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Toute ressemblance avec des personnes existantes ne serait que fortuite ;-)  
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�&�H�W�W�H���W�K�q�V�H���H�V�W���O�H���I�U�X�L�W���G�¶�X�Q�H���F�R�O�O�D�E�R�U�D�W�L�R�Q���H�Q�W�U�H���O�H���O�D�E�R�U�D�W�R�L�U�H���*���5���&�5�(�*�8���H�W���O�D���F�R�H�Q�W�U�H�S�U�L�V�H��

�I�U�D�Q�F�R���M�R�U�G�D�Q�L�H�Q�Q�H�� ���-�)�8�0�&���� �F�U�p�p�H�� �S�D�U�� �$�5�(�9�$�� �H�W�� �$�5�(�9�$�� �'�*�6�� ���'�L�U�H�F�W�L�R�Q�� �G�H�V��

�*�p�R�V�F�L�H�Q�F�H�V�������/�H���S�U�R�M�H�W���V�¶�L�Q�V�F�U�L�W���G�D�Q�V���O�H���F�D�G�U�H���G�H���O�D���S�U�R�V�S�H�F�W�L�R�Q���G�H���P�L�Q�p�U�D�O�L�V�D�W�L�R�Q�V���X�U�D�Q�L�I�q�U�H�V��

�G�H�� �V�X�E�V�X�U�I�D�F�H�� �G�H�F�R�X�Y�H�U�W�H�V�� �G�D�Q�V�� �O�D�� �U�p�J�L�R�Q�� �G�H�� �6�L�Z�D�T�D�� �H�Q�� �-�R�U�G�D�Q�L�H�� �F�H�Q�W�U�D�O�H���� �&�H�V�� �J�L�V�H�P�H�Q�W�V�� �G�H��

�I�D�L�E�O�H�V�� �W�H�Q�H�X�U�V�� �P�D�L�V�� �T�X�L�� �S�H�X�Y�H�Q�W�� �V�¶�p�W�H�Q�G�U�H�� �V�X�U�� �G�H�V�� �V�X�U�I�D�F�H�V�� �W�U�q�V�� �L�P�S�R�U�W�D�Q�W�H�V���� �V�R�Q�W�� �W�U�q�V�� �S�H�X��

�S�U�R�I�R�Q�G�V�� �H�W�� �U�H�S�U�p�V�H�Q�W�H�Q�W�� �X�Q�� �Q�R�X�Y�H�O�� �H�Q�M�H�X�� �S�R�X�U�� �O�¶�L�Q�G�X�V�W�U�L�H�� �P�L�Q�L�q�U�H���� �&�H�V�� �W�U�D�Y�D�X�[�� �R�Q�W�� �S�R�X�U��

�R�E�M�H�F�W�L�I�� �G�H�� �F�D�U�D�F�W�p�U�L�V�H�U�� �O�H�V�� �P�L�Q�p�U�D�O�L�V�D�W�L�R�Q�V�� �X�U�D�Q�L�I�q�U�H�V�� �G�H�� �O�D�� �U�p�J�L�R�Q�� �G�H�� �6�L�Z�D�T�D���� �H�Q�� �-�R�U�G�D�Q�L�H��

�F�H�Q�W�U�D�O�H���� �G�H�� �G�p�W�H�U�P�L�Q�H�U�� �O�H�X�U���V���� �V�R�X�U�F�H���V���� �G�D�Q�V�� �O�H�V�� �G�L�I�I�p�U�H�Q�W�H�V�� �O�L�W�K�R�O�R�J�L�H�V�� �G�X�� �*�U�R�X�S�H�� �%�H�O�T�D�� �H�W��

�O�H�V���S�U�R�F�H�V�V�X�V���G�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���G�H���O�¶�X�U�D�Q�L�X�P���D�I�L�Q���G�H���S�U�R�S�R�V�H�U���X�Q���P�R�G�q�O�H���P�p�W�D�O�O�R�J�p�Q�L�T�X�H���S�R�X�U��

�F�H���W�\�S�H���G�H���J�L�V�H�P�H�Q�W���V�X�S�H�U�I�L�F�L�H�O���G�L�I�I�p�U�H�Q�W���S�D�U���U�D�S�S�R�U�W���D�X�[���P�L�Q�p�U�D�O�L�V�D�W�L�R�Q�V���G�H���W�\�S�H���F�D�O�F�U�q�W�H�����$�X��

�Q�L�Y�H�D�X�� �G�H�V�� �V�R�X�U�F�H�V���� �X�Q�� �G�H�V�� �H�Q�M�H�X�[�� �L�P�S�R�U�W�D�Q�W�V�� �p�W�D�L�W�� �G�H�� �G�p�W�H�U�P�L�Q�H�U�� �O�D�� �V�W�D�E�L�O�L�W�p�� �G�H�V�� �S�K�R�V�S�K�D�W�H�V��

�X�U�D�Q�L�I�q�U�H�V�� �H�Q�� �H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�� �V�X�S�H�U�I�L�F�L�H�O�� �H�W�� �O�R�U�V�� �G�H�V�� �p�Y�p�Q�H�P�H�Q�W�V�� �S�\�U�R�P�p�W�D�P�R�U�S�K�L�T�X�H�V��

�S�D�U�W�L�F�X�O�L�q�U�H�P�H�Q�W�� �E�L�H�Q�� �G�p�Y�H�O�R�S�S�p�V�� �G�D�Q�V�� �O�D�� �U�p�J�L�R�Q���� �8�Q�H�� �F�D�U�D�F�W�p�U�L�V�D�W�L�R�Q�� �I�L�Q�H�� �G�H�V�� �I�D�F�L�q�V��

�P�L�Q�p�U�D�O�L�V�p�V���D�Y�D�L�W���p�J�D�O�H�P�H�Q�W���S�R�X�U���R�E�M�H�F�W�L�I���G�H���G�p�I�L�Q�L�U���O�D���Q�D�W�X�U�H���S�U�p�F�L�V�H���G�H�V���S�K�D�V�H�V���X�U�D�Q�L�I�q�U�H�V���H�W��

�G�H���O�H�X�U���G�L�V�W�U�L�E�X�W�L�R�Q�����L�Q�I�R�U�P�D�W�L�R�Q�V���I�R�Q�G�D�P�H�Q�W�D�O�H���S�R�X�U���O�H���G�p�Y�H�O�R�S�S�H�P�H�Q�W���G�H���O�D���P�p�W�K�R�G�R�O�R�J�L�H���G�H��

�W�U�D�L�W�H�P�H�Q�W�� �G�H�� �F�H�� �P�L�Q�H�U�D�L���� �/�D�� �U�p�D�O�L�V�D�W�L�R�Q�� �G�H�� �F�H�V�� �R�E�M�H�F�W�L�I�V�� �D�� �Q�p�F�H�V�V�L�W�p�� �X�Q�H�� �F�R�P�S�U�p�K�H�Q�V�L�R�Q�� �G�H��

�O�¶�H�Q�U�L�F�K�L�V�V�H�P�H�Q�W�� �H�[�F�H�S�W�L�R�Q�Q�H�O�� �H�Q�� �W�R�X�W�H�� �X�Q�H�� �V�p�U�L�H�� �G�¶�p�O�p�P�H�Q�W�V�� �V�H�Q�V�L�E�O�H�V�� �D�X�[�� �F�R�Q�G�L�W�L�R�Q�V�� �U�H�G�R�[��

�G�D�Q�V�� �O�H�V�� �G�L�I�I�p�U�H�Q�W�H�V�� �O�L�W�K�R�O�R�J�L�H�V�� �G�X�� �*�U�R�X�S�H�� �%�H�O�T�D�� �H�W�� �G�H�� �O�D�� �Q�D�W�X�U�H�� �H�W�� �G�X�� �U�{�O�H�� �G�X��

�S�\�U�R�P�p�W�D�P�R�U�S�K�L�V�P�H���V�X�U���O�H���F�R�P�S�R�U�W�H�P�H�Q�W���G�H���O�¶�X�U�D�Q�L�X�P���G�D�Q�V���F�H�V���P�r�P�H�V���O�L�W�K�R�O�R�J�L�H�V����

��

��

�������&�2�1�7�(�;�7�(���*�(�2�/�2�*�,�4�8�(���*�(�1�(�5�$�/��

�/�D�� �S�O�D�T�X�H�� �D�U�D�E�L�T�X�H�� �H�V�W�� �F�R�P�S�R�V�p�H�� �G�X�� �E�R�X�F�O�L�H�U�� �D�U�D�E�L�T�X�H�� �H�W�� �G�H�� �O�D�� �S�O�D�W�H�I�R�U�P�H�� �D�U�D�E�L�T�X�H�� ���)�L�J����������

�(�O�O�H�� �H�V�W�� �V�p�S�D�U�p�H�� �G�H�� �O�D�� �S�O�D�T�X�H�� �D�I�U�L�F�D�L�Q�H�� �S�D�U�� �O�H�� �U�L�I�W�� �G�H�� �O�D�� �0�H�U�� �0�R�U�W�H���� �O�D�� �0�H�U�� �5�R�X�J�H�� �H�W�� �O�H�� �J�R�O�I�H��

�G�¶�$�G�H�Q���� �/�H�� �E�R�X�F�O�L�H�U�� �H�V�W�� �S�U�L�Q�F�L�S�D�O�H�P�H�Q�W�� �F�R�P�S�R�V�p�� �G�H�� �I�R�U�P�D�W�L�R�Q�V�� �H�Q�G�R�J�q�Q�H�V�� �S�U�p�F�D�P�E�U�L�H�Q�Q�H�V����

�/�D�� �S�O�D�W�H�I�R�U�P�H�� �H�V�W�� �F�R�Q�V�W�L�W�X�p�H�� �G�H�� �U�R�F�K�H�V�� �V�p�G�L�P�H�Q�W�D�L�U�H�V�� �G�p�S�R�V�p�H�V�� �V�X�U�� �O�H�� �S�O�D�W�H�D�X�� �F�R�Q�W�L�Q�H�Q�W�D�O�� �j��

�S�D�U�W�L�U���G�X���&�D�P�E�U�L�H�Q���L�Q�I�p�U�L�H�X�U�����/�D���-�R�U�G�D�Q�L�H���V�H���V�L�W�X�H���D�X���Q�R�U�G���R�X�H�V�W���G�H���O�D���S�p�Q�L�Q�V�X�O�H���D�U�D�E�L�T�X�H�����(�Q��

�-�R�U�G�D�Q�L�H���� �O�H�� �V�R�F�O�H�� �S�U�p�F�D�P�E�U�L�H�Q�� �� �Q�¶�D�I�I�O�H�X�U�H�� �T�X�H�� �G�D�Q�V�� �O�D�� �S�D�U�W�L�H�� �V�X�G�� ���3�L�F�D�U�G���� �������������� �O�H�� �U�H�V�W�H���G�X��

�S�D�\�V���H�V�W���U�H�F�R�X�Y�H�U�W���G�H���U�R�F�K�H�V���G�¶�k�J�H�V���&�U�p�W�D�F�p�����3�D�O�H�R�J�q�Q�H�����1�p�R�J�q�Q�H���H�W���4�X�D�W�H�U�Q�D�L�U�H��������

��
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�)�L�J�X�U�H���������&�D�U�W�H���J�p�R�O�R�J�L�T�X�H���G�H���O�D���S�p�Q�L�Q�V�X�O�H���D�U�D�E�L�T�X�H�����/�H���1�L�Q�G�U�H���H�W���D�O��������������������

��

�/�D���I�L�J�X�U�H������ ���V�\�Q�W�K�q�V�H���G�¶�D�S�U�q�V�� �+�D�U�V�K�E�D�U�J�H�U������������������ �3�R�Z�H�O�O�� ���������������� �(�U�D�L�I�H�M������������������ �-�D�U�U�D�� �H�W���D�O����

���������������� �6�D�Z�D�U�L�H�K�� ���������������� �S�U�p�V�H�Q�W�H�� �O�D�� �V�W�U�D�W�L�J�U�D�S�K�L�H�� �J�p�Q�p�U�D�O�H�� �G�H�� �O�D�� �-�R�U�G�D�Q�L�H���� �/�H�� �V�R�F�O�H��

�S�U�p�F�D�P�E�U�L�H�Q���H�V�W���F�R�Q�V�W�L�W�X�p���G�H�V���F�R�P�S�O�H�[�H�V���$�T�D�E�D���H�W���$�U�D�E�D�����U�H�V�S�H�F�W�L�Y�H�P�H�Q�W���F�R�P�S�R�V�p�V���G�H���U�R�F�K�H�V��

�P�p�W�D�P�R�U�S�K�L�T�X�H�V���H�W���S�O�X�W�R�Q�L�T�X�H�V�����H�W���G�¶�L�Q�W�U�X�V�L�R�Q�V���Y�R�O�F�D�Q�L�T�X�H�V�����/�H�V���F�R�Q�J�O�R�P�p�U�D�W�V���6�D�U�D�P�R�X�M�������G�X��

�*�U�R�X�S�H���6�D�I�L�����G�¶�k�J�H���3�U�p�F�D�P�E�U�L�H�Q�������U�H�S�R�V�D�Q�W���H�Q���G�L�V�F�R�U�G�D�Q�F�H���V�X�U���O�H�V���U�R�F�K�H�V���H�Q�G�R�J�q�Q�H�V���G�X���P�D�V�V�L�I����

�1�X�E�L�R���$�U�D�E�L�T�X�H���� �V�R�Q�W�� �H�[�S�R�V�p�V�� �D�X�� �V�X�G���H�V�W�� �G�H�� �O�D�� �0�H�U�� �0�R�U�W�H���� �H�Q�� �S�D�U�W�L�F�X�O�L�H�U�� �G�D�Q�V�� �O�H�V�� �U�L�Y�L�q�U�H�V��

���Z�D�G�L���� �G�U�D�L�Q�D�Q�W�� �Y�H�U�V�� �F�H�O�O�H���F�L���� �&�H�W�W�H�� �I�R�U�P�D�W�L�R�Q�� �H�V�W�� �F�R�P�S�R�V�p�H�� �G�H�� �F�R�Q�J�O�R�P�p�U�D�W�V�� �Q�R�Q��

�P�p�W�D�P�R�U�S�K�L�T�X�H�V�� �j�� �p�S�L�P�p�W�D�P�R�U�S�K�L�T�X�H�V�� �G�H�� �F�R�X�O�H�X�U�V�� �Y�D�U�L�p�H�V���� �G�p�U�L�Y�D�Q�W�� �G�H�� �J�U�D�Q�L�W�H�V�� �D�O�F�D�O�L�Q�V����

�T�X�D�U�W�]���G�L�R�U�L�W�H���� �T�X�D�U�W�]�S�R�U�S�K�\�U�H�V���� �S�R�U�S�K�\�U�H�V���� �J�Q�H�L�V�V�� �H�W�� �T�X�D�U�W�]�L�W�H�V�� �D�Y�H�F�� �X�Q�H�� �P�D�W�U�L�F�H�� �V�D�E�O�R��

�D�U�N�R�V�L�T�X�H�����%�H�Q�G�H�U�������������������/�H���*�U�R�X�S�H���5�D�P�����Q�R�P�P�p���S�D�U���3�R�Z�H�O�O�������������������0�D�V�U�L�����������������S�R�X�U���O�H�V��

�I�R�U�P�D�W�L�R�Q�V���D�X�S�D�U�D�Y�D�Q�W���p�W�D�E�O�L�H�V���S�D�U���%�H�Q�G�H�U�����������������H�W���/�O�R�\�G�������������������G�¶�k�J�H���&�D�P�E�U�L�H�Q���L�Q�I�p�U�L�H�X�U���j��

�2�U�G�R�Y�L�F�L�H�Q���L�Q�I�p�U�L�H�X�U�����H�V�W���F�R�P�S�R�V�p���G�H���I�R�U�P�D�W�L�R�Q�V���V�L�O�L�F�R�F�O�D�V�W�L�T�X�H�V���H�W���G�H���F�D�U�E�R�Q�D�W�H�V���P�D�U�L�Q�V���� �/�H��

�*�U�R�X�S�H���.�K�U�H�L�P�����G�¶�k�J�H���2�U�G�R�Y�L�F�L�H�Q���V�X�S�p�U�L�H�X�U���6�L�O�X�U�L�H�Q�����H�V�W���F�R�Q�V�W�L�W�X�p���G�H���J�U�q�V�����D�U�J�L�O�L�W�H�V���H�W���V�K�D�O�H�V����

�&�H���J�U�R�X�S�H���H�V�W���H�Q���G�L�V�F�R�U�G�D�Q�W���V�R�X�V���O�H���*�U�R�X�S�H���G�H���=�D�U�T�D���0�D�¶�L�Q���G�¶�k�J�H���W�U�L�D�V�V�L�T�X�H�����/�H���*�U�R�X�S�H���=�D�U�T�D��

�0�D�¶�L�Q���H�V�W���F�R�Q�V�W�L�W�X�p���G�H���J�U�q�V�����F�D�O�F�D�L�U�H�V�����P�D�U�Q�H�V���H�W���G�H���Q�L�Y�H�D�X���G�R�O�R�P�L�W�L�T�X�H�V�����%�H�Q�G�H�U������������������
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�/�H�V���U�R�F�K�H�V���U�H�F�R�X�Y�U�D�Q�W���O�H���V�R�F�O�H�� �S�U�p�F�D�P�E�U�L�H�Q���H�W���O�H�V���U�R�F�K�H�V�� �3�D�O�p�R�]�R�w�T�X�H�V���V�H���V�R�Q�W���G�p�S�R�V�p�H�V���O�R�U�V��

�G�H���S�O�X�V�L�H�X�U�V���p�S�L�V�R�G�H�V���G�H���W�U�D�Q�V�J�U�H�V�V�L�R�Q���P�D�U�L�Q�H���H�[�W�H�Q�V�L�Y�H���j���S�D�U�W�L�U���G�H���O�¶�$�O�E�L�H�Q���V�X�S�p�U�L�H�X�U�H���M�X�V�T�X�¶�j��
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The sedimentary formations of the Late Cretaceous to Early Tertiary Belqa Group correspond 

to pure to slightly clayey limestones and minor black shales characterized by a remarkable 

enrichment in phosphorous and various redox sensitive elements (Cd, Cr, Mo, Ni, U, V, Zn). 

Phosphorous enrichment is related to the great phosphorite deposition event that has occurred 

at the southern margin of the Tethys Ocean during this period. The very low organic matter 

contents in the limestones, despite their strong enrichment in redox sensitive elements, is 

attributed to a deposition in anoxic water but under shallow water conditions permitting the 

bacterial degradation of a large part of the organic matter. Most of the elements constituting 

the Belqa Group sediments have been deposited from the sea water either directly by 

chemical precipitation (most Ca and redox sensitive elements) or indirectly through biogenic 

activity (P, part of Ca and U), except for the minor detritial contribution presents in some 

limestones and more significantly in the shales. Such an origin is also supported by the REE 

patterns of the limestones which are similar to that of the present sea water. The anomalously 

high concentrations of some redox sensitive trace metals (Cr, Ni and probably Cd) compared 

to worldwide black shales is explained by an exogenic metal flux, corresponding to the 

leaching of the huge amounts of ophiolites obducted during the collision between the African-

Arabian and Eurasian plates at the same time as the deposition of the Belqa Group sediments. 

Uranium is substituted for calcium in biogenic apatite in the limestones, but was also directly 

precipitated from sea water in the black shales in relation with the suboxic environment with 

the periodic anoxia developed during their deposition in restricted deeper basins.    

The pyrometamorphism resulting from the burning of organic-rich levels in clayey limestones 

has created a further enrichement of redox sensitive elements in the resulting marbles by a 

volume loss resulting from decarbonatation reactions and the combustion of the organic 

matter. 

KEYWORDS: Jordan; Belqa Group; major elements; redox sensitive elements; 

paleoenvironments; synsedimentary enrichment; exogenic metal flux. 
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The present paper examines the lower part of the Belqa Group of central Jordan, which was 

deposited from the Late Cretaceous to Early Tertiary. This period is particularly well known 

for the extensive deposition of phosphorites variably enriched in uranium along the same 

paleolatitude (8° - 15° N), on carbonate platforms, at the southern margin of the Tethys 

Ocean, from Turkey to Morocco, through Israel, Jordan, Syria, Iraq, Saudi Arabia, Egypt, 

Tunisia, Algeria, and beyond the Atlantic to Colombia and Venezuela (Parish and Curtis, 

1982; Soudry et al., 2004). Elevated metallic element contents in the Late Cretaceous to Early 

Tertiary black shales have been already reported in Jordan and Israel (Bentor et al., 1963), but 

the Belqa Group of Central Jordan of similar age is characterized by remarkable enrichment 

in a series of redox sensitive elements of most lithologies either organic-rich or not. The 

origin of such an extreme metal enrichment of the Upper Cretaceous to Early Tertiary 

formations at the south-eastern part of the Tethys Ocean is not completely understood, but a 

new hypothesis is proposed in this paper. 

The main aim of the present paper is to report on the exceptional geochemical characteristics 

of Maastrichtian to Paleocene Belqa Group in central Jordan, to describe the ore-bearing 

mineral association and to discuss the origin of such a remarkable metal enrichment, which 

does not appear to be simply correlated with the presence of organic matter as in classical 

black shales (Holland 1979; Pasava, 1993). The Belqa Group lithologies also illustrate the 

evolution of sedimentation during a major global warming event and during a major 

geotectonic event, which occurred at the southeastern margin of the Tethys Ocean. 
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Jordan is situated to the north west of the Arabian Peninsula, separated from Israel and 

Palestine by the Dead Sea Rift Valley (Dead Sea Transform) occupied by the Jordan River. 

The study area is located in central Jordan, approximately 80 km south-east of Amman 

(Fig.II.1).  

From Cambrian to early Cretaceous, Jordan was located the northern margin of the Gondwana 

super-continent. The area was relatively tectonically stable during the Palaeozoic with a 

dominantly continental sedimentation, and minor but widespread marine incursions. These 
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conditions of sedimentation continued into the early Triassic but by the Late Triassic to early 

Jurassic the area became increasingly more marine with an open sea lying to the northwest 

(Ziegler, 2001).  
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During the Late Cretaceous, subduction of the oceanic lithosphere was initiated to the north 

and resulted in the collision of the Arabian platform with the European continent, associated 

with folding and obduction of ophiolites (Lovelock, 1984). After this compression event, 

extension within the Arabian plate during the Late Cretaceous to early Tertiary caused the 

formation of a series of northwest-trending basins (Bender, 1974; Lovelock, 1984). Later        

left-lateral strike-slip faulting along the Dead Sea Transform in the Neogene led to the 

development of well defined pull-apart basins such as the Dead Sea Basin. From the Late 

Cretaceous to Eocene Jordan was covered by an extensive marine transgression from 

Cenomanian time, in relation with a global warming event, which resulted in the deposition of 

�W�K�H���$�M�O�X�Q���D�Q�G���%�H�O�T�D���J�U�R�X�S�V�����P�R�V�W�O�\���F�D�O�F�D�U�H�R�X�V���V�H�G�L�P�H�Q�W�V�������%�H�Q�G�H�U�����������������3�R�Z�H�O�O���D�Q�G���0�R�K�¶�G����

2011). During the Late Eocene, a regression led to a period of folding, uplift and erosion. This 

period is also characterized by a left lateral transtensional event which was responsible for the 

Dead Sea rifting, extensive basalt flows mainly in north-east Jordan, but which extend to 

Syria and Saudi Arabia, and by localized lacustrine and fluviatile deposits in the Azraq and 

Jafr basins (depressions, respectively located at the northeast and southeast of the study area).  



�&�K�D�S�W�H�U���,�,�����2�U�L�J�L�Q���R�I���W�K�H���H�[�W�U�H�P�H���S�R�O�\�P�H�W�D�O�O�L�F���H�Q�U�L�F�K�P�H�Q�W���R�I���W�K�H���/�D�W�H���&�U�H�W�D�F�H�R�X�V���(�D�U�O�\���7�H�U�W�L�D�U�\���%�H�O�T�D���*�U�R�X�S��
�O�L�W�K�R�O�R�J�L�H�V�����F�H�Q�W�U�D�O���-�R�U�G�D�Q����

38 

 

Our study concerns specifically the sedimentary units deposited from Late Cretaceous to early 

Tertiary and belonging to the Belqa Group in the central part of Jordan (Fig.II.2). A 

li thostratigraphical scheme has been established by Bender (1974), Powell (1989), Alsharhan 

�D�Q�G���1�D�L�U�Q�������������������3�X�I�D�K�O���H�W���D�O���������������������3�R�Z�H�O�O���D�Q�G���0�R�K�¶�G�����������������W�R���F�R�U�U�H�O�D�W�H���W�K�H���V�H�G�L�P�H�Q�W�D�U�\��

units in Jordan and adjacent areas (especially Israel, Egypt and Saudi Arabia). The main 

lithostratigraphical units are briefly summarized in Table 1. 
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�D�Q�G���J�H�R�O�R�J�L�F�D�O���G�H�W�D�L�O�H�G���P�D�S�����D�I�W�H�U���%�H�Q�G�H�U�����������������R�I���W�K�H���V�W�X�G�L�H�G���D�U�H�D�����Z�L�W�K���O�R�F�D�W�L�R�Q���R�I���V�D�P�S�O�H�V���D�Q�G��

�R�X�W�F�U�R�S�V���R�I���W�K�H���0�R�W�W�O�H�G���=�R�Q�H���&�R�P�S�O�H�[�H�V���L�Q���-�R�U�G�D�Q���D�Q�G���,�V�U�D�H�O�� 
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The Belqa Group consists mainly of limestone, chalk, marl, phosphorite and shale. The 

sedimentary succession was deposited during pulsatory phases of marine onlap southward and 

eastward across the Arabian Craton (�3�R�Z�H�O�O���D�Q�G���0�R�K�¶�G������������). This group is divided into six 

formations, which are in stratigraphic order: Wadi Umm Ghudran (Coniacian-Santonian), 

Amman Silicified Limestone (Campanian), Al Hisa Phosphorite (Upper Campanian-Lower 

Maastrichtian), Muwaqqar Chalk Marl (Maastrichtian-Paleocene), Umm Rijam Chert-

Limestone and Wadi Shallala Chalk formations (Table II.1). This Cretaceous to Paleogene 

sedimentary sequence records an overall trend of progressive coastal onlap, punctuated by 

brief regressive, low stand sequences, bounded by burrowed condensed horizons during 

periods of depositional hiatus, during a globally warm greenhouse climatic regime (Powell 

�D�Q�G���0�R�K�¶�G����������������  
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The architecture of the Late Cretaceous shallow water carbonate platforms existing at the 

northern margin of the Arabian plate, to which the study area belongs, is characterized by the 

presence of intrashelf basins. These intrashelf basins are depressions of varying sizes and 

shapes that occur within tectonically passive and regionally extensive carbonate shelves. They 

are separated from the open marine basin by the shelf margin, and are largely filled by fine-

grained sediments having attributes of deeper water sedimentation (lime mud, argillaceous 

carbonates, shales and organic shales). This particular palaeogeographical setting is known in 

other locations within the Arabian plate (i.e. Oman, Iran) during the Late Cretaceous (Van 

Buchem et al., 2002a; Grélaud et al., 2006), but also at other time intervals such as Lower 

Cretaceous (Van Buchem et al., 2002b). 

 Neogene and Quaternary terrestrial and lacustrine deposits in Jordan reflect marine 

regression as a result of continuous uplift associated extensive mafic volcanic activity (Al-

Zoubi and Ben-Avraham, 2002, Ibrahim et al., 2003).  
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The upper part of the carbonate platform (rimmed carbonate shelf) represented by the 

Turonian Wadi Es-Sir Limestone (WSL) is unconformably overlain by the Belqa Group 

(Fig.II.3). The Belqa Group dominantly consists of chalk, chert and phosphorite and pelagic 

�O�L�P�H�V�W�R�Q�H�����$�O�V�K�D�U�K�D�Q���D�Q�G���1�D�L�U�Q���� ������������ �3�R�Z�H�O�O���D�Q�G���0�R�K�¶�G���� �������������� �,�W�V���E�D�V�H���L�V���U�H�S�U�H�V�H�Q�W�H�G���E�\��

the Santonian Wadi Umm Ghudran Formation (WG) which is overlain by the Campanian 

Amman Silicified Limestone Formation (ASL) exposed along the Siwaqa Fault (Fig.II.2). The 

overlying Upper Campanian to Lower Maestrichtian Al Hisa Phosphorite Formation (AHP) is 

subdivided into three members from bottom to top: the Sultani Phosphorite, the Bahiya 

Coquina, and the Qatrana Phosphorite (Powell, 1989). The AHP consists of phosphorite, 

chert, marl, and limestone deposited on the mid to inner parts of the broad sea shelf, enriched 

in organic matter derived from nektonic fauna and phytoplankton. The high phosphorous 

content results from the high organic productivity which has occurred at the southern margin 

of the Tethys Ocean as that time (Alsharhan and Nairn, 2003). In the study area the phosphate 

enrichment of these units remains moderate and does not reach the level observed in the 

phosphate mining areas located to the south and north of the study area. The overlying 

Maestrichtian to Paleocene Muwaqqar Chalk Marl Formation (MCM) is the most extensively 



�&�K�D�S�W�H�U���,�,�����2�U�L�J�L�Q���R�I���W�K�H���H�[�W�U�H�P�H���S�R�O�\�P�H�W�D�O�O�L�F���H�Q�U�L�F�K�P�H�Q�W���R�I���W�K�H���/�D�W�H���&�U�H�W�D�F�H�R�X�V���(�D�U�O�\���7�H�U�W�L�D�U�\���%�H�O�T�D���*�U�R�X�S��
�O�L�W�K�R�O�R�J�L�H�V�����F�H�Q�W�U�D�O���-�R�U�G�D�Q����

41 

 

exposed rock unit in the study area. The MCM consists of marl, chalk, limestone and shale. 

The basal and, locally, the upper part of the MCM is rich in organic matter locally known as 

�µ�R�L�O���V�K�D�O�H�V�¶���� �7�K�H���0�&�0���I�R�U�P�D�W�L�R�Q���Z�D�V���G�H�S�R�V�L�W�H�G���L�Q���D�Q���L�Q�Q�H�U���W�R���R�X�W�H�U���V�K�H�O�I�� �H�Q�Y�L�U�R�Q�P�H�Qt, and 

basal bituminous horizons were accumulated in local anoxic basins which were bounded by 

�H�[�W�H�Q�V�L�R�Q�D�O�� �I�D�X�O�W�V�� ���3�R�Z�H�O�O�� �D�Q�G�� �0�R�K�¶�G���� �������������� �7�K�H�� �X�S�S�H�U�� �S�D�U�W�� �R�I�� �W�K�H�� �0�&�0�� �)�R�U�P�D�W�L�R�Q�� �L�V��

represented by recrystallized limestones termed marbles. Narrow basaltic like dykes and sills 

are injected all over the area in the MCM formation. The unconformably overlying Eocene 

Um Rijam Chert Limestone Formation (URC) is also locally recrystallized and contains 

organic-rich rocks in its lower part. The URC was deposited in an outer shelf, deeper water 

and more pelagic environment and represents the uppermost formation of the Belqa Group in 

the area. The upper most sedimentary units consist in unconformable Pleistocene travertine, 

and fluviatile to lacustrine deposits, and finally by Holocene to present-day alluvium.  
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36 samples (3 bioclastic limestones, 5 shales, 18 limestones, 10 marbles)  have been selected 

from outcrops, trenches and exploration drilling of JORDAN AREVA RESOURCES in the 

Al Hisa Phosphorite (AHP), the Muwaqar Chalk Marl (MCM) and the lower part of the Umm 

Rijam Chert-Limestone  (URC) Formations of the Belqa Group (Maastrichtian �± Lower 

Paleocene) (Fig.3). 

Polished thin sections have been studied by transmitted and reflected optical microscopy, 

Scanning Electron Microscopy (SEM) coupled with an Energy Dispersion Spectrometer 

(EDS) (Hitachi S-4800, JEOL J7600F),  by Transmitted Electron Microscopy (FEI CM 20 

TEM), and by a CAMECA SX100 electron microprobe at the Service Commun de 

Miscrocopies Electroniques et de Microanalyses X, Université de Lorraine, Vandoeuvre-lès-

Nancy. Whole rocks were analyzed by ICP-AES for major elements, ICP-MS for 42 trace 

elements, and total sulphur, organic carbon, total carbon dioxide and fluor at the Service 

d'Analyse des Roches et des Minéraux (SARM), CNRS-CRPG, Nancy. CO2tot, Corg and Stot 

are measured by calcination at 1400°C (Leco SC 144DR). CO2 and SO2 formed during 

calcination were estimated with an Infrared detector. Corg is measured after carbonate 

destruction with HCl. Fluor concentrations were measured by alkaline fusion. The powdered 

sample was mixed with sodium carbonate and water, and then was fused at 990°C. The fluor 

is directly measured with a fluoride selective electrode. Shales and calcium-rich lithologies 

have been analyzed by X-Ray Diffraction to determine complex mineral phases. Samples 

were decarbonated with hydrochloric acid, washed by centrifugation and lastly deposited on 

thin sections. They were finally analyzed by three ways: at room temperature, heated at 550°, 

and with ethylene glycol saturation to determine the presence of expansive clays. 

 

�������5�(�6�8�/�7�6��

5.1. Materials  

5.1.1. Al Hisa Phosphorite Formation 

The bioclastic limestones of the AHP formation correspond to wackestone-packstone facies. 

They contain abundant biogenic phosphates occurring as skeletal fragments (several 
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millimeter long), aggregates (up to 5 mm in diameter), ooids (up to 400 µm), and nodules (up 

to 300 µm) (Fig.II.4a). These phosphates are dominantly orange-brown colored, rarely 

colorless. These elements are embedded within a micritic mud except for the bioclastic 

oolithic grainstone (9502-18) which shows sedimentary laminations, alternating beds of chert 

and beds of microsparrite (Fig.II.4a). Besides biogenic phosphates, this limestone presents 

siliceous bioclastic fragments (micro grains of quartz and fibrous quartz) and silicophosphated 

aggregates. Some micro grains of quartz are observed within the muddy matrix. A bioclastic 

limestone (JRD10-15 packstone) contains a great diversity of well-preserved benthic 

foraminifera (up to 1 mm), and biogenic phosphates as skeleton fragments (several 

millimeters), and aggregates (up to 2 mm) embedded in a micrite mud. Mn-Ba oxide, 

romanechite (���%�D���+���2�������0�Q���2������������ �R�F�F�X�U�V���D�V���D�J�J�U�H�J�D�W�H�V���R�I�� �P�L�F�U�R�F�U�\�V�W�D�O�V���E�H�W�Z�H�H�Q���W�K�H���F�D�O�F�L�W�H��

�F�U�\�V�W�D�O�V�����6�H�F�R�Q�G�D�U�\���X�U�D�Q�L�X�P���Y�D�Q�D�G�D�W�H�V���K�D�Y�H���E�H�H�Q���R�E�V�H�U�Y�H�G���D�O�R�Q�J���D���F�D�O�F�L�W�H���Y�H�L�Q���D�V���D�J�J�U�H�J�D�W�H�V��

�R�I���P�L�F�U�R�F�U�\�V�W�D�O�V���D�Q�G���I�L�O�O�L�Q�J���V�S�D�F�H�V���������—�P�����E�H�W�Z�H�H�Q���F�D�O�F�L�W�H���F�U�\�V�W�D�O�V���L�Q���R�Q�H���V�D�P�S�O�H������������������������

���������������2�L�O���V�K�D�O�H�V���R�I���W�K�H���O�R�Z�H�U���0�X�Z�D�T�T�D�U���&�K�D�O�N���0�D�U�O���)�R�U�P�D�W�L�R�Q��

Oil shales occurring at the base of the MCM Formation are laminated, fine-grained grey 

clayey marls with shells clasts and rare woody fragments. Discrete, isolated lamina 

disruptions suggest weak bioturbation. Within the shales, rare parallel orientated bivalves 

clasts suggest lamination. Some samples show a large numbers of foraminifera (mainly 

planktonic species, related to Globigerinidae). The shales consist of fine admixture of clay 

minerals (smectite, illite) organic matter, quartz, cristobalite and calcite. Fluorapatite occurs 

as skeleton fragments and irregular nodules, oriented along the laminations. The matrix of the 

shales contains disseminated framboidal pyrite (5µm) and Cd-rich sphalerite crystals (up to 30 

µm large aggregates and 1µm large microcrystals) underlining the stratification (Fig.II.4b). 

The sphalerite microcrystals are associated with organic matter, or are included in phosphates. 

Uranium oxide micrograins (rounded crystals �” 1µm) are heterogeneously distributed in the 

matrix of the shales. Two of the samples (JRD10-12A, B) are crosscut by a nearly vertical 

�F�D�O�F�L�W�H�� �Y�H�L�Q���� �9�X�J�V�� �L�Q�� �W�K�H���F�D�O�F�L�W�H�� �Y�H�L�Q�V�� �D�U�H�� �I�L�O�O�H�G�� �E�\�� �µ�V�S�K�D�O�H�U�L�W�H�� �E�D�O�O�V�¶���� �+�D�Z�O�H�\�L�W�H�� ���&�G�6���� �F�R�D�W�V��

the sphalerite balls. At the margin of the vein various sulfides are associated with small 

fibrous uranium oxide crystals (< 1µm) (Fig.II.4c) probably recrystallized from the shale 

matrix during the percolation of the fluids that led to the crystallization of the calcite in the 

veins. Zeolites (heulandite, clinoptilolite) have been determined in the shale matrix by MET 

analysis. 
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5.1.3. Limestones of the Muwaqqar Chalk Marl Formation 

Limestones of the MCM Formation have variable colors (beige, pink-beige, pink-brown, grey, 

to black). There are two types: non recrystallized limestones, and recrystallized limestone. 

Non recrystallized limestones consist of a micritic matrix, arounded foraminifera (up to 1mm) 

and biogenic phosphates (up to 2mm). One of them (JRD10-08) consists of a micritic matrix 

between microsiliceous nodules (500 µm) and biogenic phosphates (up to 2 mm). There is 

porosity within the bioclasts which may represent evidence of a diagenetic replacement of 

initial calcite by silica. It appears as small areas that consist of cloudy zones of radial-fibrous 

quartz. Locally there is fracture porosity (late diagenesis ?) that cuts across the fabric elements 

of the rock. Within the available space, large sparitic crystals developed. The initial internal 

structure of foraminifera �L�V���W�R�W�D�O�O�\���G�H�V�W�U�R�\�H�G���E�\���V�L�O�L�F�D���U�H�S�O�D�F�H�P�H�Q�W�����G�H�Y�H�O�R�S�P�H�Q�W���R�I���H���³�J�K�R�V�W�´��

texture). In diagenetic recrystallized limestones, the rock consists of a mosaic of euhedral 

calcite rhombohedron (50 µm) clay minerals (Mg-smectite type) located between the calcite 

crystals. One limestone (JRD10-22) presents some dolomite crystals (Fig.II.4d). Pyrite 

framboids are most commonly associated with clays minerals and organic matter between the 

calcite grains, and sometimes with native selenium (Fig.II.4e), and with siliceous algae. 

Pyrite, together with barite and iron oxide may, also replace the foraminifera and others 

microorganisms. Sr-rich barite and native selenium crystals (micrometric aggregates) occur as 

inclusions in calcite crystals (up to 100 µm) in association with pyrite or clays minerals and 

organic matter. The foraminiferal black limestone (JRD10-19) shows some uranium 

vanadates adjacent to late calcite veins.  

 

5.1.4. Marbles of the upper Muwaqqar Chalk Marl and lower Umm Rijam Chert-

Limestone Formations 

Marbles of the top of the MCM Formations and at the base of the URC Formation are 

varicolored (brown, black, pink, red, and green). They dominantly consist of calcite, 

carbonate-fluorapatite and calcium silicates. Calcite appears as xenomorphic elongated grains 

(up to 200 µm). Phosphates occur as micrograins (up to 1 mm) coating the elongated calcite 

grains. A series of high-temperature, sub-idiomorphic to idiomorphic (50 µm, up to 1 mm 

long) carbonated calcium silicates (spurrite, jennite-afwillite-tilleyite type) and oxides 

(brownmillerite, srebrodolskite, perovskite, hydrocalumite, mayenite) (Fig.II.4f) are 
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disseminated between the calcite and carbonate-fluorapatite minerals within the matrix of the 

marbles. Ba is hosted by barite, sometimes with powellite (CaMoO44) around calcite grains. 

The marbles are rich in a variety of metallic minerals: Se-Zn-Ni sulfides like millerite, and 

sphalerite, pyrite and native copper disseminated in the matrix, uranium oxides occurring as 

poikilitic grains (up to 70µm) (Fig.II.4g), and as inframicrometric (up to 10µm) inclusions in 

the phosphates, complex non-identified mineral phases containing S-Fe-Ni-Cu-Se-Cr-Zn-Mo-

Ba  found as micro-inclusions in the phosphates, together with microcrytals of barite, Ni-Se 

sulfides (makinenite) and Zn-Se sulfides (stilleite). Veins filled by calcium silicates 

(kumtyubeite) are associated with bultfonteinite (F-silicate). These secondary Ca-silicates are 

associated with sulfides like Cd-rich sphalerite and gersdorffite (NiAs) and sulfates like 

ettringite (Ca6Al 2(SO4)3(OH)12.26H2O), hashemite (Ba(Cr,S)O4) (Fig.II.4h). 
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5.2. Major element geochemistry 

Whole rock major element analyses are given in table II.2. Carbonate is quantitatively the 

most significant component over most of the Belqa group lithologies, with a mean content of 

62.71 wt% CaCO3. However, the concentrations are highly variable (from 3.64 to 96.92 wt% 

CaCO3, Table II.2). The clay mineral abundance is low in most lithologies (0.05< wt% 

Al 2O3< 3.12) and remains moderates in the shales (3.62< wt% Al2O3< 6.18) (Table II.2). 

The bioclastic limestones (AHP ) present large variation of Ca (13.64<CaO<48.67 wt%), 

carbonate (5.28<CaCO3<85.77 wt%) and silica (9.06<SiO2<72.41 wt%) contents reflecting 

the variable proportions of synsedimentary silica, mostly of biogenic origin with a Ge/Si ratio 

( Ge/Si 0.36 . 10-6 �± 2.36 . 10-6) inferior to those of  the clastic ratio of the land-derived clastic 

supply (Tribovillard et al., 2011). Mg contents is very low (0.11<MgO<0.43 wt%) indicating 

the absence of dolomite and of magnesian clay minerals. The variable phosphate content 

(1.19<P2O5<7.58 wt%) reflects the abundance of phosphates clasts and nodules. The silica-

rich limestones have the highest phosphate content.  

The limestone of the AHP Formation tend to have lower minor element contents (Al, Fe, Mg, 

Ti) than those of the MCM Formation indicating an extremely low contribution of detritial 

material. Its phosphate content is higher (up to 7.58 wt% P2O5) and one sample is extremely 

rich in silica (9502-18). Their total organic carbon (TOC) and total sulfur (TS) contents are 

very low (Table II.2). 

The shales, overlaying the AHP bioclastic limestone, have low Al2O3 contents (3.62< 

Al 2O3<6.18 wt%) indicating low clay mineral content for shales, but high and very variable 

silica (26.31<SiO2<51.61 wt%) and carbonate (3.64<CaCO3<36.48 wt%) contents. The 

samples with the highest carbonate contents correspond to marls. Their high ignition loss 

(27.15<I.L.<39.11 wt%) reflect the presence of large amounts of organic matter (TOC) 

(9.39<TOC<16.79 wt%) and to a lesser extend of carbonates, sulfur (2.53<TS< 4.29 wt%), 

and water from clay minerals. Their phosphate content is moderate (1.13<P2O5< 2.56 wt%). 

The limestones of the MCM Formation present a large variation of carbonate 

(39,88<CaCO3< 96.92 wt%) and silica (1.86<SiO2<32,16 wt%) contents reflecting the 

variable abundance of rounded siliceous nodules (chert, replacement of calcium carbonate by 

silica) dispersed within a micritic matrix. Variable Mg contents (0.16<MgO<7.01 wt%) 
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indicate dolomitisation of some limestone (JRD10-22) and the presence of magnesian clays 

minerals. The MCM limestones are poorer in phosphate (0.20 < P2O5< 3,07 wt%) than 

underlying bioclastic limestones. Their organic carbon content is also generally very low (12 

samples among 18 have TOC < 0.06 wt%), except two samples with 1.19 and 1.27 wt% TOC 

. Their sulfur content is also generally very low (11 samples among 18 have TS < 0.07 wt%), 

except four samples with 0.39 to 0.66 wt% TS. The sample with the highest sulfur content 

(JRD10-73) is poor in organic carbon. 

The marbles, have high Ca contents (50<CaO<55 wt%), but relatively low carbonate 

contents (9,31<CO2< 39,43wt%) indicating the presence of other Ca-bearing minerals than 

carbonates. Calcium also enters in the structure of the phosphates (3.42<P2O5<20.17 wt%) 

and in the silicates (0,64<SiO2<10.21 wt%). Their low Mg (0.27<MgO<0.77wt%), Fe 

(0,07<Fe2O3<1,34 wt%), and alumina contents (0.17<Al2O3<3.21 wt%) indicate the low 

proportion of dolomite and clay minerals in the initial sediments. Their organic carbon 

(<0,02<TOC<0,04 wt%) content is extremely low but their sulfur content (0,05<TS<1,11 

wt%) is significant. This indicates that the dark color of the marbles is not related to the 

presence of organic matter, but mostly to the presence of finely disseminated sulfides. 
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The variation of the proportion of the major rock-forming minerals in the various lithologies 

of the Belqa Group is illustrated by a series of ternary diagrams (Fig.II.5a to II.5c). In the 

CaO-SiO2-5Al2O3 diagram (Fig.II.5a) most of the limestones represent a mixture between 

carbonate, and a pole of a clay (montmorillonite-illite type) with minor quartz contribution. In 

contrast the silica-rich limestones are very poor in clay minerals and plot outside the trend 

defined by the other limestones. Hence, silicification cannot represent a late event, because a 

dilution trend between the Si-poor and Si-rich limestones is not observed. If the process of Si-

enrichment would be silicification, in figure II.5a, the silica-rich samples should plot on a 

dilution trend between the field defined by the silica poor limestone which has variable clay 

content, and the silica pole. In fact the silica-richest samples plot on the CaO-SiO2 side with 

no clay minerals, they are nearly devoid of detrital contribution. The Si-enrichment of some 

limestones has to correspond to a synsedimentary-diagenetic feature. The amount of detrital 

clay minerals and quartz being minor, silica most probably results from deposition of 

siliceous plankton, and/or eventually from a pure chemical precipitation. In the CaO-10P2O5-

SiO2 diagram (Fig.II.5b), the enrichment in phosphates is nearly proportional to the silica 

enrichment except for a few samples. This correlation is interpreted as a concomitant 

precipitation of silica and phosphorous, both of organic origin, together with the carbonates in 

the limestones. In the CaO-CO2tot-SiO2 diagram (Fig.II.5c) some samples are richer in CO2 

than calcite reflecting the presence of organic carbon (up to 1.27 wt% TOC) and some other 

are richer in Ca than calcite because of their enrichment in phosphates (up to 7.58 wt %). In 

the marbles most of the silica was initially bound to the clay minerals as indicated by their 

nearly constant Si/Al ratio (Fig.II.5a). The marbles are the richest in phosphate, but poor in 

silica (Fig.II.5b). In the CaO-CO2tot-SiO2 diagram increasing CaO/CO2 ratios indicates not 

only the enrichment of the samples in phosphates, but also the decarbonatation reactions 

which results from the development of the high temperature Ca-silicate phases observed 

during the mineralogical study. The shales are characterized by a high proportion of silica for 

a relatively low clay content, high carbonates contents (Fig.II.5a) and relatively low 

phosphorus content (Fig.II.5b). They are richer in organic carbon with carbon contents well 

above the quantity required for calcite (Fig.II.5c). 
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5.3. Redox sensitive element geochemistry 

Trace elements contents are presented in table II.2 and figure II.6. Al l the lithologies of the 

Belqa Group are anomalously enriched in redox sensitive elements.  The redox sensitive trace 

elements are much more enriched than in most organic-rich sediment occurring in the world 

in absolute concentration and even more when normalized to the Al content of the rock 

(Fig.II.6). The shales are the most enriched in zinc (427-9048 ppm), uranium (134-5899 

ppm), vanadium (337-1037 ppm), molybdenum (175-951 ppm), nickel (182-717 ppm), 

strontium (361- 692 ppm), chromium (265- 483 ppm), and cadmium (85-349 ppm).  
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The limestones of the MCM and of the AHP formations, despite their lower trace element 

enrichment compared to other lithologies, are characterized by high concentrations of redox 

sensitive elements compared to common limestones: As (0<As<25 ppm, mean(m)= 10 ppm), 

Cd (0.86<Cd<468 ppm, m= 40 ppm), Cr (28<Cr<502 ppm, m= 155 ppm), Cu (6<Cu<87, 

m=33 ppm), Ni (16<Ni<164 ppm, m=69 ppm), Mo (1<Mo<32 ppm, m=8 ppm), U (4<U<59 

ppm, m=15 ppm), V (29<V<358 ppm, m=141 ppm). Zn and Cd are hosted both by sphalerite 

with hawleyite or its dimorph greenockite (both CdS) reflecting the high Cd/Zn of some 

samples ���L���H���� �&�G���=�Q�§���� �L�Q�� �-�5�'����-08). As, Cu, Mo and Ni also occur as sulfides. The good 

correlation between U and P indicates that U is dominantly hosted by apatite, except in the U 

richest limestone (JRD10-19 with 51 ppm U) which is one of the poorest in phosphates (0.55 

wt% P2O5) and where uranium is hosted in secondary uranyl vanadates observed along 

fractures. Some other elements, non redosx sensitives like Ba (8<Ba<790 ppm, m= 165 ppm) 

and Sr (239<Sr<1491 ppm, m=541 ppm) are also enriched. Ba occurs as barite and hashemite, 

and Sr is mainly substituted in calcite. 

The marbles have still higher concentrations in many of these trace elements already enriched 

in the limestones (Table II.2 and Fig.II.6).  

 

Rare earth elements  

All the lithologies of the Belqa Group are poorer in REE than the Post-Archean Australian 

Shale (PAAS) (McLennan, 1989) and present a different global fractionation trend (Fig.II.7a). 

Lower REE contents reflect a lower initial clay content of these lithologies with a maximum 

of 6.2 wt% Al2O3 against 16.7 wt% for the Average Shale (Wedepohl, 1971, 1991). They tend 

to be richer in the heaviest REE relatively to the lightest ones. The REE patterns are also 

characterized by cerium negative anomalies (0.36< Ce/Ce*mean <0.85) relatively to the PAAS. 

The reverse fractionation of the REE and this anomaly are the strongest for the marbles and 

the weakest for the shales. These characteristics are similar to those of sea water (Fig.II.7a) 

(Zhang and Nozaki, 1998) reflecting their origin indirectly through their incorporation in 

biogenic carbonates and/or eventually by direct chemical precipitation from sea water with 

the carbonates. Seawater patterns, with the negative cerium anomalies, result of the direct 

incorporation of REE from seawater, or from pore water after early-burial diagenetic 

remobilization of REE from a REE carrier which has itself incorporated REE's directly from 
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seawater.  

REE may be incorporated from seawater, or from occluded and associated biogenic or clastic 

debris via remobilization into pore water (McArthur and Walsh, 1984/1985). 

The marbles are the richest �L�Q�� �5�(�(�� �����5�(�( mean =69 ppm, ���5�(�( maximum=218 ppm), 

probably in relation with their higher phosphate content and the relative enrichment resulting 

from the volume loss as discussed �K�H�U�H�D�I�W�H�U���� �7�K�H���O�L�P�H�V�W�R�Q�H�V�� �D�U�H���W�K�H�� �S�R�R�U�H�V�W�� �L�Q�� �5�(�(�� �����5�(�(��

mean =20 ppm) because they have low phosphate and detrital particule contents. The diagram 

Al+P versus REE (Fig.II.8) shows the positive correlation between the abundance of REE and 

that of phosphate and detrital particules given by the amount of Al. 

Individual REE patterns of the limestones (AHP and MCM fm.) show a great variation of 

REE abundance and of the negative Ce anomaly intensity (0.29<Ce/Ce*<0.95) with 

increasing reverse fractionation (0.94<LuN/LaN<3.90) with decreasing REE contents 

(Fig.II.7c, 7e) reflecting the variable proportions of REE derived from sea water and from 

detrital particules. However, two bioclastic limestones have anomalously high (Al+P)/REE 

ratios. Their REE content is nearly only associated with the phosphates because their alumina 

content is extremely low (Table II.2). 

The marbles (Fig.II.7b) show weaker variability of their REE patterns (1.93<LuN/LaN<2.78), 

a great variation of REE abundance (13.78<���5�(�(<217.81 ppm) and an intense Ce anomaly 

(Ce/Ce* mean = 0.36 ppm) reflecting their variable clay and biogenic phosphate content. The 

highest REE content is observed for the marble JRD10-84A which is the second richest in 

phosphorous and was also rich in clay minerals as reflected by its high alumina content 

(Fig.II.8). With the lowest in CO2 content it also represents the most decarbonated sample. 

This marble is richer in REE than the PAAS except for cerium.  

The shales present similar REE abundances and fractionation except one sample with lower 

REE content (JRD10-12E) which has the lowest clay content (lowest in alumina). The weak 

fractionation of their REE patterns (1.48<LuN/LaN<1.76) and the weak Ce anomalies 

(Ce/Ce* mean = 0.85) reflect the predominance of REEs associated with the detrital mineral 

fraction as in the average shale and a much weaker contribution from sea water. 
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6.1. Redox conditions during sedimentation 

All the sediments of the Belqa Group were deposited from the Late Cretaceous to early 

T�H�U�W�L�D�U�\�� �D�I�W�H�U�� �W�K�H�� �P�D�M�R�U�� �&�H�Q�R�P�D�Q�L�D�Q���7�X�U�R�Q�L�D�Q�� ���&���7���� �³�2�F�H�D�Q�L�F�� �$�Q�R�[�L�F�� �(�Y�H�Q�W�´�� ���2�$�(�� ��������

which was associated with strong enrichments of redox-sensitive elements in organic carbon-

rich sediments, well characterized by Brumsack (2006). These enrichments are usually related 

to anoxic bottom waters. Under reducing conditions, the elements are either directly 

precipitated as sulphides, co-precipitated with iron sulphides, or bound to organic matter (e.g. 

Breit and Wanty, 1991; Piper, 1994; Nijenhuis et al., 1998). The total amount of organic 

carbon preserved in sediments is mainly controlled by three factors: organic matter 

production, microbial decomposition, and dilution by the rate of sedimentation (Sageman et 

al., 2003). Most Belqa Group sediments, except the black shales and two limestones have 
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TOC contents below the average content of open-ocean sediment (0.3 wt% TOC) (Stein, 

1990), the origin of which will be discussed below. 

The relation between total organic carbon (TOC) and total sulfur (TS) of the sedimentary rock 

has been used by various authors to evaluate the redox conditions existing during 

sedimentation in the water column above the sediments and at the level of the sediment/water 

interface (see for example Berner, 1983, and references therein). In the Belqa Group, the shale 

is the only lithological unit significantly enriched in organic matter (Fig.II.9). The high 

TOC/TS ratios (2.79 to 5.19) of the shales is slightly lower than the average ratio of normal 

marine sediments beneath oxygenated water (Berner, 1983) indicating that the conditions of 

sedimentation of the shales were suboxic with anoxic events, a result which is surprising with 

regards to the very high redox sensitive metal content of these rocks (Fig.II.9). Similar 

conditions are obtained for about one third of the limestone samples. The main part of the 

limestones and the marbles with very low TOC contents (below 0.1 wt%) have low TOC/TS 

ratios and plot in the anoxic water �± anoxic sedimentation field despite their high content in 

redox sensitive metals which suggest strong anoxia and even guinea. If the low TOC/TS ratios 

of the marbles can be easily explained by the consumption of their initial organic carbon 

content (necessary for the development of the combustion) during their alteration by 

pyrometamorphism (see later discussion).  
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The low Al content (<3.8 wt% Al2O3) and the high carbonate content of the limestones 

indicate a very low rate of dilution by detrital particules. The dilution may also result from the 

deposition of biogenic fragments and may explain at least part of explain the low TOC 

content of these sediments. However, the exceptionally high content in redox sensitive 

elements in the sediments, even in those poor in organic matter, requires the existence of a 

least transient anoxic conditions created by the presence of organic matter on the sea floor. 

The development of anoxia has been also favored by the global warming event occurring at 

that time which decreases the average oxygen level of oceanic waters (Meyer and Kump, 

2008). The low TOC content of the limestones is a normal characteristic for carbonates. For 

having such low organic matter content in the limestone (despite high content of redox 

sensitive elements), the primary organic matter productivity should have been low, and/or the 

produced organic matter has been poorly preserved. However, the degradation mechanism 

which may have decreased the initial amount of organic matter deposited on the sea floor, has 

to prevent the re-oxidation of the redox sensitive elements and their removal from the 

sediments. Consequently, anoxic conditions of degradation are necessary (Fig.II.10). Such 

conditions can only result from anaerobic bacterial activity at the sea floor. Under oxygen 

deficiency (or suboxic conditions as defined above) denitrification and Mn and Fe reduction 

reactions dominates for the degradation of organic matter (�-�¡�U�J�H�Q�V�H�Q�������������������$�O�V�R�����G�X�U�L�Q�J���W�K�H��

�W�U�D�Q�V�L�H�Q�W���D�Q�R�[�L�F���F�R�Q�G�L�W�L�R�Q�V���W�K�H���D�F�W�L�Y�L�W�\���R�I���V�X�O�I�D�W�H���U�H�G�X�F�L�Q�J���E�D�F�W�H�U�L�D���R�F�F�X�U�U�H�G���D�V���V�K�R�Z�Q���E�\���W�K�H��
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6.2. Origin of the phosphate enrichment 

Many of the Belqa Group lithologies of Late Cretaceous-early Tertiary age are characterized 

by a significant but highly variable enrichment in phosphates. Enriched phosphate deposition 

occurred at that time over much of the southern margin of the Tethys Ocean due to a series of 

exceptional paleogeographic and paleoclimatic conditions (Soudry et al., 2004). More 

�V�S�H�F�L�I�L�F�D�O�O�\���� �L�Q�� �F�H�Q�W�U�D�O�� �D�Q�G�� �V�R�X�W�K�� �-�R�U�G�D�Q���� �3�R�Z�H�O�O�� �D�Q�G�� �0�R�K�¶�G�� �������������� �K�D�Y�H�� �U�H�O�D�W�H�G�� �W�K�H�� �K�L�J�K��

phosphate content of the Belqa Group: 

(i) a high organic productivity on the oyster banks that produced abundant carbonate clasts 

which were preferentially phosphatised off-bank, but phosphate concentrations of our samples 

of the phosphorite formation (AHP) do not reach the level of the phosphorites known in this 

region (Abed et al., 2005); 

(ii) winnowing and concentration of nektonic skeletal fragments and phosphatized grains in a 

shallow water environment; 

(iii) relatively low subsidence rate and low pelagic sedimentation rate resulting in a series of 

condensed sequences in this facies. 
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Most of the limestones have phosphate content below 1 wt% P2O5, except five samples, with 

1.6 to 3.1 wt% P2O5, which tend to have the highest silica contents (up to 32 wt% SiO2). 

Similarly, the bioclastic limestones which are richer in phosphates (up to 7.6 wt% P2O5), are 

also very rich in silica (up to 72 wt% SiO2). As no detritial quartz has been observed in these 

samples, and as indicated by the low Ge/Si ratios, most of the silica is probably of biogenic 

origin as the phosphates and derived from siliceous plankton. The excellent correlation 

observed between Si and P enrichment for the limestones, in the ternary diagram CaO-SiO2-

10P2O5 (Fig.II.5b), further supports this interpretation. The important development of 

phosphorites from Late Cretaceous to Eocence all over the southern shallow marine platform 

of the Tethys Ocean, indicates a predominant ocean upwelling type of sedimentation over 

much this area (Fig.II.10). 

6.3. Origin of the metal enrichment 

Most of the lithologies of the Late Cretaceous to Early Tertiary Belqa Group in central 

Jordan, dominated by carbonate-rich lithologies, are exceptionnaly enriched in a large variety 

of trace elements, mostly redox sensitive metals. Several origins can be proposed for such an 

enrichment: (i) a primary precipitation of the metals from normal sea water during their 

deposition, (ii) a primary precipitation from sea water contaminated by an exogenic metal 

source deriving from hydrothermal fluids or from river waters leaching weathered rocks 

enriched in specific metals, (iii) a secondary deposition (epigenetic enrichment) during burial 

from diagenetic fluids by replacement of the carbonates as in Mississippi Valley Type (MVT) 

deposits. The case of the marbles with the involvement of decarbonatation and burning 

reactions will be discussed in a separate section. 

 

 6.3.1. Epigenetic enrichment 

An epigenetic metal enrichment of the Belqa Group lithologies can be easily ruled out 

because: 

(i) the metal�±bearing minerals occur as very small isolated or crystal aggregates finely 

disseminated within the matrix of the rocks, most commonly with a grain-size of a few 

micrometers or below the micrometer size, favors synsedimentary deposition of these metals, 
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(ii) their distribution tends locally to follow the primary sedimentary bedding, but seldom 

occurs in dissolution cavities or in fractures as observed classically in Mississippi Valley 

Type deposits (Paradis et al., 2007), except in two samples where recrystallization of some of 

the metals occurs at the wall of a fracture filled by calcite in the shales JRD10-12A-B), 

(iii) the strongest metal enrichment is observed in the shales with the highest organic carbon 

content and the lowest carbonate contents, that is, in the rocks which are less permeable and 

the less liable to develop dissolution cavities in which the metals can have been deposited, 

(iv) the set of enriched elements in the Belqa Group sediments is much larger than the 

classical one observed in MVT deposits (mainly Zn and Pb, �“�&�X�����“�&�G�����“�$�J�����“�1�L�����“�&�R�����Q�H�Y�H�U��
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 6.3.4. Metamorphic enrichment of the marbles 

In several localities the calcareous horizons belonging to the Muwaqqar Chalk Marl 

Formation (Fig.II.3) have suffered a very high temperature, very low-pressure metamorphism 

(named pyrometamorphism, Grapes, 2006) produced by the endogenous combustion of 

organic matter-rich layers resulting in the formation of marbles. The metamorphism is 

evidenced by the peculiar high temperature mineralogical assemblage existing in these rocks, 

and by their much lower carbonate content than that of limestone despite similar calcium 

contents (Fig.II.5c). This type of metamorphism has been observed over much of the study 

area and has been recorded in different part of Jordan, Syria and Israel (e.g. Bentor et al., 

1963; Khoury and Nassir, 1982; Burg et al., 1999; Sokol et al., 2010) and dated to the 

Neogene (Gur et al., 1995) (Fig.II.2). The lithological unit in which these rocks occur is 

�Q�D�P�H�G�� �W�K�H�� �³�0�R�W�W�O�H�G�� �=�R�Q�H�´�� �R�U�� �W�K�H�� �+�D�W�U�X�U�L�P�� �)�R�U�P�D�W�L�R�Q�� ��in Israel) (Fig.II.2). All strata are 

densely veined and altered by late hydrothermal solutions. A detailed presentation of the 

mineralogical assemblage of these rocks, outlined above, is beyond the scope of this paper. 
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The decarbonatation reactions and the burning of organic matter have led to a significant 

volume loss in the rock, and thus have created a relative enrichment of the trace metals. An 

excellent estimation of these effects on trace metal concentration is provided by the study of 

Yoffe et al. (2002) which compares the geochemistry of the Maastrichtian oil shales from the 

Negev desert with the corresponding ashes produced by fluidized bed combustion at 700-

800°C. The Maastrichtian oil shales from the Negev desert  (Ghareb Formation, Soudry, 

2000) are stratigraphic equivalents of the MCM of Central �-�R�U�G�D�Q�����3�R�Z�H�O�O���D�Q�G���0�R�K�¶�G����������������

and evidence of pyrometamorphism of these units is also known in Israel because of their 

high TOC contents (up to 26 wt%). The concentration of trace elements is nearly doubled in 

the ash compared to the initial concentrations measured in the oil shales. This variation 

corresponds to a maximum enrichment factor, because many of the marbles still contain a 

significant amount of carbonates: 21 to 82 wt% in the marbles compared to 40 to 95 wt% in 

the limestones and only 4 to 37 wt% in the shales (Table II.2). However, the average 

enrichment factor in the marbles with respect to the carbonates is much higher (0 to 10). The 

trace element level of the marbles is closer to that of the shales, although the marbles are not 

derived from the combustion of shale type protolith because of their lower alumina content 

despite the volume loss resulting from the pyrometamorphism (mAl2O3shales= 4.93wt% 

compared to m Al2O3marbles= 1.80 wt%). Hence, the enhanced redox sensitive element content 

in the marble is due to the burning of initially high organic carbon content.  

 

�������&�2�1�&�/�8�6�,�2�1�6��

The Late Cretaceous to Early Tertiary Belqa Group lithologies were deposited in two 

sedimentary environments during the Maastrichtian to Paleocene. The shales and part of the 

limestone succession were deposited in suboxic water with periodic anoxia with relatively 

abundant accumulation of organic matter, and in deeper waters, within local anoxic basins 

bounded by extensional faults. The sedimentary protoliths of the marbles from the MCM and 

lower URC formations were deposited in the same conditions that allowed the deposition and 

preservation of abundant organic matter. Abundant organic matter must have been present in 

the marbles protoliths to permit the development of pyrometamorphism by combustion of 

organic matter, evidenced by the high temperature mineral paragenesis of these rocks. The 

sedimentation of the limestones with variable phosphate contents took place in areas of 
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upwelling with moderate to abundant organic matter production, but with its poor 

preservation because of the shallower depth of deposition.  

The exceptional redox sensitive elements enrichment (RSE) of the Belqa Group sediments 

results from a series of mechanisms: 

(i) The enrichment in many of the RSE (U, Cu, Co, Mo, Sb, V) are comparable to the 

enrichment observed in the black shales and results from a synsedimentary deposition either 

by direct precipitation from average sea water-or through their incorporation in the marine 

organisms, in suboxic conditions with episodic anoxia.  

(ii) Some other RSE (Cr, Ni, Cd, Zn) are much more enriched compare to in average shales 

(worldwide) or Upper Cretaceous black shales, generally, (Fig.II.6) and require an exogenic 

metal flux which we propose to be derived from enrichment these metals in sea water by river 

waters deriving thse elements from the weathering and alteration of the huge masses of 

ultrabasic rocks obducted at the end of the Cretaceous. The nearest occurrences of such rocks 

are the ophiolites of the Troodos Massif (Cyprus Island) and Baer Bassit (North-western 

Syria), 

(iii) Pyrometamorphism of some of the limestones which leads to the formation of marbles is 

responsible of further trace elements enrichment because of the large volume loss resulting 

from decarbonatation reactions and burning of the organic matter which resulted in high-

temperature combustion, 

 (iv) The main part of the uranium enrichment in the Belqa Group sediments is well correlated 

with the biogenic phosphates accumulation, except in the black shale which shows 

exceptional enrichment in uranium in local anoxic basins where the rate of sedimentation was 

extremely low.  
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