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Chapter 1: Structural Geology Basics

= Especially in the early stages of an investigation of the geology of an area, much attention
is paid to determining and recording the location and orientation of various structural
elements.

= Planes are the most common of these. They are also a useful starting point in the
introduction to the geometrical methods of structural geology.

1.1: Definitions
Plane: a flat surface; it has the property that a line joining any two points lies wholly on its surface.
Two intersecting lines define a plane.

Attitude: the general term for the orientation of a plane or line in space, usually related to
geographical coordinates and the horizontal. Both trend and inclination are components of attitude.

Trend: the direction of a horizontal line specified by its bearing or azimuth.
Bearing: the horizontal angle measured east or west from true north or south.
Azimuth: the horizontal angle measured clockwise from true north:

Strike: the trend of a horizontal line on an inclined plane. It is'marked by the line of intersection
with a horizontal plane.

Structural bearing: the horizontal angle measured from the strike direction to the line of interest.

Inclination: the vertical angle, usually measured downward, from the horizontal to a sloping plane
or line.

Cross section: representation of a geemetry on a plane perpendicular to the earth’s surface.

True dip: the inclination of the steepest line on a plane; it is measured perpendicular to the strike
direction.

Apparent dip: the inclination of an oblique line on a plane; it is always less than true dip.
S S

: ———
- B

(b)

Figure: Strike S, true dip & (delta), apparent dip a (alpha) and structural bearing £ (beta).

Thickness: the perpendicular distance between the parallel planes bounding a tabular body, as
displayed on any section perpendicular to these planes; also called the true or stratigraphic
thickness.
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Apparent thickness: the distance between the bounding planes measured in some other direction,
for example, the perpendicular distance between the traces of the bounding planes on an oblique
section, or in some other specified direction, as in a drill hole. It is always greater than true
thickness.

Outcrop width: the strike-normal distance between the traces of the parallel bounding planes
measured at the earth’s surface. It may be measured horizontally or on an incline.

Depth: the vertical distance from a specified level (commonly the earth’s surface) downward to a
point, line or plane.

Figure: True thickness t, apparent thickness ¢’, outcrop w width w and depth d.

[
-

75 . . .
Dip and strike of.strata Dip and strike of cleavage

60
— 1 Overturned beds p—— Vertical cleavage
90
—}—— Vertical beds, top to north }—I—{ Horizontal cleavage
& Horizontal beds B
65
50 _ m  Dip and strike of joints

& Dipand strike of foliation
— g Vertical joints
Vertical foliation

+ Horizontal joints
* Horizontal foliation

\ informal symbol with
- Alternative symbols '-\_,35 bearing added (N 20 W)

Figure: Map symbols for structural planes.
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Line: the geometrical element generated by a moving point; it has only extension along the path
of the point. Lines may be rectilinear (straight) or curvilinear (curved). Only straight lines are
treated here.

Plunge: the vertical angle measured downward from the horizontal to a line (Fig. a).

Pitch: the angle between the strike direction and a line in a specified plane (Fig. b). Rake is
synonymous.

Trend: the horizontal direction of the vertical plane containing the line, specified by its bearing
or azimuth.

Rake: angle measured between a line and the strike of the plane that contains the line.

\ (b)

Figure: Inclination of a line: (a) plunge p; (b) pitch r.

(a)

) Trend and plunge of
Trend and plunge of adine —_— 40 . o plung ) >%>- 20
= intersecting cleavages

. . Trend and plunge of
Horizontal line . and plung .. 35
intersecting bed and foliation

Vertical line + Attitude of elongate f— >
pebble
Plunge of a line in
combination with . . )
) ) ~. Attitude of mineral grain C—a
bedding attitude 25 10 g

Pitch of a line in the

i 40
Double lines AN plane of bedding ;

Figure: Map symbols for structural lines.
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1.1.1: Strike & Dip
= Strike and dip describe the orientation of a plane in space.

Example: the peaked roof of a house: Strike Line

Dip
Directipn

v

= Strike is the orientation of the intersection line of the plane in question (roof of a house)
with the horizontal plane.
= |f you were to look down on the house from directly above, it would look like this:

North
Strike Line

] Strike /

= The angle between the strike line and north is used.to describe the strike. In this example
the strike is, in essence, the direction the house is-facing.
= If you look at the front of the house, it looks like this:

N

= The angle that the roof makes with the horizontal is called the dip. In this example the dip
is, in essence, the steepness of the roof.

Horizontal

1.1.2: Trend & Plunge

= Instructural geology, the orientations of linear features are also important. The orientation
of lines in space.can-be described using two distinct angles referred to as the trend and
plunge.

= To measure the trend and plunge of a linear feature, A horizontal line will look like a point.
This line has a plunge of 0 degrees. But a line that is not horizontal will look like a line.

= To measure the trend of this line, you simply record the direction that you are facing when
the linear feature is viewed dead on. From above, this will look like:

L Bt

Horizontal

North Plunge

3 Trend

= To measure strike, you took the trend of a horizontal line that you called the strike line.
= To measure the dip, you envisioned a linear feature on the plane -- its dip direction line --
and you measured the plunge of that line.

11
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T ANGLE OF PLUNGE
_____Compass T l

— DIPPING BED

1.1.3: Rake
= Rake is a single angle measurement that, along with the strike and dip of a plane, will give
the orientation of linear features that occur in a plane.
= You can measure rake by laying a protractor against the plane and measuring the angle
between the strike line and the linear features.
= You can always use trend and plunge to describe the orientation of linear features but rake
only describes linear features that exist in a plane.

Rake
Strike Line

____ Linear Feature in Plane
(eg: slickenlines)

1.1.4: Ways of Recording Strikes and Trends

0 N
315" 45° MAS*WN MN45"E
270 | 90 w E
225 1357 SA5"W S45°E
180 5
Azimuth Method Quadrant Method

1.1.5: Right Hand (Rule) Convention
= Planes are non-directional; every plane can be properly described by two different strikes.
Example:

e
12
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200° ot NTOW
110% or STOE

= For the sake of brevity, we report only one of those numbers. The right-hand convention
IS one way to establish a consistent recording system.

= When looking along the strike direction that you report, the plane should dip off to your
right.

= Point the fingers of your right hand down-dip of the plane you are measuring with your
palm down.

= The direction your thumb is pointing is the orientation of the strike you should record.

= The photos below illustrate strike measurements (white dashed lines) on both a hanging
wall (right) and a foot wall (left) exposure.

1.1.6: Apparent dip

= At many outcrops where dipping beds are exposed the bedding planes themselves are not
visible as surfaces.

= Cliffs, quarries and cuttings may provide more or less vertical outcrop surfaces which
make an arbitrary angle with the strike of the beds.

= When such vertical'sections are not perpendicular to the strike, the beds will appear to dip
at a gentler angle than the true dip. This is an apparent dip.

= The tangent of the angle of
apparent dip = p/q,

- VERTICALL

The tangent of the angle of true :

. P'-sECTION .
dip = p/r
The cosine of the obliquity angle
=r/q.

Since it is true that:
p/r *rlq = plq
it follows that:
tan (apparent dip) = tan (true dip) * cos (obliquity angle)

= It is a simple matter to derive an equation which expresses how the size of the angle of
apparent dip depends on the true dip and the direction of the vertical plane on which the
apparent dip is observed (the section plane).

13
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= In figure the obliquity angle is the angle between the trend of the vertical section plane and
the dip direction of the beds.

1.1.7: Measurement of True Thickness
= All the solutions of true thickness require an edge view of the layer, that is, the image of
the layer on a plane perpendicular to bedding.
= Of the many such planes one can always be readily found or constructed — it is the vertical
plane parallel to the line of true dip.
= The simplest of the indirect approaches is to measure the width of the exposed layer
perpendicular to the strike direction on a horizontal plane.

(a) (b)

= Two measurements are required: the outcrop-width w of the layer and the dip angle 8. Then
the thickness t can be determined graphically-in either of two ways.
The thickness may also be calculated from
t=wsin &
= |In the more general case, thickness is determined from measurements made on sloping
ground.
= We first consider the case where it is possible to measure the outcrop width directly. There
are two alternatives.
1. Thickness can be-determined from the slope distance and slope and dip angles along
the measured strike-normal traverse.
2. It can also be found from the vertical and horizontal distances between the two ends
of the traverse if the slope angle is known.

14
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= Slope and dip are in the same direction, d < ¢ (Fig. a),

t=w sin (¢ — 9)

= The bed is horizontal, 6 = 0° (Fig. b),
t=wsino

= Slope and dip are in the opposite directions, (6/+ 6).< 90° (Fig. c),

t=wsin(o t.0)
= Slope and dip are in the opposite directions, (6 + o) = 90° (Fig. d),

t=w
= Slope and dip are in the opposite directions, (6 + c) > 90° (Fig. e),
t=w sin [180 — (6 + 6)] =w sin (8 + 0)
= The bed is vertical, d =90° (Fig. f),
t=w sin (90 — ) = w sin (90 + o)

= Slope and dip are in the same direction, 6 > o (Fig. g),

t=w sin (6 — ©)

1.1.8: Thickness in drill holes
= In subsurface exploration by drilling it is important to determine the thickness of strata
from measurements made in the drill holes or in recovered cores.

15
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= If the hole is wvertical then the
determination of the thickness of a layer
penetrated by the drill is particularly
straightforward.

Drill hole

t=tycosd

= where 8 is the dip of the bed and ty is the
apparent thickness as measured in the
vertical drill hole.

= Holes which are exactly vertical are
difficult to drill, especially if the beds are
steeply dipping.

=  The measure of the angular departure of a
drill hole from vertical is termed drift,
measured by the drift angle y.

= There are two cases. If the drift is exactly in the down-dip direction (Fig. a),

t=tm cos (& + )

= where tn is the measured apparent thickness in the inclined hole. If the hole is exactly in
the up-dip direction (Fig. b)

t=tm cos (o~ )

Figure: Thickness in inclined drill hole: (a) down-dip drift; (b) up-dip drift.

1.2: Contours
= Acontour is aline that is, at every point, the same height above a reference level, sea level,
and horizontal.

16
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= A simple uniform slope would have contours at equally spaced intervals. The steeper the
slope, the closer is the spacing of the contours.

= The contours on the steep side will be closer together than those on the less steeply sloping
side. A hill, standing alone above the general level, will have concentric contours, seldom
perfectly circular in nature.

N A N N N N N N N S N
A A A A A A A A A A A A

SUm

Figure: Left- An isolated hill, Right="A typical river valley

= A typical valley produced by erosion by a stream or river will be VV-shaped in section and
its contours will be V-shaped.

= Looking at a contour map we can envisage the complete topography of the area of the map.

= Tangent (angle of dip) = contour interval / spacing on map between contours

1.2.1: V-shaped outcrop patterns

= A dipping surface that-crops out in a valley or on a ridge will give rise to a V-shaped
outcrop (Figure below).

= The way the outcrop patterns vee depends on the dip of the geological surface relative to
the topography.

= In the case of valleys, patterns vee upstream or downstream. The rule for determining the
dip from the type of vee (the ‘V rule’) is easily remembered if one considers the
intermediate case (Figure D) where the outcrop vees in neither direction.

= This is the situation where the dip is equal to the gradient of the valley bottom.

= Assoon as we tilt the beds away from this critical position they will start to exhibit a V-
shape.

= |f we visualize the bed to be rotated slightly upstream it will start to vee upstream, at first
veeing more sharply than the topographic contours defining the valley (Figure C).

= The bed can be tilted still further upstream until it becomes horizontal. Horizontal beds
always yield outcrop patterns which parallel the topographic contours and hence, the beds
still vee upstream (Figure B).

= |If the bed is tilted further again upstream, the beds start to dip upstream and we retain a V-
shaped outcrop but now the vee is ‘blunter’ than the vee exhibited by the topographic
contours (Figure A).

17
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= Downstream-pointing vees are produced when the beds dip downstream more steeply than
the valley gradient (Figure E).
= Finally, vertical beds have straight outcrop courses and do not vee (Figure F).

Uniformiy Dipping Beds

V points
upstream;
blunter than
contours

- ___ upstream; steeply .
parallel to  downstream \

No V
shape

V points
downstream

beds RS
contours

Beds dip R 5 V paints Beds \" i’
gently RSN upstream; vertical NYOSZ—
downstream 58 sharper than %.Q‘
contours \

1.3: Stereographic projection
= Stereographic projection is about representing” planar and linear features in a two-
dimensional diagram.
=  Two types:
1. Equal-area (also referred to-assa Schmidt net)
2. Equal-angle (also referredto as a Wulff net)
= Equal-angle stereonets are used .in crystallography because the plotted angular
relationships are preserved, and can be measured directly from the stereonet plot.
= Equal-area stereonets.are used in structural geology because they present no statistical
bias when large numbers of data are plotted. On the equal-area net area is preserved so, for
example, each 2° polygon on the net has the same area.
= |n structural geology the stereonet is assumed to be a lower-hemisphere projection since
all structural elements are defined to be inclined below the horizontal.
= This is unlike crystallographic projections where elements may plot on either the upper or
lower hemisphere.
= The outer perimeter of the stereonet is termed the primitive. The primitive is always a
perfect circle. Usually the diameter of the primitive is some convenient length (10 cm).
= The north pole of the stereonet is the upper point where all lines of longitude converge.

1.3.1: Projection of plane

= The orientation of a plane is represented by imagining the plane to pass through the centre
of a sphere.

= The line of intersection between the plane and the sphere will then represent a circle, and
this circle is formally known as a great circle.

= Except for the field of crystallography, where upper-hemisphere projection is used,
geologists use the lower part of the hemisphere for stereographic projections.

=  We would like to project the plane onto the horizontal plane that runs through the centre
of the sphere.

18
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= Hence, this plane will be our projection plane, and it will intersect the sphere along a
horizontal circle called the primitive circle.

= To perform the projection, we connect points on the lower half of our great circle to the
topmost point of the sphere or the zenith (red lines in figure below).

= Acircle shaped projection (part of a circle) then occurs on our horizontal projection plane,
and this projection is a stereographic projection of the plane.

= If the plane is horizontal it will coincide with the primitive circle, and if vertical it will be
represented by a straight line.

= Stereographic projections of planes are formally called cyclographic traces, but are almost
always referred to as great circles because of their close connection with great circles as
defined above.

= Once we understand how the stereographic projection of a plane is done it also becomes
obvious how lines are projected, because a line is just a subset of a plane.

= Lines thus project as points, while planes project as great circles. A great circle (as any
circle) can be considered to consist of points, each of which represents a line within the
plane.

= Hence, a line contained in a plane, such as a slicken line or mineral lineation, will therefore
appear as a point on the great circle corresponding to.that plane.

c) Zenith

(a)

ESE-dipping
plane

Projection
plane

Primitive &
w circle ARBAL -
Great circle /,'
¥ Plane-sphere representing |

intersection the plane
(great circle)

ESE-dipping

plane

Stereographic projection of an ESE- dipping plane

19

To Enroll for Complete Printed Study Material:- https://www.mentogate.com/course/gate-geology-study-material




Structural Geology

1.3.2: Projection of line

= We have also projected the line that is normal to a given plane, represented by the pole to
the plane.

= The projection is found by orienting the line through the centre and connecting its
intersection with the lower hemisphere with the zenith (red line in below figure).

= The intersection of this (red) line with the projection plane is the pole to the plane. Hence,
planes can be represented in two ways, as great circle projections and as poles.

= Note that horizontal lines plot along the primitive circle (completely horizontal poles are
represented by two opposite symbols) and vertical lines plot in the centre.

= For stereographic projections to be practical, we have to establish a grid of known surfaces
for reference.

= We have already equipped the primitive circle with geographical directions (north, south,
east and west), and we can compare the sphere with a globe with longitudes and latitudes.

= Longitudes and latitudes are the lines of intersection between great circles (the original
meaning) and so-called small circles.

= |f we now project the small and great circles onto the horizontal projection plane, typically
for every 2- and 10-degree interval, we will get what is called a stereographic net or
stereonet.

(a) Zenith (b)

Projection of
plane N

E W + E

Projection

of line

ole) )
(pole) ; Great circle Primitive

representing circle
the plane ~

Normal to
plane

Stereographic projection of a line

= The longitudes are planes that intersect in a common line (the N-S line), and thus appear
as great circles in the stereonet.

= The projections of the latitudes, which are not planes but cones coaxial with the N-S line,
are usually referred to as small circles (also their projections onto the stereonet).

= The net that emerges from the particular projection described above is called the Wulff
net.
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= A horizontal plane passes through a sphere, of which the lower hemisphere is shown, or
considered (opposite to mineralogy where the upper hemisphere is considered).

= Where the lower hemisphere intersects the horizontal plane is the outward trace of the
stereonet plot. Cardinal directions are shown.

= Planes and lines whose orientation is being plotted all pass through the centre. An example
of such a plane is shown in red here.

= What is plotted on the stereonet is a projection.of where a given line or plane intersects the
lower hemisphere surface.
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= We can now consider how two lines (the ones in green) plot. The one line is formed by the
intersection of the N-S vertical plane and the red plane of interest, and the other by the E-
W vertical plane and the red plane of interest.

= These could be thought of as the apparent dips of the red plane in a N-S and E-W vertical
Cross section respectively.

= There are different methods by which the points of intersection with the lower hemisphere
are projected onto the stereonet.

= Inthis example a projection point exists one sphere radius directly above the centre. A line
is drawn from that projection point to the lower hemisphere intersection point (light green
dashed lines).

= Where that line passes through the stereonet project plane is where the line plots (the dark
green dot). Note that a line plots as point - the point of intersection with the lower

hemisphere.
p Equal Area North 1

1.3.3: Projection of Plane and line in o o
equal area net aircle AZL oy
= The figure is an equal area -
stereonet projection showing great 70
circles as arcuate lines connecting g l
the North and South Points and
small circles as arcuate lines in a ‘.
latitudinal type position. \
= The great circles represent north- — asmai !
south striking planes with dips in ¢ |
10° increments.
= Those labelled with dip amounts
on the left side, dip to the west.
= |f the same plane was rotated about
a vertical axis in the stereonet centre, they would then retain their dip, but have a different
strike.
= The numbers in.the upper right quadrant represent potential strike line positions from 10-
80 degree, in 10degree increments (see below diagram).
= Small circles represent half of a conical surfaces with the apex at hemisphere centre. They
are hemisphere surface paths from one line being rotated about another line (the pole of
rotation), both passing through the hemisphere centre.
= More complex structural features can be represented by plots of multiple elements. Some
examples are:
o afault plane, with the direction (line) of movement on it.
o acylindrical fold, often viewed as a great circle distribution of poles to the layering
being folded.
o a conical fold, often expressed as a small circle distribution of poles to the layering
being folded.
o an angular unconformity, expressed as the difference between the orientation of the
bedding above and below.
o a population of joints or any other structural feature, often expressed as a data cloud
with dispersion around some average value.
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= The above diagram shows the same plane in“two positions. The blue plane position is
where North has been rotated so that the great.circles all have a strike of N45W (315°).

= |n this case the North position is designated-in blue. In this position it is easy to trace out
the great circle with the appropriate dip, here 50 degrees to the NE.

= The green represents the plane's orientation when North is rotated back to its standard top-
of-the-stereonet position.

23

To Enroll for Complete Printed Study Material:- https://www.mentogate.com/course/gate-geology-study-material




Structural Geology
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= The open and filled red stars represent two.lines (solid 124°, 58° and open 214°, 37°) and
the dashed red great circle represents their common plane with a strike of 70-60SE.

= The green stars and great circle represent.thatline rotated 35 degrees counter clockwise so
that the filled star is on the equatorial plane where you can count its plunge as about 58

degrees.
= The blue represents the position where you can count the plunge of the open star as about
37 degrees.
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i \
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= In the above diagram two planes are plotted, one red, one blue. The strike and dips are
given to the left.

= The green point represents their common line, i.e. the intersection between the two lines.
The trend and plunge are given as 89°, 32°.

= Remember the convention is that the first number represents the trend direction and the
second represents the plunge amount.

— _‘F_"-\.\_ — —_— e
e -~ R /_,.- -
/ '\ /
."f "". / \ / \‘-.
I| \ f |I | |I
[ |
| .
|I Il || I|| ||I II|
1 ! I'. .|| 1 |
! f." II"'. _.."' \ /
— — —]
Ax pl: vertical Ax pl: vertical Ax pl: vertical
Axs: horizental Axmis: plunges N Axs: vertical

N N

Ax pl: inclined to W Ax. pl: mclined to W Ax. pl: inclined to W
Asxis: horizontal Axis: plunges NW Axis: plunges W

Figure: Simple equal-area diagrams showing orientation of the folds. Axis, axial plane.

1.4: Interpretation of geological map

= The map is an exceedingly important tool in geology. The graphical picture it gives of the
location, configuration and orientation of the rock units of an area could be presented in
no other way.

= The most important point to realize is that geological maps generally record both
observations and interpretation.

= Geologic maps are drawn primarily from observations made on the earth’s surface, often
with reference to topographic maps, aerial photographs, or satellite images.

= The purposes of a geologic map are to show the surface distributions of rock units, the
locations of the interfaces or contacts between adjacent rock units, the locations of faults,
and the orientations of various planar and linear elements.

= Because the strike of a plane is a horizontal line, any line drawn between points of equal
elevation on a plane defines the plane’s strike.

e
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= Figure a in the above figure is a geologic map with two rock units, Formation M and
Formation X. The contact between these two rock units. crosses several topographic
contours.

= To find the strike of the contact, a straight line is drawn from the intersection of the contact
with the 1920-ft contour on the west side of the map to'the. intersection of the contact with
the 1920-ft contour on the east side of the map:

= The strike of this contact is thus determined to be 079°, as measured directly on the
geologic map.

= To determine the exact dip, draw a line'that is-perpendicular to the strike line from another
point of known elevation on the contact: In Fig. c, a line has been drawn from the strike
line to a point where the contact crosses the 1680-ft contour.

= The length of this line (h) and the change in elevation (v) from the strike line to this point
yield the dip d with the tangent equation (figure d).

Fm. M

Fim.Q

Fm. M

Figure: Basic technique for drawing a geologic structure section perpendicular to the strike of
the bedding. Arrows show transfer of attitudes from map to section. Dashed lines represent beds
that have been eroded away.

e
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= Figure above shows a geologic map with all beds striking north—south. Section A-A’ is
drawn east—west, perpendicular to the strike.

= Each bedding attitude and each contact is merely projected parallel to the fold axis to the
topographic profile oriented parallel to the section line.

= On the topographic profile each measured dip is drawn with the aid of a protractor. Using
these dip lines on the topographic profile as guides, contacts are drawn as smooth, parallel

lines. Geologic Map g
* Dashed lines are used to show eroded o & <
structures. Show as much depth below the & 2 &
earth’s surface as the data permit. % ) 35y .
= When the section line intersects the strike 7 ! )
of a plane at an angle other than 908, the //' Bt N

dip of the plane as it appears in the
structure section will be an apparent dip.

= Recall that the apparent dip is always less X 4 \_(,%L\_*}

than the true dip. Structure e 28" o
zection = \\{

= Figure given in the right side shows a > .

.

.

geologic map in which the strike of p\\\; g

;})}.

Formation B has been projected along the p,;"‘ & jf‘m“

strike  to line X-X’ and then R '
perpendicular to X—X to the topographic
profile.

= The angle between the strike and the section line‘is 35°, the true dip is 43°, and the apparent
dip is revealed by the alignment diagram to be 28°, which is the angle drawn on the
structure section.

= Tabular intrusive bodies, such as dikes
and sills, present no special problem.
Irregular  plutons, .however, are
problematic because. in/ the absence of
drill-hole or geophysical data it is
impossible to know the shape of the body
in the subsurface.

= Such plutons are wusually drawn
somewhat schematically in structure
sections, displaying the presumed nature
of the body without pretending to show its
exact shape.
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= Figure shows a set of folds in which the axial surface dips northwest, the axis plunges 20°
north, and the crestal and trough traces are clearly not axial traces.

= The axial traces of such folds can only be reliably located in the profile plane.

= For any cylindrical fold, the dip of the bedding at the crestal or trough trace is the same as
the trend and plunge of the fold axis.

= So, the crestal and trough traces are the easiest lines to draw on map outcrop patterns of
folds.

,_
=

Throw
Fa

Strike

1 -
* separalion
o

=
el

Figure: (a) Geologic map showing the difference between offset and strike separation. (b)
Vertical structure section showing the heave and throw components of dip separation.

= Notice that the term separation.is concerned with the apparent displacement of some
reference horizon, and the terms right-lateral, left-lateral, normal, and reverse are used to
describe the separation;‘'whether or not the actual direction of movement is known.

= Similarly, arrows are often drawn along faults on geologic maps to indicate the sense of
strike separation, even on faults with no history of strike-slip movement. More often than
not, the actual slip path of a fault cannot be determined.

=  When describing faults it is important to distinguish clearly between separation and slip.

Practice Questions
Previous year Easy Questions

1. The angle that the line in a plane makes with horizontal line in that plane is called

A. Dip (GATE 1997)
B. Strike
C. Plunge
D. Rake
2. A magnetite bearing layered rock is exposed in an area. It has a very low dip and has near
horizontal attitude. Its dip is measured accurately by (GATE 2004)

A. Clinometer compass
B. Brunton compass
C. Photogrammetrically
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D. Theodolite based elevation method
. On a stereo plot the bedding plane plots as a straight line passing through the centre. The
bed is (GATE 2005)
A. Vertical
B. Horizontal
C. Steeply dipping
D. Gently dipping
. Outcrop pattern parallel to topographic contours signifies (GATE 2010)
A. Horizontal beds
B. Vertical beds
C. Inclined beds
D. Folded beds
. Structure contours of a bedding plane at 100 m interval are spaced in such a manner that
the horizontal equivalent is also 100m. The dip of the bedding plane is
A. 30° (GATE 2014)
B. 45°
C. 60°
D. 90°
. The plunge of the normal to the axial planes of vertical-and.upright folds is
A. 0° (GATE 2019)
B. 45°
C. 60°
D. 90°
. The strike (in degree notation) of a bed dipping 30° towards N45W is (JAM 2020)
A. 045-225

B. 025-205

C. 020-200

D. 030-210
In the block diagram, the net slip (=100 m) is resolved into strike slip (s) and dip slip (d)
components. The value (in m, correct to two decimal places) of “s”is _ (NAT)

(JAM 2020)

/2

9. The true thickness (t, in m) of bed B in the given diagram is _(NAT) (JAM 2020)

e
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Profile view

20 m

A < BBY ¢
t

10. The true thickness of Bed A in the map given below is m (answer in one decimal
place). (JAM 2018)

400 m

Previous year Difficult Questions

1. In an area dip of uniformly dipping beds and the topographic slope are in the same
direction, but beds are gentler. By walking down, the slope, one encounters
A. Gradually younger and younger beds (GATE 2001)
B. Initially gradually older, then younger beds
C. Initially gradually younger, then older beds
D. Gradually older and older beds
2. A multinational company has drilled two exploratory vertical boreholes P and Q. borehole
Q is located at an elevation of 350m at a map distance of 1000m due E from the borehole
P at Om. A N-S striking copper lode is encountered between 200m and 400m in borehole
P and between 1550m and 1750 m in the borehole Q below the ground surface. Dip and
thickness of the copper lode between the boreholes are (GATE 2003)
A. Dip — 45°E, thickness — about 140m
B. Dip —45°W, thickness — about 140m
C. Dip —45°E, thickness — about 200m
D. Dip —45°W, thickness — about 200m
3. Statement for Linked Answer Questions 3 & 4:
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A dipping limestone bed with a true width of 5 metres shows an apparent width of 10
metres on a horizontal surface. (GATE 2007)
Calculate the true dip of the limestone bed.
A. 70°
B. 50°
C. 30°
D. 10°
4. At what horizontal distance (metres) from the exposed upper surface of the bed should a
vertical drill hole be made so as to intersect the top of the bed at a depth of 100 metres?
A. 73.2 (GATE 2007)
B. 173.2
C. 2732
D. 373.2
5. A sandstone bed dipping 30° has an outcrop width of 20 m in a flat terrain. What is the
true thickness (inm) of the bed? (GATE 2012)
A 5
B. 10
C. 20
D. 30
6. Study the map below showing elevation of selected locations and outcrops of sedimentary
beds (GATE 2012)

[Soals —_— _
i * 10000 —— - _

Which of the following statements is correct?
The beds dip easterly

The beds dip westerly

The beds dip southerly

The beds are folded

]
] i
— —i

Cow>
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7. In the stereographic projection 1, 2 and 3 represent poles of three planes. Choose the

correct combination of statement from the following. (GATE 2013)
N
W E
o)
A. The plane corresponding to 1 is horizontal and the plane corresponding to 2 is
inclined.
B. The plane corresponding to 1 is striking N<S and the plane corresponding to 2 is
horizontal.
C. The plane corresponding to 2 is vertical and the plane corresponding to 3 is striking
E-W.
D. The plane corresponding to 2 is striking E-W and the plane corresponding to 3 is
inclined.
8. The stereographic projection below the principal stress axes and fault planes. The
projection represents a (GATE 2013)

Normal fault
Reverse fault
Dextral fault
. Sinistral fault
9. A bedding plane, pictorially represented at X, will be plotted in stereonet as

o0 w»

(JAM 2020)
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Al
B. Il
C. I

D. IV
10. A coal seam occurs in a stratigraphic sequence as shown in the figure. If a vertical borehole

is drilled at location B, the coal seam will be intersected at a depth (in m) of
(JAM 2020)

Map view

North

_— B - Location of Borehole

- Coal seam

M, N, O - sediment beds
11. The figure shows stereographic projections of the axial plane and the hinge line of a fold.
Which one of the following folds is represented in the figure? (JAM2019)
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Axial‘plane

.
5
5
5
5
E
5
5
5
5
5

Hinge
line
A. Upright plunging
B. Upright non-plunging
C. Reclined
D. Recumbent

12. The geological map shows the contact between sandstone and limestone. The two dotted
curves are the contours of 400 m and 500 m, respectively. The difference between the dip
angles of the contact surface along the AB and AC.directions is degree
(rounded off to two decimal places). (JAM2019)

| AT O R TS N N RE DN SR U S e RS R S (e S R e B R DO TS RN 4 PR G B 00 B S W D (S R O B N S N S R e B0 B G |

K Sandstone

.
Yanast

13. The outcrop pattern of a dipping bed (shaded) showing intersections with topographic
contours (marked by dashed lines, and at altitudes x and 2x units above MSL) at P, Q, R
and S is given in the diagram below. Assuming the horizontal distance between two strike
lines at different altitudes, and in the direction of dip is 1.732x units, the dip amount and
direction is calculated at (NET 2018)
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St s
74 ?-m‘f \ 2x unit

\ ~

A. 30°N
B. 60°S
C. 60°N
D. 30°S

14. The following figure shows the lower hemisphere, equal.area-plots of the poles to bedding
surfaces. Which one of the following is the correct intérpretation? (NET 2017)

A. The beds are folded cylindrically

B. The beds are folded non-cylindrically
C. The beds are folded isoclinally

D. The beds are not folded

Multiple Selected Questions

1. The attitude of a plane is represented by
A. Dip

B. Plunge
C. Strike
D. pitch
2. In which of the following case no V shape will form?
A. Horizontal bed
B. Vertical bed
C. Bed dips with stream gradient
D. All of the above

3. Find out the correct statement regarding stereographic projection.
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Wulff’s stereonet used for equal area projection

Pole of horizontal plane will lie in the primitive circle
Vertical plane will represent along the centre

Great circles are running from N-S

Cow>

ANSWERS

Previous Year Easy Questions

1.D 2D 3A 4A 5B 6A T7A 8.86-87 9.10 10.89.4
Previous Year difficult Questions

1D 2.C 3C 4B 5B 6C 7B 8A 9.C 10.100 11.B
12.8.13 13.A 14.A

Multiple Select questions

1. AC 2.BC 3.CD

EXPLANATIONS

Previous Year Easy Questions

1. Rake is formally defined as the angle between-a line and the strike line of the plane in
which it is found, measured on the plane.

2. Magnetite being magnetic in nature deflects compass needle.

3. The bedding is vertical because in stereographic plot centre plots vertical where as
periphery indicates horizontal bed.

4. Horizontal beds gives the outcrop pattern which is parallel to topographic contour while
vertical beds cut the topographic contour vertically.

5. Structure contours are the curves that connects points of equal height above a datum level
that are contained within a structure. For a dip of 45°, the structure contour intervals and
the horizontal equivalent are equal.

6. For both verticalandupright folds, the axial planes are vertically oriented. Normal to them
would be horizontal, plunge for which will be zero.

7. The strike direction will always lie perpendicular to dip direction.

8. Netslip =100m
Dip angle = 30°
Strike slip = net slip * cos 30° = 86.60

9. Width of the outcrop = 20m
Dipping angle = 30°
True thickness = width * sin30° = 10m

10. Ground distance between two strike line =200m
Vertical thickness = 100m
Dip = tan’* (100/200) = 26.56°
True thickness = vertical thickness * cos (dip angle)
= 100*cos (26.56) = 89.4m

Previous Year difficult Questions
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1. When topographic slope is greater than the bedding slope then, when we go in the dip
direction will encounter older and older beds.
2. Distance between two boreholes = 1000m
Q.  gsmim

1 g()o 4a)

0 m P /JQQ__Qm\i\,\

'/ao(;/ : 'S 5 (-. m
1350Mm
In P borehole copper lode lies at depth of 200m
In Q borehole copper lode lies at depth of = 1550 — 350 ="1200m
The vertical dip of copper load is = 1200 — 200 = 1000m
Thickness of load is 400 — 200 = 200m
Dip = tan"}(1000/1000) = 45°E
3. True width of limestone bed = 5m

A [0 M 4 D

N 9-7 7 N\ ‘u
‘ /6“\ 100
. )
X |
In ABC triangle sin 8 = % =0.5
True dip = 30°
4. Let’s the drill is made x distance away from B to met the required condition then in BDE
triangle:
tang = 2
X
100
" tan30°
X=173.2m
5. Width of the outcrop = 20m
Dip angle = 30°

True thickness = width * sin30° = 20* (1/2) = 10m
6. River flowing towards south hence, general dip direction of the beds is towards south.

e
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7. Plane corresponding to pole 1 is vertical and striking N-S and the plane corresponding to
pole 2 is horizontal.

8. Since maximum principal stress is perpendicular where as minimum and intermediate
principal stresses are horizontal which will generate the extension resulting in normal
faulting.

9. The bedding plane shown pictorially, is the symbol of a vertical plane. Hence, it will be
plotted in the centre of the stereonet.

10. Point B where the bore hole will be drilled lies at a elevation of 500m
Strike line passes across the coal seam which also goes through the point B is 400m strike
line.

Hence, the depth of coal seam will be = 500- 400 = 100m

11. The figure shows stereographic projection of the axial plane and the hinge line of a fold.
Upright Nonplunging fold as shown in the diagram, the axial plane id vertical and hinge
line is horizontal with 0° plunge. Any fold with vertical axial plane and Nonplunging hinge
line is known as upright Nonplunging fold.

12. The contour interval between two strike line = 100m
Ground distance in AB direction = 200
Dip angle along AB = tan’}(100/200) = 26.56°
Ground distance in AC direction = 300
Dip angle along AC = tan’}(100/300) = 18.43°
Difference = 26.56 - 18.43 = 8.13°

13. Horizontal topographic distance is = 1.732x units
Vertical distance between two strike line = 2x-x = x unit
Dip amount = tan’(x/ 1.732x) = 30°
For dip direction we will observe that the strike amount is gradually decreasing towards
north hence, the bed is dipping towards north.

14. Cylindrical folds can be considered as being made up of an infinite number of parallel
straight lines drawn on-bedding plane. Here in the equal area plot it is showing straight
hinge line and beds are folded cylindrically.

Multiple Select questions

1. Strike and dip referto the orientation or attitude of a geologic plane and general direction
of the dip is also included while pitch and plunge determined the attitude of a line.

2. In case of horizontal bed, the bed cuts according to the erosion of the valley. Hence, v
shape will form there.

3. Wulff’s stereonet used for equal angle projection and for equal area Schmidt’s stereonet is
used. Horizontal planes plotted along the primitive circle and vertical plane along the
centre. Great circles are curved circles running from N-S.
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Chapter 2: Stress, strain and deformation

Dynamic analysis is concerned with force and stress (force per unit area).

2.1: Force

= We frequently use the words force and stress in casual conversation. In science, however,
these terms have very specific meanings. For example, the force of gravity keeps us on the
Earth’s surface and the force of impact destroys our car.

= Newton’s first law of motion, also called the Law of Inertia, says that in the absence of a
force a body moves either at constant velocity or is at rest.

= Change in velocity is called acceleration [a]. Force [F], according to Newton’s Second
Law of Motion, is mass multiplied by acceleration:

[F] : [ma] : [mlt?]

= The unit of force is kg - m/s?, called a newton (N) in Sl units. Force, like velocity, is a
vector quantity.

= Natural processes can be described with four basic forces:(1) the gravity force, (2) the
electromagnetic force, (3) the nuclear or strong force, and.(4) the weak force.

= Forces that result from action of a field at every point.within the body are called body
forces.

= The magnitude of body forces is proportional to the'mass of the body. Forces that act on a
specific surface area in a body are called surface forces.

= The magnitude of surface forces is proportional to the area of the surface. Forces that act
on a body may change the velocity of (that is, accelerate) the body, and/or may result in a
shape change of the body, meaning acceleration of one part of the body with respect to
another part.

2.2 Stress
= Stress, represented by.the symbol ¢ (sigma), is defined as the force per unit area.

[A], or 6 = FIA.

= Stress that acts on a plane is a vector quantity, called traction, whereas stress acting on a
body is described by a higher order entity, called a stress tensor.
= Stress is expressed in terms of the following fundamental quantities:

[o] : [mlt? - I?] or [mI! - (7]

* The corresponding unit of stress is kg/m -s? (or N/m?), which is called a pascal (Pa).

= Geologists continue to use the unit bar, which is approximately 1 atmospherel bar =10° Pa
~1 atmosphere, whereas, 1 kbar =1000 bar =10%Pa =100 MPa.

= The first word in dealing with stress is caution! Beginners in geology, encouraged in some
cases by poorly worded textbooks, are apt to jump to dynamic conclusions based on
observations of geometry.

= Despite many decades of research in structural geology, it is unusual to be able to make
any quantitative deductions about stress from outcrop observations!

= Part of the problem is that geological strain rates for ductile deformation are very slow, we
cannot directly determine what kind of stress makes what kind of structure, unless we are
prepared to run our experiments for 10,000 years or more! For brittle deformation,
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experimental simulation of structures is easier, but experimental structural geology is still
a challenging field.

= That said, understanding of stress is critically important in areas of structural geology and
engineering that deal with stress at the present day, such as earthquake studies, and the
behavior of fluids (water, oil, gas) in the subsurface, so we do need to know how stress is
measured, and the potential ways that structures are related to stress.

= Note: The word stress is used in two ways. It can describe the force concentration on a
plane, also known as traction, (or, in the special case where the force is perpendicular to
the plane, as pressure).

= However, it can also be used to describe the array of forces that act on all possible planes
that pass through a point.

= This 3D state of stress cannot be described by a single vector - it is a tensor quantity. Some
textbooks restrict the word stress to this tensor quantity, and use the word traction to for
the vector that describes force concentration on a single plane.

= |n these notes, the term 'stress' is used informally for both the tensor quantity and its vector
manifestation. If there is any possibility of confusion, we will write 'stress on a plane' or
'stress tensor' to distinguish the two concepts.

= Informulas, the common convention is to use the Greek letter sigma o for the stress vector.

= Tensors are usually represented by uppercase bold letters, but uppercase sigma (Z) is used
for too many other things! We will use an uppercase T..if we need to represent the stress
tensor algebraically.

2.3: Stress or traction on a 2D surface
= Stress acting on a plane is a vector quantity. (sometimes called traction), meaning that it
has both magnitude and direction.
= Stress on an arbitrarily oriented plane;"however, is not necessarily perpendicular to that
plane, but, like a vector, it can be resolved into components normal to the plane and parallel
to the plane.

2.3.1: Normal stress and,shear stress
= The vector component normal to the plane is called the normal stress, for which we use
the symbol on.
= The vector component along the plane is the shear stress and has the symbol os (Sometimes
the symbol 1 (tau) is used).

Stress or traction on a plane lF la
A B A B
Normal F, P
stress ?\ F
8.2 Plane
g s 0
Shear E E
-~
stress
D ' C D r C
F
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= The overall stress on the surface is equal to the vector sum of the normal and shear stress.
= Shear stress can itself be resolved into components parallel (for example) to the strike and
the dip of the surface.
= In contrast to the resolution of forces, the resolution of stress into its components is not
straightforward, because the area changes as a function of the orientation of the plane with
respect to the stress vector.
= In right figure, stress ¢ has a magnitude F/AB and makes an angle 0 with the top and
bottom of our square.
= The forces perpendicular (Fn) and parallel (Fs) to the plane EF are:
F,=Fcos8=c ABcos 0 =6 EFcos* @
(AB= EF cos 0)

EF,=Fsin6=c ABsin6=
o EFsin 6 cos © = ¢ EF %(sin 26)

and the corresponding stresses are:

6,=F/EF=ccos* 0
os= FJ/EF= o %(sin 20)

Both the shear force and the shear stress initially increasewith increasing angle 0; at 45°
the shear stress reaches a maximum and then decreases, while Fs continues to increase.

2.3.2: Sign convention

= Note that in geology we normally regard compressive normal stresses as positive, because
compressive stresses are much more common'in the Earth.
This leads to some difficulties when-we «relate stress and strain, because we treat
extensional strains as positive, and shortening as negative.

2.3.3: Units of stress

= The gigapascal 1 GPa = 10° Pa

» The CGS unit of stress is the bar, 1 bar = 10° Pa

» Hence 1 kb = 108 Pa’= 100 MPa

= Atmospheric pressure averages around 101325 Pa; hence 1 atm is close to 1 bar or 10° Pa

= The imperial unit is‘the-pound-force per square inch, or psi. 1 psi = 6894 Pa

= To give a general idea of the range of crustal stresses, the mean stress (roughly equivalent
to pressure) at the base of the continental crust is around 1 GPa, 10 kb, 10000 atm, or
14500 psi.

2.4 State of stress in 3D
= To describe stress on a randomly oriented plane in space we need to consider the three-
dimensional case.
= The unnecessary complications are limited by setting the condition that the body
containing the plane is at rest.
= So, a force applied to the body is balanced by an opposing force of equal magnitude but
opposite sign; this condition is known as Newton’s Third Law of Motion.

2.4.1: Stress at a point
= Let shrink our three-dimensional body containing the plane of interest down to the size of
a point for our analysis of the stress state of an object.
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= A point defines the intersection of an infinite number of planes with different orientations.
The stress state at a point, therefore, can describe the stresses acting on all planes in a body.

= |n left figure the normal stresses (o) acting on four planes (a—d) that intersect in a single
point are drawn (we limit our illustrations to planes that are all perpendicular to the surface
of the page).

= Because of Newton’s Third Law of Motion, the stress on each plane must be balanced by
one of opposite sign (¢ = —0).

= Because stress varies as a function of orientation, the"magnitude of the normal stress on
each plane (represented by the vector length) is different.

= |f we draw an envelope around the endpoints of these stress vectors, we obtain an ellipse
(ellipse is defined by at least three non-perpendicular axes).

= This means that the magnitude of the stress forall possible planes is represented by a point
on this stress ellipse.

= In three dimensions, we obtain an envelope that is the three-dimensional equivalent of an
ellipse, called an ellipsoid (right'figure)

= This stress ellipsoid fully describes the stress state at a point and enables us to determine
the stress for any given plane.

= Like all ellipsoids, the-stress ellipsoid is defined by three mutually perpendicular axes,
which are called the'principal stresses.

= These principal stresses have two properties: (1) they are orthogonal to each other, and (2)
they are perpendicularto three planes that do not contain shear stresses; these planes are
called the principal planes of stress.

2.4.2: The components of stress

= The orientation and magnitude of the stress state of a body is defined in terms of its
components projected in a Cartesian reference frame, which contains three mutually
perpendicular coordinate axes, X, Yy, and z.

= Let’s draw our point as an infinitely small cube whose ribs are perpendicular to each of the
coordinate axes, X, Yy, and z.

= We resolve the stress acting on each face of a cube into three components (below fig).

= For a face normal to the x-axis the components are oxx, Which is the component normal to
that face, and oxy and oxz, Which are the two components parallel to that face. These last
two stresses are shear stress components.
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“
- Ty ™,

Applying this same procedure for the faces normal to y and z, we obtain a total of nine stress
components:

In the direction of

X % ~
stress on the face normal to x: Gy, Oy . Ox
stress on the face normal to y: Gy . Oy » Oy
stress on the face normal to z: /G, Gy Oz

* In which oxx, oyy, and 62z are normal stress_components and the other six are shear
stress components.

= Because we specified that the body itself is«at rest, three of the six shear stress components
must be equivalent (oxy and oyx, Oyz and 6zy, and oxz and ozx).

= So, rather than nine components, we are left with six independent stress components to
describe the stress acting on any arbitrary infinitesimal body.

= For any given state of stress there’is at least one set of three mutually perpendicular planes
on which the shear stresses are zero, these three faces are the principal planes of stress,
and they intersect in three mutually perpendicular axes that are the principal axes of
stress.

= The stresses acting:along them are called the principal stresses for a given point.

2.4.3: Stress states

= |f the three principal stresses are equal in magnitude, we call the stress isotropic, if unequal
then anisotropic.

= By convention, the maximum principal stress is given the symbol ¢1, the intermediate and
minimum principal stresses acting along the other two axes are given the symbols 62 and
c3.

= Thus, by (geologic) convention 61>62>c3. By changing the relative values of the three
principal stresses we define several common stress states:

General triaxial stress: 61>02>0320
Biaxial (plane) stress: one axis =0

(e.g., 61 >0>03)
Uniaxial compression: 61>0;02=03=0
Uniaxial tension: 61=02=0;03<0
Hydrostatic stress (pressure): 01 =02=03

e
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2.4.4: Deriving Some Stress Relationships

= Now that we can express the stress state of a body by its principal stresses. Let’s carry an
experiment where a block develops fracture due to compression.

= We want to determine what the normal and the shear stresses on the fracture plane are: The
principal stresses acting o