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* Magma-filled fractures that are
discordant; Length:thickness ~1000:1

* |dealised as thin sheets intruding an
elastic crust

* Coupled magma intrusion and host-rock
deformation




Rekyanes Peninsula, Iceland

Feeder dyke: Miyakejima
Volcano, Japan
Geshi et al., 2010

http://photos.gudmann.is

Kavanagh, et al. Accepted. Solid Earth.

Structure of a kimberlite volcano?
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* Maar-diatreme PYROCLA TR capre

FACPES
¢ Crater facies

* Diatreme facies
* Root zone

* Sheet intrusions
transitioning into pipe

Adapted from Mitchell,1986; see Sparks et al., 2006
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How are dykes and

sills studied?

Field studies — fossil intrusions

Scaled analogue experiments

Geophysics+Geodesy — magma
movement i
-

Problems and questions

Problems

* Indirect observations, limited exposure

* Alteration of deposits

* Magma and host-rock deformation are both important

Questions?
* How do dyke propagate through the crust?
* How are kimberlite dykes different?
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Dyke propagation and geometry

* Idealised as planar sheet

intruding an elastic material

* Thickness to length aspect ratio HOST SOLID
1:1000

i i i Fracture ti
* Intrusion time is short racture tip

* Pressure scales Tip Cavity
* Driving: elastic pressure, -
buoyancy pressure g
* Resisting: fracture pressure, ) Fracture

viscosity wall /
o
* Reynolds number VeIocityP/roﬁIe

Kavanagh et al., 2006

Dyke emplacement models

* Hydraulic fracture or viscous indenter?

@)

~

Magma Propagation Direction H

Magma Propagation Direction
Magma Propagation Direction

MODE 1 MIXED MODE 1+2 MIXED MODE 1+3
tensile opening

Kavanagh, 2018. Volcanic and Igneous Plumbing Systems (Ed. S. Burchardt), Elsevier.
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Dyke emplacement models

* Passive or active intrusion?
* Vertical or lateral propagation?

e (\TTT;\. .
J-,fTITf,-\
;t#TTI'TQo‘

Kavanagh, 2018. Volcanic and Igneous Plumbing Systems (Ed. S. Burchardt), Elsevier.

Buoyant dyke ascent

* Gelatine experiments — injecting oil,
liquid+air
* Teardrop geometry in cross section

* Dyke narrows in width as buoyant tip
accelerates ahead

Source

Takada 1990 Menand and Tait, 2001
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Gelatine analogue experiments
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* I|nitially hydrostatic conditions

* Constant flux experimental intrusions injected from
be|0w Kavanagh, J.L., et al. In Review

Kavanagh, J.L., et al. 2018

Dike growth and

eruption
* Penny-shaped crack

* ‘Bow-tie’ stress distribution

* Surface elevation change is
distributed and late

* Small fissure eruption
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Growth rate and
evolving geometry

Stage 1
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Digital Image Correlation (DIC)

~ 1. Displacements
- Image plane (mm/s)
2. Incremental
Strain
LIS
* 8ZZ
3. Finite Strain
s e
s e

XX

XX

2z

o 1stlight pulse ‘
e 2nd light pulse

Modified after Raffel, 2007

Raw experimental images

h et al. 2018, JVGR
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Incremental Strain:

Digital Image Correlation

Horizontal Vertical Shear

Kavanagh et al. 2018, JVGR

Exp D: Fluid Flow
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Particle Image Velocimetry (PIV)

__Image plane
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e y fluid flow (mm/s)

Modified after Raffel, 2007

Raw experimental images
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Flow velocity:
Particle Image Velocimetry

Kavanagh, et al. 2018, JVGR

Pseudo-
stationary
vortex ring

Core
region
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3 Stages of dike emplacement

) Stage 1 Stage 2
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3 Stages of dike emplacement

Stage 2A: Pseudo-steady growth
* Rapid uprising single jet o
* Down-welling fluid at margins s Eyx
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Stage 2B: Pre-eruption unsteady .-

* Instability develops, jet meanders .
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z (mm)

3 Stages of dike emplacement

Stage 2B: Pre-eruption unsteady
* Instability develops, jet meanders

* Tail pinches, negative ¢,

* Surface deformation detected ¢,,
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Stage 3: acceleration to eruption

* Rapid outflow of fluid as fissure
forms

* Dike collapses as pressure released

* Tail closes from depth
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3 Stages of dike emplacement

Stage 3: acceleration to eruption

* Rapid outflow of fluid as fissure
forms - 10
. E 5 8XX
* Dike collapses as pressure released  ~ . ,
* Tail closes from depth
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Kimberlite magmas

* There are a lot of unknowns but the composition and
physical properties of kimberlite melt are somewhere
between basalt and carbonatite

2019-10-19
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Physical properties of kimberlite melts

* Low viscosity: 0.1-1 Pa s
* High gas contents
* 25wt % CO,
* 25wt % H,0
* Highly explosive or effusive
eruptions

* Changes during ascent —
protokimberlite at depth

Ajir  Motor  Andesit

\ oil

* Dyke stringers
(dykelets)

* Magma rims
(pelletal lapilli)

2019-10-19
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South African Case Studies

ﬁDiamond mine

I Kaapvaal Craton|
o 500 km

SOUTH AFRICA

Cape Town

Adapted from Mitchell, 1986; see Sparks et al., 2006
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Venetia Mine, South Africa

Venetia kimberlite cluster: 14 bodies
intruded ~519 Ma

%8 ¢ Intruded Proterozoic metamorphic
basement

e Lithic breccias well exposed in K1 and K2
kimberlite pipes

Olivine
crystals

Gernon et al., 2009

36
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Flne particle ejection

Partlculate 1
ﬂuldlzed |1

I

Gernon et al., 2009

Venetia Mine, South Africa
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Venetia Mine, South Africa

2019-10-19

20



2019-10-19

Venetia Mine, South Africa

Extremely well-roundeed,
spheroidal lithic clasts

5-15% of lithic clast population,
~5cm -3m

Fresh cores, surrounded
concentric shells

Detached platy clasts from
broken-up shells occur in
breccia matrix

Brown et al., 2007

Magma ascent processes?

EPICLASTICS
TUFF RING

R

PYROCLASTICS N

SOUTH AFRICA S gDimona ine

[l Kaapvaal Craton
B Cape Town 500 km
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* 3dykes: 2 kimberlite, 1 lamprophyre.

* Intruded in close succession at end of
Jurassic (Gurney&Kirkley, 1996)

* 7km length array (Basson&Viola, 1997)

* Anastomosing, en echelon segments each
several hundreds metres long

* Geometry: Erratic in shale, more continuous
within dolerite and quartzite

@ - KEY
— ~~~— Main kimerlite dyke
~
N Edward Shaft
John Shaft
—
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e —
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Brown et al., 2007

3rd lease shaft

Canada Shaft
T
+

Edward Shaft John Shaft

2 ?

Excavation l:‘ Lava Dolerite. 0 ]

Thrust fault — —Shale- Quartzitel:' 250 m

Brown et al., (2007)

* Propagation of water
(magma analogue) in solid
gelatine (crust analogue)

* Upper layer less rigid

* Narrowing / “Pinching” at
interface

Kavanagh et al. (2006)

2019-10-19
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Swartruggens dyke thickness

Kimberlite dykes, South Africa
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Kavanagh & Sparks, 2011

Helam Mine, RSA

N

‘Damage zong* a,gjacent to
intrusion walls - )

Dyke jogs & relay zones: d ke
pinches into stringers :
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S
s;@)
blocks

Kimberlite dykes

symptotl

ractures
Dol

Spheroidal
blocks

Kavanagh & Sparks, 2011

Kimberlite dykes

Kimberlite and lamprophyre dykes, South Africa

Kavanagh & Sparks, 2011

carbonatite (Sparks, 2013)

. Breccia
\

* Kimberlite magma: Low viscosity, volatile-rich, buoyant
* Physical properties intermediate between basalt and

2019-10-19
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Brown et al., 2007

magma-stringers
cm thiek *
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Kimberlite dyke — damage zone + preconditioning

Kimberlite dyke ascent processes?

EPICI\.ASTICS

TUFF RING PYROCLASTICS

SOUTH AFRICA S goimonamne. |55
% Kaapvaal Cratonf
B Cape Town 500 kel
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Kimberlite dykes — key features

* Low viscosity magma
* High volatile content
* Buoyant ascent

* Host-rock
preconditioning
* Damage (brecciation,
toping)
* Alteration (volatiles)

* Host rock assimilation

Deformation and alteration zones
focused at dyke segment terminations
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Kavanagh & Sparks, 2011
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Kimberlite dyke ascent model

Kimberlite dyke cross-section view

dn juefong
You-a|11e|oA

8sl1 8|qgnq yum
1'e} you-Hen

Kimberlite dyke plan view

%

rounding by b

ARDER
I-b C’ '\] Turbulent '6

Assimilation Assimilation
zone 1} zone

7

1]
u
Magma ascent
in central jet

Continuous volatile exsolution
due to depressurisation
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Focused activity: vent formation

Volacnic vent formation
Fractures and alteration preferentially. at weakened
concentrates at dyke jogs zones at dyke jogs and relays.
Altered material reamed
and relays N
out and incorporated into
Trace of dyke offsets pipe infill

iz 77

Corrosion of host rock
due to magmatic volatiles
forms spheroidal alteration

>— |
/
N
/

.
>~
|
T

Volatile release fom AV ~ Later dyke intrusion

magma stalled at depth Stalled dykes exploits weak zones Volcanic vent formation
A Preconditioning of host rock B Preferential dyke emplacement C Voleanic vent formation and
as magma stalls at depth. along weakened zones concentrated altered host rock is reamed out
at dyke jogs and relays. and included in the pipe infill.

Brown et al., 2007

Implications & Conclusions

* Kimberlite dykes have some interesting dynamics with
important consequences - diamond transport and preservation

* Low viscosity, buoyant and likely turbulent ascent

* Host rock (crust and mantle) is damaged mechanically and
chemically by the dyke growing

* Magma exsolves volatiles and buoyant volatile-rich tip ascends
ahead of the magma-filled crack

* Tear-drop geometry enhances damage

* Damaged material incorporated physically & chemically

* High velocity magma jet transports & recirculates crystal cargo
* Dyke dynamics fundamental to the kimberlite volcanic system

2019-10-19
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