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Execu=ve	  Summary	  
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We investigate the possible contribution of rocksalt flow to time-dependent 
subsidence  above  the  Ameland  gas  field  in  isolation.  We  conclude  that 
rocksalt flow can potentially contribute significantly to the observed subsi-
dence.

It appears as if rocksalt flow can explain the observed subsidence rates only 
partly.

There are large uncertainties in the predicted time scale and magnitude of 
subsidence, largely due to underlying uncertainties in material properties.
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1. Introduc=on	  

The  Ameland  gas  field,  which  is  located 
under an environmentally sensitive coastal 
area in the North of the Netherlands, has 
been producing since 1986. Gas producti-
on  in  east  Ameland  has  stopped  almost 
completely from 2000 onwards, but subsi-
dence  above  the  gas  reservoir  continues 
(Mossop et al., 2011). The reasons behind 
the  ongoing  subsidence  are  not  under-
stood. A number of mechanisms by which 
time-dependent ground deformations can 
arise have been proposed, and the purpose 
of this document is to present results of a 
study commissioned by NAM with the pur-
pose of investigating one of these mecha-
nisms in isolation. More specifically the aim 
of this study has been to assess whether 
stress-driven  flow  inside  a  rocksalt  layer 
(the caprock to the Dutch Rotliegend reser-
voirs)  can  cause  significant  time-depen-
dent subsidence on observable time scales.

This report presents and discusses results 
of geomechanical models of the problem. 
A simplified representation of a generic gas 
reservoir has been used to build up an un-
derstanding  of  how  salt  flow  can  affect 
subsidence. A more complex and realistic 
representation of  the gas reservoir  under 
the East part of Ameland Island has been 
used to assess what effect the stress con-
ditions  and  salt  material  parameters  can 
have on the magnitude of observed subsi-
dence.  The large uncertainties in rocksalt 
material  parameters  and  other  inputs  to 
the  geomechanical  model  (e.g.  geometry, 
elastic  properties  distribution)  represent 
the biggest  challenge for  modelers.  Work 
presented here helps understand how re-
sults for subsidence are affected by variati-
ons in the input parameters, while a com-
parison with available field data is presen-
ted as  an  example  of  how geodetic  data 
might be used to assess the relative im-
portance of rocksalt flow on time-depen-
dent subsidence.

As a large number of the Dutch natural gas 
reservoirs  are  overlain  by  thick  layers  of 
rocksalt,  the  increased  understanding  of 
the  rocksalt-flow mechanism gained here 
is not only relevant to Ameland. It is hoped 
that this study will help guide future more 
detailed (and so more accurate) subsidence 
modeling and prediction attempts for simi-

lar  rocksalt-capped  gas  fields.  Accurate 
subsidence  predictions  for  different  pro-
duction scenarios are essential for devising 
the gas extraction strategy for the Nether-
lands.

2. Isola=ng	   the	   principle	   dri-‐
vers	  of	  salt	  flow	  

2.1. A	  basic	  mechanical	  model	  

Our  initial  focus  is  on understanding the 
mechanical processes involved. This is why 
we construct a highly simplified version of 
the  problem:  a  stylized  geometry  and  a 
step  decrease  in  reservoir  pressure.  The 
Netherlands gas reservoirs are located at a 
depth of approximately 4  km and have a 
thickness on the order of 100 meters. The 
overlying rocksalt layer has highly variable 
thickness,  and is  typically  a  few hundred 
meters thick.

We use a Finite Element approach (Appen-
dix A) to solve the mechanical equilibrium 
equations. We assume an axisymmetric ge-
ometry as shown in Figure 1. In Model 1 
we adopt a spherical reservoir with a radius 
of  100  m that  has  its  center  at  4000  m 
depth. A uniform 400 m thick rocksalt lay-
er directly overlies the reservoir.

The left-hand boundary in Figure 1 repre-
sents  the  symmetry/rotation  axis,  as  re-
flected also in our choice to apply free-slip 
boundary conditions here. The right hand 
side is taken at a far enough distance ( �
=64  km)  to  ensure  that  all  displacement 
components are very small there. Here we 
allow vertical displacements only. Similarly, 
the  bottom  boundary  sits  very  deep  ( �
=-48 km) so that displacements are zero: 
here we set vertical displacements to zero. 
We verified that the far field boundary con-
ditions do not affect  the response of  the 
model  in our region of  interest.  The free 
surface ( � ) is stress free. We used con-
vergence tests to demonstrate that the re-
sults shown here are insensitive to further 
refinement in spatial and temporal discre-
tization.

We  assume  that  the  region  initially  is  in 
mechanical  equilibrium,  i.e.,  that  gravity 
body forces are equilibrated by pre-stres-

r

z

z = 0
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ses. Here we consider perturbations to this 
reference state. When vertical deformation 
is  small,  this  means  that  we  can  ignore 
gravity. 

We adopt the sign convention that tension 
is positive. To simulate a reduction in pore 
pressure, we impose reduction in the mean 
effective stress in the model of � 1 MPa 
throughout  the  spherical  reservoir  at 
time=0,  i.e.,  �  and  
�  (Appendix A). Since the 
model is fully linear, the 1 MPa value is not 
particularly relevant: the response to, e.g., 
a  10  MPa  pressure  reduction  is  10x  the 
model  results.  We  therefore  show  subsi-
dence divided by the maximum subsidence 
below.

Elastic  properties  are  uniform throughout 
the domain of this model. The rocksalt is a 
linear  viscoelastic  (Maxwell)  material.  We 
show results at different fractions of model 
time and the characteristic relaxation time 
(Maxwell time) �  of the rocksalt (ratio of 
shear modulus and shear viscosity).

Marketos, Govers and Spiers recently stu-
died a similar model (“Ground motions in-
duced by a producing hydrocarbon reser-
voir that is overlain by a viscoelastic rock-
salt  layer:  a  numerical  model”,  submitted 
to  Geophysics  Journal  International  in 
March 2015) that was based on 2D plane 
strain assumptions. The results of this stu-

dy are very similar to the results presented 
here.

2.2. Time-‐dependent	   subsidence:	   two	  
compe=ng	  drivers	  

Figure  2  shows the  response  at  �  to 
the reservoir pore pressure decrease which 
results from (elastic) compaction of the re-
servoir.  This  appears  immediately  at  the 
ground  surface  as  subsidence.  Note  that 
there are significant horizontal surface dis-
placements towards the source region. The 
subsidence  is  highest  directly  above  the 
reservoir at the symmetry axis.

Figure 3 shows the evolution of maximum 
subsidence  above  the  reservoir.  At  the 
symmetry  axis,  the  subsidence  increases 
rapidly to nearly 275% of the initial subsi-
dence. The maximum subsidence occurs at 
approximately  45 � .  Subsequently,  the 
subsidence decreases at a slower rate. 

Figure 4 shows the evolution of the subsi-
dence bowl from the initial  shape to ap-
proximately 15,000 times the characteristic 
relaxation time of the salt ( � ). The subsi-
dence bowl narrows and deepens from 0-
� .  From 8-� ,  the  width  of  the  bowl 
changes little while it deepens further. The 
1149 � -curve shows that part of the sub-
sidence has been recovered in the center. 
The  bowl  has  widened  beyond  its  initial 
extent and small flexural bulges with uplift 
have developed.  Shallowing and widening 

Δp =

σ rr =σ zz =σθθ = Δp
σ rz =σ rθ =σ zθ = 0
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Figure 1. Schematic illustration of the domain 
and  boundary  conditions  of  the  basic  ax-
isymmetric model that we use to identify the 
main drivers of surface motions. Rollers in-
dicate that parallel displacement is possible, 
and perpendicular displacement is not.

Figure 2. Immediate, elastic, surface respon-
se to a step decrease in reservoir pressure. 
The figure shows the normalized horizontal 
and  vertical  surface  displacement  versus 
radial  distance  from  the  centerline  of  the 
reservoir.

Model 1



has  continued  at  14973 �  and  uplift  has 
become slightly more pronounced.

To better understand the results, we look 
at contours of �  (Figure 5), which is the 
maximum (or octahedral) shear stress (Ap-
pendix A). The figure also shows instanta-
neous velocity vectors. Initially (Figure 5a), 
the isotropic pressure decrease in the sp-
herical  reservoir  results  in  a  volume  de-
crease  without  generating  shear  stresses. 
This is different outside the reservoir, whe-
re differences between diagonal stress ten-
sor elements ( � , �  and � ) generate 
shear stresses that are large near the re-
servoir, and decrease radially outward. The 
viscoelastic  material  flows  so  as  to  relax 
these shear stresses, and so viscous strain 
rates develop inside the rocksalt layer (see 
equations A.1). As can be observed in Fi-
gure  5b,  the  shear  stresses  inside  the 
rocksalt layer relax rapidly. Note also that  
�  has started to build up inside the re-
servoir, and that it has also changed in the 
elastic  layer  beneath  the  rocksalt:  this  is 
due to the elastic stress redistribution in-
duced by the shear stress changes inside 
the rocksalt layer. The overall response in 
the initial relaxation period is thus a result 
of relaxation of shear stress in the rocksalt 
layer. This period corresponds with the ini-
tial  rapid subsidence is thus governed by 
shear stress flow.

After 3.8 Maxwell times �  the subsi-
dence bowl continues to deepen at a sub-

stantially  slower  rate.  After  26.7  Maxwell 
times (Figure 5c)  the shear  stresses have 
relaxed  almost  completely.  Still  there  is 
flow, albeit more slow. To understand this 
we need to consider the pressure (or “mean 
stress”), �  —recall that 
gravity  and  related  pre-stresses  are  not 
part of this. Shear stress flow towards the 
reservoir  has  resulted  in  a  low  pressure 
region above the reservoir  relative to the 
far field. This horizontal pressure gradient 
in the rocksalt layer drives further flow, i.e. 
at this stage the salt  behaves like a fluid 
which  deforms  so  as  to  equilibrate  the 
mean stress (equivalent to the fluid pres-
sure) inside it. This is most clearly visible in 
the velocity pattern, which closely resem-
bles  that  of  flow inside  a  closed  conduit 
that is subject to a pressure gradient (i.e., 
Poiseuille  flow).  There  is  upwards  move-
ment of the top elastic layer as this layer 
gets uncoupled from the source of defor-
mation  (the  reservoir),  by  means  of  the 
fluid-like rocksalt layer. The second period 
of  slow subsidence recovery is  thus con-
trolled by pressure flow.

The conclusion from our basic mechanical 
model is thus that the two distinct types of 
subsidence  response  (deepening  versus 
shallowing of  the subsidence trough)  can 
be associated with  two distinct  flow me-
chanisms:  shear  flow  and  pressure  flow. 
These two mechanisms operate on two dif-
ferent timescales with the timescale for the 
mechanism  that  causes  shallowing  much 
larger  than  the  mechanism  that  causes 

τ

σ E

σ rr σ zz σθθ

σ E

(3.8τ )

p = 1
3 (σ rr +σ zz +σθθ )
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Figure 3. Evolution of maximum subsidence 
above the reservoir. Vertical axis: subsiden-
ce divided by initial subsidence. Horizontal 
axis: time since step decrease in pore pres-
sure divided by Maxwell relaxation time.

Model 1

Figure 4. Evolution of the subsidence bowl. 
Vertical surface displacements are shown as 
multiples of the initial, maximum subsiden-
ce. 

Model 1
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Figure 5. Maximum shear stresses and instantaneous velocities for Model 1. Notice the varying 
scales for both quantities. a) Directly after initial subsidence, b) after 3.8 characteristic relaxa-
tion (Maxwell) times, and c) after 26.7 Maxwell times.
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deepening of the subsidence bowl.

Subsidence rate due to shear flow and up-
lift due to pressure flow approximately ba-
lance near the deepest point. If the effici-
ency of, for instance, pressure flow increa-
ses the maximum subsidence will thus be 
less.  It  is  therefore relevant that  we next 
identify  geometric  and  material  property 
traits that shift the balance.

2.3. Rela=ve	   importance	  of	  shear	  and	  
pressure	  flow	  

In this chapter,  we stick with the relative 
simplicity of Model 1 to evaluate some of 
the sensitivities to variations in the model. 

Model 2 is a duplicate of Model 1, except 
that we vary the (uniform) thickness of the 
rocksalt layer. In all cases the viscoelastic 
salt layer remains in contact with the top of 
the spherical  model reservoir.  As there is 
no variation in the elastic properties bet-
ween the layers, the initial surface displa-
cements �  are identical to Figure 2.

Figure 6 plots the evolution of the maxi-
mum  subsidence  (for  the  surface  point 
immediately above the reservoir) with time.  
The  subsidence  of  Model  1  is  shown for 
reference.  It  shows  that  the  thickness  of 
the salt layer is very important: Essentially 

the thicker the salt layer is, the smaller the 
maximum subsidence and the shorter the 
time required for it to be reached, as the 
surface rebounds earlier. 

Initially,  vertical  surface  velocities  at  the 
symmetry axis are similar in all models in-
dicating that shear flow is not significantly 
affected by the thickness of the viscoelastic 
layer.  The  width  of  the  rocksalt  channel 
(i.e., the proximity of its upper and lower 
“friction” boundaries) is very important for 
horizontal velocities due to pressure flow. 

The width of the rocksalt layer can thus be 
understood as a valve on the efficiency of 
the  pressure  flow  mechanism:  A  narrow 
channel suppresses pressure flow and re-
sults  in  prolonged  subsidence  by  shear 
flow, and a wide channel in stronger pres-
sure  flow,  earlier  onset  of  recovery  from 
subsidence and a smaller maximum subsi-
dence.

With  Model  3  we seek to  investigate  the 
sensitivity to (mild) variation in the distan-
ce between the reservoir and the rocksalt 
layer. Motivation is that we observed earlier 
that the maximum shear stress decreases 
with  distance  from the  reservoir  at  �  
(Figure 5a). An offset thus may affect the 
efficiency of shear flow. Another motivation 
is that the Ten Boer member in the Ame-
land  subsurface  represents  such  a  layer 

(t = 0)

t = 0
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Figure 6. Sensitivity of maximum subsidence 
to  rocksalt  layer  thickness.  Displacements 
are normalized by the maximum initial sub-
sidence value. Time is expressed as a fracti-
on  of  the  characteristic  relaxation  time  of 
the viscoelastic material.

Model 2

Model 1

Figure 7. Sensitivity of maximum subsidence 
to an offset between the reservoir and the 
rocksalt layer. Displacements are normalized 
by  the  maximum  initial  subsidence  value. 
Time  is  expressed  as  a  fraction  of  the 
characteristic relaxation time of the viscoe-
lastic material.

Model 3

Model 1



that effectively is elastic on the observation 
time scale.

Figure 7 shows the main results. Note that 
these results are for 2D plane strain simu-
lations; simulations have not been duplica-
ted in  axisymmetric  conditions  as  all  re-
sults investigated in this section have fol-
lowed the same trends whether axisymme-
tric or plane strain (Marketos et al.,  sub-
mitted to GJI, 2015).

The  curves  for  a  uniform  rocksalt  layer 
thickness of 400 meters need to be com-
pared to that of Model 1, which also has 
the  same  thickness  but  no  offset.  As  is 
particularly visible for the model with a 200 
meters offset, the maximum subsidence is 
less and occurs earlier. This agrees with a 
reduced efficiency  of  the  shear  flow me-
chanism. When we compare the curves for 
a 100 meter thick rocksalt layer, the maxi-
mum subsidence is also reduced by an off-
set, but the shift towards earlier time is not 
well constrained.

Overall,  the results show that an interve-
ning elastic layer has only a small effect on 
the maximum subsidence and on the time 
it takes for it to be attained. 

With Model 4 we seek to investigate how 
the  compliance  of  the  surrounding  rock 
layers affects the subsidence response. The 
model is again identical to Model 1, except 
that  we  make  Young’s  modulus  increase 
with  depth.  Importantly,  the  elasticity  of 
the reservoir and the rocksalt layer is kept 
the same as in Model 1. 

The  red  curve  in  Figure  8  shows  that  a 
more compliant top layer results in more 
surface subsidence at �  The blue curve 
that a reduced compliance of the bottom 
layer results in less initial subsidence rela-
tive to the red curve.

The  subsidence  evolution  for  the  surface 
point above the reservoir center is shown 
in Figure 9. It is important to keep in mind 
that the Maxwell time of the rocksalt layer 
is the same in models 1 and 4. The increa-
se  by  a  factor  of  4  of  the  compliance 
(Young’s modulus decreased to 25%) of the 
top layer results in a maximum subsidence 
that is about 40% higher than in the uni-
form  case  (red  line).  Also  reducing  the 
compliance in the bottom layer (black cur-
ve)  results  in  approximately  25%  higher 
maximum subsidence. 

t = 0.
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Figure 8. Sensitivity of surface subsidence to 
the  compliance  of  rock  layers  (top=above 
salt, bott.=below salt). Red curve: result for a 
reduction of the Young’s modulus to 25% of 
the  original  value.  Blue  curve:  result  for  a 
reduction of Young’s modulus to 25% in the 
top  layer  and  an  increase  to  150%  in  the 
bottom layer.  Displacements are normalized 
by  the  maximum initial  subsidence  of  the 
uniform model.

Model 4

Model 1

Model 1

Model 4

Figure 9. Sensitivity of surface subsidence to 
the  compliance  of  rock  layers  (top=above 
salt, bott.=below salt). Red curve: result for a 
reduction of the Young’s modulus to 25% of 
the original value.  Black curve:  result for a 
reduction of Young’s modulus to 25% in the 
top  layer  and  an  increase  to  150%  in  the 
bottom layer.  Displacements are normalized 
by  the  maximum initial  subsidence  of  the 
uniform model. Time is expressed as a frac-
tion of the characteristic relaxation time of 
the viscoelastic material.



The  reason  for  these  differences  is  that 
both the top and the bottom layer  affect 
the development of the pressure gradient 
in the rocksalt layer. The low pressure area 
above  the  reservoir  is  a  consequence  of 
mass movement by shear flow towards the 
reservoir. When the top layer is more com-
pliant it flexes more easily in response to 
this, thereby reducing the horizontal pres-
sure gradient in the salt layer itself. Pres-
sure flow is therefore less effective resul-
ting in more subsidence and a delay.

By the same token, decreasing the compli-
ance of the lower layer results in an increa-
se of the horizontal pressure gradient, so 
that  the maximum subsidence is  less  for 
the black curve than for the red curve.

These findings imply the following. As the 
flexural rigidity of a beam depends on its 
thickness cubed, variations in the thickness 
of the top layer are thus expected to have a 
significant imprint on the surface response. 

2.4. Apparent	  exponen=al	  subsidence	  

Mossop et al. (2011) analyzed subsidence 
observations in Ameland in terms of an ex-
ponential decay curve. Here we investigate 
what  one  would  conclude  from  such  an 
analysis 1) if indeed salt flow was the main 
driver of time-dependent subsidence, 2) if 
the observation time window was limited to 
the initial subsidence phase. 

We find the best fit of our model predicted 
subsidence at the symmetry axis to an ex-
ponential  function  with  apparent  decay 
time � . The fit is shown in Figure 10 for 
Models 1 and 2. Figure 11 shows the appa-
rent decay time as function of the salt layer 
thickness.

Conclusions  from  initial  subsidence  data 
would thus strongly be influenced by the 
thickness of the rocksalt layer. The appa-
rent  relaxation  time  is  a  multiple  of  the 
characteristic relaxation time of the rock-
salt material.

2.5. Conclusions	  from	  our	  basic	  model	  

Time-dependent surface subsidence is dri-
ven first by shear stress-driven flow in the 
rocksalt layer resulting in rapid and signifi-
cant subsidence beyond the elastic respon-
se.

A second,  and slower  phase is  driven by 
pressure-driven flow and results in a de-
crease of the subsidence.

The thickness of the rocksalt layer and the 
vertical  layering  of  the  elastic  properties 
significantly affect the maximum subsiden-
ce and the moment when this occurs.

Extrapolating subsidence observations will 
lead to incorrect conclusions because pres-
sure flow is not dominant initially. 

τ app
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Figure 10. The initial part of the subsidence 
versus time curves of Figure 6. Dashed lines 
represent the fit of an exponential function 
with apparent decay time τ app .

Figure 11. Apparent decay times versus salt 
layer thickness as obtained by the fits to the 
initial subsidence versus time data shown in 
Figure 10.



3. Rocksalt	  rheology	  

3.1. Introduc=on	  

The behavior of rocksalt is complex (Spiers 
et al., 1990; van Keken et al., 1993; Carter 
et al., 1993). When subjected to a differen-
tial  stress at  high enough temperature,  a 
rocksalt  sample  will  show  an  initial  (and 
not necessarily linear isotropic) elastic res-
ponse.  Subsequently,  it  will  incur  some 
small  amount  of  permanent  deformation 
during a transient period when the strain 
rate decreases with time. Eventually, sub-
stantial  strain can be accumulated during 
steady-state creep. 

Here we approximate the rheology of rock-
salt by linear, isotropic elasticity and stea-
dy-state viscous flow (Appendix A), i.e., we 
ignore transient creep with the idea that it 
results  in  very  limited  amount  of  strain 
(and  therefore  subsidence).  However,  we 
come back to this assumption about tran-
sient creep in Section 4.4.4.

The  steady-state  viscosity  of  rocksalt 
strongly  depends  on  temperature,  grain 
size and on (small) amounts of water. It is 
also affected by rocksalt composition, and 
the presence or absence of impurities that 
can block or inhibit some of the micro-me-
chanisms that lead to flow (e.g. dislocation 
glide). Effective shear stress and grain size 
exert primary controls on which of several 
micro-mechanisms operate at given condi-
tions.  Possible  micro-mechanisms include 
non-linear dislocation glide and climb, as 
well as diffusion creep. The micro-structu-
re and grain size evolves during deformati-
on. This makes the development of a uni-
fying  theory  that  describes  steady-state 
rocksalt rheology at all conditions difficult. 

The majority of the parameters that control 
the steady-state viscosity are poorly cons-
trained  for  the  Ameland  field.  Only  the 
temperature is known relatively accurately, 
this is approximately 100ºC (e.g., Breunese 
et al., 2003). Given that rocksalt is an ex-
cellent thermal conductor, the temperature 
gradient within the rocksalt member is ex-
pected to be small and is neglected here. 
The grain size is expected to be between 3 
and 20 mm (NAM, 2013, Breunese et al., 
2003), which is a relatively wide range. As 

a consequence, the linear viscosity can vary 
widely.

Another unknown is the natural (tectonic) 
stress  state  of  the  crust.  Warners-Ruck-
stuhl  et  al.  (2013)  find a NW-SE directed 
strike-slip  stress  regime  with  low  maxi-
mum shear stress for this region. We the-
refore assume that initial stresses are ab-
sent. The shear stresses applied to rocksalt 
due to gas extraction can be roughly esti-
mated to be up to a maximum of a third of 
the pore pressure decrease magnitude (less 
than 50 MPa for the Ameland field, see Fi-
gure 16) if the rocksalt were in contact with 
the  reservoir  (Figure  5).  However,  as  the 
Ten Boer formation intervenes between the 
rocksalt  and  the  reservoir  the  maximum 
possible  shear  stress  in  rocksalt  will  be 
further reduced to a few MPa. 

At low stresses the rate-controlling micro-
process for rocksalt flow is pressure soluti-
on,  for  which  the  salt  viscosity  is  grain 
size-dependent, or else lies in the transiti-
on between pressure solution and disloca-
tion creep, with both mechanisms contri-
buting  roughly  equally  to  the  strain  rate 
(see  e.g.  Spiers  et  al.,  1990,  Spiers  and 
Carter, 1998, Urai and Spiers, 2007). This 
is the motivation behind the use of the li-
near flow law up to now. It should be fur-
ther noted that all  other modeling efforts 
for the North of Netherlands gas reservoirs 
have also used linear flow laws (e.g. Mos-
sop et al., 2011, Orlic and Wassing, 2013).

Nevertheless  as  the  exact  conditions  for 
the rocksalt are not known it is necessary 
here to investigate the effect of alternative 
options for the flow law on the observed 
behavior. First a combined linear and po-
wer law flow law is investigated. The for-
mer is linked to a pressure solution micro-
mechanism, and the latter to a dislocation 
climb mechanism (see Carter et al., 1993).  
Viewed  in  terms  of  a  dashpot  analogue, 
these are assumed to be acting in series 
(equivalent to parallel concurrent transport 
processes), so that the total viscous strain 
rate is the sum of the strain rates for each 
mechanism. At  high stresses,  the power-
law  creep  mechanism  is  rate-controlling 
and  at  low  stresses  the  linear  one.  The 
other flow law that is investigated here is 
the  one  reported  by  Ter  Heege  et  al. 
(2005).  This flow law is based on the as-
sumption  that  the  micro-structure  conti-
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nually  evolves to  remain in  the boundary 
between the dislocation creep and diffusion 
creep deformation mechanisms.

We  use  rheological  equations  (Appendix 
equation  1).  For  linear  flow  � ,  the 
steady-state viscosity is given by

(1)      �

Here, � , and �  are material parame-
ters (pre-exponential, grain size power and 
activation  energy,  respectively).  �  is  the 
grain size, �  is the gas constant, and �
absolute  temperature.  Pressure-solution 
controlled viscosities for rocksalt grain size 
in the range of 3 and 20 mm at a tempera-
ture  of  100ºC  yield  viscosities  between 
5.1016 and 4.1019 Pa.s (Spiers et al., 1990).

For dislocation creep,

(2) �

Here, � , and �  are material parame-
ters (Table 1; pre-exponential, stress po-
wer  and  activation  energy,  respectively). 
Maximum shear stress � is defined in Ap-
pendix A for axisymmetric models. 

Stress-strain  rate  curves  for  the  above 
equations are given in Figure 12. Note that 
the  combined  linear  and  Carter  et  al. 
(1993) law, which assumes that both mi-
cro-mechanisms responsible for creep act 
at the same time and calculates the total 
strain rate as the sum of the strain rates 
that  would  have  been  calculated  for  the 

individual  mechanisms  in  isolation  would 
plot as a curve that asymptotically tends to 
the  curves  for  the  single  mechanisms on 
their lower left side in Figure 12. We note 
here that we prefer the Carter equation for 
flow  by  pure  dislocation  creep,  over  the 
many other dislocation creep laws for salt 
which report a power law with an � -value 
of  about  5  to  5.5  (see  Ter  Heege  et  al., 
2005).  This is because the Carter equation 
is based on data in which steady state was 
achieved in long term tests under confined 
conditions similar  to those that  apply for 
Ameland, whereas many other dislocation 
creep equations for salt were obtained un-
confined/dilatant or in shorter term and/or 
higher  temperature  experiments,  where 
steady state was not achieved. In addition, 
we note that  the Ter Heege et  al.  (2005) 
values given in Table 1, adequately capture 
the effects of � -values close to 5.

4. Subsidence	   in	   Ameland-‐like	  
axisymmetric	  models	  

4.1. Model	   geometry	   and	   boundary	  
condi=ons	  

We have  been  provided  with  data  of  the 
pressures in the sandstone reservoir layers 
below Ameland. These are the outputs of a 
reservoir pore-fluid pressure analysis. Ba-
sed on these data the reservoir is approxi-
mated by a disc of radius 3.75 km centered 
at coordinates 190000 and 610500 (Figure 
13). The edges of the reservoir in the geo-
mechanical model are curved, with a radius 
of curvature of 50m so as to maintain the 
link to the analyses discussed above, where 
a spherical reservoir is used. 

(n = 1)

η = 2Ad( )−1 d−m exp Qd
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n Apl	  	  

(MPa-‐ns-‐1)

Qpl	  	  (kJ/
mol)

Carter	  et	  
al.	  (1993)

3.4±0.1 8.1x10-‐5±2.
7x10-‐5

51.6±1.2

Ter	  Heege	  
et	  al.	  
(2005)

5.6±0.5 10-‐1.56±0.54 80±6

Table 1.  Steady state power law viscosity 
parameters for equation (2)

Figure  12.  Steady-state  viscous  flow  laws 
used in this study.

10
19 Pa.s

10
18 Pa.s

10
17 Pa.s



NAM has provided the subsurface geome-
try of the Ameland field. Eight distinct lay-
ers are defined, of which two, the ROSLU_1 
and the ROSLU_3 layers represent the re-
servoir  layers.  These  two  reservoir  layers 
have been grouped into a single, uniform 
layer in our analysis as there is not enough 
information available to us at this point to 
warrant separation into two layers.  Assu-
ming that the region of interest is contai-
ned by the circle shown in Figure 13, mean 
positions for the surfaces that separate the 
layers  have  been  calculated.  These  are 
shown in Table 2. 

Material parameters used are the same to 
the ones used in Mossop et al. (2011) for 
all  layers apart from the rocksalt and the 
reservoir. Mossop et al. (2011) state a ran-
ge of  elastic  moduli  for  the  Rotliegendes 
formation; in the next couple of models the 
approximate mid-range value of 20 GPa is 
used.  Sensitivity  of  results  to  this  choice 
will be touched upon in Section 4.5. Note 
that  in  almost  all  axisymmetric  analyses 
layers are set to be horizontal and extend 

to the edges of the domain for the simula-
tion, itself at a distance of 56km from the 
reservoir centre. This includes the Rotlie-
gendes sandstone formation, only part of 
which was assigned to the reservoir. Note 
that  as  before  all  materials  are  assumed 
isotropic  and  elastic.  The  rocksalt  (Zech-
stein)  layer  is  modeled  as  a  viscoelastic 
material. For this work we have treated the 
parameters  for  all  layers  apart  from  the 
rocksalt  and  the  reservoir  sandstone  as 
fixed.  Note  that  there  could  be  relatively 
large uncertainties in their values too. The 
effect of variations in the moduli might be 
qualitatively rationalized using the frame-
work developed in Chapter 2.

4.2. Response	   to	   a	   step	   decrease	   in	  
reservoir	  pressure	  

The  geometry  of  axisymmetric  Model  5 
that  we  present  here  is  tailored  to  the 
Ameland subsurface. For comparison with 
the earlier models we first investigate the 
response of this model to a step decrease 
in reservoir pressure. We assume a linear 
viscosity in the rocksalt, again with charac-
teristic relaxation time � . 

Figure 14 shows the resulting surface sub-
sidence at the symmetry axis. The subsi-
dence is normalized by the elastic subsi-
dence, so the result shows that rapid time-
dependent  subsidence  maximizes  at 
around 167% of that.

τ
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Figure 13. Contour plot of the Ameland re-
servoir pore pressure at a specific time in-
stant as supplied by NAM. The circle indica-
tes the region which has been chosen so as 
to determine the mean depths for each ma-
terial layer in the axisymmetric model.

Δp (MPa)

Unit	  name Young’s	  
modulus	  
(GPa)

Poisson	  
Ra=o

Depth	  range	  
for	  the	  unit	  

(m)

North	  Sea 2 0.30 	  	  	  	  	  	  0	  -‐	  	  850

Chalk 10 0.25 	  	  850	  -‐	  1600

Lower	  
Creta-‐
ceous	  /	  
Triassic

16 0.25 1600	  -‐	  2000

Rocksalt	  
(Zech-‐
stein)

30	   0.35 2000	  -‐	  3250

Ten	  Boer 40 0.20 3250	  -‐	  3350

Rotlie-‐
gendes	  
(reservoir)

20 0.20 3350	  -‐	  3450

Carboni-‐
ferous

40 0.20 3450	  -‐	  39600

Table  2.  Elastic  properties  and  depths  of 
the rock units used in the simulations re-
ported here.



Although different in the details, this geo-
metrically more complex model reproduces 
the  response  of  the  earlier  models,  and 
supports  the  conclusions  that  have  been 
presented  earlier.  For  example  the  main 
conclusion is that for the Ameland reser-
voir too one would expect significant time-
dependent displacements. Again the rate of 
subsidence  is  strongly  dependent  on  the 
salt  viscosity  value.  For  what  it  is  worth, 
the best fit to the initial subsidence yields 

an apparent decay time between 12.8 and 
40 Maxwell times. 

Figure 15 plots the subsidence bowl at a 
number of time instants after the reservoir 
pore  pressure  decrease.  Again  the  bowl 
becomes initially deeper and narrower. At 
later stages, as before, it becomes shallo-
wer  and  wider,  while  a  region  of  small 
surface uplift migrates sideways. 

Overall, Model 5 shows a similar response 
to the geometrically more simple models. 

4.3. Response	  to	  a	  complete	  pumping	  
history	  

4.3.1 Model setup
The geometry of axisymmetric Model 6 is 
identical  to  that  of  the  previous  model. 
Here we investigate the imprint of a realis-
tic  pumping  history.  Because  the  models 
are linear, the subsidence is the result of 
convolution of  a  pressure  increment  with 
the response to the step increase in pres-
sure, i.e., delayed addition of response in-
crements like we found for Model 5.

The  reservoir  pore  pressure  history,  as 
provided by NAM, is the output of a Finite 
Difference analysis that uses pressure me-
asurements at wells to estimate the spatial 
distribution of pore pressure in the Rotlie-
gendes  sandstone  layers.  Figure  13  is  a 
contour plot of the data provided for a gi-
ven time instant. To extract the sandstone 
reservoir pore pressure history as an input 
for our geomechanical models, we compu-
te the minimum pore pressure in the Rot-
liegendes 1-12 layers at  all  time instants 
from the  data.  We  find  that  this  corres-
ponds to the same spatial location, presu-
mably a point at which pressure measure-
ments exist.  We assume a Biot pore fluid 
coefficient  of  one  in  our  models,  i.e.,  a 
pore  fluid  pressure  change results  in  the 
same effective mean stress change on the 
matrix.

4.3.2 Model 6: subsidence results
The evolution of the maximum change in 
reservoir pore pressure is shown in Figure 
16. The curve for the mean change in re-
servoir  pore  pressure  displays  the  same 
trend,  and  we  infer  that  using  the  mini-
mum curve only has a small effect on our 
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Figure  14.  Evolution  of  maximum  vertical 
surface  subsidence  for  the  axisymmetric 
Ameland  simulations  where  a  step  pore 
pressure drop is applied.

Model 5

Figure 15. The subsidence bowl plotted at a 
number of different times after the step ap-
plication of the pore pressure decrease for 
the Ameland simulation.  Displacements are 
normalized by the maximum subsidence va-
lue and time by the characteristic relaxation 
time for the linear viscoelastic rocksalt ma-
terial.

Model 5



results.  In  the  model  here,  we  assume a 
scenario where pumping stops in 2014 and 
reservoir  pore  pressure  remains  constant 
after that. 

Figure 17 shows the results for Model  6. 
The simulation for a viscosity of 1017 Pa.s 
shows significant shear flow-driven subsi-
dence during the first 28 years as can be 
seen by  comparing with  the  “elastic  salt” 
curve (infinite viscosity). Pressure flow and 
recovery  from the subsidence starts  even 
before pumping is stopped.

The simulation for a viscosity of 1019 Pa.s 
shows hardly any shear flow-driven subsi-
dence during the first 28 years. The rock-

salt Maxwell time is 28.5 years in this case 
and  the  apparent  decay  time,  which  is 
more than 12 times this, is longer than the 
pumping period. Therefore, little subsiden-
ce beyond the elastic amount occurs du-
ring this period. As is clear from the red 
curve,  subsidence  amplification  occurs 
subsequently over a millennium period.

In the model simulation for a viscosity of 
1018 Pa.s (Maxwell time of 2.9 years) some 
shear  stress  flow occurs  during  the  pro-
duction period but continues after that. In 
agreement with our understanding of  the 
competition of the two mechanisms, shear 
stress flow dominates longer than for the 
1017 Pa.s case, and so the maximum sub-
sidence is higher. Maximum subsidence for 
the 1019 Pa.s case occurs ten times later. 

We find that an (isotropic) pressure decrea-
se results in near-perfect uni-axial vertical 
strain in the reservoir  (in agreement with 
Geertsma,1973). This lends support to the 
fact  that  mechanical  laboratory  experi-
ments on reservoir  rocks were performed 
under uni-axial conditions (Mossop et al., 
2011).

4.3.3 Subsidence bowl volume
The evolution of the volume of the subsi-
dence  bowl  is  relevant  for  the  sediment 
budget  and  environmental  imprint  of  the 
pumping.  We  compute  subsidence  bowl 
volume at a given moment �  from

     �

where � is  the vertical  surface defor-
mation of  the model.   Reservoir  and salt 
layer volume changes are  calculated from 
displacements  of  their  boundaries  using 
similar formulae. Figure 18a shows that �  
very closely follows the volume change of 
the reservoir. The volume of the subsiden-
ce  does  not  change  substantially  after 
pumping stops, meaning that that changes 
in the surface deformation �  after this 
(e.g., Figure 15) represent spatial redistri-
bution only. The (small) difference between 
the reservoir volume change and the volu-
me  of  the  subsidence  of  the  subsidence 
bowl is a consequence of compressibility of 
the elastic layers surrounding the reservoir 
—mostly  in  the  stressed  regions  next  to 
the reservoir lateral end.

t

Vs (t) = 2π h(r,t)r
0

∞

∫ dr

h(r,t)

Vs

h(r)
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Figure 16. Maximum pore pressure change in 
the reservoir versus time. This is used as an 
input  to  the  axisymmetric  geomechanical 
models in this chapter.

Figure 17. Evolution of maximum subsidence 
calculated for an axisymmetric model using 
the  pore  pressure  history  of  the  Ameland 
field.  Results  are for  a  linear  rocksalt  flow 
law. The dashed line represents end of pum-
ping history, i.e., 28 years.

Model 6



Figures 18a and 18b demonstrate that vo-
lume changes in the salt body are relatively 
small.  Figure 18b shows that  dilation in-
creases in the salt body during shear stress 
flow.  Pressure  flow  subsequently  acts  to 
decrease this dilation again.

4.4. Surface	  subsidence	  for	  non-‐linear	  
salt	  rheologies	  

4.4.1 Combined flow law
Model  7  is  identical  to  Model  6,  except 
that  we  use  a  combined  flow law:  linear 
viscous flow and power law creep based on 
mean parameters of Carter et al. (1993).

Figure  19  shows  the  evolution  of  the 
maximum  subsidence.  Adding  power  law 
flow to an already low viscosity of 1017 Pa.s 
has little effect on the observed subsiden-

ce; results are the same as for when only 
linear rocksalt creep is active. This is be-
cause the point at which the two relevant 
curves intersect is at a relatively high stress 
(just over 1MPa, see Figure 12), and so the 
flow of the bulk of the rocksalt, which is at 
a relatively low stress, will  follow a linear 
law anyway. 

For higher values of the linear viscosity the 
balance  of  the  two  mechanisms  shifts  in 
favor of power-law flow. For a linear visco-
sity of 1019 Pa.s there is a noticeable but 
small  difference in  maximum subsidence; 
this is 6% larger than with a linear flow law.  
This is a consequence of more shear stress 
flow. Also, vertical velocities are faster ini-
tially.

We conclude that using a combined linear 
and power law can have an effect on the 
subsidence evolution when the linear vis-
cosity is relatively high. For the Carter et al. 
(1993)  mean parameters  and the  specific 
geomechanical  model  for  the  Ameland 
field, this happens only for 1019 Pa.s. 

Note  also  that  a  zoomed-in  version  of 
some of the curves in Figure 19 is shown in 
Figure 26. Here plots of the behavior up to 
1500 years are shown so that the reader 
gets a fuller picture of whether the subsi-
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Figure 19. Evolution of maximum subsidence 
calculated for an axisymmetric model using 
the  pore  pressure  history  of  the  Ameland 
field. Results are for combined linear-power 
law flow. The dashed line represents end of 
pumping history, i.e., 28 years. The results of 
Model 6 (linear rheology) are shown for re-
ference.

Model 7

Figure 18 (a) Evolution of the volume change 
of  the  subsidence  bowl,  the  reservoir,  and 
the  rocksalt  body.  The  dashed  line  repre-
sents end of pumping history, i.e., 28 years. 
(b)  More detailed evolution of  the rocksalt 
body volume change.

(a)

(b)



dence is expected to increase or decrease 
with increasing time.

Figure 20 shows displacements in the salt 
layer. After 28 years, vertical pipes would 
have  become  tilted  by  differential  flow. 
Production engineering data may therefore 
be used to demonstrate salt flow if availa-
ble.

4.4.2 Ter Heege flow law
Model  8  is  identical  to  Model  6,  except 
that  we  use  the  Ter  Heege  et  al.  (2105) 
flow law for the rocksalt. Figure 21 compa-
res the subsidence evolution to the results 
for  the combined linear  and Carter  et  al. 
(1993) law for the Ameland model. For the 
same stress levels, the Ter Heege flow law 
results in higher viscosities than other flow 
laws if these are below approximately 1MPa 
(Figure 12). It therefore delays subsidence 
and might  even lead  to  subsidence  rates 

becoming  negligible.  Uplift,  and  eventual 
decrease  of  subsidence,  is  not  observed 
(see Figure 21). This is because the visco-
sities become very large and at low stres-
ses the rocksalt is approximately elastic. In 
this case, pressure flow inside the rocksalt 
does not develop. 

The  Ter  Heege  et  al.  power  law  creep 
equation incorporates the effects of conti-
nuous grain size change that is thought to 
occur in rocksalt at strains above 5-10%. A 
check  on  the  resultant  deviatoric  strains 
after  approximately  30 years  of  salt  flow 
has shown that these are below 0.25% eve-
rywhere. This means that based on these 
strain levels alone it is considered impro-
bable that this flow law is relevant for the 
specific  problem,  as  the  strain  levels  are 
not high enough to ensure that the grains 
would have recrystallized to sizes large en-
ough for this flow law.

Figure  22  plots  the  minimum  linearized 
viscosity versus time for a number of the 
simulations presented above. It  summari-
zes  the  behavior  discussed  above.  The 
Carter et al. (1993) flow law when combi-
ned with the linear rocksalt creep law leads 
to effective viscosities that are lower  than 
the linear viscosity values for rocksalt with 
larger  grain  sizes  (i.e.,  pressure  solution 
viscosities of 1018 and 1019 Pa.s). It there-
fore  only  produces  different  behavior  to 
the  linear  rocksalt  creep  results  in  these 
situations (see Figure 19). The Ter Heege et 
al. (2005) creep model on the other hand 
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Model 8

Figure 21. Evolution of maximum subsidence 
calculated for an axisymmetric model using 
the  pore  pressure  history  of  the  Ameland 
field. Results are for the Ter Heege flow law . 
The dashed line represents end of pumping 
history, i.e., 28 years. The results of Model 7 
(combined rheology) are shown for referen-
ce.

Figure 22. Evolution of minimum linearized 
viscosity  in  the  simulations  that  use  the 
Ameland geomechanical model with the field 
pressure depletion history for a number of 
rocksalt flow laws.

0.25m

Total displacement
in 2014

Rocksalt layer

Reservoir

Figure 20. Model 7: Displacements within the 
salt layer and reservoir. 



always  results  in  higher  effective  viscosi-
ties, and is not limited by any viscosity va-
lue,  explaining,  as  discussed  above,  the 
fact  that  the  pressure  flow  and  recovery 
from subsidence does not develop.

Figure 23 shows the shape of  the subsi-
dence bowl for some key rheologies. Figure 
24 shows total horizontal displacement for 
these  same rheologies.  The shape of  the 
curves  is  rather  insensitive  to  rheology. 
Field observations might thus not be very 
useful to distinguish between rocksalt rhe-
ologies.

4.4.3 Sensitivity to uncertainties in po-
wer law flow parameters
As can be observed in Table 1, there are 
uncertainties  in  the  non-linear  rocksalt 
creep parameters as result of experimental 

uncertainties. The effect of these variations 
is that the point of intersection of the two 
curves in Figure 12 can shift, and so lead 
to changes in the relative importance of the 
power law component in relation to the li-
near flow law. In Model 9  we investigate 
changes in the power law input parameters 
that can lead to an intersection of the two 
model  curves  at  different  stresses.  End-
member linear viscosities of 1017 and 1019 
Pa.s are used (Table 3). The parameter va-
lues of Table 3 have been chosen as com-
binations of maximum and minimum allo-
wable  values  for  the  Carter  et  al.  (1993) 
model as listed in Table 1. Only combinati-
ons that lead to curves that plot on the ed-
ges of the allowable range of curves in the 
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Figure  23.  Subsidence  bowl  28  years  after 
production started for a number of different 
rocksalt flow laws. This case for axisymme-
tric  Ameland  simulations  that  include  the 
pore pressure history.

Figure 24. Horizontal surface displacements 
28 years after production started for a num-
ber of different rocksalt flow laws. This case 
for  axisymmetric  Ameland simulations that 
include the pore pressure history.

Table 3. Input parameters for Model 9.

η	  (Pas) n A	  (MPa-‐n	  

s-‐1)
Q	  	  (kJ/
mol)

Case	  1 1017 3.5 10.8x10-‐5 50.4

Case	  2 1019 3.5 10.8x10-‐5 50.4

Case	  3 1019 3.3 10.8x10-‐5 50.4

Case	  4 1019 3.5 	  5.4x10-‐5 52.8

Figure 25.  Rocksalt  flow laws for  Model  9, 
used to test the sensitivity of the response 
of the Ameland geomechanical model to un-
certainties in the power law creep input pa-
rameters.



deformation  map  plot  have  been  imple-
mented (see Figure 25).

Figure 26 shows the resulting subsidence 
curves. The results for the combined linear 
and Carter et al. model with the mean po-
wer law parameters are also shown on this 
figure for comparison. The result for Case 
1 is almost indistinguishable from the re-
sult for the mean input parameters. This is 
due to the fact that the intersection point 
for the two curves occurs at high stresses. 
This is a consequence of the low value of 
the  linear  viscosity,  as  discussed  above, 
making the  importance  of  the  power  law 
component small.

Results for the other three cases are diffe-
rent from the simulation for the mean Car-
ter et al.  parameters,  as expected due to 
the high value of the linear viscosity value. 
Cases 2 and 3 are the ones that cause an 
increase  in  the  maximum  subsidence  as 
the use of the new parameters leads to lo-
wer viscosities when the forcing is active. 
However this also means that the stresses 
relax  slightly  faster  for  these,  as  can  be 
observed by the fact that the curves move 
closer to the one for the base case simula-
tion for large times in Figure 26.

4.4.4 Transient creep
All  the  above  rheologies  ignore  transient 
creep, although this may be relevant parti-
cularly  in  the  initial  stages  of  relaxation. 
Using  steady-state  viscous  laws  implies 

that the processes that the micro-structure 
is  in  dynamic  equilibrium.  However,  after 
an increase of stress to a material element, 
the  material  microstructure  takes  time to 
readjust from its previous steady-state one 
to  one  that  corresponds  to  the  modified 
stress conditions. The behavior during this 
intermediate  stage  is  termed  transient 
creep and is  complex to  model  (see  e.g. 
Carter  et  al.,  1993).  This  is  because  the 
exact form of a transient creep constitutive 
law depends on both the initial conditions 
but also the path in the three-dimensional 
stress for the increment applied. The sim-
plest possible case for a stress increment is 
the application of a pure deviatoric stress 
(that is kept thereafter constant) to a sam-
ple already in equilibrium. A schematic of 
the expected behavior is shown in Figure 
27.  Note  that  specifically  for  rocksalt,  a 
modulus  that  is  a  half  to  ¼  of  the  true 
elastic  modulus  of  the  material  is  often 
used (e.g.  Prij,  1991) along with a power 
law flow equation and/or linear viscous law 
in order to approximate the transient creep 
behavior.

We implement transient rheology in Model 
10,  which is  identical  to Model  7 for the 
rest. Here a modified value of 15GPa and 
7.5GPa  for  the  salt  Young’s  modulus  is 
used  together  with  a  combined  flow  law 
(Table 1). Figure 28 shows that the rate of 
subsidence  is  initially  slightly  larger  but 
then decreases in comparison to the simu-
lations that use the initial modulus value. 
This  eventual  decrease in rates is  due to 
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Figure 26. The evolution of maximum surfa-
ce subsidence for the axisymmetric Ameland 
simulations  that  include the  pore  pressure 
history. Results for simulations that use the 
parameters in Tables 1 and 3.

Model 9

Figure 27. strain versus time plot for a ma-
terial that displays transient creep, the curve 
used up to now in simulations, and an ap-
proximation to the transient curve. M is the 
relevant elastic modulus.



the fact that the rocksalt characteristic re-
laxation time for the transient approxima-
tion case (which controls the rate of subsi-
dence  rebound  for  example)  is  twice  the 
one for the original simulation. The use of 
a lower rocksalt modulus makes little diffe-
rence for the subsidence response, especi-
ally for a lower viscosity value (not shown 
here). The situation is however more com-
plex;  in  the  transient  creep  simulation 
maximum  subsidence  is  not  attained  at 
twice the time for the initial simulation. As 
the exact  layering of  the model  has  now 
changed, the apparent decay times of the 
two mechanisms responsible for subsiden-
ce also have changed.

It should be noted that Model 10 also indi-
rectly  investigates  the  sensitivity  to  the 
rocksalt elastic modulus, the exact value of 
which  is  uncertain.  The rocksalt  modulus 
will  strongly  depend  on  its  composition; 
here the rocksalt  is assumed to be halite 
(Mossop et al., 2011).  Note that for diffe-
rent salt layer compositions  Breunese et al. 
(1993) use markedly different Young’s mo-
dulus values that range from 5.5 to 30 GPa. 
The creep model  parameters for different 
salt compositions will then also be different 
to  the  ones used here.  The effect  of  the 
presence of salts of perhaps different com-
positions  above  the  Ameland gas  field  is 
beyond the scope of the current study.

4.5. Sensi=vity	   to	   reservoir	   elas=city	  
parameters	  

Another major uncertainty in the Ameland 
subsidence prediction model are the elasti-
city parameters of the reservoir sandstone.
Mossop  et  al.  (2011)  discuss  sandstone 
modulus variability, as observed in labora-
tory tests on Rotliegendes sandstone sam-
ples. They also quote a range of Young’s 
modulus values for the reservoir sandstone 
layer material (8.7 to 36 GPa). All simulati-
ons up to now have used a value of 20 GPa 
for  the  Rotliegendes  formation  Young’s 
modulus.  This  section presents results  of  
Model 11 with a reservoir material Young’s 
modulus  of  15  and  10  GPa,  values  also 
within the range quoted by Mossop et al. 
(2011).  We use a  combined rocksalt  flow 
law with linear viscosity 1018 Pa.s (Table 1).

The  surface  evolution  is  shown in  Figure 
29.  The  reference  result  (with  a  Young’s 
modulus of 20 GPa) is also shown for com-
parison.  Note  that  the  reservoir  material 
compressibility has a very important effect 
on the magnitude of subsidence. The hig-
her it is, the larger the compressive strains 
at the reservoir level due to the pore pres-
sure depletion. Hence the larger the ‘volu-
me lost’  at  the reservoir  layer,  the larger 
the displacements are  that  get  registered 
at  the  surface  as  subsidence.  Model  11 
therefore highlights the importance of the 
rocksalt compressibility (or modulus) value 
as  one  of  the  factors  that  controls  the 
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Figure 28. The evolution of maximum surfa-
ce subsidence for an axisymmetric Ameland 
simulation that  includes  the  pore  pressure 
history and makes use of the transient creep 
approximation and linear rocksalt flow.

Model 10

Figure 29.  The evolution of  surface subsi-
dence at the symmetry axis of an axisymme-
tric  Ameland  simulation  that  includes  the 
pore pressure history for linear rocksalt flow 
and alternate reservoir compressibilities.

Model 11



magnitude of subsidence, and helps moti-
vate  the  conduction  of  more  laboratory 
tests on the reservoir material. There also 
is  a  significant  effect  of  Poisson  ratio, 
which therefore also needs to be constrai-
ned further experimentally.

Note that as reservoir pore-fluid pressure 
is  depleted,  inelastic  processes  are  also 
present  inside  the  reservoir  layer  and  a 
change of the resultant modulus is expec-
ted versus time. This effect has been ne-
glected  here,  and  so  has  been  reservoir 
material creep. This has been done on pur-
pose as the aim of this project is to inves-
tigate the effect of the rocksalt creep beha-
vior  in  isolation.  Apart  from  the  above 
mentioned complications there is also the 
inherent spatial variability inside the rock-
salt material that comes about from spatial 
differences  in  porosity  (and  other  rock 
physical properties) due to a variable de-
positional environment for example.

5. Subsidence	   in	   non-‐axisym-‐
metric	  models	  for	  Ameland	  

5.1. 2D	   varia=ons	   in	   salt	   layer	   thick-‐
ness	  

We find that the thickness of the salt layer 
exerts a critical control on the relative im-
portance of shear flow and pressure flow, 
and therefore on the surface subsidence. It 
is therefore likely that lateral variations in 
this thickness are relevant. Model 12 uses 
a 2D plane strain approximation to identify 
whether  having  a  spatially  variable  salt 
thickness significantly affects the observed 
subsidence response. 

The geometry of the model is shown in Fi-
gure 30. The viscoelastic material is dome-
shaped and is thicker on one side of the 
reservoir in comparison to the other, and 
the reservoir extends laterally by 5.2 km. 
Elastic moduli are uniform throughout the 
model and a 1MPa step decrease in pore 
pressure is applied. 

As the elastic properties of all materials are 
the same, the subsidence immediately after 
the pressure drop application is symmetric 
about the vertical line through the reservoir 
center (Figure 31). However, as time pro-
gresses  the  surface  subsidence  becomes 
asymmetric  and the deepest  point  of  the 
subsidence  bowl  moves  to  the  right,  i.e. 
towards the side of the thickest salt (Figu-
res 31 and 32). This is a significant result 
that merits further investigation.

Assuming that the spatial variation of the 
rocksalt layer thickness is well-constrained 
from  seismic,  and  that  rocksalt  material 
properties  are  relatively  uniform,  results 
from simulations that include such asym-
metries can be used to test the hypothesis 
of  salt  flow  causing  significant  time-de-
pendent deformations. This is because it is 
thought  that  the  signal  caused  by  salt 
creep  flow in  this  case  will  have  distinct 
characteristics to other major possible cau-
ses of time-dependent subsidence such as 
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Figure 30. A sketch of the geometry for pla-
ne strain Model 12 that includes an asym-
metric rocksalt layer (not to scale)

Figure 31. Subsidence bowl evolution after a 
step decrease in pore pressure. Vertical dis-
placements are normalized by the maximum 
subsidence elastic value. Time is normalized 
by the Maxwell time for the linear viscoelas-
tic rocksalt material.

Model 12



reservoir  material  creep,  itself  probably 
leading to more a symmetric response. 

Furthermore, it could be that different salt 
flow laws or different viscosity values yield 
different time responses. It might be there-
fore  possible  to  use such data  to  inform 
the choice of salt flow law or viscosity va-
lue. Finally it should be noted that the sub-
sidence data (see Mossop et al., 2011 and 
Section 5.2 below) do not show any signifi-
cant measurable movement of the deepest 
point  of  the subsidence bowl.  However it 
remains to be seen whether more densely-
sampled  subsidence  data  from  methods 
other  than  leveling  can  reveal  hidden 
trends.

5.2. 3D	  model	  

The primary reason why 3D simulations are 
needed  follows  from  our  conclusion  in 
chapter 2 that thicknesses of the rocksalt 
layer and the layers above it strongly affect 
time-dependent surface subsidence. Figure 
33  shows  substantial  variations  in  the 
thickness of the rocksalt layer.

An additional  reason is  that  the Ameland 
field is not a single field but a collection of 
linked sub-fields some of which have ente-
red production after the central part of the 
field (Figure 13; Marquenie and Doornhof, 
2005; Crouch et al., 1996). These aspects 
also  motivate  further  investigation with  a 
3D geomechanical model.
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Figure 32.  Evolution of  the horizontal  dis-
tance of the deepest point of the subsidence 
bowl from the center of the reservoir.

Model 12

Figure 33. Contour map of the thickness of 
the rocksalt layer (m). Thin lines show coast 
lines of east Ameland and Friesland for refe-
rence. Thick lines: known gas plays (nlog.nl).

Figure  35.  Model  subsidence  with  time  at 
observation benchmark locations.

Model 13

Figure  34.  Maximum subsidence  with  time 
The model  shows limited  pressure  flow in 
the model time interval.

Model 13

http://nlog.nl
http://nlog.nl
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Model 13

Figure 36. Surface subsidence. 3D perspecti-
ve  block  diagrams  show  the  subsidence 
bowl  after  150  years  of  model  evolution. 
White lines indicate the coast of east Ame-
land and Friesland. Profile lines of a), b) and 
c) are indicated. Profile subsidence lines in 
years 1986-2286. 

a) b)

c)



The geometry of Model 13 is based on the 
geometries  provided by  NAM,  with  a  few 
minor adaptions (see box). The model con-
tains eight layers of which the bottom layer 
is extended to 12 km depth. The model’s 
coordinates are given in RD-coordinates in 
meters, where its dimensions are 33,600 x 
25,600  x  12,000  meters,  in  easting  ( � ), 
northing ( � ) and depth directions, respec-
tively.  The  Rotliegendes  reservoir  layers 
have been merged into one layer to prevent 
very thin layers. We adopt the scenario of 
future  pumping  as  given  to  us  by  NAM. 
Note that differs slightly from the scenario 
in the axisymmetric models. 

Material properties are identical to those in 
Model  6,  see  Table  2.  The  rocksalt  layer 
(Zechstein) creep model is linear with a vis-
cosity of 1018 Pa.s. 

The results in Figures 34 and 35 show the 
maximum subsidence evolution. Figure 36 
shows the  shape  of  the  subsidence  bowl 
after  150  years  and  the  evolution  along 
different profiles. One can clearly see that 
the subsidence is not completely symme-
tric, the northern part of the surface above 
the region subsides more than the sout-
hern  parts  (seen  from  location  of  peak 
subsidence). One cause is that salt thick-
ness  increases  from  the  southwest  (ap-
proximately  200m  at  the  SW  corner  of 
Ameland Oost) to northeast (approximately 
1400m  above  Westgat)  with  a  2000  m 
dome on top of easterly Ameland Oost; the 
other cause is that production started also 
in  Westgat,  to  the  northeast  of  Ameland. 
We thus confirm the anticipated imprint of 
3D structure and pumping. 

x
y
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Figure 37. Model 13: Evolution of the subsi-
dence bowl.

Box: Modified geometry for full 3D model. Relati-
ve to the original NAM model, a few changes have 
been made to the Zechstein and Ten Boer layers at 
the  boundary  of  the  model,  to  prevent  very  thin 
(2m) layer thicknesses. The Ten Boer layer has been 
set to a uniform 200 m thickness, which was the 
case in the original NAM geometry. The top of the 
Zechstein  layer  has  been  raised  in  the  northwest 
and southeast corner to remove thin regions (that 
were a result  of extrapolating layer interfaces to-
wards the model edges) and ensure a thickness of 
at least 200 meters. This is done by setting the top 
of the Zechstein to a uniform depth of -2863.27 m 
in the area between these ranges: 
• 173 km < x < 179.8 km and 615 km< y < 622 
km  and  the  points  representing  the  top  of  the 
Zechstein to -3220 m in the area between: 202.5 
km < x < 208 km and 605.5 km < y < 611.6 km



Similar  to  the  axisymmetric  models,  we 
find  that  (isotropic)  pressure  decrease  in 
the  reservoir  results  in  near-perfect  uni-
axial vertical strain in the reservoir.

Figure 37 shows the subsidence bowl in a 
geographic  frame.  With  time,  the  subdi-
dence bowl shift slightly towards the NE.

6. Comparison	   of	   model	   pre-‐
dic=ons	  and	  data	  

6.1. Ameland	  geode=c	  data	  

NAM has provided us with the raw data of  
ground  surface  displacements  that  have 
been  collected  using  three  different  me-
thods,  leveling,  INSAR and GPS.  Of  these 
leveling data is the most straight-forward 
to use. It is also the most extensive in time 
as  it  contains  subsidence  measurements 
throughout the entire life of the Ameland 
gas field. Houtenbos (2011) discusses the 
accuracy of these measurements.

Unfortunately  only  vertical  displacements 
are available to us at the moment, except 
one continuous GPS station at the produc-
tion  location  on  Ameland  Island  with  3D 
displacements. Other datasets available will 
not used in our preliminary comparison. 

The leveling benchmarks are located on an 
approximate east to west line on Ameland 
Island. Figure 38 plots the subsidence bowl 
as  calculated  from the  leveling  data  at  a 
number of different times. The data have 
been  differenced  from the  initial  leveling 
campaign that was conducted in 1986 on 
the south side of the island, while the plot-
ting procedure neglects the small differen-
ces in the northing coordinate of the leve-
ling  benchmarks.   Note  that  there  is  the 
underlying assumption that the point furt-
hest away from the reservoir centre (i.e. at 
an  x  of  approximately  181km)  is  stable.  
Nevertheless, the overall trends are clearly 
observable.  There  is  a  deepening  of  the 
subsidence bowl as time progresses.

There could also be a slight eastwards mo-
vement of the deepest point of the subsi-
dence bowl; this point is however not clear 
due to the sparsity of data. Figure 39 plots 
the subsidence of two points close to the 
middle of the field where the largest values 
of  subsidence  have  been observed.  Mea-
surements  at  one  of  the  points  show an 
offset  after  1997:  these  are  not  included 
here.  Even though the pressure depletion 
occurs at ever decreasing rates, subsidence 
continues with an almost constant rate. Its 
rate only seems to decrease slightly after 
2005 to approximately 7-8 mm/year.

Figure 40 plots the time series for the con-
tinuous GPS station that is located at the 
Ameland Island production location. As can 
be seen in Figure 40(a),  similar to Figure 
38, there is a clear trend of increasing sub-
sidence with time. A best fit line through 
the  data  gives  a  subsidence  rate  of  6.7 
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Figure  38.  Evolution  of  the  subsidence 
trough along a west-east line from leveling 
observations.

Figure  39.  Subsidence versus time for  two 
leveling  benchmarks  located  close  to  the 
middle of the Ameland field.



mm/year. There are however parts of the 
curve that show minor variations from this 
line.  For  example  if  the  data  after  the 
middle of 2013 are used the best-fit sub-
sidence  rate  is  8.8  mm/year,  and  even 
though it might be tempting to extrapolate 
to larger times it is not possible to do so 
given the data available. For example there 
are other timespans too for which the sub-
sidence rate seems to be slightly increased 
(e.g. between the third quarter of 2006 and 
the  middle  of  2008 at  7.5mm/year)  with 
the  subsidence rate  falling back to  lower 
values. This variation indicates that in or-
der to use GPS data a full study on errors 
and the causes of noise in the data needs 
to be conducted; at the moment it is not 
clear if the above mentioned differences in 
rates are real. What is surprising neverthe-
less  is  that  between  2006  and  2014  the 
pressure decrease in the Ameland Oost re-
servoir was 1.6 MPa, a relatively low value 
in comparison to the total pressure decrea-
se of over 40 MPa over the lifetime of the 
reservoir (see Figure 16).

Figure 40(b) shows that there might be a 
trend in the horizontal data in the northing 
direction;  more  analyses  are  required  to 
investigate whether this is a true signal or 
an artifact, and whether this trend can be 
explained by the three-dimensional geolo-
gical  structure of the Ameland field. Fur-
thermore  a  fuller  analysis  of  horizontal 
displacements is necessary, for example it 
is beyond the scope of this study to com-
pare the horizontal displacements to base 
horizontal displacement rates that are ex-
pected due to tectonic plates’  movement, 

or to investigate whether the mounting of 
the GPS instrument can affect the signals it 
measures.

6.2. Preliminary	   comparison	   of	   mo-‐
dels	  and	  observa=ons	  

The plots above are the ones to which the 
results of the geomechanical analyses need 
to  be  compared to.  Here  however  only  a 
preliminary/qualitative  comparison  is  at-
tempted as no effort has been made to ca-
librate  the geomechanical  model  in  order 
to  reduce  the  uncertainties  present  in  it. 
For  example  the  subsidence  observed  in 
the  field  is  larger  than what  is  predicted 
using  the  elastic  parameters  of  Table  1. 
Model  11  shows  that  a  reduction  of  the 
Young’s  modulus  while  keeping  Poisson 
ratio the same (while still being within the 
range of values quoted by Mossop et al., 
2011)  would  allow  us  to  obtain  a  better 
match to the current maximum subsiden-
ce. However, the models presented in this 
report  cannot  fully  explain  the  observed 
surface subsidence.

Figure 41 suggests that  a linear viscosity 
value of 1017 Pa.s is not a plausible candi-
date for the rocksalt as it seems to lead to 
decreased  subsidence  rates,  something 
that is not supported by the field data. 

Model results show that a decrease in sub-
sidence  rate  should  be  expected  (Figure 
41). There are not enough field data points 
yet so as to allow for a clear conclusion to 
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Figure 40. Continuous GPS displacement with time at the Ameland production location (a) 
Subsidence (b) Horizontal displacements (red line in easting direction, blue line in northing 
direction).

a) b)



be made, but it seems that there is a smal-
ler-than-expected subsidence rate decrea-
se in the field. This means that apart from 
the  rocksalt  flow mechanism there  might 
be another mechanism that acts in parallel 
to rocksalt flow and causes additional sub-
sidence. A good candidate might be reser-
voir  sandstone  creep  or  stress-level  de-
pendent compliance.

Qualitatively  the  observed  shape  of  the 
subsidence bowl looks similar  to the one 
expected on the basis of the Finite Element 
simulation  results,  but  it  is  more  narrow 
(Figure 42).

Figure 35 plots the 3D model predictions 
for the evolution of rocksalt-induced sub-
sidence at a number of benchmark locati-
ons.  The  shapes  of  these  curves  do  not 
vary much from the one for maximum sub-
sidence (Figure 34) indicating that uncer-
tainties  over  the  location  of  the  deepest 

point of the field subsidence bowl do not 
affect our conclusions.

7. Rocksalt	   flow-‐	   what	   about	  
Groningen?	  

This section is motivated by the fact that 
there seems to be no mention of anoma-
lous  time  dependent  subsidence  for  the 
Groningen field,  even though this  is  also 
salt-capped (see e.g. NAM, 2013). An addi-
tional model has been run, with a modified 
geometry  more  representative  of  Gronin-
gen,  in  order  to  investigate  whether  this 
apparent  lack  of  anomalous  behavior  is 
consistent  with  the  framework  developed 
here for the Ameland field.

The geology of the two fields is very simi-
lar, the largest difference being their relati-
ve size. Mechanical properties that appear 
to  have  been  used  in  the  geomechanical 
analyses of Groningen subsidence are stri-
kingly  similar  to  the  ones  reported  for 
Ameland (compare Mossop et al., 2011 to 
NAM,  2013).  Second  order  differences  in 
reservoir  depth and layer  thicknesses  are 
neglected here to facilitate comparison of 
model results and to isolate the sensitivity  
of the reservoir lateral extent.

A Groningen-like axisymmetric simulation 
is attempted here. The gas reservoir radius 
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Figure 41. Comparison of model predicted 
maximum subsidence with leveling data. a) 
Normalized  by  maximum  subsidence  in 
2014, b) maximum subsidence.

a)

b)

Figure 42. Comparison of subsidence bowl at 
three different times along E-W profile (Fi-
gure 36a) and leveling data (Figure 38). All 
have been normalized by maximum subsi-
dence value.



is  set  at  35  km.  Material  properties  and 
vertical positions are set to be the same as 
for  the  axisymmetric  Ameland  models. 
Rocksalt flow is assumed to be linear with a 
viscosity  of  1018  Pa.s  as also used above 
for the Ameland field. The results for a li-
near pore pressure depletion at a rate of 
2MPa/year for the first 25 years are shown 
in Figure 43. Subsidence bowls after 76.8 
and  370  years  show  that  the  maximum 
subsidence is expected to be little affected 
by rocksalt flow. There is only a slight in-
crease in its value.  This is because shear 
stresses  only  occur  at  the  edges  of  the 
compacting reservoir, which in the case of 
a  Groningen-sized  reservoir  are  remote 
from  the  point  of  maximum  subsidence, 
and affect a far smaller percentage of the 
volume of the rocksalt around the compac-
ting reservoir.

Noticeable changes in salt-induced subsi-
dence only occur at the edges of the reser-
voir, but again their magnitudes are not as 
large as for Ameland, even thought rock-
salt flow is active here too. They are also at 
locations where they are less likely to be 
detected by traditional geodetic techniques 
as they are possibly out of the main area of 
focus for subsidence monitoring. However 
they might be detectable through the pro-
cessing of INSAR data. It should be noted 
that if significant anomalous time-depen-
dent subsidence is actually observed over 
the  middle  of  the  Groningen  field,  this 
might be an indicator  of  the presence of 

another  mechanism  responsible  for  the 
time-dependence.

8. Discussion	  

We  find  major  uncertainties  in  the  time 
scale over which additional subsidence de-
velops.  The reason for  this  is  that  it  de-
pends on the rocksalt  viscosity value and 
creep flow law, which is itself a function of 
a large number of factors (e.g.  salt  grain 
size,  composition,  impurities  and  water 
content, stress level) the majority of which 
are  poorly  constrained  for  the  Ameland 
field. This means that the hypothesis that 
salt flow contributes to the observed time-
dependence  of  subsidence  cannot  be  re-
jected.  On  the  contrary  the  hypothesis 
seems very plausible.

Rocksalt is a very complex material and a 
large number of flow laws are candidates 
for describing its creep behavior. This mul-
titude of flow laws can lead to very diffe-
rent behavior at the ground surface. Identi-
fication of the correct type of flow law for 
the Zechstein rocksalt present in Ameland 
will require comparison of modeling results 
to field geodetic data, or sampling and di-
rect  experimental  derivation  of  relevant 
parameters.  The  latter  would  require  the 
laboratory tests to constrain creep behavior 
to be run at the very low strain rates rele-
vant to the physical problem. As the Ame-
land salt is likely very similar to the Zech-
stein  salt  found at  other  locations in  the 
North of the Netherlands it might be possi-
ble to constrain relevant aspects of salt be-
havior better by using data from other lo-
cations where time-dependent subsidence 
has also been observed, or using appropri-
ate lab data on similar salt samples.

If rocksalt follows a linear flow law it might 
be possible to constrain the maximum va-
lue of the subsidence through simulations 
similar  to  the above.  A combination of  a 
power law creep and a linear flow law has 
the potential of causing subsidence in ex-
cess of that caused by linear salt flow. An 
investigation of the scatter in quoted valu-
es for the parameters in the power law flow 
equation has indicated that some combina-
tions  of  input  parameters  yield  excess 
maximum subsidence to the one calculated 
for the mean quoted values in the literatu-
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Figure 43. Illustrative subsidence bowl plot-
ted at a number of different time instances. 
The case of the axisymmetric simulation of a 
Groningen-size reservoir that has the same 
layering and pressure history as the Ame-
land reservoir.



re. The magnitude of this excess subsiden-
ce is measurable but nevertheless relatively 
small (less than 10% of the maximum sub-
sidence  value  calculated  for  the  mean 
rocksalt model input parameters).

An initial attempt at a comparison between 
model results and field data has highligh-
ted the challenges posed by the large un-
certainties in the geomechanical model in-
puts.  For  example  magnitudes  of  subsi-
dence can be matched by varying the com-
pressibility of the reservoir material, a pa-
rameter that is spatially variable (see Mos-
sop et al., 2011) and which is almost cer-
tainly  stress-dependent,  something  that 
has  been  neglected  here.  Therefore  the 
magnitudes of subsidence observed cannot 
be used as a meaningful hypothesis test at 
this stage of the life of the Ameland reser-
voir.

Data  produced  here  for  an  axisymmetric 
representation of the Ameland field seem 
to indicate that  a  decrease in subsidence 
rates  should  have  been  observed  in  the 
field.  Limited  geodetic  data  analyzed  as 
part of this study do not seem to show a 
decrease in subsidence as large as might 
be expected. It is possible that apart from 
the rocksalt flow mechanism there is ano-
ther  mechanism also active  that  can also 
enhance subsidence. An example of good 
candidates  for  this  additional  mechanism 
would be creep of the reservoir sandstone 
rock,  or  increased  compressibility  of  the 
sandstone rock as  it  behaves inelastically 
at  large effective stresses.  These need to 
be investigated too.

Having access to horizontal surface displa-
cements would be very useful  for  further 
testing of mechanisms for time-dependent 
subsidence with dynamic models.

Our full-3D results on an asymmetric re-
servoir indicate that movement of the dee-
pest point of the subsidence point, if also 
observed  in  the  field,  might  help  verify 
what the best choice of rheological models 
is and whether rocksalt flow can cause sig-
nificant time-dependent ground motions.

Overall,  we present a framework that can 
help understand the effects of a number of 
factors on the additional rocksalt flow in-
duced subsidence above a rocksalt-capped 
gas reservoir. As a number of such reser-

voirs exist in the Netherlands it might be 
possible  to  apply  the  knowledge  gained 
here to other fields that have stopped pro-
ducing, or to fields that show an anoma-
lous time-dependence of subsidence. Rea-
ders  are  reminded  however  that  rocksalt 
flow-induced  subsidence  seems  to  be  a 
fraction of the total time-dependent subsi-
dence.

9. Conclusions	  

Rocksalt  flow  potentially  is  a  significant 
contributor to time-dependent subsidence 
in the Ameland field.  Salt  flow could en-
hance the subsidence predicted by elastic 
analyses by over 50%. 

Time-dependent surface subsidence is dri-
ven first by shear stress-driven flow in the 
rocksalt layer resulting in rapid and signifi-
cant subsidence beyond the elastic respon-
se.

A second,  and slower  phase is  driven by 
pressure-driven flow and results in a de-
crease of the subsidence.

The thickness of the rocksalt layer and the 
vertical  layering  of  the  elastic  properties 
significantly affect the maximum subsiden-
ce and the moment when this occurs.

The  timescale  over  which  the  additional 
subsidence develops is subject to substan-
tial uncertainty (few months to centuries).

The magnitude of the eventual subsidence 
also is poorly constrained.

The volume of the subsidence bowl is ne-
arly completely controlled by the reservoir 
volume change, i.e., salt flow hardly affects 
subsidence bowl volume.

The  majority  of  the  uncertainties  in  the 
model  predictions  is  caused  by  the  wide 
range in possible material parameter valu-
es. Multiple flow laws have been proposed 
for rocksalt  and result  in different subsi-
dence time scales and magnitudes. Better 
knowledge of the effective grain size of the 
rocksalt is important. Reservoir properties, 
in  this  study  treated  as  elastic,  influence 
the results significantly.
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Our preliminary comparison to observati-
ons suggests that rocksalt flow cannot fully 
explain  the  surface  subsidence.  Further 
work would be required to firmly establish 
this conclusion.
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11.Appendix	  A:	  GTECTON	  

11.1. Approach	  and	  assump=ons	  
We use a finite element (FE) method to solve the mechanical equilibrium equations

 

�

where �  is the ij-th element of the Cauchy stress tensor, �  is density, and �  is the com-
ponent of the gravity acceleration in the i-th coordinate direction. We solve for displace-
ments in a Lagrangian framework. We use the Utrecht University GTECTON software platform 
to iteratively solve the matrix equations (Govers and Wortel, 1993; Govers and Wortel, 1999; 
Govers and Wortel, 2005). Constitutive equations are based on compressible, isotropic elas-
ticity  (defined by Young’s modulus �  and Poisson’s ratio � ) and by incompressible viscous 
flow. The total strain rate is the sum of the elastic and viscous strain rate. Assuming axi-
symmetry, the resulting equations between components of the strain rate ( � ) and stress 
tensor 

(A.1)        �  

where � , � , and �  refer to the radial, axial and tangential directions, a dot refers to the 
time derivative, and �  is the maximum deviatoric shear stress defined by

(A.2)  �

We assume that viscosities are isotropic. In accordance with rock mechanical experiments, 
we assume that the bulk viscosity is infinite so that �  represents the shear viscosity. The 
stress power �  can be used to model so-called non-linear (power-law) viscous flow. Equiva-
lent equations for two- and three-dimensional geometries can be found in Govers and Wor-
tel (1993) and Govers and Wortel (2005), respectively.

Non-linearity arising from geometry change is accounted for using a residual force update 
technique (McMeeking and Rice, 1975; Govers and Wortel, 1999).

Note that as the mechanical equilibrium equations are linear and superposition of solutions 
applies, the stress quantities solved for are stress perturbations on top of the initial stresses 
that are in equilibrium with gravity forces (as initial stresses will not affect production-indu-
ced displacements). In addition, for the porous reservoir rock material, the stresses in equa-
tion (A.1) which are solved for are effective stresses, i.e. total stresses minus the reservoir 
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pore-fluid pressure. Essentially this is equivalent to assuming a Biot coefficient of 1 for the 
reservoir material, and assuming that the entirety of the production-induced pore pressure 
decrease results in a stress increase felt by the solid skeleton of the reservoir rock material.

11.2. Benchmarking	  
The GTECTON codes were previously benchmarked for a wide range of elastic and visco-
elastic problems. It has been used as the main platform for research papers by the Utrecht 
University Tectonophysics group. As part of the present project, we validated the numerical 
codes against an analytical solution for the elastic deformation around a circular cavity in an 
elastic half-space (Verruijt, 1996; 1998), where a uniform pressure acts on the interior wall 
of the cylinder. 
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