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Abstract

This thesis investigates the timing and source(s) of water and volatile elements to the inner solar
system by studying the basaltic meteorites angrites and eucrites. In chapters 2 and 3, I present the
results from angrite meteorites. Chapter 2 examines the water and volatile element content of the
angrite parent body and I suggest that some water and other volatile elements accreted to inner
solar system bodies by ~2 Myr after the start of the solar system. Chapter 3 examines the D/H of
this water and [ suggest it is derived from carbonaceous chondrites. Chapter 4, 5, 6, and 7
addresses eucrite meteorites. Chapter 4 expands on existing models to explain geochemical
trends observed in eucrites. In Chapter 5, | examine the water and F content of the eucrite parent
body, 4 Vesta. In chapter 6, I determine the source of water for 4 Vesta and determine that
carbonaceous chondrites delivered water to this body. Chapter 7 discusses degassing on 4 Vesta
while it was forming.
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Chapter 1

Introduction: Thesis objective and summary of chapters

Where did Earth’s water come from and when did it get here? | don’t know the full answer to
that question, but this thesis attempts to address this long standing question. Since the mid 1900s
when it has been debated as to when Earth accreted water. It was first suggested that Earth and
the rest of the inner solar system must have received its current water relatively late, after planet
formation, because the high energies associated with planetary accretion. Another, far less likely
option is “cold accretion”, by which planets accrete at low enough temperatures for volatile

elements, like H, to remain.

Using the chemical composition of extremely old rocks and isotope geochemistry makes
determining where our water and other volatiles elements derived from is a slightly simpler task
than determining when these elements got here. Since the 1980’s theorists and solar system
observationalists suggested that Earth’s (and likely the rest of the inner solar system’s) water was
derived from comets, dirty ice balls. In the 2000s, after observations of several comets showed
that the H-isotope composition of most comets did not match the H-isotope compositions of
Earth’s water, it was found that the H-isotope composition of Earth matches carbonaceous

chondrites, a type of wet meteorite.

This thesis focuses on when water and other volatile elements, F, P, S and Cl, arrived to the inner
solar system, including Earth. Here, I employ advanced analytical techniques to help constrain
the timing of hydrous accretion to the inner solar system and pinpoint the source these volatile
element I use the light isotopes of hydrogen and chlorine, as well as the concentrations of H, F,
P, S, CI to elucidate accretion events in the early inner solar system. In conjunction with the
volatile isotopes/element concentrations, I also used major element concentrations and

radiometric dating to constrain the timing of wet accretion to the inner solar system.

Chapter 2 and 3 focuses on the oldest and best-preserved basaltic meteorites, angrites. These

meteorites are also classified as ultra-volatile element depleted. In order to understand the
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volatile elements I employed ion probe techniques to measure D/H and volatile element
concentrations of olivine and basaltic glass. Using volatile element concentrations I was able to
determine that an accretion event occurred earlier than 2.5 million years after the start of the
solar system and using D/H I was able to show carbonaceous chondrites accounted for 99% of all

water for the inner solar system.

In chapter 4, I turn my attention to eucrite meteorites. Eucrites can be separated into two distinct
groups based on geochemistry, the main group and the Stannern trend. In this chapter I add to
and modify existing models, which describe the genesis of the main group and Stannern trend. |
argue that Stannern trend eucrites formed from contamination of a main group magma with a

low degree melt.

In chapter 5, I address the water content of 4 Vesta by studying rare unequilibrated eucrite
meteorites. These unique samples have no evidence of thermal alteration and preserve the best
record to determine the water and volatile element content of 4 Vesta. In this chapter I provide a

minimum estimate for the water and F content of 4 Vesta.

In chapter 6, I measure the hydrogen isotope composition of eucrite meteorites and infer the
hydrogen isotope composition of 4 Vesta. This contribution was the first hydrogen isotope study

of an asteroidal basalt and opened the field for the entire thesis.

In chapter 7, [ focus on the Cl isotope composition of eucrite meteorites. This chapter provides
urges authors to use caution when interpreting volatile element data because volatile elements
often degas. | show that 4 Vesta likely had a magma ocean that was continually degassing Cl and

H throughout its history.

12



Chapter 2

Angrite meteorites record the onset and flux of water to the inner solar

system

2.1 Abstract

Earth and the other rocky bodies that make up the inner solar system are systematically depleted
in hydrogen (H) and other cosmochemically volatile elements (e.g., carbon (C), fluorine (F),
chlorine (Cl), and thallium (TIl)) relative to primitive undifferentiated meteorites known as
carbonaceous chondrites. If we are to understand how and when Earth gained its life-essential
elements, it is critical to determine the timing, flux, and nature of the delivery of condensed
volatiles into the presumed hot and dry early inner solar system. Here we present evidence
preserved in ancient basaltic angrite meteorites for an addition of volatiles to the hot and dry
inner solar system within the first two million years of solar system history. Our data
demonstrate that the angrite parent body was enriched in highly volatile elements (H, C, F, and
T1) relative to those predicted on the basis of the angrite parent body’s overall volatile depletion
trend (e.g.. H is enriched by up to a factor of 10°).This relative enrichment is best explained by
mixing of extremely volatile-depleted material, located well inside the snow line, with volatile-
rich material derived from outside the snow line.

This chapter is published as: Sarafian, A.R., Nielsen, S.G., Marschall, H.R., Gaetani, G.A., Hauri, E.H.,
Righter, K., Sarafian, E., 2017¢. Angrite meteorites record the onset and flux of water to the inner solar
system. Geochimica et Cosmochimica Acta 212, 156-166. doi:10.1016/j.gca.2017.06.001. The final
publication is available at GCA via http://dx.doi.org/10.1016/j.gca.2017.06.001, and this article is
reprinted as accepted with permission granted in the original copyright agreement.
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2.2 Introduction

To better understand when Earth — and, potentially, the other rocky planets — became habitable it
is necessary to establish a time dependent flux of volatiles to inner solar system bodies. The
Earth’s total volatile contents are debated (/-3), and any record of the timing of volatile addition
has been erased by ongoing geologic processes. On Mars, geologic processing that may have
erased the record of early H,O accretion history is much less extensive than on Earth, but
Martian meteorites with ages sufficiently old to study volatile accretion in the early solar system
have yet to be found (4). The H,O content of the Moon has also been examined (3, 6), but its
relatively young age (7-10) limits the time window of volatile addition that can be investigated
with lunar rocks to younger than 4450 Ma. Hence, if we are to determine how much, if any, H,O
and other volatiles entered the inner early solar system before the Moon accreted, ancient rocks

with simple geologic histories need to be studied.

Angrites are the oldest basaltic meteorites known and likely originate from the first generation of
differentiated bodies in the solar system (/7, 12). Angrites can be divided into two groups,
volcanic (basaltic) and plutonic (gabbroic). Volcanic angrites are unique among other basaltic
meteorites because they contain vesicles and show little-to-no evidence of post-crystallization
alteration (11, 13), although some suggest angrites represent metasomatized nebular condensates
(14, 15). The volcanic quenched angrites, D’Orbigny and Sahara 99555 have concordant
magmatic crystallization ages of 4563.6 + 0.2 Ma with respect to 207pp_206py (16-20). Quenched
angrites also have relatively simple and rapid cooling histories (/7), thus lowering the possibility
that inter—mineral diffusion may have taken place during or after crystallization. Importantly,
angrites contain the primary crystallizing phase olivine. Olivine is a well-studied and robust
mineral that can preserve a record of primitive magmatic H content as well as other volatile
species (e.g., C, F, and Cl) (27-23), as long as post crystallization diffusion did not alter or reset

the original concentrations and degassing did not occur prior to olivine crystallization.

Here we report the first measurements of H, C, F, Cl, and S in olivine from two angrites,

D’Orbigny and Sahara 99555. We also report bulk meteorite concentration data for the volatile
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metal Tl in D’Orbigny. We calculate the composition of the angrite parent body (APB) mantle
by combining our new data with literature values for other elements. We show that the APB is
extremely depleted in moderately volatile elements, the highly volatile elements are relatively

enriched.

2.3 Samples

D’Orbigny is a coarse grained (major minerals ca. 100 pm —1000 pm in the long direction)
volcanic rock comprised of highly zoned calcic olivine, zoned subsilicic aluminian-ferrian
diopside, and Ca-rich plagioclase, with minor Kkirschsteinite/monticellite, spinel, troilite,
whitlockite, baddeleyite, and an unspecified silica-phosphate (17, 24). Sahara 99555 is a fine-
grained basaltic rock (major minerals ca. 50 um — 200 pum in the long direction) that contains
intergrowths of zoned olivine and anorthite, which could indicate quench growth, as well as

subsilicic aluminian-ferrian diopside, minor phases include spinel, troilite, and silica-phosphate.

2.3.1 Late stage features in angrites

Some have suggested that angrites represent heavily metasomatized materials (14, 15) instead of
pristine magmatic rocks (//, 13). For example, Varela et al. (2003) used observations of
interstitial regions of D’Orbigny to suggest a non-magmatic origin of D’Orbigny, while
Mittlefehldt et al. (2002) used core-rim composition transects to demonstrate these rocks
crystallized from a melt. During the late stages of crystallization angrites likely exsolved a fluid
phase, which resulted in vesiculation (25). The late stage fluid phase, which was rich in C (25)
and other incompatible elements, could have metasomatized the outermost rims of the major
silicate crystals in angrites. If the mesostasis crystallized after fluid exsolution, then the
mesostasis was likely severely affected by the fluid. Petrologic evidence, e.g., vesicles, and non-
igneous textures (Fig. A1) clearly points to fluid exsolution at some point. Therefore, for this
study we avoided all olivine that had evidence of fluid interaction and only analyzed olivine

smooth zoning patterns in Mg-Fe (Fig A2).
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2.4 Analytical methods

2.4.1 Secondary ion mass spectrometry

Meteorite chips were polished with a water-based diamond suspension to 0.3 um, followed by
colloidal silica. The polished chips of D’Orbigny and Sahara 99555 were then pressed into a
single indium metal sample holder to reduce backgrounds of H, C, and CIl. Our indium metal
sample mount was cleaned with distilled water and dried in a vacuum oven for a week at 50°C.
Prior to analysis, the sample was taken out of the vacuum oven and gold coated. After gold
coating, the sample was placed into the airlock on the Cameca 6f ion probe at the Carnegie
Institute of Washington, Department of Terrestrial Magnetism and held under a vacuum of < 6 x
10 Pa for > 12 hrs (~5 x 10”® Torr). The sample was then transferred to the analysis chamber
and analyzed after the analysis chamber achieved a vacuum better than 1 x 107 Pa (=5 x 1071
Torr). Three external reference materials were also affixed to the angrite indium mount: 1) a low
water reference material (Suprasil 3002 pure SiO; glass, 1 pg/g HO, purchased from Heraeus
Quarzglas, Switzerland) to monitor machine background stability, 2) a mid-water concentration
reference material (Herasil 102 pure SiO; glass, 55 pg/g H,O, purchased from Heraeus) to
examine reproducibility close to angritic olivine H,O, F and Cl concentrations, and 3) a high
H,O reference material (ALV 519-4-1 mid ocean ridge basalt glass, 1700 pg/g H,O) to correct

for instrumental drift throughout the session.

We used well-established methods to measure volatiles in olivine (21). Briefly, a focused 15 nA
Cs' primary beam was rastered to produce a 50 x 50 pm” pre-sputter crater. During our analysis
we used a 20 x 20 pm” raster and a circular field aperture to decrease the measured area to the
central 10 pm of the sputter crater (78 umz). Mass resolving power (MRP) was nominally 4500,
sufficient to separate 'O from '®O'H. We measured masses °C, '®O'H, "°F, *°Si, *’S, and **CI
using *°Si as a normalization mass to generate calibration curves. Background was assumed to be
negligible for F, S, and Cl because these elements strongly co-correlate at relatively high and low
concentrations. H;O and C background was removed by subtracting the value determined from
our blank reference material, Suprasil 3002 quartz glass. Instrumental background was found to

be 0.7 + 0.1 ug/g (26) H20O, which is similar to or better than other analytical sessions with this
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setup (21). A correction was applied to account for an instrumental drift of 6 % over the three-

day analytical session.

Contamination of H>O and other volatiles is possible on the surface of the olivine or in cracks
because SIMS is a surface analytical technique. Surface contamination was sufficiently removed
from the sample surface by presputtering the sample for 5 minutes prior to analysis (3, 26, 27). A
five-minute presputter is sufficient because after this time the ion intensities of the measured
isotopes remain constant, meaning all surface contaminates have been removed. All measured
masses were checked on the image plate for small-scale heterogeneities with high volatile
concentrations, which could represent cracks or heterogeneous surface contamination (28).
Additionally, the consistent relationship between volatiles and major elements strongly argues

against most surface contamination of volatiles in this study.

2.4.2 Electron microprobe analysis

Major and minor element compositions of olivine in D’Orbigny and Sahara 99555 were
determined using the Cameca SX100 electron microprobe (EPMA) at NASA-Johnson Space
Center, Houston, TX. Accelerating voltage of 20 kV and a beam current of 40 nA were used for
quantitative major and minor element concentration analyses throughout. The elements Al, Ca,
Ti, Cr, Fe, Mn, Ni, Si, and Mg were measured with a focused (1 pm) beam and calibrated with
natural and synthetic reference materials: oligoclase, diopside, rutile, chromite, fayalite,
rhodonite, NiO, fayalite and forsterite, respectively. Analyses were rejected if analytical totals
were >101% and <99%. Detection limits were: MgO (0.02), Al,O; (0.01), SiO; (0.02), CaO
(0.01), TiO; (0.02), Cr,03 (0.02), MnO (0.02), FeO (0.04), NiO (0.02).

2.4.3 Isotope Dilution

D’Orbigny was measured for Tl abundance by isotope dilution (ID). All sample preparation was
performed in the class 1000 NIRVANA trace metal clean lab facility at the Woods Hole

Oceanographic Institution. Approximately 5 g of D'Orbigny with no fusion crust was ground in
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an agate mortar and pestle. Three 50 mg aliquots of the homogenized powder were prepared for
digestion. Prior to digestion, the three D’Orbigny aliquots, along with two aliquots of the USGS
Iceland basalt reference material BIR-1a, were leached for one hour in 1M HCI in an ultrasonic
bath, which has been shown to remove Tl from low temperature alteration products from
magmatic rocks (29). The leaching procedure was performed on D'Orbigny in order to remove
any potential terrestrial contamination, while leaching of BIR-la was performed in order to
investigate the effect of leaching on an otherwise contamination-free basalt (table Al). All
samples were mixed with a **Tl-enriched spike (30) and digested in 0.3 ml of concentrated HF
and 2 ml of concentrated HNO;. Samples were dried and then fluxed repeatedly in 3+3 ml of
concentrated HNO; and HCI until samples were fully dissolved. Subsequently, samples were
reconstituted in 1M HCI and Tl was oxidized with Br;-saturated nanopure water. Thallium was
separated from the sample matrix via liquid anion exchange chromatography using previously
described methods (30). Thallium isotope compositions of purified and spiked samples were
measured at the WHOI plasma facility using a Thermo Scientific Neptune multiple collector
inductively coupled plasma mass spectrometer coupled to an Aridus Il desolvating nebulizer.
Instrumental mass bias was corrected for by adding NIST SRM981 Pb to the purified TI
solutions and monitoring the ***Pb/*?Pb isotope ratio during measurements assuming that mass
bias followed an exponential law. Procedural blanks processed were 12 - 17 pg TI, which
constituted between 36 and 54% of the measured natural Tl and were subtracted during data
processing. The uncertainty on Tl concentration measurements by ID is generally on the order of
2% (20) (30). However, the reproducibility of the concentrations of the leached samples was
23% (20), which is likely due to variable efficiency of the leaching procedure and the high

proportion and variability in our reagent blanks.

2.5 Results

We performed systematic rim-core-rim transects across several euhedral olivine grains to
measure major and minor elements by EPMA and highly volatile elements by SIMS, (tables 1,
A2 & A3). For D’Orbigny, the olivine MgO content varied from 29.2 to 0.1 wt% (Fo 60-0) and
water content varied from 6.2 to 20.6 ug/g. The most MgO-rich olivine core that was found

contained 6.2 pg/g H,0, 0.8 pg/g C, 60 ng/g F, and 27 ng/g CI.
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In Sahara 99555 olivine MgO content systemically varied from 30.9 to 0.2 wt% (Fo 63-1) and
water content systemically varied from 7.4 to 12.3 pg/g. The Sahara 99555 olivine with the
lowest H,O contents has 7.4 pg/g H,0, 1 pg/g C, 60 ng/g F, and 43 ng/g Cl. Importantly, minor
and volatile element concentrations in olivine from D’Orbigny and Sahara 99555 correlate

strongly with MgO content (Figs. 2 & 3).

The blank-corrected Tl concentration of BIR-1a was 960 + 150 pg/g (20), which is within error
of a previous measurement of BIR-1a, 1.3 + 0.4 ng/g (26) (31). Therefore, we conclude that the
leaching procedure did not remove a measurable fraction of the Tl in the rock powder (29). With
these leaching results in hand, the blank corrected Tl content measured in D'Orbigny is 340 = 80
pg/g Tl (20). The bulk Tl content of D’Orbigny fits along the same trend that was found for the

other highly volatile elements measured here (Fig. 1).

2.6 Discussion

2.6.1 Volatile element content of a primitive melt

If the variability observed in the olivines results from fractional crystallization (/7), the core
concentrations can be used to determine the volatile content of the primitive melt. To test the
fractional crystallization hypothesis, we performed a forward fractional crystallization model
(32) to determine if fractional crystallization can explain the observed chemical variations in the
olivine grains from D’Orbigny and Sahara 99555. We must assume that D’Orbigny and Sahara
99555 represent very similar magmas in order to use a single crystallization model to describe
both angrites. This assumption is valid, as D’Orbigny and Sahara 99555 have nearly identical
major and trace element compositions (/3, 15, 33-35). The input parameters for the model
include bulk composition, pressure, and oxygen fugacity. A D’Orbigny bulk composition, 100
kPa, and a log(fO,) of IW-1 for the onset of crystallization were used. We chose the D’Orbigny
bulk composition because most of our EPMA and SIMS data come from D’Orbigny, which is
thought to represent a melt composition (/7),. The pressure of 100 kPa was used because

angrites crystallized at very low pressure (/1) and the olivine crystallization model is best suited
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for terrestrial ambient pressure (32). The log(fO,) of IW-1 was used for the crystallization model
because early crystallizing phases are relatively reduced (17, 36) and metal has been predicted
(37) and observed (38) in mantle restites. If a more oxidizing fO, is used, similar to late
crystallizing phases, e.g., druse pyroxenes (39) and phosphates (40), model outputs are
comparable, but less consistent with the observed major element olivine compositions in
D’Orbigny. The model output predicts the first olivine that crystallizes from a D’Orbigny
composition to be Fog77 and the most primitive olivine phenocryst found is Foess (15). The
excellent agreement between the composition of the first olivine that crystallized in our model
and the most primitive olivine found in D’Orbigny shows that the model adequately accounts for
the early stages of fractional crystallization from the D'Orbigny melt. In addition, the close
correspondence between the observed major and volatile elements in D’Orbigny and Sahara
99555 and those predicted with the forward model suggests that we can use the model to

determine the volatile content of the most primitive olivine composition.

Our best—fit model, which predicts the trends observed in H, C, F, and Cl, has a primitive
(MgO-rich) olivine volatile content of 7.3 + 1.6 pg/g H,0, 0.75 £ 0.3 pg/g C, 50 + 20 ng/g F, 31
+ 9 Cl ng/g, which is within error of the most primitive (MgO-rich) olivine that we measured
(OI-11; Fig 3, table 1 & A3). We convert the most MgO-rich and H,O-poor measured olivine
data to primitive melt composition using published olivine-melt partition coefficients (27-23),
because the model olivine and our most primitive olivine are within error of one another. The
resulting primitive melt volatile contents are 1500 + 190 pg/g H,O, 1100 + 260 pg/g C, 0.52 +
0.16 ng/g F, and 23 + 3.4 pg/g Cl (20) (table A4).

2.6.2 Post crystallization alteration of olivine

The strong correlation between volatile concentrations and MgO content in olivine suggests that
fractional crystallization played a major role in producing the observed co-variations. However,
there are several other processes that could have altered the initial distribution of elements —
including H — in olivine such that the measured concentrations would not reflect that of the

parent melt. Possible processes include (i) intracrystalline diffusion and (ii) degassing.
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(i) Hydrogen diffusion could occur on the APB if the basaltic angrites cooled relatively slowly or
if subsequent lava flows buried and heated D’Orbigny and Sahara 99555. The diffusivity of H in
olivine is ~5 orders of magnitude faster than Mg and Fe and ~10 orders of magnitude faster than
Si (41, 42). The large difference in diffusivities would cause predictable and measurable profiles
across large euhedral olivine grains, such that fast diffusing elements (e.g., H) would be
equilibrated and show little or no compositional variation, whereas slower diffusing elements
such as Si, Fe, Mg, and Ca would be partially equilibrated or unequilibrated (43). The strong
correlation between major, minor, and volatile elements from the olivine core to the olivine rim
is inconsistent with a slow cooling history, which would cause H to become decoupled from the
other elements with slower diffusion coefficients. Additionally, the observation that the cores of
all olivines, regardless of crystal size, cluster around 6 pg/g H,O argues against a relaxation of
the H,O profile, as smaller crystals should relax their concentration profile faster than large
crystals. Instead, fractional crystallization is a more plausible explanation for the observed major,
minor, and volatile element distribution in olivine (see below). The lack of post-crystallization H
diffusion in olivine places strong constraints on the thermal regime that D'Orbigny and Sahara

99555 could have experienced over the last 4563 Ma. We use a diffusion rule of thumb (44):

X« (Dit)"”? (1)

Where X is the diffusion length of element i during diffusion, D; is the diffusion coefficient of
element i (in mz/s), and t is time in seconds. Assuming we could not detect H diffusion in olivine
if it traveled <60 um, about the size of our presputter spot, and if a later heating event did occur,
then it must have been <5 years at 600 °C, or <500 years at 500 °C in order to leave the
disturbance of the H,O concentration profiles undetectable, assuming a diffusivity of 1.97 x 107

m/s” at 600 °C (41).
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(i1) Large vesicles in D’Orbigny have been interpreted as evidence for a fluid phase that exsolved
from the melt at some point during crystallization (i.e. degassing) (25). It has been documented
that the volatile species fractionate strongly when a vapor exsolves from a melt. In particular, a
preferential loss of H>O, C, and Cl compared to F (45) would be observed if olivine had been
crystallizing while the hypothetical vapor phase was exsolving. H,O and C contents remain well
correlated with MgO in most of the olivine core-rim profile, however a detectable decrease in
H;0 and C contents of the most Mg-poor olivine (at the crystal rim) is indeed observed, whereas
Cl and F appear to remain undepleted (Fig. 3). This observation implies that degassing could
have occurred during the last stages of crystallization. Alternatively, the fractional crystallization
models can be inaccurate during the late stages of crystallization due to the uncertainties

involved in predicting the saturation of the melt in trace phases as well as when degassing occurs

(46).

We conclude that neither degassing nor diffusion affected the major, minor, or volatile contents
of olivine grains in D'Orbigny and Sahara 99555, except at their outermost rims and in
mesostasis regions (Fig. 3). Therefore, we can use the measured volatile element contents of the

most primitive olivine cores to determine the melt composition in equilibrium with the olivine.

2.6.3 APB mantle composition

The APB has often been referred to as an ultra-volatile depleted body (14, 15, 24). For example,
the APB is highly depleted in Rb and Na compared to the Moon, Earth, and chondrites (Fig. 4)
(14). Here, we use our new data for highly volatile elements in conjunction with published data
on D’Orbigny and Sahara 99555 (13, 15, 34, 47) to reconstruct the composition of the APB
mantle (Table A4). We assume that the bulk meteorite concentrations of non-volatile elements
correspond to the primitive melt concentrations, because D’Orbigny and Sahara 99555 have
major element compositions that closely resemble primitive melt (/7). The bulk rock elemental
concentrations determined in D’Orbigny and Sahara 99555 have the possibility of terrestrial
contamination (/2), but the bulk rock concentration measurements were conducted in labs that

regularly measure extra-terrestrial samples, and terrestrial contamination was removed as best as
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possible (13, 15, 34, 47). Regardless of terrestrial contaminating removal steps, minute amounts
of contamination often persists that can be seen in isotopic measurements (/2). We are unable to
fully account for the minute amounts of terrestrial contamination that are inherent to bulk rock
measurements, but minute amounts of terrestrial contamination will not alter our conclusions
because we compare concentrations in log space. To estimate the bulk composition of the APB
mantle we assumed D'Orbigny and Sahara 99555 represent 15 % partial melting of the APB
mantle (11, 48), which would likely leave just olivine and orthopyroxene as a residual phase in
the mantle. For the model we used an orthopyroxene:olivine ratio of 30:70. If this ratio is
adjusted from 0:100 (pure olivine) to 60:40 (more orthopyroxene than olivine) the resulting trace
element contents will vary only by ~10 % because the partition coefficients in the two minerals
for the considered elements are relatively similar. Combining the primitive melt composition
with published olivine- and orthopyroxene-melt partition coefficients (27-23, 49-59) we
determine the bulk composition of the APB mantle assuming batch melting which is likely

appropriate for low gravity conditions (60):

C/Co = (1-(1-F)!"Py * ! (2)

Where C,; is the liquid composition in equilibrium with the mantle i.e., the primary melt, C, is the
concentration of the original system, F is the fraction of melt produced and D is the partition
coefficient for the element of interest. Using the above assumptions and equation we calculate

the bulk composition of the silicate portion of the APB (Table A4).

Rare olivines, interpreted as xenocrysts, with core compositions of Fo_gy have been found in
D’Orbigny (15). If the APB mantle olivine content was Fog instead of ca. Fo7, then all of our
best estimate mantle values would decrease by ca. 25 % due to additional fractionation of
olivine. However, these olivines could also be xenocrystic residues of partial melting on the

APB, in which case our estimates would be unchanged.
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We can convert the bulk Tl content of 340 + 80 pg/g (20) measured in D'Orbigny into that of the
APB mantle by applying the bulk mantle melting partition coefficient for Tl (36), which
produces Tlapg = 51 & 20 pg/g. Based on the moderately volatile element depletion trend (Fig 1),
the expected Tl content of an angrite would be 0.11 pg/g Tl. However, the bulk rock Tl content
of D’Orbigny likely does not represent the primitive melt composition because of degassing,
which as been observed in a glass associated with D’Orbigny (35). As stated above, the vesicles
in D’Orbigny strongly suggest that D’Orbigny degassed at some point during crystallization (17,
25), and Tl likely degasses as efficiently as S (67). Additionally, Tl may partition into the core
during core formation (62), thereby increasing the depletion of Tl in the silicate portion of the
APB. Therefore, while we cannot take into account the possibility of a minor terrestrial
contamination signal, the Tl content of the APB mantle derived from D’Orbigny likely

represents a lower limit.

2.6.4 Timing of volatile addition to the inner solar system

We obtain a volatility trend for the APB by plotting lithophile and atmophile element
concentrations relative to Si and CI chondrite concentrations and against their respective half-
mass condensation temperatures (63) (Fig. 1). The plot shows very steep depletion in moderately
volatile elements, while depletion of highly volatile elements is relatively flat. We suggest that
the most plausible explanation for the step-wise pattern observed for the volatile element
depletion in the APB is that the steep depletion in moderately volatile elements is inherited from
nebular or accretion processes (12, 64, 65) that formed the main mass of the APB. Subsequently,
a small amount of volatile-rich material was added to the APB before it fully solidified, which
was sufficient to augment its complement of highly volatile elements, for example H,O is
enriched by a factor of 10° relative to the initial volatile element depletion trend, while leaving
the moderately volatile and refractory element budgets unaffected. To determine the source of
the highly volatile elements we compared volatile element ratios from several different solar
system bodies (Fig. 4). The element ratios involving H overlap only with the field of
carbonaceous chondrites (Figs. 4a and 4c), suggesting that the APB has a carbonaceous

chondrite-like volatile signature, which agree with H, C, and N isotope composition of angrites
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(35, 47). Additionally, a cometary origin for most volatiles on the APB can be rejected based on

mixing models of H and N isotopes (33).

Mixing calculations between an average composition of CI, CM, CO, and CV carbonaceous
chondrites (66, 67) and the volatile element depleted APB (black line, Fig. 1) show that the
observed volatile element pattern can be reproduced by the addition of 0.1-1 % (by weight)
average carbonaceous chondrite to the APB mantle (Fig. 1). Our interpretation is in agreement
with refractory highly siderophile element (HSE) concentrations in angrites that are also present
in chondritic relative proportions (34), which suggests that the APB must have received
chondritic material some time after its core formed at ~4565 Ma (37). Given that basalts on the
APB had crystallized and locked in their geochemical signature at 4563.6 = 0.2 Ma (/6-20) it
follows that the addition that led to chondritic proportions of the HSE and highly volatile
elements happened some time between the maximum age of core formation, which could have
happened about the same time as CAl formation (37), and the age of the oldest angrites, 4563.6
0.2 Ma (16-20).

Additional evidence of early accretion of chondritic material to the inner solar system comes
from eucrite meteorites (68-72), some of which crystallized as early as 4563.7 £ 2.1 Ma (73).
Interpretations of the eucrite meteorite volatile data suggest that material with H, N, and C
isotopic signatures similar to carbonaceous chondrite was abundant enough to hydrate apatites in
eucrites and also form veins and veinlets in eucrites (68, 74). Although the eucrite data provide
evidence for early accretion of volatiles in the inner solar system, these data cannot be used to
deduce a robust estimate of the amount of water accreted to the eucrite parent body (69, 74). All
the same, our new data for D’Orbigny and Sahara 99555 angrites, in conjunction with the H
isotope composition of D’Orbigny and Sahara 99555 (35), shows that volatile accretion in the
very early solar system was not a stochastic event limited to stray collisions. We now have
evidence from two major bodies in the inner solar system that volatile-rich material was added to

differentiated bodies inside the snowline earlier than 4563 Ma.
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2.7 Conclusions

We measured highly volatile elements in olivine in the angrites D’Orbigny and Sahara 99555.
These concentrations imply that water and C are enriched by factor of 1 million compared to the
expected volatile element depletion based on moderately volatile elements. We conclude that the
APB accreted 0.1 — 1 % by mass of ice-free carbonaceous chondrites, which equates to a APB
mantle concentration of ~230 pg/g H>O. Based on angrite chronological data, the addition of
carbonaceous chondrites must have occurred between 4566.8 Ma and 4562.9 = 0.6 Ma.
Therefore, inner solar system bodies could have received elements necessary for terrestrial life
(H, C, and N) throughout their accretion history and delivery of volatiles during accretion does

not appear to have been the limiting factor for establishing life on Earth.
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2.10 Figures & Tables

Figure 1

Silicon and CI normalized concentrations of lithophile elements in the primitive terrestrial
mantle and the calculated mantle of the angrite parent body (APB) vs. half-mass condensation
temperature in the solar nebula (63). Notice the exponential trends for Earth and the APB.
Highly volatile elements in the APB are enriched compared to the expected trend, dashed line.
Model curves indicate mixing of depleted APB with average CI, CM, CO, CV carbonaceous
chondrite composition (66, 67). Black arrows indicate lower limit for N and Tl because both of
these elements are based on bulk-rock analyses and therefore prone to degassing. Earth data from
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Figure 2

Transect across large euhedral olivine grain in D’Orbigny, olivine 2. Hydrogen (cast as H,0), C

x 5, F x100, CI 100, and MgO vs. distance across grain.
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Figure 3

A: Fluorine and Cl vs MgO content of olivine from D’Orbigny (solid symbols) and Sahara
99555 (hollow symbols). B: Hydrogen (cast as H,O) and C vs MgO content of olivine from
D’Orbigny (solid symbols) and Sahara 99555 (hollow symbols). Top axis is percent melt
remaining from forward fractional crystallization model. Symbols with black outlines are
measured data. Solid lines and shaded regions are forward fractional crystallization model.
Shaded region represents possible model outputs that fit data and represents the uncertainty of
our calculated primitive melt volatile contents. During the latter part of crystallization C and H,O
have lower concentrations than expected due to degassing. Initial melt H,O, C, F, and ClI

contents can be constrained, because model and data fit for the early stages of crystallization.
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Figure 4

Volatile discrimination diagrams. APB = angrite parent body (A) log F/H,O vs log CI/H,O, APB
plots within the carbonaceous chondrite field. (B) log Rb vs log Na, APB is highly depleted in
the volatile metals Rb and Na compared to the Moon, Earth, and chondrites. (C) Log Rb/H>0 vs
log Na/H,0, note, APB plots within the carbonaceous chondrite field, which agree with N and H
isotope compositions (35). Data can be found in table A5 and from (34, 66, 67, 75-77). Error

bars are smaller than the symbols.
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Table 1.

Coordinated EPMA and SIMS analyses of D’Orbigny and Sahara 99555.
Major elements in wt. %, C, H,0, and S in pg/g, and F and Cl are in ng/g. C and H,O are

background subtracted, while S, F, and Cl are not. bdl is below detection limit

Sample MgO ALO; SiO, CaO TiO;, Cr:0; MnO FeO NiO Total
D'Orbigny

ol-11 29.01  0.10 3581 0.95 0.03 0.05 0.37 34.37 bdl 100.7

0l13-186 19.55 0.03 34.02 1.86 0.03 0.02 0.56 44.16 0.02 100.3

ol3-187 21.58 0.04 3452 1.68 0.03 bdl 0.52 42.54 bdl 100.9
ol3-188 2.13 0.02 3041 937 0.11 bdl 0.80 56.74 bdl 99.60
ol2-1 3.86 0.03 30.79 934 0.08 bdl 0.84 55.21 bdl 100.2

ol2-4 8.65 0.03 31.51 4.00 0.06 bdl 0.77 55.73 bdl 100.8
ol2-6 1743 0.03 33.09 2.00 0.03 0.02 0.59 46.99 bdl 100.2
0l2-9 2453 0.07 35.08 126 0.02 0.02 0.46 39.64 bdl 101.1
ol2-16 8.80 0.03 3150 3.47 0.08 bdl 0.80 55.97 bdl 100.7
Sahara 99555
ol5-67 2775 0.10 35.87 1.01 0.04 0.04 0.37 3574 0.03 101.0
0l5-68 28.02 0.08 3587 099 0.04 0.05 0.38 35.37  0.02 100.8
oll-124 30.16 0.11 3632 0.88 0.03 0.03 0.36 32.73 0.03 100.7
oll-125 30.58 0.10 3634 089 0.03 0.04 0.35 32.60 0.04 101.0
ol1-126 30.87 0.11 3648 0.88 0.03 0.03 0.35 32.13 0.02 100.9
oll-127 2991 0.08 3621 091 bdl 0.04 0.36 33.43 bdl 101.0
€] [H:0] [F] [S] [C1
pg/g  2SD ug/g 2SD ng/g 2SD ng/g 2SD ng/g 2SD

D'Orbigny
ol-11 0.8 0.2 6.2 0.8 60 19 0.37 0.09 27 4
ol3-186 2.3 0.5 12.8 1.6 98 31 0.71 0.17 37 5
0l3-187 3.6 0.8 9.7 1.2 83 26 0.56 0.13 25 4
0l3-188 1.6 0.4 10.1 1.3 160 50 10.0 2.36 98 15
ol2-1 1.8 0.4 20.6 2.6 168 53 2.60 0.61 79 12
ol2-4 1.7 0.4 17.4 2.2 131 41 1.39 0.33 63 9
ol2-6 1.6 0.4 11.3 1.4 78 24 0.63 0.15 45 7
ol2-9 0.9 0.2 7.7 1.0 62 20 0.44 0.10 31 5
ol2-16 1.7 0.4 16.0 2.0 100 31 1.04 0.24 48 7
Sahara 99555
ol5-67 1.0 0.2 9.1 1.2 57 18 0.46 0.11 43 6
ol5-68 0.9 0.2 9.2 1.2 60 19 0.32 0.08 45 7
oll-124 1.1 0.3 83 1.1 59 18 0.37 0.09 35 5
oll-125 1.1 0.3 8.1 1.0 57 18 0.33 0.08 36 5
oll1-126 1.0 0.2 9.2 1.2 59 19 0.35 0.08 25 4
oll-127 6.3 1.5 8.2 1.0 57 18 0.37 0.09 36 5

38



Chapter 3

Early accretion of water and volatile elements to the inner solar system:

Evidence from angrites

3.1 Abstract

Inner solar system bodies are depleted in volatile elements relative to chondrite meteorites, yet
the source(s) and mechanism(s) of volatile element depletion and/or enrichment are poorly
constrained. The timing, mechanisms, and quantities of volatile elements present in the early
inner solar system have vast implications for diverse processes from planetary differentiation to
the emergence of life. We report major, trace, and volatile element contents of a glass bead
derived from the D'Orbigny angrite, the hydrogen isotopic composition of this glass bead and
that of coexisting olivine and silicophosphates, and the **’Pb—""°Pb age of the silicophosphates,
4568 £20 Ma. We use volatile saturation models to demonstrate that the angrite parent body
must have been a major body in the early inner solar system. We further show via mixing
calculations that all inner solar system bodies accreted volatile elements with carbonaceous
chondrite H and N isotope signatures extremely early in solar system history. Only a small
portion (if any) of comets and gaseous nebular H-species contributed to the volatile content of
the inner solar system bodies.

This chapter is published as: Sarafian, A.R., Hauri, E.H., McCubbin, F.M., Lapen, T.J., Berger, E.L.,
Nielsen, S.G., Marschall, H.R., Gaetani, G.A., Righter, K., Sarafian, E., 2017a. Early accretion of water
and volatile elements to the inner Solar System: evidence from angrites. Philosophical Transactions of the
Royal Society of London A: Mathematical, Physical and Engineering Sciences 375, 1-27.
doi:10.1098/rsta.2016.0209. The final publication is available at RSTA via
http://dx.doi.org/10.1098/rsta.2016.0209, and this article is reprinted as accepted with permission granted
in the original copyright agreement.
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3.2 Introduction

The Earth and Mars are depleted in all volatile metals, e.g., rubidium, cesium, and sodium,
compared to the most primitive carbonaceous chondrites. This volatile element depletion is also
seen in the elements with extremely low condensation temperatures, e.g., hydrogen (H) and
carbon (C) (I, 2). Although some inner solar system bodies such as the moon, these extremely
volatile elements may not be as depleted as expected based on volatile metal trends (3). The
systematic depletion of volatile elements has long been observed in the inner solar system bodies
(2), but the precise mechanism for the volatile element depletion is debated (4-6). Two main
hypotheses suggest that either high-energy events during accretion or solar processes caused
volatile element depletion in the terrestrial planets. The accretion end-member hypothesis
suggests that impacts during accretion were energetic enough to cause evaporative loss of
volatile elements compared to refractory elements (5). In such a model, the inner planets may or
may not have accreted volatile elements early, but those volatile elements would have been lost
during accretion and a later stage of volatile accretion would be needed (4, 5, 7). However, this
hypothesis may not be consistent with the lack of fractionation in volatile metals that is expected
during evaporation (4, 8), and the more recent dynamical models suggest that volatile loss,

specifically volatile-metal loss, is not a requirement during large planctary-scale impacts (3, 9-
11).

The second end-member hypothesis, which assumes solar processes caused volatile-element
depletion, assumes that accretion processes did not significantly fractionate the volatile elements,
but the protoplanetary disc was inherently heterogeneous in volatile elements. The heterogeneity
in the solar nebula was purportedly a function of heliocentric distance, such that the disc was
more volatile-element depleted in the inner solar system and less volatile-element depleted in the
outer solar system (6, 12). The systematic heterogeneity in the disc could be due to high energy
solar outbursts (6) or due to other high-temperature processes. While both the accretionary and
solar process models provide a mechanism for volatile depletion, neither model satisfies the
observed enrichment in H and C relative to other volatile elements for Earth and the moon (3, /3,
14). Therefore, independent of which depletion mechanism is evoked, a subsequent enrichment

mechanism must also have taken place e.g., an addition of volatile-rich carbonaceous chondrites
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(3, 15-22), comets (23-26), or potentially gaseous H-species from the solar nebula (/6). To
understand how and when inner solar system planet(s) became habitable, the processes that

depleted/enriched the bio-essential elements H and C to the terrestrial planets must be known.

We can infer volatile enrichment of inner solar system bodies from the systematic behavior of
volatile elements with respect to their condensation temperature, but the mechanisms of volatile
element accretion and the source(s) of accreted water remain enigmatic. Determining the origin
and abundance of water for differentiated planetary bodies is essential to resolve when volatile
elements entered the inner solar system. Existing models attempt to explain the mechanism(s)
that may have delivered volatile elements to the inner solar system (27-37), but they are
relatively unconstrained by observations. For instance, many dynamic models invoke formation
and migration of the giant planets to seed the inner solar system with volatile elements, including
H, thus providing possible mechanisms for inner solar system hydration (27-31). However,
critical observations are needed to constrain the timing of this process and the source(s) of the

volatile elements.

Relatively few observations on the timing of volatile element accretion exist. The oldest
evidence of water on Earth comes from an enriched 80 signature in 4.4 Ga detrital zircons (32),
but this is indirect evidence and long after planetary accretion began (33, 34). Only recently has
the Moon been studied for its water and volatile element contents (3, 19, 35-38). The oldest lunar
rocks are ca. 4.5 Ga (39), which is still too young to provide insights into the main phase of
planetary accretion that occurred within the first 1-20 million years of solar system history (34).
Recent evidence from eucrite meteorites suggests that volatile elements accreted to the inner
solar system extremely early (40), e.g., the eucrite Stannern crystallized at 4563.7 = 2.1 Ma and
has a hydrogen isotope signature that matches that of the known terrestrial planets (20, 41).
These studies push back the earliest time that differentiated bodies in the inner solar system
obtained volatile elements. The early-accreted volatile elements in the differentiated bodies have
H-, C-, and N-isotopic signatures that are indistinguishable from primitive, unprocessed
carbonaceous chondrites, but only a crude estimate of the amount of water added to the eucrite

parent body has been made. More recently it was determined through the study of angrite
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meteorites that the amount of water and volatile elements accreted to the angrite parent body
(APB) led to abundances of about 250 pg/g H,O by 4563.3 Ma (42), in agreement with the
timing indicated by the eucrite parent body (20, 22, 41).

Angrites are a small group of meteorites (~24, many paired) that have are subdivided into two
groups, slowly cooled and quenched. The quenched angrites are silica undersaturated basaltic
rocks that crystallized within the first few million years of solar system history (e.g. 43-43).
Quenched angrites are unique among basaltic meteorites in that they show virtually no evidence
of brecciation, shock, or subsolidus diffusion (46). Early crystallizing phases in angrites are
relatively reduced, while late-crystallizing phases are more oxidized, suggesting that degassing,
or some other mechanism oxidized angrite magmas during crystallization (44, 47, 48). The size
of the APB is unknown, but a radius of >100 km has been suggested, based on the retention of
volatile-bearing, vesiculated basalts that may have been emplaced in a pyroclastic eruption (44).
Despite its proposed substantial size, the APB has not been physically observed, although there
are smaller asteroids that exhibit spectral features that are very similar to the angrites [69].

Consequently, the APB was likely disrupted or destroyed (49).

Here we first provide additional constraints on the size of the APB based on angrite volatile
element concentration data. We then interpret major and trace element concentrations and H
isotope compositions in a glass melt bead recovered from the quenched angrite D’Orbigny. We
also report H isotope data in olivines from D'Orbigny and silicophosphates from D’Orbigny and
Sahara 99555 to characterize the degassing history on the APB. The H isotope data is
complemented by **’Pb-*°Pb ages measured in some of the silicophosphate grains to provide
additional constraints on the thermal history of D’Orbigny. We put our measurements in
geologic context and provide an internally consistent model to determine the hydrogen isotopic
composition of an angritic primitive melt and the H isotope composition of the APB. Finally, we
use these constraints to determine the maximum amount of cometary and gaseous nebular H-

species that could have accreted to the APB and other objects in the inner solar system.
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3.3 Samples

The volcanic (quenched) angrites D’Orbigny (relatively coarse grained; 44) and Sahara 99555
(relatively fine grained; 44) contain chemically zoned calcic olivine, zoned subsilicic aluminian-
ferrian diopside, and Ca-rich plagioclase with minor phases of silica, kirschsteinite/monticellite,
spinel, troilite, whitlockite, baddeleyite, and an unspecified silico-phosphate (44, 46), which may
have been identified as Tsangpoite (50). D'Orbigny is characterized by an ophitic texture
whereas the texture of Sahara 99555 is characterized by ca. 200400 um’ intergrowths of zoned

olivine and plagioclase (Fig. 1A & B).

D’Orbigny is a unique angrite because of its large mass (16.55 kg) and the occurrence of glass
spheres. The main mass of D’Orbigny consists of two dense fractions separated by a low density,
porous/vuggy, possibly caused by subsequent lava flows, where the dense fractions represent the
lower part of a lava flow and the porous/vuggy fraction likely represents the top part of a
degassed flow. Given the similarity between the composition of the glass and the whole rock, the
glasses do not represent an evolved quenched melt (57). Additionally, the homogeneity of the
beads and lack of any flow features (57) show that it is unlikely to be quenched impact melt (52).
In this paper, we focus our analyses on several rock chips of D’Orbigny and Sahara 99555 and

one 4-5 mm diameter glass bead from D’Orbigny (Fig. 1).

3.4. Methods

3.4.1 Preparation

Rock chips of D’Orbigny and Sahara 99555, as well as the D’Orbigny glass bead were prepared
at the Woods Hole Oceanographic Institution for analysis by first embedding the samples in
epoxy resin. The rock and glass chips were then polished using SiC followed by water-based
diamond suspensions. Samples were polished to 0.25 pm quality and finished with colloidal
silica. Rock chips of Sahara 99555 and D’Orbigny were plucked from the epoxy and embedded
in a single indium metal sample holder. The D’Orbigny glass bead was also removed from the
epoxy and mounted in a separate indium metal sample holder. Three reference materials were

added to the indium mounted samples: Suprasil 3002 pure SiO; glass (1 pug/g H>O, provided by
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Heraeus Quarzglas, Switzerland), Herasil 102 pure SiO, glass (55 pg/g H,O, provided by
Heraeus), and ALV 519-4-1 mid-ocean ridge basalt glass (1700 pg/g H,O).

3.4.2 SEM

Scanning electron microscope (SEM) mapping was conducted on chips of D'Orbigny and Sahara
99555. We used the JEOL 8600F field emission SEM at the NASA Johnson Space Center in
Houston equipped with an energy dispersive spectroscopy (EDS) detector. The sample was
coated before analysis with a layer ca. 10 nm of carbon using a sputter coater. EDS maps were
collected and processed with the JEOL manufacturer’s software. Element maps of P, S, and Ca
were used to identify silicophosphates in this study. Maps were collected using 15 kV and 700
pA accelerating voltage and beam current, respectively. Care was taken to expose the
silicophosphates for a minimum amount of time to ensure the least amount of H migration
possible (53). Regardless, the amount of H-isotope fractionation caused by electron beam
exposure is <50 %o for several minutes of exposure to a beam current of 20 nA (53); therefore a

700 pA beam will likely cause less H isotope fractionation than a 20 nA beam.

3.4.3 EPMA

Electron probe microanalysis (EPMA) was conducted on the D’Orbigny glass bead to measure
major and minor element concentrations. We used a JEOL JXA-8530F Hyperprobe equipped
with 5 wavelength dispersive spectrometers housed at NASA Johnson Space Center in Houston.
The sample was coated before analysis with ca. 15 nm of carbon using a sputter coater. Data
were collected using the JEOL manufacturer’s software, and matrix corrections were
implemented using a ZAF correction procedure. The D’Orbigny glass bead was analyzed using
15 kV and 15 nA accelerating voltage and beam current, respectively. A beam diameter of 10 um
was used for all analyses. We analyzed the glass bead for the elements Si, Ti, Al, Cr, Fe, Mn,
Mg, Ca, Na, K, and P. We standardized using a number of in-house standards including VG2
MORB (Si), rutile (Ti), A99 Hawaiian basalt (Al, Fe), chromite (Cr), rhodonite (Mn), diopside
(Mg, Ca), albite (Na), orthoclase (K), and Wilberforce apatite (P). The quality of all glass

analyses was assessed and analyses were discarded if they had totals below 99 % or above 101
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%. Out of the 163 analyses conducted for this study, we discarded 4 analyses due to totals that

were >101 %. Backscattered electron images and secondary electron images were also collected
with the JEOL JXA-8530F Hyperprobe.

3.4.4 LA-ICP-MS

3.4.4.1 Major and Trace element analyses: Major and trace elements were measured in the
D’Orbigny glass bead by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) using a Photon Machines 193 nm excimer laser into a Thermo iCapQ quadrupole mass
spectrometer located at the Carnegie Institution of Washington. No reaction gas was used in the
collision cell. Backgrounds were measured for 20 s with the laser off, and intensities were
measured for 30 s with the laser ablating after signal ramp-up; wash-out time between successive
analyses was 90 s. The crater diameter was 75 um and 4 pm deep (100 nm/shot ablation rate).
Major and trace element data were reduced using the LasyBoy v3.77g software for MS Excel
provided by Joel Sparks (Boston University), with calibrations provided by analysis of MPG-
DING glasses (GOR128g, GOR132g, KL2g, ML3Bg, BM90-21g) (54) and USGS glasses
(BHVO-2g, BCR-2g, BIR-1g, GSD-1g, GSC-1g, GSA-1g) (55). Secondary standard glass
WASVNTR-032 and MORB from the East Pacific Rise (56) were analyzed 8 times interspersed
with analysis of D’Orbigny glass. The results yielded relative standard deviations (RSD) of 2%
or better for all major elements; RSD for trace elements was Sc (2.5%), V (0.5%), Cr (0.9%), Co
and Rb (0.6%), Ni and Ba (2.2%), Cu (0.8%), Zn (1.0% above 50 pg/g), Sr (3.6%), Y (2.8%), Zr
(3.0%), Nb (2.0%), Cs (3.1%), 4% or better for REE, Hf, Ta, W, Pb, Th and U (table S1). Major
element data of D’Orbigny glass obtained by laser ablation were adjusted by multiplication
factors based on ratios of reported-to-measured values for WASVNTR-032 (56), whereas trace
element data are reported as measured; trace element data for WASVNTR-032 agreed with
reported values (56) to within 10 % except for Nb for which our measured values were 14 %

higher.

3.4.4.2 U-Pb isotope analysis: Uranium and Pb isotope compositions of 10 silicophosphate

grains in D’Orbigny were measured by LA-ICP-MS. Measurements were made with a
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PhotonMachines Analyte 193 laser ablation system coupled to a Varian 810 quadrupole [CP-MS
located at the University of Houston. Data were acquired with a laser spot size of 15 pm, 8 Hz
repetition rate, an energy density of 3 J/cm?, and He carrier gas flow rate of 0.500 L/min. On-
peak backgrounds were measured for 20 s with the laser off prior to each 20 s of sample ablation.
Isotopes of 20'Hg, 2OzHg, 204(Hg+Pb), 206pp_ 207pp, 28pp, 232Th, and 2**U were measured. The
20%Hg backgrounds were 968 + 110 (2 o) counts per second (cps); 2*'Pb ion intensities of less
than 100 cps were not accurately measured. Isotope data were corrected for instrumental element
and isotope fractionations with in-house standards of 958 £13 Ma Bear Lake apatite (57) and
473.5 +£0.7 Ma Madagascar apatite (58) following methods outlined in ref (59). Terrestrial

standards were corrected for common Pb by monitoring 204

Pb. Silicophosphate grains were not
corrected for common Pb because 2**Pb intensities were too low for accurate measurements and
the corrections are small considering the overall low ***Pb/**Pb ratios. All systematic and

random uncertainties are propagated following methods outlined in (59).

3.4.5 NanoSIMS

The isotopes of H (deuterium, D and H) were measured in olivine and silicophosphate, from
D’Orbigny and Sahara 99555. The D’Orbigny glass bead was measured for H isotope
compositions as well as H, C, F, and CI concentrations. NanoSIMS measurements were
conducted on a Cameca NanoSIMS 50L at the Carnegie Institution of Washington. Before
measuring, our indium metal sample mount was cleaned with distilled water and ethanol and
dried in a vacuum oven for a week at 50 °C. The samples were then taken out of the vacuum
oven and gold coated. After gold coating, the sample was placed into the instrument to obtain a

pressure of lower than 9 x 10® Pa (~7 x 107" torr) in the analysis chamber.

We used methods of (/9) to measure D/H in olivine, glass, and phosphates. Briefly, a focused 15
nA Cs’ primary beam was rastered to produce a 20 x 20 um’ pre-sputter crater. During our
analysis, we used a 10 x 10 pm’ raster and used the Cameca software to eliminate the outer
portions of our crater such that we counted ions from the central 4 x 4 um” of the SIMS pit. Mass

resolving power (MRP) was nominally 2000 using the Cameca definition, or an MRP of ~2000
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m/Am at 10% peak height. Separation of H, from D is unnecessary, as the production of H; is
less than 1.5 x 107, which permits high precision (2—3 %o0) measurements at low mass resolving
power (60). Using multi-collection mode, we counted on masses 'H, *H, and '*C. Hydrogen ('H)
background measured throughout the session was ~ 1 x 10° counts/s, which translates to 8 pg/g
H,O, and the D/H of the background was roughly terrestrial. Backgrounds were corrected by
subtracting counts of H and D from our low water reference material, Suprasil, from our olivine,
glass, and phosphate measurements. All errors were propagated from measured backgrounds and
analytical uncertainties. Instrumental drift and D/H instrumental mass fractionation was
corrected daily by measuring an internal reference basaltic glass, ALV 519-4-1 (1700 pg/g H>O,
0D = -72 %o) at regular intervals throughout each analytical session. Drift was ~160 %o

throughout a given day.

3.5. Results

3.5.1 Major element concentrations of the glass bead

In addition to glass, we identified anhedral to subhedral spinel crystals (MgAl,04) by EDS as a
minor phase within the glass bead (Fig. 1C). We avoided the spinel crystals during the glass
analyses. We conducted two roughly perpendicular core-rim traverses on the bead by EPMA. All
of the EPMA analyses from both traverses are available in the supplementary materials (table
S2). The glass bead was homogenous from core to rim and did not exhibit detectable zoning. We
determined the average composition of the bead from all 159 analyses from both traverses (table
1). The composition of the glass bead is that of an alkali-depleted metaluminous foidite with a
Mg# (100 x molar Mg/(Mg+Fe)) of 35. The composition of the glass bead analyzed here is

similar in composition to other glass beads reported from D'Orbigny (51, 61).

3.5.2 Trace element content of glass bead

We performed one LA-ICP-MS transect across the D’Orbigny glass bead, adjacent to the EPMA
transect. The glass is relatively homogeneous in most elements (tables 1 & 2), except for the
alkali metals at the crystallized end of the bead and Ni at both edges. The chondrite-normalized

rare-earth element content decreases with increasing atomic number, and shows a small positive
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Eu anomaly. Our trace element data agree with that of (61), except our glass bead is enriched in

MgO and Ni.

3.5.3 Pb-isotope composition of phosphates

Uranium-Pb isotope analyses of silicophosphate grains from D’Orbigny yielded a weighted
average “’Pb/*"°Pb age of 4568 +20 Ma (n = 10, MSWD = 1.0) and an upper intercept U-Pb
concordia age of 4572 +49 Ma (n = 10; MSWD = 1.1) (table 3, Fig 2). Analyses of our in-house
external standard of Yates Mine (equals Otter Lake of ref 62), yielded a weighted average age of

932 +19 Ma, which is in agreement with previous studies (62) (all uncertainties are listed as 2c).

3.5.4 Volatile element analyses

3.5.4.1 Olivine: We performed several core to rim transects and individual analyses on olivine
grains in D’Orbigny and Sahara 99555. Our spallation correction for D/H uses the data of Fiiri
and Deloule (63) forcing the relationship between counts on D and exposure age through the
origin and propagating error on the slope. This spallation correction method is different from
previous studies (17, 19, 64, 65), which use the D production rate of Merlivat et al. (66), and
assume an arbitrary uncertainty to the D production rate. The spallation correction for olivine
was =179 %o, given the low water content of olivine and the young exposure age of angrites
(67). The spallation corrected 8D (8D = (((D/Hsampie)/(D/Hysmow)) — 1) x 1000, where VSMOW
= Vienna standard mean ocean water D/H = 0.00015576) in olivine range from -146 to +61 %o,
with a weighted mean of -31 + 39 %o (2 SE, n=13), excluding our 1 olivine measurement
adjacent to a mesostasis region (table 4; Fig. 3). The observed range in values is relatively large
(table 4), but measuring D/H at <19 pg/g H,O is expected to be afflicted with large uncertainties
(19).

3.5.4.2 Silicophosphate: We measured the D/H of several silicophosphate grains in D’Orbigny
and Sahara 99555. The 8D varies from -205 to +1034 %o for D’Orbigny and -262 to -35 %o in

silicophosphates from Sahara 99555 (table 5; Fig. 3). The water content estimated from raw
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counts on 'H range from 85 to 1892 ug/g for silicophosphates in D’Orbigny and 36-255 pg/g in
silicophosphates in Sahara 99555, but these values are approximations because no internal

reference mass was measured (such as '*0) to account for variations in ion yield.

3.5.4.3 D’Orbigny glass bead: We measured one transect across the glass bead to measure
volatile element concentrations and another transect to measure D/H, both of which were parallel
and adjacent to one of the EPMA and LA-ICP-MS transects. The glass bead is nearly
homogeneous in volatile element concentrations (table 6). The spallation corrected 8D of the
glass bead does not correlate with H,O content, and water concentration and D/H do not vary
systematically with distance across the glass bead (table 6 & 7). Therefore, we conclude that the
bead is homogenous in D/H and volatile concentrations, 69 + 1 pg/g H,O, 3 + 0.3 pg/g C, 5 +
0.03 pg/g F, 2 + 0.08 pg/g Cl (uncertainty 2 SE, n=31).. 6D analyses in the glass bead range
from -154 to +115 %o. The weighted average 8D of the glass bead is -16 & 26 %0 (2 SE n=29).

3.6. Discussion

3.6.1 Size of the Angrite Parent Body

The size of the APB is poorly constrained, unlike the parent body of the eucrite-howardite-
diogenite (HED) clan, which is likely the asteroid 4-Vesta (R = 262.7 km) (68-70). Asteroids that
have similar reflectance spectra as angrites are limited to bodies with radii of <34 km (71),
therefore the main parent body has not been observed or the APB is extremely small. Accretion
and melting models suggest that melting could occur in parent asteroids as small as ~60 km in
radius, if the APB accreted within the first ~2 Myr of solar system history (72). Some have
suggested that the APB was a major body in the early solar system based on the metamorphic
history of plutonic angrites (73, 74). A quantitative estimate of the minimum size of the APB can
be inferred from the fact that gravity was strong enough on the APB for basalts to be preserved
and not lost to space during eruption and degassing (44, 75, 76). Previous studies of igneous
meteorite groups that lack basalts, e.g., aubrites, ureilites, and acapulcolites, concluded that these
were derived from parent bodies that likely had a radius smaller than 100 km if the parental

liquids of the basalts had at least hundreds of pg/g volatiles (44, 75, 76). Following the same
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logic, the APB must have had a radius >100 km because basalts were present on its surface (44).
Further, we can estimate the size of the APB by using the solubility of H and C in basaltic melts.
To obtain a conservative estimate of the minimum size of the APB we assume that melting
occurred vapor saturated and that melting occurred at the base of the mantle, i.e., at the core-
mantle boundary. We use a primitive melt H>O and C content of 1500 pg/g H,O and 1100 pg/g
C (42), which were obtained by measuring the cores of olivine that were zoned in H and C and
using experimentally determined partition coefficients (77, 78). The olivine water content
strongly correlates with olivine major elements; therefore a primitive melt composition was
calculated. We used a vapor saturation model for basaltic melts (79), which assumes OH (which
degasses as H,O) and COs (which degasses as CO;) are the most soluble H-C-O species. At low
oxygen fugacity H,, CH4, and CO would likely be stable, although the solubility and speciation
of reduced H and C species are highly dependent on pressure, temperature, and oxygen fugacity
(80-83). These reduced H and C species have substantially lower solubility in silicate melts
relative to OH and CO; (80-82, 84), meaning that if we assume any C and H in the primitive
angrite melt were reduced H-C-O species, the required confining pressure would be substantially
higher and, thereby, require a larger planetary body. For example, if we incorporate CHs as the
primary C-bearing volatile species and extrapolate the solubility from experimental data (82),
then an enormous minimum pressure of ~ 8 GPa is required. In addition to the assumption of
primarily oxidized C-H-O volatile species, we also assume that no loss of volatiles took place
before the first olivines in D'Orbigny and Sahara 99555 crystallized, which is reasonable given
that olivine cores from both meteorites have identical C and H contents (REF). However, any
degassing that occurred between melting and crystallization of the first olivines would act to
lower the volatile concentrations, which would yield a lower confining pressure of melting and,
thereby, underestimate the size of the parent body. Therefore, all the assumptions that we use in

the model calculation act to produce a minimum size estimate of the APB.

Based on the solubility model (79) a confining pressure of at least 166 MPa is required to
maintain primary D’Orbigny and Sahara 99555 volatile abundances. We calculate a depth vs.
radius of planetesimals, where all melting occurs at 166 MPa, using different size estimates for

the core of the APB (15%, 25% and 40% of the total radius). We assume a homogenous core
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density of 8000 kg/m’ and a homogeneous mantle density of 3200 kg/m’ (85, 86) and calculate
the pressure vs. depth for the APB as a function of the size of the total body. The smallest
possible parent body is obtained by melting at the core-mantle boundary (at the edge of the
forbidden zone in Figure 4) for the largest core size, because of the higher density of the core
compared to the silicate mantle. We assume that the largest likely core size of the APB is ~40%,
which produces a minimum APB radius of 270 km (Fig. 4). If instead, we use the bulk density of
4-Vesta (3456 kg/m3; 87) for the APB, then the APB radius is estimated to be =340 km,
compared to a radius of ~263 km for 4-Vesta. Therefore, the APB was likely a major body in the
inner solar system, and our most conservative estimates place the APB (2270 km) at
approximately the size of 4-Vesta (~263 km). Following previous studies (49), we suggest that
the APB must have been disrupted early in its history so that no evidence of shock or brecciation

is preserved in angrites.

3.6.2 Degassing on the Angrite Parent Body

The melt that formed D'Orbigny, Sahara 99555 and the D'Orbigny glass bead, along with other
angrites was likely reduced but transitioned to a more oxidized magma during crystallization and
subsequent degassing (44, 47, 48, 88). The hydrous species in a reduced basaltic melt with low
water contents is H,O, OH, and H; (80, 89), but hydrous species have limited solubility in
magmas at low pressure (79). Therefore, degassing is likely to occur in asteroidal settings.
However due to their different petrologic formation histories, bulk D’Orbigny, bulk Sahara
99555 and the D’Orbigny glass bead are unlikely to have experienced the same degassing

histories.

3.6.2.1 Major and trace element content of the D’Orbigny glass bead and the case for missing
volatile elements: As mentioned previously, the bulk composition of the D'Orbigny rock and the
D'Orbigny glass bead are all very similar (tables 1 & 2); the average major element (MgO,
Al O3, SiO,, P,0s, CaO, TiO,, and FeO) difference between the D’Orbigny bead and D’Orbigny
bulk rock is only ~3 % relative. However, the difference in MgO is 18 % relative. If we assume

the D’Orbigny rock and glass bead were co-magmatic, then we can employ a fractional
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crystallization model (90) to directly compare the composition of the glass to the bulk rock. We
modeled fractionation of olivine in equilibrium with the parental melt from the more primitive
glass bead to reach the MgO content of the D’Orbigny whole rock; fractionating just olivine
keeps the difference between the average major element contents of the glass bead and the
D’Orbigny bulk rock composition at a minimum. The D’Orbigny glass composition must
fractionate 4% olivine to obtain a major element difference of less than 2%, including MgO.
Because only 4% olivine fractionation is required, elements that are compatible in olivine (e.g.,
Ni) are expected to be depleted in the D’Orbigny whole rock relative to the D’Orbigny glass
bead (table 2), whereas incompatible elements in olivine should remain practically unchanged
(table 1). For example, if the partition coefficient for Ni between ~Fogo olivine and D’Orbigny
melt is on the order of 17 (91), then fractionation of olivine reduces the Ni content of primitive
melt (glass bead) from 122 to 63 pg/g (the more evolved D’Orbigny whole rock), whereas an
incompatible element will only increase its concentration by roughly 4% relative. The refractory
lithophile incompatible element content of the D’Orbigny glass bead are ~3% lower than the
D’Orbigny whole rock, consistent with the modeled amount of olivine fractionation. Based on
these results, it seems likely that the D’Orbigny glass bead and D’Orbigny whole rock were co-
magmatic. Interestingly, the W concentration is roughly a factor of two higher in the glass bead
relative to the D’Orbigny whole rock, this elevation in a siderophile element may imply a minor

chondritic contamination incorporated into the glass bead.

In contrast to the major and most trace elements, which show similar concentrations between the
D’Orbigny glass bead and the D’Orbigny whole rock, volatile elements are depleted in the glass
bead. For example H,O (95% depleted), C (99.9% depleted), Na (36% depleted), Cl (90%
depleted), K (87% depleted), Cu (63% depleted), Rb (90% depleted), Cs (87% depleted), Pb
(83% depleted — glass vs Sahara 99555) are depleted (table 2, Fig. 5), whereas F is enriched by a
factor of ~30. Volatile element ratios, such as H,O/Ce and C/Nb, should remain invariant during
partial melting and crystallization processes (92, 93), but H,O/Ce and CO,/Nb are depleted in the
glass bead relative to the D’Orbigny host rock, which strongly indicates degassing. Intriguingly,
the C/Nb of the D’Orbigny whole rock (1100) is higher than the C/Nb of Earth (240) (92). This
relatively high C/Nb of the APB can be explained by less partitioning of C into the APB core
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compared to the Earth, which would require lower mean pressure and/or higher mean fO,

prevailing during APB core formation than on Earth (94).

Degassing is known to fractionate the volatile species, such that H,O, C, and Cl readily enter the
fluid or vapor phase, whereas F remains in the melt (95). Therefore, we propose that the parent
melt to the D’Orbigny glass bead experienced degassing that depleted H, C, and CI (as well as
volatile metals) in the melt prior to quenching. The high F content of the glass relative to the
D'Orbigny bulk rock is intriguing. One possible explanation is that the estimate of the D'Orbigny
primitive melt is under-estimated because the partition coefficient used (96) was not calibrated

for low-pressure basalts.

3.6.2.2 The H isotope composition of the D 'Orbigny glass bead and silicophosphates: The parent
melt to the D’Orbigny glass bead and the Sahara 99555 melt contained dissolved H> and H,0O
(inferred from ref 80), and during quenching probably degassed these species in their original
proportions. Here we attempt to model degassing from a primitive melt composition of 1500
ng/g HoO with an olivine 8D of -31 %o to a D'Orbigny glass bead H,O content of 69 ug/g and a
0D of -16 %o. Modeling multiphase degassing is complex because H; and H,O fractionate the H-
isotopes in opposite directions, i.e., degassing of H, leads to a D-rich melt [89] whereas
degassing of H,O leads to a D-depleted melt (97). Isotope fractionation factors (a) of 0.816 for
H; degassing (89) and 1.049 for degassing H,O (97) were used in the degassing modeling. The
initial melt must have had an H,:H,0 molar ratio of ca. 17:83 in the vapor phase to satisfy these
isotopic constraints (Fig. 6), which is within the range of thermodynamic predictions of melts
with ~1500 pg/g H,O at an fO; near the IW buffer (80). Our isotope fractionation model assumes
a constant a throughout H,O degassing, although a should change with the H content of the melt
(97). A full parameterization of the relationship of H,O hydrogen isotope fractionation between
silicate melt and vapor that takes into account all of these factors simultaneously is not available.
An additional complication arises if CHy is taken into account, but H-isotope fractionation

associated with CHy4 degassing is unkown.
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For the slower-cooling D’Orbigny whole rock, a different degassing process is expected. Instead
of degassing H,O and Ha, equilibrium between the hydrous species is expected, and H, was
probably the only hydrous species lost because the fugacity of H, is highest, so that H; is the
least soluble hydrous species, even though the concentration of H; is relatively low compared to
H,0 (80, 89). The preferential loss of H, during degassing leads to a conversion of H,O or OH to
H,, which oxidizes the system or consumes an oxygen buffer, e.g., Fe > FeO (89). Newly
formed H, will continue to degas at the expense of OH and H,O, which continually releases
oxygen to the remaining melt in the process (89). If this degassing process took place on the
APB, then late-crystallizing phases in slowly cooled angrites that allowed for equilibrium
between the hydrous species to be maintained should have an elevated D/H and be relatively
oxidized. Indeed, the Fe**/SFe of silicophosphate in the slowly cooled angrite NWA 4590 is 0.8
(98), indicating an oxidizing environment during silicophosphate crystallization and the D/H of
some silicophosphates in D’Orbigny are extremely elevated (Fig. 3). The oxidizing nature and

elevated D/H of silicophosphates are consistent with degassing of H, (48, 89, 99).

To ensure the elevated D/H of the silicophosphates were not an alteration product of a post-
crystallization heating event, we determined the age of the silicophoshates in D’Orbigny by
27pp—2%Pph dating, as the Pb system would likely be relatively easily disturbed, as the closure
temperature of the U-Pb system in apatite is approximately 500 °C [93]. Although the Pb
diffusion characteristics of the silicophosphate grains may be different from those of apatite,
significant thermal heating events should cause U-Pb disturbance in these grains. We determined
a 2’Pb—2"Pb date of 4568 +20 Ma, which we interpret as an igneous crystallization age. This
crystallization age is within error of the igneous crystallization age of D'Orbigny determined by
bulk techniques, e.g., U-Pb and HF-W (43, 44, 100), indicating that no high-temperature
processes reset these isotope systems after crystallization. Given the 207pp29°Ph crystallization
age of the silicophosphates and undisturbed H concentration gradients in olivine (42), it is likely
that the H isotopes in the silicophosphates are also undisturbed, providing further support to the
hypothesis that the parent melt of the D’Orbigny whole rock experienced degassing of H,.

3.6.3 D/H of olivine and the APB
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The earliest crystallizing phase, olivine, is the best recorder of the H-isotopic composition of a
primitive melt if degassing before olivine crystallization and post-crystallization diffusion did
not occur. The olivine in D'Orbigny and Sahara 99555 show no evidence for early-stage
degassing or post-crystallization diffusion (42, 44). For example, several studies have measured
EPMA transects across olivine grains and found that major and minor element zoning in
euhedral olivines is consistent with fractional crystallization from a basaltic liquid (44, 101).
Olivine is usually the liquidus phase; hence it provides an excellent record of the D/H of the
primitive melt. Olivine does not incorporate high abundances of H; therefore D/H measurements
are less precise even though they provide the most accurate representation of a primitive melt.
The weighted mean 86D for our olivine measurements is -31 + 39 %o (2SE n=13), which is our

best estimate of the bulk APB 8D.

3.6.4 Origin of water in the inner solar system

Here we have derived our best estimate for the 3D of the APB, -31 + 39%o, which is based on the
weighted average of olivine D/H measurements. Our estimate for the 8D of the APB is within
error of the best estimates for 6D of Earth and Vesta, and possibly Mars and the Moon (Fig. 7)
(17, 19, 20, 89, 99, 102-104). We add literature N isotope data from angrites (/05) to our
comparison of our H isotope data with those of other inner solar system bodies. Thus far, the best
estimate for primitive D/H and '"N/'*N for all measured inner solar system bodies closely cluster
in the carbonaceous chondrite field and well outside the field for protosolar hydrogen and comets
(Fig. 7). Degassing models have shown that an unrealistic amount of H, loss would have to occur
to evolve from a nebular gaseous H-species source signature to a carbonaceous chondrite source
signature in D/H-""N/"N space (blue line; Fig. 7)(20). A protosolar-source of water can thus be
excluded as the primary source of water for the inner solar system. Here, we present mixing
calculations between nebular gaseous H-, carbonaceous chondrite-, and comet-sources of H and
N (Figs. 7 & 8) based on published H and N isotope and abundance data for these components
(106-116):

D/H — fXMgxD/Ha+[(1-f)x D/Hpx(1-Mg)] (1)
m FXMg+(1-f)x(1-Mg)
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where D/H,, is the hydrogen (or nitrogen) isotope ratio of the mixture, f is the fraction mixed,
M, is the mass fraction of component a in the total (component a and b together comprise the
total) and D/H, and D/Hy, are the hydrogen or nitrogen isotope ratios of the reservoirs. We found
that no mixture of protosolar and comet H and N is compatible with the isotopic signature of
carbonaceous chondrite sources or that of the differentiated bodies (13, 19, 20, 64, 105, 117,
118) (red line; Fig. 7). Taking into account the mixing models, all inner solar system bodies
likely received the same main source signature of water and other volatile elements, and this
source has the same H and N isotope signature as carbonaceous chondrites, although the question
remains, where did carbonaceous chondrites get their water? Some authors have attempted to
address this using physical chemical modeling (119), but the precise mechanisms that imparted
the H and N isotope signature in carbonaceous chondrites have remained elusive. Regardless,
mixing carbonaceous chondrites and a protosolar source or carbonaceous chondrites and comet
sources indicate that small amounts of comet material (<0.3% of the accreting mass) and solar
material (<0.5%) could make up the volatile compliment of accreted planetary material (see
orange and purple lines; Fig. 8). Comet material and the protosolar nebula could not have
contributed substantial H and N to the inner planets, which are different from some previous

estimates that suggested significantly larger contributions from comets or protosolar material

(23,24, 26, 120).

The highest value of 0.3% addition of cometary material to the terrestrial planets (Figs. 7 & 8)
provides an upper limit for the total mass of comets that may have been added to a particular
inner solar system body. For example, a conservative estimate for the maximum amount of water
from comets that could have been added to Earth can be estimated. The bulk water content of
2000 pg/g H,O for the silicate Earth is equivalent to approximately 8 x 10*' kg of H,0, and 0.3%
of this would mean that the total mass of cometary water that could have been added was 2.4 x
10" kg. If we assume comets in the early solar system had similar compositions as they do now,
then at most hundreds of thousands of comets may have impacted earth. If Earth has a lower H,O
content than 2000 pg/g, about 400 pg/g (4) then only tens of thousands of comets could have

been added to Earth. Our estimate of the maximum number of comet impactors may allow for
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the delivery of small amounts of complex organic molecules (/217), but it does not allow for
comets to comprise significant contributors to the H or N budget of differentiated bodies in the

inner solar system.

3.7. Conclusions

Based on the volatile concentrations in the D’Orbigny and Sahara 99555 primitive melt, we have
estimated the radius of the APB of at least 270 km, and probably =340 km. Major and trace
elements in the D’Orbigny glass bead and the D’Orbigny whole rock show that the parent melt
of the D’Orbigny glass bead degassed >95 % of its H,O, C, and Cl, yet F contents were enriched.
We suggest that olivine is the best recorder of the D/H of the APB, and its 6D was -31 + 39 %o.
Finally, the maximum amount of comet material (<0.3 %) and protosolar material (<0.5 %) that
could have accreted to the inner solar system bodies is constrained through isotope mixing.
These are maximum values, and no comet or protosolar material is required to pair the isotope

signature of inner solar system differentiated bodies with that of carbonaceous chondrites.
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3.10 Figures and Tables

Figure 1

Backscatter electron (BSE) image of D’Orbigny (A), Sahara 99555 (B). (C) Secondary electron
image of D’Orbigny glass bead with SIMS pits present. 1 mm scale bar is for images A, B and C.
(D) Reflected light image of D’Orbigny highlighting late stage melt region containing
silicophosphates; field of view is 500 pm. Major minerals and analysed phases labeled: Ol —

olivine, Plg — plagioclase, Di — diopside, Spl, - spinel, Tro — troilite, and SiP — silicophosphate. 1

and E are indium and epoxy, respectively.
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Figure 2

207pp-2%pp ages of silicophosphates in D’Orbigny with 2o error bars. Mean age (horizontal line)

is 4568 20 Ma (2 SE)
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Figure 3

Hydrogen isotopic composition of analysed samples. D’Orbigny glass is a weighted mean of all
analyses (n=29). Error bars not visible are smaller than the symbol size.
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Figure 4

Depth of melting vs. size of body. The fraction of core (by radius) is listed for each curve. The
forbidden zone is an area in which the planetesimal is not large enough for melting to occur in
the mantle, i.e., silicate melting would have to occur in core of the body.
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Figure 5

Composition of D’Orbigny glass bead normalized to the D’Orbigny whole rock composition vs
nebular condensation temperature of elements. Note volatile elements are systematically

depleted relative to the refractory elements. Data from refs (517, 101, 122, 123).
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Figure 6

8D vs. water content. Modeled degassing paths with different H,:H,O ratios for each line. Best
fitis a 17:83 ratio.
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Figure 7

D/H, or 8D vs. °N/"N, or 8°N. Note that degassing a gaseous nebular H source, blue line from
ref (20), and mixing a protosolar source (red line) with comets cannot produce a carbonaceous

chondrite H and N isotopic signature.
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Figure 8

D/H, or 8D vs. "N/"N, or 8"°N. Note that mixing a gaseous nebular H source (orange line) or a
comet (purple line) source with a carbonaceous chondrite source rapidly drives the mixture away

from the carbonaceous chondrite field.

6D %o
-200 -100 0 100 200 300 400
- i T T T T T T
4 ro3%
470
1 50
v A\
30
v | o™ “
Cl =
\ An . cO 410 ©
. v 9 S
L &
Earth @ 110
Moon B
3.6 o * * Mars -
(o) o Vesta ."30
APB
1 1 1 1 * 1 —
1.3 1.5 1.7 1.9 2.1 2.3

D/H (x 10%)

75



Table 1

Table 1. Major element content for D'Orbigny glass bead measured by election probe (N = 159),
D'Orbigny and Sahara 99555 whole rock from (57, 101, 122, 123).

D'Orbigny  Sahara

Oxides Average lo WR 99555 WR
SiO; 39.85 0.25 37.54 38.51
TiO, 0.85 0.03 0.83 0.90
Al203 12.41 0.25 12.35 12.71
Cr03 0.05 0.01 0.04 0.31
FeO 2491 0.32 24.58 24.16
MnO 0.27 0.01 0.24 0.26
MgO 7.64 0.22 6.47 6.91
CaO 14.38 0.19 15.74 15.20
Na,O 0.03 0.05 0.018 0.016
K,O 0.01 0.01 0.008 0.053
P,0s 0.17 0.01 0.165 0.165
Total 100.55 0.25
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Table 2

Table 2. Major and trace element content of D’Orbigny glass bead (DO glass) measured by LA-
ICP-MS. All values are listed in pg/g unless otherwise denoted. D'Orbigny and Sahara 99555
(SAH 99555) whole rock from (51, 101,122, 123).

mass element D’O glass lo (n=25) D'Orbigny SAH 99555
23 Na,0% 0.0114 0.0006 0.0177 0.0164
26 Mg0% 7.61 0.15 6.47 6.91
27 Al,03% 12.18 0.17 12.35 12.71
29 Si0,% 39.85 0.00 37.54 38.51
39 K>0% 0.001 0.0001 0.008 0.053
43 Ca0% 14.32 0.21 15.74 15.20
45 Sc 425 0.7 425 48.8
49 TiOx% 0.86 0.02 0.83 0.90
51 A% 126 2 126 132
52 Cr 361 6 301 308
55 MnO% 0.24 0.003 0.24 0.26
57 FeO*% 24.84 0.34 24.58 24.16
59 Co 36.3 0.64 33.2 32.05
60 Ni 122 10.9 63 86
63 Cu 4.34 0.14 11.73 12.7
66 Zn 4.09 2.09 - -

85 Rb 0.03 0.003 0.42 0.85
88 Sr 117 1.9 119 100
89 Y 18.4 0.42 20.1 19.6
90 Zr 54.26 1.29 60.58 57.3
93 Nb 3.09 0.07 3.72 3.64
133 Cs 0.0037 0.001 0.0223 -

137 Ba 29.9 0.67 48.1 41.1
139 La 3.21 0.07 3.46 3.37
140 Ce 8.53 0.19 8.82 8.71
141 Pr 1.27 0.03 1.32 1.29
146 Nd 6.12 0.12 6.32 6.70
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147
153
157
159
163
165
166
169
172
175
177
181
182
208
232
238

Sm
Eu
Gd
Tb
Dy

Er
Tm
Yb
Lu
Hf

Ta

Pb

Th

1.87
0.76
2.48
0.44
2.95
0.66
1.88
0.28
1.85
0.28
1.37
0.17
0.41
0.08
0.42
0.11

0.05
0.02
0.07
0.01
0.07
0.01
0.04
0.01
0.05
0.01
0.04
0.01
0.01
0.01
0.01

0.004

2.08
0.81
2.59
0.48
295
0.67
2.01
0.32
1.99
0.29
1.50
0.19
0.23

0.41

0.09

2.12
0.83
2.70
0.51
3.40
0.76
2.16
0.33
2.12
0.32
1.64
0.20
0.33
0.45
0.43

0.11
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6L

Table 3

207pp-2%py, ages of silicophosphates in D’Orbigny. * Isotope data were corrected for instrumental element and isotope fractionations
with an in-house standard of Bear Lake apatite (958+13 Ma; 57) and Madagascar apatite (473.5 £0.7 Ma; 62). Terrestrial standards
were corrected for common Pb by monitoring ***Pb and applying the Pb evolution model of (Stacey and Kramers, 1975). Corrections
for common Pb of the angrite phosphates using Solar System initial Pb isotope compositions were not applied because “**Pb count
rates were too low for sufficiently precise ***Pb/***Pb isotope ratio measurements. Instrumental mass fractionation factors applied to
the measured **’Pb/***Pb isotope ratios were based on long-term measured values of 0.990 £ 0.005 (2SD). Random and systematic

uncertainties were propagated following methods outlined in Shaulis et al. (59). -- indicates no meaningful age can be calculated.

20pp/? 2pb/ 2Pb/
2ppy 207ppy/ H7pp/ 2W6ppy, error **U By 206pp
Sample Mpp  2SD  pPb* 28D Sy= 2SD  P*u* 28D Corr  Age 2SD  Age 2SD  Age 28D
D'Orbigny
1 0.0007 0.0011 0.6209 0.0396 119.6 14.1 1384  0.137 0841 5604 372 4867 119 4558 92
2 0.0170 0.0161 0.6388 0.0496 1169 13.0 1314  0.104 0715 5414 291 4844 112 4599 112
3 0.0030  0.0021 0.6274 0.0324 1004 89 1.140 0083  0.812 4935 248 4690 89 4573 75
4 0.0010  0.0013 0.6200 0.0294 96.6 93 1.119  0.093 0.870 4844 285 4651 97 4556 69
5 0.0003  0.0006 0.6230  0.0238 95.0 7.7 1095  0.078  0.881 4772 240 4635 81 4563 55
6 0.0005 0.0009 0.6287 0.0475 1092 138 1221  0.124 0803 5149 361 4775 128 4576 109
7 0.0030 0.0010 0.6401 0.0210 1148 6.7 1.288  0.062 0827 5339 175 4825 59 4602 48
8 0.0087 0.0094 0.5995 0.0281 1202 140 1439 0.154 0915 5754 407 4871 118 4507 68
9 0.0215 0.0196 0.6000 0.0315 93.9 9.0 1.124  0.090 0.837 4860 274 4623 96 4508 76
11 0.0147 0.0073 0.6336 0.0198 1189 65 1357  0.060 0.819 5531 166 4861 55 4587 45
wtd avg - - 4568 20



Yates Mine

wtd avg

0.0068
0.0038
0.0066
0.0061
0.0024

0.0061

0.0017
0.0017
0.0031
0.0018
0.0015

0.0025

0.0256
0.0826
0.0220
0.1283
0.0979

0.0467

0.0231
0.0175
0.0351
0.0230
0.0135

0.0283

0.55
1.84
0.46
0.86
2.18

0.99

0.49
0.40
0.73
0.16
0.32

0.60

0.1530
0.1597
0.1489
0.1569
0.1596

0.1525

0.0083
0.0084
0.0090
0.0084
0.0079

0.0085

0.060
0.239
0.038
0.286
0.337

0.091

919
956
896
941
955
916

932

47
46
51
47
44
48

19

443
1059
381
632
1174
699

335
145
558
88

102
318

2075
1585
32

316
258

1454
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Table 4
Table 4. Hydrogen isotope composition of olivine. Weighted average is that of
D’Orbigny and Sahara 99555.

spallation

corrected  spallation [H20]
D'Orbigny 6D 20 6D corrected 26 pg/g
Ol2b -77 84 -146 84 11
Ol2c -10 79 -93 79 12
Ol2a 29 76 -59 76 13
Ol13c -48 70 -99 70 16
Ool13 -60 71 -107 71 16
Ol13a 133 71 61 71 15
Ol113b 116 67 56 67 17
Oll3c-meso 229 74 127 74 13
Sahara 99555
Ols 225 115 46 115 8
OR2a -13 99 -63 99 8
Ol2b -66 70 -83 70 18
Oll10a 88 62 44 62 19
Ol10b 74 65 32 65 18
Ol10c 76 100 -1 100 7
wtd avg -31 39

81



Table 5
Table 5. Hydrogen isotope composition of silicophosphates.

spallation  spallation
corrected  corrected  [H20]

Sample 6D 20 oD 20 ug/g
D'Orbigny

Si-Phos1 1036 16 1034 16 1892
Si-Phos2 664 63 624 63 100
Si-Phos3 -158 93 -205 93 85
Si-Phos4 1034 19 1032 19 1701
Sahara 99555

Si-Phosl1 -129 135 -192 135 36
Si-Phos2 -209 132 -262 132 42
Si-Phos3 -25 88 -35 88 255
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Table 6

Table 6. Volatile element content of D’Orbigny glass bead in pg/g.

Number H,O le CO, lo F lo Cl lo
1 72 3 25 02 47 0.1 27 03
2 67 3 26 02 44 0.1 22 0.2
3 70 325 02 4.6 0.1 25 0.3
4 69 3 28 02 47 0.1 29 0.3
5 68 3 25 02 4.6 0.1 29 0.3
6 70 3 25 02 47 0.1 24 0.2
7 69 3 2.5 02 4.6 0.1 24 0.2
8 73 3 26 02 47 0.1 22 0.2
9 73 3 63 0.5 47 0.1 22 0.2
10 73 3 25 02 47 0.1 22 0.2
11 74 3 24 02 47 0.1 22 0.2
12 74 3 28 02 47 0.1 22 0.2
13 74 3 27 0.2 438 0.1 23 0.2
14 73 327 02 47 0.1 2.1 0.2
15 69 3 25 02 45 0.1 21 0.2
16 73 3 2.5 02 47 0.1 22 0.2
17 68 3 24 02 46 0.1 2.1 0.2
18 69 3 2.5 02 46 0.1 2.1 0.2
19 69 3 23 02 46 0.1 2.1 0.2
20 69 3 24 02 47 0.1 20 0.2
21 69 3 2.6 02 46 0.1 21 0.2
22 71 3 2.5 02 47 0.1 2.1 0.2
23 72 3 2.7 02 46 0.1 21 0.2
24 66 3 22 02 45 0.1 2.1 0.2
25 66 3 23 02 45 0.1 2.1 0.2
26 66 3 2.6 02 45 0.1 22 0.2
27 66 3 2.2 02 45 0.1 22 0.2
28 66 3 23 02 45 0.1 22 0.2
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30

31

65
66
63

3

23
2.2

2.1

0.2
0.2

0.2

4.6
4.6
4.6

0.1
0.1

0.1

2.6
23
23

0.3
0.2
0.2
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Table 7

Table 7. H isotope composition of D’Orbigny glass bead and spallation corrected H
isotope composition.

spallation  spallation

Number 8D 26 corrected  corrected 26
1 -7 69  -25 69
2 -140 66  -154 66
3

4 -57 65 -71 65
5 -37 70  -54 70
6 -50 69 -66 69
7 0 68  -17 68
8 -47 78  -70 78
9

10 -61 70 77 70
11 -4 70 -22 70
12 -6 74  -26 74
13 -4 72 23 72
14 =27 71 -46 71
15 =77 67 92 67
16 -109 66  -123 66
17 10 76 -12 76
18 -2 78  -25 78
19 29 75 7 75
20 -12 78  -35 78
21 146 82 115 82
22 81 79 55 79
23 -5 72 -24 72
24 55 77 30 77
25 -8 73 -28 73
26 39 81 11 81
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27
28
29
30
31

Wtg avg

56
93
50
119
116

81
87
81
80
83

28
59
23
91
85
-16

81
87
81
80
83

26
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Chapter 4

Vestigial volatile-bearing melts in the Vestan crust and the filiation

of Stannern Trend eucrites

4.1 Abstract

In this paper, we present a combined petrographic and geochemical study of the residual
eucrite Elephant Moraine 90020 (EET 90020), which is a meteorite derived from the
crust of an asteroid, most likely 4-Vesta. We propose a melt-rock interaction model to
describe the textures and chemical composition of EET 90020 and suggest a possible
origin of the chemically distinct Stannern-trend eucrite group. This meteorite contains an
ophitic coarse-grained domain, characterized by a typical magmatic texture that gradually
transitions into an equigranular fine-grained domain, which we interpret as a thermally
annealed portion of the sample. In addition, an apatite-rich subdomain (ARS) was
identified in the equigranular fine-grained domain. The trace-element composition of a
basaltic melt in equilibrium with the ARS was determined using mineral trace-element
composition in combination with published mineral-melt partition coefficients.

Stannern-trend melts are successfully modeled as a ~88:12 mixture of a main-group
eucritic composition (Juvinas) and the melt composition in equilibrium with ARS. The
occurrence of hydroxyl-bearing fluor-apatite demonstrates that water probably played a
role in melt generation on the asteroid.

This chapter was submitted as: Sarafian, A.R. and Marschall, H.R. Vestigial volatile-bearing
melts in the Vestan crust and the filiation of Stannern Trend eucrites. Meteoritics and Planetary
Science.
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4.2 Introduction

The howardite, eucrite, and diogenite (HED) clan are a group of achondrite meteorites
that probably originate from the same asteroid, namely 4-Vesta, or from similar asteroids
(1-5). Basaltic eucrites can be separated into three geochemical groups: (1) the main
group, (2) the Stannern-trend, and (3) residual eucrites (e.g., 6, 7). (1) Main-group
eucrites show a range in Mg# [=Mg/(MgtFe)], Sc abundances, and other magmatic
differentiation indices, and are enriched in incompatible elements with increasing
differentiation (Fig. 1). This was interpreted as a fractional crystallization trend (8),
which was later confirmed by trace element systematics (9). (2) Stannern-trend eucrites
show little variation in their differentiation indices and are enriched in incompatible
elements (Fig. 1). Stannern-trend eucrites could have formed from melts generated by
variable degrees of partial melting of the Vestan mantle (8) or from complex magma
mixing due to in situ crystallization (10), but they probably formed from incorporation of
partial melts derived from the eucritic crust (7, 11, 12). (3) Residual eucrites are the most
recently classified geochemical group of basaltic eucrites (7) and are depleted in
incompatible elements, but their major elements are similar to the main group (Fig. 1).
Residual eucrites are interpreted to be residues of low-degree partial melting, resulting in
the depletion of incompatible elements (7, /7, 13). In this paper we expand on a partial

melting model that links all three of these geochemical groups.

Thermal metamorphism on Vesta is ubiquitous (7, /4-17). Thermal metamorphism is
caused by heat conduction out of the interior of the asteroid and by burial of surface
material by subsequent lava flows (7). Intense thermal metamorphism probably led to
partial melting of the eucritic crust at deeper levels and adjacent to ascending magma
bodies, where heat flux was high (7, /1). Recently, evidence of partial melting of the
eucritic crust has been presented in the form of trace-element systematics in zircons (/8),
an enrichment in *°Fe in some eucrites (/2), and Fe-rich veins in eucrites (/9).
Additionally, the mobility and composition of eucritic partial melts have been examined

(13). With the above observations and experiments, we set forth to determine if melt—
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rock reaction can explain the genesis of the Stannern trend by studying the residual

eucrite Elephant Moraine 90020 (EET 90020).

EET 90020 was initially classified as an unbrecciated main group eucrite (16), then as an
anomalous main group eucrite (20), and finally as a residual eucrite (7). We accept the
most recent classification of EET 90020 as a residual eucrite. Residual eucrites provide
insight into partial melting of the eucritic crust. Two lithologies in EET 90020 have been
described, a coarse-grained lithology and a fine-grained lithology (16). The two
lithologies are thought to have experienced varying degrees of melting and melt-rock

interaction (7, this study).

In this paper, we use the petrogenesis of EET 90020 to provide further evidence in
support of the partial melt model to explain the genesis of Stannern trend eucrites (17, 12,
18, 19). We argue that the partial melt that was extracted from EET 90020 was phosphate
saturated, generating an apatite-rich region. We further suggest that partial melts with the
same composition mixed with main-group magmas, resulting in the composition of the
enriched, Stannern-trend magmas. This relatively simple model can explain all three
eucrite chemical groups/trends. We also suggest from the composition of apatite that H,O

played a vital role in crustal partial melting on Vesta.

4.3 Sample description
EET 90020 is a residual eucrite that has been extensively studied (7, 16, 20-22). The two

described lithologies are a subophitic “coarse-grained lithology” and an equigranular
“fine-grained lithology”. We will hereafter refer to the “coarse-grained lithology™ as the
ophitic coarse-grained domain and to the “fine-grained lithology” as the equigranular
fine-grained domain (Fig. 2 & 3). A sub-domain of the equigranular fine-grained
domain is extremely rich in apatite (Fig 2; 27) and will be called the apatite-rich sub-
domain (ARS). These revised petrographic subdivisions are required and useful because

the equigranular fine-grained domain is coarser grained than the ARS, whereas the
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ophitic coarse-grained and equigranular fine-grained domains really have similar grain
sizes (Figs. 2 & 3); also, both domains have varying grain sizes on the hand-sample scale
and among different thin sections (/6). However, we elect to keep the terms “fine-
grained” and “coarse-grained” to maintain consistency with the nomenclature of ref (/6).
This paper focuses on key differences among these three domains, but more detailed

descriptions can be found elsewhere (16, 20, 21, 23).

4.3.1 Macroscopic description

We investigated the main mass of EET 90020, a ~ 53 x 4.5 x 4.8 cm’ spheroidal
meteorite (see supplemental). Weathering and fracturing of EET 90020 is minimal,
although meandering cavities that are several mm in size are present throughout the
sample. Two different textures can be discerned in hand sample, one with more milky
white minerals than the other. The ophitic coarse-grained domain and equigranular fine-
grained domain were easily distinguished when using a hand lens, but they appear to

grade into one another on the mm scale.

4.3.2 Microscopic description

EET 90020 (,16 ,17, 20) were carefully examined by light and electron microscopy and
examined in thin section (,7) by light microscopy and with element map mosaics (22).
We also quantitatively examined several photomicrographs and backscattered electron
images of EET 90020 (,18), (, 28) (/6). EET 90020, 17 was the focus of our study, as this

section contained all three described domains.

4.3.2.1 Ophitic coarse-grained domain: The ophitic coarse-grained domain has ophitic
plagioclase (An 87-91), which is ~0.7 mm in the long direction (Figs. 2 & 3). Plagioclase
has abundant SiO; inclusions (probably tridymite) in the core. Orthopyroxene with 1-3
um wide lamella of augite in the ophitic fine-grained domain is ~0.7 mm in the long

direction and is generally interstitial to the plagioclase. The ophitic coarse-grained
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domain has ~0.5 % (modal abundance by volume) opaque phases (troilite, metal, and
ilmenite). These phases occur as interstitial subhedral grains along with the volatile-free
phosphate, merrillite. Silica, presumably tridymite, occurs as anhedral interstitial grains

~0.4 mm in length.

4.3.2.2 The equigranular fine-grained domain: The equigranular fine-grained domain
consists of sub-ophitic to equigranular plagioclase with an annealed texture (0.5-1 mm
grain diameters) and equigranular pyroxene (0.1-1.2 mm grain diameters). These
plagioclase grains have an An content of 87-91. The equigranular fine-grained domain
has ~0.1 % (modal abundance by volume) opaque phases (troilite, metal, ilmenite).
These phases occur as interstitial subhedral grains. Silica occurs as anhedral interstitial
grains up to 1 mm in length. Silica is more abundant in the equigranular fine-grained
domain than in the ophitic coarse-grained domain and the opaque phases are less

abundant.

4.3.2.3 The apatite-rich subdomain (ARS): The ARS has equigranular plagioclase,
0.1 mm in diameter. No SiO, inclusions were found in the ARS. Pyroxene in the ARS is
equigranular and ~0.4 mm long in the longest dimension. No opaque phases were
observed in the ARS, but the ARS does have a high abundance of apatite, which
importantly is a volatile bearing phosphate. Subhedral apatite is up to 1 mm long and
does not appear to be oriented. Apatite grains oriented with their crystallographic c-axes
at right angles relative to each other and many grains at intermediate angles have been
identified within the space of 1 mm. Silica in the ARS is found as ~50 pm grains

interstitial to plagioclase.

4.4 Analytical Methods
4.4.1 Electron probe microanalysis (EPMA)
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Plagioclase, pyroxene, and tridymite were measured with the JEOL 8600 electron
microprobe at the University of Georgia. An accelerating voltage of 15 kV, a beam
current of 15 nA, a 1 um spot for pyroxene and tridymite, and a 5 pm spot for plagioclase
were used. Natural and synthetic standards (albite, olivine, spinel, diopside, orthoclase,
sphene, rutile, spessartine, fayalite, chromite) were used. We analyzed plagioclase,
pyroxene, and tridymite from the ARS to supplement the extensive mineral analyses for
the ophitic coarse-grained domain and the equigranular fine-grained domain available

from the literature (16, 22).

4.4.2 Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)

Plagioclase, pyroxene, and apatite were measured at the University of Maryland using a
Nu Wave Nd-YAG laser (213 nm) coupled to a thermo Finnigan Element 2 single-
collector inductively coupled plasma mass spectrometer (LA-ICP-MS) using low mass
resolving power, M/AM = 300. A laser pulse rate of 7 Hz and an energy of ~2.6 Jem?
was used. LA-ICP-MS has been proven through many analytical studies as a robust
method measure trace elements in small volumes from a variety of matrix materials (24-
32). Some studies have examined elemental fractionation as a function of wavelength of
laser used (33), and found this effect is <10 % for 213 nm and 193 nm lasers, and less
elemental fractionation occurs when target minerals are relatively opaque to the laser
used, such as plagioclase and pyroxene. We used a 3 cm’ ablation cell, with a washout
time of >120 s, and was flushed with He gas to enhance production. Each analysis was 60
s, consisting of 20 s of background followed by 40 s of laser ablation. Data were
collected in time-resolve mode so effects of inclusions and ablating through the thin
section could be accounted for. Counts vs. time was plotted for each analysis and
integration intervals for the background and sample analysis was determined using LAM-
TRACE software. Oxide interferences were mitigated by ensuring **Th'*0/%?Th <0.02.
Thus, *’Ba'®0 interference on '**Eu contributes a maximum of 4 % of total signal for the
most Ba-rich plagioclase measured, 0.05 % for %Ba'®0 on '**Nd making a negligible
contribution to total Eu and Nd contents. Standard reference material NIST 610 glass was

used as a primary standard, as matrix matched trace element standards (e.g., plagioclase
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and pyroxene) are not widely available. LA-ICP-MS has been shown to be matrix
tolerant (23, 34), allowing for silicate glasses to be used as primary and secondary
reference materials for silicates and phosphates. We used a secondary reference material,
BHVO-2G, to ensure our calibration was accurate. We reproduced the published values
of BHVO-2G (30, 31) on average within 8%, but as poorly as 22% for W and 13-19%
for the HREE. Thus, the LA-ICP-MS is accurate to at least 22 %, but more commonly to
approximately 8 %. We preformed 16 analyses of BHVO-2G throughout the analytical
session which yielded a reproducibility of 2-18 % with a mean of 6 % (lo); worse
precision occurred in unknowns with lower elemental concentrations than our secondary
standard. Analyzed masses (table 1) were normalized to Ca, which was measured by
EPMA. Detection limits were determined by using 3 & of the background (table 1). Laser
spot size varied (20-60 pm) based on grain size. Larger spots were used on exsolved
pyroxenes to obtain their average, re-integrated compositions. Smaller spot sizes were
used on plagioclase grains with abundant inclusions in order to avoid mineral inclusions

within the plagioclase.

4.5 Results
4.5.1 Plagioclase

The shape of the trace-element patterns in plagioclase in the equigranular coarse-grained
domain and ophitic fine-grained domain generally agree with previous SIMS data (/6),
but the concentrations reported here are approximately 15 % higher (table 2, Fig. 4c).
These 15 % are not outside the combined analytical uncertainties of the two techniques
used, i.e., ICP-MS in this study and SIMS by ref (16) for most elements (Fig. 4). Multi-
element plots are presented normalized to the concentrations reported for the whole-rock

composition of CI chondrite (Fig. 4) (35).

Positive anomalies exist for Sr, Ba, and Eu, i.e., elements that are compatible in
plagioclase and typically substitute for Ca (Fig. 4c). Plagioclase major element

compositions in the ARS are indistinguishable from those of plagioclase in the
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equigranular fine-grained and ophitic coarse-grained domains (table 3) (/6). However,

there are notable differences in their respective trace-element concentrations.

4.5.2 Pyroxene

The shape of the trace-element patterns in pyroxene in the equigranular fine-grained and
ophitic coarse-grained domains also generally agree with previous SIMS data (table 2)
(16), but the absolute concentrations reported here (table 2, Fig. 4b) are again
approximately 15 % higher than previously reported data for most elements. The major
element composition of pyroxene of the ARS is indistinguishable from those of the
equigranular fine-grained and ophitic coarse-grained domains (table 3) (/6). Trace-
element abundances in pyroxene are also similar among lithologies, but pyroxene in the

ARS has a less pronounced negative Ba anomaly (table 2).

4.5.3 Apatite

Trace-element data for apatite are presented in table 1, and the Cl-normalized trace-
element pattern is displayed in Fig. 4a. The shape of the trace-element patterns of apatite
in the ARS domain generally agrees with previous SIMS data (16), apart from slightly
lower La/LLu (La/Lu = 52 this study; La/Lu= 71; Yamaguchi et al 2001). In addition, we
analyzed the apatite for actinides and found notably high abundances of Th and U (table
2). We use the data of Sarafian, Roden and Patifio Douce (27) for the halogen and H,O
content of apatite in EET 90020, which were derived from the same thin section
investigated here (,17). Of the 14 meteorites examined for halogens and H;O in eucritic
apatite, EET 90020 has the lowest Cl content of any eucrite measured and has a higher

average OH content than most eucrites (21, 36).

4.6 Discussion

4.6.1 The origin of the equigranular fine-grained domain, ophitic coarse-grained

domain, and the ARS — A melt—rock reaction model
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Our model is a refinement of previously proposed partial-melt models (7, 11-13), where
we take into account the presence of the ARS, the textures observed in the meteorite, the
mineral compositions, and the bulk chemical composition of EET 90020. In our melt—
rock interaction model, focused silicate melt channels ascended through the Vestan crust
and heated the surrounding crust (Fig. 5). Heat emanating from the melt conduits led to
textural annealing of the country rock of the melt channel. The equigranular fine-grained
domain observed in EET 90020 is interpreted as a sample of the texturally annealed rocks
adjacent to one of these melt channels. The thermally annealed equigranular fine-grained
domain continuously grades into texturally unequilibrated rock (the ophitic coarse-
grained domain; Fig. 2 & 3), which is consistent with the thermal influence of the melt
conduit dissipating with distance from the conduit. The thermal gradient in such a system
would have resulted in the two domains preserved in EET 90020. Thermal gradients and
annealing textures near channelized melt-flows are common and have been thoroughly

studied in terrestrial mafic and ultramafic settings (37-39)

High degrees of thermal annealing was accompanied by partial melting in some eucrites
(see supplement; 7, 11). Low degree eucritic partial melts are mobile, highly enriched in
incompatible trace elements, but not enriched in compatible trace elements (/3). Most
importantly, low degree partial melting may not effect the major mineral texture of the
basalt compared to the igneous protolith (7/3). Low degrees of basalt partial melting
mobilizes the mesostasis, which includes the phosphates (/3). Thus, the P content of low
degree basalt partial melts should be elevated. In the following paragraph we will discuss

observations and implications of melts with very high P contents.

The ARS has apatite grains up to 1 mm in length, with a modal abundance of 18 %
apatite, which translates to 8.2 wt% P,0s; this dwarfs the 0.04-0.11 wt% P,0s usually
reported for eucrites (40). According to P saturation models (41, 42), eucritic melts
cannot dissolve more than approximately 0.4 wt% P,0Os at near-solidus temperatures.
Consequently, the ARS cannot represent a bulk portion of crystallized melt. Hence, either

(1) the ARS must be a cumulate in which apatite, plagioclase and pyroxene were liquidus

95



phases, or (2) apatite is grossly over-sampled in the examined thin sections of the ARS.
Our thin section of ARS (EET 90020,17) is more apatite-rich than EET 90020, 18, which
has ~5.4 % modal abundance of apatite, corresponding to 2.4 wt% P,0s (/6), which is
still above the P,Os saturation predicted from apatite saturation experiments. Partial
melting experiments show that a eucrite with a bulk P,Os content of 300 pg/g can
produce low degree melts with 3.8 wt% P,0s (/3). A decrease in temperature or silica
activity or an increase in CaO activity in a melt with such a high abundance of P,Os
would lead to apatite saturation and crystallization. Continuous recharging of low-degree
melts percolating through surrounding rocks would lead to a significant accumulation of
apatite, similar to that found in the ARS. The extreme abundance of apatite in the ARS
suggests that the apatite was formed by accumulation of co-crystallizing phases (mainly

apatite and plagioclase).

Evidence for the co-precipitation of apatite and plagioclase is provided by approximately
equal abundances of Sr in the two phases combined with the similar compatibility of Sr
in plagioclase and apatite as determined by experiments (Table 1; 34). Note that apatite in
terrestrial magmatic rocks is typically depleted in Sr relative to plagioclase (e.g., 43).
This is probably caused by Sr depletion of the melt by early crystallization of plagioclase,
leaving subsequently crystallized apatite depleted in Sr (43). Hence, similar Sr
abundances in apatite and plagioclase in the ARS are evidence for co-crystallization of

the two phases.

In our melt reaction model the ARS is in between the equigranular fine-grained and
ophitic coarse-grained domains, or the ARS could also occur within the equigranular
fine-grained domain. The highly mobile low degree P- and incompatible element-rich
partial melts (/3) migrated through the equigranular fine-grained and ophitic coarse-
grained domains and equilibrated with the silicate phases (Figs. 4 & 6). Differences in the
trace element content of pyroxenes and plagioclase between our data and previously
reported data could be due to variable amounts of partial melting in EET 90020 (Fig 4).

The ARS melt would be undersaturated with respect to apatite in the hotter equigranular
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fine-grained domain, which would be close to the magma conduit, and could be saturated
with respect to apatite while migrating through the colder ophitic coarse-grained domain
further from the magma conduit, as apatite saturation is a strong function of temperature
(41, 42). The accumulation of apatite and plagioclase could also result in minor changes
in melt composition, as apatite saturation is a function of T, P,Os SiO,, and CaO (41,
42). In turn, if our model is correct, then other pockets of ARS should be present at
relatively colder parts of the system, either the transition from the equigranular fine-
grained domain to the ophitic coarse-grained domain, or within the ophitic coarse-grained

domain where minor changes in melt composition occurred.

To summarize, all three (sub)domains in EET 90020 can be described with magmatic,
annealing, partial melting, and apatite saturation processes. Our genetic model suggests
that EET 90020 was located adjacent to a magma conduit on its parent asteroid; intense
thermal annealing generated the equigranular fine-grained domain, whereas the ophitic
coarse-grained domain was texturally unaffected. Melt flux in the passing magma conduit
caused small degrees of partial melting in the adjacent wall rock. This partial melt was

apatite saturated, which caused the crystallization of abundant apatite.

4.6.2 Trace-element composition of ARS-forming melt

Mineral compositions in combination with published mineral-melt partition coefficients
(D) were used to determine the trace-element composition of the melt in equilibrium with
the ARS. Three independent estimates of the melt composition can be derived using
mineral-melt partition coefficients for apatite, plagioclase, and pyroxene, respectively.
However, experimentally determined partition coefficients for some elements in some
minerals have high uncertainties. In particular, partition coefficients larger than ~1000 or
smaller than ~0.001 bear larger uncertainties due to analytical difficulties with measuring
glass (melt) and mineral compositions that are vastly different. Thus for the
determination of the concentrations of different trace element in the melt, we selectively

favored the phases for which partition coefficients are relatively close to unity, as we
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consider those values more robust (table 1). We were able to estimate the melt
composition using the above partition coefficients, and we used the Stannern-trend

eucrite Bouvante as a reference for a Stannern-trend melt composition (Fig. 6a).

The calculated melt is enriched in all incompatible trace elements with respect to the bulk
rock (20). Uranium and Th contents in the melt (289 pg/g U; 100 pg/g Th) calculated
from apatite/melt partition coefficient (D(Ap/melt) = 0.17 for U and 0.7 for Th; 34) are
two to three orders of magnitude higher than the expected levels for a eucritic melt (0.09
ug/g U; 0.4 pg/g Th; 11). This suggests that either (1) the partition coefficients for U and
Th between apatite and eucrite melts are two orders of magnitude higher than between
apatite and basaltic melt, (2) the melt was highly enriched in U and Th, or (3) apatite was
not in equilibrium with a melt with respect to U and Th. Regarding option (1), partition
coefficients for apatite-melt are well established, they are close to 1, and while they vary
with respect to melt composition, they do not vary by more than a factor of 5 between
basaltic and basaltic andesite melts (34). (2) Estimated melt compositions from minerals
that crystallize close to the solidus generally overestimate the abundances of
incompatible trace elements in the initial bulk melt. However, if the extent of
crystallization is known, a primitive melt composition can still be reconstructed (44).
Apatite in EET 90020 appears to be a liquidus phase judging form petrographic evidence
and from the comparable Sr contents in coexisting apatite and plagioclase. Hence, no
correction is required to estimate the trace-element composition of the initial melt.
Consequently, U and Th could have been highly enriched in the melt. (3) An alternative
scenario to apatite crystallization in equilibrium with a melt is that it crystallized from a
fluid. D(apatite/fluid) values for Th and U are significantly higher than D(apatite/melt)
values (45, 46). Lower solubility of U in fluids at reducing conditions may be expected to
produce lower U/Th ratios in potential fluid-precipitated apatite on Vesta. However, the
U/Th ratio in EET 90020 apatite is extremely high, suggesting that the apatite did not
crystallize from an oxidizing fluid. The reason for the anomalously high U and Th

concentrations in apatite is unclear, thus, we do not calculate a melt U or Th content.
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Water content of the apatite could be telling of the water content of the ARS melt if
reliable, pressure-dependent exchange coefficients were available for OH and F between
apatite and melt. However, these data are not available to date, and the pressure for the
formation of the ARS is not constrained, so we cannot determine the water content of the
melt. However, if the apatite in the ARS melt crystallized under similar conditions as
apatite in other eucrites, we can qualitatively say that the ARS melt had a higher H,O/F
ratio than the melts from which most other eucrites formed (47). This is expected from
our model, as water is more incompatible in eucritic silicates compared to F (48, 49) and

is enriched along with the other incompatible elements.

Our calculated melt trace-element composition is similar to the composition produced by
the 10 % crustal partial-melt model of ref (/7). Minor differences exist for some elements
(Fig. 6a), but the agreement between our calculated melt and the melting model of Barrat
et al. (11) is striking. The melt calculated here is slightly enriched in Rb and LREE

compared to previous models (/7).

4.6.3 Origin of Stannern-trend eucrites

Stannern-trend eucrites are distinct among eucrites for their major and trace element
compositions (//, 18), and isotopes (/2, 50). Barat et al (/1) suggested that the Stannern
trend represents a main-group magma contaminated by a melt generated by partial
melting of the crust. Partial melting of the crust is relatively common among eucrites (7,
12, 18, 19) and one might surmise that partial melting of the crust could play a role in the
genesis of the Stannern trend. Our observations support the partial melting model for the
origin of residual eucrites (7, /1), but we suggest a melt-rock interaction mechanism
rather than a simple melt-extraction model. The accumulation of apatite and plagioclase
evident in EET 90020 is likely the result of melt-rock reaction, and this modification to
previous models can help describe the P content of Stannern trend rocks (see below). In
the terrestrial mantle, similar melt—rock reactions processes occur where basaltic melts

are extracted from peridotite (37-39, 51, 52); for example, the melts typically dissolve
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clinopyroxene in the surrounding rock and precipitate orthopyroxene or olivine. This
melt-rock reaction does not significantly change the major element and compatible trace-
element composition of the residual rock (with the exception of Ca), but it leads to a
strong depletion of the incompatible trace-elements in the residual rock. Similarly, the
major and compatible trace elements (e.g., Sc and Sr) in residual eucrites are virtually
unchanged by this melt—rock reaction, but the incompatible trace elements are highly
depleted (e.g., REE; 7, 20) (Fig. 1). The decoupling of major elements from incompatible
trace elements has been a long-standing conundrum (9-11) that could be explained by a

melt-rock reaction process.

The mixing ratio required to create a Stannern-like melt from the melt in equilibrium with
the ARS with the main group eucrite Juvinas can be estimated from their respective trace-
element abundances. A mixture of ~12 % ARS-forming melt and ~88 % melt of Juvinas
composition matches the trace-element pattern of the Stannern-trend eucrite Bouvante
(Figs. 1 & 6b). Thus, the Stannern-trend eucrites could originate from melt that reacted
with the eucritic crust during ascent and subsequently mixed with a primitive magma
(modeled here by using the composition of the well-studied basaltic main group eucrite
Juvinas). This hypothesis is in general agreement with, and an extension of, the

conclusions of ref (/7).

Ref (/1) mentions that P concentrations in Stannern-trend eucrites are highly variable,
yet P should behave similar to the LREE. This unpredictable behavior of P may have
been caused by variable amounts of apatite fractionation during the melt-rock interaction
process. These variations could be due to changes in P solubility due to minor changes in
the Si and Ca content of partial melts, as low degree (<7 %) partial melts are enriched in
Si and depleted in Ca (53, 54), or the variations in P concentration could be due to
exhaustion of P-rich phases, like apatite and merrillite during the low degree partial

melting event.
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4.7 Concluding remarks

We identified a petrographic subdomain in the rock, the ARS, which we interpret as a
product of melt-rock reaction. The model suggests that heat emanated from a
channelized melt conduit thermally annealed the surrounding basaltic crust with radially
decreasing intensity, and partially melted the crust to a low degree. This low-degree melt
produced the ARS co-precipitated mainly apatite and plagioclase and was enriched in
trace elements compared to the most enriched group of eucrites, the Stannern-trend
eucrites. The Stannern trend can be modeled as a 88:12 mix of the main group eucrite
Juvinas and the enriched melt in equilibrium with the ARS. This model extends and
refines the model of ref (/7). Apatite in the ARS contains significant amounts of OH,
showing that melting on Vesta was not anhydrous. The high abundances of U and Th in
apatite appear to be inconsistent with apatite—melt equilibrium during melt-rock

interaction, but the cause of this inconstancy remains unresolved.
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4.10 Figures and Tables
Figure 1
Nd vs. Sc plot for eucrites (7, 10, 11, 40, 58). Juvinas and EET 82600 are presented to

show slight variations in magma composition for mixing relations with the enriched melt.
Black box is EET 90020.
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Figure 2
Plane-polarized light photomosaic of EET 90020 with spatial relationships among the

ophitic fine-grained domain, equigranular coarse-grained domain, and ARS.
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Figure 3

(a) Plane-polarized light image of the equigranular fine-grained domain. (b) Crossed-
polarized light image of the equigranular fine-grained domain. (c) Plane-polarized light
image of the ophitic coarse-grained domain. (d) Crossed-polarized light image of the
ophitic coarse-grained domain. (e) Plane-polarized light image of the equigranular fine-
grained domain adjacent to the coarse-grained domain Plagioclase is ~0.7 mm in the long
direction in all images. Plagioclase is opaque/white in plane polarized light (a.c, and €)
and 1* order gray in crossed-polarized light (b and d). Pyroxene is pinkish in plane-
polarized light with sub-parallel exsolution lamellae (a, ¢, and ) and has high-order
colors in crossed polarized light (b and d). Note abundant SiO, inclusions in ophitic
plagioclase, but relatively few inclusions in recrystallized equigranular plagioclase. The

scale is the same in all images
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Figure 4
Cl-normalized trace-element patterns for (a) apatite, (b) pyroxene, and (c) plagioclase in
the ophitic coarse-grain domain (OD), equigranular fine-grain domain (ED), and apatite-

rich subdomain (ARS). CI chondrite from (35).
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Figure §
Conceptual model of the genesis of EET 90020, the main group and Stannern-trend
eucrites. Modified from ref (11).
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Figure 6

(a) Juvinas-normalized trace-element patterns for the calculated melt in equilibrium with
the ARS (shaded region), Bouvante, and a 10 % partial melt from the model of (/7).
Bouvante data are from (/7). (b) Cl-normalized trace-element patterns for a 12:88 mix of

the ARS melt and Juvinas (shaded region). Juvinas composition from (/7).
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Table 1
Trace element compositions of BHVO determined by LA-ICP-MS.

BHVO
element D D D
(ng/g) mass (plg) (pyx) (ap) UMD 1stdev Reference*  detection limit
Sc 45 - 0.808" - 29.8  0.684 33 0.256
Ti 49 - 0.451° - 15500 450 16300 0.946
\% 51 - 1.810° - 322 5.33 308 0.072
Cr 53 - 1.660° - 295 4.56 293 1.27
FeO 57 - - - 110 0311 11.3 0.002
Ga 71 - - - 222 0.646 22 0.083
Rb 85  0.080° 0.003° 0.001° 939  0.353 9.2 0.029
Sr 86  1.610° 0.002° 1.370° 383 6.01 396 2.570
Y 89 - - 2.910° 210  0.592 26 0.015
Zr 90 - 0.063°  0.056° 148 3.70 170 0.037
Nb 93 0.005° 0.020° 0.002° 17.7  0.693 18.3 0.012
Cs 133 - - - 0.100 0.018 0.1 0.012
Ba 137 0.686" 0.013° 0.060° 130 5.84 131 0.070
La 139 0.042° 0.001° 2.940° 146  0.499 15.2 0.009
Ce 140 0.030° 0.002° 3.230° 368 0810 37.6 0.004
Pr 141 - - 3.860° 5.18 0274 5.35 0.018
Nd 146 0.024°  0.006° 4.801° 232 1.00 24.5 0.025
Sm 147  0.017° 0.011° 5.860° 562 0.362 6.1 0.011
Eu 153 1.200° 0.007° - 1.99  0.132 2.07 0.007
Gd 157 0.011° 0.021° 5.130° 546 0276 6.16 0.043
Tb 159  0.010° 0.027° 4.497° 0.75  0.049 0.92 0.002
Dy 163 0.009° 0.034° 4.068° 450 0212 5.28 0.015
Ho 165 - - 3.576°  0.83  0.061 0.98 0.003
Er 167  0.008° 0.055° 3.046° 2.08 0.116 2.56 0.011
Tm 169 - - 2.439° 029  0.031 0.34 0.004
Yb 173 0.007° 0.087° 1.753° 1.72  0.147 2.01 0.008
Lu 175 0.007° 0.110° 1.220° 024  0.012 0.279 0.005
Hf 179 0.013°  0.013* 0.014° 381 0278 432 0.014
Pb 206 - 0.010* 0.100° 1.67 0.120 1.7 0.026
Th 232 - 0.014* 0.700° 1.09  0.073 1.22 0.002
U 238 - - 0.170° 040 0.038 0.403 0.001

Partition coefficients (D) are taken from: a - Hauri, Wagner and Grove (55), b -Snyder,
Taylor and Neal (56), ¢ - Prowatke and Klemme (34), d - Green, Sie, Ryan and Cousens
(57). Bold typeface indicates that specific partition coefficient was used. If two partition
coefficients are bolded, then the average calculated melt composition was used. n.d. is

not detected.
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Table 2

Table 2. Trace element content of phases in EET 90020. The 1o precision is a maximum
value, using internal precision or deviation from the mean of multiple analyses,

whichever is larger. plg is plagioclase, pyx is pyroxene, ap is apatie. n.d. is not detected.
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L11

OD ED ARS
clement Io x lo 1 1o 1 ! | 1 i
(ng/e) g py pig pyx c pig Y pyx c ap Y
Sc n.d. 54.8 1.81 n.d. - 544 1.12 n.d. - 62.5 3.87 n.d. -
Ti 225 12.7 3960 117 179 51.5 3610 134 148 19.8 3880 321 39.1 7.32
\Y 450 0212 80.1 1.63 243  0.156 923 8.56 n.d. - 76.8 8.56 n.d. -
Cr 543 1.09 1890  38.7 n.d. - 2090 71.79 nd. - 1760 197 n.d. -
FeO 0.448 0.659 28.9 3.68 0.340 0.556 17.3 10.7 n.d. - 30.4 4.94 n.d. 0.325
Ga 448 0.340 1.09 0.206 332 0.294 1.08 0.174 n.d. - 1.06 0.180 41.7 5.79
Rb n.d. - 0.061 0.029 0.550 0.087 0.046 0.029 0.219 0.193 0.066 0.030 0.241 0.06
Sr 234 10.5 n.d. - 240 27.5 n.d. - 249 32.7 n.d. - 154 223
Y n.d. - 19.2 2.85 0.717 0.268 20.7 0.606 0.225 0.141 15.1 1.80 339 59.3
Zr n.d. - 71.4 3.91 3.56 0.263 59.0 7.944 0.076 0.039 58.9 6.63 392 69.4
Nb 0.299 0.210 0.693 0.111 0.025 0.035 0.477 0.086 n.d. - 0.4 0.124 0.155 0.042
Cs n.d. - 0.017 0.017 n.d. - n.d. - n.d. - 0385 0.06 0.024 0.02
Ba 101 5.14 n.d. - 122 10.3 n.d. - 124 31.5 n.d. - 7.05 3.99
La 1.78 0.666 0.289 0.103 239 0.163 0274 0.055 1.73 0.568 0.246 0.057 126 14.9
Ce 2.83 0.690 1.31 0.158 4.04 0755 133 0.127 287 0606 111 0.128 345 46.8
Pr 0425 0.143 0.294 0.059 0417 0.097 0336 0.060 0.30f 0.173 0254 0.052 553 7.14
Nd 1.75 1.31 1.97 0.425 1.41 0.317 2.29 0.382 0952 0461 1.79 0.337 273 353
Sm n.d. - 0.941 0.289 n.d. - 1.36 0.324 n.d. - 0.956 0.297 771 7.32
Eu 1.86 0.206 0.028 0.030 1.76 0234 nd. - 1.77 0329 nd. - 1.82  0.660
Gd n.d. - 2.07 0.495 n.d. - 2.11 0.406 n.d. - 1.63 0.359 82.3 12.3
Tb n.d. - 0.425 0.067 nd. - 0.417 0.067 0.04 0.023 0346 0.078 12 1.97
Dy n.d - 3.04 0.581 n.d. - 3.42 0.380 n.d. - 2.88 0.486 62 7.42
Ho n.d. - 0.731 0.153  n.d. - 0.809 0.145 nd. - 0.613 0.120 114 1.09
Er n.d. - 232 0344 nd - 241 0334 nd. - 2.05 0.559 33 5.46
Tm n.d. - 0.414 0.080 n.d. - 0.357 0.062 nd. - 0342 0.063 3.05 0652
Yb n.d. - 2.73 0435 nd. - 255 0419 nd. - 245  0.599 16.8 3.70
Lu n.d. - 041 0.069 nd. - 0.382 0.072 nd. - 0.348 0.063 242 0479
Hf n.d. - 205 0404 nd - 1.13 0387 nd. - 259  0.468 1.74  0.606
Pb n.d. - 0.023 0.013 nd. - n.d. - n.d. - n.d. - 96.1 3.63
Th n.d. - n.d - n.d. - n.d. - n.d. - n.d. - 70.3 14.7
U n.d. - n.d - n.d. - n.d. - n.d. - n.d. - 49.2 3.97




Table 3

Representative major element composition of ARS silicate minerals. Low and hi Ca-pyx are
analyzed from exsolved pyroxene.

high
plagioclase low Ca-pyx Ca-pyx tridymite

SiO, 46.70 48.49 49.68 99.03
TiO, n.d 0.56 1.00 0.21
AlOs 33.51 0.40 1.22 0.57
MgO 0.03 11.74 10.01 0.02
FeO 0.45 3548 17.63 0.14
MnO 0.05 1.28 0.57 0
CaO 18.18 1.84 19.38 0.05
K20 0.07 n.d. n.d. 0.30
Na,O 1.25 n.d. 0.03 0.03
Cr,03 n.d. 0.17 0.67 n.d.
Sum 100.23 99.95 100.19 100.36
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Chapter 5

The water and Fluorine content of 4 Vesta

5.1 Abstract

The processes that controlled accretion of water and volatiles to the inner solar system remains
enigmatic. This is because determining in the absolute concentrations of volatile elements for
planetary bodies is difficult. In this contribution we study rare unequilibrated eucrites, derived
from the asteroid 4 Vesta, to determine the water and fluorine content of 4 Vesta. We establish
minimum water and F content of 4 Vesta by using newly established partition coefficients. We
also confirm that the D/H of eucrites matches that of carbonaceous chondrites.

This chapter will be submitted as: Adam R. Sarafian, Sune G. Nielsen, Horst R. Marschall Erik Hauri,
Glenn A. Gaetani, Kevin righter, Tim Grove, Eve Berger, The water and Fluorine content of 4 Vesta,
Geochimica et Cosmochimica acta.
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5.2 Introduction

Eucrites are a large group of mafic meteorites that, together with howardites and diogenites, form
a suit of rocks dubbed the HEDs. HEDs are thought to be derived from the asteroid 4 Vesta.
Eucrites can be subdivided into basaltic and cumulate, or Mg-rich, where the basaltic eucrites are
thought to represent a primitive crust on the asteroid 4 Vesta and other associated asteroids (/).
Eucrites can be further subdivided based on their bulk chemical composition into a main group,
which likely represents fractional crystallization, and an incompatible element-rich group named

the Stannern trend.

The origins of the main group and Stannern trend have been debated. Some argue that the main
group represents fractional crystallization of a magma ocean, where the most Mg-rich basaltic
eucrites represent the earliest products of the magma ocean and the most Mg poor basalt eucrites
represent the evolved magma ocean (2). Others have hypothesized that the main group resulted
from varying degrees of partial melting of the Vestan mantle (3). Importantly, there is evidence
that the hypothesized magma ocean degassed several volatile species during solidification,
including H, Cl, K, and Zn (4, 5). Therefore, while magma ocean crystallization can be
successfully modeled using bulk refractory element concentrations in eucrites, this is not the case
for volatile elements (2, 4). The Stannern trend was likely formed from magma interacting with

the eucritic crust prior to emplacement or eruption (6, 7).

All eucrites are depleted in volatile elements relative to Earth and carbonaceous chondrites. For
example, the K/U of, eucrites, Earth, and CI carbonaceous chondrites are 4,000, 12,000 and
74,000 respectively (8, 9), which suggests that Vesta contains at most a third of the volatile
element complement of Earth. Despite this strong volatile element depletion in Vesta, there are
multiple lines of evidence that volatile elements, including H, affected the geological history of
eucrites. For example, fluids may have precipitated veins consisting of apatite, Fe-rich olivine
and quartz (/0-13). While the source of these relatively late stage fluids may be exotic or local,
hydrogen in magmatic apatite grains in eucrites has been shown to have a carbonaceous

chondrite-like 8D (8D is the deviation of the sample from standard mean ocean water in parts per
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1000) (4, 14, 15), which implies that Vesta accumulated some amount of water during its early
accretion history. However, none of these studies were able to determine the volatile-element
content of 4 Vesta. Sarafian et al. () offered two poorly constrained estimates, an upper bound
based on the K/U of Vesta, the Moon and Earth and a lower bound based on apatite hygrometery
(16). Both of these estimates are highly unsatisfactory for several reasons. First, when
extrapolating a K/U in order to calculate a HO content one must assume that K and H,O are
depleted in a systematic way, which is not the case in some planetary bodies (77, 18) and thus
could render this approach incorrect by orders of magnitude (A. R. Sarafian et al, 2017c).
Second, apatite hygrometry uses a late crystallizing phase to estimate primitive melt contents,
which by definition must include an estimate of exactly when during the crystallization sequence
the studied apatite grain crystallized, or assume H and F have the same partition coeffecients for
the major crystallizing phases (/6). For apatite this is generally not realistic and the calculated
water content of the primitive melt will change by an order of magnitude if the apatite
crystallized after 99% relative to 90% magma crystallization. In addition, degassing could take
place prior to apatite saturation, which would lower the water content compared to the primitive
melt and thus render apatite hygrometry a minimum estimate (Hauri et al., 2015). Lastly, OH
exchange between apatite and melt has not been determined at the very low pressures (<1000
MPa) that are found within the crust of small planetary bodies like Vesta (/9). A better method
to determine the H,O and volatile element contents of primitive achondrites in general and 4
Vesta in particular is to examine the nominally anhydrous phases (/7), where volatile elements
are present in trace quantities. Given that mineral-melt partition coefficients for the earliest
crystallizing minerals olivine and pyroxene are relatively well established (20-22) these can in

turn be used to calculate primitive magma contents.

Here we present H and F concentration data along with the hydrogen isotope composition of 4
unequilibrated eucrite meteorites in an attempt to better constrain the volatile element content
and H-isotope composition of 4-Vesta. We compare our data to one equilibrated eucrite to assess
the effects of late stage diffusive equilibration. We also report the first water and F partition
coefficients in pyroxene at low pressure that in turn allows us to place robust constraints on the

H content of the eucrite parent body, 4 Vesta.
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5.3 Samples

We measured four chips of Antarctic polymict breccias from the National Institute of Polar
Research (NIPR-Japan) collection, Yamato (Y)-74450,113, Y-75011,114, Y-793548,66, Y-
82210,101. The samples were selected because these polymict eucrites are reported to have a
high abundance of unequilibrated eucrite clasts. All of the polymict breccias that we measured
contained plagioclase and pyroxene that are highly internally fractured at the 100s of nm to 10s
of um level, making surface-contamination-free volatile element measurements arduous. In
addition, we measured one equilibrated eucrite, Juvinas, to establish the effects of equilibration

on pyroxene on Vesta.

5.3.1Y-74450

The 2 x 4 mm® unequilibrated eucrite clast displays some dendritic intergrowths of plagioclase
and pyroxene that is zoned Fe and Mg, although most pyroxene is blocky and subhedral, and
plagioclase laths separate abundant mesostasis. Pyroxene ranges from several tens of pm to 100s
of um in the long direction. Mesostasis is commonly present and consists primarily of a SiO,

polymorph, Ca-phosphate, metal, and troilite (Fig. 1).

5.3.2Y-75011

The 0.5 mm x 0.5 mm?” unequilibrated eucrite clast displays dendritic intergrowths of plagioclase
and pyroxene. Additionally, subhedral plagioclase and interstitial pyroxene is present.
Mesostasis is abundant in interstitial regions and between plagioclase laths. Mesostasis consists

of a SiO; polymorph, ilmenite, troilite, and Ca-phosphates.

5.3.3 Y-793548.

The 1 x 2 mm? unequilibrated eucrite clast displays dendritic intergrowths of plagioclase and

pyroxene that are zoned Fe and Mg, and subhedral pyroxene with plagioclase laths. Mesostasis
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is abundant and SiO; rich. Pyroxene ranges from several tens of um to 100s of pm in the long

direction.

5.3.4Y-82210:

The 1.5 x 2 mm? unequilibrated eucrite clast displays dendritic intergrowths of plagioclase and
pyroxene that is zoned Fe and Mg. Pyroxene ranges from several tens of pm to 100s of um in the
long direction. Mesostasis is present and consists primarily of a SiO, polymorph, Ca-phosphate,

metal and troilite.

5.3.5 Juvinas:

Juvinas is a well-studied monomict breccia that has been thermally equilibrated (12, 23, 24).
Juvinas can be classified as a type 5 eucrite, meaning that the major elements in pyroxene grains
have been homogenized, pyroxene grains are clouded, and the pyroxene pigeonite has exsolved

to augite and orthopyroxene (24).

5.3.6 Pyroxene-melt experiments

Four low-pressure basalt melting experiments (three at 200 MPa and one at 0.1 MPa) were
measured for H-partitioning between pyroxene and melt. All charges consisted of glass as well
as euhedral olivine, clinopyroxene, spinel + plagioclase. Further details describing these
experiments can be found in (25). For the 200 MPa experiments, glass is ~80 wt% of the capsule
with ~10% pyroxene, while the 0.1 MPa experimental capsule contained ~50 wt% glass, and ~9

wi% clinopyroxene (Gaetani et al., 1994). All mineral phases are generally 5-20 um.

5.4 Methods

5.4.1 Preparation
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Rock chips of the brecciate eucrites and fresh chips of experimental charges were prepared by
first embedding the samples in epoxy resin. The chips were polished using SiC followed by
water-based diamond suspensions. Samples were polished to 0.25pm quality and finished with
colloidal silica to ensure the best possible polish to the highly internally fractured pyroxenes. All
eucrites were removed from epoxy and embedded in a single indium metal sample holder along
with three reference materials: Suprasil 3002 pure SiO; glass (I pg/g H,O, purchased from
Heraeus Quarzglas, Switzerland), Herasil 102 pure SiO; glass (55 pg/g H,O, purchased from
Heraeus), and ALV 519-4-1 mid-ocean ridge basalt glass (1700 ug/g H,O). Experimental chips

were prepared in a separate indium metal sample holder that also contained the above standards.

5.4.2 SEM:

Scanning electron microscope (SEM) mapping was conducted on all eucrite chips. We used the
JEOL 8600F field emission SEM at the NASA Johnson Space Center in Houston equipped with
an energy dispersive spectroscopy (EDS) detector. Prior to analysis samples were coated with a
ca. 10 nm layer of carbon using a sputter coater. Backscatter electron (BSE) and EDS maps were
collected and processed with the JEOL manufacturer’s software. Element maps were used to
identify mesostasis phases. Maps were collected using 15 kV and 700 nA accelerating voltage

and beam current, respectively.

5.4.3 EPMA:

Major and minor element compositions of pyroxene in all eucrite chips were determined using
the Cameca SX100 electron microprobe (EPMA) at NASA-Johnson Space Center, Houston, TX.
Accelerating voltage of 20 kV and a beam current of 40 nA were used for quantitative major and
minor element concentration analyses throughout. The elements Al, Ca, Ti, Cr, Fe, Mn, Si, and
Mg were measured and calibrated with natural and synthetic reference materials: oligoclase,

diopside, rutile, chromite, fayalite, rhodonite, NiO, fayalite and forsterite, respectively.

5.4.4 NanoSIMS:
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Volatile element (H, C, F, and Cl) concentrations, along with P were measured for all eucrite
chips and the isotopes of H (deuterium, D and H) were measured in some pyroxene (Y-74450)
and apatite (Y-74450, Y-75011, Y-82210) grains where sufficiently large areas free of internal
fractures were found. NanoSIMS measurements were conducted on a Cameca NanoSIMS 50L at
the Carnegie Institution of Washington. Prior to measuring, our indium metal sample mount was
cleaned with distilled water and ethanol and dried in a vacuum oven for a week at 50°C then an
additional week at ultra high vacuum lower than 7 x 107 Pa (~5 x 107 torr). The samples were
then taken out of the vacuum oven and gold coated. After gold coating, the sample was placed
into the instrument to obtain a pressure of lower than 9 x 107 Pa (~7 x 107" torr) in the analysis

chamber.

Isotope compositions and concentrations were determined in two separate analytical sessions
lasting one week each and we used previously described methods (26) to measure H isotopes and
volatile concentrations. Briefly, a focused ~15 nA Cs* primary beam was rastered to produce a
20 x 20 um’ pre-sputter crater. During our analysis we used a 10 x 10 pm? raster and used the
Cameca software to eliminate the outer portions of our crater such that we counted ions from the
central 4 x 4 pum® of the SIMS pit. Mass resolving power was nominally 2000 for isotope
measurements and 6000 for concentration measurements. Separation of H, from D is
unnecessary, as production of H; is less than 1.5 x 10, which permits high precision (2-3 %o)
measurements at low mass resolving power (27). Using multi-collection mode, we counted on
masses 1H, 2H, and "’C for isotope ratio measurements and 12C, 16O’H, l9F, 30Si, 3P and *°Cl for
the concentration measurements. We used the count rates on *°Si to normalize the elemental
concentrations. Hydrogen (IH) backgrounds measured throughout the isotope session were ~ 3 x
10’ + 5% (2se, n=10) counts/s, which translates to ~8 pg/g H,O, and the D/H of the background
was roughly terrestrial (-67 %o + 200). Backgrounds for the concentration session were <2 pg/g
H>0, background for CO; was ~0.5 pg/g, and backgrounds for F, P, and CI were negligible (/7).
Backgrounds were corrected by subtracting counts from both standards and samples. All errors
were propagated from measured backgrounds and analytical uncertainties. Instrumental drift and
D/H instrumental mass fractionation was corrected daily by measuring an internal reference

basaltic glass, ALV 519-4-1 (1700 pg/g H,0, 8D = -72 %o) at regular intervals throughout each
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analytical session. Basaltic glass was used to establish the instrumental mass fractionation (o)
because basaltic glass and apatite has been shown to have the same a at the 50-100%o level of
precision (28). For the unequilibrated eucrites uncertainty on individual concentration analyses is
difficult to assess because the internal fracturing of pyroxenes complicated measurements. We
used the reproducibility of a low H and F reference material, Herasil, to determine the
reproducibility of our measurements. We estimate the H measurements are certain within ~10%

for H and ~5% for F (2sd). Our D/H standard, 519-4-1, yielded a 8D of 52 + 53 %o (2sd).

5.5 Results

5.5.1 Major elements:

The pryoxenes in unequilibrated eucrites were zoned with respect to Fe and Mg (Fig. 2 and
Table S1). This zoning has been previously interpreted as magmatic zonation (24) and forms the
basis for the interpretation that these eucrites experienced metamorphic temperatures <700

degrees C and are, therefore, unequilibrated (29).

5.5.2 Volatile element concentrations and D/H ratios in eucrites:

Overall the concentrations of H,O and F in pyroxenes vary between 4-11 pg/g and 0.12-0.23
ng/g, respectively (Table 1). Due to the limited number of analyses in each pyroxene grain we
found no systematic variation in the H and F content of pyroxenes with respect to distance along
an individual grain (Fig. 2.). Our sample set is limited because of the immense internal fracturing
of the pyroxenes. Most (>70%) of all analyses were aborted due to abundant surface
contamination originating from internal fracturing cracks. Of the analyses that ran to completion,
>80% of all analyses contained unacceptable abundances of contamination as judged from
aberrantly high C or Cl abundances. We discarded analyses with an apparent C and/or Cl
concentrations greater than 1 and/or 0.02 pg/g, respectively. Fluorine display a negative
correlation with MgO as would be expected for fractional crystallization (Fig. 3a). Similarly,

H,O increases with decreasing MgO (Fig. 3b). The H,O and F contents of pyroxene from
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Juvinas do not vary from core to rim and display 4.0 + 0.2 (2se, n=8) H,O and 0.07 + 0.01 pg/g
F (2se, n=8) (Table 2).

The H isotope composition of pyroxene and apatite vary from 6D = -133%o to -127%o and 6D = -
239%o0 to -73%o, respectively. On average, these values are within error of one another although
there is significant variation outside of analytical error for the apatite analyses (Table 3). We did
not attempt to correct our data for D produced by spallation (cf. Saal et al., 2013) because
exposure ages of the eucrites we measured are unknown. As previously suggested (14), the
spallation correction would be relatively small for the apatite because of the high water content
of the apatites and the young exposure ages of most eucrites (30). The pyroxene would require a
larger spallation correction, but this would still be relatively small (e.g. 10s of permil) due to the

likely young exposure ages (31).

5.5.3. Concentrations in experimental charges:

The pyroxene in the 200 MPa pyroxene-melt experiments contained ~330 pg/g H,O and the melt
contained 4 wt% H,O (Table 4). The partition coefficient obtained from these 200 MPa
experiments agree with the parameterization for pyroxene-melt water partitioning presented by
O’Leary et al. (21). The pyroxenes in the 0.1 MPa experiments contained 20 pg/g H>O and the
glass contains 200 pg/g H,O (Table 4), which is a higher partition coefficient than those
expected based on the parameterization by O’Leary et al. (21).

5.6 Discussion

5.6.1. Water and F concentrations in primary magmatic eucrite pyroxene

Although unequilibrated eucrites have largely preserved primary magmatic zonation for major
elements this does not imply that no thermal metamorphism took place for these samples. At the
TEM scale the pyroxenes have exsolved into augite and orthopyroxene (24), which requires that

the samples experienced some amount of thermal metamorphism. This observation is important

127



because H diffusion is particularly fast at temperatures ~600°C or higher (32) and it is, therefore,
possible that at least some of the samples were affected by diffusive re-equilibration for H. In
addition, H in the form of either water or H, readily degasses during late stages of magmatic
evolution where one or both of these species could have been saturated in Vestan magmas (4).
Hence, pyroxene rims could also have been affected by H degassing. The diffusivity of F is
likely much slower than H (33) although still significantly faster than Mg (34). Magmatic F
zonation is, therefore, more likely for F than for water. In addition, F degasses less than H (35),

which suggests that late stage degassing of F should be much less prevalent than H.

The observations that the MgO contents for all pyroxene analyses weakly correlate negatively
with F (Fig. 3a) and with water from 25% to 15% MgO (Fig. 3) is consistent with retention of at
least some magmatic zonation for both F and water. One can estimate where the unequilibrated
eucrites lie on the main group/Stannern trend by using the Mg and Fe content of pyroxenes with
Mg-Fe exchange coefficients between pyroxene and melt to determine the Mg# (where Mg# =
molar MgO/(MgO+FeQ)) of the melt (36). In addition we used the Ti concentration of cores of
pyroxenes in conjunction with partition coefficients (37), we determine the Ti content of the
primitive eucrite melt (Fig. 4). With these observations, only for the lowest MgO contents do we
observe low water concentrations, which could be caused by either partial diffusive re-

equilibration or late stage magmatic degassing.

This interpretation would suggest that the F and water contents recorded for the highest MgO
contents of >20% provide the best estimate for the primitive H and F contents of a eucrite melt.
The H,0 and F contents of the five most MgO-rich pyroxene analyses vary from 5-7 pg/g and
0.12-0.19 pg/g, respectively. Although evolution from 25% to 20% MgO in pyroxenes could
represent ~15% of magma crystallization (38) the water and F concentration of a primitive melt
would increase by only ~5%, which is minor compared with the overall scatter of the

correlations between MgO, F and water (Fig. 3).
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By comparing the unequilibrated pyroxenes with our analyses of pyroxene in Juvinas we can
estimate the general effects on water and F concentrations in pyroxene during thermal alteration
on Vesta. We find that both H and F are depleted in Juvinas pyroxenes (4.0 + 0.2 (2se, n=8) H,0O
and 0.07 = 0.01 pg/g F (2se, n=8)) compared to cores of pyroxene in unequilibrated eucrites (5-7
ug/g H20 and 0.12-0.19 pg/g F). The lower abundances of H and F in Juvinas pyroxenes suggest
that thermal alteration of eucrites is an open system with respect to H and F, and that H and F are
lost. Therefore, the H,O and F concentrations of Juvinas pyroxene may serve as lower limits for
the original contents in magmatic pyroxene. Given that any potential degassing that occurred
before the thermal alteration would have further lowered the overall H,O and F budgets in the
pyroxene we conclude that the Juvinas data provides a robust lower limit for the original H,O
and F contents of the magmatic pyroxenes in eucrites. This lower limit is consistent with the

concentrations inferred for the magmatic cores of the pyroxenes in the unequilibrated eucrites.

3.6.2 Partitioning of water and F in pyroxene at conditions relevant to asteroids

In order to calculate H and F concentrations in melt from the analysis of mineral compositions,
partition coefficients are needed. Most literature partition coefficients are derived by using
experiments conducted at high pressure (~1 GPa) and high water contents (~5 wt%) (20).
Partition coefficients are known to be a function of pressure, temperature, and phase composition
(39). Therefore, using partition coefficients calibrated for very different conditions than the
samples investigated may yield erroneous results. Here we have measured four phase equilibria
experiments conducted at relatively low pressures of 200 MPa and 0.1 MPa. The H partition
coefficient determined from the 200 MPa experiments agree with the parameterization of

O’Leary et al., (21):

1600(£700)

InDPEN = _5.0(£0.4) + 6.3(£0.5)X,"" — 1.2(£0.3)X5" + T
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while the significantly drier and lower pressure 0.1 MPa experiments yielded a higher H partition
coefficient (Table 3). The elevated partition coefficient for the relatively dry 0.1 MPa experiment
is consistent with olivine H partitioning, where partitioning experiments with variable water
contents at the same pressure yield significantly higher partition coefficients at lower water
contents (20, 40). One possible explanation for the increase in partition coefficient is that the
melt OH/H,0 drastically increases as the melt water content decreases (41). Since only OH is
likely to partition into pyroxene, the change in water speciation might explain the increase in
water partitioning at lower water contents. However, there are large uncertainties regarding how
to quantify hydrous melt speciation (47-49), which renders this explanation difficult to test with
current data. Detailed studies are needed to establish the exact behavior of H partitioning for
nominally anhydrous minerals at varying H,O contents as well as low pressures. Regardless, we
here use the water partition coefficient determined at low pressure and low water contents
because these conditions are most appropriate for asteroidal settings. For basaltic melts, the
existing F partitioning data is not systematic (20, 21, 50-53), therefore, we use our F partitioning

data.

5.6.3 Vesta water and fluorine content:

We can use the water and F contents of the most primitive pyroxene cores together with the
preferred partition coefficients to calculate their respective concentrations in the melt from which
these pyroxene cores crystallized. This yields a range for the primitive melt of 50-70 pg/g H,O
and 1.5-2.4 ng/g F. In order to use these values to further constrain the bulk Vesta concentrations
we must consider the two leading hypotheses that generated the eucrites, which are mantle
partial melting and extraction from a magma ocean (2, 3). For the mantle partial melting
hypothesis (3, 54, 55), we assume that eucrites formed from a single 20-30% batch partial
melting event leaving just olivine in the residua (55). If we use mineral melt partition coefficients
for olivine (20), then we can calculate bulk mantle water and F content. The range of 20-30%
batch melting then produces bulk concentrations for the Vesta mantle of 10-20 pg/g H,O and
0.3-0.7 ng/g F. The largest uncertainty for the partial melt calculation is the water olivine-melt

partition coefficient, which we have shown could be drastically higher at low water content and
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low pressure. If this partition coefficient is higher, then our estimate of the water content of

Vesta would be erroneously high.

For the magma ocean hypothesis, we take the primitive melt H and F composition as the magma
ocean H and F composition at time of melt extraction. It has been proposed that some degassing
of water and other volatile elements took place during magma ocean crystallization (4), which
would render our estimate of the primitive magma ocean based on our unequilibrated eucrites
lower than the true value. We cannot account for this degassing process because the rate of H
degassing is unknown and H isotopes may not necessarily have fractionated during the degassing
process (4, 31). Irrespective, these considerations suggest that our calculated initial magma ocean
values will be minima. If we assume that eucritic melts were extracted after 20-80%
crystallization of a magma ocean, where the liquidus phases were orthoyroxene and olivine in
roughly 30:70 proportions (2), then 4 Vesta initially had at least 10-70 pg/g H>O and 0.3-2 ng/g
F. One must consider though, that these are lower limits due to (1) potential magma ocean
degassing, (2) potential magma degassing during eruption, and (3) diffusional loss of H and/or F
from pyroxenes. The only possible processes that could cause the estimated minima values to be
higher than the true value is from surface contamination during analysis, and/or the water

partition coefficients may be inappropriate for low-water and/or low pressure conditions.

5.6.4 Water retention on planetary bodies:

We are starting to obtain better estimates on the H content of several planetary bodies in the
inner solar system. The estimates of H abundances are still crude, for example, estimates of
Earth’s H,O varies from 300 to 3000 pg/g (56, 57), and vigorous debate on the water content of
the Moon is ongoing (18, 58, 59). Here we examine the possibility that gravitational retention of
volatiles is an important factor in controlling the water and highly volatile element content of a
planetary body. Gravitational retention could be important, as strong evidence exists of volatile
loss during the magma ocean phase of planetary formation (4, 60, 61). Therefore, we compare
our estimated bulk water content of 4 Vesta from the unequilibrated eucrites with the bulk water

content of the angrite parent body (APB) (/7), Mars (16) and Earth (56, 57) with respect to the
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radius of the planetary body (Fig. 5). We elect to exclude the moon from our regression, because
the moon likely formed by giant impact (62, 63) It can be seen that a well-defined exponential
relationship exists when comparing 4 Vesta, the APB, Mars, and Earth, which may imply that
planetary bodies accumulate water during primary accretion and retain water and possibly other
volatile elements proportional to their size. An alternate hypothesis could be that larger planetary
bodies have a larger gravitational cross section and therefore accrete more wet material at later
stages of planetary accretion when the inner solar system possibly became seeded with water rich

bodies such as comets or carbonaceous chondrites (62, 64, 65).

With strong correlation between size of body and water content, one could speculate on the water
and volatile content of the other inner solar system bodies, Venus and Mercury. Using our
regression from figure 5, Venus should contain roughly the same amount of water, and likely
other volatile elements as Earth. Mercury should contain ~200 pg/g H,O. The exospheres of
Earth and Venus have similar abundances of C (67, 66), where Earth’s C reservoir is mainly

stored in sediment (67) and Venus’ reservoir is mainly stored as atmospheric CO, (66).

5.6.5 The H isotope ratio of 4 Vesta:

The H isotope ratio of apatite in equilibrated eucrites has been previously studied (4, 14, 15).
Given that water diffusion almost certainly occurred during thermal metamorphism in
equilibrated eucrites, we here use our new H isotope data for unequilibrated eucrites (table s2) to
test the hypothesis that eucrite water has a D/H similar to carbonaceous chondrites. The D/H of
apatites and pyroxenes match that of previous studies (table S2), which suggests that the
previously inferred carbonaceous chondrite origin of H and other volatiles in Vesta is likely
correct. The diffusive re-equilibration of water in the equilibrated eucrites appears to have had

little effect on the D/H ratio.

5.6.6 Timing of water addition to the inner solar system:
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Recent evidence has shown that volatile elements with a carbonaceous chondrite heritage have
accreted to inner solar system bodies within the first few million years of solar system history
(14, 15, 17, 31). In addition, the most likely source of water for the Earth, Moon, and Mars is
carbonaceous chondrites (26, 68-72). Therefore, one can question: when did water enter the
inner solar system? Based on meteorite evidence, inner solar system materials with evidence of
live Al accreted water with a chondritic D/H (14, 17), and some evidence from lunar samples
exists that chondritic water continued to accrete to the inner solar system 10s or 100 of millions
of years after the start of the solar system (64, 69). If we view these observations in light of the
most recent successful dynamic models, pebble accretion and giant planet formation, two

possible scenarios exist.

Pebble accretion is an enticing new method of efficient planetary growth, where cm to m sized
pebbles drift radially and accrete to larger planetary bodies (73-75). This method is favored
because accretion of pebbles is extremely efficient compared to significantly larger bodies and
allows for the giant planets to grow quickly (75). Pebbles in the outer solar system are thought to
drift radially inward (76), accrete to planetary bodes, and those that do not accrete to
planets/planetecimals would accrete to the Sun. The pebbles that form in the outer solar system,
beyond a water ice line, could be expected to contain water ice, and thus provide a water delivery
mechanism to the inner solar system prior to Jupiter formation. After Jupiter formation, outer
solar system material is generally not expected to enter the inner solar system (77, 78), although
recent dynamic simulations may provide a solution to the “Jupiter barrier” problem (79). Pebble
accretion prior to Jupiter formation is a possible mechanism to deliver relatively small amounts
of volatile elements to the inner solar system extremely early, but problems with this hypothesis
exist. For example, based on the different H-isotope composition of inner solar system bodies,
e.g., Earth, Moon, Mars, astroidal basalts, compared to the H-isotope composition of an outer
solar system body like Saturn’s moon Enceladus, Alexander et al (80) suggested that outer solar
system bodies accreted a distinct H isotope reservoir. Therefore, early accreted pebble derived
water should have a high D/H, which implies eucrites and angrites should have a high D/H, and
this is not the case (4, 14, 15, 31).
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The second plausible mechanism that could have brought significant water to the inner solar
system is giant planet migration. Giant planet migration, like the Grand Tack (81) where the
cores of Jupiter and Saturn form, migrate inward, and migrate outward, can be an efficient
mechanism of water delivery to the inner solar system (82). The timing of the Grand Tack is
poorly constrained, but it likely occurred within the first few million years of solar system

history (or CAI formation) (83).

Evidence of extremely early volatile element accretion comes from eucrite (4, 14, 15) and
angrite (17, 31) meteorites, both of which crystallized and locked in their water-bearing
geochemical signature within the first few million years after CAl formation (84, 85). If the
pebbles provided the water and volatile elements to these early formed bodies, then early
accreted pebbles had carbonaceous chondrite H-, N-, and C- isotope signatures (14, 31), as well

as carbonaceous chondrite relative abundances of volatile elements (17).

5.6 Conclusions

We report the H and F composition of unequilibrated eucrites as well as the equilibrated eucrite
Juvinas. Appropriate partition coefficients were determined and used to determine a primitive
melt composition. The bulk composition for H and F of the eucrite parent body, 4 Vesta, was
calculated using the partial melt and magma ocean models. Given our assumptions, 4-Vesta has
about 10-70 pg/g H>0 and 0.3-2 pg/g F. The isotopic composition of unequilibrated eucrites is
consistent with a chondritic source of volatile elements to early-forming 4-Vesta. Comparison of
the estimated bulk H,O of differentiated objects in the inner solar system with their radii
suggests that gravitational attraction plays a primary role in the accretion and retention of

volatiles during the assembly and evolution of objects in the inner solar system.
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5.11 Figures

Figure 1

Backscatter image of Yamato 74450. Grey scale gradation in pyroxene is zoning in Mg-Fe.
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Figure 2

Electron probe and ion probe transect of pyroxene from Yamato 74450. Ion probe analyses could
not be spaced as closely because of abundant internal fracturing of pyroxene.
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Figure 3

(a) Water vs MgO in pyroxenes from eucrites. Black outlined point is Juvinas. (b) F vs MgO in
pyroxenes from eucrites. Black outlined point is Juvinas. Juvinas MgO content taken from Pun
and Papike (1996).
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Figure 4

Ti vs. Mg#. Ti content and Mg# were determined from analyses of cores pyroxenes from
unequilibrated eucrites in conjunction with a Ti partition coefficient and Mg-Fe exchange
coefficient (Nielsen et al., 1992; 1988) .
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Figure 5

Bulk water content vs. size of planetary body. A strong exponential correlation exists between 4
Vesta, Mars, and Earth. Data from this study and (Albarede, 2009; Marty, 2012; McCubbin et
al., 2016). Average water concentrations in black and acceptable ranges in color for each body.
Angrite parent body plotted for comparison.
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Table 1

Acceptable SIMS analysese of unequlibrated eucrites and coordinated EPMA analyses.

pyroxen H2 CO2 Mg Al2 Ca Mn Cr2 Tota
Sample e o * F P CI* (0] 03 Si02 O  Tio2 O FeO O3 1
Y-793548- 0.1 0.00
66 pyxl 9.3 2 8 2 7
Y-793548- 0.1 0.00
66 pyxl 9.9 3 8 3 3
Y-793548- 0.1
66 pyx2 6.0 2 7 2 0
Y-793548- 0.1
66 pyx3 1.8 3 9 2 0.02
Y-793548- 0.1 0.00
66 pyx3 2.7 2 7 4 4
Y-793548- 0.1 0.00
66 pyx3 2.5 1 8 3 3
Y-82210- 0.2 13. 100.
101 pyxl 4.0 2 1 4 001 9 14 496 54 0.4 1.0 276 0.7 0
Y-82210- 0.1 23.
101 pyx1+ 7.0 2 9 8 0.00 7 1.6 523 24 0.2 0.7 180 09 999
Y-82210- 0.2 0.00 10.
101 pyx! 7.6 3 3 12 6 7 09 485 8.0 0.4 1.0 295 05 996
Y-82210- 0.1 0.00 10. 100.
101 pyxl+ 8.5 2 9 2 4 3 1.5 489 98 0.5 09 276 07 4
Y-82210- 0.1 21. 100.
101 pyx2 6.1 2 9 7 0.01 9 2.1 51.0 3.5 0.2 0.7 19.7 0.9 0
Y-82210- 0.2 0.00 12.
101 pyx3 6.5 2 3 7 2 1 1.2 489 5.7 0.4 1.0 295 0.6 995
Y-82210- 0.2 0.00 18. 100.
101 pyx3 9.3 2 1 6 2 1 19 513 4.0 0.3 0.8  23.1 1.2 8
Y-75011- 0.1 0.00
114 pyx4 6.8 2 4 3 9
Y-75011- 0.1 0.00
114 pyx4 8.5 3 6 4 4
Y-75011- 0.1 0.00
114 pyx4 9.0 2 5 3 4
Y-74450- 0.1 0.00 21.
113 pyx3+ 5.9 2 2 3 4 8 12 521 23 0.2 06 213 08
Y-74450- 0.1 0.00 23. 100.
113 pyx3+ 5.5 2 2 2 1 6 1.1 527 23 0.2 0.6 185 0.7 3
Y-74450- 0.1 0.00 24
113 pyx3+ 54 2 3 2 2 9 1.0 529 1.9 0.2 06 174 06 9938

average 0.1

pyx 64 2 8 4 0.00 99.4

0.0 0.00
2se 1.1 02 2 1 2
0.1 00 0.

2Rse 7  0.08 9 29 041

average

melt 62 2.2

2se 11 0.2
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Table 2

Sample pyroxene H20 F P
Juvinas cpxl 3.8 0.07 8
Juvinas cpx1 4.2 0.08 4
Juvinas cpx2 3.9 0.07 10
Juvinas cpx2 4.2 0.08 9
Juvinas cpx2 3.7 0.06 9
Juvinas cpx2 3.8 0.07 3
Juvinas cpx2 4.4 0.08 20
Juvinas cpx2 3.9 0.06 2
average cpx 4.0 0.1 8.0
2se 0.2 0.01 4.15
2Rse 0.04 0.07 0.52
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Table 3

Sample P (MPa) n cpx H20 cpx F H20 (lse) F (1se)
G7a 200 200 6 311 10 9 2
G4 200 200 5 332 11 14 2
g5 200 200 3 371 16 35 3
g170.1 0.1 5 22 1

glass H20 glass F H20 (l1se) F (1se)
G7a 200 200 6 39559 144 269 2
G4 200 200 5 40279 157 225 2
g5 200 200 6 41035 167 262 2
gl170.1 0.1 8 215 22

D H20 DF H20 (l1se) F (1se)

G7a 200 200 0.008 0.070 0.0005 0.02
G4 200 200 0.008 0.072 0.0007 0.02
g5 200 200 0.009 0.093 0.0017 0.03
g17 0.1 0.1 0.103 0.02
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Chapter 6

Early accretion of water in the inner Solar System from a carbonaceous

chondrite-like source

6.1 Abstract

Determining the origin of water and the timing of its accretion within the inner Solar System is
important for understanding the dynamics of planet formation. The timing of water accretion to
the inner Solar System also has implications for how and when life emerged on Earth. We report
in-situ measurements of the hydrogen isotopic composition of the mineral apatite in eucrite
meteorites, whose parent body is the main-belt asteroid 4-Vesta. These measurements sample
one of the oldest hydrogen reservoirs in the Solar System and show that 4-Vesta contains the
same hydrogen isotopic composition as that of carbonaceous chondrites. Taking into account the
old ages of eucrite meteorites and their similarity to Earth’s isotopic ratios of hydrogen, carbon,
and nitrogen, we demonstrate that these volatiles could have been added early to Earth, rather
than gained during a late accretion event.

This chapter is published as Sarafian, A.R., Nielsen, S.G., Marschall, H.R., McCubbin, F.M.,
Monteleone, B.D., 2014. Early accretion of water in the inner solar system from a carbonaceous
chondrite—like source. Science 346, 623—626. doi:10.1126/science.1256717. The final publication is
available at RSTA via http://dx.doi.org/10.1126/science.1256717, and this article is reprinted as accepted
with permission granted in the original copyright agreement.
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6.2 Main text

Hydrogen (H) is vitally important in cosmochemical and geochemical processes. For example,
water (H,0) plays a critical role in plate tectonics on Earth () and has likely shaped the surface
of Mars (2). Despite the abundance of water on Earth and evidence of water on the Moon, Mars
and the asteroid 4-Vesta (2-4), these planetary bodies are often thought to have accreted dry (3-
8). This prompts the questions: Where did the water come from? And when was it present in the
inner Solar System? Answers to these key questions may reveal information about accretion
processes in terrestrial planets. Additionally, the extent and importance of lateral water transport

throughout the history of the Solar System are debated (9, 10).

The source of water in planetary bodies can be investigated by measuring the ratio between the
isotopes of hydrogen (deuterium, D or “H, and hydrogen, 'H), because different regions of the
Solar System vary widely in measured D/H ratios (/7). Thus, determining D/H in meteorites
with well-known ages and planetary origins can help constrain the timing of water delivery to
accreting planetary bodies. Such analysis provides an ideal opportunity to study the provenance
of water in bodies throughout the Solar System, including Earth, the Moon, Mars and the
asteroid belt (12-14).

Eucrites, a class of asteroidal basaltic meteorites, can provide unique information about the
timing of water delivery to planets because most of these rocks crystallized 4559-4547 million
years before present (Ma), or ~8-20 million years after the first solids in the Solar System,
calcium aluminum rich inclusions (CAls) (15, 16). Eucrites belong to the howardite-eucrite-
diogenite group of meteorites (HEDs) that are derived from the asteroid belt, dominantly from
the protoplanet 4-Vesta (/7-19). Determining the source of water in eucrites can constrain the
time at which water existed in the inner Solar System, because these ancient rocks are some of
the oldest igneous rocks in the Solar System. However, until recently, it was believed that
eucrites were completely anhydrous and, therefore, could provide no insight into the D/H ratio of

4-Vesta (4, 6).
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Here we report the concentration and isotopic composition of structurally bound water in the
mineral apatite (Cas(PO4)3(OH,F,Cl)) from five different basaltic eucrite samples: Juvinas,
Pasamonte, Cachari, Stannern, and Pecora Escarpment (PCA) 91078 (Figs. SI & S2). We
measured the D/H and water contents simultaneously in-situ using a Cameca 1280 ion
microprobe. The water concentration in these apatites ranges from 668 to 2624 ng/g, which
agrees with calculated water contents from electron probe measurements (Table S1) (4, 20). We
measured 8D values ranging from -231%o to -37 %o (Table 1) (21). No systematic variation in
D/H exists between samples or between different apatite grains in the same meteorite (Fig. 1).
The weighted mean hydrogen isotopic composition for eucritic apatite from the five different

investigated samples is 6D = -162+127%o (n = 11, 2 standard deviation (o)).

There are three processes that could have modified the hydrogen isotopic composition of the
apatite we analyzed from that of the parental magma: (1) hydrous degassing prior to or during
apatite crystallization, (2) equilibrium stable isotope fractionation between hydrous phases and
melt, and (3) contamination/assimilation of exogenous H or D, presumably from the regolith of
4-Vesta. Degassing is unlikely due to the small observed spread in 8D with the relatively large
spread of water contents of the analyzed apatite (23, 24). Apatite is the only hydrous mineral
phase in eucrites, and stable isotope fractionation between apatite and melt is expected to be
small (~20%o) at high temperature, thus apatite-melt fractionation should be minor compared to
the variation in 6D observed (22). Contamination by exogenic H from solar wind and/or by D
produced during spallation processes is unlikely due to the young exposure ages and high water
contents of the apatite and the fact that the apatites have a small range of 8D with varying
exposure ages and metamorphic grades (20). In summary, we conclude that none of these
processes have substantially affected the H isotopic compositions measured in the present study

(20).

The weighted mean 8D of the apatites analyzed in the present study, and hence eucrite magmatic
water is -162%o, which is the value we adopt for bulk 4-Vesta (20). This value is within the
combined uncertainties of the value for the bulk Earth (~ -90%0) (23) and possibly the Moon (~
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+90%o; Fig. 2) (3, 24). The fact that Earth and Vesta have indistinguishable 8D values suggests
that they have the same source of water. Our new D/H data, in combination with published bulk
nitrogen (N) isotope data for eucrites, shows that the most likely common source of volatiles for
Earth and eucrites (4-Vesta) is carbonaceous chondrites (13, 25). It is important to note that N
isotopes exclude the Jupiter family comets as a potential source of water for Earth and 4-Vesta.
Nitrogen isotopes also exclude Oort cloud comets as a source of water for the inner solar system
planetary bodies as well. Kinetic isotope fractionation during both accretion and magmatic
processes would not allow the H and N isotope systems as currently measured on Earth and
Vesta to have evolved from the material implied by the signature of the Jupiter family comets or
of the Oort cloud comets (Fig. 2). Although we propose that carbonaceous chondrites provided
water for the inner Solar System, there is significant evidence to show that at least Earth accreted
from a heterogeneous mixture of hydrous and anhydrous materials, which rules out carbonaceous

chondrites as the only terrestrial building blocks (8).

The hypothesis that inner Solar System water came from a carbonaceous chondrite source is
further supported by bulk carbon (C) isotope data. The C isotopic compositions of Earth and
Vesta are very similar and overlap with that of carbonaceous chondrites but not with the solar
composition (Fig. 3). Thus, the isotopic compositions of three different volatile elements as well
as their concentration ratios for Earth and Vesta are consistent with the composition of

carbonaceous chondrites.

Earth and Vesta have indistinguishable H, C, and N isotopic compositions, and thus likely have
the same volatile source. This source must have had an H isotopic composition similar to or
lower than the values measured in our samples, because possible magmatic fractionation
processes could only lead to a relative enrichment and not a depletion in deuterium (20). One
important reservoir that has low D/H and low SN/"N is the Sun (Fig. 2), which could
theoretically be an alternative source of volatiles in the inner Solar System, assuming such a
solar-derived reservoir would have been later altered by a secondary degassing process.

Degassing is modeled here using the most conservative input values, which causes the largest
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isotope fractionations for N and H isotopes and reflects degassing of a 1:1 mixture of NH4 and
H,. It is evident that degassing alone cannot realistically evolve solar H and N isotope ratios to
values measured in Vesta (Fig. 2). Degrees of degassing in excess of 99.99% are required to
evolve N and H isotope ratios of the Sun to ratios close to those of the inner Solar System.
Additionally, if this extreme degassing also involved volatile loss of C, then C isotopes would
significantly disagree with a solar source of volatiles because the Solar C isotopic composition
would become heavier than that of Earth, Moon and Vesta (Fig. 3). It is highly unlikely that
accretion and degassing would strongly fractionate H and N isotopes, yet would allow C isotopes
on Vesta to remain isotopically light. Consequently, we rule out a solar source of volatiles for the

bodies in the inner Solar System.

The H, C and N isotopic similarities between eucrites, Earth, and potentially the Moon allow us
to place important limits on the timing of water delivery to the inner Solar System. Earth cannot
provide timing of water delivery because it is currently geologically active. The Moon likely
accreted its water at or before ~200 million years after CAls, or around 4367 Ma (3, 24), but
such a constraint is not very rigorous given that all the planets in the inner Solar System are
thought to have fully accreted by this time. Eucrites provide a significantly earlier data point
suggesting that the same source of water as the Earth was present very early in Solar System
history, ~8-20 million years after CAls (15, 16). This evidence moves back the time at which the
terrestrial water reservoir is thought to exist and have been available for accretion. Additionally,
this reservoir was present between 1-2.4AU and perhaps throughout the inner Solar System.
Late-stage addition of water to planets from outer parts of the Solar System is, therefore, unlikely
to have affected the water budgets of inner Solar System bodies. Thus, the bulk of the highly
volatile elements H, C, and N now present in Earth and the asteroid belt most likely arrived from
a local source, i.e. carbonaceous chondrite-like material, very early in Solar System history. The
limited variation in 8D over a large range of heliocentric distances (1-2.4AU) supports the
notion of a uniform source of water in the inner Solar System. Our findings cannot preclude a
late addition of water for Earth with a carbonaceous chondrite-like D/H, but the observation

indicates that a late addition of water is not necessary.
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Our geochemical results are in agreement with several dynamic Solar System models for
planctary water delivery. These models indicate that carbonaceous chondritic planetesimals
delivered water during primary accretion of the Earth (9, 26, 27). In addition, Earth’s water is
believed to have condensed in the outer asteroid belt and giant planet regions and then
transported to the Earth by dynamical processes related to giant planet migration (27). The
implications are that (1) the migration of water in the inner Solar System must have started by 8-
20 million years after CAls, or (2) water was always present in the inner Solar System and no

water migration is needed to satisfy the H-isotopic composition of terrestrial planets (/0).
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6.5 Figures

Figure 1
Hydrogen isotopes vs. water content of eucrite apatites. Note the large variation in water content
that contrasts with a small range in the hydrogen isotopic compositions. Error bars are 26, when

error bars are not present they are smaller than the symbol.
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Figure 2

Nitrogen isotopes vs. hydrogen isotopic compositions of objects in the Solar System. Note that
the fields for the Moon and Mars are large, these represent all D/H data as the hydrogen isotopic
compositions for the bulk Moon and Mars are debated. For carbonaceous chondrites, ice in
equilibrium with bulk clays has a 8D = -400 — 100%o see ref (/2). Early carbonaceous chondrite
ice could be another source of water for the inner Solar System. The degassing model line
originating at protosolar values does not intersect Vesta, Earth, or the Moon. Figure modified

from refs (3, 28). See (20) for details and data.
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Figure 3
Carbon vs hydrogen isotopes. Note that Earth, Moon, and Vesta plot within the carbonaceous
chondrite field. Because carbon isotopes vary from -250%o to 200%o in comets, C-isotopes are

not useful to exclude comets as a source of C for inner Solar System bodies.
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Table 1

Hydrogen isotope and water analyses of apatite and epoxy.

Sample 3D %o 2SD H>O ng/g 2SD
PCA 91078 apl -141 40 804 60
PCA 91078 ap2 -109 53 668 52
Pasamonte apl -53 29 2207 153

Pasmonte ap2 -231 25 1630 584
Pasamonte ap3 -200 34 1545 295
Juvinas apl -223 21 1781 152
Juvinas ap2 -179 29 1594 107
Stannern apl -107 38 2624 182
Stannern ap2 -37 68 2390 157
Stannern apl 51 -75 36 1595 107
Cachari apl -158 24 932 62
PCA epoxy -174 9 140000 5000
Weighted mean apatite -162 127 1748 1689
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Chapter 7

Chlorine and hydrogen degassing in Vesta’s magma ocean

7.1 Abstract

The hydrophilic nature of halogens makes these elements ideal for probing potential hydrous
geologic processes. Generally, in magmatic settings the stable isotopes of Cl may fractionate
when H is in low concentrations and little fractionation occurs when the H concentration is high.
We determined the Cl isotope composition and halogen content (F, Cl, Br, and I) of apatite and
merrillite in seven basaltic eucrites, which are meteorites linked to the asteroid 4-Vesta, by using
secondary ion mass spectrometry. We compare our halogen results with H isotope data, existing
bulk rock concentrations, and petrologic models. The inferred Cl isotope composition of eucrites
from this study, expressed in standard &°’Cl notation, which ranges from -3.8 to 7.7%o, correlates
with the bulk major- and trace-element content, e.g., the Cl isotope composition positively
correlates with Mg and Sc, while Cl isotope composition negatively correlate with K, V, and Cr.
Here we suggest that eucrites preserve evidence of a degassing magma ocean as evidenced by
the decreasing bulk rock K content with increasing &°'Cl. If the eucrite parent body, 4-Vesta,
accreted with a negative 8°'Cl of -3.8 = 1.1%o, at least some parts of the solar nebula would have
been isotopically light compared to most estimates of the Earth, which on average is close to
0%o.

This chapter is published as: Sarafian, A.R., John, T., Roszjar, J., Whitehouse, M.J., 2017b. Chlorine and
hydrogen degassing in Vesta's magma ocean. Earth and Planetary Science Letters 459, 311-319.
doi:10.1016/j.epsl.2016.10.029.  The  final  publication is  available at GCA  via
http://dx.doi.org/10.1016/j.epsl.2016.10.029, and this article is reprinted as accepted with permission
granted in the original copyright agreement.
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7.2 Introduction

Eucrites are differentiated meteorites that group together with howardites and diogenites
to from a genetically linked suite of rocks, the HED group of meteorites. Eucrites can be further
subdivided into basaltic or cumulate rocks, which sample some of the some of the oldest
asteroidal crusts in the solar system (e.g. 7). Most eucrites are thought to derive from the asteroid
4-Vesta (2 and refs. therein), but some eucrites probably sample other geochemically similar
asteroids (3-6). Here we will use the asteroid 4-Vesta as a proxy for all eucrite parent bodies.
Basaltic eucrites can be classified into three geochemical groups by plotting proxies for
fractional crystallization, such as Mg# (molar Mg/(Mg+Fe)) or Sc content ([Sc]) vs. an
incompatible element, e.g., [Ti] or [Hf] (Fig. 1). Main group eucrites define a trend consistent
with fractional and/or equilibrium crystallization (7, 8 Fig. 1), although their petrogenesis is
subject to some debate. Some models require partial melting of the mantle (9), while most
models predict direct extraction from a magma ocean (2, 8, 10). The most recent and quantitative
geochemical modeling suggest that eucrites originate directly from a crystallizing magma ocean
(2, 8). The Stannern trend eucrites are characterized by an enrichment in incompatible elements,
independent of their crystallization index, e.g., Mg# or [Sc] (Fig. 1). This trend was likely
generated by contamination of a main group magma with a crustal partial melt (10, 11), but
could have been generated by low degrees of partial melting of the vestan mantle (9). The third
group of basaltic eucrites are residual eucrites, which are depleted in incompatible trace elements
and likely represent a residual crustal rock that was partially melted (/7). Thermal alteration
among eucrites is nearly ubiquitous. Eucrites can be classified into seven types on the basis of
increasing thermal alteration, type | eucrites are extremely rare and represent no evidence of

thermal alteration, whereas type 7 eucrites exhibit evidence of partial melting (3, 11).

Eucrites contain two phosphates, merrillite (CagNaMg(POs)7) and apatite (Cas(PO4)3;(OH,F,Cl),
whilst the latter is mostly F-rich apatite (6). In eucrites apatite and merrillite generally occur in
late stage melt pockets, i.e., mesostasis (6) since basaltic melts have a high solubility of P (12).,
Similar to other incompatible elements, P becomes enriched during the late stages of fractional
crystallization, resulting in precipitation of apatite and/or merrillite. In planetary basalts, apatite

is the main carrier of halogens and H, while merrillite is nearly devoid of H, F, and CI. Several
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studies have examined H, F, and Cl exchange between apatite and melt (/3), as well as the
partitioning of halogens between apatite and fluid (/4). Thus, the apatite H, F, Cl, Br, and I
content can be related to the magmatic and hydrothermal conditions apatite formed under and/or

equilibrated with.

Eucrites are systematically depleted in volatile elements compared to carbonaceous chondrites
and the Earth. For example, the geochemically similar pair Ga (volatile) and Al (refractory)
should remain invariant during magmatic processes, yet the Ga/Al of eucrites, Earth and
carbonaceous chondrites are 0.32, 1.7, 11, respectively (15, 16). While eucrites are depleted in
volatile elements, there are multiple lines of evidence that fluids may have interacted with the
eucritic crust. For example, fluids may have precipitated observed quartz veins (/7), apatite veins
(6), Fe-rich olivine veins (/8), and Fe-enrichment along pyroxene grain boundaries (18, 19). The
source of magmatic water has been determined to have a carbonaceous chondrite signature (3,
20), but the source of water for fluid-generated features, such as the quartz, apatite, and Fe-rich

olivine veins, are unknown.

The Cl isotope composition of planetary basalts is extremely variable compared to magmatic
rocks on Earth (27-24). Chlorine has two stable isotopes, 35Cl and *’Cl, with natural abundances
of 75.77% and 24.23%, respectively. Chlorine isotope ratios can be represented in standard delta
notation, as: 8°'Cl = (*’CI/>*Clgmpie/*’C1*Clsmoc — 1) x 1000, where SMOC is standard mean
ocean chloride, with a 8°’Cl value defined as zero. Multiple studies of 8*’Cl of lunar and martian
rocks are widely used to decipher interactions between lithospheric, atmospheric and
hydrospheric components. For example, 3*’Cl has been used to show crustal/fluid assimilation
processes on Mars (23, 25) and degassing processes on the Moon (22, 26, 27). Delta 3Cl is an
extremely sensitive indicator of crustal contamination in martian rocks, as crustal fluids on Mars
are thought to be extremely saline (28) and have an elevated 8*'Cl (23, 25). Chlorine isotope
ratios in some lunar samples are extremely enriched in *’Cl, which is thought to be due to metal-
chloride degassing (22, 26, 27). The latter could be due to in-situ degassing of low H content of

lunar magmas (22), or from degassing of a magma ocean (26, 27). If a magma ocean on 4-Vesta
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existed and degassed, then 8°’Cl should correlate with key bulk rock indicators of magma ocean

crystallization.

Here, we report the H, F, Cl, Br, and I content of eucritic apatite and merrillite as well as the
8*’Cl and H-isotope composition of eucritic apatite. We show that the Cl isotopic composition of
apatite in eucrites strongly correlate with bulk rock major and trace element concentrations. We
determined a light 8°’Cl signature for 4-Vesta that is similar to that of the unequilibrated
chondrites Parnallee and NWA 8276 (23, 25, 29), the former was confirmed by in-situ analysis
of apatite grains. We suggest that 4-Vesta accreted a light Cl isotope reservoir that may be

distinct from other solar system bodies, like the Earth and Moon.

7.3. Sample description

We chose seven samples (Cachari, GRA 98098, Juvinas, NWA 1908, NWA 5073, Pasamonte,
and Stannern) to evaluate the halogen (F, Cl, Br, and I) concentrations and stable Cl isotopes in
apatite and merrillite and two samples (GRA 98098 and NWA 1908) to measure apatite D/H and
water contents. Our samples are selected from the main group and Stannern trend, and represent
a wide range of thermal alteration types (types 2-6). In the following sections we provide

relevant petrographic descriptions of our selected samples.

7.3.1 Cachari

Cachari (N513, NHM Vienna) is a heavily-shocked monomict basaltic eucrite that has vesicular
glass veins attributed to shock melting by impact (30). It is mainly composed of fractured and
mosaicised pyroxenes of 0.2-2.5 mm, i.e., orthopyroxene and augite and each containing
exsolution lamellae of each other, and plagioclase of 0.2-2 mm in size and with mottled
extinction when viewed in cross-polarized light. Apatite and merrillite are 10-150 um in
apparent diameter and typically occur adjacent or interstitial to pyroxene, plagioclase, chromite,

and zircon. Apatite grains are larger and more abundant compared to merrillite. Sarafian et al.
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(2014) measured H isotopes in Cachari and found this sample to have a H isotope composition

similar to other measured eucrites.

7.3.2 GRA 98098

Graves Nunataks (GRA) 98098 is an unbrecciated coarse-grained type 4 main group eucrite. Our
thick section of GRA 98098,65 has 0.2—1 mm laths of plagioclase with rounded edges and 0.2—1
mm blocky exsolved pyroxene. Graves Nunataks 98098 is absent of any late stage melt pockets
and merrillite, but it does contain abundant and large apatite often 100 pm in the long direction.

The sample has distinctive tridymite veins throughout the main mass that are associated Cl-rich

apatite (6).

7.3.3 Juvinas

Juvinas is a main group type 5 monomict basaltic eucrite. We analyzed two thin sections of
Juvinas, WWU Miinster (apatite measurements) and Juvinas AMNH 466-2 (merrillite
measurements). Our sections of Juvinas have lathy plagioclase up to ca. 2 mm in the long
direction and large blocky pigeonite >4 mm in some cases. The late stage melt regions of Juvinas
are also relatively coarse grained and contain ulvgspinel, troilite, pigeonite, plagioclase,

merrillite and apatite.

7.3.4 NWA 1908

Northwest Africa 1908 is a monomict and thermally metamorphosed basaltic eucrite with
exsolved pyroxenes of ~0.1-1 mm in the long direction and subhedral to anhedral plagioclase
intergrowths ca. 100~800 um in the long direction. Apatite is typically 1060 pm in apparent
size and occurs in late stage melt pockets along with ilmenite, troilite, pigeonite, plagioclase,

Si0; polymorph, and merrillite, or interstitial to silicates.

7.3.5 NWA4 5073
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NWA 5073 is a rare member of an unbrecciated Stannern trend eucrite and represent one of the
least thermally-metamorphosed eucrite basalts. It is mainly composed of elongated, zoned
pyroxene phenocrysts up to 1.2 cm, and plagioclase laths up to 0.3 ¢cm in length, and rich in
mesostasis (/8). Abundant late-stage melt pockets are rich in (terrestrial weathered) metal,
troilite, tridymite, apatite, merrillite, zircon and baddeleyite. Apatite and merrillite grains are

typically 20—100 pm and either occur adjacent to or exsolved from each other.

7.3.6 Pasamonte

Pasamonte is a monomict eucrite with thermal alteration type 2 (3), meaning that pyroxenes
maintain their magmatic Fe and Mg zonation and absent of exsolution lamellae. Pasamonte is
geochemically similar to main group eucrites, but has a distinct O isotope composition (4). Based
on O isotope compositions Pasamonte likely derived from different parent body, which has
similar geochemical characteristics as 4-Vesta (4). Our section of Pasamonte on loan from the
University of New Mexico (UNM-221) contains rounded basaltic clasts made up of subheadral
lathes of plagioclase ca. 100-1000 um in the long direction with blocky pigeonite 100-500 pm
long. Abundant late—stage melt pockets contain ulvospinel, troilite, pigeonite, plagioclase,
merrillite and apatite. While it is difficult to determine petrographically which phosphates

crystallized first, merrillite and apatite are present as late crystallizing phases.

7.3.7 Stannern

Stannern is a type 4 Stannern trend brecciated basaltic eucrite. Our thin section of Stannern,
AMNH 554-1 exhibit plagioclase lathes 0.2—3 mm in length with intergrown pyroxenes 0.1-2
mm in the long direction. In addition, some regions have dendritic intergrown plagioclase and
pyroxene, which could indicate quench growth. Late stage melt regions in Stannern are abundant
and contain ilmenite, troilite, pigeonite, plagioclase, SiO, polymorph, chromite, merrillite,

apatite and zircon. Apatite and merrillite are in the range of 10—100 pm in the long direction.

7.3.8 Parnallee
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Parnallee is an unequilibrated ordinary chondrite. Apatites occur interstitial to matrix olivine and
adjacent to metal grains and range in size from 15-100 pm in the long direction. The bulk §*'Cl
of Parnallee and NWA 8276 were previously measured and are considered to represent the

unprocessed original solar system value of ca -4%o (23, 25, 29).

7.4. Methods

7.4.1 Scanning election microscope

We used the JEOL JSM 6610-LV scanning electron microscope (SEM) equipped with an
energy-dispersive X-ray spectrometer (EDS) at the Natural History Museum Vienna, Austria and
a Hitachi TM3000 SEM equipped with an EDS at the Woods Hole Oceanographic Institution for
petrographical observations and location of phosphate grains. Low beam currents and fast

acquisition times were used to ensure apatites were not electron beam damaged.

7.4.2 Secondary ion mass spectrometry

7.4.2.1 Cl isotopes and halogen concentrations: Halogen concentrations (F, Cl, Br, and I) and
stable Cl isotopic compositions were measured using a CAMECA IMS1280 large-geometry
secondary ion mass spectrometer at the NordSIMS facility at the Swedish Museum of Natural
History. The procedures used here closely follow those of (74, 37). Cleaned samples were coated
with 30 nm of Au. Prior to spot analyses, the analytical positions were pre-sputtered for 120 s
over a 25 x 25 pm’ raster area to remove the Au coating and any remaining surface
contamination. For both concentration and isotope analysis, secondary ions of halogens species
were sputtered from the surface using a 2 nA Cs™ Gaussian focused beam and a 15 x 15 pm?
raster with an impact energy of 20 kV. An electron gun was used in conjunction with the primary
Cs" beam to counteract any charging effects on the surface of the sample. Secondary ions were
then centered in a 2000 pm field aperture, which provides a ca. 25 x 25 pm? field of view on the
sample that is smaller than the combined spot and pre-sputter area, thus precluding admission of
surface contaminant halogens to the mass spectrometer. For halogen concentration

measurements, secondary ions were filtered at a mass resolving power (MRP; M/AM at 10%
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peak height) of 5000 and species of "F, *'ClI, 1" and a matrix peak of *°Ca’'P~ were then
measured in either an electron multiplier (<10° c¢ps) or Faraday cup (>10° cps) in mono-
collection mode using a peak hopping routine. In order to measure *'Br’, which has complex
molecular interferences, a combined *'Br” + **Ca®CI" + **Ca’’CI" peak was measured and during
data reduction stripped of its CaCl interferences using the measurement of the most abundant
Yea'ler species and assuming the natural isotopic abundances of Ca and Cl. Ratios of Pg- 37Cr
, ¥'Br and '?'I to the matrix **Ca’'P™ species were used to calculate concentrations using relative
sensitivity factors determined by analyses of the Durango apatite standard during the same

session, which has F, Cl, Br, and I contents of 33500, 4099, 0.84, and 0.73 ng/g respectively.

Chlorine isotopic compositions were measured in adjacent spots in the same grains as the
halogen concentrations where possible or in adjacent grains where necessary. The secondary ions
3CI" and *’CI" were filtered at a mass resolution of 2500 and measured simultaneously on two
Faraday cups equipped with 10'' Q low noise amplifiers in four blocks of ten integrations,
resulting in an overall counting time of 160 s. Secondary magnet stability was maintained using
an nuclear magnetic resonance (NMR) field sensor in regulation mode. Measurements of two
different apatite standards, Durango and a pure, synthetic Cl-apatite of known composition, i.e.,
8*'Cl of 0.5%o and 2.0%o, respectively from (14), were interspersed with analyses of unknowns.
To account for matrix dependent variations in instrumental mass bias (IMF) resulting from
variable Cl content(s), a linear correction based on drift-corrected measured CI intensities was
made to eucrite isotopic compositions relative to intensity and isotopic composition of the
bracketing apatite standards. This IMF bias correction was not made for Parnallee because those

apatites were Cl-rich.

7.4.2.2 D/H and water content: The isotopes of H (deuterium, D and H) and H,O concentrations
were measured in apatite grains from GRA 98098 and NWA 1908. According SIMS
measurements were conducted on a CAMECA IMS1280 ion probe at the Woods Hole
Oceanographic Institution. Prior to measurements, sample mounts were cleaned with distilled

water and ethanol and dried in a vacuum chamber with a pressure less than ~6.6 x 10 Pa (5 x

174



107 Torr). The samples were then taken out of the vacuum chamber and gold coated. After gold
coating, the sample was placed into the instrument to obtain a pressure of lower than 1.3 x 107

Pa (~5 x 10” Torr) in the analysis chamber.

A focused 1 nA Cs’ primary beam was rastered to produce a 15 x 15 um? sputter crater. During
our analysis we used a physical field aperture was used, such that jons from the central 8 x 8 pm’
of the SIMS pit were counted. Prior to analysis of unknowns the production rate of '°O'H'H” was
determined using JD17H reference material, i.e., a natural glasses with 2.49 wt% H,0. A MRP
of 12,000 (MRP of 11,632 needed to separate '°O’H for "*O'H'H") was used for the *O'H'H’
production rate test. We found the *O'H'H peak is lower than our electron multiplier (EM)
background (~0.01 counts per second), meaning the production of '°O'H'H" is less than 1%o of
'®O°H. For our analyses MRP was nominally 10,000, which separates '"O'H" from '®O?H". Using
mono-collection mode, we counted mass 'O, 'YO'H", and '®°O’H". Background "O'H/"O
measured throughout the session was ca. 4.5 x 102, which translates to ca. 19 ng/g H>O.
Background was corrected by subtracting counts of '"O'H” and ""O’H" of our low water reference
material, Suprasil 3002 (1 pg/g H,O, provided by Heraeus Quarzglas, Switzerland) from our
apatite measurements. All uncertainties were propagated from background and analytical

uncertainty.

7.5. Results

7.5.1 Halogen concentrations

The F, CI, Br, and I content of apatite and/or merrillite was measured in all eucrite samples and
representative analyses are presented in Tables S1. The merrillite F, Cl, Br, and I content vary
considerably for all samples, 5.8 — 3532 pg/g, 2.73 — 546.36 pg/g, 0.28 — 78.14 pg/g, and 0.11 —
14.1 pg/g, respectively (Fig. 2). Our measurements of F and CI in apatite from Stannern,
Pasamonte, and GRA 98098 agree with previous measurements (6). Bromine and I
concentrations positively correlate with CI content, but not F. External precision (1o, n=35) for

F, Cl, Br, and | for Durango apatite were 4%, 5%, 12%, and 3%, respectively.
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7.5.287Cl

The Cl isotopic composition of single apatite grains in all measured eucrites vary from -4.6%o in
NWA 5073 to +11.9%0 in NWA 1908 (Table 1). This large variation is similar to the variation
seen on Mars (23, 25), but less than the variation observed on the Moon (26, 27) and mantle-
derived magmatic rock of the Earth (21, 24). Apatite 8°'Cl from each eucrite sample correlate
with its bulk rock major- and trace-element composition, e.g., Sc, Mg, V, Cr, and K content (Fig.
3A-D). Additionally, apatite 8*'Cl correlate with apatite Br/Cl (Fig. 3E), apatite 1/CI (Table S1),
and bulk rock 8%Zn (Fig. 3F). External precision on Durango apatite and the synthetic apatite
were 0.17%o (n=159) and 0.32%o (n=40), respectively.

7.5.2.1 8/Cl-Parnallee: We measured apatite grains interstitial to olivine and associated with
metal grains in the ordinary chondrite Parnallee. The mean of all analyses is -4.7 £ 1.5%o (2 sd,
n=32), which is in excellent agreement with the structurally bound Cl determined by bulk

measurements, -4.1 = 0.3%o (29).

7.5.306D

The hydrogen isotopic composition was measured in two eucrites, GRA 98098 and NWA 1908
(Table 2). No spallation correction was made because (1) no cosmic-ray exposure ages exist for
GRA 98098 and NWA 1908 and (2) the H-rich nature of apatite and the render the spallation
correction negligible (5). For example, an apatite with ca. 56 pg/g H (500 pg/g H,O) and
exposure age of 30 Myr would have a spallation correction of ca. -20%o (5). Graves Nunataks
98098 and NWA 1908 show elevated D/H relative to Cachari, Juvinas, Pasamonte (5, 20). With

the exception of Stannern, the elevated in 6D corresponds to elevated 8*'Cl (Fig. 4).
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7.6 Discussion

7.6.1 Phosphate saturation

The halogen content of apatite and merrillite can help determine the limiting element(s) in apatite
saturation. Beside OH, F and CI are major structural constituents in the mineral apatite, but trace
elements in merrillite. Therefore, these key characteristics of halogen geochemistry can be used
to determine the crystallization sequence of phosphates in eucrites. We observe the F and Cl
content of merrillite vary according to the power function F = 1.8 x CI°*'? (Fig. 2). AtaF and
Cl content of greater than 300 pg/g the slope steepens, i.e., F becomes enriched compared to Cl
(Fig. 2). The steepening of the slope in F vs. Cl space could be the merrillite structure switching
to the apatite structure, where F is extremely compatible and Cl is moderately compatible (/4).
Therefore, merrillite coexisting with apatite suggest that F, or any other anion compatible in

apatite, is the limiting element in apatite saturation in eucrite basalts, not P.

7.6.2 The H content of eucrite magmas

The bulk water content of eucrite magmas can be evaluated in two ways. (1) Apatite-melt
hygrometry (/3, 32), which uses an apatite-melt OH-F exchange coefficient (Kg) that were
mostly determined at the C-CO buffer at 1 GPa, bulk F content (see supplementary material),
and apatite OH and F contents (this study and Sarafian et al., 2013). Apatite-melt hygrometry,
while a useful tool, is only an approximation of the melt water content, especially at low oxygen
fugacity when H; is present in the melt. This approach assumes a closed system during
crystallization, similar partition coefficients for H and F between the major crystallizing phases,
i.e., plagioclase and pyroxene, and melt, and no pressure dependence on the Ky, extrapolating
from 1 GPa to ~10°-107 Pa - the potential pressure of crystallization for eucrite basalts. A closed
system implies that no degassing took place prior to apatite crystallization, which means magmas
must have crystallized under pressure and/or melts were extremely water-poor. However, this
may not be the case for eucrite magmas. Additionally, the partition coefficients for H and F
between the silicate crystallizing phases and melt are different ( Dalou et al., 2012; Hauri et al.,

2006) and poorly characterized at low pressure. Nevertheless, we provide the first estimate for
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the water content of a eucritic melt. Using the OH-F exchange coefficient and F content of the
bulk rock, which likely represents a melt composition, we can estimate the H content of a

primitive melt (32):

X2, x xfett

PM _ “Hp0 ' “ %
CHZO - _ap-melt ap (1)
K X X
d0H~-F F

Where Cf, is the concentration of HyO in the primitive melt, XZfO is the H,O content of

apatite, Xp¥ is the concentration of F in apatite, X}¢!* is the concentration of F in the melt,
which is assumed to be equal to that of the bulk rock, and K;g;_";elt is the exchange coefficient

determined by McCubbin et al (13). The estimated water content of the Juvinas, Pasamonte, and
Stannern primitive melts are 53 + 14, 52 + 13,5+ | pg/g H (470 £ 121, 460 + 120, 40 = 7 ug/g
H,0), respectively. These estimates should be considered minima if F is more compatible than H
in pyroxene and plagioclase, if degassing took place prior to apatite crystallization, and/or if
abundant H, was present in the melt. The large uncertainties in the calculated H>O contents are
due to the sizable variations in measured F contents in the literature. However, the eucrite melt
water contents fit into petrologic models for eucrite genesis and our isotope measurements,
where Pasamonte and Juvinas have similar H, major and trace element contents, and isotopic
signatures (Fig. 4). The elevated 8D of Stannern (Fig. 4) suggests that H degassing took place
during either magma cooling or crustal interaction (/0) and low calculated H content of the
Stannern primitive melt further support the degassing hypothesis. We would like to emphasize
that these are estimates of eucrite parent melt H contents and determining the H content of 4-

Vesta is beyond the scope of this contribution.

(2) An alternate method to estimate the bulk H,O content of 4-Vesta is to use bulk rock volatile-
refractory elemental ratios, extrapolating them to a 4-Vesta composition. We can assume a
maximum initial preserved eucrite melt H content of ca. 112 pg/g (1000 pg/g H,0), by
extrapolating the volatile element depletion of eucrites based on the K/U of Earth, the Moon and

eucrites (6, Fig SX; 33-35). This approach fundamentally assumes that K and U are not
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fractionated from one another, which may not be the case if a magma ocean was present. We
also must assume a constant depletion factor from K to H. For Earth, this assumption holds true
for many elements (Lodders, 2003), except for some, e.g., Cl (Sharp and Draper, 2013).
Therefore, we would like to emphasize that this is a crude estimate for the H content of eucrite

melts.

The solubility of H is pressure dependent (36, 37). Using previously established H solubility
models (36, 37), our upper H content limit of 112 pg/g H as OH in a vestan magma ocean is
soluble at a pressure of 2.29 MPa, or at ~3 km deep; less overburden is needed for ca. 22.4 pg/g
H dissolved as OH. At a depth of 6 km, ~2000 pg/g H,O is soluble (36, 37). If we choose the
initial preserved H content of 22.4-112 pg/g based on our above hygrometry calculations, and
assume the vestan magma ocean crystallized 50%, then the magma ocean must be under at least
2.5 km to 11 km of crust to allow for our observed H,O contents, which agrees with other recent

crustal thickness models (38).

7.6.3 Possible Cl and H isotope fraction processes

Apatite in eucrites display an extremely wide range of 8°'Cl values that correlate with the bulk
rock major- and trace-element content and apatite halogen content (Fig. 3A-E). Processes that
can fractionate the Cl isotopes include (a) perchlorate formation (39, 40), (b) distillation (41),
and (c) degassing of metal chlorides (22). (a) Perchlorate (ClO4") forms by UV irradiation of Cl
and generally affects samples in desert environments due to low water flux, and can impart a
wide range of Cl isotopic compositions, both heavy and light (39, 40). If perchlorate caused the
wide range of observed 5°’Cl values, then surface contamination of basalts would be the primary
process driving the variation in 8°’Cl. In this case, we may expect a correlation between §°'Cl
and halogen content as well as exposure age or solar wind derive noble gas content (42).
However, regolithic eucrites do not exist in the meteorite collection and regolithic howardites are
rare (42). Additionally, our sample with the most elevated 8*’Cl is an unbrecciated rock, meaning
that it was likely not part of a regolith on the surface of 4-Vesta. Therefore, the observed range in

8*’Cl cannot be explained by perchlorates.
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(b) Volcanic fumaroles produce vapors with high 6°’Cl values (47). In these fluid dominated
systems, chloride ions evaporate to form HCI vapor causing 8°’Cl fractionation where the heavy
isotope resides in the vapor, and the light isotope remains in the liquid (47). The vapor phase is
isotopically heavy because the bond strength of HCl, is stronger than the CI" dissolved in the
liquid (47). The H isotopes also fractionate during evaporation (43). There is a strong
temperature-dependence on the D/H fractionation, but at temperatures less than 230 °C the vapor
is isotopically light and at temperatures between 230-360 °C the vapor is slightly heavy, <10%o.
If boiling/distillation fractionated the CI isotopes, then apatite with the most elevated 8*'Cl
signature should be associated with the lowest D/H if the apatite equilibrated with a low-
temperature fluid, or no measurable variation in D/H if the boiling/distillation event was at high
temperature. Boiling/distillation was likely not the mechanism to cause 8*'CI variation because
we observe the highest 5°’Cl associated with elevated D/H (Fig. 4). Additionally, if all of the
studied eucrites were the product of intense hydrothermal alteration secondary phases, e.g., clays

and other phyllosilicates, would likely be pervasive.

7.6.3.1 Magma ocean degassing: (c) Degassing of high-temperature magmas causes the loss of
many volatile species, including K*, KOH, KCI, HCl, H,0, H; (44). Degassing of HCI causes
little if any Cl isotope fractionation (29), but degassing of metal chlorides, like KCI causes a
significant increase in 8°'Cl (22 Fig. S1). Additionally, Br/Cl and I/Cl likely decreases during
crystallization (Kusebauch et al., 2015a).

As stated above, eucrites are a sampling of the asteroid 4-Vesta and geochemically similar
asteroids. The eucrite main group likely formed via extraction from an equilibrium crystalizing
magma ocean into magma chambers by fractional crystallization (8). Therefore, less evolved
eucrites, e.g., low [Sc] or high [Mg], were extracted from the magma ocean earlier than evolved
eucrites e.g., high [Sc] or low [Mg]. Systematic trends can be observed across many major and
trace elements when plotted against 8°'Cl (Figs. 3A-D). One trend shows K, an incompatible

element in mafic/ultramafic systems, decreases with increasing Sc and 8*'Cl (Figs. 3A & 3D).
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This correlation suggests that K either acts compatibly during magma ocean crystallization, or
degassed during 4-Vesta’s magma ocean phase (45). The latter is more likely, as K degases from
high-temperature magmas (44). Additionally, the Br and I content of apatite decreases by a factor
of ca. 3.5 and 2.3 (Tables 1, S2), respectively, from the lowest to highest 8*’Cl value measured.
This decrease is expected, as first-order high-temperature volatilely scales with atomic number
(46). The decrease in Cl content does not follow the Br and I trend, which could be because Cl is
a major structural component in apatite, meaning Cl partition between apatite and melt is non-
ideal, or more likely, degassing of Cl may have been rate-limited due to its high solubility in
melts. Here, we suggest that the correlation between major and trace elements, and halogens with
8%’'Cl are related to degassing of the 4-Vesta magma ocean, where increasing &°'Cl with
decreasing K is observed. Alternatively, the degassing event(s) could have occurred during
magmatic emplacement or eruption after a magma ocean stage. This hypothesis is supported by
the large variation in H isotope composition observed in apatite, but is inconsistent with the
excellent correlation between bulk rock §%Zn and apatite 8°’CI of the eucrites investigated (Fig
S3; 47), as stable Zn isotopes do not fractionate during magmatic emplacement (48). Therefore,
we suggest that while some of the isotopic variation (including Cl) are related to magmatic
emplacement processes, the large-scale Cl isotope fractionation occurred during degassing of the
magma ocean. In addition, the decreasing Br/Cl and I/Cl may be due to magma ocean degassing

too, but also could be due to incompatible nature of Br and I relative to CI.

During the magma ocean stage of lunar formation, it has been hypothesized that metal chloride
degassing occurred because some apatite were found to have a relative enrichment of *'Cl (26,
27). Likewise, we suggest that during the magma ocean stage of 4-Vesta, while eucrite magmas
were segregating and erupting, degassing of metal chlorides (or metal halides) occurred.
Degassing of the magma ocean could have been enhanced by impacts breaking through the crust
(27), or degassing may have occurred despite the presence of a crust due to the low pressure
environment on 4-Vesta. Our degassing models, which assume Rayleigh fractionation, show that
a ~60% loss of Cl as KCI will evolve the 8°’Cl from -3.8%o (average NWA 5073 8'Cl) to 7.7%o
(average GRA 98098 &°'Cl; Fig. S2). Therefore, the large range in Cl isotope compositions
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observed in basaltic eucrites can be explained by a simple metal chloride degassing model (Fig.
3).

It can be assumed that Cl and H species were likely degassing at the same time. The H isotope
fractionation between melt and vapor is controlled by (1) the isotope fraction factor of the
degassing species, H, and H;0, and (2) the abundance ratio of the two species (Fig. S3). The
isotope fractionation factors (o) commonly used for H, and H,O are 0.816 and 1.049 (49), but
the o for H,O between melt and vapor is likely a function of melt composition and pressure and
has not been fully parameterized (49). The abundance ratio, H,:H;O, is controlled by the oxygen
fugacity of the system (50). A the oxygen fugacity of eucrite formation, IW-1 (2 and refs.
therein); where IW-1 is 1 log unit below the Fe>FeO oxygen buffer), low pressure and low HO
content, the molar H,:H,O ratio is ~5:95 (50). If the concentrations of H; and H,O in the magma
ocean are above saturation, a mixture of H, and H,O will degas, although H, may degas more
rapidly than H,O (51). Degassing will stop when the volatile species is no longer saturated in the
melt. At low oxygen fugacity, the H, fugacity is much higher than the H,O fugacity, meaning
that H,O will become soluble in the melt before H, (51). If degassing took place at a lower
oxygen fugacity, or if H, degasses more efficiently than H,O (Sharp et al., 2013b), then one
would expect to generate greater H isotope fractionation than observed here. 4-Vesta likely
accreted and underwent core formation at a very low oxygen fugacity, however this was likely

prior to any volatile accretion 4-Vesta experienced.

We model the vestan magma ocean by first degassing H,, H,O, and metal chlorides for a period,
followed by degassing of only H, and metal chlorides (Fig. 4). The system can switch from a
mixed H,—H,0 species, which causes little H isotope fractionation (Fig. S3) to only Hj, which
causes massive H isotope fractionation, for two reasons, (1) H>O can become soluble due to low
concentrations of H;O in the magma ocean, or (2) H,O becomes soluble due to an increase of
pressure (36, 37). Our model shows that mixed-phase degassing can explain the variations seen
in the data (Fig. 4) and requires and early-formed crust at least 3-11 km in thickness, which

generally agrees with recent physicochemical models of 4-Vesta (8, 38). The location of the
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inflection point (where Juvinas sits, Fig. 4) is a function of absolute H,O content and crustal

thickness (pressure).

7.6.4 Stannern, the outlier

Stannern is enriched in incompatible elements relative to 8°’Cl compared to the other eucrites
studied here (Figs. 1, 3D). Apatite in Stannern also has an elevated 8D relative to other eucrites
(3, 20), yet has unfractionated Cl isotopes (Fig. 3). Stannern, the namesake of the Stannern trend,
was likely generated by mixing small degree crustal partial melts with main group-type magmas
(10, 11). The partial melt generated would be enriched in the incompatible elements, including H
and Cl, and likely degassed Hj. A loss of at least 60% of total H can account for the enrichment
of D, if no H,O degassing took place at the time of crystallization. The NWA 5073 sample is
another member of Stannern trend eucrites, but likely samples a relatively primitive magma
ocean. We suggest that Stannern received its Cl isotope signature from the magma ocean but

underwent further processing, e.g., interaction with a crustal melt.

7.6.5 The 6°’Cl of 4-Vesta

Here we have shown that magma ocean degassing of mixed species (KCl, HCI, H,O, H,) is the
likely mechanism that caused the observed enrichments in 8°’Cl and 8D. Our best estimate for
the primordial *’Cl of 4-Vesta derives from the eucrite with the lowest measured 8°’Cl, NWA
5073, -3.8 = 1.1%0 (2 sd, n=23) based on our bulk rock major- and trace-element content and
apatite halogen content trends (Fig. 3). Our estimate (1) would be an upper limit for 4-Vesta,
because magma ocean degassing increases the 5°'Cl of segregated magmas and we probably did
not sample the most primitive lava possible (such as the primitive eucrite Sioux County); (2) is
within error of some unequilibrated chondrites (23, 25, 29). The similarly low 8*'Cl of 4-Vesta
and the chondrites Parnallee and NWA 8276 (25, 29) may suggest a primordial light Cl isotope

reservoir existed, but was extremely difficult to preserve.

7.6.6 The volatile element accretion/processing in the inner solar system
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4-Vesta, with a fast accretion history (1), likely avoided any potential isotopically heavy HCI
hydrate ices (25), which condenses around 140-160 K (52). If 4-Vesta did not receive HCI
hydrate ices, then it may not have received other hydrous- and carbon-bearing ices, as H and C
condense at ca. 180 and 40 K, respectively (53), meaning 4-Vesta would be relatively depleted in
H, C, Cl, and other elements contained in ice, compared to bodies with a §’Cl of 0%o.
Consequently, 4-Vesta could have avoided the delivery/and or accumulation of HCI hydrate ice
because the ices probably were lost once “wet” material crossed an ice line, presumably in the
early inner solar system, or 4-Vesta finished primary accretion prior to ice injection into the inner
solar system. Interestingly, the terrestrial mantle likely has a 8*’Cl value of ca. 0%o (29), although
some mantle reservoirs are as light as -3%o (21, 24). Therefore, if the source of H is the same
between Earth, the Moon and 4-Vesta (5, 20, 54, 55), then some processes that affected the Earth
and possibly the Moon must have fractionated the Cl isotopes without fractionating the H

isotopes, or 4-Vesta is missing a heavy-Cl component independent of the other volatile elements.

7.7 Conclusions

Here we have shown that F is a phase-limiting element for apatite growth in eucrite basalts.
Using apatite hygrometry we have shown that the Juvinas/Pasamonte primitive melt contained
~200-600 pg/g H,O. We have also shown large variations in apatite Br/Cl and I/Cl, and 8*’Cl
were preserved in eucrite meteorites. Large-scale geochemical trends, interpreted to be evidence
of a magma ocean on 4-Vesta, were related to apatite Br/Cl and 8°'Cl. 4-Vesta likely had a
magma ocean that degassed many volatile species, including KCI, H,, H,O, Br, and 1. We
confirm that Parnallee has a 8°'Cl of -4.7 + 1.5%o, which suggests that some chondrite parent
bodies and 4-Vesta accreted a depleted Cl isotope signature compared to Earth and possibly the
Moon. Either these bodies are missing a heavy Cl isotope volatile-element component, or Earth
accreted from material that had been geochemically processed or was isotopically distinct from

the start.
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7.10 Figures and Tables

Figure 1
Bulk rock Hf vs. Sc concentrations. Note that Stannern trend eucrites (Stannern and NWA 5073)

are enriched in Hf compared to main group eucrites.
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Figure 2

Fluorine vs. Cl in eucrite apatite and merrillite.
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Figure 3

Figure 3. A) bulk rock Sc vs. 8°'Cl; note the increase of Sc with 8*Cl, implying olivine instead
of pyroxene was a major phase crystallizing during magma ocean crystallization. B) bulk rock
Mg vs. 8°'Cl note decrease of Mg with increasing 8*’Cl, implying olivine was a major phase
crystallizing during magma ocean crystallization. C) bulk rock Cr vs. 8°'Cl; note negative
relationship between Cr and 8°7Cl, implying spinel was crystallizing during magma ocean
crystallization. D) bulk rock K vs. 8*’Cl; note negative relationship between K and 8*'cl,
implying loss of K during magma ocean crystallization. E). Apatite Br/Cl vs. 8°’Cl; note negative
relationship between Br/Cl and &°'Cl, degassing of Br and Cl during magma ocean
crystallization. F) bulk rock 8°°Zn vs 8°’Cl are positively correlated. Stable Zn isotope do not
fractionate during magma emplacement. Therefore, Cl and Zn must be fractionating during
magma ocean cooling. Graves Nunataks 98098 gives a minimum value for 8°°Zn due to
Antarctic weathering removing heavy Zn (47). See Supplementary information for references for

bulk rock concentrations.
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Figure 4
Hydrogen isotope composition vs. Cl isotope composition. Note positive correlation between the

two isotope systems, which suggest that H and C| were degassing contemporaneously.
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Table 1

Cl isotope composition of measured apatite

87Cl 26 Sample 8'CI_ 26 Sample §'Cl 2o
Cachari Juvinas
Ap3 5.58 0.54 Ap4 -0.05 0.78 GRA 98098
Ap3 6.25 0.54 Ap4 036 091 Ap2 7.66 031
Ap3 6.41 050 ApS 1.27 094 Ap2 7.65 031
Ap3 5.12  0.44 ApS 1.06 0.83 Ap3 6.77 0.31
Ap3 482 048 Ap2 -0.50 131 Ap9 829 0.3l1
Ap4 509 045 Ap2 122 090 Ap9 829 031
Ap4 5.06 0.43 Ap2 -0.94 122 Average 7.73 1.25
Ap4 6.00 0.58 Ap3 -1.18 1.80 Stannern (AMNH)
Ap4 356 042 Average 0.16 1.96 Ap8 1.48 032
ApS 438 051 NWAS073 Ap8 1.08 0.35
ApS 484 061 Ap7 -3.10 0.54 Ap4 -0.31 1.82
ApS 6.02 0.56 Ap7 -3.08 0.54 Ap3 1.26  0.32
Ap5 499 0.77 Ap6 -3.37 056 Ap3 0.15 037
Apl 4.15 044 Apls -2.94 056 Apl 0.01 0.42
Apl 6.13 0.44 AplS -226 0.70 Apl .11 0.3l
Apl 490 044 Ap3 -3.70 051 Ap7 1.08 0.39
Apl 474 044 Ap3 -3.22 0.56 Stannern (WWU)
Apb6 453 041 Ap4 -3.91 056 Aplo 2.84 038
Ap6 235 045 Ap4 -3.51 0.53 Apl0 -0.37 0.36
Ap6 242 041 Ap2 -4.09 056 Aplo 2.03 0.36
Average 4.87 225 Ap2 -421 059 Aplo 203 0.34
NWA 1908 AplO -3.67 042 Apll 232 042
Apl6 790 1.11 Aplo -438 041 Apll 2.76 052
Apl6 6.61 092 Apll -4.15 034 Apll 3.18 0.34
Apl8 497 085 APII -4.61 038 Apll 344 046
Apl8 482 0.87 Apll -436 035 Apll 2.67 0.36
Apl8 11.93 0.88 Apl2 -3.61 035 Apll 245 042
Apl9 825 0.77 Apl2 -425 0.52 Apl7 2.82 040
Apl3 477 075 Apl2 -3.96 036 Apl7 1.74 040
Apl3 543 0.68 Apl3 -4.14 037 Apl7 326 0.38
Apb6 735 073 Apl3 -431 035 Apl3 092 0.36
Ap8 894 1.15 Apl3 -3.94 033 Apl3 0.15 0.40
Average 7.10 4.57 Apl3 -3.50 034 Apl3 193 042
Pasamonte Average -3.75 1.14 Apl3 227 044
ApS 1.70  0.37 Average 1.69 2.30
Ap4 1.41 0.34
Ap7 1.67 0.39
Average 1.60 0.32
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Table 2

Hydrogen isotope composition and water concentration of measured apatite.

Sample 6D 26 [H,0] 206 Sample 8D 26 [H,0] 20
GRA 98098 NWA 1908
Apl -124 21 2182 45 Apld  -147 20 2672 55
Ap2 -45 29 988 20 Apl5 -83 20 2505 51
Ap3 -50 67 177 4 Apl6 -78 20 2622 54
Ap4 -65 77 143 3 Apl7  -157 15 9090 186
Ap5 -238 1S 7183 147 Apl7 97 20 2706 55
Apb -76 25 1460 30 Apl3 -207 24 1514 31
Ap7 =77 62 250 5 Apb6 -84 20 2975 61
Ap8 =206 27 1353 28
Ap9  -133 44 417 9
Apl0 -145 21 2110 43
wtd avg  -126 139 wtd avg -121 97
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Appendix A

Supplementary materials for Chapter 2

A.1 H incorporation in olivine

The incorporation of H in olivine has been extensively studied e.g., (21, 78-80). Several different
H-incorporation mechanisms have been proposed based on FTIR spectra and the total H
dissolved in olivine is the sum of several point defect types (87). The SIMS technique measures
the total concentration of H in a given analysis spot, thus, even if H incorporated in olivine by
more than one method, the SIMS technique will still allow us to report total H of a spot analysis

of olivine (81).

A.2 Volatile element partitioning into olivine

The incorporation of most volatile elements in olivine has been fleetingly studied. The partition
coefficient between olivine and melt for H, F and CI have reliable values (27, 22), but the
partition coefficients were determined at much higher pressures compared to the crystallization
pressure(s) of angrites. The largest uncertainty in the above partition coefficients is the unknown
pressure dependence for volatile element partitioning. The C partition coefficient between
olivine and melt is far less certain than the other elements. The partitioning experiments of
Rosenthal et al. (23) report two partition coefficients between olivine and melt, which differ by
33 %. For this study we took the average of the two partition coefficients. Thus, for C
partitioning, our two largest uncertainties are in the partition coefficient itself and the pressure
dependence of C partitioning into olivine. While the above uncertainties exist, H, C, and Cl are
all highly incompatible in olivine. This high degree of incompatibility means that H, C, Cl, and
to a lesser degree, F, will be highly concentrated in the melt compared to olivine. The final
partitioning value that we use for H, C, F, and Cl is of minor importance compared to the

extreme relative enrichment in volatile elements for angrites.
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Appendix B

Supplementary materials for Chapter 3

B.1 Size of the APB

As stated in the main text, the size of the APB is poorly constrained (68-70). Here we aim to
provide a well-constrained minimum estimate of the APB. Our first minimum estimate use the
CO; and H;O saturation models (/24) calibrated to relatively alkali rich mid-ocean ridge basalt
(MORB) compositions (/25). In contrast angrites are highly depleted in alkali metals, and less
polymerized than MORB melts, i.e., angrite melts have a high non-bridging oxygen/tetrahedral
coordinated ions (NBO/T) relative to MORB melts (126, 127). Melt structure, which is strongly
dependent on composition (/26), can have dramatic effects on element partitioning and the
solubility of chemical species, e.g., C solubility increases with decreasing degree of
polymerization (83, /27). In our H-C-O saturation model we assume melting occurs at the core
mantle boundary and vapor saturated in order to determine the minimum size of the APB,
melting shallower and vapor under saturated will only increase the size of the calculated APB.
Our input values for the pressure calculation (/24) was used a temperature of 1200 °C, SiO,
content of 40%, CO; content of 4030 pug/g (which equals 1100 pg/g C), and a H>O content of
1500 pg/g. In order to translate the pressure into a depth we must make assumptions about the
physical characteristics of the APB itself. We assumed a homogenous core density of 8000
kg/m’ and a homogenous mantle density of 3200 kg/m’ (85, 86) We varied the Reore/Riotal fOr the
APB from 0.5-0.1 to gather a large range of potential planetary body internal structures (Figure ).
Taking into account our input parameters we obtain a pressure of 166 MPa and taking into
account our assumptions about the APB we obtain a minimum size of the APB to be 2270 km
for a Reore/REarth Of 0.4 (Fig. 4). The pressure and APB size calculations are only valid if the CO;
solubility of an angrite melt is similar to that of MORB, which is likely not the case, and if H,O
and CO; are the degassing species. Carbonate (which degasses as CO,) is more soluble with in
depolymerized melts , but more soluble in melts with low SiO, contents (124, 127, 128). At low
oxygen fugacity, such as near and below the iron-wiistite (IW) oxygen buffer, H,, CHa, and CO
are present in the melt opposed to OH and CO; (which degas to H,O and CO,) (80-83). The
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solubility of reduced H-C-O species are far lower than the relatively oxidized C-H-O species and
therefore would require more pressure to maintain a high H and C content of an angrite magma;
if we did incorporate CHj into our model and extrapolate the solubility from experimental data
(82), then an exceedingly high minimum pressure of ~ 8 GPa is required to retain C. Therefore,
if melting on the APB was close to the IW oxygen buffer (47, 88, 100), our estimates provide a
robust minimum size for the APB. Using the volatile saturation model of Dixon et al (79), we
obtain a pressure of ~500 MPa. The greater pressure required by the Dixon et al (79), is due to
the fact that that SiO2 is not factored into the earlier Dixon model. Regardless, our estimate of

166 MPa, is a minimum pressure and the true pressure of melt extraction is likely greater.
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Appendix C

Supplementary materials for Chapter 4

C.1 Additional support for partial melting of the eucritic crust

The classification of residual eucrites led to an exploration of the geochemical consequences of
crustal partial melting in the eucritic crust (7). Ref (1/) modeled the trace-element pattern of a
low-degree partial melt, which is strikingly similar to the calculated melt composition in
equilibrium with the ARS presented here (Fig. 6a). Subsequently, ref (59) suggested the mixing
of a melt enriched in incompatible elements (the melt composition modeled in the 2007
contribution) to explain trace-element anomalies in diogenites. Finally, ref (60) found
“KREEPy” clasts in howardites, which were small clasts (<I mm x 1 mm) rich in K, REE, P,
and Y. This KREEPy melt could have mixed with a diogenitic melt to create the variance in
trace-elements seen in diogenites (59). This KREEPy melt could be similar to the melt in

equilibrium with the ARS.

Additional support for partial melting of the eucritic crust comes in the form of Fe-rich olivine
veins (/9), which could be evidence of low degree melting of the eucritic crust; and from trace
element systematics in zircons, which suggest that partial melting took place in eucrites (/8); and
finally, an enrichment in *°Fe in Stannern trend eucrites suggests that Stannern trend eucrites
were probably impregnated with a melt containing isotopically heavy Fe (12), which could be

the result of preferential melting of ilmenite, a common mesostasis phase.
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C.2 Other possible petrogenetic models

C.2.1 Other possible origins of the ophitic coarse-grained domain, equigranular fine-grained

domain, and ARS

The low abundance of REE in apatite and high abundances of REE in plagioclase and pyroxene
were interpreted as products of solid-state or fluid-mediated diffusion on the mm to cm scale
(20). However, this interpretation ignored the low abundance of incompatible elements in the
bulk rock. In contrast, ref (7) argued that the low abundance of bulk-rock REE was caused by the
extraction of a low-degree partial melt rich in incompatible elements. Experiments show that
extraction of 1-2 % partial melt is mechanically feasible and that such a melt would be highly
enriched in P, Ti, and REE (73). The experiments further demonstrate that extraction of such
low-degree melts would not alter the ophitic texture of the restitic rock. This confirms that low-

degree melt extraction can be pervasive without affecting the texture.

Strong thermal gradients in rocks and magmas may also cause chemical fractionation by Soret
diffusion, which causes certain elements to diffuse towards a heat source, while others diffuse
away from it (61). In the case of EET 90020 the heat source was adjacent to the equigranular
fine-grained domain (hot end), whereas the ophitic coarse-grained domain represents the cold
end. Experimental studies using terrestrial basalts show that P and the REE invariably migrate
towards the cold end during Soret diffusion whereas Rb migrates to the hot end (62).
Additionally, if Soret diffusion were to explain the ARS, F and H would have to have migrated
towards the cold end. The apatite enrichment would be expected at the cold end of the system,

i.e., close to the ophitic coarse-grained domain, which is where it is observed. Hence, Soret
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diffusion cannot be ruled out as the process from which the textures seen in EET 90020
originated, but Soret diffusion is an unlikely possibility because (1) Soret diffusion is
inconsistent with Rb data, and (2) the thermal gradient required for Soret diffusion to operate is
very high (~50-80°C/mm) (61). The thermal diffusivity of the eucrite crust is on the order of 1
mm?/s (63). Thus, a thermal gradient along the distance of the diameter of the main mass of EET
90020 (~4 cm) would fully relax within 1-2 hours. This is orders of magnitude faster than any
chemical diffusion in minerals or melts. With a relaxed thermal gradient, Soret diffusion would
cease. The only possibility for Soret diffusion to explain the geochemical and petrologic
observations is strong cooling in the cold end of the system and heating of the hot end of the
system to maintain the thermal gradient. This is also unlikely because the eucrite crust is thought
to be relative hot for a long duration (64), eliminating the possibility of cooling the system from
the surrounding rocks, but leaves the possibly of the surface of the asteroid to allow for cooling.
Fluid-moderated diffusion of the REE and other trace—elements is also unlikely. We see no
petrologic evidence of fluid flow in EET 90020. Some evidence one would expect to observe in
such a case would be quartz, tridymite, or apatite veining, as seen in Serra de Magé, Graves
Nunataks (GRA) 98098, and Juvinas (21, 65), or abundant Fe-rich metasomatic veining, as seen
in Pasamonte (66). No such evidence of fluid flow is present in EET90020, and fluid-moderated

diffusion is, therefore, unlikely.

Mittlefehldt and Lindstrom (20) suggested solid-state diffusion as a possible mechanism for the
heterogeneous distribution of apatite and merrillite in EET 90020. Solid-state diffusion has been
shown to highly alter the mineral chemistry of equilibrated eucrites (67, 68). However, this

mechanism is only viable where textural annealing has taken places, because diffusion of the
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REE is extremely slow, such that it would take ~1.5 x 10° years to diffuse REE 1 cm through
plagioclase (based on D(REE, Pl) = 10-21 m2/s; 69). Hence, if EET 90020 was completely
texturally annealed without different domains, solid-state diffusion could be considered to
explain the observed anomalies. However, because the ophitic fine-grained domain has
preserved a magmatic texture, extended periods of heating can be excluded and diffusion of the
REE is not plausible. Solid-state diffusion also cannot explain the high modal abundance of
apatite in the ARS, because diffusion of P is even slower or at least as slow as that of the REE
(e.g., 70). In any case, diffusion models do not address the low bulk rock abundance of

incompatible elements in EET 90020 (Fig. 6b; 16).
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Appendix D

Supplementary materials for Chapter 5

D.1 Supplementary tables

Table S1. Hydrogen isotope composition of pyroxene and apatite in unequilibrated eucrites.

_pyroxene dD  l1sd
Y-74450 -133 24
Y-74450 -127 34
Apatite
Y-82210 -157 10
Y-82210 -225 7
Y-77450 -73 18
Y-77450 -239 61
Y-75011  -146 12
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Appendix E

Supplementary materials for Chapter 6

E.1 Materials and Methods

E1.1 Water and D/H measurements of eucritic apatites

The studied samples were selected to represent a wide range of thermal annealing, and apatite
textures. Additionally, other apatites in the same samples had been previously analyzed for Cl
and F abundances by electron microprobe (Juvinas, Pasamonte, Stannern, and PCA 91078) and
Cachari was selected because it is a rock chip that has never been exposed to epoxy. Juvinas,
Pasamonte, Stannern, and PCA 91078 are epoxy mounted thin sections and Cachari is a rock
chip that was mounted in indium metal prior to analysis. All samples were polished to 0.3um
quality with diamond paste, cleaned with distilled water, dried in a vacuum oven for over a week
at 50°C, then transferred into a vacuum chamber (ca. 8x10” Pa). Immediately prior to the
measurement, the sample was taken out of the chamber and gold coated to a thickness of ca. 120
nm. After gold coating, the samples were placed in a different vacuum chamber (ca. 8x10” Pa)

attached to the ion probe for at least 24 hours prior to analysis.

We used a Cameca 1280 ion microprobe to measure H,O contents and D/H in apatites and a
modified analytical setup of Gaetani et al (29) was employed. A 1 nA Cs" beam was used to
produce a 10 x 10 um raster. We used a field aperture to decrease the measured area to 6 x 6 pum,
which reduces crater edge effects and analytical background. To further eliminate the analytical
background we used electronic gating, which reduces the measured area to ca. 4 x 4 um (Fig. Sl
& S2). Mass resolving power (MRP) was 9872 (m/Am at 10 %:;), sufficient to separate 0 from
'**O'H (MRP needed — 4713) and "0'H from '®*O*H (MRP needed — 8743). We measured masses
17O, 16’OIH, and '®O’H to ensure optimal mass spectrometer tuning over a small mass range,
minimal magnet movement, and sequential measurement of signals for H and D. Counting times
were 3s for 1’0, 5s for '°O'H and 15s for '80’H and were collected for 70 cycles. Typical

counting rates in our reference material Eagle County apatite, which contains 3700 pg/g of
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water, were ca. 90,000 counts per second (cps) for '®O'H and 20 cps for '®O*H and counting
rates for anhydrous blanks were ca. 6500 cps for '°O'H and 2 cps for '°O’H. Analyses of

standards and unknowns were corrected for this background.

Background correction consisted of subtracting the proportion of background from the measured
D/H ratio. We did this by measuring the water concentration and D/H of dry plagioclase adjacent
to each apatite analysis and used this as our background. The background did not vary
substantially over the course of this study and had a composition of 8D ~ +900. The corrected

D/H was calculated by manipulating the following equation:
D/Hmeasured = D/Hapatite * fapatite + D/Hcontamination * fcontamination

Where fy is the fraction of D/H signal coming from apatite or contamination. This equation

yields:

D/Hapatite = [D/Hmeasured - (D/Hcontamination * fcontamination )] * l/fapatite

Using this equation, we subtracted the background D/H from the standards and unknowns and
propagated the error according to the uncertainties of all four variables. We used 2 reference
apatites with known D/H values to establish a calibration curve for D/H for correction of
instrumental mass fractionation. After background correction, the reference materials produced a
calibration curve consistent with the expected values. We also analyzed a third reference apatite
(Russia, or ap018) with lower water contents (2000 pg/g), which yielded 8D = -74 +54 %o (20),
which is in good agreement with the accepted value for this reference material of 6D = -90
+14 %o (30). Background correction on eucrite apatites resulted in corrections on the raw data of

between -138 and -17 %o for the low-OH and high-OH apatites, respectively.

There are several possible terrestrial sources of contamination for analyses of hydrogen in apatite
by ion probe: (1) Water on the surface of the apatite, (2) diffusion of terrestrial water into apatite,
(3) epoxy. Below we discuss these three potential sources of H contamination. (1) Surface

contamination was significantly reduced by the following measures: all samples were kept at
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50 °C in a vacuum oven for a week prior to analysis. After this, samples were gold coated and
kept under high vacuum for at least an additional 24 h. Additionally, presputtering took place for
10 minutes prior to each ion probe analysis. Surface contamination can be identified in ion probe
analyses by the occurrence of decreasing count rates during a measurement as the surface
contamination is partially removed by the sputtering process over the course of the 70 analytical
cycles. We did not observe this effect in any of our samples. Thus, we are confident that water
contamination on the analyzed surfaces during measurement was insignificant. (2) Diffusion is
discussed in detail below, but at the temperatures of terrestrial contamination (<200°C) water
diffusion in apatite is far too slow for diffusive exchange between a terrestrial contaminant and
apatite to occur even over timescales of the entire history of the Solar System. (3) Epoxy could
potentially be a major contaminant, because it contains ca. 14 wt% H;O. During each analysis an
image of the electron multiplier was carefully watched to ensure that no heterogeneities in the
spatial distribution of H were present, which could result from small pockets of epoxy in voids or
cracks in the original thin section. Furthermore, if significant non-apatite water was present
during an apatite measurement then the apatites would become “non-stoichiometric”, whereby
the sum of F, Cl and H,O added up to more than the mineral accommodates in its structure
(Cas(PO4);(OH,F,CI)). In order to assess the stoichiometry of the apatites analyzed for D/H in
this study were, we determined F and Cl concentrations by electron microprobe in representative
apatite grains from the same sample and used these concentrations to predict the water content of
the investigated apatite (Table S1) (4). This approach is justified by a very restricted variation of
Cl and F contents of apatite within individual eucrite samples (4). All samples presented in this
study exhibited measured water contents that are within error of the stoichoimetric prediction
based on the measured F and Cl contents. Lastly, sample Cachari, which has D/H
indistinguishable from the remaining sample set, was mounted in indium and had no contact with
epoxy. We are, therefore, confident that water contamination from epoxy or any other non-
apatite source was insignificant. The D/H values determined by ion probe therefore must
represent the composition of the eucrite apatite at the time of formation of the rocks on their

parent body in the young Solar System.

E1.2 Electron probe microanalysis of eucrite apatites
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Apatite grains from PCA 91078 were analyzed using the JEOL 8200 electron microprobe at the
University of New Mexico. An accelerating voltage of 15 kV and a nominal probe current of 25
nA was used during each analysis. We analyzed for the elements Si, Ce, Y, Fe, Mn, Mg, Ca, Na,
P, F, and Cl. Fluorine was analyzed using a light-element LDE1 detector crystal, and Cl was
analyzed using a PET detector crystal. Calcium, P, and F were standardized using a natural
fluorapatite from India. Chlorine and Na were standardized using a scapolite crystal. Cerium and
Y were standardized using their respective endmember phosphates. Silicon and Mg were
standardized using Taylor Olivine (from San Carlos, AZ), Mn was standardized using
Spessertine garnet, and a chromite crystal was used as an Fe standard. In order to reduce or
eliminate electron beam damage, we used a 10 um spot for standardization and 1 to 10 pm

diameter defocused beam for analysis of apatite grains in all the eucrite samples.

Stormer et al. (31) documented that F and Cl X-ray count rates change with time during electron
microprobe analysis of apatite, although McCubbin et al., (32) showed that this problem does not
apply to Cl. In addition to obtaining inaccurate F concentrations, this problem also causes
difficulties in estimating structural OH by stoichiometry. Consequently, we monitored the
fluorine X-ray counts in real time with the JEOL software. Some analyses did display variable F
X-ray count rates, which is why some of the analyses have more than their stoichiometric fill of

F + Cl (Table S1).

E.2 Supplementary Text
E.2.1 Sample Description

Apatite in Pasamonte, Stannern, and PCA 91078 are found in late-stage melt pockets associated
with troilite, tridymite, and ulvospinel (Fig. S1). The apatites in these samples are anhedral to
subhedral and range in size from 1-50um in the long direction. We analyzed the largest apatites
in the sections. Pasamonte has an anomalous A'’0, which may reflect it is from a different parent
body (33). If Pasamonte is from a different eucrite-like parent body, then this study samples two

distinct asteroidal bodies. Cachari has a young Ar-Ar age and is shocked eucrite with impact
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melt veins throughout the meteorite (34), apatite in Cachari occurs between large pyroxene and
plagioclase grains and is generally less <40um in the long direction (Fig. S2). Apatite in Juvinas
occurs in late-stage melt pockets (subhedral, 1-40um), and within veins (euhedral to subhedral,
5-30pm; Fig. S1). The veins in Juvinas could be a result of incongruent melting or fluid mediated
crystallization (35). All of the above-described textures of apatite indicate that apatite

crystallized late, i.e., near the eucrite magma solidus (36).

E.2.2 Petrogenesis of Eucrites

Eucrites are melts that could have been formed from partial melting of an olivine-rich mantle
(19, 37) or they could be direct melts from a magma ocean (38-40). Basaltic eucrites can be
separated into two geochemical trends, the main group and the Stannern trend (45). The Stannern
trend is invariant in differentiation indices, like Sc, and elevated in incompatible elements (e.g.,
Ti, La, Hf) (46). The main group is thought to represent a fractional crystallization sequence,
while the Stannern trend is thought to represent crustal contamination (46). We selected eucrites
from both geochemical trends. Some eucrites, such as cumulate eucrites crystallized deeper as
orthocumulates, but none of these eucrites were measured here. We measured basaltic eucrites
with varying degrees of chemical equilibration, but with no textural equilibration (47). The
varying degree of chemical equilibrium does not correlate with the water-F-Cl content of apatite

(4), nor does it correlate with the 8D.

E.2.3 Possible factors that affect the H isotopic composition of apatite

In the following section we evaluate to what degree the H isotopic composition of the eucrite
apatite is representative of the H isotopic composition of the eucrite parent body. We discuss the
possible factors that could affect the D/H ratio of igneous apatite during magmatic and high
temperature processes which include (1) degassing, (2) isotope fractionation between apatite and
melt, and contamination/assimilation of exogenous D and H either (3) implantation of solar wind

or (4) produced by cosmic ray spallation reactions.
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(1) The dominant H-bearing species that would degas from eucrite magmas is expected to be Ha,
because of the low oxygen fugacity within Vesta. The same is true for lunar magmas (7, 48).
This speciation of H would greatly affect the D/H ratio of the magma during degassing of an H-
bearing gas, because of the large relative mass difference between H, with and without
deuterium. Degassing could take place either during accretion of the eucrite parent body or
during magmatic degassing from the eucrite parental magma. Any degassing taking place prior
to apatite crystallization would not be directly detectable with D/H in apatite. However, if it did
occur, our measured D/H ratio would represent a maximum 8D value for the source of water in
the eucrite parent body, because any degassing at low oxygen fugacity would only be able to
shift the 8D in a positive direction, i.e., it would lead to an enrichment of deuterium in the
degassed residuum. Magmatic degassing both prior to and during apatite crystallization,
however, is unlikely to have been significant because we observed nearly invariant apatite 3D
values in our entire sample set, which display a wide range of water contents (apatite water

abundances vary by a factor of ~6; Fig. 1) in samples with vastly different thermal histories.

If the D/H ratio of Vesta would have been significantly lower at initial accretion the asteroid
evolved to its current H (N and C) isotope ratio through accretion-assisted planetary-scale
degassing, this would also have increased the oxygen fugacity in the mantle of Vesta (23). Given
the relatively reduced nature of the Vestan mantle (48), H degassing during accretion is less
likely, but cannot, at present, be ruled out. However, as argued in the main text, Vesta cannot

have accreted from material with a Solar H, N and C isotope composition.

(2) The isotopic fractionation between apatite and melt has not been quantified experimentally.
However, experimentally determined H isotope fractionation between silicate melt and
amphibole (another hydrous mineral) at 700 °C is only ca. 21 %o (22). The H isotope
fractionation between apatite and melt can be expected to be of a similar value (49). We
therefore conclude that equilibrium fractionation between apatite and melt is most likely

insignificant at the level of analytical precision (ca. =50 %o).

(3) Solar wind (8D = ca. -1000 %o; (50)) penetrates up to 100s of nm into a surface and

contamination could have affected the D/H ratio of apatite if there was exchange of OH in apatite
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with implanted solar wind. There are two different processes that could cause solar wind H to
affect eucrite apatite grains. The first would be assimilation of solar wind H by the apatite-
forming magma as the magma ascends through a solar-wind-rich regolith region on the eucrite
parent body. Conversely, apatite could have been directly exposed to the solar wind once the
eucrite reached the surface of 4-Vesta or during travel through space. This is highly unlikely
because the studied samples are polished thin sections and chips, the polishing process removes
100s of nm, which should be sufficient to eliminate solar wind H. Also, there is no correlation
between D/H ratio and exposure age of the analyzed eucrites, which range from 7-36 Ma (57),
implying that recent solar-wind interaction with apatite was insignificant. Hence, we conclude

that solar wind contributions to eucrite apatite are insignificant.

(4) Cosmic rays penetrate the upper ~3m of regolith and the resulting spallation reactions
predominantly produce D, which causes elevated 3D. Because the production of D is a function
of exposure time and cosmic ray flux, the total amount of D produced can be calculated and
removed if both these parameters are known. The effect of the spallation production is greater at
lower water concentrations because D is primarily produced from target nuclei of O, Fe, Si, Al
and Mg (52) none of which vary significantly as a function of water content in apatite.
Unfortunately, the cosmic ray flux for 4-Vesta is unknown, but might be expected to be lower
than the Moon due to its greater distance from the Sun. Here we use the lunar cosmic ray flux (3,
53, 54) to infer the magnitude of the eucrite spallation corrections. The exposure ages of eucrites
are significantly younger than those of most lunar samples, and the apatites measured are all
water rich (>650 pg/g water). Previous studies have found that lunar apatites require insignificant
spallation corrections at water contents in excess of 500 pg/g (53, 54). With the younger
exposure ages and higher water contents in eucrite apatites, we therefore conclude that spallation

corrections are negligible in eucrite apatites.

It is also a possibility that metamorphic re-equilibration of OH in apatite with implanted H or
spallation D occurred at a later time when the eucrites had come into contact with regolith
material most likely through impact-related processing on the parent body. We have analyzed

eucrites with a varying degree of thermal annealing, and they show the same apatite D/H ratio,
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demonstrating that solar wind-derived H and spallation produced D were not incorporated in

eucrite apatite.

We conclude that degassing, equilibrium isotope fractionation between apatite and melt and
extraterrestrial contamination has not significantly affected the apatite D/H ratio with respect to
the parental magma of the eucrites and the bulk composition of their parent body. Hence, the
D/H ratio determined for eucrite apatite samples correspond closely to the D/H ratio of the

eucrite parent body.

E.2.4 Diffusion in apatite

Diffusion of H can drastically change the H isotopes in apatite, obscuring the primordial H-
isotope signature. Water can diffuse in or out of apatite, depending what the sources or sinks of
water is. Below we discuss the timescales and temperatures needed for diffusion of H in apatite
to effect eucritic apatite. Diffusion in apatite is highly anisotropic (55). We discuss diffusion
along the crystallographic C-axis of apatite, which is the direction of fastest diffusion. This
provides the most conservative estimate of the possible effects of post-crystallization diffusion in
apatite. Diffusivity of H in apatite (at P = 0.1 MPa) was experimentally determined by Brennan
(55) to be

where D is the diffusion coefficient of F, Cl and OH parallel to the C axis of apatite, R is the gas
constant in kJ mol™ K™ and 7 is the temperature in kelvins. To estimate the length scale at which

apatite may have been affected by diffusion, the relationship:

x= (D"

can be used, where x is distance in meters and 7 is time in seconds. The ambient equatorial

temperature on Vesta is ca. 0 °C during daytime and ca. -100 °C at night, although data is
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preliminary at this point (56). Assuming a temperature of 0 °C and a time of 4.56 Ga, OH can
diffuse over a distance of ~3x10' m, which is insignificant compared to the size of an apatite
grain (~1-50%10® m) and thus water will not diffuse at ambient temperatures. At high
temperature, OH can diffuse much faster. For example, a 600 °C metamorphic event, which
would have occurred for at least 1 million years would have allowed for OH in apatites to
diffusively equilibrate over the distance of the typical size of the grains. However, even if such
an event took place, the observed uniformity of the measured D/H in eucrites among samples
that represent different metamorphic grades strongly argue against the possibility that re-
equilibration of the D/H ratios of apatite under metamorphic substantially affected the analyzed

samples.

E.2.5 Degassing model

If degassing took place on Vesta, the H isotopes should fractionate and change from the
primordial H isotope composition that Vesta accreted with. We can evaluate the possible impact
of degassing on the D/H ratio of Vesta by using degassing models. We consider Rayleigh
fractionation during evaporation of various volatile molecules in the early Solar System. The
model can determine if the determined D/H ratio could have evolved by degassing from another
known source material (such as comets or a protosolar composition) using Rayleigh

fractionation:

R = Ro*F*"

where R is the isotope ratio in the degassed residue, Ry is the initial isotope ratio, F is the fraction
of the element that remains in the residue and o is the isotope fractionation factor. For ideal
gasses evaporating in a vacuum the fractionation factor is the square root of the ratio of the two
isotope masses. We show that under reducing conditions it is not likely for Vesta to have
acceded significant cometary material (Fig. 2). Degassing of H and N ensures that the residue
(Vesta) becomes more enriched in the heavy isotopes. Regardless of H isotopes, N isotopes

cannot evolve from a cometary value to that of Vesta.
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If we consider the protosolar nebula (Jupiter) as source of volatiles then H, C, and N isotopes
would have to evolve to extreme values and would still not converge to a Vesta-like signature. If
99.99 % of all of Vesta’s H is lost through the degassing of H, then the H isotopes could evolve
from a protosolar composition to a Vesta-/Earth-’/Moon-like composition. With 99.99 %
degassing, the N isotopes would not evolve far from a protosolar value. Degassing of 99.9999 %
of N as NHy is required to evolve the N isotopes from a protosolar value to eucritic values. The C
isotope composition of the protosun is slightly lighter than eucrites (50); with just 99.99%
degassing the protosun would evolve from -60%0 to +42%. assuming degassing of COg,
fractionation would be more if degassing CO (+103%o) or CH4 (+238%o). It is highly unlikely
that the degassing process that caused 99.9999% of N to degas failed to cause extreme C isotope
fractionation. In addition, the pre-degassing abundances of N and H on Vesta would have been
unrealistically high especially when it is considered that most models support relatively dry

accretion within the inner Solar System (57).

An alternative and viable source of appreciable volatiles in the inner Solar System are
carbonaceous chondrites. Carbonaceous chondrites have a very similar C and N isotopic
composition as eucrites and their H isotopic compositions overlap those of eucrites. The spread
in H isotopic compositions of carbonaceous chondrites could be due to degassing, as H isotopes

fractionate readily during degassing of H».

E.2.6 The source of water for the Moon and Mars

Mars and the Moon have been extensively studied for hydrogen isotopes to determine the source
of water for these planetary bodies, e.g. (14, 24, 53, 54, 64-68). Mars generally has high 8D,
~1000s of %o, but Martian some samples have terrestrial-like D/H (14, 68, 69). It could be
possible that Mars accreted with the terrestrial-like D/H, but given the complexity and variation
of D/H in Martian meteorites, we think it is currently premature to infer a specific isotopic
composition for Mars. Secondary alteration, like spallation, solar wind, magmatic assimilation of

crustal material, interaction with fractionated surface water, or recycling of water into the mantle
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are possible mechanisms that could alter the D/H of Martian magmas and apatites towards both
positive and negative values. Because of these complications more work needs to be done to
confirm if Mars in fact did accrete with Earth-like water, or if the Earth-like D/H represent

secondary processes.

The hydrogen isotope composition of the Moon is highly variable in the positive and negative
direction (53). The spread in hydrogen isotopes is likely due to several processes acting at the
same time, such as (1) spallation, (2) solar wind implantation, (3) input from comet material, and
(4) magmatic degassing. These processes could happen in-situ (1-2), or any of them could
happen during magmatic ascent through contaminated regolith. We discussed most of these four
processes above, and suggest these could be the causes of the large range of measured D/H for

the Moon.

E.3 Supporting information used in figures

E.3.1 Data for hydrogen and nitrogen isotopes

Hydrogen isotopes of water ice and OH- molecules and N isotopes of CN molecules were
measured in comets by spectroscopy (70-72). Hydrogen isotopes from Mars are mostly ion probe
measurements of hydrous and nominally anhydrous phases (14, 64, 66-68, 73), but also includes
sequential step heating (69). Hydrogen isotopes for Moon are measured by ion probe of glasses
and minerals (3, 24, 53). Hydrogen and N isotopes for chondrites are bulk sequential step heating
measurements (/2, 74). Nitrogen isotopes from Moon, Mars, and Vesta are bulk values from
sequential step heating and modeling (25, 75, 76). Error bars for comets are variation in data

collected, see (70) for details.
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E.3.2 Data for carbon isotopes

Carbon isotopes from comets are measured from CN molecules. Carbon isotopes from rocks

(including Earth, Moon, Mars, Vesta, and chondrites) are measured by bulk sequential heating.

Data from refs (50, 71, 77-81).
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E.4 Figures and Tables

Fig. S1.

JUVinaS 2013/07/09 10:42 AL D85 x2.0k  30um 10:21 A DS.1 x800 100um

Pasamonte 2013/0323 22149 AL D58 x1.2k  50um  Stannern 20130322 2118 AL D65 x150 500 um

Figure S1. Backscatter electron images of selected analyzed apatites. Black boxes represent
raster size of ion beam and dashed black boxes represent area measured by SIMS after electronic

gate and physical (field) aperture.
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Fig. S2

W

Cachari 15.01 AL D7.8 x2.0k  30um

Figure S2. Backscatter electron images of Cachari after SIMS (A) and before SIMS (B). Scale is
the same for both images. (B) Solid black box is raster area and dashed box is analyzed area after

electronic gating and physical aperture. Note Cachari is mounted in indium meaning that no

epoxy is present.
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Table S1. Electron probe microanalysis of PCA91078. Fluorine counts were variable through
time, which causes an overestimation of F content in apatite. *APFU = atoms per formula unit.
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ap# apl ap4 ap3 ap4 ap6 ap8 ap9 apl0 apll apl2 apl3 apl4 apl5 aplé apl7
P,04 4247 41.85 42.07 4094 4181 41.88 42,13 4251 4248 4214  42.01 4245 4251 42,69 4082
SiO; 0.00 0.00 0.01 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.73
Ce,0; 0.03 0.03 0.00 0.00 0.01 0.08 0.06 0.05 0.04 0.03 0.01 0.04 0.01 0.00 0.00
Y.0; 0.01 0.00 0.00 0.02 0.01 0.00 0.03 0.01 0.00 0.00 0.02 0.02 0.03 0.01 0.02
FeO 0.67 0.63 0.39 0.03 0.74 0.74 0.51 0.52 0.61 0.58 0.61 0.59 0.58 0.77 1.19
MnO 0.05 0.06 0.06 0.01 0.01 0.07 0.06 0.07 0.05 0.07 0.04 0.06 0.04 0.03 0.06
MgO 0.02 0.03 0.04 0.03 0.05 0.02 0.01 0.03 0.05 0.04 0.01 0.01 0.03 0.02 0.07
Ca0 5525 55.15 5628 5543 5591 5631 5593 5558 5524 5546 56.12 5578 55.81 5551  55.52
Na,O 0.00 0.05 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.03 0.00 0.01
F* 4.17 4.23 3.35 426 3.98 4.24 3.31 4.43 4.19 4.56 3.59 4.22 3.82 3.73 4.56
Cl 0.01 0.00 0.09 0.07 0.08 0.07 0.11 0.13 0.10 0.09 0.07 0.09 0.10 0.08 0.12
S 0.02 0.03 0.00 0.00 0.05 0.04 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01
F+Cl=-0 | 1.76 1.80 1.43 1.81 1.72 1.82 1.42 1.90 1.79 1.94 1.54 1.80 1.63 1.59 1.95
Total 100.91 10026 100.86 98.97 100.93 101.64 100.72 101.45 10097 101.02 10095 101.44 101.30 101.26 101.16
APFU*
P 3.00 2.99 2.97 296 297 2.96 2.98 3.00 3.00 2.99 2.97 2.99 2.99 3.00 2.91
Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.05 0.04 0.03 0.00 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.08
Mg 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Ca 4.94 4.98 5.03 5.08 5.02 5.04 5.01 4.96 4.94 4.98 5.02 4.97 497 4.94 5.01
Na 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 1.10 1.13 0.88 1.15 1.06 1.12 0.87 1.17 1.11 1.21 0.95 1.11 1.00 0.98 1.21
Cl 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02
S 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 7.99 8.02 8.04 8.05 805 8.05 8.03 8.00 7.99 8.01 8.04 8.01 8.01 8.00 8.07
F-CI-OH 1.10 1.13 0.90 1.16  1.07 1.14 0.89 1.19 1.12 1.22 0.96 1.13 1.02 0.99 1.23
Missing
component | -0.10  -0.13 0.10 -0.16 -0.07 -0.14 0.11 -0.19 -0.12  -0.22 0.04 -0.13 -0.02 0.01 -0.23
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Appendix F

Supplementary materials for Chapter 7

F.1 Supplementary materials

Bulk rock data were selected from large aliquots from established labs in order to gain a
representative analysis of each eucrite. Data from: Cachari (56), GRA 98098 (16), Juvinas (10),
NWA 5073 (18), Pasamonte (57), and Stannern (/0). Fluorine abundances were measured

mostly by INAA and were taken from (58-61).
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Figure S1: Crude estimate of the H>O content of Vesta, in comparison of the K/U of Earth,
Moon, and Vesta. Here, we obtain a maximum plausible H,O content by rounding to 1000 pg/g

H,0, whereas apatite hygrometry likely provides a minimum.
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Figure S2: 8°"Cl vs. fraction of Cl remaining. Different alpha values are for various amounts of

metal chlorides, e.g., NaCl, FeCl,, ZnCl,. Figure modified from Sharp et al. (22)
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Figure S3: Degassing model for various H,:H,O ratios assuming that H, and H,O degas at the
same rate. If H, degases more rapidly then heavier isotope compositions are expected. Note

when Hz:H>O is low, the residual is isotopically light with 5:95, corresponding to IW-1 with 200

ng/g H.
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