
�>���G �A�/�, �B�M�b�m�@�y�j�3�R�y�y�R�y

�?�i�i�T�b�,�f�f�?���H�@�B�M�b�m�X���`�+�?�B�p�2�b�@�Q�m�p�2�`�i�2�b�X�7�`�f�B�M�b�m�@�y�j�3�R�y�y�R�y

�a�m�#�K�B�i�i�2�/ �Q�M �R�R �P�+�i �k�y�k�k

�>���G �B�b �� �K�m�H�i�B�@�/�B�b�+�B�T�H�B�M���`�v �Q�T�2�M ���+�+�2�b�b
���`�+�?�B�p�2 �7�Q�` �i�?�2 �/�2�T�Q�b�B�i ���M�/ �/�B�b�b�2�K�B�M���i�B�Q�M �Q�7 �b�+�B�@
�2�M�i�B�}�+ �`�2�b�2���`�+�? �/�Q�+�m�K�2�M�i�b�- �r�?�2�i�?�2�` �i�?�2�v ���`�2 �T�m�#�@
�H�B�b�?�2�/ �Q�` �M�Q�i�X �h�?�2 �/�Q�+�m�K�2�M�i�b �K���v �+�Q�K�2 �7�`�Q�K
�i�2���+�?�B�M�; ���M�/ �`�2�b�2���`�+�? �B�M�b�i�B�i�m�i�B�Q�M�b �B�M �6�`���M�+�2 �Q�`
���#�`�Q���/�- �Q�` �7�`�Q�K �T�m�#�H�B�+ �Q�` �T�`�B�p���i�2 �`�2�b�2���`�+�? �+�2�M�i�2�`�b�X

�G�ö���`�+�?�B�p�2 �Q�m�p�2�`�i�2 �T�H�m�`�B�/�B�b�+�B�T�H�B�M���B�`�2�>���G�- �2�b�i
�/�2�b�i�B�M�û�2 ���m �/�û�T�¬�i �2�i �¨ �H�� �/�B�z�m�b�B�Q�M �/�2 �/�Q�+�m�K�2�M�i�b
�b�+�B�2�M�i�B�}�[�m�2�b �/�2 �M�B�p�2���m �`�2�+�?�2�`�+�?�2�- �T�m�#�H�B�û�b �Q�m �M�Q�M�-
�û�K���M���M�i �/�2�b �û�i���#�H�B�b�b�2�K�2�M�i�b �/�ö�2�M�b�2�B�;�M�2�K�2�M�i �2�i �/�2
�`�2�+�?�2�`�+�?�2 �7�`���M�Ï���B�b �Q�m �û�i�`���M�;�2�`�b�- �/�2�b �H���#�Q�`���i�Q�B�`�2�b
�T�m�#�H�B�+�b �Q�m �T�`�B�p�û�b�X

�.�B�b�i�`�B�#�m�i�2�/ �m�M�/�2�` �� �*�`�2���i�B�p�2 �*�Q�K�K�Q�M�b���i�i�`�B�#�m�i�B�Q�M �@ �L�Q�M�*�Q�K�K�2�`�+�B���H �@ �L�Q�.�2�`�B�p���i�B�p�2�b�% �9�X�y
�A�M�i�2�`�M���i�B�Q�M���H �G�B�+�2�M�b�2

�1�p���H�m���i�B�Q�M �Q�7 �i�?�2 �B�K�T���+�i �Q�7 �7�`�2�2�x�B�M�; �i�2�+�?�M�B�[�m�2 �Q�M
�T�Q�`�2�@�b�i�`�m�+�i�m�`�2 �+�?���`���+�i�2�`�B�b�i�B�+�b �Q�7 �?�B�;�?�H�v �/�2�+�Q�K�T�Q�b�2�/ �T�2���i

�m�b�B�M�; �s�@�`���v �K�B�+�`�Q�@�+�Q�K�T�m�i�2�/ �i�Q�K�Q�;�`���T�?�v
�>���b�b���M ���H �J���D�Q�m�- ���`�v �"�`�m���M�/�- �P�H�B�p�B�2�` �_�Q�x�2�M�#���m�K�- �1�K�K���M�m�2�H �G�2 �h�`�Q�M�;

�h�Q �+�B�i�2 �i�?�B�b �p�2�`�b�B�Q�M�,

�>���b�b���M ���H �J���D�Q�m�- ���`�v �"�`�m���M�/�- �P�H�B�p�B�2�` �_�Q�x�2�M�#���m�K�- �1�K�K���M�m�2�H �G�2 �h�`�Q�M�;�X �1�p���H�m���i�B�Q�M �Q�7 �i�?�2 �B�K�T���+�i
�Q�7 �7�`�2�2�x�B�M�; �i�2�+�?�M�B�[�m�2 �Q�M �T�Q�`�2�@�b�i�`�m�+�i�m�`�2 �+�?���`���+�i�2�`�B�b�i�B�+�b �Q�7 �?�B�;�?�H�v �/�2�+�Q�K�T�Q�b�2�/ �T�2���i �m�b�B�M�; �s�@�`���v �K�B�+�`�Q�@
�+�Q�K�T�m�i�2�/ �i�Q�K�Q�;�`���T�?�v�X �A�M�i�2�`�M���i�B�Q�M���H ���;�`�Q�T�?�v�b�B�+�b�- �k�y�k�k�- �j�e �U�j�V�- �T�T�X�k�k�j�@�k�j�j�X ���R�y�X�j�R�8�9�8�f�B�M�i���;�`�f�R�8�k�y�8�d���X
���B�M�b�m�@�y�j�3�R�y�y�R�y��

https://hal-insu.archives-ouvertes.fr/insu-03810010
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Evaluation of the impact of freezing technique on pore-structure characteristics 
of highly decomposed peat using X-ray micro-computed tomography**

Hassan Al Majou1,2* , Ary Bruand1, Olivier Rozenbaum1,3, and Emmanuel Le Trong1

1University of Orleans, CNRS, BRGM, Earth Sciences Institute of Orléans (ISTO), 1A rue de la Férollerie, 
45071 Orleans Cedex 2, France

2University of Damas, Department of Soil Science, Faculty of Agronomy, PO Box 30621, Damas, Syria
3CNRS, Extreme conditions and Materials, High Temperature and Irridiation (CEMHTI), UPR 3079, 

�$�Y�H�Q�X�H���G�H���O�D���5�H�F�K�H�U�F�K�H���6�F�L�H�Q�W�L�¿�T�X�H�����������������2�U�O�H�D�Q�V�����&�H�G�H�[���������)�U�D�Q�F�H

Received May 25, 2022; accepted July 12, 2022

Int. Agrophys., 2022, 36, 223-233
doi: 10.31545/intagr/152057

*Corresponding author e-mail: almajou@yahoo.fr
�
�
�7�K�L�V�� �Z�R�U�N�� �Z�D�V�� �¿�Q�D�Q�F�L�D�O�\�� �V�X�S�S�R�U�W�H�G�� �E�\�� �W�K�H�� �/�D�E�H�[�� �9�R�O�W�D�L�U�H��
���$�1�'���������/�$�%�;�����������������������������W�R���������������D�Q�G���W�K�H���)�U�H�Q�F�K���S�U�R�J�U�D�P��
PAUSE (2017 to 2022).

� $ �E �V �W�U �D �F �W� � �7�K�H�� �P�R�G�H�O�O�L�Q�J�� �R�I�� �S�H�D�W�O�D�Q�G�� �I�X�Q�F�W�L�R�Q�L�Q�J�� �U�H�T�X�L�U�H�V��
detailed knowledge of the peat structure. To this end, freezing 
�L�V�� �Q�R�Z�D�G�D�\�V�� �L�Q�F�U�H�D�V�L�Q�J�O�\�� �X�V�H�G�� �W�R�� �R�E�W�D�L�Q�� �;���U�D�\�� �P�L�F�U�R�� �F�R�P�S�X�W-
�H�G�� �W�R�P�R�J�U�D�S�K�\�� ���;���U�D�\�� ���&�7���� �L�P�D�J�H�V���� �7�K�H�� �D�L�P�� �R�I�� �W�K�L�V�� �V�W�X�G�\�� �Z�D�V��
�W�R�� �D�Q�D�O�\�]�H�� �W�K�H�� �V�W�U�X�F�W�X�U�H�� �R�I�� �D�� �S�H�D�W�� �P�D�W�H�U�L�D�O�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� �D�Q�G��
�S�R�V�W���G�H�I�U�H�H�]�L�Q�J�� �X�V�L�Q�J�� �;���U�D�\�� ���&�7�� �D�Q�G�� �W�R�� �O�R�R�N�� �I�R�U�� �S�R�V�V�L�E�O�H�� �D�O�W�H�U-
�D�W�L�R�Q�V���L�Q���W�K�H���V�W�U�X�F�W�X�U�H���E�\���D�Q�D�O�\�]�L�Q�J���W�K�H���D�L�U���¿�O�O�H�G���S�R�U�R�V�L�W�\�����$���K�L�J�K�O�\��
decomposed peat material close to water saturation was select-
�H�G�� �I�R�U�� �V�W�X�G�\���� �7�K�U�H�H�� �V�D�P�S�O�H�V�� �Z�H�U�H�� �D�Q�D�O�\�]�H�G�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� �D�Q�G��
�S�R�V�W���G�H�I�U�H�H�]�L�Q�J�� �X�V�L�Q�J�� �D�Q�� �;���U�D�\�� ���&�7�� �1�D�Q�R�W�R�P�� �������1�)���� �5�H�V�X�O�W�V��
�V�K�R�Z�H�G���W�K�D�W���W�K�H���F�R�Q�W�L�Q�X�L�W�\���D�Q�G���F�U�R�V�V���V�H�F�W�L�R�Q���R�I���W�K�H���D�L�U���¿�O�O�H�G���W�X�E�X-
�O�D�U�� �S�R�U�H�V�� �V�H�Y�H�U�D�O�� �K�X�Q�G�U�H�G�V�� �W�R�� �D�E�R�X�W�� �R�Q�H�� �W�K�R�X�V�D�Q�G�� �P�L�F�U�R�P�H�W�H�U�V��
in diameter were altered post-defreezing. Many much smaller 
�D�L�U���¿�O�O�H�G�� �S�R�U�H�V�� �Q�R�W�� �G�H�W�H�F�W�H�G�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� �Z�H�U�H�� �D�O�V�R�� �U�H�F�R�U�G�H�G��
post-defreezing. Detailed analysis showed a dramatic increase 
�L�Q�� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �D�L�U���¿�O�O�H�G�� �S�R�U�H�V�� �U�D�Q�J�L�Q�J�� �E�H�W�Z�H�H�Q�� ���� �Y�R�[�H�O�� ����������
103 µm3���� �D�Q�G�� ������ �Y�R�[�H�O�V�� ������������ ����6 µm3) in volume. The volume 
�R�I�� �W�K�H�V�H���S�R�U�H�V���Q�H�Z�O�\�� �R�F�F�X�S�L�H�G���E�\�� �D�L�U���X�V�L�Q�J���;���U�D�\�� ���&�7���D�Q�G���W�K�H�L�U��
�W�R�W�D�O���Y�R�O�X�P�H���Z�D�V���I�R�X�Q�G���W�R���E�H���F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���W�K�H���R�Q�H���F�D�O�F�X�O�D�W�H�G���D�V��
�U�H�V�X�O�W�L�Q�J���I�U�R�P���W�K�H���L�Q�F�U�H�D�V�H���L�Q���W�K�H���V�S�H�F�L�¿�F���Y�R�O�X�P�H���R�I���Z�D�W�H�U���Z�K�H�Q��
it turns into ice. 

�. �H �\ �Z �R �U �G �V���� �I�U�H�H�]�L�Q�J�� �W�H�F�K�Q�L�T�X�H���� �S�H�D�W�� �S�R�U�H�� �V�W�U�X�F�W�X�U�H���� �L�P�D�J�H��
�D�Q�D�O�\�V�L�V�����;���U�D�\���F�R�P�S�X�W�H�G���W�R�P�R�J�U�D�S�K�\

INTRODUCTION

In many peatland studies, the description of the physical 
�F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���S�H�D�W���L�V���G�H�U�L�Y�H�G���I�U�R�P���M�X�V�W���D���I�H�Z���E�D�V�L�F���P�H�W-
�U�L�F�V���V�X�F�K���D�V���S�R�U�R�V�L�W�\�����E�X�O�N���G�H�Q�V�L�W�\���D�Q�G���K�X�P�L�¿�F�D�W�L�R�Q���L�Q�G�H�[�H�V��
(Michel et al., 2001; Quinton et al., 2009; Michel, 2015; 
�.�X�U�Q�D�L�Q���D�Q�G���+�D�\�D�W�L���� �������������� �+�R�Z�H�Y�H�U���� �E�R�W�K���W�K�H���V�K�R�U�W���� �D�Q�G��
long-term modelling of peatland functioning, and in partic-
ular the impact of anthropogenic warming and direct human 
�G�L�V�W�X�U�E�D�Q�F�H�� �R�Q�� �D�W�P�R�V�S�K�H�U�L�F�� �&�22, CH4 and N2�2���� �U�H�T�X�L�U�H�V 
�D���G�H�W�D�L�O�H�G���N�Q�R�Z�O�H�G�J�H���R�I���W�K�H���S�H�D�W���V�W�U�X�F�W�X�U�H���D�Q�G���R�I���E�R�W�K���Z�D�W�H�U��
�D�Q�G�� �J�D�V�� �À�R�Z�� �Z�L�W�K�� �U�H�V�S�H�F�W�� �W�R�� �W�K�H�� �J�U�R�X�Q�G�Z�D�W�H�U�� �W�D�E�O�H�� �O�H�Y�H�O��
(e.g. Gharedaghloo et al.�����������������=�K�D�R��et al., 2020; Glaser et 
al., 2021; Müller and Fortunat, 2021; Swinnen et al., 2021; 
Wiedeveld et al.���� �������������� �,�Q�� �R�U�G�H�U�� �W�R�� �D�F�K�L�H�Y�H�� �W�K�L�V���� �;���U�D�\��
Computed Tomography, which is widely used in science 
�D�V�� �D�� �Q�R�Q���L�Q�Y�D�V�L�Y�H�� �W�H�F�K�Q�L�T�X�H�� �I�R�U�� �W�K�H�� �V�W�X�G�\�� �R�I�� �L�Q�W�H�U�Q�D�O�� ���'��
�D�Q�G�����'���V�W�U�X�F�W�X�U�H�V�����L�V���D���S�U�R�P�L�V�L�Q�J���W�H�F�K�Q�L�T�X�H���Z�L�W�K���Z�K�L�F�K���W�R��
analyse the structure of peats and their physical properties. 
Improvements in resolution have led to the development of 
�;���U�D�\�� �P�L�F�U�R���F�R�P�S�X�W�H�G�� �W�R�P�R�J�U�D�S�K�\�� ���;���U�D�\���P-CT), which 
�K�D�V�� �E�H�H�Q�� �D�S�S�O�L�H�G�� �W�R�� �S�H�D�W�� �P�D�W�H�U�L�D�O�V���� �.�H�W�W�U�L�G�J�H�� �D�Q�G�� �%�L�Q�O�H�\��
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�������������� ������������ �X�V�H�G�� �;���U�D�\���P-CT to investigate gas content 
and peat structure. They studied samples 7.2 cm long and 
7.2 cm in diameter with a resolution of 100 µm. Quinton 
et al. (2009) analysed the structure and hydraulic proper-
�W�L�H�V���R�I���S�H�D�W�V���X�V�L�Q�J���;���U�D�\���&�7�����7�K�H�\���V�W�X�G�L�H�G���V�D�P�S�O�H�V���������F�P 
long and 6 cm in diameter with a resolution of 45 µm and 
�V�K�R�Z�H�G���K�R�Z���Z�D�W�H�U���F�R�Q�W�H�Q�W�V���U�H�F�R�U�G�H�G���L�Q���W�K�H���¿�H�O�G���D�U�H���U�H�O�D�W�H�G 
�W�R�� �W�K�H�� �L�Q�W�H�U���S�D�U�W�L�F�O�H�� �S�R�U�H���Y�R�O�X�P�H�� �G�L�V�W�U�L�E�X�W�L�R�Q���� �8�V�L�Q�J��
�W�K�H�� �P�H�W�K�R�G�R�O�R�J�\�� �G�H�Y�H�O�R�S�H�G�� �E�\�� �4�X�L�Q�W�R�Q��et al. (2009), 
Rezanezhad et al.�� �������������� ������������ �V�W�X�G�L�H�G�� �W�K�H�� �L�Q�À�X�H�Q�F�H�� �R�I��
�S�R�U�H���V�L�]�H���J�H�R�P�H�W�U�\���R�Q���W�K�H���K�\�G�U�D�X�O�L�F���F�R�Q�G�X�F�W�L�Y�L�W�\���R�I���S�H�D�W���E�\��
�F�R�P�E�L�Q�L�Q�J���;���U�D�\���P-CT and digital image processing. They 
found that a large reduction in unsaturated conductivity with 
�G�H�S�W�K�� �Z�D�V�� �H�V�V�H�Q�W�L�D�O�O�\�� �F�R�Q�W�U�R�O�O�H�G�� �E�\�� �W�K�H�� �S�U�R�S�R�U�W�L�R�Q�� �R�I�� �D�L�U��
�¿�O�O�H�G���S�R�U�H�V�����0�R�U�H���U�H�F�H�Q�W�O�\�����7�X�U�E�H�U�J��et al.�����������������X�V�H�G���;���U�D�\��
�P���&�7���W�R���D�Q�D�O�\�V�H���Y�D�U�L�R�X�V���G�H�J�U�H�H�V���R�I���G�L�V�W�X�U�E�D�Q�F�H���U�H�O�D�W�H�G���W�R���W�K�H��
�S�U�R�F�H�V�V���R�I���S�H�D�W���H�[�W�U�D�F�W�L�R�Q�����E�\���Z�R�U�N�L�Q�J���Z�L�W�K���O�D�U�J�H���V�D�P�S�O�H�V��
of 15×15×45 cm3���L�Q���Y�R�O�X�P�H���D�Q�G���D���P�H�G�L�F�D�O���;���U�D�\���V�F�D�Q�Q�H�U�� 
3-D images of regular parallelepipeds of 2×2×14 cm3 
in volume were recorded with a resolution of 371 µm.

Due to the low consistency of peat materials, and the 
�U�H�V�X�O�W�L�Q�J�� �S�R�V�V�L�E�O�H�� �D�O�W�H�U�D�W�L�R�Q�� �L�Q�� �W�K�H�L�U�� �V�W�U�X�F�W�X�U�H���� �G�X�U�L�Q�J�� �W�K�H��
�S�U�R�F�H�V�V���R�I���V�X�E�V�D�P�S�O�L�Q�J���R�I���W�K�H���S�H�D�W���E�O�R�F�N�V���F�R�O�O�H�F�W�H�G���L�Q���W�K�H��
�¿�H�O�G�����V�H�Y�H�U�D�O���D�X�W�K�R�U�V���D�S�S�O�L�H�G���I�U�H�H�]�L�Q�J���E�H�I�R�U�H���H�[�W�U�D�F�W�L�R�Q���L�Q��
�R�U�G�H�U���W�R���D�Y�R�L�G���G�H�I�R�U�P�D�W�L�R�Q���G�X�U�L�Q�J���V�X�E�V�D�P�S�O�L�Q�J�����7�K�L�V���V�W�U�D�W-
�H�J�\�� �D�F�K�L�H�Y�H�V�� �V�P�D�O�O�� �X�Q�G�L�V�W�X�U�E�H�G�� �V�D�P�S�O�H�V���� �W�K�H�U�H�E�\�� �P�D�N�L�Q�J��
�L�W���S�R�V�V�L�E�O�H���W�R���L�Q�F�U�H�D�V�H���W�K�H���U�H�V�R�O�X�W�L�R�Q���R�I���W�K�H�����'���;���U�D�\���P-CT 
�L�P�D�J�H�V���U�H�F�R�U�G�H�G�����7�K�H���S�H�D�W���V�D�P�S�O�H�V���F�R�O�O�H�F�W�H�G���E�\���.�H�W�W�U�L�G�J�H��
�D�Q�G�� �%�L�Q�O�H�\�� �������������� �Z�H�U�H�� �I�U�R�]�H�Q�� �V�R�R�Q�� �D�I�W�H�U�� �F�R�O�O�H�F�W�L�R�Q���� �D�Q�G��
�W�K�H�Q���G�H�I�U�R�V�W�H�G���S�U�L�R�U���W�R���W�K�H�L�U���V�W�X�G�\���E�X�W���W�K�H���U�H�D�V�R�Q���I�R�U���I�U�H�H�]-
�L�Q�J���W�K�H���V�D�P�S�O�H�V���U�H�P�D�L�Q�V���X�Q�F�O�H�D�U�����D�Q�G���D�S�S�H�D�U�V���W�R���K�D�Y�H���E�H�H�Q��
�P�R�W�L�Y�D�W�H�G�� �P�R�U�H�� �E�\�� �V�W�R�U�D�J�H�� �F�R�Q�G�L�W�L�R�Q�V�� �W�K�D�Q�� �E�\�� �F�R�Q�V�L�G�H�U-
�D�W�L�R�Q�V���F�R�Q�F�H�U�Q�L�Q�J���V�X�E�V�D�P�S�O�L�Q�J���P�H�W�K�R�G�R�O�R�J�\�����4�X�L�Q�W�R�Q��et al. 
(2009) and Rezanezhad et al.�� �������������� �I�U�R�]�H�� �S�H�D�W�� �E�O�R�F�N�V�� �D�W��
�±�����ƒ�&���I�R�U���������K���E�H�I�R�U�H���V�X�E�V�D�P�S�O�L�Q�J���F�R�U�H�V���������F�P���O�R�Q�J���D�Q�G��
6 cm in diameter which were extracted using a hollow drill 
�E�L�W�� �P�R�X�Q�W�H�G�� �R�Q�� �D�� �G�U�L�O�O�� �S�U�H�V�V���� �*�K�D�U�H�G�D�J�K�O�R�R��et al.�� ��������������
used data from Rezanezhad et al. (2009, 2010) and mod-
elled water and solute transport in the pore network of the 
9.92×9.92×9.92 mm3 samples, these models were extract-
�H�G�� �I�U�R�P�� �;���U�D�\���P-CT images of the peat materials. They 
showed that a decrease in hydraulic conductivity with depth 
was related to a reduction in pore radius and an increase in 
�W�R�U�W�X�R�V�L�W�\�����,�P�S�U�R�Y�H�P�H�Q�W�V���L�Q���W�K�H���;���U�D�\���P���&�7���W�H�F�K�Q�L�T�X�H���K�D�Y�H��
�O�H�G���W�R���D�Q���L�Q�F�U�H�D�V�H���L�Q���L�P�D�J�H���U�H�V�R�O�X�W�L�R�Q�����U�H�T�X�L�U�L�Q�J���W�K�H���X�V�H���R�I��
�V�P�D�O�O�H�U�� �V�D�P�S�O�H�V���� �W�K�L�V�� �H�Y�R�O�X�W�L�R�Q�� �Z�L�O�O�� �L�Q�H�Y�L�W�D�E�O�\�� �O�H�D�G�� �W�R�� �D�Q��
�L�Q�F�U�H�D�V�L�Q�J�� �U�H�F�R�X�U�V�H�� �W�R�� �D�� �I�U�H�H�]�L�Q�J�� �S�K�D�V�H�� �L�Q�� �R�U�G�H�U�� �W�R�� �R�E�W�D�L�Q��
�V�D�P�S�O�H�V���Z�L�W�K���W�K�H���D�S�S�U�R�S�U�L�D�W�H���V�L�]�H���E�H�I�R�U�H���D�Q�D�O�\�V�L�V��

�7�K�H�� �T�X�H�V�W�L�R�Q�� �D�U�L�V�H�V���� �K�R�Z�H�Y�H�U���� �D�V�� �W�R�� �Z�K�H�W�K�H�U�� �I�U�H�H�]�L�Q�J��
impacts the evolution of the soil structure. When water 
�W�U�D�Q�V�L�W�L�R�Q�V�� �I�U�R�P�� �W�K�H�� �O�L�T�X�L�G�� �W�R�� �W�K�H�� �V�R�O�L�G�� �V�W�D�W�H���� �L�W�V�� �Y�R�O�X�P�H��
�L�Q�F�U�H�D�V�H�V���E�\���������������W�K�H���G�H�Q�V�L�W�\���R�I���L�F�H���L�V�������������J���P�/-1 while 
�W�K�D�W�� �R�I�� �W�K�H�� �O�L�T�X�L�G�� �L�V�� �� �J�� �P�/-1). While investigating the 
�H
u�H�F�W�V�� �R�I�� �I�U�H�H�]�L�Q�J�� �R�Q�� �W�K�H�� �S�K�\�V�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V�� �D�Q�G�� �Z�H�W�W�D-
�E�L�O�L�W�\���R�I���K�L�J�K�O�\���G�H�F�R�P�S�R�V�H�G���S�H�D�W�V���X�V�H�G���D�V���J�U�R�Z�L�Q�J���P�H�G�L�D����

�0�L�F�K�H�O�� �������������� �V�K�R�Z�H�G�� �W�K�D�W�� �I�U�H�H�]�L�Q�J�� �Z�D�V�� �D�F�F�R�P�S�D�Q�L�H�G�� �E�\��
�D�� �G�H�F�U�H�D�V�H�� �L�Q�� �E�X�O�N�� �G�H�Q�V�L�W�\�� �D�Q�G�� �D�� �P�D�U�N�H�G�� �F�K�D�Q�J�H�� �L�Q�� �Z�D�W�H�U��
�U�H�W�H�Q�W�L�R�Q�� �S�U�R�S�H�U�W�L�H�V�� �E�X�W�� �W�K�H�� �S�R�U�H�� �V�W�U�X�F�W�X�U�H�� �Z�D�V�� �Q�R�W�� �D�Q�D�O-
ysed. Wang et al.�����������������X�V�H�G���;���U�D�\���P-CT and showed that 
�Q�R�Q���X�Q�L�I�R�U�P�� �Y�R�O�X�P�H�W�U�L�F�� �V�K�U�L�Q�N�D�J�H���� �Z�K�L�F�K�� �L�V�� �L�Q�G�L�F�D�W�H�G�� �E�\��
�W�K�H���I�U�H�H�]�H���Q�H�F�N�L�Q�J���S�K�H�Q�R�P�H�Q�R�Q�����Z�D�V���R�E�V�H�U�Y�H�G���L�Q���D�Q���X�Q�V�D�W-
�X�U�D�W�H�G�� �F�O�D�\�� �V�R�L�O�� �L�Q�� �D�� �F�O�R�V�H�G�� �I�U�H�H�]�H���W�K�D�Z�� �H�[�S�H�U�L�P�H�Q�W���� �/�L�X��
et al. (2021) studied the impact of freeze-thaw cycles on 
�W�K�H�� �S�R�U�H���V�W�U�X�F�W�X�U�H�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �R�I�� �V�L�O�W�\�� �V�R�L�O�� �X�V�L�Q�J�� �;���U�D�\��
�P-CT with a 25 µm resolution on the volume of interest, 
�Q�D�P�H�O�\����������×��������×�����������P�P3. Results showed an increase 
in the macroporosity and pore-throat network complexity. 
Ma et al.�����������������V�W�X�G�L�H�G���W�K�H���H
u�H�F�W���R�I���I�U�H�H�]�H���W�K�D�Z���F�\�F�O�H�V���R�Q��
�W�K�H���S�R�U�H���G�L�V�W�U�L�E�X�W�L�R�Q���L�Q���V�R�L�O���D�J�J�U�H�J�D�W�H�V���������� �P�P���L�Q���G�L�D�P�H-
ter using 3D images with a 3.25 µm resolution, these were 
�S�U�R�G�X�F�H�G�� �E�\�� �V�\�Q�F�K�U�R�W�U�R�Q���E�D�V�H�G�� �;���U�D�\���P-CT. The results 
showed how the creation of pores resulting from freeze-
�W�K�D�Z���F�\�F�O�H�V���P�D�\���E�H���X�V�H�G���W�R���H�[�S�O�D�L�Q���F�K�D�Q�J�H�V���L�Q���W�K�H���V�W�D�E�L�O�L�W�\��
of aggregates.

As the properties of porous materials are determined 
�E�\���P�D�F�U�R�����D�Q�G���P�L�F�U�R�S�R�U�H���G�L�V�W�U�L�E�X�W�L�R�Q���D�Q�G���W�R�S�R�O�R�J�\�����9�R�J�H�O����
�������������� �L�W���L�V���L�P�S�R�U�W�D�Q�W���W�R���S�D�\�� �F�O�R�V�H���D�W�W�H�Q�W�L�R�Q���W�R���W�K�H���T�X�D�O�L�W�\��
�R�I���W�K�H���S�R�U�H���G�L�V�W�U�L�E�X�W�L�R�Q���D�Q�G���W�R�S�R�O�R�J�\���G�H�V�F�U�L�S�W�L�R�Q���U�H�V�X�O�W�L�Q�J��
�I�U�R�P���;���U�D�\���P���&�7���D�Q�D�O�\�V�L�V�����7�K�H���O�D�W�W�H�U���F�D�Q���R�Q�O�\�� �E�H���X�V�H�G���W�R��
�V�W�X�G�\���D�L�U���¿�O�O�H�G���S�R�U�H�V���Z�K�L�F�K���D�U�H���W�K�H�U�H�I�R�U�H���W�K�H���R�Q�O�\���L�P�D�J�H�G��
�S�R�U�H�V�� �W�K�H�U�H�D�I�W�H�U�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �U�H�V�R�O�X�W�L�R�Q�� �R�I�� �W�K�H�� �;���U�D�\��
�P���&�7�� �X�V�H�G���� �D�V�� �W�K�R�V�H�� �R�F�F�X�S�L�H�G�� �E�\�� �Z�D�W�H�U�� �D�U�H�� �Y�H�U�\�� �G�L
v�F�X�O�W��
to distinguish from the water-saturated organic matrix. The 
�S�R�V�V�L�E�O�H���D�O�W�H�U�D�W�L�R�Q���R�I���E�R�W�K���W�K�H���S�R�U�H���Q�H�W�Z�R�U�N���J�H�R�P�H�W�U�\���D�Q�G��
its degree of saturation during sample preparation there-
fore remains a concern. However, to date little attention 
�K�D�V���E�H�H�Q���S�D�L�G���W�R���W�K�H���S�R�V�V�L�E�O�H���D�O�W�H�U�D�W�L�R�Q���R�I���W�K�H���S�R�U�H���Q�H�W�Z�R�U�N��
�G�X�U�L�Q�J���V�D�P�S�O�H���S�U�H�S�D�U�D�W�L�R�Q���Z�K�L�F�K���U�H�T�X�L�U�H�V���I�U�H�H�]�L�Q�J���L�Q���R�U�G�H�U��
�W�R�� �R�E�W�D�L�Q�� �V�X�E�V�D�P�S�O�H�V�� �Z�L�W�K�� �D�� �V�L�]�H�� �V�X�L�W�D�E�O�H�� �I�R�U�� �W�K�H�� �G�H�V�L�U�H�G��
�U�H�V�R�O�X�W�L�R�Q���Z�L�W�K���W�K�H���;���U�D�\���P-CT used. At present, freezing 
�L�V���L�Q�F�U�H�D�V�L�Q�J�O�\���E�H�L�Q�J���X�V�H�G���W�R���R�E�W�D�L�Q���V�P�D�O�O���V�L�]�H���V�D�P�S�O�H�V���R�I��
�S�H�D�W���P�D�W�H�U�L�D�O�V���I�R�U���;���U�D�\���P���&�7���D�Q�D�O�\�V�L�V�����W�K�H���R�E�M�H�F�W�L�Y�H���R�I���W�K�L�V��
study was to analyse a highly decomposed peat material 
�E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� �D�Q�G�� �S�R�V�W�� �G�H�I�U�H�H�]�L�Q�J�� �X�V�L�Q�J�� �;���U�D�\���P-CT in 
�R�U�G�H�U���W�R���D�V�V�H�V�V���Z�K�H�W�K�H�U���R�U���Q�R�W���I�U�H�H�]�L�Q�J���P�R�G�L�¿�H�G���L�W�V���V�W�U�X�F-
�W�X�U�H�� �E�\�� �D�Q�D�O�\�V�L�Q�J�� �W�K�H�� �D�L�U���¿�O�O�H�G�� �L�P�D�J�H�G���S�R�U�H�V�� �E�H�I�R�U�H�� �D�Q�G��
after the freeze-thaw process.

�0�$�7�(�5�,�$�/�6���$�1�'���0�(�7�+�2�'�6

Highly decomposed Sphagnum and Molinia peat was 
sampled in triplicate (samples A, B and C) from sites which 
�Z�H�U�H�� �L�Q�W�H�Q�V�L�Y�H�O�\�� �V�W�X�G�L�H�G�� �E�\�� �'�¶�$�Q�J�H�O�R��et al. (2016) and 
Bernard-Jannin et al.�������������������)�L�J�������������$���K�L�J�K�O�\���G�H�F�R�P�S�R�V�H�G��
�S�H�D�W���Z�D�V���V�H�O�H�F�W�H�G���I�R�U���V�W�X�G�\���E�H�F�D�X�V�H���L�W���L�V���S�R�W�H�Q�W�L�D�O�O�\���K�L�J�K�O�\��
sensitive to the creation of structure artifacts during freez-
�L�Q�J�� �G�X�H�� �W�R�� �L�W�V�� �K�L�J�K�� �Z�D�W�H�U�� �F�R�Q�W�H�Q�W�� �D�Q�G�� �O�R�Z�� �¿�E�U�H�� �F�R�Q�W�H�Q�W����
�/�D�U�J�H���X�Q�G�L�V�W�X�U�E�H�G���V�D�P�S�O�H�V��������×15×25 cm3) were collected 
�I�U�R�P���D���G�H�S�W�K���R�I���E�H�W�Z�H�H�Q���������D�Q�G���������F�P�����L�Q���R�U�G�H�U���W�R���D�Y�R�L�G���W�K�H��
heterogeneity of the top 20 cm due to Molinia roots. They 
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�Z�H�U�H���F�R�O�O�H�F�W�H�G���Z�K�H�Q���W�K�H���J�U�R�X�Q�G�Z�D�W�H�U���W�D�E�O�H���O�H�Y�H�O���Z�D�V���F�O�R�V�H��
�W�R���W�K�H���V�R�L�O���V�X�U�I�D�F�H���E�\�� �F�D�U�H�I�X�O�O�\�� �F�X�W�W�L�Q�J�� �W�K�H������×15×25 cm3 

parallelepiped volume with a large sharp knife to avoid 
deformation during collection. The samples were wrapped 
�Z�L�W�K�� �D�� �S�O�D�V�W�L�F�� �¿�O�P�� �D�Q�G�� �S�O�D�F�H�G�� �L�Q�� �D�� �U�L�J�L�G�� �E�R�[�� �W�R�� �D�Y�R�L�G 
�G�H�I�R�U�P�D�W�L�R�Q�����W�K�L�V���E�R�[���Z�D�V���W�K�H�Q���V�H�D�O�H�G���Z�L�W�K���D���S�O�D�V�W�L�F���E�D�J���W�R��
�D�Y�R�L�G���Z�D�W�H�U���O�R�V�V���D�Q�G���¿�Q�D�O�O�\���V�W�R�U�H�G���D�W���������ƒ�&���W�R���O�L�P�L�W���E�L�R�O�R�J�L�� 
cal activity. 

�%�X�O�N�� �G�H�Q�V�L�W�\�� �D�Q�G�� �S�D�U�W�L�F�O�H�� �G�H�Q�V�L�W�\�� �Z�H�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �E�\��
�X�V�L�Q�J���X�Q�G�L�V�W�X�U�E�H�G���S�H�D�W���V�D�P�S�O�H�V���Z�K�L�F�K���Z�H�U�H���D���G�R�]�H�Q���F�X�E�L�F��
centimetres in volume and applying the kerosene method 
�G�H�Y�H�O�R�S�H�G���E�\���0�R�Q�Q�L�H�U��et al. (1973). The total porosity was 
�R�E�W�D�L�Q�H�G���E�\���G�L�Y�L�G�L�Q�J���W�K�H���Y�R�O�X�P�H���R�I���Z�D�W�H�U���F�R�Q�W�D�L�Q�H�G���L�Q���D���V�D�� 
�W�X�U�D�W�H�G�� �V�D�P�S�O�H�� �E�\�� �W�K�H�� �N�Q�R�Z�Q�� �Y�R�O�X�P�H�� �R�I�� �W�K�H�� �V�D�P�S�O�H�� �D�V��
�G�H�V�F�U�L�E�H�G���E�\���%�R�H�O�W�H�U�����������������D�Q�G���1�L�P�P�R�������������������7�K�H���Z�D�W�H�U��
content of the collected samples was determined after oven 
drying at 105°C for 24 h. The degree of peat decomposi-
�W�L�R�Q�� �Z�D�V�� �F�K�D�U�D�F�W�H�U�L�]�H�G�� �E�\�� �X�V�L�Q�J�� �W�K�H�� �S�\�U�R�S�K�R�V�S�K�D�W�H�� �L�Q�G�H�[��
���.�D�L�O�D�����������������Z�K�L�F�K���Z�D�V���G�H�W�H�U�P�L�Q�H�G���I�R�O�O�R�Z�L�Q�J���*�R�E�D�W��et al. 
�����������������7�K�H���&���D�Q�G���1���F�R�Q�W�H�Q�W�V���Z�H�U�H���G�H�W�H�U�P�L�Q�H�G���W�K�U�R�X�J�K���W�K�H��
�F�R�P�E�X�V�W�L�R�Q���R�I���G�U�L�H�G���D�Q�G���F�U�X�V�K�H�G���V�D�P�S�O�H�V���D�W�����������ƒ�&�����X�V�L�Q�J��
�D���&�1�6�������������/�(�&�2���D�S�S�D�U�D�W�X�V��

�,�Q�� �R�U�G�H�U�� �W�R�� �R�E�W�D�L�Q�� �V�D�P�S�O�H�V�� �R�I�� �W�K�H�� �D�S�S�U�R�S�U�L�D�W�H�� �V�L�]�H�� �I�R�U��
�;���U�D�\���P���&�7�����V�X�E�V�D�P�S�O�H�V���R�I���S�H�D�W���P�D�W�H�U�L�D�O���Z�L�W�K���D���Y�R�O�X�P�H���R�I��
4×4×7 cm3 corresponding to the depth of 30-37 cm were 
�S�U�H�S�D�U�H�G���E�\���X�V�L�Q�J���Z�L�W�K���D���V�F�D�O�S�H�O���E�O�D�G�H���W�R���O�L�P�L�W���W�K�H���G�L�V�W�X�U-
�E�D�Q�F�H�� �R�I�� �W�K�H�� �S�H�D�W�� �V�W�U�X�F�W�X�U�H�� �D�V�� �I�D�U�� �D�V�� �S�R�V�V�L�E�O�H���� �7�K�H�Q�� �H�D�F�K��
�V�D�P�S�O�H���Z�D�V���S�O�D�F�H�G���L�Q���D���W�U�D�Q�V�S�D�U�H�Q�W���3�9�&���W�X�E�H�������F�P���L�Q���G�L�D�P-
eter which was then hermetically sealed with a screw cap 
�W�R�� �D�Y�R�L�G�� �Z�D�W�H�U�� �O�R�V�V���� �7�K�H�� �V�D�P�S�O�H�V�� �Z�H�U�H�� �¿�U�V�W�� �L�P�D�J�H�G�� �X�V�L�Q�J��
�;���U�D�\���P���&�7�� �D�Q�G�� �W�K�H�Q���� �R�Q�� �W�K�H�� �E�D�V�L�V�� �R�I�� �W�K�H�� �P�H�W�K�R�G�R�O�R�J�\��
�G�H�Y�H�O�R�S�H�G���D�Q�G���X�V�H�G���E�\���5�H�]�D�Q�H�]�K�D�G��et al. (2010), Ramirez 
et al. (2016) and Moore et al. (2017), they were frozen at 
�������ƒ�&���I�R�U���������K�����G�H�I�U�R�V�W�H�G���I�R�U���������K���D�W�������ƒ�&���D�Q�G���L�P�D�J�H�G���D�J�D�L�Q����
�;���U�D�\���P���&�7���� �(�D�F�K�� �V�H�D�O�H�G���3�9�&�� �W�X�E�H���Z�D�V�� �Z�H�L�J�K�H�G���Z�L�W�K���L�W�V��

�S�H�D�W���P�D�W�H�U�L�D�O���D�W�����G�L
u�H�U�H�Q�W���V�W�H�S�V���R�I���W�K�H���S�U�R�F�H�V�V����i.e., prior to 
�D�Q�G���D�I�W�H�U���H�D�F�K���;���5�D�\���P-CT imaging process, to check for 
�W�K�H���D�E�V�H�Q�F�H���R�I���Z�D�W�H�U���O�R�V�V���G�X�U�L�Q�J���W�K�H���D�F�T�X�L�V�L�W�L�R�Q���R�I���W�K�H���S�U�R-
jected 2D images. Measurements showed that the weight 
�Y�D�U�L�D�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �W�Z�R�� �V�X�F�F�H�V�V�L�Y�H�� �V�W�H�S�V�� �D�Q�G�� �E�H�W�Z�H�H�Q�� �W�K�H��
�¿�U�V�W���D�Q�G���O�D�V�W���V�W�H�S���Z�D�V����0.03 g for the two samples studied. 
�7�K�L�V���D�P�R�X�Q�W���O�R�V�V���Z�D�V���F�R�Q�V�L�G�H�U�H�G���W�R���E�H���Q�H�J�O�L�J�L�E�O�H��

�;���U�D�\���P���&�7�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �I�R�U�� �W�K�H�� �V�X�E�V�D�P�S�O�H�V�� ��×4 
×7 cm3���L�Q���Y�R�O�X�P�H���X�V�L�Q�J���W�K�H���1�D�Q�R�W�R�P���������1�)�����P�L�F�U�R���;���U�D�\��
�P-CT device (GE Phoenix|x-ray, Wunstorf, Germany). This 
�H�T�X�L�S�P�H�Q�W���K�D�V���D�����������N�9���Q�D�Q�R�I�R�F�X�V���;���U�D�\���W�X�E�H���D�Q�G���D���G�L�J�L�W�D�O��
detector array (2304×1152 pixels, Hamamatsu detector). 
�7�K�H�� �V�D�P�S�O�H�V�� �Z�H�U�H�� �S�O�D�F�H�G�� �L�Q�� �W�K�H�� �F�K�D�P�E�H�U�� �D�Q�G�� �U�R�W�D�W�H�G�� �E�\��
���������G�H�J�U�H�H�V���G�X�U�L�Q�J���D�F�T�X�L�V�L�W�L�R�Q�����7�K�H���V�D�P�S�O�H�V���Z�H�U�H���F�H�Q�W�U�H�G��
and waxed on a sample holder (circular plate) the axis of 
rotation of which was collinear to that of the tomograph 
�F�K�X�F�N�����$�Q���R�S�H�U�D�W�L�Q�J���Y�R�O�W�D�J�H���R�I�����������N�9���D�Q�G���D���¿�O�D�P�H�Q�W���F�X�U-
rent of 100 ���$�� �Z�H�U�H�� �D�S�S�O�L�H�G���� �7�K�H�� �G�L�V�W�D�Q�F�H�� �E�H�W�Z�H�H�Q�� �W�K�H��
�;���U�D�\���V�R�X�U�F�H���D�Q�G���W�K�H���V�D�P�S�O�H���D�Q�G���E�H�W�Z�H�H�Q���W�K�H���;���U�D�\���V�R�X�U�F�H��
and the detector was 300 and 500 mm, respectively, giving 
a voxel size of 60 ���P����The tomograph detector recorded 
���'���S�U�R�M�H�F�W�L�R�Q�V���L�Q���������E�L�W����i.e. divided into 65536 grey levels. 
The resulting projections were converted into a 3D image 
stack using a microcluster of four personal computers 
���3�&�V�����Z�L�W�K�����3�K�R�H�Q�L�[�����'���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���V�R�I�W�Z�D�U�H�����$���¿�O�W�H�U�H�G��
�E�D�F�N�S�U�R�M�H�F�W�L�R�Q���D�O�J�R�U�L�W�K�P���Z�D�V���X�V�H�G���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���P�H�W�K-
od of Feldkamp et al.�������������������7�K�H���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���V�R�I�W�Z�D�U�H��
�F�R�Q�W�D�L�Q�H�G�� �V�H�Y�H�U�D�O�� �G�L
u�H�U�H�Q�W�� �P�R�G�X�O�H�V�� �I�R�U�� �D�U�W�L�I�D�F�W�� �U�H�G�X�F�W�L�R�Q��
���E�H�D�P�� �K�D�U�G�H�Q�L�Q�J���� �U�L�Q�J�� �D�U�W�L�I�D�F�W�V���� �L�Q�� �R�U�G�H�U�� �W�R�� �R�S�W�L�P�L�]�H�� �W�K�H��
results. After reconstruction, the images were recorded in 
�����E�L�W�������������O�H�Y�H�O�V���R�I���J�U�H�\�����E�\���D�O�Z�D�\�V���F�K�H�F�N�L�Q�J���W�K�D�W���W�K�H���K�L�V-
�W�R�J�U�D�P�V�� �R�I�� �W�K�H�� �������E�L�W�� �D�Q�G�� �����E�L�W�� �L�P�D�J�H�V�� �Z�H�U�H�� �V�L�P�L�O�D�U�� �D�Q�G��
�W�K�D�W���W�K�H���L�P�D�J�H�V���Z�H�U�H���Y�L�V�X�D�O�O�\���L�Q�G�L�V�W�L�Q�J�X�L�V�K�D�E�O�H�����'�X�U�L�Q�J���W�K�L�V��
�S�U�R�F�H�V�V���� �Z�H���L�Q�F�U�H�D�V�H�G���W�K�H���G�\�Q�D�P�L�F���U�D�Q�J�H���R�I�� �W�K�H���L�P�D�J�H���E�\��
�V�S�U�H�D�G�L�Q�J���W�K�H���K�L�V�W�R�J�U�D�P���R�Y�H�U���W�K�H���H�Q�W�L�U�H���U�D�Q�J�H���E�H�W�Z�H�H�Q�������D�Q�G��
���������O�H�Y�H�O�V���R�I���J�U�H�\�����7�K�L�V���I�D�F�L�O�L�W�D�W�H�G���W�K�H���V�X�E�V�H�T�X�H�Q�W���V�H�J�P�H�Q-
tation step. The 2000 projection images (with an angular 
�L�Q�F�U�H�P�H�Q�W���R�I�� ���������ƒ���� �Z�H�U�H���D�F�T�X�L�U�H�G���G�X�U�L�Q�J���V�D�P�S�O�H���U�R�W�D�W�L�R�Q��
���Z�L�W�K�� �D�Q�� �D�F�T�X�L�V�L�W�L�R�Q�� �W�L�P�H�� �R�I�� ���� �K���� �I�R�U�� �H�Y�H�U�\�� �V�D�P�S�O�H�� �E�H�I�R�U�H��
�I�U�H�H�]�L�Q�J���D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J�����$�V���W�K�H���F�R�Q�H���E�H�D�P���J�H�R�P�H�W�U�\��
�F�U�H�D�W�H�G�� �D�U�W�L�I�D�F�W�V���� �W�K�H�� �¿�U�V�W�� �D�Q�G�� �W�K�H�� �O�D�V�W�� ������ �F�U�R�V�V���V�H�F�W�L�R�Q�D�O��
�L�P�D�J�H�V���Z�H�U�H���U�H�P�R�Y�H�G�����/�H���7�U�R�Q�J��et al.�����������������5�R�]�H�Q�E�D�X�P��
and Rolland du Roscoat, 2014). 

The resulting 3D images were cropped for sample A 
to a size of 430×600×�������� �Y�R�[�H�O�V�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �W�R 
2.6×3.6×������ cm3�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� �D�Q�G�� �S�R�V�W�� �G�H�I�U�H�H�]�L�Q�J�� 
and for samples B and C to a size of 430×530×�������� �Y�R�[-
�H�O�V�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� �D�Q�G�� �S�R�V�W�� �G�H�I�U�H�H�]�L�Q�J�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �W�R��
2.6×3.2×5.1 cm3, with a voxel size of 60×60×60 µm3.

�;���U�D�\�� �L�P�D�J�H�� �D�Q�D�O�\�V�L�V�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J�� �D�� �F�X�V�W�R�P��
developed code written in C++. A region of interest that 
�H�[�F�O�X�G�H�G���W�K�H���L�U�U�H�J�X�O�D�U���V�D�P�S�O�H���E�R�X�Q�G�D�U�L�H�V���D�Q�G���R�X�W�V�L�G�H���U�H�J�L�R�Q��
�Z�D�V�� �G�H�¿�Q�H�G�� �I�R�U�� �H�Y�H�U�\�� �V�D�P�S�O�H�� �E�\�� �L�G�H�Q�W�L�I�\�L�Q�J�� �W�K�H�� �O�D�U�J�H�V�W��
rectangular parallelepiped image in the cylindrical sample 
studied. Smoothing the 3D images with a moving average 

Fig. 1. Geographical location of the study site.
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�¿�O�W�H�U�� �R�Y�H�U�� �D�� �Z�L�Q�G�R�Z�� �R�I�� ��×5×5 voxels increased their sig-
nal-to-noise ratios from the range of  7.6-9.2 to 12.5-15.0. 
�7�K�H���P�R�Y�L�Q�J���D�Y�H�U�D�J�H���¿�O�W�H�U���U�H�S�O�D�F�H�G���H�D�F�K���Y�R�[�H�O���R�I���W�K�H���R�U�L�J�L-
�Q�D�O���L�P�D�J�H���E�\���W�K�H���D�Y�H�U�D�J�H���J�U�H�\���Y�D�O�X�H���R�I���L�W�V���Q�H�L�J�K�E�R�X�U�V���R�Y�H�U 
�D���Z�L�Q�G�R�Z���F�H�Q�W�U�H�G���R�Q���L�W���D�V���W�K�L�V���L�V���F�R�Q�V�L�G�H�U�H�G���W�R���E�H���W�K�H���R�S�W�L-
mal method to remove random noise on grey-level images 
(Smith, 1997). �7�K�H���V�L�J�Q�D�O���W�R���Q�R�L�V�H���U�D�W�L�R���Z�D�V���D�V�V�X�P�H�G���W�R���E�H��
the ratio of the average of the grey levels of the image to 
�W�K�H�L�U���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q���D�F�F�R�U�G�L�Q�J���W�R���$�Y�F�L�E�D�V��et al. (2002). 
�7�K�H�\�� �Z�H�U�H�� �W�K�H�Q�� �F�O�D�V�V�L�¿�H�G�� �X�V�L�Q�J�� �W�K�U�H�V�K�R�O�G�L�Q�J�����7�K�H�� �W�K�U�H�V�K-
�R�O�G�� �Y�D�O�X�H�� �X�V�H�G�� �Z�D�V�� �W�K�H�� �D�E�V�R�O�X�W�H�� �P�L�Q�L�P�X�P�� �Y�D�O�X�H�� �E�H�W�Z�H�H�Q��
�W�K�H���W�Z�R���S�H�D�N�V���R�I���W�K�H���E�L�P�R�G�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���J�U�H�\���O�H�Y�H�O�V��
�R�I�� �W�K�H�� �Y�R�[�H�O�V�� �R�I�� �H�D�F�K�� �L�P�D�J�H�� ���)�L�J���� ������ ���5�R�]�H�Q�E�D�X�P��et al., 
2012). The grey level corresponding to the threshold val-
�X�H�� �I�R�U�� �V�D�P�S�O�H���$�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� �D�Q�G�� �S�R�V�W�� �G�H�I�U�H�H�]�L�Q�J�� �Z�D�V��
������ �D�Q�G�� �������� �U�H�V�S�H�F�W�L�Y�H�O�\���� �D�Q�G�� �I�R�U�� �V�D�P�S�O�H�V�� �%�� �D�Q�G�� �&�� �E�H�I�R�U�H��
�I�U�H�H�]�L�Q�J���D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J�����L�W���Z�D�V���������D�Q�G�����������U�H�V�S�H�F�W�L�Y�H-
ly. The voxels with a grey level lower than the threshold 
�Y�D�O�X�H���Z�H�U�H���F�R�Q�V�L�G�H�U�H�G���W�R���E�H���S�R�U�H���Y�R�[�H�O�V���Z�K�L�O�H���W�K�R�V�H���Z�L�W�K 
�D���J�U�H�\���O�H�Y�H�O���K�L�J�K�H�U���W�K�D�Q���R�U���H�T�X�D�O���W�R���W�K�H���W�K�U�H�V�K�R�O�G���Y�D�O�X�H���Z�H�U�H��
�F�R�Q�V�L�G�H�U�H�G���W�R���E�H���P�D�W�U�L�[���Y�R�[�H�O�V����This simple procedure has 
�Q�R�� �D�G�M�X�V�W�D�E�O�H�� �S�D�U�D�P�H�W�H�U�� �D�Q�G�� �W�K�H�U�H�I�R�U�H�� �L�Q�W�U�R�G�X�F�H�V�� �Q�R�� �E�L�D�V��
�Z�K�H�Q���F�R�P�S�D�U�L�Q�J���W�K�H���L�P�D�J�H�V�����)�R�U���H�D�F�K���E�L�Q�D�U�\���L�P�D�J�H�����H�D�F�K��
pore (i.e., group of contiguous foreground voxels surround-
�H�G�� �E�\�� �P�D�W�U�L�[�� �Y�R�[�H�O�V���� �Z�D�V�� �L�G�H�Q�W�L�¿�H�G�� �E�\�� �D�� �Y�R�[�H�O���E�\���Y�R�[�H�O��
�V�F�D�Q���R�I���W�K�H���L�P�D�J�H�����D�Q�G���L�W�V���Y�R�O�X�P�H�����L�Q���W�H�U�P�V���R�I���Q�X�P�E�H�U���R�I��
�Y�R�[�H�O�V���� �Z�D�V�� �U�H�F�R�U�G�H�G�� �E�\�� �D�S�S�O�\�L�Q�J��the following algorith-
mic procedure:
-	 Consider each voxel during a raster scan of the image. 

�/�H�W��v �E�H���W�K�H���F�X�U�U�H�Q�W���Y�R�[�H�O��
-	 If v���L�V���D���P�D�W�U�L�[���Y�R�[�H�O�����R�U���K�D�V���E�H�H�Q���F�O�D�V�V�L�¿�H�G���D�V���E�H�O�R�Q�J�L�Q�J��

�W�R���D�Q���D�O�U�H�D�G�\���L�G�H�Q�W�L�¿�H�G���S�R�U�H�����S�U�R�F�H�H�G���W�R���W�K�H���Q�H�[�W���Y�R�[�H�O��
-	 If  v���L�V���D���S�R�U�H���Y�R�[�H�O���E�H�O�R�Q�J�L�Q�J���W�R���D�Q���D�V���\�H�W���X�Q�L�G�H�Q�W�L�¿�H�G��

pore, starting from v, perform a geodesic reconstruction 
�R�I���W�K�H���S�R�U�H�����/�D�Q�W�X�p�M�R�X�O���D�Q�G���%�H�X�F�K�H�U�������������������'�X�U�L�Q�J���W�K�H��
reconstruction of the pore, classify all of its voxels as 
�E�H�O�R�Q�J�L�Q�J���W�R���D�Q���L�G�H�Q�W�L�¿�H�G���S�R�U�H�����D�Q�G���N�H�H�S���W�U�D�F�N���R�I���W�K�H�L�U��

�Q�X�P�E�H�U�����2�Q�F�H���W�K�H���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���L�V���F�R�P�S�O�H�W�H�����W�K�H���Q�X�P-
�E�H�U���R�I���Y�R�[�H�O�V���\�L�H�O�G�V���W�K�H���Y�R�O�X�P�H���R�I���W�K�H���S�R�U�H�����3�U�R�F�H�H�G���W�R��
the next voxel in the raster scan.
The outcome of this procedure is a list of the pores, their 

volume and their position in the 3D image. The total poros-
�L�W�\���L�V���W�K�H�Q���W�K�H���U�D�W�L�R���R�I���W�K�H���W�R�W�D�O���S�R�U�H���Y�R�O�X�P�H���G�L�Y�L�G�H�G���E�\���W�K�H��
total volume of the rectangular parallelepiped selected.

�7�K�H���W�R�W�D�O���S�R�U�R�V�L�W�\���E�H�I�R�U�H���I�U�H�H�]�L�Q�J�����3T, BF�����P�D�\���E�H���Z�U�L�W�W�H�Q��
as follows:
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where: VV, BF���L�V���W�K�H���W�R�W�D�O���V�S�H�F�L�¿�F���Y�R�O�X�P�H���R�I���W�K�H���S�R�U�H�V���R�I���W�K�H��
�S�H�D�W�� �P�D�W�H�U�L�D�O�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� ���F�P3  g-1), VS�� �L�V�� �W�K�H�� �V�S�H�F�L�¿�F��
volume of the organic solid phase dried at 105°C (cm3 g-1) 
���U�H�F�L�S�U�R�F�D�O���R�I���W�K�H���S�D�U�W�L�F�O�H���G�H�Q�V�L�W�\�������7�K�H�Q�����X�V�L�Q�J���(�T������������
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�7�K�H���V�S�H�F�L�¿�F���Y�R�O�X�P�H���R�I���W�K�H���S�R�U�H�V���E�H�I�R�U�H���I�U�H�H�]�L�Q�J����VV, BF, may 
�E�H���H�[�S�U�H�V�V�H�G���D�V���I�R�O�O�R�Z�V��

� � � �� � � � �� � � � � ���� ��� � � �� � � �� � � � � � � �� � � � (3)

where: VV,  Mwf,  BF�� �L�V�� �W�K�H�� �V�S�H�F�L�¿�F�� �Y�R�O�X�P�H�� �R�I�� �W�K�H�� �S�R�U�H�V�� �R�I��
�W�K�H�� �R�U�J�D�Q�L�F�� �P�D�W�U�L�[�� �V�D�W�X�U�D�W�H�G�� �Z�L�W�K�� �Z�D�W�H�U�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J��
(cm3  g-1), VV,  TPwf,  BF�� �L�V�� �W�K�H�� �V�S�H�F�L�¿�F�� �Y�R�O�X�P�H�� �R�I�� �W�K�H�� �W�X�E�X�O�D�U��
�S�R�U�H�V�� �R�F�F�X�S�L�H�G�� �Z�L�W�K�� �Z�D�W�H�U�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� ���F�P3  g-1) and 
VV, TPaf, BF �L�V�� �W�K�H�� �V�S�H�F�L�¿�F�� �Y�R�O�X�P�H�� �R�I�� �W�X�E�X�O�D�U�� �D�L�U���¿�O�O�H�G�� �S�R�U�H�V��
�E�H�I�R�U�H���I�U�H�H�]�L�Q�J�����F�P3 g-1�������7�K�H���S�R�U�R�V�L�W�\���U�H�O�D�W�H�G���W�R���W�K�H���W�X�E�X�O�D�U��
�D�L�U���¿�O�O�H�G���S�R�U�H�V���E�H�I�R�U�H���I�U�H�H�]�L�Q�J�����3TPaf, BF���� �P�D�\���E�H���H�[�S�U�H�V�V�H�G��
as follows in the whole peat material:
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Thus:

� � �� � �� � � � � �� � � � � � � �� � � � �� �� �� � � (5)

with the values of �3TPaf, BF corresponding to the value of �3 
�P�H�D�V�X�U�H�G���E�H�I�R�U�H���I�U�H�H�]�L�Q�J���X�V�L�Q�J���;���U�D�\���P-CT. 

�7�K�H���L�Q�F�U�H�D�V�H���L�Q���W�K�H���V�S�H�F�L�¿�F���Y�R�O�X�P�H���R�I���O�L�T�X�L�G���Z�D�W�H�U���E�\��
���������� �Z�K�H�Q�� �L�W�� �I�U�H�H�]�H�V�� �D�V�� �W�K�H�� �W�H�P�S�H�U�D�W�X�U�H�� �W�U�D�Q�V�L�W�L�R�Q�V�� �I�U�R�P��
20°C to –10°C (Harvey, 2017) increases the porosity of 
�E�R�W�K���W�K�H���S�R�U�H�V���L�Q���W�K�H���R�U�J�D�Q�L�F���P�D�W�U�L�[���D�Q�G���W�K�H���W�X�E�X�O�D�U���S�R�U�H�V��
�¿�O�O�H�G���Z�L�W�K���Z�D�W�H�U���E�H�I�R�U�H���I�U�H�H�]�L�Q�J���U�H�V�X�O�W�L�Q�J���L�Q���D���S�R�U�R�V�L�W�\���S�R�V�W��
�G�H�I�U�H�H�]�L�Q�J���Z�K�L�F�K���P�D�\���E�H���F�D�O�F�X�O�D�W�H�G���D�V���I�R�O�O�R�Z�V��
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� �� � �� ��� (6)

Fig. 2.���'�L�V�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���J�U�H�\���O�H�Y�H�O���Y�D�O�X�H�V���L�Q���W�K�H�����'���;���U�D�\���—���&�7��
�L�P�D�J�H�V�� �Z�K�L�F�K�� �Z�H�U�H�� �U�H�F�R�U�G�H�G�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� ���E�O�X�H���� �D�Q�G�� �S�R�V�W��
freezing (red) for sample A. The grey level values corresponding 
�W�R���W�K�H���W�K�U�H�V�K�R�O�G���Y�D�O�X�H���E�H�W�Z�H�H�Q���W�K�H���D�L�U���¿�O�O�H�G���S�R�U�H�V���D�Q�G���W�K�H���Z�D�W�H�U��
saturated porous organic matrix are also plotted.

Grey level value
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where: �3Mwf,  AF�� �L�V�� �W�K�H�� �S�R�U�R�V�L�W�\�� �U�H�O�D�W�H�G�� �W�R�� �W�K�H�� �Z�D�W�H�U���¿�O�O�H�G��
organic matrix post defreezing, �3TPwf, AF is the porosity relat-
�H�G�� �W�R�� �W�K�H�� �Z�D�W�H�U���¿�O�O�H�G�� �W�X�E�X�O�D�U�� �S�R�U�H�V�� �S�R�V�W�� �G�H�I�U�H�H�]�L�Q�J���� �D�Q�G��
������������ �L�V�� �W�K�H�� �F�R�H
v�F�L�H�Q�W�� �E�\�� �Z�K�L�F�K�� �W�K�H�� �Y�R�O�X�P�H�� �R�I�� �Z�D�W�H�U�� �L�V��
�L�Q�F�U�H�D�V�H�G�� �Z�K�H�Q�� �L�W�� �W�U�D�Q�V�L�W�L�R�Q�V�� �I�U�R�P�� �O�L�T�X�L�G�� �������ƒ�&���� �W�R�� �V�R�O�L�G��
���±�����ƒ�&�������8�V�L�Q�J���(�T������������
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(7)

�7�K�H�V�H�� �Y�D�O�X�H�V�� �P�D�\�� �E�H�� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�R�V�H�� �R�I���3Mwf,  BF + 
�3TPwf, BF���E�H�I�R�U�H���I�U�H�H�]�L�Q�J���Z�K�L�F�K���P�D�\���E�H���F�D�O�F�X�O�D�W�H�G���D�V���I�R�O�O�R�Z�V��

� � � ��� � � � � �� � � � � ���� ������ ���� , ,� � � ������

with �3TPaf, BF���E�H�L�Q�J���H�T�X�D�O���W�R���3���E�H�I�R�U�H���I�U�H�H�]�L�Q�J����

�5�(�6�8�/�7�6���$�1�'���'�,�6�&�8�6�6�,�2�1

The measured physical characteristics of the peat sam-
�S�O�H�V�� �V�W�X�G�L�H�G�� �D�U�H�� �J�L�Y�H�Q�� �L�Q�� �7�D�E�O�H�� ������ �7�K�H�� �Y�R�O�X�P�H�W�U�L�F�� �Z�D�W�H�U��
contents at the time of sampling were similar for the three 
�V�D�P�S�O�H�V�� �$���� �%�� �D�Q�G�� �&�� ���������������� ������������ �D�Q�G�� ������������ �F�P3  cm-3, 
respectively). These values are much higher than those 
�U�H�F�R�U�G�H�G�� �E�\�� �5�H�]�D�Q�H�]�K�D�G��et al. (2010) for sphagnum peat 
�P�D�W�H�U�L�D�O�V�� ���E�H�W�Z�H�H�Q�� ���������� �D�Q�G�� ���������� �F�P3  cm-3) which were 
�F�R�O�O�H�F�W�H�G���E�H�W�Z�H�H�Q���W�K�H���V�X�U�I�D�F�H���D�Q�G���D���������F�P���G�H�S�W�K�����7�K�H�L�U���S�H�D�W��
materials were collected far from the point of water satu-
�U�D�W�L�R�Q�� �E�H�F�D�X�V�H�� �W�K�H�� �J�U�R�X�Q�G�Z�D�W�H�U�� �W�D�E�O�H�� �O�H�Y�H�O�� �Z�D�V�� �I�D�U�� �E�H�O�R�Z��
the surface, whereas our samples were collected while the 
�J�U�R�X�Q�G�Z�D�W�H�U���W�D�E�O�H���O�H�Y�H�O���Z�D�V���F�O�R�V�H���W�R���W�K�H���V�R�L�O���V�X�U�I�D�F�H�����7�K�H��
�S�R�U�R�V�L�W�\�� �Y�D�O�X�H�V�� �R�I�� �V�D�P�S�O�H�V���$���� �%�� �D�Q�G�� �&�� ���������������� ������������ �D�Q�G��
0.911, respectively) are close to their water content, thus 
indicating that they were close to the point of water satu-
�U�D�W�L�R�Q���������������������������D�Q�G�������������������U�H�V�S�H�F�W�L�Y�H�O�\�������7�K�H���P�H�D�V�X�U�H�G��
�E�X�O�N�� �G�H�Q�V�L�W�L�H�V�� �U�H�F�R�U�G�H�G�� �I�R�U�� �W�K�H�� �W�K�U�H�H�� �V�D�P�S�O�H�V���$���� �%�� �D�Q�G�� �&��
�����������������������������D�Q�G���������������J cm-3, respectively) are consistent 
with those of highly decomposed peat materials (Benscoter 
et al., 2011; Kurnain and Hayati, 2016). The measured 
pyrophosphate indices recorded for samples A, B and C 
�������������������������D�Q�G���������������U�H�V�S�H�F�W�L�Y�H�O�\�����D�U�H���D�O�V�R���F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K��
�K�L�J�K�O�\���G�H�F�R�P�S�R�V�H�G���S�H�D�W���P�D�W�H�U�L�D�O�V���Z�K�L�F�K���P�D�\���E�H���F�O�D�V�V�L�¿�H�G��
as asapric peat (pyrophosphate index >30) according to 
�/�H�Y�H�V�T�X�H��et al.�������������������7�K�H���&���1���U�D�W�L�R���U�H�F�R�U�G�H�G���I�R�U���V�D�P�S�O�H�V��

�$�����%���D�Q�G���&���������������������������D�Q�G���������������U�H�V�S�H�F�W�L�Y�H�O�\�����F�R�Q�¿�U�P�V���W�K�D�W��
the three peat samples present a high degree of decompo-
sition (Comont et al.,�� �������������� �)�L�Q�D�O�O�\���� �W�K�H���G�U�\���E�X�O�N���G�H�Q�V�L�W�\��
values recorded for the three samples A, B and C (0.135, 
������������ �D�Q�G�� ������������ �J cm-3, respectively) are much closer to 
the values recorded for a well-decomposed peat materi-
al resulting from Sphagnum�� �P�R�V�V�� �Z�L�W�K�� �D�� �¿�E�U�H�� �F�R�Q�W�H�Q�W�� �R�I 
�R�Q�O�\�� �������� �������������� �J cm-3) than to the values recorded for 
�X�Q�G�H�F�R�P�S�R�V�H�G���S�H�D�W���P�D�W�H�U�L�D�O�V���Z�L�W�K���D���¿�E�U�H���F�R�Q�W�H�Q�W���R�I����������
(0.009 g cm-3���� ���%�R�H�O�W�H�U���� �������������� �2�Y�H�U�D�O�O���� �W�K�H�� �S�H�D�W�� �P�D�W�H�U�L�D�O��
selected for this study is in a much more advanced state of 
�G�H�F�R�P�S�R�V�L�W�L�R�Q���W�K�D�Q���W�K�H���S�H�D�W���P�D�W�H�U�L�D�O�V���V�W�X�G�L�H�G���E�\���4�X�L�Q�W�R�Q��
et al. (2009) and Rezanezhad et al. (2010).

�7�K�H���V�D�P�H���K�H�L�J�K�W�V���Z�H�U�H���F�K�R�V�H�Q���I�R�U���W�K�H�����'���;���U�D�\���P-CT 
�L�P�D�J�H�V���L�Q���J�U�H�\�� �O�H�Y�H�O�V���E�H�I�R�U�H���I�U�H�H�]�L�Q�J�� �D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J��
�I�R�U�� �V�D�P�S�O�H�V�� �$�� ���������� �Y�R�[�H�O�V������ �%�� �D�Q�G�� �&�� ���������� �Y�R�[�H�O�V������ �7�K�H��
�¿�Q�D�O�� �L�P�D�J�H�� �V�L�]�H�V�� �F�K�R�V�H�Q�� �Z�H�U�H�� �W�K�H�Q�� ������×600×�������� �Y�R�[�H�O�V��
(�a2.6×3.6×������ �F�P3���� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� �D�Q�G�� �S�R�V�W�� �G�H�I�U�H�H�]�L�Q�J��
for sample A and 430×530×���������Y�R�[�H�O�V�����a2.6×3.2×5.1 cm3) 
�E�H�I�R�U�H���I�U�H�H�]�L�Q�J���D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J���I�R�U���V�D�P�S�O�H�V���%���D�Q�G���&��

�7�K�H�� �J�U�H�\�� �O�H�Y�H�O�� �R�I�� �W�K�H�� �L�P�D�J�H�V�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �E�\�� �W�K�H��
�D�E�V�R�U�S�W�L�R�Q���R�I���W�K�H���L�Q�F�L�G�H�Q�W���;���U�D�\���U�D�G�L�D�W�L�R�Q���E�\���W�K�H���G�L
u�H�U�H�Q�W��
�S�K�D�V�H�V���R�I���W�K�H���S�H�D�W���P�D�W�H�U�L�D�O�����7�K�H���D�E�V�R�U�S�W�L�R�Q���R�I���H�D�F�K���S�K�D�V�H��
�G�H�S�H�Q�G�V���R�Q���L�W�V���G�H�Q�V�L�W�\���D�Q�G���W�K�H���P�H�D�Q���D�W�R�P�L�F���Q�X�P�E�H�U���U�H�V�X�O�W-
ing from its chemical composition (Youn et al., 2015). It 
�P�D�\���E�H���G�H�V�F�U�L�E�H�G���E�\���W�K�H���%�H�H�U���/�D�P�E�H�U�W���O�D�Z��

I = Io exp(-��x), (9)

where: I���L�V���W�K�H���W�U�D�Q�V�P�L�W�W�H�G���;���O�L�J�K�W����Io���L�V���W�K�H���L�Q�F�L�G�H�Q�W���;���O�L�J�K�W����
���� �L�V�� �W�K�H�� �D�E�V�R�U�S�W�L�R�Q�� �F�R�H
v�F�L�H�Q�W���� �D�Q�G��x is the path length. 
�$�V���D���F�R�Q�V�H�T�X�H�Q�F�H�����W�K�H���L�Q�W�H�Q�V�L�W�\���R�I���W�K�H���W�U�D�Q�V�P�L�W�W�H�G���;���O�L�J�K�W��
which results in a grey level of the pixel in the 2D images 
and of the voxel in the 3D images depends on the propor-
tion of air, water and organic compounds in the pixel or 
�Y�R�[�H�O���F�R�Q�V�L�G�H�U�H�G�����%�H�F�D�X�V�H���R�I���W�K�H���Z�H�D�N���G�L
u�H�U�H�Q�F�H���E�H�W�Z�H�H�Q��
�W�K�H�� �P�H�D�Q�� �D�W�R�P�L�F�� �Q�X�P�E�H�U�� �D�V�V�X�P�H�G�� �I�R�U�� �W�K�H�� �S�R�U�R�X�V�� �R�U�J�D�Q�L�F��
matrix of a highly decomposed and water-saturated peat 
�P�D�W�H�U�L�D�O�� ���7�D�E�O�H ������ �D�Q�G�� �W�K�H�� �P�H�D�Q�� �D�W�R�P�L�F�� �Q�X�P�E�H�U�� �R�I�� �W�K�H��
�Z�D�W�H�U���S�K�D�V�H�����Z�H���P�D�\���D�V�V�X�P�H���W�K�D�W���W�K�H���D�E�V�R�U�S�W�L�R�Q���F�R�H
v�F�L�H�Q�W��
of these two phases is very close. Therefore, only the air 
�S�K�D�V�H�� �P�D�\�� �E�H�� �G�L�V�W�L�Q�J�X�L�V�K�H�G�� �I�U�R�P�� �W�K�H�� �R�W�K�H�U�� �S�K�D�V�H�V���� �7�K�X�V����
�R�Q�O�\���W�K�H���D�L�U���¿�O�O�H�G���S�R�U�H�V���D�U�H���L�G�H�Q�W�L�¿�D�E�O�H���R�Q���W�K�H�����'���D�Q�G�����'��
�L�P�D�J�H�V�����W�K�H���S�R�U�H�V���R�F�F�X�S�L�H�G���E�\���Z�D�W�H�U���D�U�H���L�Q�G�L�V�W�L�Q�J�X�L�V�K�D�E�O�H��
from the water-saturated porous organic matrix.

Tab le  1. Main physical and chemical characteristics of samples A, B and C of the highly decomposed peat material studied

Sample
Depth
(cm)

�3T, BF Dp
��

(cm3 cm-3)
D�E

(g cm-3)
PPI C:N

A 25-40 ���������� 1.692 ���������� 0.135 96.1 12.1

B 25-40 0.904 1.779 ���������� ���������� �������� 16.6

C 25-40 0.911 1.714 ���������� 0.142 �������� 15.0

�3T, BF – �W�R�W�D�O���S�R�U�R�V�L�W�\���E�H�I�R�U�H���I�U�H�H�]�L�Q�J�����'p – particle density, �� – water content at sampling, D�E���±���E�X�O�N���G�H�Q�V�L�W�\�����3�3�,���±���S�\�U�R�S�K�R�V�S�K�D�W�H���L�Q�G�H�[��
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Pairs of 2D �;���U�D�\���—���&�7���L�P�D�J�H�V���U�H�F�R�U�G�H�G���E�H�I�R�U�H���I�U�H�H�]-
ing and post defreezing were selected from within the pairs 
of stacks of 2D images �E�\���L�G�H�Q�W�L�I�\�L�Q�J���W�K�H���F�O�R�V�H�V�W���L�P�D�J�H�V���L�Q��
�W�H�U�P�V���R�I�� �W�K�H���P�R�U�S�K�R�O�R�J�\�� �R�I�� �D�L�U���¿�O�O�H�G���S�R�U�H�V���R�I��a few hun-
dred micrometres in size. These imaged-pores are shown in 
�Y�H�U�\���G�D�U�N���J�U�H�\���L�Q���)�L�J�����������7�K�H���O�L�J�K�W�H�U���G�D�U�N���J�U�H�\���E�D�F�N�J�U�R�X�Q�G��
corresponds to the highly decomposed organic material and 
�W�K�H���U�H�O�D�W�H�G���L�P�D�J�H�G���S�R�U�R�V�L�W�\���Z�K�L�F�K���Z�D�V���¿�O�O�H�G���E�\���Z�D�W�H�U�����)�R�U��
�H�D�F�K���S�D�L�U���R�I�����'���;���U�D�\���P-CT images, a comparison showed 
�W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� ���L���� �L�P�D�J�H�G���S�R�U�H�V�� �Z�K�L�F�K�� �D�U�H�� �U�H�F�R�J�Q�L�]�D�E�O�H��
�R�Q�� �W�K�H�� �L�P�D�J�H�V�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� �D�Q�G�� �Z�K�L�F�K�� �Z�H�U�H�� �V�W�L�O�O�� �S�U�H�V-
�H�Q�W���S�R�V�W���G�H�I�U�H�H�]�L�Q�J���E�X�W���H�[�K�L�E�L�W�L�Q�J���D���G�L
u�H�U�H�Q�W���P�R�U�S�K�R�O�R�J�\����
���L�L���� �L�P�D�J�H�G���S�R�U�H�V�� �D�U�H�� �U�H�F�R�J�Q�L�]�D�E�O�H�� �R�Q�� �W�K�H�� �L�P�D�J�H�V�� �E�H�I�R�U�H��
freezing which were not present post defreezing, (iii) and 
�W�K�H���S�U�H�V�H�Q�F�H���R�I���L�P�D�J�H�G���S�R�U�H�V���Z�K�L�F�K���D�U�H���U�H�F�R�J�Q�L�]�D�E�O�H���S�R�V�W��
�G�H�I�U�H�H�]�L�Q�J�� �D�Q�G�� �Z�K�L�F�K�� �Z�H�U�H�� �Q�R�W�� �S�U�H�V�H�Q�W�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J��
���)�L�J���� �������� �2�E�V�H�U�Y�D�W�L�R�Q�� �R�I�� �W�K�H�� ���'�� �;���U�D�\���P-CT images also 
showed no apparent damage to the peat material which may 
�K�D�Y�H���U�H�V�X�O�W�H�G���I�U�R�P���W�K�H���V�X�E�V�D�P�S�O�L�Q�J���S�U�R�F�H�G�X�U�H���D�Q�G���W�K�H�Q���W�K�H��
�L�Q�W�U�R�G�X�F�W�L�R�Q���R�I���W�K�H���V�X�E�V�D�P�S�O�H���L�Q�W�R���W�K�H���3�9�&���W�X�E�H���I�R�U���;���U�D�\��
�P���&�7���P�H�D�V�X�U�H�P�H�Q�W�V�����+�R�Z�H�Y�H�U�����W�K�H���X�V�H���R�I���S�D�L�U�V���R�I�����'���;���U�D�\��
�P-CT images does not allow for an accurate estimation of 
�W�K�H���S�R�V�V�L�E�O�H���H�Y�R�O�X�W�L�R�Q���R�I���W�K�H���L�P�D�J�H�G���S�R�U�R�V�L�W�\���R�I���S�H�D�W���P�D�W�H-
�U�L�D�O�V���G�X�U�L�Q�J�� �W�K�H���I�U�H�H�]�L�Q�J�� �S�U�R�F�H�V�V���V�L�Q�F�H���L�W���Z�D�V���Q�R�W���S�R�V�V�L�E�O�H��
�W�R���E�H���U�H�D�V�R�Q�D�E�O�\���F�R�Q�¿�G�H�Q�W���W�K�D�W���W�K�H���S�D�L�U�V���R�I�����'���L�P�D�J�H�V���F�R�U-
�U�H�V�S�R�Q�G�H�G�� �H�[�D�F�W�O�\�� �W�R�� �W�K�H�� �V�D�P�H�� �V�O�L�F�H�� �L�Q�� �W�K�H�� �V�D�P�S�O�H�� �E�H�I�R�U�H��
�D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J�����2�Q�O�\���D�����'���D�Q�D�O�\�V�L�V���L�V���D�E�O�H���W�R���H�V�W�D�E�O�L�V�K��
�Z�K�H�W�K�H�U���W�K�H���L�P�D�J�H�G���S�R�U�R�V�L�W�\���R�I���W�K�H���S�H�D�W���P�D�W�H�U�L�D�O�V���L�V���G�L
u�H�U-
�H�Q�W���E�H�I�R�U�H���D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J��

�7�K�H�����'���;���U�D�\���P���&�7���E�L�Q�D�U�\���L�P�D�J�H�V���R�I���W�K�H���W�Z�R���V�D�P�S�O�H�V��
�$�� �D�Q�G�� �%�� �Z�H�U�H�� �¿�U�V�W�� �P�R�U�S�K�R�O�R�J�L�F�D�O�O�\�� �F�R�P�S�D�U�H�G�� �J�O�R�E�D�O�O�\ 
�E�\�� �F�R�P�S�D�U�L�Q�J�� �W�K�H�� �L�P�D�J�H�G���S�R�U�R�V�L�W�\�� �Z�K�L�F�K�� �Z�D�V�� �F�K�D�U�D�F�W�H�U-
�L�]�H�G�� �E�\�� �;���U�D�\���P���&�7�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� �D�Q�G�� �S�R�V�W�� �G�H�I�U�H�H�]�L�Q�J��
���)�L�J�������D���D�Q�G���G�������7�K�H���U�H�V�X�O�W�V���V�K�R�Z�H�G���W�K�D�W���W�K�H���D�L�U���¿�O�O�H�G���S�R�U�H��
measurements corresponded to a very small proportion 

of the total porosity of the peat material studied, less than 
0.02, whereas the total porosity of samples A, B and C were 
�G�H�W�H�U�P�L�Q�H�G�� �E�\�� �X�V�L�Q�J�� �W�K�H�� �Z�D�W�H�U�� �F�R�Q�W�H�Q�W�� �Z�K�H�Q�� �W�K�H�� �V�D�P�S�O�H�V��
�Z�H�U�H�� �V�D�W�X�U�D�W�H�G���� �W�K�H�V�H�� �Y�D�O�X�H�V�� �Z�H�U�H�� �������������� ������������ �D�Q�G�� ������������
�E�H�I�R�U�H���I�U�H�H�]�L�Q�J�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�D�E�O�H�V�������D�Q�G�����������,�Q�G�H�H�G�����P�R�V�W��
�R�I���W�K�H���S�R�U�R�V�L�W�\���S�U�H�V�H�Q�W���L�Q���W�K�H���V�D�P�S�O�H�V���F�R�U�U�H�V�S�R�Q�G�H�G���W�R���E�R�W�K��
�Y�H�U�\���V�P�D�O�O���Z�D�W�H�U���¿�O�O�H�G���S�R�U�H�V���Z�K�L�F�K���D�U�H���F�O�R�V�H�O�\���D�V�V�R�F�L�D�W�H�G��
to the solid phase which corresponds to highly decomposed 
organic compounds and potentially also to larger water-
�¿�O�O�H�G�� �S�R�U�H�V�� �W�K�D�W�� �Z�H�U�H�� �L�Q�G�L�V�W�L�Q�J�X�L�V�K�D�E�O�H�� �I�U�R�P�� �W�K�H�� �S�R�U�R�X�V��
water saturated organic matrix.

Fig. 3.�� �3�D�L�U�V�� �R�I�� ���'�� �—���&�7�� �L�P�D�J�H�V�� �W�D�N�H�Q�� �R�I�� �V�D�P�S�O�H���$�� �E�H�I�R�U�H�� ���D����
�D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J�����E�����Z�H�U�H���H�[�W�U�D�F�W�H�G���I�U�R�P���W�K�H�����'���;���U�D�\���—���&�7��
�L�P�D�J�H�V�� �L�Q�� �J�U�H�\�� �O�H�Y�H�O�V�� �V�K�R�Z�L�Q�J�� �D�L�U���¿�O�O�H�G�� �S�R�U�H�V�� ���Y�H�U�\�� �G�D�U�N�� �J�U�H�\������
�D�Q�G�� �W�K�H�� �V�R�O�L�G�� �R�U�J�D�Q�L�F�� �P�D�W�H�U�L�D�O�� �Z�L�W�K�� �Z�D�W�H�U�� �¿�O�O�L�Q�J�� �W�K�H�� �D�V�V�R�F�L�D�W�H�G��
pores (dark grey) and particles of iron oxy-hydroxides (very light 
�J�U�H�\�������7�K�H���Q�X�P�E�H�U�V���L�G�H�Q�W�L�I�\���W�K�H���S�R�U�H�V���Z�K�L�F�K���Z�H�U�H���S�U�H�V�H�Q�W���E�H�I�R�U�H��
�I�U�H�H�]�L�Q�J�� ���D���� �D�Q�G�� �W�K�H�\�� �Z�H�U�H�� �V�W�L�O�O�� �S�U�H�V�H�Q�W�� �S�R�V�W�� �G�H�I�U�H�H�]�L�Q�J�� ���E���� �E�X�W��
�Z�L�W�K���D���G�L
u�H�U�H�Q�W���V�K�D�S�H���R�U���V�L�]�H�����E�O�X�H�������W�K�R�V�H���S�U�H�V�H�Q�W���E�H�I�R�U�H���I�U�H�H�]�L�Q�J��
�D�Q�G���Q�R�W���S�R�V�W���G�H�I�U�H�H�]�L�Q�J�����U�H�G�����D�Q�G���Q�R�W���S�U�H�V�H�Q�W���E�H�I�R�U�H���I�U�H�H�]�L�Q�J���E�X�W��
present post defreezing (yellow). 

Fig. 4.�����'���;���U�D�\���—���&�7���E�L�Q�D�U�\���L�P�D�J�H�V���R�I���������î�������î���������Y�R�[�H�O�V���L�Q��
volume (�a�������î�������î������ �F�P3) from sample A showing pores detect-
�H�G���E�H�I�R�U�H���I�U�H�H�]�L�Q�J�����D�����D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J�����G�������W�K�H���S�R�U�H�V���V�P�D�O�O�H�U��
�W�K�D�Q�����������Y�R�[�H�O�V���L�Q���Y�R�O�X�P�H���E�H�I�R�U�H���I�U�H�H�]�L�Q�J�����E�����D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J��
���H�������D�Q�G���W�K�H���S�R�U�H�V���O�D�U�J�H�U���W�K�D�Q�����������Y�R�[�H�O�V���L�Q���Y�R�O�X�P�H���E�H�I�R�U�H���I�U�H�H�]�L�Q�J��
(c) and post defreezing (f). 

Tab le  2.���&�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���W�K�H���S�R�U�H�V���L�Q���W�K�H�����'���;���U�D�\���&�7���L�P�D�J�H�V��
of samples A, B and C of the highly decomposed peat material 
�V�W�X�G�L�H�G���E�H�I�R�U�H���I�U�H�H�]�L�Q�J���D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J

Sample �3
�1�X�P�E�H�U��
of pores 

Average size of 
the pores (voxels)

Sample A

Before freezing 0.009 470 3952

Post-defreezing 0.017 4792 732

Sample B

Before freezing 0.005 474 2043

Post-defreezing 0.011 4371 ������

Sample C

Before freezing 0.007 475 ��������

Post-defreezing 0.015 4607 610

�3 – �L�P�D�J�H�G���S�R�U�R�V�L�W�\���P�H�D�V�X�U�H�G���L�Q�����'���;���U�D�\���&�7��
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�7�K�H�� �Q�X�P�E�H�U�� �R�I�� �D�L�U���¿�O�O�H�G�� �S�R�U�H�V�� �Z�D�V�� �K�R�Z�H�Y�H�U�� �Y�H�U�\�� �G�L�I-
�I�H�U�H�Q�W�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� �D�Q�G�� �S�R�V�W�� �G�H�I�U�H�H�]�L�Q�J�� �I�R�U�� �W�K�H�� �W�K�U�H�H��
�V�D�P�S�O�H�V�� �V�W�X�G�L�H�G���� �7�K�H�U�H�� �Z�H�U�H�� ���������� �������� �D�Q�G�� �������� �D�L�U���¿�O�O�H�G��
�S�R�U�H�V�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J���� �D�Q�G�� ������������ ���������� �D�Q�G�� ���������� �D�L�U���¿�O�O�H�G��
pores post defreezing for samples A, B and C, respectively 
���7�D�E�O�H�����������:�K�D�W�H�Y�H�U���W�K�H���R�U�L�J�L�Q���R�I���W�K�H���Q�H�Z���D�L�U���¿�O�O�H�G���S�R�U�H�V����
the results showed a strong decrease in the average size 
�R�I�� �W�K�H�� �D�L�U���¿�O�O�H�G�� �S�R�U�H�V�� �S�R�V�W�� �G�H�I�U�H�H�]�L�Q�J���� �I�U�R�P�� ���������� �W�R�� ��������
�Y�R�[�H�O�V�����I�U�R�P�������������W�R�����������Y�R�[�H�O�V���D�Q�G���I�U�R�P�������������W�R�����������I�R�U��
�V�D�P�S�O�H�V���$�����%���D�Q�G���&�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�D�E�O�H����������

�$�Q�� �D�Q�D�O�\�V�L�V�� �R�I�� �W�K�H�� �S�R�U�H���V�L�]�H�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �V�K�R�Z�H�G�� �W�K�D�W��
�W�K�H�� �L�Q�F�U�H�D�V�H�� �L�Q�� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �D�L�U���¿�O�O�H�G�� �S�R�U�H�V�� �Z�D�V�� �P�D�L�Q-
�O�\�� �U�H�O�D�W�H�G�� �W�R�� �D�Q�� �L�Q�F�U�H�D�V�H�� �L�Q�� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �S�R�U�H�V�� �R�I�� ����������
voxels in volume (i.e������ �������������� �P�P3���� ���)�L�J���� ���D���� �E���� �F���� �G���� �H����
�D�Q�G���I�������7�K�H���D�L�U���¿�O�O�H�G���S�R�U�H�V���R�I���!���������Y�R�[�H�O�V���Z�H�U�H���D�O�V�R���K�L�J�K�O�\��
�D
u�H�F�W�H�G�� ���)�L�J���� ���D�¶���� �E�¶���� �F�¶���� �G�¶���� �H�¶�� �D�Q�G�� �I�¶�������$�I�W�H�U�� �W�K�H�� �V�H�S�D�U�D-
�W�L�R�Q���R�I���W�K�H���D�L�U���¿�O�O�H�G���S�R�U�H�V���W�K�D�W���Z�H�U�H���O�D�U�J�H�U���D�Q�G���V�P�D�O�O�H�U���W�K�D�Q��
���������Y�R�[�H�O�V���L�Q���Y�R�O�X�P�H�����W�K�H�����'���;���U�D�\���P-CT images showed 
�W�K�D�W���W�K�H���P�R�U�S�K�R�O�R�J�\���R�I���W�K�H���D�L�U���¿�O�O�H�G���S�R�U�H�V���R�I���!���������Y�R�[�H�O�V��
�Z�D�V�� �D
u�H�F�W�H�G���� �Z�L�W�K�� �D�O�W�H�U�D�W�L�R�Q�V�� �L�Q�� �E�R�W�K�� �W�K�H�L�U�� �F�R�Q�W�L�Q�X�L�W�\�� �D�Q�G��
transversal section size (Fig. 4c and f). An analysis of the 

�G�L�V�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���S�R�U�H�V���R�I�������������Y�R�[�H�O�V���L�Q���Y�R�O�X�P�H���V�K�R�Z�H�G��
�D���V�W�U�R�Q�J���L�Q�F�U�H�D�V�H���L�Q���W�K�H���Q�X�P�E�H�U���R�I���S�R�U�H�V���R�I���D�O�O���V�L�]�H�V�����Z�L�W�K��
�W�K�H���K�L�J�K�H�V�W���L�Q�F�U�H�D�V�H���E�H�L�Q�J���U�H�F�R�U�G�H�G���I�R�U���S�R�U�H�V���U�D�Q�J�L�Q�J���I�U�R�P��
1 to 50 voxels in volume (Fig. 6). The results also showed 
�W�K�D�W�� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �D�L�U���¿�O�O�H�G�� �S�R�U�H�V�� �L�Q�� �H�Y�H�U�\�� �F�O�D�V�V�� �R�I�� �S�R�U�H��
�Y�R�O�X�P�H���Z�D�V���V�L�J�Q�L�¿�F�D�Q�W�O�\���G�L
u�H�U�H�Q�W���E�H�I�R�U�H���D�Q�G���S�R�V�W���G�H�I�U�H�H�]-
�L�Q�J�����7�D�E�O�H ������

�6�X�E�L�P�D�J�H�V�� �R�I�� �W�K�H�� ���'�� �;���U�D�\���P-CT images recorded 
�Z�H�U�H�� �V�H�O�H�F�W�H�G�� �L�Q�� �R�U�G�H�U�� �W�R�� �F�R�P�S�D�U�H�� �W�K�H�� �G�L
u�H�U�H�Q�F�H�V�� �L�Q�� �S�R�U�H��
�P�R�U�S�K�R�O�R�J�\���T�X�D�O�L�W�D�W�L�Y�H�O�\���E�H�I�R�U�H���I�U�H�H�]�L�Q�J���D�Q�G���S�R�V�W���G�H�I�U�H�H�]-
ing more easily than is the case with the whole images in 
�Z�K�L�F�K���W�K�H���K�L�J�K���Q�X�P�E�H�U���R�I���S�R�U�H�V���O�L�P�L�W�H�G���W�K�H���P�R�U�S�K�R�O�R�J�L�F�D�O��
�D�Q�D�O�\�V�L�V�� ���)�L�J���� �������� �S�D�U�W�L�F�X�O�D�U�O�\�� �I�R�U�� �W�K�H�� �S�R�U�H�V�� �R�I�� ���������� �Y�R�[-
�H�O�V�� ���)�L�J���� ���E�� �D�Q�G�� �H������ �7�K�X�V���� �R�Q�H�� ���'�� �;���U�D�\���P���&�7�� �V�X�E�L�P�D�J�H��
of 200×350×350 voxels in volume (�a1.2×2.12.1 cm3) was 
�V�H�O�H�F�W�H�G�� �I�R�U�� �V�D�P�S�O�H�� �$�� ���)�L�J���� �������� �7�K�H�� �V�H�O�H�F�W�H�G�� �V�X�E�L�P�D�J�H�V��
�V�K�R�Z�H�G���W�K�D�W���S�R�U�H�V���R�I�������������Y�R�[�H�O�V���F�R�U�U�H�V�S�R�Q�G�H�G���W�R���D�L�U���¿�O�O�H�G��
pores of several voxels to several dozen voxels, and also to 
�G�L�V�F�R�Q�W�L�Q�X�R�X�V���D�L�U���¿�O�O�H�G���¿�Q�H���W�X�E�X�O�D�U���S�R�U�H�V�����)�L�J���� ���E�� �D�Q�G���H���� 
The comparison showed that freezing led to a dramatic 

Fig. 5. �3�R�U�H���Y�R�O�X�P�H�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �Y�R�[�H�O�V�� �R�I�� �����î�����î������ �—�P3�� �L�Q�� �Y�R�O�X�P�H�� �L�Q�� �W�K�H�� ���'�� �;���U�D�\�� �—���&�7�� �L�P�D�J�H�V�� �R�I��
�V�D�P�S�O�H���$���E�H�I�R�U�H���I�U�H�H�]�L�Q�J�����D�����D�¶�����D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J�������E�����E�¶�������V�D�P�S�O�H���%���E�H�I�R�U�H���I�U�H�H�]�L�Q�J�����F�����F�¶�����D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J�����G�����G�¶�������D�Q�G���V�D�P�S�O�H���&��
�E�H�I�R�U�H���I�U�H�H�]�L�Q�J�����H�����H�¶�����D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J�����I�����I�¶����
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Fig. 6.  �3�R�U�H���Y�R�O�X�P�H���G�L�V�W�U�L�E�X�W�L�R�Q���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���Q�X�P�E�H�U���R�I���Y�R�[�H�O�V�����”�������������D�Q�G�����”�������������R�I�������î�����î�������—�P3���L�Q���Y�R�O�X�P�H���L�Q���W�K�H�����'���;���U�D�\��
�—���&�7���L�P�D�J�H�V���R�I���V�D�P�S�O�H���$���E�H�I�R�U�H���I�U�H�H�]�L�Q�J�����D�����D�¶�������D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J�����E�����E�¶�������D�Q�G���R�I���V�D�P�S�O�H���%���E�H�I�R�U�H���I�U�H�H�]�L�Q�J�����F�����F�¶�������D�Q�G���S�R�V�W���G�H�I�U�H�H�]-
�L�Q�J�����G�����G�¶����

Tab le  3.���'�H�V�F�U�L�S�W�L�Y�H���V�W�D�W�L�V�W�L�F�V���R�I���W�K�H���D�L�U���¿�O�O�H�G���S�R�U�H�V���G�H�W�H�F�W�H�G���E�H�I�R�U�H���I�U�H�H�]�L�Q�J���D�Q�G���S�R�V�W���G�H�I�U�H�H�]�L�Q�J���R�I���W�K�H���W�K�U�H�H���V�D�P�S�O�H�V���$�����%���D�Q�G���&��
studied

�3�R�U�H���Y�R�O�X�P�H�����Q�X�P�E�H�U���R�I���Y�R�[�H�O�V��

�d 500 500-1000 1000-1500 1500-2000 2000-2500 2500-3000 >3000

�1�X�P�E�H�U���R�I���S�R�U�H�V���E�H�I�R�U�H���I�U�H�H�]�L�Q�J

Mean 307** 25** 19*** 7* 7* 7* 64**

S.d. 71 14 13 2 2 �� 44

Min. 249 16 12 5 5 2 39

Max. ������ 42 34 9 9 17 114

�1�X�P�E�H�U���R�I���S�R�U�H�V���S�R�V�W���G�H�I�U�H�H�]�L�Q�J

Mean 3413** 97** 50*** 32* 10* 12* 91**

S.d. 1415 49 21 13 5 5 42

Min. �������� 47 25 17 6 6 45

Max. 4464 145 64 40 16 15 127

�6���G�����±���6�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q�����P�H�D�Q�V���I�R�U���H�Y�H�U�\���F�O�D�V�V���R�I���D�L�U���¿�O�O�H�G���S�R�U�H�V���Z�H�U�H���V�L�J�Q�L�¿�F�D�Q�W�O�\���G�L
u�H�U�H�Q�W�����
�
�
�S�d 0.001, **p�d 0.01 and *p�d 0.05.
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�L�Q�F�U�H�D�V�H���L�Q���W�K�H���Q�X�P�E�H�U���R�I���D�L�U���¿�O�O�H�G���S�R�U�H�V�����)�L�J�����������D�Q�G���W�R���W�K�H��
�D�S�S�H�D�U�D�Q�F�H���R�U���G�L�V�D�S�S�H�D�U�D�Q�F�H���R�I���G�L�V�F�R�Q�W�L�Q�X�R�X�V���D�L�U���¿�O�O�H�G���¿�Q�H��
�W�X�E�X�O�D�U���S�R�U�H�V���R�I�������������Y�R�[�H�O�V�����)�L�J�������E���D�Q�G���H����

�$�V�� �I�U�H�H�]�L�Q�J�� �O�H�D�G�V�� �W�R�� �D�Q�� ���������� �L�Q�F�U�H�D�V�H�� �L�Q�� �W�K�H�� �V�S�H�F�L�¿�F��
�Y�R�O�X�P�H�� �R�I�� �W�K�H�� �Z�D�W�H�U�� ���+�D�U�Y�H�\���� �������������� �W�K�H�� �S�R�V�V�L�E�O�H�� �F�R�Q�V�H-
�T�X�H�Q�F�H�V�� �R�I�� �W�K�L�V�� �L�Q�F�U�H�D�V�H�� �R�Q�� �W�K�H�� �F�K�D�Q�J�H�V�� �U�H�F�R�U�G�H�G�� �I�R�U�� �W�K�H��
peat material studied were analysed. Thus, VS was found to 
�E�H���H�T�X�D�O���W�R�������������������������������D�Q�G���������������F�P3 g-1 for samples A, 
B and C, respectively (the reciprocal of the particle densi-
�W�\���P�H�D�V�X�U�H�G���I�R�U���S�H�D�W���P�D�W�H�U�L�D�O�V���$�����%���D�Q�G���&�������7�D�E�O�H�����������D�Q�G 
�(�T�������������J�L�Y�H�V��VV, BF ���Y�D�O�X�H�V���R�I�������������������������������D�Q�G���������������F�P3 g-1 
�I�R�U���V�D�P�S�O�H�V���$�����%���D�Q�G���&�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���V�S�H�F�L�¿�F���Y�R�O�X�P�H��
�R�I���W�K�H���S�R�U�H�V���E�H�I�R�U�H���I�U�H�H�]�L�Q�J����VV, BF�����E�H�L�Q�J���F�R�P�S�R�V�H�G���D�F�F�R�U�G-
�L�Q�J���W�R���(�T�������������R�I��VV, Mwf, BF, VV, TPwf, BF and VV, TPaf, BF, the latter 
�Z�D�V�� �F�R�P�S�X�W�H�G�� �E�\�� �X�V�L�Q�J�� �(�T���� �������� �Z�K�L�F�K�� �J�L�Y�H�V��VV,  TPaf,  BF = 
0.065, 0.029, and 0.046 cm3 g-1 for samples A, B and C, 
respectively, with the values of �3TPaf, BF���U�H�T�X�L�U�H�G���E�\���(�T������������
corresponding to the value of �3���Z�K�L�F�K���Z�D�V���P�H�D�V�X�U�H�G���E�H�I�R�U�H��
�I�U�H�H�]�L�Q�J���E�\���X�V�L�Q�J���;���U�D�\���P���&�7�����7�D�E�O�H��������

�(�T�X�D�W�L�R�Q�����������H�Q�D�E�O�H�G���W�K�H���F�D�O�F�X�O�D�W�L�R�Q���R�I���3Mwf, AF + �3TPwf, AF 
and gives �3Mwf, AF + �3TPwf, AF values of 0.916, 0.906 and 0.911 
�I�R�U�� �V�D�P�S�O�H�V���$���� �%�� �D�Q�G�� �&���� �U�H�V�S�H�F�W�L�Y�H�O�\�� �E�\�� �X�V�L�Q�J�� �Y�D�O�X�H�V�� �R�I��
VV, BF and VV, TPaf, BF�� �J�L�Y�H�Q���E�\�� �(�T�V���������� �D�Q�G������������ �U�H�V�S�H�F�W�L�Y�H�O�\����
�7�K�H�V�H���Y�D�O�X�H�V���F�D�Q���E�H���F�R�P�S�D�U�H�G���W�R���W�K�R�V�H���R�I���3Mwf, BF + �3TPwf, BF 
�E�H�I�R�U�H���I�U�H�H�]�L�Q�J���Z�K�L�F�K���Z�H�U�H���F�D�O�F�X�O�D�W�H�G���D�F�F�R�U�G�L�Q�J���W�R���(�T������������
which gives �3Mwf, BF + �3TPwf, BF��� �����������������������������D�Q�G���������������I�R�U��
samples A, B and C, respectively.

Thus, according to these results and their related 
�D�V�V�X�P�S�W�L�R�Q�V���� �W�K�H�� �L�Q�F�U�H�D�V�H�� �L�Q�� �W�K�H�� �Z�D�W�H�U���¿�O�O�H�G�� �S�R�U�R�V�L�W�\�� �R�I��
samples A, B and C post defreezing was 0.007. These 

�Y�D�O�X�H�V���F�D�Q���E�H���F�R�P�S�D�U�H�G���Z�L�W�K���W�K�H���L�Q�F�U�H�D�V�H���L�Q���W�K�H���D�L�U���¿�O�O�H�G��
�S�R�U�R�V�L�W�\���D�Q�G���P�H�D�V�X�U�H�G���E�\���X�V�L�Q�J���W�K�H�����'���;���U�D�\���P-CT images 
recorded in this study. This increase post defreezing was 
���������������������������D�Q�G���������������I�R�U���V�D�P�S�O�H�V���$�����%���D�Q�G���&�����U�H�V�S�H�F�W�L�Y�H-
ly and thus similar to the calculated values.

�%�D�V�H�G���R�Q���W�K�H�V�H���G�L
u�H�U�H�Q�W���U�H�V�X�O�W�V�����W�Z�R���V�F�H�Q�D�U�L�R�V���P�D�\���E�H��
proposed to explain what happened during the freeze-thaw 
�S�U�R�F�H�V�V�����$�F�F�R�U�G�L�Q�J���W�R���W�K�H���¿�U�V�W���V�F�H�Q�D�U�L�R�����G�X�U�L�Q�J���I�U�H�H�]�L�Q�J�����W�K�H��
�Z�D�W�H�U���¿�O�O�H�G�� �S�R�U�H�� �Y�R�O�X�P�H�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �W�R�� �W�K�H�� �V�X�P�� �R�I�� �W�K�H��
�S�R�U�H�V�� �R�I�� �W�K�H�� �R�U�J�D�Q�L�F�� �P�D�W�U�L�[�� �D�Q�G�� �R�I�� �W�K�H�� �¿�Q�H�� �W�X�E�X�O�D�U�� �S�R�U�H�V��
�L�Q�F�U�H�D�V�H�V�� �E�\�� ���������� �E�H�F�D�X�V�H�� �R�I�� �W�K�H�� �L�Q�F�U�H�D�V�H�� �L�Q�� �W�K�H�� �V�S�H�F�L�¿�F��
�Y�R�O�X�P�H�� �R�I�� �Z�D�W�H�U�� �Z�K�H�Q�� �L�W�� �W�X�U�Q�V�� �I�U�R�P�� �O�L�T�X�L�G�� �W�R�� �V�R�O�L�G�����$�I�W�H�U��
thawing to room temperature, the peat material retains the 
memory of this evolution during the freezing phase. As the 
�V�S�H�F�L�¿�F�� �S�R�U�H�� �Y�R�O�X�P�H�� �R�I�� �W�K�H�� �K�L�J�K�O�\�� �G�H�F�R�P�S�R�V�H�G�� �R�U�J�D�Q�L�F��
matrix increases in volume following the formation of ice, 
it does not then decrease after thawing, with the result that 
the water, which was located preferentially in the smallest 
�S�R�U�H�V���� �V�P�D�O�O�� �W�X�E�X�O�D�U�� �S�R�U�H�V�� �D�Q�G�� �L�Q�� �W�K�H�� �O�D�U�J�H�V�W�� �S�R�U�H�V�� �R�I�� �W�K�H��
�R�U�J�D�Q�L�F���P�D�W�U�L�[�����Z�K�L�F�K���Z�H�U�H���D�O�O���V�D�W�X�U�D�W�H�G���Z�L�W�K���Z�D�W�H�U���E�H�I�R�U�H��
freezing, is no longer located in these pores when the water 
�W�X�U�Q�V���I�U�R�P���V�R�O�L�G���W�R���O�L�T�X�L�G���D�I�W�H�U���W�K�D�Z�L�Q�J�����7�K�H���S�R�U�R�V�L�W�\���Z�K�L�F�K��
�L�V���Q�H�Z�O�\���R�F�F�X�S�L�H�G���E�\���D�L�U���Z�D�V���G�H�W�H�U�P�L�Q�H�G���E�\���X�V�L�Q�J�����'���;���U�D�\��
�P���&�7�����7�D�E�O�H���������D�Q�G���W�K�L�V���Y�D�O�X�H���F�R�U�U�H�V�S�R�Q�G�V���W�R���W�K�H���L�Q�F�U�H�D�V�H���L�Q��
�S�R�U�R�V�L�W�\�� �F�D�O�F�X�O�D�W�H�G�� �I�R�O�O�R�Z�L�Q�J�� �W�K�H�� �W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�� �R�I�� �O�L�T�X�L�G��
water into ice. The second scenario assumes that most of 
�W�K�H�� �V�P�D�O�O�� �H�O�R�Q�J�D�W�H�G�� �S�R�U�H�V�� �Z�R�X�O�G�� �D�O�U�H�D�G�\�� �E�H�� �S�D�U�W�L�D�O�O�\�� �D�L�U��
�¿�O�O�H�G���E�X�W���D�W���W�K�H���V�D�P�H���W�L�P�H���W�K�H�L�U���Y�R�O�X�P�H�V���D�U�H���W�R�R���V�P�D�O�O���W�R���E�H��
�G�H�W�H�F�W�H�G���Z�L�W�K���W�K�H�����'���;���U�D�\���P-CT used in this study. After 
the completion of the freeze-thaw process, for the same rea-
�V�R�Q�V���D�V���I�R�U���W�K�H���¿�U�V�W���V�F�H�Q�D�U�L�R���F�R�Q�F�H�U�Q�L�Q�J���W�K�H���H�Y�R�O�X�W�L�R�Q���R�I���W�K�H��
porous organic matrix, the proportion and size of the small 
�D�L�U���¿�O�O�H�G���S�R�U�H�V���L�Q�F�U�H�D�V�H�V�����P�D�N�L�Q�J���W�K�H�P���G�H�W�H�F�W�D�E�O�H���X�V�L�Q�J�����'��
�;���U�D�\���P-CT. 

�)�L�Q�D�O�O�\���� �W�K�H�� �L�Q�F�U�H�D�V�H�� �L�Q�� �W�K�H�� �V�S�H�F�L�¿�F�� �Y�R�O�X�P�H�� �R�I�� �Z�D�W�H�U 
�G�X�H�� �W�R�� �I�U�H�H�]�L�Q�J�� �P�D�\�� �D�O�V�R�� �E�H�� �U�H�V�S�R�Q�V�L�E�O�H�� �I�R�U�� �W�K�H�� �D�O�W�H�U�D�W�L�R�Q��
�R�I�� �W�K�H�� �D�O�U�H�D�G�\�� �D�L�U���¿�O�O�H�G�� �W�X�E�X�O�D�U�� �S�R�U�H�V�� �R�I�� �!�������� �Y�R�[�H�O�V�� �D�V��
�F�R�P�S�D�U�H�G���W�R���W�K�H�L�U���V�W�D�W�H���E�H�I�R�U�H���I�U�H�H�]�L�Q�J���D�V���V�K�R�Z�Q���E�\���W�K�H�����'��
�E�L�Q�D�U�\�� �L�P�D�J�H�V�� ���)�L�J���� ������ �D�Q�G�� �W�K�H�� �S�R�U�H���Y�R�O�X�P�H�� �G�L�V�W�U�L�E�X�W�L�R�Q��
���)�L�J�V�������D�Q�G���������E�H�F�D�X�V�H���R�I���G�H�I�R�U�P�D�W�L�R�Q�V���L�Q���W�K�H���V�W�U�X�F�W�X�U�H���R�I��
the surrounding porous organic matrix during freezing.
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������ �7�K�H�� �I�U�H�H�]�L�Q�J�� �W�H�F�K�Q�L�T�X�H�� �Z�K�L�F�K�� �F�D�Q�� �E�H�� �X�V�H�G�� �S�U�L�R�U�� �W�R��
�S�H�D�W���P�D�W�H�U�L�D�O���V�X�E�V�D�P�S�O�L�Q�J���D�V���U�H�T�X�L�U�H�G���E�\�� ���'�� �;���U�D�\���P-CT 
alters the structure of the highly decomposed and close 
to water saturation peat material studied. Both the conti-
�Q�X�L�W�\�� �D�Q�G�� �W�K�H�� �F�U�R�V�V�� �V�H�F�W�L�R�Q�� �R�I�� �W�K�H�� �D�L�U���¿�O�O�H�G�� �W�X�E�X�O�D�U�� �S�R�U�H�V��
�P�H�D�V�X�U�L�Q�J�� �I�U�R�P�� �V�H�Y�H�U�D�O�� �K�X�Q�G�U�H�G�� �W�R�� �D�E�R�X�W�� �R�Q�H�� �W�K�R�X�V�D�Q�G��
�P�L�F�U�R�P�H�W�U�H�V���L�Q���G�L�D�P�H�W�H�U���G�L
u�H�U�H�G���E�H�I�R�U�H���I�U�H�H�]�L�Q�J���D�Q�G���S�R�V�W��
defreezing. These pores were several hundred to several 
thousand voxels in volume in the 40 cm3 highly decom-
posed peat material studied, with one voxel corresponding 
to 216 µm3 in volume. 

Fig. 7.�����'���;���U�D�\���—���&�7���E�L�Q�D�U�\���V�X�E�L�P�D�J�H�V���R�I���������î�������î���������Y�R�[�H�O�V��
in volume (�a1.2×2.1×2.1 cm3) of sample A showing all the pores 
�G�H�W�H�F�W�H�G�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� ���D���� �D�Q�G�� �S�R�V�W�� �G�H�I�U�H�H�]�L�Q�J�� ���G������ �W�K�H�� �S�R�U�H�V��
�V�P�D�O�O�H�U�� �W�K�D�Q�� �������� �Y�R�[�H�O�V�� �L�Q�� �Y�R�O�X�P�H�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J�� ���E���� �D�Q�G�� �S�R�V�W��
�I�U�H�H�]�L�Q�J�����H�������D�Q�G���W�K�H���S�R�U�H�V���O�D�U�J�H�U���W�K�D�Q�����������Y�R�[�H�O�V���L�Q���Y�R�O�X�P�H���E�H�I�R�U�H��
freezing (c) and post freezing (f). 
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�������9�H�U�\�� �V�P�D�O�O���D�L�U���¿�O�O�H�G���S�R�U�H�V�� �R�I�� �V�H�Y�H�U�D�O���Y�R�[�H�O�V�� �W�R���V�H�Y-
�H�U�D�O�� �G�R�]�H�Q�� �Y�R�[�H�O�V�� �L�Q�� �Y�R�O�X�P�H�� �D�Q�G�� �G�L�V�F�R�Q�W�L�Q�X�R�X�V�� �D�L�U���¿�O�O�H�G��
�¿�Q�H�� �W�X�E�X�O�D�U�� �S�R�U�H�V�� �Z�L�W�K�L�Q�� �W�K�H�� �S�H�D�W�� �P�D�W�H�U�L�D�O�� �V�W�X�G�L�H�G�� �Z�H�U�H��
only detected post defreezing in the samples. The increase 
�L�Q���W�K�H���V�S�H�F�L�¿�F���Y�R�O�X�P�H���R�I���Z�D�W�H�U���E�\�������������Z�K�H�Q���L�W���W�X�U�Q�V���I�U�R�P��
�O�L�T�X�L�G�� �W�R�� �V�R�O�L�G�� �E�H�F�D�X�V�H�� �R�I�� �I�U�H�H�]�L�Q�J�� �O�H�G�� �W�R�� �W�K�H�� �F�U�H�D�W�L�R�Q�� �R�I 
a pore volume in the organic matrix which remained satu-
�U�D�W�H�G���E�\���Z�D�W�H�U���Z�K�H�Q���L�W���U�H�W�X�U�Q�H�G���W�R���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H�����7�K�L�V��
�L�Q�G�X�F�H�G���W�K�H���G�H�V�D�W�X�U�D�W�L�R�Q���R�I���V�R�P�H���R�I���W�K�H���¿�Q�H�V�W���W�X�E�X�O�D�U���S�R�U�H�V��
as well as some of the largest pores of the porous organic 
�P�D�W�U�L�[�� �Z�K�L�F�K�� �Z�H�U�H�� �E�R�W�K�� �Z�D�W�H�U���¿�O�O�H�G�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J���� �7�K�H��
volume of these pores that were newly �R�F�F�X�S�L�H�G���E�\���D�L�U���S�R�V�W��
�G�H�I�U�H�H�]�L�Q�J�� �Z�D�V�� �P�H�D�V�X�U�H�G�� �E�\�� �X�V�L�Q�J�� �;���U�D�\���P-CT and their 
�F�X�P�X�O�D�W�H�G���Y�R�O�X�P�H���Z�D�V���I�R�X�Q�G���W�R���E�H���F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���W�K�H���R�Q�H��
�F�D�O�F�X�O�D�W�H�G���E�\���W�D�N�L�Q�J���L�Q�W�R���D�F�F�R�X�Q�W���W�K�H���W�K�H�U�P�D�O���H�[�S�D�Q�V�L�R�Q���R�I��
�Z�D�W�H�U���D�V���W�K�H���W�H�P�S�H�U�D�W�X�U�H���W�U�D�Q�V�L�W�L�R�Q�H�G���I�U�R�P�������ƒ�&�����O�L�T�X�L�G�����W�R��
–10°C (ice). 

�������7�K�H���L�Q�F�U�H�D�V�H���L�Q���W�K�H���V�S�H�F�L�¿�F���Y�R�O�X�P�H���R�I���Z�D�W�H�U���G�X�H���W�R��
�I�U�H�H�]�L�Q�J���L�V���D�O�V�R���U�H�V�S�R�Q�V�L�E�O�H���I�R�U���W�K�H���D�O�W�H�U�D�W�L�R�Q���R�I���W�K�H���D�O�U�H�D�G�\��
�D�L�U���¿�O�O�H�G���W�X�E�X�O�D�U���S�R�U�H�V���R�I���!���������Y�R�[�H�O�V���D�V���F�R�P�S�D�U�H�G���W�R���W�K�H�L�U��
�V�W�D�W�H�� �E�H�I�R�U�H�� �I�U�H�H�]�L�Q�J���� �D�V�� �V�K�R�Z�Q�� �E�\�� �W�K�H�� ���'�� �E�L�Q�D�U�\�� �L�P�D�J�H�V��
�D�Q�G�� �W�K�H�� �S�R�U�H���Y�R�O�X�P�H�� �G�L�V�W�U�L�E�X�W�L�R�Q���� �D�Q�G�� �W�K�L�V�� �D�O�W�H�U�D�W�L�R�Q�� �L�V 
�D���F�R�Q�V�H�T�X�H�Q�F�H���R�I���W�K�H���G�H�I�R�U�P�D�W�L�R�Q���R�I���W�K�H���R�U�J�D�Q�L�F���P�D�W�U�L�[���G�X�H��
�W�R���W�K�H���L�Q�F�U�H�D�V�H���L�Q���W�K�H���V�S�H�F�L�¿�F���Y�R�O�X�P�H���R�I���Z�D�W�H�U���Z�K�H�Q���L�W���W�X�U�Q�V��
�I�U�R�P���O�L�T�X�L�G���W�R���V�R�O�L�G���G�X�H���W�R���I�U�H�H�]�L�Q�J����

�������%�R�W�K���W�K�H���S�R�U�H���P�R�U�S�K�R�O�R�J�\���D�Q�G���S�R�U�H���V�L�]�H���G�L�V�W�U�L�E�X�W�L�R�Q����
�D�Q�G���P�R�U�H���J�O�R�E�D�O�O�\�����W�K�H���V�W�U�X�F�W�X�U�H���R�I���W�K�H���K�L�J�K�O�\���G�H�F�R�P�S�R�V�H�G��
�S�H�D�W�� �P�D�W�H�U�L�D�O�� �V�W�X�G�L�H�G���� �Z�H�U�H�� �D�O�W�H�U�H�G�� �E�\�� �I�U�H�H�]�L�Q�J���� �7�K�X�V����
�W�K�H�� �S�R�V�V�L�E�O�H�� �F�R�Q�V�H�T�X�H�Q�F�H�V�� �R�I�� �I�U�H�H�]�L�Q�J�� �S�U�L�R�U�� �W�R�� �D�Q�\�� �V�W�X�G�\��
�R�I�� �W�K�H�� �V�W�U�X�F�W�X�U�H�� �R�I�� �S�H�D�W�� �P�D�W�H�U�L�D�O�V�� �V�K�R�X�O�G�� �E�H�� �L�Q�Y�H�V�W�L�J�D�W�H�G����
particularly for highly decomposed peat materials. Future 
�Z�R�U�N���Z�L�O�O���I�R�F�X�V���R�Q���W�K�H���S�R�V�V�L�E�O�H���S�U�H�V�H�Q�F�H���R�I���S�R�U�H���J�H�R�P�H�W�U�\��
�D�U�W�L�I�D�F�W�V���V�L�P�L�O�D�U���W�R���W�K�R�V�H���U�H�F�R�U�G�H�G���L�Q���R�X�U���V�W�X�G�\�� �E�X�W���L�Q���O�H�V�V��
�G�H�F�R�P�S�R�V�H�G���S�H�D�W���P�D�W�H�U�L�D�O�V�����Z�K�L�F�K���P�D�\���E�H���O�H�V�V���V�H�Q�V�L�W�L�Y�H���W�R��
the occurrence of artefacts post defreezing. 

�&�R�Q�À�L�F�W�� �R�I�� �L�Q�W�H�U�H�V�W�� The authors do not declare any 
�F�R�Q�À�L�F�W���R�I���L�Q�W�H�U�H�V�W��
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�7�K�H���D�X�W�K�R�U�V���D�F�N�Q�R�Z�O�H�G�J�H���D�O�O���R�I���W�K�H���F�R�Q�W�U�L�E�X�W�L�R�Q�V���Z�K�L�F�K��
�H�Q�D�E�O�H�G���X�V���W�R���F�D�U�U�\���R�X�W���W�K�L�V���V�W�X�G�\��
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