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Key Points:
●  Northwest Africa 12241 is an olivine gabbroic shergottite derived from an intermediate source reservoir.
●  Ponding and crystallization at depth, followed by subsequent ascent and emplacement of melt and mush, is a common process on

Mars.
●  Staging chambers with varying compositions are pervasive at the crust–mantle boundary.
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Abstract: Gabbroic and poikilitic shergottites are intrusive igneous rocks on Mars, providing significant insights into the igneous
processes within the Martian crust. However, questions remain regarding the chemical signatures of their source reservoirs and the
petrogenetic links among shergottites of different subtypes. In this study, we present petrological and mineralogical analyses of the
intermediate shergottite Northwest Africa (NWA) 12241. Quantitative textural analysis and pyroxene chemistry indicate that, despite
minor differences such as the accumulation of intermediate-sized olivine and smaller pyroxene oikocrysts, NWA 12241 has experienced a
similar emplacement history as typical poikilitic and gabbroic shergottites. The estimated parent melt of NWA 12241 is consistent with
derivation from an intermediate source reservoir, resulting from the mixing of enriched and depleted mantle end-members at depth,
prior to magma ascent. Similar emplacement histories of variable poikilitic and gabbroic shergottites suggest the common presence of
multiple staging magma chambers with different compositions at the crust–mantle boundary, coupled with prolonged ponding at this
depth. Our study highlights that, in addition to magma mixing and assimilation, magmatic differentiation and cooling conditions at
shallow depths are crucial processes leading to textural and compositional variations among shergottites of different subtypes.
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1.  Introduction
Martian  meteorites,  as  the  only  samples  currently  available  from

Mars,  provide  crucial  records  of  the  chemical  signatures  and

geological history of the planet. With the exception of the breccia

Northwest Africa (NWA) 7034 and its pairings, most Martian mete-

orites  are  of  igneous  origin  and  can  be  classified  into  four  cate-

gories:  shergottites,  nakhlites  (clinopyroxenites),  chassignites

(dunites), and orthopyroxenites (Papike et al., 2009). Shergottites,

which are the most common type, exhibit a variety of petrological

and geochemical characteristics. They are further subdivided into

olivine-phyric, basaltic, poikilitic, and gabbroic shergottites based

on  their  petrological  textures  (McSween  and  Treiman,  1998;

Goodrich,  2002; Papike  et  al.,  2009; Udry  et  al.,  2017).  Olivine-

phyric and basaltic shergottites are suggested to represent extru-

sive  or  hypabyssal  volcanic  products,  whereas  poikilitic  and

gabbroic  shergottites  are  believed  to  have  an  intrusive  origin
formed at greater depths (Udry et al., 2020). Moreover, shergottites
can be divided into enriched, intermediate,  and depleted groups
based  on  the  relative  abundance  of  light  rare  earth  elements
(LREEs; Papike et al., 2009). The diverse petrological and chemical
characteristics  of  these  meteorites  provide  valuable  insights  into
the chemical evolution and magmatic processes of Mars from the
deep mantle to the shallow surface.

Given the large abundance of intrusive rocks on Earth, the Martian
crust is also expected to contain a substantial amount of intrusive
rock  (Filiberto  et  al.,  2014).  However,  the  current  collection  of
Martian  meteorites  is  predominantly  composed  of  extrusive  and
hypabyssal  samples.  Nevertheless,  petrographic  characteristics,
along  with  major  and  trace  element  compositions,  indicate  that
samples  from  different  petrological  subgroups  may  be  closely
related.  A  notable  example  is  the  gradational  petrological  transi-
tion  between  olivine-phyric  and  basaltic  lithologies  observed  in
Elephant  Moraine  A79001  (EETA 79001),  which  is  proposed  to
reflect a primary igneous feature resulting from the emplacement
of  magma  containing  entrained  crystals,  followed  by  differentia-
tion through crystal settling and in situ crystallization (Van Niekerk
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et  al.,  2007).  Moreover,  the  similar  phosphorus  zoning pattern  of
olivine  megacrysts  suggests  that  the  intermediate  poikilitic  sher-
gottite NWA 11065 and the intermediate olivine-phyric shergottite
NWA 6234 may have crystallized from the same magmatic plumb-
ing  system  (Gross  et  al.,  2013a; Rahib  et  al.,  2019).  Investigating
the formation scenario of intrusive samples and the petrogenetic
relationships  among samples  of  different  petrological  subgroups
could provide vital information on the lithological diversity of the
Martian crust.

Most poikilitic and gabbroic samples are enriched and intermedi-
ate  in  LREE  composition  (e.g., Howarth  et  al.,  2014; Rahib  et  al.,
2019; Benaroya  et  al.,  2024),  with  only  one  depleted  sample,
Asuka 12325 (Takenouchi et al., 2023). The similar isotopic compo-
sitions  (e.g., 146,147Sm-142,143Nd, 176Lu-176Hf)  of  samples  within  the
same geochemical subtype, despite differences in their petrologi-
cal  subtypes,  indicate  that  they  may  originate  from  a  similar
mantle reservoir. For example, the similar 176Lu-176Hf compositions
of the enriched poikilitic shergottite NWA 10169 and the enriched
olivine-phyric  shergottite  Larkman  Nunatak  (LAR)  06319  indicate
origination  from  a  similar  source  reservoir  (Shafer  et  al.,  2010;
Combs et  al.,  2019).  Moreover,  samples  with  similar  geochemical
subtypes  tend  to  have  similar  ejection  ages,  indicating  that  they
were  likely  ejected  from  the  same  source  crater  on  the  Martian
surface  (Wieler  et  al.,  2016).  This  similarity  also  implies  a  close
spatial  relationship  among  samples  from  the  same  geochemical
groups  (Wieler  et  al.,  2016; Lapen  et  al.,  2017).  The  formation  of
enriched and depleted mantle reservoirs on Mars may be related
to early differentiation processes (Brandon et al.,  2012; Armytage
et al., 2018). However, the timing of the formation of intermediate
source  reservoirs  is  not  well  constrained.  The  reservoirs  could
have formed through various processes, such as mixing during or
prior to the melting of mantle sources, or by assimilation of crustal
materials (Herd et al., 2002; Treiman and Filiberto, 2015).

The Martian shergottite NWA 12241, with a total  mass of 1150 g,
has  been  classified  in  the  Meteoritical  Bulletin  as  an  olivine
gabbroic  shergottite  with  an  orthocumulate  texture  (Gattacceca
et  al.,  2020).  Its  Nd-Hf  isotopic  compositions  suggest  origination
from an intermediate mantle source (Lapen et al., 2019), making it
an  ideal  target  for  investigating  the  chemical  signatures  and
formation of  intermediate source reservoirs.  Notably,  this  sample
contains birefringent plagioclase (Gattacceca et al.,  2020) instead
of  the amorphous plagioclase commonly observed in  most  sher-
gottites  (Papike  et  al.,  2009),  thus  potentially  originating  from  a
different location. Therefore, NWA 12241 was selected for detailed
analyses of textural features and mineral chemistry to investigate
its  formation  conditions,  its  emplacement  history,  and  the
geochemical signatures of its source reservoir.  This study aims to
elucidate the relationship between NWA 12241 and other Martian
shergottites  of  different  petrological  and  geochemical  subtypes,
as  well  as  to  shed  light  on  the  related  geological  processes.  Our
findings highlight the significant role of magmatic differentiation
and  cooling  conditions  under  shallow  circumstances  in  shaping
the  petrological  and  mineralogical  diversity  of  Martian  intrusive
rocks. 

2.  Materials and Methods
The  fragment  of  NWA 12241 was  cut,  embedded  in  epoxy  resin,

and  then  polished  for  petrological  and  mineralogical  analyses.
Scanning  electron  microscopy  (SEM)  observations  were
performed  using  a  ZEISS  Sigma  300  instrument  at  the  Southern
Marine Science and Engineering Guangdong Laboratory (Zhuhai).
Elemental  mapping  was  carried  out  with  a  TESCAN  Integrated
Mineral  Analyzer  (TIMA),  which  was  operated  at  an  acceleration
voltage  of  25  kV  and  a  probe  current  of  9  nA  at  the  Nanjing
Hongchuang Geological  Exploration Technology Service Co.,  Ltd.
The working distance was set to 15 mm. Pixel spacing was set to
2 μm, and dot spacing was set to 6 μm. The current and backscat-
tered electron (BSE) signal intensity were calibrated on a platinum
Faraday cup by using the automated procedure.

Backscattered  electron  images  were  digitized  using  ImageJ  soft-
ware  to  determine  grain  shape  parameters,  including  length,
width, orientation, and area. Grain boundaries were identified on
BSE  images  manually  with  the  aid  of  X-ray  elemental  maps.  The
mineral modal abundance was estimated by quantifying the area
of  an  individual  phase  relative  to  the  total  area  measured  by
ImageJ.  The  crystal  size  distribution  (CSD)  of  minerals  was
analyzed to elucidate the dynamics during crystallization (Higgins,
2000; Lentze  and  McSween,  2000).  The  measured  length  and
width of  crystals  were  processed using the  spreadsheet  CSDslice
to  acquire  the  best  matching  long,  intermediate,  and  short  axes
(Morgan and Jerram,  2006).  These parameters,  in  addition to  the
grain  shape  measurements  by  ImageJ,  were  then  input  into
CSDCorrections  software  to  analyze  the  relationship  between
population  density  and  crystal  size.  The  spatial  distribution
patterns  of  minerals  were  evaluated  based  on  the  big-R value,
which quantifies the spatial  distribution pattern,  as calculated by
CSDCorrections  and  the  corresponding  porosity  (modal  abun-
dance of other phases; Jerram et al., 1996, 2003).

Raman  spectra  of  minerals  were  acquired  with  a  Thermo  micro-
Raman  spectrometer  at  the  Purple  Mountain  Observatory,
Chinese  Academy  of  Sciences,  to  analyze  potential  phase  transi-
tions.  Spectra  were  acquired  using  a  532  nm  unpolarized  laser
with a power of 3 mW. The total analytical time was 60 s. The esti-
mated spot size was 1.1 μm, and the spectral resolution was 1 to
2 cm−1.

Major  and  minor  elements  of  minerals  were  determined  with  a
JEOL JXA-iSP100 Electron Probe Microanalyzer (EPMA). The accel-
erating  voltage  was  15  kV,  and  the  probe  current  was  20  nA  for
olivine and pyroxene, 10 nA for plagioclase, 5 nA for phosphates,
and 50 nA for spinel group minerals. Detection limits were better
than 0.05 wt% for  most  elements and better  than 0.1 wt% when
analyzing  phosphates.  All  data  were  corrected  using  the  ZAF  (Z,
atomic number; A, absorption; F, fluorescence) correction method
for matrix effect. Oxygen fugacity was estimated by analyzing the
major element compositions of coexisting olivine and spinel. The
calculation was performed using the Excel spreadsheet developed
in the work of Nikolaev et al. (2016).

In situ trace element analysis of minerals was conducted using LA-
ICP-MS  (laser  ablation–inductively  coupled  plasma–mass  spec-
trometry).  The  RESOlution-SE  model  laser  ablation  system
(Applied Spectra, USA) was equipped with an ATLEX 300 Excimer
Laser (ATL Lasertechnik GmbH, Germany) and a dual-volume S155
ablation  cell.  The  laser  ablation  system  was  coupled  with  an
Agilent 7900 ICP-MS instrument. Detailed tuning parameters were
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the  same  as  described  by Thompson  et  al.  (2018).  The  analyzed
spot size was 50 μm for silicates (10 Hz with a fluence of 4 J/cm2)
and  38  μm  for  phosphates  (5  Hz  with  a  fluence  of  3  J/cm2).
National  Institute  of  Standards  and  Technology  (NIST)  Standard
Reference  Material  (SRM)  610  was  used  as  primary  reference
material.  U.S. Geological Survey Geochemical Reference Materials
BCR-2G  and  BIR-1G  were  used  as  secondary  reference  materials.
Triplets  of  reference  materials  were  bracketed  between  multiple
groups of  10 to 12 sample unknowns.  For silicates, 29Si  was used
as  the  internal  standard  element  to  calibrate  trace  element
concentrations.  For  phosphates,  NIST  610 and 43Ca were  used as
the  external  reference  material  and  internal  standard  element,
respectively,  to  calibrate  the  trace  element  concentrations.  The
major  and  trace  element  analyses  described  above  were
conducted  at  the  Nanjing  Hongchuang  Geological  Exploration
Technology  Service  Co.,  Ltd.  The  bulk  major  and  trace  element
compositions were estimated based on the average concentrations
of each mineral with their respective mineral modal abundances. 

3.  Results 

3.1  Petrology
The major silicate phases in NWA 12241 are olivine, pyroxene, and

plagioclase,  with  minor  phases  that  include  apatite,  chromite,

ilmenite,  troilite,  and  metal  (Figures  1a and S1a).  Euhedral  to

subhedral olivine is the dominant phase, with grain sizes ranging

from tens of microns to 1.4 mm in length (Figure S1b). Pyroxene is

less  abundant,  with  grains  ranging  up  to  2.0  mm  in  length.

Notably,  coarse  pyroxene  may  poikilitically  enclose  olivine  and

chromite  of  varying  sizes.  Olivine  chadacrysts  are  typically

rounded or irregular in shape (Figure 1b). In some cases, pyroxene

does not enclose olivine chadacrysts in the cores (Figure 1c).

Plagioclase generally occurs as laths or anhedral grains, interstitially

presenting between olivine and pyroxene. It is only partially trans-

formed  into  an  amorphous  phase,  which  appears  smooth  in  BSE

images (Figure 1d). The amorphous characteristic of these plagio-

clases  is  supported  by  the  broad  bumps  observed  in  the  Raman

spectra (Figure S2). Chromite generally presents as small inclusions

(up to 260 μm in length) within olivine and pyroxene. Apatite and

merrillite occur as subhedral grains or in intergrowths with irregular

boundaries between apatite and merrillite (Figure 1e). Minor iron

oxide  has  been  observed  near  the  boundaries.  The  texture  and

assemblage  are  similar  to  those  formed  during  fluid  interaction

observed in shergottites  (Gross  et  al.,  2013b; Wu YH et  al.,  2024).

Melt pockets are characterized by the presence of melted silicates

and droplets of opaque phases (Figure 1f).
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Figure 1.   Backscattered electron (BSE) images of NWA 12241. (a) Sample composed predominantly of olivine, with lesser amounts of pyroxene

and plagioclase. (b) Olivine poikilitically enclosed in pyroxene. (c) Coarse pyroxene without olivine inclusions. (d) Amorphous plagioclase and

crystalline plagioclase with fractures. (e) Coexisting apatite and merrillite. (f) Impact melt pockets. Ap, apatite; Chr, chromite; Mer, merrillite; Ol,

olivine; Pl, plagioclase; Py, pyroxene.
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The modal  abundances  of  minerals  are  as  follows (vol%):  olivine,

53.4;  pyroxene,  31.7  (orthopyroxene,  0.3;  low-Ca  pyroxene,  11.0;

high-Ca pyroxene, 20.4);  plagioclase, 11.4; feldspathic mesostasis,

0.1; chromite, 1.3; ilmenite, 0.4; phosphate, 1.4; troilite and metal,

0.3.  Elemental  mapping  (Figures  2a–2b)  indicated  that  olivine

typically  exhibits  limited  chemical  variation.  Larger  (millimeter-

sized)  pyroxene  grains  have  low-Ca  pyroxene  cores  with  Ca-rich

rims or patches (Figures 2c–2d and S1c). The relatively high abun-

dance of olivine and the low abundance of plagioclase fall within

the  range  observed  in  typical  poikilitic  shergottites  (Rahib  et  al.,

2019). 

3.2  Quantitative Textural Analysis
A  quantitative  textural  analysis  of  silicates  was  conducted  to

constrain  the  dynamics  of  crystal  nucleation  and  growth  (Lentze

and McSween, 2000). The olivine CSD profile exhibits a downturn

at the smallest grain size bins, similar to those observed in typical

poikilitic  and  gabbroic  shergottites  (Figure  3a).  However,  NWA

12241 exhibits  a  slightly  higher  population  density  for  grains  in

the intermediate size range (1.0–2.0 mm). The linear regression of

all  olivine  grains  yields  a  slope  of −2.5  with  an  intercept  of  3.9,

whereas olivine grains poikilitically enclosed in pyroxene exhibit a

steeper  slope  of −2.9  and  an  intercept  of  3.0.  Moreover,  olivine

grains larger than 0.1 mm reveal a slope of −2.5.

The CSD profile of pyroxene also shows a downturn at the smallest

size  bins,  similar  to  olivine.  However,  larger  pyroxene  grains

exhibit  a  relatively  linear  correlation,  with  a  subtle  upturn

observed  at  the  largest  grain  size  bins  (Figure  3b).  The  overall

pyroxene population exhibits a slope of −2.7 with an intercept of

3.4. Notably, pyroxene grains in the larger size bins display a flatter

slope  compared  with  olivine.  For  instance,  for  grains  larger  than

0.6 mm in length, the slopes are −1.71 for pyroxene and −3.36 for

olivine.

The  spatial  distribution  pattern,  as  indicated  by  the  big-R value

and  the  modal  abundances  of  olivine  and  pyroxene,  suggests  a

clustered  touching  framework  characteristic  of  intrusive  rocks

(Figures  3c–3d; Jerram  et  al.,  2003).  The  alignment  factor,  which

ranges  from  0  for  massive  rocks  to  1  for  oriented  rocks,  was

applied  to  evaluate  the  fabric  quality.  The  alignment  factors  of

olivine and pyroxene are 0.12 and 0.13, respectively. The alignment

factor  of  plagioclase,  which  reflects  the  spatial  relationships  of

interstitial  spaces  between  olivine  and  pyroxene,  is  significantly

low,  at  0.05.  These  results  suggest  the  absence  of  a  preferred

orientation in the silicates of NWA 12241. Although grain bound-

aries are challenging to identify because of effects such as textural

equilibration during crystallization and shock metamorphism, the

overall trend remains noteworthy. 

3.3  Chemical Composition 

3.3.1  Whole rock
The measured and calculated major  and trace element  composi-

tions  are  listed  in Tables  S1 and S2,  respectively.  The  bulk  major

element  composition  was  calculated  based  on  the  average

compositions  of  olivine,  low-Ca  pyroxene,  high-Ca  pyroxene,

plagioclase,  and  spinel,  with  their  total  modal  abundances

normalized to 100 vol%. In addition, the bulk trace element abun-

dance was determined using the average compositions of olivine,

low-Ca pyroxene,  high-Ca pyroxene,  plagioclase,  and phosphate,

without  normalizing  their  total  modal  abundances  to  100  vol%.

The calculated bulk  Mg# (molar  Mg/[Mg + Fe]  ×  100 = 57.8)  and

CaO  (4.21  wt%)  are  consistent  with  a  permafic  composition

(Figure  4a; Irving  et  al.,  2010).  The  relatively  high  MgO  content

and low K content of NWA 12241 is within the range observed in
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Figure 2.   Elemental maps of Fe and Ca in the regions shown in Figures 1b and 1c. (a, b) Fe elemental maps showing limited chemical variations

of olivine. (c, d) Ca elemental maps showing patches and rims of high-Ca pyroxene (HCP) associated with low-Ca pyroxene (LCP). The scale bar is

500 μm in length.
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gabbroic,  poikilitic,  and  olivine  phyric  shergottites  (Figures

4b–4c).

The high Mg# value and Ni content of NWA 12241 are comparable
to  those  of  enriched  gabbroic,  enriched  poikilitic,  and  both
enriched and depleted olivine-phyric shergottites (Figure 4d). But
its low La and Zr contents are within the range observed in inter-
mediate  poikilitic  and  depleted  olivine-phyric  shergottites
(Figures  4e–4f).  The  bulk  REE  concentrations  with  a  (La/Yb)CN

value (where the subscript  CN represents abundance normalized
to CI-chondrite) of 0.4 place NWA 12241 in an intermediate cate-
gory  (Figure  5a; Papike  et  al.,  2009).  The  Eu  content  does  not
exhibit a significant anomaly, with an EuCN/Eu* value of 1.1 (where
Eu* = 0.5 × [Sm + Gd]CN). 

3.3.2  Minerals
Olivine  exhibits  a  relatively  limited  chemical  variation,  with  Mg#
values varying from 61.6 to 68.5 (average Mg# = 65.9, FeO/MnO =
43.4–50.9). Chemical zoning within individual olivine grains is not
evident,  with  only  a  few  large  (e.g.,  millimeter-sized)  grains

displaying subtle variations.  The abundance of LREEs in olivine is
negligible (Lu ≤ 0.02 ppm; Figure 5b). The compositions of amor-
phous  plagioclase  (An53.4–55.6Ab43.3–45.6Or1.0–1.3)  and  crystalline
plagioclase  (An49.3–56.0Ab42.7–48.7Or1.1–2.0)  overlap,  with  no  signifi-
cant chemical difference. Both phases exhibit positive Eu anoma-
lies,  with  LREEs  slightly  more  enriched  relative  to  HREEs  (heavy
rare earth elements; Figure 5b).

Pyroxene is  dominated by high-Ca pyroxene (Fs16.1–20.5Wo28.4–38.6,
FeO/MnO  =  21.0–29.0)  and  a  lesser  amount  of  low-Ca  pyroxene
(Fs21.3–32.6Wo5.9–24.1,  FeO/MnO  =  24.2–33.7).  Both  exhibit  limited
chemical  variation,  with  Mg#  values  varying  from  63.4  to  74.7
(average = 71.2). The Ti/Al ratios are mostly low, ranging from 0.07
to 0.18, with a few ranging up to 0.53. Pyroxene is LREE depleted
([La/Yb]CN ≤ 0.1),  with  Yb  concentrations  ranging  from  0.17  to
0.71  ppm  (Figure  5c).  A  subset  of  low-Ca  pyroxene  exhibits  a
negative  Eu  anomaly,  with  EuCN/Eu*  values  ranging  from  0.5  to
0.6.  The  remaining  pyroxene  grains  show  a  less  pronounced  Eu
anomaly,  with EuCN/Eu* values  between 0.7  and 0.9.  Phosphates,
dominated  by  apatite  and  merrillite,  are  the  major  REE  carriers
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Figure 3.   Quantitative textural analysis results for olivine and pyroxene in NWA 12241. (a) Crystal size distribution (CSD) profiles for olivine in

NWA 12241 compared with gabbroic (Wu YH et al., 2023) and poikilitic shergottites such as NWA 10618 and Roberts Massif (RBT) 04262 (Rahib et

al., 2019). NWA 12241 (poi) refers to olivine in the poikilitic region. (b) CSD profiles for pyroxene compared with gabbroic shergottite NWA 13581

(Wu YH et al., 2023). (c) Spatial distribution patterns of olivine compared with poikilitic shergottites (Rahib et al., 2019), olivine-phyric shergottites

(Basu Sarbadhikari et al., 2009; Ennis and McSween, 2014), chassignite and nakhlite (Udry and Day, 2018), and gabbroic NWA 13581 (Wu YH et al.,

2023). (d) Spatial distribution patterns of pyroxene compared with olivine-phyric shergottites (Ennis and McSween, 2014), nakhlite (Udry and Day,

2018), NWA 6963 (Filiberto et al., 2018), and NWA 13581 (Wu YH et al., 2023). The boundaries of the touching framework and RSDL (random

sphere distribution line) are from Jerram et al. (2003). The R values, calculated via the CSDCorrections software, quantify spatial distribution

patterns by comparing observed crystal distribution to a random distribution.
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Figure 4.   Bulk major and minor element compositions of NWA 12241 compared with shergottites. (a) Mg# versus CaO; (b) SiO2 versus MgO;

(c) Mg# versus K; (d) Mg# versus Ni; (e) Mg# versus La; (f) Zr versus Ni. Data sources: Barrat et al. (2001, 2002); Jambon et al. (2002); Kring et al.

(2003); Shirai and Ebihara (2004); Irving et al. (2011); Filiberto et al. (2012); Udry et al. (2017); Day et al. (2018); Irving et al. (2018); Combs et al.

(2019); Rahib et al. (2019).

 

0.01

0.1

1

10

CI
-n

or
m

al
iz

ed

(c)

Low-Ca pyroxene
Augite

La Ce Pr
Nd Pm Sm Eu Gd Tb Dy Ho Er

Tm Yb Lu

1

10

100

CI
-n

or
m

al
iz

ed

(a)

NWA 7320
ALHA 77005

LEW 88516

NWA 11065
NWA 10961

NWA 12241_Calc

Enriched poikilitic shergottites
Intermediate poikilitic shergottites

La Ce Pr
Nd Pm Sm Eu Gd Tb Dy Ho Er

Tm Yb Lu

10

100

1000

CI
-n

or
m

al
iz

ed

(d)

Phosphate

La Ce Pr
Nd Pm Sm Eu Gd Tb Dy Ho Er

Tm Yb Lu

0.01

0.1

1

10

100

CI
-n

or
m

al
iz

ed

(b)

Maskelynite

Olivine
Plagioclase

La Ce Pr
Nd Pm Sm Eu Gd Tb Dy Ho Er

Tm Yb Lu

 
Figure 5.   Rare earth element (REE) compositions of bulk rock and minerals of NWA 12241. (a) Calculated bulk REE of NWA 12241 compared with

intermediate poikilitic shergottite NWA 11065 (Rahib et al., 2019), NWA 10961 (Rahib et al., 2019), Allan Hills (ALH) A77005 (Lodders, 1998), Lewis

Cliff (LEW) 88516 (Lodders, 1998), and the gabbroic shergottite NWA 7320 (Udry et al., 2017). The regions for intermediate and enriched poikilitic
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showing  a  relative  depletion  in  LREE,  with  an  average  (La/Yb)CN

value of 0.5 (Figure 5d). 

4.  Discussion 

4.1  Classification of NWA 12241
With  the  growing  number  and  diversity  of  identified  Martian
intrusive  meteorites,  the  current  classification  scheme  has
become  somewhat  ambiguous.  Although  poikilitic  shergottites
belong  to  gabbroic  or  lherzolitic  lithologies  (Rahib  et  al.,  2019),
recently  identified  olivine  gabbroic  samples  (e.g.,  NWA 13227;
Benaroya et al., 2024) exhibit both similarities with and differences
from  typical  poikilitic  shergottites.  The  similarities  include  the
presence  of  olivine  chadacrysts  enclosed  in  pyroxene,  whereas
the  differences  include  the  scarcity  of  large  pyroxene  oikocrysts
and a more varied mineral composition in some cases, such as the
CaO  content  in  pyroxene  (Wu  YH  et  al.,  2023; Benaroya  et  al.,
2024).  In most cases,  poikilitic shergottites are characterized by a
bimodal texture with large pyroxene oikocrysts from 3 to 10 mm
in length, and gabbroic shergottites are characterized by a cumu-
late texture with millimeter-sized phenocrysts up to 5.0 mm (Udry
et al., 2020).

Northwest  Africa 12241 is  classified  as  an  olivine  gabbroic  sher-
gottite in the Meteoritical  Bulletin (Gattacceca et al.,  2020),  but it
has also been referred to as a poikilitic shergottite in some studies
(e.g., Nicklas et al., 2021). The olivine abundance in NWA 12241 is
higher  than  that  in  currently  identified  olivine  gabbroic  shergot-
tites,  which  are  reported  to  be  variable  (e.g.,  NWA 13227:  26%,
Benaroya et al., 2024; NWA 11509: 17.1%, Irving et al., 2018; NWA
13581:  15.6%, Wu  YH  et  al.,  2023)  and  to  fall  within  the  upper
range  of  poikilitic  shergottites  (Rahib  et  al.,  2019,  and  references
therein).  However,  the  smaller  pyroxene  oikocrysts  and  lesser
amount  of  enclosed  olivine  chadacrysts  differ  from  typical
poikilitic  shergottites,  indicating  differences  in  formation  condi-
tions.  Therefore,  NWA 12241 is  classified  as  an  olivine  gabbroic
shergottite  to  distinguish  potential  differences  in  crystallization
dynamics from those of typical poikilitic shergottites. The similari-
ties with and differences from typical poikilitic shergottites imply
a  close  petrogenetic  link  and  diversity  in  the  crystallization
dynamics of Martian intrusive magmatism. 

4.2  Crystallization Condition
Experimental  studies  have  established  correlations  between  the
Ti/Al ratios of pyroxene and pressure (Nekvasil et al., 2004; Filiberto
et  al.,  2010).  A  Ti/Al  ratio  ranging  from  0.1  to  0.2  in  most  NWA
12241 pyroxene  is  consistent  with  crystallization  at  pressures
around 9.3 kbar (Nekvasil et al., 2004; Filiberto et al., 2010), which
corresponds to a depth of approximately 85 km in the lower crust
or  the  upper  mantle  (Zuber  et  al.,  2000; Filiberto  and  Dasgupta,
2015). The relatively limited variation in the Ti/Al ratio observed in
most  pyroxene  grains,  including  some  in  nonpoikilitic  regions,
along with subtle variations in the major element composition of
silicates, suggests that the majority of these pyroxene cores likely
formed at depth.

Assuming a temperature of 1000°C and a pressure of 9.3 kbar, the
chemical  compositions  of  coexisting  olivine  and  chromite  reveal
oxygen  frugalities  ranging  from  QFM  (quartz–fayalite–magnetite

buffer) −3.9  to −2.8  for  poikilitically  enclosed  olivine  and  from
QFM −2.9  to −2.3  for  other  olivine  (Nikolaev  et  al.,  2016).  These
variations in oxygen fugacity span over one log unit of QFM, with
more oxidized conditions occurring during the late stage of crys-
tallization. The oxygen fugacity values are comparable to those of
intermediate shergottites and the early-formed regions of several
enriched  poikilitic  and  gabbroic  shergottites,  such  as  Lewis  Cliff
(LEW) 88516,  NWA 10961,  and Allan Hills  (ALH) A77005 (Rahib et
al.,  2019).  Moreover,  these values  are  slightly  more reduced than
those of enriched basaltic shergottites, such as NWA 5298 (Hui HJ
et al., 2011) and Shergotty (Herd et al., 2001).

The oxygen fugacity in magmatic systems can change as a result
of several processes, including progressive crystallization (autoox-
idation),  degassing,  decompression  during  magma  ascent,  fluid
interaction,  and  mixing  or  assimilation  with  oxidized  materials
(Goodrich et  al.,  2003; Herd,  2003; Peslier  et  al.,  2010; Balta  et  al.,
2013; Castle  and  Herd,  2017; Combs  et  al.,  2019; Wu  YH  et  al.,
2024). In Martian intrusive rocks such as poikilitic shergottites, the
increase  in  oxygen  fugacity  can  be  as  large  as  three  orders  of
magnitude  (Rahib  et  al.,  2019).  In  the  case  of  NWA 12241,  the
closed  system  confined  in  terms  of  REE  abundances,  excluding
the  possibility  of  the  influence  of  mixing  or  assimilation  with
chemically  distinct  components.  Although  the  extent  of
degassing is not firmly constrained, an increase of one log unit in
oxygen fugacity could be readily achieved through autooxidation
during magma ascent and late-stage crystallization (Peslier  et  al.,
2010; Castle and Herd, 2017). 

4.3  Parent Melt Composition
The compositions of melts in equilibrium with silicates were eval-
uated  using  element  partition  coefficients  to  understand  the
chemical signatures of the source reservoir and chemical evolution
during the formation of NWA 12241 (Table S3). Specifically, the Fe-
Mg partition coefficient for olivine is 0.35 (Filiberto and Dasgupta,
2011),  whereas  for  pyroxene,  the coefficient  is  estimated as  0.27,
calculated  based  on  the  average  Mg#  of  early-formed  pyroxene
(72.6)  following the method of Bédard (2010).  Moreover,  the REE
partition  coefficients  for  pyroxene  were  calculated  based  on  the
average compositions of pigeonite and high-Ca pyroxene (Sun CG
and Liang Y, 2012, 2013; Yao LJ et al., 2012).

The  Mg-rich  olivine  (Mg#  =  68.5)  and  pyroxene  (Mg#  =  74.7)  in
NWA 12241 indicate  that  their  parent  melts  had  similar  Mg#
values  around  43–44,  which  is  lower  than  the  bulk  Mg#  of  NWA
12241.  However,  the  calculated  REE  abundance  of  the  parent
melts  in  equilibrium  with  early-formed  pyroxene  (both  Mg-rich
low-Ca and high-Ca pyroxene) is  in agreement with the bulk REE
abundance  (Figure  6).  The  consistency  suggests  that  the  REE
evolution  during  crystallization  of  NWA 12241 occurred  in  a
closed system in terms of REEs, suggesting an intermediate source
reservoir for NWA 12241. The similar REE patterns in the pyroxene
equilibrium  melts  suggest  progressive  fractional  crystallization
(Figure 6), whereas the variable extents of negative Eu anomalies
imply that pyroxene crystallized either prior to or simultaneously
with  plagioclase  (Wadhwa et  al.,  1994).  The  decoupling between
the abundance of major elements and REE in NWA 12241 is likely
due to the excess presence of Mg-rich olivine, which is a significant
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contributor  to  the  bulk  MgO  content  but  typically  has  low  REE
abundance. The excess of olivine is also supported by its quantita-
tive textural characteristics with signs of accumulation.

The enrichment of La and Ce in melts in equilibrium with several
pyroxene grains suggests selective LREE enrichment in pyroxene.
These  grains  do  not  exhibit  significantly  higher  contents  of  Ba
(<7 ppm) and Sr (<5 ppm) compared with other grains, suggesting
that  terrestrial  weathering has  had a  limited influence (Crozaz  et
al., 2003). Alternatively, the selective LREE enrichment in pyroxene
could result from interaction with LREE-enriched fluids (McCubbin
and  Nekvasil,  2008).  In  either  case,  the  effect  is  relatively  subtle
and  not  pervasive  throughout  the  major  phases.  Therefore,  the
source  material  of  NWA 12241 remains  consistent  with  an  inter-
mediate  signature,  which  is  further  supported  by  the  measured
εNd and εHf values of NWA 12241 (Lapen et al., 2019).

The intermediate source reservoirs could result from the mixing of
depleted and enriched end-members, with the mixing potentially
occurring  between  magmas,  source  mantle  materials,  crustal
materials, or a combination thereof (Herd et al., 2002; Symes et al.,
2008). Major and trace element compositions indicate that mixing
between  a  depleted  end-member  chemically  similar  to  Yamato
980459 with an enriched end-member chemically similar to NWA
1068  could  explain  the  chemical  variations  of  most  shergottites

(Treiman and Filiberto, 2015). Similarly, the chemical composition

of  the  parent  melt  in  NWA 12241 that  formed  during  the  early

stage  can  be  explained  by  mixing  of  a  fractionated  depleted

component with a small amount of enriched component (Figures

7a–7b).  Moreover,  the  relatively  low  Ni  (310–487  ppm)  and  Co

(107–112  ppm)  contents  of  olivine  in  NWA 12241 indicate

processes involving fractionation (Howarth and Udry, 2017). Given

the  in-depth  origin  of  these  pyroxenes  and  the  intermediate

chemical signature of equilibrium melts, the mixing process likely

occurred at depths prior to magma ascent. 

4.4  Emplacement History
Crystal distribution analysis allows for the quantitative evaluation

of crystallization kinetics and the dynamics of igneous rocks, such

as nucleation density, growth rates, and the accumulation or loss

of  crystals  during  crystallization  (Marsh,  1988; Lentze  and

McSween, 2000; Basu Sarbadhikari et al., 2009). The downturns in

the smallest size bins of  the CSD profiles indicate processes such

as  resorption,  fractionation,  or  annealing  of  early-formed  olivine

and  pyroxene  phenocrysts  (Lentze  and  McSween,  2000).  The

touching  framework  of  olivine  suggests  agglomeration,  which

could  be  related  to  heterogeneous  nucleation,  remobilization  of

cumulate mushes, or crystal settling (Jerram et al., 2003).

Given  the  similarities  in  textural  observations  and  the  in-depth

origin  of  many  pyroxenes  in  NWA 12241,  the  CSD  results  were

compared  with  those  of  poikilitic  and  gabbroic  shergottites  to

further  quantitively  evaluate  the  similarities  in  crystallization

conditions.  The  CSD  parameters  for  olivine  in  NWA 12241 are

comparable  to  those  of  poikilitic  shergottites,  with  the  spatial

distribution pattern most similar  to that of  the enriched poikilitic

NWA 11043 and the intermediate ALHA 77005 (Figure 3a and 3c;

Rahib  et  al.,  2019).  The  relatively  steeper  CSD  slope  and  smaller

intercept  of  olivine larger  than 0.1  mm in  NWA 12241 compared

with other poikilitic shergottites follows a trend of textural coars-

ening,  indicating  a  similar  process  of  crystal  settling  (Higgins,

2011; Rahib  et  al.,  2019).  In  addition,  the  CSD  slope  of  olivine

grains with sizes greater than 0.1 mm corresponds to a relatively

longer residence time of 149 Earth days, with a given growth rate
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Figure 6.   Calculated REE composition of melts in equilibrium with

low-Ca pyroxene and high-Ca pyroxene.
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of 3.1 × 10−8 mm/s (Basu Sarbadhikari et al., 2009). The CSD slope
of  pyroxene  in  NWA 12241 is  slightly  steeper  than  that  of  the
enriched gabbroic NWA 13581 with a larger intercept (Figure 3b),
indicating  a  higher  nucleation  density  and  a  faster  cooling  rate
compared  with  NWA 13581 (Wu  YH  et  al.,  2023).  However,  it  is
similar to that of the enriched gabbroic NWA 6963 (Filiberto et al.,
2018).

Although small  differences  exist,  these broad similarities  suggest
that  NWA 12241 has  a  cumulate  origin  and  underwent  an
emplacement  process  similar  to  those  of  poikilitic  and  gabbroic
shergottites (Howarth et al., 2014; Filiberto et al., 2018; Rahib et al.,
2019).  This  process  likely  involved initial  ponding and crystalliza-
tion under relatively reduced conditions at depth within a staging
chamber,  followed  by  a  second  stage  of  magma  upwelling,
emplacement, and crystallization with entrained crystals (Howarth
et  al.,  2014; Combs  et  al.,  2019; Rahib  et  al.,  2019).  Notably,  the
second stage of NWA 12241 is characterized by a greater accumu-
lation of intermediate-sized olivine cumulates and a comparatively
slower  crystallization  rate.  This  finding  is  supported  by  the  rela-
tively  larger  average  grain  size  and  longer  residence  time  of
olivine in  NWA 12241 compared with most  poikilitic  shergottites
(Rahib et al., 2019). The absence of rapid-growth olivine is consis-
tent with a process of extended equilibrium growth (Eckley et al.,
2024). 

4.5  Crystallization Dynamics and Petrogenetic Links

Among Intrusive Shergottites
The  differences  in  the  occurrence  and  morphology  of  poikilitic
textures  in  poikilitic  and  gabbroic  shergottites  are  influenced  by
various conditions, including growth rate, dissolution, and chemi-
cal  equilibration  during  reaction  and  replacement  (Hunter,  1996;
Barnes  et  al.,  2021).  Experimental  studies  suggest  that  an
extended intermediate temperature period, following the crystal-
lization  of  orthopyroxene  but  prior  to  the  crystallization  of
clinopyroxene and plagioclase, could enhance reactive crystalliza-
tion, resulting in the formation of poikilitic textures in shergottites
(Miura and Liang, 2020). Notably, interlayered lithologies at various
scales  could  form  as  a  result  of  heterogeneous  mixing  during
mechanical settling of oikocrysts in a flowing crystal mush (Barnes
et al., 2016). Such processes are prevalent in terrestrial mafic intru-
sions,  which  exhibit  vertical  variations  in  lithology,  mineral
proportion,  and composition (Boorman et  al.,  2004; Barnes  et  al.,
2021). These processes may also apply to the close association of
poikilitic  and  gabbroic  shergottites  with  different  petrological
signatures (Rahib et  al.,  2019; Wu YH et  al.,  2023; Benaroya et  al.,
2024).  Moreover,  fractional crystallization, mixing, assimilation, or
a  combination  thereof  would  further  enhance  the  chemical  vari-
ability across different lithological  subtypes (Filiberto et al.,  2012;
Treiman and Filiberto, 2015; Barnes et al., 2016).

A compositionally and density-stratified igneous terrain has been
identified  in  Jezero  crater  on Mars  through data  acquired by  the
Perseverance rover (Wiens et al., 2022), providing evidence for the
presence  of  cogenetic  magmatic  suites  with  different  lithologies
on  Mars.  The  magma  body  exhibits  plagioclase  enrichment  at  a
shallower depth and an olivine-rich unit at the lowest formation in
the crater floor, known as the Séítah formation (Wiens et al., 2022).

Outcrops of the olivine cumulates in the Séítah formation exhibit
a  poikilitic  texture,  which  is  suggested  to  have  formed  through
settling and enrichment of olivine during multistage cooling of a
thick  magma  body  (Liu  Y  et  al.,  2022).  Moreover,  the  bulk  major
element  compositions  of  the  Séítah  formation  fall  within  the
range  of  poikilitic  shergottites  (Wiens  et  al.,  2022).  Although  the
exhumation  history  of  Jezero  crater  is  not  fully  constrained,  the
presence  of  lithologies  similar  to  some  rocks  observed  at  Gusev
crater and in Martian meteorites (e.g., poikilitic shergottites and a
few chassignites)  suggests  the pervasive occurrence of  cumulate
rocks with lithological diversities (Beyssac et al., 2023).

Notably,  fluid  interaction  products  observed  in  NWA 12241 are
similar  to  those  in  intermediate  NWA  6234,  enriched  gabbroic
NWA 13581,  and  enriched  poikilitic  NWA  7755,  characterized  by
irregular  boundaries  and  vermicular  iron  oxide  phases  in  phos-
phates  (Gross  et  al.,  2013a; Howarth  et  al.,  2015; Wu  YH  et  al.,
2024). This finding implies that although different igneous bodies
of  shergottites  are  required  to  account  for  various  observations,
such  as  the  broad  range  of  crystallization  ages  (Nyquist  et  al.,
2001),  the  variable  isotopic  compositions  of  source  reservoirs
(Armytage et al., 2018; Combs et al., 2019; Wu YH et al., 2023), and
systematic  differences  in  olivine  morphologies  (Eckley  et  al.,
2024), common processes link their formation, emplacement, and
alteration histories. 

5.  Summary
Petrological and geochemical analyses indicate that NWA 12241 is
an  intermediate  gabbroic  shergottite  with  a  cumulate  origin.  Its
mineral  composition,  as  well  as  bulk  major  and  trace  element
abundances,  are  largely  similar  to  those  of  currently  identified
intermediate poikilitic shergottites. The parent melt REE composi-
tion  of  NWA 12241 is  consistent  with  an  intermediate  signature,
likely resulting from the mixing of enriched and depleted compo-
nents  and  involving  fractional  crystallization  prior  to  magma
ascent.  Although  intermediate  and  enriched  shergottites  likely
formed  in  different  magmatic  bodies,  their  quantitative  textural
characteristics  reveal  a  close  relationship  between  NWA 12241
and both intermediate and enriched gabbroic and poikilitic sher-
gottites. Their similarities suggest similar emplacement processes
involving ponding and crystallization in a deep staging chamber,
followed by subsequent crystallization during magma ascent and
emplacement  (Howarth  et  al.,  2014; Combs  et  al.,  2019; Rahib  et
al.,  2019).  Variations  in  crystallization  dynamics  within  magma
chambers and magmatic plumbing systems, such as melt replen-
ishment, duration, and temperature in staging chambers, and the
flow of crystal mush further lead to petrological and compositional
stratigraphic  variations  among  samples  of  different  petrological
subtypes (Howarth et al., 2014; Barnes et al., 2016; Cashman et al.,
2017; Miura and Liang Y, 2020).

Our study highlights the lithological diversity of Martian intrusive
meteorites. On the basis of current observations, future collections
are expected to yield intrusive samples with a greater diversity of
petrological  and  mineralogical  characteristics,  yet  with  close
petrogenetic associations. These may include variations in olivine
abundance,  the  presence  of  poikilitic  pyroxene,  differences  in
grain  sizes,  and  variations  in  mineral  chemistry,  regardless  of
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whether  they  are  derived  from  the  same  magma  body  or  from
distinct  source  regions.  Moreover,  the  presence  of  similar
secondary products (e.g., iron oxide in phosphates) in shergottites
further  indicates  the  presence  of  similar  and  pervasive  aqueous
alteration among different shergottites. In conclusion, the similari-
ties  in  mineral  chemistry  across  various  shergottites  suggest  the
existence  of  multiple  magma  chambers  at  the  crust–mantle
boundary, with compositions ranging from depleted to enriched.
Moreover, the formation history of NWA 12241 and similar crystal-
lization dynamics with other shergottites indicate that subsequent
magmatic differentiation and cooling conditions at shallow levels
are crucial processes leading to textural and compositional varia-
tions among samples of different petrological subtypes. 
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