Are complex rift patterns the result of interacting crustal and mantle
weaknesses, or of multiphase rifting? (An analogue modelling study)
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Motivation: rift localization

* Observation:

Faulting occurs along
pre-existing weak-
nesses (e.g. in the
East African Rift)

* Questions:

What type of
weaknesses? Crust,
mantellic, or both?

Do these interact,
how?
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Motivation: rift localization

* Previous (modelling) studies generally either
Focus on either mantle or crustal weaknesses, or
Do not fully explore the 3D components of rift systems

° Qur aim is:

To study the interactions between mantle and crustal
weaknesses through 3D analogue models




Model design: lithospheric structure

* Stable continental lithosphere

upper brittle crust
contains two strong Iayers: (1)

* (1) Upper brittle crust
* (2) Strong upper mantle

lower ductile crust

high strength
=3 mantle

* Inherited weaknesses in these
layers will control deformation
* Suture zones
* Older faults
* Etc.

low strength
mantle




Model design: basic set-up

3D cut-out sketch of model set-up
* Base plate configuration

Edge of base plate represents
weakness in the upper mantle

fixed
sidewall

brittle confinement
(sand talus
on both ends)

* Brittle-viscous layering mobile _y

3 cm thick sand cover

. <
represents brittle upper crust VD (base plate edge,
representing a mantle

weakness)

viscous
. . layer
1 cm thick viscous layer v

; base plate
represents ductile lower crust (attached to

mobile sidewall)

* Weaknesses in the brittle layer

Represent crustal weaknesses




Model design: basic set-up

. . section view of model set-up
* Base plate configuration
Edge of base plate represents mobile -
weakness in the upper mantle sidewall sidewall
20 mm/ crustal weaknesses
(constant
* Brittle-viscous layering ey EtiE type 1: type 2
) extension) pre-cut viscous seeds
3 cm thick sand cover fault (8 =1cm)
represents brittle upper crust mobile \.\ J 3 cm sand
base plate ™ 60° o, ~

1 cm thick viscous layer
represents ductile lower crust

' 1 cm viscous
fixed base VD (mantle mixture
weakness)

* Weaknesses in the brittle layer

Represent crustal weaknesses

[6)




Model design: basic set-up

section view of model set-u
* Two crustal weakness types J

(1) Pre-cut faults in the brittle

mobile fixed

sand cover sidewall sidewall
(2) “Seeds” rods viscous (3c?nr2tr:éT crustal weaknesses
material locally weakening the asymmetric —_— —_—
strong sand layer extension) pre-cut viscous seeds
fault (=1cm)
mobile \o.\ J 3 cm sand
* Models are deformed as the base plate 4 002, A
(left) sidewall moves apart | 4 sl
. . . fixed base VD (mantle L
VD: velocity discontinuity weakness)
(deformation represents a
shear zone in the upper [ 7 )

mantle)




. Model set-up and base plate (VD)
Model design: 3D weakness geometries (top view)

50 cm (base plate/
sand pack lenght)

&
bl >

 Two model mantle weakness [
. - . i 44 i | 4l tent of
orientations: | om (viscous Tayer) | {4— extent of
Parallel to model axis 2 - = ’
2 £ )
30° oblique to model axis o e mite
v

mobile sidewall




Simulated crustal weakness

Model design: 3D weakness geometries (top view)

50 cm (base plate/
sand pack lenght)

A
v

* Three crustal weakness e
orientaﬁons: 8 .cm I i pre-cut/seed locations i
. 7 cm ¢ i E
Parallel to model axis - 1 i :
cm 1
-30° oblique to model axis I E 4~ extent of
8 cm i ! sand pack

30° oblique to model axis -*-
mobile sidewall

(not shown here)

* Various 3D combinations with
the two mantle weakness
orientations




Model procedure: example of a model run

1) Base plate + lower ductile crust 2) Upper crustal weaknesses (seeds)

1. Prepare viscous layer

—

2. Add seeds

3. Add sand layer e E——

2) Upper brittle crust (sand) 4) Deformed model

o -




CT-scanner

Model analysis

3D CT scan

* Surface photography
See previous slides

* Particle Image Velocimetry (PIV)

Analysis of surface pictures to
extract displacement and strain

LR PIV analysis

e (strain map

° - _ i N e shows active
X-Ray CT-scanning \\—‘*\\ b

Unique insights into internal model
evolution during a model run




Model results: effects of crustal weaknesses (PIV)

15 min 30 min 60 min 90 min Final surface
Model A (e =1.7%) (e =3.3%) (e =6.7%) (e =10%) structures
a i o (b & A mo i e s o i e s d PP T e B =
Model axis-parallel HMEEESaEEY i
AV 0 2 i 58 e ; T, . ;
VD only i e it Il e s
- Rift along VD VD cieates two parallel VD-induced faults localize in
deformation zones | a double graben structqre
A3
Model B (pre-cut faults)
VD + Obllque f B __1-"" | Oblique pre-cut - 9 ' VD-induced faults forma
precu t faul ts 'faults" reactiv_ate’ (segmented) double graben
CW ¢~ e B !
= _\,__,"“ bt ]
- Rift along VD slightly Vol - e 3
overprinted by oblique E P
structures s boake
A4

Model C (seeds)

K Oblique seeds .-+ 4 | Strongly segmented
|, induce grabens ! VD-induced double graben
{ ol \‘ 7

VD + oblique seeds

- Rift along VD
Strongly Overpl’l nted Interaction between seeds and
by oblique structures ARt Seommation 2ones




Model results: interacting structures (CT)

Horizontal sections Vertical sections 3D CT image
Oblique
c) seeds
localize
faulting
Level of
horizontal
CT section
Sand
Silicone/
v sand mix .
t=15min Oblique seeds mem  Seeds Seeds VD induces a
(e =1.6%) localize faulting localize faulting 700m general rift zone

Double rift structure
forms parallel to VD

VD-induced f)
faulting
(double rift)

Double rift
structure forms
along VD
t =30 min
(e=3.3%)

* Crustal structures activate first, followed by a VD-induced rift zone




Model results: thicker viscous layer

15 min 30 min 60 min 90 min Final surface
Model A (e =1.7%) (e = 3.3%) (e =6.7%) (e =10%) structures
a } g ﬂ.,_..’ b & : S C‘ e d 2y .,,,-,,.*__‘_..4 om
Normal viscous L L R E=EENERNE
AV/D R L 5 o i e [ e | vy o e i S e O I e e e
Iayer o) A= et~ [ b L L e
- Rift along VD Woammeewopesn | | Vordeausectmin | | | [l
~ S ——— et
Model E
Thicker viscous e IR e
layer vo [T A ——
- Graben are farther | \4 s S GRS
VD creates two parallel VD-induced faults localize in , |
apart } * deformation zones | | 'a double graben structure |
Model F (seeds)
: : t N |0 o | T D E L | R
Thicker viscous W fesirimtrktebet | fedebeobt et bl Ll L L] ey ol
I ‘ S I s e e T B et 20 ;_"\Cenlralseedlclivatesv — B
Central seed fam e f
ayer VD o oo | | “emanemeane | | || [ s s
- seeds localize graben ¢ B i e s e Wl e s Eammm
Seedsl?)calizegrabens / - Boundary effects B

4
[ |

0 incremental max. normal strain 2%




Model results: effects of oblique VD (PIV)

Oblique VD only

- Rift along VD
(en echelon structures)

VD + precut faults

- Rift along VD strongly
overprinted by pre-cut-
induced faults

VD + oblique seeds

- Rift along VD very
strongly overprinted by
seed-induced faults

15 min 30 min 90 min Final surface
Model G (e =1.7%) (e = 3.3%) (e =10%) structures (photograph)
VD,4la ~ En-echelon b __ Dominant en-echelon d N D formation Zore
e faulting appears - normal faulting ‘ widens
‘/ / il along VD
\;‘
\\ e \_.
Two deformation zones .~ P ; T \
paralleltoVD - Oly ~
— . Structures rotate cew .
A% -
Model | (pre-cut faults)
vDa[k Pre-cut faults** | T M \_  VD-induced double NG 2
\\7 =7 N Sl \ grabens form T 4
CW gzoon Al St PR ; e T
—y S . _1\« \\.
v Y AT \"‘\
o S b I S!ruaures rotate ccw J
Model J (seeds)
VDa[pP ' Seedscreate | [q ‘ r Seedsdominate | SN
s X~ grabens ~3 \’q___‘__ | 2 S us
CW =t St Sl | Sa s o e i g AT s e —
‘] e b o \ ;____w———;z_—i—;—s——‘—"i_ | o e T
sl e T el (0 et
—— . — BESERC S S e S
! s [ e e e \-__Q
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Model results: extra weakness orientations!

15 min 30 min 60 min Final surface
Model K (e =1.7%) (e =3.3%) (e =6.7%) structures
Oblique VD and voA[ 2 BEFTTTE [0 AT Encethefon f\\ sogmont © St =

S oa e | r\ faulting appears />\\ segmenting
SR S At % TS B along seeds
seeds R e P

- Complex interaction oW e e [ /\\’ﬁ\.&‘

Two deformation zones <"

parallelto VD~ .-% o~ S e
: Sl st i ﬁ D Iar > e~
—

Parallel VD and ModelM
seeds R W 6 el
- Enhancement of

deformation e DR
Sk Ve SR R e
52

S

CW 4T

rotate.

All seeds activate

0 incremental max. normal strain 2%




Model results: effects of extension velocity

15 min 30 min 60 min 90 min Final surface
Model J (e=1.7%) (e =3.3%) (e =6.7%) (e =10%) structures (photograph)
i Seeds create q == e | r ¥ el [ s B | t 1]
Normal extension  vo4fp i WL L] e Seecetomna | SN

CW ¢-
- Rift along VD very
strongly overprinted by

seed-induced faults

Model N
Fast extension ot e | 0L sonssedsan -
; . o s fauting > e
- Rift along VD much cw i t ‘
less overprinted b e i | A
. p y Two deformation zones —— =2
seed-induced faults patalle] VD ey i)
v - a
[ |

0 incremental max. normal strain 2%




Discussion (effect of VD only)

8, =0° Byp = 30°[Re
——————————————— VD -
early late early late early Jate
f o R e i ———— = D
“—ﬂ————‘»./:
initial i S e=—ame
= e == NS RS
distributed ‘ O O B R A 7 ’ NS ERE QR ’
deformation Fmt i TR ST e g e =
zones E k
2 e ] s J
Model A central rift structure Model E double rift structure Model G initial deformation series of en echelon
(thicker viscous layer) zones, developing into faults along the VD
en echelon faults
[ ]

Orthogonal vs. Oblique extension structures

Initial deformation localizes along distributed deformation zones
Thicker viscous layer: more spaced-out graben (Model E)




DiscussSsIoNn (combined effects of VD and crustal weaknesses)

30°

30° [
. .
Complex interactions, . w0 |
.
depending on:
*  Type of (crustal) e
weaknesses SETEESS.
pre-cut e
. . faults o
N AR R e
* Orientation of ; ]
(crustal) weakness - : . ,
Model B pre-cut faults Model | pre-cut faults partially
partially overprint overprint VD-induced
H H VD-induced faulting fault: d affect thei
* Extension velocity L
(2
4 N e
seeds |- % :
; A
Model C seed-induced faults ~ Model F seeds localize Model K seed-induced faults ~ Model J seed-induced faults Model M both seeds
partially overprint (thicker viscous layer) rift basins away partially overprint strongly overprint and VD-structures
VD-induced faults from model axis VD-induced faults VD-induced faulting enhance each other
and control their and control their
segmentation i
seeds and double
extension velocity
0 incremental max normal strain 2%

Model N both seed- and
VD-induced faults
are well-pronounced




DiscussIOoN (structural weaknesses vs. multiphase extension)

Multiphase extension Single-phase extension (our models)

Different structural

. . Byp = 0° e B
graben orientations in Phase 1 iR PR Lt
previous models and I .
nature might suggest > | Ocw = -30° -30°

multiphase extension
(i.e. involving rotating

extension directions e
during rifting)

Model C Model K
Yet our model results T ——
highlight that such I I D
structures can also 1 1 1
develop in a single ¥

rifting phase Phase 2




Conclusion

Mantle VD orientations affect basis rift structures:
Model-axis parallel VD: parallel graben along VD
Oblique VD: en echelon graben along VD

Crustal weakness type affects deformation in the crust:
Pre-cut faults: moderate reactivation; Seeds: strong reactivation

Extra parameters:

Extension velocity may change which weakness is dominant (crust vs. mantle)
Lower crust thickness affects style/spacing of faulting

Simultaneous activation of mangle- and crustal weaknesses can account
for complex rift structures

No direct need for multiphase extension

Strong motivation to reevaluate the history of natural examples




Further reading: Solid Earth Discussion paper
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