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Introduction:  P-rich olivine (3-8 wt.% of P2O5)
was  described  in  some  unusual  terrestrial  and
extraterrestrial associations [e.g. 1,2]. Besides that, P-
bearing  olivine  (up  to  0.4  wt.% of  P2O5)  is  present
among typical  igneous  olivines  of  terrestrial  basalts,
andesites,  dacites,  komatiites  and  of  some  martian
meteorites  [e.g.  1,3].  The  recent  finding of  P-bearing
olivines in a Luna 20 pyroxene troctolite fragment [4]
made this site perspective for searching for P-bearing
olivines.  Here  we  report  about  Luna  20  rocks
containing  P-bearing  olivine  and  suggest  a  possible
presence of P3+ in its structure.

Methods:   Two  polished  sections  containing  70
fragments (100-600  m in size)  of  the Luna 20 soil
were  studied  by  optical  microscopy.  The  chemical
composition  of  mineral  phases  was  measured  using
Cameca SX100 microprobes in Vienna and Moscow.
X-ray  distribution  maps  were  acquired  with  the
Cameca SX-FIVE microprobe in Vienna. 

Results:  P-bearing olivines are extremely rare in
Luna  20  samples.  They  were  found  in  14  rock
fragments  of  anorthositic-noritic(gabbro-noritic)-
troctolitic  (ANT)  composition  most  of  which  are
represented by crystalline impact melts or impact melt
breccias, one fragment has a coarse granulitic texture
and  3  fragments  have  rather  coarse-grained  igneous
textures. 

The 3 igneous rock fragments (120-450  m) have
ophitic  textures  with  coarse  plagioclase  laths  (60-
75%), and with olivine (15-35%) and minor pyroxene
(4-15%) filling interstices. In one of them, pyroxene is
absent and olivine (up to 0.13 wt.% P2O5) is in close
association with glass (8%) containing 0.17 wt.% P2O5.
Tiny grains of FeNi metal are abundant in the rock. In
two  of  them,  silica,  phosphate,  ilmenite,  Ca-Fe
pyroxene and Zr-rich phase are present in a late-stage
K-rich  mesostasis.  Plagioclase  is  anorthite  An92-97,
pyroxene is represented by pigeonite and minor augite
En50-73Wo7-36, olivine is Fo76-82. P concentrations in the
olivine from the igneous rocks range from less than
0.02 to up to 0.37 wt.% P2O5; Cr contents vary from
0.17 to 0.50 wt.% Cr2O3; Ca contents are 0.20-0.38 wt.
% CaO; Al contents rarely exceed the detection limit.

Crystalline impact melts (breccias) are more fine-
grained, some of them show granulation features. All
of them and the coarse-grained granulite as well have
similar  mineral  association  and  mineral  composition
range as  igneous rocks (Fig.1).  Ilmenite,  FeNi metal
and troilite are common traces. The only exception is
that  P-bearing  olivines  of  these  rocks  are

systematically  poorer  in  Cr  (<0.14  wt.%  Cr2O3)  in
contrast to igneous rocks (Fig. 2).

Phosphorus distribution maps were obtained in P-
bearing  olivines  from  the  two  igneous  pyroxene
troctolites. We observe grains with oscillatory zoning,
patchy zoning and areas with tapering oscillations. The
size of  the  P-rich bands  varies  from 2 to  10-15  m
(Fig. 3). 

Fig. 1. Mineral compositions in Luna 20 site.
Discussion:  Based on mineral composition, rocks

with  P-bearing  olivine  correspond  to  highland  ANT
rocks with a compact compositional range (Fig. 1) that
are enriched in incompatible elements. ANT rocks are
abundant in the Luna 20 site, but are not enriched in P
(mainly  <0.3  wt.%  of  P2O5)  [5].  KREEP rocks  are
extremely rare in Luna 20 samples [6] and besides that
they do not contain abundant olivine. Primary highland
rocks  of  the  High  Magnesium  Suite  (HMS)  are
enriched  in  incompatible  elements,  however  their
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olivines are poorer in Cr then those of studied igneous
rocks.  But  it  should  be  noted  that  HMS  parental
magmas may be not as  Cr-depleted as inferred from
their  cumulus  olivine  [7].  Thus  a  connection  of  the
Luna 20 rocks with P-bearing olivine to HMS suite is
possible.

Olivines of crystalline impact melts (breccias) and
granulite  definitely  experienced  annealing  to  some
extent. The fact that they are poorer in Cr then igneous
P-bearing olivines but contain the same amount of P
may be explained by the significant difference in P and
Cr diffusion rates. During annealing Cr could migrate
from the grain while P still stays at the same position.
Another possibility is the presence of some additional
source of P-bearing olivines.

Oscillatory type of P zoning is common for many
magmatic olivines of different sources [1-3, 8]. Based
on the thickness of the P-rich and P-poor zones in the
olivines the time of its growth could vary from several
days  to  several  months  if  the  growth  was  not
multistage [9]. 

P5+ or P3+ in Luna 20 P-bearing olivines? 
It is generally thought that P5+ substitutes Si4+ in the

tetrahedral  site  in  olivine.  Charge  balance  is
maintained by 1) formation of vacancies in tetrahedral
or octahedral  sites,  2)  charge coupled substitution of
M2+ by M+(Li+, Na+, H+), 3) or a coupled substitution
by  Al3+ and  Cr3+  [1,10].  Recent  experiments  have
shown  that  in  reduced  conditions  P  may  be  partly
present as P3+ [11]. Stoichiometric formula calculations
lead to the following observations: 1) most of the P-
bearing  olivines  have  a  deficit  in  cation  sums  in
contrast to the common Luna 20 olivines, 2) the more
P content in olivine the more deficit in its cations sum
(correlation r=0.70  for  igneous rocks and r=0.54  for
annealed rocks) (Fig. 4). We suggest that in Luna 20 P-
bearing  olivines  P3+ along  with  Cr3+ could  be
incorporated  into  olivine  by the  reaction:  (tet)Si4+ +
(oct)M2+ =  (tet)P3+ +  (oct)Cr3+.  Actually  P3+ with  its
small  ionic  radii  (0.44Ǻ)  would  likely  prefer
tetrahedral sites. However, there is no clear correlation
of P and Cr in P-bearing olivines that may be explained
either by annealing or by a certain type of substitution
mechanism.

Conclusion: Luna 20 rocks with P-bearing olivine
belong  to  highland  ANT  suite  rocks  with  compact
compositional  range that  may be connected to  HMS
rocks.  We suggest  that  in  lunar  P-bearing olivines  P
may be partly present as P3+.
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Fig. 2. P and Cr contents in Luna 20 olivines.

Fig. 3. BSE image and P X-ray map in olivine from Luna 20
pyroxene troctolite.

Fig.  4.  P content  (afu)  vs.  deficit  cations sum in Luna 20
olivines.
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