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1.1 Objectives 

This book is designed as a basic 
guide to the field mapping and 
interpretation of geological struc­
tures. Emphasis is placed upon the 
identification of St ructures and the 
systematic recording of structural 
data, as both should be a fundamental 
part of any mapping prografTlme. 
The identification and description of 
structures, together with an under­
standing of their development, i.e. 
their movement patterns (Kinematic 
analysis) and an appreciation of the 
forces and stresses responsible for 
them (pyntlfllic analYsis) are extremely 
useful for interpreting particular 
structu res, 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 
acc~)mpanied by full lithological, 
sedlmemologicai, petroJogical and 
palaeontological descriptions for 
their complete interpretation. 
. The following aspects arc empha­

Sised in thi s Handbook; 

1 
2 

3 

Recognition of structures. 
\\fhat to measure and what to . 
describe. 
How to anal yse the data co l­
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 field observations 
accurate measurements of the orien~ 
tations of structural clements, careful 
record ing of the data in the field 
noteb?ok, sketching and photo­
?raphmg the structures, and analysis 
ltl t.he ~eld using the stereog raphic 
proJection. Above all, structural 
geology requires the appreciation of 
the three-dimensional nature of 
structures. Think in 3D and Jea rn to 
extend you r view of structures above 
and below the map sheet. 

1.2 Fieldwork 

The importance of careful, accurate 
and systematic fieldwork cannot be 
overemphasised. Dasic geologic 
mapping techniques are described in 
Barnes (1981), and the field descrip­
tion~ of sedimt:ntary, metamorphic 
and 19neous rocks are outlined in the 
companion Handbooks by Tucker 
(1982), p'Y (1984), and Thorpe and 
Brown (1985) respectively. 



This Handbook describes the held 
techniques for mapping geological 
structures and for the identihcation 
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
tural elements is essential. A void 
data selection in the field, other­
wise you may hnd that upon fur­
ther interpretation in the lab­
oratory, 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 . You r interpretation 
will be governed by your experi ­
ence and kno.wledge of regional 
structure, but only accurate and weI/­
recorded data will have a permanent 
value and permit continuous rein­
terpretation. 

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 data must be collected 
in conjunction with other litho­
logical, petrological and palaeo­
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 
exposure is good. Be safety con­
scious and aware of the possible dan­
gers, particularly 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
book before commencing fieldwork. 
Always carty out fieichvork 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 
settings, as they provide a usef~l 
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 ong&tng interpret­
ation. Table 1.1 is neither exhaustive 
nor exclusive in its contents and you 
should always be prepared fo r other 
structures to occur and record all the 
structural information from the out­
crops In your mapping area. 
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Table 1.1 -(cont'cl) Structures a,~sociated with particular tectonic regimes. 

~ • ~ 

1 , 
" '" " 

Constructive 

Mid-ocean ridge systems, 
and marginal basin 
spreading systems 

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

ACTIVE PLATE MARGIN REGIMES 

Conservative 

Major strike-slip fault 
systems 

Srri ke-slip fault systems 
local extension (normal) 
and cootract ional (reverse 
or thrust) fault systems. 
Local folding typically 
en-echelon patterns. 
Development of pull-apart 
basins along fault system. 

Destructive 

Island atc or continental 
margin arc systems 

Subduction complcxcs­
Fold and thrust belts ­
uplifted volcanic arcs ­
Fore-arc basins, oblique 
subduction - strike-slip 
systems. 
Subductioll (()!lJplexes ­
Co"ntractional (thrust) 
faulting, . 

Vein systems, penetrative 
'cleavages, melanges. 
Fold and thrust belts­
Thrust anp fold nappes ­
uplifted t'olcanic arcs­
extensional faults, fracture 
patterns associated with 
intrusions and volcanics . 
Fore-arc basins - local 

extensional tectonics. 

T abJ e 1.1 (cont'd) Strucn;res associated with particular tectonic regimes. 

, 
~ 

" J 
~ 

"" '" • , , 
'" 

Constru ct ive 

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

lcelandic Rift System 

ACTIVE PLATE MARGIN REGIMES (Cont'd) 

Conservative 

Low-grade ----'-- sub 
greenschist burial 
metamorphism. 
Local dynamic 
metamorphism (cataclasites 
mylonites) and 
hydrothermal alteration 
along major fault zones. 

San Andreas Fault System, 
Dead Sea Transform 
System 

~estructive 

High "pressure low 
temperature metamorphism 
in subduction complexes. 
LO\v pressure high 
temperatu re 
metamorphism in interior 
of arc (associated with 
intrusions). 

Japanese Island Arc 
SY'stems 

Collision 

Continent-continent or 
continent-island :lfC 

collision 

Major overthrust sheets, 
(allochthonous). Major fold 
nappes. Major strik e-slip 
faults. 
In internal zones'-
Fold nappes, contractional 
(thrust) faults, polyphase 
deformation. 0.1ajor strikc­
slip faults , uplift and late 
extensional (normal) faults. 
In extrrnal zones- ' 
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 
thrusting. 

Collision 

Interna! zonu-
high-grade 
polymetamorphism and 
igneous intrusions, 
penetrative foliations. 
Externa/ zonn- Lo\v-grade 
or bu ri~l metamorphism, 
one or no penetrative 
foliation. 

Himalayan Collision Zone 



1.4 Bedding 

In scdimenra ry and many meta­
mo rph ic rocks, bedding !tIrf oreJ (sur­
faces of primary accumulation) arc 
our principal reference i rame (or 
datum) . There are many possible 
bedforms in sed imentary sequences 
(see Tucke r, 1982 for detail s) and the 
structu ral geologist must be aware 
that significant departures from lay­
er-parallel st ratigraph y can occu r in 
certain sed imentary environmen ts, 
e.g. deltas; thus structural data mus t 
always be collected in co njunction 
with sedimentological and strati­
g raphic data. 

Beddi ng is one of the mo st import­
am structural elements and t he struc­
tu ral data tha t should be collected for 
bedd ing arc. o utlined in T able 1.2. 
The Jpnlin! diJlriblllion of bedding or 
compOJilionnl bnnding (e.g . if! gneiHic ler­
ranu) , will define the Illajor fold and faul/ 
Jlmetllres lIJithin )'our ",apph~~ area. 

1.4.1 Way-up fyounging dlld f ariftg 

Way-up/younging is the d irect io n in 
w hich strati g raph ica ll y yo unger 
beds/units are found. (T he term lOps 
is also so metimes used in this con­
text. ) 

T he stratigraphic waY-lip is of fun­
damental impo rtance in determining 
the structure of an area. It is based 
upon a knowled ge of stra tigraphy 
and of small-scale sed imentary Struc­
tu res which indicate the stratig raph ic 
wa y-up and the sequence of depo­
sition . Sedimentary strUCtures which 
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indicate way~ up are discussed in 
T ucker, 1982 and are sum marised in 
Fig. 1.1. Always look for and reco rd 
way-up features when mapp ing . 

T he strlfclural JJ'ay-up refe rs to the 
bedd ing/cleavage relationships that 
ind icate the position within a major 
fold struct ure (e.g. on the o verturned 
limb of a recumbent fo ld). ·fh is may 
have no relationship to stratigraphic 
wa y-up. T ake care to distinguish the 
two - sec Chapter 3 fo r greater 
detail. 

Facing is the d irection wi th in a 
structure i.e . along the fold ax ial 
p lane o r cleavage plane, in w hich 
younge r beds/units are found. T hi s 
term is gene rally applied to fold s, or 
cleavage relationships . 

1.5 'SynscdimentaI"Y· versus 
tectonic stl"uetures 

In man y areas of deformed sedi­
menta ry roc ks it is d ifficult to dis­
tingui sh between structures formed 
during deposition or earl y diagenesis 
when the sed iment was uncon­
solidated , and those fo rmed afte r 
lit hi fication in response to tectonic 
fo rces . O n cursory exami nation 
many ' synsed imentary> st ructures 
such as slump folds have superficial 
geometri c simila rities to 'tectonic' 
folds (Fig. 1.2a). Syndepositiona l 
faults are also common (Fig. 1.2b) 
and in some instances syn~ 

depo sit ional cleavage fabrics have 
been observed (Fig. 1.2c). It is there­
fo re ex tremel y important w hen 
mapping to distingu ish between 
syndepositional (prelithif1cat.ion) 
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DESCRIPTION 

CROSS·STRA TlFICATION 

Tabular cross·stratification 

Trough cross-stratificat ion 

NORMAL GRADED BEDDING 

Coa rse grains at the 
base passing upwards 
inl o finer grain sizes; 
typical 01 tu rbidite 
sequences. 

SCOUR STRUCTURES 

Scour surface at base 
of sandstone bed overlying 
mudrock. Coarse-grained 
lag deposi t may occur in 
Ihe scour. 

LOAD STRUCTURES 
Sandstone overlying mud rock 

l oad Casts 

FlameSt uc tures 
Upward injection of mud into 
the sandslone 

FlUTE CASTS 

Developed on the un'derslde 
of Bedding unll S in 
Sandsl ones. 
Good Palaeocurrent 
indicators. 

PRIMARY STRUCTURE 

........ ~ 
~'... .. ... 0 •...• '.~~ . 

" = 

~o 

~o 
Palaeocurrent ~ 

Fig. 1.1 Primary 5t ruCrure~ that may he used to detamine [he strauguphH: way-up uf l>I:cJs. 
(Com'J on p. 9) 
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DESCRIPTION 

Dewatering Struc tures 

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

Dewatering Structures 

Sand volcanoes 
in mud roc ks o r siltstones. 

May be unde rl ain by 
sandstone dykes. 

Shrinkage Slr~Clures 

Mudcracks Inlilled 
with overlying sandstone. 

Dish slruclures in mudrock 
that has undergone 
desiccation. 

VolcanIc Structures 

lobate Pi llow 
st ructu res in lavas . 

Volcanic Structures 

Bloc ky, rubbly and 
weathered l ops to 
lava flows. 

PRIMARY STRUCTURE 

·~···~··~··. o 
Pi llows ' 

~o 
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Fig . lo2a SynsedJlllcntary (Slump) fold in sandstone. Note the ausence of fra!;turcs . veins, and 
cleavage. 

Fig. 1.2h UStrJ~' syndeposil ional I:xlc:nsiona[ faui! (a) In ~ilrSTQnes :Iud mudstones. Note dll: 
de\'e1opmem or kft-dlpping :lntltl,clic fauh~ (b and c). Scale, ne2~ (b), IS I m. 

10 

Fig. 1.2c Recumbenl Synsedimentary (SIU111p) fold in siltstones with the development of a weak 
flat-l ying cleavage (d). 

Fig. 1.2d Syndeposirional extensional fault~ (f) In sandstones. NOll' titat the 611hs <He cur\'~'d In 

pl~n and ",re consistently downthT(>wn 10 the right. Field of view IS 4 m. 

11 



structures and post-lithification, 'tec­
tonic' structures. In some situations 
e.g. active continental margins, !iedi­
ments are deformed by tectonic 
forces very soon after depmition, 
before complc:tt: lit.hification. i lenee 
you may find a complete spectrum of 
structures, from those formed during 
deposition to those formed deeper in 
the cruSt. 

1.5.1 DiJCrilllination of 
prelithijicalion (.rynsedilllentary') f rom 
post-lithification (tectonic) folds 

'Synsedimentary' fold s or 'slump' 
fo lds have many geometric simi­
larities CO the shapes, wavelengths 
and size dist ri butions of ' tectonic 
folds'. Slump fo lds are generally 
tight to isoclinal with variable shapes 
at low fold ampli tudes. Their fold 
axes are commonly dispersed in the 
plane of the slump sheet and recum­
bent fo lds are dominant (Fig. 1.2c). 
T he fo ld 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, pa rticularly in the hinge 
regions (probably due to la ter com­
paction during burial). Lineations 
and grooving are sometimes pro­
duced by the motion of the slump 
sheet, and these may be refolded 
along with o ther minor st ructures. 
Slump sheet contacts may be gra­
dational. Their upper boundari es 
may exhibit sha rp erosional trunc­
ations. Synsedimen tary fractu res 
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 mobi lised sedi. 
ment slurry. In general, slump folds 
have no genetic or geometric 
relat ionship to large macroscopic 
fo lds. 

Syndepositional foldi ng 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 sl umps 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, th rust faults and 
imbrications. The characteristic fea­
tures of syndepositional folds are 
li sted in Table 1.3 and are compared 
with the features of 'tectonic' folds 
(see Chapter 3). 

1.5.2 Discriminatio!1 of 
!ynJedifIJetltar:Y faultingfrolll lectonic 
faufling 

The att ributes of tectonic faults are 
described in Chapter 6. They are 
characterised in particular by their 
geometric relationsh ips with associ ­
ated structures, folds, fractures and 
vei ning, and most importantly, by 
the development of fault rocks along 
the fau lt planes (Chapter 6.6). T he 
presence of faults hounding major 
basin margins will be revealed by 
regional mapping, by the associated 

T bJ~ 1.3 Criteria used to distinguish Ix:twet:n synsedimemary fo lds and 'tectonic 
~ ~dS " /It. is the most reliable:: criterion and C is the least reliable. Note that severnl 
c~iteria must be used in conjunction in order to determ ine the origin of a particular 

fold. 

Sedimentary folds 

Truncation by 
overlying bed~ 
Burrowing or boring by 
organisms 
Cut by synsedimentary 
dewatering st rUClures 
Undeformed clasts or 
fossils. 
Folds with no axial 
planar cleavage- cut 
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 featu res 
with no veins developed 

Relia bility 
ind~x 

A 

A 

A 

A 

B-C 

B-c 

C 

C 

Tectonic folds 

Limited spatial 
distribution -
corrclatcd with regional 
st ructure 

Reliability 
index 

A 

Fold vergences and uial A 
planes symmetrical 
around la rge folds 
Symmetrical fracture A 
patterns and veins 
saddlt: rt:efs developed 
Crystallographic fah rics A 
in non-phyllosilicates 
(pos~ibly associated 
with fanning axial-
planar cleavage in 
phyllosilicates) 
Slickensides and B 
metamorphic 
lineat ions - down fold 
limbs and around fold 
hinges 
Associated with brittle B 
thrust faults-folds 
generated by ramps 
Kink -like folds with 
up right axial planes 
(with respect to the 
sbcet dip) 
Continuity of axial 
planes across several 
beds 
Parasit ic relationshi ps 
between major and 
minor folds 
Fanning axial plane 
cleavage in 
phyllosilicates 

B 

B 

B 

c 
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facies distributions of coarse-grained 
fault~derivcd 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. 
He re, attention is focussed 00 OUl­

crop scale features indicative of syn­
sedimentary faul ts. 

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

2 The faults arc typically listric in 
shape (Pig. 1.2b). 

3 The faults are typically irregular 
in plan - often curved (Fig. 
1.2d). 

4 The dow'n-thrown side of the 
fault is commonly in filled with 
a triangular wedge of sediments 
(Fig. 1.3a) which in some cases 
may be coarser grained than the 
surround ing sediments. 

5 There is an absence of veining 
and fault rocks typical of brittle 
deformation (Chapter 6.6). 

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

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

Fig.l.3a Syndeposilional CXH;nSI~m faults (f) showing rotation of f~u1r bloc.:b and Infilhng of 
the half·graben wi th a weJgc of sedimc;m (w). 

14 

Fig. l.3b Small synJepositional fault In sand· 
. stones, showing an lrrl.:~ular fault plane and 

injection of sediml.:nt slurry along the faul l 
plane. 

1.5.3 Syndepositional c1eava,ge 

This is commonly found in the 
deformed mudstones of slumped 
sequences. The foliations are planar 
and parallel to the sheet d ip of the 
sediments, and typically have the 
appea rance of a slaty cleavage o r ve ry 
closely spaced, fine fracture cleavage 
(Fig. 1.4). They arc axial-planar to 
recumbent slump folds (Fig. 1.2c) 
and generally do not penetrate sand­
stone layers but are restri cted to 

mudstones. Slight fanning of the 
cleavage may occur but the strong 
refraction of cleavages commonly 
found in lithi6ed 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. Tn 
such circumstances careful exam­
ination of all o f the field relationships 
is required before a cleavage can be 
ascribed to syndeposi tiooal process<:s 
or to later tectonism. 

Fig. 1.4 Slump fold with a [hl . lying syndeposilionlll1lXial.planar deav~gc (d ). ridd of view 2 Tll. 
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1.7 Safety 

1. Do not run down hills. 
2. 0 0 not cli mb rock faces unless 
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you are a trai neo climber and you 
have a friend present. 

3. Do not ente r old mine workings 
or cave systems except by 
arrangcment, and always in 
company. 

4. \X'ear casily scen clothing. 
5. Always wear a safety helmet In 

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

6. Note weather fo recasts in moun­
tainous country and if you are 
going into a remote pan of an area 
leave with a responsible person 
your rOute map and the time you 
expect to retu rn. 

7. 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 nor 
have one). Include, also, ma tches 
sealed in a wate rproof plastic bag, 
and an aluminized foil 'space blan­
ket' (jt wcighs almost nothing). 
In hot climatcs, ca rry a water 
bottle and a packet of effervescent 
water sterilizing tablets. Always 
carry some form of emergency 
ration in case YOll have to spend 
a night on a hill side in mist or 
snow. 

8. The: accepted field distress signal 
is six blasts on a whistle or six 
flashes with a mi rro r o r flashlight, 
repeated at minute intervals. Res­
cuers repl y with only th rce blasts 
or flashes repeated at minLHc 
interva ls to prevent rescue part ies 
homing in on cach other. 

In th is section the procedures used 
in the field to record geologica l struc­
tures will be briefly d iscussed . Barnes 
(1981) gives an excellent resume of 
basic mapping techniques, whereas 
this Handbook focusses upon struc­
tural mapping. 

2.1 Equip m ent 

In add ition to thc usual field equip­
ment-a hammer, ha nd lens, acid 
bottle , pen knife and Pinl Aid kit, 
slruclUni l mapping requires the fol­
lowing: 

In the field 

Notebaak: Stiff covered and wate r­
proof; sufficiently large to draw 
sections and sketch maps but not 
too large to become bulky 
(20 ems x 10cms is an optimum size) . 
Map board: Por base maps and/or 
acrial photographs, non-magnetic 
(size approximately 30 em x 25 em). 
Campass-C/inometer:Siiv(1 Ranger 15 T 
or a hinged lid type comp"ss with a 
bubble level e.g. Freiber.!', compass or 
a Chaix UnivtrJal. (See p. 18.) 
J'eparate c1ilJotJlt/er or level: 
Optional. 

2 
Mapping techniques 

Allitneler: T hommen mountai n 
type for areas with apprecia ble top­
ography. 
8a.re maps: Detailed topog raphic 
maps at the appropriate scales. In 
st ructural mapping it is essential to 

accurately locate yourself and the 
hase maps m ust bave sufficient topo­
graphic contours for the purpose ­
grossly enlarged topographic maps 
are generally unsuitable. Copies of 
base rnaps should be used in the field. 
Afrial photograph!: are extremely 
useful even when good base maps are 
availahle; in particular for mapping 
boundary features. 
Mylar overlays: for aeria l photO­
graphs. 
Pocket Jtertoscope. 
Good 35 mm camera and fibm. 

In camp 

In addition to the necessary drafting 
equipment, stereographic pro~ 

jections and tracing paper, the fol~ 

lowing are required: 
Graph paper: for section con­
struction. 
Map wheel: for section con-
struction. 
The appropriale Ge%gi(al Socie~y 

Handbooks. 
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A book on the lISe of stenographic pro­
jeclirml (see References). 

CompaJJ-dillfJl!1elerJ 

Fo r structural mappi ng you relJ uire 
a compass clino meter that meets the 
following req uiremen ts; (1) 
accuracy, (2) reliability, (3) ease of 
operation, and if possible, (4) o ne 
that contains a bubble level. 
Al though many types of compass are 
ava il able (see Barnes, 1981) the fol ­
lowing have been foun d to be the 
most satis fac to ry: 

(a) the Silva Ranger 15 T (Fig. 2.la) 
(b) the Freiberg compass (Fig . 

2.1 b), and 
(c) the Chaix compass (fig. 2.1c). 

F ig. 2.la Jill'a nangtr ISTO·CL student's 
comp:us/dinometer. 

Students will generall y use the Silva 
compass because of its relatively low 
emit, whereas pro fessional geologists 
may prefer the Freibe rg o r Chaix 
compasses. For structu ral geology 
the Freiberg compass has d istinct 
advantages, in th:u the hinged lid 
(r ig. 2.1 b) is placed aga inst or along-
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Fig . 2.th T he FreIberg c()mpa~~ WIth a 
hinged lid clinometer. 

Fig. 2.Ic The Chaix cump'''ss with the clino­
meter In {he lid (cumpass courtesy ufTupo<:haix 
Lid., Pa ri~). 

side the structure to be measu red , 
enabling the a7.imuth and plunge to 
be measured in one operation (see 
Section 2.3 for details). T his a llows 
rapid , accu rate structural measure­
ments to be taken, particularly of 
linear features. 

2.2 Stereographic projections 

The ste reog raphic p rojection is it 

fundamental tool in st ruct ural 
gtology and is used to represent 3D 
o rien tation data in a 20 graphical 
form. It is commonly used to solve 
problems involving the angula r 
rela tionshi ps of line and planes in 

3D space. It can~ot be used ~o solve 
roblems invo lVing t~e relat ive gco­

p ph ie positions of hnes and planes. 
g'" f h' It is beyond the scope 0 t 1$ 

Handboo k to desc.ribe the coo­
etion and plotting of stereo-stru .' 

P
hie projections and the reade r gra 

is referred to exc.el lent. texts on the 
lotting and mani pulation of stereo­

p raphic projections by Phillips 
~1971) o r Ragan (1985~. lt is essen tial 
that befo re commenclIlg any struc­
tufal field wo rk the reader should be 
familiar with the plotting and simple 
manipula tions of the srereographic 
projection. 

2.2.1 TYPeJ of ltenographic projeclioll 

T wo types of stereographic pro­
jection may be used the Wulff net 
or equa l ang le net (rig. 2.2a) and the 
Schmidt or equal area net (Fig. 2.2b). 
The Wulff net is used to solve angu­
lar felationships, pa rticularly where 
geomet ric construct ions are made on 
the net, whereas the Schmidt net is 
used to solve angular relationships 
and to statistically evalu a. te orien­
tation data using contoured stereo­
graphic pro jections. 1n this Il and­
book equal area lower hemisphere 
projections are used . 

Where structural data are numer­
ous it is app ropriate to statistically 
evaluate them by contouring. In the 
fie ld this can be easi ly done by usi ng a 
coun ting net, the Kalsbcck net (rig. 
2.2" p. 20) (scc Ragan ,(1985) fo, 
details of counting and contouring 
techniques). 

F ig. 2.2a The Wulffequ:ll angle ~tercographlc 
proj«lion (repro(luce(l with permi~~ion from 
Ragan. 1985). 

Fig. 2.2h The Schmidt cyual area ~{ereU­

graphic projection (reprodu(cd wilh per­
mission from Ragan, 19!15). 
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KAlSBEEK COUNTINC NET 

Fig.2.2c Kalsbeek counting nel (reptoduccJ with permi~~inn from Ragan, 1985). The equal area 
plot i~ placed on top of this nel and the points falling in tO each hexagonal segment (1 % of the 
tntal area of the net) are counteJ with the tntal posted at the c..,ntre point of each hexagonal 
~egment, The totals at the ecntn; points ~re then hand COlltour<:d in val ues of % per 1 % arc:!. . 

011 !tereographic projeclilJlu: 

I. 

2. 

planar structures p lot as g reat 
circle lines bur may also be com­
monly represented hy poles (or 
normals) to the planes; these p lo t 
as points on the projection (Fig . 
2.3) . , 
hnear structun:s plot as points. 

2.3 How to measure s tructures 

tvlost compasses can be adjusted to 

correct for the angular difference 
(declination) between magnetic 
north and geographh: north. 'fhis 
correction should be made with ref­
crence to tOpographic maps of your 
area before you begi n mapping, and 
should be recorded in your field 
notebook. The setting of you r com­
pass should also be checked period-
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ically during the course of your map­
ping programme. 

2.3.1 COflllentionJ 

Most geologists tend to record the 
attitude of planar structure" as a 
strike and dip , e.g . Strike 2200

, Dip 
45° SE. T hree measurements have to 

be made at each location: strike, d ip 
and general dip direction, and 
ambiguou" records arc easily made 
when the directions of dip arc often 
forgotten, and omitted. Tt is much 
safer and unambiguous to record dip 
direr/ions for planar structures: e.g. 
bedding 45

0 

..... 130°, i.e. a bedding 
dip o f 45° in the direction 130° from 
nort h (Fig. 2.4), and fo r linear struc­
rures record the plungc, e.g. plunge 
of minor fold axis 20° ..... 120"', i.e. a 
20" plunge to the fold axis in the 
direction 120° from north (Fig. 2.4). 

N 

"":t... Pole to the 
plane 

Plane 

(a) Pole to the plane 
N __ 

_ .L...._ <fO o 
. '" 

/. 1 _
0400 

~ / "'" III ) 
Pole to 'Y-. 
bedding / "" 

I ' 
/ ""So Projection 

I /': of beddl(lg 
plane 

--_____ _"" 130° {J plot 

(b) Lower hemisphere equal area 
projection 

Fig. 2.3 (a) The pole to ~ plane_ (b) stereogr-aphk projecrion of the phne al1d the lower hemisphere 
pole 10 [ht: pl:!.!1e. 

Structural data should be consistentlY 
recorded 10 the following for­
mats;Anglc! (mca!lln:d from tbe bori­
zontal) in 2 digit! e.g. 20°. Azimutbs 
(merlJurcd front !lorlh in a horizon/a! 
plane) in 3 digit! e.g. '120°, i.c. Fold 
plunge 20° ..... 120° o r dip d irection o f 
bedding 45° ..... 130°. These sign con-
ventions are unamhiguous and 
definiti ve. 

2.3.2 Method! for mcasJlring - planar 
SlIrfacu 

Planar st ructurcs sllch as bedding, 
cleavage, schistosity, fold axial 
plane~> 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 
RafJgfr 15 T and the Freiberg 
compass. 
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80C1d in" Plane 

N Dip Direction 

.,. "-~ 
45'_130 ' 

/ " /<, 0>0. 

.5· 

_____ - 130' 

040· 

Projection 
of bedding 
plane 
f1 plot 

Plunging Minor Fold 

20"- 120" Hinge line (fold axis) 

120" 
Plunge Direction. 
(azimuth) 

Fig. 2.4 (a) Bdding plane dipp!!lK 45' 
towards 130' (s trik\: 040', dip4S' SE) ~nd show. 
ing the stereographlc projecdon of the: plane 
and the pole tv the plane. (b) r.linur fold axis 
plunging 20' towards 120' and showing the 
stereographic projeclion of the mmor fold axis. 

Method 1: A1('oSllrelJlents 1)lilh (on. 
ventionol (omposseJ c.g. Silva Ranger 
15 T. (F;g. 2.1 ". 2. Sa- d) 

.Method la: strike and dip lI1ethod 

1 Find the strike line (the hori~ 
zonta! line on the planar struc­
ture) by using the Silva compass 
as a clinometer and locating the 
direction of zero dip on the plane 
(Fig. 2.5a). Mark this li ne (the 
st rike line) on the surface using a 
soft pencil (B or HB). 

2 Measure the nimuth of thi s line 
(i .e. irs 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 (he edge at 90° to 
the strike line and measure the 
amount of maximum dip (Pig. 
2.5c). Record this angle - 45° 
and rewrd the direc ti on of dip ­
SE. 

The strike and dip of the plane is: 
strike 220°, dip 450 SE. 

Note: jf thl;: surface is. rough or 

uneven an average reading can be 

Fig. 2.5a Finding the ~trike line (zew dip 
line) on the bedrling surfilce using the Jilt'a 

15TD·CL and marking the line with a 50f( 

pencil. 

Fig.2.5b Measuring the a"imuth vf the stri k\: 
line. 

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

Method lb: dip dirutioll !!Iethod 

Using the compass as a cli­
nometer find the d irection of 
maximum dip on the plane (Fig. 

Fig. 2.Se Measuring the a.mounr of dip (90· 
to th~ strike line) using the clinometer on (he 
Silva tSTD-CL. 

Fig. 2.5d Use of the map board to a rt)' out 
measurements on an irregular surface. 

2.6a). Mark this dip direction line 
on the surface and measure the 
angl<; of maximum dip. Ruord 
this readillg e.g. 45°. 

2 Place your notebook or . map­
board along the dip di rection line 
and holding it vertical measure the 
azimuth (direction) qf the dip 
(Fig. 2.6b). Record this reading, 
e.g. 130". 
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Fig. 2.6a Dip dm:clion method using the 
Silva campus. Identify the position of 
ffi;tximulIl dip on the planar surface by using 
the dinom(t~r 011 the compass. Mark this dirt:c­
tion on the hedding surfac( and record [he value 
of maximum dip. 

Pig. 2.6b Determine the azimuth of thc dip 
direction hy placing your notcbook along the 
line of max.imum dip and keeping the notebook 
vertical, meaS\lte t!iis dire(tion. 

The dip direction of the plane is 
45·~ 130·. 

Notc: always measure the direc­
tion or azimuth looking dOUJn dip, i.e. 
into the earth. Care must be exercised 
to measure the correct d irection. 
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Method 2: Measurements ll/itb the 
Freiberg cOlJlpa.r.r 

T he F reiberg (:ompass (Fig. 2.1 b) 
allows rapid detcrmination of the dip 
directions o f a planar structure in o ne 
operation. Place the hinged lid of 
the compass against the surface to be 
measured and, keepi ng thc base of 
the compass hori7.ontal, (using the 
built-in spirit level) measure the 
azimuth of the dip direction c.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

Q

• Record tlm'r readings. The dip 
direction of the plane is 45° -+ 130° 

Fig.2.7 Measure the amount and direction of 
dip of the bt:ddmg by placing the hinged lid of 
the Ftcibc:rg compass aat on the bedding plane. 

Method J : Met1sllrelllmts with 
, .,tiona/ compasses or 1he Treiberg conJ,' ,. 

cOJ/JpasS 

Problems may arise when no ~uitable 
surface is avai lable on which the 
compass can be placed, (~r th~ surface 
is toO rough. In these Situations lhe 
notebook or mapboard should be 
used to make a measurable plane par­
allel to the geolog ical platla r Struc­
ture. This technique is illustrated in 
Fig. 2.8 where clcava~e plane (r~g. 
2.8a and b) or a fold aXlal plane (Fig. 
2.8c) is measured by placing the map 
b"oard parallel to it and then meas-. 
uring the orientation of the map­
board using M eth()ds 1 a, 1 b or 2 (the 
axial planes of folds are not com­
monly exposed as surfaces, so lhis 
method is o ften rbe only way to 
measure them). 

"Fig. 2.8a Measurement of The strike of a 
cleavage plane by aligning the map board along 
the cleavage plane and measuring the azimuth 
(direction) of su ikc: using the: Silva compass. 

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

Fig. 2.Se Measurement of the orient"mon of 
the axial plane of a minor fold. Align the map 
boarn )Y.oIralld to tht: fold ;,ui3l plane and meas· 
ure the dip din:ction usinK the Freiberg com­
pass. 
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Note: many students do no t take 
enough readings in poorly-exposed > 
areas because good planar surfaces 
are not exposed. Use of the map 
boa rd to measure planar structu res is 
essential in these situations. 

Me/hod 4: Sigh/if~g lIJethod 

For moderate to steeply dipping 
planar structures it ma y be possible 
to measure the strike and dip by 
sighting along the compass (Barnes, 
1981). This method is particularly 
useful when beds or outcrops do not 
form exposed planes convenient to 

measure. It is also useful for deter­
mining the average dip (or sheet dip) 
of a large outcrop or cliff exposure. 
In this methbd it is essential that you 
align your line of sight parallel to the 
stike of (he beds or planar surface to 

be measured. 

1 Align yo urself so that your li ne 
of sig ht is parallel to the strike of 
the planar surface, (Fig. 2.9a). 

2 Sight along your compass and 
measure the a7.imuth or bearing 
of the strike of the pl.ane (Fig. 
2.9a). Retord tbis azimuth 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° SF.. Ru­
ord these reodin,~s. 

The planar surface strikes 150
0 

and dips 60° SE. 
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Fig. 2.9a Sighting methud . MeaS\lre the 
mike ofbcdding by aligning the Silva compass 
parallel to the strike. 

Fig. 2.9h Sightin).!; mcthod. Measurement uf 
thc angle of dip of the Ix:ddmg using the din­
omettr of the Silva compass aligned parallel to 

the dip. 

Rememher that tbe techniques 
described above apply to the 
measurement of o,!.y planar surface, 
e.g. bedding, cleavage, schistosit y, 
fold axial planes, joints, fault planes 
and veins. 

2.3.3 Me/hods/or llIe(1S11ri'~~- IiI1f:ar 

structures 

Linear structures (i.e. lines) include 
bedding/cleavage intersect ion lin­
eations, mineral strctchi ng 
lineations, minor fold axes o r hinge 

Strike of plane ___ ~ 

Dipof 
pla.ne 

lines, slickensides and crystal fibre 
structures. All linear structures arC 
measured in the same way, either as 
a plunge (Fig. 2.10a) or as a pitch in 
a plane (Fig. 2. lOb). See Fig. 2.10c 
for a stereograph ic projection of 
these measurements. 

Q60' 
Plunge 20° .. 060· 
of lineation 

Pitch \)~\) ..... 
Strike of plane --:;;:l-=:::'---:..-- / 

--r.- .; ..... 2;:\ 
101 

Ibl 

lei 

Plunge 

+ 

Dipof 
plane 

PIU~oe 
ot L,neation 

{"'. 
Ol~ Oi rvc l,on 
ot B ~ "" in g Plant. 

145° ..... ILt 

Lineation 

Pitch 

\ 

Pilch 28° N In 
plane strike040; 
dip 45° SE 

,-t. 

, Slr i~ e 0 1 
6o«Iing PlMne 

Oi~Ol 
Btddlng 

o; ~ Oi fc, t,on 
Of Be ~~ 'ng 

Fig.2.10 (,,) Measurement of the plung(.: ..,f \I h!l(.:;tuvn L, 20" -+060" within the beddmjl; plane. 
1·ne angte 20" is measu rcd in a ve rllcal plane (azImuth 060") conrain ing the line,.n ion Lt. 
(b) The pitch of ;t linl-atJun L, tS measu red a ~ 2H·E from a line sn ik ing 40" e:a~t in the beddlr1~ 
plane. 

(r) Lvwer henm pherc stereographlc projec tion~ of plunge and pitch of' heJine:a, ion 1.1• 
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Metbod 1: MeaSffrelflenls Jl'ith cont/en­
tional compasses, e.g. Silva Ranger 15 T 

Method 1a: Plt"w of a lineation or fold 
a:>;.is 
1 Place tht: edge of your mapboard 

or notebook along the linear 
structure to be measured (Fig. 
2.11a and d). Keeping tht: map­
board or notebook vertical, 
measure the azimuth of the direc­
tion of the plunge (Fig. 2.11 band 
d). Record this direclion, e.g. 060°. 

2 Using the compass as a 
clinometer, measure the plunge 
of the linear structure by placing 
the edge of the compass along 
the str~ctu[(: (Fig. 2.1 1e and e). 
Recorrj tbis plunge, c.g. 20°. 

Plunge of the lineation 
20' - 060' (see Pig. 2.10a). 

Method Ih: Pitch of a lineation 

1 Find the st rike of the plane as 
described in (Section 2.3.2) and 
Figs 2.5a and b. With your pencil 
inscribe tht: strike line on the 
planar surface so tha t it intcrsccts 
the lineation Ll (Fig. 2.12a). 
Mcasllt;e the strike and dip of the 
plane (as described above in 
Section 2.3.2, Method la). Record 
thi.r data, e.g. strike 2200 dip 45

Q 

SE. 
2 Lay yOLlr cumpass 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 
ollter ring. Now rotate this cali-
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Fig.2.1ta Measurement of:lline:ltion L1 -

Ixdding/deavagc intersection in the Ixdding 
plane. PI:lce the eJgl.: of )'our nOlebook :llong 
the lineation L!. 

Fig.2. t 1b Bring the notebook to Ihe venical 
and keeping it venical, meuure Ihe uimuth of 
plunge of the lineation using the Silva compass. 

Fig.2.11c Measure the amount of plu.nge of 
the lineation L! using Ihe chnometl:r of the 
Silva compass. 

Fig. 2.11d i\teasurement of the plunge of a 
minor fold axIS. Place the map board along the 
fuld axis and keeping it vertical, measure the 
azimuth (direction) of the plunge . ,.,..,..-...-......... 

Fig. 2.U e Mea~ure the amount of plunge of 
the fold axis by placing Ihe edge of the Silva 
compass 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 Ihis 
new rttJdinJ?, and the directiun of Ihe 
pitch of the lillt. The difference 
between the twO readings is the 
pitch of the L! in the pJar,e. Retord 
Ihis data, e.g., the pitch of the line 
is 28° North in the plane which 
has a strike of 220' and dip of 45° 
SE (,ee Pig. 2.10b). 

Note: The method of measl.1ring 
pitches is most useful on steeply 
dipping planes where accurate deter­
minations of plunge can he difficu lt, 
and when the lineation itself is 
steeply plunging, maki ng accurate 

Fig. 2.12a M!::lsun:m!:nt of Th!: pitch of the 
bc:dding/cI!:avag!: interseCTion lin!:ation L\ on 
Th!: Ixdding plane. using the Silva compass. 
Mark th!: strik!: line on the bedding plane and 
determine the strike and dip of the bedding as 
in Pig. 2.5. 

Fig.2.12b USing the Silva comp~S$ as a pro­
tractor, place it on the bedding plane and meas­
ure th!: angle Ixtween the strike of the bedding 
and th!: lin!:ation ·L, on the bcdding plane (see 
text for details). 

plunge determinations difficult and 
resulting in large errors in azimuth. 
Reference to Fig. 2.10c will remind 
you that using a stereonct plunge can 
be obtained from a measure of pitch, 
and vice-vcrsa. 
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Method 2: MeaSfiretllffllS with the 
Freiberg COf)} pass 

Place the side-edge of the hinged 
compass lid along the linear structu re 
to be measured and then, keeping the 
base of the compass ho rizontal , read 
off the azimuth of the plunge direc­
tion. Then measure the amount of 
plunge on the calibrated hinge pin. 
Record tbis 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. Tn these cases the 
linea.r structure may be extended by 
placing a pencil parallel to the lin­
eation (i.e. in a weathered out fold 
hinge) and then mcasurlllg the 
plunge of the pencil (Fig. 2.14). 

2.4 The field map and aerial 
photographs 

The field Rlap, aerial photographs and 
field notebook are the most important rec­
ords of your field observations . Take great 
care of them. They flJra/ be: 

t label/ed II/ith your nallle and address, 
2 neatly and carefully drafted and leg-

ible, 
3 fully anno/aled with legends, symbol.r 

and Jcales, and contain aI/ the necess­
ary location information, 

4 completed whilst you are in the field. 

The importance of complet.ing 
your map whilst in the field cannot 
he overemphasised, as it is on ly then 
that you can carry out an ongoing 
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Fig. 2.13 Measurement of the plunge of a 
minor fold axis by placing the edge of the rr~ i · 

berg compa~~ on the hingc Iinc. 

Pig. 2.14 Measurem~nf of the plunge of a 
minor fold axis by using a pencil to extend the 
axis. 

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

2.4.1 Styles of JlJopping 

The style of mapping used is latgely 
controlled by the map scale, the 
degree of structural complexity and 
the degree of exposure. If good 
detailed topographic maps are a vail­
able then field data may be plotted 
d irectly OntO these. Where 
insufficient deta il is shown on the 

tOpographic map, aerial photographs 
must be used in the field for accurate 
location of outcrops, and to map in 
lithological boundaries and Struc­
tural trends. The data is subsequenriy 
transferred onto (he base map 
(B"nes, 1981). Barnes (1981) 
reviews vanous mapplOg styles, and 
these are summarised below. 

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 1:513,000 to 1:15,000. 

3 Exposure mapping is detailed map­
ping du ring which the location 
and size of each outcrop arc rec~ 

ordcd, usua1Jy at scales of 
1:15,000 to 1:1000. 

4 Baselillt JlJappinl, involves dcrailed 
mapping using a measured basc­
line (or compass and pacing) at 
scales of 1 :10,000 to 1 :500. 

5 Grid mapping or plane table ItIappin,g 
are techniques used for detailed 
exposure mapping at scales of 
1:1 000 to 1: 1. 

Traversing: In st ructurall y 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 anJ by con­
structing sketch cross-sections in the 
field. Fig. 2.15 shows a skctch section 
through a simple anti formal struc­
ture (note the use of bedding/cleav­
age. relationships to locate the hinge 
reglOn of the antiform). 

Contact Mapping: This technique 

involves following li~hological o r 
structural contacts in order to estab­
lish 3D structural relationships. For 
example, it may be riecessary to 

determine if a fault cuts up or down 
stratigraph y or to establish the out ­
crop pattern in a polyphase defor­
mation terrane. 

Expomre Moppif1.p": This mcthod 
is esscntial for deta iled structu ral 
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 tah/e lJ1ap­
ping: Detailed mapping using these 
techoigues is essential in establishing 
detailed relationships in one outcrop 
or in a group of closely-spaced out­
crops. Key structural relationships 
are illustrated by (hese methods. An 
example of bascline mapping is 
shown in Fig. 2. 17. 

2.4.2 Map JCflles 

A detailed stmctlfral II/ap ma y be 
produced at any scale from 1 :250,000 
to 1:1. The same types of st ru ctural 
data should be colkcted at every 
locality, irrespectitlt of the scale ar 
which you arc mapping. Failure to 

measure all available structural 
clements may seriously hinder your 
furute interpretations. Avoid using 
base maps which have been excess­
ively enlarged from a large scaJe 
topographic map: they are no more 
accurate than the maps from which 
they come::. 
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CLEAVAGE STEEPER 
THAN 8eO~NG 

ANTIfORM _ 

Thln8od~ 

SI.In 

BEDDING STEEPER 
THAN CLEAVAGE 
STRUCT URAL OVERTURNING 

_ ANTIFORM 

s, 

:lO- 2!lO I =I 50-280 4~-200 =I ~ 45-080 60 27* ~ 31- 28f> 

Fig 2. 15 fidd ~k~t~h' through an antiform, illustrating the me of beJding/clea\'age rdatlOllships 
to determine the pOSition of the hinge of the fold. Stru(tural.dat~ ~lrl· ploued at the hase of the 
section so thaTlhe section t:illl be relaTed to the m:tp mort: readily. Srmhols as 1!l Table 2.1 (p.'l2). 

Fig. 2.16 
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Fig.2.17 An example utdetaited Mseline mapping with the lrn::arions m~sured o fT from the 
baseline (e.g. Barnes, 1981). 

2.4.3 Aerial photo,grtJphs 

In many situations, you will map 
directly onto overlays on :terial 
photogr:tphs (Fig. 2.18). Provided 
thc central region of the aerial photo. 
graph is used, thcn problems due 
to excessive distortion can be 
minimised. Structural data, outcrop 
boundaries, formation boundaries, 
major fold axes and fauit traces, and 
locality numbers are plotted directly 
Onto the photograph overlay (Fig. 
2.18). These are subsequently t rans­
ferred Onto your base maps usi ng the 

techniques outlined in Barnes (1981 ). 
Ae rial photographs arc particula rl y 
useful for accurate' outcrop location, 
mapping lithological boundaries, 
and identifying and mapping struc­
tural "features. Tn man y areas th~ 
structural grain can be readily seen 
on the aerial photograph but d ifficult 
tQ pick oul on the ground'. Use of 
aerial photographs is a skill that is 
acquired through practice and pati­
ence. Great care needs to be taken 
in accurarely "locating yoursel f and 
becoming accustomed to the scale of 
the photograph. 
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2.5 Field notebook 

As with your field "tap, )'OIIr field note­
book is an important rttord o/your field 
observations. I I musl he.neal, legible, de­
arly /Jlritltn aNd well I/lNstraled. Tok.e 
(are of il! 

The field notebook is a record of 
activity and must contain the appro­
priate location and reference data, so 
thac together with your field map it 
can be inlerpreted ry someone else. Do 
not adopt the habit of treating it as 
your own personal rccord: when you 
are employed your notebook will 
belong to your employer. Do not u!\e 
your own shorthand and hiero­
glyphics. You should record as much 
detail as possible and fully illLIStrate 
your notebook with sketches (3D if 
possible), interpretative sections and 
maps. Nothing is more frustrating 
upon returning to the laboratory 
than finding that you r field notes are 
incomplete. 

The key to producing good fidd 
notes is kee n, careful observation and 
systematic record ing. T he following 
recording procedure should be 
adopted al ellery locality: 

Dace, time and location of your 
observations. Use grid references 
and aerial photograph reference 
numbe r where appropriate. 

2 Resume of your mapping 
method e.g. traverse up 
Steamboat Creek from road 
bridge at Km 14. 

3 Outcrop locality number - to be 
also marked on your field map. 
Include a brief summary of the 
outcrop characteristics - si:te 

and general nature of the 
exposure. 

4 Record the lithological charac­
teristics (for detai ls 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 
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 informa tion collected 
at one small outcrop in the course 
of a regiona l mapping programme, 
whereas Fig. 2.20 shows the infor­
mation gathered during a detai led 
analysis of an outcrop that exhibits 
polyphase deformation. In the latter 
case, a large amount of descriptive 
and orientation data has been 
collected. In both examples, mor!: 
than one reading for each structural 
element has been taken. An average 
or representati ve reading for each 
structural element is then plotted on 
the field map. Note that your fiGld 
notebook should always contain 
much more structural data than can 
be ploned on the field map. 
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Fig. 2.19 Example of a field notehook showing data wHeeted at a small OUtcrop during the 
course of a regIonal mapping programme. 
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Fig 2.20 (pp. 37-40) Pa,w:cs from a field notebook showing data collected durin,w: tktalld Structural 
observations ill a complex polyphase terrane. Key ourcr()p~ must he examined In d~hil m urdcr to 
determine the structur:ll hIstory. In thi~ c.ase an hour wa~ ~pcnt examlnmg the l:lr).:;c o utcrop, 
sketchin,w: th~' structural rda(Jol15hips and taking ~everal mea~urement$ of each Structural feature-. 
The foJlowin,w: pa,w:esoutlme the methodology u!;t'd: 1ldenrify and descrihe the lIthologtes. 2 Identify 
and de~cnbe the ~tructurcs . 3 Measuremem~ of planar ~rrucrure~ So. SL. S~. SJ. 4 Mea~urements of 
the lineati()ns L" ~, LJ • etc. 5 l\-\easurcmenr of minor fold axes and axial ~urfa cc:s. 6 Oetalh:d 
sketd"le.~ of ~tructunl rclamlnshlps. 
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1 OUtcrop location and description and Idenuficatloll of the lithologies. In this outcrop tWO 
contrasting lithologu:s occu r massh'e quartzItes and hlKhl~ eOlllorted pelilic unns. R ecord the 
obS("r"ations of structural fc~turcs and mellsurements of the lmJ dip of the beddin$ (FI~. 3. 1). 
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Fig. 2.2?1l (connnued) 2 Description and record uf Ihe oriemaoon daa for tile Sl foliation and 
~he L2~ Il!~catlon In the quartzite unit. Description and record of the orient~tiOlls of the S, foliatiun 
1T'I the pdlllC horIzons. 
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Fig.2.20a (cominueJ) 3 DI:~cnp[ion ann ,'ecOId of o ril:Jltation dara for the 52 foliation in the 
pelitic umt~. Sk etches anJ do,;~cription~ of the P, kink banJ~ and the 53 foliation ~urface. Thc 
Sketchcs of Outcrops show both their geographic o rlclltation and vergence. (Note ,hal ~pace dot~ 
not permit examples of linealJon mea~uremellls to be Induded III this figure.) 
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Fig.2.20a (conti!"lued) 4 Del~iled fidd sketch showing the Stf1,let1,lfa] rdatlOmhlp~ In the oUlnop 
d~scribed in the pre\'ious pages. 

1"'1"~"'''<' 
Q....,., I,\ I>- , 
T'"'~ L:.\-e.- '-"'~J.. 
",,-nn, 

Fig. 2.20b Fu~IJ map entry fu r the outcrop described in (a) abo,'e. Note that only representative 
structun[ data and the overall shut dip have been plom·d. 
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2.6 Map symbols 

Map symbols must be clea r and 
unambiguous. For most map areas, 
representati ve data of all structural 
elements should be plotted at each 
locality on the field map, with the 
possible exception of juints or veins. 
Unless requi red , the plon ing of 
joints may serve no usefu l purpose 
and will only clutte r the map. 
Various coloured inks may be used 
to indicate different geological fea· 
tures-e.g . bedding o r litholngical 
featurcs - black; structural fea· 
tures - - red; outcrop boundaries ­
blue or green; geomurpholog ica l 
features (including alluvium and 
drift)- brown. Unfortunately, col­
oured inks do not reproduce well and 
black ink ma y be preferred for all 
symbols. 

Remember, geological data jrom Ol/t· 
crops should alwqys be plotted ill p rei 
erf!nU to geomorphological jeatllre.f. 

Plolting symbo/s 

'fhe following are emphasised: 
1 ' . On the map symbols should be 
plotted directl y at the map location 
for the outcrop from which the 
measurements were taken , and no/ 
left 'floating' in areas of the map 
where no exposure is recorded. 
2 The azimuths of all o rientation 
data should also be plotted on the 
field map, togethe r with d ip and 
plunge data (Fig. 2.16). T his enables 
the aC,curacy 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 o r 
using the Silva compass directl y 
(Bame" 198 1, p. 60). 

4 Plotting sholild always be done ill /he 
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 o ri · 
ented samples for (a) the analysis of 
preferred orientations, (b) the inve:;;· 
tigation of the superposition of foli~ 
ations or (c) the inves tigation of 
relationships between meta morphic 
mineral growth and tectonic fabrics, 
or (d) sttain determinations (A ppen. 
d;x Ill). 

2.7.1 Sample collection 

1 Select the sample to be collected 
(pieces bounded by joint surfaces 
are the easiest to collect and arc 
less likely to break upon extrae· 
tion). 

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· 
pIc - this will generally be either 
bedding (So), a foliati on surface 
(5]), as shown in .Fig. 2.21, o r a 
joint su rface. 

41 



Table 2.1 

GENERAL SYMBOLS 

Ob ..... t aouMor. 
STRUCTURE L""""'eoeo' PO_" _ ....... 

lIn<o"o'" 

." r/ ,-' 
~ SV" BOI. /' 

PLANAR STRUCTURES 

hddi"O 0 •• ,,","0<> 
STRUCTU Re a. •• 'ng 

l~eTO"'C 
So So 

s n'BOl 

." 
1,0-1 10 ~H'O SYMBOL 

FOLD STRUCTURES 

a, . clln. An"~" •• 
ST RUCTURE 

.. " .. Ill. ,," A .... "", 
Olnoll". o' .OOlr.ollo .... , ...... o' ..... n~. 

." 
;('50 Ir~ SY MBOl 

FAULT STRUCTURES 

E. ,.n •• ""., Eo ' •• """o' 
'T",UCTU", foull ' oulr 

N;oft An",. • 0 0< ~",,!. 

HCTON\(; ! ,OU" [ r a"" 
sY MB OL .. F.~" , , 
." d.~ ~s sn'BOI. 

LINEAR STRUCTURES 

a. •• ,n gl ' .. ··0·(51) 
ST ~UeTl/AE C, .... O·(S , C· .... O. (52 

'",.'"c"on 'o, . ... c .. oo 

TeCTON'C 
SY MBOL " " 

IO-os{) lS-QSS 
." ~ ..---'" SY MBOl 
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MAP SYMBOLS 

_or. -., Y_G'''O 
Po",,''''' o.rt.,. .... .. ,," DW . o,lo. _,M LOCO_,:"", .. 

: ~" 
if 

- - . - ~ 

~"., -,. M'M' Fo'. 
C, .... ~ Clean,. Axia' Pia •• 

(on ... ,) 

5, " F, A" 

f60- 110 145-T15 [ 60-110 

s.",.,,,, An",,,,,,, O • • "",nd 
5 ,.011 .. 

I I ~ 

_~':~;o .... om,ocllono' , • • a, r .... 
Fou" 

.. ,~ .. ,0,"01 • .0 .. A.", • 

Crout. C Foul' Whuil 
R ro." "ou," 

~ 
0 

s~ ~ 

Min " ,., M'no, Fo'. Mioo' ,,,,. 

S".,on'no A", Ax i. 

Lin .. tlon (0""") lo".n~! 

"08 1 

"' I'1flA Mf]A 

15-00) 45-050 
15'0S! 

~ / ~ 

...,. ... ~ ON' 0' _' 

-'. '. ~ 
" .. , 

MI •• , 'o'~ Jo,." 
""" ~,.". h., 1) 

(0'''' ~I 

FlAP \ 

[45- 115 ~SS-11S 

0,."""",, 
"."c'l ... 

;t-

s ... . , ;;;. 

51 

Y.: 

~ 

MF.'. Z FO'~ 
... i. .... 

M-Mr, A Z- MF1A 

So.~~ ~O -O 'S 

.-----' -z--" " 

.......... -'. 
, ,-, 

~o'M. 

("'2) 

" 

{10-115 

S Fo'. 
Au • 

S- Mf, A 

S6-0 ~S 

.----' 
S 

4 

5 

Measure the o rientation of this 
surface, and with a u1aterproof 
marking pen inscribe the strike 
and dip on the reference surface, 
(Fig. 2.21 ). Mark on the l Op of 
the specimen and the specimen 
number. Record the data in your 
notebook and draw a shIeh of 
the specimen and its structural 
relationships. 
Collect the specimen and bag it, 
fully labell ing the sample bag. 

Fig. 2.21 Collection of an oriented specimen. 
Reference marks on thc specimen inulcate thl: 
way_up and the strike anu dIp of thl: reference 
surface. 

2.8 Photography 

Photography is an impo nant method 
of recording geological information. 
However, it is no substitute fo r 
good, detailed field sketches. It is 
often very difficu lt to d istinguish or 
inte rpre.t structures ftom a photo­
g raph without a good field sketch. 
The fo llowing points are therefore 
emphasised. 

1 A good 35 mm camera (pref­
erably a single lens refl ex) is 
essentia1. 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 
or structure being photographed 
(e.g. Fig. 2.22). 

3 Record the information about the 
phowgraph in your field note­
book, in particu lar noting the 
direction of view. 

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

S 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 Tn some instances stereoscopic 
photographs may be taken to aid 
later interpretation. 1n this case 
two phowgraphs are taken 
approximately 1.5 m apart in a 
line parallel to the exposure being 
photographed. Sixty per cent 
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overlap is required and the result­
ant pair of photographs can be 
viewed stereoscopically for 

analysis. This technique is par­
ticularly useful for fracture stud­
ies. 

Here, attention is focused upon fold 
geometries, nomenclature, descrip­
tion and measurement. Correct 
description and measurements of 
folded surfaces gives valuable infor­
mation on the geometry and mech­
anics of folding. 

3.1 Basic fold nomenclature 

Basic fold nomenclature is outlined 
in Fig. 3.1. Care must bc taken to 

distinguish terms which describe the 
orientation of the folded surface (e.g. 
hinge line) from those which 
describe aspects of its spatial orien­
tation (e.g. fold crest line) . The fol­
lowing arc emphasised: 

1 T he fold hinge line or fold axis is 
the line of maximum curvature 
on the folded surface (Pig. 3.1a). 

2 T he fold axial plane is the plane 
containing tbe binge lines within 
one particular fold (Fig. 3.1a) 
(Note: many fold axial planes arc 
cllrved (e.g. Fig. 2.22)-not 
planar, and the term axial .fll~(ace 
is preferable.) 

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

4 T he fold lllr11)elerzg1h is the distance 

3 
Fold structures 

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

5 A fold is ryiindrical if it has the . 
same shape in the profile plane at 
all points along the fold axis (Fig. 
3.1b). A non-cylindrical fold has a 
varying profile shape along the 
fold axis (Section 3.2.2 and Fig. 
3.7). 

6 A fold train is a ser~es of folds 
within a particular unit or series 
of units (Fig . .1.1 b). 

7 The concept of enveloping surface 
for a series of folds (such as Fig. 
3.1 b) 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 areas 
with abundant small amplitude, 
short wavelength folds which 
obscure the overall sbeet 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 al., 1976). 
Here we are concerned with the 
description of folds as seen in the 
profile section (i.e. the section per­
pendicular to the fold axis (Fig. 3.2). 
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(.) 

FOld Hinge Line 
(FOld Axis) 

Bedding Sorface 
So 

Axial Surface 

Enveloping SUl face 

(0) / 

t r -~ R"om"" 
1 Fold Wavelength Fold Inflexion .--/---­

Point Symmetric 
Upright Folds Asymmetric Incli ned Fold, 

Fig. 3.1 Basil.; fold nomenclature ann fold archiw ;turc. (a) A single incli nen fokl pai r showing 
has!c nomendature. (b) A fold n ain con~ist ing of upright fo lds Lhal pass into inclined and then 
recumbent folds. NOI..: the cOfleep! of the enveloping surfact, whi!:h is either tangential ro the fold 
hinge line.~, or passes through thl' inflexion poinrs (points of maximum slope) on the folded layers. 

Po les 

Fold b
1 axis 

to bedding 

a, 

*
e, 

0 , 

Regi onal Tecton ic Axes 

! 
Bedding So 

Profile plane 
90 4 to the fo ld 

alb, 

Poles to 
'Moveme.no'_' ~--I~ Bedding 
direct ion ~ 

a,b ~ a, /~ 

t' ~ Fo ld axial 
"~,:Iane 

, 
, 0 , 

J 
Fold axiS), 

'If great 
~ circle girdle 

Fold axial plane 

Fig.3.2 Fvld ~ rdlltCnu rc showing the profile p!~ne; fold axi~! plane and rthuionship nf both 10 

the regionaltcclOnlc ax\;;s: 'a,' indicatl;;s thl;; d in;ct!on of tCClOnie transport, ' b,' is {XIraliel (0 thc 
fold :1)[;5, 'e,' l~ normal 10 a , and b,; and the stereographie projccllon of dat:l from the fold. Notc 
thc use of pole~ to beddmg to dete rmine the fold axis b,. 
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Common types o f fo ld (as described 
in the profile platl~) are: 

Paralld folds (Fig, 3,3,) 
Orthogonal thickness (i.e. 
thickness perpend icu lar to t he 
folded surface) is constant . 

Fig.3.3a Pal'1l!el folds. Folded <.juartzo-fcld­
spathie lart r in amphiholites. Fidd of vicw ( 11 . 

2·;m. 

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

Fig.3.3b Similar fo lds (Ih ickness par:l llel 10 

Ihe axial plane is constant) in deformed psam­
nutic schists. Note that thcse folds arc also 
ha~monic in that there is continuity :r. Jong the 
a:ual planes. 

3 Harmonic fo lds (Pig . 3.3b). Axial 
planes are continuo us across a 
number of layers. 

4 Disharmonic fo lds (Fig. 3.3c). 
Axial planes are no t co ntinuo us 
fcom one layer to the next. 

Fig.3 . .k Disharmonic folds Of5ph~lerile l~y­
c[s in galena. Thcre is no conlinuity :r.long the 
aXIa l planes octwl;;cn la),crs. Field of VICW rl1. 

1 m. 

5 IntraJo!ia! fold, (rig, 3,3d), 
Folds contained within the lay. 
ering or fol iation. 

Fig.3.3d Intrafolial isoclinal fo ld of a quan­
w-feldsp:lthic layer in gneisses. The fold is con· 
lained wilhin the gcncissic foliat ion. 
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6 Ptygmatic or elastica folds (Fig. 
3.3e). Tight folds in which .the 
fold limbs fold back on them­
selves so that the :lngle between 
the fold limbs at the hinge of 
the fold has a negative value. 

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

8 lIoclinal folds (Fig. 3.3d). Folds 
in which the li~bs arc strictly 
parallel. 

Fig.3.k Ptygmatk folds in a deformed pcg­
rnlltitic vein in gneisses. 

Fig. 3.3f Chevron folds in deformed turbi­
dites. Note the sharp hinges llnd plllnar limbs 
of the fo lds. Field of view ((1. 15 rn. 
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9 Polyclinal folds (Fig. 3.3g). Folds 
with more than one axial plane, 
e.g. box folds or conjugate kink 
bands. 

10 Kink bonds (fig. 3 .. 1h). Shacp 
angular folds bounded by planar 
surfaces. 

Fig.3.3g Polyclinal fold in deformed mylon­
ites and showing several Uilll pbnes. 

Fig. 3.3h Asymmetric rcvcrse kink bands in 
a deformed schist . 

3.3 Analysis and classification 

offo1ds 

Folds are classified by: 
1 The attitude of their hinge lines. 
2 The attitude of thei r axial sur-

faces. 
3 Their interlimb angles. 
4 Their symmetry i.e. length 

ratios of fold li mbs. 
5 Shapes of the folded layers. 
6 Their degree of cylindric ity. 

3.3.1 T 1110 dimensional c/a.ffijication 
methods 

Tightness of folds: The inter/imb angle 
measured between inflexion points 
(Fig. 3. 1) can be used to measure the 
tightness of folds (Table 3. t). 

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

Table 3.1 Terms used to de~cribe the tightness of folds 

INtcrlimb rtNgles Fold tighmesJ 

S. 
Folded lever 

1800 _1200 

120~-70· 

70"- 30" 
]0"- 0· 

0" 
less than 0" 
-ve angle 

Table 3.2 Terms deserihing the ani tude of folds 

Dip of the fold Dip of hiflgt 
ax;al JIIr/an sur/an 
or plunge of (i.t. attitude of 
the fold ax;! axial plaNe) 

O· Recumbent fo ld 
l~-tO" ReclYiTlbem fold 

10"-30' (;enliy ,inclined 
fold 

30"-60" Moderately inclined fold 
60°-80" Steeply inclined 

fold 
80"-89" Upright fold 
90" Upright fold 

Gentle 
Open 
Close 
Tight 

Isoclinal 
Eiasticas 

o r Pq'gmaric 

P/UJ~p'e of 
hingt lillt 

(i.e .. atfiltide of 
fold ax;!) 

Horizontal fold 
Sub-horizontal fold 
Gently plunging fold 

Moderately plunging fold , 
Steeply plunging 
fold 

Sub-vertical fold 
Vertical fold 
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Note: Two attitudes are used to 

describe' the o-rientation of a fold, (a) 
the plunge of the hinge-line or fold axis 
and (b) the dip of the axial plane. Both 
are required to correctly describe the 
fold attitude. 

Sbape of Folds: Folds may be classified 
according to the shape either of indi­
vidual surfaces or of folded layers. 
(a) 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 

of the folded surface. Three basic 
classes of dip isogon patterns are 
found (F;g. 3.4), 

Class 1 folds: Folds with con­
vergent dip isogons. 
Class 2 folds: Folds with parallel 
dip isogons: similar folds. 
Class 3 folds: Folds with diver­
gent dip isogons. 

Note: Convergence and diver­
gence arc 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 par­
ticularly useful In metamorphic 
terranes where bedding thicknesses 
change around a fold. 
(b) Fourier or barmonic ana{ysis T he 
description of fold shapes may be 

constructional 
tangents 

Class 1C fold 

Xlnner 
fold 
surface 

y 

3D' 

60' 
Class 1 B fold (parallel) 

y y 

Class 2 fold Class 3 fold 

Fig.3.4 Dip isogon technique used to classify folds. Dip isogons are .-lrawn at 30· inlervals and 
join point~ of equal dip on the upper and low(;r fold sudaces . T angents used in the cons truCTion 
are sho wn o n rhe first fo ld. 

further quantified by consi~ering the 
. hMmonic waveforms, whlCh whe.n 
combined, form the ~old shape. ThiS 

chllique was deVIsed by I-Iud­
~eston (1973) and a simplified ver­
sion may be applied by visua.l ins~ec­
don using the chart of 30 Idealised 
fold shapes shown in Fig. 3.5. Six 
basic fold shapes are recognised: 
A-Box folds, B-Curved double 
hinged folds, C-Semi-ellipses, D ­
Parabolas, E-Semi-cbevron and F­
Chevron folds. This chart (Fig. 3.5) is 
also graduated in amplitudes from 1 
to 5 and hence can be used in the 
field to classify folded surfaces. 

A , 

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 

I as seen in the profile plane changes 
: along the hinge of the fold. William$ 
and Chapman (1979) have con­
structed a simple classification dia­
gram for fo lds, based upon the 
measurement of interli mb angle r:i, 
the angle made by the curving hinge 
line P, and the angle made by the 

FOLD SHAPE 

o 

Fig.3.5 Visual har~onic analysis. fi eld chan for Fourier shape classification of folds. The fo ld 
amplitude is measured on a scale 1- 5; the fol.-l shape is measured in columns A to r . A = hox folds, 

B"" infermfdiaif between box folds and Jtmi-tllipse1, C = s~mi-dlipstJ, D = parabolas, E = intermediate 
bc:tween sirle Walles and .htl/fOri bolds. F = chevron f olds. (reproduced with permission from Huddleston. 
1l)73). 



curving fold axial surface y Wig 3.6). 
The triangular PQR diagram has 
planes, cylindrical isoclines and iso­
clinal domes at its corners (Fig. 3.7). 
This classification may be used in the 
field. 

3.4 Symmetries of parasitic 
minor folds 

Fold symmetry is characterised by 
considering the relative lengths and 
attitudes of the fong - short --fong 

PROFILE >OR,,'''' rHc'N~G~'~'~'N~'~S~U~R'"A~C~' ________ -1~ 
$~ 

a 

(al (bl 

Fig.3.6 Geometric description of non-cylindrical folds. Cal lX=the interlimb angle, p= hinge 
angle, (b) y=_hinge line surface angle. (reproduced with permission from Will iams and Chapman, 
1979). 

p 

PlANES 
Ibl 

GENTLE 

,~. - - /-----\ 
",;;' 9, 

f \""" 
OPEN 

70 ' - t;;( NONCYLINDRICAL 
FOLDS 

:,~:: :l---------\ 
CYl iNDRICAl 

ISOCLINES 

Q 

ISOCLINAL ISOCLINAL 
DOMES 

R 

Fig.3.7 Non-cylindrical fold shapes plotred on a PQR diagram. (al Diagrammatic representation 
of fold shapes. (h) Descriptive terminology (reproduced with permission ftom Williams and 
Chapman, 1979). 
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r bs of a minor fold (Fig. 3.8a). Z, 
~rnand M symmetry minor folds can 
~ identified (Fig. 3.8a). M folds have 
fold limbs of equal length, and hence 
have no asymmetry. 

rold .rymmetry is abiJays determined 
b looking down the plunge of the minor 
lold. (Note that a minor fold with 
Z asymmetry looking down plunge 
would have an S sense of as ymmetry 
when viewed up plunge: so, always 
look down plunge.) 

In a large fold structure the sense 
of asymmetry of minor parasitic 
folds will va~y systematically around 
the structure and as such can be used 
to determine the position of an 

M 
1'1 z s M 

zJ~" S/'W 
101 

Fig. 3.8 Parasitic minor folds (a) Z, S. and M 
symmetry minor folds as viewed looki!l~ down 
the fold plunge; (b) Symmcrry of parasitIC mino r 
fold~ around major fold Structures; (el Map 
symbols for minor fo lds ;lod their symmeuy. 

outcrop within the larger fold struc­
ture (Fig. 3.8b). Sand Z folds are 
found on the limbs of major folds, 
whereas M folds indicate the hinge 
region of a large fold structure (Pig. 
3.Sb). 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 alwa ys 
be plotted on your map (Fig. 3.8c). 

3.5 Vergence 

Vergence is a tcrm 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). Vergencc is extremely useful 
in complex deformed terranes, and 
you should always attempt to evalu­
ate vergence relationships when 
mapplOg. 

3.5.1 Fold vergence 

Vergence of tJ{yltltlletdc folds is 
defined as the horizontal direction of 
movement of the lIpper component 
of a fold (measured in the profile 
plane, e.g. Fig. 3.9). Minor fo lds of 
Sand Z asymmetry may have the 
same vergence, M folds in the hinge 
region of a major fold have neutral 
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plane of told pro file 

" 

di rection of tJ 
----.::..~ergence 

~ upper 
component 0' , 
rotation 

profile plane 

Fig. 3.9 Defin it ion of fold vergence (repro­
duced with permission from lk ll, 1(81). 1'or 
examples, see Figs. 2.20 and 2.22. 

Fig.3.10 Minor fo ld vergence relationships 
around a major fo ld structure. (a) pl ulIgc rever­
sals lead to reversals of sense of asyrnm(;uy, bm 
not of vergence. Minor fo lJ A has an S sense 
of asymmetry (looking down plunge to rhe 
east) whereas minor folJ B has a Z sense of 
asymmetry (looking down plunge ro the west). 
Roth minor folds have vergence TO the north 
towards the hing(; of rhe anticlinal structurc; (b) 
minor fold vergence used to locate the major 
fold axes. In cross-secrion the minot folds C 
and E vergc towards the hinge of thc anticline, 
whereas folds D and F have neutral vergence 
at the hinge lines. Mino,· folds E and G verge 
away from the synclinal axis; (e) vertically 
plunging fold WiTh a sinistral vergcnce; (d) ver­
tically plunging fold with a dextral vergence 
(reproduced with permission from Bell, 1(81). 
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vergence, and vertically plunging 
folds have either sinistral or dexttal 
vergence (Fig. 3.10). The principal 
use of minor fold vergence is to 
locate major fol d axial surfaces. In 
simple geometries, minor folds 
change vergence across major fold 
surfaces (Fig . 3.11). 

I 

, , 

(a) 

plunge 
East :-.. 

0 

plunge West 

--

North 

South 'J 
C G 

.;V IE .;V 

.yF 
(b) 

Sinistral 

(C)4§j7 
~ 

horizontal plane 

(d) '\ de"!rai 

~7 
LCJ 

Fig. 3.11 Examp1e illustrating the use of 
,'crgence to detcrnun(; the F j hlllge and axhl 
plane 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 neutral 
surface - Fig. 3.l2a) exists within the 
folded layer, but this moves down 
toward the inner arc of the fold as it 
tightens. In the field the extensional 
strains produce dilatant fractures and 
veins (see Chapter 7) and cleavages 
are produced in areas of con­
tractional strains. Flexural slip fo lds 
(parallel 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 Pig. 
3.12a) In the hinges, and "\ve ll­
developed slickensides (Fig . 5.4) 
between competent layers in the fold 
(Pig . 3.l2b). Many folds may have 
flattening strains superposed upon 

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

Extension 

lal 
,..... I Contraction 

Neutral Surface .... ~ 
,\\\ 

'\' \. \ 
. \'\\ \., 

\ \. ' 

f / . . \ '. LineatIOns 

/1 1\ 

Ib) 

I Axial Plane 

lei 

Fig. 3.12 Stnin states in folded layers: (a) 
buckle fold produced by bt:nding 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 outer 
arc of the fo ld, a finite neutral surface of no finite 
strain (note that this will move dowilwards in 
the layer as the fold tightens), ~nd contractional 
stnins Oil the inner arc of the fold; (b) ftexural 
slip fold whe:re: the folded layers slip past each 
other (parallel fold). «) a flattened buckle fold 
which approaches similar style geometry (thick­
ness parallel to the axial plane is constant). 
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3.7 Folds associated with faults 

Many folds are geometricall}' related 
to faults. In general, these are passive 
ro lds whose geometry is controlled 
by the fault geometry: these can 
occur at all scales. 

In contractional fau lt systems, 
steps in the fault plane requiregeofne­
tricalfy fletusary,/o/ds to develop in the 
banging-wall plate as it moves ove r 
the step (f ig. 3.13a). K ink-li ke and 
box-fold geometries resu lt. Simi­
larly, in extensional fault systems 
geometricall y necessary folds are 
generated above changes in fault 
plane geometry (F ig. 3.l3b). 'rhus, 
in fault terranes we must expect 
geometrically necessary folds to be 
generated whereve r there are cbanges 
in dip of Ibe fOlllt plane. Fa~d t - re1ated 
folds are further d iscussed in Chapter 
6. 

'Snake'S Head 

~ 
Th rus t Plan) 

'RolI·over Anticline' 
') listric Extension Fault 

~)., 

Fig.3.13 Geometrically n«csu ry folds gen­
er;;r,ted by changes in dip of fa ul! plane.~: (ll ) 
'snake's heild' geometry of kink folded STrlU <l. 

over a flat-ramp-flal IhrUM faul! geomeTry; 
(b) 'roll·over anticllne' fold develope(l in the 
hanging-w;oJl above ;0 lisrric extension:t) f:tult. 

56 

3.8 Kink bands 

T ypical examples of kink bands are 
illustrattd in Figs. 3.14 ant! 3.15. 
They gene,rall y only occur in stronglY 
foliated anisotropic rocks (i.e. they atc 
often second or later generation 
structures developed after a flrSl pen. 
etrative c1eflvage has been form ed) 
and may occur singly or in conjugate 
pairs. If rhe latte r occurs tht!}' mOl}" 

then be used to determine palat:o. 
stress orientations (d ynam ic anal ysis; 
sec below), 
Two forms of kink bands are found : 

1 Normal kink bands (Fig. 3.t4a) 
in which there is a volume deO'ttut 

in the kink hand. 
2 Reverse kink bands (F ig. 3.14b) 

in which there is a volume increase 
in the kink band. 

(b) 

I) '. 
d = th ickness between layers eI, > do 

Fig.3.14 Kink band nomencl;oture: (d) nur· 
mal kink: n01.e lhe volume decrease in the kink 
b-.l.nd; (b) n:vcrsc kink: note the volume increase 
in rhe 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.e. at h igh stra ins, then the kink 
axial planes te nd [0 become parallel 
to the bulk Rattening plane (Fig, 
3.1Sb). 

.. 

Fig. J.lSa Inclined o.:uni u~a!e reverse kink 
hands in deformed ~cht~!s. The m;OXlmum com· 
pressive strCSS 0'1 is hn rb:nnal. 

Fig.3.1Sb Polyclinal kink bands in strongly 
deformed psammites, Note the upright kink 
Innds in the ctllt!""l part of the photogfllph. 

.fIrm analYsis IIsing k ink bands 

Conjugate kink bands may be used to 
calculate the orientation of principal 

~-' 

stresses (a\ maximum principal 
stress, a2 intermediate principal 
st ress and a] least principal stress). 
a\ b isects the obtuse angle between 
kink band boundaries (axial planes). 
(12 is parallel to the line of in tersection 
of conjugate kink band arrays and (13 

bisects the acute angle between kink 
band boundaries. \Vh a! to measure 
in kink hands 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 wha t structures should be rep~ 
resented as minor structures. (Tn the 
latter case dettliled ske/cbes fwd sketcb 
map! ace requi red to illust rate the 
significance of minor structures at 
the outcrop scale: Fig . 2.20a.) 

3.9,1 At the 01ltcrop wlle 

po r fold s which are found in an ind i­
vidual outcrop or group o f o utcrops 
and are too small to p lot in de tail on 
you r map the follow ing procedure 
should be adopted: 
1 D escribe and class ify the style of 

fo ld ing (e.g . chevro n fo ld'ing; 
parallel folding; similar sty le 
fold;ng (F;g'. 3.3 and 3.4). 
Always analyse folds in the 
profile section looking down the 
p lunge of the fold axis - where 
poss ible p hotog raphs and sket­
ches shou ld always be made 
looki ng down the fo ld plunge, 
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Fig. :3.16 Sketch m;i.p of a syncHnill fold and a ~t(;: re()grarhic projection uf structural d9.ta mea slued 
around the fold. 

Determi ne the cylindricity of the 
fold in order to understand how 
the folds will projecl down the 
plunge of the fold axis (sec 9.2.2). 

2 Measure the orientations of botlJ 
the fold axis and the fold axial slIr/IJa 
(Fig,. 2.5, 2.S, and 2.11). 
Meas ure - the interl imb angle o f 
the folds (Table 3.1) and -

the bedding thicknesses aroLlnd 
the fold (this will aid class i­
fication-cf. dip isogons Pig. 3.4 
and for chevron folds allow 
simple estimates of shortening 
across the fold (Ramsa y. 1974)). 

3 Measure the orienlaliofl of the 
f!Ilve/oping .rurface i.e. sheet dip 
(Fig. 3.1 ) -essential in areas 
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of r.:omplcx small scale folds. 
Measu re bedd ing around the 
fold - this will allow better 
defin ition of the fold axis by plot­
ting this data on the stereo­
graphic projection. 

4 Determi ne the relationships and 2 
measure the orientations o f cleav­
ages and lineations in the fo lds 
(see Chapters 4 and 5 fo r detai ls). 

5 Determ ine the asy mmetry and 
vergence of the folds (Figs . 3.8, 
3.9 and 3.10). Measure the direc­
tion of ve rgence. 

6 Plot on your map (d) the trend, 
plunge and asy!tlmef,:y (vt:rgence) of 
the minor Jo ld- or lJIean trend (Jfld . 3 
pIJmge f rom a group of minor folds 
(Tab?e 2. 1); (b) the orientation and 
dip of fbe jold axial-my/aa (Table 4 
2.1); (c) lhe sheet dip of the bedding 
in tbe folded OlltCroP, (d) the orien­
ta/iom of cleavage and linea/ions 
tlevtloped ill the fold. 
Note that your notebook 
should contain much more 
structu ra l data th a n can be 
plotted at o nc outcrop on your 
map. 5 

7 Check that ),ollr notebook contains 
the appropriate sketches and 
structu ral data to fully analyse the 
fold o r folds. 

3.9.2 On the lIIap 

To accuratel y represent fold struc­
turt:s un YOllr map (e.g . Fig . 3.16) 
you should endeavour to complete 
the following steps. 
1 Denne the fold by mapping 

suffIcient outc rops so that t.he 
fold is outlint:d by (/1) bedd ing 

60 

form lines, (b) the di~tributi()n of 
litholog ical units, C.) the dis_ 
tr.ibution of sheet dip for~' I.ines (if. 
FIg. 3.1b). (Note: thiS IS Import_ 
ant in areas with abundant small_ 
scale fo lds.) 
Attempl to identify the hinge 
region of the fold - e.g. 
exposure 8 in Pig. 3.16. Note that 
in the hinge region of a fold with 
an axial-planar cleavage, the 
bedding and cleavage are almost 
a t ri g ht angles, whereas on the 
fold limbs the cleavage is at a 
lower angle to bedding (see 
Chapter 4). 
Map tbe cleavage/bedding 
relationships (i.e. cleavage ver­
gence) around the fold. 
Measure the orientation and 
asymmetry of small-scale folds 
around the large fold (Fig. 2.20a). 
This, together with location of 
the h inge region and 
bedding/cleavage relat ionships, 
will allow the pos it ion o f the trare 
of the axial p lane to be deter­
mined (Fig. 3.16). 
Measu re sufT1ciem structural data 
from around the fold, to permit 
the following const ructions on a 
stereographic net (Fig. 3.16): 
(0) Define the g reat circle of 
poles to bedding (assuming cyl­
indrical folding). For this a 
minimum of 15- 20 good read­
ings ate recommended. T his will 
allow the major fold axis to be 
defined (Pig . 3.16). (This means 
that you $ho uld always take more 
readings than can be plotted on 
the map.) In areas of tight lO iso-. 
eli nal fo lding, data must be col-

Jeered from the hinge region in 
order to define the g reat cirde 
girdle on the projeCtion. 
(b) Measure the cleavage 
throughout the fold (Fig. 3. t 6). 
'The mean cleavage p lane will 
approximate to the fo ld axia l 
plane. (A minimum o f 20 rt:ad­
ings are recommended for th is.) 
(c) Measure the bedding/cleav­
age intersection and mino r fo lds 
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 fo lding generated by flexu ra l 
slip; chevron folding; or si milar 
stylt: folding - Figs. 3.3 and 3.4), 
particularly by o~serving minor 
and mesoscale folds in outcrop. 
T he outcrop pattern on your map 
and you r cross-section (sec 9.2) 
mUSt reflect t.he style o f fo ld ing. 

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

Table 3.4 summarises the data to 

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

StmNJlre 

s, 

_ ve'gance 

~ 

p.~''"'n'l 
51mBa, 
FOld 

"-.:"" 
s, 

s, 

Wbat to Measure 

Orientatio n of fo ld axia l surface 
(dip direct ion) (Figs. 2.5- 2.8). 

Orientation of fold axis (plunge) 
(~igs . 2.11 - 2.13). 

Vergence (azimuth) (Figs. 3.9 & 

3. 10). 

Profile sect ion of fo ld (Figs. 3.2-
3.4) . 

Cleavage orientations arou nd the 
fold (Fig. 4.3). 

Fracture p atterns around fold 
(Figs. 7.4 & 7.5) . 

Intcrlimb angle. (Tab le p.l) 

Limb lengths. 
Strain of deformed objects around 
the fol ded Jaycr(s) (Fig. 3. 12). 

What Observations 10 Record 

I'\aturc of ax ial surface. 
Relationships of axial planes in a 
group of fo lds. 

Nature of hinge linc- straight o r 
curved, 
Relationships of hinge lines ill a 
group of fo lds. 

Vergence and sense o f asymmetry. 
S, Z, ,\'\ (parasitic fo lds) facing. 
(Figd.8, 3.5, 3.10) 

Thickness changes in profile 
section. Cy lindricity . Fold type. 
(Fig,. 3.3,3.4,3.5) 

:-.latu re of clea \·age. (Fig. 4.1) 

Nature of fraclures - veining. 
(Figs 7.1 and 7.6) 

Nature of limbs - phnar ­
cu rved. (F ig. 3.3) 

Asymmetry. (Fig. 3.8) 
Nature of strain in deformed 
objects. (Appendix 1lI) 

Resulu rif A tJtlb'sis 

Orientation of fo ld structure. 
(T,ble 3.2) 

Vergence boundaries. (Fig. 3.1 1) 
Axes of major fold structures. 
(Fig. 3.8) 
Tectonic transport direction . 
(Fig. 3.4) 

Fold classification: 20 or 3D. dip 
isogons. (Fig. 3.4) 
Pro jection of fold dO\"I.'n plunge. 
(Fig. 9.6) 

'Mean cleavage approximates to 

fold ax ial plane. (Fig. 4.3b) 
Defo rmation mechanisms. 

D eformation mec.'r>anisms. 

Shortening across fold, (chevron 
folds). 

Quamification of asymmetry. 
Strain distribution, mechanisms 
of fo lding. (Fig. 3.12) 



Foliation is a planar rock fabric. In 
tQis Handbook we are concerned 
with tectonic foliations that are usu­
ally produced hy deformation and 
teerystallisation of the mineral grains 
within the rock 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 penetrative on a 
mesoscopic scale, i.e. they penetrate 
the whole rock, unlike joints or frac­
tures, which have I.ittle or no effect on 
the rock mass away from the fracture 
zone. 

Planar surfaces in a rock mass are 
. designated '5' surfaces (excluding 
joints and fractures). Bedding is 'So'; 
the first cleavage is '$1' ; the second 
cleavage is 'S/ and so. on (see 
mapping symbols, Section 2.6). 'fhe 
subscripts indicate the relati ve 
chronology of the surface. Rocks 
with strong planar tectonic fabrics 
are termed'S te(tonites'. 

4.1 Common foliations 

The type of tecton ic foliation 
developed in a rock will be strongly 
dependent upon the conditions of 
deformation (temperature, confining 
pressure, differential stress and strain 
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4 
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 
jissiliry 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 bclow 
are the more common types of foli­
ations found in rocks. 

In non-metamorphosed to low-grade 
metamorphic rocks: 

1 

2 

Slary cI~avage: Penetrative folio 
ation occurring in fine-grained 
incompetent units e.g. mud rocks 
and imparting a strongJissili~y to 

the rock - in the hand specimen 
nO visible minerals or seg­
regations of minerals to be seen 
in the plane of cleavage (fig. 
4.1 a). 
Crenulation cletJ1JcJ..p,c: Foliation 
produced by microfolding 
(crenulation folding) of a pre­
exi,rting 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.h Penetrative slaty c!t:avage in mud­
SlOnes showing a well·defined fissili ry. 

fig. 4.1b Crmulation cleavage (parallel to 

penknife) formed by microfolding of rhinly 
interbedded psammites (sandy units) "nd pelites 
(originally muddy units). The limbs of the 
erenulation microfolds in the psammitic layers 
are disrupted and show partial dissolution fea· 
tures (pressure solution) that result in a prcf· 
cn:ntial concentration of phyllosilkates in 
bands that define the crcnulation cleavage 
planes. 

3 

in fine-grained rocks . Common 
in slates, phyllites and schist s (see 
Fey 1984). 

Fracture cleavage: A non-pen­
etrative foliation consisting of 
persistent, closely-spaced frac-

Fig. 4.1c Well·developed fracture cleavage 
consisting of a closely·spaced array of vertiCli.1 
fractures in sandstones. 

Fig.4.1d Pressure·solution cleavage showing 
disruption elf the light-coloured psammiric 
layers by dark pressure-solution seams. 

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

4 Pressure-Jolution cleal'age: 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. 4.1 d). 
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In higher grade metamorphic rocks: 

5 Schistosity: A penetrative!non­
penetrarive foliation with visible 
phyllosilicates and mineral seg­
regation into bands parallel with 
the fol iation (Fig. 4.2a). (Note 
that schistosity is commonly par­
aUel with bedding.) Schistosity is 
often folded by later crenulation 
cleavages. 

6 Gneissic foliatioll: A foliation in 
coarse-grained rocks, cons isting 
of impersistent laminae and seg­
regations of mineral g rains (Fig. 
4.2b). (Note that the gnei ssic foli­
ation is often parallel-sub-par­
allel with the lithological 
banding.) 

7 MJ'lo!litir folia/ion: A penetrative 
foliation developed in zones of 
high shear stra in such as faults 
and shear zones. It is charac­
terised by tecton ic reduction in 
grain size (Fig. 4.2c) - ofteo 
resulting in extremely fine­
grained, almost slaty rocks. 

Fig. 4.2a S(histosity showing segregat ion 
imo phy!losili(ate layers and quanzo-fdd­
spathic layers. 
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Pig. 4.2h Gnei~sic foliation showing the 
(rude banding of '1uartzo-fddspathic ,-nd of 
mafic segregations. 

Fig. 4.2c ~tylonitic foliation in a suongly 
sheared gr'-nttc showing '- wdl-<le"elop«l 
plan:u f,-b ric with deformed feld~par por­
phytoclasts in '- matrix of fine -gn.im:d streaked 
out quartz and feldspar. 

4.2 
Axial-planar foliations 

10 most cases foliations arc approxi ­
O1arei ), ;;txial planar to the folds of the 
deformation phase which produced 
he foliation. This general rclation­

:hip is shown in Pigs . 4 .3a and b. 
The foliation plane approxi mates to 
the plaoe of finite flattening (XY 
plane of the strain ellipsoid) for the 
deformation that pwduced the foli­
ation (Fig. 4.3a). T his is a general 
rule that can be applied to fo lded 
sequences, but it breaks down within 
shear zones whe re the foliation plane 
is not parallel to the finite flattenin g 
plane outside the shear zone. 

4.2.1 Fanning and refracted foliations 

In most cases the cleavage, e.g. slaty 
cleavage, is not strictly axial planar 
to the fold, but in fact, fans around 
the fold (Fig. 4.3b). This arises from 
the difference in competence or stiff-· 
ness of the beds that are undergoing 
folding. In the case of interbedded 
pelites (fine-g rained mud rocks) and 
psammites (coarser-grained sandy 
rocks) (Fig. 4.4a), on the fold limbs 
the cleavage is at a low angle to bed­
ding in the slaty lithologies but 
refracts to a high angle to bedding in 
the sandstones. This zig-zag cleavage 
refraction reveals important differ­
ences in litholog ical compositions, 
e.g. the cleavage plane curves toward 
parallelism with the tOP of a graded 
bedding unit, and as such, can be 
used to determine way-up (Fig. 4.4a). 

, 

Fig. 4.301 Axial-planar cleavage in folded silt­
Stones. 

Fanning Cleavage 
Planes 5, 

Bedding 
Cleavage 
Inlerseclion -.,L.,L-,L~L~': 
L, 

O 
So Bedd'o. 

// . Fold Axial Plane 

FOI. / Poles 10 bedding 5~ • 
Polesto cleavage5, x 

AXIS Bedding/Cleavage 
Intersection Lineation L. 0 

Fig. 4.3b Fanning axial.planar fvil:mon 
around:l folded layer. The inlerSeCttl>n [muttun 
L. is pal'llllellO the ma jor fold ll.Xi~. T he Siereo­
gl'llphic projen ion shows Ihe plOT of p()[e~ to 

bcddlllg (solid circles), poles to cleavage planc~ ' 

«:fusses) and L, lineations (open ci rcles). T he 
maior fold axis (triangle) is defined by the pole 
10 Ihe beddi nK Krcat circk. 
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So Bedding 

Way-up 

'CI'Mag, S, 

Neutral Poin t 
<;'"a"ag" Developed) 

Sandstones 

Divergent 
Cleavage 
in Mudrocks 

Fig.4.4a Refraction of cleav~ge around fnlded layers of different competmcics. Not<; the ehara~· 
teristic A:mening of the cleavage in the more pditic layers and the higher angle between ekavage 
and bedding in the more competent sandy layers. Tn normally graded beds this distinctive pattern 
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 ePig. 4.4a), 
'onomalotu' cleavage orientations are 
found in the hinge region of folds; 
in particular, an area of no 'cleavage 
occurs at the finite neutral point (Fig. 
4.4a). T his cleavage pattern is found 
in the less competent units, e.g. 
slates, and arises from the finite stt:ain 
patterns around the fold hinge zone. 
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Pig.4Ab Cleavage refraction in interhedded 
sandstones and shales. 

4.3 Foliations and folds 

The relationsh ip between foliat ion 
and fold s is extremely useful in .deter­
mining the pr~sence and loca[Jon of 
major fold structur~s. Fig. 4.5 shows 
hoW rhe antiform hinge is located. 
Note that in the overturned limb the 
bedding is steeper than cleavage and 
\ficc versa in [he non-inverted limb. 
There is a near orthogonal relation­
ship between bedding and cleavage: 
in the fold hinge region. Cleavage 
bedding relationships tell you the 
strPciura/ way-up. Younging evi ­
dence (e.g. Figs. 1.1 and 4.4a) from 
sedimentary struCtun:s is needed to 

tell the stratigraphic way-up. 
The intersection of the foliation 

Cleavage dips more 
steeply than Bedding 

surface (SI) with the bedding plane 
(So) prod uces a lineation (L l ) parallel 
with the fold axis (Fig. 4.3b and 
3. 16). It is essential that this lineation 
is systematically recorded during a 
mapping programme because it is a 
measure of the plunge of the folds 
(see Tabl, 3.4). 

4.3.1 Transposition 

Transposition is the rotation of a pre­
existing foliation or bedding into 
p:1rallelism or near parallelism with 
the fold axial plane. This produces a 
new transposed layering (see Hobbs 
et aI., 1976) , which may also incor­
porate mineral segregat ion and red is-

90 0 to BeddinQ 

Cleavage dips 
less steeply than 
Bedding. 

s, 

s, 

500 metres I 

Fig. 4.5 An iIIuSlfluion to the usc of bcJdinKlekav ~ge relationships to determine the m:ljor 
structure and to locate the major fold hinge. 
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t ri bution and hence result in a new 
metamorphic layering (Fig. 4.6a). 
On a small scale the orientat ion of 
this new layering often does nor rep­
resent the gross orientation of the 
large r lithological units. An example 
of transposition in greenschist-facies 
rocks is shown in Fig. 4.6b. 

(.) 

5, Cleavage 

-so Bedding 

Crenulation 
Fold Axial 
Planes 5l 

fig.4.6a Transposition ofa pTI: - ~xisl ing fol i­
alion 5, and h~ddin~ s,., by crenu];lIio!\ folding 
to produce a transpos~d foliation 5,. (a) 
B~dding So and first cleavage S\; (b) Asym­
m~t riccr~nulation foldmg wilh rmarion of both 
51 and So into [h~ fold limbs; (c) lncreasc-J 
rot:",inn of 51 and So townJs par::r.llelisffi with 
the S: f\tbric (crenulauon fol d :axial planes). 
Pressur~ solution on thl: fold limbs, r~crys­

tallisadon and melamorpluc growth will 
~nhance tht: 51 fabric. 
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Fig. 4.6b Example uf transposition. Thin 
sandy beds are tN-n5poscd into the foliation 
(venical). The original bt:dding planes (So) can­
nOt be traced across Ihe photogr.tph. 

4.3.2 Superposedfoliations 

In an area that has been affected by 
two deformations, the first foliation 
(51) becomes folded and a new foli­
ation ($2) is developed (Fig. 4.7). The 
second fo liation is usually a erenll­
lation c1etJlloge which inte rsectS the 
first foliation to produce a crenu/ation 
lineation L2 in 5 j • The erenulation foli~ 
ation may also intersect the bedding 
(5v) to produce a crenulation lin­
eation 1..5 in 50 (see T able 8.1 ). In 
areas o f only two phases of folding, 
the crenula tion fo liation 52 (approxi­
mately axial planar to the second 
phase of fol ds) will be fairly constant 
in orientation, whereas the orien-

tation of L~ will ~ary. ac~ording to 

thC orientation of SI wuhltl the fi ~ st ­
h:iSC fold st ructures (e.g_ fannmg 

~ foliation). T he orientation of the 
c;cnulation cleavage/bedding inter­
section W will vary significantly 
dccording to tbe orientalion of the bedding 
5

0
;11 the jirsl-phaJe fold slmctttrts. 
TranspOsition (Section 4.3.1 ) is a 

common fea ture of microfolding 
associated with crenulation-type 
cleavages produced by a second 
deformation. 

4.4 Mapping foliations 

Foliations should be systematic:l. ll y 
ma'pped and plotted on you r field 
slips in the same way as bedding. 
Measurement techniques arc the 
same as those employed for any '5' 
su rface (Section 2.3.2). Data to be 
collectt;d if one tectonic cleavage or 
foliation is developed are listed in 
Table 4.1. The importance of meas­
uring the o rientation of clem/age SI 
and the bedding/cleavage hlterseclion L l 
cannot be overemphasised. jf two 
tectonic cleavages are present then 
Table 4.2 outlines the acidi tional data 
to be collected. 

Surta.:e 

Pi.g. 4.7 Superposed foliations. A second cleavage a crenuJation cleavage S2 is developed by 
Illlcrofoiding of the first cleavage SI (a slaty d~avage). 
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Table 4.1 Data to be collected from observations on the first cleavage (or scbistocity), 51 (commonly a slaty cleavage). 

Structure 

t:J 

[Ed 

If/bat to Measure 

51 dip direction (o r strike and dip) 
(Figs. 2.5- 2.7). 
Orcleavage or schistosity 

L l bedding lineation on cleavage 
plane (plunge) (Figs. 2.11-2.13). 

l\Iineral stretching MLI lineation 
on cleavage plane (plunge) (Figs. 
2.11-2.13). 

Orientation and magnitude of 
strain of deformed objects in the 
cleavage planc (Appendi x A.T1I). 

In polyphase terrancs . L2, on 51' The intersection of 
', e""'-,,,,,,,,,F_ ;~ .. 'so subsequent cleavages on the firs t 

What Observations to Record Results of Ana!ysis 

Orientation of cleavage relative 
to bedding . (Figs 2.15 and 4.5) 
Sense of vergence. ' 
(Fig; 3.9, 3.10) 
Facing. 
Cleavage refraction. (Pig . 4.4) 
Nature of cleavage. (Fig . 4. t) 

Nature of lineation. 
(Figs 5.1 to 5.4) 

Nature of strain relative to 
cleavage. (Appendix lll) 

Nature of intersection of second­
phase cleavage with first 
cleavage. 

Position rclative to fold axis. 
(Fig. 4.5) 
Vergence of structu re. 
(Fig. 3.9, 3.10) 
Facing of structure. 
11can cleavage approximates to 

fold axial plane. 

Orientation of fo ld axis (bl axis) . 
(Fig.4.3b) 

Orientation of stretch ing axis 
~ X ax is of bulk strain ellipsoid 
(al axis). 
(Fig. 3.2 and Appendix III) 

xv plane of strain ellipsoid. 
(Append ix 1lI) 

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

~
~ cleavage plane, i.e. crenulation 

lineations (plunges) (Figs. 2. 11-
2.13). 

---,.---~-----------------------

Table 4.2 D ata to be collected from observations on the second cleavage S2(commonly a crenub.tion cleavage 01 schistosity). 

Structure 

SolCommOO I, • 
e,*""'ot;o.n """"9< $Y', ..... 
0' s,~"tocrt'l 

C,.n",.,,,,, 

" 
= ~ ---;;., 

~~ .. Z\' 

c, 
,0"'_"00 
of$, 00 S, 

~
::' .. 

.. -" '<'""' .. ,q:.,>. . ,,: ,., T,..,. 
,,'/ ol","",,"'l 

~~ 
S,P I." 

MI .. ,., 
EIoog."oo 

"C, 

·s,;""'· 

II If 
s,J.'''"' 

What to A-tMsure 

Dip direction (or strike and dip) 
(Figs. 2.5- 2.7) of 52' 

L2 Intersection of first cleavage 
on second cleavage plane S2 (Figs. 
2.11 - 2.13). 

L,31ntersection of bedding on 
second cleavage plane (Figs . 
2. 11-2.13). 

Mineral st retching ML, lineation 
on cleavage plane (Figs. 2.11-
2.13). 

~L~ '~ Orientation and magnitude of 
stram in deformed objects In the 
c1ea~'age plane (Appendix lll). 

What Observations to Record 

Nature of 52 cleavage: orientation 
of 52 cleavage relative to SI 
cJeavage and relative to bedding 
So. (Fig . 4. 7) 
Sense ofvergence. (Fig. 3.9, 3.1 0) 
Facing on cleavage. 

N'ature of lineation. (Fig. 5. t to 

5,4) 

Nature of strain relative to 
cleavage. (I\ppend ix Ill) 

Remlts of Anal)'Sis 

Position relative to F2 fold 
axis. (Fig. 4.5) 
Mean cleavage approximates to Fl 
axial plane. 
Vergence and facing of F2 
structure. 

Orientation of F2 fo ld axis (b2 axis) 
of fo lded SI surface. (Figs. 4.7, 
5.ld) 

Orientation of F2 fold axis for 
folded bedding 50 surfacc (note 
that this depends upon bedding 
So and Fl limbs). (Fig. 8.3) 

O rientation of stretching axis 
~ X axis of bulk strain ellipsoid 
for F2 deformation (a2 axis). Fig. 
3.2 and Appendix III) 

XY plane of F2 strain ellipsoid. 
(Appendix III) 

~ 



A lineatio n is a linear rock fab ric that 
may result fro m the intersectio n of 
twO planar features, fro m the align­
ment of mineral grains, crystals or 
clasts within the rock , from linear 
shape fabrics of grains and clasts, or 
from the p:l.ra ll el al ignment of tec­
ton ic clements such as minor fold 
or crenulation axes o r slickenside­
groove features. Here we are con­
cerned with tectonic lineations ­
primary o r deposi t ional lineations 
are d iscussed by Tucker (1982). Lin­
eatio ns include bedding/cleavage 
intc:rsections, crenu lat ion lineations, 
mino r fold axes, mi neral stretchi ng 
lineat ions, slickens ides. g rooving o n 
fault and fractu re planes. and boudin 
axes . Rocks with a penetrative linear 
fabr ic are termed L lecloniles. Lin­
eations are co mmonly used in com­
plex defo rmed areas to define sub­
areas of structural hoftJogeneity. Reori­
entation of ea rlier linear Structures can 
be an importan t indication of later 
defo rmatio n. 

5.1 Lineations associated with 
folding 

5.1.1 iJeddin6 c1eavage interJection 

T he most d is tinctive fo rm of linear 
structllre in simply folded areas is 
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5 
Linear structures 

the beddi ng(So) I cleavage(Sl) intet_ 
section eLl) (Fig. S.la). This basic 
geometry is illustrated in Fig. S.lb. 
T he intersection of bedding surfaces 
and cleavage is parallel or approxi_ 
mately parallel to the fold axis b

1
• 

This lineation may be measured 
directly on th(: o utcrop (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 inte rsection L) 
may nOt always be exactly parallel to 
the major fold axis b1• A fold with an 
ob li que cleavage (possibly as much 
as 20° from the axia l p lane) is known 
as a transected fo ld. Careful obser· 
vation of cleavage relationships in 
mino r folds will indicate whether the 
folds are transecled o r not. 

5.1.2 Crentllaliofl lineation.; 

Crenulation lineations are fo rmed by 
the intersection of a crenu lation 
cleavage (e.g. S2) wit h an ea rlier foli­
ation (e.g. Sj) (Fig. S. l c). A crenu­
lation cleavage requires (J prt-txiIling 
foliation in order to develop - this 
may be a bedd ing fab ric, a slaty cleav­
age o r an earl ie r schistosity (Fig. 

. ~. t", 

fi g. S. l a Bedd ing/cleavage illt~rSeC(I{)n lin­
earion L, as observed on the bedding rl~ne in 
deformed mudstones. 

S.ld). Commonly, the p resence of 
a crenulation lineation on the slaty 
cleavage is a good indication of a 
second deformation. 1n some situ ­
ations a crenu la tion cleavage Olay 
also result from progressive defor­
mation duri ng a sing le deforma tion. 

Fig. 5.1e Crenulation Iinelllion developed on 
lhe sehislOsity su rface (or 5, surface) of c renu­
Ilted p~ammltlc Khisrs. 

Fanning 
Axial Plane 
Cleavage 

KEY 

N 

51 Cleavage 
Plane 

\ 

L, 
Beddingl 
Cleavage 
lnlerseclion 
Uneal ion 

\ \ 
\ , , 

\ , , ~ 
\ \ , t 
\ I t 
\ t 
t 

So Bedd ing 

ML, 
Mineral 
Strelching 
L ineation 

• poles to bedding 

+ fold axi s 

l, bedding/c leavage 
in tersectio n li neation 
poles to c leavage 

Fig. 5.1 b Folded layer So with a fanning ~:\ i ~l _ 

planar cleavage S, showing rhe development o{ 
the bedding/cleavage intersect ion lincation LI 
which is par<1.lIe l to fold axis or hinge line. A 
mineral stretching lineation ML, is dcvdop<.'d 
on the fold limus and at 90" to {he fold axis. 
The sfereographie projection shows the plot of 
poles to Ixdding (solid CJrdes), bcddmx/ckav­
age intcrsc(:tion~-L, (triangles) and poles tv 

f~nning deavag(: planes (small crosses). Fold 
allis is ddin(:d by Ihe pole 10 the bedding great 
(:irde. 
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Grenulation Folding of 
an earlier cleavage 5, 

Planar 
52 Gleavage 

L, 
Grenulation 
Lineation 
(Grenulation 
Fold 
Axes) 

S, 
Folded Cleavage 

Poles to 
.1 First Cleavage 

( 
+ 

Poles 
to Crenulation 
Cleavage 4t; 

-\e.eOOI"'OO 
Lineation L~ 

Fig. S.ld Crenuiarion folding of a ckavagc 
S" showing ,he development of a crenulation 
cleavage Sz and an inrersecrion (S2 on S,) lin­
eation Lz. The stereograpl1ic projecrion shows 
poles to rhe first cle,wage 5, (solid circles), 
poles to second cleavage 5. (crosses) and the 
crenulation lineation L2 (triangles). The major 
Pz fold ~xjs is defined by lhe pole to the 5, 
cleavage gre~t circle. 

For second-phase . deformations, 
the crenulation cleavage(S2)! slaty 
clcavage(Sl) intersection lineatjons 
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(L2) may be analysed in a similar 
fashion to bedding/cleavage inter_ 
sections (Fig. 5.1 d). 

5.1.3 P~ncil cleat/age lineations 

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

Fig. 5.2 Pencil cleavage: line:ation in a dolo­
mitic siltstone as a result of the intersection of 
a strong bedding-parallel fabric and a ~trong 
tectonic cleavage . 

5.2 Mineral stretching and 
elongation lineations 

5.2.1 Mineral stretching lineations 

Mineral stretching linea/ions (ML1) are 
formed by elongate mineral grains 

Pig. 5.3 A mint:ral stretching lineation ML , 
in a sht:ared granile showing elongate quartz 
grains and feldspar aggregates 

(Fig. 5.3) and e/on..gation lineations are 
formed by alignment of deformed 
pebbles and fossils. Both of these 
types of lineation can he either par­
allel to the fold axis (b fineatirm.r) or 
at high angles to it (a lineation.r) (see 
Fig. 5.1 b). Careful observation of the 
relationships bet"\veen the minor fold 
axe.r and linear sfmClures is essential. 

5.2.2 Minerdllineations associated 
with jlexlfral slip folding 

In flexural slip folds (Fig. 3.12b) 
internal slip of fayers over one 
another produces slickensides, 
grooving and/or mineral stretching 
lineations, 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 lineations are commonly 
fibrous accretion steps (Fig. 5.4). 

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

5.3 Lineations formed by 
boudins, mullions or codding 

5.3.1 Boudins 

In folds whose limbs are strongly 
stretched, the more competent units 
will tend to neck into elongate loz­
enges called boudins (Fig. 5.5a). Sim­
ilarly, if there is strong Rattening 
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 'b' tectonic axis (i.e. the 
fold axis). 

5.3.2 Mlflfi(ms 

Mullions form in a similar fashion 
to boudins in that they are usually 
parallel to the 'b' tectonic axis and 
occur when the interface · between 
lncompetent and competent material 
is deformed (Fig. 5.5a). 
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Mullions 

c~ < 
'" BeddingSo 

Fig. 5.5a Lineations f~rmcJ by boudinage and by mullions. Tn simpk houdin structures the 
lineations tend to parallel the: major fold a:<es. 

Fig. 5.5h Boudin necks of amphibolite in 
quartzo-feldspathic gneisses. 
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Fig.5.5c L tectonite with rods of amphibolite 
in a quartzo-feldspathic gneiss. 

5.3.3 Rodding 

Rods are stretched and elongated 
fragments of competent material i~ a 
ductile matrix. Pebbles, quartz veInS 
or dyke fragments commonly form 
rods that are parallel to either the 'a' 

r 'b' tectonic axis. Rodding prod­
aces L tectonites (Fig. 5.5c). Careful 
~xamination of the relationships 
between rodding and other struc­
wres such as folds is needed to deter­
mine whet;her the rods are parallel to 

the 'tl' or 'b' direction. 

5.4 Lineations asso.ciated with 
faults 

Slickensides and grooving arc com­
monly associated with brit.t.le fault ­
ing. Slickensides are often composed 

)al 

~~-.-;>/ .. ~;~~%~~ ~fau~~ 

Fibrous 
Quartz 
CrystalS 

Fig. 5.6a Slicke:nsides developed as fibrous 
crysrals of quartz joining opposite sides of a 
step~d muir plane. 

Fig. 5.6b Slickt:nsides of fibrous quartz in 
sandstones. The movement direction is up in 
tbe photograph. 

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

(c) Calcite depOSited 
in gaps 

. L 
--..::: ..... -, .~~~>--­

Pressure solution 
of asperities 

Fig. 5.6c Slickolitcs dcveloped in limestones 
by pressure solution wbich removes the bumps 
(aspcrities) in the fault surface, and redeposits 
the calcite in the spaces between thc stcppcd 
fault surfaces. 

Fig.5.6d Grooving on a fault plane in lime­
stones. 
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5.5 Mapping linear s tructures 

Linear st ructures are extremely 
important in structural mapping as 
tne y can be used to separate defor­
mation pnases and to determine the 
kinematics of deformation. In poly­
phase deformed terranes tIle con­
sistency of pa rticular inte rsection 
li neation orientations is a key facwr 
in the subdivision of a map into 
structurally homogeneous sub-a reas 
(see Section 8.3). T hey must be sys­
tematically measu red and reco rded 
whilst mapping. 
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Note: 

1 The orientations of linear St ruc_ 
tu res are measured as plunges (or 
less commonly as pitches 
Section 2.3.3). They plot a~ 
poims on the stereographic pro_ 
jection (Fig. 5. 1 b). 

2 Intersection lineations e.g. Ll 
(SdSo) (parallel to b) must be dis_ 
tinguished from mineral srrctch_ 
il1g or elongation lineations e.g. 
l'vlL (generally parallel to tt). 

Data to be collected duri ng the 
mapping oElineations are outlined in 
T ables 5.1, 5.2 and 5.3. 
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Table 5.2 Data to be collected fro m obscr\'ations Oll lTIincral strctching lineations '\1Lj, ML2• 

Structure 

ML\ Mineral 
stretching lineation in 
5,. 

Min..,aI 
SMOCh'flg Li .... .,''''' ML, 

MLz Mineral 
stretching linc:.. tion in 
5, . 

S,C'8""'al,,,,, 
C_~. 

"-

What to Measure 

Plunge of MLI lineation 
(orientation data for 50 and 51 
also required) (Figs. 2. 11- 2. 13). 

Strain of deformed objects 
paral lel to lineation (A ppendix 
III). 

Plunge of lineat ion (orientation 
data for So, 51, and 52 arc also 
required) (Figs. 2.11-2.13). 

Strain of deformed objects 
parallel 10 lineation (Appendix 
III). 

Wbat Observations to R ecord 

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

lineation, fibre directions. 

l\"ature of Strain. 
Fibre overgrowt ns. 

Nature of lineation (nature of So, 
SI and 52 also requ ired). 
Overgrowths parallel to 

lineation, fibre directions. 

l'\ature of strain . 
Fibre o\'c rgrowths. 

Table 5.3 Dat~ to be collected from observations on lineations ~SS()ci~ICd with faults. 

Strllcture 

Grooving (no crystal 
fibre growth). 

Slickensides (crystal 
fibre growth). 
Sli:k.n"a •• ~ 

Slickoli tes (Fig. 5.6c) 

(01<:1" 
.lee",""" St .... 

J17hat fo Afeasurt 

Plunge of lineation . 
Orientation of fau lt surface. 
Orientat ion of displaced un its 
(Figs. 2.1 1- 2.13). 

Plunge of lineat ion. 
Orientation of fault surface. 
Orientation of displaced unit s 
(Figs. 2. 11- 2. 13). 

Plunge of lineation. 
Orientation of fa ult surface. 
Orientation of displaced un its 
,\-lovement direction 90° to 
accretion steps. 

Mer,,,,,,,,"! 
O""Oioo 
00 ' '0 
Aee,. lioo 
S' . P 

What Observations to Record 

Nature o f grooving. 
Fault rocks. 
Sense of movement from Steps in 
fault plane . 
\X'id th of faul t zone. 
Di splacement. 
Stratigraphic separation. 

~alUre o f fibre growth. 
Sense of movemenc from fibres 
and steps in fau lt plane. 
Fault rocks. 
Whdth of fault zone. 
Displacement. 
Stratigraphic separation. 

Nature of fib re g rowth. 
Sense of mo vement from fi bres 
and steps in fault plane. 
Fault rocks. 
Width o f fau lt zonc. 
D isplacement. 
Stratigraphie separation. 

Reslllts of Al/a!Fis 

Lineation generally parallels the 
X axis of the F[ fini te strain 
ellipsoid , ('01' tectonic axis). (Fig. 
3.2; Append ix III ) 

X axis of F) fi nite strain 
ellipsoid. (Appendix II I ) 

Lineation generally parallels X 
axis of the F2 finite strain ellipso id 
(az tectonic ax is). (fig. 3.2; 
Appendix [[ I) 

X-axis of F2 fi ni te strain ellipsoid . 
(Appendix Ill) 

R esults of Ana/pis 

Sense and direction of movement 
of fau lt (solutions for exact 
displacemencs are not common). 

$ense and direction of movement 
of fault (solutions for exact 
disp lacements afe not common). 

Sense and direction of mo\'cment 
of fault (so lutions for exact 
displacements are not common). 



6 
F aufts and shear zones 

Faults 

Britde to semi-brittle faults are 
planar discontinuit ies along w hich 
significant displacement has 
occurred. They generally form in the 
upper 10- 15 km of the crust. 

6.1 Classification and 
description of faults 

N umerous classification schemes for 
fau lts have been c[cC(cd based on the 
dip of the jault plont and the direction of 
slip. Tn man y cases, it is not possible 
to fi nd the exact disp lacement as this 
requires knowledge of the location 
of matching points on either side of 
the fault p lane. 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: 

(0) Anderson's Dynamic Classification 
which relates. to the st ress systems 
responsible for the faulti ng and (b) 
a simple descripti ve scheme based 
upon the geomet ry and sepa ration 
across a fault plane. 

6.1. 1 Anderson's dynamic 
ciouijicolion oj Jail/ling 

Anderson's (1951 ) dynamic classi ­
fication of faults (Fig. 6. t ) is based 
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on the fact that no shearing stress can 
exist at the Earth's surface, hence, for 
faulting to occur close to the Earth's 
surface, one of the principal stresses 
(0" ] (12 or Q"J) mU!it be perpendicula r 
to the Ea rth's surface, and therefore 
vertical. 

Normal jou/IS <1, is vertical and CT2 
and <13 are horizontal. The dips of the 
fault planes arc:: "'"' 60u

• 

lV'rmch or Jtrilee-slip fall/Is <12 is Vcr· 
tical and 0" 1 and 0" J a re horizontal. In 
this case the faul t planes are vertical 
and the mo vement direction is hori­
zontal , i.e. strike-slip. 

Rez!erse jalilts 0"3 is vertical and CT] 
and (12 are horizontal. T he fault 
planes d ip at approximately 30g 

to 

the horiwnral. 
Note that the angle bisected by 0'1 

between conjugate fault planes is a 
function of the material properties of 
the rocks undergoing faulting and 
can vary between 450 and 90

g

• 600 is 
taken as a typical value. 

6.1.2 Geomelric classificalion alld 
descriplion oj j allils 

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

Normal Faults Strike-Slip (Wrench) Faults Reverse-Slip (Thrust) Faults 

", ", 

", ", 

" 

", , 
I 

~1~~ __ "' 
0- />.... ........ a 
2~/1--",,~ 1 , 

", 

", 

~-----

"2 ~3 ", 
Fig. 6.1 Andenon's dynamic classifica~jon o.f faulls with .the srereographic proj!:ctions of the 
faults and Str~ sySTems. The solid half CIrcles Ind1care the sIde of Ihe fault block thaT has moved 
down. 

and direction of slip across tbe fault 
plane and is as (ollows: 

Exlension faults - e.g. normal 
faulrs (Fig. 6.2a). 

2 Contraction faults e.g. reverse 
faults, th rust faults (pig. 6.2b). 

3 Slrike-slip - e.g . JPrench faults, 
tran~form faults (Fig. 6.2c and d). 

Listric jOlills Man y fault planes are 
curved, not planar. at deptb. Fault 
planes which are concave upJJ'ards, and 
have a faul t plane which fla ttens out 
at depth are termed lislric fau lts. T wo 
types are fou nd: the lislric extension 
fault (Fig. 6.3a) is a curved fau lt 
which may be divided into' a high­
angle extensio n fault, medium-angle 

extension fault and bedding plane or 
sole f:l.Ult segments. With the high­
angle and medium-angle fault 
sections, stratigraphy is omitted and 
younger rocks ove rl ie older rocks. A 
lis tric extension fault is sho wn in r ig. 
6.3b. 

A listric conlmelion falf/t (Fig. 6 . .1c) 
is a curved fault in which the steep, 
often su b-ve rtical segment is a high­
angle contracti on fault. In both the 
steep and middl e segments, older 
rocks overlie ),OI(f1f,tt· rocks, whe reas 
there is little o r no repetit ion hy the 
sole fault. More complicated geome­
tries arise in systems where faults 
may have severallistric sections and 
arc linked to other faults (see 6.3 and 
6.4). 
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(a) 

(e) 

(
PLAN) 
VIEW 

EXTENSION FAULT 

Hanging-wall 

SINISTRAL STRIKE-S LIP FAULT 

CONTRACTION FAULT 
(b) Hanging- wall 

(d) 

(
PLAN ) 
VIEW 

.' J 

DEXTRALSTRIKE-$lIP FAU LT 

Pig. 6.2 Gt:ometric classif1carilln of faulTs ba,cd upon st:pautilln across the faults and 'NIh Q 

ht(Ju,Itdgt (J/lhI' slip direction ~n the falllt (i".jr~m JiirK.tmidu). For an oh~fvt: r standing on cht: fault 
plane. the hi1n),,ing.wall is tnt: rock unll abo"e the fault phne and the/wI-ilia" is tbe r(}(:k unit helll\!' 
the fault plant:; (0) a dip ~hp e)r lenSlon fault liS St:CIl in a emss-s«tion producing Sll1lugraphie 
01l1l$$10I'I. As vic\!"ed by tnt: observer. the hanging-wall fault bl\)t:k has mnvt:J down rdative 10 
th( foot-Wlill fuull t.lock; (b) dIp slip COlltl1lction fault as seen !!l a cross section producioK 
str:mgraphic ovcrlap. As vlew~'d by rhe observer, Ihe h.mging.-wall has moved up rcb,i,-e to thc 
foot-wall; (r) ~inis,ral strike-slip I)r wrench fault in plan vi<:w. As seen by the obsern:r standing on 
Ihe n~arest fault block. the f~ult block on the other side of ,II<:: fault plant: has moved 1U til<:: left; 
(d) dt:xtrai strike slip or wrench [ltUIt in plan vi!:w. As seen by the observer standing on th..: nl!atCSt 
fault hJot:k, the fault block on the opp()site side of the fau lt pbn~ has l110ved to the right. 

6.2 Fault displacements 

In ma ny cases exnel fault dis­
placements cannot be determined in 
the field, but for mOSt fa ults the fol ­
lowing data can be collected: 

1 Direclion oj ltIovetllCllt: this can be 
determined from grooving, slick­
ensides, stretched crystal fibres 
and slickolites on the fault plane 
(Fig. 6.4). Movement i ineations 
should be plotted as ancillary 
symbols on the fault plane 
symbol (see Table 2.1, p. 42). 
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2 Jense oj movement: is determincd 
from stratigraphic relationships 
(e.g. older roc ks over younger 
rocks), from the apparent offsets 
of marker units, dykes and other 
faults. Great ca re, however, 
needs to be exercised, when faults 
cut alreatfy folded strata. The sensc 
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. 

(') 

Fault 

ROil-Over 
. Anticline 

Fig.6.3 Listric fau[t,\-faull pi d · . sion fl' aJles concave upw;!r s: (a) hSfr1c extension fault. (b) lisrric eXlen-
f~uh. au t In marbles and peliles. West Greenland; field of view ra . . 100 metres. (.) listric C0ntractjon 
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Fig. 6.4 Fibrous quartz slicken~ides 
ckveloped on a fault plane. 

f ig. 6.5 Coorraction fault in sandston<':s and 
shales showing stratigraphic overlap and (on­
traction from left to tight. Fidd of ~icw (a 75 m. 

3 Stratigraphic separati()ns: It IS 

u~ually possible ro either measure 
or estimate the :;;tratigraphic sep­
aration across a fault, Llsing meas­
L1fcd or 'estimated stratigraphic 
thicknesses of strata affccted by 
the fault: e.g. stratigraphic exten­
sion across an cxtensional fault 
and stratigraphic contraction 
across a contractional fault (Fig. 
6.2). Where poss ible the strati­
graphic separation should be 
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marked 
symbol 
2.1). 

adjacent to the fault 
on the map (see 'Table 

4 Rotation is usually difficult to 
assess in the field and requires a 
knowledge of displaced points on 
both sides of the fau lt plane. 

Once the movement direction of a 
fault has been determined, the simple 
classification of fa.ults can be refined 
to specify the direction nfslip as i1lu$_ 
trated in Fig. 6.6. Fig. 6.6 also iUus_ 
tnues t he terms throu! and heave. 

6.3 Extension faults 

The term extension fOl111 is preferred 
to the more commonly used lIormal 
falill 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 jault rystems 

Extensional faults may occur in 
linked systems, o f which twO main 
types are found: 
(a) domino fault systems (Fig. 6.8a) 
of planar rotational extension faults 
linked by a basal detachment; 
(b) listric extensional faults (Fig. 
6.8b) producing rotation of the han· 
g ing-wall blocks and also linked to a 
basal detachment . 

it is also important to recognise 
the propagation directions of faults 
and to appreciate which faults are 

~ E~lfN510N 

f~U~T5 

6 cOtllRACTION 

f .. ULTS 

DIP-SLIP 

~ 
NORM~l-SLIP FAUl T 

~ 
RE~ERSE-SlIP 

c_ STRIKE-SlIP'W~~. r&{?J 
FAULTS 

SINISTRAL STRIIIE-SlIP FAULl 

CEXTRAl STRIKE-SLIP FA.UlT 

o. o,,~"" ~ 
fAULTS 

. SINISTRAL NORMAL-SLIP FAULT 

tP 
SINISTRAL RC~[RSE-SliP FAUL T 

':~~:,';"" ~ 
ROlATIONAl fAUL T 

Fig. 6.6 Block diagrams shOWing th~ slip (displacement) of fauhs when tlH~ absolute dir~etion' 
ofmovement ean be determined. . 

F.ig. 6.7 Conjugate extension fault~ d<':v<':]oped in interbedded sandsttn<':s and siitslon<':s. Fic:ld of 
View 10m. 
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you nger. 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 ro//-olJer anticlines (Fig. 
6.3a) with antithetic and synthe tic 
faults develop above the listric fault 
(Fig. 6.8c). 

Planar Exten sion Faults 

Basal Detachment 

Lislric Extension Faults 

Basal Detachment 

(ej 

Basal Oetachment 

Antithetic 
extension 
Faults 

Fig. 6.8 Extensional fault systems: (a) dom· 
ina exten~ional fault SystCOl linked plana! 
rotational exten~ion faults; (b) listric extensional 
fault system-linked listric I:xtcnsional faults 
(with geometriClllly necessary rOlation); «() 
propagalion o f second-order faults above a 
major listric detachment. The seeond-on.lcr 
f:.!.ults may be termed synthetic if their sl:nsc of 
movement is the same as that of the major (fi rs t­
order) fault, or pntithetic if the movement is in 
the opposiu: sense. 
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Symbols for reco rding extensional 
fau lt systems on the map arc show 
in Fig. 6.9, together with an cxampl~ 
of the stereographic projection of an 
extensional fault system. An example 
of a map of an extensional fault ter_ 
rane is shown in Fig. 6.10, illus_ 
trating the linkage of faults to a basal 
detachment. 

(aj 

Down 

(bl 

60· ,... Extension Fault 

Up 

Projection of 
E ~ l ensiona l 

Fau lt Plane 

Down () Up 

EQual Area 
Lower 
Hemisphere 
Projection 

0.- Symbol indicating 
the sense o f slip 

Fig.6.9 (</) ('enen l map symbols for d Ip slip 
extensional faulls. (b) St~' r~ographic proJc<:tion 
of Ihl.: relationships ~ h()wn 1!l ;1, no te t!1\: use 
of partially filled circles to inJicate the down· 
thrown blocks. 

6.3.2 Mappifl,g extension iOIf/ls 

Structural data that should be col­
lected fo r extension faults are listed 
in Table 6.1. 

100M 

A 

F' _ HORtZ ... VERT 
Ig.6.10 Map of an exrensionlli fllu ll syStem in deltaIC s~dl!lll:nts. Tht: cross secllon (al thl: s;une 

~ale as the map) shows a sysrem of linked listric faults whi<:h m<:rxc into a basal detaehml:nt 
aul! (adaptcd after a map by Nick Wa y). Symbols as In Table 2.1 (p.42). 
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6.4 Contraction faults 

J this section low-angle contraction 
f:ll1tS, i.e. thrust Jaults are discussed. 
Thrust faults are found in most 
compressional tectonic regimes. 

Although the complete fault 
cometry is often not exposed, you 

~houJd be aware of ~he geometric 
consequences of thrustIng and rC,cog­

nise its effects on map patterns. S~m­
maries of modern thrust terminology 
and geometries are given by Boyer 
,nd Elliott (1982) and Butler (1982). 

6.4.1 Thrust jaults in very l()w grade 
metamorphic terranes 

Many thrust faults in these terranes 
(e.g. foreland fold and thrust belts) 
have a staircase geometry, com­
prising long, hedding-parallel glide 
zones - fiats-separated by short, 
steeper-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 front or anticline­
syncline pair). Thus, at thrust fault 
terminations (tip line) the thrust 
faults die out into an anticline- syn­
cline pair. In three dimensions, a 
thrust fault may have a complex 
ramp geometry with frontal ramps 
(perpendicular to the movement 
direction); lateral ramps (parallel to 

the movement direction); and oblique 
ramps (ob~ique to the movement 
direction), (Fig. 6.11d). 

Thrust faults may be linked by 

wrench faults (tear faults) which root 
in the underlying floor 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, 
forming the characteristic 'snake's 
head' structure (Fig. 6.11a) with kink 
and box-fold structures. Consider a 
segment tha t moves over the ramp: 
it folds, unfolds, folds again and then 
finally unfolds (Fig'. 6.11a). Each 
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 stra~igraphy. 1n 
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. It is pertinent 
to note the development of folds 
above a thrust fault, and these can 
give important information on the 
geometry of the underlying thrust 
plane. 

6.4.2 Thrust faults in higher grade 
terranes 

In low green schist-facies terranes 
and at higher metamorphic grades, 
thrust faulting is commonly associ­
ated with folding and the develop­
ment of penetrative fol iations. In 
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such situations a staircase fault 
geometry (Sect ion 6.4.1 ) m:ly not be 
well developed and the thrust fault 
may have a smooth trajectory (rig. 
6.13). Folding may be intimately 

(a) 
'Snake 's Head ' 

'Popup' 

associated with the thrmt faulting 
with the faults cutting folded beds at 
high angles and penetrative foli , 
at ions ma y be developed (Fig. 6.13). 

(b) 

ZWl;;:
ROOf Thrust (r) 

fI Horse 

- Li nk Faul t (I) , 
Floor Thrust (I) 

(e) 

Sole 
Thrust ~ 

(d) Foot-wall Geometry 

Lateral Ramp 

Hanging-wall Geometry: Culmination Watts 

Lateral Folds 

Frontal Ramp 

Frontal Fold s 

Culmination 
walls 

Oblique 
Folds 

Oblique,,--p~:::Olj"""I2~Y 
Ramp 

(e) 

\..J",;~"'''''-- Imbricate 
Thrust Slices 

Floor or $ole thrust 

i .6.11 on p. 94 (a) St.lirca~c thrust fault tra j<.:<.:wrr ~howi!"lg the developmenl ofjlall (f) wh<.:r<.: 
f g thrust f:loult is par;!lId 10 the beddmg and ramps (r) where rhe thrU5t fault cutS up-seelJon 
::;OUgh Ihe bcdclmg. NOle the de\ c10pment of a typical 'slIll/a'slMad' type stru<.:ture a~ Ihe ha~gjng­
.... ,~II thrust sheet moveS lip Rnd over the tamp. Note a l~ the dcvelopment of geomerriully 
i1~~ss~ry folds over the ~mp SlruC\u .es. (b) Dcvelopment of a duple ..... - where slrottlgraph}\ is 
duplicated by repetitloo (10 //Ilk {hrum (I) which link to a floor thru~1 (f) and w a roof thrust (r). 
Individual thruSt segm<:!lts ~~<: wrmed hOrJu. (e) D~vel("\pment of a back {hruIt (b) and a forwud 

fopagatir"lg thrust (fp) rcsultlng III an uphft<:d tnan~jc zone. (a) Th~ thrcc-dimension aln:lture of 
~hrust fault surfaces. In lh~.foo t -wot ll shee.t there wllllxJr~n/aj, obl:~m and la/iral ramr~. In thc 
hanging-wall sheet thcre ""Ill he geometrically n~cessary folth asso<.:latcd wilh ! h~ umps - e.g. 
Irott1tll joid.r, obltque jo ldJ and /a/eral folds . (e) Thru.~t shcets ltnkcd by strike-slrp faults (tear faults). 

Pig.6.1h Thru5I fau lt io the Moine Thrust 
lone of NW Scotland. ()Id~ r dark siltstones a r~ 

thrust over younger lighH::oloured dolomite, 
along a planar thrust fault . 

~ig. 6.12c Small-sale duple): in limestones 
In the Canadian Rucky Mounuins. Not~ the 
smooth trajectories of Th~ floor (f) and roof 
thrusts (r) and the sigmoid~l link thrusts (1) 
bctWt~n them. 

Fig. 6.12b Curved duplex link fault io the 
Moine Thrust zone of NW Scotland. 
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Fig.6.13 Smooth thrust fa ult trajectories. Folding occurs at the same time as the thruH f~ultillg, 
giving rise to high cut-off angles and associared c1eanges 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 cm bedding 
at a high angle (90"), thus indicating 
thar the thrusting accompanied or 
post-dated the folding. 

6.4.3 BaJic rule! for IhrtUI faults 

Some basic rules goverOlng the 
geometry and rhe 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 tbrust system, topo. 
grapbical1y higher bu t older 
thrusts arc carried 'piggy back' 
on lower, younger th rusts. 

5 H igher (older) thrusts are folded 
as lower, younge r thrusts climb 
ramp structures. 

6 Ramp angles or 'cut-air angles 
are generally between 15° and 30' 
to the bedding datum. 

These basic rules have been well 
proven in many thrust belts, but may 
be invalidated if it can be shown that 
a l~ter thrust may have cut through 
earlier formed structures from the 
rear. Such a thrust fault is termed an 
out of Jcqllcnc( JhrusJ anti rules 1-6 may 
be invalidated by these thrusts. 

(a) 

(b) 

r 

~,,: . 
Rf· , .. 

~ ... , .... " Th .... , 

· ~·II;~· .;. 
. I . /. ,I 

, Y. . o· . I; ~ .. . 
',, /, 0 / ', 

• $0. 

lEG£N~ 

D~·r •••. o'<o 

Fig. 6.14 (<I) & (b) An example nf i IhruSI terrane III sout hern British Columbia, illust rating (i) 
a dose association of folding and Ihru~ting al'ld (b) , a sketch section. 

RUDDle Bedding 

Fig. 6.15 Detailed fie ld sketch of thruslillg in the Purcell Mountains. Canada. showing high 
thrust cut-off angles; folding and thrusring occurred together. 
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6.4.4 Movemenl direction of thrust 
fau/ls 

Movement on thrust faults can be 
determined by: 

1 'Bow and arrow nt/e': 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.e. in the direction of the 'arrow'. 

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

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

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

5 Movement can be determined 
from the development of slick­
ensides and other lineations 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 thrustfaulls 

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 faults 

Strike-slip or wrench faults at<; 
vertical (in the upper part of the 
crust) and have horizontal move_ 
ment directions (Figs. 6.1, 6.2 and 
6.6). They are classified as dextral 
(right lateral) or sinN/ral (left lateral) 
(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 developmen t of 
Riedel shears (Rl and R2) ori. 
ented at :::::: 30° to the maximuITI 
principal compressive stress 0 1, 

Movement is concentrated on 
one Riedel system Rl which is 
synthetic to the direction of 
maximum resolved shear stress 
(e.g. Fig. 6.16b) and the anti. 
thetic system R2 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 
<T •. 

3 Secondary wrench faults (anti­
thetic and synthetic) occur along 
the Riedel shear directions and 
these may in turn develop their 
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 



thrust faults, whereas zones of exten­
sion develop extension (or normal) 
faults. 

U 1 UJ 

\.. \./ 
R2 /x ~ ~:TENS10N 

:~1~ f ~>: ';:J 
V p :;:: '" ~ ",:r:/ 

eo," ~"'*' 1 ~ p~. 
EXTENSION y{t~~~ 

;LTS x ~R2 " 

U3 '" Ul 

Fig. 6.16:1. Re:gional strain e:llipse: associ_att:d 
with a wre:nch/strike:-slip fault system. The 
Re:ide:l she:ar faults are: the: synthe:Tic R! and 
antithe:tic R z syste:ms- (in most cases displace­
ments are minor on these faults). In s"ame 
systems synthetic P and antithetic X shears may 
also develop. FolJs anJ COntraction (thrust) 
faults arc dc\'dop:d at 90" to (11) whereas exten­
sion (normal) faulls art: developed 90" to U J • 

Fig. 6.t6b An example of Re:idel shears 
associate:d with a Sinl$tnl strike:-slip fault in 
quarr7.i tc:..~. 
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6.5.1 En-echelon wrench fall/It 

Wrench faults commonly OCCUr in 
en-echelon systems and, as such, can 
be rermed right-stepping or Jeft-step_ 
ping (Fig. 6.17). Types 1 (right-step. 
ping) generates an extensional zone 
(normal faults) whereas T ype 2 (left, 
stepping) genera res a compress ional 
7.one (folds and reverse faults). En­
echelon folding typicall y accompanies 
wrench faulting. These styles have 
been well demonstrated in high-level 
brittle structures and the resulting 
geometric patterns should he taken 
into account during mapping pro­
grammes (Fig. 6.17). 

6.5.2 Movemenl direcliOfU 

Movement directions on wrench 
fault systems will gene rall y be hori­
zontal~sub-horjzontal. They can be 
determined by: 
1 Slickensiding or grooving on 

exposed planes; (Fig. 6.4) 
2 Analysis of patterns of antithetic 

and synthetic faulting, and of 
minor fracture patterns; (Fig. 
6.16.) 

3 Rotation of Structures into the 
fault zone, indicating movement 
directions; (Fig. 6.16b) 

4 D evelopment ofhori7.0nta! linear 
fabrics in rocks adjacent to the 
fault zone. 

6.5.3 Mapping wrench fflll/it 

Table 6.3 lisrs rhe dara that should 
be collected from wrench fault zones. 
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Fig.6.17 En-ct"hdon wrench fau lts showing 
different sc:nsc:s of off-set. (4) Right-slepping 
faults (going from the upper fault to !he lower 

6.6 Fault rocks 

When mapping faults it is appro­
priate to carefully descri be the ty pes 
of fault rock developed as these may 
provide important clues as to the 
conditions of deformation during 
faulting, c.g. gOJlge and brtuia com­
monl y fo rm at high crustal levels, 
whe reas mylonites commonly form at 
deeper crustal levels (at higher tem­
peratures and pressures) and indicate 
plastic deformation. Sibson (1977) 
has provided a classification for 
describing fault rocks (Table 6.4). 

The classification shows three 
main subdivisions: 

1 Incohesive lin foliated fall/t rocks ­
FaullgOtige-powdere~, crumbly 
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fault) gene rate a zone of extensional faulting. 
(b) Left -stepping faults generate a zone of com. 
pressIon: tluust fault ing and foldmg. 

fault roc k (falls apart in your 
fingers) - with less than 30% 
visible roc k fragments (Pig. 
6.18,). 
Fault breccia- fault rock con­
sisting of loose or loosely bound 
angular rock fragments often in 
a gouge matrix (Fig. 6.18a). 

2 Incohesive joliatetl ja/(It rock 
Folialtd jail/I gouge and joliated jalllt 
bretcia - gougc and brl.!ccia as 
described above but having a dis­
tinct plana r fabric in the fault 
gouge and alignment and pre­
ferred shape orientation of the 
h reccia fragments. 

3 Colmive unjo/inlcd jn/(/t rocks -
Pseudolad!)iife - a frictional melt 
gent::rated by fault movement. 
Characrecistically black and 

• > 
.~ 

~ 
U 

A classificat ion of fauh rocks (modified after Sibson, 1977). 

Random- fab ric 

Fallit breccia 
(visible fragments> 30% 

of rock ma.ss) 

Fault gouge 
(visible fragment.s < 30% 

of rock mass) 

Pseudotllchylite 

Crush breccia 
Fine crush breccia 

Crush microbreccia 

Protocataclasite 

Foliated 

Foliated jalilf 
bruc;o 

Foliated )!,(llIge 

Foliated 
PJeuJolacbylite 

(fragmems>O·Scm) 
(0'1 em < fragments 

<O 'Scm) 
(fragments <0'1 em) 

1----------------- • +---;r-------- ~ -
.;: .t:; 

~ ~ " . .~ .Z:l Mylon ite ~ 
~ .~ ] 

Cataclasi le 

E ~ ~ 
f------------------- Ej _ ::: e _ 

·0 

Ultracataclasi te 
Flinty crush rock 1 

! UI",mylon;te I 
Blastomylonite 



glassy and occurring in veins and 
seams with other fault roc ks (Fig. 
6.18b). 
Crush breccia - a hard, intact, 
unfoliat.ed rock consisting of 
angula r fragments with no pre­
ferred orientation (Fig. 6.18c). 
Cataclasiles - intact and unfo­
liated rocks with the grain size 
tecton ically reduced by fractur­
ing. Cataclasites vary from Pro­
lo(ataclasiles highl y fragmented 
rock showing many large frag­
ments of the original rock rype 
to Ullracatac!asitu dark ultra 
fine-grained almost gbssy rocks 
with no relicts of the o ri g inal 
rock type. 

4 Cohesive foliated fault ro(ks ­
Mylonite series - genera lly Ilne­
grai ned dark foliated rocks with 
ductile fabrics (e.g. folds) and 
grains showing a reduction in 
size by plastic processes (Fig. 
6. 18d). 
Phy lloflife series~mica- ri ch mylo­
nites which have the silky ap­
pearance of phyllites and a well 
developed foliation (Fig. 6.18e) . 

f'auh rocks should be described 
in the field using Table 6.4. Samples 
should be collected fo r 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 i 
character in fact, man y fault zone: 
can be treated as shear zones . Brittl 
shear zones fo rm in the upper 5 k~ 
of the crust, whereas ducti le shear 
zqnes generall y form below 5- 10 ktlJ 
in the crust. Ductile shear zones ate 
common in deformed crystalline 
basement rock. T hey are cha rac. 
terised by high shear strains, strong 
foliation development and large dis_ 
placements (relative to their width). 
T ypically they fo rm in ho mogeneous 
isotropic rocks, but once formed 
deformation is concentrated withi~ 
the shear 7.one. 

6.7 Geometry of shear Zones 

Shear zones can form conjugate 
arrays, and these, or the individual 
shear zones, can be analysed to deter. 
mille strain d isplacements and 
palaeostress directions. Ramsay 
(1982) tabu lated the properties of 
shear zones in the crust (Table 6.5). 

6.7. f T.ypes of shear zones 

The geometries of simple brittle-to­
ductile shear zones are shown in 
Figs. 6.19- 6.21. In each case simple 
shear (Ramsay, 1967) is assumed, and 
the shear zone boundaries are at 45° to 

the principal compressive stress a1• 

Brittle shear zone Three sets of frac· 
tures may develop in the shear (fault) 
zone. R J principal Reidel shears; Rz 
conjugate Riedel shears (generally 
subord inate); and P synthetic shears, 
whose directions are imposed by 
boundary conditions and mayor may 

Fig. 6.18 Paul! rocks 3nd th~ir textures: (<1) 

Gouge and breccia fugments developed in 3 
fault in siltstones. Note the very angular frag­
ments. (h) Pseudotachylyte vein in faulfcd 
gneisses. Note the rounded gnei~s fl'agmems 
(probably due to thermal fragmcmation). ({) 
Crush rock breccia developed in mylonilic 
gneiss. Angula r fngmc:ms with no p referred 
(lncntarion. (d) Fine.gr:unccl 'luartz mr lonitc: 
with inuafolial folds. (t) Quartz--eyc phyllonite 
COmprising strongly shea red quart7. veins in a 
miea.rich phyllonitic matrix. 

105 



not develop. Stress o ri entations and 
sense of shear orientations can be 
deduced from the panern 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~britfle shear zone (en-echelon tension 
gashes) Here the deformation is 
partly ductile with the development 

0\ .Z 
shear zone 

cr, 

R, 

(a) ~~~~Z~~:1~R2 
gouge fabric 

Fig.6.19 Brittle. shear zones: (a) Brm le: shear 
:ton~ sho wing the: de:vdopment of a gouge 
fabric. Rl and R2 Riedd shears and a low.angle: 
P 5he:lr. The: stress syste ms for the: Riedel shellr 
syste:ms and fur the through-gomg shell r zone 
arc also shown. (b) Driu le dextral shcar ;c;\mc in 
massive vokanic b reccias. Note the develop­
menr I'Jf R j Riedd shear~ . 
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of pressure-solution cleavage and 
partly brittle with extensional veins 
develope~ (total volume change =: 0). 
The tenSIOn gashes have their tip 
oriented parallel with 0'1 and arc gen~ 
erally infilled with fibrous minerals 
that grow incrementally in the 0 

direction (Fig. 6.20a). The preSSure: 
solution cleavage (if developed) 
forms 90° to 0'1 and the vein tip", but 
becomes rotated towards parallelism 
with the shea r zone walls in the cen_ 
tral part of the shear zone. An exam_ 
ple of a semi-brittle "hear zone with 
en-echeloQ. tension gash veins is 
shown in Fig. 6.20b. 

Ductile shear zone 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 G 1) . As deformation 
proceeds the schistosity is rotated 
towards the shear zone plane umil, 
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. 6.21 b. 

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 tnC 
shear zone. 

Conjllgate shear zones 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). 

i" a,x' 
0 , 

0 , 

crystal growth fibres 
r-_~=h~_~ 

pressur -
solution 
cleavage 

en-Echelon 
tension gash 
veins 

Fig. 6.20 Semi-brittle to semi-ductile shear 
zones: (a) Semi-brittle s h~a r zone showing the 
d~velopmem of en-echelI'Jn fibrous tension 
glshe~. Thl'; hure orienta t ions reflect the 
lOcremental orientlltions of the (1) StreSS axis as 
the tension gash grows. Inside the shear 1.one a 
prtssUte·rolUlion c1~vage may he locally 
de:veloped. The ide:al o ricntauon of tht 0'1 and 
of the: O'J stresses l'Jutside the shear 7.one are also 
shown. (b) Semi-brittk de)m al sh~ar w ne in 
grey.waekes. Severa l sets of e: n-echelon <.Juartz 
tenSlOn gashes afe developed. 

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

X
, 

0 , 

(al 

0 , 

Fig. 6.21 Ductile shear zones : (a) D uc!ile 
shear lone showing the. dcvdop menf of a foli­
af io n at 45° 10 the shear zone margin (and 90' 
10 0'1) :l.nd rm ation o f this foliation in to the 
shear zone:. (b) Ductile sinistnll she::u ;c;one in a 
tonali te. Note the dt:velopment of a schistosi,y 
at t he: shear zone margins, and the rola tion o f 
th is schis tosity into parallelism with the shear 
zone. 
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Table 6.5 Geometric properties of shear zones in. the crust. 

-------------------------------------------------------
ApprfJximatt Mttamorphic Sfrurlural fta/urn 20, aI/gIl bt/ween 

drpth faciti of shear zontJ C/)1IJugatt Ihear ZOlles 

> 10 km ductile 
shear zones 

5- 10 km ductile. 
brittle-ductile 
shear zones. 

0- 5 km brinle 
shcar zones 

granu lite, 
amphibolite 
blue~chist 

greenschist, 
zeolite 

Anchimetamor­
phism, no 
metamorphism 

ductile fl ow, !llrong 

sigmoidal schistosity in 
zones. 

ductile to semi-brinle; 
locali sed sc.his.tosity; en­
echelon vein arrays; 
pressun:~-so lllt ion fcaturc!\. 

Brittle; fault breccia and 
clay gougc; somc 
pressure-solution 
features. 

0, 
I 

~ to, 
120'-90" 

GO' 

above only apply in the central part 
of a shear zpne undergoing simple 
shear defo rmation. 

6.8 Structures in shear ~oncs 

The orientation of structural 
elements outside and within the shear 
zone g ives imponam information on 
the sense of shear, strain and displacemrnt 
within the shear zone, and a brief 
summary of the relevant structures 
to be observed in the field is given 
below. 

Fig. 6.22 A c.oniug~te array of semi-brittle 
~hear 2:Qnt~ as ~een on :I bedding plane In 

dl:form"d ~ands1()ne.~.· Note the en-eehdon 
'--IuaHz tension gashl:s and pressure-solution 
scams ~t 90' to the tcnSlon g~shes. Field of view 
2m. 
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Planar sfruelures: Foliation 
at 45~ to the shear zone 

Initiates 
and with 

increasing strain is rotated towards 
parallelism with the shear zone walls 
(Fig. 6.21 b). 

Passive layers: These are layers of rock 
or pre-exist ing foliations which have 
no contrast in competency with, or 
mechanical effect upon the shear zone 
and are simply rotated into the shear 
zone (Fig. 6.23a). 

Fig. 6.23a Dextral ~hear :l:one in psammitic 
schists showing the ror1tio" of:l pre-existing 
foliation into paralleli~m with the shear zOlle 
boundaries (horizontal). 

cr' > 90 ' 

'" 

a < 90 

'" 

" > 90 

(3) 

Active Ilfyers: These have a com­
petency contrast with the shear zone 
material, and are folded or bou­
dinaged according to their initial 
o rientation (Fig. 6.23b). Fold axes 
will generally not be in the X Y plane 
of the strain ellipsoid [or the shea r 
zone. 

Linear structures: Lineations Many 
shear zones develop a strong mineral 
stretching lineation parallel to the 
shear direction (e.g. Fig. 6.21a). Pre­
existing lineations (e.g. pre-existing 
fold axes) are rotated towards par­
allelism with the shear direction. In 
such situations the fold hinge lines 

Buckle folds 

Thinning Boudinage 

Folding Boudinagcd folds 

Fig.6.23b The efreClS of shear ?'one deform~ t ion on competenr layers' of diRerent initial onen­
tatlons: (1) a layer al an initial angle 11, which lie~ a! more than <;Ill" to the shear zom: boundary., 
becomes thickened and folded: (2) la'ytr at an angle 11 which initially is < ')0" to the she~r wm: 
boundary, and bexornes tiunned and boudlll3ged; (3) layer at an angle 0: initi~lly >90' 10 {h~ she:lr 
ZOne boundarr (less than in a abo\"c) and which first shortens by folding \Ind is subsc<luen,ly 
Stretched :lnd boudinaged, (repnxiurcd with permission from Ramsay. 1980). 

109 



Fig. 6.24 Curved fold hinge lines and folds 
with eye·shaped cross·sections - 'sheath folds'. 
These are formed ;I,ld deformed in a shc:u zone. 

I,) --

Fig. 6.25 Kinematic indicnon for simple 
shear deformation. (a) Sigmoidlll feldspar por­
phyrobbsts with tails of reu ystalhstd feldspar 
trailing into the foliation and producing asym· 
metric augen structurt:s. (b) Pragmented ;lugen 
showing antithetic' slip on fracture plant:s in 
the grllin, (see Simpson and Schmid, 19B3, for 
detai ls). 
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are strongly curved and sheath folds 
are produced (Fig. 6.24), typically 
with 'eye'. shaped cross-sections. 

6.8.1 Sense of shearing in shear Zones 

The correct evaluation of the sense 
of shear in shear zones is vital in 
structural mapping, e.g. to deterllline 
whether a mylonite/s hear zone is 
extensional or contractional. 

The field criteria that ma y be used 
(with cate) as kinematic ind icators 
to deduce sense of shear arc listed 
below. 

1 En-eclle1on tension gashes (Fig. 
6.20); 

2 Orientations of fo liation (Fig. 
6.21); 

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

4 Asymmetric augen structures 
(Pig. 6.25a); 

5 Broken and di splaced pebbles, 
g rains and crystals (rig. 6.25b); 

6 C and S fahric relationships (Figs. 
6.26a & b); (C = shear surface 
sub-pa rallel to shear zones; 
S = schistosity surface) . 'l'he 
orientation ; r S surfaces which 
occur between the shear surfaces 
is antithetic to the sense of shear, 
i.e. against it. 

7 Development of shear bands in 
homogeneous, strongly foliated 
'rocks (Figs. 6.27a and c). 

--
Fig. 6.26a Th~· gcomctry of C. and S fabnc.~ 
~$ 5ten in shear ""ones. The C pl ~t1 c IS tht; shl:ar 
lane and S is the schistosi ty plane. The C plane 

~as aD extensional gcometry with reSpc'Ct to the 
sen,e of shear. (Fig. 6.26b on p. 112) 

I.) 
0 , 

shear band -'_, 

Fig. 6.27a Shear band development m 
strongly foliated roc ks, e.g. myloOltes. (a) Ratt­
ening produces con lugate low-angle shear 
b..nds which li f t approxirrulldy 30' to tht: 
mylonitic foli llTion; (h) $imple ~hear geometry 
produces a single shear hand orlemat lOn ­
SOmetimes called an t xtensional crenulat ion 
cleavage. Shear uanJs are important il"ldicaf()rs 
of the sen~e of shea r in mylonitic rocks. (Fig. 
6.27b on p. 112) 

Note: The sense of shea r is beSt 

determined \l sing criteria t ,2,3,6 and 
7. Criteri,\ 4 and 5 need to be very 
carefully examined and many obscr~ 
vatioos made before 1 he sense of 
shear can be reliabl y ascertained. In 
addition to the mesoscopic fabric 
elements which allow determination 
of the sense of shear, microscopic 
analysis may also allow the sense of 
shear to be analysed. Shear zones or 
mylonitic foliations should therefore 
be sampled (oriented samples, sec­
tion 2.7) fo r laboratory anal ysis. 

6.9 Mapping shear zones 

Where possible the factors listed 1Il 

Table 6.6 should be measured and 
recorded. 
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Table 6.6 Data to be coHectcd from observations on shear zones. 

Str/le/llre 

Brittle shea r zone 

....... gouge '..,ric: 

1fC,) , 
~: ~\ , -' 
~ 

'-

WI}{l! 10 l'vleasure 

Orientation of shear zone 
boundaries (Figs. 2.5-2.8). 
Orienta tion of Riedel fractures Rt 

and R2 (fig. 6.19. & Figs. 2.5-
2.8). 
O rientat ion of fab ric in fault 
gouge. (Fig. 6.8) 
Orientation of"P fract ure (if 
developed). (Fig. 6.19) 
(Add ition:t! data - orientation of 
st ructu res ou tside shear zone). 
(F;g.6.23) 

Orientation data on conjugate 
array. (Fig. 6.22) 

If/ hat Observations to R ecord 

Nature of shear zone. (Fig. 6.1 9) 
Width of shear zone. 
Fault rocks developed. (Fig. 6.18, 
Table 6.4) 
Veining andfo r prcssurc­
solution. (Fig . 6.23 and 7.6b) 
Fracture orientations relative to 

shear zone. (Fig . 6.19a) 
Sense of shear, (Fig. 6.19a) 
Displacement. . 
Structu res outside shear zone. 

Obse n 'ations on conjugate array. 
(Table 6.5) 

--. ~~~ 

Results of Alwrysi! 

St ress systems. (Fig. 6.19a) 
Sense of shear. (Fig. 6.19a) 
Displacement. 
Deformation processes. 

Stress systems. (Fig. 6. 19a) 
Sense o f snear. (Fig. 6. 19a) 
Displacement. 
Dcform~!ion processes. 
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'" 

Table 6.6 Conl'd 

St r-utlJiT't 

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

?jf} "',.: ~~~~~:~'" 
-, 

~ , 
" . En ",,~elon S 

l en.ion ,ashe 

Ductile shear zone 

" 

fal>~1iOn 

in.iet 
shear to". 

lOll,,,,,,,, 
OU'I,<Ie 

~"rlO"" 

"-"' 

IV'bpt 10 MeasJlr-e 

Orientation of shear zone 
boundaries (Figs. 6.20 & 2.5-
2.8). 
Orientation of crack tips. 
(Fig. 6.20,) 
Orientation of intersect ion of 
crack tips with shear :wne 
boundarr. (Fig. 6.20a) 
Orienta tion of pressu re- solution 
fabric at shear zone margins. 
(Fig. 6.20,) 

(A dditional data on orientation of 
structures out side shear zone). 

Orient~t ion data on conjugate 
array. (Fig. 6.22) 

O rientation of shear zone 
boundaries (Fig s. 6.21 & 2.5-
2.8) . 
Orientation of foliations at shea r 
zone boundarics. (Fig. 6.21) 
O ricntation of lineations in shca r 
zone (M L). (Figs. 2.1 1 to 2.14) 
Orientat ion/vergence of folds in 
shear zone. (Fig. 3.9) 
Strain of deformed objects across 
shear zone. (Appen dix IIl) 

(Additiona l data on orientation of 
structures outside shear zone). 

Orientation data on conj ugate 
arra ~'. (Fig. 6.22) 

IV'hat Oblert'ationl to Reror-d 

l'\ature o f shear zone. 
(Fig,. 6.20. 6.22) 
Width of shea r zone. 
Kature of veins - fib rous or 
massi\·e. (Figs. 6.20a, 7.6) 
NalUre of foli at ion in sh~ r zone. 
(Figs. 4.1 .4.2) 
Sense of shear. (Fi g. 6.20a) 
Di splacement. 
Photograph /s ketch of shear wne. 
Stni et ures outside of shear zone. 

Observations on con iug~tc array. 

Nature of shear zone. (Fig. 6.21:\) 
\Vidth 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) 

Slrain in defo rmed objects. 
(Appendix Ill) 
Photograph/sketch of shear zone. 
St ructu re outside shear zone. 

Observat ions on conjugate array. 
(T,bk 6.5) 

Remitl of A na(JlII 

Stress systems. (Fig. 6.20a) 
Sense of shear. (Fig. 6.20a) 
Displacement . 
Strain in shear zone. 
Deformation processes. 

St ress systems. (Fig. 6.20a) 
Sense of shea r. (Fig. 6.20a) 
Displacement. 
Strain in shear zone. 
Deformation processes. 

Stress systems. (Fig. 6.2h) 
SHain distribulion. 
Sense ofshear. (Fig. 6.21a, 6.26, 
6.27) 
Displacement . 
Deformation p rocesses. 

Stress systems. (Fig. 6.2la) 
Strain distribution. 
Sense of shear. (Fig. 6.2 Ia. 6.26, 
6.27) 
Di splacement. 
Dcformation processes. 
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Joints, veins and stylolites 

Joints arc 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 
(e.g., quart? or carbonate). Styl­
olites --. surfaces of dissolution - arc 
included in this Chapter because the 
development of tectonic stylolites is 
commo nly associated wid1 joint and 
vein development., 

Measurements of the orientations 
of joints, veins and stylolites arc 
made using the techniques for planar 
structures, as outlined in Chapter 2. 
Careful observations arc needed in 
order to determine the type of joint, 
vein or stylolite, and in particular, to 

determine the relative age rela.tion­
ships between various joints, veins 
and stylolites. 

7.1 Types ofjoint~ 

Three basic types of joints are found 
(Fig. 7.1), 

Ddatiolla/ joint.r ex tens ional 
joints with the fracture plane normal 
to rhe least principal stress (j l during 
joi nt formation (Pigs. 7.1a & b). 

11 6 

2 Shear joints often conjugate 
enclosing angles of 60" or more. Th~ 
join t planes may show small amounts 
of shcar displacement (Figs. 7.1c & 
d). 
3 Co",bined shear and ex/cmion 

joints~ termed fc;brid joints which 
show components of both extension 
and shear displacement (Figs. 7.1e & 
f). 
4 Irregular extension joints are those 
in which extension occurs in all 
d irections (often due to hydraulic 
fracturing as a result of high pore 
fluid pressurcs). T his gives rise to 

irregular joint patterns (Pig. 7.1 g). 

Fig. 7.1 Joi nt types: (4) D ih:ttional (eXten· 
sional) loints. (b) Horizontal exte.nsion~l jOint 
system in sanuswncs joincu br venical cro~s­
joints prouueing H anu T intersection patterns 
(r) Shear joints. (d) Conjugate ~hcar jOl!lIS (S) 
inreuecflng af 7..," with coeval, planar, verticil 
exteMion jninf~ (e) lind joined hy less n.:gulal 
cross-jointS (c). (t) lIybrid joims - both 
dilatioll~l (e~lellsioll~l ) and shear mo\-emeIlC 
(f) J\lassive volcanics with a set of hybrid JointS 
(ilal illlCrscCI at 44°. forming an X p~nc.rn. W 
Pulntun;!1 jOlnl pattl.:rn In siltstones. IIlclic.aUllg 
c)";tl.:nsion in aU dlrectiulls under hvdrn.~(an' 
stress condltlons - high pore flUId p;l.:ssu rcs. 

least 
/' principal 

~03 stress 

exter'lsior'l 
join t shear joint 

(c) (c) 

nybrid joint 



If joints are planar, and parallel to 

sub-parallel so that they form sets, 
the joints are said co be ~J1lema/ic- . 
J oints which can be traced tens and 
even hundreds of metres are tt::rmed 
//Jasler joints. Joints which are an 
order o f magnitude smaller hUl still 
well-defined , are called /I/ajor joints. 
Smaller joints occur at all scales 
down to microscopic. 

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

7.1.' Analysis afjoints 

1 Extension joints can be simply 

analysed by plotting the trace of 
the joint plane and its pole on 
a stereographic projection. The 
direction of G ) is the pole to the 
joint plane w~ich contains the 01 

and U 2 axes (rIg. 7.2a). Ex tenSion 
joints alone will not give a t and 
Gz urienrations - other dynamic 
indicators sU(.:h as vein fib re 
orientations are needed. 

2 Shear joints commonly form 
conjugate arrays whose angle of 
intersection (~) is greater than 
60°. Plotting these 011 the stereo_ 
graphic projection (rig. 7.2b) 
shows that tht: line of it1terSection 
of the planes is the G2 axis. at 
bisects the acutc angle hetwcen 
the joint planes and G) is at 90' 
to both a l and 0 2 (Pig. 7.2b). 

extension maximum principal stress " 

(a) 

intermediate principal stress 

shear 
joints 

(b) 

trace of extension 
joint plane 

cr, 
leasl 
principal 
stress 

", 

" 

hanging-wall 
down 

" 

{Equal Area Lower 

" 

Hemisphere Projections) lJ) 

" 

trace of 

Fig.7.2 Dynamic (stress) analysis of joi nt systems: (01) Extension ioin{~ ~h()wing development 
90· to (1 ); (b) Shear joints showing that (T , bi$ect~ rhe acute :Ingle formeo by the interscction of 
conjugate joint planes. T he stcteographic projections show the PJoi~c tion~ of Ihe jOlOl planes, tht 
projections of the principal sueSs di rcctions and the movement dirc({lolls on the shear joints­
solio half circle indicaTes hanging-wall dowll. 

11 8 

Fig.7.3a Plume stn.letl,lr~s un a joint surface in glacial clays. 

Fig.7.3b Rib marks on a joimed sandstone 
surface. 

3 Age relationships between joints: 
younger joints generally ahutt 
against and do not cut older 
joints. T ypically 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. 

7.1.2 Joint surf acts 

Surface marki ngs on joints are com-

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

7.2 Joints in fo ld and fault 
system s 

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 cxhibit the joint and mt:su­
scale fault systcms shown in fig . 7.4. 
Extensional fracture systems arc 
commonly parallel or normal to the 
foFd axis (Pig. 7Aa & b). Con­
tractional structures such as small 
thrust faults and stylolites in a fold 
sys tem are shown in Fig. 7Ac. Shear 
joim systems are commonly 
developed on t.he fold limbs. 
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(a) 

(b) 

Ie) 

E x tension 
(a-c) 

E XTENSION STRU CTURES 

CONTRACTION STRUCTURES 

Bedding parallel 
Stylolites 

--

Contr action Faults 

Normal To 

Bedding Plane 

SHEAR JOINTS 

Fig.7.4 Joint. fncturC", IIUllor fault palt(;rns and styluhu;s devdup!:d!ll a cylindrical fold S)'slem 
(note Ihal the tectonic axcs (/. b and (vary around the fold): (0) EXlen~lonal structurcs. Some loints 
Me infilled with vdn lIuartz, (b) Contractional ,truclUres. (t) Shear joints and fractun:s. 
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Non-cylindrical fold systems (Fig. 
3.7) have a fracture arch itecture tha t 
is contro lled hy the variation of the 
stress system and hence slip d irection 

or0ll11d tbe fold. This is ill ustrated in 
r ig. 7.Sa and an example shown In 

Pig.7.5b. 

sl ip di rection 
Sl ip direction 

S Shear join ts 
e Extension joints 

fig . 7.Sa PraClUre patternS developed around a non-cylindrical fold. Note th:at Ihe conjugatc 
shear fnClures (8) and cxtension fractures (e) V1Hy with slip di rcction around Ihe fold . 

Fig.7.Sb Example of a nnn-cylindrical fold in si ltStones, shuwing development ufshear fractures 
(s) and extcnsion fraclllres (e). <'~ 
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7.3 Veins 

Many complex forms of veins arc 
found, but those which form regular 
arrays can be measured and analysed 
in a similar fashion to joints. Many 
veins contain growth fibres wllich 
record 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 a., 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 ,:,e in (shear and extensional 
componcnts of movIOment) showing the 
developmcnt of fibrous q uartz crystals as an 
infilling. 

122 

3 The fibre axis in fibrous veins i~ 
approxinhtely parallel to the (J 

orientation at any stage durin~ 
the fibre growth. Hence curved 
fibres in undeformed veins reflect 
the change in vein orientation 
with respect to the (J3 axis (Pig. 
6.20). 

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

Veins indicate high, albeit tran_ 
sient, pore fluid pressures during 
deformation and are commonly 
associated with pressure-solution 
seams (Fig. 7.6b). Vein orientations, 

Fig. 7.6b Quartz veins ,in a sinistral shear 
zone showing <..:haracteristic sigmoidal shape 
and em by dark pr<..:ssun: solution seams. 

architecture and age relationships 
should be measured and analysed in 
a similar fashion to that described for 
joints, with the additional measure­
ment and analysis of the fihre orien­
tation in the vein system. Veins 
should be sampled if detailed struc­
tural studies arc being carried our. 
Analysis of fibre growth in veins will 
aJlow 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 vcins. 

7.4 Stylolites 

Stylolites (Fig. 7.7) are surfaces of 
dissolution associated with con­
tractional or shear strains (e.g. F ig. 
7.4c). They indicate volume loss and 
may form parallel/sub-parallel to 

bedding during 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
ated with joints and veins, and 
should be measured and analysed 
with them. They are found in many 
rock . types, including sandstones, 
and commonly occur in fine-grai ned 
carbonates. The stylolitic sea~ often 
appears dark and contains a residue 
of insoluble material (carbonaceous 
matter, clay and ore minerals) and in 
places, low-temperature meta­
morphic 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 
s~ylolite surface. 

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

2 Stylolites generally form normal 
to G], hut oblique forms may 
have the relationship shown in 
Fig. 7.8f. Stylolites oblique to (11 

may form in zones of layer-par­
allel slip and occur together with 
vein accretion steps. These are 
termed slickolites and may be 
used to determine the direction 
of movement on the slip plane 
(Fig,. 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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Sinusoidal 

, , 
- -- I . , 

(a) ' __ Stylolite Wavelength _ , 

at Square Waveform v.v 
Ie) 

~
uspate ", 

W 

(d) 1-- a, 

~ 
(e) {I a, 

(g) 

Fig. 7.8 Examples of srylo lit~ archi[~cture, 

showing its relationship ro The 0", clir~cti()n. (a) 
sinusoiclal waveform showing wa"eiengrh and 
amplitude; (b) saw-rootl, waveform; (c) square 
waveform; (d) cuspat~ waveform; (e) irregular 
waveform; ({) obli<]ue saw·tooth waveform 
with 0 , inclined to the stylolite plane; (g) slick· 
clites showing the Shearing along the stylolite 
p lane to remove the asperit i ~s (bumps) by pres: 
sure solut ion and deposit ion of vein material ill 
the hollows (see Fig. 5.6c). 
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Description and measurement of 
stylolite plane orientations and the 
orientation of the stylolite cOIUttlOs 
will give valuable information On the 
microstructural history of the OUt_ 
crop. 

7.5 Mapping joints, veins and 
stylolites 

In areas of complex structure, joints 
are generally not represented on the 
geological map, but they may be 
measured and recorded in the field 
notebook for subsequent analysis. In 
folded rocks, joints are best analysed 
in areas of uniform dip, i.e. on fo ld 
limbs (Fig. 7.4), and where the geo­
metric relationships to the fold hinge 
can be observed directly. As well as 
the orientation, type of joint, and age 
relationships, you need to measure 
the dip of bedding, fold axes and fold 
axial plane orientations, so that the 
reference frame of r+, band c axes can 
be defined (Fig. 7.4). 

Data that need to be collected fo r 
joint , vein or stylolite analysis are 
summarised in TabJe 7.1. 
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8 
PolYphase deformation 

If an area has undergone only one 
defurmation, producing cylindrical 
fold s, then the poles to bedding are 
generally distributed in a g reat circle 
girdle (Fig. 3.2) ; minor fold axes 
show constant orientation parallel to 

major fold axes (Fig. 3.8); [he 
bedding/cleavage intersection is con­
stant and parallel to the (najor fold 
axis (Fig. 4.3); and cleavage is rela­
tive ly 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 slmclJlral1y bOllJo­

geneONI. 
For non-cylinddcal folds (pcri~ 

dina] or coni~al folds produced by a 
single deformation, Pigs. 3.6 & 7) 
we will find only parts of the map 
area that are structural!y homo­
geneous. The axial planes of the folds 
(hence cleavages) will be relatively 
constant but the fold axes will show 

systematic changes in their plunges 
(Fig. 3.6) . 

If the area has undergone mOre 
than one dt::formation, then the dis­
tr ibution of structural dements 
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 
ste reographic projection); 

2 Fold interference patterns; 
3 Folding of planar and linear 

structures that have been pro­
duced by earlier deformation; 

4 Superposition of later fabrics on 
earlier fabrics (cleavages or 
schistosities). 

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

Table 8.1 Terminology used in polyphase tcrruncs. (Note: Bedding is denoted So 

Litlfatiofl! 
Dej()rmation Fold phase Axial-planar ( inlerseclion of 

jlJ/iatilJ/I 5./5._ ,) 

Fir~1 deformation 0 , F, 5, L1 (SI/S0)' 
Second deformation 0 , F2 S, L2 (S2/S1)' 

L!l.SJs,). 

Third deformation 0 , F, 5, L J (Sl/S2) 
W(S,/S,) 
L?(SI/SI)' 

8.1 Fold interference patterns 

polyphase defo rmation is recognised 
by the interference panerns pro~­
uced in outcrops. Ramsay (1967) has 
recognised three basic end-members 
of a continuous series of fold inter­
fe rence patterns (Fig. 8.1) for two 
phases of folding, Fl and Fl' 
1)pe ' ~ 'Egg box' or 'dome and 
basin' pattern. This pattcrn arises 
when both Fl and £72 fold axes and 
axial planes are orthogonal or at high 
angles to each other. The FI axial 
plane.f remain IInfolded Crigs. 8.la 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 T ype 1. 
This occurs when the Fl and F2 fold 
axes and axial planes arc not at a high 
angle to each other and the FI and F2 
axes are not coaxial. The F l fold axial 
plane.; are folded. ( Fig. 8.1b, 8.2h) 
Type 3- Refolded fold pattern where 
the folding is coaxial but the FI and F2 
axial planes afe at a high angle. Fl 
fold axial plants are folded. ( Fig. 8.1c, 
S.2e) 

In many cases fold interference 
patterns are 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, Fl and 
F2, the following are found: 

8.2.1 F 2 fold axes 

The orientation of the F2 fold axes 
will depend upon the orientation of 
the FI/old limbs. 

1 If the PI folds were isoe/inal then 
the F2 fold axes would be rela­
tively constant. 

2 If the PI folds were flot isoclinal 
than F2 fold axes would vary 
according to the o riemation of PI 
fold limbs. In many cases the f 2 
folds are of smaller wavdength 
than the earlier F, folds, and here 
the F2 axes will define domains 
of constant Fl orientation cor­
responding to particular limbs of 
lhe F, fold, and hence enable the 
loca tion of the F 1 fold hinge lines 
(Q be established (Fig. 83). 

Although you should expect sig­
nificant variations in Fz fold axis 
orientations, the F 2 axial plams will be 
relatively constallt ill their orientation. 

8.2.2 D eformation Iry F2 similar 
/oiding 

In Fz similar folding the movemem 
ma y be thought of as taking place in 
the 'al' movement direction in the 
'a2-b/ planes which are parallel to the 
axial plane of the Fz fold. Thus, when 
a planar surface containing an LI lin­
eation is affected by an Fz·s imilar.fold 
(Fig. 8.4), the lineation L l remains in 
a plane, the orientation o f which is 
controlled by the 'az' direction and 
the original orientation of the lin­
eation ~1' The angle between the 
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(a) 

First Phase 
FoldS 

Second Phase 
Folds 

Resultant 
Polyphase 
FoldSurface 

Map Pal tern on 
Horizontal Surlace 

Type t 
F2 Axial Irace 

(b) 

F, 
Axiallrace 

'Dome and Basin' 
patlem 

Type 2 

'MuShroom PaUem' 

(c) 

Type 3 

Refolded Folds 

Fig. 8.1 Fold interference patterns: (0) Type 1 patterns are formed by s\.Ipcrposition of tWO 
orthogonal fold sets and produce a dome and basin pattern on a hori7.omal map surface; (b) Type 
2 patterns produced by the superpo~ition of a lIon-rooxiol second \Ipright fold sel upon an inclined 
first -phase fold pauern. Mushroom style parterns are produced on a hori7.0ntal map surface; (t) 
Type 3 patterns produced by ((){lxial refolding of an inclined first·phasc fold by an upright second­
phase fold. Refolded folds are produced on a hori7.ontal map su rface. 
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. .. .. 

Fig,8.2a Type I 'dome anci basin' fold inter­
fe rence pa((em in polydeformed psammites, 

F ig. 8.2h Type 2 'mushroom style' inter­
ference pattern in polydeformed psammiccs. 
Field of view (0. 5Ocm. 

Fig.8,2c T ype 3 refolded fold interference panerns in polydeformed psammites. 
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'" 
~Pll*' 11mb F2 1010 
(Del.,., F2 101(11"9) 

" "';r.o, .oad _. 
~" 
lomb 

F 2 told 

uH ..... 
lioI'Ib) 

Fig. 8.3 The orientation of the ~ccund-phase 

fold axe5 (r~) controlled b,y the orientation of 
.he first-phase fold limbs. The ~tereogrll.rhi( 

projection shows the plot o f the ~econrl-phase 
fold axes Pl (crosses) ;IS a result of Ihe infer­
section of the second-phase fold (FJ axial plane 
and the nrst·phasc fold hmbs. Note that the 
polt.s 10 bedding (n plots) define 11>'0 great 
circlc:~- tht: poles to which correspond to the 
locaTions of minor fold axe~. 
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deformed lineation and the similar 
fold axis varies systematically oVer 
the fo ld h inge (rig. 8.4). Because the 
deformed lineation remains in a 
pldllf), it will be red istributed ahout a 
great circle in the stereographic pro. 
jection (Fig. 8.4). This can be recog. 
nised in the field by placing your n)ap 
board on the deformed lineation and 
attempting to line up the othe r pans 
of the li neation within the plane of 
the boa rd if they can be aligned 
then the linealions lie in a plane, and 
hence the redistribu tion was gen. 
erated by similar style folding. 

8.2.3 De/orlllatioN kY F 2 f1exural slip 
/oftling 

Tn this case the orientation of the 
lineation L J changes as the layers 
slide over o ne another (folding is 
parallel but the lineation retains a 
constant anglc to (he F2 fold axis, see 
F ig. 8.S). Hence the lineation will 
adopt a curved form and plot as small 
circles un the ste reographic pro· 
jection (Fig. 8.5). (Note that t he twO 
cases described above arc end· 
members of a spectrum of fold mech· 
anisms, see Ramsay (1967) for a fu ll 
discussion. ) 

8.3 Sub-areas 

In a mapping area where polyphase 
deformat ion exists. [he subdivision 
into strtlc/f(ral(y hO!llogtlleous SII/;-artas 
is esstlltial in o rder to anal yse the 
o ve rall structure. Mapping should 
always be t.:arried out with thi s in 

0, 

50 

Ljneation l1 on 
Bedding Plane So 

" 

tb' A " -f· 

LIneation fOlded I)y 
Simi lar styte fold ing 
A- 8 pl,lIle cont~inlng 
deformed lineations 

0, 

N 

b, 
++ .~, 

".(. 

-~~ . . :~.tf~:' -. C2 

'i:. 

So Bedding 

I I l ineation 

..... 

Pig.8.4 F2 ~imiJar style folding, redistributing an earlier LI imersection lineatio n. L) n:mains in 
a plane that eomaim the second·phase movement axis Ql. The Slereographie projection shows the 
distribut iun uf Sg (solid circles) by F2 and the redistrlbutlun of L, (crosses) in a great I:l rde. The 
le<:lOnle axes Q2. b2 and (: for the seeund ddorm ... tion :lte also shown. 

mind, and you should attempt to 

divide your area into structurall y 
homogeneous sub·areas whilst in the 
field. Only then C:l.l1 you seck out key 
exposures to conFu·rn or disprove 
your interpretation. 

Analysis of sfmc/llral data u.ring the 
stereographic projection dlom is inad­
equate in areas of polyphase deforlNdtion 
bt(all.re this mtlhod does not take into 
account the geogrophic locotion of struc­
tllres. 

Division of a mapping area into 
structurally homogeneous sub-areas 
is based upon defining the followin g: 
1 Areas where there is a constant 

orientation of a particular gen­
eration of li neation (Fig. 8.6); 

2 Areas whe re there is a constant 
orientation of a particular foli ­
ation plane; 

to ld axis" 

/ 

, , , 

, 
, , , 

redistribution 
01 l ineations 
about a small 
ci rcle 

second-phase fold axis 

Fig. 8.5 P:/lexunl slip folding, red is lri buting 
an 1'1 lineation which produces a small cuclc 
pattern in the stereographic projection. 
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3 Areas where there is a constant 
fold axis orientation, Fl or F2 etc. 
(F;g. 8.6); 

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

Sub-areas can be determined by 
inspection from a map, i.c. rec­
ognition of interfe rence pacrerns and 
changes in lineat ion orientations 
(Fig. 8.6). They call be analysed by 
careful plotting of data on tht: stereo­
graphic projection, taking great carc 
to distinguish the geographic location 
of the data on the stereo graphic pro­
jection. 

8.4 Mapping p o lyphase terranes 

When mapping in terranes that show 
evidence of polyphase deformadon 
the following procedure should be 
adopted. 

1 ldentify anrl descrihe tht: fold 
styles and collect data as 
described in chapter 3 and Tahle 
3.4. 1n particular examine out­
crops for tvidtncc: of interference 
patterns (Figs. 8.1 and 8.2) 
and overprinting telationships; 
examine fokl hinges to determine 
cylindricity (Fig. 3.7) and to see 
ifline:Hions arc folded arou nd the 
fold hinges. The style of folding 
<lnd of interfc:xence relationships 
will usually be reflected in the 
outcrop patterns on your map 
and in your cross·section (sec 
9.2). 

2 Observe the cleavages present in 
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the outcrops and wHeet the 
~ppropriate data (Tables 4.1 and 
4.2). In particular look for super. 
posit ion of cleavages and foliages 
and record age relationships 
(youngt=r cleavages CUt olde r 
cleavages). Map and record the 
orientations of the cleavagesj 
foliations th roughout the map 
area. 

3 Observe, map and record the 
structural relationships (Tahles 
5.1 -5.3) of thc lineations 
developed in the map area. In 
particular distinguish between 
intersection lincations paralltl to 
fold axes and mineral stretching 
lineations often at high angles to 
the fold axeS. Identify lineations 
associated with particular fold 
phases. 

4 Map out lithological boundaries 
to determine whether inter­
ference patterns (Pigs. 8.1 and 
8.2) are developed. 

5 Identify sub·a reas in the field. In 
particular the orientation of 
intersection linealions (parallel to 

fold axes) is most often used to 
define sub-areas (Fig. 8.6) hence 
you must systematicall y map and 
record lineation data in your map 
area. 

Table 8.2 summarises lhe structural 
data to be collected in polyphase ter· 
ralles when twO major phases of 
folding ate present. I f more than tWO 

deformation phases can be rccog­
nised then structural dala for (he sub­
sequent foliations (5:;, 5~ etc.), 
lineations (L:;, L4 etc.) and minor 
folds must also be collected. 

.. ~. 

35- 190 

n 
L::J 

D 5101 •• 

~'«J 8<Mldma 

18-1«J MIflor FoIdA.; ••• Fl 

~ 
19-'4' B.dd;nglCI .. v.~. 

lnl,rwa;on _ L1 

Fig.8.6 Map of sanJstones and s l~{ es showir'lg rnlyrh\l.~e fnidir'lg. Suh-\l.rcas \l.re identifieJ \,Isin~ 
uniformity of thl: plunge of F, minor fold a:o:es and the- L, beddins/cleavage intersection lineatIOns 
(gem:rateo hy F, folding). Note that the sub·area boundaries define the t races of the F2 fold aXlal 

surfal:cs. 
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9 
First steps In overall 

interpretation a.nd analysis 

This chapter is a brief introduction to 
the interpretation and analysis of 
field maps, of field structu ral 
observations and orientation data . 
1'he construction of cross-sections 
and report wntmg are reviewed. 
Throughout this Handbook 
emphasis has been placed upon: 

(1) accurate and detailed description 
of structures; 
(2) accurale measurement of 
structures; 
(3 ) identification of structural style 
- often reflected in the mmor 
strucrures (fable 1. t, sections 3.9 
and 8.4). 

During your mappmg 
programme, whilst still in the field , 
),ou must always carry Out an 011-

going interpretation of your map and 
structural data, and construct draft 
(preliminary) cross-sections. ' These 
will enable you to identify key 
problem areas and collect additional 
information necessary for a more 
precise interpretation. 

9.1 Map patterns and map 
in terpretat ion 

Your geological field map and field 
notebook contain the essential data 

~pon which the structural 
interpretatIon IS based. When you 
have mapped a signi ficant part of 
your area you should begin your 
interpretat ion and analysis using the 
fo llowing procedure (nore that the 
interpretation shou ld be contin ': 
uously updated and modified whilst 
you are in the field) -

t In the field, p lot OntO your 
topograph ic base map all of the 
outcrop localities and the 
appropriate structural data. This 
may involve plotting from aerial 
photograph overlays uSing the 
correction techniques outlined 
by Barnes (1981). This field map 
should be an outcrop map that 
also shows boundaries observed 
in the field (Fig. 9.1a). This and 
the notebook are critical as they 
allow you to assess the geological 
data basc - how much exposure, 
where, and what structural data 
have been measured. 
Plot on your field map the axial 
surface traces of major folds, the 
plunges of major folds (derived 
from stereographic analysis -
Fig. 3.2) and plot the major fault,s 
(Fig.9.1a). 
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2 Construct a contact or boundary 
map (Fig. 9.2b) by extrapolating 
observed boundaries and 
interpreting your field map. This 
should take Into aCCOUItt the 
structural sty le of the area 
(sections 3.9. 8.4 and Tab le 1. 1). 

3 If a cleavage or cleavages arc 
developed you should construct a 
cleavage or S surface map (in this 
example, Fig. 9.1c - the cleavage 
map has been combined with a 
lineation map) that shows 
cleavage orientation e.g. SI> 52' 
This kind of map is extremely 
useful in polyphase terrancs as it 
will indicate refolding of ea rlier 
cleavages, rotation by shear zones 
and orientations of the fold axial 
surfaces. 

4 Construct a lineation map (in Fig. 
9.1c cleavage and lineation maps 
arc combined) which shows the 
distribution of linear st ructures 
- minor fold axes, intersection 
lineations and mineral stretching 
lineations. This is essential In 

areas of polyphase fo lding In 

order to establish structurally 
homogeneous sub-areas (sec 
section 8.3 and Fig. 8.6). 

5 ConstnlCt a summary stmctural 
map (Fig. 9.1 d) on which the 
major faults and folds are 
extracted from the field map and 
plotted on a transparent overlay. 
This often aids interpretation and 
allows the fault and fo ld systems 
to be analysed (see chapters 3 and 
6) . 

6 In areas where more than one 
phase of deformation has been 
identi fied, sub-areas should be 

identified and their boundaries 
plotted On the contact of 
boundary map. Analysis of 
orientation data from structurally 
homogeneous sub-areas (section 
8.3) will allow major fold plunges 
[0 be plotted on the map. 

7 Construct preliminary cross­
section(s) (e.g. Fig. 9.1 e) using the 
techniques oudined in section 9.2 
below. 
Map interpretation and cross­
section construction are inter ­
active processes that must be 
carried out together. 

Note: (a) Topographic effects on the 
outcrop pattern must always be taken 
into account. For example Fig. 9.2 
shows the effects of topography on 
the location of fold axial traces, 
particularly for plunging folds where 
the axial trace is located upslope away 
from the position of maximum 
curvature in the outcrop pattern (Fig. 
9.2/) . 
(b) The idealized fo ld inteJference 
patterns shown in Fig. 8. 1 are for 
both sets of folds having the same 
wavelength and amplitude. This is 
often not the case and commonly the 
second set of folds will be smaller in 
wavelength and amplitude than the 
first set. Thus the interference 
patterns will be modified from the 
textbook case as shown in Fig. 8. 1. 
e c) In areas where direct measurement 
of the orientations of large planar 
features such as faults , unconformities 
and planar contacts are not possible, 
construction of structure contours will 
enable the strike and dip to be detcr~ 
mined (Fig. 9.3) and hence provide 
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Fig. 9.1h Boundary or contact map constructed by interpreting Fig. 9.1a above. Stratigraphic contacts and st ruCtUr3] 

features have been extrapolated between outcrops. legend and sy mbols are the same as in Fig. 9.13. 
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Fig. 9.k CI~avag~ and lineation map constructed from Fig. 9.l a. Lines indicating the trend and dip of the cleavage' are 
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Fig. 9.le Prelim inary cross-section along A-B (Fig. 9.1b). Cleav ages and fault movements are 
shown. Legend is the same as Fig. 9.1 3.. 

valuable data for the cons,U1.1ction of 
cross-sections. 

9.2 Cross-sections 

Cross-secrions are an essential part of 
a structural synthesis. During 
mappmg skerch cross-sections 
(approximately scaled) should be 
drawn in your field notebook (Fig. 
9.4), and preliminary, corn~cdy 
scaled cro.~s-sections along traverses, 
etc. should be made as part of an 
on-going interpretation. All 0"055-

sections should show the form lines of 
all structural features So, S1> 52 etc 
(e.g. Fig. 9.1<). 

The cross-sections representing the 
final interpretation for your report 
should be drawn with as much care, 
and have as much detail a~ your map. 
They should be constructed using the 
following procedure -

Determine the structural grain in 
your area - is there a dominant 
set of folds or a domi nan t set of 
faults - e.g. one major direction 
of thrusting ? If folds are the 
dominant structures determine 
the plunges of the major folds 
(s tereo graphic analysis - Fig. 
3.2). If thrust or normal faulting is 
the major feature determine the 
direction of slip - i.e. the 
movemenl direction (see section 
6.2). Always carefully locate your 
line(s) of section so that they are 
- (a) perpendicular to the plunge 
of the major fo lds; or (b) paraHel 
to the slip directio n of the major 
faults (ie. parallel to the direction 
of tectonic transport) . 
In some polyphase terranes 
where there is more than one 
direction of major folding, it may 
be appropriate to construct 
additional cruss-sections per­
pendicular to the axes of the 
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Fig.9.2 Outcrop panerns of folds. showing the effects of topograph y on the map paue~ns: (a ) 
horizol).t~1 upright fo ld in the profile plane; (b) horizontal upright fo ld exposed on," ho~:wntal 
surface; (e) horizontal upright fo ld in (foss-section in an area of topogr~phlc r~hef; (d) 
horizontal upright fo ld exposed in an aTea of topographic relief; (e) plungm~ upnght fold 
exposed on a horizontal plane surface; if) plunging upright fold exposed III an area of 
topographic relief. Note the displacement of the fold axial trace. upslope. fr,om the surface 
closure on the map. (Adapted from Rag:", t 985 and reproduced wah permiSSIOn.) 
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Fig. 9.3 ConStruction of structure contours and determination of the dip and strike of a 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: thrust plane 
intersects a panicular topographic contour e.g. 700 metres. The 700 metre: structure comour 
(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 'lnd 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-seccion 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 P = 18°,and the dip can be calculated from the cross section - angle of dip. = tan o·s = 
26·6". Strike of the thrust plane is 018° north east and dip is 26·6" (i.e. 2r) 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 -
i.e. perpendicular to the tectonic 
transport direction in order to 
highlight along strike variations. 

2 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 (sec 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 ve rtical 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 illu~trate 
complex structures. , 

4 Plot all 5 surfaces (So) 5j, 52 etc.) 
on the cross-section. Mark on the 
movement directions of all faults. 
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Fig.9.4 f ield Sketch cross-seclinn through folded pelites and pasmmites. Note the form lines 
for bedding (So), and cleavages (51 and 52)' Horizontal and venical scales arc approximalely 
equ'l l. 

5 Plot younging, vergence and 
faci~g 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 refl ected in the minor or 
mesoscale structures in outcrop. 

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

9.2.1 Vertical cross-scc/ian! 

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 fo lds, 
however, in areas of plunging folds 
vertical structure sections give 
distorted views of the folds. In this 
case down plunge projections arc 
required to give inclined structure 
sections normal to the fold axis- i.c, 
in the profile plane of the fold s. 

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 oricntation 
information and fold structures of 
interest. Once the line of section has 
been chosen, A-A ' on Figure 9.5, a 
topographic profi le is const ructed 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 t.he line of sect ion, 
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 S 
surfaces (51 ) S2 etc.) as well as bedding 
and formation contacts should be 
plotted on the section (Fig. 9.4). 

9.2.2 Inclined slructure Jution.! 

Where the folds are plunging, cross­
sections should be constructed 

" t 

A 

normal to the fold axis - i.e. in the 
profile plane of the fo ld. These are 
inclined structure sections The 
fo llowing steps shou ld be taken fo r 
constructing inclined Structure 
sections in which the orientation and 
boundary data are projected down 
the plunge of the fold; 

(1) Determine ~e trend and plunge 
of the fo ld aXIs usually using a 7r 

pole diagram. 

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

(3) If there is little or no 
topograph y then individual points 
can be projected onto the plane of 

, , 
I :: I I 1 I I I II I I I II I I III I I I I I 
I II I I I I I I I I II I II I I III I I I I I 
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Fig.9.5 COnstruction of a cross-section through non -plunging folds. Topographic contours 
are projected Onto thc line of section to conStruCt the topogr'lphic profile. The bedding dip 
angles are then projected onto the topographic profile, and the section is consuucred (in this 
case usuming a near chevron fold style and constant bed thicknt:ss). Horizontal scale equ'lls 
vertical scale. 
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the cross-section - using the 
formula: 
di = dm (sin a) (Fig. 9.6c), wheredi 
is the distance down the inclined 
plane, dm = map distance and 0: = 
plungc of the fo ld axis. This 
projection is carried out for each 
point c.g. point P to P' on the map 
until a down plunge projection of 

(al Fold plunge 

;" (dl 

the fold is constructed (Fig. 9.6d). 
(4) If there is appreciable 
topognphy (Fig, 9.60) then 
structure contours must be drawn 
for the line of section on the map 
and also on the inclined structure 
section (Fig. 9.6e). Then the above 
formula (Fig. 9.6c) can be applied 
us ing the distance dm as the 

Une of Section 

(b) 

(e) 

",. 

Parallel 10 
lold plunge 

" 

Plane of 
cross· section 
(profile plane 01 
lold) 

Une of 
Cross·section 

Cross-sect ion 
(Profile) Plane 

Fig.9.6 Construction of a down-plunge projection through a plunging fold (i .e. 30~ to 040°). 
(a) Map view of the phmging fold on a hori7.0ntal surface. The [inc of cross-section X-v is 
drawn at 90" to the fo ld plunge. (b) 3D view of the plunging fo ld 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. dm is the distance (parallel to the fo ld plunge) on the map 
plane between point P and the line of cross-section. (c) Geometric wntruction to calculate the 
distance d" by which P muSt be projected down the cross-section plane to point P'. (d) 
Resultant down-plunge projection of the fold in the plane of cross-seaion that is 90"to the fo ld 
hinge line. (e) 3D view of the projection of point P from a surface with topographic relief. 
Structure comours of tht: 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 thc 
section plane and the cross-section 
constructed as before. 

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

9.2.3 Ba/anced cross-sections 

Balanced cross-sections are generally 
constructed for deformed 
sedimentary sequences 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 aISump/ions for balancing 
(rOJJ-sec/ions 

(l) Sections are constructed 
perpendicular (0 the fold axes -
i.e. down-plunge projections. 
(2) Sections are consrruclcd 
parallel to cllC tectonic transport 
direction . 
(3) We assume no voLume loss (or 
gain) during deformation. 
(4) \Y/e assume that there is little 
elongation or contraction in thc 
strike direction - perpendicular 

to ~he tectonic transport direction 
- Le. no movement in or outof the 
plane of the cross-section. 
As a corollary we assume that there 
is a state of 2D plane strain in the 
section parallel to the tectonic 
transpon direction. 
(5) The area of the deformed 
section is the same as the 
undeformed area - i.e. no area 
change. 

The nen result is a geometrically 
feasible cross-section · that IS 

restorable. The restored section 
shows the original stratigraphy and 
the fault trajectories. 

There arc 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 piece 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 qos--s­
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 CUrvlmett:r' for measuring line lengths 
on maps and cross-sections. 

fo ld plunge of the majo r 
structures); 
(2) Determine the stratigraphic 
thicknesses in the area and 
construct a stratigraphic template 
(Fig.9.8b). 
(3) Establish a pin line - where 
there is no interbcd slip and the 
beds are pinned together. The pirl 
line is usually located in the 
foreland (Fig. 9.8b), where there is 
no deformation, or on the ax ial 
surface of the anticline. 
(4) Measure away from the pin line 
producing a restored section at the 
same time as construct ing the 
balanced section. The restored 
section should have no gaps or 
overlaps and the fault trajectories 
should be reasonable (Fig. 9.8c). 
For staircase fau lt geometries the 
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ramp angles of faults should be less 
than or equal to 30°. The Cross_ 
section should end on a pin line as 
shown in Fig. 9.8c. 

9.3 Report writing 

An essential element of the structural 
mapping programme is writing a 
repon 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 inte rpretatiom of 
the st ratig rapl, y, sedimentology, 
metamorphism and igneous rocks, 
the following: 
1 Descriptions of 

slf\lcrural features 
fault patterns. 

the major 
- fo lds an1 

2 Descriptions of each of the 
structural elements and of thei r 
geographic distributions - e.g. 
So. Sit 52 etc., LJ> Ll etc. and 
minor structures - fo lds and 
fau lts; 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 forthe division ofthe 
map area into sub-areas of 
structural homogeneity (Section 
8.3). 

5 Relacionships between defonn­
arion and metamorphism; in part­
icular descriptions of metamorphic 
minerals and their relationships to 

tectonic fabrics and of fault rocks 
(see Fry, 1984). 
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Fig. 9.8 Const ruction of a balanced cross'SC(lion through a simple fold-thrust structure. 
(a) Field data is plotted on the topographic profile (using down plunge projections (Fig. 9.6) and 
apparemdips (Appendix 1) where required). Beddingdips, lithological and tectonic boundaries 
are shown together with the location of a measured section used to determine stratigraphic 
thicknesses. 
(b) Balanced section conStructed at the same time as the restored section - Fig. 9.8c. The 
stratigraphic template - Fig. 9. 8c, was based on the measured section (Fig. 9,8a). The section 
has been balanced using line length balandng and the assumptions outlined in the text (section 
9.2.3). The from pin linc has becn placed in the undeformcd foreland and the end pin line has 
been placed in a convenient segment of stratigraphy at the western end of the section. Faults 
have bcen projected to depth using their surface dips. 
(c) Restored section on the sL:ltigraphie templ.lte. The thrust fault trajectories ;tnd the front and 
end pin lines are shown . 
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6 Relationships to regional 
structures <lnd a synthesis of the 
structural evolution of the area. 

7 Stress <lnd str<lin analysis based 
upon measurements of fracture 
patterns <lnd deformed objects. 

8 Kinematic analysis - tectonic 
transport directions and structural 
evolution (e.g. dominant move­
ment patterns of thrust faults etc.). 

150 

Your report should be fully 
illustrated with maps, stratigraphic 
columns, cross-sections, fully 
annotated diagrams and photo­
graphs. 

Good luck! 
References and further reading 

Rifertnm 10 lake 10 the JitM 

B.>,.RNES, J. \Xl., (1981) Btu;f Gfolog;fal Mapping. (; cological Society of London lIand­
book Series, I. Open UniversIty Press, 112pp. 

BOHR,S., and ELuoTr, D., (1982) ' ThruST sYSTcms'. Bullt lin of the Ameri(an AssociatiON 
of PetroltuJJJ Ge%giJls, 6(" II % 1230. 

D A VIS, G. H., (1984) Slnl(llIral Ceolo:1,) of Rocks and Regions. New York, Wiley, 492 pp. 
FRY, N., (1984) T/;I' h·dd f)ucriplion of Meltl!Jlolpbir Rocks. Gcological Society o f 

London Handbook Series, 3. Open University Press, 110 pp. 
HANCOr. K, P. L., (1985) 'BriTTl e rnicrotcctonjc~: principles a n d practice'. JOllrnal of 

.\"Irlletllral Geology, 7, 437 458. 
PHILLIPS, f.c.. (1971) Thf Uu of Slereographic Pro/eelion in Simc/ural C;eologr. 3rd ed. 

London, Edward Arnold, 90pp. 
RAGAN, D. M., (1985) Slructllral et%g)': an /nlrodflcl;on 10 Geometric -fulmiqllu . . 1rd ed., 

New York, Wiley, Ynpp. 
THORPE, R. S., & BKOWN, G. c., (1985) The " ieM /Jucriplion oj Igneolls l{ock.s. (;cologica l 

Society of T .ondon Handbook Series. 4. Open University Press, 162 pp. 
TUCKER, r>. L· E., ( 1982) The Field Dum/Ilion oj S ed/menta,), Kocks. C;eological SociclY of 

London Handboo k Scries, 2. Opcn University Press, 124 pp. 

Furtber reading 

ANOF.RSON, E. i\f., (19:;1 ) 'fbe Vymlf!l;f! of Faujting. Edinburgh, Oliver and BoyJ, 
241 pp. 

UADC. ELY, P. C, (1%9) Structflrlll Alel/;od! for· ~he Exp/oftllion Gl'ologl:r/. New York, 
Harper, 280pp. 

BELL, A. M., (1981) 'Vergelice: fin evalufltion'. J(II/rnal of Structural C;eology, 3,197-202. 
UUTLER , R. Wi. H. (1982) 'Thc Tcrminology of strucmres in thrust belts'. )011,.,,111 oj 

StTl/ctliral Geology, 4, 239- 45. 
DAH LSTRm.I, C. D. A., ( 1909) ' Balanccd cross sections'. Canadian Journal of iJorlh Scilmcn, 

6, 743-57. 
HOBBS, 13. E., MEANS, Wi. D. , & \'IhLLlAMS, I). F., (1976) An Outline 0fStfflctura! (;eolo,o· 

Ncw York, \'(liley. 571 pp. 
H UDDLESror::, P.J., (1973) ' Fold morphology and some gcometrical implications of 

theories of fold dcve1opmelll'. Tl!ClflnOphysics, 16, 1-46. 
P ARK. R. G., (1983) I'oun(/(lf;ons of Strut/ural Ceolu!!J·. Clasgow, Blackie, 135 pp. 

151 



PR IC.E, N. J., (1966) / '<111/1 and Joint Drl'e/opmUit in Brittle and Semi-Brittle Rod:/. O xford 
Pergamon, 176 pp. ' 

R,"l-ISA\', J. G. , (1967) l"o!tJ;ng and f'raetHrin)!, of Rocks. New York, McGraw-Hill, 567 pp. 
R AMSAY, J. C. , (1974) ' D evelopment o f chevron folds'. Geolf/gical Society oj AJllfrictI, 

DIf/lftin, 85, 174 1 ~54. 

R AMSA Y, J. G., (1 980) 'She"r zone geo metry: ;1 review'. JOllrnal of Siructural (;col0f.)', 2, 
H3~99 . 

RAMSA Y, J. G., (1982) 'Rock ductility and its in Auence on th e development of tectonic 
struc.tures in mountain bcll~', in Ilsu, K. (cd.) Mountai" Bllildi/I/I, ProceHeJ. Lond on, 
Academic Press, 111 - \28 . 

RAMSAY, J.G. & GRAHAM, R. H., ( 1970) 'Strain variation in shear belts'. Canadian 
Journal of Earth j'citnCtJ, 7, 786-813. 

R AW;AY, J. C . and H UllER, 1\·1. I., (1983) TIlt: TeclHliques of 1I.Iodern Structurnl Geolng}'. 
Volume I : Strain Analvsis. London, Academic Press, 307 pp. 

SIRSON, R. H., (1977) 'Fat;lt rnek~ and faul t mechanisms'. Jour!ltli of the Ceolo.P,ical50citty 
of London, 133, 191- 214. 

SIMPSON, C & SCH~tIO, S.M., (1983) 'An evalualion of criteria to deduce the sense of 
movement in sheared rocks' . GC(I/ogica/ .locie!y of AmeriCtl, Blilletin, 94, 12HI- 1288. 

WILSON, G. (with CoSGROVF., J.) (1982) An introduction to Small. Scale Ge%gical JtrNttllrtJ. 

Allen and Unwin, 128pp. 
WILLlA)'IS, G.D .. & CHAPMAN, TJ.. (1979) 'The geometril.:al classification of non ­

cyli ndrical folds'. jOJlrtJalo{Sfrllctllral Geology, 1, 181- 18(1. 

152 

True 
Dip 

3' 

,. 
,. 
,. 
,-
0-,. 
". 

". 
". 

- "'. ". 
<0-

W 

". 

True dip 55 ' 
57" &0' 

". 
". 
75' 

.,. 

". 

Apparent 
Dip 

112" 

,. 

,. 
,. ,. ,. 

w 
w ,,-
". ."'. ". 
<0-

"'. 
00-

N' 

00 ' 

". .,. 
". 

Appendix I 
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Angle between strike of bed!': 
and line of section 30 0 

Fig. 1.1 A no mogl1lm for determining thl; nut· dIp (ro m an apparem dip and vice ver5:l. Er.amplc: 
on a cross-section the Ilcds have an appan:nl d ip o f 40· and the line of the crOSS-$eelion is ar 30· 
[0 the strike of Ihe Ilcd~ (as :\Cen on Ihe map)-on the nomogram mark off the difference in strike 
(30·) and rhe ling le of lIppllrcnt dip (40·). lind then draw a Sfraighl line thro ugh these points to 

give the true: dip - 57' . 
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Appendix II 

APPARENT DIP VALUES (Solid lines) 

AND THICKNESS EXAGGERATION FACTOR FOR 
SECTIONS AT AN ANGLE TO TRUE DIP DIRECTION 

APPARENT DIP 

~ 

1'1 0 

~ 
2 
o 

1'25 ~ 
w 
~ 
~ 

1'5 ~ 
w 
if> 
if> 
W 
z 

\-'c-J,-\-t4c -j-2'O tj 

" \-\ "",, .. +-2'5 I-

'-c ·"'\-TC" .... 3-0 

4-0 
5-0 
7-0 

t=~-=;=~-=f:t:t:f=£~~zj 10-0 

ANGLE BETWEEN 
CROSS-SECTION AND 
DIP DIRECTION 60 0 

TRUE DIP VALUE 

TRUE DIP 45° 

Fig. ILl A graph to dcn:r;nim: the apparent dip angles (sol id curved lim: ~) and the thickness 
exaggerations (dashed curved lines) for bedding in cross-sections which are consrructed aT an ang le 
to the true dip direction (i.e. not a't 90· to the srrike). Example: fot bedding with a true dip of 45" 
aod for a cross-section oriented iolt 60· TO The dip direction; from the graph the appaFcnt dip is 27" 
and the thickness of bedding will be t .275 x the true thickness. 
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Appendix III 
5 train measurements 

Guidelines for identifying and meas­
uring the state of strain in outcrops 
or hand specimens arc briefly 
outlined. Finite strain deter­
minations in rocks may be achieved 
by measuring the distOrtions in a var­
iety of markers for which the pre­
deformation geometry is known, e.g. 
ooliths, fossils and pebbles. 

The main types of strain marke·rs 
arc: 

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

2 Initially elltpsoidal 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. 

Strain determinations may be made 
using: 

(a) direct measurement in the 
field - i.e. axial ratios of 
deformed pebhles. 
(b) photographing deformed 
objects and then analysing the 
photographs in the laboratory. 
(c) collecting oriented samples 

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 detailed 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 Pig. 111.1) in [he field, then 
direct n1easurement of deformed 
objects in t.hese planes will allow you 
to estimate the finite strain. For 
example, it. is generally accepted that, 
as a first approximation, the foliation 
or slaty cleavage is parallel to the XY 
plane of the finite strain ellipsoid, 
then measurement of the axial ratios 
of deformed reduction spot.s (Fig. 
III.2a) in the cleavage plane and on 
a joint plane normal t.o the cleavage 
(Fig. III.2b) will allow the axial ratios 
of the finite strain ellipsoid to be 
calculated in the held (Fig. 11l.2c). 

Similarly you may determine the 
deformation of pebbles in a con-
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Fig. Ill.I Tht str~in ellipsoid. The principal 
slnin d irections are X Ihc: long axis, Y ­
the intermedinc: axis and Z the short axis. The 
planes containing these ax~s are called principal 
planes i.e. Ihe ckavagt plane approximates 

, to thc XV pbne of the finite: !lInin ellipsoid. 

Fig. I11.2a Natural Slmin ellipse of a 
deformed n:duction spot o n the cleavage plane 
of a slate (i.e. the XY pbne of the finite SHai n 
dlipsoid). 
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glomerate by measuring (in the field) 
their axial ratios on the cleavagel 
foliation plane, and on joints as 
close as possible to other principal 
planes of finite strain. Deformed 
pebbles, ooliths etc. may no( have 
been initially spherical, therefore you 
need to photograph or sample the 
exposure in order to make accurate 
strain determinat ions in the lab­
oratory. 

Initially cylindrical strain markers 

In mos t cases cylindrical markers 
cannot be successfully used for strain 

Fig. lIl2b Deformed reduction spms on a 
joim plane in slate. The joint. plane is 90' to the 
slaty cleavage plane and parallel to the long axis 
of the finire strain ellipsOld; i.e. it is the XZ 
plane of the finhe Stl'll!n c:lhpsoid. 

x x 

20 

Y 1-~1~.0'--'1-_--1 

FLINN DIAGRAM 

Conslric110nal _K =1 .0 

field 

..... Plane 
SHain 

X/Y 

2.0 - -~ 
Flattening 
field 

2.875 Y/Z 

Fig. ItI.2c Determination of the finite strain 
ellipsoid from meaSurementS on the dc:formed 
reductio n SpOlS 1n Figs. IIJ.2a & h. In F ig. 
1I1.2a thc ratio X/Y IS 2'0:1. whe~eas 1n Fig. 
1l1.2b thc ratio X/Z has an avenge of 5,75:1. 
Therefore the ratio Y /Z aU! be calculated 
as 5'75{2'0=2'875;t,- rherefore X :Y;Z = 
2·0: 1·0; 0'348. 'lllese ratios are plotted on a 
Plinn diagram of XIV versus YIZ which shows 
the field of flattening and the fidd o f con­
striction (assuming no volume change~ In the 
rock). The st raight line lxtween these two fidds 
indicates a condition of plane strain when:: 
X'= l /Z and there is no changl: in the length of 
the Y Mralll axis. 

measurements except in the case of 
'Skolithos' or 'Monocraterion' 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 elliptical in 
the bedding plane-thus allowing 
measurement of layer-parallel short­
en ing in the bedding (Fig. III.3a). 
This axial ratio can be measured 
directl y in the field, together with the 
orientation of the long axis of the 
strain ellipse and the aXe! of the 
worm tubes which have beco me 
sheared in the bedding (Fig. II1.3b) 
thus allowing the determination of 
angular shearing strain. 

Known anglliar relationships 

Por single fossil forms the angu lar 
shear strain ean he calculated from 
deformed angular relationships (rig. 
111.4) e.g. deformed brachiopods, 
bivalves. g raptOliles etc. For: lines 
initially at 900 and now at an angle 
<p the angular shear strain y is cal­
cu lated as y = tan (90-<p). 

Known initial length of lines 

Boudin st ructures or deformed fos­
sils such as belemnites (Fig. 111.5) 
can be easily measured 10 calculate 
the amount of extension in the plane 
of the structure. The strain ratio is 
simply (final length- inilial 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.l Data to be collected for finite strain determinations. 

t\ 

STRA IN j\fARKER 

I::-.JITI i\ LL Y SPHERIC I\L 
OBJECTS 
Ooliths, pisoliths, 
accret ionary lapillae, 
concretIons, 
reduction spots, 
sphe rical fossils. 

::g Table lJl.l (Cont'd on next page) 

j"IEASUREME:\lTS 

MET HOD 1. DIRECT FIELD 
MEAS URESI r::NT 
1.1 Oritllfmi()" of the principal planes of the finite 

strain ellipsoid- cleavage planc= XY plane. 
plus 2 ort hogonal ioint setS if possible. r\"leasure 
orientations of the axes of the ellipses in these 
planes. (Figs. 111.1 , 111.2) 

1.2 I\·leasu rcmcnt of axial ratios of deformed 
ellipses on each principal plane. 

1.3 For deformed objects lying in the bedding 
plane measu re the orientation of bedding, 
bedding/cleavage intersection and {he ellipse 
ratios in the beddjng plane. Trace of cleavage 
defi ncs the t race of the Xl' pla ne of the finite 
strain ellipsoid. 

METHOD 2. PHOTOGRAPHING THE 
DEFOR~l ED 08 J ECTS 
2. 1 ~'Ieasure o rientations as in 1.1. 
2.2 Mark and measure orientation of a referencc 
line in each plane to be photographed~ thcn 

photograph. Be sure to record all data in your field 
notebook. 
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METHODS OF ANALYS IS AND 
RESULTS 

(See Ramsay and Huber J983) 

Combine data from the XV , YZ and 
XZ planes to obtain the final ellipsoid 
ratio X;l';Z. :-.Jote: often it will only 
be possible to mcasure the strai n 
accurately in one p rincipal pla ne, e.g. 
the cleavage-XY plane. 
Plot strai n ellipses on map and cross­
section. 

Analyse photograph in laboratory, 
using centre-centre, Fry method or 
Rf.I9J techniljuc (object's not usually 
perfectly spherical). Combine strain 
data from the three principal planes , 
as in METHOD I. 
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Table Ill.1 - (CQnt'd) 

G 

C 

STRAIN MARKER 

INITIALLY ELLIPTICAL 
OBJECTS 
Conglomerate pebbles and 
sedimentary grains. 

KNOWN lI\' l T IAL 
A~GULAR 
RELATIO)JSH IPS 
BilateralJy symmetric fossils, 
c.g. brachiopods, trilobites. 

Other foss ils-graptolites, 
ammonites. 

D KNOWN U\'ITIAL 
LENGTHS 
OF LJt"E 

l\1 El\SUR.E[\'1 ENTS 

METHOD 3. COLLECTION OF ORIENT ED 
SA.MPLE 
3.\ Record orientation of bedding, cleavage and 

bedd ing/cleavage intersection. 

3.2 i\Iark and record reference orientation as in 
Sect ion 2.7. 

3.3 Co llect oriented sample. 

DIRECT FIELD MEASUREMENT 
4.1 J..·lcasurc orientations as in 1.1. 
4. 2 As in .\:1 BTI-IOD 1, above. 

PHOTOGRAPI-II[\.~G DEFORMED PEBBLES 
As in t-. l E:T I-I OD 2, -above. 

COLLECTIOi\' OF O R1E:\JTEO SAMPLES 
:\s in I\ I ETI-IOD 3, above. 

MET HOD 4. D IR ECT F IELD 
.MEASUR EMENTS 
4.1 Measure and record orientation data as in 1 1. 

4.2 t-. l ark reference direction on surfaccs from 
which mcasu rcmentS :Ire to be t-aken---':usually 
this is the bedd ing/cleavage interscction 
lineation or eq uivalent. 

4.3 Mcasure present angular relationships (0) o f 
lines (initially at 90·) . . 

PHOTOGRAPH ING TH E DEFORMED 
FOSSI LS 

As in METHOD 2. 

COLLECTI,"G O RI EKTED SAMPLES 
As in METHOD 3. 

FOR ALL METHODS DESCRIBED BELOW': 
Measure ~d record orientation oj plane in which 
the deformed line oCCuts. l\1easun: orientat ion o j 

Deformed belemnites, crinoids. line. 
Pressu re shadows on competent 
objects. 
Boudins . 

METHODS OF "," ,\LYSIS "t'D 
RESULTS 

(See Ramsay aod I-Iubcr 1983) 

Reor ient sample in laboratory. 
(demify principal stra in ellipsoid 
planes. 
Slab along Xl'. YZ and XZ planes. 
Analyse u~ng techniques in 
METHOD 2. 

Plot Rf/t;.? diagnlm - dctcrmim: fini te 
strain ellipse fo r each principal plane. 

Combine d~ta from principal planes. 

Analyse pholOgraph in laboratory 
using Fry or Rfilf' tcchnit.j ues. 

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

As in Method 3. Ana lyse using Fry 
or R/(Q methods. 

Combmc data from the three 
prinCIpal planes, as in .I\IETHOD 1. 

Calculate shea.r str~ i ns from measured 
angles (0): shea r strain 'I = tan (90- 8). 

Usc Breddin g ra ph to calculatc axia l 
rat ios o f the strai n ell ipse in the plane 
of measurement, usua lly the bedding 
plane. 

J\nalyse in laboratory as in 
fo,·IET I-I OD4. 

i\nal}'se as in METHOD 4. 

Calculate strain (lina llcngth - initial 
lc:ngth)/(i nitiallcngth). 
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