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Figure 2.1 Reflected and transmitted waves at a layer interface for an incident wave arriving (a) at a normal angle 
and (b) at an oblique angle to the interface surface. 
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Figure 2.2 Schematics of a marine controlled-source electromagnetic 
survey (CSEM). (Adapted from Marine CSEM module in GeoCLASS, 
UniGEO 2011). 
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Figure 3.1 Flowchart for creating constraint cubes. 
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Figure 3.2 Density constraint cube.  
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Figure 3.3 Isosurface for a density = 2.4 g/cm3. The 
colour gradient corresponds to the saturation. 
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Figure 3.4 Flowchart for the inverse rock physics modelling. 

�

Figure 3.5 Isosurfaces for a density = 2.4 g/cm3 and 
bulk modulus = 22 GPa for the same rock volume. 
The colour gradients correspond to saturation. The 
IRPM solution highlighted with a yellow line is 
constrained to the intersection between the two 
surfaces. 
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Figure 3.6 Isosurfaces for a density = 2.4 g/cm3, bulk 
and shear modulus of respectively 22 and 15.5 GPa 
for the same rock volume. The colour gradients 
correspond to the saturation. The IRPM solution 
highlighted with a yellow circle is constrained to the 
intersection between all three surfaces. 
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Figure 3.7 Examples of IRPM solutions produced using the Netwon-Raphson based solver (top) and proximity 
based solver (bottom), with two (left) or three input parameters (right). The identified solutions are marked in 
yellow. 
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Figure 2.8 Flowchart of the Netwon-Raphson solver. 

2 � $�*"$��
��(���������


���������� ������������������������ �	
����������%����2B72B72B� ������ ��������� �����������

��������������������������������������24724724��	
9�	
�� ������	�
������	
9�	
����	���


�� �	��������� ������ ��� ����	��� ����

������������ ����������� �� ���� ��������

��� ����������� ����������� ��� ���� �:!�

������ �

H �6��"���
�$�*"$���


(� ��C	�������� ��� ��� �������������

������� �� �	
9�	
�� 
��%���� ��������

���Q�������������������������	�������

������������������������������������9

��������� ��������� ���	��� �7����

������� ����� ���	�� � (�������� ��

����/�������������%��	���������������

�	
9�	
��� %����� ��� ���� ��������

���	������
�������������������������

����9����	����� $�%���9"�������

��������� � ;������ �	
9�	
��� %�����

���� ��������� ���	�� ��� �	������ ����

������ �� ���� �	
9�	
�A�� �����	��

������7��	�����	���������������� � 

I �'�"���
�������"�����



$�%���9"������A�� ������� *)������ 233H+� ��� 	���� ��� ����� ���������� �	
9�	
�� ��� �������

�����
�������������������	����� ��������	������������������������	
9�	
�����	�������������������

���	� �5������������%����	�����������%�����	�������������������������������������������������

�������	
��������������������������������%�����������	�������������������������������������������

���	�� ���������
���	��������	�����
��%�����%�������������%��������������
������������������

�����
��%������������	�������������%������������ �����������������������%�����������������

����� ��/���� 	�� ���� ����� ��� ��������� ��� �� ������� ��������� �� ���� ���� � !��	��� H E� ���%�� ���

�7������%���������$�%���9"���������������	�����	�������������������������������
��%����

�%������	�������������%������������������������ �



�
�

�

2<�

Data:
Effective
Elastic-

Electrical
Properties

Models:
Constraint

Cube

Output:
Sets of

Reservoir 
and Model 
Parameters

Resampling

Isosurface
Extraction

Proximity
Detection

Spherical
Cloud 

Expansion

Resampled
Constraint

Cubes

Data:
Effective
Elastic-

Electrical
Properties

Models:
Constraint

Cube

Output:
Sets of

Reservoir 
and Model 
Parameters

Resampling

Isosurface
Extraction

Proximity
Detection

Spherical
Cloud 

Expansion

Resampled
Constraint

Cubes

�

Figure 3.10 Flowchart of the proximity detection solver. 
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Figure 3.9 Intersection between the density and bulk modulus isosurfaces. The top right corner on the figure to the 
left has been zoomed in and displayed in the figure to the right. The boxes are the sub-cubes with possible 
solutions which were not discarded, and the red and black highlights those were a solution and no solution were 
found, respectively. The yellow circles with stars are the identified solutions and a yellow line is drawn through the 
solutions which are identified to be connected. Here two line segments have been identified.  
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Figure 1 Modelled effective conductivities versus 
porosity for various clay conductivities. The porosity 
interval of interest in this study is within the two vertical 
black lines. 

�

Figure 2 Modelled effective conductivities versus 
porosity with varying clay aspect ratios. The porosity 
interval of interest in this study is within the two 
vertical black lines. 
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Figure 3 Modelled elastic moduli versus porosity when varying a) the kaolinite bulk modulus and b) the shear 
modulus. The porosity interval of interest in this study is within the two vertical black lines.  
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Figure 4 Fitting of the compaction measurements to 
the conductivity-porosity trend defined by the first 
approximation of the clay aspect ratio for the 8 MPa 
differential pressure measurement of sample SX5. 

�

Figure 5 Porosity-pressure trend for sample SX5 for the 
compaction measurements after the first porosity 
adjustment and used for calculating the second porosity 
adjustment.  

������	
������������������
�����������������������	������������������	�����
���	����

	�� ����	��	���� �	
�� �� 	�  ��� ����������	�� ��������� ��������� !�� ����� ��������� �	���"� ����


���������#� ������� 
	�� ��� �����	����� $��� ��������
�� �������� ����� ������� �����	���

	�������	
��	���	������	���������%	���������&'())	*�	�����
��������������������	���	���

������#��	��������
���������	�����������������	��	���������	�����+�	����������	������

���	�� �������������	�������������

,�� ����� ��
	����	��� ���� 
�	�� 	���
�� �	��� ����#� ���� ���	���� ������� ��� ���� ���


��	
������	��������� &-�./	*�	������� ����
���������#�
���
�������������� ������

	��	�
����	���������	���������
�������������������������
��	
������	�����������



�

�

BB�

������%�#���
�����������������������
���������������������������������������������������������

������������	������������������	��� �

� � �������������������������������� ���

-������ 	������������ 4�,��� �)�,��� �7�,��� �*�,��� '7�,��� *7�,���

� � ?� ?� ?� ?� ?� ?�

%J+� �
�,4� +�
44� �
��� �
3�� �
+�� ,
4�� ,
0��

%J�� �
�0A� �
,�� �
++� ,
4+� ,
0+� 4
4+� 4
0+�

%J0� �
+�3� +�
@A� �
4�� �
+�� ,
4�� 4
��� 4
3��

%JA� �
�,+� ++
�4� +�
0�� �
4�� �
0�� ,
��� ,
0��

%J3� �
+�,� ++
A4� +�
3�� +�
0�� �
��� �
0�� �
+��

%J@� �
+30� +�
0�� �
3+� �
++� ,
4+� ,
++� 4
4+�

%J4� �
+A3� ++
A3� +�
3�� +�
+�� �
4�� �
+�� ,
4��

%J,� �
�3�� ++
�3� +�
4�� +�
+�� �
��� �
3�� �
0��

%J�� �
�4�� +�
�+� ++
40� ++
00� ++
+0� +�
30� +�
+0�

%J+�� �
�0�� +�
,+� �
4�� �
3�� �
+�� ,
4�� ,
0��

%J++� �
��3� +�
,,� �
��� �
3�� �
+�� ,
0�� 4
4��

"��������� ���� ������	��� ��� ���� ����� �������� ���%�� ����� ���� ��%���� ������� ������ ���

�	��� ��� 
�� 3 3HI� *������� �K2+� ���� ���� �������� 3 <4H� *������� �KB+ � ���� ����
������ �����

������� ������� ��� ���� �����	�� ����� �������� ��������� %���� ���� ���������� ����������� ��� ����

�����	�� ����������� �����	���� ���� ���� ������� ��� ��
��� H � ������ ���	��� ���� ��������� ��� ����

�	
��C	������'����������������������������	�� �

������ ��� ���� ���������� ����������� ��� ���� ����������� �7��������� %�� ����	����� ����

�����������������
	�/��������������	�����������������������������	������������������	��� �

#�������������������������������������	�����������������%�����!��	���B �5�������������	����

������������������	������������������������������%�����%��� ������%����������������K2�����

�K<3���������������D���
������%�������	������������������������������ ��������������������

����� ���� �������� ���	��� �������� �� ���� 	�/��%�� �������� � ���� 
	�/� ���	�	�� �� �����

������� �K<� ��� ������������� ��%��� ����� ��� ����� �� ���� ������ ������� � (����������� ������ ���

�������� ��� ��������������� ��� ����������������� %����������7���������������������� �����
	�/�

���	�	���������������������K<���KI���KB������K6�������������������	�	������������������

�K6����%���������������
������	����������������� �

-�6�''78>
�!
�!!�4?7/�
�') ?74
-�6A'7


� 5���������� ���� �������� �������� ���	��� �� ���� ���� ���/� ���� ����	������ 	����� ����

����������� ������������	��*��'+� ������ ���������
��� 
�� '	/��,��������� *<EE4+ ���������

���/��������������������������������������������������	������%��������C	���D�����������������

��������������	����� �$�7��������������������������������
��������	���������/���������	����



�
�

�

B6�

���������������������	����	
����	�����*����������<E4<+ ������/���	��������������������

�����������������'�������������������������%��	�����������
��������������������������
�����

�������������������	����������������9����������� ��

�

�

Figure 6 Derived porosity trends for a) conductivity, b) density, c) P-wave velocity, d) S-wave velocity, e) bulk 
modulus and f) shear modulus. 
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Figure 7 … continues on the next page. 
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Figure 7 Modelled porosity trends for the bulk and shear moduli together with the derived moduli from the 
compaction measurements for the various samples. The error bars are for modelled values with ±5 % to the 
kaolinite bulk and shear moduli, critical porosity and bulk and shear moduli at the critical porosity.  
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Figure 1 3-dimensional representations of model constr-
aints for the data parameters (a) bulk modulus, (b) shear 
modulus, and (c) density. The porosity, lithology and fluid 
saturation model parameters span the axis and the colors 
correspond to data parameter values. 
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Figure 2 Example illustrating the resampling of two bulk 
moduli values; In (a) and (b) the bulk moduli are plotted
versus porosity for various lithologies (volume fraction
of clay content C) and for pure gas and brine saturations, 
respectively. The intersections between the two bulk 
moduli values and the lithology curves are replotted in 
(c) as lithology versus porosity. 

�

Figure 3 The bulk modulus correlation function plotted 
for two moduli values. They form surfaces in the 
porosity, lithology and fluid saturation coordinate 
system. 
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Figure 4 Plot of correlation functions and intersections between (a) bulk modulus K and shear modulus μ and (b) 
K and density ρ. 
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Figure 5 Intersection of the three rock physics 
constraints density (green), bulk (blue) and shear (red) 
modulus; (a) constraints surfaces with solution 
highlighted in a yellow circle, (b) intersecting contour 
lines between the various constraint surfaces from (a) 
and the final solution highlighted in a black circle, (c) 
constraint surfaces for another set of values with 
solutions highlighted in yellow circles. 
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Figure 6 Good (a) and bad (b) conditioned intersections of the constraints density (green), P-wave velocity (blue) 
and S-wave velocity (red). The P-wave velocity constraint is plotted for two values, which are the same in both 
figures. The difference in solution sensitivity can be inferred from the displacement of the yellow stippled lines 
along the intersections of the surfaces. 
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Figure 7 Orthogonality (a) and mean orthogonality factors (b) for various intersections between the bulk modulus 
(K), shear modulus (μ), density (ρ), P-wave velocity (Vp), S-wave velocity (Vs), P-wave acoustic impedance (ρVp) 
and Vp/Vs ratio. 
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Figure 8 Sensitivity analysis when perturbing the density, bulk and shear moduli for two sets of data parameters 
values (see Table 2). The main value is plotted as a circle, and the perturbed solutions are plotted as arrows 
identified with a plus and minus symbol for the higher and lower perturbed values, respectively. 
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Figure 9 Monte Carlo simulation with (a) probability density distribution (PDF) for the density, bulk and shear
moduli with inverse modeled porosity, lithology and fluid saturation solutions when perturbing (a) the bulk 
modulus, (b) the shear modulus, and (c) the density. 
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Figure 10 Synthetic log with model and corresponding 
data parameters. 
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Figure 11 Model parameter solutions from inverse 
modeling using (a) bulk modulus K and shear modulus μ,
(b) K and density ρ, and (c) μ and ρ. The correct model 
parameters are plotted as squares and the modeled 
solutions as dots where the gray gradient corresponds to
fluid saturation. The dimmed zebra stripes on the 
background separate the various data samples. 
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Figure 12 Model parameter solutions from inverse modeling using bulk modulus K, shear modulus μ, and density 
ρ, (a) for the noise-free data, (b) when perturbing K, (c) when perturbing μ, and (d) when perturbing ρ. The correct 
model parameters are plotted as squares and the modeled solutions as dots where the gray gradient corresponds to 
fluid saturation. The solutions from the perturbations are plotted above and below the noise-free solution for 
positive and negative perturbations, respectively. The dimmed zebra stripes on the background separate the various 
data samples. 
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Figure 13 Inverse modeling for rock physics models 
with various pore geometries, using bulk modulus, 
shear modulus, and density as input data parameters. 
The correct model parameters correspond to rock 
physics (pore) model number ten and are plotted as 
squares. The modeled solutions as dots where the 
color code corresponds to the various rock physics 
models, i.e. pore geometries. The dimmed zebra 
stripes on the background separate the various data 
samples. 
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Figure 14 Glitne case study with (a) model and data 
parameter well log, inverted model parameters based on 
(b) recommended configuration, and (c) the configurat-
ion we found to give the best result. The black circles 
denote the measured model parameters and the dots 
represent model data where the color gradient relates to 
the fluid saturation (blue for pure brine and red for pure 
oil).  
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Figure B-1 Illustration of displacement ijm
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Δ  of intersection between 

the model correlation 
id̂

ϕ for data parameter value id̂ , and 
jd̂

ϕ for data 

parameter value jd̂ , when the data parameter di is altered with a small 

value δdi. The corresponding gradients in the initial intersection is 

id̂
ϕ∇  and 

jd̂
ϕ∇  with unit vectors 

id̂
ˆ ϕ∇  and 

jd̂
ˆ ϕ∇ , respectively. 
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Figure 1 Resampling of a rock-physics model from velocity-porosity to lithology-porosity space. Ci are model 
results for various clay contents. 
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Figure 2 Bulk modulus constraint cube in the porosity, 
lithology, fluid space (PLF). The vertical axis is water 
saturation. The lithology axis varies from pure quartz 
(zero) to pure clay (one). 

 

Figure 3 Three observations (Vp, Vs and density iso-
surfaces) intersecting in the PLF space. Solutions exist 
at the two indicated points. 
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Figure 4 Three observations (Vp, Vs and density) inter-
secting in the PLF space. Uncertainty is implicitly handled 
by the proximity based implementation of the inverse 
modelling, providing a cloud of solutions as opposed to 
points as in Figure 3. 
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Figure 5 P-wave velocity versus porosity trend of 
clay-sand composites at constant pressure pre-
pared by Yin (1992). Dashed arrows indicate 
increasing clay content. The V-shaped trend of 
increasing clay content, producing an increase of 
velocity (and a decrease in porosity) until clay 
content equals sand porosity, has been attributed 
to a pore filling clay topology. 

 

Figure 6 Dispersed clay model (Dvorkin-Gutierrez) 
calibrated to Yin’s data. Note porosity is modelled well, but 
velocity is in general over-estimated. The model predicts that 
clay mineral becomes load-bearing (porosity minimum and 
velocity maximum) at about 30 % clay content. 
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Figure 7 Conventional calibration of two shaley-sands 
models; structural clay (a) and dispersed clay (b) models. 
Both models have some success, but the accuracy of each 
is difficult to estimate. 
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Figure 8 Quantitative calibration of dispersed clay (left) and structural clay (right) models. Vertical axis is 
sample number, empty circles are lab measurements and filled circles model predictions. Only 7 samples with 
clay content below 0.3 were used. Of the two models, the structural clay model produced more solutions. 

�

�

Figure 9 Quantitative calibration of the dispersed clay model (left) and structural clay model (right), using 5% 
uncertainty in Vp. Vertical axis is sample number, empty circles are lab measurements and filled circles model 
predictions. More solutions were found relative to the results (Fig. 8) in which uncertainty was not included. 

�

 

Figure 10 Quantitative calibration of dispersed clay (grey) and structural clay (black) models, using a 5 % of 
uncertainty in Vp. Vertical axis is percentage of predictions matching the data, versus various tolerance ranges 
in porosity and lithology predictions (+/−−−− 0.01, 0.02, 0.03, 0.04, 0.05) in the horizontal axis. 
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Figure 11 Conventional calibration of the modified 
HS upper bound (MHS) model (top left); Xu and 
White (XW) model (top right) and Differential 
effective model (DEM) (bottom right), for P and S 
velocities on Han’s dataset. Note that the three 
models seem to provide satisfactory calibrations, 
particularly for the P-wave data. 
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Figure 12 Results of the quantitative calibration of the modified Hashin-Shtrikman (MHS), Xu and White (XW) and 
differential effective modelling (DEM) models on Han’s data set. Vertical axis is percentage of predictions matching 
the data, versus various tolerance ranges in porosity and lithology predictions (+/- 0.01, 0.02, 0.03, 0.04, 0.05) in the 
horizontal axis. Note the poor performance of the DEM model in terms of lithology. 
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Figure 13. Quantitative calibration of the modified HS upper bound (MHS) on the left; Xu and White model (XW) 
on the right panel. Vertical axis is sample number, empty circles are lab measurements and filled circles model 
predictions. Note that both models provide a large number of accurate predictions. 
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Figure 14 Improved calibration of the modified Hashin-Shtrikman model (MHS), on Han’s data set for various 
coordination numbers (C). Vertical axis is percentage of predictions matching the data, versus various tolerance 
ranges in porosity and lithology (+/- 0.01, 0.02, 0.03, 0.04, 0.05) in the horizontal axis. Results are stable, and the 
calibration is not significantly dependent on coordination number. 
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Figure 15 Improved calibration of the Xu and White model (XW), on Han’s data set for various combinations of 
aspect ratios. Models 1 to 5 have aspect ratios (sand-pores, clay-pores) as follow: M1 = (0.1, 0.035); M2 = (0.1, 
0.06); M3 = (0.12, 0.035); M4 = (0.12, 0.05); M5 = (0.12, 0.06). Vertical axis is percentage of predictions matching 
the data, versus various tolerance ranges in porosity and lithology (+/- 0.01, 0.02, 0.03, 0.04, 0.05) in the horizontal 
axis. Note that porosity predictions were optimized by using different aspect ratios whereas lithology maintains 
relatively stable. 
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Figure 1 Density constraint cube for a mixture of quartz, clay, gas 
and brine. 
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Figure 2 Isosurface for a particular density value which 
constrains the porosity more than the lithology and fluid 
saturation. 

 

 

Figure 3 Porosity, lithology and fluid saturation con-
strained to the intersecting line (highlighted in yellow) 
between isosurfaces for a particular value of the density 
and bulk modulus. The porosity interval for the solution 
is highlighted in orange on the porosity axis. 

 

Figure 4 Porosity, lithology and fluid saturation con-
strained to the intersecting points (highlighted by yellow 
circles) between isosurfaces for a particular value of the 
density, bulk and shear moduli. 

 

Figure 5 Porosity, lithology and fluid saturation con-
strained to the intersecting line (highlighted in yellow) 
between isosurfaces for a particular value of the bulk 
and shear moduli. The porosity interval for the solution 
is highlighted in orange on the porosity axis. 
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�
Figure 6 Illustration of solution stability due to angle between intersecting (yellow stippled lines) property 
isosurfaces. An intersection at (a) an angle closer to 90° displays more stable solutions than intersection of (b) 
more parallel surfaces. 

�
Figure 7 Vp/Vs velocity ratio constraint cubes for (a) an inclusion based model and (b) a model of an uncon-
solidated rock. 

� �
Figure 8 Vp/Vs velocity ratio isosurfaces for an inclusion based model for (a) Vp/Vs = 1.8 and (b) Vp/Vs = 1.6. 
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Figure 9 Porosity, lithology and fluid saturation for the 
synthetic data set. 
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Figure 10 Average (a) solution ranges and (b) solution stability for various combinations of the elastic properties, 
based on the results of the inverse rock physics modelling. 
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Figure 11 Porosity, lithology and fluid saturation solutions for using various combinations of the elastic properties 
in the inverse modelling; (a) ρVp versus Vp/Vs, (b) ρ versus λρ−μρ, (c) ρ versus Vs and (d) M versus ρVs. The 
correct model parameters are plotted as circles and the modelled solutions as dots where the gray gradient 
corresponds to fluid saturation. The solutions from the perturbations are plotted above and below the main data 
values for positive and negative perturbations, respectively. The dimmed zebra stripes on the background separate 
the various data samples. 
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