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Abstract 

Understanding how clastic injectites form is important, as they are increasingly being recognised 

as significant components of sedimentary basin-fills, 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 investigate clastic 

injectites across a variety of scales. 

 

Small-scale 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 under a laminar flow regime at depth in closed fracture networks. In contrast, 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 injectite marginsτsuggesting 

exploitation of injectite networks close to the surface.  

 

These insights are applied to larger-scale (100s m to km) analysis, where extensive outcrop and 

well constrained paleogeography permits the injectite geometry to be related to parent 

sandstone facies and architecture. The influence of fluid flow pre-, syn- and post-injection is 

investigated across multiple scales. A model for the predictive distribution of injectites is 

proposed, which highlights the close association of basin-floor stratigraphic traps and sub-

seismic clastic injectites.The outcrop data permits construction of forward seismic models 

demonstrate injectite architecture is scale invariant, which supports the use of outcrop-scale 

data in seismic-scale 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 sandbodies. The 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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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, 1994; Jonk et 

al., 2003; Scott et al., 2009; Kane, 2010; Ross et al., 2014; Ito et al., 2016; Hurst et al., 2016). 

First recognised in the 19th century (Murchison, 1827; Diller, 1890; Woodworth, 1895) as small-

ǎŎŀƭŜ ŦŜŀǘǳǊŜǎ όмлΩǎ Ƴ ƛƴ ƭŜƴƎǘƘΣ ғн Ƴ ƛƴ ǿƛŘǘƘύΣ ƛƴƛǘƛŀƭƭȅ being regarded as a geological curiosity. 

Interest and understanding of clastic injectites has increased significantly over the last two 

decades, driven by their recognition in the subsurface as important, and frequently large-scale 

features (100s m to km), during exploration and production of hydrocarbon reservoirs. However, 

the relationship between small scale, sub-seismic injectite geometries and architectures, and 

seismic-scale examples remains poorly understood (Duranti and Hurst, 2004; Huuse et al., 2007, 

2010). This has led to an increase in outcrop investigations to better constrain the pre-requisite 

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 (Ravier et 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 differences 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 injection is hard to resolve. 

Where injectites reach the surface it can be possible to give a definitive depth of burial prior to 

injection (Obermeier, 1998; Hurst et al., 2006; Jonk et al., 2007; Vigorito et al., 2008; Ross et 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 depths (Jolly and Lonergan, 2002; Duranti and Hurst, 2004; Jonk et al., 2005b) or after 

deep burial (Jolly and Lonergan, 2002; Vigorito et al., 2008; Vigorito and Hurst, 2010). The 

ŎǳǊǊŜƴǘ άǎƘŀƭƭƻǿέ ŀƴŘ άŘŜŜǇέ ƛƴƧŜŎǘƛǘŜ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴǎ ŀǊŜ ōǊƻŀŘ ŎŀǘŜƎƻǊƛŜǎ ǘƘŀǘ ƻǾŜǊƭŀǇ 
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substantially. For example, Duranti and Hurst (2004) define shallow as <100 m, whereas Jonk et 

al. (2005b) define shallow as <400 m.  

 

Establishing 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 understanding of the pre-requisite 

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 models in regards to timing in hydrocarbon exploration and production. The depth, 

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

 

Question 2: What factors control injectite architecture? 

Rationale: The complexity and variation within and across injectite networks suggests more than 

one or two principal factors control injectite architecture (Parize and Friès, 2003; Jackson, 2007; 

Mourgues et al., 2012; Cobain et 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 small-scale architecture 

types (Jolly and Lonergan, 2002; Gallo and Woods, 2004; Cartwright et al., 2008; Ito et al., 2016). 

Emphasis has been towards understanding the conditions required for hydraulic fracturing 

(Cosgrove, 2001; Jolly and Lonergan, 2002) and how a fluidised flow can fill the fracture and 

cause them to propagate (Cosgrove, 2001; Hurst and Cartwright, 2007; Hurst et al., 2011). Other 

factors to have been postulated that control injectite architecture include: host rock rheology, 

and heterogeneity, the volume and architecture 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 interact to control 

injectite architecture requires detailed analysis of intrinsic (e.g. flow type) and extrinsic (e.g. host 

lithology, tectonic stresses) influences, in addition to understanding small-scale factors (e.g. host 

strata heterogeneities during fracture propagation). Understanding these controls and how they 

ultimately affect injectite propagation and morphology brings us closer to understanding the 

formative process in clastic injection. 
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Question 3: Are clastic injectites (palaeo-)geographically predictable in deep-marine settings? 

Rationale: Identification 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 may not be imaged (Jackson et al., 2011). As a result, interpretation 

of injectites in the subsurface is biased toward large-scale intrusion complexes (Schwab et al., 

2015), often sourced from slope settings (Parize and Friès, 2003; Duranti and Hurst, 2004; Huuse 

et al., 2005a; Diggs, 2007; Duranti, 2007; Frey-Martínez et al., 2007; Hamberg et al., 2007; 

Jackson, 2007; Jonk et al., 2007; Surlyk et al., 2007; Vigorito et al., 2008; Kane, 2010; Svendsen 

et al., 2010; Szarawarska et al., 2010; Jackson et al., 2011; Løseth et al., 2013; Morton et al., 

2014). Yet those of a sub-seismic-scale may still have the potential to be laterally extensive for 

several km (Cobain et al., 2015), and therefore impact reservoir quality and connectivity. 

Understanding how and why injectites form where they do would mean increased predictability 

on a sub-seismic-scale.  

 

Using well constrained outcrop data to establish palaeogeographical settings, parent sand 

architecture and host stratigraphy for injectites in deep marine settings can 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 sub-seismic, and steep or bed-parallel 

injectites in different parts of basin-fills. 

 

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 deep-marine systems by forming fluid migration 

pathways (e.g. Dixon et al., 1995; Jolly and Lonergan, 2002) or acting as reservoirs in their own 

right (Schwab et al., 2015; Hurst et al., 2016). Yet details, such as grain packing, pore-scale 

properties, post depositional reworking and volumetrics (Lonergan and Cartwright, 1999; 

Duranti et al., 2002) are rarely investigated or included in the building of geocellular reservoir 

models. It is the smaller-scale details that, without core data, are absent from subsurface 

datasets. Application, therefore, of detailed 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 Chapters 4 ς 7 address these research 

questions. 
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Figure 1.1  Illustration 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 structure 

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 formation, and physical and forward 

modelling (Chapter 3). Four subsequent chapters (Chapters 4-7) present results of independent 

research, each comprising individual rationale, discussion and conclusions, one of which is 

published, two are in review, and the final one 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: Outcrop and subsurface expression of clastic injectites. This chapter summarises the 

components in clastic injectite networks including smaller-scale internal and external structures. 

The geometry of clastic injectites is then compared to that of igneous intrusions and the use of 

vertical exaggeration in subsurface data is explored. 

 



5 
 

 

Chapter 3: Injectite formation: physical and forward modelling. This chapter describes the 

process of injectite formation theory. Physical modelling of box injectite and fracture 

propagation is then described. Finally, the use of forward modelling of sedimentary outcrops in 

seismic interpretation and facies analysis is discussed. 

 

Chapter 4: Indicators of propagation direction and relative depth in clastic injectites: implications 

for laminar versus turbulent flow processes. Published 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 mechanics as well 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 

Laingsburg 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 basin-floor settings to be presented with discussion on how 

basin-wide fluid flow is affected pre-, syn-, and post-injection. 

 

Chapter 6: Relationship between clastic injectites and parent sand depletion of Palaeocene sands 

in the Northern North Sea. This chapter presents a North Sea case study 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 chapter We 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, expression of clastic injectites.  

 

Chapter 8: A new macrofaunal limit: injecting life into the deep biosphere. In preparation 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 length of time before oxygen depletion occurs in order 

to show plausibility of macrofauna survival post injection. 
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Chapter 9: Mechanisms, distribution, and subsurface implications of clastic injectites: A 

synthesis. This chapter provides an extended discussion that addresses the key research 

questions presented in Chapter 1. Findings from research presented in Chapters 4-7 are collated 

and synthesised to answer these questions. 
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2 Outcrop and subsurface expression 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 deep-marine channel-fills and other 

deposits associated with submarine slope settings (Parize and Friès, 2003; Duranti and Hurst, 

2004; Huuse et al., 2005a; Diggs, 2007; Duranti, 2007; Frey-Martinez et al., 2007; Hamberg et 

al., 2007; Jackson et al., 2007; Jonk et al., 2007; Surlyk et al., 2007; Vigorito et al., 2008; Kane, 

2010; Svendsen et al., 2010; Szarawarska et al., 2010; Jackson et al., 2011; Løseth et al., 2013; 

Monnier et al., 2014; Morton et al., 2014). However, they are also found in many other 

sedimentary environments such as lacustrine (Moretti and Sabato, 2007), sub-glacial deposits 

(e.g. Von Brunn and Talbot, 1986), shallow marine deposits (e.g. Boehm and Moore, 2002, Scott 

et al., 2009), alluvial floodplains (e.g. Guhman and Pederson, 1992; Bezerra et al., 2005), arid 

settings (Ross et 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, and 3) dykes which 

crosscut stratigraphy, and may feed seabed extrusions (Vigorito et al., 2008) (Fig. 2.1). Injectites 

have been documented across a wide range of scales from >1 km in length and 10s ς 100s m 

thick, most often recognised in seismic (e.g. Dixon, 1995; Duranti and Hurst, 2004; Hurst et al., 

2005; Huuse et al., 2004; Andresen et al., 2009) to centimetre scale, seen in core and at outcrop 

(e.g. Keighley and Pickerill, 1994; Jonk et al., 2003; Scott et al., 2009; Kane, 2010). Larger 

intrusions, mainly identified in seismic sections, can cross-Ŏǳǘ мллΩǎ Ƴ ǎǘǊŀǘƛƎǊŀǇƘȅ ŀƴŘ Ƴŀȅ ōŜ 

laterally extensive for many kilometres. In contrast, those seen at outcrop are usually limited by 

the extent of the outcrop itself (Kane, 2010), which may be why they 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 two (Surlyk et al., 2007; Vigorito et al., 

2008; Vigorito and Hurst, 2010).  
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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; Szarawarska et al., 2010; Jackson et al., 2011), 

although even in seismic data the parent sand may be difficult to identify where injectites are 

not in direct contact (Huuse et al., 2005a). At outcrop, parent sands are often more difficult to 

constrain due to exposure (Surlyk et al., 2007; Vigorito et 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 stratigraphy (Jonk et al., 2003; Huuse et al., 2005a; Szarawarska et al., 2010), they are 

usually categorised into low (<20°) or high (>35°) angled (Hurst et al., 2011). Dykes commonly 

bifurcate, taper and/or are ptygmatically folded, which is widely considered to be due to post 

injection differential compaction (Hillier and Cosgrove, 2002; Hubbard et al., 2007; Satur and 

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

terminate in sills (Jolly and Lonergan, 2002). 

 

2.2.3 Sills 

Sills are mainly concordant with bedding, occasionally stepping up and down stratigraphy 

(Truswell, 1972; Hiscott, 1979; Obermeier et al., 2005; Hillier and Cosgrove, 2002; Diggs, 2007; 

Lonergan et al., 2007; Vigorito et al., 2008; Vétel and Cartwright, 2010). As with dykes, sills are 

ŎƻƳƳƻƴ ƻƴ ŀƭƭ ǎŎŀƭŜǎ ŦǊƻƳ ƳƳ ǘƻ млΩǎ Ƴ ǘƘƛŎƪ (Vigorito et al., 2008; Vétel and Cartwright, 2010; 

Vigorito and Hurst, 2010) and can be laterally continuous (both in outcrop and seismic) for >1 

km (Duranti and Mazzini, 2005; Huuse et al., 2005a; Vigorito et al., 2008). In both seismic and 

outcrop it is common to see lateral changes in thickness of sills, though small-scale changes are 

only apparent at outcrop (Hiscott, 1979; Diggs, 2007).  

 

Another common feature, typically observed in 2D and 3D seismic sections, are wing-like or 

saucer-shaped structures (Polteau et al., 2008; Jackson et al., 2011) and cone sheets (Cartwright 

et al., 2008; Andresen et al., 2009), where steeply dipping dykes feed large bodied and laterally 

extensive sills which then pinch out at inclined angles forming wings (Fig. 2.2). These conical- or 

saucer-shaped intrusions can themselves vary in shape. They can form a flat-based saucer with 

the centre concordant with host strata and then inclined margins or wings at the edges, or form 
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apical cones where none of the intrusion is host concordant and sides are steeply dipping 

directly from the apex (Cartwright et al., 2008). 

 

 

 

 

Figure 2.1 Some common injectite geometries identified in both outcrop and seismic data. 

Modified after Hurst and Cartwright (2007). 
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Figure 2.2 Conical injectites showing characteristic V-shape from the Faroe-Shetland basin; 

arrows mark the top injectite. From Cartwright et al. (2008). 

 

2.3 Internal and external sedimentary features 

Internal and external sedimentary structures associated with clastic injectites are both widely 

documented in the literature (Peterson, 1968; Hiscott, 1979; Keighley and Pickerill, 1994; Boehm 

and Moore, 2002; Curtis and Riley, 2003; Hurst et al., 2003, 2011; de Vallejo et al., 2005; Vigorito 

et al., 2008; Scott et al., 2009; Groenenberg et al., 2010; Kane, 2010; Vétel and Cartwright, 2010). 

Internal structures are usually indicative of the type of flow during or during the waning stages 

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

record of the interaction between injecting sand and host muds/mudstone. 
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Figure 2.3 External features described on injectite margins. A + B) Scours on injectite tops. 

Katedralen member, Gåseelv (A) and Katedralen (B), Jameson Land, Greenland. From Surlyk et 

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 margins and host strata are sharp (Hurst et 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 sand into hydraulic fractures include the preserved structures on the margins of 

dykes and sills (Scott et 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 injectites, or both (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 injectites (Hurst et al., 2003). 

Common external features include: i) scours, 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); 

ii) 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 m (Hurst et al., 2003, Surlyk et 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 length (Peterson, 1968; Keighley and Pickerill, 1994; Hillier and 

Cosgrove, 2002; Kane, 2010) and are attributed to erosion (Kane, 2010) and therefore forcible 

injection (Fig. 2.3D).  

 

 

Figure 2.4 A) Graded layering in clastic dyke, grading is perpendicular to dyke walls. From 

Peterson (1968). B) Banding from horizontal flow in injectite >15 m thick. Katedralen Member, 

Jameson Land, Greenland. From Surlyk et al. (2007). 

 

2.3.2 Internal 

Internal structures are indicative of flow processes and can often resemble flow structures seen 

in fluvial and marine deposits (Hurst et al., 2011). Most intrusions appear structureless 

(Peterson, 1968), but where internal structures do occur they can include laminations, banding, 

clasts and grading. Laminations are caused by segregation of grains where there is a range of 

grain-size or grain-properties (Hubbard et al., 2007; Macdonald and Flecker, 2007), like those 

seen in open-channel and gravity flow deposits (Fig 2.4B). The degree of preferred orientation 

varies (Peterson, 1968) depending on flow behaviour at the time of deposition and degree of 

post-depositional compaction. Laminations remain parallel to each other and thicknesses of 
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individual lamina will always remain constant (Hurst et al., 2003). Banding (Fig. 2.4A) is 

characterised by well-defined, individual layers, parallel to the injection margins with grain-size 

varying between bands. Layers vary in thickness from <1 mm to several cm and may be both 

present and absent in a single injection (Peterson, 1968; Hurst et al., 2003; Kane, 2010). They 

may laterally extend for up to 15 m and undulate on wavelengths of several metres, not 

necessarily parallel with injectite walls (Hurst et al., 2003; Sherry et al., 2012). Clasts of host rock 

are usually orientated parallel to the dyke margin and range in length from <1 mm to >1 m 

(Peterson, 1968; Surlyk et al., 2007; Sherry et al., 2012). Clast edges can be from angular to 

smooth; large clasts (>3 m long) are termed rafts and are often rounded (Hurst et al., 2003). 

Clasts are more abundant close to the injectite margin, are not always locally derived, and are 

transported before deposition; this includes large rafts (Sherry et al., 2012). Grading is seen 

perpendicular to the walls/margins of the injection and may occur as a single graded layer or 

multiple layers. There appears to be no preferential direction for grading, it occurs both normal 

and inverse to flow direction (Hubbard et al., 2007). 

 

2.4 Comparison to igneous intrusions 

Clastic injectites are comparable in many aspects 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 

propagation (Polteau et al., 2008) and can be related to heterogeneities in the basin-fill such 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 cone- or saucer-shaped intrusions that have been described in studies 

of clastic injectites are also seen in igneous intrusions; V-shaped conical intrusions that are fed 

by a dyke at the apex, and flat based, saucer-shaped intrusions where the base is concordant 

with host strata, feeding into inclined wings that either taper out or extrude (Cartwright et al., 

2008; Polteau et al., 2008). This style of intrusion architecture is thought to be controlled by the 

host stratigraphy rather than the injecting material (Polteau et al., 2008) providing evidence that 

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

or clastic (Cartwright et al., 2008, Polteau et al., 2008). 

 

Experimental modelling of magmatic intrusions into sedimentary, brittle strata (Mathieu et al., 

2008; Galland et al., 2009) reveals many of the same results as that of clastic intrusions produced 

through sandbox modelling (Cobbold and Castro, 1999; Nichols et al., 2006; Rodrigues et al., 
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2009; Mourgues et al., 2012). All experiments result in a feeder dyke or conduit that supplies 

ŦƭǳƛŘƛǎŜŘ ƳŀǘŜǊƛŀƭ ƻǊ ΨƳŀƎƳŀΩ ǘƻ ŀƴ ƛƴǾŜǊǘŜŘ ŎƻƴŜ ƻǊ ǎŀǳŎŜǊ ǎƘŀǇŜŘ ƛƴǘǊǳǎƛǾŜ ōƻŘȅΦ !ǎ ǿŜƭƭ ŀǎ 

having similarities, Mourgues et al. (2012) noted some differences: igneous intrusions can only 

migrate a relatively 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 the stress 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 sills (Peterson, 1968; Keighley and Pickerill, 1994; Hurst 

et al., 2003, 2011; Bezerra et al., 2005; Vigorito et al., 2008; Scott et al., 2009; Groenenberg et 

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

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

ǘƻ ōŜ ƭŜǎǎ ǾŀǊƛŜŘΣ ǿƛǘƘ ǎƻƳŜ ǎǘǊƛŀǘƛƻƴǎΣ ŜǊƻǎƛƻƴŀƭ ƎǊƻƻǾŜǎ ŀƴŘ ΨƘƻǘ ǎƭƛŎƪŜƴƭƛƴŜǎΩ (Varga et al., 

1998) compared to flutes marks, scours, groove marks, frondescent marks etc. in clastic 

intrusions. Many external structures found on clastic intrusions 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 

(Polteau et al., 2008). 

 

2.5 Vertical exaggeration 

It is standard practice to use vertically exaggerated seismic reflection data when interpreting 

geological structures and stratigraphy (Stewart, 2011, 2012). In fact 74% of published seismic 

data from 2006-2010 had no label or indication of its vertical exaggeration (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 than in 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 are wing-like features (Jackson, 

2007), however when vertically exaggerated, the angle of wing-like features is greatly increased 

(Fig. 2.5). Interpretations are affected when wing-like and saucer-shaped geometries are 

compared to magmatic intrusions of different vertical exaggeration (Mourgues et al., 2012) 

when in fact there may be a huge difference or no comparison at all. 
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Figure 2.5 A) Example of vertically exaggerated seismic section from a case study in the 

Northern North Sea with 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 dykes provide 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 majority of 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 when vertical 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 (Lorenz et 

al., 1991; Cosgrove, 2001; Jolly and Lonergan 2002; Cobain et al., 2015) requiring a pressure 

differential between the source of the injecting sediment and the tip of a developing fracture to 

sustain propagation (Lorenz et al., 1991). The pre-requisite conditions for clastic injections to 

form are well known and generally agreed upon. The over- and 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 (Lorenz et al., 1991; Cosgrove, 2001; Jolly and Lonergan 2002). Overpressure 

forms within a bed when a sealing lithology of low-permeability, 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 pressure (Maltman, 

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 needed to cause the sealing 

lithology to hydraulically fracture and the parent sand to fluidise, migrating into the newly 

formed fractures and forming injectites (Jolly and Lonergan, 2002). Where host rock is cohesive, 

sheet intrusions occur in the form of dykes, sills or cones; where host sediments are cohesionless 

(usually at more shallow depths), pipes form that feed extrusions onto the surface (Maltman, 

1994; Ross et al., 2011). 

 

3.2 Physical modelling 

Physical modelling of clastic injectites can be separated into: i) box modelling of injectite 

architecture during formation in sedimentary basins (e.g. Rodrigues et al. 2009), ii) studies of 

flow dynamics in conduits (e.g. Nichols et al., 1994; Nichols, 1995; Ross et al., 2011), and iii) 

modelling of the fracture processes that occur at the tip of a propagating hydraulic fracture (e.g. 

Müller 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 dimensionless scaling must be applied (Hubbert, 1937). 

Sandbox modelling has been a standard method of modelling tectonics and associated processes 

including fluidisation (Hubbert, 1951; Karig and Hou, 1992; Cobbold and Castro, 1999; Murdoch 

and Slack, 2002; Nichols et al., 2006; Rodrigues et al., 2009; Mourgues et 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 models (Mourgues and Cobbold, 2003; Nichols et al., 2006; Rodrigues et al., 2009; 

Gressier et al., 2010) use compressed air as injectite pore fluid yet its behavioural properties 

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

 

Sand injectites were first studied using box modelling by Rodrigues et al. (2009) who reproduced 

structures geometrically similar to injectites in the Tampen Spur area of the North Sea (Fig. 3.1). 

However, previous fluidisation experiments (Nichols et al., 1994; Nichols, 1995; Cobbold and 

Castro, 1999; Ross et al., 2011) had also produced sand intrusions in the form of sills, pipes and 

extrusions although this had not necessarily been the primary aim of experimentation. 

Rodrigues et al. (2009) drove compressed air through layers of sand, glass microspheres, silica 

and diatomite powder until the non-cohesive sand and glass microspheres overpressured 

causing the cohesive powders to hydraulically fracture, and the non-cohesive sediments to 

fluidise and inject upwards. Different thicknesses of sand were 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 until non-cohesive layers 

fluidised and sediment was transported to the surface through vents (Rodrigues et 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 Rodrigues et al. (2009) were able to 

produce a range of injectites including sills, laccoliths and conical injections (Fig. 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 process of the 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 layer is sediment-depleted afterwards, which has not previously been 

commented on or taken into consideration when studying, or modelling from, seismic sections 

or outcrop. Rodrigues et al. (2009) also managed to replicate some examples of injectite zones 

or layers 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 sedimentary basins; methods and host rock materials and pressures are 

generally the same, the only difference being the rheological properties of injected material. 

Galland et al. (2009) simulated magma (molten, low-viscosity oil) intruding into brittle crust 

(silica flour); vertical dykes formed in the deepest layers (4-5 cm) whereas cone sheets were 

produced at shallower depths (1-3 cm). Geometries of intrusions produced were very similar to 

those replicating clastic intrusions: a vertical dyke or conduit feeding 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 used silicone putty injected into diatomite 

powder (Gressier et 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 overpressure, sills 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 high pressure to simulate emplacement at depth. Laccoliths and sills that are 

reproduced (Cobbold and Castro, 1999; Nichols et al., 2006; Mourgues et 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 involve deliberate triggers; 

Moretti et al. (1999) do model seismites through a shaking table acting as an earthquake 

simulator to trigger liquefaction and fluidisation. It is widely speculated that clastic injections 

are caused by a range of trigger mechanisms including seismic shaking and high rates of 

deposition (Truswell, 1972; Boehm and Moore, 2002; Jolly and Lonergan, 2002; Obermeier et 

al., 2005; Hurst et al., 2011). Yet these are another variable that have rarely been taken into 

consideration when experimentally fluidising or causing hydraulic fracture to occur.  
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Figure 3.1 Example of sand box model experiments (Rodrigues et al., 2009). Photographs and 

line drawings of black glass microspheres and blue quartz 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 fracturing prior to or during 

injection (Cosgrove, 1995). Morphologies caused by fracturing reflect the fracture process 

(Müller and Dahm, 2000) and therefore give indications to the specific properties of the host 

rock or sediment at time of fracture as well as propagation 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 types are produced when cohesive or partially lithified sediment hydraulically 

fractures: i) striae occur in assemblages together; they are linear grooves and indicate shear 

fracturing parallel to the direction of the groove surface, ii) river line patterns are generated by 

mixed mode loading effects, and these show how apparent propagation direction can be 
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misleading (Hull, 1996) (Fig. 3.2A), iii) hackle marks also appear grouped and are linear highs but 

are not parallel to one another (Lutton, 1970) (Fig. 3.2B), iv) steps can occur at any point, though 

they are usually more prominent towards the edges or fringe of a fracture τ they are an offset 

of the main fracture along other smaller fractures (Lutton, 1970) (Fig. 3.2B) τ, and v) rib marks 

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

fracture (Fig. 3.2C). 

 

Fracture modelling 

Lab tests studying the propagation of fractures suggests that the formation and origin of 

microfractures during different stages of deformation start in stress concentrations of small and 

pre-existing flaws in the rock then propagate as a mode I fracture perpendicular to the minimal 

principal compressive stress (Lorenz et al., 1991). Even if stresses across bodies or whole beds 

of rock are uniform, small-scale 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 injects (Lorenz et al., 1991). 
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Figure 3.2 Types of fracture morphology. A) River line pattern. Direction of crack propagation 

originally assumed to be X (Djordjevic et al., 1996). Actual fracture propagation direction is Y 

(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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Figure 3.3 Various styles of plumose morphology (NP = nucleation point). Specimen diameter 

65mm. From Müller 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 vertical fractures (which would produce dykes). It is more difficult to gain an 

understanding of horizontal rupture velocity (sills) via experimentation (Müller and Dahm, 2000) 

(Fig. 3.3). In the fringe zone of the cracks, rupture velocities are lower, which coincides with 

topographic relief being higher (Müller and Dahm, 2000), although topographic amplitudes do 

depend on more than rupture velocity. However, in these experiments by Müller and Dahm 

(2000), the cause for velocity decrease is general stress decrease due to the propagation of the 

fracture, whereas with clastic injection, fracture propagation is continuously driven by the influx 

of fluidised sand. Müller and Dahm (2000) have shown that both plumose structures give 
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propagation direction and that vertical fractures tend to propagate laterally from a source point 

rather than propagating directly downwards (Fig. 3.3). This is important when considering small- 

and large-scale 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 different fracture 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 due to depth and the extent of consolidation due to 

burial etc. 

  

3.3  Forward modelling 

Forward seismic modelling of geological outcrops creates a seismic profile of the units and 

ŦŜŀǘǳǊŜǎ ǇǊŜǎŜƴǘΤ ǘƘŜ ŀǇǇǊƻŀŎƘ ǿŀǎ ŦƛǊǎǘ ŀǇǇƭƛŜŘ ƛƴ ǘƘŜ ƭŀǘŜ мфулΩǎ όwǳŘƻƭǇƘΣ мфуфύΦ ¢ƘŜ Ƴŀƛƴ 

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 (Falivene et al., 2010). When integrated 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 distribution (Hodgetts and Howell, 2000). Properly calibrated 

deep-water 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, 2000) (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 (Falivene et al., 2010). Differentiating between sandstone-filled 

or debrite-filled channels within channel complexes is problematic, with debrite-filled channels 

producing a slightly more chaotic seismic reflection and a less obvious amplitude contrast at the 

base (Falivene et al., 2010). 



24 
 

 

 

Figure 3.4  Example of forward seismic model. A) Outcrop photo, Karoo Basin, South Africa. B) 

Depth model for the outcrop using density and velocity properties from deep-water reservoirs, 

Gulf of Mexico. C) Seismic response for a 30 Hz wavelet. Adapted from Sullivan et al. (2004). 

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 been modelled 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 expression of 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 propagation 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 environments (see Hurst et al., 

2011; Ross et al., 2011, and references therein). Interest in injectites has increased as their 

significance for petroleum systems has been realised: they can serve as hydrocarbon reservoirs 

(e.g., Schwab et al., 2015) as well as dramatically change reservoir architecture and form fluid 

migration pathways in a broad range of reservoirs (e.g. Dixon et al., 1995; Jolly and Lonergan, 

2002). In the subsurface, reflection seismic data can help to constrain the large-scale 

architecture, and in some cases the propagation direction of injection complexes (Hurst et al., 

2003; Huuse et al., 2004; Cartwright et al., 2008; Vigorito et al., 2008; Szarawarska et al., 2010; 

Jackson et al., 2011), but flow direction and relative depth of formation are hard to interpret, 

even with the addition of core and outcrop 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 discussion on the nature of fluid flow during injection, especially whether flows are 

laminar or turbulent (Peterson, 1968; Taylor, 1982; Obermeier, 1996; Duranti, 2007; Hubbard et 

al., 2007; Hurst et al., 2011; Ross et al., 2014).  

  

This chapter reports detailed 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 structures? ii) Can 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 differences in injectite geometries and surface 

features. 
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Figure 4.1 Plot of vertical and horizontal stress regimes in a tectonically relaxed basin. 

Differential stress increases with depth; at a depth where applied shear stress exceeds four 

times the tensile strength of the host rock, the type of fracture changes from extensional to 

shear. Mode I, II, and III 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; Obermeier et al., 2005), overpressuring by rapid 

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

or instability of overlying sediments (Jonk, 2010). Seismicity, and overpressure by rapid burial or 

unstable overlying sediments are associated with relatively shallow and often localised injection 

(Hurst et al., 2011; Bureau et 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 deeper source 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 both the primer and the trigger for clastic 

injection.  
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Figure 4.2 Temporal development (time steps 1-4) of injectite fractures, showing simple 

fracture propagation in homogeneous and heterogeneous mudstones, fracture development at 

a sill-to-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 fractures (Lorenz et al., 1991; 

Cosgrove, 2001; Jolly and Lonergan, 2002; Jonk, 2010) opening in a mode I propagation (Fig. 4.1) 

normal to the plane of least compressive stress (Delaney et al., 1986). Once opened, fracture 

propagation is maintained by a constant differential 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 (Lorenz et al., 1991; Jonk, 2010). Initial 

failure can result from the development of a single critical fracture involving only a few primary 



28 
 

 

flaws such as impurities, grain boundaries, inclusions or microcracks (Aubertin and Simon, 1997) 

(Fig. 4.2: heterogeneous mudstone). The opening of a macroscopic crack, originating 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 flaws or impurities at the tip of a propagating fracture may 

be uneven causing irregularities in fracture direction and geometries (Lorenz et al., 1991; 

Aubertin and Simon, 1997) (Fig. 4.2: heterogeneous mudstone). Ben-Zion and Morrissey (1995) 

have shown that a fracture 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 hosted in 

deep-marine 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 retro-arc foreland basin that formed on the 

southern margin of the Gondwana palaeocontinent behind a magmatic arc and fold-and-thrust 

belt (Johnson, 1991; Visser & Praekelt, 1996; Catuneanu et al., 1998; Johnson 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 palaeo-Pacific Plate to the 

south, pre-dating the Cape Orogeny (Tankard et al., 2009) (Figs. 4.3 and 4.4). The deep-water 

stratigraphy of the Laingsburg depocentre, SW Karoo Basin, South Africa comprises a 1.8 km 

thick shallowing-upwards succession passing from distal basin floor (Vischkuil Formation, van 

der Merwe et al., 2010), through proximal basin-floor (Laingsburg Formation; Sixsmith et al., 

2004) and channelised submarine slope (Fort Brown Formation; Di Celma et al., 2011), to shelf-

edge and shelf-delta deposits (Waterford Formation, Jones et al., 2013) (Fig. 4.5A and 4.5B). The 

Laingsburg and Fort Brown Formations comprise seven sand-prone units (Units A to G) 

separated by regional mudstones, which signify shutdown of clastic input (Flint et al., 2011). Unit 

A (Laingsburg Formation) is further divided into 6 sub-units (A1-A6), each bound by mudstones, 

which in turn relate to a regional shutdown of clastic input (Sixsmith et al., 2004; Prélat and 

Hodgson, 2013). The present study uses observations from an injectite-prone, 12 m thick 

mudstone unit between units A5 and A6 at the Buffels River, Laingsburg (Fig. 4.5B) where the 

source sand for clastic injectites is the underlying Unit A5, identified where dykes connect 

directly with sandstone beds. Figures 4.5C and D shows the typical outcrop expression of the 

clastic sills and dykes. 
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Figure 4.3 Palaegeographic extent of the Paraná Basin and Karoo Basin in Gondwana during 

the Late Permian (modified from Faure and Cole, 1999). 

 

 

Figure 4.4 Schematic sketch showing Karoo Basin as a retro arc foreland basin in front of the 

palaeo-Pacific plate subduction zone (after Visser and Praekelt, 1996). 
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Figure 4.5 A) GoogleEarth image of SW Karoo Basin with Tanqua and Laingsburg depocentres 

outlined and study area enlarged. B) Summary log and highlighted stratigraphic position of 

clastic injectites (Flint et al., 2011). C) Typical example of sill at outcrop. D) Typical example of 

small dyke and sills at outcrop. 

 

4.4 Recognition of injectites 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 between 10-35°, 

though vertical dykes are also present, and range from <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 

to 1.3 m in thickneǎǎΣ ŀƴŘ мллΩǎ Ƴ ƛƴ ƭŜƴƎǘƘΦ wŜŎƻƎƴƛǘƛƻƴ ŎǊƛǘŜǊƛŀ ŦƻǊ ŎƭŀǎǘƛŎ ǎƛƭƭǎ ƛƴŎƭǳŘŜ ǘƘŜ 

presence of distinctive features on top and base margins (Figs. 4.6 and 4.7), and the absence of 
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depositional sedimentary structures, such as planar or ripple cross-laminations, or grain-size 

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 cm-scale (Fig. 4.6B) along a 500 m long, 12 m thick south-west to 

north-east trending exposure of a regional mudstone interval that separates sandstone-prone 

units A5 and A6 of the Laingsburg Formation at Buffels River, Laingsburg, which are interpreted 

as submarine lobe complexes (Prélat and Hodgson, 2013). Detailed sedimentologic and 

stratigraphic observations include logged sections, photographs and dip and strike data (Fig. 

4.6C). Eighteen logs were collected using the top of unit A5 and base of unit A6 as datums as the 

mudstone in between has a constant thickness of 12 m across the entire panel. 
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Figure 4.6 A) Outcrop photo panel highlighting injectites between lobe complexes A5 and A6. 

B) Panel used to correlate injectites showing the distribution of margin structures. Detailed 

panel in Appendix A.1, outcrop measurements in Appendix B.2. The inset shows the detailed 

distribution of injectites, with thicknesses and the distribution of margin structures. 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 propagation direction 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. 
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Figure 4.7 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 showing the 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 sub-vertical injectites and with secondary hackle marks superimposed. E) Margin 

surface where mudstone clasts have been eroded out; clasts are up to several cm in diameter 

and are sometimes rounded. F) Cartoon of typical cross-section through injectite with positions 

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

Several different structures have previously been identified on the margins of exhumed clastic 

sills and dykes. Features include flute-like marks, grooves, rills, lobate scours, frondescent marks 

and gutter marks (Peterson, 1968; Keighley and Pickerill, 1994; Parize and Friès, 2003; Surlyk et 

al., 2007; Kane, 2010; Hurst et al., 2011). Relief of such features ranges from millimetres to 

several metres in scale eroding into host stratigraphy. Small clasts of shale have been 

documented along dyke margins in outcrop (e.g. Diller, 1890), with laminations within clasts 

parallel to those of the host stratigraphy (Newsom, 1903; Parize et al., 2007). Structures on the 

margins of clastic injectites can form either during the fracturing and injection of the host rock 

by the intrusive body (Lutton, 1970; Cosgrove, 1995; Müller and Dahm, 2000), or through later 

erosion of the fractures by the injecting fluid-sediment mixture (e.g., Martill and Hudson, 1989; 

Hillier and Cosgrove, 2002; Hubbard et al., 2007; Hurst et 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 host rock 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, parallel ridges 

and mudclast surfaces, all of which are observed at the Buffels River section (Fig. 4.6). 

 

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 sandstone is smooth and flat (Fig. 4.7A). 

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 smooth 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 high) sub-circular bulges or bumps, which 

are referred to as blisters. The blisters are composed of sandstone, roughly circular with sub-

rounded to sub-angular margins and can be concentrated into patches (Fig. 4.7B1) or occur in 

isolation (Fig. 4.7B2), and are only seen on sills. Occasionally, a lateral transition from smooth to 

blistered surfaces is observed, albeit associated with a degree of cutting upwards and 

downwards (Fig. 4.6B insert).  

Interpretation 

The largest blisters (2 cm diameter) are much smaller than the ellipsoid mudstone clasts 

(typically up to 10 cm in long-axis 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 seen on sills, 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. Instead the 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 of sub-circular blisters instead of a more 

random shape distribution, though it is likely influenced by the mechanisms by which the 

bedding planes break apart. Transitions from smooth to blistered surfaces (Fig. 4.6B insert) may 

represent spatial changes in the relative heterogeneity of the mudstone 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 consist of fan-like features that 

range in scale from 20-100 cm in width with an angle of spread up to 180° and with relief of up 

to 2 cm (Fig. 4.7C). The main elements of the fan-like 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 at the 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 step-like morphology of higher relief and 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 indicates a range from 265° to 015° 

(Fig. 4.6C). 

Interpretation 

We consider these features as an indication of the initial opening of a fracture during injection. 

Plumose patterns are a morphology found along fractures formed through mode I opening of 

homogeneous rock (e.g. Müller 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 plume opening and spreading (Fig. 4.8). As plumose 

patterns are only observed on the margins of dykes, they are interpreted 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 ranging between North and 

West (Fig. 4.6). 

 

4.6.4 Ridged margins 

Description 

Ridges are parallel, have up to 4 cm relief and nearly always have a secondary set of asymmetric 

orthogonal ridges or hackle marks superimposed down one side that fan outwards (Fig. 4.7D1). 

Outcrop exposure allows for a maximum measured length of 1 m with ridges 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 lineations are orientated 267-303° (Fig. 4.6C). 

Interpretation 

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

ŘǳǊƛƴƎ ŦƻǊŎƛōƭŜ ƛƴƧŜŎǘƛƻƴΣ ǎǳǇǇƻǊǘŜŘ ōȅ ǘƘŜ ΨƧƛƎǎŀǿΩ ƭƛƪŜ ƴŀǘǳǊŜ ƻŦ ōƻǘƘ ƳŀǊƎƛƴǎ όYŀƴŜΣ нлмлύΦ 

Fracture propagation 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 propagation in the direction of 

fanning or towards the steep side of individual hackles (Hodgson, 1961; Lutton, 1970; Pollard et 

al., 1982) (Fig. 4.8C). Figure 4.6C shows this propagation to be between West and Northwest 

along the Buffels River outcrop. 
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Figure 4.8 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 phases depicting formation of parallel ridges with hackles. 
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Figure 4.9 A) Sill-to-dyke transition zone, showing an area of in situ clasts at the sill/dyke 

junction. Arrow represents injectite propagation direction. Notebook for scale. B) Sill with an in 

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 with clastic injectites in several different ways; i) at 

sill/dyke intersections, ii) within sills, iii) concentrated at sill margins. 
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Sill/dyke intersection: Where 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 mudstone (Fig. 4.9A). This is seen in injectites >10 cm 

in thickness. 

In sills: Mudstone clasts are also present within the body of sills, in patches up to 2 m across with 

the biggest clasts reaching 1 m in diameter (Fig. 4.9B). The clasts can themselves host minor 

sandstone injectites. The thickness of the sand remains continuous around the clasts. 

At sill margins: Sill margins show areas up to 5 m2 concentrated in mudstone clasts on both the 

upper and basal surfaces. Individual clasts are up to 10 cm along the long-axis (of an ellipsoid 

pebble) and range from angular to rounded in cross-sectional shape (Fig. 4.7E). 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 between sill thickness and 

mudstone clast size, no sorting of clasts by size or shape has been observed, and no imbrication 

of clasts is apparent (Fig. 4.7E) though the a and b axes are aligned parallel to sill margins. 

Interpretation 

It is widely assumed that mudstone 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; Hamberg et al., 2007; Hubbard et al., 2007). Where mudstone clasts 

are observed in sills, often towards the margins, it has been interpreted that the clasts were 

ripped-up or ripped-down from the host lithology and incorporated into the flow (e.g. 

Macdonald and Flecker, 2007). However, the absence of surfaces with evidence for plucking of 

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 adjacent to the connection between sills and dykes (Fig. 

4.9A). This in situ brecciation of the host rock through hydraulic fracturing (e.g. Duranti and 

Hurst, 2004) creates clasts that either remain in situ where the primary lamination can be 

followed across clasts (Fig. 4.2: Sill-to-dyke intersection), or are entrained into the flow of 

fluidized sand. 

In sills: As with sill/dyke intersections, it is most likely that these clasts are in situ as laminations 

within clasts are parallel with those of the host stratigraphy (cf. Newsom, 1903). The thickness 

of the sill itself remains constant where these clasts are present (Fig. 4.9B) suggesting 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 clasts and enable deposition along the top margins of sills as 

well as deposition on the base. The sub-angular 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 sill/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 largest clasts are up 

to 10 cm in long-axis 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 

Step-ramp-step geometries 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 common) or 

parallel ridges. Figure 4.6B shows 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. Schofield et al., 2012a) (Fig. 4.10A). As the intrusion geometry represents the 

fracture mechanics of the 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 when intrusion tips 

propagating through brittle strata, become slightly offset (Schofield et al., 2012a) resulting in en 

échelon fracture propagation with individual steps increasing in height or offset in the direction 

of fracture growth (Pollard et al., 1975; Schofield 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 therefore propagation direction (Fig. 4.6B and 4.10A). 

 

4.6.7 Summary of spatial distribution of injectite margin structures 

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

geometry. The array of margin structures is synthesised in Figure 4.10; mudstone clasts, smooth 
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and blistered surfaces are found on margins of sills where injection is parallel with host strata, 

whilst in contrast ridged and plumose margins are associated with dykes and where injection is 

discordant with host strata (Figs. 4.7F and 4.10B). Figure 4.10 also 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 be categorised on this basis. 

 

 

Figure 4.10 A) Three time phases showing the formation of a stepped sill as an injectite 

propagates. B) Schematic diagram showing spatial distribution of internal and external injectite 

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 (Peterson, 1968; Taylor, 1982; Surlyk and Noe-Nygaard, 2001; Hillier and 

Cosgrove, 2002; Hurst et al., 2005; Diggs, 2007; Hubbard et al., 2007; Kane, 2010). In the present 

study, many of these margin structures show strong similarities with fracture-related features 

formed in previously documented settings and experimental research (plumose, parallel ridges, 

steps opening in direction of propagation) (Hodgson, 1961; Lutton, 1970; Müller and Dahm, 

2000). In addition, the dykes and sills show no evidence for erosion along 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 are either 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 injecting flows. 

 

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 direction 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. 4.1: mode I) (Pollard et al., 1982; Lorenz et al., 1991; Fossen, 

2010). However, if the principle stress axis rotates as plumose fractures form, causing fracture 

direction to change, then shear fracturing (mode III) 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 propagation direction 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 (Pollard et al., 1982), orientated 
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oblique to the parent fracture plane (Bahat, 1986) (Fig. 4.8). En 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 orientation. Orientation data from the sheet injection and connected 

dykes of the Buffels River outcrop indicate a northwest propagation direction (Fig. 4.6B, 4.6C 

and 4.10B). 

 

Where outcrop allows for injectites to be observed in three-dimensions, multiple sets of 

plumose fractures are observed along steps. In these cases, multiple plumose fractures are 

indicative of a broad yet definitive propagation direction; synthesised in Figures 4.8 and 4.10B. 

Experimental work by Sharon et al. (1995) has related velocity of fracture propagation through 

multiple fractures with a constant overall energy state. From initial fracture, velocity of 

ǇǊƻǇŀƎŀǘƛƻƴ ƛƴŎǊŜŀǎŜǎ ǳƴǘƛƭ ǘƘŜ ŎǊƛǘƛŎŀƭ ǾŜƭƻŎƛǘȅ ŦƻǊ ǘƘŜ ƻƴǎŜǘ ƻŦ ōǊŀƴŎƘƛƴƎ ό˄c) is reached. It is at 

this point that the en échelon style fringe of the plumose fracture initiates (Sharon et al., 1995; 

Bahat, 2001). Fracture propagation velocity decreases as the relief on the fracture plane 

increases due to the enlargement in fracture area (Müller and Dahm, 2000; Bahat, 2001; 

Chemenda et al., 2011). In the case of plumose fractures, this would be 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 is available for the fracture to continue propagating and 

therefore overall propagation velocity slows (Sharon et al., 1995). The daughter en échelon 

cracks have a restricted lifetime and once they stop all of the energy is then returned to forward 

propagation and another plumose fracture forms (Sharon et 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 collecting orientation data over a large area.  

 

Parallel Ridges 

YŀƴŜ όнлмлύ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ŀƴ ƻōǎŜǊǾŜŘ άǊƻǇŜȅέ ǘŜȄǘǳǊŜ ƻƴ ƛƴƧŜŎǘƛǘŜ ƳŀǊƎƛƴǎ ƛǎ ŀ ǊŜǎǳƭǘ ƻŦ ǘƘŜ 

splitting apart of the host sediment as the feature is often parallel on opposite margins. Second 

order hackle marks (Fig. 4.8C) indicate unidirectional fracture propagation and therefore 

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

similar criteria to plumose fractures (Figs. 4.7D1 and 4.8A). This is supported where injection 
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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 quasi-constant fracture propagation. 

 

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 (Surlyk and Noe-Nygaard, 2001; 

Thompson et al., 2007; Ross et al., 2013, 2014). For example, the Panoche Giant Injection 

Complex in California has an estimated thickness of up to 1500 m (Vigorito et al., 2008; Vigorito 

and Hurst, 2010; Scott et 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 depths, and 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 

extension in 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 

ǎǘǊŜǎǎŜǎ όˋ1 ς 3̀) or confining pressures. In settings of high fluid pressure, however, low 

differential stress and mode I (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 (Chemenda et al., 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; Nichols et al., 1994). Muds exhibit higher tensile strengths at depth thereby 

enabling mode I failure in the host sediment (Jolly and Lonergan, 2002). This combination of the 

depth distribution of tensile strength in muds, and the high fluid pressures associated with 

injection, suggests that mode I failure will occur at considerable depths (up to 100s of m). 

 

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 échelon fringes 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 stresses.  

 

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 function of depth for shales (e.g., Baldwin and Butler, 

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

C0 = 243.6 -0.96     Eq. 4.1 

where C0 ƛǎ ǘƘŜ ǳƴƛŀȄƛŀƭ ŎƻƳǇǊŜǎǎƛǾŜ ǎǘǊŜƴƎǘƘ ŀƴŘ  ƛǎ ǇƻǊƻǎƛǘȅ όIƻǊǎǊǳŘΣ нллмΤ [ƻǘhe et al., 

2004), and finally, iii) assuming that the tensile strength is 1/10th that of the uniaxial compressive 

strength (Lothe et al., 2004). Thus an estimate of the profile of tensile strength, T, with depth 

can be calculated. Given that shear failure occurs 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-1 (Bureau et al., 2014) based in part on comparison with igneous intrusions (Rubin, 1995). 

However, the 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 (Fineberg and Marder, 1999; 

Bahat et 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 times that of the host mudstone, it is possible to rule out very shallow 

injection. Furthermore, injectites with margin structures indicative of this range of fracture 

ƳƻŘŜǎΣ ŀǊŜ ŀōƭŜ ǘƻ ŦƻǊƳ ŀǘ ǳǇ ǘƻ ǎŜǾŜǊŀƭ мллΩǎ ƻŦ ƳŜǘǊŜǎ ŘŜǇǘƘΦ ¢Ƙƛǎ ŀǇǇǊƻŀŎƘ ŜƴŀōƭŜǎ ǊŜƭŀǘƛǾe 

injection depth to be inferred for systems that are not connected to the surface.  
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Figure 4.11 Recognition criteria for distinguishing between laminar and turbulent flow in clastic 

injectites. A) Injectite architecture and features expected as a product of turbulent flow during 

clastic injection. Grading, both normal and reversed, within injectites is typically related to 

turbulent flow and is most likely a function of parent sand composition and preferential 

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 one-grain 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 with laminar 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; Sturkell and Ormö, 1997) and turbulent 

flow (Obermeier, 1996; Duranti, 2007; Hubbard et al., 2007; Scott et al., 2009) being forwarded. 

Scott et alΦ όнллфύ ǎǳƎƎŜǎǘ ǘƘŀǘ ŀ άǎǇŜŎǘǊǳƳ ƻŦ Ŧƭƻǿ ŎƻƴŘƛǘƛƻƴǎ ŦǊƻƳ ƭƻǿ-velocity viscous, 

hydroplastic laminar flow to high-ǾŜƭƻŎƛǘȅΣ ǘǳǊōǳƭŜƴǘ Ŧƭƻǿ ǇǊƻōŀōƭȅ ƻŎŎǳǊǎέΦ Lƴ ŀ ƳƻǊŜ ǊŜcent 

paper, Hurst et alΦ όнлммύ ƘŀǾŜ ŀǊƎǳŜŘ ǘƘŀǘ άŜǾƛŘŜƴŎŜ ƻŦ ŀ ǘǳǊōǳƭŜƴǘ Ŧƭƻǿ ǊŜƎƛƳŜ ŘǳǊƛƴƎ ǎŀƴŘ 

ƛƴƧŜŎǘƛƻƴ ƛǎ ǇǊŜǾŀƭŜƴǘέΦ  

 

The distribution of transported mud clasts at both the top and base of sills (Figs. 4.7E and 4.10B) 

suggests that the flow was highly-concentrated, since the particles at the top were unable to 

settle through the sediment; similar features are also observed in other examples (see 

Macdonald and Flecker, 2007; Hurst et al., 2011). The mechanism for this observed segregation 

of mud clasts 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 high-concentration, slow-moving flows. Particles 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 which occurs in laminar flows (Segré and 

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 metres are likely in the region of 1900-2300 kg m-3 (Rieke and Chilingarian, 1974; 

Castagna et al., 1993) so the mud clasts will be less dense than the quartz-dominated sand grains 

(~2650 kg m-3). Such effects have been observed experimentally for small particles, with 

correspondingly low particle Reynolds numbers, under laminar flow conditions (Segré and 

Silberberg, 1962a,b; Hogg et al., 1994). However, it is unclear if this mechanism extends to larger 

low-density particles in laminar flows. Rounding of many of the 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 delicate structures 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; Hurst et al., 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 process. 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 numbers, Re, using 

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

Re = (U*A* ṕf)/µpf        Eq. 4.2 

where U is velocity of the injection, A is the fracture aperture, and ́pf and µpf are the pseudofluid 

density and viscosity respectively, with the pseudofluid being the mixture of water and fine-

grained particles (Di Felice, 2010; Ross et al., 2014). The method estimates the velocity of the 

injected suspension, U, as being equal to, or greater than, the fall velocity of the largest particle 

(see Ross et al., 2014 for full details). Previous estimates of velocities in injectites were based on 

two-dimensional sections and utilised the largest observable length as the grain-diameter (Scott 

et al., 2009; Ross et al., 2014), leading to potential errors 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 equivalent spherical 

diameter to be calculated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter  

g (ms-2) 9.81 

Ś (kg m-3) 2650 

Ĺ (kg m-3) 2100 

f́ (kg m-3) 1000 

∑ 0.54 - 0.4 

∑S 0.53 - 0.39 

∑L 0.01 

CD, O 1.4 

Dp Large particle (m) 0.071 

Ds Large particle (m) 0.044 

f˃ (paS) 0.00106 

A (m) 0.1 ς 1.3 

ṕf (kg m-3) 0.0087 ς 0.028 

µpf (PaS) 0.0043 ς 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 Ross et al., (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 concentrations (solid volume fractions) is 

considered. Solid volume fractions range from close to the highest possible value for fluidisation 

(0.54) (Leva, 1959; Scott et al., 2009; Ross et al., 2014), down to a more conservative value of 

0.4 that might not be expected to fully support 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 

Gupta, 1999; Faisst and Eckhardt, 2004; Scott et al., 2009; Post, 2011), or in the transitional flow 

regime, >~2300 Re <~4000 (Faules and Boyes, 2009; Munson et al., 2012); see Table 4.2. If as 

argued here solid volume fractions are close to the highest grain concentration 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). If lower solid 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 support of turbulent flows (Fig. 4.11A) in injectites comes from flow Reynolds 

number calculations based on fall-velocities of large clasts (Duranti and Hurst 2004; Scott et al. 

2009; Sherry et al. 2012; Ross et al. 2014), erosional margins and the formation of features such 

as scours (Hubbard et al., 2007; Vigorito et al., 2008; Vigorito and Hurst 2010; Scott et al., 2013), 

and normal grading (Obermeier, 1996; Hubbard et al., 2007; Ross et al., 2014). Internal 

laminations have been interpreted as the product of both laminar (Dott, 1966) and turbulent 

flows (Hurst et alΦΣ нлмм ŎƛǘƛƴƎ [ƻǿŜΩǎ όмфтрύ ǿƻǊƪύΣ ŀƴŘ ǘƘŜƛǊ ƻōǎŜǊǾŀǘƛƻƴ ƛƴ ǘŜǊƳǎ ƻŦ Ŧƭƻǿ 

process remains equivocal (Hurst et al., 2011). The examples of interpreted turbulent flow 

described in the references above are either from injectite systems that reached the palaeo-

surface, or are of unknown vertical extent (Hubbard et al., 2007). In contrast, systems 
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interpreted to exhibit laminar flows (Fig. 4.11B) lack evidence for grading or scouring, and 

contain abruptly tapering sills and dykes, suggesting that they formed at depth, 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 small dykes 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.  

 

 

Aperture (m) 

Grain 

concentration 

54% 

Grain 

concentration 

47% 

Grain 

concentration 

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 

1.1 2193.04 5390.34 11330.10 

1.2 2392.41 5880.37 12360.11 

1.3 2591.78 6370.41 13390.12 

 

Table 4.2  Flow 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 connection to 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 high-concentration flows. Such high-concentration flows are 

far less likely to exhibit turbulent conditions since flow viscosity varies strongly (by orders of 

magnitude) with flow concentration (e.g., Krieger and Dougherty, 1959). As a consequence the 

viscous term in the Reynolds equation (equation 4.2) is likely dominant unless the cross-

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 lower-concentration flows to form. Essentially, 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 high-concentration granular flows, but are lower-concentration systems (Ross et al., 

2011; Quigley et 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 relatively low-concentration and 

highly turbulent; ii) large-scale injectites that do not have a connection to the surface, that will 

exhibit high-concentration turbulent flows, and iii) flows with no connection to the surface and 

with relatively small cross-sectional 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 in low-concentration open conduits, 

whilst such features will be lacking in smaller-scale laminar injectites in closed conduits. The 

degree to which larger-scale closed systems might exhibit erosive structures and grading is 

largely unknown.  

4.8 Conclusions 

The clastic injectites studied herein have provided a classification 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 directions, and therefore overall injection direction of dykes and sills. The 

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

applied stress exceeds four times the tensile strength of the host rock. Furthermore flow 

ŜǎǘƛƳŀǘŜǎ ŦƻǊ ŎƭŀǎǘƛŎ ƛƴƧŜŎǘƛƻƴǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ƭŀƳƛƴŀǊ ŎƻƴŘƛǘƛƻƴǎ ǇǊŜǾŀƛƭ ƛƴ ŘȅƪŜǎ ǳǇ ǘƻ млΩǎ ŎƳ 

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 fraction 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 high-concentration 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 stratigraphic trap plays 

 

 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 

basin-fills. However, the distribution of subseismic scale injectites and their relationship to those 

of a seismic-scale are poorly understood (Hurst & Cartwright, 2007). The literature is dominated 

by examples of clastic injectites that are associated with primary deposits on a slope setting, 

such as deep marine channel-fills (Hiscott, 1979; Rowe et al., 2002; Parize & Friès, 2003; Duranti 

& Hurst, 2004; Huuse et al., 2005; Diggs, 2007; Duranti, 2007; Frey-Martínez et al., 2007; 

Hamberg et al., 2007; Jackson, 2007; Jonk et al., 2007; Surlyk et al., 2007; Vigorito et al., 2008; 

Kane, 2010; Svendsen et al., 2010; Szarawarska et al., 2010; Jackson et al., 2011; Løseth et al., 

2013; Morton et al., 2014; Bain & Hubbard, 2016) and intraslope lobes (Monnier et al., 2014; 

Yang & Kim, 2014; Spychala et al., 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: Vigorito et al., 2008) or slope channel-fills 

(e.g. Chile: Hubbard et 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 mud-prone host strata (Lorenz et al., 1991; Cosgrove, 2001; Jolly & 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 basin floor sandbodies have rarely been documented (Cobain et 

al., 2015). 

 

In sedimentary basins, lithology is the principle control on basin wide fluid migration (Bjørlykke, 

1993; Jonk et al., 2005a), and in the absence of clastic injectites fractures and faults form the 

most efficient conduits for fluid flow (Chapman, 1987; Knipe et al., 1998; Aydin, 2000). However, 

clastic injectites create additional fluid flow pathways, and their impact depends on their timing 

and location (e.g. Hurst et al., 2003; Jonk, 2010; Ross et 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 inject (Vigorito & Hurst, 
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2010; Bureau et 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 conduits can occur 

through preferential brittle deformation of competent sandstones within a low-competence 

(majority mudstone) host rock (Jonk et al., 2005a). 

 

For the first time, we present examples of injectites at outcrop where the palaeogeographic and 

stratigraphic context of the basin-floor parent sandstone bodies are well constrained. We 

address the following objectives: i) to document the architecture and character of injectites in 

basin-floor settings in terms of thickness and morphology in relation to parent sand, ii) to 

investigate the association between the architecture and character of the basin-floor parent 

sandbody as a control on the location and orientation of injectites, iii) to construct an integrated 

model of clastic injectites in basin-floor settings, iv) to consider the role of basin-wide fluid flow 

pre-, syn-, and post-injection, and v) to discuss the association and implication for subsurface 

stratigraphic trap plays and the presence of injectites. 

 

 Geological Setting 

The Karoo Basin has long been interpreted as a retro-arc foreland basin that formed on the 

southern margin of the Gondwana palaeocontinent behind a magmatic arc and fold-and-thrust 

belt (Johnson, 1991; Visser & Praekelt, 1996; Catuneanu et al., 1998; Johnson 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 palaeo-Pacific Plate to the 

south, pre-dating the Cape Orogeny (Tankard et al., 2009). The Ecca Group, a siliciclastic 

succession, was deposited in the southwestern Karoo Basin during the Permian (Flint et al., 

2011). This part of the basin is subdivided into the Laingsburg and Tanqua depocentres (Fig. 

5.1A), and this study focusses on three outcrop examples of exhumed clastic injectites hosted in 

deep water strata of the Ecca Group across these depocentres (Figs 5.1C and 5.1D). 

 

The Tanqua depocentre infill comprises 1.3 km of deep-water sediments (Hodgson et al., 2006) 

of the upper Ecca Group (Tierberg and Skoorsteenberg formations; Wickens, 1994; Wickens & 

Bouma, 2000) overlain by submarine slope and shelf-edge deltaic deposits (Kookfontein 

Formation; Wild et al., 2009) (Fig. 5.1B). The 400 m thick Skoorsteenberg Formation comprises 

four sand-prone basin-floor fans (Fans 1-4) that are separated by laterally extensive fine grained 
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intervals (Hodgson et al., 2006) and overlain by a 100 m thick channelized slope succession (Unit 

5) (Fig. 5.1B). The adjacent Laingsburg depocentre was infilled by a 1.8 km thick shallowing 

upward succession from distal and proximal basin-floor (Vischkuil and Laingsburg formations 

respectively; van der Merwe et al., 2010; Flint et al., 2011) through leveed slope-channels (Fort 

Brown Formation; Kane & Hodgson, 2011; Morris et al., 2014) to shelf-edge and shelf deltas 

(Waterford Formation; Jones et al., 2015)(Fig. 5.1B). Sand-prone Units C to G, which comprise 

the Fort Brown Formation (Fig. 5.1B), have been mapped over 2500 km2 (van der Merwe et al., 

2014), and are separated by regional mudstones interpreted to represent clastic input shutdown 

due to relative sea level rise (Di Celma et al., 2011; Flint et al., 2011; Fig. 5.1B). 

 Methodology and dataset 

Three outcrops were studied in detail; Bizansgat (Tanqua depocentre: injectites associated with 

Fan 3) (Figs 5.1-5.4), Zoutkloof and Slagtersfontein (Laingsburg depocentre: injectites associated 

with Unit C, Subunits C1 and C2) (Figs 5.1 and 5.5-5.7). Recognition criteria of injectites in the 

Karoo Basin include cross-cutting 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 clast-rich surfaces (c.f. Cobain et 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 of injectites with respect to host 

stratigraphy to be constrained from cm to km scale, which can be subtle. 
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Figure 5.1 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, letters A-G refer to Units A-G (Flint et al., 2011) and 

Tanqua depocentre, numbers 1-4 refer to Fans 1-4, whilst 5 refers to Unit 5, a 100 m thick 

channelised slope succession (Hodgson et al., 2011b). Location of injectites, studied in the 

present paper, denoted by asterisks. Ages from U-Pb zircon analysis of volcanic ashes (see Fildani 

et al., 2007; McKay et al., 2015) are displayed in boxes as Ma. C) Tanqua depocentre study area. 

D) Laingsburg depocentre study areas (Appendix A.3 for panels and logs, Appendix B.3 for 

outcrop measurements).  
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 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. 

Johnson et al., 2001; Prélat et al., 2009; Jobe et al., 2012; Hofstra et al., 2015), and behind-

outcrop research boreholes (Hodgson et al., 2006; Luthi et al., 2006). Research borehole NB4 

(Fig. 5.2) confirmed that Fans 1 and 2 are not present in this part of the study area (Hodgson et 

al., 2006; Luthi et al., 2006). Fan 3 pinches out northward (down dip) from 65 m thick over 30 

km (~2.2 m/km thinning rate) (Hodgson et 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) (Hodgson et al., 2006; Oliveira et al., 2009). The 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. Fan 4 also thins abruptly southward, although the mudstone 

between Fan 3 and 4 maintains a constant thickness (Oliveira et al., 2009). At the Ongeluks River 

locality (Fig. 5.2), Fan 3 is 65 m thick and is composed of clusters of sand-rich channel-fills, 

interpreted as base-of-slope channel complexes (Sullivan et al., 2000; Luthi et al., 2006; Hofstra 

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

Fig. 11) with variations to the N and E (Hodgetts et al., 2004). The palaeoslope feeding Fan 3 was 

NE-facing (Hodgson et al., 2006). The abrupt southeastward pinchout is interpreted to be due 

to lateral onlap, forming a sharp-based contact, onto a confining NE-SW-trending and NW-facing 

slope (Oliveira et al., 2009) in a proximal base-of-slope setting (Hodgson et al., 2006).  
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Figure 5.2 Palaeogeography of Fan 3 (adapted from Hofstra et al., 2015) with location of NB4 

core and Ongeluks River section. 
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Figure 5.3 Bizansgat outcrop ς correlation panels and injectite margin structures. A) 

Correlation panel of logs taken at Bizansgat through Fan 3 and injectites. 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 small-scale step. E) Plumose fracture 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. 5.1B) in the most proximal exposures to the south of the outcrop 

belt (Fig. 5.2). The nature 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 discordant relationship 

with the stratigraphy (Fig. 5.3A). Figure 5.4A and 5.4B shows the outcrop extent of the main 

stepped sill, which connects to at least three 0.4-0.6 m wide sub-vertical dykes that connect to 

the base of Fan 3 over a vertical distance of between 3 and 7 m. Steps on this sill are curvilinear 

along strike (Fig. 5.4), forming crescent-like 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 vertically, and bifurcate and taper out. Ridges that are orientated sub-horizontally 

with the host strata (Fig. 5.3C) mark the margins of these dykes. Margin structures on both the 

main stepped sill, and connecting dykes, include plumose patterns on fracture surfaces, parallel 

ridges, mudstone clast-rich surfaces and planar surfaces (Figs 5.3Bς5.3F). The average strike of 

the steps is WNW-ESE, although there is a wide spread of orientations due to their curvilinear 

planform geometry (Fig. 5.4). Plumose features, observed on the margins of sills where they 

step through stratigraphy, form fan-like features with parallel striae down their centre and 

diverging striae away from the central axis (Fig. 5.4C). The direction of striae divergence is to the 

S, with a range from SW-SE. The dykes maintain a constant thickness at the scale of the outcrop, 

and are orientated N-S to NNE-SSW (Figs 5.3B and 5.4B). 

 

Interpretation 

All injectites studied in this area are close to the base of Fan 3 (Figs 5.3A and 5.4A), with sub-

vertical dykes 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; Rowe et al., 2002; Parize & Fries, 2003; Le Heron & 

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

ŀǊŜ ƴƻǘ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ǳƴŘŜǊƭȅƛƴƎ ǎǘǊŀǘƛƎǊŀǇƘȅΣ ǿƘƛŎƘ ŎƻƳǇǊƛǎŜǎ ǎŜǾŜǊŀƭ мллΩǎ Ƴ ƻŦ ƳǳŘǎǘƻƴŜ 

(King et al., 2009). Consequently, Fan 3 is interpreted as the parent sand for all the injectites.  

 

The dykes are orientated approximately perpendicular to the NW-facing palaeoslope that 

confines Fan 3. Therefore the dyke orientation is hypothesised to relate to a gravitational stress 
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regime. Although the injectites occur beneath the parent sand, the morphology of the curved 

steps and the orientation of structures on the injectite surfaces (Fig. 5.4B) (plumose features 

indicate the propagation direction, Cobain et al., 2015) suggest that the main injectite sill 

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 depositional 

pinchout (Figs 5.3A and 5.4A). Net injection propagation direction was horizontal rather than 

vertical from the sharp-based sandbody with an abrupt upslope pinchout configuration in a 

lower slope to base-of-slope setting.   

 

5.4.2. Zoutkloof; Laingsburg Depocentre 

Unit architecture 

Unit C of the Fort Brown Formation (Fig. 5.1B) 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 

Celma et al., 2011; Flint et al., 2011; Hodgson et al., 2011a; van der Merwe et al., 2014). 

Extensive dip 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 southeast (Fig. 5.5) where 

the overlying subunit C2 is thin-bedded and forms part of an external levee to a channel system 

(Di Celma et al., 2011). At the Zoutkloof locality, subunit C1 is sharp-based, thins from 2 m of 

amalgamated fine sandstone (Fig. 5.6C) to <12 cm thin bedded very fine sandstone over ~1.5 

km at the oblique up dip pinchout of the lobe complex (Fig. 5.6B). The confining palaeoslope at 

subunit C1 time, based on isopach thickness maps and palaeocurrents, was orientated N-S and 

E-facing (Di Celma et al. 2011; 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 Celma et al., 2011) at a constant thickness of 0.9 m. This upper mudstone 

was used as a datum (Fig. 5.6A and 5.6D).   

 

Zoutkloof injectites 

At Zoutkloof, injectites crop out over 1.7 km (Fig. 5.6D) below subunit C1, in  the upper 13 m of 

the 40 m thick regional mudstone that separates Units B and C (Brunt et al., 2013), at an abrupt, 

oblique lateral pinchout (Di Celma et al., 2011) (Figs 5.5 and 5.6D). 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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ƭŀǘŜǊŀƭƭȅ ŦƻǊ млΩǎ ƳΦ {ǘŜǇǎ ŀǊŜ Ŏlosely spaced so that the sills are discordant with the host 

stratigraphy for more than 2-3 m. The majority of dyke margins exhibit ridges, both plumose and 

parallel (Cobain et al., 2015). Several sub-vertical dykes are observed to connect the base of 

subunit C1 with the stepped sills, the thickest is 1.5 m wide (between logs 7 and 8; Fig. 5.6A). 

Most other dykes are thinner (<0.3 m-thick) and connect with the base of subunit C1. The steps 

and parallel ridges are primarily aligned E-W and the orientation of striae divergence of plumose 

patterns on the fracture surfaces is dominantly WSW (Fig. 5.6D). The dominant trend in dyke 

orientation measurements is NNW-SSE, approximately perpendicular to the orientation 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 

sharp-based lobe complex, and vertical dykes connect large stepped sills with the base of 

subunit C1. Therefore, subunit C1 is interpreted to be the parent sand of the injectites. 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 is sub-parallel (WSW) to 

the unit pinchout direction and occurs where the base of parent sand has a sharp sand-to-mud 

contact. The orientation of the dykes is close to perpendicular to the slope-facing direction 

suggesting a causal relationship. The apparent propagation direction of sub-vertical dykes is 

downward but the ridges on the dyke margins suggest that propagation during injection was 

dominantly lateral (e.g. Kane, 2010). 
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Figure 5.5 A) Palaeogeography of subunit C1, clastic injectites are present at Zoutkloof locality. 

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

der Merwe et al., 2014).  
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Figure 5.6 Zoutkloof outcrop and injectites. A) Correlation panel of logs taken along 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 pattern directional data and step and dyke orientations. 

Refer to Figure 5.4 for rose diagram colours. 

 

 




























































































































































































