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Pore pressure evolution and fluid flow during visco-elastic
single-layer buckle folding

A. ECKERT!, X. LIU!' AND P. CONNOLLY?

! Department of Geosciences and Geological and Petrolewm Engineering, Missouri University of Science and Technology, Rolla,
MO, USA; >Chevron ETC, Houston, TX, USA

ABSTRACT

Pore pressure and fluid flow during the deformational history of geologic structures are directly influenced by tec-
tonic deformation events. In this contribution, 2D plane strain finite element analysis is used to study the influ-
ence of different permeability distributions on the pore pressure field and associated flow regimes during the
evolution of visco-elastic single-layer buckle folds. The buckling-induced fluid flow regimes indicate that flow
directions and, to a lesser degree, their magnitudes vary significantly throughout the deformation and as a func-
tion of the stratigraphic permeability distribution. The modelling results suggest that the volumetric strain and the
permeability distribution significantly affect the resulting flow regime at different stages of fold development. For
homogeneous permeability models (k > 1072" m?), low strain results in a mostly pervasive fluid flow regime and
is in agreement with previous studies. For larger strain conditions, fluid focusing occurs in the buckling layer
towards the top of the fold hinge. For low permeabilities (<1072" m?), local focused flow regimes inside the
buckling layer emerge throughout the deformation history. For models featuring a low-permeability layer embed-
ded in a high-permeability matrix or sandwiched between high-permeability layers, focused flow regimes inside
the folded layer result throughout the deformation history, but with significant differences in the flow vectors of
the surrounding layers. Fluid flow vectors induced by the fold can result in different, even reversed, directions
depending on the amount of strain. In summary, fluid flow regimes during single-layer buckling can change from
pervasive to focused and fluid flow vectors can be opposite at different strain levels, that is the flow vectors
change significantly through time. Thus, a complete understanding of fluid flow regimes associated with single-
layer buckle folds requires consideration of the complete deformation history of the fold.
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plastic deformation leading to enhanced structural perme-
ability (e.g. Sibson 1996; Zhang et al. 2007); (iii) variations
in the hydraulic head (Hubbert 1953) due to (a) variations
in topography (e.g. Bethke & Marshak 1990; Garven

INTRODUCTION

Buckle folds of sedimentary and metamorphic rocks are
important examples of hydrocarbon accumulation systems

(e.g. Smith-Rouch 2006) and hydrothermal mineral depos-
its (Ord et al. 2002; Yang 2006). The accumulation of flu-
ids and minerals in such systems is dependent on the fluid
flow during the deformational history of the geologic struc-
ture (Ord & Oliver 1997; Ju et al. 2009; Evans & Fischer
2012). It is generally understood that there are a large vari-
ety of factors controlling fluid flow in rock masses such as (i)
the spatial distribution and evolution of permeability and
porosity (e.g. Du Rouchet 1981; Walder & Nur 1984); (ii)

© 2015 John Wiley & Sons Ltd

1995), (b) fluid generation in maturing hydrocarbon-bear-
ing sediments (Hubbert & Rubey 1959); and (iv) abnormal
pore pressures above hydrostatic level due to tectonic defor-
mation (Oliver 1986; Ge & Garven 1992; Zhang et al.
2007,2011; Cui et al. 2012).

To understand the pore pressure evolution and fluid
flow associated with buckling, point 4 above becomes of
interest. Understanding of the strain distribution in

folds and the localization of deformation is important
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because it affects fluid mobility (Evans & Fischer 2012).
Hydromechanically, tectonic deformation results in pore
volume and associated pore pressure changes whereby
fluids will flow along hydrologic gradients from regions
of elevated pore pressure to regions of decreased pore
pressure (e.g. Ge & Garven 1992; Upton 1998; Nemcok
et al. 2005). Assuming fluid migration follows Darcy’s
law (Jaeger et al. 2007), pore pressure, hydraulic head
and permeability determine the fluid velocities. Whilst
there exists a vast amount of knowledge in the literature
on buckle fold development (e.g. Biot 1961; Ramberg
1963) and the influence of various material parameters
such as lithology, rheology, and strain rate (e.g. Hudle-
ston & Treagus 2010 and references therein) on fold
amplitude, shape, strain history and the state of total
stress, the development of pore pressure or overpressure
has often been reduced to the analysis of the mean stress
(e.g. Stephansson 1974; Schmalholz er al. 2001; Manc-
ktelow 2008). Numerical modelling approaches which
couple deformation and fluid flow have become a stan-
dard tool for studying pore pressure evolution and
deformation driven fluid flow (e.g. Upton 1998; Minkoff
et al. 2003; McLellan ez al. 2004; Yang 2006; Zhang
et al. 2007, 2011). However, the evolution of pore pres-
sure and associated fluid flow pathways during the defor-
mation history of buckle folds has only been studied by
Ord & Oliver (1997), and by Zhang et al. (2007) for
elasto-plastic rheologies.

Ord & Oliver (1997) demonstrate for a single-layer
buckle fold that rheology and permeability contrasts are
significant factors controlling the flow regime during
deformational events. They conclude that pervasive flow is
favoured by low permeability and low rheological contrasts
under low strain conditions. Focused flow linked to local-
ized deformation is favoured by large permeability and
large rheological contrast under large strain conditions.
For the single-layer buckle fold considered in their models,
fluids are focused towards the fold hinge below the lower
permeability layer. For a multilayer fold system, Zhang
et al. (2007) show that permeability contrasts between lay-
ers cnable isolated flow patterns to emerge and flow is
mostly bedding parallel with fluid focusing during folding
occurring towards the fold hinge along high-permeability
layers. Fluid flow across low-permeability layers is only
observed for fold hinge regions undergoing tensile failure
and associated permeability increases.

These studies show that the fluid flow system during
deformational events such as buckling is dependent on the
material property distribution, mainly the permeability, and
the localization of deformation, which in turn may result in
plastic strain and hence permeability changes. With respect
to fluid accumulation in buckle folds and to assess the condi-
tions of their economic extraction, knowledge of how pore
pressure and flow paths evolve during the deformational

history of buckle folds is necessary (Evans & Fischer 2012).
As presented by Eckert ez al. (2014), single-layer buckle
folding for low-permeability rocks results in significant
deformation-related overpressure. Eckert ez al. (2014) study
the effective stress evolution and associated tensile fracture
initiation, but do not analyse the resulting fluid flow
regimes. To the authors’ knowledge, no study comprehen-
sively provides a general understanding of how pore pressure
and fluid flow evolve during buckling (from initiation to
final buckle shape) for different scenarios of permeability
distribution and strain conditions. The recent review paper
by Evans & Fischer (2012) presents several conceptual
models for fluid systems in fold structures with different
structural and stratigraphic configurations, which need to be
verified by field studies and numerical analysis. Evans &
Fischer (2012) also state that to improve the knowledge of
large-scale fold-related fluid systems, a better documen-
tation of fold-related deformation patterns requires high-
resolution mechanical-based numerical models accounting
for fluid flow and fluid mobility.

This study uses high-resolution 2D plane strain finite
element analysis (FEA) to simulate visco-elastic single-layer
buckle fold development of one class of rocks under realis-
tic in sitn stress and pore pressure conditions. The influ-
ence of material permeability for different single-layer
buckle fold scenarios is studied to gain insight into pore
pressure evolution and associated flow pathways both in
the folded layer and surrounding matrix during the various
stages of the buckling process. The understanding of the
resulting fluid flow regime bears important implications for
processes such as mineral deposition, hydrocarbon migra-
tion, CO, storage and groundwater flow. Of particular
interest are the spatial and temporal distributions of
focused fluid passageways and the locations towards which
fluids migrate.

NUMERICAL MODELLING APPROACH

Methodology

In this study, visco-elastic single-layer fold systems are sim-
ulated and, following the studies of Mancktelow (1999),
Zhang et al. (2000) and Schmalholz et al. (2001), a classic
Maxwell model is adopted. The Maxwell rheology enables
instantaneous elastic behaviour for high strain rates and
time-dependent viscous behaviour for low strain rates.

For this study, it is assumed that folds extend infinitely
along the fold axis and that the displacements of all points
in the model are parallel to the x-z plane. Therefore, a
two-dimensional plane strain approach is employed. In
addition to the visco-elastic Maxwell rheology, pore pres-
sure is introduced by utilizing effective stress analysis
assuming an incompressible fluid and rock matrix, that is
utilizing a Biot coefficient of o =1 (Jaeger ez al. 2007).

© 2015 John Wiley & Sons Ltd, Geofluids, 16, 231-248



Fluid flow is simulated by Darcy’s law (Jaeger et al. 2007)
and is also coupled to the mechanical deformation. The
resulting governing diffusion equation for the pore pres-
sure, Pp, is given by:

Kby &*Py Kk, 0*P, %+ &5
we 022 Ot

e Ox? =0, (1)
where k,, represents the permeability components, i, the
fluid (i.e. water) viscosity and K the bulk modulus. As
can be seen from Eq. 1, pore pressure changes due to
mechanical deformation are coupled to the isotropic part
of the stress rate tensor and are thus the result of strain-
related pore volume changes, whereby pore pressure is
increased in regions of contractional strain (i.e. reduction
in volume) and pore pressure is decreased in regions of
extensional strain (i.e. increase in volume). The detailed
derivation of the governing equation system is presented
by Eckert ez al. (2014; i.e. supporting information) and
not repeated here.

The finite element method (via the commercial software
package ABAQUS™; Abaqus 2014) is employed to solve
the equations of equilibrium, conservation of mass, constit-
utive equations and the equations for pore fluid flow.

Model set-up

Dominant wavelength

To study the pore pressure distribution of buckle folds, the
numerical models are setup such that only one wavelength
is amplified. Based on the classic single-layer fold theory
(e.g. Biot 1961), it has been found that folds are charac-
terized by a dominant wavelength A,,, which is dependent
on the viscosity contrast, R, between the competent (to

3/ Ky
6p,,>

be folded) layer and the surrounding matrix (% =2n
where /4 is the layer thickness). To determine an appropri-
ate dominant wavelength for the various models, the
approach by Schmalholz & Podladchikov (1999) and Sch-
malholz et al. (2001) is followed using the parameter R
which determines whether the competent layer is folded
viscously (R < 1) or elastically (R > 1). R is defined as the
ratio between the viscous dominant wavelength, A4, and

the elastic dominant wavelength,A,:

de 3 “f P 0
R=32 = /m\/% (2)
where G is the shear modulus, and Py is the initial layer
parallel stress. For the viscosity p (i.c. 102! Pas) in the
numerical models, the initial layer parallel stress is set such
that viscous behaviour dominates and is given by
Py = 4p,é (Schmalholz & Podladchikov 1999). Based on

the values used, the parameter R equals 0.12, verifying
that deformation is dominated by viscous behaviour. From

© 2015 John Wiley & Sons Ltd, Geofluids, 16, 231-248
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the analysis above, Ay,/# of 12.74 m is chosen for these
models.

Model geometry

The geometry of the 2D finite element model comprises a
central single folding layer 30 m thick embedded in a
matrix 2 km thick (Fig. 1). The folding layer is character-
ized by small, periodic, 2.5 m amplitude perturbations of
the viscous dominant wavelength. The layer is horizontally

: : c10-14 1
compressed using a strain rate of 107" s

, representative
of a reasonable geologic deformation rate (Twiss &
Moores 2007). The overall horizontal model dimension is
1720 m, enabling several fold trains to develop. The fold-
ing layer and matrix are distinguished by a stiffness and
viscosity contrast R, (Table 1). As significant overburden
loads are investigated in this study, initial porosity changes

with depth are applied after Medina ez al. (2011):

(P(Z) — 16.395—0.000395, (3)

where ¢ is the porosity, and z is the depth in metres (rela-
tive to the top of the matrix).

Furthermore, as permeability is also a function of depth,
the relationship given by Medina et a/. (2011) is modified
to account for lower permeabilities:

k(z) = 7.583 x 10717 ,0-283¢ (4)

where ¢ is the porosity, z is the depth in m, and % is the
permeability in m?.

The initial pore pressure distribution in the model is
assumed to be hydrostatic, and the permeability is consid-
ered to be anisotropic with the horizontal permeability
being five times the vertical permeability. The material is
defined in ABAQUS™ such that material orientations
rotate during buckling (a detailed explanation is given in
the Appendix). For the single-layer models, a range of dif-
ferent permeability distributions are tested, ranging from
homogeneous high- and low-permeability cases to hetero-
geneous permeability distributions between the matrix and
the folded layer. The different models are listed in Table 1.
In Model 5, the folded layer is sandwiched between two
layers of high permeability (Fig. 1C)

Initial conditions and boundary conditions

A range of single-layer folding scenarios are investigated.
All models utilize several fixed input parameters and
boundary conditions (i.e. strain rate, viscosity, viscosity
contrast) which are given in Table 2. Although it is clear
that each of these parameters has its own influence on the
stress and strain distribution during the buckling process,
it should be noted that the goal of this study was to inves-
tigate the influence of the permeability distribution on the
flow vectors and pore pressure evolution during the buck-
ling process. Parameters given by Table 2 represent typical
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(A) 1720 m (B) 1720 m (C).

1720 m

s i

Fig. 1. Model geometry. (A) Boundary
conditions for the prestressing load step to
reach gravitational equilibrium. (B) In the
second load step, horizontal shortening is
applied using a strain rate of 107" s~". (C)
Specific model configuration for Model 5
featuring a low-permeability fold layer

Table 1 Horizontal permeability distributions for the various models.

Permeability Permeability Permeability
Model fold matrix Layer 1 and 2
1a-e 107" t0 102" m? 10" t0 102" m?
2 102 m? 1072 m?
3 107" m? 103 m?
4 102 m? 107" m?
5 102 m? 1072 m? 107" m?

Table 2 Default values of the material properties used in the modelling
series.

Properties Folding layer Matrix
Specific Gravity — 2.75 2.75
Viscosity (1) 10%" [Pa 5] 2 x 10" [Pa s]
Young's 33.7 (1-0.1639¢ 0909397 337 (1-0.1639¢ ©-9093%%)
Modulus (E) [GPa] (30 GPa at [GPa] (3 GPa at
1000 m depth) 1000 m depth)
Poisson Ratio 0.25 0.25
(v)
Permeability 1.75 x 107"° [m?] 1.75 x 107" [m?]
(at 1000 m)
(K

Strain Rate (¢) 10" [s7"] 10 " [s "

parameters used in numerical analyses of visco-elastic fold-
ing (Mancktelow 1999; Zhang et al. 2000; Frehner
2011).

For the fluid flow boundary conditions, the model is
simulated as a semiclosed system where fluid flow does not
occur across the lateral model boundaries but allowing the
pressure build-up to dissipate vertically (Zhou ez al. 2008).

To simulate realistic iz situ stress magnitudes in a 2D or
3D numerical model, a stress initialization procedure
(termed prestressing), wherein the modelled stresses as a
result of gravitational compaction reach a state of equilib-
rium, is required. A common procedure to simulate realis-
tic i sitw stresses involves the following steps (Eckert &
Connolly 2007; Smart et al. 2009; Eckert & Liu 2014;
Eckert ez al. 2014): (i) gravitational prestressing based on
the equations of linear poro-elasticity; (i) application of
horizontal strain to simulate the horizontal compression
to initiate buckling. Shortening in the «-direction is

embedded in 2 high-permeability layers.

accomplished by applying a constant velocity to the model
boundary resulting in 50% bulk shortening over a period
of 1.5854 Ma. Whilst the strain rate for each time
increment varies throughout the simulation, the overall
strain rate to achieve 50% bulk shortening is 10~ **s7!. As
a result, the overburden thickness on top of the folded
layer gradually increases. For a better understanding of the
pore pressure magnitude contours, the spatial references
for each deformation stage are shown in Fig. Al in the
Appendix.

MODEL RESULTS FOR THE FOLDED LAYER

For the result analysis which follows, pore pressures and
fluid flow vectors are analysed in the folded layer only.
Recall, that fluid flow in the numerical models is the result
of a combination of Darcy’s law (i.e. influenced by the
pore pressure gradient and layer permeability), and pore
volume changes resulting from the volumetric strain distri-
bution. Additionally, horizontal permeability is five times
higher than the vertical permeability, resulting in enhanced
horizontal flow if/when it is induced by the heterogeneous
volumetric strain distribution. In addition, contour plots of
the fluid volume ratio, which is expelled from the folding
layer during shortening, are presented in the Appendix
(Fig. A2).

Homogeneous permeability distribution

For the permeability analysis, both matrix and folding lay-
ers are characterized by the same permeability. Horizontal
permeabilities are varied from 107 m? to 1072% m?
reflecting the large range for sedimentary rocks (Jaeger
et al. 2007). For the various numerical models considered,
the spatial and temporal pore pressure evolution in combi-
nation with the resulting fluid flow vectors and fluid veloci-
ties are analysed for the stages of 20, 30, 40 and 50%
shortening. As the hinge zone of fold structures represents
a likely location of fluid accumulation, and the limb a loca-
tion for fluid transition, the pore pressure evolution is anal-
ysed in detail at these places.

Figure 2A shows the evolution of the pore pressure at
the top of the hinge during fold formation. For high

© 2015 John Wiley & Sons Ltd, Geofluids, 16, 231-248



permeabilities (107'® m?), overpressure does not develop
and the pore pressure is close to the theoretical hydrostatic
value (green line in Fig. 2A,B). For lower permeabilities
(107 to 1072* m?), the folding layer becomes over-pres-
sured almost instantancously after the onset of horizontal
compression. In the ecarly stages of fold development
(<18% shortening), the lowest permeability causes the
highest degree of overpressure. For the later stages (>18%
shortening), pore pressures steadily increase; at the limb of
the fold, the pore pressure evolution follows the same
trend as for the top of the hinge (Fig. 2B).

The pore pressure results for 1072* m? and 1072% m?
show that the dependence on permeability, especially after
~16% shortening, is both nonlinear and nonuniform. The
highest pore pressure does not occur for 1072* m? but for
1072! m?. This behaviour can be explained by the spatial
pore pressure distribution normalized by the subtraction
of the hydrostatic value (Fig. 2C,D). It can be seen that
for 102! m?, the pore pressure in the folding layer and
the matrix is hydraulically connected, resulting in pore
pressure magnitudes that correlate to depth (Fig. 2C) with
the lowest pore pressure of 38.64 MPa occurs (normalized
as 19.72 MPa) at the top hinge of the fold (marked A in
Fig. 2C) and the highest pore pressure of 41.03 MPa
occurs (normalized as 20.79 MPa) at the bottom of the
synform (marked B in Fig. 2C). For 1072* m? (Fig. 2D),
the pore pressure in the folding layer and the matrix are
characterized by a steep gradient and the pore pressure is
linked to the strain distribution in the layer. The pore
pressure is not depth related, and the maximum pore pres-
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the limb of the fold (marked C in Fig. 2D). The slightly
lower pore pressure at the top of the hinge can be
explained by the slightly higher extensional strain devel-
oped here.

Permeability range (107" m? to 102" m?): Model 1

To illustrate the impact of permeability on flow within the
folding system, the 107'® m? permeability case is shown in
Fig. 3 featuring the fluid velocity vectors and magnitudes
in combination with the spatial pore pressure and volumet-
ric strain distribution. Fluid flow velocities across all defor-
mation stages are in the order of 107'? to 107'* ms™!
(i.e. 31.536 to 3.536 m Ma™'; Fig. 3A). The fluid flow
vectors in the initial stage of shortening (i.e. ~5%; not
shown) show vertical upward flow accommodating the
hydrostatic pore pressure distribution. Although the pore
pressure remains hydrostatic (i.e. the pore pressure gradi-
ent is 9.81 MPa km™") throughout the deformation his-
tory (Fig. 3B), a vertical component of fluid flow (i.e.
upward flow) is observed for all deformation stages. This
can be explained by the dynamic evolution of the pore
pressure as the model deforms (i.e. the overburden thick-
ness gradually increases). This dynamic pore pressure evo-
results AP,/At # 0 (Fig. A3; Appendix)
throughout the deformation history. Once deformation is

lution in
stopped, static pore pressure equilibrium is achieved which
results in AP,/At=0 and zero fluid velocity (Fig. A3;
Appendix). It should also be recalled that the initial
horizontal permeability in the undeformed model is five
times higher than the vertical permeability. The material

sure of 41.23 MPa (normalized as 21.75 MPa) occurs at is defined in ABAQUS™ such that the horizontal
(A) 40 . ; (B) 45 - -
35 —k=102'n _ 40+ —k =102 m>
\2-/ 35 \“E 30
% . % 25
& g 20
Fig. 2. (A) Pore pressure evolution at the g 15 k=105 m?| g 15 =103 m2]
fold hinge. Permeabilities of 107" to ~ 10 :tz}g’:i%— ~ 10 :i:{gﬁ:::}l‘ﬁ-
10" m? do not result in overpressure, and s ) ) ) ) 5 ’ ; i .
pore pressure is  hydrostatic.  Lower 0 10 20 30 40 50 0 10 20 30 40 50
permeabilities exhibit over-pressure, whereby Top hinge Shortening (%) Limb Shortening (%)
the highest pore pressure at the hinge is (C) Normalised pore pressure (MPa)|(D) Normalised pore pressure (MPa)

obtained for 1072' m?. (B) Pore pressure
evolution at the fold limb showing the same
trend as for the hinge. (C) Normalized pore
pressure magnitudes for 102" m? are depth
dependent, with maximum and minimum
values occurring at the bottom of the
synform and top of the antiform. (D)
Normalized pore pressure magnitude for
10723 m? is linked to the strain distribution,
with the maximum pore pressure occurring in
the limb.

E21.75

© 2015 John Wiley & Sons Ltd, Geofluids, 16, 231-248
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Model 1: homogeneous permeability (10-'> m?) model

(A) Fluid velocity (ms~")

(B) Pore pressure (MPa)

(C)Volumetric strain

20%
model
shorte

ning

265513
255E-13
246E-13
236E-13
226E-13
217E-13
207E-13
1.98E-13

' 188E-13
179E-13

12.59
[ 12.51
12.44
§-12.37
12.30

12.22

12.15
12.08
12.01
11.93

1.51E-03
[ 1.40E-03
1.28E-03
— 1.16E-03
[ 1.04E-03
9.28E-04

8.11E-04
6.94E-04
5.77E-04

4.60E-04

30%
model
shorte

ning

1.46E-03
[ 1.35E-03
1.23E-03
— 1.11E-03
[ 9.95E-04
8.78E-04
7.61E-04
6.44E-04
5.27E-04
4.10E-04

1.14E-12 T.49E-03
1.05E-12 16.75 [ 1.38E-03
9.51E-13 16.63 1.28E-03
40% 8.54E-13 —16.50 — L.17E-03
SeIE1s Figas 5 605-01

6.61E-13 -  60E-
model 5.64E-13 16.11 8.54E-04
4.67E-13 15.98 7.48E-04
shorte | 3.70E-13 E 15.85 E642E-04
ning 2.73E-13 15.72 536E-04
2.46E-12 1.66E-03
224E-12 [ 1LSSE-03
2.02E-12 1.45E-03
0 1.79E-12 — 1.35E-03
50% 1.57E-12 1.24E-03
1.34E-12 1.14E-03
model 1.12E-12 1.03E-03
8.97E-13 9.27E-04
shorte | 673613 E 8.22E-04
. 4.49E-13 7.17E-04

ning

Fig. 3. Results for the models featuring a
homogeneous permeability  distribution
(107" m? to 102" m? for the various
deformation stages investigated. (A) Fluid
flow vectors (black arrows) and magnitudes
(contours). (B) Pore pressure contours. (C)
Volumetric strain.

permeability remains layer parallel as the model deforms
(Fig. A4; Appendix). As the material orientation changes
during the deformational history, layer parallel flow, that is
vertical flow in the limb in the late deformation stages, is
enhanced.

The fluid flow vectors (Fig. 3A) are hence the result of
the combination of the development of hydrostatic pore
pressure and the influence of the volumetric strain distribu-
tion, that is flowing from regions of high strain (marked A
in Fig. 3C) to regions of low strain (marked B in Fig. 3C).
As a result, different flow regimes can be observed at dif-
ferent deformation stages. Whilst flow is pervasive for 5,
20 and 30% of shortening, for 40 and 50% shortening a
focused flow regime featuring layer parallel flow in the
limb and fluid migration towards the top of the hinge
zone in the antiform are established.

As illustrated in Fig. 2, permeabilities < 107 m? result
in overpressure; however, the flow vectors show the same
orientations throughout the deformation history as shown

in Fig. 3A, although having lower range of magnitudes
(1072 t0o 107 ¥ ms™*, or 31.536 to 3.536 m Ma ™! for
permeabilities ranging from 107" m? to 107'" m?, and
107 to 107" ms™!, or 31.536 to 3.536 cm Ma~! for
10721 m?).

Extremely low permeability (k = 10723 m?): Model 2

For the case with extremely low permeability, the fluid
flow vectors show very small magnitudes of 107'¢ to
1077 ms™! (Fig. 4A). Over the time scale of deforma-
tion modelled (i.c. 1.5 million years), a final fluid dis-
placement of only 1.5 cm is observed, indicating almost
immobile fluids. During the 20 and 30% deformation
stages, fluid flow is occurring towards the centre of the
fold layer, originating both from the top and the bottom
of the layer (marked A in Fig. 4A). The over-pressured
pore pressure distribution does not correlate to depth,
and a region of lower pore pressure is present across the
centre of the folding layer, attracting fluids. As can be

© 2015 John Wiley & Sons Ltd, Geofluids, 16, 231-248
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Model 2: homogeneous low permeability (10-2* m?) model
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seen for 30% shortening, the highest relative pore pres-
sure magnitudes occur in the matrix directly above the
synform and below the antiform (marked B in Fig. 4B).
As the fold layer is more competent than the matrix (i.e.
has a higher bulk modulus), lower contractional strain is
localized in the fold (Fig. 4C) and lower pore pressures
result. The pore pressure minimum occurring at the top
of the hinge zone of the fold can be explained by the
lowest contractional strain occurring here (i.e. relative
extension; marked C in Fig. 4C). For the stages of 40
and 50% of shortening, the fluid flow vectors for the
upper half of the fold train point towards the top of the
hinge (marked D in Fig. 4A), showing dependency on
the local strain distribution, that is flowing towards the
minimum volumetric strain (marked F in Fig. 4C) and
hence the minimum pore pressure (marked E in Fig. 4B).
For the bottom section of the fold at 50% shortening,
fluids migrate towards the bottom of the
(marked G in Fig. 4A), indicating that the flow induced
by the low volumetric strain (marked F in Fig. 4C)

synform
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overcomes the pore pressure gradient, which is at a maxi-
mum here (marked H in Fig. 4B).

Heterogeneous permeability distribution

High-permeability fold, low-permeability matrix: Model 3

Figure 5A shows the fluid flow vectors and magnitudes
where it can be seen that the fluid flow velocities
(~107** ms™!) comprise essentially a closed system in a
low-permeability matrix
results in overpressure throughout the model domain.

Due to the high permeability in the folded layer, the pore

low-permeability matrix. The

pressure distribution is depth correlated for all deforma-
tion stages (Fig. 5B). However, the fluid flow vectors
(Fig. 5A) are not significantly affected by the vertical pore
pressure gradient, especially for 20 and 30% shortening.
For these two stages, the pore pressure difference, APp,
between the top of the hinge in the antiform and the
bottom of the synform is 0.7 MPa and 1 MPa, respec-
tively. This low pore pressure gradient results in flow
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Model 3: a high permeability fold embedded in a low permeability matrix
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Fig. 5. Results for Model 3 for the various
deformation stages investigated. (A) Fluid
flow vectors (black arrows) and magnitudes
(contours). (B) Pore pressure contours. (C)
Volumetric strain.

vectors being influenced by the strain distribution. Similar
to the model featuring extremely low permeability, fluids
are driven towards the centre of the folded layer (marked
A; in Fig. 5A) and towards the top of the hinge zone
(marked A, in Fig. 5A), where the lowest pore pressure
occurs (marked B in Fig. 5B), and which also features the
lowest volumetric strain values (marked C in Fig. 5C).
For the later deformation stages (40 and 50%), the
increased amount of strain has a larger influence on the
fluid flow vectors, resulting in a more focused flow
regime. In the upper half of the fold, fluids flow from
regions of higher contractional volumetric strain in the
matrix surrounding the folded layer (marked E
Fig. 5C) towards the top of the hinge (Fig. 5A), where
the lowest volumetric strain occurs (marked F in Fig. 5C).

in

The reverse pattern of fluid flow can be observed towards
the bottom of the synform; fluids flow towards the bot-
tom of the synform (marked G in Fig. 5A) and are driven
by the higher contractional volumetric strain in the matrix
surrounding the folded layer (marked H in Fig. 5C), as

well as the low volumetric strain at the bottom of the
synform (marked I in Fig. 5C).

Low-permeability fold, high-permeability matrix: Model 4
The fluid flow vectors for this model show a uniform and
equal response across all deformation stages. Fluids are dri-
ven layer perpendicular towards the overburden (Fig. 6A).
This can be explained by the large pore pressure difference
(14.61 MPa for 20%, 19.33 MPa for 30%, 24.28 MPa for
40%, and 32.40 MPa for 50%) between the upper, high-
permeability matrix and the lower part (marked A and B in
Fig. 6B). Due to this large pore pressure gradient, fluids in
the folded layer hence flow perpendicular to the contours
of equal pore pressure.

MODEL RESULTS IN MATRIX LAYERS

The pore pressures and fluid flow vectors are now analysed
for the high-permeability matrix below a low-permeability
folding layer.
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Model 4: a low permeability fold embedded in a high permeability matrix

(A) Fluid velocity (ms!) [(B) Pore pressure (MPa) |(C)Volumetric strain
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Fig. 6. Results for Model 4 for the various
deformation stages investigated. (A) Fluid
flow vectors (black arrows) and magnitudes
(contours). (B) Pore pressure contours. (C) ning
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Low-permeability fold, high-permeability matrix

For the special case of Model 4 (for the matrix below the
folded layer), the pore pressure and fluid flow vectors are
analysed separately. This case could represent an analogue
of a stift cap rock layer over a permeable host rock of
hydrothermal minerals or hydrocarbons. Of particular
interest is how the strain induced by the buckled layer, in
combination with its characteristic as a permeability barrier,
induces or affects the fluid flow regime below it.

Figure 7A,C shows the resulting fluid flow vectors plot-
ted on top of the pore pressure contours for 20 and 50%
shortening, respectively. For both deformation stages, flu-
ids are mainly driven upward into the space below the anti-
form (marked A in Fig. 7A,C), a commonly recognized
location for fluid accumulation (Evans & Fischer 2012). It
can be seen that pore pressure follows a hydrostatic gradi-
ent, which is responsible for the upward flow observed.
The fan-like rotation of flow vectors towards the edge of
the fold structure is influenced by the volumetric strain dis-
tribution which shows a concentrated low below the hinge
zone of the fold (marked B in Fig. 7B). For 50% shorten-
ing, the upward and outward rotation below the antiform
towards the fold limbs (marked C in Fig. 7D) is the result
of lower volumetric strain in the fold limbs, below the an-
tiform.

Low-permeability fold variation: Model 5

Model 4 featuring a low-permeability fold layer atop a
high-permeability layer merits further consideration as
variations of this configuration may resemble fluid flow
regimes observed in natural reservoir—caprock sequences.
In order to consider this case, the model configuration is
modified to include a low-permeability fold layer sand-
wiched between two layers of high permeability, which
are in turn embedded in a low-permeability matrix
(Model 5; Fig. 1C). The material properties for the 5
models are given in Table 2. Figure 7A-H shows a com-
parison between models 4 and 5, displaying the resulting
fluid flow vectors plotted on top of the pore pressure

© 2015 John Wiley & Sons Ltd, Geofluids, 16, 231-248

contours and the volumetric strain distribution for 20
and 50% shortening, respectively. For both deformation
stages, the pore pressure gradient in the layers above
and below the matrix is hydrostatic, albeit featuring
over-pressured magnitudes due to the low-permeability
overburden.

For 20% shortening, the fluid flow vectors below the
folded layer are pointing upwards, indicating that the verti-
cal pore pressure gradient is the main fluid driver (marked
D in Fig. 7E). In addition, the volumetric strain distribu-
tion here indicates lower contractional strain below the an-
tiform (marked E in Fig. 7E), thus assisting in the upward
flow. In the low-permeability layer above the folded layer,
fluids are focused downwards, towards the top of the hinge
zone of the folded layer (marked F in Fig. 7F). This is in
contrast to the vertical pore pressure gradient, and con-
trasts with the results from Model 4, where fluids follow
the pore pressure gradient (Fig. 7A). Whilst the volumetric
strain for Model 4 (Fig. 7B) only shows minor influence
on the fluid flow directions, the downward flow towards
the top of the hinge of the fold can be explained by the
low volumetric strain in the folded layer (marked G in
Fig. 7F), thus attracting fluids.

For 50% shortening, the fluid flow vectors below the
folded layer are pointing downwards (marked H in
Fig. 7G), the opposite direction from what is shown in
Model 4 (Fig. 7C). Although featuring the same perme-
ability in the layer below the fold, the opposing fluid direc-
tions for 50% shortening can be explained by the
volumetric strain distribution. For Model 4, the volumetric
strain below the antiform is on the order of 10~*
(Fig. 7D). Due to these small magnitudes, it is obvious
that the strain distribution does not significantly aftect the
fluid vectors, otherwise some downward flow would occur
from the area of contractional strain below the antiform
(marked T in Fig. 7D) to the area of extensional strain
below the synform (marked J in Fig. 7D). For Model 5,
contractional strain magnitudes are much larger (1073)
and the strain contours show the transition from higher
contractional strain just below the antiform (marked K in
Fig. 7D) to lower contractional strain at greater depths
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Model 4: a low permeability fold
embedded in a high permeability

Model 5: a low permeability fold
sandwiched between two layers
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(marked L in Fig. 7H). This indicates that the fluid flow
contribution induced by the volumetric strain is overcom-
ing the vertical pore pressure gradient, resulting in down-
ward flow vectors.

The difference in volumetric strain magnitudes at 50%
shortening between Model 4 and 5 represents an interest-
ing situation. Model 5 has contractional strain through-
out all deformation stages, whereas extensional strain is
developed in Model 4. This behaviour can be explained
by considering the pore pressure magnitudes for the two
models throughout the deformation history. Figure 8
shows that both model configurations result in overpres-
sure. In Model 4, the folded layer is the main permeabil-
ity barrier and results in a large pore pressure difference
(APp = ~32.40 MPa) between the hydrostatic overburden
and the layer below the fold. The resulting pore pressure

gradient of 790.15 MPa km™' in the folded layer

matrix of high permeability

(A) Pore pressure (MPa) (E) Pore pressure (MPa)
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Fig. 7. (A) Fluid flow vectors and pore
pressure contours for Model 4 for 20%
shortening. (B) Volumetric strain distribution
for Model 4 for 20% shortening. (C) Fluid
flow vectors and pore pressure contours for
Model 4 for 50% shortening. (D) Volumetric
strain  distribution for Model 4 for 50%
shortening. (E) Fluid flow vectors and pore
pressure contours for Model 5 for 20%
shortening. (F) Volumetric strain distribution
for Model 5 for 20% shortening. (G) Fluid
flow vectors and pore pressure contours for
Model 5 for 50% shortening. (H) Volumetric
strain distribution for Model 5 for 50%
shortening.

(marked A and B in Fig. 8A,C) yields a pore pressure of
~51 MPa below the folded layer (below B in Fig. 8A,C).
In comparison, the low-permeability overburden is con-
trolling the degree of overpressure for Model 5, albeit at
a lower magnitude of 42.99 MPa km ™' (marked C in
Fig. 8B), resulting in Pp= 37.64 MPa on top of the
high-permeability layer. The subsequent increase in pore
pressure in the high-permeability layer follows the hydro-
static gradient (marked D in Fig. 8B) and is only slightly
increased in the low-permeability fold layer, following a
pore pressure gradient of 51.8 MPa km ™' (marked E in
Fig. 8B). This results in a pore pressure of ~40 MPa
below the folded layer (marked F in Fig. 8D), a much
smaller magnitude of overpressure compared to Model 4.
The higher pore pressure magnitudes in Model 4 result
in lower effective stresses and hence explain the lower
strain magnitudes.
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Model 4: a low permeability fold embedded
in a high permeability matrix

Model 5: a low permeability fold
sandwiched between two layers of high
permeability
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Fig. 8. Pore pressure depth profile (A,B) and
pore pressure contours (C,D) and for Models
4 and Model 5. The permeability distribution
in Model 4 causes a much larger pore
pressure  gradient in the folded layer
compared to Model 5, resulting in the
differences in the strain distribution as
observed in Figure 7.

SUMMARY AND DISCUSSION

Numerical modelling results show that the mechanical
material properties and their competence contrast are
mainly responsible for the strain distribution in buckle fold
structures (e.g. Frehner 2011). Through the volumetric
strain — pore pressure coupling, pore pressure, and hence
fluid flow directions are affected such that flow vectors are
not just a function of the evolving permeability distribu-
tion. As stated by Ord & Oliver (1997), fluid flow based
on mean stress or pore pressure alone may be misleading.
For single-layer buckle folds, the numerical modelling
results presented here show that a distinction has to be
made between models featuring homogeneous and hetero-
geneous permeability distributions.

For the homogenous models, different flow regimes
throughout the deformation history can be observed
(Figs 3 and 4). During the initial 30% of deformation, a
pervasive flow regime dominates. The fold layers and the
matrix are hydraulically coupled, and the pore pressure
reaches hydrostatic conditions correlated to depth. For
permeabilities > 107" m?, a hydrostatic pore pressure gra-
dient is established. For lower permeabilities (<107 m?),
depth-correlated overpressure occurs and results in upward
flow. The slight deviation is an early indicator of the strain
influence on the fluid flow paths. For deformation stages
from 40 to 50% shortening, the influence of the volumetric
strain  becomes more dominant and the flow vectors
become almost layer parallel, indicating a focused flow
regime towards the top of the antiform. The results for 20
and 30% of shortening are in agreement with observations
from Ord & Oliver (1997) who conclude that pervasive
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flow is favoured by low-permeability and low rheological
contrasts under low strain conditions. The results pre-
sented here show that focused flow is also possible when a
system with a low-permeability contrast is subject to a
higher degree of strain (40 and 50% of shortening).

For a homogeneous model featuring very low permeabil-
ity (1072* m?), the strain distribution in the fold layer
influences the flow regime, initially focusing fluids towards
the centre of the layer, and then later towards the top of
the hinge of the antiform. However, due to the very low
permeability,
~107"7 ms™h).

For the heterogeneous model featuring a high-perme-

fluid velocities are extremely low (i.e.

ability fold layer in a low-permeability matrix, a focused
flow regime is established throughout the deformation
history. For low deformation amplitudes (up to 30%
shortening), fluid focusing towards the centre of the fold
layer occurs, and at larger amplitudes (30-50%), a split-
ting of the fluid flow regime is observed: fluids in the
upper half of the fold are driven towards the top of the
hinge, fluids in the lower half are driven towards the bot-
tom of the synform. These results are in agreement with
observations from Ord & Oliver (1997) who state that
focused flow linked to localized deformation (i.e. the vol-
umetric strain distribution) is favoured by large permeabil-
ity and large rheological contrast under large strain
conditions. In addition, the results agree with modelling
results from Zhang et al. (2007) who show that due to
the permeability contrasts between layers in a multilayer
fold system, isolated flow patterns emerge and flow is
mostly bedding parallel, and fluid is focused through
high-permeability layers towards the fold hinge. Fluid flow
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across low-permeability layers is only observed in fold
hinge regions undergoing tensile failure and associated
permeability increases. This focused flow regime is also in
partial agreement with the conceptual fold — fluid flow
model proposed by Evans & Fischer (2012) of a stratified
fluid structure and stratabound fluid influx along high-
permeability layers. However, the fluid flow pathways pro-
posed by Evans & Fischer (2012), where fluids flow
upwards towards the top of the hinge and then down-
wards, disagree with fluid flow patterns at high deforma-
tion stages where fluids on both sides of the fold hinge
are driven towards it.

The numerical modelling studies by Ord & Oliver
(1997) and Zhang et al. (2007) represent a first step in
providing a general understanding of the fluid flow —
deformation interaction during folding. The model study
presented here is in agreement with these studies and pro-
vides additional insights to this process as the complete
deformation history, and the associated fluid regime is
analysed. This study shows that during different deforma-
tion stages the combination of permeability contrast and
strain distribution is responsible for different fluid flow
regimes. In particular, results from models featuring a low-
permeability fold layer either embedded in a high-perme-
ability matrix (Model 4), or sandwiched between two lay-
ers of high permeability which in turn are embedded in a
low-permeability matrix (Model 5), present interesting
implications for buckling-induced deformation and the
resulting fluid flow pattern in the surrounding rock layers.
For Model 4, fluid flow below the fold layer is pervasive
for all deformation stages and directed upwards, resulting
in a possible fluid accumulation scenario below the anti-
form structure. For hydrocarbon flow regimes where the
vertical flow regime is assisted by the buoyancy effect of
lower density hydrocarbons, this confirms the well-known
role of anticlines as being premier structural traps. In con-
trast, for Model 5, the fluid flow regime is different for dif-
ferent deformation stages. Low strain results in upward
flow below the antiform and is very similar to Model 4;
high strain results in downward flow. This difference is the
result of the volumetric strain and pore pressure evolution.
As shown in Fig. 8, the evolution of over-pressure is differ-
ent for both models. The low-permeability fold layer in the
high-permeability matrix results in a larger degree of over-
pressure, which implies that the pore pressure evolution is
dependent on the depth and thickness of the low-perme-
ability layer. To the authors’ knowledge, such a relation-
ship is not documented in the literature and requires
further analysis (including the depth and thickness of the
low-permeability layer, as well as the permeability contrast)
to provide a consistent understanding.

It should be noted that the interesting behaviour shown
by the heterogencous permeability distributions is based
on the mechanical interactions induced by a single-layer

buckle fold (i.e. the mechanical properties for the layers
surrounding the fold layer and the matrix are the same).
Further studies based on a more realistic multilayer fold
system similar to the study by Zhang et al. (2007) are nec-
essary to include the mechanical interactions (i.e. the volu-
metric strain), induced by the multilayer system. Of
particular interest in such a system is the influence of rheo-
logical contrasts between the different layers. As shown by
Frehner (2011), the competence contrast between layers
significantly affects the strain distribution of the fold sys-
tem and is thus expected to have a profound influence on
the induced fluid flow.

The resulting fluid flow regime for a homogeneous low-
permeability model (fluid flow vectors shown in Fig. 3)
could also be applicable to metamorphic systems at greater
depth (2> 20 km; Ingebritsen & Manning 2010), as the
permeability contrast between the fold layer and the matrix
would be small in an overall low-permeability environment
when depth—porosity—permeability relationships such as
Eqs 3 and 4 (Medina et a/l. 2011) are applied. However, it
is important to note that simulation of deformation-related
pore pressure evolution and fluid flow at greater depth
must consider several additional processes including, but
not limited to, active thermal dehydration reactions (e.g.
Nakajima et al. 2009), thermal stress evolution and creep
rheology at depth (i.e. dislocation or diffusion creep).

Implications for fractures and fracture-related fluid flow

Investigations of natural fold systems contribute to the
understanding derived from numerical studies and serve as
an important verification method. One major observation
from natural case studies is the influence of natural frac-
ture systems associated with the process of folding. The
occurrence of these fracture sets is well documented and
understood in the literature (e.g. Price 1966; Ramsay
1967; Price & Cosgrove 1990; Eckert ez al. 2014). These
fractures are hydraulically linking different stratigraphic
units and provide fluid pathways across layer boundaries.
Further, these fractures are prime location for the miner-
alization of hydrothermal ore deposits and their occur-
rence or lack of occurrence helps to evaluate seal
cefficiency.

It is clear that the modelling approach used does not
incorporate failure and associated permeability changes,
which represents an integral part of deformation-controlled
fluid flow analysis as observed for elasto-plastic models
(e.g. Ord & Oliver 1997; Upton 1998; Yang 2006; Zhang
et al. 2007). It should be noted that in order to study a
large deformation range (i.e. 0-50% strain) during buckle
folding, a visco-elastic modelling approach is chosen here.
Adding plasticity via a Drucker—Prager or similar failure cri-
terion, whilst possible to implement in ABAQUS™, has
resulted in severe convergence problems at larger strains, a
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problem also observed by Zhang et al. (2007), who in
their elasto-plastic modelling study could only investigate
~9% of strain. Ideally, visco-elasto-plastic-brittle constitu-
tive models should be used.

To assess the potential of rock failure, the state of
stress resulting from the various models is analysed. As a
2D plane strain approach is followed, only the occurrence
of tensile fractures parallel to the fold axis at the top of
the hinge (Price & Cosgrove 1990), thrust faults at the
bottom of the hinge (Price & Cosgrove 1990) and shear
fractures in the fold limb can be considered. Figure 9A,B
shows the temporal evolution of maximum and minimum
effective principal stresses (o] and o, respectively) for
the fold hinge and the fold limb for the models featuring
permeabilities of 107** m? and 107 m?. Tensile stresses
(i.e. o < 0; Fig. 9A) at both the top of the hinge either
do not occur (for £>107"" m?) or are <2 MPa (for
k=10"" m?). For the fold limb, tensile stresses do not
occur (Fig. 9B), making tensile failure unlikely for these
model scenarios. Shear failure in the limb is also unlikely
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as the differential stress is too low. For the bottom of
the hinge the differential
(Fig. 9C). For the maximum differential stress obtained
at ~18% shortening (as indicated by the solid black line
in Fig. 9C; for low-permeability folds), thrust faults are
likely to occur for rocks with an assumed cohesive
strength of §y < ~8 MPa, as observed by the Mohr circle
plot in Fig. 9D. For the three models with the lowest
matrix permeability of 1072* m? (i.c. 2, 3
and 5), Fig. 10A,B shows the temporal evolution of o
and of for the fold hinge and the fold limb. Tensile
stress magnitudes of ~6 MPa occur at the top of the

zone, stress is increased

models

hinge and tensile fractures parallel to the fold axis and
normal to the bedding are likely to occur. Tensile stresses
do not occur in the fold limb (Fig. 10B). Shear failure in
the limb is also unlikely as the differential stress is too
low. The bottom of the hinge zone exhibits the same
behaviour as for the higher permeability models as shown
in Fig. 9C,D; thrust faults are likely to occur in this
region.
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Fig. 9. Maximum and minimum principal 5 . , . . 5 . . . .
stress evolution for the various locations in T }?_ 10 20 . 30 0 20 Lin(l)b . 20 . 30 . 50
the fold where failure is commonly observed. op funge Shortening (%) Shortening (%)
(A) At the top of the hinge zone tensile (©) (D)
stresses as an indicator to initiate tensile 85 T T T
fractures are unlikely or of minor magnitude 75F -0, ]
for model with permeabilities of 10" m? or 65 40 7 k0
higher. (B) In the fold limb, tensile stresses = 59 = 30 — k=10"m?
©
are not present and the differential stress is & 45 E
also too low to initiate shear failure. (C) For T <l ¥ 20 N
the bottom of the hinge zone, the maximum 10 N\
differential stress at ~18% indicates shear \
. ) . 1
failure. (D) Mohr circle plots to indicate the 0 0 20 20 60 )
likelihood of shear failure for low rock o(MPa)

strengths. Bottom hinge

Shortening (%)

Fig. 10. Maximum and minimum principal
stress evolution for the top of the hinge zone
and the fold limbs for models featuring a
low-permeability fold layer. (A) Tensile
stresses are present at the top of the hinge
zone, and tensile fractures are likely to occur.
(B) For the limb, minor tensile stresses of ~2

MPa are only occurring during the initial 2%

of horizontal compression. Top hinge
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These results show that failure is likely only in isolated
conditions/locations at the fold hinge, and that widespread
failure which occurs across layer boundaries and affects the
fluid flow regime is unlikely. The results presented thus do
not reproduce the widespread failure observed by Zhang
et al. (2007). It needs to be repeated here that Zhang
et al’s (2007) results are based on an elasto-plastic model-
ling approach where the instantaneous elastic response
tends to result in higher stress magnitudes compared to
the visco-elastic approach employed here, during which
stresses are constantly relaxed. Furthermore, the stress evo-
lution in an elasto-plastic rheology depends on whether
rocks are characterized by strain hardening or strain soften-
ing. It is clear that including plastic and brittle failure and
their influence on the fluid flow regime would require
analysis of the mechanical model property distribution
between different layers and is hence best suited for a true
multilayer fold system. This represents an extensive sensi-
tivity analysis which is the topic of a separate study and
thus is beyond the scope of this contribution.

CONCLUSIONS

The results of single-layer buckling-induced fluid flow
models show that fluid flow directions, and to a lesser
degree their magnitudes, vary significantly depending on
the stratigraphic permeability distribution, and throughout
the temporal evolution of deformation. The results of this
modelling study suggest that depending on the state of
deformation, ecither the volumetric strain or the perme-
ability distribution affect the fluid flow. This study has
shown that understanding fluid flow regimes in single-
layer buckle folds and fluid flow regimes induced by sin-
gle-layer buckle folds requires the study of the complete
deformation history as well as the material parameter dis-
tributions. Fluid flow regimes can change from pervasive
to focused and fluid flow vectors can change significantly
through time.

For homogeneous permeability models (>1072' m?),
low strain results in a mostly pervasive fluid flow regime
and is in agreement with previous studies. For larger
strain conditions, fluid focusing in the fold layer towards
the top of the hinge of the fold occurs. This indicates that
focused flow is possible for low-permeability contrasts,
albeit requiring a higher degree of strain. For low perme-
abilities (<1072' m?) focused flow regimes inside the
folded layer emerge throughout the deformation history
which is consistent with observations from independent
studies.

For models featuring a low-permeability layer embedded
in a high-permeability matrix (Model 4) or sandwiched
between high-permeability layers (Model 5), also focused
flow regimes result throughout the deformation history. In
these models, however, significant differences arise in the

flow vectors in the surrounding layers. Fluid flow vectors
induced by the fold in Model 5 result in different (i.c.
opposite) directions depending on the amount of strain in
the model.

In summary, this study shows that understanding fluid
flow regimes in single-layer buckle folds and fluid flow
regimes induced by single-layer buckle folds requires con-
sideration of the total deformation history of fold systems.
The volumetric strain distribution exerts different levels of
influence on the resulting fluid flow regime. In order to
improve our understanding of these coupled processes,
more studies, preferably extended to multilayer fold sys-
tems and more representative constitutive behaviours are
necessary to pinpoint whether volumetric strain or perme-
ability significantly affects for fluid flow.
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APPENDIX

Scale evolution during single-layer buckling

As described in Section ‘Numerical Modelling Approach’,
the initial depth of the folding layer is 1000 m and contin-
uously increases with lateral shortening. In order to corre-
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late the pore pressure distribution to the depth of the fold-
ing layer, the horizontal and vertical scales of the folding
layer at various stages shortening are shown in Fig. Al.
The influence of different permeabilities is negligible.

Fluid volume ratio

The total fluid volume, Vg in the simulations is defined as:

Vp =sbV (A1)

where s is the saturation, ¢ the porosity and V the bulk
volume. The saturation is 100%. Thus, the fluid volume
ratio, 7y = V/V, can be expressed as:
nf = (]) (A2 )
Hence, the fluid volume ratio equals the porosity in this
simulation. The initial porosity is changing with depth
(after Medina et al. 2011) and the porosity decreases dur-
ing buckling due to the increasing depth of overburden
and lateral shortening. With an incompressible fluid and
rock matrix, that is utilizing a Biot coefficient of o = 1, the
porosity reduction during shortening is expressed as:

tiso

E(1-
_ 221—33)) In(%) + d)o
B E(l*(‘) ) 0‘”‘”’

1- (3(1723) In(ﬁ))

where s is the Young’s modulus, v the Poisson ratio, ¢
1150

(43)

the initial porosity and ¢’*” the isotropic part of the effec-
tive stress tensor.

The fluid volume ratio, g results for Model 1
(k=10""" m?) and Model 2 (k= 10723 m?) at different
stages of shortening are shown in Fig. A2. As described in
Section ‘Numerical Modelling Approach’, the same initial
porosity decrease with depth is assigned to the models and
no difference is observed for the n, distributions before
buckling. For high-permeability models (i.e. Model 1), the
fluid volume ratio distribution corresponds to the volumet-
ric strain and a higher magnitude of n,is found in regions
of low volumetric strain. The results of 7, for the lowest
permeability model (2= 107%* m?) show that volumetric
strain has reduced influence on the distribution of 75 and
no significant reduction of the magnitude of the fluid vol-
ume ratio is observed. This observation can be explained
by this extreme low permeability, which results in limited
fluid exchange between the folding layer and the matrix.
The exchanged fluid volume (between folding layer and
matrix) is 1% for Model 1 and 0.02% for Model 2 of its
initial fluid volume after 50% shortening.

Evolution of pore pressure, fluid velocity and AP,/At in
Model 1

With a smaller than

107" m?, hydrostatic pore pressure is achieved during

homogenous permeability no
shortening, and the pore pressure in the folding layer is
continuously increasing due to the growing thickness of
overburden. Due to the changing pore pressure during
shortening, the fluid system is in a pseudo-hydrostatic state
and the flow velocity represents the combination of reach-
ing hydrostatic equilibrium and the influence of the volu-
metric strain distribution. To clarify the concept of
pseudo-hydrostatic pore pressure, an additional step is
added to Model 1. After 50% shortening, the lateral
boundaries are constrained (i.e. zero strain rate is applied)
and the state of deformation is conserved. Figure A3
shows the evolution of pore pressure, pore pressure incre-
ment rate (AP,/At) and fluid velocity in the limb of the
folding layer of Model 1. It is observed that the pore pres-
sure (red line in Fig. A3) increases with shortening with a
constant vertical gradient (i.e. 9.81 MPa km™'). However,
the nature of the dynamic pore pressure evolution can be
shown by the nonzero AP,/At values throughout the
deformation history resulting from the increasing overbur-
den thickness. Figure A3 shows that the magnitudes of
both AP,/At and the fluid velocity increase with shorten-
ing until 50%, when shortening instantancously stops and
pore pressure becomes constant, that is AP,/Ar= 0. As a
result, the fluid velocity decreases to zero. Thus, it can be
concluded that the fluid velocity is partially influenced by
the dynamic pore pressure evolution during shortening.

Material orientations

The proper orientation of the modelled material is crucial
for the assigned anisotropic permeability. It is especially
important for deformed rocks, where the enhanced hori-
zontal permeability is expected to rotate during buckling
and becomes parallel to the folding layer. In ABAQUS™,
this can be achieved by specifying material orientations
based on the local
(Fig. A4). Before shortening, the material orientations are

clement coordinate orientations
parallel to the global model coordinate system (Fig. A4A;
i.e. parallel to the x-axis and z-axis in Fig. 1). During
buckling, the material orientations rotate and remain either
parallel or perpendicular to the fold (Fig. A4B,C). Thus,
the enhanced horizontal permeability which is along the
horizontal component of the material orientation remains
parallel to the fold and thus helps to explain the layer
parallel fluid flow observed in the modelling results.
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