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Abstract

More than 260 meteorites have been identified as coming from Mars, all igneous rocks classified into
shergottites, nakhlites, chassignites, orthopyroxenite and polymict regolith breccias. More than 60 have
been radioisotope dated using the K-Ar, Ar-Ar, Rb-Sr, Sm-Nd, U-Th-Pb, Lu-Hf and Re-Os methods. Some
3.0-4.57 Ga radioisotope "ages” coincide with the postulated formation of Mars and the subsequent
giant impact cratering, massive volcanism and water outflows that deposited sedimentary layers and
carved canyons during the Martian Noachian and Hesperian eras. Other younger <3.0 Ga Amazonian
era radioisotope “ages” are sporadically distributed, coinciding with minor, scattered, lingering igneous
activity. The radioisotope "ages” are generally concordant, so they provide no definitive evidence of
accelerated radioisotope decay having occurred during and since the formation of these Martian
igneous rocks. Confrary to the naturalistic paradigm, God specifically tells us in His eyewitness account
that He created the earth on Day One of the Creation Week, and Mars, the other planets, and earth’s
Moon were created on Day Four from the same “primordial material” He had created on Day One.
Today's measured radioisotope compositions of these Martian meteorites may thus partially reflect the
isotopic signature of that created “primordial material” consisting of atoms of all elemental isotopes
including isotopes and their now daughter isotopes that were not derived by radioactive decay.
However, it is assumed that radioisotope decay with its emitted damaging radiation did not occur
during the Creation Week because God declared at the end of Day Six that everything He had made
as “very good” (Genesis 1:31). Thus it is assumed that radioisotope decay only commenced when God
cursed the ground. Similarly, the impact cratering of earth, its Moon, Mars and the other planets would
likewise not have occurred during the Creation Week to damage God's “very good” creation. Instead,
the giant impact cratering, massive volcanism and water outflows that deposited sedimentary layers
and carved canyons during the Martian Noachian and Hesperian eras (3.0-4.1 Ga) might correlate with
the global Flood cataclysm on the earth. In the subsequent Martian Amazonian era (<3.0 Ga) geologic
activity was minor, localized, and sporadic, as recorded in many of the Martian meteorites. There is thus
a major “disconnect” between the radioisotope “ages” for these Martian 3.0-4.1 Ga major geologic
events and rocks, and the radioisotope “ages” of <600Ma for rocks formed during the earth’s global
Flood cataclysm. This “disconnect” may be due to the earth having suffered from the Day Three Great
Upheaval in which the primordial isotopic endowment was mixed and redistributed producing younger
radioisotope "ages” in the resultant rocks, whereas Mars being subsequently created on Day Four was
not so affected and thus maintained its primordial mantle isotopic endowment. Then when earth’s
global Flood cataclysm occurred with its accompanying accelerated radioisotope decay and stirring
of mantle reservoirs due to plate subduction and mantle plumes during catastrophic plate tectonics,
Mars was also affected with giantimpact cratering and massive volcanism, in which its mantle reservoirs
were stired and their isotopic endowment mixed. However, whereas the radioisotope “clocks” in the
earth’s rocks were accelerated from their pre-Flood settings through some 600 million years, the Martian
rocks’ radioisotope “clocks” may have been mixed, reset and accelerated through some 4 billion
years from their pre-Flood settings. This has implications for earth’s Moon, since it also did not suffer
from the Day Three Great Upheaval and early in it supposed geologic history it also suffered from giant
impact cratering and massive volcanism, which thus could also correlate with the earth’s global Flood
cataclysm. In any case, even though these Martian meteorites yield consistent radioisotope “ages”,
these cannot be their tfrue real-time ages, which according to the biblical paradigm are only about
6,000 and less real-time years.

Keywords: Martian meteorites, radioisotope ages, created primordial isotopic endowment, mantle
reservoirs, Day Three Great Upheaval, “very good” creation, impact cratering, massive volcanism,
global Flood cataclysm, accelerated radioisotope decay

Introduction

In 1956 Claire Patterson at the California
Institute of Technology in Pasadena reported a
Pb-Pb isochron age of 4.55+0.07Ga for three stony
and two iron meteorites, which since then has been
declared the age of the earth (Patterson 1956).
Adding weight to that claim is the fact that many

meteorites appear to consistently date to around the
same “age”’ (Dalrymple 1991, 2004), thus bolstering
the evolutionary community’s confidence that they
have successfully dated the age of the earth and
the solar system at around 4.56Ga. Of course, the
evolutionary community still argues that the collapse
of the solar (proto-stellar) nebula occurred “only”

ISSN: 1937-9056 Copyright © 2026 Answers in Genesis, Inc. All content is owned by Answers in Genesis (“AiG”) unless otherwise indicated. AiG consents to unlimited copying and distribution
of print copies of Answers Research Journal articles for non-commercial, non-sale purposes only, provided the following conditions are met: the author of the article is clearly identified; Answers
in Genesis is acknowledged as the copyright owner; Answers Research Journal and its website, www.answersresearchjournal.org, are acknowledged as the publication source; and the integrity of
the work is not compromised in any way. For website and other electronic distribution and publication, AiG consents to republication of article abstracts with direct links to the full papers on the
ARJ website. All rights reserved. For more information write to: Answers in Genesis, PO Box 510, Hebron, KY 41048, Attn: Editor, Answers Research Journal.

The views expressed are those of the writer(s) and not necessarily those of the Answers Research Journal Editor or of Answers in Genesis.



20

100,000 years—10 million years before the earth had
coalesced from it (Montmerle et al. 2006). Yet these
apparent successes have also strengthened their
case for the supposed reliability of the increasingly
sophisticated radioisotope dating methods.

Creationists have commented little on the
radioisotope dating of meteorites, apart from
acknowledging the use of Patterson’s geochron
to establish the age of the earth, and that many
meteorites give a similar old age. Morris (2007)
did focus on the Allende carbonaceous chondrite as
an example of a well-studied meteorite analysed
by many radioisotope dating methods, but he only
discussed the radioisotope dating results from one,
older paper (Tatsumoto, Unruh, and Desborough
1976).

In order to rectify this lack of engagement by
the creationist community with the meteorite
radioisotope dating data, Snelling (2014a) obtained
as much radioisotope dating data as possible for the
Allende CV3 carbonaceous chondrite meteorite (due
to its claimed status as the most studied meteorite),
displayed the data, and attempted to analyse them.
He found that both isochron and model ages for the
total rock, separated components, or combinations
of these strongly clustered around a Pb-Pb age of
4.56-4.57Ga, the earliest (Tatsumoto, Unruh, and
Desborough 1976) and the latest (Amelin et al. 2010)
determined Pb-Pb isochron ages at 4.553 + 0.004Ga
and 4.56718+0.0002 Ga respectively being essentially
the same. Apart from scatter of the U-Pb, Th-Pb,
Rb-Sr, and Ar-Ar ages, no systematic pattern was
found in the Allende isochron and model ages similar
to the systematic pattern of isochron ages found in
Precambrian rock units during the RATE project
that was interpreted as produced by an episode of
past accelerated radioisotope decay (Snelling 2005c,
Vardiman, Snelling, and Chaffin 2005).

Snelling (2014b) then grouped together all the
radioisotope ages obtained for ten ordinary (H, L, and
LL) and five enstatite (E) chondrites and similarly
displayed the data. They generally -clustered,
strongly in the Richardton (H5), St. Marguerite
(H4), Bardwell (L5), Bjurbole (I.4), and St. Séverin
(LL6) ordinary chondrite meteorites, at 4.55—4.57Ga,
dominated by Pb-Pb and U-Pb isochron and model
ages, but confirmed by Ar-Ar, Rb-Sr, Re-Os, and
Sm-Nd isochron ages. There was also scatter of the
U-Pb, Th-Pb, Rb-Sr, and Ar-Ar model ages, in some
cases possibly due to thermal disturbance. However,
the systematic deviations among the different
radioisotope systems observed in the RATE studies
were not found in these meteorites’ isochron ages.

Snelling (2014e) subsequently compiled all the
radioisotope ages for 12 eucrite (basaltic) achondrites.
The data for many of these meteorites again strongly
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clustered at 4.55—4.57Ga, dominated by Pb-Pb and
U-Pb isochron and model ages but confirmed by
Rb-Sr, Lu-Hf, and Sm-Nd isochron ages. There was
also scatter of the U-Pb, Pb-Pb, Th-Pb, Rb-Sr, K-Ar,
and Ar-Ar model ages, in most cases likely due to
thermal disturbances resulting from metamorphism
or impact cratering of the parent asteroid, identified
as 4-Vesta. Again, no pattern was found in these
meteorites’ isochron ages similar to the systematic
patterns of isochron ages found in Precambrian rock
units during the RATE project.

Snelling (2015b) also tabulated all the radioisotope
ages of ten further achondrites that have been
repeatedly dated—primitive achondrites, angrites,
aubrites, mesosiderites, and irons. The data again
strongly clustered at 4.55—4.57 Ga, dominated by Pb-
Pb and U-Pb isochron and model ages, and sometimes
confirmed by Ar-Ar, Rb-Sr, Lu-Hf, Re-Os, and Sm-
Nd isochron and/or model ages. There was also again
scattering of many K-Ar, Ar-Ar, Rb-Sr, Re-Os, Sm-
Nd, and a few U-Pb, Pb-Pb, Th-Pb ages, in most cases
likely due to thermal disturbances resulting from
impact cratering of the parent asteroids. And again,
no pattern was found in these meteorites’ isochron
ages matching that of the RATE studies.

Snelling (2015d) then tabulated all the radioisotope
ages of groups of meteorites. The data strongly
clustered at 4.55—4.57 Ga in the groups of chondrites,
stony achondrites, and irons, dominated by Pb-Pb,
U-Pb, and Pb-Pb calibrated isochron ages. These ages
were often confirmed by Rb-Sr, Lu-Hf, Re-Os, and
Sm-Nd isochron ages. But there was also scattering
of many Rb-Sr, Lu-Hf, Re-Os, Sm-Nd isochron ages,
and a few Pb-Pb isochron ages, in most cases likely
due to thermal disturbances resulting from impact
cratering of the parent asteroids. Again, no pattern
was found in the isochron ages for these groups of
meteorites similar to that identified in the RATE
investigations.

Snelling (2014a, b, e, 2015b, d) thus sought to
discuss the possible significance of this clustering in
terms of various potential creationist models for the
history of radioisotopes and their decay. He favoured
the idea that asteroids and the meteorites derived
from them represent residual “primordial material”
from the formation of the solar system, which is
compatible with the Hebrew text of Genesis that could
suggest God made “primordial material” on Day One
of the Creation Week, from which He subsequently
made the non-earth portion of the solar system on
Day Four. Thus he argued that today’s measured
radioisotope compositions of all these meteorites may
reflect a geochemical signature of that “primordial
material,” which included atoms of all elemental
isotopes, “inherited” at their creation. So if some
(or most) of the daughter isotopes were already in



Radioisotope Dating of Meteorites: VI. The SNC and Other Martian Meteorites 21

all these meteorites when they were formed, then
the 4.55-4.57Ga “ages” for them obtained by Pb-Pb
and U-Pb isochron and model age dating are likely
not their true real-time ages, which according to the
biblical paradigm is only about 6,000 real-time years.
However, Snelling (2014a, b, e, 2015b, d) suggested
that drawing final conclusions from the radioisotope
dating data for just these 16 chondrite, 12 eucrite
meteorites, ten primitive and other achondrites, and
the groups of meteorites was somewhat premature,
and recommended further studies of the radioisotope
dating data for Martian and lunar meteorites, for
lunar rocks, and for rocks from every level in the
earth’s geologic record so as to hopefully confirm
or modify these initial conclusions. This present
contribution is therefore designed to document the
radioisotope dating data for the Martian meteorites,
so as to continue the discussion of the potential
significance of the meteorites’ radioisotope ages.

The Classification of Meteorites

Meteorites have been classified into distinct
groups and subgroups that show similar chemical,
isotopic, mineral, and physical relationships. Within
the evolutionary community the ultimate goal of
such a classification scheme is to group all known
specimens that apparently share a common origin
on a single, identifiable parent body, or even a body
yet to be identified. This could be another planet,
moon, asteroid, or other current solar system object,
or one that is believed to have existed in the past (for
example, a shattered asteroid). However, several
meteorite groups classified this way appear to have
come from a single, heterogeneous parent body, or
even a single group may contain members that may
have come from a variety of similar but distinct
parent bodies. So any meteorite classification system
is not absolute, and is only as valid as the criteria
used to develop it.

More than 24,000 meteorites had been catalogued
by 2002 (Norton 2002), and that number rapidly
grew to more than 40,000 meteorites by 2014 (Krot
et al. 2014) due to the ongoing discovery of large
concentrations of meteorites in the world’s cold and
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hot deserts (for example, in Antarctica, and Australia
and Africa, respectively). Officially recognized
meteorites and their classifications are listed in the
Meteoritical Bulletin Database Meteoritical Bulletin:
Search the Database, which now lists more than
78,940 meteorites with valid names.

Traditionally meteorites have been divided into
three overall categories based on whether they are
dominantly composed of rocky materials (stones or
stony meteorites), metallic material (irons or iron
meteorites), or mixtures (stony-irons or stony-iron
meteorites). These categories have been in use since
at least the early nineteenth century, but they are
merely descriptive and do not have any genetic
connotations. In reality, the term “stony-iron” is a
misnomer, as the meteorites in one group (the CB
chondrites) have over 50% metal by volume and
were called stony-irons until their affinities with
chondrites were recognized. Similarly, some iron
meteorites also contain many silicate inclusions but
are rarely described as stony-irons.

Nevertheless, these three categories are still part
of the most widely used meteorite classification
systems. Stony meteorites are traditionally divided
into two other categories—chondrites (meteorites
that are characterized by containing chondrules
and which apparently have undergone little change
since their parent bodies originally formed), and
achondrites (meteorites that appear to have had
a complex origin involving asteroidal or planetary
differentiation). Iron meteorites were traditionally
divided into objects with similar internal structures
(octahedrites, hexahedrites, and ataxites), but these
terms are now only used for descriptive purposes and
have given way to chemical group names. Stony-iron
meteorites have always been divided into pallasites
(which now comprise several distinct groups)
and mesosiderites (a textural term which is also
synonymous with the name of a modern group).

The most recent classification scheme for the
meteorites is that of Weisberg, McCoy, and Krot
(2006), which is reproduced in fig. 1. Based on their
bulk compositions and textures, Krot et al. (2005,
2014) divided meteorites into two major categories,
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Fig. 1. The classification system for meteorites (after Weisberg, McCoy and Krot 2006).
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chondrites (meteorites containing chondrules) and
achondrites (or non-chondritic meteorites, that is,
meteorites not containing chondrules). They further
subdivided the achondrites into primitive achondrites
and igneously differentiated achondrites. However,
Weisberg, McCoy, and Krot (2006) simply subdivided
all meteorites into three categories—chondrites,
primitive achondrites, and achondrites (fig. 1). As
in Krot et al’s (2005, 2014) classification scheme,
Weisberg, McCoy and Krot (2006) have included the
TIAB and IIICD irons in the primitive achondrites
because of their silicate inclusions, while the rest
of the groups of irons, the stony-irons, the Martian
and lunar meteorites are included with the other
achondrite groups in the achondrites.

The meteorites are further classified into groups
using a classification schemebased on their chemistry,
oxygen isotopes, mineralogy, and petrography (fig.
1). The goals of this classification scheme are to
provide descriptive labels for classes of meteorites
with similar supposed origins or formation histories
that could be derived from the same asteroidal or
planetary body, and to reveal possible genetic links
between various classes. Recent advances in high-
precision isotope measurements have revealed the
importance of stable-isotope anomalies of bulk
meteorites for understanding genetic relationships
between meteorite groups (Warren 2011).

About 82% of all meteorite falls are chondrites
(Norton 2002). The chondrites derive their name
from their interior texture, which is unlike any
found in terrestrial rocks. Dispersed more or less
uniformly throughout these meteorites are spherical,
sub-spherical and sometimes ellipsoidal structures
called chondrules. These range in size from about
0.1 to 4mm (0.0039 to 0.15in) diameter, with a few
reaching centimeter size. Their abundance within
a given chondrite can vary enormously from only a
few per cent of the total volume of the meteorite to
as much as 70%, with fine-grained matrix material
dispersed between the chondrules. Most chondrules
are rich in the silicate minerals olivine and pyroxene.
The other major components of chondrites are
refractory inclusions—Ca-Al-rich inclusions (CAls)
and amoeboid olivine aggregates (AOAs)—and Fe-Ni
metal alloys and sulfides (Brearley and Jones 1998;
Scott and Krot 2005), set in fine-grained matrix
material. It is generally believed conventionally that
the refractory inclusions, chondrules, and FeNi-metal
were formed in the postulated solar nebula by high-
temperature processes that included condensation
and evaporation. Many CAls and most chondrules
and FeNi-metal were subsequently melted during
multiple brief heating episodes. Although most
chondrites experienced thermal processing on their
parent asteroids, such as aqueous or hydrothermal
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alteration, thermal, and shock metamorphism,
they did not experience melting and igneous
differentiation, and thus largely preserve records of
physical and chemical processes in the solar nebula.
The chondrites have been subdivided into three
classes—carbonaceous (C), ordinary (O), and enstatite
(E) chondrites—and 15 groups, including the rare
R and K chondrites (fig. 1). The carbonaceous (C)
chondrites, representing almost 4% of all chondrites,
are so named because their matrix is carbon-rich,
containing various amounts of carbon in the form of
carbonates and complex organic compounds including
amino acids (Cronin, Pizzarello, and Cruikshank
1988). The ordinary (O) chondrites are by far the
most common type of meteorite to fall to earth. About
77% of all meteorites and nearly 94% of chondrites
are ordinary chondrites. They have been divided into
three groups—H, L, and LL chondrites—the letters
designating their different bulk iron contents (H for
high and L for low) and their different amounts of
metal (L for low) (Krot et al. 2005; Norton 2002). The
E chondrites comprise only 1.4% of the chondrites,
and are named after their primary silicate mineral,
enstatite. Enstatite is the Mg-rich end member of
the orthopyroxene solid-solution series, and makes
up 60-80 vol. % of these meteorites (Krot et al. 2005;
Norton 2002). Further details of the classification of
the chondrites are provided by Snelling (2014a, b).
Nonchondritic meteorites or achondrites lack
chondritic textures contain virtually none of the
components found in chondrites. It is conventionally
claimed that they were derived from chondritic
materials by partial or complete melting and
planetary differentiation of chondritic precursor
asteroids or larger planetary bodies such as Mars
and the moon, and that fractionation caused their
bulk compositions to deviate to various degrees from
chondritic materials (Krot et al. 2005). Several groups
of nonchondritic meteorites experienced low degrees
of melting, and have largely retained their chondritic
bulk compositions. To emphasize the relatively
unprocessed nature of these achondrites and their
intermediate status relative to chondrites and highly
differentiated meteorites, they are often referred
to as primitive achondrites in contrast to the other
major category the differentiated achondrites (fig. 1).
However, the distinctions between these categories
are not clear-cut as many different chemical, textural,
and 1sotopic properties are used to distinguish them.
The differentiated achondrites (fig. 1) are
conventionally regarded as having been derived from
parent bodies that experienced large-scale partial
melting, isotopic homogenization (ureilites are the
only exception), and subsequent differentiation.
Based on abundance of Fe-Ni metal, these meteorites
are commonly divided into three types—achondrites,
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stony-irons, and irons. Each of these types contains
several meteorite groups and ungrouped members
(fig. 1). According to uniformitarians, several groups
of achondrites and iron meteorites are likely to be
genetically related and were possibly derived from
single asteroids or planetary bodies.

The achondrites account for about 8% of meteorites
overall, and the majority of them (about two-thirds)
are HED meteorites (howardites, eucrites, and
diogenites), believed to have originated from the
crust of asteroid 4-Vesta (Norton 2002) (fig. 1). Other
types include the primitive achondrites, angrites,
aubrites, Martian, lunar, and several types thought
to originate from as-yet unidentified asteroids, as
well as the pallasites, mesosiderites, and various
groups of irons. These groups have been determined
on the basis of, for example, their bulk Fe/Mn and
70/'80 ratios, which are thought to be characteristic
“fingerprints” for each parent body (Mittlefehldt et
al. 1998). The achondrites represent the products
of classical igneous processes acting on the silicate-
oxide system of asteroidal bodies—partial to complete
melting, differentiation, and magmatic crystallization
(Mittlefehldt 2005). Thus the achondrites consist
of materials similar to terrestrial basalts and
plutonic rocks, so they exhibit igneous textures, or
igneous textures modified by impact and/or thermal
metamorphism, and distinctive mineralogies
indicative of igneous processes. Iron meteorites
represent the complimentary metal-sulfide system
products of this process. The structural parameters
in irons have been combined with several chemical
parameters such as nickel and trace element
contents to produce a more definite classification
with meaningful distinct genetic groups that could
represent different parent bodies. Also, certain trace
elements such as gallium (Ga), germanium (Ge), and
iridium (Ir) that like Ni are siderophile (or iron-loving)
have been used to sub-divide the iron meteorites into
distinct chemical groups. Further details about the
achondrites and their classification are provided by
Snelling (2014e, 2015b)

The Martian Meteorites

There are currently more than 260 individual
samples of Martian meteorites available for study,
suggested to represent 150 pairing groups (Meteoritical
Bulletin Database Meteoritical Bulletin: Search the
Database), with more being discovered each year.
Paired meteorites are believed to have originated
from the same parent meteoroid that broke up into
several pieces upon ejection from Mars or upon entry
into the earth’s atmosphere. The total mass of Martian
meteoritesis ~211kg, with the most massive meteorites,
including recovered strewn field stones, being Zagami
(~18kg), Tissint (~12kg), and Nakhla (~9.9kg).

The suite of meteorites known to be derived from
Mars are predominantly igneous, and consist of the
shergottite (>80% of all known Martian meteorites),
nakhlite (~10%) and chassignite (~3%) groups, the
acronym SNC for the suite being formally derived
from the “original three” meteorites (Shergotty,
Nakhla, and Chassigny) (fig. 2). However, this
designation is no longer comprehensive, and the
simple term “Martian meteorites” is recommended
instead (Treiman, Gleason and Bogard 2000). Two
other types of Martian meteorites have more recently
added to their classification scheme (fig. 2). These
additional types are the orthopyroxenite Allan Hills
(ALH) 84001 (Mittlefehldt 1994), and the unique
polymict regolith breccia (originally classified as a
“pbasaltic breccia”) Northwest Africa (NWA) 7034
(Agee et al. 2013) and its pairs (Humayun et al. 2013;
Wittmann et al. 2015).

The rate of recovery of Martian meteorites has
varied significantly over the last two centuries.
Five witnessed meteorite falls have been reported,
including: the first discovered Martian meteorite
Chassigny in 1815 (Champagne-Ardenne, France),
Shergotty in 1865 (Bihar, India), Nakhla in 1911 (Al
Buhayrath in Egypt) (fig. 3), Zagamiin 1962 (Katsina,
Nigeria) (fig. 4), and Tissint in 2011 (Guelmim-Es-
Semara, Morocco). A total of thirty samples have been
recovered in Antarctica by the US Antarctic Search
for Meteorites and Japanese National Institute of
Polar Research missions. Since 2014 (representing
the year where the Eighth International Conference
on Mars took place), 73 Martian meteorites have
been recovered, constituting 48% of the current
collection, with all of them being found in Morocco,
Algeria, Mali, Mauritania, Libya, Oman, and Chile.
They included 68 shergottites, four nakhlites, and
one chassignite.

With the exception of the polymict breccia
lithologies, all other Martian meteorites are volcanic
or subvolcanic and plutonic rocks. In general terms,
these igneous rocks range in composition from mafic
to ultramafic and contain variable proportions of
augite, pigeonite, maskelynite (plagioclase that has
been shock metamorphosed to a diaplectic glass in
most specimens), olivine, and orthopyroxene, and
minor minerals including Cr-spinel, phosphates
(merrillite, apatite), sulfides, titanomagnetite,
ilmenite, + baddeleyite, and + silica. The textures
of the different groups of Martian meteorites are
aphanitic, porphyritic, diabasic (= micro gabbroic),
and oikocrystic.

Their diverse, highly fractionated compositions,
and comparatively young crystallization “ages”
(1.3Ga and possibly ~180Ma) suggested that
they are derived from a large, planet-sized body
(Ashwal, Warner, and Wood 1982; Jones 1986; Wood
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Fig. 2. The classification system for Martian meteorites (after Krot et al. 2014; Udry et al. 2020). There are now five
distinctive groups, with the shergottites subdivided into four types. Representative meteorites are listed, many of
which have been radioisotope dated.

and Ashwal 1981). Their unique oxygen isotopic
compositions and FeO/MnO ratios of their pyroxenes
(fig. 5) indicate that this body is not the earth or the
moon. Similarities between the isotopic compositions
of nitrogen and noble gases of the Martian
atmosphere (as determined by the Viking Landers)
and those trapped in impact-produced glasses in

some shergottites suggest that these meteorites are
from Mars (Bogard, Garrison, and McCoy 2000;
McSween 2002, 2008; McSween and Treiman 1998;
Nyquist et al. 2001b).

Shergottites
The shergottites are the most abundant type of

Fig. 3. The Nakhla meteorite is the prototype of the nakhlite Martian meteorites. Some 40 fragments of the Nakhla
meteorite totaling 40kg were seen to fall as a shower in the hamlets surrounding the village of El-Nakhla, El-
Bahariya in Egypt (near Alexandria) on June 28th, 1911, at 9:00 a.m. (a) Inside surfaces after breaking in 1998.
(Public domain photo courtesy of NASA.) (b) This is a 4.02 g sample from one of the forty fragments. This specimen is
19mm across and is housed in the Institute of Meteoritics, University of New Mexico (after Norton 2002).
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Fig. 4. This photo of basaltic shergottite Zagami shows
a shiny black fusion crust typical of all shergottites
(after Norton 2002). Zagami is from Katsina Province
in Nigeria, found on October 3, 1962. It weighed ~18kg
and is fine-grained with the very small augite and
plagioclase grains being best viewed by a magnifying
glass. The specimen measures 76 mm across.

Martian meteorites (fig. 2), accounting for 89% of the
total collection by number and 82% by mass, and are
the most diverse of the Martian meteorite subgroups..
The shergottites may be subdivided on the basis
of texture (grain sizes and shapes) and mineralogy
(modal abundances) (Papike et al. 2009) (fig. 6). The
different textures represent mineral formation and
emplacement in the shallow subsurface or perhaps
eruption at the surface.

First in abundance are the basaltic (aphyric)
shergottites, which mostly contain the clinopyroxenes
pigeonite and augite (average lengths of 0.3mm,
up to 1mm) and plagioclase (now shock produced
glass or maskelynite) in subequal proportions (fig.
7). They have basaltic or diabasic textures and are
characterized by the absence of olivine phenocrysts
or megacrysts (He et al. 2015; Howarth, Udry, and
Day 2018; McSween et al. 1996; Rubin et al. 2000).
Pyroxene in the basaltic shergottites varies in
composition, although most commonly low- and high-
Ca pyroxene are present in subequal proportions.
The absence of olivine in these rocks and their low
mg# (23-52) indicate that they crystallized from
fractionated magmas (Stolper and McSween 1979).
Many of them (including the type shergottite,
Shergotty) contain cumulus pyroxene, and have
strongly foliated textures suggesting crystal
accumulation in near-surface dikes or lava flows
(McCoy, Taylor, and Keil 1992; Stolper and McSween
1979). However, some (QUE94201 and Los Angeles)
have higher plagioclase contents and may represent
magma compositions (McKay et al. 2002; McSween
et al. 1996; Rubin et al. 2000).

Second, but third in abundance, are the poikilitic
shergottites that contain large oikocrysts of low-
Ca pyroxene (from 3 to 10mm in length) enclosing
olivine chadacrysts (up to 1.8mm), or variations
thereof, with later-crystallizing olivine, pyroxene, and
maskelynite (Combs et al. 2019; Howarth et al. 2014;
Kizovski et al. 2019; Rahib et al. 2019; Walton et al.
2012). Poikilitic shergottites were previously termed
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Fig. 5. Mn versus Fe in atoms per formula unit (afu) per 6-oxygen for representative olivine analyses from the earth,
moon, and Mars (after Karner, Papike and Shearer 2003). The trend of data points shown for each planet represents
25-200 actual electron microprobe analyses. Linear regression lines for each planetary suite are constrained to pass

through the origin.
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EET 79001
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Fig. 6. Combined elemental maps (a—c) in Al (red), Fe (green) and Ca Ka (blue) X-rays of Martian meteorites (after Krott
et al. 2014). (a) Elephant Moraine (EET) 79001 shergottite shows a contact between lithology A (right) and lithology
B (left). Lithology A is an olivine—phyric basalt containing megacrysts of olivine in a finer-grained groundmass
consisting principally of pigeonite (green—blues) and maskelynite (magenta). Lithology B is a pyroxene—plagioclase
(maskelynite) basalt. It lacks olivine, is coarser grained than the groundmass of lithology A, and has a higher augite
content (some of the blues). (b) Sayh al Uhaymir (SaU) 005 is an olivine—phyric basalt mineralogically similar to
lithology A of EET 79001. Olivine megacrysts is a finer grained groundmass consisting principally of pigeonite
(green—blues) and maskelynite (magenta). (¢) Yamato (Y) 000593 is a nakhlite containing augite (blue), olivine
(green), and interstitial areas (red) consisting principally of radiating sprays of plagioclase and alkali feldspars.

lherzolitic shergottites (Mikouchi and Kurihara,
2008). They are magnesian (mg# ~70) olivine—
clinopyroxene—chromite cumulates, dominated by
coarse grained poikilitic pigeonite enclosing rounded
olivine (and chromite) crystals, with interstitial areas
of finer-grained, FeO-rich olivine, pigeonite, augite,
maskelynite, and other late phases (Ikeda 1997;
McSween et al. 1979; McSween, Taylor, and Stolper
1979; Treiman et al. 1994). McSween et al. (1979)
and McSween, Taylor, and Stolper (1979) noted that
the dominant mineralogy of these rocks is consistent
with early crystallization from magmas having

the crystallization sequence inferred for basaltic
shergottites such as Shergotty. This led to their
classification as shergottites, although some authors
feel that they should be referred to simply as Martian
Therzolites (Treiman et al. 1994).

EET79001 is a unique shergottite (fig. 8)
consisting of two lithologies (designated A and B)
separated by an obvious contact (fig. 6a). Lithology
B is a clinopyroxene—plagioclase rock resembling
the basaltic shergottites. Lithology A, however, is
distinct from either the basaltic or the lherzolitic
shergottites. It has a porphyritic texture consisting of
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i, L7
Fig. 7. Thin section of

7

the Martian bsaltig shergottite meteor‘g Zagami (aftef Norto 2002). (a) Viewed in t

. P W

ransmitted

light, large augite prisms are oriented along a preferred plane suggesting a cumulate. The white spaces between the
grains is glassy maskelynite (shock melted plagioclase). The field of view is 9.15 mm across. (b) The same field of view
at the same scale viewed under crossed polars. Note that the glass being isotropic has gone to extinction.

EETA7900

Fig. 8. End cut after first saw cut of EETA79001
Martian meteorite. It was found on January 13, 1980, in
the Elephant Moraine area of Antarctica and weighed
7.9kg. Sawing was done with a steel band saw without
any lubricant. Vertical stripes are saw marks. The cube
in the lower left corner is 1cm?®. (Public domain photo
courtesy of NASA.)

megacrysts of olivine, orthopyroxene, and chromite,
in a finer-grained pigeonite—plagioclase groundmass.
Four new shergottites (including Dar al Gani 476
and Sayh al Uhaymir 005 [fig. 6b]) consist entirely of
olivine—porphyritic lithologies resembling EET79001
lithology A. These meteorites have been referred to by
various terms, including basaltic shergottite (on the
basis of plagioclase content), transitional shergottite,
or mixed shergottite, but are currently called olivine—
phyric shergottites to emphasize their differences
from basaltic shergottites such as Shergotty or
QUE94201 and avoid genetic implications (Goodrich
2002).

These olivine-phyric shergottites, which are now
second in abundance, are thus porphyritic and contain
olivine phenocrysts (sometimes megacrystic with
sizes up to 2.5mm), with later-crystallizing olivine,
pyroxene, and maskelynite grains in the groundmass

of ~0.25 mm (Balta et al. 2015; Basu Sarbadhikari
et al. 2009, Basu Sarbadhikari, Babu, and Kumar
2017; Chen et al. 2015; Dunham et al. 2019; Goodrich
2002; Liu et al. 2016). However, in the last decade,
numerous new finds and descriptions of this group
of shergottites have shown that many of them have
>10% plagioclase, and thus are not lherzolites sensu
stricto (Walton et al. 2012). A recent discovery among
the olivine-phyric shergottites is the presence of
olivine phenocrysts that display concentric core-to-
rim color differences in transmitted light, from amber
to red brown to clear, for example, NWA 7042 (Izawa
et al. 2015; Kizovski et al. 2020) and NWA10416
(Piercy et al. 2020; Vaci et al. 2020). While the
alteration of olivine to iddingsite is not uncommon
in the Martian meteorites (attributable to either low-
temperature aqueous alteration on Mars or a similar
process on the earth), this particular texture is
distinct and has been suggested to be due to deuteric
alteration (that is, reaction with magmatic fluids
during crystallization) (Kizovski et al. 2020; Kuebler
2013; Vaci et al. 2020) or, alternatively, preferential
terrestrial alteration (Piercy et al. 2020).

A newly recognized fourth type are the gabbroic
shergottites, which contain cumulate pyroxene or
plagioclase (Filiberto, Gross, and McCubbin 2016,
2018; Udry et al. 2017). Most shergottites studied
before 2014 were fine-grained or diabasic, but new
gabbroic specimens (apparently having crystallized
at depth under the Martian surface) have now been
recovered, including NWA6963 (pyroxene cumulate)
and NWA7320 (plagioclase cumulate) (Filiberto
et al. 2014, 2018; Hewins et al. 2019; Udry et al.
2017). Gabbroic shergottites are similar to basaltic
shergottitesbuthaveacumulate texture (with average
grain size of cumulus grains of pyroxene or plagioclase
>1mm up to 5mm in length) and geochemically show
indications of crystal accumulation. They may be
related to basaltic shergottites through magmatic
processes. Hewins et al. (2019) describe NWA 10414,
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which is a pigeonite-rich (73 mod.%) cumulate
shergottite, with pigeonite grain lengths up to 4mm.
It is a distinctive shergottite, as it does not contain
augite in any significant quantity.

Two more vrecently described shergottites,
NWA7635 and NWAS8159, are distinct in texture
and crystallization age from the other shergottites,
but which overlap in ejection age. Northwest Africa
7635, dated at 2.40+0.14 Ga, consists of phenocrysts
of maskelynite (up to 20pum in length), augite, and
olivine in a maskelynite and pyroxene groundmass,
but lacks pigeonite (Lapen et al. 2017). Northwest
Africa 8159, originally described as an augite basalt
(Herd et al. 2017a), is dated at 2.37+0.25Ga, has
an intergranular texture of plagioclase (partially
converted to maskelynite), augite, and olivine (with
grain sizes varying from 100 to 200pm), and also
lacks pigeonite. Orthopyroxene in this rock is the
result of a subsolidus reaction (Herd et al. 2017a).
Both rocks are depleted in LREE (light rare earth
elements) with (La/Yb), ~0.1, but with a slightly
different Dy/Lu ~0.84 (compared to Dy/Lu >1 in other
shergottites). Nevertheless, the depleted nature,
geochemistry, and radiogenic isotopic characteristics
of NWA7635 suggest that it is derived from the same
mantle sources as the depleted shergottites (Lapen
et al. 2017).

Shergottites are geochemically classified based on
their relative enrichment or depletion in incompatible
trace elements (ITE). Those ITE compositions are
believed to be largely inherited from their Martian
mantle sources, which supposedly formed during
silicate planetary differentiation and crystallization
after a magma ocean phase very early in Mars’
history (Borg and Draper 2003; Borg, Brennecka, and
Symes 2016; Debaille et al. 2007, 2008). Postulated
subsequent partial melting of these mantle sources
would seem to have imparted distinct isotopic
compositions to the shergottites derived from them
(Borg et al. 2003; Lapen et al. 2017).

Coupled variations in ITE, including bulk rock
rare earth elements (REEs), and radiogenic isotopic
compositions (*"Sm/***Nd and '"*Luw/'""Hf) are used to
distinguish three groupings of shergottites. However,
these groups include specimens that are either
relatively enriched in ITE, depleted in ITE, or have
compositions intermediate between the enriched
and depleted groupings. Depleted shergottites have
bulk REE compositions with (La/Yb), <0.3 and
have relatively low initial 8’Sr/%6Sr, 207 206. 208pp/204Phy,
and ¥"0s/'*80s ratios, and relatively high initial
142 4Nd/MNd  and SHf/*"Hf ratios. Enriched
shergottites have REE compositions relatively
enriched in the more incompatible REE resulting
in (La/Yb),, >0.8. The relative enrichment in ITE is
associated with relatively high initial 3 Sr/%Sr, 207
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206, 208Pp/201Ph, and ¥’0s/**¥0s ratios, and relatively
low initial *2Nd/**Nd and SHf/'""Hf ratios.
Intermediate shergottites, with (La/Yb),, of 0.3-0.8,
represent compositions intermediate between the
enriched and depleted end-member compositions
(Armytage et al. 2018; Borg et al. 2002, 2003, 2016;
Brandon et al. 2000, 2012; Brennecka, Borg, and
Wadhwa 2014; Combs et al. 2019; Debaille et al.
2008; Ferdous et al. 2017; Filiberto et al. 2012; Lapen
et al. 2017; McSween 2015; Nyquist et al. 2001b;
Paquet et al. 2021; Shafer et al. 2010b; Symes et al.
2008; Tait and Day 2018; Usui et al. 2010).

Nakahlites (Clinopyroxenites/Wehtrlites)

Nakhlites and chassignites make up ~10% of
the total Martian meteorite collection by number
and 17% by mass and are highly distinctive
Martian meteorites (Udry et al. 2020). At least 12
of the Martian meteorites are nakhlites and are
clinopyroxenites or wehrlites, dominated by cumulus
augite (clinopyroxene) and lesser olivine (average
lengths between 0.3 and 0.4mm). Their coarse-
grained textures and the presence of exsolution
lamellae in augite (which require slow cooling)
suggest that they are cumulates. They also contain
intercumulus interstitial material consisting of
a microcrystalline groundmass (mesostasis) of
radiating crystalline plagioclase, the orthopyroxene
pigeonite, ferroaugite, titanomagnetite, fayalite,
pyrite, troilite, chlorapatite, and rare silica-rich
glass, as well as alteration phases such as iddingsite
(Berkley, Keil, and Prinz 1980; Treiman 1986, 1990,
1993, 2005).

Initial studies have suggested that the nakhlites
were emplaced as one magmatic body, often called a
“cumulate pile” (Berkley, Keil, and Prinz 1980; Day et
al. 2006; Mikouchi, Makishima, and Kurihara 2012).
According to their mineral chemistry, nakhlites seem
to represent different degrees of thermal processing,
attributed to their relative position in the “cumulate
pile” (Day et al. 2006; Jambon et al. 2002; Mikouchi et
al. 2003; Sautter et al. 2002; Treiman 2005; Treiman
and Irving 2008).

Nakhlites and chassignites have similar
crystallization (~1.3Ga) and ejection (~11Ma) “ages”
(Cohen et al. 2017; Nyquist et al. 2001b; Udry and Day
2018). The similar ejection “ages” suggest that they
all likely originate from the same location on Mars.
Nakhlites and chassignites have the same depleted
radiogenic isotopic compositions, with high “2Nd/**‘Nd
and '2W/*W, and low 8"Sr/*Sr, but these compositions
are distinct from shergottites (Carlson and Boyet 2009;
Caro et al. 2008; Debaille et al. 2009; Foley et al. 2005;
Nyquist et al. 2001b). Although the nakhlites and
chassignites were previously suggested to be unrelated
(Wadhwa and Crozaz, 1995), their compositions,
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textures, and volatile-bearing minerals suggest that
they may originate from the same volcanic system
(McCubbin et al. 2013; Udry and Day 2018).

However, the recovery and study of new nakhlites
and chassignites since 2014 (Balta et al. 2017
Corrigan, Velbel, and Vicenzi 2015; Kramer Ruggiu et
al. 2020; Tomkinson et al. 2015; Udry and Day 2018)
show greater variation in mineralogy and composition
compared to the previously observed samples,
suggesting that these rocks were emplaced as several
shallow sills and/or lava flows, and may not represent
a singular magmatic body. Textural evidence also
suggests that the nakhlites have undergone different
emplacement and/or shock histories (Corrigan,
Velbel, and Vicenzi 2015; Griffin et al. 2019; Kréamer
Ruggiu et al. 2020; Udry and Day 2018).

Chassignites (Dunites)

The two chassignites, Chassigny (fig. 9) and
NWA2737, are Martian dunites with similar
textures and mineralogy, and their oxygen isotope
compositions lie on the mass fractionation line
defined by the other Martian meteorites (Beck
et al. 2006; Franchi et al. 1999). They are olivine—
chromite cumulates composed of millimeter-sized
(average 0.6mm in length) anhedral to subhedral
olivine (90%) with a few vol% chromite inclusions
and interstitial plagioclase, orthopyroxene, and
phosphate minerals (Beck et al. 2006; Floran et al.,
1978). Olivine is fairly uniform in composition but
in NWA2737 it is more forsteritic (Fo79, cf. Fo69
in Chassigny). Melt inclusions in olivine contain
hydrous amphibole, suggesting that the rocks formed
under highly oxidizing conditions (Floran et al. 1978;

Treiman et al. 2007). In hand specimens, Chassigny
is green, whereas NWA2737 is black. In thin section,
the olivine in NWA2737 appears brown due to shock-
produced nanophase metallic iron particles (Pieters
et al. 2008). Both chassignites are highly shocked
rocks containing mosaicized olivine and diaplectic
glass (maskelynite) (Langenhorst and Greshake
1999; Treiman et al. 2007).

As already noted above, chassignites have similar
crystallization (~1.3Ga) and ejection (~11Ma) “ages”
to nakhlites (Cohen et al. 2017; Nyquist et al. 2001b;
Udry and Day 2018), although NWAZ2737 has a
younger shock reset age of 160-190Ma (Bogard
2011). The similar ejection “ages” suggest that they
all likely originate from the same location on Mars.
Chassignites have the same depleted radiogenic
1sotopic compositions as nakhlites, with high
42Nd/*Nd and #W/*W, and low 8"Sr/%6Sr, but these
compositions are distinct from shergottites (Carlson
and Boyet 2009; Caro et al. 2008; Debaille et al. 2009;
Foley et al. 2005; Nyquist et al. 2001b). Although the
chassignites and nakhlites were previously suggested
to be unrelated (Wadhwa and Crozaz 1995), their
compositions, textures, and volatile-bearing minerals
suggest that they may originate from the same
volcanic system (McCubbin et al. 2013; Udry and
Day 2018). The recently studied ferroan chassignite
NWA8694 may represent the link between the
nakhlites and chassignites based on bulk, mineral,
and melt inclusion compositions (Hewins et al. 2020).

Allan Hills 84001 (Orthopyroxenite)
The notorious ALH84001 meteorite (fig. 10) is
the only known Martian orthopyroxenite. Originally
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Fig. 9. The Chassigny meteorite was found at Chassigny in France on October 3, 1815, and its total mass was ~4kg.
(a) A thin section view under crossed polars (after Norton 2002). The colorful grains are all olivine, by far the most
abundant mineral in Chassigny. The black grain on the right extending toward the center is a subhedral olivine
crystal near extinction. Surrounding this extinguished olivine crystal are grains of orthopyroxene with typical
multiple twinning and low interference colors. The small black grains scattered in the olivine are chromite. The field
of view is 2.8 mm across. (b) Evidence of shock in Chassigny is seen in this thin section viewed under plane-polarized
light (after Norton 2002). Visible is a large brown area of diaplectic glass of olivine composition, quenched from
shock-melted olivine. Some fine, elongated olivine crystals grew from the shock-melt before the shock-melt quenched
to glass. The clear white areas surrounding the glass is crystalline olivine and the black grains are chromite. The
field of view is 0.7 mm across.
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Fig. 10. Martian orthopyroxenite meteorite ALH84001
which was found on December 27, 1984, in the Alan
Hills of Antarctica. This is a sliced portion from the
1.94kg total mass measuring ~22cm. The scale cube

is 1em?. (Public domain photo courtesy of the Johnson
Space Center and NASA).

classified as a diogenite (that is, a pyroxenite of the
HED clan [fig. 1]), it was shown by Mittlefehldt (1994)
to be a unique Martian cumulate orthopyroxenite.
While all other SNCs apparently have crystallization
ages of a few hundred million years, the “age” of ALH
84001 is 4.09 + 0.03 Ga (Lapen et al. 2010) and thus
is presumed to be a fragment of the ancient Martian
crust.

Allan Hills 84001 is a coarse-grained igneous
cumulate orthopyroxenite. It consists mainly of
large (up to 6mm long) orthopyroxene crystals (96%)
with 2% chromite, 1% plagioclase (maskelynite),
and 0.15% phosphate (apatite), and with accessory
minerals including olivine, augite, pyrite, and Fe-Mn-
Mg carbonates, which contain magnetite, periclase,
and hematite inclusions and organic matter (Barber
and Scott 2003; Bradley, Harvey, and McSween
1996; McKay et al. 1996; Mittlefehldt 1994, Steele
et al. 2007; Thomas-Keprta et al. 2009) (fig. 11). Its
chemical composition is consistent with an origin as
a cumulate orthopyroxenite (Barrat and Bollinger
2010; Mittlefehldt 1994). The carbonates are
evidently younger and thus secondary, being “dated”
at 3.95Ga (Beard et al. 2013; Borg et al. 1999). This
meteorite was apparently ejected from Mars 14.2Ma
ago (Eugster et al. 2002).

This meteorite became famous after McKay et al.
(1996) declared that ALH84001 showed evidence
of past life on Mars. This was due to the presence
of possible indigenous organic molecules (polycyclic
aromatic hydrocarbons) and putative bacteria
nanofossils (fig. 12). Furthermore, the magnetite
inclusions in carbonate globules (fig. 13) showed
chemical and physical characteristics similar to
magnetite formed by magnetobacteria on the earth
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Fig. 11. Thin section photomicrograph in transmitted
light with crossed polars of Martian meteorite ALH
84001, a coarse-grained orthopyroxenite containing
abundant carbonates (after Krott et al. 2014). The
large colorful crystals are all orthopyroxene (96% of the
meteorite’s mineral content), the center crystal showing
signs of alteration. Other minerals include 2% chromite,
1% plagioclase (maskelynite), and 0.15% phosphate
(apatite), and with accessory minerals including olivine,
augite, pyrite, and Fe-Mn-Mg carbonates, which contain
magnetite, periclase, and hematite inclusions and
organic matter.

(Thomas-Keprta et al. 2000). However, several
studies demonstrated that these features are likely
to be abiotic (Anders et al. 1996; Treiman 2019). A
subsequent study by Koike et al. (2020) presented
evidence for ancient N-bearing organic compounds
preserved in secondary carbonate in ALH 84001,
likely formed through neutral water at ~25°C
(Halevy, Fischer, and Eiler 2011; Valley et al. 1997).

S e

Fig. 12. High resolution SEM (scanning electron
microscope) image within a carbonate globule in
Martian meteorite ALH84001 reveals a tiny bacteria-
like structure 100mm in length that was reported as
maybe the remnants of early Martian bacteria. These
structures are equivalent in size to the smallest bacteria
found in 3.5Ga rocks on earth. (Public domain photo
courtesy of the Johnson Space Center and NASA).
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Fig.13. Thin section photomicrographs in transmitted light with crossed polars of Martian meteorite ALH 84001,
a coarse-grained orthopyroxenite containing abundant carbonate globules. (a) After Krott et al. 2014. (b) Public
domain photo courtesy of the Johnson Space Center and NASA. Compounds rich in magnesium and iron (black)

encircle the carbonate globules (yellow).

The magnetite may have formed through shock
metamorphism from the Fe-carbonates during rapid
temperature increase along carbonate grain faces
and edges (Treiman 2003). In spite of the lack of
convincing evidence for ancient life in this rock, the
conditions seemingly recorded by the carbonates
are suggestive to uniformitarians of a habitable
environment during their supposed Noachian period
on Mars (McSween 2019; Treiman 2019).

Polymict Regolith Breccia NWA 7034 and Its Pairs

The polymict regolith breccia Northwest Africa
7034 (fig. 14) and its 16 paired meteorites totaling
a mass of ~941¢, including NWA 7533, are perhaps
the most significant discovery among the Martian
meteorites in recent years. These rocks show similar
reflectance spectra and bulk composition to the
average crust (Agee et al. 2013; Cannon, Mustard,
and Agee 2015; Humayun et al. 2013).

The NWA7034 meteorite group contains a variety
of igneous clasts that include basalt, mugearite,
trachyandesite, norite, gabbro, and monzonite
(area sizes between 0.04 and 3mm?), some of which

originate from distinct parent melts (Hewins et al.
2017; Santos et al. 2015; Wittmann et al. 2015). They
also contain impact melt clasts (Wittmann et al. 2015),
at least one of which has the same composition as the
surface Gusev basalt Humphrey (Udry, Balta, and
McSween 2014). The clasts in NWA7034 apparently
represent the conventionally-named early Noachian
lithified portion of the Martian regolith, which has
undergone hydrothermal activity (McCubbin et
al. 2016; Nyquist et al. 2016). The variability in
rock type and compositions of the different clasts
observed in this breccia, including some sedimentary
clasts (Wittmann et al., 2015), show that there are
many lithologies in this meteorite not previously
represented in the other Martian meteorites.
NWA7034 igneous clasts contain the oldest dated
Martian minerals, which are zircons >4300Ma up
to 4476 + 1Ma, with a minimum source model age
of 4547Ma, suggesting the formation of an andesitic
primordial crust, as the postulated last stage of
magma ocean crystallization (Bellucci et al. 2018;
Bouvier et al. 2018; Hu et al. 2019; McCubbin et
al. 2016; Nyquist et al. 2016). The fact that some
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Fig. 14. Designated Northwest Africa (NWA) 7034, and
nicknamed “Black Beauty,” this Martian meteorite
is classified as a polymict regolith breccia. It was
found in the Sahara Desert during 2011 and weighs
approximately 11 ounces (320 grams). The cube beneath
it is 1cm?®. (Public domain photo courtesy of NASA).

alkaline clasts have crystallization ages of ~4.4Ga
appears to show that alkaline magmatism occurred
early in Martian history.

This polymict regolith breccia likely assembled
by pyroclastic eruption(s) and/or impact event(s),
then evidently underwent lithification represented
by a thermal event at ~1,500-1,100Ma (Bridges et
al. 2017; Goderis et al. 2016; MacArthur et al. 2019;
McCubbin et al. 2016). Alternatively, Cassata et al.
(2018) proposed that contact metamorphism occurred
between ~1,500 and 1,200Ma based on “Ar/*°Ar
ages, with brecciation and lithification happening
at <225Ma. The regolith breccia was apparently
launched from Mars between ~5 and 9Ma ago and
underwent relatively little shock metamorphism
(Cartwright et al. 2014; Wittmann et al. 2015).

The Radioisotope Dating of
the Martian Meteorites

To thoroughly investigate the radioisotope dating
of the Martian meteorites all the copious relevant
literature was searched for reported radioisotope
dates using all the major methods. While it
cannot be claimed that all the papers, articles and
abstracts which have ever been published containing
radioisotope dating results for sixty-three (63) of
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these Martian meteorites have thus been obtained,
the cross-checking undertaken between these
publications does indicate the data set obtained is
very comprehensive.

The reported radioisotope dates obtained for each of
the five types of Martian meteorites (45 shergottites,
12 nakhlites, two chassignites, one orthopyroxenite,
and three polymict regolith breccias) were tabulated
in lists for each meteorite according to the different
radioisotope dating methods used—shergottites
(table 1), nakhlites (table 2), chassignites (table 3),
orthopyroxenite (table 4,) and polymict regolith
breccias (table 5). Whether the whole rock, a mineral,
or minerals were radioisotope dated, the category of
age whether model, plateau, isochron or discordia,
and the published sources are also indicated, along
with any relevant explanatory notes.

The tabulated data were then plotted on histogram
diagrams for each of the five types of Martian
meteorites displaying the frequency (numbers of
ages) for the various small age ranges—shergottites
(fig.15), nakhlites (fig. 16), chassignites (fig. 17),
orthopyroxenite (fig. 18), and polymict regolith
breccias (fig. 19).

Discussion

All the major radioisotope dating methods
have been used to obtain ages for these Martian
meteorites—K-Ar and Ar-Ar, Rb-Sr, Sm-Nd, U-Th-
Pb, Lu-Hf and Re-Os (tables 1-5). The K-Ar method
provided both model and isochron ages, whereas the
more popular, dominantly-used Ar-Ar method, due
to supposedly being more accurate, yielded plateau
and isochron ages via step-heating of whole rocks
and minerals, primarily plagioclase but sometimes
pyroxene. The next frequently used Rb-Sr method
only provided isochron ages based on whole rocks
and minerals separates, primarily plagioclase
and pyroxene, but sometimes glass, olivine (when
present), opaques, leachates, and/or residues. The
Ar-Ar and Rb-Sr methods were also used on the
carbonates in the orthopyroxenite ALH 84001 (table
4) and on iddingsite in the nakhlite Lafayette (table
2). Similarly, the Sm-Nd method produced isochron
ages using whole rocks, plagioclase, pyroxene, olivine
(when present), opaques, leachates and/or residues,
often being obtained on the same fractions of a
meteorite from which the Rb-Sr isochron ages were
obtained.

In contrast, while the popular U-Th-Pb methods
were also used for some meteorites on whole
rock samples and mineral separates (primarily
pyroxene and plagioclase, and sometimes olivine,
oxides, leachates and/or residues), it has been
often used to target zircon (ZrSiO,), baddeleyite
(ZrO,) and phosphate grains, and carbonates in the



Table 1. Radioisotope ages of Shergottites.

Radioisotope Dating of Meteorites: VI. The SNC and Other Martian Meteorites

Sample Method Reading Err +/- Note Source Type
BASALTIC
SHERGOTTY
Whole rock K-Ar 580 50 Seissand Hess | model age
. Eugster, Polnau, .
Plagioclase K-Ar 170 and Terribilini 1997 K-Ar isochron age
Three points—
whole rock, K-Ar 196 40 Terribilini et al. K-Ar isochron age
pyroxene, 1998
plagioclase + glass
Plagioclase Ar-Ar 254 10 Bogard, Husain, lateau age
9 and Nyquist 1979 | P 9
Bogard and
Whole rock Ar-Ar 167 Garrison 1999 plateau age
Whole rock Ar-Ar 360 50 Shankar et al. plateau age
2008
22-75% *°Ar | Korochantseva et
Whole rock Ar-Ar 391 11 release al. 2009 plateau age
Plagioclase Ar-Ar 161 9 Cohen et al. 2023 | isochron age
Eight points—
whol_e rock, Rb-Sr 164 12 Wooden et al. 1979 | isochron age
plagioclase,
pyroxene
Ten points—whole
rock, glass, Rb-Sr 165 11 Nyquist et al. 1979 | isochron age
pyroxene
Nine points—whole
rock, pyroxene, Rb-Sr 186 11 Shih et al. 1982 isochron age
glass
Six points—whole Jagoutz and
rock, leachates Rb-Sr 360 12 9 isochron age
. Wanke 1986
and residues
Four points— Jagoutz and
plagiclase, whole Rb-Sr 167 4 9 isochron age
Wanke 1986
rock and leachates
Four points—
plagiclase, whole Rb-Sr 167 Jagoutz 1991 isochron age
rock and leachates
Phosphates and
whole rocks, Rb-Sr 360 Jagoutz 1991 isochron age
leachates
Ten points—whole
rock and pyroxene Jagoutz and .
leachates and Sm-Nd 147 20 Wanke 1986 isochron age
residues
Twelve points—
whole rock and Jagoutz and
pyroxene, plus Sm-Nd 360 16 Wanke 1986 isochron age
leachates and
residues
Whole rock and Sm-Nd 170 41 Blichert-Toft et al. isochron age
minerals 2007
Five points - whole
rock, plagioclase, Sm-Nd 620 171 Shih et al. 1982 isochron age
pyroxenes
Four points—whole
rock, plagioclase, Sm-Nd 172 40 Bouvier et al. 2008 | isochron age

pyroxenes
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Whole rock and

Blichert-Toft et al.

minerals Lu-Hf 187 89 2007 isochron age
Four points—whole
rock, plagioclase, Lu-Hf 188 91 Bouvier et al. 2008 | isochron age
pyroxenes
Four points—hree Chen and .
leachates, residue U-Pb 200 4 Wasserburg 1986 U-Pb isochron age
Seven points—
plagioclae, PR
pyroxene, whole U-Pb 437 36 Chen and Th-Pb isochron
Wasserburg 1986 | age
rock, leachates,
residues
Five points—
plagioclase, U-Pb 600 20 Chen and U-Pb isochron age
pyroxene, whole Wasserburg 1986 9
rock, leachates
Phosphates U-Pb 217 110 Sano et al. 2000 U-Pb isochron age
Phosphates U-Pb 189 83 Sano et al. 2000 Z;‘;Pb isochron
Five points—whole :
rock, plagioclase, U-Pb 4100 Bouvier et al. 2008 :bépb isochron
pyroxenes 9
ZAGAMI
Bogard and
Feldspars Ar-Ar 242 Garrison 1999 plateau age
. uncorrected | Bogard and Park .
Plagioclases Ar-Ar 209 2 for A 2007 isochron age
. 3-100% *°Ar | Bogard and Park .
Plagioclases Ar-Ar 223 6 release 2007 isochron age
K _Q79/ 39
Plagloclase_ Ar-Ar 217 2 3-97% **Ar | Bogard and Park isochron age
(coarse-grained) release 2008
Whole rock,
pyroxene, ) Korochantseva et
plagioclase Ar-Ar 225 25 al. 2009 plateau ages
separates
. . _ weighted
Plagioclase grain Ar-Ar 240 28 mean high T Park et al. 2013a plateau age
. . g weighted
Plagioclase grain Ar-Ar 240 24 mean high T Park et al. 2013a plateau age
. . g weighted
Plagioclase grain Ar-Ar 216 46 mean high T Park et al. 2013a plateau age
Plagioclase grain Ar-Ar 205 27 Park et al. 2013a isochron age
Plagioclase grains | Ar-Ar 261 16 pooled data | Park et al. 2013a isochron age
K-rich melt—four most
Ar-Ar 187 12 radiogenic Park et al. 2013a isochron age
samples
samples
Plagioclase Ar-Ar 189 56 Cohen et al. 2023 | isochron age
Seven points—
whole rock, Rb-Sr 180 4 Shih et al. 1982 isochron age
pyroxene,
plagioclase
Flne-gralped whole Rb-Sr 186 5 Nyquist et al. 1995 | isochron age
rock portions
Coarse-grained . .
whole rock portions Rb-Sr 183 6 Nyquist et al. 1995 | isochron age
Ten points—whole
rock, plagioclase, | o o 166 6 Borg, Edmunson, |, . oo age

pyroxenes,
opaques

and Asmeron 2005
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Fine-grained whole

Nyquist, Shih, and

rock portions Rb-Sr 166 12 Reese 2006 isochron age
Coarse-grained Nyquist, Shih, and | .

whole rock portions Rb-Sr 7 9 Reese 2006 isochron age
Four points—fine-

grained whole Rb-Sr 174 14 Nyquist 2006 isochron age
rock, pyroxene,

plagioclase

Four points—

coarse-grained

whole rock, Rb-Sr 163 19 Nyquist 2006 isochron age
pyroxene,

plagioclase

Eleven points— . .

dark mottled Rb-Sr 167 18 Nyquist, Shih and isochron age
. Reese 2010

lithology

Twelve points— . .

fine-grained Rb-Sr 179 18 Nyquist, Shih, and isochron age
! Reese 2010

lithology

Eleven points— Nyquist, Shih, and

coarse-grained Rb-Sr 167 12 yquist, , isochron age
X Reese 2010

lithology

Seven points—

whole rock, sm-Nd [ 116 47 Shihetal. 1982 | isochron age
pyroxene,

phosphate

Fine and coarse

grained portions Sm-Nd 180 7 Nyquist et al. 1995 | isochron age
combined

Twelve points—

whole rock,

plagioclase, Sm-Nd 166 12 Borg et al. 2005 isochron age
pyroxenes, olivine,

opaques

Whole rock and Sm-Nd 155 6 Bouvier et al. isochron age
minerals 2005a

Three points—

whole rock, Bouvier et al. .

plagioclase, Sm-Nd 155 9 2005b isochron age
pyroxene

Three points—fine- Nyquist 2006;

grained pyroxene, | Sm-Nd 198 21 Nyquist, Shih, and | isochron age
plagioclase Reese 2010

Four points—

coarse-grained Nyquist 2006,

whole rock, Sm-Nd 163 7 Nyquist, Shih and isochron age
pyroxene, Reese 2010

plagioclase

Nine points—dark Nyquist, Shih and )

mottled lithology Sm-Nd 166 29 Reese 2010 isochron age
Eight points—fine- Nyquist, Shih, and | .

grained lithology Sm-Nd 151 34 Reese 2010 isochron age
Nine points— . .

coarse-grained Sm-Nd 177 18 Nyquist, Shi, and isochron age
: Reese 2010

lithology

Whole rock and Bouvier et al. .

minerals Lu-Hf 190 11 20053 isochron age
Three points—

whole rock, Bouvier et al. .

plagioclase, Lu-Hf 185 36 2005b isochron age

pyroxene
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Three points—

Chen and

Iea_chates and U-Pb 230 5 Wasserburg 1986 U-Pb isochron age

residue

Three points— .

leachate, residue, | U-Pb 229 8 Ghen and Th-Pb isochron
Wasserburg 1986 | age

whole rock

Two points— 208)206pp Borg, Asmeron,

plagioclase, U-Pb 186 13 isochron and Edmunson U-Pb isochron age

pyroxene, residues 2003

Two points— 235,

. U-2"Pbh Borg, Asmeron and )
plagioclase, . U-Pb 225 180 isochron Edmunson 2003 U-Pb isochron age
pyroxene, residues
Five points—whole (L:Jc;sct:)ordia Borg, Asmeron,
rocks, plagioclase, | U-Pb 163 4 lower and Edmunson U-Pb isochron age
pyroxenes inercept 2003
Five points—whole cL:J(;Ect:)ordia Borg, Asmeron,
rocks, plagioclase, | U-Pb 4550 2 uDDEr and Edmunson U-Pb isochron age
pyroxenes inpe?cept 2003
Five points— Borg, Asmeron,
plagioclase, U-Pb 156 6 and Edmunson U-Pb isochron age
pyroxenes 2005
Whole rock,
pyro_xene, U-Pb 4044 1 Bouvier et al. Pb-Pb isochron
plagioclase, 2005a age
residues
Four points—whole . .

. Bouvier et al. Pb-Pb isochron
rock, plagioclase, U-Pb 4808 17 2005b age
pyroxene
. Herd, Simonetti, .
Baddeleyite U-Pb 70 35 and Peterson 2007 U-Pb isochron age
Tera-
Baddeleyites U-Pb 183 7 Wasserburg | Zhou et al. 2013 U-Pb isochron age
concordia
Tera-
Phosphates U-Pb 153 81 Wasserburg | Zhou et al. 2013 U-Pb isochron age
concordia
Tera- Staddon et al.
Baddeleyites - five | U-Pb 183 9 Wasserburg | 2021; Zhou et al. U-Pb isochron age
discordia 2013
LOS ANGELES
14 Garrison and
Whole rock Ar-Ar 329 12 extractions isochron age
. Bogard 2001
athighT

. 0.04-100% | Bogard, Park, and | .

Plagioclase Ar-Ar 170 14 ©Ar release | Garrison 2009 isochron age
Plagioclase Ar-Ar 170 47 Cohen et al. 2023 | isochron age
Nine points—whole

rock, plagioclase, Rb-Sr 165 11 Nyquist et al. 2000 | isochron age
pyroxene, residues

Eight point—whole

rocks, pyroxenes, Rb-Sr 165 7 Nyquist et al. 2018 | isochron age
residues, leachates

Six points—whole

rocks, pyroxenes, Rb-Sr 158 15 Nyquist et al. 2018 | isochron age
residues, leachates

Nine points—whole Nvauist et al

rock, plagioclase, Sm-Nd 172 8 23,81 b ' isochron age

pyroxene, residues
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Whole rock and
minerals

Sm-Nd

179

Blichert-Toft et al.
2007

isochron age

Four points—whole
rock, plagioclase,
pyroxenes

Sm-Nd

181

13

Bouvier at al. 2008

isochron age

Fourteen points—
whole rocks,
pyroxenes,
residues, leachates

Sm-Nd

172

Nyquist et al. 2018

isochron age

Ten points—whole
rocks, pyroxenes,
residues, leachates

Sm-Nd

173

24

Nyquist et al. 2018

isochron age

Whole rock and
minerals

Lu-Hf

158

14

Blichert-Toft et al.
2007

isochron age

Three points—
whole rock,
plagioclase,
pyroxene

Lu-Hf

159

42

Bouvier at al. 2008

isochron age

Six points—whole
rock, plagioclase,
pyroxene

U-Pb

4100

Bouvier at al. 2008

Pb-Pb isochron
age

Phosphates—
ninety-three
analyses

U-Pb

174

Tera-
Wasserburg
discordia

McFarlane and
Spray 2022

U-Pb isochron age

EETA79001B

Five points—whole
rock, pyroxene,
plagiocalse

Rb-Sr

185

25

Wooden et al. 1982

isochron age

Seven points—
whole rock,
plagioclase,
pyroxene

Rb-Sr

177

12

Nyquist et al. 1986

isochron age

Five points—whole
rock, pyroxene

Rb-Sr

174

Nyquist et al.
2001a

isochron age

Seven points
—whole rock,
plagioclase,
pyroxene

Sm-Nd

169

23

Nyquist et al.
2001a

isochron age

QUE94201

Feldspars

Ar-Ar

730

100

Bogard and
Garrison 1999

plateau age

Ten points—whole
rock, plagioclase,
pyroxene,
opaques, glass

Rb-Sr

327

12

Borg et al. 1997

isochron age

Nine points—whole
rock, plagioclase,
pyroxene,
opaques, glass

Sm-Nd

327

19

Borg et al. 1997

isochron age

Twelve points—
whole rock,
plagioclase,
pyroxenes, oxides,
phosphates

U-Pb

4326

32

Gaffney, Borg, and
Connelly 2007

Pb-Pb isochron
age

NWAS5990

Four points—
plagioclase,
pyroxene,
opaques, residues

Rb-Sr

389

12

Shih et al. 2011b

isochron age

Ten points—whole
rock, plagioclase,
pyroxene, olivine,
resdiues, leachates

Sm-Nd

402

22

Shih et al. 2011b

isochron age
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NWA480
Eleven points—
whole rocks, Bouvier, Blichert- Pb-Pb isochron
plagioclase, U-Pb 4092 74 Toft, and Alberéde
age
pyroxene, 2009
leachates
NWAS856
Four points—whole Brandon et al
rock, plagioclase, Rb-Sr 150 32 2004 ' isochron age
pyroxene, residues
Seven points—
whole rocks, Rb-Sr 162 15 Ferdous et al. 2017 | isochron age
pyroxenes,
leachates, residues
Four points—whole Brandon et al
rock, pyroxene, Sm-Nd 186 24 ' isochron age
. 2004
residues
Nine points—whole
FOCK.S’ pyroxenes, Sm-Nd 163 6 Ferdous et al. 2017 | isochron age
plagioclases,
residues, leachates
. Misawa and .
Baddeleyite U-Pb 186 12 Yamaguchi 2007 U-Pb isochron
NWA1460
Plagioclase Ar-Ar 360 6 Bogard and Park plateau age
2007
Plagioclase Ar-Ar 346 6 Bogard and Park isochron age
2007
. 7 .
Plagioclase Ar-Ar 360 6 extractions Nyquist et al. 2009 | plateau age
Plagioclase Ar-Ar 353 16 12 . Nyquist et al. 2009 | isochron age
extractions
Plagioclase K-Ar 358 3 Nyquist et al. 2009 | model age
Nine points—whole
rock, plagioclase, .
pyroxene, Rb-Sr 336 14 Nyquist et al. isochron age
. 2006a
and magnetic
“opaques”
Sixteen points—
whole rock,
plagioclase, Rb-Sr 336 15 Nyquist et al. 2009 | isochron age
pyroxene,
opaques, fines,
leachates
Nine points—whole
rock, plagioclase, .
pyroxene, Sm-Nd 345 14 Nyquist et al. isochron age
. 2006a
and magnetic
“opaques”
Sixteen points—
whole rock,
plagioclase, Sm-Nd 350 16 Nyquist et al. 2009 | isochron age
pyroxene,
opaques, fines,
leachates
NWA2626
Pyroxene (10 laser step-
grains), plagioclase | Ar-Ar 514 24 P Lindsay et al. 2012 | isochron age
/ heated
(3 grains)
Pyroxene (10 laser step-
grains), plagioclase | Ar-Ar 500 14 heated P Lindsay et al. 2012 | plateau age

(3 grains)
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NWA2975
. 18-100% Bogard, Park, and | .
Plagioclase Ar-Ar 366 3 9Ar release | Garrison 2009 isochron age
Plag|oc|ase—seven Ar-Ar 314 7 weighted Lindsay et al. 2013 | plateau age
grains average
Plag|oc|ase—seven Ar-Ar 296 14 con;?cted Lindsay et al. 2013 | isochron age
grains for 38Ar
corrected
Whole rock Ar-Ar 184 17 for 38Ar step- 2515 gata and Borg isochron age
wise
Whole rock and Bogard, Park and .
minerals Sm-Nd 7 1 Garrison 2009 isochron age
NWA3171
Plagioclase Ar-Ar 225 4 ;’g(r)l;and Bogard isochron age

. 20-100% Bogard, Park and .

Plagioclase Ar-Ar 232 7 ®Ar release | Garrison 2009 isochron age

Whole rock and Bogard, Park and .

minerals Sm-Nd 193 21 Garrison 2009 isochron age
. Herd, Simonetti, .

Baddeleyite U-Pb 171 129 and Peterson 2007 U-Pb isochron age

RBT04262

Plagioclase Ar-Ar 171 Park et al. 2013c isochron age

Plagioclase Ar-Ar 228 Park et al. 2013c plateau age

Plagioclases—five weighted

grains Ar-Ar 236 3 average Park et al. 2014 plateau age

Plagioclases—six Park et al. 2013c, .

grains Ar-Ar 227 4 2014 isochron age

Six points—whole

rock, plagioclase, Rb-Sr 167 6 Shih, Nyquist, and isochron age

pyroxene, olivine, Reese 2009 9

opaques

Eleven points—

whole rock . .

; ’ Shih, Nyquist, and | .
plagioclase, Sm-Nd 174 14 ’ isochron age
pyroxene, olivine, Reese 2009
residues, leachates
Four points—
pyroxene, olivine, Lu-Hf 225 21 Lapen et al. 2008 isochron age
plagioclase,
chromite
Ten points—whole . .

Bouvier, Blichert- .
rock, pyroxene, | ; py, 4092 74 Toft, and Alberede | ~0-PP isochron
olivine, plagioclase, 2009 age
leachates
NWA10299
Tera- .
Baddeleyite U-Pb 196 11 Wasserburg | Sheen etal. 2024 | Po-PPisochron
plot 9
NWA12919
Tera- .
Baddeleyite U-Pb 188 11 Wasserburg | Sheen etal. 2024 | Po-PPisochron
plot 9
JaH479
Tera- .
Baddeleyite U-Pb 210 9 Wasserburg | Sheen etal. 2024 | Po-PPisochron
plot 9
NWA4468
corrected
Whole rock Ar-Ar 188 17 for %Ar step- Cassata and Borg isochron age

wise

2016
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Two points—whole
rock, plagioclase,
residues

Rb-Sr

187

Marks et al. 2010

isochron age

Three points—
whole rock,
leachate, residue

Sm-Nd

150

29

Borg, Gaffney, and
De Paulo 2008

isochron age

Three points—
whole rock, oxides,
residue

Lu-Hf

179

27

Lapen et al. 2009

isochron age

NWA4880

Plagioclase—three
samples

Ar-Ar

700

140

unweighted
average

Turrin et al. 2018

isochron age

Three points—
whole rock,
plagioclases

Lu-Hf

716

81

Righter, Lapen,
and Irving 2018

isochron age

NWAS5298

Baddeleyites—three
grains

U-Pb

187

33

least
disturbed
U-Pb ages

Moser et al. 2013

Pb-Pb isochron
age

Baddeleyites—three
grains (five spot
analyses)

U-Pb

175

30

weighted
mean

Darling et al. 2016

U-Pb isochron age

NWA7635

Six points—whole
rock, fines,
olivine, pyroxene,
phosphate,
leachates

Sm-Nd

2326

130

Righter et al. 2014

isochron age

Seven points—
whole rocks,
pyroxene, olivine,
phosphates,
leachates, residues

Sm-Nd

2403

140

Lapen et al. 2017

isochron age

Five points—whole
rock and mineral
strong-acid
leachates

U-Pb

4390

16

Andreasen et al.
2014

Pb-Pb isochron
age

NWA8159

Shock melt
(plagioclase-
pyroxene) glass—
step-heated

Ar-Ar

2150

100

Herd et al. 2017a

isochron age

Six points—Whole
rocks, fine-grained
bulk rock, residues

Sm-Nd

2370

250

Herd et al. 2017a

isochron age

Forty-nine
analyses—
plagioclase,
pyroxene,
phosphate, shock
melt glass

U-Pb

3370

2100

Bellucci et al. 2020

Pb-Pb isochron
age

Forty-nine
analyses—
plagioclase,
pyroxene,
phosphate, shock
melt glass

U-Pb

2400

860

Bellucci et al. 2020

Pb-Pb model age

NWAB8653

Feldspathic
intergrowth and
plagioclase

U-Pb

4135

960

Wu et al. 2021

Pb-Pb iscohron
age

Baddeleyite—
eleven analyses

U-Pb

186

10

weighted
mean

Wu et al. 2021

U-Pb age

Baddeleyite—
eleven analyses

U-Pb

166

260

Wu et al. 2021

Pb-Pb iscohron
age
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NWAS8679
Tera-
Baddeleyites—ten U-Pb 220 23 Wasserburg géaztidon etal. U-Pb isochron age
discordia
NWA7257
; Tera-
Baddeleyites— U-Pb 195 15 Wasserburg Staddon et al. U-Pb isochron age
seventeen . . 2021
discordia
LAR06319
Whole rock Ar-Ar 163 13 Park et al. 2013c isochron age
Nine points—whole
rock, pyroxene, ) Shih, Nyquist, and | .
olivine, plagiocalse, Rb-Sr 207 14 Reese 2009 isochron age
leachates, residues
Nine points—whole
rock, pyroxene, : Shih, Nyquist, and | .
olivine, plagiocalse, Sm-Nd 190 26 Reese 2009 isochron age
leachates, residues
Seven points—
whole rock, . Shafer et al. .
pyroxene, olivine, Sm-Nd 183 12 2010a. b isochron age
plagioclase, ’
leachates
Five points—bulk
rock, plagioclase, | Lu-Hf 197 29 Shafer et al. 2009 | isochron age
pyroxene
Five points—bulk
rock, plagioclase, | Lu-Hf 197 29 Shafer et al. 2010b | isochron age
pyroxene
LAR12011
Six points—whole .
. Righter, Andreason | .
rocks, plagioclase, | Sm-Nd 183 12 ’ isochron age
pyroxene, olivine and Lapen 2015
Four points—whole .
. Righter, Andreason | .
rocks, plagioclase, | Lu-Hf 197 29 ' isochron age
pyroxene and Lapen 2015
Dho378
. 8 Park and Bogard )
K-enriched pahses | Ar-Ar 143 4 extractions | 2006 isochron age
Four points—whole
rock, plagioclase, Rb-Sr 159 Nyquist et al. 2018 | isochron age
residues, glasses
Whole rock and Nyquist et al. .
minerals Sm-Nd 157 24 2006b isochron age
Four points—whole
rocks, pyroxenes, Sm-Nd 157 23 Nyquist et al. 2018 | isochron age
residues
KG002
T-W
Phosphates-nine |, o, 395 240 concordia, | i cziar et al. 2019 | U-Pb isochron age
grains lower
intercept
OLIVINE-PHYRIC
EETA79001A
Whole rock Ar-Ar 2035 22?:;2:?399 plateau age
Four points—whole : .
rock, plagioclase, Rb-Sr 173 10 \’;lv)fouc;setneéta;'l 119 98{?2 isochron age
pyroxene '
Whole rock Rb-Sr 160 Jagoutz 1991 isochron age
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Whole rock Sm-Nd 240 150 Wooden et al. 1982 | isochron age
Four points—whole Brandon et al. .
rocks Re-Os 164 12 2000, 2012 isochron age
Five points—
leachates, residue, | U-Pb 150 15 Chen and U-Pb isochron age
Wasserburg 1986
whole rock
Four points— .
leachates, residue, | U-Pb 170 36 Ghen and Th-Pbisochron
Wasserburg 1986 age
whole rock
DaG476
Plagioclase—step 36-71% 3°Ar | Park, Bogard, and | .
heated Ar-Ar 619 31 release Garrison 2008 isochron age
Pyroxene—step 25-83% *°Ar | Park, Bogard, and | .
heated Ar-Ar 408 172 release Garrison 2008 isochron age
Plagioclase—step g Bogard, Park, and
heated Ar-Ar 1000 Garrison 2009 plateau age
Plagioclase Ar-Ar 481 24 Cohen et al. 2023 | isochron age
Eight points—whole
rock, olivine
; ’ Borg et al. 2000; .
plagiocalse, Sm-Nd 474 11 Borg et al. 2003 isochron age
pyroxenes,
leachates
Four points—whole Jagoutz et al.
rock leachates and | Sm-Nd 775 25 1999; Jagoutz and | isochron age
residues, olivine Jotter 2000
Sau094 / 005
Bogard, Park, and
Whole rock Ar-Ar 2000 Garrison 2009 plateau age
Olivine—three 83% °Ar Korochantseva et
extractions Ar-Ar 885 66 release al. 2009 plateau age
Plagioclase Ar-Ar 437 24 Cohen et al. 2023 | isochron age
Nine points—whole . .
rocks, pyroxenes, Sm-Nd 445 18 Shih, Nyquist, and isochron age
. Reese 2007
residues, leachates
Dho019
. Bogard, Park and .
Plagioclase Ar-Ar 707 16 Garrison 2009 isochron age
. 9-100% *°Ar | Korochantseva et
Plagioclase Ar-Ar 642 72 release al. 2009 plateau age
Four points—whole
rock, plagioclase, Rb-Sr 525 56 Borg et al. 2001a isochron age
pyroxene
Eleven points—
whole rock,
pyroxenes, Sm-Nd 575 7 Borg et al. 2001a isochron age
plagiocalse,
olivine, leachates,
residues
Whole rocks and Sm-Nd 575 7 Borg and Drake isochron age
minerals 2005
NWA1068
Five points—whole
ro_cl_<, pyroxene, Rb-Sr 166 37 Shih et al. 2009 isochron age
olivine, plagioclase,
residues, leachates
Nine points—whole
k
rock, pyroxene, Sm-Nd 185 11 Shih et al. 2003 isochron age

olivine, residues,
leachates
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Four points—whole

Bouvier, Blichert-

Pb-Pb isochron

U-Pb 4092 74 Toft, and Albaréde
rock and leachates age
2009
NWA1195
Five points—whole
rocks, pyroxenes, Sm-Nd 348 19 Symes et al. 2005 | isochron age
olivine
Five points—whole
rocks, pyroxenes, Sm-Nd 347 13 Symes et al. 2008 | isochron age
olivine, residues
) Bouvier, Blichert- .
roi“kr;’:énlt:;g::"ees U-Pb 4319 47 Toft and Albaréde :b::b Isochron
2009 9
TISSINT
Whole rock—
pyro?(ene- Ar-Ar 707 29 Park et al. 2013b plateau age
plagioclase
groundmass
Whole rock—
pyroxene- Ar-Ar 610 33 Park etal. 2013b | isochron age
plagioclase
groundmass
Plagioclase Ar-Ar 540 63 Cohen et al. 2023 | isochron age
Six points—whole
rock, plagioclases, | Rb-Sr 621 17 Park et al. 2013b isochron age
pyroxene, olivine
Five points—
pyroxenes, Brennecka, Borg, )
olivines, Rb-Sr 560 30 and Wadhwa 2014 | 'S0°Nron 298
plagiaoclase
Eight points—whole
rock, plagioclases, | o o 495 35 Shihetal. 2014 | isochron age
pyroxenes, olivine,
residues
Three points—
B k I
whole rock, Sm-Nd 596 23 rennecka et a isochron age
. 2013
residue, leachate
Three points—
hol k h t al.
W o'e rock, Sm-Nd 616 67 Grosshans eta isochron age
plagioclase, 2013
pyroxene
Six points—whole
) Brennecka, Borg, .
rocks, fines, . Sm-Nd 587 28 and Wadhwa 2014 isochron age
leachates, residues
Fifteen points—
whole rocks,
plagioclase, Sm-Nd 472 36 Shih et al. 2014 isochron age
olivine, pyroxene,
residues, leachates
Three points—
hol k h l.
W o.e rocrs Lu-Hf 583 86 Grosshans et a isochron age
plagioclase, 2013
pyroxene
Twelve points—
fou.r whole rocks, U-Pb 574 20 weighted Moriwaki et al. Pb-Pb isochron
residues and average 2017 age

leachates
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POIKILITIC

(LHERZOLITIC)

ALHA77005

Whole rock K-Ar 1330 130 Miura et al. 1995 model age
Bogard and

Whole rock Ar-Ar 3500 Garrison 1999 plateau age

Three points—

plagioclase, Ar-Ar 194 7 Walton, Kelley, and | igo5pron age

- Herd 2008
pyroxene, olivine
g:z%gclase—seven Ar-Ar 205 10 tight cluster | Turrin et al. 2013 plateau age
’ corrected

Plagioclase-seven [ »p a 177 6 for trapped | Turrin etal. 2013 | isochron age

grains wOAr

Three points—

whole rock, )

plagioclase, Rb-Sr 184 6 Wooden et al. 1979 | isochron age

pyroxene

Ten points—whole

rock, pyroxenes, Rb-Sr 156 6 Jagoutz 1989 isochron age

olivine

Six points—whole

rock, olivine, ’ .

pyroxene, Rb-Sr 188 11 Shih et al. 1982 isochron age

plagioclase

Eight points—whole

rock, plagioclase, Rb-Sr 185 11 286% etal. 2001b, isochron age

pyroxene, olivine

Four points—whole . .

rock, pyroxene Sm-Nd 325 Shih et al. 1982 isochron age

Four points—whole

rock, pyroxene, Sm-Nd 135 40 Jagoutz 1989 isochron age

olivine

Eight points—whole

rock, plagioclase, Sm-Nd 173 6 28692 etal. 2001b, isochron age

pyroxene, olivine

ALHA77009

Pyroxenes Rb-Sr 154 6 Jagoutz 1991 isochron age

NWA1950

Plagioclase—two Walton, Kelley, and

step heated Ar-Ar 362 Herd 2008 plateau age

Eleven points—

pyroxe, olivine, Ar-Ar 382 36 w:rléogbol(; "%bgnd isochron age

plagioclase ’

LEW88516

Whole rock K-Ar 2600 Bogard and model age
Garrison 1999 9

Seven points— )

whole rock, Weiamanh 1998;

plagioclase, Rb-Sr 183 10 ) isochron age

- Borg et al. 2001b,

olivine, pyroxene, 2002

opaques

Eleven points—

whole rock,

plagiocalse, ) Borg et al. 1998a, | .

pyroxene, Sm-Nd 166 16 2001b, 2002 isochron age

opaques, glass,

leachates

Four points—whole
Chen and .

rocks, leachates, U-Pb 170 U-Pb isochron age

residue Wasserburg 1993

Y000097

Plagioclase Ar-Ar 260 Misawa et al. 2008 | plateau age
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Four points—whole
rock, plagioclase,
pyroxene, olivine

Rb-Sr

147

28

Misawa et al. 2008

isochron age

Six points—whole
rocks, pyroxene,
plagioclase,
residues, leachates

Sm-Nd

152

13

Misawa et al. 2008

isochron age

Y793605

Whole rock

Ar-Ar

1595

Bogard and
Garrison 1999

plateau age

Five points—whole
rock, pyroxene,
plagioclase, olivine

Rb-Sr

173

14

Morikawa et al.
2001

isochron age

Six points—whole
rock, pyroxene,
olivine

Sm-Nd

156

14

Misawa et al.
2006a

isochron age

Five points—whole
rocks, pyroxene,
olivine, leachates,
residues

Sm-Nd

185

16

Misawa et al.
2006¢c

isochron age

Four points -
pyroxene leachates
and residue

U-Pb

212

62

T-W
concordia,
lower
intercept

Misawa et al. 1997

U-Pb isochron age

Four points—
pyroxene leachates
and residue

U-Pb

4439

T-W
concordia,

upper
intercept

Misawa et al. 1997

U-Pb isochron age

Five points—whole
rock, pyroxene,
plagioclase, olivine,
residues

U-Pb

3812

870

Misawa et al. 1997

Pb-Pb isochron
age

Five points—whole
rocks, plagioclase

U-Pb

4174

29

Misawa et al.
2006¢

Pb-Pb isochron
age

Y980459

Whole rock

Ar-Ar

866

35

Bogard, Park, and
Garrison 2009

plateau age

Seven points—
whole rock,
plagioclase,
pyroxene, glass,
residues

Rb-Sr

296

90

Shih et al. 2004

isochron age

Nine points - whole
rocks, pyroxene,
olivine, glass

Rb-Sr

298

80

Shih et al. 2005

isochron age

Four points—whole
rocks, pyroxene,
glass, residues

Sm-Nd

290

45

Shih et al. 2004

isochron age

Six points—whole
rock, pyroxene,
glass, residues,
leachates

Sm-Nd

472

27

Shih et al. 2005,
2007

isochron age

Y984028

Seven points—
whole rock,
plagioclase,
pyroxene, olivine,
opaques, residues,
leachates

Rb-Sr

170

Shih et al. 2009,
2011a

isochron age

Nine Points—whole
rock, plagioclase,
pyroxene,
opaques, residues,
leachates

Sm-Nd

170

10

Shih et al. 2011a

isochron age
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GRV99027

Five points—
pyroxenes,
olivines,
plagioclase,
residues

Rb-Sr

177

Liu, Li, and Lin
2011

isochron age

Table 2. Radioisotope ages of Nakhlites.

Sample

Method

Reading

Err +/-

Note

Source

Type

NAKHLA

Whole rock

K-Ar

1300

30

Stauffer 1962

model age

Whole rock

Ar-Ar

1300

Podosek 1973

plateau age

Whole rock,
pyroxene,
olivine,acid-
washed residue

Ar-Ar

1397

16

averaged

Burgess et al. 2000

plateau age

Whole rock

Ar-Ar

1332

10

Swindle and Olsen 2004

plateau age

Whole rock

Ar-Ar

1323

1

Swindle and Olsen 2004

plateau age

Whole rock

Ar-Ar

1357

1"

Park, Garrison and Bogard
2009

plateau age

Plagioclase

Ar-Ar

1332

24

Cassata et al. 2010

isochron age

Whole rock—step
heating

Ar-Ar

1418

18

6—90% 3°Ar
release

Korochantseva et al. 2011

plateau age

Mesostasis
(Plagioclase and
glass)-step heating

Ar-Ar

1415

67

0-88% 3°Ar
release

Korochantseva et al. 2011

plateau age

Mesostasis
(Plagioclase and
glass)-step heating

Ar-Ar

1364

54

0-88% 3°Ar
release

Korochantseva et al. 2011

plateau age

Pyroxene—step
heating

Ar-Ar

1399

28

1-84% 3°Ar
release

Korochantseva et al. 2011

plateau age

Whole rock

Ar-Ar

1382.5

6.6

Cohen et al. 2017

plateau age

Thirteen points—
whole rock,
olivine, pyroxene,
plagioclase,
opaques

Rb-Sr

1230

10

Gale, Arden, and Hutchinson
1975

isochron age

Nine points—whole
rock, plagioclase,
pyroxene, glass

Rb-Sr

1310

20

Papanastassiou and
Wasserburg 1974

isochron age

Five points—
plagiocalse, glass

Rb-Sr

1370

20

Papanastassiou and
Wasserburg 1974

isochron age

Two points—whole
rocks

Re-Os

1417

15

Brandon et al. 2000

isochron age

Seven points—
whole rock, olivine,
pyroxene

Sm-Nd

1260

70

Nakamura et al. 1982

isochron age

Four points—whole
rock residue and
leachates, olivine,
pyroxene

Sm-Nd

1297

Jagoutz and Jotter 2000

isochron age

Ten points—whole
rocks, plagioclase,
glass, pyroxenes,
olivine, residues,
leachates

Sm-Nd

1380

70

Shih et al. 2010

isochron age

Seven points—
whole rock, olivine,
pyroxene

U-Pb

1280

50

Nakamura et al. 1982

U-Pb isochron
age
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Seven points—

whole rock, olivine, | U-Pb 1240 110 Nakamura et al. 1982 U-Th-Pb
isochron age

pyroxene

GOVERNADOR

Whole rock Ar-Ar 1320 40 Bogard and Husain 1977 plateau age

Three points—

whole rock, Rb-Sr 1330 10 Wooden et al. 1979 isochron age

pyroxenes

Five points—whole . . .

rocks, pyroxenes, Rb-Sr 1200 5 ‘:"gg; Nyquist, and Weismann isochron age

glass

Five points-whole Shih, Nyquist, and Weismann

rocks, pyroxenes, Sm-Nd 1360 30 1996’ yaquist, isochron age

olivine

Eight points—whole . . .

rocks, pyroxene, Sm-Nd 1370 20 1835; Nyquist, and Weismann isochron age

olivine, leachates

LAFAYETTE

Iddingsite K-Ar 670 91 Swindle et al. 2000 model age

Whole rock Ar-Ar 1330 30 Podosek 1973 plateau age

Whole rock Ar-Ar 1322 10 Swindle and Olsen 2004 plateau age

— | o/ 39
Pyro.xene step Ar-Ar 1350 32 2-95% FAr Korochantsova et al. 2011 plateau age
heating release
o | o/ 39

Wholle rock-step Ar-Ar 1306 7 6-05% *Ar Korochantsova et al. 2011 plateau age

heating release

Whole rock Ar-Ar 1321.7 9.6 Cohen et al. 2017 plateau age

Whole rock Ar-Ar 1322 16 Cohen et al. 2017 isochron age

Iddingsite Rb-Sr 679 66 Shih et al. 1998 isochron age

Ten points—whole

rocks, olivine, Rb-Sr 1250 80 Shih et al. 1998 isochron age

pyroxene,

iddingsite

Ten points—whole

rocks, olivine, sm-Nd | 1320 50 Shih et al. 1998 isochron age

pyroxene,

iddingsite

Apatite—nine .

SHRIMP spot U-Pb 1120 270 Terada and Sano 2004 g'zb isochron

analyses 9

Y000593

Whole rock Ar-Ar 1359 5 Bogard and Garrison 2006 isochron age

Whole rock Ar-Ar 1359 20 8 extractions | Misawa et al. 2005¢ isochron age

% -
Whole rock Ar-Ar 1359 5 cosmic %*Ar Park, Garrison, and Bogard isochron age
corrected 2007
) cosmic %Ar Park, Garrison, and Bogard )
Plagioclase Ar-Ar 1434 12 corrected 2007 isochron age
Whole rock Ar-Ar 1367 7 Park, Garrison, and Bogard plateau age
2009

Whole rock Ar-Ar 1346 7.8 Cohen et al. 2017 plateau age

Whole rock Ar-Ar 1340 Cohen et al. 2017 isochron age

Five points—whole

rock, pyroxene, Rb-Sr 1300 20 Misawa et al. 2003, 2005¢c | isochron age

non-magnetic

opaques, residues

Six points—whole

rock, pyroxene,

non-magnetic Sm-Nd 1310 30 Misawa et al. 2003, 2005¢ isochron age

opaques, residues,
leachates
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Apatite—twelve

U-Pb isochron

SHRIMP spot U-Pb 1530 460 Terada and Sano 2004 age
analyses 9
Fourteen points—
whole rocks, Bouvier, Blichert-Toft, and Pb-Pb isochron
pyroxenes, oxides, U-Pb 1330 140 Albaréde 2009 age
leachates
Y000749
Whole rock Ar-Ar 1380 100 98% release | Shankar et al. 2008 isochron age
Whole rock Ar-Ar 1415.6 7 Cohen et al. 2017 plateau age
Apatite-twelve .
SHRIMP spot U-Pb 1530 460 Terada and Sano 2004 g'zb isochron
analyses 9
NWA998
Whole rock Ar-Ar 1334 11 ggg; Garrison, and Bogard plateau age
Four points—
pyroxenes, Rb-Sr 1470 21 Carlson and Irving 2004 isochron age
magnetic opaques
Five points—
pyroxene,
plagioclase, Sm-Nd 1290 50 Carlson and Irving 2004 isochron age
magnetic opaques,
leachate
Four points—
pyroxene, olivine, 4 1540 300 Carlson and Irving 2004 isochron age
plagioclase,
magnetic opaques
Five points—
pyroxene, | py, 4290 40 Carlson and Irving 2004 Pb-Pb isochron
plagioclase, olivine, age
magnetic opaques
Large apatite
grain-spot U-Pb 3954 158 mean Udry and Day 2018 gbépb model
analyses 9
NWA5790
Four points—whole
rock, glass, Sm-Nd 1380 100 Shih et al. 2010 isochron age
pyroxenes
NWA10153
Five points—whole
rock_s, pyroxene, Sm-Nd 1419 56 Righter et al. 2016 isochron age
plagioclase,
leachates
Four points—whole
rocks, pyroxene, Lu-Hf 1360 33 Righter et al. 2016 isochron age
oxides
MIL03346
Whole rock Ar-Ar 1440 20 Bogard and Garrison 2006 isochron age
Whole rock Ar-Ar 1360 2 Anand et al. 2006 ;‘;t:' (plateau)
% -
Whole rock Ar-Ar 1419 8 cosmic *“Ar Park, Garrison, and Bogard isochron age
corrected 2007
. cosmic %Ar Park, Garrison, and Bogard .
Plagioclase Ar-Ar 1382 6 corrected 2007 isochron age
Mesqstasm Ar-Ar 1368 83 Park, Garrison, and Bogard isochron age
(plagioclase) 2009
Pyroxene Ar-Ar 1334 54 ;gg; Garrison, and Bogard plateau age
Plagioclase Ar-Ar 1339 8 Cassata et al. 2010 isochron age
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Whole rock Ar-Ar 1390.9 8.9 Cohen et al. 2017 plateau age
Eight points—whole
ro_cl_(, pyroxene, Rb-Sr 1294 122 Shih, Nyquist, and Reese isochron age
olivine, glass, 2006
residues
Eight points—whole
ro.cll<, pyroxene, Sm-Nd 1356 30 Shih, Nyquist, and Reese isochron age
olivine, glass, 2006
residues
Ten points—whole
rock, pyroxenes, Bouvier, Blichert-Toft, and Pb-Pb isochron
olivines, oxides, U-Pb 1330 140 Albaréde 2009 age
leachates
MIL090030 /
090032 / 090136
Mesostatis .
(090030) Ar-Ar 1373 4 average Park et al. 2016 isochron age
Mesostatis .
(090032) Ar-Ar 1404 9 average Park et al. 2016 isochron age
Whole rock .
(090136) Ar-Ar 1492 4 average Park et al. 2016 isochron age
Table 3. Radioisotope ages of Chassignites.
Sample Method | Reading | Err +/- Note Source Type
CHASSIGNY
Whole rock K-Ar 1390 170 sensetandlancel | model age
Whole rock Ar-Ar 1320 70 ?ggg rd and Garrison plateau age
Whole .rock—12 Ar-Ar 1354 13 Misawa et al. 2006b isochron age
extractions
Whole rock Ar-Ar 1354 12 Egggrd and Garrison isochron age
Nine points—whole
rock, plagloc_la!se, Rb-Sr 1226 12 Nakam_ura, Komi, and isochron age
pyroxene, olivine, Kagami 1982
magnetic opaques
Ten points—whole
rocks, plaglqc!ase, Rb-Sr 1406 14 Misawa et al. 2006b isochron age
pyroxene, olivines,
opaques
'rl'c\)/éokspomts—whole Re-Os 1417 15 Brandon et al. 2000 isochron age
Three points—
whole rock Sm-Nd | 1362 62 Jagoutz 1996 isochron age
leachates and
residues
Eight points—
whole rock,
pyroxene, olivine, Sm-Nd 1360 30 Misawa et al. 2005b isochron age
plagioclase,
opaques
Nine points—whole
rocks, pyroxene, Sm-Nd 1386 28 Misawa et al 2006b isochron age
olivines, opaques
Four points—whole Bouvier, Blichert-Toft, .
rock, leachates U-Pb 1330 140 and Albaréde 2009 Pb-Pb isochron age
NWA2737
\;\é?r?tl: rock-two K-Ar 376 168 Marty et al. 2006 isochron age

49



50

Andrew A. Snelling

Whole rock Ar-Ar 169 1 Bogard and Garrison isochron age
2006
0-48% .
Whole rock Ar-Ar 163 5 WAr total | 509ard and Garrison | i on age
®Ar 2008
10-48% Bogard and Garrison
Whole rock Ar-Ar 189 18 3Ar, total 9 isochron age
A 2008
Three points—
whole rocks Sm-Nd 1380 30 Misawa et al. 2005a isochron age
(added to
Chassigny)
Three points—
whole rocks Sm-Nd | 1416 57 Misawa et al. 2005a | isochron age
(added to
Chassigny)
Baddeleyites U-Pb 1640 70 Ozawa et al. 2009 U-Pb isochron age
Table 4. Radioisotope ages of Orthopyroxenites.
Read-
Sample Method ing ERR +/- | NOTE SOURCE TYPE
ALH 84001
Whole rock K-Ar 3560 280 Miura et al 1995 model age
Whole rock K-Ar 4050 290 Miura et al 1995 model age
Silicates K-Ar 3910 150 Turner et al. 1997 isochron age
Whole rock Ar-Ar  |4010 |14 Ash, Knott, and Tumner 1996 | Plateau and
aliquots isochron age
Pyroxene Ar-Ar 4175 25 Knott, Ash, and Turner 1996 plateau age
Silicates Ar-Ar 3920 100 Turner et al. 1997 plateau age (mean)
Plagioclase grains | Ar-Ar 4070 40 ng.;essburger, and El Gorsey plateau age
Feldspars Ar-Ar 4095 200 Bogard and Garrison 1999 plateau age
Plagioclase grains | Ar-Ar 4160 200 Cassata et al. 2010 plateau age
Plagioclase grains | Ar-Ar 4163 35 Cassata et al. 2010 isochron age
Six points—
plagioclase, Rb-Sr  |4550 |30 Nyquist et al. 1995 isochron age
pyroxene, whole
rock leachates
Whole rock
samples,. PYTOXeNe | pp-sr 3890 50 Wadhwa and Lugmair 1996 isochron age
and plagioclase
separates
Four points—whole
rock, pyroxene, Rb-Sr 4344 230 Beard et al. 2013 isochron age
plagioclases
Five points—fine
and coarse whole
rock separates, Sm-Nd | 4560 Jagoutz et al. 1994 isochron age
leachates and
residues
Six points—whole
rock leachates and | Sm-Nd | 4500 120 Nyquist et al. 1995 isochron age
residues
Whole rock, Sm-Nd | 4410 30 Lapen et al. 2010 isochron age
pyroxene
Twenty-two
points—whole Sm-Nd |4568 |88 Nyquist and Shih 2013 isochron age
rocks, pyroxenes,
residues, leachates
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Four points—whole

rock, pyroxene, Lu-Hf 4086 30 Righter et al. 2009 isochron age
chromite

Four points—

chromite, Lu-Hf 4091 30 Lapen et al. 2010 isochron age
pyroxene, whole

rocks

Six points—whole .

rock leachates and [ U-Pb | 4135 [ 12 Jagoutz et al. 2009 zbépb isochron
residues 9

Thirteen

points—whole i Bouvier, Blichert-Toft, and Pb-Pb isochron
rock, pyroxene, U-Pb 4074 99 Albaréde 2009 age

leachates

Pyroxenes and UPb [4089 |73 Bellucci et al. 2015a Pb-Pb isochron
plagioclases age
Carbonates Ar-Ar 3600 Knott et al. 1996 isochron age
Carbonates in A-Ar [3270 |17 Kring et al. 1998 plateau age
whole ropck

Carbonates in ArAr 3520 |24 Kring et al. 1998 plateau age
whole ropck

Carbonates in Ar-Ar 3910 120 Kring et al. 1998 plateau age
whole ropck

Carbonates—eight | gy, sr | 3900 |40 Borg et al. 1999 isochron age
leachates

Carbonates Rb-Sr 1410 100 Wadhwa and Lugmair 1996 isochron age
Carbonates—three | o o 13900 |40 Borg et al. 1998b isochron age
leachates

Carbonates—five | o o | 3940 |40 Borg et al. 1998b isochron age
leachates

Carbonates—eight Rb-Sr 3924 19 recaloulated Borg and Drake 2005 isochron age
leachates data

Seven points—

carbonates, Rb-Sr [3952 |22 Beard et al. 2013 isochron age
carbonate-rich

aliquots

Carbonates—eight U-Pb 4038 140 Borg et al. 1999 Pb-Pb isochron
leachates age
Carbonates—eight U-Pb 4045 20 recalculated Borg and Drake 2005 Pb-Pb isochron
leachates data age
Phosphates—

twelve grains, Terada, Monde and Sano concordia intercept
SHRIMP spot U-Pb 4018 81 2003 age

analyses

Phosphates—

twelve grains, Terada, Monde and Sano .

SHRIMP spot Th-Pb 3971 860 2003 isochron age
analyses

Phc_)sphate single U-Pb 3830 470 Koike et al. 2014 concordia intercept
grain age

Phc_;sphate single U-Pb 4220 180 Koike et al. 2014 concordia intercept
grain age

Phgsphate single U-Pb 3770 540 Koike et al. 2014 concordia intercept
grain age

Phosphate multi- U-Pb 3990 160 Koike et al. 2014 concordia intercept

grain

age
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Sample Method | Reading | Err +/- Note Source Type
NWA7034
. Cartwright et al.

Whole rock K-Ar 1600 approx. maximum 2013, 2014 model age

Plagioclase Ar-Ar 2120 90 Lindsay et al. 2016 | plateau age

Plagioclase Ar-Ar 1620 40 Lindsay et al. 2016 | plateau age

Feldspar Ar-Ar 1374 7 Cassata et al. 2018 | plateau age

Whole rock Ar-Ar 1391 16 oldest of 7 of 13 Cassata et al. 2018 | plateau age

Whole rock Ar-Ar 1327 12 youngest of 7 of 13 | Cassata et al. 2018 | plateau age

Whole rock Ar-Ar 1367 44 oldest of 7 of 13 Cassata et al. 2018 | isochron age

Whole rock Ar-Ar 1224 52 youngest of 7 of 13 | Cassata et al. 2018 | isochron age

Five analyses—

whole _rock plus Rb-Sr 2089 81 basaltic crustal Agee et al. 2013 isochron age

four mineral rock

fractions

Ten points—

whole rocks, . . .

plagioclases, Rb-Sr 2700 600 dispersion; Nyquist et al. 2013, isochron age

pyroxene, apparent age 2016

residues, leachates

Five analyses—

whole rockplus | g Ng | 2190|1400 | DESAlticorustal oo otal 2013 | isochron age

four mineral rock

fractions

Four points—whole

rocks, pyroxene, Sm-Nd 4390 80 Nyquist et al. 2013 | isochron age

leachates

Seven points—

whole rocks, coarse-grained

plagioclases, Sm-Nd 4420 70 mineralg Nyquist et al. 2016 | isochron age

pyroxene,

phosphates

Eight points—

whole rocks,

plagioclases, Sm-Nd 4460 100 46Sm-"%2Nd Nyquist et al. 2016 | isochron age

pyroxenes,

residues, leachates

Zircons uUpb 1570 |30 U-Pb concordia | 1, 156 et al. 2014 | U-Pb isochron age
intercept

Zircons UPb  [4370 |70 U-Pb concordia | o ta6 et al. 2014 | U-Pb isochron age
intercept

Two baddeleyite

grains—five UPb  |4350 |4 U-Pb discordia Tartése et al. 2014 | U-Pb isochron age

analyses (weighted intercepts

average age)

Five zircon

grains and one U-Pb 4439 17 average Yin et al. 2014 U-Pb isochron age

baddeleyite grain

One zircon grain U-Pb 4350 13 _concordla upper Yin et al. 2014 U-Pb isochron age
intercept

g:\;tiengther zireon U-Pb 1410 56 average Yin et al. 2014 U-Pb isochron age

; . McCubbin et al. U-Pb concordia
Zircons (older) U-Pb 4431 27 upper intercept 2016 age
) . McCubbin et al. U-Pb concordia
Zircons (younger) U-Pb 1502 98 upper intercept 2016 age
Zircon U-Pb 4476 1 oldest of 7 Bouvier et al. 2018 | Pb-Pb model age

concordant
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youngest of 7

Zircon U-Pb 4430 1 Bouvier et al. 2018 | Pb-Pb model age
concordant

Zircon U-Pb 4483 9 oldest of 7 Bouvier et al. 2018 | U-Pb model age
concordant

Zircon U-Pb 4160 13 youngest of 7 Bouvier et al. 2018 | U-Pb model age
concordant

Bac_ideleylte (two U-Pb 4340 7 average McCubbin et al. U-Pb isochron age

grains) 2016

Zircons U-Pb 4465 73 concordia Upper 1, o 5 2019 U-Pb isochron age
intercept

Zircons uUpb  |1634 o3 concordia lower |, ot 1 2019 U-Pb isochron age
intercept

Zircons UPb 4425 |23 weighted average/ | 1, ot 51 2019 Pb-Pb isochron
mean age
T-W concordia ) .

Phosphates U-Pb 1345 47 ) Yin et al. 2014 U-Pb isochron age
lower intercept

Phosphates— T-W concordia McCubbin et al. .

apatite grains (17) U-Pb 1495 88 upper intercept 2016 U-Pb isochron age

Apatites U-Pb 1530 65 T-W concordia Hu et al. 2019 U-Pb isochron age
lower intercept

NWA7533

Feldspars Ar-Ar 1400 two be_st, Lindsay et al. 2014 | plateau age
approximate

Apatites Sm-Nd 1490 480 Shang et al. 2022 isochron age

Six 'gneous clasts Lu-Hf 4440 41 Jensen et al. 2025 | isochron age

and two zircons

Chloroapatite in regolith breccia, Bellucci et al

" U-Pb 1357 81 concordia lower ' U-Pb isochron age

monzonitic clasts . 2015b
intercept

Zircons (10)—

SHRIMP spot . . Humayun et al. . .

analyses discordia U-Pb 4428 25 regolith breccia 2013 U-Pb discordia age

upper intercept

Zircons (10)—

SHRIMP SPOt . U-Pb 1712 85 later disturbance Humayun et al. U-Pb discordia age

analyses discordia 2013

lower intercept

Zircons (;’;9) and U-Pb 4474 10 mean 9oncord|a Costa et al. 2020 Pb-Pb isochron

baddeleyites (2) upper inetercept age

Zircons (1.39) and U-Pb 4442 17 mean 9oncord|a Costa et al. 2020 Pb-Pb isochron

baddeleyites (2) upper inetercept age

Zircons (;59) and U-Pb 4486 2 oldest .concordla Costa et al. 2020 Pb-Pb isochron

baddeleyites (2) upper intercept age

Zircons (1_39) and U-Pb 4331 1 younggst concordia Costa et al. 2020 Pb-Pb isochron

baddeleyites (2) upper intercept age

Zircons (8) U-Pb 1548 9 oldest in range, Costa etal. 2020 | Y-Pb concordia
detrital grain age

Zircons (8) uPb | 300 1 youngestinrange, | oo, ot g1 2029 | U-PP concordia
detrital grain age

Zircon in Basaltic U-Pb 4453 39 Jensen et al. 2025 U-Pb concordia

clast age

ercon.m Basaltic U-Pb 4426 10 Jensen et al. 2025 U-Pb concordia

andesite clast age

Zircon n U-Pb 4375 190 upper intercept Jensen et al. 2025 U-Pb discordia

Monzonitic clast model age

Zircon in Basaltic U-Pb 4456 68 upper intercept Jensen et al. 2025 U-Pb discordia

clast model age

Zircon in Basaltic U-Pb 4422 12 upper intercept Jensen et al. 2025 U-Pb discordia

clast

model age
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ZII’COf‘I.In Basaltic U-Pb 4447 8 upper intercept Jensen et al. 2025 U-Pb discordia
andesite clast model age
ZII’COH.II‘I Basaltic U-Pb 4464 12 upper intercept Jensen et al. 2025 U-Pb discordia
andesite clast model age
NWAS8171
Apatites Sm-Nd 1490 480 Shang et al. 2022 isochron age
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Fig. 15. Frequency versus radioisotope ages histogram diagram for all the shergottites listed in table 1, color-coded
according to the radioisotope methods utilized to obtain them.

orthopyroxenite ALH 84001. U-Th-Pb ages were
derived from U-Pb, Th-Pb, and Pb-Pb isochrons,
including upper and lower intercepts on U-Pb
concordia, and Tera-Wasserburg concordia and
discordia. In several instances, model Pb-Pb and
U-Pb ages from concordant grains were obtained,
and in other instances the isochrons were based
on means, weighted means, and averages. In other
words, the analytical data were manipulated to
produce meaningful ages that were statistically valid.

The Re-Os method has only been used three times,
on whole rock samples of olivine-phyric shergottite
EETAT79001A (table 1 and fig. 15), Nakhla (table 2
and fig. 16) and Chassigny (table 3 and fig. 17) and
yields isochron ages. That method primarily relies on
the presence of sulfides which are generally absent
from these Martian meteorites. On the other hand,
the Lu-Hf method has been used on eight basaltic
shergottites and the olivine-phyric shergottite Tissint
(table 1 and fig. 15), two nakhlites (table 2 and fig.

16), the orthopyroxenite ALH 84001 (table 4 and
fig. 18), and the polymict regolith breccia NWA7533
(table 5 and fig. 19). In all instances, except one, whole
rock and minerals (plagioclase and pyroxene, and
sometimes oxides and/or chromite, or residues and/or
leachates) were used to obtain isochron ages. With the
exception, for the polymict regolith breccia NWA7533
six igneous clasts and two zircons were used.

Shergottites

The radioisotope ages of forty-five (45) shergottites
are spread between 0 and 4800Ma, but most of the
radioisotope ages are between 0 and 1040Ma (fig.
15). The 4800Ma age is clearly an outlier as a Marian
meteorite cannot be older that the supposed age of
its 4.57 Ga Mars source. Nevertheless, 123 of the 251
radioisotope ages (49%) plotted in fig. 15 are in the
160-240Ma range, with agreement between all six
methods—twenty-nine (29) K-Ar and Ar-Ar ages,
thirty-four (34) Rb-Sr ages, twenty-six (26) Sm-Nd
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Fig. 16. Frequency (number of ages) versus radioisotope ages histogram diagram for all the nakhlites listed in table
2, color-coded according to the radioisotope methods utilized to obtain them.

ages, twenty-four (24) U-Th-Pb ages, nine Lu-Hf
ages and one Re-Os age. There are also adjacent
much smaller frequency peaks in the 80-160Ma
range (twenty-four ages), in the 320-400Ma range
(twenty-five ages) and in the 560-640Ma range
(thirteen ages), consisting of K-Ar, Ar-Ar, Rb-Sr, Sm-
Nd, U-Th-Pb, and Lu-Hf ages.

While there is good agreement between the 123
determinations by all six methods in the major 160—
240Ma peak, the determinations were obtained using
different samples. For example, the twenty-nine (29)
K-Ar and Ar-Ar ages were obtained primarily using
plagioclase grains, sometimes whole rocks, and rarely
whole rocks and mineral separates. And while these
are mostly isochron ages, a few were K-Ar model or
Ar-Ar plateau ages. On the other hand, all the thirty-
four (34) Rb-Sr, twenty-six (26) Sm-Nd and nine Lu-
Hf ages are isochron ages and all were obtained using
whole rocks and mineral separates. The one Re-Os
1sochron age was obtained using whole rock samples.
However, while all the twenty-four (24) U-Th-Pb
determinations resulted in sixteen U-Pb isochron
ages, five Pb-Pb ages and three Th-Pb isochron ages,
they were obtained using whole rocks and mineral
separates (nine determinations), baddeleyite grains
(twelve determinations), and phosphate grains (three
determinations). There is thus such good agreement

between all six major methods, even using different
target samples, although it could be argued that
the isotopic compositions of the baddeleyite and
phosphate grains would have been incorporated
into the crushed whole rock samples where the
U-Th-Pb method was used on both targets from the
same meteorites.

The only other cluster of radioisotope ages
are all U-Th-Pb ages in the 4000-4560Ma range
(thirteen U-Th-Pb ages or 5% of the 251 available
determined ages) with a small peak of six ages in the
4080-4160Ma range, all six are Pb-Pb isochron ages
(fig. 15). Of the thirteen U-Th-Pb ages in the overall
4000-4560Ma cluster, two are U-Pb isochron ages
and eleven are Pb-Pb isochron ages, but all were
obtained from whole rock samples and mineral
separates, primarily plagioclase and pyroxene, but
sometimes included oxides and/or phosphates, and/or
leachates or residues. On the other hand, the U-Th-
Pb ages obtained from phosphate and baddeleyite
grains, and from including phosphates with the whole
rock and other minerals when plotting isochron ages,
all (but one) fall within the 80-640Ma range as do
all fifty (50) Rb-Sr isochron ages obtained from whole
rocks and mineral separates. Otherwise, there is a
sporadic spread of a few K-Ar, Ar-Ar, Sm-Nd, and
U-Th-Pb ages in the 800—-3520Ma range.
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Fig. 19. Frequency versus radioisotope ages histogram diagram for the polymict regolith breccias listed in table 5,
color-coded according to the radioisotope methods utilized to obtain them.

The most “dated” shergottite is the basaltic
shergottite Zagami with forty-eight (48) radioisotope
ages (or 19% of the total of 251 radioisotope ages in
table 1), comprising twelve Ar-Ar age determinations
(ten of which were obtained using feldspar grains),
eleven RDb-Sr ages, ten Sm-Nd ages, and two
Lu-Hf ages (all obtained using whole and mineral
separates, and sometimes leachates and residues),
and thirteen U-Th-Pb ages (eight obtained using
whole rocks and mineral separates and/or leachates
and residues, three obtained on baddeleyite grains,
and one obtained on phosphate grains). Thirty-seven

or 77% of these forty-eight radioisotope ages fall in
the peak 160—240Ma range, including eleven of the
twelve Ar-Ar age determinations, all eleven Rb-Sr
ages, six of the ten Sm-Nd ages, seven of the thirteen
U-Th-Pb ages and the two Lu-Hf ages. Three
U-Th-Pb ages are >4000Ma, one Ar-Ar age is
242Ma, while the remaining seven radioisotope ages
(Sm-Nd and U-Th-Pb ages) are <160Ma. Thus, the
radioisotope age determinations on Zagami reflect
the overall pattern of radioisotope ages for the
forty-five (45) shergottite meteorites listed in table
1 and plotted on fig. 15, namely, the major peak in
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the 160—240Ma range comprising radioisotope age
determined by all five major methods, and a very
minor peak of a few U-Th-Pb isochron ages at >4000
Ma.

It is also worth noting that there is often general
agreement between the different methods used on
the same basaltic shergottite. For example, all four
radioisotope determinations (three Rb-Sr and one
Sm-Nd) using whole rocks and mineral separates
for EETA790001B are in very close overlapping
agreement within the error margins at 169+23 to
185+25Ma, as are the Rb-Sr and Sm-Nd radioisotope
determinations using whole rocks, mineral
separates, leachates and residues for NWA5990
at 389+12Ma and 402+22Ma (table 1). Similarly,
the nine radioisotope determinations on NWA1460
(one K-Ar and four Ar-Ar using plagioclase grains,
and two Rb-Sr and two Sm-Nd using whole rock,
minerals separates and sometimes leachates) all
are in very close overlapping agreement within the
error margins at 336+15Ma to 360+6Ma (table 1).
Furthermore, the four radioisotope determinations
on NWA3171 (two Ar-Ar on plagioclase grains, one
Sm-Nd on whole rocks and mineral separates and
one U-Pb on baddeleyite grains) all yielded isochron
ages in close agreement within the error margins
from 171+129 to 232+7Ma, and the four radioisotope
determinations on NWA4468 (one Ar-Ar on the
whole rock, and one Rb-Sr, one Sm-Nd, and one
Lu-Hf all using whole rocks and minerals separates,
plus leachates and residues) all yielded isochron ages
in close agreement within the error margins from
150+29Ma to 188+17Ma (table 1). And finally, the
six radioisotope determinations on LAR06319 (one
Ar-Ar on the whole rock, one Rb-Sr, two Sm-Nd
and two Lu-Hf all using whole rocks and minerals
separates, plus leachates and residues) all also
yielded 1sochron ages in close agreement within the
error margins from 163+13Ma to 207+14Ma, and
the five radioisotope determinations on NWAS856 (two
Rb-Sr, two Sm-Nd and one U-Pb) all yield isochron
ages in close agreement within the error margins
from 150+32Ma to 186+15Ma (table 1). This same
pattern is also seen in two olivine-phyric shergottites
(Dho019 and Tissint) and in one poikilitic (lherzolitic)
shergottite (YO00097).

In contrast, as with the forty-eight (48)
radioisotope determinations on basaltic shergottite
Zagami of which three U-Pb and Pb-Pb isochron
ages are >4000Ma compared with all the other
forty-five (45) Ar-Ar, Rb-Sr, Sm-Nd, Lu-Hf and
U-Th-Pb radioisotope ages in the range 70+35Ma
to 261+16Ma, among the twenty-eight (28)
radioisotope determinations on the type basaltic
shergottite Shergotty, one Pb-Pb isochron age is
4100Ma compared with all the other twenty-seven

27) K-Ar, Ar-Ar, Rb-Sr, Sm-Nd, Lu-Hf, and U-Th-
Pb radioisotope ages in the range from 147420 to
600+20Ma (table 1). A similar pattern can be seen
among the fifteen radioisotope determinations on
the Los Angeles basaltic shergottite with one Pb-Pb
isochron age of 4100Ma and the other fourteen Ar-Ar,
Rb-Sr, Sm-Nd, Lu-Hf, and U-Pb isochron ages in the
range from 158+15Ma to 329+12Ma (table 1). And
whereas two other basaltic shergottites (QUE94201
and display the same pattern, only one olivine-phyric
does but no poikilitic (lherzolitic) shergottites do
(table 1).

Nakhlites

Seventy-nine (79) radioisotope ages have been
determined on twelve (12) nakhlites and are spread
between 640 and 4320Ma (table 2, and in fig. 16,
where it should be noted the vertical frequency scaleis
a third of that for the shergottites in fig. 15). However,
seventy-five (75) or 95% of those radioisotope ages
cluster in the range between 1120 and 1600Ma.
Furthermore, the major peak within that cluster
consists of fifty-nine (59) radioisotope ages (or almost
75% of the seventy-nine radioisotope ages) spans the
range of 1280-1440Ma—thirty-five (35) radioisotope
ages (or over 44%) in the range 1280-1360Ma and
another twenty-four (24) radioisotope ages (or
over 30%) in the range 1360-1440Ma. That major
1280-1440Ma peak encompasses forty (40) K-Ar
and Ar-Ar radioisotope ages, five Rb-Sr radioisotope
ages, ten (10) Sm-Nd radioisotope ages, and two
U-Th-Pb radioisotope ages, plus one Lu-Hf and one
Re-Os radioisotope age. Thus there is good agreement
between all six major radioisotope dating methods.

The lower radioisotope age outlier in the
640-720Ma range consists of one Ar-Ar and one
Rb-Sr determination on iddingsite in the Lafayette
nakhlite. Iddingsite is a hydrothermal alteration
product of olivine, so it is not surprising that its
radioisotope dates reflect disturbance of the K-Ar
and Rb-Sr radioisotope systems. In contrast, the
upper radioisotope age outlier consists of two
U-Th-Pb determinations on the NWA998 nakhlite
(table 2). These are a Pb-Pb isochron age of 4290 Ma
obtained from five points consisting of pyroxene,
plagioclase, olivine and opaques, and a Pb-Pb model
age of 3954Ma obtained as the mean of spot analyses
of a large apatite (phosphate) grain.

The most “dated” nakhlite is the type Nakhla
meteorite with twenty-one (21) radioisotope ages (or
almost 27% of the seventy-nine radioisotope ages in
table 2). All twenty-one of these radioisotope ages
are within the major 1280-1440Ma peak in fig.
16, comprising twelve (12) K-Ar and Ar-Ar, three
Rb-Sr, three Sm-Nd, and two U-Th-Pb radioisotope
ages, plus one Re-Os radioisotope age. Thus there
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is excellent agreement between all these five major
radioisotope dating methods.

Chassignites

Only two chassignites have been radioisotope
dated—Chassigny (eleven radioisotope ages) and
NWA2737 (seven radioisotope ages) (table 3 and
fig. 17). These eighteen radioisotope ages are spread
between 160 and 1680Ma. However, twelve (12) or
almost 67% of those radioisotope ages cluster in the
range in the major peak in the range between 1280
and 1440Ma, exactly the same radioisotope age
range as the major peak in the nakhlite data (fig.
16). This major peak in the chassignite data consists
of five radioisotope ages in the range 1280-1360Ma
(three Ar-Ar, one Sm-Nd, and one U-Th-Pb) and
seven radioisotope ages in the range 1360-1440Ma
(one K-Ar, one Rb-Sr, three Sm-Nd and one Re-Os).
Thus again there is good agreement between all five
of the major radioisotope dating methods used.

Ten of the eleven radioisotope ages determined
for Chassigny are within that 1280-1440Ma major
peak, one Rb-Sr age of 1260 Ma just falling below that
peak. All were obtained on either whole rock samples
(K-Ar and Ar-Ar) or whole rocks and mineral
separates of plagioclase, pyroxene, olivine and
opaques and/or leachates and residues (Rb-Sr,
Sm-Nd, U-Th-Pb, and Re-Os). In contrast, only
the two Sm-Nd radioisotope ages for NWA2737
fall within the 1360-1440Ma range within that
major peak. Its three Ar-Ar age determinations
fall within the 160—240Ma range and its one K-Ar
determination falls within the 320-400Ma range (fig.
16). All the K-Ar, Ar-Ar and Sm-Nd determinations
were obtained using whole rock samples. The only
U-Th-Pb determination on NWA2737 was obtained
analyzing baddeleyite grains which yielded a high
outlier U-Pb isochron age of 1640 Ma and thus clearly
indicates disturbance of the U-Pb isotope system
when the baddeleyite formed.

Orthopyroxenite

Only the one orthopyroxenite ALH84001 has
been found thus far. However, forty (40) radioisotope
age determinations have been made on it and its
constituent minerals—twenty-two (22) obtained
using whole rocks and/or mineral separates of
plagioclase, pyroxene, and chromite, and leachates
and residues, twelve (12) obtained on carbonates
or using carbonate leachates, and six (6) obtained
on phosphate grains (table 4). These forty (40)
radioisotope ages are spread between 1360 and
4640Ma, although one Rb-Sr radioisotope age of
1410Ma determined on carbonates is an outlier (fig.
18). All the other thirty-nine (39) radioisotope ages
are spread from 3200Ma to 4640Ma, although four
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radioisotope ages in the 3200-3600Ma range are
outliers to the two main >3840Ma clusters. Those
four outliers are a K-Ar model age for a whole
rock sample, and three Ar-Ar ages obtained using
carbonates.

The two main clusters are in the ranges of
3840-4240Ma and 4320-4640Ma (fig. 18). The
cluster from 3840 Ma to 4240Ma is the dominant
cluster with a broad peak from 3920Ma to 4160 Ma.
That peak consists of five radioisotope ages in the
3840-3920Ma range (one K-Ar and one Rb-Sr
determinations using whole rocks and/or silicate
mineral separates, and one Ar-Ar and two Rb-Sr
determinations using carbonates and leachates), six
radioisotope ages in the 3920-4000Ma range (one
Ar-Ar determination using silicate mineral separates,
three Rb-Sr determinations using leachates of
carbonates, and two U-Th-Pb determinations on
phosphate grains), seven radioisotope ages in the
4000-4080Ma range (one K-Ar, two Ar-Ar and
one U-Th-Pb determinations using whole rocks
and/or silicate mineral separates, two U-Th-Pb
determinations using leachates of carbonates, and
one U-Th-Pb determination on phosphate grains), and
six radioisotope ages in the 4080—4160Ma range (two
Ar-Ar determinations using feldspar separates, two
Lu-Hf determinations, two U-Th-Pb determinations
using whole rock and mineral separates). In contrast,
the minor cluster from 4320Ma to 4560Ma consists
of two Rb-Sr and four Sm-Nd radioisotope ages
determined using whole rocks, silicate mineral
separates, and/or leachates and residues. The peak
within that cluster is three radioisotope ages (one
Rb-Sr and two Sm-Nd) in the 4480-4560Ma range.
The oldest determination in that cluster is actually
the Sm-Nd radioisotope age 4568+88Ma which
within its error margins coincides with the claimed
age for Mars (like the earth) of 4.57Ga.

Generally there is good agreement between the
five major radioisotope dating methods used on
this meteorite, although there might be a hint of
patterns. Among the determination methods used
on the whole rocks, silicate mineral separates and/or
leachates and residues, the K-Ar and Ar-Ar ages are
generally slightly lower than the Rb-Sr ages which
are slightly lower than the Sm-Nd ages, while the
Lu-Hf and U-Th-Pb ages are generally the same as
one another and also many of the Ar-Ar ages (table
4). On the other hand, among the determination
methods used on carbonates and carbonate leachates,
the Ar-Ar, Rb-Sr, and U-Th-Pb ages are generally
similar, except where several Ar-Ar and Rb-Sr ages
are lower, suggesting these radioisotope systems
are sometimes disturbed, which makes sense if the
carbonates are secondary minerals, that is, formed
later than the silicates minerals in this meteorite.
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Similarly, the phosphate grains yield a wide range
in the six U-Th-Pb ages from 3770Ma to 4220Ma,
much less than the two Rb-Sr and two Sm-Nd ages of
4500—4568 determined on whole rocks and silicate
mineral separates, again suggestive that these
phosphate grains in this meteorite are secondary,
that is, formed later than the silicates minerals.

Polymict Regolith Breccias

Only three polymict regolith breccia meteorites
have been radioisotope dated, and then primarily
NWA7034 and NWA7533, which are regarded
as paired meteorites. Thus far, thirty-three (33)
radioisotope age determinations have been made
on NWA7034—on K-Ar, seven Ar-Ar, two Rb-Sr,
and four Sm-Nd determinations using whole rocks,
mineral separates and/or leachates and residues,
and also sixteen (16) U-Th-Pb determinations on
zircon and/baddeleyite grains and three U-Th-Pb
determinations on phosphate grains, primarily
apatite (table 5). For NWA7533 fifteen (15)
U-Th-Pb radioisotope determinations have been
made on zircon and sometimes also baddeleyite
grains, often within the breccia’s igneous clasts, and
one U-Th-Pb radioisotope determination on apatite
grains in the breccia’s igneous clasts, as well as one
Ar-Ar radioisotope determination on feldspar grains
and one Sm-Nd radioisotope determination on apatite
grains, both in the breccia’s igneous clasts, plus a
Lu-Hf radioisotope determination on six igneous
clasts and two zircon grains within them (table 5).
The only other radioisotope determination has been
Sm-Nd on apatite grains in NWAS8171.

The spread in the resultant fifty-three (53)
radioisotope ages is 300+1Ma to 4486+2Ma (table
5 and fig. 19). However, there are obviously two
clusters of radioisotope ages, the major cluster having
a major peak and the other cluster having a minor
and broader peak.

The major cluster is in the range of 4160-4560Ma
and consists of twenty-eight (28) radioisotope ages.
The major peak within that clusteris at 4400-4080 Ma
and consists of two Sm-Nd isochron ages determined
using whole rocks, mineral separates, leachates
and residues, a Lu-Hf isochron age determined on
six igneous clasts and two zircons, and fifteen (15)
various U-Th-Pb radioisotope determinations on
zircon and baddeleyite grains (table 5). Immediately
adjacent to that major peak are seven radioisotope
ages in the range 3920—4000Ma, one Sm-Nd isochron
age and six various U-Th-Pb ages, these determined
respectively using whole rocks, pyroxene and a
leachate, and on zircon and baddeleyite grains.

The minor cluster with the broader peak is in
the range 1200-1720Ma and consists of twenty
(20) radioisotope ages. The highest part of that

broad peak is at 1360-1440Ma and consists of five
radioisotope ages—four Ar-Ar determinations on
feldspars or a whole rock, and one U-Pb isochron
determination on zircons. Immediately adjacent are
four radioisotope ages in the 1440-1520Ma range
(two Sm-Nd radioisotope determinations on apatite
grains and two U-Th-Pb radioisotope determinations,
one on zircon and one on apatite grains), and four
radioisotope ages in the 1520-1600 Ma range (one
K-Ar model age for a whole rock and three U-Th-Pb
determinations, two on zircon and one on apatite
grains).

The 300 + 1Ma date is an extreme outlier (fig. 19),
being the youngest U-Pb concordia age for a suite
of zircon grains in NWA7533 (table 5) which Costa
et al. (2020) regarded as detrital zircon grains and
thus not representative of the igneous clasts in the
breccia. And finally, between the two clusters are four
radioisotope ages—an Ar-Ar plateau age of 2120Ma
for plagioclase, two Rb-Sr isochron ages of 2089Ma
and 2700Ma determined using whole rocks and
mineral separates, and leachates and residues, and a
Sm-Ndisochron age of 2190 Ma determined on a whole
rock and mineral separates. These are potentially
indicative of some occasional disturbances in these
radioisotope systems, especially in plagioclase if it
has experienced some shock metamorphism.

The Conventional Explanation for
these Radioisotope Ages
Martian Meteorite Radioisotope Ages

The majority of the shergottites are mid to late
Amazonian in age according to the Martian timescale
(fig. 20), with enriched shergottite crystallization
ages ranging from 165 to 225Ma (Borg, Gaffney,
and DePaulo 2008; Combs et al. 2019; Ferdous
et al. 2017; Lapen et al. 2009; Moser et al. 2013;
Nyquist et al. 2001b; Shafer et al. 2010b; Usui et
al. 2010), intermediate shergottites ranging from
150 to 346 Ma (Borg et al. 2002; Nyquist et al. 2001b,
2009), and depleted shergottite ages from 327Ma
to 2.4Ga, including NWA7635 and NWAS8159
(Brennecka, Borg, and Wadhwa 2014; Herd et al.
2017a; Lapen et al. 2017; Nyquist et al. 2001b; Shih
et al. 2011a). In contrast, nakhlites and chassignites
have been dated to ~1.3Ga early Amazonian
ages (figs. 16, 17, and 20) (Borg et al. 2002, 2003;
Brennecka, Borg, and Wadhwa 2014; Cohen et al.
2017; Herd et al. 2017a; Lapen et al. 2017; Nyquist et
al. 2001b, 2009; Righter et al. 2018).

Using Pb-Pb isotopic compositions, Bouvier,
Blichert-Toft, and Albaréde (2009) and Bouvier et
al. (2008, 2018) proposed >4 Ga Noachian ages for
all shergottites. However, other isotopic systems,
such as Rb-Sr, Lu-Hf, Sm-Nd, U-Pb, and Re-Os,
are concordant and yield Amazonian ages (fig.
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Fig. 20. Timeline of major processes in Mars’ history based on Martian meteorite studies, including measured
crystallization ages, interpreted source ages, and interpreted global processes (after Udry et al. 2020), as also seen
in the spread of published ages in fig. 15. The designated Martian age periods are from the Hartmann and Neukum
(2001) chronology with thinner lines representing different divisions of Martian periods (for example, E = early, M
= mid, and L = late), as compared with earth’s geologic timescale.

15). Bellucci et al. (2015b) proposed that the Pb-
Pb compositions of shergottites do not represent
an >4Ga isochron age, but minor additions from
an additional highly radiogenic, probably crustal
reservoir on Mars. The radiogenic Pb component
may be widespread and mixed into virtually every
Martian meteorite (Bellucci et al. 2016; Gaffney
et al. 2011). Gaffney et al. (2011) showed that
maskelynite is more susceptible to Pb disturbance
than other minerals. Maskelynite is a diaplectic
glass formed during shock and is common in
shergottites, which have Sm-Nd and Pb-Pb isochron
ages that are identical within uncertainties. Gaffney,
Borg, and Connelly (2007) also observed that U-Pb
ages generated older apparent ages (~4.3Ga) for
shergottites that they interpreted as being erroneous.
Furthermore, Niithara et al. (2012) showed that
U-Pb baddeleyite ages were not reset through shock
but give younger ages than bulk rock Pb-Pb data,
and thus support “young” ages for shergottites.
The combined evidence from independent isotopic
systems (Ar-Ar, Rb-Sr, Lu-Hf, Sm-Nd, Re-Os, and
U-Pb) is that the shergottites have relatively young
eruption ages, between 150 and 2,400 Ma. The cause
of this apparent discrepancy between whole-rock Pb-
Pb in some Martian samples and the other long-lived
isotope systems (Rb-Sr, Lu-Hf, Sm-Nd, and Re-Os) is
yet to be resolved.

However, there are two definite Noachian
lithologies known from Martian meteorites (fig. 20).
The orthopyroxenite ALH 84001 has been dated with
igneous crystallization age of 4.09+0.03Ga (Lapen
et al. 2010), and has younger carbonates dated at
3.95Ga (fig. 18) (Beard et al. 2013; Borg et al. 1999).
The polymict regolith breccias NWA7034/7533
have within them igneous clasts that contain the
oldest dated Martian minerals, which are zircons
>4300Ma up to 4476+1Ma (figs. 19 and 21), with a
minimum source model age of 4547Ma, suggesting
the formation of an extremely old enriched and
andesitic primordial crust, as the last stage of
postulated magma ocean crystallization (Baziotis et
al. 2018; Bellucci et al. 2018; Bouvier et al. 2018; Hu
et al. 2019; Lapen et al. 2010; McCubbin et al. 2016;
Nyquist et al. 2016). The fact that some alkaline
clasts have crystallization ages of ~4.4 Ga show that
alkaline magmatism presumably occurred early in
Martian history, possibly due to early partial melting
of mantle or contamination of primary magmas by
the early alkali-rich Martian crust (McCubbin et al.
2016). It has been suggested also that the breccias
NWA7034/7533 likely assembled by pyroclastic
eruption(s) and/or impact event(s), then underwent
lithification represented by a thermal event at
~1500-1100Ma, as indicated by the cluster of those
ages in figs. 19 and 21 (Bridges et al. 2017; Goderis et
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Fig. 21. Summary of ages for matrix, clast, and bulk rock
of NWA 7034/7533 (after Nyquist et al. 2016) as listed
in table 5. The full ranges of ages and their associated
uncertainties are represented by the widths of the
colored rectangles. U-Pb zircon ages (blue rectangle) are
from Humayun et al. (2013), Tartése et al. (2014), Yin et
al. (2014), and Nemchin et al. (2014). U-Pb baddeleyite
ages from Tartése et al. (2014) (green rectangle). A
Rb-Sr bulk-rock isochron age (Agee et al. 2013; pink
rectangle), K-Ar bulk-rock age from Cartwright et al.
(2014) (orange rectangle), U-Pb isochron age from
apatite (Bellucci et al. 2015b; McCubbin et al. 2015; Yin
et al. 2014; yellow rectangle).

al. 2016; MacArthuretal. 2019; McCubbin et al. 2016).
Alternatively, Cassata et al. (2018) proposed that
contact metamorphism occurred between ~1500 and
1200Ma based on “°Ar/*Ar ages (table 5 and figs. 19
and 21), with brecciation and lithification happening
at <225Ma. The contact metamorphic event could
coincide with a 3"Cl-rich fluid metamorphic event at
~1.6Ma (Hu et al. 2019).

Identifying Martian Meteorite Igneous Lithologies.

Meteorites are the only rock samples currently
available from Mars. Crater-forming meteorite
impact events on Mars generated sufficient energy
to eject fragments of the crust at greater than the
escape velocity ~bkm/s (Fritz, Artemieva, and
Greshake 2005) through the atmosphere and into
space through near-surface spallation (Head, Melosh,
and Ivanov 2002). Fragments of these ejection events
represent the Martian meteorites that have so far
been recovered. Laboratory studies have determined
their chemistry, mineralogy, elemental, and isotopic
compositions, as well as physical properties of
samples from hand-sample to the atomic scale.
However, there is little to no field location context for
these studied Martian meteorites. Nonetheless, using
samples, evolutionary (uniformitarian) scientists
claim that several fundamental planetary processes
have been documented. These include the timing and
nature of emplacement and formation of magmatic

rocks on Mars, the nature and timing of postulated
planetary accretion and differentiation, the chemical
and isotopic diversity of the Martian mantle, the
distribution and evolution of volatile compounds in
and on Mars, environments and timing of alteration
and weathering, and impact processes (Udry et al.
2020) (fig. 22).

Impact proce?
=

Emplacement
and formation
of magmatic rocks

Volcanic
processes

AI:era:lov/\ processes

— Crustal
contamination

Diversity
of

NOT TO SCALE
Fig. 22. Schematic diagram representing the different
kinds of information that Martian meteorites can
provide about the Martian surface and interior (after
Udry et al. 2020). Blue bubbles represent highly volatile
compounds, such as OH, H,0, CO,, Cl, and S. Not to
scale.

The diversity in textures and mineralogies
observed in Martian meteorites would appear to
indicate various emplacement processes close to the
surface of Mars. The increasing number of supposed
ejection age determinations have allowed groupings
of meteorites into different ejection sites and volcanic
systems, and thus, provide more constraints on the
evolution of their magmas and volcanic systems.
Two examples of proposed cogenetic relationships
include the nakhlite-chassignite association,
where complementary igneous compositions and
crystallization and ejection ages all imply that
they originate from the same or a similar volcano-
magmatic edifice on Mars (McCubbin et al. 2013;
Udry and Day 2018). Another is represented by a
group of shergottite specimens that have identical
gjection ages at 1.1Ma and similar geochemical
and isotopic characteristics, perhaps representing a
magmatic center active for at least 2Ga (Lapen et al.
2017).

Based on bulk major element compositions,
shergottites from enriched, intermediate, and
depleted sources have been calculated to originate
from mantle sources with anomalous mantle potential
temperatures (~1750°C) compared to Noachian rocks
from Gale crater (~1450°C), and thus represent
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products from a hot mantle plume (Filiberto 2017).
The large number of shergottite specimens enables
a better understanding of how the different subtypes
(poikilitic, gabbroic, basaltic, and olivine-phyric)
were apparently emplaced in the Martian crust and
surface; a schematic representation is presented in
fig. 23 (Udry et al. 2020).

Olivine-phyric shergottites contain zoned olivine
megacrysts that would have co-crystallized at
depth within magma staging chambers, likely close
to the base of the crust (based on pyroxene Ti/Al
thermometry). These crystals were entrained in an
ascending magma, which then either erupted at
the surface or were emplaced in the near-surface
hypabyssal environment. Some of the olivine-phyric
shergottites are thus believed to represent the closest
approximation of primary Martian mantle derived
magmas, for example, Y 980459, NWA 5789, NWA
6234, and NWA1068 (Collinet et al. 2017; Gross
et al. 2011, 2013; Mussel White et al. 2006; Usui,
McSween, and Floss 2008).

Poikilitic shergottites are characterized by coarse-
grained large low-Ca pyroxene crystals with high-Ca
rims enclosing olivine and chromite chadacrysts. As
with olivine-phyric shergottites, these phases likely
crystallized close to the crust-mantle boundary, based
on pyroxene Ti/Al thermometry (Rahib et al. 2019).
Pyroxene oikocrysts were entrained and transported
to shallower depths during magma ascent, at which

(a) Olivine-phyric shergottites

(b) Poikilitic shergottites

Andrew A. Snelling

point additional pyroxene and olivine co-crystallized,
as informed by mineral composition and quantitative
textural analyses (fig. 22) (Combs et al. 2019;
Howarth et al. 2014, 2015; Rahib et al. 2019). The
high abundance of olivine with resultant high bulk-
rock MgO contents of the poikilitic shergottites
clearly indicates significant accumulation of olivine
during their emplacement in the crust and thus
these meteorites do not represent primary mantle
melts. Plagioclase, along with accessory phases, then
crystallized during emplacement as shallow sills.

Basaltic and gabbroic shergottites appear to have
formed from relatively evolved magmas that have
undergone previous stages of olivine crystallization
and fractionation and complete loss of olivine
phenocrysts from the system. They are marked by
pyroxene crystallization at depths, possibly within
the same magma staging chambers where olivine
fractionation occurred, followed by subsequent
plagioclase and accessory mineral crystallization
during emplacement at the surface as a flow or
within the near-surface hypabyssal environment
(fig. 23) (Howarth, Udry, and Day 2018). Although
most shergottites show some degree of accumulation
of early formed phases (olivine and pyroxene), most
basaltic shergottites likely erupted onto the surface
as lava flows (Liu et al. 2016).

Thus, accordingtotheir mineralogy,bulk chemistry,
and isotopic compositions, the different subtypes of

(c) Basaltic and gabbroic shergottites
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Fig. 23. Interpretation of possible emplacement scenarios for (a) olivine-phyric, (b) poikilitic, and (c) basaltic and
gabbroic shergottites (after Udry et al. 2020). Note that the relative grain size of different mineral in the different

types of shergottites are not at the same scale.



Radioisotope Dating of Meteorites: VI. The SNC and Other Martian Meteorites 63

shergottites are likely petrogenetically linked (Rahib
et al. 2019; Treiman and Filiberto 2015), signifying
that different subtypes can originate from the same
magmatic systems or bodies. Based on texture,
1sotopic composition, and mineralogy, poikilitic
shergottites may have formed from fractionation of
an originally olivine-phyric shergottite-like magma
through fractionation of olivine within the same
staging chambers at depth (Filiberto et al. 2018;
Rahib et al. 2019; Udry et al. 2017). Early pulses
of magma ascending from the staging chambers
incorporated predominantly olivine and formed
olivine-phyric shergottites at the surface, whereas
later ascending magmas incorporated more pyroxene
oikocrysts and formed the poikilitic shergottites at
the surface (Combs et al. 2019). Basaltic shergottites
may also have formed from an olivine-phyric
shergottite magma, through fractionation of olivine
or lack of olivine entrainment (Combs et al. 2019;
Filiberto et al. 2012; Treiman and Filiberto 2015;
Udry et al. 2017). Gabbroic shergottites are also likely
linked to basaltic shergottites (fig. 23). For example,
the gabbroic NWA 7320 originated from a common
volcanic system with the basaltic shergottites, Los
Angeles and NWA 856, based on similar mineralogy
and isotopic composition (Udry et al. 2017). NWA
7320 represents a subvolcanic cumulate version of a
basaltic shergottite that erupted at the surface. Some
of the gabbroic meteorites could represent the feeder
dike system that fed the lava flows represented by the
basaltic shergottites. The petrogenetic link between
groups of shergottites is also supported by the fact
that approximately twenty depleted shergottites,
including basaltic and olivine-phyric shergottites,
and the augite-rich types (NWA 7635 and 8159),
have ejection ages within error of 1.1 Ma, suggesting
that they originated from the same long-lived
volcanic system, active from at least 327 to 2403 Ma
(Brennecka, Borg, and Wadhwa 2014; Lapen et al.
2017).

Due to lack of calibrations for Martian conditions,
few geobarometers have been used to constrain
the depth of crystallization of Martian meteorite
phenocryst/megacryst phases. Pyroxene Ti/Al can
help to constrain a range of approximate pressures
of crystallization (Filiberto et al. 2010; Nekvasil et al.
2007). The application of this geobarometer to various
shergottites and chassignites suggests that formation
of staging chambers at the crust/mantle boundary
may have been widespread on Mars, possibly leading
to the formation of the various shergottite lithologies
(Combs et al. 2019; Dunham et al. 2019; Filiberto
2017; Howarth, Udry, and Day 2018; Nekvasil et al.
2004; Rahib et al. 2019; Udry et al. 2017).

Minor element compositions in pyroxene in
nakhlites also suggest that they could have formed

at the bottom of the Martian crust (McCubbin et al.
2013; Udry and Day 2018). In contrast to shergottites,
which originated from different localities, the
nakhlite and chassignite meteorites have been
inferred to be derived from a large igneous pile. A
recent comprehensive study by Udry and Day (2018)
showed that nakhlites and chassignites were likely
emplaced as various lava flows and/or hypabyssal
sills according to their different mineralogies, cooling
rates, and qualitative and quantitative textures,
similar in many ways to volcanic emplacement
on earth (Balta et al. 2017; Corrigan, Velbel, and
Vicenzi 2015; Daly et al. 2019b; Jambon et al. 2016;
Udry and Day 2018). At least five eruptive events for
the nakhlites are suggested by their “°Ar/*Ar ages
that vary between 1415+7 (Y000749) to 1322+9Ma
(Lafayette) (Cohen et al. 2017), with the youngest
events at 1215+67Ma (Kramer Ruggiu et al. 2020)
(table 2).

Radiogenic isotope data of nakhlites as a whole
are similar to depleted/intermediate shergottites.
However, there are distinct differences that appear
to preclude or complicate genetic relationships
between shergottites (including ALH 84001) and
nakhlites. For example, all shergottites plot as a
linear array on a '“Nd/**Nd(measured) versus
143N d/***Nd(source calculated at the present day)
diagram (Borg, Brennecka, and Symes 2016; Caro
et al. 2008; Debaille et al. 2007; Lapen et al. 2017).
Regardless of whether the linear array represents a
mixing line between depleted and enriched mantle
sources (Debaille et al. 2007; Lapen et al. 2017) or
that the slope of the array has age significance
(Borg, Brennecka, and Symes 2016), the nakhlites
do not plot on this array requiring that the nakhlite
mantle source has a different early evolution
than shergottite sources. Based on !"Lu-'"Hf,
146Sm-12Nd, *’Sm-1**Nd, and W isotope compositions
of nakhlites, Debaille et al. (2009) proposed a model
of early majoritic garnet fractionation that explains
the apparent decoupling of W, Hf, and Nd isotopes
observed in these meteorites and not shergottites.
Given that there is as yet no evidence for isotopic
mixing between shergottite and nakhlite mantle
sources, these reservoirs and the melts derived
from them seem to have remained isolated from one
another during their petrogeneses.

Based on their bulk trace element compositions,
nakhlite, chassignite, and shergottite-like magmas
have all been predicted to have been produced from
large plume-fed systems (Day et al. 2018). In order
to explain the distinct mantle sources, it has been
proposed that shergottites and nakhlites represent
main shield and later rejuvenated magmas from
metasomatized lithosphere, respectively, in a
stagnant-lid regime (Day et al. 2018). This process
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is represented in fig. 24 (Udry et al. 2020). Due to
eruption of a large volume of shergottite lavas during
the supposed main shield period, load is emplaced
unevenly on the underlying lithosphere, leading
to flexure and the development of a flexural bulge
outboard of the volcanic edifice. Flexural moats and
bulgesareobservedonearthinthe Hawaiian-Emperor
chain volcanoes and also occur, based on gravity, in
the Tharsis volcanic province on Mars (Genova et al.
2016; Sandwell et al. 2014). A previously depleted
mantle is required for the source of nakhlites based
on their Sr-Nd isotope systematics, which had to be
metasomatized in order to induce localized partial
melting through decompression during lithospheric
flexure. This depleted mantle likely represents
Martian lithosphere, and so the apparent cause of
182W and 2Nd 1sotope variations in nakhlites would
seem to relate to the early formation of the Martian
lithosphere, or by inheritance from metasomatizing
partial melts from deeper mantle sources, but also
could be a consequence of both processes.

Formation of Mars and Martian Mantle Reservoirs
Martian meteorites potentially allow the timing
of planet-formation processes to be postulated
using isotopic and elemental compositions inherited
from their source reservoirs. Both earth and
Mars have geochemically and isotopically distinct
components, but Mars does not seem to have plate
tectonics that would have facilitated mixing and
dilution of primordial components (Debaille et
al. 2013). Thus, Mars retains a higher resolution
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Fig. 24. Schematic diagram representing the
emplacement of shergottite-like lavas versus nakhlite-
like lavas based on a lithospheric flexure model (Day
et al. 2018) and using a terrestrial analog from Hawaii
(Bianco et al. 2005) (after Udry et al. 2020). The
lithosphere above the plume is slightly thinner. Not at
scale.
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record of mantle heterogeneities produced during
supposed early planetary differentiation. Such
mantle heterogeneities were assessed using trace
elements and isotopic compositions, including
146,147Sm_142,143Nd, 182Hf'182W, 176Lu/177Hf’ U_Pb,
87Rb-%"Sr, and '*"Re-'®"Os, as well as redox conditions
(Armytage et al. 2018; Bellucci et al. 2018; Brandon
et al. 2012; Day et al. 2018; Debaille et al. 2007, 2008,
2009; Foley et al. 2005; Herd 2003; Herd et al. 2017a;
Lapen et al. 2017; Tait and Day 2018; Wadhwa 2001).
At least six different reservoirs have been proposed
on Mars, including a mixture of three for shergottites
and ALH 84001 (Lapen et al. 2010; 2017), one for the
nakhlites and chassignites (Debaille et al. 2009), one
for NWA 8159 (Bellucci et al. 2020), and at least one
for some components in NWA 7034 (Armytage et al.
2018).

The mantle sources of some igneous components
in the regolith breccia NWA 7034 and its paired
meteorites are different from the sources of the
other Martian meteorites, primarily because it is a
polymict breccia with clasts of a variety of material
types. Nevertheless, the isotopic composition
(low ' Sm/*Nd and 'SLu/'""Hf) of some clasts is
consistent with an ancient LREE-enriched crust,
which is distinct from the enriched shergottite source
(Armytage et al. 2018; Kruijer et al. 2017; Nyquist et
al. 2016). In addition, the Pb isotopic compositions of
the paired regolith breccias show that a previously
unknown enriched reservoir in 2"Pb/?*Pb is present
in the Martian interior and is possibly crustal
(Bellucci et al. 2016). Alkali basalt clasts in NWA
7034 are also highly oxidized compared to all other
Martian meteorites with fO, of QFM+3 calculated
from ilmenite-magnetite pairs (Santos et al. 2015).
These clasts within NWA 7034 (and paired rocks)
thus seem to provide unprecedented insights into the
apparent nature of the early Martian crust and show
that it was likely isotopically and chemically distinct
from the sources of the other Martian meteorites.

Mars accretion and core formation is postulated to
have occurred before the accretion of the earth, both
estimated between 7 and 10Ma (fig. 20) (Dauphas
and Pourmand 2011; Debaille et al. 2009; Foley et
al. 2005; Kleine et al. 2004; Kruijer et al. 2017) after
solar system condensation of calcium-aluminum-
rich inclusions (CAls) at ~4,567Ma (Amelin 2002;
Connelly et al. 2012; Connelly, Bollard, and Bizzarro
2017). After a supposed initial major phase of
accretion, terrestrial planets including Mars are
widely believed to have undergone global and deep
melting, resulting in a magma ocean (Elkins-Tanton,
Parmentier, and Hess 2003). The latest estimates
of the duration of crystallization of the Martian
magma ocean are from 10 to 25 Ma after solar
system condensation (Kruijer et al. 2017), with the
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earliest estimates at 33Ma (Borg et al. 2003), but
it could have lasted up to 100Ma (fig. 20) (Debaille
et al. 2009; Elkins-Tanton, Hess, and Parmentier
2005). Following crystallization of the supposed
Martian magma ocean and the formation of solid
cumulates, mantle overturn apparently occurred.
Mantle overturn would have been induced by the
final crystallizing layers, which are inferred to have
been rich in Fe and incompatible elements forming
near the top of the Martian magma ocean. They
would thus have been denser compared to earlier-
crystallizing layers so they would therefore have
sunk into the mantle (Elkins-Tanton, Parmentier,
and Hess 2003). The solid cumulates that were
formed during initial crystallization would then have
moved within the mantle during overturn.

Large-scale mantle reservoirs, including the
different sources of Martian meteorites, likely
formed during supposed silicate differentiation
associated with Martian mantle ocean solidification
and overturn (Bouvier et al. 2018; Debaille et al.
2008, 2009; Kruijer et al. 2017). Combined W and
Nd isotopic compositions of shergottites, ALH 84001,
and NWA 7034, suggest a single differentiation
event between 25 and 40Ma after solar system
condensation that established the mantle sources
for the meteorites (Kruijer et al. 2017). Formation
of components recorded in these rocks need not
have been contemporaneous, nor do all enriched
shergottite components need to be identical on this
basis (Kruijer et al. 2017). The cumulate components
of the Martian mantle ocean likely represent the
depleted component(s), whereas it is postulated that
the enriched component(s) are likely the last dregs
of Martian magma ocean crystallization (Borg and
Draper 2003; Debaille et al. 2008; Lapen et al. 2010;
Moriwaki et al. 2020).

Mixing of the two could have formed the
intermediate reservoir (Borg et al. 2003). The
depleted shergottite reservoir might also be locally
heterogeneous based on U/Pb and Sm/Nd ratios
(Foley et al. 2005) and coupled Lw/Hf and Sm/Nd
source systematics (Lapen et al. 2017), possibly
due to later events than the Martian magma ocean,
including further mixing of enriched and depleted
sources or local remelting (Tait and Day 2018),
or as produced directly from the Martian magma
ocean crystallization processes (Debaille et al.
2008). Differentiation histories were likely different
between shergottites and nakhlites/chassignites
based on the #2Hf-2W and “6Sm-2Nd systems
(Bellucci et al. 2018), due to possible mantle overturn
(Dauphas and Pourmand 2011; Debaille et al. 2009;
Foley et al. 2005). While nakhlites potentially record
the mantle overturn (Debaille et al. 2009), it would be
a complex heritage, with metasomatism of a depleted

mantle source during plume impingement required
to explain their gross geochemical characteristics
(Day et al. 2018), as the nakhlite depleted source
was likely metasomatized subsequently by fluids.
The nakhlite mantle source likely formed before the
shergottite source and might have formed during
the first 10-25 Ma after CAI condensation (Borg
and Drake 2005; Debaille et al. 2009; Foley et al.
2005) and have different *?W than shergottites. The
source of ALLH 84001 also apparently formed early at
~20Ma after CAI condensation (Kruijer et al. 2017).
This source is related to, and perhaps identical with,
the enriched shergottite source end-member (Lapen
et al. 2010).

It is postulated that solid-state Martian magma
ocean overturn and associated decompression
melting could have formed the Martian crust between
20 and 100Ma after the supposed solar system
condensation (Bouvier et al. 2018; Debaille et al.
2008; Kruijer et al. 2017). The more recent estimate
of crustal formation (~4,547Ma) was calculated
using the oldest zircons found in NWA 7034. This
age implies that an enriched andesitic-like crust
formed extremely early in Mars history at the last
stages of magma ocean crystallization (Bellucci et
al. 2018; McCubbin et al. 2016; Nyquist et al. 2016).
The source of NWA 7034 could have formed up to
~40Ma after CAI condensation, but as NWA 7034
is a polymict breccia, it might have originated from
several sources (Kruijer et al. 2017).

Furthermore, the similarity in W-Nd isotopic
composition between NWA 7034, ALH 84001, and
enriched shergottites suggests that Mars is relatively
simple in terms of W and Nd isotopic reservoirs.
Little compositional mixing has apparently occurred
throughout the entire geologic history of Mars
(Blichert-Toft et al. 1999) and thus the shergottite
sources have not significantly changed since their
formation due to the absence of vigorous convection
(Debaille et al. 2013), in particular, because of the lack
of toroidal flow associated with transform boundaries
(Kiefer 2003).

Possible Source Craters

To locate the possible source location of
meteorites at the surface, crater features need to fit
meteorite features, including the age of ejection and
crystallization, the minerals present, and their modal
abundances (Treiman 1995). For most meteorites,
we expect their source craters to be young craters
in Amazonian terrains. In addition, Bowling et al.
(2020) recently showed that the size of crater can
be linked to “dwell times” (time spent by meteorites
at high pressure during impact) determined by the
high pressure mineralogy observed in meteorites.
Less than 10% of the Martian surface is younger
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than 1Ga (Hartmann and Neukum 2001), including
Tharsis, Amazonis Planitia, and Elysium (fig. 25).
The higher elevation of some of these areas, and
thus lower density of the atmosphere, leads to easier
gjection of fragments to space. Oblique and rayed
craters at these locations, which represent young
and high ejection velocities craters with preserved
impactites, are likely the best candidates (Artemieva
and Ivanov 2004; Fritz, Artemieva and Greshake
2005; Tornabene et al. 2006).

Several techniques have been attempted to try
to determine meteorite source craters (Herd et al.
2024), including remote sensing spectral matching
(Hamilton et al. 2003; Ody et al. 2015), combined
with crater counting (Mouginis-Mark et al. 1992;
Werner, Ody, and Poulet 2014), as well as impact
modeling (Herd et al. 2017b, 2018). Notably, spectral
matching is hindered by dust coverage, especially for
the Amazonian igneous terrains (Lang et al. 2009).
Modeling using a shock physics code has simulated
dwell times and peak pressures of ejection of Mars-
like basaltic target and constrains preimpact burial
depth (Bowling et al. 2020). A crater diameter range
can be inferred from this model (Herd et al. 2018).
Fewer than 20 well-preserved potential source
craters with diameters larger than 2.5km in igneous
terrains of Amazonian ages were identified as
possible sources for four representative meteorites,
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Zagami, Tissint, Chassigny, and NWA8159 (Herd
et al. 2018). A subset of these are currently being
mapped in detail to further assess their likelihood as
source craters (Hamilton et al. 2020).

Several source craters have been proposed for
each group of Martian meteorites, but none have
been confirmed. Even if where they were ejected
from was able to be constrained, it is difficult to
determine their field context. Terrains proposed
by Hamilton et al. (2003) match the mineralogy of
some Martian meteorites, but are not consistent with
meteorite ages nor associated with young source
craters. Similarly, Lang et al. (2009) proposed that
lava flows in Arsia Mons show bulk compositions
similar to shergottites, but these have discrepancies
in mineralogy. Some craters were selected by
Werner, Ody, and Poulet (2014) and Ody et al. (2015)
as source craters for shergottites, including Mojave
crater. However, they assumed that shergottites
are Noachian in age. Nakhlite source craters were
proposed at Syrtis Major, Tharsis, and Zumba and
Gratteri craters, located south of Tharsis (Hamilton
et al. 2003; Harvey and Hamilton 2005; Mouginis-
Mark et al. 1992; Tornabene et al. 2006). Six <3km
diameter rayed craters dated at 11 Ma were identified
as possible sources of nakhlites (Kereszturi and
Chatzitheodoridis 2016). Daly et al. (2019a) showed
that nakhlites have undergone shock metamorphism
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Fig. 25. Generalized geologic map of Mars (after Nimmo and Tanaka 2005). The ages of units are abbreviated as
early (E) and late (L) Noachian (N), Hesperian (H), and Amazonian (A).
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before 633Ma (time of aqueous alteration) and
that the 11Ma nakhlite source crater should have
formed close to the impact occurring before 633 Ma.
Nakhlites might also originate at a shield volcano
flexural bulge (Day et al. 2018), but as of now, no
craters in this geological context have been identified
as the potential nakhlite source crater. Wittmann
et al. (2015) proposed that the polymict regolith
breccia NWA 7533 and paired meteorites (including
NWA 7034) originated from the 6.9km diameter,
~5Ma old Gratteri crater. Until better crater
counting calibration is completed the source craters
for Martian meteorites will be difficult to constrain
(Udry et al. 2020).

An Querview of the Geology and
Geologic History of Mars

Finally, it is helpful to provide the context for the
radioisotope “ages” for these Martian meteorites an
overview of the geology and geologic history of Mars
as conventionally determined and understood (Carr
and Head 2010; McSween and McLennan 2014;
Nimmo and Tanaka 2005; Tanaka et al. 2014; Udry,
Ostwald, and Usui 2025). A generalized geologic map
of the planet is shown in fig. 25 (Nimmo and Tanaka,
2005), as compiled by numerous Mars-surveying
spacecraft. The ages and distributions of units,
along with the names of major named features, are
illustrated. An overview of the apparent geological
activity on Mars as a function of conventional geologic
time is portrayed in fig. 26 (Carr and Head 2010). And
in fig. 27 (Udry, Ostwald and Usui 2025) an overview
of the proposed geologic history of Mars is compared
with the determined meteorite crystallization ages.
However, it should be immediately evident from fig.
27 that Martian meteorites are not representative of
the Martian crust, as most Martain meteorites are
younger than 2.4 Ga, much younger than the average
Mars crust. Furthermore, most of Mars surface
(~75%) 1s apparently older than 3.4 Ga (Tanaka et
al. 2014).

Mars Global Surveyor gravity and topography
data suggest an average crustal thickness of ~50
km, comprising 3-6% of the silicate portion of Mars
(Wieczorek and Zuber 2004). The most noticeable
physiographic feature is a global dichotomy in
topography, crustal structure, and ages of geologic
units (fig. 25). The dichotomy boundary follows
approximately a great circle tilted ~30° to the
equator. Its origin is unknown, but it is speculated
to have formed as a result of a giant impact early
in Mars history (Reese, Orth, and Solomatov 2010).
South of this boundary are ancient (Noachian era),
heavily cratered terrains with elevations higher than
the global average. These highlands also contain the
huge impact basins, Hellas and Argyre (fig. 25). North

of the divide are younger (Hesperian-Amazonian),
less cratered plains with lower than average
elevations. The younger northern lowlands are
layered sedimentary and volcanic deposits covering
an ancient (Noachian) basement, comparable in
age to the highlands (Frey et al. 2002). Magmatic
centers hosting enormous volcanoes are represented
by Tharsis and Elysium (fig. 25). Martian tectonics
are dominated by Tharsis, which is surrounded
by a flexural moat, radial rifts, and concentric
compressional ridges. Valles Marineris, a 4000km
long rift valley, extends to the east from Tharsis to
the northern lowlands (fig. 25). Significantly, Mars
lacks any observational evidence of plate tectonics or
crustal recycling into the mantle. However, magnetic
lineations discovered by Mars Global Surveyor may
imply ancient crustal spreading. Superimposed
on both highlands and lowlands are erosional and
deposition features of apparent fluvial, glacial, and
eolian origin, as well as blankets of regolith and fine
red dust. Layered strata composed of H,O and CO,
ices mixed with dust occur at both poles (fig. 25).

Mars apparently accreted early and rapidly
within 5-10Ma after the first solids supposedly
formed in the solar system (Kruijer et al. 2017),
then differentiated early into crust, mantle and core
within a few supposed tens of millions of years of
postulated solar system formation, as apparently
shown by isotopic compositions in the different
meteorite classes (Debaille et al. 2007). Most
subsequent geologic activity was confined to the first
1.5 billion years of its history (fig. 26). Observable
Martian stratigraphy is divided into the Noachian
(4.1 to 3.7Ga), the Hesperian (3.7 to 3.0Ga), and the
Amazonian (<3.0Ga) systems, with ages inferred
from crater density measurements (Carr and Head
2010; Hartmann 2005; Hartmann and Neukum
2001). Some uncertainty in the ages of these proposed
systems derives from imprecise knowledge of the
production rate of impact craters on Mars through
time.

The pre-Noachian era ended with the formation
of the Hellas basin, which has been adopted as the
base of the Noachian era (fig. 26), and which occurred
at around 4.1 to 3.8Ga. Little is known of the pre-
Noachian era except that early in Martian history
multiple large basins formed, likely due to numerous
large basin-forming impacts that probably included
one that formed the global dichotomy, and it was
characterized by a magnetic field due to the Martian
dynamo possibly being present both before and after
basin formation (Mittelholz et al. 2020).

The southern highlands and the basement under
the northern lowlands are of Noachian age (Nimmo
and Tanaka 2005) (fig. 25). The Noachian era, which
ended at around 3.7Ga, was characterized by high
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rates of cratering, erosion, and valley formation
(Carr and Head 2010) (fig. 26). Most of Tharsis
formed during this period, and surface conditions
were at least episodic such as to cause widespread
production of hydrous weathering products such
as phyllosilicates. The Martian surface underwent
weathering and water-rock interactions, as shown
especially by the presence of clastic and chemically
precipitated sedimentary rocks on the surface.
Minerals formed from low-temperature alteration
processes, including carbonates, clays, evaporites
(so called), and salts (Ehlmann and Edwards 2014)
(fig. 27). Extensive sulfate deposits accumulated late
in the period and into the subsequent Hesperian.
The clays commonly found during the Noachian era
are widespread across the planet, indicating that
early Mars likely had surface liquids (mostly water)
with neutral pH conditions. Average erosion rates,
though high compared with later epochs, appear to
have fallen short of the lowest average terrestrial
rates and though valley networks are common, they
form an immature system that had only a modest
effect in shaping the landscape. The dendritic
channels on these ancient terranes might seem to

suggest that warm, wet conditions necessary for
perceived fluvial activity may have occurred only
occasionally, particularly late in the Noachian, such
as might occur if caused by large impacts, volcanic
eruptions, or postulated spin-axis/orbital induced
climate change.

A major change apparently occurred at the end
of the Noachian era. The rates of impact, valley
formation, weathering, and erosion all dropped
precipitously (fig. 26). Observations suggest that
the change at the end of the Noachian suppressed
most aqueous activity at the surface other than
large floods, and resulted in growth of a thick
cryosphere. However, the presence of discrete sulfate
rich deposits and sulfate concentrations in soils
suggests that water activity did not decline to zero,
and sulfates, carbonates and salts were likely more
common until the end of the Hesperian era even
as the production of clay minerals declined (fig.27).
Silica (representing hydrothermal products), lava
flows, igneous intrusions, and impactites are more
common in Hesperian and Amazonian terrains
(Ehlmann and Edwards 2014), likely because they
are better preserved than those of Noachian ages.
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and Grady (2020). E = early, M = middle, L = late.

During Hesperian time, volcanism seems
to have continued at a relatively high average
rate, particularly in the first half, when towering
volcanoes were constructed on the Tharsis and
Elysium plateaus, and at least 30% of the planet
was volcanically resurfaced. Large water floods
apparently formed episodically, particularly in the
latter parts of the Hesperian era, possibly leaving
behind large bodies of water in the northern lowlands.
The Valles Marineris and other canyons formed.
Outflow channels episodically debouched sediments
onto the northern lowlands, forming a veneer called
the Vastitas Borealis Formation.

After the end of the Hesperian era at around
3Ga the pace of geologic activity appears to have
slowed further (figs. 26 and 27). In the subsequent
Amazonian era, volcanic, tectonic, and fluvial
sedimentation processes waned and eolian processes
apparently dominated. The main era of water
flooding was over, although small floods appear to
have occurred episodically until geologically recent
times. Canyon development apparently was largely
restricted to formation of large landslides. Erosion
and weathering rates remained extremely low.

The average rate of volcanism during the
Amazonian era (<3Ga) seems to have been
approximately a factor of ten lower than in the
Hesperian era and the sporadic volcanism was
likely confined largely to volcanic provinces such
as Tharsis and Elysium (Herd et al. 2024), where
some relatively young volcanic flows continued to
erupt (figs. 26 and 27). Magmatic processes appear
to have been similar to those observed on the earth
in intraplate contexts (Udry et al. 2020). However,
Martian magma compositions appear to have

evolved throughout Martian geologic time (Payré,
Udry, and Fraeman 2024) and Martian global
chemistry shows temporal trends (McSween et al.
2023). Low-Ca pyroxenes and olivine appear to be
in higher concentrations in older terrains, and there
seems to be a global decrease in K and other alkali
elements with time, possibly due to different levels
of partial melting and/or fractional crystallization, or
the change of mantle source compositions over time
(Ehlmann and Edwards 2014; McSween et al. 2023).
Mars’ crust contains evolved rocks (that is, high silica
content), as observed in meteorites and at the surface
by orbiters and rovers (Payré, Udry, and Fraeman
2024). Such evolved rocks appear to have been more
common during the Noachian and Hesperian eras
than during the Amazonian era.

The most distinctive characteristic of the
Amazonian era appears to be the formation of
features that have been attributed to the presence,
accumulation, and movement of ice (Carr and Head
2010). Included are the polar layered deposits (fig.
25), latitude-dependent ice-rich veneers at high
latitudes, glacial deposits on the flanks of tropical
volcanoes, and a variety of landforms in the 30-55°
latitude belts indicative of the accumulation of ice and
glacial flow, including lobate debris aprons, lineated
valley fill and concentric crater fill (fig. 26). Gullies
on steep mid-latitude slopes seem to have formed
in the latest Amazonian. The rate and latitude of
formation of the ice-related features and the gullies
varied as supposed changes in orbital parameters
apparently affected the ice stability relation. By the
Late Amazonian, Mars seems to have become the
arctic desert that it is today.
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A Biblical Perspective on these
Radioisotope Ages

Any postulated naturalistic or uniformitarian
history for the formation of Mars as the source of
these meteorites, and of course for the solar system
itself, 1s completely superseded by the divinely
provided biblical account of the six normal days of God
creating supernaturally during the Creation Week.
The very first description of the earth in Genesis 1:2
1s that it “was formless and void, and darkness was
over the face of the deep.” The inference is that the
matter that became the solid earth originally was
formless and unstructured and enveloped in water.
However, early on creation Day Three, God said, “Let
the waters below the heavens be gathered into one
place and let the dry land appear.” Since the dry land
almost certainly refers to the continental crust, by
this point it seems safe to assume that the earth’s
internal structure of core, mantle, and crust was
already present. The Genesis 1 text reveals further
that on Day Four God made the sun and the moon to
provide light on the earth during the day and night
respectively (Genesis 1:14-16). We are not specifically
told that the rest of the solar system was also created
on Day Four, but God did make the stars also on that
day, and all the lights were placed in the expanse of
the heavens to be for signs and seasons. From this
description it is not unreasonable to conclude that
the rest of the solar system was made by God on
Day Four, including the other planets such as Mars.
Furthermore, each entity God created and made
during these six normal days of the Creation Week
was formed exceedingly rapidly within the time
and space of each normal day, so by the end of Day
Four planets, moons and asteroids were completely
formed entities, including those with iron-nickel
cores, ultramafic mantles, and basaltic crusts, all the
necessary supposed silicate-metal fractionation and
crust-mantle differentiation happening exceedingly
rapidly within hours, and thus not requiring the
millions of years postulated by uniformitarians.

Created “Primordial” Isotopic Endowments

Given the general conventional consensus that the
asteroids and at least the rocky planets including the
earth and Mars consist of residual material from the
formation of the solar system, Snelling (2014a, b, e,
2015b, d) proposed that the accepted coincident 4.55—
4.57 Ga ages for the earth and many meteorites could
be due to the earth and the parent asteroids having
been created by God from the same primordial
material, which He had created on Day One, as
already proposed by Faulkner (1999, 2013). His
proposal 1s based on the usages in Genesis 1 of the
Hebrew words asd (meaning to do or to make) and
bara’ (meaning to create). Because it is indisputably
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evident that asd is commonly used to refer to the
act of fashioning something out of already-existing
material (for example, the creation of man in Genesis
1:26; cf. 2:7), Faulkner (2013) contends that, apart
from any contextual clues to suggest that it must bear
the sense of creation out of nothing, there is a distinct
possibility that the making of the astronomical
bodies was instead a matter of fashioning them from
material previously created on Day One. Just as the
description of the earth in Genesis 1:2 is of something
unfinished that God returned to over the next several
days to shape and prepare, perhaps the matter that
would become the astronomical bodies was likewise
created on Day One but was shaped on Day Four,
whereupon God brought forth their light to the earth.

Thus the simplest unifying assumption would
therefore be that all such primordial material may
have had the same created initial elemental and
isotopic endowment (Baumgardner, 2000). But what
about those isotopes that today are the products of
radioactive decay? It is noteworthy that the earth
appears to have the same time-integrated Pb isotopic
endowment and thus display the same Pb-Pb “age”
as the meteorites plotted on the geochron (Patterson
1956). The earth’s current Pb isotopic endowment
was represented on that geochron by the Pb isotopic
composition of a modern oceanic sediment sample,
which would appear to contain the time-integrated
Pb isotopic endowment from the earth’s beginning
which was then processed through the earth’s
subsequent rock cycle (Tyler 1990). But is it plausible
to conclude that the presently measured levels of
parent U isotopes and daughter Pb isotopes both in
the meteorites and in the earth correspond to the
initial created isotope values plus the approximate
600 million years’ worth of accelerated radioisotope
decay during the Flood as has previously been
suggested (Snelling 2014a, b, e, 2015b, d )? While the
possibility could be considered that the created initial
ratios of parent to daughter elements were different
for the earth compared to those created for other solar
system objects, that seems unwarranted if God made
all the solar system objects (planets, moons, and
asteroids) from the same primordial material He had
created on Day One, which is consistent with them
all having a common Designer. Thus, the reasoning
behind that suggestion is that otherwise it would
not have been possible to plot the meteorites and
the earth on the same Pb-Pb geochron, or meteorites
and groups of meteorites would not have yielded the
same Pb-Pb, U-Pb, Rb-Sr, Sm-Nd, Lu-Hf, and Re-Os
isochron ages as shown by previous studies (Snelling
2014a, b, e, 2015b, d).

More specifically it has been proposed that God
created some of all the isotopes of each element at
the beginning in the primordial material, including
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those isotopes that subsequently only formed
by radioisotope decay as daughter isotopes from
parent isotopes, regardless of when radioisotope
decay started. In other words, when God made the
primordial material He included in it 2°°Pb, 2°"Pb, and
28Ph atoms along with 28U, 2%U, and #*2Th atoms.
However, those primordial 2°Pb, 2*"Pb, and 2%Pb
atoms would not have been derived from radioisotope
decay of 23U, #°U, and ?*?Th atoms, respectively. It
is reasonable to posit that God did create 2°Pb, 207Pb,
and 2°°Pb atoms along with 2%¥U, 2%U, and ?*?Th
atoms, given that when He created the “primordial
material” it likely had to have some initial isotopic
ratios. Whether it will be possible to develop a model
for those initial isotope ratios that will explain the
current radioisotope data must be the goal of future
research. In any case, initial isotope ratios in the
primordial material need not have been in secular
equilibrium, because these initial ratios are solely
the ratios in what are now the daughter Pb isotopes,
without any of the other isotopes in the #%U, 23U,
and #?Th decay “chains” being relevant. (However,
the tendency if a large amount of accelerated
decay has occurred would be to approach secular
equilibrium.) Indeed, even the conventional scientific
community has assumed the initial material of the
solar system had the “primeval” Pb isotopic ratios as
measured in the troilite (iron sulfide) in the Canyon
Diablo iron meteorite, without reference to any of
the intermediate daughters (Faure and Mensing
2005). This is consistent with God creating a fully-
functioning universe, as typified by Him creating
fruit trees already bearing fruit in fully-functioning
soil on prepared land, all during Day Three, and
the sun, planets, moons, asteroids and stars fully-
functioning in their ordained positions and roles on
Day Four.

However, zircons would seem to pose a profound
challenge for this hypothesis, in that they strongly
exclude Pb atoms when they crystallize from a melt.
For this reason, 2°Pb, 2*’Pb, and ?**Pb atoms found
today within zircon crystals most logically would be
the product of nuclear decay of the 2*U, 23U, and
22Th, isotopes that are still present in the crystals,
subsequent to the crystallization of the zircons. Such
an inference is consistent with the near absence of
204Ph, which is not a product of U or Th decay. The
reality of nuclear decay as the explanation for the 2°Pb,
207Ph, and ?**Pb in these zircons is further supported
by the presence of radiogenic “He, often at significant
levels, as documented in the RATE investigations
of zircons with a U-Pb age of 1.5Ga (Vardiman,
Snelling, and Chaffin 2005). It is difficult to imagine
a scenario not involving radioactive decay whereby
such high concentrations of “He might occur inside
these crystals. In addition to the daughter products

206Pp, 207Ph, 298Ph, and *He together with the parent
isotopes 28U, 2°U, and #*2Th, there is the physical
evidence of nuclear decay in the form of radiohalos,
fission tracks and alpha recoil tracks. Thus, to posit
that God included 2°°Pb, 2°"Pb, and 2*®Pb atoms along
with 28U, 2%U, and ?*?Th atoms in the primordial
material out of which He formed the solar system
in ratios that commonly yield a radioisotope age of
4.55-4.57Ga in meteorites and that the primordial
206Ph, 207Pb, and 2°Pb atoms are not derived from
radioisotope decay of 2%¥U, 2%U, and ?*?Th atoms,
respectively, would seem difficult to defend in light
of these zircon data. However, that line of reasoning
from the zircon data presupposes the zircons in the
earth’s earliest crustal rocks crystallized from melts,
when instead it 1s plausible based on the description
in the Genesis text that those crustal rocks were
directly created on Day One with primordial isotopic
ratios, including even Pb isotopes in their zircon
grains. Furthermore, the proposed hypothesis 1is
that the radioisotopic ratios we measure today are
the sum of those primordial ratios plus the ratios
resulting from at least 600 million years’ worth of
accelerated radioisotope decay that occurred during
the Flood for which we have impeccable evidence
(Vardiman, Snelling, and Chaffin 2005).

It is true that the conventional geochronology
community recognizes that the earth’s mantle
today, and thus in the past, has within it various
geochemical reservoirs with distinctive isotopic
signatures that reflect stirring and mixing in the
mantle during the earth’s history due primarily
to plate tectonics recycling crustal and mantle
materials (Rollinson and Pease 2021; Snelling
2000, 2005¢). And it is well known that this is the
case because recent basalt lavas yield very old
radioisotope “ages” due to sourcing these mantle
reservoirs, for example, the Pb-Pb radioisotope “ages”
of 1-2 billion years form recent ocean island basalts
(Snelling 2000 and references therein). Similarly,
based on the isotopic analyses of Martian meteorites
it is well documented that the Martian mantle also
has geochemical reservoirs with distinctive isotopic
signatures (Armytage et al. 2018; Bellucci et al. 2020;
Debaille et al. 2009; Lapen et al., 2010, 2017; Udry et
al. 2020). While those geochemical reservoirs do not
appear to be well mixed, likely due to plate tectonics
not having occurred on Mars, magma compositions of
erupted Marian lavas appear to have evolved during
Mars’ geologic history possibly due to different levels
of partial melting and/or fractional crystallization, or
the change of mantle source compositions over time
(Ehlmann and Edwards 2014; McSween et al. 2023;
Payré, Udry, and Fraeman 2024; Udry et al. 2020).

Nevertheless, while it might appear difficult to
account for all these isotopic signatures as being
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due to a large initial isotopic abundance of daughter
products and subsequent mixing of geochemical
reservoirs on Mars, in the case of the earth there
was a major mixing of geochemical reservoirs during
the Flood cataclysm while at least 600 million years’
worth of accelerated radioisotope decay was occurring
concurrently. Yet it is suggested here that since it
appears that Mars’ geology was affected by the Flood
cataclysm (see below), then Mars may also have
experienced the same accompanying accelerated
radioisotope decay that likewise consequently
changed its primordial isotopic ratios.

When Did Accelerated Radioactive Decay Occur?

At what point in time radioactive decay began is
unclear from Scripture, and is still a matter of debate
among creationists. The RATE project considered
the possibility of a large amount of accelerated
radioisotope decay occurring during the Creation
Week, as radioisotope decay may not be regarded
as decay in the sense of deterioration of matter
(Vardiman, Snelling, and Chaffin 2005). It is instead
a transmutation process, by which one element
is changed into another. The daughter element is
certainly not inferior to the parent element. However,
it is the ionizing radiation given off by radioactive
decay as we know it today which is harmful that
causes concern as to whether the radioisotope decay
processes met the standard of God’s declaration of
His completed creation being “very good” (Genesis
1:31). Thus, it could be argued that, at the very least,
from halfway through Day Three to the end of the
Creation Week no radioisotope decay occurred to
damage in any way God’s “very good” creation.

In the context of the decay evident today due to
the operation of the second law of thermodynamics,
Anderson (2013) contended that there is no real
biblical evidence to suggest that the second law
was inoperable prior to the curse, and so argued
that rather the second law was in effect from the
beginning of creation. He thus also suggested that
the tendency toward entropy implicit in the second
law was never of a kind that conflicted with God’s
declaration that the creation was “very good,” or that
eventuated in the death of any sentient creature. On
the other hand, it could be argued that radioisotope
decay is more than the operation of the second law
of thermodynamics, because the additional outcome
is the ionizing radiation produced which is harmful
to life’s biological and chemical makeup. Indeed, if
billions of years of accelerated radioisotope decay
had occurred during the early part of the Creation
Week, as considered a possibility by the RATE team
(Vardiman, Snelling, and Chaffin 2005), it must have
occurred prior to God’s creation of plants on Day Three.
Any enormous burst of ionizing radiation subsequent
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to then would surely have been detrimental to all life
on the earth, for example, the fish, birds and animals
of Days Five and Six. It is for this reason that many
creationists are not comfortable theologically with
postulating that accelerated radioisotope decay
happened during the Creation Week, so maybe there
was no radioisotope decay at all until it was started
as part of the curse.

Yet it might be argued that this postulation of no
radioisotope decay before the curse involves a logical
fallacy. After all, gravity operated in God’s “very good”
creation before the curse, but gravity can cause bad
things to happen, such as animals and people falling
and breaking bones. However, in comparison, who
would argue that water is bad just because animals
and people can drown in water? It is thus contended
here that comparing radioisotope decay with gravity
1s not comparing equivalents. That is, suggesting that
just as gravity has always been “very good” in creation
from the beginning to hold everything together, then
there is nothing inherently “bad” about radioisotope
decay in God’s “very good” creation. As already
stated, the radioactive decay of radioisotopes today
produces ionizing radiation that causes damage to
living tissues and thus would conflict with God’s
declaration that His creation was “very good”. On the
other hand, it could be argued that the topsoil, fruits
and vegetables in the Garden of Eden need not have
contained these radioactive isotopes, nor were they
originally in living tissues, and in particular Adam
and Eve’s bodies. To be sure, potassium is needed in
bones and for other uses in living things, but there
are stable isotopes of potassium, so perhaps God did
not incorporate radioactive “°K in the original created
kinds. Hence, it might be inferred that the existence
of radioactive decay may not have been a concern in
the original creation before the curse. However, this
does not consider that the rocks beneath the topsoil
would have contained radioisotopes, as measured
today in the earliest crustal rocks, and any decay of
those radioisotopes during the Creation Week would
have produced ionizing radiation that penetrated
through the topsoil to impinge on the living tissues
God created on Days Three, Five, and Six. Thus, the
RATE team concluded that any accelerated nuclear
decay in those crustal rocks must have occurred prior
to the creation of the plants on Day Three (Vardiman,
Snelling, and Chaffin 2005). Nevertheless, it is
assumed here that there was no radioisotope decay
before the curse.

There is a lack of any definitive evidence of patterns
of different isochron ages yielded by the different
radioisotope systems in the groups of Martian
meteorites in this study, as well as in the thirty-
eight (38) chondrite, basaltic achondrite (eucrite),
and primitive and other achondrite meteorites, and
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groups of meteorites previously studied (Snelling
2014a, b, e, 2015b, d), that matches the pattern found
during the RATE project (Snelling 2005¢; Vardiman,
Snelling, and Chaffin 2005). Just why this is the case
is a subject for further study. Nevertheless, this lack
of any definitive evidence of patterns of different
isochron ages would seem to suggest that all these
meteorites, their parent asteroids and the planet
Mars did not experience any episode of accelerated
radioisotope decay, either at the time of the creation
of the primordial material on Day One or at the time
of their formation on Day Four. This could then
be taken to infer that no accelerated radioisotope
decay occurred anywhere in the solar system during
the Creation Week, including on the earth. Such
a conclusion is based on the assumption that the
mechanism of small changes to the binding forces
in the nuclei of the parent radioisotopes proposed as
the cause of a past episode of accelerated radioisotope
decay (Vardiman, Snelling, and Chaffin 2005) would
thus have affected every atom making up the earth,
and by logical extension every atom of the universe at
the same time, because God appears to have created
the physical laws governing the universe to operate
consistently through time and space.

So how might we correlate the physical histories of
the earth, the Moon, and Mars? Since they all seem
to display nearly the same total amount of nuclear
decay of the longer half-life isotopes such as #%U,
assuming that all radioisotope “ages” are only due to
nuclear decay, it could be tentatively and cautiously
assumed that U-Pb dating does indeed provide
correct relative dates for these three bodies. If that
assumption is valid, what specific conclusions might
be reached? For example, what radioisotope age
should correspond to Day Three on earth after the
dry land had appeared and God had created plants
and fruit trees bearing fruit? If there was negligible
or no nuclear decay from the time God created plants
on Day Three and the Flood, then all igneous rocks
that today display a radioisotope age greater than
about 600 Ma, which is the approximate radioisotope
age for the onset of the Flood, must have formed
prior to the end of Day Three! This is consistent with
the findings of the RATE team that at least 600 Ma
worth of accelerated nuclear decay occurred during
the Flood.

That inference has profound implications. For
the earth, it means that zircons with more than
about 600 Ma worth of radiogenic daughter products
crystallized prior to sometime during Day Three.
This, of course, includes zircons in all the granites
that today form the basement rocks of the continents.
Relative to such zircons in rocks from the Moon
and Mars with U-Pb ages greater than 600Ma, it
likewise means that these rocks date to Creation

Day Three or before. That might imply the planetary
history of Mars referred to as Noachian, Hesperian,
and Amazonian all unfolded prior to the end of Day
Three. It might similarly imply the so-called Late
Heavy Bombardment of the Moon and other inner
solar system bodies likewise occurred prior to the
end of Day Three. However, other considerations (see
below) might instead correlate the Martian Noachian
and Hesperian eras, and the impact cratering, with
the biblical Flood cataclysm on the earth.

But what about the possible conclusion that the
sun, moon, and stars were not created by God until
Day Four? Note that the focus of the text of Genesis
1:14-19 is on lights in the expanse of the heavens,
a greater light to rule the day and a lesser light to
rule the night. Together with the stars, the text says
that God placed them in the expanse of the heavens
to give light on the earth, to govern the day and the
night, and to separate the light from the darkness.
The focus is not just on the physical bodies themselves
but on the light they give forth. If, as mentioned
earlier, the primordial matter from which the earth,
moon, sun, and planets were made all had the same
initial elemental and isotopic composition and was
possibly present beginning on Day One, the question
immediately arises as to where all this material
that was to become the sun, moon, and planets was
“warehoused” during Days One, Two, and Three if
these bodies did not come into existence until Day
Four. However, the text does seem to exclude the
possibility that these bodies were created by God
on Day One. Thus, the alternative is that when God
made the sun, moon and planets on Day Four He
created more of the same primordial material, which
He had used to create the earth on Day One, rather
than having “warehoused” primordial material
to then use. The text simply tell us He made (or
fashioned) the sun, moon and stars on Day Four.

On the other hand, if the assumption is true that
no accelerated radioisotope decay occurred anywhere
in the solar system during the Creation Week, and
it is consistent with God’s work of providentially
maintaining the universe after He created it, then
why is there evidence of an episode of accelerated
radioisotope decay in the earth, but not in these
parent asteroids and their meteorite fragments, or
apparently on Mars as indicated by these Martian
meteorites? Indeed, these asteroidal and Martian
meteorites do not have in them unequivocal physical
evidence that they have experienced ~4.5Ga worth
or less of nuclear decay commensurate with their
radioisotope ages. The answer would seem to be that
the accelerated radioisotope decay only occurred
subsequent to the end of the Creation Week during
the catastrophic global Flood event on the earth, and
that the parent asteroids of the asteroidal meteorites
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as well as Mars and these Martian meteorites were
not similarly affected. However, if the earth’s atoms
were affected by accelerated radioisotope decay
during the Flood, then surely every other atom in
the universe would have been similarly affected.
And could the Flood not have had solar system wide
consequences that left evidence of it, including on
Mars? However, God is not bound by the physical laws
He put in place at creation, as He can change them
at any time anywhere or everywhere. After all, when
Jesus Christ the Creator locally suspended the law
of gravity as He walked on the surface of the stormy
waters of the Sea of Galilee, the law of gravity was
still operating at the same time to keep the disciples
in their boat, their boat on the water, and the earth in
space in orbit around the sun. Thus God could have
made small changes to the binding forces of the nuclei
of only the earth’s atoms during the Flood to cause
accelerated radioisotope decay only on the earth,
while leaving the atoms making up the rest of the
solar system and universe untouched. Perhaps the
reason God initiated accelerated radioisotope decay
on the earth was to generate the heat necessary to
initiate and drive the catastrophic plate tectonics
which reshaped the earth’s surface during the
Flood (Baumgardner 2003). So if catastrophic plate
tectonics or a similar process occurred on other rocky
plantes like Mars, then He could have similarly used
accelerated radioisotope decay to generate the heat
to drive tectonic processes there.

Another reason for arguing that accelerated
radioisotope decay occurred in earth’s rocks
only during the Flood is that so far we have only
found that most of the earth’s rocks contain the
physical evidence of the at least 600 million years’
worth of radioisotope decay (as calculated using
today’s measured decay rates), which equates to
approximately the same time period postulated by
uniformitarians during which the geologic record of
the Flood accumulated (Snelling 2009, 2022). This
physical evidence of radioisotope decay in earth’s
rocks is provided by radiohalos and fission tracks
(Snelling 2005a, b). However, some of the zircons
in the Fenton Hill granodiorite, which have a U-Pb
age of 1.5Ga, contained 80% of the 1.5Ga worth of
radiogenic helium, in other words, 1,200 million
years’ worth (Humphreys 2005). So could this imply
more than 600 million years’ worth of accelerated
nuclear decay occurred during the Flood, perhaps
some of it just prior to the Flood to generate the heat
needed to initiate the breaking up of the fountains
of the great deep? Thus far such equivalent physical
evidence of radioisotope decay has not been found in
lunar rocks or Martian meteorites. Each fully-formed
U radiohalo, no matter where in earth’s geologic
record it occurs or the supposed age of its host
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rock, only represents up to 100 million or so years’
worth of U decay. So even if U radiohalos are in a
Precambrian (pre- Flood or Creation Week) granite
they still only record up to 100 million or so years’
worth of U decay that occurred during the Flood
(Snelling 2023). At the same time during the Flood
new granites containing U radiohalos were forming
in plutons which had intruded into fossil-bearing
(and therefore Flood-deposited) sedimentary strata.
On the other hand, at least 600 million years’ worth
of fission tracks are found in zircon grains in tuff
beds near the base of the strata record of the Flood
matching the U-Pb radioisotope ages of those same
zircon grains (Snelling 2005b).

The Tentative Postulated Implications

This still does not fully explain why there is
such a spread of radioisotope “ages” from 4.03
Ga to the present in the earth’s rocks, or why the
radioisotope “ages” of the oldest earth rock (the
Acasta Gneiss, Canada) (Bowring, Williams, and
Compston 1989; Stern and Bleeker 1998) and the
oldest mineral in an earth rock (a zircon grain in the
Jack Hills sandstone, Western Australia) (Valley et
al. 2014; Wilde at al. 2001) are 4.03Ga and 4.4Ga
respectively rather than 4.56Ga, the supposed age
of the earth. The answer might be that the earth’s
rocks, subsequent to their creation on Day One with
their primordial isotopic endowment, first suffered
from the processes of mixing of those isotopes
and thus apparent “resetting” of what would be
today conventionally regarded as radioisotope
“clocks” in the mantle and crust during the Day
Three “Great Upheaval” when God formed the dry
land. Then the earth’s rocks further suffered from
mixing of isotopes and resetting of the conventional
radioisotope “clocks” in the earth’s mantle and crust
as a consequence of the catastrophic plate tectonics
during the Flood (Austin et al. 1994), as well as from
the concurrent accelerated radioisotope decay during
the Flood (Snelling 2000, 2005c). These mixing
processes would not just have affected isochron ages.
The mixing and adding or removing of parent and/
or daughter isotopes produces mixing lines that are
then interpreted as isochrons, but the same mixing,
adding and/or subtracting of parent and/or daughter
isotopes would also have reset the radioisotope
model ages. In these ways the radioisotope “clocks”
would have been reset in earth’s rocks during various
stages of both the Day Three “Great Upheaval” and
the Flood, just as they were when pre-Flood crustal
rocks (with older radioisotope ages) were melted to
form granite magmas, which when they crystallized
had their radioisotope “clocks” reset to record the
younger granite formation ages. This is in stark
contrast to the earlier suggestion that if there was
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negligible or no nuclear decay between the time God
created plants on Day Three and the Flood, then all
igneous rocks that today display a radioisotope age
greater than about 600 Ma, which is the approximate
radioisotope age for the onset of the Flood, must have
formed prior to the end of Day Three.

By comparison, the Day Three “Great Upheaval”
which the Scriptures describe as occurring on the
earth would not have affected other bodies in the
solar system, including Mars which was the source
of the meteorites in this study, because the Genesis 1
text stipulates that the planets including Mars were
not created until Day Four. Thus we can be dogmatic
that this Day Three “Great Upheaval’ event was
earth-specific, as it was designed to produce the
continental crust and the dry land on the earth in
readiness for the subsequent creation of plants, birds,
animals, and man.

However, when Mars was formed on Day Four
its formation may have included incredibly rapid
silicate-metal  fractionation and mantle-crust
differentiation with accompanying redistribution
of its created primordial elemental and isotopic
endowment, the previously created parent and (what
uniformitarians now interpret as) daughter isotopes,
as likely happened inside the earth on Days One and
Two (Baumgardner 2000). In any case, so far our
observations of the surface of Mars via orbiters and
rovers, plus studies of the Martian meteorites, do not
indicate any “granitic” composition continental crust
on Mars akin to that which formed on the earth on
Day Three (figs. 25-27). Instead the crust is basaltic,
equivalent to earth’s oceanic crust, apart from the
veneer of water-deposited sedimentary rock layers in
some terrains.

Nevertheless, we do find evidence on Mars that
might correlate with the global Flood cataclysm on the
earth. Such evidence includes the surface water flows
and episodic seas that deposited sedimentary layers
of carbonates, sulfates and so-called evaporites, and
eroded canyons and valley networks, accompanied by
major volcanism, large impact cratering and hydrous
weathering (fig. 26 and 27). On Mars the relevant
geologic eras are the Noachian and Hesperian, the
former name perhaps a conventional “tongue-in-
cheek” hint of correlation with Noah’s Flood on the
earth. However, those Martian geologic eras are
“dated” at between 4.1 and 3.0 Ga, which according to
earth’s geologic timescale is late Hadean to terminal
mid-Archean (figs. 26 and 27). Then since the 3.0 Ga
end of the Hesperian era on Mars in the Amazonian
era to the present geologic activity has been minor by
comparison to that in the Noachian and Hesperian
eras, with just sporadic isolated volcanism and the
minor development of polar layered terrains and
glacial lobate debris aprons (fig. 26).

If the elevated geologic activity on Mars in the
Noachian and Hesperian eras correlates with the
biblical global Flood cataclysm on the earth, then it
is immediately obvious the respective radioisotope
dates do not correlate. On Mars the radioisotope
dates for the Noachian and Hesperian eras are
3.0-4.1Ga, whereas on the earth most Flood
geologists date the Flood cataclysm to younger than
0.6Ga (600Ma), that is, most of the Phanerozoic
era (see fig, 27). Is this apparent disparity in the
radioisotope dates of significance? Yes, it could be
consistent with Mars not having experienced the
Day Three Great Upheaval which only occurred on
the earth because Mars had not yet been created
until Day Four. Thus Mars did not experience any
adjustments to its created radioisotope endowment
until when the global Flood cataclysm occurred on the
earth accompanied by accelerated nuclear decay. In
contrast, the earth’s created radioisotope endowment
potentially experienced mixing and adjusting
during the Day Three Great Upheaval that made
the Day Three to late Creation Week and pre-Flood
radioisotope “ages” progressively younger as different
mantle geochemical reservoirs were “tapped into”
by magma generation and eruption of lavas. Then
earth’s radioisotope “ages” became progressively
even younger due to the accelerated radioisotope
decay accompanying the Flood cataclysm. In this
scenario with progressive geologic processes over
time stirring both the earth’s and Mars’ mantles the
relative radioisotope “dates” became younger due to
the accelerated radioisotope decay during the global
Flood cataclysm on both the earth and Mars.

As indicated above, the major geological activity of
the Noachian and Hesperian eras on Mars included
giant impact cratering, so how does that correlate
with the earth’s global Flood cataclysm? There are
just a few large impact craters on the earth, and of
the 200 or so definitively identified and recognized
terrestrial impact craters only about five have been
categorically claimed to be Precambrian (Koeberl,
Shulz, and Huber 2024; Osinski et al. 2022). That
means, in spite of the recognized vagaries of “dating”
terrestrial impact craters as indicated by the wide
ranges of claimed “dates” for them, the vast majority
of them correlate with the terrestrial global Flood
cataclysm.

However, on both Mars and the earth’s Moon the
many large impact craters have been “dated” as being
3.1-4.0Ga and thus are correlated with one another
(Carr and Head 2010; Koeberl, Shulz, and Huber
2024; Udry et al. 2020). Faulkner (2014) has thus
suggested that, due to such claimed “dates” for the
lunar impact craters so early in the Moon’s history,
the impact cratering must have occurred on Day
Four of the Creation Week soon after the Moon was



76

created. And due to their correlation with Martian
impact craters this hypothesis would include the
impact cratering on Mars also occurring on Day Four.
However, it is maintained here that there could not
have been any such impact cratering on creation Day
Four to mar God’s “very good” creation, as declared
by God in Genesis 1:31. Why would God have created
earth’s Moon and Mars on Day Four and then have
immediately caused them to be disfigured by such
impact cratering? Theologically it makes no sense.
And yet the Day Four cratering hypothesis is based
on the inflated vagaries of “dating” those craters on
the Moon and Mars based on remote sensing and the
radioisotope “dating” of a few scattered lunar samples.
It makes more sense to correlate the Martian impact
craters in the Noachian and Hesperian eras (Udry
et al. 2020) with the earth’s global Flood cataclysm
which was accompanied by accelerated radioisotope
decay that inflated the resultant radioisotope “ages”.
Thus the lunar impact craters and the Moon’s
accompanying and subsequent geologic activity
might likewise correlate with the earth’s global
Flood cataclysm and its accompanying accelerated
radioisotope decay that would likewise have inflated
the resultant radioisotope “ages” for lunar rocks.

Where to From Here?

As concluded previously by Snelling (2014a, b, e,
2015b, d) from his studies of 16 chondrite meteorites,
12 basaltic achondrites (eucrites), 10 primitive and
other achondrites, and groups of chondrites, stony
achondrites and irons, based on the assumptions
made conventionally the 4.55—4.57Ga radioisotope
“ages” are likely not their true real-time ages. Those
4.55-4.57Ga radioisotope “ages” were obtained
primarily by Pb-Pb, U-Pb, and Re-Os isochron
dating, supported by some Rb-Sr and Lu-Hf isochron
dating, of whole-rock samples of those meteorites and
some various constituent minerals and fractions. but
also by the Mn-Cr and Hf-W radioisotope methods
directly calibrated against Pb-Pb meteorite ages.
Similarly, the spread of radioisotope “ages” obtained
by the K-Ar, Ar-Ar, Rb-Sr, Sm-Nd, U-Th-Pb,
Lu-Hf, and Re-Os methods (primarily isochrons) for
these Martian meteorites based on the assumptions
made conventionally in the use of the radioisotope
dating methods are likely not their true real-time
ages. The assumptions on which the radioisotope
dating methods are based conventionally are simply
unprovable, and in the light of the possibility of
an inherited primordial geochemical signature,
subsequent resetting of radioisotope “clocks” due to
impact cratering of asteroids, and the evidence in
earth rocks for past accelerated radioisotope decay,
mixing of isotopes and resetting of radioisotope
“clocks,” these assumptions are unreasonable
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(Snelling 2000, 2005c; Vardiman, Snelling, and
Chaffin 2005).

However, we still need to develop a coherent
and comprehensive explanation of what these
radioisotope compositions in both meteorites and
earth rocks really represent and mean within our
biblical young-age creation-Flood framework for
earth and universe history. We have some further
possible clues, as discussed here. A few Martian
meteorites have retained radioisotope “ages”,
primarily U-Th-Pb and Sm-Nd (figs. 15, 16, 18 and
19), that appear to coincide with the planet’s earliest
history. Some pre—4.1Ga radioisotope “ages” might
record the planet’s initial primordial (created) isotopic
endowment, though partially modified by impact
cratering and igneous activity (fig. 27). However,
others of those radioisotope “ages” are Noachian and
early Hesperian and are coincident with giant impact
catering and major geologic activity on the Martian
surface, including water outflows and deposition of
sedimentary layers (figs. 26 and 27) that possibly
correlates with the biblical global Flood cataclysm
on the earth. Furthermore, most of the Martian
meteorites yield younger radioisotope “ages” by all
methods (figs. 15-19) appear to record subsequent
sporadic melting in pockets of the Martian mantle
and eruptive igneous activity, as well as surface
weathering, which span the subsequent largely
dormant Martian geologic activity (figs. 26 and 27).

So, if Mars was also affected by earth’s global Flood
cataclysm accompanied by accelerated radioisotope
decay that occurred throughout the solar system,
then the spread of relative radioisotope “ages” might
still be reflective of Martian mantle stirring due to
accelerated radioisotope decay during the Flood
cataclysm and its aftermath. And if Mars was affected
by earth’s global Flood cataclysm and accompanying
accelerated radioisotope decay, then earth’s Moon
would have been similarly affected. Thus, the giant
impact cratering and massive basalt outpourings
on the lunar surface that are also claimed to have
occurred very early in the Moon’s history may
likewise correlate with earth’s global Flood cataclysm
and accompanying accelerated radioisotope decay.
Therefore, the radioisotope “ages” of lunar meteorites
and rocks need to be investigated in the context of
the Moon’s geology to determine or confirm whether
the Moon was affected like Mars by that aspect of
the Flood catastrophe or not, and that there is thus
a similar “disconnect” between the “old” Martian
and lunar Flood cataclysm’s radioisotope “ages” and
the “much younger” radioisotope “ages” of the rocks
produced during the earth’s Flood cataclysm and
accompanying accelerated radioisotope decay. As
already noted, this “disconnect” in radioisotope “ages”
could well be due to only the earth experiencing the
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creation Day Three Great Upheaval before Mars and
earth’s Moon were created on Day Four.
Additionally, the radioisotope dating data for many
more earth rocks from all levels of the geologic record
need to be collated and examined. If accelerated
radioisotope decay only occurred during the Flood,
then it might be expected that the radioisotope
“ages” of pre-Flood (mostly Precambrian) strata
determined by the different methods would be
noticeably discordant (as found by Snelling 2005c),
whereas the radioisotope “ages” of the strata formed
during the Flood (mostly Phanerozoic) would be
mostly concordant (Snelling 2005b). This difference
might be expected due to the pre-Flood rocks having
already been formed with their initial primordial
(created) isotopic endowment and then being stirred
and changed by the Day Three Great Upheaval
before their radioisotope “clocks” started at the curse
and then were accelerated by different amounts
according to the atomic weights or decay constants
(half-lives) of the parent radioisotopes at the onset
of the accelerated radioisotope decay during the
Flood, which continued for the full duration of the
Flood event. In contrast, the Flood rocks would have
had their radioisotopes mixed by plate subduction,
mantle plumes and the mantle stirring due to the
Flood’s catastrophic plate tectonics (Austin et al.
1994; Baumgardner 2003) and then reset when
those rocks were progressively formed. Thus their
radioisotope “clocks” only started at different times
during the accelerated radioisotope decay of the Flood
event, and consequently progressively-formed Flood
rocks experienced progressively less accelerated
radioisotope decay than pre-Flood rocks, thus
yielding progressively “younger” radioisotope “ages”.
It may take the collation and examination of huge
radioisotope dating data sets of as many different
earth rocks as possible from all levels of the geologic
record to enable any firm conclusions to be made.
Whatever the radioisotope dating data for
the earth’s rocks may reveal, it is already well-
established that there are so many problems with
the radioisotope dating methods which render them
totally unreliable in providing anything more than
relative time markers for the different stages in the
earth’s history (Snelling 2000; Dickin 2005; Faure
and Mensing 2005). Indeed, the investigations of
determinations of the decay constants of each of the
parent radioisotopes universally calibrated against
the U decay constants (Snelling 2014c¢, d, 20154, c,
2016) and the problems with the U decay constants
and the U-Th-Pb dating methods (Snelling 2017a,
b, 2018, 2019) further document the numerous
uncertainties in the crucial assumptions underlying
these claimed timekeepers that the conventional
uniformitarian worldview relies on. Therefore, even

though these Martian meteorites yield consistent
radioisotope “ages” beginning around 4.55-4.57Ga
similar to the earth’s claimed “age” and then spread
through subsequent progressively younger apparent
Martian geologic activity, these cannot be their
true real-time ages, which according to the biblical
paradigm are only about 6,000 and less real-time
years.

Conclusions

More than sixty Martian meteorites (shergottites,
nakhlites, chassignites, orthopyroxenite and
polymict regolith breccias) are of igneous origin and
have been radioisotope dated using the K-Ar, Ar-Ar,
Rb-Sr, Sm-Nd, U-Th-Pb, Lu-Hf, and Re-Os methods.
They have yielded some 3.0-4.57Ga radioisotope
“ages” that coincide with the postulated formation
of Mars and the subsequent giant impact cratering,
massive volcanism and water outflows that deposited
sedimentary layers and carved canyons during
the Martian Noachian and Hesperian eras. Other
younger <3.0Ga Amazonian era radioisotope “ages”
are sporadically distributed, coinciding with minor,
scattered, lingering igneous activity. The radioisotope
“ages” are generally concordant, so they provide no
definitive evidence of accelerated radioisotope decay
having occurred during and since the formation of the
Martian igneous rocks from which these meteorites
came.

In the naturalistic paradigm Mars was formed
at the same time as the earth formed from the
solar nebula. However, in His eyewitness biblical
account God specifically tells us that He created the
earth on Day One of the Creation Week, and Mars,
the other planets, their moons and earth’s Moon
were subsequently created along with the stars on
Day Four. It has been suggested the Hebrew of the
Genesis text allows for God to have made “primordial
material” on Day One from which He made the
earth on Day One and then all the non-earth
components of the solar system on Day Four. Thus
today’s measured radioisotope compositions of these
Martian meteorites may reflect in part a geochemical
and isotopic signature of that “primordial material”
consisting of atoms of all elemental isotopes created
by God including parent isotopes and their now
daughter isotopes that were at their creation not
derived by radioactive decay. It is postulated here
that radioisotope decay did not occur during the
Creation Week because God declared at the end of
Day Six that everything He had made was “very
good” (Genesis 1:31). Thus radioisotope decay with
its emitted ionizing radiation which damages the
cells of plants, animals and humans would only have
commenced when God cursed the ground. Similarly,
it is postulated here that the impact cratering of
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earth, its Moon, Mars and the other planets would
likewise not have occurred during the Creation Week
to damage God’s “very good” creation.

It would appear that the giant impact cratering,
massive volcanism and water outflows that deposited
sedimentary layers and carved canyons during the
Martian Noachian and Hesperian eras (3.0-4.1Ga)
might correlate with the global Flood cataclysm on
the earth. In the subsequent Martian Amazonian
era (<3.0Ga) geologic activity was minor, localized
and sporadic, as recorded in many of the Martian
meteorites. However, there is thus a glaring major
“disconnect” between the radioisotope “ages” for
these 3.0—4.1Ga major geologic events and rocks on
Mars, and the radioisotope “ages” of <0.6 Ga (600 Ma)
for rocks formed during the earth’s global Flood
cataclysm. It is postulated here that this “disconnect”
in radioisotope “ages” is due to the earth having
suffered from the Day Three Great Upheaval in
which the primordial isotopic endowment was mixed
and redistributed producing younger radioisotope
“ages” in the resultant rocks, whereas Mars being
subsequently created on Day Four was not affected
and so maintained its primordial mantle isotopic
endowment. Then when earth’s global Flood
cataclysm occurred with its accompanying accelerated
radioisotope decay and stirring of mantle reservoirs
due to plate subduction and mantle plumes during
catastrophic plate tectonics, Mars was also affected
with giant impact cratering and massive volcanism,
in which its mantle reservoirs were stirred and their
isotopic endowment mixed, and water outflows that
deposited sedimentary layers and carved canyons.
However, whereas the radioisotope “clocks” in the
earth’s rocks were accelerated from their pre-Flood
settings through some 600 million years, the Martian
rocks’ radioisotope “clocks” would appear to have
been mixed, reset and accelerated through some 4
billion years from their pre-Flood settings.

This scenario potentially has implications for
earth’s Moon, since it also did not suffer from the
Day Three Great Upheaval and early in it supposed
geologic history it also suffered from giant impact
cratering and massive volcanism, which thus could
also correlate with the earth’s global Flood cataclysm.
Thus, the radioisotope “ages” of lunar meteorites
and rocks need to be investigated in the context of
the same possible history of geologic activity that
included solar-system-wide accelerated radioisotope
decay during the Flood cataclysm. In any case, even
though these Martian meteorites yield consistent
radioisotope “ages” beginning around 4.55-4.57Ga
similar to the earth’s claimed “age” and then spread
through subsequent progressively younger apparent
Martian geologic activity, these cannot be their
true real-time ages, which according to the biblical

Andrew A. Snelling

paradigm are only about 6,000 and less real-time
years.
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