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LASI V Conference Program – Karoo 2012 
 

“The physical geology of subvolcanic systems: laccoliths, sills and dykes” 
 

Pine Lodge, Port Elizabeth (28-30.10) and Aloe Grove, Queenstown (31.10-3.11) 
 

 
Sunday 28. October 

 

08.30 Departure from Pine Lodge reception to Addo Elephant Park for paying participants 

18.00 Ice breaker at Pine Lodge 
 

Monday 29. October 
 

09.00-10.30 The Karoo LIP (Chair: Svensen) 

Planke Welcome and logistics 

Ferré Magma flow above the Karoo mantle plume 

Neumann Multistage evolution of magmas in the Karoo Large Igneous Province 

Scheiber-Enslin Geophysical 3D modelling of the Karoo Basin, South Africa - Preliminary results 

Layered intrusions and granites I 

Scoon Dunite pipes in the Bushveld Complex and their formation by injection and flowage 

differentiation of ultramafic magmas through vertical conduits in earlier-formed 

pyroxenitic-noritic cumulates 
 

10.30-11.00 Break 
 

11.00-12.30 Layered intrusions and granites II (Chair: Marsh) 

Beukes Investigation of the Bastard and Merensky Reef units in borehole TRP 272 at Two 

Rivers Platinum mine, Eastern Bushveld Complex 

Kotzé PGMs and base metal sulphides in chromitites of the Eastern Bushveld Complex, 

South Africa: Tracking the crystallization behaviour of PGE through petrography 

and geochemistry 

Scoon A radical new hypothesis for the formation of PGE-bearing ultramafic layers in the 

Bushveld Complex: multiple intrusion of ultramafic sills within earlier-formed 

noritic cumulates 

Stevens The inheritance of source Hf isotopic diversity in S-type granite magmas 

Joseph The petrogenesis of the ignimbrites and quartz porphyritic granites exposed along 

the Saldahna west coast, South Africa 
 

12.30-13.30 Lunch 
 

13.30-15.00 Layered intrusions and granites III (Chair: Rocchi) 

Ramphaka The origin of rhythmic magmatic layering in the S-type Peninsula Pluton, Cape 

Granite Suite, South Africa 

Glazner Widespread and intense deformation of nominally undeformed granites 

 Laccoliths 

Schmiedel Well data based GOCAD modeling of a laccolith margin (Landsberg unit, Halle 

Volcanic Complex, Late Paleozoic, eastern Germany) 

Westerman Flow-induced structures at intrusive contacts of laccoliths (Elba Island, Tuscany) 
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Hacker From dikes to sills to laccoliths: emplacement of rhyolitic subvolcanic magma 

bodies of the northern Black Hills Igneous Province, South Dakota and Wyoming, 

USA 

Breitkreuz Shallow level magmatic systems: a book project (5 min) 
 

15.00-15.30 Break and posters 

 

15.30-17.00 Sills, dikes and sub-volcanic complexes I (Chair: Breitkreuz) 

Cawthorn A sill complex or a layered intrusion? Time to decide 

Horni 3D seismic mapping of magmatic intrusive bodies in the Faroe-Shetland Basin 

Manton Sill geometries in 3D seismic data: Implications for sill emplacement  

Carlino Shallow magma emplacement below active calderas: the case of Ischia Island and 

Campi Flegrei (Southern Italy) 

Burchardt Dykes versus cone sheets – two sides of the same coin? 

Jerram When shallow intrusions make silver mines - a journey into Supermans cave 
 

19.00 Dinner 
 

Tuesday 30. October 
 

09.00-10.30 Sills, dikes and sub-volcanic complexes II (Chair: Jerram) 

Tegner The Sorgenfrei Gletscher Sill Complex, East Greenland 

Planke The Early Cretaceous Barents Sea Large Igneous Province (BLIP) 

Krumbholz Weibull distribution of dyke thicknesses gives insights into magma chamber 

dynamics and host rock strength 

Rocchi Intravolcanic sills, lava flows and lava-fed deltas, (Victoria Land, Antarctica): 

paleoenvironmental significance 

Galland Analytical model of surface uplift above axisymmetric flat-lying magma intrusions: 

Implications for sill emplacement and geodesy  

Neres Conceptual model of flow in a sill using magnetic fabric data (Foz da Fonte, 

Portugal) 
 

10.30-11.00 Break 
 

11.00-12.30 Sills, dikes and sub-volcanic complexes III (Chair: Chevallier) 

Magee The influence of normal fault geometry on igneous sill emplacement and 

morphology 

Galland Ground deformation associated with shallow magma intrusions 

Mare Magnetic evidence of variation in magma-sediment interaction across the main 

Karoo Basin, South Africa 

Master Mafic sill interactions with evaporitic sediments: Proterozoic examples from 

Zimbabwe and Zambia 

Grove Sediment diagenesis in proximity to sub-volcanic intrusions: case studies from the 

Twyfelfontein Formation of the Etendeka, Namibia 
 

12.30-13.30 Lunch 
 

13.30-15.00 Sills, dikes and sub-volcanic complexes IV (Chair: Jamtveit) 

Chevallier The role of dolerite and kimberlite intrusions on hydraulic fracturing and deep 

groundwater flow in the Western Karoo 
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Somma The geothermal potential of Campania volcanoes (Southern Italy): a future economic 

opportunity for sustainable energy exploitation 

Burchardt Xeno-pumice erupted offshore El Hierro, Canary Islands; a tale of stoped blocks in 

magma chambers? 

Gisler Eruption morphologies from simulations and experiments 

 Karoo sill and vent complexes I 

Galerne 3D relationships between sills and their feeders: evidence from the Golden Valley 

Sill Complex (Karoo Basin) and experimental modelling 
 

15.00-15.30 Break 
 

15.30-17.00 Karoo sill and vent complexes II (Chair: Planke) 

Latypov Towards the origin of I-shaped mafic sills: a case study of the Golden Valley sill, 

South Africa 

Jamtveit Controls on dolerite weathering rates by reaction-induced hierarchical fracturing 

Svensen Formation of breccia pipes in the Karoo Basin, South Africa: Field, statistical and 

numerical approaches 

Nermoen Experimental and analytic modeling of piercement structures  

Marsh The Karoo LIP: Field trip overview 
 

19.00 Dinner 
 

Posters (Chair: Planke)  

Breitkreuz Shallow level magmatic systems: a book project 

Burchardt Magmatic stoping in the roof of the Proterozoic Åva ring complex – a story of 

megacryst magma, fragmentation and metamorphism 

Cawthorn Distribution of dolerite sills in the Karoo Supergroup 

Senger Geometries of igneous intrusions in inner Isfjorden, Svalbard: implications for fluid 

flow and CO2 storage 

Senger Fluid flow around igneous intrusions: from outcrop to simulator 

Sheth The intrusive substructure of the Deccan Traps volcanic province 
 

Wednesday 31. October 

08.00 Departure for field trip from Pine Lodge main entrance (Karoo basin overview) 

19.00 Dinner at Aloe Gove 
 

Thursday 1. November 

09.00 Departure for field trip (Golden Valley) 

19.00 Dinner at Aloe Grove 
 

Friday 2. November 

09.00 Departure for field trip (Witkop III and Bonkola) 

19.00 Dinner at Aloe Grove 
 

Saturday 3. November 

09.00 Departure for Port Elizabeth airport (360 km drive) 



 



 

 

The LASI V Workhop 

The LASI V workshop and field trip on "The physical geology of subvolcanic systems: laccoliths, sills 

and dykes" will be held in in Port Elizabeth and the Karoo Basin, South Africa, from Sunday 28. 

October to Saturday 3. November 2012. 

The LASI conferences gather specialists in volcanology, tectonics, structural geology, petrology, 

geochemistry, geochronology, geophysics, exploration geology, and modelers.  Since 2002, the open 

LASI community gathers scientists interested in shallow-level tabular igneous intrusion. Four 

international conferences have been held since then, each one with 40-50 participants from 10-17 

countries, presenting papers and attending a field trip to tabular intrusions. The conferences put in 

evidence the vitality of this research community as well as the relevance of the topic to societal 

needs such as hydrocarbon and ore mineral exploration, natural hazards, and climate change. 

The workshop is divided into two parts: (1) two days with talks and poster presentations at Pine 

Lodge, Port Elizabeth, and (2) three-day field trip in the Queenstown area, Eastern Cape, with focus 

on sill intrusions and associated hydrothermal vent complexes. 

We are looking forward to seeing you in Port Elizabeth! 

 

Table 1. Summary of LASI V program, Port Elizabeth and Karoo Basin  

Date Travel information Comments  

Sun 28. Oct Arrival, Port Elizabeth 

Overnight at Pine Lodge 

Ice breaker and dinner from 18.00. 

Optional half day Addo Elephant Park trip 

(departure ca. 8.30) 

Mon 29. Oct Conference day 1 

Overnight at Pine Lodge 

Conference and meals at Pine Lodge 

Tue 30. Oct Conference day 2 

Overnight at Pine Lodge 

Conference and meals at Pine Lodge 

Wed 31. Oct Port Elizabeth-Aloe Grove 

Overnight at Aloe Grove 

Departure 8.00. Introduction to Karoo Basin 

geology; field stops at deep planar sills and 

metamorphic aureoles. Lunch in the field 

Thu 1. Nov Golden Valley 

Overnight at Aloe Grove 

Saucer-shaped sills. Lunch in the field 

Fri 2. Nov Witkop III 

Overnight at Aloe Grove 

Hydrothermal vent complexes. Bonkola 

saucer. Lunch in the field 

Sat 3. Nov Aloe Grove – Port Elizabeth 

 

Departure 9.00; about 5 hr drive to Port 

Elizabeth airport (360 km). Friday evening 

(about 18.00) or early Saturday departures 

can likely be arranged for individuals with 

early flights, but they have to organize own 

accommodation in PE. 

 

  



 

Accommodation Information

Pine Lodge Resort 

www.pinelodge.co.za 

Port Elizabeth  

Tel: +27-41 583 4004 

10 km from air port 

 

Dates: 28-31.10.12 (3 nights) 

Aloe Grove Guest Farm 

Queenstown 

Tel: +27-45 839 5910 

www.aloegrove.co.za 

 

Dates: 31.10-03.11.12 (3 nights)

 

General Information 

• The participants need to organize their own travel to and from South Africa. All participants 

should check in at the Port Elizabeth 

dinner is planned to start 18

• It is recommended to arrive one or more days early to re

South Africa. There are nice game parks (e.g. Addo Elephant Park) and beaches around Port 

Elizabeth. See http://wikitravel.org/en/Port_Elizabeth

previously used Alan Tours (

• The optional Addo Elephant Park half

Sunday 28.10.12. Please email 

hotel. 

• The field area is outside the malaria province, and we have never experienced problems with 

sickness or food poisoning on previous field trips. However, check with y

authorities if they recommend any vaccination (e.g., 

(http://www.fhi.no/eway/default.aspx?pid=233&trg=

1:0:15,5212:1:0:0:::0:0)  

• Field trip travel in South Africa will be by

the field trip. Please pack in soft bags which will make it easier for us to pack the cars.

 

Accommodation Information 

11.12 (3 nights) 

d to organize their own travel to and from South Africa. All participants 

should check in at the Port Elizabeth hotel by 18.00 on Sunday 28.10.2012

dinner is planned to start 18.00.  

It is recommended to arrive one or more days early to relax after a long travel and to enjoy 

South Africa. There are nice game parks (e.g. Addo Elephant Park) and beaches around Port 

http://wikitravel.org/en/Port_Elizabeth for tourist informat

previously used Alan Tours (http://www.alantours.co.za/ ) as a local guide.

Addo Elephant Park half-day trip will depart ca. 08.30 from Pine Lodge on 

Sunday 28.10.12. Please email planke@vbpr.no if you need to be picked up from another 

The field area is outside the malaria province, and we have never experienced problems with 

sickness or food poisoning on previous field trips. However, check with y

authorities if they recommend any vaccination (e.g., Folkehelseinstitutett

/eway/default.aspx?pid=233&trg=MainArea_5661&MainArea_5

 

in South Africa will be by car. All food and accommodation

trip. Please pack in soft bags which will make it easier for us to pack the cars.

 

 

d to organize their own travel to and from South Africa. All participants 

28.10.2012. Ice breaker and 

lax after a long travel and to enjoy 

South Africa. There are nice game parks (e.g. Addo Elephant Park) and beaches around Port 

for tourist information. We have 

) as a local guide. 

day trip will depart ca. 08.30 from Pine Lodge on 

if you need to be picked up from another 

The field area is outside the malaria province, and we have never experienced problems with 

our national health 

Folkehelseinstitutett in Norway; 

MainArea_5661&MainArea_5661=563

accommodation is provided during 

trip. Please pack in soft bags which will make it easier for us to pack the cars. 



 

 

• Sverre Planke (PGP) is responsible for logistics and safety during the field trip. Please notify 

him if you have any safety concerns or require specific medication or diet. Sverre will bring 

first aid equipment and a satellite phone to the field. No difficult hikes or climbes will be 

attempted. Wild animals and snakes are sometimes encountered in the field area. Be 

particularly aware of fast traffic. And do not walk alone at night. 

• The weather conditions may change rapidly during the spring. Please bring warm and 

waterproof cloths, good hiking boots, a small day pack, sun hat and sun screen. 

• Electricity: 220/240 volts at 50 cycles per second. A three-point round-pin adapter plug 

should be brought for electrical devices. 

• GSM mobile phones can be used in most of South Africa. 

LASI V Field Trip Route 

Geological map of South Africa and the LASI V field trip route. The map clearly show the coastal Cape 

Fold Belt (blue) and the interior Carboniferous to Jurassic (brown, green) Karoo Basin intruded by 

Jurassic sills (pink) and capped by lava (gray). Map from 1:million scale, Council for Geoscience, South 

Africa. 

 

Main field guides: 

• Henrik Svensen, PGP, Univ. of Oslo (+47-9305 3870; henrik.svensen@mn.uio.no) 

• Sverre Planke, PGP and VBPR, Oslo (+47-9575 6097; planke@vbpr.no) 

• Goonie Marsh, Rhodes Univ., Grahamstown  (+27-72 319 1170; goonie.marsh@ru.ac.za) 

• Luc Chevallier, Council for Geoscience, Cape Town (+27-21 914 9989; 

lchevallier@geoscience.org.za) 

 



 

 

PGP/VBPR Karoo Project and Field Trip Background 

The impressive outcrops in the Karoo make the region a great field laboratory for exploration 

geologists working in volcanic basins. Our fieldwork in the Karoo Basin started in 1999 with an 

exploratory road trip with Sverre and Ellen Planke, Bjørn Jamtveit and Anders Malthe-Sørenssen. At 

that time, we had a vague idea that the Karoo Basin contained a vast amount of intrusive volcanic 

rocks. But we had no idea about the outcrop quality or where to look for good exposures. 

Fortunately, we met Prof. Goonie Marsh and Dr. Luc Chevallier. They had both worked for a long 

time with the Karoo dolerites - Goonie with their geochemical characteristics and Luc with their 

implications on hydrogeology. Based on their advice and guidance we soon discovered that the Karoo 

Basin was a unique natural laboratory to study melt emplacement processes and the interaction 

between melt and sedimentary strata. Thus the "Petroleum implications of sill intrusions" project 

was born. 

Over the past decade we have arranged more than a dozen field trips and field work campaigns to 

the Karoo. Dr. Henrik Svensen got early involved in detailed mapping and analyzes of hydrothermal 

vent complexes - and he is still strongly involved in this aspect of the Karoo project. Henrik was the 

project leader for a four-year project (2005-2009) to study metamorphic processes around sills in 

organic-rich sequences - a project that to a large extent relied on fieldwork and analyses from the 

Karoo basin, and then subsequently a four-year project (2008-2011) to study climate and 

environmental consequences of sill intrusions in sedimentary basins.  The project has also involved a 

great group of students doing thesis or Post.Doc. research in the Karoo: Siri Ann Sali (MS on 

hydrothermal vent complexes in 2004), Camilla Haave (MS on metamorphic aureoles in 2005), 

Christophe Y. Galerne (Ph.D. on geochemistry of saucer complexes; 2004-2007), Ingrid Aarnes (MS on 

sill emplacement processes; 2004-2006; Ph.D. on aureole processes; 2007-2010), Kirsten Haaberg 

(MS on sill emplacement processes; 2004-2006), Stephane Polteau (Post.Doc. on saucer 

emplacement processes; 2004-2006), and Prof. Else-Ragnhild Neumann as the PI of the magma 

emplacement project.  



Participants Conference

Participants Organisation Country Epost

Beukes, Jarlen University of the Free State SOUTH AFRICA jarlenb7@gmail.com

Breitkreuz, Christoph TU Freiberg GERMANY cbreit@geo.tu-freiberg.de

Burchardt, Steffi Uppsala University SWEDEN steffi.burchardt@geo.uu.se

Carlino, Stefano Osservatorio Vesuviano ITALY stefano.carlino@ov.ingv.it

Cawthorn, Grant University of the Witwatersrand SOUTH AFRICA grant.cawthorn@wits.ac.za

Chevallier, Luc Council for Geoscience SOUTH AFRICA lchevallier@geoscience.org.za

Chistyakova, Sofya FINLAND sofya.chistyakova@oulu.fi

Clague, Stuart EXXARO SERVICES SOUTH AFRICA Stuart.Clague@exxaro.com

Ferré, Eric Southern Illinois University USA eferre@geo.siu.edu

Galerne, Christophe Steinmann-Institut GERMANY chrisgal@geo.uni-bonn.de

Galland, Olivier University of Oslo NORWAY olivier.galland@fys.uio.no

Gisler, Galen Universitetet i Oslo, Physics of Geological Processes NORWAY galen.gisler@fys.uio.no

Glazner, Allen University of North Carolina UNITED STATES afg@unc.edu

Grove, Clayton Durham University UNITED KINGDOM clayton.grove@durham.ac.uk

Hacker, David Kent State University UNITED STATES dhacker@kent.edu

Hacker, Jackie UNITED STATES djdjhacker@yahoo.com

Horni, Jim á Jarðfeingi FAROE ISLANDS jim.a.horni@jardfeingi.fo

Jamtveit, Bjørn University of Oslo NORWAY bjorn.jamtveit@geo.uio.no

Jerram, Dougel DougalEARTH Ltd. UK dougal@dougalearth.com

Joseph, Cedric University of Stellenbosch SOUTH AFRICA 15143449@sun.ac.za

Kotzé, Emmylou University of the Free State SOUTH AFRICA 2007005974@ufs4life.ac.za

Krumbholz, Michael Uppsala University SWEDEN michael.krumbholz@geo.uu.se

Latypov, Rais Oulu Univeristy FINLAND rais.latypov@oulu.fi

Magee, Craig Imperial College UNITED KINGDOM c.magee@imperial.ac.uk

Manton, Ben Cardiff University UNITED KINGDOM mantonbm@cardiff.ac.uk

Maré, Leonie Pauline Council for Geoscience SOUTH AFRICA leoniem@geoscience.org.za

Marsh, Julian Rhodes University SOUTH AFRICA goonie.marsh@ru.ac.za

Master, Sharad University of Witwatersrand SOUTH AFRICA Sharad.Master@wits.ac.za

Mervine, Evelyn SOUTH AFRICA evelyn.mervine@gmail.com

Neres, Marta Universidade de Lisboa PORTUGAL neresmarta@gmail.com

Neumann, Else-Ragnhild University of Oslo NORWAY e.r.neumann@geo.uio.no

Olney, Mary UNITED STATES olney@nc.rr.com

Planke, Sverre University of Oslo/VBPR NORWAY planke@vbpr.no

Ramphaka, Priscilla University of Pretoria SOUTH AFRICA 16930061@sun.ac.za

Rocchi, Sergio University of Pisa - Dipartimento di Scienze della Terra ITALY rocchi@dst.unipi.it

Scheiber-Enslin, Stephanie Council for Geoscience SOUTH AFRICA steph.scheiber@gmail.com

Schmiedel, Tobias Intitut für Geologie GERMANY tobias.schmiedel@student.tu-freiberg.de

scoon, roger SOUTH AFRICA rnscoon@iafrica.com

Senger, Kim Uni CIPR NORWAY kim.senger@uni.no

Spmma, Renato Osservatorio Vesuviano ITALY renato.somma@ov.ingv.it

Stevens, Gary Stellenbosch University SOUTH AFRICA gs@sun.ac.za

Svensen, Henrik University of Oslo NORWAY henrik.svensen@mn.uio.no

Tegner, Christian Aarhus University DENMARK christian.tegner@geo.au.dk

Westerman, David Norwich University UNITED STATES westy@norwich.edu



Room list Pine Lodge

Surname First Name Organisasjon Country Type of room

Planke Sverre University of Oslo/VBPR NORWAY single

Neumann Else-Ragnhild University of Oslo NORWAY single

Senger Kim Uni CIPR NORWAY single

Cawthorn Grant University of the Witwatersrand SOUTH AFRICA single

Grove Clayton Durham University UNITED KINGDOM single

Gisler Galen Universitetet i Oslo, Physics of Geological Processes NORWAY single

Chevallier Luc Council for Geoscience SOUTH AFRICA single

á Horni Jim Jarðfeingi FAROE ISLANDS single

Stevens Gary Stellenbosch University SOUTH AFRICA single

Marsh Julian Rhodes University SOUTH AFRICA single

Scoon Roger SOUTH AFRICA single

Clague Stuart EXXARO SERVICES SOUTH AFRICA single

Svensen Henrik University of Oslo NORWAY single

Jerram Dougal DougalEARTH Ltd. UK single

Jamtveit Bjørn University of Oslo NORWAY single

Mervine Evelyn SOUTH AFRICA single

Ferré Eric Southern Illinois University USA single

Tegner Christian Aarhus University DENMARK single

Krumbholz Michael Uppsala University SWEDEN 2 person sharing

Burchardt Steffi Uppsala University SWEDEN 2 person sharing

Glazner Allen University of North Carolina UNITED STATES 2 person sharing

Olney Mary UNITED STATES 2 person sharingOlney Mary UNITED STATES 2 person sharing

Hacker David Kent State University UNITED STATES 2 person sharing

Hacker Jackie UNITED STATES 2 person sharing

Scheiber-Enslin Stephanie Council for Geoscience SOUTH AFRICA 2 person sharing

Maré Leonie Pauline Council for Geoscience SOUTH AFRICA 2 person sharing

Latypov Rais Oulu Univeristy FINLAND 2 person sharing

Chistyakova Sofya FINLAND 2 person sharing

Carlino Stefano Osservatorio Vesuviano ITALY 2 person sharing

Somma Renato Osservatorio Vesuviano ITALY 2 person sharing

Beukes Jarlen University of the Free State SOUTH AFRICA 2 person sharing

Kotzé Emmylou University of the Free State SOUTH AFRICA 2 person sharing

Galland Olivier University of Oslo NORWAY 2 person sharing

Galerne Christophe Steinmann-Institut GERMANY 2 person sharing

Rocchi Sergio University of Pisa - Dipartimento di Scienze della Terra ITALY 2 person sharing

Westerman David Norwich University UNITED STATES 2 person sharing

Breitkreuz Christoph TU Freiberg GERMANY 2 person sharing

Schmiedel Tobias Intitut für Geologie GERMANY 2 person sharing

Neres Marta Universidade de Lisboa PORTUGAL 2 person sharing

Ramphaka Priscilla University of Pretoria SOUTH AFRICA 2 person sharing

Magee Craig Imperial College UNITED KINGDOM 3 person sharing

Manton Ben Cardiff University UNITED KINGDOM 3 person sharing

Joseph Cedric University of Stellenbosch SOUTH AFRICA 3 person sharing



Room list Aloe Grove

Surname First Name Organisasjon Country Type of room

Planke Sverre University of Oslo/VBPR NORWAY single

Senger Kim Uni CIPR NORWAY single

Cawthorn Grant University of the Witwatersrand SOUTH AFRICA single

Grove Clayton Durham University UNITED KINGDOM single

Chevallier Luc Council for Geoscience SOUTH AFRICA single

á Horni Jim Jarðfeingi FAROE ISLANDS single

Marsh Julian Rhodes University SOUTH AFRICA single

Scoon Roger SOUTH AFRICA single

Clague Stuart EXXARO SERVICES SOUTH AFRICA single

Svensen Henrik University of Oslo NORWAY single

Jerram Dougal DougalEARTH Ltd. UK single

Jamtveit Bjørn University of Oslo NORWAY single

Mervine Evelyn SOUTH AFRICA single

Ferré Eric Southern Illinois University USA single

Tegner Christian Aarhus University DENMARK single

Krumbholz Michael Uppsala University SWEDEN 2 person sharing

Burchardt Steffi Uppsala University SWEDEN 2 person sharing

Glazner Allen University of North Carolina UNITED STATES 2 person sharing

Olney Mary UNITED STATES 2 person sharing

Hacker David Kent State University UNITED STATES 2 person sharing

Hacker Jackie UNITED STATES 2 person sharing

Scheiber-Enslin Stephanie Council for Geoscience SOUTH AFRICA 2 person sharingScheiber-Enslin Stephanie Council for Geoscience SOUTH AFRICA 2 person sharing

Maré Leonie Pauline Council for Geoscience SOUTH AFRICA 2 person sharing

Latypov Rais Oulu Univeristy FINLAND 2 person sharing

Chistyakova Sofya FINLAND 2 person sharing

Carlino Stefano Osservatorio Vesuviano ITALY 2 person sharing

Somma Renato Osservatorio Vesuviano ITALY 2 person sharing

Galland Olivier University of Oslo NORWAY 2 person sharing

Galerne Christophe Steinmann-Institut GERMANY 2 person sharing

Rocchi Sergio University of Pisa - Dipartimento di Scienze della Terra ITALY 2 person sharing

Westerman David Norwich University UNITED STATES 2 person sharing

Breitkreuz Christoph TU Freiberg GERMANY 2 person sharing

Schmiedel Tobias Intitut für Geologie GERMANY 2 person sharing

Neres Marta Universidade de Lisboa PORTUGAL 2 person sharing

Ramphaka Priscilla University of Pretoria SOUTH AFRICA 2 person sharing

Magee Craig Imperial College UNITED KINGDOM 3 person sharing

Manton Ben Cardiff University UNITED KINGDOM 3 person sharing

Joseph Cedric University of Stellenbosch SOUTH AFRICA 3 person sharing
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Investigation of the Bastard and Merensky Reef units in borehole 
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This study concentrates on the Merensky Reef 

mineralogy at Two Rivers Platinum Mine which is 

located in the southern sector of the eastern limb of 

the Bushveld Igneous Complex. The objective of the 

study is to characterize the geochemistry and 

mineralogy of the reef with special reference to the 

various facies types with changes in thickness from 

a condensed to a more expanded reef.  

Sixty-two polished thin sections of 48 samples from 

a drill core intersection of the upper Critical Zone of 

the southern license area revealed clinopyroxene, 

orthopyroxene, plagioclase and chromite as cumulus 

phases in variable modal proportions. It is observed 

that orthopyroxene is by far the most abundant 

silicate mineral with plagioclase at varying modal 

proportions. 

Within in the investigated interval for this study, i.e. 

between Bastard Reef and Merensky footwall, 

cryptic variations with stratigraphic height are useful 

geochemical indicators of the characteristics of the 

magma. A negative trend for Mg# against 

stratigraphic height of the whole rock has been 

observed. Trace element ratios of Ti/Zr and Cr/V are 

relatively constant but increases/“jumps” towards 

the bottom of the stratigraphic profile of the whole 

rock. Other element variations observed includes an 

increase of Cr# with elevation, as well as minor 

elements in orthopyroxene such as Ti, and Mn. 

Enstatite contents in orthopyroxene clearly 

decreases with increase in stratigraphic height. The 

increase or “jumps” in Cr/V and Ti/Zr ratios towards 

the bottom of the stratigraphic column (at the UG2) 

indicate potential magma replenishment in the upper 

part and more primitive magma in the lower part of 

the stratigraphic column. Enstatite content variation 

in orthopyroxenes indicates fractional crystallization 

and Sr isotopic variations with stratigraphic height 

from previous studies (Kruger and Marsh, 1982) 

indicate magma mixing. 

Significant PGE occurrence is associated with the 

chromitite stringers of the Merensky Reef; however, 

PGE distribution also occurs throughout the 

Merensky pyroxenite. PPGEs (i.e., Pt, Pd and Rh) 

are most abundant in the Merensky Cyclic Unit 

(MCU). The PGE patterns are similar to that of 

chondrite and solar abundance normalised PGE 

patterns where there are relatively low 

concentrations of Ir, Ru and Au and high 

concentrations of Pt and Pd. Other than sulphide 

scavenging, chromite formation played an important 

role in concentrating PGE. 

 

 
Figure 1: Generalised geological map of the Eastern limb of 
the Bushveld Igneous Complex showing the approximate 
location of the farm Dwars River 372 KT. (Modified by J. 
Giebel after Cameron and Abendroth, 1957; Sharpe and 
Chadwick, 1982; Clarke et al, 2005). 

 

PGE distribution relative to the thickness in the 

MCU is important for the determination of mine 

facies types and thus influences grade-tonnage. The 

facies types subdivision is not of petrological nature 

but depends on the PGE grade and thickness of the 

reef. 
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Figure 2: Estimated modal mineralogy of TRP 272, plagioclase 

and orthopyroxene are the most dominant minerals 
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The previous four LASI conferences and this 

field conference on the sill systems of the Karoo 

Basin display well the large structural and textural 

variation and the complexity of dyke, sill and 

laccolith systems. At the same time, the LASI 

conference series pooled geoscientists from different 

fields including magmatic petrology, geophysics, 

structural geology and mathematical geology. The 

LASI conferences and the consequential 

publications (Breitkreuz and Petford 2004, Thomson 

and Petford 2008, Rocchi et al. 2010, and many 

individual papers) afforded an intense 

interdisciplinary discussion on the subject.  

The LASI field conference series started in 2002 

in Germany, and it spans a decade now. Although 

many aspects of shallow level magmatic bodies are 

far from being exhaustively understood, we feel the 

time right for gathering experts to summarize the 

current knowledge in a book.  

In most magmatic petrology textbooks, the 

physical geology of dykes, sills and laccoliths did 

not receive the level of attention necessary despite 

its relevance, e.g. for the understanding of the 

magmatic, tectonic and depositional evolution of 

basins, or, to name an important applied field, for 

deciphering the development of hydrocarbon plays. 

In fact, there is no textbook at present that covers the 

subject entirely.  

The planned book is intended to represent a high 

level textbook to be consulted by geoscience master 

and PhD students, scientists and professionals. The 

book will comprise thematic sections authored by 

one or more experts of the respective field. Each 

section manuscript will be subject to peer review 

process. The editors will also take care for a 

consistent layout (text and figures), and common 

register and reference list. The following sections 

are planned:  

 

• Physical properties of magma / behaviour of 

magma at shallow levels 

• Geotectonic settings / types of shallow level 

complexes 

• Geometry and dimensions of shallow level 

complexes 

• Structures and textures of subvolcanic 

systems 

• Geophysics and remote sensing 

• Genetic modeling (analogic and numeric) 

• Economic aspects of shallow level igneous 

systems 

• Hazard and (paleo-)environmental aspects 

• Case studies on shallow level magmatic 

complexes 

A first invitation for potential authors has been 

issued last July. We shall report on the respond 

during LASI 5. With this contribution we encourage 

further comments and critics on the book project and 

we hope to fill gaps in the authors group. We would 

highly acknowledge if you could provide 

suggestions and references for the topics listed 

above. 

With the completed book structure and author 

list ready we plan to contact a potential publisher 

(Springer might be a good option) at the end of 

2012. Once the contract will been signed, 

preparation of manuscripts will be initiated. A 

dedicated web site will enhance the communication 

between section authors and editors. Publication of 

the book is expected for 2014. 
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In swarms of hundreds to ten-thousands, 

magmatic sheet intrusions constitute large parts of 

long-lived volcanic centres and the oceanic crust. 

They therefore represent the main transport channels 

of magma through the middle and upper crust. Field 

observations in extinct and eroded volcanic areas 

worldwide have identified three main types of 

magmatic sheet intrusions, namely sub-vertical 

dykes, shallow- to moderately-dipping cone sheets 

(Anderson, 1936), and horizontal sills. Both dykes 

and cone sheet appear to form in the same volcanic 

centres, which led Walker (1972) to propose that 

they originate from a common source and that their 

emplacement was controlled by the response of the 

volcanic edifice to intrusion-induced deformation. 

However, the conditions under which either dykes or 

cone sheets form have not been identified yet. 

We present the results of a series of scaled 

laboratory experiments aimed to simulate magma 

emplacement within the brittle upper crust (Galland 

et al., 2006; 2009). The model magma (vegetable 

oil; viscosity η=2×10
-2

 Pa s) was injected at a 

constant flow rate from below within the model 

crust (silica flour; cohesion C=350 Pa) via an inlet. 

Once the oil erupted the experiment was stopped. 

After solidification of the oil, the intrusion was 

excavated from the powder and its shape was 

measured. Through more than 50 experiments, we 

varied independently the depth of the powder above 

the inlet (injection depth, h), the inlet diameter (d), 

and the injection flow rate (Q).  

Our experiments resulted in sheet intrusions 

either comparable to dykes or cone sheets (Fig. 1). 

Dykes were sub-vertical, slightly elliptic and 

branched into a “boat”-shaped intrusion at very 

shallow depths. Cone sheets had an inverted cone 

shape, the rim of which flattened towards the 

surface, resulting in a cocktail-glass shape at depth 

and a trumpet-shape closer to the surface. A few 

experiments produced hybrid intrusions, which 

exhibited a dyke connected to a conical sheet 

intrusion.  

Plotting all the experiments with respect to two 

dimensionless parameters (a geometrical aspect ratio 

Π1=h/d, and a dynamic ratio Π2=ηQ/Cd
3
) our results 

organize consistently, as in a phase diagram. A line 

with a positive slope and corresponding to a 

transition separates a dyke regime from a cone sheet 

regime.  The hybrid intrusions plot right at this 

transition. The “phase diagram” shows that dykes 

systematically form at high values of Π1, i.e. from 

magma sources that are much deeper than they are 

large. In contrast, cone sheets preferentially form 

from shallow sources and are favoured at large 

values of Π2, i.e. for fast injection rates.  

Our results highlight, for the first time, that there 

is a continuum between the cone sheet and dyke 

regimes with the occurrence of hybrid intrusions. 

We then discuss how both the geometry and the 

dynamics can be used to predict under which 

conditions dykes or cone sheets form in natural 

volcanic systems. 

 

 
Fig. 1 – Sketches and photographs of the different intrusion 
types produced in our experiments: a) dyke intrusions, b) 
hybrid intrusions, c) cone sheets. 
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Magmatic stoping, a process including the 

detachment and transport of blocks of country rock 

by intruding magma (Daly, 1903), has been 

discussed as one of the major emplacement 

processes of magma in the brittle crust. However, 

ever since the concept of magmatic stoping has been 

introduced into modern geology, its driving forces 

and efficacy have been debated, particularly since 

the acting processes and the “fate” of the stoped 

material remain enigmatic (e.g. Hatch, 1949, 

Glazner and Bartley, 2006). 

We present results of a quantitative field study of 

amphibolite- to granulite-facies volcaniclastic 

sediments that were intruded by monzonites and 

megacrystic granites of the Åva ring complex. The 

latter is a 1.76 Ga bimodal complex that intruded 

rapidly at about 5-6 km depth (Eklund et al., 1998; 

Eklund and Shebanov, 2005). The studied sections 

are subhorizontal, glacially-polished coastal 

outcrops that expose the transition from the magma-

chamber roof, formed by strongly foliated meta-

sediments, to the granitic intrusion. 

 This transition is characterized by extensive 

fragmentation of the metasediments caused by 

intrusion of granitic veins and dykelets parallel and 

at an angle to the foliation plane. Fragments of 

country rock are seen to be detached and displaced 

from their original position. While most outcrops 

show primarily signs of brittle fragmentation of the 

country rock with angular shrapnel “swimming” in 

the granite, some outcrops exhibit rounded blocks 

that show signs of ductile deformation by the 

magma.  

We are currently carefully mapping about 250 

m
2
 of the roof area to qualitatively and quantitatively 

characterize the processes associated with magmatic 

stoping. For this purpose, we record the shape and 

area of each fragment, as well as the strike of 

foliation in relation to the regional strike in 

undisturbed wall rocks. Furthermore, we analyse the 

frequency size distribution of the fragments to 

characterize the fragmentation process. 

First results indicate that the process of 

fragmentation is strongly dependent on the country-

rock structure, with different styles of fragmentation 

parallel and perpendicular to the foliation plane. 

Fragmentation parallel to the foliation plane appears 

to be dominant and results in larger fragments with a 

high aspect ratio, whereas fragmentation 

perpendicular to the foliation plane produces small 

fragments that successively decrease in size even 

below the grain size of the granitic magma. 

The results of this work will thus shed light on 

the processes acting in the roof of shallow magma 

chambers and contribute quantitative data to the 

ongoing debate about the efficacy of magmatic 

stoping. 

 

 

Fig. 1 – Section of studied sub-horizontal outcrop: a) 
outcrop photograph showing dark-grey stoped blocks in 
reddish granite and b) map of the stoped blocks (grey 
areas) used for quantitative analysis. 
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The submarine eruption that started on October 

10, 2011, south of the Canary island of El Hierro 

produced peculiar eruption products that were found 

floating on the sea during the early phase of the 

eruption. These “bombs” had a basanite crust and a 

white to light grey pumice-like interior and triggered 

a vigorous debate about the involvement of 

explosive, felsic magma in the eruption among 

volcanologists. However, as shown by Troll et al. 

(2012), the texture, mineralogical and isotopic 

composition of these “floating stones” underline that 

they largely originated from pre-volcanic 

sedimentary rocks that form layer 1 of the oceanic 

crust underlying all of the Canary Islands. This has 

been supported by the occurrence of Cretaceous to 

Pliocene micro-fossils found in the samples. 

 The early “floating stones” resemble pumice in 

their appearance and are found in eruptive products 

from other Canary Islands, as well as from volcanic 

areas in intra-plate and subduction-zone settings 

worldwide (e.g. Rothe and Schmincke, 1968; 

Hansteen and Troll, 2003; Aparicio et al., 2010). 

These rocks have been termed “xeno-pumice”, 

because they resemble pumice in texture, but 

represent xenoliths in origin entrained in the 

ascending magma (Troll et al., 2012). 

The xeno-pumice fragments erupted at El Hierro 

may contribute to a long-standing dilemma in 

plutonic geology, namely the fate of country-rock 

fragments detached from the roof and walls of 

magma chambers through magmatic stoping. 

Traditionally, “stoped blocks” are assumed to sink to 

the bottom of a magma chamber, where they 

accumulate or dissolve. However, a general lack of 

large accumulation horizons and sufficient crustal 

contamination in plutons exposed worldwide 

continues to fuel a debate about the efficiency of 

magmatic stoping (cf. Daly, 1903; e.g. Glazner and 

Bartley, 2006). 

The pervasive vesicularity of the El Hierro xeno-

pumice reflects heating and partial melting of the 

xenoliths accompanied by volatile exsolution and 

volumetric expansion. This resulted in a dramatic 

density decrease that let them float even in water (ρ 

~ 0.3 kg m
-3

). 

We used the Finite Differences code FDCON to 

model in 2D the effect of this density decrease 

during melting of a xenolith immersed in magma. 

The modeling results show that even a mild decrease 

in density of the xenolith melt, compared to melting 

without involvement of volatile inflation, will cause 

a cessation of sinking and initiate buoyant rise 

instead (Burchardt et al., 2012).   

Consequently, volatile exsolution in xenoliths of 

crustal rocks entrained in magma (e.g. by magmatic 

stoping) may largely inhibit xenolith accumulation 

at the bottom of magma chambers as long as the 

melting point of the xenoliths is exceeded by that of 

the host magma. Instead, xenoliths may buoyantly 

rise to the roof region of magma chambers, from 

where they can be erupted. Hence, the answer to the 

question how efficient magmatic stoping is in 

removing blocks of host rocks does not lie on the 

bottoms of plutons, but can be found in the volcanic 

record instead.  

 

 

Fig. 1 – Xeno-pumice from the El Hierro submarine 
eruption. a) handspecimen with black lava crust and white, 
vesicular interior partly mingled with the lava. b) Scanning 
Electron Microscope image of pervasive microvesicularity of 
a xeno-pumice sample from El Hierro. 
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Campi Flegrei and Ischia Island are two active 

calderas, located in the Gulf of Naples, which have 

undergone to uplift and subsidence processes 

subsequent to ignimbrite forming eruptions (Figure 

1).  

The Campi Flegrei caldera is roughly 12 km 

wide, with its centre located in the Bay of Pozzuoli, 

about 15 km to the west of Naples. The current 

caldera shape is the result of two large collapses, the 

first of which was probably related to the 

Campanian Ignimbrite (CI; 150– 200 km
3

 DRE; age, 

39 ky BP) and the second to the Neapolitan Yellow 

Tuff (NYT; 40 km
3
 DRE; age, 12–15.6 ky BP) 

eruptions.  

Since at least 10ka the caldera has been 

characterized by low subsidence, at a rate of about 

1.1 to 2 cm y
-1

 interrupted by recurring phases of 

rapid uplift of caldera floor, with the most uplifted 

zone located in Pozzuoli as testified by the marine 

deposits outcropping about 40 a.s.l.(La Starza 

marine terrace in Pozzuoli). The study of sea-level 

markers on Roman coastal ruins has also revealed 

historical ground movements, since 2000 years ago. 

Several phases of uplift have been recognised to 

have occurred in the Middle Ages, prior to the 

Monte Nuovo eruption (AD 1538; 0.02 km
3

 DRE). 

More recently, two phases of uplift have occurred, 

during 1970–1972 and 1982–1984, when the town 

of Pozzuoli was raised by 1.7 and 1.8 m, 

respectively. During the 1982–1984 unrest episodes, 

more than 15,000 shallow earthquakes (at 1–5 km in 

depth) with a maximum magnitude of 4.0 were 

recorded by the seismic stations of the Osservatorio 

Vesuviano), and the ground uplift occurred at an 

average rate of 0.3 cm d
-1

. The last episode of unrest 

indicated the possibility of an imminent eruption, 

forcing the authorities to evacuate Pozzuoli; 

however, the unrest essentially ended in December 

1984, without any eruption occurring. 

Ischia Island is a 46km
2

 volcanic field that 

emerges at the western edge of the Bay of Naples, 

consisting of rocks that are derived from a number 

of explosive and effusive eruptions that date back to 

about 150,000 years, with the most recent occurring 

in 1301–1302 AD. Since 55 ka, Ischia Island has 

undergone resurgence within a caldera that was 

formed after a great ignimbrite eruption (Mount 

Epomeo Green Tuff, 55 ka).  

 

 

Fig. 1 – Ischia Island (above) and Campi Flegrei caldera 
(below). The dotted lines represent the caldera rims. The 
shaded red areas are those subjected to maximum 
deformation during the resurgence process.  

 

The total uplift deduced from the present height of 

the marine deposits and eustatic variations is 710 m 

in the southern sector and 920–970 m in the 

northern sector, with uplift ranging from 2.3 to 3.3 

cm a
−1

. The main active area that is involved in the 

resurgence is the block of Mount Epomeo, which is 

located in the central sector of Ischia Island, with an 

area of roughly 4×4 km2. The edges of this block are 

marked by a system of subvertical faults with NW–

SE, NE–SW, and N–S strikes. Archeological 

findings below the present sea level also show that 
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Ischia Island has been undergoing subsidence over 

the past 2,000 years. It cannot be ruled out that this 

subsidence period has been punctuated by quick and 

small inversion phases of the ground movement, as 

has occurred in the neighboring Campi Flegrei 

caldera over the last 26 years. The subsidence rate of 

Ischia Island since 1913 has been estimated at 1–5 

mma
−1

. 

About 62,000 people live on Ischia Island and 

350,000 at Campi Flegrei caldera, with consequent 

high volcanic risk.  

 

 
Fig. 2 – Sketch of laccolith model with its evolution (a,b,c) 
and proposed mechanism (right below) of stress relaxation 
during the uplift of Mt. Epomeo (from Carlino et al., 2006; 
Carlino 2012) . 

 

Studies of the unrest mechanism and caldera 

dynamics using different physical approaches are 

useful to provide assessments of the volcanic risks 

of this densely populate area. The key issue related 

to unrest is the study of the physical conditions 

necessary to trigger an eruption. This is correlated to 

the depth and volume of magma chamber, rheology 

of the rocks around magma chamber and to the 

causative deformation processes at depth (magma, 

hydrothermal fluids, or a combination of both). 

  The main difference between Ischia Island 

caldera and Campi Flegrei caldera dynamic is 

represented by the amount of uplift, which is at least 

one order of magnitude larger at Ischia Island.   

In this study two models proposed for the 

resurgent processes of these two calderas are 

showed, which are substantially different, while 

volcanism of both areas can be related to the tensile 

tectonic of the area, which allowed the migration of 

almost certainly large magmatic source at a depth of 

8-10km and the rising of the Moho at about 20km. 

The model of Campi Flegrei caldera is related to 

fluid dynamics of hydrothermal system coupled with 

magmatic input, although the presence of shallow 

magma source is still under debate. On the contrary, 

the Ischia Island model shows that the dynamic of 

this area is likely associated to the laccolith 

emplacement at shallow depth (about 2 km) (Figure 

2). Both models can explain the behavior of these 

volcanic areas in terms of dynamics (uplift and 

subsidence), eruption occurrence and thermal state 

of the shallow crust.         
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The distribution of dolerite sills within the Karoo 

Supergroup was reported by Winter and Venter 

(1970). They had access to 19 deep boreholes drilled 

through the entire Karoo Supergroup with a wide 

geographic distribution. They therefore had an 

unrepeatable and unique database from which to 

compile their interpretation. They chose to present 

their results by showing the ratio of dolerite to 

sediment thickness (Fig. 1), which creates an 

impression of higher intensity of sills in an elongate 

northeast-southwest belt from Warden to Barkley 

East (localities of towns are given in Fig. 3).  

I re-examined the borehole logs which are stored 

with the Council for Geoscience with the original 

purpose of determining typical thicknesses of 

dolerite sills (Fig. 2). These data were then used as 

part of a project to determine what controlled the 

development of a sill complex like the Karoo versus 

a thick layered intrusion like the Bushveld Complex 

(see abstract, this meeting, Cawthorn). 

From these data sets I was able to determine the 

range of thicknesses of dolerite sills, the number of 

sills and their total thickness in each borehole. This 

information leads me to present the data in a 

different way from that presented by Winter and 

Venter (1970). 

In Fig. 3 is shown the total thickness of dolerite 

in each borehole. Total thicknesses range from only 

9 metres (near Kimberley) to 900 metres near 

Barkley East. The major limitation to any 

interpretation is that the entire sedimentary column 

of the Karoo Supergroup is not intersected in all 

boreholes (see Fig. 4). Most boreholes are missing 

the Stormberg Group and those in the northeast are 

also missing the Beaufort Group. Hence, all the 

thicknesses in Fig. 3 are minimum values for 

dolerite thickness through the entire Karoo 

succession (except near Lesotho). However, the 

most important feature can be seen around the main 

area of outcrop of the Drakensberg lavas. The three 

boreholes nearest to these volcanics do retain the 

maximum succession of the Karoo rocks, and yet 

have relatively thin dolerite packages (95, 104 and 

165 m). This dearth of dolerites can be traced 

northwest-southeast from Kimberley toward Durban 

and represents a tract of minimum thickness of 

intrusions. Note that this direction is perpendicular 

to, and cuts across, the maximum intensity axis of 

Fig. 1. 

The maximum thickness of dolerite occurs near 

Barkley East where they total 900 m. The next 

thickest is near Beaufort West where 600 m is 

preserved. However, an unknown thickness of the 

upper part of the Karoo Supergroup and its dolerites 

have been eroded here. The original thickness of 

dolerite would have been greater, and so Beaufort 

West represents a region of major dolerite 

emplacement. 

The next thickest succession can be found 

southeast of Johannesburg toward Warden with over 

400 m preserved. Since only the Ecca (and Dwyka) 

are present, very much greater thicknesses of 

dolerite might have existed in the overlying (now-

eroded) succession. These observations raise the 

possibility that the lower units of the Karoo contain 

a greater abundance of sills than the upper units. (A 

return examination of the borehole logs would be 

justified to determine if the Ecca Group contained a 

greater thickness of dolerite than the Beaufort 

Group, an attention I missed in my first visit by not 

recording the depths in all boreholes to these Group 

boundaries.) 

A rather cautionary caveat can be added to these 

models. To the immediate southwest of Kokstad 

(Fig. 3) lies the Mount Ayliff Intrusion, of which the 

Insizwa Complex is the best-known component. It 

reaches at least 1000 m in thickness. Hence, this 

section alone dwarfs all the other intersections 

through the entire Karoo Supergroup. 
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Fig. 1. Ratio of dolerite to sedimentary rock 

thickness in the Karoo (from Winter and venter, 

1970). 

 
Fig. 2. Thicknesses of all sills intersected in 19 deep 

boreholes in the Karoo (from borehole logs at the 

Council for Geoscience, Pretoria.) 

 

 
Fig. 3. Total thickness in m. of all sills intersected in 

boreholes through the Karoo Supergroup. (W., 

B.E. and B.W. – Warden, Barkley East and 

Beaufort West.) 

 
 

Fig. 4. Stratigraphy of the Karoo Supergroup 

showing complete preservation near Lesotho, but 

erosion of upper parts toward the north and west. 
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Many continental large igneous provinces are 

associated with multiple sills, such as the Karoo 

(Duncan and Marsh, 2006). In contrast, the 2.06 by-

old Bushveld event resulted in an intrusion 8 km 

thick, but also includes many sills in its footwall 

succession. The volume of magma for these two 

examples is comparable, > 10
6
 km

3
. So why the 

difference in emplacement mechanism? I will show 

here that it is purely a matter of the time interval 

between perhaps three moderately thick injections of 

magma into the same body. 

Time intervals between igneous eruptions are 

notoriously irregular, and between intrusive events 

totally unknown. Significant volumes of lava may be 

erupted at intervals on a time scale of tens to 

hundreds of years, based on historic observations. 

Whether flood basalt events were more rapid is 

unknown.  

Sheeted dykes at mid-ocean ridges bear 

testimony to multiple intrusion into the same zone. 

A typical single dyke may be 1 m wide, and if the 

spreading rate is 3 cm per year, then there is one 

intrusion every 33 years, a rate comparable to 

volcanic episodicity. I will assume such an 

approximate frequency in the following examples. 

Basaltic magma has a liquidus temperature of 

1200
o
C, and to be essentially totally solid by 

1000
o
C. A 1 m-wide dyke or sill will cool through 

that interval in less than 1 day. Even in pre-heated 

country rocks (as in oceanic sheeted dykes) 

solidification will take less than 1 week. Hence, each 

subsequent intrusion splits an entirely solid and cool 

(compared to magmatic temperatures) country rocks. 

Hence, it is chilled throughout. 

Cooling rates and temperatures within the 

intrusion will be controlled not only by thickness but 

whether the magma convects or remains static. If it 

convects heat will be transported to the margins 

quicker and cooling will be quicker. If static, the 

outer solidifying magma provides thermal insulation 

and cooling is slower. In reality, initially there may 

be convection, but as crystallization proceeds 

increasing viscosity will impede convection until it 

becomes static. I will consider the non-convecting 

end-member model, which will give slowest cooling 

rates.   

In thicker bodies the centre may cool more 

slowly. At about 1100
o
C it would be about 50% 

crystalline (see, for example, modeling by Zavala et 

al., 2011). This degree of crystallization has been 

considered the “rheological lock-up point”. If 

another injection were to intrude into the centre 

when the former had cooled to that temperature, it is 

unlikely that the 50% of liquid in the first body 

could migrate into the newer body. A temperature 

difference of 100
o
C between new and resident 

magma would cause an amount of chilling and 

crystallization on the margins of the second magma 

and so hinder the merging of the two liquid portions 

into a single column. Hence, I assume that for a new 

magma to enter and increase the volume of liquid in 

the middle of the intrusion the host intrusion must 

still be greater than 1100
o
C. That is the temperature 

(time) window for another magma to be added and 

actually inflate the volume of magma in the body. 

These processes can be thermally modeled using the 

computer programme of Cawthorn and Walraven 

(1998). Temperature – time – thickness curves are 

shown in Fig. 1, assuming that there is no 

convection. 

The centre of an intrusion (consider it a sill) 50 

m thick will cool from 1200
o
C to 1100

o
C in less 

than 10 years; for a sill 200 m thick the time taken 

would be about 150 years. Given the above estimate 

of periodicity of irruptions it is possible that a 50-

200 m-thick sill might have enough liquid at its 

centre for another magma to be added to inflate the 

liquid column. However, if the second magma 

intruded at a lower level in the stratigraphy, that 

opportunity for magma chamber inflation would be 

lost. We do not know if sills are emplaced into their 

host from the top down, or bottom up or a mixture of 

the two. Hence, there may be only a 50% chance 

that the second intrusion would intersect the first, 

and hence permit inflation of the liquid column. 

Suppose that there was a 200 m-thick sill. After 

150 years another 200 m-thick intrusion was added. 

Due to the combined thickness, the centre would 

only cool to 1100
o
C in 600 years. Such cooling is 

now sufficiently slow that this 400 m-thick sill is 

almost certain to incorporate all further injections 

and so be continuously inflated. The process once 

started (i.e. say 400 m) becomes self-perpetuating. 

The same effect could be achieved with about 5 or 6 

intrusions, each 50 m thick, within an interval of 200 

years. 
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Using the Karoo sills as an example, they range 

typically from less than 1 m to 200 m, although it is 

probable that many of the thicker sills are actually 

multiple. Internal chills may be found, although 

exposure usually does not allow absolute certainty 

about such a conclusion. The vast majority are less 

than 50 m. Hence, the chance of a second injection 

of magma while the first still has sufficient liquid at 

its centre (less than 10 years, Fig. 1) to inflate the 

liquid column is minimal. On the rare occasion that 

multiple addition does occur while the previous 

body still has much liquid, the package may inflate 

to over 1 km, as with the Mount Ayliff Intrusion. 

Initial Sr isotope ratios (Cawthorn and Kruger, 

2004) show that there are at least 4 injections with 

different isotopic ratios, but that does not preclude 

more discrete injections of isotopically constant 

ratio, comprising this body. Another example would 

be the 350 m-thick Basement Sill, which does not 

show obvious internal contacts, but is nevertheless 

considered to have been inflated by multiple pulses 

on geochemical rounds (Zavala et al., 2011).  

 
Fig. 1. Cooling models for sills of different 

thicknesses. In order for a second sill to inflate the 

magma column rather than just produce nested 

individual sills, the centre of the first sill needs to be 

in excess of 1100
o
C. Hence, the time in years for the 

centre of a sill to cool to that temperature is shown. 

  

To present a working discrimination between 

sills and layered complex, I suggest the following. 

Most individual injections of magma are less than 50 

m thick. If a second injection occurs more than 10 

years later, the former will be sufficiently solid, that 

no inflation of the sill will occur. A sill complex, 

like the Karoo, is the result. If the 50 m thickness 

value is exceeded and/or the time interval of less 

than 10 years lessened, maybe twice (i.e. three 

injections in total), the central liquid section of the 

chamber might have a sufficiently long existence 

that it will ensue all further injections will merely 

inflate it and rarely form discreet, thin sills (unless 

perhaps by injecting at a lower level.)  

Note that cooling produces fractionated mineral 

compositions, and so multiple intrusion in large 

intrusions has been recognised by reversals in 

mineral compositions. In principle, a relationship 

exists between extent of mineral compositional 

fractionation and time between each injection, but 

the relationship depends totally upon the magma 

column thickness, and so is not uniquely 

quantifiable. This principle was applied to the 

evolution of the Bushveld Complex (Cawthorn and 

Walraven, 1998). A maximum time interval for 

emplacement of the entire magma column was 

determined to have been 65,000 years. Such a figure 

equates to 1 m of magma every 8 years or 50 m of 

magma every 400 years. This average rate would not 

produce a layered intrusion. However, intrusion 

frequency need not have been constant. In fact, there 

are a great many sills in the floor rocks to the 

Bushveld that suggest that a sill complex was 

developing. A very abrupt increase in intrusion 

frequency, even for just a short time (in the order of 

100 years), was needed to start the self-perpetuating 

chamber inflation process. 

I suggest that there is nothing fundamentally 

different between an igneous province with many 

sills and one with a large layered complex, merely a 

statistical chance related to timing between a very 

few inputs of magma. 
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The black shales of the Prince Albert and White 

Hill Formations of the Karoo Supergroup  could be 

the host of a large unconventional gas play if proven 

rich enough in organic carbon and if the gas is 

technically and economically extractable. Extraction 

will require the use of hydraulic fracturing at a depth 

between 1500 and 3000 m. 

Many of the prospective areas for exploration are 

however invaded by multiple dolerite and kimberlite 

intrusions. Drilling and hydraulic fracturing in such 

an environment will face challenges, in terms of 

groundwater security and pollution, that can be 

overcome if sufficient investigation is carried out on 

these intrusive structures at depth. There is sparse 

information on the structure of deep dolerite  and 

Kimberlite and all available hydrogeological data 

comes from groundwater exploration drilling at 

shallow to medium depth (< 300 m). 

Dolerite dykes are thick (5 to 60m), trend in 

various directions and are widely spaced (from 1 to 

5km) (Figure 1). Dolerite sills (10 to 100 m thick) 

have intruded the whole Karoo sequence forming 

flat lying intrusions or saucer-shape intrusions 

(Figure 2). Dykes and sills are interconnected and 

there is a general hierarchy in the dolerite intrusion 

structure with extensive flat lying thin sills at the 

bottom of the succession and saucer-shape intrusion 

toward the top (Figure 3). There is still a debate on 

whether the dykes are deep rooted or strata bound. 

Sill and inclined sheets have shown that they can 

host deep fractured aquifers at least down to 300 m. 

Injection tests have shown that water bearing open 

fractures can extend for hundred of meters at the 

base of dolerite sills. These semi-deep fractured 

aquifers are confined and not linked to the shallow 

aquifers.  

Dykes that display structural complexity are 

characterized by multiple water strikes down to a 

depth of 250 metres, maximum depth of boreholes 

(Figure 4). Many of the strikes seem to be associated 

with horizontal or crosscutting oblique fractures 

extending into the sediment. These are cooling joints 

 

Fig. 1 – Dolerite and kimberlite dykes around Victoria West.  

 
Fig. 2 – Dolerite sills and rings around Victoria West 
West (Chevallier et al., 2001) 
 

 
Fig. 3 – Conceptual model of the dolerite intrusions in the 
Karoo Basin and their relation with hydraulic fracturing 
 

or horizontal offsets along the dykes and they may 

act as flow path across the dyke. 
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Figure 4: Geohydrological profile of a complex E-W trending 
dolerite dyke southwest of Loxton. The water strikes are 
found down to 230m. (Woodford and Chevallier, 2002) 
 

Information on water-bearing systems deeper 

than 300 m is limited to  few warm water springs. 

These waters originate at depth of between 450 m 

and 970 m, as calculated from the geothermal 

gradient. They result from circulation of meteoric 

water along deep fracture systems (probably post 

Karoo faults associated with dyke reactivation). 

Methane is one of the main gases associated with the 

hot springs. It probably comes from carbonaceous 

mudstone or shale.  
The key question is: can the network of dykes 

and sills act as vertical conduits for hydraulic 

fracturing fluid ? The main mechanism of flow 

dynamics around dykes and sills in the first 300 m is 

governed by sub-horizontal fractures. These 

fractures are likely to be closed at depth below 

1000m. The transmissivity of dolerite is also too low 

to allow for flow in the dykes themselves except 

along fractures. 

Vertical drilling for shale gas exploration will go 

through several sills before reaching the White Hill 

Formation. Multiple vertical drilling can create 

artificial connections between the different aquifers 

and leaks of hydraulic fluid or gas if the borehole are 

not properly constructed. 

Horizontal drilling is likely to intercept an 

undulating dolerite sill or a dyke (Figure 3).  

Kimberlite dykes form directional swarms of 

closely spaced (10m), narrow (2m) parallel fractures 

(Figure 1). Kimberlite fissures are deep-rooted, 

having been generated at the base of the craton some 

30 to 40 km deep.  Each swarm can be divided into 

sub-swarms of smaller size. Parallel regional 

jointing often accompanies the fissures. The fact that 

swarms can be subdivided into sub-swarms points to 

a vertical hierarchy within the fracturing system at 

depth, i.e. fissures, dykes, parental dykes, larger 

bodies etc (figure 5). These structures are likely to 

be intersected by horizontal drilling. Kimberlite 

areas should therefore be considered carefully in any 

exploration drilling. 

 

Figure 5: Kimberlite Swarms and Sub-Swarms of the 
Victoria West area (Woodford and Chevallier, 2002) 
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Mantle plumes produce voluminous amounts of 

magma (10
6
 km

3
) during a short period of time (10

6
 

years). The heat input of such plumes into 

sedimentary basins has been proposed as a 

significant factor in several global climatic crises. 

Indeed heat transfer through conductive and 

advective processes is likely to bake organic matter-

rich sediments, which in turn may release 

greenhouse gases (CO2 and CH4). One of the yet 

poorly understood aspects of this model is the 

regional pattern of magma flow. The objective of 

this study is to constrain magma dynamics in the 

Karoo Large Igneous Province (LIP) intruded in a 

continental basin of South Africa. 

Magnetic fabrics provide an efficient and 

accurate mean to determine magma flow direction in 

gabbroic rocks. The anisotropy of magnetic 

susceptibility (AMS) is particularly suited for this 

type of study. A previous study had shown that the 

AMS fabric is a reliable proxy for magma flow as 

long as samples are collected from the upper chilled 

margin of a sill. The central part is more complex 

due to interference caused by thermal convection. 

Oriented core samples were collected from 30 

different sills and yielded 1598 specimens for AMS 

measurements. The low-field magnetic susceptibility 

Km ranges widely from about 100 to 20,000 . 10
-6

 

[SI], while the degree of anisotropy P' ranges from 

1.01 to 1.10. Thermomagnetic experiments reveal 

that the main magnetic carrier is titanomagnetite 

with variable ulvöspinel content. This is confirmed 

by measurement of hysteresis properties that also 

indicate that titanomagnetite in general has a 

pseudo-single domain grain size. 

The results of this study (Figures 1 to 3) clearly 

indicate that magma flow followed a main NW-SE 

direction in the studied area. The AMS directional 

data is consistent with the nearly horizontal attitude 

of the sill in 23 out of 30 cases, with subvertical K3 

axes. In 5 out of 30 sills, K3 axes are subhorizontal, 

characterized by scattered directional data and are 

considered anomalous AMS fabrics. K1 axes are 

systematically subhorizontal and mark the magma 

flow direction. This regional scale flow pattern 

indicates that the Karoo plume head was not located 

under the Drakensberg basalts, the thickest part of 

the Karoo volcanic pile. Instead the plume head 

might have been located to the NW of the Karoo 

Basin, in Namibia. Overall these results show that 

magnetic fabrics are an efficient tool to analyze 

large-scale magma dynamics. 

 

Acknowledgements 
 

Michael Marsh and Leonie Mare are kindly 

thanked for their invaluable assistance in the field. 

 

 

Fig. 1 – All stereonets in lower hemisphere, equal area 
projection. Top left: K1 magnetic axes representing magma 
flow directions. Top right: rose diagram of K1 trends. Bottow 
left: poles to magnetic foliations representing subhorizontal 
magma flow planes. 

 



Ferré E.C. et al. 

 

 

Fig. 3 – Summary of magnetic lineations at the regional 
scale, showing great consistency. 
 

 

Fig. 2 – Stereonets per sampling station (27 stations in total 
and 753 samples). The AMS fabrics are remarkably 
consistent over a wide area of the Karoo LIP. 
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Saucer shaped sills are tabular intrusions 

observed worldwide on volcanic margins and in 

sedimentary basins (e.g., offshore Norway, Karoo 

Basin). Although they are common, their feeding 

mechanisms are still poorly known mainly because 

the relationships between sills and their feeders are 

(1) rarely exposed, and (2) difficult to image on 

seismic data, which makes the investigation for 

feeders difficult. The mechanism of sill and saucer-

shaped sill emplacement in sedimentary basins is 

therefore mostly debated on the basis of theoretical 

models. Some models propose that sill intrusion 

occurs along the level of neutral buoyancy of the 

magma, and the feeders are expected to be located 

below the outer sill at one side of the saucer. Other 

models propose that saucers are fed from below 

through a central feeder dyke (e.g., Galland et al., 

2009). In these models, the feeders are expected to 

be situated below the central part of the inner sills. 

We address sill emplacement mechanisms 

through an integrated approach: i) we use field 

observations and geochemistry in order to assess the 

three-dimensional relationships between sills and 

their potential feeders (dykes or sills) in the well-

exposed Golden Valley Sill Complex (GVSC), 

Karoo Basin, South Africa (Figs. 1-2); ii) the results 

were then compared with scaled laboratory 

experiments of saucer-shaped sill emplacement 

(Figs. 3-4).  

In this work we use information of previous 

studies performed on the GVSC (e.g.,Galerne et al., 

2008). These studies questioned whether the sills of 

the GVSC were fed by a single batch of magma or 

by several individual batches. The first hypothesis 

would imply that the sills fed each other through an 

interconnected sill network, meaning that the feeders 

of the sills were underlying sills; conversely, the 

second hypothesis would imply that the sills were 

fed by distinct conduits that need to be identified. 

Field observations in the GVSC show that sills 

present some physical contacts between them (Fig. 

1), suggesting sill-feeding-sill relationships. 

Systematic chemical analyses, however, show that 

their compositions were different, implying that 

these sills were not connected when they were 

emplaced (Figs. 2a,b). There are, however, close 

associations between one elliptical sill (the GVS) 

and a small dyke (d4): the dyke crops out 

underneath the southern tip of the sill (Fig. 1), is 

parallel and superimposed on the long axis of the 

GVS sill (dashed line Fig. 1), and they both exhibit 

identical geochemical compositions (Fig. 2a). Such 

relationships suggest that GVS is fed by d4 and that 

the linear shape of d4 may have controlled the 

elliptical development of the GVS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 - Simplify Geological map of the Golden Valley Sill 

Complex (GVSC), Karoo Basin, South Africa, modify after 

Galerne et al., (2008). The map shows the major sills and 

the Golden Valley Dyke (dark grey), minor dykes d2-d4 

(grey circles with orientations), and ignored dolerites (light 

grey fields). Straight line indicate cross section A-A’’’ of 

Figure 2b. 
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Fig. 2 - a. Plots of strongly incompatible element ratios 
(Tu/Zr versus Zr/Nb and Ti/Zr versus P/Zr) in dolerites from 
the GVSC (after Galerne et al., 2008). The coloured fields 
represent the distinct magma batches involved in the 
emplacement of major sills and dykes of the GVSC. 
Compositions of minor dykes (white fields) are also plotted. 
b. Geological cross-section summarizing the implication of 
geochemical signatures of the sills in GVSC: saucer-
shaped sills are not fed by underlying saucers. 

 

To test this hypothesis, we present results of 

experimental modelling of sill emplacement 

(Galland et al., 2009), in which we vary the shape of 

the feeder (Fig. 3). In the experiment with a punctual 

feeder (E1), the sill develops a sub-circular 

geometry, whereas in the experiment with a linear 

feeder (E2), the sill develops an elliptical geometry 

(Fig. 4). The geometrical relationships between the 

sill and its feeder in E2 show that the elliptical shape 

of the sill is controlled by the linear shape and the 

length of the linear feeder.  

 

 
Fig. 3 – Details of injection setups used in experiments E1 
(a) and E2 (b). In E1, the injection inlet was punctual. In E2, 
the inlet was linear, like a dyke. The experimental 
apparatus used is described in Galland et al., (2009). 

 

The experiment E2 presents strong similarities 

with the GVS-d4 relationships and thus supports the 

proposition that d4 is the feeder of the GVS. Our 

experimental results also indicate that the feeders of 

the other elliptical sills of the GVSC may be dykes 

(Galerne et al., 2011). 

 
Fig. 4 – Topographic map views of the intrusions of the 
experiments E1 (a. punctual inlet experiment) and E2 (b. 
linear inlet experiment) and corresponding sections (located 
on the maps by white straight lines). The intrusion resulting 
of E1 experiment (a) is a saucer shaped sill with sub-
circular inner sill (white dashed line). The intrusion resulting 
of E2 experiment (b) is a saucer-shaped sill with elliptical 
inner sill (white dashed line); its long axis is located directly 
above the feeder dyke.  
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Surface deformation in active volcanic systems 

reflects the dynamics of magma intrusion and transport 

at depth. The mechanical analysis of surface 

deformation patterns is commonly used to constrain the 

geometry and dynamics of the magma plumbing 

systems.  

Several analytical models have been developed to 

calculate the deformation field associated with flat-

lying intrusions, such as sills and laccoliths. Because 

sills are sheet intrusions, they can be considered as 

horizontal fluid-filled cracks within an elastic medium. 

A classical approach for describing surface uplift due 

to a sill is based on thin elastic plate theory 

(Timoshenko and Woinowsky-Frieger, 1959). This 

theory can easily be adapted to investigate the 

deflection of a sedimentary strata above a magma-filled 

horizontal sill or laccolith (Pollard and Johnson, 1973). 

This theory assumes that the radius of the crack, a, is 

large with respect to its depth, h (typically a/h>5), 

which is the case for many sills.  

Nevertheless, the formulations developed in these 

papers assume that the bending plate is clamped to a 

rigid foundation at the tips of the intrusions. In other 

words, the bending of the overburden is restricted upon 

the intrusion only, which is not realistic in geological 

systems: for instance recent geophysical data shows 

that the uplift measured at the Eyjafjallajökull volcano, 

resulting from the emplacement of a sill, is significant 

in a larger area than that of the sill (Sigmundsson et al., 

2010). 

A more realistic formulation of surface deformation 

above sills and laccoliths has been proposed by Kerr 

and Pollard (1998), based on the theory of a thin 

bending plate lying on an elastic foundation of stiffness 

k. This 2D model considers the continuous bending of a 

plate across two domains, one above the intrusion and 

one around the intrusion (Fig. 1a). 

In this paper, we improve the 2D solution of Kerr 

and Pollard (1998) in several ways: we derive an axi-

symmetrical analytical model of surface uplift above a 

sill or laccolith and we use a set of realistic boundary 

conditions (Galland and Scheibert, submitted). Like 

Pollard and Johnson (1973) and Goulty and Schoffield 

(2008), the magmatic pressure, P, and the radius, a, of 

the intrusion are known a priori and serve as control 

parameters. 

 

 

Fig. 1 – a. Setup of the analytical model. A thin elastic 

bending plate (thickness h, volume density ρ, Young’s 

modulus E and Poisson’s ratio ν) lies upon an elastic 
foundation of stiffness k. The weight of the plate q0 pushes 
down upon the elastic foundation. Below the plate, a 
circular sill of radius a is intruding. A radial heterogeneous 
pressure distribution P(r) is applied within the intrusion. We 

define the overpressure ∆P= P-q0. This setup allows for 
uplift both upon and outside the intrusion. b. Non-
dimensional plots of typical pressure distributions within the 
sill, described by the expression: P(r)=P0 – (P0 - Pa)(r/a)

n
. P0 

is the pressure at the centre of the sill, and Pa is the 
pressure at the periphery of the sill. 

 

Figure 2 shows the results of our model, compared 

to that of Pollard and Johnson (1973). It highlights that 

the stiffness of the elastic foundation plays a major role 

on the extent of the uplifted area: the smaller k, the 

larger the uplifted area. 

In fact, the behaviour of our model is not controlled 

by k only, but by the ratio a/l, where l=(D/k)
1/4

 and 

D=Eh
3
/12(1-ν

2
). The parameter l expresses the 

characteristic length of the uplifted area outside the sill. 

Figure 3 shows how a/l is the main controlling 

parameter: the scaled maximum uplift wimax, for a 

variety of model parameters, collapses on a master 

curve as a function of a/l.  
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Fig. 2 – Plots of uplift profiles wi from our model (grey 
curves) and from the model of Pollard and Johnson (1973; 
black dashed curve). Note that wi is negative due to the 
chosen orientation of the z-axis (downward; see Fig. 1a). 

a=5000 m, ∆P=1 MPa, h=1000 m, E=10 GPa, ν=0.35, 

ρ=2500 kg m
-3
, and Pa=P0. k varies from 10

5
, 10

6
, 10

8
, to 

10
10

 Pa.m
-1
. Note that decreasing k increases the uplifted 

area outside the intrusion. 

 
Figure 3 shows that the model exhibits two 

regimes: (1) for a/l<5, the elastic foundation is soft 

compared to the bending plate and the uplift extends 

over a wide area outside the intrusion, and (2) for 

a/l>5, the elastic foundation is stiff compared to the 

bending plate and the uplift is mostly restricted upon 

the sill. Interestingly, geological cases can be found in 

both regimes.  

 

 

Fig. 3 – Non-dimensional plot of the maximum uplift wimax as 
a function of a/l. The grey curve shows the generic 
behaviour of the model for any values of the input 
parameters. This graph shows that the model exhibits two 
regimes, controlled by the parameter a/l. The black portion 
of the curve shows the geological values. 

 

Our model can be used for various applications: 

(1) by combining our model to any fracture 

propagation criterion, we show that it can be adapted 

to describe the propagation of sills as a function of 

time or of the injected volume; (2) we compute the 

outer-arc stretching stresses at the base of the 
bending plate to calculate the critical size of the inner 

sills of saucer-shaped sills as a function of the depth, h, 

and the over-pressure, ∆P ; (3) we compare our model 

with the Mogi point source model, and show that the 

latter over-estimates the depth of an intrusion of a 

factor around 4 when it is a sill. We thus propose that 

our model can be useful to analyze ground deformation 

resulting from sill intrusions in active volcanoes, 

offering a simple alternative to more complex 

numerical models. 

 

 
Fig. 4 – Plot comparing our analytical model (open circles) 
to the classical Mogi point source model (black solid line; 
Mogi, 1958). Parameters of our model: a=10000 m, h=2000 

m, E=100 GPa, ν=0.35, k=10
5
 Pa m

-1
, ρ=2000 kg m

-3
, ∆P=1 

MPa. Fitting our model with that of Mogi (1958) provides a 
calculated depth hm=11425 m. Therefore, the Mogi point 
source model largely over-estimates the depth of intrusions 
when they are sill, such as in many active volcanoes. 
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Active volcanoes experience ground deformation 

as a response to the dynamics of underground 

magmatic systems. The analysis of ground 

deformation patterns provide important constraints 

on the dynamics and shape of the underlying 

volcanic plumbing systems. In addition, ground 

deformation upon shallow intrusions, such as sills, 

exerts a positive mechanical feedback on magma 

transport, leading to e.g., the formation of saucer-

shaped sills (Fig. 1a; Polteau et al., 2008; Galland et 

al., 2009). 
 

 

Fig. 1 – a. Seismic profile illustrating the relationships 
between a saucer-shaped sill and the structure in its 
overburden, Rockall Basin, offshore Scotland (Hansen and 
Cartwright, 2006). b. Representative oblique view 
photograph of the model surface during an experiment. The 
surface exhibited a smooth relief, at the rim of which the oil 
erupted. c. Representative oblique view photograph of the 
model after the end of the experiment. The oil solidified and 
the intrusion was excavated, such that its top surface can 
be observed.  

 

This contribution presents three experiments of 

ground deformation patterns due to the emplacement 

of low viscosity magma in the brittle upper crust 

(Fig. 1b,c; Galland, 2012). The models simulated 

three different intrusion shapes: a cone sheet, a dyke 

connected to a cone sheet, and a saucer-shaped sill. 

The main conclusions are: 

 

Fig. 2 – Top. Plot of the topographic data monitored during 
an experiment. The white star locates the eruption site. The 
white lines locate the corresponding topographic X- and Y-
profiles. Bottom. Plots of the topographic profiles located on 
the maps. Each curve represents a transient stage of the 
model surface. The time step of monitoring between each 
profile was constant during each experiment (4s). Notice 
the vertical scale dilation. 

 

1. The presented experimental setup allows 

for the first time a quantitative measurement of (1) 

the ground deformation associated with the 

emplacement of low viscosity magma through time 

(Figs. 2 and 3), and (2) the 3D shape of the 

underlying intrusion.  

2. By comparing the ground deformation 

patterns with the shapes of the intrusions, I show 

how the complex shapes of the uplifted zones 

reflected the complex shapes of the underlying 

intrusions (Fig. 4). In more detail, steeper edges of 

the uplifted zones were located above the shallower 

parts of the intrusions. 
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Fig. 3 – a. Sketch describing the maximum uplift h (mm), 
area A (mm

2
), and uplifted volume V (mm

3
). b,c,d. Plots of 

h, A, and V as a function of time t (s). Crosses represent 
experiment with cone sheet, triangles represent experiment 
with dyke-to-cone sheet, and diamonds represent 
experiment with saucer-shaped sill.  

 

3. In each experiment, the time evolution of 

the ground deformation patterns correlates with the 

evolution of the underlying intrusions (Fig. 3).  

4. The morphology of the uplifted areas, 

defined by the aspect ratios h
2
/A and h

3
/V, can be 

directly interpreted as the signature of the 

emplacement mechanism of the intrusions. 

5. The initial development of an asymmetry in 

the ground deformation pattern is a precursor of the 

location of the eruption (Fig. 2).  

6. In the absence of flank destabilization, 

asymmetrical ground deformation patterns may 

result from the emplacement of a complex sill, a 

cone sheet or inclined sheet (Fig. 4); these complex 

shapes may have to be considered in the analyses of 

ground deformation in active volcanoes. 

7. The models deformed mainly elastically, 

though plastic deformation can locally occur at the 

tips of the sheet intrusions and at the surface. Such 

features are similar to those observed on volcanoes, 

suggesting that the models properly simulate the 

mechanical behaviour of natural volcanoes. 

The experimental technique presented here 

appears to be a powerful tool for (1) understanding 

the ground deformation patterns due to the 

emplacement of a shallow intrusion of complex 

shape, and (2) interpreting the ground deformation 

patterns monitored on active volcanoes. 

 

 

Fig. 4 – Topographic map of model surface before the 
eruption of the oil. b. Topographic map of the top surface of 
the excavated intrusion. Plots of topographic profiles of the 
model surface (top) and the underlying intrusion (down) 
parallel to the Y-axis (Y-profile). 
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Eruptive processes in nature produce a wide 

variety of morphologies, including cone sheets, 

dykes, sills, and pipes. The choice of a particular 

eruptive style is determined partly by local 

inhomogeneities, and partly by the gross overall 

properties of the country rock and the physical 

properties of the eruptive fluid. 

We have performed two-dimensional simulations 

designed to capture a range of morphologies in an 

eruptive system. We reported previously (Gisler 

2009), on morphologies produced when supercritical 

water was injected with given velocity and pressure 

into a sandstone fill. In contrast, here we apply a 

mixture of basaltic magma, supercritical water, and 

carbon dioxide at a given pressure but zero velocity 

into a fill of basaltic country rock.  
 

 

Fig. 1 – Evolution of density (left) and deviatoric stress state 
(right) for a run in which the background has a yield stress 
of 1 kBar and the injected magma has a pressure of 1 kBar. 
The dimensions of the frame are 8 km horizontal by 4 km 
vertical. 

 

The simulations are performed with Sage 

(Gittings 2006), a hydrocode written at Science 

Applications International and further developed at 

Los Alamos National Laboratory. It uses tabular 

equations of state for a variety of materials from the 

Sesame library (Holian 1984; Lyon & Johnson 

1992). Materials with strength, such as the basaltic 

rock fill, are treated with an elastic-plastic strength 

model first implemented in a hydrocode by Wilkins 

(1964).  

Figure 1 shows the evolution of morphology in 

one of our runs. A butterfly-shaped initial cavity 

above the injection pipe produces diagonal cracks 

that propagate towards the surface. The volatiles in 

the magma mixture separate and accelerate towards 

the surface, pulling the heavier residual magma up 

behind them. Rising pressures below cause tensional 

cracks that open downwards from the surface. A 

gas-rich eruption ensues when these cracks meet.  

 

 

Fig. 2 – Morphological phase diagram for 12 simulation 
runs. The pressure in the injected magma increases 
downwards, and the yield stress in the bacground medium 
is higher on the left. 

 

Figure 2 shows density plots for 12 of our runs, 

in a matrix with magma pressure increasing 

downwards, for two different values of yield stress 

in the country rock (1 kBar left, 0.3 kBar right). 

Three regimes are apparent here, one (top left) in 
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which diagonal cracks (cone sheets) dominate, one 

(bottom right) in which vertical pipes dominate, and 

one (top right and bottom left) in which horizontal 

cracks (sills) occur. The apparently anomalous case 

at top right is the result of a stalled sill and very slow 

development of a vertical crack. 

The background medium in the simulations is 

designed to be completely homogeneous, with a 

density gradient from bottom to top because of 

crushing by lithostatic pressure. The differences in 

morphology are therefore due to the parameters of 

the simulation (yield stress of the country rock and 

pressure of the injected magma) alone. 

 

 

Fig. 3 – Setup for the experimental work, in which air is 
injected at pressure into a Hele-Shaw cell with a silicon-
flour fill. 

 

We have performed laboratory experiments on a 

much smaller scale, with the setup illustrated in 

Figure 3 (Haug, 2012). High-pressure air was 

injected into a Hele-Shaw cell with a silica-flour fill. 

While the aim of this project was to study 

fragmentation processes, these experiments also 

demonstrated a clear demarcation in morphology 

dependent on the parameters of the experiment 

design, which are the pressure of the injected air and 

the height of the silica flour fill. 

The morphological phase diagram from these 

experiments is shown in Figure 4. A clear division 

between channeling (pipe-like) and lift-off (cone-

sheet-like) morphologies is clearly seen. Missing 

from the experimental phase diagram is the 

intermediate, sill-like, development seen in the 

simulations. We defined a single dimensionless 

parameter, which is the ratio of injection pressure to 

lithostatic pressure, as a physical criterion for 

predicting the pipe-like or the cone-sheet-like 

regime. So far, the experimental setup did not have 

the capability to vary the yield stress of the fill. 

 
Fig. 4 – Morphological phase space seen in the 

experiments, with a clear separation between cone-sheet-
like and pipe-like structures.  

 

Although a direct comparison between 

laboratory and simulation phase space is not yet 

possible, it is comforting to see a similar 

morphological division in both. In addition, the first 

order trends are compatible. For example, increasing 

pressures in both cases favors the formation of pipe 

features, whereas increasing yield stress (or fill 

height) favors the formation of cone-sheet features. 

 

Acknowledgements 
 

We ackowledg Notur, the Norwegian Metacenter 

for High-Performance Computing, for computer 

time, and the Norwegian Research Council for the 

support of PGP, a Center of Excellence at the 

University of Oslo. 

 

References 
 

Gisler, G, 2009, Simulations of the explosive eruption of 

superheated fluids through deformable media, Marine 

and Petroleum Geology Journal, Special Issue 

Volume 26, pp1888-1895. 

Gittings M.L., Weaver R.P., Clover M., Betlach T., Byrne 

N., et al., 2006. The RAGE radiation-hydrodynamic 

code, Los Alamos National Laboratory Report LA-

UR-06-0027, Los Alamos, New Mexico. 

Haug, Ø.T., 2012. … 

Holian, K.S, 1984. T-4 Handbook of material properties 

data bases: Vol 1c, equations of state, Los Alamos 

National Laboratory Report LA-10610-MS, Los 

Alamos, New Mexico. 

Lyon, S.P., Johnson, J.D. 1992, Sesame: the Los Alamos 

National Laboratory equation of state database, Los 

Alamos National Laboratory Report LA-UR-92-3407, 

Los Alamos, New Mexico. 

Wilkins, M. L., 1964, Calculation of Elastic-Plastic Flow, 

in Methods in Computational Physics, Vol 3, page 

211-263. 

 

 



LASI 5 Conference 29-30.10.2012 

 

 

 

 

Widespread and intense deformation of nominally undeformed 
granites 

 
Glazner A. F.

1
, Bartley J. M.

2
, Hildebrand R. S.

3
, and Coleman D. S.

1
 

 
1
 Department of Geological Sciences, University of North Carolina, Chapel Hill, North Carolina, USA – afg@unc.edu 

2
 Department of Geology and Geophysics, University of Utah, Salt Lake City, Utah, USA 

3
 Department of Geology, University of California, Davis, California, 95616-8605 USA 

 
Keywords: pluton. 
 

 

 

Structural petrologists commonly assume that 

apparently undeformed plutons are intruded as 

magma in which the crystal content is low enough 

(<~50 vol%) that flow proceeds without solid-state 

deformation, and then post-emplacement flow takes 

place in the solid state and yields a typical solid-

state microstructural record. This has led to a 

framework in which plutonic fabrics are classified as 

either “magmatic” or “solid-state”, with little or no 

overlap between the two. 

Such a simple dichotomy is as unrealistic as the 

notion that there is no overlap between the origins of 

igneous and metamorphic rocks. Thermal models 

indicate that rocks in a growing granitic pluton are 

likely to remain at near-solidus to elevated 

subsolidus temperatures (~650 – 400°C) for long 

time periods (~10
6
 years; e.g., Glazner et al., 2004; 

Bartley et al., 2008). Plutons emplaced into orogenic 

belts should be susceptible to large post-

emplacement strain in a largely or entirely solid 

state, yet microstructural evidence for such strain is 

commonly weak or absent. Here we present evi-

dence, based on textural and chemical analyses, new 

geologic mapping at scales ranging from 1:500 to 

1:10,000, and reinterpretation of published geologic 

maps, that many nominally undeformed plutonic 

rocks underwent extensive deformation after em-

placement, but the microstructural record of such 

deformation was erased by pervasive recrystalliza-

tion.  

Key evidence for dramatic but cryptic defor-

mation of visibly isotropic granite includes: 

1. Shear zones that are only visible where they 

cut markers, yet clearly must continue through unde-

formed granite (Fig. 1). 

2. Folded dikes, contacts, and magmatic layering 

(Fig. 2) that is kinematically consistent with shear-

zone offsets. 

3. Pervasive re-equilibration of minerals to 

subsolidus compositions and modal proportions, 

including highly exsolved K-feldspar, 3-feldspar 

assemblages (Or90 K-feldspar, oligoclase, and 

albite), and Ti-free magnetite. 

4. Growth of phenocrysts (e.g., K-feldspar 

megacrysts) across modal layering and intrusive 

contacts. 

5. Boudins of apparently undeformed granite in 

highly deformed metamorphic wall rocks (Fig. 3; 

also see Mahan et al., 2003). 

6. Map and fabric patterns that indicate km-scale 

folding of plutons. 
 

 

Fig. 1 – Mafic enclave in Half Dome Granodiorite offset by 
sinistral shear across a NE-striking shear plane, consistent 
with N-S shortening. Offset of 60 cm across a shear zone 2 
cm thick results in an average shear strain of 30. A faint line 
can be traced in the host granodiorite for about 10 cm off 
the left (SW) end of the enclave, but granodiorite off the 
right end is completely healed. Two other markers (another 
enclave and an aplite dike) are separated the same amount 
along strike 10 and 20 m to the SW, with no evidence of a 
shear zone connecting the trio of offset features. 

 

Meter-scale mapping of the Late Cretaceous Half 

Dome Granodiorite near Tenaya Lake, Yosemite 

National Park, California (Figs. 1 & 2), defines an 

intricate internal structure that reflects a combination 

of incremental pluton growth by diking and defor-

mation of the pluton as it grew. At least four ages of 

dikes of layered granodiorite are defined by cross-

cutting relations and, because thicker dikes (>1 m) 

are invariably composite, dozens of discrete intru-

sive events are likely. Deformation includes shear-

ing of mafic enclaves, folding, and dilation and lat-

eral offset across dikes, which together define a bulk 

strain field characterized by E-W extension and N-S 
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contraction with net volume increase in the exten-

sion direction (Fig. 2, inset). Deformation was clear-

ly contemporaneous with growth of the pluton. The 

deformation pattern is consistent with regional tec-

tonics and indicates that tectonic dilation played a 

central role in the rise and emplacement of magma, 

consistent with the stress regimes observed in mod-

ern arcs. Visible grain-scale fabrics do not survive in 

the shear zones in spite of extreme shear strains (Fig. 

1), suggesting that late-magmatic to subsolidus re-

crystallization greatly modified rock textures and 

thus obscured both the intricate internal structure of 

the pluton and the importance of syn-emplacement 

deformation. 
 

 

Fig. 2 – Internal structure of Half Dome Granodiorite, simpli-
fied from Bartley et al. (in review). UTM grid coordinates 
(meters) indicate both map scale and location relative to 
NAD83 datum. Note (a) multiple generations of dikes indi-
cated by crosscutting relations; (b) lateral offsets of markers 
across some dikes; (c) folding of north-trending of dikes and 
dike contacts. Schematic diagram (inset, lower right) sum-
marizes the pattern of synintrusive deformation. 

 

At a larger scale, Sierran plutons are not general-

ly recognized to be folded but, within the batholith, 

the youngest wall rocks (dated by U-Pb on zircons 

to be 100-96 Ma) are obviously folded. Many older 

plutons therefore must also be folded, and there are 

many clear-cut cases. Concordance of intrusive con-

tacts with single stratigraphic units for many kilome-

ters; local occurrence of two transecting cleavages 

that cut intrusive contacts in even the youngest plu-

tons; folded cleavage and internal contacts; as well 

as folding and thrusting of latest-Cretaceous sedi-

mentary rocks which sit unconformably upon 

Sierran granites, all suggest that plutons within the 

Sierran batholith were likely folded, nearly orthogo-

nally, by two periods of deformation. Similar rela-

tions occur within the North Cascades and Coast 

Plutonic complex of the Pacific Northwest.  

 

Fig. 3 – Boudins of nominally undeformed granite in highly 
deformed metavolcanic rocks near Bishop Pass, central 
Sierra Nevada, California. Compass circle is 4 cm in diame-
ter. 

 

Recognition that the majority of plutons are con-

cordant sheets of variable thickness – all emplaced 

by lifting their roofs and/or dropping their floors, as 

opposed to diapirs that forced aside their wall rocks 

– clarifies the mechanics of emplacement and re-

solves the space problem. Incremental intrusion of 

the largest plutons, some of which are more than 100 

km long, is consistent with large-volume eruptions if 

these systems vented to the surface. 
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Dolerite sills and dykes from  the Etendeka province 

which intruded into aeolian sediments of the 

Twyfelfontein Formation in NW Namibia, make an 

ideal natural laboratory to study the effects of 

igneous intrusions on sedimentary sequences.  

Particularly as the Aeolian sands are a potential 

hydrocarbon reservoir quality sedimentary rock. The 

Twyfelfontein Formation (133 Ma) was deposited as 

an aeolian erg system, and subsequently buried by 

Lower Cretaceous Etendeka flood basalts and 

intruded by sub-volcanic intrusions at up to 2 km 

burial depth (Mountney et al 1998; Jerram et al 

2000). The onset of flood basalt activity was 

contemporary with the active ergs. The direct and 

indirect effects of Etendeka intrusions on the 

Twyfelfontein formation were studied in the well 

exposed Huab Outliers, Damaraland, Namibia. 

 

Effects of the occurrence of a large number of 

intrusions in the initially porous sandstone (Φ= 14-

25 %) are twofold: (1) Direct effects as a result of 

the emplacement of the intrusion and (2) Indirect 

effects resulting from the presence of the intrusion 

while the volcanic province was still active and 

during subsequent geological time. Both dykes and 

sills were studied; sills manifesting more intense 

direct effects, but dykes demarking the most intense 

indirect effects (e.g. compartmentalization). 

 

The majority of dykes in the area trend 

approximately north-south and cut stratigraphy from 

the base of the Mesozoic rocks extending through 

the overlying preserved extrusive lithologies (i.e. 

feeding possible fissures now eroded). Dolerite 

(MORB like) Dykes are numerous and often occur 

in  dense clusters frequently merging and diverging, 

although cross cutting (i.e. chronological separation) 

can be observed in one locality. The major sill at the 

base of the Twyfelfontein in two cases can be seen 

to feed a dyke. Where dykes cut the sandstone, 

direct contact effects rarely reach pyrometamorphic 

grades (Grapes 2010), but nevertheless strong 

contact effects are displayed. Toward dyke contacts 

the sandstone becomes indurated, increasing density 

and reducing porosity-permeability to negligible 

values at contacts. This direct effect is a result of 

increased compaction toward dykes, pore filling 

carbonate cementation and chlorite authigenesis. 

Feldspar grains contribute most to the increased 

compaction and supplying ions, via chemical 

breakdown for authigenic mineral growth. It is 

proposed that carbon is directly sourced from 

degassing magma to provide bicarbonate ions in 

pore fluids to react with Ca
2+

 sourced from 

decomposing feldspars in an acidified aquifer. This 

volcanic volatile enriched environment is also 

responsible for iron reduction and loss of haematite 

grain coatings in proximity to dyke intrusions, 

probably controlled by magmatic hydrogen sulphide 

and methane. 

 

The Huab Outliers field area is largely underlain by 

basaltic sills, which are well exposed near to the 

Huab River valley. Sills display finger type 

morphologies in some cases and can be seen to 

spawn dykes. The Mesozoic sedimentary succession 

in the area is not as thick as in the Karoo of South 

Africa (Aarnes et al 2010) or as in the North Atlantic 

Igneous Province (Ebdon et al 1995), so saucers are 

not developed at the scale studied (~20 km x 20 km 

area). Contact effects above sills vary in intensity, 

which is inferred to be related to heat supply and 

magma flow localization. Above sills, true 

pyrometamorphic effects are apparent. At sill 

contacts detrital feldspars melt and either vitrify or 

crystallize on cooling to form a glass matrix or a 

microcrystalline potassium feldspar (probably 

sanidine) matrix with floating quartz grains, often 

rimmed with tridymite. Glass matrix tends to 

devitrify over time to clay. Here porosity-

permeability is negligible and density is high. Above 

‘normal’ sills the pyrometamorphic zone extends no 

further than 12 cm. Extending away from the 

metamorphosed proximal zone are effects similar to 

at dyke contacts: increased compaction and a calcite-

chlorite authigenic assemblage. Background 

porosities are regained after ~9 m above. Direct 

effects above sills are intensified where magma flow 

is localized (e.g. dyke branching). Here the 

pyrometamorphic zone extends for ~5 m. Feldspars 

are completely melted and quartz melt is incipient. 

Quartz grains loose detrital characteristics and 
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aggregate along strongly sutured boundaries often 

with linings of quartz crystallised from melt. 

Porosity and permeability here is negligible.  

 

 
 
Fig. 1 Dolerite dyke cross cutting Twyfelfontein sandstone. 
Direct contact effects are present within ~4.5 m on either 
side. Bleached sandstone is visible on right as a result of 
compartmentalization and indirect effects. Outcrop 80 m 
high, vehicle for scale. 

 

Direct effects for both dykes and sills are confined 

to proximal regions, with the exception of rare 

magma localization (above). Indirect effects 

however are wide reaching and have significant 

detrimental effects on reservoir quality. Indirect 

effects are, however, susceptible to 

compartmentalization, such that much strata remains 

unaffected. 

 

Three localities were studied where 

compartmentalized indirect effects are apparent. In 

each locality a dyke(s) act as barriers to a diagenetic 

fluid. One side of the compartment is typically 

unaltered, compacted with haematite coated grains 

with cements absent or with very rare non-pervasive 

quartz overgrowths. On the indirectly affected side, 

haematite has been reduced, leaving a bleached 

white sand. Iron oxides are sometimes re-grown in 

cm sized spotted nodules in distinct zones. Feldspars 

are corroded, leaving enhanced secondary porosity, 

authigenic calcite and quartz reduce primary 

porosity. Pores are often lined with kaolinite and 

illite which although possessing significant 

microporosity chokes pore throats, reducing 

permeability. The fluid responsible for the 

observations is inferred to be an acidified 

groundwater with magmatic contributions (hydrogen 

carbonate, chlorine, and dissolved sulphate) derived 

from degassing magma in underlying and adjacent 

intrusions. Clearly, as a result of 

compartmentalization the modified pore water was 

localized, possibly above sites of active intrusion. 

Affected compartments vary in size and have been 

mapped from bisected individual drowned dunes 

(0.031 km
2
) to large tranches of the main erg (2.42 

km
2
). 

 

In conclusion, direct effects of igneous intrusions are 

limited and may allow preservation of reservoir in 

proximity to intrusive igneous lithologies. Indirect 

effects, as a result of compartmentalization, may 

significantly increase the risk of exploration in 

intruded regions; compartments are hard or 

impossible to detect in seismic data (high angle 

dykes not resolved) and kill reservoir or baffle 

hydrocarbons in place. 

 

 
 
Fig. 2 Photograph of pyrometamorphic rock above localized 
magma flow. Floating tridymite (tr) rimmed quartz (q) in 
glass matrix. PPL. 
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Shallow subvolcanic intrusive bodies are created 

as magmas move upward through the crust from 

their source area via self-propagating dikes that 

transition to subhorizontal sheets (sills) as magma 

encounters a trap due to rheological contrast. The 

subsequent growth of laccolithic plutons from sills is 

often explained by the amalgamation of successive 

magma sheets with internal contacts that are 

commonly cryptic in nature (Glazner et al., 2004 and 

references within). A preliminary integrated field 

and petrographic study of rhyolitic intrusive bodies 

in the northern Black Hills (South Dakota and 

Wyoming, USA) indicates the occurrence of 

multiple magma sheets within sills and laccoliths 

directly fed by dike systems.  

 

 
 
Fig. 1 – Generalized geology of the Black Hills region 
modified from Karner and Patelke (1989). Major igneous 
centers are: (1) Devils Tower-Missouri Buttes; (2) Bear 
Lodge Mountains; (3) Sundance Mountain-Sugarloaf; (4) 
Inyan Kara-Black Buttes; (5) Tinton; (6) Searfish; (7) Terry 
Peak; (8) Strawberry Hill-Custer; (9) Cutting-Lead-
Deadwood; (10) Mt. Theodore Roosevelt; (11) Gilt Edge-
Galena; (12) Vanocker; (13) Bear Butte.  

The Northern Black Hills Igneous Province 

consists of a series of intrusive centers that trends 

W-NW from Bear Butte in South Dakota to Devil’s 

Tower and the Missouri Buttes in Wyoming (Fig.1). 

The Black Hills Uplift formed during the Late 

Cretaceous‐Tertiary Laramide Orogeny and consists 

of exposed basement of Precambrian schist, gneiss, 

and granite overlain by Paleozoic and Mesozoic 

clastic and carbonate sedimentary rocks which acted 

as hosts for the intrusions.  Most igneous activity 

occurred between 58 and 50 Ma, with the younger 

intrusions being more common toward the west 

(Redden and DeWitt, 2008).  

Igneous compositions are predominantly alkalic 

to calc-alkalic iron-rich rocks ranging from rhyolite, 

trachyte, phonolite to basaltic trachyandesite. The 

intrusive bodies include laccoliths (with exposures 

of up to ~2 km in diameter and ~600 m thick) and a 

great number of sills and dikes along with diatremes 

and breccias pipes. Most of the bodies were 

emplaced at depths of 1 to 3 km, although some 

vented to the surface apparently forming maar-

diatremes.  

The rhyolites from this study can be divided into 

two families based on their petrography in the field 

and in thin sections: A) aphanitic rhyolite and B) 

porphyritic rhyolite (Fig. 2). Quartz phenocrysts 

within porphyritic rhyolite have diameters up to 3 

mm with almost all the larger phenocrysts being 

fractured and somewhat rounded with a partial 

resorption rim suggesting a probable surge in the 

temperature of the magma prior to final phase of 

emplacement.   

 

 
 
Fig. 2 – Rhyolite families: A) Aphanitic rhyolite of 
predominantly quartzo-feldspathic groundmass. B) 
porphyritic rhyolite with visible quartz phenocrysts.  

 

Many of the well exposed rhyolite sills examined 

for this study are directly connected to feeder dikes 
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that show transitional relationships from dikes to 

sills. At a composite sill exposed inside the open-cut 

section of the Homestake mine, we identified at least 

5 individually stacked magma sheets connected to 

separate dikes (Fig. 3). The magma sheets intruded 

horizontally into fine clastic units of the Deadwood 

Formation which are preserved as screens between 

sheets near the transition to dikes. Laterally away 

from the dikes the layers of sedimentary host rock 

are absent and the sill becomes a composite of the 5 

sheets with very minor shearing along the contacts. 

Identification of individual sheets was made possible 

by the different petrography of the two rhyolite 

families traced horizontally from their dikes.  

 

 
 
Fig. 3 – View of dike-to-sill transition exposed in the 
abandoned Homestake Open Cut. Near vertical rhyolite 
dikes (light colored) cut across the Precambrian gold-
bearing Homestake Formation and then curve to sills 
(indicated by numbers) emplaced into horizontal 
sedimentary layers of the Cambrian Deadwood Formation 
(dark brown layers).  

 

Within larger laccoliths, similar magma sheets 

can be seen on the outer edges of plutons paralleling 

the adjacent sedimentary host rocks. Inward, the 

laccoliths become more massive with little visible 

sheeting. At Bear Butte, the initial subhorizontal 

sheets were rotated to nearly vertical as new magma 

batches were added below (Fig. 4).  

In this view, the laccoliths are the result of 

incremental growth of downward-stacking magma 

batches, building sheeted plutons. Earlier increments 

were emplaced into cooler wall rocks where they 

cooled below the solidus quickly and preserved 

sheeted relationships. Later increments intruded into 

progressively hotter environments that obscured the 

contacts between sheets giving it a massive 

appearance.  

Future comparison of different sub-layers within 

the rhyolite sills, dikes, and laccoliths located in the 

northern Black Hills Igneous Province using 

geochemical and isotopic analysis, along with 

structural analysis of both intrusive bodies and the 

host country rocks, will allow us to gain significant 

insight into how shallow level intrusives formed in 

this region. Such information can potentially shed 

light on the regional magmatotectonic history of the 

northern Black Hills Igneous Province. 

 

 
 
Fig. 4 – View of Bear Butte laccolith intruded into lower 
Paleozoic sedimentary rocks (below white line in photo A; 
location of photo B outlined in red) and close-up of 
subvertical sills (photo B). 
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The sedimentary section of the Faroe-

Shetland Basin is strongly influenced by the 

magmatic events of the North Atlantic Tertiary 

Igneous Province. The western part of the basin is 

covered by extrusive volcanic lava whereas 

numerous magmatic sills known as the Faroe-

Shetland Sill Complex are prominent in central and 

eastern part. The sill complex has primarily been 

intruded into the Upper Cretaceous and Palaeogene 

sedimentary succession. 

 

With new high quality and high resolution 

3D seismic, acquired in 2008 and 2009, it is possible 

to perform detailed interpretations of sill 

morphology and their internal structures (Fig. 1).  

 

 
Fig. 1 - Shows an example of how well the intrusions are 
imaged on the seismic sections. 

 

In the study area a large complex 6,3 x 5,0 

km was mapped in detail.  The mapped complex is 

displayed on 2D map views, and 3D figures are 

constructed from converted horizons (Fig. 2). 

  

Based on the detailed interpretation it is 

possible to analyse morphology and flow patterns 

and determine a spatial connections between 

individual intrusions. It is concluded that the 

intrusions in the mapped complex are connected in a 

larger intrusive system, and hence emplaced from 

one intrusive event.  

 

 
Fig. 2 - Shows 3D figure of the converted horizons of an 
intrusive complex. 

 

Finally a new emplacement mechanism the 'bullet-

hole' emplacement hypothesis is introduced, which 

is suggested as an emplacement mechanism for cup-

shaped sills. 

 

A hydrothermal vent created on the seafloor directly 

as a consequence of the intrusive event by explosive 

eruptions of gasses, liquids and sediments, is used to 

determine the age of the intrusive system, by using 

well ties and biostratigraphic markers. 
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   Weathering involves an intimate coupling between 

mechanical disintegration of the rocks and 

interactions between the exposed rock surface, the 

hydrosphere and the biosphere. It is still poorly 

understood how this coupling affects weathering 

rates and patterns produced by weathering. We show 

that the observed spheroidal weathering patterns in 

basaltic intrusions (dolerites) in the Karoo Basin 

(Fig.1) are created through volume expanding 

reactions which set up stresses that not only lead to 

spalling of spheroidal layers of rock, but also drive a 

large scale hierarchical fracturing process (Iyer et 

al., 2008) by which the dolerite is continuously 

undergoing domain division. The fracturing process 

generates new reactive surface area in a self-

accelerating manner, thus providing first-order 

controls on the total weathering rate (Røyne et al., 

2008). The detailed fracture pattern is determined 

partly by the volume change of the reaction, and 

partly by the relative rates of the weathering 

reactions and the transport of water into fresh 

dolerite. 
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Fig. 1  Spheroidal weathering and hierarchical domain division observed in a road section at Nico Malan Pass, South Africa (S32.50780°, 

E026.80417°). The scale is given by the people in the right hand side of the picture. Note the very ‘patchy’ distribution of weathering on the 

road section scale. In part b, the fractures are marked according to generation following the method of Bohn et al. (2005a). Long fractures 

whose origins are difficult to determine are labeled as generation 1. Fractures that join only those of generation 1 at approximately right 

angles are labeled generation 2, and so forth until generation 6. Each higher generation fracture subdivides one domain into two smaller 

ones, which creates more surface area available for chemical weathering. 
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Fig. 1 – A fish eye view into ‘Superman’s cave’ the giant crystal caves at Naica mine, Mexico. (photo by Andy Taylor, Channel 9 
news). 

 

The Giant Crystal Cave was accidentally 

discovered in 2000 by miners working in the silver 

and lead mine at Naica, Mexico. The cave, termed 

‘Supermans Cave’, after its resemblance to the 

Arctic home of Superman in the popular Hollywood 

movie series. Though spectacular, these caves are 

far from a comfortable home. They are home to the 

largest crystal on Earth, near pure selenite (gypsum) 

crystals that have grown up to 13 m in length. These 

extra-ordinary crystals owe their origin to an extra 

ordinary set of conditions, fueled by shallow 

intrusions beneath the Naica cave and mine system. 

As part of a news team, access to the cave 

system was granted in fall 2011, after some 2 years 

of negotiation, with a view to look at the geology 

and the medical problems associated with the 

environment that the cave exists under. 

Temperatures of around 48-50 degrees centigrade, 

and 100% humidity, means that the body is dying 

the minute you step foot into the cave. In order to 

help tolerate the harsh conditions, a cooling body 

suit as that used in Formula 1 racing was used. This 

allowed precious minutes more time that could be 

spent inside the cave before the body temperature 

gets into dangerously hot levels. 

The hot fluids that feed the gaint crystals are 

fueled by the shallow intrusive complex which 

emplaced the very minerals that are mined at Naica. 

During a prolonged cooling an ideal set of 

circumstances provided the ideal growing conditions 

for these massive selenite crystals. Now the question 

is ‘how do we preserve them? 
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To date the only volcanic rocks described from 

the Pan-African Cape Granite Suite are ignimbrites 

that crop out along the western margin of Langebaan 

lagoon, to the south of Saldahna (Scheepers and 

Nortjé, 2000). The ignimbrites form a part of the 

subvolcanic-volcanic suite that concluded the Cape 

Granite Suite magmatism. The subvolcanic rocks 

have been mapped as the “Saldahna quartz 

porphyry”, with an age of 522±12 Ma (Schoch and 

Burger, 1976). This study examines these rocks 

where they are well exposed along the coast to the 

north of Saldahna. This study aims to investigate the 

petrogenesis of these rocks which remains poorly 

understood, as well as to reassess the classification 

of these rocks as a sub-volcanic quartz porphyritic 

intrusive.  

One set of exposures within the study area 

includes intrusive relationships indicating that the 

fine grained rock intruded the older coarser grained 

granites (Fig. 1).   

 
Fig. 1 – Outcrop view of an intrusive contact between 
coarse grained granite and overlying finer grained intrusive 
granite.             

             

However, in other areas, similarly fine grained rocks 

contain broken phenocrysts which appear to argue 

for an eruptive process. The rocks exhibit a dark 

grey to brown micro- to crypto-crystalline matrix 

containing prominent feldspar, commonly 

microcline microperthite, and quartz phenocrysts. 

Phenocrysts of biotite and orthopyroxene (Fs50-70) 

can be identified microscopically, as can 

replacement of both phases by chlorite.  Ilmenite 

commonly occurs in close association with the 

orthopyroxene phenocrysts. A second generation of 

poikiloblastic biotite overgrows the matrix and is 

clearly formed through sub-solidus reaction. The 

apparent contradiction inherent to the existence of 

intrusive contacts and the common presence of 

broken feldspar phenocrysts can perhaps be 

reconciled if these rocks are interpreted to represent 

a welded ignimbrite deposit that overlay the coarse 

grained granite, with subsequent intrusion by a later 

pulse of similar magma to that which built the 

ignimbrite deposit along the contact with the coarse 

grained granite.  

The ignimbrites and subvolcanic rocks from this 

study are silicic with SiO2 contents ranging between 

69 and 76 wt%; they are mildly peraluminous with 

values for ASI (ASI = mol.Al2O3/ 

(CaO+Na2O+K2O)) ranging from 1.02 to 1.1(Fig 

2b); and ASI is negatively correlated with maficity. 

Tight to very tight inter-element correlations exist 

for several major elements (e.g. Si, Ca, Ti) as well as 

trace elements (e.g. Zr) when plotted against Fe + 

Mg (hereafter maficity). These elements are all 

positively correlated with maficity, except for Si 

which is negatively correlated and K which displays 

more complex behaviour (Fig. 2c).  

We propose that the tight inter-element 

correlations exhibited by the ignimbrites are primary 

and are produced in the source through the 

entrainment of the peritectic assemblage (Stevens et 

al., 2007).  

Orthopyroxene and ilmenite represent early 

formed, high temperature minerals in the magma. In 

rocks which are biotite poor, ilmenite represents the 

main reservoir of titanium whilst orthopyroxene 

represents the main maficity reservoir. Therefore the 

exceptionally tight Ti: maficity (Fig. 2a) correlation 

can be readily interpreted to reflect entrainment of a 

peritectic assemblage consisting of ilmenite and 

orthopyroxene. It is worth noting that the formation 

of a linear correlation implies that both these 

minerals always be entrained in the same 

proportions in the magma, despite the significant 

range in maficity portrayed by the rocks and despite 
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the fact that these minerals have different size-

density relationships. This exceptionally tight 

correlation can be readily interpreted to reflect 

entrainment of a peritectic assemblage consisting of 

ilmenite and orthopyroxene. The Al, Ca and Na 

correlations with maficity argues for the co-

entrainment of peritectic plagioclase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2 – a) Ti versus maficity illustrating a tight inter-element 
correlation demonstrated by r value close to one. b) A/CNK 

versus maficity illustrating a decrease in A/CNK with 
increasing maficity. c) K versus maficity illustrating a 
positive followed by a negative trend with increasing 
maficity. Data published by Scheepers and Nortje (2000) 
classified as ignimbrites: ∆; and Quartz porphyry: О; ♦, ■:     
Ignimbrite and possible subvolcanic rocks sampled for this 
study.  

A near perfect match with the concentrations of 

these elements in the ignimbrites is produced by 

modelling the entrainment of a peritectic assemblage 

consisting of 80 wt% plagioclase, 3 wt% ilmenite 

and 14 wt% orthopyroxene + 3 wt% clinopyroxene 

to a melt with the composition of the most 

leucocratic granites. A peritectic assemblage formed 

by these phases points to the partial melting of a 

source undergoing coupled biotite and hornblende 

fluid-absent melting. Melting of such a source also 

provides a possible explanation for the trends 

observed for K (Fig.  2c). The opx- and ilmenite-rich 

micro-domains in rocks represent zones in the 

magma rich in original peritectic orthopyroxene and 

ilmenite. In contrast, the peritectic plagioclase 

demanded by the chemistry of the rocks has melted 

during ascent due to superheating of the magma and 

decreasing water solubility in the melt. 
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The Bushveld Igneous Complex is one of the 

world’s famous layered intrusions and is a key 

geological feature in South Africa. Massive layers of 

chromitite occur within the Critical Zone of the 

Complex and remain an enigmatic feature of the 

intrusion. Although the lower chromitites are mined 

for their high chrome content, all the chromitites 

have higher concentrations of the six PGE relative to 

their surrounding silicate hosts (Teigler, 1990). 

Directly north of the Steelpoort Fault, a major 

structural feature and possible feeder to the 

Complex, the chromitites are represented by a full 

set of Upper, Middle and Lower Group layers. For 

this study, a borehole from Samancor’s Eastern 

Chrome Mine property was sampled in the interval 

from LG-6 to UG-3A, and supplemented with 

samples of LG-3 and 4 from previous opencast 

mining. This abstract reports on results from 

preliminary petrography of the samples as well as 

PGE analysis of chromitites, to investigate and 

eventually model the behaviour of PGE during 

magma emplacement in this section of the Bushveld 

Complex. 

Investigation of the LG-6 layer by scanning 

electron microprobe has revealed an unusual 

occurrence of base-metal sulphide, notable because 

of the size (between 50 and 120µm) of chalcopyrite, 

pentlandite and pyrrhotite in a layer that usually 

shows very little visible sulphide. SEM-EDX 

analyses reveal inclusions of discrete sulphide 

PGMs within the base-metal sulphides, namely Ir-

Os bearing laurite and braggite. 

Five PGE and Au were analyzed by NiS 

collection-ICP in 16 chromitite samples, as shown in 

Figure 1, which is subdivided according to LG, MG 

and UG chromitite layers. Trends of whole-rock 

PGE are observed from this spiderplot. Ru is 

enriched relative to Ir and Rh in all the samples, 

probably due to crystallization of laurite as an early 

phase (Von Gruenewaldt & Merkle, 1995). The 

most abundant PGE for all layers except the LG-3 

and 4 are Pt and Pd. This is supported by SEM 

analyses of the LG-6 that show two discrete PGE 

phases: Pt-Pd-Ni sulphide (braggite) and laurite. The 

Pt-Pd sulphide shows enrichment of Pt (±70%) over 

Pd (up to 5%), which is also reflected in the 

spiderplot patterns. 

The LG-3 and 4 contain Ru as the most abundant 

PGE, along with very low total PGE values. This 

probably indicates very low sulphide content and 

will be confirmed using petrography. 
 

 

Fig. 1 – Spider plots of PGE in chromitites normalized to 
chondrite values. From top to bottom are the trends of the 
Upper Group, Middle Group and Lower Group layers 
respectively. 

 

It has been observed through routine microscopy 

that although the LG-6 and 7 contain appreciable 

BM sulphides, the MG layers are notably deficient. 

Usually, we would expect the LG curves to be bell-

shaped (Von Gruenewaldt & Merkle, 1995), like the 

LG 3-4 in Figure 1. In this case, however, the LG 6-

7 appear to be relatively enriched in the PPGE. The 

observation that the MG layers actually contain less 
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sulphide than the LG layers supports the 

geochemistry, the MGs showing a sharp enrichment 

in Ru and flat overall curves with Pd depletion 

relative to the overall trend. 

The UG layers show a rather flatter trend with 

respect to PGE than what should be expected (Von 

Gruenewaldt & Merkle, 1995). In 3 of the samples 

Pd is actually depleted compared to chondrite 

abundance. This illustrates the nature of the UG 

layers in this portion of the BIC: Poorly developed 

and also poorly mineralized. 

A complete study of the chromitites is still ongoing. 

Further investigations will focus on the following: 

• Microprobe and possible ICP-MS of mineral 

phases to discover in what form rhodium is in 

the samples. Clearly this component is much 

less dominant than the discrete PGE minerals 

that concentrated Ru, Pt and Pd. 

• Petrographic investigation of all the chromitite 

layers. This will reveal the nature of base metal 

and PGE sulphides throughout the sequence of 

the Critical Zone. 

• A possible hypothesis for the presence of PGM 

in the LG6 is a late-stage hydrous fluid. This 

possibility has been proposed by BIC 

researchers before (e.g. Maier & Barnes 1999) 

and will be applicable mainly to Pt-Pd phases. 

The distribution of metal alloys that occur in 

fracture zones of the samples seems to support 

such a possibility and indicates that such late-

stage magmatic fluids were reducing and 

carried mainly Fe (70% in the alloy), an 

assumption supported by frequent occurrence 

of IRUPs (iron-rich ultramafic pegmatites) in 

the area. The alloy possibly contains PGE (Pt 

and Pd) but will be analyzed with a more 

sensitive instrument than the SEM. 

• Partitioning between a Fe-rich mss 

(monosulphide solid solution) and Cu-rich, 

sulphur-deficient iss (intermediate sulphide 

solid solution) have been proposed as a 

fractionation mechanism for the PGE in the 

BIC (Osbahr et al 2012; Maier & Barnes 

1999). In this case, chalcopyrite should contain 

most of the Pt and Pd and pentlandite and 

pyrrhotite the other PGE. In these chromitites, 

all 3 base metal sulphides have been identified 

intergrown with PGE sulphide. The base metal 

sulphides have low PGE values (ppm level or 

lower) and will be investigated with 

microprobe and/or ICP-MS to reveal their PGE 

distribution. 
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Dykes are the principal transport channels of magma 

in the brittle crust and constitute a substantial part of 

the oceanic crust and long-lived volcanic edifices. 

Knowledge of the dimensions of dykes and their 

statistical distribution is thus essential to estimate 

magma transport rates and to model e.g. surface 

deformation associated with dyke emplacement. 

As magma-driven mode-I fractures, dykes can be 

approximated as penny-shaped cracks with a linear 

thickness-length ratio of 10
2
-10

5
 (Rubin, 1995). 

Since dyke lengths and heights cannot be measured 

completely, dyke thicknesses remain the most 

reliable dimension that is measurable in the field. 

Dyke thicknesses have previously been described to 

follow different statistical distributions implying 

significant differences in the process of 

emplacement. Thickness distributions proposed so 

far include (1) power law (Gudmundsson, 1995), (2) 

exponential (Klausen, 2006), and (3) log-normal 

(Walker and Eyre, 1995). However, dyke 

emplacement should essentially be controlled by the 

same emplacement process, irrespective of the 

geotectonic setting, type of volcanic edifice, magma 

viscosity etc. and consequently the dyke thickness 

distribution should generally be the same. 

In order to assess if this assumption is valid, we 

tested large datasets from four areas in Iceland (mid-

ocean ridge regime) and the Canary Islands (ocean-

island regime) for their fit to different distributions 

(log-normal, exponential, power law (with fixed or 

variable lower cut-off), Rayleigh, Chi-square, and 

Weibull). First, we converted the probability density 

functions of each dataset into their cumulative 

distribution functions to avoid arbitrariness in bin 

sizes. A non-linear, least-squares fit was then used to 

compute the parameter(s) of the distribution 

function. The goodness-of-fit was evaluated by: (1) 

the residual sum of squares, (2) the Kolmogorov-

Smirnov statistics, and (3) p-values using 10,000 

synthetic datasets.  

Our results demonstrate that dyke thicknesses are 

generally best described by a Weibull distribution. 

The Weibull distribution is extensively used in the 

Material Sciences to describe material strength 

distributions. The material strength is controlled by 

the random distribution and dimensions of inherited 

weaknesses (e.g. fractures), i.e. the material will 

always fail at the largest weakness, according to the 

“weakest-link-of-a-chain” principle. 

A further subdivision of our datasets according to 

volcanic-edifice type (seamount, shield volcano), 

magmatic-sheet type (cone sheet, regional dyke, 

radial dyke), and magma type (basic, intermediate, 

felsic) reveals that genetically-related subsets all 

follow their own Weibull distributions. 

We therefore conclude that the Weibull distribution 

universally best describes dyke thicknesses. This 

implies that dyke emplacement is controlled by the 

interplay of the host-rock strength and the magmatic 

overpressure. Accordingly, dyke injection first 

occurs at the weakest point in the host rock around a 

magma chamber (i.e. probably at the largest 

fracture). Failure on this largest fracture requires 

comparatively low magmatic overpressure, which 

results in relatively small dyke dimensions. Dyke 

initiation at small weaknesses, on the other hand, 

requires large overpressures and results in larger 

dyke dimensions. 
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The existence of I-shaped compositional profiles 

through sills and lava flows, which exhibit very little 

modal or whole-rock chemical variation, has been 

noted by many petrologists (Gunn, 1966; Froelich 

and Gottfried, 1988; Mangan and Marsh, 1992). 

These magmatic bodies are remarkable in showing 

no systematic vertical chemical zonation despite 

being sometimes up to 400-500 m thick. The origin 

of such bodies still remains unclear. To address this 

problem we have studied one section across the 100 

m thick Golden Valley Sill, Karoo Basin, South 

Africa (Aarnes et al., 2008; Galerne et al., 2010). In 

this section, both contacts of the sill are not exposed 

but fine-grained dolerite indicates proximity to the 

host rocks (Fig. 1). The sill thus preserves an almost 

complete rock sequence composed of dolerite with 

ophitic texture. Dolerite mostly consists of 

plagioclase (55-60 vol.%), clinopyroxene (25-35 

vol.%), pigeonite (10-15 vol.%), olivine (5 vol.%) 

and Fe-Ti oxides (<1 vol.%). Plagioclase are 

represented by in situ grown small laths (0.5-0.7 

mm) in the groundmass and large phenocrysts in the 

form of single grains (1.0-1.5 mm) or crystal 

aggregates (2 mm). Clinopyroxene forms subhedral 

grains containing plagioclase and olivine grains. 

Olivine occurs in groundmass as small 

equidimensional grains. Pigeonite and Fe-Ti oxides 

form interstitial anhedral grains. Two types of 

plagioclase and clinopyroxene,  cores of which are 

known to commonly preserve their original 

composition, were studied by microprobe analysis 

(Fig. 1). Both minerals are characterized by notably 

constant composition in terms of An-content and 

Mg-number and TiO2 across the entire section of the 

sill, indicating a lack of internal magmatic 

differentiation. The results are surprising since there 

are many examples of dolerite sills of similar size 

and composition that show remarkable internal 

trends in mineral composition (e.g. Frenkel’ et al., 

1998; Ariskin and Barmima, 2000; Latypov and 
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Egorova, 2012). The pertinent question is what 

factor(s) have prohibited internal fractional 

crystallization in the studied section of the Golden 

Valley Sill?  One tentative answer is that this sill has 

been developing through the continuous recharge by 

plagioclase-bearing magma pulses that kept the 

resident magma in the chamber at essentially the 

same composition. A rigorous testing of this 

working hypothesis is currently in progress.      
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Crustal extension during volcanic margin 

formation is accommodated via a two-stage process 

dominated first by mechanical faulting and then by 

magmatic intrusion. Numerous field and sub-surface 

studies have demonstrated that pre-existing fault 

networks may facilitate the later emplacement of 

magmatic complexes by providing relatively low-

permeability magma flow pathways (e.g. Valentine 

et al., 2006). While faults may therefore influence 

the location of eruptive volcanic centres and strain 

partitioning during magmatically-assisted rifting, the 

degree of and controls on the interaction between 

normal faults and magma intrusion remain unclear. 

Here, we use high-quality 3D seismic reflection data 

from the Exmouth Sub-basin, offshore NW 

Australia, to quantitatively describe the geometrical 

relationships between a rift-related normal fault 

array and a saucer-shaped sill. We demonstrate that 

faults can ‘capture’ laterally propagating sills, 

locally reorienting magma flow to parallel fault 

strike, as well as promoting sill transgression up 

fault dip along areally restricted positive 

corrugations. We attribute these influences on 

magma intrusion to near-fault stress field 

perturbations associated with fault geometry. 

The Exmouth Sub-basin is located in the 

Western Australia volcanic margin and formed 

during the Mesozoic in response to two discrete rift 

events. Berriasian rifting was characterised by the 

formation of a dense, conjugate fault network that 

Fig. 1 – Series of vertical seismic sections (A-C) through the studied sill to highlight the variations in sill morphology where it 
interacts with a fault. See (D) for locations. (D) A time-structure map of the sill. (E) A time-structure map of the yellow horizon 
in (A-C) to show the structural template prior to intrusion and the preference on inclined sheets to exploit positive fault-plane 
corrugations. 
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influenced the architecture of later (Early 

Cretaceous) mafic magmatic system (Fig. 1). 

The particular sill studied here was selected 

because: (1) geometric interactions between 

numerous faults and the sill are observed and (2) 

local faults and stratigraphic horizons are well-

imaged adjacent to the sill, permitting fault throw to 

be measured. Detailed mapping of the sill indicates 

that it has a saucer-shaped morphology and consists 

of a strata-concordant, inner sill (c. 2 km radius) that 

passes laterally into an inclined sheet (c. 300 m tall) 

(Fig. 1D). The seven faults associated with the sill 

dip eastward at 25–30° and often display corrugated 

fault traces with average wavelengths of 2 km and 

amplitudes of c. 100 m (Fig. 1E).  

The relationship between the faults and the sill 

can be characterised by three fault-intrusion inter-

relationships (Fig. 1): (1) the sill cross-cuts and is 

not offset across the fault, indicating that 

emplacement occurred after the main rift phase; (2) 

there is a small ‘step’ (c. <100 m) in the sill, with a 

long axis parallel to the fault, between the 

hangingwall and footwall or (3) an inclined segment 

of the sill has the same dip as and appears to be 

intruded into the fault.  
We suggest that where the sill is concordant and 

cuts directly through a fault, it is likely that two 

separate but mechanically similar juxtaposed 

lithologies have been intruded (Fig. 2A). In contrast, 

step development along faults appears to be related 

to increases in the offset of preferentially intruded 

horizons. For example, in Figure 2A we suggest that 

a SE-propagating step, unrelated to a fault, was 

‘captured’ by a fault due to the offset across the fault 

of horizons that could be preferentially intruded. 

This likely resulted in a reorientation of the magma 

flow direction to parallel to fault strike.  
Inclined sheets that appear to intrude faults are 

commonly laterally restricted and transgress for c. 

300 m up the fault (Fig. 1C). Figure 1E shows that 

these areas intrude fault sections characterised by a 

positive fault-plane corrugation (i.e. the footwall has 

a convex geometry that points in the fault dip 

direction). Reconstructed magma flow directions for 

the sill are often oblique to fault strike, implying that 

magma was locally redirected to flow up the faults. 

Such an abrupt rotation in the magma flow direction 

may have been related to a change in the orientation 

of the local principal stresses, possibly resulting 

from the interference between an intrusion-induced 

stress field and near-fault stress field variations 

associated with a positive fault-plane corrugation 

(cf. Chester and Chester, 2000; Valentine et al., 

2006). We suggest that the rotation of σ3 from a sub-

vertical (i.e. typical of sill intrusion) to a steeply, 

westward-dipping (~70–80°) orientation (cf. Chester 

and Chester, 2000) in the vicinity of the positive 

corrugations favoured the intrusion of suitably 

oriented faults rather than continued bedding-

parallel intrusion. 

Our observations suggest that the pre-existing 

normal fault array significantly influenced the 

morphology and internal flow dynamics of Sill A 

through: (1) the juxtaposition of stratigraphic units 

with varying mechanical properties and (2) by 

providing suitably oriented pre-existing fractures 

that were reactivated as magma conduits where 

positive fault-plane corrugations altered the 

orientation of the principal stress axes. 

 

 
 

Fig. 2 – Schematic diagrams highlighting the possible 
relationships between sill components and a fault. 
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Since the early 2000s rapid progress has been 

made to determine the physical controls on sill 

emplacement using seismic, field, experimental and 

theoretical approaches. This study uses 3D seismic 

observations to confirm that changes in lithology, 

pre-existing structures, and strength variations in the 

crust all impact sill geometry.  

Two separate seismic datasets have been used to 

show how the physical controls on sill emplacement 

change vertically through a sill system. 

The first is West of Central Norway along the 

transition between the Møre and Vøring Basins, and 

the other is situated West of Scotland, at the NE end 

of the Rockall Trough. Geologically both basins are 

similar, in that they are both Mesozoic rifted basins, 

intruded by Paleogene sills. In both cases the imaged 

sills intruded Cretaceous and Paleogene sediments 

composed of predominantly mudstones, though 

coarser material including sand is present for 

particular beds. The sills are basaltic, as indicated by 

core samples and their geometries. 

 The methodology consisted of mapping sills, 

which stand out in seismic reflection data as very 

high amplitude reflections which: transgress 

stratigraphy, have abrupt ends, and are associated 

with hydrothermal vents (fig. 1). Maps of sills were 

interpreted using seismic attributes and 3D 

visualisation software (figs. 2, 3). Sedimentary beds 

were also mapped.  

Sill geometry is observed to be correlated to the 

lithology of the host rock. Sills propagate 

concordantly along hard beds and then transgress 

stratigraphy sharply, often asymmetrically (figs. 1, 

2). In other cases sills are found to terminate at 

particularly hard beds, and in some cases feeding 

relationships occur, where a deeper sill feeds a 

shallower sill (fig. 3). In fine grained homogenous 

units, sills are found to transgress stratigraphy in a 

continuous fashion with a resultant bowl-shaped 

geometry (fig. 3). The shallowest sills have 

morphologies that indicate the sills intruded 

unconsolidated sediments.  

Sills are also observed to propagate along fault 

planes, indicating that fault planes act as planes of 

weakness, which sills exploit to transgress upwards. 

Sills transgressing along faults can create stepped 

geometries. These step geometries limit sill inflation 

at the sill margins.   

The host rock exerts stresses which resist sill 

propagation; these stresses are different for 

homogenous mudstones, as compared to hard 

sandstone layers, or unconsolidated sediments, or 

fault planes. By considering these strength and stress 

imbalances as well forces resulting from lithology 

and the deformation of the overburden, we explain 

the progression of sill geometries observed in the 

data sets. 

Lithology has been observed previously to affect 

sill geometry. Sills that intrude into weak host rocks 

develop geometries more associated with fluid 

interaction, such as fingers, while sills that intrude 

more consolidated rocks develop geometries 

associated with stress build up and brittle fracture 

(Miles and Cartwright, 2010, Schofield et al. 2012). 

Experiments indicate sills will form at boundaries to 

harder lithologies (Rivalta et al. 2005, Kavanagh et 

al., 2006), or along hard to cross barriers, as 

modelled by flexible nets (Galland et al. 2009). 

 Transgression is believed to occur in three 

different ways. First, once a sill propagates 

horizontally stresses build up asymmetrically 

causing sills to bend upwards becoming ‘saucer-

shaped’ (Pollard and Holzhausen, 1979, Malthe-

Sørenssen et al. 2004). Second, a sill which crosses 

into weaker sediments will bend upwards towards 

vertical (Maccaferri et al. 2010, Hansen et al. 2011). 

Third, sills are found to rise by following fault 

planes (Bédard et al. 2012).        

This study is intended to add greater insight into 

the mechanics of igneous sill intrusion. This study 

may be able to be extended to similar clastic 

intrusions. Furthermore, the geometries and feeding 

relationships observed, allow for future studies to 

more effectively monitor volcanoes, quantify more 

accurately climate changing methane release, and 

understand igneous related fluid flow systems, in 

hydrocarbon exploration.  
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Fig. 1 – Example of the diagnostic features of a sill. 
Estimated vertical exaggeration: 2.2x 

 

Fig. 2 – Cross cutting flat based sills. Sill margins 
transgress stratigraphy (approximately horizontal). Vertical 
exaggeration is approximately 2.3x. The sills are cut at their 
left and right margins by the edge of the data.  

  

 

Fig. 3 – Bowl shaped sill, with smaller sill on right fed from 
larger one. Vertical exaggeration approximately 2.3x. 
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A comparative study of the variation in magnetic 

properties in three boreholes situation on a west to 

east traverse across the Karoo Basin was performed 

(Figure 1).  

The aim of this study is to determine the thermal 

impact of the magma intrusions on the surrounding 

sediments by using several magnetic experiments. 

Anisotropy of magnetic susceptibility (AMS) 

The magnetic fabric of undisturbed layered 

sedimentary rocks is very simple with dominantly 

horizontal magnetic lineation (k1) and poles to the 

magnetic foliation (k3) plotting vertically.  

Re-alignment of magnetic minerals due to 

temperature increases at magma-sediment 

boundaries have been observed in the Karoo Basin. 

Results from the three boreholes in the current study 

limits this re-alignment to short distances within the 

contact aureoles.  

Alteration Index(A40) 

The peak paleotemperatures away from the 

intrusive sills were examined by quantitatively 

studying the variation of magnetic susceptibility 

with increasing temperature as described by Hrouda 

et al. (2002, 2003).  
Results from core G.39974 indicated maximum 

acquired temperatures (Tmax) to vary between 200 

°C and 650 °C with the highest temperatures limited 

to short distances within the contact aureole (Figure 

2). These results correlated very well with modeled 

results published by Aarnes et al. (2011). Initial A40 

results from DF1/75 indicate elevated temperatures 

above 400 °C which is currently at odds with the 

inclination data. 

Magnetostratigraphy and baked contact test  

Remagnetization of baked rock within the 

magma-sediment contact aureole is a well-known 

occurrence (McElhinny, 1973) and the changes in 

properties with distance from the baked contact 

corresponding to the diminishing heating effects of 

the intrusion (Everitt and Clegg, 1962).  

Magnetostratigraphy can thus be used to 

determine the extent of magnetic overprinting 

caused by younger magmatic intrusions on a 

sedimentary sequence.  

Inclination data from two of the three boreholes 

from the current study indicated re-magnetization to 

occur only at short distances within the contact 

aureoles, while the third (PP47) appears to be 

completely re-magnetized (Figure 3).  

 

These initial results indicate a wide spread 

elevation in the geomagnetic temperatures of the 

Karoo stratigraphic sequence to temperatures above 

150 °C. This knowledge could have major 

implications for any potential shale-gas industries in 

South Africa. 
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Fig. 1 – Simplified geology of the Karoo Basin indicating 
borehole locations. 

 

 

Fig. 2 – Variation in A40 derived temperatures (Tmax) 
within core G.39974 indicating temperature ranges between 
200–650 °C.  

 
Fig. 3 – Variation in magnetic inclination with depth for three boreholes intersecting dolerite sills at different depths. Sills are 
numbered from top to bottom and no relation between sills from different cores are suggested. 
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When mafic magmas are intruded into evaporite-

bearing sedimentary rocks, a number of physical and 

chemical interactions take place, which result in 

contact metamorphic and metasomatic reactions. 

Three examples are given in this paper of such inter-

actions between mafic intrusions and Proterozoic 

evaporite-bearing sedimentary sequences in 

Zimbabwe and Zambia.  

Within the Palaeoproterozoic (c. 2.17-2.07 Ga) 

Deweras Group, Zimbabwe (Master et al., 2010)- 

mafic dykes and sills which were feeders to a 

stratigraphically younger volcanic unit (Suiwerspruit 

Formation) are intruded into continental evaporite-

bearing playa lacustrine beds of the Norah 

Formation, which were exposed in the Norah Mine, 

Mhangura. On the contacts with anhydrite-bearing 

evaporitic wackes, there occur massive tourmalinites 

(Fig. 1), sometimes intergrown with chalcopyrite; 

the doleritic mafic intrusions are highly 

metasomatized and altered to assemblages of 

epidote, actinolite, chlorite, tourmaline and 

haematite (Master, 1991). These alteration assem-

blages have then undergone polyphase deformation 

during subsequent tectonism related to the Palaeo-

proterozoic Magondi and Pan-African Zambezi 

orogenies. Compositionally, the tourmalines are part 

of the Ca-Na-Mg uvite-dravite series, and are 

regarded as having being derived from the 

metamorphism of boron-bearing continental 

evaporites. 

The Umkondo Group is a late Mesoproterozoic 

volcano-sedimentary sequence that overlies 

Archaean granitoids in eastern Zimbabwe and 

southwestern Mozambique (NE flank of the 

Kalahari craton). Two distinct facies are recognised, 

the Inyanga Facies in Zimbabwe and the Gairezi 

Facies in Mozambique. The Inyanga Facies consists 

of argillaceous, calcareous and arenaceous rocks 

capped by amygdaloidal mafic volcanics. The 

sediments were deposited in shallow marine shelf, 

supratidal sabkha, braided fan delta, and meandering 

river floodplain environments, and they contain 

halite casts (Button, 1976, 1977). The widespread 

Umkondo dolerites form sills in the Umkondo Gp, 

and were feeders to the geochemically similar 

subalkaline tholeiitic Umkondo lavas. The Umkondo 

magmatism was part of an extensive Large Igneous 

Province related to a mantle plume, dated at ca. 

1106 Ma (Hanson et al., 1998). 

In the Chimanimani area, a thick Umkondo 

dolerite sill, and its hanging-wall contact with 

Umkondo sediments, are well exposed in a roadcut. 

The contact zone of the sill is heavily contaminated 

by reconstituted sediment and sedimentary xenoliths 

from the surrounding sediments. The foundered 

xenoliths of sandstone and chloritic semipelite show 

soft-sediment deformation, including ductile folds, 

as well as phreatomagmatic or peperitic brecciation. 

These features are evidence that the sill intruded into 

wet sediments that were unlithified or partly 

lithified, and hence the age of the Umkondo 

sedimentary rocks is similar to that of the intrusive 

Umkondo dolerite sills (Master, 2006). Metasomatic 

dark clots of poikiloblastic tourmaline containing 

euhedral quartz inclusions, are present in the 

peripheral contaminated zone, which has abundant 

alkali feldspar and epidote-chlorite-sphene (Fig. 2). 

The contaminated dolerite sill has a coarse-grained 

granophyric texture, which has also been recorded 

from many other Umkondo sills (Button, 1977).  
In the Neoproterozoic Katanga Supergroup of 

Central Africa, sedimentary rocks of the Roan 

Group were intruded by tholeiitic mafic dykes, sills 

and stocks, which were feeders to thick mafic lavas 

of the overlying Mwashya Subgroup of the Nguba 

Group, during a major rifting episode associated 

with supercontinental breakup. These rocks were 

then deformed and metamorphosed during the Pan-

African Lufilian Orogeny, between c. 560 and 500 

Ma. In western Zambia, part of the Lufilian Orogen 

includes a number of basement domes, produced by 

thick-skinned thrusting, surrounded by meta-

sedimentary cover rocks of Katangan and pre-

Katangan age.  

Scapolitic metabasites exposed in a quarry on the 

northwestern rim of the Mwombezhi Dome, NW 

Zambia (Benham et al., 1976) were originally 

mapped as pillow lavas (Mulela and Seifert, 1998). 

These were examined in 1996, during a field 

excursion of IGCP 363, and again in May 2012.  

While superficially weathered outcrops may have a 

resemblance to very flattened pillow structures, the 
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doleritic metabasites are actually intensely altered 

and metasomatized rocks. Darker, less altered 

portions of the mafic rock are surrounded by 

intensely altered rims which interlace in an 

anastomosing interconnected network of light 

coloured alteration minerals, which include epidote, 

chlorite, calcite and scapolite (Fig. 3). Pockets of 

quartz, tourmaline and pyrite are found in the altered 

metabasites. It is inferred that this alteration assem-

blage was formed by metasomatic reactions between 

the mafic magma and evaporitic dolomitic host 

rocks, during intrusion in a sub-volcanic setting.  
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Fig. 1– Tourmalinite formed on contact between  mafic sill 
and anhydrite-bearing quartz wacke of Norah Formation, 
Deweras Group, Norah Mine, Zimbabwe 

Fig. 2 – Peperite with dark metasomatic clots of tourmaline, 
and chloritic xenolith slivers, in contaminated 1106 Ma sill 
intruding Umkondo Group sediments in eastern Zimbabwe.  

 
Fig. 3 – Altered metabasite on NW margin of Mwombezhi 
Dome, NW Zambia, with a network of light-coloured 
alteration minerals consisting of an assemblage of calcite, 
epidote, scapolite, quartz, tourmaline and pyrite, 
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Several diabase sills crop out in the Lusitanian 

basin near Lisbon (Portugal) where they constitute, 

together with the Sintra subvolcanic Complex and 

the Lisbon Volcanic Complex, witnesses of the Late 

Cretaceous alkaline igneous province of the Iberia 

Peninsula (Rock, 1982). The Foz da Fonte (FF) sill, 

about 7 meters thick, with an Ar-Ar age of 94 ± 2 

Ma intruded into upper Albian marine carbonate 

sediments where a thin metamorphic aureole 

developed (Miranda et al., 2009; Miranda, 2010). 

This sill, provides fresh outcrops for a detailed and 

high-resolution sampling. A whole vertical section 

was sampled through 55 sites (10-20 cm vertical 

spacing) giving 154 oriented specimen that were 

measured for their Anisotropy of Magnetic 

Susceptibility (AMS), with the goal of investigating 

the vertical distribution of the magnetic fabric and 

understand the magmatic flow in the sill. 

The diabase is made of a fine-grained 

ultramafic rock containing Ti-augite, kaersutite, 

plagioclase, apatite, magnetite, and carbonate filling 

vesicules at proximity of the upper and lower 

surface (Miranda et al., 2006). Rare, discontinuous 

and horizontal concentrations of crystals, a few mm 

in thickness appear here and there along the section. 

The petrographic homogeneity of the diabase is 

attested by the small dispersion of the magnetic 

susceptibility values: Km = 54 ± 14 (10
-3

 SI units).  

Total (P: 1.1 to 5.1%), linear (L: 0.5 to 3.3%) 

and planar (F: 0.5 to 4.2%) anisotropy percentages 

(for example 4% corresponds to 1.040), as well as 

the shape factor (T) of the AMS ellipsoid are 

represented under the form of logs in the Figure 

(next page).  

The remarkably constant azimuths of K1, here 

assumed to be a proxy of the magma flow direction, 

yield a 330° mean value. The observed sense of 

imbrication of the lineation, in lower border (lower 

contact – defined as Zone 1), is concordant with a 

WNW to ESE magmatic flow. This is in agreement 

also to a magmatic source, some tens of kilometers 

to the NW of the sill, where strong magnetic 

anomalies are recorded under seawater. 

Clearly defined variations of the fabric 

parameters across the FF-sill can be sorted into five 

main zones, from base to top:  

- Zones 1 and 5 constitute the borders of the 

sill, apparently finer-grained, a few dm in-thickness. 

They record the first contact between magma and 

host-rocks at time of their opening. The fabrics of 

Zones 1 and 5, probably acquired at the very 

beginning of intrusion, yield low P values (P ∼ 1%) 

attributed to the roughness of the surface into which 

the magma was intruding.   

- Zone 3 constitutes the central part of the sill, 

a section in which magma flow was not disturbed by 

the walls of the sill, i.e., where shear flow was 

minimum hence magma transport close to pure 

translation. As a consequence, and as expected, 

lower values of total anisotropy are observed. 

Variations within Zone 3 are tentatively attributed to 

successions of magma batches. 

- Finally, Zones 2 and 4 represent sections where 

shearing was maximum (at least at the time of fabric 

aquisition), in-between the frozen parts of the walls 

and its interior (Zone 3), explaining why the crystal 

fabric is stronger (P reaching 5%). The asymmetry 

between the base of the sill (Zone 2), where linear 

fabrics largely dominate (associated with a strongly 

directional sill propagation), and the top part (Zone 

4) where planar fabrics dominate, constitute the 

most remarkable feature of the profile. We 

tentatively postulate that Zone 4 was the section of 

the sill that recorded magma flow fabrics more 

tardily, at a time when its present-day thickness was 

almost achieved, i.e. when magma pressure was 

reaching equilibrium with the lithostatic pressure. It 

results in a flattening fabric due to divergent flow. 

Alternatively, this asymmetry reflects the interaction 

between the country rock and the magma at the base 

and top of the sill. The base is possibly a passive 

surface (a detachment on top of which a fluid is 

injected), whilst the top is a lid that is deforming as 

the sill inflates and propagates vertically and 

laterally. 

This conceptual model could be refined by 

strengthening the magnetic fabric as a marker of 



 

flow direction and flow regime, by analysing other 

sections of sills having moderate thicknesses like 

FF, and by numerically modeling the flow of a 

∼1000°C magma intruding a sedimen

subsurface conditions. 
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Fig.1 – Field photograph of an outcrop of Foz da Fonte sill.
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flow direction and flow regime, by analysing other 

sections of sills having moderate thicknesses like 

FF, and by numerically modeling the flow of a 

1000°C magma intruding a sedimentary series in 
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Field photograph of an outcrop of Foz da Fonte sill. 
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Fig.2 – (Left) Vertical profile of AMS i

sill. Bulk susceptibility Km, linear (L), planar (F), total (P) 
and shape (T) anisotropy parameters, and azimuth of k1 
are represented in function of the elevation from the bottom 
of the sill. (Right) Stereoplots showing distribution of k1 a
k3 in each zone. 
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Piercement structures are common in nature and 

occur in a variety of settings ranging from 

pockmarks, mud volcanoes, hydrothermal vent 

complexes to kimberlite pipes. Even though their 

origins are diverse, they show structural similarities 

consisting of circular pipes (and pipes within pipes) 

containing intensely deformed rocks, often 

brecciated, with a lack of internal structure. 

Geological observations show that all piercement 

structures result from elevated fluid pressures. The 

mechanism for fluid pressure build-up varies 

between the different geological settings: 

a) Sea-floor pockmarks have been explained by 

several hypotheses, such as that they are formed in 

response to the expulsion of various gases, 

especially methane, originating from depth.  

b) Mud volcanoes are regularly observed in 

settings with organic rich, water-bearing sediments 

with a high sedimentation rate and low geothermal 

gradient causing the build-up of fluid pressure at 

depth (Mazzini et al., 2009). 

c) Hydrothermal vent complexes are formed in 

volcanic basins during magmatic sill emplacement 

in sedimentary rocks (Svensen et al., 2006). The 

heat diffused into the sediments results in rapid 

maturation of the organic compounds and boiling of 

the pore water, building up the fluid over-pressure. 
 

 

Fig. 1 – Drawing of experimental apparatus. 

 

d) Kimberlite pipes are formed when ascending 

volatile-rich kimberlite magma is decompressed, 

causing exsolution of fluids out of the magma and 

resulting in deeply rooted explosions . 

 

 

Fig. 2 – a. Photograph of model when a small bubble form 
at inlet. b. Photograph of model when fluidization occurs. c. 
Plot of air pressure (P) as a function of air flow rate (Q). 
Correlation between photographs and P and Q allows 
measure the parameters at bubbling (Pb and Qb) and 
fluidization (Pf and Qf) stages. 
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Despite the fact that the given geological 

examples are of very different scales and origins, 

this study aims at explaining them within a unique 

framework. We designed an experimental setup to 

study fluidization processes (Figure 1). The setup 

consisted of a vertically oriented Hele-Shaw cell 

filled with glass beads, in which compressed air was 

injected. We varied the inlet width w and depth h.  

Our main conclusions from the experiments are: 

• At a critical air velocity (vf), fluidization 

occurred within a cone, with morphological 

characteristics similar to those observed in 

nature (Figure 2).   

• The inlet velocity is the main proxy for 

initiation of fluidization in the presented 

experiments (Figure 2). Our results show 

that vf/vd almost scales linearly with h/w; 

here vd is the intrinsic Darcy velocity of the 

porous medium (Figure 3). 

 

 

Fig. 3 – Logarithmic non-dimensional plot of vb/vd and vf/vd 
as function of h/w. vd is the intrinsic Darcy velocity of the 
porous medium; h and w are the depth and width of inlet, 
respectively. 

 

We proposed an analytic model for predicting vf. 

The model is defined such that the weight of the 

fluidized zone is balanced by the seepage force due 

to porous fluid flow integrated over the fluidized 

zone. 

The main conclusions from the analytic model 

are: 

• The model predicts the scaling observed in 

the experiments between vf and h/w. 

• The analytical model under-estimates the 

experimental results. This discrepancy could 

be related to the artificial constraints 

imposed by the walls of the Hele-Shaw cell, 

localized frictional effects at fluidization and 

turbulence effects leading to non-linear 

seepage forces. 

In geological systems the pore fluid pressure is 

commonly used as the primary proxy for fluid-

induced deformation, fluidization and the formation 

of the piercement structures in general. By 

converting the critical velocities obtained from the 

models, we derived an analytical equation for the 

critical pressure for fluidization. We employed this 

expression to a variety of geological settings such as 

pockmarks, mud volcanoes, hydrothermal vent 

complexes and kimberlites. The values obtained 

from the model seem to over-estimate the critical 

pressures, notably so at the Lusi mud volcano 

(Indonesia) where the pore fluid pressures were 

measured prior to the eruption. 
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Continental Flood Basalts (CFB) occur world-

wide and represent an important part of intra-plate 

magmatism in the continents. CFBs are 

characterized by the emplacement of large volumes 

of magma (on the order of several million km
3
) 

within time periods of only a few million years or 

less. Extrusion of lavas is accompanied by extensive 

intrusion of sills and dykes into sedimentary basins. 

Among the geochemical features common to many 

CFBs are negative Nb-Ta anomalies positive Pb 

anomalies and enriched isotope ratios (commonly 

referred to as “arc-signature”). The origin of these 

features has been discussed extensively; proposed 

models include (1) partial melting of heterogeneous 

sub-continental lithospheric mantle (SCLM); (2) 

contamination during passage through the SCLM of 

magmas derived from sub-lithospheric plume or 

MORB sources, or mixing between sub-lithospheric 

and lithospheric mantle melts; (3) assimilation of 

sediments; (4) polybaric fractional crystallization; 

(5) contamination by sedimentary country rocks 

combined with fractional crystallization in addition 

to deep processes (references given by Neumann et 

al., 2011). The Golden Valley Sill Complex, Karoo 

basin, consists of a series of sills and dykes within a 

limited area (Fig. 1). We have used the large data set 

on the Golden Valley Sill Complex, together with 

Sr-Nd isotope data on selected samples, to test these 

different hypotheses (Neumann et al., 2011).  

The GVSC dolerites are subalkaline to tholeiitic 

basalts and basaltic andesites with enriched trace-

element-patterns, marked negative Nb-Ta anomalies, 

positive Pb-anomalies (Fig. 2) and moderately 

enriched initial Sr-Nd isotopic ratios. Using 

Forward-Stepwise-Discriminant-Function-Analysis 

(FS-DFA) on major and trace element compositions 

in 327 samples from sills and dykes in the GVSC 

Galerne et al. (2008) showed that all samples from 

the same unit (i.e., sill or dyke) have the same 

geochemical signature, whereas different units 

generally have different signatures. This is reflected 

in the Sr-Nd isotope data (Fig. 3).  

On the basis of the EC-RAFC (Spera and 

Bohrson, 2004) and MELTS models (Ghiorso and 

Sack, 1995; Smith and Asimow, 2005) and other 

considerations we have arrived at the following 

 
 

Fig. 1 – Simplified map showing the main sills and dykes in 
the Golden Valley Sill Complex (after Galerne et al., 2008). 
Dark grey: studied sills and dykes; light grey: others.  
 

 
 
Fig. 2 – Trace element concentrations normalized to 
Primordial Mantle (PM; McDonough and Sun, 1995); 
samples from the Golden Valley Sill Complex. 

 

model for the emplacement of the GVSC (Fig. 4; 

Neumann et al., 2011):   

Stage 1: During ascent through the lithospheric 

mantle the magmas that gave rise to the GVSC 
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dolerites interacted with wall-rocks, and attained a 

mild arc-signature.  

 
 
Fig. 3 – Variations in initial Sr-Nd isotopes, assuming the 
age of 183 Ma. Trend estimated on the basis of the EC-
RAFC model (Spera and Bohrson, 2004). Initial-melt model: 
based on mafic dyke from southern KwaZulu-Natal, South 
Africa; lower crust model: based on Proterozoic mafic 
granulite xenoliths from northern Lesotho/central Cape 
province. 

 

Stage 2: The magmas intruded the deep crust 

where they underwent different degrees of 

assimilation of melts from crustal rocks with strong 

arc-type geochemical signatures, accompanied by 

fractional crystallization (AFC processes). 

Assimilation of up to 10% melts (relative to the 

original mass of the melt body) led to different 

degrees of enrichment in strongly incompatible 

elements, changes in Sr-Nd isotopic ratios, and 

relative depletion in Nb and Ta. High-grade 

metamorphic rocks with strong “arc-type signatures” 

are found in the Proterozoic Namaqua-Natal mobile 

belt as well as in the Kaapvaal lower crust. The AFC 

processes gave rise to dissimilar geochemical 

characteristics in the melt batches that formed the 

various GVSC units. This is indicated by variations 

in color nuances in Fig. 4. 

Stage 3: Contaminated, somewhat evolved melts 

ascended to the upper crust where they formed sills 

and dykes in the layered sedimentary sequence. 

During and/or after emplacement the melts were 

subjected to a new stage of fractional crystallization 

(up to 60%; indicated by vertical zoning to lighter 

colors in Fig. 4). Locally the magmas also 

underwent a new stage of contamination, possibly 

caused by fluids released from the sedimentary wall-

rocks during contact metamorphism and 

devolatilization. Our results indicate a combination 

of the models outlined above. 

 

 
 

 
Fig. 4 – Schematic presentation of the ascent through the 
lithosphere of melts that gave rise to the GVSC dolerites, 
showing processes believed to have taken place at different 
depths and in different areas. The figure is not to scale. 
G56, QU1 and LA1 represent drill core samples that have 
also been studied. See text for explanation. 
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Rhythmic magmatic layering in granitoids is an intriguing feature that has been reported from plutons with contrasting 

chemical compositions from a wide range of tectonic settings. Understanding the origin of layering in granites is 

important as this may give crucial insights on the physical-chemical conditions within magma chambers during their 

construction. For example, such studies may provide information on the role of magmatic processes such as fractional 

crystallization during growth of; the size and composition of individual magma batches which contributed to the 

growth of the pluton; and, the interaction of these batches with the host magma. Layered granites are rare and occur 

associated with volumetrically dominant non-layered rocks having similar composition. In the Cape Granite Suite, 

repetitive, rhythmic layering is exceptionally well preserved in outcrops of the S-type granodioritic to monzogranitic 

Peninsula Pluton at the town of Llandudno. However, less well preserved layered structures are common in the pluton 

and are typically represented by layered rafts of biotite schlieren.  

At Llandudno, the host granite is a coarse-grained, cordierite and K-feldspar phenocrystic granodiorite. Layering 

occurs within several lens shaped bodies, the largest of which has a thickness of some 5m and consists of 50 layers 

with thickness ranging between 5 and 50 cm. Each layer is characterized by a sharp lower contact and a biotite rich 

lower portion containing approximately 80vol % biotite. This mafic lower portion, grades upwards into a strongly 

leucocratic upper portion enriched in plagioclase, quartz and K-feldspar. Biotites and plagioclase display cumulate-

like texture in the mafic portion of the layers, with additionally the frequent occurrence of symplectic biotite quartz 

clots that are fine grained and interpreted to be replacements products of orthopyroxene. Biotite Mg# {100(MgO/ 

(FeO+MgO))} changes systematically within layers from the base to the top (e.g. 28 to 20); and within the basal parts 

is significantly different between layers (e.g. variation from 24 to 28 in another example). Plagioclase displays 

oscillatory zonation, without any significant change in composition between the mafic and leucocratic parts of layers. 

The layered rocks host a substantially lower abundance of K-feldspar megacrysts and cordierite than the surrounding 

host granite. In particular, cordierite crystals are five times less abundant in the layered rocks than in the Llandudno 

granite and are concentrated in the boundary between the mafic and leucocratic part of each layer. The K-feldspar 

megacrysts that do occur within the layers are commonly smaller (typically 50%), are generally concentrated in the 

mafic part of some of the layers and are commonly oriented parallel to the layering. Small scale structures preserved 

within the layering include: load-casts, flame-like structures, faults and erosion surfaces.  

The whole rock compositions of the layered rocks are peraluminous with A/CNK > 1.4. They have lower Mg#s (from 

51 to 58) than the host granite (from 51 to 65). The structures within the layering suggest formation through repeated 

injection of different magma batches into a crystal mush represented by the host granite. The differences in biotite 

composition in basal sections of adjacent layers suggest that each layer represents a separate magma. The biotite 

compositions within each layer, coupled with the biotite textures, suggest that the mafic portions of the layers largely 

represent an accumulation of the crystals in the magma batch at the time of injection and that these crystals mostly 

consisted of orthopyroxene (now very largely reacted to biotite) and biotite. The upper portions of the layers largely 

represent the minerals crystallised from the melt from which these crystals separated. The layering at Llandudno is 

important because it seem to represent a unique snapshot into the process that has gone on many times, with the 

biotite schlieren common in the pluton representing the equivalents of the layering that have become partially digested 

and texturally equilibrated with the host magma. Thus, the layering is interpreted to represent a frozen feeder zone in 

the pluton recording small successive pulses of magma addition. The common occurrence or swirled and disrupted 

layered biotite schlieren within the broader pluton suggest that such material may have contributed a significant 

fraction of the pluton. 
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Figure 1- The photograph illustrating the outcrop with the layering. The orientation of the layering is variable, striking 50 to 100º 
and dipping 35 to 65º towards the NW. Harker variation diagram (a), compares selected major oxide composition of the five 
groups, mafic and leucocratic sublayers, Llandudno granite, complete layer and Peninsula pluton.  Harker diagrams (b) and (c) 
show the biotite composition in the mafic layers with each group having a specific Mg#, an indication that each layer was 
formed by injection of the new magma. Blue diamonds, pink squares, yellow triangle and purple circles indicate samples 
collected from bottom to top of the layer. 
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Sequences of volcanic lithofacies generated in 

glacial settings are key paleoenvironmental 

indicators in reconstructing past ice thickness, 

extent, and type. The correct recognition of different 

types of volcanic lithofacies is therefore an essential 

base for environmental interpretations. In 

glaciovolcanic settings, the high proportion of 

magma transformed into hyaloclastite by the 

eruptive contact against ice, coupled with the rapidly 

evolving morphology of the volcanic edifices, 

makes it difficult to easily distinguish volcanic 

litofacies among each other. Remarkably difficult is 

the correct identification of the different types of 

non-fragmented to poorly fragmented lava products. 

The most prominent areas for the investigation of 

these deposits are located in Antarctica, where 

widespread volcanism in coastal Victoria Land, 

Marie Byrd Land and in the Antarctic Peninsula 

accompanied the evolution throughout most of the 

Neogene of the East Antarctic Ice Sheet, the West 

Antarctic Ice Sheet and the Antarctic Peninsula Ice 

Sheet, respectively. 

In northern Victoria Land, late Miocene to 

Quaternary volcanic sequences of the Hallett and 

Melbourne volcanic provinces crop out along the 

western Ross Sea coast. Volcanic lithofacies were 

generated in association with a Neogene glacial 

cover and the sequences are overwhelmingly 

glaciovolcanic. A wide variety of lithofacies, 

including lava-like layers, has been idenfied, and 

their interpretation enables estimates of past ice 

thicknesses and other defining parameters of the 

coeval ice sheet to be made with considerable 

certainty (Smellie et al., 2011b). In detail, four main 

lava-like layers can be found interlayered within 

hyaloclastite-rich glaciovolcanic sequences: (i) 

intravolcanic sills, (ii) lava flows, (iii) pahoehoe 

lava-fed deltas, and (iv) aa lava-fed deltas. 

Intravolcanic sills and dykes are well exposed on 

cliffs cut by failure and collapse of volcanic edifices 

after internal gravitational instability and/or tectonic 

faulting. Sills give no paleoenvironmental 

indications and have therefore to be distinguished 

from lava flows, a task requiring careful close-up 

observations to discriminate blocky to frothy 

peperitic carapaces of sills (linked to magma 

interaction with enclosing wet hyaloclastites) from 

scoriaceous/brecciated surfaces of aa lava flows 

(Fig. 1). 

 

 
Fig. 1 – Aa lava flow with brecciated upper and lower scoria 
layer resembling a sill with a peperite carapace intruded 
into hyaloclastite. 

 

On the other hand, sills intruded in dry 

strombolian sequences lack these carapaces and are 

readily recognized as such (Fig. 2). 

 

 

Fig. 2 – Sill intruded in reddened strombolian scoria layers. 

 

Simple lava flows or agglutinated scoria deposits 

are uncommon in glaciovolcanic sequences, yet their 

recognition is important to mark subaerial eruptive 

phases. 

Remarkable glaciovolcanic deposits are lava-fed 

deltas, volcanic sequences that forms when lava 

enters water, in either marine/lacustrine or glacial 

environment, and represent extraordinarily useful 
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indicators of fossil water (and ice) levels. Lava-fed 

deltas described so far are commonly sourced in 

pahoehoe lava flows (Smellie et al., 2008). 

On the other hand, aa lava-fed delta is a type of 

glaciovolcanic sequence that has not been described 

until recently (Smellie et al., 2011a). Essential 

features of aa lava-fed deltas include (1) a 

subaerially emplaced relatively thin caprock of aa 

lavas lying on and passing down-dip to a very 

crudely developed subaerial to subaqueous 

transition, called "passage zone", (2) a distinctive 

chaotic subaqueous association of abundant lava 

lobes and hyaloclastite with admixed vesicular, 

often reddened (oxidized) lava clinkers, and (3) rare 

subaqueous stratification with predominantly low 

dips and layer thickening (Fig. 3). 

 

 
Fig. 3 – Double sequence of aa lava-fed deltas. 

 

Deltas fed by aa lava should be at least as 

common as those sourced in pahoehoe yet they have 

been very rarely described. Although facies models 

for pahoehoe lava-fed deltas are well established, the 

architecture and lithofacies of aa-fed equivalents are 

substantially different and likely to be misidentified. 

This can have profound consequences for 

paleoenvironmental investigations, particularly those 

attempting to reconstruct past ice sheets. Thus, 

facies models for emplacement conditions of 

different types of lava flows and deltas will facilitate 

the recognition and environmental interpretation of 

these important sequence types in ancient 

successions. 
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Declining natural gas production worldwide has 

caused a shift in focus to unconventional sources 

such as the Karoo Basin, the broad arid plateau that 

covers much of the interior of South Africa. The 

plateau is supported by the stable Archean Kaapvaal 

Craton in the north and several surrounding 

Proterozoic basement blocks in the south, and 

formed within the continental interior of Gondwana 

during the Late Carboniferous (300 Ma) to Middle 

Jurassic (125 Ka). No clear tectonic model exists for 

the Karoo Basin, with several hypotheses regarding 

the nature of the subsidence resulting in basin 

formation, which in turn has implications for shale 

gas formation within the basin. 

The aim of this study is to develop a 3D 

model of the southwestern Karoo Basin. This model 

will be used to carry out isostasy and flexure studies 

on the lithosphere in this region in an attempt to gain 

new insight into the possible evolution of the Karoo 

Basin on and off craton.  Here we present 2D gravity 

and magnetic models across the southwestern Karoo 

along with a combined preliminary 3D model. The 

magnetic models include the Beattie magnetic 

anomaly which stretching from east to west across a 

large portion of southern South Africa and the origin 

of which is also debated.  

The models presented here are based on 

seismic and potential field data (Stettler et al. 1999; 

Venter et al. 1999), along with geological and 

structural information that covers the entire basin 

(Johnson et al. 2006; Tankard et al. 2009). 

Information about the Moho structure was derived 

from teleseismic data collected during the Southern 

Africa Broadband Seismic Experiment (Nguuri et al. 

2001). The model have been further constrained 

using SOEKOR borehole data, as well as processed 

on- and off-shore seismic lines (Parsiegla et al. 

2007; Stankiewicz et al. 2007; Parsiegla et al. 2008; 

Lindeque et al. 2011; Loots 2011), as well as 

magnetotelluric (MT) data (Weckmann et al. 2007) 

and magnetic depth-to basement estimates. The 

density and susceptibility values used are based on 

borehole and hand sample data, as well as p-wave 

seismic velocity to density conversion curves.  

The main feature in the gravity model (Fig. 

1b and c) is the gravity decrease as the Moho 

deepens further inland/north from the ocean-

continent boundary. Additional bodies are needed in 

the crust and mantle in the 3D model to fit the 

measured data. As indicated by reflection and 

refraction data, the body causing the Beattie 

anomaly in the magnetic model (Fig. 1d) is located 

in the middle crust between ~10 and 20 km depth, 

with a high susceptibility value (the value given is a 

preliminary estimate. Remament magnetisation is 

not included). The main magnetic body correlates 

with a high seismic velocity anomaly (“BMA”, Fig 

1d), though an additional body is needed to the 

south, with slightly lower susceptibility and seismic 

velocity (“Anom”, Fig 1d), in order to fit the 

measured field. An apparent deepening and split in 

the body is modelled to the west in the 3D model.  

Density and susceptibility values used during 

modelling are listed in Table 1. 

The models will now be used to consider 

how the Beattie anomaly formed in the context of 

the broader South African tectonic history, as well 

as the flexural response of south-western South 

Africa lithosphere. 

 
Table 1.   Density and susceptibility values used for 
gravity and magnetic models shown in Fig. 1. 

 Density (g.cm
-3

)  Suscept (SI)  

Karoo  2.55 0.001 

Cape  2.65 0.001 
Middle crust  2.8 0.008 
Lower crust  2.9 0.003 
Beattie (BMA)  2.9 0.13 
Anom 2.9 0.095 
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   a)  
    d)  

     b)      c)  

Fig. 1 – a) Geological map of the western Karoo showing datasets used, including Council (red triangles) and SOEKOR (blue 
triangles) boreholes, and several seismic lines (Lindeque et al. (2007) - yellow; Stankiewicz et al. (2007) - red; Parsiegla et al. 
(2007, 2008) - purple; Loots (2011) - green) and magnetotelluric lines (Weckmann et al. (2007) - blue);  b) 2D gravity model 
extended north along Stankiewicz et al. (2007) eastern profile shown in (a). Upper panel shows the observed gravity field (thick 
black line), modelled gravity (thin black line), and error (red line). Lower panel shows 2D gravity model with density values in 
g.cm

-3
, with Stankiewicz et al. (2007) seismic image and SOEKOR borehole logs (circular wells) overlain;  c) 2D gravity model 

extended north along Stankiewicz et al. (2007) western profile shown in (a), with details same as (b);  d) 2D magnetic model 
along Stankiewicz et al. (2007) eastern profile shown in (a). The upper panel shows the observed magnetic anomaly (thick black 
line), modelled anomaly (thin black line), and error (red line). The lower panel shows the created 2D magnetic model, with 
susceptibility values in SI. Stankiewicz et al. (2007) seismic image is overlain. Main magnetic bodies used to fit the anomalies 
are “BMA” (yellow squares, 0.13 SI) and “Anom” (red squares, 0.095 SI). 
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Laccoliths reveal a wealth of geometries and 

contact textures depending mainly on magma 

viscosity, magma volume and emplacement rate, and 

(soft vs. lithified) host conditions (e.g., Coira and 

Perez 2002, Morgan et al. 2008). In the present 

study, an exceptional data set of 63 wells is used to 

explore the geometry and textures of the Landsberg 

laccolith margin in the Halle Volcanic Complex 

(HVC; Fig. 1).  

The HVC comprises mainly rhyolitic 

subvolcanic bodies (~200 km
3
)

 
as well as minor lava 

flows and volcanoclastic deposits (Mock et al. 2005, 

Breitkreuz et al. 2009). HVC laccoliths intruded into 

the Siebigerode Formation and the overlying Halle 

Formation of the Late Carboniferous-Early Permian 

intermontane Saale basin. The Wettin Subformation 

represents the coal seam-bearing basin centre 

deposits of the Siebigerode Formation. SHRIMP 

U/Pb zircon ages range between 292 and 301 Ma, 

indicating a 9 Ma evolution of the HVC (Breitkreuz 

et al. 2009). 

Data from > 1000 wells revealed that the major 

HVC laccolith units are separated by tilted host 

sediments (Fig. 1; Kampe et al. 1965). Vitrinite 

reflectance measurements in coal seams of the 

Wettin Subformation close to the Löbejün laccolith 

margin and close to precursory intermediate sills 

indicate contact aureoles of less than 2 m (Schwab 

1962). Mock et al. (2005) described wells exposing 

remarkably sharp contacts between laccolith bodies 

and the host sediments. Contact textures include 

small-scale fragmentation of the intruding magma; 

intrusion-related shear strain was accommodated in 

the unconsolidated host sediments (Fig. 2).  

The Landsberg laccolith located in the south-

eastern part of the HVC measures approximately 8 

by 10 km, its base is not known. Average silica 

content is 72 % SiO2 and the amount of felsic 

phenocryst varies between 20 and 30 %. K-feldspar 

phenocryst size ranges between 12 and 40 mm 

(Mock et al. 2005).  

The studied wells are concentrated in a small 

area (~10 km
2
), and they have been used to explore 

the geometry and textures at the margin of the 

Landsberg laccolith (Fig. 1). These wells, with a 

maximum depth of 710 m, have been drilled during 

uranium, coal and hydrogeological exploration. We 

investigated the laccolith-host contacts, the dip of 

the host sediments, and, where possible, 

differentiated between the Wettin Subformation and 

the Halle Formation.  

For a 3d visualization of the Landsberg laccolith 

margin, GOCAD Paradigm
®

 software was used. 

Curve objects have been derived from the intrusion-

host contacts. The curve objects were connected to 

form triangular interpolated surfaces, which have 

been combined to complex geometric bodies. 

Automated GOCAD methods for 3d modeling 

failed. As a result manual refinement was essential. 

A major finding of the 3d modeling is the 

presence of various large sediment bodies 

surrounded by porphyritic rhyolite of the Landsberg 

laccolith (Fig. 3A).  Within the sediment domains, 

wells expose soft sediment deformation and tilting 

(Fig. 3B). The largest sediment domain measures 

750 m. The engulfing laccolith sheets reach 

thickness of more than 100 m.  

Inspired by the sheet geometry of the Trachyte 

Mesa laccolith in Utah (Morgan et al. 2008), we 

assume a lid-par-lid emplacement mode at the top of 

the Landsberg laccolith. Downward or upward-

directed progradation of magma sheets may have 

engulfed the host sediments at the Landsberg 

laccolith margin (Fig. 3C, D).   
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Fig. 1 – Major laccolith units of the Halle Volcanic Complex 
(outcrop and subcrop) with emplacement ages (modified 
after Breitkreuz et al. 2009). 

 

 

 

Fig. 2 – Landsberg laccolith/Wettin Subformation contact, 
shear strain accommodated mainly in the host sediment 
(scale is 5 cm). 

 

 

 

 

Fig. 3 – A: Northward view on the GOCAD model, showing 
the well data set and different sediment bodies surrounded 
by porphyritic rhyolite; B: N-S profile through the model 
depicting the position of wells and the angle between well 
axis and dip of laccolith contacts or of bedding, 
respectively; Two scenarios for rhyolitic sheets engulfing 
sediment domains at the laccolith margin: downwardly 
directed sheeting (C); upwardly directed sheeting (D); green 
– Landsberg laccolith, red – Halle Formation sediments, 
gray – Wettin Subformation sediments, orange – Cenozoic 
sediments. 
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Field evidence gleaned from our exploration and 

research activities in the Bushveld Complex over 

many years suggests that the cyclic unit, a logical 

extension of the concept of magmatic sedimentation, 

is no longer tenable.  We also diverge from the 

alternative hypothesis, i.e. fluid-based processes 

including double diffusive convection that are reliant 

on a large body of resident magma. The intercalation 

of ultramafic and noritic-anorthositic layers for 

which the Upper Critical Zone, which hosts the PGE 

reefs, is so well known is not coincidental.  We 

believe a paradigm shift is required in our 

interpretation of these unusual rock sequences.  We 

draw on the work of Sharpe & Irvine (1983) in 

suggesting they are the product of two distinct 

magmatic lineages of broadly ultramafic (U) and 

mafic or tholeiitic (A) character but advance an 

entirely new hypothesis: non-sequential and 

discordant, sill-like intrusion of fresh magma 

batches into a pre-existing cumulate sequence. 

 

The concept of non-sequential intrusion of new 

magma batches is not entirely new as Eales et al. 

(1988) and Lee and Butcher (1990) advocated this 

possibility to explain Sr-isotopic systematics of the 

Merensky and Bastard units from the western and 

eastern limbs, respectively.  They argued that the 

lowermost part of the overlying Main Zone was 

emplaced before the uppermost part of the Upper 

Critical Zone.  Mitchell and Scoon (2007) came to 

the same conclusion from detailed studies at 

Winnaarshoek (eastern limb) and made the logical 

extension to suggest a bimodal origin for the 

ultramafic and noritic-anorthositic components of 

the Merensky unit.  Non-sequential intrusion of 

ultramafic magmas as sill-like entities within earlier-

formed noritic-anorthositic cumulates is consistent 

with regional field relationships, for example, 

between the Swartklip facies of the north-western 

Bushveld Complex (in particular the Union mine) 

and Winnaarshoek.  The former is proximal relative 

to a putative feeder, the latter a cooler, more distal 

facies. The entire sequence between the UG2 and 

Merensky reefs at the Union mine is dominated by 

ultramafic units (that include abundant olivine), in 

part stacked one upon another, whereas at 

Winnaarshoek the sequence is dominated by norite-

anorthosite.  The vertical separation of the UG2 and 

Merensky reefs, <30 m at Union, >400 m at 

Winnaarshoek, is significant.  Field relationships 

reveal that the so-called magmatic cycles are simply 

intercalated sequences of two unrelated lithological 

groups, ultramafic and norite-anorthosite.  The latter 

were emplaced prior to injections of ultramafic 

magmas. Layers of chromitite, harzburgite, and 

pyroxenite are ascribed to repeated intrusion of 

separate magma pulses.  Chromitites accumulated 

from chromite-charged magma slurries or as 

reaction features upon the sill walls. Each unit of 

ultramafic layers reflects multiple injections and 

even discrete layers have a complex history.  For 

example, the 1.8 m wide Merensky reef at 

Winnaarshoek (as defined by the upper and lower 

chromite stringers) incorporates a dozen or so sub-

cycles, each of which is correlated with discrete 

intrusions within a sill-like feature that repeatedly 

reopened.  The paradox of mineralized ultramafic 

reefs being juxtaposed with layers of barren mottled 

anorthosite, a unique feature of the Upper Critical 

Zone, is implicit to our hypothesis: mottles formed 

by disequilibrium partial melting of earlier-formed 

norite-gabbronorite triggered by heat from the 

ultramafic magmas.  An additional facet of this part 

of our hypothesis is that we interpret the enigmatic 

pegmatoidal components of the Merensky and other 

units as due to partial melting and reconstitution of 

earlier-formed cumulates. 

 

Many physical attributes of the Merensky unit are 

replicated in the Pseudo Reef Unit in the Swartklip 

facies.  The Pseudo Reef consists of a poikilitic 

feldspathic harzburgite some 5 m thick (colloquially 

referred to as the “Tarentaal”), bounded top and 

bottom by pegmatoidal olivine orthopyroxenite. 

Lateral variations provide compelling evidence of 

the origin of the separate layers as multiple sills.  In 

the south and central (proximal) parts of the 

Swartklip facies, ultramafic components are stacked 

one upon another, but in the north (distal) parts 

individual layers bifurcate and are eventually 

eliminated.  In the intermediate facies, the ultramafic 

layers are intercalated with norite-anorthosite; 
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contacts (upper and lower) are sharply defined and 

typically reveal thin chromitite stringers between the 

harzburgite and plagioclase cumulates.  In the 

central parts of the Swartklip facies, the pegmatoidal 

pyroxenite that normally bounds the harzburgite is 

intact, despite the fact that the latter has pinched out. 

In the most distal parts, where the Pseudo Reef unit 

is assumed not to have developed, a marker horizon 

known as the “lone chrome seam”, as well as an 

anomalous troctolite, are, we believe, evidence of 

the passage of a thin sheet of hot, ultramafic magma 

laterally through the earlier-formed leuconorite (the 

normal host rock at this height).  Although we do 

not have space to elaborate this hypothesis for the 

UG2 Reef, a similar explanation to that we have 

proposed for the Merensky and Pseudo Reef units is 

consistent with field relationships. 

  

The Platreef, which is restricted to the northern limb, 

differs from the thin, stratiform reef-deposits of the 

western and eastern limbs in that it consists of a far 

more complex sequence of ultramafic and mafic 

lithologies locally >250 m in thickness.  Large-scale 

contamination by dolomite floor rocks is now 

generally seen as inconsequential to the mineralizing 

process, but we differ with recent contributions in 

that we believe the Platreef is not a succession of 

upward-younging units.   We propose a far more 

complex hypothesis of non-sequential intrusion of 

discrete magma-batches.  We have also found that 

harzburgite is the most significant component (this 

was not previously recognized). To discriminate 

between richly mineralized and low grade Platreef, 

we identify the primary orebody at the deep Akanani 

project, where we have undertaken a detailed 

investigation, as the Main Mineralized Reef (MMR).  

The MMR is one component of the low-grade 

Platreef Unit.  Field relationships are clearer at 

Akanani than in open pit operations where the 

sequence is disrupted by higher concentrations of 

xenoliths and mineralization is located much closer 

to and even partially within the floor rocks.  The 

sequence is dominated by medium to fine-grained 

gabbronorite-websterite lithologies with minor 

feldspathic orthopyroxenite. The harzburgite (and 

minor chromitite) occurs as partially discordant 

layers and lens within the gabbronorite-websterite. 

Pegmatoidal rocks (pyroxenite-gabbronorite) 

constitute a third group.  The MMR, a composite 

group of layers (defined by grade) is dominated by 

harzburgite; juxtaposed pegmatoidal rocks may also 

be well mineralized. The gabbronorite-websterite 

lithologies are typically poorly mineralized.  Our 

hypothesis of non-sequential emplacement is as 

follows: (a) the lowermost part of the overlying 

Main Zone was emplaced first (this is probably a 

regional feature); (b) the gabbronorite-websterite 

component of the Platreef Unit was intruded 

between the Main Zone and the floor rocks in 

response to repeated injections of tholeiitic magma; 

(c) the harzburgite (and minor chromitite) within the 

MMR and subordinate reefs developed from 

repeated sill-like injections of ultramafic magma, 

mostly into the gabbronorite-websterite, but locally 

into the Main Zone (thus the age-constraint noted in 

(a) and (b)); and (d) the pegmatoidal lithologies 

formed from partial melting and reconstitution of 

gabbronorite-websterite proximal to the harzburgite. 

 

The key factor in the development of all mineralized 

reefs in the Bushveld Complex is the non-sequential 

intrusion of discrete lineages of tholeiitic and 

ultramafic magmas (Scoon & Mitchell, 2009).   We 

include both narrow stratiform reefs and the much 

thicker Platreef within our overarching hypothesis of 

lateral mixing, whereby thin sheets of PGE-rich 

ultramafic magma were intruded into a pre-existing 

sequence.  Ultramafic magmas were injected along 

near-horizontal planes within the cumulate substrate.  

Our interpretation is thus entirely incompatible with 

downers and uppers. Mass balance considerations 

are overcome in our hypothesis by feeding fresh, 

mineralized magmas along sill-like passageways 

that repeatedly re-opened.  The sill-like features 

broke down in distal areas where reefs are either 

poorly mineralized or absent.  The occurrence of 

areas of much richer reef in proximal areas is 

consistent with persistent reopening of passageways 

near feeders. The extraordinary grades associated 

with some chromitite layers (e.g., basal part of the 

UG2 Reef) and stringers (e.g., uppermost stringer in 

the Merensky Reef) is compatible with PGE being 

repeatedly extracted by the chromitite from fresh 

charges of magma transported along a passageway 

that repeatedly re-opened. 
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Discordant bodies are an important component of 

the Bushveld Complex, South Africa.   They form 

subvertical pipes as well as discs, sheets, pods, 

dykes, and veins.  The largest pipes have diameters 

of between 300 m and 1 km and may severely 

disrupt mining of layered reefs. Sheet-like 

occurrences are known that crop out over several 

km
2
.  The two most important groups of discordant 

body recognized by Viljoen and Scoon (1985), 

mostly from the Critical Zone the height at which 

the economic reefs are located, are the dunite pipes 

and the iron-rich ultramafic pegmatite (IRUP).   The 

qualifier “magnesian” is used to distinguish the 

dunite pipes from occurrences of hortonolite dunite 

that are categorized with the IRUP.  These latter are 

unusual rocks that consist of pegmatitic assemblages 

of iron-rich olivine (Fo44) and augite together with 

coarse aggregates of Ti-magnetite/ilmenite (between 

5 and 25 modal per cent).  Accessory phases include 

amphibole, mica, and sulphides.  The entire absence 

of plagioclase (except in marginal facies) is both 

diagnostic and problematic to hypotheses. 

 

The magnesian dunite pipes are readily identified 

from the IRUP: they are dominated by an 

assemblage of fine-to-medium grained olivine (Fo85-

82) with accessory Cr-spinel.  They are similar to 

dunite layers from the Lower Zone, with the 

exception that the olivine reveals an annealed, foam-

like texture due to the entire absence of interstitial 

silicate phases.  Cr-spinel accounts for between 0.5 

and 1 modal per cent.  Dunite pipes located in 

pyroxenitic sequences are generally homogenous, 

but those within noritic cumulates are zoned: they 

include rims of pyroxenite pegmatite.  A transitional 

assemblage of wehrlite pegmatite in which the 

olivine is partly replaced by pyroxene is typically 

encountered. The Winnaarshoek pipe (Scoon & 

Mitchell, 2004) is of considerable importance as it is 

a large, zoned pipe emplaced in the lowermost part 

of the Main Zone.  This is the stratigraphically-

highest of the dunite pipes that have been described.  

The most well known pipes in the Bushveld 

Complex are the four platiniferous occurrences that 

are found within a 20-km belt of the eastern limb.  

They differ sufficiently from one another to have 

warranted separate investigations (Wagner, 1929), 

but despite this they are similar enough to have 

enabled us to have established a holistic genetic 

hypothesis.   In our contributions on the Driekop 

(Scoon & Mitchell, 2009), Onverwacht (Scoon & 

Mitchell, 2010), and Twyfelaar (Scoon & Mitchell, 

2004) pipes we noted that despite being aligned 

perpendicular they incorporate anastomosing sheets 

and lenses that may pseudomorph the primary 

layering.  The wall rocks to some of the pipes are 

severely disrupted and downwarped.  Our detailed 

mapping (underground in new workings at the 

Driekop mine; field mapping at the other localities) 

has enabled us to present some new insights into 

these complex phenomena. 

 

The Mooihoek pipe (Scoon & Mitchell, 2011), the 

site of the first discovery of economic platinum 

mineralization in South Africa, is of particular 

interest.   This pipe crops out well into the footwall 

of the stratiform UG2 and Merensky reefs.   

Mineralogical and chemical zonation is pronounced.  

PGE were concentrated within a small, carrot-

shaped core-zone of iron-rich rocks (this has been 

almost entirely mined out).  The core-zone was 

entirely emplaced within a much larger, yet wholly 

discordant body of magnesian dunite, which in turn 

is constrained within concentric envelopes of iron-

rich wehrlite and iron-rich clinopyroxenite 

pegmatite. The core-zone was itself zoned 

(according to Wagner), consisting of a central kernel 

of richly mineralized and very coarse-grained 

hortonolite dunite pegmatite enclosed by an annular 

body of somewhat lower grade iron-rich wehrlite 

pegmatite.  The composition of the magnesian 

dunite component of the mineralized pipes is tightly 

constrained, and in turn is similar to that reported for 

the unmineralized pipes.  The iron-rich assemblages 

within the mineralized pipes, however, reveal a 

much broader range of compositions (Fo73-44).   The 

mineralogy and composition of the central core-zone 

at the Mooihoek and Onverwacht pipes is similar to 
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the IRUP from other occurrences.  (This is unlikely 

to be coincidental and is indicative these pipes are 

highly anomalous being comprised of both 

magnesian dunite and IRUP.) 

 

The occurrence of the Onverwacht pipe within 

pyroxenitic cumulates, together with the diffuse 

nature of the contact, led Cameron & Desborough 

(1964) to propose a metasomatic hypothesis.   The 

possibility of opx being converted to olivine and 

chromite being incorporated into the pipe from the 

wall rocks is partly consistent with field 

relationships at this locality, but cannot be 

applicable to pipes located within anorthositic 

sequences.  The absence of chromite from the host 

rocks to the Winnaarshoek pipe is also significant in 

this regard.   We interpret the dunite pipes, both the 

unmineralized occurrences and the principal 

components of the platiniferous pipes as primary 

magmatic features.    They formed by a process of 

flowage differentiation of ultramafic magma 

intruded through vertical conduits within earlier-

formed sequences of pyroxenite and norite.  Olivine 

and Cr-spinel were the only products to crystallize 

from the magma. The diffuse nature of the 

Onverwacht pipe, as well as satellite bodies adjacent 

to the Driekop pipe in one specific area where the 

wall rocks are pyroxenitic, is ascribed to the 

incongruent melting relationship between olivine 

and opx.  (This style of reaction with the wall rocks 

is restricted to localities that transgress pyroxenitic 

sequences.)  The magma was of Lower Zone lineage 

and is consistent with the ultramafic sills first 

described by Sharpe (1981).  Rejuvenation of 

ultramafic magmas within the Critical Zone has 

important consequences for our understanding of the 

layered reefs.   

 

The differentiated pyroxenitic envelope within pipes 

that transgress noritic sequences – these rocks are 

not replicated within other discordant bodies - 

crystallized from ferromagnesian melts that 

percolated downward within the partially melted 

envelopes.  Melting was triggered by heat transfer 

away from the conduit during emplacement of the 

dunite.  This is compared with the disequilibrium 

partial melting of noritic wall rocks to the 

Basistoppen sill in the Skaergaard intrusion, where 

ferromagnesian phases were melted, yet the 

plagioclase formed a refractory residue (Naslund, 

1986). Experimental evidence suggests a framework 

of plagioclase crystals can remain intact with up to 

50% partial melting of basalt.  Evidence supporting 

the selective removal of pyroxene from wall rocks is 

provided by the paucity of mafic layers in the 

downwarped envelope.  The melt is argued to have 

been dense and thus drained downward toward the 

periphery of the pipe, inducing major collapse 

structures within the partially melted wall rocks. The 

dominance of augite in outer envelopes of this type 

implies some contamination of the locally derived 

melt by plagioclase.  The pegmatitic texture is 

indicative of a significant component of fluids.  This 

interpretation is in part supported by the absence of 

collapse structures around pipes located in 

pyroxenitic wall rocks. The origin of the core-zones 

within the mineralized pipes is related to the 

formation of the IRUP (Scoon & Mitchell, 1994), 

and as noted above this is outside the scope of this 

study.  They are unusual in that the IRUP replaced 

earlier-formed dunite (pipes), rather than earlier-

formed cumulate (layers) as in other localities. 
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Sills and dykes of the Early Cretaceous High 

Arctic Large Igneous Province (HALIP) can be 

found in on-shore outcrops in Franz Josef Land, 

northern Greenland, the Canadian Arctic, on the 

Siberian De Long Islands and Svalbard. Seismic, 

magnetic and gravity data also suggest an extensive 

offshore extent of the HALIP which, if paleotectonic 

reconstructions are applied, was sourced from a 

mantle plume located near the Alpha Ridge (Maher, 

2001, Nejbert et al., 2011). 

On Svalbard, HALIP rocks are represented by 

the doleritic sills and dykes of the Diabasodden 

Suite (DBS, Nejbert et al., 2011). The DBS is 

regionally extensive across Svalbard, and is 

particularly well exposed and easily accessible in the 

inner parts of Isfjorden in Central Spitsbergen.  

Drilling, fieldwork and seismic acquisition 

carried out as part of an ongoing reservoir 

characterization program for the Longyearbyen CO2 

Laboratory project has identified several igneous 

intrusions in the Triassic target aquifer. Well data 

show a substantial (~60 bar) sub-hydrostatic 

pressure regime in the reservoir at the planned 

injection site. The gently dipping reservoir reaches 

the surface just 15 km from the well-site, which 

should allow pressure communication with the 

surface. The observed under-pressure must thus 

originate from local compartmentalization caused by 

the presence of lateral flow barriers (faults, lateral 

pinch-outs, permafrost, igneous intrusions or a 

combination thereof). In this contribution we collate 

a range of available data sources in order to 

constrain the geometry of igneous features in inner 

Isfjorden. The aim of this exercise is to (1) 

accurately model these intrusions as part of the 

ongoing CO2 storage project and (2) contribute to 

the general understanding of the DBS magma 

plumbing system.    

Within the inner Isfjorden study area, the DBS 

typically consists of 1-100 m thick sills and up to 15 

m thick dykes. Individual sills can normally be 

traced laterally for 10-15 km, although some may 

extend up to 30 km. Subordinate dykes are often 

poorly exposed and covered by scree, but are 

typically traceable over distances of up to 4 km. In 

the study area the erosion-resistant sills typically 

form mountain plateaus, protecting the underlying 

rocks. A detailed study of the Botneheia mountain, 

using field data and LiDAR data, indicates minor 

thickness variation along the sill length (Fig. 1).  

Onshore and offshore 2D seismic data indicate 

the presence of discontinuous, layer-transgressive 

and high-amplitude reflectors which are interpreted 

as sills. A saucer-shaped geometry is illustrated by a 

similar high-amplitude reflector (Fig. 2a), typical for 

igneous intrusions in sediments as seen in other 

provinces such as the South African Karoo Basin or 

the Norwegian Møre and Vøring basins. High-

resolution multibeam bathymetry also captures 

curved resistant ridges on the seafloor, interpreted as 

possible inclined rims of saucer-shaped intrusions 

(Fig. 2b, c). An up to 100 m high and 600 m wide 

stock-like system near Kapp Thordsen may 

represent a feeder system. Fieldwork also suggests 

possible saucer-shaped geometries at 

Wallenbergfjellet and parts of southern Dickson 

Land, in addition to numerous layer-transgressive 

dykes.  

Due to their 3D geometry saucer-shaped 

intrusions have the potential to compartmentalize a 

reservoir if their layer-transgressive margins cross 

the boundary between an underlying reservoir and 

an overlying seal.   

While 3D seismic would be required to provide 

unequivocal rendering of sub-surface intrusion 

geometries on Svalbard, fieldwork has revealed that 

the target aquifer in the study area contains 

extensive layer-transgressive intrusions. A 5 m thick 

doleritic dyke at Botneheia cuts through the entire 

target aquifer and is ca. 3 km long. Such dykes have 

been shown, particularly if unweathered, to act as 

baffles and barriers to migrating fluids (Perrin et al., 

2011). Fieldwork further suggests that while the 

fractured contact zones of intrusions typically 

exhibit evidence of past fluid flow (e.g. calcite 

veins), fractures within the intrusions themselves 
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appear impermeable to fluid circulation. Subsequent 

deformation during Tertiary compressional tectonics 

formed additional fractures.   

Furthermore, 268 submarine pockmarks have 

been identified on the 5 m gridded bathymetry data 

in the study area. They typically reach 80-120 m in 

diameter and 3-4 m in height. Their preferential 

distribution along the sub-cropping base of the 

inclined, sheet-like intrusions suggest that the fluid 

flow is controlled by both lithology and the presence 

of intrusions. Interestingly, pockmarks are also 

clustered along the subcrop of the Wilhelmøya 

Subgroup, part of the target aquifer of the 

Longyearbyen CO2 Lab project. 

Based on the present data set we conclude that 

igneous intrusions may affect the size of the 

accessible target aquifer for CO2 storage on 

Svalbard. Their accurate representation in a reservoir 

model is therefore crucial.  

 

 

Fig. 1 – (a) LiDAR scan of Botneheia, with igneous 
intrusions highlighted in red. Note particularly the 
transgressive intrusion linking the upper and lower sills. The 
inset photograph shows thin (ca. 10 cm) sills, similar to 
those penetrated in the borehole, occurring just above the 
major sill (location marked with white star). (b) Box-whisker 
plots illustrating the thicknesses of twelve igneous bodies at 
Botneheia.   
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Fig. 2 – (a) Example of a saucer-shaped seismic reflector 
on 2D line ST8815-214 located 10 km from Longyearbyen 
on strike to the targeted aquifer. The inclined rim transects 
approximately 260 m of stratigraphy. The Wilhelmøya 
Subgroup is the uppermost part of the target aquifer.  (b) A 
poorly-defined saucer-like geometry in Sassenfjorden, 
corresponding to a curved positive relief feature on the 
seabed (c).  
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Igneous intrusions influence local and regional-

scale fluid flow through volcanic sedimentary 

basins. Depending on the petrophysical properties of 

both sill and host rock and, in particular, the 

fracturing potential within and around an intrusion, 

igneous bodies and associated contact aureoles may 

act as (1) directional high-permeability conduits 

focusing fluid flow, (2) baffles re-directing fluid 

flow particularly along the contacts of an intrusion 

and (3) barriers preventing fluid flow. Given their 

discordant and tight nature in their un-weathered and 

unfractured state, doleritic dykes are particularly 

prone to form baffles, as observed in present-day 

groundwater fluid flow (e.g. Perrin et al, 2011). In 

this contribution we investigate different scenarios 

of fluid flow through volcanic sedimentary basins 

with three main objectives: (1) to optimize the 

representation of igneous intrusions in industry-

standard reservoir models, (2) to model fluid-flow 

within, around and through igneous intrusions and 

(3) to address the issue whether igneous intrusions 

may promote the pressure compartmentalization of 

reservoirs.  

Ongoing work on the Longyearbyen CO2 lab 

project on Spitsbergen, Svalbard (Arctic Norway), 

has identified a regionally open but locally 

compartmentalized aquifer at ca. 670-970 m depth; 

the reservoir is exposed at the surface ca. 15 km 

from the planned injection site. The injective 

reservoir is explored as a possible injection site, 

offering a surprising sub-hydrostatic pressure 

regime. Numerous hypotheses have been proposed 

to explain the differential pressure encountered in 

the wells, including stratigraphic (pinch-outs, lateral 

facies changes) and structural (faults, permafrost, 

igneous intrusions) mechanisms. In this contribution 

we attempt to investigate the plausibility of igneous 

intrusions forming a fluid flow barrier able to 

withstand a differential pressure in the order of tens 

of bar. 

Igneous intrusions are investigated in the field in 

both Svalbard and the Karoo Basin of South Africa. 

An integrated study, using seismic, LIDAR, satellite 

imagery, digital elevation models, borehole data and 

traditional fieldwork has revealed numerous 

similarities of the Early Cretaceous Svalbard 

dolerites (“the Diabasodden Suite”) and the Early 

Jurassic Karoo dolerites, which we consider to be 

well exposed analogues with similar fracture 

patterns (Fig. 1). Deformation of dolerites during the 

development of the Tertiary West Spitsbergen Fold-

and-thrust belt is considered on Svalbard, compared 

to the tectonically quiet Karoo dolerites. Fracturing 

is critical for fluid movement around and across 

igneous bodies, as exemplified by the Water 

Resource Commission’s field study at Qoqodala in 

the Eastern Cape (Chevallier et al, 2004).  
 

 

Fig. 1 – Box-whisker plots illustrating the fracture density for 
selected scanlines from Svalbard (grey) and the Karoo 
basin (black). The graph illustrates the minimum, maximum, 
median, lower quartile and upper quartile of fracture 
frequencies.  

 

Based on the prevalent geometries, igneous 

intrusions are represented in a static reservoir model. 

Eleven scanlines were logged across selected 

dolerite outcrops on Svalbard in order to 

characterize the natural fractures (total length: 112 

m, total fractures: 1295). The Svalbard data set is 

compared to one logged scanline and numerous 

“virtual scanlines” from the Karoo Basin. “Virtual 

scanlines” are constructed from scaled photo-

mosaics interpreted using ImageJ, and provide 

insight into the regional-scale distribution of 

fractures within igneous bodies. Fluid flow 

simulations are primarily run as streamline 

simulations with selected key cases run as full black 

oil models. Reservoir properties are assigned using 

published values reported for both igneous and host 

rocks. Fluid properties are assigned using default 

values. Models are primarily run using single-
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porosity and a coarse grid (100*100m, variable cell 

thickness) to optimize simulation speed, but 

fractured zones may be represented locally using a 

dual-porosity, dual-permeability setup. A sensitivity 

matrix was set up to test the relative influence of 

critical factors such as sill geometry (size, shape, 

petrophysics), nature of contact aureoles (fracturing, 

thickness) and engineering (timing of 

injection/production).  

A typical fracture frequency of 5-20 

fractures/metre (f/m) is evident from both Svalbard 

and Karoo dolerites (Fig. 1), with local fracture 

frequency of up to 40 f/m. This is significantly 

higher than fracture frequencies reported from 

sedimentary rocks from the same study site on 

Svalbard (average 3-12 f/m). The same pattern is 

exemplified by a scanline crossing an igneous body 

at Nonesis Neck, Eastern Cape province, South 

Africa (Fig. 2). Calcite-cemented fractures near 

intrusions signify past fluid flow along the contact 

zones, probably reflecting hydrothermal fluid 

circulation at the time of emplacement. Fractures are 

subsequently represented in selected zones (contact 

aureoles in particular) of the reservoir model. 

 

Fig. 2 – (a) Igneous intrusion in Triassic sediments at 
Nonesis Neck, Eastern Cape. (b) Frequency plot across the 
igneous body, illustrating the increased fracturing within the 
dolerite compared to surrounding host rock. The location of 
the scanline is illustrated on the photo-mosaic (yellow line).  

 

Initial tests performed on a synthetic case loosely 

based on the saucer-shaped sills from the Eastern 

Cape province of South Africa indicate that large 

pressure differentials on the order of several 10s of 

bar may develop within a saucer-shaped intrusion 

capped by an impermeable shale following steady-

rate production (Fig. 3b). Work is ongoing to test the 

feasibility of the development of pressure cells with 

igneous intrusions, and identifying the critical 

factors that can lead to hydraulically contained 

aquifers.  

 

Fig. 3 – (a) Base case cross-section across static 3D model 
set-up, including petrophysical properties. (b) Initial 
modeling results illustrating the decrease in pressure in the 
saucer-shaped compartment following water production in 
three arbitrary time steps (T1-T3). Corresponding 
streamlines (blue) indicate increased breakthrough of fluids 
through the sill.  
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Continental flood basalts (CFBs) represent 

fissure eruptions on a grand scale. Deeply eroded 

CFB provinces expose extensive dyke-sill networks 

as well as larger intrusions (such as lopoliths). 

Dense mafic dyke swarms may represent the 

magma-filled fissures through which the lavas 

poured out, as well as later intrusions, and these 

provide valuable data on the tectonics of CFB 

eruptions.  

The ~65 MY old Deccan CFB of India has a 

present-day areal extent of ~500,000 km
2
 and an 

original extent estimated at three times this size. The 

flood basalt pile is dominantly tholeiitic and up to 2 

km thick in the Western Ghats (Sahyadri) 

escarpment parallel to the western Indian rifted 

margin. It formed in a relatively short time interval 

(debated to be <1 MY to a few MY). The Deccan 

has been extensively studied in terms of 

geochemistry, palaeomagnetism, and volcanic 

stratigraphy, and recent work has focussed on the 

question of the feeder dykes of the extensive lava 

flows. The Deccan province has three major zones 

where mafic (dolerite-basalt) dyke swarms attain 

profuse development. Many individual dykes several 

tens of kilometers long are found, and the longest en 

echelon dyke known is 79 km in length (Ray et al., 

2007). Following field and petrographic studies, 

probable feeder dykes of several well-studied lava 

packages have been identified based on geochemical 

comparisons (using major and trace elements and 

Sr-Nd-Pb isotopes) and in some cases magnetic 

polarity. It is known from these studies that several 

of the large Deccan lava flows covered distances of 

several hundred kilometers after eruption (e.g., 

Bondre et al., 2006;  Sheth et al., 2009; 

Vanderkluysen et al., 2011).   

Sills are much rarer in the Deccan province, and 

only two or three important examples are known 

from the pre-Deccan sedimentary basins. A probable 

Deccan saucer-shaped sill has also been noted from 

the Gondwana Basin in central India (Sheth et al., 

2009). This rarity of sills and abundance of dykes 

reflect generally extensional conditions. 

Basanite-melanephelinite intrusions in Mesozoic 

sandstone in the Kachchh region (northwestern 

Deccan) have been identified as the plumbing 

system of a monogenetic volcanic field (Kshirsagar 

et al., 2011). Dykes are rare here. 

 

Fig. 1 – A large tholeiitic dyke, 25 km long, cutting older 
Deccan lava flows, in the central Deccan Traps.  

 

Fig. 2 – A thick tholeiitic dyke, cutting Gondwana 
sandstone, in central India (northeastern Deccan). Persons 
for scale. 

 

Fig. 3 – The Mount Girnar gabbro-diorite-monzonite 
intrusion, rising >1 km above the Saurashtra plains. The 
hills in the foreground are of a large and nearly complete 
granophyre ring dyke around the Girnar intrusion.   
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The largest Deccan intrusion is that forming 

Mount Girnar in the Saurashtra region of the 

northwestern Deccan. This is a major gabbroic 

intrusion, dioritic-monzonitic in its upper parts, and 

has domed up the overlying lava flows as a laccolith. 

Many tholeiitic and alkalic (e.g., lamprophyre) 

dykes occur around and inside it, and a large ring 

dyke of granophyre and silicic porphyry encircles it.  

Intrusions in the Deccan Traps dominate the 

western Indian rifted margin and the northwestern 

Deccan region (e.g., Sheth et al., 2011; Zellmer et 

al., 2012). These intrusions are of great petrological 

interest owing to their great compositional diversity 

compared to the Deccan lava flows, and even within 

individual intrusive complexes. These intrusions 

cover the entire spectrum of igneous rock 

compositions, including gabbros (Girnar, Chogat-

Chamardi, Mundwara), diorite and monzonite 

(Girnar), alkali gabbros and syenites (e.g., 

Mundwara), basanites and melanephelinites 

(Kachchh), trachytes (e.g., Mumbai), granophyres 

(e.g., Barda, Chogat-Chamardi), rhyolite and 

pitchstone (e.g., Rajpipla, Rajula), lamprophyres 

(several of the above), as well as carbonatites (e.g., 

the Amba Dongar diatreme hosting a commercial 

fluorspar deposit). 

The Deccan CFB lava pile hides the basement 

rocks over a vast region, and mantle and crustal 

xenolith localities are few. All such xenoliths found 

in the Deccan so far come from dykes (Ray et al., 

2008).  

Any study of the Deccan CFB province is 

incomplete without its intrusive phase. Recent and 

ongoing studies of the intrusive substructure of the 

Deccan Traps have provided, and will continue to 

provide, exciting insights into the physical and 

compositional-petrogenetic evolution of this great 

volcanic province. 
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The geothermal heat supplied by the active 

volcano  districts of the Campania region (Figures 

1and 2) was an appeal since Roman time, when the 

fruition of famous thermal baths of Ischia island, 

Baia and Lucrino (Campi Flegrei) become a custom 

for people living in and outside the area. 

 

 

Fig. 1 – DTM of the Gulf of Naples, with the active volcanic 
areas of Vesuvius, Campi Flegrei and Ischia, from east to 
west respectively. 

 

 Since that time on, visitors to Ischia and Campi 

Flegrei would have been lured and connected to the 

development of the bathing and spa treatment 

industry. The industrial revolution, started on the 

XVII century, arose the needs of raw material for 

energy production, coal in a first times and oil in 

recent times. In this framework nowadays, the 

geothermal renewable energy can be considered, if 

easily available, a high value economic resource for 

thermal and electric energy production. Pioneering 

researches of geothermal resource were carried out 

in Campanian region since 1930. More recent 

researches were part of the National Energy Plan, 

aimed to better constrain the geothermal potential in 

the volcanic district of Campania (Vesuvius, Campi 

Flegrei caldera and Ischia Island), and were 

supported by a Joint Venture between ENEL and 

AGIP Companies. The exploration program was 

stimulated also by the interesting results on 

geothermal exploitation obtained at Larderello 

(Tuscany), since the early 1900.  

From 1930 to the mid ’80, a total of 117 wells 

for geothermal exploration were drilled down to a 

maximum depth of 3046 m (90 wells at Ischia, 26 at 

Campi Flegrei and 1 at Vesuvius). The results of 

such investigations were particularly encouraging at 

Campi Flegrei and Ischia, where elevated 

geothermal gradients were recorded, due to the 

presence of high enthalpy fluids (T>150°C) 

localized at shallow depths (hundred of meters) and 

both vapor and water dominated.  Despite these 

interesting results, the exploitation of the campanian 

geothermal resource was never started, mainly 

because, after the mid ‘80’s, the oil price was again 

very cheap, Italy was starting its first nuclear plan 

(abandoned in 1986 after the Chernobyl disaster) 

and there was not yet a real interest for renewable 

energy beyond simple economic considerations. The 

drilling program at Campanian volcanoes had 

stimulated not only the geothermal research for 

industrial application, but also the researches in the 

field of the volcanolgy. Important information such 

as temperatures of shallow crust, chemical rocks e 

fluids composition at depth and stratigraphy have 

been utilized for the reconstruction of the eruptive 

history of Vesuvius, Campi Flegrei caldera and 

Ischia and to constrain physical models of volcanic 

activity. In recent time, the attention posed on the 

geothermal potential of the Campania region has 

been drawn back consequently to the approval of the 

“Campi Flegrei Deep Drilling Project” (CFDDP), in 

the framework of the International Continental 

Drilling Program (ICDP) (icdp-online.org).  

In this work we make a review of the history of 

geothermal researches of Campanian volcanoes, 

starting from the earlier volcanological studies at 

Vesuvius, Campi Flegrei and Ischia. We analyzed 

the historical and scientific reasons which make this 

area of great interest for geothermal research; by the 

analysis of a great amount of literature data and 

technical reports. We reconstruct the chronology and 

the main information of the drillings performed 

since 1930 by the SAFEN Company and 

successively in the framework of the ENEL-AGIP 

Joint Venture for geothermal exploration. 

Furthermore, the available data are utilized to 

correlate the temperatures measured within the 

deeper wells with the possible sources of geothermal 
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heat in the shallow crust, down to about 8-10 km of 

depth. Finally, we assess the geothermal potential of 

Ischia and Campi Flegrei, which have shown the 

best data and favorable physical conditions for a 

reliable, and cost-effective, exploitation for thermal 

and electric purposes. The applied method for the 

evaluation of geothermal potential is the volumetric 

method used by Muffler and Cataldi (1978). It takes 

into account the amount of total geothermal heat 

stored into a certain volume (Et) that is equal to the 

sum of heat stored in the rocks (Er) and in the fluids 

(Ew): 
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where Vi and φi are the volume and the average 

porosity of the i-th unit, ρri and Cri are the density 

and the specific heat capacity of the rocks of the i-th 

unit, ρwi and Cwi are the density and the specific heat 

capacity of the fluids contained in the i-th unit, Ti is 

the average temperature of the i-th unit, and T0 is the 

reference temperature. The results show a very high 

geothermal potential (thermal + electric) which is 

equal to about 6GWy for Campi Flegrei caldera and 

11GWy for Ischia Island. Our studies are also 

preparatory for the realization of the “Campi Flegrei 

Deep Drilling Project” (CFDDP), approved by the 

International Continental Drilling Program (ICDP), 

and aimed to the understanding of the Campi Flegrei 

caldera dynamics and to the accurate geothermal 

resource assessment. This work also emphasizes the 

economic importance of the geothermal electric 

production, for Italy and mainly for the Southern 

regions, also as an alternative to the nuclear energy, 

after the abandon of the last resource decided by 

people in the recent general consultation  
 

 
 

 

 

Fig. 2 – Fumaroles in the Solfatara crater (Pozzuoli, Campi 
Flegrei). 
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Magmatic zircons within individual samples of 

S-type granite commonly display a considerable 

range in Hf isotopic ratios. This has been interpreted 

to reflect the accumulation of zircons that 

crystallized from magmas created by variable 

degrees of mixing between magma from a 

metasedimentary source with mantle derived 

magma, within individual samples (e.g. Kemp et al., 

2008). In some cases, this interpretation is difficult 

to reconcile with major, trace element and other 

isotopic evidence from such peraluminous magmas. 

For example, the 30 to 50% of mafic magma 

addition required to explain the range in Hf isotopic 

compositions in granitoid rocks such as those of the 

Peninsular pluton of the Cape Granite Suite 

(Villaros el al., 2012), is incompatible with the K2O-

rich and strongly peraluminous character of the 

rocks, the fact that A/CNK is positively correlated 

with maficity, as well as Nd and O isotopic 

characteristics that are compatible with a wholly 

crustal source for the magma (Farina et al 2012; 

Harris and Vogeli, 2010). 

 Alternatively, the magmatic zircon population in 

the 540 ± 5 Ma (Scheepers and Armstrong, 2002) 

Peninsular pluton has been interpreted to record the 

transfer of Hf isotopic information from the 

dissolved, age and isotopically diverse, inherited 

zircon fraction within small batches of the magma 

(Villaros et al., 2012). This process is proposed to 

have produced the same range of time evolved Hf 

isotopic compositions in the inherited and magmatic 

zircon populations. Consequently, on a simplest 

scale, the transfer of isotopic information could 

occur by the dissolution of the inherited zircon into a 

micro-domain in the magma with the growth of the 

magmatic zircon from the same small domain. This 

may be possible in a static system and with 

sufficiently rapid zircon dissolution and 

crystallization that diffusional isotopic 

homogenization between even mm scale domains in 

the magma was not favored. This appears to at odds 

with an abundance of evidence in the pluton for 

magma flow as a consequence of multi-batch pluton 

assembly (Farrina et al., 2012).  

As a consequence, this study has investigated the 

Hf isotopic compositions of magmatic and inherited 

zircon from the Peninsular pluton at several scales, 

varying from the zircon population within rock 

volumes of different size (between 3 and 0.5 dm
3
), 

as well as that within individual polished sections. 

As was observed in the Villaros et al. (2012) study, 

within the entire dataset, the range of εHf(540Ma) 

variability in the magmatic zircon fraction 

approximately matches that portrayed by the 

inherited zircon population in the granite. Despite 

this, the distribution of εHf(540Ma) values in the 

two populations are not identical, with a greater 

proportion of the magmatic zircons having values 

consistent with TDM(Hf) model ages of about 1.33 

Ga. This is close to the detrital zircon average of 

1.40 Ga. This suggests both a degree of isotopic 

homogenization in the magma and a relatively minor 

contribution of 176Hf from Lu-bearing phases that 

break down during melting. This is consistent with a 

young source relative to the age of magmatism. 

Core-rim analysis pairs indicate that there is not a 

simple relationship between the inherited zircon 

hafnium isotopic signature and that of the magmatic 

rims.  Rim compositions display both more positive 

and more negative εHf values than the cores. Where 

rim and core values do agree within error, both are 

close to the average for both populations, which are 

within error the same.  In situ analysis of zircon in 

polished sections indicates that magmatic zircon 

crystals separated by less than 5mm record within 

error different εHf values. 

As concluded by the study of Villaros et al. 

(2012), we find that the whole rock geochemistry of 

the Peninsular pluton is incompatible with the 

presence of a significant volume of mantle derived 

mafic magma in the granites. The independent 

movement of zircon crystals (up to 200 µm long in 

this study) within felsic magma is impossible unless 

the mineral is included within a substantially larger 

mineral. Biotite is the mineral within which zircon is 

most commonly included. However, the rocks are 

characterized by a strong Ti:maficity (Mg + Fe) 

correlation, yet display a weak negative K:maficity 

correlation that is inconsistent with the Ti:maficity 

correlation being the product of fractional 

crystallization of biotite to form the more mafic 

granites. Consequently, these major element 
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characteristics of the magma have been interpreted 

to reflect the entrainment to the magma of the 

peritectic assemblage (garnet + ilmenite) which is 

produced by biotite incongruent melting in the 

source (Stevens et al., 2007). The peritectic minerals 

were consumed by reactions that produced cordierite 

and biotite as the magma ascended and then 

crystallized.  

Consequently, the Hf isotopic diversity in the 

magmatic zircon of this study is created by variable 

degrees of inheritance of Hf isotope ratios from the 

detrital zircon fraction. The tendency of the 

magmatic zircon to record a homogenized 

composition is visible in the dataset, but a 

substantial volume of magmatic zircon records Hf 

isotopic compositions reflecting the full 

compositional range inherited from the zircon 

crystals entrained in the source. This behavior may 

seem contradictory, but it needs to be viewed against 

the fact that the magmas contained more zircon than 

they could dissolve. Thus, despite the fact that 

zirconium saturation was probably not achieved 

prior to individual batches of magma leaving their 

sources (Villaros et al. 2009) they very likely 

became zirconium saturated during ascent. Thus, 

zircon which grew early within individual magma 

batches grew in a dynamic system of flowing 

magma that was extremely heterogeneous in terms 

of Hf isotopic composition, due to the diversity of 

ages of inherited zircon. Such zircon records the full 

isotopic range of the inherited zircons. Crystals 

which grew later, record magma compositions that 

are closer to the isotopic average, reflecting 

homogenization within batches.  
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Numerous hydrothermal breccia pipes were 

formed in the Karoo Basin in South Africa during 

emplacement of the Karoo Large Igneous Province. 

Field- and borehole data from two areas in the 

Karoo Basin, the Loriesfontein and Britstown areas, 

shows that the pipes represent vertical circular 

conduits filled with brecciated and baked 

sedimentary rocks, and that the pipes are rooted in 

the contact aureoles of sill intrusions in organic-rich 

shale. We have used several point-pattern analysis 

methods and a database containing geographical 

positions and diameters of pipes in order to evaluate 

the breccia pipe formation and pressure distribution 

during metamorphism. The results show that the 

pipes are 1) spaced with an average nearest neighbor 

distance of 500 meter, 2) overdispersed at very small 

scales (<50 m), but 3) clustered at larger scales 

(>800 m). As a consequence, the dataset displays a 

weak fractal distribution, with a fractal dimension of 

1.87 approaching the value for random distribution 

(2.0). We have constructed a 2D numerical pipe 

model using a uniform pressure generation term and 

localized drainage points in order to understand the 

spatial distribution of pipes. In contrast to studies of 

volcanic pipe spacing, our study on breccia pipes do 

not indicate that the pipe spacing is controlled by 

any external large scale parameters like crustal or 

basin thicknesses.  
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The Paleogene Sorgenfrei Gletscher Sill Complex is 

emplaced into sediments and basalt flows of the 

Mesozoic–Paleogene Kangerlussuaq basin of East 

Greenland. It crops out over c. 8000 km
2
 and likely 

represents outcrops equivalent to sediment–sill 

complexes imaged seismically along the volcanic 

margins of the Northeast Atlantic. The sill complex 

is associated with an up to six km thick flood basalt 

succession, layered mafic intrusions including 

Skaergaard and Kap Edvard Holm, large syenite-

granite plutons such as the Kangerlussuaq Alkaline 

Complex, and major dyke complexes. There is 

growing evidence that a dominant portion of this 

magmatic province was emplaced extremely rapidly, 

perhaps within a few hundred thousands of years, 

and that this anomalous volcanic burst was 

associated with a global environmental pertubation 

at the Paleocene-Eocene boundary (Larsen and 

Tegner, 2006; Storey et al., 2007). 

 Here we describe the structure, age and 

petrology of the sill complex mainly based on the 

Ph.D. thesis by Gisselø (2001). Field and 

photogrammetric analyses of valley and fjord 

sections show that sills make up 15 to 91% of 

exposures and on average totals c. 1200 m in 

accumulated thickness (Figs. 1 and 2). This volume 

equals c. 20% of the coeval flood basalt succession 

exposed in East Greenland. 

 
Fig. 1 – Photo of sills (dark) and sediments (grey) of Mikado 
Mountain. Cliff is c. 700 high. 

The sills are typically tabular, up to 90 m thick and 

they can be followed along strike for kilometres. 

Step-like structures, ramps and connecting dykes are 

often observed.  
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Fig. 2 – Photogrammetric measured section of sills (red) 
and sediments (grey) in Mikado Mountain as seen in Fig. 1. 

 

The sills, however,  rarely display cross-cutting 

relations. A characteristic feature is that even in 

outcrops with more than 80% sills there is always a 

thin sliver (few metres to tens of metres thick) of 

hornfelsed sediment between sills (Fig. 3).  

 

 
Fig. 3 – Photo of sills separated by thin, hornfelsed 
sediment slivers. Top portion of Mikado Mountain. 

 

The sill complex is dominated by dolerites 

of tholeiitic composition but also includes alkaline 

varieties. Rocks representing the tholeiitic liquids 

are evolved ferrobasalts (8-5 wt% MgO) enriched in 
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light over heavy rare earth elements. This 

compositional range is similar to the main flood 

basalt succession and most of the dyke complexes. 

Two tholeiitic dolerites have been dated by 
40

Ar-
39

Ar to 56.3 ± 0.9 and 56.0 ± 0.4 Ma demonstrating 

coevality with the main flood basalt succession and 

the Skaergaard intrusion (Tegner et al., 1998).  

The internal structure of the sills is 

dominated by homogeneous rocks showing doleritic 

textures. However, the dolerite texture sometimes 

grades into granular microgabbro showing faint 

layering, crystal accumulation and gabbropegmatitic 

pods and layers. Moreover, some sills display D- 

and S-shaped profiles in bulk rock compositions 

from bottom to top, in addition to differentiation 

profiles more akin to layered intrusions. These 

compositional profiles demonstrate that several 

mechanisms of differention operated during 

solidification. The D-shaped profile is best 

explained by emplacement of crystal-laden magma 

combined with crystal settling. The S-shaped profile 

indicates differentiation by a combination of crystal 

settling and compaction. The differentiation profile 

is best documented in a 90-metres thick sill 

displaying a basal reversal followed by an upsection 

differentiation sequence (both in bulk rock and 

mineral compositions) culminating at the level of an 

evolved gabbropegmatite layer placed c. 10 below 

the upper contact. Notably, rocks from the upper 

contact are more evolved than those of the bottom 

contact. This is best explained by crystallization 

largely from the bottom and up similar to larger 

layered intrusions and the dominant mechanism of 

differentiation is possibly compaction. 

There is no evidence that the sills acted as 

replenished and tapped magma chambers feeding the 

flood basalts. Each sill appears to represent an 

unerupted batch of flood basalt magma trapped in 

the underlying sedimentary basin. 
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Felsic porphyritic multilayer laccoliths of the 

Elba Island Miocene intrusive complex offer a wide 

range of examples of contact features, with many 

constraining magma flow direction. The Portoferraio 

laccolith intruded ~8 Ma at an average depth of 

about 2.6 km into Jurassic serpentinites and 

overlying Cretaceous flysch (dark shale, feldspathic 

sandstone, marly limestone) that make up the top 

two complexes of a thrust stack assembled by about 

20 Ma. The San Martino laccolith consists mainly of 

three main layers of the megacrystic porphyry 

emplaced in a Cretaceous host ~7.4 Ma at an 

average depth of 1.9 km (Dini et al., 2002, Rocchi et 

al., 2012). The resulting laccolith complex was later 

dismembered and unroofed by eastward-directed 

décollement (Westerman et al., 2004). 

Emplacement-related structures have been 

examined in detail to refine the use of measured 

characteristics to determine local magma flow 

direction. Observed features are classified in two 

main sets, one preserving deformation along 

contacts and the other reflecting disruption of 

contact zones. Features in set one occur as lineations 

formed by solid-state stretching of quartz and 

feldspar phenocrysts within thin chilled borders of 

contact zones that exhibit a variety of waveforms. 

Lineations are recognized by quartz and feldspar 

phenocrysts deformed at varying scales within the 

outer shell (max 1 cm; usually < 0.5 cm) of the 

intrusions. In particular, quartz phenocrysts exhibit 

“bookshelf” fractures while feldspar phenocrysts 

show results of cataclasis with development of 

symmetrical and asymmetrical tails of crumbled 

grains, producing stretching up to 40 times initial 

crystal length. Deformation of these sialic phases 

has been exclusively brittle while the deformation of 

the biotite was both brittle and ductile. Groundmass 

between deformed crystals shows no evidence of 

shearing and appears no different than undeformed 

interiors of the sheets. Stretching lineations, along 

with the waveforms described below, are present 

especially on top contacts of laccoliths but also 

occur on basal contacts (even if less evident) and on 

dikes walls. Lineations are consistently oriented 

nearly perpendicular to the axes of wave crests, 

independent of the regularity of the wave pattern. 

Locally, a mirror-image, fine-scale shear zone 

occurs in the adjacent disaggregated host. 

Waveforms on contact surfaces have geometries 

ranging from rounded crests with V-shaped troughs, 

through symmetric sinusoidal forms, to “fully-

developed waves” with pointed crests. Scales range 

from centimetric to metric, often with smaller waves 

present on the surfaces of larger waves (Figs. 1 & 2). 

 

 

Fig. 1 – Small (L = 4-6 cm) sinusoidal waveforms roughly 
horizontal on larger (L = ~60 cm) waveform developed on a 
subvertical ramp. Stretched quartz and feldspar 
phenocrysts trend perpendicular to wave fronts. Note 
disaggregated fabric in host flysch at outcrop base. 

 

 
Fig. 2 – Waveforms with rounded crests and V-shaped 
troughs. Highly elongated quartz and feldspar crystals 
aligned (blue lines)perpendicular to wave crests (red lines). 
Image 25 cm left to right. 

 

These features characterize contacts of porphyry 

against shale-rich flysch and serpentinite that show 
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evidence of having lost their competence during 

magma emplacement. More poorly organized 

waveforms with asymmetrical shapes occur as 

decimetric lobate structures both on oblique and 

steep ramp-like surfaces connecting offset floor 

segments with superimposed fine-scale waves and 

stretching lineations on their surfaces. 

The second set of deformation features is 

characterized by breccias consisting of angular 

porphyry fragments and blocks of rigid host rock 

“swimming” in a matrix formed from a slurry 

dominated by either host or magmatic material. 

These chaotic breccias can be found along contacts 

or as dikes within porphyry or host rock. 

To constrain the significance of solid-state stretching 

lineations and waveforms, an AMS investigation has 

been carried out on samples from immediately 

below six exposed contacts where such features are 

present. Figure 3 shows the characteristic correlation 

of stretching lineations (hexagon) and K1 ineation of 

the AMS fabric (squares). This data also presents 

consistent correlation between poles to magnetic 

foliations (K3) and poles to intrusive contact 

surfaces. 

 
Fig. 3 – Stereonet with AMS data for a contact zone of San 
Martino porphyry. K1 (magnetic lineation) as blue squares; 
K2 as green traingles; K3 as purple circles. Yellow hexagon 
denotes the stretched mineral lineation. 

To explain perpendicularity of the solid-state 

stretching lineations (and magnetic lineations K1) 

and wave features on which originally parallel 

lineations have been deformed, we suggest that first 

drag occurred at a short distance from the contact 

due to progressive non-coaxial flow dominated by 

simple shear (Paterson et al., 1998). The oblique 

axis of maximum strain caused stretched crystals to 

rotate into parallelism with the contact (Fig. 4). 

Compression was generated in the contact zone as 

magma slowed at the intrusive front and the sheet 

thickened by magma inflation (Rocchi et al., 2002). 

Variations in style of waveforms was controlled by 

contrasts in viscosity between magma and adjacent 

incompetent host material. This model allows us 

explain the consistent perpendicularity of wave 

fronts and stretched crystals, and suggests that both 

features, as well as the magnetic fabric, are 

genetically related to magma flow. 
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Fig. 4 – “Book-shelf” fractures of quartz phenocrysts with common sense of shear in different positions. Note undulated contact.

 




