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Abstract

A systematic view of the vast nomenclature used to describe the structures
of shallow-level intrusions is presented here. Structures are organised in
four main groups, according to logical breaks in the timing of magma
emplacement, independent of the scales of features: (1) Intrusion-related
structures, formed as the magma is making space and then develops into
its intrusion shape; (2) Magmatic flow-related structures, developed as
magma moves with suspended crystals that are free to rotate;
(3) Solid-state, flow-related structures that formed in portions of the
intrusions affected by continuing flow of nearby magma, therefore
considered to have a syn-magmatic, non-tectonic origin; (4) Thermal and
fragmental structures, related to creation of space and impact on host
materials. This scheme appears as a rational organisation, helpful in
describing and interpreting the large variety of structures observed in
shallow-level intrusions.
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1 Introduction

This overview of the fabrics and structures char-
acterizing shallow-level intrusions (SLI) is
focused on tabular intrusions recognized as
dykes, sills and laccoliths, and related types of
bodies. At the grossest scale, shallow-level
intrusive bodies are classified based on their
aspect ratio and relationship to pre-existing
structures in their host, and on their coherent
versus clastic texture. The simplest subdivision is
generally to separate dykes, with their subparallel
contacts cross cutting the host fabric, from sills (s.
1.). The latter group is further subdivided into sills
(s.s.), laccoliths, and a host of more esoteric forms
(Rocchi and Breitkreuz this volume). Sills are, for
the most part, defined as tabular igneous intru-
sions that are concordant with planar structures in
the surrounding host rocks (bedding, unconfor-
mities, or cleavage) and display large length:
thickness ratios. Laccoliths and lopoliths are also
concordant intrusions with a convex-upwards
upper contact or concave-downwards lower
contact, respectively. Laccoliths are distinguished
from sills by the non-linear, inelastic, large-scale
deflection of roof host rocks that accompanies
their emplacement, and by their generally smaller
length:thickness ratios (Corry 1988).

Because bodies such as dykes, sills and lac-
coliths develop by magma propagating along a
planar surface, either by brittle or non-brittle
failure, it is useful to acknowledge the time frame
within which we are concerned. This chapter
focuses on the interval between the arrival of the
initial magma at its propagating fracture (a time
before the igneous body was there at all) and the
cessation of magmatic activity with development
of younger fractures due to cooling (a time after
it was there completely).

This broad scope reflects the transitional role
that SLI play as an interface between the hidden
kingdom of Pluto below and the fiery realm of
Vulcan above. Although nearly all of the features
discussed here have been previously recognized
and described, including in some of the earliest
writings on geology, our organization and cov-
erage of this material can provide a framework to
visualize the formation of SLI through time and
space.

For the most part, SLI share the characteristic
of having distinctive chilled margins, a popula-
tion of phenocrysts, and generally aphanitic tex-
tures in the matrix. The simplest interpretation is
that generally euhedral phenocrysts formed prior
to arrival at the final emplacement level (Mock
et al. 2003), and that solidification of the melt
phase was rapid. Exceptions include thick mafic
sills that are characterized by phaneritic textures,
often with evidence of layering attributed to
in situ gravity settling (e.g.: 350—450 m-thick
Basement Sill, Antarctica; Bédard et al. 2007)
and, more rarely, moderately thick (ca. 50 m)
rhyolitic sills (Orth and McPhie 2003).

The scales of these features range from
structures consisting of sets of intrusive bodies,
to shapes and sizes of individual bodies, to scales
related to maps, outcrops, hand specimens, thin
sections and smaller. Also included are invisible
properties such as anisotropy of magnetic sus-
ceptibility and chemical zonation.

The value of understanding the physical
characteristics of these shallow intrusions lies in
large part with the information they can provide
about their modes of formation. Often of greatest
interest is the use of these characteristics to
unravel directions and styles of magma flow so
as to understand the growth and development of
these bodies.
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Major works that bring the understanding of
dykes to the forefront include papers collected in
proceedings from the International Dyke Con-
ference starting as far back as 1985 (Halls and
Fahrig 1987). Papers of this volume, along with
volumes resulting from previous LASI confer-
ences since the first in 2002, provide a useful
collection of modern work detailing the physical
geology of laccoliths, dykes and sills (Breitkreuz
and Petford 2004; Rocchi et al. 2010a; Thomson
and Petford 2008).

Principally, formation of all fabrics and
structures featured here depends on fundamental
physical parameters of the emplacing magma,
such as temperature, driving pressure, viscosity,
volume, ascent/emplacement rate and emplace-
ment level, as well as yield strength and porosity
of the host. Many of these parameters have been
explored in other chapters of this volume.

Understanding of structures in sub-horizontal
tabular intrusions starts with the generalized
characteristics that have been addressed by
examining expansive databases of sills and lac-
coliths as reported in the literature. The database
of the first encyclopedic work (Corry 1988)
recorded 900 laccoliths globally, 600 of which
were from North America. The author extrapo-
lated this number to infer that there were actually
5,000-10,000 laccoliths globally. This database
has been expanded and diameter and thickness
values have been examined, discovering the
power law relation between those values (Cruden
and McCaffrey 2001; McCaffrey and Petford
1997). Subsequently, an S-shaped power law
matching well with plutons of all scales has been
proposed (Cruden and McCaffrey 2002), and
further augmented and discussed by Cruden et al.
this volume. The resulting models show consis-
tent geometric relationships of these parameters.

The multi-layered laccoliths preserved on
Elba Island have provided a number of examples
that support published models (Cruden and
McCaffrey 2001, 2002), but also yield further
understanding about the emplacement and infla-
tion processes within such complexes (Rocchi
et al. 2002) and the relationships of their
geometries to those of assembled plutons (Roc-
chi et al. 2010b).

The range of features associated with forma-
tion of tabular SLI is very broad. During
emplacement and solidification, fabrics and
structures develop in different locations within
the bodies (interior vs. interface), from different
driving forces (magmatic flow, solid-state flow,
static gravity and thermal), and at various scales
(from whole intrusion scale to microscale).

SLI are characterized first by generally having
large aspect ratios with overall tabular forms, and
second by emplacement into the coolest portion
of the crust. These conditions lead to the rela-
tively short “lifetimes” of these bodies between
onset of emplacement and complete solidifica-
tion. Compared to more deep-seated plutons, SLI
end up dominated by fabrics and structures
directly associated with emplacement since their
typical quick crystallization limits the time
available to fractionate and develop features
associated with in sifu crystallization. Thus,
well-preserved fabrics in SLI are helpful to better
understand the early history of deeper-level plu-
tonic complexes in which many textures are
erased by prolonged internal movements and
crystallization.

2 Structural Subdivisions Scheme

As with many subdivision schemes, the one
presented here is fraught with the complexities of
mixing description and genesis, together with
space and time as they relate to the progressive
growth of SLI. We have chosen to first examine
structures associated with the openings and
modes of magma intrusion-emplacement to build
SLI (see overview in Table 1). Our second focus
is on structures and fabrics directly related to the
growth of the bodies as magma is moving and
suspended particles are free to rotate, i.e. the
magmatic flow stage (overview in Table 2).
Next, we review those fabrics and structures that
form after crystals can no longer rotate, but rather
respond by solid-state deformation driven by
ongoing magmatic processes that are exclusive
of external tectonic events (Table 3). Finally, we
look at features developing in response to ther-
mal gradients and gravitational forces, as well as
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Table 1 Emplacement-related structures of shallow-level intrusive bodies—Intrusion-related structures

Texture
type
Steps

Bridges

Broken
bridges

Multiple
sheeting

Internal
contacts

Magmatic
contact

Fingers

Description

Steps are offsets in
propagating and
transgressing
fractures occupied
by magma

Sections of
wall-rock
connecting
wall-rock on the
two sides of a sill
or dyke

Stub of wall-rock
projecting from
wall-rock into a
dyke or sill

Apparently unique
intrusion made of
two or more
intrusive sheets

Sharp to faint,
roughly planar
boundary between
similar units of
igneous rock,
sometimes marked
by planar
arrangement of
foreign (host)
material

Diffuse, subplanar
surface

Discrete, narrow
magma-filled
fractures developed
alongside each
other

Location

Leading edge
of sills

Across a dyke
or sill

In place of a
former bridge

Whole
intrusion

At the border
between two
igneous
batches
(apparently in
the interior of
an intrusion)

At the border
between two
igneous
batches
(apparently in
the interior of
an intrusion)

Lateral
contacts
between
intrusion and
host
(commonly
poorly
consolidated
sediments)

Figure

la

1b

1c

le

1f

1g

Interpretative notes

Helps
reconstructing the
magma
propagation
direction and sense

Gives info on
brittle propagation
of magma-filled
fractures

Gives info on
brittle propagation
of magma-filled
fractures

Evidence for
multiple tabular
magma pulses in
dykes, sills, and
laccoliths of any
composition

Evidence for
multiple magma
pulses in dykes,
sills, and laccoliths
of any composition

Evidence for short
time span between
successive
intrusions of
magma batches

Evidence for
multiple magma
batches in the form
of fingers in
mafic/intermediate
sills

Examples

Rockall
Trough (NE
Atlantic),
Rufisque
Basin
(Senegal)

Theron Mts
(Antarctica)

Theron Mts
(Antarctica)

Torres del
Paine
(Patagonia),
Henry Mts
(Utah), Elba
Island
(Tuscany)

Henry Mts
(Utah)

Henry Mts
(Utah), Elba
Island
(Tuscany)

Golden
Valley
(Karoo),
Raton Basin
(Colorado)

References

Rickwood
(1990), Hutton
(2009),
Schofield et al.
(2012b)*

Schofield et al.
(2012b)*,
Hutton (2009)

Hutton (2009)
*, Schmiedel
et al. (2015),
Horsman et al.
(2005)

Leuthold et al.
(2013)*,
Horsman et al.
(2009), Farina
et al. (2010),
Rocchi et al.
(2010b)

Horsman et al.
(2005)*

de
Saint-Blanquat
et al. (2006)*,
Farina et al.
(2010); this
work

Pollard et al.
(1975),
Schofield et al.
(2010, 2012b)*

(continued)
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Table 1 (continued)

Texture Description Location
type
Boudins Beads or boudins Dykes or sills | 1h
(apparent) | as seen in
cross-section
Tongues Bulbous geometry | Sill or 1i
of the lateral laccoliths
termination of
igneous rock layer
Lobes Large elongate Large 1j
lobes, similar to intrusions
lava flow units
Marginal High-angle faults At the border 1k
faults of an intrusion
Plumose Plume-like Joint surfaces 11
structures  fractures flanked
by one or two
fringe zones of
small en échelon
fractures
Host Deflected foliation | Wall rock at Im
foliation in the wall rock the intrusion
drag folds contact
Riedel and | Fractures at Chilled margin

P fractures | high/low angle of the intrusion

with the contact

Figure

Interpretative notes = Examples References
Local inflation Cap de Bons et al.
and/or collapse Creus (2004)*

during or (Spain)

immediately

following

emplacement in

hot country rocks

Give informations | Henry Mts Horsman et al.
on the number of (Utah) (2005), Morgan
magma batches et al. (2008)*
and their lateral

termination

Evidence for Trawenagh Stevenson et al.
multiple magma Bay (2007a)*
batches in the form  (northern

of lobes in Ireland)

mafic/intermediate

sills

Lifting of the Henry Mts de

country rock, (Utah) Saint-Blanquat
generating a et al. (2006)*
bysmalith

Formed during S Bohemia  Simén et al.
early fracture (Czech (2006)*
opening by local Republic)

stress at fracture

tip; indicates

direction and sense

of fracture

propagation

Flow direction and = Henry Mts Correa-Gomes
sense (Utah) et al. (2001)*

*asterisk indicates the paper from which the artwork or photo in Fig. 1 is derived

marginal structures that help to provide space for
magma and that result from fragmentation pro-
cesses involving igneous and host materials
(Table 4).

2.1 Intrusion-Related Structures

At the onset of opening to build a new SLI, the
width of the opening, by definition, starts at
nothing and eventually reaches a maximum. Of

course subsequent deflation is possible, as is
back flow in dykes following loss of driving
pressure (Philpotts and Asher 1994). Modes of
emplacement involve deformation of the host
rocks ranging from purely brittle to purely
non-brittle (Schofield et al. 2012b). In the
well-lithified portion of the crust, crack propa-
gation is the dominant mechanism by which
magma advances, with stresses being concen-
trated at the crack tip. Steps, bridges and broken
bridges (Fig. l1a, b and c) collectively constrain
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Table 2 Emplacement-related structures of shallow-level intrusive bodies—Magmatic flow-related structures

Texture type

Linear features

Waves

Lobelets

Ropes

Small ropes

Crystal/vesicle
shape-preferred
orientation
(SPO) (foliation,
lineation)

Description

Mesoscopic
elongated
ornamentations
(irregularities) on
contacts:
fingers/grooves,
groove molds,
scour marks,
cusp axes,
ridges-grooves,
hot slickenlines

Mesoscopic
ornamentations
on contacts:
elongated, wavy
irregularities and
drag folds in
magmatic rock

Mesoscopic
ornamentations
on contacts:
dm-size lobes

Mesoscopic
ornamentations
on contacts:
pahoehoe-like
ropes with
dm-size
cross-sections

Mesoscopic
ornamentations
on contacts:
pahoehoe-like
ropes with
cm-size
cross-sections, in
a series of nested
parabolas

Parallel to
sub-parallel
alignment of
undeformed
euhedral
tabular/prismatic
crystals (no
solid-state matrix
strain) or
imbricated
oblate/prolate
vesicles

Location Figure
Along 2a
intrusion-host  (1m)
rock contact
Intrusion’s 2b
outer skin (Im)
Intrusion’s 2¢
outer skin

Intrusion 2d
surface

In large 2e
vesicle, close

to the

intrusion outer
contact

(Stronger near | 2f
contacts) 2g
2h

Interpretation

Found in dykes
of basalt to
trachyte
composition;
lineations are
parallel to flow
direction

Formed early in
intermediate to
felsic sills and
laccoliths; wave
axes are
orthogonal to
flow direction

Formed in felsic
sills and
laccoliths;
interference of
disrupting waves

Observed in
felsic laccoliths;
rope axes
orthogonal to
flow direction

Formed in mafic
sills and dykes
by shearing of
the ropes by the
flow of
underlying
magma;
symmetry axes
of ropes parallel
to flow direction

Evidence for
magma flow
from visible
markers (e.g. in
porphyritic
rocks); careful
consideration of
the intrusion
setting is needed

Examples

Troodos
(Cyprus)

Elba Island
(Tuscany),

Henry Mts
(Utah)

Elba Island
(Tuscany)

Elba Island
(Tuscany)

Holy Island—
Harkess Rock
(NE England)

Troodos
(Cyprus),
Henry Mts
(Utah), Elba
Island
(Tuscany),
Orciatico
(Tuscany)

References

Baer and Reches
(1987), Varga
et al. (1998)*

Tweto (1951);
this work™*

This work*

This work*

Randall and
Farmer (1970),
Liss et al. (2002)
*

Paterson et al.
(1989), Paterson
et al. (1998)*,
Vernon (2000),
Liss et al. (2002)
* Horsman et al.
(2005), Roni

et al. (2014)

(continued)
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Texture type Description Location Figure ' Interpretation Examples References
MME, xenoliths, @ Elongate Most common | (1m) Evidence for Sandfell Correa-Gomes
autholiths trains/ | microgranular in the central | (3d) magma flow (Iceland) et al. (2001)*
elongation/ enclaves (crystals | part of dykes from visible
alignment not deformed) or markers

fragments of host

rock/ autholiths,

sometimes

organized in

trains, sometimes

with flow

foliation around

them
Flowage Increasing Most common | 2i Generated by Rockport Ross (1986),
differentiation abundance of in the central magmatic flow, (Massachusetts)  Mock et al.

phenocrysts from | part of dykes that concentrates (2003)*

the border to
interior of a
tabular intrusion

Magmatic folds Bent planes of Anywhere in | 2j

particles in the
zones of highest
velocity-lowest
shear

Formed late Elba Island Paterson et al.

markers already the intrusion (Tuscany), (1998), Eriksson
existing before Sandfell et al. 2011; this
the end of flow (Iceland) work*
Crystallographic | Anisotropy of Anywhere in | 2k Evidence for Henry Mts Horsman et al.
anisotropy; magnetic the intrusion magma flow, (Utah), Elba (2005), Roni
foliation, susceptibility also in the Island et al. (2014);
lineation (AMS) absence of (Tuscany) this work*
visible markers
(e.g. in
microcrystalline
rocks)

* asterisk indicates the paper from which the artwork or photo in Fig. 2 is derived

the shapes of intrusions occupying the propa-
gating and transgressing fractures, with offsets in
an advancing fracture leading to steps (Rocchi
et al. 2007; Schofield et al. 2012b; Thomson and
Hutton 2004). Then as multiple fractures split off
a master fracture in en echelon fashion, SLI tend
to occur as segments (protolobes) with bridge
structures (Fig. 1c) connecting them (Eide et al.
2017; Hutton 2009; Schofield et al. 2012a).
Features occurring at the margins of SLI often
reflect geometric patterns associated with the
initial emplacement along a developing fracture
or fracture system. It is tempting to interpret
orientations of forks, branches (apophyses) and
anastomosing patterns to constrain flow direc-
tion, but such interpretations cannot generally be
used reliably (Rickwood 1990). For example,
although the front of an advancing intrusion may
bifurcate when a new fracture develops with

subparallel orientation, reunion of those fractures
along strike would result in not knowing the
direction of magma movement.

Dykes can intrude as a single body or as
simple sets of dykes, marked by chilled margins
on each side. They can also occur as multiple
dykes with subsequent intrusion along the same
plane producing internal chilled margins of the
younger magma. Composite dykes also occur,
with distinctly different magmas intruding the
same plane more or less synchronously, with or
without mixing and mingling effects.

Similarly, subhorizontal sheets can be
emplaced as discrete layers, with subsequent
sheets above, inside or below previous
emplacements (Fig. 1d) (Horsman et al. 2009;
Horsman et al. this volume). Contacts between
different sheets can be recognized by the occur-
rence of lithologic variations, chilling effects,



D. Westerman et al.

+(1107) 'Te 30 uossyug
“wHoMm sIp (S00T) Te 30 uewsIOH

xYI0M ST 2(8007) '[E 10 ueSIoN

HOM STY) £(8007) 'Te 19 UBSION
“(9002) "Te 1 Jenbuejg-ures

p “4(S007) 'Te 1 urWISIOY
“(5007) Te 12 UeSION “($007)
jenbuejg-jures op pue JeqeH

(9000)
‘Te 12 Jenbuerg-jures ap “.(+007)
jenbue[g-jureg op pue 1qeRH

SAOURIRJIY

920

(yern)
SIA
AIuoy

(Aueosny)
Pue[s]
eqrg
(yen)
SIN
AIuoy
(Aueosng)
pue[s|
eqIg
‘(yern)

SIN
AIuoyg

(ymn)
SIN
A1uoyg

soidwrexg

JSUAS MOY Y}
os[e ‘OLowuAse
J1 ‘pUe UOTIORIIP

MO} JedIpUL

10BIUO0D
Jsoy-ewrdewt

Y} 18 UonOMP
MO} 91edIpUl
S[eISA10 poyolens
Jo uoneguog

10BIUOD
Jsoy-ewigew

qy) Je UONOP
MO} 91edIpUl
S[eISAI0 payolens
Jo uone3uolg

suomnoafur

BWISBW 9AISS00NS
Sunmp poyeanoeal
solepunog

uonejardiojuy

PE

¢

qe

173

a3

paAuap st ¢ "Sry ur ojoyd 1o yIomire oy yorym woiy roded oy) sajedrpur YSHLASE

soyojeq ewdew
QATSSI00NS USIMISq
JOBIUOD JY} J& IO JOBIUOD
001-)s0Y eUISeur

Je uIdIew paq[Iyd ay) uf

J0BIUOD Q0BLING

souoIeq BWISEW
QATSSO00NS USIMIAq
J0BIUOD Y} J& IO JOBIUOD
}001-)s0Y BUISeur

Je uISIew pa[[Iyd Ay} uf

(sayojeq

BUISBUW QAISSII0NS
U29M)Rq JOBIUOD

JO J0BIUOD JO0I-)SO0Y
eUISEW) SALIEPUNOq
TeorsAydyoyderSonog

uonedo|

syeans ‘spueq MOJ ‘S[eISAId juag

STeIsA10 payolens
A[[eonse[oeied Aq U9AI3 uoneaul]

S[re),, PIzZI[eIsk1oa1

{SOLIQRY (S-D) 9IISOISIYOS-JUSUWI[[TBSIO
‘sreysA10 odeys-ewiSIs (S[eISAIO
odeys-e)[op ‘s[re) uonejol L2INJONIS
JIOUSY00q YIIM SUOQQLY/SYeans [eISAI0
PAYSNIO/PISeUIPNOq/UY0Iq/paydens

3001 sNoJu31
pauojopun jo s1oke[ yory) Juneredos
Spueq Ieays JNSe[OBIED YOIYI-Wp 0 -Wd

uonduosag

S2IMX3)
smong

mara uerd
—Ss2In)x9)
smug

uoroas
$SOI0
—SaIM)X9)
omug

spueq
onse[orIed
3Ie]

adKy
AIMXa,

(onewSew-uAs) SaIMoNIs pAJe[oI-MO[) 9))S-PI{OS—SAPOq IAISNIUI [OA[-MO[[BYS JO S2IMONNS poje[ar-juswade|dwyg € ajqel



Structures Related to the Emplacement of Shallow-Level Intrusions

91

Table 4 Emplacement-related structures of shallow-level intrusive bodies—Thermal and fragmental structures

Texture type

Chilled
margin

Phenocryst
distribution

Miarolitic
cavity

Cooling
columns

Intrusion
contact
breccia

Breccia dyke

Pyroclastic
dyke

Peperite

Fluidized
material

Description

Fine-grained to
glassy intrusion’s
outermost zone

Differential
distribution of
abundance and/or
size of
phenocrysts (e.g.
magmatic
layering, crystal
clusters, etc.)

Small cavity into
wich crystals
protrude

Columns oriented
perpendicular to
the contact
surface

Breccia
composed of clast
of the host rock(s)

Clast-supported
small dykelets

Similar to tabular
feeding systems
of explosive
eruptions

Disintegrated
magma mingled
with country rock
materials

(i) disaggregated
grains (suspended
in fluid matrix
during
fluidization), or
(ii) thermally
mobilized coal
and salt

Location

Intrusion border

Intrusion’s
interior (bottom)

Intrusion’s
interior

Country rock

Host rock at the
bottom or top
contact of an
intrusive sheet

In the intrusion
surroundings

Volcanic
edifices, country
rock

Carapace around
the intrusion

Carapace around
the intrusion
(fingers),
sometimes
connected to
hydrothermal
vents (4j)
throughout
breccia dykes

(49

Figure

4a

4b

4c

4d

4e

4f

4g

4h

4

Interpretation

Rapid magma
cooling

Thermal decay,
gravity settling

Evidence for
accumulation of
volatiles

Effect of heating
then cooling of
host rock

Generated by
shear strain at the
contact during
magma sheet
emplacement

Phreatic local
explosion

Welding of
pyroclastics occur
during upward
flow of a
dispersion of hot
melt fragments
and gas

Generated by
fragmentation of
magma during
intrusion in wet
sediments, coal
and hydrous salt

Generated by

(i) flash boiling of
pore fluids during
intrusion in wet
sediments at
depth < ~2 km
or quick
decompression by
processes such as
faulting, or

(ii) thermal
mobilization

Examples

Scrabo
(Northern
Ireland),
Magdeburg
(Germany)

Gulf of Ajaccio
(Corsica)

Henry Mts
(Utah)

W Magdeburg
(Germany)

Elba Island
(Tuscany)

Elba Island
(Tuscany)

W Dresden
(Germany)

Sag Hegy
(Hungary),
Raton Basin
(Colorado),
Herfa-Neurode
(Germany)

Whin Sill
(England),
Witkop
(Karoo), Raton
Basin
(Colorado),
Herfa-Neurode
(Germany)

References

This work*

Galerne and
Neumann (this
Volume)

de
Saint-Blanquat
et al. (2006)*

This work*

Morgan et al.
(2008),
Awdankiewicz
et al. (2004);
this work*

This work*

Winter et al.
(2008); this
work*

Skilling et al.
(2002),
Awdankiewicz
et al. (2004),
Schofield et al.
(2014); this
work*

Martin and
Nemeth (2007)
Schofield et al.
(2012b)*,
Schofield et al.
(2014)

(continued)
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Table 4 (continued)

Texture type Description Location

Hydrothermal
vent complex

Clast-supported
pipe-like
structures up to
several hundred
metres in
diameter, piercing
rock layers
overlying the
intrusion

In the intrusion 4
surroundings, up

to significant

distance

Columnar Sills 4k

joints

Parallel prismatic
columns

Figure

D. Westerman et al.

Interpretation Examples References
Generated by Witkop Jamtveit et al.
phreatic explosion | (Karoo) (2004),
following heating Svensen et al.
of sedimentary (2006)*,

Svensen et al.
(this volume)

pore fluids in
thermal aureole
around a sill, that
leads to
fragmentation and
collapse and/or
upward
movement of the
overlying rock
fragments

Colca (Peru),
Isle Skye
(Scotland)

Generated during This work*
subsolidus
cooling; columns
forms orthogonal
to the cooling
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* asterisk indicates the paper from which the artwork or photo in Fig. 4 is derived

fragmentation or cataclasis (Fig. le). In other
instances, the time lag between intrusion of
successive sheets can be short enough to prevent
the oldest intrusion from cooling below its soli-
dus, giving way to a so-called “magmatic con-
tact” that is a diffuse, yet subplanar, surface
(Fig. 1f; Farina et al. 2010; de Saint-Blanquat
et al. 20006).

For horizontal sills, the classic model for the
propagation of magma is by tensile fracturing in
the direction of least resistance (Anderson 1938;
Gilbert 1877). Based on examples from the
Henry Mountains, Utah (USA), it has been pro-
posed that, for viscous magmas, sill thickness is a
function of its length, and once a sill reaches a
critical aspect ratio of length to overburden
thickness it will inflate vertically (Johnson and
Pollard 1973; Pollard and Johnson 1973). This
vertical inflation stage then may lead to the

formation of a laccolith. The maximum lateral
extent of the initial sill may be controlled by the
effective thickness and the elastic properties of
the overburden (Jackson and Pollard 1988, 1990;
Kerr and Pollard 1998; Koch et al. 1981).
Three models have been proposed for the
growth of tabular intrusions such as laccoliths
and sills and the expected deformation in the
overlying sediments (Corry 1988; Hunt 1953).
Model 1 involves a ‘bulldozer’ style of
emplacement where the thickness of the intrusion
is established early and the magma spreads lat-
erally within a set thickness. This results in
extensive disruption of the overlying host rocks,
which fold and then unfold as the tip of the
advancing magma passes. Model 2 involves
simultaneous lateral and vertical growth. This
would also result in a deformation history in the
roof that records the passage of the magma tip,
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although it would perhaps be more subdued than
in Model 1. Model 3 is the opposite end-member
to Model 1 and involves a distinct two-stage
process where a thin protosill would propagate to
a maximum lateral extent, followed by vertical
inflation. This would result in minimal disruption
of the roof except close to the tip where the roof
will bend, flex and fold, or will fault in a
piston-like vertical growth.

A theoretical model applying continuum
mechanics has been developed using field
observations from the Henry Mountains (Pollard
1973) to explain the formation of peripheral
dykes at the tips of laccolith intrusions. In this
model, flexural elastic bending of the overburden
controlled the intrusion of dykes at the periphery
of a laccolith. The depth of formation has been
suggested to exert the main control on the
development of faults at sill sheet terminations
(Thomson and Schofield 2008). In this model,
flexural slip folding at shallower depths would
favour mechanical failure of the rock through
fracture and faulting (Stearns 1978). More
recently it has been proposed that a laccolith
grown to a certain maximum thickness may
subsequently propagate laterally due to collapse
under its own weight, resulting in a larger length:
thickness ratio (Bunger and Cruden 2011). Other
features associated with such a collapse could
include decameter-sized graben-horst-like struc-
tures on the top surface of a sill (Awdankiewicz
et al. 2004).

In other emplacement modes, advance of the
magma may be along discrete narrow fractures
that develop alongside each other to produce a
pattern of fingers (sometimes also called tongues)
(Pollard et al. 1975; Stevenson et al. 2007a;
Thomson and Hutton 2004) that may coalesce
and preserve marginal features from chilling
and/or cataclasis (Fig. 1g). Alternatively, a cau-
sal, non-brittle relationship between finger for-
mation and fluidization of country rock has been
demonstrated for the Golden Valley Sill in South
Africa  (Schofield et al. 2010, 2012b).
Structures/shapes similar to cross sections of
fingers are beads or apparent boudins that may
also develop in dykes and sills as a result of local
inflation and/or collapse during or immediately

following emplacement in hot country rocks
(Fig. 1h) (Bons et al. 2004).

A number of features are seen at a large scale
along the margins of sills and laccoliths where
the intruding magma defines rounded margins,
noted by various authors as tongues (common
meaning) and bulbous terminations, sometimes
also called lobes (Fig. li). These parabolic to
semi-circular marginal shapes characterize the
lateral and terminal contacts of sheets making up
the Maiden Creek and Trachyte Mesa structures
in the Henry Mountains, and are thought to
reflect the high surface tension of these viscous
magmas in relation to the host material that they
were invading (Morgan et al. 2005).

Development of sheets from repeated parallel
pulses can produce a series of elongate lobes and
provide a good example of the combined distri-
bution of these end-member conditions. The flow
lobes can be envisaged in the simplest case to be
similar to lava flow lobes, where in the core (or
along the central axis) there is only construc-
tional flow, and lineations are parallel to the flow
direction. Moving away from the core toward the
flanks, shearing plays more of a role and planar
fabrics become more apparent. At the nose of the
lobe only flattening occurs. The disposition of
lineations and foliations can be fitted to a series
of lobes in this way (Fig. 1j) (Stevenson et al.
2007a, b).

Successive sheet emplacement, leading to
subhorizontal SLI such as multi-layered sills and
bysmaliths, may involve initial intrusion fol-
lowed by subsequent intrusion either above or
below. Host rock trapped between the resulting
layers can generate a sedimentary raft with lateral
dimensions in excess of 1 km and thickness
>100 m (Schmiedel et al. 2015). Rafts of host
material can also develop during dyke formation,
and scales of rafts can decrease downward to
include screens of wall rock fragments.

Contrasted, but related in scale to large rafts,
the arrival of a new magma batch can fail to find
a way around or through the initial layer, but can
make room by the development of marginal
faults along which the body is lifted as a whole
(Fig. 1k). For example, the Black Mesa unit in
the Henry Mountains is thought to have formed
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Fig. 1 Intrusion-related structures. a Steps—
Three-dimensional sketch of stepped intrusive layer,
either a sill or a dyke; cross sections on the right refer
to the lower sketch on the left (Rickwood 1990; Schofield
et al. 2012b). b Bridges—Sections of wall-rock connect-
ing wall-rock on the two sides of a sill or dyke; cross
sections refer to the lower left sketch in (a) (Hutton 2009;
Rickwood 1990; Schofield et al. 2012a). ¢ Broken bridges
—Stubs of wall-rock remaining after merging of two
portions of a dyke or sill (sill is 30 m thick; Hutton 2009;
Rickwood 1990; Schofield et al. 2012a). d Multiple
sheeting—An apparently unique intrusion is actually
made of two or more intrusive sheets (Leuthold et al.
2012, 2013; Michel et al. 2008). e Internal contacts—
Sharp to faint, roughly planar boundaries between similar
units of igneous rock, detected by lithologic variations
(Leuthold et al. 2013), chilling effects, fragmentation or
cataclasis along contacts, or marked by planar arrange-
ment of foreign (host) material (Horsman et al. 2005).
f Magmatic contact—Diffuse, subplanar surface at the
border between two igneous batches, apparently in the
interior of an intrusion (Farina et al. 2010; de

by successive underplating of sheets, with the
1.5 km diameter mass rising on an average of
22 mm/year by movement on marginal faults (de
Saint-Blanquat et al. 2000).

Under conditions when tensile fractures
migrate by brittle failure in a rigid host material,
plumose structures (Fig. 11) may develop with
associated hackle steps and their offsets. These
feather-like patterns of ridges and grooves
expand outward on the fracture surface in the
direction of fracture development, and the tips of
the ‘feathers’ point in the direction of crack
propagation (Simoén et al. 2006).

A wide variety of localized brittle fracture and
faulting systems are associated with intrusive
contacts, as would be expected when the crust
must make room for new material. Magmas in
most SLI arrive with substantial driving pressure,
and the units are thickened as more and more
magma arrives. These conditions would pre-
dictably create transpressive stresses at the con-
tacts, explaining the bends in truncated host
foliation, as well as development of Riedel and P
fractures (Fig. Im) (Correa-Gomes et al. 2001).
Well-described examples include the Trachyte
Mesa intrusion where conjugate sets of high-
angle faults with minor offset are cut by en-
echelon shear fractures (Morgan et al. 2008).
More recently, detailed study of deformation
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Saint-Blanquat et al. 2006). g Fingers—Discrete, flattened »

cylinders of magma developed alongside each other,
eventually coalescing to form a single intrusive layer.
h Apparent boudins—Beads or apparent boudins in a
three-dimensional sketch view of the apparently boudi-
naged dyke (Bons et al. 2004). i Tongues—Bulbous
terminations of igneous rock layers, Trachyte Mesa,
Henry Mts, Utah (Morgan et al. 2008). j Lobes—Elongate
lobes similar to lava flow units, making up an intrusive
unit, Travenagh Bay Granite (Stevenson et al. 2007a).
k Marginal fault—High-angle fault developed at the
border of an intrusion, giving way to a bysmalith intrusion
shape. 1 Plumose structure—Plume-like fractures flanked
by one or two fringe zones of small en échelon fractures
visible on joint surfaces, and formed during early fracture
opening by local stress at a fracture tip; useful as an
indicator of the direction and sense of fracture propaga-
tion. m Drag folds, Riedel and P-fractures—Deformation
in the host material can be evidenced by
deflection/bending/fracturing of the host foliation. Each
sketch/picture is after the work indicated by an asterisk in
Table 1

bands, faults and tensile joints during three
phases of deformation of country rock sur-
rounding the Trachyte Mesa intrusion have
constrained a multi-stage model of emplacement
(Wilson et al. 2016). Very similar collections of
features are preserved on Flba Island in shoreline
exposures at the southern edge of a laccolith
(Roni et al. 2014) where -cataclastic chilled
margins and associated breccia are faulted by
sprays of low-offset reverse faults.

2.2 Magmatic Flow-Related
Structures

Magmatic flow-related structures result from
magmatic flow under conditions where particles
can rotate freely in response to directed stress,
owing to a sufficient amount of melt available in
the system (Vernon 2000). Their recognition can
be based on orientation and distribution of
readily observable features (i.e. phenocrysts,
vesicles, inclusions) or on less tangible charac-
teristics (i.e. AMS, microtextures; Bouchez
1997; Mock and Jerram 2005; Mock et al. 2003).

2.2.1 Surface Structures
Although dykes, sills and laccoliths are, by defi-
nition, tabular and sheet-like, detailed



Structures Related to the Emplacement of Shallow-Level Intrusions 95

(a)- steps (b)- bridges (c)- broken bridges
single sheet lateral inflation and overlap . _ e
] [—— ¥ 3 LB
= 2] e
B ——
stepped sheet inflation and bridge formation

e

broken step breaking of bridge
L

R e
nultiple sheeting i — S——
/ 5 U
(e) - internal contacts (g) - fingers
growth of the X _ i

finger tip ’v

8pre\.ricnuslg‘.r

igneous- intercalated  intruded
igneous sediments sheet
contact

B) fioger
Inflation

(f)- magmatic contact

) cataclastic diorite
magmalic diorite

&
:_- phenocryst (Pl and Hb) . = Stagnated Flow = Stationary front of main sheet

=Fluidisedand & = Flow direction
mobilised sediment
/= Bedding

(h) - apparent boudins

‘g“—‘;\ stretching direction circa 1l to 50 m

(j) - lobes

Northern leg
of MDG shear zone

Gently N dipping contact beneath

Main Donegal
Granite

Rosses pluton Steep contact

G2

Steeply dipping N-5 shear zone

‘western contact

Genltly N dipping floor
contact




96

D. Westerman et al.

(k) - marginal fault

(m) - drag folds, Riedel and P fractures

o b} Wall-rock foliation
() U-SIP\DEC! stal dira foid

(I) - plumose structure

a Auial-symmetric (A)

< sense of twisting

b Planar-symmetric (P)

Fig. 1 (continued)

examination of their contact surfaces occasionally
shows ornamentation such as raised or indented
linear features (Fig. 2a; see also Fig. 11). A num-
ber of these parallel linear features are attributed
to flow along their alignment (Rickwood 1990;
Varga et al. 1998). A group of mesoscopic
structures seen most often as flat-topped ridges
separated by grooves and termed hot slickenlines
are thought to form in the chilled margin as
magma moves past irregularities in the wall rock
surface with resulting alignment parallel to
magma flow (Varga et al. 1998). Earlier workers
have described cusps and buds (Pollard et al.
1975), flow lineations (Walker 1987), scour
marks (Smith 1987), and fingers (obsolete
meaning), grooves and groove molds (Baer and
Reches 1987), all thought to form in the direction
of flow even if interpretations of formation vary
between authors.
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An opposing set of linear structures, referred
to here as waves and waveforms, also can be
found on intrusive surfaces, but aligned at right
angles to flow (Fig. 2b). The term ‘wave’ is here
used to describe the shape of these structures, but
is in no way implying that they ever actively
‘waved’ other than during their in situ growth as
standing stationary waveforms. Previous works
have shown that shear forces along the intrusive
contact can extend into the host, generating
asymmetric drag folds of the contact itself
(Fig. 11I; Correa-Gomes et al. 2001). Reported
examples (Rickwood 1990) include: (i) crenula-
tions seen as “microscopic wrinkles to folds a
few feet high” on chilled contact surfaces in the
Pando porphyry in Colorado (Tweto 1951), and
(i) “flow folds” (Blanchard et al. 1977),
“millimetre-high wrinkles projecting out from
the glassy surface” (Walker 1987), and



Structures Related to the Emplacement of Shallow-Level Intrusions 97

asymmetric folds a few millimeters high, some-
times deformed by interfolding of siltstone with
igneous rock at Spanish Peaks, Colorado (Smith
1987). These folds have irregular axes but are
generally perpendicular to magma flow direc-
tions and their asymmetry preserves the sense of
flow. Variations in style include roundness and
angularity of crests and troughs, disruption along
crests so as to form more lobelets (Fig. 2¢), and
overrunning of crests to produce ropes (Fig. 2d)
that have a distinctive pahoehoe-like appearance.
These features are discussed below in greater
detail in the case study of coherence of structures
observed with different methods at different
scales. Much smaller features also attributed to
drag in the shearing margin of intrusions occur as
ropy structures on the lower walls of large, flat-
tened vesicles in basalt of the Whin Sill in
northern England (Fig. 2e; Liss et al. 2002).
These have been shown to form with their wave
crests perpendicular to flow, and the structures
are attributed to shearing of the chilled ductile
rind of the vesicles by the underlying magma
flow. Similar structures are reported nearby on
Holy Island (Liss et al. 2002; Randall and Farmer
1970) and on the Isle of Skye (Schofield et al.
this volume).

2.2.2 Internal Visibly-Oriented

Features

Included in the flow-related features are those
that formed during magma flow when suspended
objects (crystals, vesicles, xenoliths, enclaves)
were able to rotate in the weaker medium, but
while the magma viscosity was sufficient to
preserve the alignment (Fernandez and Laporte
1991). Most of these features represent processes
and products resulting from filling, transport, and
stalling of the magma moving between subpar-
allel walls. Extensive efforts, tracing back at least
into the 19th Century (Pirsson 1899), have been
made to use fabrics in igneous rocks to deduce
their history. Magma flow is the most commonly
invoked cause, but it is important to consider
other possible origins, including tectonic pro-
cesses (Paterson et al. 1998), and to carefully
separate magmatic flow from non-tectonic
solid-state flow (Vernon 2000).

Under conditions of uniform coaxial flow of
magma (plug flow), tabular and elongated sus-
pended objects have no motivation to orient
themselves preferentially. Therefore, develop-
ment of a magmatic shape-preferred orientation
(SPO) fabric is dependent on conditions of
non-uniform flow that produce differential stress
acting on such suspended objects, i.e. vesicles or
crystals (Fig. 2f, g). Non-uniform flow can be
thought of with respect to three end-members
(Fig. 2h): (i) convergent flow as magma moves
through a narrowing region and speeds up,
(ii) divergent flow as magma spreads laterally with
diverging flow lines and slows down, and
(iii)) non-coaxial flow caused by drag on a
boundary surface (Paterson et al. 1998). We can
attempt to look at the distribution of these condi-
tions through space and time as a thickening dyke
or sheet develops. Initial conditions are dominated
by non-coaxial flow with high drag along con-
tacts, but as a sheet thickens by continuing arrival
of magma along the interior plane, marginal
effects drop off away from the contacts. The stress
ellipsoid generated during convergent flow is
elongated parallel to the particle path, causing the
long axes of suspended phenocrysts to align par-
allel to these particle paths, while the shortest
crystal axes align parallel to the short axis of the
ellipsoid. In contrast, crystal orientations resulting
from divergent flow tend to be the opposite, with
linear fabric forming parallel to stretching and at
right angles to the particle paths, while tabular
crystals produce planar fabrics representing flat-
tening perpendicular to particle paths. Both of
these conditions include stretching and flattening
approaching the mode of pure shear.

Some of the easiest fabrics to see in SLI are
coming from incorporated foreign material or
vesicles that provide distinctive color contrast,
rather than from the minerals making up the main
rock. These inclusions can be subdivided into
two main groups: xenoliths and mafic micro-
granular enclaves (MME). Xenoliths include
solid rock fragments incorporated in the magma,
such as cognate xenoliths or autoliths, which
would include fragments of chilled margin
material spalled off into the magma. Interpreta-
tion of xenolith and autolith distribution can
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<« Fig. 2 Magmatic flow-related structures. a Linear fea-
tures—Mesoscopic linear ornamentations on contacts,
parallel to magma flow; slickenlines are reported as an
example (Varga et al. 1998). b Waves—Mesoscopic
ornamentations on contacts: elongated, wavy irregularities
in the magmatic rock, elongated orthogonal to magma
flow; picture from Elba island, Tuscany. ¢ Lobelets—
Mesoscopic ornamentations on contacts: dm-size lobes;
picture from Elba island, Tuscany. d Ropes—Mesoscopic
ornamentations on contacts: pahoehoe-like ropes with
dm-size cross-sections; picture from Elba island, Tuscany.
e Small ropes—Mesoscopic ornamentations on contacts:
pahoehoe-like ropes with cm-size cross-sections, in a
series of nested parabolas, typically found in large
vesicles, close to the intrusion outer contact (Liss et al.
2002). f Vesicle SPO—Parallel to sub-parallel alignment
of oblate/prolate vesicles (Liss et al. 2002). g Crystal SPO
—Parallel to sub-parallel alignment (as a foliation or
lineation) of undeformed euhedral tabular/prismatic crys-
tals (no solid-state matrix strain; picture from Elba island,
Tuscany. h Crystal/vesicle SPO—Alignment controlled
by convergent, divergent and non-coaxial flow (Paterson
et al. 1998). i Flowage differentiation—Variable abun-
dance of phenocrysts, increasing from the border to
interior of a tabular intrusion, commonly a dyke. j Mag-
matic folds—Bent planes of markers already existing

come not only from their alignment as xenolith
screens or trains, but also from their tendency to
decrease in size in the direction and sense of
magma transport (Fig. 11; Correa-Gomes et al.
2001). All these types of xenoliths contrast with
MME, which coexisted as partially molten mas-
ses within the host magma and have the potential
to change shape in response to stresses in the
moving magma. The petrologic characteristics of
such materials provide abundant and important
information beyond the scope of this work, but
their spatial distribution is often compatible with
the mineral fabrics described above (Tobisch
et al. 1997). Distribution patterns of xenoliths
and enclaves can potentially be used to determine
the line along which particles/melt were moving,
as well as the direction of movement where there
is an imbricated arrangement of individual frag-
ments. Interpretation of shapes and orientations
of MME must be done with care due to the
long-lived and variable histories of these masses
(Paterson et al. 2004). Because the rheology of
enclaves occurring near each other at the
emplacement level often vary dramatically, it is
unsafe to assume that their shapes reflect strains

before the end of flow; in this picture, planes defined by
dark tourmaline clots in a white aplitic intrusions are bent
during the latest stages of flow (Elba Island) (Dini et al.
2007). 'k  AMS-magnetisation  domains.  k.1:
Single-domain and multi-domain configurations serving
to minimise the external demagnetising field. k.2: Move-
ment of the Bloch wall in multi-domain grains. | Magnetic
fabric types. 11: Dominantly linear magnetic fabric
(similar to an L tectonite). 1.2: Both magnetic foliation
and lineation discerned. 1.3: Magnetic foliation fabric
dominant (similar to an S tectonite). m Foliation/lineation
patterns. m.l: Magnetic fabric pattern of foliations
(dashed lines) and lineations (gray lines) in a magma
conduit. m.2 and m.3 Fabric patterns proposed for the
termination of a sheet in either a viscous or non-brittle
propagation mode (Schofield et al. 2010, 2012b) or a
brittle (hydrofracture) propagation mode, respectively.
m.4: End on and plan view magnetic foliations and
lineations of a sheet intrusion. n AMS data and interpre-
tations from the Trachyte Mesa Sill, Henry Mountains,
Utah (Morgan et al. 2008); note plumose splaying of
lineation trends. 0 AMS data and interpretations from part
of the Trawenagh Bay Granite, NW Ireland (Stevenson
et al. 2007a); foliation traces are shown in blue and
lineation traces in red. Each sketch/picture is after the
work indicated by an asterisk in Table 2

associated with development of mineral fabrics.
In some cases (Vernon 2000; Vernon et al.
1988), elongation of MME can be demonstrated
to correspond to magmatic fabric, with rotation
and alignment of plagioclase crystals but without
plastic deformation of interstitial quartz. Another
caution comes from the recognition that some
enclave trains represent a transition from
syn-magmatic mafic dykes (Barbarin 2005).

Among the most commonly used
mesoscopic-scale structures observable in the
field and used as evidence of magma flow are
stretched and elongate vesicles (Fig. 2f). These
features, presumed to be spherical at the time of
inception, deform to define the orientation of the
stain ellipsoid in the zone of shear, typically with
attitudes corresponding to those revealed by
aligned phenocrysts.

Magmatic flow features due to parallel align-
ment of undeformed phenocrysts and mega-
crysts, as well as rock fragments (xenoliths) and
MME, all in the absence of solid-state matrix
strain, may readily be seen at the macroscopic
scale. Biotite phenocrysts and microphenocrysts,
with their typical oblate shapes, generate a
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magmatic foliation, while tabular potassium
feldspars, and to a lesser degree plagioclase
feldspars, generally produce both magmatic
foliation and lineation (Fig. 2g). With mafic
intrusions, highly elongate minerals such as
prismatic amphibole and lath-shaped plagioclase
often provide a well-defined magmatic lineation
(Fig. 2h). Fabrics near and within xenoliths can
help determine a magmatic vs. solid-state origin,
since the former produces flow foliation around,
rather than through, the xenoliths.

Also associated with the non-coaxial flow
regimes along emplacement surfaces are struc-
tures related to the process of flowage differen-
tiation (Fig. 2i) by which the percentage of
phenocrysts and other suspended objects such as
xenoliths and enclaves increases away from the
contact (Platten 1995; Ross 1986), generally
attributed to the Bagnold effect (Bagnold 1954).
Such features are not restricted to dykes, and in
fact, are the general rule along the margins of SLI
such as the rhyolitic laccolith units of the Halle
Volcanic Complex that include thoroughly flow
foliated units as well as units with no
foliation/alignment (Mock et al. 2003; Schmiedel
et al. 2015). These variations are thought to be
controlled by viscosity, with flow foliation
developing in the less viscous melts where the
density of flow planes is greatest; more highly
viscous melts, in contrast, emplace by plug flow
with all strain accommodated at the margins of
the unit (Breitkreuz et al. this volume).

Near intrusive contacts or in any setting where
flow is non-coaxial, general orientations of
resulting strain ellipsoids have long axes aligned
oblique to the intrusive contact and to the particle
flow paths, with the intermediate axes parallel to
the wall (Correa-Gomes et al. 2001). Resulting
fabrics include an imbrication (tiling) of tabular
crystals and rock fragments (Figs. 11 and 2h),
while highly elongate crystals, including those in
the groundmass, define a mineral lineation par-
allel to the direction of maximum stretching. In
order to attribute such fabrics to magmatic flow,
it is important to confirm that the aligned crystals
are internally undeformed (Rickwood 1990;
Vernon 2000). Tabular fragments exhibiting
mirrored orientations in opposing chilled

margins, reflective of their ability to rotate in
response to the shear along the margin, can be
used to constrain flow direction (Correa-Gomes
et al. 2001).

Identifying fabrics in the field can be difficult,
especially when the grain size is small or when
the fabric is weak. Even when the foliation or
planar component is clear, it is nevertheless
almost always difficult to constrain the linear
component with any degree of certainty.
Although phenocryst alignment can be statisti-
cally constrained in 2D and then extrapolated to
3D with measurements on orthogonal planes
(Bouchez 1997), this process is time-consuming
and relies on identifying long axes of phe-
nocrysts by eye.

Techniques involving scanning the internal
physical properties of a rock using x-rays and
quantifying the shape, distribution and orienta-
tion of mineral grains using computed tomogra-
phy (CT scanning) has been making steady
progress over the last decade or so (Cnudde and
Boone 2013; Cnudde et al. 2006; Ketcham 2005;
Ketcham and Carlson 2001). Also, electron
backscatter diffraction techniques have improved
efficiency and precision, enabling quantitative
fabric analysis in a variety of scenarios and
contexts (Prior et al. 2009). However, these
techniques remain expensive and restrict data to
focused analyses on a few samples.

Another set of flow-related structures, namely
magmatic “folds” (Fig. 2j), may form as a true
fold following development of one of the fabrics
above, or directly as a result of alignment due to
differential flow. These features are only rarely
recognized in SLI, probably due to their
fine-grained nature and apparent homogeneity.
A spectacular example of a composite dyke
where a combination of flow banding and elon-
gated mafic enclaves defines a parabolic foliation
trace indicating horizontal flow within the dyke
is reported from Iceland (Eriksson et al. 2011). In
a totally different lithology, thick sheets of ban-
ded aplite preserve internal magmatic folds in the
vertical cliffs of Capo Bianco on Elba Island
(Fig. 2j; Dini et al. 2007). Other examples of
magmatic folds come from observations of
symmetrical patterns of imbricated vesicles that
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merge across the cores of dykes such that the
vesicle fabric defines the fold.

2.2.3 Anisotropy of Magnetic
Susceptibility

Some structures in igneous bodies cannot be
observed or measured directly, and measurement
of anisotropy of magnetic susceptibility
(AMS) can be of great help in unravelling them.
This method, although first highlighted more
than 60 years ago (Graham 1954), has remained
a somewhat specialist tool despite the advances
in measurement precision, accuracy and effi-
ciency (Borradaile and Henry 1997; Martin--
Hernandez et al. 2004; O’Driscoll et al. 2015;
Tarling and Hrouda 1993). The principle behind
AMS measurements relies on the physical prop-
erty of magnetic susceptibility, K, which is the
relationship between the magnetization, M, of a
sample in an externally applied magnetic field of
strength H. It is assumed that in low field
strengths, this relationship is linear such that
M = KH. The anisotropic response is controlled
essentially by the SPO and distribution of
Fe-bearing phases, principally magnetite and
biotite. Magnetite is usually the dominant con-
trolling phase, despite being an accessory phase,
because the susceptibility response of this min-
eral is up to three orders of magnitude stronger
than that of biotite.

Although the physics and application of this
technique to fabric analysis can be quite nuanced
(e.g. presence of inverse fabrics and distin-
guishing different carriers), numerous studies
have shown that the AMS methodology is a very
robust and reliable proxy for petrofabric analysis,
principally because magnetite tends to form late
and interstitially between the main silicate and
fabric-forming phases (Archanjo et al. 1995;
Grégoire et al. 1998; O’Driscoll et al. 2007;
Stevenson et al. 2007a, b).

The anisotropy is controlled by crystallo-
graphic features of the mineral phase. Biotite has
a platy crystal structure controlled by sheets of
silicate tetrahedra, which results in a minimum
susceptibility perpendicular to the [001] crystal
face. Crystallographic anisotropy of magnetite is
less important but is controlled by the octahedral
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lattice with its axis of preferential magnetism, or
“easy” axis, oriented through opposite corners.
In magnetite, magnetic behaviour is controlled
by grain size and shape. Single-domain and
multidomain configurations serve to minimise
the external demagnetising field (Fig. 2k.1).
Movements of the Bloch wall in multi-domain
grains give rise to a magnetisation when an
external field is applied (Fig. 2k.2).

The data that is produced from AMS mea-
surement may be visualized as a second order
tensor with three orthogonal axes representing
the maximum (K1), intermediate (K2) and min-
imum (K3) susceptibility directions. These
eigenvalues can be read as a magnetic fabric
where the magnetic foliation is the plane con-
taining K1 and K2 (or normal of K3) and the
magnetic lineation is parallel to K1 (Fig. 21). At
the sample scale, all magnetic grains create a
magnetic fabric. This is similar to tectonic fabrics
and may be interpreted in similar ways. If the
fabric is dominantly linear, K2 and K3 are least
certain and form a girdle, similar to L tectonite or
a Flinn plot k value tending to infinity field
(Fig. 21.1; Flinn 1962). With KI > K2 > K3,
both a foliation and a lineation may be discerned.
This fabric is triaxial, similar to a Flinn plot k
value close to 1 field (Fig. 21.2). When K1 and
K2 are equally uncertain and form a girdle, K3 is
perpendicular to a foliation, similar to an S tec-
tonite or a Flinn plot k value close to O field
(Fig. 21.3).

The most useful aspect of AMS analysis is
that it can provide excellent and reliable con-
straint of the linear fabric component. This ele-
ment is often very difficult to constrain in the
field, even when the planar component is very
clear. The linear component is nonetheless nec-
essary to determine the maximum stretching
direction, which may be fundamental to under-
standing transport directions (Stevenson and
Bennett 2011; Stevenson et al. 2007a, b).
The AMS tensor cannot, however, be assumed to
have a linear relationship with strain. This rela-
tionship is at best semi-quantitative where the
shape of the AMS tensor can usually be trusted,
but absolute magnitudes are difficult to correlate
with strain (Borradaile 1987, 1988, 1991, 2001;
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Borradaile and Henry 1997; Borradaile and
Jackson 2004; Hrouda 1993). This is mainly
because the way in which magnetic phases
behave and crystallize during and after flow is
poorly understood. To help constrain the AMS
fabric in relation to the petrofabric, or at least
understand what is controlling the AMS so that it
can be linked more confidently to the silicate
fabric, some form of determination of the mag-
netic carrier phases is required. This is usually
done using temperature versus susceptibility
analyses that can identify the presence of mag-
netite or demonstrate a dominant paramagnetic
phase (Liss et al. 2004; Magee et al. 2012;
O’Driscoll et al. 2015; Orlicky 1990), or by using
techniques that are able to separate magnetic
anisotropy contributions using low and high field
measurements (Richter and van der Pluijm 1994;
Stevenson et al. 2007a, b) and various methods
using remanence in addition to susceptibility.
Fabric pattern relationships can be summarized
with respect to magma flow directions in end on,
side view or plan (map) view (Fig. 2m). In each
diagram the projected foliation trace is marked
with dashed lines and the projected lineation trend
with grey lines. Map symbols are shown in plan
view to establish fabric geometry in the other
diagrams. End on and side views show the plane
through which the plan view is taken. In each case
there is an upper and lower plane shown respec-
tively in upper and lower parts of the relevant
diagram. Grey arrows show the magma flow
direction where relevant. Fabric pattern in a
magma conduit, like a lava tube (Fig. 2m.1), may
represent a lobe, tongue or finger. Foliation trace is
generally concentric in end on view but shows a
parabolic profile in plan view. Lineation tends to
be convergent to a central axis in all views. Fabric
patterns for the termination of a sheet in a viscous
(non-brittle) propagation mode are portrayed in
Fig. 2m.2 (Schofield et al. 2010, 2012b). This
process may be operating during fluidization of
country rocks. Here we assume that sheets take the
form of lobes on limited extent along strike, thus in
the plan view the lineation trends converge around
the nose of the sheet tip. The lobes are flattened in
the horizontal plane, so in side view, projected
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lineation trends are parallel to the foliation trace,
while at tip or nose the lineation trends are close to
perpendicular to the transport direction. If the
structure was more cylindrical we may not expect
to see lineation along the axis. The fabric patterns
expected for a brittle (hydrofracture) propagation
mode (Fig. 2m.3) show that there is a zone at the
tip of the sheet that is dominated by fluids and we
may not see any continuity in the fabric. For a sheet
intrusion, the plumose lineation trend is shown in
plan view, where the foliation trace displays a
parabolic pattern (Fig. 2m.4). Here the only places
where lineation trends parallel to propaga-
tion/magma flow is near the margins and along
the central axis. Note that foliation planes, imbri-
cated with respect to the margin (roof or floor),
may only be used to determine flow direction
along the central axis of flow (much like trough
cross bedding in fluvial sandstones).

Two examples of AMS fabric data and their
interpretations are reported here for reference.
The case of Maiden Creek Sill, Henry Moun-
tains, Utah (Fig. 2n) illustrates lineation trends
splaying from an axial trend into a plumose
pattern in plan view (Horsman et al. 2005). In
contrast, Fig. 20 reports AMS data and inter-
pretations from part of the Trawenagh Bay
Granite, NW Ireland (Stevenson et al. 2007a).
Although not for an SLI per se, the map high-
lights the way in which lobes were defined in this
intrusion based on foliations curving around a
lineation axis. In some lobes the lineation trend
was parallel to this axis, in some they tended to
splay down flow, and in others the lineation trend
seemed to converge down flow.

2.3 Solid-State Flow-Related
Structures (Syn-magmatic,
Non-tectonic)

Solid-state flow in magmatic rocks refers to
conditions where the igneous system is subjected
to stress when it is either fully solidified, or when
the amount of melt available is insufficient for
crystals to rotate and, therefore, they deform
internally (Vernon 2000). We are concerned here
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(a) - cataclastic shear bands
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with deformation caused by continuing or puls-
ing emplacement processes rather than from
regional tectonic stress. Although this distinction
may be difficult to make, examination of fabrics
and structures in surrounding host rock is nor-
mally sufficient. However, strong differences in
rheology, and therefore behavior of the igneous

(b) - brittle textures-cross section

body and its host, can result in misleading con-
clusions (Pavlis 1996).

The largest-scale solid-state flow-related fea-
tures are those that develop along significant
expanses of the carapace of SLI as cataclastic

shear zones (Fig. 3a; Habert and de
Saint-Blanquat 2004; de Saint-Blanquat et al.
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flow-related structures
(syn-magmatic). a Large cataclastic bands/shear zones—
Schematic drawing of the cataclastic bands in the Black
Mesa intrusion, Henry Mts, Utah (Habert and de Saint
Blanquat 2004). b Brittle textures as seen in cross section
in the first few cm of the intrusive contact. b.1: Top
contact of Trachyte Mesa intrusive sheet against sand-
stone, illustrating a thin, centimetric, shear zone (Morgan
et al. 2008). b.2: Top contact of the Portoferraio laccolith,
Elba Island, with centimetric shear zone, where quartz and
sanidine are cataclastically deformed. b.3: Top contact of
Trachyte Mesa intrusive sheet against country rock,
illustrating a centimetric shear zone passing to the normal
intrusive porphyritic texture with increasing distance from
the contact. b.4: Cataclastically deformed plagioclase at
the top of the Black Mesa intrusion, Henry Mts (de
Saint-Blanquat et al. 2006). b5: Book-shelf deformed
quartz crystal in the vicinity of contact with country rock
of Portoferraio Laccolith, Elba Island. ¢ Brittle textures as
seen in plan view on the contact surface. c.1: Solid-state

2006), but due to erosion and limited exposure,
they normally require effort to characterize.
Cataclastic shear can be found more locally on
opposing walls of dykes, as well as along the
roofs and floors of sills (Schmiedel et al. 2015),
or they may form relatively late along flow
foliation planes inside emplacing viscous magma
(Mock et al. 2003).

These deformation structures are thought to
develop within highly viscous chilled margin
zones as a result of continued magma flow in the
interior of the sheet (Fig. 3b). The thickness of
such zones tends to be measured in centimeters
(Horsman et al. 2005; de Saint-Blanquat et al.
2006). At the mesoscopic scale, textures could
appear as ductile shear (Fig. 3bl, 2, 3), yet at the
microscopic scale, crystals are clearly cataclasti-
cally deformed, and often show bookshelf tex-
tures (Fig. 3b4, 5). Seen on contact surfaces,
these textures are characterised by stretching
lineations formed by cataclastically elongated
quartz and feldspar crystals (Fig. 3c.1, .2, .3). At
Trachyte Mesa, these lineations on the curving
terminations of advancing sheets follow the
magma surface and are oriented orthogonal to the
axes of folds; within a few cm towards the inte-
rior, the magmatic foliation abruptly rotates to
perpendicular to the contact (Morgan et al.
2008). Similar relations are observed on Elba
Island where cataclastically stretched crystals
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lineation on top of the intrusion, Maiden Creek sill, Henry
Mts (Horsman et al. 2005). c.2: Cataclastically stretched
feldspar and quartz crystals on the contact surface of the
San Martino laccolith, Elba Island. c.3: Cataclastically
stretched feldspar and quartz crystals on the contact
surface of the Portoferraio laccolith, Elba Island. d Ductile
textures. d.1: Bent crystal of biotite within a cataclasti-
cally deformed portion of an intrusion very close to the
contact, with cataclastically stretched feldspar and quartz
crystals on the contact surface of the San Martino
laccolith, Elba Island (same as Fig. 3B5). d.2: Flow
bands—Flow banding underlined by trains of mafic
enclaves occurring in a more felsic intrusion; arrows
(1.) point to the sharp contact between a hybrid zone
showing flow banding features in a homogeneous
quartz-porphyry; arrows (2.) point to enclaves embedded
and flow lineated (Eriksson et al. 2011). Each
sketch/picture is after the work indicated by an asterisk
in Table 3

align perpendicular to wave crests (Fig. 3c.2, 3).
These lineations in the cataclastic skin of a few
cm thickness are also at right angles to those that
can occur in the interior, reflecting alignment by
non-coaxial shear in the former and by coaxial
strain in the latter (Fig. 1f; de Saint-Blanquat
et al. 2006). More rarely observed, such zones
occur within the interior of SLI where they are
attributed to multiple injections of discrete sheets
or fingers of younger magma (Horsman et al.
2005; Morgan et al. 2005).

Deformation styles within the cataclastic
zones are controlled primarily by mineralogy and
gradients of temperature and viscosity. Variation
in strain rates can also influence the behavior of
minerals. The degree of deformation in the shear
zones is at a maximum at the contact and
decreases inward. Lineations are the dominant
deformation features, owing to the high aspect
ratios reached by brittlely stretched crystals.
A review of sense of motion indicators under
magmatic conditions (Blumenfeld and Bouchez
1988) shows that criteria are very similar to those
established for solid-state deformation in meta-
morphic rocks (Simpson and Schmid 1983;
Vernon 2004). As implied by referring to these
zones as cataclastic, deformation is almost
exclusively brittle, but minerals such as biotite
can deform plastically as part of a ductile texture
(Fig. 3d.1).
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<4 Fig. 4 Thermal and fragmental structures. a Chilled

margins—Field photo of a Palaeogene sill with a 5-7 cm
chilled margin (slightly finer grained and darker) at the
contact against Triassic sandstone, Scrabo quarry, northern
Ireland (notebook is 20 cm long). Mesoscopic picture of a
polished slab of the lower contact against pelitic sediments
of a Late Paleozoic andesitic sill, with the sill margin
vesiculated and bleached, near Magdeburg, Germany
(Awdankiewicz et al. 2004). b Phenocryst distribution—
Layering of mafic phases in a felsic level inside a
fine-grained gabbro, Gulf of Ajaccio, Corsica. ¢ Miarolitic
cavity—Miarolitic cavity filled with calcite (Cal) and
quartz (Qtz) (de Saint-Blanquat et al. 2006). d Cooling
columns—Host sediments with cooling columns formed
by thermal overprint, close to contact with Late Paleozoic
andesitic sill from a quarry west of Magdeburg, Germany.
e Intrusion contact breccia—White aplite brecciated at the
intrusive contact with slightly younger light brown
porphyritic laccolith below. Clasts are located in the
contact zone, with some migrated tens of cm inside the
younger porphyry, coin for scale, Elba Island. f Breccia
dyke—Dyke made of fluidized shale (originally Creta-
ceous) matrix carrying clasts of late Miocene porphyritic

Conditions of non-coaxial flow characterize
contact zones where magma drags along the host
wall and becomes increasingly viscous due to
cooling. This creates a simple shear system par-
allel to the wall and to the particle paths, but with
stretching and flattening at an oblique angle.
Flow banding can develop in SLI (Fig. 3d.2), for
example where the banding defines the plane of
overall flow along the margins of bimodal dykes,
preserving intercalated mafic and felsic magmas
that intruded quasi-contemporaneously (Eriksson
et al. 2011).

24 Thermal and Fragmental
Structures

Chilled margins are nearly ubiquitous along the
contacts of sheet-like bodies emplaced at shallow
levels. In fact, initial assumptions about depth of
emplacement typically stem from observation of
these marginal features that offer evidence of sig-
nificant temperature contrast between magma and
its host. Confirmation of intrusion, as opposed to
extrusion, in some cases comes from observing
chilled margins on both walls of these tabular
bodies rather than on one. Similarly, chilled
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igneous rock and Cretaceous limestone cropping out in the
vicinity, coin for scale, Elba Island. g Pyroclastic dyke—
Pyroclastic welded domain with vertically (parallel to dyke
attitude) oriented flamme resembling a flow foliation in a
dyke related to the Late Carboniferous Tharandt Forest
Caldera, west of Dresden, Germany. h Breccia dyke—
Dyke including fragments of porphyry along with clasts of
local and distant host rock, Elba Island, Italy. i Peperite—
Sill with peperite on both sides, Sag Hegy, Hungary
(Martin and Nemeth 2007). j Fluidized material—Thermal
fluidization (flash boiling within a fluidized mass along the
magma contact) and triggered fluidization (rapid release of
heated pore-fluids not directly related to magma move-
ment) (Schofield et al. 2012b). k Hydrothermal vent
complex—Full sketch of a vertical section through a
hydrothermal vent complex (Svensen et al. 2006) and field
photo of the outcropping portion of the Jurassic Witkop
hydrothermal vent complex, Karoo. 1 Columnar joints—
Commonly formed in SLI when sheets of solidified magma
continue to cool inward from the walls to form parallel
prismatic columns like mafic sills, example photo from
Colca, Peru. Each sketch/picture is after the work indicated
by an asterisk in Table 4

margins can be used to unveil post-solidification
processes (e.g. faulting) where the margins are
truncated. The detailed nature of chilled margins
(Fig. 4a), their thickness and degree of crys-
tallinity in particular, is controlled by variables
such as magma temperature and composition (and
associated  viscosity), temperature contrast
between magma and host rock, either adjacent to
the wall over time or passing along the wall
through time. These margins are some of the ear-
liest structures formed during emplacement and
often represent the least modified magma.
Another family of features that develop in SLI
in response to progressive crystallization involve
mineralogical and textural changes producing
layering that parallels the tabular forms. Cooling
from the walls of dykes or from the roof and floor
of sills and laccoliths often produce changes in
matrix grain size, as well as phenocryst size and
abundance, particularly in more mafic bodies.
Given sufficient thickness and low enough vis-
cosity, crystal settling can generate magmatic
layering (Fig. 4b). In the same line, high temper-
ature crystallization domains such as spherulites
and lithophysae (Breitkreuz 2013) have been
observed to form near the margins of SLI, with the
domains often arranged parallel to the margin.



108

In the case of large mafic SLI, extended
duration of crystallization promotes fractiona-
tion, with associated development of late mag-
matic features such as granophyres, pegmatites,
and miarolitic cavities (Fig. 4c). Late-stage
magmatic products also can form systems of
dykes and veins, including development of
net-veining. Even in more felsic rocks, such as
the rhyolitic laccolith units of the Halle Volcanic
Complex, whole rock geochemical zonation can
develop due to fluid mobility during groundmass
crystallization (Stodczyk et al. 2015).

Contact metamorphic effects associated with
SLI emplacement are generally minimal, and a
decided lack of contact metamorphic effects is
reported as a widespread occurrence (Corry
1988). Based on growth of index minerals, even
in thick, high-temperature sheets, effects are
decidedly less than for plutonic units of similar
size. However, contact effects are particularly
important and well documented for mafic sills
intruded into organic-rich sediments and sedi-
mentary rocks, with aureole thicknesses gener-
ally equal the thickness of the sill (Aarnes et al.
2010). Other studies of contact effects in
thinly-bedded laminated carbonate mudstones
and organic-rich siltstones report aureoles whose
full thickness is recognized only by C and O
isotope variations (Dutrow et al. 2001).

At the base of mafic sills intruding wet sedi-
ments such as in the Karoo and Newark Basins,
spherulitic nodules with bullseye patterns have
been observed, with pronounced elemental
transfer across bleached zones to the newly stable
mineral assemblage in the center. In other set-
tings, heated and sintered clastic host sediments
can develop cooling columns oriented perpen-
dicular to the contact plane (Fig. 4d; Adamovic
2006). Around most SLI, however, evidence for
heated host rock is not visible, perhaps because
heat transport away from the SLI contact in
porous/permeable host sediments is advective
and rapid such that signs of thermal overprint are
limited. As an example, vitrinite reflectance from
coal seams in the vicinity of large SLI in the
Halle Volcanic Complex decreases from values
as high as 9% at the contact to background level
within 1.5 m of the contact (Schwab 1962).
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Fragmentation structures seen as intrusion
contact breccias (Fig. 4e) can develop along the
propagating fracture beyond the limits of a sill
(Tweto 1951), but more commonly they are
found in contact with the intrusive rock (Morgan
et al. 2008). These fragmented zones can include
the intrusive material, the host material, or both
(Schmiedel et al. 2015). Igneous breccia made
primarily of intrusive material can develop mar-
ginally with fragments cemented by sets or net-
works of quartz and calcite veins (Awdankiewicz
et al. 2004). Breccias at the contact can contain
shear bands that conform to the overall direction
of magma emplacement (Morgan et al. 2008).
These breccias are generated by shear strain at
the contact during magma sheet emplacement in
response to outward translation of individual
sheets, with a large degree of frictional coupling
between the overlying layers leading to final
brecciation.

Pyroclastic dykes (Fig. 4f) have been descri-
bed as emplacements in volcanic edifices, as well
as in country rock. They may resemble tabular
feeding systems of explosive eruptions with the
exposure level of the dyke being located above
the fragmentation level (Almond 1971; Ekren and
Byers 1976). “Ignimbritic dykes” have been
documented from high-volume caldera com-
plexes of the Sierra Madre Occidental in Mexico
(Aguirre-Diaz and Labarthe-Herndndez 2003).
Common to these is a vertical orientation of
pyroclastic welded domains (fiamme) parallel to
the attitude of the dyke, resembling a flow folia-
tion. The typically welded pyroclastic rock forms
by lateral aggradation during upwardly directed
flow of a dispersion of hot melt fragments and
gas. Presumably, these feeding systems are being
closed due to deflation of the volcanic complex;
otherwise, the lack of porosity in these welded
pyroclastic dykes is difficult to comprehend.

Other quite frequent types of clastic dykes are
phreatic and phreatomagmatic dykes that are
cross-cutting lava flows, pyroclastic deposits or
country rock. They display vertically aligned,
non-welded domains of fine- to coarse-grained
volcanoclastic and non-volcanic fragments
(Fig. 4g). These dykes are related to phreatic
explosions of water bodies (creeks, lakes, wet
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substrate) covered by hot lava or pyroclastic flow
deposits. Phreatomagmatic dykes may form in
the periphery of phreatomagmatic explosions, in
and around volcanically active diatremes or
emplacing sills and dykes (Martin and Nemeth
2007).

On Elba Island, chaotic breccia zones are
preserved with angular fragments of the intruding
porphyry and the rigid limestone host material,
all ‘swimming’ in fluidized shale. These types of
mixtures can escape the contact zone to form
clast-supported breccia dykes (Fig. 4h) in which
fragmented intrusive rock mixes with fragmented
host rock and intrudes with parallel contacts both
into the host and vice versa.

Other pyroclastic systems related to a volcanic
vent and formed below the surface may have
cone- or pipe-shaped geometry. They range from
phreatomagmatic maar-related diatremes to vents
related to explosive eruptions of volatile-rich
mafic mantle melts (Kano et al. 1997; Reedman
et al. 1987). Caution is advised in assuming an
intrusive origin when such textures are observed.
For example, in the study of a Late Paleozoic
silica-rich magmatic system in Burkersdorf,
Germany, a detailed 3D data set on orientations
of flamme and cooling columns has been used to
justify the interpretation for a welded fall-back
breccia in a vent situated on a rhyolitic dyke that
propagated subhorizontally through metamorphic
country rocks (Winter et al. 2008).

Several variables at the site of emplacement
strongly influence the range of disruptive tex-
tures that develop in either the intrusive unit or
the host, or in both. Foremost among these is the
role of fluids, primarily water present in the host,
but also as released magmatic fluids. Peperite
(Fig. 4i) often forms in adjacent host material
when any of a variety of magma types comes in
contact with wet sediments, producing a myriad
of forms all related as reaction textures that have
been well described and illustrated (Martin and
Nemeth 2007; Skilling et al. 2002). Peperitic
textures are also reported for interactions of
magma and both hydrous salt in the Werra-Fulda
Basin, Germany (Schofield et al. 2014) and coal
in the Raton Basin, Colorado, USA (Schofield
et al. 2012b).
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Emplacement of sills and laccoliths into the
unconsolidated part of the crust occurs by
non-brittle opening of the plane of emplacement,
initially dominantly as fingers or lobes with a
range of interface fabrics and structures pro-
duced (Schofield et al. 2012b). Activation of this
emplacement mechanism is apparently restricted
to the upper 2 km of the crust and is, in most
cases, dependent on induced fluidization by
buoyant hot water or vapor producing dispersed
grains (Fig. 4j), controlled primarily by fluid
volume, host strength, vapor velocity, and clast
size (Busby-Spera and White 1987). Fluidization
can occur as (i) thermal fluidization, a continu-
ous process with flash boiling of pore-fluids
within fluidized material flowing along the
magma contact, or (ii) triggered fluidization,
when heated pore-fluids are rapidly released by a
process not directly related to the magma
emplacement, such as a fault, leading to rapid
expansion of the pore-fluids (Schofield et al.
2010, 2012b). These two processes represent
end-members and it is likely that in a given
intrusion there will be a combination of both
processes operating. Such fluidized mixtures of
materials can escape to make dykes or pipes that
migrate considerable distance into the overlying
host (Platten 1984), or if the available fluids and
driving forces are sufficient, to form hydrother-
mal vent complexes (Fig. 4k) that pierce the
overlying strata and sometimes then collapse
(Svensen et al. 2006).

As was noted early in this section, chilled
margins are characteristic of most SLI, due to the
strong temperature contrast with the surrounding
host and the generally small volume of many
SLI. For similar reasons, formation of
post-magmatic, intrusion-scale columnar joints is
also common when sheets of solidified magma
continue to cool inward from the walls to form
parallel prismatic columns. Sets of curved cool-
ing columns can form controlled by non-planar
isotherms, parallel to the outer surface of the
magma body. Others have examined the detailed
fracturing of such jointed rocks in relation to
their enhanced porosity in the context of evalu-
ating unconventional hydrocarbon reservoirs
(Bermtdez and Delpino 2008).
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2,5 Examining Multiple Approaches

Although the above descriptions attempt to
simplify the range of conditions and textures,
complexity is more likely the norm. Evidence
exists for coalescing fingers during dyke and sill
formation, and differential rates of flow within a
sheet that effectively create magma-magma
interface zones in which simple shear and
resulting imbrication may occur. Each intrusion
needs to be carefully examined to see how the
sum of the observations can best be interpreted.
As an example, the emplacement history of a
giant diabase feeder dyke in Connecticut is
reported where seven flow-direction indicators
(imbricated phenocrysts, broken and sheared
phenocrysts, granophyre wisps emanating from
wall rock, granophyre wisps folded by backflow,
granophyre segregations attached to phenocrysts,
Riedel shears, and ramp structures) have been
used to unravel a three-stage model that included
back flow (Philpotts and Asher 1994), later
confirmed by detailed study of deformed vesicles
and AMS analysis (Philpotts and Philpotts 2007).

3 Example of Elba Laccoliths:
A Case for Coherence

Many igneous rocks, occurring in dykes and sills
in particular, preserve SPO fabrics. However,
before concluding that such fabrics are caused by
magma flow, other alternatives need to be con-
sidered and excluded. If all other reasonable
options to generate a fabric are found wanting,
then an origin from magma flow becomes most
likely. It is worth repeating that the observed
fabric mostly represents the flow pattern in the
waning stages of movement, and that interpola-
tion to determine earlier patterns during initial
emplacement and filling needs to be done with
care. On the other hand, given that fabrics are all
related to the flow of magma during the waning
stage of emplacement, the data describing their
geometries should be coherent, as shown by the
example of laccoliths from Elba Island.
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3.1 Interior Fabrics and Flow

As with many laccoliths and sills, the laccoliths
at Elba Island, Tuscany, formed at the transition
to horizontal flow following vertical flow in
feeder dykes. In such situations, the feeder dykes
are characterized by relatively fixed cross sec-
tional area and non-coaxial flow generated by the
higher velocity toward the interior, leading to an
imbricated fabric. On the other hand, the
cross-sectional area of the laccolith bodies con-
tinuously increased as the radius and thickness of
intrusion increased. Such a transition reoriented
the linear and planar fabrics as magma exited the
constricting conditions of the dyke and emerged
into expanding subhorizontal sheets, a transition
similar to that shown experimentally (Kratinova
et al. 2006). This observation further underlines
that stress fields reconstructed on the basis of
mineral fabrics are not sufficient to determine the
whole history of flow, because such fabrics rep-
resent just the closing stages.

As an example, for the Elba San Martino
laccolith, the great coherence between stress
fields reconstructed from both (i) orientations of
biotite platelets as determined from AMS studies
and (ii) aligned tabular K-feldspar megacrysts
determined by field analyses (Roni et al. 2014) is
nevertheless insufficient to reconstruct the direc-
tion and sense of flow. Indeed, the AMS and SPO
data provides information about diverging flow
lines much like the information provided by
simple glacial striations: you know the direction
(a line) along which the magma (or ice) moved,
but you don’t know the sense. Thus, the case of
the San Martino laccolith required an initial
assumption of overall divergent flow as the lac-
colith expanded laterally from its feeder dyke,
followed by a two-step interpretation. First, the
orientation of the flow lines in map view of the
laccolith sheets could be determined from the
directions of the short axes of the tabular crystals
and the weakest AMS direction (K3). Deter-
mining the sense of flow along those lines
required a second step, namely recognizing that
such axes plunged toward or away from flow
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Fig. 5 Elba Island laccoliths—a Stretching lineations
given by extremely deformed crystals on the exposed
outer contact surface of the Portoferraio laccolith; coin for
scale. b Strongly stretched crystals of quartz and feldspars
in the outer “skin” (ca. 2 cm) of the Portoferraio laccolith,

depending on whether magma was directed
toward the base or roof of the laccolith, respec-
tively. The result proved to be a coherent and
internally consistent ‘geo-logical’ pattern, com-
patible with the original position of the primary
feeder dyke (Roni et al. 2014), that is known
thanks to the post-emplacement lateral displace-
ment of the laccolith layers that left the feeder
dyke and laccolith exposed side by side
(Westerman et al. this volume).

3.2 Ornamented Waveforms
and Disrupted Contacts

A number of well-exposed intrusive contact
surfaces in the Elba laccolith complex provides
an opportunity to evaluate the relationship of
magma flow to the development of waveforms
that are ornamented with cataclastically gener-
ated mineral lineations in the outer skin of the
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as seen in cross section on a polished slab. ¢ Fluidized
black shale amidst lobelets of Portoferraio laccolith in the
contact zone; coin for scale. d Log-log plot of wavelength
and wave height of contact waveform sets, measured at
five different locations on Elba Island

porphyries. Observations of these surfaces for
both the San Martino and Portoferraio laccoliths
show the presence of severely stretched (up to
40:1) phenocrysts of quartz and feldspars
(Figs. 3c and 5a). Bookshelf structures in quartz
preserve the sense of motion during strain
(Fig. 3b5), while feldspar crystals occasionally
show similar patterns but are generally charac-
terized by the development of both symmetrical
and asymmetrical cataclastic tails of crumbled
grains (Roni 2012).

All of these solid-state deformation features,
as well as ductile bending of associated biotite
microphenocrysts, are restricted to the outer 1—
2 cm of the porphyry (Fig. 5b). The groundmass
between the deformed crystals shows no evi-
dence of shearing, appearing only slightly finer
grained than the groundmass in the interior of the
sheets where the phenocrysts are undeformed.
Stretching lineations are commonly present on
the upper contacts, but are also seen on basal
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contacts. Similar structures are reported for
shallow intrusions in the Henry Mountains
(Horsman et al. 2005; Morgan et al. 2005; de
Saint-Blanquat et al. 2000).

All examples of these cataclastic lineations on
Elba are seen as ornamentation on waveforms
that occur along intrusive contact surfaces of
porphyry against highly disrupted, or ‘fluidized,’
shale and serpentinite that has temporarily lost its
competence (Fig. 5¢). Most commonly, the
structures have rounded ‘crests’ and ‘troughs’
best described as sinusoidal, but some sets are
characterized by pointy crests and/or troughs
(Figs. 2b, 3c.3 and 5b); elsewhere, crests form
with an appearance of having ‘overrun’ the
troughs, producing a small-scale ropy structure
with a ‘pahoehoe’ appearance (Fig. 2d).

Exposures at Elba Island allow also more
detailed observation: where host rocks became
fluidized, wave sets occur across a range of
geometries with wavelengths from 1-2 cm up to
1.5 m, and heights from 0.3 to 33 cm. The lar-
gest waveforms are associated with thicker
sheets, however smaller waveforms can occur
either alone or superimposed to produce sets of
waveforms of different orders of magnitude.
Relationships of wavelength to amplitude tend to
be organized and consistent, displaying a
power-law relationship (Fig. 5d).

Additionally, these waveforms on contacts of
both the Elba Island and Henry Mountains lac-
coliths (Horsman et al. 2010), show solid-state
phenocryst lineations that are characteristically
orientated perpendicular to the axes of the
waveforms (Figs. 3c.3 and 5a), independent of
the regularity of the waveform patterns. And
because the lineations wrap on the undulating
surfaces, they define the plane perpendicular to
those axes. For the Elba laccoliths, the stretching
lineation fabric has also been investigated using
AMS in the outer 2.5 cm at several contacts,
finding that the AMS magnetic lineation (K1) is
consistently parallel or sub-parallel to the
stretching direction shown by the solid-state
fabric on the contacts (Roni 2012). In addition,
both of these lineations, whether measured
together or alone, are arranged nearly perpen-
dicular to the axes of associated wave crests.
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Because the lineation defined by cataclastically
stretched crystals is always associated with sur-
face waveforms, and because they invariably
occur together, we consider them as directly
related to magma flow, with wave crests and
troughs aligned perpendicular to flow direction.

Our scenario for the development of these
surface features focuses on four elements:
fluidization of host rock, sharpness of the contact,
freezing the marginal magma, and persisting
magma flow. More completely, porphyritic
magma enters a brittle fracture, carrying phe-
nocrysts. Host rock is locally fluidized along the
fracture but remains “cold” relative to the adja-
cent, immiscible magma. Magma freezes instan-
taneously to form a thin skin with embedded
phenocrysts. Viscous drag from magma moving
against the skin brittlely stretches the phe-
nocrysts. The chilled margin thickens incremen-
tally with viscous drag increasing as the sheet also
thickens. Crystal stretching extends into the solid
and warmer part of the margin, decreasing in
intensity. Continued forceful emplacement fur-
ther thickens the sheet with transpressive forces
generating “standing waves” between the warm-
ing contact zone and the “soft” host.

With regard to the multiple sets of waveforms,
other than having a fluidized host, the main
variable most likely controlling both their
occurrence and scale is the velocity differential
along the flow path, with obstruction of the
forward-moving magma causing waveforms to
set up behind. In our scenario, lateral propagation
was followed by vertical inflation, with two or
more episodes during the earliest part of the
inflation process. During propagation of the ini-
tially thin sheet, the contact surfaces become
decorated by centimetric waveforms preserved in
the frozen outer skin of the sheet. Then, subse-
quent inflation stages superimpose decimetric-
and even metric-scale waveforms on the contacts
of the intrusion.

What remains to be fully understood are the
fluid mechanics of the coupled system that con-
trol the waveform parameter such that wave
height and wavelength correlate. Rheological
properties of the fluids vary with distance from
the contact and with time, and the forms are
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visualized to have formed as stationary features
that never propagated.

3.3 Coherence

If fabrics defined by the preferred orientations of
undeformed phenocrysts, by waveforms, and by
stretched crystals on contacts are all related to the
flow of magma, the data describing their
geometries should be internally consistent. These
relationships are considered here for a diverging
set of particle paths with decelerating magma,
such as would occur during growth of a laccolith
sheet from a central feeder dyke.

On Elba Island, the observed fabrics present a
coherent pattern. First, orientations for tabular
K-megacrysts (SPO field measurements) and
biotite plates (AMS measurements) within the
magmatic sheets are similarly aligned and pro-
vide a geologically logical (‘geo-logical’) pattern
of overall magma flow in the interior of sheets
(Roni et al. 2014). Second, highly elongated
phenocrysts in the skin of the intrusions are
stretched parallel to the overall flow lines and are
in concordance with AMS lineations measured in
cores from exposed contacts. Third, waveforms
on intrusive surfaces are aligned perpendicular to
those interpreted flow lines, suggesting com-
pression in the direction of flow.

Many of the features described above can
offer information about magma flow, but when
all of them are available, they provide a coherent
geometry of fabrics. For the San Martino lac-
colith system, expanding sheets of magma were
being emplaced under conditions of lateral
divergence from a feeder dyke resulting in
(1) poles perpendicular to aligned tabular crystals
defining the flow direction, (ii) fold axes of
wave-like structures aligning perpendicular to
flow, and (iii) stretched crystals defining a plane
that contains the flow direction which is oriented
perpendicular to those fold axes.

113
4 Concluding Summary

Over the past 200 years, a lot of nomenclature has
been introduced to describe structures and features
of SLIs, often with genetic implications. We have
attempted here to organize much of this body of
information using logical breaks in the timing of
magma emplacement, independent of the scales of
features. We started with Intrusion-related struc-
tures that formed as the magma was initially
making space and then developing into its char-
acteristic form. This is followed by a discussion of
Magmatic flow-related structures that develop as
magma moves with suspended crystals that are
free to rotate, recognizing that only the final
‘snapshot’ of this process is preserved. The next
set of features were the Solid-state flow-related
(syn-magmatic, non-tectonic) that
formed in portions of the intrusions impacted by
continuing flow of nearby magma. Our final dis-
cussion concerned Thermal and fragmental
structures, less constrained by time of formation
than the other features, but related by their asso-
ciation with creation of space and impact on host
materials. While this is not the only scheme pos-
sible, we find this reasoned and rational organi-
zation to be helpful in describing and interpreting
the myriad observations that have been reported.
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