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3.3 P13YYU (Rotation)
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3.4 MIIANA LazATadlen (Dilation and Distortion)

3.5 P15IAAINIAIEA (Strain measurement)
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NITAANTHIYINAAITAT (Kinematic Analysis)
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g1 3.1 HuTnasssumauansses IAuunad (gently plunging fold) veariu ludeigurien
. A o stl o a v dy = @
Proterozoic AdUNA N HaLlousuniash vasylnlasila Humarinaouanyms 'l w

a o A a A @ I Aa .
guugll uazanuaungaunamlasudnyuziiluiialf ductile) T

> —
(a) '
Undeformed Deformed

N T )

gﬂ 2.2 Undeformed and deformed fossils. Note changes in lengths and angles of

material lines in most orientations in the undeformed fossils. (a) Brachiopod. (b) Trilobite

cephalon. (Hatcher)
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g1l 2.3 annnaasuanszaesing
o XN 7UMI9A AN abed (n) Wadhginis
. . RN \@auA (rigid body deformation by
{ | ' . A o o o
| translation) (%) lRIANNNITUY(rigid
L[] .

body deformation by rotation) (@) 1RE)

dnstlavia (nonrigid body deformation

LL LS by dilation) uaz (1) daganisiiaien

(nonrigid body deformation by
distortion) (Piangta

V+

Il X 4
(m)OV- v v

g‘d 2.4 (A) Rigid versus (B) non-rigid deformation of objects by faulting is partly a matter

of the closeness of spacing of the structures within the chosen field of view. (Dav)
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total strain

dilation

/ D (volume change)
\ H

rotation

distortion
(shape change)

g‘d 2.5 The nature of strain:
dilation, distortion and rotation.

(Park)
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dilation)
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fagldunds  (non-rigid  body
deformation) (n) N9
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(continuous deformation) () N9
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(homogeneous deformation) Was ()
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A homogeneous strain

“n “’_"m

B inhomogeneous strain

gﬂ 2.8 Homogeneous (A) and inhomogeneous (B) strain (see text). (Park)

gﬂ 2.9 Domains of homogeneous (H) and in

homogeneous (l) strain in a folded layer (see text). (Park)
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g1 2.11n nasiansuIRIdaunaasudn A euLUsieLed liauen

AAIZH (structural domains) AN ANINALLAL AUBINITIATIZI (Piangta)

g1l 2.11 2 nrsasananmuzasainisanldsuazsesdaudauiaNLaNAN
] dl A [ dl é{ [ a dl ya [ ]
Aalaaizelimaiiia mu@qnumm%ﬁqmmm’mmt,@ﬁmmhwrc\nimﬂ (ﬂ’]Wﬂﬁ‘Uﬂﬁq\?[ﬂﬂ

q1N Richard Allmendinger, 2003, Lecture note in structural geology, Cornell University,

USA) (Piangta)

N Y_ . = aa
538N Inseadauni 3 Ty 01373 vazaae



msiaounveingiunssansaldvuiaiascozindou(Displacement  vectors) 11
UsseeanyurmMsaeun e laeld (1) NAA1IAUN (direction of translation) (2) ¥8£A5
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g1 2.12
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Di ent Vector
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Eurasia
o _Present
10 Millior" . ,-ﬁ
— 20° Years
Ago
L_10° 38 Million 2
Years Ago )
”
7. 0 sy
— 0° =+ Equator
10" 55 siion O 2
Years Ago
L o0°
|/ 71 Million
Years Ago
—40°
(e 700 80  90°
a l i | l
51 2.14

Reconstruction of the northward translation of India during the Cenozoic Era.

Calculation of the displacement vector depends upon the interpretation of the starting

position of India. (From Molnar and Tapponnier, Science, v.189, p. 419-425, copyright ©

1977 by American Association for the Advancement of Science.) (Dav)
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=z

10 m,

Y ahsolute P
F Y 3 ;

Y ahsolute
N

-

L

-

» 1 ahsolute T ahsolute

L‘
2

g1 2.15 Fig 2.7 piangta

g‘d 2.16 (A) Photograph of the side of Rainbow Bread Truck, showing bread slices, both
before and after deformation. (Photograph, on the move, by G.H. Davis) (B) Tracing of

photo that reveals the slip on each fault surface. (Dav)
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‘ﬁiﬂl']ﬂﬂTTﬂi\iﬁiT\i.Uﬂﬂ 3 ‘ﬂfgfl]v'l NIAT UATAUS



13

N

4

OFFSET PARTS OF
- HAMBLIN-CLEOPATRA
VOLCANO

g‘d 2.17 The Hamblin-Cleopatra volcano. Miocene in age, was cut in half and
rearranged by faulting during the time interval 15 Ma to 10 Ma before present. The offset
parts of the volcano, including its once-radial dike swarm, permit the magnitude of the
displacement vector for the faulting to be calculated. Total displacement is
approximately 12 miles (19 km). [From Anderson (1973). Courtesy of United States

Geological Survey.] (Dav)
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3.3 PM3%iyYUH (Rotation)
maviyuilunannnsiiiagniudoud luseugalaganiis (Fig 220 dav) Taeundisn
VITOWNTHYY
Tu 3 dnwae ldun
(1) nUMITYU(axis of rotation) Taguen LUAUNUNTTHIY U(trend) LLAEUNA(plunge)

o 3 ] ] A :
(2) UIN1TVIYU(sense of rotation) TaguaniumIMAUMToAUTNUIANT FINTUDN

]
S A

9
<3 < Ty A
MUTUHT oMUV UOYAUNAN AN 1T
I

(3) 2IMNTHYU(degree of rotation) ‘UEJﬂﬂ’ﬂiﬂﬂﬂfﬁ)EJﬂJENﬂﬁWiguIﬂEﬂJ’E]ﬂLTJH’ENm

d' ~ =Y v A a d! 1 a =

Wereununavannalanavilaaue 195U Nenvile
115 1A4(folding) 1Az N5IADU(faulting) U NAIULTAIDIMIHYWTUNY (fig 2.22, 2.23

i \ o = d v
dav) uaﬂmﬂﬂummmmmmmaﬂmmNaﬂﬂmmmwumiwyu”lﬂ (gﬂ 2.24 dav)

34 mstiava !!ﬁ%mi'ﬁﬂ!ﬁﬂ’s(Dilation and Distortion)

= . o Yo ] 1T A A a dy £ o Y Aa
A5 ea(strain)in 1 ing luunsunamsgavauazmsdaden Feilngaluninu

~ Yo = = v W . a o 9 1 @
n1a5uanunIsagadenisinda(configulationymasnndla  ilnszezvesganie Tudag
= = a A A ' a = . . &L o Y = A A
wsealasulll  wininanstanTenaednUsgNT(pure dilation) Fadawalinisanionan

< o . = 1 a . J A a a dy @
Lﬂuuuuammm(umform)uamgﬂiwmmn (Fig 5-2 hatcher) °1uizmnmﬂﬂmimmsnmq

1 v Y

vldoudnvaz livue (fig 2.25 and 2.26 dav) Taelimsuldeuiiainagdsansevuiam

wuualdouzlin manldouwlasliueennaldnn 3 nszuaumshdidg 1dun (1) s

[ YY) ] [} 1 & o I Y Aa < . A A

fAnuuUUYrDINT  Faih i Idlsuasanas (2) MIaLAvA(grain)MIvNIALUDINNGN

Jusa lagisu5ennszuIuNsaza1ennsiusadl NIaza1e91nLsIni(pressure-solution)
) . < . & o 0o q ¥ (2

uag (3) MIuNI(fracturing) VBUNA (Fig 4-9 hatcher) FanFLUIUMINIaui Inlsuasg

1aeunalag (Fig 4-8 hatcher) (dilational strain, A) Taaisdiua ldanauns 2.1

vV, =V, OV
A=ViTVo _oV 2.1)
V, v
Tagh v, =Usmasgaiie uaz

a A Y
v, = Usmasisuau
3.5 MIIANNNAIEA (Strain measurement)

= <3| = ' A a g ! o .
anuassatluwanisnasugliansellsmasvesinguaizneu (initial undeformed state)

(Fig 5-1 hatcher) wagnaamsuasuanyae (final deformed state) (Fig 5.11 hatcher) ANYUY
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g‘d 2.18 (A) Amusement parks thrive on rotational operations. Kinematic analysis of
rotation of the axis of rotation, the sense of rotation, and the magnitude of rotation (B)

Sense of rotation depends on the direction of view. (Dav)

1000m- Eldorado Nevada | Arizona
Mountains Col
500 m olorado
Sea
Level
—500m
—-1000 m-
0 1 2 3
- 1 1 1
km

g‘d 2.19 Listric normal faulting in the Lake Mean region. Tertiary and Precambrian rocks
are rotated to sleep dips along curved faults. [From Anderson (1971). Courtesy of

United States Geological Survey.] (Dav)
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Movement of Africa

Figure 2.23 Both the position and the
orientation of Africa changed radically
between the late Pennsylvanian (shaded

outline) and the present. Rotation was Figure 2.24 Detailed drawing of a spiral garnet in metamorphic rock collected in the
counterclockwise about a vertical axis. Caledonides of south Norway. [Reprinted with permission from fournal of Structural
Positioning of Africa based upon Scotese Geology, v. |4, Fossen (1992), Elsevier Science, Ltd., Pergamon Imprint, Oxford,
(1991). England.]

gﬂ 2.20 Both the position and the orientation of Africa changed radically between the late Pennsylvanian (shaded

outline) and the present. Rotation was counterclockwise about a vertical axis. Positioning of Africa based upon

— &

Dilation
\

Scotese (1991). (Dav)

Need garnet rotation in thin section

(a)

. Distortion

(b)

gﬂ 2.21 Example of pure dilation (a) and pure distortion (b). Many geologic

deformations include both kinds of strain. (Hatcher)
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H

Figure 2.25 Computer deck demonstration of the magic of
strain, carried out by Paige Bausman and friends. (A) Undeformed
deck on which has been drawn a circle and an ellipse, as well as
some indecipherable script. Deck is grasped firmly in right hand to
begin. (B) Flex of the deck. (C) Presto! Two ellipses. (D) One
more flex. (E) Original circle is now strongly elliptical. Original
ellipse is now much less elliptical. Indecipherable script begins to
become decipherable. (F, G) Can'’t stop. (H) Original ellipse is now
a circle. Original circle is as elliptical as original ellipse. (/) Deck
becomes so thinned and stretched that it is hard to support without
help. Indecipherable script is indecipherable once again, but the slant
of the writing has changed. The original ellipse is an ellipse once
again, but its direction of slant has also reversed. The original circle
is now profoundly distorted. (Photographs by G. Kew.)
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Figure 2.26 (A) A deformable block is A

embossed with a circle, a vertically orient THE

ellipse, two black ellipses, and words. (©

VWhen flattened and extended, changes MAG'C

shapes and orientations of the reference

objects on the front face of the block reco ' OF STHAlN
the nature of the internal strain. The amount
of flattening and stretching is just enough to

transform the original vertical ellipse into a B THE \
perfect circle. (C) With even more flattening O MAGIC
and stretching, the white ellipses become
tighter and tighter; the two black ellipses & OF STRAIN
continuously rotate toward the direction of L
stretching; and the letters of the words c
continuously change font. THE %

O MAGIC

E OF STRAIN
g1 2.23

+AV

51 2.24

Positive and negative dilation, illustrated by soap bubbles that have expanded or
contracted. If the radius of the bubble V is 1.5 cm and that of the expanded bubble + V
is 2.75, the dilation D is 5.16 (from equation 4-6). If the radius of the bubble -V is 1.1 cm,

the dilation is -0.61 (from equation 4-6). (Hatcher)

N Y_ . = aa
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g‘d 2.25 Three kinds of volume changes. (a)
Closing voids between grains. (b) Dissolving part
of the rock mass by pressure solution, here
showing the pressure-solution zones pulled apart
to make them more visible. (c) Fracturing the rock

body-(a) and (b) produce negative volume

changes, whereas an increase in volume occurs

in (c). (Hatcher)

g‘d 2.26 A rock mass subjected to homogeneous finite strain may be useful in
determination the amount of strain-if it contains a useful strain marker such as
underformed brachiopods like these from the Devonian Hamilton Group, New York. (E.B.

Hardin, U.S. Geological Survey.) (Hatcher)
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gﬂ 2.27 Deformed brachiopods on a bedding plane from the Ordovician Davidsville
Formation, Gander Lake, central Newfoundland. (Robert B. Neuman, U.S. National
Museum, and R. Frank Blackwood, Newfoundland Department of Mines; U.S. National

Museum Specimen.)
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i
. Wub
pJX 2.1 mﬂuﬁauanum.laachnmﬂm (distorted shape) ‘Idmnmway\ﬁﬂwfawaw-
mdopod)\uﬂ. Inslalud (triiovite) (&) ) )

L)

Reduction spot

™
.,

o {||'

_ \ Reduction spaol

FIGURE 5-3 | | \ Ey
(a) Reduction spots in Metawee Slate near Rutland, Vermont, ! o

viewed normal to the cleavage plane. Also see Figure 2-15. I \
(RDH photo.) (b) Relationship between reduction spots and A

slaty cleavage. : (b)

Cleavage surface

2.29
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FIGURE 5-4

Pebbles in the Upper Protero-
zoic Bygdin conglomerate at
Bygdin, southern Norway,
locally exhibit very large
amounts of strain that may have
produced greater than 700
percent elongation, according
to John P. Hossack (1968).
Note that YZ sections of
pebbles in the vertical face to
the left of the knife appear
much less deformed than XZ
sections on the near-horizontal
face to the right. Knife is 10 cm
long. (RDH photo.)

23

FIGURE 5-5
Deformed odids in the Conococheague Limestone in the
Great Valley, near Hagerstown, Maryland. (Charles M.
Onasch, Bowling Green State Universitv.)

2.31
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FIGURE 5-6

Deformed trilobite (Angelina) from
the Lower Ordovician of North
Wales. (W. Stuart McKerrow,
Oxford University.)

(a)

FIGURE 5-7
(a) Deformed amygdules filled with quartz and feldspar in amphibolite near Berner, Georgia. (Specimen courtesy of Robert ).
Hooper, Conoco Research.) (b) Deformed amygdules filled with calcite in Focambrian Sams Creek Formation near Union Bridge,
Maryland. (Charles M. Onasch, Bowling Green State University.)

2.33
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FIGURE 5-9

25

1 i i ian Pi i ds, Scotland. (a) Plan view on
Deformed Skolithos tubes (pipes) in the Lower Cambrian Pipe Rock sandstone, Northern Highlands, t v
a beodrding surface showing ﬁr?i?ormly oriented elliptical sections of pipes. (b) Vertical section through a bed showing curving—
deformed—pipes with greater shear deformation near the top of the bed. Unsheared pipes would be near vertical throughout, as
in the thinner bed beneath. (Michael P. Coward, Imperial College of Science and Technology.)

FIGURE 5-8

(a) Deformed pillow in the
Chibougamou Lake area,
Quebec. (G. O. Allard,
University of Georgia.) This
pillow was compressed from
the bottom and top of the
photo. The top of the de-
formed pillow is toward the
right. Compare with unde-
formed pillows in Figure 2-24,
(b) Comparison of pillows
before and after deformation.

ssamenIaseadiauni 3

Vesicular
rounded tops

o S

(b) Undeformed Deformed
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A
2.6cm

22cm

Figure 2.34 (A) Deformed worm burrow
(genus Skolithus) in the Pipe Rock of
Cambrian age along the Moine thrust zone of
northernmost Scotland. (Photograph by G. H.
Davis.) (B) Dimensions of the elliptical
burrow, measured along the long and short
axes.
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fo

Elongation = S
strain Ea
“«——— 3cm —» - /
before deformation = 5cm
\ 7 Hecorotion
FIGURE 4-5

Magnitudes of linear strains. The elongation strain here is 0.67, calculated from equation 4-1. The stretch is 1.67 (from equation
4-3), and quadratic elongation is 2.78 (equation 4-4).

2.37

Y ITTTTTT

I ITIT T
B E

FIGURE 4-6
Shear strain. The rotation angle w is 32°, and the shear strain
Yis 0.63 (from equation 4-5),

aa vy, = an
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Sl
Figure 2.52 The strain ellipsoid: S, is the
direction of maximum finite stretch, §, is the

direction of intermediate finite stretch, and
S, is the direction of minimum finite stretch.

aa vy, = an
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T e
P \ \L\ \
\ /'< ] = ' t

e ) (N~ S
neviduEnyos f

vidamAvudnyaz
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--'-".’
finite strain

unstrained

Figure 6.10 Progressive deformation. The finite strain
is achieved by adding successive strain increments to
the initial unstrained shape.
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L"=3cm

Figure 2.29 (A) Lines L and L' before
stretching. (B) Lines L and L’ after
stretching.

L'=48cm

u Figure 2.30 The ribbonlike banner that is
C} neither stretched nor shortened has an e
value of zero and an § value of 1.0. If the
banner is stretched toward infinite length,
both its e and § values approach infinity. If
; the banner is shortened toward zero, its e
value approaches — | and its S value
= = approaches 0. On this particular flight, the
airplane to which the banner is attached
K—\,\/ undergoes non—rigid deformation. (Artwork
by R. W. Krantz.)
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Figure 2.43 (A) Original unstrained
reference circle. Radius of the circle is | unit.
(B) Strain ellipse resulting from
homogeneous deformation of the circle. The
lengths of the principal semiaxes of the
ellipse are calibrated with respect to stretch
(§) and original length (k).
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Sign Conventions

A Angular shear B Orientations or Lines
in Deformed Object

Figure 2.45 Sign conventions are such a
pain, but so necessary. Thankfully, we will
simply use the convention that in all matters
clockwise = positive (+) and
counterclockwise = negative (—). (A)
Positive vs. negative angular shear (U/) along
line L (B) Angle 6, in strain analysis
describes the angle between any given line
(e.g., L), and the direction of maximum finite
stretch (§,). A counterclockwise angle from
S, is considered to be negative (—);
clockwise is positive (+).
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-

B RN/~ e 3

Figure 2.38 Simulation of the shearing of a
computer card deck. (A) Deck embossed
with lines A, and B, and points | to 4 before
deformation. (B) Configuration of the deck,
including the reference lines and points, after
shearing.
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S, = Minimum Finite Stretch

S, =
Maximum
Finite
Stretch

Sy

Figure 2.41 The finite strain ellipse and its
principal axes. The long axis, S;, is the
direction of maximum finite stretch. The
short axis, S, is the direction of minimum
finite stretch.
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—r

Figure 2.42 (A) Undeformed circular

. body, whose diameter is |9 units, inscribed

with lines of common length but different
orientations. (B) Body is subjected to
deformation by shearing. (C) After this
deformation, almost all the lines have
changed in length and orientation. Line A
ends up parallel to the direction of maximum
finite stretch (S,). Line B ends up parallel to
the direction of minimum finite stretch (5;).
Of all the lines, A lengthened the most and B
shortened the most. Moreover, of all of the
lines drawn in the originally undeformed
circular body, only A and B were
perpendicular both before and after
deformation. Along the way (e.g., at stage
B), lines A and B departed from being
mutually perpendicular.
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Before After

Figure 2.44 Deformation of a hypothetical
clay cake that is forced to distort in an
ideally homogeneous way. Circle with lines L
and M can be used to monitor the strain. (A)
Undeformed state. (B) Deformed state. (C)
Lines L and M before and after deformation.
Angular shear of line M is equal to +45°.
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1 Unit w8

Distorted Clay Cake

Figure 2.47 (A) Distortion of line A to
line Ay, such that A, is oriented 15°
clockwise (+) from the maximum finite
stretch direction (S,). (B) Mohr circle strain
diagram showing line A4 within the overall
state of strain. (C) Mohr circle strain
diagram, labeled to show the relation of the
geometry of the diagram to the components
of the basic strain equations.

2.57

Distorted Clay Cake

Figure 2.48 (A) Distortion of line A to
line Ay, such that A, is oriented 35°
counterclockwise (—) from the maximum
finite stretch direction (S,). (B) Mohr circle
strain diagram showing line A, within the
overall state of strain.
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* 8.5¢cm —

Fossil E
Fossil M
6cm
v
B 0 Centimeters 5
A
Fossil M
H
L 4cm
h
“ —13cm — >
A for Hg = 0.74 A for Hy = 1.23
S for Hg = 0.86 S for Hy = 1.11
Cc

A for HE = - 30° A for Hy = + 43° S,

y for Hg = =0.577 ¥ for Hy = +0.932 ]_31
D R
B 6= +30° [
~
N Fossil M
& 4cm
Bum
< 13cm -
8y for Hg = —48° 04 for Hy = +30°
TABLE 2.1
“Strain”* data for hinge lines of fossil E and fossil M
Line § A A i b By S
Hg 0.86 0.74 1.35 -30° —-0.58 —48° -0.78
Hy 1.11 1.23 0.81 +43° 0.93 +30° 0.76
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Figure 2.49 (A) Slab of undeformed
limestone containing two brachiopod fossils,
one labeled E, one labeled M. (B) Brachiopod
fossils E and M in the deformed state. Hinge
lines of the fossils are labeled H. The “backs”
of the fossils are labeled B. (C) Measurement
of the angular shear values for the hinge line
(Hg) of fossil E, and for the hinge line (Hy) in
fossil M. (D) Measurement of the angle
between the hinge line (Hg) of fossil E and
the direction of maximum finite stretch (5,);
and the angle between the hinge line (H,,) of
fossil M and the 5, direction.
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Figure 2.50 Determining the state of
strain of the deformed limestone slab using
the Mohr strain circle approach. (A) A plot
of the raw data presented in Table 2.1. (B)
Fitting a Mohr strain circle to the raw data.
The completed diagram discloses the
complete state of strain, such that stretch
and shear strain can be determined for any
direction through the slab.

~ 50% Flattening

~ 75% Flattening
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-1.0+
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Figure 2.53 (A) Undeformed ooids in
rocks of South Mountain, Maryland and
Pennsylvania. (B) Ooids captured in different
progressive stages of distortion. (C) .
Schematic digram showing variation in shape
and orientation of ooids as a function of
position on the South Mountain fold. [From
Structural Geology of Folded Rocks by

E. T. H. Whitten, after Cloos (1947).
Originally published by Rand-McNally and
Company, Skokie, lllinois, copyright © |1966.
Published with permission of John Wiley &
Sons, Inc., New York.] '
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(a)

FIGURE 5-12

(b)
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(c)

Determination of strain in fossils, using Wellman’s method. Note that neither of the axes of the best-fit ellipse in (c) are parallel to

the arbitrarily chosen line AB in (b). Using the ratio of long (X) to short (7) axes in

a strain of 1.29,

ssamenIaseadiauni 3

the ellipse in (c), the trilobite cephalons record

Yy 01377 uazaue



53

£ = =2 an o 1A a Ao A
@u\TW\iigaﬂ'J’Ilu’J‘ﬁ"U’E'N!'Jﬁ!uJu W’lﬂ@]'JL]JQ(’]fﬂ'J']iJLﬂ5EJ@Ul‘JJiJﬁﬂngﬂi'lﬂj‘]ﬁ'liJmﬂalliJu

Y A 9 a 09./} [ 3 9 [] a o Qladdy 9
ADINITABDLUITUATINAYAIRIN N UNITDIUTU li'lvl,ll'ﬁ'liﬂﬁﬂ']l,ﬂi'lgﬂiﬂﬂglﬂf']‘ﬁuulﬂ

(3) 5w w3e R/Y J.G. Ramsay (1967) IdiaueItH1293a A5 Av04

) { @ a 3 @ 1 A a 1 { I~

agilanvuzdnailudnyuzniinaunionss uaeragdseldvzndewmiuaeg  Tuns
~ = 9 Qddydw dlsl a ] Y T [l I A 9

WG AR EAAITTUNA T NAesITan 3 @2 Tdun (1) gUsanuilunsisudu

(initial ellipticity) noUMsIlasuanyue (2) NANINNITINAIVOINT 1AL (3) MTINAWLEL
VUIALNUNANVOIII ANUATIA(principal strain axes)

Y = Qddy A2 A W J a 4
Ramsay (a2 Huber (1983) lAuanisieazPenvuedltil FUUANAUNNTUATIZH

e

[

~ o dy 2 ~ IS o a Aa d o 1 dy =
AU (1) ’HW]’J’UQ“H?]’HM?]E‘c’lﬂiﬂﬂ‘WE]‘Vli]gL‘]Juﬁ’JLWIH"U’EN‘]J?L’J%IWI’JL?]TEW AVUIFANUIATYRA

{ ] a < 1 I
W19 1wu Aounsda(pebbles), gan(ooids), 1301IANT18(sand grains) (2) WiAANITIUIT

@ {a @ { @ { { o w Yy Y a
yoaiaginazilR) vaziayn ¢ Tashiyu ¢ Jannuurvesnuienniigate nuduo1na
Y

Q

=

A o [ [ = 9 ' dyd o ~
NMUUATY (3) HaI91NIAA1 R, Loy (j) 13799931903 M3 R, 1Az (j) NUINNNT NN

y = = @ A o = < ~ = 9
VlﬂiJ'l!“]JiEl‘U!‘VlEJ‘]JmJﬂiTV\I“VIﬂWH’JmVINVIQEQ Li'lﬂi]%fﬂhﬁﬂ?ﬂ?xﬁﬂ’ﬂiﬂﬂiﬂ@]ulﬂ

[ a P 1 9 Y A 1 Aa o 9 [ A
’Haﬂﬂ'li’J!ﬂi'l%W‘Vlﬂﬁ'l'JiJ'leU'l\W]uLiWO’E]'JTL‘]JuﬂWi’JLﬂiWZWLL‘U‘UEJ’E]uﬂﬁ‘U YIPNARAR|

Y A A = = @ a Y v A Y 9 Y1 dgj 2 v ' v
udrdsismuimaasudnsazaudagl ldudy  uamelidrls Iddetudwesndiedies

uaaslugy 5-13 hatcher wazoBunelaisuaningnounlasudnymzasds lignnszilina

sl Taelugdl n Aaglisaliongeveiimmiiuass (R=2) 19108102 IANTZY

9

(random) wazas3Ulunuengaiyy ¢ fududderlugdlhduunuueuvesnsou

Q

{ { o v I A [ o !
ey uazdmuagamnnuiiuagGisudn R) 1 ¢ vestagidsing laluns il uazlv
9

J = = T W B qej = o (=) a 1 Y
ANNTANUATIAMINUHHIR =1) Netlms1zds liliman)deunlasgilse 51U v naasldimu
[ a = a 9 1 ~ ~ [ £ 1 £ 1 I
Magaanuaseasurazl ldeanGanunisammnuriamaia® =1.5 annuiu
=l = [ d? . A dg A dgj Y £ d'dyd 1 d' [
19an)aou ) luanuaziuas(fluctuation) Aelinunudutazanasla Feluniiaen R, o

' ] 1 9 ]
anuidluidnfaen yuinfdeuldredusisondn ¢ dutuiiesmuaga R, uaz ¢rs1ezld

f

nsmlaanaaslugy agdiuldig ¢ egsznintore 31 a iflugdiihldinamanuason

u

1 A J v o d Y [ J
TNM(R=3) WOHIMANNAUNUTUDY R, Lo (j) Tansmldaaadlumm  sgwuims

d' dgj ] 1 =3 = Y1 Y =1 =
Lﬂaﬂuuﬂawuawm (|)’ aAad pgITUIN +15° 99 -15° Li'li]\i’ﬁiqﬂulﬂ’ﬂﬂ1ﬁ1ﬂﬂﬂ’ﬂmﬂiﬁlﬂ
4 2 , v
10 Mmanldenauatves ¢ wion

dm3D 31 5-14 hatcher ueraIramsfasua R, waz R Noasidiuaee mndoya

& ' ! 4 1 < v 1
Tugal 5-13 182 5-14 hatcher Fus1enusoagl ldnnmsnlaeumlastivasuesa ¢ Wudaiis

aa N a aa
ﬁim?ﬂﬂTTﬂiQﬁiTQ.Uﬂﬂ 3 ‘ﬂfgfl]v'l NIAT UATAUS



FIGURE 5-13

Relationships between initial
ellipticity (R;) and orientation
(@), final orientation (¢’) and
ellipticity (Rp) in an array of
elliptical markers. (a) Unde-
formed R, = 1.0 with an initial
ellipticity of 2.0. (b and ¢)
Deformed, with vertical im-
posed flattening R, = 1.5 and R,
=3.0. Fis the fluctuation. One
data point on each curve
corresponds to a pebble. (From
J. G. Ramsay and M. I. Huber,
The techniques of modern
structural geology, Academic
Press, v. 1, 1983.)
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FIGURE 5-14

R;/¢’ plots showing different relationships between R; and R, and the resulting curves. (a) R;/¢’ reference curves for different
values of initial ellipticity and the strain ellipse, R_. (b) Features of R;/¢’ plots used for calculating strain. Note the symmetry of
the fluctuation (F) about the orientation of the strain ellipse (A). In the left diagram, R; > R, ; in the right, R, > R;. (From J. G.
Ramsay and M. . Huber, The techniques of modern structural geology, Academic Press, v. 1, 1983.)
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1) QWN@‘VI‘]J?TFIQ Tﬂﬂﬁl%ﬂigﬂWH{lﬁﬂuﬂMWU’mﬂ“I/IL‘]JuG]’J‘]JQGHﬂ’J'Imﬂi‘c’lﬂ LRAZITNIINABDUN

Q

€

0 & v 4 M 2 o A o 1A = H
aduaganauly ganils Negaiuasuuninavedingiiiluditsdnnunion 11
9 9

] 9 v 9 ]
IMMUAYANINAINVDIRILITANUAT saNTINgogiouaNanue  AevIntududougaTiY

Q

D) D) D

D-

[

Ao o B [ QQJJ ~ 1 Y o o c!y
UNTagaddus uazimuaganinanvesingiauanisngegseus laslmiludnvasi

—

' Y <3| S o = A A
awnIgnuanuzlsngiugies @waaslugil 5-16 hatcher) 4 Fry 1399129301510

A a a o Y ' ~ A o I 3q YA 1 o o W Y
ADINTAINUIATIAUULDN uagmﬂﬂﬂg’gnamﬂﬂnaﬂymzlﬂu’mﬂanﬂvlwamnmguu"ln"lﬂ

d' U
Wasuanyae

358  maasudnyalagmstata
= ng d' 1 a = = =\ a 1 d‘ = a dy
Hramenienmmulunaanunsea lagluimsgadelsuas - uaillelimsdaiiien
219 1S masiunTean Ia(dilational change) 11 1ileriutaneona1aienans llunsnlu
mondui ldTuasnanuinannmisiuldike rock) wieilous luiugnazatveon il
o Y a2 a . 1 a ~ 2
fuuwﬂwﬂimmi%i’Jmawua@m(gﬂ 2.38piangta) KU NMINALUIANLITYV (cleavage) 43
a { Y a3 Y
Ysuasive lUil (Fig 2-55 dav) n5eeailumauninmsazaisdlenudu(pressure solution)

[ { o a . a % o a o a
it IR iluestylolites) luu udailumszAniugnusansziaunansazane
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40

30
d:20

min. 0"

———r — ——————
90° '60° [T 307 0° pT '-a0° -60° -90°
(a) (b)

FIGURE 5-15

(@) Construction of tie lines in a deformed rock for determination of finite strain by the center-to-center method. (b) Plot of d”
versus a”. The circles are averages of d” over 36 10° sectors. The distance AF should be discarded because it does not connect

nearest neighbors. (From J. G. Ramsay and M. I. Huber, The techniques of modern structural geology, Academic Press,
v.1,1983)

Initial position of .
reference point

Completed diagram
(@) ) ) c) _
Reference point moved
to second position

FIGURE 5-16 : ) B o
Stepwise plotting of a Fry diagram. The reference point is moved through successive positions (a and b) and the centers of grains
in the photo below transferred until a vacant area appears (c), or until it is clear that none will appear.
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A g9 v ~ ' v U a . [ 3 =2 o
uazmdeny daud luazaeludnvazuufluluiu (31 2.39piangta) AaTUTIRTNNLIAY
= ~ I Ao A A g} 9 A a ~ =

aznouazRenNiendudavsodhmaciy) HAZIBIINNT UG ANUAT oA T
(% an Y

anvuzuuvaea wweagllan

o s, uag S, =1.0 =2 Usmash lindsunlag
S, uaz S, < 1.0 = 1Suaszanaq

' P4
S, 1Az S,> 1.0 =2 USinasaziiuin

& 2 Aa 9 = . . = 14
%QﬂﬂﬁnﬂmﬂwmimﬂﬂmﬂLLNUﬂWWE‘TunJﬂ’HMﬂiElﬂ(stram field dlagram)mlﬁﬂﬂj

Tuz1l 2.58 dav

a d
359  weumnwauy
a ] I a 4 a a
Tunmsinsananuinziuvesmsimannunioa o iniuerngadelsuaslu
o aa 2K o ) a J . . ~ .
anyazawia 1519900 15U MU INaUI(Flinn diagram) Nitaue Tag Flinn (1962) (31 5-10
hatcher and 2.41piangta) IAgRHUAIROATIEIUYDY S /S, Ay S/S, FIRMUIMIINAT S .S,
ana S A 1 9 1 [ A 9 a A ax o & 9
uaz S, AMABIATIZHAINNAINMAY 1A hidusvzden lHmalianiedtla s uiludes
a 29 Y ¥ 09.1} @ ldy =~
NUATIZH I LAATUNITUUNUAILIFANAS 8
1 9Y o a 4 1 a I
Ao IRamsay(1967) laaaudlasnnurunimvesauinnmanadiutadunduunas
1 < . . . . £ o Y 913 a dy 2 a &
aIuUadn(logarithmic Flinn diagram) Fer Ivasrvaev lansmstadetasmsidelSunsaa
' 2 1 a3 . . . A A A ' = a
ANNNATIANINTITIUADN(logarithmic strain) WIDUWNNLTYNIN ANMNIAT oAl nA(natural

. A = a . = 1% .
strain) ¥30AVIATADIA(true strain) 108N e=log (S) Aaandlugi) 2.41Piangta v

(Aj. Punya, in the future, please add some more from page 88-94 hatcher.)
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These are the figure caption which I modified from Piangta, so some are not in this

chapter.

4 e o 4 4 A o a A4
71 2.1 amwmsn)asudnyuzveaingIUnss@imasy abed (n) WoIAginIT@auN (rigid
body deformation by translation) (V) Lﬁ@%ﬁqﬁmi ¥ U(rigid body deformation by rotation) ()
v =

Y
’JG]QiJmiﬁﬂ‘ﬂﬂ(nonrigid body deformation by dilation) tta1g (1) EJJG]Qﬁmi’UﬂL’ﬁ #3(nonrigid body

deformation by distortion)

v
A o a =

31 2.2 manfasudnyazveding (n) dnvuziinginmsnlasudnyazuunuigns

a

]
a

1 9 1 [ 1
(pure dilation) FaNUsnavANLANUINToUSIATReuTY () Anvuziiagimaulaeu
1 9

o a dy a = . . L AA A A a a 1 ! A
anbazuuuDaienusgni(pure distortion) FeliNunTelsuasauauuaglsalasu i

51 2.3 anmmsnlasuanyuzueaing liuns d(non-rigid body deformation) (n) N3
/AsudnYAULUVVABILBY (continuous deformation) (V) Msulasudnvazuuy ligsiiio
. . ) 4 o L o )
(discontinuous deformation) () mi!,ﬂaEluaﬂHmzLLU’ULUE]L@]EJ’J(homogeneous deformation)

v 9
iag (3) ﬂmﬂﬁﬂuﬁﬂymmmmﬁaNﬁn(heterogeneous deformation)

1 2.4 mswosannandumsnasudnvas Inssaiunuaeriies iiveuen

a 4 a 4
UAT1LH(structural domains) AUANALIDIAVDINITINTIEH

a o Y v A 9 A
E“JJ 2.5 ﬂ'li‘Wi]ﬁm1ﬁﬂ‘]9ImgiﬂiﬂﬁiNﬂﬁﬂ@]Tﬂ\‘Il,!,flgi’E]EJLE]’E]HEJ’E]HLW’E]‘]J\‘]‘]J’E]ﬂﬂ’JHJ
[ d' A (B d' dg‘ (Y 1 =\ a ya [ 1
G]EJ!HEJ\?W?EJVI,NG]EJ!HEN 61]1!6Qﬂ“]JN'IG]iWE‘T’J‘L!GUﬁ]\iﬂ’ﬂuﬁglflﬂﬂ“ﬂi"]ﬁwgmiﬂﬂ (ﬂTW‘]Ji’U“]Jqu]E]iHﬂ

Richard Allmendinger, 2003, Lecture note in structural geology, Cornell University, USA)

= a d‘ . 14 d!
31 2.6 (N) MIWeUVONVUIMNATZoZIATOU(displacement vector) 91N A 1183 B 4
va 22 4 \ o A4
sreznnldfAanTzoznnduiigaszinge A uaz B lunwiisvesms@oud luna
[ = 9 ==Y a Y =\ a d' S (A
aziuanmeadlanazinanie 30 vnnala (v) uaaIMsEsLVUIANATLEZINADUYBIN I DY

= A Y (R o oA .
weaiieilszana 71 awtlaeilagafu (1aanu: 2.13 Davis and Reynolds, 1996)
1Y a A a qej = v o d
gﬂ 2.7 HanN1TNINTUINTLABUITI(absolute displacement) nalupyuney FunUT
(relative displacement) HazlUUMNIZYA(local displacement) () Ingnoumsilasuanyuy

uazog ludmiaiis M Tz ez NAN19(coordinate) WO (V) iWanamsildsudnyus
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F

=1 A' d' a dsl o ] a Y o
LUDUMITHYY NITIADUN  LasNITUALLYN Tnndumvaay  Tagaunsorm lanaainms
d’ a d’ ~ [ v A d‘ d’ d'
@OUITY MIADUMNIVAUNUT  LAaZNIT@dURNIZYIA (A) (I) Uaz () MWVIIYNTLAdUN

vo3UNaaslunIn v (UnaInuI*: Figure 4.6 108 Ramsay and Huber, 1993)

] 9 9 I v
g1 2.8 msideu loavesduiu llawsznihnduionans Inseluiuniianw

< 1 Y
ANULUILANA NN U

[ d’ = 9 = . .

51 2.9 (n) dnvazmsdowios lUnedenuuyuRea(lefi-hand oblique slip) WL
. . = ' A a <
V037083 A(slickenline) Tﬂﬂwmgﬂ(rake) 35 9gUUTLUIVTDYADU (V) @3 lotta Wu)
@ 4 [ 4 a 4

N137379A7 (trend) LAEYUNA(plunge) VBIIALADINITVIA (A) wazgﬁamﬂ(net slip), RETGTYY

[ 4 4 [ U {
MUUUITEAU(strike  slip) uagﬂmﬁaumwnm(dip slip) ﬂlamﬂmaimimﬂ(gmaaﬁm:

Figure 2.16 Ta® Davis and Reynolds, 1996)

512,10 m3nyuivews Inwu(gamet) TuiuudsanuluuSnsuovnalalud

(Caledonides) Uszmeuns (!,L’Ha'ﬂﬁlﬂ: Figure 2.24 1A Davis & Reynolds, 1996)

1 2.1 msnfasudnyuzuuuAngUs19(distorted shape) o nEnvesnnus1F o
WoA(brachiopod) uaz 1n3 lalud (trilobite)

v Y
A @

A o I = An Y Y]
71 2.18 anmmsulasudanyazannauiulgg (n) WnaunliduasIdoudunag
] 1 { o { o Id
minnuneumsldsuanyuz () anmmslasuanvazaininanlug) n Tiuaed ves
A [ A A 9 ~ g [ 1
(M) MIMYUNOY (angular shear) Tﬂﬂmimymmmmmmmumﬂﬂmmﬂﬂuﬂaumi
A Y] o 1 a YR~ =\ A o w A 3 A
agudnyae Mt muaayuienIalueruazinTaneMny  + WamuILUIN

A <3 a 9 a
uae — Lll@‘V]')uﬁlﬂu’lWﬂ’lblﬂinﬂ!ﬁu@iﬂlﬂiJ

{ [ o 4 {
51 2.19 aammsalasudnyae (M) veernana1ussn Ins Talud(trilobite) #

F2 Y] = 1 9
m’mﬁau"lﬂiﬂﬂmimyumau (7)) 3eWINNAU L-L° tag W-W”’

1 = Y] Y =
gﬂ 2.20 (n) g mnoumsasuanyuzvouaunse AC uag CB T@ﬂmﬂ 439n(1,2,3
uaz 4) vamnu () anmvdaasudnsas liidu Ac mamsmonlivin@udogu

y d o s < . e 2 44
¢ = 35° dunamanlasudnvauzszilumanasugliuuuiieme) tazyans 4 98 masun

AU
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= [ a G A ] .
51 221 JUsvumalasudnyazsiianuAIsANSROULLVY(simple shear) (1)
anmmneunsilasudnvaz (v) gnufdsudnvazanuaseameuiian Y = 1.0 uag () gn
A o 9 ' Yo A Y] ' A
nasudnyuzalea Y = 2.0 Indunenmsnlasuvesisnasuaziduasinoumsalasuuag

U d' U
WaImsasuanyue

1 4
51222 gUupumslasuatianuAseAMeULLUUS gNT(pure shear) (N) A INADU

]
[ =

4 o 4 4 e v do
msnlasuanyae (v) amniniaggnilasudnyazalien S=1.8 uag (A) amwininggnilasuy
o Y] ' Yo A 9 ' A o

anvazAlen S=3.4 Ivdunamsnlasunilasrnautaziduasineunisalasuuaziainis

nlasudnyazaziumsndsuvuiaua lunlasunsnega

{ ] 4 ] I
g1 2.23 msulasudnbmzaenan Wegniudaez Idiluaes waawwannmsnaasll
Y v
Tuumarlonsidrousanamminu - Idunain luinesaznlaeundasledelseedeiiduasa

aeudundininnuerurway lugl e dreduilsz A nez B

4o 4 d 4w 4
71 2.24 mInfasudnvazveinay wegnusuReuz)aEUINIGT UaAIIN
uHUATEAY @28 INaead1SUNNIFoUIU(cards model) &4 1131sSvzlasu i/ udnyazla
wavsliduassaeadui lindsunnuen luglduaasdiodullsy

= = A < (Y . . . .
gﬂ 2.25 WIANWATIANY S, L“lJullﬂuﬂaﬂnm’cjﬂ(prmmpal maximum strain axes)
g o 1Y . .. . S o
uag s, Lﬂullﬂuﬂaﬂﬂ1UEJﬂijﬂ(prm(:lpal minimum strain axes) °lu§ﬂu,ﬁmﬂmﬂaﬂuaﬂymﬂu
aa 9 9 Y A Y o A & 2
HUD 2 UA D1doImInaadaeIlaInnuAuan1una1ns,) Taeniia N uIzAInINGg

AULBZNU

31 2.26 (M) gUuvVPANRoUMIlAsUdNEAIE (V) Hag (n) MIarlAsudnyuzyel
I3 A o A A Y s A g9
wnauduas  dunaanuenialdeuliveudurmiguinanuesanausudy uazunuves

ad A 4.
1INnannmsasuanya

A o a Y ] Y a = Y
71l 2.27 MmsnlasudnvauzFuduveruAnAulied (1) JU9NaNLAITUATI LO
Y 1 1
uaz MM’ @amnny Fsommsuldoudnsaz (V) yu 0, Jafeunnunurananingaues
= 1 1 9 1 d' (% A
NI (M) gﬂmwamwwmwmaumq L uaz M neumsulasuanvae waz () yumou

(angular shear)ﬂlf)ﬂli‘%f}u@]iﬂ M Fa5iA 40 ©

aa N a aa
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31 228 (0) manlAsugduuuidunsa AB idaguaes Tassiugm 0, =25 °fuunu s,

mﬂﬂmﬂ?;ﬂugﬂ ol A,=20u0z A, =057 (v) SnHazI9naNNes I 1FAIAT a
AU (A) :izsmmﬁiﬂ"l@’fmﬂmia%’ngﬂfmﬂammm){ ) ﬂmﬂ?;ﬂugﬂgmuér'umq AB fidia
Tuzihds Taeitum 0, = 25 ° fuunu s, mnmsldeugdl idelddved), = 2.0 uag A, -

o ’aq Y a . o A
0.57 oy (3) dn¥azNNauyeI N 1FMIANUIATIALDU(shear strain) Tagigyu Tuunund]uay

31 2.29 (n) sINneEUIIF Towea E nag C nowlasudnyas (v) o E tag C gn

A 1% o J . . . 2 Y
Wasudnbuzuazian A uaz S ved hinge line A& back line VD 1% leneald Iaw
o I Y = = o Y]
fviualu H,H B uag B, (A) 10A14yNATeALDYU(angular shear) INBUNY H, uag H. (3) 39

HN?%W’J'N MITAAINN (maximum stretch) N1 hinge line (Davis (182 Reynolds, 1996)

4 4 4 U { [ a
31/ 2.30 m3ldalse Temirsnanwesommmsnlasudnyuzuoaiesus s Tonona
o ) Aoy ya Y s ] >
(n) mwumqmﬂ‘vmsuauﬂamﬂ"lﬂmmmlumiw (V) MIFATNNWNAVUDT  NNUBYANININA

(Davis 4t8¢ Reynolds, 1996)

o s A ' { ) a2 7

g1 2.31 msldalseTemirnauwesiomimman/asudnyuzvosanmay lud
{ [l 1 a < S
Taeis 1n31uA195 AR5 8A(strain ellipse) LATAAITANUATEA (1) BINUEN TUANNY
Y A g o & o o A A o ~
desliodnadamuaitu li Taas 1 iayuaesnwlunsouvdon  (v) fvuagayy 2 yuaNa
o & ! o < 7w o ! { A 1
Sa'ld1u () 1Wdlu 2 mwazsuswudyludarladminaslunsevamasyluniitonsn
C (a) mnduaselduuinsanseumvasy  (3) wenewmyulsuuazimeun waunszielann
1 < 4 [ [

x=y Aoy - A wag A A, waz (0) 1Ay O veauan Tudusaz@a (Ramsay 1oz

Huber, 1983)

51 232 (n) jUneumslasudnyazyegda (V) Wegdaulasuanyms 1 50% sunuus

(Davis 4t8¢ Reynolds, 1996)

A, [ ] o 4 { a
31 2.33 m3vngianunioalagitvesnauuy (n) anvazglseannIns Taludnldaagl
Y [ v
wsotaen 1 () mssengUflsinglu n mwizguendunic uag (n) 295aNuRsoAN

1891nM53A 129 (Hatcher, 1995)

v o J 1 I A ] v A
31/ 2.34 (n) FeanuduiussznIeanuiuaedisudu R) AUnsedsudY ()
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% ] dy = |l d' (%] = L
YouFANuAssaneumslasudnyuy lagll R = 1.0 tazveansvuaasa R, uaz ¢
)  dnemadsudnvazilelinngGanunion R=1.5 vewnimuagawin R, fu ¢
(m) ManfasuanyazilioliangGanuaisn R =3.0 nazynnyilsing R, Weudy ¢ (

Ramsay {82 Huber, 1983)

. o . o A . ; ;
51/ 2.35 (n) anuduiussznina e iuaiEudu In R, fu ¢ Taoh R_waeu’ll

Id J [ 4 1
910 1.5 (0w), 11w 2.0 naz 3.0 @N) (V) anvaz R’ Taegidnelioiion R>R, wazanile

1191 R<R, (Ramsay tag Huber, 1995)

1 4 d' Y A [ 1
gﬂ 2.36 (N) ﬂﬁmfgﬂgnwﬂmwm’mﬂawlﬂammﬂuizmnnﬂzw (d) uazyy
(o0) neumsilasuanbuzuaznasman)dsudnvaz 1ngliamwiz AB, AC, AD i AE
' Aw Y] ° ~ Y A o @ 1A a
(V) nsmlugasnIves d wag oC’ mﬂ"lﬂmﬂmimwumqw”lﬂagﬂmﬂummmuwmmmiﬂﬂ

a 4

4 v
NINUANAATIZH (Ramsay 1ag Huber, 1983)

0 ) o 1A a4 0 &
31 237 (0) MIMMUAYANINANVDIRINTANUATEAN 1 LazMMUATANINAI
L. 2 ; P g L
souq (¥) asudidanuasoaui 2 (a) Weaseg Idziheidsingeenumiude 193

AMWIATEA (Ramsay 1@ Huber, 1983)

31 238 manlasuanyuz TasmsaalSunasiieaninmssauiuiuunsanilsmas
. o . v o .
(decrease in volume) Iﬂﬂﬂﬁ@ﬂ(compactlon) HAZNITATAIAIYAIINAU(pressure solution) Tay

~ 9 o o [ ~
NUUINTAZAIAIAMINAY DIVNA UM ULV ILANIT L

a . A g a [ .
31 2.39 tuiluru(stylolite) NI UWAINMTIAANTAZAIBINAUAU(solution) W1

o A

Y
a [ [ J
luninu Auiidunelios Janiagimgisi

v o J
31 2.40 ATMlUEAIANIIEANUATBA(strain field diagram) TagNeUANNFURUTIZHIN S,

AU S, (Davis 148 Reynolds, 1996)
51 2.41 (n) nswlvesrawinldasnraeumsn/asudnyazilagisanunson

Taeldonsdausznang S/s, uaz S /S, d1liA1 S /S, tesni S8, azlaassanunToauuy

31U(oblate spheroid) UAD S/S, UINN S,/S, %zulgllilﬁﬂ?1h£ﬂ§8ﬂ§@ﬂﬂﬂ(prolate spheroid) (V)
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a J H Q' a a
UHUNNYDIN AU (Logarithmic Flinn diagram) Nl¥asivaeumsiiiuvieant/suiasmniiu

nlasudnuae i
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Figure 4.1 Originally undeformed body A Rigid Body . 3 C Nonrigid
in center of diagram (i.e., square abde) is Translation \ Deformation
deformed by (A) rigid body deformation, \ by Dilation
(B) nonrigid body distortion, and (C) f c a b
nonrigid body dilation. \\
\ f ¢
e \ ~d g ﬁ e d
\\ a b
\
\ i
f c
e d

B Nonrigid Deformation by Distortion

f s
e c

10 Units

————

Figure 4.2 Photomicrograph of shattered Figure 4.3 Distorted trilobite in

quartz crystal. The fragmented crystal Cambrian shale, Maentwrog, Wales. The

displays the results of rigid body width of the fossil is 3 cm. (From The

deformation. (Photograph by R. G. Minor Structures of Deformed Rocks: A

Schmidt. Courtesy of United States Photographic Atlas by L. E. Weiss.

Geological Survey.) Published with permission of
Springer-Verlag, New York, copyright
©1972.)

aa Y. = aa
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ssamenIaseadiauni 3

Figure 4.4 (A) Tiny fault discontinuities
in stiff layer of fine-grained quartzite
(white) covered top and bottom by marble
(gray). Movement(s) on the faults have
permitted the layer to stretch its length.
(Photograph by E. G. Frost.) (B) Quartz
veins in cleaved siltstone. The veins
occupy fracture discontinuities along
which dilational opening has occurred.
(Photograph by G. H. Davis.) (C) Outcrop
of folded and cleaved limestone in
northern Italy. Spaces and openings
between layers reflect bedding-parallel
discontinuities along which translations
occurred during the folding process.
[From Alvarez, Engelder, and Lowrie
(1976). Published with permission of
Geological Society of America and the
authors.]
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Figure 4.5 (A) Sliding stone on Racetrack
Playa, California. [From Sharp and Carey
(1976). Published with permission of
Geological Society of America and the
authors.] (B) Kinematic description of the
sliding stone.

4, Cloud Figure 4.6 Displacement vector

describing Davis's ride (translation) to the
university by bus.

Davis’

0 .50 1

e ——
25 75
Scale in Miles

aa Y. aa
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Ago

L _10° 3R Million
Years Ago

55 Million 0
Years Ago

—20°

—30° 7

71 Million
Years Ago

0610° 710° 80°  90°

Figure 4.7 Reconstruction of the
northward translation of India during the
Cenozoic era. Calculation of the
displacement vector depends upon the
interpretation of the starting position of
India. (From Molnar and Tapponnier,
Science, v. 189, p. 419-425, copyright
©1977 by American Association for the
Advancement of Science.)

Figure 4.8 Schematic portrayal of
horizontal, left-handed slip on a vertical
fault. The magnitude of translation is 3
cm.

N Y. =
s8N Insead i uni 3
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Figure 4.9 Real-life examples of
horizontal, left-handed slip on vertical
faults. The sidewalk panels were shifted
by faulting during the earthquake in
Managua, Nicaragua, in 1972. Faulting of
the sidewalk took advantage of preexisting
discontinuities. Maximum translation is
about 3 cm. Aggregate displacement
across the 12-m wide exposed zone is
28.6 cm. (Photograph by R. D. Brown, Jr.
Courtesy of United States Geological
Survey.)
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C
SW  Strike Slip Component = 4.1cm NE

Jusuodwo) diis dig

06'C

3

Figure 4.10 (A) Left-handed oblique slip (5 cm) on steeply
dipping fault. (B) Stereographic determination of the trend
and plunge of the displacement vector. (C) Net-slip, strike-
slip, and dip-slip components of the displacement vector.

Figure 4.11 Right-handed offset of
stream due to movement(s) on the San
Andreas fault as exposed in the Carrizo
Plains of California. (Photograph by R. E.
Wallace. Courtesy of United States
Geological Survey.)

aa vy, = an
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Figure 4.12 Faulting (and fissuring) of a
street as a result of the Great San
Francisco Earthquake of 1906.
(Photograph of Bluxom Street, near Sixth
Street by G. K. Gilbert. Courtesy of
United States Geological Survey.)

N

4

OFFSET PARTS OF
HAMBLIN-CLEOPATRA
VOLCANO

Figure 4.13 The Hamblin—Cleopatra volcano, Miocene in
age, was cut in half and rearranged by faulting during the
time interval 15 m.y. to 10 m.y.b.p. The offset parts of the
volcano, including its once-radial dike swarm, permit the
magnitude of the displacement vector for the faulting to be
calculated. [From Anderson (1973). Courtesy of United
States Geological Survey.]
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Surface

Figure 4.14 Schematic portrayal of the
offset of a once-continuous'line by
faulting. Reconstruction of the line permits
the direction, sense, and magnitude of the
translation vector due to faulting to be
calculated.
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Figure 4.15 Determination of the displacement vector for a
fault by reconstructing the faulted line of intersection of a
dike and a limestone bed. (A) Faulted limestone bed and
faulted dike. Lines AA” and BB’ are the vertical projections
of the limestone/dike intersections on the north and south
sides of the fault, respectively. (B) Stereographic
determination of the trend and plunge of the line of
intersection of the limestone bed and the dike. (C) Cross
sections showing the relation of the fault trace to the line of
intersection of the limestone bed and dike. (D) View in the
plane of the fault showing net slip and rake of net slip. (F)
Cross section showing plunge of the displacement vector.
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Figure 4.16 (A) The emplacement of a dike accommodates
a spreading apart of wall rock along a fracture discontinuity.
This dike is exposed in metamorphic rocks in the Inner
Gorge of the Grand Canyon. (Photograph by A. F. Siepert.)
(B) Vertical fracture soon to be occupied by a dike.

(O) Offset of a sandstone bed as a result of slip
accompanying the spreading apart of wall rock.
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Figure 4.17 Vein of stilpnomelane and
quartz. The vein invaded thin-bedded
wall rock in the North Hillcrest mine
area, Minnesota. The very center of the
vein bears a faint line, perhaps a vestige
of the former fracture trace that guided the
hydrothermal solutions that gave rise to
the vein. Spreading apart of the walls was
directed at right angles to the centerline of
the vein and to the contact of the vein
with wall rock. Note that the conspicuous
parting (p) in wall rock on the left wall of
the vein is offset in a way that perfectly
matches the kinematic pattern predicted

in Figure 4.16C. (Photograph by R. G.
Schmidt. Courtesy of United States
Geological Survey.)
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Figure 4.18 Determination of translation
(slip) due to dike emplacement. (A) Map
of limestone bed intruded by diabase

dike. (B) Stereographic construction of
pole to the plane of the dike. Trend and
plunge of pole coincides with direction of
spreading apart of dike walls. (C) Structure
profile drawn to show true thickness of

dike.
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Figure 4.19 (A) Amusement parks thive
on rotational operations. Kinematic
analysis of rotation includes describing the
orientation of the axis of rotation, the
sense of rotation, and the magnitude of

rotation. (B) Sense of rolation depends on
the direction of view.
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Figure 4.20 Rotation of bedding in the
Hunter’s Point monocline, northeastern
Arizona. Bedding in middle background is
horizontal, but it is rotated clockwise to a
steep dip in the right background. White
outcrops in foreground display near-
vertical bedding. Strata in the foreground
represent the strike projection of the
steeply dipping strata in the fold in the
distance. (Photograph by G. H. Davis.)

Figure 4.21 (A) Listric normal faulting in A

the Lake Mead region. Tertiary and 1000m1 agg;‘;‘gﬁs Nevads; | Atizond

Precambrian rocks are rotated to steep - Colorado

dips along curved faults. [From Anderson L e River

(1973). Courtesy of United States Sea <= /
Geological Survey.] (B) Example of the Level e — i = et T

back rotation that accompanies slumping —500m = )
along curved fault surfaces, Hebgen Lake — "/A
earthquake area, Montana. (Photograph —~100%m- 0 1 5 3

by J. R. Stacy. Courtesy of United States L | o ! 3

Geological Survey.)
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17° Clockwise Rotation

: DippingBeds

44° Clockwise Rotation

e

63° Clockwise Rotation

\=

Figure 4.22 (A) Rotation of strata by listric faulting,
portrayed at different stages. (B) Stereographic representation
of the rotation of strata.

Figure 4.23 (A) Rotation of strata during A B N
progressive folding. (B) Stereographic
representation of the rotation of bedding
during the folding.

750 West Limb East Limb

ssamenIaseadiauni 3 flyen 91375 wazany



Bedding \,

Orientations: X
A: N58°W, 66°SW.
B: N66°E, 32°SE
C:N10°E,36°SE

D:N26°W,60°NE

Figure 4.24 (A) Rotation of bedding by
folding about an inclined axis. (B) Stereo-
graphic portrayal of poles to the rotated,
folded bedding, measured at locations
A—D. Note that the poles lie on a great
circle whose pole is the fold axis.
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Ripple Marks
Trend N40O°W
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Figure 4.25 (A) Geological lines in a plane: namely, crests
and troughs of current ripple marks in the Dakota

Sandstone. (Photograph by J. R. Stacy. Courtesy of United
States Geological Survey.) (B) Ripple marks trending N40°W
in horizontal sandstone bed. (C) Stereographic portrayal of
the tilting of the sandstone bed as well as the ripple marks it
contains. (D) Bedding and ripple marks after tilting. (E)
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Crests of Ripple

(A) Outcrop of steeply
face of outcrop is the plane of bedding,

dipping faulted sedimentary strata. Front
revealing ripple mark lineation. (B)

Stereographic representation of the

Figure 4.26

as measured in outcrop. (C) Stereographic
restoration of bedding and ripple marks to

orientations of bedding and ripple marks,
their orientations before tilting.
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Figure 4.28 Systematic folding of
metasedimentary rocks in the Salt River
Canyon region, Arizona. Note handlens

for scale in left-center part of photo.
[Photograph by F. W. Cropp. From Davis

and others (1981), fig. 32, p. 83.
Published with permission of Arizona

Geological Society.]

Figure 4.29 (A) Lines L and L’ before stretching. (B) Lines L
and L’ after stretching.
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e=-4 A= (6)=.36

Figure 4.31 Quadratic elongation (A) is
the square of the length of a line whose

original length was one. It can readily be
determined by dividing final length (/) by

original length (I,) and squaring the result.
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Figure 4.30 A ribbonlike banner that is
neither stretched nor shortened has an e
value of zero. If the banner is stretched
toward infinite length, its e value
approaches infinity. If the banner is
shortened toward zero, its e value
approaches -1,. . . the airplane to which
it is attached undergoes nonrigid
deformation. (Artwork by R. W. Krantz.)
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Figure 4.32 Stretched belemnite, broken
into an array of separated fragments (dark)
between which calcite (white) has
precipitated. Lengthening is approximately
equal to 125%. [From Milnes (1979).
Published with permission of Geological
Society of America and the author.]

Figure 4.33  (A) Angular shear of shack.

(B) Angular shear of collapsing line of
dominos.
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Figure 4.34 (A) Distorted trilobite in
Cambrian shale, Caernarvonshire, Wales.
Angular shear of rock within which this
fossil is found can be determined by
measuring the angular relationship
between lines L—L” and W—-W, lines that
were perpendicular before the
deformation. (From The Minor Structures
of Deformed Rocks: A Photographic Atlas
by L. E. Weiss. Published with permission
of Springer-Verlag, New York, copyright
©1972.) (B) Angular shear of L—L" with
respect to W-W’ is +30°. (C) Angular
shear of W—W’ with respect to L—L" is
—30°.

Figure 4.35 Simulation of the shearing of
a computer card deck. (A) Deck
embossed with lines A, and B, and points
1 to 4 before deformation. (B)
Configuration of the deck, including the
reference lines and points, after shearing.

aa Y. =
‘ﬁiﬂl’lﬂﬂTIﬂi\iﬁiN.Uﬂﬂ 3

84

gy 91373 nazame



aa Y_ .. =
s8N Insead i uni 3

85

Figure 4.36 Computer deck demonstration of the magic
strain, carried out by Paige Bausman and friends. (A)
Undeformed deck on which has been drawn a circle and
ellipse, as well as some indecipherable script. Deck is gr
firmly in right hand to begin. (B) Flex of the deck. (C) §
Presto! Two ellipses. (D) One more flex. (E) Original circ 3
is now strongly elliptical. Original ellipse is now much less§
elliptical. Indecipherable script begins to become
decipherable. (F, G) Can’t stop. (H) Original ellipse is novf
circle. Original circle is as elliptical as original ellipse. ()’
Deck becomes so thinned and stretched that it is hard to |
support without help. Indecipherable script is indecipher.
once again, but the slant of the writing has changed. Th
original ellipse is an ellipse once again, but its direction
slant has also reversed. The original circle is now
profoundly distorted. (Photographs by G. Kew.)
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B 17'S NOT BUN BEING A CLAM

Figure 4.37 Superposed strain involving
an unsuspecting pelecypod. The
magnitude of the distortion of the clam, at
each stage of deformation, is portr'ayed
through the image of the strain ellipse.
[From Davis (1981), fig. 1, p. 1?6.
Published with permission of Arizona
Geological Society.]
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Figure 4.38 Elements of a strain ellipse.
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Figure 4.39  (A) Undeformed circular
body inscribed with lines of common
length but different orientations. (B) After
deformation, almost all the lines have
changed in length and orientation. Line X
was stretched the most; line Z was
shortened the most. (The original
locations and orientations of X and Z were
X"and Z’, respectively.) Lines X and 7
constitute the axes of the strain ellipse that
describe the deformation.
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1 unit

B 4

ti=(1+e)=VA,
Figure 4.40 Ellipse, derived from i ( )

homogeneous deformation of a circle. / \
Lines X and Z, the mutually perpendicular X ¥ X
axes of this strain ellipse, are the only two k_’/

mutually perpendicular lines in the e, =(1+e)=Vx, l._

X

deformed body that were originally 7
perpendicular, before deformation. All

other perpendicular lines in the ellipse, Figure 4.41 (A) Original unstrained
like lines A and B, were not perpendicular reference circle. Radius of the circle is 1
in the original reference circle, before unit. (B) Strain ellipse resulting from

homogeneous deformation of the circle.
The lengths of the axes of the ellipse are
calibrated with respect to extension (e)
and quadratic elongation (A).

deformation.

Figure 4.42 (A) Keeping vigil at Mount St. Helens, and
measuring all suspicious movements. (Photograph by

K. Cashman. Courtesy of United States Geological Survey.)
(B) An emerging volcanic dome in the center of the crater.
(Photograph by K. Cashman. Courtesy of United States
Geological Survey.) (C) The curved traces of thrust faults
formed by shortening of the floor of the crater in response to
the growth of the dome. Scarp in lower right is about 5 m
high. (Photograph by D. A. Swanson. Courtesy of United
States Geological Survey.)
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Figure 4.43 Deformation of a

=M

hypothetical clay cake that is forced to
distort in an ideally homogeneous way.

Circle with lines L and M can be used to
monitor the strain. (A) Undeformed state.

(B) Deformed state. (C) Lines L and M

before and after deformation.
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Figure 4.44  (A) Clay cake in the

deformed state, inscribed with lines a

thrqugh s at 10° intervals. (B) Orientation
of lines a through s, as the lines would

look if the strain were removed. (C)

Changes in length and orientation as a

result of the distortion of lines a through s.
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Distorted Clay Cake
Figure 4.45 (A) Distortion of line A to

line Ag. (B) Mohr circle strain diagram. (C)

Mohr circle strain diagram, labeled to
show the relation of the geometry of the
diagram to the components of the basic
strain equations.

Figure 4.46 The strain ellipsoid: X is the
axis of greatest strain, Y is the axis of
intermediate strain, Z is the axis of least
strain.
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Figure 4.47 (A) Undeformed ooids in

rocks of South Mountain, Maryland and
Cc Pennsylvania. (B) Ooids captured in
different progressive stages of distortion.
(C) Schematic diagram showing variation
in shape and orientation of ooids as a
function of position on the South
Mountain fold. [From Structural Geology
N of Folded Rocks by E. T. H. Whitten, after
Cloos (1947). Originally published by
Rand-McNally and Company, Skokie,
llinois, copyright ©1966. Published with
permission of John Wiley & Sons, Inc.,
New York.]

Deformed Oolites

~ 75% Flattening

Figure 4.48 Negative dilation (i.e., loss
of volume) accommodated by
pressure—solution along cleavage.
(Artwork by R. W. Krantz.)
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c A, =34

VA, = .67 = Area Decrease

>

Undeformed State

Figure 4.49 Quadratic elongation values
sensitively reflect changes in area (and
volume). (A) No distortion, no dilation.
(B) Distortion without dilation. (C)
Distortion accompanied by area

©

< .3’
Il
®
S

Ao=1.22 decrease. (D) Distortion accompanied by
VA A, = .99 = No Area Change VN, = 1.7 = Area Increase area increase.
A3
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No Strain O 0O O O O Expansion
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1.0— Field of Linear Stretching
Field
of
Shlg?tz%ring Field of Compensation
Field
of Contraction
Figure 4.50 Strain field diagram. | \
[Modified from Ramsay (1967).] 1.0
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A Simple Shear B Pure Shear
(Rotational Strain) (Nonrotational strain)

Before Deformation

S

25% Flattening

4

-
\

0

30% Flattening

Z

‘—
KA

(0

7 40% Flattening
X/’__\A1
\_/ Figure 4.51 (A) Rotational strain. (B)
A Nonrotational strain.
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Finite Strain

Shortening
Field

Infinitesimal
Strain

Figure 4.52 The relationship of finite and
infinitesimal strain at any stage during
deformation. (From Folding and Fracturing
of Rocks by J. G. Ramsay. Published with
permission of McGraw-Hill Book
Company, New York, copyright ©1967.)
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Figure 4.53 Progressive strain diagram portraying regional
deformation in southeastern Arizona. Undeformed state of
rock assemblages of different ages represented by circles in
left column. Regional deformation to which the rock
assemblages were subjected are shown at top. Ellipses show
state of strain of each assemblage after each deformation.
Fine print shows directions of greatest and least strain,
percentages of stretching (+) and shortening (-), and changes
in the original surface area (A,) of each assemblage. [From
Davis (1981), fig. 18, p. 166. Published with permission of

Arizona Geological Society.
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