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Abstract 
 
The subsurface of the NE-Netherlands shows complex fault systems that 
probably are the result of different tectonic events. Analysis of these fault 
systems in terms of such events, however, is complicated since clear criteria to 
link specific faults to specific events are missing. Fault inversion software is of 
particular use in such analysis, since it helps distinguishing subsets of faults 
resulting from specific stress events. The method used is the Multiple Inverse 
Method (MIM) (Yamaji, 2000). This inversion technique is developed to 
separate stresses from heterogeneous fault-slip data without a priori 
information on the stresses or on the classification of faults according to the 
stresses (Yamaji, 2000). Based upon the regional tectonic history of the area, 
different paleostress-regimes can be extracted from the literature and 
corresponding stress-directions can be tested against the heterogeneous fault-
sets. Specific aim of this project is to analyse faults cutting the base of the 
Upper-Rotliegend Group. Considering three main tectonic events concerning the 
area of the NE-Netherlands, it can be concluded that the N-S compressional 
Subhercynian tectonic phase was of minor importance in the structural 
development of the NE-Netherlands region. A lot of faults comprising the fault-
slip data, however, probably resulted from the ENE-WSW extensional stresses 
caused by the Late Kimmerian tectonic phases during the Late Jurassic and 
early Cretaceous.    
 
 

1. Introduction 

 

The subsurface of the NE-Netherlands 

shows complex fault patterns. These 

fault patterns are the result of different 

tectonic events (Ziegler, 1990). The 

main tectonic events that affected the 

area in terms of structural characteristics 

during the last 350 million years follow 

from regional plate tectonic settings. The 

most important of these are the collision 

of Gondwanaland in the south with the 

Laurasia-plate in the north, producing 

the gigantic Variscan foldbelt (fig. 1.1), 

the Mesozoic Pangea break up resulting 

in E-W extensional rift systems and the 

Cretaceous Europe-Africa collision 

causing a roughly N-S compressional 

stress-regime (Ziegler, 1990; Geological 

Survey of the Netherlands, 1995; 

Netherlands Institute of Applied 

Geoscience TNO, 1998 and 2000; Geluk, 
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Figure 1.1:  The collision of Gondwanaland in the south with the Laurasia-plate in the north, producing 
the gigantic Variscan Foldbelt.  The area of the Netherlands was situated close to the north of this foldbelt. 
 
2005). With respect to the NE-

Netherlands, these tectonic events and 

the accompanying stress-regimes can be 

designated four stress-parameters: one 

for the shape of the stress ellipsoid and 

three for the direction of the stress axes. 

These can be compared to the stress-

directions obtained from the fault 

patterns in the NE-Netherlands. A good 

way of obtaining these paleostress-

parameters on the basis of fault-data is 

with the help of fault-slip inversion 

software. This software helps 

distinguishing subsets of faults resulting 

from different (paleo)stress-regimes by 

analysing heterogeneous fault data-sets. 

The method the software uses for this 

analysis is the Multiple Inverse Method 

(MIM) (Yamaji, 2000). This method is 

based on the classic inverse technique 

by Angelier (1984). The classic inverse 

method assumes that faults slip in the 

direction of maximum shear stress 

acting on the fault-plane. The Multiple 

Inverse Method has proven to be a 

powerful tool to separate stresses from 

heterogeneous fault-slip data (Yamaji 

2000; Yamada & Yamaji, 2002).  
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1.1 The Fault-data 

 

Three heterogeneous fault-datasets will 

be analysed. The three heterogeneous 

fault-datasets are obtained from three 

different map sheets of the depth of the 

base of the Upper Rotliegend Group. The 

sheets are part of the Geological Atlas of 

the Subsurface of The Netherlands which 

has been published by Netherlands 

Institute of Applied Geoscience TNO (fig. 

1.2). These map sheets comprise an 

area in the NE-Netherlands. They are 

aligned from the city of Groningen in the 

north to the city of Winterswijk in the 

south. The main reason to analyze the 

area of the NE-Netherlands is that the 

map sheets of the Geological Atlas of the 

Subsurface of The Netherlands are based 

on much high quality data in that area. 

Because of the interests of the oil & gas-

industry in this area, the well-density in 

the NE-Netherlands is very high and a lot 

of seismic surveys have been done. 

Furthermore, much research has already 

been done on the Rotliegend Group in 

this area (for example: Geluk & Röhling, 

1997; Geluk, 2000; Geluk 2005). The 

part of the atlas used for this research is 

the map sheets III, VI and X (fig. 1.2). 

The area of these three map sheets will 

be referred to as the MIM-area from now 

on. The faults analysed for the three 

sheets are situated in the base of the 

Upper Rotliegend Group. This group is 

gas-bearing sandstone which produces 

the famous Groningen gas field among 

others. 

Figure 1.2:  Map sheets of the Geological Atlas 
of the Subsurface of the Netherlands. The MIM-
area is the area of the map sheets III, VI and X.   

The choice for the base of the Upper 

Rotliegend group as reference horizon is 

in the first place the overall occurrence 

of the group in the NE-Netherlands (fig. 

1.3). Secondly, the fact that it is cut by 

many faults, while the overlying layers 

are highly decoupled by the mobile 

Zechstein-salts and exhibit considerably 

less faulting, is an argument that favours 

the base of the Upper-Rotliegend group 

as research horizon. The calculated 

paleostress-regimes for the three 

heterogeneous fault-sets were tested 

against stress-parameters obtained from 

literature regarding three important 

tectonic events affecting the MIM-area. 

For the time span ranging from the 

beginning of the deposition of the Upper 

Rotliegend till now, these tectonic 

phases and the main tectonic events will 

be described shortly.  
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Figure 1.3:  Isopach map of the Upper 
Rotliegend Group (after Lokhorst 1998). 
Contour interval is 100m. Abbreviations: CNB: 
Central Netherlands Basin; TIJH: Texel-
IJsselmeer High; WNB: West Netherlands 
Basin. 
 

 

2. Tectonic History 

 

The geological history of the relative 

small area of the NE-Netherlands will be 

put in a larger framework. In the time 

the Upper Rotliegend Group was 

deposited (about 265 Ma), the Variscan 

Mountain Chain that lay very close to the 

south of the present NE-Netherlands was 

still developing. This mountain chain was 

a consequence of the collision of 

Gondwanaland with the northern 

Laurasia-plate. This collision started at 

320 Ma at the beginning of the Late 

Carboniferous (Ziegler, 1990). After 

cessation of the relative movement of 

Gondwanaland towards Laurasia, an E-W 

trending fold belt transacted today’s 

Europe. The uplift and development of 

this belt is known as the Variscan 

Orogeny.  

 

2.1 Structural development of the 

basement 

 

A roughly N-S oriented compressive 

stress field was caused by the Variscan 

Orogeny. The accompanying tectonic 

event is named the Sudetic Tectonic 

Phase (fig. 2.2). The continuing N-S 

compressive stress field initiated the 

northward migration of the Variscan 

Orogenic Front. This migration occurred 

at the end of the Carboniferous and is 

called the Asturian Tectonic Phase 

(Lorentz & Nicholls, 1976). Several rift 

pulses characterized the middle and late 

Permian. The Saalian Tectonic Phase at 

the end of the Early Permian (about 275 

Ma), short before the beginning of the 

deposition of the Upper Rotliegend 

Group, was the last step in the Variscan 

Orogeny and was the consequence of the 

dextral movement of Africa with respect 

to Europe. This movement caused a 

transpressional stress field in the area of 

the NE-Netherlands (Arthaud & Matte, 

1977; Ziegler, 1989). This changed the 

stress directions into E-W trending 

extensional forces, among others 

causing the development of the Ems Low 
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(Geological Survey of The Netherlands, 

1995). North of the Variscan Mountain 

Belt, E-W trending dextral faults 

developed. A conjugate NW-SE normal 

fault system developed. The active 

faulting along these systems produced 

pull-apart basins (Ziegler, 1982, 1988). 

The several horsts and grabens in the 

Variscan Foreland Basin (Southern 

Permian Basin) formed for about 275 

Ma. These structural elements were still 

principal structural units in Late Jurassic 

to Early Cretaceous times (fig. 2.1). 

During the deposition of the Upper 

Rotliegend Group, the Saalian 

extensional forces were still active 

producing possibly some 

synsedimentareous movements along 

the NW-SE trending faults in the MIM-

area. During this period, structural

 

Figure 2.1:  Overview of the principal structural units in the Netherlands during Late Jurassic to Early 
Cretaceous. 
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features as the faults bounding the 

Lauwerszee Trough, the Gronau Fault 

Zone, the Friesland Platform and the 

Groningen High developed (Netherlands 

Institute of Applied Geoscience TNO, 

1998 and 2000). The Saalian phase 

produced a structural basement which 

was to have an important effect on the 

subsequent geologic history 

(Netherlands Institute of Applied 

Geoscience TNO, 1998)  

 

2.2 The Tubantian Tectonic Phase 

 

The Zechstein Group rests conformably 

on the Upper Rotliegend Group. The 

mobile salt of the Zechstein Group 

decoupled the underlying Upper 

Rotliegend from the overlying groups 

during deformation. This decoupling had 

a great affect on the deformation history 

of the MIM-area (Geluk, 2005). Off 

course, the tectonic events following the 

Saalian Tectonic Phase are the ones of 

interest regarding the development of 

faults in the base of the Upper 

Rotliegend. The Tubantian tectonic phase 

can be subdivided in two short pulses 

both occurring during the deposition of 

the Zechstein Group (Ziegler, 1990) (fig. 

2.2). The first pulse, called the 

Tubantian I, took place between 256 and 

258 Ma, i.e. two to three years after the 

end of the Upper Rotliegend deposition. 

This first Tubantian pulse was triggered 

by a mild E-W extensional stress-field 

and is thought to have be amplified by 

Figure 2.2:  Geologic timetable and overview of 
the principal tectonic events and phases 
controlling the structural evolution of the NE-
Netherlands (after Netherlands Institute of 
Applied Geoscience TNO, 2000). 
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rapid deposition and loading of anhydrite 

upon a differentiated basement (Geluk, 

2005). This differentiated basement was 

the result of the tectonics caused by the 

Saalian and Asturian tectonic phases 

(Netherlands Institute of Applied 

Geoscience TNO, 1998 and 2000). A 

series of small pull-apart basins and 

tilted fault blocks formed and local 

collapse of the Variscan Front along a 

series of NW-trending faults occurred. 

The second tectonic pulse (Tubantian II) 

occurred between 251 and 252 Ma, i.e. 6 

to 7 years after Upper Rotliegend 

deposition. However, this second pulse 

probably caused less significant faulting 

in the MIM-area than did the Tubantian I 

tectonic pulse, because the resulting 

movements are more difficult to identify 

(Geluk, 2005). The structural style of the 

Tubantian faulting suggests it represents 

the aftermath of the Variscan Orogeny 

(Geluk, 2005). The Hardegsen tectonic 

phase at the beginning of the Triassic 

caused several tectonic elements in the 

MIM-area to be reactivated. The 

Hardegsen tectonic phase is a succession 

of three brief pulses of extensional 

movement. The Hardegsen phase also 

mobilized the first volumes of Zechstein 

salt (Netherlands Institute of Applied 

Geoscience TNO, 2000).  

 

2.3 The Kimmerian Tectonic Phases 

 

The main tectonic phases from the 

Middle Triassic till the end of the Jurassic 

are the extensional Kimmerian tectonic 

phases. All of the tectonic events caused 

by these tectonic phases are due to the 

Rift/Wrench systems related to the 

Pangea break up (Ziegler, 1990). 

Especially the Jurassic Age is a period of 

active tectonic deformation in the MIM-

area. The falling apart of the 

supercontinent Pangaea and the 

accompanying Kimmerian Tectonic 

Phases determined the structural 

evolution of NW-Europe during that Age 

and still during the beginning of the 

Cretaceous. These tectonic events highly 

affected the area of the present NE-

Netherlands and major extensional 

forces triggered them. Most important of 

these Kimmerian Tectonic Phases with 

regard to the MIM-area are the Late 

Kimmerian Phases. These phases are 

characterized by ENE-WSW extensional 

stress-fields and a slight dextral 

component (Netherlands Institute of 

Applied Geoscience TNO, 1998). This 

Phase can be separated in two pulses; 

One at the end of the Jurassic and the 

second in the beginning of the Early 

Cretaceous. The Central North Sea 

Graben, situated to the north of the 

MIM-area and having a NNW-SSE 

orientation, extended to the south. This 

was initiated by intensified E-W trending 

stresses. The limited rifting-ability of the 

London-Brabant Massif, in the south and 

the presence of a weaker structural zone 

north-east of the London-Brabant Massif 

caused the rift zone to be shifted 

towards the east (fig. 2.1). This shifting 

was accommodated along NW-SE 
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oriented transtensional strike-slip faults 

(Ziegler, 1990). These faults have 

produced several NW-SE trending basins 

and highs. The Texel-IJsselmeer High 

and The Lower Saxony Basin are good 

examples. The South Gronau Fault and 

the Reutum Fault are excellent examples 

of such transtensional faults (fig. 2.1). 

Differentiation in vertical movement 

between the Groningen High and the 

Lauwerszee Trough is presumed to have 

recurred during this period, especially 

with huge movements along the Hantum 

fault (fig. 2.2). This breaking up of the 

North Netherlands High by the 

transtensional strike-slip faults caused a 

tectonically controlled sedimentation.  

 

2.4 The Subhercynian Tectonic 

Phase 

 

During the Early Cretaceous, graben 

formation was reduced because of active 

sea-floor spreading in the northern part 

of the Atlantic Ocean and the Bay of 

Biscay (Ziegler 1990). The extensional 

stresses diminished in the MIM-area, 

because the surface increase required for 

the breaking up of Pangea was 

accommodated by these active sea-floor 

spreading ridges. So relaxation of the 

extensional stresses was established at 

these localities. During the Cretaceous 

there was little tectonic activity in the 

MIM-area. However, at the end of the 

Cretaceous this changed. The northwest 

Europe Platform was governed by a 

compressional tectonic regime, mainly 

due to the collision of Africa with Europe 

(Ziegler, 1990). This resulted in the 

relative uplift of a number of former 

basins. This inversion developed in a 

number of compressional pulses grouped 

in two tectonic phases, named the 

Subhercynian Phase halfway through the 

Late Cretaceous and the Laramide Phase 

at the end of the Late Cretaceous. In the 

MIM-area this inversion was not very 

distinct, but The Lauwerszee Trough 

subsided a little slower than The 

Groningen High during the Late 

Cretaceous. The Subhercynian Phase is 

caused by an N-S compressional regime. 

During the tectonic phases the 

movements in the MIM-area appear to 

have been refocused along the pre-

existing fault systems. After the 

Cretaceous, tectonic activity nearly 

ceased and further active faulting only 

occurred in a few places comprising the 

MIM-area (Netherlands Institute of 

Applied Geoscience TNO, 1998). For our 

purposes, focussing on the faults cutting 

the base of the Upper Rotliegend, the 

following tectonic phases will be 

considered in detail: the Tubantian 

Tectonic Phase, the Kimmerian Tectonic 

phases and the Sub-Hercynian Tectonic 

Phase (Ziegler, 1990; Netherlands 

Institute of Applied Geoscience TNO, 

1998 and 2000; Geluk, 2005). Of 

course, in discussing the results, the 

differentiated basement before 

deposition of the Upper Rotliegend and 

other (less important) tectonic phases 

that have affected the MIM-area will be 
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considered, but the emphasis will be on 

the three named three tectonic phases. 
 

 

3.  Methods 
 

3.1 The Classic Inverse Method 

Stress tensor inversion is an inverse 

method for determining (paleo)stresses 

from fault-slip data obtained from 

outcrops, borehole cores or active 

seismic clusters. The Multiple Inverse 

Method used for the analysis of the 

faults in the MIM-area, is based on the 

classic inverse technique by Angelier 

(1984). With this classic inverse 

technique, four parameters are 

determined, one (Φ) for the shape of the 

stress ellipsoid and three (σ1, σ2 and 

σ3) for the direction of the stress axes. 

The classic inverse technique is based on 

the Wallace-Bott hypothesis (Angelier, 

1994). This hypothesis is that the 

slickenside striations and the sense of 

shear indicate the direction of the 

maximum shear stress on the fault 

plane, despite the arbitrary orientation of 

the fault plane. As σ  is the stress-tensor 

that activates a fault with the unit 

normal n  and traction at the fault 

surface, nt 
⋅=σ . The normal and shear 

components of this vector are ntn  )( ⋅  

and ntnts  )( ⋅−=  respectively. 

Therefore the shear stress becomes: 

nnnns  )( ⋅⋅−⋅= σσ   

Because due to faulting this shear stress 

should be relieved, the Wallace-Bott 

hypothesis says that a fault slip is 

parallel to the direction of s− . A 

theoretical slip direction can be 

calculated for an assumed stress tensor 

σ . To obtain the best fitting stress 

tensor for a certain fault data-set, the 

angular misfits (∆ℓ) between the 

observed slip directions on all the fault 

planes and the calculated theoretical slip 

directions are summed. And they are 

summed for those (theoretical) angular 

misfits that yield a minimal sum. So for a 

given fault data-set the following 

function is computational minimized, 

∑
=

N

1
∆ℓ 

which yields the best fit direction of σ1, 

σ2 and σ3 and their ratio Φ for the fault-

data set. The sign convention that 

positive and negative stresses 

correspond to compression and tension 

respectively is used. As well, it is stated 

that σ3 ≤ σ2 ≤ σ1 (Yamaji, 2000). The 

value of Φ, called Bishop’s parameter, is 

determined by: 

 

Φ = (σ2- σ3) / (σ1- σ3) 

This Φ is restricted by 0 ≤ Φ ≤ 1, which 

follows from its formula. As can be 

verified by a quick calculation, axial 

compression (σ2 = σ3) would yield a 

value of Φ=0 and axial tension a value 

of Φ=1 (σ2 = σ1). It is also important to 

notice that if the hydrostatic stress 
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would increase, this would have no effect 

on the value of Φ. Note that, the 

magnitude of the differential stress 

cannot be determined from the Bishop’s 

parameter, because the three principal 

stress values are only expressed in 

terms of ratios and not in absolute 

values (Ramsay & Lisle, 2000). However, 

because the shear-and normal-stress 

directions are controlled by only the ratio 

and the direction of the principal 

stresses, hence the differential stress is 

of minor importance.  

3.2 The Multiple Inverse Method 

As stated, the Multiple Inverse Method is 

based on Angelier’s technique. The 

Multiple Inverse Method is a numerical 

technique to separate stresses from 

heterogeneous fault-slip data. The 

principle of the Multiple Inverse Method 

is described shortly in the appendix of 

the user’s guide matching the software 

(Yamaji and Sato, 2004) and more 

thorough by Yamaji (2000). A short 

review of the MIM is given here to 

understand and appreciate the results of 

this analysis. If one would use Angelier’s 

technique to analyse a heterogeneous 

fault-set, one would obtain one best 

fitting stress-tensor for the whole data-

set. This would give us useless stress-

directions for a heterogeneous data-set, 

because it would be a kind of mean of 

the specific stress-directions responsible 

for the specific fault-sets. While these 

specific stress-directions for the specific 

fault sets is just the information one 

would like to have. The MIM however 

yields various specific (paleo)stress-

directions for the various specific subsets 

of faults comprising a heterogeneous 

fault-data set. The Multiple Inverse 

Method uses a sort of self-correlation of 

a heterogeneous data set. Each stress 

that activated a subset of faults 

correlates the members of this subset to 

each other. The theory is that of a group 

of N fault-slip data, k-element subsets 

can be made. To each subset of k faults 

the above described classical stress 

inversion technique is applied. For a set 

of N fault-slip data, the number of 

subsets composed is given by: 

NCk = N! / (k!(N-k)!) 

 

For this Method, values of k=4 or 5 are 

the most appropriate (Yamaji, 2000). In 

this research a value of k=4 has been 

taken, because a value of k=5 would 

make the calculation time to long (an 

increase of k by one, means a decrease 

of (k!(N-k)!), means an increase of NCk). 

If a set of heterogeneous fault-slip data 

would be composed of several specific 

subsets of faults caused by several 

specific stress-regimes, all the k-subsets 

composed of faults of one specific subset 

of faults would make a cluster in the 

parameter space around the stress that 

caused that specific subset of faults. All 

the k-subsets composed of faults from 

two or more of the fault subsets 

however, would be distributed randomly 

in parameter space (Yamaji and Sato, 
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2004). The principal stress-directions 

that are obtained for the NCk subsets by 

the MIM are only correct if there was no 

rotation during the stress-regime 

concerning or during later stress regimes 

(Choi et al., 1996). In the process of 

stress inversion of a subset of four 

faults, the determination contains a 

certain amount of error. So the shown 

tadpole symbols in figure 4.2 till 4.4 are 

approximated states of stress. This 

amount of error is accounted for by the 

uncertainties of structural measurement 

values, some geometrical characteristics 

of fault slips and the basic mechanical 

assumptions which lead to neglect of 

stress perturbations in the faulted rock 

mass (Choi et al., 1996). 

 

3.3 Type of data  

 

Goal was to obtain data suitable for the 

fault inversion software from the maps. 

The needed characteristics of the faults 

were the dip and the azimuth of the dip 

of the faults and the dip of the direction 

of movement and the azimuth of the dip 

of the movement. Finally, the sense of 

fault-movement was needed. This had to 

be specified as normal, reverse, sinistral 

or dextral. The fault inversion software 

needed sets of faults, with for each fault 

the five just mentioned variables 

specified. So the Azimuth of dip of all the 

faults was measured. With help of the 

cross-sections the actual dips of some 

(about 15%) of the faults could be 

measured (taking into account the 

vertical exaggeration of the structural 

sections). For the faults in the area of 

investigation that were not cut by a 

cross-section, the dip of the normal 

faults was assumed 520 and that of the 

(few) reverse faults was taken 380 (900 -

520). This assumption of a dip of 520 is 

justified by the dips calculated for the 

faults that do cut the cross-sections, 

because these faults do have an overall 

mean dip of about 520 (fig. 4.1). And 

although, according to the Coulomb 

fracture criterion the dip for normal 

faults is 580 (assuming the faults were 

caused by an extensional Andersonian 

stress-regime) on average, the scatter 

around this value can be quite high, due 

to pore fluid pressure, temperature and 

rock type (Twiss and Moores, 1992). 

Because lack of data (there are no 

outcrops or boreholes providing this 

information (e.g. slickenside striations)), 

it was not possible to determine the 

azimuth of the dip of movement and/or 

the dip of the movement along the 

faults. So these azimuths and dips of 

movement are given the same value as 

the azimuths and dips of the faults, 

assuming pure dip-slip faulting. This is 

quite some assumption, but the choice 

to analyse an area as great as the MIM-

area in only four weeks, makes this 

assumption necessary. It would of 

course be possible to make use of the 

original seismic data-sets to obtain the 

azimuth of the dip of movement and the 

dip of movement of the faults. For a 

smaller area comprising about 10 to 20 
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faults this might be an interesting 

Bachelor-project in the future. 

Furthermore only the sense of slip 

movement and the orientation of the 

fault do provide useful information 

regarding the stress-state causing the 

faults (Orife et al., 2002). The results 

contain the fault slip data belonging to 

the MIM-area. Simultaneous with the 

gathering of the fault data, the faults 

were all given a number. These fault 

numbers are denoted in the results and 

in the lines comprising the fault data in 

the .fdt-files as well. These .fdt-files are 

the input files for the Multiple Inverse 

Method software package. These are 

appended as appendix 5, 6 and 7 

respectively for the areas ranging from 

north to south.  

 

3.4 Application to NE-Netherlands 

 

The calculated paleostresses by the MIM 

will be compared to the ‘known’ 

paleostresses that have initiated the 

already known deformation phases that 

affected the MIM-area. So these most 

important deformation phases will be 

designated directions of the stress-

parameters σ1, σ2 and σ3, (table 4.1) 

assuming Andersonian stress. This 

Andersonian stress assumption is 

justified by results obtained from earlier 

paleostress-determinations of several 

tectonic regimes (Bergerat et al., 1999; 

Saintot & Angelier, 2000; Yamada & 

Yamaji, 2002). Also the deformation 

phases will be designated a value for 

Bishop’s parameter Φ (table 4.1). 

Subsequently, these values will be 

compared to values of the stress-

parameters obtained from the MIM.  In 

that way, certain subsets of faults could 

be matched to a specific tectonic phase 

and the stress-parameters for a certain 

tectonic phase firstly obtained from 

descriptions in the literature (table 4.1) 

possibly can be refined.  

 

 

4. Results 
 

4.1 Designation of parameters 

 

To attach numerical values to the 

parameters of the paleostress-regimes it 

is necessary to have knowledge of the 

tectonic history of the MIM-area, as 

described before. According to the 

literature, (Netherlands Institute of 

Applied Geoscience TNO, 1998; Geluk, 

2005) the most important tectonic 

phases that caused faulting in the MIM-

area are the Tubantian, Kimmerian and 

Sub-Hercynian tectonic phases. Table 

4.1 shows the designated directions of 

σ1, σ2 and σ3 and their estimated ratio 

Φ for these three tectonic phases. The 

first Tubantian pulse was triggered by 

rapid deposition and loading of anhydrite 

upon a differentiated basement, in 

combination with mild E-W extension. As 

the σ1-orientation is compression and 

the σ3-orientation is extension, this 

means that for the Tubantian regime the 

σ3-direction is horizontally and has an E-
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W orientation. And so because of the 

Andersonian stress assumption, the σ1-

orientation can be taken vertically. The 

value of 0.4 for Φ is based on the 

qualitative description as well, so 

because of the rapid deposition and the 

resulting rapid loading, the difference 

between the values of σ1 and σ3 is more 

than twice the difference between the 

values of σ2 and σ3, which yields a value 

of approximately 0.4. This value is in 

agreement with earlier Φ determinations 

of triaxial extensional stress-regimes 

(Bergerat et al., 1999; Saintot & 

Angelier, 2000; Yamada & Yamaji, 

2002). The Kimmerian phases are 

characterized by ENE-WSW extensional 

stress-fields and a slight dextral 

component. So again the σ1-orienataion 

is vertically, but this time the σ3-

orientation has an azimuth of 67.50. 

Because of the more powerful extension 

the difference between σ2 and σ3 values 

is greater as was the case during the 

Tubantian tectonic phase.  This means 

that the ratio (σ2- σ3) / (σ1- σ3) 

becomes higher and so is estimated 0.7. 

This value is also in consensus with the 

values for extensional stress-regimes 

obtained by Yamada & Yamaji, 2002. 

The Subhercynian Phase is caused by an 

N-S compressional stress-regime. This 

means a horizontal N-S oriented σ1 and 

a σ3-orientation that is vertical. The 

value for Φ=0.2 is based on the 

assumption that σ2 and σ3 have values 

that lie relative close together, while the 

value for σ1 is significant higher yielding 

a value of Φ around 0.2. This value is in 

consensus with the values for 

compressional stress-regimes obtained 

by Yamada & Yamaji, 2002. 

 

Tectonic Phase Tubantian  Kimmerian Subhercynian 

σ3-direction  
(azimuth of dip; dip) 

90°; 0° 67.5°; 0° 0°; 90° 

σ1-direction 
(azimuth of dip; dip) 

0°; 90° 0°; 90° 0°; 0° 

Φ  
((σ2-σ3)/(σ1-σ3))                               

0.4 0.7 0.2 

Table 4.1:  Overview of the most important tectonic phases with respect to fault-development in the area 
of the NE-Netherlands (Ziegler, 1990; Geluk, 1999 and Netherlands Institute of Applied Geoscience TNO, 
1998 and 2000). The stress-parameters are designated based on the description of the tectonic phases. 
 
4.2  Fault data  

 

In the following tables (table 4.2, 4.3 

and 4.4) the results of the fault 

measurements are presented. The 1000-

numbers are fault-measurements in the 

northern sub-area; the 2000-numbers 

are faults in the centred sub-area and 

the 3000-numbers represent faults in the 

southern sub-area of the MIM-area. The 

maps with the corresponding numbered 
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faults are appended as appendix one, 

two and three from north to south 

respectively. In Appendix 4 the (method 

of) calculation of the dips from the cross-

sections is presented.    

 

Fault 
Nr. 

Azimuth of 
dip (degrees) 

Dip 
(degrees) 

Sense of 
movement 

1001 215 52 N 
1002 192 52 N 
1003 8 52 N 
1004 45 40 N 
1005 247 50 N 
1006 40 37 N 
1007 240 52 N 
1008 20 60 N 
1009 35 64 N 
1010 10 52 N 
1011 245 52 N 
1012 20 52 N 
1013 75 52 N 
1014 240 52 N 
1015 235 52 N 
1016 40 52 N 
1017 220 52 N 
1018 225 70 N 
1019 40 52 N 
1020 40 52 N 
1021 45 52 N 
1022 60 52 N 
1023 70 52 N 
1024 250 52 N 
1025 240 50 N 
1026 70 43 N 
1027 350 52 N 
1028 15 22 N 
1029 5 52 N 
1030 70 52 N 
1031 40 52 N 
1032 45 52 N 
1033 155 52 N 
1034 165 52 N 
1035 160 52 N 
1036 330 52 N 
1037 55 52 N 
1038 60 52 N 
1039 250 52 N 
1040 45 52 N 
1041 230 52 N 
1042 45 52 N 
1043 205 52 N 
1044 70 52 N 
1045 60 52 N 
1046 235 78 N 
1047 235 49 N 
1048 190 52 N 
1049 75 15 N 
1050 60 52 N 
1051 265 52 N 
1052 160 52 N 
1053 330 52 N 
1054 150 52 N 
1055 345 52 N 
1056 30 52 N 
1057 260 53 N 

1058 55 46 N 
1059 65 56 N 
1060 180 52 N 
1061 60 51 N 
1062 80 52 N 
1063 70 52 N 
1064 75 56 N 
1065 230 50 N 
1066 165 15 N 
1067 345 52 N 
1068 345 52 N 
1069 340 52 N 
1070 45 58 N 
1071 250 52 N 
1072 350 52 N 
1073 175 52 N 
1074 345 52 N 
1075 80 52 N 
1076 95 52 N 
1077 240 52 N 
1078 260 52 N 
1079 80 52 N 
1080 245 52 N 
1081 80 52 N 
1082 190 52 N 
1083 170 52 N 
1084 40 52 N 
1085 215 52 N 
1086 10 52 N 
1087 285 52 N 
1088 260 52 N 
1089 70 52 N 
1090 245 52 N 
1091 175 52 N 
1092 190 52 N 
1093 350 52 N 
1094 255 52 N 
1095 230 52 N 
1096 90 52 N 
1097 65 52 N 
1098 10 52 N 
1099 70 52 N 
1100 180 52 N 
1101 265 52 N 
1102 85 52 N 
1103 80 30 N 
1104 75 52 N 
1105 170 24 N 
1106 15 26 N 
1107 0 16 N 
1108 345 29 N 

Table 4.2:  Results for the faults cutting the base 
of the Upper Rotliegend group: Map sheet III 
(Rottumeroog-Groningen) of the Geological 
Atlas of the Subsurface of the Netherlands; The 
northern sub-area of the MIM-area. For the 
corresponding faults, see the map of appendix 1. 
Faults with orange font have a less then 100 
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misfit with the theoretical slip direction that 
should have been caused by the Tubantian 
tectonic phase. Faults with bleu font have a less 
then 100 misfit with the theoretical slip direction 
that should have been caused by the Kimmerian 
tectonic phase. 

 
Fault 
Nr. 

Azimuth of 
dip (degrees) 

Dip 
(degrees) 

Sense of 
movement 

2001 65 86 N 
2002 55 52 N 
2003 45 52 N 
2004 165 52 N 
2005 35 52 N 
2006 55 52 N 
2007 235 52 N 
2008 150 58 N 
2009 150 59 N 
2010 50 52 N 
2011 230 52 N 
2012 150 52 N 
2013 260 52 N 
2014 75 52 N 
2015 110 52 N 
2016 165 66 N 
2017 50 52 N 
2018 240 52 N 
2019 190 52 N 
2020 180 52 N 
2021 160 52 N 
2022 155 52 N 
2023 155 52 N 
2024 175 52 N 
2025 165 52 N 
2026 85 52 N 
2027 330 52 N 
2028 350 52 N 
2029 355 52 N 
2030 260 52 N 
2031 180 52 N 
2032 265 52 N 
2033 180 52 N 
2034 240 52 N 
2035 100 52 N 
2036 10 52 N 
2037 170 52 N 
2038 175 52 N 
2039 260 52 N 
2040 105 52 N 
2041 310 52 N 
2042 205 52 N 
2043 85 52 N 
2044 170 68 N 
2045 200 71 N 
2046 175 56 N 
2047 0 52 N 
2048 205 52 N 
2049 60 52 N 
2050 95 74 N 
2051 175 52 N 
2052 40 55 N 
2053 195 52 N 
2054 270 52 N 
2055 180 52 N 
2056 205 46 N 
2057 25 45 N 
2058 195 56 N 

2059 260 39 N 
2060 115 52 N 
2061 75 52 N 
2062 90 52 N 
2063 280 52 N 
2064 190 52 N 
2065 255 35 N 
2066 90 38 N 
2067 25 52 N 
2068 90 52 N 
2069 170 74 N 
2070 185 52 N 
2071 55 52 N 
2072 110 60 N 
2073 175 87 N 
2074 255 52 N 
2075 5 69 N 
2076 345 52 N 
2077 0 52 N 
2078 190 52 N 
2079 5 52 N 
2080 5 52 N 
2081 255 52 N 
2082 190 52 N 
2083 180 73 N 
2084 15 46 N 
2085 190 52 N 
2086 355 52 N 
2087 185 52 N 
2088 175 67 N 
2089 10 52 N 
2090 10 75 N 
2091 190 52 N 
2092 180 52 N 
2093 0 52 N 
2094 5 52 N 
2095 340 74 N 
2096 45 52 N 
2097 5 52 N 
2098 0 52 N 
2099 195 52 N 
2100 265 52 N 
2101 345 52 N 
2102 75 52 N 
2103 190 65 N 
2104 15 52 N 
2105 140 52 N 
2106 345 52 N 
2107 80 84 N 
2108 170 52 N 
2109 255 74 N 
2110 90 52 N 
2111 5 52 N 
2112 205 52 N 
2113 30 52 N 
2114 200 52 N 
2115 260 52 N 
2116 190 52 N 
2117 75 52 N 
2118 255 52 N 
2119 10 52 N 
2120 5 52 N 
2121 190 52 N 
2122 200 52 N 
2123 190 50 N 
2124 190 44 N 
2125 185 52 N 
2126 10 52 N 
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Table 4.3:  Results for the faults cutting the base 
of the Upper Rotliegend group: Map sheet VI 
(Veendam-Hoogeveen) of the Geological Atlas of 
the Subsurface of the Netherlands; the centred 
sub-area of the MIM-area. For the 
corresponding faults see the map of appendix 2. 
Faults with orange font have a less then 100 
misfit with the theoretical slip direction that 
should have been caused by the Tubantian 
tectonic phase. Faults with bleu font have a less 
then 100 misfit with the theoretical slip direction 
that should have been caused by the Kimmerian 
tectonic phase. 

 
Fault 
Nr. 

Azimuth of 
dip (degrees) 

Dip 
(degrees) 

Sense of 
movement 

3001 2 52 N 
3002 100 52 N 
3003 15 52 N 
3004 170 52 N 
3005 180 52 N 
3006 90 52 N 
3007 270 52 N 
3008 190 52 N 
3009 0 52 N 
3010 190 52 N 
3011 80 52 N 
3012 20 52 N 
3013 195 52 N 
3014 190 52 N 
3015 70 52 N 
3016 175 52 N 
3017 165 52 N 
3018 190 52 N 
3019 0 52 N 
3020 285 52 N 
3021 0 52 N 
3022 130 52 N 
3023 295 52 N 
3024 65 39 N 
3025 55 52 N 
3026 235 35 N 
3027 35 52 N 
3028 260 52 N 
3029 5 52 N 
3030 20 52 N 
3031 45 52 N 
3032 15 52 N 
3033 195 52 N 
3034 25 52 N 
3035 5 52 N 
3036 165 52 N 
3037 225 52 N 
3038 350 52 N 
3039 50 40 N 
3040 240 52 N 
3041 70 65 N 
3042 45 52 N 
3043 40 52 N 
3044 40 52 N 
3045 190 52 N 
3046 30 52 N 
3047 165 38 R 
3048 50 52 N 
3049 240 52 N 
3050 80 52 N 

3051 95 52 N 
3052 190 52 N 
3053 255 52 N 
3054 30 52 N 
3055 85 52 N 
3056 30 44 N 
3057 200 60 N 
3058 190 53 N 
3059 225 52 N 
3060 5 28 R 
3061 195 52 N 
3062 10 52 N 
3063 10 52 N 
3064 205 46 N 
3065 10 67 N 
3066 230 63 N 
3067 45 52 N 
3068 195 45 N 
3069 20 52 N 
3070 45 52 N 
3071 55 48 N 
3072 30 41 N 
3073 250 52 N 
3074 65 52 N 
3075 210 52 N 
3076 20 47 N 
3077 230 42 N 
3078 65 38 N 
3079 220 52 N 
3080 210 52 N 
3081 25 52 N 
3082 190 52 N 
3083 25 52 N 
3084 185 52 N 
3085 175 52 N 
3086 25 52 N 
3087 10 52 N 
3088 200 52 N 
3089 25 38 R 
3090 20 52 N 
3091 185 52 N 
3092 240 52 N 
3093 15 52 N 
3094 200 38 N 
3095 195 52 N 
3096 70 52 N 
3097 30 38 R 
3098 5 38 R 
3099 0 52 N 
3100 205 52 N 
3101 205 52 N 
3102 30 52 N 
3103 30 52 N 
3104 0 52 N 
3105 225 52 N 
3106 20 41 N 
3107 45 38 R 
3108 195 52 N 
3109 18 59 R 
3110 10 52 N 
3111 200 52 N 
3112 15 52 N 
3113 195 52 N 
3114 0 49 N 
3115 175 52 N 
3116 180 46 N 
3117 40 52 N 
3118 10 52 N 
3119 205 41 N 
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3120 200 52 N 
3121 20 52 N 
3122 195 72 N 
3123 35 52 N 
3124 10 52 N 
3125 10 29 N 
3126 15 26 N 
3127 25 52 N 
3128 45 32 N 

Table 4.4:  Results for the faults cutting the base 
of the Upper Rotliegend group: Map sheet X 
(Almelo-Winterswijk) of the Geological Atlas of 
the Subsurface of the Netherlands; the southern 
sub-area of the MIM-area. For the 
corresponding faults, see the map of appendix 3. 
Faults with orange font have a less then 100 
misfit with the theoretical slip direction that 
should have been caused by the Tubantian 
tectonic phase. Faults with bleu font have a less 
then 100 misfit with the theoretical slip direction 
that should have been caused by the Kimmerian 
tectonic phase. Faults with red font have a less 
then 100 misfit with the theroretical slip direction 
that should have been caused by the 
Subhercynian tectonic phase.  

 

Furthermore the calculations of the dips 

of the faults cutting the cross sections 

are presented. The histogram (fig. 4.1) 

shows the distribution of the dips all 

faults analyzed that cut the cross-

sections. The arithmetic mean of all 

these dips is 520 (appendix 4). 
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Figure 4.1:  Distribution of the dips of the faults cutting the structural profiles in the MIM-area. 

 

4.3 Results of the MIM 

 

The calculated paleostress diagrams for 

the three different sub areas are 

presented separately. The clusters of 

tadpoles representing a certain 

paleostress-regime are shown in the 

figures obtained from the MIM-software. 

Figures 4.2, 4.3 and 4.4 show the results 

for the three sub-areas of the MIM-area 

from north to south respectively. A 

roughly radial distribution of the tadpoles 

having a value of Φ = 0.1/0.2 for the σ3-

direction can be recognized in the whole 
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MIM-area (fig. 4.2, 4.3 and 4.4). All 

these tadpoles represent states of stress 

with nearly vertical σ1-directions. In the 

three sub-areas several clusters of 

tadpoles are shown. The northern sub-

area of the MIM-area exhibits two 

characteristic clusters of matching σ1-

and σ3-directions. One, with a value of 

Φ = 0.5 (the surrounded cluster with 

green tadpoles in fig. 4.2) ,a σ1-direction 

that has an azimuth of plunge of about 

2350 and a plunge of approximately 700  

and a σ3-direction that has an azimuth 

of plunge around 550 and a plunge of 

roughly 200. The second cluster with a 

value of Φ = 0.3 (the surrounded cluster 

with light blue tadpoles in fig. 4.2), a σ1-

direction that has an azimuth of plunge 

of approximately 500 and a plunge of 

about 750  and a σ3-direction that has an 

azimuth of plunge around 2300 and a 

plunge of about 150. The paleostress 

diagram for the centred sub-area yields 

one significant cluster of tadpoles. This 

cluster (fig. 4.3) has a value of Φ = 0.5, 

a σ1-direction that has an azimuth of 

plunge around 3400 and a plunge of 

about 700  and a σ3-direction that has an 

azimuth of plunge around 1600 and a 

plunge of approximately 200. Finally the 

southern sub-area of the MIM-area 

exhibits two significant clusters of 

tadpoles that share close resemblance 

regarding the orientations of the σ1-and 

σ3-axes (fig. 4.4). However their 

Bishop’s parameters differ by a value of 

0.3/0.4. Firstly, the cluster of tadpoles 

that represents a state of stress close to 

axial tension (Φ = 0.8/0.9, the 

surrounded cluster with tadpoles that are 

dark-yellow / orange in fig. 4.4), has a 

σ1-direction that has an azimuth of 

plunge of about 2020 and a plunge of 

about 550 and a σ3-direction that has an 

azimuth of plunge approximately 220 and 

a plunge of about 350. The second 

cluster (the surrounded cluster with 

green tadpoles in fig. 4.4) represents a 

state of stress that is almost the same as 

the state of stress represented by the 

green-tadpole cluster from the northern 

sub-area. This cluster has a value of  Φ 

= 0.5, a σ1-direction that has an 

azimuth of plunge of about 2150 and a 

plunge of about 700  and a σ3-direction 

that has an azimuth of plunge of 

approximately 350 and a plunge of about 

200.  
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Figure 4.2:  The results of MIM-processor for the northern of the three sub areas of the MIM-area. A 
tadpole symbol represents a state of stress. On the left stereogram, the position of the head of a tadpole 
symbol indicates a σ1 orientation and the azimuth and plunge of the σ3 orientation are designated by its 
tail. The length of a tail is drawn proportional to the remainder (90˚ - plunge). The steeper the σ3-axis, the 
shorter the tail is. The correspondence between the length and plunge is shown by the ten grey tadpole 
symbols plotted between the stereogram’s, where the tadpoles with the longest and shortest tails indicate 
plunges at 0˚ and 90˚. The role of the head and tail is inverted on the right stereogram. That is, the 
position of the head of a tadpole symbol in the right stereogram indicates the σ3-orientation. There are 
colour bars just below the menu bar and under the stereograms. The violet and red indicate Φ = 0 and Φ 
= 1 respectively. And Φ = 0.2 is defined by the third colour from the left in the colour bar.
 

Figure 4.3:  The results of MIM-processor for the centred of the three sub areas of the MIM-area. See 
figure 4.1 for explanation of symbols and colours.  
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Figure 4.4:  The results of MIM-processor for the southern of the three sub areas of the MIM-area. See 
figure 4.1 for explanation of symbols and colours.  
 
4.4 The fault-data tested for the 

stress states designated to the three 

tectonic phases. 

 

The option of the MIM-software to 

calculate the theoretical slip-direction on 

any given fault for a specific state of 

stress makes it possible to present 

histograms that show the angular misfit 

between the ‘observed’ slip direction 

along a fault and the theoretical slip 

direction that should have resulted from 

a specific state of stress; In this case 

the paleostresses extracted from the 

literature. The stress-states obtained for 

the Tubantian, Kimmerian and 

Subhercynian tectonic phases were 

tested on the faults of the MIM-area. As 

the stress parameters designated to the 

Tubantian tectonic phase were tested on 

the faults, this yielded the misfits shown 

in the figures 4.5-4.7 for the three sub-

areas respectively. As can be seen in 

the histograms (figs. 4.5, 4.6, 4.7, 4.11, 

4.12 and 4.13), apart from the seven 

reverse faults in the southern sub-area, 

the angular misfits for the Tubantian 

and Kimmerian tectonic phases were not 

greater then 900 for any of the faults. 

The figs. 4.8 to 4.10 present stereonets 

plotting the faults for the tree sub-areas 

from north to south respectively. The 

colours of the faults represent the 

angular misfits for the stress state 

designated to the Tubantian tectonic 

phase and these colours are linked to 

the colours in the histograms. With the 

aid of the program it was possible to 

extract groups of faults that probably 

were initiated by one of the tectonic 

phases (subsection 4.1).  
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1815129630

27

55

23
2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Figure 4.5:  Histogram for the angular misfits of 
the slip-direction of the faults in the northern of 
the three sub-areas in the MIM-area with 
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respect to the slip direction that should have 
been caused by a Tubantian stress regime 
(Horizontal units are degrees / 10) 
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Figure 4.6:  Histogram for the angular misfits of 
the slip-direction of the faults in the centred of 
the three sub-areas in the MIM-area with 
respect to the slip direction that should have 
been caused by a Tubantian stress regime 
(Horizontal units are degrees / 10) 
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Figure 4.7:  Histogram for the angular misfits of 
the slip-direction of the faults in the southern of 
the three sub-areas in the MIM-area with 
respect to the slip direction that should have 
been caused by a Tubantian stress regime 
(Horizontal units are degrees / 10) 
 

0,0    90,0
90,0    0,0
0,4

Figure 4.8:  Stereonet for the faults in the 
northern of the three sub-areas of the MIM-
area. The open circles with the arrows represent 
the (assumed dip-slip) movements of the fault. 
The green dots represent the direction of slip 
that would have occurred in case of a state of 
stress as was present during the Tubantian 
tectonic phase. Solid green dots mean reverse-
fault movement. Open green dots mean normal 
fault movement. The colour of the faults 
represents the angular misfit of slip direction. 

Down-left, the entered values of the azimuth of 
dip and dip of the σ1-axis, the azimuth of dip and 
dip of the σ3-axis and of Φ are shown from top 
down respectively.  
 

0,0    90,0
90,0    0,0
0,4  

Figure 4.9:  Stereonet for the faults in the 
centred of the three sub-areas of the MIM-area. 
The green dots represent the direction of slip 
that would have occurred in case of a state of 
stress as was present during the Tubantian 
tectonic phase. Colours and values are the same 
as for figure 4.8. 
 

0,0    90,0
90,0    0,0
0,4  

Figure 4.10:  Stereonet for the faults in the 
southern of the three sub-areas of the MIM-
area. The green dots represent the direction of 
slip that would have occurred in case of a state 
of stress as was present during the Tubantian 
tectonic phase. Colours and values are the same 
as for figure 4.8. 
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Histogram for Angular Misfits
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Figure 4.11:  Histogram for the angular misfits 
of the slip-direction of the faults in the northern 
of the three sub-areas in the MIM-area with 
respect to the slip direction that should have 
been caused by a Kimmerian stress regime.  
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Figure 4.12:  Histogram for the angular misfits 
of the slip-direction of the faults in the centred of 
the three sub-areas in the MIM-area with 
respect to the slip direction that should have 
been caused by a Kimmerian stress regime. 
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Figure 4.13:  Histogram for the angular misfits 
of the slip-direction of the faults in the southern 
of the three sub-areas in the MIM-area with 
respect to the slip direction that should have 
been caused by a Kimmerian stress regime. 
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Figure 4.14:  Stereonet for the faults in the 
northern of the three sub-areas of the MIM-
area. The green dots represent the direction of 
slip that would have occurred in case of a state 

of stress as was present during the Kimmerian 
tectonic phase. Colours and values are the same 
as for figure 4.8. 
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Figure 4.15:  Stereonet for the faults in the 
centred of the three sub-areas of the MIM-area. 
The green dots represent the direction of slip 
that would have occurred in case of a state of 
stress as was present during the Kimmerian 
tectonic phase. Colours and values are the same 
as for figure 4.8. 
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Figure 4.16:  Stereonet for the faults in the 
southern of the three sub-areas of the MIM-
area. The green dots represent the direction of 
slip that would have occurred in case of a state 
of stress as was present during the Kimmerian 
tectonic phase. Colours and values are the same 
as for figure 4.8. 
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Histogram for Angular Misfits
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Figure 4.17:  Histogram for the angular misfits 
of the slip-direction of the faults in the northern 
of the three sub-areas in the MIM-area with 
respect to the slip direction that should have 
been caused by a Subhercynian stress regime. 
 

 

5. Discussion 
 

Before discussing the results, one has to 

bear in mind that the results of the 

Multiple Inverse Method are subject to 

several important assumptions made 

regarding the fault-data. First of all, the 

dip of most of the faults is designated an 

assumed value (520 for normal faults 

and 380 for reverse faults). Secondly, the 

movement of all the faults is assumed 

dip-slip, which is an assumption that has 

great effect on the stress-parameters 

calculated by the Multiple Inverse 

Method. However, although the slip 

direction on the faults is assumed, the 

sense of fault movement is known. 

Furthermore, to appreciate the obtained 

paleostress-values with respect to the 

tectonic history of the MIM-area, it 

should be kept in mind that the fact that 

the numerical values are designated to 

the three paleostress-regimes based on 

the purely qualitative descriptions of the 

tectonic phases. However, clearly some 

preferred stress orientations follow from 

the data. Of course, it is possible that 

some of the faults were initiated by other 

than the three reviewed tectonic phases, 

as there are more tectonic phases, like 

the Hadegsen, Austrian and Laramide 

tectonic phases, that affected the NE-

Netherlands region (Netherlands 

Institute of Applied Geoscience TNO, 

1998). However, these phases probably 

yielded lower differential stresses in the 

MIM-area as did the three tectonic 

phases discussed. Because all the faults 

were designated dip-slip fault 

movement, most of the values for Φ 

obtained from the MIM-software are 

close to zero. This is in line with the fact 

that a value of Φ = 0 represents a state 

of uniaxial compression, which in case of 

a vertical σ1 and a isotropic 

homogeneous crust, would yield the 

initiation of randomly oriented dip-slip 

moving normal faults. So the roughly 

radial symmetric distribution of the dark-

blue tadpoles in the figures 4.2 till 4.4 

can be explained by the dip-slip 

movement assumption and the high 

range in strikes of the faults. This 

roughly radial distribution can be 

recognized in all three sub-areas.  

 

5.1 Stress differentiation between 

sub-areas 

 

The three sub-areas exhibit differing 

distributions of the tadpoles (fig. 4.2-

4.4), which is difficult to explain. 

Especially the tadpole cluster in the 

centred sub-area presents a quite 

different paleostress distribution as the 

two other sub-areas. It is not very 
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realistic to expect a homogeneous 

stress-field in the MIM-area on every 

moment in geologic history. It is possible 

to have highly differing stress-directions 

over an area the size of the MIM-area. 

As well, the value of Bishop’s parameter 

can show differing values over such an 

area. For example the stress-map of 

Germany, which is part of the world 

stress map, shows areas the size of the 

MIM-area, where the σ1-direction is 

rotated 90° from one place to another. 

The results of the Multiple Inverse 

Method (fig. 4.2-4.4) show notable 

clusters of tadpoles with approximately 

the same colour that differ significant 

from one sub-area to another. Especially 

the σ3-axis exhibits these differences. 

The differing results for the three sub-

areas can be explained in several ways. 

In the first place could the rheological 

behaviour of one sub-area with respect 

to another be different at the time the 

faults developed. Thickness variations of 

layers can be caused by a differentiated 

basement during deposition and also by 

variations in sediment supply during 

deposition of a layer. Already existing 

highs and basins in the MIM-area have 

caused significant spatial differences in 

layer thicknesses (Netherlands Institute 

of Applied Geoscience TNO, 1998 and 

2000). These thickness variations might 

have influenced the fault-development 

locally. Secondly, one of the sub-areas 

might be affected by another than the 

three regarded tectonic phases. This is a 

reasonable explanation for the nearly N-

S oriented extension axis in the centred 

of the three sub-areas. In the third place 

could the different obtained stress-

results for the three sub-areas be 

explained by a local shift in paleostress-

orientation. The remarkable cluster of 

tadpoles in the southern sub-area that 

represents a state of stress close to axial 

tension (Φ = 0.8/0.9), that has a σ1-

direction with an azimuth of plunge of 

about 2020 and a plunge of about 550 

and a σ3-direction with an azimuth of 

plunge approximately 220 and a plunge 

of about 350 could well be explained by 

heterogeneous stress on MIM-area scale.   

A different expression of the stress-state 

belonging to the Kimmerian tectonic 

phase might be due to the limited rifting 

ability of the London-Brabant Massif. As 

stated before the limited rifting-ability of 

the London-Brabant Massif in the south 

and the presence of a weaker structural 

zone north-east of the London-Brabant 

Massif caused the rift zone, caused by 

the Kimmerian tectonic phase, to be 

shifted towards the east (Ziegler, 1990). 

This shifting was accommodated along 

NW-SE oriented transtensional strike-slip 

faults. The South Gronau Fault is an 

excellent example of such a 

transtensional fault (Geluk, 2005). This 

shifting is probably more pronounced in 

the southern of the three sub-areas as it 

is situated closest to the London-Brabant 

Massif. This could well explain the fact 

that this state of stress is only observed 

in the results obtained from the fault-slip 

data of the southern sub-area. As a lot 
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of the faults comprising the fault data-

set of the southern sub-area are parts of 

this South Gronau Fault, the dip-slip 

assumption certainly was wrong for 

these faults. And if we had given the 

faults that have an azimuth of dip 

around 450 and 2250 (the NW-SE 

transtensional faults mentioned above) a 

dextral oblique normal sense of slip, the 

stress parameters probably would have 

come out closer to those designated to 

the Kimmerian tectonic phase. So the 

dip-slip assumption could be another 

reason for the differing results from one 

sub-area to another, regarding the 

calculated paleostress-orientations.  

 

5.2 Division in subsets 

 

In this subsection and in the subsections 

5.3, 5.4 and 5.5 the misfits between the 

theoretical slip directions and the 

‘observed’ slip directions on the faults 

are discussed (subsection 4.4). The 

stress-states obtained for the Tubantian, 

Kimmerian and Subhercynian tectonic 

phases were tested on the faults of the 

MIM-area. The MIM-software was able to 

calculate the slip direction on a fault with 

given orientation and dip. In the results 

the misfits between these calculated slip 

directions and the ‘observed’ slip 

directions are presented. The faults that 

have a misfit of less then 100 with 

respect to one of the three considered 

tectonic phases are grouped into 

subsets. In the tables 4.2, 4.3 and 4.4 

the faults belonging to such a subset are 

indicated with colours. For a horizontal 

σ3-orientation and a higher value of 

Bishop’s parameter as zero it can be 

expected that oblique-normal fault-

movement will occur for faults with 

strikes that are not exactly orthogonal to 

the σ3-axis. So in figures 4.8-4.10 one 

can observe that the calculated slip 

direction (open green dots) is indeed 

oblique-normal for faults with an azimuth 

of dip that differs from the σ3-orientation 

of 900. The small angular misfits on 

faults that have a strike almost parallel 

to the σ3-orientation (zero misfit for 

faults with a strike exactly parallel to the 

σ3-axis) can easily be explained, 

because these faults are not effected by 

the E-W extension and so behave as 

pure dip-slip normal faults with the σ2-

axis acting as direction of major 

extension. So a fault with an azimuth of 

dip that has an angle of 900 with respect 

to the σ3-axis would yield a 00 misfit in 

slip direction. It is however improbable 

that such an oriented fault actual would 

have been initiated by such a stress 

state, as the direction of maximum 

extensional force was the σ3-axis. If the 

strength of the rocks would be highly 

variable with respect to direction of the 

highest stresses, anisotropic faulting-

behaviour is possible. However only to 

such extend that the azimuth of dip does 

not change anymore as approximately 

200 from the direction of major extension 

for a value of Φ = 0.3, regarding the 

distribution of angular misfits for a real 
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fault-slip data set (Choi, Angelier and 

Souffache, 1996).  

 

5.3 Tubantian tectonic phase 

 

From the figures 4.2, 4.3 and 4.4 there 

are no characteristic clusters of tadpoles 

that could be interpreted as the 

expression of the stress-regime of the 

Tubantian tectonic phase. However the 

normal faults in the MIM-area that do 

have a roughly N-S oriented strike 

certainly could be caused by the 

Tubantian tectonic phase. This is the 

case for all the faults that do have an 

azimuth of dip that is between 900 ± 200, 

as can be concluded from the 

orientations of the faults that have misfit 

of less then 100 in slip direction between 

the ‘observed’ and the one calculated for 

the stress state designated to the 

Tubantian tectonic phase (tables 4.2, 4.3 

and 4.4). From the Histograms it is clear 

that almost all the normal faults in the 

MIM-area have an angular misfit of less 

than 300. So assuming that the azimuth 

of dip cannot differ anymore as 

approximately 200 from the direction of 

major extension for that stress-regime to 

fit the fault-slip data, it is plausible that 

a lot of the faults are caused by the 

Tubantian stress-regime. The description 

for the Tubantian tectonic phase 

obtained from the literature is: ‘this first 

Tubantian pulse was triggered by rapid 

deposition and loading of anhydrite upon 

a differentiated basement, in 

combination with mild E-W extension.’ 

So it depends on the relative importance 

of the loading of anhydrite and the mild 

E-W extension with respect to each 

other, to what extend the fault-slip data 

obtained from the MIM-area fit the 

Tubantian tectonic phase. Because if the 

value belonging to the σ1-direction, that 

is caused by the anhydritic loading, is 

relatively high with respect to the 

difference between the values for σ2 and 

σ3 (which subsequently depend on the 

strength of the force producing the E-W 

extension), the value for Φ becomes 

quite small and this makes the angular 

misfit for most of the faults much 

smaller. For example, as can be seen in 

figure 5.1, the histogram presenting the 

angular misfits for the faults in the 

northern sub-area for the stress 

directions designated to the Tubantian 

tectonic phase with a value of 0.2 for 

Bishop’s parameter clearly decreases the 

angular misfits of the slip direction on 

the faults. However, such a low value for 

Bishop’s parameter is less realistic based 

on the description of the Tubantian 

tectonic phase obtained from the 

literature. That is, there would be almost 

no E-W extension in such a case. 

 

Histogram for Angular Misfits
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Figure 5.1:  Histogram for the angular misfits of 
the slip-direction of the faults in the northern of 
the three sub-areas in the MIM-area with 
respect to the slip direction that should have 
been caused by a stress regime, with principal 
stress-axes that have the same direction as those 
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designated to the Tubantian tectonic phase, but 
with a value of 0.2 for Bishop’s parameter 
(Horizontal units are degrees / 10) (Compare to 
figure 4.5) 
 
 
5.4 Kimmerian tectonic phase 

 

In figure 4.2 and to a less extend in 

figure 4.4 the clusters of green (Φ = 

0.5) and light-blue (Φ = 0.3) probably 

can be designated to faults that are 

caused by the Kimmerian tectonic phase. 

The obtained values for Φ are however 

too low, with respect to that of Φ = 0.7 

designated to the Kimmerian tectonic 

phase. From these two sub-areas we 

could conclude that the Kimmerian σ3-

axis has an azimuth of approximately 

500 instead of the designated 67.50. In 

the case of some faults it is difficult to 

tell whether that fault is more probably 

caused by the Tubantian or by the 

Kimmerian tectonic phase. In the 

northern area there are for example 

faults that have a less than 100 misfit for 

the stress-state belonging to the 

Tubantian tectonic phase as well as to 

the stress-state belonging to the 

Kimmerian tectonic phase. The 

histograms presenting the angular 

misfits (fig. 4.11-4.13), clearly exhibit 

greater angular misfits as were the case 

for the Tubantian tectonic phase. This is 

in line with expectations based on the 

higher value of Φ. Because this higher 

value favours a greater strike-slip 

component on faults with azimuths of dip 

making an angle with the σ3-orientation. 

Because of the normal dip-slip 

movement assumption on all the normal 

faults and the high range in strikes of 

the faults, this produces greater angular 

misfits. For this reason the range in 

angles deviating from the principal 

extension axis for faults to be caused 

plausibly by the Kimmerian tectonic 

phase should be taken less than the 200. 

However, especially in the northern sub-

area there are quite a few faults having 

an azimuth of dip close the principal 

Kimmerian extension axis of 67.50. From 

this analysis could be concluded that the 

Kimmerian tectonic phase probably was 

the cause of the development of several 

fault in the MIM-area. The principal 

extension axis probably had an 

orientation of 500, instead of the 

designated 67.50. 

 

5.5 Subhercynian tectonic phase 

 

For the whole MIM-area it is easily to 

conclude that the Subhercynian tectonic 

phase probably was of minor 

importance. As we see the angular 

misfits for only the northern sub-area, 

this is clear (fig. 4.17). The angular 

misfit of the calculated slip-direction with 

respect to the ‘observed’ slip-direction is 

more than 900 for all the faults in the 

northern sub-area. For the other two 

sub-areas this is about the same. For the 

whole MIM-area, there are only seven 

reverse faults that do, however, have an 

approximately E-W strike (see fault-data 

results for the southern sub-area). Of 

course, it is possible that inversion took 
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place on a lot of the normal faults. But in 

that case the amount of slip caused by 

the Sybhercynian compressional regime 

was not enough to present these faults 

as reverse faults at the depth of the base 

of the Upper-Rotliegend group, as the 

offset is still of normal behaviour 

(Hanging wall placed down with respect 

to the footwall). Detailed analysis of the 

few reverse fault probably can reveal if 

this inversion actual did take place.      

 

 

6.  Conclusion 
 

The aim of this fault-analysis was to 

recognize certain specific paleostress-

regimes that caused the fault 

development in the area of the NE-

Netherlands. Also, specific subsets of 

faults were attributed to a specific 

tectonic phase. Disregard the 

assumptions (dip of the faults and dip-

slip movement of all the faults), some 

important conclusions can be drawn. The 

three sub-areas exhibit significant 

differences in obtained clusters of stress. 

This could have been caused by spatial 

differences in rheological behaviour (1), 

by local differences in orientation of 

already existing faults (differentiated 

basement) influencing the fault-

development of later tectonic phases (2), 

by a local shift in paleostress-orientation 

of the stress field; heterogenous stress 

(3) and a fourth cause of the local 

differences in stress-clusters obtained is 

the assumed dip-slip movement of the 

faults. Furthermore, regarding the three 

tectonic phases considered, it can be 

concluded that in the first place the 

Subhercynian tectonic phase has been of 

minor importance regarding fault 

development in the MIM-area. Secondly, 

the Kimmerian tectonic phase can be 

clearly observed in the northern and 

southern sub-areas. However, the 

centred sub-area probably was less 

influenced by the Kimmerian tectonic 

phase, as there is no specific cluster of 

stress states that can be correlated to 

the stress orientations designated to that 

tectonic phase, although the absence of 

such a cluster could have been the result 

of our dip-slip assumption as well. In the 

third place we can state that if no other 

tectonic phases as the three treated in 

this paper have affected the area of the 

NE-Netherlands, than the Tubantian 

Bishop’s parameter must have had a 

very low value. Otherwise it has not 

been possible to obtain such a great 

variation in strikes of the normal faults 

(fig. 5.1). However, if other tectonic 

phases have had important effects on 

the fault development in the MIM-area, 

the value for Bishop’s parameter might 

be correct. Finally, based on the Multiple 

Inverse Method applied on the fault-slip 

data of the centred sub-area of the MIM-

area, a mild N-S extensional tectonic 

regime can be recognized. A critical note 

must be made to this analysis of the 

faults with the Multiple Inverse Method. 

We have chosen to make several 

important assumptions with respect to 
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the fault data. However these 

assumptions have such an important 

effect on the results obtained from the 

Multiple Inverse Method, that it would be 

interesting to analyze a smaller part of 

the MIM-area in detail. So make use of 

detailed data to obtain the correct dip 

and slip direction of the faults. The 

application of the Multiple Inverse 

Method on this smaller area would yield 

more meaningful stress states, but for a 

smaller area.   
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