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1.1 Objectives

This book is designed as a basic
guide to the field mapping and
interpretation of geological struc-
rures. Emphasis is placed upon the
identification of structures and the
systematic recording of strucrural
data, as both should be a fundamental
part of any mapping programme.
The identification and description of
structures, together with an under-
standing of their development, i.c.
their movement patterns (Kinematic
analysis) and an appreciation of the
forces and stresses responsible for
them (Dynamic analysis) are extremely
useful for interpreting particular
structures, and for knowing what
geometry to expect whilst mapping

_in a particular terrane.

Structural data cannot be recorded
or used in a vacuum. They must be
accompanied by full lithological,
sedimentological, petrological and
palacontological  descriptions  for
their complete interpretation,

The following aspects are empha-
sised in this Handbook;

1 Recognition of structures.

2 What to measure and what to .

describe.
3 How to analyse the data col-
lected.

1
Introduction

4 How to interpret the data and
incorporate it into the stra-
tigraphy, interpretation  and
regional syntheses for an area.

In all cases emphasis is placed
upon systematic ficld observations,
accurate measurements of the orien-
tations of structural elements, careful
recording of the data in the field
notebook, - sketching and photo-
graphing the structures, and analysis
in the field using the stereographic
projection. Above all, structural
geology requires the appreciation of
the three-dimensional nature of
structures. Think in 3D and learn to
extend your view of structures above
and below the map sheet.

1.2 Fieldwork

The importance of careful, accurate
and systematic fieldwork cannot be
overemphasised,  Basic geologic
mapping techniques are described in
Barnes (1981), and the field descrip-
tions of sedimentary, metamorphic
and igneous rocks are outlined in the
companion Handbooks by Tucker
(1982), Fry (1984), and Thorpe and
Brown (1985) respectively.




This Handbook describes the field
techniques for mapping geological
structures and for the identification
and mapping of particular types of
structure. It also gives a brief
summary of the interpretation and
analysis of structures. ;

Remember the following points:

1 Accurate measurement, obser-
vation and recording of all struc-
cural clements is essential. Avoid
data selection in the field, other-
wise you may find that upon fur-
ther interpretation in the lab-
otatory, you have failed to
measure a key structural feature.

2 Carry out an ongoing interpret-
ation whilst in the field (draw
sketch cross-sections and maps).
This will help you recognise key

areas where further work may be

necessary. Your interpretation
will be governed by your e‘xperi?
ence and knowledge of regional
structure, but onfy accurate and well-

recorded data will have a permaneni

value and permit continsous rei-
terprefation.

3 Data should always be plotted on
maps and cross-sections whilst in
the field. Only in these cir-
cumstances can an effective,
ongoing interpretation be ach-
ieved.

4 Structural dara must be collected
in conjunction with other litho-
logical, petrological and palaco-
ntological data.

Conduct and safety in the field

Fieldwork frequently puts geologists
in hazardous situations. Structural

2

geologists commonly work in rug-
ged and exposed terrain where 3D
cxposure is good. Be safety con-
scious and aware of the possible dan-
gers, particulatly from loose rock
underfoot, and from rock falls.
Barnes (1981) outlines fieldwork
safety, and in addition to reading this
the reader should also consult the
safety checklist on p. 16 of this Hand-
hook before commencing fieldwork.
Always carry out fieldwork in com-
pliance with the Geologists’ Associ-
ation Code of Conduct (see Barnes,

1981).

1.3 Tectonic and structural
regimes

It is beyond the scope of this Hand-
book to describe regional structural
relationships in detail, but it is useful
to identify the dominant features
associated with particular tectonic
scttings, as they provide a useful
guide to the structures that may be
found whilst mapping (Table 1.1).
Characteristic families of structures
may be expected to occur in a par-
ticular environment, e.g. shallow
thrust faults and parallel folding in
frontal regions of foreland fold and
thrust belts, and this knowledge can
greatly aid any ongeing interpret-
ation. Table 1.1 is neither exhaustive
nor exclusive in its contents and you
should always be prepared for ather
structures to occur and record all the
structural information from the out-
crops in your mapping area.

Intra-plate fold and fault

belts.
Variable folding &

Intra-plate strike-slip

Zones
Major fault systems,

INTRA PLATE REGIMES

Structures associated with particular tectonie regimes. (Cont’d on p. 4 and p. 5)
Continental rift zones
Extensional (normal)

Passive continental
Extensional (normal)

margins
(Atlantic type).

Table 1.1

=
=
a2
et
Z ¥
>3
&5
2 B
o
=
= o
SRas
aoma,
Wz 3
0
o O
55+
— S
g oo
=] S o &n
- 2 E.E
1 Ed%
2 g“-g
§ 5%%
T ©L5
Y =B .
S mdg 8g 8
TEEETE
5% 8 & B B
€2 8832
AT S R s T
80}
.8
iz
B
@
=i
g8
&3
Ft ]
b
o
&
on G
29 73
=
45 o
B &
i
=
B
2
o
o
2
=
g
5.9
2z
@8 5
o O
= G
=
E
Sp0AAR

JEAH LT dB D

o
g
o .
g 284
B =5 g
= a4 9 Q
N
<=
50 o 8 4
o —
o = o
w =
‘ g L5
o a5 B
a@.Em“’
SR R B
5.9 b & G
P ]
/LEQU_'N
U
o]
(o1
-
50
5
c
z‘
=
b
o
=t
v
Q

voleanic activiry, elevated

heat flow,

Dvnamic metamorphism

Hydrothermal systems and
associated with faults,

Compaction due to burial.
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Table 1.1 {cont’d)

Structures associated with particular tectonic regimes.

ACTIVE PLATE MARGIN REGIMES

Constructive

Conservative

Destructive

Collision

Mid-ocean ridge systems,
and marginal basin
spreading systems

Major strike-slip fault
systems

Island arc or continental
margin arc systems

Continent—continent or
continent—island arc
collision

Extensional (normal) fault
systems, major strike-slip’
(transform) fault svstems

Magor structural elements

Strike-slip fault systems
local extension (normal)
and contractional (reverse
or thrust) faule s‘ysfems.
Local folding — typically
en-echelon patterns.
Development of pull-apart
basins along fault system,

Subduction complexes —
Fold and thrust belts—
uplifted volcanic arcs—
Fore-arc basins, oblique
subduction —strike-slip
SySTems.

Subdsiction complexes—
Contractional (thrust)
faulting, ‘

Vein systems, penctrative
cleavages, melanges.
Foid and thrust bedts—
Thrust and fold nappes-
Uplifted voleanic ares—
exténsional faults, fracture
patterns associated with
intrusions and volcanics.
Forg-are basins—local

Major overthrust sheets,
(allochthonous). Major fold
nappes. Major strike-slip
faults.

In internal qones—

Fold nappes, contractional
(thrust) faults, polyphase
deformation. Major strike-
slip faults, uplift and late
extensional (normal) faulrs.
In excternal gones—
Foreland fold and thrust
belts, Minor strike-slip’
faults (generally simpler
geometry than internal
zones). Development of
foreland basins which may
become involved in the

extensional tectonics. thrusting,
E & -_ L
Table 1.1 (cont’d) Structures associated with particular tectonic regimes.
. ACTIVE PLATE MARGIN REGIMES (Cont’d)
Constructive Conservative Destructive Collision

Range of Metamorphism
from Zeolite, Greenschist,
Amphibolite.
Hydrothermal alteration
and vein systems.

Metamorphism

Low-grade—sub
greenschist burial
metamotphism.

Local dynamic
metamorphism [cataclasites
mylonites) and
hydrothermal alteration
along major fault zones.

High pressure low
temperature metamorphism
in subduction complexes.
Low pressure high
temperature
metamorphism in interior
of arc (associated with
intrusions).

Internal sones—

high-grade
polymetamorphism and
igneous intrusions,
penetrative foliations.
Excternal wones—TLow-grade
ot burial metamorphism,
One O No penetrative
foliation.

Icelandic Rift System

Excanmples

San Andreas Fault System,
Dead Sea 'T'ransform
System i

Japanese Island Ate
Systems

Himalayan Collision Zone




1.4 Bedding

In sedimentary and many meta-
morphic rocks, bedding surfaces (sur-
faces of primary accumulation) are
our principal  reference  frame (or
datum). There are many possible
bedforms in sedimentary sequences
(see Tucker, 1982 for details) and the
structural geologist must be aware
that significant departures from lay-
er-parallel stratigraphy can occur in
certain sedimentary environments,
e.g. deltas; thus structural data must
always be collected in conjunction
with sedimentological and strati-
graphic data.

Bedding is one of the most import-
ant structural elements and the struc-
tural data that should be collected for
bedding are outlined in Table 1.2.
The spatial distribution of bedding or
compositional banding (e.g. in gneissic ter-
ranes ), will define the major fold and fanit
structures within your mapping area.

1.4.1  Way-up|younging and facing
Way-up/vounging is the direction in
which  stratigraphically  younger
beds/units are found. (The term #aps
is also sometimes used in this con-
text.)

The stratipraphic way-np is of fun-
damental importance in determining
the structure of an area. It is based
upon a knowledge of stratigraphy
and of small-scale sedimentary struc-
tures which indicate the stratigraphic
way-up and the sequence of depo-
sition. Sedimentary structures which

6

indicate way-up are discussed in
Tucker, 1982 and are summarised in
Fig. 1.1. Always look for and record
way-up features when mapping.

The structural 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. Take care to distinguish the
two—see Chapter 3 for greater
detail.

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
term is generally applied to folds, or
cleavage relationships.

1.5 ‘Synsedimentary’ versus
tectonic structures

In many areas of deformed sedi-
mentary rocks it is difficult to dis-
tinguish between structures formed
during deposition or early diagenesis
when the sediment was uncon-
solidated, and those formed after
lithification in response to tectonic
forces, On cursory examination
many ‘synsedimentary’ structures
such as slump folds have superficial
geometric similarities to ‘tectonic’
folds (Fig. 1.2a). Syndepositional
faults are also common (Fig. 1.2b)
and in some instances syn-
depositional cleavage fabrics have
been observed (Fig. 1.2¢). 1t is there-
fore extremely important when
mapping to distinguish between
syndepositional (prelithification)

Table 1.2 Data to be collected from observations on bedding S,

What Observations to Record Resalts of Analysis

What to Measure

Structure

Lithology, bedding thicknesses

Grain-size.

Dip direction {or strike and dip)

Bedding

7.

(Figs. 2.5,2.6, 2.

Bedding

Depositional surfaces.

Grain shapes, grain fabrics.
Sedimentary structures.

C

Orientation of sedimentary

structures (Figs. 2.11-2.13).

5
o

Dip diraction

Palacocurrent directions.
Palaeoenvironments.

(’(lp[}[ﬂl structures.

T

Way-up—younging.

Orientation of tectonic structures
relative to bedding. (Figs. 4.3b,

5.1h)

Tectonic structures (cleavage
relationships, lineations on

Orientation of tectonic structures
on bedding plane (particularly

the bedding/cleavage

bedding plane). (Fig. 4.3b)

Figs. 2.11-2.13)

intersection) (F

Interssetion

Qrentatian
of Badding!
Cleavage

component of layer-parallel

Strain on bedding plane
shortening. (Fig. 3.12).

bedding. (Fig, 3.12 & Appendix

Nature of strain relative to
111)

strain in deformed objects on the
bedding plane (Figs. 2.11-2.13 &

Appendix I1I).
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DESCRIPTION

PRIMARY STRUCTURE

DESCRIPTION

PRIMARY STRUCTURE

CROSS-STRATIFICATION

Tabular cross-stratification

Trough cross-stratification

Dewatering Structures

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

NORMAL GRADED BEDDING

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

SCOUR STRUCTURES

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

Dewatering Structures

Sand volcanoes
in mudrocks or siltstones.

May be underlain by
sandstone dykes.

LOAD STRUCTURES
Sandstone overlying mudrock

Load Casts
Flame Stuctures

Upward injection of mud into
the sandstone

Shrinkage Structures

Mudcracks infilled
with overlying sandstone.

Dish structures in mudrock
that has undergone
desiccation.

FLUTE CASTS

Developed on the underside
of Bedding units in
Sandstones.

Good Palaeocurrent
indicators.

Palaeocurrent —

Volcanic Structures

Lobate Pillow
structures in lavas.

Pillows*

@lot

Fig. 1.1 Primary structures that may be used ro determine the stratigraphic way-up of beds,
(Cont’d on p. 9)

Volcanic Structures

Blocky, rubbly and
weathered tops to
lava flows.




Fig. 1.2a Synsedimentary (Slump) fold in sandstone. Note the absence of fractures, veins, and Fig. 1.2¢ Recumbent Synsedimentary (Slump) fold in siltstones with the development of a weak
cleavage. '

flarlying cleavage (cl).

Fig. 1.2b  Listric syndepositional extensional fault (a) in siltsrones and mudstones. Note the Fig. 1.2d  Syndepositional extensional faults () in sandstones. Note that the faults are curved in
development of left dipping antithetic faults (b and ¢). Scale, near (b), is 1m. plan and are consistently downthrown ro the righr. Field of view is 4 m.

10 11




structures and post-lithification, ‘tec-
tonic’ structures. In some situations
e.g. active continental margins, sedi-
ments are deformed by tecronic
forces very soon after deposition,
before complete lithification. Hence
you may find a complete spectrum of
structures, from those formed during
deposition to those formed deeper in
the crust.

1.5.1  Discrimination of
prelithification (‘synsedimentary’) from
post-lithification ( tectonic) folds

‘Synsedimentary’ folds or ‘slump’
folds have many geometric simi-
larities to the shapes, wavelengths
and size distributions of ‘tectonic
folds’. Slump folds are generally
tight to isoclinal with variable shapes
at low fold amplitudes. Their fold
axes are commonly dispersed in the
plane of the slump sheet and recum-
bent folds are dominant (Fig. 1.2¢).
The fold axial surfaces may be
slightly imbricated (stacked up like
shingles) and the folds face and verge
down the inferred palaeoslope.
Axial-planar cleavages are sometimes
developed, particularly in the hinge
regions (probably due to later com-
paction during burial). Lincations
and grooving are sometimes pro-
duced by the motion of the slump
sheet, and these may be refolded
along with other minor structures.
Slump sheet contacts may be gra-
dational. Their upper boundaries
may exhibit sharp ¢rosional trunc-
ations, Synsedimentary fractures
within slumped sequences are gen-

12

erally not sharp, and fracture open-
ings are not maintained. Veining is
absent although the fracture plane
may be infilled with mobilised sedi-
ment slurry. In general, slump folds
have no genetic or geometric
relationship to large macroscopic
folds.

Syndepositional folding is com-
monly associated with disturbed
sedimentary  sequences —synsedi-
mentary extensional faulting, con-
volute laminations, ball and pillow
structures, dewatering structures,
sand and mud volcanoes. Remem-
ber that slumps are characterised
by extensional structures at the rear,
whereas the front of the slump
sheet will be marked by localised
compression, with the develop-
ment of folds, thrust faults and
imbrications. The characteristic fea-
tures of syndepositional folds are
listed in Table 1.3 and are compared
with the features of ‘tectonic’ folds
(see Chapter 3).

1.5.2  Discrimination of
synsedimentary faunlting from lectonic
Saulting

The attributes of tecronic faults are
described in Chapter 6. They are
characterised in particular by their
geometric relationships with associ-
ated structures, folds, fractures and
veining, and most importantly, by
the development of fault rocks along
the fault planes (Chapter 6.6). The
presence of faults bounding major
basin margins will be revealed by
regional mapping, by the associated

Table 1.3 Criteria used to distinguish between synsedimentary folds and ‘tectonic

folds’.
cri

fold.

A is the most reliable criterion and C is the least reliable. Note that several
teria must be used in conjunction in order to determine the origin of a particular

——
~ §edimentary folds

Reliability
index

Tectonic folds

Reliability

index

Truncation by
overlying beds
Burrowing or boring by
o_rganisms 1

Cut by synsedimentary
&éwatcring structures
‘Undeformed clasts or
fossils.

Folds with no axial
planar cleavage—cue
by later tectonic
cleavage

Fold axes strongly
dispersed in plane of
sheet

Dominantly recumbent
fold axial planes, may be
imbricated (with respect
to sheet dip)

Both extensional and
compressional features
with no veins developed

E - -

Limited spatial
distribution—
correlated with regional
structure

Fold vergences and axial
planes symmetrical
around large folds
Symmetrical fracture
patterns and veins
saddle reefs developed
Crystallographic fabrics
in non-phyllosilicates
(possibly associated
with fanning axial-
planar cleavage in
phyllosilicares)
Slickensides and
metamorphic
lineations —down fold
limbs and around fold
hinges

Associated with brittle
thrust faults—folds
generated by ramps
Kink-like folds with
upright axial planes
(with respect to the
sheet dip)

Continuity of axial
planes across several
beds

Parasitic relationships
between major and
minor folds

Fanning axial plane
cleavage in
phyllosilicates

A

13




facies distributions of coarse-grained
fault-derived sediments adjacent to
the fault scarp, by increased sediment
thicknesses adjacent to the fault, and
by associated smaller syndepositional
faults and slumps indicating active
tectonism during sedimentation.
Here, attention is focussed on out-
crop scale features indicative of syn-
sedimentary faults.

1 Synsedimentary faults typically
do not affect a// of the strati-
graphic sequence and are over-
lain by unfaulted sediments in
depositional contact.

2 The faults are typically listric in
shape (Fig. 1.2b).

3 The faults are typically irregular
in plan—often curved (Fig.

1.2d).

il

The down-thrown side of the
fault is commonly infilled with
a triangular wedge of sediments
(Fig. 1.3a) which in some cases
may be coarser grained than the
surrounding sediments.

There is an absence of veining
and fault rocks typical of brittle
deformation (Chapter 6.06).

The fault planes are not generally
smooth planar fractures, but are
often irregular on a small scale
(Fig. 1.3b), commonly with
injected sediment slurry along
the fault plane.

The faults are often associated
with syndepositional slumping
and  disturbed  sedimentary
sequences— convolute lami-
nations, dewatering structures
and sand volcanoes.

Fig. 1.3a  Syndepositional cxtension faults (F) showing rotation of fault blocks and infilling of

the half-graben with a wedge of sediment (w).
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Fig,1.3b  Small syndepositional fault in sand-

* stones, showing an irregular fault plane and

injection of sediment slurry along the tfaul
planc.

t ol

1.5.3  Syndépositional cleavage

This is commonly found in the
deformed mudstones of slumped
sequences. The foliations are planar
and parallel to the sheet dip of the
sediments, and typically have the
appearance of a slaty cleavage or very
closely spaced, fine fracturc cleavage
(Fig. 1.4). They are axial-planar to
recumbent slump folds (Fig. 1.2¢)
and generally do not penetrate sand-
stone layers but are restricted to
mudstones. Slight fanning of the
cleavage may occur but the strong
refraction of cleavages commonly
found in lithified rocks (Chapter 4.3)
does not usually occur.

If there is evidence of syn-
sedimentary deformation, then great
care has to be taken in recognising
and mapping cleavage features. In
such circumstances careful exam-
ination of all of the field relationships
is required before a cleavage can be
ascribed to syndepositional processes
or to later tectonism.

s

Fig. 1.4 Slump fold with a flat-lying syndepositional axial-planar cleavage (cl). Field of view 2m.
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1.7 Safety

1. Do not run down hills.
2. Do not climb rock faces unless
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you arc a trained climber and you
have a friend present.

. Do not enter old mine workings

or cave systems cxcept by
arrangement, and always in
company.

. Wear easily seen clothing.
. Always wear a safety helmet in

quarries, under steep cliffs and
scree slopes, and underground,
and wear goggles when ham-
mering rocks.

. Note weather forecasts in moun-

tainous country and if you are
going into a remote part of an area
leave with a responsible person
your route map and the time you
expect to return.

. Keep a first aid kit and manual in

camp, Carry a small emergency
kit in your rucksack, including
dressings for blisters, a whistle
and a flashlight for signalling (and
a mirror if your compass does not
have one). Include, also, matches
sealed in a waterproof plastic bag,
and an aluminized foil “space blan-
ket’ (it weighs almost nothing).
In hot climates, carry a water
bottle and a packet of effervescent
water sterilizing tablets. Always
carry some form of emergency
ration in case you have to spend
a night on a hillside in mist or
SNOW.

8. The accepted field distress signal

is six blasts on a whistle or six
flashes with a mirror or flashlight,
repeated at minute intervals. Res-
cuers reply with only three blasts
or flashes repeated at minute
intervals to prevent rescue parties
homing in on each other.

In this section the procedures used
in the field to record geological struc-
tures will be briefly discussed. Barnes
(1-981) gives an cxcellent resume of
hasic mapping techniques, whercas
this Handbock focusses upon struc-
rural mapping.

2.1 Equipment

In addition to the usual field equip-
ment—a hammer, hand lens, acid
bottle, pen knife and Iirst Aid ki,
structural mapping requires the fol-
lowing:

In the field

Notebook:  Stiff covered and water-
proof; sufficiently large to draw
sections and sketch maps bur not
too large to  become bulky
(20 cms % 10 cms is an optimum size).
Map bsard:  Tor base maps and/or
aerial photographs, non-magnetic
(stze approximately 30 cm % 25 em).

Compass-clinomeier:Silva Ranger 15°T
or a hinged lid type compass with a
bubble level c.g. Freberg compass or
a Chaix Universal. (See p. 18.)
Separate  clinometer or

Optional.

level:

2
Mapping technigues

Altimeter: Thommen  mountain
type for areas with appreciable top-
ography.

Base maps: Detailed topographic
maps at the appropriate scales. In
structural mapping it is essential to
accurately locate yourself and the
base maps must have sufficient topo-
graphic contours for the purpose—
grossly enlarged topographic maps
are generally unsuitable. Copies of
base maps should be used in the feld.
Aerial photagraphs: are extremely
useful even when good base maps are
available; in particular for mapping
boundary features.

Mylar overiays: for acrial photo-
graphs.

Pocket stereoscope.

Goad 35 mm camera and films.

In camp

In addition to the necessary drafting
equipment,  stercographic  pro-
jections and tracing paper, the fol-
lowing are required:

Graph  paper: for section con-

struction.
Map  wheel: for section con-
struction.
The appropriate Geological =~ Society
Handbooks.
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A book on the use of steresgraphic pro-
Jections (see References).

Compass-clinameters

For structural mapping you require
a compass clinometer that meets the
following requirements; (1)
accuracy, (2) reliability, (3) easc of
operation, and if possible, (4) onc
that contains a bubble level.
Although many types of compass are
available (see Barnes, 1981) the fol-
lowing have been found to be the
most satisfactory:

(@) the Silva Ranger 15°T (Fig, 2.1a)

(4) the Freberg compass (Fig.
2.1b), and

(¢) the Chaix compass (Fig. 2.1c).

Fig. 2.1a Silva Ranger 15TD-CI. student’s
compass/clinomerter.

Students will generally use the Silva
compass because of its relatively low
cost, whereas professional geologists
may prefer the Freiberg or Chaix
compasses, For structural geology
the Freiberg compass has distinet
advantages, in that the hinged lid
(Fig. 2.1b) is placed against or along-
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Fig. 2.1b The Freiberg compass with a
hinged lid clinometer.

Fig. 2.1c The Chaix compass with the clino-
meter in the lid (compass courtesy of Topochaix
Lstd., Paris).

side the structure to be measured,
enabling the azimuth and plunge to
be measured in one operation (see
Section 2.3 for details). This allows
rapid, accurate structural measure-
ments to be taken, particularly of
linear features.

2.2 Stereographic projections

The stereographic projection is a
fundamental  tool in  structural
geology and is used to represent 3D
orientation data in a 2D graphical
form. It is commonly used to solve
problems involving the angular
relationships of line and planes in

3]) space. 1t cannot be used FD solve
roblems involving the relative geo-
g;éph'ic positions of lines and planes.
"It is beyond the scope of this
Handbook  to describe the con-
struction and plotting of stereo-
graphic projections and the reader
is referred to excellent texts on the
lotting and manipulation of stereo-
raphic projections by Phillips
(1971) or Ragan (1985). It is essential
that before commencing any struc-
tural fieldwork the reader should be
familiar with the plotting and simple
manipulations of the stereographic
projection.

221 Types of stereagraphic projection

Two types of stereographic pro-
jection may be used — the Wulff net
or equal angle net (Fig. 2.2a) and the
Schmidt or equal area net (Fig. 2.2b).
The Wulff net is used to solve angu-
lar relationships, particularly where
geometric constructions are made on
the net, whereas the Schmidt net is
used to solve angular relationships
and to statistically evaluate orien-
tation data using contoured stereo-
graphic projections. In this Hand-
book equal area lower hemisphere
projections are used.

Where structural data are numer-
ous it is appropriate to statistically
evaluate them by contouring. In the
field this car be easily done by using a
counting net, the Kalsbeek net (Tig.
22¢, p. 20) (sce Ragan .(1985) for
details of counting and contouring
techniques).

wuLrE weT
Fig.2.2a The Wulff equal angle stereographic
projection (reproduced with permission from
Ragan, 1985).

scmiot KT
Fig. 2.2b The Schmidt cqual area sterco-
graphic projection  (reproduced wirh  per-
mission from Ragan, 1985).
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KALSBEEK COUNTING NET

Fig.2.2c Kalsbeek counting net (reproduced with permission from Ragan, 1985). The equal area
plot is placed on top of this net and the points falling into each hexagonal segment (1% of the
toral area of the net) are counted with the toral posted at the centre point of each hexagonal
segment. The totals at the centre points are then hand contoured in values of % per 1% arca,

On stereagraphic projections:

1. planar structures plot as great
circle lines but may also be com-
monly represented by poles (or
normals) to the planes; these plot
as points on the projection (Fig.
28 ;

2. linear structures plot as points,

2.3 How to measure structures

Most compasses can be adjusted to
correct for the angular difference
(declination)  between  magnetic
north and geographic north. This
correction should be made with ref-
erence to topographic maps of your
area before you begin mapping, and
should be recorded in your feld
notebook. The setting of your com-
pass should also be checked period-
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ically during the course of your map-
ping programme.

2.3.1  Conmventions

Most geologists tend to record the
attitude of planar structures as a
strike and dip, e.g. Strike 220°, Dip
45° SE. Three measurements have to
be made at cach location: strike, dip
and general dip direction, and
ambiguous records are easily made
when the directions of dip are often
forgotten, and omitted. It is much
safer and unambiguous to record dip
directions for planar structures: e.g.
bedding 45°—130°, ie. a bedding
dip of 45° in the direction 130° from
north (Fig. 2.4), and for linear struc-
turcs record the plunge, e.g. plunge
of minor fold axis 20°—120°, i.c. a
20° plunge to the fold axis in the
direction 120° from north (Fig. 2.4).

/L Pole to the
plane

Plane

(a) Pole to the plane

[0
!

% i

W

\:“‘

T .
Pole to 'y
\ bedding / ..
\ 7 \

/ Projection

of bedding
g plane
__130° 8 plot

(b) Lower hemisphere equal area

projection

Fig.2.3 () The pole toa plane. (#) stereographic projection of the plane and the lower hemisphere

pole to the planc.

Structural data should be consistently
tecorded in the following for-
mars:Angles (measured from the hori-
zontal) in 2 digits eg. 20°. Azimuths
(measured from north in a borizontal
Plane) in 3 digits eg. 120°, i.c. Fold
plunge 20°—120° or dip dircction of
bedding 45°—130°. These sign con-
Ventions are unambiguous and
definitive.

2.3.2. Methods Jfor measuring— planar
surfaces

Planar structures such as bedding,
cleavage, schistosity, fold axial
planes, fault planes, joints and veins
are all measured in essentially the
same way. The methods of measure-
ment are illustrated using both con-
ventional compasses such as the Silva
Ranger 15T and the Freiberg
compass.
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Plunge Direction

Fig. 2.4 (s) Bedding plane dipping 45°
towards 130° (strike 040°, dip 45° SE) and show-
ing the stercographic projection of the plane
and the pole to the plane. () Minor fold axis
plunging 20° towards 120° and showing the
stereographic projection of the minor fold axis,

Method 10 Measurements with con-
ventional compasses e.g. Silva Ranger

15 T. (Fig. 2.1a, 2.5a-d)

Method Ta:  strike and dip method

1 Find the strike line (the hori-
zontal line on the planar struc-
ture) by using the Silva compass
as a clinomerer and locating the
direction of zero dip on the plane
(Fig. 2.5a). Mark this linc (the
strike line) on the surface using a
soft pencil (B or HB).

2  Measure the azimuth of this line
(ie. its direction from north)
(Fig. 2.5b)- this is the strike of
the plane. Record this angle, e.g.
220°,

3 Using your compass as a cli-
nometer, place the edge at 90° to
the strike line and measure the
amount of maximum dip (Tig.
2.5¢c). Record this angle— 45°
and record the direction of dip—
SE.

The strike and dip of the plane is:
strike 220°, dip 45° SE.

Note: if the surface is rough or
uneven an average reading can be

Flg 25a Finding the strike line (zero dip  Fig. 2.5c  Measuring the amount of dip (90°

line) on the bedding surface using the Silva
15TD-CL and marking the line with a soft

peh.ﬁil-

Fig.2.5b Measuring the azimuth of the strike
line.

obtained by placing your map board
on the surface and taking your
measurements on this (Fig. 2.5d).

Method 1h:  dip direction method

1 Using the compass as a cli-
nometer find the direction of
maximum dip on the plane (Fig.

to the strike line) using the clinometer on the
Sitva 15TD-CL.

Fig. 2.5d Use of the map hoard to carry out
measutrements on an irregular surface.

2.6a). Mark this dip direction line
on the surface and measure the
angle of maximum dip. Record
this reading— e.g. 45°.

2 Place your notebook or. map-
board along the dip direction line
and holding it vertica/ measure the
azimuth (direction) of the dip
(Fig. 2.6b). Record this reading,
e.g. 130°
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Fig. 2.6a Dip direction method using the
Silva compass, Identify the position of
maximum dip on the planar surface by using
the clinometer on the compass, Mark this direc-
tion on the bedding surface and record the value
of maximum dip.

Fig. 2.6b, Determine the azimuth of the dip
direction by placing your notebook along the
line of maximum dip and keeping the notebook
vertical, measure this dircction.

The dip direction of the plane is
45°—130°,

Note: always measure the direc-
tion or azimuth Jooking down dip, i.e.
into the earth. Care must be exercised
to measure the correct direction.
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Method 2: Measurements with the
Freiberg compass

The Freiberg compass (Fig. 2.1b)
allows rapid determination of the dip
directions of a planar structure in onc
operation. Place the hinged lid of
the compass against the surface to be
measured and, keeping the base of
the compass horizontal, (using the
built-in spirit level) mecasure the
azimuth of the dip direction e.g. 130°
(Fig. 2.7). The dip can be read
directly from the graduated hinge
axis on the side of the compass e.g.
45°. Record these readings. The dip
direction of the plane is 45°—130°

Fig.2.7 Mcasure the amount and direction of
dip of the bedding by placing the hinged lid of
the Freiberg compass flac on the bedding planc.

Methad 3- Measurenents with

compentional compasses or the I'reiberg

;ampﬂj.f

Problems may arise when no suitable
surface is available on which the
compass €an be placed, or the surface
i« too rough. In these situations the
notebook or mapboard should be
used to make a measurable plane par-
allel to the geological planar struc-
tare. This technique is illustrated in
Fig. 2.8 where cleavage plane (Tig.
2.8 and b) or a fold axial plane (Fig.
2.8c) is measured by placing the map
board parallel to it and then meas-
uring the orientation of the map-
board using Methods 1a, 1b or 2 (the
axial planes of folds are not com-
monly exposed as surfaces, so this
method is often the only way to
measure them).

o . i ;
Fig. 2.8a Measurement of the strike of a
cleavage plane by aligning the map board along
the cleavage plane and measuring the azimurh

(direction) of strike using the Silva compass.

s

Fig. 2.8b  Measurement of the dip of a cleav-
age planc using a Silva compass and aligning
the map board along the cleavage plane.

Fig. 2.8¢ Measurement of the orientation of
the axial plane of a minor fold. Align the map
hoard paralle! to the fold axial plane and meas-
ure the dip direction using the Freiberg com-

pass.
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Note: many students do not take
enough readings in poorly-exposed;
arcas becausc good planar surfaces
are not cxposed. Use of the map
board to measure planar structures is
essential in these situations.

Method 4: Sighting method

For moderate to steeply dipping
planar structures it may be possible
to measure the strike and dip by
sighting along the compass (Barnes,
1981). 'This method is particularly
useful when beds or outerops do not
form exposed plancs convenient to
measure. It is also uscful for deter-
mining the average dip (or sheet dip)
of a large outcrop or cliff exposure.
In this method it is essential that you
align your line of sight parallel to the
stike of the beds or planar surface to
be measured.

1 Align yourself so that your line
of sight is parallel to the strike of
the planar surface, (Fig. 2.9a).

2 Sight along your compass and
measure the azimuth or bearing
of the strike of the plane (Fig.
2.9a). Record this agimuth c.g.
150°.

3 Using the compass as a
clinometer, align the edge of the
compass with the dip of the
planar surface (Fig. 2.9b) and
measure the dip angle and the
direction of dip, i.e. 60° SE. Rec-
ord these readings.

The planar surface strikes 150°
and dips 60° SE.
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W TH by T i
Fig. 2.9a Sighting method. Measure the
strike of bedding by aligning the Silva compass
parallel to the strike.

: SRR RN

Fig. 2.9b Sighting method. Measurement of
the angle of dip of the bedding using the clin-
ometer of the Silva compass aligned parallel to
the dip.

Remember that the techniques
described above apply to the
measurement of any planar surface,
e.g. bedding, cleavage, schistosity,
fold axial planes, joints, fault planes
and veins.

——

233 Methods for measnring— lincar  lines, slickensides and crystal fibre
Structhres structures. All linear structures are
i ) ' measured in the same way, either as
Linear structurcs (ll.C. lines) include  a plunge (Fig. 2.10a) or as a pitch in
beddiﬂgfd':a"a-‘_?»e interscction  lin-  a plane (Fig. 2.10b). See Fig. 2.10c
cations, .mmcra] stretching  for a stercographic projection of
lipeations, minor fold axes or hinge  these measurcments.

Siﬁﬁﬂ of plane

Plunge 20° - 060°
oflineation

Dipof - sl
plane

Lineation

(a) Pitch
d Strike of plane
i,
: - 28"
(b)  Dipof 45 o=
plane / L,
Lineation
Pitch28° Nin
plane strike 0407
(c) S dip 45° SE
N o »
Plunge ( B.edqu Plane Pitch N + Strike of
::’0 sl Q@‘ Bedding Plans

Pole

Pilchof —m,
1o \ Lineation 5
4 Beading Plunge + L L
Plane of Lingation d
Pcle} Lineation
lo
_+_ Bedding
Plana
Trace of Beddin i
9 Trace ot Bedding g:spd:’ng
) .
. .
* 4
Dip Direction Dip Direction
of Bedding Plane ol Badaing

Fig. 210 (a) Measurement of the plunge of a hneation L; 20°—=060" within the bedding planc.
The angle 20° is measured in a vertical plane (azimuth 060%) conraining the lineation 1.,

(fi) The pitch of a lincation L, is measured as 281 from a line striking 40° east in the bedding
plane. -

() Lower hemisphere stereographic projections of plunge and pitch of rhe lineation 1.,
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Method 1: Measurements with conven-
tional compasses, e.g. Silva Ranger 15T

Method 1a:  Plunge of a lineation or foid
axis y

1

Place the edge of your mapboard
or notebook along the linear
structure to be measured (Fig.
2.11a and d). Keeping the map-
board or notebook vertical,
measurc the azimuth of the direc-
tion of the plunge (Fig. 2.11b and
d). Recard this direction, e.g. 060",
Using the compass as a
clinometer, measure the plunge
of the linear structure by placing
the edge of the compass along
the structure (Fig. 2.11c and e).
Record this plunge, e.g. 20°.

Plunge of the lineation

' 20°—060° (see Fig. 2.10a).
Method 1h: . Pitch af a lineation

1
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Find the strike of the plane as
described in (Section 2.3.2) and
Figs 2.5a and b. With your pencil
inscribe the strike line on the
planar surface so that it intersccts
the lineation 'L, (Fig. 2.12a).
Measure the strike and dip of the
plane (as described above in
Section 2.3.2, Method 1a). Record
this data, e.g. strike 220° dip 45°
SE.

Lay your compass on the plane
that you have measured, and use
it as a protractor by aligning the
edge of the compass along the
strike line and rotate the cali-
brated outer ring until the ref-
erence arrow is parallel to the
strike line. Note this reading on the
onter ring. Now rotate this cali-

Fig. 2.11a Measurement of a lineation L, —

bedding/cleavage intersection in the bedding
plane. Place the edge of your notebook along
the lineation L;.

Fig.2.11b  Bring the notebook to the vertical
and keeping it vertical, measure the azimuth of
plunge of the lineation using the Silva compass.

Fig. 2.11c  Measure the amount of plunge of
the lineation L; using the clinometer of the
Silva compass.

Fig. 211d Measuremenr of the plunge of a
minor fold axis. Place the map board along the
fold axis and keeping it vertical, measure the
azimuth (direction) of the plunge.

Fig. 2.11e Measure the amount of plunge of
the fold axis by placing the edge of the Silva
i:ompus on the fold axis and using the clin-
ometer.
brated outer ring until the ref-
erence arrow is parallel to the
lineation (Fig. 2.12b) and note this
new reading and the direction of the
- pitch of the line. The difference
between the two readings is the
‘pitch of the L, in the plane. Record
this dala, e.g., the pitch of the line
is 28° North in the plane which
has a strike of 220° and dip of 45°

- 8E (see Fig. 2.10b).

- Note: The method of measuring
pitches is most useful on stecply

dipping planes where accurate deter-

minations of plunge can be difficult,
and when the lineation itself is
steeply plunging, making accurate

Fig. 2.12a Measurement of the pitch of the
bedding/cleavage intersection lineation L, on
the bedding plane using the Silva compass.
Mark the strike line on the bedding plane and
determine the strike and dip of the bedding as
in Fig. 2.5.

Fig. 2.12b  Using the Silva compass as a pro-
tractor, place it on the bedding plane and meas-
ure the angle between the strike of the bedding
and the lineation'L; on the bedding plane (see
text for derails).

plunge determinations difficult and
resulting in large errors in azimuth.
Reference to Fig. 2.10¢ will remind
you that using a stereonct plunge can
be obtained from a measure of pitch,
and vice-versa.

29




Method 2: Measurements with the
Freiberg compass

Place the side-edge of the hinged
compass lid along the linear structure
to be measured and then, keeping the
base of the compass horizontal, read
off the azimuth of the plunge direc-
ton. Then measure the amount of
plunge on the calibrated hinge pin.
Record this data, e.g. 20°—060°. This
method is illustrated in Fig. 2.13 for
the measurement of a minor fold
axis.

Note: In some cases it may not be
possible to align the compass directly
on the lineation, In these cases the
linear structure may be extended by
placing a pencil parallel to the lin-
eation (i.e. in a weathered out fold
hinge) and then measuring the
plunge of the pencil (Fig. 2.14).

24 The field map and aerial
photographs

The field map, acrial photographs and

field notebook are the most important rec-
ords of your field observations. Take great
care of them. They must be:

1 Jabelled with your name and address,

2 neatly and carefully drafted and leg-
ihle,

3 fully annotated with legends, symbols
and scales, and contain all the necess-
ary location information,

4  completed whilst you are in the field.

The importance of completing
vour map whilst in the field cannot
be overemphasised, as it is only then
that you can carry out an ongoing
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g. 2.13 Mcas;rement of the plunge of a
minor fold axis by placing the edge of the Frei-
berg compass on the hinge line.

Fig. 2.14 Measurement of the plunge of
minor fold axis by using a pencil to extend the
axis.

interpretation, construct cross-sec-
tions and identify key and problem
areas that warrant further work,

24.1  Styles of mapping

The style of mapping used is largely
controlled by the map scale, the
degree of structural complexity and
the degree of exposure. If good
detailed topographic maps are avail-
able then field data may be plotted
directly onto  these.  Where
insufficient detail is shown on the

_—

topographic map, aerial photographs

_must be used in the field for accurate
location of outcrops, and to map in

ithological boundaries and struc-

rural trends. The data is subsequently
transferred onto  the base map
_(Barncs, 1981). Barnes (1981)

_reviews various mapping styles, and

these are summarised below.

1 Traversing is used mainly for
regional mapping at scales of

~ 1:250,000 to 1:50,000.

2 Contact mapping is used mainly for
more detailed mapping at scales
of 1:50,000 to 1:15,000.

3 Exposure mapping is detailed map-
ping during which the location
and size of each outcrop are rec-
orded, wusually at scales of
1:15,000 to 1:1000.

4  Baseline mapping involves detailed
mapping using a measured base-
line (or compass and pacing) at
scales of 1:10,000 to 1:500.

5 Grid mapping or plane table mapping
are techniques used for derailed
exposure mapping at scales of
1:1000 to 1:1.

Traversing: In structurally com-
plex areas this is the best method of
quickly establishing basic strati-
graphic and structural relationships,
It can be achieved by traversing per-
pendicular to the strike of the domi-

‘nant structural trend and by con-

structing sketch cross-sections in the
field. Fig. 2.15 shows a sketch section
through a simple antiformal struc-
ture (note the use of bedding/cleav-
age relationships to locate the hinge
fegion of the antiform).

Contact Mapping:  This technique

involves following lithological or
structural contacts in order to estab-
lish 3D structural relationships. For
example, it may be necessary to
determine if a fault cuts up or down
stratigraphy or to establish the out-
crop pattern in a polyphase defor-
mation terrane.

Exposure Mapping: This method
is essential for detailed structural
studies in complexly deformed areas.
In particular it is used to establish
structurally homogeneous sub-areas
and to establish interference relation-
ships in areas of complex folding.
An example of exposure mapping is
shown in Fig. 2.16.

Baseline, grid and plane table map-
ping:  Detailed mapping using these
techniques is essential in establishing
derailed relationships in one outerop
or in a group of closely-spaced out-
crops. Key structural relationships
are illustrated by these methods. An
example of bascline mapping is
shown in Fig. 2.17.

24.2 Map scales

A detailed structural map may be
produced at any scale from 1:250,000
to 1:1. The same types of structural
data should be collected at every
locality, irrespective of the scale at
which you are mapping. Failure to
measure  all available  structural
clements may seriously hinder your
future interpretations. Avoid using
base maps which have been excess-
ively enlarged from a large scale
topographic map: they are no more
accurate than the maps from which
they come.
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Fig 2.15  Field sketch through an antiform, illustrating the use of bedding fcleavage rclauona_}nps
to determine the pasition of the hinge of the fold. Structural dara are plotted ar the base of the
section so that the section can be related to the map more readily. Symbols as in Table 2.1 (p. 42).

35 Beddin
/ﬁ/ie D :D,-r:;h.‘..

5, Clewvoge.
g&i Pip Dirachion
Asa Cleavage
&0 Dip Direction
Becking /5,
10 -0% Zaferiechan
Minar Fotd
M o5 M tymmehy

p Outerop

£ Ew«dmy
Kaie. 23

Fig.2.16 An example of exposurc mapping in an area with two cleavages developed.
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Fig. 217 An example of detailed baseline mapping with the locarions measured off from the

baseline (e.g. Barnes, 1981).
24.3  Aerial photographs

In many situations, you will map
directly onto overlays on acrial
photographs (Fig. 2.18). Provided
the central region of the aerial photo-

graph is used, then problems due

to  excessive distortion can  be
minimised. Structural data, outcrop
boundaries, formation boundarics,
major fold axes and fault traces, and
locality numbers are plotted directly
onto the photograph overlay (Fig.
2.18). These are subsequently trans-
ferred onto your base maps using the

techniques outlined in Barnes (1981).
Aerial photographs ate particularly
useful for accurate outcrop location,
mapping lithological boundaries,
and identifying and mapping struc-
tural features. In many areas the
structural grain can be réadily seen
on the aerial photograph but difficult
to pick out on the ground. Use of
aerial photographs is a skill that is
acquired through practice and pati-
ence. Great care nceds to be taken
in accurately Jlocating yourself and
becoming accustomed to the scale of
the photograph.
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2.5 f‘ield notebook

s with your field map, your field note-
I;Zw/&. is an important record of your field
ghservations. It must be neat, legible, cle-
arly writfen and well illustrated. Take
care of !

The field notebook is a record of

activity and must contain the appro-
oriate location and reference data, so
that together with vour field map it
can be interpreted by someone else. Do
not adopt the habit of treating it as
your ownl personal record: when you
are employed your notebook will
Bcloﬂg to your employer. Do not use
S}Qur own shorthand and hiero-
glyphics. You should record as much
detail as possible and fully illustrate
your notebook with sketches (3D if
possible), interpretative sections and
maps. Nothing is more frustrating
upon returning to the laboratory
than finding that your field notes are
incomplete.

The key to producing good field
notes is keen, careful observation and
systematic recording. The following
recording  procedure should be
adopted at every locality:

1 Date, time and location of your
observations. Use grid references

and general
CXPOSUIE.

4 Record the lithological charac-
teristics (for details see Barnes,
1981, Tucker, 1982, Fry, 1984,
and Thorpe and Brown, 1985),

5 Record the structural charac-
teristics— descriptions and
measurements (for details see fol-
lowing chapters).

6 Sketch the outcrop and structural
relationships.

7 Record the collection of samples
and the photographs taken.

8 Interpret the outcrop in terms of
the regional setting and draw

nature of the

sketches  of the  structural
relationships.
2.5.1  Examples of field notebooks

Examples of field notebooks are
shown in Figs. 2.19 and 2.20. Fig.
2.19 shows the information collected
at one small outcrop in the course
of a regional mapping programme,
whereas Fig. 2.20 shows the infor-
mation gathered during a detailed
analysis of an outcrop that exhibits
polyphase deformation. In the latter
case, a large amount of descriptive
and orientation data has been

£

: ; 55 and acrial photograph reference  collected. In both examples, more

: % £y 7 number where appropriate, than one reading for each strucrural

! 11'7}8 0 ,_,/-.i v 9%» ! 2 Resume of your mapping element has been taken. An average

> Z:b aél Eg i method  e.g.  traverse  up or representative reading for each

4 X 7 & f% Steamboat Creek from road  structural element is then plotted on

’> / /p "' év‘ ¢ bridge at Km 14. the field map. Note that your field

d éfﬁ\ 3 Outerop locality number—to be  notebook should always contain

\ L 41 also marked on your field map. much more structural data than can
& O < = Include a brief summary of the be plotted on the field map.

Fig. 2.18 Overlay of an aerial photograph, showing the exposures mapped, and traces of lithological boundaries and structures plotted on the overlay.

outcrop characteristics — size
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Fig. 219 Example of a field notebook showing data collected at a small ourcrop during th, ' i

course of a regional mapping programme. B
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The following pages outline the methodology used: 1 Tdenrify and describe the lithologies. 2 Identify

| and describe the structures. 3 Measurements of planar structures Sy, Sy, S5, 83 4 Measurements of 1 Ouicrop location and description and identification of the lithologies. In rhis outcrop two

i [ the lineations L,, L, L;, e¢tc. 5 Measarement of minor fold axes and axial surfaces. 6 Derailed contrasting lithologics occur —massive quarezites and highly contorted pelitic units. Record the
I

skerches of structural relationships. observations of structural fcatures and measurements of the shees dip of the bedding (Fig. 3.1).
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Fig. 220a (contnued) 2 Description and record of the orientation data for the 5, toliarion and

the L2, lincation in the quartzite unit. Description and record of the orientations of the 8, foliation
in the pelitic horizons,
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Fig.2.20a (continued) 4 Derailed field sketch showing the structural relationships in the outergp
described in the previous pages.
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26 Map symbols

Map symbols must be clear and
[mamblgﬂf’u“ For most map areas,
l.ep.;.:scmanve data of all structural
clements should be plotted at each
cality on the field map, with the
posslble exception of joints or veins.
Unless required, the plotting of
:lo'i_nts may serve no useful purpose
and will only clutter the map.
Various coloured inks may be used
to indicate different geological fea-
mures—e.g. bedding or lithological
features —black;  structural  fea-
rures— red; outcrop boundaries—
blue or green; geomorphological
features (including alluvium and
drift) —brown. Unfortunately, col-
oured inks do not reproduce well and
black ink may be preferred for all
symbols.

Remember, geological data from out-
crops shonld always be plotied in pref-

erence fo geonmiorphological features.

Plotting symbols

The following are emphasised:

1 "On the map symbols should be
plotred directly at the map location
for the outcrop from which the
measurements were taken, and na/
left ‘floating’ in areas of the map
where no exposure is recorded.

2 The azimuths of all orientation

data should also be plotted on the
field map, together with dip and
Plunge data (Fig. 2.16). This enables

the accuracy of the data to be checked
and allows data to be extracted from
the map for further analysis.

3 Data should be plotted on the
map either using a protractor or
using the Silva compass directly
(Barnes, 1981, p. 60).

4 Plotting should always be done in the
field.

Table 2.1 gives a list of suggested
map symbols that can be used in the
field.

2.7 Oriented samples

It may be necessary to collect ori-
ented samples for () the analysis of
preferred orientations, (&) the inves-
tigation of the superposition of foli-
ations or (¢) the investigation of
relationships between metamorphic
mineral growth and tectonic fabrics,
or (d) strain determinations (Appen-
dix I11).

2.7.1  Sample collection

1 Select the sample to be collected
(pieces bounded by joint surfaces
are the easiest to collect and are
less likely to break upon extrac-
tiom).

2 Measure and record the struc-
tural elements associated with the
sample and the outcrop.

3 Select an appropriate reference
plane on the surface of the sam-
ple— this will generally be cither
bedding (S,), a foliation surface
(S), as shown in Fig. 2.21, or a

joint surface.
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Table 2.

1

MAP SYMBOLS

GENERAL SYMBOLS

Observed | Boundary | Boundary | Outwsor | Youngind |y oo pigoel  Brean Alhsvium |
STRUCTURE| Litholegical |  Positon Position |Outcropwith | Direction ol Slope | Boundary
Boundury | Uncertain Interea y
Numbar
,
wap /\/ -S' el ﬂ ,”5\
5YMBOL o = 76 £ R 2 e 2
PLANAR STRUCTURES
Badding 0vlr|u;nlﬂ First Second Minar r;; Miner Ford Imu_ Jounts
STRUCTURE Bedding | Cleavage | Cleavage | Axial Plane | Axial Plane | (set 1) (sl 2)
(phase 1) | (phase 2)
TECTONIC
sYMBOL S0 % Gl % e e A k-
5 A Fisus Ao
symeoL 0110 30-110 60110 45115 60110 45—115 | 4755—15 30—-15
FOLD STRUCTURES
= Syncline Anticline Syntorm Antiform Overturned | Overturned
aTRuGTURE L [ih Amawnt Syncline | Anticline
Direction of mnd Direction
Aninl Plane [ of Plunge
AP 15-041)
SYMBOL
5150 }5 /24
FAULT STRUCTURES
sravcrune oo | = Fan iy (7wt it s r
High Angle | Low Angie High Angle | Low Angle
TECTONIG |  E Fault € Faih © Fault G Fault W Favh 57
SYMBOL N Fault R Fault T Fault
U 1] 0
MAP 0 "q‘u /E'U /J //ﬁ J_r-g"
SYMBOL 70150 0-145 55-165] 15-160 90—%0 90155
LINEAR STRUCTURES
Bedding/ [Cleavaga(S1)| Mineral Minor Fold | Minor Fold M Folg Z Foug 5 Falg
STRUCTURE |giguvaga(s 11Ciaavage(5a) Stratching |  Axis Axis s Axis Anis
Intersection | Intersection | Lineation (phase1) | (phase2)
on S1
TON 3
Tovaam [ty iy ML MEA MEA | MM A | 2MRA | SMRA
10-050 15-065 15-060 o050 35051 50-050| L0=045| 5605
MAP
SYMBOL iL X) 2 S

4 Measure the orientation of this
~ surface, and with a waterproof
marking pen inscribe the strike
and dip on the reference surface,
(Fig. 2.21). Mark on the #p of
the specimen and the specimen
‘pumber. Record the data in your
notebook and draw a sketch of
the specimen and its structural
relationships.

5 Collect the specimen and bag it,
~ fully labelling the sample bag.

Wi,
Y
Y/
Iy,
i
4 7 Strike and
ToR dip of
/111 reference
- 4" surface

Fig. 2.21 Collection of an oriented specimen.
Reference marks on the specimen indicate the
Way-up and the strike and dip of the reference
Surface.

2.8 Photography

Photography is an imporrant method
of recording geological information.
However, it is no substitute for
good, detailed field sketches. It is
often very difficult to distinguish or
interpret structures from a photo-
graph without a good field sketch.
The following points are therefore
emphasised.

1 A good 35mm camera (pref-
erably a single lens reflex) is
essential. Colour slide film (easily
projected to a large size) or black
and white film (easily enlarged)
are preferred. Close-up lenses or
attachments may be useful.

2 Always draw a sketch of the area
ot structure being photographed
(e.g. Fig. 2.22).

3 Record the information about the
photograph in your field note-
book, in particular noting the
direction of view.

4 Where possible always include an
easily recognised scale in the
photograph.

5 Fill the frame with the structure
being photographed. Many stu-
dents do not get close enough to
the subject and all detail is lost in
the photograph.

6 In some instances stercoscopic
photographs may be taken to aid
later interpretation. In this case
two photographs are taken
approximately 1.5m apart in a
line parallel to the exposure being
photographed. Sixty per cent
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Fig. 222 Photograph of an anticline in sandstones and the field sketch which was made at the

overlap is required and the result-
ant pair of photographs can be
stereoscopically  for

viewed

| SouTH

cuEe Ter

sumc time as the photograph was taken.
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analysis, This technique is pat-
ticularly useful for fracture stud-
ies.
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Hcre attention is focused upon fold
gwmetrles nomenclature, descrip-
tion and measurement.  Correct
dgs_cnpnon and measurements  of
folded surfaces gives valuable infor-
mation on the geometry and mech-
anics of folding.

31 Basic fold nomenclature

Basic fold nomenclature is outlined
in Fig. 3.1. Care must be taken to
distinguish terms which describe the
‘orientarion of the folded sutface (e.g.
hinge line) from those which
describe aspects of its spatial orien-
tation (e.g. fold crest line). The fol-
lowing are emphasised:

1 The fold Ainge line or fold axis is
the line of maximum curvature
on the folded surface (Fig. 3.1a).

2 The fold axial plane is the plane
containing the hinge lines within

~one particular fold (Fig. 3.1a)
(Note: many fold axial planes are
curved  (e.g. Fig. 2.22)—not
Planar, and the term axial surface
is preferable.)

3 A fold is sypmmetric if the limbs
either side of the axial plane are
of equal length, and the fold is
agpmetric if they are not. (Fig.
3.1b).

4 The fold wapelength is the distance

3

Fold structures

between adjacent hinge lines or
inflexion points (Fig, 3.1b).

5 A fold is eylindrical if it has the
same shape in the profile plane at
all points along the fold axis (Fig.
3.1b). A mon-cylindrical fold has a
vatrying profile shape along the
fold axis (Section 3.2.2 and Fig.
BT

6 A fold irain is a series of folds
within a particular unic or series
of units (Fig. 3.1h).

7 The concept of enveloping surface
for a series of folds (such as Fig.
3.1b) is extremely important. The
enveloping surface is drawn tan-
gential to .the fold hinges (or
through the inflexion points)
(Fig. 3.1b). This is particularly
important when mapping arcas
with abundant small amplitude,
short wavelength folds which
obscure the overall sheer dip (i.e.
enveloping surface) of a unit.

3.2 Fold types

Most texts on structural geology
describe fold types in detail (e.g.
Ramsay, 1967; Hobbs et 4/, 1976).
Here we are concerned with the
description of folds as seen in the
profile section (i.c. the section per-
pendicular to the fold axis (Fig. 3.2).
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Fig. 3.1 Basic fold nomenclature and fold architecture. (a) A single inclined fold pair showing
basic nomenclature. () A fold train consisting of upright folds that pass into inclined and then
recumbent folds. Note the concept of the enveloping surface, which is cither tangential to the fold
hinge lines, or passes through the inflexion points (points of maximum slope) on the folded layers.
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Fig. 3.2 Fold architecture showing the profile plan; fold axial plane and relationship of hoth to
the regional tectonic axes: ‘a," indicates the direction of tectonic transport, ‘Dy’ is parallel ro the
fold axis, ‘¢’ is normal to &, and b;; and the stereographic projection of data from the fold. Note
the use of poles to bedding to determine the fold axis b,.
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Common types of fold (as described
in the Pmﬁle plane) are:

1 Parallel  folds (Fig. 3.3a)

~ Orthogonal  thickness (i.e.
thickness perpendicular to the
folded surface) is constant,

Fig. 3.3a Panallel folds. Folded quartzo-feld-
spathic layer in amphibolites. Ficld of view ca.
2-5m.

2 Similar folds (Fig. 3.3b). Thick-
ness parallel to the axial plane is
constant.

_l ; o
Fig. 3.3b  Similar folds (thickness parallel to
th:,t&xial plane is constant) in deformed psam-
mitic schists. Note that these folds are also

harmonic in that there is continuity along the
axial planes,

3 Harmonic folds (Fig. 3,3b). Axial
planes are continuous across a
number of layers.

4 Disharmonic folds (Fig. 3.3¢).
Axial planes are not continuous
from one layer to the next,

3 - i " e,
Fig.3.3¢ Disharmonic folds of sphalerite lay-
ers in galena, There is no continuity along the
axial planes between layers. Field of view ca.
1m.

5 Intrafolial folds (Fig. 3.3d).
Folds contained within the lay-
ering or foliation.

Fig. 3.3d Intrafolial isoclinal fold of a quart-
zo-feldspathic layer in gneisses. The fold is con-
tained within the gencissic foliation.
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6 Prygmatic or clastica folds (Fig.
3.3¢). Tight folds in which the
fold limbs fold back on them-
selves so that the angle between
the fold limbs at the hinge of
the fold has a negative value.

7 Cherron folds (Fig. 3.3f). Angu-
lar folds with planar limbs and
sharp hinges.

8 Isoclinal folds (Fig. 3.3d). Folds
in which the limbs are strictly

parallel.

10

Polyclinal folds (Fig. 3.3g). Folds
with more than one axial plane,
e.g. box folds or conjugate kink
bands.

Kink bands (Fig. 3.3h). Sharp
angular folds bounded by planar
surtaces.

Analysis and classification
of folds

Folds are classified by:

1 * The attitude of their hinge lines.

g The attitude of their axial sur-
faces.

3 Their interlimh angles.

4 Their symmetry—i.c.

ratios of fold limbs.

Shapes of the folded layers.

Their degree of cylindricity.

length

2.3.1
methods

Two dimensional classification

Tightness of folds: The interlimb angle
measured between inflexcion  points
(Fig. 3.1) can be used to measure the
tightness of folds (Table 3.1).

Ovrientation of Folds. The orientation
of a fold is completely defined by the
direction of closure and the attitudes
of the hinge line (i.e. fold axis) and
hinge surface (le. axial plane). This
classification nomenclature is out-
lined in Table 3.2.

-J:able 3.1 Terms used to describe the tightness of folds

Interiimb angles Fold tightness
— Interlimb angle 180:71 29“ Gentle
X Tomanits 120°-70 Open
Fold Limb at 70°-30° Close
Infiexion Point 30°_0° Tight
S : Inflexion o ket 0° Isoclinal
Fig. 3.3¢ Prygmatic folds in a deformed peg- ‘ . . B So less than 0° Elasticas
matitic vcin in gneisses. Fig.3.3g Polyclinal fold in deformed mylon- Fokdbd Layer _ve angle or Prygmatic

ites and showing several axial planes.

Table 3.2 Terms describing the attitude of folds

Dip of the fold Dip of binge Plunge of
axial surface surface hinge line
or plunge of (i.e. attitnde of (.e. attitude of
the fold axis axial plane) - fold axis)
g0 Recumbent fold Horizontal fold
W= 10" Recumbent fold Sub-horizontal fold
10°-30° Gently inclined Gently plunging fold
; fold
;?'-QLGU" Moderately inclined fold =~ Moderately plunging fold-
PR - ok 60™80° Steeply inclined Steeply plunging
T h s s fold fold -
Fig. 3.3f Chevron folds in deformed turbi- ™= . _SD:'—89° : Upright fold Sub-vertical fold
dites. Note the sharp hinges and planar limbs Fig. 3.3h Asymmetric reverse kink bands in 90 Upright fold Vertical fold
of the folds. Field of view ca. 15m. a deformed schist.
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Note: Two attitudes are used to
describe the orientation of a fold, (a)
the plunge of the hinge-line ot fold axis
and (b) the dip of the axial plane. Both
are required to correctly describe the
fold attitude.

Shape of Folds: Folds may be classified
according to the shape either of indi-
vidual surfaces or of folded layers.

(@) Dip isogons The shape of the
folded layers is the feature most usu-
ally recorded and is quantified by the
use of dip isogons. First find a profile
plane through a fold, then draw lines
which join points of equal dip
through the stack of folded layers.
The reference datum is the tangent
which passes through the hinge point

ReierencW

60

60°
Dip Class 1A fold Xinner
Isogon fold
surface
1
i
X Y
Class 1C fold

of the folded surface. Three basic
classes of dip isogon patterns are
found (Fig. 3.4):
Class 1 folds: Folds with con-
vergent dip isogons.
Class 2 folds: Folds with paralle]
dip isogons: similar folds.

Class 3 folds: Folds with diver-.

gent dip isogons.

Note: Convergence and diver-
gence are measured going from the
outer arc to the inner arc of the fold,
Dip isogons may be used to con-
struct cross-sections and are pat-
ticularly useful in metamorphic
terrancs where bedding thicknesses
change around a fold.

(4)  Fourter or harmonic awalysis The
description of fold shapes may be

constructional
tangents

X ¥

60°

¥ Outer Class 1B fold (parallel)
fold
surface
1
| 1
1
x ¥ Xy
Class 2 fold Class 3 fold

Fig. 3.4 Dip isogon technique used to classify folds. Dip isogons are drawn at 30° intervals and
join points of equal dip on the upper and lower fold surfaces. Tangents used in the construction

are shown on the firse fold.

.
further ¢ quantified by considering the
- armonic waveforms, which when
,;ombmed form the fold shape. This
tcchﬂlque was devised by Hud-
dleston (1973) and a smlphhed ver-
on may be applied by visual inspec-
son using the chart of 30 idealised
fold shapes shown in Fig. 3.5, Six
Basic fold shapes are recognised:
A——Box Jolds, B— Carved double
P hnged folds, C—Semi-ellipses, D—
Parabolas, E— Semi-chevron and F—
Chepron foids. This chart (Fig. 3.5) is
also graduated in amplitudes from 1
to 5 and hence can be used in the
-feld to classify folded surfaces.

f

AMPLITUDE

FOLD

f
il

Fig. 3.5 Visual harmomc analysis. Field c‘hart for Fourier shape classification of folclq The fold
amplitude is measured on a scale 1-5; the fold shape is measured in columns A to T, A=tox folds,

B=intermediate between box fulds and semi-elfipses,

3.3.2  Three-dimensional classification
methods

A different classification to  that
described for 2D shapes is required
when folds vary in character along
their length, i.e. when their shape
|as seen in the profile plane changes
' along the hinge of the fold. Williams
and Chapman (1979) have con-
structed a simple classification dia-
gram for folds, based upon the
measurement of interlimb angle o,
the angle made by the curving hinge
line f, and the angle made by the

FOLD SHAPE

C= semi-ellipres, D= parabolas, E= intermediate

between sine wares and chevron bolds, F= chevron folds. (reproduced with permission from Huddleston,

1973),




curving fold axial surface y (Fig 3.6).
The triangular PQR diagram has
planes, cylindrical isoclines and iso-
* clinal domes at its corners (Fig. 3.7).  Fold symmetry is characterised b
This classification may be used in the  considering the relative lengths ang
field. : attitudes of the fomg— sborif—jo,,g

3.4 Symmetries of parasitic
minor folds

PROFILE
. SURFACE
HINGE LINE SURFace

(a) (b)

Fig. 3.6 Geomerric description of non-cylindrical folds. (4) #=the interlimb angle, B=hinpe
angle, (4) y =hinge line surface angle. (reproduced with permission from Williams and Chapman,

(@ P P
/T’k';\ PLANES (b]
180° —=
/ \ GENTLE
T «<>
/ 120°
/ E \ OPEN

N ) .
/ N

22N <%
o ——La——lig T a

Fig. 3.7 Non-cylindrical fold shapes plotted on a PQR diagram. (s) Diagrammatic representation
of fold shapes. (#) Descriptive terminology (reproduced with permission from Williams and
Chapman, 1979). J
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ISOCLINAL ISOCLINAL
DOMES

R

-

Jimbs of 2 minor fold (Fig. 3.8a). Z,
g and M symmetry minor folds can
= jentified (Fig. 3.82). M folds have
.cl‘ limbs of equal length, and hence
Jve NO ASYMMELry.

Fold symwmetry Is always determined
by looking down the plunge of the minsr
4, (Note that a minor fold with
7 asymmetry looking down plunge
would have an S sense of asymmetry
when viewed up plunge: so, always
ook down plunge.)

In a large fold structure the sense
of asymmetry of minor parasitic
folds will vary systematically around
)t:he structure and as such can be used
to determine the position of an

S M

L S M
M FOLDS '
Z 4

7 FOLDS
~

10P-045° 10°- 045° 10~ 045°

Z
c)

Fig, 3.8 Parasitic minor folds (a) 4, 8, and M
symmetry minor folds as viewed looking down
:_ﬂ_‘le fold plunge; (4) Symmetry of parasitic minor
folds around major fold structures; (¢) Map
symbols for minor folds and rtheir symmetry.

outcrop within the larger fold struc-
ture (Fig. 3.8b). § and 2 folds are
found on rthe limbs of major folds,
whereas M folds indicate the hinge
region of a large fold structure (Fig.
3.8b). Systematic determination and
recording of minor fold asymmetries
is a powerful tool for identifying
major fold structures and should
always be carried out during the
course of your mapping programme.
Minor fold symmetries must always
be plotted on your map (Fig. 3.8¢).

3.5 Vergence

Vergence is a term used to indicate the
direction of movement and rotation
that occurred during deformation.
The concept of vergence may be
applied to asymmetric folds and to
the relationship of one cleavage to
another, although this is a complex
procedure and is not described in
this Handbook (for details see Bell,
1981). Vergence is extremely useful
in complex deformed terranes, and
vou should always attempt to evalu-
ate vergence relationships when
mapping.

351 Fold vergence

Vergence of aspmmetric folds s
defined as the horizontal direction of
movement of the #pper component
of a fold (measured in the profile
plane, e.g. Fig. 3.9). Minor folds of
§ and Z asymmetry may have the
same vergence, M folds in the hinge
region of a major fold have ncutral
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plane of fold profile
N

" direction of y

___~ vergence

——y upper
component
o

o
rotation

profile plane

Fig. 3.9 Definition of fold vergence (repro-
duced with permission from Bell, 1981}). Tor
examples, scc Figs. 2.20 and 2.22.

Fig. 3.10 Minor fold vergence relationships
arcund a major fold stiucture. () plunge rever
suls lead to reversals of sense of asymmetry, bur
not of vergence. Minor fold A has an S sense
of asymmetty (looking down plunge to the
east) whereas minor fold B has 2 Z sense of
asymmetry (looking down plunge to the west).
Both minor folds have vergence to the north
towards the hinge of the anticlinal structure; (4)
minor fold vergence used ro locate the major
fold axes. In cross-section the minor folds C
and E verge towards the hinge of the anticline,
whereas folds DD and F have neutral vergence
at the hinge lines. Minor folds E and G {"erge
away from the synclinal axis; (7} vertically
plunging fold with a sinistral vergence; (o) ver-
tically plunging fold with a dextral vergence
(reproduced with permission from Bell, 1981).
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vergence, and vertically plunging
folds have either sinistral or dextry]
vergence (Fig. 3.10). The principal
use of minor fold vergence is tq
locate major fold avial surfaces. [y
simple  geometries, minor  folds
change vergence across major fold
surfaces (Fig. 3.11).

plunge
East

(a)

South
g / £ A
4/F
{b)

(c)

horizontal plane
(d) \f\ dextral

" ar Change
oy argance

Vergence

= \j\
Vergence t
\ F1\
Axial
Wargance Arrows s

Surface

Sg
Bedding

rp‘j‘é. 3.1 Example illustrating the use of
vergenee 1o detcrmine the Fy hinge and axial
i;lg,nc of a refolded fold.

3.6 Strain in folds

Within a folded layer, a wide variety
of strain states can be found (Fig.
3,12). Most folds that develop by
buckling of a competent layer have
extensional strains on the outer arc
and contractional strains on the inner
arc. A plane of no strain (finite neatral
surface— Fig. 3.12a) exists within the
folded layer, but this moves down
foward the imner are of the fold as it
tightens. In the feld the extensional
strains produce dilatant fractures and
veins (see Chapter 7) and cleavages
are produced in areas of con-
tractional strains, Flexural slip folds
(patallel folds produced by slip of
layers over each other, Fig. 3.12b)
are characterised by little internal
deformation of the layers on the fold

limbs, buckling strains (as in Fig.

5.12a) in the hinges, and well-

developed  slickensides (Fig. 5.4)

between competent layers in the fold

(Fig. 3.12b). Many folds may have

flattening strains superposed upon

them (Fig. 3.12¢) to produce a near
similar fold style. These flattening
strains are commonly reflected in the
development  of  well-developed
axial-planar cleavages (see Chaprer
4).

Extension

Slickenside
Lineations
(b)
J Axial Plane
(c) |

Fig. 3.12 Strain states in folded layers: ()
buckle fold produced by bending the layer (i.e.
a parallel fold with the thickness perpendicular
to the layer remaining constant) and with the
development of extensional strains on the cuter
arc of the fold, a finite neutral surface of no finite
strain (note that this will move downwards in
the layer as the fold tightens), and contractional
strains on the inner arc of the fold; (#) flexural
slip fold where the folded layers slip past cach
other (parallel fold). (¢) a flattened buckle fold
which approaches similar style geomerry (thick-
ness parallel to the axial plane is constant).
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3.7 Folds associated with faults

Many folds are geometrically related
to faults. In general, these arc passive
folds whose geometry is controiled
by the fault geometry: these can
occur at all scales,

In contractional fault systems,
steps in the fault plane require geome-
trically necessary folds to develop in the
hanging-wall plate as it moves over
the step (Fig. 3.13a). Kink-like and
box-fold geometries result. Simi-
larly, in extensional fault systems
geometrically necessary folds are
generated above changes in fault
plane geometry (Fig, 3.13b). Thus,
in fault terranes we must expect
geometrically necessary folds to be
generated wherever there are changes
in dip of the fanit plane. Fault-related
folds are further discussed in Chapter

‘Snake's Head

Thrust Plan)

‘Roll-over Anticline’
\) Listric Extension Fault

Fig. 313 Geometrically necessary folds gen-
erated by changes in dip of fault planes: ()
‘snake’s head” geometry of kink folded strara
over a flat—ramp—flat thrust fault geomerry;
(#) ‘roll-over anticline’ fold developed in the
hanging-wall above a listric extensional fault.
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3.8 Kink bands

Typical examples of kink bands are
illustrated in Figs. 3.14 and 315
They generally only occur in strongy,

[foliated anisotropic rocks (ie. they yre

often sccond or later generation
structures developed after a first pen-
etrative cleavage has been i-'nrmed)
and may occur singly or in conjugate
pairs,. If the larter occurs they may
then be used to determine palaco.
stress orientations (dynamic analysis;
sce below).

‘I'wo forms of kink bands are found:

1 Normal kink bands (Fig. 3.14a)
in which there is a volume decrease
in the kink band.

2 Reverse kink bands (Fig. 3.14b)
in which there is a volume #ncrease

in the kink band.

d = thickness between layers. dqy> dy

Fig. 3.14 Kink band nomenclature: (4) nor-
mal kink: note the volume decrease in the kink
band; (4) reverse kink: note the volume increase
in the kink band.

An example of reverse kink bands
is shown in Fig. 3.15a. Where the
kink bands occupy the total rock vol-
ume i.¢. at high strains, then the kink
axial planes tend to become parallel
to the bulk fattening plane (Fig.
3.15h).

. G =i

Fig. 3.15a Inclined conjugate reverse kink
‘bands in defarmed schists. The maximum com-
-pmssive- stress &) is horizontal.

e 2

’Fl'__g. 3.15b  Polyclinal kink bands in strongly
deformed psammites. Note the upright kink
bands in the central part of the photograph.

Sitress analysis using kink bands

gﬁﬂﬂjugate kink bands may be used to
caleulate the orientation of principal

stresses— (0; maximum * principal
stress, o, intermediate principal
stress and @ least principal stress).
g, bisects the sbruse angle between
kink band boundaries (axial planes).
@, is parallel to the line of intersection
of conjugate kink band arrays and o,
bisects the aeute angle between kink
band boundaries. What to measure
in kink bands is outlined in Table 3.3

(p. 58).

3.9 Mapping of folds

When mapping folded rocks it is
important to decide what fold struc-
tures can be represented on the map
and what structures should be rep-
resented as minor structures. (In the
latrer case detailed sketches and sketch
maps are required to illustrate the
significance of minor structures at
the outcrop scale: Fig. 2.20a.)

3.9.1 At the outerop scale

For folds which are found in an indi-
vidual outcrop or group of outcrops
and are too small to plot in detail on
your map the following procedure
should be adopred:

1 Describe and classify the style of
folding (e.g. chevron folding;
parallel folding; similar style
folding (Figs. 3.3 and 3.4)).
Always analyse folds in the
profile section looking down the
plunge of the fold axis— where
possible photographs and sket-
ches should always be made
looking down the fold plunge.
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Resuits of Analysis
@, bisects obtuse angle between

Stress analysis giving @y, g;, 5.
conjugate kink bands.
0, orientation,

Deformation processes  during
kinking.

What Observations to Record

Crenulation/kink lineation associ-

Normal or reverse kink angle
ated with kink bands.

hetween kink band and mean foli-

ation, (Fig. 3.14)
Angles berween conjugate kink

bands.

Veining (reverse kinks) pressure

Nature of foliation in kink band:
solution (normal kinks).

Nature of foliation that is kinked.

What to Measure

Orientation of foliation outside

kink band (Figs. 2.5-2.8).
Orientation of kink band axial

plane (Figs. 2.5-2.8).
Otientation of conjugate kink

band axial plane (Figs. 2.5-2.8).
Fold axes of kink bands (Figs.

Line of intersection of conjugate
2.11-2.13).

kink bands (Figs. 2.11-2.13).

Kirk
Planes

Axial

“
=
2
x
-4
%

Structure
Folliation
outside Kink Band
Conjugate Kink Bands

a

Falintion
in Kink Bang

Table 3.3 Data to be collected from observations on kink bands.

Kink bands (KB)

"

Skeresy Mar  Beacow Mus Sywciiwe

N
e — — _Cavsrm

e T = TuFF Bep
- s ;

o 3 el

K, e e
P o
P Liryre Tores
Py, T S 3
"l T
7 : v s 5200

AxaL 7%
3¢-10 BEDBmG \ 1o \ ! BT

4 (Dip Direction) | VT4 \ \
B \ \_?‘.\
A BO-II0T CLEAvAGE Sl
(Dip Direction) \.,-'
8 36%-120" Bevnwg /c,_g,w.qg ~ ~
InTerseEcTION ,'*; E s
Say S N
e oW\ § ol
201 Minon Z Foup \‘{_ &? -._.&.\ S z‘::a?' 1y
b 3 s v =)
Locauimy Ne. e N e
k‘i"@ T8 200+
.2 Qurcror Bouwmawy SOMmMErRes
N N
.
T T
Gty -,
e ,’i’?x s
P y" 3
3
/ 3 Axial Plar \
| el g e
\ <.
» poles to hadding \‘ 3 Great Circle {,&&
x poles lo cleavage % - Fold axis /
i 4 peawnglcleavage intarsaction N 2 e A
R S/
(Lowar Hemisphere Equal Area Projection) \.{-’é el

sF,lg, 3.16  Sketch map of a synclinal fold and a stereographic projection of structural dara measured
‘around the fold.

1

 Determine the cylindricity of the the bedding thicknesses around
- fold in order to understand how the fold (this will aid classi-
~ the folds will project down the fication—-cf. dip isogons Fig. 3.4

plunge of the fold axis (sce 9.2.2). and for chevron folds allow
2 Measure the orientations of bazh simple estimates of shortening
 thefold axis and the fold axial surface across the fold (Ramsay, 1974)).
 (Figs. 2.5, 28c and 2.11). 3 Measure the aorientation of the

Measure— the interlimb angle of enveloping surface ie. sheet dip
. the folds (Table 3.1) and — (Fig. 3.1)—essential in areas
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of complex small scale folds.
Measure bedding around the
fold—this will allow better
definition of the fold axis by plot-
ting this data on the stereo-
graphic projection.

Determine the relationships and
measurc the orientations of cleav-
ages and lineations in the folds
(see Chapters 4 and 5 for details).
Determine the asymmetry and
vergence of the folds (Figs. 3.8,
3.9 and 3.10). Measure the direc-

. tion of vergence. )
Plot on your map (&) the trend,

plunge and asymmetry (vergence) of

the minor fold— or mean irend and

plunge froms a group of minor folds
(Talf?e 2.1Y; (b) the orientation and
dip of the fold axial-surface (Table
2.1y; (€) the sheet dip of the bedding
in the folded outcrop, (d) the orien-
tations of cleavage and lineations
developed in the fold.

Note that your notebook
should contain much more
structural data than can be
plotted at one outcrop on your
map.

7 Check that your noiebook contains
the appropriate sketches and
structural data to fully analyse the
fold or folds.

3.9.2 On the map

To accurately represent fold struc-

tures on your map (e.g. Fig. 3.16)

you should endeavour to complete

the following steps.

1 Decfine the fold by mapping
sufficient outcrops so that the
fold is outlined by (4) bedding
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form lines, (b) the distribution of
lithological units, (¢) the dig.
tribution of shee? dip form lines (¢f,
Fig. 3.1b). (Note: this is import.
ant in areas with abundant smal].
scale folds.)

Attempt to identify the hinge
region of the fold—eg
exposure 8 in Fig. 3.16. Note thay
in the hinge region of a fold with
an axial-planar cleavage, the
bedding and cleavage are almost
at right angles, whereas on the
fold limbs the cleavage is at a
lower angle to bedding (see
Chapter 4).

Map  the  cleavage/bedding
relationships (i.e. cleavage ver
gence) around the fold.

Mecasure the orientation and
asymmetry of small-scale folds
around the large fold (Fig. 2.20a),
This, together with location of
the hinge region and

bedding/cleavage relationships, .

will allow the position of the #race
of the axial plane to be deter-
mined (Fig. 3.16).

Measure sufficient structural data
from around the fold, to permit
the following constructions on a
stereographic net (Fig. 3.16):

(¢) Define the great circle of
poles to bedding (assuming cyl-
indrical folding). For this a
minimum of 15-20 good read-
ings arc recommended. This will
allow the major fold axis to be
defined (Fig. 3.16). (This means
that you should always take more
readings than can be plotted on

the map.) In areas of tight to iso-

clinal folding, data must be col-

Jeeted from the hinge region in
cder to define the great circle
dle on the projection.

) Measure  the  cleavage
throughout the fold (Fig. 3.16).

~ The mean cleavage plane will

_Fgépproximtc to the fold axial

-A,:“‘pliﬂe- (A minimum of 20 read-

~ ings are recommended for this.)

() Measure the bedding/cleav-

ﬁ‘.;g;ge intersection and minor folds

~ around the fold hinge (Fig. 3.16).
These should be approximately

 parallel to the major fold axis (a
~ minimum of 20 readings are rec-
ommended).

6 Identify and classify the style of
folding in the map area (e.g. par-
allel folding generated by flexural
slip; chevron tolding; or similar
style folding — Figs. 3.3 and 3.4),
particularly by observing minor
and mesoscale folds in outcrop.
The outcrop pattern on your map
and your cross-section (see 9.2)
must reflect the style of folding.

Representation of a large fold on
your map should always be sup-
plemented by a sketch cross-section
showing structural relationships. [

Table 3.4 summarises the data to

be collected when mapping folds,
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8]

O Table 3.4 Data to be collected from observations whi

en mapping folds from a single phase of deformation.

Structure

What to Measure

W hat Observations to Record

Resuits of Analysis

Fold Axial
Plane

Fold Axis
10 =200

Sp

—  Vergance

Dip
Isogens
Similar
Fold
51
Cleavage
So

Interfimb
Angle Sa

Fractures

Orientation of fold axial surface
(dip direction) (Figs. 2.5-2.8).

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

Vergence {azimuth) (Figs. 39 &
3.10).

Profile section of fold (Figs. 3.2-
3.4).

Cleavage orientations around the
fold (Fig. 4.3).

Interlimb angle. (Table 3.1)

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

Nature of axial surface.
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 asymmerry.
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}

Orientation of fold structure.
(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.

Nature of ]imb-sﬁvpl:énar—
curved. (Fig. 3.3)

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

Shortening across fold, (chevron

folds).

Quantification of asymmetry,
Strain distribution, mechanisms
of folding,. (Fig. 3.12)
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Foliation is a planar rock fabric. In
this Handbook we are concerned
with tectonic foliations that are usu-
ally produced by deformation and
recrystallisation of the mineral grains
within the tock to produce a pre-
ferred orientation (as opposed to
bedding-parallel fabrics induced by
compaction during burial). Most
foliations (with the exception of frac-
ture cleavages) are penctrative on 2
mesoscopic scale, i.e. they penctrate
the whole rock, unlike joints or frac-
tures, which have little or no effect on
the rock mass away from the fracture

' zone.

Planar sutfaces in a rock mass are

_designated ‘S’ surfaces (excluding

joints and fractures). Bedding is Bl
the first cleavage is *S,’; the second
cleavage is ‘S, and so on (sce
mapping symbols, Section 2.6). The
subscripts  indicate the relative
chronology of the surface. Rocks
with strong planar tectonic fabrics
are termed S fecionites’.

4.1 Common foliations

The type of tectonic foliation
developed in ‘2 rock will be strongly
dependent upen the conditions of
deformation (temperature, confining
pressure, differential stress and strain
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Foliations

rate) and upon its composition,
Rocks which have abundant platy
minerals (clays and micas) will tend
to develop penetrative foliations that
give a strong directional parting or
fissility to the rock, whereas non-
platy monomineralic rocks such as
limestones or quartzites will tend to
develop spaced cleavages (visible dis-
crete foliation planes) or grain shape
fabrics (see Fry, 1984). Listed below
are the more common types of foli-
ations found in rocks.

I non-metamorphosed io low-grade

metamorphic rocks:

1 Slaty cleavage: Penetrative foli-
ation occurring in fine-grained
incompetent units e.g. mud rocks
and impatting a strong fssilify to
the rock— in the hand specimen
no visible minerals or seg-
regations of mincrals to be scen
in the plane of cleavage (Fig.
4.1a).

2 Crenulation  cleapage:  Poliation
produced by  microtolding
(crenulation folding) of 4 pre-
existing  foliation— commonly
associated with a segregation of
minerals which can be seen as
bands in the plane of cleavage
(Fig. 4.1b). May be penetrative

Fig- 4.1a Penctrative slaty cleavage in mud-
stones showing a well-defined Hssility.

Fig. 4.1b Crenulation cleavage (parallel to

penknife) formed by microfolding of thinly

interbedded psammites (sandy units) and pelites
(originally muddy units). The limbs of the

~crenulation microfolds in the psammitic layers

are disrupted and show partial dissolution fea-

tures (pressure solution) that result ina pref-
cerential concentration of phyllosilicates  in

bands that define the crenulation cleavage

planes.

_in fine-grained rocks. Common
in slates, phyllites and schists (see

Ery 1984).

3 Fracture cleavage: A non-pen-

etrative foliation consisting of
petsistent, closely-spaced frac-

Fig.‘ 4.1c  Well-developed fracture cleavage
consisting of a closely-spaced array of verrical
fractures in sandstones.

Fig.4.1d Pressure-solution cleavage showing
distuption df the light-coloured psammitic
layets by dark pressute-solution seams.

tures (Fig. 4.1c). May occur in
sandstones, massive limestones
and in igneous rocks.

&  Pressure-solution cleavage: A spaced

cleavage which produces a mineral
segregation (often associated
with microfolding) and dark
seams of insoluble material that
impart a prominent striping to
the rock (Fig. 4.1d).
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In higher grade metamorphic rocks:

il
1R 5 Schistosity: A penetrative/non- most cases foliations are approxi-
penetrative foliation with visible cely axial planar to the folds of the
| phyllosilicates and mineral seg- gmation phase which produced
{ regation into bands parallel with foliation, This general relation-
the foliation (Fig. 4.2a). (Note is shown in Figs. 4.3a and b.
that schistosity is commonly par- foliation plane approximates to
allel with bedding.) Schistosity is . plane of finite flattening (XY
‘ | often folded by later crenulation e of the strain ellipsoid) for the
I; ‘ cleavages. ‘ wrmation that produced the foli-
I | : ot il . ol 4 : is is
| 6  Gueissic foliation: A foliation in jon (Fig. 4.3a). Thl.\i is a general
| coarse-grained rocks, consisting e that can be applied to folded 5
L of impersistent laminae and seg- ! sequences, but it breaks down within v e - : " " T
I . $ . oy " - 1g. 4.3a xial-planar cleavag sile-
regations of mineral grains (Fig. chear zones where ti!c_fqllatlon plane wics‘ planar cleavage in folded silt
4.2b). (Note that the gneissic foli- is not parallel to the finite flattening
| ‘ ation is often parallel-sub-par- gj{g:;;_g outside the shear zone.
i allel  with the lithological ik
i Fanning Cleavage
il band1r_1g.) ) i Planes 5, .
1! 7 Mylonitic foliation: A penetrative
(]! jati i £ : _
! foliation developed in zoncs of g 40 Goeigsic foliation showing the _ i o Bedding
‘ ‘ high shear strain such. as faults G banding of quartzo-feldspathic and of 4.2.1 Fanning and refracted foliations lcnlleear‘;:%?ion
i and shear zones. It is charac-  mafic segregations. *
Il terised by tectonic reduction in ' [n most cases the cleavage, e.g. slaty
il grain size (Fig. 4.2¢c)—often leavage, is not strictly axial planar
il I resulting in  extremely  fine- e fold, but in fact, fans around
‘ [N grained, almost slaty rocks. he fold (Fig. 4.3b). This arises from
Wi difference in competence or stiff-
| I 1 ess of the beds that are undergoing
| i ( ding. In the casc of interbedded )
Fitl pelites (fine-grained mud rocks) and SyiBeading
| mmites (coarser-grained sandy Rl Aglal Flane
i s) (Fig. 4.4a), on the fold limbs
i1k : - g (Tig y ), c e mbs E PolestobeddingS; ®
| e cleavage is at a low angle to bed-  Fold Poles tocleavage S, %
i i : ) Bedding/Cleavage
“ | ! ng in the : slaty llthologles‘ but Intersection Lineation Ly ©
| - refracts to a high angle to bedding in
Il the sandstones. This zig-za
X-Rfm : & 1 = B clea?rage Fig. 4.3b Fanning axial-planar foliation
||} ctl.on ‘rcvea S' Important _d_!ﬂ-er‘ around a folded layer. The intersection lincation
‘| | ‘ - S n lnhologlcal compositions, L, is parallel to the major fold axis. The sterco-
Fig. 4.2c Mylonitic foliation in a strongly . the cleavage p]ane curves toward  graphic projection shows the plor of poles to
(il (TR ; sheared granite showing a well-developed allelism with the top of a graded ~ Pedding (solid circles), poles to cleavage plancs
| ‘ Fig. 42a Schistosity showing segregation planar fabric with deformed feldspar por- hy . (crosses) and L, lineations (open circles). The
d : 2 . . S L edding unit, and as such, can be : e ; ) 1
[ into phyllosilicate layers and quartzo-feld-  phyroclasts in a matrix of fine-grained streakec . ] 3 major fold axis (trangle) is defined by the pole
spathic layers. out quartz and feldspar. ‘used to determine way-up (Flg. 4.4:1). to the bedding great circle.
". i 67
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S, Bedding

Cleavage S,

Finite Neutral Point
(No Cleavage Developed)

Convergent Cleavage
in Competent
Sandstones

Divergent
Cleavage
in Mudrocks

Fig.d.4a Refraction of cleavage around folded layers of different competencics. Notg the charac-
reristic fAlatrening of the cleavage in the more peliric layers and the higher angle between cleavage
and bedding in the more competent sandy layers. In normally graded beds this disuncrive patrern
of cleavage flattening upwards may be used to determine way-up.

An example of cleavage refraction is
shown in Fig. 4.4b.

Fanning cleavage is designated as
occurring in either convergent or
divergent cleavage fans (Fig. 4.4a).
In strongly contrasting lithologies,
e.g. slate and sandstone (Fig. 4.4a),
‘anomalons’ cleavage orientations are
found in the hinge region of folds;
in particular, an area of no cleavage
occurs at the finite newtral point (Fig.
4.4a). This cleavage pattern is found
in the less competent units, e.g.
slates, and arises from the finite strain
patterns around the fold hinge zone.
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Fig. 4.4b Cleavage refraction in interbedded
sandstones and shales.

) Foliations and folds
relationship between foliation

ing the presence and location of
r fold structures. Fig. 4.5 shows
- the antiform hinge is located.
hat in the overturned limb the

gjﬁP between bedding and cleavage
" in the fold hinge region. Cleavage
ding relationships tell you the

mentary structures is needed ro
the siratigraphic way-up.
The intersection of the foliation

Cleavage dips more
steeply than Bedding

Cleavage S,

i

structure and to locate the major fold hinge.

4
Bedding Sg

surface (S;) with the bedding plane
(Ss) produces a lineation (L,) parallel
with the fold axis (Fig. 4.3b and
3.16). 1t is essential that this lineation
is systematically recorded during a
mapping programme because it is a
measure of the plunge of the folds
(see Table 3.4).

4.3.1  Transposition

Transposition is the rotation of a pre-
existing foliation or bedding into
parallelism or near parallelism with
the fold axial plane. This produces a
new transposed layering (see THobbs
et al., 1976), which may also incor-
porate mineral segregation and redis-

Cleavage 90° to Bedding

< Cleavage dips
, less steeply than
Bedding.

500 metres

e
*Flg 4.5 An illustration to the use of bedding/cleavage relationships to determine the major
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tribution and hence result in a new
metamorphic layering (Fig. 4.6a).
On a small scale the orientation of
this new layering often does not rep-
resent the gross orientation of the
larger lithological units. An example
of transposition in greenschist-facies
rocks is shown in Fig. 4.6b.

S, Cleavage
8, Bedding
(a)

Crenulation Fold
Axial Planes Sz

Crenulation
Fold Axial
Planes Sz

Mgl Sy
*'51
+Sq

(c)
“Sz

Fig.4.6a Transposition of a pre-existing foli-
ation S, and bedding S, by crenulation folding
to produce a transposed foliaton 5. (a)
Bedding S, and first cleavage S;; (b) Asym-
metric crenulation folding with rotation of both
$, and S; into the fold limbs; (c) Increased
rotation of S, and 8, towards parallelism with
the S, fabric (crenulation fold axial plancs).
Pressure solution on the fold limbs, recrys-
wllisation and metamorphic growth  will
enhance the §; fabric.
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Fig. 4.6b Example of transposition. Thin
sandy beds are transposed into the foliation
(vertical). The original bedding planes (S;) can-
not be traced across the photograph.

4.3.2  Superposed foliations

Tn an area that has been affected by
two deformations, the first foliation
(S,) becomes folded and a new foli-
ation (S,) is developed (Fig. 4.7). The
second foliation is usually a cremu-
lation cleavage which intersects the
first foliation to produce a crenplation
lineation L, in §,. The crenulation foli-
ation may also intersect the bedding
(S,) to produce a crenulation lin-
cation L2 in S, (see Table B.1). In
areas of only two phases of folding,
the crenulation foliation S, (approxi-
mately axial planar to the second
phase of folds) will he fairly constant
in orientation, whereas the orien

sion of L, will vary according to

_orientation of §; within the first-
¢ fold structures (e.g. fanning
liation). The orientation of the
sulation cleavage/bedding inter-
don L3 will vary significantly
urding to the orientation of the bedding
the firsi-phase fold structares.

ansposition (Section 4.3.1) is a

=

ciated with crenulation-type
ages produced by a second

g, 4.7 Superposed foliations. A second cleavage
microfolding of the first cleavage §, (a slaty cleavage).

4.4 Mapping foliations

Foliations should be systematically
m.a‘pped and plotted on your field
slips in the same way as bedding,
Measurement techniques are the
same as those employed for any ‘8’
surface (Section 2.3.2), Data to be
collected if one tectonic cleavage or
foliation is developed are listed in
Table 4.1. The importance of meas-
uring the orientation of cleavage S,
and the bedding|cleavage intersection L,
cannot be overemphasised. If two
tectonic cleavages are present then
Table 4.2 outlines the additional data
to be collected.

$1 Cleavage Surface

Sp Bedding surface

2

Lo onSg
0

Lz onSz

57 Cleavage Surface

[ s

2
L1 onS2

Bsdding S0

a crenulation cleavage S, is developed by
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Table 41 Data to be collected from observations on the first cleavage (ot schistocity

), S, (commonly a slaty cleavage).

Stracture

What to Measure

What Qbservations fo Record

Results of Anadysis

5, Clemvage
T

BE ot

& Cleavage

e HML‘Q 1

+

In polyphase terrancs.

Fp Cranulation Folds. A 50

8, 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 strerching ML, lineation
on cleavage plane (plunge) (Figs.
2.11-2.13).

Orientation and magnitude of
strain of deformed objects in the
cleavage planc (Appendix A.I11).

L., on 8;. The intersection of
subsequent cleavages on the first
cleavage plane, Le, crenulztion
lineations (plunges) (Figs. 2.11—
A1BY-

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

(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 11I)

Natute 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.

Oirientation of fold axis (& axis).
(Fig. 4.3b)

Orientation of stretching axis

~ X axis of bulk strain ellipsoid
(a, axis).

(Fig. 3.2 and Appendix 111}

XY plane of strain ellipsoid.
(Appendix 11)

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

Table 4.2« Data to be collected from observations on the second cieamgg&;(c@_mﬁldnly ﬁ:cmmﬂﬁio ﬂféiita'x{'éiiga-

Structure

WWhat to Measure

What Observations fo Record

Results of Analysis

5, [Commonly a
Grenulation cleavage

a SyPlane
or Schistocity)

!

?‘ //'r
Grenulated ?E /.;.\20
5 gs
N
N
L
lareocin

E3 Plane

Trace

o Bedding
Sy 0n

Sz plane

Mineral
Elongation

Dip direction {or strike and dip)
(Figs. 2.5-2.7) of 8,.

L, Intersection of first cleavage
on second cleavage plane S; (Figs.
2.11-2:13).

L2 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 111).

Nature of §; cleavage: orientation
of §, cleavage relative to 8,
cleavage and relative to bedding
5. (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 ta

cleavage. (Appendix I1I)

Position relative to F, fold

axis. (Fig. 4.5)

Mean cleavage approximates toF,
axial plane.

Vergence and facing of F,
structure.

Orientation of F, fold axis (&, axis)
of folded 8, surface. (Figs. 4.7,
5.1d) ,

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

Orientation of stretching axis

2 X axis of bulk strain ellipsoid
* for F, deformation («, axis). Fig.

3.2.and Appendix I1I)

XY plane of F; strain ellipsoid.
(Appendix I1I)




A lineation is a linear rock fabric that
may result from the intersection of
two planar features, from the align-
ment of mineral grains, crystals or
clasts within the rock, from linear
shape fabrics of grains and clasts, or
from the parallel alignment of tec-
tonic elements such as minor fold
or crenulation axes or slickenside-
groove features, Here we are con-
cerned with tectonic lineations—
primary or depositional lineations
are discussed by Tucker (1982). Lin-
eations include bedding/cleavage
intersections, crenulation lincations,
minor fold axes, mineral stretching
lineations, slickensides, grooving on
fault and fracture planes, and boudin
axes. Rocks with a penetrative linear
fabric are termed L fec/onites. Lin-
eations are commonly used in com-
plex deformed areas to define sub-
areas of structural homageneity. Reori-
entation of earlier linear structures can
be an important indication of later
deformation,

5.1 Lineations associated with
folding

5.1.1  Bedding—cleavage intersection

The most distinctive form of linear
structure in simply folded areas is
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5

Linear structures

the bedding(S,) [ cleavage(S,) inter.
section (L,) (Fig. 5.1a). This basjc
geometry is illustrated in Fig. 5.1},
The intersection of bedding surfaceg
and cleavage is parallel or approxi.
mately parallel to the fold axis 4,
This lineation may be measureq
directly on the outcrop (Section
2.3.3, Figs, 2.11-2.12) or determined
on the stereonet from bedding and
cleavage measurements. Caution: the
cleavage may not be precisely axial
planar to the fold and hence the
bedding/cleavage intersection I,
may not always be exactly parallel to
the major fold axis #,. A fold with an
oblique cleavage (possibly as much
as 20° from the axial plane) is known
as a transected fold. Careful obser-
vation of cleavage relationships in
minor folds will indicate whether the
folds are transected or not.

5.1.2  Crennlation lineations

Crenulation lineations are formed by
the intersection of a crenulation
cleavage (e.g. S;) with an earlicr foli-
ation (e.g. S;) (Fig. 5.1c). A crenu-
lation cleavage requires a pre-existing
Joliation in order to develop— this
may be a bedding fabric, a slaty cleav-
age or an earlier schistosity (Fig:

B.la Bedding/cleavage intersection lin-
n Ly as observed on the bedding plane in

crenulation lineation on the slaty
eavage is a good indication of a
second deformation. In some situ-

ations a crenulation cleavage may
ialso result from progressive defor-
mation during a single deformation.
A -

5.1c  Crenulation lineation developed on
schistosity surface (or S, surface) of crenu-
psammitic schists.

Sy Cleavage
Plane

Ly
Bedding/
Cleavage

Fanning
Axial Plane
Cleavage

Lineation

Fold Axis
by

Stretching
Lineation

" S Bedding

e
KEY
e poles to bedding
+ fold axis

» L, bedding/cleavage
intersection lineation

* poles to cleavage

Fig.5.1b  Folded layer 8, with a fanning axial-
planar cleavage 5; showing the development of
the bedding/cleavage intersection lineation L
which is parallel ro fold axis or hinge line. A
mineral strerching lineation ML, is developed
on the fold limbs and at 90° to the fold axis.
The stereographic projection shows the plot of
poles to bedding (solid circles), bedding/cleav-
age interscetions—Ly (triangles) and poles to
fanning cleavage planes (small crosses). Fold
axis is defined by the pole to the bedding great
circle.
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Crenulation Folding of
an earlier cleavage S, o
Crenulation
- Lineation
{Crenulation
Fold
Axes)

Planar AT . Sy
§; Cleavage Folded Cleavage

Poles to
N First Cleavage

4 \
l + )
I\ Poles /
b to Crenulation /
Cleavage *. /

Crenulation
Lineation L,

Fig. 5.1d ~ Crenulation folding of a cleavage
8, showing the development of a crenulation
cleavage S; and an intersection (8; on §) lin-
eation L. The stereographic projection shows
poles to rthe first cleavage S, (solid circles),
poles to second cleavage S, (crosses) and the
crenulation lineation Ly (triangles). The major
F, fold axis is defined by the pole to the §

cleavage great circle.

For second-phase deformations,
the crenulation  cleavage(S,) /slaty
cleavage(S,) intersection lineations
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(L;) may be analysed in a Similay .

fashion to bedding/cleavage ingey.
sections (Fig. 5.1d).

31,3 Pencil cleavage lineations

In some rocks (often mudstones apg
siltstones) there is a strong beddin
plane (8,) fabric which, when foldeq
and cut by a slaty cleavage causes the
rock to break into pencil-like slivers
(Fig. 5.2). This is known as a penci]
cleavage lineation and should be
measured and analysed in the same
way as the normal bedding/cleavage
intersection (Section 5.1.1).

F .. s
Fig. 5.2 Pencil cleavage lineation in a dolo-
mitic siltstone as a resule of the intersection of
a strong bedding-parallel fabric and a strong
tectonic cleavage,

5.2 Mineral stretching and
clongation lineations

5.2.1  Mineral stretching livealions

Mineral sireiching linealions (ML) are
formed by clongate mineral grains

jﬂg, 5.3 A mineral strerching lineation ML,
sheared granite showing elongate quartz
ns and feldspar aggrepates,

formed by alipnment of deformed
ebbles and fossils. Both of these
pes of lineation can be either par-
1 to the fold axis (¢ lineations) or
t high angles to it (a fireations) (see
g. 5.1b). Careful observation of the
elationships berween the wiror fold
axes and linear structures is essential.

é(}?ig. 5.3) and elongation lineations are

522 Mineral lineations associated
with flexcural slip folding

In flexural slip folds (Fig. 3.12b)
internal slip of Tavers over one
another
. grooving and/or mineral stretching

produces  slickensides,

eations, all of which are appproxi-

‘mately 90° to the fold axis. These
lineations indicate the direction and
sense of slip between the layers. The
slickenside lincations are commonly
fibrous accretion steps (Fig. 5.4).

Fig. 5.4 Fibrous quartz slickenside lineations
developed on the limb of a flexural slip fold.

5.3 Lineations formed by
boudins, mullions or rodding
5.3.1  Boudins

In folds whose limbs are strongly
stretched, the more competent units
will tend to neck into elongate loz-
enges called bouding (Fig. 5.5a). Sim-
ilarly, if there is strong flattening
perpendicular to a cleavage or schist-
osity plane, then competent units
will neck into boudins (Fig. 5.5b)
The boudin axis will tend to be par-

allel to the *# tectonic axis (i.e. the
fold axis).

5.3.2  Mullions

Mullions form in a similar fashion
to boudins in that they are usually
parallel to the ‘4’ tectonic axis and
occur when the interface “between
incompetent and competent material
is deformed (Fig. 5.5a).
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Mullions

e

Bedding Sq

Boudins

Fig. 5.5a Lineations Fordied by boudinage and by mullions. In simple boudin structures the

lineations tend to parallel the major fold axes.

Fig. 5.5p Boudin necks of amphibolite in
quartzo-feldspathic gnelsses.”
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Fig.5.5¢ L tectonite with rods of amphibolite
in a quartzo-feldspathic gneiss.

5.3.3 Rodding

Rods are stretched and elongated
fragments of competent matcrial in a
ductile matrix. Pebbles, quartz veins
or dyke fragments commonly form
rods that are parallel to either the ‘7

™

or ‘b tectonic axis. Rodding prod-
yees L tectonites (Fig. 5.5¢). Careful
amination of the relationships
"betWecn rodding and other struc-
utes such as folds is needed to deter-
‘mine whether the rods are parallel to
the ‘@’ or ‘¥ direction.

5.4 Lineations associated with
faults

Slickensides and grooving are com-
monly associated with brittle fault-
ing. Slickensides are often composed

(al .

- Fault
““Plana
Fibrous
Quartz =
Crystals

ig- 5.6a Slickensides developed as fibrous
'é:ij}fS:als of quartz joining opposite sides of a
stepped fault plane.

: ke
-F_ig. 5.6b  Slickensides of fibrous quartz in
sandstones. The movement direction is up in
the photogmph.

of fibrous crystals that stretch from
one side of the fault plane to the
other (Fig, 5.6a). In carbonates, lin-
car structures called slickolites are
formed by pressure solution of the
bumps (asperities) in the fault planc
and reprecipitation of fibrous calcite
in the gaps (Fig. 5.6c). Grooves are
formed by comminution (grinding
down) and solution as the two fault
surfaces slide over one another (Fig.

5.6d).

(c) Calcite deposited
— = in gaps

Pressure solution
of asperities
-
Fig. 5.6¢  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.
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Table 5.2 Data to be collected from chscrvations on mineral stretching lineations ML, ML,.

Structure

What to Measure

What Observations to Record

Results of Analysis

ML, Mineral
stretching lineation in

8
Sy Cleavage

Mineral
Stretching Lineation MLy

ML, Mineral
stretching lineation in

Plunge of ML, lineation
{orientation data for S, and §,
also required) (Figs. 2.11-2.13).

Strain of deformed abjects
parallel to lineation (Appendix
1)

Plunge of lineation (orientation
data for Sy, 8y, and §; are also
required) (Figs. 2.11-2.13).

Strain of deformed objects
parallel to lincation {Appendix
111},

Nature of lineation (nature of
bedding and cleavage also
required).

Overgrowths parallel to
lineation, fibre directions.

Nature of strain.
Fibre overgrowths.

Nature of lineation (nature of §,
S, and §, also required).
Overgrowths parallel to
lineation, fibre directions.

Nature of strain.
Fibre overgrowths.

Lineation generally parallels the
X axis of the F, finite strain
ellipsoid, (‘a;” tectonic axis). (Fig.
3.2; Appendix I1I)

¥ axis of F, finite strain
ellipsoid.(Appendix 111)

Lineation generally parallels X
axis of the F, finite strain ellipsoid
(e, tectonic axis). (fig. 3.2;
Appendix 11I)

X-axis of F, finite strain ellipsoid.
{Appendix 111}

Structure

What to Measure

What Observations to Record

Results of .»‘:iria._!y.rr}

Grooving (no crystal
fibre growth).

Plunge of lineation.
Orientation of fault surface.
Orientation of displaced units
(Figs. 2.11-2.13).

Nature of grooving.

Fault rocks.

Sense of movement from steps in
fault plane.

Width of fault zone.
Displacement.

Stratigraphic separation.

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

Slickensides (crystal
fibre growth). Fault

;
Slickensides Fisos

70— 100

Plunge of lineation.
Orientation of faulr surface,
Orientation of displaced units
(Figs. 2.11-2.13).

Nature of fibre growth.

Sense of movement from fibres
and steps in fault plane.

Fault rocks.

Width of fault zone.
Displacement.

Stratigraphic separation.

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

Slickolites (Fig. 5.6¢)

Calcite
Accretion Steps Fault
Plane

Accretion

Lineation___\ ﬁ-

1Q+2a0

Plunge of lineation.
Orientation of fault surface.
Orientation of displaced units
Movement direction 90° to
accretion steps.

Movemant
Direction

90° 10
Accraticn

Natute of fibre growth.

Sense of movement from fibres
and steps in fault plane.

Faulr rocks.

Width of fault zone.
Displacement.

Stratigraphic separation.

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




Faults

Brittle to semi-brittle faults are
planar discontinuities along which
significant displacement has
occurred. They generally form in the
upper 10-15 km of the crust.

6.1 Classification and
description of faults

Numerous classification schemes for
faults have been erected based on the
dip of the fanit plane and the direction of
slip. In many cases, it is not possible
to find the exact displacement as this
requires knowledge of the location
of matching points on either side of
the fault plane. It is not easy to deter-
mine the direction of slip if the fault
plane is not exposed. In this Hand-
book two schemes are referred to:
(@) Anderson’s Dynamic Classification
which relates to the stress systems
tesponsible for the faulting and (#)
a simple descriptive scheme hased
upon the geometry and separation
across a fault plane.

6.1.1  _Anderson’s dynamic
classification of faulting

Anderson’s (1951) dynamic classi-
fication of faults (Fig. 6.1) is based
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6

Faults and shear gones

on the fact that no shearing stress cap
exist at the Farth’s surface, hence, for
faulting to occur close to the Earth’s
surface, one of the principal stresseg
(¢, g, or g;) must be perpendicular
to the Earth’s surface, and therefore
vertical.

Normal fanits o, is vertical and g,
and g, are horizontal. The dips of the
fault planes are ~ 60°.

Wrench or strike-slip fanlts @, is ver-
tical and @, and @, are horizontal. In
this case the fault planes are vertical
and the movement direction is hori-
zontal, i.e. strike-slip.

Reverse faunlts @5 is vertical and g,
and ¢, arc horizontal. The fault
planes dip at approximately 30° to
the horizontal.

Note that the angle bisected by g,
between conjugate fault planes is a
function of the material propertics of
the rocks undergoing faulting and
can vary between 45" and 90°. 60° is
taken as a typical valuc.

6.1.2  Geomelric classification and
description of fanlts

This classification is based upon the
sense of movement (separation)

Normal Faults

Strike-Slip (Wrench) Faults

Reverse-Slip (Thrust) Faults

| direction of slip across the fault
ne and is as follows:

1 Extension faults —e.g. normal
faults (Fig. 6.2a).

Contraction faults c.g. reverse

-~ faults, thrust faults (Fig. 6.2b).

Strike-slip—e.g. wrench faults,

transform faults (Fig. 6.2c and d).

ric fay/ts  Many fault planes are
ed, not planar, at depth, Fault
es which are concave upwards, and
- a fault plane which flattens out
depth are termed Jistric faults, Two
s are found: the fstric extension
(Fig. 6.3a) is a curved fault
h may be divided into a high-
extension fault, medium-angle

S

3

6.1 Anderson’s dynamic classification of faults with the stereographic projections of the
s and stress systems. The solid half circles indicate the side of the fault block thar has moved

extension fault and bedding plane or
sole fault segments. With the high-
angle and  medium-angle fault
sections, stratigraphy is omitted and
younger rocks overlic older rocks. A
listric extension fault is shown in Fig,
6.3b.

A listric contraction fanlt (Fig. 6.3¢)
is a curved fault in which the steep,
often sub-vertical segment is a high-
angle contraction fault. In both the
steep and middle segments, older
rocks overlie yomnger rocks, whereas
there is little or no repetition by the
sole fault. More complicated geome-
tries arise in systems where faults
may have several listric sections and
are /inked to other faults (see 6.3 and
6.4).
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CONTRACTION FAULT
Hanging-wall

EXTENSION FAULT
{a) (b)

Hanging-wall

{d) :
(F‘LAN . PLAN ) o
VIEW . | VIEW :

SINISTRAL STRIKE-SLIP FAULT DEXTRALSTRIKE-SLIP FAULT

Fig. 6.2 Geometric classification of faults based upon separation across the faules and with a
knowledge of the slip direction on the Janlt (.. from slickensides). For an ohserver standing on the fault
plane, the hanging-wall is the rock unit above the fault plane and the faot-wall is the rock unit below
the fault plane; (2) a dip slip extension faulr as seen in a cross-section producing stratigraphic
omission. As vicwed by the observer, the lmngingf\\ill fault block has moved down relative to
the foot-wall faule block; (£) dip slip contraction fault as seen in a Cross-section pre wducing
stratigraphic overlap. As viewed by rthe obscrver, the hanging-wall has moved up relative to the
foot-wall; (¢) sinistral strike-slip or wrench fault in plan view. As seen by the observer standing on
the nearest faule block, the fault block on rhe other side of the fault planc has maved to the left;
(d) dextral strike-slip or wrench fault in plan view. As seen by the observer standing on the nearest
fault block, the fault block on the opposite side of the faulr planc has moved to the right.

Sense of movement: is determined
from stratigraphic relationships
(e.g. older rocks over younger
rocks), from the apparent offsets
of marker units, dykes and other
faults. (reat care, however,
needs to be exercised, when faults
cut already folded strata. The sense
of movement should be plotted
on the stereographic projection,
using a partially filled circle with
the solid segment on the down-
thrown side e.g. Fig. 6.1. Fig. 6.5
shows an example of a con-
traction fault where sense of dis-
placement is from left to right.

6.2 Fault displacements 2

In many cascs exae/ faule dis-
placements cannot be determined in
the field, but for most faults the fol-
lowing data can be collected:

1 Direction of movemen/: this can be
determined from gronving. slick-
ensides, stretched crystal fibres
and slickolites on the fault plane
(Fig. 6.4). Movement lincations
should be plotted as ancillary
symbols on the fault plane
symbol (see Table 2.1, p. 42).

86

(@ Roll-Over
Anticline

Sole .——=

Fay, I I e e g W T s S

Fig.6.3 Listric g
istric faults — fault planes concave upwards: (2) listric extension fault. (b) listric exten-

S0 faulr in marbles 1 ’ = 3
faul, rbles and pelires, West Greenland; ficld of view ca. 300 merres. () listric contraction
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Fig. 6.4 Fibrous quartz slickensides

developed on a fault plane.

Fig. 6.5 Conrraction fault in sandsrones and
shales showing stratigraphic overlap and con-
traction from left to right. Field of view ca 75 m.

3 Stratigraphic  separations: 1t is
usually possible to either measure
or estimate the stratigraphic sep-
aration across a fault, using meas-
ured of ‘estimated stratigraphic
thicknesses of strata affected by
the fault: e.g. stratigraphic exten-
sion across an cxtensional fault
and stratigraphic  contraction
across a contractional fault (Fig.
6.2). Where possible the strati-
graphic separation should be

marked adjacent to the fay)
symbol on the map (sec Tahe
2.1).

4  Rotation is usually difficult ¢,
assess in the field and requireg ,
knowledge of displaced points op
both sides of the fault plane.

Once the movement direction of 4
fault has been determined, the simple
classification of faults can be refingg
to specify the direction of slip as illus.
trated in Fig. 6.6. Fig. 6.6 also illus-
trates the terms throw and beave.

6.3 Extension faults

The term extension fanlt is preferred
to the more commonly used rormal
fanlt because it refers to the effect of
the fault (i.e. it extends the strata),
An example of conjugate extension
faults is shown in Fig. 6.7. Extension
faults may be planar (Fig. 6.2) or
listric (Fig. 6.3).

6.3.1 Extensional fauit systems

Extensional faults may occur in
linked systems, of which two main
types are found:
(@) domino fault systems (Fig. 6.83)
of planar rotational extension faults
linked by a basal detachment;
(h) listric extensional faults (Fig.
6.8b) producing rotation of the han-
ging-wall blocks and also linked to#
basal detachment.

It is also important to recognist
the propagation directions of aults |
and to appreciate which faults aIC|

o]

s 'e)'(.-rENSION
~ paULTS

5 GONTRACTION
" FAULTS

DIP-SLIP

NORMAL-SLIP FAULT

REVERSE-SLIP

o, STAIKE-SLIP (WRENCH)

" FAULTS

SINISTRAL STRIKE-SLIP FAULT

DEXTRAL STRIKE-SLIP FAULT

F. HEAVE AND THROW OF A FAULT

D. OBLIQUE SLIP

FAULTS f %% E I

SINISTRAL NORMAL-SLIP FAULT

SINISTRAL REVERSE-SLIP FAULT
E. ROTATIONAL
FAULTS

ROTATIONAL FAULT

So
BI_:‘DDING
(DATUM SURFACE)

Fig. 6.6 Block diagrams showing the slip (displacement) of faults when the absolute directions
Fmovement can be determined.

v:_egﬁ_-rﬁl-g Conjugate extension faults developed in interbedded sandstones and siltstones. Field of
m.
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younger. Above a major detachment
fault it has been found that the defor-
mation propagates into the hanging-
wall as depicted in Fig. 6.8c. Han-
ging-wall re/l-over anticlines (Fig.
6.3a) with antithetic and synthetic
faults develop above the listric fault
(Fig. 6.8c).

Planar Extension Faults

\Sasal Detachment

Listric Extension Faults
(b)

Basal Detachment Antithetic
extension
Faults

{c)

- Synthalic
Extension Fault

Baéal Detachment

Fig. 6.8 Extensional fault systems: (2) dom-
ino extensional fault system — linked planar
rotational extension faults; (4) listric extensional
fault system— linked listric extensional faults
(with geomerrically necessary rotation); ()
propagation of second-order faults above a
major listric detachment. The second-order
faults may be rermed symthetic if their sensc of
movement is the same as that of the major (first-
order) fault, or antithetic if the movement is in
the opposite sense.
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Symbols for recording extensiong)
fault systems on the map are shoy,
in Fig. 6.9, together with an examp],
of the stercographic projection of 5,
extensional fault system. An examp|q
of a map of an extensional fault e,
rane is shown in Fig. 6.10, illyg
trating the linkage of faults to a bagy|
detachment.

(@

Up
Projection of
Extensional
Fault Plane /

Down

e
-~ Equal Area
Lower
Hemisphere
Projection

(b) S

Down 0 Up

*. Symbel indicating
the sense of slip

Fig. 6.9 () General map symbols for dip slip
extensional faults. (b) Stereographic projection
of the relationships shown ina, -note the use
of partially filled circles to indicate the down:
thrown blocks.

Surface Dips

6.3.2  Mapping extension fanlts

50|  Sheared Silistones BASAL DETACHMENT

'Lil HORZ = VERT

g 6,10 Map of an extensional fault system in deltaie sediments, The cross-section (at the same
as the map) shows a system of linked listric faults which merge into a basal detachment
(adapted afrer 2 map by Nick Way). Symbols as in Table 2.1 (p.42).

Structural data that should be col-
lected for extension faults are listed
in Table 6.1.
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(Fig. 6.1)

Reinlts of Analysis

Displacement direction. {(Fig. 6.6)

Listrie/planar faulting. (Fig. 6.8}
Minimum slip.

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

Fault systems. (Fig. 6.6)
Movement patterns.

Movement patterns.

Kinematic development.
Stress systems.

Deformation processes.
Amount of extension.
Movement direction.
Fault sequences. (Fig. 6.8}

(Fig. 5.6)

What Observations to Record
Nature of fault plane: fault rocks.

Curvature of fault plane?

Width of fault.
Nature of lineations on fault plane

(fibrous slickensides?). (Table

5.3)
Movement directions. (Fig. 5.6)

Stratigraphic separation. (Fig.

Associated folding. (Fig. 3.13)
Nature of synthetic structures.
Natute of antitheric structures,
Movement directions. (Fig.5.6)

6.2)
Movement sense, (Fig. 5.6)

Relationship to other faults.
Cross-cutting relationships.

Sense of movement.
Sense of shear.

structures (Fig. 6.8c): faults and

fractures (Figs. 2.5-2.8; 2.11—

2.13),

What ta Measure
Orientation of fault plane (dip

direction) (Figs, 2.5-2.8).
both sides of fault (Figs. 2.5-2.8).

slickolites (Figs. 2.10-2.13; Figs.

Orientation of displaced units on
5.6 & 6.4).

structures (Fig. 6.8¢): faults and

fractures (Figs. 2.5-2.8, 2.11-

QOrientation data on antithetic
2.13),

Orientation dara on synthetic

Lineations on fault plane:
grooving, slickensides,

Slickensida
Lineation
50120

kenside

Structure
o
el =

Table 6.1 Data to be collected from extensional faults.

]
b2

Contraction faults

this section low-angle contraction
Its, i-e. thrust fauits are discussed.
"'fhru‘st faults are found in most
:m-pressional tectonic  regimes,

hough the complete fault
peometry is often not exposed, you
chould be aware of the geometric
jnsequences of thrusting and recog-
nise its effects on map patterns. Sum-
maties of modern thrust terminology
Sl geometries are given by Boyer
and Elliott (1982) and Butler (1982).

641 Thrust fanits in very low grade
metamorphic terranes

Many thrust faults in these terranes
(e.g. toreland fold and thrust belts)
have a staircase geometry, com-
prising long, bedding-parallel glide
zones — flats—separated by short,
eeper-angled thrusts or ramps (Fig.
6.11).

Thrust faults are three dimensional

and they can be considered to have a
slipped region surrounded by a ductile
bead (a cleavage fronr or anticline—
syncline pair). Thus, at thrust fault
terminations (tip /ine) the thrust
faults die out into an anticline syn-
~cline pair. In three dimensions, a
‘thrust fault may have a complex
tamp geometry with frontal ramps
(perpendicular to the movement
dizection); lateral ramps (parallel to
the movement direction); and obligue
razips (oblique to the movement
direction), (Fig. 6.11d).

Thrust faults may be finked by

wrench fanlts (tear faults) which root
in the underlying foor or sole thrust
(Fig. 6.11e). Such tear faults occur
on all scales linking small imbricate
faults, to large thrust systems.

When a thrust sheet moves over a
ramp (Fig. 6.11a) it becomes folded,
torming the characteristic ‘snake’s
head’ structure (Fig. 6.11a) with kink
and box-fold structures. Consider a
segment that moves over the ramp:
it folds, unfolds, folds again and then
finally unfolds (Fig. 6.11a). Tiach
stage of the deformation will be
accompanied by internal strains and
structures, i.c. fractures, with the
result  that complex superposed
structures are produced (i.e. super-
posed cleavages, fracture patterns),

A thrust sheet that has moved over
a ramp will produce an uplifted
segment of lower stratigraphy. In
three  dimensions, this  will be
bounded by culmination walls (Fig.
6.11e). Erosion of this culmination
will produce a tectonic ‘window’.
Examples of thrust fault geometries
are given in Fig. 6.12, Tt is pertinent
to note the development of folds
above a thrust fault, and these can
give important information on the
geometry of the undetlying thrust
plane. :

6.4.2
ferranes

Thrust faults in higher grade

In low green schist-facles terranes
and at higher metamorphic grades,
thrust faulring is commonly associ-
ated with folding and the develop-
ment of penetrative foliations. In
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such situations a staircase fault
geometry (Section 6.4.1) may not be
well developed and the thrust fault
may have a smooth trajectory (Fig.
6.13). Folding may be intimately

associated with the thrust faultjy

with the faults cutting folded beds 4,
high angles and penetrative fq);.
ations may be developed (Fig. 6.13)‘

. eilonp.94% (@) Srairease thrust fault trajectory showing the development of flats (f) where
i"Elg.t.hrlisr fault is parallel to the bedding and ramps (r) where the thrust fault curs up-section
s ugh the bedding. Note the development of a typical 'swake’s bead’ type structure as the Iaa\)gmgf
Al hrust sheet moves up and over the ramp. Note also the development of geometrically
ecsary folds over the ramp strucrures. (4) Development of a duplex where stratigraphy is
ficated by repetition on fink thrasis (1) which link 1o a fler thruse (f) and to a reof thrust (r).
dividual thrust segments arc termed horses. (¢) Development of a back thrust (b) and a forward
Pmp‘gga[ing thrust (fp) tesulting in an uplifted triangle zone. (d) The three-dimensional nature of
; st fault surfaces. In the foot-wall sheet there will be frontal, abligue and lateral ramps. In the
nping-wall sheet there will be geomertically necessary folds associated with the ramps—e.g.

:'f’-.“m?g[jb[(i!, shligue folds and lateral folds. (¢} Thrust sheets linked by strike-slip faules (tear faults),

(b)
Roof Thrust (r)

Horse |
=~ Link Fault (1)

(a)
‘Snake’s Head'
F /
i b {
: ‘Popup’
(c) b fp

Floor Thrust (f)

\
Sole
Thrust

(d) Foot-wall Geometry

Lateral Ramp
A

Frontal Ramp

Oblique
Ramp

(€)

Strike-slip / 3

or Tear faults

Floor or Sole thrust

Hanging-wall Geometry: Culmination Walls ‘

Lateral Folds
Frontal Folds

Culmination -
walls

Oblique
Folds

Fig. 6.12b Curved duplex link fault in the
Moine Thrust zone of NW Scotland.

AL % R
Fig. 6.12a Thrust fault in the Moine Thrust
zone of NW Scotland. Older dark siltstones are
thmst over younger light-coloured dolomites
along a planar thrust fault,

Imbricate
Thrust Slices

F‘E 6.12c  Small-scale duplex in limestones

ln the Canadian Rocky Mountains. Note the

Smooth trajectories of the floor (f) and roof

thrusts (1) and the sigmoidal link thrusts (1)
tween them.




Hangingwall Anticline

\

Propagating T'hrus! Fault ¢ g

Hangingwall Syncline
’ 1

! i
! oy

, Incipient
, Thrust Trajectory

| B

,-‘" Footwall Syncline

Fig. 6.13 Smooth thrust fault trajectories. Folding occurs at the same time as the thrust faulting,
giving rise to high cur-off angles and associated cleavages at the thrust tip.

An example of a map of a thrust:

terrane is shown in Fig. 6.14. Here
there is an intimate association of
folds and thrusts which cut the strata
at high angles. This is also reflected
in the smaller scale structures (Fig.
6.15) where the thrusts cut bedding
at a high angle (90%), thus indicating
that the thrusting accompanied or
post-dated the folding.

6.4.3  Basic rules for thrust faults

Some basic rules governing the
geometry and the kinematics of
thrust faults can now be formulated
to assist in the mapping of these
structures:

1 Thrusts bring older rocks over
younger rocks, unless they
develop in already folded strata.

2 'Thrusts climb up stratigraphic
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section, unless they develop in
already folded strata.

3 Thrusts propagate in the direc-
tion of movement,

4 In a thrust system, topo-
graphically higher but older
thrusts are carried ‘piggy back'
on lower, younger thrusts.

5 Higher (older) thrusts are folded
as lower, younger thrusts climb
ramp structures.

6 Ramp angles or ‘cut-off’ angles
are generally between 15° and 30°
to the bedding datum.

These basic rules have heen well
proven in many thrust belts, but may
be invalidated if it can be shown that
a later thrust may have cut through
earlier formed structures from the
rear. Such a thrust fault is termed an
ot of sequence thrust and rules 1-6 may
be invalidated by these thrusts.

1Km

{b} B eceno

DPGII.HIGN‘
T

L T —

Out Of Syncline Thrust

Extension Faults

Fig. 614 («) & () An cxample of a thrust terranc in southern British Columbia, illustrating (a)
‘2 close assaciation of folding and thrusting and (b), 2 skctch section.

5 Metres

i

Rubble Bedding

F"Z 6.15 Detailed field sketch of thrusting in the Purcell Mountains, Canada, ‘showing high
thuse cut-off angles; folding and thrusting occurred together.
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6.4.4  Movement direction of thrust
Janlts

Movement on thrust faults can be
determined by:

1 ‘Bow and arrew rale’: In plan,
thrust faults are commonly
curved (Fig. 6.14a) and the
movement direction is generally
normal to the ‘string’ formed by
connecting the ends of the ‘bow’,
i.c. in the direction of the *arrow’.

2 Movement is normal to frontal
tamps in the thrust fault.

3 Movement is normal to folds
produced over frontal ramps ot
folds produced in the ductile
bead ahead of the thrust tip line.

4 Movement is parallel to lateral
tamp systems and associated
folds.

5 Movement can be determined
from the development of slick-
ensides and other lincations on
brittle fault planes.

6 Movement can be determined by
ductile lineations in or near the
fault plane — ¢f. mylonitic lin-
eations (Fig. 5.3).

7 In ductile thrust regimes, folds
will form initially parallel to the
thrust front, but then subsequent
deformation will rotate them into
parallelism with the transport
direction.

6.4.5  Mapping thrust faults

Data that should be collected from
thrust faulted terranes are shown in
Table 6.2,
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6.5 Strike-slip or wrench faulg

Strike-slip or wrench faults 4y,
vertical (in the upper part of t,
crust) and have horizontal moye.
ment directions (Figs. 6.1, 6.2 anq
6.6). They are classified as dexcny
(right lateral) or sinsszral (left latera])
(Fig. 6.2 and 6.6).

The following features of wrench
fault systems have been found:

1 Wrench faulting is initiated (Fig_
6.16a) by the development of
Riedel shears (R, and R.) ori
ented at =~30" to the maximum
principal compressive stress g,
Movement is concentrated op
one Riedel system R; which i
synthetic to the dircction of
maximum resolved shear stress
(e.g. Fig, 6.16b) and the anti-
thetic system R; is subordinate,
In some systems synthetic P, and
antithetic X shear faults may also
develop.

2 The  major  through-going
wrench fault is oriented at 45° to
the maximum compressive stress
a,.

3 Secondary wrench faults (anti-
thetic and synthetic) occur along
the Riedel shear directions and
these may in turn develop theit
own secondary fault patterns.

Fig. 6.16a represents the defor
mation on a wrench fault system in
terms of a 2D deformation ellipse
which shows not only the antithetic
and synthetic wrench faults but also
zones of compression and extension
within the system. Zones of com-
pression can give rise to folds and

Listric/planar/stepped fault.
Movement direction. (Fig. 5.6)

(Fig. 6.11a)
Stress systems. (Fig. 6.1)

Displacement direcrion.
Amount of contraction.
Kinematic development.
Movement patterns.
Movement patterns.
Stress systems. (Fig. 6.1)

Deformation processes.
(Fig. 5.6)

Reesults of Analysis
Minimum slip.
Fault sequences.
Fault systems.
Fault systems.

What 'O;’ifémﬁﬁ.(jnq to Record
Nature of fault plane: fault rocks.

(Fig. 6.18, Table 6.4)
Narture of lineations on fault plane

(fibrous slickensides?).

(Table 5.3)
Movement directions. (Fig. 5.6)

Stratigraphic separation/overlap.
Nature of synthetic structures.
MNature of antithetic structures.
Movement directions. (Fig. 5.6)

Sense of movement.

Sense of shear.
Imbricate fan? duplex? out of

sequence? Ramps? Associated

Curvature/stepped nature of fault
Width of fault zone. (Fig. 6.11)
Relationships to other faults.
Cross-cutting relationships:
folding. (Figs. 6.11a and 3.13)

plane?
Movement sense. (Fig. 5.0)

¥ bat to Measure
Orientation of fault plane (dip
structures; faults and fractures
(Figs. 2.5-2.8, 2.11-2.13),

direction) (Figs. 2.5-2.8).
structures: faults and fracrures

Orientation data an antitlf-lﬁti(':
(Figs. 2.5-2.8, 2.11-2.13).

Orientation data on svnthetic

both sides of fault (Figs. 2.5-2.8).
slickolites (Figs. 2.4-2.13, 5.6 and
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Lineations on fault plane:
grooving, slickensides,

Slickenside
Lineation

> 6.2 Data to be collected from contractional faults.
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thrust faults, whereas zones of exten-  6.5.7  En-echelon wrench faults L = e
. . o
sion develop extension (or normal) 2 = <
faults. Wrench faults commonly oceur i 50 3 =25
en-echelon systems and, as such, cay 4 gy ) el S
g be termed right-steppi left- e 2 8 ¢ & 8 o=
1 O ermed right-stepping or left-step, 2 8 & 5 & B o 4 D
; \ / ping (Fig. 6.17). Types 1 (right-step. =3 5 3 E 2 e i £ &
¥ . b o | U e
ping) generates an extensional zg gal 2 S £ = ¢ 5 G @ 4
EXTENSION h o S| 8 5. L 5 § < B =4
o EXTENZ (nom".lal faults) whereas Type 2 Flﬂ‘h E B £ g 5 oF gz £
% stepping) generates a COMpressiong| & & s E & 2 EG - E'
s zone (folds and reverse faults). F,. | 2 o @ 8 z 258w Hz3
= . v 73 A .= & i g =
. echelon folding typically accompanieg 2| A a2 = Led& £=24
wrench faulting. These styles haye
FOLDS P J o
been well demonstrated in high-leve ] g &
EXTENSI i . 3 ' e &) T F :
FAULTS brittle s'fructurcs and the resultip I S e 2- . é . g w
- geometric patterns should be takey | 5| = 5 E e 5 A Z a0
/ 5 1 3 r ~ g = & v & F < i
- into account during mapping pro- s |3 5 € & L E [
03 o grammes (Fig. 6.17). g E 4 g g ; %O i " @ “g I
Fig. 6.16a Regional strain ellipse associated = T:"E'ﬁ S k& _g ‘g 3 g ch 2 E g
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Reidel shear faults are the synthetic R, and . . o I g = b} 8 A @ B g8 C BT i
. . " ge . 2ts. = = v A o e — i
antithetic R, systems (in mosr cases displace- 6.5.2  Movement directions = tE s g G BwiEg "F& E B S g i
ments are minor on these faults). In some o e g =) 88 g §58 e g |
systems synthetic P and antithetic X shearsmay  Movement directions on  wrench = |3 59 : 2 é_g B = £ 3 2 o3
also develop. Folds and contraction (thrust) ]t systems will generally be hori- Sk =8 Vg & 5.4 :‘7: s ‘
faults are developed at 907 to @, whereas exten- sotitalssith o tal. Thev . !
sion (normal) faults are developed 90° to o5 k MR- 1etzonm L €y can - " . |
determined by: & iy 1 ' ]
2 5 £y : 0.3 el s ] . 1
1 Slickensiding or grooving on i T = s = BB 14l
 exposed planes; (Fig. 6.4) . | g ERS 6 B S uge
2 Analysis of patterns of antithetic RElirs | & T8 8w £ g [
d svynthetic faulti d of | LS R ol . A M ]
and synthetic faulting, and o - | = 2K fg g c 2 -EE |
o £ ] gz 2%\ c'¢ F Ok
minor fracture patterns; (Fig. *;"" Rl = 5= £ 5 G sT=F=
6.16a) S5 |58 5 & g8 STCEZ \‘
Y : . g = o s o= W =L e 0
3 Rotation of structures into the ;fé I B2 a :au“;’ g 2y T ‘ |
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fault zone, indicating movement E 58 Ex L 8.5 EEuo 8 \
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6.5.3  Mapping wrench fauits b g h &
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Fig. 6.16b An cxample of Reidel shears . ﬁ = z
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— ple 6.4 A classification of fault rocks (modified after Sibson, 1977),
- b
l Extensi
!l g‘\}x Fauits | Random—fabric Foliated
|
Zone of Extension |
' %i E N Fault breccia Faliated fault |
T (visible fragments > 30% Srsiisa
il s = of rock mass)
I A Right Stepping Wrench Fauits
i
Fault gouge
= — (visible fragments < 30% Foliated gouge
m / = 8 o= of rock mass)
| -7
| —y Thrust
Zone of - Faults
‘ [ Compresaion —_— z /Q ?{/?'y(? lf - E
1 g 5 ]
k= ; Faliat
= _g "?o Pseudotachylite P-TW;:;:'TZ{; Jite il
i (2] Left Stepping Wrench Faults Il E-
1 &
i b =
1' Fig. 6.17 En-cchelon wrench faults showing  fault) generate a zone of extensional faulting, L
‘ different senses of off-ser. (2) Right-stepping  (§) Left-stepping faults generate a zone of com- £ . (fragments >0-5 cm)
faults (going from the upper fault to the lower  pression: thrust faulting and folding. i Crush breccia (0-1 em < fragments =
: ; 2§ Fine crush breccia <0-5¢m) =
’ a 4 Crush microbreccia (fragments <01 cm) &
66 Tanlitodhs fault rock (falls apart in your (U 7%
| fingers) —with less than 30% "r SOt
‘ When mapping faults it is appro- }”:’;’Ie rock  fragments  (Fig. i g g 2
! priate to carefully describe the types i s s Protocataclasite Protomylonite T
| of fault rock developed as these may E‘”’,k breccia—fault rock con- e § 3 8 =
provide important clues as to the sisting of loos§ or looscly bougd | 5 el . ;
\ conditions of deformation during angular rock fragments often in | g s g 3 s |§
‘ ; ‘ ) i E & .
: faulting, e.g. gonge and breccia com- a gouge matrix (Fig. 6.18a). | £ == 2 g | =
‘: monly form at high crustal levels,. 2 lneobesive foliated fanlt rocks & 58 . 8. -5 ; | e
i £ > ; ; _ o Cataclasite R E- Mylonite £ | § 3
whereas mylonites commonly form at Foliated fault gonge and foliated fault || 3 8 5 |8 8§ |E€ %
deeper crustal levels (at higher tem- breccia—gouge and breccia as . 2 |k T |E
peratures and pressures) and indicate described above but having a dis- 'F: 2 S 2
plastic deformation. Sibson (1977) it Plan;r a{gbrlc in the fault S § g e ®
has provided a classification for gouge and alignment and pre- | = & Ultracataclasite E Ultramvlonite 3
describing fault rocks (Table 6.4). ferred shape orientation of the Suuu Flinty crush rock R 1
The classification shows three breccia fragments. ' i
| it s b RiGHS: 3 Cobesive unfoliated fault rocks — |
I Psendotachylite—a frictional melt o
| 1 Incohesive unfoliated fault rocks — generated by fault movement. E g
i Fauit gouge— powdered, crumbly Characteristically ~ black  and ' & g ? Blastomylonite
\ ' r 5
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glassy and occurring in veins and
seams with other faule rocks (Fig.
6.18b).

Crush  breccia—a  hard, intact,
unfoliated rock consisting of
angular fragments with no pre-
ferred orientation (Fig. 6.18c).
Cataclasites— intact and unfo-
liated rocks with the grain size
tectonically reduced by fractur-
ing. Cataclasites vary from Pro-
tocataclasites — highly fragmented
rock showing many large frag-
ments of the original rock type
to Ultracataclasites—dark ultra
fine-grained almost glassy rocks
with no relicts of the original
rock type.

4 Cobesive folialed fanlt rocks—
Mpylonite series— generally  fine-
grained dark foliated rocks with
ductile fabrics (e.g. folds) and
grains showing a reduction in
size by plastic processes (Fig.
6.18d).

Phylianite series— mica-rich mylo-
nites which have the silky ap-
pearance of phyllites and a well
developed foliation (Fig. 6.18¢).

Fault rocks should be described
in the field using Table 6.4. Samples
should be collected for petrological
examination to confirm the field
interpretations.

Shear zones

Shear zones are narrow, sub-parallel-
sided zones of strong non-coaxial
deformation. They occur on all scales
from crustal size to microscopic and
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range from brittle to ductile ie
character — in fact, many fault 20ngy
can be treated as shear zones, Brit,
shear zones form in the upper 5km
of the crust, whereas ductile shegy
zones generally form below 5-10 j,
in the crust. Ductile shear zones arte
common in deformed crystalling
basement rock. They are charae.
terised by high shear strains, strop
foliation development and large dis.
placements (relative to their width),
Typically they form in homogeneqyg
isotropic rocks, but once f(_)l'mgdl
deformation is concentrated withjy
the shear zone.

6.7 Geometry of shear zones

Shear zones can form conjugate
arrays, and these, or the individua|
shear zoncs, can be analysed to deter-
mine strain  displacements and
palacostress  ditections.  Ramsay
(1982) tabulated the properties of
shear zones in the crust (Table 6.5),

6.7.1  Types of shear zones

The geometries of simple brittle-to-
ductile shear zones are shown in
Figs. 6.19-6.21. In cach case simple
shear (Ramsay, 1967) is assumed, and
the shear gone boundaries ate at 45° to
the principal compressive stress ;.

Brittle shear zone  Three sets of frac-
tures may develop in the shear (fault)
zone. R, principal Reidel shears; R,
conjugate Riedel shears (generally
subordinate); and P synthetic shears,
whose directions are imposed by
boundary conditions and may or may

uge and breccia fragments developed in a
ult in siltstones. Note the very angular frag-
ments.  (4) Pscudotachylyte vein in  faulted
geisses. Note the rounded gneiss fragments
(probably due to thermal fragmentation). ()
3_!\15}1 rock breccia developed in mylonitic

8ieiss, Angular fragments with no preferred
Oricntarion. (d) Fine-grained quartz mylonite
With intrafolial folds. () Quartz-cye phyllonite
g'(?;'mprising strongly sheared quartz veins in'a
mica-rich phyllonitic matrix.
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not develop. Stress orientations and
sense of shear orientations can be
deduced from the pattern of Riedel
shears and from the fabric in the fault
gouge (Fig. 6.19a). An example of a
brittle shear zone is shown in Fig.
6.19b.

Semi-brittle chear zone (en-echelon tension
gashes) Here the deformation is
partly ductile with the development

R
a4 =

a:
o3 (1 3

shear zone

AN, T
o4 o4

shear zone boundary
T

Rina

Fig. 6.19 Brittle shear zones: (4) Brittle shear
zone showing the development of a gouge
fabric, R, and R; Riedel shears and a low-angle
P shear. The stress systems for the Riedel shear
systems and for the through-going shear zone
arc also shown. (4) Brittle dextral shear zonc in
massive volcanic breccias. Note the develop-
ment of R; Riedel shears.
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of pressure-solution cleavage ang
partly brittle with extensional vejp
developed (total volume change = 0).
The tension gashes have their tips
oriented paralle]l with ¢, and are gen.
erally infilled with fibrous mingmls
that grow incrementally in the o,
direction (Fig. 6.20a), The pressure.
solution cleavage (if devcloped)
forms 90° to @, and the vein tips, by,
becomes rotated towards parallelisy,
with the shear zone walls in the cep.
tral part of the shear zone. An exam,.
ple of a semi-brittle shear zone wity
en-echelog, tension gash wveins jg
shown in Fig. 6.20b.

Ductile shear gone Here the defor.
mation is entirely ductile and prod.
uces a strong schistosity which orig.
inates at 45° to the shear zone (and
perpendicular to @,). As deformation
proceeds the schistosity is rotated
towards the shear zone plane until,
at large strains, it is nearly parallel
to the shear zone boundaries (Fig,
6.21a). An example of a ductile shear
zone is shown in Fig. 6.21b.

The total shear strain and dis-
placement within ductile and brittle-
ductile simple shear zones are easily
analysed using the methods of Ram-
say and Graham (1970) but require
detailed grid mapping and/or pho-
tography so that all the structural
elements can be recorded across the
shear zone.

Conjugate shear zomes Shear zones
may develop in conjugate arrays
(Fig. 6.22) and, as such, may be ana-
lysed to determine principal stress
orientations (Table 6.5).

a,
. 73
i (@
‘ L4
T, >
4]

en-Echelon

p_re_ssure'i ~
59‘9”"’“ tension gash
cleavage veins

F:g 6.20 Semi-brittle to semi-ductile shear
nes: (@) Semi-brittle shear zone showing the
development of en-cchelon fibrous tension
guhcs. The fibre orientations reflect the
Neremental orienrations of the o, stress axis as
@;.-tcnsiun gash grows. Inside the shear zone a
Piessure-solution cleavage may be locally
developed. The ideal orientation of the &, and
°f_'lh: 0, stresses outside the shear zone are also
sHown. (4) Semi-brittle dextral shear zone in
.EKF.){WaCkes. Several sets of en-echelon quarez
tension pashes are developed.

Note: It is important to remember
that a shear zone must start and end.
At the ends of a shear zone, complex
foliation and strain patterns occur, so
that the simple geometries described

& (a)

LE}

displacement

d =
|

T*__ sh}ar zone
w  width
l[ e shear
-l - zone
45
o ; / Foliation
-

Fig. 6.21 Ductile shear zones: (a) Ductile
shear zone showing the development of a foli-
ation at 45 to the shear zone margin (and 90°
to @) and rotation of this foliation into the
shear zone. (4) Ductile sinistral shear zone in a
tonalite. Nore the developmenr of a schistosity
at the shear zone margins, and the rotation of
this schistosity into parallelism with the shear
zone,
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Active layers: These have a com-

([0
‘ ‘ Table 6.5 Geometric properties of shear zones in the crust.
i —_— petency contrast with the shear zone
| ‘ \ Approximate Metamorphic Structural features 20, angle betwegy material, and are folded or bou-
)| 106 depth facies “of shear gomes conjugate shear zop,, dinaged according to their inital
| > T orientation (Fig. 6. 23b). Fold axes
1t \ 28 will generally not be in the XY plane
|: | N of the strain ellipsoid for the shear
| b i‘ //'Q“ zone,
i ) ; - to,
| >10km ductile granulite, ductile flow, strong .
l shear zones amphibolite sigmoidal schistosity in 120°-90° Linear structures: Lineations Many
il blueschist zones. shear zones develop a strong mineral
' F i L stretching lineation parallel to the
1l 5-10km ductile,  greenschist, ductile to semi-brittle; 2060 shear direction (e.g. Fig. 6.21a). Pre-
il brittle-ductile zeolite Kl spsrsagy es: . ; = existing lineations (e.g. pre-existing
A1Er shear zones. echelon vein arrays; ig. 6-23a _Dextral shea.r zone'in psammitic ¢ ) axes) are rotated towards pat-
it pressure-solution features, 13 showing the rotation of a pre-existing Tleli Nyl 1
i : foliation into parallelism with the shear zone ~ AUCUSML WIth the shear direction. In
;[ I d 05 km brittle Anchimetamor-  Brittle; fault breccia and — 60° boundaries (horizontal). such situations the fold hinge lines
" shear zones phism, no clay gouge; some o« = 80° Thickening Buckle folds
I metamotrphism  pressure-solution ) doe
! !E featurcs.
I ..
| 'i“ above only apply in the central/ part 6.8 Structures in shear zones
! ’l of a shear zone undergoing simple 2
] shear deformation. The orientation of structural B
% T elements outside and within the shear -

a < 90 Thinning Boudinage
zone gives important information on -

the sense of shear, strain and displacement 2 :
within the shear zone, and a brief o e
summary of the relevant structures Al ¥ [

to be observed in the field is given i I

below. >

« > 90

e L

“ oW
"

Planar structures: Foliation Initiates Folding 7 Boudinaged folds

2
at 45° to the shear zone and with e [ ;
| increasing strain is rotated towards = - =/ / '; /]
. parallelism with the shear zone walls lt-

(Fig. 6.21b). ; l J/
Passive layers: These are layers of rock : ': Q‘

' : S fo,, 8 . ! : e : layers of different initial orien-
| ‘ | Fig. 622 A conjugate atray of semibrittle  or pre-existing foliations which have 6.23b  The effects of shear zone deformation on competent layers of different initial orie
l

i : sz (1) a layer at an inirial angle &, which lies at more than 90° to the shear zone boundary,
shear zones as seen on a bedding planc in )l n £

no contrast in competency with, of : r it
deformed sandsmn.ﬂ_- Note' the -en-echelon P Y » tmmcs thickened and folded; (2) layer at an angle o which initially s <90° to the shea ¢

mechanical effect upon the shear zone

quartz ‘tension gashes and pressure-solution dary, and becomes thinned and boudinaged; (3) layer at an angle ¢ initially >90° to the shear

! | seams at 90° to the tension gashes. Field of view and are Simply rotated into the sheat Eﬁ"e boundary (less than in a above) and which first shortens by folding and is subscquently
| || | 2m BrREs zone (Fig 6.23a) - stretched and boudinaged, (reproduced with permission from Ramsav, 1980).
Wi ' I
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Fig. 624 Curved fold hinge lines and folds
with eye-shaped cross-sections —*sheath folds’.
These are formed and deformed in a shear zone.

(b) ~

Fig. 6.25 Kinematic indicators for simple
shear deformation. (a) Sigmoidal feldspar por-
phyroblasts with tails of recrystallised feldspar
trailing into the foliation and producing asym-
metric augen structures. (#) Fragmented augen
showing antithetic slip on fracture planes in
the grain, (sce Simpson and Schmid, 1983, for
details).
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are strongly curved and sheath folgg
are produced (Fig. 6.24), typically
with ‘eye’-shaped cross-sections.

6.8.1 Sense of shearing in shear gones

The correct evaluation of the sense
of shear in shear zones is vital ip
structural mapping, e.g. to determing
whether a mylonitefshear zone jg
extensional or contractional.

The field criteria that may be used
(with care) as kinematic indicators
to deduce sense of shear are listed

;gjg, 6.26a The geometry of Cand S fabrics
¢ seen in shear zones, The C planc is the shear
sne and § is the schistosity plane. The € plane
has an exrensional geomerry with respect to the
sense of shear. (Fig. 6.26b on p.112)

below. I[ @ o,

1 Tn-echelon tension gashes (Fig, isar band
6.20);

2 Orientations of foliation (Fig,
6.21);

3 Orientations of gouge and Riedel
shears (Fig. 6.19);

4  Asymmetric augen
(Fig. 6.25a);

5 Broken and displaced pebbles,
grains and crystals (Fig. 6.25b);

6 Cand S fabric relationships (Figs.
6.26a & b); (C=shear surface
sub-parallel  to shear  zones;
§=schistosity  surface). The
orientation of § surfaces which
occur between the shear surfaces |
is antithetic to the sense of shear, | ®)
i.e. against it. . '

7 Development of shear bands in

|

structures

strong
foliation

shear band

Fig 6.27a  Shear band development  in
. .'ngly foliated rocks, e.g. mylonites, (a) flatt-
€ning produces conjugate low-angle shear
h.a_nd_s which are approximately 30° o the
.ﬂ?_i]_flonitic foliation; (b) simple shear geometry
Produces a sinple shear band orientation —
Sometimes called an extensional erenulation
: Fﬁ?‘-\!’agu: Shear bands are important indicators
Bfthe sense of shear in mylonitic rocks. (Fig.

I 6.27h on p-112)

homogeneous, strongly foliated
rocks (Figs. 6.27a and c).

Note: The sense of shear is best
determined using criteria 1,2,3,6 and
7. Critetia 4 and 5 need to be very
carcfully examined and many obser-
vations made before the sense of
shear can be reliably ascertained. In
addition to the mesoscopic fabric
elements which allow determination
of the sense of shear, microscopic
analysis may also allow the sensc of
shear to be analysed. Shear zones or
mylonitic foliations should therefore
be sampled (oriented samples, sec-
tion 2.7) for laboratory analysis.

6.9 Mapping sheat zones

Where possible the factors listed in
Table 6.6 should be measured and
recorded.
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Stracture

What to Measure

What Observations to Record

Results of Analysis

Brittle shear zone

S gouge fabric
i

o

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 conjugare

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.



Table 6.6 Cont'd

Structure

What to Measare

What Observations to Record

Results of Analysis

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

Pressure

< Solution Fabric

Orientation of shear zone
boundaries (Figs. 6.20 & 2.5—
28 . 1

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. 6.202)

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

Orientation data on conjugate
array. (Fig. 6.22)

Nature of shear zone.

(Figs. 6.20, 6.22)

Width of shear zone.

Nature of veins— fibrous or
massive. (Figs. 6.20a, 7.6)
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.

o
En echealan L
Tension gashes
ke toliation
\ outside
shear zone

faliation \
inside

shear zone

of :
boundarics (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 I11)

{Additional data on orientation of
structures outside shear zonc).

Orientation data on conjugare
array. (Fig. 6.22)

n

idth 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 I11)
Photograph/sketch of shear zone.
Structure outside shear zone,

Observations on conjugate array.
({Table 6.5)

rain ribul i
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.
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Joints, veins and stylolites

Joints are regular arrangements of
fractures along which there has been
little or no movement. They are the
most commonly developed brittle
structures. Veins are fractures
infilled with remobilised minerals
(c.g. quartz or carbonate). Styl-
olites - surfaces of dissolution—are
included in this Chapter becausc the
development of tectonic stylolites is
commonly associated with joint and
vein development.

Measurements of the orientations
of joints, veins and stylolites are
made using the techniques for planar
structures, as outlined in Chapter 2.
Careful observations are needed in
order to determine the type of joint,
vein or stylolite, and in particular, to
determine the relative age relation-
ships between various joints, veins
and stylolites.

7.1 Types of joints

Three basic types of joints are found
(Fig. 7:1):

1 Dilational . joints- extensional
joints with the fracture plane normal
to the least principal stress g, during
joint formation (Figs. 7.1a & b).
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2 Shear joints  often conjugare,
enclosing angles of 60° or more. The
joint planes may show small amoung
of shear displacement (Figs. 7.1c &
d)

3 Combined shear and  extensigy

Joints—termed hybrid joints which

show components of both extension
and shear displacement (Figs. 7.1¢ &

4 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). This gives rise to
irregular joint patterns (Fig. 7.1g).

Fig. 7.1 Joint types: (&) Dilational (exten-
sional) joints, (#) Horizontal extensional joint
system in sandstones jomed by vertical cross-
joints producing H and T intersection patteras,
() Shear joints. (d) Conjugate shear joints (8)
intersecring ar 757 with coeval, planar, vertical
extension joinrs (@) and joined by less regular
cross-joints  (C). (¢) Hybrid joints—both
dilational (extensional) and shear movement.
(/) Massive volcanics with a set of hybrid joints
that intersect at 44°, forming an X partern. (2
Polygonal joint pattern in siltstones, indicating
extension in all directions under hydrostate
stress conditions — high pore fluid pressures.

(@)
lead

il =1 least
|- principal
‘ A 3_03/ stress
w‘ =] ———

extension

joint shear joint

() (e)




If joints are planar, and parallel to
sub-parallel so that they form sets,
the joints are said to be systematic.
Joints which can be traced tens and
even hundreds of metres are termed
master joints. |oints which are an
order of magnitude smaller but still
well-defined, are called major joints.
Smaller joints occur at all scales
down to microscopic.

The frequency of jointing is
closely related to bed thickness and
lithology — thinner ~ beds  have
closely spaced joints, more com-
petent beds tend to develop more
widely spaced joints.

701 Analysis of joints

1 Extension joints can be simply

extension 0y

joints
(a)

4——03
least
principal

02 stress
intermediate principal stress
conjugate 01
shear

joints

(b) o

~a stereographic projection. The

maximum principal stress

joint plane

trace of extension ﬂ
Tt

(Equal Area L
Hemisphere Projections)

analysed by plotting the trace of
the joint planc and its pole gn

direction of @y is the pole to the
joint planc which contains the g,
and &, axes (Fig. 7.2a). Extension
joints alone will not give @, and
@, orientations— other dynamic
indicators such as vein fibre
orientations are needed.

Shear joints commonly form
conjugate arrays whose angle of
intersection (&) is greater thap
60°, Plotting these on the stereo-
graphic projection (Fig. 7.2b)
shows that the line of intersection
of the planes is the g, axis. g,
biscets the acute angle between
the joint planes and @, is at 90°
to both ¢, and o, (Fig. 7.2b).

0
e

T3

~" trace of
conjugate
shear joint

hanging-wall
down

f’ig. 7.2 Dynamic (stress) analysis of joint systems: (a) Extension joints shuw;‘ng dev:la]_amr:m
90° to @y, (b) Shear joints showing that g, bisects the acute angle formed by the‘ intersection of
conjugate joint planes. The steréographic projections show the projections of the joint pla_ncs, the
projections of the principal stress dircctions and the movement directions on the shear joints—

solid half circle indicates hanging-wall down.
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7.3a Plume str

7.3b  Rib marks on a jointed sandstone
iCE.

Age relationships between joints:
younger joints gencrally abutt
against and do not cut older
joints. Typically T or H patterns
result  (Fig. 7.1b) with the
younger joint (the upright of the
T or the cross-bar of the H) abut-
ting against the older joints.

2 Joint surfaces

Surface markings on joints are com-

uctures on a joint surface in glacial clays.

monly  either  herringbone or
plumose marks (Fig. 7.3a) and are
thought to indicate extensional joints
(Hancock, 1985) but the significance
of rib marks (Fig. 7.3b) remains
uncertain.

7.2 Joints in fold and fault
systems

Joint systems are often arranged
symmetrically in fold and fault
systems. Here we briefly summarise
typical joint patterns in folded rocks.
Cylindrical folds (Section 3.1) typ-
ically may exhibit the joint and meso-
scale fault systems shown in Fig. 7.4,
Extensional fracture systems arc
commonly parallel or normal to the
fold axis (Fig. 7.4a & b). Con-
tractional structures such as small
thrust faults and stylolites in a fold
system are shown in Fig. 7.4c. Shear
joint systems are commonly
developed on the fold limbs.
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EXTENSION STRUCTUREg

[+]

Extension Joints
(a-c)

Exlensmn
‘Joints (b-c)

(a)

CONTRACTION STRUCTURES

Contraction Faults

. Bedding parallel
Stylolites

Stylolites
Normal To

Bedding Plane

SHEAR JOINTS

Joints

(c)

Fig. 7.4 Joint, fracture, minor fault patterns and stylolites developed in a cylindrical fold system
(note that the tectonic axes 4, b and ¢ vary around the fold): (2) Extensional structurcs, Some joints
are infilled with vein quartz. (#) Contractional structures. (¢) Shear joinrs and fractures.
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I Non-cylindrical fold systems (Fig.
4.7) have a fracture architecture that
| 35 controlled by the variation of the
seress system and hence slip direction

|

aronnd the fold. This is illustrated in

Fig. 7.5a and an example shown in
Fig. 7.5b.

lio di

SR EHRAYER Slipdirection
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 cxtension fractures (e) vary with slip direction around rhe fold




|

7.3 Veins

Many complex forms of veins are
found, but those which form regular
arrays can be measured and analysed
in a similar fashion to joints, Many
veins contain growth fibres which
tecord incremental movements as the
vein formed. This aids the identi-
fication of vein systems which can be
classified into extensional, shear and
hybrid systems, (similar to joints Fig.
7.1).

1 Extensional veins form normal
to og; and have fibres per-

pendicular to the vein walls.

2  Shear or hybrid vein systems
have fibres that are oblique to the
vein walls (Fig. 7.6).

Fig. 7.6a  Hybrid vein {shear and extensional
components of movement) showing the
development of fibrous quartz crystals as an
infilling.
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3 The fibre axis in fibrous veiny j
approximately parallel to the o,
orientation at any stage duﬂng
the fibre growth. Hence curved
fibres in undeformed veins refleg
the change in vein orientatig,
with respect to the g5 axis (Fjg_
6.20).

4 Tin-echelon vein systems (Tlg
6.20b) are commonly found iy
semi-brittle shear zones where
they can be used to analyse the
kinematics and displacements of
the shear zoncs.

Veins indicate high, albeit tran.
sient, pore fluid pressures during
deformation and are commonly

associated with pressurc-solution
seams (Fig. 7.6b}). Vein orientations,

Fig. 7.6b Quartz veins in a sinistral sheat
zone showing characteristic sigmoidal shape
and cur by dark pressure solution seams.

‘dissolution associated
tractional or shear strains (e.g. Fig.

ated with joints and veins,
should be measured and analysed

rock | types,
and commonly occur in fine-grained

architecture and age relationships
should be measured and analysed in

asimilar fashion to that described for

joints, with the additional measure-
ment and analysis of the fibre orien-
tation in the vein system. Veins
should be sampled if detailed struc-
tural studies are being carried out.
Analysis of {ibre growth in veins will
allow the displacement history to be
determined (oriented samples are

needed) and fluid inclusions in unde-
formed vein minerals

will give
important information on the tem-

perature of formation of the veins.

7.4  Stylolites

Stylolites (Fig. 7.7) are surfaces of
: with con-

T.4¢). They indicate volume loss and

may form parallel/sub-parallel to
bedding duting burial (compactional
strains). Tectonic stylolites may form

at high angles to bedding during
folding, indicating a component of
layer-parallel shortening.

Stylolites are commonly associ-
and

with them. They are found in many
including sandstones,

carbonates. The stylolitic seam often
appears dark and contains a residue
of insoluble material (carbonaceous
matter, clay and ore minerals) and in
places, low-temperature  meta-
motphic minerals,

_ The significant features of styl-
olites are described below.

1 Stylolite architecture is shown in
Fig. 7.8. Many waveforms are
possible and the amplitude of the
waveform is a measure of the
amount of dissolution across the
stylolite surface.

Fig.7.7 Tectonic stylolite in limestone show-
ing the development of a square waveform.

2 Stylolites generally form normal
to gy, but oblique forms may
have the relationship shown in
Fig. 7.8f. Stylolites oblique to g,
may form in zones of layer par-
allel slip and occut together with
vein accretion steps. These are
termed slickolites and may be
used to determine the direction
of movement on the slip plane
(Figs. 7.8g and 5.6).

3 Stylolitization is favoured by
small grain sizes, as in micritic
limestones.

4 Stylolites parallel to bedding
commonly have very irregular
surfaces which will tend to pre-
vent bedding plane slip from
occurring, i.e. they lock the bed-
ding planes together.
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Polyphase deformation

If an area has undergone only one
deformation, producing cylindrical
folds, then the poles to bedding are
generally distributed in a great circle
girdle (Fig. 3.2); minor fold axes
show constant orientation parallel to
major fold axes (Fig. 3.8); the
bedding/cleavage intersection is.con-
stant and parallel to the major fold
axis (Fig. 4.3); and cleavage is rela-
tively constant (it may fan about the
fold axial plane) and approximates to
the axial plane of the fold (Fig. 4.3).
Such an area is strueturally homo-
geneans.

For non-cylindrical folds (peri-
clinal or conical folds produced by a
single deformation, Tigs. 3.6 & 7)
we will find only parts of the map
area that are structurally homo-
geneous. The axial planes of the folds
(hence cleavages) will be relatively
constant but the fold axes will show

systematic changes in their plungeg
(Fig. 3.6).

If the area has undergone more
than one deformation, then the dis.
tribution of structural elements
becomes more complex and the
products of polyphase folding may
be seen.

Polyphase folding is indicated by:

1 A wide distribution of bedding
attitudes (away from simple great
circle or conical patterns on the
stereographic projection);

2 Fold interference patterns;

3 Folding of planar and linear
structures that have been pro-
duced by earlier deformation;

4 Supetposition of later fabrics on
catlier fabrics (cleavages or
schistositics).

Table 8.1 lists the terminology
that is used in polyphase terranes.

Table 8.1 Terminology used in polyphase terranes. (Note: Bedding is denoted S,

Lineations
Deformation Fold phase . Axial-planar  (intersection of
Joliation FafSii1)
First deformation D, F, S L; (8/50)-
Second deformation D, E; S, L, (8,/S;)-
L3(S4/S0).
Third deformation D, E, S5 L; (8:/S3)
L3(S4/S0)
Li(84/5:)-

8.1 Fold interference patterns

Polyphase deformation is recognised
by the interference patterns prod-
uced in outcrops. Ramsay (1967) has
recognised three basic end-members
of a continuous series of fold inter-
ference patterns (Fig. 8.1) for two
-Phascs of folding, F, and F,.

Type 1—'Fgg box’ or ‘dome and
basin’ pattern. This pattern arises
when both F, and T, fold axes and

axial planes are orthogonal or at high

angles to each other. The F, axial
planes remain unfolded (Tigs. 8.1a and
8.2a).
Type 2—Mushroom’ pattern, In
this pattern some of the fold closures
are attached to ‘stalks’, unlike the
completely closed forms of Type 1.
This occurs when the F, and F, fold
axes and axial planes are nof at a high
angle to each other and the F, and F,
axes are sot coaxial. The I\ fold axial
planes are folded. (Fig. 8.15, 8.26)
Type 3— Refolded fold pattern where
the fulding is coaxial but the Fy and F,
axial planes are at a high angle. F,
Jold axial plawes are folded. (Fig. 8.1¢,
8.2)

In many cases fold interference
patterns arc not obvious but are only
revealed by detailed outcrop

mapping.

8.2 Lineations in polyphase
terranes

Polyphase deformation is charac-
terised by a wide variation in the
orientation of linear structures.

For two phases of folding, F, and
E,, the following are found:

8.2.1 F, fold axes
The orientation of the F, fold axes

will depend upon the orientation of
the F, fold limbs.

1 1If the F, folds were irocling then
the F, fold axes would be rela
tively constant,

2 If the F, folds were not isoclinal
than F, fold axes would vary
according to the orientation of F,
fold limbs. In many cases the F,
folds are of smaller wavelength
than the earlier F, folds, and here
the F, axes will define domains
of constant F, orientation cor-
responding to particular limbs of
the F, fold, and hence enable the
location of the F; fold hinge lines
to be established (Fig. 8.3).

Although you should expect sig-
nificant variations in F, fold axis
orientations, the F, axcial planes will be
relatively constant in their orientation.

8.2.2  Deformation by F, similar
Jfolding

In F, similar folding the movement
may be thought of as taking place in
the ‘a,” movement direction in the
‘ay-b,’ planes which are parallel to the
axial plane of the T, fold. Thus, when
a planar surface containing an L, lin-
eation is affected by an F, similar fold
(Fig. 8.4), the lineation L, remains in
a plane, the orientation of which is
controlled by the ‘@,” direction and
the original orientation of the lin-
eation L;. The angle between the
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First Phase Second Phase Resultant Map Paltern on

Eolds Folds Polyphase Harizontal Surtace
Fold Surface
(a)
Type 1 F5 Axial trace
Fy Fp Fq + Fa n @
5 IIU II
b
Fy
2 Axial trace
y ‘Dome and Basin'
pattern
(o)
Type 2
F
by ;
Fig.8.2a Type | ‘dome and hasin’ fold inter- Fig. 82b Type 2 ‘mushroom style’ inter-
ference pattern in polydeformed psammires. ference pattern in polydeformed psammites.
Field of view ¢a. 50 cm.
‘Mushroom Pattern’ 1
(c)
B 3 .
ype Fy Fa Fi+ F2 !

a4

Fig. 8.1 Told interference patterns: (@) Type 1 patterns are formed by superposition of two
orthogonal fold sets and produce a dome and basin pattern on a horizontal map surface; () Type |
2 patterns produced by the superposition of a non-coaxial second upright fold set upon an inclined |
first-phase fold pattern. Mushroom style patterns are produced on a horizontal map surface; (¢)

Type 3 patterns produced by eaxial refolding of an inclined first-phase fold by an upright sccond- |
phase fold. Refolded folds are produced on a horizontal map surface.

Refolded Folds

Fig. 8.2c Type 3 refolded fold interference patterns in polydeformed psammites.
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(a) Flat-lying F Fold

’
F‘ told
hinge
by Fifaldrefolded o (o
by Fafolds : B
F, axial plane P fold axis

()

poles 1o

deformed lineation and the similay
fold axis varies systematically ovey
the fold hinge (Fig. 8.4). Because the
deformed lineation remains in 4
plane, it will be redistributed abour 5
great circle in the stereographic pro.
jection (Fig. 8.4). This can be recog.
nised in the field by placing your map
board on the deformed lineation angd
attempting to line up the other parts
of the lincation within the plane of
the board —if they can be aligned
then the lineations lie in a plane, and
hence the redistribution was gen-
erated by similar style folding.

8.2.3  Deformation by F, flexcural slip

%2

2

Lineation L1 on
Bedding Plane SD

Lineation folded by
similar style folding
A-B plane containing
deformed lineations

by Second-phase
Fold axis

* Sy Bedding

* Ly lineation

'Fig- 8.4 F, similar style folding, redistributing an earlier L, intersection lineation, L, remains in

' bebing Choet s Jolding ; ; : sl
‘ Ll a plane that contains the second-phase movement axis ,. The stereographic projection shows the
L) > : . .  distribution of §; (solid circles) by F, and the redistribution of I, (crosses) in a great circle. The
sinor tokd In this case the orientation of the | tectonic axes a, by and ¢, for the sccond deformation are also shown.
ﬁ?r lineation L, changes as the layers ' ;
i slide over one another (folding is ind, and you should attempt to
€53 lifpet parallel but the lineation retains a ide your area into structurally
) constant angle to the F, fold axis, see omogencous sub-arcas whils/ in the fold axis
f Fobtare £ otding) Fig. 8.5). Hence the lineation will Jield, Only then can you seck out key
@ . adopt a curved form and plot as small exposures to confirm or disprove
circles on the stereographic pro- your interpretation.
uppet limb £ foid jection (Fig. 8.5). (Note that the two Analysis of structural data using the
ors g S cases described above are end- stereographic projection alone is inad- lineation S

F tald (upper fimb)
axes

F, fold axis (before F folding)

Fig. 8.3 The orienration of the second-phase
fold axes (I;) controlled by the otienration of
the first-phase fold limbs. The stereographic
projection shows the plot of the second-phase
fold axes F, (crosses) as a result of the inter-
scetion of the second-phase fold (F;) axial plane
and the first-phase fold limbs. Note that the
poles to bedding (7 plots) define two great
circles— the poles to which correspond to the
locations of minor fold axes.

130

members of a spectrum of fold mech-
anisms, scc Ramsay (1967) for a full
discussion.)

8.3 Sub-areas

In a mapping area where polyphase
deformation exists, the subdivision
into structurally bomogencous sub-areds
is essential in order to analyse the
overall structure. Mapping should
always be carried out with this in

equate in areas of polyphase deformation
becanse this methad does not itake into
account the geographic location of stric-
fures.

Division of a mapping arca into
structurally homogeneous sub-areas
based upon defining the following:
1  Areas where there is a constant
orientation of a particular gen-
eration of lincation (Fig. 8.6);
Areas where there is a constant
otientation of a particular foli-
ation plane;

redistribution
of lineations
about a small
clrele

second-phase fold axis

Fig.8.5 T, flexural slip folding, redistributing
an L, lineation which produces a small circle
pattern in the stercographic projection.
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3  Areas where there is a constant
fold axis orientation, F, or F, etc.
(Fig. 8.6);

4  Areas distinguished by the axial
surfaces of the various fold struc-
tures, i.e. vergence boundaries.

Sub-areas can be determined by
inspection from a map, i.e. rec-
ognition of interference patterns and
changes in lineation orientations
(Fig. 8.6). They can be analysed by
careful plotting of data on the sterco-
graphic projection, taking great care
to distinguish the geographic location
of the data on the stereographic pro-
jection.

8.4 Mapping polyphasc terranes

When mapping in terranes that show
cvidence of polyphase deformation
the following procedure should be
adopted.

1 ldentify and describe the fold
styles and collect data as
described in chapter 3 and Table
3.4. In particular examine out-
crops for evidence of interference
patterns  (Figs. 8.1 and 8.2)
and overprinting relationships;
examine fold hinges to determine
cylindricity (Fig. 3.7) and to see
if lineations are folded around the
fold hinges. The style of folding
and of interference relationships
will usually be reflected in the
outcrop patterns on your map
and in your cross-section (see
9.2).

2  Obscrve the cleavages present in
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3 Observe, map and record the

the outcrops and collect
appropriate data (Tables 4.1 459
4.2). In particular look for supe,_
position of cleavages and foliageg
and record age rela'cimzsl-,;p_‘i
(vounger cleavages cut older
cleavages). Map and record the
orientations of the cleavageg
foliations throughout the map
area.

structural relationships (Tableg
51-5.3) of the lineationg
developed in the map area. Ig
particular  distinguish  between
intersection lineations parallel o
fold axes and mineral stretching
lineations often at high angles to
the fold axes. ldentify lineations
associated with partictlar fold
phases.

4 Map out lithological boundaries

to determine whether inter-
ference patterns (Figs. 8.1 and
8.2) are developed.

5 Identify sub-areas in the field. In

particular the orientation of
intersection lineations (parallel to
fold axes) is most often used to
define sub-areas (Fig. 8.6) hence
you must systematically map and
record lineation data in your map
area.

Table 8.2 summarises the strucrural
data to be collected in polyphase ter-
ranes when two major phases of
folding ate present. If more than two
deformation phases can be recog-
nised then structural data for the sub-
sequent foliations (S;, S, etc),
lineations (Lj, L, etc.) and minot
folds must also be collected.

A

’
21-246 «— /@—z____ Sub-Ares Boundarias
7/ Tes

==
40-188

-—
21-247 2t 37-204

s.rmnn.
D e

22-248 =

Ty T
?rm s P 41‘" Bedding
| susaReal [ g R s 18-140  Minor Fold Axis - Fq
SUB AREA I J - B
~y == 19-141  Bedding/ Clesvage
19-139 / SUB-AREA Il 35-190 Intersection - Ly

Fig. 8.6 Map of sandstones and slates showing polyphase folding. Sub-areas are identified using
uniformity of the plunge of F, minor fold axes and the I, bedding/cleavage intersection lincations
(gencrated by F, folding). Note that the sub-area boundaries define the traces of the F, fold axial
surfaces.
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Constr‘flct a contact or bonndcltry identified and their boundaries
map (Fig. 9.2b) by extrapolating ploted on the contact of
observed  boundaries and

boundary map. Analysis of
onentation data from structurally
homogeneous sub-areas (section

interpreting your field map, This
should take into account the

=249

231

| i will indicate re'fulding of carlier = Note: (a) Topographic effects on the
} * cleavages, rotation by shear zones ourtcrop pattern must always be taken
.
]
i

| .
|
I
I a
[ T
g 3 % % 3 §3 —% g structural  style c{)lfT tbhle area 8.3) will allow major fold plunges
! :s ; 5 % 2.% WG 53 (sections 3.9, 8.4 and Table 1.1). to be plotted on the map.
| ‘EQ £ ;‘:%ﬁ : - 2:3 +3 5?& If a cleavage or cleavages are 7 Co;}struct preliminary  cross-
53 55544 3 5. 5255 §2 developed you should construct a section(s) (e.g. Fig. 9.1¢) using the
i B ohg S ge cleavage or S surface map (in this techniques outlined in section 9.2
D 5 e \': F T 2 ,§ & example, Fig. 9.1c — the cleavage below.
| - B % = map has been combined with a Map interpretation and cross-
il = . E 2 = lineation map) that shows section  construction are  inter-
5 %ﬁ 3 s g% cleavage orientation e.g. S, Sa. active processes that must be
| g t 2 : 5 . This kind of map is extremely carried ont together.
i E ,»6; 2 : | "i useful in polyphase terranes as it
I

and orientations of the fold axial  into account. For example Fig. 9.2

surfaces. shows the effects of topography on

4 Constructalincation map (inFig.  the location of fold axial traces,

| 9.1c cleavage and lineation maps  particularly for plunging folds where

arc combined) which shows the  theaxial trace is located upslope away

- distribution of linear structures  from the position of maximum

.\ — munor fold axes, intersection  curvaturein the outcrop pattern (Fig.
) lineations and mineral stretching  9.2f).

lineations. This is cssential in (b) The idealized fold interference

‘ areas of polyphase folding in patterns shown in Fig. 8.1 are for
order to establish structurally both sets of folds having the same

homogeneous sub-areas (see wavelength and amplitude. This is

- section 8.3 and Fig. 8.6). often not the case and commonly the

5 Construct a summary structural  second set of folds will be smaller in

map (Fig. 9.1d) on which the wavelength and amplitude than the

major faults and folds are first set. Thus the interference
~extracted from the field map and  patterns will be modified from the
plotted on a transparent overlay.  textbook case as shown in Fig. 8.1.

- This often aids interpretation and () In areas where direct measurement
allows the fault and fold systems ~ of the orientations of large planar
to be analysed (see chapters 3and  features such as faults, unconformities
6). and planar contacts are not possible,
In areas where more than one construction of structure contours will
phase of deformation has been  enable the strike and dip to be deter-
identified, swb-areas should be mined (Fig. 9.3) and hence provide
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Fig. 9.1b Boundary or contact map constructed by interpreting Fig. 9.1a above. Stratigraphic contact
have been extrapolated between outcrops. Legend and symbols are the same as in Fig. 9.1a.
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s and structural

CLEAVAGE AND LINEATION
MAP
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; l:g:nltz (il[c;.::gq :;.]nd I:ne,at‘:o:Il' map constructed from Fig. 9.1a. Lines indicating the trend and dip of the cleavage are
e agnd li_neal ch arrows ;n icating th'e plunges of the bedding/cleavage intersection lineation L,. Note that both the
tions are almost exclusively developed in the phyllites and the shale units (Figs 9.1a and 9.1b).



(approximately scaled) should be
drawn in your field notebook (Fig.
9.4), and preliminary, correctly
scaled cross-sections along traverses,

| | \
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Fig. 9.1¢ Preliminary cross-section along A-B (Fig. 9.1b). Cleavages and fault movements are
shown. Legend is the same as Fig, 9.1a.
o ¥ . :
! - valuable data for the construction of 1 Determine the structural grain in
=] cross-sections. your area — is there a dominant
set of folds or a dominant set of
) faults — e.g, one major direction
_E_J‘-E’ v 9.2 Cross-sections of thrusting? If folds are the
8 5 dominant structures determine
5:5 %’1 Cross-sections are an essential part of the plunges of the major folds
5 $51 a structural  synthesis.  During (stereographic analysis — Fig.
. mapping  sketch  cross-sections

3.2). If thrust or normal faulting is
the major feature determine the
direction of slip — ie. the
movement dircction (see section

Higriy FoudED PEvoniaN Beack Semer

DE vonrAy BRAK SHALES

Hrgmiy FOLDED AND THRUST

(e.g. Fig. 9.1e). faults (ie. parallel to the direction
of tectonic transport).

The cross-sections representing the In some polyphase terranes
final interpretation for your report where there is more than one

should be drawn with as much care, direction of major folding, it may

INFENSELY FoeDin Aup

< 6.2). Always carefully locate your
g etc. should be made as part of an line(s) of section so that they are
3 e on-going interpretation. All cross- — (a) perpendicular to the plunge

6 é‘ sections should show the form lines of of the major folds; or (b) parallel

. 5 all structural features So, S;, S, etc to the slip direction of the major
R

X
~_

Fig. 9.1d Summary structural map showning the major folds and faults of the area in Fig. 9.1a.

and have as much detail as your map. be appropriate to construct
additional cross-sections  per-
pendicular to the axes of the
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” . . They should be constructed using the
| - following procedure —




Fold Axial Plane (b)
(a) il
I’d
A B
5y Bedding

Trace of
fold axial
plane

Fold

axial plane
/ (d)
fc) X

Topographic
surface

fe)

it

Trace of fold
axial plane

Fig.9.2 Outcrop patterns of folds, showing the effects of topography on the map patterns: {a)
horizontal upright fold in the profile plane; (£) horizontal upright fold exposed on a hoqmnm!
surface; (¢) horizontal upright fold in cross-section in an area of topographic rghef; (d)
horizontal upright fold exposed in an area of twpographic relief; () plunging upright fold
exposed on a horizontal ‘plane surface; (f) plunging upright fold exposed in an area of
topographic relief. Note the displacement of the fold axial trace upslope from the surface
closure on the map. (Adapted from Ragan, 1985 and reproduced with permission.)
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700 matras

s

<
600 miatras

500 matras

,(—('\\ Thrust Fault

—~ 50~ Topographic Contours metres

600 matras.

Structure Contours

METRES

500 METRES

HORIZONTAL SCALE  VERTICAL SCALE

Fig, 9.3 Construction of structure contours and determination of the dip and strike of 2 planar
structure. The map shows the outcrop of a thrust plane in an area of topographic relief.
Structure contours for the thrust plane are constructed by joining points where the thruse plane
intersects a particular topographic contour e.g. 700 metres. The 700 metre structure contour
(dashed line) defines the strike of the thrust plane at 700 metres elevation in this area. On the
cross-section X-Y the topographic surface is plotted and the outcrop of the thrust plane T is
marked. The structure contours for the thrust plane intersect the line of cross section (X-Y) in
the points A, B, C, and D and these are plotted on the cross-section to define the thrust plane.
The strike of the thrust plane is given by the angle between north and the strike of the structure
contours B = 18° and the dip can be calculated from the cross section — angle of dip = tan 05 =
26:6°. Strike of the thrust plane is 018° north east and dip is 26-6° (i.e. 27°) south east.

other fold sets. In areas of
complex extensional or thrust
faulting it may be appropriate to
draw cross-sections parallel to the
strike of the major structures —
Le. perpendicular to the tectonic
transport direction in order to
highlight along strike variations.

Always draw  your cross-
section(s) through areas on your
map that contain good structural
and lithological data (i.e. not

through  large  patches of
unexposed geology). Data off the
line of section should be

projected down plunge (see 9.2.2
and Fig. 9.6) into the plane of the
cross-section with corrections for
apparent dip (Appendix I) and for
thickness changes (Appendix II).

3 Always draw cross-sections with

the horizontal and vertical scales
equal. Where possible they
should be at the same scale as the
map but in some cases they may
need to be enlarged to illustrate
complex structures. !

Plot all § surfaces (So, S1, S; etc.)
on the cross-section. Mark on the
movement directions of all faults.
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Fig.9.4 Field Sketch cross-section through folded pelites and pasmmites. Note the form lines
for bedding (S,), and cleavages (S, and $;). Horizontal and vertical scales are approximately

equal.

5 Plot younging, vergence and
facing directions on = cross-
sections.

6 Draw your cross-sections to
reflect the structural style of the
area (see Table 1.1, sections 3.9
and 8.4). The structural style is
often reflected in the minor or
meﬁ()sca]e structures il'l OutCl’()P.

7 Where possible sections should
be balanced (Dahlstrom, 1969) —
see  section  9.2.3.  Section
balancing is not always possible
but should always be considered.

9.2.1  Vertical cross-sections

Vertical cross-sections are the most
commonly  constructed  cross-
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section. In areas where the folds are
non-plunging these structure sections
give profile views of the folds,
however, in areas of plunging folds
vertical structure sections  give
distorted views of the folds. In this
case down plunge projections are
required to give inclined structure
sections normal to the fold axis—i.e.
in the profile plane of the folds.

For an area with non-plunging
folds (Fig. 9.5), the line of cross-
section is positioned perpendicular to
the trend of the fold axes where there
is relatively abundant orientation
information and fold structures of
interest. Once the line of section has
been chosen, A—A’ on Figure 9.5, a
topographic profile is constructed at

the same scale as the map using the
elevation control from contour lines,
The formation contacts and their dips
are marked on the profile and
orientation data (strike and dip) are
projected onto the line of section,
using apparent dips where necessary
(Appendix 1). The cross-section is
then constructed taking into account
the observed structural style in the
field — e.g. parallel folding (constant
bed thickness) or similar style
folding. Form lines of other §
surfaces (5, S etc.) as well as bedding
and formation contacts should be
plotted on the section (Fig, 9.4).

9.2.2  Inclined structure sections

Where the folds are plunging, cross-

sections should be constructed
) ¥
"\ |

=
@
=]

1

normal to the fold axis — i.e. in the
profile plane of the fold. These are
inclined  structure  sections. The
following steps should be taken for
constructing  inclined  structure
sections in which the orientation and
boundary data are projected down
the plunge of the fold:

(1) Determine the trend and plunge
of the fold axis usually using a =
pole diagram,

(2) Draw the line of section on the
map at 90° to the plunge of the fold
axis Le. line X-Y. (Fig. 9.6). The
section plane will be orientated at
90° to the fold axis.

(3) If there is litle or no
topography then individual points
can be projected onto the plane of

LINE OF
VERTICAL
SECTION

Al

METRES

Fig.9.5 Construction of a cross-section through non-plunging folds. Topographic contours
are projected onto the line of section to construct the topographic profile. The bedding dip
angles are then projected onto the topographic profile, and the section is constructed (in this
case assuming a near chevron fold style and constant bed thickness). Horizontal scale equals

vertical scale.



the cross-section — using the
formula:

di = dm (sina) (Fig. 9.6c), where di
is the distance down the inclined
plane, dm = map distance and a =
plunge of the fold axis. This
projection is carried out for each
point e.g. point P to P’ on the map
until a down plunge projection of

the fold is constructed (Fig, 9.6d),
(4) If there is appreciable
topography (Fig. 9.6e) then
structure contours must be drawn
for the line of section on the map
and also on the inclined structure
section (Fig. 9.6¢). Then the above
formula (Fig. 9.6¢) can be applied
using the distance dm as the

Fold plunge

\/Fnld Axial Plane
y

Line of Section

Plane of
cross-section
(profile plane of
fold)

Structure Contours

Topographic Surface

{e) Topographic
Contours

Line of

Cross-section
(Profile) Plane

-
Parallel to
fold plunge

ot
Fig.9.6 Construction of a down-plunge projection through a plunging fold (i.e. 30° to 040°%).

(@)

Map view of the plunging fold on a horizontal surface. The line of cross-section X-V is

drawn at 90° to the fold plunge. (b) 3D view of the plunging fold showing the profile plane
(containing the section line X-Y) and showing the projection of point P on the map to point P’

on

the cross-section (profile) plane. d., is the distance (parallel to the fold plunge) on the map

plane between point P and the line of cross-section. (¢) Geometric contruction to calculate the
distance d,, by which P must be projected down the cross-section plane to point P’. (d)

Re

sultant down-plunge projection of the fold in the plane of cross-section thatis 90° to the fold

hinge line. (¢) 3D view of the projection of point P from a surface with topographic relief.
Structure contours of the cross-section plane are drawn on both the map and the projection
plane. Point P is projected to P’ by calculating the distance, d,,,, from P at 1800m on the map to
the profile plane at 1800m, and then using the calculation in (c).
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distance between the map point at
a -particular elevation and the
structure contour on the inclined
structure section at the same
elevation (Fig. 9.6e). The distance
di is then projected down the
section plane and the cross-section
constructed as before.

Once a down plunge projection has
been constructed the true profile
section 1s revealed. The cross-section
can be balanced or dip 1sogons can be
constructed.

9.2.3  Balanced cross-sections

Balanced cross-sections are generally
constructed for deformed
sedimentary scquences where the
stratigraphy is known and well
developed — for example foreland
fold and thrust belts. In high grade
terranes and polyphase deformation
with penetrative foliations the
construction of balanced sections is
difficult if not impossible.

Basic assumptions  for balancing
cross-sections

(1) Sections are constructed

perpendicular to the fold axes —

1.e. down-plunge projections.

(2) Sections are constructed

parallel to the tectonic transport

direction.

(3) We assume no volume loss (or

gain) during deformation.

(4) We assume that there is little

elongation or contraction in the
~strike direction — perpendicular

to the tectonic transport direction
—le.nomovementinor outof the
plane of the cross-section.
Asacorollary weassume thatthere
15 a state of 21D plane strain in the
section parallel to the tectonic
transport direction,

(5) The area of the deformed
section is the same as the
undeformed area — i.e. no area
change.

The nett result is a geometrically
feasible  cross-section - that s
restorable. The restored section
shows the original stratigraphy and
the fault trajectories.

There are two basic methods of
drawing balanced cross-sections: (a)
assuming constant line length, and (b)
assuming constant area. In areas
where parallel folding occurs e.g.
flexural slip folding — constant bed
thickness then we use line length
balancing. In areas where there are
similar style folds and cleaved rocks
we use area balancing.

The simplest case of section
balancing, line length balancing, can
be attempted in camp. To measure
constant line lengths we can use
either a picce of string or a curvimeter
(Fig. 9.7) — we assume constant bed
thickness.

In order to construct a balanced
section we need to:

(1) Assemble the field data on the
topographic profile for the cross-
section — projecting data in-the
plane of the cross-section where
required (Fig. 9.8a) (the line of
section should be normal to the
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Fig. 9.7 Curvimeter for measuring line lengths
on maps and eross-sections.

fold plunge of the major
structures);

(2) Determine the stratigraphic
thicknesses 1n  the arca and
construct a stratigraphic template
(Fig. 9.8b).

(3) Establish a pin line — where
there is no interbed slip and the
beds are pinned together. The pin
line is usually located in the
foreland (Fig. 9.8b), where there is
no deformation, or on the axial
surface of the anticline. 5
(4) Measure away from the pin line
producing a restored section at the
same time as constructing the
balanced section. The restored
section should have no gaps or
overlaps and the fault trajectories
should be reasonable (Fig. 9.8¢).
For staircase fault geometries the
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ramp angles of faults should bé Jegg
than or equal to 30° The crogs-
section should end on a pin line 44
shown in Fig. 9.8c.

9.3 Reportwriting

An essential element of the structura]
mapping programme is writing 2
report that communicates the results
of your mapping and analysis in a
clear, unambiguous and concise
fashion. Before you leave the field
ensure that you have, in addition to
descriptions and interpretations of
the stratigraphy, sedimentology,
metamorphism and igneous rocks,
the following:

1 Descriptions of the major
structural features — folds and
fault patterns,

2 Descriptions of each of the
structural elements and of their
geographic distributions — e.g.
8o, Sis S etc., Lij, Lz etc. and
minor structures — folds and
faults; in some cases additional
maps (e.g. Fig. 9.1) may be
required.

3 The relative ages of structures
based upon superposition and
interference relationships.

4 Justification for the division of the
map area into sub-areas of
structural homogeneity (Section
8.3).

5 Relationships between deform-
ation and metamorphism; in part-
icular descriptions of metamorphic
minerals and their relationships to
tectonic fabrics and of fault rocks
(see Fry, 1984).

EAST [0 1300

METRES

Sandstone ® ® ¥ @ » Conglomerate Surface Horizontal
Badding Dip *~ Bedding

Measured Section

e

sp0 L — o Z-.

FIELD DATA HORIZONTAL SCALE & VERTICAL SCALE

EAST | 1300

PIN LINE

1100
Undeformed L 1000

Forsland Stratigraphic

(I)) BALANCED SECTION HORIZONTAL SCALE = VERTICAL SCALE
PIN LINE
Stratigraphic PINLINE
Thrust Fault Trajectories Template Q}
-
= = =
/-.-- = 4
0 500
(<) RESTORED SECTION HORIZONTAL SCALE & VERTICAL SCALE
METRES

Fig. 9.8 Construction of a balanced cross-section through a simple fold-thrust structure.

(a) Field datais plotted on the topographic profile (using down plunge projections (Fig. 9.6) and
apparent dips (Appendix 1) where required). Bedding dips, lithological and tectonic boundaries
are shown together with the location of a measured section used 1o determine seratigraphic
thicknesses,

(b) Balanced section constructed at the same time as the restored section — Fig. 9.8¢c. The
stratigraphic template — Fig, 9.8¢, was based on the measured section (Fig. 9,8a). The section
has been balanced using line length balancing and the assumptions outlined in the text (section
9.2.3). The front pin line has been placed in the undeformed foreland and the end pin line has
been placed in a convenient segment of stratigraphy at the western end of the section. Faults
have been projected to depth using their surface dips.

(¢) Restored section on the statigraphic template. The thrust fault trajectories and the frontand
end pin lines are shown.
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6 Relationships  to  regional
structures and a synthesis of the
structural evolution of the area.

7 Stress and strain analysis based
upon measurements of fracture
patterns and deformed objects.

8 Kinematic analysis — tectonic
transport directions and structural
evolution (e.g. dominant move-
ment patterns of thrust faults etc.).
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Your - report  should be ful]y
illustrated with maps, stratigraphic
columns,  cross-sections, fully
annotated diagrams and photo-
graphs.

Good luck!
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and line of section 30°
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| . Fig.1.1 A nomogram for determining the true dip from an apparent dip and vice versa. Example:
| on a cross-section the beds have an apparent dip of 40° and the line of the cross-section 1s at 30°
i 2 to the strike of the beds (as seen on the map)— on the nomogram mark off the difference in strike
" (30°) and the angle of apparent dip (40%), and then draw a straight line through these points to
| give the true dip—57°.
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Appendix IT

APPARENT DIP VALUES (Selid lines)
AND THICKNESS EXAGGERATION FACTOR FOR
SECTIONS AT AN ANGLE TO TRUE DIF DIR

THICKNESS EXAGGERATION FACTOR

ANGLE BETWEEN SECTION & DIP DIRECTION

Appendix I1I

Strain measurements

Guidelines for identifying and meas-

uring the state of strain in outcrops -

or hand specimens are briefly
outlined.  Finite  strain  deter-
minations in rocks may be achieved
by measuring the distortions ina var-
iety of markers for which the pre-
deformation geometry is known, e.g.
ooliths, fossils and pebbles. _

The main types of strain markers
are: :

1 Initially spherical objects—e.g.
ooliths,  accretionary  lapilli,
reduction spots.

2 Initially ellipsoidal objects  e.g.
pebbles or sedimentary grains.

3 Known initial angles between
lines—e¢.g. fossils with known
angular relationships, trilobites,
graptolites, brachiopods etc.

4  Known initial lengths or ratios of
lengths of lines, e.g. belemnites,
crinoid stems, boudin structures.

and then analysing these in the

laboratory.

Comprehensive accounts of the
laboratory techniques for finite strain
determination in rocks are given in
Ramsay and Huber (1983) and Ragan
{1985). Any geologist wishing to
carry out derailed strain analyses
must be familiar with these texts
before commencing fieldwork.

Initially spherical or elliptical strain
markers '

If you can identify the principal
planes of finite strain (XY, XZ, YZ
planes  Fig. [11.1) in the field, then
direct measurement of deformed
objects in these planes will allow you
to estimate the finite strain. For
example, it is generally accepred that,
as a first approximation, the foliation
or slaty cleavage is parallel to the XY
plane of the finite strain ellipsoid,

deformed pebbles. (Fig. I11.2b) will allow the axial ratios

of the finite strain ellipsoid to be

calculated in the field (Fig. I1L2c).
Similarly you may determine the

deformation of pebbles in a con-
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‘ T T T T T s T ‘ L Strain determinations may be made  then measurement of the axial ratios

10 20° 30° 404 50 600 70 80" using: of deformed reduction spots (Fig.
‘ éaigégggl;\fr\;giNAND THUE/;IP VALUE (a) dixff:cr measurement in the‘ II1.22) in the Clcavag:e plane and on
i DIP DIRECTION 60° TRUE DIP 45° field—ie.  axial ratios of  a joint planc normal to the cleavage
|

Fig. IL.1 A graph to determine the apparent dip angles (solid curved lines) and the thickness
exaggetations (dashed curved lines) for bedding in cross-sections which-are constructed ar an angle 5 2
to the true dip direction (i.e. nor ar 90° to the strike). Example: for bedding with a true Hip of 457 Db]CCtS and then analymng the
and for a cross-section oriented at 60° to the dip ditection; from the graph the appazent dip is 27° photographs in the laboratory.

and the thickness of bedding will be 1.275 * the true thickness. (1;) CO“CCtiI}g oriented samples

‘ (#) photographing dcformed
|
|
|
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1

Fig. IL1 The strain ellipsoid. The prineipal
strain directions are X — the long axis, Y —
“the intermediate axis and Z the short axis. The
planes containing these axes are called principal
planes - ie. the cleavage plane approximates
+to the XY plane of the finite strain ellipsoid.

Fig. IIL2a Natural strain ellipse of a
deformed reduction spot on the cleavage plane
of a slate (Le. the XY plane of the finite strain
ellipsoid).
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glomerare by measuring (in the field)
their axial ratios on the c]eavage/
foliation plane, and on joints as
close as possible to other principal
planes of finite strain. Deformed
pebbles, ooliths etc. may not have
been initially spherical, therefore you
need to photograph ot sample the
exposure in order to make accurare
strain determinations in the lah-
oratory.

Instially cylindrical strain markers

In most cases cylindrical markers
cannot be successfully used for strain

Fig. IlL.2b Dcformed reduction spots en 2
joint plane in slate. The joint plane is 90° to the
slaty cleavage plane and parallel to the long axis
of the finite strain ellipsoid: i.c. it is the XZ
plane of the finite strain ellipsoid.

Y "

FLINN DIAGRAM

Constrictional -—K=10

fietd

Plane
strain
XY
Flattening
20 |=— - field

Fig. II.2c Determination of the finite strain
ellipsoid from measurements on the deformed
reduction spots in Figs. 111.2a & b. In Fig.
TI1.2a the ratio XY is 2:0:1, whereas in Fig.
TI.2b the ratio X7 has an average of 5:75:1.
Therefore the ratio Y/Z can be calculared
as 5:75/2:0=2-875:1,—therefore X:Y:Z =
2:0;1:0:0:348. These ratios are plotted on 2
Flinn diagram of X/Y versus Y/Z which shows

the field of flattening and the field of con-

striction (assuming no volume changes in the

rock). The straight line between these two fields

indicates ‘2 condition of plane strain where
X=1/Z and there is no change in the length of
the Y strain axis.

measurements except in the case of
‘Skolithes’ ot ‘Monseraterion’ worm
burrows in quartzites. In unde. -
formed sediments these are circular
in plan on the bedding plane and the
long axis of the burrow is usually 90°
to the bedding. Upon deformation,
the worm tubes become élliptical in
the bedding plane— thus allowing
measurement of layer-parallel short-
ening in the bedding (Fig. II1.3a).
This axial ratio can be measured
directly in the field, together with the
orientation of the long axis of the
strain ellipse and the axes of the
worm tubes which have become
sheared in the bedding (Fig. I11.3b)
thus allowing the determination of
angular shearing strain.

Krnown angular relationships

For single fossil forms the angular
shear strain can be calculated from
deformed angular relationships (Fig.
111.4) e.g. deformed brachiopods,
bivalves, graptolites etc. For lines
initially at 90° and now at an angle
¢ the angular shear strain y is cal-
culated as y=tan (90— @). L

Knawn initial length of lines

Boudin structures or deformed fos-
sils such as belemnites (Fig. II1.5)
can be easily measured to calculate
the amount of extension in the plane
of the structure. The strain ratio is
simply = (final length—initial - length)|
(initial  length). Measurements can
be made in the field or samples col-
lected for laboratory analysis. Note
however, that the strain measured is
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Table III.1  Data to be collected for finite strain determinations.
STRAIN MARKER MEASUREMENTS METHODS OF ANALYSIS AND
RESULTS
(See Ramsay and Huber 1983)
A INITIALLY SPHERICAL METHOD 1. DIRECT FIELD
OBJECTS MEASUREMENT
Ooliths, pisoliths, 1.1 Orientation of the principal planes of the finite Combine data from the XY, Y7 and
accretionary lapillae, strain cllipsoid-cleavage plane = XY plane, XZ planes to obrain the final ellipsoid
concretions, plus 2 orthogonal joint sets if possible. Measure  ratio X:Y:Z. Note: often it will only
reduction spots, orientations of the axes of the ellipses in these be possible to measure the strain
spherical fossils. planes. (Figs. 1111, II1.2) . accurately in one principal plane, e.g.
1.2 Measurement of axial ratios of deformed the cleavage-XY plane.
ellipses on each principal plane. Plot strain ellipses on map and cross-
1.3 For deformed objects lying in the bedding section.

plane measure the orientation of bedding,
bedding/cleavage intersection and the ellipse
ratios in the bedding plane. Trace of cleavage
defines the trace of the XY plane of the finite
strain ellipsoid.

METHOD 2. PHOTOGRAPHING THE
DEFORMED OBJECTS

2.1 Measure orientations as in 1.1. Analyse photograph in laboratory,
2.2 Mar# and measure orientation of a reference using centre-centre, Fry method or
line in each plane to be photographed —then Rf/g technique {objects not usually
photograph. Be sure to record all data in your field  perfectly spherical). Combine strain

= ; e notebook. data from the three principal planes,
o Table IIL.1—(Cont’d on next page) HERE ; as in METHOD 1. :




z~ Table 1Il.1—(Conr’d)
=}

STRAIN MARKER

MEASUREMENTS

METHODS OF ANALYSIS AND
RESULTS
(See Ramsay and Huber 1983)

METHOD 3. COLLECTION OF ORIENTED

SAMPLE

3.1 Record orientation of bedding, cleavage and
bedding/cleavage intersection.

3.2 Mark and record reference orientation as in
Section 2.7.

3.3 Collect oriented sample.

Reorient sample in laboratory.
Identity principal strain ellipsoid
planes.

Slab along XY, YZ and XZ planes.
Analyse uSTng techniques i
METHOD 2.

B INITIALLY ELLIPTICAL
OBJECTS
Conglomerate pebbles and
sedimentary grains.

C  KNOWN INITIAL
ANGULAR
RELATIONSHIPS
Bilaterally symmetric fossils,
e.g. brachiopods, trilobites.

Other fossils— graptolites,
ammonites.

DIRECT FIELD MEASUREMENT
4.1  Measure orientations as in 1.1,
4.2 Asin METHOD 1, above.

PHOTOGRAPHING DEFORMED PEBBLES
As in METHOD 2, above.

COLLECTION OF ORIENTED SAMPLES
As in METHOD 3, above.

METHOD 4, DIRECT FIELD
MEASUREMENTS
4.1 Measure and record orientation data as in 1.1.

4.2 Mark reference ditection on surfaces from
which measurements are to be taken — usually
this is the bedding/cleavage intersection
lineation or equivalent.

4.3  Measure present angular relationships (f) of
lines (initially at 90%). .

PHOTOGRAPHING THE DEFORMED
FOSSILS
As in METHOD 2.

COLLECTING ORIENTED SAMPLES
As in METHOD 3.

Plot Rfl@ diagram-— determine finite
strain ellipse for cach principal plane.

Combine data from principal planes.

Analyse photograph in laboratory
using Fry or Rf/g techniques.

Combine dara from the three
principal planes, as in METHOD 1.
As in Method 3. Analyse using Fry
or R/¢ methods.

Combine data from the three
principal planes, as in METHOD 1.

R R -~
Calculate shear strains from measured
angles (€): shear strain = tan (90-#),

Use Breddin graph to caleulate axial
ratios of the strain ellipse in the plane
of measurement, usually the bedding
plane.

Analyse in laboratory as in
METHOD 4.

Analyse as in METHOD 4.

D KNOWN INITIAL
LENGTHS
OF LINE
Deformed belemnites, crinoids.

Pressure shadows on competent

objects.
Boudins.

FOR ALL METHODS DESCRIBED BELOW:
Measure and record orientation of plane in which
the deformed line occurs, Measure orientation of
line.

Calculate strain (final length— initial
lengeh)/(initial length).
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