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In fractured reservoirs characterized by low matrix permeability, fracture networks control the main
fluid flow paths. However, in layered reservoirs, the vertical extension of fractures is often restricted to
single layers. In this study, we explored the effect of changing marl/shale thickness on fracture extension
using comprehensive field data and numerical modeling.

The field data were sampled from coastal exposures of Liassic limestone-marl/shale alternations in
Wales and Somerset (Bristol Channel Basin, UK). The vertical fracture traces of more than 4000 fractures
were mapped in detail. Six sections were selected to represent a variety of layer thicknesses. Besides the
field data also thin sections were analyzed. Numerical models of fracture extension in a two-layer
limestone-marl system were based on field data and laboratory measurements of Young’s moduli. The
modeled principal stress magnitude s3 along the lithological contact was used as an indication for
fracture extension through marls. Field data exhibit good correlation (R2 ¼ 0.76) between fracture
extension and marl thickness, the thicker the marl layer the fewer fractures propagate through. The
model results show that almost no tensile stress reaches the top of the marl layer when the marls are
thicker than 30 cm. For marls that are less than 20 cm, the propagation of stress is more dependent on
the stiffness of the marls. The higher the contrast between limestone and marl stiffness the lower the
stress that is transmitted into the marl layer. In both model experiments and field data the critical marl
thickness for fracture extension is ca. 15e20 cm.

This quantification of critical marl thicknesses can be used to improve predictions of fracture networks
and permeability in layered rocks. Up- or downsampling methods often ignore spatially continuous
impermeable layers with thicknesses that are under the detection limit of seismic data. However,
ignoring these layers can lead to overestimates of the overall permeability. Therefore, the understanding
of how fractures propagate and terminate through impermeable layers will help to improve the char-
acterization of conventional reservoirs.

� 2019, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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1. Introduction

Unconventional reservoirs have become a significant source of
hydrocarbon production within the last decades. The technically
recoverable unconventional resources worldwide are estimated at
7059 trillion cubic feet (tcf) (e.g., Gale et al., 2014). Such reservoirs
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have, however, a poor matrix-permeability and therefore fluid flow
is largely controlled by the connectivity of their fracture networks
(e.g., Aguilera, 2000; Economides and Nolte, 2000; Brenner and
Gudmundsson, 2004; Larsen and Gudmundsson, 2010).

Technologies like hydraulic fracturing can increase the perme-
ability in such reservoirs. The advancement in drilling technology
over the last ten years made meter-scale targeting of reservoirs
possible. However, the smaller the scale in the subsurface, the more
difficulties and uncertainties arise in the characterization of un-
conventional reservoirs. High-resolution seismic data, for example,
can resolve only near surface features thicker than 10 m with a
2000ms�1 velocity and 50 Hz frequency (Yilmaz, 2001). In contrast,
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Figure 1. Geographic and tectonic overview of the study area. (a) Location of the two
study areas (stars) with an outcrop map of the Lias Group (dark grey) (modified after
Kamerling (1979), Tappin et al. (1994), Cox et al. (1999), Belayneh and Cosgrove
(2010)); (b) sketch cross-section of the Bristol Channel Basin. The Lias Group is a
part of the Jurassic strata. The exact location of the cross-section is estimated (adapted
from Stewart et al., 1997).
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bore-hole images provide details in mm to cm scale, however, these
do not cover spatial variability. The lack of information and the
existing heterogeneities in such scales hamper the upscaling of
permeability to reservoir scales.

In unconventional reservoirs, the permeability is often
increased by injecting fluids under high-pressure. This increases
the connectivity of pre-existing natural fractures (i.e. ‘>hydraulic
stimulation’) or generates new fractures (i.e. ‘hydraulic fracturing’)
(Economides and Nolte, 2000). Fractures formed by hydraulic
fracturing may also propagate vertically through adjacent layers
and can reactivate pre-existing fractures. Due to these unexpected
pathways, fluids (like drill mud) can leak out in the corresponding
formation (Mitchell, 2006). The predictability of fracture networks
is, accordingly, more difficult, particularly the interaction between
man-made fractures and pre-existing natural fracture networks.
Therefore, the study of natural fracture systems is important for a
better prediction of hydraulic fractures during stimulation. In
addition, microseismic events associated with hydraulic-fracture
stimulation have been ascribed not only to natural fracture reac-
tivation but also to differential stress accumulation between me-
chanically soft and stiff layers (Roche and Baan, 2013; Gale et al.,
2014). Therefore, the understanding of fracture extension within
soft marl in limestone-marl alternation is especially important to
minimize the risk of microseismic events while fracturing. This
issue is of public interest, especially when fracking fluids flow
through unexpected fracture paths and contaminate water in
aquifers or trigger microseismic events, which happens in the past;
e.g. while extracting natural gas from Marcellus Shales or Barnet
Shales in the U.S. (e.g., Zoback et al., 2010; Rozell and Reaven, 2012).
The characteristics of fracture networks are thus key parameters to
improve not only well performance but also to provide more ac-
curate reservoir models. Limestone-marl alternations frequently
contain oil-shale beds where hydrocarbons are generated, stored
and trapped, as in the case of oil-shale beds of the Blue Lias For-
mation (Harvey and Gray, 2013). Especially, the study area around
Somerset is recently in commercial interest. Eight Petroleum and
Exploration Development Licences (PEDLs) blocks were signed in
September 2016 held by South West Energy (Somerset County
Council, 2017). In such layered rocks, the natural vertical fracture
permeability varies considerably from layer to layer due to the
change of mechanical properties between layers and interfaces
(Aguilera, 2000). When fractures are contained within one bed
bounded by impermeable layers, such a bed is considered to be one
flow unit (National Research Council, 1996). Once a fracture crosses
from one flow unit into the next, the two units may be connected,
and the drainage volume increases (Rijken and Cooke, 2001).
Ignoring the variation in permeability between these layers can
lead to miss estimates of its overall permeability (Aguilera, 2000).

Our goal is to quantify the relation between marl/shale thick-
ness and the vertical fracture extension, using a combination of
field/laboratory studies and numerical experiments. We investi-
gated the vertical fracture extension through limestone-marl/shale
alternations and detected more than 4000 fractures within six
sections in Wales and Somerset (Bristol Channel Basin, UK). Frac-
tures over several layers in six sections were traced, belonging to
the Blue Lias Formation (Lower Jurassic, Hettangian-Sinemurian).
The focus in this study is on the vertical continuity of fractures,
whereas previous studies focused on fracture distribution (fracture
density and spacing in limestone-marl alternations) and the effect
of diagenesis on fracture mechanics (Afşar et al., 2014). Upscaling
methods often ignore spatially continuous extremes, like imper-
meable layers such as shale or marl barriers (Qi and Hesketh, 2005).
Detailed understanding of fracture extension and termination in
impermeable layers in natural systems will help to improve the
prediction of hydraulic fracture networks and permeability in these
systems.
2. Geological setting

The succession of the Blue Lias Formation (Hettangian-Sine-
murian) is well-exposed along the coastline of the Bristol Channel
(UK; Fig. 1a) and comprises limestone-marl and/or -shale alterna-
tions with thicknesses of 150 m in South Wales (Wilson, 1990) and
175 m in North Somerset (Whittaker and Green, 1983). The Blue
Lias Formation was deposited in the Bristol Channel Basin, which is
an asymmetric graben, bounded to the north by the Variscan Front
Thrust Fault (e.g., Hoorn, 1987, Fig. 1b). The recent structure of the
Bristol Channel Basin is the result of a complex tectonic history
(Kamerling, 1979), though the architecture of the basin is mostly
controlled by the Variscan orogeny (Hoorn, 1987; Brooks et al.,
1988). Development of the Bristol Channel Basin started during
the PermoeTriassic Rifting with an NeS extension direction, which
reactivated the Hercynian Thrust Zone (Hoorn, 1987). As a conse-
quence of NEeSW to NNEeSSW extension during Late Triassic and
Jurassic, regional subsidence of the basin took place (Dart et al.,
1995; Nem�cok et al., 1995). These processes are reflected by
gradual marine transgression (Wilson, 1990). As a consequence,
shallow marine near-shore facies directly overlie the Upper Palae-
ozoic basement in the area of South Wales (Donovan et al., 1979).
Themajor fault systems along the basin margins were active during
the Mesozoic NeS extension, which is indicated by 095�-striking
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normal faults (e.g., Kamerling, 1979; Hoorn, 1987). Many of these
normal faults were reverse-reactivated in strike-slip mode during
the late Cretaceous and early Tertiary compression (e.g., Dart et al.,
1995; Nem�cok et al., 1995). Reverse faulting was more prevalent on
the southern margin (Somerset) than on the northern margin
(Wales) of the Bristol Channel Basin (Nem�cok et al., 1995).
3. Methods

3.1. Field data and laboratory work

The vertical extent of more than 4000 fractures within six sec-
tions was sampled in a 15 m� 2mwindow, three sections inWales
(Sections: NP1-3) and three in Somerset (Sections: KI1, LIL2, KN3;
Fig. 1a). The vertical traces of fractures were documented with their
extension on 64 lithological contacts and through 63 layers. The
sections were selected to represent a variety of marl and shale
thicknesses. The lithologies were distinguished in respect of po-
tential mechanical stress barriers, e.g. laminated marl and regular
marl.

We modified the well-known scan-line method, described in
Zeeb et al. (2013) for our purpose of measuring the fracture traces
through several layers as described in Afşar et al. (2014). With the
scan-line method, fractures with smaller than 0.1 mm aperture
could be measured, which are below the detection limits of digital
technologies. Since for short fractures measurement errors (in
particular of the strike) increase progressively, only fractures with
heights larger than 7 cm are included in the data set. For layers that
are less than 7 cm thick, the threshold of 7 cmwas lowered to 4 cm.
The scan-lines were 15 m long and oriented parallel to the bedding
and perpendicular to the main fracture set. The beds within the
15mwere named in alphabetical order. Each fracture was classified
in seven groups with respect to its trace (Fig. 2a). In this study, we
differentiate between fracture traces through marl layers (non-
stratabound vs. stratabound fractures; Fig. 2b) and fracture traces
along limestone-marl contacts (fracture crossing vs. termination;
Fig. 2c). Fracture parameters geometry (strike, dip, height) were
recorded (Afşar et al., 2014). For each fracture, the local bed thick-
ness was measured. Sedimentological fieldwork included the
measurement of six detailed sedimentary sections and the docu-
mentation of important sedimentary features in bed-scale.
Figure 2. (a) Overview of seven different fracture traces. The fractures were distinguished be
fracture traces through limestone-marl contacts (c) fracture crossing vs. termination.
In addition, 59 thin sections were analyzed under transmitted-
and polarized light. CaCO3 and Corg contents were measured on 64
samples with a Hekatech Euro Elemental Analyzer (CNS; Table 1).
Young’s moduli (E) were measured for two different types of
limestone that were found in the study area, well-bedded lime-
stones with relatively planar and semi-nodular limestones with
wavy surfaces. Because of the high fragility of marls, a sampling of
large rock blocks was limited for marl layers. The Young’s modulus
describes the stiffness of rocks and can be defined as the ratio of
stress to strain, provided that the rock behaves linear elastic, which
is the case at low temperatures and pressures (Hooke’s law; cf.
Hudson and Harrison, 2000). To consider variations of strength and
stiffness within the same layer, a minimum of six specimens for
each lithology was measured parallel and perpendicular to sedi-
mentary bedding. The specimens for the uniaxial compression test
were prepared according to Hudson et al. (2003). During a constant
loading rate of 0.5MPa s�1, stress and strainwere recorded until the
failure of the specimens occurred. The static Young’s modulus is
determined from the stress-strain curve after a pre-load of about
70% of UCS. The average values of Young’s modulus for two lime-
stones were used later for the numerical model experiments.
3.2. Numerical models

We performed numerical experiments of fracture extension in a
two-layer limestone-marl system using the boundary element
model code Beasy (Beasy, 1991; Brebbia and Dominguez, 1994),
which uses the dual boundary element method (Portela et al.,
1993). The model code was used to calculate the stress distribu-
tion in the marl layer resulting from a tensile stress applied to a
single fracture in a limestone layer underneath.

Themodel domain consists of a 100 cm thick limestone inwhich
the fracture is hosted. The limestone is overlain by marls of which
the thickness was varied between different model experiments.
Young’s modulus for the limestone unit (40 GPa) was assigned
based on the average of twomeasured samples taken from the field
(see Section 3.1.). Poisson’s ratio (n ¼ 0.34) was based on literature
sources measured on fine-grained argillaceous limestones of the
Blue Lias Formation (Hobbs et al., 2012). The effects of marl thick-
ness and stiffness on fracture extensionwere assessed using several
model experiments, which are listed in Table 2. The model setup is
tween fracture traces through marls (b) non-stratabound vs. stratabound fractures and



Table 1
Lithology, average bed thickness, CaCO3 and Corg content of each bed collected in all sections.WBL¼well-bedded limestones, SNL¼ semi-nodular limestones, CM¼ calcareous
marls, LCM ¼ laminated calcareous marls, LM ¼ laminated marls, RM ¼ regular marls. Please note that all sections represent different stratigraphic intervals within the Blue
Lias Formation. Fracture terminations of NP1, and NP2 are shown in Fig. 12.

Layers

A B C D E F G H I J K L M

NP1 Lithology LM SNL CM WBL LM WBL CM WBL CM WBL RM SNL RM
Thickness (cm) 15 10 7 18 13 11 6 11 5 17 20 8 13
CaCO3 (wt.%) 25 86 59 83 31 85 64 81 52 78 46 74 56
Corg (wt.%) 1.29 0.25 0.64 0.24 1.63 0.25 0.50 0.29 0.60 0.32 0.99 0.51 0.83

NP2 Lithology WBL RM LM WBL LCM SNL LCM SNL LCM WBL RM LM WBL
Thickness (cm) 49 5 6 27 5 6 5 11 5 26 5 15 37
CaCO3 (wt.%) 50 27 29 89 51 74 48 82 44 89 41 56 72
Corg (wt.%) 0.54 0.73 1.10 0.23 0.62 0.24 0.61 0.21 0.56 0.21 1.07 2.15 0.32

NP3 Lithology RM SNL RM SNL RM WBL CM SNL CM SNL RM SNL
Thickness (cm) 7 6 16 16 23 24 7 10 8 12 13 11
CaCO3 (wt.%) 41 82 51 84 33 79 59 86 65 92 33 81
Corg (wt.%) 1.03 0.27 0.46 0.20 0.74 0.33 0.55 0.47 0.37 0.18 0.96 0.28

KL1 Lithology RM SNL LCM LM SNL CM LM CM WBL
Thickness (cm) 28 14 23 29 16 7 43 11 12
CaCO3 (wt.%) 42 86 57 26 78 55 36 50 82
Corg (wt.%) 0.72 0.24 0.90 7.12 0.73 0.57 15.73 2.47 0.48

LIL2 Lithology WBL LCM WBL CM WBL CM LM WBL CM SNL
Thickness (cm) 18 9 21 6 19 5 27 13 7 11
CaCO3 (wt.%) 82 52 84 59 77 48 36 82 52 84
Corg (wt.%) 0.32 0.73 0.36 0.70 0.46 0.87 3.34 0.27 1.01 0.28

KN3 Lithology LM WBL LM SNL CM WBL
Thickness (cm) 36 16 18 11 11 21
CaCO3 (wt.%) 40 83 47 86 47 80
Corg (wt.%) 0.95 0.24 1.58 0.26 0.91 0.33
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shown in Fig. 3. The marl thicknesses (1e30 cm) were based on
own field observations. Young’s moduli for marls were varied from
2 GPa (i.e., soft) up to 30 GPa (i.e., stiff), in rough accordance with
values in marls from the Lias mudstone (<35 GPa; Reeves et al.,
2006). Since the Poisson’s ratio of different marls varies only
within a small range (0.3e0.33: Dvorkin et al., 2005), the same
Poisson’s ratio (n ¼ 0.34) like the limestone was chosen.

Avertical opening-mode fracture is hosted in the limestonewith
an extension to the horizontal interface representing the contact
between limestone and marl (Fig. 3). Perpendicular to the fracture,
the effective horizontal tension of 10 MPawas applied to simulate a
tensile fracture at less than 400 m at depth (Fig. 3), in accordance
with estimated burial depth of the Blue Lias Formation, when the
first joint set was formed (Late Oligocene to Miocene; cf. Cornford,
1986). When the tensile stress exceeds the tensile strength of the
rock, new fractures were initiated, or existing fractures propagated
across the contacts (Jaeger et al., 2007). Parameters like pore
pressure or regional stress field are not considered in this numer-
ical experiment. The model is constrained by parameters, like
Young’s modulus E, Poisson’s ratio n, and marl thicknesses. For this
model the assumption of linear elastic rock behavior was made, i.e.
Young’s modulus (E) of that rock can be defined as the ratio of stress
to strain (Hooke’ law), which might not be very accurate when
considering very soft marls (Jaeger et al., 2007; Zoback, 2007).
Table 2
Modelled values of marl thickness H (cm) and marl stiffness E (GPa). For model experimen
are shown in Fig. 11.

Marl thickness H (cm)

01 02 05

Marl stiffness
E (GPa)

2 H01E02 H02E02 H05E02
5 H01E05 H02E05 H05E05
10 H01E10 H02E10 H05E10
20 H01E20 H02E20 H05E20
30 H01E30 H02E30 H05E30
4. Results

4.1. Field and laboratory data

Two limestone lithologies were classified following the degree
of nodularity of the bedding planes that was observed in the field:
well-bedded limestones with relatively planar surfaces (WBL) and
semi-nodular limestones with a wavy surface at the top and/or at
the base (SNL). Following the Dunham (1962) classification, both
lithologies are characterized by wackestones and, more predomi-
nantly, mudstones. Apart from a few macro-and microfossils in
some beds, the successions are generally devoid of fossils.

Four different marl lithologies were classified by weathering
color and CaCO3 content: calcareous marls (CM; Fig. 4a) and lami-
nated calcareous marls (LCM; Fig. 4b) were both characterized by a
light grey weathering color, whereas regular marls (RM; Fig. 4c)
and laminatedmarls (LM; Fig. 4d) were characterized by a dark grey
weathering color. LCMs or LMs are indicated by laminae observed
in the field or thin sections (Fig. 4b,d). CaCO3 content of CMs and
LCMs ranges from 44 wt.% to 82 wt.%; both are slightly higher than
the content of RMs and LMs (25e56 wt.%) (Table 1). Within some
marls, sharply defined color changes, from light grey to dark grey,
occur along strongly bioturbated transitions (Chondrites type;
Fig. 5a and b). Thin sections reveal that these bioturbation tubes are
ts H02E02, H05E02, H02E10, H05E10, H02E20, H05E20 the modelled tensile stresses

10 20 30 40 50

H10E02 H20E02 H30E02 H40E02 H50E02
H10E05 H20E05 H30E05 H40E05 H50E05
H10E10 H20E10 H30E10 H40E10 H50E10
H10E20 H20E20 H30E20 H40E20 H50E20
H10E30 H20E30 H30E30 H40E30 H50E30



Figure 3. Overview of the model domain used for the model experiments. The lime-
stone has a thickness of 100 cm and Young’s modulus of E ¼ 40 GPa. The fracture is
hosted in the limestone and terminates at the lithological contact (fracture tip). The
stress magnitude and distribution at the marl top were investigated with changing
marl thickness H (cm) and Young’s modulus E (GPa) (see Table 2 for an overview of the
model parameter).
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ubiquitous within calcareous marls (Fig. 5b). These marls/shales are
rich in organic carbon (up to 16 wt.% Corg), as evidenced by the dark
color in the outcrop (Fig. 5c and d).

The percentage of fracture terminations at the top and at the
bottom of each limestone was plotted against the marl thickness
(H) of either the marl above or below (Fig. 6). Hence, each of the
plotted 67 points represents a limestone-marl contact. Additionally,
we distinguished different types of marls which are referring to the
marl above and below (see the legend in Fig. 6a). The different marl
lithologies represent a relative marl stiffness (e.g. calcareous marl
as stiff and regular marl as soft layer). This plot clearly shows that
Figure 4. Four thin sections of each marl lithology: (a) calcareous marl,
fracture termination is not correlated with marl thickness
(R2 ¼ 0.04).

Fig. 7 shows the number of fracture terminations and crossings
through all lithological contacts. The total number of lithological
contacts is 128. Note that each contact is counted twice because the
layer top is at the same time the layer bottom of the layer above.
Fig. 7b shows the situation in the field, however, in this sketch only
for the limestone-marl contact. More than half of the lithological
contacts show higher amounts of fracture terminations than
crossings (see 50% line in Fig. 7a).

Fig. 8 shows the percentage of fractures that extend vertically
through different marl types and thicknesses. Each point represents
one marl, which is in total 29 (Fig. 8a). In this study, we defined
stratabound fractures as restricted to individual layers and non-
stratabound fractures as non-restricted (and if restricted than
either at the top or at the bottom of one layer; Fig. 8b). The data
show that the percentage of non-stratabound fractures has a strong
correlation (R2 ¼ 0.76) with the marl thickness (cm) (Fig. 8a).

The sections are divided between the northern part (foot-wall in
Wales; Figs. 1b, 9aec) and the southern part (hanging-wall in
Somerset, Figs. 1b, 9def) of a half-graben. Fig. 9 shows rose dia-
grams of all fractures, revealing twomain strike directions inWales
(wEeW and wNeS; Fig. 9aec) and in Somerset (wNWeSE and
wNEeSW; Fig. 9def). In Wales the range of fracture strikes is
narrow, whereas in Somerset the range of strikes much wider
(Fig. 9).
4.2. Numerical experiments

The results of the model experiments show that the maximum
stress ratio between the marl top and bottom is highly dependent
on its thickness. The stress ratio decreases rapidly between a
thickness of 1 cm and 10 cm thick marls and drops steadily with
greater than 10 cm thick marls (Fig. 10). Almost no tensile stress
reaches the top of marls when the marls are thicker than 30 cm
(Fig. 10). For marls that are less than 20 cm, the propagation of
stress is also dependent on the stiffness of the marls (Fig. 10).

In addition to the thickness of the marls, the contrast in stiffness
between limestones and marls affects the tensile stress in marl
layers (see stress ratio at 1 cm thick marls, Fig. 10). The higher the
(b) laminated calcareous marl, (c) regular marl, (d) laminated marl.



Figure 5. Characteristics of marls: (a) and (b) bioturbation within calcareous marls (lens as scale in a), Corg rich shale (16 wt.%) in (c) thin section and (d) outcrop.
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contrast between limestone (40 GPa) and marl stiffness (dark blue
line for 2 GPa in Fig. 10), the lower the stress that is transmitted into
the marl layer to the marl top, independent of its thickness (see
Fig. 10, Marl thickness from 1 cm to 10 cm; and contour lines in
Fig. 11a and b).
Figure 6. (a) The percentage of fracture terminations (%) at the top (in red) and at the
bottom (in black) of each limestone-marl contact is plotted against the average marl
thickness (H) (cm). The symbols represent four different marl lithologies, which
represent a relative marl stiffness (e.g. calcareous marl as stiff layer and regular marl as
soft layer; see symbols). The total number of fractures (Nfrac total) in this plot is 3326
(i.e. fracture terminations and crossings through each contact). (b) The sketch illus-
trates the situation in the field.

Figure 7. (a) Number of fracture terminations and fracture crossings through all
lithological contacts (Ncontact ¼ 128) are illustrated here. The total number of fracture
terminations and crossings for all layer tops is 2501 (Ntop) and for all layer bottoms
2295 (Nbottom). (b) The sketch illustrates the situation in the field.



Figure 8. Cross-plot of non-stratabound fractures (%) and marl thickness (cm). The
symbols represent four different marl lithologies, which represent a relative marl
stiffness (e.g. calcareous marl as stiff and regular marl as soft layer; see symbols). The
total number of fractures (Nfrac total) in this plot is 2030 (i.e. non-stratabound and
stratabound fractures; Fig. 9b). (b) The sketch illustrates the situation in the field.

Figure 10. Maximum tensile stress ratio (marl top/marl bottom) versus marl thick-
nesses (cm). The maximum tensile stress was taken along the contact of the marl top
and bottom. The sketch on the right corner shows the undeformed initial stage of the
model. Data were separated into five different marl stiffnesses marked by different
symbols and colours (see legend).
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Fig. 11 shows the impact of different marl stiffnesses in 2 and
5 cm thick marl layers on the stress distribution within the marl.
The distribution of the stress field around the fracture tip and the
Figure 9. Rose diagrams of all fractures showing in both cases (Wales and Somerset); (a) NP
LIL2 (NNEeSSW), (f) KN3 (NWeSE).
magnitude of tensile stress that reaches the top of the marl layer
show remarkable differences between models with 2 cm thick
marls (Fig. 11a,c,e) and models with 5 cm thick marls (Fig. 11b,d,f).
The distribution of maximum tensile stress along the marl top
change from one discrete peak for 2 cm to a wider area along the
surface for 5 cm thick marls (see line plot in Fig. 11).
5. Discussion

5.1. Case study of vertical fracture extension

In the field, we observed plumose structures at some fracture
planes which is an indication of mode 1 fractures. The term ‘joint’ is
used in field studies for fractures with only slight fracture-normal
1 (WeE), (b) NP2 (WeE), (c) NP3 (NNWeSSE), (d) KI1 (NNWeSSE, NeS, NNEeSSW), (e)



Figure 11. Distribution of the maximum tensile principal stress s3 within the layers (contour lines) and along the marl top (line plot) for two different marl thicknesses 2 cm (a,c,e)
and 5 cm (b,d,f) as well as different Young’s moduli of the marls 2 GPa (a,b), 10 GPa (c,d) and 20 GPa (e,f): (a) H02E02, (b) H05E02, (c) H02E10, (d) H05E10, (e) H02E20, (f) H05E20
(see Table 2 Model setup for details). In this figure only the upper 10 cm of the limestone is illustrated.
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displacement and without visible shear displacement
(Gudmundsson, 2011).

The measured fracture sets in Wales belong to an orthogonally
oriented fracture system, which have been reported in several
studies (e.g., Rawnsley et al., 1992, 1998; Caputo, 1995; Pascal et al.,
1997). We record the major joint set with systematic fractures
(defined based on long and straight trace lengths) in NP3 with a
w170� trend (Fig. 9c), the less planar fractures in NP1 and NP2
strike in w075� direction (Fig. 9a and b). Latter is abutted against
the systematic fractures and have a large step-over along the sys-
tematic fractures. The first joint set (w170�) formed during the late
Oligocene to Miocene NWeSE compression (Engelder and Peacock,
2001). According to Caputo (1995) both fracture sets (w170� and
w075�) were generated under the same stress field. When the
tensile strength is exceeded, fractures occur at right angles to the
least principal stress (s3) within a biaxial tensile stress field. Caputo
(1995) proposes a stress drop in this direction due to stress release,
because of this the stress field is locally distorted by a swap be-
tween s3 and s1; when failure conditions in the next cycle are
reached, fractures perpendicular oriented to the previous ones
were formed. These repeated cycles of failure-events of stress drops
and stress swaps can generate these orthogonal fracture sets
(Caputo, 1995). The stress swap mechanism takes place locally and
is uncoupled by the remote stress field (Caputo, 1995). The rocks in
Wales are mainly affected by a series of thrusts and related strike-
slip faults. Pascal et al. (1997) describe the regional palaeostress
field in Wales with s2 sub-vertical, s1 and s3 sub-horizontal ori-
ented and based on this the authors conclude that the fractures
may have been formed during a strike-slip event.

In section KI1 fractures strike within a large scatter from
NNWeSSE to NNEeSSW, exhibiting three main fracture sets with
NNWeSSE, NeS, and NNEeSSW-strike (Fig. 9d). The fracture sets
NNWeSSE and NNEeSSW exhibit the same orientations as a con-
jugated strike-slip faults documented by Bowyer and Kelly (1995).
The sinistral fault has a mean strike of 38� and the dextral fault a
mean strike of 315�e05� (Peacock and Sanderson, 1992; Bowyer
and Kelly, 1995). The measured fractures in LIL2 strike roughly
from 355� to 010� (Fig. 9e). The fractures in KN3 strikew135�, sub-
parallel to the Quantocks Fault (see Fig. 1a) and represent a sys-
tematic fracture set. The rocks in Somerset underwent a more
tectonically complicated history (Fig. 1b). For example, reverse
faulting was more prevalent in Somerset (Nem�cok et al., 1995). This
area is separated into distinct fault blocks characterized by differ-
ences in both fault strike and fracture patterns (Bowyer and Kelly,
1995). Peacock (2001) pointed out that some joints at East Quan-
toxhead are interpreted to post-date the normal and strike-slip
fault. Discussing how the fractures are linked to these faults in
detail goes beyond the scope of this study.

The relation of fracture terminations at limestone-marl contacts
with changing marl thicknesses is shown in Fig. 6a. Generally,
fracture terminations at limestone-marl contacts showwide spread
and do not seem correlated to the thicknesses of marls (Fig. 6a). It
seems the nature of contact is more important. Numbers of fracture
terminations and crossings along lithological contacts show that
most fractures terminate at lithological contacts (Fig. 7a). In many
layered rocks, predominantly in sedimentary rocks at shallow
depths, the nature of contacts between different lithologies can act
as stress barriers (Philipp et al., 2013). The nature of lithological
contacts can be mechanically distinguished in (1) welded and (2)
weak contacts (Price, 1966; Hobbs, 1967). (1) Welded contacts are
strongly cohesive and fractures tend to propagate collinearly
through the contacts (‘welded-layered model’; Hobbs, 1967). (2) In
contrast, at weak contacts, interfacial shear stress directly at the
contact occurs and fractures become either arrested or offset and
continue side-stepping upwards at the contacts (‘slip model’; Price,
1966). Weak contacts might occur when the contrast between
Young’s modulus of the layer above and below the contact is high.
Based on our experience in the field, it is not possible to distinguish
welded and weak contacts directly in the field. Not only the dif-
ference between welded and weak contact but also the irregularity
of the contact is important. Sections with more well-bedded
limestones (e.g. in section NP1 marked in blue, Fig. 12a) reveal
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higher percentages of fracture terminations at lithological contacts.
In contrast, when the lithological contacts tend to be more irreg-
ular, which is the case with semi-nodular limestones, fewer frac-
tures terminate at lithological contacts (e.g. in section NP2 marked
in red, Fig. 12b; Afşar et al., 2014). In this case, the slip of such
weakness planes (i.e. wavy lithological contact) might be disabled
and stresses can be better transmitted across these interfaces (Afşar
et al., 2014). Fewer fractures propagate over the contact and
through the marl layer, as shown in Fig. 7a. However, there is still a
substantial number of fractures (Nfrac total ¼ 2030) propagate
through the contact, which shows a good correlation (R2 ¼ 0.76)
between the percentages of fracture extensions (%) and marl
thicknesses (m) (Fig. 8a).
5.2. Insights from numerical experiments

The model results show that with increasing marl thickness the
stress ratio between the top and bottom of the marl gradually de-
creases (Fig. 10). Most fractures would propagate through <20 cm
marls, however, in >40 cm thick marls no tensile stress reaches the
top of the marl and consequently no fracture would propagate.
Model experiments also show that the higher the contrast in
stiffness between limestone and marl layers, the lower the stress
that is transmitted into the marl layer, independent of its thickness
(see in Figs. 10 and 11a,b). Therefore, in the case of a high stiffness
contrast between limestone and marl, the contact acts as a stress
barrier. A more detailed view of the tensile stress distribution for all
model experiments show, that a single location of greatest tension
occurs along the top surface of the marl directly in front of the
fracture, but only in 1 cm thick marls (blue line in Fig. 13aed). The
same stress distribution is observable in 2 cm thickmarls, however,
only for softermarls (E<�20 GPa; Fig.11, the red line in Fig.13a and
b). Two locations of greatest principal tension along the surface top
of themarl, one each side of the fracture tip aremost pronounced in
5 cm thick marls with different Young’s moduli (yellow line in
Fig. 13). In a similar study, the effect of different strength bonded
contacts was investigated, while they changed the distance from
the fracture tip to the interface and the nature of the interface
(Cooke and Underwood, 2001). The results show two pronounced
peaks at maximum tensile stress in cases of weak contacts. Strongly
bonded contacts, however, show only one pronounced peak
directly in front of the fracture tip. In our study, the condition of the
Figure 12. Sedimentological logs (break-off illustrates differences in lithology see the legend
for lithology details). Please note that both sections represent different stratigraphic interv
interface is the same only the marl thickness and stiffness is
changing.

5.3. Comparison of field data and models

The field data show the state of the fractured rock, whereas the
numerical experiments were used to examine the potential of
fracture extension. Although field observations give good insights
on stress barriers in layered rocks, sedimentary layers are internally
extremely heterogeneous (e.g. bioturbation, lamination). In
contrast, numerical experiments with homogeneous layers give
noise-free results and a better understanding of potential stress
barriers. Our field data demonstrate a clear correlation between the
percentage of non-stratabound fractures and marl thicknesses
(Fig. 8). The relative proportion of non-stratabound fractures
strongly decreases at bed thicknesses exceeding 15 cm (Fig. 8a).
This trend might be slightly imbalanced as most beds have thick-
nesses of<20 cm (Fig. 14, light grey). However, it is corroborated by
our numerical model results, which show that in marls thicker than
20 cm considerably less tensile stress reaches the top of these marl
than for marls thinner than 20 cm (see stress ratio of top to bottom
in Fig. 10). Considering both results from field and model data we
consider therefore a critical marl thickness of ca. 15e20 cm as
plausible. Models in a chalk-shale system show a critical shale
thickness of 20 cm for an underlying 1 m thick chalk layer (Rijken
and Cooke, 2001). The model results show also that the higher
the contrast between limestone and marl stiffness (e.g. dark blue
and red line) the lower the stress that is transmitted through the
marl layer (see stress ratio), independent of its thickness (see marl
thickness from 1 cm to 10 cm in Fig. 10). The maximum tensile
stress distribution of the models shows different distributions from
one pronounced peak occurring in model series with a soft and thin
marl layer (Fig. 13). The one peak stress concentration can be
interpreted as a straight propagated fracture. In contrast, very soft
marls with a thickness of 5 cm show two stress peaks shifted from
the original fracture tip (Fig. 13). In this case, stresses are trans-
mitted across the interface to either side of the fracture and may
produce a step-over fracture. In this field study, step-over fractures
were considered as two different fractures, that might be the
reasonwhymost of the fractures terminate at contacts and why the
termination at the contact are not directly linked to the marl
thickness. The field data might be overestimated in regards of
fracture termination.
), percentages of fracture terminations at contacts; (a) section NP1, (b) NP2 (see Table 1
als within the Blue Lias Formation.



Figure 13. Distribution of maximum tensile stress along the marl top with changing marl thicknesses and changing Young’s moduli; (a) 05, (b) 10, (c) 20, (d) 30 GPa.
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6. Conclusions

Vertical fracture extension in layered reservoirs tend to be
restricted to impermeable layers like marls. The quantification of
critical marl thicknesses improve the construction of more com-
plete models of these reservoirs. This study focused on a systematic
Figure 14. The histogram shows the frequency of marl thicknesses measured along
with all fractures in dark grey and for only non-stratabound fractures in light grey.
investigation of the link between fracture extension and imper-
meable layers. Most of the fractures mapped in the field terminate
at limestone-marl contacts, however, the terminations at the con-
tact are not directly linked to the marl thickness. It seems the na-
ture of the contact (welded vs. weak contact, planar vs. wavy
contact) is more important. The extension of fractures through the
marl layer is, however, strongly correlated with marl thickness.
Field data shows a good correlation (R2 ¼ 0.76) between fracture
extension and marl thickness, the thicker the marl layer the lower
the number of fractures that propagate through. This agrees well
with the model results, in both model experiments and field data
the critical marl thickness for fracture extension is ca. 15e20 cm.
For marls in the models that are less than 20 cm, more tensile stress
reaches the marl top. However, for marls with the same thickness
but less than 20 cm, the contrast between limestone and marl
stiffness has a stronger impact. That means the higher the contrast
between limestone and marl stiffness the lower the stress that is
transmitted into the marl layer with the same thickness. This is
because, in very soft marls for example (Young’s modulus of 2 GPa)
with a thickness of 5 cm, stresses are transmitted across the
interface to either side of the fracture tip, which can be interpreted
as step-over fractures along contacts. In concert, our findings
demonstrate that vertical fracture extension in limestone-marl
alternation is controlled by less than 20 cm thick marl layers. This
must be considered for different permeability upscaling techniques
to improve not only well performance but also to construct more
complete reservoirs models.
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