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Magma>c	intrusions		
	
1/	Laccolith	
5/	Sill	
4/	Dyke	

Magma	ascent	in	the	crust	depends	on:	
-  magma	buoyancy	
-  the	state	of	stress	
in	the	crust.	
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Flow	of	water	below	ice	sheet:	lake	drainage	in	Greenland	
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Laminar	flow	+	Lubrica>on	assump>ons	

Magma	weight	 Elas>c	bending	
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Laminar	flow	+	Lubrica>on	assump>ons	

Magma	weight	 Elas>c	bending	
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hf /H = 5×10−3



hf /H =10−3 −10−2

Regulariza/on	for	the	front:	
Pre-weXng	film	of	given	thickness	hf	

	 	 	or	
Gas-filled	gap	at	a	given	pressure	σ
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Two	asympto>c	spreading	regimes	h(t),	R(t).	

Michaut,	2011	
Michaut	et	al,	2013	
Lister	et	al,	2013	
Thorey	and	Michaut,	2014	
	

/H
	

/Λ
/τ /τ



Two	asympto>c	spreading	regimes	h(t),	R(t).	

Michaut,	2011	
Lister	et	al,	2013	hl (r, t) = h0 (t) 1−

r2

R2
⎛

⎝
⎜

⎞

⎠
⎟

2

/H
	

/Λ
/τ /τ



Two	asympto>c	spreading	regimes	h(t),	R(t).	

Michaut,	2011	
Lister	et	al,	2013	hl (r, t) = h0 (t) 1−

r2

R2
⎛

⎝
⎜

⎞

⎠
⎟

2

/H
	

/Λ
/τ /τ



Gravity	regime	Bending	regime	

Two	asympto>c	spreading	regimes	
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9	laccoliths	between	1.9	and	3.7	km	depth	

Laccoliths	at	Elba	Island	

Rocchi	et	al,	2002	
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Cooling	coupled	to	the	flow	
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Cooling	in	the	bending	regime	

Rigid	

Elas>c	

Cooling	

Peeling	length	scale	(Lister	
et	al,	2013)	

Ø  Flow	propaga>on	controlled	by	the	viscosity	of	a	small	region	at	the	>p	
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Lunar	floor-fractured	craters	(FFCs)	

Regular	impact	
craters	

Floor-fractured	
craters	

~10	to	100	km	radius	
Number	:	~200	



Flow	below	a	crater	
	

	Crater-centered	intrusion	–	floor-fractured	craters	

LROC	NAC	-	Oblique	Karpinskiy	FFC		
~90	km	in	diameter	

LROC	WAC	-	Oblique	Komarov	FFC	
~80	km	in	diameter	

NASA/GSFC/Arizona	State	University	



Uplihed	convex	floor	 Uplihed	flat	floor	with	a	circular	moat	
Two	types	of	floor	appearance	at	lunar	floor-fractured	craters	

Thorey	&	Michaut,	2014	





Intrusion	shape	and	floor	appearance	depends	on		
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Figure 7. (a) Profiles for an intrusion spreading below an elastic overlying layer with a complex crater topography at different times indicated on the plot for Θ = 10−2, i.e., corre-
sponding to a small crater and/or an intrusion below a thick elastic layer. Units are dimensionless. For each time, a corresponding 3-D graph showing the dimensionless crater floor
appearance given by Tp(r) + h(r) where Tp(r) is given by (26), is represented. For each plot, the dimensionless initial topography Tp(r) is superimposed in low opacity. (b) Same plot
but for a large crater and/or a shallow intrusion, i.e., Θ = 10−5. Here we use ! = 0.02, " = 0.13, Ξ = 20, and Ψ = 0.3.

more important and it is easier for the magma to overcome the lithostatic barrier and spread below the wall
zone. In any case, when the sum of the pressures due to elastic bending and to magma weight compensates
for the hydrostatic pressure due to the crater wall zone weight, the flow passes the wall zone. For both val-
ues of Θ, as it passes down the wall zone, the intrusion is in a gravity current regime as R is or becomes larger
than 4Λ: the radius evolves as t1∕2 and the thickness evolves toward the final value of Ξ + Hg (Figures 6a
and 6b).

4.3.2. Effect of the Local Increase in the Flexural Parameter at the Wall Zone (Effect of !)
Due to the elastic thickness increase at the crater wall zone, the flexural wavelength of the overlying elastic
layer increases from Λ at the crater center to a value equal to

Λb =
( E(T 0

e
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) 1
4
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beyond the wall zone. To understand the effect of the local increase in flexural wavelength at the wall zone,
we consider a constant value of the number Ξ = 20 and increasing values of the number Ψ = 0.3, 3, and
6 for the two different values of the number Θ = 10−2 and Θ = 10−5 used previously and representing two
possible end-member floor deformations.

For Θ = 10−2, the elastic term is dominant over the gravity current term as the flow arrives to the wall zone
and the effect of the local increase in flexural wavelength of the overlying layer is to increase the thickening
rate with time (Figure 8a). The increase in flexural wavelength enhances the barrier effect of the lithostatic
pressure increase at the crater wall zone, and in response, the flow thickens rapidly in the center, where
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Shallow	magma>c	intrusions	are	present	below	floor-fractured	craters	
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Examples	of	applica>ons:	
	low-slope	lunar	domes	
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Constraints	on	mare	basalt	thicknesses	
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A	lot	of	evidence	of	shallow	solidified	magma	reservoirs	at	the	surface	of	the	Moon,	mostly	
below	craters	and	surrounding	mare	basalt	area.	
	



Conclusions	
	
-  Laccoliths	spreading	is	controlled	by	the	elas>c	

deforma>on	of	the	overlying	plate.	
-  Laccoliths’	shapes	provide	informa>on	on	their	

depth.	
-  	Cooling	significantly	slows	down	their	spreading	

by	rapidly	increasing	the	viscosity	of	the	>p.	
-  Topography	also	influences	the	spreading	of	

shallow	intrusions.	
-  Shallow	intrusions	are	numerous	in	the	lunar	

crust.	
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h0	=	2	km	
Δρ	=	500	kg	m-3	

Thorey,	Michaut	and	Wieczorek,	EPSL	2015	

Poten>al	gravita>onal	signature	of	FFCs	
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µFFCs=2 mGal 
µCrater=-1 mGal 

Gravita>onal	signature	of	FFCs:	GRAIL’s	data	
	



Thorey,	Michaut	and	Wieczorek,	EPSL	2015	

µFFCs=2 mGal 
µCrater=-1 mGal 

Gravita>onal	signature	of	FFCs:	GRAIL’s	data	
	

GRAIL’s	data	confirm	the	presence	of	intrusions	below	floor-fractured	craters	


