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Introduction: In pursuing the idea that CB chondrites condensed from a vapor plume created in a large
impact [1, 2, 3], one of the impacting bodies was assumed in [4] to have the overall composition of a CR
chondrite and to have differentiated into a core, mantle
and crust. Here, the second body is assumed to be
identical to the latter. Simultaneous enrichment of
Ir/Fe and Pd/Fe ratios in unzoned metal grains in CB
chondrites requires high partial pressures of siderophiles [1,4], conducive to condensation at high temperature, where the alloy would have condensed as a liquid, and under near-equilibrium conditions. In contrast,
chemical zoning of the zoned metal grains [5, 6] in
general and light Fe isotope enrichment of their cores
[7, 8, 9] in particular suggest kinetically controlled
condensation, probably at relatively low partial pressures and correspondingly low temperatures, where the
grains would have condensed as solids. In the present
work, a kinetic model is used to find physico-chemical
conditions for a region of the plume that account for
both the chemical and Fe isotopic zoning of zoned
metal grains in the CBb chondrites.
Model: Compositions of the metal core and silicate fraction of the differentiated CR body were computed by applying MELTS [10] to a water-free, Renazzo-like composition at log fO2=IW-2.5 and 1900K.
The silicate was then differentiated into 80% solid
mantle and 20 % liquid crust by using MELTS at the
same fO2 and 1460K. Water was assumed to have been
accreted afterward, amounting to 15-20 wt% of the
total silicate. The plume formed in an impact between
two such differentiated CR bodies was assumed to be
spatially heterogeneous in Ptot and relative amounts of
residual nebular gas, vaporized core, vaporized mantle
and vaporized crust. Equilibrium condensation models
give good matches to the compositions of unzoned
metal grains and CB chondrules in plume regions with
Ptot=10-2-10-3 bar, and Ni/H and Si/H enrichments of
3x103-3x104 and 300-500, resp., relative to solar composition [11]. Similar Ni/H and Si/H of 2.5x103 and
500, resp., were used for the zoned grains.
Method: The kinetic condensation model of [12],
employing the Hertz-Knudsen equation to compute the
flux of all elements or isotopes of interest across gascondensed phase interfaces, was applied to a single
silicate droplet, whose radius would reach ~0.35 mm

upon total condensation of lithophiles, and the number
of coexisting metal grains that would each grow to a
radius of ~200 µm upon total condensation of the proportionate amount of siderophiles. The initial composition of the droplet was assumed to be that of the equilibrium silicate at the assumed nucleation temperature
and Ptot. At lower temperature, equilibrium vapor pressures over the droplet were computed with MELTS
when FeO >0.3 wt%; otherwise, the CMAS model [13]
was used. For the metal phase, an initial nuclear radius
of 0.01 µm was assumed; activity coefficients were
from [14] for Fe, Ni and Cr and from [6] for Co, Pd
and Ir. In addition to using the same evaporation coefficents and isotopic fractionation factors as in [12], the
evaporation coefficients of Ir, Pd, Co and Cr in the
metal and that of Cr in the silicate liquid were assumed
to be equal to that of Fe in the respective phase. Cooling rates of 50-150K/hr were assumed. Ptot was assumed to be 1.6x10-4 – 3x10-4 bar at the metal nucleation temperature, but a linear dependence of log Ptot vs
1/T was also assumed such that Ptot fell by either 1 (the
P/10 case) or 3 (P/1000) log units in the 500K interval
below that temperature. The compositions of the silicate droplet and external metal grains were calculated
as a function of falling temperature. Metal was assumed to condense as concentric spherical shells upon
the preexisting metal grains. The latter were not allowed to equilibrate internally or with the silicate droplet, but the droplet was allowed to equilibrate its internal fO2 gradually with that of the ambient gas, as in
[12]. At each temperature step, the gas composition
was corrected for material that had condensed in the
previous step, so the changing composition of the metal reflects removal from the gas of material by both
metal and silicate phases. As found in [6], supersaturation of the metal phase must be assumed to avoid huge
Ir enrichments in grain centers. In the present work, the
Fe abundance is so high that the silicate droplet becomes 10 times richer in total Fe than either BO or CC
chondrules unless droplet nucleation occurs well below
the onset of metal condensation. Accordingly, model
results illustrated here are for metal nucleation at
1740K, i.e. ΔT=101K and 146K below the equilibrium
condensation temperature of Ir, the most refractory of
the siderophiles considered here, in the P/10 and
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P/1000 cases, resp., and for delay of silicate condensation until 1665K. Results are relatively insensitive to
the vaporized crust/mantle ratio or the water content of
the silicates.
Results: Elemental zoning profiles computed at a
cooling rate of 50K/hr are compared (Fig. 1) to those
measured in [6] by LA-ICP-MS with a spot diameter
of ~30 µm. In so doing, the centers of the measured
profiles were assumed to be the points of highest Ir
content, and average concentrations along successive
30 µm segments of the continuous theoretical profiles
were plotted as discrete points centered 30 µm apart.
Concentration profiles of Ir, Ni, Co and Cr in 3 grains
are well fit by the models under the conditions noted,
although predicted Co contents are slightly lower than
observed. Smaller central peaks and shallower profiles
would result from lower Ptot or Ni/H and from higher
cooling rate or ΔT. The P/1000 case gives better fits
than P/10, capturing the Cr upturn at the grain edges
especially well. Both cases end at 1238K, where both
Fe and Cr are nearly fully condensed in the P/10 case,
and have basically stopped condensing in P/1000. The
more rapid decline of Ptot in P/1000 causes less condensation at each temperature. This becomes particularly acute at lower temperatures where Cr, due to its
greater volatility, becomes more excluded from the
grain than Fe, leading to lower Cr concentration at the
edges. Calculated δ56Fe (Fig. 2) is -18‰ in the grain
cores, due to more rapid condensation of the lighter
isotope, and rises to rim values of +99 (P/10) and
+4.5‰ (P/1000). The core-rim difference in δ56Fe in
the latter case is in good agreement with that measured
in a CB metal grain, 16‰ [7], but larger than those of
others, 5‰ [8], and 8‰ and 0‰ [9]. An impactgenerated vapor plume with spatial heterogeneity in
physico-chemical conditions is a viable environment
for forming both unzoned and zoned metal grains as
well as the chondrules in CB chondrites.
References: [1] Campbell A. J. et al. (2002) GCA,
66, 647–660. [2] Rubin A. E. et al. (2003) GCA, 67,
3283-3298. [3] Krot A. N. et al. (2005) Nature, 436,
989-992. [4] Fedkin A. V. et al. (2014) LPS XLV, Abstract #2153. [5] Petaev M. I. et al. (2001) MAPS, 36,
93-106. [6] Campbell A. J. et al. (2001) GCA, 65, 163180. [7] Alexander C. M. O’D. & Hewins R. H. (2004)
MAPS, 39, A13. [8] Zipfel J. & Weyer St. (2007) LPS
XXXVIII, Abstract #1927. [9] Richter F. M. et al.
(2014) LPS XLV, Abstract #1346. [10] Ghiorso M. S.
& Sack R. O. (1995) CMP, 119, 197-212. [11] Fedkin
A. V. et al. (2015) GCA, subm. [12] Fedkin A. V. et al.
(2012) GCA, 87, 81-116. [13] Berman R. G. (1983)
PhD, UBC. [14] Ebel D. S. & Grossman L. (2000)
GCA, 64, 339-366.
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SUSTAINED ERUPTIONS ON ENCELADUS EXPLAINED BY TURBULENT DISSIPATION IN TIGER
STRIPES. Edwin S. Kite1,2, Allan M. Rubin1. 1Princeton University, 2University of Chicago (kite@uchicago.edu).
Summary: Enceladus geysers apparently draw water
from a subsurface ocean, but the sustainability of conduits linking ocean and surface is not understood. “Tiger
stripes” sourcing the geysers should be clamped shut by
tidal stresses for much of the 1.3 day orbit, and liquidwater conduits should freeze over quickly, so eruptions
should be intermittent. However, observations show sustained geysering, both throughout each orbit, and since
2005. A simple model of tiger stripes as tidally-flexed
slots that puncture the ice shell can simultaneously explain: persistence of the eruptions through the tidal cycle; observed phase lag of eruptions relative to tidal
stress; maintenance of fissure eruptions over geological
timescales; and Enceladus’ power output. Delay associated with flushing and refilling of O(1) m-wide slots with
ocean water generates a phase lag, while tidally pumped
in-slot flow leads to heating and mechanical disruption
that staves off slot freeze-out. Narrower and wider slots
cannot be sustained. In the presence of long-lived slots,
Myr-averaged power of Enceladus is buffered by a feedback between ice melt back and subsidence to ~5 GW.
This matches observed power, suggesting long-term stability.
Background: Each of Enceladus’ eruptive fissures is
flanked by <1 km-wide belts of endogenic thermal emission (104 W/m for ~500 km total fissure length) [1]. The
tiger stripe region is tectonically resurfaced, suggesting
an underlying mechanism accounting for both volcanism
and resurfacing. Plume composition and gravity suggest
that the geysers are sourced from a salty ocean [e.g. 2, 3].
A continuous connection between ocean and surface is a
simple explanation for these observations, but leads to a
severe energy-balance problem. The water table within a
conduit would be ~3.5 km below the surface (from isostasy), with liquid water below the water table, and vaporplus-droplets above. Condensation of vapor on fissure
walls releases heat that is transported to the surface thermal-emission belts by conduction (Fig. 1) [4-6]. Because
this vapor comes from the water table there is strong
evaporitic cooling of the water table. This cannot be resupplied by thermal-convective exchange with the ocean
unless fissures are unrealistically wide [7]. Freezing at
the water table could release latent heat but would swiftly
clog fissures with ice. This energy deficit has driven consideration of shear-heating, intermittent eruptions, and
heat-engine hypotheses [e.g. 1,8]. It is easier to explain
observations if the heat is made within the plumbing system. The observed long-term steadiness of ice and gas
geysering is modulated (for ice) by fivefold tidal variability. Peak activity anomalously lags peak tidal extension
(by 5.1±0.8 hours relative to a fiducial model of the tidal

response). Eruptions continue at Enceladus' periapse,
which is puzzling [e.g., 5-6]. Questions for any model
include: How can eruptions continue throughout the tidal
cycle? Why is the total power of the system 5 GW? How
can conduits stay open despite evaporitic cooling?

Fig. 1. Geysers (blue arrows) vary on tidal timescales due
to flexing (dashed lines) of geyser source fissures by tidal
stresses (horizontal arrows). Flexing also drives vertical
flow (vertical black arrow) in slots beneath source fissures, generating heat. Heat maintains slots against
freeze-out despite strong evaporitic cooling at the water
table (downward-pointing triangle), which provides heat
for warm surface material (orange arrows).

Fig. 2. Turbulent dissipation that matches the observed
phase lag of Enceladus relative to a fiducial model of
interior structure (gray lines bracket acceptable range)
also matches observed Enceladus power (IR only - blue
vertical lines; IR plus plumes - red lines). Thin black
curves show calculated power for (left curve) four slots
of length L=100 km, and (right curve) L=93 km outboard
slots and L=151 km inboard slots. Colored dots show
fractional change in aperture. Aperture is sampled at 0.5
m width (uppermost dots) and then at 0.25 m intervals up
to 5 m (lowermost dots). Best fit W0 are 1.25-2 m.
Simple slot model: Fissures are modeled as parallel rectangular slots (stress-free width W0), open to an ocean at
the bottom (Fig. 1). Subject to sinusoidally time-varying
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shell, (4.6±0.2) GW = (1.6±0.1) ton/s (assuming observed IR flux is balanced by re-condensation of water
vapor on the walls of the tiger stripes above the water
table [1,6,13]). The balance is self-regulating because
increased (decreased) tiger stripe activity will reduce
(increase) the rate at which accommodation space for
condensates is made available via subsidence in the near
surface. This is consistent with sustained geysering on
Enceladus at the Cassini-era level over >106 yr. Under
these conditions the ice shell is cold and nondissipative.
In summary, turbulent dissipation of diurnal tidal flows
(Fig. 1) could plausibly explain the interannual-todecadal sustainability of liquid-water-containing tiger
stripes (Fig. 2), and coupling between long-lived slots
and the ice shell drives a 106 yr geologic cycle that buffers Enceladus' power to 5 GW (Fig. 3).
240
30 km

220

Ice shell characteristic T (K)

extensional slot-normal time-dependent stress of amplitude σn = (5±2) x 104 Pa modified by elastic interactions
between slots, the water table initially falls, water is
drawn into slots from the ocean (which is modeled as a
constant-pressure bath), and slots widen. Wider slots allow stronger eruptions because flux of a supersonic
choked flow increases with nozzle width [9]. Later in the
tidal cycle, the water table rises, water is flushed from
slots to the ocean, slots narrow, and eruptions diminish
(but never cease). W0>5 m slots oscillate in phase with σn,
W0<1 m slots lag σn by π/2 rad, and resonant slots (W0 ~ 1
m, tidal quality factor ~ 1) lag σn by ~ 1 radian. Net liquid
flow feeding the eruptions is negligible compared to tidally-oscillating flow (~ ±1 m/s for W0 ~1 m).
Turbulent liquid water flow into and out of slots generates heat. Water temperature is homogenized by turbulent mixing. Aperture variations and vertical pumping
help to disrupt ice forming at the water table. A longlived slot must satisfy the heat demands of evaporitic
cooling at the water table (about 1.2x the observed IR
emission) plus re-melting of ice inflow driven by the
pressure gradient between the ice and the water in the slot
[10]. Turbulent dissipation can balance this demand for
W0=1-3 m, corresponding to phase lags of 0.5-1 rad, as
observed. Eruptions are then strongly tidally-variable but
sustained over the tidal cycle. W0 <1 m slots freeze shut,
and W0>5 m slots would narrow. Near-surface apertures
~10 m wide are suggested by modeling of hightemperature emission [11], consistent with near-surface
vent flaring. Rectification by choke points [9], condensation on slot walls, and ballistic fall-back [3], could plausibly amplify the <2-fold slot-width variations in our
model to the 5-fold observed plume variations.
Consequences: Do geysers drive ice shell tectonics, or
are geysers a passive tracer of tectonics? Inflow of ice
into the slot occurs predominantly near the base of the
shell. Inflowing ice causes necking of the slot, which
locally intensifies dissipation until inflow is balanced by
melt-back. Melt-back losses draw down cold ice from
higher in the ice shell. At steady state this requires horizontal shortening in the region of slot freeze-on, consistent with compressional folds observed between tiger
stripes [12]. Because subsidence is too rapid for conductive warming of subsiding ice, subsidence of cold viscous
ice is a negative feedback on the inflow rate. In equilibrium, ice consumed by melt-back near the base of the shell
is balanced by subsiding ice, which in turn is equal to the
mass added by condensation of ice from vapor above the
water table. The steady-state flux of ice removed from
the upper ice shell via subsidence and remelting at depth
theoretically depends only on ice shell dimensions, gravity, and the material properties of ice. Preliminary calculations of this value, which is insensitive to reasonable variations in ice shell thickness and ice viscosity (Fig. 3),
match the observed rate of ice addition to the upper ice
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Fig. 3. (Preliminary:) Power output/mass flux of Enceladus, linking 10-2 yr through 106 yr timescales. Solid black
lines show power corresponding to vaporization of ice
flowing from the ice shell into slots for ice shell thicknesses of (from top) 30, 35, & 40 km. Dashed lines show
the cooling of ice shell corresponding to subsidence of
cold ice at that mass flux; where the dashed lines intersect the solid lines, shell equilibrium is possible on Myr
timescales. Gray bar shows power for turbulent dissipation models that match observed phase lag of Enceladus'
eruptions to within 1σ. Black bar shows range of turbulent dissipation model runs where slot aperture varies by
>1.3, consistent with observations of large-amplitude
volcanic plume amplitude diurnal variations. The preliminary results show that Myr- and day-average powers
implied by long-lived slots independently match observed Enceladus power (blue and red vertical lines).
References: [1] Nimmo & Spencer (2013) AREPS [2]
Iess et all. (2014) Science [3] Postberg et al. (2011) Nature [4] Abramov & Spencer (2009) Icarus [5] Porco et
al. (2014) AJ [6] Nimmo et al. (2014) AJ [7] Postberg et
al. (2009) Nature [8] Matson et al. (2012) Icarus [9]
Schmidt et al. (2008) Nature. [10] Cuffey & Patterson
(2010) The physics of glaciers, C.U.P. [11] Goguen et al.
(2013), Nature [12] Barr & Pruess (2010), Icarus. [13]
Ingersoll & Pankine (2010), Icarus.
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NEBULAR FRACTIONATION (NOT CORE FORMATION) IS RESPONSIBLE FOR THE HEAVY SILICON ISOTOPE COMPOSITIONS OF ANGRITES AND EARTH. N. Dauphas1, F. Poitrasson, and C.
Burkhardt2, 1Origins Laboratory, Department of the Geophysical Sciences and Enrico Fermi Institute, The University of Chicago (dauphas@uchicago.edu), 2Laboratoire Géosciences Environnement Toulouse, CNRS UMR 5563UPS-IRD, France.
Introduction: The bulk silicate Earth (BSE), as
sampled by mantle peridotites and mantle-derived
magmas, has a heavy silicon isotope composition relative to chondrites [1-4]. The difference of ~0.15 ‰ or
more in δ30Si between the BSE and chondrites has
been ascribed to equilibrium isotopic fractionation
during partitioning of silicon into Earth’s core [1-6],
which would also explain why the BSE has a higher
Mg/Si than chondrites. Based on ab initio calculations
and experimental calibrations of equilibrium Si isotopic fractionation between metal and silicate [3,5,6], the
difference in δ30Si between the BSE and chondrites
was used to estimate how much Si is in Earth’s core
[1-6]. Silicon is one of the likely candidates to explain
the density deficit of Earth’s core relative to pure FeNi alloy, so estimating its abundance in the core has
important implications for geochemistry and geophysics [7]. However, not all chondrite groups have the
same Si isotopic composition and this poses a major
difficulty for interpreting the terrestrial δ30Si record
with respect to Si partitioning in the core. EH chondrites have low δ30Si values of -0.7 ‰ while carbonaceous chondrites have δ30Si values of -0.4 ‰. Depending on what is assumed for Earth’s building blocks, the
estimated amounts of Si in Earth’s core range from
~10 wt% for carbonaceous or ordinay chondrites to
~40 wt% for enstatite chondrites [4,8]. The latter estimate is unrealistic because the maximum amount of Si
in the core that is needed to explain its density deficit
is ~11 wt% [7]. The former estimate is more in line
with the equation of state of Fe-Si alloy but ordinary
and carbonaceous chondrites display isotopic anomalies relative to Earth (e.g., in 17O, 48Ca, 54Cr, 50Ti, 62Ni,
92
Mo) [9,10]. We are thus left with the difficulty that to
estimate how much Si is in Earth’s core, one needs to
know what the Earth is made of, and it seems that none
of the meteorite groups documented so far can be taken
as representative of the building blocks of the Earth.
To address this shortcoming, we have decided to
document Si isotopic variations in meteorite groups
that had not been studied previously. We have found
that angrites have δ30Si identical to the silicate Earth
(also see [11,12]). We show that the variations in δ30Si
values of chondrites, differentiated meteorites, and the
bulk silicate Earth are best explained by fractionation
of forsterite during condensation in the nebula. We
conclude that δ30Si values are not suitable proxies of Si

partitioning in planetary cores but instead are best used
to estimate the Mg/Si ratios of bulk planetary bodies.
Samples, methods and results: The silicon isotope measurements were made at GET (Toulouse) using well-established procedures [4]. The samples selected for study are the paired ungrouped achondrites
NWA 5363 and NWA 5400, the angrites D’Orbigny,
NWA 1670, Sahara 99555, NWA 6291, the chondrites
Allegan (H5) and Pillistfer (EL6), as well as a basalt
geostandard from Hawaii (BHVO-2). The chondrites
and the geostandard were selected to evaluate the accuracy of the measurements and their δ30Si values agree
well with those reported in previous studies. NWA
5363 and NWA 5400 are brachinite-like achondrites
with a Δ17O indistinguishable from the terrestrial value
[13]. Other elements, such as Ti, display isotopic
anomalies in NWA 5363/5400, which therefore cannot
be a direct remnant of the building blocks of the Earth
[13]. Angrites were selected because they sample a
relatively oxidized achondrite parent-body and their
δ56Fe values are high relative to chondrites, as has also
been observed in terrestrial basalts [14].
No differences were found in δ30Si values between
meteorite falls vs. finds or samples that have experienced different degrees of weathering, indicating that
Si isotopes in meteorites are largely immune to terrestrial weathering. The paired meteorites NWA 5363 and
NWA 5400 have identical Si isotopic compositions,
close to those of ordinary and carbonaceous chondrites
(Fig. 1). Angrites have δ30Si values that are similar or
even slightly higher than the terrestrial value. These
results agree with independent measurements of angrites by [12]. Angrites are the first meteorite group
other than lunar samples that display BSE-like Si isotopic compositions (Fig. 1).
Discussion: The heavy Si isotope composition of
the silicate Earth was taken as evidence that significant
amounts of Si had partitioned in the core [1-8]. We
have found that angrites have a Si isotope composition
indistinguishable from the silicate Earth. Angrites
cooled rapidly, within ~5 Myr of condensation of refractory inclusions for quenched angrites [15 and references therein]. This indicates that they most likely
come from a small planetary body as otherwise, protracted cooling and associated magmatism and tectonism would not have allowed those rocks to remain
unaffected. Furthermore, they come from a parent-
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body that was relatively oxidized. The fO2 recorded by
angrites is around IW+1, which is high compared to
many planetary basalts. The inferred fO2 during core
formation of the angrite parent-body is also quite elevated (IW-1) [16]. The only two ways by which Si can
quantitatively partition into a planetary core are high
pressure (e.g., 40 GPa relevant to core formation on
Earth) or low oxygen fugacity (e.g., IW-5). None of
these conditions apply to angrites and one can exclude
the possibility that Si partitioned into the core of the
angrite parent-body. Pringle et al. [12] argued that impacts caused Si evaporation and fractionation in angrites. However, impacts between planetesimals are
not efficient to induce large-scale melting, let alone
vaporization [17]. Furthermore, impacts are constitutive of the accretion history of planetesimals and it is
not clear why only angrites should display such a
heavy Si isotope signature while other large asteroids
(Vesta, as sampled by HEDs) do not.
As discussed by Dauphas et al. [9,11], the most
likely cause for the observed spread in δ30Si among
planetary bodies is fractionation by evaporation/condensation processes in the solar nebula. Forsterite has a high Mg/Si ratio and represents a large
fraction of condensable matter during cooling of solar
gas. Removal or addition of a forsteritic component
from or to solar gas is thus the most likely reason why
Mg/Si ratios vary from one chondrite group to another
[18]. At equilibrium, forsterite is fractionated relative
to SiOg by ~2 ‰ at 1350 K [19], the temperature relevant to forsterite condensation in the nebula [20]. One
would thus expect the planetary objects with high
Mg/Si ratios (that have incorporated more of the forsterite component) to display higher δ30Si values and
vice versa. This is exactly what is observed (there is a
broad correlation in chondrites between Mg/Si ratios
and δ30Si values) [2,9]. The bulk silicate Earth also
plots on this correlation. The finding that angrites have
high δ30Si values fills the isotopic gap between chondrites and the silicate Earth and demonstrates that nebular fractionation can explain the high δ30Si value of
the silicate Earth, with no need to invoke Si partitioning in the core; or only at a level (~4 wt%) significantly lower than what had been inferred before.
Conclusions: Angrites have a Si isotope composition similar to the silicate Earth. The only viable explanation for this signature is nebular equilibrium Si
isotope fractionation between forsterite condensate and
gaseous SiO. The heavy Si isotope composition of the
silicate Earth may also reflect the same process, with
no need to invoke partitioning of large amounts of Si
in the core (~4 wt% Si). The heavy Si isotope composition of the Earth was largely inherited from its build-
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ing blocks and the Moon-forming impactor was probably sourced from the same reservoir [11]. This can
naturally explain the indistinguishable Si isotope compositions of the Moon and the silicate Earth, which
cannot be easily explained by Si partitioning in Earth’s
core. Silicon isotopes are best used as proxies of the
Mg/Si ratio of bulk planetary bodies.

NWA5363 PB

Angrite PB

Moon
BSE
HED PB (Vesta)
Mars
Urelite PB
CC
OC
EL
EH

Figure 1. Silicon isotope compositions of angrites and NWA
5363/5400 (this study) compared with values for chondrites
(EH and EL=enstatite; OC=ordinary; CC=carbonaceous),
ureilites, Mars (SNC), Vesta (HED), the bulk silicate Earth
(BSE) and the Moon. The high δ30Si values of angrites relative
to chondrites most likely reflects equilibrium Si isotopic fractionation between condensate forsterite and gaseous SiO.
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3413-3444. [11] Dauphas N., Burkhardt C., Warren P.H.,
Teng F.-Z. (2014) Phil. Trans. R. Soc. A 372, 20130244.
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THERMAL HISTORY AND GEOLOGIC SETTING OF NAKHLITES REVISITED. F.M. Richter1,2, M.
Chaussidon3, and R.A. Mendybaev1,2 1University of Chicago, 2Chicago Center for Cosmochemistry, 3Institute Physique du Globe de Paris. (richter@geosci.uchicago.edu).

Introduction: Nakhlites are Martian pyrox-

enite cumulates that have the same crystallization age of about 1.35 Ga and ejection age
of about 11 Ma, which suggests that they
were derived from a common lava flow or
shallow sill [1]. They are very augite-rich
(70-80%) with variable amounts of olivine
(~3-15%), and 10-20% mesostasis. Figure 1
shows a backscattered electron image of
mineral grains from nakhlite NWA 817.

authors to infer the relative position of the
nakhlites in terms of their depth below the
surface of an assumed was a lava flow.
Method
Fe-Mg in
Ol.

MIL 03346
0.8˚C/hr
(1 m)

Ca in Ol.

0.04˚C/hr
(4 m)

Fe-Mg in
Ol.
Li in Px
mesostasis
texture

50˚C/hr
20˚C/hr
(0.4m)

NWA 817
2.2˚C/hr
(0.5m)

[2]

0.5˚C/hr
(1-2m)
0.11˚C/hr
0.012˚C/hr

[2]

65˚C/hr

[4]
[5]

[3]

Table 1. Recent estimates of the cooling
rate, and depth below the surface of an assumed cooling lava layer, of nakhlites MIL
03346 and NWA 817 based on the Fe-Mg,
Ca, and Li zoning, and the texture of the
mesostasis.
Thermal history: New measurements of lith-

Figure 1. Backscattered electron image of a
portion of NWA 817. The large lightcolored grain is olivine, the lighter the color
the greater iron content. The darker gray
grains are augite showing a homogenous
core and a thin (10-20µm) Fe-rich layer
where the augite is in contact with the
mesostasis, which appears black with a large
number of small white crystals. The length
scale of the Fe-Mg zoning at the edges the
olivine grain is larger (~100 µm) than in the
augite.
The augite in all the nakhlites have very
similar core compositions with Mg#~65,
while the olivines have variable composition
(Mg#~35-43) and are too Fe-rich to be in
equilibrium with the augite cores (see Sautter et al., 2012). Cooling rates of the
nakhlites have been estimated based on FeMg zoning of the olivine grains [2,3], Li
zoning [4] and the texture of the mesostasis
[5]. Table 1 lists these estimates for the two
nakhlites we focus on here. The cooling
rates have been used by several of the

ium zoning and isotopic fractionation in a
number of augite grains from MIL 03346
and NWA 817, and Fe-Mg and Mg isotopic
zoning in an olivine grain from NWA 817,
were done using the CAMECA ims 1280 at
the Centre de Recherches Pétrographiques et
Géochimiques (CRPG) in Nancy France.
The isotopic measurements are key for determining whether or not the zoning is in
fact due to diffusion and thus can give a
measure of the cooling rate. The new measurements confirm very rapid cooling rates of
the order of degrees per hour (~10-100 ˚C/hr
for MIL 03346 and ~1-10˚C/hr for NWA
817) in reasonable agreement with the faster
cooling rates listed in Table 1. However,
there are a number of other lines of evidence
that indicate that there must have been an
earlier stage of very much slower cooling.
For example, depending on what estimate of
the growth rate of minerals in basaltic systems is used, it would take between slightly
less than a year to many years to grow augites and olivines of the size found in the
nakhlites [6]. Given that the temperature
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range over which significant amounts of
augite crystalize from a plausible nakhlite
parental melt is about 100˚C [7] the implied
cooling rate is of the order of degrees per
month to degrees per year - certainly not
degrees per hour. An independent estimate
of this stage of slow cooling can be made
based on the disequilibrium between the
augite core compositions and that of the olivine cores of MIL 03346 and NWA 817.
The key assumption for this is that both the
augite and the olivine crystallized from the
same parental melt and thus were initially in
equilibrium. As the system cooled and crystallized, the melt became increasingly Ferich which imposed a Fe-rich boundary condition on the already crystallized mineral
grains. Because the coefficient for Fe-Mg
exchange in augite is about five orders of
magnitude smaller than that in olivine, only
a very small outer edge (~2 µm) of the
augite would have been affected on a time
scale over which a 500 µm olivine grain
would have maintained equilibrium with the
evolving melt composition. This scenario,
which as far as we know was originally suggested by [8], accounts for the present disequilibrium of augite and olivine even though
they initially crystallized from the same melt
and obviates the need for different melt
sources for augite versus olivine that some
have claimed. It also allows us to place a
bound on the cooling rate (<50˚C/yr.) given
that the time scale for homogenizing the FeMg composition of a 500 µm fa55 olivine
grain above the solidus is of the order of a
few years. Figure 2 illustrates the two stages
of evolution of the nakhlites we have in
mind. Both the augite and olivine cores were
initially in equilibrium with a parental melt
such as NPM05. As the melt continued to
crystalize and evolved to lower Mg#, the
olivine was able to maintain equilibrium
with the melt while only the outer few µm of
the augite was affected. The range of core
Mg# of MIL 03346, NWA 817 and Nakhla
are indicated in the figure. The black double-ended arrow shows the range of Mg# of
the mesostasis. Also shown are our estimates of the slow cooling rate responsible
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for the homogenization of Fe-Mg in olivine
and the fast cooling rate responsible for the
lithium zoning in augite, the Fe-Mg in olivine, and the final Fe-Mg zoning of the augite over about 10-20 µm.

Figure 2. The Mg# of augite (solid curve)
and olivine (dashed curve) that would be in
equilibrium with a plausible nakhlite parental melt NPM05 (Mg# 27) is from [5]. Also
shown is the Mg# of the augite cores, and
the range of Mg# of the rims.
Geologic setting: The geologic setting of
the slow cooling stage of the nakhlites is
almost certainly a shallow crustal magma
chamber or sill. The geologic setting for the
fast cooling stage must be close to the Martian surface, but given that the nakhlites are
cumulates, we believe cooling at the base of
a lava flow erupted onto the surface of Mars
is more likely than at the top as some have
suggested. The initial cooling at the bottom
of a flow is not much different than at the
surface and thus can account for the fast
cooling. The difficult part is finding a plausible way to get the partially molten material
with only 20% melt to the Martian surface.
Because of this we will discuss other processes that could have resulted in the final
very fast cooling of the nakhlites.
References: [1] Treiman A. H. (2005) Chemie
de Erde, 65, 203-296. [2] Mikouchi T. et al.
(2012) LPSC XLIII, #2363. [3] Sautter et al,
(2002)	
  Earth Planet. Sci. Lett. 195, 223–238. [4]
Beck et al. (2006) GCA 70, 4813-4825. [5]
Hammer J. E. (2009) Meteoritics & Planet. Sci.,
44, 141-154. [6] Day et al. (2006) Meteoritics &
Planet. Sci. 41, 581-606. [7] Sautter et al. (2012)
Meteoritics & Planet. Sci., 47, 330-344. [8]
Longhi & Pan (1989) Proc. 19th LPSC, 451-464.
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SPINEL GRAINS IN UNEQUILIBRATED L CHONDRITES (L3.1, L3.4, AND L3.7): PRELIMINARY
DATA FOR CLASSIFICATION OF FOSSIL METEORITES. James L. Holstein1,2, Birger Schmitz1,2, and
Philipp R. Heck1,3, 1Robert A. Pritzker Center for Meteoritics and Polar Studies, Department of Science and
Education, The Field Museum of Natural History, Chicago, IL, USA jholstein@fieldmuseum.org, 2Division of
Nuclear Physics, Lund University, Lund, Sweden, 3Chicago Center for Cosmochemistry, The University of Chicago,
Chicago, IL, USA.

Introduction: To date, about 100 fossil meteorites
(1-21 cm in diameter) have been recovered from midOrdovician marine limestone in Sweden. The more
common silicate minerals in the fossil meteorites are
altered during diagenesis and replaced by barite,
calcite, and phyllosilicates [1]. This prevents
classification of the meteorites under the current
schemes. However, some spinel group minerals do
survive this process unaltered. Using spinel group
minerals recovered from mid-Ordovician sediments
and fossil meteorites, methods were developed to
classify meteorites and reconstruct the variations of the
meteoritic flux in Earth’s past [2]. Studies of the
chemistry and isotopic composition of spinel grains
from the mid-Ordovician fossil meteorites found that
they are all or almost all L-chondritic in nature [3-5].
The maximum sizes of the spinel grains show that all
the petrologic types in the range 4 to 6 are present, but
no unequilibrated chondrite has so far been
documented. The fraction of modern unequilibrated L
chondrite meteorites is high enough that one would
expect to find evidence of this group in the fossil
record if this fraction was the same. A study of the CM
chondrite Acfer 331 [6] and of winonaites [7]
demonstrated that elemental compositions of spinelgroup minerals in modern meteorites could be
diagnostic in the classification of fossil meteorites
other than equilibrated L chondrites in ancient
sediments.
Here, we present a systematic study of spinel group
minerals in modern unequilibrated L chondrites. An
improved understanding of this spinel fraction could be
instrumental in identifying the first unequilibrated
chondrites in the assemblage of fossil meteorites.
Samples and Methods: In this study, 2-4 grams
each from a suite of unequilibrated L chondrites, LEW
86018 (L3.1; NASA JSC [8]), Hallingeberg (L3.4),
and Mezö-Madaras (L3.7; FMNH ME 1607.15), were
dissolved in HF and HCl solutions and the acid
resistant grains were recovered.
The majority
consisted of three mineral phases from the spinel
group: Mg-Al spinel, Cr-spinel, and chromite.
Abundances and grain diameters of these three groups
were quantified and their chemical composition
determined with the Field Museum’s Zeiss Evo 60
SEM and Oxford INCA EDS system.

Results: In total, 2002 grains of Mg-Al spinel, Crspinel, and chromite were recovered. The abundance of
chromite decreases with decreasing petrologic type
from 70% in Mezö-Madaras (L3.7) to 27% in LEW
86018 (L3.1).
There is no clear trend in the
abundances of Mg-Al spinel and Cr-spinel relative to
petrologic type (Fig.1).

Fig. 1. Abundances of spinel group mineral phases
relative to petrologic type.
The average grain diameter of chromite and Mg-Al
spinel decreases with lower petrologic type (Fig. 2).

Fig. 2. Grain size distribution and abundance of spinel
mineral phases relative to petrologic type.
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The average grain diameter of chromite ranges from
50 µm in type L3.7 to 35 µm in type L3.1 and the
average of Mg-Al spinel ranges from 59 µm to 39 µm
in types L3.7-L3.1, respectively. There is no clear
trend of grain size with petrologic type in the Cr-spinel
grains.
Some individual grains exhibit heterogeneity in
their major element compositions. The percentage of
grains that exhibit intra-grain heterogeneity increases
with decreasing petrologic type (Fig. 3).

Fig. 3. Percentage
heterogeneity.

of

grains

that

exhibit

The average MgO content is higher and the average
FeO content is lower in Cr-spinel grains from the
lowest petrologic type 3.1 than in types 3.4 and 3.7
(Fig. 4). MgO and FeO content of chromite and Mg-Al
spinel grains tend to be similar among the three
petrologic types in this study.

Fig. 4. MgO and FeO compositional range and
average in Cr-spinel (left) and compositional range and
average of TiO2 in the three mineral phases (right).
The average TiO2 content increases in chromite and
Mg-Al spinel relative to increasing petrologic type.
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The compositional range of TiO2 increases in all three
mineral phases with increasing petrologic type (Fig. 4).
Discussion and Conclusions: Abundances of
chromite, average grain diameters of chromite and MgAl spinel as well as the fraction of heterogeneous
grains could potentially be used as a petrologic
indicator. This is what is expected based on
observations in previous studies of chondrites that
experienced
different
degrees
of
thermal
metamorphism (e.g., [4]). The average MgO and FeO
content in Cr-spinel could be an indicator of lower
petrologic types. In a population of Cr-spinel grains
from the lowest petrologic type in this study, the
average MgO content is typically higher and the FeO
content is typically lower. Also, the upper limit of
MgO concentration in Cr-spinel grains from types 3.4
and 3.7 is no higher than 12 wt%. If the studied
meteorites are representative of their class and
petrographic type, it would lead us to believe that any
Cr-spinel grains with an MgO concentration greater
than 12 wt% may be of lower petrologic type.
Likewise, the lower limit of FeO concentration in Crspinel grains is higher for the higher petrologic types
than the lower type. If the FeO concentration is below
18.5 wt%, this may indicate a lower petrologic type.
Though there is overlap in the content of TiO2 among
the three petrologic types in this study, the average
TiO2 composition of chromite and Mg-Al spinel
increases and the compositional range increases in all
three mineral phases with increasing petrologic type.
In order to distinguish between the different
petrologic types we need to consider the range of
compositions and sizes of many spinel-group grains. A
single grain elemental analysis obviously does not
allow us to unambiguously classify its source
meteorite. We will test our classification method with
other unequilibrated L chondrites and expand our
database also to account for variability among L
chondrites of the same petrologic type.
References: [1] Thorslund P. et al. (1984) Lithos
17, 87-100. [2] Schmitz B. (2013) Chem. ErdeGeochem., 73, 117-145. [3] Alwmark C., Schmitz B.
(2009) Geochim. Cosmochim. Acta 73, 1472-1486. [4]
Bridges J.C. et al. (2007) Meteorit. Planet. Sci. 42,
1781-1789. [5] Heck P.R. et al. (2010) Geochim.
Cosmochim. Acta 74, 497-509. [6] Bjärnborg K.,
Schmitz B. (2013) Meteorit. Planet. Sci. 48, 180-194.
[7] Schmitz B. et al. (2014) Earth Planet. Sci. Lett.
400, 145-152. [8] Meteorite Working Group (1987)
Antarctic Meteorite Newsletter 10, 2.
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CHEMICAL EVIDENCE FROM GUJBA FOR DIFFERENTIATION AND EVAPORATION/RECONDENSATION PROCESSES DURING THE CB-IMPACT EVENT: J. Oulton1, M. Humayun1, A. Fedkin2,
L. Grossman2, 1National High Magnetic Field Laboratory, Florida State University, Tallahassee, FL 32310, USA
(jjo11d@my.fsu.edu); 2Dept. of the Geophysical Sciences, The University of Chicago, Chicago, IL 60637, USA.
Introduction: Chondrule formation during impacts
has been proposed as an important source of
chondrules [1-2]. Chemical evidence indicates that
bencubbinites formed by condensation in impact
plumes [3-6]. Gujba is a CBa chondrite characterized
by abundant Fe-Ni metal clasts, barred-olivine (BO)
and cryptocrystalline (CC) silicate clasts within a dark
silicate matrix [7-8]. Oxygen and nitrogen isotopic
studies have linked the CBs to CR and CH chondrites
[7]. Siderophile element variations in bencubbinite
metal indicate that condensation of the metallic clasts
occurred from a dense vapor plume generated by
impact of a metallic body [4-6] on a differentiated or
chondritic target [9-10]. New condensation models that
reproduce the compositional range of the BO and CC
clasts of bencubbinites indicate that the target body
had to be differentiated into crust and mantle [10]. To
better understand the origin of chemical variability in
the bencubbinites we performed a detailed Laser
Ablation Inductively Coupled Plasma Mass
Spectrometer (LA-ICP-MS) analysis of silicate clasts
from Gujba.
Samples and Analytical Methods: Five
polished slices of Gujba were analyzed for the
abundances of 74 elements in both silicate and metal
clasts by LA-ICP-MS. A New Wave UP193FX
excimer (193 nm) laser ablation system coupled to a
Thermo Element XR was used following procedures
described elsewhere [11-12]. Thirteen silicate clasts
were analyzed using a 150 µm beam spot, with a 20second dwell time, at 50 Hz. To minimize surface
contamination each analyzed spot was pre-ablated
using a 150 µm spot, 5-s dwell time at 50 Hz. A 10-s
washout cycle was allowed prior to the main ablation.
Individual spot analyses taken within a given clast
were averaged and these averages were used below.
The precision with which Ce anomalies can be
resolved by our LA-ICP-MS technique was assessed
by taking an average of all the spot analyses within an
individual clast and using the 1-sigma relative standard
deviation as the error.
Results: Silicate Major Element Chemistry. Major
element compositions of silicate clasts are shown on a
CMAS plot (Fig. 1) together with data from [8]. Clasts
span a broad range of CaO+Al2O3 wt% (6.71%28.51%). CIPW norm calculations show that all clasts,
except SkOl 622, are 70-90% olivine+hypersthene
normative. Compared to clasts reported in [8], the CC
clasts from Gujba are close to chondritic. The BO clast

SkOl 622 is more enriched in CaO+Al2O3 (5xCI) and
depleted in volatiles (0.01xC1) than BO clasts from
CBb [8]. CC clasts are observed to have a less extreme
depletion of volatiles than BO clasts. Two of the clasts
that appear to be BO-like in reflected light microscopy
are chemically ambiguous and are marked “BO/CC?”.

Fig. 1: Ternary plot showing Gujba and QUE 94411/ HaH 237 [8]
compositions, with condensation curves from [10] and vacuum
evaporation of CI [13]. A mixing line between model CR crust and
mantle [10] is shown as red x’s.

Fig. 2: REE abundances normalized to CI in Gujba clasts. Note Ce
anomalies, particularly in the BO clast.

REE Chemistry. REE patterns in silicate clasts from
Gujba are enriched by 2-10xCI (Fig. 2), with the BO
clast SkOl 622 having the highest enrichment (10xCI).
Some of the REE patterns show LREE-enrichment,
while others are flat; the (La/Sm)CI ratio is 0.98-1.27.
Eu anomalies are observed in several of the clasts, with
a prominent positive anomaly in SkOl 622, which
contains no obvious plagioclase. Interestingly, Ce
anomalies are observed, with small positive Ce
anomalies seen in CC clasts (1.00-1.10) whereas a
large negative Ce anomaly (0.75) is seen in the BO
clast, SkOl 622. Fig. 3 shows the Ce anomaly plotted
against the CaO/MgO ratio in Gujba silicate clasts,

46th Lunar and Planetary Science Conference (2015)

together with data on the CBb chondrites [8], where the
positive Ce anomalies are large (1.5) in the latter.

Fig. 3: Cerium anomalies in CB clasts anti-correlate with increasing
CaO/MgO. The CI evaporation experiments [13] (dark line) and
HAL [14] are shown for comparison. Legend as in Figure 1.

Discussion: Evidence for differentiation is best
observed in the major element chemistry. Included on
Fig. 1 is a mixing line between the crust and mantle
end members of a differentiated CR-body [10]. These
end members were calculated using MELTS as a 20%
partial melt of a CR starting composition and its
residue [10]. Variable mixing of these two components
(shown in 10% increments) results in a line that trends
towards too low a (CaO+Al2O3)/SiO2 ratio compared
to the CB clasts. Fig. 4 plots the SiO2/MgO ratio of
Gujba and the CBb chondrites [8] against the
CaO/MgO ratio of these samples. The silicate clasts
(Gujba/HaH 237/QUE 94411) form a linear trend with
SiO2/MgO increasing with increasing CaO/MgO.

Fig. 4: SiO2/MgO vs. CaO/MgO in CB clast compositions compared
with condensation curves [10] and vacuum evaporation experiments
[13]. Legend as in Figure 1.

Results from vacuum evaporation of a CI chondrite
composition [13] and condensation curves for Si/H=
300-500 [10] indicate that evaporation/condensation
processes should result in a decrease in the SiO2/MgO
in the initial 50% of vaporization or last stages of
condensation so that evaporation/condensation curves
do not plot near the data. The CR basaltic crust is
enriched in CaO and SiO2 compared with MgO, so the
observed correlation is an indication of crust-mantle
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mixing inherited from the target. The compositions of
Gujba CC clasts intersect perpendicular to the mixing
trend (Fig. 4) indicating volatility control [10, 13].
Evidence for evaporation and recondensation: It is
well known that Ce3+ becomes volatile as Ce4+ under
oxidizing conditions such as those intrinsic to
evaporation of silicate rocks [13-14]. Although the
data of Krot et al. [8] also indicate the presence of Ce
anomalies in silicate clasts from CBs similar to those
reported here in Gujba, they [6, 8] do not mention this.
Thus, this is the first report of the presence of
ubiquitous Ce anomalies in the silicate clasts of CBa/b
chondrites. During an impact such as proposed for CB
origin [10], vapor formed by evaporation of silicate
droplets would be oxidizing enough to explain the
initial creation of negative Ce anomalies. This vapor
must mix with reducing nebular gas [10] returning Ce
to a trivalent state that then recondensed into CC
clasts. Thus, we interpret the BO clast SkOl 622 as a
residue of partial evaporation, while the CC clasts
recondensed Ce from the vapor phase.
Conclusions: The chemistry of silicate clasts in
Gujba (and other CBs [6, 8]) reflects its enigmatic
history of formation by impact between a differentiated
body and a metallic body. The correlation between
SiO2/MgO and CaO/MgO, LREE enrichment and Eu
anomalies in Gujba silicates indicate inheritance of
these chemical features from the crust and mantle of
the differentiated body. Ce anomalies in CB silicate
clasts are anti-correlated with enrichment of refractory
lithophiles and depletion of volatile lithophiles. These
traits are indicative of an evaporation/recondensation
process operating on droplets that represented mixtures
between remelted crustal and mantle lithologies within
the CB-impact plume. Such an impact plume is
consistent with an impact of the type envisioned by [1,
6], but is not consistent with an internally molten
planetesimal [2]. The Ce-anomaly correlation with an
index of differentiation is unexpected.
References: [1] Asphaug E. et al. (2011) EPSL
308, 369-379. [2] Sanders I. S. and Scott E. R. D.
(2012) MaPS 47, 2170-2192. [3] Wasson J. T. and
Kallemeyn G. W. (1990) EPSL 101, 148-161. [4]
Campbell A. J. et al. (2002) GCA 66, 647-660. [5]
Rubin A. E. et al. (2002) GCA 67, 3283-3298. [6] Krot
A. N. et al. (2001) Science 291, 1776-1779. [7]
Weisberg M. et al. (2001) M&PS 36, 401-418. [8] Krot
A. N. et al. (2001) M&PS 36, 1189-1216. [9] Fedkin A
et al. (2013) LPSC 44, abstract# 2309. [10] Fedkin A.
et al. (2015) LPSC 46, abstract# 1038. [11] Humayun
M. et al. (2007) GCA 71, 4609-4627. [12] Humayun
M. et al. (2010) JAAS 25, 998-1005. [13] Wang J. et al.
(2001) GCA 65, 479-494. [14] Davis A. M. et al.
(1982), GCA 46, 1627-1651.
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NEW INTERSTELLAR HELIUM AND NEON EXPOSURE AGES OF PRESOLAR JUMBO SIC GRAINS
FROM MURCHISON. P. R. Heck1,2, F. Gyngard3, C. Maden4, H. Busemann4, R. Wieler4, J. N. Avila5,6, 1Robert
A. Pritzker Center for Meteoritics and Polar Studies, The Field Museum of Natural History, Chicago IL, USA.
2
Chicago Center for Cosmochemistry, The University of Chicago, Chicago IL, USA. 3Laboratory for Space Sciences and Department of Physics, Washington University, St. Louis, MO, USA, 4Institute of Geochemistry and Petrology, ETH Zurich, Zurich, Switzerland. 5Research School of Earth Sciences, 6Planetary Science Institute, The Australian National University, Canberra ACT, Australia. E-Mail: prheck@fieldmuseum.org.

Introduction: Interstellar cosmic ray exposure ages of large “Jumbo” presolar SiC grains were determined recently based on cosmogenic Li [1,2] and He
and Ne [3]. These are presolar ages relative to the start
of the Solar System (t0=4.568 Ga [4]) and are essential
to better understand the lifecycle of presolar dust, from
dust formation in stellar outflows, residence in the interstellar medium, up to dust incorporation into early
Solar System objects.
While the SiC samples for both the above mentioned Li and the He, Ne studies were from the same
acid residue – the L series from the Murchison CM2
meteorite [5] – the Li ages were determined for a different set of grains than the He and Ne ages, not allowing a direct comparison of results from the different
methods. The previous studies have shown that presolar He and Ne ages of 17 grains are below 300 Ma
with only three grains having ages of ~400 Ma to
~1 Ga before t0 [3]. Though most presolar Li ages have
a similar range as the He and Ne ages from a few dozen Ma to about 1 Ga [1,2], the Li age distribution is not
skewed towards young ages as for He and Ne. There
are three grains with extremely high Li ages between 2
and 4 Ga before t0 [2], difficult to reconcile with predictions from models of interstellar dust lifetimes [6,7].
Here, we present new He- and Ne-based interstellar
CRE ages of “Jumbo” presolar SiC grains whose Libased ages have been previously determined in [2].
Samples and Methods: Seven large presolar
mainstream SiC grains with mean diameters of ~5 µm
to 14 µm were selected from the Murchison L-series
[5]. The grains had been pressed into a gold foil on a
mount (“L3”) and previously analyzed by SIMS for Li,
B [2], C, N, and Si isotopes as well as for isotopes of
several heavy elements [8-11]. Grain volumes were
estimated based on two-dimensional SEM images
(e.g., [3]) taken before and after SIMS analyses. Such
large SiC grains are extremely rare (<10 ppm of the
SiC population from Murchison [5]). The more abundant smaller presolar SiC grains are not suitable for
exposure age dating because their small sizes result in
excessive recoil loss of He, Li, and Ne [12].
Noble gases were extracted with an Nd-YAG IRlaser and He and Ne isotopes were measured with an
ultra-high-sensitivity noble gas mass spectrometer [13]

at ETH Zurich. Analytical protocols were similar to
those employed by [3], with ages calculated based on
the cosmogenic 21Ne and 3He concentrations determined here and the interstellar production rates from
[14]. In the large presolar SiC grains, the interstellar
cosmogenic Ne component is one of three dominant
noble gas components, with terrestrial atmosphere (air)
and nucleosynthetic He-shell Ne (Ne-G) being the other two. Thus, a three-component deconvolution is sufficient to determine the fraction of cosmogenic Ne.

Fig. 1. Presolar Ne (T21), He (T3) and Li (T6) ages
of the same presolar SiC grains. T3 and T21 (this study)
are corrected for recoil loss and shown with 1σ error
bars, which are dominated by counting statistics. Upper limits are indicated by lines connecting the ages
downwards to the axis. T6 are from [3] and not recoil
corrected. They have nominal analytical errors of 50%.
The measured 3He amount in all grains can be considered to be purely cosmogenic in origin because the
other components can be neglected [3]. A correction
for cosmogenic Ne and He production in SiC during
the ~1 Ma [15] exposure of the Murchison meteoroid
is negligible for presolar CRE ages >> 1 Ma. Recoil
losses for cosmogenic 3He and 21Ne were corrected as
described in [12]. The overall uncertainties in the He
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and Ne exposure ages (not shown in the figures and
text) include systematic uncertainties in air corrections,
grain volumes, recoil corrections, and in the presolar,
interstellar cosmic-ray fluxes and spectra, resulting in a
an overall uncertainty of possibly a factor of ~2.8 [3],
similar to those estimated for the Li exposure ages [1].
Although presolar exposure ages have large uncertainties, these ages are currently the best estimates of the
lifetimes of presolar grains and represent the oldest
ages of solid matter dated in the laboratory.
Results and Discussion: For five of the measured
seven grains we obtained presolar He ages (T3) and for
two of them (L3_17 and L3_18) we also obtained presolar Ne ages (T21) – see Fig. 1. For the remaining ages
we could only determine upper limits for their concentrations of cosmogenic 3He and 21Ne assuming that all
gas is cosmogenic. This results in upper limits for T21
for five grains ranging from 5 to 558 Ma, and for T3
for two grains ranging from 10 to 24 Ma. The two Ne
ages of L3_17 and L3_18 agree remarkably well with
the He ages (T21=90±16 Ma and T3=82±21 Ma;
T21=12±2 Ma and T3=11±3 Ma, respectively), thereby
illustrating the self-consistency of our analytical approach. Neon and He ages, or their upper limits, of
grains L3_21 and L3_18 match (~12 Ma). Furthermore, their C and Si isotope ratios are identical within
errors [8-11]; making it possible that the grains migrated from the same stellar source. Puzzlingly, their T6
ages are much higher (659±330 Ma, 84±42 Ma, respectively).
Figure 1 shows that not only do T3 and T21 for
grains L3_17 and L3_18 match within uncertainties,
but also for the other three grains with T3 and only
upper limits for T21 determined, an agreement between
T3 and T21 is not ruled out. This confirms that the production rate ratios for cosmogenic He and Ne and the
recoil corrections are reasonable and that the determination of the cosmogenic He and Ne components is
reliable. Furthermore, it excludes major diffusive loss
of He and Ne, otherwise, preferential depletion of He
relative to Ne would have been observed. The new He
and Ne ages and the upper limits show a similar distribution as previously determined ages, as seen in Fig. 2,
with the majority of the grains having ages <300 Ma
before t0. It was hypothesized by [3] that this pattern
could be the result of a starburst event a few billion
years prior to the formation of the Solar System [16].
Parent AGB stars formed in this starburst may have led
to a concurrent production of SiC dust at the C-rich
end of their lives, which could have resulted in an
overabundance of grains with a similar age range, as
reflected by the age peak at <300 Ma (Fig. 2).
Although the Li age [3] of L3_17 agrees with T3
and T21 within uncertainties, this Li age and the other
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Li ages in [3] are not corrected for recoil loss. The Li
age of L3_18 is a factor of 7-8 higher than T3 and T21.
The T6 of other four grains are factors of 2 to 92 higher
than the T21 and T3 values or their upper limits. The
grains (L3_14 and L3_05) with extreme T6 of
2.2±1.1 Ga and 4.2±2.1 Ga, however, have T21 upper
limits of only 349 Ma and 558 Ma, and T3 values of
39±27 Ma and 276±237 Ma, respectively (Fig. 1). Recoil corrected T6 values would only make the discrepancies worse. It is currently unclear why the Li ages
are so different from to the He and Ne ages. More correlated He/Ne and Li ages need to be determined in
order to investigate this discrepancy, in addition to
updated production rate calculations and recoil corrections.

Fig. 2. Distribution of all known Ne (T21), He (T3),
and Li (T6) presolar ages of presolar SiC grains. The
grains with T6 > 1 Ga are not shown here. T21 and T3
from this study (dark red and blue solid) and [3]; T6
from [1,2].
References: [1] Gyngard, F. et al. (2009)
Astrophys. J., 694, 359. [2] Gyngard, F. et al. (2014)
LPS XLV, Abstract #2348. [3] Heck, P. R. et al. (2009)
Astrophys. J., 698, 1155. [4] Bouvier, A. & Wadhwa,
M. Nature Geosci., 3, 637–641. [5] Amari, S. et al.
(1994) Geochim. Cosmochim. Acta, 58, 459–470. [6]
Jones, A. P. et al. (1997), in AIP Conf. Proc. 402, ed.
T. J. Bernatowicz & E. Zinner (Melville, NY: AIP),
595. [7] Jones, A. P. & Nuth III, J. A. 2011 A&A 530,
A44. [8] Avila, J. N., Ph.D. Thesis, ANU. [9] Avila, J.
N. et al. (2012) Astrophys. J., 7449, 49. [10] Avila, J.
N. et al. (2013) Geochim. Cosmochim. Acta, 120,
628–648 [11]. Avila, J. N. et al. (2013) Astrophys. J.,
768, L18. [12] Ott, U. et al. (2009) PASA, 26, 297–
302. [13] Baur, H. (1999) EOS Trans. AGU, 46,
F1118. [14] Reedy, R. C. (1989) LPS XX, Abstract
#888. [15] Roth, A. S. G. et al. (2011) Meteorit. Planet. Sci., 46, 989–1006 [16] Clayton, D. D. (2003) Astrophys. J., 598, 313.
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Introduction: Dust particles in the inner coma are
sampled in-situ for the first time by the three dust instruments onboard Rosetta, the ESA mission orbiting
and traveling along comet 67P/ChuryumovGerasimenko since August 2014. One in-situ dust instrument, the COmetary Secondary Ion Mass Analyser
(COSIMA), is applying the laboratory techniques of
microscopy and secondary ion mass spectrometry
(SIMS) to in-situ measurements of cometary grains
more than 500 Mill. km away from Earth [1]. The
other ones are GIADA, which is analyzing the velocity, momentum (mass) and flux of the dust grains and
MIDAS, which applies the atomic force microscopic
technique to captured cometary grains [2,3].
Cometary grains and grain agglomerates can be
captured on metal foam targets with velocities up to
100 m/s and are imaged in-situ with the COSIMA
microscope COSISCOPE [4]. SIMS ion mass spectra
are a complex mixture representing the elements and
molecules on the surface area analyzed by the primary

ion beam. The interpretation of the spectra requires
knowledge of the stable molecular ions as well as statistical methods analyzing and comparing mass spectra. [5,6,7].
Within the inner coma, particles are captured at low
velocities (< 10 m/s) and the images and SIMS show
single grains as well as agglomerates of various morphologies and compositions.
Methods and Materials: The COSIMA instrument
is a high resolution, reflectron type, time-of-flight mass
spectrometer using a liquid metal indium ion source
for the primary 8 keV ion beam and a single ion counting detection technique resulting in mass resolution of
about 1400@100 Dalton. The targets dust collection
area behind a field-of view limiting dust funnel is 3
cm2. The microscope COSISCOPE is a CCD camera
with a 14 um pixel resolution and a grazing incidence
LED illumination from left and right side for identification of collected particles by both shadows casted on
the metal blacks. [1]. The data analysis was carried out
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based on the COSIMA data archive level 0 and rebinned level 10 pipeline data products.The instrument
prior to integration into the S/C is shown in Fig 1a,
after integration in Fig. 1b.

erates. Since the images show no visible cratering, the
estimated upper limit of grain impact velocity on the
black Au foam is 10 m/s based on the laboratory and
theoretical analysis in [4].

Fig. 1a Rosetta COSIMA instrument prior to integration

Fig. 2 Some larger particle agglomerates collected
about 50-80 km off the nucleus in the week Aug 17 to
Aug 24, 2014 on an Au-black target [8]
For the SIMS, we have detected elements such as
Na and Mg. The composition varies for different grains
or grain classes. The secondary ion yield emitted off
cometary grains is low compared to the background
signal derived from target positions without a cometary
grain.
Conclusion: The concept of catching cometary
grains on metal target foams has proven to be very
efficient even for low impact velocities. The comet
67P/Churyumov-Gerasimenko has a dusty inner coma
and particle morphology assembles agglomerates.
References: [1] Kissel J. et al. (2007) Space Sci
Rev, 128, 823. [2] L. Colangeli et al., Space Sci Rev,
vol. 128, no. 1, pp. 803–821, Feb. 2007. [3] W. Riedler
et al., Space Sci Rev, vol. 128, no. 1, pp. 869–904,
2007. [4] K. Hornung et al., Planet Space Sci, pp. 1–9,
Sep. 2014. [5] Stephan T. (2008) Space Sci Rev, 138,
243. [6] L. Le Roy et al., Planet Space Sci, pp. 1–59,
Sep. 2014. [7] Krüger H. et al, submitted Dec 2014
Planet Space Sci [8] ESA Rosetta Blog
http://blogs.esa.int/rosetta/ 2014/09/08/cosima-catchescosmic-dust/

Fig. 1b Rosetta COSIMA integrated in spacecraft
still without the thermal blankets, antenna and solar
panels), position of COSIMA dust funnel indicated by
red arrow.
Result and Discussion: COSIMA collects dust
particles with varying fluxes and size distributions
routinely on a weekly basis. An example of two particle agglomerates collected in the early mission phase is
shown in Fig. 2. The image is illuminated in grazing
incidence from the right side and the shadows casted
indicate the heights of the illuminated particle agglom-
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EXPLORING THE POST-IMPACT PROPERTIES OF COLLISIONAL REMNANTS IN THE EARLY
SOLAR SYSTEM. R. J. Lyons1, F. J. Ciesla1, T. M. Davison2, G. S. Collins2 , 1The Department of the Geophysical
Sciences, The University of Chicago, Chicago, Illinois, USA (rjlyons@uchicago.edu), 2Impacts & Astromaterials
Research Centre, Department of Earth Science &Engineering, Imperial College London, London, UK.
Introduction: Planetesimal collisions were energetic and frequent events during the first ~100 Myr of
Solar System history [1]. The timing, impactor size,
and velocities of these collisions would have been determined by the orbits of the giant planets and mass of
the planetesimal swarm from which the terrestrial
planets formed, and understanding the types of collisions which occurred during this time may help us
constrain the dynamic state of the young Solar System.
A record of collisons is preserved in those planetesimals which remain behind as asteroids today and
serve as meteorite parent bodies. Early collisions have
been invoked to explain the thermal evolution of meteoritic materials that cannot be explained by radiogenic
heating alone and for the mixing/juxtaposition of materials of different thermal histories in a given sample [27]. Unfortunately, while collisions are believed to be
responsible for these features, it is unclear what collisional parameters would produce features consistent
with the observed petrologies and chronologies.
Previously, we investigated the thermal evolution
of relatively low-energy impacts (< 1% the energy
needed for disruption) into planetesimals that occurred
in the first ~100 Myr of Solar System history [2, 3]. In
such cases, mass loss from the impactor and target was
minimal, and the impacts led either to localized heating
which could drive metamorphism in small volumes of
a target [2] or exposure of otherwise-buried materials
to space which would have accelerated cooling of radiogenically heated bodies [3]. However, more energetic collisions are likely to have occurred which
would have led to significant erosion or disruption of
the target body, with significant ejection of mass and
possible reaccumulation into an altered planetesimal.
This type of evolution has been invoked to explain the
evolution of meteorites such as the Iron IA/Winonaites
[4,5] and Iron IIE [7].
In order to quantitatively investigate the thermal
evolution caused by energetic planetesimals collisions
in the early Solar System, we are using the iSALE hydrocode to simulate the shock processing that occurs
during and immediately after the collision (heating,
acceleration of materials). We then are adapting the
REBOUND particle code [8] to follow the dynamical
evolution of the remaining target and and all ejected
material to determine the provenance and relative positions of materials that reside in the final body. This is
a similar approach to that outlined in Leinhardt and
Stewart (2009) [9]. Our goal is to determine the types

of collisions which would have occurred in the early
Solar System, as evidenced by meteorite parent bodies,
and use this information to constrain the dynamical
evolution of the early Solar System. Here we describe
the progress made toward that goal.
REBOUND: REBOUND is an N-body particlebased code similar to pkdgrav [9-11], which tracks the
motions of a large number of rigid spheres as they interact with one another gravitationally and through
collisions. Particles are initially definied as having a
mass, radius, position, and velocity, but no internal
evolution (shock heating, fragmentation, etc.) is allowed to occur. Collisions can be treated as being
elastic, inelastic (with a defined coefficient of restitution) each of which results in bouncing of the particles,
or as resulting in perfect merging of the two particles,
where two colliding particles are replaced with a single
particle of equivalent mass and volume.
As an initial step in the development of this project,
we compared the outcome of a simulation performed
with REBOUND to one that used the particle pkdgrav
as described in Leinhardt et al. (2000) [10]. Specifically, we modeled the collisions between rubble pile asteroids at various speeds and impact angles. We followed the same methodology as [10] and carried out a
series of runs using the same initial conditions and
parameters as defined in their study. We see similar
final masses and mixing of the impacting bodies as
found in [10].
Combining iSALE and REBOUND: Having
verified that REBOUND could reproduce the results of
Leinhardt et al. (2000), we then applied it to follow the
post-impact dynamical evolution of materials from an
iSALE simulation. The iSALE simulation for a given
collision scenario was run until the shock wave from
the impact had dissipated in the target body. The final
states of all materials in the simulation were then taken
as the initial conditions for a REBOUND run, with
particle properties defined for each grid cell in the
iSALE simulation: radius, mass, position, and velocity.
Here we report the runs for an a combined iSALEREBOUND simulation of a 10 km body striking a 100
km target at 45 degree angle at 8 km/s. Figure 2 shows
snapshots of the immediate post-impact state of the
planetesimal using the iSALE code. The planetesimal
is assumed to have been heated by radioactivity for 5
Myr at the time of the collision. The initial set-up of
the REBOUND simulation is shown, with the outer 35
km of the body colored as red spheres, along with a
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snapshot 5 minutes into the model run. The large blue
sphere at the center results from the perfect merging of
the low velocity materials in the target as the run proceeded. Ejected materials which, are largely red and
thus originate from the outer portion of the target, fan
away from the body, colliding with one another and
evolving dynamically under the influence of all mass
in the simulation.
Future Plans: We are currently investigating a
suite of impact scenarios in iSALE, varying impactor
size, velocity, and angle of impact, as well as target
size and thermal structure. Our goal is to determine
the fate of all materials involved in a collision, and to
determine the physical state of those materials which
reaccrete to serve as parent bodies of meteorites. We
will specifically note the temperature distribution of
the materials in those products and follow the subsequent thermal evolution. We will also consider differentiated bodies and the fate of mantles and cores. Ultimately, our model predictions will be compared to
meteoritic data to constrain the collisions that occurred
in the early Solar System.
References: [1] T. M. Davison et al. (2013) MaPS
48, 1894-1918. [2] T. M. Davison et al. (2012) GCA
95, 252-269. [3] F. J. Ciesla et al. (2013) MaPS 48,
2559-2576. [4] Benedix et al. (2000) MaPS 35, 11271141. [5] Schulz et al. (2012) GCA 85, 200-212. [6]
Scott et al. (2014) GCA 136, 13-37. [7] A. Ruzicka
and M Hutson (2009) GCA 74, 394-433. [8] H. Rein
and S. -F. Liu (2012) A&A 537, A128. [9] Z. M. Leinhardt and S. T. Stewart (2009) Icarus 199, 542-559.
[10] Z. M. Leinhardt et al. (2000) Icarus 146, 133-151.

Figure 1: Different stages of evolution for a rubble
pile collision modeled with REBOUND following
[10] Initial conditions are shown in the upper left,
while the upper right shows a period shortly after
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impact.
The lower panels show the gradual
reaccumulation of a body which is a mix of the
fragments from the original rubble piles, while some
debris is lost.

Figure 2: Top panel: iSALE simulation of an impact
into a radiogenically warmed planetesimal (colors correspond to material temperature. Middle panel: Initial
conditions for REBOUND run based on the iSALE
simulation; outer 35 km of target is colored red. Bottom: Distribution of particles 5 minutes into the
REBOUND simulation. Blue sphere represents low
velocity interior of the target.
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Cumulative number of impacts > df

Introduction: The internal structure of Ceres is unknown. Several different structures have been proposed,
but the most prominent in the literature include either a
dry or hydrated silicate core with an icy mantle [1]. These
different structures will lead to different impact crater
morphologies. With NASA’s Dawn due to enter orbit
around Ceres soon, we will start receiving the first images
of craters on the surface, which can be used to infer the
nature of Ceres’ interior. Here, we use a statistical model
to predict the largest impacts expected on Ceres through
solar system history, and explore how crater morphologies
for such impacts vary with internal structure.
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Predicting impactor sizes: Using the statistical
framework presented in [2], the number, sizes and velocities of impacts on Ceres were estimated. The size- and
velocity frequency distribution of impactors in the asteroid belt were estimated using dynamical and collisional
evolution models of terrestrial planet formation [3, 4] and
as predicted for Ceres [5]. The disruption threshold for
Ceres was set using the criteria from [6], although after
104 simulations of Ceres’ impact history, no disruptive
impacts occurred. Over the course of solar system history, Ceres could expect over 63000 impacts of impactors
300 m in diameter or larger. Over the same time period,
on average Ceres would experience 3 impacts by objects
one-twentieth its size (48 km), and have 1.3 impacts by
objects one-tenth of its size (96 km).
The expected number of craters on Ceres today will
also be dependent on the internal structure, as crater relaxation, especially near the equator, could remove evidence
of craters > 4 km if they form in an ice layer [7].
Figure 1 shows an estimate of the number of craters
formed on Ceres using the crater scaling parameters for
ice from [8]. The model predicts around two craters larger
than ∼ 700 km diameter. For small craters which form
entirely in the ice mantle, this estimate is robust, but for
larger craters (e.g. in which the core will play a role during the opening of the transient crater, or the curvature of
the surface is significant), further modelling is required.

equation of state for water), and (b) a hydrated silicate
core of radius 426 km (using the ANEOS equation of state
for serpentine [13]) capped by an ice mantle. The size
of the cores was calculated to give a mass, surface gravity and bulk density consistent with those estimated for
Ceres. A computational cell size of ∼ 3 km was used,
which means that Ceres was represented by 160 cells
across its radius. iSALE was used in its 2D, axisymmetric
formulation to reduce computational costs (thus imposing a normal incidence impact angle), although full 3D
simulations are ongoing. The silicate cores were assigned
strength using the model described in [9], with parameters
for dunite taken from [14]; the ice mantles were assigned
strength using the model developed for icy satellites [e.g.
15]. Material was weakened after impact using the block
model of acoustic fluidization [16]. A gravity field was assigned at the start of the calculation and, due to the large
mass difference between the impactor and Ceres, was not
updated during the calculation. Crater scaling for icy targets [8] suggests that to form a final crater ∼ 700 km in
diameter, a projectile composed of ice around one tenth
the diameter of Ceres is required to impact at 4 km s−1 (a
typical impact velocity on Ceres [5]).

Impact modelling: The iSALE shock physics code
[9–11] was used to simulate impacts into different possible internal structures for Ceres: (a) a dry silicate core
with a radius of 369 km (using the ANEOS equation of
state for dunite [12]) capped by an ice mantle (ANEOS

Results: Figure 2 shows some snapshots of two simulations of a 96 km diameter projectile impacting Ceres at
4 km s−1 : one with a serpentine core (left hand side) and
one with a dunite core (right hand side). The top frame
shows the initial condition, and highlights the extra thick-

Figure 1: The cumulative number of craters on Ceres with
diameters greater than df .
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Figure 3: Final crater morphology compared to the preimpact surface (red dashed line)
is ejected onto the surface, although some may be brought
closer to the surface in a central uplift, beneath thinned
mantle material. Modelling of larger impact events will
place a constraint on the type of impact that could leave
silicate ejecta on the surface, and thus be used in comparison with observations from Dawn. The uplift of core
material will be observable in gravity anomaly measurements from Dawn, which can further be used to constrain
the interior structure of Ceres.
Further modelling will extend the parameter space over
different impactor velocities, sizes and angles, and other
internal structures (for example, a “convecting mudball”
[17] or a homogeneous hydrated silicate body [18]).
References: [1] McCord, T. B. & Sotin, C. (2005) JGR
Planets, 110:E05009. [2] Davison, T. M. et al. (2013) Meteorit. Planet. Sci. 48:1894–1918. [3] O’Brien, D. P. et
al. (2006) Icarus, 184:39–58. [4] O’Brien, D. P. (2009)
Icarus, 203:112–118. [5] O’Brien, D. P. & Sykes, M. V.
(2011) Space Sci. Rev. 163:41–61. [6] Leinhardt, Z. M.
& Stewart, S. T. (2009) Icarus, 199:542–559. [7] Bland,
M. T. (2013) Icarus, 226:510–521. [8] Kraus, R. G. et
al. (2011) Icarus, 214:724–738. [9] Collins, G. S. et al.
(2004) Meteorit. Planet. Sci. 39:217–231. [10] Wünnemann, K. et al. (2006) Icarus, 180:514–527. [11] Amsden,
A. A. et al. (1980) Los Alamos National Laboratories Report, LA-8095:101p. [12] Benz, W. et al. (1989) Icarus,
81:113–131. [13] Brookshaw, L. (1998) Working Paper
Series SC-MC-9813 University of Southern Queensland,
12pp. [14] Ivanov, B. A. et al. (2010) Geol. Soc. Spec. Pap.
465:29–49. [15] Bray, V. J. et al. (2014) Icarus, 231:394–
406. [16] Melosh, H. J. (1979) J. Geophys. Res. 84:7513–
7520. [17] Bland, P. A. et al. (2013) LPSC LXIV, #1447.
[18] Zolotov, M. Y. (2009) Icarus, 204:183–193.

Figure 2: iSALE simulations of an impact of a 96 km diameter ice projectile at 4 km s−1 into two different target
structures: on the left, a serpentine core (radius 426 km),
and on the right, a dunite core (radius 326 km).
ness of the ice mantle in the dunite-core case. The second frame shows the opening of a transient crater; in both
cases, the ice mantle is stripped away to expose the core,
and in the serpentine case, a small crater is opened up in
the core. In the third frame, the ice has flowed back into
the centre and the core has uplifted beneath the centre of
the crater. In the serpentine case, the core remains exposed (or only thinly covered) over a region ∼ 200 km
in diameter. The bottom frame, and Figure 3, shows the
scale of the final craters. The crater on the Ceres with a
serpentine core has a rim-to-rim diameter of ∼ 690 km,
and the crater formed on the Ceres with a dunite core has
a rim-to-rim diameter of ∼ 760 km, consisent with the
crater scaling estimate.
Discussion: Internal structure clearly plays a key role
in determining final crater morphology. In large scale cratering events like those modelled here, no silicate material
2
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THE VALENCE AND COORDINATION OF Ti IN OLIVINE AND PYROXENE IN ORDINARY AND
ENSTATITE CHONDRITES AS A FUNCTION OF METAMORPHIC GRADE. S. B. Simon1, S. R. Sutton1,2
and L. Grossman1,3, 1Dept. Geophysical Sci., 5734 S. Ellis Ave.; 2Cntr. Adv. Radiation Sources (CARS); 3Enrico
Fermi Institute, 5640 S. Ellis Ave., The University of Chicago, Chicago, IL 60637, USA (sbs8@uchicago.edu).

Results: Most of the chondrules analyzed are porphyritic, as barred and radial chondrules tend to be too
fine-grained for XANES analysis. Valence measurements (sample averages and standard errors based on
merged spectra for each chondrule) as a function of
metamorphic grade are shown in Fig. 1 (olivine) and
Fig. 2 (pyroxene). Grades are offset by +0.05 (LL) and
-0.05 (L) for clarity. With one exception (Sharps pyx),
the average Ti valence in H chondrites is ~3.8, with no
redox trend or reduction of ranges of chondrule averages with increasing grade, and no correlation between
Ti valence and Fa or Fs contents.
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Introduction: Knowledge of the conditions to
which chondrites were subjected and their responses to
them is necessary for an understanding of the evolution
of their parent bodies and early planetary processes in
general. One way to better understand processes related to chondrite metamorphism is to evaluate
changes in chondrite features, such as oxidation state,
as a function of metamorphic grade. It has been suggested that ordinary chondrites underwent reduction
during metamorphism from grade 3 to 4 [1] and oxidation during metamorphism from grade 4 through 6 [2,
3, 4], although [5] found no systematic variation of
recorded oxygen fugacities (fO2’s) with metamorphic
grade. In [1], Mössbauer spectroscopy was used, and
the other studies used petrographic and mineral chemical data. We have undertaken a study of chondrites of
grades 3-6 to see how Ti valence and coordination in
olivine and pyroxene vary as a function of metamorphic grade and to see if the variations can be used to
constrain conditions and effects of chondrite metamorphism. Results for L, LL and E chondrites have been
reported [6, 7]; herein new data for H chondrites are
presented and compared with all previous results.
Methods: Suites of chondrules were selected for
study based on examination of thin sections with the
scanning electron microscope. Chondrules were classified by petrographic type based on backscattered electron imaging and quantitative energy dispersive analysis. The suite of H chondrites studied, from lowest to
highest grade, consists of Asuka-881026 (3.0); Sharps
(3.4); Dhajala (3.8); Weston (4); Lost City (5); and
Guareña (6), all falls except for Asuka. Valence of Ti
in olivine, pyroxene and mesostasis, reported as values
between 3 and 4, was determined in situ by X-ray absorption near edge structure (XANES) spectroscopy
using methods previously described [8], except now
the beam diameter is just ~1 µm, for improved spatial
resolution. Spots analyzed by XANES were found by
electron probe to contain ≤0.2 wt% TiO2 (olivine) or
≤0.5 wt% (pyroxene). Orientation effects can cause
spurious Ti valence determinations, especially in samples with significant tetrahedral Ti components. Analysis of multiple grains of a phase within a sample and
use of merged spectra can mitigate this effect if the
grains are randomly oriented, which is assumed to be
the case for the porphyritic chondrules. A total of 37
chondrules (4 - 8 per H chondrite) were analyzed, with
an average of 5.3 XANES analyses/chondrule.
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The H chondrite pyroxene results are similar to
those for the L chondrites, with valence decreasing
then increasing between grades 3 and 4. Three
mesostasis analyses were obtained, all within error of
4. A systematic change seen in all three types of ordinary chondrites (OC) is that between unequilibrated
and equilibrated members there are sharp increases in
the proportions of Ti in tetrahedral (tet) coordination in
both olivine (Fig. 3) and pyroxene (Fig. 4). Error bars
in these plots are 1σ. This feature is not observed in
either EH or EL chondrite pyroxene (high-grade E
chondrites do not contain olivine). Except for the LL
pyroxene, these increases are accompanied by decreases in Ti3+, which are seen as valence increases in
Figs. 1 and 2. The H3.0 chondrite is anomalous, with
much higher tet Ti4+ proportions in both olivine and
pyroxene than in the other unequilibrated OCs. The Ti
in Sharps (H3.4) pyroxene is more reduced than that in
the other H chondrites but its proportion of tet Ti4+ is
typical for a low-grade OC.
Discussion: Interchondrule variations in Ti valence
are seen in all equilibrated OC and E chondrites, and
the use of merged spectra makes it very unlikely that
this observation is due to orientation effects. The standard deviations of the valence measurements do not
decrease with increasing grade. Once established, Ti
valence did not completely reequilibrate, unlike that of
Fe, even under grade 6 conditions. The average valence of Ti in E chondrites, ~3.0–3.5, indicates that
their formation and metamorphic conditions were very
different from the OCs. Our results (Figs. 1, 2), unlike
those of [1] for Fe, show onset of oxidation in OCs at
grades lower than 4, with the lowest average Ti valences occurring at grades 3.4–3.6. The uniform valence of grade 4–6 H chondrites is consistent with fO2
calculations based on measured chromite activities [5]
that yielded a limited range of fO2s and no trend as a
function of grade.
In the OCs, most of the sharp increases in tet Ti are
accompanied by increases in valence in both olivine
and pyroxene. The mechanism for the change in coordination is unclear, and different processes may be at
work in olivine and pyroxene; what is clear is that the
event was associated with oxidation of Ti. The occurrence of this feature in all OC groups and its absence
from E chondrites is an important clue. As noted by
[9], E chondrites are even drier than OCs, consistent
with accretion in the relatively warm inner nebula,
whereas OCs probably formed further from the Sun.
The E chondrites therefore did not accrete ice, whereas
the least equilibrated OCs contain small amounts of
phyllosilicates in their matrices, evidence of incipient
hydration [9]. The observed OC valence and coordination trends may thus be due to a sequence of hydration
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followed by dehydration or dehydrogenation, processes that did not occur in the E chondrites.
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Al-26Mg SYSTEMATICS IN CHONDRULES OF AN UNGROUPED TYPE 3.05 CHONDRITE NWA5717.
H. Tang1, M-C. Liu1, K.D. McKeegan1, and N. Dauphas2. 1Ion Probe Group, Department of Earth Planetary and
Space Sciences, University of California, Los Angeles, 595 Charles E.Young Drive East, Los Angeles CA, 90095;
2
The University of Chicago, Origins Lab, Department of Geophysical Sciences and Enrico Fermi Institute, 5734
South Ellis Avenue, Chicago, IL 60637 (haolantang@ucla.edu).
Introduction: NWA 5717 is an ungrouped ordinary chondrite that is unequilibrated and contains two
distinct lithologies [1,2]. The major lithology A is
dark and ferroan, in which chondrules are tightly
packed surrounded with cataclastic matrix. The oxygen isotope composition in lithology A is similar to
that of H chondrites. In contrast, lithology B is light
and more magnesian, with clusters of Mg-rich
chondrules, and an oxygen composition of consistent
with the terrestrial fractionation line near E
chondrites. Petrological studies of NWA 5717 suggest that it is highly unequilibrated (type ~3.05) although its metals suggest a slightly higher metamorphic temperature corresponding to a minimum petrologic type ~ 3.1. In addition, sulfide in chondrule
rims appears to have been mobilized during parent
body metamorphism. However, the formation timescale of the NWA 5717 parent body still remains
unknown, hindering the understanding of its perplexing texture. In our previous work, chondrules from
NWA 5717 were separated, selected based on their
elevated Fe/Ni ratios (~12 to 80) and analyzed by
ICP-MS to search for the evidence of the former
presence of 60Fe in the solar nebula. There were no
resolvable radiogenic 60Ni excesses in correlation
with Fe/Ni ratios in the chondrules and mineral separates, yielding an inferred 60Fe/56Fe upper limit of
210-8 [3] at the time of chondrite formation.
To back-calculate the initial 60Fe abundance in
the early Solar System, in situ anaylsis of the Al-Mg
isotope system is required to determine the timecale
of chondrule formation in NWA 5717. Hence, we
investigated the Mg isotopic composition in
chondrules of NWA 5717 to understand the 26Al
abundance at the time of chondrule formation.
Method: The samples analyzed in this study are
polished thick sections from the NWA 5717
chondrite. Petrologic and mineralogical studies were
carried out by using a petrographic microscope and
the scanning electron microscope (SEM) equipped
with an energy dispersive spectrometer (EDS) at
UCLA to select chondrules from both lithologies
containing Al-rich mesostasis. The Mg-isotope compositions of the chondrules were measured in-situ
with the UCLA Cameca ims-1270 ion microprobe. A
22.5 keV, 12 nA 16O- primary ion beam was focused
to a ~25 m spot, generating sufficient signals (24Mg+
> 107 counts per second) for accurate current measurements by Faraday Cups. 24Mg+, 25Mg+, 26Mg+ and
27
Al+ were measured on L'2, C, H1 and H'2 respec-

tively in multicollection mode. The mass-resolving
power was set to ~4000 to separate all molecular interferences (e.g., 24MgH+) as well as doubly charged
48
Ca++. The instrumental mass fractionation effects
were corrected by using San Carlos olivine and
diopside, Burma spinel and a synthetic glass of
fassaite composition. The radiogenic excesses of
26
Mg were calculated by following an exponential
law with a mass fractionation exponent of 0.5184
obtained from the analysis of the standards.

Fig 1. Backscattered electron images of porphyritic and Al-rich chondrules measured for the Al-Mg
isotope system in NWA 5717, in which A and B are
from lithology A; C-F are from lithology B. In the
images Ol = Olivine; Mes = Mesostasis; Sp = Spinel;
Sf = Sulfide; FeNi = FeNi metal.
Results and discussion: The Al-Mg isotope systematics were measured in olivine, pyroxene, spinel,
and mesostasis in 3 Al-rich chondrules (Fig1 a-c) and
3 Type I porphyritic chondrules (Fig 1d-f). Attention
was paid to avoiding any area near sulfide veins in
order to minimize potential effects from localized
aqueous alteration. No resolvable excesses in 26Mg
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are found in any of the three Type I porphyritic
chondrules and one Al-rich chondrules (ChB), in
which 27Al/24Mg ratios range from 0 to 3. An upper
limit on the 26Al/27Al ratio of ~1.210-5 at the time of
chondrule formation can still be derived.

Fig. 2. 26Al-26Mg isochron diagrams of two Alrich chondrules in NWA 5717 (2σ error), in which
triangle, diamond and circle represents olivine,
mesostasis and spinel, respectively.
Fossil records of 26Al are found in two Al-rich
chondrules in NWA 5717 (ChA and ChC), in which
ChA is from lithology A and ChC is from lithology B.
The 27Al/24Mg ratio in mesostasis ranges from 0.5 to
9, allowing for the detection of 26Mg excesses. The
initial (26Al/27Al)0 of (8.634.88)10-6 and
(1.200.56)10-5 are inferred for ChA and ChC, respectively (Fig 2), which are the same within uncertainties. In addition, ChA contains two spinel grains,
which occur rarely in NWA 5717 and could be a relict of a CAI (Fig. 1a). The oxygen isotopic composition will be analyzed in a future study to elucidate
their origin.
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Al/27Al ratios obtained from ChA and ChC are
comparable to those inferred from other chondrules
in unequilibrated ordinary chondrites [4-7]. Comparing to the initial (26Al/27Al)CAI of (5.27±0.17)×10-5 in
the early Solar System [8, 9], we can determine the
Al-Mg ages of ChA and ChC to be (1.94±0.62) Myr
and (1.56±0.49) Myr, respectively, after CAI formation, consistent with timescales of chondrule formation of UOC [10,11]. We can also calculate an
upper limit for the formation time of Type I porphyritic chondrules from NWA 5717 to be >1.5 Myr
after CAIs.
According to Al-Mg and Mn-Cr ages obtained
from the constituents in UOC, the accretion of UOC
could have taken place rapidly after the formation of
chondrules in UOC [7,10]. If one utilizes the
26
Al/27Al0 ratio obtained in NWA 5717 Al-rich
chondrules to calculate the upper limit of 60Fe/56Fe
initial ratio in the solar nebula, 60Fe/56Fe < 3.4×10-8
can be inferred. This is consistent with our previous
constraint (~1×10-8) [3], although not consistent with
in situ data on some Semarkona chondrules [12,13].
Conclusion: We analyzed the Al-Mg systematics
in 6 chondrules from two lithologies in NWA 5717.
Two Al-rich chondrule show resolvable excesses of
radiogenic 26Mg, corresponding to the 26Al/27Al initial ratios of (8.634.88)10-6 for that in lithology A
and 1.200.56)10-5 for that in lithology B. Accordingly, their Al-Mg ages are ~1.9 and 1.6 Myr after
CAI condensation. More work will be done in the
future to analyze trace element and oxygen isotope
composition in their conponents to understand the
thermal and accretion history in NWA 5717.
References: [1] Bunch et al. (2010) LPS XLI
#1280. [2] Weisberg et al. (2010) 73nd MetSoc #5402.
[3] Tang & Dauphas (2012) EPSL 359-360, 248-263.
[4] Kita et al. (2000) GCA 64, 3913-3922. [5]
Rudraswami et al. (2008) EPSL 274, 93-102. [6]
Villaneuve et al. (2009) Science 325, 985-988. [7]
Kita & Ushikubo (2012), MPS 47, 1108-1119. [8]
Jacobsen et al. (2008) EPSL 272, 353-364. [9] MacPherson et al. (2010) APJ 711, L117-L121. [10] Kita
et al. (2005) ASP 341, 558-587. [11] Yin et al. 2007,
APJ 662, L43-L46. [12] Mishra & Chaussidon (2014)
EPSL 398, 90-100. [13] Mishra & Goswami (2014)
GCA 132, 440-457.
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TESTING EARTH-MOON ISOTOPIC HOMOGENIZATION WITH CALCIUM-48. N. Dauphas1, J.H.
Chen2, D.A. Papanastassiou2,3, 1Origins Lab, Department of the Geophysical Sciences and Enrico Fermi Institute,
The University of Chicago, USA (dauphas@uchicago.edu), 2Science Division, Jet Propulsion Laboratory, Caltech,
Pasadena, USA, 3Division of Geological and Planetary Sciences, Caltech, USA
[11]. In this study, we report measurements of the
48
Ca/44Ca ratio in lunar samples after correction of
mass-fractionation using internal normalization (i.e.,
the study is focused on non-mass dependent isotope
effects).
Early measurements on lunar samples [18] showed
small surface-correlated Ca isotope fractionation in the
leachates of a lunar soil, of up to 4 ‰ for 40Ca/44Ca.
This Ca isotope fractionation was similar to, but far
less than surface-correlated isotope fractionation effects for O and Si. These were attributed primarily to
preferential gravitational loss of the lighter isotopes,
due to micrometeorite impacts. The 48Ca/44Ca ratios
(normalized to 42Ca/44Ca = 0.31221) in two lunar samples reported by Russell et al. [18] were identical within limits of error to the terrestrial value. We analyzed
some of the same lunar whole rock samples, on which
Zhang et al. [11] reported Ti data.
Methodology: The chemical separation and mass
spectrometric measurement of Ca isotopes were performed at the Jet Propulsion Laboratory using the
methods described in [15]. During this work, repeated
measurements of the NIST SRM915a standard and
parallel analyses of 3 geostandards (BCR-2, BIR-1 and
BHVO-2) were also carried out. Some of the results
were presented in [15].
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Introduction: The Moon is generally thought to
have formed from the debris of a massive, off-center
collision of the proto-Earth with a smaller planet (a
Mars-sized object, dubbed Theia) towards the end of
accretion [1-3]. This formation mechanism addresses
the angular momentum of the Earth-Moon system but
results in the Moon being dominated by contributions
from the impactor. It was shown recently that the angular momentum problem can be addressed separately
by tidal effects on the Moon by the Sun [4], with a
consequence that other scenarios are acceptable, such
as impact of a small embryo with a fast spinning Earth
[4] or impact between two equal size bodies [5]. The
aftermath of the giant impact with the Earth has also
received renewed attention. Namely, it was suggested
that the terrestrial magma ocean and protolunar disk
were able to exchange chemically and isotopically
[6,7].
This theoretical work was motivated to a large extent by the observation that the Earth and Moon seem
to have identical or very similar isotopic signatures in
O, Si, Ti, W, and Cr [8-13]. These results are difficult
to reconcile with the classic giant impact model of
lunar formation that predicts that most of the Moon
must have come from the impactor. Indeed, if the impactor had different isotopic composition than the
Earth, which some have argued is likely [6,7], then one
would expect lunar rocks to have non-terrestrial isotopic compositions for these elements, which is not observed. To solve this problem, Pahlevan and coworkers
[6,7] argued that the Earth and Moon were isotopically
homogenized in the aftermath of the giant impact. A
potential test of this model is to compare the isotopic
compositions of lunar and terrestrial rocks for refractory elements that would not have easily been exchanged, such as Ca or Ti. Titanium isotopes are particularly important because previous work revealed
large variations in 50Ti/47Ti ratios in bulk meteorites
[11,14]. Whereas all terrestrial rocks have identical
50
Ti/47Ti ratios, some bulk meteorites show deviations
from the terrestrial ratio of up to 0.05 %. More importantly, Zhang et al. [11] showed that after correcting for cosmic radiation effects, the Earth and Moon
are identical in their Ti isotopes. It is important to
check whether the same holds true for another refractory major element on the Moon. Calcium is a perfect
target to study the question of the Earth-Moon isotopic
homogenization because anomalies have been reported
in bulk meteorites for 48Ca [15-17] and calcium is a
highly refractory element, so the predicted equilibration timescale between the Earth and Moon is long
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Figure 1. Calcium isotopic compositions of lunar samples.
The blue dashed line is the envelope corresponding to the
long-term external reproducibility of the measurements, estimated based on replicate analyses of SRM915a.

Results: The results are reported as
εiCa=[(iCa/44Ca)sample/(iCa/44Ca)SRM915A-1]×104.
Mass fractionation was corrected by internal normalization to a fixed 42Ca/44Ca = 0.31221, using the exponential law. Uncertainties are 95% confidence levels
(2σ). The long term reproducibility of ε48Ca measure-
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ments, as inferred from repeated analyses of
SRM915a, is ~0.5 ε. Since we do not propagate the
uncertainty on the standard in εiCa to each sample, we
should compare the data with the error envelope for the
standard (Fig. 1). If we consider the errors of the
standard then all samples plot within the error envelope of the terrestrial composition (ε43Ca, ±0.4 εu;
ε46Ca, ±12 εu and ε48Ca, ±0.5 εu). No correlation is
found between ε48Ca and ε50Ti, suggesting that 48Ca
does not suffer from the presence of cosmogenic effects in lunar samples. Taking all lunar samples together, we estimate a weighted mean ε48Ca for the
Moon of -0.24±0.24.
Discussion: A difficulty with the standard giant
impact model of the formation of the Moon is that the
Moon is made mostly of impactor material [3]. Therefore, any isotopic difference between the Moonforming impactor and the proto-Earth should have
been inherited and the Moon should be distinct isotopically from the Earth [6]. A solution to this problem is
that the protolunar disk and terrestrial magma ocean
were able to exchange isotopically, so that any isotopic
difference between the two bodies was erased [6,7].
The rate of exchange between the magma disk and the
vapour atmosphere is sensitive to element volatility, as
it depends on the vapour pressure of the element considered [11,19]. The exchange timescale for Ti at 3000
K is ~1 year [11]. This calculation was done assuming
that the activity coefficient of Ti in the melt was ~1,
which seems to be appropriate for a melt of perovskite
composition [19] but it remains to be checked if this
also applies to silicate melt compositions. For Ca, the
equilibration timescale is much longer (27 years, or
more if the activity coefficient is smaller than one, or
at lower T), so 48Ca anomalies can potentially provide
tighter constraints on Earth-Moon equilibration scenarios [11].
The 48Ca anomalies measured in meteorites range
between -2 in ureilites and +4 in CO/CV carbonaceous
chondrites [15]. We have found that lunar rocks match
the Earth in their 48Ca isotopic compositions to within
~0.24 ε-units. Given its refractoriness, it is unlikely
that Ca was isotopically homogenized by the scenario
advocated by [6,7]. If 80 % of the Moon is derived
from the impactor, the match between the Earth and
Moon requires that the impactor match the protoEarth
ε48Ca value to within ~0.3 ε units, which is 1/20th of
the isotopic variations documented in bulk meteorites
[15]. Because Ti isotopes can be measured with better
precision (based on their higher abundances), the impactor had to match the protoEarth value within 1/120th
of the 50Ti variations documented in bulk meteorites.
48
Ca and 50Ti are correlated in meteorites [15-17],
so that if the impactor matched the proto-Earth for one
isotope, the other isotope would also have been identi-
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cal. Much of the recent theoretical work aimed at explaining the isotopic similarity between the protoEarth
and the Moon supposes that the impactor had different
isotopic composition than the Earth [6,7]. However,
the degree of isotopic heterogeneity within 1.5 A.U.,
where most of Earth-forming material would have
been sourced and where the Moon-forming impactor
would have probably originated, is unknown. Dauphas
et al. [20] made the case the inner solar system was
isotopically uniform, similar isotopically to enstatite
chondrites, a reservoir that they named IDUR for Inner
Disk Uniform Reservoir. The existence of such a reservoir would naturally explain why the terrestrial isotopic composition is well matched by the composition
of a particular type of chondrites (enstatite) and the
Moon. The similarity in Si isotopic compositions of the
Earth and Moon is well explained by the fact that the
heavy Si isotopic composition of the silicate Earth is
due to nebular fractionation rather than partitioning of
Si in Earth’s core [21].
Conclusion: The 48Ca isotopic compositions of lunar and terrestrial rocks are identical within 0.24 εunits. Calcium is a highly refractory element that
would not have been easily homogenized isotopically
between the terrestrial magma ocean and protolunar
disk. Most likely, the impactor (Theia) had the same
isotopic composition as the proto-Earth because both
were sourced from the same IDUR reservoir.
Acknowledgements. Analytical work was performed at Jet Propulsion Laboratory, California Institute
of
Technology. Government
sponsorship
acknowledged
(supported
by
NASA
811073.02.02.04.69).
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Two Generations of Sodic Metasomatism in an Allende Type B CAI. D. K. Ross1,2, J. I. Simon2 , S. B. Simon3
and L. Grossman3, 1Jacobs Technology-JETS, 2224 Bay Area Blvd. Houston TX, 77058. daniel.ross@nasa.gov,
2
NASA-ARES, JSC, Houston TX 77058, 3Univ. of Chicago, Dept. of Geophys. Sci., Chicago IL, 60637.
Introduction: Calcium-Aluminum rich inclusions
(CAI) in Allende, along with other chondritic components, experienced variable amounts and types of alteration of their mineralogy and chemistry [1-3]. In CAIs,
one of the principal types of alteration led to the deposition of nepheline and sodalite. Here we extend initial
obervations of alteration in an Allende CAI [4], focusing on occurences of nepheline and a nepheline-like
phase with unusally high Ca (referred to as “calcic
nepheline” in this abstract). Detailed petrographic and
microchemical observations of alteration phases in an
Allende Type B CAI (TS4) show that two separate
generations of “nepheline”, with very distinct compositions, crystallized around the margins and in the interior of this CAI.
We use observations of micro-faults as potential
temporal markers, in order to place constraints on the
timing of alteration events in Allende. These observations of micro-faulting that truncate and offset one generation of “nepheline” indicate that some “nepheline”
crystallized before incorporation of the CAI into the
Allende parent-body. Some of the sodic metasomatism
in some Allende CAIs occurred prior to Allende parent-body assembly. The earlier generation of “calcicnepheline” has a very distinctive, calcium-rich composition, and the second generation is low in calcium, and
matches the compositions of nephelines found in nearby altered chondrules, and in the Allende matrix.
Nepheline Compositions: Fully quantitative FEGSEM measurements of nepheline compositions were
obtained on the JEOL 7600F SEM at NASA-JSC.
This instrument is equipped with a Faraday cup, and
standards were used to calibrate x-ray yields. X-ray
spectra were collected with a ThermoFisher SDD-EDS
system. Data were collected at 15 kV and 3 nA. The
ability to achieve high-resolution observation of target
phases, and to carefully control the placement of the
electron beam, enabled avoidance of mineral inclusions
and ensured high-quality measurements. Using EDS
data collection allowed us to limit beam exposure
times, integrate peak intensities, and minimize Namigration issues.
There are two separate generations of “nepheline”
growth based on their very distinct compositions, differing sites of occurrence, and relationships to microfaulting. Based on relationships to faults, the two generations of nepheline are pre-faulting (first generation)
and post-faulting (second generation). The first generation of “nepheline” growth occurs immediately beneath, or in close proximity to the base of the Work-

Lovering (W-L) rim of the CAI. The second generation of nepheline is commonly intergrown with sodalite, can occur in the interior of the CAI, or near the

Figure 1. CaO versus Na2O in “nepheline” in various settings
in the Allende meteorite. The unusual, highly calcic composition of nephelines at the base of the Work-Lovering (WL)
rim is apparent. Low-calcium, high-sodium nephelines occur
in chondrules, in Allende matrix, in the accretionary rim of
this CAI, and associated with sodalite in the interior of the
CAI.

rim, and is similar in composition to nepheline in
chondrules, in the accretionary rim of the CAI, and in
Allende matrix. First-generation “calcic-nepheline” is
unusually calcic, and relatively poor in sodium and
potassium. Second generation nepheline is relatively
poor in calcium, and rich in sodium and potassium (see
Figs. 1 and 2). The “calcic nepheline” contains more
Ca than any reported nephelines that we have found in
the literature. We have no direct observation of the
crystallography of this phase, but infer that it is nepheline based on its stoichiometry. Ca substitution in
nepheline can be charge-balanced by an Al substitution
for Si, or by a vacancy on the Na site, and our data
indicate the latter type of substitution occurs in both
generations of nephelines described here. In view of
the correspondence of compositions of 2nd generation
nepheline with that found outside the CAI, in chondrules, in Allende matrix, and in the accetionary rim of
the CAI, we infer that this 2nd generation nepheline
grew during Allende parent-body alteration.
Micro-faulting and Temporal Constraints: The
margins of the CAI, including the Wark-Lovering rim
and extending into the interior, are cut by four normal
faults. These faults do not offset the boundary between
the fine-grained (accretionary) rim of the CAI and Al-
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lende matrix. One example is visible in Fig. 3. This
faulting resulted in the breakout and detachment of a
fragment of the CAI (noted on Figure 3 as “interrupted
WL rim and missing CAI fragment”). The detachment
and departure of a fragment of the CAI requires that
the faulting preceded incorporation of the CAI into the
Allende parent-body. Draping and infill of basins in the
CAI margin and thickening of the accretionary rim
adjacent to the fault supports formation of the accretionary rim during nebular transport. The size of the
missing CAI fragment, and the presence of draped accretionary rim within the basin produced when a CAI
fragment was detached indicates that the fault must
have preceded incorporation in the parent-body. The
fault shown in Fig. 3 and 4 also truncates and offsets
the “calcic nepheline” that occurs immediately below
the W-L rim (see Fig. 4 “truncated calcic nepheline”).
These relationships indicate that the “calcic nepheline”
grew prior to incorporation in the parent body. The
“calcic nepheline” could have been formed when the
CAI was free-floating in the protosolar nebula, or during its residence in a previous generation, icy, small
parent body[5]. The large difference in composition
between the two generations of “nephelines” argues
that the fluids or gases that led to their crystallization
were very distinct.

Figure 2. CaO versus K2O in “nepheline” in the Allende
CAI, chondrules and matrix. These data reinforce the presence of two very distinctive compositions of “nepheline”,
one calcium-rich and poor in K and Na, the second Ca-poor
and K-rich.
Summary: The relationships between fault formation, accretionary rim formation and secondary alteration in this CAI supports the idea that some metasomatism of some Allende CAIs must have pre-dated
incorporation in the Allende parent body. While we
recognize that parent body alteration has occurred, it
seems clear from the data shown here that earlier phases of alteration and metasomatism are a reality.
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Figure 3. X-ray map of margin of CAI, with microfault that
resulted in breakout and detachment of a portion of the CAI.
The absence of an offset in the accretionary rim margin, and
the detachment and departure of the broken CAI fragment
indicate the fault predated incorporation in the parent-body.
The fault offsets the W-L rim, showing that it formed after
formation of the W-L rim.

Figure 4. X-ray map showing a closeup view of the same
faulted margin shown in Fig. 3. This map highlights secondary nepheline and sodalite. Fault traces are shown by dashed
lines. The distinction between “calcic nepheline” and second
generation, relatively Na- and K-rich nepheline is visible in
this image. Intergrowth of sodalite and low-Ca nepheline is
also shown. Truncated and offset “calcic nepheline” is visible along the fault trace.
References: [1] Brearley, A.J. (2003) Treatise on Geochem., v.1, 247. [2] Brearley, A.J. and Jones, R.H. (1998)
Rev. in Mineral., 36, Ch. 3. [3] Krot, A.N. et al. (1995) Meteorit.,30,748. [4] DK Ross et al. (2012) LPSC XLV, abstract
# 2466. [5] Grossman (2010) MAPS, 45,7-20.
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IRON ISOTOPE CONSTRAINTS ON THE PHOTO-OXIDATION PATHWAY TO BIF FORMATION. N.
X. Nie1 and N. Dauphas1, 1Origins Lab, Department of the Geophysical Sciences and Enrico Fermi Institute, The
University of Chicago, Chicago, IL 60637, USA (xike@uchicago.edu).

Introduction: Banded iron formations (BIFs) and
associated lithologies are among the most important
sedimentary rocks in the Archaean and Paleoproterozoic. They have been used to constrain the redox state,
biological activity and seawater chemistry on the ancient Earth. BIFs consist of alternating thin layers of
iron-rich minerals (most often magnetite and hematite)
and iron-poor silica. The iron source was probably
hydrothermal ferrous iron Fe(II) [1-3], which was oxidized into Fe(III) and precipitated.
Several mechanisms have been considered to explain the oxidation of iron in an atmosphere/hydrosphere that was globaly anoxic. Some local
“oxygen oasis” could have been produced by photosynthesis in cyanobacteria [4, 5]. Another biogenic alternative is that Fe(II) was used directly as electron donor
by microorganisms during a process known as anoxygenic photosynthesis [6, 7]. However, definitive evidence of bacteria involvement in BIF formation is still
missing [8], and a pure chemical process, photooxidation, has been proposed as a possible Fe(II) oxidation pathway [9, 10]. To investigate whether photooxidation could have played a role in BIF formation,
we performed laboratory photo-oxidation experiment
and measured Fe isotope fractionation during this process. Comparison of experiment results with BIF compositions allow us to test the viability of photooxidation as an oxidation pathway in the Archean
ocean.
Methods: About 350 mL of H3BO3-NaOH buffer
solution at a pH of ~7.3 was added to a 500 mL borosilicate glass reaction vessel, and bubbled with highpurity argon gas (O2 < 0.1 ppm) for 3-4 h. After the
dissolved oxygen was fully evicted, Fe(II) was introduced through one of the three inlets to the reaction
vessel by dissolving salts of (NH4)2Fe(SO4)2.6H2O in
deoxygenated water. The final concentration of the
Fe(II) was around 100 ppm, or 1.8 mM, which is
equivalent to the Fe production of some modern deep
sea vents [11].
A 450 watt Hanovia medium pressure Hg lamp was
inserted into the center of the reaction vessel to irradiate the Fe(II) solution. The lamp delivered a broad UV
spectrum of 220-1370 nm. Around the lamp, an immersion well connected to a chiller was used to keep the
system from over-heating. A thermometer was inserted
into one of the inlets of the reaction vessel to monitor
temperature.

One inlet to the reaction vessel was used to sample
the solutions. One sample consisted of ~ 7 mL solution
aliquot taken with a syringe. A sample was taken before turning on the UV lamp. Another four 7 mL solutions were collected at different times after the UV
lamp was turned on. The time interval between samples
was about 30 min. While still in an anoxic atmosphere,
the samples were filtered with 0.1 μm Sartorius™
Minisart™ HF syringe filters to separate aqueous
Fe(II) from Fe(III) precipitates. The collected Fe(II)
and Fe(III) samples were dried and re-dissolved in 6 M
HCl. Iron column chemistry was done to eliminate matrix elements. Analyses of Fe isotopic compositions
were performed with a Thermo Scientific Neptune Plus
MC-ICPMS at the University of Chicago using previously established methods [12].
Results: Fe(II) concentration dropped from 90 ppm
to 15 ppm over a 2 hour duration, pH decreased by
~0.2 units, and temperature increased from room temperature to 45 °C. Orange-coloured Fe(III) particles
formed and precipitated. The three-isotope plot of
Fe(II) samples, Fe(III) samples, and geostandard BIR1a and AGV-2 give a fractionation line with a slope of
1.47 for δ' 57Fe vs. δ' 56Fe (Fig. 1). Ferric iron samples
plot on the heavy isotope-rich side of the line while
Fe(II) samples fall on the other side. The δ56Fe values
of both Fe(II) and Fe(III) decreased as the experiment
proceeded.
Throughout the experiment, the δ56Fe values of the
Fe(II) solutions and Fe(III) precipitates exhibit apparent Rayleigh-type behavior, as shown in Fig. 2. The
isotope fractionation between Fe(III) precipitates and
aqueous Fe(II) for the overall reaction is 1.2 ‰.
Discussion: In our experiment, Fe(III) precipitates
were always enriched in the heavy isotopes of iron,
which is consistent with results reported in an earlier
paper [13] for low-pH photo-oxidation of aqueous
Fe(II). However, the fractionation factor α (~1.0025 at
41 °C) measured by them is notably higher than ours
(~1.0012 at 45 °C). The difference might be due to the
different photo-oxidation mechanisms at distinct pH
conditions with different ligands in solutions.
The fact that the solution and precipitates follow a
Rayleigh fractionation model demonstrates that the
produced Fe(III) precipitates do not exchange or significantly exchange with the Fe(II) solution after formation. The 1.2 ‰ fractionation between Fe(III) particles and aqueous Fe(II) is similar to that obtained in
anoxygenic photosynthetic oxidation of Fe(II) (~1.5
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‰) [14] and in O2-mediated oxidation (~1 ‰) [15].
Since the hydrothermal fluids have zero or slightly
negative δ56Fe values [16], all the three fractionation
factors would result in isotopic compositions for
Fe(III) precipitates that cover the range of values
measured in BIFs. Therefore, there is still no unambiguous isotope evidence indicating that BIFs formed either microbially or photochemically.

Fig. 3: Mass-dependent isotope fractionation lines for
different laws, expressed as deviations from exponential law (n = 0), n = -1 for equilibrium law, n = 1 for
power law, and n = -1/2 for Rayleigh law. Olive
squares are the data points obtained from the photooxidation experiment.

Fig. 1: Mass-dependent isotope fractionation line for
Fe photo-oxidation. δ' is calculated as ln (δ /1000 + 1).

Fig. 2: Rayleigh fractionation behavior of the photooxidation samples. Predicted trendlines for both Rayleigh and equilibrium fractionation are shown. 1.0012
was used as the Rayleigh fractionation factor (α). For
equilibrium fractionation trends, a fractionation of
1.69 ‰ between Fe(III) and Fe(II) was used.
A possible way to isotopically test the Fe oxidation
mechanisms would be to use mass fractionation laws,
because different geological processes may follow different laws. Fig. 3 shows possible Fe isotope fractionation laws. Due to the large error bars of the current
measurements, the underlying law cannot be clearly
recognized. Further work must be done to reduce the
errors and to measure the isotopic compositions of
BIFs with high precision.

Conclusion: Our experiment reveals that Fe(III)
oxides in BIFs could have been produced by photooxidation, a completely abiotic process. The process
follows a Rayleigh fractionation model, and isotope
fractionation between Fe(III) precipitates and aqueous
Fe(II) for the overall reaction is ~1.2 ‰ at 45 °C. This
fractionation is similar to that of anoxygenic photosynthetic oxidation and of O2-mediated oxidation, and
therefore cannot be ruled out as a possible pathway to
BIF formation. The only argument put forward against
photo-oxidation [17] is curcumstantial and a more direct demonstration of the involvement of biology in
BIF precipitation is still missing.
References: [1] Holland H. D. (1973) Econ. Geol.,
68, 1169–1172. [2] Jacobsen S. B. and Pimentel-Klose
M. R. (1988) EPSL, 87, 29–44. [3] Bau M. et al.
(1997) J. Geol., 121–129. [4] Cloud P. E. (1965) Science, 148, 27–35. [5] Cloud P. (1973) Econ. Geol., 68,
1135–1143. [6] Garrels R. M. et al. (1973) Econ.
Geol., 68, 1173–1179. [7] Widdle F. (1993) Nature,
362, 834–836. [8] Klein C. (2005) Am. Mineral., 90,
1473–1499. [9] Cairns-Smith A. G. (1978) Nature,
276, 807–808. [10] Braterman P. S. et al. (1983) Nature, 303, 163–164. [11] Edmond J. M. et al. (1982)
Nature, 297, 187–191. [12] Dauphas N. et al. (1982)
Chem. Geol., 267, 175–184. [13] Staton S. et al.
(2006) AGU, Abstract #V44A-04. [14] Croal L. R. et
al. (2004) GCA, 68, 1227–1242. [15] Bullen T. D. et
al. (2001) Geology, 29, 699–702. [16] Dauphas N. et
al. (2004) Science, 306, 2077–2080. [17] Konhauser,
K. O. et al. (2007) EPSL, 258, 87–100.

46th Lunar and Planetary Science Conference (2015)

2674.pdf

LATE BURSTS OF HABITABILITY ON MARS-LIKE PLANETS. Edwin Kite1, John Armstrong2, Robin
Wordsworth3, François Forget4. 1University of Chicago – Planetary Science, Planetary Atmospheres, and Exoplanets
(kite@uchicago.edu), 2Weber State University, 3Harvard University, 4 Laboratoire de Météorologie Dynamique.
Introduction: Small amounts of snowmelt can wet the
Mars soil during the Late Hesperian and Amazonian and
this would create a ‘cool little pond’ environment suitable for forming the carbonates in Mars’ shallow subsurface. Supraglacial channels and fresh shallow valleys
show that surface runoff did sometimes occur; runoff
was not spatially correlated with impact events, suggesting climate-driven habitability. Habitable climates could
not have been both long-lasting and global because postNoachian terrain lacks deep weathering and erosion,
indicating intermittent habitability. We hypothesize that
understanding the intermittency of post-Noachian Mars
habitability requires better constraints on the role of stochastic, intermittent long-term transitions in obliquity.
Obliquity variations are acknowledged to be critical to
post-Noachian climate (e.g., [1-10]) (Fig. 1). No existing
model (e.g, [8-11]) combines orbitally-resolved full histories for Late Hesperian and Amazonian Mars with explicit (2D) spatial resolution of surface liquid water dis-

tribution. A model that incorporates such coupling is
crucial to relate MAVEN constraints on atmospheric
thinning to the geologic record of late climate-driven
surface liquid water.
3.5 Gyr-long orbital forcings: Mars’ obliquity varies
chaotically, so we generated 18 orbital histories for Mars
[4-7] using the mercury6 N-body code [12] to integrate the solar system for 3.5 Gyr. We then applied an
obliquity code (10 randomly chosen spin-axis orientations per mercury6 simulation) [13]. The results show
a remarkably wide spread of equally possible orbital
forcings (Fig. 1). This raises the question – did Mars’
small size seal its fate, or are there orbital roads not taken
that would have allowed habitable conditions at the present day?
Climate evolution model: To assess the likely consequences of these disparate orbital forcings, we used the
spin-orbit output (obliquity, eccentricity, and longitude
of perihelion as functions of time) to drive a simple
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Figure 1. Intermittency of liquid water (peak day-integral melt, blue) predicted by using our obliquity tracks (red) to drive a
simple energy balance model of snowmelt. Atmospheric pressure (black) is reduced by escape-to-space and by carbonate formation. Three different, equally likely tracks are shown. Bottom right: Intermittency of surface liquid water (blue) is much
greater than intermittency of high-obliquity (gray). Though the specifics of the tracks differ greatly, the three tracks show
common intermittency-spectrum characteristics. For reference, the Cantor set has fractal dimension 0.63.
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snowpack energy balance model [10], which was in turn
coupled to an atmospheric evolution model. The energy
balance model assumes that warm-season snow was only
present in cold traps (locations that minimize annualaverage sublimation rate), which is reasonable [10, 14].
It calculates snow temperatures taking into account sensible and latent heat exchange with the atmospheric surface layer, Rayleigh scattering, greenhouse warming,
time-of-day, and season, and the solid-state greenhouse
effect. The atmospheric evolution model assumes that the
initial atmospheric pressure (P) was 100 mbar. If P(t)
had not decreased over the last 3.5 Gyr then habitability
would have increased over time, the opposite of what is
observed. CO2 is currently escaping from Mars at >1
mbar/Gyr. Our escape-to-space parameterization follows
[15], scaled to higher UV flux of the young Sun.
MAVEN will supply improved escape constraints.
Carbonate formation: Self-consistently calculating P
loss also requires considering carbonate formation, because modest amounts of liquid water, P > 0.006 bar,
and cold temperatures are sufficient physical conditions
for rapid carbonate formation (e.g., [16-17]). Because
low melt rates are sufficient to form carbonate but insufficient for runoff, evidence for climate-driven runoff
(e.g., [18-20]) implies physical conditions suitable for
carbonate formation over a much wider range of locations and times. Carbonate formation must have occurred
on Mars to explain the carbonate dispersed in the soil
and in Amazonian alteration veins (e.g., [21-22]); carbonate isotopes indicate “[derivation] from atmosphere
interaction with only transient water” [23], while (1-5)
wt % abundances reported equate to ~1 mbar CO2 drawdown per 105 km3 dust/silt/sand. Because >>106 km3
dust/silt/sand was cycled through the weathering-prone
diurnal skin depth since 3.5 Ga (e.g., [24]), there is a
potential for liquid water availability to feed back on P
(as on Earth) [8, 11, 25]. Although a potentially significant feedback on climate, the amounts of carbonate
formed in our models are two orders of magnitude less
than in pre-Mars Exploration Program models of Mars
climate evolution, and this relatively modest carbonate
inventory is consistent with the paucity of bedrock carbonate. We assumed MgCO3 formation within parts of
the planet experiencing seasonal melting was limited by
the supply of weatherable sand, silt and dust (ρ = 2000
kg/m3) at a deposition rate of ~30 µm/yr [26, 27], giving
3 g/m2/yr of CO2 consumed. This assumes that 10% of
the input is converted to MgCO3, high values that are
subsequently diluted by mixing with never-weathered
materials from outside the spatially-restricted melt zones.
Results: The results show a wide range of possible
histories (examples shown in Fig. 1). Size is not fate:
Among the modeled ensemble of Mars-like planets,
some are habitable at the present day. For this to happen,
obliquity has to stay low for most of the 3.5 Gyr-long
simulation (so that carbonate formation does not occur),
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with a “jump” to high obliquity in the recent past. This is
an uncommon, but not impossible, circumstance. Although obviously not representative of the Mars in our
own solar system, this shows a pathway by which Marssized exoplanets [28] could be habitable late in their histories. Relatively late wet “spikes” define bursts of habitability: Late Hesperian / Amazonian crater-retention
ages obtained for alluvial fans can be understood in
terms of higher L☉ at later times favoring surface liquid
water. Intriguingly, the expectation of >100 comparablywet intervals (given 105 yr quasiperiodic forcing) is flatly
contradicted by the results, which instead show a few
very wet “spikes” due to rectification at the meltingpoint and buffering of P by carbonate formation (Fig. 1).
Intermittency of liquid water at all timescales: Although
the details of the orbital histories vary greatly, a common
trend is that surface liquid water availability is more intermittent (at all time scales) than are high-obliquity
conditions (Fig. 1). Biological isolation of late bursts of
habitability: >108-yr global desert conditions are common, due to long periods of low φ. Long global desert
intervals define a challenge for the persistence of life on
the Mars surface. The longest continuous run of wet
years (each wet year has a dry season) is ~60 Kyr.
We are excited by these results. Work in progress consists of refinement and extension to our forward modeling framework to investigate obliquity’s role in the
greater detail allowed by the LMD GCM (e.g. [29]); we
will present initial results at the conference.
Acknowledgements: Itay Halevy, Melinda Kahre and
Mike Wolff made valuable contributions to the energy
balance model. References: [1] Toon et al., Icarus 44,
1980. [2] Jakosky & Carr, Nature 315, 1985. [3] Jakosky
et al., JGR 100, 1995. [4] Laskar et al., Icarus 170, 2004
[5] Head et al., Nature 426, 2003. [6] Forget et al., Science 311, 2006. [7] Fassett et al., Geology,
doi:10.1130/G35798, 2014. [8] Manning et al., Icarus
180, 2006. [9] Andrews-Hanna & Lewis, JGR-E 116,
2011. [10] Kite et al., Icarus 223, 2013. [11] Kahn, Icarus 62, 1985. [12] Chambers, Monthly Notices of the
Royal Astron. Soc. 304, 1999. [13] Armstrong et al.,
Icarus 171, 2004. [14] Wordsworth et al., 5th Intl. Workshop on the Mars Atmosphere, 2014. [15] Lundin et al.,
GRL 40, 2013. [16] Nezat et al., GSA-Bulletin, 2001.
[17] Stephens, S.K., PhD thesis, Caltech 1995. [18] Williams et al., Icarus 211, 2013. [19] Fassett et al., Icarus
208, 2010. [20] Grant & Wilson, Planet. & Space Sci.,
2012. [21] Boynton et al., Science 325, 2009. [22] Bandfield et al., Science 301, 2003. [23] Leshin et al., Science
341, 2013. [24] Bradley et al., JGR-E 107, 2002. [25]
Kite et al., Astrophysical J. 743, 2011. [26] Christensen,
JGR 91, 1986. [27] Lewis et al., Science 322, 2008. [28]
Muirhead et al., Astrophysical J. 747, 2012 [29] Wordsworth et al., Icarus 222, 2013.
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MEASUREMENT OF THERMAL PROPERTIES OF THE ORDINARY CHONDRITES RELEVANT TO
PLANET-FORMING PROCESSES. K. A. McCain1,2, F. J. Ciesla1,3, P. R. Heck2,3, S. S. Rout2,3, M. Pellin,1,3,4 C.
Malliakas4 and J.F. Mitchell4. Department of the Geophysical Sciences, 1The University of Chicago, Chicago, IL,
USA. 2 Robert A. Pritzker Center for Meteoritics and Polar Studies, Field Museum of Natural History, Chicago, IL,
USA. 3Chicago Center for Cosmochemistry, The University of Chicago, Chicago, IL, USA. 4Materials Science Division, Argonne National Laboratory, Argonne, IL, USA. (kamccain@uchicago.edu)
Introduction: As chondritic meteorites avoided
differentiation, they are considered to provide the best
record of the dust that was present in the solar nebula
at the time of planetesimal formation. However, all
meteorite classes show evidence of varying degrees of
aqueous and/or thermal metamorphism that have altered the initial assemblages and changed the properties of the dust once it was incorporated into the meteorite parent body. A detailed understanding of this
planetary processing is thus required to reconstruct the
Solar System’s earliest history.
The presence of differentiated and metamorphosed
meteorites provides evidence of large-scale thermal
alteration which has been attributed to the decay of
26
Al [1]. The build up of the heat within a meteorite
parent body, and thus the extent to which primitive
components were altered, would have been controlled
by the thermal properties of the materials it contained.
Specifically, the heat capacity (CP, kgm2s-2K-1), density (, g/cm3) and thermal diffusivity (D, mm2 s-1)
would control the temperatures reached and how energy propagated through the body. The values of these
parameters are known for pure substances, but as meteorites are mixtures of minerals and components of a
range of sizes, their properties are expected to be much
more complex.
Previous studies [2-4] have measured values for
these parameters for different meteorite types, including iron meteorites, achondrites, and a variety of ordinary and carbonaceous chondrites. These studies focused on measuring the properties at low temperatures
(5-300 K) relevant to temperatures that the materials

Figure 1. Reflected light (Left) and backscattered
electron (Right) images of the Chelyabinsk meteorite
specimen ME 6050.234. Scale bar is 2 mm. The grey
bar in the right hand image is a scanning error.

would experience in the present-day Solar System. In
the early Solar System, however, these materials would
have reached much higher temperatures as a result of
radiogenic heating. To better quantify how a meteorite
parent body would have evolved after its formation, the
thermal properties of these materials must be determined at temperatures relevant to thermal metamorphism. We are carrying out a systematic study to determine the thermal properties of a suite of ordinary
chondrites at the elevated temperatures they would
have seen in the early Solar System. Specifically, we
are focusing on samples of petrologic type 3-6, meaning that they reached temperatures between 500-1100
K on their parent body [5,6]. Here we report preliminary results for the thermal properties of two ordinary
chondrites.
Samples and Methods: For our overall study, we
selected twenty-two ordinary chondrite samples representing petrologic types from 3.3 to 6 from the collection of the Field Museum of Natural History. The meteorites are falls—with the exception of Grady (H3.7)
and Ragland (LL3.4)—in order to minimize the effects
of surface weathering, which fills pore space with relatively conductive Fe-rich material [7]. Low-shock samples were also preferred, as shock effects such as fracturing have been shown to lower the conductivity of a
sample [2,3]. Sample descriptions of the two meteorites Chelyabinsk (LL5; FMNH ME 6050.234) and
Mount Browne (H6; FMNH ME 1329.5) have preliminary data and are summarized in Table 1.
A slice of ~10 mm x10 mm x 3 mm of each sample
was prepared and imaged by two methods (Fig. 1): (1)
Reflected light microscopy and (2) electron microscopy using the Field Museum’s Zeiss Evo 60 scanning
electron microscope (SEM). After imaging, the samples were cut into parallelipipeds, polished, and carbon
coated. The thermal properties of the samples were
measured using the NETZSCH LFA 457 Microflash
instrument at Argonne National Laboratory (temperatures between 148-1373 K). The sample temperature
was gradually increased to 1022 K then decreased to
308 K, allowing measurements to be performed along
the entire cycle. Two heating cycles were performed to
check the reproducibility of the measurements.
Results: Table 1 presents the key properties of two
of the samples used in our study, Mount Browne and
Chelyabinsk, along with our measurement for the ther-
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Meteorite
Chelyabinsk

Kind
LL5

Bulk dens.
(g/cm3)
3.32

Grain dens.
(g/cm3)
3.51 ± 0.07
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Porosity
6.0% ± 3.2%

Shock
S4

 at 800 K
Weathering (Wmm-1K-1)
W0
0.906

Mount Browne H6
3.46
3.66
7.2% ± 0.6% S3
W0
0.682
Table 1. Physical properties of Chelyabinsk and Mount Browne meteorites in this study. Conductivity is an average
of measurements at 800 K, near the observed minimum. Chelyabinsk density and porosity from [8], Mount Browne
density and porosity from [9]. Shock and weathering from Metbull (retrieved 11/3).
mal conductivity () at 800 K. Figure 2 presents measurements of thermal diffusivity. The Chelyabinsk meteorite showed a decrease in thermal diffusivity from
about 0.6 mm2 s-1 at 300 K to ~0.35 mm2 s-1 near
1000 K.. Thermal conductivity can be calculated by 
= DCP, where  represents the density of the material
(see Table 1). Measurements for CP are pending and
have been estimated here by a pyroceram reference
sample measured in parallel. Using these values, Chelyabinsk shows an overall decrease in conductivity from
1.1 to 1.0 Wmm-1K-1 from 300 to 1000 K, with a minimum conductivity of about 0.9 Wmm-1K-1 near
800 K. The Mount Browne meteorite showed a decrease in thermal diffusivity from 0.9 to 0.5 mm2 s-1,
and a decrease in conductivity from 1.2 to 0.8 Wmm1
K-1 on average, though significant variation was observed between the two heating and cooling cycles.
The cause for this variation is currently being investigated.
Discussion: Overall, our results are consistent with
the measurements of meteorites of the same class and
petrologic type done at lower temperatures [3,4]. The
trend of decreases in thermal conductivity with increasing temperature is consistent with elementary models
of an anharmonic lattice, which predict that thermal

Figure 2. Thermal diffusivity (D) for the Chelyabinsk and Mount Browne meteorites between 3001050 K.

conductivity will fall as 1/Tn where 1<n<2 as the phonons which transport thermal energy begin to interfere
with one another [10].
Work by [3,4] suggests that porosity and shockinduced microcracks are also important controls on the
heat transport abilities of meteorites, with cracks tending to decrease conductivity. Here, Chelyabinsk is
more conductive, which is consistent with its lower
porosity but inconsistent with its higher shock state in
relation to Mount Browne. High metal content is expected to increase conductivity, but this is difficult to
test with only two samples of which we have prelininary data.
We will continue to measure our selection and incorporate heat capacity measurements into our estimates of thermal conductivity. Accurate values of Cp
will be required before finalizing measurements of
conductivity. Continued experience with calibration of
the Microflash instrument is expected to decrease variability between heating cycles.
Measurements of the other 20 samples are expected
to improve our understanding of the factors controlling
thermal properties at high temperatures.
Acknowledgments: PRH acknowledges funding of
the Robert A. Pritzker Center by the Tawani Foundation and by W. H. Ganz III, T. Boudreaux for donating
the Chelyabinsk sample, and B. Strack for maintenance
of the SEM, and S. Zitowsky and D. Carhart for help
with sample preparation.
References:[1] Ghosh, A. et al. (2006) Meteorites
and the Early Solar System, 555-566 [2] Yomogida, K.
Matsui, T. (1983) J. Geophys. Res., 88, 9513-9533
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NWA 5363/NWA 5400 AND THE EARTH: ISOTOPIC TWINS OR JUST DISTANT COUSINS?
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D. A. Papanastassiou 6,8. 1Origins Laboratory, Department of the Geophysical Sciences and Enrico Fermi Institute,
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Introduction: The notion that the chemical composition of terrestrial planets can be made by mixing
primitive chondrites in various proportions forms the
backbone of much of today’s planetary geochemistry.
A lingering issue, however, is that the meteorites that
are most often considered for explaining the chemical
composition of the Earth [1] also display isotopic
anomalies relative to terrestrial rocks, and so they cannot be viable building blocks for the Earth [2-7]. The
only meteorite group that approximately matches the
terrestrial composition are enstatite chondrites [8,9],
but these meteorites also have low Mg/Si and δ30Si values, so that one would have to assume unfeasibly large
amounts of Si hidden in the core or the mantle [10,11].
These observations urge the use of caution when
taking chondrites as proxies for the bulk isotopic composition of the terrestrial planets. For example, using
ordinary chondrites as proxy for the 142Nd/144Nd of the
bulk Earth might lead to incorrect interpretations of the
142
Nd rock record to determine accretion and differentiation timescales of the Earth [12]. Likewise, taking the
Si isotope composition of ordinary and carbonaceous
chondrites as representative for the bulk Earth may
lead to wrong assumptions about the Earth's Mg/Si ratio and the amount of Si in Earth's core [13].
If known chondrite types are not always good isotopic proxies for the planetary materials that formed
the Earth, are there any meteorites that are? The ungrouped (paired) primitive achondrites NWA 5363 and
NWA 5400 are relatively oxidized (~IW-1), metalbearing ultramafic stones with terrestrial O and Cr isotope compositions [14-16]; thus they may represent
primitive samples of the elusive terrestrial reservoir. As
part of our ongoing effort to better constrain the isotopic composition of the bulk Earth and the genetic relations of meteorites and the Earth-forming reservoir
we present here a comprehensive petrographic, elemental and multi-isotopic (O, Ca, Ti, Cr, Ni, Mo, Ru,
W) study of the NWA 5363/NWA 5400 meteorites, as
well as isotope data for the chondrites Pillistfer (EL6),
Allegan (H6) and Allende (CV3). Our results do not
support the idea of a common reservoir for the NWA
5363/NWA 5400 parent body and the Earth.

Analytical Methods: About 3-5 gram pieces of
the meteorite samples were cleaned with grinding paper and ultrasonication in methanol, and subsequently
crushed and powdered in an agate mortar at the Origins Lab. Aliquots of the powders were distributed to
the collaborators and digested and processed together
with a terrestrial rock standard (BHVO-2 or DTS-2)
according to previously established methods. Bulk major and trace element analysis were obtained through
SARM in Nancy, France. Oxygen was analyzed by
laser-fluorination GC-Gas-MS in Göttingen, Ca and Cr
by TIMS at JPL and USTC, Ti, Ni, Mo, Ru and W by
MC-ICP-MS in Chicago and Münster. Epoxy-mounted
thick-sections of NWA 5363 and NWA 5400 were investigated by SEM at the Field Museum.
Results: Petrography. The texture of NWA 5363
and NWA 5400 is granuloplastic with triple junctions.
In both meteorites olivine (Fa 30) is dominant (~80%)
followed by Ca-poor pyroxene (En 73Fs25Wo2), Ca-rich
pyroxene (En45Fs10Wo45), and minor chlorapatite,
troilite, chromite (Cr/Cr+Al=82), (oxidized) FeNimetal grains and traces of plagioclase (Ab 72An27Or1).
Both meteorites show significant terrestrial alteration
(Fe-oxide veins), with NWA 5363 being better preserved than NWA 5400.
Major and trace elements. Relative to chondritic
abundances, the NWA samples are depleted in
lithophile Al, Na, K, Ti, HFSEs and REEs, thus showing clear evidence for the extraction of a partial silicate
melt, consistent with the almost complete absence of
plagioclase. Molybdenum, W and the HSE on the other
hand show strong enrichments relative to chondrites.
Elements tracing desert weathering like U and Ba are
significantly enriched relative to chondrites, with
NWA 5400 showing the higher enrichments.
Isotopic compositions:
Oxygen. The δ18O and Δ17O values of NWA 5363
(5.7±0.7; -0.096±0.020; 2σ) and NWA 5400 (6.7±0.7;
-0.139±0.032) are within uncertainty indistinguishable
from the BHVO-2 (5.7± 0.7; -0.088±0.032) and San
Carlos olivine (5.3±0.7; -0.102±0.012) standard measurements. These results confirm earlier O isotope
measurements that found no Δ17O anomalies in the
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NWA 5363/NWA 5400 samples [15-17]. On a 1σ level
the Δ17O values of NWA 5363 and NWA 5400 are distinct. This most likely reflects the effects of desert alteration on NWA 5400. Our measurement of Pillistfer
confirms a significant (~50 ppm) difference in Δ 17O
between enstatite chondrites and the Earth, leaving
NWA5363 as the only known meteorite with identical
Δ17O as the Earth.
Calcium. Our data shows a common, and relative
to the Earth, slightly anomalous Ca isotope composition of NWA 5363 and NWA 5400 (ε 48Ca = -0.55±0.22
and -0.48±0.40).
Titanium. The Ti isotope compositions of NWA
5363 and NWA 5400 are within uncertainty identical
(ε50Ti = -0.95±0.17 and -1.01±0.13) to each other, but
significantly different from the Earth.
Chromium. New Cr data will be presented at the
conference. Shukulyukov et al. [16] reported a terrestrial ε54Cr of 0.07±0.11 for NWA 5400.
Nickel. The Ni isotope compositions of NWA 5363
and NWA 5400 are indistinguishable from each other
(ε64Ni = 0.05±0.19 and 0.03±0.08) and within uncertainty identical to the terrestrial composition (ε 64Ni=0).
Molybdenum. NWA 5363 is characterized by a
small deficit in s-process Mo (ε92Mo=0.53±0.22), similar to ordinary chondrites and possibly enstatite chondrites.
Ruthenium. Like for Mo, the Ru isotope composition of NWA 5363 exhibits a s-process deficit (ε100Ru=
-0.34±0.13) similar to ordinary chondrites.
Tungsten. NWA 5363 and NWA 5400 exhibit identical and highly unradiogenic ε182W values of -3.26
±0.08 and -3.18±0.08. Together with their low
180
Hf/184W (0.02), this equates to a two-stage model age
of Hf/W fractionation from a chondritic reservoir of
1.2±0.5 Ma after CAI.
Discussion: Our new petrographic, elemental and
isotopic data confirm that NWA 5363 and NWA 5400
are paired primitive achondritic meteorites from an
early-formed relatively oxidized asteroidal parent
body. The mineral assemblage is interpreted as representing a restite after partial melting and extraction of
a small amount of silicate melt from a fertile (chondritic) source rock within ~1.5 Myr of the start of the
solar system. The high concentrations of refractory
siderophile elements (Mo, W, HSE) in the restite requires the presence of metal during silicate melt extraction and indicates the absence of a planetary-wide
metal-silicate fractionation event on the NWA 5363/
NWA 5400 parent body.
The O, Cr, and Ni isotopic compositions of NWA
5363/NWA 5400 are indistinguishable from the terrestrial isotope abundances, suggesting a close genetic relationship between the nebular reservoirs from which
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Fig. 1. O, Ca, Ti, Cr, Ni, Mo and Ru isotope data of
the NWA 5363/NWA 5400 ungrouped achondrites
and selected chondrite groups. Contrasting earlier
reports our multi-isotopic investigation reveals that
NWA 5363/5400 is not sampling the Earth-forming
reservoir. Data sources: this study and [4,15] for Cr.
the NWA parent body and the Earth accreted. In fact,
the NWA 5363/NWA 5400 meteorites are currently the
only known extraterrestrial materials with an O isotopic composition identical to the bulk Earth. However, our new Ca, Ti, Mo and Ru isotope data also reveal significant differences between the isotopic makeup of NWA 5363/NWA 5400 and the Earth. Thus, although the NWA 5363/NWA 5400 meteorites are
highly interesting samples of a unique partially differentiated asteroidal parent body, they are not sampling
the terrestrial planetary reservoir and are not the
Rosetta stones to decipher the isotopic composition of
the bulk Earth.
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134, 515-526. [2] Calyton R. N. (1993) AREPS 21,
115. [3] Dauphas N. et al. (2002) ApJ, 565, 640-644.
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[5] Burkhardt C. et al. (2011) EPSL, 312, 390-400.
[6] Chen J. H. et al. (2010) GCA, 74, 3851–3862.
[7] Herwartz D. et al. (2014) Science, 344, 1146-1150.
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Introduction: Calcium-aluminum-rich inclusions
(CAIs) are the oldest dated objects that formed in the
solar system [1]. A few of these show large massdependent enrichments in the heavy isotopes of some
elements, attesting to a formation by melt distillation of
low-temperature precursors, and are often classified as
fractionated (F) CAIs ([2] and references therein). Some
fractionated CAIs also have large mass-independent
anomalies of nucleosynthetic origin and are classified as
FUN (Fractionated and Unidentified Nuclear effects)
CAIs. Other CAIs with large unidentified nuclear (UN)
anomalies lack fractionation effects. While F and FUN
CAIs are often not petrologically distinct from regular
CAIs, UN effects are most commonly found in hiboniterich CAIs like platy hibonite crystals (PLACs) [3].
We have studied 80 hibonite-rich CAIs separated
from the Murchison meteorite for their UN characteristics [4, 5] and incorporation of 26Al at their time of formation. Here, we report the mass-dependent and massindependent isotope effects in O, Mg, Ca and Ti in 7 of
these hibonite-rich CAIs that have F(UN) characteristics.
We also infer their initial 26Al/27Al ratios [(26Al/27Al)0]
from model and internal isochrons.
Methods: Al-Mg and O-isotope analyses were performed with the WiscSIMS Cameca ims-1280 at UW.
The results for O isotopes have been previously reported
[4]. For Mg isotopes, most hibonites were analyzed with
a ~12 µm primary O– beam and mono-EM detection [6].
Ca and Ti isotopes were analyzed with the Cameca ims1280 at UH [7]; part of the results have been previously
reported [5]. Intrinsic isotopic fractionation is expressed
as FTi and FCa as defined in [3].
The major element compositions were determined by
EPMA (Cameca SX-50). Trace elements (REE, Mg, Ti)
were measured with the Cameca ims-6f at ASU. NIST
glasses were used to obtain relative sensitivity factors
and oxide interferences on the heavy REE were corrected using the ion to oxide ratios published by [8].
Results: Mineralogy and morphology: Grains 2-5-1,
2-6-6, and 2-8-7 are stubby crystals of hibonite (70 to
300 µm in size). All contain refractory metal nuggets
(RMNs); those in 2-5-1 and 2-6-6 were large enough for
analysis and are depleted in Mo and W. 2-2-1 and 2-8-3
are single crystals with platy morphologies. In contrast
to other hibonites, their surfaces have abundant hexago-

nal pits. 1-9-1 is a platy CAI fragment consisting of a
spinel and a hibonite layer. 1-10-3 is a hibonite aggregate with inclusions of corundum (<10 µm).
Chemical and isotopic characteristics: The results
are summarized in Table 1 and Figures 1 and 2. The
main observations are as follows: (1) Based on the inferred (26Al/27Al)0, the hibonite-rich CAIs can be divided
into three groups: 26Al-free, with subcanonical ratio, and
with approximately canonical ratios (Table 1). (2) All
except the canonical CAIs are depleted in Mg and Ti
relative to PLAC and SHIB hibonites [4]. (3) All CAIs
show fractionation effects in at least one element, but
never simultaneously in all four studied elements. (4)
The most Mg- and Ti-rich hibonites (canonical CAIs)
have the highest degrees of Ca fractionation, but lack
corresponding effects in Ti, Mg and O (Fig. 2b). (5) Correlated fractionation effects in Ca and Ti are only observed in four CAIs (Fig. 2b), i.e., 1-10-3, two of the
26
Al-free CAIs (2-6-6, 2-5-1) and the subcanonical CAI
2-8-7. (6) Nucleosynthetic anomalies are only observed
in 26Al-free CAIs and are more pronounced in 48Ca
(δ48Ca of up to 43±5‰) than in 50Ti (Fig. 2a). (7) Most
analyzed grains have Δ17O (=δ17O–0.52×δ18O) values
between –23‰ and –25‰ (Fig. 1), like many FUN and
normal CAIs from unmetamorphosed chondrites [e.g., 9,
10]. Only the CAI with the largest nucleosynthetic effects (26Al-free CAI 2-5-1) has a distinct Δ17O of
–14±1‰. (8) Only CAI 2-6-6 shows significant frac-

Table 1: Characteristics of the studied CAIs. Felement
indicates degree of fractionation. Abbreviations: subc –
subcanonical, aggr. – aggregate, cor – corundum, sp –
spinel, n.a. – not analyzed, amu – atomic mass unit.
Name
Classification
26
Al/ 27Al (×10-5)
Δ 17O (‰)
FO (‰/amu)
FCa (‰/amu)
FTi (‰/amu)
FMg (‰/amu)
MgO (wt%)
TiO2 (wt%)
Morphology
Additional
phases
REE

2-5-1 2-6-6 1-9-1 1-10-3 2-8-7
26
Al-free
subc.
~0
~0
~0
n.a. ~ 0.3
–14 –23
–23
–24
–25
~ 24 ~ 4 ~ 27
~ 3 ~ 26
~ 10 ~ 5
~ 15 < 5
~ 15
~ 10 < 5
<5
<5
> 10
~ 0 ~ 10
~0
~0
n.a.
< 0.5 < 0.5 0.5
0.5 < 0.5
< 0.5 < 0.5 ~ 1.5 ~ 1
0.5
stubby
platy aggr. stubby
cor,
RMN RMN sp
RMN
RMN
Ce depletion n.a.
n.a.

2-8-3 2-2-1
canonical
~5
~5
–25
–24
~7
~5
> 15 > 15
~0
~0
~0
~0
~1
~1
~2
~2
platy
perovskite
low

n.a.
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nounced in 1-9-1) and (2) the steep distribution of δ48Ca
vs. δ50Ti compared to PLACs (Fig. 2a), which could
Mg-depleted hibonites:
indicate dilution of 50Ti anomalies in the Ti-poor frac0 0
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2-8-7
Te
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Others:
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by our SIMS analyses. Enhanced Ti may be a result of
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Others:
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ential evaporation of the more volatile Mg. That the exδ O (‰)
PLACs [4]
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-20 18
0
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cess Ti is present as Ti3+ is unlikely, given that Ce depleδ O (‰)
tions in hibonite (Table 1) and W and Mo depletions in
Figure 1. O isotope diagram, modified
after [4].
PLAC-like
CAIs (Kööp et al.RMNs
2014 c) indicate formation under oxidizing conditions.
a
b
Fit through PLAC data
The mass-independent effects suggest that the sam40
15
ples record at least three different stages of solar nebular
Mg-depleted hibonites:
20
history. The range of resolvable anomalies in 48Ca and
10
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50
Ti indicates that the 26Al-free fractionated CAIs
1-9-1
0
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2-8-7
-20
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Figure 2. Ca- and Ti-isotope data
for 3σfractionated
characterized by a Δ17O of ~ –24‰, in which nucleosynhibonite-rich CAIs, with PLAC data from [5] for com- thetic anomalies had been homogenized to a level of <
parison. a) Nucleosynthetic anomalies. b) Fractionation ~5‰. Finally, the canonical hibonites formed around the
effects. Symbols as in Fig. 1; gray line in Fig. 2a is a fit same time as normal CAIs. Whether or not the subcathrough PLAC data.
nonical level indicates early or late formation, the apDiscussion: The fractionated CAIs 2-2-1 and 2-8-3 proximately constant Δ17O value indicates that the oxyhave particularly enigmatic isotopic compositions (high gen isotopic evolution of the CAI-forming region apfractionation in Ca, yet not in O, Mg and Ti, ~canonical pears to have stagnated for a significant amount of time.
Conclusions: The lack of Mg and Ti isotopic frac(26Al/27Al)0). Their identical morphological, chemical
and isotopic characteristics suggest that they may have tionation in some hibonites with high Ca fractionation
been liberated from the same CAI, possibly during acid suggests that late-stage reintroduction of Mg and Ti may
have diluted isotopic effects in these elements. As Ca
treatment.
A general feature of the studied CAIs is that frac- abundance is fixed by mineral chemistry, this element
tionation effects can be observed in all analyzed ele- likely provides a more robust record of the original
ments, yet never simultaneously in the same CAI. This mass-dependent and -independent isotope effects in
could be a result of complicated condensation and evap- hibonite. The variable nucleosynthetic anomalies and
oration histories or of reintroduction of isotopically levels of 26Al incorporation suggest that these CAIs represent at least three different isotopic populations and
normal Mg and/or Ti after CAI crystallization.
Most fractionated hibonites studied here lack frac- sample different evolutionary stages of the nebula. This
tionation in Mg. This has been observed in previous further implies that conditions favorable for melt distillastudies and attributed to quantitative Mg evaporation, tion existed over a significant period of nebula history.
References: [1] Amelin Y. et al. (2002) Science,
followed by Mg surface contamination [11]. However,
as Mg and Ti contents are generally coupled in the 297, 1678–1683. [2] MacPherson G. J. (2014) Treatise
nd
hibonites studied here, most prominently in the Mg- and on Geochemistry, 2 Ed. [3] Ireland T. (1990) GCA, 54,
Ti-rich canonical CAIs, we argue against contamination, 3219-3237. [4] Kööp L. et al. (2014) LPS, 45, 2508. [5]
but favor late-stage reintroduction of normal Mg (and Kööp L. et al. (2014) MAPS, 49, #5384. [6] Ushikubo T.
possibly also Ti) to explain the lack of Mg fractionation et al. (2013) GCA, 109, 280–295. [7] Park C. et al.
effects. Indicators that reintroduction of Mg also resulted (2014) LPS, 45, #2656. [8] Fahey A. J. et al. (1987)
in addition of isotopically normal Ti include (1) the lack GCA, 51, 329–350. [9] Krot A. N. et al. (2010) ApJ, 713,
of fractionation effects in Ti in the CAIs that show high 1159–1166. [10] Makide K. et al. (2009) GCA, 73,
5018-5050. [11] Ireland T. et al. (1992) GCA, 56, 2503–
degrees of Ca fractionation (2-8-3, 2-2-1 and less pro2520.
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tionation in Mg isotopes. All others are indistinguishable
from or slightly lighter than measured standard values.
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SAMARIUM-NEODYMIUM CHRONOLOGY OF AN ALLENDE TYPE A CAI AlNO 1-16.
N. E. Marks1, L. E. Borg1, I. D. Hutcheon1, B. Jacobsen1, R.N. Clayton2, T. K. Mayeda2, 1Lawrence Livermore National Laboratory, 7000 East Ave L-231, Livermore, CA 94550, USA (marks23@llnl.gov), 2Department of Chemistry, The University of Chicago, 5640 S. Ellis Ave, Chicago, IL, 60637, USA.

Sm-Nd Systematics of AlNO-1-16: Results of 147Sm143
Nd isotopic analyses for AlNO 1-16 are presented in
an isochron plot in Figure 1. A linear regression fitted
through five points yields an apparent age of 4.89 ± 2.5
Ga. This regression excludes the lightest density separate, which appears to be disturbed. The large uncertainty in the age reflects the very limited spread in the

147

Sm/144Nd ratios of the mineral fractions. In fact, the
total measured variation in 147Sm/144Nd is less than 3%.
In comparison, the spread we recently determined in
the Type B CAI Al3S4 was over 25% [6]. This sample
yielded a 147Sm-143Nd age of 4569 ± 36 Ma and an
initial 143Nd/144Nd ratio of 0.506646 ± 48. The Al3S4
isochron is in excellent agreement with Pb-Pb ages
determined on CAIs [7,8]. A combined plot of the
ALNO-1-16 and Al3S4 data demonstrate that the density separates from AlNO 1-16 fall along the Al3S4
isochron suggesting both samples have concordant
crystallization ages. A linear regression fitted to all the
points from both CAIs results in an age of 4562 ± 170
Ma. The greater uncertainty in the combined age most
likely reflects the higher proportion of secondary phases in Type A CAI compared to Type B CAIs.
0.5145%
0.5140%
Pyroxene%
143Nd/144Nd'

Introduction: Calcium–aluminum-rich inclusions
(CAIs) are primitive objects that formed within the
protoplanetary disk surrounding the young Sun. Recent
Pb–Pb chronologic studies have demonstrated that
CAIs are the oldest solar system solids, crystallizing
4567 Ma ago. Two primary types of CAIs have been
identified: Type A inclusions are composed almost
entirely of melilite, with minor amounts of spinel, clinopyroxene, grossular, perovskite, and hibonite, while
Type B inclusions contain subequal amounts of melilite and clinopryoxene with lesser amounts of spinel
and anorthite (e.g. [1]).
The isotope systematics of CAIs provide critical insight into the earliest history of the Solar System. Although the Sm–Nd geochronometers are highly effective tools for investigating cosmochemical evolution in
the early Solar System, Type A CAIs have not historically lent themselves to this type of study. Because
they are essentially monomineralic, mineral separates
with variable 147Sm/144Nd are quite difficult to produce. Here we report new data from density separates
of Allende CAI AlNO-1-16 from both the long-lived
(147Sm–143Nd) and short-lived (146Sm–142Nd) isotopic
systems derived from density separates of the Type A
CAI AlNO-1-16.
Petrography and Mineral Fractions: AlNO 1-16
is a coarse-grained compact Type A CAI from Allende
that was first separated by heavy liquid and magnetic
techniques at the University of Chicago [2]. The inclusion is comprised primarily of melilite that poikilitically encloses spinel; the spinel is characterized by
unusual epitaxial overgrowths of perovskite [3]. Although the textures of the spinel-perovskite intergrowths imply condensation from the gas phase (i.e [4]
Hutcheon, 1977) the mineralogy reflects crystallization
from a liquid [4,5]. Five density separates plus a
whole-rock (fines) fraction were analyzed for Sm-Nd
isotopic composition. The density separates comprise
primarily melilite, with variable amounts of spinel and
grossular.
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Figure 1. A 147Sm-143Nd isochron for density separates
from AlNO 1-16 (red diamonds). Most of the AlNO-1-16
fractions fall along the isochron defined by mineral separates from Type B CAI Al3S4 (yellow circles) that yielded
an age of 4560 ± 34 [5]. The melilite fraction from AlNO
1-16 appears to be disturbed.

Results of 147Sm-142Nd isotopic analyses for AlNO 116 are presented in an isochron plot in Figure 2. A
linear regression fitted through five AlNO 1-16 fractions yields an age of 4519 +55/-88 Ma (initial ε142Nd = 2.2 ± 1.7). The MSWD for this isochron is 2.2, indicating a good fit of the data. However, like the 147Sm143
Nd isochron, uncertainty in the age is strongly affected by the limited spread in 147Sm/144Nd ratio. An
age of 4567 +11/-12 Ma is calculated from the data obtained from the mineral fractions from both AlNO 1-16
and Al3S4 using 146Sm/144Sm = 0.00828 and 146Sm
t½= 103 Ma. This isochron has an initial of ε142Nd =
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3.0 ± 1.1 that is in good agreement with previous estimated of the Solar Systems initial Nd isotopic composition.
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geochron plot, as it eliminates issues associated Sm
fractionation from Nd through alteration and also
through laboratory preparation.
Discussion: Despite the very limited spread in Sm/Nd
for the Type A CAI AlNO 1-16, the density separate
data yield 146Sm-142Nd and Nd-Nd ages that are concordant with previous measurements of mineral separates from the Allende CAI Al3S4 [6], as well as PbPb ages determined on other CAIs [7,8]. This agreement confirms evidence from the 26Al-26Mg and 207Pb206
Pb isotope systems [9] that common types of CAIs
crystallized contemporaneously and demonstrates the
Sm-Nd systems of both CAIs were minimally affected
by alteration on the parent body.
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Allende Type A CAIs are typically characterized by
alteration, and AlNO 1-16 is no exception. The longlived and short-lived Sm-Nd systems are vulnerable to
disturbance because this process can fractionate Sm
from Nd. Calculating ages using the 143Nd-142Nd isotopic reduces the affects of disturbance by eliminating
the uncertainties associated with the Sm/Nd ratio. This
approach is illustrated in Fig. 3 where 142Nd/144Nd versus 143Nd/142Nd of mineral fractions from AlNO 1-16
yield an age of 4581 +44/-88 Ma (MSWD = 0.5) that is
more precise than either the 147Sm-143Nd or the 146Sm142
Nd isochron ages determined from these fractions.
If mineral fractions from the Type B CAI Al3S4 [6]
are included in the calculation, an age of 4570 +7/-8 Ma
with an MSWD of 1.3 is determined. The excellent
agreement between the Nd-Nd age and the Pb-Pb ages
determined on CAIs by Amelin et al. [7] and Connelly
et al. [8] indicate that this system most accurately records the formation age of CAIs. Like the Pb-Pb isotopic system, if alteration occurs when both Sm parent
isotopes are extant, then fractionation of parent and
daughter isotopes associated with the alteration event
minimally effects the age.
The lowest density separate for AlNO 1-16, ρ=2.883.20 g/cm3, was determined by [2] to contain primarily
melilite with trace spinel and garnet. Data for this separate falls off the 147Sm-143Nd and 146Sm/142Nd
isochrons, although it does fall on the Nd-Nd isochron.
This is a good illustration of the utility of the Nd-Nd

142Nd/144Nd'

Figure 2 A 146Sm-142Nd isochron for density separates
from ALNO 1-16 (red diamonds). The AlNO 1-16 fractions lie on the isochron defined by Type B CAI Al3S4
(yellow points). A regression through all of the points
yields an age of 4567 +11/-12 Ma with a MSWD of 1.9.
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Figure 3 Nd-Nd geochron with CAI isochron defined by
both Al3S4 and AlNO 1-16 data yielding an age of
4570 +7/-8 Ma.

The isochron defined by data from the mineral separates from Al3S4 and the density separates from AlNO
1-16 provides additional confirmation that the 103 Ma
half-life for 146Sm is the best value. The concordance
of the two CAI sample sets indicates that the initial
146
Sm/144Sm of the solar system is well represented by
0.00828 ± 44 determined by Marks et al. [6].
References: [1] Grossman, L (1980) Ann. Rev. Earth
Planet. Sci., 8 559–608. [2] Clayton et al. (1977) Earth Planet. Sci. Lett., 34 209–224 [3] Hutcheon, I.D. (1976) Metoritics, 11, 304. [4] Hutcheon, I.D. (1977) LPSC VII, 8 487-489.
[5] Blander, M. & Fuchs, L.H (1975) Geochim. Cosmochim.
Acta., 39(12) 1605-1619 [6] Marks et al. (2014) Earth Planet
Sci. Lett., 405 15-24 [7] Amelin et al. (2002) Sci. 297, 1678.
[8] Connelly et al. (2008) Sci. 651. [9] Jacobsen et al. (2008)
Earth Planet Sci. Lett., 272, 353-364. This work was performed
under the auspices of the U.S. DOE by LLNL under contract DEAC52-07NA27344.
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URANIUM ISOTOPE VARIATIONS IN GROUP II REFRACTORY INCLUSIONS. F. L. H Tissot1, N.
Dauphas1, L. Grossman2, 1Origins Lab, Department of the Geophysical Sciences and Enrico Fermi Institute, The
University of Chicago, IL (ftissot@uchicago.edu), 2Department of the Geophysical Sciences and Enrico Fermi Institute, The University of Chicago, IL.
Introduction:
The 235U/238U ratio shows little variability in most
terrestrial and meteoritic bodies (!1 ‰) [1-3]. In contrast, large excesses of 235U, up to 3.5 ‰, have been
found in a few Calcium-Aluminum rich inclusions
(CAIs) and have been interpreted as evidence of live
247
Cm (t1/2 = 15.6 My) in the early solar system (SS)
[4]. Though this is a plausible explanation, it relies on
four points with high Nd/U ratio that define a “pseudochron”, so more work is needed to determine the cause
of U isotope variations in CAIs. Here, we report some
preliminary results on the identification, characterization and U isotopic analysis of 12 fine-grained, group
II, CAIs from the Allende meteorite.
Background: CAIs are thought to be the first solids to condense in the early SS and are usually classified based on (1) their mineralogic and petrographic
features [5], and (2) their Rare Earth Element (REE)
patterns [6]. The so called group II pattern, displays
strong fractionation of REEs from one another whereby the most refractory (heavy REEs except Tm) and
most volatile elements (Eu and Yb) are depleted relative to the light REEs (Fig. 1). This pattern, very common in fine-grained CAIs, is thought to represent a
snapshot in the sequence of condensation [7, 8]. So far,
only fine-grained, group II CAIs have shown excess of
235
U. Because the abundance of 247Cm at the time of SS
formation was low, excess of 235U due to 247Cm decay
is only resolvable in phases which preferentially incorporated Cm over U. Phases with high Nd/U (Cm has
no stable isotope and Nd is usually used as a proxy),
such as group II CAIs, are thus more likely to show a
resolvable 235U excess than other phases, had live
247
Cm been present in the early SS.
A complication arises, however, with group II
CAIs. Since they represent a snapshot in the condensation sequence and little U was incorporated compared
to Nd (Cm), the 235U excess observed could also be
due to fractionation during condensation of the U isotopes. The kinetic theory of gases indeed predicts that
the lighter isotope (235U) will condense faster than the
heavier isotope (238U). Because the “pseudochron”
(!235U vs 144Nd/238U) defined by [4] only uses four
fine-grained group II CAIs, and because the data show
some scatter, we decided to conduct a more systematic
study on fine-grained CAIs in an effort to assess which
processes (247Cm decay and/or fractionation during
condensation) were at play in the early SS.

Sample identification and characterization:
Though the sensitivity of the MC-ICPMS is excellent for U isotopes (1.4 V/ppb), the concentration of U
in fine-grained CAIs is extremely low (~20 ppb) and
large samples are needed. Numerous slabs of Allende
were thus examined and fourteen CAIs were selected
(12 fine-grained and 2 coarse-grained) based on their
size. A small chip of each CAI was extracted using
cleaned dental tools, under a stereoscopic zoom microscope, and mounted in epoxy for characterization. All
samples were mapped using a JEOL JSM-5800LV
SEM. Typical grain size was about 10 micron for the
fine-grained CAIs. In good agreement with [9], the
samples are mostly composed of spinels, pyroxenes,
sodalite, nepheline, with small and varying amount of
grossular and melilite, and some rare olivine (Fig. 2).
The samples were then analyzed by LA-ICPMS. All
twelve fine-grained CAIs were found to present a
group II REE patten (Fig. 1).

Fig. 1. Group II REE patterns in twelve fine-grained CAIs
from the Allende meteorite measured by LA-ICPMS.
Nepheline
Pyroxene

Spinel

Grossular

Fig. 2. Typical RGB image (Mg,Ca,Al) of the fine-grained
CAIs analyzed in this study. The scale bar is 50 µm.
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Powder of each samples were collected on weighing paper before being transferred into triple cleaned
Teflon beakers. Great care was brought into collecting
only the CAI and any matrix accidentally extracted
was removed from the collected fraction using cleaned
tweezers. Sample masses ranged from 15 to 760 mg.
All samples were then fully digested using optima
quality acids with two one-week attacks in HF/HNO3
3:1 (+ drops of HClO4) followed by two one-week
attacks in HCl/HNO3 2:1 on hot plates at 160°C. The
samples were then taken back in concentrated HNO3
and put back on hot plates for 4 days, before dilution to
3 M HNO3. All samples were transferred into cleaned
centrifuge tubes and centrifuged for 5 min at ~1500
rpm. No residue was visible.
A small aliquot (~1 %) of the solution was sampled
for concentration analyses. One fifth of the solution
was saved for future work and the remaining 80% was
spiked with IRMM-3636 double spike (50.45 % 233U
and 49.51 % 236U). To ensure full equilibration of the
spike with the sample, the samples were dried completely after spike addition, taken back into concentrated HNO3 and diluted to 3M HNO3. No residues were
visible after this new digestion step.
Since the total amount of U was low (as low as 0.2
ng of U), the samples were passed through column
chemistry only once to minimize blank contributions.
Purification was done on U/Teva resin [2, 10] and as
follows: (1) sample loading in 3 M HNO3, (2) matrix
elution with 30 ml of 3 M HNO3, (3) resin conversion
to HCl with 5 ml of 10 M HCl, (4) Th elution in 12 ml
of 5 M HCl and (5) U elution with 32 ml of 0.05 M
HCl. Two geostandards, the two coarse-grained CAIs
and a sample of Allende were prepared in the same
way to ensure that no systematic biases were introduced by the sample preparation. Results are given in
"235U relative to CRM-112a:
"235U = [(235U/238U)sample/(235U/238U)CRM-112a - 1] x 103.
Quality control: (1) As described in detail in [11]
we compared the 235U/238U ratios obtained from the
raw intensities bracketed by standard measurements,
with the 235U/238U ratios obtained from double-spike
data treatment. Since the spike isotopes (233U and 236U)
are different from the naturally occurring isotopes
(235U and 238U), the data reduction using the double
spike is sensitive to artifacts affecting any of the four
isotopes, while the ratio obtained by standard bracketing is sensitive to fractionation during sample digestion
and purification, and artifacts affecting only 235U and
238
U. Agreement between these two values in a measurement is a strong internal validation of the result. All
analyses passed this validation test.
(2) The four samples with the most U (8 to 20 ng)
were analyzed twice. Half the sample was analyzed
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after one purification step, while the other half was
subjected to a second column chemistry before analysis. For all samples, both results are identical within
error bars (~0.1 ‰).
(3) As one CAI showed an extremely large anomaly (>50 ‰), we took part of the unspiked aliquot,
passed it through column chemistry twice and measured it again using a new cup configuration with 235U
on the SEM and 238U on a faraday cup. Both measurements were identical within error bars.
(4) For each of the four most U depleted CAIs, we
recombined the matrix cuts obtained from chemistry
and doped them with a quantity of U standard similar
to the amount initially present in the sample (~0.2 ng
of U). These “doped” samples were passed through
chemistry once before analysis. Three of these tests
showed no anomaly, but one presented a large negative
!235U (both in bracketing and by double spike). Further
tests are being conducted to understand this result.
Results and discussion: The range of "235U observed in meteorites is small (from -0.2 to +1 ‰) [3],
with most samples at ~+0.4 ± 0.2‰. In constrast, most
of the samples we analyzed show varations between -1
to +6 ‰. Though overall, the samples fall on the trend
of !235U vs 144Nd/238U defined by [4], we observe a
greater scatter in the data. In particular, samples with
very low Nd/U ratios (~30) show "235U varying by up
to 3 ‰. At this Nd/U ratio, if decay of 247Cm was the
only process affecting the U isotopic composition, we
would expect (based on the initial 247Cm abundance
from [4]) all samples to display an anomaly of ~+0.6
‰. The spread in the data even at low Nd/U is thus
hard to reconcile with the decay of 247Cm being the
only process leading to 235U enrichment, and it is plausible that both fractionation during condensation and
247
Cm-decay were at play in the early SS.
Four of our CAIs have high Nd/U ratios (>400). At
such a U depletion level, the measurements are challenging, and we are still in the process of assessing
whether all systematic biases are accounted for or not.
References: [1] Stirling, C.H. et al (2007) EPSL
264, 208-225. [2] Weyer, S. et al (2008) GCA, 72, 345359. [3] Goldmann, A. et al (2014) GCA, 148, 145158. [4] Brennecka., G.A. et al (2010) Science, 327,
449-451. [5] Grossman, L. (1975) GCA, 39, 433-454.
[6] Mason, B. and Taylor, S.R. (1982) Smithsonian
Contr. Earth Sci., #25. [7] Boynton, W.V. (1975)
GCA, 39, 569-584. [8] Davis, A.M. and Grossman, L.
(1979) GCA, 43, 1611-1632. [9] Grossman, L. and
Ganapathy, R. (1976) GCA, 40, 967-977. [10] Telus,
M. et al (2012) GCA 97, 247-265. [11] Tissot, F.L.H.
and Dauphas, N. Submitted to GCA.
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SIMULTANEOUS ANALYSIS OF STRONTIUM, ZIRCONIUM, AND BARIUM ISOTOPES IN
PRESOLAR SILICON CARBIDE GRAINS WITH CHILI. T. Stephan1,2,3, R. Trappitsch1,2, A. M. Davis1,2,4,
M. J. Pellin1,2,3,4, D. Rost1,2,3, M. R. Savina2,3, and N. Dauphas1,2,4, 1Department of the Geophysical Sciences, The
University of Chicago, Chicago, IL 60637, USA, 2Chicago Center for Cosmochemistry, 3Materials Science Division, Argonne National Laboratory, Argonne, IL 60439, USA, 4The Enrico Fermi Institute, The University of Chicago, Chicago, IL 60637, USA. (tstephan@uchicago.edu)
Introduction: After more than five years of designing and building the Chicago Instrument for Laser Ionization (CHILI) [1–6], we present the first analyses of
natural materials. CHILI is a resonance ionization mass
spectrometry (RIMS) instrument that is designed to surpass the capabilities of the previous generation RIMS
instruments CHARISMA [7] and SARISA [8], with
regard to useful yield (~40 %), lateral resolution
(~10 nm), and number of photoionization lasers (six,
allowing measurement of isotopic compositions of several elements at once). As an initial demonstration, we
chose to analyze presolar SiC grains for the isotopic
compositions of Sr, Zr, and Ba, three elements that are
particularly important for understanding the s-process in
asymptotic giant branch stars [9–12].
Samples: Presolar SiC grains from mount KJG#2
were analyzed in this study. The grains were extracted
from the Murchison CM2 meteorite more than 20 years
ago [13]. In contrast to recent work on KJG grains [9–
12], the samples in this study were not additionally
treated with concentrated acids to remove parent-body
or terrestrial contamination. The grains were mounted
on a high purity gold foil by depositing them from a
suspension and pressing them into the gold with a sapphire window. Prior to RIMS analysis, energy dispersive X-ray images of the mount were acquired in a
scanning electron microscope to locate SiC grains on
the gold foil. Twelve grains were selected for this study.
RIMS analysis: CHILI is equipped with six tunable
Ti:sapphire lasers, pumped by three 40 W, 527 nm
Nd:YLF lasers. This allows simultaneous resonance
ionization of three elements with independent twophoton ionization schemes or two elements with threephoton schemes. A three-prism beam combiner brings
all six laser beams with different wavelengths onto a
single line through the analysis chamber. Using a
broadband mirror, the laser beams are reflected so that
they travel twice through a cloud of neutrals, which
were desorbed by a 351 nm Nd:YLF laser beam, focused to ~1 µm using a Schwarzschild optical microscope, and rastered over the sample.
Using previously developed ionization schemes, the
Ti:sapphire lasers were tuned for resonance ionization
of Sr (λ1 = 460.862 nm, λ2 = 405.214 nm [11, 12]), Zr
(λ1 = 296.172 nm, λ2 = 442.533 nm [14]), and Ba (λ1 =
307.247 nm, λ2 = 883.472 nm [15]). Isotopic standards
used in this study are NIST SRM 855a with 180 ppm Sr,
Zr metal, NIST SRM 1264a with 690 ppm Zr, and terrestrial BaTiO3, all of which were assumed to be of

normal terrestrial isotopic composition. Data were corrected for dead time effects [16]; the detector dead time
was found to be 600 ps, which was determined by analyzing a Zr metal standard by ion sputtering with varying primary ion beam current. Instrumental isotopic
fractionation was determined to be smaller than the statistical error of typically a few tens of ‰ except for
91
Zr, which showed enhanced laser resonance ionization
by ~210 ‰ due to an odd-even effect as had been previously observed [17] and which is corrected for by analyzing standards.
Results and Discussion: Six of the twelve grains
selected had sufficient Ba content for isotopic analysis
with CHILI. Five of these six grains also showed sufficient Sr concentration. However, none of the grains had
enough Zr to detect any Zr mass peaks. For KJH grains,
which are larger in diameter by a factor of ~2 than our
KJG grains, a previous study showed that about one
third had enough Zr for isotope analysis with
CHARISMA [17]. According to trace element analyses
by secondary ion mass spectrometry and synchrotron Xray fluorescence, ~50 % of SiC grains are expected to
be enriched in Zr/Si by more than a factor of 2 compared to CI meteorites [18, 19]. Although absolute element concentrations cannot be easily determined with
CHILI, from the analysis of the NIST SRM 1264a with
690 ppm Zr, we infer that Zr isotope analysis should be
possible for such enriched grains. Why no Zr was found
in the present study needs further investigation.
Sr and Ba isotopic ratios, normalized to 86Sr and
136
Ba, respectively, are displayed in Figs. 1 and 2 as δ
values (deviation from standards in ‰). For comparison, Figs. 1 and 2 also show data obtained with
CHARISMA on SiC grains that had undergone acid
cleaning [9–12]. The SiC grains analyzed in the present
study show a similar range of isotope ratios as in the
previous studies. However, there seems to be a tendency
to plot closer to normal than the previously analyzed
grains; residual parent-body or terrestrial contamination
could be responsible for such a trend.
Conclusions and Outlook: CHILI has analyzed its
first natural samples. With regard to sensitivity, lateral
resolution, and mass resolution, we have not yet reached
the performance aimed for. However, we are still learning how to tune the instrument. Some improvements to
be implemented shortly will: (1) increase the sensitivity
by letting the laser light pass eight times through the
analysis chamber; (2) optimize motionless blanking of
the ion gun to achieve high lateral resolution; (3) re-
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place and mechanically align the reflectron in the timeof-flight mass spectrometer for higher mass resolution
and transmission. Even without these improvements,
CHILI is more capable than earlier RIMS instruments.
A wide variety of cosmochemical problems will be explored in the near future, including isotopic studies of
presolar grains, CAIs, and samples from Genesis and
Stardust.
References: [1] Davis A. M. et al. (2009) LPS 40,
#2472. [2] Stephan T. et al. (2010) LPS 41, #2321.
[3] Stephan T. et al. (2011) LPS 42, #1995. [4] Stephan
T. et al. (2012) LPS 43, #2660. [5] Stephan T. et al.
(2013) LPS 44, #2536. [6] Stephan T. et al. (2014) LPS
45, #2242. [7] Ma Z. et al. (1995) Rev. Sci. Instrum., 66,
3168–3176. [8] Veryovkin I. V. et al. (2004) Nucl. Instr.
and Meth. B, 219–220, 473–479. [9] Liu N. et al. (2014)
ApJ, 786, 66-1–66-20. [10] Liu N. et al. (2014) ApJ,
788, 163-1–163-7. [11] Liu N. et al. (2015) ApJ, submitted. [12] Liu N. (2014) Dissertation, The University of
Chicago, 181 pp. [13] Amari S. et al. (1994) GCA, 58,
459–470. [14] Barzyk J. G. et al. (2007) MAPS, 42,
1103–1119. [15] Savina M. R. et al. (2003) GCA, 67,
3215–3225. [16] Stephan T. et al. (1994) J. Vac. Sci.
Technol. A, 12, 405–410. [17] Nicolussi G. K. et al.
(1997) Science, 277, 1281–1283. [18] Amari S. et al.
(1995) Meteoritics, 30, 679–693. [19] Kashiv Y. et al.
(2010) ApJ, 713, 212–219.
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Fig. 1: Strontium isotope data of presolar SiC grains
measured with CHILI (red symbols) in comparison with
data measured with CHARISMA (gray symbols) [11,
12]. Error bars are 2σ.

Fig. 2: Barium isotope data of presolar SiC grains
measured with CHILI (red symbols) in comparison with
data measured with CHARISMA (gray symbols) [9, 12].
Error bars are 2σ.
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CONTINUED SIMS TRACE ELEMENT STUDY OF PRESOLAR GRAPHITE GRAINS. M. Jadhav1, K.
Nagashima2, and G. R. Huss2, 1Department of the Geophysical Sciences, The University of Chicago, Chicago, IL
60637, 2Hawai‘i Institute of Geophysics and Planetology, University of Hawai‘i at Mānoa, Honolulu, HI 96822. Email: manavi@uchicago.edu
Introduction: A few quantitative trace-element
measurements on bulk SiC fractions [e.g., 1] and individual presolar SiC grains [e.g., 2 – 6] have been carried out to date. Amari et al. [2] compared the observed
trace-element abundance patterns in presolar SiC
grains to results of condensation calculations for circumstellar environments to associate grains with different C-rich stellar environments [7]. However, very
few published studies have attempted to quantify the
abundance and distribution of trace elements in presolar graphite grains. Isotopic and TEM studies of
graphites have indicated that presolar graphite grains
have lower trace-element abundances compared to presolar SiC grains [e.g., 8 – 12]. Low-density (LD)
graphite grains are good candidates for trace-element
measurements compared to high-density grains because
of their turbostratic structure that can accommodate
trace elements better. Elements like Mg, Al, Si, and Ca
appear to have been incorporated into the parent grains
during primary graphite crystallization [10, 13]. Other
trace elements like Ti, Zr, Ru, Mo, Fe, and Ni are
found concentrated within early crystallizing subgrains
[11, 12].
This study is part of the ongoing attempt to measure
trace element abundances in presolar graphite grains by
SIMS. Last year, we presented Mg, Si, Ca, Ti, V, and
Fe data on graphites from Orgueil [14]. Here, we present data for additional trace elements (Sc, Fe, Ni, Rb,
Sr, Y, Zr, and Nb) from the same grains.
Experimental details: Thirteen individual LD
graphite grains from the OR1d (ρ ∼ 1.75−1.92g cm-3)
density fraction were measured with the University of
Hawai‘i’s Cameca ims 1280 ion microprobe. A 30−60
pA O- primary beam focused to ~ 1 µm was rastered
(12×12 µm2) over the graphite grains, and scanning ion
images of 12C+, 24Mg+, 28Si+, 44Ca+, 47Ti+, 51V+, 56Fe+
(Stage 1) and 12C+, 45Sc+, 56Fe+, 60Ni+, 62Ni+, 85Rb+,
86 + 89 + 90 + 93
Sr , Y , Zr , Nb+ (Stage 2) were collected in
magnetic-peak-jumping mode. The sample chamber
was flooded with O2 to enhance the ion yields. In Stage
3, a Cs+ primary beam was used to measure C, N, and
Si isotopic ratios in the same grains. Scanning ion images of the isotopic data were obtained in a combination of both multi-collection and peak-jumping modes.
L’image software was used to extract isotopic ratios
from the regions of interest.
Synthetic SiC grains were used as standards for the
C, N, and Si isotopic measurements. We used USGS24

graphite and NBS610 glass as standards for all other
elements presented here. The required trace-element
concentrations in USGS24 graphite will soon be measured by ICP-MS. Due to the lack of a proper graphite
standard to obtain absolute concentrations, we present
ion counts of the measured ions normalized to 12C
counts and compare relative abundances in this abstract. 60Ni/62Ni is not corrected for instrumental mass
fractionation. The C, N, and Si isotopes and Mg-Fe
elemental data were discussed in [14].
Results: The 45Sc+/12C+ ratios in the LD graphite
grains from this study range from 0.001−0.2, 60Ni+/12C+
from 4×10-4−3, 85Rb+/12C+ from 10-5−0.004, 86Sr+/12C+
from 5×10-5−0.6, 89Y+/12C+ from 7×10-4−0.01,
90 + 12 +
Zr / C from 5×10-4−0.02, and 93Nb+/12C+ from
4×10-5−10-3. Most of these elements are expected to be
concentrated in refractory subgrains within the graphites [11, 12]. Except for large Fe-Ni subgrains, there
was no sign of other subgrains in the depth profiles of
these grains. If the trace element signals are from subgrains much smaller than 1µm (spatial resolution of the
primary beam) then it was possible that they were
missed during data analysis. Thus, the spatial distribution of trace elements within the grains in this study is
unresolved.
No correlations exist between the trace element
content and the C, N, and Si isotopic ratios of the
grains. We show correlations between different trace
element contents in Figs. 1-4. The type II supernova
grains (grains 1, a subgrain within grain 1 (1sub), 4, 6,
9, 12, and 13), identified on the basis of their N and/or
Si isotopic compositions [14], are marked on each plot
to spot possible correlations. We plot raw ion counts
for all the elements. All errors are 1σ. Dashed lines in
Fig. 5 represent solar isotopic values.
A good correlation exists between 85Rb and 90Zr
contents in the grains with Zr being more abundant
(Fig. 1). In Fig. 2, if the grain with the highest 86Sr/12C
ratio (~0.6) is ignored (possibly highly contaminated
based on the 56Fe content) then 86Sr and 90Zr contents
of the grains are fairly well correlated. No such correlation was seen in presolar SiC grains [2]. Zr is more
abundant than Sr in the grains. The average Sr and Rb
abundances in the grains are roughly equal (Fig. 3) and
also fairly well correlated. The relative abundance of Y
in the grains is higher than that of Nb. These elements
are weakly correlated with each other (Fig. 4).
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sputtered away by the primary beam, contamination
would decrease. Contamination was lower during this
stage of measurements in the grains with already low
56
Fe/12C ratios but the ratio remained the same in
heavily contaminated grains. We also measured 60Ni
and 62Ni in the grains in an attempt to identify good
candidates for future 60Fe measurements. The 60Ni/62Ni
ratios in the grains (including the 6 SN grains) were
solar within errors (Fig. 5) indicating the grains also
have a large amount of solar or terrestrial Ni contamination.
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A detailed discussion of these and other trace element correlations and their implications for the chemical environments in which these grains condensed will
be presented at the meeting.
Note on Fe-Ni contamination: As observed in [14],
the grains were highly contaminated by terrestrial Fe.
We compared the level of contamination between the
two measurement stages in the hope that as grains are
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THE PLANETARY GIS/DATA LAB AT THE UNIVERSITY OF CHICAGO. David P. Mayer1, Edwin S.
Kite1, 1University of Chicago – Planetary Science, Planetary Atmospheres, and Exoplanets (kite@uchicago.edu).
Summary: The University of Chicago has a new Planetary GIS/Data Lab. A primary focus of the Lab is Mars
geomorphology. Initial results from the lab are described.
Equipment: Current equipment includes a SOCET SET
workstation with a True3Di monitor; two additional GIS
workstations; and 16 TB of RAID-5 storage. The workstations provide 24 cores for processing. Additional storage (10 TB) and processing capability is provided by the
University of Chicago Research Computing Center’s
“Midway” cluster. We have two dedicated nodes on
Midway (giving 32 cores), and access to up to 2 x 106
additional CPU hours per year through the Research
Computing Center’s time allocation program. In the most
recent allocation cycle, 2 x 106 additional CPU hours
were allocated of 2 x 106 CPU hours requested.
A particular focus of the lab is integrating spatially resolved Mars paleoclimate models (both GCMs and
mesoscale models) with the geologic record. In most cases, the “Midway” nodes will be used for climate modeling, and the workstations for DTM generation and data
processing for climate-sensitive areas of Mars.
Projects: A primary focus of the Lab is using Mars geomorphology to constrain long-term habitability change on
Mars. (Europa and Enceladus, Io and the Moon are secondary interests; currently there are only a few rocky
exoplanets with spatially resolved data). Mars projects
include:
(1) Measuring long profiles (and catchment geometries)
for the valleys that source Mars alluvial fans. The purpose of these measurements is to constrain runoffgenerating processes relatively late in Mars history.
(2) Measuring layer orientations and unconformity orientations in the Valles Marineris layered deposits (sedimentary-rock mountains). The purpose of these measurements is to constrain models of mountain construction
and destruction.
(3) Measuring the erosional states of shallow-floored
Noachian craters that are part of mutually-crosscutting
pairs and triplets of craters. The ultimate purpose of these
measurements is to exploit crosscutting relationships to
statistically reconstruct the timing and timescales of Noachian erosional events that are hard to date directly.
Initial results: The Lab was set up in January 2015. We
will present initial results from the Lab at the conference.
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CORRELATIVE TEM AND ATOM-PROBE TOMOGRAPHY OF A KAMACITE—TAENITE
INTERFACE IN THE BRISTOL IRON METEORITE. S. S. Rout1,2, P. R. Heck1,2, D. Isheim4, T. Stephan2,3,
A. M. Davis 2,3 and D. N. Seidman4. 1Robert A. Pritzker Center for Meteoritics and Polar Studies, The Field Museum
of Natural History, 1400 S Lake Shore Drive, Chicago IL-60605, USA. 2Chicago Center for Cosmochemistry,
3
Department of Geophysical Sciences, The University of Chicago, 5734 S Ellis Avenue, Chicago IL-60637, USA.
4
Northwestern University Center for Atom-Probe Tomography, Department of Materials Science & Engineering,
2220 Campus Drive, Northwestern University, Evanston, IL-60208. E-Mail: srout@fieldmuseum.org.

Introduction: The correlated use of transmission
electron microscopy (TEM) and atom-probe tomography (APT) provides information that is otherwise unobtainable. TEM delivers geometric and elemental
information on a relatively large scale compared to
APT, whereas APT provides a unique combination of
atomic-level spatial resolution and single-atom analytical sensitivity [1,2]. While correlated TEM/APT studies are state of the art in material science [3], they have
not yet been used for geochemical and cosmochemical
applications. In our effort to demonstrate the utility of
APT in cosmochemistry [4], we expand our range of
projects from meteoritic nanodiamonds [5] and presolar silicon carbide [6,7] to other samples. Here, we
present preliminary data from the first correlated TEM
and APT study of an iron meteorite
Iron meteorites crystallize with extremely slow
cooling rates starting from 1300˚C, within the metallic
cores of asteroids during which the characteristic
Widmanstätten pattern forms by nucleation and growth
of kamacite from taenite. The entire process of phase
separation can be explained using the Fe-Ni-P phase
diagram [8]. The phase transformation between 650
and 400˚C is relatively simple, but at temperatures
˂400˚C more complex phase transformations, possibly
involving spinodal decomposition, ordering and/or
martensitic transformation, may occur in the Ni gradient within the taenite phase near the kamacite-taenite
(K-T) interface. The K-T interface consists of kamacite
followed by ordered tetrataenite (FeNi), with Ni concentrations of >50 wt%, and a cloudy zone (CZ) consisting of low-Ni honeycomb region and high-Ni island
regions. The microstructure of the kamacite-taenite (KT) interface has been studied in detail using TEM [8].
One of our motivations is to take advantage of the superior spatial resolution and sensitivity of APT to study
the composition of the kamacite-tetrataenite-CZ region.
Due to the limitations of the spatial resolution of TEMEDS, precise compositional measurement of the CZ
and nanometer sized features within the tetrataenite is
difficult. Due to ordering and precipitation at lower
temperatures (< 320˚C) bcc precipitates can form within the tetrataenite region, and they are too small to be
precisely measured by TEM-EDS [9]. Another motivation is to analyze these precipitates within the ordered

tetrataenite using APT. APT can also be used to measure the isotopic fractionation of Fe and Ni during the
diffusive transport process on the nanoscale. It has
been shown that diffusion can fractionate the Fe and Ni
isotopes [10].
Samples & Methods: We prepared a polished
thick section from a Field Museum specimen of Bristol
(ME 2248). Bristol is a low-P low-Ni (7.9–8.0 wt%)
IVA iron meteorite that cooled at a relatively fast rate
(250 K/Ma) and experienced comparably low shock
pressures (˂ 13 GPa). We used the Field Museum’s
Zeiss EVO 60 SEM equipped with an Oxford AZtec
SDD EDS system to image the polished section. A
Zeiss 1540 XB FIB-SEM at the Electron Microscopy
Center (EMC) of Argonne National Laboratory (ANL)
was utilized to prepare sharp nanotips for APT from a
35 µm lamella perpendicular to the kamacite/taenite
interface. The nanotips were attached to a copper halfgrid with five presharpened posts. The grid was attached to a tomographic tip, fitting a tomographic TEM
holder (Hummingbird Scientific). A great advantage is
that the same holder can be introduced into the APT
without removing the TEM grid, which minimizes the
risk of sample damage or loss during handling. TEM
analysis was performed using a FEI Tecnai F20ST
TEM at ANL, prior to APT. APT was performed using
a Cameca LEAP 4000XSi at the Northwestern University Center for Atom-Probe Tomography (NUCAPT).
APT is based on the coupling of a field-ion microscope
with a time-of-flight mass spectrometer [1,2]. The
sharpened sample (tip radius <50 nm) is exposed to a
pulsed UV laser and the atoms are field-evaporated and
detected by a position sensitive detector. This enables
3-D tomographic reconstructions of the sample on an
atom-by-atom basis.
Results: The STEM image displays the presence of
a clear interface, which was identified as the kamacite/taenite interface with EDS (Fig. 1 top). EDS measurements were performed ~500 nm below the apex,
where we could detect the Ni/Fe ratio increase from
~0.6 to ~6.5, from the low Ni-kamacite region.
In the APT analysis we collected 1.22107 atoms.
The 3-D tomographic reconstruction (Fig. 1) shows
isoconcentration surfaces for C, Fe, Ni, and Co; 3-D
surfaces delineating regions with a concentration great-
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er than a given threshold value for each element. The
reconstruction shows clearly that Ni-rich (green) and
Fe-rich (purple) isoconcentration surface regions are
separated by an interface, which represents the kamacite/taenite interface that can also be seen in the TEM
image (Fig. 1). It is noted that the taenite represented
by the Ni-rich green isoconcentration surface has a
greater Fe than Ni concentrations as in this first sample
the APT analysis did not arrive at the Ni-rich zone and
included only the top ~200 nm of the sample (Fig. 1).
Cobalt (blue) is only seen in higher concentrations (>
0.5 atom/nm3) within the top kamacite region. Oxygen
atoms, not displayed, were detected at the top of the
analyzed volume and in the interface. In a profile from
kamacite to taenite (Fig. 2) the Fe concentration decreases from ~87 to 68 wt%, and the Ni concentration
increases from 13 to 32 wt%. Isotopic compositions of
Fe and Ni were calculated only from doubly charged
isotopes of Fe and Ni to avoid significant interference
from hydrides [5] and were corrected for dead time
effects [11]. All the isotope ratios are close to normal
Solar System CI ratios. Especially for 61Ni++ peak,
which was difficult to separate from a huge 60Ni++ peak
tail, the apparent deviation from normal is certainly not
real.
Isotope ratio
Measured
CI values
56
Fe++/54Fe++
15.68 ± 0.18
15.698
57
Fe++/54Fe++
0.37 ± 0.06
0.3625
60
Ni++/58Ni++
0.373 ± 0.016
0.3852
61
++ 58
++
Ni / Ni
0.012 ± 0.002
0.0167
62
Ni++/58Ni++
0.052 ± 0.003
0.0534
64
Ni++/58Ni++
0.013 ± 0.0009
0.0136
Table 1: Dead time corrected Fe and Ni isotope ratios from entire database. Errors are 1.
Discussion & Conclusion: Our atom-probe tomographic reconstruction of the kamacite/taenite interface
exhibits clearly the expected trend of a gradual Niconcentration increase from kamacite towards taenite,
which is seen for the first time at this high spatial resolution. We did not observe the high-Ni tetrataenite
found adjacent to kamacite in iron meteorites via TEM
[8]. We identified, however, the high Ni-content phase
using TEM-EDS in a volume not sampled by APT. Our
APT reconstruction contains kamacite and most probably the first 50 nm region of the kamacite/taenite interface where no tetrataenite forms.
Preliminary data from this correlated TEM/APT
study of an iron meteorite demonstrates the potential
for cosmochemically meaningful data resulting from a
combination of these two powerful techniques. More
details will be presented at the conference.
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Fig. 1: Top: STEM-HAADF image of the nanotip prepared from the kamacite/taenite interface. Kamacite
(Kam) and Taenite (Tae) are marked with arrows. The
kamacite-taenite interface is clearly seen as a line in the
STEM image and the region of APT reconstruction is
shown with dashed lines. Bottom: Atom-probe tomographic reconstruction with isoconcentration surfaces
of Fe (purple), Co (blue), Ni (green) and carbon (grey).
The white line marks the location of the concentration
profile, Fig. 2.

Fig. 2: Concentration profile from APT data with
Fe and Ni values normalized. Neither Co nor minor
elements were detected in this region.
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DEVELOPMENTS IN PF-HPLC (PNEUMATIC-FLUOROPOLYMER HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY). J.Y. Hu1, F.L.H. Tissot1, R. Yokochi1,2, T.J. Ireland1 and N. Dauphas1, 1Origins
Laboratory, Department of the Geophysical Sciences and Enrico Fermi Institute, The University of Chicago,
Chicago IL, 2Department of Earth and Environmental Sciences, University of Illinois at Chicago, Chicago, IL.
Introduction:
Return missions are providing unique opportunities
to deepen our knowledge of the formation and
evolution of the solar system. The six Apollo missions
have been critical in shaping our understanding of the
Earth-Moon history [1], and the recent Genesis (solar
wind; e.g., [2]), Stardust (cometary dust from Wild 2;
e.g., [3,4]) and Hayabusa (dust from S-type asteroid
from Itokawa; e.g., [5]) missions brought in a wealth
of data.
Because of the limited availability of such return
samples, every step of the methodology – from sample
preparation to isotopic analysis – must be optimized in
order to maximize the amount of information extracted
from the samples. If the latest generation of TIMS and
MC-ICPMS offers unprecedented accuracy and
precision in isotopic analysis (e.g., [6]), much progress
remains to be done on the sample purification end.
Indeed, isotope geochemistry techniques are often
time-consuming, and rely on column chemistry
techniques that have not evolved much in the last 40
years (e.g., open-system, gravity driven column) [7].
One alternative to lengthy, laborious traditional
column chromatography is High-Performance Liquid
Chromatography (HPLC) [8]. The HPLC outperforms
traditional chromatography in several aspects, which
include: 1) close-system setups, 2) pressurization of
the system which allows for longer columns and finer
resins to be used leading to better separation, 3)
possibility to automate the elution sequence, therefore
removing the human error component [9]. Despite
these merits, some drawbacks hinder use of HPLC in
cosmochemistry. These drawbacks are mainly
associated with the structure and materials used to
build the systems. Metal and glass parts are commonly
present in the liquid flow path and are prone to
corrosion by concentrated acids and organic solvents,
leading to possible contamination of the samples and
damage to the system. Electronic parts spatially
associated with the HPLC unit are also exposed to
harsh chemical environments, thus shortening
dramatically the lifespan of the instrument.
In an effort to provide the community with a
robust and durable system that overcomes the
drawbacks of common HPLC system, we developed
the first PF-HPLC: a Pneumatic-Fluoropolymer High
Performance Liquid Chromatography system. Below
we review the main features of the system and detail
the latest upgrades that we included.

Overview of PF-HPLC:
The PF-HPLC system was built at the Origins Lab
of the University of Chicago and earlier versions of the
system were described in [9,10].
The most distinctive features are:
1) The elution procedures are automated through
computer control using a LabView software interface,
so as to achieve (i) fresh mixing of reagents for each
elution step, (ii) finely controlled gradient elutions.
This improves the sample-to-sample reproducibility.
2) The system is temperature controlled to improve
chemical separations.
3) A flexible modular design was adopted to enable
quick change of resin types and column length
depending on the separation schemes needed.
The diagram below (Fig. 1.) outlines the main
components of the PF-HPLC. Ultra-pure reagents (e.g.,
HF, HCl, HNO3, H2O2, HIBA, or any other liquid) are
stored in six Teflon reservoirs. The reagents a supplied

Fig. 1. Schematic view of the PF-HPLC.
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to a mixing chamber via Teflon pumps (stroke volume
40 µL). A Teflon-coated stirring magnet is externally
activated and mixes the reagents in the chamber.
Between the chamber and column is a Teflon
pneumatic sample injection loop (Fig. 2). When the
loop is open, dry N2 will pressurize the mixing
chamber and force acids through the column (position
1). The loop can also introduce samples through the
sample tubing (position 2). At the end of the column is
a pneumatic X-Y stage with beakers on it. The X-Y
stage can be controlled by computer and moved in 2
orthogonal directions to bring the beakers to the end of
the column and collect the purified solutions. A gas
line is used to purge the tube right below the column
and reduce the dead volume of the system. Any
solution left in the tube will be completely transferred
to the beakers.
The water circulation system can control the
temperature of the system over a wide range (0 to 80°C)
to optimize the separation efficiency.
Upgrades:
The previous version of the PF-HPLC [11] was
using a pneumatic 3-way valve for sample injection
and a manifold to direct the various chemistry cuts into
their assigned beakers. Because of dead volume
problems, we decided to completely rethink these two
major components of the system.
The connection between the mixing chamber and
the column is now done through a typical HPLC
sample injection loop (Fig. 2.). The inner part of the
loop rotates to direct the liquid flow either (1) from the
mixing chamber to the column, or (2) from the mixing
chamber, through the sample tubing, to the column.

Fig. 2. Schematic of the all-plastic pneumatic sample injection loop.
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This design is very common in HPLC system.
However, the part we designed is unique as it is
entirely made out of highly resistant plastics (e.g.,
fluoropolymer, PVDF), and is pneumatically actuated.
The manifold at the bottom of the column has been
removed and replaced by an all-plastic, pneumatic X-Y
stage (Fig. 3.). A T-connector immediately below the
column allows us to flush clean N2 into the tubing
leading from the end of the column to the collection
vessel, solving any dead volume problem we had
before. The stage is composed of 2 4-positions pistons
placed at right angles, and can thus reach up to 16
positions, i.e., collection of up to 16 different cuts is
possible without tending to the instrument.
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Fig. 3. Picture of the pneumatic all plastic X-Y stage.

