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Lu- ggi‘l_’i?{gité Transport in the Earth mantle

Heat transport
mantle

Conduction in upper and lower

boundary layer (lithosphere

and DO06O)

Solid - state convection
Velocities: cm/yr

Process: solid state deformation
Dislocation glide
Dislocation climb
Diffusion
Grain boundary sliding
Etc

ChangesinPand T

lllustration N. Coltice, Univ. Nice Phase transformations
S. Merkel, SEES-ISRD 2025 Joint Meeting




(L Sniversite Solid - state deformation

Sample ELLE simulation: halite
during shearing

Colors ¢ grain orientations

{110}

Grain shapes and orientations
change with deformation Y
c h an g e snicrostructiires 0

Impact on
Microstructures
Mechanical properties

Wave propagation features
1 (i.,e. observations with

seismology )
yT——o 7 |
Gomez-Rivas et al. - SGC10 %> 100 “.110

S. Merkel, SEES-ISRD 2025 Joint Meeting Video at:  https://www.youtube.com/watch?v=mfqprkOH6fE
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Lu- ggi‘l_’i?{gité Phase transformations

Olivine
U- phase A-phase

Wadsleyite

S. Merkel, SEES-ISRD 2025 Joint Meeting



&- ggi‘l_’i?{gité Phase transformation microstructures

Coherent

Coherent

Coherent transformation Incoherent
(200) ol // (042) wd, transformation
(060) ot // (04 4) wd

[001] ol 1/ [1 0] O] wd

Wadsleyite
A-phase
S. Merkel, SEES-ISRD 2025 Joint Meeting

Smyth et al, PEPI, 2012



L'l- ggil‘_’ﬁ’{gité Follow grain rotations under pressure?

Goal
Use
A diamond anvil cell Diffracted
Synchrotron x -ray diffraction 8:ray beams
| ncrease pressure (at Earthﬁs‘Zmant/f,ln«”"‘”"e

temperature)

Requires laser heating o

' ' B¢
Follow grain rotations _ ARYZe
i Incoming A

between pressure increases x-ray beam SIS
All in -situ, without 2 X N
opening the DACeé. \ N

Solution: multigrain XRD
(3D -XRD, HEDM, etc)

S. Merkel, SEES-ISRD 2025 Joint Meeting
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Diamond anvil cell

Diamond anvil cells @ Univ Lille
S. Merkel, SEES-ISRD 2025 Joint Meeting

Synchrotron
X-rays

/ Infrared
laser

Diamond

Sample s

Infrared
laser
X-ray
Diffraction




L'l- Ve Experimental layout

de Lille

X-ray diffraction + laser heating + diamond anvil cell
P02.2, PETRA IIl, Hambourg

S. Merkel, SEES-ISRD 2025 Joint Meeting High quality equivalent beamline at GSECARS, APS



(L Sniversite Specifics of LH -DAC experiments

Synchrotron
X-rays

X-ray
Diffraction

S. Merkel, SEES-ISRD 2025 Joint Meeting

Infrared
laser

Infrared
laser

Sample is small
~20to50 T m di amet er
~10 T m thickness
Grail n sizes: ~ 1 1

Laser heating
Shape of the laser Y typically

gaussian

Homogeneous temperatures over

~5 T m di amet er s
X-ray

Beam focused to | e

Avail able 2e range
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Requires laser heating o

' ' B¢
Follow grain rotations _ ARYZe
i Incoming A
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&- ggi‘l_’ﬁ’{gité Follow grain rotations under pressure?

Goal
Use
A diamond anvil cell
Synchrotron x -ray diffraction

| ncrease pressure (at Earthos mantl e
temperature) 7 2D
A

=

— sole o

Requires laser heating detector
Follow grain rotations

_ w-rotation
between pressure increases CE_;

All in -situ, without
opening the DACE

Incoming ~ D
xraybeam | GEegE----C7 T M [ 1. w (59
-------- SR Diffracted /
x-ray beam

S. Merkel, SEES-ISRD 2025 Joint Meeting
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X-ray diffraction: single crystal
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Polyxsim simulations for post  -perovskite
(orthorhombic Cmcm space group) o

Random crystal orientation

|deal peak positions

S. Merkel, SEES-ISRD 2025 Joint Meeting
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X-ray diffraction stackings

o °
o o o °
o 4] ® ° ° o © o
0?® © o ° o’ .00 © 00
© ° L o oo
o o ° o0 ] oo o©0@ ©
o © ° ° © o ° ® ° o _©
& 0© © ° o o @® © 0000 o 9
o
o o © (e} ) o @ o0 o ©°
© e © d o © ° o oo *° ° °e ® ® @
@ o e} ° I} o © ° . o ®o ©°©
°© ° ° ° o ee o4 ) ®o
° © ° ° @ ° 9e @ o @0 ®° °
° [¢] * o LX) °g o®
e ° o © oo ®
e © o o o o © e o oe @ 00 o
° ° ° oo g ow ® ®e ° % eo
© e
© e o © ° °® @ ° 4 ° oo &°
° o © o e © ° %o ° 8% o
° [¢) ° © e @ o
o © ﬁ’o. ® © o
e ° e e b °
° . o o © e oo o o ©
o
@ ° o © o (¢] 0 ° o Po
(o] © o o o [olNo}
© e
<] o o o o 00
o O
. . . . H H o, o
1 pPv grain - w in [-28°;4+28°] -125 peaks 2 pPv grain - w in [-28°;+28°] - 229 peaks 100 pPv grain - w in [-28°;+28°] - 12300 peaks

a in[-28°;+28 °]
1 grain

125 peaksin2 K
range

Polyxsim simulations for post
S. Merkel, SEES-ISRD 2025 Joint Meeting
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2 grains 100 grains
229 peaksin2 K 12300 peaksin2 K
range range

- perovskite (orthorhombic Cmcm space group)
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Multigrain X -ray diffraction in the DAC
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DAC sitting on

Collect data every

(-28° t0 +28 °)

a rotation stage
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Extract diffraction spot database with 2
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Indexing procedure

Typical numbers
~10 4 spots per P/T point
Random walk through orientation space
to identify grains with convergence
criteria

~ 106 iterations

~ 5.10 2 to 1.10 ® indexed grains per P/T
point

N 2 ‘ g, %
P NED2 N b s -
27 [3"‘ 3 ‘q*‘ % T .;_d—

At
llustration: < 2¢
Wejdemanna and Poulsen,

J. Appl. Cryst . 2016
S. Merkel, SEES-ISRD 2025 Joint Meeting

Results

Average sample
Fine matrix vs. grains volume ratio
Phase proportions
Average cell parameters

Grain scale, for each indexed grain
Orientation
Cell parameters
Relative volume

Nisr etal , J. Geoph Res. 2012

Nisr et al, High Pres. Res. 2014
Rosa etal , J. Appl . Cryst. 2015
Rosa etal , J. Geoph Res. 2016
Langrand etal, J. Appl. Cryst. 2017
Gay etal, EPSL, 2023

Ledoux etal, Am. Min . 2023

Ledoux etal, G 3, 2023

Gay etal, Geophys. Res. Lett. , 2024



660 km

750 km

R Application example :
Pyrolite microstructures
In the lower mantle

2000 km

3150 km Gay et al, EPSL, 2023
Gay et al, GRL, 2024
S. Merkel, SEES-ISRD 2025 Joint Meeting Magali et al, Nature Geoscience, in review



ul_ Université Phase transformations and deformation in

de Lille pyrolite
Volume (%) Pyrolite = model composition for
20 20 60 20 the Earthos mantl e
: : : In the upper mantle: 60%
2001 Grivine olivine, garnet, pyroxenes
400- 600 km: 60% ringwoodite,
Wadsleyite Garnell garnet
A 6001  Ringwoodite 1000 km: 15% ferropericlase,
2 990 75% garnet, 10% davemaoite
=
Q. 1000+ .
2 l BraTanne | Effect of phase transformations
F " on grain orientations?
2400 ¢
i a
2600 S . .
Effect of deformation on grain
2891 Post-perovskite i orientations?

Cpx: clinopyroxene Fp: ferro-periclase
Opx: orthopyroxene Ca-Pv: calcium-perovskite

S. Merkel, SEES-ISRD 2025 Joint Meeting
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&_ de Lille Experimental P/T path

- 4 experiments on  pyrolitic

3000 e composition
Diffraction MGC
B ® Pyr01 &
Pyr02 - '
2500 L o o i Trying to follow geotherm
| = ey Geother™ temperatures
;70;0. . . .
< 2000 y ¢ & 2 9 - Powder diffraction images
~ > : ® .
o | L i g |19 o » taken to monitor phase
-1 i
g 1500 - 12 2| occurrence
()] @ |
Q i & . .
S1000 | |© £ Deformation Experiments - Pressure increases and phase
“— O . .
L |2 2 transformations at high P and T
S 1
o el oo . .l - Muligrain to characterize
[ sample microstructures
| | ] ] L | L | ] .
05 20 40 60 80 100 120 collected after quenphlng as
Pressure (GPa) close to transformation

conditions as possible
S. Merkel, SEES-ISRD 2025 Joint Meeting



G ggi‘l_’i?{ gité Sample preparation

Process
1) Pyrolitic composition sintered in a piston -cylinder
2) Cutand polishedto20 T m di amet em / 1 OfChcts sl
thickness S

3) Coated with 200 nm Pt
4) Loaded in DAC with KCI| pressure medium
5) Laser heating + XRD Platinum

Flake

Starting

material
EBSD
phase

IR laser

10 ym

A

> 20 pm

ivi Diopside i
100 pm B Olivine P I Enstatite B Garnet

S. Merkel, SEES-ISRD 2025 Joint Meeting



G ggil‘_’ﬁ’{gité Sample data

Raw diffraction image

Powder from pressure medium (KCI), spots from sample grains, diamond
spots

Median background filter
Diamond spot easy to detect and mask (large intensity)
High pass intensity filter Y sample diffraction spots

S. Merkel, SEES-ISRD 2025 Joint Meeting



Lu_ Université Phase identification 1 Step 1
deLille Peaks extraction

Pyrolite + KCI, 34 GPa

Potential phases:
- Bridgmanite (Mg,Fe)SiO 3
- Ferropericlase (Mg,Fe)O
- Davemaoite CaSiO 3
- Left-over garnets

24000 extracted peaks, with known
mean 2K, I, a, intensity

S. Merkel, SEES-ISRD 2025 Joint Meeting



Lu_ Université Phase identification 1 Step 2

de Lille Peak histogram vs. 1/d (or 2 K)
400 -
+ 300 -
2 |
é 200 -
(a
100 |-
0 I I | | I I I
0.3 0.4 0.5 0.6 0.7 0.8 0.9

1/d (A7)
S. Merkel, SEES-ISRD 2025 Joint Meeting



Lu_ Université Phase identification 1 Step 3

de Lille Le Balil analysis
1200 Unindexed ,
- B Bridgmanite (Bm) g
= Davemaoite (Dm) r
1000 -, 1100 o
800 - ;
@
z i
=
Q E
O 600 EE E
3 i
. L a i Nz | §5%
Phase identification wol & Sioll bl
: ' EE |56 NS
Unit - cell parameters for | S 22155 1 m
each . R woea |8
200 = 2 & =S Iy
Cut-out . S \
- 2K regions with Kl r
- Regions with | ar§ 0.5 | _ 0.8

much overlap) ‘ ' 1d (A1)

S. Merkel, SEES-ISRD 2025 Joint Meeting
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Sample indexing result

Grain 42
2000F————1_® Measured

0 Predicted]T

1500 +
L S
N Yo ® < Peak (0,1,1)
2 2 m’ittheta =(42,4.2,0.0)
T / eta = (160.2, 160.1, 0.1)
Q i omega = (-24.4, 241, -0.2) |
>< A {F J ‘ L{pred., meas., diff.) ] e
= 1000 : Il ‘{‘ TR | + |
Q— I il . | "\ ‘|| yi
t.,i
500 +

1000 1500

X (pixels)

500

S. Merkel, SEES-ISRD 2025 Joint Meeting

2000

Omega (degrees)

40

30

20+

10+

Grain 42

{ ® Measured O Predicted}

ttheta = (4.2, 4.2, 0.0)
eta = (160.2, 160.1, 0.1)
omega = (-24.4,-24.1,-0.2)
{(pred., meas., diff)
o

» =l

5 10 15 20 25

2theta (degrees)

Sample bridgmanite grain
inside a polycrystal
Peaks:
Squares: predicted
Circles: measured



L'l- ggi‘l_’i?{gité Indexing, Pyrolite + KCI, 34 GPa

Un-assigned
Davemaoite

. : Ferropericlase ' b %
GrainSpotter Indexing , o A i .:u.\\‘
’ o T e e . Sy o Ly

Bridgmanite
Peaks

- 14000 un -assigned (overlap with
KCI, oroutof 2 K range)

- ~2000 ferro -periclase peaks

- ~400 davemaoite peaks

- ~7600 bridmanite peaks :< 3
Indexed grains BT

- Brigmanite: 241 B A

. Davemaoite: 36 AN R

- Ferropericlase; 144 R

~
(4 .' o
0. 055°2% P o :
.‘;,:'.'o-« ‘S 220 °
- .
e

S. Merkel, SEES-ISRD 2025 Joint Meeting
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de Lille Indexing, Pyrolite + KCI, 34 GPa

GrainSpotter Indexing

Indexed grains
- Brigmanite: 241
- Davemaoite: 36
- Ferropericlase: 144

[010] [111]

[ ? s /
1o Grains: Grains: - \\ Craine.
NI Y ains:
e R 241 36// : \

144
PR TR N // .=.'.\
, TNl “\

| Loty

/ : ’ - I . g - .' "o:' ..u
:..:.. ;. ~' :'-r .:".i / . p : .-|| .a ) . ave "0 -;‘ '.:c.
{:a::.'. .|' ® .o :"‘ ..‘\ / . ® . . Y ..l.. . :. . . |
APE L ‘ R VAR R R
2% P og ,

e ] [001]
[001] [100]

Bridgmanite
grain orientations

S. Merkel, SEES-ISRD 2025 Joint Meeting

(101] f001]

[101]
Davemaoite

Ferropericlase
grain orientations

grain orientations
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660 km discontinuity

L ower transition zone

60% ringwoodite
(Mg,Fe) 2SiO4

40% garnet c

(Mg,Fe,Al,Ca) 3(Al,Fe) 2(SiOa4)3

S. Merkel, SEES-ISRD 2025 Joint Meeting

660 km

1900 K

Lower mantle

80%
bridgmanite
(Mg,Fe)SIiO 3

24 GPa 15%
ferropericlase 3§
(Mg,Fe)O '
2 5%
davemaoite
e CaSiOs;
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660 km discontinuity experiment

Temperature (K)

2500

2000

1500

1000

500

Pressure (GPa)

Gay et al, EPSL, 2023

S. Merkel, SEES-ISRD 2025 Joint Meeting
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© Quench
Powder
Diffraction
L
*
n
Heat
F -9 -cC - - - - - - - = - - - SF - - - = e —
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L'l- ggi‘l_’i?{gité 660 km discontinuity experiment

(Mg, Fe,Al)SiO; CaSiO; (Mg,Fe)O
Bridgmanite Davemaoite Ferropericlase
[910] [111] [111]
2500 Lt S Grains: Grains: <.: Grains:
o 495 208 33
® ®e
2000 Geotherm [ .| + - )y ..
B m ;- e b : SN . . .
g [ B y ® [oo1 [100] [001] o1 [001] [101]
o 1500 - ® Quench
=2 [111] [111]
o i Powder
- = MGC e T :
2 Diffraction Grains: Grains:
QE) 1000 ) Pyr02 O 54 230 *
& i o Py05 o T A
m Py07 O SRS
500 HERE e
L - - - -9 -G ———————— - — = éF ----6- AR A L]
[001] [100] [001] [101]
O 1 l 1 I 1 I 1
20 25 30 [111] [111]
Pressure (GPa) Grains: Grains: Grains
270 182 56
Gay et al, EPSL, 2023 WG
[100] [001] [101]

S. Merkel, SEES-ISRD 2025 Joint Meeting



L'l- ggi‘l_’i?{gité 660 km discontinuity experiment

(MgFeADSiO; Casio,  _ (Mg,Fe)o Systematic 001 transformation
ri manite i erropericiase . . .
° Pavemaoite P texture in bridgmanite

010] [111] [111]

T..J?-“F . ; ¢ ) \

v Grains: Grains: <« Grains: \
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NI
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oy e compressive stress
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S. Merkel, SEES-ISRD 2025 Joint Meeting Gay et al, EPSL, 2023



Lll- ggi‘l_’ﬁ{gité Seismic anisotropy in subducting slab

Vs Anisotropy (kmy/s) Vp (km/s)

¢
(TDX

Compression

Max Vs Anisotropy (%): 0 Vp Anisotropy (%): 0 Direction
AVs (km/s): 0 Mean Vp (km/s): 10.08
660 Km 22 GPa/1700 K
———————————————— Discontinuity 27 GPa/1900 K
AVs = 1.289 Vs Anisotropy (km/s) Vp (km/s)
Vsv > Vsh 0.09 10.84
660 km discontinuity il 0.08 10.838
0.07 10.836
0.06 10.834
0.05 10.832
0.04 10.830
0.03 10.828
0.02 10.826
AVs =0 0.01 10.824
Max Vs Anisotropy (%): 1.28 ° Vp Anisotropy (%): 0.17
AVs (km/s): 0.08 Mean Vp (km/s): 10.83

S. Merkel, SEES-ISRD 2025 Joint Meeting Gay et al, EPSL, 2023
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Volume (%)
200 40 60 80

2001 oyl Cpx

400+

Wadsleyite Garnets

600+ Ringwoodite

800+
1000+

3

2400-

Depth (km)

Bridgmanite

7
V74
!

Fp
2600+

& : : : :
& Bridgmanite Ferropericlase Davemaoite
' (Mg,Fe)SiO 3 (Mg,Fe)O CaSiOs

2891 Post-perovskite

Cpx: clinopyroxene  Fp: ferro-periclase
Opx: orthopyroxene Ca-Pv: calcium-perovskite

S. Merkel, SEES-ISRD 2025 Joint Meeting Gay et al, GRL 2024
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Deep mantle deformation

Bridgmanite LPO

Pyr07
Low P Exp.

(o101
o270 Grains
5 s

30 GPa

Transfo

ey, -

L AR
A TR
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Increasing Pressure

Texture

Low P
Deformation

High P
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\

rmation - .
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High P Exp.

.. 165 Grains
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;, Scale in m.r.d.
=S .
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3.0
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S. Merkel, SEES-ISRD 2025 Joint Meeting

VPSC Simulation

Transformation (001)
a [010]

[100]

[001]'
30% Strain
Low P (100) Slip

30% Strain

High P (010) Slip
C

70% Strain

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Identification of 3 regimes
of grain orientations

Transformation
microstructures, with
(001) orthogonal to
maximum stress
direction

Deformation below
~50 GPa, dominated by
slip on [001](100)

Deformation at P >~
50 GPa, dominated by
slip on (010), either
[100] or [001]

Gay et al, GRL 2024



Lu- ggi‘l_’fl’{gité Deep mantle deformation

Table 1. Relative CR5S and Slip System Activity in Bridgmanite Modeled Using VPSC

Low P High P

Slip system CRSS Activity (%) CRSS Activity (%)

(100)[010] 2 18.0 4 0.6

(100)[001] 1 34.7 4 9.0

(100) ¢ 011 > 3 6.0 5 5.9

(010)[100] 4 2.2 1 36.9

(010)[001] 2 1.3 1 34.4

(010) ¢ 101 » 3 9.4 4 1.4

(001)[100] 2 43 5 4.6

(001)[010] 2 1.3 3 1.3

Above
(Q01) < 110 > 5 1.2 5 4.3
>~ 50 GPa

{111} {110 » 30 1.6 30 1.6

S. Merkel, SEES-ISRD 2025 Joint Meeting Gay et al, GRL 2024



