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S1. Supplementary EBSD Data and Analytical Methods

The EBSD results of olivine crystals measured in Zones A and B of NWA 5480 are
presented here (Supplementary Fig. S1) in scattered data form showing each individual

measurement.
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Supplementary Fig. S1: EBSD results of olivine crystals in Zones A and B of
NWA 5480: Raw EBSD data of NWA 5480 analysis are displayed as scattered
data plots in upper hemisphere, equal area, stereographic projections. The results
are displayed according to the orientation of the main olivine crystallographic
axes [100], [010] and [001]. The olivine-dominated Zone A shows a total of 1361
diffraction measurements of the (coarse-grained) olivine. The schlieren-
dominated Zone B shows a total of 148 diffraction measurements of the (finer-
grained) olivine. Solid black line denotes the presumed NE-SW foliation. L
denotes the lineation. The coordinate system (X0,Y0) relates to the edges of the
sample.
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The stage was moved manually to 58 different sample locations in Zone A (and 20
locations in Zone B). The working distance was 20 mm. In Zone A about 15-25 olivine
diffraction patterns were recorded over the area of each sample location. In Zone B
about 5-10 olivine diffraction patterns were recorded over the area of each sample
location. The diffraction pattern yielded by each measurement was assessed individually
for accuracy of indexing before being discarded or saved. Indexing was based upon a
minimum of 5 and a maximum of 7 bands. Only indexing with a mean angular deviation
(MAD) <1.0 was accepted and recorded. The EBSD measurements were performed

manually without the use of automated mapping options.

S1.1 Comparison of LPO measured for the olivine in NWA 5480 Zone A with those

found in olivine in common terrestrial peridotites.

In Figure 3 of the main text, the measured axes orientations of NWA 5480 Zone A are
compared with compilations of observed LPOs from common terrestrial mantle rocks.
For ease of comparison, each LPO (consisting of axes-plots of the three main olivine
axes [100], [010] and [001]) has been summarized into a schematic diagram and rotated
to show the foliation as horizontal. The fabrics of the LPOs are described in detail for
comparison in Supplementary Table S1. The three axes-plots are depicted in each case
as spotted [100], striped [010] and solid grey [001] respectively, the foliation is denoted
by a solid black line and the lineation is denoted by L.
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Supplementary Table S1: Fabric description of the olivine LPOs of NWA 5480

Zone A and other common terrestrial mantle rocks.

Comment [100] spotted [010] striped [001] solid grey LPO
RO - Foliation
ROL Lineation
(a) | NWA 5480 Point maxima Broad girdle Broad girdle
Zone A within the normal to normal to
foliation, parallel | lineation lineation
to the lineation
(b) | Oman Girdle within the | Point maxima Girdle within the
Ophiolite™* foliation normal to foliation
(cumulate, foliation
compaction)
(c) | Most common Point maxima Point maximum Point maxima
LPO within the normal to within the
(010)[100]°*%* | foliation, parallel | foliation foliation, normal
to the lineation to the lineation
(d) | Further common | Point maxima Point maxima Point maxima
LPO normal to within the within the
(100)[001]%* foliation foliation, normal | foliation, parallel
to lineation to lineation
(e) | Pencil Glide Point maxima Broad girdle Broad girdle
{OkI}[100]°*** | within the normal to normal to
foliation, parallel | lineation lineation
to the lineation
(f) | Experimental Point maxima Point maxima Point maxima
results of strongly oblique normal to the subparallel to
dextral shear to shear direction | shear direction shear direction
under hydrous
conditions®
(9) | Experimental Point maxima Point maxima Point maxima

results of
dextral shear
with 6 % melt*®

normal to the
shear direction

strongly oblique
to shear direction

subparallel to
shear direction

Stsummarized and adapted from original data from Boudier, (1991)%*
S2summarized and adapted from original data of Ismail & Mainprice (1998)%
S3summarized and adapted from original data of Tommasi et al. (2000)**
S‘summarized and adapted from original data of Frese (2003)**

S*summarized and adapted from original data of Jung et al. (2006)>°

SSsummarized and adapted from original data of Holtzman et al. (2003)%°
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Supplementary Table S1(a) shows the resulting schematic LPO for the main
crystallographic axes [100], [010] and [001] orientations in NWA 5480 Zone A. Our
reference frame illustrates that for NWA 5480 the [100] axes plot parallel to the
foliation, whereas the other two main crystallographic orientations [010] and [001] form
broad girdles normal to the foliation. Supplementary Table S1(b)** summarizes an
olivine LPO as measured in a wehrlite intrusion within the Oman ophiolite®* showing a
well-developed SPO fabric typical of compaction-style processes> with strong point
maxima of [010] perpendicular to the foliation and [100] and [001] as girdles within the

5253 shows the most common

foliation. The LPO shown in Supplementary Table S1(c)
active glide system during terrestrial solid-state deformation, the (010)[100] slip
system>>3, It displays point maxima of [010] perpendicular to the foliation, but forms
point maxima of [100] within the foliation parallel to the lineation and the third
direction [001] shows point maxima within the foliation, normal to the lineation. The
latter two axes do not coincide with the LPO measured for Zone A of NWA 5480
(S1(a)). A further common glide system (100)[001]** most active during solid-state
plastic deformation forms the LPO shown in Supplementary Table S1(d)**. Here [100]
axes form point maxima normal to the foliation, whereas [001] and [010] show point
maxima within the foliation. The [001] axes plot parallel, the [010] axes normal to the

lineation. Supplementary Table S1(e)%**

summarizes the LPO generated by dunites and
peridotites plastically deformed in the solid state by pencil glide whereby multiple
{O0kI}[100] glide systems are activated. It shows an LPO that matches the one measured
in NWA 5480 Zone A (S1(a)). Supplementary Table S1(f)* summarizes the LPO
generated by olivine aggregates experimentally deformed by dextral shear (y = 1.0)
under hydrous conditions (1300 ppm H/Si) at 1470 K and 1.9 GPa pressure. This type-
C* fabric represents the (100)[001] slip system®® and is similar to the (100)[001] in
S1(d)***® yet with some backward rotation, opposite to the dextral shear direction. The
[100] axes plot as point maxima strongly oblique to the direction of shear direction, the
[010] axes plot as point maxima normal to the shear direction and the [001] axes plot as

I.SS

point maxima subparallel to the shear direction. Jung et al.” performed a range of

experiments at 1470 K under varying water content and stress conditions and showed
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that the addition of water first changes the fabric from type-A ((010)[100] slip system)
to type-E ((001)[100] slip system) and then, at higher water content, type-C fabric
((100) [001] slip system). All the fabric types®® resulting from deformation under
hydrous conditions are distinctly different to the LPO measured in NWA 5480 Zone A
(S1(a)) indicating the latter was deformed under anhydrous conditions with no influence
of water. Finally, Supplementary Table S1(g)*® summarizes the LPO generated by
olivine experimentally deformed by dextral shear in the presence of 6% melt. The [100]
axes plot as point maxima normal to the shear direction, the [010] axes plot as point
maxima strongly oblique to the shear direction and the [001] axes plot as point maxima
subparallel to the shear direction. This LPO is again very distinct from that in NWA
5480 Zone A (S1(a)) and reveals that the latter was not influenced by the presence of

melt.

S.2 Solidification of the HED parent body

The timing of the solidification of the HED parent body is not well constrained and
remains a topic of wide discussion with results ranging from <4 Ma>"*® to 100 Ma™
after CAIl formation. Although the subject of the thermal evolution of the HED parent
body needs further investigation, the implications of the axes orientations measured for
Zone A of NWA 5480 remain legitimate for almost any age within both end members
of these proposed timescales. This is demonstrated by Supplementary Figure S2, which
extracts from our numerical model the thermal evolution at different depths inside a
Vesta-sized body. The grey and green lines mark the melting of eutectic Fe-FeS and
peridotite, respectively. It clearly shows that at depths up to about 15 km, cooling below
the peridotite solidus occurs within less than 10 Ma after CAl formation. This would be
well within the maximum depth (about 50 km) at which the diogenite samples could be
excavated by an impactor creating an impact basin comparable to the Rheasilvia basin

at the Vestan south pole®™.
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Supplementary Fig. S2: Thermal evolution at different depths beneath the surface.
Results are taken from simulation Vesta2a (see also Supplementary Table S2)
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S3 Supplementary Methods: Description of Numerical Modeling

We employ the 2D finite-difference numerical code I2MART>!

using a fully staggered
grid and the marker-in-cell method. The computation domain is 1000 x 1000 km (grid
resolution of 501 x 501 points with 4 million randomly distributed Lagrangian markers).
The equations of gravity, momentum, mass and heat conservation are solved on the
non-deforming Eulerian grid whereas the advection of transport properties including
viscosity, temperature and melt fractions is performed on the moving Lagrangian

markers.

The model assumes that the Vesta-sized planetesimal of 265 km radius®* formed nearly
instantaneously as suggested by the gravitational instability scenario®®. In the

numerical model the planetesimal is surrounded by a sticky air layer>*=’

of nearly zero
density, constant viscosity and constant temperature (T = 270 K*%). This layer
represents an infinite reservoir to absorb heat released from the planetary body** and
ensures a free surface of the planetesimal®*>!". The formation date of the planetesimal
is varied between 0 and 2 Ma after CAI formation, which is within geochemical restric-

tions for Vesta®'®5°,

A temperature-, pressure-, strain-rate and melt-fraction dependent rheology based on
parameters for dry olivine is used for the solid silicate component®®’. The release of

1 is assumed to increase the initial

potential energy due to planetesimal accretion™
internal temperature of the planetesimal homogeneously. To compute the temperature
distribution after iron-silicate differentiation, we distribute iron diapirs at the model start
randomly throughout the interior of the planetesimal®*®. These iron diapirs form within
less than 4 Ma a distinct iron-rich core, in general agreement with geochemical con-
straints>®3'°, The iron/silicate fraction in the model is based on models of Vesta’s
interior®. To check the influence of the initial iron diapir size on the model result, the
diapir radii are additionally varied between 10 and 25 km (see also Supplementary
Table S2). No discernible effect on the general long-term thermal evolution was

observed.
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2 $23,524

Melting of an eutectic iron-sulphur composition®? and of dry peridotite IS
considered using a batch-melting model®*. The model takes into account consumption,
respectively release of latent heat due to melting and freezing of silicates and the iron-

sulphur eutectic. For all models, we consider time-dependent radioactive heating by

26 60 ] ] o 40 232 235 238
both short- ( Al, Fe) and long-lived radiogenic isotopes ( K, Th, U, U) in the
quantities suggested for CI chondrites®?®. Radiogenic isotopes are assumed to have
partitioned into their preferred phase.

At a narrow silicate melt fraction range <eir, the silicate behaviour undergoes a
transition from a solid-like material to a low viscosity crystal suspension®’. In the
current study, we apply a sharp transition at a value of (it = 0.45%. The viscosity of

16 18
partially molten silicates was estimated to be in the range #pat = 10 — 10 Pa s °%. In

the current study, we test the influence of this parameter on our results (see
Supplementary Table S2). The general behaviour of the model was not influenced by

the variation of this particular parameter.

At silicate melt fractions above the rheological transition, the viscosity of a largely

molten magma ocean is expected to be yg-u, = 10 - 10 Pa's %52 This is
significantly lower than the viscosities which can be treated in geodynamical models.
The low viscosity results in an extremely vigorous convection and efficient heat loss
from the magma ocean. However this efficient heat loss can be taken into account in the
numerical model by using the increased thermal conductivity method>'® 3335% for

largely molten silicates.

For this reason, we compute for silicate melt fractions larger than (i: the expected heat

flux q from a magma ocean applying the soft turbulence model°?:33¢37,

I‘(T = Tsurf)

g =10.089 Ra'’? (1)

© 2013 Macmillan Publishers Limited. All rights reserve d
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where Ra is the Rayleigh number given by:

a(j(T - Tie:urf)/)2('1)L3

knsi-tig

Ra =

a is the thermal expansivity of molten silicates, g is the local gravitational acceleration,
T is the potential temperature, Tsy IS the surface temperature, p is the effective density

S24

of the partially molten silicates™”, cp the heat capacity, L is the depth of the magma

ocean and k is the standard thermal conductivity.

Using this result, we can compute an effective thermal conductivity kex in order to

simulate the efficient heat loss from the magma ocean:

(%]
—"

T7X0.089) (T = Teur)?p \ Tpart

where #part IS the viscosity of the partially molten silicates in the numerical model.

-2
As the viscosity of molten iron is also very small (e = 10 Pa s)°*®, the same method
is applied to take into account the cooling of the molten iron-sulphide material. For all

physical parameters see also Supplementary Table S3.
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Supplementary Table S2: Model Overview

Name tstart [Ma) rFe [km] Tpart [Pa s
vestal 0 25 1017
vesta2 0 15 1017
vesta2a 0.5 15 10'7
vesta2b 1.0 15 10'7
vesta2e 2.0 15 107
vesta2d 1.5 15 107
vesta2e 0.5 15 1016
vesta2f 0.5 15 1018
vesta3 0 10 fotr

tstart IS the time after CAl formation at which the non-accreting planetesimal formed
instantaneously. re is the radius of the iron diapirs randomly distributed throughout the

interior of the planetesimal. #part is the viscosity of partially molten silicates for melt

fractions below the critical melt fraction Cerit.

11
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Supplementary Table S3: Physical Parameters

Parameter Symbol  Value Units
Radius of Vesta-sized planetesimal Rp 2.65 x 10° m
Iron-sulphide diapir radii TFe (1.0-2.5) x 104 m
Density of uncompressed iron-sulphide eutectic PFe 7540 kg m—3
Density of uncompressed solid silicates PSi—sal 3500 kg m—3?
Density of uncompressed silicate melt psi—tig 2900 kg m—3
Initial temperature after accretion Tinit 310 K
Cohesion X 108 Pa
Sine of friction angle sin(i) 0.3

Activation energy E, 532 kJ mol™!
Activation volume Va 8.0 x 1076 m? mol™!
Dislocation creep onset stress oo 3.0 x 107 Pa
Power law exponent n 3.5

Latent heat of silicate melting Lg; 400 kJ kg~!
Latent heat of iron-sulphide melting Lp, 240 kJ kg~!
Silicate melt fraction at rheological transition Ecrit 0.4

Heat capacity cp 1000 Jkg ! K!
Thermal expansivity of solid silicates agi_so 3.0 x 1075 K1
Thermal expansivity of molten silicates agi1iqg 6.0 x 105 |
Thermal expansivity of iron material Qpe 1.0 x 1075 K1
Thermal conductivity of solid materials k 3.0 Wm—! K-!
Effective thermal conductivity of molten materials  keg¢ < 1.0 x 108 Wm-K!

© 2013 Macmillan Publishers Limited. All rights reservec
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