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Introduction: Temperature and pressure gradients 

in the solar nebula influenced the chemical composi-
tion of the solids formed by condensation [1]. Ca-Al-
rich inclusions (CAIs) condensed very early, at high 
temperature and pressure, probably close to the proto-
sun. On the other hand, CI chondrites rich in volatile 
elements including water formed in the outer nebula. 
CI chondrites likely represent complete condensates 
of the nebula as they match the composition of the 
sun’s photosphere. Terrestrial planets have bulk com-
positions intermediate between those two extremes 
and are enriched in refractory elements (e.g. Ca, Al) 
and depleted in moderately volatile elements (e.g. Na, 
K) relative to CI chondrites. However, the extent to 
which this results from the incomplete condensation 
of the nebula or from later evaporative losses during 
partial melting of planetesimals and proto-planets is 
highly debated [e.g. 2-4]. 

Bulk chondrites represent the initial composition 
of planetesimals but, for a variety of reasons, how 
representative they are of the building blocks of ter-
restrial planets is an open question. A few groups of 
meteorites derived from partially differentiated parent 
bodies (e.g. brachinites, acapulcoites-lodranites and 
ureilites) can further constrain the initial composition 
of planetesimals, provided that their primitive bulk 
composition can be reconstructed.  

We conducted melting experiments of various 
chondritic materials to determine whether or not the 
parent bodies of “primitive achondrites” were deplet-
ed in alkali elements and enriched in refractory ele-
ments relative to CI chondrites. We express this rela-
tive depletion as the NaK# = (Na+K)/(Na+K+Ca) 
*100 (atom. %) and show that all the parent bodies 
from the inner solar system for which the initial com-
position can be estimated were not initially depleted 
in alkalis and characterized by NaK# of ~50, identical 
to CI chondrites and the sun’s photosphere.  

Methods: Experiments were conducted in MHC-
pressure vessels charged with CO and inserted in ver-
tical furnaces. Starting chondritic compositions have 
different NaK#: ~50 (CI, H and LL), 33 (CM) and 25 
(CV). Experiments were run for up to 7 days in graph-
ite capsules at oxygen fugacity (fO2) conditions rele-
vant for the formation of primitive achondrites (log 
fO2 – log fO2 (iron-wustiute) = -1 to -2.5) and with negligi-
ble alkali-losses (< 10%). 

Mineralogy of experimental residues: The pro-
portion of pyroxene relative to olivine in run products 
is higher for the LL and H starting compositions due 
to their lower Mg/Si ratios (0.92 and 0.94) relative to 
carbonaceous chondrites (Mg/Si = 1.03). The propor-
tion of pyroxene increases with decreasing fO2 (and 
increasing forsterite content in olivine) but decreases 
with increasing melt fraction (i.e. F, Fig. 1a). 

The composition of plagioclase near the solidus is 
a direct proxy for the NaK# of the bulk composition. 
H, LL and CI chondrites, characterized by high NaK# 
(50) contain Na-rich plagioclase (An15) while CM and 
CV chondrites contain plagioclase An40 and An55, 
respectively. With increasing temperature and melt 
fraction, plagioclase is consumed rapidly. The residu-
al plagioclase becomes progressively more calcic and 
disappears completely after ~15 wt.% of melting. 

NaK# of primitive achondrites: The most primi-
tive acapulcoites [5-6] represent the initial bulk com-
position of the acapulcoite-lodranite parent body. 
They have the same relative proportions of pyroxene 
and olivine (py ~0.65), the same olivine composition 
(Fo ~89; Fig. 1b-c) and contain plagioclase An15-20. 
They are identical to equilibrated ordinary chondrites 
in terms of NaK# (50) and Mg/Si ratio (0.95) but were 
equilibrated under more reducing conditions. Similar-
ly, the bulk composition of several winonaites have an 
average NaK# of 53 [7].  

Brachinites represent melting residues that have 
lost a silicate melt. However, Brachina, the first and 
most primitive sample described, contains sodic-
plagioclase (An20) and has chondritic REE concentra-
tions [8]. Therefore, the initial composition of the 
brachinite parent body was not depleted in alkalis and 
similar to CI chondrites in terms of NaK# (and Mg/Si 
; Fig. 1b). Any depletion in alkalis (e.g. CM composi-
tion, NaK# = 33) would stabilize a more calcic plagi-
oclase (An40-50) in the residue near the solidus (Fig 
1c). Some brachinites contain plagioclase An35-40 (e.g. 
NWA 4874 and NWA 4969) but only 1-3 % [9]. It 
represent residual plagioclase that became more calcic 
during partial melting (F = ~10 %). 

Ureilites are melting residues from which 15-24 
wt.% of silicate melt was extracted [10] and no primi-
tive chondritic sample has been recognized. Only ex-
periments performed with high-NaK# (50) starting 
materials produce ureilite-like phase assemblages 
composed of olivine, pigeonite and metal. With CM 
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and CV starting materials, plagioclase melts out of the 
residues at the same temperature (CM) or above the 
temperature at which pigeonite is replaced by ortho-
pyroxene (CV) and, therefore, olivine-pigeonite-metal 
assemblages never appear [11]. 

The parent bodies of acapulcoites-lodranites, 
winonaites, brachinites and ureilites had similar NaK# 
(~50) and were therefore not depleted in alkali ele-
ments relative to CI chondrites. Upon melting, a 
chondritic material with high NaK# produces abun-
dant alkali- and silica- rich melts such as the trachy-
andesite GRA 06128/9 [12] and ALM-A [13]. 

 
Figure 1: Relative proportion of pyroxene and olivine 
as a function of the composition of olivine. The color 
scale represents the composition of plagioclase in 
experiments (a), which is used to parametrize the in-
crease of An content with the melt fraction (b-c). 

Alkali elements in the inner solar system: All 
the major groups of primitive achondrites discussed 
above have isotopic compositions characteristic of the 

“non-carbonaceous” meteorites inferred to be derived 
from the inner solar system (Fig. 2) [14]. All chon-
drites and primitive achondrites from this NC reser-
voir are not depleted in alkali elements relative to CI 
chondrites and are characterized by high NaK# (>45). 
The only chondrites/primitive achondrites with lower 
initial NaK# are found in the CC reservoir, possibly 
due to the early outflow of solids rich in refractory 
elements (e.g. CAIs). 

Given the absence of alkali-depleted primitive ma-
terial in the inner solar system (NC reservoir), the 
precursor materials of HED meteorites (Vesta) and 
angrites were likely not initially depleted in alkali 
elements but became depleted during melting and 
differentiation. 

 
Figure 2: Isotopic dichotomy of the solar system. All 
meteorite parent bodies from the NC reservoir (inner 
solar system) had the same concentration of alkali 
elements as CI chondrites and the sun’s photosphere.  
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