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Abstract

Understanding how clastic injectites form is important, as they are increasingly being recognised
as sgnificant components of sedimentary badils, but are not predicted by standard
sedimentary facies models. This study focuses on exhumed examples of injectites from the
Karoo Basin, South Africa, and utilises a multidisciplinary approach to investigeti

injectites across a variety of scales.

Smaliscale analysis of injectites allows a classification of fracture patterns preserved on sill and
dyke margins. These are used to interpret propagation direction through brittle, fine grained
sediments uder a laminar flow regime at depth in closed fracture netwohkgontrast, shallow
injectites, where they do not extrude, are identified by; fewer dykes, less stratigraphy crosscut,
lower volume of injected material, and in some cases burrows on irgeti#rging suggesting

exploitation of injectite networks close to the surface.

These insights are applied to largegrale (100s m to km) analysis, where extensive outcrop and
well constrained paleogeography permits the injectite geometry to be relategharent
sandstone facies and architectur€he influence of fluid flowpre-, syn and postinjection is
investigated across multiple scale& model for the predictive distribution of injectites is
proposed, which highlights the close association of b#ewr stratigraphic traps and sub
seismic clastic injectiteBhe outcrop data permits construction of forward seismic models
demonstrateinjectite architecture is scale invariant, which supports the use of outsaae

data in seismigcale interpretations

The integration of outcrop panels, well log data, forward seismic models and subsurface seismic
sections has aided the identification of injectites in the subsurface and therefore the ability to
discriminate between clastic injectites and parent sandbodide increased predictability in

the location and character of injectites allows subsurface uncertainty in the impact of clastic

injectites on hydrocarbon reservoirs to be reduced.
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A fracture aperture (m)
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Ds clast diameter; the diameter of a sphere with the same volume as the particle (m)
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1 Thesis context, significance and structure

1.1 Thesis rationale and objectives

Exhumed sandstone dykes and sills, referred to generically as clastic injectites, have been
reported from many outcrops (Hiscott, 1979; Archer, 1984; Keighley and Pickerill, 1994t Jonk
al., 2003; Scotet al,, 2009; Kane, 2010; Rossal., 2014, Itoet al., 2016; Hurset al., 2016).

First recognised in the ¥&entury (Murchison, 182™Miller, 1890; Woodworth, 1895) as small
a0ItS TSI GdzZNBaA 6mnQa Y beingredaigtAasiakgological cuviosityy & A
Interest and understandingf clastic injectites has increased significantly over the last two
decades, driven by their recognition in the subsurface as important, and frequentlydeatge
features (100s m to km), during exploration and production of hydrocarbon reservoirs. gwev

the relationship between small scalgyb-seismicinjectite geometries and architectures, and
seismiescale examplesemains poorly understood (Durtirand Hurst, 2004; Huust al., 2007,

2010). This has led to an increase in outcrop investigatiohstter constrain the preequisite
conditions, processes, and products of clastic injection. This in turn, has enhanced predictive
geometric modelling, in addition to characterising physical properties of clastic injectite

networks (Ravieet al., 2015).

There are still many aspects of clastic injectite formation that are poorly understood. Research
undertaken for this thesis aims to address the following questions, which are returned to and

addressed in Chapter 8:

Question 1:What are the physical diffences in clastic injectites formed at shallow and deep
burial depths, and at what depth does this transition occur?

Rationale:Commonly, at outcrop or in seismic data the depth of injectiohais] to resolve.

Where injectites reach the surface it can ppassible to give a definitive depth of burial prior to
injection (Oberneier, 1998 Hurstet al., 2006; Jonkt al., 2007; Vigoritet al., 2008; Rosst al.,

2013). However, when injectites do not reach the palaeosurface their depth of injection is more
difficult to define. Clastic injectites are known to form different geometries when injected at
shallow depthgJolly and Lonergan, 2002; Dutisand Hurst, 2004; Jordt al., 200%) or after

deep burial (Jolly and Lonergan, 2002; Vigoetcal, 2008; Vigato and Hurst, 2010). The
OdzNNBy G aakKlftft2gé |yR aRSSLE AyeSOGaAdsS Oft



substantially. For example, Duranti and Hurst (2004) define shallow as <100 m, whereets Jonk

al. (200%) define shallow as <400 m.

Estallishing recognition criteria for the identification of injectite morphology in both outcrop
and seismic data, or of surface indicators at different depths, could help constrain the depth of
burial at time of injection. This can be applied to improve untarding of the prerequisite
conditions and trigger mechanism prior to injection, and inform the likely rheology of the host
rock during injection. Constraining the depth of burial prior to injection can also be used to build
4D fluid flow model#n regard to timingin hydrocarbon exploration and production. The depth,

and therefore timing, of injection is keg evaluating fluid flow pathways and reservoir charge.

Question 2:What factors control injectite architecture?

Rationale:The complexity and vaaiion within and across injectite networks suggests more than
one or two principal factors control injectite architecture (Parize and Friés, 2003; Jackson, 2007;
Mourgueset al., 2012; Cobaiet al., 2015; Wheatley, 2016). The processes involved in injectite
emplacement have been of interest for over a century (Newsom, 1903; Jenkins, 1930), and more
recently focus has been on the mechanisms that control both large and-soaddl architecture
types(Jolly and Lonerga@002; Gallo and bds, 2004; Cartwrigtet al., 2008; Itcet al., 2016).
Emphasis has been towards understanding the conditions required for hydraulic fracturing
(Cosgrove, 2001; Jolly and Lonergan, 2002) and how a fluidised flowl ¢he fracture and
cause them to propagate (Cosgrove, 2001; Hurst and Cartwright, 2007 gtlaks2011). Other
factors to have been postulated that control injectite architecture include: host rock rheology,
and heterogeneity, the volume and architace of the parent sand, the trigger mechanism,
basin tectonic setting, fluid flow regime and pore fluid composition, grain size of fluidised

material, and depth of injection.

Gaining a more comprehensive understanding of how different factors interacioidrol
injectite architecture requires detailed analysis of intrinsic (e.g. flow type) and extrinsic (e.g. host
lithology, tectonic stresses) influences, in addition to understanding ssoalé factors (e.g. host
strata heterogeneities during fracturggpagation). Understanding these controls and how they
ultimately affect injectite propagation and morphology brings us closer to understanding the

formative process in clastic injection.



Question 3:Are clastic injectites (palaggeographically predieble in deepmarine settings?
Rationale:ldentification of clastic injectites in the subsurface can be challenging. Often, the
resolution of seismic data is too low for individual injectites to be identified, or if dykes are
steeply inclined then they mayot be imaged (Jacksaat al., 2011). As a result, interpretation

of injectites in the subsurface is biased toward lasgale intrusion complexes (Schwatbal.,
2015, often sourced from slope settings (Parize and Friés, 2003; Duranti and Hurst, 2084; Hu
et al, 200%; Diggs, 2007; Duranti, 2007; Fartinezet al., 2007; Hambergt al., 2007;
Jackson, 2007; Jomk al., 2007; Surlykt al., 2007; Vigoriteet al., 2008; Kane, 2010; Svendsen
et al, 2010; Szarawarslet al., 2010; Jacksoet al., 2011 L@sethet al., 2013; Mortonet al.,
2014). Yet those of sub-seismiescale may still have the potential to be laterally extensive for
several km (Cobaiet al, 2015), and therefore impact reservoir quality and connectivity.
Understanding how and whyjetctites form where they do would mean increased predictability

on asub-seismiescale.

Using well constrained outcrop data to establish palaeogeographical settings, parent sand
architecture and host stratigraphy for injectites in deep marine settoays permit a model to

be developed to improve prediction for injectite distributions. This model could be used to help
reduce uncertainty in the subsurface distribution of ssdismic, and steep or beuhrallel

injectites in different parts of basifills.

Question 4:What clastic injectite characteristics affect reservoir quality?

Rationale: It is widely acknowledged that clastic injectites can have major impacts on
hydrocarbon exploration and development in degyarine systems by forming fluid migration
pathways (e.g. Dixoet al., 1995; Jolly and Lonergan, 2002) or acting as reservoirs in their own
right (Schwabet al,, 2015 Hurstet al, 2016). Yet details, such as grain packing, {scede
properties, post depositional reworking and volumetrics (Lgaar and Cartwright, 1999;
Durantiet al., 2002) are rarely investigated or included in the building of geocellular reservoir
models. It is the smallescale details that, without core data, are absent from subsurface
datasets. Application, therefore, afietailed outcrop analysis across a range of injectite
geometries and known injection depths is crucial in analysing and building realistic subsurface

reservoir models.

Figure 1.1 demonstrates how particular aspects of Chapte¢s74address these research

questions.
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Figurel.l lllustration to depict four data chapters and how each addresses the stated

research questions. Numbers in bold on lower right of boxes refer to research question number.

1.2 Thesis stucture

This thesis begins with an introduction to clastic injectite expression at outcrop and in the
subsurface and discusses similarities in geometry and architecture to igneous intrusions
(Chapter 2). This is followed by a review of injectite formatiangd physical and forward
modelling (Chapter 3). Four subsequent chapters (Chapt&jgpdesent results of independent
research, each comprising individual rationale, discussion and conclusions, one of which is
published, two are in review, and the finahe is almost at submission stage. The thesis
concludes with a synthesis of the mechanisms, distribution and subsurface implications of clastic

injectites (Chapter 8) that addresses each research question posed in Section 1.1.

Chapter 2:0Outcrop and substace expression of clastic injectitdis chapter summarises the
components in clastic injectite networks including smadleale internal and external structures.
The geometry of clastic injectites is then compared to that of igneous intrusions anc¢hef

vertical exaggeration in subsurface data is explored.



Chapter 3:Injectite formation: physical and forward modellinghis chapter describes the
process of injectite formation theory. Physical modelling of box injectite and fracture
propagation ighen described. Finally, the use of forward modelling of sedimentary outcrops in

seismic interpretation and facies analysis is discussed.

Chapter 4indicators of propagation direction and relative depth in clastic injectites: implications
for laminar vesus turbulent flow processeBublished in GSA Bulletin. This chapter analyses
surface features on the margins of clastic injectites in the Karoo Basin, South Africa to develop
a model for injectite emplacement that considers fracture propagation mechaadcwell as

internal flow processes during injection.

Chapter 5:A holistic model of clastic injectites and basin floor lobe complexes: implications for

fluid flow. Submitted to Basin Research. This chapter presents examples of injectites from the

Laingburg and Tanqua depocentres, Karoo Basin, South Africa. The architecture of injectites is
characterised in relation to the palaeogeography of the parent sand units. This allows for a

holistic model of clastic injectites in badlnor settings to be presdad with discussion on how

basinwide fluid flow is affected pre syn, and postinjection.

Chapter 6Relationship between clastic injectites and parent sand depletion of Palaeocene sands
in the Northern North Sed his chaptempresens a North Sea casstudy example of clastic
injectites, mapped using a high resolution broadband dataset, and associated potential area of

depletion of the underlying source unit.

Chapter 7:Forward seismic modelling of exhumed clastic injectites: the importance of scale
invariance This chapteie use geometric data from exhumed injectites, and forward seismic
modelling techniques, to assess to what degree injectites are scale invariant and to improve

understanding of the complicated, and sometimes chaotic, expressidagifainjectites.

Chapter8: A new macrofaunal limit: injecting life into the deep biosphérepreparation for
submission to Science. This chapter demonstrates that macrofauna lived in injectites several
metres below the sediment surface at 3 separate outcrop sites in the Karoo Basin, South Africa.
Conservative estimates are made for the lengtiime before oxygen depletion occurs in order

to show plausibility of macrofauna survival post injection.



Chapter 9: Mechanisms, distribution, and subsurface implications of clastic injectites: A
synthesis.This chapter provides an extended discussibattaddresses the key research
guestions presented in Chapter 1. Findings from research presented in Chafjtare 4ollated

and synthesised to answer these questions.



2 Outcrop and subsurface expssion of clastic injectites

2.1 Introduction to clastic injectites

The most commonly cited environment for injectites to occur at outcrop and in seismic are deep
marine settings (Jolly and Lonergan, 2000), and in particular-adegme channefills and othe&
deposits associated with submarine slope settings (Parize and Friés, 2003; Duranti and Hurst,
2004; Huuseet al., 2005, Diggs, 2007; Duranti, 2007; Fehartinezet al., 2007; Hambergt

al., 2007; Jacksoet al., 2007; Jonlet al., 2007; Surlylet al., 2007; Vigoritoet al., 2008; Kane,
2010; Svendseat al.,, 2010; Szarawarskt al., 2010; Jacksoet al., 2011; Lasetlet al., 2013;
Monnier et al., 2014 Morton et al, 2014). However, they are also found in many other
sedimentary environments such agistrine(Moretti and Sabato, 2007 subglacial deposits
(e.g. Von Brunn and Talbot, 1986hallow marine deposi{&.g. Boehm and Moore, 2002, Scott

et al,, 2009) alluvial floodplainge.g. Guhman and Pederson, 1992; Bezetral., 2005), arid
settings (Roset al.,, 2014)and many others.

2.2 Components of a clastic injectite system

Sand injectite complexes have 3 main components; 1) the primary depositional body or parent
unit, 2) intrusive bodies including sills roughly concordant with bedding, angk&sdwvhich
crosscut stratigraphy, and may feed seabed extrus{piigoritoet al., 2008)Fig. 2.1). Injectites

have been documented across a wide range of scales from >1 km in length agdd@s m

thick, most often recognised in seisnfecg. Dixon, 1995; Duranti and Hurst, 2004; Hatsl.,

2005; Huuset al., 2004; Andreseat al., 2009)to centimetre scale, seen in core and at outcrop
(e.g. Keighley and Pickerill, 1994; Jatkal, 2003; Scottet al., 2009; Kane, 2010) arger
intrusions, mainly identified in seismic sections, cane@ski Mnn Qa Y ad NI G A 3N
laterally extensive for many kilometres. In contrast, those seen at outcrop are usually limited by
the extent of the outcrop itselfKane, 2010which may be whyhtey are usually only reported

on a smaller scale. Few examples exist of seismic scale injection complexes at outcrop; those
that do are possibly able to bridge the gap between the (®arlyket al., 2007; Vigoriteet al.,

2008; Vigorito and Hurst, 2010)



2.2.1 Parent body

Parent units are often sandbodies of a primary deposition that partially to completely liquefy,
become fluidised and feed clastic injectites. The majority of studies on parent sand architecture
are from subsurface data (Cartwright, 2010; 8warskaet al., 2010; Jacksoat al., 2011),
although even in seismic data the parent sand may be difficult to identify where injectites are
not in direct contact (Huuset al., 2005). At outcrop, parent sands are often more difficult to

constrain due teexposure (Surlykt al., 2007; Vigoriteet al., 2008; Kane, 2010).

2.2.2 Dykes

Dykes are discordant with host strata, can be of any scale from mm to 10s m thick and crosscut
100s m stratigraphyJonket al.,, 2003; Huuset al., 200%; Szarawarskat al., 2010) they are
usually categorised into low (<20°) or high (>35°) an@tedstet al., 2011) Dykes commonly
bifurcate, taper and/or are ptygmatically folded, which is widely considered to be due to post
injection differential compactiorfHillier and Cosgrove002; Hubbardet al,, 2007; Satuand

Hurst, 2007),and larger dykes are often associated with deeper intrusions and often feed or

terminate in sill§Jolly and Lonergan, 2002)

2.2.3 Sills

Sills are mainly concordant with bedding, occasionally stepping up and down stratigraphy
(Truswell, 1972; Hiscott, 1979; Obermedtral., 2005; Hillier and Cosgrove, 2002; Diggs, 2007,
Lonergaret al., 2007; Vigoriteet al., 2008; Vétel and Cartwrighi?010) As with dykes, sills are
O2YY2y 2y |ff &aol t SigcFithe al, 2008 VéiePandCarviighty20iDK A O |
Vigorito and Hurst, 201@nd can be laterally continuous (both in outcrop and seismic) for >1

km (Duranti and Mazzini, 2005;udseet al., 2005a; Vigoritet al., 2008) In both seismic and

outcrop it is common to see lateral changes in thickness of sills, thoughsrabdlchanges are

only apparent at outcrogHiscott, 1979; Diggs, 2007)

Another common feature, typically obsred in 2D and 3D seismic sections, are vlikey or
saucershaped structuregPolteauet al., 2008; Jackscet al., 2011)and cone sheetéCartwright

et al, 2008; Andresent al.,, 2009) where steeply dipping dykes feed large bodied and laterally
extensve sills which then pinch out at inclined angles forming wings (Fig. 2.2). These-anical
saucershaped intrusions can themselves vary in shape. They can formtmflatl saucer with

the centre concordant with host strata and then inclined marginaiogs at the edges, or form



apical cones where none of the intrusion is host concordant and sides are steeply dipping
directly from the apexXCartwrightet al., 2008)

Sills linked to dykes

Extrusions and
to form steps

volcanoes

Complex of
thin sills and dykes

Thick sill

Depositional sand body;
also parent sand to many injectites

Figure2.1 Some common injectite genetries identified in both outcrop and seismic data.
Modified after Hurst and Cartwright (2007).
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Figure2.2 Conical injectites showing characteristieskape from the Fare&hetland basin;

‘0

arrows mark e top injectite. From Cartwriglgt al. (2008).

2.3 Internal and external sedimentary features

Internal and external sedimentary structures associated with clastic injeetie both widely
documented in the literaturéPeterson, 1968; Hiscott, 1979; Keighley and Pickerill, 1994; Boehm
and Moore, 2002; Curtis and Riley, 2003; Hatstl., 2003, 2011¢e Vallejcet al., 2005; Vigorito

et al., 2008; Scotet al., 2009; Groenenbergt al., 2010; Kane, 2010; Vétel and Caight, 2010)
Internal structures are usually indicative of the type of flow dunngluring the waning stages

of sand emplacement, whereas external structures, observed on sill and dyke margins are a

record of the interaction between injecting sand amashmuds/mudstone.



Figure2.3 External features described on injectite margins. A + B) Scours on injectite tops.
Katedralen member, Gaseelv (A) and Katedralen (B), Jameson Land, Greenland. Froeh Surlyk
al. (2007). C) Linear structures resembling groove casts (pencil for scale), Sacramento Valley,
California. From Peterson (1968). D) Flute casts on injectite margin. From Keighley and Pickerill
(1994).

2.3.1 External

All contacts between injection margimnd host strata are sharfHurstet al.,, 2003)and any
structures preserved are either caused by the flow of fluidised sand or a preservation of the
fracture morphology of the mudstone. Indications towards this process of fluidisation and
injection of sad into hydraulic fractures include the preserved structures on the margins of
dykes and sill§Scottet al.,, 2009) Individual surface structures can be >1 m in length and relief
ranges from mm to cm, and this can be on the top or base margins of ingatitdoth(Hurst

et al, 2011) As well as being found on margins of intrusions these external features are seen on
the margins of large mudstone clasts or rafts contained within the injedti{esstet al., 2003)
Common external features include: ipsies, attributed to erosional processes, that are positive
relief features that cut into host mudstone and can be up to several metres in length (Fig. 2.3A);

i) scallops that erode upward, from sills, up to 5 m into overlying mudstone and can extend
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laterally for up to 10 n{Hurstet al., 2003, Surlykt al., 2007)Fig. 2.3B); iii) drag lines (Fig. 2.3C)
that represent groove marks seen in any other flow/depositional setting; and, iv) flutes, widely

documented cm to dm in lengtiiPeterson, 1968; Keighleand Pickerill, 1994; Hillier and

Cosgrove, 2002; Kane, 20H3)d are attributed to erosioifKane, 2010and therefore forcible
injection (Fig. 2.3D).

Figure2.4 A) Graded layering in clastic dyke, gradimgerpendicular to dyke walls. From
Peterson (1968). B) Banding from horizontal flow in injectite >15 m thick. Katedralen Member,
Jameson Land, Greenland. From Sugety&l. (2007).

2.3.2 Internal

Internal structures are indicative of flow processes and dtenaesemble flow structures seen

in fluvial and marine depositgHurst et al., 2011) Most intrusions appear structureless
(Peterson, 1968)out where internal structures do occur they can include laminations, banding,
clasts and grading. Laminations a@used by segregation of grains where there is a range of
grainsize or grairproperties (Hubbardet al., 2007; Macdonald and Flecker, 200iRe those
seen in operchannel and gravity flow deposits (Fig 2.4B). The degree of preferred orientation
varies(Peterson, 1968)lepending on flow behaviour at the time of deposition and degree of

postdepositional compaction. Laminations remain parallel to each other and thicknesses of
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individual lamina will always remain constant (Huedt al, 2003). Banding (Fid.4A) is
characterised by welliefined, individual layers, parallel to the injection margins with geize
varying between bands. Layers vary in thickness from <1 mm to several cm and may be both
present and absent in a single injecti(ffeterson, 1968Hurstet al.,, 2003; Kane, 2010T hey

may laterally extend for up to 15 m and undulate on wavelengths of several metres, not
necessarily parallel with injectite wa(ldurstet al., 2003; Sherrgt al., 2012) Clasts of host rock

are usually orientated grallel to the dyke margin and range in length from <1 mm to >1 m
(Peterson, 1968; Surlyét al,, 2007; Sherngt al, 2012) Clast edges can be from angular to
smooth; large clasts (>3 m long) are termed rafts and are often roufidadstet al., 2003)

Jasts are more abundant close to the injectite margin, are not always locally derived, and are
transported before deposition; this includes large raf@herryet al., 2012) Grading is seen
perpendicular to the walls/margins of the injection and may oasifa single graded layer or
multiple layers. There appears to be no preferential direction for grading, it occurs both normal

and inverse to flow direction (Hubbasd al., 2007).

2.4 Comparison to igneous intrusions

Clastic injectites are comparable in maspects to igneous intrusions in sedimentary basins at
outcrop, in the subsurface, and in experimental modelling. Affinities in their characteristics
include geometry, architecture, surface features, and processes of rock fracture and injection
propagatian (Polteauet al., 2008) and can be related to heterogeneities in the béilisuch as
bedding. As with clastic injectites, igneous sills and dykes occur at a range of scales from mm to
km. The two main types of coner saucershaped intrusions that hatbeen described in studies

of clastic injectites are also seen in igneous intrusiorshaped conical intrusions that are fed

by a dyke at the apex, and flat based, satgfgped intrusions where the base is concordant
with host strata, feeding into inicled wings that either taper out or extrud€artwrightet al.,

2008; Polteawet al., 2008) This style of intrusion architecture is thought to be controlled by the
host stratigraphy rather than the injecting mater{&lolteauet al., 2008)providing evidence that

host strata has a control on geometries compared to the injecting medium whether it be igneous

or clastic(Cartwrightet al., 2008, Polteaet al., 2008)

Experimental modelling of magmatic intrusions into sedimentary, brittlatatfMathieuet al,
2008; Gallanet al., 2009)yeveals many of the same results as that of clastic intrusions produced

through sandbox modellingCobbold and Castro, 1999; Nichetsal., 2006; Rodriguest al.,
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2009; Mourguest al., 2012) All experimats result in a feeder dyke or conduit that supplies
FEAZARAASR YIFIGSNALFE 2N WYF3AYFEQ G2 +y AYy@SNISR 02y
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having similarities, Mourguest al. (2012) noted some differences: igneous intrusions can only
migrate a redtively short distance as the viscous fluids cannot migrate through pores, and fluid
pressure remains within the intrusion itself. Whereas with clastic intrusions, fluids can permeate
through pores into surrounding or host rock, ultimately affecting theest field around the

intrusive body.

Outcrop and core studies have reported a range of erosional structures including flutes and

striae on the margins of clastic dykes and @kterson, 1968; Keighley and Pickerill, 1994; Hurst

et al,, 2003, 2011; Beerraet al., 2005; Vigoriteet al.,, 2008; Scotet al.,, 2009; Groenenbergt

al., 2010; Kane, 2010) (section 2.3, Fig. 228.arguable to what extent these can be compared

to those found on igneous dykes and sills. External markings on intrusigmeofis origin tend

G2 0SS tSaa GOFINASRI ¢AGK &a2YS &l NA(aighe2af,dZ SNRAAZ2Y
1998) compared to flutes marks, scours, groove marks, frondescent marks etc. in clastic

intrusions. Many external structures found on clastntrusions are interpreted to be a

preservation of fracture morphology of the host rock (Hillier and Cosgrove, 2002; Kane, 2010)

whereas only erosional and flow features are preserved on igneous sill and dyke margins

(Polteauet al., 2008).

2.5 Vertical exaggeration

It is standard practice to use vertically exaggerated seismic reflection data when interpreting
geological structures and stratigrapfgtewart, 2011, 2012)n fact 74% of published seismic
data from 20062010 had no label or indication of ¥ertical exaggeratio(Stewart, 2011)The
geometries and architectures of clastic injections are apparent due to vertical exaggeration.
However, it appears that this has been overlooked in many published sections. For example, sills
look much thicker thaim reality, this can have significant implications when being compared to
feeder dykes, which would only appear longer and keep a constant thickness. One of the most
commented on geometries of sand intrusions in seismic sections arelikenfgatureqJackson

2007) however when vertically exaggerated, the angle of wikeg features is greatly increased

(Fig. 2.5). Interpretations are affected when wdilgg and sauceshaped geometries are
compared to magmatic intrusions of different vertical exaggera{Mourgueset al., 2012)

when in fact there may be a huge difference or no comparison at all.
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Figure25 A) Example of vertlcally exaggerated seismic section from a case study in the
Northern North Sea ith a steep apparent dip of the injectite. B) Same section as (A) with no

vertical exaggeration, apparent dip angle of the injectite is greatly reduced.

2.6 Summary

Clastic injectite research has been driven by increased recognition in the subsurface during
hydrocarbon exploration in the last two decades. Injectite complexes can be broadly categorised
into the parent sand unit, which feeds a network of sills and dykes. Sedimentary structures
observed both internally and on the margins of the sills and dykagge insight into the types

of flow processes that occur during fluidisation and deposition. However, there are still
ambiguities in defining the style of injectites produced from different flow types, i.e. laminar

versus turbulent flow regimes.

Clastic injectites pose similar geometries to igneous intrusions in sedimentary basins, therefore
it is possible to compare intrusion mechanisms and external factors affecting injectite
morphology. The majorityf these similarities are identified on seismic profiles, however
vertical exaggeration in these profiles poses additional difficulties; unit thicknesses, angle of

inclination, and volumes of sand are manipulated whertigal exaggeration is applied.
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3 Injectite formation: physical and forward modelling

3.1 Injectite formation

Injectites are considered to be the products of natural hydraulic fracturing processes (ebrenz
al., 1991; Cosgrove, 2001; Jolly and Lonergan 2002; Cebain 2015) requiring a presire
differential between the source of the injecting sediment and the tip déveloping fracture to
sustain propagation (Loreret al., 1991). The preequisite conditions for clastic injections to
form are well known and generally agreed upon. The eaed underlying lithology must seal a
parent sand, acting as an impermeable barrier, and this then enables pore pressure within the
parent unit to increase during burial and compaction, becoming higher than that of the
surrounding strata (Loreret al., 1991; Cosgrove, 2001; Jolly and Lonergan 2002). Overpressure
forms within a bed when a sealing lithology of lpermeability, usually mudstone, prevents the
escape of pore fluids during compaction, or during earthquake induced shaking, resulting in the
pore fluid pressure becoming higher than the surrounding hydrostatic presédiadtman,

1994) Entrapped pore fluids can cause the sediment to remain unconsolidated, even at great
depth, and thus have the potential to fluidise. Finally, a trigger is neededuse the sealing
lithology to hydraulically fracture and the parent sand to fluidise, migrating into the newly
formed fractures and forming injectit€dolly and Lonergan, 2002/here host rock is cohesive,
sheet intrusions occur in the form of dyke#lssor cones; where host sediments are cohesionless
(usually at more shallow depths), pipes form that feed extrusions onto the suffidaitman,

1994; Rosst al., 2011)

3.2 Physical modelling

Physical modelling of clastic injectites can be separated ifntbox modelling of injectite
architecture during formation in sedimentary basif@sg. Rodriguest al. 2009) ii) studies of
flow dynamics in conduits (e.g. Nich@tal, 1994; Nichols, 1995; Rossal, 2011), and iii)
modelling of the fracture proases that occur at the tip of a propagating hydraulic fracterg.

Muller and Dahm, 2000)
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3.2.1 Box modelling and flow dynamics

In order to model naturally occurring geological processes and maintain kinematic and
geometric accuracy, the principles of dinsgonless scaling must be appli@dubbert, 1937)
Sandbox modelling has been a standard method of modelling tectonics and associated processes
including fluidisatior{Hubbert, 1951Karig and Hou, 199Zobbold and Castro, 1999; Murdoch

and Slack, 2002; dholset al., 2006; Rodriguest al., 2009; Mourguest al, 2012) These
models all use dimensionless scaling, however there are variables that need to be addressed in
order for the experiments to replicate natural processes as closely as possible. For example
many sandbox mode({#1ourgues and Cobbold, 2003; Nichelsil., 2006; Rodriguest al., 2009;
Gressieret al., 2010)use compressed air asjectite pore fluid yet its behavioural properties

may be greatly different to that of the water/hydrocarbons they are trying to model.

Sand injectitesvere first studied usig box modellindgpy Rodriguest al. (2009) who reproduced
structures geometrically similar to injectites in the Tampen Spur area of the North Sea (Fig. 3.1).
However, previous fluidisation experimen(¥icholset al., 1994; Nichols, 1995; Cobbold and
Casto, 1999; Rosst al.,, 2011)had also produced sand intrusions in the form o§giipes and
extrusions although this had not necessarily been the primary aim of experimentation.
Rodrigue<et al. (2009) drove compressed air through layers of sand, giég®spheres, silica

and diatomite powder until the nowohesive sand and glass microspheres overpressured
causing the cohesive powders to hydraulically fracture, and thecotesive sediments to
fluidise and inject upwards. Different thicknesses of samde used in each model with similar
results. Initially, the state of stress was lithostatic and increased during the experiment by
pumping compressed air upwards through the layers of sediment untitcobiesive layers
fluidised and sediment was transped to the surface through ven{Rodrigueset al., 2009)

The sand was then dampened and cut for observation. This experiment used air to simulate pore
fluids,but it is far more compressible than water, and was only introduced from below; in nature
pore fluid pressure would increase by being expelled from the mudstone/cohesive sediments
from above as well as below, as they compacted. Although Rodréggues(2009) were able to
produce a range of injectites including sills, laccoliths and conical imedfitoeg. 3.1), they were

all produced at near surface pressures with sediment compaction restricted to several
centimetres of overburden at the most. As a result, most of the intrusions were coupled with
extrusions. The experiment did not allow the procetthe injection formation to be observed

or monitored, or the pressures to be measured; only the architectural results could be studied.

However the experiment did show that sediments became fluidised and then injected, and as a
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result the source layersi sedimentdepleted afterwards, which has not previously been
commented on or taken into consideration when studying, or modelling from, seismic sections
or outcrop. Rodriguest al. (2009) also managed to replicate some examples of injectite zones
or layes found in nature; with hydraulic fracturing of the basal layers, followed by doming of

the uppermost layers and extrusions on the surface.

Other physical experiments related to clastic injectite modelling are those of shallow magma
emplacement into sedientary basins; methods and host rock materials and pressures are
generally the same, the only difference being the rheological properties of injected material.
Gallandet al. (2009) simulated magma (molten, lexiscosity oil) intruding into brittle crust
(silica flour); vertical dykes formed in the deepest layers ¢m) whereas cone sheets were
produced at shallower depths-{.cm). Geometries of intrusions produced were very similar to
those replicating clastic intrusions: a vertical dyke or conduitlifege a cone sheet which is
responsible for doming of the upper surface of the host sediments, and finally
extrusion/eruption of injected fluid where the conical fracture reaches the surface. Another set
of experiments replicating magmatic intrusions uselicene putty injected into diatomite
powder(Gressieet al., 2010) with compressed air as the pore fluid. As with sandbox modelling
of clastic dykes and sills, the results of replicating shallow magma emplacement show that with

a greater overpressureills are formed at a greater depth (Kavanagh et al., 2006).

Although clastic dykes and sills appear to have been successfully modelled in physical
experiments, there is a notable absence of any physical experiments that produce clastic
injections under fgh pressure to simulate emplacement at depth. Laccoliths and sills that are
reproduced (Cobbold and Castro, 1999; Nichas al., 2006; Mourgueset al, 2012)are
accompanied by extrusions, and are produced at atmospheric/lithostatic pressures with only a
few centimetres of overburden and compressed air as a pore fluid instead of water. In all of the
above experiments, the cohesive sediment was hydraulically fractured due to overpressure
caused by an increase in compressed air. These models do not irdaliiserate triggers;
Moretti et al. (1999) do model seismites through a shaking table acting as an earthquake
simulator to trigger liquefaction and fluidisation. It is widslyeculatedthat clastic injections

are caused by a range of trigger mechanisnduging seismic shaking and high rates of
deposition(Truswell, 1972; Boehm and Moore, 2002; Jolly and Lonergan, 2002; Obesaineier
al., 2005; Hurset al,, 2011) Yet these are another variable that have rarely been taken into

consideration when experiméally fluidising or causing hydraulic fracture to occur.
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Figure3.1 Example of sand box model experiments (Rodrigaied, 2009). Photographs and

line drawings of black glass microspheres and Qluestz sand filling fractures within silica.

3.2.2 Fracture morphology and propagation

The margins of clastic injectites preserve the nature of the contact between intrusive body and
host rock. This has been interpreted as the preservation of host rock fragtprior to or during
injection (Cosgrove, 1995)Morphologies caused by fracturing reflect the fracture process
(Muller and Dahm, 200nd therefore give indications to the specific properties of the host
rock or sediment at time of fracture as well g®pagation with regards velocity, direction etc.
(Woodworth, 1895) Physical modelling of the formation of various fractures provides insights

into how clastic injectites propagate through a host medium.

Fracture morphology types

Several fracture typeare produced when cohesive or partially lithified sediment hydraulically
fractures: i) striae occur in assemblages together; they are linear grooves and indicate shear
fracturingparallel tothe direction of the groove surface, ii) river line patterns gemerated by

mixed mode loading effects, and these show how apparent propagation direction can be
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misleadingHull, 1996) (Fig. 3.2A)i) hackle marks also appear grouped and are linear highs but
arenot parallel to one anothefLutton, 1970)Fig. 3.2B)iv) steps can occur at any point, though
they are usually more prominent towards the edges or fringe of a fraatutbey are an offset

of the main fracture along other smaller fractur@sutton, 1970) (Fig. 3.2B), and v) rib marks

are usually curveddges and troughs, arranged concentrically around the point of origin of the

fracture (Fig. 3.2C).

Fracturemodelling

Lab tests studying th@ropagationof fractures suggests that the formation and origin of
microfractures during different stages of defioation start in stress concentrations of small and
pre-existing flaws in the rock then propagate as a mode | fracture perpendicullae tainimal
principal compressive stre¢sorenzet al., 1991) Even if stresses across bodies or whole beds
of rock areuniform, smaliscale stresses at the tip of a propagating fracture may be between the
source bed or body and the tip of the propagating fracture itself. Once the difference in pressure

begins to balance the fracture freezes and sand no longer infectsnzet al., 1991)
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Figure3.2 Types of fracture morphology. A) River line pattern. Direction of crack propagation
originally assumed to be X (Djordjevic et al., 1996). Actual fracture propagation dirextion
(Hull, 1996). B) Hackle marks and steps in a plumose arrangement. C) Rib marks in concentric

arrangement. B + C from Lutton (1971).
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Figure3.3 Various styles of plumose morphology (NP = nucleationtpdspecimen diameter

65mm. From Muller and Dahm (2000).

Experiments have shown that rupture velocity decreases following a decrease of tensile stress
due to the increase in water concentration. Rupture velocity also decreases with increasing
depth in vatical fractures (which would produce dykes). It is more difficult to gain an
understanding of horizontal rupture velocity (sills) via experimentaidiiller and Dahm, 2000)

(Fig. 3.3) In the fringe zone of the cracks, rupture velocities are lower, wbathcides with
topographic relief being highgMiuller and Dahm, 2000gIthough topographic amplitudes do
depend on more than rupture velocity. However, in these experiments by Miller and Dahm
(2000), the cause for velocity decrease is general stregease due to the propagation of the
fracture, whereas with clastic injection, fracture propagation is continuously driven by the influx

of fluidised sand. Miuller and Dahm (2000) have shown that both plumose structures give
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propagation direction and that vical fractures tend to propagate laterally from a source point
rather than propagating directly downwards (Fig. 3.3). This is important when considering small
and largescale clastic injection in both seismic and outcrop sections. Although apparent
downwards propagation geometries in 2D section are more likely to be a result of a laterally
migrated sheet of sand (e.g. Kane 2010). With an understanding of the rupture velocity of tensile
cracks and the different fracture morphologies associated with diffefracture speeds it may

be possible to estimate sand injection velocities from sill and dyke margin morphologies at
outcrop as well as overall propagation direction. However, many variables would have to be
taken into consideration such as pressure doeepth and the extent of consolidation due to

burial etc.

3.3 Forward modelling

Forward seismicmodelling of geological outcrops creates a seismic profile of the units and
FSIGdzZNBa LINBaSydT GKS FLIWNRFOK ghka FANRG LI
basis for implementing the forward modelling approach of outcrop data is to improve
hydrocarbon exploration by improving not only interpretation of seismic profiles through
reservoirs (Armitage and Stright, 2010), but also using this to increase predictability of reservoir
architecture and connectivity (Falivereal.,2010). When integrt®d with outcrop, seismic and
wellbore data, forward modelling can aid in building both regional and more locally detailed
depositional models of basins and their hydrocarbon reservoirs to better understand their
architecture, connectivity and distributiofHodgetts and Howell, 2000). Properly calibrated
deepwater outcrops can provide constrained geometric and architectural data to fill the gaps
between wells or stochastic modelling uncertainties below the resolution of seismic data

(Hodgetts and Howell,ad0) (Fig. 3.4).

More recent studies into the applicability of forward modelling to distinguish particular channel
internal architecture and facies distribution have shown that this is beyond the scope of even
the highest frequency seismic (Falivestea., 2010). Differentiating between sandstotfiled

or debritefilled channels within channel complexes is problematic, with delfitied channels
producing a slightly more chaotic seismic reflection and a less obvious amplitude contrast at the

base (Faveneet al.,2010).
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Figure3.4 Example of forward seismic model. A) Outcrop photo, Karoo Basin, South Africa. B)
Depth model for the outcrop using density and velocity properties from deater reservois,
Gulf of Mexico. C) Seismic response for a 30 Hz wavelet. Adapted from Sailikg2004).

3.4 Summary

Clastic injectites form through a process of natural hydraulic fracturing with fluidised clastic
sediment infilling and propagating the fracture through a pressure differential between fracture
tip and source of fluidised material. This process has beeelterl through a combination of
sand box experiments simulating injectite geometries mapped in the subsurface and through

fracture propagation experiments determining how specific fracture types form.

An additional method of understanding outcrop expliessof deposits in reflection seismic data
is to forward model two dimensional outcrop architectural panels. This enables facies and
geometric complexity to be added to seismic interpretations, and for different frequencies to be

imaged.
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4 Indicators of prgagation direction and relative depth in clastic

injectites: implications for laminar versus turbulent flow processes

4.1 Introduction

Clastic injectites have been documented in many sedimentary environnjesésHurset al.,

2011; Roset al, 2011, and redfrences therein). Interest in injectites has increased as their
significance for petroleum systems has been realised: they can serve as hydrocarbon reservoirs
(e.g., Schwalet al., 2015) as well as dramatically change reservoir architecture and form fluid
migration pathways in a broad range of reservoirs (e.g. Detaal, 1995; Jolly and Lonergan,
2002). In the subsurface, reflection seismic data can help to constrain the-deatge
architecture, and in some cases the propagation direction of injectionptexes (Hurset al.,

2003; Huuseet al., 2004; Cartwrighet al., 2008; Vigoriteet al., 2008; Szarawarsks al., 2010;
Jacksoret al., 2011), but flow direction and relative depth of formation are hard to interpret,
even with the addition of core andutcrop analogues. Despite their importance, many of the
underlying formation processes remain poorly understood, such as the mode of propagation
and nature of sediment transport processes within these conduits. In particular, there has been
considerable tscussion on the nature of fluid flow during injection, especially whether flows are
laminar or turbulent (Peterson, 1968; Taylor, 1982; Obermeier, 1996; Duranti, 2007; Hatbbard
al., 2007; Hurset al., 2011; Rosst al., 2014).

This chapter reportsetailed observations on the morphology and distribution of a wide array

of structures on the margins of exhumed clastic injectites. These observations are then
integrated with the existing literature, including that pertaining to igneous dyke and sill
emplacement, to develop a model that considers the mechanisms and internal flow processes
in operation during sand injection. We thus address the following fundamental questions: i) Can
injection propagation direction be determined using margin structuresCai) injection depth

be estimated? and iii) What flow processes occur during injection? These questions support a
discussion on sand injectite emplacement mechanisms, including the current debate on laminar
versus turbulent flow and how this controls difémces in injectite geometries and surface

features.
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Figure4.1 Plot of vertical and horizontal stress regimes in a tectonically relaxed basin.
Differential stress increases with depth; at a depth whepplied shear stress exceeds four

times the tensile strength of the host rock, the type of fracture changes from extensional to
shear. Mode |, I, and Il type fractures correlated with relative depth of formation. Adapted from

Cosgrove (2001).

4.2 Sources of overpressure, trigger mechanisms, and fracture

propagation: current understanding

The most commonly invoked triggering mechanisms for clastic injectites are seismicity
(Obermeier, 1996; Boehm and Moore, 2002; Obermeteal., 2005), overpressuring by rapid

fluid migration into parent sands (Davietal., 2006), rapid burial (Truswell, 1972; Allen, 2001)

or instability of overlying sediments (Jonk, 2010). Seismicity, and overpressure by rapid burial or
unstable overlying sechents are associated with relatively shallow and often localised injection
(Hurstet al.,, 2011; Bureawt al,, 2014). Deeper, and in many cases, larger scale injectites are
thought to be related to compaction, and/or the migration of fluids from a deejmerrce into a

sealed sandstone body causing an increase in pore pressure (Vigorito and Hurst, 2010; Bureau
et al., 2014). Therefore at depth, in a seismically quiescent basin, pore fluid overpressure from
compaction and/or migrating fluids can act as bdtle primer and the trigger for clastic

injection.
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Figure4.2 Temporal development (time steps4) of injectite fractures, showing simple
fracture propagation in homogeneous and heterogeneous mudstonestuire development at
a silto-dyke intersection and the formation of associated clasts, and the propagation of

horizontal fractures leading to a large clast within a sill body.

Once triggered, clastic sills and dykes fill natural hydraulic fractureentet al, 1991;
Cosgrove, 2001; JobyndLonergan, 2002; Jonk, 2010) opening in a mode | propagation (Fig. 4.1)
normal to the plane of least compressive stress (Delategl., 1986). Once opened, fracture
propagation is maintained by a constant difetial of pore fluid pressure between the source
bed and the tip of the propagating fracture. When the difference in pressure begins to balance,
the fracture ceases to propagate and injection stops (Loetral, 1991; Jonk, 2010). Initial

failure can reslt from the development of a single critical fracture involving only a few primary
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flaws such as impurities, grain boundaries, inclusions or microcracks (Aulr@t®imon, 1997)

(Fig. 4.2: heterogeneous mudstone). The opening of a macroscopic crgikating at one or
more of these flaws, occurs when the stress intensity breaches the limit of the strength of the
rock (Charlez, 1991). On a larger scale, even if stresses across bodies or whole beds of rock are
uniform, small scale stresses due to flasvdmpurities at the tip of a propagating fracture may

be uneven causing irregularities in fracture direction and geometries (Larerad, 1991;
Aubertinand Simon, 1997) (Fig. 4.2: heterogeneous mudstone):-Ben and Morrissey (1995)
have shown that éracture propagating through a heterogeneous medium (Fig. 4.2) continually
interacts with random asperities and diverges as heterogeneities in the fracture energy are
incorporated. Here, observations of features on the margins or exhumed injectites hinsted
deepmarine deposits in the Karoo Basin are used in conjunction with fracture mechanics to

interpret propagation direction and flow processes.

4.3 Geological background

The Karoo Basin has long been interpreted as a +atcoforeland basin that formed otme
southern margin of the Gondwana palaeocontinent behind a magmatic arc andridithrust

belt (Johnson, 1991; Visser & Praekelt, 1996; Catunedral., 1998; Johnsoret al., 2006).
However, more recent studies suggest subsidence during the Perramdniven by mantle flow

and foundering of basement blocks coupled to subduction of the paRamific Plate to the
south, predating the Cape Orogeny (Tankadal., 2009)(Figs. 4.3 and 4.4The deepwater
stratigraphy of the Laingsburg depocentre, SW Karoo Basin, South Africa comprises a 1.8 km
thick shallowingupwards succession passing from distal basin floor (Vischkuil Formation, van
der Merweet al., 2010), through proximal basftoor (Laingsburg Formation; Sixsmigt al.,

2004) and channelised submarine slope (Fort Brown Formation; Di @ebktha2011), to shelf

edge and shelilelta deposits (Waterford Formation, Joretsal., 2013) (Fig. 4.5A and 8% The
Laingsburg and Fort BrowRormations comprise seven saptne units (Units A to G)
separated by regional mudstones, which signify shutdown of clastic inputéféihnt2011). Unit

A (Laingsburg Formation) is further divided into 6-sualis (A1A6), each bound by mudstones,
which in turn relate to a regional shutdown of clastic input (Sixsmeital., 2004; Prélaand
Hodgson, 2013). The present study uses observations from an injpotitee, 12 m thick
mudstone unit between units A5 and A6 at the BigfRiver, Laingsburg (Fig=) where the
source sand for clastic injectites is the underlying Unit A5, identified where dykes connect
directly with sandstone beds. Figures €%nd D shows the typical outcrop expression of the

clastic sills and dykes.
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Figure4d.3 Palaegeographic extent of the Parana Basin and Karoo Basin in Gondwana during

the Late Permian (modified from Faure and Cole, 1999).
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Figure4.4 Schematic sketch showit¢aroo Basin as a retro arc foreland basin in front of the

palaecaPacific plate subduction zone (after Visser and Praekelt, 1996).
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Figure4d.5 A)GoogleEarth image of SW Karoo Basin with Tanqua and Laingepacentres
outlined and study area enlarged. B) Summary log and highlighted stratigraphic position of
clastic injectites (Flinet al, 2011). C) Typical example of sill at outcrop. D) Typical example of

small dyke and sills at outcrop.

4.4 Recognition of mjectites in the field

Clastic injections in the Karoo Basin are fine grained, well sorted sandstones, much like the

parent sandstones. Dykes are discordant with host strata, often at angles betwe&s°10

though vertical dykes are also present, and rafigen <1 cm to several 10s cm in thickness and

can be traced up to 20 m from the parent sand. Sills are concordant with host strata, although

locally they step through stratigraphy to form stepped sills, and range from a few centimetres
tol.3minthicknda > YR mMnnQa Y Ay fSy3aikKe wSO23ayAiidizy O

presence of distinctive features @op and base margins (Figs. 4.6 andand the absence of
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depositional sedimentary structures, such as planar or ripple desssations,or grainsize
grading, although a faint banding is sometimes present towards top and base margins. In
addition, injectites exposed in the Karoo Basin weather a distinctive colour and style aiding field

identification.

4.5 Methodology and dataset

Injectites were mapped at crscale (Fig. 4B) along a 500 m long, 12 m thick sowmist to
north-east trending exposure of a regional mudstone interval that separates sandptone
units A5 and A6 of the Laingsburg Formation at Buffels River, Laingsburg, whitlermetied

as submarine lobe complexes (Prélatd Hodgson, 2013). Detailed sedimentologic and
stratigraphic observations include logged sections, photograpliscip and strike data (Fig.
4.6C). Eighteen logs were collected using the top of unit A5 asd biunit A6 as datums as the

mudstone in between has a constant thickness of 12 m across the entire panel.
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Figure4.6 A) Outcrop photo panel highlighting injectites between lobe complexes A5 and A6.
B) Ranel used to correlate injectites showing the distribution of margin structubegailed

panel in Appendix A,loutcrop measurements in Appendix BThe inset shows the detailed
distribution of injectites, with thicknesses and the distribution of masginctures. C) Stereonet

with restored dykes, and plumose fracture and parallel ridge propagation data. Lineations are
restored orientation of ridges and plumose fractures. Using the hackles (ridges) and fanning
direction (plumose) the overall propagatiaglirection was to the North and West, consequently
there is a component of propagation from left to right in the figure, and another component

coming out of the page towards the viewer.




Host mudstone

Figure4.7 Representative photographs depicting typical margin structures associated with
clastic injectites in the Karoo Basin, South Africa. A) Smooth, structureless surface. B1 and B2)
Blistered surfaces, B1 showithe largest typical blisters, and B2 the smallest. C1 and C2) Two
very different styles of plumose fracture, all indicating fracture direction. D1 and D2) Parallel
ridges, all on subertical injectites and with secondary hackle marks superimposed. E)iMa
surface where mudstone clasts have been eroded out; clasts are up to several cm in diameter
and are sometimes rounded. F) Cartoon of typical ceession through injectite with positions

of margin photos in relation to injectite geometry.
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4.6 External stuctures and morphology

Several different structures have previously been identified on the margins of exhumed clastic
sills and dykes. Features include filitee marks, grooves, rills, lobate scours, frondescent marks
and gutter marks (Peterson, 1968;itdey and Pickerill, 1994; Parize and Friés, 2003; Satrlyk

al.,, 2007; Kane, 2010; Hurst al., 2011). Relief of such features ranges from millimetres to
several metres in scale eroding into host stratigraphy. Small clasts of shale have been
documentedalong dyke margins in outcrop (e.g. Diller, 1890), with laminations within clasts
parallel to those of the host stratigraphy (Newsom, 1903; Paxtize, 2007). Structures on the
margins of clastic injectites can form either during the fracturing anciige of the host rock

by the intrusive body (Lutton, 1970; Cosgrove, 1995; Miller and Dahm, 2000), or through later
erosion of the fractures by the injecting flugggdiment mixture (e.g., Martill and Hudson, 1989;
Hillier and Cosgrove, 2002; Hubbatdal., 2007; Hurset al., 2011). If margin structures occur
due to fracturing, in the absence of any later reworking by the intruded flows, then the
morphology and distribution of structures on injectite margins can be used to infer the
properties of the hostock and sediment, and their interaction, at the time of fracture and fluid
sediment emplacement (Woodworth, 1895). The types of structures seen on injectite margins
in the Karoo Basin include smooth surfaces, blistered surfaces, plumose ridges, pdgkel

and mudclast surfaces, all of which are observed aBhtels River section (Fig. 3.6

4.6.1 Smooth surfaces

Description

Smooth surfaces occur on sills only. No structures or features are present on the sharp top or

basal margins, and the sandse issmooth and flat (Fig. 44).
Interpretation

Sills represent injection along bedding planes within the host strata. Given that smooth,
structureless surfaces are only seen on sill margins, they are interpreted here as defining
prominent and therefore smodt bedding planes within the host mudstone. During injection of

sills, the overlying strata are presumed to be lifted or forced upwards.
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4.6.2 Blistered surfaces

Description

A smooth surface with small (<2 cm diameter, <1 cm highgehlar bulges or bumpsyhich

are referred to as blisters. The blisters are composed of sandstone, roughly circular with sub
rounded to subangular margins and can be ammtrated into patches (Fig. 8871)or occur in
isolation (Fig. 4B2), and are only seen on sills. Occadigna lateral transition from smooth to
blistered surfaces is observed, albeit associated with a degree of cutimeards and

downwards (Fig. 4B insert).
Interpretation

The largest blisters (2 cm diameter) are much smaller than the ellipsoid mudstasts
(typically up to 10 cm in longxis length and 4 cm diameter) that are present within the
injectites, which indicates that they do not reflect primary plucking and entrainment of clasts by
the injecting flow. Since blistered surfaces are only seaesilts, the blistering is related to the
nature of horizontal fracturing through the host mudstones. Their presence suggests that the
host mudstone is more homogeneous and lacks the prominent bedding planes associated with
smooth fracture surfaces. Instddhe fracturing of a relatively homogeneous mudstone leads to

a fracture surface characterised by greater surface roughness; the blisters reflect the asperities
on this surface. It is not clear why there is an abundance ot@uhlar blisters instead @ more
random shape distribution, though it is likely influenced by the mechanisms by which the
bedding planes break apart. Transitions from smdotblistered surfaces (Fig. 86nsert) may
represent spatial changes in the relative heterogeneity of thedstone as the fractures

propagate laterally and cut up and down stratigraphy.

4.6.3 Plumose ridges

Description

All plumose features are observed on the margins of dykes and consistlifddaatures that
range in scale from 2000 cm in width with an anglof spread up to 180° and witelief of up

to 2 cm (Fig. 4@). The main elements of the ftike features are parallel striae down the centre

of the feature, diverging striae that increase in relief away from the central axis, and en échelon
segments athe fringes of diverging striae. Commonly, en échelon structures on the fringes of

plumose features display superimposed plumose markings on their surfaces. At the outer edge
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or fringe of these plumes, ridges form a stidge morphology of higher reliefra a rougher
texture often perpendicular to, or at an acute angle to, the parallel axial ridges. Restored
orientation data collected for the azimuth of plumose ridges indicatesge from 265° to 015°
(Fig. 4.€).

Interpretation

We consider these featuseas an indication of the initial opening of a fracture during injection.
Plumose patterns are a morphology found along fractures formed through mode | opening of
homogeneous rock (e.g. Miller and Dahm, 2000; Fossen, 2010), and it has long been recognised
that they provide an indication of unidirectional propagation direction (Lutton, 1970) parallel
with axial striae and in the direction of plunmpening and spreading (Fig. %.8\s plumose
patterns are only observed on the margins of dykes, they are intéed to form through
fracturing and breaking apart of host mudstone itself, and the pattern left is a cast of this
fracturing. Restored propagation data indicate injection dominantly rang@teyeen North and

West (Fig. 4.6

4.6.4 Ridged margins

Description

Rdges are parallel, have up to 4 cm relief and nearly always have a secondary set of asymmetric
orthogonal ridges or hackle marks superimposed downside that fan outwards (Fig. 41).
Outcrop exposure allows for a maximum measured length of 1 m wdges always observed
together in sets. They are found on the margins of dykes, and where both margins are exposed
the ridges are parallel. Typically, the crestlines of the ridges are oblique, up to 60°, to host strata

bedding planes, and restored lineati® ae orientated 267303° (Fig. 46).
Interpretation

The ridged texture on dyke margins has previously been attributed to the fracturing of mudstone

RdzZNAY 3 F2NOAOGES AyeSOGAz2ys &adzZl)lR2NISR o6& GKS WeA3:

Fracture popagation direction would have been along strike of the ridge crests (Hull, 1996),
however this only offers a bidirectional constraint. The superimposed secondary ridges or
marks, which are interpreted as hackles, indicate unidirectional propagatioreiditbction of
fanning or towards the steep side of individual hackles (Hodgson, 1961; Lutton, 1970; &ollard
al., 1982) (Fig. 4.8C). Figure @.6hows this propagation to be between West and Northwest

along the Buffels River outcrop.
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Figure4.8 A) Schematic block diagram depicting joint faces and features on a plumose fracture
(adapted from Fossen, 2010). B) Three time phases depicting formation of a single plumose

fracture. C) Three time phasespcting formation of parallel ridges with hackles.
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Figure4.9 A) Sillto-dyke transition zone, showing an areaiofsitu clasts at the sill/dyke
junction. Arrow represents injectite propagation directiddotebook for scale. B) Sill with an
situ mud clast >1 m in length; compass clinometer for scale. Figure 4.2 shows schematic views

of the temporal development of these features.

4.6.5 Mudstone clasts

Description

Mudstone clasts are observed associated witkstic injectites in several different ways; i) at

sill/dyke intersections, ii) within sills, iii) concentrated at sill margins.
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Sill/dyke intersectionWhere dykes are fed by sills, angular mudstone clasts, up to 20 cm in
diameter are commonly present. Laminations within the mudstone clasts follow the character
and orientation of laminations in the host mudstoneg(F.A). This is seen in injectitesO>&m

in thickness.

In sillsMudstone clasts are also present within the body of sills, in patches up to 2 m across with
the biggest clasts eching 1 m in diameter (Fig. 89 The clasts can themselves host minor
sandstone injectites. The thickness oétband remains continuous around the clasts.

At sill marginsSill margins show areas up to 5 concentrated in mudstone clasts on both the
upper and basal surfaces. Individual clasts are up to 10 cm along thexten(pf an ellipsoid
pebble) and rangérom angular to rounded inrosssectional shape (Fig. £Y. The largest clasts

are associated with the thickest sills (>1 m thick) whereas sills <30 cm thick often only exhibit
mudstone clasts <6 cm in length. Other than this broad correlation betwdethiskness and
mudstone clast size, no sorting of clasts by size or shape has been observed, and no imbrication

of clasts is apparent (Fig. £)though the a and b axes are aligned parallel to sill margins.
Interpretation

It is widely assumed that mudste clasts within clastic injectites are sourced from the host
strata, plucked at dyke margins and incorporated into the flow of fluidised sand (Chough and
Chun, 1988; Diggs, 2007; Hambetal., 2007; Hubbaret al., 2007). Where mudstone clasts

are obseved in sills, often towards the margins, it has been interpreted that the clasts were
rippedup or rippeddown from the host lithology and incorporated into the flow (e.g.
Macdonald and Flecker, 2007). However, the absence of surfaces with evidenagcfonglof

large clasts suggests that their production was not directly associated with erosion by the sills
during injection.

Sill/dyke intersection/An alternative source of mudstone clasts is the complex zone of
brecciation and injection immediately adjant to the connection &tween sills and dykes (Fig.
4.9A). Thisin situ brecciation of the host rock through hydraulic fracturing (e.g. Duranti and
Hurst, 2004) creates clasts that either remansitu where the primary lamination can be
followed acrossclasts (Fig. 4.2: Sib-dyke intersection), or are entrained into the flow of
fluidized sand.

In sills:As with sill/dyke intersections, it is most likely that these clastsrasituas laminations
within clasts are parallel with those of the host sigaaphy (cf. Newsom, 1903). The thickness

of the sill itself remains constant whereebe clasts are present (Fig. B)SBuggesting that the
injecting flow, was funnelled around or through conduits above and below these clasts, leaving

them in situ(Fig.4.2: Clast within sill body).
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At sill margins:The occurrence of mudstone clasts predominantly along injectite margins is
suggestive of high concentration flow with minimal mixing since flow concentration must have
been high enough to support the clastsdaenable deposition along the top margins of sills as
well as deposition on the base. The satgular nature of the clasts implies low erosion and
abrasion during transport and deposition. An obvious source for these clasts is the zone of
brecciation at #l/dyke intersections. Erosion of injectite walls during injection is ruled out due

to the complete lack of any erosive features both on sills and dykes. Blistered surfaces have
dimples, bumps and bulges with maximum diameters of 2 cm, whereas the latgstst are up

to 10 cm in longpxis length and 4 cm in diameter (see Appendix 1). The difference in size

between blisters and clasts suggest that the blistered surfaces were not the source of the clasts.

4.6.6 Stepped sills

Description

Stepramp-step geometrks are generally up to 1 m in height and crosscut stratigraphy at
between 10 and 70°. Structures seen on step margins are either plumose (most cdramon
parallel ridges. Figure BB6shows an example of a sheet sill stepping through stratigraphy

multiple times over 500 m of outcrop.
Interpretation

Steps refer to the particular geometry of an injectite, which are also recognised in igneous
intrusions (e.g. Schofielgt al.,, 2012a) (Fig. 4.K). As the intrusion geometry represents the
fracture mechanics otie host strata and not the injecting fluid, the same interpretation of step
formation can be applied to clastic dykes and sills. Similar step features have previously been
identified in clastic injectites (Vétel and Cartwright, 2010). Steps occur wheusiiorr tips
propagating through brittle strata, become slightly offset (Schofildl., 2012a) resulting in en
échelon fracture propagation with individual steps increasing in height or offset in the direction
of fracture growth (Pollarét al., 1975; Sabfield et al., 2012a). Therefore the exposure of steps

at outcrop, as well as at a larger scale in seismic data, could be used to identify initial fracture

and thereforepropagation direction (Fig. 4.6B and 4A)0

4.6.7 Summary of spatial distribution oinjectite margin structures

These differing margin structures each occur in spatial positions specific to the injectite

geometry. The array of margin strucés is synthesised in Figure 4, budstone clasts, smooth
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and blistered surfaces are found on meagjof sills where injection is parallel with host strata,
whilst in contrast ridged and plumose margins are associated with dykes and where injection is
discodant with host strata (Figs. 4.7F and 4.10B). Figure 4l40 illustrates the relative
positions of mudstone clasts within injectites; those within sill bodies and those at the sill/dyke
intersection. In summary, each of the structures described in the previous section only occur in

specific localities relating to injectite architecture and can &tegorised on this basis.

Plumose fracture or Propagation
parallel ridges on low direction
angled dyke 265°-015°

Lower mudclast surface

Key Internal
Plumose fracture Parallel ridges Internal Mudclast surface Blistered surface  mudclasts:
—/ mudclasts: sill ¢ ~ - sill/dyke
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Figure4.10 A) Three time phases showing the formation of a stepped sill as an injectite
propagates. B) Schematic diagram showing spatial distribution of internal and extgeatite

structures.
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4.7 Discussion

Previous work on structures on injectite margins has identified both those of a primary nature
associated with initial fracturing, and features related to later erosion by flows associated with
the injection process (Petson, 1968; Taylor, 1982; Surlyk and Mbgaard, 2001; Hillier and
Cosgrove, 2002; Hurst al., 2005; Diggs, 2007; Hubbatlal., 2007; Kane, 2010). In the present
study, many of these margin structures show strong similarities with frageleded fedures

formed in previously documented settings and experimental research (plumose, parallel ridges,
steps opening in direction of propagation) (Hodgson, 1961; Lutton, 1970; Muller and Dahm,
2000). In addition, the dykes and sills show no evidence foraraong their margins, with
many sill/dyke intersection regions showing the only evidence for host lithology entrainment.
Intricate features such as the plumose structures on dykes and steps are preserved in a pristine
state, whilst the sill margins arétleer smooth or associated with structures that are far smaller
than the clasts that are observed within the injectite. Consequently, there is strong evidence
that these injectite margin structures are primary features caused directly by the fracturing
process, and the injectites essentially serve as casts of the fracture surface. This allows us to use
these features to determine propagation direction, depth of emplacement relative to the tensile

strength of the host mudstone, and processes of the injediimgs.

4.7.1 Determining injection propagation direction using margin structures

Plumose pattern

Plumose patterns are interpreted to reflect the way in which the host mudrock initially fractured
immediately prior to injection of fluids and sand, with the difen of fracture, and therefore
injection, parallel with the plume axis (Fossen, 2010). Generally, a fracture in a brittle rock
propagates along a plane perpendicular to the axis of minimum compression, and the fracture
itself forms under tension (Fig. 4.tnode 1) (Pollarat al., 1982; Lorenet al., 1991; Fossen,
2010). However, if the principle stress axis rotates as plumose fractures form, causing fracture
direction to change, then shear fracturing (mode IIl) will occur at the newly orientated fracture
front in order to adjust to the new stress state (Fig. 4.1, Sommer, 1969). Therefore, if the
propagation at the tip of the main fracture is occurring under a tensional regime, then as the
ridges that form the plumose fracture diverge, the fracture progaayadirection is no longer
perpendicular to the axis of minimum compression. To compensate, fracture by shearing takes

place, which leads to the formation of en échelon steps at its tip (Patzatl 1982), orientated
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oblique to the parent fractte plane (Bahat, 1986) (Fig. 4.&n échelon structures always form

in a specific orientation related to the overall stress regime and therefore, at a given outcrop,
will likely all have the same orientatio@rientation data from the sheet injection and conteat
dykes of the Buffels River outcrop indicate a northwest propagation dire¢k@n 4.8,4.6C
and4.10B).

Where outcrop allows for injectites to be observed in thwimensions, multiple sets of
plumose fractures are observed along steps. In thesegamultiple plumose fractures are
indicative of a broad yet definitive propagation direction; synthesised in FiguBesd4.10B.
Experimental work by Sharaat al. (1995) has related velocity of fracture propagation through
multiple fractures with a enstant overall energy state. From initial fracture, velocity of
LINR LI 3 GA2Y AYONBIFasSa dzydAft GKS)isreashédilOsat @St
this point that the en échelon style fringe of the plumose fracture initiates (Shetrah, 1995;

Bahat, 2001). Fracture propagation velocity decreases as the relief on the fracture plane
increases due to the enlargement in fracture area (Muded Dahm, 2000; Bahat, 2001,
Chemendat al., 2011). In the case of plumose fractures, this wdag from the central plumose
structure to the en échelon fringes. Energy that was solely being used to propagate the parent
fracture is now subdivided between parent and daughter cracks (central axis striae and en
échelon respectively). Less energy isilatde for the fracture to continue propagating and
therefore overall propagation velocity slows (Shaetnal., 1995). The daughter en échelon
cracks have a restricted lifetime and once they stop all of the energy is then returned to forward
propagation ad another plumose fracture forms (Sharat al, 1995). These extensional
fractures grow in pulses, with each propagation pulse ending by slowing down or completely
stopping until enough energy has built up to initiate the next pulse and plumose fracture
(Fossen, 2010). At outcrop, therefore, it is possible to gain an understanding of local stress within
the rock at the time of fracture from a small group of plumose patterns and it is feasible to

estimate a more widespread stress regime from collectingration data over a large area.

Parallel Ridges

YIYS O0unmn0o &adaA3SadSR GKFG 'y 20aSNIBSR  a NP LI
splitting apart of the host sediment as the feature is often parallel on opposite margirmdGec

order hacklemarks (Fig. 4@) indicate unidirectional fracture propagation and therefore

injection direction can be determined through observation of this particular structure using

similar criteria to plumose fractures (Figs7D1 and4.8A). This is supported wheigjection
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direction is constrained from plumose fractures and steps. On outcrop, ridges are continuous as
far as observation allows, and therefore unlike pulsed plumose fracture propagation, it is likely

that these occur during quasbnstant fracture prpagation.

4.7.2 Estimating injection depth

Where injectite complexes reach the seabed and extrude sand it is possible to give a minimum
depth of injection from lowermost injectites up to extrusions (Sudykl Noe-Nygaard, 2001,
Thompsonet al., 2007; Roset al., 2013, 2014). For example, the Panoche Giant Injection
Complex in California has an estimated thickness of up to 1500 m (Vigbaitp2008; Vigorito
andHurst, 2010; Scottt al., 2013). However, where clastic injectites do not reach the surface
there has been no methodology proposed for estimating the depth of intrusion. This chapter
shows that the mode of fracture can be used for relative depth estimation. This chapter also
explores the possibility of extending this to estimation of true deptimgl discusses why this is

not presently possible.

The state of stress during burial in a tectonically quiescent basin is assumed to be confining and
therefore extensional fractures are unusual. However, natural hydraulic fractures are a form of
extensionin a setting with confining stresses (Phillips, 1972; Cosgrove, 2001). Clastic dykes form
in extensional (tensile) fractures, which are usually typical of deformation at low differential

& 0 NB &.& S3x or éonfining pressures. In settings of high flpiessure, however, low
differential stress and mode | (tensile) fractures can occur at several 100s m depth (Secor, 1965;
Aydin, 2000; Cosgrove, 2001) with the expression or relief of these features increasing with
increasing pressure (Chemenegal., 2011). Near to the surface mud has low tensile strength
despite being cohesive, and therefore will undergo plastic deformation when stress is applied
(Lowe, 1975; Nicholst al, 1994). Muds exhibit higher tensile strengths at depth thereby
enabling mode | fizure in the host sediment (JolandLonergan, 2002). This combination of the
depth distribution of tensile strength in muds, and the high fluid pressures associated with

injection, suggests that mode | failure will occur at considerable depths (up ®©df0a).

Shear failure occurs at a depth where the applied shear stress, S, is greater than 4 times the
tensile strength of the rock, T, changing from extensional fracturing at shallower depths (Fig.
4.1) (Cosgrove, 2001). Plumose fractures with en échiglnges form from mainly extensional

deformation (central and divergent striae), but with a component of shear fracturing. This could
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place a depth range on formation of fractures and injection at or near to the bounding zone

from extensional to shear i#sses.

Extending this estimation of relative depth to true depths is challenging for a number of reasons.
Firstly, a depth profile for the tensile strength of the host shale must be calculated. This can be
achieved by: i) calculating porosity as a fimetof depth for shales (e.g., Baldwand Butler,

1985), ii) calculating the uniaxial compressive strength of shale as a function of porosity:

Go= 243.6 0% Eq. 4.1

whereGA & GKS dzyAlFEAIE O2YLINBaaiAgdsS aiMmBegraik Iy
2004), and finally, iii) assuming that the tensile strength is “.th@t of the uniaxial compressive
strength (Lotheet al.,, 2004). Thus an estimate of the profile of tensile strength, T, with depth
can be calculated. Given that shear failaecurs where applied shear stress is >4T, then the
applied stress needs to be calculated. Estimates of propagation rate in injectites range from 0.1
10 ms! (Bureauet al., 2014) based in part on comparison with igneous intrusions (Rubin, 1995).
However, he applied stress at the tip of a palaeofracture is difficult to estimate because
knowledge of the processes occurring in the area immediately around the propagating fracture
tip is limited, and the rate of fracture propagation is hard to predict (FinebecgMarder, 1999;
Bahatet al., 2005).

Although absolute depths of injection cannot be calculated, relative depth of injection can be
estimated. Based on analysis of the fracture patterns occurring at a depth where tensile
strengthis at least four timethat of the host mudstone, it is possible to rule out very shallow
injection. Furthermore, injectites with margin structures indicative of this range of fracture
Y2RS&as INB otS G2 F2N¥ |G dzlJ G2 aSOSNEft wmnan

injection depth to be inferred for systems that are not connected to the surface.
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Figure4.11 Recognition criteria for distinguishing between laminar and turbulent flow in clastic
injectites. A)njectite architecture and features expected as a product of turbulent flow during
clastic injection. Grading, both normal and reverssithin injectites is typically related to
turbulent flow andis most likely a function of parent sand composition arefgrential
fluidisation of grain sizes. Erosive or groove marks on the margins of sills or dykes and rounded
clasts throughout the deposit also suggest turbulent flow. Mud clasts within the injected
sandstone are sometimes bounded by or injected by-graén thick sand filled fissures. Dykes
forming extensive vertical conduits, potentially forming pipes and subsequently extrudites are
also an indicator of turbulent flow. B) Schematic diagram of typical injectite architecture and

structures associated witlaminar flow.
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4.7.3 Flow processes during injection

The nature of flow in injectites has been the subject of much debate, with arguments for both
laminar flow (Dott, 1966; Peterson, 1968; Taylor, 1982; StuakelOrmo, 1997) and turbulent

flow (Obermeier, 1996Duranti, 2007; Hubbarelt al., 2007; Scotet al., 2009) being forwarded.

Scottet ald O6HANnN0O &adzA3ISad GKFG | aahadooy Mioas, 2 F 0T
hydroplastic laminar flow to highSf 2 OAG &3 (G dz2Nb dzZ Sy d Ff 2cént LINR O |
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The distribution of transported mud clasts at both tiog and base of sills (Figs. B.@and4.10B)
suggests that the flow was hilyhconcentrated, since the particles at the top were unable to
settle through the sediment; similar features are also observed in other examples (see
MacdonaldandFlecker, 2007; Hurt al.,, 2011) The mechanism for this observed segregation

of mud class towards the wall regions of the sills is unclear, but both potential mechanisms: i)
incorporation and maintenance of particles near the edge of the flow, and ii) segregation of
particles within the flow, suggest higtoncentration, slowmoving flows. Pdicles may have

been incorporated near the edge of the flow and given the short transport distances and high
concentration may not have mixed into the flow. Another possible mechanism is inertial induced
lateral migration of particles towards the walls whioccurs in laminar flows (Segaéd
Silberberg, 1962a,b). Where density differences in particles are present, less dense particles will
preferentially move towards the walls (Hogg, 1994). Densities of shales at the suggested depths
of hundreds of metreare likely in the region of 1962300 kg ¥ (Riekeand Chilingarian, 1974;
Castagnat al., 1993) so the mud clasts will be less dense than the quaarzinated sand grains
(~2650 kg m). Such effects have been observed experimentally for small particlits
correspondingly low particle Reynolds numbers, under laminar flow conditions (&edré
Silberberg, 1962a,b; Hoggial.,, 1994). However, it is unclear if this mechanism extends to larger
low-density particles in laminar flowRounding of many ohie mud clasts is in accordance with
some transport prior to deposition, although the angularity of some clasts and the absence of
evidence for local sourcing, suggests that the flow was not particularly turbulent and abrasive.
The preservation of delicatstructures such as the pristine plumose structures also indicates
that significant abrasion did not take place at fracture margins during injection emplacement.
For example, there is no evidence for scratches on these features, or of features indicative of
turbulent flow such as flute marks (Allen, 1982; Hetsdl., 2011). In fact, no evidence of erosion

has been observed within the sills and dykes, and the main features on injectite margins are all
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interpreted to be a primary function of the fracture gress. The absence of any evidence of
abrasion or erosion, further suggests that the injections were associated with- high

concentration, relatively slow moving flows.

The flow processes are further assessed through calculation of flow Reynolds numbesinge

the methodology of Rogat al. (2014) and the parameter values in Table 4.1:

Re =U* A" pi)/ Yot Eq. 4.2

whereU s velocity of the injectionAis the fracture aperture, anths and are the pseudofluid
density and viscosity respectivelyjth the pseudofluid being the mixture of water and fine
grained patrticles (Di Felice, 2010; Resal., 2014). The method estimates the velocity of the
injected suspension, as being equal to, or greater than, the fall velocity of the largest particle
(see Rosst al.,, 2014 for full details). Previous estimates of velocities in injectites were based on
two-dimensional sections and utilised the largest observable length as thedjeaireter (Scott

et al, 2009; Roset al, 2014), leading to potentiadrrors in the calculation of velocities if
particles are strongly ellipsoid (Matthews, 2007). In this field example, the way in which the

ellipsoidal mud clasts weather out on surfaces enables a more accurate equivalentcapheri

diameter to be calculated.

Parameter

g(ms?) 9.81

“s(kg ) 2650

“L(kg md) 2100

"1 (kg m®) 1000

2 0.54-0.4

>s 0.53-0.39

2L 0.01

G, 0 14

Dy Large particle (m) 0.071

DsLarge particle (m) 0.044

>t (paS) 0.00106

A (m) 0.1¢13

"ot (kg mP) 0.0087¢ 0.028
Mot (PaS) 0.0043¢ 0.0091
n 2.25
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Table 4.1 Parameters used in order to calculate flow velocity and Reynolds number of fluid
flow of clastic injections in the Karoo Basin. The methodology of Boss, (2014) was

implemented here.

The velocity calculations assume that the volumetric particle concentrations are high, since the
large particles are unable to settle through the flow. However the exact volumetric flow
concentration is unknown and therefore a range of concentrationsdsaliume fractions) is
considered. Solid volume fractions range from close to the highest possible value for fluidisation
(0.54) (Leva, 1959; Scat al., 2009; Rosst al., 2014), down to a more conservative value of

0.4 that might not be expected to fylsupport the large particles at the upper margins of sills.
These calculations demonstrate that flow Reynolds numbers for many of the dykes and sills are
either in the laminar flow regime, Re <~2300 (for fractures, injectites and pipes; Singhal and
Guptg 1999; FaissindEckhardt, 2004; Scott al., 2009; Post, 2011), or in the transitional flow
regime, >~2300 Re <~4000 (Fawded Boyes, 2009; Munsoet al., 2012); see Table 4.2. If as
argued here solid volume fractions are close to the highest gmairtentration possible for
fluidisation (0.54), then almost all the injectites likely formed under laminar conditions (up to
1.1 m thick), with the remainder exhibiting transitional flows (up to the maximum observed
thicknesses of 1.3 m) (Table 4.2). Ifé»wolid volume fractions were prevalent then flows were
likely laminar or in the transitional regime for the vast majority of sills (up to 0.8 m thick) for
solid volume fractions of 0.47, and even at solid volume fractions as low as 0.4, sills and dykes

up to 0.35 m thick are predicted to be laminar or transitional (Table 4.2).

Predicting laminar and turbulent injection flow processes and products

Evidence in suppt of turbulent flows (Fig. 4.14) in injectites comes from flow Reynolds
number calculatias based on falelocities of large clasts (Duranti and Hurst 2004; Sstcd.

2009; Sherret al. 2012; Rosst al. 2014), erosional margins and the formation of features such

as scours (Hubbamt al., 2007; Vigoritet al., 2008; Vigorito and Hurs020; Scotet al., 2013),

and normal grading (Obermeier, 1996; Hubbadal, 2007; Ros®t al, 2014). Internal
laminations have been interpreted as the product of both laminar (Dott, 1966) and turbulent
flows (Hurstet alb>x Hnamm OAGAY3I [26S5SQa 6mMpTp0d 662NJ 0
process remains equivocal (Humest al., 2011). The examples of interpreted turbulent flow
described in the references above are either from injectite systems that reached theopalae

surface, or are of unknown vertical extent (Hubbagtl al., 2007). In contrast, systems
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interpreted to exhibit laminar flows (Figt.11B) lack evidence for grading or scouring, and
contain abruptly tapering sills and dykes, suggesting that they formelé@th, and without a
surface connection (Taylor, 1982). The present study exhibits the same structures and geometric
relationships as the examples of Taylor (1982) but enables quantification of flow conditions for
the first time, demonstrating that smatlykes and sills at depth (up to a few 10s of cm in
thickness) almost certainly form under laminar conditions, and suggesting that even relatively

large sills (order 1 m) may well be formed under laminar conditions.

Grain Grain Grain
Aperture (m) concentration concentration concentration

54% 47% 40%
0.1 199.37 490.03 1030.01
0.2 398.74 980.06 2060.02
0.3 598.10 1470.09 3090.03
0.4 797.47 1960.12 4120.04
0.5 996.84 2450.16 5150.05
0.6 1196.21 2940.19 6180.06
0.7 1395.57 3430.22 7210.07
0.8 1594.94 3920.25 8240.08
0.9 1794.31 4410.28 9270.09
1.0 1993.68 4900.31 10300.10
11 2193.04 5390.34 11330.10
1.2 239241 5880.37 12360.11
1.3 2591.78 6370.41 13390.12

Table 4.2Flow Reynolds numbers for grain concentrations of 54%, 47% and 40% in sill apertures
ranging from 0.1 m to 1.3 m. All calculations are for an ellipsoid mudstone pebble 10 cm along

the longest axis.
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When fractures occur at depth without an open connentto the surface, then there is a limited
capacity for flow dilution, with liquid and particulate components moving together from high to
low pressure, thereby encouraging higancentration flows. Such higtoncentration flows are

far less likely to exhit turbulent conditions since flow viscosity varies strongly (by orders of
magnitude) with flow concentration (e.g., Kriegeerd Dougherty, 1959). As a consequence the
viscous term in the Reynolds equation (equation 4.2) is likely dominant unless the cros
sectional dimensions (fracture aperture) of injectites become large. In contrast, once connection
to the surface occurs a greater fraction of carrier fluid to particles can be accommodated,
enabling highly turbulent and lowaroncentration flows to formEssentially, overpressured
water is able to escape to the surface and in so doing carry particles with it. Observations of
active sand volcanoes in nature and in the laboratory demonstrate that the resulting extrusions
are not highconcentration granulaflows, but are loweiconcentration systems (Ross$ al.,

2011; Quiglewt al.,, 2013).

Given these parameters it is possible to envisage three broad categories of flow during injection:
i) flows that are connected to the surface where flows are relatil@ly-concentration and
highly turbulent; ii) largescale injectites that do not have a connection to the surface, that will
exhibit highconcentration turbulent flows, andi) flows with no connection to the surface and
with relatively small crossectiond dimensions (10s cm) where flows will be highly
concentrated and laminar. Correspondingly, the products of these flows will be different, with
structures such as grading and erosional scours prevalent Htdowentration open conduits,
whilst such featues will be lacking in smallscale laminar injectites in closed conduits. The
degree to which largescale closed systems might exhibit erosive structures and grading is

largely unknown.

4.8 Conclusions

The clastic injectites studied herein have providedassification for common structures seen

on the margins of sills and dykes as well as common assemblages of clasts within the injectites.
Using plumose marks, parallel ridges and steps within sills it is possible to establish initial
fracture propagation glections, and therefore overall injection direction of dykes and sills. The

use of these margin structures also makes it possible to estimate relajation depth where

applied stress exceeds four times the tensile strength of the host. rBokthermae flow
SalAYlLGSa F2NJ OftFradA0 AyeSOGAz2zya ada3asSad GKI

thick, and in sills up to a metre thick, if as the evidence suggests, particle concentrations were
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close to the limit of fluidisation (solid volume ftam of 0.54). This study provides a new set of
criteria for determining flow direction and depth of emplacement within clastic injectites, as
well as demonstrating higboncentration laminar flow during injection. The existing debate on
the nature of flow laminar versus turbulent, during injection, is addressed here in terms of

whether the injection occurred in an open (linked to surface) or closed system.
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5. An integrated model of clastic injectites and basin floor lobe

complexes: implications for stragjraphic trap plays

5.1. Introduction

Improvements in subsurface imaging quality in recent years have led to increased recognition
and understanding of the impact of injectites on the architecture and fluid flow of sedimentary
basinfills. However, the distribtion of subseismic scale injectites and their relationship to those

of a seismiescale are poorly understood (Hurst & Cartwright, 2007). The literature is dominated
by examples of clastic injectites that are associated with primary deposits on a slojg,sett
such as deep marine chanréls (Hiscott, 1979; Rowet al., 2002; Parize & Fries, 2003; Duranti

& Hurst, 2004; Huuset al, 2005; Diggs, 2007; Duranti, 2007; Fkégrtinez et al., 2007;
Hamberget al., 2007; Jackson, 2007; Jagtkal., 2007; Surlyet al., 2007; Vigoritcet al., 2008;

Kane, 2010; Svendsen al., 2010; Szarawarsla al., 2010; Jacksoet al., 2011; Lgsetlet al.,

2013; Mortonet al., 2014; Bain & Hubbard, 2016) and intraslope lobes (Moretiei., 2014,

Yang & Kim, 2014; Spycha&hal., 2015). In cases where the parent sand cannot be directly
constrained, regional context still suggests that injectites were originally sourced from a
submarine slope sandbody (e.g. Panoche complex: Vigetitd, 2008) or slope channdlls

(e.g Chile: Hubbareét al., 2007). These depositional environments commonly provide the key
conditions for clastic injection, including: i) pore pressure in parent sandbody higher than that
within the mudprone host strata (Loreret al., 1991; Cosgrove, 200Jolly & Lonergan, 2002),

and ii) clean, fine to very fine unconsolidated sand that is most susceptible to fluidisation and
grain transport (Richardson, 1971; Jolly & Lonergan, 2002). In contrast, injectites demonstrably
sourced from base of slope and bmfioor sandbodies have rarely been documented (Cobain

al., 2015).

In sedimentary basins, lithology is the principle control on basin wide fluid migration (Bjarlykke,
1993; Jonlet al.,2005a), and in the absence of clastic injectites fractures auldsféorm the

most efficient conduits for fluid flow (Chapman, 1987; Krapal.,1998; Aydin, 2000). However,
clastic injectites create additional fluid flow pathways, and their impact depends on their timing
and location (e.g. Hursst al, 2003; Jonk2010; Ros®t al, 2014). Net migration of fluids,
including water and hydrocarbons, into an unconsolidated sandbody can provide the

overpressure and trigger mechanism needed for sands to fluidise and iNjearito & Hurst,
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2010; Bureawt al.,2014). Post-injection, sandstone dykes and sills can act as fluid flow conduits
for hydrocarbon leakage (Jonk, 2010) until cementation, at which point injectites become fluid
flow baffles and barriers. Later, reactivation of clastic injectites as fluid flow csncim occur
through preferential brittle deformation of competent sandstones within a Jmwmpetence
(majority mudstone) host rock (Joek al.,2005a).

For the first time, we present examples of injectites at outcrop where the palaeogeographic and
stratigraphic context of the basifloor parent sandstone bodies are well constrained. We
address the following objectives: i) to document the architecture and character of injectites in
basinfloor settings in terms of thickness and morphology in relatiorparent sand, ii) to
investigate the association between the architecture and character of the {lasin parent
sandbody as a control on the location and orientation of injectites, iii) to construct an integrated
model of clastic injectites in basftoor settings, iv) to consider the role of basinde fluid flow

pre-, syrn, and postinjection, and v) to discuss the association and implication for subsurface

stratigraphic trap plays and the presence of injectites.

5.2. Geological Setting

The Karoo Basin has long been interpreted as a +&tcoforeland basin that formed on the
southern margin of the Gondwana palaeocontinent behind a magmatic arc andridithrust

belt (Johnson, 1991; Visser & Praekelt, 1996; Catunedral., 1998; Johnsn et al., 2006).
However, more recent studies suggest subsidence during the Permian was driven by mantle flow
and foundering of basement blocks coupled to subduction of the paRamific Plate to the
south, predating the Cape Orogeny (Tankaetl al, 2009). The Ecca Group, a siliciclastic
succession, was deposited in the southwestern Karoo Basin during the Permiaret(flint
2011). This part of the basin is subdivided into the LaingsbadgTanqua depocentres (Fig.
5.1A), and this study focusses tiree outcrop examples of exhumed clastic injectites hosted in

deep water strata of the Ecca Group @&s these depocentres (Figs 5.1C and 6.1D

The Tanqua depocentre infill comprises 1.3 km of deafer sediments (Hodgsaet al.,2006)

of the upper Ec& Group (Tierberg and Skoorsteenberg formations; Wickens, 1994; Wickens &
Bouma, 2000) overlain by submarine slope and sbadfe deltaic deposits (Kookfontein
Formation; Wildet al.,2009) (Fig. 5.1BThe 400 m thick Skoorsteenberg Formation comprises

four sandprone basirfloor fans (Fans-4) that are separated by laterally extensive fine grained
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intervals (Hodgsoat al.,2006) and overlain by a 100 m thick channelizedeskyrcession (Unit

5) (Fig. 5.1B The adjacent Laingsburg depocentre was éufibby a 1.8 km thick shallowing
upward succession from distal and proximal b&kor (Vischkuil and Laingsburg formations
respectively; van der Merwet al.,2010; Flintet al., 2011) through leveed slopghannels (Fort
Brown Formation; Kane & HodgsorQ1a; Morriset al., 2014) to sheledge and shelf deltas
(Waterford Formation; Jonest al.,2015)(Fig. 5.1B Sanebrone Units C to G, which comprise
the Fort Brown Fanation (Fig. 5.1B have been mapped over 2500 k(wan der Merweet al.,
2014), and a¥ separated by regional mudstones interpreted to represent clastic input shutdown

due to relative sea level rise (Di Celatal.,2011; Flintet al.,2011; Fig. 5.1B

5.3. Methodology and dataset

Three outcrops were studied in detail; Bizansgat (Tanqua depacenjectites associated with

Fan 3) (Figs 58.4), Zoutkloof and Slagtersfontein (Laingsburg depocentre: injectites associated
with Unit C, Subunits C1 and C2) (Figs 5.1 an8.3)5Recognition criteria of injectites in the
Karoo Basin include crosstting relationships, direct connection to overlying sandstones,
preserved patterns on fracture surfaces of injectite margins, such as plumose patterns and
parallel ridges, and blistered and mudstone clash surfaces (c.f. Coba#t al., 2015). Field
based sedimentological and stratigraphic observations include logged vertical profiles; photo
panels, and dip and strike data of bedding and injectites. Physical correlation of individual beds
and injectites between logs enabled the changing position jefctites with respect to host

stratigraphy to be constrained from cm to km scale, which can be subtle.
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Figure5.1 A) GoogleEarth image of SW Karoo Basin with Tanqua and Laingsburg depocentres
outlined. Insets show outcrop localities in each depocentre respectively. B) Summary
stratigraphic logs of Laingsburg depocentre, letteiG Aefer to Units AS (Flintet al., 20L1) and
Tanqua depocentre, numbers4lrefer to Fans 4, whilst 5 refers to Unit 5, a 100 m thick
channelised slope succession (Hodgstral., 2011b). Location of injectites, studied in the
present paper, denoted by asterisks. Ages froflizircon anabis of volcanic ashes (see Fildani

et al, 2007; McKagt al., 2015) are displayed in boxes as Ma. C) Tanqua depocentre study area.
D) Laingsburg depocentre study arg@gppendix A.3 for panels and logs, Appendix B.3 for

outcrop measurements)
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5.4. Outcrop data
5.4.1. Bizansgat; Tanqua Depocentre

Fan architecture

The depositional architecture of Fan 3 is well constrained due to extensive outcrop study (e.g.
Johnsoret al., 2001; Prélatet al., 2009; Jobeet al., 2012; Hofstraet al., 2015), and behind
outcrop researchboreholes (Hodgsoet al., 2006; Luthiet al., 2006). Research borehole NB4
(Fig. 5.2) confirmed that Fans 1 and 2 are not present in this part of the study area (Hetigson
al., 2006; Luthiet al.,2006). Fan 3 pinches out northward (down dip) from 6%hiok over 30

km (~2.2 m/km thinning rate) (Hodgsan al., 2006). Southward (oblique up dip) thinning is
more abrupt, and Fan 3 thins to less than 2 m thick over a distance of 3 km (~22 m/km thinning
rate) (Hodgsoret al.,2006; Oliveireet al.,2009). Tle beds at the southward pinchout remain
sand dominated, between 5 and 30 cm in thickness, and display some planar and ripple
lamination. Across the Ongeluks River locality to the pinchout, the upper beds of Fan 3 remain
thinner bedded than those below. Fdralso thins abruptly southward, although the mudstone
between Fan 3 and 4 maintains a constant thickness (Oligeal 2009). At the Ongeluks River
locality (Fig. 5.2), Fan 3 is 65 m thick and is composed of clusters ofidamthannefills,
interpreted as basef-slope channel complexes (Sullivetral.,2000; Luthet al.,2006; Hofstra

et al, 2015). The channels are orientated dominantly towards the NE (ku#ii, 2006; their

Fig. 11) with variations to the N and E (Hodgettal., 2004). Tie palaeoslope feeding Fan 3 was
NEfacing (Hodgsoet al.,2006). The abrupt southeastward pinchout is interpreted to be due

to lateral onlap, forming a shasipased contact, onto a confining ME\/trending and NWfacing

slope (Oliveirat al.,2009) in goroximal baseof-slope setting (Hodgsoet al.,2006).
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Figure5.2 Palaeogeography of Fan 3 (adapted from Hofstral,, 2015) with location of NB4

core and Ongeluks River section.
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Figure5.3 Bizansgat outcropg correlation panels and injectite margin structures. A)
Correlation panel of logs taken at Bizansgat through Fan 3igedtites. B) Typical dyke
connecting base of Fan 3 with sheet sill displayed in (Fig. 5.4B). C) Ridges on margin of dyke
indicating injectite propagation direction. D) Example of plumose fracture pattern along top

margin of smalkcale step. E) Plumoseaéture pattern along sill step. F) Patch of mudstone
clasts on top surface of a sill.
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Injectites below Fan 3

Injectites exposed in the Bizansgat area of the Tanqua depocentre reported here occur in
mudstones below Fan 3 (Fig. 5)iBthe most proximal exposures to the south of the outcrop
belt (Fig. 5.2). Tdnature of the outcrop means that the 3D geometry of the larger injectites
exposed in the mudstone below Fan 3 can be constrained. Locally, a single main laterally
extensive ~1 m thick clastic sill steps up to the south and east to form a discordaitnsta

with the stratigraphy (Fig. 5.3A). Figure 5.4A and SH@&ws the outcrop extent of the main
stepped sill, which connects to at least three-0.8 m wide subrertical dykes that connect to

the base of Fan 3 over a vertical distance of betweendB7am. Steps on this sill are curvilinear
along strike (Fig. 5.4), forming crescdike geometries up to 200 m across and are no more than

1 m in vertical height. Propagating below the main sill are several thinner dykes (<0.2 m) that
extend <6 m verticqf, and bifurcate and taper out. Ridges that are orientated-sakizontally

with the host strata (Fig. 5.3@nark the margins of these dykes. Margin structures on both the
main stepped sill, and connecting dykes, include plumose patterns on fractureesyrfarallel
ridges, mudstone clasich surface and planar surfaces (Figs 5%8BH. The average strike of

the steps is WNWESE, although there is a wide spread of orientations due to their curvilinear
planform geometry (Fig. 5.4). Plumose featuresserived on the margins of sills where they
step through stratigraphy, form falike features with parallel striae down their centre and
diverging striae away from the central axis (FigCh The direction of striae divergence is to the

S, with a range frm SWSE. The dykes maintain a constant thickness at the scale of the outcrop,
and are orientated N to NNESSWFigs 5.3B and 5.4B

Interpretation

All injectites studied in this area are clagethe base of Fan 3 (Figs 5.3A and %,.44th sub
verticaldykes connecting Fan 3 with the large stepped sill. In the SE part of the outcrop, dykes
directly connect the parent sand to the sill (Fig. 5.3), which supports local downward
propagation (e.g. Von Brunn & Talbot, 1986; Retval., 2002; Parize & Frie2003; Le Heron &

Etienne, 2005). The fine sand graige of the injectites is the same as Fan 3, and Fans 1 and 2

I NB y20 LINBaSyld Ay GKS dzyRSNI&Ay3a adNI dAINT I
(Kinget al., 2009). Consequently, Fan 3 is ipi@ted as the parent sand for all the injectites.

The dykes are orientated approximately perpendicular to the-td¢ihg palaeoslope that

confines Fan 3. Therefore the dyke orientation is hypothesised to relate to a gravitational stress
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regime. Althoughtie injectites occur beneath the parent sand, the morphology of the curved
steps and the orientation of structures ohd injectite surfaces (Fig. 5.3Bplumose features
indicate the propagation direction, Cobaet al., 2015) suggest that the main injaetisill
stepped laterally outwards from its centre and cut up stratigraphy towards the south and east.
The injectites, therefore, parallel the base of Fan 3 and continue beyond the itdepabk
pinchout (Figs 5.3A and 5XANet injection propagation diréion was horizontal rather than
vertical from the sharfpased sandbody with an abrupt upslope pinchout configuration in a

lower slope to bas®f-slope setting.

5.4.2. Zoutkloof; Laingsburg Depocentre

Unit architecture

Unit C of the Fort Brown Formation (FiglB) has also been the focus of extensive study, and is
subdivided into 3 subunits; C1, C2 and C3, each separated by a laterally extensive mudstone (Di
Celmaet al., 2011; Flintet al., 2011; Hodgsomt al, 2011a; van der Merwet al., 2014).
Extensive @i and strike outcrop control allow the distribution of sedimentary facies and
architectural elements, and therefore depositional environments, to be constrained (Di Celma
et al.,2011). Subunit C1 forms a 50 m thick lobe complex 8 km to the southea®.Gyigghere

the overlying subunit C2 is thimedded and forms part of an external levee to a channel system
(Di Celmeet al., 2011). At the Zoutkloof locality, subunit C1 is sHaaped, thins from 2 m of
amalgmated fine sandstone (Fig. 5)606 <12 cm tin bedded very fine sandstone over ~1.5

km at the oblique up dip pinchdwf the lobe complex (Fig. 5.5Br'he confining palaeoslope at
subunit C1 time, based on isopach thickness maps and palaeocurrents, was orientataldN
Efacing (Di Celma et al. 20; Fig. 5.5). Locally, the base of C1 forms a sharp contact with the
underlying mudstone, and the top surface is marked by the lower C mudstone that separates
subunits C1 and C2 (Di Celetal.,2011) at a constant thickness of 0.9 m. This upper mudston
was used as a datum (Fig. 5.6A and %.6D

Zoutkloof injectites

At Zoutkloof, injectitegrop out over 1.7 km (Fig. 5.5Below subunit C1, in the upper 13 m of
the 40 m thick regional mudstone that separates Units B and C (Braht 2013), at an abrupt,
oblique lateral pinchout (Di Celngh al.,2011) (Figs 5.5 and 5.B[At this locality, the main form

of injection is stepped sills. Curved steps are no more than 2 m in vertical height and continue
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f I GSNItfe T2 Nllosely SpacedVsd thdt thé &illd ard dikBordadt with the host
stratigraphy for more than-3 m. The majority of dyke margins exhibit ridges, both plumose and
parallel (Cobairet al., 2015). Several sukertical dykes are observed to connect the base of
subwit C1 with the stepped sills, the thickest is 1.5 m w(idetween logs 7 and 8; Fig. 5)6A
Most other dykes are thinner (<0.3-thick) and connect with the base of subunit C1. The steps
and parallel ridges are primarily alignet\Eand the orientation oftriae divergence of plumose
patterns on the fracture surfaes is dominantly WSW (Fig. 5)6[Dhe dominant trend in dyke
orientation measurements is NN\&SE, approximately perpendicular to the otéion of the

steps (Fig. 5.6).

Interpretation

In the Zoutkloof area, all injectites are close to the base of subunit C1, at the NW margin of the
sharpbased lobe complex, and vertical dykes connect large stepped sills with the base of
subunit C1. Therefore, subunit C1 is interpreted to be the parent sathe dfijectites. The main

sills, fed by dykes sourced from the overlying parent sand, abruptly step up stratigraphy to
parallel the abrupt pinchout of the parent sand. Injection propagation isparallel (WSW) to

the unit pinchout direction and occurs wieethe base of parent sand has a sharp stochud
contact. The orientation of the dykes is close to perpendicular to the diagag direction
suggesting a causal relationship. The apparent propagation direction efestibal dykes is
downward but theridges on the dyke margins suggest that propagation during injection was

dominantly lateral (e.g. Kane, 2010).
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Figure5.5 A) Palaeogeography of subunit C1, clastic injectites are present at Zoutkldiyloca

B) Palaeogeography of subunit C2, injectites are present along outcrop at Slagtersfontein (van

der Merweet al., 2014).
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Figure5.6 Zoutkloof outcrop and injectites. A) Correlation panel of logs takeng length of
outcrop. B) Unit C is 10 cm thick, very fine, and bedded sandstone. C) Unit C is >2 m thick,
massive, very fine sandstone. D) Map view of outcrop with Unit C, injectites and log locations
indicated, rose diagrams depict fracture patternaditional data and step and dyke orientations.

Refer to Figure 5.4 for rose diagram colours.



























































































































































































































































































