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Introduction

Impact cratering is one of the most influential geologic processes affecting planets,
moons, and small bodies in the Solar System. Indeed, impact events helped to build these
objects when the solar system formed 4.6 billion years ago. Today, impacts continue to
sculpt every solid object in the solar system [e.g., Gault et al., 1968; Gault et al., 1970].
However, impacts do more than simply shape the surfaces of objects: impacts can also be
a force for compositional change. Broadly speaking, the chemical consequences of impacts
take one of two forms: First, an impact can remove some chemical component from the
target. Second, impacts might deliver material to the target. This latter situation is the focus

of this dissertation.

A growing body of evidence indicates portions of the impacting object (the
“impactor” or “projectile”) are plastered on the target during impact, thereby permanently
altering the composition of the target object. This evidence includes impact experiments
[e.g., Schultz and Gault, 1990; Daly and Schultz, 2016] and shock physics code
calculations [e.g., Ong et al., 2010; Bruck Syal et al., 2015; Daly et al., 2015), as well as
observational evidence. For example, the exogenic inclusions in several types of meteorites
[e.g., Zolensky et al., 1996; Goodrich et al., 2015], the meteoritic fingerprints found in
impactites [e.g., Koeberl, 2007], and the presence of impact-delivered dark material on
Vesta provide additional evidence that impactors can be preserved. Experiments, models,

meteorites, terrestrial samples, and spacecraft observations tell a self-consistent story.

The nature of this impactor contribution can range from subtle to stark. For

instance, at large terrestrial craters the impactor contribution can only be detected by
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detailed geochemical analyses. On Vesta, in contrast, the impactor component was detected
by orbiting spacecraft [e.g., McCord et al., 2012; Prettyman et al., 2012]. In yet other cases,
the impactor component affects bodies at the planetary scale—such was the case when
impacts delivered water to the terrestrial planets early in their history [e.g., Krahenbdihl et

al., 1973; Wanke and Dreibus, 1994; Morbidelli et al., 2000].

Such findings raise questions about the processes by which impactors deliver
material to their targets. How efficient is the delivery process? What conditions are needed
for an impact to contribute an impactor component? What are the roles of impact variables,
such as speed, angle, impactor properties, and target properties? What does the impactor
contribution look like: that is, what is its physical state? The four chapters in this
dissertation explore the answers to many of these questions. To find these answers, |
leverage information provided by hypervelocity impact experiments and terrestrial impact

craters, coupled with a variety of chemical, spectroscopic, and isotopic analyses.

Chapter one examines whether Ceres, the largest object in the asteroid belt, is likely
to have accumulated a significant impactor component. This chapter was motivated, in
part, by the observation that Vesta is peppered with impact-delivered dark material [e.g.,
Prettyman et al., 2012; McCord et al., 2012]. Experiments designed to characterize impact
delivery to Vesta [Daly and Schultz, 2016] revealed that delivery should be a natural
consequence of impact conditions in the main asteroid belt. Hence, we anticipated the
arrival of the Dawn mission at Ceres by assessing delivery in other targets that may be
relevant to Ceres, including porous ice targets [Daly and Schultz, 2015]. We hypothesized

that Ceres, like Vesta, should be laden with a significant impactor contribution. If so, then
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the surface of Ceres seen today may be markedly different from its primordial surface, even
in the absence of endogenic processing. This led to a series of impact experiments that
revealed that Ceres may have accumulated several hundred meters of impactor debris [Daly
and Schultz, 2015]. Shock physics code calculations [Daly et al., 2015] further supported
this prediction show showing that distal materials are also delivered. Vernazza et al. [2017]
and Nathues et al. [2016] have since reported detections of materials on Ceres believed to

be exogenic (i.e., impact-delivered).

Chapter two assesses the effect of impact variables on projectile preservation under
more extreme conditions through the use of high-impedance metal targets. Prior
experiments by Schultz recognized that projectile fragments were captured on the uprange
wall of impact craters in basalt and copper targets, a finding that has implications for the
survival of organics and volatiles. The Long-Duration Exposure Facility (LDEF) further
motivated this work by revealing that a significant fraction of the micron- to mm-scale
impact craters on the LDEF spacecraft contained projectile residues [e.g., Bunch et al.,
1991; Berthoud et al., 1995]. Since then, various groups used impact experiments to try to
reproduce such residues in micro-scale craters [Bunch et al., 1991; Bunch et al., 1993;
Berthoud et al., 1995; Hill et al., 1995; Kearsley et al., 2007; Burchell et al., 2008]. We
wanted to fully document preserved projectile residues in macro-scale (cm) craters. In
addition, we explored how the interplay between impact variables influences the
preservation of projectile residues. We find that cm-scale craters formed during impact
experiments preserve portions of the projectile under all conditions studied, including

conditions relevant to the asteroid and Kuiper belts.
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Chapter three approaches impact delivery from a very different perspective than the
other three chapters. Whereas the first three chapters rely heavily on hypervelocity impact
experiments, the third chapter is based on samples from two terrestrial impact craters.
These two craters are the East and West Clearwater craters, both located in Quebec. Prior
studies measured an unusually strong impactor signature in impact melts at East
Clearwater, while failing to detect any impactor signature at West Clearwater [e.g., Palme
et al.,, 1978]. We revisited these craters using osmium isotopes, the most sensitive
geochemical tool for characterizing impactor signatures in terrestrial impactites [e.g.,
Goderis et al., 2013; Koeberl, 2007]. Even with this most sensitive method and having
more than doubled the number of samples analyzed, we cannot find even a whiff of an
impactor signature at West Clearwater. If present, the meteoritic component must be
<0.002 wt.% in the samples analyzed, if the impactor was chondritic. Based on findings at
East Clearwater, this non-detection cannot easily be attributed to heterogeneity in the melt
sheet. We explore hypotheses for why these two craters have impactor signatures that set
them apart from almost all other terrestrial craters that have, to date, been searched for an

impactor signature.

Chapter four investigates how efficiently impacts deliver water. Based on
theoretical considerations, some have argued that a late-stage, volatile-rich veneer was
needed in order to account for the volatile contents of the terrestrial planets. Other studies
argued that volatiles were delivered by asteroids and meteoroids and were later released
[e.g., Drake and Righter, 2002]. Dynamical models indicate that the terrestrial planets
received most of their water during impacts by water-rich objects [Morbidelli et al., 2000].

Hence, knowing how efficiently impacts deliver water (whether during accretion or later
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collisions) is a critical piece in the puzzle of planet formation and evolution. For example,
Schultz [2011] hypothesized (based on experiments) that impacting volatiles could be
stored in the regolith and later released. Isotopic evidence indicates that carbonaceous
chondrite-like objects delivered most of the water on the Earth and Moon [Saal et al.,
2013]. Hence, the water delivery efficiency of impacts caused by carbonaceous chondrite-
like objects, specifically, needs to be characterized. (Note that “water delivery” includes
both OH and H»0.) Although shock physics codes can calculate water delivery [e.g., Ong
et al., 2010; Bruck Syal and Schultz, 2015], the limitations of available equations of state
and constitutive models introduce uncertainties in the details. Impact experiments, in
contrast, can directly measure water delivery during impacts into complex geologic
materials. In addition, experiments reveal how delivered water is stored on the target
object, a process that current shock physics codes also cannot treat in detail. Our findings
indicate for impact speeds found in the main asteroid belt, carbonaceous chondrite analogs
deliver up to 36% of the total structural water in the impactor. A combination of impact

glasses and projectile relics host the delivered water.

| close with an excerpt from Palme et al. [1978], one of the early papers that

searched for impactor signatures at terrestrial craters:

The search for meteoritic [projectile] material at large, ancient craters is only
slightly more rewarding than the search for the Loch Ness monster. The success
rate is low, and would be far lower still if we had not been able to capitalize on the
labors of earlier workers. . . . Present understanding of the fate of meteoritic
material [the projectile] is still woefully inadequate. Theoretical studies are of little
help: they either slight the problem entirely or treat it in insufficient detail for
comparison with observation. We must therefore rely on the sparse empirical data
available (p. 319).
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If you remember nothing else bound in this dissertation, remember two things. First,
empirical data continue to divulge things that state-of-the-art shock physics codes cannot,
even thirty nine years after Palme penned his criticism of theoretical studies. Second, and
finally, today the search for meteoritic material—on Vesta, on Ceres, in meteorites, and on

Earth—is far more rewarding than the search for the Loch Ness monster.
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Abstract

New experiments predict that Ceres should be extensively contaminated with
meteoritic debris derived from the asteroid belt. All types of impactors likely contribute to
the contamination. Ceres may accrete debris more efficiently if it is ice rich because of
enhanced projectile survival and retention in porous ice targets. Experiments indicate that
if a silicate regolith lag protects subsurface ice, then some of the projectile should be
injected into the regolith during high angle impacts, thereby hiding part of the projectile
component from view. If impacts excavate ice, sublimation will gradually concentrate
projectile relics into a surficial lag. In contrast, if the near-surface lacks ice, then accreted
meteoritic debris should be distributed throughout a vertically mixed regolith. High-
resolution images may reveal pristine projectile relics lining some crater floors. Moreover,
we predict that the surface of Ceres is not exclusively endogenic and may be dominated by

delivered exogenic debris.



1. Introduction

Like other objects in the Solar System, Ceres has been heavily bombarded by
impactors [de Elia and di Sisto, 2011; Turrini et al., 2011; O’Brien and Sykes, 2011 and
references therein]. These impacts have undoubtedly sculpted the surface of Ceres.
However, prior work demonstrated that impactors can survive and remain in and near
craters during hypervelocity collisions with porous targets [Daly and Schultz, 2014; Schultz
and Gault, 1990; Svetsov, 2011; Turrini and Svetsov, 2014]. Impact-delivered dark material
on Vesta [McCord et al., 2012; Reddy et al., 2012; Turrini et al., 2014] provides additional
evidence for projectile retention on small bodies. It is therefore highly plausible that
projectile remnants have been retained on Ceres. If true, then the current surface
composition of Ceres may not solely reflect its endogenic evolution. Instead, the surface

may be a chaotic combination of endogenic products and impact-delivered debris.

Ceres’ enigmatic evolution [McCord and Sotin, 2005] may make it difficult to
recognize projectile contamination. Therefore, experimental estimates of projectile
retention provide useful constraints. Most previous numerical [Bland et al., 2008; Ong et
al., 2010; Svetsov, 2011; Turrini and Svetsov, 2014; Bruck Syal and Schultz, 2015; Syal et
al., 2015] and experimental [Schultz and Gault, 1990; Daly and Schultz, 2014] studies
investigating impactor delivery explored silicate targets. However, the relatively low mean
density of Ceres (~2.1 g cm™) [Thomas et al., 2005] raises the possibility that Ceres may
host significant ice [Castillo-Rogez and McCord, 2010; Castillo-Rogez, 2011] or be
composed of highly porous silicates [Zolotov, 2009]. The detection of water vapor around

Ceres [Klppers et al., 2014] indicates near-surface ice, at least in localized regions.



In this study, we combine new experiments assessing projectile retention in icy
targets with earlier work that focused on projectile retention in silicate targets. These
combined datasets reveal the implications of two endmember models (“ice-rich” [Castillo-
Rogez and McCord, 2010] and “porous silicate” [Zolotov, 2009]) for the meteoritic
contamination of Ceres. Our findings suggest that the surface of Ceres should be heavily

contaminated by exogenic meteoritic debris.

2. Methods

Hypervelocity impact experiments at the NASA Ames Vertical Gun Range
(AVGR) [Gault and Wedekind, 1978] constrained how efficiently ice-rich targets retain
projectiles (Supporting Table S1). We used targets of snow (sieved through a 2 mm sieve;
bulk p = 0.55 g cm’®; ~40% porosity) and snow covered with a thin veneer of expanded
perlite (sieved through a 2 mm sieve; bulk p = 0.20 g cm™). Perlite-veneered targets
revealed how an underdense silicate surface layer, possibly present on Ceres [Fanale and
Salvail, 1989; Castillo-Rogez and McCord, 2010], affects impactor retention. A layer of
sand ~5 cm deep covered the bottom of the target bucket (15 cm deep) in order to minimize
potential effects of rebound (particularly at steep incidence). In all cases, the target bucket
was thoroughly chilled and then filled in a freezer. The target remained in the freezer until
loaded into the impact chamber. Neither snow nor veneered targets are intended to directly
simulate Ceres’ surface. Rather, we consider endmember cases to assess possible outcomes
of cratering events on Ceres. Such a strategy proved successful for the Deep Impact mission

[Schultz et al., 2007].



We also varied projectile type and impact angles. Basalt (p = 2.8 g cm™®) and
aluminum (2017-T4; p=2.79 g cm™) projectiles have similar impedances; using both types
revealed the effect of tensile strength on experimental outcomes. Impact angle varied from
30° to 90° (with respect to horizontal). Impact angle is a key aspect of this study because
prior work demonstrated that impactor retention is highly sensitive to impact angle [Daly

and Schultz, 2014; Bruck Syal and Schultz, 2015].

After each experiment, the portions of the target that mixed with the projectile were
excavated and melted through a series of polypropylene sieves (1950 um, 950 um, 500 um,
250 pm, 105 um mesh openings). After melting, material larger than 250 pm was sorted
by hand to isolate projectile relics, which were then weighed. Isolating individual projectile
relics smaller than 250 um from other material (e.g., perlite granules) was impractical.
Instead, the mass of projectile in 105 to 250 um size fraction was indirectly determined
(Supporting Text S1). Any projectile pieces smaller than 105 um were not included when
calculating the projectile mass retained. Nevertheless, high-speed imaging and post-impact

photography provide insight into the fate of the finest fraction (section 3.1).

Unlike prior computational work tailored to high-speed impacts at icy satellites
[Pierazzo and Chyba, 2002], this study used impact speeds between 4.5 and 5 km s, This
range is highly relevant to Ceres, where the average impact speed is ~4.8 km s™ [O 'Brien
and Sykes, 2011]. Therefore, impact speed need not be scaled when extrapolating these
experiments, although other factors (e.g., size) should be considered for larger craters (e.g.,
[Schultz and Gault, 1990]). Ejecta scaling relationships [Housen et al, 1983] provide a

framework for extrapolating these experiments to Ceres. In the gravity regime, most ejecta



lands within a few crater radii. This regime likely dominates for impacts on Ceres. Most of
the excavation phase of these experiments was also gravity-dominated. For particulate
targets like these, frictional shear strength during dynamic flow (not tensile strength)
determines whether an event is gravity- or strength-dominated [Schultz et al., 2005]. In
some cases a thin crust formed on the target in the brief time between loading and firing
the gun. Nevertheless, high-speed imaging proved that loose, particulate snow is excavated
from beneath this crust. A normal ejecta curtain develops, consistent with gravity-
dominated excavation (Fig. S1). Hence, the fraction of the projectile retained within a few
crater radii in these experiments should accurately predict the fraction of the projectile
retained within the same number of crater radii on Ceres. These experiments assessed
impactor retention within ~5 crater radii. Laboratory experiments have successfully
predicted the outcomes of planetary-scale events, including the craters made during the
LCROSS [Schultz et al., 2010] and Deep Impact [Schultz et al., 2007] missions. Such prior
successes strengthen the case for using impact experiments to make planetary-scale

predictions for impactor contamination on Ceres.

3. Results

3.1.  Projectile retention efficiency

Results are reported as a “projectile retention efficiency”, defined as the total mass
of projectile relics (solid or melted) recovered in and near the crater, normalized to the

projectile mass. A retention efficiency of 100% indicates that the entire projectile mass was



retained in and near the crater; a retention efficiency of 0% means that none of the projectile
was recovered from within or near the crater. All projectile retention efficiencies were

normalized to a common impact speed of 4.5 km s,

Figure 1 shows projectile retention efficiencies for aluminum and basalt projectiles
in snow and perlite-veneered targets. Uncertainties associated with error bars are detailed
in Supporting Text S2. At 30°, snow and perlite-veneered targets have similar projectile
retention efficiencies of ~30% for aluminum projectiles. Projectile retention efficiency in
both targets increased up to 60°. However, projectile retention efficiency for snow targets
was far higher than for veneered targets at 45°. At vertical incidence in snow targets, 77%
of aluminum impactors remained in or near the crater. However, projectile retention
efficiency decreased for vertical impacts into the veneered target as a result of projectile

disruption and deep penetration within the veneer (Fig. 1b; section 4.1).

Experiments with basalt projectiles appear to result in anomalously low projectile
retention efficiencies (Fig. 1c). These low efficiencies could indicate that the majority of
basalt projectiles was not retained, escaping far beyond the crater. However, basalt
projectiles catastrophically disrupted, which dispersed extremely fine fragments (<105 pm
diameter) into the target. Therefore, retention efficiencies could be spuriously low due to
an abundance of fine fragments that were retained but not amenable to recovery. High-
speed imaging and post-impact photographs clarify this issue. High-speed imaging of
crater formation revealed dark gray deposits lining craters formed by basalt projectiles,
similar to what was seen for aluminum impactors into the same type of target. Imaging

clearly shows that for vertical impacts most of the basalt projectile relics remain inside the



crater during excavation, with some of the projectile relics escaping the crater downrange
at lower incidence angles. This result is again consistent with high-speed imaging of
impacts by aluminum projectiles. Post-test photographs of the craters and dark gray
deposits (section 3.2) formed by basalt and aluminum projectiles in snow targets at the
same impact angles look quite similar (Fig. S2, S3). Appearance alone is suggestive, but
not definitive. However, aluminum and basalt have nearly identical impedances; hence,
enhanced energy partitioning into the basalt due to impedance differences cannot explain
the apparent order of magnitude decrease in retention for basalt projectiles. In contrast, the
differing ductile and brittle character of aluminum and basalt, respectively, naturally
generates different relic size distributions, with the catastrophically disrupted basalt
projectile biased to smaller pieces. Hence, projectile retention efficiencies for basalt
impactors are likely artificially low due to large numbers of unsampled relics <105 um, not

due to extremely low projectile retention.

3.2.Distribution and physical state of projectile relics

Projectile relics were hosted in patchy dark gray deposits of ice. The gray deposits
consisted of snow that melted and rapidly quenched, trapping projectile relics within (Fig.
S4). Finely dispersed projectile pieces suspended within the ice create the gray color.
Individual, large (~5 mm diameter) projectile relics were also trapped in these quenched
melts (Fig. S5). Thin sections of aluminum and basalt projectile relics reveal that the
interiors of relics did not melt during the experiments. However, the surfaces of some

aluminum relics show striations consistent with surficial melting caused by abrasion of the



projectile during penetration. Basalt relics were much finer grained than aluminum relics

(Supporting Text S3; Fig. S6).

At vertical incidence, most dark deposits (and therefore projectile relics) remained
inside the crater. As impact angle decreased, increasing amounts of the projectile were
found beyond the downrange crater rim; nevertheless, some gray deposits remained within
the crater at all incidence angles. For a given impact angle, impacts into veneered targets
distributed projectile-bearing gray deposits over a larger area than impacts into snow (Fig.
S4). This difference reflected the role of projectile failure within the veneer, as well as

enhanced cratering efficiency in the veneered targets.

4. Implications for Ceres

The experiments suggest that significant projectile contamination should occur on
Ceres. Even with the unrealistic assumption that projectile retention decreases to zero at
speeds above 4.5 km s, nearly half of all impacts into Ceres are at speeds favoring
projectile retention. Unless Ceres has been recently, globally resurfaced it is hard to
reconcile these experiments with a regolith on Ceres that is not heavily contaminated by

projectiles.

A simple calculation based on the cratering flux at Ceres contextualizes this
hypothesis. De Elia and Di Sisto [2011] calculated that 4,631 asteroids > 1 km in diameter
have collided with Ceres over Solar System history. Assuming each asteroid was 1 km in

diameter and a projectile retention efficiency of 68% (consistent with a 45° impact of



aluminum into a snow target), the equivalent of a global layer of meteoritic debris five
meters thick could be retained on Ceres. Assuming a retention efficiency of 6% (consistent
with results for a 45° impact of basalt into a snow target), the global equivalent layer would
be 0.4 m. The impactor flux at Ceres will be some combination of metallic and stony
objects. The thickness calculated using basalt retention efficiencies is surely an
underestimate because it neglects the finer fraction of basalt relics that were likely retained.
These calculations are also underestimates because they assume retention efficiencies for
45° (half of all impacts will be at steeper incidence) and because the largest impactors
dominate the flux of impactor material [Turrini et al., 2014]. De Elia and Di Sisto [2011]
estimate that the largest cererean impactor was 72 km in diameter. Assuming 68% retention
efficiency, such an impact may have delivered the equivalent of a global layer of meteoritic
debris 370 m thick. This rough estimate is consistent with both impact contamination at
Vesta [McCord et al., 2012; Turrini et al., 2014] and with predictions of extensive

projectile contamination at Ceres.

Many unknown or poorly constrained properties will affect the contamination
history of Ceres. Some of these factors are discussed in the three sections that follow. First,
the bulk composition of Ceres—porous or ice-rich—will affect how efficiently projectiles
are retained at Ceres (section 4.1). Second, a porous, insulating silicate lag that covers
putative buried ice modifies the fate of retained projectile relics (section 4.2). Finally, the
porous silicate and ice-rich models for Ceres imply different evolutions of the projectile

contamination on the cererean surface through time (section 4.3).
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4.1.Role of the composition of Ceres

Ceres will likely be contaminated by impactors in either the ice-rich (e.g., [Castillo-
Rogez and McCord, 2010]) or porous silicate (e.g., [Zolotov, 2009]) models for Ceres’
composition, as well as for cases that fall between these extremes. However, the efficiency
of projectile retention and the physical state of the delivered projectile fraction may be

different in the porous silicate and ice-rich cases.

The lower impedance of snow and veneered targets relative to porous silicate
targets leads to lower peak pressures in the projectile. This has two important implications.
First, lower peak pressures favor increased projectile retention in snow and veneered
targets, particularly for oblique impacts, as documented in prior experiments by Daly and
Schultz [2014]. For example, the projectile retention efficiency for aluminum projectiles in
porous silicate and snow targets is nearly identical at vertical incidence. However, at 45°
projectile retention efficiency was only 37% for porous silicate targets while snow targets
retained 68%. Increased porosity in the silicate target might offset these effects. But, based
on these experiments, an ice-rich Ceres covered with a thin silicate veneer may retain

projectiles more efficiently than a porous silicate Ceres with minimal ice content.

Second, the projectile component on icy targets is more likely to include unmelted
relics due to lower post-shock temperatures. Prior experiments found that much of the
projectile retained by porous silicate targets melted, although some solid fragments were
preserved, encased in target-derived melt at shallow incidence [Daly and Schultz, 2014].
The projectile relics found here, however, were unmelted, even at vertical incidence where

peak pressures are highest.
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4.2 The role of the veneer in the ice-rich case

If the ice-rich model for Ceres is correct, then perlite-veneered targets may be the
most relevant. As discussed in section 3.1, vertical impacts into veneered targets yielded
lower projectile retention efficiencies than 60° impacts. Quarterspace impact experiments
in perlite targets revealed that projectile failure within the veneer at steep incidence injects
projectile fragments into the subsurface beyond the final transient crater (Fig. S6). (See
also Schultz et al. [2005].) In contrast, projectile relics are retained on the crater floor during
vertical impacts into snow. Although injected projectile fragments were retained in the
veneered target, they would not be recovered because the fragments were sequestered well
beyond the sampled crater floor or cavity. Depending on the properties (porosity,
compressibility) of the insulating silicate layer on Ceres (if such a layer exists), substantial
portions of the projectile component on Ceres might be injected deep into the regolith. This
process would only be important for impactors below a certain size relative to the thickness

of the silicate lag. In this study, the silicate veneer was twice the projectile diameter.

4.3. A model for Ceres’ surface evolution

4.3.1. The porous case

If the upper tens of kilometers of Ceres consisted of porous silicates, then the
projectile component would accumulate in a vertically mixed regolith, similar to Vesta
(e.g., [McCord et al., 2012; Jaumann et al., 2014]). Impactors of all types—not just

carbonaceous impactors—would likely be retained in the regolith (e.g., [Daly and Schultz,
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2014; Turrini et al., 2014]). Recent reports of exogenic olivine on Vesta [Le Corre et al.,
2015] bolster predictions for multiple types of projectile relics on Ceres. The diverse clasts
and chemical traces of exogenic material in howardites [e.g., Hewins, 1979; Lorenz et al.,
2001; Lorenz et al., 2007; Warren et al., 2009] and the Almahata Sitta ureilite [Goodrich
et al., 2015] provide direct evidence for retention of both stony and metallic impactors on
other bodies in the asteroid belt; the same should be true for Ceres. In the porous case, the
projectile component delivered by both metallic and stony projectiles may occur primarily
as breccias of melted regolith mixed with both melted and unmelted portions of the
projectile. The projectile component would be initially hosted in these breccias (at least for
speeds > 4.5 km st) but later be comminuted by impacts. Lower-speed impacts would

favor a higher abundance of solid projectile fragments.

4.3.2. The ice-rich case

A critical difference between the porous silicate and ice-rich cases arises because
ice is not stable over much of the surface of Ceres [Fanale and Salvail, 1989; Schorghofer,
2015]. Impacts large enough to penetrate the insulating silicate layer may expose
unprotected ice. Impact-exposed ices (or excavated and mixed with projectile survivors)
may sublimate rapidly, depending on latitude. For example, Fanale and Salvail [1989]
calculate that it takes only a few million years for exposed ice to retreat below a sublimation
lag a few meters deep. As a result, projectile relics, accompanied by other phases in the
sublimating ice (e.g., silicates, carbonates, hydroxides), would accumulate on the surface

of Ceres as a lag deposit (Fig. 2), in contrast with vertical mixing in the porous silicate
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case. Depending on the depth to putative ice, a surface lag deposit on an ice-rich Ceres may
have a higher apparent concentration of exogenic material than the surface of a porous
silicate Ceres with a vertically-mixed regolith. Injection of projectile relics into the
subsurface due to projectile failure within the putative insulating silicate veneer, however,

might counter this trend.

Based on these experiments, the insulating silicate veneer on an ice-rich Ceres may
host coherent larger relics (e.g., hand sample size or larger) of metallic projectiles. Relics
of stony impactors might be present as finer-grained debris. Although projectile relics
delivered to Ceres will be larger than relics in experiments, fragments will still be fairly
small. For example, increasing the projectile size by a factor of 10 only increases fragment

mass by ~1.8 assuming that fragment mass scales as £” [Schultz and Gault, 1990].

4.3.3. Clues from cratering statistics

Multiple, unknown factors are important for assessing these hypotheses, including
the ice/rock fraction in the mantle and the depth to ice (if the ice-rich model is correct). If
the insulating silicate veneer is thin, then the process of excavation and sublimation of ice,
which may concentrate projectile relics into a lag, may be extremely important. However,

if the ice is deeply buried then this model for Ceres’ surface evolution may not be correct.

In the absence of resupplied water from depth, the hypothesized lag deposit on
Ceres is likely no thinner than the depth of regolith overturn. Cratering statistics are not yet

available for Ceres [as of when this chapter was published], but cratering statistics from
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Vesta provide a first-order constraint. Marchi et al. [2012] report a transition from a
production slope to an equilibrium slope on Vesta for craters between 4 and 10 km in
diameter, which corresponds to a saturation crater diameter, Ds, of 120 to 300 m [Schultz
et al., 1976]. The regolith overturn layer thickness is ~Ds/5 or 24 to 60 meters. In this case,
craters 240 to 600 meters in diameter could excavate ice (assuming a 10:1 ratio of final
crater diameter to excavation depth). de Elia and di Sisto [2011] estimate that Ceres has
~ 3x108 crater larger than 0.1 kilometers, with orders of magnitude more meter-scale
craters. If the transition diameter on Ceres is smaller than on Vesta, then the number of
impacts that excavate ice could be orders of magnitude larger based on the flux model of
de Elia and Di Sisto [2011]. Resupply of water by diffusion might also decrease the depth
to ice to as little as 0.5 m above 60° latitude [Schorghofer, 2015]. This could drastically

increase the number of ice-excavating impacts.

4.3.4 Balance of projectile retention and target removal

Some impacts may remove more material than they deliver (e.g., [Gault et al.,
1963; Svetsov, 2011], possibly including the projectile component delivered by previous
impacts. To assess the balance between projectile delivery and target removal, we combine
well-established ejecta scaling relationships from Housen et al. [1983] with projectile
retention efficiencies reported here. Comparing projectile retention efficiency to the mass
of ejecta that escapes Ceres (normalized to the projectile mass) puts a first-order constraint
on whether Ceres can accumulate a net projectile component (Supporting Text S4).

Assuming projectile retention for aluminum projectiles, impacts between 30 and 90° at
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45kms? deliver more mass than they remove (Table 1). The projectile retention
efficiencies measured for basalt projectiles imply that impacts between 30 and 60° could
either erode slightly more than they deliver or deliver the same mass of projectile as they
remove from the target (Table 1). However, when the finer fraction is considered (section
3.1; Figs. S1 and S2), the true retention efficiencies for basalt projectiles likely meet or

exceed those required to balance delivery and erosion (Supporting Text S4).

By necessity, these experiments measure only the projectile retained in and near the
crater. However, any portions of the projectile traveling slower than escape speed will be
retained somewhere on Ceres. Hence, the global retention of impactor debris is likely
higher than the amount of meteoritic debris retained in and near the crater. Computer
models are needed to quantify precisely how much more of the impactor is retained
globally but face their own challenges due to uncertain material properties and processes
acting at small scales (below cell sizes) that nevertheless can affect retention. However, the
extreme case of 100% retention provides an upper bound. In this scenario, impacts at
4.5 km s might deliver two to twenty five times more mass than they erode (Supporting
Table S2). The exact ratio depends on characteristics of the cererean surface that are poorly

known at present (e.g., bulk density, strength, porosity).

Ejecta escaping Ceres will come from the upper surface (depths less than ~1/8 to
1/10 of the crater diameter). However, the upper surface is the most likely to accumulate
projectile debris, particularly for an ice-rich Ceres. Removal from the upper surface could
reduce the net mre/mesc by removing some previously-delivered meteoritic with escaping

“target-derived” ejecta. Projectile relics injected deep into the regolith would be less likely
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to suffer this fate. In the ice-rich case, sublimation could progressively raise crater floors,
renewing the projectile component closer to the near-surface regolith if crater floors are
littered with projectile relics. The regolith likely develops a steady-state abundance of
projectile relics. Increased mre/mesc would increase the steady-state abundance. The values
of mret/mesc ON Ceres may be higher than calculated because point source solutions for
ejecta scaling do not account for decreased cratering efficiency with decreasing impact
angle. Furthermore, compression reduces ejecta volumes in highly porous targets, [Housen
et al., 1999; Schultz et al., 2005; Hermalyn et al., 2012], which would increase Mret/Mesc.
On Vesta, a significant projectile component is well documented, even though impacts at
Vesta may result in mass loss [Turrini et al., 2014]. Hence, these calculations suggest that

Ceres may be more extensively affected by contamination.

5. Conclusions

If predictions based on these experiments are correct, then Ceres should be heavily
contaminated by impactors. Depending on the ice content of Ceres, the process of exposing
ice by impacts, sublimating the ice away, and concentrating the projectile component in a
lag deposit could be extremely important. In this case, some of the meteoritic debris
delivered to Ceres may have been injected into the silicate veneer. This could hide part of
the projectile component from the view of instruments that sense the surface. In contrast,
if Ceres is ice-poor, then exogenic debris would accumulate in a vertically-mixed regolith.
In either case, if an asteroid breakup event (e.g., [Nesvorny et al., 2008; Korochantseva et

al., 2007]) occurred near Ceres, the exogenic material on Ceres could be heavily biased
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toward material found in the particular asteroid that broke up. Ejecta from more recent
craters can bury part of the projectile component in both the icy and silicate cases [Turrini

et al., 2014].

Extensive impactor contamination on Ceres may seem at odds with pre-Dawn
observations of a homogeneous surface (e.g., [Carry et al., 2008; Ehlmann and Brown,
2015]) and a spectrum unlike anything in the meteorite collection (e.g., [Milliken and
Rivkin, 2009]). Multiple authors (e.g., [Milliken and Rivkin, 2009; Rivkin and Volquardsen,
2010]) interpret these observations as evidence for a widespread, perhaps global, alteration
event on Ceres. Nevertheless, telescopic data may have not had sufficient spatial resolution
to isolate areas with distinct spectral signatures associated with projectile contamination
(e.g., 50 km pxI* for Carry et al. [2008]). At higher spatial resolution, Dawn may observe
pockets of retained impactor material on crater floors and reveal signatures associated with
different types of impactors. Projectile-rich deposits may crop out on crater walls that cut
through deposits of injected projectile relics, if the surface of Ceres permits projectile
injection. Dawn observed projectile-delivered dark material on the walls of some craters
on Vesta [McCord et al., 2012; Reddy et al., 2012; Turrini et al., 2014], though the source
of those subsurface units was burial by later ejecta. Based on these impact experiments,
endogenic alteration cannot be the whole story. The fact that impactor contamination at
Vesta is a natural consequence of its impact history [McCord et al., 2012; Turrini et al.,
2014; Daly and Schultz, 2014] lends strong support to this claim. Some, and possibly much,
of the surface of Ceres may represent impactor material delivered to Ceres, rather than
endogenic alteration assemblages (e.g., [Milliken and Rivkin, 2009; Zolotov, 2009]) or syn-

and post-impact alteration products (e.g., [Zolotov, 2014]).
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These experiments suggest that many other bodies in the asteroid belt likely host
large amounts of meteoritic debris. Because projectile contamination is driven by the
impact process, which has dramatically modified all the asteroids, projectile contamination
should be ubiquitous among bodies in the main belt. The exogenic material in ureilites
(e.g., Almahata Sitta) [Goodrich et al., 2015] and howardites supports this experimentally-
driven hypothesis of ubiquitous exogenic debris on asteroids. The OSIRIS-REXx mission,
which will return samples from the asteroid Bennu, may return material delivered to Bennu

by impacts, in addition to samples of Bennu itself.
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Tables

Table 1. Balance between target removal and projectile delivery.

A!Lngtl)ea(zg) Vl(rlzr;nSE:(L)e) Mret/Mp (mesc/mp)S* (l’nesc/rnp)HP-r (mret/mesc)S (mret/mesc)HP
Aluminum projectiles into snow
90 4.5 0.77 0.36 0.09 2.1 8.3
60 3.9 0.74 0.30 0.08 25 9.4
45 3.2 0.68 0.23 0.06 2.9 11.1
30 2.3 0.33 0.15 0.04 2.2 8.1
Aluminum projectiles into perlite
90 4.5 0.51 0.44 0.11 1.2 4.5
60 3.9 0.73 0.37 0.10 2.0 7.6
45 3.2 0.38 0.29 0.08 13 5.0
30 23 0.31 0.19 0.05 1.7 6.2
Basalt projectiles into snow
60 3.9 0.07 0.30 0.08 0.2 0.9
45 3.2 0.06 0.23 0.06 0.3 1.0
30 2.3 0.04 0.15 0.04 0.3 1.0

*Calculated using constants appropriate for dry sand/cohesive soil (u=0.41,v=0.4, Cz2 =
0.018) from Holsapple and Housen [2007].

TCalculated using constants appropriate for highly porous materials (u = 0.4, v=0.4, C2 =
0.005) from Holsapple and Housen [2007]. Holsapple and Housen [2007] note that ejecta
scaling relationships for highly porous materials are still poorly understood.
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Figure 1. Projectile retention efficiencies for aluminum and basalt projectiles as a function

of target type and impact angle. Black data points include all recovered projectile
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fragments. Gray data points only include projectile relics larger than 250 um. (a) Projectile
retention efficiency in snow targets increases with impact angle. (b) Retention efficiency
in veneered targets decreases at vertical incidence. (c) Only a few percent of basalt
projectiles is delivered in fragments larger than 105 pum; see text for discussion. Note that

the y-axis scale is different in part (c).
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(a) Pre-impact

(d) Evolved

Figure 2. Possible surface evolution of an ice-rich Ceres. (a) The pre-impact surface is a
silicate, hydroxide, carbonate veneer (gray) atop an ice-rich layer (blue). The veneer could
include endogenic and exogenic materials. (b) Following impacts that excavate ice,
projectile relics mixed with ice line the crater, with a fraction scattered beyond the rim
(dark gray splotches). Depending on veneer thickness, portions of the projectile may be
injected below the bottom of the crater. (¢) Exposed ice may quickly sublimate, particularly
near the equator. In this case, projectile relics and other refractory phases will be left behind
as a lag deposit. (d) Subsequent impacts will deposit additional projectile debris regardless
of whether they penetrate through the veneer and reach ice. However, when impacts do

excavate ice, the sublimation of exposed ice may leave behind a lag of projectile relics,
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accompanied by any nonvolatile endogenic material already present in the ice. As the
surface evolves, mass wasting could cover impactor debris retained on crater walls. The
rims of craters may shallow as sublimation progresses, which effectively brings the

projectile component retained on the crater floor closer to the surface.
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Supplementary Material

Introduction

This document includes text that clarifies our methods for determining projectile
retention efficiencies and quantifying uncertainties. It provides additional observations that
support our assertion that projectile relics did not melt during impact. It also explicitly
describes the calculations carried out to assess the balance between projectile retention and
target removal. The supplement includes figures that document the impact craters and
impact products generated by the experiments used in this study. Finally, this supplement
includes tables that list the impact experiments included in this study and the results of

calculations.

Text S1. Estimating the mass of projectile in the 105 to 250 pm sieve fraction.

We determined the mass of projectile relics in the 105 to 250 pm sieve fraction as
follows: for each experiment, material in the 105 to 250 pm sieve fraction was spread into
a single layer. After inspecting the entire layer, micrographs were taken of three
representative areas. The main criterion was that the areas contained projectile relics and
non-projectile pieces in proportions consistent with what was seen in the entire layer. The
cross sectional area of all pieces (e.g., projectile relics, perlite pieces, etc.) in each field of
view was measured. Projectile relics are easily identified because they are pieces of either

basalt or aluminum, as opposed to translucent to transparent light-toned granules or flat
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flakes of paint from the AVGR impact chamber. The ratio of the cross sectional areas of
projectile relics to the cross sectional areas of all pieces in the field of view is an estimate
for the volume fraction of relics in that field of view, f,. The mass of projectile relics in the

105 to 250 pum sieve fraction, Mest, 1S

foit oot fp,3> (,O_p) (1)

Mese = msieve( 3 o,
where msieve 1S the total mass of material in the 105 to 250 pm sieve fraction from an
experiment, f, 1, fp2, and f, 3, are the estimated volume fraction of projectile in each of the
three fields of view, pp is the grain density of the projectile, and p is the grain density of
the non-projectile pieces, which were primarily grains of quartz sand or perlite. The grain
density of the sand used in these experiments sand is 2.65 g cm™; the grain density of perlite

3. The density of aluminum and basalt projectiles were 2.79 gcm™

is 0.61 gcm”
and 2.77 g cm>, respectively, with the exact value calculated for each projectile. In
experiments with snow targets, quartz sand grains dominated the non-projectile pieces.
Hence, the grain density of sand was used in those calculations. In experiments with

veneered targets, perlite granules accounted for nearly all the non-projectile pieces. Hence,

the grain density of perlite was used in calculations for these experiments.

34



Text S2. Error analysis.

Projectile retention efficiency, R, is the sum of the mass of projectile relics
measured directly, Madirect, and the estimated mass of projectile relics in the 105 to 250 um

fraction, Mes. Therefore, the standard deviation of the projectile retention efficiency, og, is

— 2 2
O-R - \/O-Mdirect + GMest (2)

where gy, . 1s the standard deviation of the mass of projectile relics measured directly
and gy, 18 the standard deviation of the mass of projectile relics measured indirectly.
However, M, is

Mese = (s (72) 3)

with variables as defined in Text S1 and the average volume fraction of projectile pieces

denoted as f;, for simplicity. Treating p, and pt as exact values,

pp Um i 2 O-fp 2
o — M e ( szeve) + (_) (4)
Mest est Pt Mgieve fp

where 0y, 1s the standard deviation of the mass in the 105 to 250 pum fraction, with all
other variables are previously defined. We use replicate experiments at a single impact
angle (60° aluminum projectiles into snow targets at 4.21 and 4.22 km s™!, respectively) to

calculate gy, . and oy, . We assume that these two values are typical of all

t

experiments with aluminum projectiles. In contrast, we calculate af, for individual
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experiments using the f, calculated from each field of view (methods section in main text).

Therefore,

2

Pp | (Omgiere | %% i
o= lon 24|y P ( sleve) + (=2 5
R Mgirect est p Mgicve <f;’) > ( )

For experiments with aluminum projectiles, oy, , 1s the largest source of error (+ ~3%).

The error bars on panels (a) and (b) of Fig. 1 in the main paper are +1 or. The error
bars on panel (c) are £1 gy, because the largest uncertainty for basalt experiments comes
from projectile relics <105 um in size, not from variability in the directly measured mass

of projectile relics >250 pm (see Figs. S2 and S3).

Text S3. Physical state of relics.

Larger aluminum relics were typically bowl-shaped (Fig. S5). The convex side
faced the target during penetration, as evidenced by the striated texture of this face of
aluminum relics. Striations typically radiated from the apex of the relic, with frothy
aluminum oxide coating the striations. The opposite, concave side of the projectile relics
was most clearly revealed in cross section (Fig. S6a). Frothy aluminum oxide was also
present on this side of the relic. Incipient spallation on the concave side of the aluminum
relic demonstrated that the interior of the aluminum relic never completely melted. Other
aluminum relics showed incipient spallation and deformation patterns consistent with the

interiors of relics remaining solid throughout the entire impact process. The surfaces of
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aluminum relics, however, show evidence of melting: striated, ablation-like textures on the
convex sides of aluminum relics and lobate, vesicular zones around margins of some
incipient spall fragments on the concave sides of relics. This surficial melt resulted from

abrasion during projectile penetration and is not associated with shock melting.

Basalt relics, in contrast, catastrophically disrupted. Like aluminum relics, basalt
fragments did not melt during impact (Fig. S6b). Although the recovered basalt fragments
were glass rich, the basaltic projectiles consisted of feldspar lathes set in a glassy, mafic
matrix. Thin sections of recovered basalt fragments revealed the same texture as was
present in the original projectiles. Finally, even the largest basalt fragments were far smaller
than most of the aluminum relics. The basalt piece shown in Fig. S6b was among the largest

recovered from an experiment, while Fig. S6a shows only part of one aluminum relic.

Text S4. Balance between target removal and projectile retention.

Widely-used scaling laws for impact ejecta [Housen et al., 1983; Holsapple and
Housen, 2007] can be used to estimate the mass of ejecta lost from Ceres. From these laws,
the mass of ejecta ejected faster than the escape speed of Ceres is (see Table 1 of Holsapple

and Housen [2007]):

Mege _ Vesc 3k ) vt
=C\l—0 = (6)
my Vimp Sin 6 p

where mesc 1s the mass of ejecta traveling faster than the escape speed of Ceres, m, is the

mass of the projectile, Cz is a constant, vesc is the escape speed of Ceres (0.515 km s™),
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Vimp is the impact speed (4.5 km s™), 0 is the impact angle (with respect to horizontal), § is
the density of the impactor (2.79 g cm™ for aluminum; 2.77 g cm™ for basalt), p is the bulk
density of the target (0.55 g cm™ for snow; 0.20 g cm™ for perlite), and p and v are scaling

exponents.

We use constants for dry sand/cohesive soil (C2 =0.018, p=0.41, v=0.4) and for
highly porous materials (C> = 0.005, u = 0.4, v = 0.4) [Holsapple and Housen [2007].
Although sand is a poor analog for planetary regoliths [ Hermalyn et al., 2012], the ejecta
scaling for sand is well characterized. The values for mese/mp calculated using dry sand
scaling may overestimate mesc/m, for planetary regoliths. The ejecta scaling relationships
for highly porous materials are poorly known [ Holsapple and Housen, 2007]. Nevertheless,
these two cases provide useful points of reference. In contrast, “wet soil/rock” scaling is
likely not relevant to Ceres. These coefficients were derived from experiments in strength-
controlled pieces of basalt that had no porosity [Holsapple and Housen, 2007; Gault et al.,
1963]. The surface of Ceres has up to 50% porosity based on pre-Dawn observations
[Mitchell et al., 1996; Webster et al., 1988]. Porosity likely extends to depth, a consequence
of the pervasive role of impacts on Ceres. In addition, many, if not most, craters on Ceres
likely formed in the near gravity-dominated regime. Hence, wet soil/rock scaling is not

appropriate for Ceres.

Dividing projectile retention efficiency (mret/mp) by the left side of equation (6)
(mese/mp) reveals whether impacts deliver more mass from the projectile than they remove
from the target. For conditions relevant to Ceres and projectile retention efficiencies for

aluminum projectiles, impacts deliver 1.2 to 7.6 times more projectile mass than they
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remove from the target. The ratio mre/mesc depends on impact angle, target type, and the
assumed values for C», p, and v. Using the measured projectile retention efficiencies for
basalt projectiles, mre/mesc ranges from 0.2 to 1.0, depending on impact angle, target type,
and the assumed values for Ca, p, and v (see Table 1 in the main paper). Calculations based
on wet soil/rock scaling indicate that impacts remove more material than they deliver
(Mret/Mese ranges from 0.2 to 0.5 for aluminum impactors and 0.03 to 0.05 for basalt
impactors). Nevertheless, calculations using the far more relevant dry sand and highly
porous scaling coefficients demonstrate that impacts at these speeds deliver more material

to Ceres than they erode.

As discussed in section 3.1 of the main paper, our experiments underestimate the
projectile retention efficiencies of basalt projectiles. These scaling calculations can be
inverted to solve for the basalt projectile retention efficiency needed to balance projectile
retention with target removal. Assuming highly porous scaling, retention efficiency need
only be 8% at 60°, 6% at 45°, and 4% at 30° for the mass of basalt projectile retained to
balance the mass of target lost. These required levels of projectile retention are comparable
to the levels measured in our experiments. Assuming dry sand scaling, the required
retention efficiencies are 30% at 60°, 23% and 45°, and 25% at 30°. These values are lower
than what were measured for aluminum projectiles in the same target. Given these values
and the evidence in section 3.1 (see also Figs S1 and S2), the true projectile retention
efficiencies for basalt projectiles are almost certainly high enough to balance projectile
delivery and target erosion and quite likely high enough to deliver more mass than is

removed from the Ceres by impact.
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Supplementary Tables

Table S1. Summary of experiments.

Projectile retention

Projectile Target Impact angle (°) Speed (km s1) efficiency (wt. %)*

Basalt Snow 60 4.89 7+1t
45 4.41 6+0.2
30 4.64 4+09

Aluminum Snow 90 4.67 77+3
60 4.22 75+3
60 4.21 72+3
45 4.42 68+ 3
30 4.80 33+3

Aluminum Veneered 90 4.49 51+8
90 4.88 57+6
60 4.47 69+7
45 4.83 38+4
30 4.99 34+3
30 4.47 31+3

*Normalized to a common impact speed of 4.5 km s
TOne sigma standard deviations; see Supporting Text S2 for details.

Table S1. Summary of hypervelocity impact experiments used in this study. All

experiments were conducted at the NASA Ames Vertical Gun Range.
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Table S2. Balance between target erosion and
projectile delivery assuming 100% projectile
retention at Ceres.

Impact

Angle (°) (mret/Mesc)s* (Mret/Mesc)Hpt
Aluminum projectiles into snow
90 2.8 10.7
60 3.3 12.7
45 4.3 16.3
30 6.5 24.6
Aluminum projectiles into perlite
90 23 8.8
60 2.7 104
45 35 13.3
30 5.3 20.1
Basalt projectiles into snow
60 3.3 12.8
45 4.3 16.3
30 6.6 24.7

*Calculated using constants appropriate for dry
sand/cohesive soil (u=0.41,v=0.4, C2=0.018)
from Holsapple and Housen [2007].

TCalculated using constants appropriate for highly
porous materials (u = 0.4, v = 0.4, C2 = 0.005) from
Holsapple and Housen [2007]. Holsapple and
Housen [2007] note that ejecta scaling
relationships for highly porous materials are still
poorly understood.

Table S2. For the calculations summarized in this table, we have assumed a projectile
retention efficiency of 1 (i.e., all the projectile remains on Ceres). This contrasts with the
calculations summarized in Table 1 of the main text, which used the projectile retention
efficiencies we measured in lab experiments. If the entire projectile remains on Ceres, then

impacts could deliver as much as two to twenty five times more material than they erode.
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Supplementary Figures

Figure S1. Ejecta curtain produced by the impact of an aluminum projectile into snow at
45°. The ejecta curtain is as expected for gravity-dominated excavation of a particulate

target. The target bucket is 59 cm across.
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Basalt

Figure S2. Post-impact images of craters formed by basalt (a—c) and aluminum (d-f)
projectiles in snow targets at various impact angles. The dark areas on crater floors and
walls are rich in projectile relics. For a given impact angle, craters formed by basalt and
aluminum projectiles show similar distributions of projectile-laden snow. This is consistent
with the interpretation that significant fractions of basalt projectiles were retained as
extremely fine-grained fragments that were recovered from these experiments. The yellow
outline in (b) marks an area where the crater wall collapsed, burying part of the projectile-

laden snow from view.
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(a) Basalt (b) Aluminum

Figure S3. Side-by-side comparisons of dark gray deposits recovered from the floors of
craters formed by (a) basalt and (b) aluminum projectiles. The samples look quite similar
at a given impact angle, despite being created by two different types of projectiles. Their
coloration, in particular, is extremely similar, which indicates that fragments of both basalt
and aluminum impactors remained on the crater floor within snow that melted and
quenched. This further supports retention of large amounts of extremely fine-grained basalt

fragments.
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Figure S4. Craters and impact products generated by the ~4.5 km s™! impact of aluminum
projectiles in (a) snow and (b) perlite-veneered targets at an angle of 45°. The projectile
component is distributed throughout the dark gray deposits visible inside and near the
craters. (b) Samples of the dark gray deposits shown in (a). Such pieces consist of ice that
melted and rapidly refroze, trapping the dispersed projectile relics. The piece on the left
clearly shows a sharp contact between projectile-free white and projectile-laden dark gray

1ces.
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Figure S5. Projectile relics recovered from the 90° impact of a 1/4” aluminum projectile

into snow at 5.1 km s.
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Figure S6. Projectile relics recovered from the impact of (a) aluminum and (b) basalt

projectiles into snow targets. Both images are backscattered electron micrographs. The
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interiors of the projectile relics did not melt. Bright spots in (a) are copper-rich regions

within the aluminum alloy.
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Figure S7. Quarterspace experiments reveal the dispersal of projectile fragments in perlite

targets. Panels (a) through (d) show the crater’s evolution through time. (a) The projectile
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fails very near the surface, injecting fragments of the projectile into the target. In panels
(b) and (c), projectile fragments move ahead of the growing transient cavity. They are not
involved in excavation flow. The transient crater reaches its maximum size in panel (d),
with the final crater shown as a dashed line. By the time the transient crater reaches its
maximum depth, several projectile fragments are already deep below the bottom of the
transient crater. Although these fragments of the projectile were delivered to the target,
they would not be expressed on the surface and could not have been recovered from the
crater floor. In this experiment, a 0.318 cm diameter Pyrex projectile impacted a perlite

target at a speed of 5.6 km s and an angle of 60° with respect to horizontal.
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Abstract

Impact angle plays a significant role in determining the fate of the projectile. In this
study, we use a suite of hypervelocity impact experiments to reveal how impact angle
affects the preservation, distribution, and physical state of projectile residues in impact
craters. Crater interiors preserve projectile residues in all cases, including conditions
relevant to the asteroid and Kuiper belts. These residues consist of projectile fragments or
projectile-rich glasses, depending on impact conditions. During oblique impacts at 30° and
45°, the uprange crater wall preserves crystalline fragments of the projectile. The fragments
of water-rich projectiles such as serpentine remain hydrated. Enhanced preservation on the
uprange wall results from many factors, including a weaker shock uprange, uprange
acceleration as the shock reflects off the back of the projectile, and rapid quenching of
melts along the projectile-target interface. These findings have three implications. First,
the results suggest a new collection strategy for fly-by sample return missions. Second,
these results predict that the M-type asteroid Psyche should bear exogenic impactor-
derived debris. Third, these results constrain the likely impact conditions that led to the
preservation of putative interstellar dust particles on the aluminum foil collectors of the

Stardust spacecraft.
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1. Introduction

NASA’s Long Duration Exposure Facility (LDEF) spent 69 months orbiting Earth.
During that time panels on the LDEF spacecraft acted as witness plates and recorded the
near-Earth impact flux of micrometeorites and space debris. Over the course of the mission,
the spacecraft accumulated thousands of micron- to millimeter-sized craters. Subsequent
analyses revealed that a significant fraction of these craters preserved residues of the
projectile: ~30% contained projectile-rich glasses [Berthoud et al., 1995]. A few percent
hosted intact projectile fragments [Bunch et al., 1991]. Since the time of LDEF, impactor
residues have also been observed in craters formed by micrometeoroids hitting the solar

panels of the Hubble Space Telescope [Kearsley et al., 2007].

In light of these findings, a number of studies used impact experiments to
investigate how projectile residues can be preserved in these tiny craters (Table 1). Of these
studies, only Hill et al. [1995] examined the effect of impact angle. However, results from
both experiments [Schultz and Gault, 1990; Schultz and Sugita, 1997; Daly and Schultz,
2015, 2016] and shock physics code calculations [Pierazzo and Melosh, 2000; Potter and
Collins, 2013; Daly et al., 2015; Syal et al., 2015] demonstrate that changes in impact angle
can radically alter projectile fate. For example, Schultz [2012] noticed that relatively
unaltered portions of the impactor were attached to the uprange wall following oblique
impacts into metals and basalt, even at high angles. Most of the prior, detailed studies listed
in Table 1 focused on only one or two impact variables (e.g., projectile type for Burchell

et al., 2008). This approach readily isolates the effects of individual impact variables.
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However, it makes it difficult to assess how interactions between impact variables

influence projectile preservation.

In this contribution, a new suite of hypervelocity impact experiments is reported
that focuses on the effect of impact angle on the preservation of projectile residues within
impact craters as a function of impact speed, projectile type, and target type. The emphasis
is on characterizing the physical state of projectile residues (glassy vs. fragmental) and the

distribution of projectile residues within the crater.

This study differs from previous experimental efforts in two key ways. First, the
projectiles used here are significantly larger than those used in the studies listed in Table 1
and up to 300 times larger than those used by Hill et al. [1995]. Consequently, the craters
are also much larger. This increased size makes it possible to accurately map the
distribution of projectile residues within craters. In addition, the larger scale of these
experiments tests how well the results from micron- to mm-scale craters can be applied to
craters roughly an order of magnitude larger. Second, this study focuses on the interplay
among four impact variables—impact angle, impact speed, projectile type, and target
type—rather than focusing on only one or two of these variables. Under the conditions
studied in these experiments, projectile preservation within craters is ubiquitous during

oblique impacts.
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2. Methods

Hypervelocity impact experiments at the NASA Ames Vertical Gun Range (AVGR)
revealed how impact variables influence the preservation of projectile residues. Subsequent
analyses with various analytical techniques revealed the nature of these residues. The next

two sections detail both the impact experiments and subsequent analyses.

2.1. Hypervelocity impact experiments at the NASA Ames Vertical Gun Range

The AVGR consists of a large impact chamber and an A-frame on which two-stage
light gas and powder guns can be mounted. The A-frame pivots about the impact chamber,
which makes it possible to conduct experiments over a range of impact angles while
keeping the target surface horizontal [Gault and Wedekind, 1978]. We systematically
explored the effects of four impact variables: impact angle, impact speed, projectile type,
and target type by (a) changing impact angle while keeping target type, projectile type and
impact speed constant; (b) changing target type while keeping impact angle, projectile type,
and impact speed constant; (c) changing target type while keeping impact angle, projectile
type, and impact speed constant; and (d) changing impact speed while keeping impact

angle, target type, and projectile type constant.

Table 2 provides the details for each experiment. Impact speeds ranged from
1.9t0 5.7 km s, impact angle varied from 15° to 90° (with respect to horizontal), and a
variety of materials were used as targets and projectiles. At speeds below 3.2 km s?, the

projectiles were 12.7 mm in diameter. Experiments done at higher speeds used 6.35 mm

56



diameter projectiles. Both projectile sizes give comparable results for experiments done at
the same speeds (Supplementary Figure S1). The targets and projectiles were selected to
reveal how material properties, such as impedance, ductility, and crystallinity, influence
projectile preservation. Table 3 highlights the range of impact conditions considered. The
impact chamber was filled with ~1 torr of helium gas prior to each experiment. This slight
atmosphere helped to prevent gases from the launch tube entering the impact chamber. An
electronically-triggered flap covered the entry port immediately after the projectile entered
the impact chamber, further reducing potential contamination from combustion products

generated during launch.

2.2. Post-impact analysis

Three types of analyses were conducted. First, the morphology of the impact craters
and projectile residues was documented by photographing the craters from a variety of
perspectives over a range of magnifications. Second, chemical mixing between the target
and projectile was investigated using electron microscopy. Third, crater interiors were

searched for crystalline projectile fragments using visible to near-infrared spectroscopy.

Selected craters were cross-sectioned perpendicular to the projectile’s trajectory in
order to expose the uprange crater wall. The wall was then mapped using a LEO 1530
variable pressure scanning electron microscope (SEM) equipped with a Robinson
backscatter detector and Oxford instruments electron dispersive spectroscopy (EDS)

system. Other craters were cross-sectioned parallel to the projectile’s trajectory. These cut
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faces revealed the details of mixing along the projectile-target interface. The cut faces were
polished, carbon-coated, and then studied with the Cameca SX 100 electron microprobe at

Brown University. Qualitative EDS spectra were collected during analysis.

An ASD FieldSpec 3 spectroradiometer was used to acquire spectral data at visible-
near infrared (VIS-NIR) wavelengths between 0.3 and 2.5 um with 2 nm native spectral
sampling that is resampled to 1 nm. Samples were illuminated with a QTH light source and
a fiber optic bundle with a ~25° field of view; reflected radiance was collected with a
similar fiber optic bundle. Sample spectra were converted to reflectance by ratioing data to
spectra of a Spectralon panel acquired from Labsphere. Reflectance spectra from the
samples were then corrected by multiplying the reflectance of the sample by the reflectance
of the Spectralon panel at each wavelength. The size of the analyzed area was controlled
by moving the end of the fiber optic toward or away from the sample (crater). All spectra
reported here were collected while the area of interest was being illuminated from the
opposite direction (e.g., spectra acquired from the uprange crater wall were illuminated by

a light source positioned downrange of the crater).

3. Results

3.1. Projectile preservation

The following sections describe how impact speed, impact angle, projectile type, and

target type influence projectile preservation. The results demonstrate that the craters
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formed during these experiments preserve both solid, shocked fragments of the projectile

and projectile-rich glasses.

3.1.1. Impact speed effects

The spatial distribution and physical state of projectile residues evolve with impact
speed (Figure 1). This evolution involves three facies: a white fragmental facies, a dusty
reddish-brown facies, and a red vitreous facies. The white fragmental facies and red

vitreous facies are both remnants of the projectile. Each facies will be discussed in turn.

3.1.1.1.Spatial distribution of facies as a function of impact speed

The white fragmental facies appears at all impact speeds. At 1.9 and 2.3 km s, the
white fragmental facies coats substantial portions of the uprange crater wall and crater floor
(Fig. 1A and 1B). In some regions this white material is fixed firmly to the crater wall. In
other locations, the white fragmental material falls off easily. As impact speed increases to
3.1 and then 4.0 km s, the white fragmental unit becomes less extensive and moves farther
up the uprange crater wall (Fig. 1C and 1D). At 4.0 km s, a patch of the dusty reddish-
brown facies divides the white fragmental facies into two arcuate areas. The curvature of
these areas mirrors the shape of the uprange rim (visible in the top of panel 1D). As impact
speed increases to 5.0 and then 5.7 kms?, the extent of the white fragmental facies

continues to shrink (Figs. 1E and 1F). However, a small, arcuate patch of the white
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fragmental facies persists on the uprange crater wall. This facies is comprised of shocked,

comminuted fragments of the Pyrex projectile (see section 3.1.1.2).

The dusty reddish-brown facies appears only at speeds below 5.7 km s*. At 1.9 and
2.3 km s1, the dusty reddish-brown facies appears as patches high on the uprange crater
wall. These patches extend to the uprange crater rim (Figs. 1A and 1B). At 3.1 km s, the
reddish-brown facies terminates just short of the uprange crater rim (Fig. 1C). The extent
of this dusty reddish-brown facies decreases beginning at 4.0 km s (Fig. 1D and 1E).
At 4.0 km st a lobe of the dusty reddish-brown facies extends down onto the crater floor.
The dusty reddish-brown facies is entirely absent at 5.7 km s (Fig. 1F). This facies is
likely composed of copper oxide. The reddish color is more consistent with Cu20 than with

CuO; the former is red while the latter is black.

The red vitreous facies first appears at 4.0 km s, and its extent increases with
impact speed (Figs 1D — 1F). In contrast with the dull luster and powdery texture of the
reddish-brown facies, the red vitreous facies has a high shine and ropy texture.
At 5.7 km s this facies surrounds the white fragmental facies preserved on the uprange
crater wall. The red vitreous facies coats the entire crater floor, lateral walls, and extends
partially onto the downrange wall. The ropy texture of this material indicates that this bright
red unit was molten when emplaced. This facies is composed of projectile-rich glass (see

section 3.1.1.2).
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3.1.1.2.Physical state of projectile residues

Both the white fragmental facies and the red vitreous facies represent projectile
residues. The white fragmental facies is made up of solid, unmelted fragments of the
projectile. In contrast, the red vitreous facies formed when the projectile melted, mixed
with the copper target, and then quenched. Below 4.0 km s, projectile residues consist
almost entirely of unmelted, comminuted fragments of the projectile. Above 4.0 km s,

projectile-rich glasses account for increasing amounts of the preserved projectile residues.

Optical and scanning electron microscopy provide additional insights into the nature
of the white fragmental material. Figure 2 shows optical and backscattered electron
micrographs of white fragmental material scraped from the uprange walls of the craters
shown in Figures 1A and 1C. These pieces have two sides. The side facing into the crater
is white and fragmental, while the side closest to the crater wall is coated with a veneer of
red glass. Hence, a thin layer of red glass lies between the copper crater wall and the white
fragmental facies. EDS data confirm that the white material is Pyrex; the bright fleck at the
bottom left of Figure 2C is a piece of the copper target. The SEM image shows that the
white fragmental material has a clastic texture, which provides further evidence that this

material did not melt.

In addition, both optical and scanning electron microscopy confirm that the red
vitreous facies is composed of projectile-rich glasses. Figure 3 shows optical and
backscattered electron micrographs of red vitreous material scraped from the uprange wall
of the craters in Figures 1D and 1F. The textures are consistent with material that melted

and quenched, in contrast to the fragmental textures seen in Figure 2. The glasses are
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heterogeneous, as evidenced by the color variations in Figure 3B. SEM/EDS data show
that glasses are primarily silicate, with varying amounts of copper. Copper is present in
two forms: as copper dissolved in the silicate glass and as copper metal. Blebs of copper
metal up to ~10 um across pervade the glass. Hence, the impact-generated glasses are
mixtures of the copper target and Pyrex projectile. Red bands contain more copper than
clear and colorless zones. The glass is vesiculated down to the scale of a few microns.

Unmelted, fragmental Pyrex is not observed in any of these impact-generated glasses.

3.1.2. Impact angle effects

The location and physical state of projectile residues evolves with impact angle
(Fig. 4). These residues can be grouped into three facies: a white fragmental facies, a red
vitreous facies, and a clear vitreous facies. Figure 4 maps the locations of these facies.
Section 3.1.1 described the white fragmental and red vitreous facies. In summary, these
facies are composed of unmelted fragments of the projectile and impact-generated,
projectile-rich glasses, respectively. The clear vitreous facies consists of impact-generated
glasses that are almost pure projectile, in contrast to the glasses of the red vitreous facies

that incorporated significant amounts of copper.

The white fragmental facies occurs only at 30° and 45° (Fig. 4B and 4C). Hence,
at 5 km s, solid, unmelted fragments of Pyrex projectiles are preserved only at 30° and
45°, At both angles, the facies occurs on the uprange crater wall. However, at 45° the

fragments are finer and thinner than at 30°. Hence, the area outlined in white in Fig. 4B
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appears whiter than the area in Fig. 4C. Although difficult to see in this top-down view of
the craters, the white fragmental facies extends farther down the uprange crater wall at 45°

than at 30°.

The red vitreous facies occurs at 75° and below (Fig. 4A — 4E). Both the extent and
distribution of this facies change with image angle. At 15° the red vitreous facies lines the
uprange wall, side-walls, and much of the crater floor. The red vitreous facies coats
irregular pits on the uprange and central portions of the crater floor. However, as the crater
floor slopes upward downrange, this red glassy lining disappears. At 30° the red vitreous
facies is nearly contiguous on the uprange crater wall, but becomes patchy on the crater
floor and downrange. At 45° this facies is nearly absent from the uprange crater wall.
Instead, it is most extensive on the floor and downrange crater wall. At 60° the red vitreous
facies covers much of the crater floor, side-walls, and downrange wall, although patches
of bare copper (outlined in black) exist on the crater floor. At 75°, the red vitreous facies

forms an annulus just below the crater rim.

The clear vitreous facies occurs only at 75° and 90° (Fig. 4E and 4F). At 75° the
clear vitreous facies covers the crater floor and lower portion of the crater walls. In general,
the facies terminates below an annulus of the red vitreous facies near the top of the crater
walls. However, a narrow tongue of the clear vitreous facies extends downrange beyond
the red vitreous annulus. At 90° the clear vitreous facies extends up the crater wall in all

directions. No other facies are present within the crater at 90°.
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3.1.3. Projectile type effects

All types of projectiles were preserved within craters. The residues are a
combination of surviving projectile fragments and projectile-rich glasses. The uprange wall
preserved unmelted fragments, in addition to projectile-rich, impact generated glasses. The
crater floor and side-walls also preserve projectile residues, but to a lesser degree than the
uprange wall. The downrange wall is least likely to preserve portions of the projectile. In
this section, we present results from experiments with aluminum, quartz, basalt, and

serpentine projectiles.

Residues of the aluminum projectile coated the crater with a thin aluminum liner
(Figure 5). The liner is only a few to several tens of microns thick where it terminates on
the crater rim. Lineations within the aluminum align with the excavation flow field,
particularly downrange. In addition, radial wisps of aluminum extend beyond the contact
between aluminum and copper on the crater rim (Fig. 5B). These textures indicate that the

aluminum that reached the crater rim was molten when emplaced.

Residues left by quartz projectiles share many similarities with those left by Pyrex
(Fig. 6). A white, fragmental facies composed of unmelted quartz fragments lies on the
uprange wall (Fig. 6A). Compared to Pyrex projectiles at the same angle and speed
(Fig. 1E), this fragmental facies is more widespread for quartz. Such observation may
indicate that quartz projectiles preserve more of their mass as fragments compared to the
Pyrex projectiles. Melting quartz requires far more energy than bringing Pyrex to its
working point (1999 Jg? vs. 924Jg%); this difference may explain the apparent

enhancement in fragmental residues from quartz projectiles. Three other facies exist
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elsewhere in craters formed by quartz projectiles (Fig. 6B). These include a red vitreous
facies, a dark brown facies, and a white vitreous facies. These share many similarities with
the red vitreous facies, dusty reddish-brown facies, and clear vitreous facies discussed in
sections 3.1.1 and 3.1.2. The red vitreous and white vitreous facies intermingle and usually
lie directly on bare copper, although in some places they sit atop the dark brown facies.
Given the similarity of these two facies to the red vitreous and clear vitreous facies seen in
craters formed by Pyrex, these two facies are inferred to be projectile-rich, impact-
generated glasses that incorporated varying amounts of copper. These glasses occasionally

trap quartz fragments.

Basalt projectiles also left residues. The crater formed by basalt contained three
facies: a frothy greenish-gray facies, a dusty reddish-brown facies, and an orange vitreous
facies. The frothy greenish-gray facies is abundant on the uprange wall (Fig. 7A).
Microscopy reveals that this facies is a mixture of basalt fragments and vesicular glass. The
lower impact speed (see Table 2) of this experiment partially explains why this fragment-
rich facies is so abundant. The dusty reddish-brown facies fills in much of the area between
the frothy greenish-gray facies. The orange vitreous facies is visible only at higher
magnification (Fig. 7B). Except for color (orange vs. red), this facies is similar to the red
vitreous facies described in other craters. Hence, this facies likely represents projectile-
rich, impact-generated glass. Images at higher magnification further clarify the
relationships among these facies. The dusty reddish-brown facies rests on top of bare
copper. The vitreous orange facies lies on top of the dusty reddish-brown facies, and the

frothy greenish-gray facies rests on top of that (Fig. 7C).
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The residues left by serpentine projectiles share many similarities with those left by
basalt projectiles (Fig. 8), with a powdery light gray facies at the top and base of the
uprange wall. This facies resembles the frothy greenish-gray facies left by the basalt
projectile. Close inspection reveals that the powdery light gray facies is a mixture of
fragmental and glassy material (Fig. 8B). A dusty reddish-brown facies is also present. On
the uprange wall the dusty reddish-brown facies lies on top of bare copper. The light gray

facies lies on top of the dusty reddish-brown facies (Fig. 8C).

3.1.4.  Target effects

Projectile residues remained in both aluminum and copper targets but were more
abundant in copper targets. Craters formed in aluminum targets exhibit only two facies, in
contrast to the three facies seen in copper. The first and most widespread facies in
aluminum targets consists of web-like arrays of a translucent, vesicular, vitreous material
that drapes crater interiors (Figure 9). These cobweb-like stringers trap a second facies of
dark-colored fragmental and glassy materials. This second facies is outlined in white in
Figure 9. This facies is most common on the uprange crater wall. In the crater formed by
basalt, concentric web-like stringers of translucent glass surround a central zone of the dark
facies on the uprange wall (Figure 9B). In addition, a second set of stringers (traced with
blue) spokes radially outward from the central zone. Additional deposits of the light-
colored, translucent glass are spread patchily across the floors and downrange walls of both

craters.
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SEM/EDS analyses reveal the nature of the dark facies (Figure 10). Ropy, stringer-
like textures occur within the aluminum-rich zone (blue in the Fig. 10B) and are attached
to a substrate of unmelted aluminum. The image contains two other facies: frothy, angular,
fragmental material and smooth, bulbous material. The yellow color of the pixels
associated with these facies indicates that these materials are high in silicon and oxygen.
The two facies are therefore likely projectile fragments and projectile-rich melts,
respectively. They overlap and intermingle, which provides further evidence that quenched
melts cement fragments of the projectile to the uprange wall. Some pixels in the fragmental
material have a light magenta hue, thereby indicating that some of the frothy fragmental
material contains aluminum oxide, in addition to basalt fragments. Taken together, these
observations indicate that the dark facies is a combination of projectile fragments,

projectile-rich glasses, and aluminum oxide.

3.2. Visible to near-infrared spectra

Optical micrographs and SEM/EDS data indicate that the uprange wall preserves
solid, unmelted fragments of the projectile. Reflectance spectra confirm this inference:
relics on the uprange wall retain spectral features that are diagnostic of the different

projectile materials.

Spectra were collected from multiple locations in craters formed by basalt and
serpentine projectiles. In basalt pyroxene is the dominant spectrally-active mineral at VIS-
NIR wavelengths. Reflectance spectra of pyroxene exhibit broad crystal field (d-d

transition) absorptions centered near 1 and 2 um caused by Fe?* in octahedral coordination
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[Burns, 1993; Clark, 1999]. In contrast, spectra of serpentine exhibit diagnostic narrow
vibrational absorptions near ~1.4, ~2.1, and ~2.32 um caused by combination and overtone
vibrations of OH and Mg-OH bonds [Calvin and King, 1997 and references therein]. In
this wavelength range copper is spectrally bland and its spectrum does not contain
diagnostic absorption features. The aluminum targets, however, present challenges. Their
surfaces are lightly grooved; the crater floors are rough and scalloped. Both attributes
introduce strong specular and multiple scattering effects; spectra corresponding to the

grooved surfaces exhibit a very strong negative spectral slope.

The spectra confirm the presence of relic serpentine on the uprange wall of craters
formed in both copper and aluminum (Fig. 11). Spectral features consistent with basalt
were detected in copper crater but not in the aluminum target. However, aluminum targets
have an absorption feature centered at ~0.85 um that partially overlaps the 1 um pyroxene
feature seen in spectra of the basalt projectile material (see Fig. 11). This might mask the
presence of small amounts of relic basalt on the uprange wall. However, evidence for the
presence of the broad ~2 um features is also absent in the uprange spectrum. Spectra were
also acquired from other locations within the craters to assess distribution of potential
projectile material and melt products. Figure 12 summarizes detections of projectile
fragments from VNIR reflectance data. Supplementary Figures S2 — S6 present the spectra

that form the basis for Figure 12.
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3.3. Projectile-target interface

Cross sections through craters cut parallel to the projectile trajectory revealed clear
differences between the projectile-target interface on the uprange and downrange crater
walls (Fig. 13). Prior to sectioning, the crater looked very similar to the example in Figure
1F. The copper target appears bright in these backscattered electron micrographs, whereas
the Pyrex-rich glass lining the crater wall is darker. In cross-section, the silicate liner is
contiguous along the uprange wall. The downrange wall exhibits only occasional patches

of silicates (note the difference in scale in the insets of Figures 13A and 13B).

In cross-section, the red vitreous facies on the uprange wall consists of a matrix of
impact-generated glass with inclusions of copper that range from tens of microns to
possibly submicron in size, an observation consistent with the SEM micrograph in
Figure 3C. The liner is only a few tens of microns thick with copper inclusions having a
variety of forms. Round forms indicate that they were likely molten, whereas angular forms
indicate unmelted fragments. Some of the copper inclusions (e.g., the largest inclusion in

Figure 13A) may have rolled during crater formation, indicative of rapidly quenched shear.

The uprange wall highlights the importance of rapidly quenched, impact-generated
melts (Figure 14). In Figs. 14A and 14D, the silicate liner contains a “mitten” and “flake”
of copper, respectively, on the uprange crater wall. If the melt had quenched more slowly,
then the mitten and flake would likely have been removed by flow during formation. The
silicate glass between the crater wall and mitten and between the crater wall and flake is
extremely heterogeneous. However, Figure 14B contains pieces of glass with sharp,

angular margins. EDS spectra indicate that these pieces are pure Pyrex glass (Fig. 14C).
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Based on composition and morphology, these are likely unmelted fragments of the Pyrex
projectile embedded within the interaction zone along the projectile-target interface.
Hence, unmelted projectile survivors are likely buried within the red vitreous facies on the
uprange wall. These fragments, though invisible on the surface of the red vitreous facies,
represent additional Pyrex fragments beyond those exposed in the arcuate, white areas on
the uprange wall (e.g., Fig. 1F). In contrast, EDS data from other locations in the interaction
zone contain a strong copper peak (Fig. 14F). Hence, the impact-generated glass in this
region can contain copper dissolved in the silicate glass, tiny blebs of metallic copper, or a

mixture of both types.

4. Discussion

4.1. Differences between projectile types

Projectile residues were observed in all craters. With the possible exception of the
aluminum projectile, craters preserved both unmelted projectile fragments and impact-
generated, projectile-rich glasses. Identification of these residues across a broad range of
speeds, impact energies, and density ratios (Tables 2 and 3) emphasizes that preservation
of all projectile types is the norm, rather than the exception, under these conditions. This
finding echoes that of Daly and Schultz [2015, 2016], who showed that basalt and
aluminum projectiles are both preserved in porous granular targets at impact speeds

between 4.5 and 5 km s,
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4.2. Differences between copper and aluminum targets

Aluminum targets retain fewer projectile residues than do copper targets under
identical conditions. The impedance (density times the sound speed) of aluminum is less
than half that of copper (Table 5) and comparable to the impedance of basalt [Schultz and
Gault, 1990]. Hence, all other impact variables equal, less energy is partitioned into the
projectile during impacts into aluminum because of the reduced projectile-target
impedance contrast. This should favor projectile survival. If impedance contrast were the
only controlling variable, then aluminum targets should preserve more abundant

residues—the opposite to observations.

Prior experiments for vertical impacts yielded results that would be expected given
the difference in impedance contrast: Berthoud et al. [1995] and Ho6rz et al. [1983]
launched soda lime glass spheres at ~5.5 to 6 km s at 90° into 6061-T6 aluminum and
copper, respectively. As expected given the impedance difference, Berthoud et al. [1995]
observed fragments of the projectile within their craters, whereas Horz et al. [1983]
reported only projectile-derived, impact-generated glasses. In vertical impact experiments
such as these, projectile residues are driven downward and stay within the crater [e.g.,
Schultz and Gault, 1990; Daly and Schultz, 2015]. Such experiments also demonstrate that
during oblique impacts the residual projectile momentum carries projectile fragments and

other residues downrange. Thus, trapping those residues becomes crucial.

Interpreting the dearth of projectile residues in aluminum craters during oblique
impacts requires an understanding of the trapping process. Textures indicate that melting

followed by rapid quenching plays a key role in retaining projectile fragments (Figs. 2, 3,
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9, 10, 13, and 14). Therefore, differences in melt production may control projectile
preservation. Aluminum has a higher heat capacity than copper (Table 5). It takes an
additional 129 J g to raise a gram of 6061 aluminum to its solidus temperature than it
takes to raise a gram of copper to its melting point. Furthermore, the enthalpy of fusion for
6061 aluminum is nearly twice that of copper (see Table 5). Hence, it takes significantly
less energy to melt a gram of copper than it does to melt a gram of aluminum. In addition,
6061 aluminum has a lower fracture toughness than copper (Table 5). Fragmentation likely
therefore consumes more of the energy budget in during crater formation in aluminum
targets than in the copper ones. Therefore, impacts into copper should generate a greater
mass of target-derived melt. The higher impedance of the copper targets also enhances
projectile melting. As the melt rapidly quenches, it traps surviving projectile fragments

along the crater wall. At larger spatial scales, cold clasts may assist rapid quenching.

4.3. Significance of the uprange wall

Solid, unmelted fragments are more likely to be found on the uprange crater wall
than anywhere else. Furthermore at 30 and 45° solid fragments of the projectile consistently

remained on the uprange crater wall.

Multiple factors contribute to enhanced projectile preservation on the uprange wall.
These include a weaker shock directed uprange [Dahl and Schultz, 2001] and reduced peak
pressures in the back of the projectile [Schultz and Gault, 1990; Pierazzo and Melosh,

2000; Potter and Collins, 2013]. Such conditions favor survival of fragments derived from
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this region, provided that they can be captured [Schultz and Gault, 1990; Schultz and
Sugita, 1997; Pierazzo and Melosh, 2000; Schultz and Eberhardy, 2015]. Once the shock
reflects off the back of the projectile, it decelerates during penetration, thereby increasing
the chance of capture. The arcuate distribution of many fragmental facies on the uprange
wall appear to reflect the curvature of the projectile and may represent part of the back of
the projectile, glued in-place by rapidly quenched melts. Recent shock physics code
calculations by Schultz and Crawford [2014] and Canup et al. [2017] indicate that the
uprange portion of the projectile is more likely to survive intact. Consequently,
asymmetries in projectile preservation observed in experiments may extend to much larger

scales as well.

5. Implications

The findings presented here have three broader implications. First, they provide a
basis for a new sample capture strategy for fly-by missions. Second, the results predict
impactor contamination on M-type asteroids such as Psyche, the target of a recently-
selected Discovery-class mission of the same name. Third, the results help to constrain the
impact conditions that led to the preservation of putative interstellar dust particle residues

[Westphal et al., 2014] on aluminum foil collectors during the Stardust mission.
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5.1. Sample return missions

The cometary samples returned by Stardust provide a treasure trove of information
[Brownlee et al., 2006; Sandford et al., 2006; Zolensky et al., 2006]. However, the particles
were thermally altered during capture, and this alteration reduced the scientific information
that can be extracted from them [Roskosz et al., 2008; Leroux et al., 2012]. Sample return
missions have recently been proposed that rely on a similar flyby sample collection
strategy. One example is the LIFE mission, which plans to return samples from Enceladus
by flying through the moon’s plumes [Tsou et al., 2012]. The scientific value of these

samples will be maximized by preserving as much of their pristine character as possible.

The experiments reported here suggest that devices designed to encounter particles
at 30° could have a significant advantage compared to head-on capture geometries. In a
head-on (90°) impact, the impacting particles are more likely to melt. At 30°, however,
lightly-shocked, relatively pristine material would be preserved on the uprange crater wall
at impact speeds less than 6 km s*. Such an approach may reduce the shock metamorphic
and thermal effects associated with sample collection, thereby increasing the science return

from such a mission.

5.2. Impactor components on M-type asteroids such as Psyche

The Dawn spacecraft detected deposits of dark material on Vesta that have been
interpreted to be the remnants of dark, carbonaceous chondrite-like impactors [Prettyman

etal., 2012; McCord et al., 2012; Reddy et al., 2012; De Sanctis et al., 2012]. Experiments
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[Daly et al., 2016] and numerical models [Turrini et al., 2014; Daly et al., 2015] support
this hypothesis. Impactor contamination should be common among main-belt asteroids
because of the modest impact speeds in the main belt [Daly and Schultz, 2015, 2016]. The
meteorite collection supports this argument: several parent bodies accumulated exogenic
debris that likely represents pieces of surviving impactors [Goodrich et al., 2015; Rubin

and Bottke, 2009].

Target properties, however, strongly influence projectile delivery, retention, and
preservation [Daly and Schultz, 2015, 2016]. M-type asteroids, like Psyche, are very
different from Vesta: metal dominates them rather than rock. Psyche is composed of nickel-
iron metal, with limited deposits of orthopyroxene [Hardersen et al., 2005]. Hence, the
ductile metal targets examined in this study are highly relevant to Psyche. The impact
speeds used here are comparable to typical main belt impact speeds [Obrien and Sykes,
2011]. Hence, impacts at Psyche should deposit significant quantities of exogenic debris.
Depending on the degree of projectile preservation, the silicates present on the surface of
Psyche today [Hardersen et al., 2005] could have been delivered to Psyche, rather than
inherited from the remnants of the lower mantle of Psyche’s parent body. Furthermore,
these experiments, which show that serpentine impactors retain OH-related near-infrared
absorptions, support the hypothesis that the OH detected on Psyche by Takir et al. [2017]

may be exogenic.
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5.3. Impact conditions of interstellar dust particle candidates

Westphal et al. [2014] reported the discovery of seven unusual dust particle impacts
on the Stardust Interstellar Dust Collector (SIDC). Four of these particles impacted into
aluminum. The diameters of these four craters ranged from 0.28 to 0.46 um [Westphal et
al., 2014]. Figures 4 and S6 of Westphal et al. [2014] show the distribution of Mg, Si, Fe,
O, and S in the craters. Westphal et al. [2014] infer that areas rich in these elements are
particle residues left by magnesium-rich silicates, iron-rich sulfides, and possibly iron
metal. The compositions of particle residues and inferred particle trajectories implicate an

interstellar origin [Westphal et al., 2014].

The craters formed by these particles are much smaller than the cm-scale craters
examined in the present study. However, asymmetries in projectile from oblique impacts
should persist at smaller scales because of the fundamental asymmetries of oblique
impacts. Although Westphal et al. [2014] did not discuss asymmetries in particle residues,
Figures 4 and S6 indicate that elements are distributed asymmetrically. Such an observation
is consistent with an oblique impact. Unfortunately, there is no way to know a priori
whether these craters were sectioned parallel to the projectile trajectory (which would
reveal uprange-downrange asymmetries), perpendicular to the trajectory, or at some other
angle relative to the trajectory. The random direction of impact, however, would have
resulted in a distribution of impact angles represented in the collector plate. If the craters
happened to be sectioned sub-parallel to the trajectory, then the distribution of elements

indicates that the particle that formed crater 1061N,3 might have consisted of a Mg-rich
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silicate core surrounded by a Fe-S rim. The particle that formed 1044N,3 may have been

composed of zoned Mg-rich silicates.

Westphal et al. [2014] noted: “the residues of the particles captured in the Al foil
appear to be amorphous, but whether this is an original feature or an effect of hypervelocity
capture alteration is unclear.” In experiments, unmelted projectile fragments remained on
the uprange wall at all impact speeds studied (up to 5.7 km s). Models of the particle flux
indicate that the speed of particles impacting the SIDC was likely <10 km s [Sterken et
al., 2014; Westphal et al., 2014]. Hence, the impact speeds of these four particles could
have been comparable to the speed of experiments reported here. If impact speeds were
less than ~6 km s and the impacts were oblique, then the amorphous nature of these four
particles would be likely primary, rather than a consequence of impact. If correct, this
interpretation would imply that interstellar dust similar to the size of the particles that
formed these craters (~0.2 to 0.3 um [Westphal et al., 2014]) is largely amorphous,

consistent with models for the interstellar medium by Kemper et al. [2004, 2005].
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Tables

Table 1. Summary of prior experimental work assessing projectile residues.

Impact Vimp

Reference Projectile type Target type angle (°)  (km/s)

200 pm Murchison

Bunch et al. [1993] 300 to 400 pm diamond Al plates 90 48-5.9

Berthoud et al. [1995] 150 um soda lime glass 6061-T6 Al 90* 1-14

Hill et al. [1995] 20 to 100 ym olivine Cu 15-60 8-135
2 li [

Horz et al. [1983] mm soda lime glass Au, Cu 90* 44— 6.4

1.5 mm basaltic glass

4 to 250 um grains of C chondrite,
olivine, enstatite, diopside, albite,
Kearsley et al. [2007]  anorthite, spinel, corundum, Solarcells  90* 55-6.3
magnetite, pyrrhotite, kamacite,
nepheline, serpentine, or calcite

38 to 350 um grains of olivine,
Burchell et al. [2008] rhodonite, enstatite, diopside, 1100 Al foil 90 6
wollastonite, or lizardite

*Reference does not explicitly define impact angle; 90° is assumed. All angles reported with
respect to horizontal.
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Table 2. Summary of experiments*.

Effect of impact angle

Angle (°)  Target Projectile Projectile diameter (mm) Impact speed (km s1)
15 Coppert Pyrex 6.35 5.05

30 Copper Pyrex 6.35 5.02

30 Copper Pyrex 12.7 3.13

45 Copper Pyrex 6.35 5.02

45 Copper Pyrex 12.7 3.01

60 Copper Pyrex 6.35 4.89

75 Copper Pyrex 6.35 5.32

90 Copper Pyrex 6.35 5.32

Effect of impact speed

Angle (°)  Target Projectile Projectile diameter (mm) Impact speed (km s1)
30 Copper Pyrex 12.7 191

30 Copper Pyrex 12.7 2.25

30 Copper Pyrex 12.7 3.13

30 Copper Pyrex 6.35 3.48

30 Copper Pyrex 6.35 4.00

30 Copper Pyrex 6.35 5.02

30 Copper Pyrex 6.35 5.57

30 Copper Pyrex 6.35 5.69

Effect of projectile type

Angle (°)  Target Projectile Projectile diameter (mm) Impact speed (km s1)
30 Copper 2024 Al 6.35 5.02

30 Copper Pyrex 6.35 5.02

30 Copper Quartz 6.35 5.11

30 Copper Serpentine®  6.35 4.31

30 Copper Basalts 6.35 4.36

30 Copper Quartz 6.35 3.01

30 Copper Basalts 6.35 3.07

30 Copper Agate 12.7 2.94
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Table 2 (cont.). Summary of experiments*.

Effect of target type

Angle (°)  Target Projectile Projectile diameter (mm) Impact speed (km s71)
30 Aluminum*  Pyrex 6.35 4.50
30 Copper Pyrex 6.35 5.02
30 Copper Pyrex 6.35 3.13
30 Aluminum  Pyrex 6.35 3.14
30 Copper Serpentine®  6.35 4.13
30 Aluminum  Serpentine® 6.35 4.31
30 Copper Quartz 6.35 511
30 Aluminum  Quartz 6.35 5.24
30 Copper Basalt® 6.35 3.07
30 Aluminum  Basalts 6.35 3.12
30 Copper Agate 12.7 2.94
30 Aluminum  Agate 12.7 3.10

*Some experiments are listed under multiple subheadings.

TBlocks of 110-HOO copper. Blocks came in two sizes, depending on the projectile
diameter. For experiments using 6.35 mm projectiles, the blocks were 2.5 cm by 5 cm by
7.6 cm. For experiments using 12.7 mm projectiles, the blocks were 3.8 cm by

10.2 cm by 10.2 cm.

*Blocks of 6061-T6511 aluminum. Blocks came in two sizes, depending on the projectile
diameter. For experiments using 6.35 mm projectiles, the blocks were 2.5 cm by

7.6 cm by 7.6 cm. For experiments using 12.7 mm projectiles, the blocks were 5 cm by
10.2 cm by 10.2 cm.

8Instead of spheres, these projectiles were 6.35 mm diameter slugs due to machining
constraints.
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Table 3. Range of impact conditions explored in this study.

Prarget Pprojectle  Pprojectie/Prarget  R@nge of impact  Range of impact
(gcm3) (gcmd) speeds (km s1) energies (kJ)
Pyrex into Al 2.70 2.23 0.83 3.1t04.5 3.0to 11.7
Pyrex into Cu 8.89 2.23 0.25 19to 5.7 1.8to11.7
Serpentine into Al 2.70 2.52 0.93 4.1 4.7
Serpentine into Cu  8.89 2.52 0.28 4.3 4.9
Quartz into Al 2.70 2.65 0.98 5.2 4.1
Quartz into Cu 8.89 2.65 0.30 3.0to5.1 1.3t03.9
Basalt into Al 2.70 2.8 1.04 3.1 2.7
Basalt into Cu 8.89 2.8 0.31 3.1to4.4 26t03.5
Agate into Al 2.70 2.6 0.96 3.1 13.3
Agate into Cu 8.89 2.6 0.29 2.9 12.0
Alinto Cu 8.89 2.79 0.31 49t05.0 441t04.8
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Table 4. Mechanical properties of targets.

Target 6061-T6 Al 110 ETP Cu HOO
Density (g cm-) 2.70 8.89

Sound speed (km s1) 6.3 4.7

Impedance (kg m2 s x 106) 17 42

Tensile yield strength (MPa) 276 195

Ultimate tensile strength (MPa) 310 250

Shear strength (MPa) 207 170

Kic (MPa m2) 22 - 35" 30— 90"

Unless otherwise noted, all data come from the Matweb material property database.
*Ashby [2005]
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Table 5. Thermodynamic properties of targets.

Target 6061-T6 Al 110 ETP Cu HOO"

Heat capacity 0.7067+6x104T 5.41+1.4e-3T J mol! K1
-1x107T?2 J gt K1

Enthalpy of fusion (J g%) 380 208.7

Solidus temperature (K) 873 N/A

Liquidus temperature (K) 915 N/A

Melting point (K) N/A 1356

AH to incipient melting (J gt 587 458

“This alloy is >99.9% Cu; hence, the data listed here are for pure Cu. TCalculated from 298 K to
the solidus temperature (Al) or from 298 K to the melting point (Cu). All data from Valencia and

Quested [2008].
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Figures

(A) 1.9 km/s (B) 2.3 km/s

(C) 3.1 km/s

(E) 5.0 km/s (F) 5.7 km/s

Figure 1. Evolution of projectile residues with impact speed between (A) 1.9 and

(F) 5.7 km s, Crater interiors contain three facies: a dusty reddish-brown facies, a vitreous
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red facies, and a white fragmental facies, in addition to bare copper. The white fragmental
facies is made of comminuted, but unmelted, portions of the projectile. The extent of the
white fragmental facies is outlined in white. Yellow boxes in the smaller thumbnails mark
the field of view shown in the larger image. Craters shown here formed when 6.35 mm

diameter Pyrex projectiles impacted copper targets at 30°.
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Figure 2. The white fragmental facies. The pieces have two sides. (A) The side facing into

the crater consists of unmelted fragments of the projectile. (B) The back side is coated with
red glass. This glass liner attaches the fragmental facies to the crater wall. (A) and (B) are
optical micrographs. (C) Backscattered electron micrograph of the white fragmental

material.
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(A)

Big blebs, ;
of Cu

Figure 3. The red vitreous facies. (A) The red glasses are vesicular with a glassy luster and
ropy texture. (B) The glass is heterogeneous. Some areas are deeply red, while other areas
are clear and colorless. Glass in (A) and (B) contains bright, copper-colored blebs. (A) and
(B) are optical micrographs. (C) Backscattered electron micrograph of the red vitreous
material. Big, rounded blebs of copper rest within a silicate glass matrix. Fine-scale

vesiculation and smaller copper blebs pervade the glass (see area circled in yellow).
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Figure 4. Distribution of projectile residues as a function of impact angle. Three facies of
residues exist: a white, fragmental facies outlined in white, a red vitreous facies outlined

in blue, and a clear vitreous facies outlined in green. The white fragmental facies consists
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of unmelted projectile relics. The red and clear vitreous facies are projectile-rich, impact-
generated glasses that incorporated different amounts of copper. These craters formed
when 6.35 mm diameter Pyrex projectiles impacted copper targets at ~5 kms™. The
projectile entered from the top of each image. All images have been scaled to the size of

the crater.
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Figure 5. Projectile residues left by an aluminum projectile impacting a copper target at
30° and 5.0 km s™. (A) A thin liner of aluminum coats the entire crater interior. (B) The
contact between the aluminum projectile and copper target on the crater rim. The white
line maps the contact between the two materials. Blue lines show where wisps of aluminum
radiate outward from the crater rim. This texture indicates that the aluminum in this

location was molten when emplaced.
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Figure 6. Projectile residues left by a quartz projectile impacting a copper target at 30° and
5.1 kms™. (A) The uprange wall retains unmelted fragments of quartz, outlined in white.
(B) Multiple facies exist elsewhere. A dusty reddish-brown facies (outlined in tan) lies on
top of bare copper. A red vitreous facies (outlined in orange) rests on top of the dusty
reddish-brown facies. A white vitreous facies (outlined in black) intermingles with the red
vitreous facies. Finally, quartz fragments (such as the one outlined in white) are

occasionally trapped within the white vitreous facies.
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Er@thly,
gieenish=giay;
fACIEe'S!

Vilreolistorangesfacies!

Dusty
reddish-brown
facies

Balielcoppels

Figure 7. Projectile residues left by a basalt projectile impacting a copper target at 30° and
3.1 km s, (A) Fragments of basalt are preserved within the frothy greenish-gray facies
outlined in white on the uprange wall. (B) Multiple facies are present on the uprange wall.
These include an orange vitreous facies (outlined in orange), the frothy greenish-gray facies
(outlined in white), and the dusty reddish-brown facies. (C) Inferred stratigraphy of the

three facies.
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Light gray fEeies

Dusty
reddish-brown
facies

Balielcoppel

Figure 8. Projectile residues left by a serpentine projectile impacting a copper target at 30°
and 4.3 km s1. (A) Fragments of serpentine are preserved on the uprange crater wall within
a light gray facies; however, the bulk of the uprange wall is either bare copper or coated
with the dusty reddish-brown facies. (B) The light gray facies lies on top of the dusty
reddish-brown facies, which sits on top of the copper crater wall. (C) Inferred stratigraphy

of facies.
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(B) Basalt into Aluminum

Figure 9. Projectile residues left when basalt and serpentine projectiles impacted
aluminum targets. Other than target type, the impact conditions were the same as those for
the craters in Figures 7 and 8. (A) Wispy, web-like, translucent glasses drape the crater
interiors. (B) These webs, outlined in red, radiate out from a point partway down the
uprange wall. This central zone, outlined in white, is rich in basalt relics and aluminum
oxide. Blue lines trace stringers of glass that spoke outward from the central zone. (C)
Magnified view of the central zone. (D) Craters formed by serpentine also have similar

distributions of fragments and glasses.
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Figure 10. The uprange wall of a crater formed by a basalt projectile impacting an
aluminum target at 30° and 3.1 km s. (A) Backscattered electron image of the uprange
wall. Variations in brightness correspond to variations in average atomic number. (B)
Element map of the region in (A). Red is oxygen, green is silicon, and blue is aluminum.
Green and yellow pixels (e.g., left and right borders of the map) are consistent with
silicates; magenta pixels likely represent aluminum oxide. Shadowing prevented x-rays
from some parts of the crater wall from reaching the EDS detector. Consequently, some

pixels are black.
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Figure 11. Reflectance spectra from the uprange walls of craters formed in copper and

aluminum. (A) The uprange walls of both craters preserve solid, unmelted, lightly-shocked
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serpentine, as indicated by diagnostic absorptions at 1.9, 2.1, and 2.3 um. The absorptions
are stronger in the copper crater. (B) Only spectra of the crater formed in copper show the
1 and 2 um absorption features of the basalt projectile. The spectrum from the crater formed
in aluminum does not show these diagnostic features. Vertical lines in (A) mark the
diagnostic 1.4 um, 2.1 um, and 2.3 um absorptions for serpentine. In (B) a dashed line
marks the center of the 1 um absorption. A gray rectangle marks the approximate extent of

the 2 pm absorption.
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(B) Basalt in aluminum

(C) Serpentine in copper (D) Serpentine in aluminum

Legend

Crystalline projectile Crystalline projectile
relics detected not relics detected

Figure 12. Summary of detections of crystalline projectile relics. Black ovals mark areas

that showed the diagnostic absorptions of the basalt or serpentine projectiles. White ovals

mark locations that did not contain these diagnostic absorptions. See Figs. S2 — S6.
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(A)

1000 pm 100 ym : 1000 um

Figure 13. Backscattered electron images of a crater cross sectioned parallel to the
projectile trajectory. The images reveal the profile of the projectile-target interface on the
(A) uprange wall and (B) downrange wall. In this experiment a 6.35 mm diameter Pyrex
projectile impacted a copper target at 30° and 5.6 km sX. In both images the projectile

entered from the left.
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zr Na Al

LL_L =

Figure 14. The projectile-target interface. (A) Cross section through the projectile-target

interface showing a mitten of copper and a silicate-rich liner. (B) Silicate-rich regions

include angular pieces. (C) EDS spectra from the location in (B) outlined with a yellow

star demonstrate that the compositions of these areas are consistent with pure Pyrex. (D) A

flake of copper frozen in place by rapid quenching of impact-generated glass. (E) Angular

pieces like those in (B) are lacking in this region. (F) EDS spectra from the location in (E)

outlined with a yellow star revealed significant copper. The projectile entered from the left

of each micrograph.
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Supplementary Figures

(A) 6.35 mm diameter Pyrex projectile at 3.5 km/s

B PO e e e 8

Figure S1. The residues left by 6.35 mm and 12.7 mm diameter Pyrex spheres are
extremely similar at similar impact speeds (panels A and B, respectively). Based on these

similarities, projectile size has a negligible effect on the spatial distribution and character

of projectile residues discussed in section 3.1.1.
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Figure S2. Visible to near-infrared spectra of the copper target, serpentine projectile, and
multiple locations inside the crater. Crystalline serpentine is present everywhere except the
downrange crater wall. The thumbnail at lower right shows the location of each spectrum.
The color of each circle in the thumbnail matches the color of the corresponding spectrum.
Vertical lines mark the diagnostic 1.4 pm, 2.1 pum, and 2.3 um absorptions. Absorption
strengths (band depths) vary between locations. Several factors, including particle size, can
affect band depth, but if variations in band depth reflect variations in abundance, then
serpentine is most abundant on the crater floor, right wall, and uprange wall. Serpentine

appears absent in spectra corresponding to the downrange wall.
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Figure S3. Visible to near-infrared spectra of the aluminum target, serpentine projectile,
and multiple locations inside the crater. Crystalline serpentine is only present on the
uprange crater wall. The thumbnail at lower right shows the location of each spectrum. The
color of each circle in the thumbnail matches the color of the corresponding spectrum.

Vertical lines mark the diagnostic 1.4 um, 2.1 um, and 2.3 pm absorptions.
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Figure S4. Visible to near-infrared spectra of the copper target, basalt projectile, and
multiple locations inside the crater. Crystalline basalt is present everywhere except the
downrange crater wall. The thumbnail at lower right shows where each spectrum was
taken. The color of each circle in the thumbnail matches the color of the corresponding
spectrum. A dashed vertical line marks the center of the 1 um absorption. A gray rectangle
marks the approximate extent of the 2 um absorption. Together these two features are
diagnostic of pyroxene, which is the spectrally dominant mineral in the basalt projectile.
Band depth varies across these locations, and the 1 um band is stronger than the 2 pm
absorption. Several factors, including particle size, can affect band depth. However, if
variations in band depth reflect variations in abundance, then basalt is most abundant on

the right wall, crater floor, and uprange wall.
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Figure S5. Visible to near-infrared spectra of the aluminum target, basalt projectile, and
multiple locations inside the crater. The spectra do not clearly show the 1 and 2 um
absorptions seen in the projectile. The thumbnail at lower right shows where each spectrum
was taken. The color of each circle in the thumbnail matches the color of the corresponding
spectrum. A dashed vertical line marks the center of the 1 um absorption. A gray rectangle

marks the approximate extent of the 2 um absorption.
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Figure S6. Spectra of one to two mm diameter spots on the uprange crater wall. This higher
spatial resolution accentuates the diagnostic spectral features on the uprange wall.
Crystalline relics of both serpentine (A) and basalt (B) are pervasive across the uprange
walls of these craters. Dashed lines denote diagnostic absorption features; the gray box in

panel (B) highlights the extent of the 2 pum pyroxene absorption.
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Abstract

Osmium isotopes provide a powerful tool for identifying meteoritic signatures in
impactites. We apply the osmium isotope method to impact melts from the East and West
Clearwater craters located in Quebec, Canada. Impact melts from East Clearwater have
1870s/1880s ratios of 0.1281 to 0.1285. These values indicate a significant meteoritic
component: the level of meteoritic contamination in impact melts at East is higher than that
of all terrestrial craters studied to date except Morokweng. Such finding aligns with earlier
results from chromium isotopes and platinum-group elements. In contrast, impact melts
from West Clearwater are highly radiogenic, with 8’0s/*%0s ratios between 6.604 and
59.12. These ratios are indistinguishable from #’0s/*®Qs ratios in country rocks and
provide no evidence for a meteoritic component in impact melts at West Clearwater. East
and West Clearwater formed in almost identical targets. Hence, target effects cannot
readily explain the differences in these craters’ meteoritic signatures. If melt sheet
heterogeneity is similar at the two craters, the probability that melts at West Clearwater
host an undetected chondritic component is <1%. While multiple scenarios could explain
the non-detection of a meteoritic signature at West, a differentiated achondrite impactor is
one possibility that could be readily tested. At East, an unusually low impact speed may
best explain the unusually strong meteoritic signature. Nevertheless, the signature (or its
nondetection) at both craters still could be related to an asymmetric distribution or

preservation of the impactor component due to impact angle or the impact process.
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1. Introduction

About fifty of Earth’s impact craters have been searched for geochemical traces of
the projectile. Once confirmed, projectile signatures can provide insights into asteroid belt
dynamics, impactor populations, and flux rates. Moreover, the geochemical signatures of
impact have the potential to enhance our understanding of impact processes or to reveal
aspects of the process that remain poorly understood. Craters with unusual geochemical

signatures are some of the most likely to provide new insights into impact processes.

A handful of craters that have been searched for meteoritic signatures are notable
for one of two reasons: either a meteoritic signature has not been detected or the signature
is unusually strong. East and West Clearwater craters fall into these two contrasting
categories. Palme et al. [1978] reported up to 8 wt.% CI chondrite in impact melts from
East Clearwater but failed to detect any meteoritic signature in melts from West
Clearwater. In the nearly forty years since Palme’s pioneering work, nearly sixty craters
across the globe have been searched for meteoritic signatures [Goderis et al., 2013;
Koeberl, 2014]. Meteoritic signatures are present at the vast majority of them. Thus, the
non-detection of an impactor signature at West Clearwater is unusual. Furthermore, the
8 wt.% impactor component at East Clearwater continues to be the highest reported at a

terrestrial crater (e.g., Goderis et al. [2013] and references therein).

The last four decades have vyielded significant improvements in analytical
geochemistry and the advent of new methods for detecting meteoritic signatures in
impactites [e.g., Goderis et al., 2013 and references therein]. These new methods may

uncover subtle signatures at West Clearwater that Palme et al. [1978] missed. Additionally,
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subsequent studies revealed that East Clearwater was formed by an ordinary chondrite
[McDonald, 2002; Koeberl et al., 2007]. This knowledge enables a more nuanced
assessment of the meteoritic signature at East Clearwater. The Clearwaters have yet another
valuable trait: they formed in nearly identical targets. Such an occurrence makes the
Clearwaters a natural laboratory for exploring how impact processes influence the

geochemical signatures in impactites.

1.1. Geologic context

The Clearwater craters are located in Quebec, Canada [Dence et al., 1965]. West
Clearwater is larger, with a present-day rim-to-rim diameter of about 32 km. Most of the
crater is filled by a lake. The lake itself is only about 25 km across [Grieve, 2006]. West
Clearwater contains a ring of islands ~16 km in diameter. A few small islands exist in the
center of the lake [Grieve, 2006]. Due to its heavily eroded state, however, West Clearwater
may have originally been much larger [e.g., Grieve, 2006]. The present-day rim-to-rim
diameter of East Clearwater is about 26 km [Biren et al., 2016]. Radar images show that a
“fracture halo” [Smith et al., 1999] surrounds both craters. The halo is ~65 km across at
West Clearwater and ~35 km across at East Clearwater. This halo has been interpreted as
the expression of impact-related fractures in the target rock [Grieve, 2006]. The target rocks
were primarily Archean granitic gneisses, along with granodiorites, diorites, and tonalites.

Occasional mafic intrusions also occur in the area [Rosa and Martin, 2010; Rosa, 2011].

Despite their geographic proximity, multiple isotopic systems indicate that the

craters formed separately. For example, (U,Th)/He dates West Clearwater crater to 280 £
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27 Ma and East Clearwater crater to 450 + 56 Ma [Biren et al., 2016]. Argon-argon worked
yielded more precise dates: 286.2 + 2.2 Ma for West Clearwater and between 460 and 470

Ma for East Clearwater [Schmieder et al., 2015].

1.2. Detecting meteoritic signatures

Meteoritic signatures in impactites can be discerned in one of three ways: platinum-
group element abundances and ratios, osmium isotopes, and chromium isotopes [Tagle and
Hecht, 2006; Koeberl et al., 2012; Goderis et al., 2013; Koeberl, 2014]. The osmium
isotope technique is the most sensitive [Koeberl et al., 2012]. Hence, the osmium isotope
method is the most likely to uncover a hitherto undetected meteoritic signature. The method
is predicated on the radioactive decay of ®’Re to *8’Os, with a half-life of 42.3 + 1.3 billion
years. The higher the Re/Os ratio of a closed system, the more quickly the system grows
radiogenic *¥70s. Most meteorites have Re/Os ratios less than about 0.1, and therefore have
present-day '8’0s/*80s ratios of about 0.11 to 0.18. (As is customary, the abundance of
radiogenic 8Os is normalized to stable, nonradiogenic #0s.) In contrast, the Re/Os ratio
of rocks in Earth’s crust is usually >10. Hence, old crustal rocks have 8’0s/*8Qs ratios
>1. Furthermore, most meteorites contain orders of magnitude more osmium than do
terrestrial crustal rocks. Hence, a tiny amount of meteoritic osmium significantly lowers

the 1870s/*%0s ratio in impactites. See Koeberl and Shirey [1997] and Koeberl [2014].
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2. Methods

2.1. Sample acquisition

In the mid-1960s and 1970s the Dominion Observatory acquired drill cores and
surface samples from East and West Clearwater craters [Dence et al., 1965; Dence, 1968].
The samples analyzed in this study were collected during these early expeditions. A total
of ten samples have been analyzed: five from East Clearwater and five from West

Clearwater. See Table 1.

Samples from East Clearwater come from drill cores DCW 2-63 and DCW 1-64
(Fig. 1). Hole 2-63 was drilled about 2.9 km southeast of the crater center and avoided the
central uplift [Dence et al., 1965; Palme et al., 1979]. After passing through water, fluvio-
glacial deposits, post-crater sediment fill, and breccias, the drill hole entered and ended in
the impact melt sheet [Dence et al., 1965; Dence, 1968; Palme et al., 1979]. Hole 1-64 was
drilled into the central uplift of East Clearwater [Dence, 1968], about 2 km west-northwest
of the crater center [Palme et al., 1979]. After passing through water and sediments, DCW
1-64 intersected shocked gneisses [Dence, 1968]. The rocks from drill hole 1-64 are heavily
fractured and faulted, with zones of crushing and shearing up to several meters thick. Some
of the materials in this drill core have been partially altered since emplacement: chlorite,
sericite, hematite, and calcite are common secondary phases [Dence, 1968]. In this study,
samples of impact melt rock came from core DCW 2-63, and samples of shocked country

rocks came from core DCW 1-64.

The samples from West Clearwater come from both the surface and from drill core

DCW 5-63 (Fig. 1). The core was drilled near the inner edge of the ring of islands [Dence
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et al., 1965]. The drill hole passed through breccias before entering shattered basement
rock [Dence et al., 1965]. Within the shattered basement section of core 5-63, textures
consistent with cataclastic flow and shearing, as well as melt veins that cut across the
gneissic foliation of the basement rock, are pervasive (core log archived at the University
of New Brunswick). The sample analyzed from DCW 5-63 comes from a melt vein near

the bottom of the drill core.

2.2. Sample preparation

All samples were thoroughly sanded with 220-grit SiC in order to remove saw
marks and then washed with Nanopure water. Samples were wrapped in thick plastic and
coarse crushed. Chips were washed with Nanopure water and dried. Samples were then
ground by hand in an alumina mortar and pestle. Both mortar and pestle were thoroughly
cleaned with Nanopure water between samples. Each sample was ground in two steps.
First, a small portion was powdered, then removed. Without rinsing the mortar or pestle,
the remainder of the sample was then powdered. This two-step process helped to further
mitigate contamination. The second “clean” split was used for all chemical and isotopic

analyses.

2.3. Major and minor element analyses

Major and minor element compositions were determined using inductively coupled

plasma atomic emission spectroscopy (ICP-AES). Rock powders were prepared using a
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LiBO> flux fusion technique; see [Murray et al., 2000] for full details. In brief, 0.04 g
aliquots of each homogenized rock powder were mixed with flux and fused at 1050° C for
ten minutes. The molten beads were then digested in 10% HNOs3, with the resulting
solutions filtered and then diluted. In addition to the Clearwater samples, ten USGS rock
standards and five blanks were processed during the same run. Diluted solutions were
analyzed on a JY 2000 ICP-AES instrument in the Environmental Chemistry Facility at
Brown University. After correcting for instrumental drift and blank intensities, raw
intensities were converted to elemental concentrations using the measured intensities and
known concentrations of elements in the USGS standards [see Murray et al., 2000]. Two
of the Clearwater samples were run in triplicate to assess the potential effects of sample
heterogeneity. Analyses were reproducible to within 3% for Al, Ca, K, Mg, Mn, and Na,
to within 4% for Fe and Si, and to within 5% for Ti. P concentrations were only

reproducible to within 6%, but the samples had less than 0.4 wt.% P20Os.

2.4. Os isotope measurements

Whole-rock osmium isotope measurements were performed at the University of
Texas at Austin. 800 mg of whole-rock powder were mixed with reverse aqua regia (4 mL
concentrated HCI and 6 mL concentrated HNOs) and a mixed %°Os — ®°Re spike. These
mixtures were digested in quartz tubes for 12 hours at 260 °C and 100 bars in an Anton
Paar high-pressure asher. Osmium was extracted from the resulting solutions using CCls
followed by HBr. Osmium was further purified by microdistillation. Osmium isotopic

compositions were measured on a Triton thermal ionization mass spectrometer in negative
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mode by ion counter and a peak hopping routine. Osmium was run on Pt filaments as
OsOs". See the supplementary material of [Byerly and Lassiter, 2012] for additional details

on sample digestion, osmium extraction, and instrument settings.

Average Os analytical blanks were ~0.2 pg g. This represents less than 0.001% of
the total Os in impact melt samples from East Clearwater. Due to their much lower Os
concentrations, impact melts from West Clearwater have blank corrections between 0.8
and 6.4%. Country rocks have blank corrections between 0.6 and 13%. However, the
country rocks and impact melt samples from West have such high *¥70s/*%0s ratios that
these blank corrections do not affect interpretation of the data. The long-term average
1870s/1880s of the UMD standard analyzed in the Lassiter lab is 0.11379, consistent with

published values [Chatterjee and Lassiter, 2016].

2.5. Electron microprobe work

Two thin sections were mapped using the Cameca SX 100 electron microprobe at
Brown University. Maps were generated using a 15 kV accelerating voltage, 10 nA beam

current, and 10 um beam diameter.

3. Results

Tables 2 — 4 show the results of geochemical and isotopic analyses. Country rocks

are highly radiogenic with low osmium abundances (*¥70s/*®0s: 1.723 to 65.93; 2 to 46
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ppt Os). Impact melts at East Clearwater are unradiogenic and have much more osmium
(*870s/*880s: 0.1281 to 0.1285; 23,320 to 26,580 ppt Os). The four impact melts from West

look like country rocks (*¢70s/*80s: 6.604 to 59.12; 6 to 48 ppt Os). See Figure 2.

3.1. East Clearwater

The high Os concentrations and low #’0s/*%Q0s ratios implicate a meteoritic
component at East Clearwater, consistent with prior work done using platinum group
elements [Palme et al., 1978, 1979, 1981; Evans et al., 1993; Schmidt, 1997; McDonald,
2002] and chromium isotopes [Koeberl et al., 2007]. The meteoritic signature at East
Clearwater has a present-day '8’0s/*%0s ratio of ~0.128, consistent with an ordinary or
enstatite chondrite impactor [Day et al., 2016]. Hence, platinum-group element ratios
[McDonald, 2002], chromium isotopes [Koeberl et al., 2007], and osmium isotopes each

point to an ordinary chondrite impactor at East Clearwater.

Data for impact melts from East Clearwater lay along two-component mixing
curves between the country rocks and ordinary chondrites (Fig. 2). Mixing the impact melt
samples with a bulk mantle reservoir cannot account for the observed osmium abundances
and *¥70s/'®0s (Fig. 2). The major element data further rule out a significant mantle
contribution. Based on osmium concentrations, DCW 2-63-1100 is 4.2 wt.% ordinary
chondrite, whereas DCW 2-63-1120 is 3.7 wt.% ordinary chondrite. Such values are lower
than the 7.4 wt.% meteoritic component at East reported by Palme et al. [1978]. However,
Palme et al. [1978] assumed a CI chondrite impactor. ClI chondrites have lower osmium

concentrations than ordinary chondrites (460.5 ppb vs. 634 ppb Os) [Day et al., 2016].
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Hence, a larger amount of CI chondrite would be needed to produce the same Os
abundance. Based on the osmium abundances for ordinary chondrites, the samples in

Palme et al. [1978] contained 5.6 wt.% and 6.5 wt.% ordinary chondrite, respectively.

3.2. West Clearwater

The four impact melts from West Clearwater have no detectable meteoritic
component. Given our detection limits, if a chondritic component is present, it must be
<0.002 wt.%. This result is consistent with Palme et al. [1978], despite the superior
sensitivity of the osmium isotope method and increased number of samples analyzed.
Relationships between major elements and osmium further evince that impact melts

analyzed from West Clearwater do not carry a chondritic component (Fig. 3).

4. Discussion

4.1. The non-detection of a meteoritic signature at West Clearwater

For nearly four decades, the claim of the absence of a meteoritic signature at West
Clearwater has been based on two rocks analyzed by Palme et al. [1978]. The two samples
came from “the middle and inside rim of the island ring”. The rocks were “moderately
altered, with sheet silicates (chlorite, montmorillonite) replacing interstitial glass”. The
present study tripled the number of samples from West searched for a meteoritic signature

and analyzed a mixture of both surface and drill core samples. Moreover, the samples were
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analyzed using the most sensitive tool available for the detection of meteoritic signatures.

Nevertheless, a meteoritic signature remains undetected.

Three broad categories of possibilities could account for the non-detection. First,
melts at West Clearwater may not have ever incorporated a meteoritic component. Second,
melts at West Clearwater might carry a meteoritic signature that remains undetected. Third,
melts at West Clearwater may have contained a meteoritic component that has
subsequently been removed. Table 5 lists a variety of scenarios that fall into each category.

Subsequent sections discuss each scenario in turn.

4.1.1. Possibility #1: An impactor signature was never present

The average impact on Earth (17 km s and 45°) seems conducive to contributing
a detectable meteoritic component in impact melts because most terrestrial craters searched
to date have a meteoritic signature [e.g., Goderis et al., 2013 and references therein]. If
conditions were sufficiently extreme, however, an impact might not impart a meteoritic

signature.

4.1.1.1.Extremely high-speed impact

Sufficiently high impact velocities enhance vaporization such that the projectile
component might be dispersed without leaving a trace in the impact melt. However, even

at 20 km s and 45° only 10% of a rocky projectile vaporizes upon impact [Pierazzo and
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Melosh, 2000]. The mass of melt and vapor scales with impact energy, to first order [e.qg.,
Pierazzo et al., 1997]. Hence, doubling the speed could quadruple the mass of vaporized

projectile.

Dynamical models for asteroids predict that impact speeds at Earth do not exceed
50 km st [Le Feuvre and Wieczorek, 2011]. Even if an asteroidal impactor were entirely
vaporized, the vapor would be temporarily contained within the growing crater and interact
with the melt. Low-angle impacts are an exception as much of the vapor may remain above
the crater and comes primarily from the uppermost surface layer [e.g., Eberhardy and
Schultz, 2015]. Hence, even an unusually high-velocity asteroidal impact may not fully

account for the absence of even a trace of the impactor.

Comets, however, collide with Earth at higher velocities than asteroids do, but come
have a much lower probability: the most likely impact velocity for long-period comets is
54 km s, Jupiter-family comets typically have impact velocities of 17 km s [Weissman,
2006]. The high encounter speeds of long-period comets would enhance vaporization of
cometary material. A rare cometary impact cannot be ruled out and Section 4.1.2.4 explores

this possibility in greater detail.

4.1.1.2. Highly-oblique impact

Both projectile fate and crater morphology evolve with impact angle. If the impact
that formed West Clearwater were highly oblique (<15° with respect to horizontal), then
the projectile (and its vapor) would have decoupled [Schultz and Gault, 1990], possibly

leaving little to no impactor signature in the intra-crater impact melt. If the impact that
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formed West were <15°, then the final crater would have remained circular due to
circularization during collapse at large scales, if the impact angle was greater than 8°
[Schultz, 1992]. Therefore, a highly oblique impact might explain the non-detection of an
impactor signature in impact melts at West Clearwater if the impact angle were between 8
and 15°. Given the ~sin(20)d0 distribution of impact angles [Gilbert, 1893; Shoemaker,

1962], the probability of such an event is ~5%.

4.1.1.3. Target layering

Low-impedance sedimentary layers, such as limestone, can affect crater
morphology, as well as shock intensity and asymmetry [Schultz, 2007; Collins et al., 2008;
Stickle and Schultz, 2012, 2013]. Such effects can influence crater scaling: for impacts
between 15 and 30°, a relatively thin low-impedance sedimentary layer (~ 25% of a
projectile diameter) can effectively decouple the projectile from the underlying substrate
with respect to crater size [Schultz et al., 2013]. Experiments demonstrate that impactor
decoupling also affects vaporization. At 15° even a very thin (< 5% of a projectile diameter)
low-impedance surface layer can prevent significant vaporization in strength-dominated

targets [Schultz, 2006].

A 32 km diameter final crater would require a 2 km to 4 km diameter projectile.
Therefore, a sediment layer would have needed to be 0.5 to 1 km thick to significantly
affect crater size. If the original, pre-erosion diameter of West Clearwater had been larger,
then the projectile needed to form the crater may have also been larger. In this situation, an

even thicker sediment layer would have been needed. The presence of limestone blocks in
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the melt at West Clearwater [Rosa and Martin, 2010] indicates that the pre-impact surface
may have been covered with up to 130 meters of limestone at the time of impact [Schmieder
et al., 2015]. This layer would not have been thick enough to affect the crater’s final size.
However, whether a layer of such thickness would have affected projectile fate is unclear.
Therefore, whether target layering can account for the absence of an impactor signature at

West Clearwater deserves further study.

4.1.2. Possibility #2: An impactor signature is present but undetected

4.1.2.1.Masking by an indigenous component

In areas with high PGE abundances or unradiogenic ¥0s/*®0s ratios, high
“background levels” of these elements can mask a meteoritic signature. This complication
cannot explain the non-detection at West Clearwater. The four country rocks analyzed have

highly radiogenic *¥70s/*®0s ratios and extremely low osmium concentrations.

4.1.2.2. Inadequate sampling

Although this study tripled the number of impact melts analyzed from West
Clearwater, the total number of samples analyzed remains small: six. At several other
Canadian craters, however, six or fewer samples were enough to reveal a meteoritic
signature using PGEs (Tables 6 and 7). However, fifteen samples of impact melt from

Mistastin have been analyzed without a detection of a signature. Hence, it is unusual, but
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not unprecedented, to have analyzed six samples and not found an impactor signature. Of
the four craters in Table 7, only West Clearwater has been searched using osmium isotopes,
which is the most sensitive method for detecting meteoritic signatures [e.g., Tagle and
Hecht, 2006; Koeberl, 2014; Goderis et al., 2013]. Consequently, Mistastin would be a

logical target for more detailed studies using osmium isotopes.

4.1.2.3. Differences in sulfide mineralogy

Tiny sulfide grains carry the bulk of the meteoritic component at East Clearwater
[Palme et al., 1979]. Given the preferential partitioning of PGEs into sulfides over silicates
[Fleet et al., 1996], differences in sulfide mineralogy could potentially contribute to
differences in the meteoritic signatures at East and West Clearwater. In order to assess this
possibility, thin sections from two samples were examined: DCW 2-63-1100 from East and
DCW 77-13 from West. Although the samples have very similar bulk compositions (see
Table 2), they exhibit very different sulfide abundances (Fig. 4). In the thin section from
East Clearwater, accessory sulfides up to several hundred microns across are present. In
the thin section from West Clearwater (DCW 77-13), the few sulfides are extremely small
(<5 um across) and contained entirely within apatite grains. Only three grains of apatite

were present in the mapped portion of the thin section from West.

Given the much lower abundance and significantly smaller sizes of sulfides in the
impact melt at West Clearwater, one possible explanation for the absence of a meteoritic
signature in melts at West relates to fewer available sulfides to host PGEs. More detailed

work on a larger number of samples of melt from the two craters will be needed to explore
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this possibility. However, a comparison with the Morokweng crater in South Africa
suggests that differences in sulfides are likely insufficient. Both the sulfide-poor and
sulfide-rich portions of the impact melt at Morokweng carry a clear meteoritic signature.
The data clearly revealed a meteoritic component in the sulfide-poor melt, even though the
PGE abundances in the sulfide-poor region are five to ten times lower [McDonald et al.,
2001]. Hence, differences in the sulfides at East and West may not easily account for the

non-detection of meteoritic material at West.

4.1.2.4.Differentiated achondrite or cometary impactor

Differentiated achondrites have lower PGE abundances than chondrites, stony-iron
meteorites, or iron meteorites. For example, the median #’0s/*%0s ratio in eucrites is
0.13278, with an average osmium concentration of 0.025 ppb [Dale et al., 2012]. Given
that some Clearwater country rocks contain more osmium than the average eucrite does, a
eucrite signature in the impact melts at West Clearwater could not be distinguished from
the target rock. In general, basaltic achondrites typically cannot be detected by osmium
isotopes [Koeberl and Shirey, 1997]. This does not mean that impact melts formed by
basaltic achondrite-like impactors do not carry a meteoritic component. Rather, the
meteoritic component cannot be easily detected due to the similarities Earth’s crust and the
basaltic impactor. Hence, the impact melts at West Clearwater could carry an as-of-yet

undetected meteoritic signature of a differentiated achondrite.

Although osmium isotopes would not be able to detect a differentiated achondrite

impactor, chromium isotopes might. A two-component mixing model can constrain the
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amount of meteoritic material that would be needed to leave a detectable £>*Cr signature in
impact melts at West. Chromium concentration and €°3Cr varies among meteorite types
[e.g., Lugmair and Shukolyukov, 1998]. These calculations assumed a eucrite impactor, for
the sake of example. Lugmair and Shukolyukov [1998] measured chromium in eight
noncumulate eucrites and found a median total-rock chromium concentration of 1990 ppm.
The median total rock £°Cr of these samples was 1.15 [Lugmair and Shukolyukov, 1998].
(These €>3Cr values include a second-order correction that more recent studies omit.) Based
on data from the literature (Tables S5 and S6) and the new data reported here, target rocks
at the Clearwater craters have a median chromium concentration of 118 ppm. The £Cr of
terrestrial rocks is 0 [e.g., Lugmair and Shukolyukov, 1998; Koeberl et al., 2014 and

references therein].

Figure 5 shows the results of a mixing model that used these values for chromium
concentration and £>Cr. Koeberl et al. [2007] successfully detected meteoritic components
in samples with a €%Cr as low as 0.17. Hence, a eucritic component, if present, could likely
be detected if the eucritic component were to exceed 1 wt.%. Although a 1 wt.% meteoritic
component is larger than that at many terrestrial craters [e.g., Goderis et al., 2013], 1 wt.%
is not unreasonably high. Hence, follow-up studies using chromium isotopes could provide
an effective way to evaluate the possibility of a differentiated achondrite impactor at West

Clearwater crater.

Another possibility is that a cometary impact formed West. Cometary impacts
should account for only a few percent of impact on the Earth [Weissman, 2006] and

therefore might account for the few terrestrial craters without a meteoritic signature.
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Although cometary dust would likely have chondritic PGE abundances, the volatiles in the
nucleus would vaporize. Expanding vaporized ices could entrain cometary silicates and
deposit them far afield. Having been transported, the silicates might not be incorporated

into the impact melt and impart a chondritic signature.

In the event of a cometary impact a light element isotope signature (e.g., *He) may
be preserved in distal sediments of the same age. A search for a spike in extraterrestrial
helium at ~280 Ma could be done using a nearby ocean sediment core. A *He signature,
however is not definitive. An enrichment in *He near the time of the Chesapeake Bay and
Popigai impacts was originally attributed to a comet shower [Farley et al.,1998]. However,
chromium isotopes implicate an asteroidal, rather than cometary, source for the 3He

enrichment [Kyte et al., 2011].

4.1.2.5.Melt sheet heterogeneity

If the meteoritic component at West Clearwater were heterogeneously distributed
in the melt, then the six samples from West might have “missed” the meteoritic component.
Heterogeneity of the meteoritic component could occur in one of two modes. First, the
meteoritic component might be concentrated in projectile-rich nuggets distributed evenly
throughout the melt sheet. We term this “raisin-bread” heterogeneity. The projectile-rich
nuggets are akin to the raisins: localized, but evenly distributed. Second, the meteoritic
component might be localized in specific parts of the crater. Such large-scale asymmetries
might occur if the impact that formed West Clearwater were oblique. Impact experiments

[Daly and Schultz, 2017] and shock physics code calculations [e.g., Schultz and Crawford,
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2014] indicate that oblique impacts preferentially deposit the impactor component in
specific locations within the crater. In this section, we consider raisin-bread heterogeneity.

Large-scale asymmetrical heterogeneity is discussed further in section 4.3.

One possibility is that the impact melt at West Clearwater is more heterogenous
than the melt at East: the “raisins” of meteoritic contamination might be fewer or farther
between at West than at East. Harker diagrams reveal, however, that comparable degrees
of major element heterogeneity occur in the melt sheets at East and West Clearwater
(Fig. 6). This pattern is consistent with the “relative homogeneity” of major elements at
many other terrestrial craters [Grieve et al., 1977; Dressler and Reimold, 2001; Goderis et
al., 2013]. Although the two melt sheets do have slightly different average compositions,
such differences likely reflect minor differences in the proportions of country rocks

incorporated into the melts.

Notwithstanding the relative homogeneity of major elements, trace elements could
be more heterogeneous. PGEs, including Os, are often hosted in minor phases, which
makes analyses prone to nugget effects [e.g., Koeberl, 2014; Goderis et al., 2013]. The
chondritic component at East Clearwater places constraints on the potential for such an
effect at West Clearwater. Including the results published previously (see supplementary
tables S1 — S6), twelve samples of impact melt from East Clearwater have been analyzed
for osmium abundances. Ten of these twelve samples carry a meteoritic component, even

though tiny nickel-iron sulfide grains carry the meteoritic signature [Palme et al., 1979].

Figure 7 shows depth profiles of impact melt samples from drill core 2-63. Only

samples with both major and trace element data are shown in order to facilitate direct
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comparisons. No systematic depth trends are seen for most major element oxides. MgO
and TiO2 may decrease slightly with depth. Trace elements are more variable; however,
the five trace elements shown here are all affected by the impactor signature. Copper varies
most strongly with depth: below about 300 meters, copper is more abundant, except in the
sample where the meteoritic signature is absent. Nickel and cobalt, however, become
somewhat less abundant in the drill core below 300 meters. Osmium, the most sensitive
tracer of meteoritic contamination of the elements shown here, varies among the samples,
but does not systematically increase or decrease with depth in the portion of the melt sheet

sampled here.

The ordinary chondrite component in the ten samples with a clear chondritic
signature ranges from about 3 to 9 wt.%. So, the signature is indeed slightly heterogeneous,
as reported by Palme et al. [1979]. Nevertheless, the salient point is that most (83%)
samples from East carry a clear meteoritic signature. If this detection frequency is relevant
to West and treating samples from West as independent, there is only a (2/12)* = 0.08%
chance that a meteoritic signature is present at West but not detected. These assumptions
are not strictly valid because of differences in sampling: samples from East come from a
single drill core, whereas samples from West come from multiple locations across the melt-

capped islands and from a drill core.

Alternatively, the potential heterogeneity of a meteoritic signature at West can be
constrained by comparing the variability of trace elements in melts from East and West
Clearwater. The data in tables S1 — S6 enable such a comparison, with certain caveats.

Many samples from East Clearwater have not been analyzed for the same minor elements
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as impact melts from West Clearwater (see tables S1 — S6). At least four samples of impact
melt from East and West, respectively, have been analyzed for Os, Ni, Co, and Cr. It would
be preferable to use other elements (e.g., REES) in order to compare minor element
variability because the impactor component has less effect on the rare-earth elements. But,
given existing data, assessment of relative variations in Os, Ni, Co, and Cr in the two melts

is the best that can be done for this contribution.

Table 8 includes the basic statistics for Os, Ni, Co, and Cr concentrations in impact
melts from East and West. These data are depicted as histograms in Figure 8. Except for
osmium, far fewer analyses are available for samples of impact melt from East Clearwater.
The elements Os, Ni, Co, and Cr have different concentration ranges at East and West
because of the meteoritic signature at East. Nevertheless, the relative standard deviation of
each element (the standard deviation divided by the mean) provides an additional constraint
on heterogeneity at East and West Clearwater. Based on relative standard deviations in Os,
Ni, Co, and Cr, the melt at West may be slightly more heterogeneous in trace elements than
the melt at East. But, the differences are not large enough to readily attribute the complete

apparent absence of an impactor signature at West to a more heterogeneous melt sheet.

One additional approach could yield insight into the likelihood that an impactor
signature at West has eluded detection because of raisin-bread-style heterogeneity. While
the best approach is to analyze more samples, PGE analyses are costly and time-
consuming. Many more samples from West have been analyzed for Cu, Ni, Co, and Cr
than for PGEs. Of these elements, Ni has been the most often analyzed in samples from

West Clearwater. A much higher meteoritic component would be needed in order to
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noticeably perturb Ni abundances (due to higher background levels in crustal rocks).
However, this loss in sensitivity is offset by the larger set of samples for which data is

available.

None of the nickel abundances in about seventy-five samples of impact melt from
West Clearwater hint at a meteoritic signature (Fig. 9). Osmium isotopes or PGEs might
yield a subtler meteoritic signature in some of these samples. Nevertheless, in both osmium
versus major element oxides (Fig. 3) and nickel versus major element oxides (with much
more data; Fig. 9), impact melts from West Clearwater exhibit the same systematics as the
country rocks: nickel decreases with silicon, aluminum, sodium, and potassium and
increases with magnesium, iron, calcium, and manganese. If an impactor signature were
present (but undetected due to heterogeneity), then none of these seventy five samples

would have enough meteoritic material to noticeably perturb Ni abundances.

Although the data cannot definitively rule out a meteoritic signature that is
undetected due to raisin-bread heterogeneity in the melt, the evidence to date makes this
explanation unlikely. Melts at East and West are relatively homogeneous in major element
compositions. The possible slight enhancement of minor element variability at West is
insufficient to explain the significant differences between melts at the two craters. The vast
majority (83%) of impact melts analyzed at East carry a meteoritic signature. Hence, it is
unlikely that all four impact melts analyzed from West would fail to show a meteoritic
signature, if melts at West carried a chondritic component distributed heterogeneously in a
raisin-bread manner. Furthermore, fewer than six samples have been enough to reveal a

meteoritic component at several other Canadian craters (see Table 7). It is therefore not
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straightforward to attribute the non-detection of a meteoritic component at West to raisin-

bread-style melt sheet heterogeneity.

4.1.3. Possibility #3: An impactor signature used to be present

4.1.3.1.Weathering or remobilization

Another possibility is that the chondritic signature at West Clearwater may have
been present but later weathered away. Palme et al. [1979] showed that some of the PGESs
in impact melts from East have been fractionated relative to one another, which may
indicate limited remobilization. There is also evidence for some hydrothermal activity at
both Clearwaters shortly after impact [Dence et al., 1965; Osinski et al., 2013]. Aqueous
alteration, however, was more intense at East than at West [Dence et al., 1965; Schmieder
et al., 2015]. Furthermore, work by Lambert [1982] at Rochechouart indicates that
weathering can fractionate, but not entirely erase, the impactor signature. Studies at other
terrestrial craters reached similar conclusions [Koeberl, 1998; Tagle and Hecht, 2006;
Goderis et al., 2013]. Hence, it is unlikely that impact melts at West Clearwater had a

chondritic signature that was later removed by weathering or aqueous alteration.

4.1.3.2.Erosion

The final possibility considered here is that the impactor signature at West

Clearwater was concentrated in only part of the melt sheet, which has since been eroded
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away. Rae et al. [2017] modeled the formation of West Clearwater using the iSALE shock
physics code. Based on their models, Rae et al. [2017] inferred that West Clearwater has
experienced ~2 km of erosion. However, this value depends on the parameters chosen for
acoustic fluidization in the iISALE models. Nevertheless, West must have been heavily

eroded based on its current appearance.

East Clearwater presumably experienced further erosion during the 180 million
years that elapsed between the formation of East and West. The absence of a topographic
rim at East Clearwater, in contrast to the ~425 m tall topographic rim at West Clearwater
[Grieve, 2006] indicates that erosion at East was quite significant. The topographic rim at
West, however, is inconsistent with a structurally uplifted crater rim of only 34 km since
Grieve [2006] suggests that the crater may have been much larger. Regardless, the impact
melts from East Clearwater that survived erosion contain clear meteoritic signatures.
Hence, it is difficult to envision a scenario in which melts that bear a meteoritic component
would have been eroded from West but not East, unless the meteoritic component at East
were preferentially near the bottom of the melt sheet and all but this lowest portion of the

melt sheet has been eroded from East.

4.1.4. Summary

Table 9 summarizes the viability of the explanations proposed for the non-detection

of a meteoritic signature at West Clearwater.
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4.2. The signature at East Clearwater

Although the non-detection of an impactor signature at West Clearwater is unusual,
the meteoritic component at East Clearwater is also unusual. It is significantly higher than
the <1 wt.% seen at most terrestrial craters [Koeberl, 1998; Tagle and Hecht, 2006; Koeberl
et al., 2012; Goderis et al., 2013; Koeberl, 2014]. The new data reported here, combined
with the literature data in Supplementary Table S2, reveals an average ordinary chondrite
component of 5.1 + 1.7 wt.% in impact melts at East. Only Morokweng, which has up to
5.7 wt.% ordinary chondrite in its melt, has a comparable amount of meteoritic material in

its impact melt [McDonald et al., 2001; Goderis et al., 2013].

The unusually high meteoritic component at East is best explained by a low-
velocity impact. Models of Earth’s impact flux predict speeds as low as ~10 km s
[Le Feuvre and Wieczorek, 2011]. These relatively “gentle” speeds favor projectile
delivery. A lower velocity impact increases the fraction of the impactor that melts rather
than vaporizes [O 'Keefe and Ahrens, 1977; Pierazzo et al., 1977]. This enhancement could
increase the level of meteoritic material incorporated into impact melts. Such a scenario
has a low probability, but the number of craters with meteoritic components comparable to

East Clearwater is also low.

4.3. Large-scale asymmetries in meteoritic signatures

In oblique hypervelocity impact experiments, the projectile component is preserved

asymmetrically [Daly and Schultz, 2015, 2016, 2017]. These asymmetries develop at

139



impact angles at high as 60° and become increasingly acute as impact angle decreases to
15° [Daly and Schultz, 2017]. In metal targets, the uprange crater wall preserves enhanced
levels of projectile material [Daly and Schultz, 2017]. Recent shock physics code
calculations by Crawford and Schultz [2014] showed enhanced preservation uprange at
larger scales (i.e., the scale of the Moscoviense basin on the moon). Both experiments and
shock physics codes show that area downrange of the crater can be peppered with
projectile-rich debris. If East and West Clearwater were oblique impacts, then the impactor
component may, at large scales, be distributed asymmetrically in the melt sheets. Some
areas near the uprange wall might be highly enriched in a meteoritic component, whereas
other areas might have a paucity of meteoritic material. If East were an oblique (<45°)
impact from the southeast, then such an asymmetry might explain the unusually high
meteoritic component in drill core DCW 2-63. Multiple cores in the melt sheet at various
azimuths could address such a possibility. A similar approach would also be valuable at

West in areas where the melt sheet may be accessible by drilling.

5. Conclusions

The search for meteoritic signatures in the impact melt of West Clearwater crater
again yielded no detection. Such a null result persisted despite tripling the number of
samples searched and using osmium isotopes, the most sensitive tool available for detecting
meteoritic signatures in impactites [Koeberl and Shirey, 1997; Koeberl, 1998; Tagle and
Hecht, 2006; Koeberl et al., 2012; Goderis et al., 2013; Koeberl, 2014]. At East Clearwater,

in contrast, osmium isotope analyses revealed extremely strong meteoritic signatures,
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consistent with earlier work by Palme et al. [1978, 1979] and others [Evans et al., 1993;
Schmidt, 1997; McDonald, 2002]. The starkly different levels of impactor contamination
at East and West Clearwater provide further evidence that the two craters formed under

different conditions and, therefore, at two separate times.

The impactor signatures (or its absence) at East and West Clearwater may be due
to low-probability impact scenarios. East may have formed during an unusually low-speed
impact, whereas West may have formed during the impact of a basaltic achondrite-like
object, such as a V-type asteroid. Such a scenario could be tested using chromium isotopes.
Basaltic achondrites are not particularly common. However, dynamical models indicate
that V-type asteroids large enough to form craters like the Clearwaters impact Earth
occasionally [Galiazzo et al., 2017]. Alternatively, the character of the signature at East
and West may reflect large-scale asymmetries in the meteoritic component in the melt
sheets of these two craters. Impact experiments [Daly and Schultz, 2017] and models
[Schultz and Crawford, 2014] both reveal such asymmetries. New drilling campaigns could
evaluate whether large-scale asymmetries in the impactor component exist in the two melt

sheets.
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Tables

Table 1. Samples analyzed in this study.

Sample ID Sample Depth Sample description* Description of CO(respondmg
mass (g) (m) core sectiont
Clearwater DCW 2-63-1100 5.4 311.5% Dark, clast-free impact melt. Medium-grained melt; grain size up to
East 0.6 mm. Few obvious inclusions.
DCW 2-63-1120 4.6 316.8% Dark, clast-free impact melt. Not logged.
DCW 1-64-568 2.8 173.1% Pink, granitic gneiss with vein Medium- to fine-grained dark gray gneiss
(cataclastic?). Country rock. with hornblende, biotite, and chlorite.
Some brecciation.
DCW 1-64-1770 2.7 539.5% Granitic with shatter cones. Country Gneiss. Brecciated.
rock.
DCW 1-64-3270 3.8 996.7+ Granitic material. Country rock. Medium-grained gray gneiss with dark
green inclusions (chlorite?). Breccia.
Clearwater DCW 5-63-686 2.9 209.1 Large melt area. -8
West
DCW 21-62 13.3 - Impact melt with mesocratic-looking N/A (surface sample)
grains.
DCW 77-13 5.5 - Gray, medium- to fine-grained impact N/A (surface sample)
melt.
DCW 77-36 4.3 - Fresh, crystalline impact melt. N/A (surface sample)
DCW 20-62B 3.3 - Gabbroic country rock from central N/A (surface sample)

island.

*Lucy Thompson (Personal communication).
TDescriptions for DCW 2-63 from the 1978 log of R. A. F. Grieve. Descriptions for DCW 1-64 come from the 1991 log of Ralf Hische, translated
by Lucy Thompson. Copies of these logs are available at the Planetary and Space Science Centre at the University of New Brunswick.

#Drill hole 2-63 slanted with depth. The depths given are “true depths” that have been corrected for this slant using Fig. 2 of Palme et al. [1979].
8Dence described surrounding samples as sheared/disrupted granitic and mafic gneisses cut by red-toned melt veins. Copies of these logs are
available at the Planetary and Space Science Centre at the University of New Brunswick.



Table 2. Results of major element geochemical analyses.

ALO; CaO FeOr KO MgO MnO NaO P20s SiO2 TiO2
Sample ID  (Wt.%) (Wt.%) (Wt.%) (Wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)

East
Clearwater

DCW 2-63- 1424 343 488 343 357 007 332 019 6268 0.46
1100 avg.*

DCW 2-63- 1450 347 495 351 370 0.07 341 019 6429 048
1100 no.1*

DCW 2-63- 1444 348 500 341 360 0.07 332 020 63.65 047
1100 no.2*

DCW 2-63- 13.78 335 469 338 343 007 321 019 60.09 044
1100 no.3*

DCW 2-63- 1415 321 500 347 3.09 006 339 020 62.68 0.50
1120*

DCW 1-64- 1346 170 119 557 035 002 306 006 7488 0.14
568t

DCW 1-64- 1361 195 134 400 054 002 352 0.07 76.08 0.16
1770t

DCW 1-64- 1721 697 777 103 416 0.13 565 038 5286 0.72
3270t

West
Clearwater

DCW 5-63- 13.30 6.43 1344 010 546 014 534 038 4997 2.26
686*

DCW 21-62 10.60 11.58 8.09 155 1033 019 219 0.13 50.87 0.74
avg.*
DCW 21-62 10.71 11.64 8.13 154 1034 019 222 0.12 51.34 0.75
no. 1*

DCW 21-62 10.14 11.17 7.77 1.48 10.02 0.19 211 0.12 48.31 0.70
no. 2*

DCW 21-62 10.95 1194 838 162 1063 020 224 014 5296 0.77
no. 3*

DCW 77-13* 15.67 4.13 457 340 243 003 359 025 6284 0.62
DCW 77-36* 1580 479 510 379 289 005 369 032 6126 0.74
DCW 20-62Bf 15.06 10.80 7.48 0.32 10.33 0.15 3.16 0.06 51.29 0.30

*Impact melt
TCountry rock
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Table 3. Results of minor element geochemical analyses.

Sample ID Co (ppm) Cr(ppm) Cu (ppm) Ni(ppm)
East Clearwater
DCW 2-63-1100 avg.* 46 296 20 816
DCW 2-63-1100 no.1* 45 295 21 837
DCW 2-63-1100 no.2* 47 306 20 887
DCW 2-63-1100 no.3* 47 287 19 724
DCW 2-63-1120* 44 261 22 736
DCW 1-64-568t 3 2 1 1
DCW 1-64-1770°f 3 1 2
DCW 1-64-3270t 32 66 65 22
West Clearwater
DCW 5-63-686* 64 36 38 39
DCW 21-62 avg.* 40 373 28 111
DCW 21-62 no. 1* 41 385 37 137
DCW 21-62 no. 2* 39 350 21 89
DCW 21-62 no. 3* 42 384 25 107
DCW 77-13* 16 45 11 19
DCW 77-36* 20 32 23 12
DCW 20-62Bf 42 218 141 191
*Impact melt

TCountry rock
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Table 4. Results of osmium isotope analyses.

Sample ID Os (ppt) 1870s/1880s
East Clearwater
DCW 2-63-1100* 26,580 0.1285 + 0.00003
DCW 2-63-1120* 23,320 0.1281 + 0.00001
DCW 1-64-568t 3 1.723 £ 0.032
DCW 1-64-1770t 2 7.500 £ 0.018
DCW 1-64-3270t 30 65.93 £ 0.06
West Clearwater
DCW 5-63-686* 48 59.12 £ 0.18
DCW 21-62* 22 7.831 £0.017
DCW 77-13* 12 6.604 + 0.009
DCW 77-36* 6 10.15 £ 0.02
DCW 20-62Bt 46 8.489 + 0.004
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Table 5. Possible explanations for the non-detection of a meteoritic signature at West

Clearwater.

Case 1: An impactor
signature was never present.

Case 2: An impactor
signature is present but
undetected.

Case 3: An impactor
signature used to be present
but has been lost.

Possible reasons:
High-speed impact

Highly oblique (<15°)
Target layering

Differences in sulfide
mineralogy

Possible reasons:

Masking by an indigenous
component

Inadequate sampling

Differentiated achondrite
or cometary impactor

Melt sheet heterogeneity
(raisin bread)

Melt sheet heterogeneity
(large-scale asymmetries)

Possible reasons:

Weathering or
remobilization

Erosion

157



8S1

Table 6. Canadian craters whose impact melts have not revealed a meteoritic signature.

Crater name Age (Ma)* Dlg(rrr:]?}rer Method # of samples analyzed Reference
Mistastin 364 28 Platinum-group element 15 total Morgan et al. [1975];
abundances or ratios 5 surface samp|es in Morgan et al. Palme et al. [1978],
[1975], 2 surface samples in Wolf ~ Palme et al. [1981]; Wolf
et al. [1980], 4 surface samples in et al. [1980]
Palme et al. [1978]; 4 samples,
presumably from the surface, in
Palme et al. [1981]
West Clearwater 286.2+2.2 36 Platinum-group element 6 total Palme et al. [1978]; this
abundances or ratios (Palme et al., 2 surface samples in Palme et al. study
1978); Os isotopes (this study) [1978]; 4 surface samples in this
study
Saint Martin 220 + 32 40 Platinum-group element 1 surface sample Goebel et al. [1980]
abundances or ratios
Manicouagan 214+ 1 85 Platinum-group element 4 total Palme et al. [1978];

abundances or ratios

2 surface samples in Palme et al.
[1978]; 2 surface samples in
Palme et al. [1981]

Palme et al. [1981]

*All ages except West Clearwater from Kelley and Sherlock [2013]. West Clearwater from Schmieder et al. [2015].
fFrom the Earth Impact Database, http://www.passc.net/EarthimpactDatabase/
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Table 7. Canadian craters whose impact melts have revealed a meteoritic signature.

Diameter

Crater name Age (Ma)* (km)t Method # of samples analyzed Reference
New Quebec 1.4+0.1 3.44 Platinum-group element 6 total Grieve et al. [1991];
abundances or ratios 3 surface samples [Grieve et al., Evans et al. [1993]
1991]; 3 surface samples [Evans et al.,
1993]
Brent >453 3.8 Platinum-group element 6 total Palme et al. [1981;
abundances or ratios 4 drill core samples [Palme et al., Evans et al. [1993]
1981]; 2 drill core samples [Evans et
al., 1993]
Gow <250 5 Platinum-group element 3 surface samples Wolf et al. [1980]
abundances or ratios
Wanapitei 37.2+12 75 Platinum-group element 16 total Wolf et al. [1980]; Evans
abundances or ratios 3 surface samples [Wolf, 1980]; 3 et al. [1993]; Tagle et al.
surface samples [Evans et al., 1993];  [2006]
10 samples [Tagle et al., 2006]
Nicholson <400 125 Platinum-group element 3 surface samples Wolf et al. [1980]

abundances or ratios
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Table 7 (cont.) Canadian craters whose impact melts have revealed a meteoritic signature.

Diameter

Crater name Age (Ma)* (km)t Method # of samples analyzed Reference
East Clearwater 460 —-470 26 Platinum-group element 24 total* Evans et al. [1993];
abundances or ratios; osmium 3 dfrill core samples [Palme et al., Koeberl et al. [2007];
isotopes (this study); chromium  1978]; 13 drill core samples [Palme et~ Palme et al. [1978],
isotopes (Koeberl et al., 2007) al., 1979]; 2 drill core samples [Evans Palme et al. [1979];
et al., 1993]; 5 drill core samples Schmidt [1997]
[Schmidt, 1997]; 1 drill core sample
[Koeberl et al., 2007]
Charlevoix 342 +15 54 Platinum-group element 22 surface samples Tagle et al. [2008]

abundances or ratios

*All ages except East Clearwater from the Earth Impact Database, www.passc.net/EarthimpactDatabase. East Clearwater from Schmieder et al.
[2015].

fFrom the Earth Impact Database, www.passc.net/EarthimpactDatabase

124 separate analyses are reported; however, several studies report data for samples with identical IDs. For instance, the two samples reported by
Palme et al. [1978] are also reported by Palme et al. [1979], although the studies report data for different elements. One of the Evans et al. [1993]
samples has the same ID as a sample in Palme et al. [1979]. The five samples in Schmidt [1997] have the same IDs as five of the samples in
Palme et al. [1979]. Koeberl et al. [2007] report data for a sample with the same ID as a sample in Palme et al. [1979].



Table 8. Minor element variability in impact melts at East and West Clearwater.

Location Os Ni Co Cr
(ppb)  (ppm)  (ppm)  (ppm)

East Clearwater Number of analyses 12 6 4 4
Mean 29.7 700 39 246
Maximum 55,5 946 50 296
Minimum 0.038 80 16 140
Range 55,5 866 34 156
Standard deviation 13.7 315 15 72

Relative standard deviation 46% 45% 40% 29%

West Clearwater Number of analyses 7 59 48 64
Mean 0.018 32 16 172
Maximum 0.048 111 64 373
Minimum 0.006 9 10 26
Range 0.04 102 54 347
Standard deviation 001 14 9 74

Relative standard deviation 79%  42% 56% 43%
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Table 9. Viability of possible explanations for the non-detection of a meteoritic signature at

West Clearwater.

Case 1: An impactor
signature was never present.

Case 2: An impactor
signature is present but
undetected.

Case 3: An impactor
signature used to be present
but has been lost.

Possible reasons:
High-speed impact:
inconsistent
Highly oblique (<15°):
cannot be ruled out

Target layering: needs
further study

Differences in sulfide
mineralogy: unlikely, but
needs further study

Possible reasons:

Masking by an indigenous
component: inconsistent

Inadequate sampling:
unlikely given results from
other craters

Differentiated achondrite
or cometary impactor:
cannot be ruled out

Melt sheet heterogeneity
(raisin bread): cannot be
ruled out, but somewhat
unlikely

Melt sheet heterogeneity

(large-scale asymmetries):

cannot be ruled out, but
plausible given results
from impact experiments

Possible reasons:

Weathering or
remobilization: insufficient

Erosion: cannot be ruled
out
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Figures

«DCW 5-63
West Clearwater

o sDGW 77-13

DCWF77<86
East Clearwater
eDCW 1-64
eDCW 2-63

Figure 1. Locations of drill cores and surface samples from East and West Clearwater
craters. Drill core DCW 1-64 penetrated shocked country rock in the central uplift at East.
DCW 2-63 encountered the melt sheet. DCW 5-63 at West Clearwater tapped melt-rich
breccias and shocked country rocks. Gray circles on islands inside West Clearwater mark
the locations of two surface samples of impact melt. The locations of DCW 2-63 and DCW
5-63 come from Figure 2 of Dence et al. [1965]. The location of DCW 1-64 is estimated
from Figure 2 of Dence [1968] and Figure 1 of Palme et al. [1979]. Locations of surface

samples come from Rosa [2011]. Basemap: Landsat image LC80180212015250LGNOO.
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Figure 2. Osmium isotope ratios and osmium concentrations in samples of impact melt
from East and West Clearwater craters, as well as nearby country rocks. Gray curves define
two-component mixing between ordinary chondrites and each country rock analyzed.
Samples from East Clearwater plot along these mixing curves, consistent with a meteoritic
component at East Clearwater. The osmium data from East Clearwater rule out a significant
mantle contribution. Impact melt samples from West Clearwater look like country rocks,
with no signs of a meteoritic component. The data for Earth’s mantle and ordinary

chondrites come from Day et al. [2016].
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Figure 3. Relationships between osmium concentrations and major element oxides in
country rocks and impact melts from East and West Clearwater. Impact melts from West
Clearwater (blue squares) exhibit the same systematics as country rocks (gray circles),
especially for SiO2, MgO, FeOr, K20, Ca0, and MnO. This similarity provides additional
evidence that impact melts from West Clearwater do not carry a meteoritic component. In
contrast, the samples from East Clearwater (green squares) that carry a meteoritic

component plot separately from the other samples.
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Figure 4. Differences between sulfides in impact melts at East and West Clearwater. (A)
An element map of sulfur (green) draped over a back-scattered electron micrograph of a
thin section of sample DCW 2-63-1100, an impact melt from East Clearwater. (B) and (C)
show parts of a thin section of sample DCW 77-13, an impact melt from West Clearwater.
Both (B) and (C) are back-scattered electron micrographs. Large sulfides like those seen
in (A) are absent in the sample from West. (B) shows the only apatite grains in the thin
section. (C) shows a small area of the largest apatite grain in (B). The area shown in (C)
corresponds to the small yellow square in (B). The apatite grain hosts many tiny sulfide
grains, outlined with black in (C). These grains contrast sharply with the much larger

sulfides seen in (A).
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Figure 5. Results of a two-component mixing model between a eucrite impactor and
country rocks at the Clearwater craters. The £>*Cr of the impact melt is a function of the
amount of eucrite added to the country rocks. A eucritic component in excess of 1 wt.%

should be detectable.
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Figure 6. Harker diagrams for country rocks and impact melts from the Clearwaters.
Impact melts from East and West are slightly offset in composition; however, the spread
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of compositions in the melts at East and West appear similar. Blue squares denote impact
melt rocks from West Clearwater. Green squares denote melts from East. Gray circles
denote country rocks. Points outlined in black are from this study. Symbols with no outlines
come from tables S1 — S3. A sample from East Clearwater that does not carry a meteoritic
component is shown as a white square outlined with green to facilitate comparisons

between this sample and samples from East Clearwater that carry a meteoritic signature.
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Figure 8. Histograms of Os, Co, Ni, and Cr in impact melts from East and West Clearwater
(colored green and blue, respectively). Apart from osmium, more data is available at West.
The concentration ranges of each element at the two craters are very different due to the
meteoritic component at East. However, relative standard deviations indicate that these

elements may be slightly more heterogeneously distributed at West.
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Figure 9. Correlations between Ni and major element oxides in country rocks and impact

melts from East and West Clearwater. No melts from West have Ni abundances that

suggest a meteoritic signature. Blue squares denote impact melt rocks from West

Clearwater. Green squares denote impact melt rocks from East Clearwater. Gray circles

denote country rocks. Points outlined in black are from this study. Symbols with no outlines

come from tables S1 — S3. A sample from East Clearwater that does not carry a meteoritic
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component is shown as a white square outlined with green to facilitate comparisons

between this sample and samples from East Clearwater that carry a meteoritic signature.
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Supplementary Tables

Table S1. Literature data for impact melts from East Clearwater crater (major elements).

SiO2 TiO2 AlOs  FeOr* MnO MgO CaO Na20 K20

Sample ID WEO6)  (WLO)  (WE96)  (WLo) (WL96) (Wto%) (wi%) (wto%) (wi%) o
DCW 2-63.947 5602 077 1528 495 0089 595 509 32 204 1
DCW 2-63-965 6112 064 153 405 0161 456 237 255 419 1
DCW 2-63-972 6167 054 1479 495 0148 529 189 245 36 1
DCW 2-63-980.5 601 052 1649 426 0153 35 259 317 412 1
DCW 2-63-1005 6213 067 1589 366 011 224 36 338 388 1
DCW 2-63-1039 623 055 1508 387 0078 409 414 319 318 1
DCW 2-63-1045 6035 057 1647 416 0079 3.6 396 313 354 1
DCW 2-63-1060 633 04 1455 47 0055 317 443 342 295 1
DCW 2-63-1082 6407 046 1422 44 0066 2.6 372 342 323 1
DCW 2-63-1103 603 048 1647 517 0081 358 554 349 234 1
DCW 2-63-1105 6203 05 1375 467 0062 376 441 337 316 1
DCW 2-63-1110  63.86 039 1519 434 0059 324 431 329 285 1
DCW 2-63-1115 6287 044 167 502 0065 31 434 333 318 1

*Data have been recalculated, if needed, to express all iron as FeO.
References: [1] Palme et al. [1979]
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Table S2. Literature data for impact melts from East Clearwater crater (minor elements).

Sample ID Os Re Ir Ru Rh Pt Pd Cu Ni Co Cr Ref
(ppb)  (ppb)  (ppb)  (ppb)  (ppb)  (ppb)  (ppb) (ppm) (ppm) (ppm) (ppm)
DCW 2-63-947 137 727 412 242 1
DCW 2-63-965 155 735 58.6 318 1
DCW 2-63-965 39.0 231 389 58.1 739 49.7 287 2
DCW 2-63-965 186 055 1696 254 @ 7.11 27.1 3
DCW 2-63-972 39.00 37.50 193 853 55.8 304 1
DCW 2-63-972 340 068 3212 467 12.33 42.2 3
DCW 2-63-980.5 1.13 893 520 286 1
DCW 2-63-980.5 353 214 321 394 883 4
DCW 2-63-1005 5.80 998 63.6 352 1
DCW 2-63-1005 30.6 0.21  28.69 443 924 29.7 3
DCW 2-63-1039 274 1039 521 315 1
DCW 2-63-1039  41.4 243  40.1 48.5 946 4
DCW 2-63-1039 30.3 091 2839 437 11.23 33.8 3
DCW 2-63-1045 15.40 845 452 269 1
DCW 2-63-1060  55.50 41.20 146.5 1570 1370 55.7 292 1
DCW 2-63-1082 28.60 598 385 236 1
DCW 2-63-1103 569 97 15.3 140 1
DCW 2-63-1103  0.038 0.308 <0.02 <1.4 80 16.1 140 2
DCW 2-63-1105 12.10 470 30.7 190 1
DCW 2-63-1110 19.10 648 383 259 1
DCW 2-63-1110 212 053 19.80 305 8.1 28.2 3
DCW 2-63-1115 24.7 68.10 3140 650 430 295 1

References: [1] Palme et al. [1979]
[5] Evans et al. [1993]

[2] Palme et al. [1981]

[3] Schmidt [1997]

[4] Palme et al. [1978]
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Table S3. Literature data for impact melts from West Clearwater crater (major elements).

Sample 0 502 TiO2 AlOs FeOr" MnO  MgO  CaO Na:O KO
WE%) (WL96) (Wt9%) (Wt9%) (Wt%) (Wto%) (Wto%) (Wt.o%) (wt.%) '
LP-122 6123 085 1584 578 009 283 460 391 324 2
LP-125 5038 075 1537 6.30 0.08 404 512 364 292 2
LP-130 5047 078 1632 570 008 326 432 413 257 2
LP-133 50.38 088 16.16 6.05 005 321 491 369 335 2
LP-21 5893 072 1726 578 007 280 498 409 294 2
LP-94 58.80 090 17.30 507 0.06 222 365 412 484 2
DCW-77-1  60.93 079 1571 563 0.15 281 488 367 363 2
DCW-77-15  60.89 0.69 1554 547 006 3.01 456 368 319 2
DCW-77-16  61.47 079 1543 561 007 250 412 369 367 2
DCW-77-17  60.80 070 1599 531 0.05 289 503 366 321 2
DCW-77-18  61.10 0.72 1576 532 0.05 268 461 371 330 2
DCW-77-28  61.37 0.75 1508 552 0.05 255 428 362 349 2
DCW-77-29  61.64 075 1572 544 004 233 428 380 351 2
DCW-77-30  61.12 0.75 1574 536 005 281 470 377 339 2
DCW-77-31  60.84 082 1563 552 005 272 453 364 386 2
DCW-77-32  60.67 0.80 1584 579 005 275 454 369 361 2
DCW-77-33 6021 071 1586 579 0.06 3.12 484 377 327 2
DCW-77-34 6123 079 1559 553 0.05 265 454 3.68 356 2
DCW-77-35 6129 0.79 1559 559 0.06 259 440 376 367 2
DCW-77-36  61.13 0.81 1573 540 0.05 275 454 371 371 2
DCW-77-37-4 60.69 0.80 1587 544 0.05 262 468 378 367 2
DCW-77-49  61.01 0.84 1593 578 0.05 243 404 374 402 2
DCW-77-5 6122 078 1586 555 0.06 271 470 373 341 2
DCW-77-50  61.39 0.80 1587 560 007 255 460 3.80 3.68 2
DCW-77-51  61.11 0.82 1623 557 008 251 444 372 381 2
DCW-77-52  61.32 0.80 1580 561 007 253 445 379 374 2
DCW-77-53  60.71 0.76 1587 561 006 285 485 377 357 2
DCW-77-54  60.74 0.76 1593 556 0.08 291 488 378 354 2
DCW-77-61  60.45 0.85 1588 546 0.06 276 411 369 384 2
DCW-77-7 6126 0.74 1563 543 005 280 449 374 355 2
DCW-77-8  60.96 072 1591 536 0.05 286 490 372 328 2
DR-010 60.98 075 1580 533 006 257 441 376 347 2
LP-2 61.05 071 1581 545 005 281 481 373 333 2
LP-23 61.41 066 1587 504 006 3.00 480 3.80 311 2



Table S3 (cont.). Literature data for impact melts from West Clearwater crater (major elements).

SiO2 TiO2 AOs; FeOr* MnO MgO CaO Na:O K20

LLT

SampleID o (wi%) (Wio) (Whos) (W) (WEo) (W) (Wtoe) (wid%) e
LP-23-B 6063 076 1595 619 005 290 382 392 331
LP-23-D 6158 075 1560 539 011 282 496 366 337
LP-47 6104 079 1553 572 006 292 454 374 346
LP-89 5006 0.84 1607 605 006 261 459 360 381
LP-95-4 5033 0.84 1596 529 005 314 481 349  3.99

DCW-77-11F 58.53 0.77 16.37 6.79 0.04 2.86 4.01 3.70 3.34
DCW-77-13 62.07 0.65 15.83 4.96 0.05 2.66 4.18 3.71 3.30
DCW-77-22 6159 0.64 1582 5.17 0.08 2.59 4.64 4.02 2.88
DCW-77-55 58.09 1.09 16.26 7.08 0.10 3.13 4.56 3.83 3.17
DCWwW-77-58 60.92 0.79 1596 5.50 0.07 3.08 4.54 3.90 3.32
DCW-77-59 50.99 0.61 1495 5.08 0.08 4.20 6.61 3.70 2.89
DCW-77-62 59.19 0.80 16.99 5.48 0.03 2.88 3.31 3.79 3.74
DCW-77-66 62.40 0.65 16.55 4.58 0.06 2.42 3.51 3.91 3.35
DCW-77-67 60.75 0.67 17.27 4.93 0.05 2.60 4.01 4.30 3.08
DCW-77-9 62.62 0.66 16.13 4.98 0.09 241 3.96 3.84 3.48

WWWWWWWWWWWWWWNNNDNNDNPNDNNDNNDNNNDNNDDNDND

LP-34 60.56 0.89 1594 6.24 0.06 2.39 4.11 3.95 3.72
LP-45 60.10 0.88 16.03 6.70 0.07 2.46 3.78 3.93 3.29
LP-45-3 62.96 0.88 15.23 5.16 0.04 2.28 3.02 3.66 4.31
315 58.00 1.00 16.30 5.79 0.06 2.00 4.10 3.90 3.60
322 5470 0.98 16.50 5.71 0.09 3.70 4.80 3.80 2.80
201 5790 0.78 1580 5.58 0.09 2.50 4.60 3.10 4.50
78 58.40 0.80 16.10 4.82 0.07 3.30 4.80 4.90 2.70
86 58.50 1.00 1520 6.25 0.10 2.30 5.50 3.90 3.10
144 60.30 0.93 1590 3.62 0.06 2.70 3.90 4.20 3.70
208 60.70 0.70 1750 4.12 0.06 1.70 4.20 4.10 3.10
236 60.20 0.83 16.10 4.53 0.05 2.60 4.40 3.90 3.50
A934 62.00 0.63 16.30 451 0.03 2.90 4.60 3.70 3.70
A935 60.80 0.60 15,70 4.84 0.06 1.90 4.30 3.60 3.60
57 60.90 0.82 1590 5.02 0.07 3.00 4.50 4.10 3.70
192 61.00 0.85 16.10 4.81 0.06 2.20 4.70 3.90 3.70
264 5850 0.71 1510 4.86 0.05 3.20 4.60 3.70 3.30
82 59.00 0.79 16.30 5.29 0.05 2.80 4.20 3.70 3.60

*If the source reported Fe2O3 or FeO and Fe203 separately, then the data has been recalculated to
express all iron as FeO. References: [1] Palme et al. [1978] [2] Rosa [2011] [3] Bostock [1969]



Table S4. Literature data for impact melts from West Clearwater crater (minor elements).

Sample ID Os (ppb) Re (ppb)  Ir (ppb) Pd (ppb) Cu(ppm) Ni(ppm) Co (ppm) Cr (ppm)

8LI

DCW 150-63 <0.012 - 0.012 <1.1 25

DCW 146 63 <0.01 0.013 <1 10

DCW 1-63-428 0.015 - <0.16 5.5 <9

LP-122 38 27 12 144
LP-125 23 78 30 330
LP-130 19 27 10 174
LP-133 23 34 12 216
LP-21 32 39 15 244
LP-94 36 26 19 170
DCW-77-1 35 31 11 150
DCW-77-15 23 41 15 300
DCW-77-16 28 26 13 160
DCW-77-17 24 34 10 214
DCW-77-18 22 34 17 210
DCW-77-28 14 36 14 208
DCW-77-29 25 27 n.d. 168
DCW-77-30 30 29 14 172
DCW-77-31 23 30 11 188
DCW-77-32 21 28 17 150
DCW-77-33 34 39 12 250
DCW-77-34 29 29 12 148
DCW-77-35 78 33 18 186
DCW-77-36 23 28 10 182
DCW-77-37-4 41 35 12 196
DCW-77-49 36 31 13 178
DCW-77-5 33 29 n.d. 154
DCW-77-50 35 32 16 198
DCW-77-51 29 27 n.d. 168
DCW-77-52 25 33 18 192
DCW-77-53 33 33 n.d. 212
DCW-77-54 67 29 17 168
DCW-77-61 38 30 16 176
DCW-77-7 35 32 n.d. 192
DCW-77-8 25 38 n.d. 282

DR-010 30 30 12 168
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Table S4 (cont.). Literature data for impact melts from West Clearwater crater (minor elements).

Sample ID Os (ppb) Re (ppb) Ir (ppb) Pd(ppb) Cu(ppm) Ni(ppm) Co(ppm) Cr(ppm) R
LP-2 25 29 11 178 2
LP-23 59 37 14 230 2
LP-23-B 29 26 14 160 2
LP-23-D 24 30 11 162 2
LP-47 37 37 11 178 2
LP-89 36 30 13 160 2
LP-95-4 45 25 n.d. 148 2
DCW-77-11F 31 31 16 248 2
DCW-77-13 26 36 16 230 2
DCW-77-22 40 37 16 260 2
DCW-77-55 45 36 12 228 2
DCW-77-58 35 36 11 190 2
DCW-77-59 21 34 12 202 2
DCW-77-62 36 24 11 160 2
DCW-77-66 21 31 11 220 2
DCW-77-67 31 32 n.d. 220 2
DCW-77-9 50 33 13 200 2
LP-34 37 30 12 182 2
LP-45 31 32 n.d. 210 2
LP-45-3 24 22 13 142 2
315 n.d. n.d. 54 3
322 n.d. n.d. 54 3
201 n.d. n.d. <30 3
78 n.d. n.d. <0 3
86 n.d. <20 n.d. 3
144 n.d. n.d. n.d. 3
208 n.d. n.d. n.d. 3
236 n.d. n.d. n.d. 3
A934 n.d. n.d. 26 3
A935 n.d. n.d. 42 3
57 n.d. n.d. n.d. 3
192 n.d. n.d. n.d. 3
264 n.d. n.d. 64 3
82 n.d. n.d. 36 3

References: [1] Palme et al. [1978] [2] Rosa [2011] [3] Bostock [1969]



Table S5. Literature data for country rocks near the Clearwater craters (major elements).

SiO2 TiO2 Al203 FeOr* MnO MgO CaO Na20 K20

081

samplelD o wioe)  (wi%) (wio%) (Wi%) (Wio%)  (Wiok)  (wi%)  (wioe) e
DCW-1-64-465 5449 225 1553 849 032 343 420 383 230 1
DCW-1-64-478 57.15 082 1838 553 009 303 343 593 196 1
DCW-1-64-472 7245 100 854 185 004 103 097 325 48 1
DCW-1-64-1442 7044 045 1527 144 001 058 265 425 331 1
1-63-113 5045 177 1631 970 013 401 685 462 123 4
1-63-1163 4965 050  11.96 7.83 016 1143 1343 205 099 4
1-63-1303 5037 063 717 1033 019 1521 1281 128 084 4
1-63-281 56.00 061 1947 584 012 319 524 526 137 4
1-63-434 51.80 125 1276 966 020 832 898 353 074 4
1-63-593 4716 086 1293 922 029 1117 1037 222 207 4
1-63-910 4970 077 710 951 017 1411 1485 127 091 4
3.63-1217 7379 020 1396 166 003 038 196 374 382 4
3.63-65 6328 065 1679 552 004 225 488 397 138 4
3.63-832 4835 087 1553 998 017 838 811 302 062 4
3.63-977 69065 030 1437 306 006 154 178 355 368 4
4-63-290 5801 145 1504 748 022 228 506 403 162 4
4-63-322 7300 007 1227 196 003 052 203 225 59 4
5-63-174 7123 014 1535 206 005 097 306 437 132 4
5-63-514 6831 065 1380 422 005 144 170 333 456 4
DCW-77-10 6232 068 1694 453 006 218 470 423 288 4
DCW-77-11 7129 024 1472 165 003 076 201 316 486 4
DCW-77-12 7038 043 1489 282 003 086 201 424 310 4
DCW-77-14 6558 062 1625 496 005 069 344 346 336 4
DCW-77-19 5351 105 1866 805 008 239 516 445 361 4
DCW-77-20 7141 013 1545 148 001 043 209 404 398 4
DCW-77-21 7375 005 1420 094 00l 010 097 390 524 4
DCW-77-27 7236 028 1367 214 001 059 164 339 421 4
DCW-77-2A 5806 107 1623 702 006 301 534 381 294 4
DCW-77-28 6109 082 1550 557 005 254 457 370 376 4
DCW-77-3 5808 100 1668 685 006 287 519 395 293 4
DCW-77-39 4886 043 1287 934 017  11.92 1070 158 046 4
DCW-77-39-2 4923 042 1192 937 018 1248 1118 166 044 4
DCW-77-4 4745 164 1787 11.62 014 466 915 390 124 4
DCW-77-40 4846 058 825 1051 018 1509 1173 153 070 4
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Table S5 (cont.). Literature data for country rocks near the Clearwater craters (major elements).

Sample ID SiO» TiO2 Al:0s  FeOr*  MnO MgO CaO Na:O  K:0 Ref
WE%)  (Wt%)  (Wt9%)  (Wt%)  (Wt%)  (Wt%)  (Wt%)  (Wt%)  (wt%) '
DCW-77-41 4828  0.46 1256 9.29 0.18 11.98 1028  2.05 0.51 4
DCW-77-42 68.63  0.44 1430  2.46 0.14 1.42 1.65 2.85 5.59 4
DCW-77-43 5501  1.11 18.20  7.01 0.08 2.55 4.98 3.70 4.60 4
DCW-77-45-1 4835  1.39 17.46 1115  0.13 4.92 7.39 3.92 1.96 4
DCW-77-46-2 7634  0.03 1253 134 0.07 1.00 1.85 3.97 1.11 4
DCW-77-47 47.06  1.81 17.42 1116  0.15 5.18 8.19 4.98 0.97 4
DCW-77-60 68.41  0.47 15.49  3.43 0.05 1.39 2.94 4.41 2.18 4
DCW-77-63-2 7338  0.15 1350  1.41 0.02 0.89 0.70 3.18 5.19 4
DCW-77-63-3 7264  0.25 14.07 237 0.02 1.10 2.40 4.74 1.11 4
DR-006 68.28  0.66 1455  3.71 0.02 0.86 2.27 3.45 4.32 4
DR-011 76.42  0.12 12.00 121 0.04 0.66 0.71 2.68 5.11 4
Al 63.00  0.66 16.70  5.10 0.07 <0.5 3.70 4.20 3.20 5
B1 63.40  0.59 18.40 431 0.07 0.80 4.40 5.40 1.50 5
c1 5320  1.80 18.90  7.96 0.17 1.30 6.20 4.80 1.60 5
D1 71.00  0.16 1520 221 0.04 <0.5 2.90 3.90 3.00 5
D2 58.70  0.75 16.00  6.49 0.22 5.30 5.60 3.90 2.00 5
E1 7130  0.26 14.80  2.18 0.03 <0.5 2.00 4.00 3.90 5
F1 50.90  1.20 18.10  6.64 0.10 3.80 6.20 5.10 2.50 5
G1 50.90  0.98 1550  8.70 0.16 6.30 7.30 4.20 2.60 5
H1 50.00  1.20 17.20  9.18 0.15 5.90 8.60 4.20 0.80 5
11 61.90  0.36 17.10  3.47 0.05 1.80 4.20 4.40 3.10 5
12 51.60  1.00 1430  8.78 0.23 8.10 6.90 2.50 3.20 5
J1 7260  0.11 1580  0.69 0.02 <0.5 2.50 3.80 3.20 5
K1 67.20  0.46 16.00  3.23 0.01 1.20 3.40 4.10 2.20 5
K2 51.40  0.94 12.00  8.94 0.04 8.40 8.90 2.50 2.10 5
L1 59.90  0.55 18.30  3.79 0.07 2.10 5.00 4.90 1.80 5
M1 7350  0.18 1450  1.27 0.04 0.60 1.70 2.80 4.50 5
M2 5210  1.10 18.60  7.78 0.14 3.50 7.60 4.80 1.30 5
N1 64.60  0.74 15.90  4.42 0.11 <0.5 4.20 4.30 2.00 5
N2 73.60  0.05 15.90  0.76 0.02 <0.5 1.60 3.20 4.80 5
o1 60.40  0.73 1710  4.65 0.08 3.00 4.40 4.60 1.80 5
P1 54.90  0.90 17.50  7.48 0.18 2.30 5.70 5.00 1.80 5
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Table S5 (cont.). Literature data for country rocks near the Clearwater craters (major elements).

SiO2 TiO2 Al203 FeOr* MnO MgO CaO Na20 K20

Sample ID WEO6)  (Wio%)  (We%)  (Wto%)  (Wi%)  (Wio)  (wi%)  (wto%)  (wik)  Rer
163 4920  0.44 1320 780 017 1090  10.90 170 080 5
50 4880 120 1070 946 020 1190  10.00 160 240 5

*Data have been recalculated, if needed, to express all iron as FeO.
References: [1] Palme et al. [1979] [2] Schmidt [1997] [3] Palme et al. [1978] [4] Rosa [2011] [5] Bostock [1969]



Table S6. Literature data for country rocks near the Clearwater craters (minor elements).

€81

Ssample ID Os (ppb) Re (ppb) Ir (ppb) Ru (ppb) Rh (ppb) Pd (ppb) (p%‘r‘n) Ni (ppm) (p%‘r’n) Cr (ppm)  Ref.
DCW-1-64-465 ] 2 34 215 80 1
DCW-1-64-478 < 3.1 124 183 9 1
DCW-1-64-472 < 11 3.8 3.7 104 1
DCW 1 64 472 003 016 003 <01 171 16 2
DCW 64- 472 0029 04 <0.008 7.4 6 3
DCW-1-64-1442 <1 1 05 2.6 2.4 1
1-63-113 28 33 22 152 4
1-63-1163 122 198 a1 1866 4
1-63-1303 230 329 63 2046 4
1-63-281 23 28 n.d. 162 4
1-63-434 118 164 39 802 4
1-63-593 32 190 46 1404 4
1-63-910 149 277 54 2788 4
3-63-1217 7 11 nd. 60 4
3-63-65 35 32 n.d. 224 4
3-63-832 274 116 36 662 4
3-63-977 22 24 nd. 186 4
4-63-290 27 32 n.d. 194 4
4-63-322 10 22 n.d. 124 4
5-63-174 33 14 n.d. 56 4
5-63-514 15 12 n.d. 92 4
DCW-77-10 29 44 n.d. 248 4
DCW-77-11 24 22 n.d. 72 4
DCW-77-12 37 8 n.d. 68 4
DCW-77-14 23 11 13 74 4
DCW-77-19 467 24 19 82 4
DCW-77-20 8 16 nd. 96 4
DCW-77-21 6 7 nd. 48 4
DCW-77-27 5 10 n.d. 54 4
DCW-77-2A a7 32 17 138 4
DCW-77-28 27 26 12 144 4
DCW-77-3 30 38 17 200 4
DCW-77-39 235 201 58 926 4



Table S6 (cont.). Literature data for country rocks near the Clearwater craters (minor elements).

12!

sample ID Os (ppb) Re (ppb) Ir(ppb)  Ru (ppb) Rh (ppb) Pd (ppb) g)‘;)m) Ni (ppm) &)‘;m) Cr (ppm)  Ref.
DCW-77-39-2 228 251 62 1050 4
DCW-77-4 36 51 35 256 4
DCW-77-40 290 313 74 1560 4
DCW-77-41 206 224 58 940 4
DCW-77-42 334 86 16 132 4
DCW-77-43 83 27 13 112 4
DCW-77-45-1 94 41 33 148 4
DCW-77-46-2 56 28 n.d. 110 4
DCW-77-47 97 56 34 246 4
DCW-77-60 6 13 n.d. 118 4
DCW-77-63-2 16 7 n.d. 60 4
DCW-77-63-3 19 21 n.d. 190 4
DR-006 14 8 n.d. 86 4
DR-011 59 10 n.d. 40 4
Al n.d. <20 n.d. 5
B1 n.d. n.d. n.d. 5
C1 n.d. n.d. 42 5
D1 n.d. n.d. n.d. 5
D2 220 n.d. 410 5
El n.d. n.d. n.d. 5
F1 n.d. 40 54 5
Gl n.d. n.d. 170 5
H1 39 47 <30 5
11 n.d. n.d. n.d. 5
12 97 52 75 5
J1 n.d. n.d. n.d. 5
K1 n.d. n.d. <30 5
K2 170 48 820 5
L1 n.d. n.d. <30 5
M1 n.d. n.d. n.d. 5
M2 n.d. 280 30 5
N1 n.d. n.d. <30 5
N2 n.d. n.d. n.d. 5



Table S6 (cont.). Literature data for country rocks near the Clearwater craters (minor elements).

Cu . Co
Sample ID Os (ppb) Re (ppb) Ir (ppb) Ru (ppb) Rh (ppb) Pd (ppb) (ppm) Ni (ppm) (ppm) Cr (ppm) Ref.
o1 n.d. n.d. n.d. 5
P1 n.d. <20 71 5
163 220 n.d. 270 5
50 210 73 720 5

G8lI

References: [1] Palme et al. [1979] [2] Schmidt [1997] [3] Palme et al. [1978] [4] Rosa [2011] [5] Bostock [1969]
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Abstract

Water plays a critical role in the evolution of planets, moons, and small bodies.
Multiple lines of evidence indicate that impacts deliver water to a range of objects.
However, the efficiency of water delivery and the nature of the materials that host impact-
delivered water remain unclear. New experiments at the NASA Ames Vertical Gun Range
reveal that impacts deliver 25 to 36% of the water in the impactor (OH + H2O) under impact
conditions typical among main-belt asteroids. Delivered water resides in lightly-shocked
impactor relics, melt-bearing impact breccias, and impact glasses. Impact glasses trap both
OH and H;0O; this trapping is a critical step of the water delivery process under these
conditions. H»>O is the dominant species in impact glasses. This work demonstrates that
significant amounts of water in the impactor could be delivered during typical impacts by
main-belt objects. These findings strengthen the hypothesis that hydrated dark material on
Vesta represents the remnants of dark, carbonaceous chondrite-like impactors without
requiring low-probability, low-velocity impacts. Moreover, the hydroxyl recently detected

on Psyche may represent hydrated, impactor-rich materials.
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1. Introduction

Bodies in the inner solar system likely acquired their water from volatile-rich
impactors from the outer asteroid belt, giant planet region, and Kuiper belt [Morbidelli et
al., 2000]. Although the impact flux may have been higher earlier in solar system history,
water-delivering impacts have continued to affect a number of objects in the solar system,
including the Moon [Colaprete et al., 2010; Schultz et al., 2010] and Mercury [Neumann
et al., 2013; Bruck Syal and Schultz, 2015]. Both cometary and asteroidal impactors can
deliver water [Bruck Syal and Schultz, 2015; Sekine et al., 2015; Svetsov and Shuvalov,
2015]. While comets carry water in the form of water ice [Bruck Syal and Schultz, 2015],
many asteroids carry their water as OH bound in hydrous minerals [Tyburczy et al., 1986,

1991; Sekine et al., 2012, 2015].

1.1.  Evidence for water delivering impacts among asteroids

Both the meteorite collection and spacecraft data provide evidence that impacts
deliver water to meteorite parent bodies and large asteroids. Several meteorite types contain
clasts of hydrated, exogenic material that were most likely delivered by impacts. These
meteorites include H chondrite regolith breccias [Rubin and Bottke, 2009 and references
therein; Briani et al., 2012 and references therein; Krzesinska and Fritz, 2014 and
references therein], R chondrites [Greshake, 2014], howardites [Zolensky et al., 1996;

Lorenz et al., 2007; Krzesinska and Fritz, 2014 and references therein], polymict eucrites
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[Zolensky et al., 1996; Lorenz et al., 2007], a diogenite [Zolensky et al., 1996], and polymict

ureilites [Goodrich et al., 2015].

Spacecraft observations made by Dawn at asteroid (4) Vesta provide further
evidence that impacts have ferried water to asteroids. Dawn discovered deposits of dark
material peppering Vesta’s near-surface layers. Dark material likely represents the
remnants of dark, carbonaceous chondrite-like impactors [McCord et al., 2012; Prettyman
et al., 2012; Reddy et al., 2012; de Sanctis et al., 2012; Daly and Schultz, 2016].
Significantly, most dark material deposits are associated with excess hydrogen [Prettyman
et al., 2012] and a near-infrared hydroxyl absorption feature [de Sanctis et al., 2012]. This
correlation indicates that in many cases some, if not all, of the hydroxyl in impacting

carbonaceous chondrite-like objects is preserved on Vesta.

In addition to evidence from the meteorite collection and Dawn mission, multiple
shock physics codes indicate that impacts could deliver water across a range of plausible
conditions [Ong et al., 2010; Turrini and Svetsov, 2014; Bruck Syal and Schultz, 2015;
Svetsov and Shuvalov, 2015]. Nevertheless, shock physics codes cannot yet fully represent
material behavior. In the main asteroid belt, where average impact speeds are ~5 km s
[O Brien and Sykes, 2011], these limitations can become particularly acute [e.g., Quintana

et al., 2015].
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1.2.  Unanswered questions about water-delivering impacts on asteroids

The evidence outlined in the preceding section demonstrates that OH-rich
impactors can deliver water to asteroids and meteorite parent bodies. However, in some
cases the hydrated clasts in meteorites appear partially devolatilized [Zolensky et al., 1996;
Rubin and Bottke, 2009; Krzesinska and Fritz, 2014]. This devolatilization probably
occurred during the initial impact. Later impacts are not very efficient at devolatilizing
hydrated material, unless that material is very close to the impact point [Rivkin and
Pierazzo, 2005]. Previous shock experiments also indicate that volatile loss largely occurs
during the initial impact: the equation of state for carbonaceous chondrites suggests that
they completely devolatize above ~3.1kms? (30 GPa), with the assumption of a
carbonaceous chondrite into carbonaceous chondrite impact at vertical incidence [Tyburczy
et al., 1986]. Eighty percent of impacts in the main asteroid belt exceed this speed [O 'Brien
and Sykes, 2011]. Although peak pressures decay with distance from the impact point,
devolatilization can be further enhanced by porosity and frictional shear [Schultz, 1996].

Hence, an even larger fraction of main belt impacts could trigger impactor devolatilization.

Regardless of the exact conditions needed for devolatilization, the fate of water
liberated from OH-rich impactors is unclear. The decomposition of OH-rich minerals such
as serpentine liberates structurally bound hydroxyl as molecular water [Lange and Ahrens,
1982; Tyburczy et al., 1986; Tomioka et al., 2007]. Given the low surface gravity of even
large asteroids, molecular water may rapidly escape. However, Harris and Schultz [2011]
reported that impact glasses can trap water derived from the projectile. In this scenario,

impact glasses may trap water vapor liberated by the devolatilization of carbonaceous
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chondrite-like impactors, water that would otherwise be lost to space. This process would
increase the efficiency of water delivery during impacts of carbonaceous chondrite-like

objects. However, the efficiency of this trapping process remains unclear.

1.3.  Goals of this study

This study focuses on two major questions. First, how efficiently do carbonaceous
chondrite-like impactors deliver water (OH + H20) under the impact conditions that prevail
in the main asteroid belt? Second, how is delivered water stored on asteroids: in surviving
fragments of the projectile? In impact breccias? Or in impact glasses? We focus on
carbonaceous chondrite-like impactors because dynamical models [Morbidelli et al., 2000]
and, for the Earth and Moon, isotopic markers [Saal et al., 2013] indicate that water-
delivering impactors in the early inner solar system were akin to carbonaceous chondrites.
To examine these two questions, we use hypervelocity impact experiments. These
experiments measure the amount of water (OH + H»0) delivered by impact, interrogate
how that water is stored (e.g., hydrous melts vs. projectile relics), and assess the speciation
of delivered water (OH vs. H20). The results show that for a typical impact in the main
asteroid belt, up to 36% of the structural water in the impactor is trapped within impactor

relics, impact-generated glasses, and melt-bearing breccias.
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2. Methods

2.1.  Hypervelocity impact experiments at the NASA Ames Vertical Gun Range

Experiments were performed at the NASA Ames Vertical Gun Range (AVGR).
The light-gas guns at the AVGR launch projectiles at speeds up to ~6 km s™*. The AVGR
can easily vary impact angle while keeping the target surface perpendicular to the gravity
vector. In addition, the AVGR features a large~2.5 meter diameter impact chamber [Gault
and Wedekind, 1978]. Hence, any volatiles liberated during impact can expand freely. This
capacity sets the AVGR apart from facilities that generate planar shock experiments such
as those reported by Tyburczy et al. [1986, 1991]. Although planar shock experiments are
necessary to deduce equations of state, shock devolatilization during planar impact

experiments can be highly sensitive to capsule design [Kraus et al., 2013].

Impact experiments isolate a specific process, in this case water delivery, and assess
how impact variables affect the outcomes of the cratering process. In this study, impacts
were done at 30° and 45° (with respect to horizontal) and a speed of ~5 km s%, conditions
comparable to the average impact speed among main-belt asteroids [O 'Brien and Sykes,
2011]. The target material was airfall pumice. Airfall pumice is a useful analog for silicate
regoliths [Schultz et al., 2005] like those on asteroids. The pumice was sieved to <106 pm
and then heat-treated to drive off volatiles (see Supplementary Text S1). Serpentine slugs
served as projectiles. These projectiles should give similar results to carbonaceous
chondrite projectiles because the shock responses of the two materials are similar
[Tyburczy et al., 1986] and the two have similar OH contents (12 and 10 wt.%,

respectively). However, serpentine is readily available and easier to launch. See Table 1.
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The experimental setup differed from the half-space targets used in other studies
that assessed projectile delivery at the AVGR [Daly and Schultz, 2015, 2016]. A Mylar
tray about 12 cm long, 7 cm wide, and 2 cm deep was filled with heat-treated pumice. The
pumice-filled tray was suspended over a well inside the impact chamber (Fig. 1). The tray
was slightly deeper than three times the projectile diameter. Thus, the projectile should
fully couple to the pumice. However, the Mylar ruptures when the shock reflects from the
free surfaces of the tray. This rupture allows much of the molten impact products to travel
into the well, rather than upward and outward. This approach captures projectile-rich melts
and breccias that would otherwise be lost downrange due to the residual projectile
momentum and cratering flow field. The well was lined with a thick plastic sheet to
facilitate sample recovery. Such tray experiments ensure that the projectile experiences the
full range of temperatures and pressures that it would undergo during a half-space
experiment, while enabling the capture and analysis of impact products that would

otherwise be lost.

After each experiment impact products were recovered from the plastic-lined well.
After an additional step of hand sorting (to remove any extraneous debris, such as bits of
Mylar), recovered impact products were weighed and characterized using optical

microscopy.
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2.2.  Analytical methods

Impact products were analyzed using a variety of techniques, including inductively
coupled plasma atomic emission spectroscopy (ICP-AES), x-ray diffraction (XRD),
thermogravimetric (TG) analysis, Fourier transform infrared (FTIR) spectroscopy, and
electron microprobe (EMP) analysis. See Table 2. Several methods provide similar—but
not identical—information. These differences allow answering the two questions raised in
section 1.3, a synergy elaborated on throughout the rest of this paper. The details of each

method are described here in turn.

2.3.1. Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

Major element compositions were determined using inductively coupled plasma
atomic emission spectroscopy (ICP-AES). Samples of recovered impact materials, the
heat-treated pumice target, and serpentine projectile were powdered to <45 um in an agate
mortar. Aliquots of homogenized powders were digested using flux fusion and nitric acid
digestion [Murray et al., 2000]. In addition to the samples, USGS rock standards and
blanks were processed during the same run. Solutions were analyzed on a JY2000
Ultratrace ICP atomic emission spectrometer at Brown University. After correcting for
instrumental drift and blanks, raw intensities were converted to elemental concentrations
using the measured intensities and known concentrations of elements in the USGS

standards [Murray et al., 2000].
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2.3.2. Thermogravimetric analysis/differential scanning calorimetry

The volatile contents of impact materials, heat-treated pumice target, and serpentine
projectile were investigated using thermogravimetry (TG) and differential scanning
calorimetry (DSC). Aliquots of homogenized powders (<45 pum) of each sample (21.5 mg,
on average) were loosely packed into 70 puL alumina crucibles and analyzed on a Mettler
Toledo TGA/DSC-1 STARe system. The instrument simultaneously measured sample
temperature, mass, and heat flow. Under an N2 purge, sample temperature was increased
from 50 to 850 °C at a rate of 20 K min. Heating samples to 850 °C ensured that
serpentine in the samples completely dehydroxylated [Viti, 2010; Gualtieri et al., 2012].
TG profiles were corrected for buoyancy and convection effects by subtracting the profile
of the empty crucible. The Mettler-Toledo instrument accurately measures mass changes
as small as 4 pg. The mass losses in even the most volatile-poor samples exceed this limit

by a factor of ~15. Thus, all mass changes reported here are meaningful.

2.3.4. X-ray diffraction (XRD)

X-ray diffraction data constrain the mineralogy and amorphous content of impact
materials, the heat-treated pumice target, and serpentine projectile. Samples were analyzed
using a Bruker D2 PHASER x-ray diffractometer at Brown University. Due to the small

volumes of impact materials available, powders were analyzed on a zero-diffraction plate.

Two sets of data were gathered. Samples were initially measured from 8 to 60° 260

using a coupled two theta/theta scan type, an increment of 0.02024 26, Cu-a radiation, and
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a count time of 2 seconds per step. These scans were used to characterize the mineralogy
and amorphous content of each sample. Afterward, powders were mixed with high-purity
corundum in a 4:1 ratio (by mass) and analyzed from 5 to 70° 260 using a coupled two
theta/theta scan type, an increment of 0.01826 20, Cu-a radiation, and a count time of 15
seconds per step. The scans from this second set of data were resampled to increments of
0.02° 26 modeled using FULLPAT [Chipera and Bish, 2002]. This program quantitatively
models abundances of crystalline and amorphous phases in a material using a user-
generated library of standards. FULLPAT models can optimize one of several functions.
The models reported here minimized the quantity X | Deltal 12 where delta is the
difference between the observed intensity and the modeled intensity at each 26 point.
Chipera and Bish [2002] report that minimizing = | Delta | ¥2 yields the best results for

samples with a high amorphous component, such as those analyzed here.

2.3.5. Electron microprobe (EMP) analyses

Samples were embedded in epoxy, polished, carbon coated, and then analyzed on
the Cameca SX 100 electron microprobe at Brown University (15 kV, 10 nA current,
10 um beam diameter). Wavelength dispersive spectroscopy was used for all quantitative
analyses. A sodium loss routine [Devine et al., 1995] corrected for any sodium

devolatilized during analysis.
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2.3.6. Fourier-transform (FTIR) infrared spectroscopy

Transmission-mode FTIR data can be used to estimate the speciation and
abundance of OH and H»O in impact products. Samples of impact glass were impregnated
with orthodontic resin and sectioned using a low-speed saw. The resulting slabs were
mounted on glass slides with additional orthodontic resin and then polished. The final
polish was with 1 um diamond paste. After polishing, the orthodontic resin was dissolved
using acetone. The polished side of the sample was placed against the glass slide, and the
sample was again embedded in orthodontic resin. Once the second side of the sample was
polished, the sample and slide were soaked in acetone to dissolve the orthodontic resin.
This step was repeated to ensure removal of all resin; however, the highly vesicular nature
of the samples complicated removal.

Spectra were acquired on a Bruker LUMOS FTIR microscope at Brown University.
Data were acquired over 600 to 6000 cm™ at 4 cm™ for a total of 500 scans for each
spectrum. The detector was cooled with liquid nitrogen for one hour prior to start of
analyses and was maintained cold throughout the entire analytical run.

The Beer-Lambert law was used to quantify the amount of hydroxyl and molecular
water present in the regions of the glasses where spectra were collected:

B MW x Abs

vdre (1

where C is the concentration of the species being measured, MW is the molecular weight
of the species, Abs is the height of the absorbance peak above background, p is the density

in g L, d is the sample thickness in cm, and ¢ is the linear molar absorptivity coefficient
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in L mol™ cm. Table 3 lists the linear molar absorptivities used in this study. These values
are for rhyolitic glasses, which is appropriate given the high silica contents of the impact-
generated glasses (Table 5). Sample thickness was measured using a Mitutoyo micrometer
with a resolution of =1 pum. Densities were estimated from the bulk composition of the

samples using the Gladstone-Dale rule [Silver et al., 1990; Mandeville et al., 2002].

Total dissolved water was determined using the absorbance band near 3570 cm™.
Water dissolved as molecular H.O was determined using the band near 1630 cm™. Water
dissolved as OH was computed from the 4500 cm™ band [e.g., Stolper, 1982; Mandeville
et al., 2002; Okumura et al., 2003]. The background was approximated with tangential line
segments between 2500 and 3750 cm™, 4800 and 5400 cm™, and 1550 and 1690 cm™,

respectively.

3. Results

This section is divided into six parts. The first section describes the materials
recovered from these experiments. The five remaining parts address the following
questions: (1) How much of the non-volatile components in the projectile were retained in
the recovered impact materials? (2) How much crystalline serpentine is present in impact
glasses and breccias? (3) Do impact glasses or breccias contain any water? (4) How much
water is present in the recovered impact materials? (5) Where is the water in impact

materials coming from? We organize the results based on these questions, rather than by
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individual analytical methods, because these questions can in most cases only be answered

by combining multiple sets of data.

3.1.  Recovered impact materials

The impact products recovered from experiments fall into three classes: impact
glasses, serpentine relics, and breccia pieces. Table 4 reports the mass of each class of
materials recovered from each experiment. Breccias comprise the bulk of the material
(between 53 and 57 wt.%). Impact glasses account for 42 to 43 wt.% of the mass of

recovered material with serpentine relics as a minor component (1 to 4 wt.%).

The impact glasses are vesicular pieces of translucent glass with a vitreous luster
(Fig. 2A). Occasionally dark flecks are trapped within the glass (e.g., upper right corner of
Fig. 2A). Serpentine relics consist of small fragments of serpentine found unattached to
any other impact materials (Fig. 2B). Breccia pieces are a mixture of shock-compressed
pumice and serpentine fragments bound together by impact-generated glasses. These melt
breccias are similar to the projectile-contaminated pieces reported by Daly and Schultz
[2016]. In some cases the breccias are mostly impact-generated glass, with a small amount
of clastic pumice and a scattering of tiny dark flecks within the glass (e.g., Fig. 2C). In
other cases, thin veins of quenched melt attached larger pieces of serpentine to the breccias

(e.g., Fig. 2D).
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3.2. How much of the non-volatile components in the projectile were retained in the

recovered impact materials?

Answering this question relies primarily on the results of ICP-AES. However,
constraints from TGA data are also needed. Table 5 reports the compositions of the
serpentine projectile, heat-treated pumice, impact glasses, and breccias recovered from the
experiments. Several aliquots of powdered serpentine and heat-treated pumice were run to
assess reproducibility. Impact glasses and breccias should be two-component mixtures of
the serpentine projectile and heat-treated pumice target. Hence, two-component mixing
calculations can quantify how much the projectile and target contribute to the glasses and
breccias. Using notation similar to Cantagrel et al. [1984], the following equation describes

two-component mixing:

(Cserp - Cpum))(serp = (Cbr - Cpum) (2)

where Cserp, Cpum, and Cyr are the abundances of an oxide in the serpentine projectile, heat-
treated pumice, and breccias, respectively. The term Xserp is the mass fraction of the

projectile in the impact glasses or breccia, depending on the sample in question.

Before using equation (2), ICP-AES data were normalized using the method of
Allégre et al. [1995]. After normalizing analytical totals based on mass losses during TG
analysis, the concentration of each oxide was divided by its standard deviation, multiplied
by the concentration range of that oxide among all samples, divided by the analytical error
for that oxide, and divided by the mean concentration of the oxide. This method gives the

strongest weight to oxides with small analytical errors and large concentration ranges.
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Figure 3 shows the result of one such mixing model. If impact glasses and breccias
are two-component mixtures of the target and projectile, then all oxides will plot along a
single line that passes through the origin. The slope of that line, calculated from least-
squares regression, is Xserp. In all cases, the oxides plot along a line passing through the
origin, consistent with the impact materials being two-component mixtures. This
relationship rules out significant contamination by a third compositional endmember.

Table 6 summarizes the results of these mixing calculations.

The mass fraction of the non-volatile components in the projectile that were
recovered can be calculated from these mixing models. The mass of each class of impact
materials is multiplied by Xserp and divided by the mass of the projectile. The results are
added together to yield the total projectile retention efficiency for a given experiment
(Table 7). The projectile retention efficiency ranges from 14% to 16% at 30°, up to 19% at
45°, Impact breccias account for most of the retained projectile. At 30° serpentine relics

account for the least amount. At 45° impact glasses carry the least projectile material.

3.3.  How much crystalline serpentine is present in impact glasses and breccias?

Xserp IS based solely on bulk chemistry. Hence, it provides no information about
the physical state of the projectile incorporated into the impact glasses or breccias.
However, it is critical to know how much of the projectile is preserved as serpentine-rich
glasses and surviving crystalline serpentine, respectively. This information is needed to

determine the relative importance of impact-generated glasses and serpentine survivors to
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the total water budget. X-ray diffraction (XRD) can quantify the abundance of crystalline

serpentine in impact glasses and breccias.

3.3.1. Diffraction patterns of the target and projectile

Figure 4 shows the XRD patterns of the heat-treated pumice target and serpentine
projectile. The heat-treated pumice target contains glass, with small amounts of anorthite,
tridymite, quartz, muscovite, and hematite. The serpentine projectile is almost entirely

antigorite, with a small amount of calcite.

Figure 5 shows XRD patterns for impact glasses and breccias. All samples have a
significant amorphous component, as indicated by the “amorphous hump” between ~15
and 35° 26. In addition, all patterns have peaks from the serpentine projectile and pumice
target (labeled S and P, respectively). However, not all samples display all the peaks seen
in the serpentine projectile or pumice target. For example, Figure 5B has a peak near
8.8° 20 attributed to muscovite. Muscovite peaks are present in the target pumice (Fig. 4),
but they are not discernable in the other impact materials. Antigorite peaks are more intense
in breccias than in impact glasses. Impact glasses, but not breccias, have peaks near 32.2,
36.4, and 52.1° 20 due to forsterite. Enstatite, if present, would have peaks near 28.1 and

31.0° 260. Such peaks are absent in both impact glasses and breccias.
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3.3.2. FULLPAT modeling of diffraction patterns

XRD patterns can be modeled quantitatively in order to determine the abundance
of crystalline antigorite. Because the impact materials have a large amorphous component,
we use FULLPAT [Chipera and Bish, 2002] to model the abundance of antigorite in impact
products. FULLPAT uses least-squares minimization to optimize the fit of selected library
standards to the observed XRD pattern. Corundum-spiked patterns of the antigorite
projectile, a tektite, and the heat-treated pumice target were treated as library standards.
The tektite represents glass generated during the impact. It is not a perfect analog; however,
none of the impact-generated glasses in these experiments were pure enough to use as a
glass standard. Forsterite abundances in the impact glasses are likely ~1 wt.%, which is
comparable to the uncertainty in FULLPAT model results. Therefore, forsterite can be

omitted without significantly impacting the model results.

The outputs of these FULLPAT models are Fserp, Ftarg, and Fgiass Which represent
the abundances (in wt.%) of the antigorite projectile, heat-treated target pumice, and tektite
(i.e., impact-generated glass). Table 8 provides the FULLPAT results. Impact glasses
contain 0.3 to 2.7 wt.% crystalline serpentine. Breccias contain 1.4 to 7.9 wt.% crystalline
serpentine. Model totals range from 92.7% to 110.8%. Some patterns are modeled quite
well (e.g., impact breccias from experiment 160713), while others are not. However, the R
factors are all less than 0.1, which indicates that the model results are good [Chipera and

Bish, 2002].

Figure 6 compares the observed (blue) and modeled (red) XRD patterns. Small gray

plots above each pattern show the difference between the observed and modeled patterns.
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In the impact glasses from experiments 160713 and 160714, FULLPAT accurately
reproduces the height of the antigorite peak near 12° 20. Hence, these serpentine
abundances are well constrained. FULLPAT overestimates serpentine abundance in impact
glasses from experiment 160715 and in breccias from experiments 160713 and 160715.
These abundances are therefore upper limits. The abundance of serpentine calculated by
FULLPAT is too low for breccias from experiment 160714. Hence, this value is a lower

bound.

The amorphous component is difficult to model. Three factors contribute to this
difficulty. First, the tektite is not strictly identical to the impact glasses produced during
these experiments; the two glasses formed over different temporal scales. Second, both
impact-generated glasses and the pumice contribute to the amorphous hump in the
mixtures. Third, the materials in the impact glasses and breccias have been shocked to
various degrees, which strains the lattice. However, the FULLPAT library standards are
unshocked. Nevertheless, the goal for FULLPAT modeling is to constrain the abundance

of crystalline serpentine so the serpentine-related peaks are the priority.

Given the importance of constraining Fserp, @ Second set of models was run. Instead
of modeling the entire pattern between 5 and 70° 26, patterns were only modeled from 12
to 12.4° 20, a range that encompasses the strongest antigorite peak. These models yielded
better fits to the amplitude of the ~12.2° 26 peak at the expense of accuracy in modeling
the background and amorphous components. Based on this second set of models, the
abundance of crystalline serpentine in impact glasses is 0.3 to 0.8 wt.%, whereas the

abundance of crystalline serpentine in breccias is 1.5 to 5.2 wt.%. The two sets of
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FULLPAT models provide endmembers for Fserp. The true abundance of crystalline

serpentine likely lies between the values in Tables 8 and 9.

3.4. Do impact glasses or breccias contain any water?

Absorbance features related to OH and molecular H2O are seen in FTIR data
acquired through doubly polished sections of impact glasses from all three experiments
(Figs. 7-9). Hence, the glasses contain water. Table 10 lists the band assignments
considered here, including the OH- and H,O-related absorbance features near 5200 cm™,
4500 cm?, 4000 cm™®, 3570 cm™, and 1630 cm™. Absorbance peaks between ~1500 and
2000 cm* are due to vibrations of the aluminosilicate glass lattice, except for the v2

bending mode of H20 near ~1630 cm™ [Newman et al., 1986].

In order to characterize variability in the abundance and speciation of water, spectra
were acquired from multiple pieces of impact glass (Figs. 8 and 9). All spectra display a
strong, broad asymmetric absorbance feature near 3570 cm™. The absorbance of this band
varies from location to location and from sample to sample. In addition, all the spectra
show a symmetrical absorbance feature near 1630 cm™. This feature is definitive evidence

of molecular water [Stolper, 1982; Newman et al., 1986; Mandeville et al., 2001].

Other parts of the spectra differ. For example, the sample from experiment 160715
shows a molecular water feature near 5200 cm™; however, this feature is absent in the
sample from experiment 160713. Given the presence of a 1630 cm™ band, the absence of

the 5200 cm™ absorption is unexpected. Perhaps the 5200 cm™ feature is too weak to be
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seen due to the lower absorptivity of the combination mode at 5200 cm™ and an increased
level of noise in the spectra at higher wavenumbers. The X-OH feature near 4500 cm™ is
subtle, but present, in the sample from experiment 160715. However, this feature is absent
in the 160713 sample. Finally, spectra from experiment 160715 have features near
3000 cm™* caused by organics. These are attributed to C-H surface contamination. These
features are so small (compared to the 3570 cm™ total water band) that they do not affect

the interpretation of the bands related to OH and H20.

The water contents of these glasses were calculated using the Beer-Lambert law
(Table 11). Total water contents (OH and H-0) based on the band near 3570 cm™ range
from 380 to 1360 ppm in experiment 160713 and 2160 to 8560 ppm in experiment 160715.
These are likely conservative lower bounds (see Supplementary Text S3). In order to assess
speciation, the abundance of molecular water was calculated using the 1630 cm™ feature
and the abundance of hydroxyl using the 4500 cm® feature. Note that the 4500 cm™* band
only appears in the sample from experiment 160715. Most of the “water” in the glass is
molecular water, not hydroxyl (Fig. 10; Table 11). This is surprising, as Stolper [1982] and
Mandeville et al. [2002] found that below ~4 wt.% H>O most of the water in silicate glasses
is stored as hydroxyl. Stopler [1982] did not detect any molecular water in glasses with
<0.2 wt.% total water. However, those previous studies dealt with much larger total water
contents (e.g., up to 7 wt.% H>O in Stolper [1982]) and with volcanic glasses or glasses
produced during petrologic experiments. The glasses analyzed here have much lower total
water contents and formed during impact, rather than during a volcanic eruption. Higher

guench rates may favor molecular water over hydroxyl. In addition, these impact glasses
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are highly vesicular, and molecular water trapped in vesicles may be contributing to the

absorbance feature at 1630 cm™.

3.5.  How much water is present in the recovered impact materials?

Spectra reveal the speciation of water in impact glasses and constrain their total
water contents. However, water contents in even single pieces of glass are quite variable
(e.g., Table 11). This heterogeneity precludes using the FTIR data to determine the bulk
water content of impact glasses. Thermogravimetric (TG) and differential scanning
calorimetry (DSC) are done on bulk powders. Hence, these data are better suited to
quantifying the total water content of impact glasses and breccias. Electron microprobe

data indirectly constrain the OH content of serpentine relics.

3.5.1. Description of TG/DTG/DSC profiles

Impact glasses lose mass gradually beginning at 50 °C (Fig. 11). DTG profiles
indicate a maximum rate of mass loss between 145 and 154 °C, depending on the sample.
DSC curves have minima between 145 and 194 °C. Starting between 495 and 600 °C
(again, depending on the sample), the gradual mass loss is overprinted by a second mass
loss event, which lasts to between 730 and 750 °C (depending on the sample). In impact
glasses from experiments 160714 and 160715, this second mass loss is accompanied by

W-shaped DTG peaks. The two minima in experiment 160714 occur at 660 and 690 °C. In
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experiment 160715 the minima occur at 530 and 700 °C. Overall, impact glasses lost

between 0.75 and 0.92 wt.% from 100 to 850 °C. See Table 12.

Profiles of breccia pieces exhibit many of the same characteristics as impact glasses
(Fig. 11). Breccia pieces gradually lose mass beginning at 50 °C. DTG profiles indicate a
maximum rate of mass loss between 150 and 155 °C, depending on the sample. DSC curves
have minima between 140 and 149 °C. However, breccias lose more of their mass during
this portion of the heating routine than the impact glasses lose. In addition, mass loss events
that start between 515 to 590 °C (depending on the sample) and last until 740 °C are more
pronounced in the breccias. DTG profiles between ~495 and 750 °C also exhibit stronger
features than those of the impact glasses. The W-shaped peak in breccias from experiments
160713 and 160714 has two DTG minima at ~645 and 690 °C. The DTG peak for breccias
from experiment 160715 is highly asymmetric and very deep compared with the DTG
peaks in other breccia samples. The DTG maximum in this sample occurs near 695 °C.

Overall, the breccias lost between 2.03 and 2.75 wt.% from 100 to 850 °C (Table 12).

3.5.2. Interpretation of TG/DTG/DSC profiles

The TG/DTG/DSC profiles of impact glasses and breccias are consistent with loss
of OH and/or H,O from an amorphous phase, antigorite, and, in the case of the breccias,
additional thermally active phase(s). In all materials, adsorbed water accounts for most of
the mass losses between 50 °C and 100 °C. Mass losses are minimal in this temperature

range. Between 100 and 500 °C TG and DTG profiles are similar to perlite [Foldvari,
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2011], a hydrated volcanic glass. Hence, mass losses between 100 and ~500 °C are
attributed to diffusive loss of OH and/or H.O from the glass. The broad, endothermic DSC

signal is consistent with removal of OH or HO.

The temperature range and TG profile shape for mass loss events between ~515
and 740 °C are consistent with antigorite dehydroxylation (i.e., the serpentine projectile)
[Viti, 2010; Gualtieri et al., 2012]. The typical dehydroxylation interval for antigorite is
shaded gray in Figure 11. In impact products, this mass loss event occurs over a harrower
temperature range. This difference likely reflects shock damage. The shape of the DTG
peak in this temperature range provides even stronger evidence that the mass loss is due to
antigorite dehydroxylation: the W-shaped or asymmetric character of DTG profiles
(particularly in the impact breccias) is diagnostic and reflects the overlapping reactions that

take place during antigorite dehydroxylation [Viti, 2010; Gualtieri et al., 2012].

Small DTG peaks in the breccias between ~300 and 450 °C indicate the presence
of thermally active phases that are not present in the impact glasses. These temperatures
may be consistent with brucite, Mg(OH). [Foldvari, 2011], a mineral that has been
suggested as a decomposition product of shocked serpentine [Tyburczy et al., 1991; Sekine
et al., 2012]. XRD patterns do not show peaks at 18.53, 32.88, 37.98; 50.79; and 58.68 °26
that would demonstrate the presence of brucite. Given the very small mass losses

associated with these DTG peaks, brucite, if present, is likely below the detection limit.
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3.5.3. Summary of TGA results

The TG, DTG, and DSC data reveal mass losses caused by loss of OH and/or H;O.
Impact glasses contain 0.75 to 0.92 wt.% OH + H»0. Breccias contain 2.03 to 2.75 wt.%
OH + H,0 (Table 12; Fig. 11). Profile shapes reveal that the volatile loss is due to two
major reservoirs: an amorphous component and crystalline (but presumably shocked)
antigorite. The amorphous phase slowly releases its OH and H>O between ~100 and
500 °C. Antigorite dehydroxylates and quickly releases structural hydroxyl from 515 to

850 °C.

3.5.4. Hydration state of serpentine relics

Due to their small sizes, serpentine relics (e.g., Fig. 2B) were not powdered and
measured on the TGA. Instead, samples were studied with the electron microprobe.
Table 13 summarizes the compositions of serpentine relics from each experiment.
Figure 12 shows the specific sites analyzed. Serpentine relics have oxide abundances and
analytical totals that agree well with the data for the bulk serpentine projectile (Table 5).
The similar analytical totals indicate that these isolated serpentine relics have not been
dehydrated by impact. Instead, the data imply that they retained their original OH

inventory.
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3.6.  Where is the water in impact materials coming from?

Comparisons between the TG/DTG/DSC profiles of impact products, heat-treated

pumice target, and the antigorite projectile constrain the source of water.

3.6.1. TG/DTG/DSC profiles of the serpentine projectile

Figure 13 shows TG, DTG, and DSC profiles of three samples of the serpentine
projectile. Samples were run in triplicate in order to assess reproducibility. The TG profiles
show a single mass-loss event between ~515 and ~850 °C. The total mass loss in this
interval is 12.07 + 0.12 wt.% (20 standard deviation). All three profiles have a DTG
maximum at 718 °C. DSC profiles show an endothermic reaction between 730 and 770 °C,

as well as an exothermic reaction near 845 °C.

The temperature of the DTG maximum, shape of the DTG profile, and endothermic
followed by exothermic DSC features are diagnostic of antigorite dehydroxylation [Viti,
2010; Gualtieri et al., 2012]. XRD data also show that the projectile is nearly pure
antigorite (see section 3.3.1). The exothermic DSC peak near 845 °C likely signals the
crystallization of enstatite. The reaction occurs at slightly higher temperatures than the
820 to 826 °C reported by Viti [2010]. However, this difference is a consequence of the

higher heating rate used here, which shifts peaks to higher temperatures.
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3.6.2. TG/DTG/DSC profiles of heat-treated pumice

Two samples of heat-treated pumice were analyzed to assess reproducibility. TG
profiles show a gradual mass loss between 100 and 850 °C (Fig. 14). This profile is
consistent with diffusive loss of a small amount of OH. No signals in the TG, DTG, or
DSC profiles suggest the presence of other thermally active phases. TG and DTG profiles
of replicates are indistinguishable despite the extremely low volatile contents of these
samples. The DSC profiles show similar trends, but are offset from one another. The

average mass loss was 0.20 + 0.04 wt.% (2o standard deviation).

3.6.3. Implications for the source of water in the impact materials

Impact glasses and breccias lost more mass than the heat-treated pumice target
during TGA (Fig. 11 and Table 12). Therefore, the impact products have higher water
contents than the target. The water contents of impact glasses are about four times larger
than the water content of the heat-treated pumice. Melt-bearing breccias contain nearly ten
times more water than the target. Hence, impact glasses and breccias must have
incorporated water from some other source. The water content of the projectile (12.07
wt.%) greatly exceeds the water contents of all impact products. Hence, the projectile can
supply the water in the impact glasses and melt-bearing breccias. Given the quantities of

water in impact products, the bulk of their water must be derived from the projectile.
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4. Discussion

4.1.  How much of the water in the projectile was delivered?

The mass losses and TG profiles of impact glasses and breccias can be used to
calculate the abundance of projectile-derived water in these impact products. This amount
is termed the “serpentine equivalent”. Serpentine equivalent is the amount of serpentine
(by mass) that a breccia or glass must have incorporated in order to explain the water
content of that breccia or glass. Prior to calculations of serpentine equivalent, mass losses
of impact materials are corrected for the 0.2 wt.% water that could come from the heat-

treated pumice target (Table 14).

Comparisons between serpentine equivalent and Xserp reveal whether the amount of
water in the glasses and breccias matches expectations. Difference between Xserp and the
serpentine equivalent indicate that impact glasses captured 76 to 100% of the water bound
in the part of the projectile that was incorporated into the glasses. In impact breccias,
however, serpentine equivalent exceeds Xserp. In fact, breccias trapped two to three times
more water than would be expected if all the water associated with the serpentine that was
incorporated into the breccias were trapped. The surplus water must be derived from the
projectile; other sources of water are insufficient (Supplementary Text S4). In total,
between 25 and 29% of the water in the projectile is delivered at 30°. At 45° water delivery

increases to 36%.
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4.2.  How much do glasses and relics contribute to the water budget?

Given Fserp and the known water content of the projectile, the amount of mass that
impact glasses and breccias should lose during TGA due to serpentine dehydroxylation can
be estimated. Comparison between the actual mass loss and this anticipated mass loss
reveals how much water is stored in crystalline serpentine versus other reservoirs (Table
15). In impact glasses, only 5 to 18% of the total water (OH + H,O) is stored in crystalline
serpentine. The remaining water is stored in the glass itself or in vesicles. In breccias,
crystalline serpentine accounts for 16 to 38% of the water budget. The remaining water is
either stored in impact-generated glass, vesicles, or in some other portion of the breccia.
Impact-generated glasses form at high temperatures; such temperatures enhance the
solubility of water in silicate melts [Harris et al., 2015; Bureau and Keppler, 1999; Paillat

etal., 1992].

The importance of these other reservoirs can be discerned from TG profiles (Fig.
11). The TG profiles, however, do not easily distinguish water lost from impact-generated
glasses and water lost from pumice that trapped water from the vapor plume (see section
4.3). In the case of impact glasses, the samples are clearly made almost entirely of impact-
generated glass (Fig. 2A, 8, and 9). Hence, impact-generated glasses must be the primary
contributor to mass losses between 100 and ~500 °C. The breccias contain impact-
generated glasses, but they also contain comminuted, shock-lithified pumice (Figs. 2C and
2D). If shocked pumice helped to trap the surplus water in the breccias (section 4.3), then
both impact glasses and shocked pumice could contribute to the mass loss between 100

and ~500 °C. The contributions of impact-generated glasses and shocked pumice cannot

214



be separated using the TG data. It is clear, however, that surviving serpentine relics hold

only a fraction of the total water in impact glasses and breccias.

4.3. A mechanism for trapping surplus water

The surplus of projectile-derived water in impact breccias can be explained by the
timing of serpentine devolatilization and evolution of the vapor plume. Planar shock
experiments predict complete serpentine devolatilization above ~50 to 60 GPa [Lange and
Ahrens, 1982; Sekine et al., 2015]. The equation of state for serpentine [Tyburczy et al.,
1991] predicts that symmetric impacts at 5 km s produce a peak pressure of 60.4 GPa in
the projectile. Given that these impact experiments are oblique, however, frictional heating
along the projectile-target interface further enhances vaporization, even though the peak
pressures are reduced [Schultz, 1996; Schultz and Eberhardy, 2015]. Hence, near the point
of impact the projectile could completely devolatilize. The forsterite in impact glasses
demonstrates that part of the projectile dehydroxylated. The fate of water in the projectile
during an oblique impact is complex due to the complex shock history in a sphere during
penetration. Decoupling the projectile (due to spallation and shear) and entrapment before
fully interacting with the target ensures preservation of impactor relics [Schultz and
Crawford, 2016; Daly and Schultz, 2015, 2016]. Therefore, the recovery of serpentine
relics that apparently retained all their water (section 3.5.4) does not preclude complete
dehydration of serpentine near impact point. Devolatilization occurs not only after
penetration and decompression but during further interactions with the target downrange

from the point of impact [Schultz et al., 2006; Schultz and Eberhardy, 2015].
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Impact vapor envelopes the transient crater [O 'Keefe and Ahrens, 1977; Schultz
and Eberhardy, 2015]. Glasses and breccias line the interior of the transient crater [Daly
and Schultz, 2016] and are therefore well positioned to incorporate water from the vapor
plume. This provides one mechanism whereby the amount of water delivered exceeds what
would be expected from Xserp: surplus water was released near the point of impact by
projectile fragments, but the fragments themselves were later lost downrange. In spectral
studies of impacts, vapor with atomic and molecular lines fills the transient cavity [Schultz
and Eberhardy, 2015]. By implication, in a water-rich plume breccias could trap volatiles
during their formation. Vapor envelopment and melt/breccia production overlap in time.
High-speed imaging shows that the vapor plume is still self-luminous as glowing pieces of
melt leave the growing crater. Shock comminution of the pumice likely increases the
surface area of pumice grains and introduces strain into crystal lattices and pumice glass.
These effects may enhance the ability of the breccias to trap water from the vapor plume.
For example, if shock comminution were to increase surface area by a factor of three, then
three times as many H>O molecules could be able to hydrogen bond to surface silanol
groups. In addition, McCord et al. [2011] suggested that increased surface area due to
comminution may enhance OH production on the moon via solar wind implanation. The

application of such ideas to shock-comminuted material deserves further study.

5. Conclusions

Carbonaceous chondrite-like objects rich in serpentine deliver significant quantities

of water into a regolith under impact conditions that are common in the main asteroid belt.
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At 30° (with respect to horizontal), an average of 27% of the water in the projectile is
delivered. In a 45° impact 36% of the water in the projectile is delivered. Water delivery is

nearly double that expected based on projectile retention efficiency.

The data also indicate that impact glasses trap all or nearly all the water that is
associated with the serpentine that was incorporated into the glasses. Impact breccias,
however, have a surplus of water because they incorporate water from portions of the
projectile that devolatilized and then escaped downrange. Recovered, lightly-shocked
isolated serpentine relics retain all their structural water. These findings align with
preliminary work by Harris and Schultz [2011] and Harris et al. [2015]. However, here
we provide (a) the first detailed account for OH and H2O derived from the projectile in
impact glasses, (b) the first measurement of the efficiency of water delivery in oblique
impact experiment, and (c) the first constraint on the distribution of impact-delivered water

among projectile survivors and other reservoirs such as impact glass and breccias.

The results of this study indicate that the remnants of carbonaceous chondrite-like
impactors and the impact melts created by them should trap all, if not more, of the water
carried in the retained rocky fraction of the projectile. For example, if 15% of the mass of
the projectile were delivered at 30° (based on these experiments), then at least 15% but up
to 30% of the “water” present in the impactor also would be delivered, trapped within

impact glasses, impact breccias, and projectile relics on the surface of the target.

The findings of this study provide new insights into the nature of hydrated dark
material on Vesta. The experiments indicate that the delivery of the water in carbonaceous

chondrite-like impactors is a natural outcome of impacts in the main belt. The delivered
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water is hosted in a combination of impactor relics, melt breccias, and impact glasses.
Crystalline serpentine relics are discernable in spectroscopic data in some regions of dark
material [Nathues et al., 2014]. Impact glasses are naturally dark due to xenocrysts and
recrystallized minerals [Schultz et al., 2006] and could also contribute to the exogenic
hydration on Vesta. Although the experiments reported here are small in scale, Harris and
Schultz [2005] reported the detection of water in terrestrial impact glasses. Such
observations indicate that trapping of volatiles in impact melts also may be viable at larger

scales, including those relevant to Vesta and possibly the Moon.

These experiments were done at 5 km s, About half of the impacts at Vesta and
on main-belt asteroids occur at speeds faster than 5 km s [O’Brien and Sykes, 2011]. At
these higher speeds, impacts are more likely to devolatilize hydrous impactors.
Consequently, if volatile-rich relics of the projectile were the primary reservoir for impact-
delivered water, then water delivery efficiency would be expected to decrease at these
higher speeds. However, impact melt—and therefore impact glass—production increases
with impact speed. If impact melt also successfully traps OH and H20 during collisions in
the main belt (as it does in experiments), then impacts at speeds >5 km s may still deliver
significant quantities of volatiles to Vesta. Impacts below 5 km s would also deliver
volatiles due to the gentler temperatures and pressures achieved during lower-speed
impacts. At lower speeds, more of the delivered water would be hosted in impactor relics

rather than in impact melts or impact-melt breccias.

Many other asteroids should be laden with significant meteoritic debris derived

from the asteroid belt. This is a natural consequence of their impact history and the range
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of impact speeds in the main belt. Hence, many asteroids—particularly the larger ones—
are likely plastered with water (OH+H20) delivered during impacts by volatile-rich
asteroids and meteoroids. Impact delivery is also a likely source for the hydration
signatures seen on some metallic, M-type asteroids such as Psyche, as also suggested by
Takir et al. [2017]. Combined with other results from hypervelocity impact experiments
into metals [Daly and Schultz, 2017], we predict the preservation of hydrated impactor
materials on Psyche. These predictions can be tested when the recently-approved

Discovery-class Psyche mission [Elkins-Tanton et al., 2016] reaches Psyche in 2030.
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Tables

Table 1. Summary of experiments.

Experiment number  Angle (°) Target

Speed Chamber pressure

Projectile  Projectile diameter (mm) Weight (g) (km s (mmHg)
160713 30 Heat-treated pumice Serpentine 6.35 0.4894 5.00 0.48
160714 30 Heat-treated pumice Serpentine 6.35 0.5152 5.12 0.40
160715 45 Heat-treated pumice Serpentine 6.35 0.5090 5.12 0.38




Table 2. Summary of analytical methods.

(454

Technique Abbreviation Description of data Data constrain
Inductively coupled plasma ICP-AES Elemental abundances How much of the non-volatile components in the
atomic emission spectroscopy projectile are present in impact glasses and
breccias
X-ray diffraction XRD Diffraction pattern whose peaks How much crystalline serpentine exists in impact

correspond to minerals and amorphous glasses and breccias
material in impact glasses and breccias

Thermogravimetric TG/DTG/DSC Mass loss, rate of mass loss, and heat  Bulk water content of impact glasses and breccias;
analysis/differential scanning flow into samples during heating distribution of water between impact glass and
calorimetry serpentine; water delivery efficiency
Fourier-transform infrared FTIR Absorbance spectrum Total and molecular water content in field of view;
spectroscopy speciation of OH vs. H20 in impact glasses
Electron microprobe EMP In-situ compositions of serpentine Hydration state of serpentine clasts

relics




Table 3. Linear molar absorptivities used in this study.

Band (cm1) ¢(L moltcm?) Source

4500 1.73 Newman et al. [1986]
3750 75 Okumura et al. [2003]
1630 55 Newman et al. [1986]
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Table 4. Masses of recovered impact materials.

Experiment Angle  Impact glasses Breccia pieces  Serpentine relics Total
Number ) (@) (9) (@) 9)
160713 30 0.4221 0.5686 0.0117 1.0023
160714 30 0.5095 0.6501 0.0161 1.1758
160715 45 0.4717 0.5754 0.0400 1.0870

234



S %4

Table 5. Compositions of projectile, target, and impact products.

Al203 CaO FeOr K20 MgO MnO Na20 SiO2 Total
(Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%)
Serpentine Replicate 1 2.99 2.78 8.30 0.00 34.16 0.12 0.01 38.68 87.05
projectile Replicate 2 2.99 2.70 8.17 0.03 33.91 0.12 0.02 39.31 87.25
Heat-treated  Replicate 1  12.89 0.74 1.14 450 0.06 0.05 3.96 78.16 101.5
pumice target  pepjicate 2 12.88 0.64 1.15 4.45 0.06 0.05 4.05 77.34 100.6
Replicate 3  12.74 0.53 1.16 4.83 0.06 0.05 3.97 77.22 100.6
Replicate 4 12.63 0.51 1.11 4.79 0.06 0.05 4.09 78.23 101.5
Experiments
160713 (30°)  Glasses 11.87 0.76 1.42 4.06 1.50 0.05 3.80 71.22 94.67
Breccias 11.84 0.78 1.59 4.09 2.85 0.05 3.59 72.85 97.65
160714 (30°)  Glasses 12.43 0.70 1.40 4.36 2.01 0.05 3.87 76.26 101.1
Breccias 11.96 0.67 1.54 4.15 3.17 0.05 3.71 74.68 99.92
160715 (45°)  Glasses 12.14 0.72 1.29 4.34 1.16 0.05 3.68 73.55 96.92
Breccias 11.46 0.72 1.87 3.97 4.26 0.05 3.50 76.80 102.6




Table 6. Results of two-component mixing models.

Experiment Number  Angle (°) Material Xserp 20" R?
160713 30 Impactglasses 0.071 0.013 0.993
Breccias 0.063 0.012 0.992
160714 30 Impactglasses 0.041 0.006 0.995
Breccias 0.052 0.017 0.977
160715 45 Impactglasses 0.034 0.012 0.975
Breccias 0.067 0.022 0.978

*Two sigma uncertainties based on the uncertainty in regression slope.
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Table 7. Projectile retention efficiencies.

Experiment number  Angle (°) Impact product projz:?i(l:(talcigtg{ne d 20"
160713 30 Impact glasses 6.2% 0.6%
Breccias 7.3% 0.6%

Serpentine fragments 24% -
Total retention 16% 1.1%
160714 30 Impact glasses 4.0% 0.4%
Breccias 6.5% 0.9%

Serpentine fragments 3.1% -
Total retention 14% 1.1%
160715 45 Impact glasses 3.2% 0.6%
Breccias 75% 1.1%

Serpentine fragments 7.9% -
Total retention 19% 1.2%

*Supplementary Text S2 outlines how these 20 uncertainties were calculated.
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Table 8. Results of FULLPAT modeling from 5 to 70° 26.

Material  Experiment '(:\:;"(’) %) '(:tm‘;‘t'g% | I(:v?/ItaZ;)) (Tv\?tt_%/lo) 5|Delta| ¥2* R factor'
160713 0.3 853 7.1 92.7  248.2 0.026
5222;; 160714 0.7 882 7.6 965 2411 0.024
160715 2.7 100.0 0.0 102.7 274.4 0.035
160713 2.4 928 25 97.7 2486 0.022
i‘:ggg'sa 160714 1.4 100.0 9.5 110.8  262.3 0.026
160715 7.9 89.0 0.4 97.3  251.4 0.022

*The values of Z| DeIta| 12 that remain after optimizing the fit between the summed
library standards and the observed pattern.

TR factors assess the quality of the model fit. R < 0.1 indicates a good analysis.

Table 9. Results of FULLPAT modeling from 12 to 12.4° 26.

. . Fserp Frarg Fglass Total U2 % +
Material Experiment (WLO) (WLO%) (wiok) (Wi.%) Z|Delta| R factor
160713 0.3 873 6.3 939 1.2 0.027
Impact 65714 0.5 100.0 1.7 102.2 2.2 0.032
glasses
160715 0.8 100.0 0.0 100.8 0.0 0.058
160713 15 100.0 3.9 105.4 2.8 0.072
iﬁgg? 160714 35 100.0 149 1184 29 0.109
160715 5.2 100.0 151 1203 43 0.232

*The values of X | Delta| 22 that remain after optimizing the fit between the summed
library standards and the observed pattern.

TR factors assess the guality of the model fit. R < 0.1 indicates a good analysis.
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Table 10. Assignment of absorbance features.

Band location

1 Attribution Reference
(cm™)
5200 combination of stretching and bending Stolper [1982]; Newman et al.
modes of H20 molecules [1986]; Mandeville et al. [2002]
4500 combination stretching and bending mode Stolper [1982]; Newman et al.

of X-OH groups (X = Al, Si)
~3230 - ~3570 Fundamental OH stretching mode of

(broad) molecular H20, Si-OH, Al-OH; overtone of
HOH bending
1630 Fundamental bending mode of H20

[1986]; Mandeville et al. [2002]

Stolper [1982]; Newman et al.
[1986]; Mandeville et al. [2002]

Stolper [1982]; Newman et al.
[1986]; Mandeville et al. [2002]
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Table 11. Summary of Beer-Lambert results.

3570 cm* band 1630 cm! band 4500 cm* band
Peak  H20tot Peak  H20m Peak OH

Sample Color Code*  Abs cm?)  (ppm) Abs cm?)  (ppm) Abs (cm?)  (ppm)
160713 Piece B* Green 0.038 3585 380 0.027 1623 360 - - -
160713 Piece B Blue 0.045 3585 450 0.026 1623 350 - - -
160713 Piece B Black 0.135 3585 1360 0.060 1630 820 - - -
160715 Piece Dt Blue-gray 0.228 3585 2280 0.096 1625 1310 0.002 4516 920
160715 Piece D Red 0.216 3585 2170 0.100 1623 1360 0.002 4456 810
160715 Piece D Bright green  0.461 3587 4620 0.217 1627 2970 0.005 4499 1110
160715 Piece D Purple 0.689 3618 6910 0.409 1627 5580 0.004 4516 1590

160715 Piece D Red-orange  0.355 3585 3560 0.122 1625 1670 0.004 4458 1470
160715 Piece D Light blue 0.215 3583 2160 0.069 1625 940 0.003 4435 1040

160715 Piece D Gold 0.232 3585 2320 0.098 1625 1340 0.003 4458 1050
160715 Piece D Gray 0.506 3587 5070 0.254 1625 3470 0.004 4456 1570
160715 Piece D Green 0.854 3618 8560 0.483 1627 6610 0.004 4458 1700
160715 Piece D Blue 0.470 3587 4710 0.232 1627 3170 0.003 4456 1320
160715 Piece D Black 0.516 3587 5180 0.278 1627 3800 0.004 4437 1440

*Sample thickness: 0.0102 cm; density: 2,346 g L*!
tfSample thickness: 0.0096 cm; density: 2,341 g L
*Corresponds to the color of spectra in Figs. 8 (160713) and 9 (160715)
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Table 12. Results of TGA analyses.

Impact Glasses

Breccia Pieces

Experiment number

Mass at 50C (mg)
Mass at 100C (mg)
Mass at 850C (mg)

Mass Loss: 50 to 100 °C (wt.%)
Mass Loss: 100 to 850 °C (wt.%)

Onset of major mass loss event (°C)
Onset of major mass loss event (°C)
Mass loss during event (wt.%)

DSC minimum (°C)

Temperatures of other DTG peaks
(°C)

160713 (30°)
14.8954
14.8844
14.7480

0.07%
0.92%

515
750
0.18%

178

146

160714 (30°)
25.5023
25.4909
25.2949

0.05%
0.77%

600
730
0.14%

145

145
660
690

160715 (45°)
14.0491
14.0411
13.9360

0.06%
0.75%

495
730
0.17%

194

154
700

160713 (30°)
12.0232
12.0101
11.7660

0.11%
2.03%

590
740
0.47%

149

155
350
430
645
695

160714 (30°)
11.2297
11.2157
10.9640

0.12%
2.24%

515
740
0.74%

147

150
340
410
550
645
690

160715 (45°)
26.9499
26.9187
26.1830

0.12%
2.73%

570
740
1.18%

140

153
475
640*
695

*Shoulder in DTG peak.



Table 13. Composition of serpentine relics measured by electron microprobe (wt.%).

Experiment ID Spot MgO FeOr CaO Al2O3 SiO2 Total
160713 (30°) 1 36.93 5.03 0.12 2.38 42.70 87.16
2 36.94 5.31 0.09 2.80 42.50 87.64
3 37.14 5.35 0.03 2.60 42,51 87.63
4 37.25 5.33 0.00 2.77 42.73 88.08
5 36.88 5.29 0.03 2.88 42.36 87.44
6 36.68 5.27 0.00 2.41 42.68 87.04
7 37.13 5.08 0.01 2.24 43.03 87.49
160714 (30°) 1 37.63 5.04 0.00 1.86 43.60 88.13
2 37.25 5.04 0.00 2.15 43.16 87.60
3 36.95 4.90 0.00 2.04 43.30 87.20
4 36.85 5.21 0.00 2.36 42.99 87.41
5 37.10 5.06 0.00 2.27 43.35 87.77
6 36.85 5.14 0.01 2.32 42.84 87.16
160715 (45°) 1 36.43 5.27 0.02 2.69 41.95 86.36
2 32.87 5.62 0.02 11.39 35.58 85.48
3 33.08 5.39 0.03 12.36 35.35 86.21
4 36.44 5.14 0.03 2.22 42.66 86.49
5 36.07 4.97 0.02 2.71 41.84 85.61
6 36.64 5.03 0.02 1.59 42.88 86.16
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Table 14. Comparison between Xser, and the serpentine equivalent calculated from TGA data.

Impact Glasses Breccia Pieces
Experiment number 160713 (30°) 160714 (30°) 160715 (45°) 160713 (30°) 160714 (30°) 160715 (45°)
Xserp® 7.1+1.3% 4.1+0.6% 3.4+£1.2% 6.3+1.2% 52+1.7% 6.7 £2.2%
Serpentine Equivalentt 5.9% 4.7% 4.5% 15.2% 16.9% 21.0%

*+ 20 uncertainty in Xserp.
TAssumes that all the mass loss between 100 and 850 °C is due to water derived from the serpentine projectile.
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Table 15. Distribution of water between serpentine and impact glasses.

Impact Glasses Breccia Pieces

Experiment Number 160713 (30°) 160714 (30°) 160715 (45°) 160713 (30°) 160714 (30°) 160715 (45°)

Expected TGA mass loss given Fserp* 0.04% 0.08% 0.10% 0.29% 0.42% 0.95%
TGA mass loss not due to serpentinet  0.68% 0.48% 0.45% 1.54% 1.62% 1.58%
Fraction of water not in serpentine 95% 85% 82% 84% 79% 62%

*For all samples except impact glasses from 160714, this is calculated from the upper bound of Fserp. This approach maximizes the
amount of water attributed to serpentine. The FULLPAT model for the glasses from 160714 overestimates serpentine abundance, so the

lower bound is used for that sample.
TAfter accounting for a 0.2 wt.% contribution from the heat-treated pumice target.



Figures

Projectile path

Melt T
directed
into well

Pumice tray

Figure 1. Experimental setup. (A) A tray of Mylar was filled with sieved, heat-treated
airfall pumice. The center of the tray was beneath the impact point. A sheet of thick plastic
lines the well of the impact chamber to facilitate recovery of impact products. (B) Close-
up of pumice tray showing the path of the projectile for a 45° experiment. (C) The same
view as (B), but 761.5 us after impact. The Mylar has ruptured, directing most of the
luminous melt downward into the well for recovery. White lines mark the extent of the

glowing plume; the region outlined in gray contains an abundance of luminous melt.
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Figure 2. The materials recovered from impact experiments fall into three categories: (A)

impact glasses, (B) serpentine relics, and (C, D) breccia pieces.
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Figure 3. If impact materials are mixtures of the serpentine projectile and pumice target,
then the oxides from each sample will plot along a line through the origin. The slope of
that line is Xserp, the mass fraction of the projectile in the impact material. The data for this
representative sample of impact glass from experiment 160713 are highly linear, which
establishes that the glass is a two-component mixture of the target and projectile. The slope

indicates that the glass is 4.1 wt.% projectile.
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Figure 4. X-ray diffraction patterns for (A) the heat-treated pumice target and (B) the
serpentine projectile. The heat-treated pumice is predominately glass, with lesser amounts
of anorthite (An), tridymite (T), quartz (Q), muscovite (Ms), and hematite (H). The

serpentine projectile is nearly pure antigorite (A) with only a minor amount of calcite (C).
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Figure 5. X-ray diffraction patterns for impact glasses and breccias from three impact
experiments. Peaks labeled “S” are due to the serpentine projectile, while peaks labeled

“P” are from the pumice target. Forsterite (F) is a decomposition product of antigorite.
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Figure 6. Comparison between observed XRD patterns (blue) and the model patterns
produced by FULLPAT (red). A small graph (gray) above each diffraction pattern shows

the difference between the observed and modeled patterns.
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Figure 7. Transmission spectra of impact glasses from experiments 160713, 160714, and
160715. All three spectra have strong absorbance peaks near 3570 cm™ and 1630 cm™. The
asymmetric peak near 3570 cm™ can be caused by both OH and/or H20, whereas only H.0
contributed to the more symmetric peak near 1630 cm™. Hence, spectra of all three glasses

are consistent with the presence of both OH and molecular water. Spectra have been offset

to better reveal their structure.

251



0.4

0.2

Absorbance (offset)

o
a

0
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

H,0 X-OH
0 ] ey

=004 T Whiw,

] At N sy dl 4 g™ e,
S, f : :

o : e o

3002 ALV ;

o] W‘M :

] : :

Kol 4

< 1 :

0.00

6000 5600 5200 4800 4400 4000
Wavenumber (cm™)

Figure 8. Transmission spectra from a piece of impact glass from experiment 160713. (A)

Optical micrograph of doubly-polished piece of impact glass. Colored squares show where
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spectra were collected. The colors of the squares correspond to the colors of the spectra in
panels (B) and (C). (B) Transmission spectra between 1000 and 4000 cm™. Peaks at both
3570 and 1630 cm™ are present. (C) Transmission spectra between 4000 and 6000 cm™.
The molecular water feature at 5200 cm™ and X-OH feature at 4500 cm™ both appear

absent. An absorbance peak near 4700 cm™ is present but unassigned.
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Figure 9. Transmission spectra of a piece of impact glass from experiment 160715. (A)

Optical micrograph of a doubly-polished piece of impact glass. Colored squares show
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where spectra were collected. The colors of the squares correspond to the colors of the
spectra in panels (B) and (C). (B) Transmission spectra between 1000 and 4000 cm*. Peaks
at both 3570 and 1630 cm™ are present. The small absorbance peaks near ~2850 and
3000 cm™* are attributed to C-H surface contamination. (C) Transmission spectra between
4000 and 6000 cm™ range. The H.O feature near 5200 cm™ is quite strong. The X-OH

feature at 4500 cm is small but discernable.
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Figure 10. Speciation of water in impact glasses. Molecular water dominates the total
water budget. Spectra in which a 4500 cm™ feature was absent are plotted as having 0 ppm
hydroxyl. As total water content increases, most the newly-added water is dissolved as

molecular water rather than as hydroxyl.
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Figure 11. Thermogravimetric (TG), derivative thermogravimetric (DTG), and differential

scanning calorimetry (DSC) profiles for impact glasses (left column) and melt-bearing
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breccias (right column). Each row corresponds to an experiment. For example, (A) and (B)
show the profiles for impact glasses and breccia pieces recovered from experiment 160713.
The y-axis at left is for both TG and DSC profiles. The DSC data have been divided by
7,000 and offset by +0.97 so they can plot on the same axis as the TG data. The y-axis at

right side is for the DTG data. The gray rectangle marks the reaction interval for antigorite.
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(A) 30° (160713) (B) 30° (160714) (C) 45° (160715)

Figure 12. Backscattered electron micrographs of serpentine relics recovered from
experiments (A) 160713, (B) 160714, and (C) 160715. Numbers mark the places where the
data listed in Table 13 were acquired. Based on EDS spectra, the bright phases are ilmenite

and chromite.
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Figure 13. Thermogravimetric (TG), derivative thermogravimetric (DTG), and differential
scanning calorimetry (DSC) profiles for three powders made from the serpentine
projectiles. The y-axis at left is for both TG and DSC profiles. The DSC data have been
divided by 300 and offset by +0.3 so they can plot on the same axis as the TG data. The

y-axis at right is for the DTG data.
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Figure 14. Thermogravimetric (TG), derivative thermogravimetric (DTG), and differential
scanning calorimetry (DSC) profiles for the heat-treated pumice target. The y-axis at left
is for both TG and DSC profiles. The DSC data have been divided by 10,000 and offset by
+0.96 so they can plot on the same axis as the TG data. The y-axis at right is for the DTG

data.
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Supplementary Text S1. Heat-treatment of target pumice

Volcanic pumice often contains 1 to 2 wt.% volatiles, a relatively high volatile
content that may interfere with studies of water delivery. In order to drive off volatiles, the
pumice used in these experiments was heated for 90 minutes at 850 °C. After heating, the
pumice cooled to room temperature in a desiccator. The pumice lost an average of
1.24 wt.% during the heat treatment. Due to the large volume of heat-treated pumice
needed, heat-treated pumice was stored in sealed plastic bags for up to two weeks prior to
the experiments. Aliquots of heat-treated pumice were powdered to <45 pum and run on a
thermogravimetric analyzer at the completion of the AVGR experiments. The
thermogravimetric data indicate that the heat-treated pumice contained 0.20 wt.% OH +

H.0.

Supplementary Text S2. Uncertainties for projectile retention efficiency

The total projectile retention efficiency, Ruwt, is the sum of the projectile retention
efficiencies of the glasses, Ry, breccias, Ror, and serpentine relics, Rrei. Therefore, the error

in Riot reflects the errors in Rgi, Ror, and Rrel:

— 2 2 2
URtot - JaRgl + O-Rbr + URrel

Comparisons between the masses of serpentine relics recovered during replicate
experiments at 30° directly constrains crrel. HoOwever, the uncertainties on the other two

terms are more complicated because they depend on additional parameters:
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R, = Xserp,glMgl R _ Xserp,brMbr
gl — = 1 br — i
MD Mp

where yserp,gi 1S the mass fraction of serpentine in the glasses, Mg is the mass of glasses
recovered, and My is the mass of the projectile, yserp,or IS the mass fraction of serpentine in

the breccias, and Myr is the mass of breccias recovered. Therefore,
2 2 2
g oy ou
— j( cona) (B (20
)(serp,gl gl P
2 2
o g 2 O-M
O'Rbr = Rbr\/( Xserp,br> + (I\ybr) + <M_p>
Xserp,br br P

The uncertainty in the mass of the projectile is insignificant compared to the uncertainties

associated with the other quantities. This fact reduces the equations to

R

2 2
_ gl O-)(serp,gl + O-Mgl
TRgt Ty M
P Xserp,gl gl

2
. _ Rbr (O-)(serp,br> + (O-Mbr)z
R = ——
br Mp Xserp,br Mbr

Both yserp,gi and yserpbr are the slopes of regression lines. Hence Gyserp,er and Gyserp, b

are the standard deviations of the slopes of the regression lines. Comparisons between the
masses of breccias and glasses recovered from duplicate experiments at 30° constrains Gmgl

and owmpr. Putting these pieces together,
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2 2 2
_ Rgl O-Xserp,gl O-Mgl Rbr GXserp,br O-Mbr 2 2
URtot - - + sl v 7 + URrel
Mp Xserp,gl Mgl Mp Xserp,br Mbr

2 2

2 2
R O-SET R O-SET T
Ok = || 2 (M> +(0.13)2 | +| 2= (M> +(0.10)2 | +(0.0032)2
Mp Xserp,gl Mp Xserp,br

Supplementary Text S3. Accuracy of water content calculations

The highly vesicular nature of these impact glasses complicates water content
calculations. Vesiculation introduces uncertainty into both sample thickness, d, and
density, p. For the Beer-Lambert law to yield accurate results, d must be the path length of
light through the sample. This is demonstrably not the case for these samples because of
their highly vesicular nature (e.g., see Figs. 2, 5, 6). Instead, the path length is probably
shorter than the measured sample thickness. Scattering, reflection, and refraction through
vesicles introduce additional complexities. The highly vesicular nature of the glasses also
complicates characterizing the densities of the samples. The densities of the samples
reported here were estimated using the Gladstone-Dale rule [Silver et al., 1990; Mandeville
et al., 2002]. This approach does not consider the porosity of the samples. Hence, the
densities calculated from the Gladstone-Dale rule are too high. Because of these two
factors, the use of the Beer-Lambert law to quantify water contents should yield

conservative lower bounds.

264



Supplementary Text S4. Alternative sources of water

In addition to the serpentine projectile, impact materials could incorporate water
from the heat-treated pumice target, from the residual atmospheric water vapor in the
impact chamber, from a monolayer of water molecules adsorbed onto the pumice, or during

the time that elapsed between the experiments and TG analyses.

Option 1: Target-derived water. As described in section 3.6.2 and Supplementary
Text S1, the heat-treated pumice contained 0.20 wt.% OH + H;O at the time of the
experiments. To compensate for water in the heat-treated pumice, 0.20 wt.% was
subtracted from the total weight loss of each sample prior to calculating the serpentine
equivalent. For example, if a sample lost 1% of its mass, only 0.8% was used to calculate
serpentine equivalent. Hence, the potential contribution of the target is incorporated into
the serpentine equivalent calculations. The target cannot be the source for the unexpectedly

high water contents of the impact breccias.

Option 2: Atmospheric water vapor in the impact chamber. During these
experiments the pressure in the impact chamber was between 5.0 and 6.3 x 10 atm. Impact
products may have trapped some of the residual water vapor in the chamber. On the
warmest day that the experiments were conducted, the average temperature was 21.7 °C
(71 °F). The maximum relative humidity was 86%. The dew point was 12.8 °C (55 °F).
The atmospheric pressure was 29.98 inches of Hg (data for 13 July 2016 at the Moffett
Federal Airfield; accessed via wunderground.com). Hence, the absolute humidity was
16 g m3. The impact chamber has a volume of about 59 m®. Prior to pumping, the air in

the impact chamber would contain 944 g of water vapor. Once the chamber was pumped
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down to 5 x 10 atm, however, the chamber only contained ~19 mg of water vapor. The
serpentine projectiles contained ~60 mg of OH. Furthermore, the impact products only
interacted with a tiny volume (<1%) of the residual gas in the impact chamber. Thus,

residual water vapor cannot significantly contribute to the water content of the breccias.

Option 3: Adsorbed monolayer of water. Another possibility is that a monolayer of
adsorbed water coated pumice grains at the time of experiments. Such water might have
been trapped along grain boundaries during shock lithification and contribute to the
unusually high water contents of the breccias. However, simple calculations reveal that this

scenario is unlikely.

In order to calculate the amount of adsorbed water, the reactive surface area of the
pumice must be known. Although the reactive surface area of the sieved airfall pumice has
not been directly measured, it is likely similar to that of volcanic ash. Delmelle et al. [2005]
reported data for six samples of volcanic ash with particles <100 um. The pumice particles
used in this study are <106 um. Hence, the measurements are relevant to the pumice
particles used in the present study. The specific surface areas of the samples measured by
Delmelle et al. [2005] ranged from 1.1 to 2.1 m? g™*. The density of surface OH groups on

amorphous silica is 4.9 OH per square nanometer [Zhuravlev, 2000].

Recovered breccias contain an average of 0.56 g of pumice. If the specific surface
area of the pumice were 2.1 m? g and all reactive sites were hydroxylated, then the pumice
in the breccias would contain ~5 x 108 surface silanol groups. If every silanols were
hydrogen bonded to a water molecule, then the total mass of water in the silanol and H>O

monolayer would be 0.3 mg, an amount equivalent to only ~0.05% of the mass of pumice
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in the breccias. If the specific surface area of the pumice were 1.1 m? g%, then the total
mass of adsorbed water would be ~0.2 mg (under the same assumptions), an amount
equivalent to ~0.04% of the mass of pumice in the breccias. Given that breccias lost 2.0 to
2.7 wt.% during TGA, a pre-impact adsorbed monolayer on pumice particles is, at most, a

very minor component of the breccia’s water budget.

Alternatively, breccias might have trapped water desorbed from pumice particles
during impact. Once released, this water vapor (derived from the target) might be trapped
in the breccias, analogous to the process proposed for water vapor derived from the
projectile. The temperature required to remove an adsorbed monolayer of water is ~200 °C
for amorphous silica [Zhuravlev, 2000]. The pumice exposed to these conditions is located
beneath the point of impact and comes from a region roughly cylindrical in shape. The
cylindrical region is about three projectile radii high (~9.5 mm) and three projectile radii
in diameter. The density of the pumice is ~1.2 g cm™ [Schultz, 1992]. Therefore, this
cylindrical region contains about 0.8 g of pumice. Using the same specific surface areas
and assumptions as in the previous paragraph, an adsorbed monolayer could contribute
between 0.2 and 0.5 mg of water. This amount is, at most, only 0.8% of the mass of water
in the projectile. Hence, an adsorbed monolayer on pumice particles prior to impact cannot

account for the unusually high water contents of the breccias.

Option 4: Post-impact addition of water. The fourth option is that breccias adsorbed
water from their environment between the time of the experiments and the time of the TG
analyses. Most adsorbed water should be removed by 100 °C, yet the masses of the samples

changed very little below 100 °C: the breccias only lost 0.06 to 0.12 wt.% below 100 °C
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(in contrast to the ~2 wt.% lost between 100 and 850 °C). Furthermore, the serpentine
equivalent calculations only considered mass losses between 100 and 850 °C. Hence, post-

impact adsorption or absorption cannot account for the high water contents of the breccias.
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