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The source craters of the martian meteorites:
Implications for the igneous evolution of Mars

Christopher D. K. Herd'#, Jarret S. Hamilton't, Erin L. Walton?#, Livio L. Tornabene>*,
Anthony Lagain5'6'7, Gretchen K. Benedix>®°, Alex . Sheen' %", Harry J. Melosh'%"3s,
Brandon C. Johnson'%"3, SeanE. Wigginsn'”, Thomas G. Sharp15, James R. Darling16

Approximately 200 meteorites come from ~10 impact events on the surface of Mars, yet their pre-ejection loca-
tions are largely unknown. Here, we combine the results of diverse sets of observations and modeling to constrain
the source craters for several groups of martian meteorites. We compute that ejection-paired groups of meteorites
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are derived from lava flows within the top 26 m of the surface. We link ejection-paired groups to specific source
craters and geologic units, providing context for these important samples, reconciling microscopic observations
with remote sensing records, and demonstrating the potential to constrain the ages of their source geologic units.
Furthermore, we show that there are craters that may have produced martian meteorites not represented in the

world’s meteorite collections that have yet to be discovered.

INTRODUCTION

The majority of martian meteorites comprise a suite of mafic to ul-
tramafic igneous rocks, formed during eruption of magmas at or
near the surface of Mars (1, 2). They represent ~200 rocks, grouped
on the basis of similarities in their petrological characteristics [“pair-
ing groups;” (1)]. Over 80% by number belong to the shergottite sub-
group, a suite of tholeiitic igneous rocks that were emplaced as lava
flows within the past ~600 million years (Ma) (I). The remainder
belongs to subgroups that can be divided on the basis of their radio-
metric ages: the ~1350-Ma nakhlites and chassignites (3), the ~2400-
Ma augite-rich shergottites (4, 5), the ~4100-Ma Allan Hills (ALH)
84001 orthopyroxenite (6), and the Northwest Africa (NWA) 7034
meteorite and its petrologic pairs. The latter is a regolith breccia con-
taining clasts of a variety of types with minerals as old as 4480 Ma,
assembled within the past ~1500 Ma (7, 8). The representation of
ages within the martian meteorites is at odds with the ages of Mars’
surface geologic units mapped using remote sensing data and deter-
mined through crater counting, via extension of the lunar cratering
record (9): ~75% of the surface of Mars is Hesperian to Noachian
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(>~3400 Ma), whereas only one-quarter of the martian surface is
younger in age, belonging to the Amazonian (10). This apparent
paradox is resolved by the process through which the martian mete-
orites are formed: The impact of a bolide onto the surface of Mars
causes material near the point of impact to be accelerated faster than
the 5 km/s escape velocity, allowing a proportion of the ejected mate-
rial to enter into Earth-crossing orbits (11, 12). Ejection of material
can occur from impact events that form craters as small as ~3 km
diameter (11). While there are an estimated 80,000 craters of that
size on Mars (13, 14), it is now understood that only impacts into
surface units that have a relatively high competency would enable
the ejection of material (15-17); thus, the impact ejection process
acts as filter and biases the suite of martian meteorites toward young,
relatively unaltered, unbrecciated igneous rocks (18-20). This bias in
composition may explain the differences between martian meteor-
ites and igneous rocks analyzed at the surface; these two groups of
rocks appear to be derived from distinct mantle sources (2). Of the
martian meteorites, only the regolith breccia has a bulk composition
similar to surface rocks (2); accordingly, its source may be in the
southern highlands (21).

Cosmic ray exposure (CRE) data enable the timing of ejection of
martian meteorites to be constrained, assuming that the CRE age
(or the CRE age + the terrestrial age, where applicable) represents
the timing of the impact event that ejected material from the mar-
tian surface. This assumption is supported by the observation that in
the majority of the most highly shocked martian meteorites (i.e., the
shergottites); the homogeneity and type of shock damage indicate a
single shock event, most likely the event associated with ejection
(19). Meteorites with similar petrography and/or geochemical char-
acteristics tend to have the same ejection age (2, 22). A notable ex-
ample is a group of >10 shergottites that are depleted in incompatible
trace elements and which share a 1.1 Ma ejection age (5). All of the
nakhlites and chassignites appear to have been ejected in a single
event at 11.5 + 2.1 Ma (23). On the basis of similarities in CRE and
crystallization age, the martian meteorites represent 10 ejection-
paired groups, with ejection ages ranging between 0.6 and 20 Ma
(fig. S1 and data S1). The goal of our study is to link the eight
ejection-paired groups of Amazonian meteorites (i.e., excluding
ALH 84001 and NWA 7034 and pairs) to specific source craters.
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Previous attempts to determine the sources of the martian mete-
orites have met with limited success. The 55-km-diameter crater
Mojave, located in ~4300-Ma Xanthe Terra, has been suggested as
the source of several shergottite meteorites (Shergotty, Los Angeles,
and Queen Alexandra Range 94201) and ALH 84001 (24); however,
it is unlikely that Mojave crater would generate meteorites with a
wide range of CRE and formation ages (23). Spectral matching has
been the basis for other studies linking the meteorites to martian
surface units [e.g., (25)]. This approach is hindered by extensive dust
cover, especially on younger terrains such as Tharsis and Elysium
(26, 27), as well as the nonunique visible/near-infrared spectral char-
acteristics of the meteorites with respect to the composition of the
martian surface. Furthermore, surface units of a wide range of ages,
at least into the Hesperian, contain igneous minerals similar to those
found in the meteorites (25, 27). It is perhaps expected, therefore,
that spectral matches to martian meteorites tend to occur in rela-
tively dust-free, Hesperian to Noachian terrains (25). In contrast,
Mouginis-Mark et al. (28) suggested that shergottites and nakhlites,
as young, igneous rocks, are derived from the (Amazonian-aged)
Tharsis region, on the basis of a much more limited martian meteor-
ite inventory than currently available and only nascent modeling of
the impact ejection process. That the source craters of the now ~200
martian meteorites formed very recently and lie on Amazonian ig-
neous terrain is evident by the fact that they are predominantly
young, igneous rocks ejected within the past 20 Ma.

The remote sensing observations of impact craters by (29, 30)
demonstrate that the presence of primary crater-fill deposits (e.g.,
pitted impact melt-bearing units) can be used as a criterion for de-
gree of crater preservation, in addition to the presence of thermally
contrasted ejecta or rays, which consist of dense clusters of second-
ary craters (“secondaries”), formed during impact by ballistic ejec-
tion of material traveling at sub-escape velocity (31). Thus, while
considering the rates of degradation (erosion and burial) on Mars, a
crater is considered to have formed recently if it preserves such pri-
mary crater-fill deposits, and rays comprised of small (D < 100 m)

secondaries (21, 29-31). Advances in machine learning have facili-
tated the use of crater counting methods to determine the ages of
surface units on Mars; the crater detection algorithm (CDA) of (32)
has been used to successfully reproduce the manually counted data-
base of (13) and to routinely determine robust surface ages (33, 34).
The algorithm has also been used in the effort to determine martian
meteorite source craters: application of the CDA to craters in the
Context Camera global mosaic [beta01 release; (35)] by (36) gener-
ated a database of ~94 million craters and validated the use of sec-
ondaries as a criterion for identifying recent impact craters, thus
complementing studies that highlight thermally contrasted ejecta or
rays to identify potential martian meteorite source craters (31). The
study of (36) identified 19 craters >3 km diameter that could be the
sources of martian meteorites and linked the group of depleted
olivine-phyric shergottites ejected at 1.1 Ma to two potential source
craters in Tharsis: Tooting and Chakpar [ID 09-000015; (13)]. Simi-
larly, Karratha crater, formed 5 to 10 Ma ago within the ejecta blan-
ket of the 1.5-billion-year (Ga) crater Khujirt, was identified as the
source crater for the regolith breccia NWA 7034 and its lithologic
pairs, by linking the crater’s age and surrounding terrain characteris-
tics to the multistage history of the meteorite (21). Here, we capital-
ize on advances in modeling, remote sensing, and crater chronology
methods to place constraints on the source craters of the ejection-
paired meteorite groups that exhibit Amazonian crystallization ages
and test the conclusions of previous studies.

RESULTS

Recently, forward models of the shock conditions of material ejected
from Mars were obtained using high-resolution simulations of im-
pacts into a Mars-like basaltic target (37). Here, these model results
are co-inverted for peak shock pressures and dwell time (duration of
an ejected rock at peak shock pressure) obtained from analysis of
shock features in the meteorites (Table 1; also, Materials and Methods).
These results are used to infer a range of impact crater diameters

Table 1. Ages, conditions of impact ejection, and modeling results for selected martian meteorites. 7 igneous crystallization age; T;: ejection age;
group: ejection-paired group (23). Ages, dwell times, and peak shock pressures are provided in Materials and Methods. Effective crater diameter range is the
model-derived crater diameter adjusted for 45° impact angle (see Materials and Methods). In the case of Chassigny and NWA 8159, the lower limit is the
minimum diameter of a crater that could eject material, following (77). Pre-impact burial depth depends on the diameter of the crater (effective diameter); see
data S2 (23) for specific values. The range is shown here. N is the number of candidate craters in the effective crater diameter range in Amazonian igneous

terrains.
Model input Model output
Meteorite Ty (Ma) Tej (Ma) Group Dwell P, bulk Impactor Crater Effective  Burial N Candidate crater
time (GPa) radius (m)  diameter crater depth source (burial
(ms) range diameter (model, depth)
(model, range m)
km) (km)

EETA79001 36 +
22—

17018 ) 10-20

6'85—769.2.

16

8-

196-165 9.

9.8-165 1.79-821 10 Corinto (2.47 m)
Angeles
Tissint  574+20 11+01 2 1020 >29 4077692  124-165 62-165  462-366 11  Tooting (26.1m)
Chassigny 1340+50 113+06 7  1-10  26-32  63-3846  241-89 3-89 037970 15  Kotka(97m)
NWA8159 2370+250 12+02 3 100%  15-23 724641667 156728 3-728  02-523 15 Domoni(1.64m)

*Dwell time for NWA 8159 is considered an upper limit; for this reason, the effective minimum crater diameter could be as low as the minimum that could eject

material.
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that would have ejected material with the observed meteorite shock
features. Notably, the model results also provide constraints on pre-
impact burial depth. Although our estimates of burial depth have
significant uncertainty (Materials and Methods), we assess whether
these estimates can be reconciled with the local geology of potential
source craters and the petrology and absolute or relative age of each
meteorite.

We assign the six meteorites included in our study, Elephant Mo-
raine (EET) A79001, Zagami, Los Angeles, Tissint, Chassigny, and
NWA 8159 (Table 1), to five ejection-paired groups, on the basis of
CRE age (data S1) (23). These five distinct ejection events corre-
spond to over half of the events responsible for all of the known
Amazonian martian meteorites (23). Model ages of crater candi-
dates and their surrounding terrain compared to the CRE ages and
crystallization ages of martian meteorites (Fig. 1) are used to link
specific meteorite groups to specific craters (Fig. 1). A map of most
likely crater source locations is given in Fig. 2.

On the basis of a distinct and resolvable ejection age, we infer
that EETA79001 was ejected in a unique event [group 1; (23)] and
thus comes from a separate source crater with a model age of ~0.6 Ma
and a unit age of 170 Ma. No candidate craters meet these criteria;
however, Chakpar crater is a 19.6 km diameter crater located on the
Tharsis plateau, ~500 km northeast of Ascraeus Mons, with a crater
formation model age of 0.429%11/_ o1. This crater is marked by
a ~3-km-wide younger lava flow that emanates from beneath the
crater’s ejecta. The age of the lava flow cannot be accurately dated,
due to its small surface area and contamination by secondaries from
Chakpar; however, its age is younger than the surrounding terrain,
which has a model age of 542 + 83 Ma. Therefore, the lava flow

could be the source of EETA79001, which would be derived from
the upper 7.9 m from a crater of this size (Table 1).

Tissint is interpreted to have been a flow that was buried before
impact ejection at 1 Ma, along with the other members of this
ejection-paired group (5), the youngest, and presumably topmost,
member of which is NWA 1195, with an age of 348 Ma [group 2;
(23)]. Thus, the source crater for this group should have a model age
close to 1 Ma and a unit age of ~350 Ma. As noted by (36), the most
likely source crater is Tooting, although crater Chakpar is an alter-
native source, within uncertainties. The estimated pre-impact burial
depth of Tissint for a crater the size of Tooting is 26.1 m (or 16.8 m
if the source crater is Chakpar), consistent with Tissint being deeper
within a stack of flows.

It is difficult to reconcile the estimated pre-impact burial depth
of NWA 8159 with that of Tissint and the other 1-Ma ejected sher-
gottites. We consider the possibility that these were ejected in a
separate event [group 3; (23)]. Our impact modeling yields a pre-
impact burial depth of at most 5.2 m for NWA 8159 (based on the
largest possible impact crater), substantially shallower than that for
Tissint (Table 1), even when uncertainties are considered. If NWA
8159 and NWA 7635 were the lowermost flows in the stack, it is dif-
ficult to envision as many as a dozen younger flows within a depth
of only ~5 m (or <3.7 m if Tooting crater was the source). The only
way for NWA 8159 and 7635 to be derived from Tooting crater with
the other 1-Ma ejected shergottites is if there were multiple lava
flows near the surface that range in age from 2400 to ~350 Ma; this
is unlikely based on mapping (38).

The source crater for the augite-rich shergottites should have a
model age of 1 Ma and a unit age of ~2400 Ma. Several candidate

4F T T L R B
—_ | N
© 2r N/
o a5 Group 3 : @ 15001441
Py . vl . ! O Zumba*
o 1t ' — ! 15-001066*
5 ; gt Group2 1 15-001031*
1

B 05f Kd i D> 02000325
o L H 1 .
£ o ! X Zunil
= I I : g 1 % 02-000166
€ ool ! i i O 03-000205
3 : [ [ A )
9 _ i Corinto
5 il Group 1 Group4 Group5 ) Y Domoni
g’ L b <] Chakpar
5 i ] D> 03-000082
€ 005 : Y 09-000007
o r v | ¥, Tooting
- F A g
5 @ Kotka
»n 0.02 - .

001 PR | | L I | i | | i L | I R | | i L | IR

0.1 0.2 0.5 1 2 5 10 20 50 100

Impact crater model age (Ma)

Fig. 1. Model ages of the crater candidates and their surrounding ground compared to the range of CRE and crystallization ages of martian meteorite groups.
Impact craters in the legend are sorted by size and the impact model age of the four smallest craters (*) are from the recurrence formation interval, assuming they are the
youngest of their size formed on the martian surface (23). Error bars are generated from crater counts and the wider uncertainties for the impact model age account for
an arbitrary factor of 3 in the statistical uncertainties (see Materials and Methods). As in (36), oblique lines illustrate the expected model ages’ deviation if different crater-
ing rates are considered: + a factor of 2 around the chronology function from (44). Meteorite groups that are linked to specific craters are shown with dashed boxes: group
1 = Chakpar; group 2 =Tooting; group 3 = Domoni; group 4 = Corinto; and group 7 = Kotka; see also data S3.
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Fig. 2. Location of the crater candidates for the ejection sites of martian meteorites. Red points denote the craters proposed for the launch of depleted olivine-phyric
shergottites ejected 1.1 Ma ago and the regolith breccia: Tooting (36) and Karratha (21), respectively. Background: Mars Orbital Laser Altimeter shaded relief. White dots
mark the preferred candidates discussed in this study; blue dots are well-preserved craters and potential candidates for the ejection of material that cannot be linked to
any currently known meteorites. The four preferred candidates (except Tooting) are shown individually. For each crater, the left is the crater density distribution detected
by the CDA (32, 33, 36); colors indicate crater densities of specific diameter range (blue, 25 to 75 m; green, 75 to 150 m; and red, 150 to 300 m). The right of each is a close-

up showing each crater on daytime Thermal Infrared Imaging System data.

source craters [unnamed; IDs from (13)] have unit a%es that overlap:
15-001066 (23107°%°/_g30 Ma), 15-001031 (2190™*"/_430 Ma), and
02-000325 (298074%/_¢-, Ma); likewise, Domoni has a unit age of
2770%%%/_s30, within uncertainties of the crystallization age of these
meteorites. Craters 15-001066, 15-001031, and 02-000325 have
weak or no secondary elements (data S2); this and their small size
reduce the likelihood that they generated meteorites. Domini is lo-
cated on the NW flank of Alba Mons; its model age is 4.77%/_  sand
its recurrence interval age is 1.487 Ma. Whereas these are old rela-
tive to the ejection ages of NWA 7635/8159, the prominent second-
aries and thermal elements make this crater the most likely candidate
(23). The modeled pre-impact burial depth of only 1.64 m for NWA
8159 (Table 1) from this crater implies that the unit at the surface
would be representative of the augite-rich shergottite lithology.
Spectral classification a dust-free area on the north flank of Alba
Mons is consistent with a high-calcium pyroxene (augite-rich) sig-
nature (27).

We interpret Zagami and Los Angeles to be within a stack of
flows that is represented by the 56 shergottites ejected at 3.0 + 0.6 Ma
[group 4; (23)]. Although a large ejection-paired group, most (19 of
25) crystallization ages from this group are between 151 and 224 Ma.
Thus, the crater that ejected Zagami, Los Angeles, and its ejection
pairs should have a model age of 3 Ma and a unit age of ~200 Ma,
although the unit age could be younger if there were a number

Herd et al., Sci. Adv. 10, eadn2378 (2024) 16 August 2024

of flows on top of this group. None of the candidate craters that we
identified fit these criteria. The closest possible match is 13.5-km-
diameter Corinto (model age of 2.34 + 0.42 Ma), located in Elysium
Planitia, ~500 km SW of Elysium Mons and Albor Tholus. Corinto
has one of the most extensive crater ray systems on Mars (36, 39),
extending over 2000 km, suggesting that a relatively large volume of
material was ballistically ejected. However, the unit age for Corinto
is 2250"*1%/_,,0 Ma (data S2). This crater could be the source, if the
crater happened to sample a younger set of flows on an older sur-
face; an inference supported by mapping of the crater and surround-
ing area (40). The estimated pre-impact burial depths for Zagami
and Los Angeles from a crater the size of Corinto are only 1.57 and
2.47 m, respectively. Thus, the meteorites would be derived from
lava flows very near the surface.

Chassigny is considered to be part of the same event that ejected
all of the chassignites and nakhlites; the source crater for this
ejection-paired group should have a model age close to 11 Ma and a
unit age of ~1400 Ma [group 7; (23)]. Kotka, which has a unit model
age of 14107°%%/_4,) Ma is the most likely source. While the crater’s
model age (23J_rg Ma) is too old by a factor of two (36), there are large
uncertainties on the model age due to the small number of craters
used to derive the model age (n = 10), the potential presence of au-
tosecondaries, and the sensitivity of the crater diameter to the target
properties (41). A large number of secondaries are associated with
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Kotka, up to about 1500 km distance, consistent with (suborbital)
ballistic trajectories of ejecta blocks; furthermore, preserved sec-
ondaries suggest that the crater’s model age is overestimated. The
complex history of the terrain and the rampart ejecta blanket sug-
gesting the presence of volatiles in the target is consistent with the
aqueous alteration recorded in the nakhlites (42). The model-based
pre-impact burial depth is 9.7 m (Table 1); while still shallow if the
rock was once part of a larger igneous complex, we consider this
crater the most likely candidate.

Our results have implications for the sources of other ejection-
paired groups of martian meteorites; these are provided in (23). Re-
finement of these sources would require constraints from dwell time
estimates and impact ejection modeling.

DISCUSSION

Our approach has enabled the identification of candidate source
craters for four of the at least six source craters for the shergottite
meteorites, in addition to the single source crater for the nakhlites/
chassignites. Two of the source craters are located in Elysium, and
three in Tharsis (Fig. 2). Corinto (Elysium) appears to be the source
of geochemically enriched shergottites, whereas Chakpar and Toot-
ing (Tharsis) are sources of intermediate and depleted shergottites,
respectively (data S3). This result has implications for the interpreta-
tion of the mantle sources for the martian meteorites: The more geo-
chemically enriched mantle component may be more prevalent
under Elysium and less involved in magmagenesis under Tharsis.
Linking other geochemical and ejection-paired groups (data S3) to
crater sources in these volcanic regions would test this hypothesis.

There appear to be several craters included in our study from
which no known martian meteorites have yet been identified (data
S2). This includes crater 02-000166, on a terrain with an age of
2990%%%/_410 Ma, an age not represented among those martian me-
teorites for which crystallization ages have been determined. It is
possible that these craters did not source any material, or at least, no
material that has yet been discovered or dated. The bias in sampling
among the martian meteorites toward younger, predominantly igne-
ous rocks, is attributable to the impact delivery process, which pref-
erentially samples more competent units (17, 19). Terrains that are
older have been subject to more fracturing due to impact cratering
events and are more likely to have been affected by aqueous altera-
tion (19). Zunil, which is located in the southeast corner of Elysium
Planitia within Cerberus Fossae, has a model age of 0.47%%_,, Ma
and sits on a unit with an age of 33™9/_; Ma (36). It seems likely that
material was ejected from this crater; however, its young model age
and geologic unit age are not represented in any known meteorites.
Given the young model age, and constraints from secular resonance
effects (43), perhaps any meteorites from this ejection event have yet
to arrive on Earth. An additional factor is the effect of the surface
properties; modeling of layering within the target surface suggests
that intact lava flows over regolith or cemented sediment would not
eject any material above Mars escape velocity (17); in general, intact
material must be present to a depth of ~10% of the impact ra-
dius (17).

Our results place constraints on the source craters for a number
of key martian meteorite groups, and importantly link specific mete-
orite samples, with known radiometric ages, to igneous surfaces in
the Elysium and Tharsis regions of Mars. This enables refinement of
the sequence of volcanic events in these regions, the origins of varied

Herd et al., Sci. Adv. 10, eadn2378 (2024) 16 August 2024

mantle source characteristics for martian magmas, and the accumu-
lation rate of craters during the Amazonian history of Mars. Recali-
bration of the cratering rate for Mars at the current time is not yet
possible: While some of the ejection ages are close to the crater mod-
el formation age of the source crater, not in all cases is the crystalliza-
tion age of the meteorite close to the model age of the surrounding
terrain. We are unable to assess whether there is a systematic shift in
the cratering rate relative to the Hartmann chronology function
(44). Nevertheless, additional constraints from impact modeling of
meteorites and geologic mapping of potential source craters will en-
able the recalibration of Mars’ chronology, using late and middle
Amazonian calibration points, with implications for the timing, du-
ration and nature of a wide range of major events throughout mar-
tian history.

MATERIALS AND METHODS

Experimental design

We combine constraints from several methods—impact modeling,
crater preservation, and crater chronology—to link specific ejection-
paired groups of meteorites to specific source craters. We focus on
martian meteorites for which dwell times of shock loading have
been estimated from petrological constraints and that span most of
the observed range of crystallization and ejection ages for meteor-
ites from Mars, representing the most common types: shergottites/
augite-rich shergottites and nakhlites/chassignites (Table 1). We re-
view ejection pairings and constrain at least six distinct ejection
events for the shergottites, in addition to the single event for the
majority of the nakhlites/chassignites (23); these are compiled in
data S1. Application of criteria indicative of young impacts (e.g., pit-
ted impact melt-bearing units, thermally contrasted ejecta or rays)
yields a database of the 294 best-preserved craters over a range of
terrain types and ages (see the “Database of best preserved impact
craters” section); a database that we infer to represent craters that
formed most recently (<<1 Ga). Selection of the best-preserved cra-
ters from this database for those occurring on Amazonian igneous
terrains results in a list of 15 candidate source craters that are the
most likely sources of material ejected within the past 20 Ma (data
S2). Of these, Zunil, Corinto, Chakpar, Tooting, and Kotka overlap
with the 19 craters identified by (36); these represent craters that
have secondaries of $100 m diameter craters on Amazonian igne-
ous surfaces, strongly suggestive of a high degree of preservation
(and therefore young in age), and the ejection of blocks of material
on ballistic trajectories, some of which may have escaped Mars. In-
dependently, we applied the impact model of (37) to the martian
meteorites to yield permissible crater diameters for each meteorite
(Table 1). Cross-reference of the range of permissible crater diame-
ters from this modeling with the database of best-preserved craters
on Amazonian igneous units demonstrates that all 15 candidate
source craters could be the sources of Chassigny and NWA 8159;
however, more restricted permissible crater diameters for some me-
teorites results in a smaller number of possible craters for the other
meteorites, including only eight for Zagami (Table 1). To link each
of the martian meteorites used in our study (Table 1) to specific
source craters, we used the automatic crater database built by (36),
completed and corrected by manual crater mapping, to determine
the crater formation model ages of the 15 candidate source craters,
and the manual database from (14) to derive the ages of the geologic
units on which they occur (“unit model ages”). We then compare
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those results to the meteorites’ ejection and crystallization ages.
Model ages are provided in data S2.

The uncertainties on crater counting-derived ages are dependent
on the number of craters used in the chronology—fewer craters on
a smaller surface area results in larger uncertainties—and uncer-
tainties in the cratering rate (45-48). For this reason, when evaluat-
ing whether a given ejection-paired group of meteorites may be
linked to a specific crater, we consider a match if the CRE age and
the crater formation model age agree within a factor of 3. We report
the crater formation model ages and the geologic unit ages based on
a factor of 2 uncertainty in the cratering rate (44).

The impact model is sensitive to pre-impact burial depth. We ap-
ply the model to each of the candidate craters for each meteorite, to
generate the maximum pre-impact depth. We then assess whether
the model ages of the source craters and geologic unit ages can be
reconciled with the ejection ages and crystallization ages of the me-
teorites. Furthermore, we attempt to reconcile our estimate of pre-
impact burial depth with the petrology and absolute or relative age
of each meteorite.

Impact modeling

Dwell times and peak pressures (Table 1) are provided from previ-
ous studies: EETA79001 dwell time from (49) and peak pressure
from (50); Zagami dwell time and peak pressure from (51); Tissint
dwell time and peak pressure from (52); Chassigny dwell time from
(53) and peak pressure from (50); and NWA 8159 dwell time and
peak pressure from (54). The dwell time for the Los Angeles meteor-
ite is estimated based on similarities in petrography, relative to
EETA79001 and Zagami (55). We consider the peak pressure of
45 + 3 GPa of (50), based on the refractive indices of plagioclase
glass, to be too high; the shock features (55) are more consistent with
a lower peak pressure ~30 GPa (as reported in Table 1). This lower
peak pressure is also consistent with the work of Hu et al. (56) that
shows a lower transition pressure for the plagioclase-to-maskelynite
transition. Furthermore, we note that the range of peak pressures
that we used in our study for NWA 8159, which contains partial
conversion to maskelynite, encompasses the pressure range of 17.4
to 21.7 GPa reported by Hu et al. (56).

Using the data of Bowling et al. (37) for 13 km/s impact velocity,
we find the scale dwell times and scale burial depths that correspond
to the bulk peak pressures for each meteorite. With the minimum
and maximum values of scale dwell time we then find the range of
impactor radii for each meteorite by dividing observationally de-
rived dwell time by the scaled dwell times. The burial depth is calcu-
lated by multiplying the scaled burial depth range from (37) by the
impactor size range obtained using the observed dwell time. For a
given constraint on the range of shock pressures a meteorite experi-
ences, the scaled burial depth is simply the range of provenance
depths where rocks experiencing those shock pressures will be
ejected above martian escape velocity. With these values obtained
we then use the crater scaling laws of (57), which provides the final
crater diameters assuming a typical 45° impact angle, an average
13 km/s impact velocity, and simple-to-complex transition diameter
of 8 km the size at which terracing occurs (13, 58). The model of (37)
considers only vertical impacts. On the basis of geometry, an oblique
impact could enhance the dwell time ejected materials experience,
and the minimum crater size needed to eject a meteorite may be
roughly half the size of the minimum size estimated assuming ver-
tical impacts. Thus, our effective crater diameter range includes a
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minimum crater size that is half of our minimum modeled crater
diameter or 3 km in diameter (whichever is larger); the 3 km diam-
eter corresponds to the minimum crater size capable of producing
martian meteorites (11). Using the results of (37), we have also tested
the effect of impact velocity by calculating impactor size, crater
size, and burial depth for Zagami using impact velocities of 7.5,
13, and 20 km/s (table S1). Both the lower (7.5 km/s) and higher
(20 km/s) impact velocities result in substantially larger maximum
burial depths and larger maximum impactor sizes. These results come
from the complex interplay of constraints on peak pressure and
dwell time. However, we can provide heuristic arguments for these
differences. In the case of a low-velocity impact, these differences
are generally explained by the lower overall peak shock pressures
experienced by material ejected at velocities exceeding Mars’ escape
velocity such that more of the fast ejecta experience low shock pres-
sures consistent with meteorite constraints (37). For the higher ve-
locity case, the difference is explained by the larger volume and
greater depth of excavation of material ejected above Mars’ escape
velocity, which leads to larger maximum excavation depth (37). If
we consider a given crater size the difference between different im-
pact velocities is more modest. We also note that target layering and
material heterogeneity within the target can also affect burial depth
estimates. If a layer of cemented regolith or sedimentary material
covers intact basalt, the burial depths could increase by approxi-
mately 30% (17). Heterogeneity in the shock caused by material
variations could increase or reduce the burial depth by a similar fac-
tor (17). We argue that uncertainties in dwell time estimates are a
larger source of uncertainty than possible variations in impact ve-
locity, impact angle, or variations in target composition. Note that
many of these uncertainties can be thought of as deviations from a
typical impact scenario or average shock properties. Thus, although
all these uncertainties should be carefully considered when inter-
preting constraints from impact simulations, comparisons between
estimated burial depths for different source craters may provide use-
ful insight.

Database of best preserved impact craters

The updated crater-related pitted material (CRPM) database based
on Tornabene et al. (29) continues to be expanded and is available
online (59). The database acts as a means of readily identifying the
best-preserved craters on Mars, including those with far-traversing
secondary ray clusters and possible candidates representing the
youngest craters. These distinctive pitted deposits are readily recog-
nized in high-resolution visible images for their characteristic prop-
erties, including dense pit clusters that are distinguishable from
primary and secondary crater clusters. On the basis of multiple inde-
pendent works (29, 60), CRPM are consistent with primary deposits,
likely representing volatile enriched impact melt-bearing deposits.
Craters that preserve impact melts are often relatively young in geo-
logical terms and not typically subjected to prolonged exposure to
weathering, erosion, or other geological processes that could modify
or erase the features associated with the immediate aftermath of the
impact event. The preservation of these pitted deposits has been
shown to correlate with the preservation of the crater itself, the high-
er the preservation of the deposits, the more the crater lacks over-
printing impacts, and the younger the crater is. Means to identify
candidate craters that are among the best-preserved and youngest
(<<1 Ga) are vitally important for identifying meteorite source cra-
ters as the ejection ages of the entire suite of meteorites on Mars is
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less than 20 Ma (22, 61). The expanded CRPM database currently
contains 294 craters spanning ~0.9 to 220 km and are widespread
across the globe from 65°S to 65°N with examples on Hesparian- to
Amazonian-aged volcanic terrains, but also including Noachian sur-
faces as well (59).

Meteorites

Elephant Moraine (EETA) 79001 is composed of two distinct igne-
ous lithologies, both of which likely formed as successive volcanic
flows which may have the same or similar mantle source (62). The
crystallization age of EETA79001 is 173 + 3 Ma; there is no resolv-
able difference in age between the two lithologies (22). Alteration at
the surface of Mars before ejection is indicated by studies of glassy
impact melt pockets [e.g., (63)], suggesting that the rock belonged to
a unit close to the martian surface. The weighted average ejection
age of EETA79001 is 0.62 + 0.17 Ma (fig. S1A and data S1) (23) and
belongs to ejection-paired group 1.

The Zagami meteorite is classified as an enriched mafic fine-
intergranular martian igneous rock on the basis of bulk and incompat-
ible trace element characteristics and texture. The crystallization age
of the Zagami meteorite, 177 + 3 Ma, is well constrained through the
application of multiple radiogenic systems [e.g., (64)]. Zagami has
an ejection age of 2.9 + 0.2 Ma, an age that overlaps with that of at
least 26 other shergottites that have an enriched geochemical charac-
ter (weighted average of 2.6 + 0.5 Ma) and at least 57 other shergot-
tites of diverse geochemical character (weighted average of 3.0 +
0.6 Ma) (fig. S1C and data S1) (23). Los Angeles has a crystallization
age that overlaps with Zagami and belongs to the same 3-Ma ejection
age group (group 4; Table 1). This rock has a more evolved (Fe-rich,
Cr-poor) composition and coarser texture relative to Zagami (65)
but has similar enrichment in incompatible trace elements (1).

The Tissint meteorite is a depleted permafic olivine-phyric igne-
ous rock, with an age of 574 + 20 Ma and an ejection age of 1.1 +
0.1 Ma (Table 1); Tissint belongs to a group of 10 meteorites with an
ejection age of 1.1 + 0.2 Ma (ejection-paired group 2; fig. S1A and
data S1) (23), that are most likely derived from Tooting or Chakpar
crater (36). The petrography of Tissint is consistent with emplace-
ment at the surface as a flow or near the surface as a shallow sill
[e.g., (66)]; like EETA79001, evidence of near-surface alteration be-
fore ejection is recorded in Tissint (67).

The Chassigny meteorite is an olivine cumulate with a crystalli-
zation age of 1340 + 50 Ma and an ejection age of 11.3 + 0.6 Ma
(Table 1). It belongs to the ejection-paired group at 11.5 + 2.1 Ma
that includes the chassignites and most of the nakhlites (group 7;
fig. S1B and data S1) (23). Nakhlites are grouped on the basis of
similarities in mineral compositions and texture; the concordance
in CRE and crystallization ages suggests a comagmatic origin (42).
The relationship of chassignites to nakhlites is supported by concor-
dant ages, as well as volatile enrichment (42); the NWA 8694 mete-
orite may represent a lithology intermediate to the two groups (68).
Given the close petrogenetic and age relationships between chas-
signites and nakhlites, it is likely that a single ejection event is re-
sponsible for all of these meteorites, and that the topmost rocks in
the nakhlite/chassignite suite [NWA 817, NWA 5790, and MIL
03346 and pairs; (42)] are exposed at the martian surface.

NWA 8159 belongs to a subset of shergottites with crystallization
ages of ~2400 Ma, and that includes NWA 7635; the two are petro-
genetically linked and have ejection ages of 1.2 + 0.2 Ma (group 3;
fig. S1A and data S1) (23). The common ejection ages of these rocks
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with other 1-Ma ejection shergottites as young as 348 Ma has been
used to argue for their derivation from the same ejection site, from
a stack of sequential, layered lava flows, with NWA 7635 and NWA
8159 (as the oldest lavas) at the base, implying a long-lived mag-
matic system with changing mantle source compositions (5, 36).
However, NWA 8159 and 7635 differ texturally and geochemically
from the other 1-Ma ejected shergottites, are likely derived from a
distinct mantle source (4, 69), and likely therefore result from their
own magmatic system.
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