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H.-D. Knoll, D. Stoffler, E. Bierhaus,
M. Liening (FRG)

GENETIC IMPLICATIONS OF CHEMICAL
AND TEXTURAL PROPERTIES OF SOME
FRA MAURO BRECCIAS (APPOLLO 14)

I.-4. Krenb, A. LWTéddonep, 9. bupxaya, M. JIuHuHr (PPI)

FEHETUYHECKME BbIBOAbl W3 XWMUWYECKUX VN CTPYKTYPHbIX
CBOMCTB HEKOTOPbLIX BPEKYUN, ®PA MAYPO («AMNOJIJTOH-14»)

Mpegnaraetcs mofens ob6pasoBaHust 6pekumii hopmaumm dpa Maypo: a) ob6pa-
30BaHWe Mpy yaape pacnniaBa B OAHOM WM HECKOMbKWUX Npe-MMOPUAHCKMX Kpa-
Tepax ¥ nepemMeLUMBaHKME pacrniasa M 0BMOMOYHOro MaTepmana, Korga HadyasibHas
TemnepaTypa nnaesneHus 6bina no kpaiiHeil mepe 1700° C; 6) obpasoBaHue pas-
NNYHBIX OPEKYMiA, HAuYMHas OT MNOTHbIX MepennaB/eHHbIX MOPO4, COoAepXalimx
006/10MOYHbIA MaTepuan, 40 OGPeKYMiA 30BUTOBOrO TUMA; B) KOHLEHTpauWs B pe-
3ynbTate (gI'IOTaLI,VIVI OCTbIBLLUEr0 06/IOMOYHOr0 MaTepuana B BUAE LMPOOBPasHbIX
TeN UM 00pa3oBaHMe TECHOW CMecy 06/IOMKOB C OTAE/bHLIMU KYCKaMi pacniasa;
Q MepBbIM MPU BbICOKO TemrepaType KPUCTa/IM3YeTCsi pacriaB Ha y4yacTkax,
oraTbIX K/acTUYeCKUM MaTepuanom (B CBET/ION OCHOBHOIM Macce nopofsl), Koraa
MONy4aeTca CPaBHUTENBHO KPYMHOKpUCTaNMUeckas CTPYKTYpa C NUXOHUTOBBIM
MUPOKCEHOM U CYLLECTBEHHO aHOPTWUTOBBLIM MAArMoKIa3oM; f) NocneayoLas Kpu-
cTannmsaums pacnnaea B yyacTKax, 6efHbIX KnacTamMmu, KOrfa co3faeTcs Mo3auuy-
Has CTPYKTypa C MUPOKCEHOM, 6GefHbIM KaslbLieM; ApYrue BapuaHTbl CTPYKTYpbI
LIEMEHTVPYIOLLEA Macchbl ABNAIOTCS, BePOSTHee BCEro, CNeACcTBUMEM Pa3nnuuii
Ba/I0BOTO XMMUYECKOr0 COCTaBa; €) HblHe MaTepuan OGpekuMil 3aneraeT B Buae
HaCbINHOM hopMaLy pa3HOl MOLLHOCTK, MEANIEHHO OX/TXKAEHHOI OT TemnepaTypbl
no KpaiHein mepe 600° C.

Introduction. Among the terrestrial planets of our solar system
the Earth and the Moon are the only major bodies from which rock
samples have been obtained for laboratory analyses. In contrast to
terrestrial rocks, lunar rocks enable us to study the conditions of
rock-forming processes which took place in the earliest period of the
history of the solar system. Because impacts of meteorites on pla-
netary surfaces played a pre-dominant role in the early history of
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the solar system it is important to study impact-metamorphosed rocks
in detail in order to understand the processes which formed the
planetary crustal rocks. The Mare Imbrium, a large circular impact
basin, gives an important clue to the history of the Moon because the
Imbrium event is presumed to have excavated a large portion of the
pre-Imbrian lunar crust. The Fra Mauro formation, where the Apollo
14 crew landed in 1971, is generally believed to belong to the ejecta
blanket of the Imbrium crater (Swann e. a., 1977). Indeed, all rocks
sampled at the Apollo 14 site turned out to be impact breccias.
These breccias are rather primitive in their mineralogy, hut the pro-
venance of their clasts in not as clear as in many terrestrial impact
breccias. They have a very complex texture which indicates a mul-
tistage formation process.

There are three main groups of breccias sampled at the Fra Mauro
formation: regolith breccias with a vitric matrix, derived from local
regolith by minor impact events: detrital breccias, which are compo-
sed of mineral clasts, melt inclusions, and rock fragments and
which lack a crystalline or vitric matrix. They apparently consist
of moderately compacted impact detritus from larger impact events.
Crystalline breccias, consisting of mineral and rock fragments em-
bedded in a more or less homogeneous crystalline matrix, constitute
the third group; these breccias are derived from a mixture of impact
melt and impact detritus produced by larger impact events. The
aim of our microchemical and textural analyses has been the investi-
gation of differences between these types of breccias and the deve-
lopment of a model of breccias formation.

Methods of Investigation and Date Reduction. Particle size ana-
lysis of the clasts was performed by a computerized Zeiss TGZ 3,
by which the size of each particle is determined in thin section micro-
graphs by an equal area method in the size range from 1.2 to 27.7 mm.
The broad size range of the breccia particles required measurements
at two different magnifications. The data of these two magnifications
were combined by the TGZ-SUMM computer programm (Knoll,
1978). Theresults were again combined with the data of Wilshire and
Jackson (1972) who determined the frequency of clasts greater than
1 mm of the breccias. The textural analysis of the matrix of the crys-
talline breccias has been performed by computer controlled line scan-
nig with a «Zeiss Linearanalysator». Measurements and data reduc-
tion were made using the LA-phi program (Knoll, 1978) for a desk
computer.

Electron microprobe analyses of clastic and matrix minerals
and of the bulk matrix were carried out on ARL microprobes using
various data reduction methods (Bence, Albee, 1968; Goldstein, Co-
rnelia, 1969; Lidge, Gasparrini, 1969). The studies were carried out
on polished thin sections or probe mounts of regolith breccia 14055,
detrital breccia 14063, a dark crystalline breccia clast of rock 14306,
and crystalline breccias 14006,14066,14311,14320, and 14321 (mic-
robreccia 3 according to Grieve e. a., 1975).

16



Fig. 1. Cumulative volume fre-

quency curves of the lunar

breccias ﬁhatched _area) compa-

red with lunar soils and pyroc-
lastic deposits.

Numbers refer to Apollo 14 samples.
The grain size distribution of 14063
is extended to 12.5 phi (063 tot),
whereas the grain size of the other
breccias is restricted to grains grea-
ter than 4.75 phi. 1— 0.63 tot;
2 — 141; 3 — 149; 4 —259; 5—
base surge plane beds; 6 — base
surge unes; 7 — rhyolitic ash
flow; S — basaltic fall out; 9—
suevlt; 10 — glass bomb, Ries,

-4 -b. O b Y .
Grain diameter,phi units

Textural Properties of the Breccias. Fig. 1 shows the grain size
distribution (cumulative volume frequency curves) of the clastic
fraction of lunar breccias compared with lunar soils (McKay e. a.,
1972, terrestrial impact deposits from the Ries impact crater, FRG)
and pyroclastic deposits (Sheridan, 1971). It is apparent that the
clasts in the lunar breccias lie between the coarser grained suevite
and the finer grained mature lunar soil 14259. The suevite results
from a single impact whereas the lunar soil 14259 has a grain size
distribution which was equilibrated by multiple impacts and which
will not change by further impacts. This indicates, that the clast in
the breccias have undergone several impacts, compared to the suevite,
but have not reached the state of a mature lunar soil (Stoffler e. a.,
1976). The comparison of the clasts with the immature 14141 and
14149 evidently indicates that it is impossible to produce the size
distribution of a breccia by the annealing of lunar regolith as Warner
(1972) proposed. The immature lunar soils have a much larger con-
tent of coarse grains which cannot he destroyed by annealing.

The grain size statistics of the breccias are different from those
of any pyroclastic deposit. This indicates that the processes (shock
comminution, melting, ballistic transportation) which form impac-
ctoclastic deposits are different from those forming pyroclastic sedi-
ments.

The textural analysis of the piatrix of the crystalline breccias
showed that there are up to three types of matrix within a breccia.
The modal composition (fig. 2) of the matrices confirmed this fact.
The matrix types differ mostly in the content of interstitial meso-
stasis. It amounts to 5—10% of the light matrix. The dark matrix
has a higher pyroxene and olivine content. The grain size of the
minerals in the light matrix is generally larger than those in the dark
matrix. Additionally, the size of the matrix minerals has a bimodal
distribution, which indicates an admixture of clasts to the matrix
(fig. 3). Both matrix types differ also in the specific surface area and
contact area of their mineral constituents. Whereas in the light matrix
the contact area of mesostasis and plagioclase and of mesostasis and
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14006.8 14066.46 143063 143115 14321138 14320.10

Fig. 2. Modal composition of the matrix of crystalline breccias.
Ii();ht matrix; b — regular dark matrix; ¢ — dark matrix with prismatic pyroxenes

a JR—
(14311) or _lath-like ilmenites (14066); 1 — plagioclase; 2 — p())/roxene+oliy|ne; — ilme-
nite; 4 — metal (Fe—Ni)+sulfide; 5 — mesostasis; 6 — zircon-)-spinel.

pyroxene-folivine dominates, in the dark matrix plagioclase — py-
roxene+olivine contacts are prevailing.

Chemical Properties of the Breccias. One major question is the
nature of those rocks of the pre-Imbrian lunar crust, which by frag-
mentation have contributed to the mineral and rock clast population
of the Fra Mauro breccias. We have made an attempt to solve this
problem by a statistical analysis of the chemical composition of the
clasts embedded in lunar breccias. For this purpose 6072 chemical
analyses of plagioclase, pyroxene and olivine of different rock types
were taken from the literature (Stoffler, Knéll, 1977). These analy-
ses were then classed into the following rock groups which are the
potential sources of the mineral clasts of the lunar breccias: mare-
basalts (MB), KREEP- and high-alumina-basalts (Il1AB), anortho-
sitic-noritic-troctolitic rocks (ANT).

The dunitic and peridotitic rocks are another possible source rock
group of the breccias, but there are not enough analyses in the lite-
rature to warrant a separate statistical group. Because the concent-
rations of the major and minor elements in minerals depend in their
chemical environment during crystallisation, these differences were
used to distinguish the provenance of the minerals. Multiple corre-
lation analyses showed that the following correlations of elements
are the best for the provenance analyses of the mineral clasts in the
breccias:

plagioclases: FeO—anorthite-content,

olivines: CaO—forsterite-content,
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Fig. 3. Grain size distribution of matrix minerals of breccia 14311 determined
by line scanning.

Further explanation see fig. 2.

pyroxenes: CaO—Ti02 and enstatite—ferrosilite—wollastonite-
content.

The statistical analyses of the clast provenances were performed
using the computer program PIOS (Knéll, 1978) based on techni-
ques described by Stoffler and Kndll (1977). These calculations sho-
wed that there are variations in the clast provenance which vary
from breccia to breccia as well as from mineral to mineral. This latter-
variation is not surprising considering that the minerals included
in the calculations occur in different proportions in their source
rocks. However, there remain open questions in the interpretation
of the data (Stoffler, Kndll, 1977). The olivines are predominantly
derived from ANT-rocks —and from an unknown component X
(fig. 4), which most probably represent the dunitic component
(very low CaO-content; compare Steel, Smith, 1975). The plagio-
clase clasts have a greater variation of source rocks. Some breccias
have a rather low HAB-content combined with a surprisingly high
MB-content, whereas other breccias are enriched in the ANT-compo-
nent with a higher HAB-content (fig. 4). The pyroxene clasts (fig. 5)
are derived from three main rock types with rather similar HAB-
content. They are very variable in their ANT- and MB-content.
The proportions of these three types of source rocks vary also to some
degree if different element correlations are used for the provenance

9 19



Fig. 4. Results of the statistical provenance analysis of the plagioclase and oli-
vine clasts in lunar breccias.

Bars indicate the content of unknown component X; numbers refer to Apollo 14 samples;
, MB — see text; 1 — plagloclase 2 — olivine

HAB X>°[

Fig. 5. Results of the statistical provenance analysis of the pyroxene clasts
in lunar breccias.

1 — CaO—Ti02; 2 — Fs—En—Wo.



Sioi

basaltic texture in the pseudo-ternary system olivine—anorthite—silica.

Numbers refer to Apollo 14 samples; LM — light matrix, P — dark matrix with prismatic
pyroxene or lath-like ilmenite, “other — regular dark matrix.

analysis. From this difference estimates of the error involved in the
provenance analysis can be obtained.

The bulk chemical analyses of the matrix of the crystalline
breccias were made by the microprobe using the defocussed beam
method. These analyses were recalculated to the pseudo-ternary
system olivine—anorthite—silica (described by Walker e. a., 1972).
This system is shown in fig. 6. This figure includes analyses of Fra
Mauro melt rocks with basaltic texture for comparison with the
matrices of the breccias. It can be seen clearly in fig. 6 that the
light matrices represent a plagioclase-enriched KREEP-basalt
melt, whereas the dark matrix of 14311 resembles an olivine enriched
high alumina basalt melt. It can also be seen in fig. 6 that minor
chemical changes of the melt can produce different rock textures
resulting from different crystallisation sequences.

The composition of the matrix minerals is very variable which
indicates that fragments contribute to the mineral population down
to grain sizes of 1 u. Scanning electron microscopy confirms this
assumption as well as the grain size statistics of the matrix (fig. 3).
Pigeonitic pyroxenes and anorthite-rich plagioclase are enriched in
the light matrices and low-Ca-pyroxenes in the dark matrices.

Conclusions. The date of the breccias of the Fra Mauro formation
presented in this paper indicate a multistage formation. The fact
that the mineral fragments embedded in the breccias are derived
from several rock types makes it very likely that they are the pro-
duct of several impacts. This is confirmed by the grain size statis-
tics of the clasts, which indicates that the clastic fraction of the
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Melt Melt agglomerates Suevitic

Shock melting
and mixing
with clasts

Melt-clast
reactions and
cooling

1

Crystallization
and

recrystallization

Secondary
excavation
and deposition

Fig. 7. Model of breccia formation of crystalline and detrital breccias.

The analyses of KREEP-basalt 14310 are taken from Kushiro e. a. (1972), LSPET (1971),
and Longhi e. a. (1972). The analyses of high alumina basalts 14053 and 14072 are taken from
Walker e.” e. (1972), Longhi €. a. (1972), Bence and Papike (1972).

breccias are formed by many impacts, but have not reached the state
of a mature soil. From lunar orbital data it is well known that KREEP
material is enriched in the Fra Mauro formation and in adjacent
old pre-Imbrian terrane. Because there is an appreciable amount
of KREEP within the breccias of the Fra Mauro formation, it can
be concluded that this material is local and was mixed with the
Imbrian and pre-Imbrian ejecta. The existence of mare basalt deri-
ved minerals indicates a pre-Imbrian magmatic activity of the mare
basalt type. This confirms the suggestion of Ryder and Taylor (1976)
who postulate the existence of pre-Imbrian volcanism of the mare-
basalt type. The data discussed above and a comparison of the lunar
breccias with terrestrial impact formations lead to the following
model of breccia formation.

a) Generation of impact melts in one or more local pre-Imbrian
craters and mixing of melt with more or less shocked clasts during
the excavation phase with starting temperatures of at least 1700 °C,
This leads to a series of breccia types which varies from coherent
impact melt rocks to suevitic detrital breccias (fig. 7). The cold
clastic material is enriched in sclilieren-like bodies by flotation ef-
fects and forms the parent of the light matrix of a first breccia type.
In another breccia type there appears to be an intimate mixture of im-
pact detritus with individual pockets of melt, which is the parent of
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the light and dark matrix of a second breccia type. Breccias 14006 and
14311 are close to the first type; 14066, 14306 (dark breccia host),
14320 and 14321 (microbreccia 3) are transitional to the second type;
14063 and possibly 14306 represent the third, suevitic type.

b) First crystallisation of the melt in the clast-rich areas (light
matrix) at high temperatures with clasts acting as nucleaaction centers.
This forms a relatively coarse grained texture with pigeonitic pyro-
xenes and anorthite-rich Iplagioclases.

c) Subsequent crystallisation of melt in the clast-poor areas
(dark matrix) at lower temperatures (supercooled liquid) with forma-
tion of alarge number of nuclei. This forms a mosaic-like texture with
low-Ca-pyroxenes. The further varaiations of the chemical composi-
tion of the dark matrix are the result of different degrees of clasts
melting. The breccia material now resides in a more or less thick
impact formation with slow cooling from temperatures of at least
600° C, as indicated by the preservation of highly silicous glass
(StSffler e. a., 1978).

d) Fragmentation, ejection, and incorporation of this impact
formation into the Fra Mauro formation by secondary projectiles
of the Imbrium impact according to the model Oberbeck (1975).

Acknowledgements. We thank Miss F. Mdllers for her excellent
technical assistance and Mrs. G. Grant for typing the manuscript.
The generous financial support of the German Science Foundation
(Deutsche Forschungsgemeinschaft) is gratefully acknowledged.

References

Bence A E., Albee A |.—J. Geo, 1968, v. 76, 382—403.

Bence69A E., Papike J. J. —Proc. Lun. Sei. Conf. 3-rd, 1972, 431—
469.

Goldstein J. I, Cornelia P. A — Goddard Space Flight Center,
Greenbelt, 1969.

Grieve R A, McKay G A, Smith H D, Weill D.F —

Geochim. Cosmochim. Acta, 1975 v. 39, 229—245,

Kndéll H.-D. — Doctor Thesis, Unlver5|ty Mnster, 1978.

Kushiro I, Ikeda Y, Nakamura Y.—Proc. Lunar Sei. Conf.
3-rd 1972 115 129.

jLonghi J., Walker D, Hays J. F. —Proc. Lun. Sei. Conf. 3-rd,
1972, 131—139.

LSPE T — Lunar Science Prelimininary Examination Team. Appolo 14 Pre-
liminary Science Report, NASA ashlngton 1971.

MCK?V?/ D.S, Heiken G.Il., Taylor R M, Clanton U. S,

orrison D. A, Ladle G IT. — Proc. Lun. Sei. Conf. 3-rd,

1972, 983—994.

Oberbeck V. R_—Rev. Geophys. Space Phys 1975, v. 13, 337—362.

Rucklidge J. C, Gasparrini E. Dept, of Geol. Univ.,
Toronto, 1969

Ryder G, Taylor G.J —Proc. Lun. Sei. Conf. 7-th, 1976, 1741—
1755.

herid an M. F. —J. Geophys. Res., 1971, v. 76, 5627 -5634.

teel l.M, Smith J.V.—Proc. Lun. Sei. Conf. 3-rd, 1972, 971—981.

toffler D, Knoll H-D., Reimold W.-U., Schulien S
Proc. Lun. Sei. Conf. 7-th, 1976, 1965—1985.

23



St(‘jffll er D, Knoll H.-D. —Proc. Lun. Sei. Conf. 8-th, 1977, 1849—

867.

Stoffler D, Knoll H.-D., Stahle V., Ottemann J. —
Lunar and Planet Sei., IX, 1978, 1116—1118.

Swann G A, Bail N. G, Batson R M, Eggleton R.E.
Halt M H., It H E, Larson K. B, Reed V. S.
Schaer G G, Sutton R L, Trask N J, UlrichG. E
Wulshire H. G.—U. S. Geol. Survey Prof. Paper 880, 1977.

Walker D, Longhi J.,, Hays J. F. —Proc. Lun. Sei. Conf. 3-rd
1972, 797-817.

Warner J. L.—Proc. Lun. Sei. Conf. 3-rd, 1972, 623—643.

WiIsYhSiSrtignH. G, Jackson E. D.—U. S. Geol. Surv. Prof. Pap

T

YK 552.2 : 523.3

E. B. CBewHunkosa, O. A. boraTwukos, fA. Il. dpux-Xap,
H. A. Awnxmuna, T. C. Marugosuy, Il. 11. JTanyTuHa,
E. E. Na3vko, A. Il. Topwkos, B. Il. OpbIHKiL,

O. B. Kapnosa, M. B. CyxaHoB, A. [l. 'eHKUH,

H. I'. YpoBkuHa (CCCP)
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MINERALS OF LUNAR SOIL BROUGHT BY «LUNAR-24»
AUTOMATIC STATION

The fine fraction (0.20—0.37 mm) of two Luna 24 soil samples from the dept]
of 92 and 184 cm has been studied. Microgabbro fragments prevail amongs
the regolith rocks. The widespread rock-forming pyroxenes, plagioclases, olivi
nes were investigated as well as the following less common minerals: Si02mine
rals, potassium feldspar, ilmenite, chromite, ulvospinel, chrommagnetite am
magnetite, troilite, pyrrhotite, cubanite (?), schreibersite, kamacite, oldhamite
In vacuoles of glasses are revealed sylvine and halite. Observations on magne
tite, pyrrhotite, sylvite and halite are new in the lunar mineralogy. The investi
gated material gives evidence of having been formed in endogenous magmati
and impact processes.

MpoBeseHO uccnefoBaHvie Menkon dpakumn (0.20—0.37 mm) aBy:
npo6 NyHHoro rpyHTa AJIC-24, B3ATbIX C FNyouHbI 92 1 184 cm. 3y
Ya/ICb LUMPOKO PacrpocTpaHeHHbIe MOPOL006pasyoLLe MUHEpabl
MUPOKCeHbI, MNarnokasbl, O/IMBYHBI, & TaKxke 00/ee pefKue — MUHE
pasibl KpeMHe3ema, Kamwinar, amqmbos, WIbMEHUT, XPOMUT, Y/bBE
LUMNMHESb, XPOMMArHETUT U MarHeTUT, TPOWINT, MUPPOTUH, Ky6aHUT (?)
LUpelibep3nT, KamacuT W ofbaraMmmT. B MMKPOBaKyonsX CTeKo.
0OHapy>eHbl CUbBUH W ranT. [aHHble M0 MarHeTUTY, NMUPPOTUHY
CUNBbBUHY W TINTY ABNAKOTCA HOBbIMU [151 JTYHHOM MWHepasiorim

24



