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FIGURE 1. Conceptual model on the structural style of syn-rift salt 
basins. A) During the first extensional phase syn-rift salt accumulates 
in grabens and half-grabens so salt thickness varies and B) salt 
rollers, reactive diapirs, passive diapirs and fault welds form in the 
syn-kinematic overburden; modified from Jackson and Hudec, 2017.
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Exp. 1* 7cm
Exp. 2*
Exp. 3*

Stretching
rate

( )cm · s-1
Experiments

Amount
Extension Amount

inversion

Shortening
rate

( )cm ·s -1

Sedimentation
rate during
inversion

2.75·10-5

8cm
8cm

phase 1 phase 2

8cm
7cm
7cm

8cm
8cm

- -
-
-

5mm
thick / 1cm2.75·10-5

2.75·10-5
2.75·10-5

2.75·10-5

Exp. 4
Exp. 5

7cm 8cm
9cm 2.75·10-5

- - -1.27·10-4

- every 5mm of extension the deformation box was tilted 0.5º

* Experiments presented in detail in this study

TABLE 1. Summary table showing the main characteristics of the 
experimental program

Initial setup

5cm

basal detachment

rigd footwall block

B End first phase of extension - 7cm + synextension salt

basement ramp-
anticline

basement ramp-syncline

basinward
rolloversalt pinch-out

motor lower
ramp

breakaway
fault

 End of inversion (Experiment 2)

moving footwall
motor

C
salt wallsalt rollers

salt-detached
ramp-syncline

primary weld

landward
rollover

landward
rollover

moving footwall
motor

 End of inversion with synkinematic sedimentation
(Experiment 3)

salt wall

harpoon
structure secondary weld

Syn-inversion sand pack

Syn-kinematic polymer / salt

Basal plastic sheet

Faults

Uncomformity

fixed
wall

motor

fixed baseplate

fixed
wall

45º

45º

15cm20cm

3.5º

3.5º

fault
bends

fault
bends

fixed
metal plate

Syn-extension sand pack

moving footwall
motor

secondary weldthrust weld

Pre-kinematic sand pack

Post-extension layer

plastic sheet

squeezed
salt wall

Welds

upper
ramp

A

End second phase of extension - 15cm (Experiment 1)

D

E

FIGURE 2. Synoptic sketches showing the experimental procedure 
with the terminology used in the description of the models (modified 
after Roma et al., 2018). A) pre-deformation configuration, B) 
structural pattern at the end of the first extensional phase (after 7cm 
of stretching), C) experimental configuration at the end of the second 
extensional phase (after an additional 8cm of stretching), red and 
white layers represent syn-kinematic sedimentation, D) configuration 
at the end of the inversion (after 7cm of shortening) and E) structural 
pattern at the end of the inversion (after 7cm of shortening), green 
and white layers represent syn-inversion sedimentation.
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Quantity Experiment Nature Model/Nature 

Length, L (m) 0.01 1000 10-5 
Density loose sand��������m-3)  1500 2700 0.55 
Gravity acceleration, g (m�s-2) 9.8 9.8 1 
Angle of internal friction, 	 (º) 34.6 40 0.87 

��
���������
�������������� 55 107 ������-6 
Density polymer��������m-3)  972 2200 0.44 
�����������������s)  1.6���4 1018–1019 1.6���-14/-15 

 

TABLE 2. Scaled parameters used in the experimental program
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Extension above a ramp-flat-ramp basement fault with 
syn-rift salt 
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3D seismic created from the final cross-sections 
of Experiment 1

3D structural model of the main horizons and 
structures of Experiment 2

landwards
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A

B

FIGURE 3. A) 3D seismic cube obtained from the final cross-sections 
of Experiment 1 and B) the 3D structural model resulting from the 
interpretation of the 3D seismic of Experiment 2.



M .  R o m a  e t  a l .

G e o l o g i c a  A c t a ,  1 6 ( 4 ) ,  3 9 1 - 4 1 0  ( 2 0 1 8 )
�� � � � � � 	 � 
 � � � 
 � � � � � � � � � � � � � � � � 	 � � 	 � 	 �

Analogue modelling of syn-rift salt weld kinematics

396

����
�������������	���#���
����������������	
������
������	
�
���� ���������	� ������ ���� �����4��	
��	� ��
��	��� ������
��� �	)����	��*�
'� +&'�K4��	
��	���
����������� ����������
��#	���� ���	
�����	� ��� ���� ���������	� ����� ���� 
�	����
�����	
�������)�����	������������
��������'�0�	
�6��	�����
�������	�� ��
�	#���
������	
� 
������������� ��
����� �����
�
��	��������������
������
������������������������
��	��
����
������
����
���������
������	��������*�

'� +!�1+��@&'

(	���	���
���������������#���������#���������
����������
#�
� ��������� ���� ���������	� ����������	� #�
� �	��������
�����������������
���	���4��	
��	'�(	����
���
�����
�����
����
��
���	��������������������
���	�������
�	���	��#�
�
:��������
������������

������������������	������#��������
��	����	�
����	��	
���
������������������
�	���	���	�����
���������	� �"���� ��� ����� $%�G&'� *�
���� 10� ����
�����
� ��

�����������������K4������	����������������������
�����	���
����� ��:	�
� �������	� �������
� ��������� �	� 
����� #�����
�
�������� ��� *�
���� 1,� ����
�����
� ���� ��
���	�� 
��������'�
9���� ���� �������	��
� �	� 
���������� 
����
� ���#��	� �����
����7�	
��#��������	����������
�������������
��
������������
������������������	
� ����������	
��4��	
��	� ������<�������
��������=!���	�������������������1!�.��#����	��0����������!�
2���3���� �	��0����#���� $%%%&'�+
� �4��	
��	� ���
��

����
���� �	�������� ���#��	���
���	�� �4��	
��	� �	�� �����
������
����� ��������� ��� 
�	���	������� 
�����	�����	� �������

���� ��
�����	� ����� ���� 
�����
�	� ������	���
� ��#���
�
������ ��
�
� #����� 
�����	)����� ���
�
� ���������� ������
<��������GG!�<��������������=!�?������	������
�	��$%%-!�
*��������������$%� &��*�
'�C+��@&'�+������%�������4��	
��	��
���������	�
�������	
��	������	)���������
�������������
����
������
��
����	
��*�
'�C0&�#��������������	����������
����	�
�
��4��	
��	����
��

����*�
'�C,&'�������
�	#���������	
�
	�����������
�������
�������
����	
���	������������
��#������
���������#���
��*�
'�C,&��	�������	������������������4������	��
#���������������4��	
��	���������
�����	������
����)�#�#����
��4����'����� 
�������� ��� ���� ��
���	�� ������	�����	��
�	��	���� 
���� ��
�����	� ��#���
� ���� �	)����� ����� ��������
������ ��� �	� �������
�	� #���� ���� ���
�� ��� ���� ��
�	#����
��
����� ������
�	� �*�
'� +��@&'����
� ����� �
�����������
�����
�	������������#������
����
����K4������	�����������$������
�4��	
��	��*�
'� @&'�?������������
��	������������
�����	)����	�
�
���
�����	���������#�����������	������������������������������
��
���	��������	�����	�����	����������
�	#������
���������
��
�	�����
��	����������	�������#������	�������
�	�������
�
�	�*�
'� @&'����
��������	������	
����
�����4���
��	��
����
���
����������
��

�������
��	�����	������
���������
���������
���
�����	)����	�����	
�
�	���	�������
�����	�����	��#�����
�	��	����
������
�	
��	��������������	����
�	
�������������
���������)��
� ��� ������	������� 
�	�'����
��)��
�)�	�� ����
���������#����������������
���	��������	�����	���E����������
���1&'�+������=�������4��	
��	�� ���� �	��	
�����
��	���� ����
��
�
���� ���� 
������������� �����
�	���	����
�	� �����
� 
����
��������	���	���4���
��	��*�

'� 0!�CK&'�*�������
�����	��
������
��	���������#�
����
��

���������
���������
���������

Experiment 1 - overhead evolution during 
second phase of extension
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Extension direction
Fault bend
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After 10cm extension

B After 12cm extension. Salt inflations at footwall 
fault. Erosion

C After 13cm extension. Transition from reactive to 
passive diapirsim

D After 15cm extension. Rised regional datum 
covering the growing diapirs
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breakaway fault
propagation

landwards basinwards

A

FIGURE 4. Interpreted top-view photographs showing the extensional 
evolution of Experiment 1 (illumination is from the right) after A) 
10cm, B) 12cm, C) 13cm and D) 15cm of extension. Continuous 
black lines in Figure 4D correspond to the cross-section locations of 
Figure 5.
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Experiment 1 - lateral cross-section at the end of the extension
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Experiment 1- central cross-section at the end of the extension
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FIGURE 5. Interpreted cross-sections and structural maps of Experiment 1 showing the different style of salt structures along-strike: A) cross-section 
at the central part of the experiment at the end of the extension, B) lateral cross-section at the end of extension, C) structural map of the suprasalt 
structures and D) structural map of the subsalt structures (contours in mm). Reddish color indicates a structural high and blue, structural lows. 
Structures marked with a continuous line correspond to the faults affecting the overburden whereas dashed structures are those affecting the 
basement. See Figure 4D for cross-section location.
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Salt flow
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Inversion reactive 
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Pre-deformationA

B
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E.2E.1
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FIGURE 6. Synoptic model showing the different stages of salt structures 
evolution at the edges of the salt-detached ramp-syncline basin: A) Pre-
deformational stage, B) at the beginning of extension with salt inflated 
areas fed by the flow from below the basin towards its edges, C) as 
extension progressed, the collapse grabens developed at the crest of 
these anticlines, D) evolving into basinward-dipping normal faults like a 
reactive diapir. From this point the reactive diapir could be buried (E.1) 
or could have evolved to a passive diapir (E.2). With ongoing inversion, 
an early pop-up structure flanked by opposite-verging thrusts developed 
above the buried reactive diapir (F.1). As shortening progressed the right 
flank of this diapir was thrusted basinward. In contrast, the passive diapir 
was squeezed, developing a secondary weld (F.2).



G e o l o g i c a  A c t a ,  1 6 ( 4 ) ,  3 9 1 - 4 1 0  ( 2 0 1 8 )
�� � � � � � 	 � 
 � � � 
 � � � � � � � � � � � � � � � � 	 � � 	 � 	 �

M .  R o m a  e t  a l . Analogue modelling of syn-rift salt weld kinematics

399

C.1 After 1cm inversion. Rounded-shape of salt 
extrusions and stems

C.2 After 3cm inversion. Increase of salt extrusion 
through diapirs and partial closure of stems

C.3 After 7cm inversion. Partial closure of diapir stems, 
which become elongated and salt sheets with sutures

End 8cm inversion. Rounded-shape of salt surface 
extrusions. Development of secondary welds
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FIGURE 7. Interpreted cross-sections of Experiment 2 showing the main structural elements and the different style of salt structures along-strike: 
A) central cross-section at the end of the inversion, B) lateral cross-section at the end of the inversion. C) Interpreted top-view photographs 
showing the evolution of Experiment 2 during inversion without syn-inversion sedimentation after 1cm (C.1), 3cm (C.2), 7cm (C.3) and 8cm (C.4) 
of inversion. Continuous white lines in Figure 7C.4 correspond to the cross-sections locations of Figure 7A, B. In all the photographs illumination 
is from the right and surfaces in shadow are dipping to the left. See Figure 5 for legend. 
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Inversion of a ramp-flat-ramp basement fault with syn-
rift salt and syn-inversion sedimentation 
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Experiment 3 - Overhead evolution during inversion
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FIGURE 8. Interpreted cross-sections of the Experiment 3 showing the main structural elements and the different style of salt structures along-strike: 
A) central cross-section at the end of the inversion, B) lateral cross-section at the end of the inversion, C) interpreted top-view photographs showing 
the evolution of Experiment 3 (with syn-inversion sedimentation) after 3cm (C.1), 5cm (C.2) and 7cm (C.3) of inversion. Continuous black lines in 
Figure 8C.3 correspond to the cross-section locations of Figure 8A, B. Yellow lines correspond to the different detailed cross-sections of Figure 12. 
In all the photographs illumination is from the right and surfaces in shadow are dipping to the left. See Figure 5 for legend. 
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FIGURE 9. A) Thickness maps of salt at the end of the extensional phase for Experiment 1 and B) at the end of the inversion for Experiment 2. Purple 
colors indicate the areas where salt was depleted thus developing primary welds, whereas yellowish colors correspond to the salt walls with maximum 
salt thicknesses. White lines correspond to the cross-section locations of Figures 5A, B and 7A, B.
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FIGURE 10. Natural examples of inverted salt basins. A) Line drawing 
of the SW-NE seismic profile in the Dutch offshore at the transition 
from the offshore extension of the Texel-Ijsselmeer High to the Broad 
Fourteens Basin (southern North Sea) (modified from De Jager, 
2003) and B) line drawing of the regional SW-NE profile through 
salt structures across the eastern part of the Dutch Central Graben 
(southern North Sea - Netherlands). Seismic image obtained from 
Virtual Seismic Atlas (VSA) by Fugro.
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Basin inversion without syn-kinematic 
sedimentation

Basin inversion with syn-kinematic 
sedimentation

fish-tail structure
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FIGURE 11. Conceptual sketch on the effect of syn-kinematic 
sedimentation during inversion: A) basin inversion without syn-
kinematic sedimentation, where the contractional deformation 
propagates towards the salt pinch-out and it is mainly absorbed 
by the frontal thrust related to the harpoon structure and B) basin 
inversion with syn-kinematic sedimentation where the thrust front 
has a high angle and the main contractional deformation is absorbed 
by the pre-existing salt wall also favored by the salt layer transferring 
deformation towards the salt wall, while developing a fish-tail.
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FIGURE 12. Serial detailed cross-sections of Experiment 3 showing how inversion increases towards the weak diapir inherited from the extensional 
phase where shortening was focused. Note the along-strike variation of the inverted salt wall above the basement ramp-anticline. A) Thrusts 
nucleating at the apex of a pre-existing reactive diapir, B) squeezed passive diapir with a vertical secondary weld subsequently decapitated, 
C) squeezed passive diapir with a vertical secondary weld that evolves to a thrust weld when shortening continues, D) partial thrust weld and 
decapitated diapir and E) thrusts nucleating at the apex of a pre-existing reactive diapir. The inherited structure (reactive or passive diapir) and 
syn-inversion sedimentation are the main factors controlling the structural evolution during inversion. See Figure 8C.3 for location.
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