., 2016. Fault activation by hydraulic fracturing in
western Canada. Science aag 2583.
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2.1.3. Relations sismicité et paramètre hydro-mécaniques 

 Dans un objectif de limiter les risques associés à la sismicité induite, il est nécessaire d[�v�]�]per la 
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connus de la faille.  Pour cela, une relation linéaire entre magnitude maximale et volume injecté a 

été proposée par D�'����~íõóò�. Cette relation a depuis été largement débattue ~���}v��v��/P}v]vU�
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sismique induite dépend de nombreux autres paramètres, en plus du volume. En particulier, elle 
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De plus, les modèles reliant volume et sismicité ne considère pas que seule  une part faible de la 
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lieu en périphérie du glissement asismique, la distance minimale entre injection et sismicité permet 
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Energy of injection-induced 
seismicity predicted from in-situ 
experiments
Louis De Barros1, Frédéric Cappa  1,2, Yves Guglielmi3, Laure Duboeuf  4 &  

Jean-Robert Grasso5

The ability to predict the magnitude of an earthquake caused by deep fluid injections is an important 
factor for assessing the safety of the reservoir storage and the seismic hazard. Here, we propose a 

new approach to evaluate the seismic energy released during fluid injection by integrating injection 
parameters, induced aseismic deformation, and the distance of earthquake sources from injection. We 

use data from ten injection experiments performed at a decameter scale into fault zones in limestone 

and shale formations. We observe that the seismic energy and the hydraulic energy similarly depend on 

the injected fluid volume (V), as they both scale as V3/2. They show, however, a large discrepancy, partly 

related to a large aseismic deformation. Therefore, to accurately predict the released seismic energy, 

aseismic deformation should be considered in the budget through the residual deformation measured 

at the injection. Alternatively, the minimal hypocentral distance from injection points and the critical 

fluid pressure for fault reactivation can be used for a better prediction of the seismic moment in the 
total compilation of earthquakes observed during these experiments. Complementary to the prediction 

based only on the injected fluid volume, our approach opens the possibility of using alternative 
monitoring parameters to improve traffic-light protocols for induced earthquakes and the regulation of 
operational injection activities.

Over the last decades, important increases in the seismicity rates have been observed in relation with anthro-
pogenic activities, especially underground fluid injections and productions1. Recent examples include earth-
quakes related to wastewater disposal1,2, hydraulic fracturing3, CO2 sequestration4, gas storage and extraction5, 
and geothermal energy6,7. For instance, wastewater injections, associated with shale gas extraction, have induced 
earthquakes with magnitude up to 5.8 in Oklahoma (USA). In this area, the yearly rate of Mw ≥ 3 earthquakes 
has changed from 1.6/year over the past century to more than 850/year in 20152. Geothermal activity may also 
induce large earthquakes, as the magnitude Mw = 3.4 earthquake felt in the Basel city, Switzerland8. A Mw = 5.4 
earthquake is also suspected to be induced by geothermal activity, near Pohang (South Korea) in 2017, in a very 
low seismicity area9,10. Thus, a large number of studies indicate that anthropogenic activity increases the risk of 
earthquakes that can potentially damage surrounding infrastructures and impact population.

In order to understand and mitigate the seismic risk associated with fluid storage and extraction in deep res-
ervoir formations, it is of crucial importance to anticipate the seismic energy induced by fluid perturbations11. 
Since the pioneering linear relationship proposed by McGarr12,13, it is now well accepted that the induced seis-
mic moment (Mo) scales with the injected fluid volume (V). However, several authors recently showed that the 
moment depends rather on V3/2 than on V. Indeed, Galis et al.14. Used earthquake dynamic rupture simulations 
to show that the rupture arrest along a fault pressurized by local fluid injection is controlled by a competition 
between injection pressure and tectonic prestress. Previously, by revisiting the seismogenic index15, Van der Elst 
et al.16 statistically found a V3/2b correlation with the seismic moment, where b is the Gutenberg-Richter exponent. 
Similarly, Schultz et al.17 showed that the number of events induced in the Duverner play (Canada) scales with the 
volume, or identically18, that the seismic moment scales with V3/2.

Furthermore, recent observations, acquired either in the laboratory19, during in-situ injection experiments20–22 
or at the reservoir scale23 showed that the seismic moment is overestimated by several orders of magnitude by 
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the McGarr’s model13 prediction. One reason for this discrepancy is due to the assumption that every failure is 
seismic and confines within the pressurized volume. However, in many situations, only a small fraction of the 
deformation induced by fluid pressurization is observed to be seismogenic6,7,20,21,24–27. When considering together 
the seismic and aseismic motions, this discrepancy reduces significantly28. Thus, improving the anticipation of the 
seismic moment released during fluid injection requires an accurate quantification of the seismogenic context as 
well as the seismic and aseismic behavior of fault zones. The seismogenic index15 (see method for its definition), 
together with the injected volume or the pressure rate, has been used to this aim to forecast the evolution on the 
injection-induced earthquakes in Oklahoma29,30. This parameter empirically gathers information on the stress 
state, the fault network and its frictional properties. Therefore, despite its strong potential for forecast purpose, it 
does not bring insights on the physics of the induced seismicity process.

Moreover, previous works have also shown that the characteristics of induced seismicity depend not only 
on the injected volume, but also on the reservoir geological structure17,31,32, the depth of injection and the stress 
state33–35, the density and frictional properties of faults26,36 and the hydraulic properties of the reservoir/fault 
system37,38. Therefore, understanding induced seismicity only based on the measurement of the injected fluid 
volume can be problematic. To anticipate the released seismic energy induced by fluid perturbations at depth, 
quantifying the relationships between seismicity, injection parameters, rock deformation and reservoir structure 
is fundamental. Here, we focus on estimating what monitoring data contribute in the released seismicity, while 
considering the aseismic component of the deformation in the energy budget.

In this study, we have first acquired simultaneously measurements of fluid pressure, flow rate, deformation 
and seismicity during a series of ten in-situ injection experiments at a decameter scale in fault zones into per-
meable limestone20 and low-permeable shales26, accessed from underground laboratories at about 300 m depth. 
Such experiments have an intermediate scale between the laboratory and the reservoir. They benefit, there-
fore, from in-situ conditions and deals with the full complexity of the geological material responses. They also 
benefit from a proximal (m) and dense monitoring network, allowing a precise characterization of the geol-
ogy, hydro-mechanical and seismic conditions. From those experiments, we then evaluated the relationships 
between the seismic moment, injection parameters and induced deformation for this unique quantitative data set. 
Through our investigations, we show that the seismic energy scales as the hydraulic energy with the injected fluid 
volume as V3/2 when the aseismic deformation is included in the energy budget. Furthermore, our model better 
predicts the seismic moment when the critical fluid pressure for fault reactivation and the minimal hypocentral 
distance from injection points are considered.

Fluid Injection Experiments Into Fault Zones
The aim of these controlled experiments of fluid injections was to reactivate selected existing geological dis-
continuities (fault segments, fractures, etc.) belonging to the extended damaged zone of kilometer-long faults. 
The response to two different geological contexts were explored. A first set of experiments26 took place in 2014 
in shale rocks, accessed through the IRSN (Institut de Radioprotection et de Sureté Nucléaire) experimental 
platform of Tournemire (France). The second experiment20 was performed in 2015 into the highly permeable 
fractured limestone of the Low Noise Underground Laboratory of Rustrel (LSBB, France). Both underground 
laboratories are situated between 200 m and 300 m depth. At these depths, the stress state (2.1 MPa < σ3 < 3 MPa, 
and 4 MPa < σ1 < 6 MPa) favors shearing motions on the tested structures. From the tunnel walls, boreholes were 
drilled both for the injections and the monitoring network (see Fig. 1). Inside the injection boreholes, the SIMFIP 
(Step-rate Injection Method for Fracture In-situ Properties) probe39 was used to inject water into a sealed section 
of the borehole in order to induce mechanical failures on the geological structures that crosscut the injection 
chamber. Eleven and five different locations of the probe in Rustrel and Tournemire sites, respectively, allowed 
testing the responses of either secondary faults, minor fractures, part of the main fault core, or sub-horizontal 
bedding planes that separate layers with different facies. With a maximum injection pressure between 2.2 and 
6.0 MPa, (i.e., values below σ3 plus the rock cohesion24,40), failures occurred only on optimally-oriented natural 
pre-existing structures, without inducing any new fractures.

In these experiments, a dense monitoring network surrounded these injections (14-to-22 accelerometers; 
see supplementary methods for more details on the experiment and the data analysis). In the injection cham-
ber, the newly developed SIMFIP probe allowed the simultaneous measurements of the injected pressure, the 
flow-rate, and the 3D displacements of the tested structures39 (Supplementary Fig. S1). Results show that for the 
5 Tournemire tests and 6 of the Rustrel tests, a residual displacement was observed at the end of the injections, 
which shows that failure was reached for those tests. We discard from this analysis the remaining 5 tests in Rustrel 
because of technical issues or lack of clear failure signatures, and one fully aseismic test from Tournemire. Ten 
tests are therefore used in the following, among which eight tests have a complete dataset. Around the injection, 
the seismicity was mainly recorded by a dense network of accelerometers20,26, which allow the detection, location 
and the magnitude computation of the seismic events. 34 and 215 events were recorded in the Tournemire and 
Rustrel experiments, respectively, with magnitude lying between −3.2 and −4.2. They are unevenly distributed 
among tests (see Fig. 1), as between none and 117 events were recorded. Their spatio-temporal distribution is also 
very heterogeneous. Particularly, no seismicity occurred close to the injection points despite mechanical failures 
monitored by the SIMFIP probe, highlighting a large aseismic component of the deformation20,21,26.

Therefore, these experiments lead to gather a unique monitoring dataset in a catalog (Supplementary Table S6) 
that includes injection parameters (pressure, flow-rate), 3D-displacement at the injection, and seismicity. 
Particularly, the aseismic deformation at the injection is here directly measured and compared to the seismic 
emissions. Finally, these data were recorded within two very different geological contexts, very low permeable 
shale and high permeable limestone.
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Results
Energy budget. For each test, the maximum moment M max

0  is the moment of the event with the largest 
magnitude, while the total moment M tot

0  is the sum of the moments of all detected events. As the detection thresh-
old is similar in both experiments, M tot

0  corresponds to the cumulated moments of all events with magnitude 
Mw > −420,26. According to Wyss41, M tot

0  and M max
0  are theoretically proportional. Both moments, together with 

the predicted models from van der Elst et al.16, Galis et al.14 and McGarr and Barbour28 can be converted to energy 
(see Methods). They are then compared with the hydraulic energy Eh, which represents the energy injected into 
the medium, and with the deformation moment M def

0  (see Methods).
We here observed that both the hydraulic moment Eh and the total moment M tot

0  similarly scales with the 
volume to a power close to 3/2 (Fig. 2). It suggests that the seismic energy is a proportional fraction of the injected 
energy. A lower exponent is found in the relationship between M max

0  and the volume. However, a 3/2 power is 
within the uncertainty range (σ = 0.26, inferred through bootstrap analysis). Therefore, these relationships agree 
with the theoretical predictions of Galis et al.14 and Van der Elst et al.16. However, there is a ~8 order of magnitude 
difference between the hydraulic and the observed seismic moments: the seismic energy only represents 4E-7% 
to 1.5E-5% of the energy brought during injections. This falls in the lower end of the reservoir responses, where 
the ratio seismic-to-hydraulic energy is observed to range between 8E-6% and 2%42.

A 5 order of magnitude difference is also noted between our observations and either Galis et al.14 or McGarr13 
model. This discrepancy mainly comes from the fact that these models assume that all deformation is seismic, 
which is contradicted by observations20,28. The seismic moment is indeed only a small fraction (between 4e-3% 
and 1% in average) of the deformation moment, indicating that the induced deformation is mainly aseismic. 
Despite the very large uncertainties in the deformation moment, the predicting models of Galis et al.14 and 
McGarr13 models are at the upper bounds of these moments: they are therefore efficient to predict the total defor-
mation, but not the released seismic moment.

The van der Elst16 model perfectly fits the M tot
0  trend thanks to the use of the seismogenic index Σ as a free 

parameter. We find here a mean value of Σ = −3, consistently with reservoir measurements42 where Σ ranges 
between −10 and 1. This parameter characterizes the seismogenic state of a reservoir, and, hence, considers the 
amount of aseismic response. In details, this parameter varies between −2.7 and −3.6 in the Rustrel experiments, 
and between −3.2 and −4.9 in the Tournemire shale. Therefore, extrapolating this parameter from one injection 

Figure 1. Experimental set-ups. Earthquake locations, colored by test number, and sized by magnitude 
projected in (A) a vertical cross-section view for the Rustrel (LSBB) experiment, and (B) a map view for the 
Tournemire experiment. The simplified geological structures (including faults identified from borehole logs, 
outcrops, and plugs), the monitoring boreholes and the injection locations are also indicated.

43

https://doi.org/10.1038/s41598-019-41306-x


4SCIENTIFIC REPORTS |          (2019) 9:4999  | https://doi.org/10.1038/s41598-019-41306-x

www.nature.com/scientificreportswww.nature.com/scientificreports/

to another may lead to errors in magnitude estimate greater than one, as it depends not only on the stress state, 
but also on the local fault architecture and on its frictional and hydromechanical properties. To summarize, the 
seismic energy and the injected energy show the same trend with the volume, but this latter parameter is not 
sufficient to accurately predict the released seismic energy, as the seismogenic state, including the aseismic 
motion, should be considered.

Sensitivity of the seismicity to injection and reservoir parameters. The seismic productivity, i.e. 
the released seismic energy, firstly scales with the volume. However, it may also depend on the reservoir proper-
ties, as fault responses to a fluid perturbation may be partly aseismic. We therefore explore the sensitivity of the 
released energy (or equivalently to the released moment) to the different parameters commonly used in reservoir 
engineering. Figure 3 shows the main results for the total seismic moment, with a fitting trend when the coeffi-
cient of determination R2 is above 0.6. The best fit solutions are obtained when using the total seismic moment 
although similar results were observed using either the maximum seismic moment (Supplementary Fig. S3) or 
the number of events (Supplementary Fig. S4).

Seismicity and injection parameters: injected volume (V), fluid pressure (P), flowrate (Q) and hydraulic energy (Eh).  
As already stated, the total seismic moment is found to depend on the injected volume (Fig. 3a), with 

∝ = .M V R( 0 77)tot
0

3/2 2 . The former also scales with the hydraulic energy ( ∝ = .M Eh R, 0 72tot
0

2 , Fig. 3b). As 
expected, the more energy is injected, the larger the seismic energy is. In our experiments, but within two very 
different geological contexts, the seismic-to-injected energy ratio is constant at first order, and both scales with V3/2.

Seismic moment also scales with the maximum injection pressure P as ∝M Ptot
0

2 (Fig. 3e), but with a poorer 
fit (R2 = 0.68). This is not surprising, as the hydraulic energy also depends on pressure. However, the range of 
pressure variations is usually quite narrow, varying between the hydrostatic and the lithostatic pressures, which 
can reduce the effect of this parameter. As the stress state is not very different between both experiments 
(σ3 = 2.1 MPa and σ3 = 3 MPa), the correlation with a pressure-to-stress ratio (e.g. P/σ3), rather than with the 
pressure alone, cannot be tested.

Moreover, as the seismogenic index Σ15, seismic energy scales neither with the maximum flowrate nor with 
the injection duration (Fig. 3c,f). Similarly, no association between the flowrate and the seismicity is noticed 
for hydraulic fracturing cases17, contrary to wastewater disposal sites37. This discrepancy may come from the 
difference in injection rates17. Therefore, this parameter may be a control parameter when the fluid migration is 
dominated by poro-elastic diffusion, but not when large fault reactivation (or bulk fracturing) is induced.

Seismicity and total/residual displacements at the injection (Umax/Ures). The relationship between released seis-
mic energy and displacement at the injection is very surprising (Fig. 3j,k). Seismic moment and maximum dis-
placement at the injection point, which contains both poro-elastic and plastic motions, do not present a clear link. 
However, there is a clear, but counter-intuitive, relationship with the residual (i.e. plastic) displacement: 
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∝ = .M U R( 0 69)tot
res0

3/2 2 . For a fast-rupture earthquake, a large deformation implies a large energy release43. 
However, as the displacement is here observed to be aseismic near the injection20,26, the released seismic energy is 
inversely related to the amount of aseismic deformation. Therefore, the larger the displacements are at the injec-
tion, the more energy is used in aseismic deformation, and less energy is available for seismic slips.

Seismicity and critical pressure (Pc). The critical pressure is defined as the pressure required to reach the 
elasto-plastic failure limit. As failures are associated with an increase of permeability and of flowrate at constant 
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pressure, it is the pressure for which the fractures start to hydraulically open above a critical stress39,40. Hence, it 
can be measured either as a change of trend in the pressure-flowrate response, by a change in the displacement 
direction at the injection, or by a loss of linearity in the displacement versus pressure relationship (Supplementary 
Methods and Fig. S2). Thus, this parameter quantifies the ability to reactivate a set of geological structures, 
depending on their orientation towards the stress state and on their frictional properties.

Here, we find a relationship (Fig. 3d) with the seismic moment: ∝ = ..M Pc R( 0 84)tot
0

2 25 2 . Therefore, the 
higher the pressure required to reactivate the structures is, the higher the seismic energy is. As for the pressure, Pc 
and the stress state or the stress deviator should be intrinsically linked, but the similarity in the regional stress field 
in our experiments does not allow exploring this correlation.

Seismicity and permeability. Assuming that the fluid flows in a set of fractures and that the permeability is 
linked to the mechanical opening of some of these fracture through the Darcy’s law, the hydraulic conductivity 
is proportional to the flowrate-over-pressure ratio (Q/P, see Methods). This ratio is measured at the beginning 
and at the end of every injection test, and its increase is related to the increase in hydraulic conductivity. While a 
50-to-500 times permeability increase is observed for the Tournemire tests, Rustrel tests show no or much smaller 
permeability changes, with less than a 20-times increase. This is related to the very different hydraulic properties 
of carbonates and shales host rocks. Thus, despite a general trend showing a decrease of the released moment with 
the increasing permeability, there is no significant relationship between these quantities (Fig. 3i,l). Same results 
were observed in controlled injections44 in the Grimsel granite (Switzerland). Therefore, seismicity moment can-
not be used to infer the permeability changes in reservoir monitoring. However, permeability and permeability 
changes may play a role in the aseismic deformation45 and in the spatio-temporal distribution of the seismicity46.

Seismicity and distance to the injection (Dmin). An interesting observation in this series of experiments is the lack 
of seismicity close to the injections. All events were deported, with the closest events between 0.4 to 9 m from the 
injection well centers. Importantly, the seismic moment scales with the distance of the closest event to the injec-
tion (Fig. 3g), with ∝ − .M Dtot

min0
1 5 and a very good fit (R2 = 0.89). Note that, within each test, the closest event is 

usually not the largest one nor the first one. Intuitively, the furthest the events are, the lowest the fluid and stress 
perturbations are and the smallest the released seismic energy is. As the deformation is seen to be aseismic at the 
injection, the distance Dmin represents the size of the aseismic volume around the injection, which explains its 
scaling with the residual displacement (Supplementary Fig. S5). Dmin also depends on the injected volume 

∝ −D V( )min
1 , and with a lower fit quality, on the injection pressure. The seismic moment also links with the mean 

hypocentral distance from the injection with a poorer fit, but not with the maximal distance to the injection 
(Fig. 3h).

Multi-parameter relationships between induced moment and monitoring data. Seismic 
moments correlate, not only with the injected volume, but also with the injection pressure, the residual displace-
ment, the critical pressure, and the minimal hypocentral distance to the injection. On the contrary, the seismic 
moment depends neither on the injection duration, on the flowrate or on the permeability. So far, we looked for a 
direct correlation between the seismic moment and a single parameter, as if the monitoring parameters were 
independent from each other. However, trade-offs exist among them (Supplementary Fig. S5). That is why we now 
investigate the relationships of MO

tot with 2 to 3 parameters together. As all the relationships are power functions, 
this problem reduces to a linear inverse problem in a log-log scale, assuming a relationship of the form:

= + + + + +M a b V c P d D e U f Pclog( ) log( ) log( ) log log( ) log( ) (1)
tot

min res0

where a to f are the unknowns to determine. Some of these parameters are fixed to 0, in order to explore all the 
possible combinations of 2 or 3 parameters that allow the reconstruction of M tot

0  (Fig. 4).
Among the relationships that include the volume, the following one leads to a good fit (R² = 0.8):

= −M AV P U (2)
tot

res0

3
2

2
3 1

with A = 10−5. This relation is interesting, as the exponent of the volume is 3/2 like the hydraulic energy. As the 
same volume exponent was found for single parameter correlation, it means that there is no trade-off between 
the volume and either the pressure or the residual deformation. The seismicity increases with the volume, but 
it is counterbalanced by the pressure and the deformation at the injection to take into account the non-seismic 
processes. Comparing this relationship with the seismogenic index15 leads to:

∑= − −C
b

P
b

U
4

9
log( )

2

3
log( )

(3)res

where b is the Gutenberg-Richter exponent and C is a constant with respect to the tested parameters. As Shapiro 
et al.15 found this index constant with respect to the injection parameters, a trade-off only depending on the 
seismotectonic context should exist between P and Ures. However, this link cannot be clearly established here 
(Supplementary Fig. S5), even if a general trend exists among most of the tests. No other relations are found 
to have a V3/2 dependence, because of the trade-off between V and Dmin (Supplementary Fig. S5). As the plastic 
displacement Ures is not an easily measurable parameter during an injection phase, such relationship might be 
difficult to use, except if a SIMFIP 3D strainmeter is set at the injection39.

The relationship leading to the best fit, with a minimal number of unknowns, does not depend on the injected 
volume, but only on Pc and Dmin:
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= −M A D Pc (4)
tot

min0
1

3
4

with A very close to 1. This relationship, with only 2 parameters, leads to a near perfect fit (R² = 0.99). Therefore, 
the measurements of the critical pressure and of the minimal hypocentral distance from the injection allow a 
precise estimation of the induced seismic moments, at least in our experiments.

Discussion
In this study, we observed that the released seismic moment is linearly related to the hydraulic energy, and both 
scale as V3/2, at first order. This result agrees with other recent results from Galis et al.14 and van der Elst et al.16, 
but not with the model brought by McGarr13. This discrepancy may come from the geometry of fluid pressure 
diffusion. Indeed, a 3D bulk diffusion will lead to a scaling with V, while a diffusion through a fault network, as 
observed in our experiments, will result in ∝M Vtot

0
3/2 47. In any cases, the injected volume is the main parameter 

that allows a quantification of the energy brought during the injection. However, moment predictions based only 
on a correlation with the volume overestimate the released moments, as they neglect that a large part of the defor-
mation is aseismic21,28. In order to improve the prediction of the released seismic energy, the seismotectonic 
response of a reservoir (i.e., if the geological structures will respond either seismically or not) should be consid-
ered. We therefore explored the sensitivity of the induced seismic moment to the monitoring parameters during 
industrial fluid manipulations in reservoirs. The seismic moment does not depend on flowrate and permeability, 
but it scales with the volume, the maximum pressure, the plastic displacement at the injection, the minimal hypo-
center distance to the injection, and the critical pressure. Other factors, such as the stress state, the depth of the 
injection or the thermal difference between the injected fluid and the rock, were not measured in the experiments 
considered in this study, but may also change the seismic moments.

To predict released seismic moments, the hydraulic energy, which is directly correlated to the injected vol-
ume, should be counterbalanced by considering the contribution of the aseismic motion. The easiest way is to 
consider the residual displacement (Ures), which is directly correlated to the aseismic motion, as it is the dominant 
deformation behavior compared with the much smaller seismic slips occurring far from the injection points20,26. 
The residual displacement depends on the seismotectonic properties of the reservoirs, as it is correlated with 
the orientation of the fracture network toward the stress field, and on their frictional and strength properties. 
Alternatively, the seismic moment can be predicted using the critical pressure (Pc) and the minimum hypocentral 
distance to the injection (Dmin). The critical pressure Pc is related to the pressure required to reactivate faults. 
Therefore, it may also inform on the stress state, the orientation of the faults towards it, on the frictional parame-
ters of the faults and on their interactions. Dmin depends on the volume and allows a quantification of the injected 
energy (Supplementary Fig. S5). Besides, it is also a direct measurement of the aseismic motion at the injection, 
as it is the minimal size of the aseismic deforming zone and it strongly depends on the residual deformation Ures 
at the injection. This distance might be related to an earthquake nucleation length, but it is observed to be much 
larger than the seismic source size. As the aseismic slip is observed to be strongly dilatant at the injection, the fault 
walls might lose contact, which prevents seismic slips to occur. In this case, Dmin might be a characteristic length 
for which the aseismic slip becomes predominant over the dilatancy. Therefore, Dmin might carry information on 
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the shear stress versus pressure level at distance from the injection. This parameter might also be controlled by 
structural heterogeneities. Indeed, seismicity occurs on slip-weakening patches26 belonging to structures where 
the perturbed effective stress state allows failures in shear. Such conditions on structures, frictional properties and 
stress state might not exist close to the injections. In this case, seismicity occurs on distant structures once they are 
sufficiently impacted by either the stress transferred from aseismic motion or the fluid diffusion20,21,24.

Our analysis synthetizes results from10 independent injection tests, which are representative of the contribu-
tion of seismic and aseismic behaviors at an intermediate scale between laboratory experiments and reservoir 
observations. At this scale, our results suggest new approaches to explore the physical processes of 
injection-induced seismicity. Because the scale of our experiments is much smaller than the scale of industrial 
injection, the upscaling remains an open question. However, at the reservoir scales, the deformation is also 
observed to be dominantly aseismic, as monitored seismic events are not large enough to explain observed defor-
mation6,25,27. Moreover, the seismogenic index computed here are in the range of the ones observed at the reser-
voir scales, it therefore suggests that moment-volume relationships are similar, and that seismogenic context and 
processes might be similar. The relationships inferred here should be anyway properly tested at the reservoir 
scales. To do so, aseismic deformation monitoring, by either direct measurement39 or through seismic velocity 
changes22, should be improved to better characterize and anticipate the spectrum of reservoir seismogenic behav-

iors. Then, both relationships = − −M A V P Utot
res0

3
2

2
3 1 and/or = −M AD Pctot

min0
1

3
4  can be easily tested, and might 

then be implemented to feed traffic-light warning systems of reservoir induced seismicity1,11,30, in order to substi-
tute the predictions based solely on the injected volume.

In our experiments, the injection times and volumes are small, with quite high injection pressure. Large-scale 
reactivation of faults are the dominant processes, while fluid diffusion is very limited in the intact rock or in the 
lower permeability fractures6. Similar high injection rates are performed in geothermal area and in reservoir 
exploitation through hydraulic fracturing, while wastewater disposals mainly induce poro-elastic diffusion. The 
inferred correlations between seismic moments and some parameters may vary according to the involved pro-
cesses. For example, we do not observe a relationship between released moments and flowrate, while such rela-
tions were described for the Oklahoma seismicity37. Finally, we performed our experiments in rocks (limestone 
and shale) with very different frictional and hydromechanical properties. The seismic moments are well predicted 
by relationships that are not directly dependent on the rock properties. Therefore, once the upscaling to reservoir 
scale is verified, the relationships might be valid for any geological settings, as the seismotectonic context is indi-
rectly considered through easily measurable parameters.

Our data set of injection-induced seismicity measured into fault zones within low- and high-permeability 
rocks allows for a better understanding of the relationship between seismic moment, injection parameters and 
induced deformation. The experiments clearly show that (1) only a small fraction of the injection energy and of 
the deformation is seismic, and (2) most of the deformation is aseismic at the injection and within the immediate 
volume that surrounds it.

When the contribution of the aseismic deformation is included in the energy budget, we find that the hydrau-
lic and seismic energies are proportional to V3/2 rather the conventional model that scales with V. Furthermore, 
control parameters for the seismic moments are the residual displacement in addition to the injection volume, 
or alternatively the critical fluid pressure for fault reactivation and the hypocentral distance relative to injection. 
Thus, the present study suggests that direct measurements of aseismic displacements, and estimation of minimal 
hypocentral distances relative to injection and of the critical pressures, should be considered to improve the pre-
diction of the released seismic moment used in engineer-based risk assessment, traffic light warning system and 
mitigation strategies of injection-induced seismicity.

Methods: Computation of Moments and Energies
Moment predictions using the injected volume:

•	 McGarr13,28: µ≤M V2tot
0 , with µ the shear modulus. This relationship quantifies the upper bound of the 

cumulative seismic moment, as it also includes the aseismic component of the deformation.

•	 Gallis et al.:14 γ=M Vmax
0

3/2, with γ =
τ

µ. ( )d

K

h

0 4255 (
3/2

d

0

.

•	 µd is the dynamic friction coefficient, dτ0 is the background stress drop, K is the bulk modulus, and h is the 
characteristic length of the intersection of the fault with the reservoir. h is arbitrarily set to 20 m, as the esti-
mated size of the pressurized zone. Note that h = 80 km should be used for a good fit of our moment data.

•	 The Seismogenic index Σ was originally defined by Shapiro et al.15 as ∑ = + − .N bM Vlog logw  N is the 
number of events with magnitude greater than Mw and b is the Gutemberg Richter exponent. Reformulating 
this equation leads to ∑ = −bM Vlogw

max , with Mw
max  the magnitude of the largest event. van der Elst  

et al.16. Therefore used the relationship: = Σ + + .( )M Vlog( ) ( log ) 9 2max

b0
3

2
.

•	 The moment of the event with the largest magnitude M( )max
0  is proportional to the cumulated moment M( )tot

0 :

=
−

M Mtot B

B

max
0 1 0 , where =B b2 /3 41. Therefore, sensitivity to the injection and reservoir parameters should 

be similar for M max
0  and M tot

0 .

Hydraulic energy. This energy is computed as: Eh = ∫ PQdt, where P is the fluid pressure, Q is the injection 
flowrate, and t is the time.
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Moment versus energy. The seismic moment can be converted to energy by the relationship: 
= µ

σ∆
M E0  48 . µ is the shear modulus, and ∆σ is the stress drop. The later was estimated to be about 100 kPa20,26. 
Therefore:

= = + .M e E logE M3 5 , or equivalently:
3

2
3 6,W0

with MW the seismic magnitude. This is consistent with the empirical relationship:43 = + .logE M 4 8W
3

2
, which 

was derived for large earthquakes with stress drop of 1–5 MPa.
The seismic moments are directly computed, while hydraulic energy is first computed. Therefore, for sake the 

consistency between these measures, all the seismic moments could have been converted to energy, or conversely, 
we here choose to convert the hydraulic energy to an equivalent hydraulic moment.

Deformation moment M def
0 . For a shear motion us or a tensile motion un induced on a crack, the deforma-

tion moment can be expressed as48:

∫ ∫µ= = .M u dS M K u dSor 3 , respectivelydef
s

def
n0 0

µ is the shear modulus and K is the bulk modulus.
We can then assume that (1) the Lamé’s parameters are equal (λ = µ), which leads to K = 5µ/3, and (2) that the 

displacements are maximal at the injection with a linear decrease with distance. Therefore, µ=M U S/2def
s0  for 

shear motion and µ=M U S5 /2def
n0  for tensile displacement, with Us and Un the displacement measured at the 

injection, and S the rupture surface.
Separating the shear and tensile motions from the displacements measured at the injection required to project 

them on a fracture with known orientations and it is likely that several faults are playing during injections, with 
complex motions. Therefore, we prefer to keep a conservative approach, by computing the minimum and maxi-
mum values of the deformation moment.

The residual displacement contains only plastic, mainly shear, motion. The maximal displacement might be 
due to elastic and plastic behavior, with a large normal motion. Therefore, in order to find an uncertainty range 
for M def

0 :

µ µ< <U S M U S/2 5 /2res
def

max0

Computing the surface area on which failures occurs is not trivial. We therefore assume that the seismic loca-
tion can give extremum values for the surface S. Indeed, we can consider that all the seismicity is either (1) occur-
ring on frictional patches within the deforming area, or (2) triggered by stress transfer outside the deforming area. 
Under this hypothesis, and assuming a circular surface, the surface S of the deforming area can be bounded by 
π=S Dmin

2  and π=S Dmax
2 , with Dmin and Dmax the minimal and maximal hypocentral distance to the injection 

well, respectively. Therefore, the deformation moment falls into the range:

µ π µ π≤ ≤U D M U D/2 5 /2res min
def

max max
2

0
2

These inequalities give the uncertainty range in Fig. 1.

Data Availability
The data used in this article are summarized in the Supplementary Table S6. Raw and unprocessed data are avail-
able upon request at debarros@geoazur.unice.fr.
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2.2. Suivi des fluides par imagerie sismique 

Articles publiés dans ce thème 
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Pour estimer le rôle des fluides dans la genèse des séismes, il est nécessaire de savoir où sont 

o}��o]� ��o���(oµ]�����v���}(}v��µ�U����]� �o�u�v������}µÀ}]���µ]À���o�µ���]((µ�]}vX�:[�]��}v�����À�]oo �

sur ���� ���Zv]�µ��� �[]u�P��]�� �� ����]�� ���� (}�u��� �[}v���� �}u�o����� ��v�� µv�� �Z }�]�� �}�}-

élastique, pour découpler les phases fluide et solide (2.2.1). Il est cependant plus efficace de 

travailler sur les variations des propriétés, ce qui permet de suivre les perturbations (2.2.2). Enfin, 

i��u���µ]���µ��]�]v� ���� ���o[]u�P��]��������}�l�P���u�Pu��]�µ����}µ��o���À}o��v� (2.2.3).  
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2.2.1. Imagerie en milieu poreux 

Lors de mon doctorat et post-�}��}���U�i��u���µ]��]v� ���� ���o[]u�P��]������u]o]�µÆ��}��µÆU��À���

pour objectif de reconstruire à la fois les propriétés du squelette solide et du fluide le saturant. Alors 

�µ[]o������ i��� o]�����[]u�P������u�v]�����}�µ����µv�u]o]�µ�P }o}P]�µ���}o]��U�o[]u�P��]�������Z�����

(oµ]������u�o�v��µ�}�]�µ��X� /o������}v��v �����]����[µ�]o]���� o��u�Æ]uµu��[]v(}�u��]}v��� ��v���

dans le sismogramme, et donc �[utiliser o���(}�u����[}v�����}u�o����X�W}µ����o�U�o����Z }�]����}�}-

élastiques ~�]}�U�íõñòV�����]}v������oXU�îìíì� mettent en équation le comportement dynamique des 

milieux polyphasiques. >[µ�]o]���]}v������oo����Z }�]���v}µ�����[��}������u]��de modéliser le champ 

�[}v�����}u�o�� (Figure 12) par des méthodes de volumes finis en 2D (Dupuy et al., 2011) et en 

milieu tabulaire par des matrices de réflexion/transmission généralisée (De Barros and Dietrich, 

2008)X�>[]v(oµ�v��������Z�����(oµides sur les ondes sismiques a ainsi été explorée, notamment en 

reproduisant des cas de stockage de CO2 dans des réservoirs profonds ~�������}������oXU�îìíî�. En 

particulier, il est important de noter que des différences significatives vont exister entre des 

modélisations effectuées avec une théorie élastique et poro-élastique. Par exemple, la &]Pµ���íî 

u}v����o[�����]�]}v��[µv����µÆ]�u��}v���W�~}v�������]}��U��µ]�����]�]�����o[��� vµ��]}v��µ��Z�u��
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paramètres poro-élastiques ~�������}���v���]���]�ZU�îììô�X�:[�]��}v����o�µo ������Æ�����ions semi-
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analytiques des dérivé�����&� �Z��U�����µ]������u]���[�Æ�o}����o[]v(oµ�v���������}��] � ���µ�(oµ]������
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�[]vÀ���]}v par moindres carrés généralisés dans lequel le modèle est optimisé par une méthode de 

gradients ~d���v�}o�U�îììñ�X�>[}�i���](�����������}v���µ]����]uultanément les propriétés des phases 

solides et fluides du milieu poreux ~�������}������oXU�îìíìV��������}������oXU�îìíî�. Cependant, le 

nombre de paramètres à déterminer et leur fort couplage rend ce problème inverse trop mal posé 

pour être efficacemen��� �}oµX�/o������}v��v �����]����[�i}µ���������}v���]v�����Æ� �]�µ�����(]v����

stabiliser la résolution de ce problème. Nous avons cependant montré que même si la 

���}v���µ��]}v��}u�o�����[µv�u]o]�µ����������u�o��}v���]v��U� o���µ]À]�����À��]��]}v����o��]À����[µv�

paramètre est toujours possible. Ainsi, une première inversion de tous les paramètres donnent un 

modèle inexact, mais le suivi de la saturation en fluide dans ce modèle est globalement correct ~���

����}������oXU�îìíì�.  

 

Article sélectionné 
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1. Introduction

The quantitative imaging of the Earth subsurface is a major challenge in geophysics. In oil
and gas exploration and production, aquifer management and other applications such as
the underground storage of CO2, seismic imaging techniques are implemented to provide
as much information as possible on fluid-filled reservoir rocks. Biot theory (Biot, 1956) and its
extensions provide a convenient framework to connect the various parameters characterizing
a porous medium to the wave properties, namely, their amplitudes, velocities and frequency
contents. The poroelastic model involves more parameters than the elastodynamic theory, but
on the other hand, the wave attenuation and dispersion characteristics at the macroscopic
scale are determined by the intrinsic properties of the medium without having to resort
to empirical relationships. Attenuation mechanisms at microscopic and mesoscopic scales,
which are not considered in the original Biot theory, can be introduced into alternative
poroelastic theories (see e.g. Pride et al., 2004).

The inverse problem, that is, the retrieval of poroelastic parameters from the seismic
waveforms, is much more challenging. Porosity, permeability and fluid saturation are the
most important parameters for reservoir engineers. The estimation of poroelastic properties
of reservoir rocks from seismic waves is however still in its infancy. The classical way
of estimating these is to first solve the elastic problem and then interpret the velocities in
terms of poroelastic parameters by using deterministic or stochastic rock physics modelling.
However, unlike Full Waveform Inversion (FWI), these methods do not make full use of the
seismograms.

In the poroelastic case, eight model parameters are required to describe the medium,
compared with only one or two in the acoustic case, and three in the elastic case if wave
attenuation is not considered. The advantages of using a poroelastic theory in FWI are (1) to
directly relate seismic wave characteristics to porous media properties; (2) to use information
that cannot be described by viscoelasticity or elasticity with the Gassmann (1951) formulae
and (3) to open the possibility to use fluid displacement and force to determine permeability
and fluid properties.
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As an example of geological target, figure 1 presents the data recorded by a seismic survey
on a seashore in the South of France. As water is pumped inland, saltwater is intruding
into the coastal aquifer. This can affect the ground water and lead to severe problems with
water supplies in the area. The monitoring of this phenomenon requires knowledge of the
soil characteristics, including the permeability and porosity, and the properties of the fluid.
A simple elastic approach cannot fully solve this problem, however the poroelastic theory
may offer an alternative solution. In this example, the medium comprises alternating layers
of sand, silt and clay with varying levels of compaction and a wide range of porosity and
permeability. This layering produces strong reflected waves as shown in figure 1. The aim
of the paper is to investigate how a poroelastic theory can be used to monitor water flow,
and identify preferential pathways, using reflected waves. However, at this early stage, this
chapter will only focus on numerical tests.
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Fig. 1. Example of data for which a poroelastic-based interpretation may be useful. Data are
recorded on a seashore in the South of France. Source is a hammer shot, and the 24 receivers
are equally spaced between 10 and 55 m from the source. The medium is very soft and water
saturated, with a direct P wave velocity of c. 1600m/s and a S wave velocity lower than 200
m/s.

We will investigate the gain and the feasibility of using a poroelastic approach, rather
than the classical elastic one, in full waveform methods. The forward modelling is solved
using different algorithms: a reflectivity approach, a 3D finite difference scheme and a 2D
discontinuous Galerkin method. The comparison of synthetic data computed in the elastic
and poroelastic cases shows that poroelastic modelling leads to some typical patterns that
cannot be explained by elastic theory. This proves that the use of poroelastic theories may
bring more insight to the model reconstruction, particularly, in relation to the fluid properties.
Moreover, mesoscopic attenuation can be introduced in the poroelastic laws for double
porosity medium, adding extra changes in the waveforms. This demonstrates the utility of
using such theories to correctly reproduce measured seismic data.

Analytical formulae are then derived to compute the first-order effects produced by plane
inhomogeneities on the point source seismic response of a fluid-filled stratified porous

134 Seismic Waves, Research and Analysis

www.intechopen.com

56



Using a Poroelastic Theory to Reconstruct Subsurface Properties: Numerical Investigation 3

medium. The derivation is achieved by a perturbation analysis of the poroelastic wave
equations in the plane-wave domain using the Born approximation. The sensitivity of the
wavefields to the different model parameters can be investigated: the porosity, consolidation
parameter, solid density, and mineral shear modulus emerge as the most sensitive parameters
in the forward and inverse modelling problems. However, the amplitude-versus-angle
response of a thin layer shows strong coupling effects between several model parameters.

The inverse problem is then tackled using a generalized least-squares, quasi-Newton
approach to determine the parameters of the porous medium. Simple models consisting
of plane-layered, fluid-saturated and poro-elastic media are considered to demonstrate
the concept and evaluate the performance of such a full waveform inversion scheme.
Numerical experiments show that, when applied to synthetic data, the inversion procedure
can accurately reconstruct the vertical distribution of a single model parameter, if all other
parameters are perfectly known. However, the coupling between some of the model
parameters does not permit the reconstruction of several model parameters at the same time.
To get around this problem, we consider composite parameters defined from the original
model properties and from a priori information, such as the fluid saturation rate or the
lithology, to reduce the number of unknowns. We then apply this inversion algorithm to
time-lapse surveys carried out for fluid substitution problems, such as CO2 injection, since
in this case only a few parameters may vary as a function of time. A two-step differential
inversion approach allows the reconstruction of the fluid saturation in reservoir layers, even
though the medium properties are mainly unknown.

2. Wave propagation in stratified porous media

The governing equations for the poroelastodynamic theory were first derived by Biot (1956),
and are thus often referred to as “Biot’s theory”. The main hypothesis behind these equations
is that the seismic wavelengths are longer than the pore size; the medium can then be
described by homogeneised laws. Poroelastic theories have since been derived and improved
by many authors (e.g. Auriault et al., 1985; Geertsma & Smith, 1961; Johnson et al., 1987).

2.1 Governing equations

Assuming a e−iωt dependence, Pride et al. (1992) rewrote Biot’s (1956) equations of
poro-elasticity in the frequency domain in the form

[ (KU + G/3) ∇∇ + (G∇2 + ω2ρ) I ] . u + [ C∇∇+ ω2ρ f I ] . w = 0 (1)

[ C∇∇+ ω2ρ f I ] . u + [ M∇∇+ ω2ρ̃I ] . w = 0 ,

where u and w respectively denote the average solid displacement and the relative
fluid-to-solid displacement, ω is the angular frequency, I the identity tensor, ∇∇ the gradient
of the divergence operator and ∇2 the Laplacian operator. The other quantities appearing in
equations (1) are properties of the medium.
The bulk density of the porous medium ρ is related to the fluid density ρ f , solid density ρs

and porosity φ:

ρ = (1 − φ)ρs + φρ f . (2)

KU is the undrained bulk modulus and G is the shear modulus. M (fluid storage coefficient)
and C (C-modulus) are mechanical parameters. In the quasi-static limit, at low frequencies,
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these parameters are real, frequency-independent and can be expressed in terms of the
drained bulk modulus KD, porosity φ, mineral bulk modulus Ks and fluid bulk modulus K f

(Gassmann, 1951):

KU =

φKD +

[

1 − (1 + φ)
KD

Ks

]

K f

φ(1 + ∆)
,

C =

[

1 −
KD

Ks

]

K f

φ(1 + ∆)
, M =

K f

φ(1 + ∆)
(3)

with ∆ =
1 − φ

φ

K f

Ks

[

1 −
KD

(1 − φ)Ks

]

.

It is also possible to link the frame properties KD and G to the porosity and constitutive
mineral properties (Korringa et al., 1979; Pride, 2005):

KD = Ks
1 − φ

1 + csφ
and G = Gs

1 − φ

1 + 3csφ/2
, (4)

where Gs is the shear modulus of the grains. The consolidation parameter cs appearing in
these expressions is not necessarily the same for KD and G (Korringa et al., 1979). However,
to minimize the number of model parameters, and following the recommendation of Pride
(2005), we consider only one consolidation parameter to describe the frame properties. cs

typically varies between 2 to 20 in a consolidated medium, but can be much greater than 20 in
a soft soil.

Finally, the wave attenuation is explained by a generalized Darcy’s law which uses a complex,
frequency-dependent dynamic permeability k(ω) defined via the relationship (Johnson et al.,
1994):

ρ̃ = i
η

ω k(ω)
with k(ω) = k0/

[ √

1 − i
4
nJ

ω

ωc
− i

ω

ωc

]

. (5)

In equation (5), η is the viscosity of the fluid and k0 the hydraulic permeability. Parameter nJ

is considered constant and equal to 8 to simplify the equations.

The relaxation frequency ωc = η/(ρ f Fk0), with F the electrical formation factor, separates the
low frequency regime where viscous losses are dominant from the high frequency regime
where inertial effects prevail. We refer the reader to the work of Pride (2005) for more
information on the parameters used in this study.

The solution of equation (1) leads to classical fast P- and S-waves, and to an additional slow
P-wave (often called Biot wave) . The fast P-wave has fluid and solid motion in phase, while
the Biot wave has out-of-phase motions. At low frequency, the Biot wave has a diffusive
pattern and can be seen as a fluid pressure diffusion wave. At high frequency, the inertial
effects are predominant. This wave becomes propagative and can be seen in data, giving an
experimental justification to the dynamic poroelasticity theory Plona (1980).

136 Seismic Waves, Research and Analysis

www.intechopen.com

58



Using a Poroelastic Theory to Reconstruct Subsurface Properties: Numerical Investigation 5

2.2 Mesoscopic attenuation and more complex theories

Although the slow P-wave does not appear on the seismograms at low frequency, it plays
an important role in the attenuation process, as it produces loss of energy by wave-induced
fluid-flow. However, the attenuation as described in the Biot theory is not strong enough to
model the attenuation in geological media, especially at low (i.e. seismic) frequencies.

Attenuation processes can actually be separated into 3 different spatial scales, namely
microscopic, mesoscopic and macroscopic (Pride et al., 2004). Within this classification, the
Biot mechanism of attenuation takes place at macroscopic scale (on the order of the seismic
wavelength). The microscopic attenuation is due to mechanisms that occur at the grain size,
such as the squirt flow mechanism (Mavko & Jizba, 1991). This mechanism leads to wave
attenuation mainly at high frequencies. The attenuation mechanism that prevails at low
frequency comes from the mesoscopic scale (Pride et al., 2004), and it is due to fluid flow that
occurs at boundaries between any medium heterogeneities whose sizes are between the grain
sizes and the seismic wavelengths. This is particularly true for layered media (Gurevich et al.,
1997; Pride et al., 2002) or when the medium contains 1) inclusions of different materials such
as composite medium or double porosity medium (Berryman & Wang, 2000; Pride et al., 2004;
Santos et al., 2006), or 2) different fluids (Santos et al., 1990) or patches of different saturation
(Johnson, 2001).

Double porosity medium (DP in the text) refers to a porous medium which contains inclusions
with different porosity and permeability (Pride et al., 2004; Santos et al., 2006). Assuming that
the most compressible phase (patches, phase 2) is embedded into the least compressible one
(host rock, phase1), the fluid flow inside the phase 2 can be eliminated from the homogenised
equations. This assumption allowed Pride & Berryman (2003a, ,2003b) to write the DP
equations under the form of the classical Biot theory (eq. 1). This involves the use of complex
frequency dependent moduli KU , C and M. Particularly, these parameters are functions of the
respective volume of each phase and of the size of the patches (a denotes here the average
radius of the inclusions in the host rock). Finally, as the patches are assumed to be spherical,
the shear modulus of the medium is still real and not frequency dependent, and can be
approximated by the geometrical mean of the modulus inside each phase. For the derivation
and the detailed expressions of the parameters, please refer to the work of Pride et al. (2004)
and Pride (2005).

To show how the mesoscopic attenuation due to DP media impacts the seismic properties,
we look for the changes in the P-wave velocity and attenuation. The medium is composed of
little patches of high permeable and high porosity in a less permeable host rock. Following
the work of Liu et al. (2009), we consider a sandstone with 3% sand inclusions. The complex
moduli KU , C and M are computed using the DP effective theory of Pride et al. (2004), leading
to the P-wave velocity and attenuation with respect to the frequency. The results are compared
to the seismic properties of each single phase and to the response using an average single
porosity medium, where moduli are computed by geometrical averages. Figure 2 shows the
P-wave velocity and attenuation (via the inverse of the quality factor) for the double porosity
medium (for the inclusion radius a equal to 1, 5 and 10 cm), for the average single porosity
medium and for both single phase media.

The P-wave velocity is much more dispersive for the double porosity medium than for the
equivalent single porosity medium. At high frequency, it is much higher in the double
porosity medium than in the equivalent single porosity medium. It shows two main changes:
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Fig. 2. P-wave velocities (top panel) and attenuations (bottom panel) with respect to the
frequency (between 1 and 108 Hz). Blue lines are for the double porosity theory for inclusion
sizes a = 1 cm (continuous lines), a = 5 cm (dotted-dashed lines) and a = 10 cm (dashed
lines). Poroelastic responses of the individual phases are the black lines. The results for the
average single porosity theory, computed using weighted average of each phase properties,
are given by the red lines.

1) at the relaxation frequency of the host rock medium, which are at the transition between the
diffusive and the propagative regime of the Biot wave, and 2) at low frequencies, around the
relaxation frequency of the patches, with a strong dependance on a. It is worth noting that the
size of inclusions, a, has an strong effect on the low frequency behaviour. We observe similar
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Using a Poroelastic Theory to Reconstruct Subsurface Properties: Numerical Investigation 7

patterns for the P-wave attenuation (inverse of the quality factor). In the double porosity
medium, attenuation shows two main peaks, associated with the two phases, while the
equivalent single poroelastic medium produces only one single peak at high frequency. At low
frequency (seismic frequencies), the attenuation is very high for the double porosity medium,
leading to quality factors that are in good agreement with quality factors in geological
materials. This pattern strongly depends on the size of the inclusions. On the other hand,
attenuation produced by single phase medium is too low to be realistic. This means that
the fluid flow at the boundaries between heterogeneities plays a fundamental role in the
attenuation process, that cannot be neglected. These P-wave characteristics will have a strong
influence on the seismic waveforms (see section 3.2).

Using a poroelastic theory is much more complex than an equivalent visco-elastic theory.
However, modelling seismic waves with poroelastic theories take into account the attenuation
induced by fluid equilibration at layer interfaces or heterogeneity boundaries, whereas a
viscoelastic approach neglects this attenuation process. As shown by Pride et al. (2004), this
is the most important attenuation process at low frequency. As the shallow subsurface has
strong lateral and vertical heterogeneities, one should solve the full poroelastic theory to deal
with attenuation.

3. Numerical modelling of seismic waves in porous media

3.1 Forward modelling solution

The model properties m, which are the material parameters introduced in the previous
section, are nonlinearly related to the seismic data d via an operator f , i.e., d =
f (m). The forward problem has been solved by many authors, using different methods.
Analytical solutions have been derived for a homogeneous medium (Boutin et al., 1987;
Philippacopoulos, 1997). The response of porous layered medium has been computed
using reflectivity methods in the frequency-wavenumber domain, such as the Kennett (1983)
approach (De Barros & Dietrich, 2008; Pride et al., 2002). This method was also used to
solve the coupling between seismic and electromagnetic waves (Garambois & Dietrich, 2002;
Haartsen & Pride, 1997). The poroelastic equations have been solved in 2D and 3D cases,
mainly using finite difference schemes (Carcione, 1998; Dai et al., 1995; Masson & Pride,
2010; O’Brien, 2010) in the time-space domain. For discretisation issues, the equations
(1) should be decomposed in propagative and diffusive parts, which have to be solved
independently (Carcione, 1998). Other time domain numerical schemes have been used, such
as finite elements (Morency & Tromp, 2008) or finite volume (de la Puente et al., 2008). Finally,
Dupuy et al. (2011) solved this problem in the frequency domain using a discontinuous
Galerkin approach. For a complete and precise review of the numerical modelling used to
solve the poroelastic problem, we refer the reader to Carcione et al. (2010).

In this paper, we will use three different techniques to illustrate our points:

• a 3D Finite Difference scheme (FD; O’Brien, 2010): The solutions of Biot’s equations
are obtained by fourth-order in space and second-order in time staggered-grid and
rotated-staggered-grid methods. Stability of the methods and accuracy of the solutions
have been carefully checked in the low-frequency domain.

• a reflectivity approach (SKB; De Barros & Dietrich, 2008; De Barros et al., 2010): The 3D
solution is obtained in the frequency-wavenumber domain for horizontally layered media
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by using the generalized reflection and transmission method of Kennett (1983). The
synthetic seismograms are finally transformed into the time-distance domain by using the
3D axisymmetric discrete wavenumber integration technique of Bouchon (1981).

• a Discontinuous Galerkin Method (DGM; Dupuy et al., 2011): For 2 dimension medium,
the discrete linear system for the Biot theory has been deduced in the frequency domain
for a discontinuous finite-element method, known as the nodal discontinuous Galerkin
method. Solving this system in the frequency domain allows accurate modelling of the
wave propagation for all frequencies.

The last two approaches are in the frequency domain, which has several advantages: 1) there is
no need to decompose the problem into diffusive and propagative parts; 2) all frequencies, i.e.,
in the low- and high-frequency regimes, can be accuarately treated; 3) solving more complex
theories, such as double porosity or poroviscoelastic theories is straighforward and does not
require any modifications of the solver; and 4) frequency domain has been shown to be the
most efficient way to solve the Full waveform inverse problem, as the solution has to be
calculated only for a few frequencies (Pratt et al., 1998).

3.2 Seismic waveforms in poroelastic medium

As already stated, the main improvement of using poroelastic versus elastic theories is in
the description of the attenuation from intrinsic medium parameters. Figure 3 gives an
example of poroelastic and elastic data computed by equivalent finite difference codes (FD,
O’Brien, 2010). The medium is a complex 200m thick reservoir embedded in a homogeneous
half-space. The reservoir, modified from Manzocchi et al. (2008) is composed of 7 different
facies, with different mineral and frame properties (see Fig. 3, top). In order to mimic a time
lapse survey for CO2 geological storage in a saline aquifer, a baseline is first computed for
fully brine saturated medium. CO2 is then injected in the center of the reservoir and spread
out according to the permeability, leading to areas containing gas of roughly 500 m and 2000
m diameter.

Figure 3 presents the differential data (data with CO2 in the reservoir minus baseline) for
both gas extensions. The same models are run using equivalent elastic properties (computed
through the Gassmann formulation). As the velocities are equal, arrival times of the elastic
and poroelastic waves are the same. However, changes appear in amplitude, mainly in
the multiple reflected waves and coda. The amplitude differences are up to 40% of the
data. It stresses the importance of using attenuation in the forward modelling and inversion
processes. Even if the Biot theory cannot explain the full range of attenuation, it leads to
significant changes in the seismic waveforms.

Poroelastic attenuation is due to the fluid movement. In the poroelastic theories, evidence for
this lies in the relative fluid-to-solid motion and in the existence of the slow P-wave. Figure
4 reproduces the experiment performed by Plona (1980). The models are made using the
Discontinuous Galerking method (DGM) of Dupuy et al. (2011) and are checked against the
reflectivity approach (SKB) used by De Barros & Dietrich (2008). The SKB synthetic data have
been corrected from the 3D effects, using an infinite line of sources, in order to be directly
comparable to the DGM solutions. A P-wave is generated with an explosive source (central
frequency of 200 Hz) in an quasi-elastic layer (the Biot wave is entirely diffusive in this layer)
and is transmitted and converted into S-wave and Biot wave at the interface with a porous
layer. Receivers are set into the second layer and record the three waves.
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Fig. 3. Example of poroelastic and elastic numerical modelling to mimic differential data for
CO2 storage. Top) Resevoir models (left: Facies, right: Permeability) used in the modelling
and modified from Manzocchi et al. (2008). Elastic properties are computed using the
Gassmann relationships from the porous parameters. Middle) Left: Differential seismograms
(model with CO2 minus baseline) for elastic (red) and poroelastic data (black), and right:
differences between the elastic and poroelastic differential data. Bottom) As the middle
panels for a larger extension of CO2. Receivers and source are located on the free surface.
The explosive source has a 8Hz Ricker wavelet signature.
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Fig. 4. Flat interface case: Left) Seismograms of (top) vertical solid uz, and (bottom) relative
fluid/solid displacement components wz in the low-frequency regime; Right) As Left, but in
the high-frequency domain. The SKB solution is indicated by a continuous line and the DGM
by crosses; dashed-dotted lines indicate the differences between the two solutions
(multiplied by a factor of 5). PP, PBiot and PS2 stand for the transmitted P and the converted
Biot and S waves, respectively. PS1 stands for the conical wave associated with the direct P
wave in the first layer. The explosive source is in a quasi-elastic layer, while receivers stand
in a porous half space.

Two cases are studied: 1) a low frequency case, where the source frequency is smaller than the
cut-off frequency ( fc = 6400 Hz). The Biot wave, in this case, is not propagative and cannot
be seen; 2) a high frequency case, the source frequency is higher than the cut-off frequency ( fc

= 0.64 Hz). This is obtained by decreasing the value of the fluid viscosity by 10000. The Biot
wave becomes propagative, and can be observed, mainly in the fluid displacement data. In the
seismograms of figure 4, the transmitted P-wave (PP), the conical wave associated with the P
direct wave in the first layer (PS1), and the transmitted S-wave (PS2) are identified. These two
S-waves (PS1 and PS2) will be uncoupled at further offsets. Finally, the very small differences
between both modelling methods prove their accuracy.
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Using a Poroelastic Theory to Reconstruct Subsurface Properties: Numerical Investigation 11

A similar case is studied in a double porosity medium. Taking the same source/receiver
layout with an explosive source in the first layer comprising a quasi-elastic sandstone and
a line of receivers in the second layer comprising the double porosity medium described
in the part 2.2 (sandstone with 3% of 1 cm spherical sand inclusions), we compute the
seismograms and compare the double porosity results with the effective single porosity
results. The seismograms of solid and relative fluid/solid displacements are given in figure
5. The influence of the double porosity homogeneization (via complex frequency dependent
mechanic moduli) is clearly visible on the transmitted P-waves. Particularly, the waveforms
are strongly distorted as the attenuation and dispersion are higher (see figure 2). As we are
in the low frequency domain, the Biot waves are not visible in the seismograms, but they are
responsible for the loss of seismic energy. As predicted by the theory, the converted S-waves
are not impacted by the double porosity approach.

In these examples, we have demonstrated the importance of taking into account complex
poroelastic theories in order to understand and reproduce real seismic signals whose
waveforms are strongly impacted by the presence of fluid and medium heterogeneities.

4. Sensitivity analysis

In the next sections, we use the reflectivity algorithm SKB (De Barros & Dietrich, 2008) and
focus on backscattered energy, i.e., we consider reflected seismic waves as in a seismic
reflection experiment. We further assume that, whenever they exist, waves generated in
the near surface (direct and head waves, surface and guided waves) are filtered out of the
seismograms prior to the analysis. The assumption of plane-layered media is admittedly too
simple to correctly describe the structural features of geological media, but it is nevertheless
useful to explore the feasibility of an inversion process accounting for the rheology of porous
media.

The sensitivity of the seismic waveforms to the model parameters is investigated for layered
medium by computing the first-order derivatives of the seismic displacements with respect to
the relevant poroelastic parameters. These operators, which are often referred to as the Fréchet
derivatives, are expressed via semi-analytical formulae by using the Born approximation
(De Barros & Dietrich, 2008). They can be readily and efficiently evaluated numerically
because they are only functions of the Green’s functions of the unperturbed medium. In each
layer, we consider the eight following quantities as model parameters: 1) the porosity φ, 2)
the mineral bulk modulus Ks, 3) the mineral density ρs, 4) the mineral shear modulus Gs, 5)
the consolidation parameter cs, 6) the fluid bulk modulus K f , 7) the fluid density ρ f and 8)
the permeability k0. This parameter set allows us to distinguish the parameters characterizing
the solid phase from those describing the fluid phase. The fluid viscosity η is one of the
input parameter but it is not considered in the inversion tests as its sensitivity is similar to the
permeability.

Figure 6 (left) presents the sensitivity of the 8 parameters, for P and S waves. The sensitivity
of the reflected wavefield varies drastically among the different parameters. We note that the
reflected waves are especially sensitive to the mineral density ρs, porosity φ, shear modulus
Gs and consolidation parameter cs. If we have some knowledge about the mineral properties
(i.e., Gs, Ks and ρs are fixed), the porosity φ and consolidation factor cs are the most sensitive
parameters and therefore the key parameters to consider in an inversion procedure. On the
other hand, the viscosity η and permeability k0 have only a weak influence (104 times smaller
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Fig. 5. Double porosity case: seismograms of top) solid displacement ux (left) and uz (right)
and bottom) relative fluid/solid displacements wx (left) and wz (rigth). The setup is the same
as for figure 4, the explosive source (Ricker with a 200Hz peak frequency) is in a quasi-elastic
layer, while receivers stand in a double porosity half space. The double porosity solution is
indicated by a continuous black line and the effective single porosity by a dashed blue line.
PP and PS stand for the converted P and S waves, respectively.

than the porosity) on the wave amplitudes. The inversion for the parameters with such a
low influence on the seismic waves will therefore be very delicate if other parameters are
imperfectly known.

Figure 6 (right) shows the sensitivity of the P waves to the the fluid modulus K f and the
mineral solid modulus Ks. We note that the fluid modulus K f has a stronger influence than the
solid modulus Ks if the medium is poorly consolidated. The inverse is true for a consolidated
medium. Similar patterns can be observed with the porosity: the higher the porosity, the
stronger the influence of the fluid on the seismic waves. This means that it will be easier to
determine fluid properties for an unconsolidated medium. For example, fluid substitution
due to CO2 injection leads to clear bright spot in Sleipner area (Norway, Arts et al., 2004),
where the medium is poorly consolidated. The same set-up in stiff rocks does not produce
such clear images, like in Weyburn field (Canada, White, 2009)
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Fig. 6. Left) Sensitivity of the reflected waves to the porous parameters for the P (downward
triangles) and S (circles) waves, i.e., maximum of the energy reflected back by a perturbation
of the porous parameters. Right) Sensitivity of the reflected waves to the fluid K f and the
mineral bulk modulus Ks as a function of the consolidation parameter cs. Note that higher
consolidation parameter cs corresponds to softer materials.

To evaluate the coupling between parameters, we look at the Amplitude Versus Angle
(AVA) curves in figure 7 for the PP (left) and SS (right) reflected waves due to a small
and localized perturbation of a model parameter. We note that for some parameters, the
model perturbations lead to similar modifications of the seismic response. For example,
perturbations in densities and permeability show identical AVA responses. The same is true
for the bulk moduli. This strong coupling between parameters will prevent simultaneous
reconstruction of these parameters in an inversion process.

Morency et al. (2009) also investigated the sensitivity of the seismic waves in porous media.
They determined finite-frequency kernels based upon adjoint methods and investigated
different parameter sets, in order to find the set that leads to the minimal coupling between
parameters. They concluded that decomposing the input parameters into seismic velocities is
the most stable approach in an inversion code.

5. Full waveform inversion

Full waveform inversion has shown to be an efficient and accurate tool to study the subsurface
in the acoustic and elastic wave theory (Brossier et al., 2009). Historically, most of the
FWI methods (Lailly, 1983; Tarantola, 1984) have been implemented under the acoustic
approximation, for 2D model reconstruction (e.g. Gauthier et al., 1986; Pratt et al., 1998) or 3D
structures (for instance, Ben-Hadj-Ali et al., 2008; Sirgue et al., 2008). Applications to real data
are even more recent (Hicks & Pratt, 2001; Operto et al., 2006; Pratt & Shipp, 1999). The elastic
case is more challenging, as the coupling between P and S waves leads to ill-conditioned
problems. Since the early works of Mora (1987) and Kormendi & Dietrich (1991), the
elastic problem has been addressed several times over the last years with methodological
developments (Brossier et al., 2009; Choi et al., 2008; Gélis et al., 2007).

Using a poroelastic theory makes the problem even more difficult, especially because it
adds much more unknowns. To the best of our knowledge, the first attempt to solve this
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Fig. 7. Energy of plane waves reflected from perturbations in ρs, ρ f , k0, φ, Ks, K f , Gs, and cs,
as a function of incidence angle. The eight upper panels and eight lower panels correspond
to PP and SS reflections, respectively. The curves are normalized with respect to the
maximum value indicated above each panel.
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problem was made by De Barros & Dietrich (2008) and De Barros et al. (2010) for stratified
media and by Morency et al. (2009) and Morency et al. (2011) in 3-dimensional media. In the
following sections, we will describe the main results obtained by De Barros & Dietrich (2008)
and De Barros et al. (2010).

5.1 Inversion algorithm

Our method to determine the intrinsic properties of porous media is based on a full waveform
iterative inversion procedure. It is carried out with a gradient technique to infer an optimum
model which minimizes a misfit function. The latter is defined by a sample-to-sample
comparison of the observed data dobs with a synthetic wavefield d = f (m) in the time-space
domain, and by an equivalent term describing the deviations of the current model m with
respect to an a priori model m0, i.e.,

S(m) =
1
2
||d− dobs||D + ||m−m0||M, (6)

where the L2-norms || . ||D and || . ||M are defined in terms of a data covariance matrix
CD and an a priori model covariance matrix CM Tarantola (1987). The model m contains
the description of one or several parameters in layers whose thicknesses are defined by
the peak content of the data (Kormendi & Dietrich, 1991). The model is updated using a
quasi-Newton algorithm Tarantola (1987), which involves the Fréchet derivatives obtained
earlier. As this problem is strongly non-linear, several iterations are necessary to converge
toward an optimum model m, i.e, a model whose response d satisfactorily fits the observed
data dobs.

5.2 Numerical results

In order to determine the accuracy of the inversion procedure for the different model
parameters considered, we first invert for a single parameter, in this case the mineral density
ρs, and keep the others constant. The true model to reconstruct and the initial model used to
initialize the iterative inversion procedure (which is also the a priori model) are displayed in
figure 8. The other parameters are assumed to be perfectly known. Their vertical distributions
consist of four 250 m thick homogeneous layers. Parameters φ, cs and k0 decrease with depth
while parameters ρ f , Ks, K f and Gs are kept strictly constant.

Vertical-component seismic data (labelled DATA, fig 9) are then computed from the true
model for an array of 50 receivers spaced 20 metres apart at offsets ranging from 20 to 1000
metres from the source. The latter is a vertical point force whose signature is a perfectly
known Ricker wavelet with a central frequency of 25 Hz. Source and receivers are located
at the free surface. As mentioned previously, direct and surface waves are not included in
our computations to avoid complications associated with their contributions. Figure 9 also
shows the seismogram (labelled INIT) at the beginning of the inversion, i.e., the seismogram
computed from the starting model. Figure 8 shows that the true model, which consists in 10
metre thick layers from the surface to 1000 metre depth, is very accurately reconstructed by
inversion. As there are no major reflectors in the deeper part of the model, very little energy
is reflected toward the surface, which leads to some minor reconstruction problems at depth.
In figure 9, we note that the final synthetic seismograms (SYNT) almost perfectly fit the input
data (DATA) as shown by the data residuals (RES) which are very small.
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Fig. 8. Models corresponding to the inversion for the mineral density ρs: initial model, which
is also the a priori model (dashed line), true model (thick grey line), and reconstructed model
(black line). The corresponding seismograms are shown in figure 9.
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Fig. 9. Seismograms corresponding to the inversion for the mineral density ρs: synthetic data
used as input (DATA), seismograms associated with the initial model (INIT), seismograms
obtained at the last iteration (SYNT), and data residuals (RES) computed from the difference
between the DATA and SYNT sections for the models depicted in figure 8. For convenience,
all sections are displayed with the same scale, but the most energetic signals are clipped.
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Fig. 10. Models corresponding to the differential inversion for the water saturation Sr : Initial
model (dashed line), true model (thick grey line), and reconstructed model (black line).

The inversions carried out for the φ, ρ f , Ks, K f , Gs and cs parameters (not shown) exhibit
the same level of accuracy. However, as predicted by De Barros & Dietrich (2008) and
Morency et al. (2009) with two different approaches, the weak sensitivity of the reflected
waves to the permeability does not allow us to reconstruct the variations of this parameter.
Being related to seismic wave attenuation and fluid flow, permeability appears as not only the
most difficult parameter to estimate but also the one which would have the greatest benefits to
the characterization of porous formations, notably in the oil industry (Pride et al., 2003). One
possibility to estimate it is to measure the fluid motion, or, by reciprocity, to use fluid pressure
sources.

As observed in the sensitivity study, parameters are strongly coupled. Multiparameter
inversion is thus an ill-posed problem, which is, in most of the cases, not reliable, as errors on
one parameter will map into the reconstruction of the other parameters. The use of analytical
expressions for the sensitivity kernels allows an easy rearrangement of the parameter set, in
order to invert for the most pertinent parameters. Using some a priori information, it is then
possible to efficiently decrease the number of unknown parameters. For example, there is no
reason to invert for both fluid parameters ρ f and K f , if we know that pores are filled by either
gas or water. It is much more efficient to invert only for the saturation rate.

5.3 Differential inversion

To reduce the ambiguities of multiparameter inversion, a differential inversion has been
considered and implemented (De Barros et al., 2010). Instead of dealing with the full
complexity of the medium, we concentrate on small changes in the subsurface properties such
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as those occurring over time in underground fluid-filled reservoirs. This approach may be
particularly useful for time-lapse studies to follow the extension of fluid plumes or to assess
the fluid saturation as a function of time.

For example, the monitoring of CO2 underground storage sites mainly aims at mapping the
CO2 extension. Time lapse studies performed over the Sleipner CO2 injection site in the North
Sea (see e.g. Arts et al., 2004) highlight the variations of fluid content as seen in the seismic
data after imaging and inversion. In this fluid substitution issue, the parameter of interest
is the carbon dioxide/saline water relative saturation. A differential inversion process will
allow us to free ourselves from the unknown model parameters. This approach is valid for
any type of fluid substitution monitoring problem, such as water-table variation, gas and oil
extraction or hydrothermal activity.

The first step in this approach is to perform a base or reference survey to estimate the solid
properties before the fluid substitution occurs. When performing a multiparameter inversion,
the model properties are poorly reconstructed in general. However, the seismic data are
reasonably well recovered. Thus, in spite of its defects, the reconstructed model respects the
wave kinematics of the input data. In other words, the inverted model provides a description
of the solid earth properties which can be used as a starting model for subsequent inversions.
The latter would be used to estimate the fluid variations within the subsurface from a series
of monitor surveys (second step).

To test this concept, we perform an inversion for two strongly coupled parameters, namely
the porosity and the consolidation parameter. The resulting models are then used as starting
models. We perturb the fluid properties of the true model to simulate a fluid variation over
time. Two 30-metre thick layers located between 50 and 80 metres depth and between 110
and 140 metres depth are water depleted due to gas injection. The water saturation then
varies between 60 and 80% in these two layers (figure 10). Our goal is to estimate the fluid
properties by inverting the seismic data for the water saturation.

The model obtained is displayed in figure 10. We see that the location and extension of
the gas-filled layers are correctly estimated. The magnitude of the water saturation curve,
which defines the amount of gas as a function of depth, is somewhat underestimated in
the top gas layer but is nevertheless reasonably well estimated. In the bottom gas layer,
the inversion procedure only provides a qualitative estimate of the water saturation. These
computations show that the differential inversion approach is capable of estimating, with
reasonably good quality, the variations of fluid content in the subsurface without actually
knowing all properties of the medium.

6. Conclusion

Using a poroelastic theory is much more complex than an elastic or a visco-elastic theory.
However, poroelastic theories are an attempt to quantitatively describe the attenuation
processes from the physical properties of the geological material. Furthermore, at seismic
frequencies, attenuation is dominated by the mesoscopic scale mechanism, involving fluid
flow at the boundaries of any heterogeneities. Poroelastic theories intrinsically take into
account this loss of energy, while the equivalent visco-elastic approach neglects it. As the
near surface media are stronly heterogeneous, with strong lateral and vertical contrasts, and
different fluids involved, one has to deal with full poroelastic theories to accurately consider
attenuation and fluid-solid motions.
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The sensitivity to the different parameters varies hugely among parameters, and parameters
are strongly coupled. Using a poroelastic theory to reconstruct model properties is in its nature
an ill-conditioned problem. It shows however very promising possibility for differential
inversion, and for certain issues where the problems can be reduced to the determination
of only few parameters.

Poroelastic theories are, of course, not perfect yet, as they fail to give an universal law to
explain seismic wave attenuation and propagation. They are however the direction to go if
one wants to use full waveform inversion to make quantitative imagery of the rock physics
and subsurface fluids. In particular, the permeability is a key parameter for exploration; the
reconstruction of such a parameter from seismic waves will necessitate the use of complex
poroelastic theories. Development in this direction still has to be continued. In particular, for
imagery problems, data have to be improved to get around the problems of coupling between
parameters. This can be done by using the information carried by fluid motions, which can
give new insights into the permeability and the fluid properties, or by exploring in deeper
details the coupling between seismic and electromagnetic waves.
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2.2.2. Suivi des variations du milieu 
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des vari��]}v�����À]��������]�u]�µ����Æ��!u�u�v��(]v��U����o[}��������ìXí9X������oles approches ont 

���u]�� �[]u�P�� des variations du milieu associées à des séismes ~&�}u�v�� ��� �oXU� îìíï�, des 

éruptions volcaniques ~���vPµ]��� ��� �oXU� îììô�, des glissements lents ~Z]À��� ��� �oXU� îìíí�, des 

modifications du contenu en fluide ~,]oo��������oXU�îìíð�, etc. En se basant sur la coda des signaux, 

ces analyses sont surtout sensibles aux ondes S, ce qui ne permet pas une relation directe et non 

ambiguë avec les fluides.  

Lors des expériences de réactivation de faille dans les argilites de Tournemire, nous avons utilisé des 

sources actives et répétitives. Nous avons pu ainsi mesurer simultanément les variations des 

vitesses des trajets directs des ondes P et S, et ainsi imager les variations en fluide et du milieu. Nous 

avons montré ~Z]À��� ��� �oXU� îìíò� que les variations de vitesse sismique obtenues par 

]v���( �}u ��]�����u����]������µ]À���o���u}�](]���]}v���µ�}µ���[µv��(�]oo���v�Po]���u�v� (Figure 13). 

�}uu�� o��� À]������� �[}v���� W� ��� �[}v���� ^� �}v�� ]u���� ��� ���u�v]���� �]u]o�]��U� nous avons 

principalement attribué ces perturbations à des ouvertures/fermeture de micro-fractures lors 

�[ �]�}�����e transferts de contraintes. Ainsi, différentes phases ont été vues :  

1) Avant la rupture, les augmentations de vitesses suggèrent une fermeture des 

microfractures par augmentation de la pression de confinement �µ�}µ�����o[]vi���]}v ; 
2) Lors de la rupture, µv��Ì}v������[µv���]Ì�]v�����u�tres de long montre de très fortes chutes 

de vitesses, associées au glissement dilatant des failles secondaires dans lesquelles 

&]Pµ���íïW����������À��]��]}v������À]�����������}v����W�~���������������}v����^�~�������U����}�] �����µv��]vi���]}v�

���(oµ]���~�����vPo���o�µ��U��������������]}v�~�������������Z�µ��������]}v�~�������X�>��Ì}v���o�µ��~��������������o] ��

��o��� ���]À��]}v���]�u]�µ������failles, tandis que les variations positives autour sont dues à des augmentations 

des contraintes de confinement (Rivet et al., 2017) 
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o[]vi���]}v� ���� � �o]� �� ~'µPo]�ou]� ��� �oXU� îìíñ��. Cette zone est entourée par des 

augmentations de vitesses dues aux transferts de contraintes 
3) Après la fin des injections, le milieu retrouve les vitesses initiales en quelques heures. 

 

>[]v����� ���]}v��������À��]��]}v�����v�µ]��� � �À�o]� e par modélisations numériques. Comme ce 

Po]���u�v��v���[���}u��Pv� pas de sismicité, les variations de vitesse ont ainsi permis de montrer 

les modifications de contraintes associées à un glissement lent. En particulier, la résolution obtenue 

ici suggère que les faibles chutes de vitesse observées lors des glissements sismiques ~&�}u�v�����

�oXU� îìíï� peuvent être en réalité une moyenne de fortes chutes au niveau de la faille et 

�[�µPu�v���]}v��������v�(��������}v���]v�����µ�}µ�X� 
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2.2.3. Imagerie des réservoirs magmatiques 

Je me suis aussi intéressé, durant mon master et mon postdoctorat aux zones de stockages 

u�Pu��]�µ����}µ�� o���À}o��v�X� >[�Æ]���v�������Z�u�����u�Pu��]�µ����}v�]vµ��U�����µ��}µ�� o�µ��

géométrie et volume, sont toujours en question. En effet, de tels réservoirs ont été imagés sous les 

dorsales océaniques ~^]vPZ�����oXU�îììò�, mais leur reconstruction sous les volcans restent difficile, 

souvent basée sur des observations indirectes ou sur des tomographie faiblement contrainte ~�o}]�]�

����oXU�îììîV��µP�������oXU�îììíV�'���_�rz�Pµ�������oXU�îìíîV�>���U�îììó� . L[imagerie de telle structures 

est en effet rendue délicate par 1) un environnement bruité, avec une subsurface très hétérogène 

et une topographie fortement accidentée ; 2��µv��}v����������À]�������v����o��u�Pu�����o[�v��]���v��

pouvant être positif, négatif ou nul, selon le contenu en gaz ~>���U�îììó� ; et 3) une géométrie de 

stockage inconnue, qui peut être �}µ��(}�u���[µv�� ���µÆ����(����µ���U�~h sills », « dikes iUY���oµ����

�µ���[un volume continu.  

Durant mon master, nous avons recherché si il existait une anomalie des vitesses en ondes S sous le 

volcan Popocatépetl (Mexique), à partir de o[�v�oÇ�����������u �Z}�����[�v��vv�������}v�������

surfaces de séismes régionaux et lointains ~�������}������oXU�îììô�X�W����[�v}u�o]���v������}v�� � �

observées, sauf une importante diffraction des ondes de surface entre 6 et 12s. Ces observations 

��µÀ�v���µPP ����o���� ��v����[µv���}�l�P���]((�����v����������}(}v��µ������ñ���íì�luX� 

�v� �µ]À�v�������� ]� �U� i[�]��v�µite travaillé sur des données de sismiques actives acquises sur le 

volcan Teide (Canaries). Des tirs en mer (« airgun i�� �}µ�� �µ�}µ�� ��� o[]o�� ��� d�verife ont été 

enregistrés par 137 stations sismologiques installées sur le volcan ~/��y�Ì�����oXU�îììô�. '���_�r

z�Pµ�������oX� ~îìíî��}v�� � �o]� �µv�u}��o�� �}u}P���Z]�µ��ï�� �}µ�� o��À}o��vU��µ]�v�� � À�o������

�[�v}u�o]����o�]��u�v����o] �����µv���}�l�P��u�Pu��]�µ�X��v����v�v��o[ZÇ�}�Z�����µ��o[]v(}�u��]}v�

��µ�]o]���������}�� ������o���}v�����]((���� ��U�i[�]�µ�]o]� �µv��u �Z}�������}µ�o��(}�u��]}v����À}]���

�}µ��(�]���µv��]u�P��]���v��}]v����]((�����v��X�����������vµu �]�µ���u[}v�����u]���[�u o]}�������

�������o��u �Z}��X�:[�]��]v�]��µ�u}v������µ����µÆ�Ì}v��U�o[µv���µ���(]�]�oo���}µ��o�������������µv��

�µ�����oµ����}(}v����µ�v}������o[ �](]��U��]((�����v��o���}v����~&]Pµ���íðU��������}������oXU�îìíî�X�

�oo�����µÀ�v���}�����}v������������}�l�P���u�Pu��]�µ��U��v����}����À����[�µ�����}����À��]}v���µ��

���À}o��v�~D���_�����oXU�îììô�X� 
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&]Pµ���íðW����������D}��o����}u}P���Z]�µ�����v�������}µ����v}��r�µ��~���������r}µ����~��U�~'���]�rz�Pµ������

�oXU�îìíî�X�Z �µo�������o��v�oÇ��������}µ�o��(}�u��]}v����À}]�����v��o����]����]}v��v}��r�µ��~���������r}µ����~��U�

�µ�v]À��µ�����Ì}v����v���� ����v��o�v����v��o����}µ�����}u}P���Z]�µ��X�>����}µo�µ����}u�����]v�]�µ�v��µv��

(}�����]((����]}v�����}v���X���µÆ��v}u�o]���������]���v�W�µv��Ì}v���v����ñ����íì�lu��µ�v}����µ�À}o��vU����µv��

Ì}v���oµ���µ���(]�]�oo��~ïrñ�lu���}µ��o����������~�������}������oXU�îìíî�X�  
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2.3. Signatures sismiques non conventionnelles  

Articles publiés dans ce thème 

����À]�=�DXU��������}��>XU��Ç��=�dX�^XU�>}lu���/XU����v��X�~îìíò��Z�o}���]}v�}(�>}vP�W��]}��~>W����]�u]���À�v���

��À��o���v���Z�o}v�(����µ����]v��Z��µ�������](]���}(�dµ��]�o���À}o��v}U��}����Z]��U�'�}�ZÇ�]��o�Z������Z�>������U�

À}oXðï�~íõ�U���XíìUíìñríìUííðX 

���}��=U��XU�'µPo]�ou]U�zXU��������}�U�>XU��������U�&X�~îìíñ�X�^�]�u]������}v�����}�(oµ]�������µ�������µ����]}v��

]v����o]��]vP�(�µo�X�'�}�ZÇ�]��o�Z������Z�>������U�ðî~õ�U�ïíõórïîìïX 

���v��X�:XU��������}��>XU�>}lu���/XU�D ��Æ]�v�:XrWXU�K���]�v�'XU�Dµ��ZÇ�^XU�îìíðU�>}vPr���]}����]�u]�]�Ç�]v��Z��

�Z�oo}Á�À}o��v]����](]���(}�u���(�}u��o}Ár�µ��µ�������Z�µ�l��U�E��µ���'�}��]�v��U�À}oXóU���XóíróñU�îìíð 

�Ç��=�dX^XU��X�:X����vU�>X��������}�U�&X�D���]v]U�/X�>}lu��U�DX�DX�D}��U�:X�&X�W��Z��}U�'X�:X�^}�}X�����]��o��(�]oµ���

u}��o� (}�� o}vPr���]}�� ��]�u]�� �À�v��� ���}����� ��� dµ��]�o��� À}o��v}U� �}���� Z]��U� :}µ�v�o� }(� '�}�ZÇ�]��o�

Z������ZW�^}o]������ZU�íîì~ï�U�íðñîríðóîX 

�������}��>XU�>}lu���/XU����v��X�:XU�îìíïX�K�]P]v�}(���µ�]}µ���]vPo��(}�����]v��Z���}µ����u��Z�v]�u�}(�À}o��v]��

��]�u]�]�ÇU�:X�s}o�X�'�}�Z��uX�Z��X�~îòî�U���Xírò 

�Ç��=U�dX^XU��X:X����vU�>X��������}�U�'X^X�K[��]�vU�&X�D���]v]U�/X�>}lu��U�DXDX�D}��U�:X&X�W��Z��}U�'X:X�^}�}U�îìíïU�

D}u�v����v�}��]vÀ���]}v�(}���Z���}µ����o}���]}v��v��u��Z�v]�u�}(�o}vP����]}��~>W����]�u]���À�v���(�}u�îììõ�

���dµ��]�o���À}o��v}U��}����Z]��U�:X�s}o�X�'�}�Z��uX�Z��XU��}] WíìXíìíòliXiÀ}oP�}���XîìíïXìðXìíòX 

����À]�=U�DXU�>X��������}�U��X�:X����vU�'X�^X�K���]�vU�&XU����vPµ]��U�îìíïU�/vÀ���]P��]vP��Z���}µ�����Z�������]��]���

}(�o}vPr���]}��~>W����]�u]���À�v������}�����}v�W]�}v����o��&}µ�v�]���À}o��v}U�>��Z µv]}vX�:X�s}o�X�'�}�Z��uX�

Z��XU�s}oX�îñôU����ítííU��}] WíìXíìíòliXiÀ}oP�}���XîìíïXìðXììõ 

��À]=U�ZXU�'X�K[��]�vU�>X��������}�U�/X�>}lu��U��X����vU�WX�>���P�U�DX�D}��X�îìííX�^�]�u]���}µ����u��Z�v]�u��}(�

���u}���À�v������}�����}v����v�o�À}��v}U��}����Z]��X�:X�s}o�X�'�}�Z��uX�Z��X�~îíïrîíð�U����íríï 

�������}�U�>XU�/X�>}lu��U��X����vU�'X�K���]�vU�'X�^���}�}��]U�:XrWX�D ��Æ]�vU�>X��µ�����oo}U��v���X�W���v�U�îìííX�

^}µ����D��Z�v]�u�}(�>}vP�W��]}���À�v������}������Ç���Z]PZ���v�]�Ç���]�u]��v��Á}�l��µ�]vP��Z��îììô���µ��]}v�

}v�D����v�U�:X�'�}�ZÇ�X�Z��XUííòU��ìíïìðU��}]WíìXíìîõlîìíì:�ììóòîõX� 

K���]�vU�'X�^XU�/X�>}lu��U�>X��������}�U��X�:X����v�'X�^���}�}��]U�:rW�D ��Æ]�v��v���X�W���v�U�îìííX�d]u��Z�À�����

>}���]}v�}(�^�]�u]��>}vPrW��]}���À�v������}�����}v�D����v�X�'�}�ZÇ�X�:X�/v�XU�íôð~í�W�ðñîrðòî 

�������}�U�>XU��X:X����vU�/X�>}lu��U�'X�^���}�}��]U�>X��µ�����oo}U�'X�K���]�vU�:XrWX�D ��Æ]�vU��v���X�W���v�U�îììõX�

^}µ����P�}u���Ç� (�}u��Æ����]}v�ooÇ�Z]PZ� ���}oµ�]}v� o}vP����]}���À�v��}����À��]}v�����D����v���µ�]vP� �Z��

îììô���µ��]}vX�'�}�ZÇ�X�Z��X�>���XU�ïòX��}]�W�íìXíìîõlîììõ'>ìðíîóïX 

 

Des �]Pv��µ�����]�u]�µ����À�������(}�u����[}v�����](( ��v���������oo������o��sismicité classique sont 

observées dans différents environnements géologiques. Alors que les sources des séismes 

« conventionnels i��}v�����}�] ���������Po]���u�v���]v����o����µ������(�]oo��U�o�����}����µ����o[}�]P]v��

de la sismicité dite non conventionnelle restent débattus, mais peuvent être reliés aux fluides et/ou 

aux déformations lentesX�/o������}v��v �����]�������}u���v����o[}�]P]v����������]Pv�µÆ��}µ��í��u]�µÆ�

comprendre les processus hydro-mécanique en profondeur et 2) les utiliser de manière optimale 

dans la surveillance des risques et des réservoirs. ��v������µ�U� i[�]��v�����]�µo]������À�]oo ��µ�� o���

évènements volcaniques Longues Périodes, pour lesquels nous avons suggéré une origine liée à du 

glissement lent (2.3.1), et sur les signatures sismiques « étranges » observées dans les expériences 

in-situ (0).   
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2.3.1. Signatures volcaniques longues Périodes  

Les signaux volcaniques « Longues Périodes » sont des signaux émergents, avec un contenu 

fréquentiel étroit, centré autour de 0.1 à 1Hz. Ils accompagnent les phases pré-éruptives, et sont 

�}v��µ�]o]� ���}µ��o[�v�]�]���]}v����� �µ��]}v��~�Z}µ��U�íõõò�. Comme ces signaux sont répétitifs et 

basses fréquences, un mécanisme de glissement sur des failles a été écarté, et des modèles de 

résonnance de cavités saturées en fluide sont utilisées depuis 30 ans pour interpréter les processus 

des sources ~�l]�����oXU�íõóóV��Z}µ��U�íõôô�. ����v��v�U�o[�������� �}v�v����������]v���]Pv�µÆ���µ��

être attribués à des effets de propagation, et le manque de contraintes sur ces modèles les rendent 

discutables.  

 

W}µ��u]�µÆ��}u���v���� o�����}����µ���� o[}�]P]v��������� �]Pv�µx, j[�]� ���À�]oo ��À�� des données 

acquises sur différents volcans :  

x >[��v�U�}¶��oµ�����ïì�����]}v��o��P�-bande ont été installées pendant 3 semaines en 2008, durant 

une phase éruptive. La très forte densité de stations de stations a permis de tester de nouvelles 

u �Z}��������[�À}]������� �µo�����fins sur les processus des signaux longues Périodes ~���v����

�oXU�îìíðV��������}������oXU�îìííU�îììõV�K[��]�v�����oXU�îìíí�.  

x >��W]�}v����o��&}µ�v�]���}¶�o[�EZ�hv���À}o��~W/�&X����vPµ]���������u]��o[]v���oo��]}v�����oµ�����

15 stations sismologiques ~���vPµ]�������oXU�îìíî�. Accompagnant les 6 phases éruptives de 

2009-2010, seuls 15 événements Longues périodes ont été détectés et analysés, ce qui reste 

cependant une première observation sur ce volcan ~����À]������oXU�îìíï�.  

x Le Turrialba (Costa Rica), où nous avons installé en 2009 et 2011 un réseau temporaire dense 

de stations, incluant des stations sur les bords du cratère éruptif ~�Ç�������oXU�îìíñU�îìíïV�����À]��

����oXU�îìíò��.  

 

W}µ���v�oÇ��������(}�u����[}v����particulières et déterminer leurs processus de source, les outils 

�o���]�µ�������]�u}o}P]������}v]�µ��v���}v����������� �X�:[�]��}v��� À�o}�� U��u o]}� �}µ������ �

différentes techniques, et testé celles-ci sur des données synthétiques calculées dans des modèles 

3D avec des topographies complexes. �v�����]�µo]��U�i[�]����À�]oo ��µ������u �Z}������ :  

x Relocalisation par corrélation et doubles-�](( ��v�������(�u]oo����[ À�v�u�v�� ~�������}�����

�oXU�îììõV�����À]������oXU�îìíò�� 

x Localisation par retournement temporel W�o[ v��P]e sismique des signaux retournés en temps et 

propagés numériquement à partir des capteurs va se refocaliser au foyer ~K[��]�v�����oXU�îìíí� 

x Reconstruction du tenseur complet (6 moments et 3 forces) des moments sismiques par 

inversion ����(}�u����[}v������v��o���}u�]v��(� �µ�v�]�o ~�������}������oXU�îìíï�U�îìíí� 

x Détermination conjointe des localisations et du tenseur des moments ~�Ç�������oXU�îìíï�.  

 

Lors de ces études, nous avons en particulier montré que :  

x >����]Pv�µÆ�>}vPµ���W �]}����}v��µv��}�]P]v���µ���(]�]�oo�U���v��o[ �](]���À}o��v]�µ� ~�������}��

����oXU�îììõV�K[��]�v�����oXU�îìííV�����À]������oXU�îìíï� ;  

82



x Leur mécanisme de sources est un mécanisme en mode 1 (ouverture/fermeture), avec une forte 

composante cisaillante ~�������}������oXU�îìííV��Ç�������oXU�îìíñ� 

x Les forces simples communément reconstruites lors des inversions de sources sont des 

artéfacts, dus en particulier à un modèle de vitesse incorrect ~�������}������oXU�îìíï��.  

x Ces signaux �[}�P�v]��v���µ���������µ��µ����h en échelon », compatibles avec des bandes de 

cisaillement ~�������}������oXU�îìííV�����À]������oXU�îìíò��, et ne sont donc pas forcément des 

signaux répétitifs.  

x La taille des sources de ces signaux suit une relation classique avec le moment sismique ~���v�

����oXU�îìíð�, alors que leur distribution de magnitude ne suit pas une loi de Gutemberg-Richter 

~�Ç�������oXU�îìíñ�.  

x >[�������� �}vv�v�����o��(}�u���[}v���������]v�]��o�u�v���û ��o[�((������o���}�}P���Z]��������o��

couche déconsolidée à la surface du cône volcanique ~���v�����oXU�îììôV��������}������oXU�îìíí�.  

 

Tous ces résultats nous ont permis de proposer un nouveau modèle �}µ��o����}µ�������o[}�]P]v�����

ces signatures sismiques particulières. Nous avons ainsi montré que ces signaux sont produits par 

des ruptures, et non par des résonnances de fractures ~���v�����oXU�îìíð�. Comme les vitesses 

�[}v���� ^���v�� o������]�� �µ� �]�µ������ o[édifice volcanique sont faibles, les vitesses de rupture 

v[����]Pv�v���µ���µ�o�µ�����v��]v������ul�X�>��o�v��µ�������µ��µ������������v�µ ������o���� ��v���

d[µv��� (}�u��ion en ouverture/fermeture qui accompagne le cisaillement sur les failles ~��}���PU�

îììò�. Cette composante normale est permise par les pressions fluides dans un environnement 

superficiel où les contraintes sont faibles. Cette rupture lente conduit donc à des signaux au contenu 

plus basses fréquences comparé aux séismes classiquesX�>���(}�u����[}v�����}v���v�µ]���(}���u�v��

modifiées p��� o[�vÀ]�}vv�u�v�� À}o��v]�µ�U� ]v�oµ�v�� 1) un contenu en champ proche et 

intermédiaire, 2) une structure très hétérogène ��v�� o[ �](]��, avec notamment une couche non 

consolidée en surface, et 3) une topographie abrupte et diffractante et 4) un milieu fortement 

atténuant. Contrairement, aux modèles basés sur la résonnance de structures géologiques, ce 

modèle offre des similarités avec la sismologie tectonique. Il change fortement notre 

compréhension du fonctionnement volcanique : de telles signatures sont révélatrices de 

� (}�u��]}v�����o[ �](]��U����v}v����o���� ��v�������]��ulation de fluide.  

��� o�� u!u�� u�v]���U� i[�]� �µ��]� ���À�]oo � �µ�� o�� o}��o]���]}v� ��� o��� u ��v]�u��� ���� �� u}���

monochromatiques typique du volcan Arenal (Costa Rica). Nous avons déterminé que leur 

mécanisme est associé à des ouvertures de fractures. Cepend�v�U� ������ ]vÀ���]}v� v[���� ����

suffisamment solide pour proposer une interprétation robuste. De plus, la distribution fréquentielle 

���o[ v��P]���µ�������]v�����v���������v����� peut suggérer un mécanisme de résonnances ~��À]����

�oXU�îìíî�.  
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Article sélectionné 

>[article suivant présente les observations permettant de proposer un nouveau modèle pour la 

source des signaux longues Périodes. Une rupture sur une faille dans la partie superficielle de 

o[ �](]���À}o��v]�µ��apparait en effet capable de produire des signatures basses fréquences, de 

manière plus simple que les modèles basés sur des résonances de fractures saturées en fluide.  

���v��X�:XU��������}��>XU�>}lu���/XU�D ��Æ]�v�:XrWXU�K���]�v�'XU�Dµ��ZÇ�^XU�îìíðU�>}vPr���]}����]�u]�]�Ç�]v��Z��

�Z�oo}Á�À}o��v]����](]���(}�u���(�}u��o}Ár�µ��µ�������Z�µ�l��U�E��µ���'�}��]�v��U�À}oXóU���XóíróñU�îìíð 

  

84



ARTICLES
PUBLISHED ONLINE: 15 DECEMBER 2013 | DOI: 10.1038/NGEO2027

Long-period seismicity in the shallow volcanic

edifice formed from slow-rupture earthquakes

Christopher J. Bean1*, Louis De Barros1†, Ivan Lokmer1, Jean-Philippe Métaxian2, Gareth O’ Brien3

and Shane Murphy4

Forecasting of volcanic eruptions is still inadequate, despite technological advances in volcano monitoring. Improved
forecasting requires a deeper understanding of when unrest will lead to an actual eruption. Shallow, long-period seismic events
often precede volcanic eruptions and are used in forecasting. They are thought to be generated by resonance in fluid-filled
cracks or conduits, indicating the presence of near-surface magmatic fluids. Here we analyse very-high-resolution seismic
data from three active volcanoes—Mount Etna in Italy, Turrialba Volcano in Costa Rica and Ubinas Volcano in Peru—measured
between 2004 and 2009. We find that seismic resonance is dependent on the wave propagation path and that the sources for
the long-period seismic waves are composed of short pulses. We use a numerical model to show that slow-rupture failure
in unconsolidated volcanic materials can reproduce all key aspects of these observations. Therefore, contrary to current
interpretations, we suggest that short-duration long-period events are not direct indicators of fluid presence and migration,
but rather are markers of deformation in the upper volcanic edifice. We suggest that long-period volcano seismicity forms part
of the spectrum between slow-slip earthquakes and fast dynamic rupture, as has been observed in non-volcanic environments.

A
primary goal in volcano seismology is to find reliable
precursory signals to volcanic eruptions. Hence it is of
paramount importance to understand the physical processes

that underlie the diverse range of seismic events supported
by volcano edifices. Broadly these events can be divided into
four groups: volcano tectonic earthquakes; long-period events;
very-long-period events; and seismic tremor1. Although volcano
tectonics events resemble tectonic earthquakes in signal character
and are thought to be caused by brittle failure of the edifice2,
long-period, very long-period and tremor events are usually
interpreted in terms of fluid-driven processes. In particular, the
present universally applied models for long-period events require
that they are necessarily associated with either fluid-filled crack3,4

or conduit5,6 resonance, triggered by rapid disturbance of the
fluid-filled structure (for example, a fluid pressure fluctuation in a
subsurface conduit or dynamic excitation by a local volcano tectonic
earthquake). As fluids are thought to participate actively in the
source process, mechanistically this sets all long-period events apart
from both volcano tectonic and tectonic earthquakes, forming a
distinct earthquake class that is viewed with considerable interest
in terms of our understanding of the shallow volcano plumbing
system7–10. Their increased frequency of occurrence is regularly used
as a key component in eruption forecasting2.

Seismic source versus path effects

Long-period seismicity has lower seismic frequencies than volcano
tectonics, typically 0.3–2Hz central frequency, and are usually of
narrow spectral band and of long duration (5–40 s). Recently, full
wavefield numerical seismic simulations in realistic volcano velocity
models designed to constrain long-period source inversions11

demonstrated a surprisingly strong influence of path effects. Short-

1Seismology Laboratory, School of Geological Sciences, University College Dublin, Belfield, Dublin 4, Ireland, 2ISTerre, IRD, CNRS, Université de Savoie,
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Environmental Sciences Research Institute, University of Ulster, Coleraine BT52 1SA, UK. †Present address: Géoazur, Université de Nice Sophia-Antipolis,

CNRS, Observatoire de la Côte d’Azur, 250 rue Albert Einstein, Sophia Antipolis 06560, Valbonne, France. *e-mail: chris.bean@ucd.ie

duration low-frequency-input source pulses present as artificial
long duration resonating long period-like signals when recorded
more than a few hundred metres from the source. The effect is
very pronounced for shallow sources (<1 km depth) in low-velocity
near-surface layers. Sensitivity kernel12 analysis demonstrates that
these effects are global (that is, not local to individual recording
stations, but seen throughout the numerical model) implying
that they could be misinterpreted as seismic source effects. As
such proximal field observations above the sources (for example,
stations <∼500m from the epicentre) are very rare in field studies,
these numerical results motivated an uniquely high-resolution field
experiment on Mount Etna in 2008, in which two families (similar
waveforms) of long-period events were detected13. The wavefield
distribution for long-period events from that experiment (Fig. 1a)
shows extreme spatial variability, with pulse-like low-frequency
signals at the summit stations that appear as classical resonating
long-period signals at off-summit stations, in excellent agreement
with numerical predictions11. This unequivocally demonstrates
that the apparent resonance in these low-frequency seismic events
is caused by wavefield distortions as a consequence of wave
propagation effects and is not source-related. Similar pulse-like
long-period events can be seen at other time periods at Mount
Etna and other volcanoes, when short-range observations are
available (Fig. 1b and Supplementary Fig. 1). In fact, we were
unable to identify long-duration long-period events at summit
stations in these data sets among many thousands of pulse-like
long periods. Hence, on several volcanoes, we have identified
short duration pulse-like long-period populations that masquerade
as classical long-duration long-period events if recorded >∼500–
800m from the epicentre. We conclude that the long seismogram
durations in these data are purely path related. Based on waveform
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Figure 1 | Illustration of short-duration long-period events and strong propagation path effects. a, Spatial distribution of the long-period wavefield for

family 1, 2008 Mount Etna field data. Each seismic trace is a stack of ∼60 events in the family. Events are located beneath the summit at depths < 800 m.

Normalized vertical component traces are plotted as a function of the station’s distance from the volcano summit. b, Left panel, shallow pulse-like

long-period events (vertical component) detected on near-summit stations at Turrialba Costa Rica (2009); Ubinas, Peru (2009) and two different time

periods on Mount Etna (2004 and 2008, family 1 and 2); right panel, amplitude spectra for the data shown in the left panel.

analysis, a previous study14 arrived at the same conclusion for
some hybrid volcano seismic events. A literature search reveals
that shallow long-period seismicity is almost universally recorded
at epicentral distances > 500m on standard volcano networks,
which usually lack summit stations for operational reasons.
Hence non-resonating long-period sources could be commonplace
but further specific field experiments will be needed to detect
them. Three location methods applied to the 2008 Mount Etna
data15 show that these long-period events are shallow: <800m
and <600m depth beneath the summit for families 1 and 2,
respectively. Moment tensor solutions for both 2008 long-period
families favour a predominantly tensile crackmechanism16 with the
possibility of a shear component. Both long-period families occur
on cracks with very similar strikes (approximately westsouthwest–
eastnortheast) however the failure planes for both families are
orthogonal in conjugate sets of fractures, which is why their
seismograms differ leading to two distinct families (Supplementary
Fig. 2). We cannot unequivocally distinguish between crack
opening and closing, although displacement seismograms favour an
opening mechanism.

Dry failure of the edifice?

The pulse-like nature of the long-period signals is difficult to
reconcile in terms of a fluid-driven crack model. It would require
specifically tuned choices of crack stiffness and/or seismic wave
attenuation, to dampen resonance. This difficulty is compounded
by independent results from laboratory experiments, which
demonstrate that the presence of fluids in the source process leads to
long-durationmonochromatic signals17,18, which, as demonstrated,
we do not see as a source signature in these short-duration pulse-
like field data. Specifically, wet and dry laboratory experiments
designed to determine unequivocal seismological discriminators
between fluid-driven long-period seismicity and brittle (volcano
tectonic) events reveal that wet experiments generate long-duration

resonating classical long-period-type signals whereas the dry
experiments produce volcano-tectonic-like brittle failure events17.
Notably, the source corner frequency (fc) for the dry experiments
scales with event size as 1/f 3c (ref. 19), consistent with brittle failure
theory20. In contrast, the fluid-driven laboratory events do not
show any clear fc scaling with event size19, consistent with present
applications of a fluid-driven crack model, where frequencies for
a crack of a fixed size are controlled by the crack’s geometry and
stiffness, not seismic moment. If the crack size was allowed to
vary in these models, scaling would be observed. Figure 2 shows
an equivalent analysis for 2004 field long-period data from Mount
Etna. A clear scaling of fc with seismic moment is visible, strongly
indicating that these shallow Mount Etna long periods are caused
by dry mechanical failure, consistent with laboratory observations.
Given the body of observations above, it is prudent to seek an
alternative explanation for long-period events observed here. We
investigate stress-driven edifice deformation as a possible cause of
long-period activity.

Active volcanoes have relatively high deformation rates. On
Mount Etna, flank instability in the form of east–west spreading
is by far the predominant type of deformation21,22. Rheological
mechanisms for accommodating this deformation in the near
surface (top ∼1 km) have not been addressed in the literature.
In general, volcano tectonic and long-period events on volcanoes
separate spatially, with volcano tectonic events located approxi-
mately >1–2 km below the edifice surface and long-period events
located at depths of <1 km (refs 2,23–25). Brittle failure volcano
tectonic earthquakes are markers for edifice fracturing. Hence
the absence of near-surface fracturing (that is, very shallow vol-
cano tectonic events) seems to imply that deformation is almost
entirely silent (aseismic) in the top 1 km or that seismic events
other than brittle volcano tectonics are related to near-surface
deformation. As demonstrated here, long-period events develop
on populations of primarily tensile cracks (depths < 800m) at
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Figure 2 | Scaling of long-period seismic moment magnitude versus

corner frequency. The amplitude spectra of 1,150 long-period events,

recorded in March 2004 at Mount Etna near-summit station (ECPN) are

fitted with an ω−2 source model, to determine the corner frequency. The

y axis is proportional to the seismic moment. The thin line is best fitting

with slope −2.2; the thick line has slope −3 and is broadly consistent with

the data. Note: we use 2004 data as the signal-to-noise ratio is not high

enough in the 2008 Mount Etna data to carry out this analysis.

westsouthwest–eastnortheast orientations, consistent with known
east–west spreading and sliding of the eastern flank of Etna volcano.
A key question is: do they play a role in accommodating some
near-surface deformation in the form of slow seismic rupture? That
is, are long-period events a weak brittle signal in a largely ductile
deformation field? The top 800m on many volcanoes contain
poorly consolidated material with very low seismic velocities26–29. A
previous study13 determined a mean P-wave velocity of 1.8 km s−1

in the top 800m of Mount Etna’s edifice, giving a Rayleigh wave
velocity (VR) of ∼855m s−1 (for a Poisson’s ratio of 0.3; ref. 16).
Source inversions constrain the 2008 long periods to have a
predominantly tensile (mode I) crack mechanism16. It has been
demonstrated30 that mode I brittle failure cracks are theoretically
forbidden to rupture at speeds > VR and in practice rupture at
speeds ≪ VR in low-stress environments. Hence rupture speed
can be controlled by both the failure mechanism and the stress
environment. We carried out two-dimensional (2D) molecular
dynamic rupture simulations31, using codes from ref. 32, formode I
cracks in a model with an upper edifice (top 800m) VR = 855m s−1

(Fig. 3a,b). As our model fault is idealized and smooth, to achieve
sub-shear-wave rupture speeds in the molecular dynamic model we
approximate the real structure as a shallow vertical tensile crack
(5% weaker than the host material). The model is prestressed
with vertical stress σ1 = 0 and horizontal stress σ3 = −0.0065MPa
(that is, in tension, up to the approximate tensile strength of
near-surface volcanic materials33). It is then allowed to equilibrate
and failure is achieved by subsequent incremental increases in the
horizontal extensional stresses until rupture initiates. Consistent
with theoretical predictions30, we observe sub-VR rupture speeds.
These dynamic simulations demonstrate that slow rupture speeds
(relative to failure in stiff materials with higher Rayleigh wave
speeds) of ∼816m s−1 on a 500-m-long crack lead to 2-s-long
pulse-like long-period seismograms, similar to those recorded at
the summit stations on several volcanoes (compare Fig. 1b with
Fig. 3a). Our kinematic simulations (not shown) produce equiva-
lent pulse-like synthetic seismograms, for crack dips from ref. 16.
Even though the true stress regime is unknown andhighly stylized in
the 2D molecular dynamic model, seismogram velocity amplitudes
are of the same order of magnitude as our largest long-period
field observations.
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a, Illustrative example of slow rupture seismograms. Vertical component

seismic trace caused by rupture on a 500-m-long vertical tensile

crack. The crack’s top is 20 m below the surface. The seismic station is on

the free surface, 500 m laterally displaced from a surface projection

of the crack. Faded parts of traces represent edge effects from model

boundaries/surface. b, Rupture velocity plot for simulated data in a. Blue

dots represent failed bonds. The estimated (red line) sub-Rayleigh rupture

velocity is ∼ 816 m s−1.

Volcano seismicity and other slow-rupture observations
Crack dimensions for field data can be estimated using an
expression for the radius of an expanding circular tensile crack34

r = 1.99×Vs/(2π× fc). Taking S-wave velocity (Vs) = 950m s−1

and fc = 0.72 (Fig. 2) gives a circular crack diameter of ∼800m.
This estimate is broadly consistent with the dynamic rupture
simulation results (Fig. 3) and the vertical dimension of the
near-surface low-velocity zone (<1 km), which we argue herein
limits rupture speeds and stress accumulation in quasi-brittle
failure events leading to low-frequency seismic radiation even
for small faults. The past decade has seen the discovery of a
wide range of slow-earthquake phenomena in a wide variety of
environments from subduction zone interfaces to landslides to
glaciers35. The controlling mechanism for rupture and/or slip
rate (fast classical earthquakes to slow or even creeping) seems
to relate to the local stress state and/or frictional properties
of the material, with brittle failure as the underlying cause of
seismic radiation. Ref. 35 developed an integrated perspective on
the continuum between classical earthquakes, slow-rupture and
slow-slip phenomena. Within their framework we propose that
volcano tectonic earthquakes morph into long-period events in
the shallow edifice. This volcano tectonic to long-period transition
occurs becauseweak low-stiffnessmaterials promote slower rupture
speeds, leading to low-frequency seismic radiation. This implies that
at least some populations of long periods (but almost certainly not
tornillo7 events, which do seem fluid-driven) are part of the same
mechanical/dynamical class as volcano tectonic events, in that they
are caused directly by brittle failure. Hence, like volcano tectonic
events, these long periods are stress driven and do not require a
fluid-driven source model. As slip rate ≈ ((stress drop× rupture
velocity)/shear modulus; ref. 36), the interplay between local stress
conditions and localmaterial properties controls failure details. Our
estimated stress drops from waveform analysis37 of the Mount Etna
long-period seismicity of ∼0.01MPa are two to three orders of
magnitude smaller than expected for tectonic seismicity. Possible
causes of such low stress drops are discussed below. In Mount
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a, Stress–strain (stress on left y axis and blue data) and seismicity (seismic

event sizes on right y axis and green data) output from a simulated

uni-axial deformation experiment using the damage mechanics model of

ref. 38 and material properties for shallow volcano deposits33. Model

parameters: modulus of elasticity 0.8 GPa; Poisson’s ratio 0.3; apparent

cohesion 0.6–1.1 MPa; angle of internal friction 20◦. b, Seismic b-value plots

for model data from a (asteriks), for long-period events from Mount Etna

(open circle) and for long-period data from Turrialba in 2009 (plus

symbol). Data are normalized, and all catalogues have >1,100 events.

Mount Etna magnitude of completeness is indicated by black arrow.

Etna’s case, we propose that east–west extension leads to slow-
tear predominantly tensile failure. It should be noted that we
cannot definitively rule out the presence of possible double-couple
components in moment tensor inversions for small long-period
events. Crack apertures are poorly constrained, estimates vary from
∼2mm using 1u = (24/7π)(1σ/µ)r (ref. 34) to 0.5mm taking
the shear failure analogy of slip = M0/(r

2
πµ), where 1u, crack

maximum aperture;1σ , stress drop;µ, shearmodulus;M0, seismic
moment. Hence these displacements are probably below the present
detection threshold of earthquake-related deformation studies.

The authors of a previous study33 undertook comprehensive
field studies and laboratory experiments to determine the physical
and mechanical properties of near-surface deposits at Stromboli
Volcano, Italy. Their key finding is that bulk deposits are
both compliant and weak. Using the damage mechanics model
of ref. 38 we simulate seismicity in an equivalent material
(Fig. 4a). A surprising result is the emergence of swarms of very
low stress-drop events rather than discrete higher stress-drop
individual failures, very similar in character to our low stress-
drop long-period families (swarms). We also see diffuse damage
in these seismicity simulations, consistent with the observed
spread in long-period hypocentres, which are not localized on
an individual structure13,15—but are sufficiently close to display

similar waveforms, when they share the same focal mechanism.
Unexpectedly, model failure-size distributions (seismic b-values)
show non-power-law scaling, with a deficit of larger events, which
we determine is primarily controlled by the low internal friction
angle of the material. Although the stress–strain relationship in
Fig. 4a has the characteristics of ductile behaviour, it is accompanied
by seismicity, which demonstrates that the material sits at the
brittle–ductile transition and seems to be unable to sustain the
high stresses required for larger seismic events. Seismic b-values
for long-period seismicity at Mount Etna and Turrialba, Costa
Rica (data collected during a summit deployment in 2009),
exhibit similar behaviour (Fig. 4b) suggesting that the swarms
(often forming families) of low stress-drop pulse-like long-period
events are a consequence of failure in material close to the
brittle–ductile transition. Here, as in weakly cemented sand39, we
suggest that quasi-ductility in shallow (<1 km depth) volcanic
materials is primarily controlled by low internal friction angles
of the volcanic deposits, not by high temperature and pressure.
Numerical simulation tests demonstrate that model seismicity
data show power-law scaling for internal friction angles >∼ 35◦.
Drilling at Unzen Volcano, Japan40, where borehole washout
and accidental side tracking occurred to several hundred metres
depth, testifies to the unconsolidated nature of subsurface volcanic
materials at depth—demonstrating that the physical properties
determined by ref. 33 and used in our simulations are not
merely superficial. Consistent with our numerical seismicity results
(Fig. 4a), laboratory experiments in gypsum at the brittle–ductile
transition show swarms of low-frequency acoustic emissions
associated with the dynamic propagation of shear bands41, showing
that brittle–ductilematerials can support both dynamic rupture and
low-frequency seismicity.

Eruption forecasting: reassessing the upper edifice

We propose a new model for a class of long-period volcano
seismicity, where long-period swarms are caused by slow, quasi-
brittle, low stress-drop failure driven by transient upper-edifice
deformation. This model is not appropriate for tornillo-type long-
period events. Underlying stress fluctuations can be driven by
gravity, gas influx or magma migration, while the consequent
material failure is dry mechanical, where fluids are not directly
involved in the seismic signature of the source process. The
absence of resonance in the source, non-power-law b-value
observations, swarms of very low stress-drop long-period events,
long-period source crack orientations consistent with known east–
west spreading on Mount Etna, the lack of upper-edifice volcano
tectonic earthquakes, 1/ fc (ref. 19) scaling of long-period corner
frequencies, dynamic rupture simulations and numericalmodelling
of upper-edifice material failure all call for a new paradigm that
is consistent with this broad range of new observations. We
hypothesize that long periods here represent a weak slow-rupture
brittle signature in an otherwise ductile failure field. The proposed
model predicts the temporal evolution of pre-eruptive seismicity
as summarized in ref. 42, particularly the relative timing of
volcano tectonic and long-period events and the relative seismic
quiescence often seen before eruptions, when magma- or gas-
driven stress perturbations are concentrated in the uppermost
part of the edifice. More broadly, this slow-rupture model is
consistent with an emerging framework35 for failure in Earth
materials, from slow-slip phenomena to full dynamic rupture,
across a wide range of geo-environments. In our proposed model,
high spectral frequency volcano tectonic seismic events morph
into low spectral frequency long-period events as they attempt
to initiate in very weak near-surface volcanic materials. In this
model (non-tornillo) long-period and volcano tectonic seismicity
are unified, forming part of the same stress-driven mechanical
class—simplifying our understanding of these event types and

74 NATURE GEOSCIENCE | VOL 7 | JANUARY 2014 | www.nature.com/naturegeoscience

© 2014 Macmillan Publishers Limited. All rights reserved

88



NATURE GEOSCIENCE DOI: 10.1038/NGEO2027 ARTICLES

integrating aspects of volcano seismology with wider seismological
developments over the past decade. Finally, improved forecasting
requires a deeper understanding of when unrest will lead to an
actual eruption or when potential eruptions stall43. The model
presented here offers a new perspective on the workings of the
uppermost edifice on volcanoes. Consequently it has significant
implications for theway inwhichwe apply seismology to forecasting
and hazard estimation. Additional very near-summit observations
of long-period seismicity and high-resolution surface deformation
are required, at a variety of volcanoes, to further test thismodel.
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2.3.2. Signatures non conventionnelles dans les réservoirs 

Des signatures non conventionnelles sont aussi observée�� o}��� ��� o[�Æ�o}]���]}v� ���� � ���À}]���

�[ZÇ��}����µ���U�et en particulier lors de la fracturation hydraulique dans des argilites ~�����v��

�}���lU�îìíïV�,µ�����oXU�îìíóV�<µu�������oXU�îìíó��. Cependant, les mécanismes générant ce type de 

signaux ne sont pas clairement établis. Ces événements peuvent en effet être reliés à la résonnance 

des fractures ouvertes par la fracturation hydraulique ~,µ�����oXU�îìíó� ou au glissement lent de 

certaines fractures mal orientées par rapport aux contraintes ~<µu�������oXU�îìíó�� . De plus, il a été 

montré que certaines signatures ~�����v���}���lU�îìíï� v[ ��]�v���v�(�]���µ������� ]�u���� P]}v�µÆU�

�}v��o��(}�u���� � �u}�](] ������o���}v��Æ���P }o}P]�µ�����o[]v���µu�v���]}v��v�(}��P��~����À]�����

�oXU�îìíò��. Enfin, d[�µ������]Pv��µ�����������Ç�����µÀ�v��!������o] es à des résonnances des forages 

~d��Ç�����oXU�îìíð�. 

Un des objectifs initiaux des expé�]�v����� ��u ��]�µ������� ���]À��]}v����(�]oo��� ��]��o[}����À��]}v�

���o�������� �]���]}v������o�� À v�u�v��X��v��((��U�o}������o[�Æ� �]�v����� o]u]v�]���(�]�����Zµ����o��v�

2010, nous avons pu observer une grande variété de signaux sismiques ~���}�������oXU�îìíñ�. En 

particulier, des signaux ressemblant à des trémors tectoniques sont enregistrés pendant une phase 

���Po]���u�v�� o�v�U��À�v�� o[��� o ���]}v������oµ]-�]����o[}��µ���v����[évènements micro-sismiques 

(&]Pµ��� íñ). Cependant, le nombre limité et le type de capteurs �]�u]�µ��� v[}v�� ���� ���u]��

�[�v�oÇ����en détails ces signatures, et de conclure sur leur lien réel avec le glissement de la faille. 

Des signatures basses fréquences, centrées entre 200 et 400 Hz, ont aussi été observées lors des 

expériences de Tournemire. Cependant, des tests sur site, o�µ�� ��u��� �[}��µ���v��� ��� o�µ��

localisation montrent que ces signaux sont générés par des résonnances des f}��P����[]vi���]}v����

�[]v���µu�v���]}v ~d��Ç�����oXU�îìíð� .  

Enfin, ��o��(]v������vv ���îìììU��������]�o���}v��� ����µ�o[�Æ]���v������u]��}-trémors générés par 

les réservoirs de gaz ~,}oÌv�������oXU�îììñV�^��]v�������oXU�îììô�. >[}����À��]}v���]v�]��o���µPP ��v��

o[�Æ]���v��� ��� ���� �]Pv�µÆ� ���� o[�u�o](]���]}v� ���� �}u�}��v���� Z}�]Ì}v��o��� �µ�� o��� ����]}v��

positionnées au-dessus des réservoirs. Des mécanismes possibles pour expliquer ces signatures sont 

liés à des interactions fluide-solide dans le réservoirU���������}��] � ���[��� vµ��]}v�particulières, 

ou à o��� �}vv�v������o���}µ�Z�����µ� ���v�ZÇ��}����µ��X�W}µ��À �](]���o[}�]P]v�������oo����]Pv��µ���U�

nous avons déployé des antennes de capteurs au-����µ���[µv�� ���À}]�����P�Ì��]�µ ���v��µv��À�oo ��

���o[KµP�v��X�E}µ���À}v��identifié des anomalies dans le bruit sismique, compatibles avec de tels 

micro-trémors. Cependant, nous avons montré que ces anomalies étaient liées à la structure du 

����]vU����v}v���o���� ��v����[µv�� ���À}]���[ZÇ��}����µ����~D���]v]�����oXU�îìíï�. 
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&]Pµ���íñ W�^]Pv��µ�����]�u]�µ����v��P]��� ����µ��v��o����������� ���]À��]}v����(�]oo��(�]����Zµ����o��v�îìíìX����

(}�u���[}v������������}P��uu���[µv� À�v�u�v��u]��}r�]�u]�µ� V���� (}�u���[}v������������}P��uu���[µv�

�]Pv�o�h o}vPµ���� �]}��� i V����(}�u���[}v������������}P��uu���[µv��� u}�V�������������v�� �o���u�v������

����ï��]Pv�µÆ�����µ���µ]���]�u]�µ� V�����}vv ����]�u]�µ��U������]}v����������}P��uu������òìì����}v�������

o[�Æ� �]�v�����v��v��o���µ�oo������o���]�u]�]� �����}����À ��~���}�������oXU�îìíñ�X� 
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2.4. Crises sismiques associées aux fluides  

Articles publiés dans ce thème 

�������}�U�>XU�DX����µ��U�DX�'}��v}U��X�,�ou�������U��X�����Z�u��U��X�>���}�µ�U�&X��}µ��}µo�Æ�~îìíõ��&oµ]�r

/v�µ����^Á��u���v���}��]�u]��^������d��v�(��W����µ�o�W�}�����,]PZo]PZ����]v��Z���(����Z}�l�^��µ�v���}(��Z��

ó� ���]o� îìíð� ����Z�µ�l�� ~Do� ðXôU� h��Ç�U� &��v���U� :}µ�v�o� }(� '�}�ZÇ�]��o� Z������ZW� ^}o]�� ����ZU�

�}]Wîìíô:�ìíóîîò 

�µ�}�µ(U�>XU��������}�U�>XU������U�&XU�'µPo]�ou]U�zXU�����Z�u��U��XU���^�PµÇU�^X�~îìíó�X����]�u]��u}�]}v����]À��

�����������]�u]�]�Ç��µ�]vP�(oµ]��]vi���]}v��]v�}���(����µ����Ì}v��]v�������}v���������À}]�X�:}µ�v�o�}(�'�}�ZÇ�]��o�

Z������ZW�^}o]������ZU�íîî~íì�U�ôîôñrôïìðX 

�������}�U�>XU�����Z�u��U��XU�̂ o���vU��XU�>Ç}vr���vU�,XU���s}µoP��]�U�EX�~îìíó�X�/vÀ���]P��]vP��Çv�u]����]PP��]vP�

}(� ��]�u]�]�Ç��Ç� ��P]}v�o�����Z�µ�l��W� �Z�������}(� �Z�� �}�]v�Z�Z](�� ~'������X�'�}�ZÇ�]��o� Z������Z� >������U�

ðð~îí�X 

�������}�U�>XU�'���v]�oU�z�'µPo]�ou]U���Z]À��U�,����}vU�y�W�Ç��U�����oX�~îìíò�U�&�µo�����µ��µ��U�������U�}�������µ���

�}v��}o�}(��Z����]�u]�]�Ç�]v��Z�o�M�/v�]PZ���(�}u����}v��}oo����Æ���]u�v��}(�(oµ]�r]v�µ����(�µo�������]À��]}vU�:X�

'�}�ZÇ�X�Z��X�^}o]������ZU�íîíU�ðñìòtðñîîU��}]WíìXíììîlîìíñ:�ìíîòïï 

���}��U��XU�'µPo]�ou]U�zXU��������}�U�>XU��������U�&X�~îìíñ�X�^�]�u]������}v�����}�(oµ]�������µ�������µ����]}v��

]v����o]��]vP�(�µo�X�'�}�ZÇ�]��o�Z������Z�>������U�ðî~õ�U�ïíõórïîìïX 

�������}��>XU����v��X� :XU�����À]�=�DXU����vPµ]���&XU�W�o�]����X�îìíïX���µ��]À��(����µ��� o}���]}v�(}��������(�}u�

Z]PZr(���µ�v�Ç��À�v���}v�W]�}v����o��&}µ�v�]���s}o��v}U�'�}�ZÇ�]��o�Z������Z�>������U�À}oXðìU���XírñX 

 

Les perturbations des pressions fluides en profondeur génèrent de la sismicité. Son organisation 

spatiale et temporelle peut renseigner sur les migrations de fluides, la présence de glissement lent, 

o[ ���������}v���]v���U����X� ����Z��]������ ��v���donc ���� � �µo����� �µ�� o[}�P�v]���]}v�������]����

sismiques, et sur les forçages les générant. En particulier, les zones tectoniques peuvent être 

frappées soit par des chocs principaux soit par des essaims sismiques. Il est donc souhaitable de 

comprendre comment les fluides et autres processus influent sur le comportement sismique 

(2.4.1). De même, les éruptions volcaniques sont précédées par une crise sism]�µ�U� �µ[]o� ����

v �����]�������}u���v�����}µ���u o]}����o���� �]��]}v����o[ �µ��]}v�~2.4.2 ). Dans tous les cas, la 

migration de la sismicité est une observation riche pour caractériser les forçages (2.4.3). 
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2.4.1. Crise sismique induites par des fluides 

>[���]À]� ��]�u]�µ������Ì}v�������}v]�µ������]À�������P v ��o�u�v�������� �]� ����������� �]}����

]v����]�u]�µ��� ��ou��� � ����v�� o[}��µ���v��� ��� � ]�u��� (}���� ��� ��� o�µ��� � �o]�µ��X� hv�

�}u�}���u�v��}��}� �������oµ]����o[����]u��]�u]�µ�U���v��o��µ�o�µv��Ì}v���µ�]����v��v������i}µ���

}µ�������u�]v������v}u���µÆ� À�v�u�v����]�u]�µ������ (�]�o��u�Pv]�µ��X�hv������µ����]}v����

o[ ��������}v���]v������������� (}�u��]}v�� o�v���� ~>}Zu�v��v��D�'µ]��U�îììó��}µ����������]}v��

(oµ]����~�Z�v�����oXU�îìíîV��µÀ��P�������oXU�îìíñ������v �����]����}µ��u�]v��v]��µv����oo�����]À]� X�>���

Ì}v�����������o}vv�����}µ��µ�P}o(������}�]v�Z���}v������Ì}v�����v��o���µ�oo����[�Æ��]u�v��������µÆ�

�}u�}���u�v��U��À��������o���v�v��������Z}�����]v�]��µÆl� �o]�µ�������[����]u���]�u]�µ��X� >���

��}����µ���v�i�µÆ��}v���}v���}u�o�Æ��X�>���(}������µÆ�����]�u]�]� ����o����v���]v���µu�v���]}v�~�µ�

u}]v����u�}��]��������������µÆ�Ì}v����v�(}v������o��}���}]����v��µ��o������}��] ���}µ��o[ �µ�������

��}����µ���]�u]�µ��X� 

>��P}o(������}�]v�Z������µv��](���[���]���r�����À���µv�(}�����µÆ��[�Æ��v�]}v�~E�ul�v�U����µv���]�u]�]� �

�]�Z�������v��X�>���]���]�µ�]}v�����]}r��u�}��oo����������]v������]u���]�u]�µ����µPP����o[]v(oµ�v���

���u]P���]}v� (oµ]�����v�� ���P�v���� ~�µÀ��P�������oXU�îìíñV� W���Z]�v]��v�� >Ç}vr���vU�îìíì�X�����

Po]���u�v���o�v����µ��µv�� ���Z�u�v������]���v��Æ��v�]}v���u�o���µ��]�i}µ���µv���o��]u�}���v����v��

����}µ�o���}u�}���u�v���]�u]�µ��~���v��������oXU�îììòV��µÀ��P�������oXU�îìíô�X��v����À�]oo�v���µ��o��

� ����]}v����� À�v�u�v������� o[�v�oÇ����[µv�� �v��vv�����ó� �����µ��U� i��u�� �µ]�������µ��[µv��

�µPu�v���]}v��µ�v}u�����[ À�v�u�v���������o���� ]�u���� P]}v�µÆX�E}µ���À}v���]v�]��µ�u}v�����

o���� ��v������� �o�v�Z�u�v���Çv�u]�µ������]�u]�]� �����o�������P������}v����P v � �����������

���u�o�u�v������ ���������u�Pv]�µ���u}� � �� ~ðXñ���ò�� �]�µ ����u}]v�����ñìì�lu��µ�P}o(�X����

� �o�v�Z�u�v����u�o���}v���o �����o[�Ì]uµ���[]v�]��v������o������µ����]}vU��À���µv�� �o�v�Z�u�v��

µv]�µ�u�v����������}v�������Z�Ço�]PZU����v}v���������}v�������>}À�X����u�v]����]v�]�����U�������

}����À��]}v��µPP����o���� ��v������(�]oo�����v��o���µ�oo���o�������]}v����(oµ]��������µ�r��]�]�µ��~���
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Abstract The upper part of the Ubaye Valley (French Alps) is characterized by alternating

mainshock‐aftershock sequences and swarms. Particularly, during the 2012–2015 crisis, four mainshocks

with Ml > 3.5 occurred. We here focus on the aftershocks of the largest one (Ml = 4.8, 7 April 2014), in order

to better understand the involved processes behind this peculiar seismic behavior. We use template

matching detection, waveform classification, and double‐difference relocations to analyze this seismicity, on

average and at the scale of the clusters that compose it. Most event sources are aligned along a plane

consistent with the mainshock fault (N165, 65°W), but occurred on conjugate structures. A few clusters of

seismicity are also observed far from the mainshock source. Our analysis shows that distinct, spatially

separated processes are at play. While coseismic stress transfer explains the seismicity close to the

mainshock source, fluid‐pressure diffusion and distant stress triggering are required to generate events

farther away. The overall distributions in time and magnitude followed a slow Omori's decay and a

Gutenberg‐Richter relationship, respectively. However, these classical responses arise from the

superposition of very different behaviors, associated with different processes at depth.

Plain Language Summary Earthquakes have regularly shaken the upper part of the Ubaye

valley, near the town of Barcelonnette in the Southwestern French Alps, for nearly 20 years. The

earthquake behavior is peculiar, as swarms of numerous low magnitude events alternate with larger

earthquakes, such as the Ml 4.8 one occurring on 7 April 2014. To understand this dual behavior, we

performed an in‐depth analysis of the aftershock of this event. The seismicity mainly aligns on a plane

consistent with the mainshock fault (N165, 65°W). However, most of the events occurred on branching

structures, belonging to the damaged zone of this fault, or on some other small faults far away. While the

average behavior of this aftershock sequence is close to a standard one, we show that two different processes

occurred at depth. Events occurring close to the mainshock are triggered by coseismic stress transfer,

while fluid‐pressure diffusion are likely required to explain the seismicity further away. Such dual process

should be considered for seismic hazard assessment.

1. Introduction

Earthquakes commonly occur either as mainshock‐aftershock sequences or as seismic swarms. Mainshock‐

aftershock sequences are characterized by the occurrence of a large magnitude event, followed by a decaying

series of smaller events. The latter are primarily related to the coseismic static stress transfer (Stein, 1999),

but also to dynamic stress changes (Felzer & Brodsky, 2006), coseismic fluid pressurization (Miller et al.,

2004), or aseismic afterslip (Perfettini & Avouac, 2004). A swarm activity is characterized by a localized clus-

ter of seismicity, without a clear onset, as the largest event occurs in the middle of the sequence. In space, the

size of the swarm is much larger than the rupture length of the largest event (Vidale & Shearer, 2006), so that

Coulomb static stress changes cannot explain the triggering of the sequence. An additional forcing is thus

required to explain the triggering at large distances and the long duration. It can be associated to fluids from

meteoric origin (e.g., West Bohemian swarm, Hainzl et al., 2012), pervasive in the faulted crusts (e.g.,

Corinth Gulf, Duverger et al., 2015), or linked to anthropic activities (e.g., waste water disposal in

Oklahoma, Keranen et al., 2014). Seismic swarms are also observed driven by slow, aseismic slips, on
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creeping faults, such as on parts of the San Andreas fault (Waldhauser et al., 2004), in subduction areas

(Vallée et al., 2013), and in central Italy (Collettini & Barchi, 2002).

Therefore, aftershock sequences and swarms may share common driving processes, related to fluids or to

aseismic slip. These processes may be intertwined, as fluid flow, aseismic slip, and stress transfer may be

simultaneously at play. For example, aseismic creep might induce fault dilatancies, which perturb the fluid

distribution at depth, sustaining the aseismic motion and leading to seismicity by stress transfer (De Barros

et al., 2018; Guglielmi et al., 2015). Therefore, the driving mechanisms of both swarms and aftershocks are

still questionable, especially if a full continuum of behaviors exists between these two end‐members. This

question is particularly relevant for areas that are alternatively struck by mainshocks and seismic swarms,

as the latter may evolve to the first one. For example, the seismicity in the Gulf of Corinth is mainly charac-

terized by swarms (Duverger et al., 2015), with large and damaging earthquakes occasionally (e.g., M~6

Aigion earthquake, Bernard et al., 1997). The l'Aquila earthquake (Mw = 6.2, 2009, central Italy) occurred

after a 2‐month‐long swarm‐like crisis, interpreted as driven by a slow‐slip event (Borghi et al., 2016).

Therefore, in order to understand the overall behavior of a seismic area, it is of crucial importance to under-

stand what the driving processes are and how they interact. Such processes, which are still under debate,

may be inferred by the analysis of either seismic swarms or aftershock sequences, as both share similarities.

We focus on the peculiar aftershock sequences following the 7 April 2014 earthquake (Ml = 4.8) in the Ubaye

Valley. This area is the most active one in the French Alps. It has been frequently struck both by mainshocks

with magnitude close to 5 (Thouvenot et al., 2016) and by several swarms, attributed to fluid migration

(Jenatton et al., 2007; Leclère et al., 2013). The alternating swarms and mainshock/aftershock sequences

make this area of scientific interest. Particularly, it was seismically active between 2012 and 2017, with more

than 13,000 events of magnitude greater than 0.5, including four mainshocks with Ml > 3.5. As (1) the seis-

micity rate never came back to the pre‐2012 rate, and (2) the largest event occurred in the middle of the

sequence, the overall distribution of this crisis suggests a swarm behavior. After the 2014mainshock, a dense

network of postseismic temporary stations was installed at less than 10 km around the epicenter (see

Figure 1). This aftershock sequence is of particular interest as the decay in the number of event is slower than

expected by an Omori's law. By studying in details this sequence, we aim at identifying the driving process of

the seismicity in this area, in order to understand the reason of such a peculiar behavior. Using a template

matching detection and accurate relocation, we will zoom inside the seismic cluster and focus on the differ-

ent families that compose it. Doing so, we will isolate the aftershocks, driven by coseismic stress transfer,

from the swarm‐like events, and we will separately analyze their spatiotemporal behavior.

2. Seismotectonic Context

The Ubaye valley is located in the southwestern Alps, close to the suture between Europe and the colliding

Adriatic microplate (e.g., Dewey et al., 1989). The Paleozoic crystalline rocks of the Argentera massif are

there overlapped by a 2‐km‐thick sedimentary cover made of the autochtonous Mesozoic and Cenozoic

sediments of the Dauphinois domain and by the allochtonous unit of the Embrunais‐Ubaye nappes which

was thrusted onto the autochtonous during the Oligo‐Miocene times (Corsini et al., 2004; Fry, 1989).

Therefore, the crust displays numerous faults inherited from the Hercynian and Alpine orogenies and from

the ongoing deformation in the Pliocene (Bigot‐Cormier et al., 2000; Bogdanoff et al., 2000; Sue & Tricart,

2003). In Argentera‐Ubaye, the major faults belong to a NW‐SE system of subvertical right‐lateral faults

mainly activated during the Oligocene‐Miocene times and whose current activity is being discussed

(Larroque et al., 2001; Sanchez et al., 2010). From 2002 to 2016, the seismicity is mainly aligned N130°E

and occurs at 3–8 km depth in the crystalline basement (Daniel et al., 2011; Jenatton et al., 2007;

Thouvenot et al., 2016). Unfortunately, no coseismic surface rupture has been identified in the field to con-

firm this assumption.

At the scale of the western Alps, continuous GPSmeasurements since 16 years point out a complex deforma-

tion pattern with uplift of the axial part of the belt, decreasing from 2 mm/year in the north to 0.3 mm/year

in the south. This uplift is combined with low East‐West extensional deformation (in the range of 10 nano-

strain per year) in the center of the belt, including the Ubaye area, while no active shortening is detected

between each side of the Alps (Nocquet et al., 2016; Walpersdorf et al., 2018). Therefore, the present‐day

dynamic of the western Alps is under discussion and results certainly of a combination of processes such
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as buoyancy effects (Larroque et al., 2009), deep asthenospheric processes (Zhao et al., 2015), erosional

unloading (Vernant et al., 2013), and/or postglacial rebound (Nocquet et al., 2016). Whatever, in Ubaye,

the extensional deformation highlighted by the geodetic measurements is consistent with the observed

earthquake mechanisms.

Nowadays, the Ubaye valley is the most active seismic zone in the French Alps. This area is indeed regularly

struck either by seismic swarms of small magnitude events or by classical mainshock/aftershock sequences.

Historically, one of the largest earthquakes in the French Alps (Ml ~5.5) occurred on 5 April 1959 (Nicolas

et al., 1990). Seismic swarms occurred then in 1978, 1989, and 2003–2004 (Fréchet & Pavoni, 1979). The

latter, with more than 16,000 detected events, clustered on a 9 km long normal/strike‐slip fault (Jenatton

et al., 2007). Despite this large number of events, no large earthquake occurred currently, as the magnitudes

stayed below Ml 2.7. The unfavorable orientation of the faults toward the stress state (Leclère et al., 2012)

and the spatiotemporal migration (Daniel et al., 2011) suggest a fluid‐induced seismicity. More recently,

an intense seismic activity started with a Ml 4.3 earthquake on the 26 February 2012 (22h37 UTC). This

event, located a few kilometers NW of the 2003–2004 cluster, occurred beneath the Parpaillon massif,

belonging to the Ubaye‐Embrunais nappes which peaks at 3,046 m. It was felt by the population, particularly

toward the south because of a strong source directivity effect (Courboulex et al., 2013) and caused some

structural damages in the epicentral zone. On 7 April 2014 (19h26 UTC), another earthquake occurred at

a similar location (0.3 km southward and 1 km downward), with a local magnitude Ml between 4.8

(Thouvenot et al., 2016) and 5.2 (Sira et al., 2014) and a moment magnitude Mw = 4.8. This event was the

strongest since 1959 in this area, but also in the French Alps in the last 20 years. Once again, this event

Figure 1. Map of the upper Ubaye valley in the French Alps and general overview of the seismicity. Top right inset shows

the location in France. Topography is shown as gray shaded area, with main towns represented as white squares. The

largest events (Ml ≥ 1.5) of the 2012–2016 swarms are colored by year, with size related to magnitudes (Sismalp catalog,

Thouvenot et al., 2016). The main earthquakes in the area (1959, 2012, and 2014) are shown as stars, with their

mechanisms given in the bottom right insets. Yellow triangles show the nine seismic stations used in this study. The

dashed orange rectangles indicate the studied area.
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was a source of concern for the surrounding population, and few damages were noticed on close buildings

(maximal EMS98 intensity of VI, Sira et al., 2014). It occurred at about 9 km depth below sea level, on a

~N160, 55°SW fault (Thouvenot et al., 2016). Its focal mechanism, similarly as the 2012 event, show a domi-

nant normal motion, with a right‐lateral strike‐slip component. Two other mainshocks occurred in 2015 in

the same area, with magnitudes of Ml 3.4 (11 April 2015) and 4.2 (6 November 2015). After all those main-

shocks, the seismicity decreased (see Figure 2), at rate that can be slower than expected by an Omori's law.

Interestingly, the decrease is much slower after the 26 February 2012 event than after the 6 November 2015

event, despite similar magnitudes. It suggests that the aftershock sequences, at least for the 2012 and 2015

events, are not solely driven by coseismic stress transfer. In total, in the 2012–2015 years, more than

13,000 events, with a cut‐off magnitude of ~0.5, were detected and analyzed by Thouvenot et al. (2016).

After the 2012 event, but not the 2014 one, a general spatiotemporal migration of the aftershocks toward

the South‐East is interpreted as due to fluid‐pressure diffusion (Thouvenot et al., 2016). The behavior of

the 2012 crisis is therefore peculiar: While a mainshock started the crisis, the aftershock sequences share

common features with seismic swarms, in the large number of events or in migration patterns

(Thouvenot et al., 2016). Furthermore, numerous focal mechanisms are now well constrained and reveal

a complex normal‐transtensional tectonic regime which strike as the high relief of the western Alps

(Delacou et al., 2004; Larroque et al., 2009). As the current ruptures were blind, the active fault extensions

and geometry are partly unknown in this area. Therefore, the complex seismological behavior and tectonic

context make that the possibility of a large, damaging earthquakes is still an open question.

3. Data and Methods

The aftershock sequence of the 7 April 2014 (19h26 UTC) earthquake was initially analyzed by Thouvenot

et al. (2016) using the Sismalp network. This network was mainly composed of triggered stations equipped

with 1 Hz seismometers. Apart from four stations, most stations are located a few tens of kilometers away

from the swarm area, and up to 150 km. In order to improve (1) the detection capability and (2) the accuracy

of the analysis, seven short‐period stations, with continuous recordings, were installed after the 2014 main-

shock. These seven stations, plus two permanent stations (SURF belonging to the French RESIF network,

RESIF, 1995, and BARF belonging to the French Sismo à L'Ecole network) were located at distances smaller

than 10 km from the epicenter area (Figure 1). This network was fully running for 2 months, since 10 April

until 15 June 2014.

Events from the 2012–2016 Sismalp catalog (Thouvenot et al., 2016) were used as templates to improve the

detection level. We used data from station SURF, the permanent station located closer from the swarm area.

Earthquakes were first correlated with each other to group events into families with similar waveforms. An

earthquake was associated with a family if the correlation with at least one event from this family was larger

than 0.8. Then we stacked all waveforms inside each family to obtain the template waveforms.We used these

templates to look for similar signals in the continuous records of station SURF using a template‐matching

filter with a minimum correlation of 0.5 (Gibbons & Ringdal, 2006). Between the 10 April and the 15 June

2014, the Sismalp catalog contains 846 events. We have extended this catalog up to 10,895 events, which

have been classified into families with similar waveforms. Within each family, we therefore expect to find

events that share similar locations and mechanisms, that is, that originate from the same structure, or to

subparallel ones. We then focus on the largest 31 families, containing between 52 and 1,757 events, for a total

of 9,027 events.

Fifty events, which are either the largest events of each family or events with magnitude larger than 2 in the

Sismalp catalog, were then manually picked on 12 stations and relocated using the double‐difference

HYPODD software (Waldhauser & Ellsworth, 2000). These master‐events are then used as first guesses for

the location of the family centroid. Similarly to Thouvenot et al. (2016), the location is performed using

an eight‐layer crustal model proposed by Sellami et al. (1995) for the western‐part of the Alps.

Inside each family, the travel time differences between pairs of events are then computed using cross‐

correlation on short windows around P and S wave arrivals. A pair of events is composed of one event

and one among the ~15% of the events that share the mean highest correlation coefficients with the other.

Within each family, as the detection makes the events roughly aligned, P and S waves are manually picked

for a single event on all stations, in order to define the position of the windows used for correlation. The
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correlation between events is then made on 2 s long windows (0.4 s before and 1.6 s after the picked times,

with a 3–15 Hz filtering). Only the travel‐time differences with a cross‐correlation coefficient higher than

70% are kept, leading to a total of 161,090 and 688,895 travel‐times for P and S waves, respectively. Note

that the number of P‐travel times is smaller because of its low amplitude on most of the stations. Events

inside every family are then relocated separately with the HYPODD software. Finally, the locations of all

events are corrected to replace the master‐events at their location determined in the first inversion step.

In total, 5,947 events were relocated. It represents only 55% of the detected events, but 700% of the initial

Sismalp catalog.

We then compute location errors. The locations of the family cluster, obtained through the first relative

location step, have an uncertainty lower than 30 m horizontally and 70 m vertically. Inside a family, the

relative errors (second relocation) are found to be less than 10 m in all directions (see supporting informa-

tion Figure S1). Despite a very similar cluster shape, the seismicity is observed to be more sharply clustered,

with clearer location structures, in our location compared to the ones from Thouvenot et al. (2016). Our

locations are, on average, shifted by ~600 m toward the South‐East, and 300 m shallower. As the same velo-

city model is used, this discrepancy may come from the station distribution, as our network has stations

with well‐distributed azimuths and at short distance around the epicenter area. The 7 April 2014 main-

shock was not recorded by the temporary stations. We therefore correct the location found by Thouvenot

et al. (2016) by these average shifts, which may lead to location uncertainties that might reach several hun-

dred of meters.

We then analyze the geometry of every family cluster by means of two different methods. The 3‐point

method from Fehler et al. (1987) allows the statistical determination of the most likely poles of the planar

structures. This method assumes planar structures, and therefore fails in case of elongated structure. It is

however robust when several parallel planes are present. The second method (Michelini & Bolt, 1986) is

based on the eigenvalue decomposition of the covariance matrix, which allows inferring the axis orientation

and length of the best fitting ellipsoid, which characterizes the geometry of the structures. Both method

results are carefully checked against each other and by visual inspection.

For the events with a magnitude already computed by Sismalp (Thouvenot et al., 2016), we invert the S

wave amplitudes and the hypocentral distance to the stations to build a local magnitude law. The errors

on this reconstruction are lower than 0.2, which is then assumed to be the uncertainty on the computed

0

Figure 2. Time distribution of earthquakes and their magnitudes. (a) Monthly rates and maximummagnitude (Ml > 2.5)

from November 2011 to March 2016 and (b) daily rates and maximum magnitudes (Ml > 1.5) after the Ml 4.8 mainshock

occurring on 7 April 2014.
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magnitudes. This law then allows for the extrapolation of the magnitude computation to every event,

down to magnitude Ml ≈ −1.5. The cut‐off magnitude in the Gutenberg‐Richter relationships is

Ml ≈ −0.5, with a maximal magnitude of 3.2. The inferred properties of all families are gathered in

auxiliary materials (Table S1).

4. Results

4.1. Location Geometry

Between 10 April and 14 June 2014 (days 3 to 68 after the mainshock), 5,947 events, belonging to 31 different

families, have been relocated (see Figure 3 andMovie S1). The depth sources lie between−4 and−10 km. At

these depths, all events occurred in the crystalline basement of the Argentera massif, without any seismicity

in the sedimentary layers at shallower depths.

The main alignment of seismicity describes a 5 km long, 4 km wide plane, striking N160. With event depths

lying between 5 and 9.5 km, this plane is dipping ~60 W. This dip is confirmed by the 3‐points method

applied on all events. This plane orientation is compatible with the N160, 55°W fault plane inferred from

the focal mechanism of the mainshock (Thouvenot et al., 2016), with the mainshock hypocenter located

in its deeper part. At first order, the plane on which seismicity aligns (later refereed as main structure) might

be the mainshock fault.

Figure 3. Event locations, colored by depth below sea level. (a) Map view of the seismicity. The star shows the mainshock

location. The latitude and longitude reference are N = 44°27′46″ and E = 6°38′12″, respectively. Events at horizontal

distances smaller than 200 m from the vertical planes 1–1′ and 2–2′ are projected onto those planes, to build the cross‐

sections given in (b) and (c), respectively. On each panel, the size of the location dots refers to the event magnitude. The

mainshock mechanism is given on panels (a) and (b), with its fault plane extrapolated in (b) and (c). On panel (a), red

ellipses identify the families Fa and Fs used as examples in this study. On panels (b) and (c), light gray dashed lines

schematically show the event alignments. The evolution of the locations with time is shown in the Movie S1.
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When looking in more details at the seismicity distribution on and around this main plane, the geometry is

quite complex (see Figure 3):

• Deep events (7.5–9.5 km): In the lowest part of the main structure, both 3‐point or covariance analysis

show that families of events align on planes that are striking as the main structure (N160), but dipping

either ~70°E or ~65°W (see Table S1 and Figure S2). The planes dipping west might be either on the main

plane or parallel to it, while the ones dipping East might be conjugate structures. For example, the family

denoted Fa on Figure 3 and composed of 1,250 located events aligns on a ~N160, 60°E planar structure

which is 2.5 km long and ~1 km wide.

• Intermediate depth events (6.5–8 km): A smaller density of events characterizes the middle part of the

main structure.

• Shallow events (5–6.5 km): In the upper part of the main structure, the seismicity aligns on planes which

are striking N20‐to‐60° and dipping ~65°E or °W or on elongated structures, oriented normal to the main

structure (N~60°, ~60°E). Therefore, the seismicity on those structures do not belong to the main struc-

ture either.

Therefore, on average, the seismicity is drawing a broad alignment compatible with the fault plane of the

mainshock. In details, the 3‐points and the covariance analysis show that most of the seismic sources gather

on planes with dip and/or azimuth strongly different from the main structure. Therefore, this shows that a

large part of the seismicity did not occur on the main fault plane. Even if the mainshock location was

erroneous by more than 1 km vertically, most of the seismicity would have occurred above the mainshock

plane, in the hanging wall. Deep and shallow events are also aligned on planes with very different dips

and azimuths. It suggests either that the stress field changes between depths of 9 and 5 km, or that different

mechanical processes are at play.

Finally, there are a few clusters of seismic events that do not belong to the main structure (later referred to as

outer families). These clusters can be either shallow or deep (from 4 to 10 km depth), above the main struc-

ture or up to 3 km far away from it. They do not show any consistent strikes and dips, even if some of them

are striking N0‐to‐50°. These clusters do not seem to have active connection with themain structure, as there

are seismic gaps between them and the main structure. For example, the cluster denoted Fs on Figure 3 is

composed of 279 events, whose sources align on a N10°, subvertically dipping plane at ~10 km depth. It

occurred 2 km away from the main structure (3.5 km from the mainshock), without any seismic event

located in between.

4.2. Space, Time, and Magnitude Behavior

Figure 4 shows the temporal distribution and the spatiotemporal behavior of the seismicity, on average for

all events, and for two selected families (Fa and Fs, see Figure 3). When looking at the average behavior of all

events together, the number of events decays with time. The same pattern is observed for the deeper families,

such as Fa, while family Fs and the outer families show a swarm‐like behavior, with a delayed increase and

decrease of seismicity. Most of the shallow families, in the upper part of the main structure, also behave like

a swarm. For example, family Fs is mainly active from 55 to 65 days after the mainshock, with nearly no

event before.

To refine the time distributions, we can fit a modified Omori's law (Utsu, 1961) of the form N(t) = K/

(c + t)p, where N is the number of events; t is the time; and K, c, and p are constants to determine.

This fit is performed for the period in which events have been relocated (days 4 to 62, see Figure 5) using

a maximum likelihood method (Ogata, 1999). From day 4, the relocated events show a decay with an

exponent of p = 0.77, that is, lower than 1. We checked that this value does not come from a bias of

the catalog, as (1) all detected events, (2) all relocated events, and (3) relocated events with magnitude

above the completeness magnitude (Ml = −0.5) lead to similar values. Note that the detection catalog

shows a smaller exponent in the first 4 days, leading to an average p = 0.65 exponent when looking at

all the aftershock period. This change in the decay rate may be due either to a bias in the catalog in

the first few days, or to a change in the seismic behavior. The families that behave as aftershocks,

such as Fa, strongly differ from the classical Omori's law, as they decay much faster, with a p = 1.41

exponent. On the other hand, the swarm families decay very slowly, with an exponent p = 0.18.

Therefore, while the overall seismic response is decaying more slowly than what is commonly
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observed, the families that compose it show either a faster‐than‐usual decay after the mainshock

perturbation, or a delayed swarm behavior.

There is no overall clear migration of the seismicity after the mainshock. The events occurred at up to 6 km

from the mainshock hypocenter 3 days after it, and this distance did not grow with time (see Figure 4). As

already stated by Thouvenot et al. (2016), the mainshock reactivates the entire area quasi‐instantaneously.

Similar behaviors are observed for families with decaying number of events, for example, Fa. However,

when looking in deeper details inside the swarm families, clear migrations can be observed. Therefore, while

no spatiotemporal variations are observed within the deep families of themain structure, most of the clusters

that are either outside or shallow show a seismic migration (see Table S1). Assuming a constant migration

velocity, the seismic front grows with a speed varying between 6 and 85 m/day depending on the clusters.

Such velocity is too slow to be attributed to slow‐slip (Lohman & McGuire, 2007), but may be related to

fluid‐pressure diffusion. If the seismicity occurred at the fluid‐pressure front, the distance‐time (so‐called

R‐t diagram) distribution envelops can be fitted by a diffusion law, such as R = √(π D t) (Shapiro et al.,

1997). The diffusion coefficient D is found to vary between 2e‐3 and 6e‐2 m/s2, which leads to permeability

estimation in the range 1e‐16 to 5e‐14 m2.

The magnitude distribution also differs among families (Figure 6). Fitting a Gutenberg‐Richter law

(maximum likelihood fit; Ogata & Katsura, 1993) to the full set of events gives a b‐value slightly lower than

1 (b = 0.95 ± 0.01), where the uncertainty is computed as b/√N, with N the number of events (Aki, 1965).

Figure 4. Temporal (left columns) and spatiotemporal (right column) distributions of the seismicity, for (a) and (d) all

located events; (b) and (e) the Fs family; and (c) and (f) for the Fa family (see Figure 3). For the spatiotemporal

distributions (d–f), the colors show the magnitude of events. In all panels, time is in days from the mainshock. In

(d), distances are computed from the mainshock hypocenter; in (e) and (f), they are computed from the first event in

families Fs and Fa, respectively. In panel (f), the green and red lines are the best fit for a constant velocity migration

(V = 0.1 km/day) and for a diffusion law fit (D = 0.05 m
2
/s), respectively.
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The aftershock‐like families are characterized by a slightly higher value of

b = 0.99 ± 0.02. However, a lower exponent is found for the swarm‐like

families, with a mean b‐value of 0.85 ± 0.02. The same observations can

be made on individual families, despite a variability in the b‐values and

the magnitude completeness (see Figure 6 and Table S1). For example,

the family Fa, at the bottom of the main structure, has a b‐value of

1.01 ± 0.03 while the swarm cluster Fs shows b = 0.81 ± 0.05.

5. Discussion

5.1. Complex Spatial Distribution of Seismicity

The aftershocks of the 7 April 2014 Ubaye earthquake mainly align on a

large plane, whose dips and azimuths are consistent with the fault plane

of the mainshock. This fault plane is shown in Figure 3 as an oversimpli-

fied straight line and is more likely to be more complex, with some curva-

tures. However, improbable changes in dips between subvertical to less

than 30° are required for this structure to pass through the aftershock

cluster. Furthermore, most of the family structures show strikes and dips

that are not compatible with the main fault plane. Therefore, the seismi-

city seems to occur on conjugate structures or on subparallel planes,

mainly around the deeper and shallower ends of the main fault plane.

The crust around the main fault should be highly fractured, inherited

from its complex tectonic history. The structures highlighted by the event alignments could also correspond

to the fault damaged zone, as a splay network developing at the tips of themain fault (Perrin et al., 2016). The

occurrence of aftershocks on different structures than the mainshock one is not exceptional. The aftershock

sequence of the 1996 Pyrenees earthquake (Ml 5.2) also distributes on structures with various orientations

(Pauchet et al., 1999). The Mogul swarm (Nevada, United States) locations highlighted a main fault and

its damaged zone (Ruhl et al., 2016). On the San Jacinto fault, most aftershocks of the Mw 5.2 Borrego

Springs earthquake do not occur on the main plane, but on branches orthogonal to it (Ross, Hauksson,

et al., 2017). Therefore, the aftershock location highlights the complex interaction between the stress pertur-

bations and the damaged zone of the fault.

Most of the seismicity is not located on the assumed mainshock fault, but above it. The coseismic stress

changes might have been negative on the main fault plane and in its footwall, leading to a lack of seismicity

in these zones. Alternatively, it could be a consequence of the previous 2012 mainshock, which share similar

location and mechanisms with the 2014 one (Thouvenot et al., 2016). It may have discharged the stress on

this fault plane, except on its bottom end where the 2014 earthquake occurred. Such an asymmetric distri-

bution was also observed for aftershocks on large faults in California (Zaliapin & Ben‐Zion, 2011) and inter-

preted as due to the difference in materials properties between both sides of the faults (Rubin & Ampuero,

2007). The damaged zone might also be strongly asymmetric, due to a preferential rupture directivity.

However, even if the 2012 earthquake showed a clear rupture directivity toward the south‐east

(Courboulex et al., 2013), rupture propagation was not observed directional for the 2014 earthquake.

Alternatively, the mainshock slip might have changed the permeability of the fault, leading to new fluid

paths and upward migration of the fluids, which then induced the swarm behaviors observed in the upper

part of the main structure.

Finally, the structures at depth (7.5–9.5 km), with a ~N160° azimuth, show a very different orientation from

the shallower structures (5–6.5 km), striking N20‐to‐50°. The seismic clusters outside the main structure

occurred on structures with various azimuths. By inverting focal mechanisms for the 2003–2004 crisis

(Leclère et al., 2013) and the 2012–2015 crisis (Fojtíková & Vavryčuk, 2018), the stress field shows a subhor-

izontal minor component σ3 oriented ~N100° and a N11 to 29° σ1 component, with a plunge between 12°

and 61° depending on the authors. Such stress field is compatible with slip on N160° structures, such as

the deep ones. However, shallow structures and outer ones are badly oriented toward the stress state. For

example, the Fs structure is subvertically dipping with an N20° azimuth which is aligned with the major

stress component. As shown by Leclère et al. (2013) for the 2004–2005 crisis, such heterogeneous

Figure 5. Seismicity rate for all detected events, relocated events, relocated

events with magnitude greater than the magnitude of completeness

(M > −0.5), relocated events belonging to aftershock families and relocated

events belonging to swarm‐like families. The dashed lines indicate the

best fit for a modified Omori's law, with a slope of p = 1.41 (aftershocks),

p = 0.77 (relocated and detected events), and p = 0.18 (swarms).
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structures, and therefore mechanisms, are not compatible with a unique, static, stress state. Fojtíková and

Vavryčuk (2018) also found that a very low friction coefficient of 0.2–0.3 is required. Therefore, either

high fluid‐pressure or heterogeneous stress state are required to induce slips on badly oriented structures.

A detailed analysis of the mechanisms is however required to study in details the link between the

seismicity and the stress state.

5.2. Two Processes: Fluid‐Pressure and Stress Transfer

Among families, the spatial, temporal, and magnitude distributions reveal two clearly distinct behaviors. On

one side, 53.7% of the located events belong to families that exhibit classical patterns of aftershock sequences:

Their rates show a power law decay in the rate of events with time, without any migration patterns, their

magnitudes follow a Gutenberg‐Richter law with b ≈ 1, and they are located close to the mainshock. Such

events are mostly located in the surroundings of the deeper part of themain fault. Only one area in the upper

part and none of the outside clusters shows such behavior (Figure 7). They are mainly located at less than

3 km from the mainshock hypocenter, that is, at less than a typical fault length for a magnitude 5

earthquake. This is a classical observation for aftershocks, which are mainly on or around the rupture area,

with a fast decay away from it (e.g., Harris, 1998). Therefore, these events are likely to be triggered by the

static stress transferred from the mainshock (Stein, 1999), and they participate to rebalance the stress after

the earthquake perturbation.

Figure 6. Cumulative magnitude distribution (red dots) for (a) all events, (b) events belonging to aftershock‐like families,

and (c) events belonging to swarm‐behaving families. Black lines are their best fitting trend, with the computed b‐value

and completeness magnitude in the legend box. In panels (b) and (c), gray crosses show the normalized distributions

for every families.
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On the other side, more than 28% of the events belongs to families with a swarm‐like behavior. (1) Their

maximum rate is reached days to months after the mainshock, with the largest event in the middle of the

sequence; (2) they occurred at larger distances from the mainshock hypocenter (mainly between 3 and

6 km); (3) the rate of events shows an emergent increase and a slow decrease. Most of the outer families

and of the shallow ones, but none of the deep ones, share this behavior (Figure 7). Among these families,

most of them show a spatiotemporal migration of seismicity. Assuming a constant‐rate migration leads to

a mean velocity of about 0.1 km/day. Such slow velocities are not consistent with slow‐slip processes, for

which observed speeds are about 0.1 to 1.0 km/hr (Roland & McGuire, 2009). With a linear fluid diffusion

process (Shapiro et al., 1997), diffusivity ranges from 0.002 to 0.06 m2/s. Similar values were observed in

Southern California (Chen et al., 2012), Corinth Rift (Duverger et al., 2015), or geothermal areas (Shapiro

et al., 1997). Therefore, these events are likely induced by fluid‐pressure diffusion. These families are also

characterized by a low b‐values in themagnitude distribution (Gutenberg‐Richter law), with b‐value ranging

between 0.75 and 0.9. Fluid‐induced seismicity usually shows b‐values larger than 1, but also lower than 1 in

extensional context such as in this study (Ibs‐von Seht et al., 2008). Finally, the remaining 18% of events

belong to families with a mix behavior, that is, with a power law temporal decay at the beginning, and a

swarm activity later on. This latter number is quite small, meaning that on nearly 80% of the structures,

the seismicity is controlled by a single process, and not by a mix of processes.

The differences between these two behaviors may also be increased by structural differences. While the

aftershock sequences occurred on large (up to 3 km long) and planar NW‐SE structures as evidenced in

the geology, the swarm‐like clusters describe structures that are smaller than 1 km long, with various

orientation and shapes. Particularly, the seismicity highlights several elongated structures that can be

related to the intersection of two faults. Therefore, a lack of large faults in the upper part of the main plane,

with a suitable orientation for slip, might explain the swarm‐like behaviors. However, this does not explain

the slower‐than‐usual decay of the event rates or the delay in the seismicity onset for the swarm‐

like clusters.

Figure 7. Location map with colorscale indicating the depth for events that belong to (a) aftershock‐like families and (b) swarm‐like and uncertain families.
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Therefore, we suggest that two different processes, which are spatially segregated, occurred. Close to the

mainshock hypocenter, seismicity follows an aftershock‐like behavior, in response to the coseismic

Coulomb stress transfer. At larger distances, seismicity is dominated by swarm behaviors, likely induced

by fluid‐driven processes. On average, the aftershock sequence nearly decays as predicted by an Omori's

law (though with a smaller than 1 exponent), and follows a Gutenberg‐Richter law with a b ≈ 0.95 value.

However, this classical response masks the sum of two different behaviors: the 1/t decay originates from

the sum of very fast (p ≈ 1.4) decays and swarm‐like distributions. The b‐value is an average of a b ≈ 1 value

for the aftershocks and a b ≈ 0.85 for the fluid‐induced events. Therefore, it is likely that these two classical

laws, commonly observed after mainshocks, originate from the regional average of different processes

(Ben‐Zion, 2008), that we were here able to separate.

5.3. Conceptual Model

Several processes, linked to fluid‐pressure and stress transfer, are therefore required to explain the relation-

ships between the mainshock and its aftershock sequence. Ross, Rollins, et al. (2017) reached a similar con-

clusion, with the observations of fluid‐induced and stress‐driven aftershocks after the 2010 M7.2 El Mayor‐

Cucapah earthquake in the Yuha Desert (United States). Miller et al. (2004) also involved CO2 degassing to

explain the aftershocks in the 1997 Umbria–Marche sequence (Italy). Interestingly, using a waveform‐based

classification, we are here able to isolate the processes because of their spatial segregation and to summarize

them into a conceptual model (Figure 8).

First, at close distance from the mainshock and large depths, the seismicity is directly triggered by the coseis-

mic stress transfer in the damaged zone of the hanging wall of the fault. Therefore, it highlights the complex

interaction between the coseismic stress perturbation and the damaged zone. The shallower activity

required fluid, as it is dominated by swarm behavior on structures badly oriented with the stress field.

Fluid pressurization may directly originate from the coseismic stress perturbation. As shown by Bosl and

Nur (2002) after the Landers earthquake (1992), the region of coseismic positive Coulomb stress correlates

Figure 8. Conceptual model for the processes driving the aftershock sequence.
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with areas with pore pressure increased in response to the mainshock perturbation. Alternatively, the

mainshock slip, through dilatancy processes, may have open new fluid paths, following the fault‐valve

behavior of Sibson (1990). Overpressurized fluids then migrated upward, inducing the seismicity of the

shallow families.

Finally, some swarms occurred far from the mainshock, with areas devoid of events between them. If a fluid

diffusion process started from the mainshock or the aftershock sequence on the main structure, it would be

likely that seismic events would highlight the fluid paths. Furthermore, some swarms are at similar depths

as the mainshock: A 3‐to‐6 km purely horizontal fluid migration is not likely. Therefore, a distant triggering

is required. It might be due to coseismic or postseismic stress change, or to some dynamic triggering by the

seismic waves of the mainshock or large aftershocks. Dynamic triggering has been shown to be efficient in

areas with fluids (Brodsky et al., 2003; De Barros et al., 2017; Hill & Prejean, 2015). These transient perturba-

tions might then open some fluid paths within the outer structures, leading to a fluid‐pressure diffusion and

inducing seismicity with a spatiotemporal migration.

Such dual behaviors, both in the seismicity and in the processes, are specific to the areas of Barcelonnette.

Around this area, and despite similar tectonic context, the inner part of the Alpine chain do not behave like

that and shows a more diffuse seismicity. Therefore, such behavior is related to an anomaly, likely related to

fluids. Other localized areas, for example, the area of Vallorcine, in the northern part of the French Alps, also

show similar anomalies, with alternating mainshocks (such as the 8 September 2005 Ml 4.5; Fréchet et al.,

2011) and seismic swarms. These small and localized areas, gather much higher rate of seismicity than

the rests of the Alps, and should have therefore a specific response in terms of earthquake hazard mitigation.

6. Conclusion

Since 2012, earthquakes have struck the Ubaye valley continuously, making this area the most active one in

the French Alps. In 2014, a Ml 4.8 earthquake was a source of concern for the population. The aftershock

sequence broadly aligns on a large plane, consistent with the mainshock fault. However, families individu-

ally align on distinct planes. Therefore, a majority of the seismic sources do not occur on the main fault

plane, but on conjugate structures belonging or damage zone of the main fault. About 50% of the seismic

events originate from coseismic stress transfer, at short distance from the mainshock. The remaining seismi-

city is further away, and requires fluid‐pressure diffusion and distant, maybe dynamic, triggering. Such dif-

ferent processes required a highly fractured medium with pervasive fluids at depths. This area is therefore

peculiar as deep fluid processes in addition to stress perturbations control the alternating swarms and

mainshock/aftershock sequences. Such an aftershock sequence has therefore an intermediate behavior

between the two end‐members that are the fluid‐induced seismicity and the tectonic‐driven earthquakes.

On average, the seismicity rate decay is slower than expected by an Omori's law, and the Gutenberg‐

Richer b‐value is close to 1. This average behavior is however resulting from two strongly different patterns

and processes. Therefore, it is likely that such dual behaviors are more common than expected, and hidden

behind classical responses.
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2.4.2. Sismicité pré-éruptive 
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[1] Piton de la Fournaise (La Réunion island) is a very
active basaltic volcano, with five eruptions between Nov
2009 and Dec 2010. Pre-eruptive seismic crises usually last
for a few hours and mainly consist of a volcano-tectonic
swarm. During the quiescent period between the volcano-
tectonic swarm and the eruptive tremor, we identify another
swarm of events with a very high frequency content. These
events are shallow and are located close to the future erup-
tion site. They seem associated with the opening of the path
for the magma propagating laterally at shallow depth. As
these events start to occur while the magma is still in a ver-
tical propagation phase, this seismicity seems to be related
with the generic response of the volcano to the stress pertur-
bation and not directly induced by the magma pressure. This
new observation brings new insights to short-term forecast-
ing of the eruption location. Citation: De Barros, L., C. J. Bean,

M. Zecevic, F. Brenguier, and A. Peltier (2013), Eruptive frac-

ture location forecasts from high-frequency events on Piton de la

Fournaise Volcano, Geophys. Res. Lett., 40, doi:10.1002/grl.50890.

1. Introduction

[2] Piton de la Fournaise (PdF) volcano is a hot-spot
shield volcano located on La Réunion island in the Indian
Ocean. This very active volcano erupted more than 30 times
between 2000 and 2010 [Roult et al., 2012]. The eruptions
are usually of short duration, lasting from a few hours to
a few months and emit basaltic lava. Eruptions are either
summital in the Dolomieu crater, proximal (on the flank of
the central cone) or distal at more than 4 km from the summit
[Peltier et al., 2009]. Since the end of 2009, the volcano is
monitored by 21 broadband seismic stations (UNDERVOLC
project; Brenguier et al. [2012]), which have recorded five
eruptions (5 Nov 2009, 14 Dec 2009, 2 Jan 2010, 14 Oct
2010, and 9 Dec 2010).
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[3] The pre-eruptive seismicity on Piton de la Fournaise
is characterized by a dense swarm of volcano-tectonic (VT)
events [Battaglia et al., 2005; Massin et al., 2011; Brenguier
et al., 2012]. These events are mainly located around sea
level, i.e., at about 2500 m below the summit. Several long-
period events sometimes occur toward the end of the seismic
crisis, but only for proximal and distal eruptions [Aki and
Ferrazzini, 2000; Zecevic et al., 2013]. These VT crises are
followed by a period of pre-eruption quiescence, with a dura-
tion of several minutes or hours, which in turn are followed
by the eruptive tremor accompanying the flow of lava. This
simple and repetitive sequence of events exactly follows
the general pre-eruptive pattern of seismicity described by
McNutt [2005].

[4] The high resolution network of seismic stations, the
frequent recurrence and the short time duration of eruptions,
and the simplicity of the pre-eruptive patterns make this
volcano an exceptional laboratory for developing new fore-
casting observations [e.g., Schmid et al., 2012]. We mainly
focus here on the seismicity occurring before the proximal
eruption on 14 Oct 2010. Interestingly, after the main seis-
mic swarm of VT events, we identify a second swarm of
events with a higher frequency content during the quies-
cence time at the stations, the closest to the eruptive vents.
This paper aims to investigate the origin of these events and
their potential for short-term forecasting of the location of
lava extrusion.

2. The 14 October 2010 Eruption

[5] Since the end of 2009, the volcano has been mon-
itored by 21 broadband seismic stations, including six
60 s Guralp CMG-3ESPC sensors and fifteen 30 s Guralp
CMG-40T sensors (UNDERVOLC project; Brenguier et al.
[2012]). All data used in this paper have been corrected for
instrument response. The station distribution is exception-
ally good with stations on the ridge of the main crater and an
average distance of 1 to 2 km between stations.

[6] Figure 1 shows the seismic crisis recorded by two
stations (U05 near the summit and FOR in the South, see
Figure 2c). The main swarm of VT events started at 10:00
and lasted for less than 2 h, after which a quiescence period
of 3 h commenced. At 15:20, lava started to flow from a
150 m long fissure which opened South of the Dolomieu
crater in the “Enclos Fouqué” (see Figure 2c and Roult et al.
[2012]). The activity decreased after 17 Oct, and stopped on
31 Oct. This eruption is the first proximal eruption since the
major eruption and crater collapse of 2007.

[7] For both stations, the seismic energy is very strong
during the main VT swarm and the eruptive tremor episode.
This energy is mainly present in a low-frequency range
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a) b)

Figure 1. Vertical component of the pre-eruptive and initial eruption seismicity recorded on 14 Oct 2010 by stations
(a) U05 and (b) FOR. The bottom panels show the seismic energy in two frequency bands (0.5–5 Hz and 20–40 Hz) for
both stations. The vertical arrows show the beginning of the eruption.

Figure 2. Five minutes root mean square amplitude interpolated between stations on the surface of the volcano in a (left)
low-frequency band (0.5–5 Hz) and (right) high-frequency band (20–40 Hz) at three different periods: (a) Main seismic
swarm (10:55), (b) high-frequency event swarm (13:49), and (c) beginning of the eruptive tremor (15:36). Elevation between
contour lines is 500 m. Triangles show the stations and the star indicate the eruptive vent location. Color scale (root mean
square amplitude) is common for all the panels. See also Animation S2 in the supporting information.
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a) b)

Figure 3. Seismic waveforms and spectra of (a) a VT event recorded during the main seismic crisis (11:02) and (b) a
High-Frequency event (14:32). Both events are recorded at FOR station.

(i.e., less than 10 Hz). While the quiescence period is almost
free of visible events in the U05 data, a swarm of events
can be seen at FOR station between 13:00 and 15:00. This
swarm of events has a higher frequency content than the
VT swarm. The energy of the signal filtered between 20 and
40 Hz clearly shows these events (see Figure 1). Herein we
refer to the events forming this swarm as High-Frequency
(HF) events.

3. High-Frequency Events

[8] Figure 3 shows a close-up of two events, one VT event
recorded during the main seismic crisis and one HF event.
They differ in their amplitudes (2 orders of magnitude) and
their frequency content. The spectra of the VT and HF events
show a classical earthquake pattern, with a corner frequency
of 6 Hz and 14 Hz, respectively. The HF events also seem
to be volcano-tectonic (i.e., with a shear, brittle mechanism),
but occur on smaller faults or smaller patches of faults.

[9] When looking at the waveforms recorded by differ-
ent stations, the HF events can be seen at only four stations.
Due to their low amplitude, the lowest frequencies of the sig-
nals are masked by noise at all stations. The high-frequency
content, which is clearly visible in FOR data, is strongly
scattered and attenuated, and subsequently cannot propa-
gate very far from the source. It is therefore not possible to
perform a quantitative location for these sources. In order
to estimate the location qualitatively and to link the HF
event with the other seismic signals, we interpolate the RMS
amplitude onto the surface of PdF volcano [Battaglia and
Aki, 2003]. This is achieved using a cubic interpolation of
the cumulative RMS amplitude measured in 5 min windows
filtered in a low-frequency band (0.5–5 Hz) and in a high-
frequency band (20–40 Hz). Three snapshots are shown in
Figure 2, corresponding to (1) the main VT swarm, (2) the
HF swarm, and (3) the eruptive tremor periods. The Ani-
mation S2 (supporting information) shows the continuous
distribution of the RMS amplitude in both frequency bands
along the entire pre-eruptive sequence. The VT crisis is asso-
ciated with high energy at both frequency bands, located at
depth below the summit. High-frequency energy starts to
appear south of the Dolomieu crater, and becomes progres-
sively more visible during the quiescence period, which is
dominated by the HF swarm. The eruptive tremor mainly
contains low frequencies and also occurs in the south of the

volcano around the eruptive vent. Unlike the VT seismicity,
the HF events yield information on the future eruptive frac-
ture location (see Figure 2) as their energy strongly decays
with the offset from this area, where their epicenter seems
to be located. Moreover, a deep source (i.e., at a depth
greater than the interstation distance) would produce simi-
lar amplitudes on different stations. Hence, the sources of
these events have to be shallow. This is supported by the b-
value in the Gutenberg-Richter law: a value of 0.9 and 1.55
is obtained for the VT swarm and HF swarm, respectively.
This high value is a distinctive feature of events occurring in
a low-stress environment [Schorlemmer et al., 2005], such
as in the shallow subsurface of the volcano.

4. Pre-eruptive Behavior

[10] The HF swarm mainly differs from the VT swarm
through its higher frequency content. Therefore, the ratio
between the high-frequency and the low-frequency contents
can be used to indicate the presence of HF events. Figure 4b
shows the cumulative ratio for all stations, computed on
5 min-long windows. As expected, this ratio is the highest in
the stations for which high-frequency events can be seen and
which surround the eruptive fracture. For those stations, this
ratio starts to increase significantly at 10:00, i.e., during the
main VT crisis and more than 5 h before the eruption onset.
For the other eruptions in 2010 and 2011, the highest ratio
is always observed at the stations that are the closest to the
area where the eruption will occur a few hours later (see sup-
porting Figure S1). This method can therefore be employed
to forecast the location of the impending eruption.

[11] The average depth of the seismicity is derived using
the seismic intensity ratio method described by Taisne et al.
[2011]. In order to use waves propagating throughout the
network and to consider the different types of events, we
focus on the 5–15 Hz frequency band. We assume a S wave
velocity of 2 km/s (consistent with Brenguier et al. [2007]).
The seismicity first has deep and scattered source locations
(around sea level), and then migrates toward the surface
between 11:00 and 12:00, i.e., at the end of the VT crisis
(Figure 4c). As usually observed on PdF [Peltier et al.,
2009], the GPS data indicate a two-phase deformation, and
GPS stations close to UV5 and FOR (Figure 2c) show
different deformation patterns (Figure 4d). The dike first
propagates vertically, leading to high deformation of the
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d)

c)

b)

a)

Figure 4. (a) Seismic activity before and during the begin-
ning of the eruption on 14 Oct 2010 recorded by the FOR
station. (b) Cumulative High Frequency (20–40Hz)/Low
Frequency (0.5–5 Hz) ratio for all stations. The four high-
est ratios are labeled with the corresponding station names.
(c) Elevation of the seismicity sources using radiated seis-
mic intensity. (d) Vertical deformation recorded by the GPS
station DSR (close to U05) and FOR.

volcano summit between 10:55 and 12:00. From 11:30, the
magma starts its lateral propagation toward the south, the
deformation is localized only in the south of the volcano
after 13:00.

[12] The different observations summarized in Figure 4
show the following: (1) The VT swarm occurred at the
beginning of the vertical propagation of the magma. The
vertical migration of the seismicity is associated with defor-
mation localized on the summit; (2) During the lateral
propagation of the dike, deformation and seismicity (HF
events) are only recorded in the south of the volcano; (3) The
HF/LF ratio starts to increase in the south of the volcano
toward the end of the VT swarm, i.e., when the dike is still
in its vertical migration phase.

5. Discussion and Conclusion

[13] During the quiescence period occurring between the
main seismic crisis and the eruption, we observe a second
swarm of high-frequency events at some stations. This
observation is rendered possible thanks to the highly dense
seismic network deployed on the volcano. These events
seem to be generated at very shallow depths compared to the
classical VT events, which usually occur at depths greater
than 1 km [Battaglia et al., 2005; Massin et al., 2011].
Using energy mapping, we determine that the HF events are
located in the area of the eruptive fracture. As they have a

high-frequency content, which is lacking in the VT events,
high-to-low-frequency ratios allow us to track their evolu-
tion. Their high-frequency contents indicate failure on small
faults (or small patches), with a diameter no greater than
60 m [Madariaga, 1976]. This is consistent with a shallow
seismicity, as the near-surface cannot support large faults
because of the topography and/or weak material properties.
Therefore, the VT and HF in this study share a similar
mechanism and belong to the same group of events.

[14] These HF events may have significant implica-
tions for monitoring purposes: monitoring the high-to-low-
frequency energy ratio during the main seismic crisis (i.e., a
few hours before the eruption onset) allows for a forecast of
the eruption location. This is confirmed here by computing
this ratio for another proximal eruption (Dec 2010) and for
summit eruptions (Nov 2009 and Jan 2010, see supporting
information Figure S1). In every case, the largest frequency
ratio before the eruption onset is obtained at the stations
closest to the upcoming eruptions. This information can be
coupled with the occurrence of Long-Period events, which
is an indication of an eruption outside of the summit area on
PdF [Aki and Ferrazzini, 2000; Zecevic et al., 2013].

[15] The VT and HF swarms are related to the vertical and
lateral migration of the magma, respectively. However, the
HF seismicity seems to start to occur during the VT swarm,
i.e., when the magma is still in its vertically migrating phase
at depth (c. 2 km below sea level) beneath the summit.
The HF seismicity is therefore likely a generic response of
the shallow part of the edifice to the stress changes due to
the dike propagation [Traversa et al., 2010]. These failures
are triggered indirectly by the stress induced by the magma
movement, and not by the magma itself. As these shallow
failures occur in the area of the eruption, they play a role
in the process of dike propagation by creating the pathway
along which the magma later propagates. The eruptive fis-
sure might be exploiting a structural weakness which can
be monitored through HF events. The shallow magma path
and the eruption area are therefore already defined when the
magma is still in its vertically migrating phase. Hence, the
location of lava output can be forecast up to 3 h prior to
the eruption.

[16] On Piton de la Fournaise, the pre-eruptive seismic-
ity has a short time duration and is rather simple compared
to other volcanoes. However, it follows the generic swarm
pattern of McNutt [2005]. The observations made herein
might therefore be reproduced on other volcanoes where the
station distribution is sufficiently dense.
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2.4.3. Fluide et migration de la sismicité 
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2.5. Bilan 
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x µv����u]����v��µ���]}v�������}����µ�����o���]�u]�]� �v}v��}vÀ�v�]}vv�oo�X��v�����]�µo]��U�

v}µ�� �À}v��u}v�� � �µ�� o��� �]Pv��µ���� >}vPµ��� W �]}���� �µ�� o��� À}o��v� v[ ��]�v�� ����

����]�µ ���������� �}vv�v�������(����µ���U�u�]��������� (}�u��]}v��o�v���X��������]�u]�]� �

�����}v���oµ��µv�u���µ�µ������ (}�u��]}v��µ���������µ����]}v����������]}vX� 
x o[]��v�](]���]}v de nouveaux observables �}µ�� �µ]À��� o��� ��}����µ�� �[]v������]}v� �v����

fluide et solide. 
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3. PROSPECTIVES : NOUVELLES IDEES ET PROJETS 

 

��Z�oo������}�i����P }o}P]�µ����](( ��v��U�YX 

>���(oµ]���� i}µ�v���}v��µv���o�� ]u�}���v����v�� o��P�v��������� ]�u������ o�µ���]���]�µ�]}v�����]}r

��u�}��oo�U��µ���](( ��v���}�i����P }o}P]�µ���������](( ��v���� �Z�oo��X�>���]�u]�]� �À}o��v]�µ�U�o���

����]u���]�u]�µ�������Ì}v�������}v]�µ������o��u]��}r�]�u]�]� ����}�] ���µÆ����]À]� ���v�Z�}�]�µ���

��v�� ��� �µ�}µ�� ���� � ���À}]��� �}�Z�µÆ� �}v�� �}µ���� ]v�µ]���� ���� o��� (oµ]���X� >��� �}v�]�]}v�� ���

�}v���]v���U���� ��u� ���µ������ o��� (oµ]������µÀ�v������v��v��À��]��� ����� (}���u�v���v����}�i����

P }o}P]�µ��X� W����Æ�u�o�U� o�� �]�u]�]� �À}o��v]�µ���������}�] ������� ����� (}����� ��u� ���µ�������

�����]}vU��]v�]��µ[����� o��P���� (}�u��]}v�X����v[�������� o�����������Æ�u�o���}µ�� o���]�u]�]� ����

o[Klo�Z}u�U� }¶� o��� �µ������]}v�� �µ��� �µÆ� ]vi���]}v�� �}v�� ����� (�]�o��� ~'}���o� ��� �oXU� îìíó�X�

����v��v�U���v���}µ���������U�]o�����v �����]�������µ]À������]v����� ����o��u]P���]}v����o���]�u]�]� ����

����}u���v���� o�����}����µ���µ]� o��P v���v���}µ���v�]�]���� ~}¶ MU��µ�v� MU��µ�oo��u�Pv]�µ�� M��

���u�o�u�v��� ��� ������u�i�µ��� }µ�  �µ��]}v�� À}o��v]�µ��X� >��� �µ���]}v�� �� � �}µ���� �}v�� �}v��

�]u]o�]���X� 

Y������µ���]}v���v��µ���v�U�Y 

�v�����]�µo]��U�}v���µ�������u�v��� W� 

x W}µ��µ}]� µv�� � (}�u��]}v� ��]�u]�µ�� }µ� �]�u]�µ� M� �}uu�v�� À}]�� ��� �µ�v�](]��� µv��

� (}�u��]}v���]�u]�µ� M� 

x W}µ��µ}]�µv���µ��µ����[�Æ��]u�r�r�oo���}µ��(}�u���[µv�����]u��]�u]�µ�����v}v��}uu��µv�

�Z}����]v�]��o M�Yµ�oo����}v��o����}v�]�]}v��v �����]�����}µ���µ[µv����u�o�u�v��������������

P��v���u�Pv]�µ����[]v]�]� M� 

x Yµ�o�����o��o]�v��v����o��u�Pv]�µ����[µv� À�v�u�v�����o������µ����]}v����(oµ]����~À}oµu�U�

�����]}vU�Y� M 

Y�u�]����}����µ���]u]o�]��� M� 

W}µ��� �}v�����������µ���]}v���]u]o�]���U�o����v�oÇ�����]�u}o}P]�µ����}v���}µÀ�v��(�]�������u�v]����

�o}]�}vv ���v���������](( ��v���}�i���X����]�����[�Æ�u�o�U�o���}�� o��]}v��v����o��À}oµu�����(oµ]������

o��u�Pv]�µ�������� ]�u��U���o��]}v�µ�]o]� ��u�]��� ����µ�����µ]���oµ�����ðì��v���}µ��o���� ���À}]���

~D�'���U�íõóò�U�v[�� � ����o]�µ �� �µ�� o���À}o��v���µ[�v�îìíò� ~tZ]�������oXU�îìíò�X� >��� � �}v����

�]�u}o}P]�µ�����µÀ�v������v��v��!����������]u]o�]����~&]Pµ���íô�X�Kv���µ���}v�������u�v�����]�o���

��}����µ���µ]����}u��Pv�v�����P v���v������� ]�u����}v��]��v�]�µ���~d��À������v��'����}U�îìíì�U�

��� �]� o�� �}u����]�}v� �v���� }�i���� ��µ�� ���}����� ���� �}v���]v���� �µ�� ��µÆr�]X� �Ç�v�� ���À�]oo � �µ��

�](( ��v���}�i����P }o}P]�µ��U������µv�� �Z�oo��� ��u ��]�µ�� �µ�������Æ� �]�v���� �}v���o ��U� i��

�}µZ�]���u�]v��v�v��u������o[����v���µ��o���}u����]�}v�uµo�]r �Z�oo������uµo�]r}�i��������� �}v����

�]�u]�µ����µÆ�����µ����]}v��(oµ]���X�D�����}�����]À�����]�v�](]�µ����}v���}v� W� 

x �u o]}����o���}����À��]}v���]�u}o}P]�µ�������Po]���u�v���o�v��������]�u]�µ��� 
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x �u o]}����o���}u�� Z�v�]}v��µ�o]�v��v����(oµ]��U�� (}�u��]}v�����]�u]�]� ��������v}µÀ�oo���

}����À��]}v�U��Æ� �]�v����]vr�]�µU����u}� o]���]}v���}µ�o ����]�u}rZÇ��}ru ��v]�µ��X� 

x &�]���o��o]�v��[ �Z�oo����v����o����Æ� �]�v�����v�o��}���}]������o���� ���À}]����v�µ�]o]��v��o���

�Æ� �]�v�����µÆ� �Z�oo���� ��u ��]�µ��X� 

x �}v(�}v���� o��� o}]�� �[ �Z�oo��U� o��� �]���]�µ�]}v�� ����]}r��u�}��oo��� ��� ��� u�Pv]�µ����

}����À ����µ���](( ��v���}�i����P }o}P]�µ��X� 

 

 

&]Pµ��� íôW� ^]u]o]�µ���� �v���� �]�u]�]� � ]v�µ]��� ��� ����]u� �]�u]�µ�X�����]���]�µ�]}v� ����]�o�� ��� ����]�P��uu��

�]���v��r��u������o���]�u]�]� �]v�µ]�������o���]vi���]}v�����(oµ]����}µ��o[�Æ�o}]���]}v�P }�Z��u]�µ���v�îììò���

��o�U�^µ]����~,���u�vv�����oXU�îìíõ�X����������]��u��}µ��o��µv�����]u��]�u]�µ���v��P]��� ���v�îìíñ���v��o��P}o(��

����}�]v�Z��~�������}������oXU��µ�u]�����X� 
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3.1. Améliorer les observations sismologiques  

>��� u��µ���� ��� }����À��]}v�� ���� � (}�u��]}v�� o�v���� �}v�� ������ ��� ]v�]������� o}���µ�� v}v�

�����À��o����v��µ�(���X�����oµ�U�]o��Æ]�����}µÀ�v��µv���u�]Pµb� ���v��o���]v����� ���]}v�������}vv ���

�]�u}o}P]�µ����v����������}����µ����o] ���µÆ�(oµ]���U�������Po]���u�v���o�v��U�}µ���µv��]v������]}v�

�v���� o��� ��µÆX� W}µ�� �u o]}���� v}���� �}u�� Z�v�]}v� ���� ��}����µ�� �v� ��}(}v��µ�U� ]o� ���� �}v��

v �����]����[�u o]}����v}��}����À��]}v�U��v�����]�µo]�������Po]���u�v���o�v��X���o����µ�����(�]�������

µv�����Z���Z���[}����À��]}v����v��o����µ]���]�u]�µ��}µ�'W^�~ïXíXí�U�����µv�� �µ����oµ���Ç�� u��]�µ��

���� À�v�u�v���� � �]�](��~ïXíXî�U�����o��� À�o}���u�v�����v}µÀ��µÆ�]v���µu�v������u��µ����~(]����

}��]�µ�U�ïXíXï��}µ��v����µ��v��o��o]�v�� ]�u��l(�]oo��l ���������}v���]v����~ïXíXð�X� 

 

3.1.1. Déformations lentes dans le bruit ?  

 

>��� (}�u��]}v����}�] ���µÆ�����]u���]�u]�µ��U��µÆ�Po]���u�v��o�v���}µ���o���]�u]�]� �]v�µ]��������v�

P v ��o���}��(�]�o���}µ��!����u��µ���o���v��µ�(����~'W^U�/E^�Z�X�>���u��µ����]vr�]�µ����� (}�u��]}v�

�}vv�v������]v(}�u��]}v���� �]�µ���U�u�]���}v��µ�oo������v ����]��v������(}��P����µ��oµ�����������

�}µ����X�W}µ���}u��v��������o��µv�����v��o����}vv ��U�]o������}��]�o������µuµo���o���� (}�u��]}v��

u��µ� ��� o}��� ��� �oµ�]�µ��� ��]���� �]�u]�µ��X� �]v�]U� �v� � ����v�� o��� �}vv ��� 'W^� ���� � �]}����

�[}��µ���v������>&���}µ������ u}����µ�v]À��µ������µ��µ��]}v���µ�D�Æ]�µ�����������������U�&��vl�

����oX�~îìíô��}v���µ�]��v�](]���o���� �]}����}¶�o��Po]���u�v��o�v���������Z ���v��o����µ]�������]Pv�µÆ�

'W^�~&]Pµ���íõ�X�hv����oo������}�Z������]��]v� �����v��������o]�µ����µ��o�������]u���]�u]�µ��U��}µ��

(�]���µv��]o�v�Po}��o��µ�����]�]}vv�u�v���]�u]�µ�l��]�u]�µ��o}����[����]u���]�u]�µ��U������Æ�u�o��

�µ��o���](������}�]v�Z�X� 

>[}��µ���v��� ��� � (}�u��]}v�� ��]�u]�µ��� ��µ�� ��� À}]�� ��v�� o��� �]Pv��µ���� �]�u]�µ��� v}v�

�}vÀ�v�]}vv�oo��X�>���>&�����o����� u}��U�}����À ����v��o���Ì}v�������µ��µ��]}v�~D�Æ]�µ�U���������U�

:��}v��}µ��µ��o���Ì}v����v�(oµ�P�����o��(�]oo�����^�v��v�������}v�����}�] ��������Po]���u�v���o�v���

Àµ������'W^X�����}����À��]}v���}v������v��v���������µ������(�]oo�������oµ�����]�����]u�v�]}v����l}µ�

u}]v���]�v�]v���µu�v� �X�����������v����[}����À��]}v��v���]Pv](]������µv������v�������]Pv�µÆU�u�]��

� À�o��µv���]((]�µo� ���o���À}]�X�/o������v��((�����}���o���µ�������oo����]Pv��µ�����}]�v�����Z �����v��

o����µ]���]�u]�µ�X�>�������� �]���]}v����o[�u�o]�µ����µ���µ]������������À��]��]}v����u�}��oo�����µÀ�v��

���u������ ��� � ������� ���� �]Pv�µÆX� ��� ��oo���u �Z}���� ~Z^�D� }µ� ^^�D� ��]v�]��o�u�v��� �}v��

�}uuµv u�v��µ�]o]� ����}µ���µ�À�]oo���o����Z������� r �µ��]À�������À}o��v��~�}�v�o]µ���v��s}]PZ�U�

íõõð�U�u�]������ o��� Ì}v��� ����}v]�µ��X� �v�µ�]o]��v������ ���Zv]�µ������ o}��o]���]}v������u�o]�µ���

� À�o}�� ��� �}µ�� o��� �� u}��� À}o��v]�µ��� ~�����Po]�� ��� �oXU� îììñV� d�]�v�� ��� �oXU� îìíí�U� o[}�]P]v��

����]�o����������v}u�o]����}µ���]���v�µ]���!����� ���u]v �X��v�����]�µo]��U� ]o�����]�� ]v� �����v�����

������ �]���� o�� ��µ]�� í�� �� � ��v�� o��� ���u�o�u�v��� ��� �����U� �}µ�� ]��v�](]��� o��� �Z����� ���

�� �����]}v����o���µ��µ��U����î�����}u��Pv�v��o�������]u���]�u]�µ��U��}µ��u]�µÆ��}v���]v����o�µ��

��}����µ�X�hv����oo������}�Z���}µ���]���}v��!����� À�o}�� ���µ�}µ������Ì}v�������µ��µ��]}v�}¶�

����Po]���u�v���o�v������o��vµ�o ��]}v����o���µ��µ����}v��}����À ��~�µ��µ��]}v�^µ�r�u �]��]v��U����

�µ]����u������µv����o]����]}v����o��u �Z}��X�>[���o]���]}v��[µv����oo������}�Z���}µ���]�����u������
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��� � �}v���� �� o�� �µ���]}v� ���� Po]���u�v��� o�v��� ��v�� ���� Ì}v��� �]�v� ]v���µu�v� ��U� ��oo��� o���

���vv]v��}µ�o��P}o(������}�]v�Z�U���v��o���µ�oo�������� (}�u��]}v����]�u]�µ����}v���µ����� ��X� 

 

 

&]Pµ���íõW�����}v��Æ�������}v]�µ�����o��Ì}v������µ��µ��]}v��}µ��'µ�����}U�D�Æ]�}U�}¶�µv�Po]���u�v��o�v���� � �

�v��P]��� �����'W^��v�îììò�~���]����}]v�]oo �� ��]�� V����� �o���u�v��'W^��v�îììòX�>������]����o�µ��u}v���v��o���

� �]}��������]Pv��µ�������v�]�}]���U��[���r�r�]���o���� �]}����}¶�o����µÆ��µ}�]�]�v�����]Pv�µÆ�>}vPµ���W �]}����

~����Æ����v��µv���µ]o��� � (]v]X����� �o���u�v��'W^��µuµo ��µ��o���� �]}����� ����v��o���Po]���u�v���o�v���~P�]��

�o�]���������Po]���u�v���o�v���~P�]��(}v� �X����������v]��������� �}u�}� ���v�î�� �]}��� W��À���~�o�µ�������v��

~�}µP��� �]Pv��µ���� ���v�]�}]���� ~�o�µ�X� ������ � �}u�}�]�]}v� ���u��� �[]�}o��� o�� � (}�u��]}v� ���}�] �� �µÆ�

� �]}�������v�]�}]���U��µ]� ��]���]v}v�v}Ç ����v��o����µ]���µ�'W^X� 

 

3.1.2. Evènements répétitifs ? 

 
>����]Pv�µÆ�� � �]�](���}v���µ��]�µv�u}Ç�v��[�À}]������]v(}�u��]}v���µ��o���Po]���u�v���o�v��X��v��((��U�

�}µ���À}]������(}�u����[}v�����Æ����u�v���]u]o�]����~&]Pµ���îì�U�]o�(�µ���µ[µv��u!u����� �]� �������

�oµ�]�µ���(}]�X�/o������}v��v �����]����µ��o[ ��������}v���]v�����µ����������� �]� ��}]�����Z��P ��v����

�Z��µ���µ��µ��U�����µ]���o]�µ�o}���µ����������� �]� ������}]v� ����v��µv�Po]���u�v����]�u]�µ�X�>���
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Po]���u�v�����]�u]�µ������u����v���]v�]�����µ�v�](]���o����µÆ����Po]���u�v��o�v�U��������µ]À���o�µ���

À��]��]}v��~�Z�v�����oXU�îìíìV�h�Z]����v���º�Pu�vvU�îìíõ��X� 

>����]Pv�µÆ�� � �]�](���}v����]v�]��o�u�v��}����À ����v�� o���Ì}v�������µ��µ��]}v� ~/P����Z]�����oXU�

îììï����� �µ�� o�������]����v� (oµ�P����� o�� (�]oo����� ^�vr�v������ ~E����µ��v��D��À]ooÇU�íõõõ�X� :[�]�

�}uu�v� � �� ���À�]oo��� �µ�� ��� ��oo��� �]Pv��µ���� ��v�� o��� � �o]�µ��� �µ� � ]�u�� ��� W����v�o���

~��µ���µ��U��µ]����u����v��v}��uu�v������ ��]oo���o��Po]���u�v���}��r�]�u]�µ��~�µ]À]�����Z��������X�

�Z�oµu��µU��]�X�WZX��Z��À]��X 

 

&]Pµ���îìW��Æ�u�o����µv��(�u]oo�����íì� À�v�u�v���� � �]�](���v��P]��� ���v�îìíñ�o}�����µv�����]u��µ�P}o(�����

�}�]v�Z������ï�����]}v��~D'ìñU�ZK�ïU����ss<�X�>���íì��]Pv�µÆU�v}�u�o]� �U��}v���v�P�]�U�o�µ��u}Ç�vv���v��}µP�X�

>���u�Pv]�µ���� ��� ����  À�v�u�v��� À��]�v�� �v���� íXð� ��� îXñU� ]v�]�µ�v�� µv�� À��]��]}v� �[µv� (����µ�� íì� �v�

�u�o]�µ���~�������}������oXU��}µu]��X  

 

�����µ��µ����������}µÀ��v���µ�u}]v������]�oo�u�v��}v���µ��]� � �}����À ���o}����[����]u���]�u]�µ��U�

v��µ��o�� }µ� o] �� �µÆ� ���]À]� �� �v�Z�}�]�µ��� ~>�vPo]v � ��� �oXU� îìíð�X� Kv� ��µ�� ��� ��u�v���� �]� o���

��}����µ����o[}�]P]v����������]Pv�µÆ��}v��o���u!u����µ����v��o���Ì}v�������µ��µ��]}vU��[���r�r�]���

�[]o�� ]v�]�µ�v�� �µ��]����� Po]���u�v��� o�v��U�}µ� �[]o�� �}v�� ���}�] �������� ��o��Z�u�v�������]�o�����

�}v���]v���U��������µPu�v���]}v����}P����]À������������]}v�� (oµ]����}µ����������Z��P�u�v�������

���v�(��������}v���]v���X��]���µ���u�v�U�}v���µ�� �����u�v���� �]� o�� ��µÆ��[ À�v�u�v��� � � �]�](��

�µ�v�](]�� o�� � (}�u��]}v� }µ� o��� À��]��]}v�� ��� o[ ���� ��� �}v���]v��X� >�� �}u�� Z�v�]}v� ��� ��oo���

�]Pv��µ������µ���}v�����}���������]v(}�u��]}v���� �]��������µ�v�](] ����µ��o��(}v��]}vv�u�v�����o��

�]�u]�]� � ]v�µ]��X� :[�]��}v���}uu�v� ��� ��P��������� ��oo��� �]Pv��µ���� o}����[����]u�� �]�u]�µ�����

�}�]v�Z�U��µ]���u�o�v�����u���������� �Z]((���� o[]v������]}v�(oµ]��lPo]���u�v�� o�v���� o[}�]P]v������

����]u������]�u]�]� �~�������}������oXU��}µu]��X������� �µ���u �]����[!��������}(}v�]�U�v}��uu�v��

��������u}� o]���]}v��vµu �]�µ���~�}ooX�WX��µ�o�v�Z���U����P v ��o]� ����o���]�u]�]� �]v�µ]�����v��o���

� ���À}]��X� 
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>����Zµ��������}v���]v����}����À ����µ�� o���uµo�]�o����}µ� À v�u�v���� � �]�](���}v���µ��]��]�Z���

�[�v��]Pv�u�v�X��v��((��U������]Pv�µÆ��Æ����u�v���]u]o�]����}v������(� �µ�v�����}]v�U�����}v������

��]oo�������}µ���U�]��v�]�µ��X�����v��v�U�}v�}����À�������](( ��v�������í���î���v��o�µ��u�Pv]�µ��U�

]v�]�µ�v�� ���� À��]��]}v�� ���� �Zµ���� ��� �}v���]v���� ��� í� �� î� }������ ��� P��v��µ��X� ��� ��oo���

}����À��]}v��}v�� � � (�]������v������ � ���À}]��� ~>�vPo]v �����oXU�îìíð��������� Ì}v��� ����}v]�µ���

~������}u�]�U� îìíð�U� ��� v}��uu�v�� ��v�� o��� ����]u�� ��� �}�]v�Z�X� �oo��� ��µÀ�v�� ]v�]�µ��� ����

À��]��]}v��í����v��o���À]�����������µ��µ��U�î����v��o[ ��������}v���]v���������������]}vU�}µ�ï����v��o���

��}��] � �� (�]��]}vv�oo��X� �v� �}oo��}���]}v� �À��� zX� ,µ�vP� ~hX� D]�Z]P�v�U� v}µ�� �vÀ]��P�}v�� ���

���À�]oo����µ�������}�o�u�U��}µ����o]���À��]��]}v������Zµ��������}v���]v��������ZÇ�]�µ������µ��µ��X� 

 

3.1.3. Fibres optiques : un champ de nouvelles observations ?  

 

&]Pµ���îíW� &}�u�����}v���U�������}P��uu���������������µv�� ]�u�����u�Pv]�µ���DíXõU��v��P]��� �����µv��

����]}v�o��P�r��v���~WK^����������µv��(]����}��]�µ���}µ�ru��]v���µ�o��P�����d}µo}vX�>���]���v����v����o��� ]�u��

���o������µ]�]�]}v�������µ� �]�µ�����íìì�lu�~^o���v�����oXU�îìíõ�X� 

hv��u�]oo�µ��� �}u�� Z�v�]}v� ���� ��}����µ�� ������ ���� ���u�]oo�µ���� }����À��]}v�X� >��� (]�����

}��]�µ��� v}µ�� }v�� ���u]�� ����u��µ���� ��� � (}�u��]}v�� o}��o]� ��� ~� ���µ� ��� ���PP�� o}��� ����

�Æ� �]�v����� ��u ��]�µ���~�}v���^/D&/WU�'µPo]�ou]�����oXU�îìíð�X�����v��v�U� o���]((����]}v���� o��

oµu]�������u����µ��]� o��u��µ����]���]�µ ����� o��� (}�u��]}vU���� o����u� ���µ��U�����µ��}µ������

�]Pv�µÆ���}µ��]�µ���~�]���]�µ������}µ��]��^�v�]vPU���^�X����������Zv]�µ�� u��P�v������]v�]�u}v�� �

�µ[]o� ��]���}��]�o���[�v��P]����������� ]�u��U��[]u�P�������Ì}v������(�]oo��U����XU��À���µv���µ�o]� �

�}u�����o������oo�����������µ����o���]�µ���~:}µ���������oXU�îìíôV�>]v���Ç�����oXU�îìíó�X��v�����]�µo]��U�

]o������}��]�o��������v�(}�u���o���� ���µÆ����(]�����}��]�µ���� �o}Ç ���}µ��o���� o �}uuµv]���]}v��

�v�o]Pv�����v������������µ����]�u]�µ��X���v��o����}i���^��&KK��~W/X��X�^o���v�U�v}µ���À}v���]v�]��µ�

�v��P]������o�����µ]���}� �v]�µ����������� ]�u���o}��µÆ���������(�]�o���u�o]�µ���~&]Pµ���îí��������]��
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����]v�]� À�oµ����}µ��µ}]�o��� ���������}v���]v�������]u �������o���u ��v]�u����]((���v������ ��������

�}v���]v��������]�µ���~&]Pµ���îî�X��� 

 
��v��o�����������o���Z�������DX����µ���~îìíõr�U�v}µ���]u��]}v��P v ��o]����o������À�µÆ����>��o�������

�oX� ~îìíï�� �}µ�� ��o]��� �}u�}���u�v�� �]�u}o}P]�µ�U� (�]oo��� ���  ����� ��� �}v���]v���X� >�� ��o�µo� ����

u ��v]�u�������� �o]�µ����µ�� ]�u����������o}vv�����~îìíð��v}µ�����u�������[ À�oµ�����v��µv��

Ì}v�� v��µ��oo�� o��� À��]��]}v�� ����]�o��� ��� ��u�}��oo��� ��� o[ ���� ��� �}v���]v���U� �v� o]�v� �À��� ����

��}����µ���}vvµ��~�������}������oXU�îìíõ��U�����]v�]�����}u���v�����}uu�v������À��]��]}v��v}µ��

��v��]Pv�v���µ��o�����}����µ���v�i�µÆX� 
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3.2. Comparaison multi-échelles et multi-objets  

>���}����À��]}v��uµo�]r����u�����U��µ��oµ������������}µ����U��}v����]u}��]�o����}µ������ Z�v����

o�� �ZÇ�]�µ�� ��� o�� �µ��µ��U� ��� �}u���v���� o��� �}µ�o�P��� �v���� ��}����µ�X� W}µ�� �u o]}���� o���

]v����� ���]}v���������}����À��]}v�U�i���}µZ�]����}v(�}v�����](( ��v���� �Z�oo��U�����](( ��v���}�i���X�

�v��((��U�o��u]����v�����oo�o������}����À��]}v��������o�µ����}v��Æ������µ���]�������]���]u]v������u]�

o����](( ��v����]v����� ���]}v�U�����]v�]�]��v�](]��������]u]o��]� ����������](( ��v������v��o�����}����µ�X�

�v�����]�µo]��U� o����Æ� �]�v���� ]vr�]�µU���µv�� �Z�oo�� ]v���u �]�]����v���� o��}���}]������� ���À}]��U�

��µÀ�v�����u�������[�Æ����}o��� o��� o}]���[ �Z�oo���o���]�µ�u�v��µ�]o]� ����v��]�u}o}P]��~ïXîXí�X� :��

�}µZ�]����µ��]��}u������o����]���]�µ�]}v������]}r��u�}��oo������o���]�u]�]� U�}����À��]}v��}uuµv��

�µ���](( ��v���}�i����~ïXîXî�X�hv��µ�����v�o}Pµ��]v� �����v���� �µ�]����}µ���]��!����o���Po]���u�v������

�����]v�U�}¶�o��u]��}r�]�u]�]� ����u�������µ]À���µv���µ��µ����}µÀ�v���}v���o ������o���(oµ]����~ïXîXï�X��

�v(]vU�o���u}� o]���]}v��vµu �]�µ������u����v������}µ�o���(oµ]��U�� (}�u��]}v�����µ��µ����]�u]�µ��

���](( ��v���� �Z�oo��������u��X��oo������u����v���]v�]���������������}u�������������v��]]��}v���µ]���

������]�������}vv ����[�Æ� �]�v����}µ��[}����À��]}v���µ��µv��Ì}v������}v]�µ��}µ�µv�À}o��v�~ïXîXð�X� 

3.2.1. Expériences in situ : lien entre laboratoire et réservoirs ?  

>��� �Æ� �]�v���� ��� �]�u]�]� � �� µv��  �Z�oo�� � ��u ��]�µ�� }v�� ���u]�� ��� ����v���� o�� o]�v� �v����

�]�u]�]� ����(oµ]��U��µ�o] ����v���oµ�]�µ������]�o��X������µ���]}v�������v���v��µ���v��������v}µÀ�oo���

�Æ� �]�v�����}v���v��}µ����[�v�oÇ��U�}µ��� Àµ���~�}ooX�zX�'µPo]�ou]����DX�^�Z}�v��ooU����l�o�Ç� W� 

- hv���Æ� �]�v��������]uµo��]}v�ZÇ���µo]�µ���� � ��}v�µ]����v�îìíô���v��o���P��v}�]}�]����

�[µv��u]v����v�� o[ �����µ���l}���~^�Z}�v��oo�����oXU�îìíõ�X�>���� ��]}v����(����µ������ � �

�}µo]Pv ������µv���]�u]�]� ���v��X� 

- hv��v}µÀ�oo���Æ� �]�v��������v��}µ�����v��o�����P]o]�����µ�D}v��d���]�~W/X�zX�'µPo]�ou]�X�>[]� ��

����������Æ� �]�v�������í������������o��� �}v���o}vP����u�����o�����}��] � ������]����]���]}v�

�[µv��(�]oo����P]o�µ������î���[]u�P����À����� �]�]}v�o��� (}�u��]}v���]�u]�µ�X�W}µ����o�U�µv�

� ���µ���v������ �µ�À�]oo�v�������u]���v��o���U� ]v�oµ�v����� o �}u�����U�ZÇ��}�Z}v������

P }�Z}v��U������µ������� (}�u��]}v�������������]}vU��]v�]��µ[µv�� ���µ����(]�����}��]�µ���

�v�(}��P����}µ������u��µ������}µ��]�µ���������� (}�u��]}vX 

 

���� v}µÀ��µÆ� i�µÆ� ��� �}vv ��� À}v�� ���u������ ��� �}u�o ���� o��� i�µÆ� ��� �}vv ��� �Æ]���v���

~d}µ�v�u]��U�Zµ����o����D}v��d���]�U��µ]�v[}v������ � ��v�}����}��o�u�v���Æ�o}]� �X��v�����]�µo]��U�

o[}�]P]v�o]� ���������� �Z�oo�U��v����o��}���}]�������� ���À}]��U�v[�� � ��µ������]�oo�u�v���Æ�o}]� �X�

�����}vv �����µÀ�v���v��((������u�����������o]���������µÆ� �Z�oo����[}����À��]}v�X�:���}µZ�]����}v��

���À�]oo����µ��o���Z�vP�u�v�����o[�Æ����}o��]}v��[ �Z�oo����v����� ���À}]������o��}���}]���X� 

>��u�i}�]� �����o}]���[ �Z�oo���~'µ��v���PrZ]�Z���������Æ�u�o�U���o��]}v��À}oµu�ru�Pv]�µ����}µ��

o���� ���À}]��U���o��]}v��u�Pv]�µ��r�µ� ��~/�������oXU�îììó�U�������� � �� (]v]��������]�����h (}��� i�

� ]�u��� ~DEð�X� >����Æ� �]�v����� ��u ��]�µ��U��À�������� ]�u������D�rîXñ��� rðU��}u�o���v�� o��

�����������u�Pv]�µ��U��v����o���u��µ������}µ��]�µ����v�o��}���}]������o����}vv ������� ���À}]���}µ�
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����}v]�µ��X� W�}o}vP��� o��� o}]�� �[ �Z�oo��� À���� o��� �oµ�� ������� À�o�µ��� ���u������ �[ À�oµ���

o[µv]À����o]� �~}µ�o����](( ��v�����������}����µ���v�i�µÆX�W����Æ�u�o�U�o���]�Z}�}u]���v����� ]�u���

o�v������Po]���u�v������]�����[}����À����v��o�����o��]}v���u�]�]�µ���u}u�v��t��µ� ������}µ�����~/���

����oXU�îììóV� W�vP��v��'}u���PU�îìíì�U�u�]�� ���� ��o��]}v���}��v��µv���}�o�u���}µ�� o������]����

u�Pv]�µ���� ~D}Aíìíí� EXuU� �}]�� DÁ�í�U� �}µ�� o���µ�oo��� o��� �}µ����� ��� ��}]��v�� ~&]Pµ��� îï�X�

�}u�o ���� µv� ��o� P���Z�� �À��� ���� u�Pv]�µ���� (�]�o��� �}µ���]�� ���u������ �[�Æ����}o��� o���

}����À��]}v����� À�v�µ�oo�u�v������ �}v������o���µ���]}v��[µv��}v�]vµµu��v����Po]���u�v���o�v���

������u�o�u�v�����������X� 

 

&]Pµ��� îïW� Z�o��]}v� �v���� o�� �µ� �� ��� �}µ���� ��� o�� u}u�v�� �]�u]�µ�� �}µ�� �](( ��v���� }����À��]}v�� ���

Po]���u�v��U� ]v�oµ�v��Ì}v��� ����}v]�µ��U�Po]���u�v�����������]v�����Po��]���� ~W�vP��v��'}u���PU�îìíì�X�>���

Po]���u�v��� o�v��� ���Po]���u�v��� ���]���� �[�o]Pv�v�� �µ����µÆ���}]�����](( ��v���U� �µPP ��v����µÆ���}����µ��

u ��v]�µ����](( ��v�������]��]v���X��������]�Z}�}u]�������}µi}µ���� ����µ�� ~'}u���P�����oXU�îìíòV�/�������oXU�

îììóV�W�vP��v��'}u���PU�îìíì�X� 

3.2.2. Comportement spatio-temporel de la sismicité ?  

Yµ�o��µ���}]��o[}�i���P }o}P]�µ�U�o���]�u]�]� ��� ��v����}µÀ�v��µv��u]P���]}vX�������u]P���]}v�����

�Æ�o]�µ ������o�������µ����]}v������}v���]v�����µ�(�}v���µ�u�Pu����v��o���À}o��v��~����]�������oXU�

îìíôV��������}������oXU�îìíï��U�����o���]((µ�]}v����������]}v��(oµ]����~^Z��]�}�����oXU�íõõó�����v��o���

� ���À}]������o�������]u���]�u]�µ���~�µÀ��P�������oXU�îìíñ�U�}µ�����o[}��µ���v������Po]���u�v��o�v���

�����]�u]�µ�����v�� o���Ì}v�������µ��µ��]}v� ~�Pµ��}r���Ì�o�����oXU�îìíõV�s�oo ������oXU�îìíï�X� >���

u]P���]}v����µÀ�v���}v��!����u}� o]� �����������o}]��o]v �]���U���u]ro}P��]�Zu]�µ���~W��(���]v]����

�oXU�îìíô��}µ������}o]�µ��X�/o�Ç����}v������}����À��]}v���}µÀ�v����v��]Pv����µ��o�����}����µ�U�u�]��

���� �u�]Pµb� �� �[]v����� ���]}v�X� Kv� ��µ�� �}v�� o P]�]u�u�v�� �[]v����}P��� �µ�� o��� �]u]o]�µ���� ���
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�](( ��v������v�� o���u]P���]}v���v���� o����](( ��v���}�i���� P }o}P]�µ��X� �v�����]�µo]��U� ]o����� �����

�����]v�u�v��v �����]������ ��À}]�� o����}v��]�µ�]}v������ (oµ]����������� ���v�(���������}v���]v���U�

~�Z�����Z��Ç���v��s]����U�îìíõ��������������}�Z����Z }�]�µ��U�vµu �]�µ������}����À��]}vv�oo��X� 

��� �oµ�U� ��µo� o�� (�}v�� ��� �]�u]�]� � ���� �}v�]� � � ��v�� o[�v�oÇ��� ��� o��u]P���]}vX� ����v��v�U� o��

�]���]�µ�]}v����o���]�u]�]� ���v��o����]�P��uu����]���v��r��u���u}v����P v ��o�u�v�������Z�����

�]��}v�]vµ��U� �À��� ���� �Z����� ��� �µ]����v���� �o���v�v�� �À��� ���� �Z����� ���u]P���]}v�� ���]����

~&]Pµ���íô�X�>[�v�oÇ���� ��]oo ����������Z������[��� o ���]}v�������o���]���]�µ�]}v��]��}v�]vµ�����o��

�]�u]�]� ���µ����v��]Pv����µ��o�����}����µ����������]u������]�u]�]� X��v(]vU�i���}µZ�]�����P����������

u]P���]}v�U�v}v���µo�u�v��������]���µ�v}u����}µ���� o[}��µ���v������� À�v�u�v��U�u�]���µ��]��v�

(}v��]}v����o���]���]�µ�]}v����o�µ�� v��P]��~u}u�v���]�u]�µ����������À}oµu���]vi��� ��o}���µ[]o���}v��

�}vvµ�X������� �µ�����µ�����(�]�������o���}u����]�}v�����](( ��v�������o}Pµ��������]�����]�u]�µ���

�}µ��o���µ�o��o���(}���P����}v����o��]À�u�v���}vvµ��~�]�u]�]� �]v�µ]����}µ��v�}���� ����µ��~����]u��

�]�u]�µ���X� ��v�� µv� ��µÆ]�u�� ��u��U� ������ ����}�Z�� �}µ���� !���� P v ��o]� �� �� ���� }�i����

�}u�o�Æ���~À}o��v�U�Po]���u�v����������]v�U�Y�X� 

 

3.2.3. Glissement de terrains: un autre analogue ?  

:[�]� ���À�]oo � ��� �}µZ�]��� �}v�� �}u������ o�� �]�u]�]� � }����À �� �µ�� o��� À}o��v�U� o��� Ì}v���

����}v]�µ�u�v�����]À������ o��� � ���À}]��X�hv���v�o}P]���}µ���]���µ��]�!���� (�]����À��� o�� �]�u]�]� �

�v��P]��� �� �µ�� o��� Po]���u�v��� ��� �����]v�X� �v� �((��U� o��� ��}����µ�� (oµ]���� i}µ�v�� µv� ��o��

�� �}v� ��v���µ��o��Po]���u�v���µ]������}�µ]���µ��µv���µ�(��������µ��µ��U��v�o}Pµ����µv��(�]oo�X�>���

Po]���u�v�����µÀ�v���� ��v���������Z��������u}µÀ�u�v���o�v��U��À���������� o ���]}v����µ��o��U�

�µ]� �}v�� �}µÀ�v�� �}�� o ��� �À��� ���� ���}���� �[��µ� ���� o��� �� �]�]���]}v�� ~,�ou�������� �v��

'���u�}]�U�îìíì�X�Kv�����}µÀ���}v��µv���µ�o]� �Po]���u�v��o�v�l���]��U��}v���o ������o��������]}v��

(oµ]���X� 

d}µ���}uu���µ�� o���À}o��v�U�µv��P��v���À��] � �����]Pv��µ�����]�u]�µ����� � ��v��P]��� ���µ�� o���

Po]���u�v�����������]v�X��]v�]U������� u}�����������]Pv�µÆ��À��������}v��vµ��(� �µ�v�]�o����o}vPµ���

� �]}����}v�� � �}����À �X�hv���o���](]���]}v���������]Pv��µ����������}�}� ������W�}À}�������oX�~îìíô�X�

d}µ���}uu���µ��o���À}o��v�U������]v����������]Pv�µÆ�}v��µv��}�]P]v���}vvµ�U�u�]���[�µ����������v��

]v�����]v������� ����µ���~&]Pµ���îð�X�hv��u]����v�����oo�o�������]Pv�µÆ�}����À ���µ������À}o��v�����

o���Po]���u�v������ �����]v�����u�����������]v�u�v�����u]�µÆ��}u���v���� o�µ���u ��v]�u��U��v�

�[���µÇ�v���µ��o����]u]o]�µ��������](( ��v��������}v��Æ��X� 

�}uu��o���Po]���u�v�����������]v���}v������}�i�����µ���(]�]�o���À�������� (}�u��]}v�����]���U� o��

� �o���u�v����µ��!����u��µ� X����u!u�U�o������]À ������(oµ]�����µÀ�v��!�����}vvµ����v����u]����

����}Æ]u��]}v�����o����}vv ���u � }�}o}P]�µ��X�>���}v��Æ�����µ���}v�����u�����������v��]Pv���

�µ�� o��� ��}����µ�� �v� ��}(}v��µ�U� o�� �Ç��� ��� �]�u]�]� U� o��� �Z v}u�v��� ���u]P���]}vU� ���X� �v�

�}v�������]�U� o��� Po]���u�v��� ��� �����]v�� �}v�� ���� }�i���� �Æ��!u�u�v�� Z � �}P�v��� �À��� µv��

(����µ���]}v�]v��v��U�����������µ��µ�����v�i�µÆ��}u�o�Æ�������}µÀ�v����µ��}vvµ��X� 
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�µ���]v����' }�Ìµ�U�o��Po]���u�v����������]v����>���o��]���U���v��o��À�oo �����o��d]v �U�����µv�}�i���

�[ �µ�������µ]�����v}u���µ�����vv ��X�/o��[�P]���[µv������oµ��P��v���Po]���u�v������](���[�µ�}��U�

�À���µv��Z�µ��µ�����óìì�u��µ��ííìì�u����o��P�U����µv�À}oµu��]v����o�����]u ����oµ�����ñì�u]oo]}v��

���uï
� ~:}u���� ��� �oXU� îììó�X� >��� �}v�]�]}v�� ZÇ��}o}P]�µ��� ���u ��v]�µ��� }v��  � �  �µ�] ��� ���

u}� o]� ���~����������oXU�îììð�U�����µ]����u�������}u���v����o[�((�������(oµ]�����µ��o��� ����]o]���]}v�

P��À]��]��X� ��v�� o�� �������[KD/s� ~K����À��}]�������D}µÀ�u�v������ /v����]o]� ����� s����v���U� ���

Po]���u�v�� ���� ]v���µu�v� � ���� ���� �����µ��� �]�u]�µ��X� >�� �]�u]�]� � ��� ��� Po]���u�v�U� ��v�� µv�

�}v��Æ���ZÇ��}o}P]�µ��������� (}�u��]}v�oµ]��µ��]��µ�À�]oo U��}µ���]��!�����]�Z���[�v��]Pv�u�v���µ��

o�����}����µ���v�i�µÆX� 

 

&]Pµ��� îðW� �Æ�u�o����� �]Pv�µÆ� �v��P]��� �� �µ������Po]���u�v������ �����]v�� ~W�}À}�������oXU� îìíô�U��À���µv�

u ��v]�u�� ]v�����]vX������]Pv�µÆ�ZÇ��]�����}uu�v��v������µv���Z���� ]u�µo�]À�U��µ]À]�����������]Pv��µ����

u}v}�Z�}u��]�µ��X�/o����µÀ�v��!�����µ����µv���µ��µ���(��P]o��]v�µ]��v��µv��� �}vv�v������(����µ����~�Z}µ��U�

íõôô�X������oo����]Pv��µ�����}v���µ��]�}����À ����µ��o���À}o��v��~tZ]�������oXU�íõõô�.  

3.2.4. Modélisation sismo-hydro-mécanique : une validation des scénarios ?  

>���Z�vP�u�v���[ �Z�oo�������}����À��]}v������ �µo�����}���vµ��o}��������Æ� �]�v����� ��u ��]�µ���

��µ���µ��]� ��� (�]��� �� ���À��������u}� o]���]}v��vµu �]�µ��U��µ]����u����v��µv� �}µ�o�P�� �]�u}r

ZÇ��}ru ��v]�µ�X������À����o���}oo��}���]}v�� À�o}�� ���À���&X������U�v}µ���À}v���]v�]��µ��������o��

� �}v����]�u}o}P]�µ���[µv��(�]oo���}µu]�����µv��]vi���]}v����(oµ]���~���À�]o�����Z�������EX�tÇv�v���X�

������À�]o�u �]����[!�����}µ��µ]À]U��v�µ�]o]��v������P }u ��]����oµ���}u�o�Æ������� �o]����X� 

W��u]���u�v�U���� ��oo����]uµo��]}v����µÀ�v��!�����((���µ �����v������u]o]�µÆ�� �}µ� ����������

��v��]v��� ��� (�]oo��U� ��� �µ]� P v ����]�� ��� v}u���µÆ�  À�v�u�v��� �]�u]�µ��� �Çv�Z �]�µ��X�

�o���v��]À�u�v�U�]o������µ��]��}��]�o�������P������o��� �}v������(�]oo��������Z � �}P�v���~�ou�l��]����

�oXU� îìíõ�X� >[�v�oÇ��� ��� ���� ����o}Pµ��� ��� �]�u]�]� � �Çv�Z �]�µ�� ���u�����]�� �[�((]v��� o��

�}u�� Z�v�]}v� ���� �v}u�o]��� À]�]�o��� ��v�� o��� o}]�� �[ �Z�oo��� }µ� ��v�� o��� �]���]�µ�]}v�� ���

u ��v]�u��X� 
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&]Pµ���îñW����� ��v���]}v���Z u��]�µ��~�}oo���]v]U�îìíí����µv��(�]oo��v}�u�o����(�]�o����v��P�U���v��o��µ�oo��

À]�vv�v���[�v���]v�������(�]oo�������v��P���oµ�� o�À �X�hv���oo��P }u ��]�������µ����� �������Æ�u�o����v��o���

���vv]v�� }µ���v�� o��P}o(�� ��� �}�]v�Z�X� �µ� Po]���u�v�� o�v�U� ���}u��Pv ����u]��}r�]�u]�]� U� �� o]�µ� �µ�� o��

� ���Z�u�v�U��o}����µ��o���(�]oo���v}�u�o���]v�o]v �����µÀ�v���}���������� ]�u���u�i�µ���~�ÆX���µ]o�U�îììõ�X� 

�v��oµ���������������}�Z������]��]�µ�U� i���}µZ�]����]�������������� v��]}��� À�o}�� ��������]������

}����À��]}v�U��µ������}]����v��o����Æ� �]�v����]vr�]�µU�o���Ì}v�������}v]�µ���}µ�o���� ���À}]��X�������

����}�Z�����u�����]���]v�]����À�o]����~}µ�]v(]�u���������� v��]}�U�����}u�o ����o�µ���}u�� Z�v�]}vU�

�����������}�Z����](( ��v���� �Z�oo��X�W����Æ�u�o�U�o�������íí���Zµ����o�u}v����o��� ���]À��]}v��[µv�

�o�v�(�]�o�u�v����v� X����Po]���u�v��v[�������}u��Pv ��[�µ�µv� À�v�u�v���]�u]�µ�U�o���� ]�u���

�Ç�v��o]�µ��µ���������µ��µ������(}������v��P����µ]�À]�vv�v���������}�����������o�vX�>������u�o�u�v���

�����������u�o�v���}v��!����P v � ���������v�(��������}v���]v�����µ�Po]���u�v����]�u]�µ��À��������

���µ��µ�����vv�Æ���~,µ�vP�����oXU�îìíõ�X�������P }u ��]�U�����������]���]�µ�]}v���� o���]�u]�]� U����

����}µÀ����v��o���]�u]�]� ��µ�P}o(������}�]v�Z��}µ���v��o�������v]v��~&]Pµ���îñ�X���v��������µÆ����U�

µv������]������ À�v�u�v�����o]�µ��µ������(�]oo���v}�u�o�����(}�����v��P�U��]�v��µ[µv��� (}�u��]}v�

��]�u]�µ�������µ����� ���µ��o��� ���Z�u�v����o�µ�����]v��~�}oo���]v]U�îìíí�X�������P }u ��]����µ��

�µ��]������o�����oo������Po]���u�v�����������]v�U�}¶�µv�������]u�}���v������o���]�u]�]� ���o]�µ���v��o��

À}oµu�U����v}v��µ��o���o�v����Po]���u�v����]v�]��oX�>��u}� o]���]}v�vµu �]�µ���[µv����oo��P }u ��]��

���u����������������o[]v(oµ�v�������(oµ]�����µ��o������]�]}vv�u�v���]�u]�µ�l��]�u]�µ���µ�Po]���u�v�U�

����[���]u����}uu�v��o����](( ��v�������µ��µ�����v�i�µÆ�]v����P]���v���������v�(���������}v���]v���X� 
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4. CONCLUSION 
 

��v������}�µu�v�U�i[�]��� ��v� ������ �µo����������������]À������u������]À]� ��������Z���Z�X�:��u��

�µ]�� �����Z � ��u}v����� �}uu�v�� o��� (oµ]���� ]v(oµ�v�� �µ�� o�� �µ��µ��� �]�u]�µ�U� ��� ]vÀ����u�v��

�}uu�v�� o��� (}�u����[}v������� o���]���]�µ�]}v���� o�� �]�u]�]� ����u����v����� ��v��]Pv��� �µ�� o���

��}����µ�� �v� ��}(}v��µ�X� �v� ����]�µo]��U� i[�]� À}µoµ� ]v�]����� �µ�� o[]u�}���v��� ���� � (}�u��]}v��

��]�u]�µ��� ��� ���� Po]���u�v��� o�v��� ��v�� o[]v������]}v� �}u�o�Æ�� �v���� (oµ]��� ��� � ]�u��X� ����

]v���� ��v��v����P v���v�������u�]Pµb� ����v��o���]v����� ���]}v���v����������}����µ����o] ����o��

�����]}v�(oµ]������}µ��µÆ�� (}�u��]}v��o�v���X 

 

��v��u}v� �µ��µ�U� i[�]��µ� o�� �Z�v������ ���À�]oo��� �µ���](( ��v���}�i���� P }o}P]�µ��U����](( ��v����

 �Z�oo��X�>���}����À��]}v��i}µ�v��u�]v��v�v��µv���o����v���o���v��u}v�����}�Z�U����}�]�v��v��u}v�

���À�]oX�:[���]u���}v���µ[]o����� ]v�]���v���o������}v��������µ���u�������P������ o����}vv ��U��}µ��

�}µÀ}]�� �Æ�o}]���� �}µ���� o��� �]�Z������ �µ[�oo��� ��v(��u�v�X� >[�µPu�v���]}v� �Æ�}v�v�]�oo�� ����

À}oµu�������}vv �����v�����������Z�� o}vPµ������ o]����U�u�]���Æ�o}]�������À�o}�]���������}vv ���

�Æ]���v���� ���� ]v�]���v���o�X� D!u�� �]� o[}����À��]}v� �]�v�� µv�� �}�]�]}v� ��v���o�U�u}� o]���]}v��

�Z }�]�µ��U�vµu �]�µ���}µ��Æ� �]u�v��o��� �}v�� ]v�]���v���o����}µ���}v(}��������P v ��o]���� o���

� �µo����X������}oo��}���]}v����]�v�](]�µ����}v���}v��v �����]��������}µi}µ����}�]�]À��X� 

 

�}v���]��u�v����o[}�P�v]���]}v��������}�µu�v�U�u������]À]� ��������Z���Z��v[}v������ � ��o�v](] ���

�� o[�À�v��X��µ��}v���]��U��oo�������}v�� (�]�����µ��}µ������}��}��µv]� ���������Z�v�� W�}��}��µv]� �

�[�u�o}]�U�����}oo��}���]}v�U�����]��µ��]}v����]�v�](]�µ��U�����µ��}µ��}��}��µv]� ����� �}µÀ�����X�

�v��((��U� ]o�v[���������}��]�o������o�v](]����µ����oo���}����À��]}v����v����o�� i�µÆ�����}vv ���À}v��

�}µÀ}]����}µ�]��������� �µo�����]v� �����v��X�������o]���� ���v��o�����Z���Z�������v��o��� �}µÀ�����

���� ��� �µ]� ��v�� v}���� ���À�]o� �µ��]� ]v� �����v�X� hv�� ��oo�� À]�]}v� v[���� ���� �}u���]�o�� �À��� µv��

���Z���Z���}µ��� ���u�U� �µ����}i���U�}¶� ]o�����v �����]������� (]v]���� o[�À�v����µ�o��À}v��!���� o���

� �µo������µ�� o[}v�À��}���v]�X��]�v��¸�U� ]o�����v �����]����[�À}]�������}µ�������� (]v�v��u�v���}µ��

�}µÀ}]��� À�o}������Æ� �]�v�������}����À��]}v��]vv}À�v���X�D�]���v��µ�µv�����o[}���v�]}v�}µ�v}v�

�����}i�������(]v�v��u�v��v����À��]��!����µv���]������[ À�oµ��]}v����o�����Z���Z�X� 

 

:��v[�]�������}�� ���v������}�µu�v��o������]À]� ���[�v��]Pv�u�v�X�:[���� �]��o[�v��]Pv�u�v�U�����]o�

}�o]P�� �� ÀµoP��]���� ���� �}vv�]���v���� �}µÀ�v�� ��}�� �}u�o�Æ������ �� ����Ç��� ��� ���v�u������ µv��

����]}v��µ]���µ��u�v�µ����������]v�� �µ�]�v��X�:[���� �]���µ��]�o�����o��]}v���À���o��� �µ�]�v������o��

���}µ��]uu �]����µ[]o����vÀ}]�v�X��]�v��µ��������v�]�Z]���v��U����������]À]� ���u�v��� v}�u u�v��

�����u��X�>�������}v���]o]� �����(]o]����~}µ��µ�������}v���������Z���o}µ������µ���]v��[µv��µv]À���]� �

}¶�o���Z�vP�u�v���������� �µ�oX�����oµ�U�i}vPo����À�����µÆ�u �]�����µ��]��](( ��v����µ��o�����Z���Z��

��� o[�v��]Pv�u�v�� v[���� ���� �}µi}µ��� (��]o�X� ��o�� }�o]P�� �}v�� �� (�]��� ��� o�� ���Z���Z�� ����

]v���u]���v��U���������Z}]Æ�� o���](����v��o���u]��]}v���µ]�u���}v���}v(] ��U��À���µv���v�]u�v�����

��À}]���}µ��(�]�����v�� o[µ�P�v��X�D�oP� ������]((]�µo� �U����u �]�����������]}vv�v�U���� i��u[�uµ���
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hv���P�}µv��Z������Z�&��]o]�ÇU�]vW�W�}����]vP�W�ðð�Z�t}�l�Z}��}v�'�}�Z��u�o�Z����À}]���vP]v���]vPU�^��v(}���
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^Z��]�}U�EXDXU���u�]oo}U�DXU�<�u]v�l]U��XU�s]o}���U�:XrWXU�:�µ����U��XU�îìíôX�>}Ár&���µ�v�Ç�����Z�µ�l����v��W}���W����µ���

d��v�]�v���]v�^µ��µ��]}v��}v��X�'�}�ZÇ�]��o�Z������Z�>�������ðñU�ííUìôïrííUìõðX 

^Z��]�}U� ^X�XU� ,µ�vP��U� �XU� �}�uU� 'XU� íõõó�X� ���]u��]vP� �Z�� ��µ��� ���u���]o]�Ç� (�}u� (oµ]�r]vi���]}vr]v�µ���� ��]�u]��

�u]��]}v�����Z��<d���]��X�'�}�ZÇ�]��o�:}µ�v�o�/v���v��]}v�o�íïíU�&íñt&íôX 

^Z��]�}U� ^X�XU� ,µ�vP��U� �XU� �}�uU� 'XU� íõõó�X� ���]u��]vP� �Z�� ��µ��� ���u���]o]�Ç� (�}u� (oµ]�r]vi���]}vr]v�µ���� ��]�u]��

�u]��]}v�����Z��<d���]��X�'�}�ZÇ�]��o�:}µ�v�o�/v���v��]}v�o�íïíU�&íñt&íôX 

^Z�ooÇU��XZXU����}Ì�U�'X�XU�/��U� X̂U�îììóX�E}vrÀ}o��v]�����u}���v��o}Ár(���µ�v�Ç�����Z�µ�l���Á��u�X�E��µ���ððòU�ïìñX 

^]��}vU� ZX,XU� íõõìX� �}v�]�]}v�� (}�� (�µo�rÀ�oÀ�� ��Z�À]}µ�X� '�}o}P]��o� ^}�]��ÇU� >}v�}vU� ^���]�o� Wµ�o]���]}v�� ñðU� íñtîôX�

Z����Wll�}]X}�PlíìXííððl'^>X^WXíõõìXìñðXìíXìî 

^]��}vU�ZX,XU�íõôñX���v}���}v�(�µo�������]À��]}vX�:}µ�v�o�}(�^��µ��µ��o�'�}o}PÇ�óU�óñítóñðX 

^]vPZU�^X�XU����Á(}��U�tX�XU�����}vU�,XU�^�Z��U�dXU��}u�]��U�sXU���vv��U�DXU���v�o��U�:XWXU��º�ºvº�U��XU�������]vU�:XU�D]��v��U�

:XDXU�îììòX��]��}À��Ç�}(���u�Pu���Z�u�����v��(�µo�����v���Z���D]�r��o�v�]��Z]�P��ZÇ��}�Z��u�o�(]�o�X�E��µ���

ððîU�íìîõX 

^]v�µ�]vU�DXU�îìíôX� dZ��'�}v]vP�v� ����W�tZ�v� ^�]�v������}u��� W����}(��Z��W�}�o�uU�E}�� �Z�� ^}oµ�]}vX� ^�]�u}o}P]��o�

Z������Z�>�������ôõU�îììítîììóX�Z����Wll�}]X}�PlíìXíóôñlìîîìíôìîìï 
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^��]vU�ZX^XU�íõõõX�dZ���}o��}(�����������v�(���]v�����Z�µ�l��}��µ���v��X�E��µ���ðìîU�òìñX 
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tÇv�v��rD}��oU�EXU������U�&XU��������}�U�>XU��u�µ��}U�:XWXU��µ�u]����X�^������W���µ����]}v�&�}u����]�u]��^o]����]À���dZ��

^�]�u]��&�}v���µ�]vP�&oµ]��/vi���]}v�/v���W��u���o��&�µo�X�:}µ�v�o�}(�'�}�ZÇ�]��o�Z������ZW�̂ }o]������Z��µ�u]����X 

��vPU��XU�KÇ�U�sXU�:}µ����U�WXU���]�Zu�vvU�EXU�'�]��}U�ZXU�D�'���U��XU�D�i��U��XU���µZvU��XU�îìíðX��v�oÇ�]��}(�]v�µ������]�u]�]�Ç�

]v�P�}�Z��u�o������À}]���t��v�}À��À]�ÁX�'�}�Z��u]��U��v�oÇ�]��}(�/v�µ����^�]�u]�]�Ç�]v�'�}�Z��u�o�K�����]}v��

ñîU�òtîíX�Z����Wll�}]X}�PlíìXíìíòliXP�}�Z��u]��XîìíðXìòXììñ 

����À]�U� DXU� ��v]�oU� 'XU� :µ�]�lU� �XU� îìíò�X� Kv� �Z�� v��µ���}(� o}vPr���]}�� o}vPr�µ���]}v� ��]�u]���À�v��� ��������� �µ�]vP�

ZÇ���µo]��(����µ�]vPKv��Z��v��µ���}(�>W>���À�v��X�'�}�ZÇ�]���ôíU�<^ííït<^íîíX 

����À]�U�DXU��������}�U�>XU����vU��X:XU�K[��]�vU�'X^XU����vPµ]��U�&XU�îìíïX� /vÀ���]P��]vP��Z���}µ�����Z�������]��]���}(� o}vPr

���]}��~>W����]�u]���À�v������}�����}v�W]�}v����o��&}µ�v�]���À}o��v}U�>��Z µv]}vX�:}µ�v�o�}(�s}o��v}o}PÇ��v��

'�}�Z��u�o�Z������Z�îñôU�ítííX�Z����Wll�}]X}�PlíìXíìíòliXiÀ}oP�}���XîìíïXìðXììõ 

����À]�U�DXU��������}�U�>XU��Ç��U�dX^XU�>}lu��U�/XU����vU��X:XU�îìíò�X�Z�o}���]}v�}(�o}vPr���]}��~>W����]�u]���À�v�����À��o���v�

��Z�o}v�(����µ����]v��Z��µ�������](]���}(�dµ��]�o���À}o��v}U��}����Z]��X�'�}�ZÇ�]��o�Z������Z�>�������ðïU�íìUíìñr

íìUííðX�Z����Wll�}]X}�PlíìXíììîlîìíò'>ìóìðîó 

�Z�}U��XU�<�v�u}�]U�,XU�E�P]�Z]U�,XU�t]�v�U��XU�íõõòX�d}u}P���ZÇ�}(��Z���}µ���������}(��Z��íõõñ�<}�������Z�µ�l�W��À]��v���

(}��(oµ]�������Z��ZÇ�}��v���M�^�]�v���îóðU�íôõítíôõðX 

�µ�����oo}U�>XU��µ��}vU�DXZXU�^���}�}��]U�'XU����vU��X:XU�W���v�U��XU�îìíïX�dZ���}µ�o]vP����Á��v�À��Ç�o}vP����]}����]�u]��

�À�v��U�À}o��v]�����u}�U��v����P���]vP����������D}µv����v��À}o��v}X�:}µ�v�o�}(�'�}�ZÇ�]��o�Z������ZW�^}o]������Z�

ííôU�ðõíìtðõîíX 
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ANNEXES 

A1. Curriculum Vitae 

�����ZZK^�>}µ]� 

W��� U�î��v(�v�� 

ïô��v�U�v �o��îòlìõlíõôí 

E��]}v�o]� �(��v��]�� 

' }�Ìµ�U�hv]À���]� ��}����[�Ìµ� 

���u�µ���Ìµ�U�îñì��µ���X��]v���]vU�>���>µ�]}o���í 

�ìòñòì�^}�Z]���v�]�}o]� 

�=ïï�ðôïòíôòîî 

�o}µ]�X������}��P�}�Ìµ�Xµv]��X(� 

1) Expériences et formations 

îìíîr D�]��������}v( ��v���U�' }�Ìµ��~hDZ�óïîõ�U�hv]À���]� �E]���^}�Z]���v�]�}o]� 

îììôrîìíî W}��r�}��}���U�hv]À���]�Ç��}oo�P���µ�o]vU�/��o�v� 

îììórîììô �����Z �d�u�}��]����v��]Pv�u�v��Z��Z���Z��~�d�Z�U�W}oÇ���Z��'��v}�o�U�hv]À���]� �:X�

&}µ�]��U�'��v}�o� 

îììðrîììó �}��}�����v�P }�ZÇ�]�µ�� W�^^�v�]�]o]� ���� ]vÀ���]}v����� (}�u����[}v�����]�u]�µ����v�

u]o]�µ��}��µÆ������](] _U�>'/d�r� �}o���}��}��o��d����rhv]À���r�vÀ]�}vv�u�v�U�hv]À���]� �

:X�&}µ�]��U�'��v}�o� 

îììð D���������Z���Z��d����rhv]À���r�vÀ]�}vv�u�v�U�u�v�]}v��]�vU�hX�:X�&}µ�]��U�'��v}�o� 

îììð �]�o�u���[]vP v]�µ�U��� �]�o]� �P }���Zv]�µ�U�u�v�]}v��]�vU�W}oÇ���Z��'��v}�o�U�hX�:X�

&}µ�]�� 

2) ���]À]� ��[�v��]Pv�u�v� 

x Z �µu ��������]À]� ���[�v��]Pv�u�v�� 

� D�`��������}v( ��v����~hv]À���]� �E]���^}�Z]���v�]�}o]�� W�íðôZ����íòíZ���X�d���v�îìíîr

îìíï����îìíïrîìíðU��µ]���îììZ���X�d�����µ]�� 

� �v��]Pv�u�v����v� �}o����[ � �~ñZ W�]vÀ�������}�o�u��]v�À}o��v}o}PÇU��µ�o]vU�îìíî�����

 �}o���}��}��o��~u��Z�u��]���(}��P�}��]�v�]���U�îÆíñZU�îìíírîìíî� 

� ílî��d�Z�~hv]ÀX�:X�&}µ�]��U�'��v}�o� V�îììórîììô� W�õîZ 

� s����]}v��~hv]ÀX�:X�&}µ�]��U�'��v}�o� V�îììðrîììó� WííôZ� 

x ^Çv�Z���������v��]Pv�u�v����((���µ � 

 E]À��µ ,�����X�d� �vv � 

^]�u}o}P]� >ï ññ�~Æò� îìíïrîìîì 

D ��v]�µ�������}o� Dí ðì�~Æñ� îìíðrîìîì 

' }���Zv]�µ� Dî îî�~Æñ� îìíïrîìíõ 

' }o}P]��o������� >ï íî�~Æñ� îìíîrîìíó 
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W�}i���W�}(���]}vv�o����������Z���Z� Dí íî~Æî� îìíôrîìîì 

' }�ZÇ�]�µ�����o]�µ � Dí ïò~Æñ� îìíðrîìíõ 

' }�ZÇ�]�µ�����o]�µ � >ï íò~Æñ� îìíïrîìíõ 

ZZ }o}P]� >îl>ï îð~Æî� îìíîrîìíï 

WZÇ�]�µ�����o������� >í ðì îìíî 

D �Z}����vµu �]�µ�� Dí îð îìíî 

D��Z�u��]���(}��P�}��]�v�]��� WZ� íñ~Æî� îìíírîìíî 

D ��v]�µ�������}o� >ï óì îììñrîììô 

E}�]}v����' }o}P]� >í îð~Æî� îììñrîììò 

 

3) Encadrement doctoral et scientifique 

x W}��r�}��}��� W� 

- �X�Z]À���~ìòlîìíðrìõlîìíò W�(]v�v��u�v��d}��o �µ]��hE^���µ��o���u��µ��������À��]��]}v�����

À]��������]�u]�µ������}�] �����o��� ���]À��]}v����](]�]�oo�����(�]oo�������]vi���]}v�����µ�Z�µ���

�����]}vX� 

x dZ���� W 

�}r�]����]}v W� 

- DX����µ���~íîlîìíõr�(]v�v��u�v��/Z^Er���U��v�����u�v���À���&X��}µ��}µo�Æ� W� �À}oµ�]}v�

����]}r��u�}��oo�� ��� o�� �]�u]�]� � ��� o�� Ì}v�� h��Ç�l,�µ��r�µ��v�� W� ���}���� �}µ�� o��

�}u�� Z�v�]}v����o���Çv�u]�µ��������o[ À}oµ�]}v���������]u������]�u]�]� ��v��}u�]v�����

(�]�o��� (}�u��]}vX 

- EX�tÇv�v���~ìõlîìíòrU�D�^ZU��v�����u�v����ñì9��À���&X�������rW��hE^� W��u}� o]���]}v�

�}µ�o �� ��� o�� � �}v��� �]�u}rZÇ��}ru ��v]�µ�� ��� Ì}v��� ��� (�]oo��� ���� u}� o]���]}v�

vµu �]�µ��~í����]�o�������� � 

- >X��µ�}�µ(�~ìílîìíñrìîlîìíôU�D�^ZU��v�����u�v����ôì 9��À����X�����Z�u����ZU�hE^�U�

�µ��o��v�oÇ������o���]�u]�]� �]v�µ]���o}������o��� ���]À��]}v����](]�]�oo����µv��Ì}v�����(�]oo������

]vi���]}v�����µ�Z�µ��������]}v�~>^��U�Zµ����oU�ôð�U�~ï����]�o��� 

- DX�����À]��~ìõlîììõríîlîìíïU�/dE�Yµ����U��v�����u�v����ñì 9��À����X����v�~h����µ�o]v��

�µ���>}vP�W��]}��^�]�u]���À�v��W�/vÀ���]P��]vP�dZ�]��^}µ�����Z�������]��]������s}o��v}����v��

�µ�]vP�,Ç���µo]��&����µ�]vP�U�~ï����]�o���X 

- dX� �Ç��� ~ìõlîììõríîlîìíïU� h����µ�o]v�U��v���� � ��îì 9� �À��� �X� ���v� ~h����µ�o]v�U� �µ��

�/vÀ���]P��]vP� �Z�� �}µ���� }(� o}vP� ���]}�� ��]�u]�]�Ç� ��� dµ��]�o��� À}o��v}U� �}���� Z]���X� ~ï�

���]�o���X� 
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�v�����u�v� W� 

- �X��Z�oµu��µ�~ìõlîìíôr V�WX��Z��À]�� W�Z �o]�µ����µ�� ]�u�����W����v�o���~îìíòU���µ���µ�� 

- �X� ���}��� ~ìílîìíìrìólîìíï V� &X� �����U� zX� 'µPo]�ou]� W� Z �}v��� ZÇ��}ru ��v]�µ�� ���

�]�u]�µ���[µv��Ì}v�����(�]oo�����µv���µ������]}v�(oµ]�� V 

- ZX� ��ÀÇ� ~îììórîìíìU� �X� ���v� W�u ��v]�u��� ���� �}µ����� ���� �� u}��� Z��u}v]�µ��� ���

o[���v�o 

- �X� �µ�µÇ� ~ìõlîììôríílîìííU� :X� s]�]�µÆ� ��� ^X� '���u�}]�� W� D}� o]���]}v� vµu �]�µ�� ����

}v�����]�u]�µ����v�u]o]�µÆ��}��µÆ�~í����]�o��X 

 

- D����� 

� WX���v���~Dî W�ìírìòlîìîì�U��À���&X������ W��]���]�µ�]}v�����]}r��u�}��oo����������]u��

�]�u]�µ���������o���]�u]�]� �]v�µ]�� 

� DX����µ���~Dî W�ìírìòlîìíô�U��À���DX�'}��v} W�� �o]�µ����µ�� ]�u����������o}vv�����

�µ�ólðlîìíð�~í����]�o�� 

� DX�,}�Z� ~Dí W�ìðrìòlîìíó�U��À��� :X� d� À]��v W� ��o��]}v� �]�u]�]� ���������P�����v�� o���

�o�����µ��µ�X� 

� >X��}���]��~Dí W�ìòrìólîìíò�U��À����X�����Z�u�� W�����]u��]�u]�µ������}�]v�Z���v�îìíñX�

~í����]�o���v��� �� 

� DX�>}]��o���~DíW�ìðrìòlîìíò�W�]u�P��]���]�u]�µ�����Ì}v������(�]oo�� 

� �X���µo���~Dí W�ìñrìôlîìíð����>ï W�ìñrìôlîìíï�U��À���/X�D�v]PZ���] W���Pu�v���]}v�����

(�]oo������o��(���~í����]�o��X 

� �X� �µ�µÇ� ~Dî W� ìïrìôlîììô�U� �À��� :X� s]�]�µÆ W� D}� o]���]}v� vµu �]�µ�� ���� }v����

�]�u]�µ����v�u]o]�µÆ��}��µÆ�~í����]�o��X 

- íî��v�����u�v���������P�����o]��v������µ]��îìíï 

 

4) Publications scientifiques 

x Wµ�o]���]}v����]�v�](]�µ�� W�ïï����]�o��������vP��U�íñ����]�o����µ�����~� �µu �� ��v�µ���À���

����r��À]�ÁU��Z��]������[}µÀ��P��V��]���]}v� W�òññU�Zr]v��ÆW�íñ�~ìílìïlîìîì� 

x �}v( ��v����W�ôñ��}uuµv]���]}v����v�������}v( ��v����]v���v��]}v�o�� 

x Z�À]�Á������oµ�����ðì����]�o����}µ��'�}�ZÇ�]��o�Z������Z�>������U�:}µ�v�o�}(�'�}�ZÇ�]��o�

Z������ZU� '�}�ZÇ�]��o� :}µ�v�o� /v���v��]}v�oU� :}µ�v�o� }(� À}o��v}o}PÇ� �v�� P�}�Z��u�o�

�������ZU�'�}�ZÇ�]��Y� 

 

5) Distinctions 

x '��v����]Æ�'}µ]oo}µ�r^�Zoµu���P������ o[���� u]������ ^�]�v���U�îìíó� ~ÁÁÁX�����u]�r

��]�v���X(�l(�l>�µ�����lo�µ����rîìíór�µr��]Æru]�Z�orP}µ]oo}µ�r��Zoµu���P��ro}µ]�r��r
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����}�XZ�uo�X� 

x D ��]oo�����o[hv]À���]� ����o��������[�Ìµ��~îìíô� 

x W�]u���[�v�����u�v���}��}��o�������Z��Z���Z��~W��Z� W�îìíòrîìîì 

 

6) Projets scientifiques 

x W�}i���h &oµ]�������&�]oo�� i 

� îìíîrîìíóU�(]v�v��u�v��d}��o�~�µ�P�� W�íXô�D¦�U�W/�ZX�����]oo����WX�,�v�ÇU 

� Z���}v���o���µ�tWð�h ^µ�À�]oo�v����]�u]�µ� iU��µ�P���ññìl¦X 

>�}�i���](���������}i�������o���}u�� Z�v�]}v����o��� �}v�������(�]oo�����P]o�µ������µv������µ����]}v�

��������]}v����(oµ]��X�����]vi���]}v������µ���Z�µ��������]}v�}v�� � �(�]�����v����� ��u����îìíï����

iµ]v�îìíð��}µ�� � ���]À����](( ��v���� Ì}v�����µv�� (�]oo�� ���À����v�� o�����P]o]�]������� o���o���r(}�u��

�Æ� �]u�v��o�����d}µ�v�u]���~/Z^EU�íî�X�>�]v���µu�v���]}v�����µ�À�]oo�v����}u���v�]��îð������µ���

�]�u]�µ��U� �}µ�� í�� �v�oÇ���� o�� u]��}r�]�u]�]� � ]v�µ]��� ��� î�� �µ]À��� o��� À��]��]}v�� ���� À]�������

�]�u]�µ������}�] ����µ�u}µÀ�u�v�����(�]oo�X��������v�oÇ������(�]���v��}oo��}���]}v��À���o���}�] � �

D�Pv]�µ��� ~ôð������À�������ZÇ��}ru ��v]�]�v�� ~��Z�'��D����]oo�U�ï^Z�'��v}�o�U� �E^�W��]��X� >��

���À�]o����W}��r�}��}��������X�Z]À���~îìíðrîìíñ���� � �(]v�v� ��µ�������}i��X� 

 

x �EZ�:�:��,z�ZK^�/^�~Z����Wll��}i���X}��X�µl�vlZÇ��}��]�rZ}u��W 

� îìíðrîìíõU�(]v�v��u�v���EZ�:�:��~�µ�P���ïíì�l¦�U�W/�&X������ 

� Z���}v���o���µ�tWî�h �Æ� �]�v�������v�oÇ��������}vv �� iU��µ�P���íòìl¦X 

>����Æ� �]�v�������u]����}µ�r�����]}v���µv�u���](�(����µ� ���o��]���(����µ� �~>^��U�Zµ����o��}v�� � �

� �o]� ����v���� ( À�]������ �À�]o� îìíñU� �À��� µv�� ]v���µu�v���]}v� ��� �µ�À�]oo�v��� ��v��� ~�����]}vU�

� (}�u��]}vU��]�u]�]� �X�>��v�oÇ��������}vv ���ZÇ��}u ��v]�µ�������]�u}o}P]�µ����������µ�oo�u�v��

�v� �}µ��U������À������u������µv� �Z�vP�u�v���� �Z�oo�� À���� o��� Ì}v��� �]�u}P�v��X� W}µ�� o���}v�

� �}µo�u�v����������}i��U�i��]�}���vµ������}µ���������Z����~>X��µ�}�µ(����EX�tÇv�v���(]v�v��u�v��

D�^Z�����µv��v�����}��r�}��}����~�X�Z]À��U�îìíòrîìíóU�(]v�v��u�v��hE^�X 
� 

x W�}i���h &^ i���h &^r� iW 

� îìíôrîìîîU� W����v��]��� �µ�o]�� ~^Á]���}�}U� /Z^EY�� t� ��]À � ~d}��oU� �E�Z�UY�U� W/� zX�

'µPo]�ou]U��µ�P���íXñ�D¦U 

� �v�oÇ���������o���µ�À�]oo�v����]�u}o}P]�µ� 
>����}i���h &^ i��� ���� � o�� � �}v���ZÇ��}ru ��v]�µ���[µv�� (�]oo���v�u]o]�µ���P]o�µÆU���v�� o�� �]���

�Æ� �]u�v��o��µ�D}v��d���]X��������Æ� �]�v����� o]u]v�]������}vv ������ �µo�����]u�}���v����µ��o��

�}u�}���u�v��ZÇ��}ru ��v]�µ�������}µÀ���µ������P]o�µ��������� ���À}]��X�hv�����}v����Z��������

�v��� �����]}v�~(]v�v��u�v�����µ]���}µ��o������]���Æ� �]u�v��o�U��}v�}��]µu��[�v�����]����~dKd�>U�

�v���U��Z�À�}vUY�������������v�]�����µ�o]���~^Á]���}�}U�E�P��Y�U��}µ������]vi���]}v���oµ��o}vPµ���

~ò�u}]��U��v�µ�]o]��v���](( ��v���(oµ]����~��µU��Kî�U��À���µv����v�]� ����µ�}µ���oµ��(}������������µ��X�

:�� �µ]���v� �Z��P����� o[���µ]�]�]}v�����µ� ���]��u�v�������}vv ��� �]�u}o}P]�µ��U��}µ�����u������

�v�µ]���µv��]v����� ���]}v��}vi}]v����À���o����µ������}vv ��X� 
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x W�}i����h��z� W�îìíõrîìîîU�(]v�v��u�v��/Z^Er���U�W/�>X��������}�����&X��}µ��}µo�ÆU��µ�P���

íòñ�l¦ 

>[}�i���](� ��� ��� ��}i��� ���� ��� �}u���v���� �}µ��µ}]� ������ Ì}v�� ���� �o���� �µ� �µ�� �� µv� ��µÆ�

�v}�u�o�u�v�� (}������ � ]�u��U��À������� �o���v�v���� �Z}�����]v�]��µÆ��������]u�� �]�u]�µ��X� �v�

����]�µo]��U�o[����v�������u]���µ��o�������� �]���]}v�������}����µ���������(}���P������o���]�u]�]� U��v�

 �µ�]�v���v�� ��]o�o���� �o]�µ����µ�� ]�u����µ�ìólìðlîìíð��}µ���Æ����}o�������}u������o���� �µo�����

��µv���oµ��P��v��� �Z�oo����u�}��oo��������[�µ�����Ì}v����]u]o�]���X������}i���(]v�v���o���Z�������DX�

���µ���~îìíõr�X� 

 

x �µ�������}i����~����]�]��v�U����µ]��îìíî� W� 

� ^��&KK��~�EZ���/��y�h��:��/U�W/��X�^o���v� W�� À�o}���u�v������v�oÇ�������Ç���u���

���u��µ�������� (}�u��]}v�����]�µ������]�u}o}P]�µ������(]����}��]�µ�X� 

� >D/�^s�E�r�^ ]�u������s}o��v��~/Z��W��v�oÇ�������� �o]�µ����µ�� ]�u������W����v�o���

~îìíòU���µ���µ���������o���]�u]�]� ��}µ��Yµ]�}X� 

� ,WD^r�� ~d}��oU� W/� zX� 'µPo]�ou]U� îìíñrîìíó� W� ������ �]���]}v� uµo�]r �Z�oo�U� ZÇ��}r

u ��v]�µ�����P }�ZÇ�]�µ�U���������}v������µ�>^���~Zµ����oU�ôð�� 

� Z��<d�~&WóU�W/�tWî�WX����v���U�îìíírîìíð� W��]�u]�]� ��µ�P}o(������}�]v�Z� V 

� �WK^d ~�EZ� :�U� W/�DX� s��Pv}o�U�îìíñrîìíõ� W� ^]Pv��µ��� �]�u]�µ�� �� ����� �}µ��� ���u��

������o���� ]�u�� V 

 

7) Autres activités et responsabilités  

x Z���}v���]o]� ����u]v]�����]À��� 

� �}u]� ����� o���]}vU�W}�������D�]��������}v( ��v���U�hv]À���]� �������[�Ìµ�U�îìíõ 

� D�u���� oµ��µ��}v��]o����� u]�µ��~��������o[hv]À���]� ���������Ìµ��~îìíñrîìíõ� 

� D�u���� oµ��µ��WZ,U�����]}v�ïñrïòU�hv]À���]� �E]���^}�Z]���v�]�}o]��~îìíñr� 

� D�u����v}uu ��µ��}v��]o����o��}���}]������' }�Ìµ��~îìíñrîìíô� 

x Z���}v���]o]� ��� ��P}P]�µ�� 

� �}r����}v���o�� �µ� u������ ^dW�� ~îìíôr�� ~u��������XÁ]Æ�]��X�}ul���µ�]o�U� hv]À���]� �

������[�Ìµ� 

� �}r����}v���o�� ��� o�� ï�u�� �vv �� ��� >]��v��� ^�]�v���� ��� o�� d����� ~îìíðrîìíô�U�

hv]À���]� �E]���^}�Z]���v�]�}o]� 

� D�u�����µ��}v��]o�� ��P}P]�µ��~îìíðr�U�� �����u�v��^�]�v�������o��d����U�hv]À���]� �

E]���^}�Z]���v�]�}o]� 

� W���]�]���]}v��� o��� (]v]�]}v������ o��u]����v��o��������u��µ���������u������ ~îìíð����

îìíó�X
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A2. Liste complète de publications 
 

x Wµ�o]���]}v��~���]�o�������vP��� 
ïïX��������}�U�>XU�&X������U��X�����Z�u��U�WX��µ�o�v�Z��U�îìîìX�/u��]���������]�u]��^o]���v��&oµ]���]((µ�]}v���]À����

^�]�u]��^Á��u�/v�dZ���}�]v�Z�'µo(U�'�����U�'�}�ZÇ�]��o�Z������Z�>������U�~��À]���� 

ïîX�tÇv�v��rD}��oU�EXU�&X������U�>X��������}�U�:XrWX��u�µ��}U�îìîìX�^������W���µ����]}v�&�}u����]�u]��^o]����]À���dZ��

^�]�u]��&�}v���µ�]vP�&oµ]��/vi���]}v�/v���W��u���o��&�µo�U�:}µ�v�o�}(�'�}�ZÇ�]��o�Z������ZW�̂ }o]������Z�~��À]����X 

ïíX��W��]���XU�>X��������}�U�'X��µ�o�µÆU�zX�D�Ì����µ�U�îìíõX�tZÇ������Z����v}�����Z�µ�l���]v��Z��]v�������}v]��W��]��

���]vMU�'�}��]�v���U�õ~íî�U�ñìî 

ïìX� ^o���v� �XU� �X� Z]À��U� :XW� �u�µ��}U� >X� ��� ����}�U� zX� ,�oo}U� 'X� ��o��]�U� WX� >�u���U� îìíõX� �]���]�µ���� ��v�]vP� }(�

����Z�µ�l����v��}���vr�}o]������Z�]v������]}v��}v����(o}}����o��}u����o��U�E��µ����}uuµv]���]}vU�íì~í�U�írô 

îõX�,µ�vP�zXU�>X��������}�U�&X������U�îìíõX�/ooµu]v��]vP��Z���µ��µ�]vP�}(�u]��}��]�u]���}µ�����]v��v�]vi���]}vr]v�µ����

����Z�µ�l���Æ���]u�v�U�'�}�ZÇ�]��o�Z������Z�>������U��}]W�íìXíìîõlîìíõ'>ìôïôñò 

îôX� �Pµ��}r���Ì�oU� ,XU� &}v�U� zXU� �Z��À]�U� WXU� Z Pv]��U�DXU� Z]����}�lU� �XU� �u��}]�U� �XU�W�µo���}U� �oÀ����}� �XU����l� ^XU�

�}µ��}µo�ÆU�&XU��������}�U�>X�����oX�~îìíõ�X�Z]�P���µ��µ��]}v��v���(����o]���}v��}o��(����Z}�l��]���]�µ�]}v�}(��Z��

îìíò�DÁ�óXô���µ��}������Z�µ�l�X�����Z��v��Wo�v����Ç�^�]�v���>������U�ñîìU�òïróòX 

îóX��������}�U�>XU�DX����µ��=U�DX�'}��v}U��X�,�ou�������U��X�����Z�u��U��X�>���}�µ�U� &X��}µ��}µo�Æ�~îìíõ��&oµ]�r

/v�µ����^Á��u���v���}��]�u]��^������d��v�(��W����µ�o�W�}�����,]PZo]PZ����]v��Z���(����Z}�l�^��µ�v���}(��Z��ó�

���]o�îìíð�����Z�µ�l��~Do�ðXôU�h��Ç�U�&��v���U��:}µ�v�o�}(�'�}�ZÇ�]��o�Z������ZW�^}o]������ZU��}]Wîìíô:�ìíóîîò 

îòX� ��� ����}�U� >XU� &X� �����U� zX� 'µPo]�ou]U� >X� �µ�}�µ(=U� :XrZX� '����}� ~îìíõ�� �v��PÇ� }(� ]vi���]}vr]v�µ���� ��]�u]�]�Ç�

����]�����(�}u�]vr�]�µ��Æ���]u�v��U�^�]�v�](]��Z��}���U�íìXíìïôl�ðíñõôrìíõrðíïìòrÆ 

îñX��������}�U�>XU�'µPo]�ou]U�zXU�Z]À��U��XU������U�&XU����µ�}�µ(U�>X�~îìíô�X�^�]�u]�]�Ç��v��(�µo�����]�u]����(}�u��]}v�

��µ���� �Ç� (oµ]�� ]vi���]}v� ]v� ����u���]�� ]vr�]�µ� �Æ���]u�v��X� �}u����� Z�v�µ�� '�}��]�v��U� ïñì~ô�U� ðòðrðóñ�

~]vÀ]���� 

îðX��µ�}�µ(=U�>XU��������}�U�>XU������U�&XU�'µPo]�ou]U�zXU�����Z�u��U��XU���^�PµÇU�^X�~îìíó�X����]�u]��u}�]}v����]À����

���������]�u]�]�Ç��µ�]vP�(oµ]��]vi���]}v��]v�}���(����µ����Ì}v��]v�������}v���������À}]�X� :}µ�v�o�}(�'�}�ZÇ�]��o�

Z������ZW�^}o]������ZU�íîî~íì�U�ôîôñrôïìðX 

îïX��������}�U�>XU�����Z�u��U��XU�^o���vU��XU�>Ç}vr���vU�,XU���s}µoP��]�U�EX�~îìíó�X�/vÀ���]P��]vP��Çv�u]����]PP��]vP�}(�

��]�u]�]�Ç��Ç���P]}v�o�����Z�µ�l��W��Z�������}(��Z���}�]v�Z�Z](��~'������X�'�}�ZÇ�]��o�Z������Z�>������U�ðð~îí�X 

îîX� �o����ÇU� YXU� �X�DX� dZ}u��U �X�tX� Z�u��oU >X� <��o���}uU� �X ^o���v� �v�� >X� ��� ����}�� ~îìíò�X�D�P�r����Z�µ�l���

�µ��µ���(o���u�P��Z�µ���X ^�]�v��U�ïñðU����íìîóríìïí 

îíX�Z]À����XU��������}��>XU�'µPo]�ou]�zXU�������&XU�����]oo��ZXU�,�v�Ç�WXU~îìíò��^�]�u]��À�o}�]�Ç��Z�vP������}�]�����Á]�Z�

���]�u]����(}�u��]}v��}(���(�µo����]uµo������Ç�(oµ]��]vi���]}vU�'�}�ZÇ�]��o�Z������Z�>������U�ðï~íô�U�õñòïrõñóîX 

îìX� ����À]�=�DXU��������}�� >XU��Ç��=�dX� ^XU� >}lu��� /XU����v��X�~îìíò��Z�o}���]}v�}(� >}vP�W��]}��~>W����]�u]���À�v���

��À��o���v���Z�o}v�(����µ����]v��Z��µ�������](]���}(�dµ��]�o���À}o��v}U��}����Z]��U�'�}�ZÇ�]��o�Z������Z�>������U�

À}oXðï�~íõ�U���XíìUíìñríìUííðX 

íõX��������}�U�>XU�'���v]�oU�z�'µPo]�ou]U���Z]À��U�,����}vU�y�W�Ç��U�����oX� ~îìíò�U�&�µo�����µ��µ��U�������U�}�������µ���

�}v��}o�}(��Z����]�u]�]�Ç� ]v��Z�o�M� /v�]PZ���(�}u����}v��}oo����Æ���]u�v��}(�(oµ]�r]v�µ����(�µo�������]À��]}vU� :X�

'�}�ZÇ�X�Z��X�^}o]������ZU�íîíU�ðñìòtðñîîU��}]WíìXíììîlîìíñ:�ìíîòïïX 

íôX����}��=U��XU�'µPo]�ou]U�zXU��������}�U�>XU��������U�&X�~îìíñ�X�^�]�u]������}v�����}�(oµ]�������µ�������µ����]}v��]v�

���o]��]vP�(�µo�X�'�}�ZÇ�]��o�Z������Z�>������U�ðî~õ�U�ïíõórïîìïX 

íóX� D�v]PZ���]U� /XU� ��µo��=U� �XU� ��� ����}�U� >XU� W���]vU� �XU� �����U� &XU��� '�µ��u��U� zX� ~îìíñ�X� '�v��]�� �o}vPr���]l��

��Pu�v���]}v� }(� �(��� v}�u�o� (�µo��U� ����� �(�]��W� /u�o]���]}v�� }v� (�µo�� P�}Á�Z� �v�� ������� Z����}P�v�]�Ç� }v�

��]�u}P�v]��(�µo���o�v��X�'�}�Z�u]���ÇU�'�}�ZÇ�]��U�'�}�Ç���u�U�íò~î�U�ððïrðòóX 

íòX����v��X�:XU��������}��>XU�>}lu���/XU�D ��Æ]�v�:XrWXU�K���]�v�'XU�Dµ��ZÇ�̂ XU�îìíðU�>}vPr���]}����]�u]�]�Ç�]v��Z���Z�oo}Á�

À}o��v]����](]���(}�u���(�}u��o}Ár�µ��µ�������Z�µ�l��U�E��µ���'�}��]�v��U�À}oXóU���XóíróñU�îìíð 
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íñX��Ç��=�dX^XU��X�:X����vU�>X��������}�U�&X�D���]v]U�/X�>}lu��U�DX�DX�D}��U�:X�&X�W��Z��}U�'X�:X�^}�}X�����]��o��(�]oµ���u}��o�

(}��o}vPr���]}����]�u]���À�v������}��������dµ��]�o���À}o��v}U��}����Z]��U�:}µ�v�o�}(�'�}�ZÇ�]��o�Z������ZW�^}o]��

����ZU�íîì~ï�U�íðñîríðóîX 

íðX��������}��>XU����v��X�:XU�����À]�=�DXU����vPµ]���&XU�W�o�]����X�îìíïX���µ��]À��(����µ���o}���]}v�(}��������(�}u�Z]PZr

(���µ�v�Ç��À�v���}v�W]�}v����o��&}µ�v�]���s}o��v}U�'�}�ZÇ�]��o�Z������Z�>������U�À}oXðìU���XírñX 

íïX��������}��>XU�>}lu���/XU����v��X�:XU�K�]P]v�}(���µ�]}µ���]vPo��(}�����]v��Z���}µ����u��Z�v]�u�}(�À}o��v]����]�u]�]�ÇU�

:}µ�v�o�}(�s}o��v}o}PÇ��v��'�}�Z��u�o�Z������ZU�À}oXîòîU���XíròU�îìíïX 

íîX��Ç��=U�dX^XU��X:X����vU�>X��������}�U�'X^X�K[��]�vU� &XD���]v]U� /X>}lu��U�DXDX�D}��U� :X&X�W��Z��}U�'X:X� ^}�}U�îìíïU�

D}u�v����v�}��]vÀ���]}v�(}���Z���}µ����o}���]}v��v��u��Z�v]�u�}(�o}vP����]}��~>W����]�u]���À�v���(�}u�îììõ�

���dµ��]�o���À}o��v}U��}����Z]��U�:X�s}o�X�'�}�Z��uX�Z��XU/v������U��}] WíìXíìíòliXiÀ}oP�}���XîìíïXìðXìíòX 

ííX�����À]�=U�DXU�>X��������}�U��X�:X����vU�'X�^X�K���]�vU�&XU����vPµ]��U�îìíïU�/vÀ���]P��]vP��Z���}µ�����Z�������]��]���}(�

o}vPr���]}��~>W����]�u]���À�v������}�����}v�W]�}v����o��&}µ�v�]���À}o��v}U�>��Z µv]}vX�:X�s}o�X�'�}�Z��uX�Z��XU�

s}oX�îñôU����ítííU��}] WíìXíìíòliXiÀ}oP�}���XîìíïXìðXììõ 

íìX��������}�U�>XU�&X�D���]v]U��X:X����v�U��X�'���]�rz�Pµ���U�:X�/��v�ÌX�D�Pu����}��P����o}Á�d�]���À}o��v}�~d�v��](��W�

�À]��v����Ç�����������Á�À�(]�o��U�'�}�ZÇ�X�:X�/v�XU��íõí�~î�W�òõñróìòU��}]W�íìXííííliXíïòñrîðòyXîìíîXìñòïóXÆ 

õX�D���]v]U�&XU�>}lu��U�/XU� :}v��}��]�U�<XU��������}�U�>XU�D�ooZ}((U�DXU����vU��X� :XU�,�µ���U�&XU��}Z���ÇU� :XU�ZÇ�vU��X��v��

D}vP�vU�:X�~îìíî�U�������]À��o}Ár(���µ�v�Ç���]�u]���Æ���]u�v��]v��Z���o����]v��'����vU�hP�v��X�'�}�ZÇ�]��o�

W�}�����]vPX��}]W íìXííííliXíïòñrîðóôXîìíîXìíìôïXÆ 

�ôX���À]=U�ZXU�'X^X�K[��]�vU�>X��������}�U�/X�>}lu��U��X:X����vU�WX�>���P�U�DXDU�D}��X��îìííX�^�]�u]���}µ����u��Z�v]�u��

}(����u}���À�v������}�����}v����v�o�À}��v}U��}����Z]��X��:X�s}o�X�'�}�Z��uX�Z��X�îíïrîíðWíríï 

óX� �µ�µÇ=U� �XU� >X� ��� ����}�U� ^X� '���u�}]�U� :X� s]�]�µÆU� îìííX� t�À�� ��}��P��]}v� ]v� Z����}P�v�}µ�� �}�}µ��u��]��

(}�uµo�����]v��Z��(���µ�v�Çr�������}u�]v�µ�]vP����]��}v�]vµ}µ��'�o��l]v�u��Z}�U�'�}�ZÇ�]��U�óòU�EíïrEîí 

òX��������}�U�>XU�/X�>}lu��U��X����vU�'X�K���]�vU�'X�^���}�}��]U�:XrWX�D ��Æ]�vU�>X��µ�����oo}U��v���X�W���v�U�îìííX�^}µ����

D��Z�v]�u�}(�>}vP�W��]}���À�v������}������Ç���Z]PZr��v�]�Ç���]�u]��v��Á}�l��µ�]vP��Z��îììô���µ��]}v�}v�D��

��v�U�:X�'�}�ZÇ�X�Z��XU�ííòU��ìíïìðU��}]WíìXíìîõlîìíì:�ììóòîõX� 
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