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Abstract 

Faults exert significant control on the migration, entrapment and subsequent 

compartmentalization of hydrocarbon. While some faults allow the passage of fluids 

across them, others do not, creating varying complications in the geometry of 

hydrocarbon reservoirs. The current methodology for assessing fault seal integrity 

ignores important factors controlling the development and growth of faults and the 

details of the resulting fault zone architecture. 

Three-dimensional visualization of a fault from a producing field in the Niger 

Delta and surrounding stratigraphy, using seismic data, showed that the fault is made 

up of segments in the dip and strike directions. The fault develops as the separate 

segments are linked in the strike and dip directions. Wireline log data confirm that 

the dip segment relay zones act as locations of shale smear. These locations of shale 

smear are interpreted as barriers for the updip leak of fluids across the fault. 

Applying this new understanding of the fault zone architecture, we 

constructed stratigraphic juxtapositon diagrams with improved resolution. Thus we 

were able to characterize the lithological composition of the fault zone into areas of 

shale smear presence and absence using seismic attributes. We then mapped the shale 

smear in the fault zone across the whole length of the fault. A profile of the initial 

reservoir fluid pressure gradients on both sides of the fault was used to determine 

reservoirs sealed or leaking across the fault. The results show a close agreement with 

our prediction for shale smear distribution. 
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INTRODUCTION 

Faults are important  structures  in  the  exploration  and  production of 

hydrocarbon  because  they exert significant  control on the migration, entrapment  and 

subsequent  compartmentalization of hydrocarbon  (Weber,  1978;  Akinpelu,  199 1). 

The effect of faults on  the flow of hydrocarbon  can  be  complex  (Aydin  and Eyal, 

1995). While some faults allow the passage of fluids across  them,  others  do  not, 

creating  varying  complications in  the  geometry of hydrocarbon  reservoirs  (Weber, 

1978; Smith, 1980;  Downey,  1984;  Akinpelu, I99 1 ; Jev  et ai, 1993). In or 

able to carry  out  successful  exploration  and  development of hydrocarbon  reservoirs,  it 

is  imperative  to  understand  the  distribution of hydrocarbon  as  controlled by sealing 

faults  and  the  likelihood of production-induced  hydrocarbon  migration  due  to  the 

breakdown of these  seals. 

Those faults that  restrict  the  movement of hydrocarbon  are  said to be sealed or 

to  act  as seals, preventing  the  movement of hydrocarbon  across  the  fault  zone.  The 

sealing  action of these  faults  is  with  respect  to  horizontal  migration of the 

hydrocarbon  and  is  distinguished  from  vertical  sealing  which is usually  caused by 

caprock  (Downey,  1984).  The  relatively  low  permeability of these fault zones  have 

been explained by  the juxtaposition of lithologies  with  different  permeability  values 

across  the fault zone;  shale  or  clay  smearing; and fault  zone  granulation  or  cataclasis. 

Several  workers  have  studied  the  different  mechanisms  involved  in  the  formation  and 

breakdown of these  seals  (Weber  et al, 1978;  Smith,  1980;  Downey,  1984;  Bouvier  et 



al, 1989;  Akinpelu,  1992;  Lindsay et al, 1993;Gibson, 1994;  Aydin  and  EyaL  1995; 

Younes  and  Aydin,  1997). 

A methodology  for  assessing  fault  seal  integrity  has  evolved  as a result of the 

studies  mentioned  above. This involves an interpretation of the  structural  geometry 

of the field in  question  and a construction of the  stratigraphy of the field and  its, 

relationship to structure.  It  also  includes  employing  special  tools like fault  slicing  and 

'Allan  maps' to detail stratigraphic juxtaposition across faults, carrying  out  shale 

smear  analyses;  and  monitoring  changes in reservoir  pressure  and  other  production 

data  (Weber et al,  1978; Smith, 1980;  Downey,  1984;  Bouvier  et al, 1989;  Akinpelu, 

1992;  Jev  et aP, 1993;  Gibson,  1994;  Eisenberg et al, 1995;  Yielding et al, 1996). 

However,'the process of shale  smearing is not well  understood  yet  and  there 

are  differences in the  methods  adopted by different  workers in accounting for its 

contribution  to  seal  integrity  (Lehner and Pilaar, f 995;  Aydin  and Eyal, 1995; 

Yielding et al,  1996).  In  addition,  constructing  juxtaposition  diagrams  across faults 

traditionally  oversimplifies  the  fault  architecture by assuming a transparent fault 

zone. 

The  work  reported  in  this  thesis  was  carried  out  with  the  main  purpose of 

developing an  improved  methodology  for  the  analysis  of  fault  seals  in  the  Niger  Delta 

by increasing  the  consideration  giving  to  the  process of fault  development  and  the 

resulting  fault  architecture. The first  chapter of this  thesis,  which is a publication in 

preparation for The  Leading  Edge,  presents a conceptual  model  for  the  development 

of  normal  faults  in  the  Niger  delta  and  other  areas of clastic  deposition  using  surface 

and subsurface  data.  The  second  chapter, a publication in preparation  for  The AAPG 
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Bulletin, presents a fault seal  analysis  methodology,  which  uses the fault zone 

architecture  derived  from  the  conceptual  model. 

Both  papers  have  benefited  from  discussions  and  suggestions  from  many 

scientists.  Atilla  Aydin, my adviser,  has  made  enough  contribution  in  both  cases  that 

his  name  will  appear  as a co-author in the published  versions.  His  contributions  were 

in  the form of discussions  and  advice on the  processes of fault development,  shale 

smearing  and  the  architecture of fault  zones.  Eric  May, my mentor in Chevron,  made 

similar contributions, and  his  name  will  also  appear  as  co-author  in  both cases. The 

author  performed  all of the  seismic  interpretation,  as  well as  well  log  interpretation 

and conelation. 

~- 
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Three  Dimensional  Visualization of Normal  Fault 
Segmentation  and its Implication  for  Fault  Growth 

Abstract 

Segmentation is a fundamental feature of faults that has been reported for all 

kinds of faults at different scales. It has significant impacts on hydrocarbon migration 

and flow for transmitting faults and on reservoir fluid estimates and 

compartmentalization for sealing faults. In spite of these great benefits, applications 

of the knowledge of fault segmentation to hydrocarbon exploration and production is 

rather limited due sometimes to poor seismic data quality and  ti^^ and 
~ ~ 

~ 

~ ~ 
~ 

~ sometimes to  the lack of understanding of  how this knowledge can be utilized. 
~ 

present here an example for a three-dimensional segmentation of a noma1 fault in the 

Niger Delta and a methodology to visualize fault segments and their slip distribution 

patterns using seismic and well data. 

Geot 

The data-set used in this study includes a reprocessed full-fold 3D seismic 

survey from offshore Niger Delta and well data from a developed oil field, the Okan 

field, in the same basin (Figures 1.1 and 1.2). The study focused on one fault system 

(Fault X) that has excellent seismic images and numerous wireline logs from wells 
B 

crossing it (Figure 1.2). 

The Niger Delta has been subdivided into three broad lithofacies units which 

include massive continental sandstones (Benin formation), paralic sandstones, shales 
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and clays (Agbada formation), and  marine  shales  (Akata  formation). This generally 

regressive clastic sequence  reaches a maximum  thickness of between  9km  to 12 km 

(Figure 1.1). The structural  development of the  Niger  delta since the  Middle  Eocene 

has  been  dominated by growth  faulting  and  associated  rollovers  in  the  shelf  portion. 

Beyond  the  shelf break, the  sequence  becomes  compressive.  Structural  analysis of 

the  Tertiary  overburden  shows  that  individual fault blocks  can  be  grouped  into 

macrostructural  and  eventually  megastructural  units.  Such  megastructural  units  are 

separate  provinces  with  regard  to  time-stratigraphy,  sedimentation,  deformation, 

generation  and  migration of hydrocarbons  as  well as  hydrocarbon  distribution.  The 

Okan  field is an example of a megastructure  and  the  sand  and shale sequence 

inv~%ved is of Middle Miocene to Lower  Pli 

the  dip  direction.  Next  shale  layers in  the  succession  were  identified  in  order to 

establish  their,  geometrical  relationship  with  the  fault  segments  already  interpreted on 

the  seismic  sections.  Using  the  best  velocity  profile for each  well,  gamma  ray  and 

resistivity curves were  posted  on  the  seismic  dip  sections.  Lithology  data  from 
4 

wireline  logs of wells  in  the  field  were  then  posted to establish  the  vertical  locations 

of  the  shale  units  thicker  than  twenty feet. A paper  in  preparation  for  the AAPG 

Bulletin  discusses in detail  the  relationship  between  the  fault  segments,  neighboring 
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shale units  and  fault rock made up of smeared shale. Preliminary mapping of the 

fault  segments was done on a spacing of every eight dip lines and every sixteen strike 

lines. The horizon mapping and fault interpretation exercises were alternatively 

iterated later at closer intervals of two  dip lines to  four strike lines. A synthetic 

seismogram was  also created to  confirm  the lithologies associated with the seismic 

characters. 

Seismic Dip Sections. 

The  Inline  seismic  sections  provide the easiest means to view the vertical 

segmentation of the fault.  The sections show the fault under study being made up of 

fourteen  different  segments  having  varying  heights,  overlaps with neighboring 

segments  and  separations.  The  segments  show  a  consistent  left-stepping relay 

geometry (Figure 1.3). The overlaps are greater, but thinner,  along the deeper 

segments, with higher slip magnitudes.  The  overlaps  reduce  along  the  shallower 

segments, which become well separated, with lesser  slip  magnitudes  and nearly 

underlap at the very top. 

Seismic Strike Sections. 

The  Crossline  sections  permit  the identification of the  dip  segments along 

strike  (Figure 1.4) and  the  strike  variation in the  geometry of the relay zones 

established  from  the  Inline  sections. It is more difficult however, based on these 

sections  alone,  to discern the existence of segmentation of the  fault in the strike 
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direction. This difficulty arises from the fact that the original strike segments have 

already linked, producing a long and continuous fault trace. Also, the changing 

orientation of the fault along strike due to a scoop like three-dimensional  geometry of 

the fault does  not help. However, the use of slip distribution  patterns  along  the  fault 

surface helps to determine heterogeneous slip distribution with more than one 

maxima, which indicates the existence of fault segment linkage along strike. We 

show the result of this  application  later  in  the  report. 

Timeslice  Views. 

The  timeslices afford an areal view of the fault  segments, principally 

indicating  the strike of the  segments. It allows for the detection sf the time  range of 

occurrence of the  relay  zone,  with its corresponding  strike  correlation.  The  slice view 

also  shows  the  overlap s of the  segments  that  are  next  to  each  other  (Figure 1.5). 

Combined View. 

Creating a cube with conjugate  seismic  sections  (Figure 1.6) enables US to 

better  appreciate  the  three-dimensional  geometry of  the fault  and  the  relay  zones. The 

cube  illustrates  the  fault  segmentation in three  dimensions  and  how  the  along-dip 

segmentation  is  related  to  major  shale  horizons.  Also,  it  is  clear  from  this 

visualization  that  fault  segments  are  three-dimensional  structures  with  straight  cross- 

sectional  traces,  but  highly  curved  map  traces. 
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. .  

Fault  Slip  Distribution  Patterns. 

We have  used  the  pattern of vertical  component of slip distribution for the 

fault  under  study to further  understand  the  process of fault  development. In each of 

the  following illustrations, the  earth  surface is towards  the  top of the  page.  Figure 

1.7a,  shows slip distribution  patterns  over  one  dip  segment  (Segment 5 in Figure 1.3). 

Figure  1.7b,  shows  the  patterns  over  the  lower  neighboring  segment  (Segment 4). 

The slip distribution  magnitudes  were  determined by taking  offset  values on seismic 

horizons on either side of the  fault  segments. 

1 

Although  the  patterns do not  fully  represent  the  tipline of each  segment, they 
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Conceptual  Model. 

In the  Niger  delta  and  similar  environments,  the  depositional  sequence  is 

made  up of alternations of sands  and  shales.  The  resulting  contrast  in  the  mechanical 

properties of these  lithologic  types  results  in a significant difference in  their  reaction 

to deformation.  The  sandstones  react  under  gravity by brittle  deformation,  while the 

shales  react by ductile  deformation.  This  leads  to  the  termination  of fault segments at 

sandlshale  boundaries  and  consequently,  the  abrupt  separation of sandstone  layers 

across  the  fault,  but  thinning  and  stretching of  the ductile  shale  layers  through  the 

b) 
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fault zone as illustrated by schematic  diagrams  in  Figure 8. Once  incorporated  into 

the  relay zones, the  shale  lithology  is  referred  to  as a ‘smear’.  The  original  thickness 

of the  corresponding  shale  in  the  stratigraphic  section  and  the  magnitude of slip 

control the thickness of the9meared shale.  At a critical  point,  the  continuity of this 

shale  body  in the relay  zone is broken,  leading to the  linkage of the  adjacent dip 

segments.  The fault segmentation  in  the dip direction is clearly  visible on Inline 

sections of the  seismic  data  examined  from  the  Niger  Delta  (Figure 3). 

multiple  locations in brittle  sand  units. In contrast  to  segmentation  in  the  dip 

direction,  there  is  no  impediment  to  fault  linkage  along  strike  within  the  sand  units. 

Eventually  these  segments  mechanically  interact  and  link,  forming  longer  composite 

faults  with  greater  lengths  and  shorter  heights. 
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Figure 1 .l: (a) Location  map  of  the  Okan  field  and (b) a  North-South  Crossection of the 
Niger  Detta,  showing  tectonic  and  stratigraphic  elements  (after  Doust  and  Omatsola, 1989). 
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Trgure 1.8: Conceptual  model  for  the  development of shale  smearing  and  fault  segmentation  along  the 
ip  direction in the  Niger  delta. 



A NEW, PROCESS-BASED METHODOLOGY FOR THE 
ANALYSIS OF FAULT SEALS IN THE NIGER  DELTA 

ABSTRACT 
3D seismic and  well  log  data from the  producing  Okan field in  the  Niger  Delta 

and a working  conceptual  model  derived  from  field  observations  and  theoretical 

considerations  were  used  to  map the three  dimensional  geometry of a representative 

normal fault with shale smear.  Seismic data show  clear fault segmentation  in  the  dip 

direction  with  extensional  relays  occupied by smeared  shales.  Log data help  to 

identify  lithologic  horizons  throughout  the  field  and in some  cases,  where  the 

wellbores  crossed  the fault, to  quantitatively  determine  the  amount of smeared  shale 

within  the  fault  zone.  Conceptual  models  provide  means to interpret  crucial  details of 

the fault geometry  and  the  distribution of fault rock  beyond  the  conventional 

resolution of a 3D  seismic  data  set. 

Combining  these  three  approaches, we  have  developed a procedure  to 

determine  the fault geometry  and  to  assess  the  nature of the  smeared  shales  and  their 

evolving  configurations  as a function of fault  throw  and  the  thickness of 

corresponding shale units.  The  result  is a new  and  improved  technique  to  visualize 

fault  architecture  and to interpret  fault  rock,  both of  which  lead  to constructing 

structurally  realistic  juxtaposition  diagrams and  physically  sound  fault  seal  analyses 
0 

in reservoirs. 

INTRODUCTION 
Faults  are  important  structures in  the  exploration  and  production of 

hydrocarbon  because  they  exert  significant  control on  the migration,  entrapment  and 
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subsequent  compartmentalization of hydrocarbon  (Weber,  1978; Smith, 1980;, 

Downey,  1984). The effect of faults on the  flow of hydrocarbon  can  be  complex: 

while some faults allow  fluid  flow  across  them,  others  do  not  (Aydin,  1999),  causing 

various complications in  the  geometry of hydrocarbon  reservoirs. In order  to 

improve  the  efficiency  in  exploration  and  development of hydrocarbon  reservoirs,  it 

is  imperative  to  understand  the  distribution of faults  and  their  internal  architecture  and 

petrophysical  property. 

The  impacts of faults on  hydrocarbon  flow  are  two-fold:  First  major  effect  is 

the juxtaposition of stratigraphy  across  the  fault  and  second  is  the  nature of the  fault 

rock. Two most  common  processes  responsible  for  different fault rocks  are  shale or 

clay  smearing  and  granulation  or  cataclasis.  The  relatively  low  permeability of  the 

sealing faults in  the  Niger  Delta  has  been  attributed  to  the  juxtaposition of lithologic 

units  with  low  permeability  values  against  reservoirs  across  the fault zone  and  shale 

smearing  (Eisenberg  et  al,  1996;  Bouvier  et  al,  1989;  Weber,  1987;  Weber  et  al, 

1978). A limited  number of other  workers  studied  the  formation  and  breakdown  of 

fault  seals by shale smearing  (Smith,  1980;  Downey,  1984;  Lindsay  et  al,  1993; 

Gibson,  1994;  Yielding  et al, 1997;  Lehner  and  Pilaar,  1997;  Aydin  and  Eyal,  1999; 

Younes  and  Aydin,  1999). 

Mapping  the  juxtaposition of stratigraphic  units  across  the  fault  plane  is 

sufficient to characterize  juxtaposition  seal.  Accurate  fault  geometry  and  the  nature 

and  distribution of smeared  shale  are  required  for a sound  assessment  of fault seal  due 

to  fault  rock.  However,  the  interdependence of the  two  mechanisms  poses a 

challenge in applications:  the  juxtaposition  geometry  is  strongly  controlled by the 
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distribution of the  fault rock along a fault zone. Therefore, we  submit that a reliable 

seal analysis will first require an accurate map of fault geometry and fault rock within 

a fault zone. 

In this paper, we present a new methodology based on 3D seismic, wireline 

logs and conceptual models of faulting in brittle/ductile multilayers to analyze fault 

seals from Okan field,  one of the largest producing fields in the Niger Delta (Figures 

2.1 and 2.2). We argue that unlike current methodologies, this procedure follows 

closely the principles of the process of shale smearing and provides means of 

visualizing fault architecture in a detail that wasn’t possible before. In turn, this 

improvement makes it possible to construct a more accurate juxtaposition diagrams, 

which should form a basis for a physically sound fault seal analysis. 

$HALE  SMEARING  IN  THE  LITERATURE  AND  PRACTICE 
The observations presented by Weber et a1 (1  978) have provided a good 

understanding of shale smearing developed in unlithified sequences, named ‘shear 

smears’. Their presentation included observations from experiments and outcrop 

studies. Lehner and Pilaar (1997) later expanded the outcrop study at  the same 

locality and its amprical results. They showed that fault displacement along the major 

normal faults was partitioned over a number of slip surfaces defining a ‘shear zone’. 

Such shear zones often have a lithologically stratified appearance, containing smeared 

shale in almost every location within the throw interval of a faulted shale bed 

(Figures 2.3a’b). 

Lindsay et a1 (1993) reported an outcrop study of shale smear in tectonic 

faults developed within lithified sequences and identified a number of different 
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mechanisms for the development of shale  smear  including: 1 .) ‘Abrasion smears’, 

comprising a shale veneer  that  is  abraded by a sandstone  wallrock  as  it slips past a 

shale  bed;  2.)  ‘Shear smears’; analogous  to  those  described by Weber  et  al.  (1978) as 

mentioned  above;  and 3.) ‘Injection smears’, which  are a local  response  to  volume 

changes  during faulting. 

A number of field  based  studies  have  been  carried  out  at  the  Stanford  Shale 

Smear  Project  for  the  purpose of characterizing  shale  smearing  along  large  scale 

faults and  defining the critical  point  at  which  smeared  shale  breaksdown(Aydin  and 

Eyal,  1999;  Younes  and  Aydin,  1999).  They  concluded  that  smeared shale thickness 

depends on  the  original  thickness of the  shale  bed  and  the  magnitude of the  normal 

slip.  Gibson (1994)’ Aydin  and Eyal(1999), and  Younes  and  Aydin,  1999)  suggested 

that  smeared shale vanishes  above a sliphhale bed  thickness  ratio  between 4 and 6. 

Other workers have proposed shale smear analyses using primarily 

subsurface data The general conclusions fiom the these studies are: (1) 

thicker source beds produce thicker shale smears, (2) shear-type smears 

decrease in thickness with distance fiom the source layer; (3) relative 

smearing potential increases with the number of source beds passing a 

point on the fault plane (Yielding et al, 1997). Based  on the factors ~ 

I 

mentioned above, a number of algorithms are being  used in practice that 

seek to quantify the smear values at particular points along the fault zone 

in the subsurface. Yielding et a1 (1997) provide an excellent discussion 

on the different algorithms currently used for shale smear analysis. For 

Q 
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example, the Shale Gouge  Ratio  (SGR)  is  defined  as ‘the percentage of 

shale or clay in the slipped  interval’. To calculate  the  SGR at a  given 

point  on  a fault surface,  for  discrete shale beds the equation, 

SGR = (Shale bed thickness 1 x loo%, 
Fault throw 

is used. To use  the algorithms as estimates of seal capacity, they must be calibrated in 

data  sets where sealing behavior is documented from production data. 

The  other algorithms also consider similar variables. As such, they are only 

indirect estimates of shale smear being developed at the fault surface. Lehner and 

Pilaar (1997), while noting that the length of continuous smears will ultimately be 

controlled by the smearing process, remind us that the process itself is yet to  be 

investigated in detail. 

The most significant defect in the current algorithms remains that they are not 

really based on the process of fault development or shale smearing. Rather, they are 

basically empirical ranking procedures that rely very largely on the geometric 

relationships between lithologic sequences and fault offsets in a stochastic manner. 

Because of the shortcomings inherent in using the statistical methodology described 

above, we decided to further investigate the processes of shale smearing and thereby 

seek ways to improve the quantitative analysis of shale smear and its consequent 

effect on fault seal. 

8 

OBJECTIVES 
The objectives of the present study are 
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1. To determine the  physical  factors  controlling  the shale smearing  process  and 

develop a conceptual  model  for  their  formation  and  development. 

2. To interpret the subsurface data in  Okan field in  the  light of our  conceptual 

understanding of faulting  in  multilayered  brittle/ductile  sequences. 

3. To determine  which of the  factors  contributing  to  the  shale  smearing  process 

could  be  directly  related  to  the fault sealing 

4. To compare the results to those  from  similar  studies. 

METHODOLOGY 

In  this  study  we  have  used 3D seismic,  wireline logs, and  conceptual  models 

of faulting in layered  elastic/plastic  medium.  The  procedure  adopted  to  achieve  our 

objectives  are  listed  below: 

1. 

2. 

0 3. 

4. 

Use field observstions  snd  theoretical  considerations  to  develop a conceptual 

model  for  the  formation  and  evolution of shale  smearing  within  faults in  the  Niger 

Delta. 

Produce a rigorous  interpretation, in three  dimensions, of the  geometry of  the  fault 

under  study  in  light of the  conceptual  model. 

Use  well log data  to  identify  and  map  reservoir  and  non-reservoir  stratigraphy 

associated with the  fault.  Compare  the  data to the  conceptual  model. 

Conduct a detailed  investigation of the  architecture of fault  zones  and  the  fault 

rock. 
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5. Map the distribution  of fault rock  (due  to shale smear)  across  the fault surface and 

construct a physically  realistic juxtaposition diagram. 

6. Use  pressure data to  validate  the  sealing  characteristics of the fault in  the 

producing field. 

STRUCTURAL GlEOLOGY AND STRATIGRAPHY 
The  structural  development of the  Niger  Delta  since  the  Middle  Eocene  has 

been  dominated by growth  faulting  and  associated  rollovers  (Short  and Stauble, 

1967).  According to Akinpelu  (1991), it is  conceivable  that  the ductile Imo  shale and 

the  subsequent  offshore  equivalent,  the  Akata  shale,  could be  an initial  surface of 

detachment on  which  the  growth  fault  tectonics of  the  Niger Delta  hinged  (Figure 1). 

Structural  analysis of the Tertiary  overburden  shows  that  individual fault blocks  can 

be  grouped into macrostructural  and  eventually  megastructural  units.  Megaunits  are 

separate  provinces  with  regard  to  time-stratigraphy,  sedimentation,  deformation, 

generation  and  migration of hydrocarbons  as  well  as  hydrocarbon  distribution 

(Evamy et al, 1978).  The  Okan  field  is  an  example of such a megastructure  (Figure 

2.2). 

The  Niger Delta has  been  subdivided  into  three  broad  lithofacies  units  which 

include  massive  continental  sandstones  (Benin  formation),  paralic  sandstones,  shales 

d and clays  (Agbada formation), as  well  as  marine  shales  (Akata  formation)  (Bouvier  et 

al,  1989).  This  generally  regressive  clastic  sequence  reaches a maximum  thickness of 

between  9km to 12  km (Figure  2.1). 
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Fault X, the fault under  study,  divides  the  Okan field into roughly  two 

producing  blocks  (Figures  2.2  and  2.5).  The  hanging  wall  comprises  of  wells  mostly 

drilled  in  the 1960's to  the 1980's, while  the foot wall  comprises of wells  drilled in 

the  late 1980's and the 1990's. 

CONCEPTUAL MODEL 
In the  Niger  Delta  and  similar  environments,  the  depositional  sequence  is 

made  up  of alternating  sands  and  shales.  The  resulting  contrast  in  the  mechanical 

properties of these  lithologic  rock  types  leads  to  differences in their  reaction  to 

deformation. It is proposed  that  the  shale  layers  generate  segmentation  in  the  dip 

direction of normal faults as  described  below. 

The sandstones  react  under  gravity by brittle  deformation,  while  the  shales 

react by ductile  deformation.  This  will  lead  to  abrupt  discrete  separation of the  fault 

segments  within  brittle  sandstone  layers,  but a distributed  zone of deformation in  the 

shale  layers  (Figure  2.4A).  Note  that  regardless of the  propagation  direction,  fault 

growth  from  the  top  or  from  the  base  would  result in steps in  the sense  that  the  top 

segment  is  located  to  the  left of the  bottom  segment.  This  corresponds  to a series of 

extensional  relay  structures in  which  smeared  shale  layers  deform  by  thinning  and 

stretching  (Figure  2.4B). If the  shale  layer  is  thick  enough  with  respect  to  the  local 

fault slip the  shales  within  the  relays  will  continue  to  attenuate  and will remain 

unbroken. If the  vertical  component of the  local  slip  exceeds  the  thickness of a sand 

layer,  the  sand  layer  will be  totally  separated  on either  side of  the fault  and  the  shale 

layers  below  and  above  the  sand  layer  will  merge  together  along  the  fault  zone 
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(Figure 2.4C). If the  shale layer is not thick enough, with respect to  the  fault slip, or 

depending on its ductility and, perhaps, the  rate of fault slip, it is broken at a critical 

point during the attenuation process and the  fault segments within the sand horizons 

above and below the broken shale link or merge together (Figure 2.4D). 

In dip  section,  the resulting vertical (brittle/ductile) anisotropy is what leads to 

the segmentation of the normal fault, which in turn is clearly visible on Inline sections 

of the seismic data  from the Niger Delta (Figure 6). A forthcoming Leading Edge 

paper expatiates  on  the conceptual model by examining both aerial, downdip and 

along strike  fault segmentation along the Fault X. 

MAPPING FAULT SEGMENTS ON SEISMIC 
Our first  clue  to  the veracity of the segmentation of normal faults in the 

subsurface came  from a routine inspection of seismic sections from Okan field. 

Conventional interpretation of Fault X had represented it as a single line  from top to 

bottom on seismic dip sections. We found out on closer inspection of discontinuities 

in the seismic records that the fault geometry was actually that of separate vertical 

segments arranged in  an en echelon configuration(Figure 2.6). Our cursory survey 

indicates that the Fault X is made up of at least fourteen dip segments. The sense of 

stepping is consistently top to the left, that is, the upper segment always steps to the 

left with respect to an observer standing on the lower segment viewing the upper 

6 segment. Interestingly enough, on the seismic section, the fault zone is characterized 

by variation in segment length, and overlap and  width of relay zones from the base to 

the top. At the upper sections, fault segments are short, overlaps between neighboring 

segments are short but separation of the neighboring segments are large. In other 
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words relays are  short  and narrow. At the  lower sections of the fault,  the segments 

become longer  and overlaps increase and separations decrease indicating that relays 

become longer and narrower towards the base where the slip is higher. The amount 

of overlap ranges from fifty to eighty percent of the segment lengths near the base. 

In order to verify the  existence  and true distribution of the fault segmentation, 

we carried out very detailed interpretation of the seismic volume available over Okan 

field. This involved the mapping of tens of seismic horizons and twelve fault 

segments in greater detail. The mapping was done on  an interval of two  Dip lines by 

four Strike lines. 

After interpreting the fault segment geometry, we picked up all shale layers in 

the producing stratigraphic section, using available well log data. For this purpose, 

Well Y was particularly convenient because of its projectory parallelling the fault in a 

closer proximity for a greater portion of horizons. The locations and thicknesses of 

these shale layers were then posted on the seismic sections. Once the segments and 

the shale layers were displayed on the seismic sections, it  was apparent that there is a 

spatial relationship between segment relays and the locations of the thicker shale units 

(Figure 2.7). Using the conceptual models presented earlier, we then, interpreted the 

fault relays as the locations of the shaly fault rock due to smearing of the adjacent 

thick shale units. To understand the detailed architecture of the fault zones, we 

decided to investigate the relationship between the fault segments, associated shale 

units and fault rock architecture by using data from wells whose trajectories passed 

through the relay zones. 
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MAPPING  SMEARED  SHALE  WITH  WELL  LOG  DATA 
Our conceptual model  suggests  that shale bodies  should  be found in  the fault 

relay  zones either as a monolithologic unit, or  as a mixture of different units.  This 

section explains how  we  quantitatively  mapped  smeared  shale  using  wireline  logs 

from  wells  penetrating  the  fault  under  study.  Wireline  log data from  fifteen  wells  that 

penetrated  across Fault X were  used  in  the  analysis  (Figure 2.5). The 

CORRELATION  tool of the  STRATWORKS  application  was  used  to  correlate  the 

units  across the field. The fault picks in  the  wells  were  taken  from  previous  work 

done by Chevron  staff 

In  deriving  the  presence of smeared  shale  in  the  fault  zone  penetrated  by  each 

well,  complete  sections  in  wells close by were  correlated  and  unmatched  shale 

signature  was  considered  extraneous  material  or  smeared  shale.  Resistivity  curves 

were  principally  used  because of their  very  constant  signature  for shale. In addition, 

gamma  ray  curves  were  used  to  compliment  the  resistivity.  It  is  assumed  that  the  log 

signature for the smeared  shale  will  be  different  from  that of shale in  normal  section 

either  because  it  is  considerably  attenuated,  or  because  it  is  already  mixed  with  other 

shale  units  within  the  fault  zone.  Figure 2.8 shows an example of smeared  shale 

picked  in  WellY. 

Results  from  this  analysis  indicate  that  there  is a relationship  between  original 

shale  unit  thickness  smeared  shale  thickness  and  fault  throw  value.  Other  workers 

have  considered  this  relationship in  more detail. When expressed  as a ratio  of  the 

fault  throw  value  to  shale  unit  thickness,  we  call  the  Shale  Smear  Ratio  (SSR).  For a 

single  shale  unit,  there  is a shale  smear  developed  in  the  relay  zone  when  the  SSR  is 

less  than  between 4 and 6. When  the SSR is  greater  than  between 4 and 6, the  smear 
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developed in the relay  zone  becomes  zero.  Such  results  have  been  reported  from 

surface  mapping  activities  from  the  Gulf of Suez (Younes,  pers.  comm.)  and  the 

fluvio-deltaic  sequence from England  (Lindsay,  1993)  as  well as subsurface  data  from 

other  environments  (Gibson, 1994). 

DETAILED  ARCHITECTURE OF RELAY  ZONES 
In the previous  section,  we  confirmed  that  the fault segment  relay  zones  do 

indeed  contain  smeared  shale,  from  well  log  data.  We  also  established a relationship 

between single shale units  associated  with  the fault zones  and  fault  throw  values.  The 

next step in  the  process is to establish  the  detailed  architecture of the  relay  zones. In 

order  to  do  this,  we set up  the  following  guidelines: 

1 Define  shale  units  that  are  continuous  across  the  relay  zone,  using  the 

relationship of shale  thickness  to  fault  throw  established for single  isolated 

shale layers  above (SSR). 

2 Define  sand  units  that  are  discontinuous  across  the  fault. A sand  unit will be 

discontinuous if its  thickness  is  smaller  than  the  fault  throw in that  interval. 

Once a sand  unit  becomes  discontinuous  across a fault,  the  shale  units 

smeared  along  the  fault  above  and  below  the  sand  unit  merge  together as 

described  earlier in  the  conceptual  model. 

These  considerations  were  applied  to  the  relay  zone  where  Well Y crossed  the 

fault. Figure 2.9 shows  the  result of this  application  and its implication  for  the 

detailed  architecture of  relay zones with  the  following  results: 
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a.) Within  the outer bounds of Segments 5 and 6 earlier picked on 

seismic, there exists a third, intermediate segment. 

b.) One of the shale units that pass through the fault zones is 

discontinuous. 

c.) There is a remnant of a previous segment between the discontinuous 

shale unit and the neighboring continuous unit. 

Figure 2.10 shows  the detailed architecture of the relay zones with shale  smear over a 

greater stratigraphic section on Line 158, including a neighboring smaller fault. 

SEAL ANALYSIS PROCEDURE 
We already mentioned in the ,introduction, the two permeability-reducing 

factors responsible for  the sealing effect in Niger Delta faults -stratigraphic 

juxtaposition and  shale smearing. For this reason, the analysis of fault seals in the 

delta follows two principal steps, aimed at characterizing these factors. The first is to 

construct a reliable juxtaposition diagram across the fault zone. The second step is to 

characterize the presence of shale smear within the fault zone and its impact on the 

juxtaposition diagram. 

Faults are commonly assumed to be planar discontinuities so that the horizons 

picked on either side of the discontinuity can be  used construct juxtaposition 

diagrams. From  the previous sections of this paper, we have shown that the geometry 

and architecture of fault zones in the Niger Delta are more complex than hitherto 

assumed. In addition, we have also shown that the distribution of shale smear can 

actually be mapped, by using both  well log data and seismic data. We discuss in this 

D 
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section, a procedure  for analyzing sealing faults which take into consideration the 

insight thus gained. 

Juxtaposition maps, sometimes called Allan diagrams in reference to Allan 

(1989), are essentially depth vertical sections along the  strike length of a fault, 

showing the locations on of stratigraphic units on either side of the  fault. Several 

methods have been used for juxtaposition mapping. Bouvier et a1 (1989) and Jev et 

a1 (1993) used fault slicing to evaluate juxtaposition of lithology. Yielding et a1 

(1997) described a juxtaposition plot created from well data. As a first step in our 

analysis, we created a conventional Allan diagram on Fault X, using the fault slice 

methodology (Figure 2.12). We took our slices on footwall and hanging wall sections 

by using fifty traces parallel to  the  fault trace on either side. Areas that would 

correspond to sand on sand juxtaposition across the fault are highlighted in Figure 

2.13. 

In  the next step, we made a slice of the seismic volume through the fault 

relays that had been interpreted on seismic (Figure 2.1 lb), using the major fault 

segments. This was designed in order to map the locations of the smeared shale, 

contained in the relay zones. Figure 2.14 shows the amplitude attribute on the 

seismic section from this slice. All the parts of the section come from the footwall 

stratigraphic section, except for the polygons, which are the locations of the segment 

relays. The orange colors on this section correspond to shale while the black colors 

8 correspond to sands. Note that the polygons are largely filled with shale, although 

areas of sand presence exist. 
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We combined  the relay zone map with the previously made juxtaposition 

diagram to  make  one integrated juxtaposition diagram as shown in Figure 2.17. Note 

the difference between Figure 2.13 and Figure 2.17: The sand-on-sand areas 

determined from conventional Allan diagram are much less than those in the new 

juxtaposition diagram in which the smeared shale from  the relay zones are included. 

PRESSURE  BEHAVIOR  AND  ITS  IMPLICATION  FOR  SEAL 
INTEGRITY 

Differences in hydrocarbon contacts on either side of the fault zone are 

commonly used in recognizing fault seal.  This method is often inadequate with 

regards to the  degree and extent of the fault seal effect. On the other hand, mapping 

differences in pressure values across the fault zone gives a more comprehensive 

understanding of fault seal. In this case, we compared the initial bottom hole 

pressure values on both sides of the fault. 

In Okan field, the wells draining reservoirs in the hanging wall block (Figure 

2.2) have been producing for several decades. The wells draining reservoirs in the 

footwall block were drilled much later. We made a plot of the initial bottom-hole 

pressure values in the Main block against depth. This plot shows a straight-line 

relationship between the fluid pressure and the reservoir depth, with a gradient value 

of 0.438, which we assumed to  be the ‘normal’ pressure gradient in the area (Figure 

2.15). Next, we added initial bottom-hole pressure data  from each of the reservoirs in 

8 the Footwall block. A number of the Footwall block reservoirs show substantial 

deviation from the straight line, meaning that their pressures were already depleted 

before they were even drilled into. The reservoirs with depleted pressures were thus 
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SEALING  EVALUATION 
Figure 2.17 shows areas of sand-on-sand juxtaposition across the  fault, with 

pressure situations indicated, after mapping smeared shale locations onto the fault 

surface. Hydrocarbon leaks would occur across the  fault in such sand-on-sand areas 

which are not covered by the polygons representing shale smear locations in this 

figure. Fourteen reservoirs in the Footwall block with complete pressure data were 

inspected in this manner. Comparing Figure 2.17 to Figure 2.16 gives an indication 

of the correlation between the mapped shale smear locations and the pressure 

depletion status of the reservoirs. 

The results presented above lend some support for the approach that we have 

chosen to analyze the sealing capacity of Fault X from the Niger Delta. However, 

more data would help to confirm its reliability and accuracy. 

RESULTS AND DISCUSSIONS 

We would now like to discuss our methodology with respect to current 

methods being used in the analysis of sealing faults. In order to properly characterize 

a given fault system, its geometry must be well understood. We have shown through 

our new method utilizing our conceptual model and seismic and  well data, how the 

process of shale smearing leads to a different fault geometry than  what is currently 

38 



used  in  seal analysis. This difference has  very  important  implications for the  manner 

in  which the rest of the analysis  is  carried  out  and final evaluations are made. 

As mentioned earlier, an essential first step in  the  procedure is the 

construction of juxtaposition maps.  In  constructing  the  Allan  diagrams 

conventionally,  it is commonly  assumed  that  the  fault  zone is uniform  in  thickness 

and  petrophysically  transparent  such  that  the  lithological  units on either side  are 

juxtaposed  against  each  other.  This  is  not  strictly  correct  however,  because of the 

existence of fault rock  within  the fault zone.  The  lithologies  are  actually  juxtaposed 

against  the fault rock  where  it  exists,  which  in this case is  mostly  smeared  shale at- 

relay  zones.  As  such,  we may define  two  types of juxtaposition. The first  type  is 

common  or  conventional juxtaposition, in  which  the  effect of fault  rock  (smeared 

shale) is either  neglected  or  statistically  distributed  along  the fault. The  second  type 

will  be  true juxtaposition, in  which  shale  smear  and  its  distribution  are  taken  into 

account. 

Because of the  inadequacy of the  Allan  diagram  to  fully  characterize  the  fault 

zone,  current  methods  use  the  algorithms  described  earlier  to  'fill  in'  the  fault  zone 

with  the  expected fault rock.  Unfortunately,  all  the  algorithms  use an averaging 

technique to distribute  certain  shaly  fault  rock  over  the  fault  surface.  However, we 

know  that  the fault rock  is  distributed in a discrete  and  systematic  manner  within  the 

fault  zones.  The  result of this  procedural  shortcoming  is an unrealistic  image of  the 

* fault  architecture,  leading to inaccurate  prediction of fault  seal  capacity. 
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CONCLUSIONS 
1. Based  on  the  conceptual  model for the  development of shale smears, we have 

interpreted  the fault zone  into a series of vertically  discontinuous  segments on 

seismic. This is in contrast to the  common  but  geomechanically  unsound 

interpretation of fault zones  as  one  vertical  continuous  ‘fault  plane’. 

2. Along  the  vertical  extent of the fault, we  recognize  areas of high  incidences of 

localized shale smear,  being  the  relay  zones  between  the  fault  segments.  These 

areas  correspond  to  stratigraphic  horizons of thicker  shale  layers  and  are 

consistent  with  the  conceptual  model  for  the  initiation of fault  segments at 

sand/shale  boundaries  and  the  development of shale  smear  at  extensional  relays. 

On the other hand, the inter-relay  zones  are  areas of  low smear  occurrence and 

possible  sand-on-sand  contact  across  the  fault.  The  nature of the  fault 

petrophysical  property  along  these  parts  is  different  than  those  with  shale  smear 

and  should  be  evaluated on different  grounds. 

3. As a result of the  foregoing  analyses, we determine  that  most  incidences of fault 

seal  occur in reservoirs  juxtaposed  against  relay  zones.  Most  incidences of fault 

leak  occur  in  reservoirs  juxtaposed  against  the  inter-relay  zones,  where  the  shale 

smear is broken  up. 

4. With  this  methodology,  smear  location  can be  mapped  directly  and  there  will  be 

no  need  to  calibrate  results  in  data  sets  where  sealing  behavior  is  documented 

from  well  data.  However,  well  data  should, of course, be  used  to  test  the  results. 

5. These  techniques  shall  improve  our  ability  to  accurately  evaluate  the  capacity of 

fault  seals  that  have  developed as a result of the  shale  smearing  process. 

Additional  advantages  expected  to  accrue  from  their  use  include  the  possibility of 
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Figure 2.1 : (a) Location  map of  the Okan  field  and (b) a  North-South  Crossection 
of  the Niger Delta, showing  tectonic and stratigraphic  elements  (after  Doust and 
Omatsola, 1989). 
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Appendix  A-  Shale  Smear  Analysis  Using  Well  Logs 

Introduction 

This appendix  describes  the  methodology  for  the  interpretation  and 

quantification of shale smear in fault zones  using  well  log  data. The analysis  helped 

to  develop the conceptual  model  discussed  in  Chapter 1. 

Several  workers  have  carried  out  studies to characterize shale smearing. 

General  conclusions  from  the  studies  include  the  following: (1) thicker  source  beds 

produce  thicker shale smears, (2) shear-type  smears  decrease in thickness  with 

distance from the source layer, (3)  multiple  source  beds  can  result  in a composite 

shale  smear  (Yielding et al, 1997); (4) relative  smearing  potential  increases  with  the 

number of source  beds  passing a point on the fault. 

The  studies  mentioned  above  have  used  data  either  directly  collected  from  the 

field  (Younes  and  Aydin,  1997;  Lehner  and  Pilaar,  1996;  Aydin  and Eyal, 1995; 

Lindsay et al,  1993,  Weber  et al, 1978)  or  remotely  collected  from the subsurface 

(Yielding et al, 1997;  Gibson, R. G.,  1994;  Bouvier et al, 1989).  While  field 

circumstances  permit  the  highest  resolution  and  details  necessary,  they  mostly  do  not 

provide  reservoir-scale  structures.  Particular  problems  are:  finding faults with 

composite  shale  units  that  are  involved in  the  smearing  process  and,  or,  finding  fault 

throws  that  are  comparable  to  reservoir  scale  faults. On the  other  hand,  the  main 

problems  with  the  use of subsurface  data  include  the  scarcity of such data, due  to  both 

the  cost  and the difficulty of obtaining  them,  as in cores  and  borehole  images;  as  well 

as  the  relatively  limited  resolution  that  the  available  data,  like  wireline  logs  and 

pressure data, can  provide  for  shale  smear  mapping.  These  reasons  might  explain 

why no  attempt  has  been  made  before now  to  measure  the thickness of smeared  shale 

in fault  zones  using  subsurface  data. 
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Algorithms for shale  smear  quantification 

The factors mentioned  above  have  been  used  to  develop a number of 

algorithms  that  seek to quantify  the  smear  values  at  particular  points  along  the  fault 

zone.  Yielding et a1 (1997)  provide an excellent  discussion on the  different  algorithms 

currently  used for shale smear  analysis. A central  hypothesis of the aforementioned 

studies  is  that shale is a ductile  material  which  can  flow  and  stretch  during  faulting, 

smearing  the surface of the faults  (Younes  and  Aydin,  1997;  Lehner  and  Pilaar,  1996; 

Aydin  and Eyal, 1995;  Weber  et  al,  1978).  Younes  and  Aydin  have  defined a 

parameter  called  the Shale Smear  Ratio,  which,  like  others,  relates  the  shale  source 

thickness,  the  smeared  shale  thickness  and  the  fault  throw. It basically  defines a 

limiting  ratio of fault throw  to  shale  source  thickness  that  will  cause a total 

breakdown of the  deformed  shale  .in  the  downdip  direction  along  the fault zone, 

making  the  smear  thickness  equal  to  zero  (Figure A. 1).  When  the  SSR  is  less  than a 

range  between 4 and  6;there  is a shale  smear  developed in the  fault  zone.  When  the 

SSR is greater  than a range  between 4 and 6, the  thickness of the shale smeared in the 

fault  zone  becomes  zero.  (Modified  from  Younes  and  Aydin,  1997). 

Shale  Smear  Ratio  (SSR) = Fault  offset 

Original  shale  thickness 

Methodology 

Following  is  the  methodology  adopted  to  achieve  the  foregoing  objectives: 

1.  Use  stratigraphic  and  structural  correlation  tools  to  identify  and  measure 

smeared shale thicknesses  and  fault  offset  values  in  wells  penetrating  fault  zones 

2. Isolate  cases in  which  single  shale  units  are  involved  in  the  smearing  process 

and  compare  the  structural,  geometric  and  stratigraphic  relationships  with  that  from 

previous  work e 
I4 
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3. Define sand  units  that are continuous or discontinuous  across the fault. Sand 

units  that  are  thicker  than  the fault throw  will  continue  across  the fault (Figure  A.2c). 

4. Define shale units  that are continuous,  using  the  relationship of shale 

thickness to fault throw  established for single  isolated  shale  layers from surface 

studies to determine cutoffs. 

5. Recognize cases in  which  only  single shale units  are  continuous  across  the 

fault  and  then compare with data from the field. 

6. Where  multiple  shale  units  are  continuous  across  the fault, measure  the  total 

thickness of the shale units  forming  the  smear  and  calculate a composite  shale  unit by 

using  the  additive  value of the  unit  thicknesses. 

7. Test to see if there  is  any  relationship  between  composite shale thickness, 

smear  quantity  and  fault  throw by making a plot of the  smear  thickness  against  fault 

throw  values. 

Mapping  smeared  shale  thickness 

Wireline  log data from  fifteen  wells  that  penetrated  across  the fault under 

study  were  used  in  the  analysis.  The  CORRELATION  tool of  the  STRATWORKS 

application  was  used to correlate  the  units  across  the  field.  The  fault  picks in  the 

wells  were  taken  from  previous  work  done by Chevron  staff 

In deriving  the  thickness of shale  smeared  in  the  fault  zone  penetrated  by  the 

well,  complete  sections in  wells  close by were  correlated  and  unmatched  shale 

signature  was  considered  extraneous  material  or  smeared  shale.  Resistivity  curves 

were  principally  used  because of their  very  constant  signature  for  shale.  In  addition, 

gamma  ray  curves  were  used  to  compliment  the  resistivity. It is assumed  that  the  log 

signature  for  the  smeared  shale will be different  from  that of shale  in  normal  section 

either  because  it  is  considerably  attenuated,  or  because  it  is  already  mixed  with  other 

shale  units  within  the  fault  zone  (Figure  A.2a,  A.2b,  A.2c).  Other  parameters 
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measured included the  vertical  separation,  thicknesses of the  missing  sand  and  shale 

units,  bed dips and fault dips. The measured  smear  thicknesses  were later corrected 

for fault dip to  arrive  at  true  smear  thicknesses  (Figure A.3). 

In determining that a single  shale  layer is involved in the  smearing  process, 

the  correlation  tool  shows  that  only  one  shale  unit is missing  or  reduced  from  the 

normal  section  as  seen in  nearby  wells.  On  the  other  hand,  multiple shale units  are 

missing  in the particular  well  with  the  fault  cut  when  multiple shale units  are 

involved.  In either case, if the unit(s)  are  discontinuous  in  the fault zone,  then  only a 

juxtaposition of units  above  and  below  them in the  normal  section  is seen, that  is, 

smear  measured  will  be  zero. If the  unit(s) are only  thinned  to a fraction of  their 

original  thickness,  then  some  value of the  smear  will  be  measured. 

Determining  fault  throw  and  slip 

Fault  throw  was  determined  using  the  equation: 

Vertical  Separation = ABS [ (Tan of bed dipflan of fault  dip) -1 ]/ Throw 

The  bed  and fault dips  are  taken  clockwise  from 0 to 180 degrees.  (Tearpock  and 

Bischke, 1991). 

The missing  section  measured in the  wells  was  equated  to  the  vertical 

separation.  The dip of each  bed  was  determined  from  the  depth  map of the  bed in 

question.  The dip of the  fault  at  each  well  location was similarly  determined  from a 

fault  surface  map.  The  dip  slip on  each  occasion  was  then  determined  from  the  value 

of the  throw  (Figure A.4). 

Results  and  discussion 

Table A. 1 shows  the  measured  parameters  from  the 15 well-points,  including 

the  calculated  fault  throw  and  slip.  Figure A S  shows  the  structural  configuration 

defining  the  various  parameters  presented. 

From  the  results  shown  in  Table A. 1, the  following  conclusions  may be  made: 

1. We  have  been  able  to  measure  thicknesses of shale  smeared  into  fault  zones 

penetrated by wells  in  the  Niger  delta. 
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2. Only two  single, isolated layers of shale  and their corresponding smear 

thicknesses were measured, due  to  the  large  scale of faulting, as is typically 

encountered in producing  fields. Obviously, we can not use this sparse  data content 

to determine  the relationship between shale source thickness, smear  and  fault throw. 

However, the  Shale  Smear Ratios calculated from these points fall within the limiting 

ratios documented from previous study (Younes and Aydin, 1997; Lindsay et al, 

1993) (Table A.2, Figure A.2a). 

3. When the individual shale source units are discriminated based on their Shale 

Smear Ratios, and single continuous units are selected and used in the analysis, the 

results show a decrease in shale smear thicknesses with fault throw, both of which 

have been normalized by the shale source thicknesses. (Figure A.2b, AS). This 

result increases our confidence in the analysis. 

4. When the remaining multiple shale units were added together and their 

thicknesses (normalized by the additive original shale layer thickness) were plotted 

against the fault throw (normalized similarly), the gradual and systematic nature of 

the relationship appears to disappear ( Figure A.2b, A.6).  This trend seems  to 

indicate that the effect of multiple original shale layers is not simply additive when a 

composite shale smear is formed. For example, it is plausible that the thickness of 

smeared shale may increase during faulting if several sand layers become 

discontinuous and several shale layers collapse into a mature fault zone over a small 

throw window. It may also be simply because the individual shale layers being 

stretched undergo different thinning fractions at the particular location of.the well cut. 

Conclusions 

Shale smearing in the Niger delta shows a decrease with increasing fault 

throw when a single shale source is involved in the smearing process. This result is 

in agreement with behavior documented from other parts of the world. However, for 
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smearing  developed from multiple shale source  units,  smeared shale thicknesses 

appear  not to show  any  regular  trend  with  increase  in fault throw.  More  work  needs 

to be done in order to understand  exactly how composite  shale  layers contribute to 

smear  thicknesses  in the fault zone  during  the  process of smearing.  Important  results 

of this  study include our  ability,  demonstrated  here,  to  measure  thicknesses of shale 

smear  from  common  wireline data and a proposed  procedure on  how to interpret 

these data for the specific process  and  quantity of smearing  with  respect to original 

stratigraphy. 

67 



50 -p% 

40 

30 

20 

10 

0 

0 Baba fault 

X Nukhul fault 

X 

D 

- 

Figure A.1: Relationship  between  original  shale  thickness,  smeared  shale 
thickness  and  fault  offset.  When  the SSR is  less  than  a  range  of  4-6,  there 
is a  shale  smear  developed  in  the  fault  zone.  When  the SSR is  greater  than 
a range  between  4-6,  the  thickness of the  shale  smeared  into  the  fault  zone 
becomes  zero.  (Modified  from  Younes  and  Aydin, 1997). 
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Well 3 Intense smear 

Figure A.2a: Range  of  smear 
intensity  recorded in different 
wells:  single  shale  source. 
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Shale  unit 

Well 1 Normal sections 

Well 2 Slight  smear in shale 
unit 1 I intense in 2. 

Well 3 Intense  smear  in shale 
unit 1, slight in 2. 

Figure A.2b: Range of smear Figure A.2c: Range  of  smear  intensity 
intensity  recorded in different recorded in different  wells:  Multiple 
wells:  single  shale source. shale  source  when  sand  thickness is 

greater  than  fault  throw. 
I 



SHALE LAYER 

Using  trigonometry, 
3 

Sin 0 = AC 
AB 

AB = Measured smear thickness from 
well  logs 

AC = True  smear  thickness 

0 = Fault dip 

Figure A.3: Showing  measured  smeared  shale  thickness  and 
correction  for  fault  dip. 

Bed X 

I \ I AB = Dip slip 

Cfl---\B I AC = Throw 
I / 

/ AE = Vertical separation (from 

Figure A.4: Block  diagram  of  Bed X displaced  by  normal  fault, 
illustrating  the  different  fault  components  in  Table A.1 
(Modified  from  Tearpock  and  Bishcke, 1991) 
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