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Martian meteorite NWA 7533 is a regolith breccia that compositionally resembles the Martian surface 
measured by orbiters and landers. NWA 7533 contains monzonitic clasts that have zircon with U–Pb 
ages of 4.428 Ga. The Pb isotopic compositions of plagioclase and alkali feldspars, as well as U–Pb isotopic 
compositions of chlorapatite in the monzonitic clasts of NWA 7533 have been measured by Secondary Ion 
Mass Spectrometry (SIMS). The U–Pb isotopic compositions measured from the chlorapatite in NWA 7533 
yield an age of 1.357 ±81 Ga (2σ ). The least radiogenic Pb isotopic compositions measured in plagioclase 
and K-feldspar lie within error of the 4.428 Ga Geochron. These data indicate that the monzonitic clasts 
in NWA 7533 are a product of a differentiation history that includes residence in a reservoir that formed 
prior to 4.428 Ga with a μ-value (238U/204Pb) of at least 13.4 ± 1.7 (2σ) and a κ-value (232Th/238U) of 
∼4.3. This μ-value is more than three times higher than any other documented Martian reservoir. These 
results indicate either the Martian mantle is significantly more heterogeneous than previously thought 
(μ-value of 1–14 vs. 1–5) and/or the monzonitic clasts formed by the melting of Martian crust with a 
μ-value of at least 13.4. Therefore, NWA 7533 may contain the first isotopic evidence for an enriched, 
differentiated crust on Mars.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Currently, all of the constraints placed on the chemical and 
isotopic differentiation of Mars have come from studies of the 
shergottite, nakhlite, and chassignite (SNC) meteorites (e.g., Borg et 
al., 2005; Bouvier et al., 2005, 2008, 2009; Chen and Wasserburg, 
1986; Debaille et al., 2007; Gaffney et al., 2007; Lee and Halliday, 
1995; Nakamura et al., 1982). The SNC meteorite group comprises 
mafic and ultramafic rocks with a relatively limited compositional 
and age range (0.16-1.3 Ga, e.g., Nyquist et al., 2001 and refer-
ences therein). Chemical and isotopic investigations of SNCs have 
yielded invaluable information about the timing and formation of 
the Martian core and mantle geochemical reservoirs (e.g., Debaille 
et al., 2007; Foley et al., 2005, and Lee and Halliday, 1995). The U–
Th–Pb history of the Martian mantle has been constrained using 
the Pb isotopic system, which indicates that the Martian man-
tle has a relatively limited range in μ-values (238U/204Pb) of 1–5 
and a bulk silicate μ defined as ∼3 (Borg et al., 2005; Bou-
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vier et al., 2008, 2009; Chen and Wasserburg, 1986; Gaffney et 
al., 2007, and Nakamura et al., 1982). These values are signifi-
cantly lower than the Earth and the Moon, which have μ-values of 
8–10 and 100–200 respectively (e.g., Asmerom and Jacobsen, 1993;
Nemchin et al., 2011, and Zartman and Haines, 1988).

The chemical composition of the SNCs does not closely match 
the measured composition of the Martian surface determined by 
the Odyssey Orbiter, Viking Lander, Pathfinder Lander, or Mars Ex-
ploration Rovers (Boynton et al., 2007; Clark et al., 1982; Foley et 
al., 2003; Gellert et al., 2006, and McSween et al., 2009). In con-
trast, the newly described Martian regolith breccia NWA 7533 may 
be a more typical example of the Martian crust (Agee et al., 2013
and Humayun et al., 2013). NWA 7533 has a fine-grained ma-
trix of alkali basaltic composition resembling the composition of 
the rocks and soils from Gusev crater and contains evolved mon-
zonitic clasts, clast-laden impact melt rock, melt spherules, and 
microbasaltic melt rock. The monzonitic clasts contain an evolved 
mineral assemblage comprising alkali feldspar, plagioclase, chlo-
rapatite, ilmenite, several types of pyroxene, and trace zircon, The 
clasts contain elevated concentrations of highly siderophile ele-
ments (for their MgO content) and alkali feldspars and pyrox-
enes have exsolved textures, which is consistent with monzonite 
 under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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formation by differentiation of large impact melt sheets (Humayun 
et al., 2013). Even coarser grained, igneous textures are present 
in large impact melt sheets on Earth (e.g., Sudbury, Grieve et al., 
1991). Therefore, the monzonite was likely formed by impact melt-
ing of Martian protocrust.

Some zircon grains preserved in the monzonitic clasts have 
concordant U–Pb ages of 4.428 ± 28 Ga while others fall on 
a discordia line between 4.428 ± 28 and 1.712 ± 85 Ga (all er-
rors 2σ , Humayun et al., 2013). Therefore, the protocrust from 
which the monzonite was derived must have been extracted from 
the Martian mantle before 4.428 Ga. Since the monzonitic clasts 
have abundant plagioclase, K-feldspar, and chlorapatite, a well-
constrained thermal history can be constructed and the Pb isotopic 
composition of the feldspars can be used to model the U–Th–Pb 
evolution of the monzonite (cf. Gancarz and Wasserburg, 1977;
Ludwig and Silver, 1977; Kamber et al., 2003, and Oversby, 1978). 
Apatite has a closure temperature of ∼450–500 ◦C (Cherniak et al., 
1991 and Chamberlain and Bowring, 2001) and should constrain 
the age of the last thermal event experienced by the evolved clasts 
in NWA 7533, as demonstrated for lunar breccias (e.g., Grange et 
al., 2009 and Nemchin et al., 2009). Feldspars contain little to no 
U but relatively abundant Pb, and therefore retain their Pb isotopic 
composition from the time of the last equilibration event. As such, 
the independent chronology of the rock and the Pb isotopic com-
position of feldspars can be used to define the μ- and κ-values in 
the reservoir (s) from which the monzonitic clasts were derived.

2. Analytical methods

The U–Pb apatite analyses were performed using a CAMECA 
IMS1280 large geometry SIMS instrument at the Swedish Mu-
seum of Natural History, Stockholm (NordSIM facility). Prior to 
SIMS analysis, the sample was cleaned in an ultrasonic bath with 
distilled water and ethanol, dried and then coated with gold. 
A −13 kV molecular oxygen beam (O−

2 ) was imaged through 
a 150 μm aperture, giving a current of ∼4 nA in an elliptical, 
∼15 μm spot. Secondary ions were extracted from the sample 
at +10 kV and admitted, via high magnification (160×) transfer 
optics, to the mass spectrometer operating at a mass resolution 
(M/�M) of 5400. In order to minimize possible surface contami-
nation (most likely from sample polishing and gold coating) each 
analysis was pre-sputtered for 80 s using a 25 × 25 μm raster. This 
was followed by a series of automated centering and optimization 
procedures using the matrix Ca2PO4 peak (mass 175), namely: sec-
ondary beam alignment in the 4000 μm field aperture (field of 
view on the sample of 25 μm), mass calibration adjustment and 
optimization of secondary ion energy in the 45 eV energy window. 
The peak-hopping data collection routine consisted of 32 cycles 
through the mass stations, with signals measured on a low-noise 
ion counting electron multiplier with a 44 ns electronically gated 
dead time.

U/Pb ratios in the phosphates have been calibrated using 
a piece of an apatite crystal (BRA) with an age of 2058 Ma and 
U concentration of 67 ppm as characterized by ID-TIMS (Nemchin 
et al., 2009). Data for this reference apatite fall on a slope of ∼1.8
in the log(206Pb/238U) vs. log(238U16O/238U) coordinate space. This 
slope was used for the calibration of U–Pb ratios in the Martian 
apatites following a similar protocol to that utilized for the cal-
ibration of U–Pb ratios from ion probe zircon analyses in this 
laboratory (e.g. Whitehouse et al., 1999).

The Pb isotopic compositions of plagioclase and alkali-feldspar 
were determined using the same instrument used for the ap-
atite geochronology, closely following the experimental protocol of 
Whitehouse et al. (2005) and Rose-Koga et al. (2012). An area of 
25 × 25 μm was rastered for 70 s prior to Pb isotopic analysis to 
minimize surface contamination. A 200 μm aperture was used re-
sulting in a 9 nA O−
2 primary beam and 20 μm circular spot on the 

surface of the sample. The mass resolution of the mass spectrome-
ter during Pb isotopic analyses was 4860 (M/�M). Analyses were 
conducted in multi-collector mode using an NMR field sensor to 
control the stability of the magnetic field. Lead isotopic ratios were 
measured in low noise ion-counting electron multipliers for 160 
cycles with a count time of 10 s, resulting in a total collection time 
of 1600 s. Mass fractionation and gain calibrations between detec-
tors were performed by bracketing the unknowns with analyses 
of USGS basaltic glass reference material BCR-2G (∼11 μg/g Pb). 
Corrections to the unknown measurements were performed using 
values from Woodhead and Hergt (2000) and a linear gain cal-
ibration. External reproducibility in 208Pb/206Pb, 207Pb/204Pb, and 
206Pb/204Pb of BCR-2G was 0.2%, 0.2%, and 0.6%, respectively (95% 
confidence limits on the weighted mean). Subsequent to Pb iso-
topic analyses, the 238U/208Pb was measured on each analytical 
spot by peak jumping between masses 208Pb and 238U. Ions were 
collected in the central electron multiplier and raw U/Pb ratios 
were converted to elemental ratios using the relative sensitivity 
factors determined by measuring BCR-2G and the natural isotopic 
abundances of Pb and U.

3. Results

The locations of U–Pb in phosphate analyses and isotopic ra-
tios are shown in Fig. 1 and presented in Table 1. Because a large 
group of the phosphates had very low measured 206Pb/204Pb ra-
tios, specifically <20, a 3-D model was used to calculate ages 
(e.g., Levchenkov and Shukolyukov, 1970; Ludwig, 2012). In this 
approach, each individual data point in 3-dimensional space 
(207Pb/206Pb vs. 238U/206Pb vs. 204Pb/206Pb) is projected onto 
a traditional 2-dimensional Tera-Wasserburg Concordia diagram 
(207Pb/206Pb vs. 238U/206Pb), obviating the requirement to know 
the composition of initial Pb. The U–Pb age obtained from the 
NWA 7533 chlorapatites is 1.357 ± 81 Ga (2σ , Fig. 2) and is in 
good agreement with the 1.345 ± 45 Ga U–Pb age of phosphates 
reported from the paired meteorite NWA 7034 (Yin et al., 2014).

The specific mineralogy of each clast and feldspar, as well as 
the locations of all spot analyses of the Pb-isotope analytical data 
are shown in Fig. 3 and Table 2. The Pb isotopic compositions 
of plagioclase and alkali-feldspar crystals in monzonitic clasts of 
NWA 7533 display a linear trend with a roughly bi-modal distribu-
tion (Fig. 4). Some of the plagioclase analyses (33%) are extremely 
un-radiogenic in 207Pb/204Pb and 206Pb/204Pb, plotting within er-
ror of the 4.428 Ga Geochron (Holmes, 1946 and Houtermans, 
1946, Fig. 4). The 4.428 Geochron is defined as a line repre-
senting single-stage Pb growth in a reservoir with any μ-value 
from primordial Pb (Canyon Diablo Troilite, Chen and Wasserburg, 
1983) at 4.567 Ga to 4.428 Ga. All of the analyzed alkali feldspar 
and some of the plagioclase (66%) have significantly more radio-
genic compositions (Fig. 4). Additionally, a matrix-bound plagio-
clase grain (Clast 3) has a similar un-radiogenic Pb isotopic compo-
sition to clast-bound plagioclase, while matrix-bound anti-perthite 
and perthite grains (Clasts 4 and 6) overlap in composition with 
clast-bound K-feldspar. The radiogenic population of feldspar plots 
within error of the least radiogenic phosphate (Tables 1 and 2, 
Supplementary Fig. 1). All of the measured compositions lie above 
the field defined by the leached residues of whole rock and min-
eral separates from the SNC meteorites in the 207Pb/204Pb vs. 
206Pb/204Pb diagram (green field, Fig. 4, Borg et al., 2005; Bouvier 
et al., 2005, 2008, 2009; Gaffney et al., 2007).

4. Discussion

The enrichment in 207Pb/204Pb measured in the monzonitic 
feldspars relative to the SNC meteorites is indicative of an early 
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Fig. 1. Backscatter electron images and locations of spot analyses of phosphates of NWA 7533. All circles are ∼15 μm in diameter.

Table 1
Pb and U isotopic compositions of phosphates.

238U
206Pb

σ
(%)

207Pb
206Pb

σ
(%)

204Pb
206Pb

σ
(%)

U 
(μg/g)

208Pb
204Pb

2σ
207Pb
204Pb

2σ
206Pb
204Pb

2σ
207Pb
206Pb

2σ
208Pb
206Pb

2σ

p10@1 0.53 3.33 0.91 5.20 0.06 11.29 1.5 45.6 10.1 15.1 3.4 16.6 3.7 0.911 0.089 2.75 0.27
p10@2 0.09 4.06 0.99 1.88 0.06 4.27 0.7 37.9 3.2 15.8 1.3 16.1 1.4 0.981 0.036 2.35 0.09
p10@3 0.42 4.73 0.92 3.71 0.06 8.91 0.8 40.6 7.2 16.5 2.9 18.1 3.2 0.911 0.067 2.24 0.17
p10@4 1.39 1.56 0.66 2.92 0.05 7.08 5.2 34.5 4.9 14.3 2.0 21.6 3.1 0.665 0.039 1.60 0.10
p10@5 1.14 2.05 0.72 4.07 0.04 10.42 4.8 40.0 8.4 16.7 3.5 23.2 4.8 0.718 0.058 1.72 0.15
p11@1 2.06 1.47 0.58 3.12 0.04 7.92 12.2 46.1 7.3 14.9 2.4 25.6 4.1 0.582 0.036 1.80 0.11
p11@3 1.74 1.82 0.60 2.59 0.04 6.76 4.8 48.2 6.5 15.9 2.2 27.0 3.7 0.589 0.031 1.79 0.09
p12@1 0.11 5.24 0.95 2.55 0.06 5.73 1.4 36.8 4.2 15.3 1.7 16.2 1.9 0.942 0.047 2.27 0.12
p12@2 0.06 5.97 0.97 2.27 0.07 5.14 0.5 35.4 3.6 15.0 1.5 15.3 1.6 0.980 0.044 2.32 0.11
p12@3 0.05 4.35 0.98 1.79 0.07 3.95 0.3 35.1 2.7 14.0 1.1 14.5 1.1 0.966 0.035 2.42 0.09
p13@1 0.30 3.70 0.93 3.39 0.07 7.42 1.7 33.6 4.9 13.4 2.0 14.4 2.1 0.932 0.063 2.33 0.16
p14@1 0.99 1.94 0.73 3.89 0.05 9.21 6.9 47.8 8.7 14.1 2.6 19.5 3.6 0.723 0.056 2.45 0.19
p14@2 0.32 3.48 0.86 3.24 0.06 7.17 5.8 48.9 6.9 13.1 1.9 15.4 2.2 0.847 0.055 3.16 0.20
p14@3 0.33 4.10 0.86 2.86 0.06 6.62 6.0 52.1 6.8 14.5 1.9 17.1 2.3 0.849 0.049 3.05 0.17
p15@2 1.83 1.49 0.59 2.85 0.04 7.03 83.0 53.3 7.5 14.0 2.0 24.0 3.4 0.586 0.033 2.22 0.12
p6@1 0.68 3.07 0.83 4.80 0.06 10.43 5.7 32.3 6.7 13.8 2.8 16.6 3.5 0.828 0.076 1.94 0.19
p6@4 0.77 3.27 0.92 4.43 0.06 10.45 3.4 35.1 7.3 15.6 3.2 17.5 3.7 0.890 0.079 2.00 0.19
p9@1 0.34 3.87 1.00 3.21 0.07 6.87 0.8 31.9 4.4 13.6 1.8 14.1 1.9 0.962 0.061 2.26 0.15
p9@2 0.37 3.49 0.84 3.22 0.06 7.16 1.0 33.5 4.8 13.3 1.9 15.6 2.2 0.853 0.055 2.15 0.14
p9@3 0.30 3.52 0.89 2.83 0.06 6.33 0.4 37.6 4.7 15.1 1.9 17.3 2.2 0.874 0.047 2.17 0.12
p9@4 0.31 3.33 0.89 2.87 0.06 6.80 0.6 38.2 5.2 15.6 2.1 17.7 2.4 0.884 0.051 2.16 0.13
p9@5 0.29 3.14 0.91 2.49 0.06 5.81 0.3 37.2 4.3 15.5 1.8 16.8 2.0 0.924 0.046 2.21 0.12
p5@1 1.06 2.97 0.78 4.61 0.05 11.13 2.7 36.3 8.1 15.4 3.4 19.4 4.3 0.792 0.073 1.87 0.18
p5@3 1.15 2.58 0.67 6.72 0.05 15.58 6.3 39.0 12.2 14.3 4.5 21.7 6.8 0.661 0.085 1.80 0.24
p5@4 1.19 1.77 0.73 3.11 0.05 7.42 6.6 36.6 5.5 14.4 2.1 19.8 2.9 0.730 0.045 1.85 0.12
p5@5 0.61 2.34 0.82 3.19 0.06 7.44 5.8 37.5 5.6 14.6 2.1 17.7 2.6 0.822 0.052 2.12 0.14
p5@6 0.88 2.43 0.76 4.22 0.06 9.75 2.8 33.6 6.6 13.8 2.7 17.8 3.5 0.773 0.065 1.89 0.17
p5@7 0.76 2.35 0.73 3.62 0.05 8.76 3.2 37.8 6.6 15.0 2.6 20.3 3.6 0.739 0.053 1.86 0.14
p8@2 0.73 2.02 0.82 2.67 0.06 6.10 3.5 32.9 4.0 13.9 1.7 17.0 2.1 0.817 0.044 1.93 0.11
p8@3 0.52 2.49 0.87 2.67 0.05 6.49 1.5 39.6 5.1 16.4 2.1 18.8 2.4 0.870 0.046 2.10 0.12
p8@4 0.81 1.60 0.83 2.63 0.05 6.30 7.9 37.5 4.7 15.5 1.9 18.6 2.3 0.833 0.044 2.01 0.11
differentiation event that resulted in a reservoir with a signifi-

cantly higher μ-value than previously documented for Mars. Thus, 
the monzonitic clasts in NWA 7533 record the signature for a pre-

viously unknown geochemical reservoir. Most 208Pb/204Pb and 
206Pb/204Pb compositions lie on a linear trend with the SNC me-

teorites, indicating a consistent Martian κ-value (Fig. 4). Utilizing 
a simplified thermal history of the monzonitic clasts with a for-

mation age from the zircon upper intercept at 4.428 Ga, a final 
resetting age of the apatite at 1.35 Ga, and the Pb isotopic compo-
sitions in feldspars, the U–Pb differentiation history of the source 
of the monzonite can be modeled.

To successfully model the U–Th–Pb differentiation, radiogenic 
in-growth of Pb from the decay of U and Th must be discounted. 
To achieve that, U/Pb ratios were measured in each analytical spot 
directly following Pb isotopic analysis with the assumption that if 
the more radiogenic Pb compositions were a result of in-growth 
from U, 206Pb/204Pb would be positively correlated with U/Pb. 
However, the U/Pb ratios measured in plagioclase and K-feldspar 
are similar (<0.4), do not correlate with Pb isotopic ratios, and 
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Fig. 2. Concordia-constrained linear 3-D isochron of phosphates in NWA 7533. Red 
ellipses represent actual data. Filled, green ellipses represent mathematical projec-
tions from actual data from the 3-D Concordia diagram onto a 2-D Tera-Wasserburg 
diagram. Calculated with Isoplot 3.75 (Ludwig, 2012). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of 
this article.)

cannot account for the spread in isotopic data shown in Fig. 4, even 
after 4.4 Ga of U and Th decay (Table 1, Supplementary Fig. 2). 
As such, the more radiogenic data are interpreted as the result 
of resetting/mixing between feldspar and surrounding U-bearing 
minerals or micro-inclusions at 1.35 Ga.
4.1. A single stage model of Pb evolution

Plagioclase is not particularly resistant to isotopic resetting in 
impact metamorphism but the least radiogenic plagioclase Pb pop-
ulation plots within error of the 4.428 Ga Geochron (Clasts 1, 2, 
and 3), which explicitly implies closed system U–Pb behavior in at 
least some of the feldspar grains. Therefore, single stage Pb growth 
μ-values can be calculated for the least radiogenic plagioclase 
data (206Pb/204Pb < 11.5, n = 17) by determining the intersection 
of a line with a slope equivalent to the age of the phosphates 
(1.35 Ga) through each of these data points and the 4.428 Ga 
Geochron. The weighted mean of these μ-values is 13.4 ±1.7 (2σ). 
The overall uncertainty was determined by propagating the errors 
associated with the phosphate age and the errors associated with 
each Pb isotopic measurement (Supplementary Table 1, Fig. 5). 
This μ-value of 13.4 is ∼3 times larger than that of any reser-
voir from which the SNCs were derived. These results imply one of 
two things: either 1) the Martian mantle is significantly more het-
erogeneous in μ-values than previously thought (i.e., having values 
between 1 and 14), or 2) the Martian crustal precursor to the mon-
zonite was significantly more depleted in Pb or enriched in U than 
the source of the SNCs. Either hypothesis is indicative of a previ-
ously undocumented Martian geochemical reservoir formed prior 
to 4.43 Ga.

4.2. A two-stage model of Pb evolution

While a single stage Pb growth from 4.567 to 4.428 Ga with 
a μ-value of 13.4 can, in principle, explain the observed Pb iso-
topic data, it seems unlikely, especially since the precursor of the 
monzonite was Martian protocrust. Formation of this protocrust 
requires multiple episodes of differentiation and subsequent ra-
diogenic Pb in-growth in the following reservoirs: 1) an undif-
ferentiated, primitive reservoir before core formation, 2) a mantle 
Fig. 3. Backscatter electron images and locations of spot analyses of all feldspar grains in clasts of NWA 7533. All circles are ∼20 μm in diameter. Blue circles represent 
unradiogenic Pb (i.e., 206Pb/204Pb < 12) and red circles represent radiogenic Pb (i.e., 206Pb/204Pb > 12).
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Table 2
Pb isotopic compositions and U/Pb of plagioclase and K-feldspar.

Analysis 
#

Feldspar 
type

208Pb
204Pb

2σ
207Pb
204Pb

2σ
206Pb
204Pb

2σ
207Pb
206Pb

2σ
208Pb
206Pb

2σ U/Pb 2σ

Clast 1* (Clast K) 2-feldspars, zoned pigeonite, and augite
1 Plagioclase 34.16 0.47 14.25 0.20 14.63 0.20 0.979 0.005 2.345 0.010 n.m
2 Plagioclase 37.07 0.43 14.56 0.14 16.29 0.29 0.893 0.011 2.276 0.018 n.m
3 Plagioclase 35.66 0.33 14.62 0.13 15.42 0.16 0.951 0.005 2.315 0.009 n.m
4 Plagioclase 34.24 0.78 14.19 0.33 14.16 0.33 1.005 0.008 2.423 0.017 n.m
5 Plagioclase 32.39 1.54 12.33 0.60 11.36 0.55 1.090 0.021 2.820 0.045 0.04 0.01
6 K-feldspar 34.75 0.07 14.33 0.03 14.66 0.04 0.976 0.001 2.365 0.002 0.08 0.03
7 Plagioclase 34.86 0.62 14.70 0.27 14.73 0.27 0.995 0.006 2.365 0.013 0.12 0.05
8 Plagioclase 35.18 0.49 14.52 0.20 14.76 0.22 0.982 0.005 2.376 0.010 0.03 0.02
9 K-feldspar 35.20 0.22 14.60 0.09 14.90 0.10 0.980 0.002 2.351 0.004 0.01 0.00

10 K-feldspar 34.80 0.31 14.59 0.14 14.92 0.14 0.976 0.004 2.324 0.007 0.03 0.00
11 K-feldspar 35.04 0.27 14.71 0.11 14.96 0.12 0.981 0.003 2.341 0.005 0.18 0.02
12 Plagioclase 35.34 0.76 14.84 0.32 14.98 0.32 0.984 0.007 2.341 0.015 0.12 0.04
13 K-feldspar 36.50 0.29 14.60 0.12 15.08 0.12 0.968 0.003 2.417 0.007 0.06 0.03
14 K-feldspar 36.02 0.27 14.70 0.10 15.14 0.11 0.973 0.003 2.370 0.006 0.00 0.00
15 K-feldspar 35.47 0.18 14.47 0.08 15.20 0.08 0.953 0.002 2.331 0.004 0.04 0.02
16 K-feldspar 35.96 0.23 14.66 0.10 15.21 0.12 0.964 0.004 2.357 0.007 0.01 0.00
17 K-feldspar 36.10 0.30 14.67 0.12 15.38 0.13 0.952 0.003 2.346 0.007 0.10 0.04
18 K-feldspar 36.82 0.42 14.74 0.12 15.71 0.21 0.941 0.009 2.340 0.009 0.01 0.00
19 K-feldspar 38.77 0.44 14.91 0.12 15.75 0.13 0.944 0.005 2.444 0.011 0.01 0.00

Clast 2* 2-feldspars, augite, zircon 4 and zircon 12
1 K-feldspar 34.85 0.44 14.64 0.19 14.89 0.19 0.980 0.004 2.332 0.009 0.04 0.03
2 K-feldspar 34.63 0.55 14.60 0.24 14.86 0.24 0.979 0.006 2.321 0.011 0.00 0.00
3 K-feldspar 35.10 0.49 14.76 0.21 15.20 0.21 0.976 0.005 2.311 0.010 0.01 0.01
4 K-feldspar 35.04 0.34 14.77 0.15 15.15 0.15 0.975 0.004 2.304 0.008 0.08 0.05
5 K-feldspar 35.05 0.47 14.65 0.18 15.10 0.22 0.976 0.005 2.329 0.009 0.01 0.00
6 K-feldspar 35.12 0.39 14.76 0.16 15.07 0.17 0.981 0.004 2.323 0.008 0.01 0.00
7 K-feldspar 34.87 0.29 14.69 0.13 15.00 0.13 0.981 0.003 2.319 0.006 0.17 0.06
8 K-feldspar 34.80 0.36 14.67 0.16 14.96 0.16 0.982 0.004 2.323 0.007 0.36 0.09
9 Plagioclase 30.83 0.36 12.05 0.23 10.94 0.21 1.100 0.008 2.822 0.018 0.00 0.00

10 Plagioclase 31.68 0.48 12.47 0.20 11.48 0.21 1.084 0.008 2.752 0.024 0.00 0.00
11 Plagioclase 31.10 0.46 12.14 0.18 11.07 0.17 1.096 0.006 2.801 0.014 0.00 0.00
12 Plagioclase 30.75 0.43 11.96 0.17 10.73 0.16 1.113 0.006 2.861 0.014 0.00 0.00
13 K-feldspar 35.19 0.49 14.94 0.21 15.13 0.21 0.987 0.005 2.325 0.010 0.07 0.02
14 K-feldspar 34.42 0.31 14.57 0.13 14.76 0.13 0.985 0.003 2.333 0.006 0.00 0.00
15 K-feldspar 34.84 0.52 14.75 0.22 14.93 0.23 0.985 0.005 2.326 0.010 0.27 0.09
16 Plagioclase 30.29 0.51 11.71 0.20 10.48 0.18 1.116 0.008 2.898 0.017 0.08 0.05
17 Plagioclase 30.67 0.62 11.80 0.24 10.38 0.22 1.128 0.009 2.941 0.021 0.05 0.03
18 Plagioclase 31.06 0.74 11.88 0.29 10.54 0.26 1.119 0.011 2.905 0.025 0.16 0.01
19 Plagioclase 34.68 0.64 14.62 0.27 14.82 0.28 0.986 0.006 2.348 0.013 0.10 0.04

Clast 3 Plagioclase
1 Plagioclase 34.25 1.15 13.86 0.47 13.34 0.46 1.039 0.013 2.564 0.027 0.08 0.02
2 Plagioclase 32.68 1.33 12.81 0.53 11.25 0.47 1.134 0.019 2.852 0.039 0.00 0.00
3 Plagioclase 31.71 1.25 12.37 0.50 10.78 0.44 1.155 0.018 2.943 0.040 0.02 0.01
4 Plagioclase 32.13 1.16 12.91 0.47 11.81 0.44 1.099 0.015 2.734 0.033 0.00 0.00
5 Plagioclase 30.41 1.09 11.76 0.43 10.22 0.38 1.158 0.017 2.953 0.037 0.02 0.01
6 Plagioclase 30.72 1.24 11.59 0.48 10.30 0.43 1.142 0.019 3.003 0.043 0.01 0.01
7 Plagioclase 30.72 1.23 11.83 0.47 10.54 0.42 1.116 0.017 2.881 0.038 0.00 0.00
8 Plagioclase 31.88 1.23 12.50 0.49 10.65 0.42 1.155 0.018 2.983 0.040 0.41 0.18
9 Plagioclase 31.36 1.05 12.18 0.42 10.79 0.37 1.135 0.016 2.932 0.040 0.00 0.00

10 Plagioclase 31.07 1.46 12.15 0.59 10.56 0.51 1.169 0.023 2.968 0.049 0.00 0.00
11 Plagioclase 31.47 1.20 12.02 0.47 10.50 0.41 1.155 0.018 2.986 0.040 0.00 0.00

Clast 4 Perthite
1 Perthite 38.13 2.46 15.23 0.99 15.32 1.06 1.029 0.024 2.537 0.050 0.00 0.00
2 Perthite 33.62 1.85 13.57 0.76 13.34 0.75 1.028 0.024 2.556 0.052 0.28 0.06
3 Perthite 36.94 1.46 15.11 0.58 15.17 0.58 0.997 0.012 2.404 0.025 0.03 0.01
4 Perthite 36.68 1.78 15.47 0.80 15.20 0.75 1.005 0.017 2.455 0.036 0.01 0.01

Clast 5* Albite antiperthite, augite, zircons 5 and 6
1 Anti-perthite 36.46 1.48 15.26 0.62 15.33 0.62 0.992 0.013 2.365 0.026 0.02 0.01
2 Anti-perthite 34.09 0.66 13.89 0.27 13.94 0.27 0.993 0.007 2.444 0.016 n.m
3 Anti-perthite 36.54 0.56 14.85 0.21 15.54 0.25 0.966 0.006 2.357 0.012 n.m
4 Anti-perthite 34.85 0.59 14.25 0.24 14.46 0.26 0.993 0.007 2.395 0.012 n.m
5 Anti-perthite 35.38 0.41 14.89 0.18 15.21 0.18 0.974 0.004 2.325 0.008 n.m
6 Anti-perthite 33.61 0.63 13.64 0.26 13.55 0.26 1.007 0.007 2.478 0.014 n.m
7 Anti-perthite 31.17 0.57 12.22 0.23 11.73 0.22 1.044 0.007 2.659 0.016 n.m
8 Anti-perthite 35.53 0.49 14.51 0.20 15.41 0.22 0.945 0.005 2.304 0.009 n.m
9 Anti-perthite 36.50 0.46 14.63 0.18 15.15 0.20 0.971 0.004 2.416 0.013 n.m

10 Anti-perthite 35.47 0.44 14.76 0.19 15.09 0.19 0.976 0.004 2.349 0.009 n.m
11 Anti-perthite 34.69 0.51 14.48 0.22 14.79 0.22 0.975 0.005 2.339 0.011 n.m
12 Anti-perthite 35.31 0.26 14.38 0.11 14.90 0.11 0.966 0.003 2.369 0.005 n.m
13 Anti-perthite 35.10 0.46 14.47 0.19 15.32 0.20 0.945 0.004 2.290 0.009 n.m
14 Anti-perthite 34.95 0.40 14.46 0.17 14.87 0.17 0.972 0.004 2.342 0.008 n.m
15 Anti-perthite 34.88 0.57 14.61 0.24 14.90 0.25 0.979 0.006 2.341 0.011 n.m
16 Anti-perthite 33.87 0.64 14.01 0.27 13.98 0.27 1.002 0.007 2.423 0.014

Clast 6* Antiperthite with zircon 2
6 1 Anti-perthite 34.86 0.84 14.63 0.36 15.08 0.37 0.962 0.009 2.304 0.016 n.m
6 2 Anti-perthite 36.12 0.89 14.73 0.37 15.22 0.38 0.964 0.008 2.369 0.017 n.m
6 3 Anti-perthite 34.63 0.77 14.57 0.34 15.01 0.34 0.972 0.008 2.311 0.016 n.m
6 4 Anti-perthite 35.37 0.59 14.88 0.25 15.22 0.26 0.971 0.006 2.303 0.011 n.m
6 5 Anti-perthite 34.31 0.74 14.29 0.31 14.96 0.33 0.951 0.008 2.287 0.016 n.m
6 6 Anti-perthite 34.49 0.54 14.43 0.24 14.84 0.24 0.970 0.005 2.320 0.012 n.m

*
 Mineralogical descriptions, specific details, and U–Pb in zircon for these clasts can be found in Humayun et al. (2013).
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Fig. 4. Pb isotopic compositions of feldspar measured in monzonitic and matrix-bound clasts in NWA 7533. The green field represents Pb isotopic compositions of leached 
Martian meteorites and mineral separates (Borg et al., 2005; Bouvier et al., 2005, 2008, 2009; Gaffney et al., 2007). Pb growth line represents all Pb isotopic compositions 
from 4.428 Ga to 1.35 Ga originating with an initial Pb isotopic composition indicated by the black square. This composition is a result of Pb growth from 4.567 Ga to 
4.428 Ga with a μ-value of 13.4, with red lines indicating 2σ error. Dotted grey lines represent Pb growth from 1.35 Ga to present indicating that some of the reset feldspars 
might contain small amounts of U, were reset recently (perhaps during impact), or display open system behavior. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
after the core was extracted, 3) various Martian mantle silicate 
reservoirs (i.e., the source of depleted, intermediate, and enriched 
shergottites, e.g., Debaille et al., 2007), and 4) protocrust. Mars 
may have accreted rapidly (Dauphas and Pourmand, 2011), there-
fore, Pb growth in a primitive reservoir had to have been limited. 
Age constraints for the Martian core range from 1-15 Ma after 
CAI formation (Dauphas and Pourmand, 2011; Foley et al., 2005;
Kleine et al., 2004; Nimmo and Kleine, 2007). Silicate differentia-
tion resulting in the SNC reservoirs is proposed to have happened 
∼20–60 Ma after CAIs (e.g., Debaille et al., 2007; Foley et al., 2005;
Kleine et al., 2004). Silicate-only fractionation has a minor effect 
on U/Pb (e.g., Borg et al., 2005 and Gaffney et al., 2007). Therefore, 
metal separation (during core formation) or precipitation of sul-
fides is needed to create a high-μ reservoir. Sulfides will incorpo-
rate Pb but not U, increasing μ but not κ , precisely as observed in 
the data presented. Therefore, the two largest fractionation events 
to produce the necessary reservoir took place in either the man-
tle or the crust. The SNC mantle reservoir has a μ-value of 1–5, 
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Fig. 5. Weighted average, order determined by increasing 206Pb/204Pb from lowest 
to highest from left to right for the calculated initial (4.567 Ga–4.428 Ga) μ-values.

Fig. 6. A two-stage model of differentiation with time of differentiation vs. modeled 
μ2. μ2 represents the μ-value needed to reach the initial Pb isotopic composition 
at 4.428 Ga, at any time since solar system formation if the protocrust was extracted 
from an SNC-like mantle with a μ-value of 3. Red field indicates error on zircon age 
determination from Humayun et al. (2013). Data for SNC source formation and core 
segregation from Foley et al. (2005).

so there is a possibility that the sources of the monzonite resided 
in an unusual mantle region that could have formed by more ex-
treme removal of sulfides during core-formation, a source that is 
not sampled by any other lithology analyzed to date.

Alternatively, the high-μ source of monzonite formed by sec-
ondary differentiation of a protocrust derived from the primi-
tive mantle. In this case, it is likely that the increase in μ oc-
curred during partial silicate melting, perhaps in large impact melt 
sheets, with subsequent precipitation of sulfides. Additionally, Pb 
is a volatile element and a large volatilization event (i.e., large im-
pact) or a series of volatilization and/or sulfide precipitation events 
closely spaced in time would have a similar influence on μ and κ .

If we assume that Martian core formation left a relatively ho-
mogeneous chemical signature on the Martian mantle and that 
the protocrust was derived from a Martian mantle that is SNC-
like (average μ of 3, range ∼1–5), the second stage, radiogenic 
crustal μ can be modeled based on the time of crustal differenti-
ation (Fig. 6). The curve in Fig. 6 is representative of the μ-value 
necessary to reach the initial Pb isotopic composition in Fig. 4 at 
4.428 Ga (black square), assuming a 2-stage growth with an initial, 
SNC-like μ-value of 3. This is a gross over-simplification of the Pb 
history of the monzonite, as stated above, but seems reasonable 
considering core formation and crustal differentiation involving 
sulfides likely had the largest effects on μ. If the high-μ reser-
voir formed contemporaneously with the SNC reservoirs, the μ2
value increases and approaches the μ-value for the HIMU reservoir 
on Earth (e.g., Nebel et al., 2013, Fig. 6). Regardless of the mech-
anism of μ increase, whether it be in the mantle, in the crust, or 
a combination of both, it must have happened prior to 4.428 Ga. 
Interestingly, the isotopic signature of a similar high μ-reservoir 
signature has been observed in Eoarchean (3.8 Ga) rocks on Earth, 
also requiring early U/Pb differentiation (ca. 4.1–4.3 Ga) and long-
term reservoir isolation (Kamber et al., 2003).

5. Conclusions

The Pb isotopic compositions of plagioclase and K-feldspar in 
monzonitic clasts and matrix-bound feldspar in NWA 7533 record 
the signature of a previously unrecognized early geochemical reser-
voir on Mars that had a μ-value of at least 13.4. This μ-value is 
significantly higher than that of the reservoir sampled by the SNC 
meteorites. This high-μ reservoir likely represents the first iso-
topic evidence for a differentiated crust on Mars, in addition to the 
already documented depleted, intermediate, and enriched mantle 
reservoirs represented by the SNCs. Given that the bulk composi-
tion of NWA 7533 is closer in composition to the rocks and soils 
observed on the Martian surface than the SNCs, it may provide a 
more representative (and radiogenic) sample to study the differen-
tiation history of the Martian crust than the SNC meteorites.
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