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1. Abstract

The fracture patternsinan outcrop of the Alimaanticline in central Tunusia isinvestigated. A 3D
model of the outcropis made in Photoscan. The fractures are digitized in 3D using OpenPlot
software. OpenPlot can automatically calculate the orientation of every fracture. The length has to

be calculatedin Excel. Stereonetis used forfurther processing of the data. Gocad is used to calculate
the fracture intensity of different areas of the outcrop.

There are two fracture setsin the outcrop, they are perpendicularto each other. One of the sets is
perfectly vertical after back rotating, the otherset has a dip angle of about 60 degrees after back
rotating. Both sets consist of conjugate fractures with an angle of 40 — 50 degrees between the two
systems. In large areas of the outcrop only one of the two conjugate systems is developed, so the
conjugate fractures are not always visible. The fracture intensitycan also show big differences
throughoutthe outcrop, there are a few places with amuch lower fracture intensity.

The software used in this project can cause some problems, which can resultin deviationsand errors

inthe data. The software actuallyis usable for3D fracture modelling if the problems are knownin
advance and are taken into account.



2. Introduction

Oil and gas are two of the mostimportant fossil fuels worldwide. All overthe world people are
searching fornew and more efficient ways to get the oil and gas on the surface. Oil and gas are found
in porous layers. They can flow around through the pores. Getting the oil and gas on the surface is a
very complex process. Awellis drilled intothe layer containing oil or gas and it flows towards the
well and to the surface. The flow through the porous rock is an essential part of the process and
thereforeitisveryimportantto be able to predict the flow patternsinthe layer. Whenthe poresare
connected, the oil can flow through the pores towards the well. In a fractured layer, the oil can also
flow through the fractures. Usually the flow through the fracturesis much largerthan the flow
throughthe pores. It isveryimportant to determine the pattern of the fractures, because they
contain most of the fluid flow.

It is mostly easy to determine the porosity of alayer. It can be calculated with a core sample or with
the use of petrophysics. Determining the pattern of the fracturesin the undergroundisvery hard.
Well logs can only give limited information about fractures. Itis possible to determinethe fracture
density and orientation butitisimpossibleto getthe fracture length. Fractures cannot be seenon
seismics and using core samplesis useless, becausefractures are usually much longer than the
samples. Togeta good understanding of the fracturesinalayerin the underground, itis besttolook
at a large area. Thisis not possible inthe subsurface, so we have to look at formations with fractures
at the surface and use thisinformation to predict the fracture patternsin the subsurface.

In this paperwe will look at the Kef Eddourformationin an outcrop in Central Tunisia. This outcropis
full of fractures that are very well visible at the surface. Normally such an outcrop will be analyzedin
two dimensions, butin this paperwe will try to map the fracturesin 3D. OpenPlot software,
Stereonetand Gocad will be used to make a 3D model of the outcrop. With this model the
orientation of the fractures can be determined. First some information about regional geology of
central Tunisiaand the onset of the outcropitself will be given. Second, all the software used during
this project will be explained and the entire process of work we be discussed. We willlook at the full
process from creating the fracture planestothe data containing the orientation and length of each
fracture. Also fracture intensity will be explained. Inthe next chapterthe results will be presented.
The presence of different fracture sets will be explained in multiple graphs and figures. We will also
look at the accuracy of the model, how bigisthe deviation between the real outcrop and the model
and how accurate are the fracture planes. A last the disadvantages of using the software during this
project will be explained and some recommendations will be given.



3. Geology

The investigated outcropis part of an anticline in central Tunisia. This anticline is part of the southem
Tunisian Atlas which originated from the Atlas orogeny. During this orogeny the European and the
African tectonicplates collided. The southern Tunisian Atlasis aforeland fold and thrust belt. It
consists of several big ENE-WSW trending fold bend faults, such as Metlaoui, Chotts and Orbata.
There have beentwo main periods of Atlas orogeny. The first one in the late Eocene has been mainly
reconstituted in Algeria. The second orogeny spans from the Middle Mioceneto the present [Said,
2011]. Itis separated into two periods of contraction, the first period in the Serravalian-Tortonian
resultedinthrustsheetsin northern Tunisiaand bigfoldsin central/eastern Tunisia. The second
periodinthe Post-Villafranchian resulted in the folding of the northern thrust sheetsand the
enlargement of the structuresin central/eastern Tunisia [Said, 2011]. The largest deformation of the
thrustfaultsin central Tunisia occurredin the Post-Villafranchian period [Said, 2011]. The folded
structuresin Central Tunisia are fault propagation folds. They have asteep southernlimbs and avery
gentle dipping northern limb.
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We are looking at the Alimaanticlinein central
Tunisia. The Alimaanticlineisoneinaseries of
enechelonfolds thattogetherformthe
Metlaoui range [Riley, 2011]. The main
deformation of thisfold range took place inthe
Post-Villafranchian. Close to the city Al-Mitlawi
the southernlimb of the Alimaanticlineformsa
small extrafold. This causesthat the Alima
anticlineisvery tightly folded in this area

[Riley, 2011]. The outcrop we are investigating is located on this tightfold andis displayedinthe
highlighted square infigure 1. The outcrop largely consists of rock from the Kef Eddourformation.
Thisis a chalky and oysterrich limestone originated from the middle Eocene and is about 50 meter
thick [Riley, 2011].
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Figure 1: map of the Alima anticline

3.1 Outcrop

The outcrop investigated is located about 6 kilometers from city Al-Mitlawiin central Tunisia. Itis
part of the southern flank of the Alima anticline. The entireanticline is about 45 kilometers long. It
has a gentle dipping northern flank and asteep southern flank. The anticline isathrust fold and the



associated faultisdisplayedinfigure 1. The investigated outcropislocatedin the black squarein
figure 1. The layersin the outcrop have the same dip as the outcrop surface. Itis splitinto two parts,
betweenthemisagorge that leads through the anticline. The western partis the best part of the
outcrop. Almost this entire partis good enough to see fractures from the photos and it completely
consists of rocks from the Kef Eddour formation. The bedding has a dip of about 60 degreesto the
south. The orientation of the beddingis the same as the outcrop, so when you look at the outcrop
you look at the top of the layer. The outcrop is approximately 350 meters wide and 90 meters high.
The eastern part of the outcrop is much biggerthan the western part. Itis 650 meter wide and 130
meter high. There are two parts of the outcrop thatare certainly part of the Kef Eddourformation. It
isthe part completely onthe leftatthe entrance of the gorge and the part on the top of the outcrop,
theyare circledinyellow in figure 2. The area on the leftis at ground level and is approximately 130
meterwide and 40 meter high. The orientation of the bedding is fairly steep, it dips to the south with
adipangle of about 80 degrees. We will call this part 1. The other part of the outcrop with the Kef
Eddourformationisat the topin the middle. Itis 170 meter wide and 30 meter high, we will call this
part two. In this part of the outcrop, the bedding dips to the south with an orientation of about 65
degrees. This part will be called part 2.

Figure 2: Top: the western outcrop. Bottom: the eastern outcrop.

4. Methods

In this chapterthe software thatis used to collectand process the data will be explained. Every step
of the process from the raw data to the results will be explained in detail. We wanttointerpret
fracturesin 3D, so firstthey must be digitized with OpenPlot software. After digitizing we want to
know length and orientation, forwhich we use Stereonet and Excel. We also want to know the
spacing, sofor that we use Gocad. The outcrop consists of two different parts. These parts have a
different model, so they must be processed separately. In this chapter, we will use the western part
of the outcrop as an example to explain the steps.



4.1 Photoscan

Several pictures are taken fromthe outcrop in Tunisia. They are taken from ground level at different
angleswith respecttothe outcrop. The pictures of the outcropin Tunisiacan be importedintothe
program Photoscan. This program can combine the pictures and form a 3D model of the outcrop. To
make a 3D model, the program needs multiple photos from the same object from differentangles.
On every picture characteristicand recognizable objects are marked. The orientation and position of
the picturesisknown, so the pictures can be placedina 3D space. The marked objectsin the
different pictures are combined and the position of the different object can be determined. Now the
orientation of the picturesis known anda 3D model of the outcrop can be created. This 3D model
consists of the complete structure with relief of the outcrop and it has the pictures draped on the
outcrop surface. It isimportant that thisis done well, because a wrong orientation of the outcrop
surface can influence the results of the entire project. The model can be exported to the next
software which is OpenPlot.

4.2 OpenPlot software

OpenPlotsoftwareis aprogram for structural data analysis. The software can display 3D geological

models. These models can be analyzed with different tools. The software can perfectly be used to
interpretfracturesin 3D.

The 3D outcrop model of the Kef Eddourformationin Tunisia created in Photoscan can be imported
into OpenPlot. The outcrop can be rotatedin every desired direction and you can zoom into the
outcrop surface until very close. A bigadvantage of OpenPlotis thatthe resolution of the pictures
stays very high whenyouzoom into the model. This makes it perfect forfinding fracturesin the
outcrop, because the smallest details can be seen. For this project the mostimportant feature of the
software isthe option “Draw polyline”. With this option a 3D plane can be drawninto the 3D space
of the model representing the fractures. The model is georeferenced, meaning thatitis accurately
positionedinreal X, Y, Z coordinates. Based on that, OpenPlot can automatically calculatethe
fracture orientation of each plane.

A plane can be placed by selecting atleast three points on the outcrop surface. The coordinates of
these points are known so a plane can be placed through the points. When more than three points
are selected the softwaremakesaplane thatbest  pusaras

fitsall the points. The more points on the fracture ( t
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Figure 3: a fracture plane



direction of the fracture can be distinguished. Onthe right side of figure 3the fracture planeisdrawn
inthe model. The orientation of the plane can be seen clearly, something that would be almost
impossible to determine from just a picture. The goal isto model every visible fracture with such a
plane, sothat the orientation of every fracture is known. From thisinformation it will be possible to
distinguish different fracture setsand a complete modelcan be made fromthe fracturesinthis
formation. The dip angle and the dip direction are saved and can be exported as text files into, for
instance, excel for further processing.

4.3 Creating fracture planes

The outcrop contains vertical and horizontal fractures. Thisis afirst observation and will be used to
assign fracturesto the fracture setsin OpenPlot. Itisnotyetbased on data, but in this stage of the
projectitis necessary to make a first separation of fractures, because OpenPlot cannot change
anything afterwards. Infigure 4an example is shown of how the fractures are digitized. They are
digitized intwo sets. The yellow lines are the vertical fractures, we will call them set A. The green
lines are the horizontal fractures, we will call them setB. In this stage of the project, the only
information that can be usedisthe visual information of the pictures and the 3D model. Considering
that most of the horizontal fractures have about the same length, most of them stop when they hita
vertical fracture and they seemto have the same orientation when looking at the pictures of the
outcrop, the assumptionis made thatthey are fromthe same set, namely setB. The fractures from
setA are vertical, longand clearly visible. Some of these big vertical fractures leaveatrench that is
openedvery wide. Thesebigtrenches can be originated due to erosion or weathering. The large
amount of relief makesit fairly easy to distinguish the orientation of the fracture planes. The most
horizontal fractures are smallerand do not have as much relief as the vertical fractures, so the
horizontal fractures are much harder to digitize in OpenPlot software. Sometimes these fractures do

Figure 4: OpenPlot



not have relief atalland inthe 3D model they can only be distinguished as a small black line onthe
outcrop.

The length of the fracturesis easiesttodetermine. It can also be seenon pictures thatgive a 2D
image of the outcrop. Inrealityitisthe intersection between the fracture and the bedding, sowe do
not know the shape of the fracture. The fractures fromset B are not deeply eroded and they do not
have much relief ascan be seeninfigure 4. Howeverthere are a few fractures that do have some
relief. Some of them continuethrough atrench, so an orientation can be specified. There are around
10 - 15 of these fracturesin the western outcrop. Thisis not much, but the orientation of these
horizontal fractures can be chosen as an example forthe onesforwhichitwas impossible tofind an
orientation. So most of the fractures from set B for which it was hard to distinguish the orientation
have gotten the same orientation asthe 10 — 15 fractures with the clearest orientation. Of course the
uncertainty will be large when using this method, butitis the only way to model all the fracturesin
the software. The orientations willnot deviate extremely much from the real value. The error of the
dip angle of the horizontal fractures is estimated to be at maximum about 30 degrees. In a later
stage, we will look deeperintothe dataand distinguish the different fracture sets with more
certainty. We will also look at the uncertainty of the data. Moreover, the disadvantages of this
method and the software will be discussed more specific.

4.4 Fracture length

OpenPlotsoftwaredoes not calculate the length of the fractures automatically, so the lengths have
to be calculatedina different program. It can best be done in Excel. The length we calculate are
parallel tothe bedding. The datafrom OpenPlot can be saved in a textfile. This text file contains the
dipangle, the azimuth and the coordinates of the corners of the fracture planes. The textfile can be
imported into Excel and the data can be processed. Some changesinthe datahave to be made
before they are ready to use. The azimuth values have to be converted to dip direction values, so 90
degreeshastobe added up to the data. There must be a correctionwhenthe dip direction getsa
value higherthan 360 degrees.

4

The length of the fractures can be determined by 1
usingthe coordinates of the corner of the fracture
planes. These coordinates are displayed withanx, y

and z-coordinate. Using the following formula the
distance in 3D space can be calculated between

point1 andpoint2.

Li—p =~ (1 —x2)%+ (1 — )2 + (21 — 23)?

In figure 5 there is a plane that represents afracture.
When the distance 1-2 would be completely parallel
to the bedding, the length of the fracture is the
distance from point 1 to point 2, but usually the
planeistiltedalittle bit. Whenthe planeistilted to
its maximum, the distance 2-4is parallel tothe
bedding. Thisdepends on the amount of relief and
what points are chosen onthe fracture in OpenPlot.
The real distance of the fracture will be between the

3

Figure 5: fracture plane
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distances of 1-2 and 2-4 in. We approximate the real length of the fracture to just take the average
betweenthe lengths 1-2and 2-4. Thisis accurate enough, because the distance 1-4is mostly much
smallerthanthe distance 1-2. The deviation can be from a few millimeters to 50 centimeters. This
sounds like alot but the big errors occur only at the largest fractures. Percentage wise, the deviation
will usually be under 1% with some outliers to a maximum of 5%.

4.5 Stereonet

Stereonetisaprogram in which three-dimensional planes with adip angle and a dip direction can be
displayedinastereonet. The planes can be edited and analyzed in every possible way . The stereonet
isactually the underside of a sphere. All the planes go through the center of the sphere and they cut
through the underside of the sphere, thisisshowninfigure 6. The leftimage shows a 3D plane that
cuts throughthe underside of asphere. This gives the cutting line showninthe rightimage of figure
6. The poleisthe pointwhere the line perpendicularto the plane and through the center of the
sphere cutsthe sphere.

Figure 6: stereonet

The program stereonet can create arcs and poles from the data generated by OpenPlot. All the
fractures will be displayed as an arc with a pole. The program can be usedto analyze in detail the
orientation distribution and it can identify different orientation sets. Every set of fracture planes can

be rotatedin every wished direction. The program also can determineangles between different
planes.

4.6 Back rotated data

As explained before inthe chapteraboutthe geology, the outcropis part of an anticline. The bedding
has an average dip of about 60 — 70 degreestowards the south. Fracturesthatare perpendicularto
the bedding may have already been formed before folding, when the layers were still horizontal, soit
isinterestingto know what the orientation of the fracture setsis with respect to the orientation of
the bedding. This can be calculated by back rotating the bedding to the horizontal. The bedding has



the same orientation as the outcrop surface, so we can just use the orientation of the outcrop forthe
back rotating of the fractures. The orientation of the outcrop can be determined in OpenPlot by just
selecting points onthe entire outcrop. OpenPlot makes a plane through these point which represents
the average orientation of the outcrop. This hasto be done separately forthe western and eastern
part of the outcrop, because they have a slightly different orientation. All the fractures have to be

rotated with the same angle as the bedding. The back rotating can be done by the program
Stereonet.

4.7 Gocad

Gocad is a multifunctional software forseismic, geological and reservoir modelling and much more. It
isvery useful forprocessing the datafrom OpenPlot software. OpenPlotis the best software for
creatingthe fracture planes, but afterthat it cannot do much more with the data. For further
processing Gocad is needed. The mainreason we will be using Gocad is calculating the spacing.
Different parts of the outcrop can be separated, so differences in spacinginthe outcropitself can be
found. Another benefit of Gocad is that it can display the statisticsinavery clear way. The length
distribution of the different fracture sets can be displayedin graphs and histograms.

4.8 Fracture intensity

The orientation and the length of the fracture can describe exactly how the fracture is located in the
outcrop. The nextstepislookingatthe relation between the different fractures. The mostimportant
relation between the fracturesisthe fracture spacing. However, it makes abig difference whether
the fractures are 10 meterlongor only one meterlong. Spacing won’t make a difference between
these two cases, butin terms of fluid flow they are very different. It can cause inaccurate results
when only the spacingis calculated. Thatis why we look at the fracture intensity instead of the
spacing.

The fracture intensity is the length of fractures perarea of rock. This way of approach takes the
length of fractures on a 2D surface intoaccount, so it gives a value with much more significance. The
bestway to calculate the fracture intensity is by using Gocad. The 3D model with all the fractures can
be importedinto Gocad and displayed as a surface. Itis possible to digitize all the intersections
between the fractures and the outcrop surface. The area of interest has to be chosen. The length of
all the fracturesin this areacan be automatically calculated by Gocad. The fracture intensity can be
calculated tojustdivide the area by the length of the fracturesin this area.

5. Results

The two outcrops that have been analyzed consist of awestern and an eastern part. Inbetweenisa
gorge where you can walk through the anticline. The two parts of the outcrop have a different

model. Every result willbe split between the two parts, so there will allways be aresultforthe
western and the eastern part. In the end a total result will be given.
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5.1 Western outcrop

The part of the outcrop that could be used to analyze the fracturesisdisplayedinfigure 7. A
difference has been made between two different fracture sets. Infigure 7the yellow fractures
belongtosetA and the green fractures belongtoset B. The difference between the two setsin figure
7 ismade with the bare eye in OpenPlot. Later on we will look deeperinto the different setsand look
more specificto the orientation and length differences. An observation that can be made from figure
7 isthat the fractures from set B often stop when they meetafracture fromsetA. Thereisnota
single fracture from set A that stops when it meets afracture from setB. This could meanthat set A
isformed earlierthan set B. Another presumption that can be made is the presence of conjugate
fractures. Conjugate fractures are fractures thatintersect with each otherunderangles significantly
lessthan 90 degrees. They are veryimportant for fluid flow, becausethe more intersections the
more fluid flow can take place. Perpendicular fractures can only transportfluidin one direction, but
conjugate fractures can transportfluidin two directions due to the intersections. The fractures from
setAinthe top left part of figure 7 show evidence of conjugate fractures. They are under an angle of
about40 — 50 degrees with each other.

A total of 438 fractures are mappedinthe western outcrop. 146 of themare fromset A, setB has
292 fractures. The dip angle and the dip direction forevery fracture are plotted against each otherin
graph 1. The dip directionis plotted with the southin the middle. The dots on the left are fractures
that dip towards the west and the dots on the right are fractures that dip towards the east. In this
graph you can see the different fracture sets. Now we canreally subdivide the fracturesinto two sets
based on data. There are clearly three groups of dotsin graph 1. The fracturesfrom setB have a low
dipangle and a very wide range of dip directions. Thisis because avery small deviationin the
orientation of afairly horizontal fracture can easily give abigchange in the dip direction. The
fracturesfrom set A are much more vertical, sothey do not have this problem. These fractures have
a much smallerrange of dip directions. They are splitinto two groups that have an opposite dip
direction. Set A consists of fractures that dip towards the east and fractures that dip towards the
west. Thisisanother proof of conjugate fractures.
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Figure 7: Western outcrop
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The data in graph 1 can also be visually displayed in a stereonet. This makesit clearerand easierto
manipulate. Infigure 8 are all the fractures of the western part of the outcrop. The red dots are the
polesfromthe fractures of set B and the black dots are poles from the fractures of setA. In the
stereonetthe two fracture sets can easily be distinguished. The blue dotis the pole of the bedding.
The beddinginthis part of the outcrop has an orientation of 162/52. We can back rotate the bedding
back to the horizontal to see what the orientation of the fractures was before folding. These results
are displayedinthe right part of figure 8. The pole of the beddingis completely vertical now,so the
beddingishorizontal. Itis obvious thatthe vertical fractures do not change much, because they
rotate in the direction of theirstrike. The fractures from set B rotate toward the vertical and get an
orientation of about 340/60.

Western part normal Western part back rotated

Set A: 146 fractures
Set B: 292 fractures

Figure 8: stereonet of western outcrop

The unfolded dataare also plottedingraph 2. It is clear that the dip direction and dip angle of the
fractures from set A does not change much comparedto graph 1. They still show two groups dipping
at the opposite direction with a difference of about 40 — 50 degrees. The point cloud of the fractures
fromset B does change. It hasstill a pretty bigrange of dip angles, but now the dip directioniis
concentrated around N— NW. The bigdifferenceindip anglesis probably due to the deviation of the
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fracture planesin OpenPlot. The average dip of the back rotated fracturesfrom set B is about 65

degrees. Thisis not perfectly vertical likethe fractures from set A. It could mean that they are not
formed before folding, but aftera period of deformation.

Western outcrop back rotated
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5.2 Eastern outcrop

The eastern part of the outcropis displayedin figure 9. Most parts of this outcrop have a much lower
resolution, which makesithardertoidentify different fractures. The pictures taken fromthe outcrop
have a betterresolution and are really needed to determine where to put a fracture planein
OpenPlotsoftware. The outcrop has two areas that give very clean dataand are certainly part of the
Kef Eddourformation. The rest of the outcrop does contain fractures, butit is almostimpossible to
determine areliable orientation. We willfocus on the two clean areas highlighted infigure 9. These
area are part 1 and part 2. Part 1 contains 86 fractures. The beddingin this outcropisfairly steep and
has an orientation of 143/80. Part 2 contains 29 good fractures. At this part of the outcrop, the
bedding has an orientation of 133/67. In figure 9 the yellow fractures are from set A and the green
fracturesare fromsetB.

Itisstrikingthatthere are some differences between part 1and part 2 in this outcrop. Part 1 clearly
showsthat the fractures fromset B are smallerthanthe fractures from set A. Fractures from set B
stop whenthey meeta fracture fromset A, just as could be seeninthe western outcrop. In part 2,
thisis much less the case, but another phenomenon can be noticed. The fracturesfrom set B form, in
contrast to part 1, a very clear conjugate pattern. The fractures from set A formonly a very small
conjugate pattern, not nearly as obvious asin the western part of the outcrop.

13



Part 2:

Set B: 20 fractures

Figure 9: Eastern outcrop
Set B: 63 fractures

The eastern outcrop consists of the same two fracture sets as the western outcrop. The dip direction-
dipangle plotingraph 3 also gives a similarresult asthe western part of the outcrop. The only
difference is that much more of the fractures from set A are dipping towards the east. The horizontal
fractures have a dip of about 0 to 40 degrees and a very wide range of strike values. After back
rotating, the bigrange in dip angles stays, but the strike values concentrate around avalue of about
60 degrees, thisis plottedin graph 4. The vertical back rotated fractures have a dip angle of about 70
to 90 degreesand a dip direction towards the W— SW and anothergroup towards the E — NE. After
back rotation the two different groups with an opposite dip direction are much clearerthan before
back rotating. This could be caused by the large differencesinthe dip angle of the bedding inthe
eastern outcrop, the western bedding has almost the same orientation in the entire outcrop. The
difference indip angle between part 1 and part 2 isabout 25 degrees, sosome fractures will be
rotated a little bittoo much. To solve this problem, inthe next paragraph we will look at smaller
datasets.
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Eastern outcrop back rotated
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5.3 Smaller datasets

In the previous graphs, we looked at the entire dataset of the easternand western outcrops. These
big datasets contain all the fractures, so also the fractures that are notvery clear. For a betterand
cleanerresult, itis bettertojustlook at a few small parts of the dataset. These small parts contain
only the fractures for which it can be said with big certainty thatthey have the right orientation. We
will look atthe resultsinstereonet. Infigures 10is the stereonet with only the fracturesfromthe
western outcrop digitized with high certainty. The black lines and black poles are fractures from set A
and theredlinesandred poles are fractures from set B, thisisthe sameinall the following
stereonets. The blue line is the orientation of the bedding. The left picture shows the fractures as
they are originally digitized. The right picture shows the back rotated fractures, the beddingin this
stereonetis completely horizontal. The fractures from set Bin the western outcrop are very hard to
model. Mostlyitisalmostimpossible to determine the dip angle of the fracture planes. Thisis why
there are so little red fractures leftin figure 13. The fractures from set A have much more relief, soit
can be said with certainty that the orientation they have in the stereonet figuresis the right
orientation.

Theresultsinfigures 10, 11 and 12 show some differences. The fractures fromsetBin part 2 of the
eastern outcrop show really convincing proof of conjugate fractures. After back rotating, one system
has a strike of about 30 degrees and the othersystem has a strike of about 75 degrees. Thisis shown
infigure 12. There is an angle of 45 degrees between the two conjugate fracture systems. The
intersections between the two systems are nearly vertical. Part 1 of the eastern outcrop does not
show conjugate fractures at all (figure 11). It is possible that at some places of the outcrop only one
of the two systems of the conjugate fracturesis developed. In the back rotated stereonetin figure
11, the fractures fromset B have a strike of about 70 degrees. This correspondstoone of the
conjugate systems in part 2, so maybe the other systemis not developed in part 1 of the eastern
outcrop. The back rotated stereonet from the western outcrop shows aset with a strike of about 65
degrees (figure 10). There are only a few fractures from set B in this stereonet, so the error will be
much bigger, butitlooks like an orientation close to one of the conjugate fracture systemsin the
eastern outcrop. It proves that the fractures from set B are actually conjugate fractures, but that
both setsare not developed everywhere inthe formation.
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Western outcrop Western outcrop back rotated

Set A: 127 fractures
Set B: 10 fractures

Eastern part 1 Eastern part 1 back rotated

Set A: 23 fractures
Set B: 63 fractures

Eastern part 2 Eastern part 2 back rotated

Set A: 6 fractures Figure 12: eastern outcrop part 2
Set B: 12 fractures
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In setA, itisharderto find evidence for conjugate fractures. As mentioned before, thereare
conjugate fracturesvisible in the left side of the western outcrop, this can be seeninfigure 7. Figure
10 shows the stereonet from this area. The fractures from set A contain some noise butitisclear
that some fracturesdip a little bitto the eastand others dip to the west. There is certainly evidence
of conjugate fracturesinthe data. The yellow lines show the average orientation of the two
conjugate systems. After back rotating, the intersections between these two systems should be
vertical, but on average they have an intersection line with an orientation of about 350/70, itis
displayedinthe yellow circle in figure 10. The eastern outcrop contains much lessreliable vertical
fracturesfromset A, so itis harderto get reliableinformation from them. Just like the fractures from
setB, it could be possible thatonly one of the two setsis developed in this specific area of the
outcrop. There is only not much prove for this, but we can say thatin the western outcrop the
vertical fractures do show a conjugate system.

5.4 Fracture lengths

There are two main properties that describe the position and size of the fracture. We looked at the
orientation, sothe length isthe nextimportant property. A histogram of the length of the fractures
of the western outcropisdisplayedin graph 5. Set A has an average fracture length of 17,4 m. SetB
has an average length of 9,8 m. It is clear that set Ais longerthan set B, this can be confirmed by
graph 5, because there are more fractureslongerthan 25 meterinset A thanin set B. many people
have found that fracture size distributions follow power-law relations [ Bonnet, 2001]. The power-law
relation corresponding tothe fracture setsare drawn ingraph 5. Set A has no constrictions to
fracture size, sowe expectthe power-law relation. Set Bis limited by the vertical system,so the
power-law relation may be more complex. Following this relation, there should be much more small
fracturesinthe outcrop than digitized. These fractures probably are not opened orthe resolution of
the picturesistoo low to see them. We can conclude that the fracture larger than 5 meterare
properly digitized, because they follow the power-lawrelation perfectly.

The length histogram of the eastern outcropis plottedin graph 6. In this part of the outcrop, setA
has an average length of 13,0 meterand set B hasan average length of 10,1 meter. The value forset
B is comparable to the western outcrop, but the value forset A is much lower. Thisis probably

Western outcrop

= SetA
B SetB

Mumber of fractures

Graph 5
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caused by the fact that the long vertical fracturesfrom set A extend beyond the outcrop. In part 1 of
the eastern outcrop almostall the vertical fractures go through the entire outcrop fromtop to
bottom. This means they are digitized as smallerfractures than they really are. This might have given
a distortedimage of the length histogram. Alsoin this histogram, itis convincing that the fractures
largerthan 5 meterare properly digitized, because the histogram follows the power-law relation.

Eastern outcrop
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5.5 Fracture intensity

The western and eastern outcrop are both divided inthree areas to be able to see the difference in
fracture intensity in the outcropitself. In each of these three areas the fracture intensityis
calculated. Figure 13 is a picture from Gocad where all the fracture intersection are visible as white
lines. The outcrop surface has been omitted and only the fracture lines where the fracturesintersect
withthe outcrop are visible. The yellowareas are the chosen areas wherein the fracture i ntensity is
calculated. These areas are chosen because the resolutionis high and there is not much obstructing
the outcrop from our view. This means we most likely have interpreted practically all fractures that
are there. We can say that these areas give reliable information of the fracture intensity inthe
formation. When the entire outcrop is taken into account when calculating the fracture intensity, the
result will be atoo low value. Figure 14 shows the fracture intersections with the outcrop of the
eastern outcrop. This outcropis also separatedin three areas. The areas left and right of the gorge
are from part 1, sothis part of the outcrop issplitintwo areas. The yellow enclosed area on the right
ispart 2 (part 1 and 2 are visualized in figure 9).

The resultsare givenintable 1. The surface in square meters of the area is given and the length of all
the fractures of that fracture setin the areais given. The twovalues are divided to get the fracture
intensity of that area of the outcrop. The western part of the outcrop has a fracture intensity of
about0,30 m*for setB and about 0,15 m™ forset A. The fracture intensity does not change much
throughout the outcrop. The values are very similar, the fracture intensity forset A has a value of
0,15 m* for all three areas. The eastern outcrop has a fracture intensity of about 0,22 m™ for setB
and about0,20 m for set A. There isone area with a much smallerfracture intensity than the other
areas. This is part 2 of the eastern outcrop. It has very little fractures fromset A, thisis no erroror
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mistake, because alsoonthe picturesitcan be confirmedthatthere really are very little fractures
fromset Ain thisarea. This means that there actually are some placesinthe outcrop with a much
lower fracture intensitythanthe rest of the formation. Thisisonly observed in the fractures fromset
A. The fracture intensity of set Bis slightly lowerin the eastern part, but the total fracture intensity
counts up to comparable values with the western part. So there are relatively more fractures from
set A inthe eastern outcrop than fractures from set B compared to the western part. The only
exceptionis part 2 of the eastern outcrop. Due to the low amount of fractures fromsetA, the total
fracture intensityis much lowerthan everywhereelse in the investigated outcrop.

Middle area
Left area

Right area

Figure 13: Gocad, western

outcrop

Figure 14: Gocad, eastern

outcrop

Western outcrop Western part set B Western part set A Total
Surface (m?) Length(m) P21 (m)|Surface (m?) Length(m) P21 (m?)| P21 Total (m?)

Right 1904,5 485,6 0,25 3536,5 525,3 0,15 0,40

Middle 1196,9 420,2 0,35 3782,8 573,4 0,15 0,50

Left 1378,0 456,4 0,33 4261,8 641,9 0,15 0,48

Eastern outcrop Eastern part setB Eastern part set A Total
Surface (m?) Length(m) P21 (m)|Surface (m?) Length(m) P21 (m)| P21 Total (m?)

Part 2 3406,2 637,1 0,19 2010,6 131,6 0,065 0,25

Part 1leftof gorge 552,8 144,5 0,26 946,4 202,3 0,21 0,48

Part 1right of gorge 1269,5 253,1 0,20 1990,3 400,2 0,20 0,40

Table 1: fracture intensity
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5.6 Total results

A summary of the results and the total resultsis givenintable 2. For both outcrops, the number of
fractures, the average length, the dip angle, the dip direction and the fracture intensity is given.
Thereisno single numberforthe dip direction of set A, because of the conjugate system, soset A
has two dip directions oppositeto each other. Set B also contains conjugate fractures, butthey are
not visiblein the data before back rotating. After back rotating the fracturesfromsetB are also split

intotwo systems.

Western outcrop SetA Set A back SetB Set B back
rotated rotated

Number of fractures 146 292
Average length (m) 17,4 9,8
Dip angle (degrees) 78,9 79,0 22,3 66,1
Dip direction (degrees) | 247,5/67,5 | 235,0/70,0 307,8 344,9/155,0
Fracture intensity (m) 0,15 0,31

Eastern outcrop
Number of fractures 188 364
Average length (m) 13,0 10,1
Dip angle (degrees) 71,3 81,1 18,3 64,9
Dip direction (degrees) | 239,0/52,0 | 244,0/67,0 72,9 323,1/138,0
Fracture intensity (m™) 0,16 0,22

Total
Number of fractures 334 656
Average length (m) 14,9 10,0
Dip angle (degrees) 74,6 80,2 20,1 65,4
Dip direction (degrees) | 242,7/58,8 | 240,1/68,3 177,4 332,8
Fracture intensity (m) 0,15 0,27

Table 2: total results
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6. Conclusion

The investigated outcrop contains two main fracture sets, separated as set A and set B. set A consists
of almost vertical fracturesin the outcrop and set B consists of more horizontal fractures. They are
perpendicularto each other. Afterunfolding both sets, the fracturesfrom set A have a dip angle of
about 90 degreesand the fractures from set B have a dip angle of about 60 degrees. The vertical
fracturesare longer with atotal average length of 14,9 meter. Actually the average lengthis probably
longerthan this value because alot of vertical fractures extend beyond the outcrop. The fractures
fromset B often stop when they meetavertical fracture, sothey are probably formed later. SetB
has an average length of 10,1 meter. Both sets show evidence of conjugate fractures, butthe
conjugate fractures are not developed through the entire outcrop. The vertical conjugatefractures
can bestbe foundinthe left part of the western outcrop. Inthe eastern outcrop thereisonly very
little evidence of vertical conjugate fractures. On the otherhand, the horizontal conjugate fractures
can most be foundin part 2 of the eastern outcrop. The western outcrop also has some horizontal
conjugate fractures, but they are less clearand cannot be seeninthe stereonet data. This probably
means that the formation consists of conjugate fractures, but that on some placesonly one of the
twosetsis developed.

The fracture intensity of both setsis calculated in three placesin both outcrops. Itis strikingto see
that the fracture intensityis not the same throughout the outcrop. Part 2 of the eastern outcrop has
averylow fracture intensity for the fractures fromset A. This isno error, because itis a very clean
area with a high enoughresolutionto distinguish all the fractures present. It means that the
formation does not have a very evenly distributed fracture system, butthere are some places witha
much lowerintensity. Inall the otherinvestigated areas the total fracture intensity was very
comparable.

This outcrop has a large recognizable fracture pattern, but this patternisnot as predictable as it
appearsto be aftera firstlook at the outcrop. There are big differencesin orientation and fracture

intensityinjustafew hundred meters of the outcrop, which can be important for further
investigation in fluid flow in the Kef Eddour formation.
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7. Recommendations

The software used duringthis project can be very helpful and it makes it possibleto collectalot of
data aboutthe fractures, butthere are some disadvantages that may cause some errors or
uncertaintiesin the data. Itisimportantto know whatthe problems are and what they can cause. In
this chapter, afew of the problems willbe explained so that when the software is used again, the
same mistakes are not made again.

7.1 Disadvantages of the software

The ideaof usingthe program OpenPlot was to be / / / / /
able to determinethe orientation of the fractures. / / // / o /
Somethingthat could not be done on the / / / /
conventional way when using only pictures of the / -
outcrop. Howeverthere are some disadvantages

that can make it alotharderthanit seemsatthe
start of the project. There were some problems
withthe orientation of the long vertical fractures.
The large amount of relief seemed like an
advantage, because the orientationis easy to
determine. However, sometimes it caused wrong
results. Two big vertical fractures are displayedin
figure 15. On the top, a sketch of a horizontal
intersectionisdrawn. Theredlinesare the
fractures as they would be interpretedin the
software. The lefttrench has sharp corners and it
is clear that the fracture planes are fairly
perpendicularto the outcrop surface. In the right
picture, the corners of the trench are much
gentler. This can have two different causes. The
edge can be eroded away, leavingthe gentle
curve. The other reason can be that the software
smoothensthe edge, becauseitinterpolates
between points onthe outcrop surface. This can
be noticed when pictures are compared to the ;
outcrop model. Some of the edges are much k ‘ %
sharperinreal thanin the outcrop model. These ¢y A
tworeasons cause that the fracturesseemto } - ' Figure 15: erms in fractures
have an angle with the outcrop, where they are probably perpendicular. Thisisshownin the top

right sketchin figure 15. Judging fromfield data, the leftand right fractures are probably both
perpendiculartothe outcrop unless the smooth edges of the trench.

An example of the just described problem occurred in this project. Infigure 16 onthe leftare some
of the longest fracturesin the outcrop modelled in astereonet. Onthe right, the same fractures are
back rotated. The left picture should show two sets of fractures dippingin the oppositedirection,
because they are conjugate fractures. After back rotating they should be vertical and have vertical
intersection lines. Actually the result gives the exact opposite. Thisis due to the problems explained
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infigure 15. The fractures got a too small angle to the outcrop surface, where they should probably
be perpendicularto the outcrop. This problem was dealt with and the right results were given earlier.

Set A: 18 fractures Figure 16: stereonet error

7.2 Horizontal fractures

The horizontal fracturesin this outcrop mostly do not have much relief. It can be very difficult to give
the fracture planesthe right orientation. When afracture intersects with the outcrop ata very flat
part, the fracture line is actually almost a straight line and it is very hard to put the third point of the
polyline exactly in thisline. Usually the firstand second point are placed at the two ends of the
fracture and the other points somewhere in the middle to determinethe third dimension. When all
these points are on one straightline, the orientation in the third direction deviates very easy. It can
be a bigchallenge to put that third point exactly between the first two points. When the third pointis
justa small distance off, the orientation can be up to 90 degrees from whatitshould be. Whenitis
not takeninto account, it may cause errorsin the data. Sometimes fracture planesthatare placed
wrong must be deleted and placed again with more precision.

Anotherdisadvantage of OpenPlot software is the stretching of the pictures on the outcrop surface.
In Photoscan, the 3D outcrop model is made from the pictures of the outcrop. On some placesthe
photos are taken from below of the outcrop where the outcropis tilted away from the photographer.
To fitthe picture onthe outcrop, Photoscan has to stretch the picturesinthe direction where the
photographer pointsthe camera. This causes some distortions of the outcrop surface. Some fractures
seemto have a different orientation than they have inreality. Fractures that are actually horizontal
and perpendicular may seemto have a lowerdip angle because of this distortion. Some cross
fractures may seemto be much more vertical thaninreality. These distortions can be very
significant, upto 20 —30 degreesindip angle. Itis bestto look at picture takeninthe field to confirm
an orientation when the presumptionis made that the orientationis wrong.

Looking at a massive dataset with all the fracturesinit may cause too bigerrors. It is bettertojust
look at a small part of the dataset that contains only fractures that can be modelled with a high
certainty. The mostimportantthingisto recognize an eroded edge, ora distortion of afracture. This
might be very helpful and save time when the wrongly placed fractures have to be taken out.
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Itisbestto only do the fracture modellingin OpenPlot software and use other software to process
the data further. OpenPlot can be very unhandy when asingle fracture has to be changed or an
orientation of afracture has to be decided. The modelling of the fractures has to be done perfect
before exporting the datato othersoftware, because going back to OpenPlot laterto change
anythingcan cause a lot of work. The fractures aren’t numbered so finding one fracture to change is
almostimpossible when afew hundred fractures are modelled.
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8. Appendix

Dip angle histogram of the western outcrop
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Dip angle histogram of the eastern outcrop
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