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3.5.1 Stratigraphic way-up indicators

Way-up/younging is the direction in which stratigraphically younger beds/units are found. The
stratigraphic way-up is of fundamental importance in determining the structure of an area. It is
based upon a knowledge of stratigraphy and of small-scale sedimentary structures which
indicate the stratigraphic way-up and the sequence of deposition.

Structure way-up: refers to the bedding/cleavage relationships that indicate the position within
a major fold structure (e.g. on the overturned limb of a recumbent fold). This may have no
relationship to stratigraphic way-up.

Facing is the direction within a structure i.e. along the fold axial plane or cleavage plane, in
which younger beds/units are found. This terms is generally applied to folds, or cleavage
relationships.



DESCRIPTION

PRIMARY STRUCTURE

CROSS-STRATIFICATION

Tabular cross-stratification

Trough cross-stratification

NORMAL GRADED BEDDING

Coarse grains at the
base passing upwards
into finer grain sizes;
typical of turbidite
seqguences.

Cross-stratification

SCOUR STRUCTURES

Scour surface at base

of sandstone bed overlying
mudrock. Coarse-grained
lag deposit may occur in
the scour.

LOAD STRUCTURES
Sandstone overlying mudrock

Load Casts

Flame Stuctures
Upward injection of mud into
the sandstone

FLUTE CASTS

Developed on the underside
of Bedding units in
Sandstones.

Good Palaeocurrent
indicators.

McClay (1987)

Ripple marks
on bedding plan
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DESCRIPTION

PRIMARY STRUCTURE

Dewatering Structures

Pillar structures
formed in sandstones
and siltstones as water
escaped upwards.

Dish and pillar structures

Dewatering Structures

Sand volcanoes
in mudrocks or siltstones.

May be underlain by
sandstone dykes.

Dish and pillar structures

Shrinkage Structures

Mudcracks infilled
with overlying sandstone.

Dish structures in mudrock
that has undergone
desiccation.

Volcanic Structures

Lobate Pillow
structures in lavas.

Pillows"

o

Volcanic Structures

Blocky, rubbly and
weathered tops to
lava flows.

McClay (1987)

Sand volcanoes

sand volcano 3 T34 &
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3.5.2 Syn-sedimentary folds/faults versus tectonic folds/faults
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Saddle reef

Fold Nose .‘d‘aﬁa‘*ﬁ :
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Saddle reef

‘\n

\\M Bedding-parallel vein

Cross-cutting vein

Argillite
Greywacke —

Schematic diagram for turbidite-hosted gold mineralization

January 27, 2011
Gold Mineralization Extended to 358m Depth in 14 Saddle Reefs Veins at Dufferin Mine Project

From: http://www.strikepointgold.com/s/QwikReport.asp?IsPopup=Y&printVersion=now&X1=439673,424771,413263,402849,402844
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: 3.5.3 Joints, veins and stylolites
Joints
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Irregular extension joints — are those in which extension occurs
in all directions (often due to hydraulic fracturing as a result
of high pore fluid pressures.
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Analysis of joint systems

Eﬁgsm” fi* mechiiogy prosl sl elge fg 1. Extension joints: on a
trace of extension aj/ Y . . . .
/ /] joint plane o] stereographic projection, o, is
A 4 & / _" o] g | the pole to the joint plane which
i 0 ) contains the o, and o, axes.
‘ o X pd Extension joints alone will not
_ , stress i taceof  give g, and 0, orientation.
intermediate pnnc:pa! stress hanging-wall 0 conjugate
conjugate 04 down "t ol . ET:naers;omt
shear b N
IS /l _/'"7- \ " 2. Shear joints: line of
. / 034 03 intersections of the conjugate
‘ N7 03 A joints gives the o, axis. o,

bisects the acute angle
between the joint planes and
0, is at 90" to both 05 and o,.

0] (Equal Area Lower
Hemisphere Projections)

McClay (1987)

3. Age relationships between joints: younger joints
generally abutt against and do not cut older joints.
Typically T or H patterns result with the younger joint
(the upright of the T or the cross-bar of the H)
abutting against the older joints.

older

younger

McClay (1987)



For cylindrical folds

Extension\

Joints

(3) CONTRACTION STRUCTURES

Stylolites
Normal To
Bedding Plane

Bedding parallel
Stylolites

(b)

SHEAR JOINTS

Shear
Joints

Joints

Joints in fold and fault systems

Extension joints are commonly parallel or normal
to the fold axis.

Shear joints are commonly developed on the fold
limbs.

slipdirgetion Slip direction

S Shear joints
e Extension joints

Fig. 7.5a Fracture patterns developed around a non-cylindrical fold. Note that the conjugate
shear fractures (s) and extension fractures (¢) vary with slip direction around the fold.

McClay (1987)
14
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tension joints strike joints oblique joints
' \ (conjugate
” shear joints)

dip joints
maximum
principal
stress
direction

(c) (d)
Figure 8.4 (a) Conjugate veins, with a characteristic X-shaped pattern and minor offsets (Switzerland).
(b) Diagram of shear and extensional fractures on a fold (based on McClay 1991); (c) Unloading joints in
granife exposure near Balmoral, Scotland, UK: two sets are subvertical, almost af right angles to each other,
while the third set is roughly parallel to the land surface. (d) Chaotic veins in this exposure suggest hydraulic
fracturing under high fluid pressure (Wales, UK]. (a, ¢ and d: Tom W. Argles, The Open University, UK.



Conjugate shear joints in 3D

For this picture, what kind of data should
be collected in the fields?

What is the approximate orientations of
the stress system during the formation of
the joints assuming that the strata have
not been deformed since the joints
developed?

VU= (RE E eS8 5 EV2) 16



Veins

1. Extensional veins form normal to 03 and have fibres
perpendicular to the vein walls.
2. Shear or hybrid vein systems have fibres that are oblique to

v

the vein walls.
3. The fibre axis in fibrous veins is approximately parallel to the

04 orientation at any stage during the fibre growth. Hence

curved fibres in underformed veins reflect the change in vein M;day v(1987)
orientation with respect to the o, axis.
4. En-echelon vein systems are commonly found in semi-brittle
shear zones where they can be used to analyze the
kinematics and displacements of the shear zones.
Note:

Veins indicate high, albeit transient, pore pressures during deformation and are

commonly associated with pressure-solution seams.
17



Sty|o|ites Stylolites are surfaces of dissolution associated with contractional or
shear strains..

S|
Tectonic stylolites are commonly associated with joints and veins and is

usually found in fine-grained carbonate. They also appear in sandstones.
2. The stylolitic seam often appears dark and contains a residue of insoluble
material (carbonaceous matter, clay and ore minerals).

3. Stylolites generally form normal to o, but oglique

What is the orientations of o, during the
formation of the stylolites shown in both —_

pictures? /

Din‘.‘ner table at my home McClay (1987) 18



Data to be collected from observations on joints, veins and stylolites

What observations

Structure What to measure Results of analysis
to record
Joints Dip direction (or strike and dip) Fracture type (dilational, shear, or ~ For conjugate shear-fractures
i hybrid). stress systems.
I O Dip direction of conjugate Conjugate fracture system.
sc . fracture array (if developed).

Extension Joints

5, ANy
ah

Ao
Conjugale Shear
Joints [Angle 60-90%)

Canjugate Hybrid Joints (Angle <B0*)

Line of intersection of conjugate
arrays

Line of bedding intersection on
fracture plane

Bedding and uniformity of
bedding dip.

Fracture spacing.

Bed thicknesses.

Length of fractures relative to bed
thicknesses.

Nature of fracture surface.

Nature of fracture infilling
(quartz; carbonate; fibrous or
massive).

Bed competencies.
History of fracture movement.

Gives apparent dip of bedding.
Used to calculate true bedding
attitude.

Additional
information required
for analysis.

McClay (1987)

Dip direction of bedding
(fractures are best analysed in
areas of uniform bedding).
Orientation of fold axis.
Orientation of fold axial plane.

Relationship of fracture to
bedding.

Relationships of fractures to fold.
Cylindrical
Non-cvlindrical

Analysis of fracture systems with
respect to bedding and fold
limbs.

Gives fracture systems: a—¢, b,

etc.



3.5.4 Faults and shear zones

Shear zones

Shear zone: a relatively narrow zone with subparallel boundaries in which shear strain was
localized. Shear zones form under a variety of deformation conditions in three main types:

Ductile shear zones: In this zones there is no discontinuity across the zone, and shear
strain magnitude varies smoothly across the zone. The fabric of rocks within these zones has
been modified by plastic deformation processes.

Brittle-ductile shear zones: There is a discontinuity within the ductilely deformed rocks of
the shear zone. This discontinuity may be a discrete fracture on which sliding has occurred, or
it may be an array of en-echelon extension gases.

Brittle shear zones (faults and fault zones): In a brittle shear zone the rock has been
deformed by brittle deformation processes. If the “zone” is a discrete planar fracture on which
slip occurred, it is called a fault. If a brittle shear zone is composed of a number of subparallel
anastomosing faults separating lens-shaped blocks of underformed rock, or if it is a tabular
band of finite width containing brittlely shattered or pulverized rock, it is called a fault zone.

20



Geometrical properties of shear zones in the crust

Approximate Metamorphic Structural features 20, angle between
depth facies of shear gones conjugate shear ones
79
¢
26
N
AN
; . : !
> 10 km ductile granulite, ductile flow, strong o
shear zones amphibolite sigmoidal schistosity in 120°-90°
blueschist ZONes.
5-10 km ductile,  greenschist, ductile to semi-brittle; 90°-60°
brittle-ductile zeolite localised schistosity; en-
shear zones. echelon vein arrays;
pressure-solution features.
0—5 km brittle Anchimetamor-  Brittle; fault breccia and 60°
shear zones phism, no clay gouge; some
metamorphism  pressure-solution

features. McClay (1987)



Shear-zone and fault-zone rocks

@ ; - o undeformed

=520 parent rock
Qﬂbﬂ% (phenocryst
: granite)
incohesive =~ —= "=y, brittle fault
1 5 w b '* ’l"il' _' .
brittle cohesive . < ﬁi} 7/ cataclasite
fracturing brittle fault rocks
A | T 75 brittle fault with
| \’th e £ S pseudotachylyte
mylonite narrow ductile
shear zone with
mylonite
v
dominant ’ ; . ;
ductile = / wide ductile shear
deformation _ . - N ! zone with striped
striped gneiss : gneiss

Figure 22-2 Schematic cross section through a shear zone, showing the vertical distribution of
fault-related rock types, ranging from non-cohesive gouge and breccia near the surface through
progressively more cohesive and foliated rocks. Note that the width of the shear zone increases
with depth as the shear is distributed over a larger arca and becomes more ductile. Circles on
the right represent microscopic views or textures. From Passchier and Trouw (1996). Copyright
© with permission from Elsevier Science.
from Winter (2001) An Introduction to Igneous and Metamorphic Petrology. Prentice Hall, 697pp.
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Random-fabric Foliated Fault rocks classification

Fault breccia Faliated fault COHERENT BUT UNFOLIATED ROCKS PRODUCED BY MICRO- AND/OR MACRO-FRACTURING AND SHOWING LITTLE OR NO
(‘rigiblc fl’agments} 30(%3 b = WNALLY PRODUCED THERMAL EFFECTS.
= reccia
of rock mass) ‘\H?EOLMTED_ BUT WITH SOME FRICTIONALLY PRODUCED GLASS CEMENTING A MICROBRECCIA.
MATRIX PRODUCED BY SYNTECTONIC CRYSTAL-PLASTIC PROCESSES, HAS AT LEAST
MINOR MYLONITIC FOLIATION, LITTLE RECOVERY, AND ALMOST NO ANNEALING,
WITH APPROPRIATE MINERAL CONTRASTS, SURVIVOR MEGACRYSTS COMPRISE
F j MORE THAN 50% OF THE ROCK.
ault gouge
o B04E 20% Foli MATRIX PRODUCED BY SYNTECTONIC CRYSTAL-PLASTIC PROCESSES,
(visible fragments < 30% oliated gonge SHOWS STRONG RECOVERY, POSSIBLY WITH SOME ANNEALING.
of rock mass) STRONG MYLONITIC FOLIATION COMMON. WITH APPROPRIATE
MINERAL CONTRASTS, SURVIVOR MEGACRYSTS COMPRISE
10 TO 50% OF THE ROCK.
e MATRIX PRODUCED BY SYNTECTONIC CRYSTAL-PLASTIC
2 PROCESSES, SHOWS PERVASIVE RECOVERY, POSSIBLY
B WITH EXTENSIVE ANNEALING, SURVIVOR MEGACRYSTS
2w sl COMPRISE LESS THAN 10% OF THE ROCK. MATRIX
5 = Pseudotachylite bt = GRAINS ARE LESS THAN O-5MM IN DIAMETER.
U : .
- ™ Y Psendotachylite =
= ¢ PERVASIVE RECOVERY, INCLUDING ANNEALING
& EI: OF SYNTECTONICALLY PRODUCED MATRIX WITH
= MATRIX GRAINS INCREASING ABOVE 0-5MM.
0 — MEGACRYSTS MAY INVOLVE SYNKINEMATIC OR
) ANNEALING GROWTH, EITHER AS NEOCRYSTS
(fragments >0-5 cm) OR AS OVERGROWTHS ON PORPHYROCLASTS.
H =
- .Crush breccia ) (0-1 cm < fragments g w MATRIX RECRYSTALLIZATION INCREASES
g 3 Fine crush breccia <0-5cm) 1o < 0 AVERAGE GRAIN SIZE TO EQUAL OR
s . i (5 c /’ EXCEED THAT OF THE PROTOLITH.
58 Crush microbreccia (fragments < 0-1 cm) oz
TRy —=m
il Ly A
£ g = 2 g
g .8 L STICK -SLIP FAULT
2 E § KINK o FIBROUS o s (% o A MOTION (SEISMIC)
E & 8 BANDS * GROWTHS . 2 5Z
S8 . i = . ETC. T m :]smms SLIDING
el ls Protocataclasite Protomylonite E GNEISS, SCHIST = = (ASEISMIC)
E ¥
% R~ 5 —
Ss¢ e RATE OF RECOVERY —>
= 2 = i
58 = o = . . " . ’ . .
= 2R % 2 |8 c§ figure 22-3  Terminology for high-strain shear-zone related rocks proposed by Wise et al.
~ 0 ®w = . H i ) . - B T . i <&
3 £ Cataclasite 2 |8 Mylonite &£ | § i 1984). Copyright © The Geological Society of America, Inc.
o o« o =1 Bl - = N
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= = - H . .
i g | = & Winter (2001) An Introduction to Igneous and Metamorphic
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Fault breccia

e )

Mountains, Near Tucson, Arizona

A, B, C: lighhe= (HEH)

Breccia in the Pirate Fault, Santa Catalina

Fault gouge

e

Press & Siever (2000) supplemental CD

This sample (4x6 cm) is from a mylonite zone. The augen mylonitic
gneiss illustrates the pervasive brittle and ductile deformation.
Partially broken down and rotated orthoclase phenocrysts form the
augens or porphyroblasts. The brittle deformation of the feldspars
contrasts strongly with the ductile deformation of the quarté 4NhiCh is
smeared out in the thin darker layers. The tails on

the orphyroblasts suggest a clockwise rotation.



The description of a shear zone should include information on (a) the orientation (strike and
dip) of the zone, (b) the relative movement across the zone (direction and amount of net slip),
(c) the width of the zone, (d) the style of deformation (brittle or ductile) within the zone, (e) the
nature of the transition between the zone and the wall rocks (is the boundary of the zone

gradual or abrupt).

In a brittle shear zone R;: Riedel shear
R,: conjugate Riedel shear} o S

o
G\ 3 shear zone boundary

shear zone

gouge fabric

McClay (1987)

Riedel shears, R1 and R2: Fault like discontinuous fractures developed in a brittle
shear zone and related to the positions of conjugate fracturing in the zone.
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Data to be collected from observations on brittle shear zones

Table 6.6 Data to be collected from observations on shear zones.

Structure

What to Measure

What Observations to Record

Results of Analysis

Brittle shear zone

gouge fabric

McClay (1987)

Orientation of shear zone
boundaries (Figs. 2.5-2.8).
Orientation of Riedel fractures R,
and R, (Fig. 6.19. & Figs. 2.5-
2.8).

Orientation of fabric in fault
gouge. (Fig. 6.8)

Orientation of P fracture (if
developed). (Fig. 6.19)
(Additional data— orientation of
structures outside shear zone).

(Fig. 6.23)

Orientation data on conjugate
array. (Fig. 6.22)

Nature of shear zone. (Fig. 6.19)
Width of shear zone.

Fault rocks developed. (Fig. 6.18,
Table 6.4)

Veining and/or pressure-
solution. (Fig. 6.23 and 7.6b)
Fracture orientations relative to
shear zone. (Fig. 6.19a)

Sense of shear, (Fig. 6.19a)
Displacement.

Structures outside shear zone.

Observations on conjugate array.

(Table 6.5)

Stress systems, (Fig. 6.19a)
Sense of shear. (Fig. 6.19a)
Displacement.
Deformation processes.

Stress systems. (Fig. 6.19a)
Sense of shear. (Fig. 6.19a)
Displacement.
Deformation processes.
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Semi-brittle shear zone (en-echelon tension gashes)

g,
(a) 2
o
3 o,
crystal growth fibres
—
4?.;& g et e _l
v N oA ,.
shear zone ) o
- ||: .I”| | l:_._."'-'

.. L]
HF?ES_U" - en-Echelon
solution tension gash
cleavage veins

McClay (1987)



Data to be collected from observations on semi-brittle shear zones

Table 6.6 Cont'd

Structure

What to Measure

What Observations to Record

Results of Analysis

Semi-brittle shear
zone (en-echelon
tension gashes)

Pressure
Solution Fabric

En echelan
Tension gashes

McClay (1987)

Orientation of shear zone
boundaries (Figs. 6.20 & 2.5
2.8).

Orientation of crack tips.
(Fig. 6.20a)

Orientation of intersection of
crack tips with shear zone
boundary. (Fig. 6.20a)
Orientation of pressure-solution
fabric at shear zone margins.
(Fig. 6.20a)

(Additional data on orientation of
structures outside shear zone).

Orientation data on conjugate
array. (Fig. 6.22)

Nature of shear zone.
(Figs. 6.20, 6.22)

Width of shear zone.
Nature of veins

massive. (Figs. 6.20a, 7.6)

fibrous or

Nature of foliation in shear zone.

(Figs. 4.1, 4.2)
Sense of shear. (Fig. 6.20a)
Displacement.

Photograph/sketch of shear zone.

Structures outside of shear zone.

Observations on conjugate array.

Stress systems. (Fig. 6.20a)
Sense of shear. (Fig. 6.20a)
Displacement.

Strain in shear zone.
Deformation processes.

Stress systems. (Fig. 6.20a)
Sense of shear. (Fig. 6.20a)
Displacement.

Strain in shear zone.
Deformation processes.
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Ductile shear zones
Mesoscopic and microscopic kinematic indicators
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(c) (d)
Figure 8.20 Ductile kinematic indicators, all indicating dextral (‘top-to-the-right’) shear sense. (a) Asymmetric
tails on feldspar porphyroclasts in a mylonite, northwest India. (b) Composite sketch depicting various features
used for determining shear sense (width c.40cm). (c) S-C fabric (shear band cleavage) in a mica schist,
Switzerland. Camera case near the base is 25cm across. (d) Asymmetric pressure shadows on a boudin in a
gneiss, northwest India. (a, ¢ and d: Tom W. Argles, The Open University, UK.)



4) s-C i

B B DA P RE B R T o — R R T AT BT DA DY Y AR A M AR R AR 1Y
XY mﬁﬁ@%ﬂ%mﬁﬂ ) TEBTIAE N SRS o B HEERE W C )
EAME R FIRE— AT IR BT U AT 8 S0 R B HE S 0 /N R R BE R U ERE A o R
RN E TER v e Eﬁ#ﬁﬁ%ﬁﬁé@ﬂm S TR C THIAT S8R » F87R 85 V)AF 1 5Y
Y (1 7.7D ) o WEEFTMEE M S N IR ( S ) B2 LABCFAT IR 8
P C) o

(5)« EEE S

LS ( mica fish structrue JHFE 1% S—C B S-C WGEEA &
) o WERIENZHETROEEE A SN ERR  H iy 001 ) i om (
mineral cleavage JEEISAZ W EIAE T » I YIVER BB G » Bl 001 )fﬁ@fﬁfrﬂf
FA 7 [i) TR WSS BTHT) 5 ) A e R R B 2K listrie ) B IE T LeE2 5t ob e i
NEERERE T EE AR VR R N B TR AR A (B 77E ) o7 Eﬂfﬁ
P it S5 AT A TS (0 T TR W S ) R A S AR R R o R B4 TS A 240
W7 R SRR A o R TR B PR ARG R - BT R B B o U RE 4 T
Y FEFS IR Fe SR BT B RS IO AR AT DI - EA AT C i e B S—C TR KBk
3SRy o A - BB R TR AT H Ay R e RO AL A BB
T 1) (| 77E ) o iE5E (1999)



Shear band-geometry (S-C[E#¥): Some shear-zone rocks contain small, subparallel,
evenly spaced (at 1-10 cm intervals) shear zones. These small shear zones form within a
larger host shear zone and deflect or cut schistose foliaiton. S-plane (S for schistosity) is the
schistose foliation and C-plane (C for “cisaillement,” the French word for shear) means the
shear bands. C-planes are parallel to the shear-zone boundaries, and the S-planes are
inclined to the shear-zone boundaries. S-planes dip away from the direction of shear and
curve into shear bands, thereby creating a sigmoidal pattern of foliation that gives shear

sense.

Scaly foliation
associated with shear
deformation in the

argillaceous matrix

BTk
Fig. 6.26b C and S fabrics in a mylonitic granite. A sinistral sense of shear is indicated. C is the
shear plane and § is the schistosity plane. (Fig. 6.26a on p.111)
—
c
s L ALK
u
=~ :
S, S
=4 2 7 77 A
C o

Fig. 6.26a  The geometry of C and S fabrics
as seen in shear zones. The C plane is the shear
plane and § is the schistosity plane. The C plane

has an extensional geometry with respect to the
sense of shear, (Fig. 6.26b on p. 112) - S S " o T Bz =
Chang et al . (2003) B Fig. 6.27b Low-angle shear bands developed in strongly foliated melange (foliation horizontal).

5& 2 E"l :?f(g‘;féﬂ f;’:— (Fig. 6.27a on p. 111)
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Marshak et al. (1988)

i anticlackwise rotations in a shear zone of left-hand shear sense. Gre, ont, Ontario, Canads.
Ramsay & Lisle (2000) The Techniques of Modern Structural Geology: Volume 3: Applications of Continuum
Mechanics in Structural Geology. Academic Press.
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Data to be collected from observations on ductile shear zones

Structure

What to Measure

What Observations to Record

Results of Analysis

Ductile shear zone

foliation
outside
shear zaone

faliation
inside
shear zone

Orientation of shear zone
boundaries (Figs. 6.21 & 2.5~
2.8).

Orientation of foliations at shear
zone boundaries. (Fig. 6.21)
Orientation of lineations in shear
zone (ML). (Figs. 2.11 to 2.14)
Orientation/vergence of folds in
shear zone. (Fig. 3.9)

Strain of deformed objects across
shear zone. (Appendix III)

(Additional data on orientation of
structures outside shear zone).

Orientation data on conjugate
array. (Fig. 6.22)

Nature of shear zone. (Fig. 6.21a)
Width of shear zone.

Nature of foliation. (Figs. 4.1, 4.2)
Sense of shear.(Figs. 6.21, 6.26,
6.27)

Displacement,

Nature of folds/vergence.

(Fig. 3.9)

Strain in deformed objects.
(Appendix III)
Photograph/sketch of shear zone.
Structure outside shear zone.

Observations on conjugate array.
(Table 6.5)

Stress systems. (Fig. 6.21a)

Strain distribution.

Sense of shear. (Fig. 6.21a, 6.26,

6.27)
Displacement.
Deformation processes.

Stress systems. (Fig. 6.21a)

Strain distribution.

Sense of shear. (Fig. 6.21a, 6.26,

6.27)
Displacement.
Deformation processes.

McClay (1987)
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Faults zones

Dip-slip faults

Oblique-slip faults

Strike-slip faults

Scissors fault

Different kinds of faults

ROTATIONAL-SLIP ROTATIONAL-SLIP
(INCLINED FAULT PLANE) (VERTICAL FAULT PLANE)

Powell (1992)
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Descriptive terms for faults and fractures

Horizontal faults

Listric faults

Moderately dipping faults

Shallowly dipping faults

Steeply dipping faults

Vertical faults

Faults with a dip of about 0°; 1f the fault has
a dip between about 10° and 0° it 1s called
subhorizontal.

Faults that have a steep dip close to the
Earth’s surface are and have a shallow dip at
depth; because of the progressive decrease
in dip with depth, listric faults have a curved
profile that 1s concave up.

Faults with dips between about 30° and 60°.

Faults with dips between about 10° and 30°;
these are also known as low-angle faults.

Faults with dips between about 60° and 80°;
these faults are also called high-angle faults.

Faults that have a dip of about 90°; if the dip
1s between about 80° and 90° the fault can
be called subvertical.
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Reverse faults

Thrust Fault, Wyoming (Photograph by Kurt N. Constenius)
Thrust fault and repeated sedimentary layers in Ram's Horn
Peak, Hoback Range, Wyoming. Repeated sections of the red-
brown Jurassic Nugget Sandstone over younger, gray, Jurassic
Twin Creek Limestone show evidence of large-scale lateral
movements along

thrust faults.




Hamblin & Christiansen (2001)

Normal faults

View is 10 m in width

McClay (1987)

Listric thrust faults

\ thrust fault
sedimentary sequence

B normal faults

Listric normal faults

Powell (1992)




Kinematic indicators in fault zones

Only slickensides provide evidence of the sense of movement. The asymmetric surface
roughness features are steepest downhill or down the shear direction.

(a)
/ — Fault
““ plane
Fibrous
Quartz ~
Crystals

Fig. 5.6a Slickensides developed as fibrous
crystals of quartz joining opposite sides of a
stepped fault plane.

the photograph.

Ramsay & Lisle (2000)

F.gum 32 7. A steepiy dipping fault surface at ngarf by-Sea, South Wales. The mkenhbfefmeauans provide information on mc
direction of fault slip. The stepped geometry of the /rr!-H es indicates a sinistral ser Such data on the orientatio
G o plaoatan? i the Ss socisten Ungatiors s permit the estir afﬂnnfpsi-wml resses.

Flg 5.6b Slickensides of fibrous quartz in
sandstones. The movement direction is up in

(c) Calcite deposited
in gaps

—

¥
= $ e—
Pressure solution '
of asperities

—

Fig. 5.6c  Slickolites developed in limestones
by pressure solution which removes the bumps
(asperities) in the fault surface, and redeposits
the calcite in the spaces between the stepped
fault surfaces.

Fig. 5.6d Grooving on a fault plane in lime-
stones.

McClay (1987)
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Fault surfaces displaying the direction of slip lineation

Escalierrs a
cristallisations

Fibreuse

Fente courbe
Surfaces lissees

Courtesy of Chung-Pai Chang



secondary main fault

i ! fractures surface
(a) (b)
i —
R2 Antithetic riedels Shear bands R1 riedels

Fragmented
grain trail

En-echelon tension gashes B -
(d) Geolagical Field Technigues, 1st edition. Edﬁ&ﬂlﬁmﬁ@glalmm 2010 by The Open University.

Figure 8.9 (a] Arrows mark individual steps and indicate slip direction of the missing block on this slickenside
in southwest Wales, UK. Field of view 6cm across. (b) Secondary fractures may develop that produce a stepped
effect opposite fo that in (a]. (c) The pattern of en échelon vein arrays indicates relative shear sense, confirmed in
this example by the deflection of dark solufion seams through the shear zone that caused vein formation
(southwest Wales, UK). (d) Some features within a wider shear zone that can be used to diagnose sense of
shear (Riedel fractures, antithetic Riedel fractures, gouge fabrics, broken clasts). (a and c: Tom W. Argles, The
Open University, UK,



Structure What to measure

Plunge of lineation.
Orientation of fault surface.
Orientation of displaced units

Grooving (no crystal

fibre growth).

What observations
to record

Nature of grooving.

Fault rocks.

Sensc of movement from steps in
fault plane.

Width of fault zone.
Displacement.

Stratigraphic separation.

Results of analysis

Sense and direction of movement
of fault (solutions for exact
displacements are not common).

Slickensides (crystal Plunge of lineation.
fibre growth). raut Orientation of fault surface.

Nature of fibre growth.
Sense of movement from fibres

Sense and direction of movement
of fault (solutions for exact

Slickensiies " Orientation of displaced units and steps in fault plane. displacements are not common).
Fault rocks.
Width of fault zone.
Displacement.
Stratigraphic separation.

70— 100
Slickolites Plunge of lineation. Nature of fibre growth. Sense and direction of movement
Orientation of fault surface. Sense of movement from fibres of fault (solutions for exact
Gaicte coy Orientation of displaced units and steps in fault plane. displacements are not common).

Pane. Movement direction 90° to
accretion steps.

Accretion
Lineation

- Movemeant
Direction
20* 10
Accretion
Step

10240

Fault rocks.

Width of fault zone.
Displacement.
Stratigraphic separation.

McClay (1987)



Data to be collected from contractional faults

Table 6.2 Data to be collected from contractional faults. McClay (1987)

Structure What to Measure What Observations to Record

Results of Analysis

Orientation of fault plane (dip
direction) (Figs. 2.5-2.8).

Nature of fault plane: fault rocks.
(Fig. 6.18, Table 6.4)

Deformation processes.
Listric/planar/stepped fault.

Orientation of displaced units on
both sides of fault (Figs. 2.5-2.8).

Lineations on fault plane:
grooving, slickensides,

slickolites (Figs. 2.4-2.13, 5.6 and
6.4).

Slickenside

Slickenside
Lineation

Orientation data on synthetic
structures: faults and fractures
(Figs. 2.5-2.8, 2.11-2.13),

Orientation data on antithetic
structures: faults and fractures

McClay (1989) (Figs. 2.5-2.8, 2.11-2.13).

Curvature/stepped nature of fault
plane?

Width of fault zone. (Fig. 6.11)

(Fig. 6.11a)

Stratigraphic separation/overlap.
Sense of movement.
Sense of shear.

Displacement direction.
(Fig. 5.6)

Minimum slip.

Amount of contraction.

Nature of lineations on fault plane
(fibrous slickensides?).

(Table 5.3)

Movement sense. (Fig. 5.6)

Relationships to other faults.
Cross-cutting relationships:
Imbricate fan? duplex? out of
sequence? Ramps? Associated
folding. (Figs. 6.11a and 3.13)

Fault sequences.
Kinematic development.

Nature of synthetic structures.
Movement directions. (Fig. 5.6)

Fault systems.
Movement patterns.
Stress systems. (Fig. 6.1)

Nature of antithetic structures.
Movement directions. (Fig. 5.6)

Fault systems.
Movement patterns.
Stress systems. (Fig. 6.1)

Movement direction. (Fig. 5.6)



Data to be collected from extensional faults

Table 6.1 Data to be collected from extensional faults. McClay (1987)

Structure What to Measure What Observations to Record

Results of Analysis

Orientation of fault plane (dip
direction) (Figs. 2.5-2.8).

Orientation of displaced units on
both sides of fault (Figs. 2.5-2.8).

Lineations on fault plane:
grooving, slickensides,
slickolites (Figs. 2.10-2.13; Figs.
5.6 & 6.4).

Orientation data on synthetic
structures (Fig. 6.8¢): faults and
fractures (Figs. 2.5-2.8; 2.11—
2.13).

Orientation data on antithetic
structures (Fig. 6.8c): faults and
fractures (Figs. 2.5-2.8, 2.11-
2.13).

Nature of fault plane: fault rocks.
Curvature of fault plane?

Width of fault.

Stratigraphic separation, (Fig.
6.2)

Sense of movement.

Sense of shear.

Nature of lineations on fault plane
(fibrous slickensides?). (Table
5.3)

Movement sense. (Fig. 5.6)

Relationship to other faults.
Cross-cutting relationships.
Associated folding. (Fig. 3.13)

Nature of synthetic structures.
Movement directions. (Fig. 5.0)

Nature of antithetic structures.
Movement directions. (Fig.5.0)

Deformation processes.

Listric/planar faulting. (Fig. 6.8)

Displacement direction. (Fig. 6.6)
Minimum slip.
Amount of extension.

Movement direction.
(Fig. 5.6)

Fault sequences. (Fig. 6.8)
Kinematic development.

Fault systems. (Fig. 6.6)
Movement patterns.
Stress systems. (Fig. 6.1)

Fault systems. (Fig. 6.6)
Movement patterns.
Stress systems. (Fig. 6.1)




Table 6.3 Data to be collected from wrench faults.

Data to be collected from wrench faults

McClay (1987)

Structure

What to Measure

What Observations to Record

Results of Analysis

Faull Plane

Fault Plane

Slickensides

Slickenside
Lineation

Orientation of fault plane (dip
direction) (Figs. 2.5-2.8 and 6.1).

Orientation of displaced units on
both sides of fault (Figs. 2.5-2.8).

Lineations on fault plane:
grooving, slickensides,
slickolites (Figs. 5.6, 6.4; 2.11
2.13).

Orientation data on synthetic
structures Riedel shears R, R,,
P shear (Fig. 6.16a).

Second and third order faults
Associated folds (Fig. 6.16a).

Nature of fault plane fault rocks.
(Fig. 6.18 and Table 6.4)
Width of fault zone.

Movement direction. (Fig. 5.6)
Sense of shear.

Nature of lineations on fault plane
(fibrous slickensides?).

(Table 5.3)

Movement sense. (Fig. 5.6)

Relationships to other faults.
Cross-cutting relationships.
Associated folding.

Nature of synthetic structures.
(Fig. 6.16a)
Movement directions. (Fig. 5.6)

Deformation processes.

Displacement direction.
(Fig. 5.6)
Amount of slip/offset.

Movement direction. (Fig. 5.6)

Fault sequences. (Figs. 6.16 and
6.19)

Kinematic development.

(Fig. 6.16a)

Fault systems. (Fig. 6.16a)
Movement patterns. (Fig. 6.16a)
Stress systems. (Fig. 6.16a)
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Fault array analysis

Fault array (two or more fault sets) analysis: In addition to attitude data on fault
arrays, a description of an array should also provide information on the size of faults,
spacing of faults, the magnitude of displacement on individual faults, and the
character of the fault surface, the relationship of the fault array to other structures
(e.g., folds and larger faults)

| 4
Communicate information on slip direction and shear /
sense on a fault array: /

lineations on an array of faults on a histogram. The

Rake (pitch) histogram: plotting rakes of slip //

vertical axis represents number of measurements >

and the horizontal axis represents rake in class |

. . . . Figure 12-13. Sketch map of a relay array
interval of 5-10 degree. If the majority of slip of thrust faults.

lineations have low rakes, for example, then the Marshak et al (1988)

fault array is composed of strike-slip fault.

Annotated equal-area plot: The orientation of a fault on an equal-area plot
can be represented by the orientation of the pole to the fault. Use symbols to
represent different fault types (e.g., e: extensional faults, c: contractional
faults, n: normal faults, r: reverse faults, s: strike-slip fault.



An equal-area plot on which the symbol for the pole to a fault plane is
Slip-linear Plot | decorated by a line that indicates direction of slip, or an arrow that
indicates the direction and sense of slip. Good for representing the
kinematics of a fault array.

If a large number of slip linears from
Pawiy pivje faults in a region are plotted on a
single equal-area plot, the diagram
_ graphically indicates the kinematics of
Figure 12-14. Construction of z
slip linear plot. (a) Block diagrzm ~ MOVEMent on the array. In general,
ustrating the position of ths  Ladjg) slip linears indicate dip-slip

M-plane with respect to fiber slip

Iineat.ions; (b) equal-area plot  fQults and arrows para”el to the
showing the slip linear and the

great-circle traces of the fault pizne  PiMItive are strike-slip.
and M-plane; (c) slip linears

representing an array of faults in

the southern Pyrenees of Spain.

(a) (Frem Anastasio, 1987.)

N For example, there are two clusters

S e, (A and B) of slip linears shown in the
el diagram (Fig. 12-14c).

Footwall af fault Pole to M=plane

Cluster A: faults dip to the south,
movement of the hanging-wall block
is directly up-dip, so these faults are
reverse faults.

Fault pole with \ /
slip linear _ Fault striae [
orientation |

Cluster B: Faults dip steeply to the
northwest, movement of the
P hanging-wall block is mainly toward
the southwest, so these faults ar%

: ) 0
strike-slip faults.

Pole to M-plane
=~

(b)

Marshak et al (1988)



Exercise: Construction of a slip-linear plot

A fault is orientated 000°, 60°E. Slip fibers on the fault plunge 50° in a northeasterly direction. The
hanging wall of the fault moved relatively up dip. Construct a slip-linear plot representing this fault.

Method:

Step 1: Refer to the figure on the preceding page. This figure shows a fault coated with
imbricate slip fibers that give the direction and sense of movement. Visualize the problem; the
fault is an oblique-slip fault with a component of reverse motion.

Step 2: On an equal-area diagram (Fig. 12-14b), plot the great-circle trace representing the
fault plane, the pole to the fault plane, and the point representing the plunge and bearing of the
slip fibers.

Step 3: Construct a plane, called M-plane (“M” stands for “movement”), which contains the slip
fiber lineation and the pole to the fault plane. At the point representing the pole to the slip plane,
draw a short line segment along the great-circle trace of the M-plane. This line segment is the
slip linear representing the direction of slip on a fault.

Step 4: If the sense of movement on the fault is known, an arrow can be added to the line
segment indicating the relative movement of the hanging-wall block. In this example, the
hanging-wall block moved toward the southwest, so the slip linear points toward the southwest.
Step 5: To interpret an arrow on a slip linear, you must keep in mind the orientation of the fault
plane (indicated by the pole position) as you look at the line segment or arrow. From just the
slip linear in Figure 12-14b, we know that fault plane dips moderately to the east and that the
hanging-wall block moved up and to the southwest. Therefore, we immediately know that it is
an oblique-slip fault on which there has been a component of right-lateral shear and a

component of reverse shear. -



Determination of principal stress directions from fault arrays

T Stereographic plots showing directions of movement and
l principal stress direction
= |\ Anderson theory of faulting: assumes that o, lies in the
ity plane of fault, and that 61 is oriented at 30°-45" to the fault,

NI

and o3 is oriented at 45°-60° to the fault; the configuration
of the three principal stresses with respect to the surface of

\\\
q\

\&\‘ My

the earth determines whether the fault initiates as normal,
thrust, or strike-slip.

(b]

Figure 12-15. Ideal orientations of fault
planes with respect to principal stresses. (a)
Block diagram showing the orientation of
principal stresses with respect to two
conjugate strike-slip faults; (b) diagram
showing principal stresses with respect to slip
lineations on a single fault plane.

Marshak et al (1988)
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Exercise: Determination of principal stress directions from a conjugate fault array.

Two fault sets are observed in a region. Set A is oriented N88"W, 40°NE and has slip lineations
oriented 26°, N56°E. Set B is oriented N44°W, 82°SW and has slip lineations oriented 617,
S30°E. What were the orientations of the principal stresses which produced these fault sets?

Method:

If the faults define a simple conjugate array, then o1 bisects the
acute angle of intersection, 02 is parallel to the intersection of the
two sets, and 03 bisects the obtuse angle of intersection.

Step 1: Plot the faults as great circles on an equal-area net (Fig. 12-
16). Plot the slip lineations as lines (La and Lb) that lie in the fault
planes.

Step 2: Construct a great circle perpendicular to the intersection of

the two fault sets. This great circle is oriented N42°E, 62°SE. The slip
lineations should lie on or near to this great circle. If they do not, then rigure 12-16.  Equar-area plot showing
the faUIt geometry iS nOt trUIy Conjugate. estimation of principal stresses from data on

two faults of a conjugate system. L, and Ly
are slip-lineation attitudes.

Step 3: By counting along the great circle drawn in Step 2, find the
acute bisectrix of the two fault sets. This line, which is 53°, N86°E, Marshak et al (1988)
gives the orientation of 1.

Step 4: Along the same great circle, find the obtuse bisectrix of the
two fault sets. This line, which is 23°,S29'W, is the orientation of ¢3.

53
Step 5: The line of intersection between the two fault sets gives 2.



Basic fold nomenclature: >:2-3 Fold structures

1. Fold axis (or fold hinge line): the line of maximum curvature
on the folded surface; If the fold-axis is inclined to the horizontal, |
the "dip" of the axis is called the plunge. Plunging folds are the
rule rather than the exception.

2. Fold axial plane: the plane containing the fold axis within a
particular fold. Many fold axial planes are curved — not planar,
and the term “axial surface” is preferable.

3. Afold is symmetric if the limbs either side of the axial plane
are of equal length, and the fold is asymmetric if they are not.
4. A fold is cylindrical if it has the same shape in the profile
plane at all points along the fold axis. A non-cylindrical fold has
a varying profile shape along the fold axis. ¥ ol N (
5. Enveloping surface for a series of folds. The enveloping (8 Rt bl Bohi Simidons, jrhé
surface is drawn tangential to the fold hinges (or through the - 1" Geolagical Society of London
inflexion points) of a fold train (a series of folds within a LS /il geoleo i B
particular unit or series of units). This concept is important when
mapping areas with abundant small amplitude, short wavelength
folds which obscure the overall sheet dip (i.e. envelopiag
surface) of a unit. pine

Cyclindrical =
folds N N

Plunging Plunging Plunging
syncline  antioline  syneline




Folds are classified on the basis of several geometric factors:

*Tightness of folding: The tighness (interlimb angle measured between inflexion points) of folds
can be described as open (limbs dip gently), tight (limbs dip steeply) or isoclinal (limbs are

parallel).

*Orientation of axial plane: The orientation of the axial plane relative to the horizontal together
with the orientation of fold limbs allow subdivision into upright (axial plane vertical, limbs
symmetric), overturned (axial plane moderately inclined, one limb overturned), or recumbent

(axial plane near horizontal, one limb inverted).
Table 3.1

Terms used to describe the tightness of folds

Interlimb angles

Fold tightness

Tangent to
w1 Fold Limb at
W Inflexion Point 30°-0°

Inflexion f/\\

Folded Layer

180°-120°
120°-70°
70°-30°

- Interlimb angle

0°

Inflexion i
less than O

-ve angle

Gentle
Open
Close
Tight

Isoclinal
Elasticas
or Ptygmatic

Table 3.2

Terms describing the attitude of folds

McClay (1987)

Dip of the fold

axial surface

Dip of hinge
.~‘ur}fézrr
(Z.e. attitude of
axial plane)

Plunge of
hinge line
(7.e. attitude of
fold axis)

0°

1°-10°
30°

10°

30°
60°

80"

90°

60°
80°

89°

Recumbent fold
Recumbent fold

Gently inclined

fold

Moderately inclined fold
Steeply inclined

fold

Upright fold

Upright fold

Horizontal fold
Sub-horizontal fold
Gently plunging fold

Moderately plunging fold
Steeply plunging

fold

Sub-vertical fold

Vertical fold

Two attitudes are used to describe the orientation
of a fold: (a) the plunge of the fold axis, and (b) the
dip of the axial plane.

KEY
‘A Antloline
3. Synelime

Vartical Imbp Overtumned limb |nygriyd limb

Upright Ovartumad Ascumbant



Common types of folds (as described in the profile plane)

1. Parallel (concentric) folds: Orthogonal thickness (i.e. thickness perpendicular to the folded

surface) is constant. Brittle units tend to form concentric folds.

2. Similar folds: Thickness parallel to axial plane is constant. Thinly-bedded, clay-rich units,

or rocks under ductile deformation tends to develop similar folds.

Conosntrio

Fig. 3.3a  Parallel folds. Folded quartzo-feld-
spathic layer in amphibolites. Field of view ca.
2:5m.

parallel (concentric), harmonic

An open, upright, (harmonic) parallel fold

Photo by John Simmons, The Geological
Society of London, www.geolsoc.org.uk

harmonic

Fig. 3.3b  Similar folds (thickness parallel to
the axial plane is constant) in deformed psam-
mitic schists. Note that these folds are also
harmonic in that there is continuity along the

axial planes.
McClay (1987)
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st 2\

3. Harmonic folds: Axial planes are continuous across a number of layers.

4. Disharmonic folds: Axial
planes are not continuous

5. Intrafolial folds: Folds
from one layer to he next.

contained within the
layering or foliation.

IntrafO“aI and ISOCIInaI Fig. 3.3d Intrafolial isoclinal fold of a quart-
zo-feldspathic layer in gneisses. The fold is con-

i v e tained within the geneissic foliation.

Fig.3.3c Disharmonic folds of sphalerite lay-
ers in galena. There is no continuity along the
= axial planes between layers. Field of view za.
e 1m.

W A e 7. Chevron
6. Ptygmatic or elastica folds: folds:
Tight folds in which the fold Angular folds
limbs fold back on themselves with planar
so that the angle between the BTt & . limbs and _ . )
fold limbs at the hinge of the [, s == sharp hinges. - pp—p—
fold has a negative value. ok B, Pld o e, 15
9. Polyclinal 10. Kink
8. Isoclinal folds: ~ folds: Folds bands:
Folds inwhich  Wwith more than Sharp
the limbs are one axial plane, angular
strictly parallel. e.g. box folds folds
or conjugate bounded
kink bands. by planar &3 S
McClay (1987) A : Surfaces. [t 57

Fig. 3.3g Polyclinal fold in deformed mylon-
ites and showing several axial planes,



(b)

(d)
Figure 8.22 Examples of different fold tightness. (a) An open fold in low-strain strata, near Minehead,
Somerset, UK. (b Tight folds indicating high strain are cross-cut by an undeformed (later) granite (top), Glen
Gairn, Scotland. (¢} Isoclinal folds show intense strain in metamorphosed mudstones (dark) and sandstones
(pale brown), southern Spain. (d) Monocline in Carboniferous sedimentary rocks, Northumbria, UK. Hammer
near centre for scale. (a and d: Angela L. Coe, The Open University, UK. b and c: Tom W. Argles, The Open
University, UK.)



Folding is almost always accompanied by a
number of associated minor structures. These
include;:

Drag foldl
* Drag folding e

Minor folds with the same plunge and axial plane orientation as i
the larger fold structure. -1%

- Axial plane cleavage

Alignment of platey minerals normal to the major compressive
stress responsible for folding and parallel to the axial plane. The
intersection of axial plane cleavage with bedding produces a
lineation with the same plunge as the fold axis.

- Boudinage
Flow of less competent beds around thin competent beds
fragmented into blocks by tensile

failure.

» Bedding surface lineations
Striations developed by
shear along

bedding surfaces ,h
during folding.

¥ 2 z
Photo by Ted Nield, The Geological SgCiety

bedding plans linsstions of London, www:geolsoc.org.uk




A Original layering; stiffness a >>h =¢

parasitic
minor folds = ——_

=

Parasitic minor folds

shorten and thicken

o

C Eventually whole sequence folds; earlier minor folds
rotate on limbs of maior fold and become asvmmetric

A Cleavage parallel to axial surface.

axial surface

plunge of hinges

of parasitic folds and

intersection lineation ,~<==

intersection of
layering [
and cleavage /-

-
cleavage plane

B During compression stiff layer a folds, b & ¢

Z or clockwise

M or W no rotation plunge of hinge of major fold
= /

S or anticlockwise
plunge of

/@ hinges of

parasitic folds

AELRY
AT W

axial planar
cleavage ~—

WY -
[ '\\'.‘.\'.\‘.'ll Lilf

'\'\\".\\m,_l__,_.'-fr’f, (TR
WA 1T \
i} Wi \

I 4

B Cleavage fans relating to rock type.

plunge of hinge of major fold

axial plane cleavage ",
intersection of layering
and cleavage

Axial plane fabrics

Powell, D (1992) Interpretation of |
Geological Structures through ; L AR

Maps: an Introductory Practical  7_fo|ds in mable, Southern g
Manual, Longman Scientific & Cross-Island Highway

Technical, 176pp. (HEER &8 HEEEV2)



Geological Field Technique’, 1st edition. Edited by Angela L. CocRORO0lb RINEIORenLUD TSI iA
(@) (b)

Figure 8.24 Information from fold asymmetry. (] Schematic cross-section showing an example of how fold
asymmetry (and vergence] changes across a fold axial plane (red line]. (o] Isolated asymmetric fold in
calcareous mylonite, implying dextral (toptothe-ight] shear, Switzerland. (Tom W. Argles, The Open
University, UK))



Bedding and cleavage relation

axial plane
cleavage

Powell (1992) -

bedding

cleavage dips less steeply

cleavage at high  cleavage dips more steeply than bedding on
angle to bedding than bedding in both overturned limb
infold noge sandsione & sl Fold axis is to the left of this outcrop

+/\ERE, A/KEHA] (BREEE RGBT E T SRv2)

- Taira et al. (1992)

5 62
. Slaty cleavage developed in shales. Eocene-Upper Oligocene Muroto
. Formation, Kochi, Japan




Use of minor folds and cleavage/bedding relationships

“.__enveloping
surface

cleavage

\1

exposures

i : |
\ |

= Mq -y 4 4 M —

\ East

g \

S-folds; bedding steeper W-folds; cleavage at  cleavage steeper than Z-folds: cleavage bedding steeper than
than cleavage;antiform  high angle to bedding; bedding; synform to steeper than bedding; cleavage; antiform
to west, synform to east fold nose west, antiform to east  synform to west, to west, synform to
\ \ | antiform to east east )
: | 77
f o v \ . 7
."I s i /f ) ' | 3 v

¥

7 I / 5(/ /
/ / o ) /
/ / Vi // Y
A ; o/ G Y.
form lines — \ f g / dip ﬂfﬂl;tgrti_-fling /" major antiform
| / TS 63
Powell (1992) - . 5 /CC Y.



Data to be collected when mapping folds

McClay (1987)

Table 3.4 Data to be collected from observations when mapping folds from a single phase of deformation.

Structure What to Measure What Observations to Record Results of Analysis
Fold Axial Orientation of fold axial surface  Nature of axial surface. Orientation of fold structure.
Plane

Fold Axis
10 =200

—= Vergance

Dip
Isogens
s
! Cleavage
Sp
Sp

Similar
Faold

Interlimb Fractures

Angle

(dip direction) (Figs. 2.5-2.8).

Orientation of fold axis (plunge)
(Figs. 2.11-2.13).

Vergence (azimuth) (Figs. 3.9 &
3.10).

Profile section of fold (Figs. 3.2
3.4).

Cleavage orientations around the

fold (Fig. 4.3).

Fracture patterns around fold

(Figs. 7.4 & 7.5).
Interlimb angle. (Table 3.1)
Limb lengths.

Strain of deformed objects around
the folded layer(s) (Fig. 3.12).

Relationships of axial planes in a
group of folds.

Nature of hinge line— straight or
curved,

Relationships of hinge lines in a
group of folds.

Vergence and sense of asymmetry.
S, Z, M (parasitic folds) facing.
(Figs.3.8, 3.5, 3.10)

Thickness changes in profile
section. Cylindricity. Fold type.
(Figs. 3.3, 3.4, 3.5)

Nature of cleavage. (Fig. 4.1)

Nature of fractures— veining,
(Figs 7.1 and 7.6)

Nature of limbs- pl;anar-
curved. (Fig. 3.3)

Asymmetry. (Fig. 3.8)
Nature of strain in deformed
objects. (Appendix 111)

(Table 3.2)

Vergence boundaries. (Fig. 3.11)
Axes of major fold structures.
(Fig. 3.8)

Tectonic transport direction.
(Fig. 3.4)

Fold classification: 2D or 3D, dip
isogons. (Fig. 3.4)

Projection of fold down plunge.
(Fig. 9.6)

Mean cleavage approximates to
fold axial plane. (Fig. 4.3b)

Deformation mechanisms.

Deformation mechanisms.

Shortening across fold, (chevron
folds).

Quantification of asymmetry.
Strain distribution, mechanisms
of folding. (Fig. 3.12)




3.5.6 Foliations

BETE ( rock cleavage | o A0 0 SR LT ATHES B AR L EDIRAR IS © A%
55 Vs T VA (1 LT 0 4 SRR TR EUH

I8 ( schistosity ) - SVE - FUBEEEA P ok dET A A R T RS
A 1% 7 A PE B 38 A 19 TR AR 7 o 8 A TR S S B IR — AR BT
LA AR iy o |

HRRAS 8T8 ( gneissic foliation ) & SVELA T o PUGEE 1E F LR ek R A6 72— 2
s T AR B R SR AR A 10 HEARSIR ( banded ) BUARAFIR( ribbon-like )
fEIE © .

FEFEEEEIR ( mylonitic foliation ) & 8 HB % % AR 04 Mg Mk BY U] 5 ( BT RE ) AL
(R BOIREERE o

B FEE ( transposition [oliation ) o B PRAEE EE FRA R R B e B R - B
A 1l T BT R A R A A o R R R o
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Figure 8.15 Examples of tectonic foliations. (a) Mylonitic foliation,
northwest Himalaya. High strain is indicated by the strong planar fabric
and tightly wrapped porphyroclasts with tails streaked out into the fabric.
(b) Slaty cleavage, visible as fine lines running from top left to lower right
(two separate cleavage planes are arrowed). The cleavage cuts obliquely
across bedding (dark/pale subhorizontal layers) in these fine-grained
mudstones and siltstones from Cumbria, UK. (] Spaced fractures
(arrowed) cut across subvertical bedding in a limestone, southwest Wales,
UK. This fabric is sometimes referred to as ‘fracture cleavage’. (d] Pressure

if o

solution cleavage (thin, dark lines) in silistones, west Wales, UK. Note also
the cleavage refraction, where cleavage orientation changes abruptly
across some bedding planes [arrowed), reflecting grain-size changes.
There is also a very fine (barely visible] slaty cleavage parallel to the
solution cleavage. () Subhorizontal crenulation cleavage in schist, NW
Himalaya, showing clear microfold hinges. (f] Close-up view looking down
on schistosity planes showing visible mineral grains, including mica. The
surface of the sample cuts through numerous, irregular, millimetre-scale
foliation planes. View is 4cm across. [a-f: Tom W. Argles, The Open

University, UK.]



Cleavage

Slaty cleavage Fracture cleavage

Fig. 4.1a Penetrative slaty cleavage in mud-

stones showing a well-defined fissility. Fig. 41c¢ Well-developed fracture cleavage

consisting of a closely-spaced array of vertical
fractures in sandstones.

Fig. 4.1b Crenulation cleavage (parallel to
penknife) formed by microfolding of thinly
interbedded psammires (sandv nnirel and nelitee w440 = ¥

Pressure-solution
cleavage

Crenulation
cleavage

Fig. 42b Gneissic foliation showing the
crude banding of quartzo-feldspathic and of
mafic segregations.

Fig. 4.2c Mylonitic foliation in a strongly
sheared granite showing a well-developed
planar fabric with deformed feldspar por-
phyroclasts in a marrix of fine-grained streaked
out quartz and feldspar.

Gneiss foliation

Mylonitic
foliation

67



Table 8.3 Some common tectonic fabrics.

Fabric

Typical setting

Formed by

Clues in the field

Pressure solution
cleavage

Upper crust, outer zones
of mountain belts

Dissolution of soluble
grains due to directed
stress

Dark/pale colour striping;
partially dissolved fossils,
clasts; stylolitic surfaces

Slaty cleavage

Upper crust, outer zones
of mountain belts;
fine-grained rocks

Alignment of platy grains
by rotation, dissolution and
recrystallization during
applied stress

Fine fabric that rock cleaves
along; typically associated

with folds

Fracture cleavage

Upper crust, outer zones
of mountain belts:
competent rocks

Tensional failure under
high fluid pressure* in
competent rock types

Spaced cracks in competent

rock type

Mylonitic foliation

High strain faults and
shear zones at all but
shallowest depths

Extreme flattening and
stretching in narrow,
high-strain zones of

Strongly planar fabric; other
high-strain features (see text
for examples)

shearing
Schistosity Middle crust, inner Mineral alignment under Visible mineral grains;
zones of mountain belts; applied stress, during millimetre- to centimetre-scale
metamorphosed rocks metamorphic crystallization folia, rougher than slaty
cleavage
Crenulation Middle crust, inner Microfolding of a pre- Microfold hinges, crenulation
cleavage zones of mountain belts; existing planar fabric lineation (Section 8.3.5)

metamorphosed rocks

(tectonic or sedimentary)

*Mony of the mechanisms for c|ec:vc:|ge formation (especic:"y fracture c|ec:vuge) are a matter of debate.



The formation of rock cleavage

TERERE A I S RIS SR S > R BB A BRI g 7 o BV ER

L v B BT LG | B L AR [ B £ I LI TR A 0 R e I B R BRI AT A4 22
8 S 4 v B R ERL TR I AT A0 R o TR R ER B AR IR A C R 94A ) o Hule
(1 55 300 SR 1) T A PR OB B T - i 8 R 4 B BB i A RS TR B P
B 948 ) o T fARERES Y WA R 0 IRHER T M IR KR R B EIREC finite
strain ellipsoid XY R ECTAT o BV RN HEAR TR B o Fo R LB R R R T Tl
JOEIETT oAb o 7ERE IR A B ELE L 0 A ROIRIE IR THES S > Ref
B SR 9T B o T b B P vp Y B e B SRR BN Bl 2 S E R R o

L5 - 2 AR AT Eh BLETBR 1 A 2F o H AT EE R AP ORISR
7o TR b - RS B PR A T 0 LR A A 2 A R T Y S R
s ALEE (1) B Rk BF R TR 4 MR TR B mechanical rotation ) o (2) HARSEY)
A B4R i Y A 82 1 08 R b A A0 E & i VE H ( recrystallization ) BB TEH (
pressure solution ) » BU{OMFBERIFR ( microfolding ) <
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A TESEE
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Figure 31.34. Crenulation cle

eavage, Holy Istend, , N. Wales. An carly foliation (anisatropy)
has been folded. This delormation is associated with the formation of 8 tectonic striping, where the hinge zones of the folds have
become refatively enriched in quartz.

Ramsay & Lisle (2000)

,—S1 Cleavage

*~S, Bedding

(a)

Crenulation
Fold Axial
Planes S;

N

S,: bedding
S,: first cleavage
S,: second cleavage

70

95 (MEsERASELRMBIEIHRBAIE A I BEBEE/IRBEERE
CiEH B REEEEARBEEREZIHN - ( ##8 Price and Cos-
grove, 1991 )



Data to be collected from observations on the first cleavage (S,)

Table 4.1

Data to be collected from observations on the first cleavage (or schistocity), S, (commonly a slaty cleavage).

Structure

What to Measure

What Observations to Record

Results of Analysis

5y Cleavage
" g
BO® — OBD

5, Cleavage

2 I
ke

75.NAN

b
T5-060

In polyphase terranes.

Lz
Fz Cranulation Folds 10150

La .

S, dip direction (or strike and dip)
(Figs. 2.5-2.7).
Of cleavage or schistosity

L, bedding lineation on cleavage

plane (plunge) (Figs. 2.11-2.13).

Mineral stretching ML, lineation
on cleavage plane (plunge) (Figs.
2.11-2.13).

Orientation and magnitude of
strain of deformed objects in the
cleavage plane (Appendix A.III).

L,, on S,. The intersection of
subsequent cleavages on the first
cleavage plane, i.e. crenulation
lineations (plunges) (Figs. 2.11-
2.13).

Orientation of cleavage relative
to bedding. (Figs 2.15 and 4.5)
Sense of vergence.

(Figs 3.9, 3.10)

Facing.

Cleavage refraction. (Fig. 4.4)
Nature of cleavage. (Fig. 4.1)

Nature of lineation.
(Figs 5.1 to 5.4)

Nature of strain relative to
cleavage. (Appendix III)

Nature of intersection of second-

phase cleavage with first
cleavage.

Position relative to fold axis.
(Fig. 4.5)

Vergence of structure.

(Fig. 3.9, 3.10)

Facing of structure.

Mean cleavage approximates to
fold axial plane.

Orientation of fold axis (4, axis).
(Fig. 4.3b)

Orientation of stretching axis
~ X axis of bulk strain ellipsoid
(a; axis).

(Fig. 3.2 and Appendix III)

XY plane of strain ellipsoid.
(Appendix I1I)

Orientation of second-phase fold
axes (for folded first-phase
cleavage planes). (Fig. 8.3)

McClay (1987) 4



Data to be collected from observations on the second cleavage (S,)

Table 4.2 Data to be collected from observations on the second cleavage S,(commonly a crenulation cleavage or schistosity).

Structure

What te Measure

What Observations to Record

Results of Analysis

53 iCommonly a
crenulation cleavage

S;Plane
of Schistocity)

Crenulated
5y

2
interseclion
of Syon S;

S; Plane

Trace
of Bedding

So 0n

55 plang

Wiz
Minaral
Elongation n I

""Lz__"/
ne
/;!{

.
//

Dip direction (or strike and dip)
(Figs. 2.5-2.7) of S,.

L, Intersection of first cleavage

on second cleavage plane S, (Figs.

2.11-2.13).

L3 Intersection of bedding on
second cleavage plane (Figs.
2.11-2.13).

Mineral stretching ML, lineation

on cleavage plane (Figs. 2.11-
2.13).

Orientation and magnitude of
strain in deformed objects in the
cleavage plane (Appendix 11I).

Nature of S, cleavage: orientation
of S, cleavage relative to S,
cleavage and relative to bedding
So. (Fig. 4.7)

Sense of vergence. (Fig. 3.9, 3.10)
Facing on cleavage.

Nature of lineation. (Fig. 5.1 to
5.4)

Nature of strain relative to
cleavage. (Appendix I1I)

Position relative to F, fold

axis. (Fig. 4.5)

Mean cleavage approximates to F,
axial plane.

Vergence and facing of F,
structure.

Orientation of F, fold axis (b, axis)
of folded S, surface. (Figs. 4.7,
5.1d)

Orientation of F, fold axis for
folded bedding S, surface (note
that this depends upon bedding
S, and F, limbs). (Fig. 8.3)

Orientation of stretching axis

~ X axis of bulk strain ellipsoid
for F, deformation (a, axis). Fig.
3.2 and Appendix I1I)

XY plane of F, strain ellipsoid.
(Appendix IIT)

McClay (1987)



3.5.7 Lineations
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(d)
Figure 8.18 Streiching lineations. (a) Stretching lineation defined by stretched grains of quartz and biofite in
a mylonitic quartzite (5cm across). (b) Weakly aligned orthopyroxene grains roughly define the stretching
direction in a mantle peridotite (base of sample is 10cm across). (c) Streiching lineation defined by elongate
amphibole crystals in an amphibolite that lacks foliation (base of sample is 8 cm across). (d) High-strain gneiss
with orthogonal faces cut parallel (left face) and perpendicular (right face) to stretching lineation, which is faintly
visible as colour streaking on the top surface (weathered foliation). Note that the left face (parallel to the
lineation) appears much more sheared than the other cut face: this can be a useful feature to look for on an
irregular exposure when searching for stretching lineations. Line on top surface is part of the marking originally
used fo orientate the specimen. (Right face is 5cm across.)



Data to be collected from observations on intersection lineations (L, L,)

Table 5.1 Data to be collected from observations on intersection lineations L, L,, etc.

Structure What to Measure What Observations to Record Results of Analysis
L, Plunge of lineation L, (note: Nature of lineation. (Figs. 5.1 to Lincation generally parallels F,
Bedding S, |/ orientation data for Sy and §, also  5.4) fold axis (4,). (Fig. 5.1b)

cleavage S,
intersection on cither
Sy or S, surfaces.

S\Cleavage

Sp Bedding
L, Bedding/Cleavage Inlersection

required) (Figs. 2.11-2.13).

Strain of deformed objects
parallel to lineation (Appendix
I1I).

Orientation and nature of
bedding and cleavage. (Fig. 4.1)

Nature of strain.

Fibre growth parallel to lineation.

Fractures parallel to lineation.

Y axis of F, strain ellipsoid.
(Appendix III)

L,

First cleavage S,/
second cleavage S,,

intersection on either

S, or S, surfaces (S, is

generally a

crenulation cleavage).

Crenulated Sy
Cleavage

Plunge of lineation L, (note data
for S, S, and §, are also required)
(Figs. 2.11-2.13).

Strain of deformed objects
parallel to lineation (Appendix

I11).

Nature of lineation. (Figs. 5.1 to
5.4)

Orientation and nature of S;, §,,
and S,. (Fig. 4.1)

Nature of strain. Fibre growth
parallel to lincation.
Fractures parallel to lineation.

Lincation generally parallels F,
fold axis &, (for S, surfaces). (Fig.
5.1b)

Y axis of F, strain ellipsoid.
(Appendix III)

McClay (1987) 79



