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® &Structure (fjéology is the study of the ways in which rocks are arranged at an.
below the surface of the earth> The geologists can generally see only how the r¢. .
are distributed at the surface. It is important for a geologist that the structure must
be deciphered on many levels. The scale of the earth, the range of materials th:.

compose its lithosphere and the penetrative influence of the forces acting within i -,
all combine to create features that must be interpreted in the domain of the electron
microscope, the hand sample, th; e.seismic.profile, the mountain t. .-
and the orbiting satellite. Encompassing all this is the t@/ \\diastrophismi(frons. i

Greek "Diastrophe”, meaning "distortion"), used to denote all movements in the crus.

that are caused by the earth forces.

Most simply said, modern structural geology looks at the specific effects «f
diastrophism--i.e., at the ways in which rock responds tok\stress.” It is theretf.:¢
concerned more with the effects of the earth stress (acting within the lithosphere=:
than with its genesis. Even on the most local level, earth stress is rarely, if ever.
homogeneous. Normally, it involves a number of components acting and interacting
in diverse ways. Consequently, the effect on rock is also complex and involves not jusi
buckling (folding) and breaking (faulting), but also slippage, fl:« ?
recrystallization, melting, hardening, dissolution, and other concurreni_)

processeéi)‘}herefore, no structural analysis that remains on a single plane of scale

is ever complete. This is especially true for petroleum geology, which, by necess!: «

is always concerned with gathering as much information as possible on the locatio: .

setting, geometry, and petrophysical properties of prospective formations.

Unlike facies analysis, the study of geologic structure can make only limited use
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of direct observations on processes occurring today. This is not because deformational
events occur too slowly, but rather that they most often take place by tiny increments
on massive scales. For example, despite the visual drama presented by mountain
systems such as the Himalayas or Zagros, a major delta such as the Mississippi, Niger,
or Ganges will disperse and distribute thousands of cubic kilometers of sé’diment in

the same span of time required for a fold or fault block to rise one meter.

The i‘ncremental‘buildup of deformation in rocks is a result of invisible forces:
at any moment, only a sum effect-strain-can be observed. As a result, the actual
mechanisms by which folding and faulting occur remain somewhat unclear even today.

R l\

At the same time, however, the origin evolution of re ’\onal stress systems
have been at least basically explained by WECTONIC THEORY In
particular, the interactions that occur at plate boundaries-rifting, subduction,
transform faulting, and collision-are now known to be responsible for the major
portion of eaith structure formed during Phanerozoic time-i.e. during the span of
geologic time in which hydrocarbons have principally been generated. - A great deal
of what goes on along plate margins takes place in deep submarine environments.
Plate theory, thel;eﬁgre, has brought geophysics-especially marine seismic profiling-to

Lo . .
the fore of model&n_ tructural geology~S e Gons

It is, in fact, no exaggeration to say that current analyses of both offshore and
onshore areas are strongly, at times entirely, contingent upo'n seismic information.
In large part, seismic data have freed the explorationist from a traditional dependence
on field and borehole data. Modern interpretations of structure, therefore, are
necessarily interdisciplinary: the "GREAT BOUNDARY FAULT" that-once separated

geologist and geophysicist no longer exists.
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Together, PLATE THEORY and §EISMIC DATA have shown that certain
\ Y
regional patterns of deformation, called STRUCTURAL STYLES, show consist:i::

relaticnships to specific plate settings. Identification and analysis of various structurat
styles in presently active regions of the world has greatly helped interpretation cf
older, "completed" terrains. This, in turn, has allowed for a significant degree «:
prediction with respect to local geologic structure. The notion of structural style is
one of the most potent concepts in modern geology: it basically serves as a method fo-
synthesizing into an interpretable whole what, for many regions, was often =
scattered, only partly integrated swarm of structural data. Geologists and
geophysicists have used it to compare directly the potential of regions throughout thi
world, and therefore to identify prospect areas during the early stages of frontier war

as well as in older, already well-drilled regions.

@ (At present estimate, over 80% of the world’s petroleum is produced from
reservoirs influenced by deformation)I‘o alarge extent, therefore, exploration in both
frontier and well-drilled provinces continues to focus the greater part of its effort ¢:-

the search for structural traps.

This manual is an introduction to the concepts, terminology, individual geologic
structures, such as folds and faults and methods of contemporary structural geology

and how these are applied to petroleum exploration. Mainly there are thres

@ngMthe earth used by the structural geologists.

Y Lot M

® /1. Geological Maps T O{\ ey
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e, Geological Cross-Sections
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'b 3. Block diagrams



We present an overview of these and discuss the importance these can play as
efficient tool in structurally complex areas. The emphasis is on structures that

develop in foreland fold-and-thrust belts and compressional environments, where the

concepts and methods originated. The main purpose is to discuss the methods of

constructing the balanced cross sections that can be used in structural intei‘pretation.
The accompanying exercises using both seismic reflection data and geological data
follow the discussions throughout the manual so the participants will be able to gain
considerable experience in methods of constructing and restoring cross sections. The
final chapter discusses the block diagrams. The exercises provide the opertunity to

visualize the different structures in three dimensions.

(92
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FAULTS

Faults are breaks in rock masses producing an observable displacement <
either side of the surface of fracture. The surface along which the movement tat: .
place is referred to as the fault plane; such surfaces are, however, usually curved and
irregular and the movement affects a zone rather than a single surface. Tension::
compressional and torsional forces operate in the formation of faults and much m::
be learned of the nature of the forces responsible for the breaks from the pattern:
made by faults and their associated fractures. In the following paragraphs we i’

learn about the different aspects of the faults under the following headings:

A The descriptive terminology of faults.

B. The broad classification of faults.

C. The problems in classification.

D The effect of faults on the outcrops of beds.

. Practical examr.les of the effect of faulting.

F. Methods for the determination of the throw of a fault.

A. DESCRIPTIVE TERMINOLOGY OF FAULTS

i. THE FAULT PLANE: The surface along which a rock sequence fractur=
is the fault plane: in Fig 1.1 MNPO is the fault plane.

i1 THE HANGING WALL AND THE FOOT WALL: The fault plane is

usually inclined and that part of the rock mass lying above the fauif

plane is the hanging wall and that below is the foot wall.

—
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iii.

iv..

THE UPTHROW AND DOWNTHROW SIDES OF THE FAULTS:

These terms refer to the relative movement of the rock masses on either
side of the fault plane; the side where the movement has apparently
been downwards is the downthrow side and that in which the movement
has apparently been upwards is the upthrow side. The downthrow side
of a fault is commonly indicated on a map by a short line righﬁ angles to

the trace of the fault plane.

THE DIP OF A FAULT: Thisis the angle between the fault plane and

the horizontal and is shown in Fig 1.1. by the angle ACB.

THE HADE OF A FAULT: Thisis the angle between the fault plane and

the vertical: it is the complement of the dip and in Fig. 1.1 is the angle
BAC.

THE THROW OF THE FAULT: The vertical displacement of the

severed ends of a faulted bed is the vertical throw of the fault (Fig. 1.1,
AB). This displacement must be distinguished from the stratigraphical
throw which is the amount of separation of a faulted bed normal to

bedding plane (Fig. 1.2, X-Z). The two values are related by the formula

ooy
\ e Bl

where S is the stratigraphical sepa}'a;:ion, V the vertical separation and
@ the true dip of the beds. The stratigraphic throw is measured
perpendicular to the displaced planes.
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C. OBLIQUE SLIP FAULT (e-f=_Oblique Slip)
WHICH IS THE RESULTANT OF THE DIP AND STRIKE SLIP.

FIGURE 1.3.
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Figure 1.4B shows a faulted block in which the foot wall has had an
downward movement. The fault plane, therefore, hades towards the

side: this is a REVERSE FAULT.

2.The relation of the Dip and Strike of the Fault Plane to that of
affected. ' J

Figure 1.5 shows three types of faults founded on this criterion. A s
strike of the fault parallel to the dip: this is a DIP FAULT. B shows t
of the fault plane parallel to that of the strike of the beds: this is a
FAULT. C show the strike of the fault plane oblique to the strike ¢
the beds; this is called an OBLIQUE FAULT.

A little experience will teach thay a fault seldom is so clear cut in it
to the beds it fractures as is indicated above, but there will usually be
movement in one direction than in another and a fault may be :

accordance with the direction in which the displacement is greatest.

The Direction of Movement on the Fault Plane

Figures 1.6A, B and C show the principle directions in which the
movement on a fault plane may take place. In A the movement coinc
the dip of the fault and so is described as DIP SLIP.  B-shows the o
along the strike; this is STRIKE SLIP, while in C the movem
combination of dip slip and strike slip and so is described as OBLIQU

12
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FIGURE 1.6.

A. NORMAL DIP FAULT B. NORMAL STRIKE FAULT C. NORMAL OBLIQUE FAULT

Al.REVERSE DIP FAULT BI1.REVERSE STRIKE FAULT C1.REVERSE S:QBX : KE FAULT
Oolhap) &

NOTE: IN THE NORMAL FAULT THE HADE OF THE FAULT PLANE IS TOWARDS THE

DOWNTHROW SIDE. IN THE REVERSE FAULT THE HADE OF THE FAULT PLANE IS

TOWARDS THE UPTHROW SIDE. THE ARROWS INDICATE THE RELATIVE DIRECTION OF

THE MOVEMENT.

14
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Tvpes of Movement

The movement in the faults so far named has been in equal amounts over -

wide planar surface. Three further types have such movement; they are

@ TEAR FAULT, where the movement is almost wholly horizonta!
(Fig.1.7).

(ii) The HORST, where as a result of two or more near parallel faults ¢

block of country is upthrust (Fig. 1.8A).

(iii) The GRABEN or rift valley where a bléck of country founders between
groups of parallei faults (Fig 1.8B).

Some Other Tvpes

A further group of faults shows differential throw along the fault plane. Figure
1.9A shows a HINGE FAULT where the throw increases from the plane of the
hinge. Figure 1.9B is a SWIVEL FAULT where sliding has taken place on a low
angle fault plane. This is infect a rotational effect which can be seen in many

major thrust areas.

tn



AOTCAR FAULT TrE
SEDL HAVE o CVED
CHNLY IN A R IORIZONTAL
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HORIZONTAL MOVEMENT

FIGURE 1.7.

GRABEN OR
RIFT VALLEY
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FIGURE 1.8.




A HINGE FAULT. NOTICE
HCOW THE THRCOW INCREASES
FROM NCTHING. FAULTS OF
THIS TYPE ARE OFTEN MET
IN COAL MINES.

FIGURE 1.9A.

FIGURE 1.9B. SWIVEL FAULT.
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C. PROBLEMS IN CLASSIFICATION

Faults are often classified according to their sense of movement and their dip

v
relative to the horizontal. This classification is unsatisfactory because faults can be

folded during or after their initial displacement, changmgthelrdlpsu Tilted normal
faults may be classified as thrusts and mapped accordingly, causing serious problems
in map interpretation and correlation of faults into the subsurface (Fig. 17.10). A low-
angle thrust fault can be tilted to the extent that it is a normal fault according to a

definition based on its dip relative to the horizontal (Fig. 1.10).
In sedimentary rocks, the dip of a fault plane relative to the bed it cuts through
is much more important than its absolute dip. The terms "extentional’ and

"compressioﬂal" faults are better than "normal", "reverse", and "thrust”, since they

contain no implication of absolute dip of the fault plane.

D. THE EFFECT OF FAULTS ON THE GUTCROPS OF BEDS -

Figures 1.11 - 1.14 show in diagram the main effects of faulting both on simple

dipping series and on folded series. A careful study of these will reveal the major

effects and the information so gained should be used in examining faulting in the

Geological }Maps.

18 | /



FIGURE 1.10. PROBLEMATICAL FAULTS. a.IS A TILTED THRUST FAULT THAT MIGHT BE
MAPPED INCORRECTLY AS A NORMAL FAULT. b-d ARE NORMAL FAULTS THAT COULD
BE MAPPED AS THRUST FAULTS.
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s PRZ FAULTING

A DIP FAULT e
PARALLIL WITH
THE DIRECTICN
OF THE OIP OF
THE BEDS.

B  pPOST FAULTING

OOWNTHROW
SICE

THE FAULT iS A
REVERSE FAULT ie.
U’;I‘;:C“’ ‘ THE HADE OF THE
FAULT 1S TOWARDS
THE UPTHROW SIDE.

THE PLAN OR MAP OF
THE FAULTED AREA.
THE BEDS HAVE
APPARENTLY MOVED
IN THE DIRECTION OF
DIP ON THE UPTHROW
SIDE, ¢

FIGURE 1.11. REVERSE DIP FAULT.
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HADING AGAINST THE DIP GF THE
ZEDS.

. PCST FAULTING

DOWNTHROW SIDE

THRE FAULT HADES TOWARDS
THE DCWNTAROW S, DE AND
iS THEREZFCRE CALLED A
NCRMAL FAULT

C PCsT ZROSICON

Z PLAN OR MAP OF THE FAULTED
REA. NOTICE THAT AS A RESULT

mE FAULTING THL BEDS HAVE
EN REPEATED AT THE SURFACE.
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HGURE 1120 A NORMAL STRIKE FAULT HADING AGAINST THE DIP OF THE BEDS
ESULTS IN THE REPETITION OF THE BEDS.



A. PRE FAULTING

A CSTRIKE FAULT HADING WITH
THE OiP OF THE BEDS.

B. POST FAULTING

UPTHROW SICE

THE FAULT 1S A REVERSE STRIKE
FAULT e THE HADE OF THE
FAULT 1S TOCWARDS TrE URPTHROW

//// /;‘V SIDE.

COWHITRRCW SICE -

o

C. POST EROSION

THE PLAN OR MAP OF THE

ULTED AREA. NOTICE THAT
,.s A RESULT OF THE FAULTING
EEDS HAVE BEEN REPEATED AT
THE SURFACE.

FIGURE 1.13. A REVERSE STRIKE FAULD HADING WITH THE DIP OF THE BEDS RESUL1S
IN THE REPETITION OF BEDS. .



A PRE FAULTING

A SYMMETRICAL
SYNCLINE

B POST FAULTING

UPTHROW SiDE

A SYMMETRICAL SYNCLINE
BROKEN 8Y A DIP FAULT,

DCWNTHROW SiCE

C POST EROSION

PLAN CR MAP OF FAULTED
SYNCLINE-NOTICE THAT
THE QUTCROPS APPEAR TO

S yan MOVE TOWARDS E£ACH
: S OTHER ON.THE UPTHROW
N N SIDE.
iN A . ~\\/,/ ('/ ;
YMMETRICAL SYNCLINE. .

FIGURE 1.14. A FAULTEI%_‘S
LD



1. EXIERCISE-1.1

Determine the type of faults in the given diagrams, also indicate the direction

of movement of the hangingwall and footwall.



E. PRACTICAL EXAMPLES OF THE EFFECT OF FAULTING

Faulting is very important in everyday activities, particularly in petroleuin

exploration and mining. Two examples are now given:

In Fig. 1.15A, a normal strike fault has broken a seam of coal: the severed edg:
of the seam have been drawn away from each other as aresult of the faulting. Thi-
results in there being a zone in which coal is absent-the barren ground; this is often
a region of much fragmented rock and cause difficulty in driving headings anc
roadways. In Fig. 1.15B the seam is broken by a reverse strike fault: here the severec
ends of the seam have ridden over each other so that a borehole put down from A

would pass through the same seam twice. -

F. THE DETERMINATION OF THE VERTICAL THROW OF A DIP FAULY

In Fig. 1.16 the bed of sandstone is broken by a dip fault RS which trends from
north to south. In order to find the throw of this fault, first determine the dip and
strike of the sandstone by drawing strike lines on the same surface of the same bed.
A line through dd’ give the direction of strike which here is east to west. Other strike
lines, parallel to dd’, through‘ a, A,C,X and e enable the direction and amount of dip
to be determined. The distance between the strike lines is 200 ft and the vertical

interval between them is 100 ft: the dip is therefore as a gradient, 1 in 2 to the south.

Two methods are considered below for. determining the vertical throw of a dip
fault.

3



WITH THE DIP OF THE COAL
\ SEAM .

UPTHROW SIDE

SEPARATION OF THE |
SEVERED ENDS OF THE ‘

NORMAL STRIKE FAULT HADING

COAL SEAM RESULTS IN |
A REGION WHERE NO ‘
OAL IS FOUND:THIS IS

\ THL BARREN GROUND. _/

B

REVERSE STRIKE FAULT HADING
WITH THE DIP OF THE COAL
THE SEVERED ENDS SEAM.

OF THE COAL SEAM UPTHROW

NOW AT DIFFERENT
LEVELS COME TO
OVERLAP., A SHAFT
SUNK AT A.WQULD
PASS THROUGH THE
SAME SEAM

SIDE

DOWNTHROW SIDz

FIGURE 1.15.
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(a)

(b)

(c)

e e

The Equal Altitude Method

Select two points, which are at the same elevation, on the same surface of the
bed and on opposite side of the fault: let these points be A and C, each at an
elevation of 700 ft O.D., Join AC. B

Through C draw a strike line CD to intersect a line drawn, in the direction of

dip, from A at B.

’Use the scale on the map and measure AB which is 400 ft. Since the dip is 1

et
NV LR Gy Ul e

in 2 to the south, the bed will fall 200 ft in elevation in 400 ft horizontal

disténc’e. Ais at 700 ft O.D.-so that a fall of 200 ft to B means that B will lie

at 500 ft O.D., but B and C lie on the same strike direction so that in order for
C to be at 700 ft O.D. there must have been an sipthrow of 200 ft to the east,

or producing the same effect, a downthrow of 200 ft to the west.

This result is seen in the strike section where sections along MN and OP are
superimposed on each other. A is the outcrop of the top of the sandstone west
of the fault and C is its outcrop to the east of the fault. Their relative
elevations at 700 ft and 500 ft O.D. shows there to be a western downthrow of
CC’ which is 200 ft.
4

Most of the above measurements can be readily seen from the map in the
present instance, but where there are odd distances as could occur in the
direction AB or Where the throw of the fault is not an even.number of feet, a

simple mathematical treatment is helpful and is expressed as follows:



The throw of the fault = the displacement of the bed surface along the dip X

tangent of the angle of dip. *

In the present case

o = wﬁ@og@x 0.5

.= 200 ft

- The Strike Method

Consider the strike line WV which intersects the outcrops at the top of the
sandstone west of the fault at XX’ and east of the fault at Y. X and X’ each lie
at 400 ft O.D. and Y lies at 600 ft O.D. This indicates a difference in elevation
of the sandstoné of 200 ft as between the two sides of the fault. -

The strike section taken along WV illustrates this method.-.The beds in a
strike section are horizontal so that the west of the normal dip fault'RS the top
of the sandstone bed lies at 400 ft O.D. along the whole section; east of the
fault the same surface outcrops at Y and the bed lies at 600 ft O.D. along the
whole of this section. The vertical throw is, therefore, equal to the difference
in elevation in the top of the sandstone on each side of the fault; this is Y-Y’

which is 200 ft.



2. EXERCISE-1.2
THE CALCULATION OF THE THROW OF A STRIKE FAULT

Figure shows a bed of sandstone broken by a reverse strike fault. In order to
calculate the effect of the fault first determine the dip and strike of the two sandstone

~outcrops east and west of the fault.

A line joining dd’ gives the direction of strike of the eastern outcrop whilst

parallel lines through a, b, ¢c and e, on the upper surface of the sandstone, enable the

dip to be calculated: since the strike lines represent vertical intervals of ----- ft and

are ----- ft apart, the dip, as a gradient is ----- in ----- to the south.

A line joining gg’ and with lines parallel to this through f and h, shows the dip

and strike of the western outcrop to be the same as that in the eastern.

It is, therefcre, apparent that the-dip and strike of the sandstcne bed are the

same both east and west of the fault.

Calculate the throw of the fault with the Strike method and Equal Altitude

method also draw a cross-section along XY.




THRUST FAULTS
o 4
lo? & 7,{:,/; e me/j
Thrust faults have a low dip (usually well below 45° degrees) relative to the
bedding. During movement the hanging wall is thrust above the foot-wall. Movemer::

occurs up-section in the direction of movement or along bedding planes (Fig. 1.17).

Thrust faults cause shortening. The percentage shortening perpendicular to
the strike in a typical thrust belt is around 50%. Amount of shortening may be
hundreds of kilometers. Slip of an individual thrust fault may exceed 50 kilometers.

AN
Examples:
Canadian Rocky Mountains, Shortening = 200 km+
Lewis thruét, Slip = 100 km
McConnel thrust, Slip = 40 km
Himalayas, Shortening = 200 km+
Tian Shan, N.W. China, Shortening = 50 km+
Wyoming Thrust Belt, USA, Shortening = 150 km
Absaroka thrust, Slip = 40 km

All values are approximate and conservative

THRUST FAULT GEOMETRY

It appears that all thrusts flatten at depth, either in a particular stratigraphic
unit or along one of the maj’or discontinuities in the earth’s crust, such as the Mohce.

The basic thrust comprises a flat and a ramp (Fig. 1.18). Some thrusts have several

(I
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FIGURE 1.17. THRUSTS CUT UP-SECTION IN THE DIRECTION OF MOVEMENT. WIDTH OF
EXPOSURE OF SHADED UNIT IS GREATER (T+) THAN THE TRUE THICKNESS (T).
SIMILARLY, DRILLED THICKNESS EXCEEDS TRUE THICKNESS.

FLAT

—-------------—--

<

L #
of‘ﬁ'

FLAT

FAULT-BEND FOLD/RAMP ANTICLINE

FIGURE 1.18. THRUST FAULT GEOMETRY AND TERMINOLOGY.
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famps and flats. The positions of ramps are governed by several factors. These

a—— N\ @ A iﬁ:,) [ LR
include lateral stratigraphic variations, differential overburden loading, and underlying
e e
structures. These relationships between gecmetry and rock mechanics are not well
Jattahhdunhiatt

established.

Ramp angles (i.e, the angles between thrust planes and bedding planes vary up

to a maximum of about 33° degrees. Fifteen degrees is a common angle. Thrusts al«o

follow bedding planes for long distances (i.e., ramp angle = zero degrees).

SEQUENCE OF THRUST EMPLACEMENT

The generally accepted order of thrust emplacement in a deformed belt is fre=::
higher to lower. i.e., progressively outward across the foreland (Elliott, 1976). It

follows that, in the normal sequence of thrust emplacement:

Each thrust cuts undisturbed section.

a
. b. Each thrust carried with it "piggy-back" all preceding thrusts and the

5 . .
S structures associated with them.
G N ' . .
N é} c. Each thrust, at the time of its emplacement, marks the outer edge of th=
O thrust belt (Fig. 1.19).
i}'_ i\__\\ \‘t:.:; :
SN
- .
g}f\\‘ Although exceptions are described ("out-of-sequence thrusts"; Fig. 1.19), many
AN

of them appear to be post-tectonic gravity-driven structures resulting from th-
topographic relief consequent on thrusting. Also other "out-of-sequence” thrusts are
normal or extensional faults with respect to the beds they cut. Typically small, they

are found on the leading edges of anticlines overlying thrusts. There do appear to be

a9
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FIGURE 1.19. SEQUENCE OF THRUST EMPLACEMENT. THRUST FAULTS SHOWN IN
POSITIONS BEFORE MOVEMENT.

FIGURE 1.20. PROGRESSIVE STEEPENING OF THRUSTS BY UNDERLYING THRUSTS.
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genuine "out-of-sequence thrust” but they are sufficiently rare as to demand spe);'ml/ B

v:-’"\ Y \s

circumstances and some explanation where they are interpreted. / - L

INTERACTION BETWEEN SUCCESSIVE THRUSTS -

e
[

i v

"\ o &;ﬁ.“\” - -\F‘ e T A

Where thrusts are widely separated, they do not interact. If they are c}(;)se}y‘

}

spaced, each thrust deforms the preceding ones. The most obvious effect is the
steepening of dip of thrusts by underlying ones. This can lead to steepening the dip
of a thrust plane to an extent that it is overturned and might be interpreted to be =

normal fault.

Figures 1.20 suggests that the dips of thrust faults should become progressively
steeper with increased distance inward from the front of a thrust belt. Typically they
do not. Thrusts well within the deformed belt may be less steeply dipping than thos«

at the outer edge. This is because:

a. Dips of thrusts are mainly very low relative to bedding.
b. Step faulting, which causes flattening and/or reversal of dips in hanging
wall strata, is common. ey

EMERGENT THRUSTS AND BLIND THRUSTS

Until a few years ago it was assumed (and still is, in some countries that all
thrust sheets moved over the syntectonic erosion surface or sea floor (free surface) as ’

erosion thrusts (Fig. 1.21). In such cases the erosion surface or sea floor becomes

)
I



FIGURE 1.21. EROSION THRUST (L) AND BLIND THRUST (R) AT DIFFERENT STAGES OF =~
DEVELOPMENT (FROM LINSSER,1989). .



another flat in the profile of the thrust. There is growing evidence that many,
perhaps most thrust faults do not cut the free surface. The existence of fold beits
demonstraces this fact. Fold beits in sedimentary rocks are underlain by faults,
principally thrust faults, most of which do not reach the surface. Thrust faults that
are now exposed in a thrust belt did not necessarily reach the surface at the time they
were emplaced. All stages of Figure 1.22 may occur in a single deformed belt. The
diagram shows that the apparent differences between thrust belts and fold belts are

due to variations in erosion levels.

The evidence for blind thrusting in a thrust belt is best displayed at the
foreland margin (Thompson, 1981; Jones, 1982) where the foreland syncline (e.g.,
Alberta syncline, Molasse basin) represents the eroded remnant of the outermost fold

of the original fold belt.

THE BASIC STEP THRUST

Almost all thrust faults are step thrusts. They-are rooted in a particular layer
which may be a lithologic unit in the sedimentary cover or a layer of the earth’s crust
such as the Moho, either extend upwards and flatten either along a detachment zone

(blind thrusts) or along the surface (emergent thrusts).

Layering of sedimentary rocks exerts a strong influence on the trajectories of
fault planes of thrust faults (and, to a lesser, but still underestimated extent, on
normal faults). Thrust faults commonly follow parallel or sub-parailel to bedding
planes across the strike for relatively long distances ("flats”) and cut up-section

relatively fairly rapidly, ("ramps”), and flatten at a higher bedding plane (Fig. 1.23A).
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FIGURE 1.22. FOLD BELT OVERLYING A BELT OF BLIND THRUSTS, AT DIFFERENT LEVELS
OF EROSION (FROM JONES,1987).



This stepped profile may occur at several points in the profile of a fault (Fig. 1.233).
Movement along a stepped fault profile produces a fault;bend fold (Suppe 1983) or
"ramp anticline” (origin of term unknown) in the hanging wall séquence above each
step. The exceptions are those which die out gradually, their displacement beir :
accommodated progressively by deformation in the hanging wall, forming drag folds
or, as they are now called, "fault propagation folds", (Williams & Chapmén, 1986;
which will be discussed in more detail elsewhere. Until a few years ago, all folds
overlying major thrusts were interpreted as fault-propagation folds. Many have beeu
re-interpreted as fault bend folds, or stacks of fault-bend folds. True fault-propagation

folds may be relatively rare.

STEP THRUST GEOMETRY

The geometry of this model (Fig. 1.23) is applicable to both thin skinved
tectonics involving the sedimentary cover rocks and to deep-seated.structures thai
affect the basement rocks. Of course, the thrust that affect the sedimentary cover
must ultimately have their roots in the basement. In the latter case, the dip of the
fault plane is commonly apout 30° degrees. It may be rooted at the base of the crust.
In cross-section, the shapg of ﬂw {gqlt‘bend fold is governed by the profile of th:

thrust plane and the ( . % along it (Fig. 1.24).
PR Q mogpmen
S

THIN-SKINNED AND TMQK-$MNN%THRUST STRUCTURES

The exposed structure may gppear idéntical_{g( the two types of step thrusts
(Fig. 1.25). This, however should be unlikely, for th&.&%‘g‘k-ﬁﬁnned fault B to
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FAULT PROFILE ON THE SHAPE OF THE HANGIN#WAY”

v
y

FIGURE 1.23A. THE BASIC STEP THRUST. MOVEMENT PRODUCES A%FAULT BEND FOLD IN -
THE HANGING WALL OF THE FAULT.
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FIGURE 1.23B. CROSS-SECTION OF AN E-VERGING THRUST (AFTER MARSHAK & MITRA,
1988). AB AND CD: HANGINGWALL FLATS AGAINST FOOTWALL FLATS. BC:
HANGINGWALL FLAT AGAINST FOOTWALL RAMP. DE: HANGINGWALL RAMP AGAINST
FOOTWALL FLAT. X AND Y: CUT-OFF POINTS. : FUNDAMENTAL CUT-OFF ANGLE.
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FIGURE 1.24. CROSS-SECTION OF OVERTHRUST ST&SJ(:I‘U%% S SHOWING INFLUENCE OF
: {UCTURE.
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produces a structure similar to that produced by the thin-skinned fault A. The similar
structures can be produced only at one stage of its emplacement. Continuscd
movement in B would result in increased uplift with no change in width, while
increased movement of A gives no additional uplift, only a widening of the surface
structure (Fig. 1.25). Since the thrusts that affect the whole crust are typically
steeper than those in the overlying layered sediments uplift is greatest in the core of
a mountain belt where deep crustal rocks are being uplifted than in that section that

is being transported sub-horizontally across the adjacent craton (Fig. 1.26).

STEP THRUSTS IN PETROLEUM EXPLORATION

Wells drilled in disturbed belts do not encounter thrust faults at regular
intervals. Instead, faults are concentrated in incompetent units. The reason is that,
a given thrust cuts through some formations relatively steeply (forming ramps), other
at a shallow angle (forming flats), and may follow the bedding plane.of some units for
very large distances in both the strike and dip directions (also flats). The probability
of drilling through a fault flat sector is many times greater than that of drilling
through a ramp. Since the low-dipping or flat sectors of the fault follow the shalier

units, faults are concentrated in sh@; and other incompetent rocks.

“ogiimand ..
Step faulting may be the oSt mnpgrtant method of creating folds in layered rocks.

YT
folds are developed in the hangigh

of term unknown) or fault-bend folds (Suppe, 1983).
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SUPERIMPOSED STEP FAULTS

Closely spaced thrusts interact. If the spacing between thrusts is 3 x distance
between ramp bases, a uniform series of thrusts, overlain by anticlines, is formed
Where spacing is similar to the slip of the individual faults the fault-bend folds
reinforce each other and if slip = spacing an anticline results, consisting of a stack of
thrust sheets, each of which is folded progressively more than the one beneath it.
Note that the stack is built from the bottom up i.e., each thrust is tacked beneath the
over lying one. Folds formed ih this way migrate updip as they grow. Also, with eack
additional step thrust emplaced beneath the stack, the dip of each flank steepens.
Structure developed this way is called DUPLEX (Fig. 1.27). |

RATIO OF STRIKE LENGTH OF A THRUST TO THE AMOUNT OF I1'S SLIP

The average ratio of slip to strike length for thrusts in the Alberta foothills,
Canada, is about 7%, while for thrusts in the adjacent Rocky Mountains the ratio is
up to 12%. (Elliott, 1976). The higher value for the mountains may be more accurate,

as it is based on exposed relationships. Values for foothills thrusts are based largely

on interpretations of well data, and may be too conservativé. Elliott called thus

-/ observation the "Bow and Arrow" rule, which is illustrated by Figure 1.28. It is a

" convenient rule of thumb. It suggests that the maximum slip is approximately one-

tenth of the length of the fault. This ratio can be useful for preliminary estimates «.¢

. the size of overthrust structures, correlation of faults, and many other purposes. 7

also implies that the geometry of a thrust structure along strike bears a consistent
relationship to its structure across strike. The bow and arrow rule suggests that, in

a given overthrust sheet, structural variations occur across strike in about one fifth
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FIGURE 1.27. STACKED STEP THRUSTS. 2\ REFORE. MOVEMENT b) SLIP OF EACH THRUST
IS ONE-THIRD THE DISTANCE BETWEEN INCIPIENT THRUSTS c¢) SLIP OF EACH THRUST

IS EQUAL TO HALF THE DISTANCE BETWEEN INCIPIENT THRUSTS. LOWER THRUSTS
FOLDS OVERLYING THRUST AND ASSOCIATED -Q’T“P A’T‘A o

~
-~

FIGURE 1.28. PLAN OF THE McCONNELL THRUST IN SOUTHERN CANADIAN ROCKY ;
MOUNTAINS ILLUSTRATING BOW AND ARROW RULE. DISPLACEMENT=10% OF LENGTH -
OF THRUST (FROM ELLIOTT, 1977). 44



of the distance that they do along strike.

There are limits to application of this rule. Abrupt changes in glide horizon
along strike (transverse ramps) give rise to rectangular re-entrants énd salients within
an overthrust sheet that may suggest (incorrectly) that the amount of faul:
displacement has changed abruptly along strike. Across transverse ramps (Laterw
ramps) rapid changes can occur in displacement of thrust faults. Actually the slip -
the same on either side of the transverse faults but the stratigraphic separatioi.

changes abruptly.

FOLDED THRUST FAULTS AND BEDDING PLANE FAULTS

Movement of a step thrust causes folding in the hanging wall sequence which
includes the previously formed thrusts. Thus, in any layered sedimentary sequen-s
in any disturbed belt, if the order of thrusting is from higher to lower, the earlier

thrusts will be folded with the development of later faults (Fig. 1.29 & 1.30).

Bedding-plane thrusts (and bedding-plane normal faults) may be impossible to
detect directly. Wells drilled through bedding-plane faults encounter a normsz’
stratigraphic section even though the fault may have a displacement of tens of
kilometers. Somewhere however, a bedding plane thrust must eventually cut up-
section updip from the well, and down-section, downdip from the .well, with

characteristic fault-bend folds at both localities.



FIGURE 1.29. STEP THRUST (B) FOLDS
THRUSTING IS FROM HIGHER TO LOW
FOLDED IS THE ONE WHICH WAS LAST TO FOR

E
ER. THE ONLY THRUS
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ARLIER-FORMED THRUST (&). SEQUENCE OF
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FIGURE 1.30. FOLDED FAULTS, CANYON CREEK, ALBERTA FOOTHILLS, CANADA (FROM
SCOTT, 1955). UNDERLYING STEP FAULTING CAUSED THE FOLDING OF THE EXPOSED

THRUSTS.
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FOLDING AND THRUSTING - WHICH COMES FIRST

Folding always involves faulting. Every fold overlies one or more thrust or
normal faults. Flow of incompetent material such as shale or salt into the core of ar:
anticline is infect, the result of small amounts of movements along myriads of small
faults. In many cases this movement can be represented by a finite number of larger

faults.

The folding that results from faulting may itself give rise to minor second-
generation faults. Folds formed during thrusting (Fault bend folds) are commonly cut
by minor second-generation faults, particularly on the steep limb. Steep-limb faults
are very prominent (e.g., Fig. 1.10), although the amountvof slip may be small, because
they cut across bedding at high angles. The importance of these minor faults is often
over-rated. They are extensional relative to the beds they displacz, but because they
may have a low angle relative to the horizonal, they may be mistaken for thrusts.
Unfortunately the map symbol used to indicate these faults is usually the same as
that used to indicate true thrust faults, causing major problems in geologic map
interpretation. When correlating between wells, in either strike or dip directions, it

is important to correlate between faults of comparable slip and geometry.

MAJOR THRUST AND MINOR NORMAL FAULTS: THE STEEP LIMB
PROBLEM

The amount of movement along the fault plane is the only reliable measure of
the size and importance of a fault. Where a fault follows a bedding plane, the amount

of movement may be very large, with no stratigraphic separation resulting, and the



fault may be undetectable (Fig. 1.30). If it cuts the bedding at a right angle, (Fig.
1.31, fault A), even a very small fault stands out in surface exposures. Such faults are
commonly exposed on the steep limbs of large hanging-wall anticlines. They can cause

considerable problems in subsurface interpretation.

In Figure 1.32 for example, the Nikanassin thrust is a major thrust-in the
western part of the cross-section. The fault at X has been miscorrelated with the
Nikanassin thrust. However, it is very small with little offset of horizon 21, and its
absence would make no difference to the gross structure. On the other hand, the
fault at Y, in the east flank of the syncline ahead of the Nikanassin thrust. It is an
out-of-the-syncline thrust. Out-of-the-syncline thrusts also are common in deformed

belts at the leading edges of thrust sheets.

FORMATION OF THRUSTS FROM FOLDS

According to classical Alpine geology, thrusts develop from an overturned
anticline-syncline pair by tearing of the common limb (Figure 1.33). Seismic profiles
across major thrusts generally show that in the most cases the synclinal lo§ver half of
the purported anticline-syncline pair does not exist, and there is no deformation in the
footwall of most major thrusts. The huge and well-exposed anticline-syncline pair at
Mount Kidd (Figure 1.34) in the Canadian Rockies was regraded as vthe fold pair from
which the Lewis thrust develop. However, it has now been shown (Stockmal, 1979)
that this pair of folds occurs entirely within the hanging wall of the Lewis thrust,

which was developed at some depth beneath it.
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FIGURE 1.31. MINOR EXTENSIONAL FAULT A IN STEEP LIMB OF ANTICLINE FOX E\I‘IED
ABOVE MAJOR THRUST B, WHICH MAY BE DIFFICULT TO DETECT.
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FIGURE 1.32. STEEP LIMB PROBLEM, NIKANASSIN RANGE, CANADIAN ROCKY MOUNTATN
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Thryst Faull

FIGURE -1.33.‘CLASSXCAL ALPINE MODEL OF NAPPE DEVELOPMENT, NOT

Sketch by R A. Price.

FIGURE 1.34. MT. KIDD, SOUTHERN CANADIAN ROCKY MOUNTAINS. TRADITIONALLY IT
WAS SUPPOSED THAT THE LEWIS THRUST WAS FORMED BY STRETCHING OF THE
COMMON LIMB OF THE ANTICLINE-SYNCLINE PAIR. STOCKMAL (1979) SHOWED THAT
THE ENTIRE STRUCTURE IS WITHIN THE HANGINGWALL OF THE LEWIS THRUST.

AS



DISPLACEMENT TRANSFER

The amount of compression in a thrust or fold belt does not usually chanage
rapidly along strike. The amount of slip and foreshortening, is roughly constant oves
a given sector although individual folds and faults die out along strike. As one fault
dies out, its slip is taken up by another one en echelon with it by the process knowr:
as displacement transfer (Fig. 1.35). A fault may'also pass along strike into a fold
which has an equivalent amount of shortening. This, however, is not very common,
since the shortening involved in folding is relatively insignificant. Displacement
transfer may also accomplished by strike-slip faulting at right angles to the regiori::!

structural strike.

DUPLEX STRUCTURES

The term was first formally used by Dahlstrom (1970) to describe =
phenomenon that had been recognized for several decades. A duplex is a zone of
folding or thrust faulting, or both, lying between a lower and an upper detachment,
often called“; hﬁ;Jor and:oof thrust respectively. Where the individual thrust sheet
is called a HORSE. | S

A thrust duplex is natural consequence of step faulting. If a thrust fault
flattens along a particular horizon, it is almost certain that the neighboring thrus:
faults flatten at the same horizon. The effect is to join.all these bedding-plane thrusts
to form a continuous roof thrust or detiéchment zbne. Figure 1.36 shows a special

situation where spacing and slip of the individual faults are constant, giving a flat top

to the duplex. This is rarely the case, and it is more common for the section above

N



FIGURE 1.35. TRANSFER OF DISPLACEMENT BETWEEN THRUST FAULTS.
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the roof thrust to become folded by the variations in uplift due to the underlying
thrusts. Thus, wherever duplexes are present, folding occurs above the zone of
thrusting. With this in mind, it is possible to regard a thrust belt as the eroded root
of a fold belt, in which the upper detachment or roof thrust has been removed by
erosion. Conversely, a fold belt may be regarded as the surface expression of a buried
thrust belt. Duplexes may occur above each other, between-incompetent units or
glide horizons, and on different scales. With different amount of slip-along the thrusts
we can get (Fig. 1.36A);

a. HINTERLAND DIPPING DUPLEX
b. ANTIFORMAL IMBRICATE STACK
c. FORELAND DIPPING DUPLEX

Figure 1.37 illustrates a duplex with the Lewis thrust as the floor thrust.

However, the Lewis thrust also functions as a roof thrust for underlying thrusts.

FORELAND MARGINS OF THRUST AND FOLD BELTS

A triangle zone (Gordy & Frey, 1977) is a particular type of duplex structure
found along the foreland margins of deformed belts, where the roof and floor thrusts
merge and the section. above the upper detachment (roof thrust) has not moved
horizontally relative to the sequence below the floor thrust. The term Front Fold is

also used (Dahlstrom, 1970).

Throughout almost their entire length, the foothills of the Canadian Cordillera

are bounded on the east by the east-dipping beds containing no indications of the

2
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INITIAL STAGE

ODEFCRMED STAGE

FIGURE 1.36. INITIAL AND DEFORMED STAGES IN THE FORMATION OF A THRUST DUPLEX
(FROM BOYER AND ELLIOTT,1982).
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Figure 1.3EA Types of duplex structure
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FIGURE 1.37. DUPLEX BETWEEN LEWIS THRUST (FLOOR) AND MT. CRANDELL (MCT)
(ROOF), WATERTON AREA, ALBERTA (FROM BOYER & ELLIOTT, 1982).
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west-dipping thrusts that are common further to the west. These east-dipping veds
form the western flank of the foreland syncline, locally known as the Alberta Syncline.
Foreland synclines occur worldwide at fhe boundaries between mountain belts and
platforms, and they are formed in a similar manner. The west flank of the Alberts
Syncline was formed by the emplacement of blind thrust wedges beneath the near-
surface beds (the term "delamination” has also been used). Until recently, the
- subsurface structural relationships within this zone were conjectural because of the
difficulty of obtaining seismic resolution of the quality of Fig. 1.38. The basic
structure and principles involved are also apparent from downplunge viewing of

Figure 1.39 and similar maps. Figure 1.40 shows how the term TRIANGLE ZONIL:

originated. In the nineteen-fifties, with poor seismic definition, it appeared to be an
area of nebulous structure between east-dipping beds on the east, and a west dipping
thrust on the west, and sometimes underlain by another thrust at the bottom. The
problem with such interpretations was that they included an Amazing Coincidence.
The coincidence was the implication (in scores of cross-sections) that the intersecticn
of the most easterly of the west-dipping thrusts and the east-dipping beds (i.e., the
apex of the triangle), always occurred just above the modern erosion surface. It
implied that if erosion had not proceeded as deeply, the relationship between the
opposing faults could have been visible, and if erosion would only cut a few hundred
meters deeper, the interior of the triangle zone would be exposed. The cross-section
of the ideal triangle zone (Figure 1.41), shows that the surface geology remains
consistent over a wide range of erosion levels. The outcrop of the juxtaposed east an:!
west-dipping faults moves eastward with deeper erosion. In the vicinity of the
Athabasca Valley (Figure 1.42), east-dipping thrusts can be found outcropping as muci:
as 50 kilometers west of the axis of the foreland synclines,-which marks the east limit
of buried west-dipping thrusts. Figure 1.41 shows that underthrust is a bedding plane

slide relative to the overlying beds and is the roof thrust of a duplex. The geometry
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Porcupine Hillz
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Atter Dougles, 1950

FIGURE 1.39. MAP AND CROSS-SECTION OF A TRIANGLE ZONE, CANADIAN ROCKY
MOUNTAIN FOOTHILLS. THIS IS THE SOUTH-PLUNGING NOSE OF THE HIGHWOOD

STRUCTURE, ALBERTA (MODIFIED AFTER DOUGLAS, 1950).
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FIGURE 1.40. EARLY INTERPRETATIONS OF A TRIANGLE ZONE.
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FIGURE 1.41. THE IDEAL TRIANGLE ZONE IN WESTERN CANADA. TILTED TERTIARY
SEDIMENTS ABOVE THE THRUSTING REPRESENT THE EROSIONAL REMNANT OF A FOLD
BELT OVERLYING THE THRUST BELT (AFTER JONES, 1982).
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FIGURE 1.42. CROSS-SECTION THROUGH CENTRAL ALBERTA FOOTHILLS. EAST-DIPPING
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of a triangle zone is no different from that of the rest of the thrust belt. It is
probable that successive thrusts, ecach of which marked the outer edges of the
deformed belt as it migrated across the foreland, generated successive triangle zones.
The term "Triangle Zone" was invented by Peter Gordy, a geologist with Shell Canad:

Resources, in 1957. The term was not formally published for another 20 years.

The next few diagrams show a selection of triangle zones in the foreland
margins of other deformed belts. Triangle zones have been described in Utah, Oman,
Pakistan (Fig. 1.43), Peru, South Germany, Romania, Australia, Southwest England

and the Caucasus mountains in Russia (Fig. 1.44), in deformed belts of all ages.

In the computer-synthesized model above, the fold generated (Fig. 1.45) tha
upper detachment migrated from left to right as it grew.
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FIGURE 1.43] CROSS-SECTION THROUGH EASTERN SULAIMAN RANGE, PAKISTAN,
SHOWING THE TRIANGLE ZONE INTERPRETATION (AFTER HUMAYON et al., 1991).
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FIGURE 1.45. COMPUTER-SYNTHESIZED MODEL TO SHOW FORMATION OF TRIANGLE
ZONE (FROM JONES, 1982).



3. EXERCISE-1.3 TRIANGLE ZONE
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NORMAL FAULTS

A normal fault cuts down-section in its direction of movement, or follows a
bedding plane. The dip of normal faults range from zero degrees to 90°. In manv
older textbooks and papers, normal faults were commonly depicted with dips between
60° and 90°. Wells and seismic profiles show that much lower dips are common.
Most normal faults are listric, i.e. they are concave upwards, flattening downward into

a bedding plane or, on a larger scale, in a particular crustal layer.

The slip of a normal fault plane ranges from microscopic to tens of kilometers.
Normal faults are extensional. They extend a portion of the earth’s crust which may
be a single bed, a formation, or the entire crust above the brittle - ductile transition,
which lies at a depth of about 18 km (Jackson & Mckenzie, 1983). Normal faults

cause thinning perpendicular to the direction of extension.

- ‘ /»
AL
™) % ',
*LISTRIC NORMAL FAULTS /_/
NNy, v

Listric normal faults flatten with increasing depth, merging with a basal

décollement (Fig. 1.46A). The geometry of the hanging wall "rollover" structure is
controlled by the profile of the hanging wall sequence must also be curved, unless
sedimentation filled in the trough formed by the movement. If the fault profile
included a linear sector, then horizontal strata would overlie the linear sector only.
| Inter-stratal slip is required by geometry to maintain consistency of .slip along the
fault plane. This geometry suggests a reason forthe formation @ormal
faults. Rocks under tension normally fracture andyor fault rather than flow. Thus,

antithetic faults are a geometric, and diagnostic requirement of, listric normal faults.
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FIGURE 1.46A. GEOMETRY OF a) LISTRIC NORMAL FAULT, b) IMBRICATE LISTRIC NORMAL
FAULTS (FROM HAMBLIN, 1965, WERNICKE AND BURCHFIEL, 1982). i
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Slip of an antithetic fault decreases downward to zero at the underlying listric fault.

The Flathead Fault is a major normal fault in the southeastern Rockies of
Canada (Fig. 1.47). It follows the structural strike and has a measured dip to the wes:
of less than 30° at outcrop. On seismic profiles, it can be seen to flatten with depth
and merge with the underlying Lewis thrust. Maximum vertical displacement is
about 5000 meters, and the horizontal displacement is as much as 17 km. Movement
took place during the Tertiary (Eocene-Oligocene), with contemporaneous deposition

of the sediments ranging from lacustrine marls to coarse fanglomerates.

Faults similar to the Flathead occur in the Utah-Wyoming thrust belt. Some
are interpreted to be listric, merging, like the Flathead, with an underlying low-angle
thrust. Others are shown cutting through overthrust fault systems at steep angles,
extending down into the crystalline basement. Where geophysical data are available,
the interpretation involving listric normal faults is confirmed. As more subsurface
information becomes available, it appears more likely that all normal faults are listric,
at least wit_hin layered sedimentary rocks. Bally and Snelson (1980) describe examples

from continental margins.

GROWTH FAULTS

"A growth fault may be defined as a fault that separates two correlative
sequences, the thicker of which is on the downthrown side" (Chapman, 1976). Tha:
definition works well for growth faults in regions of deposition usually offshore, where
sediments on either side of the fault are more or less contemporaneous. It doesn:'t

work onshore where, sediments deposited in the half-graben are epochs younger than
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FIGURE 1.47. CROSS-SECTION THROUGH FLATHEAD FAULT SHOWING THE FAULT PLANE
MERGING WITH THE UNDERLYING LEWIS THRUST. TERTIARY KISHENEHN FORMATION
WAS DEPOSITED IN THE HALF-GRABEN RESULTING FROM MOVEMENT OF THF
FLATHEAD FAULT(FROM BALLY et at., 1966).
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the section in the footwall. Growth faults are common features of offshore continental
shelves, and are important in petroleum exploration in sedimentary basins worldwide.
but they are not so important in deformed belts. Low-angle normal faults may be

misinterpreted as growth faults in deformed terrains.

| Growth faults §ccur in the Gulf of Mexico, and many other areas of rapic
sedimentation such as the Niger Delta and, in Canada, the Beaufort-Mackenzie basin.
They are normally listric. Since the sediment deposited during a given time interval
is thicker on the downthrown side than on the upthrown side, it follows that the rate

of sedimentation is comparable with the rate of the fault movement.

Growth faults also occur within thrust and fold belts, the Flathead fault is a
good example in the Canadian Rocky Mountains (Fig. 1.47). The sedimentation has
ﬁlléd the half-graben during fault movement. Failure to recognize a growth fault can
result in serious under-estimation of the thickness of sediments deposited in the half-

graben, where thicknesses are measured from outcrop. sections.



FIGURE 1.48. GEOMETRY OF A GROWTH FAULT. MOVEMENT TOOK PLACE DURING
DEPOSITION OF UNITS A AND B AND CEASED TOWARDS THE END OF DEPOSITION OF
UNIT C.
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REVERSE FAULTS

A reverse fault is one in which the hanging wall has been raised relative to the
footwall, and cuts the bedding at an angle greater than 45° degrees. Reverse faults
occupy an ambiguous position in fault classification. Many apparent reverse faults are
normal faults that have been tilted. It is possible for a normal fault that is almost
vertical to pasé upward into a reverse fault near the surface due to large-scale creep,
or by a small amount of post-fault tilting. When fault nomenclature is based on
absolute dips rather than dips relative to bedding, thrust faults sub-parallel to beds

that are themselves steeply dipping are erroneously referred to as reverse faults.
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STRIKE-SLIP FAULTS

Strike-slip faults are the largest linear features of the earth’s surface. They may
extend for thousands of kilometers, forming boundaries of major crustal plates. Sori:
are fundamental faults which may be related to Precambrian megashears. Slip along
them may also be in the thousands of kilometers. The largest strike-slip faults are
deep crustal structures, steeply dipping, though their surface dips-can be low. On «
local scale, perhaps on the basis of a single seismic traverse across, it may be difficult
to distinguish a striké—slip fault from a normal, reverse or thrust fault (Fig. 1.51).
Examples of this type of problem abound in the San Andreas fault system of
California. In Canada, the Yukon fault (Figure 1.52, which passes along strike into
a strike-slip fault; Norris and Yorath, 1981), appears to be a strike-slip fault that
locally has a profile similar to that of a thrust fault. It also separates strongly

contrasted facies of Paleozoic rocks.

Because of the capability of strike-slip faults of bringing together contrasted
thicknesses of a given rock unit (Figs. 1.51), they can be confused with growth
(normal) faults. Since it commonly cuts through pre-existing structures (Fig. 1.51),
some of which may have been generated in its initial stages of movement, a strike-slip
fault can have downthrow on one side in one sector and upthrow on the same side i
another sector. This characteristic is one of the most useful criteria for identifying
strike-slip faults. The term "scissors fault" is sometimes used erroneously (Dennis,
1967) to describe this relationship, which is one of the simplest clues for identifyir:y

a strike-slip fault.



Block Diagram of a Left Lateral Wrench Fault

FIGURE 1.51. FBLOCK DIAGRAM OF STRIKE-SLIP FAULT CUTTING A FOLD.
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FIGURE 1.52. YUKON FAULT (Y) PASSING SOUTHWARD FROM STRIKE-SLIP INTO THRUS
FAULT IN NORTHWEST CANADA (NORRIS AND YORATH, 1981).
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WRENCH ZONES

Wrench zones are deformed belts created by strike-slip faults. They include en-
echelon fold structures oblique to the overall fault trend, some of which may trar:
hydrocarbons. Eventually, the sedimentary cover itself becomes faulted, causing
offsets of the early-formed folds. Important oil-producing areas related to strike-slip
faults include Sumatra, Venezuela, Trinidad and California. Folds are formed in the

sedimentary cover in response to strike-slip movement in the basement.

FLOWER STRUCTURES AND TRIANGLE ZONES

There are superficial similarities between some flower structures and some
triangle zones. Both structures tend to suffer from poor seismic resolution because

of their complexity. The tectonic environment of iriangle zones however is very

different from that of flower structures, and the setting alone may suggest the type

of structure. Flower structures occur in wrench environments and are not generally
B e Ty - ——

found in thrust and fold belts.

e ——— —

Triangle zones form along the outer margins of deformed belts and are parallel

to the regional structural strike. Any questionable structure in this environment :.

N e

more likely to be a triangle zone than a flower structure. Currently the Arbuckle
Mountains in the southern U.S.A. are the topic of a flower structure vs. triangle zone

controversy.
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FIGURE 1.53. EN ECHELON FOLDS ALONG WRENCH ZONES (WILCOX et al., 1973).
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NEGATIVE FLOWEA STRUCTURE

POSITIVE FLOWER UTRUCTURE
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FIGURE 1.56. INTERPRETED SEISMIC PROFILE ACROSS A NEGATIVE FLOWER STRUCTURE
(HARDING, 1983). 77 .
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FOLDS

INTRODUCTION

The term fold may be applied in geology to any part of a set of parallel or sub-
parallel curved surfaces such as boundaries between stratigraphic units. Most folds

are CYLINDRICAL or divisible into cylindrical segments. Within a cylindrical fold

each folded surface can be considered as having been swept out by a straight line

moving with constant orientation. The orientation of this line is known as the FOLD-

AXIS. Segments of some folds are conical. Within such segments, each folded surface
[

can be considered as having been swept out by rotating a straight line, one end of

which is fixed (Fig. 2.1).

A HINGE or HINGE-LINE joins points of greatest curvature in a folded surface.

apm———

Cylindrical folds have straight hinges parallel to one another and to the fold-axis.
AXTAL SURFACES contain successive hinges and divide folds into LIMBS. Some folds
have planar axial surfaces called AXIAL PLANES (Fig. 2.2).

Folds are either ANTIFORMS or SYNFORMS with upward - or downward
closing limbs, respectively. Where the folded surface is bedding and the way up of the
strata is known, the terms ANTICLINE and SYNCLINE may be substituted for

antiform and synform. Older strata are generally exposed in the cores of anticlines

N ™ e

and d younger strata in synchnes Each folded surface between adjacent anticlinal and
e N e e N
synchna.l axial surfaces is separated into two limbs, one belonging to the anticline, the

other to the syncline. Separating limbs are inflection surfaces (Fig. 2.2).

(@]
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FIGURE 2.2. DIAGRAMS SHOWING SOME PRINCIPAL ELEMENTS USED TO DESCRIBE FOLDS

(AFTER MARCHAK AND MITRA, 1988). HINGE SURFACES AND PLANES ARE SYNONYMOUS
WITH AXIAL SURFACE AND PLANES.
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DESCRIPTION AND CLASSIFICATION

The description of a fold involves;

a) Its orientation, _

b) The shape of its limbs as seen in a profile (cross-section
perpendicular to the fold-axis),

c) Its size and

d) Its symmetry.

The orientation of a fold is described by the orientation of its fold-axis an'
axial plane. A fold is upright, inclined or recumbent if its axial plane is nearly
vertical, inclined or nearly horizontal, respectively; in overturned folds part of one
limb is overturned. Horizontal, plunging or vertical folds have nearly horizontai,

plunging or nearly vertical axes, respectively. A geometrical classification of folds is

shown in Fig. 2.3.

‘When describing the shape of the limbs of a fold as seen in profile view, we
must distinguish between the shapes of surfaces and layers. The shapes of folded
surfaces can be described from the standpoints of tightness and roundness.
Tightness is given by the size of the interlimb angle (Fig. 2.4). From th<
standpoint of roundness, we can distinguish round and chevron folds. From the
standpoint of the layer shape, we can distinguish parallel folds, where layer
thickness remains constant throughout the fold, and similar folds, where the shapes
of the upper and lower bounding surfaces are identical. Parallel and similar folds ax:
only two special cases within a broad range of possible shapes. Ramsay (1967, p. 359,
distinguished five main classes on the basis of the shapes of the upper and lower

bounding surfaces (Fig. 2.5). In class 1, the curvature of the upper surface is less than
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that of the lower. In class 2, the curvatures are the same (these folds are simila).
In class 3 the curvature of the upper surface is greater than the lower. Based ¢
thickness variation, there are three kinds of fold in class 1; in 1A, thickness is least
near axial surfaces; in 1B, thickness is constant (these folds are parallel); in 1C
thickness is greatest near axial surfaces. Each class is readily identifiable by the

configurations in profile view of dip isogons (Fig. 2.5).

A fold’s size is difficult to describe. If the fold conforms closely to a sinusoid,
the parameters amplitude and wavelength can be used. More valuable parameters
are fold width and fold height (Fig. 2.6).

Terms such as macroscopic (map-sized) and mesoscopic (outcrop-sized) are
often used to describe size. From the standpoint of symmetry we can distinguish
symmetrical and asymmetrical folds; symmetrical folds are such that the axial plane
is a plane of symmetry (Fig. 2.6). A fold is represented on a geologic map by its axial

trace, i.e. the intersection of its axial surface with the ground surface.

Superposed folds resulting from the superposition of one set of folds on
another occur. The two episodes of folding may be widely separated in time, or they
may represent different phases within the same episode. The interference patterns

have been discussed by Ramsay (1967) and Thiessen & Means (1986).

KINEMATICS OF FOLDING

~ From a kinematic standpoint, we can envisage two major kinds of folding

process, flexural and shear. Both kinds may be envisaged in terms of card-deck

models. In the flexural fold model, the cards represent folded layers; in the shear fold

(O]
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FIGURE 2.5. FOLD CLASSIFICATION ON THE BASIS OF BOUNDING SURFACES CURVATURE

AND VARIATION IN THICKNESS. THE STRAIGHT LINES ARE ISOGONS ALONG WHICH DIP
IS CONSTANT (AFTER RAMSAY,1967).

FIGURE 2.6. THE PARAMETERS OF FOLD WIDTH AND FOLD HEIGHT (DAVTS, 1985). -
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model, the folded layers are represented by lines drawn on the outside of the card-

deck (Fig. 2.7).

In flexural folds, the folded layers play a dual role in that they participate in
the folding process and also outline the geometry of the fold, whereas in shear folds,
the folded layers react passively and their only role is to outline fold geometry. Shear

folds occur mainly in metamorphic rocks and will not be discussed further.

There are two varieties of flexural fold: flexural slip and flexural flow

(Donath & Parker, 1964). In flexural slip folds, individual beds are flexed and at the

same time slip over one another; in sedimentary rocks, the latter process is expressed
as bedding plane slip. From the geometric standpoint, flexural slip folds tend to be
parallel. Because individual layers do not slip easily with respect to one another, some
stretching and shortening parallel to léyering commonly occurs near the axial surfaces
of folds. In anticlines, stretching affects layers at the top and shortening the base of
a series of layers that experienced flexural slip folding. Stretching gives rise to normal
faults and shortening to thrusts and small-scale folds (Fig. 2.8). In flexural flow folds,
the surfaces of slip between flexed layers are replaced by layers of finite thickness and

relatively low strength and which tend to experience simple shear parallel to layering.

DYNAMICS OF FOLDING

From the dynamic standpoint, folds may conveniently he thought of as either
active or passive. Active folds develop in layered rocks where the layers have unlike
physical properties and where the direction of shortening makes a small angle with

layering. In such situations, the strong layers commonly buckle. An elastic sheet
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FIGURE 2.7. FLEXURAL FOLD (a) AND SHEAR FOLD (b) MODELS (RAGAN, 1985).

FIGURE 2.8. MINOR STRUCTURES COMMONLY ASSOCIATED WITH FLEXURAL FOLDS
(DAVIS, 1985).
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subjected to compression will buckle to one half wavelength if there is neither a
gravitational field nor a lateral constraint. However, if there is a gravitational field
or a lateral constraint (provided e.g. by placing the sheet in a viscous fluid), in orde:
to reduce the work done the sheet buckles to produce several sinusoidal folds whese
wavelength is controlled by the elastic properties of the sheet and its thickness.
Similarly, a thin strong competent layer sandwiched between two thick weak
incompetent layers that experiénces shortening parallel to layering wﬂl buckle t¢
produce a series of sinusoidal folds whose wavelength is controlled by the relative
strength and the thickness of the strong layer. In this case the lateral constraint is
supplied by the enveloping iﬁcompetent layers. Kinematically, the buckled laye:
experiences flexural slip folding. The geometry of buckle folds where several
competent and incompetent layers of varying thickness are present in complex, the
degree of complexity being controlled by the variation in thickness of the competent

layers and the extent to which they interfere with each other (Fig. 2.9).

KINK BEND FOLDS

Another active folding mechanism is kinking (see e.g. Paterson & Weiss, 1966).
In passive folding, the folds do not develop directly as a result of compression parallel
to layering and are unrelated to any variation in physical properties of the laye:=.
The process by which these folds are produced is bending (Fig. 2.10). Folds that
develop over salt domes and folds produced by differential compaction are examples
of this kind of fold. As will be discussed below, many folds in sedimentary rocks ar=

related to thrusts and cannot be considered to be either active or passive.
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THE COMPUTER PROGRAM REFOLD

The program REFOLD constructs model cross-sections, maps and block
diagrams of strata affected by one or two episodes of folding (Charlesworth &:
McLellan, 1986). The folds are sinusoids of variable amplitude and wavelength and,
in the case of F, folds, variable orientation. The trend of F, folds is approximately N-
S. F, folds trend E-W and are always horizontal and upright. Measurements o:

wavelength and amplitude are in mm.

To execute the program, change to the REFOLD directory (type CD/REFOLD
and press <Enter>) and enter REFOLD (type REFOLD and press <Enter>). After
the banner has disappeared from the screen, the menu General Parameters presents

the following options:

E-W cross-section N-S cross-section

Map Block diagram

To select an option, use the mouse or a vertical cursor éontrol key to highlight
its name. The menu also displays two radio buttons labelled F, Folds? and F, Folds?
If you want the model to display E-W trending F, folds, press Y opposite the F, Folds
button (use the mouse or click on it). Use a similar procedure to display F, folds.
When you have finished manipulating this menu, press <Ok> (élick on the <Ok>
button or press <Alt> and O simultaneously). To obtain on-line help at any stage,

press F1 help.

If you have selected F, folds, the menu N-S Trending F, Folds then allows

values for the following parameters to be entered:
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Amplitude Wavelength
Dip (of axial planes) Plunge (of fold axes)

To accept the default values, press the <Ok> button. To enter a new value
for, say, Wavelength, highlight it (click or <Tab>) and enter the new value. When

you have finished, press <Ok> (pressing <Cancel> returns you to the previous

‘menu).

If you have selected F, folds, the menu E-W Trending F, Folds then enables
values for the parameters Amplitude and Wavelength to be entered. These folds are
always horizontal and upright. Once the last menu have been manipulated, the

requested cross:section, map or block diagram will be displayed.

Exercises involving Computer Program REFOLD

1. Construct a block diagram of strata deformed by upright horizontal F, folds
with a wavelength and amplitude of 30 and 10, respectively.

2. Construct a block diagram of strata deformed by upright F, folds pluhging S at
20° with a wavelength and amplitude of 30 and 10, respectively.
| ¢
3.  Construct a block diagram of strata deformed by F, folds plunging S at 20°
whose axial planes dip 70°E and whose wavelength and amplitude are 30 and

10, respectively.

4. Construct a block diagram of strata deformed by recumbent F, folds with a
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wavelength and amplitude of 30 and 10, respectively.

Construct a block diagram of strata deformed by reclined F, folds plunging S

at 20° with a wavelength and amplitude of 30 and 10 respectively.

Construct a block diagram of strata deformed by upright horizontal F, folds
with a wavelength and amplitude of 30 and 10, respectively and by upright
horizontal F, folds with a wavelength and amplitude of 40 and 5, respectively.

Construct a block diagram of strata deformed by horizontal F, folds whose axial
planes dip 45°E, and by horizontal upright F, folds with a wavelength and
amplitude of 0 and 0.



FOLDS IN FORELAND FOLD AND THRUST BELTS

INTRODUCTION

Three kinds of fold may occur in foreland fold and thrust belts;

A.  DETACHMENT FOLDS,
B. FAULT-BEND FOLDS and
C. FAULT-PROPAGATION FOLDS.

DETACHMENT FOLDS end downwards against detachment zones or thrusts.
They are the result of horizontal shortening by buckling or kinking of the strata in
a thrust-sheet. FAULT-BEND FOLDS affect the hangingwall of a thrust and are
the result of its division into flats and ramps. FAULT PROPAGATION FOLDS
develop near the tip line of a thrust and are associated with the rapid decrease in

displacement towards the tip line.

DETACHMENT FOLDS

Detachment folds develop as the result of layer-parallel compression. Although
they may end downwards or upwards against a thrust, their geometry is controlled
not by the thrust’s characteristics but by the stress-field andvthe nature of the
stratigraphic succession. Two kinds of detachment fold can be distinguished. Lift-off
folds have a parallel geometry throughout and immediately above the detachment are
isoclinal. Disharmonic folds have a parallel geometry except towards the bottom

where, because of space problems, complex small-scale folds and faults occur above the
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Fault-bend folds develop in the hangingwall of a thrust f"ault divisible into flats
and ramps. To a first approximation, these folds are chevron in style (Fig. 1.23)
Consider a thrust with two horizontal flats and a ramp, i.e. with a synclinal and an
anticlinal bend. The dip of the ramp equals the fundamental cut-off angle, i.e. the
anglé between it and layering in the footwall. Displacement causes two pairs of folds

to develop.

Strata beﬁween the axial planes of the two internal folds are rotated into
parallelism with the ramp. The distance between the axial planes increases with
displacement until the anticlinal axial plane reaches the anticlinal bend in the fault
(Fig. 2.10). From this point onwards, the two folds maintain their position relative.
to the fault, but not with respect to strata in the hangingwall The axial planes are
parallel because they both separate horizontal strata from those whose dip equals that
of the ramp. Because thickness tends to remain constant, tke axial planes general'y
bisect the interlimb angle of 180° - e, aad so dip towards tt 2 foreland at‘ 90° - 9/2,

where 6 is the fundamental cut-off angle.

The distance between the axial planes of the two external folds also increases
with displacement until the axial plane of the internal anticline reaches the anticlinal
bend in the fault. From then onwards, the two folds migrate towards the foreland
relative to the fault, but remain fixed with respect to strata in the hangingwall. The
angle through which strata between the two external axial planres-are rotated is larger
than @, and the interlimb angle of both external folds is smaller than 180° - 9. The
value of the interlimb angle (2I1) is controlled by 8 according to the equation (Suppe,

1983). o
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Sin 27 / (cos* 7w + 1) = tan 6 VAL TN

Where 6 = 30°, m = 60° and thus the dip of strata between the two external axial

planes is 60°.

A thrust belt affected by one thrust should be divisible into segments
displaying,

a) the regional dip,
b) a dip towards the hinterland equal to 6 and

c) a dip towards the foreland somewhat larger than 6.

The dip in (b) and (c) are referred to as first-order back and first-order forward
dips, respectively. A thrust belt affected by two thrusts is likely to be divisible into
segments displaying a) the regional dip, b) first and second-order back dips, and c) first
and second order forward dips (Fig. 2.11; Table 2.1). Segments with second-order dips
have been rotated twice, once during displacement along the first thrust, and again

during displacement along the second thrust. .

Many thrust belts can be divided into essentially homoclinal dip domains, each
dip domain having a regional dip or an nth order back or forward dip. Thus fault
bend folds, although overprinted to a greater or lesser extent by detachment folds, are

probably the most important of the three varieties referred to above.

96



o

-
A\
-

FIGURE 2.11. COMPUTER-GENERATED MODEL ANTIFORMAL STACK SHOWING DIP

DF

Forwrrd Dips

Feadamcatal -— Beckdipt
v v v v - s 1 Catoll Asgie”t 1 . E N v v Vi
€1.8° $2.%° 43.0° J40° 38.3° 14.8° 81" [ 5 [ 153 13.4° Pl 0 313° 418" 43.3°
10.2* $9.2* 48.8° J8.3° 203 15.4° 8.2 [ R T 118 16.2° 340° 41.3° 418 $1.4°
8$0.6° 87.4° $5.2° 433 PARE R 0.8 tQ.3° Q* ' 1Q 197 AN A 31.4° LR R $2C° 4.7
3. 7.2 82.8° 48.8° 35.7° 23.3° (R e i 118" 38 e e (SR N @2
109° sd.8" 71.0° [N 3s.e” 15.8° 12.8° 13 12 13%° Jan® LR IR Ad [0 B $35° £59°
128° 102* 80.5° 61.5° 443" 18.5* 138° 13 13 13 4° 38,2 LY 3 Ad e R 3 0 2.3° [T
160" 118" "na- 6s.6° 483" 32 13.0* 14 Vo PR PR NN ay s [T IR [T RN 718
- 1467 104 763" $3.8° 333 16.2° 13- 13° PR a3 11.3° e 410" 788"
- 124 3.3 $37.0° 6.8 12.4° 1e 16 309 .38 EYR M e -
- 19.2° 65.6° 40.21° 18.8° Ve 17 3.7 48 2° 17.5°
- 123° 13" 43.2° 02 14° 13" 344 48,4 $9.3°
- 82.2" 47.4° PN 3 1" 1y e 2° $0.4° -
- 37.4° $2.0° 23.2° 0 _I_’J_' 37.3° $2.7¢ -
- $7.0° 14.8° ne 21° PE N N -
- 3.8 16.8° 22 P 413" -
- 72.0° 28.4° 23° 33 L 428 -
- 30.4° 24° 34 -

* Thinniag required in forward dips (6. = ¢ > X0°).

o /
VAR - tw’f:,’ffﬁ’ ‘,/:,/{S (&,L(J té\ Q Yog A (/K
/ -

Vg
f(//< cert. {c.

(’v

TABLE 2
ANGLE (SUPPE, 1983).

97

.1. FORWARD AND BACK DIPS ASSUMING CONSTANT FUNDAMENTAL CUT-OFF -



5. EXERCISE-2.1 INVOLVING FAULT BEND FOLDS

The incomplete cross-sections in Fig. 2.13 show an E-verging thrust with two

horizontal flats and one 30° ramp. Assume that the displacement direction

parallels the plane of section and that the thickness of strata remains constant.

Construct a section of the hangingwall when both anticlinal axial planes end

downwards at A. Proceed as follows:
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Construct the trace of the synclinal axial plane passing through B. Its
dip is 75°.

Construct the western anticlinal axial trace passing through A.

Construct the eastern of the two anticlinal axial traces passing through
A. The interlimb angle (2Y) of the eastern anticline is given by equation
Sin 2 / (Cos + 1)= tan 6. When 6 is 30°, 2Y is 120°, so the axial plane
dips 60°W.

Construct the traces of the marker horizons in the limbs of the three

western folds and in the eastern limb of the fourth fold.
Construct the axial trace of the eastern syncline.

Use a stratigraphic horizon just above the lower flat to determine the
displacement of the thrust in the west. Remember that this horizon
must be truncated by the thrust at A.

Construct a vertical line marking the new position of the line CD. Use
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a horizon above the upper flat to draw the present position of the line
EF.

Draw the marker horizons to complete the cross-section.
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6. EXERCISE-2.2. FAULT BEND FOLD WITH TWO THRUSTS.

Cross-section A in the given figure, shows a 20° ramp of a thrust about to be
replaced by another ramp. Cross-section B shows the situation afteriéome
displacement along the new thrust has taken place. Use Fig. 2.11 and Table
2.1 to complete this cross-section. Where the fundamental cut-off angle is 20°,
thé first and second order forward dips are 23° and 52° and the first and second
order back dips are 20° and 38°, respectively. Thus the dips of the axial planes
are 78.5° and 52.5° towards the hinterland, and 80° and 61° towards the

foreland. To complete the cross-section B:

a. construct the axial traces bounding the ramp in the hangingwall of the
first thrust;

b. construct the remaining axial traces in the hangingwall of the first
thrust;
c. complete the traces of the marker horizons in the hangingwall of the

first thrust.
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‘FAULT PROPAGATION FOLDS

Whereas fault-bend folds are younger than the associated ramp, fault-
propagation folds are of the same age (Fig. 2.12). They may have a kink-band
geométry (Suppe, 1985). Once a fault-propagation fold reaches a certain amplitude
or the tip line enters a stratigraphic unit whose lithological characteristics differ
significantly from the underlying unit, the fold méy lock and the thrust rapidly
propagate towards the foreland. 1If, for example, the "break-through" thrust
propagates horizontally or it follows the axial plane of the external syncline, a thrust-
sheet with a prominent anticline develops; if, however, the thrust follows the axial
plane of the anticline, strata beneath the thrust-sheet display a prominent syncline.
Folds of this fype abound in thrust belts and are generally referred to as fault drag
folds. Many gas fields in the Foothills of the Canadian Rocky Mountains seem to be
associated with fault propagation folds, possibly the result of fracture porosity in the

external limb of the anticline (see also, Jamison, 1987; Mitra, 1990; Erslev, 1991).



FIGURE 2.12
. COMPUTER-GENERATED MODEL FAULT-PROPAGATION FOLD

[ ' ‘ o
. !: ' . '. ot ‘jl\!



PR e
-

\’\" v .
s, o o .
7. EXERCISE-2.3. FAULT PROPAGATION FOLD. XY ' ’ :
. ST

1.

My

In the incomplete cross-section (Fig. 2.14), the horizontal flat of a thrust is
bound to the east by a 30° ramp, at the top of which is a tip line. Displacemen:
along the fault causes the E-W dimension of the ramp to increase. At any
stage, whereas displacement along the flat is constant, displacement along the
upper part of the ramp decreases up dip. This decrease is associated with the
development of fault-propagation folds. Use Figure 2.12 to construct a cross-
section showing the situation when the tip line is at the point A. To do this,

proceed as follows:
a. Use Fig. 2.12 to construct the axial trace of the western syncline.

b. Construct the trace of the marker horizon passing through the point A

in the two limbs of the western syncline and east of the tip line.

C. Complete the trace of this horizon (assume that the dip of the forelimb
is 73° when the rundamental cut-off angle is 30° (Suppe, 1985; Jamison,
- 1987).

d. Construct the axial trace of the eastern syncline (assume that the axi::

plane bisects the interlimb angle).

e. Construct the axial trace of the anticline affecting horizons below the tir:
line.
f. Té complete the cross-section, extend the axial traces upwards into the

104



- - - v Rt AL
e e Rl I . B .

stratigraphic units above the tip line, draw the traces of all marker

horizons, and construct a vertical line marking the new position of the
line CD.
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FIGURE 2.14. EXERCISE INVOLVING FAULT-PROPAGATION FOLDS.
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MODELLING FAULT-BEND FOLDS: THE PROGRAM FLTBND

INTRODUCTION

The program FLTBND constructs model cross-sections showing thrus{ faults
and fault-bend folds. In them, the foreland is to the right and the direction of
displacement parallels the plane of section. A thrust is specified by;

1) the widths and dips of its flats and ramps and
2) its horizontal displacement.

The progi'am can model neither out-of-sequence nor back thrusts. Fault-bend
folding takes place by bedding plane slip, so thickness remains constant. All

measurement of width, elevation, etc. are in arbitrary units.

CONTROL OF FLTBND - KEYBOARD
While executing the program the user manipulates four main menus:
Program Control

General Parameters

Thrust Parameters (1)

L

Thrust Parameters (2)

If three episodes of deformation are requested, the third and fourth menus

appear three times.
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To present the menu Program Control, enter FLTBND and remove the
banner. This menu allows the user to control the program from the keyboard or by
means of an instructions file. To use the keyboard, press the button <Ok>, ie.

<Enter>.

The menu General P_arameters allows the user to enter values for the

following parameters:

- E-W Horizontal Dimension of Models
- Vertical Dimension of Models

- Scale of Models in units per cm

- Number of Episodes of Deformation

- Elevations of stratigraphic horizons

Beside each parameter is its default value such that if the button <Ok> iz
pressed with the cursor on the appropriate line, the program will use this value. To
enter a different value for say the fourth parameter, either press <Tab> three times
or use the mouse or press <Alt> <N>, and then enter the value. As for scale, if a
- model whose width is 100 units has been requested, and if all this model is to be seex:
on a monitor of width 20 cm, the scale should be 5. When you have finished with the

menu, press <0k>.

The menu Thrust Parameters (1) allows the user to enter values for the
following parameters:

- Number of Segments in Thrust

- Elevation of Thrust’s internal (left-hand) flat

- Displacement
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The menu Thrust Parameters (2) allows the user to specify the horizontal
widths and dips of the thrust segments. At the bottom of the menu are two "radio

buttons" that allow the user to request a model showing the incipient fault and a

‘model showing the structure after displacement has taken place. If one asks for these

models, supplementary menus appear allow you to specify a title and to truncate the .
model. A truncated model lacks its left-hand end, where there are only horizontal

strata in the footwall.

When you have finished with the menu, press <Ok>. If you have asked for
more than one episode of deformation, the third menu will reappear. The requested

models will be’ displayed on the monitor.

CONTROL OF FLTBND - INSTRUCTIONS FILE

After using the keyboard to execute the program, the way in which each menu
has been manipulated will have been used to construct an instructions file named
FLTBND.INS. If this file is used as input to the program, the same series of models
will appear on the monitor. If a model is to be modified, rather than begin all over

again, it may be simpler to modify the instructions file. A simple instructions file is

shown below. '
50.00 : Width of cross-section
7.00 Height of cross- section -

Stratigraphic thicknesses:
1.11 0.50 0.40 0.60 0.70 20.00 5.00 5.00
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2.0 Scale factor

97 97 Plotting parameters

*********************THRUST FAULT 1 ¢ ale 2 dfc e ok sfe ke sk ok ke 34 ok e 3¢ e e ofe e

1.60 Beginning fault height
5 Number of segments

Horizontal widths of fault segments:
11.000 7.464 6.536 10.000 16.000

Dips of fault segments |
000 15.000 0.000 15.000 0.000

Y View incipient fault
INCIPIENT FAULT 1 Title

N v Do not truncate plot

10.00 Displacement

Y View this stage of
deformation

FAULT 1 ‘Title

Y Truncate plot

N Another fault not requested



Construct a model cross-section of the Fault bend fold described in
Exercise 2.1.

, Proceed as follows:

a. Enter FLTBND and wait until the Program Control appears. Select Y

and press the <Ok> button to display the menu General Parameters.

b. Enter the following values.

E-W Horizontal Dimension of Model: 100
Vértical Dimension of Model: 25

Sc’aile of Model in units per cm: . 5
Number of Episodes of Deformation: 1
Elevations of strat. horizons: 510 15 20 25 30

and press <Ok> to display the menu Thrust Parameters (1) , * |

. Enter the following values. '
No of Segments in Thrust: 3
Elevation of Thrust’s LH Flat: 75 7|
Displacement: 20.0

and press <Ok> to display the menu Thrust Parameters (2).

L4

d. Enter the following values:
Segment Width Dip Segment Width Dip Segment Width Dip

1 350 2 175 30 3 475 0 -
View Incipient Fault? () Y View This Stage? () Y ' 1 i
()N ()N -
o
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e.

Manipulate the subsidiary menus to see the models and then press

<Enter> and F-4-Exit.



MODELLING FAULT-PROPAGATION FOLDS

THE COMPUTER PROGRAM FLTPRP

The program FLTPRP constructs model cross-sections of fault propagation folds
ending against a thrust with one flat and one ramp. In the.meodel, the for'el"and is to h
the right and the direction of displacement is parallel to the plane of sectibn. The |
thickness of the external limb of the anticline méy be modified.

ﬁuring an execution of the program, the user manipulates the menus:

-1.  ~Stratigraphic Horizons & Markers
2. General Parameters

3. Forelimb

The menu Stratigraphic Horizons & Markers allows the user to enter the
elevations in centimeters of four marker horizons. The radio button Marker Points? :
is such that if one selects Y, a series of small crosses appears on the model. The
number of crosses and their stratigraphic elevations are specified by the parameters

Number of Marker Points and Elevation of Marker Points.

The menu General Parameters allows the user to enter values for the

following parameters:

Dip of Ramp Elevation of tip point
Width of flat Title



At the bottom there is a radio button several stages to be modelled? such that
if one selects Y, the program will construct a series of models with increasing tip point

elevation.

The menu Forelimb and its subsidiary menu allow the user to modify the

thickness of the external limb of the anticline.

2. Use the program FLTPRP to reproduce Fig. 2.12.
Then construct several models of fault propagation folds, observing how the

structure varies according to the dip of the ramp and the change in thickness of the

forelimb.
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GEOLOGICAL MAPS

Projection of the earths surface onto a horizontal plane showing the
distribution of rocks. The rocks are commonly divided into units that can be
recognized and traced across the map area. These units are called FORMATIONS.
The b6undaries between formations are called CONTACTS. The map may also show
the topography of the land surface by the use of contour lines. The geological map

is more than the sum of surface, stratigraphic and structural features. Properly done,

the geological map is an exceedingly important tool in the hands of geologists. In the

following paragraphs’we will see that how structure of the rocks can be interpreted

from the geological maps. o, ~ ( N
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TOPOGRAPHIC MAPS

The basis for the compilation of a geological map is usually a topographic map
on which diversity of land forms is expressed by means of contour lines, the latter .
being lines which join all points of equal height above mean sea level. In OGDC the
common scale used for éeological surveying map work is 1:50,000 or 1 cm to 50C m.
The published, colored, sheets of the Survey of Pakistan are on a scale of 1:500,000
or 1 to 500 miles as 1:250,000 or 1 cm to 2.5 km.

The most useful map scale for studying the representation of land forms is
generally 1 inch to 1 mile, since on this scale the relative closeness of contours gives
an immediate visual impression, whereas with larger scales there is so great a

distance between the contours that the impression is less marked.
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SIMPLE LAND FORMS DEPICTED BY CONTOURS

It is important to appreciate the manner in which topographic diversity is
expresséd on maps so that the conﬁgur?tion of the land can be visualized quickfi from
the map or the land form sketched intelligently form a specific view. - This is
important to geologists since, in very great measure, the diversity of land form is the

expression of the foundation geology of an area.

The usual method of expressing land forms is by contour lines azid a few basic
concepts of this method are expresséd in Fig. 3.1. The contour line is a way of
showing, on a map, the position of all points of like elevation above ordnance datum
(expressed as 0.D) so that the 800 ft contour, for example, would be the line drawn
on a map to indicate the locus of all points which were 800 ft above ordnance datum.
Broadly the contours on a map show the distribution of hiysh and low ground and

indicate variations in gradient.  The gradient for the same degree of separation of

-contours would be different on maps of different scaies.

Figure 3.1A shows evenly spaced contours from 300 ft O.D to 800 ft O.D and

the section along X-Y shows an even gradient and relatively gentle slope.

Figure 3.2B shows the closer spacing of the contours between 800 ft O.D. and
’ ¢
300 ft O.D. indicating a change of slope of the ground between these contours.

Figure 3.1C shows an abrupt change of slope at the 800 ft contoﬁr: the great
" closeness of the contours between 800 ft O.D. and 300 ft O.D. indicates a steep
escarpment whilst the wide separation of the 300 ft and 200 ft contours reflects

a gently dipping plane.
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FIGURE 3.1. DIFFERENT LAND FORMS EXPRESSED BY CONTOUR LINES.
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Figure 3.ID shows a slope upland plain passing by a gentle escarpment into a

valley slope.

Figure 3.1E shows a hill and valley landscape. Notice that the valley contours
have the point of their V outline pointing towards the highest value contours
whilst in the spurs, the point of the V is towards contours.of lower vélu.e:. note

also the disposition of the contours in respect of slope as seen in the sections.

Figure 3.IF depicts a rounded hill: the upper part is shown by closed contours.
Note that the western slope is more gentle than the eastern, as indicated by
the contours, The essential needs of the geologist are to able to read a map

accurately and interpret quickly the nature of a terrain.
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8. EXERCISE-3.1.

Complete the profile lines along NM and XY indicated on the map in Figure 3.2.
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FIGURE 3.2. EXERCISE, COMPLETE THE PROFILE LINES ALONG NM AND XY.
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TRUE AND APPARENT DIP AND STRIKE OF BEDS OF ROCK

Most sedimentary rocks, many metamorphic roéks and igneous sills and dykes,
occur as sheet-like bodies. When these "sheets" or beds are inclined to the horizont=!
they are said to dip. Figure 3.3 shows a bed of sandstone inclined at an angle BA L,
which is the maximum inclination to the horizontal, is the angle of full or true dip.
With the exception of the direction at right angles to the direction of true dip, whicl:
is called the strike of the bed, every direction across the bed has some dip. The din
in any direction other than the true dip is called an apparent dip: such dips are always
smaller than the true dip. Along the strike of the beds there is no dip, and the bed:

appear horizontal.

THE EFFECT OF THE DIP OF A STRATUM ON ITS OUTCROP

Two features influence the appearance of the outcrop of a bed of rock; they ara

1ts DIP and the form of the TOPOGRAPHY.

Figure 3.4A shows the outcrop of a bed of sandstone which is horizontal, a fa:*
which is demonstrated in the section drawn along X-Y. It is apparent from the may
that a bed which is horizontal will have outcrops, and hence bedding planes, whici:
trend parallel to the topographic contours. That the slope of the country influences
the width of outcrop seen from a consideration of the outcrop widths ab and AB: in
the former the slope of the surface is steeper than in latter and its projection on the

map is, therefore, the narrower of the two outcrops.

In Fig. 3.4C the dark bands are outcrops of vertical sheets of rock which project



TRUE AND APPARENT DIP

Strike and dip
of a layer of rock.

0
FIGURE 3.3. STRIKE AND DIP OF A LAYER OF ROCK.
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as straight bands on the map uninfluenced by any topographic diversity. The section
along X-Y shows these vertical dykes and demonstrates that their thickness in the
section varies with the angle made by the dyke with the section. At D the section is
almost at right angles to the dyke which, thérefore, almost shows its true thickness
at A and B the width of the dyke in the section is much greater than its true

thickness since dyke and section are nearing parallelism.

In Fig. 3.4B the bed of sandstone has a dip towards the west. This can b~
established by considering the outcrop at e, f and g which lie at 500 ft, 400 ft and 300
ft O.D. respectively so that the slope of the bed is from e to g this same kind of
reasoning could be applied on the upper surface of the sandstone noting the fall from
c to h or d to h’. The importance of strike lines is discussed later: they are
introduced here in order to explain the inclined nature of the beds. The true strik:
of the bed can be obtained by joining ff’ and gg’ on the lower surface of the sandstone
or dd’ or hh’ on the upper surface, thus, in effect, drawing straight line contours on
the surfaces of the beds. The true dip will be at right angles to the strike and, sincs
between the strike line ff” and gg’ there is a fall of 100 ft in a distance of 500 ft the
gradient is 1 in 5, or the dip 11°20’. The figures in square brackets refer to the base

of the bed. Those in curved brackets refer to the upper surface.

In this cése the effect of the interrelation between the dipping bed of sandstcn:
and the topography is to develop a sinuosity in the outcrop: in this simple example
there is a characteristic V pattei‘n which, in a valley becomes more acute and
narrower between the sides of the V as the dip increases and the valley narrows. Thiz
is illustrated in Fig. 3.5, where the same bed with the same dip presents iﬁcreasing

diversity of outcrop as the complexity of the topography increases.
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FIGURE 3.4 THE EFFECT OF DIP OF A BED ON ITS OUTCROP.
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FIGURE 3.5 MAPS TO ILLUSTRATE THE VARIATION IN THE FORM OF OUTCHOP

-»200

300-

400

THE BED OF SANDSTONE IN THE
THREE MAPS A 8 AND C (ALL
ORAWN TO THE SAME SCALE) HAS
THE SAME THICKNESS AND THE
SAME DIRECTION AND AMOUNT OF
DIP. THE INCREASING COMPLEXITY
OF THE GUTCROPS IN A 8 AND C
IS ENTIRELY THE RESULT OF
TOPOGRAPHIC VARIATION,

MAPS TO ILLUSTRATE THE VARIATION IN THE FORM
OF OUTCROP RESULTING FROM THE COMPLEXITY

OF THE TOPCGRAFHY.

RESULTING FROM THE COMPLEXITY OF THE TOPOGRAPHY.
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METHODS FOR THE DETERMINATION OF THIE DIP AND STRIKE OF A
ROCK SUCCESSION

1. From Outcrops Of a Series Of Beds:

Figure 3.6 shows the outcrops of a series of beds in an area of irregular
topography, since the outcrops of the rocks cross the contours and are sinuous in their

course they must be inclined to the horizontal, or more shortly-they have a dip.

Thé direction of strike may be determined in the manner set out below.
Consider the junction of the mudstone and the limestone at the points a, a', a’and a®
these points all lie at 300 ft O.D. where the outcrop of rock and land surface are at
the same elevation. A line joining these four points is STRIKE LINE or STRATUM
CONTOUR; it is, in fact, a contour line on a plane surface and is therefore straight.
A second strike line drawn through b, b!, b* and b® is parallél to the first and is the

200 ft O.D. level on the lower surface of the limestone. The dip of the lower surface

of the limestone, which is the same as the upper surface of the mudstone, may now

be determined:; X lies on the 300 ft strike line and Y on the 200 ft strike line;
therefore the surface of the bed falls 100 ft from X to Y, which may be shown by
measurement from the map to be a horizontal distance of 500 ft. Since the surface
falls in elevation towards east and by definition the dip is at right angles to the
strike, the direction of dip is due east. The dip of the lower surface'of the limestone

is 1 in 5 expressed as a gradient or, as an angle, 11° 20’.

Strike lines may now be drawn for each bed through points of equal elevation
on the same surface of a bed. On the map now being considered the strike lines are

equidistant over the whole map and the same group of strike lines (but with different
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values) may be used for all the beds. This is a consequence of the beds being even
hundreds of feet in thickness and having the same dip. Such a relationship between

strata is said to be a conformable one.

2.  From a Partial Outcrop Cutting Three or More Contours

In Fig. 3.7 the same method as that used in Fig. 3.6 would determine the strike
and dip of the beds. However, a second method may be used here. In this instance
the outci:op between limestone and shale cuts the 600 ft. 500 ft. 400 ft. 300 ft O.D.
contours at B,C,Da E and A respectively. To determine the dip and strike of the beds,
join B-A. The jﬁﬁction_ of the shale and limestone is assumed to be a plane surface,
hence, there is an even gradient between B and A and between these two points the
surface falls 400 ft if the distance B-A is divided into four equal parts then the
distances BC!, C'D" D'E! and E'A will each represent the horizontal distance in which
the surface fall 100 ft, and C', D! and E! will have elevations of 500 ft, and 400 ft and
300 ft O.D. respectively. If C is joined to C'; and the line extended across the map, this

will be the 500 ft strike line or stratum contour for the junction of the limestone and

the shale. Other strike lines parallel to these, and of the same spacing may be drawn -

across the whole map to complete the stratum contours for the surface limestone
shale.

3. From Borehole Records

In Fig. 3.8, let the boreholes be at A, B and C at topographic heights of 500 ft,

: b
675 ft and 520 ft O.D. respectively. (o Y P
’; VA ¢
@‘,/ - @\6\j 4
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Suppose a sandstone lies at the surface at A and at depths of 675 ft and 320 ft
in the boreholes B and C. S ¥ —[O"P‘Q/O '|

—

The surface of the sandstone will then occur as follow: at 500 ft O.D‘:qt A at
zero elevation at B and at 200 ft O.D at C. '

If the surface of a bed of sandstone be regarded as plane then the surface falls -

300 ft from A to C; 500 ft from A to B and 200 ft from C to B.

If AC be divided into three equal parts-AA’, A’A” and A”C - each part will
represent the horizontal distance in which the surface of the sandstone bed falls 100
ft in elevation in the direction of C and A, A’, A” and C will lie at 500 ft, 400 ft, 300

ft and 200 ft elevation on the surface of the sandstone.

Also if AB is divided into five equal parts-Aa, aa’, a’a”, a”’a’’and a’’B then ai,
a’,a”, a’”’ and B will lie at 400 ft, 300 ft, 200 ft, 100 ft and O ft O.D. (sea level) on the

surface of the sandstone bed.

From similar reasoning it can be seen that C’ lies at an elevation of 100 ft O.D.

on the surface of the sandstone bed.

A consideration of the above shows that a and A’ each lie attan elevation of 400
ft O.D. on the same surface of the sandstone bed and that a line joining them would
be a straight contour line or strike line at 400 ft O.D. on the surface of the sandstone
other strike lines can be drawn through a’ A” at 300 ft O.D. through a” C at 200 ft
0O.D: lines through A and B Parallel to these strike lines are the 500 ft and O ft (sea

level) strike lines respectively.
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At A, through which the 500 ft strike line passes, the sandstone surface
outcrops and is overlain by a bed of shale. That the sandstone is overlain by the shale
and not underlain by it may be proved by a consideration of the dip of the sandstone
bed. The strike lines on its surface fall in elevation towards the southeast anda’this
is therefore the direction of dip. The horizontal distance between each strike line if

500 ft, hence, the bed has a gradient of 1in 5 or a dip of 11°20’ to the south-east.

P ) R

P——



9. EXERCISE-3.2

TO DETERMINE THE DIP AND STRIKE OF A ROCK SERIES
FROM OUTCROPS ON A GEOLOGICAL MAP

A geological map is given in Figure 3.9, determine the amount and directior: ¢f

dip and strike of the beds. Also draw the sections from A to B and from C to D.
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FIGURE 3.9. EXERCISE, TO DETERMINE THE DIP AND STRIKE OF A ROCK SERIES FROM
OUTCROPS ON A GEOLOGICAL MAP.
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GEOLOGIC CROSS SECTIONS



GEOLOGICCROSS SECTION

VERTICA]JELICE THROUGH THE EARTH, WITH THE MATERIAL 11
FRONT OF IT IS REMOVED, SHOWING THE ARRANGEMENT OF
ROCK UNITS AND THEIR ASSOCIATED CONTACTS. IN ADDITIO!..
A GOOD CROSS-SECTION COMMONLY SHOWS THE TOPOGRAPHY.
THE VERTICAL STRUCTURE SECTIONS, THOUGH HAVE THEIR
LIMITATIONS BUT ARE USEFUL TO WORKOUT AND DEPICT TH’
STRUCTURAL RELATIONSHIPS AT DEPTH, PARTICULARLY WHEN
THE STRUCTURES ARE DIVERSE AND NO SINGLE DOWN
STRUCTURE DIRECTION EXISTS.
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Construction of Balancgd

L Cross Sections
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ROSS SECTIONS

A balanced section is only a more rigidly constrained standard geologic secticn

and drawing any good geologic cross-section takes experience and several tries. All of

the information needed for any good geologic section (accurate surface geology.
knowledge of local.stratigraphy,' understanding of structural style, etc.) arz
needed for a balanceable section. Because we add additional constraints in "balancing”
a section, presumably we can derive more meaningful conclusions from it after it ic
finished. A BALANCED SECTION IS NOT TRUTH, IT IS SIMPLY A MODET
WHICH SATISFIES MORE REASONABLE CONSTRAINTS; THEREFORE IT IS
MORE LIKELY TO BE CORRECT. Balanced sections provide a more accurate
portrait of deformation in foreland fold and thrust belts and thus they aid i»

evaluation of exploration targets.

The origins of balanced sections lie in the petroleum industry in the 1950’s an«
1960’s, most obviously in Calgary. The first published balanced sections are those by
Bally, Gordy and Stewart (1966) of the Canadian Rockies. The concepts of thrust-
terrain structural styles upon which they are based have been developing since Peack:
and Horne’s (1907) classic work on the Moine thrust zone in Scotland. To begin, how
can we define a "balanced” section? Dahlstrom (1969) introduced the concept and

suggested two rules:
1) "A simple test of the geometric validity of a cross-section is to measurs

bed lengths.., these bed léngths must be consistent untess-a-discontinuity

intervenes.., " and
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2) "in a specific geological environment, there is only a limited suite of

structures which can exist..,".

Elliott’s (1983) definition was somewhat more restrictive. ... THE
STRUCTURES DRAWN ON THE SECTION ARE THOSE THAT CAN:QBE
~ SEEN IN THE AREA IN CLIFFS, ROAD CUTS, MOUNTAIN SIDES, ETC.
THE USE OF THESE STRUCTURES LEADS TO AN ADMISSIBLE CROSS-
SECTION. ADDITIONALLY, A RESTORED AS WELL AS A DEFORMED-
STATE CROSS-SECTION SHOULD BE CONSTRUCTED AT THE SAME
TIME. IF A SECTION CAN BE RESTORED TO AN UNSTRAINED STATE
IT IS A VIABLE CROSS-SECTION. BY DEFINITION, A BALANCED CROSS-
SECTION IS deTH VIABLE AND ADMISSIBLE".

If we really understand how structures form, then we should be able to take

them apart. Thus the "balance" occurs when bed-lengths, or cross-section areas, are
equal in both the deformed and the undeformed state. If they are not equal without
an explanation then a section is not balanced. If the deformed section is presented
without a restored version, it may or may not balance, but the author has not proven
that it balances. An area with fault-truncated folding can be balanced if the section
is ctmstructed so that when the faulting is removed the truncated folds in the
hangingwall and the footwall match; also extensional terrains are balanceable. Strain
data and unstraining of areas can be included as additional data,and can add an

additional step in our cross-section restoration process.

We should also be careful to distinguish between two parts of the balanced

section problem, namely:
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2) How do our geometric constraints work in our cross-section world?
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Each geometric assumption needed for a "balanced" section must be evaluaic::
for its closeness to reality in a local area under local conditions. As one example, all
geometric methods are based on parallel folding - but many folds in nature are «o!
truly "parallel”. It is important to distinguish problems with balancing which may be
derived from our géometric assumptions from those which are real physical problems

(truncated folds, and out-of-sequence thrusts).
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FUNDAMENTALS

The following steps must be addressed in beginning the construction of a

balanced section: s

1. Assumptions involved in the construction of a balanced section.

a. Kink or Busk Method.

b. Line-Length or Area Balancing. mequo- Vot = L;n el i
v irelaa Meps ot el
c. Faults always cut towards foreland. - ‘
2. What data do we need to draw a section;
Geological - Surface Geology
- Measured surface sections ‘ - '
i - Land set Data
; N SN \ ' - Well Data (Drilled section / Dipmeter)
\\ . ,:.\*\;- ,‘.JL.\ N
o ~ Geophysical - Seismic
L‘:-f\ ' - Gravity )
_\C\* - Magnetic

3. Collection of all the available Data. -
4. Identification of deformation style in the area. o

~a. Compressional, Extensional or Strike Slip.
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5. How do we incorporate these data into our cross section?
a. Line of Section. Cﬁ\\STRA(M s
A e Pin Lines. Sendl. @ fowirecl Lo
'(7 BV o “ e 0 /\ ! {
c. Stratigragﬁy‘—/?u,u, bep — v ¢ e
) t -
d. DlpS. R S‘L‘e (‘ %ﬂ\). '.," {'\ C\"C& .»l‘.(-' (SRS
e. Faults. ENEE “" (“\ o i; , —
f. Wells. o Lentio @ ;“ 3 SRR A
;/ “E oo . TN ~ —~
6. What subsurface information can be inferred from surface data.....or
Establish the relation between the surface and subsurface data (seismic
and well data). Shrvctiivel foyrelalvon
:é/af——;/v_} u},?:{ic an’“c:fa L,o)“ .
a. Draw section below erosional surface.
b. Draw section above erosional surface.
7. Evaluate The Section.

un OrMm QJ
Check for retcr%ﬁleformlty

a
» ﬂe x{l«u an mf._,
b. Check agreement of section and aps.

C. Check fault pattern and their cutoff angles.
™~

d. Check stratigraphic consistency.
——

e. correct misinterpretation and errors if any.

In answering these questions, we discuss geologic principles that must be

honored if the initial effort is to prove successful. Ideally, the first effort should

produce a section which is very close to proper balance.
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CHOOSING THE LINE OF SECTION

Inherent in the methods of cross section balancing is the assumption that the
line of section is parallel to the direction of thrust movement. Therefore, the first

step is to determine the direction of tectonic transport.

The most commonly used indicator of tectonic transport is the average trend of
regional scale features (Fig. 4.1A). Consider figure a (map of the Potwar Plateau with

lines of section selected), where the line of section has been drawn perpendicular to:

1. Major thrusts,
9. - Large order fold trends, and

3. Strike of the normal fault in basement.

Small-scale folds (i.e. outcrop scale) should not be used to determine transport

direction, especially in thinly-bedded units and in areas of high strain adjacent to
faults.

If cross-sections extend into low to high grade metamorphic terrain, a mineral
stretching lineation often is quite persistent and consistently oriented, providing a
good indicator of transport direction. The transport direction determined by mineral

lineations is the same as that determined from the trend of regional features.

Price (1981) suggested that no major errors (15%) in shortening result if a

section line is within 30° of the tectonic transport direction. It is suggested that local

sections need to be within 5° of the transport direction.
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FIGURE 4.1. FOR REGIONAL SECTIONS THE BEST AREA TO BEGIN WITH IS THE ONE WI7i i
FEWEST LATERAL COMPLICATIONS (a). ELLIOTT’S BOW AND ARROW RULE IS ALSO A

GOOD STARTING POINT FOR DETERMINING THE TRANSPORT DIRECTION(b).
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After determining the approximate transport direction in the area under study,
the geologist needs to select a specific location for the first cross section. No matter
what the purpose or areal extent of the proposed study, the first section should be
regional in nature and, if possible, should extend to the undeformed foreland
("pinning"). The construction of a regional section also forces the geologist to Gﬁlize
all available structural and stratigraphic data. After structural and stratigraphic
variations are analyzed using the regional section, shorter sections, incorporating

these data can be constructed adjacent to the regional section.

The initial regional section should be constructed near areas of maximum
thrust displacement using the "Bow and Arrow" (Fig. 4.1B) rule of Elliott (1976). The
line of maximum thrust displacement would commonly be near the central part. By

putting a line in this manner, one avoids rotational, out-of-the-plane movements

common near thrust terminations.

Initial cross sections should also avoid lateral ramps and tear faults Fig. 4.1C).
Hossack (19€3) suggested that the lateral ramps, especially paired ones strongly
constrain possible transport directions. Folds associated with such features are
oriented at variable angles to the transport direction. Cross sections crossing or

passing near to such features will not balance and cannot be restored.

ASSEMBLING STRATIGRAPHIC DATA

This may seem obvious, but many structural geologists, often become lazy in
collecting accurate stratigraphic information. If we are working with incorrect

stratigraphic thicknesses, the section may still balance and be restorable but of course
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