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- 15475

15475 PORPHYRITIC SUBQPHITIC QUARTZ-NORMATIVE ST. 4 406.8 g

MARE BASALT

INTRODUCTION: 15475 is a coarse-grained pigeonite-porphyritic
mare basalt (Fig. 1) with a radiate to subophitic groundmass. It
is an average- composition member of the gquartz-normative mare
basalt suite. It is light brown with green to brown prismatic
pyroxene phenocrysts, white to translucent plagioclase laths and
plates, and conspicuous small vugs. It is tough, blocky with
subangular corners, and has zap pits on some surfaces.

15475 was collected about 28 m south-southeast of the rim crest
of Dune Crater, a few centimeters from rocks 15476 and 15495.

The immediate surface had a moderate cover of fragments., 15475
was dust-covered but not filleted or buried. 1Its orientation was
documented.

Fig. la
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15475

Fig. 1b

Fig. 1¢

Figure 1. a) Macroscopic view of original pieces of 15475,
fitted tocgether. S-71-47935
b) Piece ,1, showing vuggy character. S-71-47021

¢) Main saw pieces, prior to splitting the slab.
S=72=33024

780



15475

Fig. 2a

. 2b

Fig
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15475

Fig. 2¢

Fiqure 2. Photomicrographs of 15475. a,b, widths about 6 mm.
¢, width about 3 mm. a,c transmitted light. b,
crosged polarizer. a,b, pigeonite phenocrysts,
showing twinning, zoning, and inclusionrich rims; and
groundmass, with plagioclase laths, opaque phases, and
tridymite (T). ¢) groundmass, showing radiate
clusters and subophitic areas. Laths at bottom (T)
are tridymite.

PETROLOGY: 15475 is a coarse-grained porphyritic basalt (Figs.
1, 2). Pigeonite phenocrysts are twinned and zoned to augite;
plagioclase is the second most conspicuous mineral. A sequence
of oxides from chromite to ulvospinel to ilmenite is present, and
the groundmass contains tridymite, cristobalite, pyroxferroite,
and minor brown residual glass. Fe-metal and troilite are
sparse. The pigeonites are as much as 1.5 cm long; most are
about 5 mm. They are not evenly distributed, some thin sections
containing perhaps 75% pyroxene, others as little as 55%. Modes
are listed in Table 1 and show some variations. The groundmass
texture ies radiate but transiticnal to subophitic, according to
Lefgren et al. (1975).
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TABLE 15475-1. Published modes

(1) (2) (3)
Cpx 75 64 -
Plag 20 24 -
Iim 4 1.2 -
Ulvo <1l 1.2 -—
Trid 0.5 0.6 0.5
Crist tr. - -
Glass tr. 1.7 -
Fe-Ni <0.1 tr. -
Troil <0.1 tr. -
vugs -- 6.4 -
Chromite - 0.5 -
Olivine - 0 -

(1) ILunar Sample Information

Catalog Apollo 15 (1971)
(2) Rhodes and Hubbard (1973)
(3) Mason (1972)

Brown et al. (1972, 1973) tabulated the compositions of two
evolved pyroxenes. They found pyroxene compositions to be
similar to those in 15076 except for a greater volume of
pigeonite cores. They noted the presence of whitlockite and
tranquillityite, with analyses; the whitlockite has high Sro
(1.01%) but Eu is below detection. They reported a
titanochromite analysis, and noted the absence of olivine.
Takeda et al. (1975) reported on a study of pyroxenes using
optical and x-ray diffraction (single crystal) techniques. They
tabulated three pyroxene analyses (Engg WOz g to Eng ,Wo, ;) ,

and provided cell dimensions, relative orientations, and space
grcup data. No exsolution was visible optically, but an augite
grain had exsolved about 40% pigeonite (A= 2.87%.

Weeks (1972) produced electron magnetic response spectra for two
pyroxene and a "plag + pyroxene" separates. Neither Fe3+ nor
Ti3+ was found in the pyroxenes but Fe’t was observed in the
plagioclases. Plagioclases 1 cm from the top of the rock and 8
cm from the top had the same Fe3t concentration, hence Fe3t is

not a result of radiation damage. Bell and Mac (1972, 1973) also
found evidence for Fe®t in plagioclase and reported total iron
oxide (as FeO) of 0.66%, with no systematic zoning. They
suggested that the Fe®t was an alteration product.
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El Goresy et al. (1976) reported on spinel textures and
chemistry, without tabulating or diagramming specific data.
15475 contains corroded and rounded chromite cores to
Cr-ulvospinel (as do other coarse basalts), indicating
considerable reaction. The zoning trends (their "third" trend)
from low FeO/(FeO + MgO) cores (0.80 to 0.85) to more iron-rich
rims, with slightly increasing Ti/(Ti + Cr + Al) and a decrease
in Vv, is indicative of crystallization from a ligquid with
continuously increasing Fe0. Roedder and Weiblen (1972)
tabulated analyses of high-SiO, melt inclusions (interstitial, in
plagioclase, and in ilmenite), with compositions ranging from
72.8 to 76.8% S5i0, and 6.3 to 7.8% K,0. The pigeonite cores are
inclusion-free, tﬁeir mantles are inclusion-rich. Engelhardt
(1979) noted that ilmenite started crystallizing after
plagioclase started, and ended crystallizing before pyroxene
ended. Mason (1972) reported that the refractive indices for
tridymite and cristobalite in 15475 were identical with the
corresponding phases in 15085. Mason et al. (1972) found 0.5%
tridymite in the mecde.

Cooling Rates: L. Taylor and co-workers (L. Taylor and
McCallister 1972a, b; L. Taylor et al., 1973) used the
partitioning of Zr between ilmenite and ulvospinel to estimate
cooling rates, based on experimental determination of variation
of the coefficient with temperature. The low ratio (Zr in
ilmenite/2r in ulvospinel) of 1.5 to 2 (Fig. 3) suggests
subsolidus re-equilibration to about 850°C, like some other
slowly-cooled basalts. Such slow cooling is correlated with a
greater amount of reduction of ulvospinel, which is hence
cooling-rate dependent rather than oxidation-state dependent.

oal—

02—

L A 1505818 >
W 15065,93
® isore,?1 |
- A 13538,9 .
O 13843,3

1 1 1 i
0.03 0.10 oS 0.20

ulvospinel Zr Content

ilmenite Zr Content

Figure 3. Zr partitioning between ilmenite and ulvospinel (L.
Taylor and McCallister, 1972a).
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Lgfgren et al. (1975), in a comparison of the texture of 15475
with the products of dynamic experimental products (known,
linear cooling rates) inferred a crystallization rate of less
than 1°c/hr for both the phenocrysts and the groundmass, but a
little faster than 15058, 15075, 15076, etc. Grove and Walker
(1977), in a similar but more quantitative study, inferred an
early cooling rate of 0.05°C/hr from the pyroxene nucleation
density (0.3/mm?), and a late stage cooling rate of 0.1°C/hr from
p}agloclase sizes. The integrated rate from pyroxene phenocryst
size is less than 0.5°C/hr. The final position of 15475 from a
conductive boundary is estimated to be 263 cm. The sample
appears to have undergone a slow, near-linear cooling rate
throughout its crystallization.

On the basis of the augite exsolution, Takeda et al. (1975)
inferred that 15475 was the slowest-cooled quartz-normative mare
basalt of those they studied, because the A8 of 2.87° was the
largest. They inferred a faster cooling rate early in
crystallization than later. Brett (1975), on the basis of
limited data, inferred that 15475 cooled within a 2 m thick flow.

EXPERIMENTAL PETROLOGY: Muan et al. (1974) menticned
equilibrium, liquid-solid phase equilibria on a representative
sample (data pack information) of 15475, using Fe-equilibria.
Olivine or spinel is the liquidus phase, but no specific data was
presented.

CHEMISTRY: Bulk rock chemical analyses are listed in Table 2,
and the rare-earths are plotted in Figure 4. The analyses are
guite consistent considering the grain-size of the rock and
demonstrate that 15475 is a rather average-composition Apollo 15
quartz-normative mare basalt. The largest variation is in TiO2
content. Compston et al. (1972) noted that their x-ray
fluorescence Rb data are consistently lower and not as reliable
as their isotope dilution Rb data. Drozd et al. (1974) reported
a total Kr abundance of 43.9 x 10-11 g/cmd.

Gros et al. (1976) and Hertogen et al. (1977) erroneously refer
to 15475 as a non-mare basalt in their discussions and
tabulations. In fact, all their elements have abundances quite
typical of mare basalts.

RADIOGENIC ISOTOPES: No age of crystallization has been
determined for 15475, but Compston et al. (1972), and Nyquist et
al. (1972, 1973) and Wiesmann and Hubbard (1975) reported
whole-rock Rb-Sr isotopic data (Table 3). They are consistent
(adjusting for interlaboratory bias) with dispersion along a 3.3
b.y. isochron. Ccalculated initial ®’Sr/%¢sr for ages of about
3.3 to 3.4 are within the range of other Apollo 15 mare basalts.
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£33

. 35

TABLE 15475-2.

+ 35

Bulk rock chemical analyses

.35 .0 .34

;34

,152

5102
TiOo2
A1203
FeO
Mgo

Wt §

48,32
1.57
9.23

20.17
2.54

47.82
1.96
9.52

19.95
8.28

1.66

8.31

48.32
1.77
9.59

19.83
8.72

49.0
1.75
9.77
19.9
8.42

CaQ
Na20
K20
P205

10.33
0.27
0.05
0.05

10.65
0.24
0.04
0.07

0.0498

0.33
0.0416

10.77
c.31
0.05
0.06

0.0425

1077

0.305
0.048
0.052

{ppm)  Sc

130
4520
2400

2250

3092

4180
2325

47.7

3630
1900

56
50
<5
26

1.2
117

0.514

0.696
111

0.58
106.8

0.688
110.7

0.73
105.0

44.6

35
0.89

37
65

89
5.9

107

3.0

84

2.7

22
75

2.37

47

<2

3%
0.153

45.2

0.108

49

0.135

0.19

5.76
15.5

11.5

4.01
13.1

8.87

5.47
15.0

11

3.66
0.961

2.93
0.481

3.45
0.92

0.79

5.45
3.2

4.59

2.70

4.72

2.6

6.3

2.35
0.35
15.3

4000

700

400

590

43
5.9
0.034

0.008

{ppb) I

3000

2900

<0.4
0.72

2.0
0.46

0.34

340

2.5
37.5

0.0026
0.010
0.0146

7

0. 00%4

0.38
0.08

$9)]

(2)

(3}

(4]

—(5) (e) 7}
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References and Methods: Table 15475-2.

1} Mason et al. {1972); general silicate, gravimetric, flame photometry, colorimetry, emission spec.
)} Rhodes and Hubbard (1973); XRF. 4 upbard (1975); ID/MS
nd Hubbard (1973); Wiesmann an ubbar H . )
3 g:gg::daet al. (197:(*1): Cl?n'xrch et al. (1972); Wiesmann and Hubbard (1975); ID/MS, colorimetry, AA.
) Nyquist et al. (1972, 1973); ID/MS.
} 0O'Kelley et al. (1972a, Db)
} Chappell and Green (1973); Compston et al. (1972); XRF.
{8) compston et al. {1972); ID/MS.
(9) Wanke et al. (1975); XRF, INAA, RNAR.
{10) Gros et al. {(1976); RNAA.
(11) brozd et al. (1974); 7

(
{2
(3
(4
4]
{6
(7

mﬂﬁ

100+

W M e e 3 @D O SF D — T 8o W

* 152 - Wanke et al. (1973); XRF, INAA, RNAA

* ,35¢(AY - Rhodes and Hubbard (1973); Wiesmann and
Hubbard (1975); ID/MS

* ,35(B) - Hubbard et al.({'73),Church et al.('72),
Wiesmann & Hubbard ('75);ID/MS

* 6d value calculated.

T T I T T I T I ! 1 T I (I
la Ce Pr Nd Sm B G T Dy H Er Tm Yo Ly

Rare Earth Element

LEGEND: SPECIFIC  &-4-6,1%2 LA & K1Y A4, 3508)

Figure 4. Rare earths in 15475.
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TABLE 15475-3. Rb-Sr isotopic data for whole-rock samples {as reported)

Reference split Rb ppm Sr ppm 87Rrp/86sy 87gy /86 TR
‘ ABI
Com?ﬁggg)et al., +34 {ID) 0.73 105.0 0.,0201 0.70039+10 4.54
Compston et al., .34 {XRF)| 0.58 106.8 -
peton 0.70029+10(a) --
Nyquist et al., 35 chip C.688 110.7 0.018
(19721971} ’ ¢ 0.70037+6 4,90
Wle?Tg?n)& Hubbard + 35 pwdr 0.514 110 - 0.70041+5 -
5 s

(a) unspiked

RARE GAS AND EXPOSURE: Drozd et al. (1974) reported Kr isotopic
data, and calculated spallation ages of: B8Kr-Kr, 473 * 9 m.y.;
llNe, 336 + 79 m.y.; 3Ar, 543 * 183 m.y., without specific
discussion. Pepin et al. (1974) used this data to calculate
exposure ages from an effective production rate and some depth
expressions (see their text): T2 (d) of 529 *+ 88 m.y. and

T8(d) of 529 * 72 m.y. They concluded that 15475 appeared to
have resided at an effective depth of about 100g/cm?! for more

than 500 m.y.

Eldridge et al. (1972) and O'Kelley et al. (1972) reported
disintegration count data for Na, %Al, %sc, 54Mn, and %cCo.

2671 is below saturation, and indicates an exposure age of 0.7 to
1.1 m.y. The unsaturation was confirmed by Yokoyama et al.
(1974).

PROCESSING AND SUBDIVISIONS: Two large pieces had broken from
the main mass (,1 and ,2; Fig. 1) and were originally numbered
15477 and 15478 respectively. Chipping of ,2 produced daughters
,3 to ,9 for early allocations, including potted butt ,3 which
was used to produce thin secticons ,11 and ,13 to ,19. Other
small chips were removed from ,0 for further allocations (,20 to
,30). ,20 was made into a potted butt and produced thin sectieons
,127 and ,147 to ,150. A small chip from ,1 was also made into a
potted butt (,36) and produced thin sections ,125 and ,126, ,0
was sawn to produce two end pieces (N ,134 and S ,132) and a thin
slab (,133 and ,135) (Fig. 1le¢). ,133 was split to produce
several daughters. End piece ,132 (106.6 g) 1s in remote storage
at Brooks. ,134 is 117.8 g, and ,1 is 75.00 g. All other pieces

are smaller than 6 g.
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15476

15476 PORPHYRITIC RADIATE QUARTZ-~NORMATIVE ST. 4 266.3 g

MARE BASALT

INTRODUCTION: 15476 is a pigeonite-porphyritic mare basalt with

large phenocrysts, a radiate, finer-grained groundmass, and a
distinct foliation or lineation (Fig. 1l). It is an average-
composition member of the quartz-normative mare basalt suite. It
is light brown with green to brown zoned prismatic pyroxene
phenocrysts and a few per cent vugs. It is coherent, slabby or
tabular, and has a few zap pits on all faces.

15476 was collected about 28 m south-southeast of the rim crest
of Dune Crater, a few centimeters from rocks 15475 and 15495.

The immediate surface had a moderate cover of fragments. 15476
was dust-covered but not filleted or buried. Its orientation was

documented.

6 CM
i

i

Figqure 1. Pre-split view of 15476, showing foliation and small
vugs. S-71-46905
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Fiqure 2.

Photomicrographs of 15476,32. Widths about 3 mm.
a)d) transmitted light; b)c) crossed polarizers. a)
Radiate or variolitic portions of groundmass; b)
irregularly-grown pigeonite phenocrysts, with hollows
filled with crystallized groundmass; c¢)d) common
phenccryst, with filled hollow core and sharply
bounded augite rim; groundmass is coarser than
variolitic portion shown in a).
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PETROLOGY: 15476 is a porphyritic basalt in which long (up to 3
X 15 mm) pigeonite crystals lie in a much finer-grained, radiate
groundmass (Fig. 2). Although the pyroxenes are as big as in
some other coarse-grained rocks, they are not so abundant, only
20 to 30%. The groundmass consists of a frequently radiate mass
of plagioclase (An, to Ang,; Kushiro, 1972, 1973), augite,
cristobalite, opaque phases, and a sparse mesostasis. The
texture is not the same everywhere, varying from radiate masses
(Fig. 2a) to more subophitic patches. The plagioclases are
lathy, rarely up to 4 mm long, and both they and the pigeonite
phenocrysts are very roughly foliated. Opaque phases range from
evhedral chromite in pigeonite cores, through ulvospinel, to
ilmenite. Fe-metal and troilite are also present. Tridymite
appears to be absent. Mason et al. (1972) reported 0.70%
cristobalite. The sample has a density of 2.8 g/cm® (O'Kelley et
al., 1972).

The pigeonite phenocrysts, although large, are different from
those in other coarse-grained quartz-normative basalts in that,
although some have homogeneous cores, several are irregular and
appear to have grown as hollow crystals in which groundmass later
crystallized (Figs. 2b-d). The pigeonite phenccrysts also lack
the twinning common in basalts with a coarser groundmass. They
have sharply-banded rims of augitic pyroxene. Kushiro (1972,
1973) reported pyroxene compositions (Figs. 3, 4). Brunfelt et
al. (1973) also reported a few pyroxene analyses. ‘The variation
observed is similar to that in other Apollo 15 mare basalts.
Rushiro (1972, 1973) noted that the pigeonite cores are overgrown
discontinuously with subcalcic augite; ferrocaugite and subcalcic
ferroaugite are intergrown with anhedral plagioclase crystals,
with which they must have crystallized rapidly. The sharp break
at the rim, corresponding also with the sharp change in Ti/Al
ratios, he believes to result from plagioclase crystallization,
and the Ti/Al ratios less than half to reflect Ti3+ and very
reducing conditions. Kushiro (1972a,b) interprets the textures
and mineral chemistry as resulting from the subsurface crystal-
lization of pigecnite and then extrusion and rapid crystal-
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15476

Figure 3.

Compositions of pyroxenes in 15476 {open circles) and

two other Apollo 15 mare basalts.

Solid lines show

continuous, dashed lines show discontinuous, zoning in

a single crystal (Kushiro, 1973).

0.05}

Ti

o 15476
* 15016
+ 15545

Figure 4.

0.05 0.10 0.15
Al (0=6)

Ti=-Al variations in pyroxenes in 15476 (open circles)
and two other Apollc 15 mare basalts (Kushiro, 1973).
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lization of the remaining liquid. Virgo (1972, 1973) studied the
separated phenocryst fragments (Eng Wo,, average) with x-ray
diffraction and Mossbauer techniques. X-ray diffraction single
crystal precession pictures had no visible exsolved augite spots
along the expected planes after 90 hours exposure. The Mossbauer
studies showed no evidence for Fe3t; site occupancies for Fe?+-Mg
and calculated distribution coefficients were tabulated. The K
values (0.08) show the Fe?t and Mg to be somewhat ordered,
indicating equilibration temperatures (520°C) significantly less
than the critical temperature for ordering (600°-810°C) and
suggests slow cooling over the range T critical - T annealing,
i.e., about 600 to 480°C. Hence Virgo (1972) suggested that
crystallization was characterized by an initially fast growth of
pigeonite crystals, then at lower temperatures a rapid and
heterogeneous crystallization of rims and groundmass. The lack
of augite exsclution indicates rapid cooling in the 1200°C to
950°C range. In the 1000°C to 950°C range, pigeonite undergoes a
transition from C,/c to P,,/c space group; the x-ray diffraction
reflections indicate small P,,/c domains. The domain size,
absence of unmixing, and the low temperature Fe-Mg ordering
appear to be incompatible with a single cooling cycle, and
suggest a post-crystallization heating event, such as from
superimposed lava flows.

Lofgren et al. (1975), in a comparison of natural textures with
those produced in dynamic crystallization experiments, inferred a
cooling rate of less than 1°C/hr (but near 1°C to 2-5°C/hr limit)
for the phenocrysts, and 1 to 5°C/hr for the radiate groundmass.

CHEMISTRY: Bulk rock analyses are listed in Table 1 and the rare
earths are shown in Figure 5. The analyses are generally fairly
consistent and demonstrate that 15476 is a rather average-
composition Apollo 15 quartz-normative basalt. The Rb analysis
of 6.0 ppm of Brunfelt et al. (1972) is very high and apparently
in error; their Ca0 is also higher than normally found for Apollo
15 quartz-normative basalts.

RADIOGENIC ISOTOPES: Tatsumoto et _al. (1972) reported U, Th-Pb
isotopic data for a whole-rock sample. 15476 lies on a 3.5 to
4.65 b.y. discordia line with samples from Elbow Crater but has a
distinctly higher 207pb/26ph ratio. Rosholt (1974) compared the
expected Th232/Th?¥ ratio with the measured ratio, discussing
possible and probably reasons why the expected/measured (=1.13)
is high, like other Apolle 15 mare basalts.

EXPOSURE, TRACKS, (AND RARE GAS): Eldrige et al. (1972) reported

disintegration count data for 22Na, 26Al, 4Sc¢, %Mn, and 56Co.

The 26a1 is unsaturated (confirmed by Yokoyama et al., 1974), and
indicates a surface residence age of 0.8 to 1.5 m.vy.
Bhattacharya et al. (1975) briefly reported track data, with a
density in the general range of 6 to 20 x 10% tracks/cm?, and an
exposure age of 10 to 30 m.y. Schaeffer et_al. (1976)
erroneously referred to 15476 in a discussion of argon in sample
15465; they never were allocated any of 15476.
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TARLE 15476~1. Bulk rock chemical analyses
’ 5 [ 11 2 92 :0
W 2 8102 48. 46 47.84
TiO2 1.75 1.90 1.82
Al203 9.54 9.17 10.02
Fed 20.76 19.5 19.79
M0 8.69 8.3 8.35
Cad 10.50 13.9 10.74
Na20 0.28 0.35 0.35
K20 0.07 0.043 0.049
P205 0.05 0.081
Term) Sc 40.6
v 9 220 160
Cr 2945/3600 3280 3200
M 2170 2180 2020
Co 37 34.4 as
Ni 27 20 15
Ro <5 6.0 1.5
&r 98 114 115
¥ V3 31.4
7r 105 110
o 5.6
Hf 3.6
B 63 54 75
™ 0.52 0.51 0.7334
] .21 0.14 0.1919
)30] <2 0.354
1= 5.9
Ce
Pr
s
Sn 4.3
jot! 1.13
Gd
T 0.88
v 3.5
Ho
Er
‘T'm
Yb 3.4
Iu
i 8
Be
B 2
[
N
s 670
F
Cc
Br
Cu 7 4
7n <1.5
(ppb) 1
2 3000 References and methods:
Ge
(1) Mason et al. (1972); general silicate, gravimetric,
‘: colorimetry, emission spec. I Flame photomecry,
Yo {2) Brunfelt et al. (1972); INAA
ot (3) Dincan et al. (1975); XRF
— (4) O'Kelley et al. (1972); gamma ray spectroscopy
oy {5) Tatsuwoto et al. (1972);. ID/MS
n
Ag
[5]
In
sn
']
Te
Cs 310
Ta 4100
W
Re
Os
Ir
Pt
A
Hy
™
Bi
(1) 2) (3) (4) (5)
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1000~

100

/
10+ \/

M B e 3 O S & oF D S B D B e

* 11 - Brunfelt et al. (1972); INAA

* od value calculated.

T T l T TTTT TR T T T T T T
la e Pr No Sn Eu 60 To Oy H B TR VB Lu

fare Earth Element

LEGEND: SPECIFIC &40 .11

Figure 5. Rare earths in 15476,
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15476

PROCESSING AND SUBDIVISIONS: Samples were removed from 15476 by
chipping (Fig. 6), and most allocations made by subdivisions of
those (exterlor) chips. ,3 was made into a potted butt and
produced all the thin sections (,32 and ,33 to ,38). ,0 is now
206.91 g, and no other single piece is as large as 5 g except for
the remains of ,3.

Figure 6. Chipping of 15476.
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15485

15485 VITROPHYRIC QUARTZ-NORMATIVE MARE BASAIT ST. 4 104.8 o

INTRODUCTION: 15485 is a vitrophyric plgeonlte basalt collected
from the same vesicular boulder as the 51m11ar samples 15486 and
15499 (see Fig. 15499-1) on the south rim of Dune Crater. It is
one of the most rapidly cooled of the quartz-normative basalts.

15485 is a vesicular basalt with a porphyritic, diktytaxitic
texture (Figs. 1, 2). It is medium-gray, angular, and tough.
One surface (laboratory N) is fresh where it was broken from the
boulder. There are a few zap pits on B. A greenlsh vellow
powdery material seeped in along a fracture, similar to that
which is more abundant on 15486.

PETROLOGY: 15485 contains abundant elongated pyroxene pheno-
crysts (Figs. 1 to 3) up to 1 cm long in a fine-grained, dark-
colored matrix. The pyroxenes are yellow-gray. A general
description of thin section ,3 was given in the Apolloc 15 Lunar
Sample Information Catalog (1972), with a mode of 64% skeletal
‘clinopyroxene phenocrysts, 33% groundmass of plumose intergrowths
of pyroxene and plagioclase laths, and 0.1% each of ilmenite,
Fe-metal, Cr-spinel, ulvospinel, and troilite. Brown et al.
(1972) reported 53% phenocrysts in a glassy groundmass, which is
a greater abundance of phenocrysts than slower-cooled quartz-
normative basalts. The phenocrysts are 1-6 mm prisms, originally
with hollow cores, zoned from Mg-plgeonlte cores, to sharp
discontinuties against narrow augite mantles. Al/Ti is greater
in the cores (7 to 10) than in the rims (5 to 7). Spinels also
show a sharp discontinuity from a chromite core (in pyroxene) to
ulvospinel mantles (1n groundmass). The groundmass contains
abundant occult plagioclase. Engelhardt (1979) tabulated
ilmenite paragenesis.
, 3

cm

Figure 1. Sawn face of W end piece ,21, showing pigeonite
phenocrysts.
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Figure 2. Slab subdivisions of 15485.

Cooling history: Lofgren et al. (1975) in a comparison of
natural rocks with the products of linear cooling rate
experiments on a similar compecsition (15597) found 15485 to be
one of the fastest cocled of the quartz-normative basalts, with
phenocryst shapes indicating 5=-20°C/hr, and the matrix >30°C/hr.
Grove and Walker (1977) made a similar but more sophisticated
study, again on comparison of natural rocks with the products of
dynamic crystallization experiments. Pyroxene nucleation density
indicated a c¢ooling rate at nucleation of ~3.75°C/hr, and
pyroxene "size" indicated an integrated rate during pyroxene
growth of between 3.75°C and 10°C/hr. The late-stage cooling,
from plagioclase "“size" indicated 85°C to 250°C/hr. Thus two-
stage cooling is most consistent with the rock characteristics.
Grove and Walker (1977) suggested a final cooling history 6-9 cm
from a conductive boundary.

The fracture filling is represented in thin sections ,5 and ,6.
It is a pale-green material, isotropic but fine-grained and not
glassy. The particles are mainly submicroscopic (Fig. 4) but
some bands are made up of grains almost 10 um across (e.g., Fig.
4a) which are rounded. Flow structures including current bedding

are present, and where the flow-stream was interrupted by
cavities, the cavities tend to have accumulated coarser grains
and material plucked from the basalt (Figs. 4c¢, 4).
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CHEMISTRY: Duncan et al. (1976) preéented the only chemical data
for 15485 (Table 1), without discussion. The chemistry is fairly
typical of Al5 quartz-normative basalts. '

PROCESSING AND SUBDIVISIONS: One sample originally numbered
15487 was found to fit onto 15485, and was renumbered 15485,1.
Apart from a few small chips, most subdivisions were made by
sawing a slab from the sample (Fig. 2). The only remaining
pieces larger than 3 g are the end pieces ,9 (28.1 g) in remote
storage, and ,21 (57.1 g). Thin sections ,3 to ,6 were made from
chip ,2 which came from ,1. One other thin section ,31 was made
from part of ,20.

Fig. 3a

. " &

Figure 3. Photomicrographs of 15485,5 (a) transmitted light,
showing skeletal pigeonite phenocrysts, opaque matrix,
and vesicles; (b) crossed polarizers, showing single

skeletal pyroxene (top left to bottom right).
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TABLE 15485-1

17

5102 47.39
Tin2 1.77
A1203 9.14
FeO 19.82
Mgo 9.48
Cal 10,21
Naz0 0.28
K20 0.031
P205 0,084

(ppm}

177
Cr 4000
Ma 2100
Co 42
Ni 22
RD <l.4
Sr 104
Y 32.2
Zr 113
Nb 5.5

Ba 71

8 640

(ppb)

Reference and method:

Duncan et al.
(1976); XRF
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100 Microns

Figqure 4. Photomicrographs of powdery fissure fill in 15485,
transmitted light, all to same scale (a) (b)(c) 15485,5
general "sedimentary" structures; (d) coarser grains
and debris trapped behind an obstacle in 15485,6.
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15486

15486 VITROPHYRIC QUARTZ-NORMATIVE MARE BASALT ST, 4 46.8 ¢

INTRODUCTION: 15486 is a vitrophyric pigeonite basalt collected
from the same vesicular boulder as the similar samples 15485 and
15499 (see Fig. 15499-1) on the south rim of Dune Crater. It is
one of the most rapidly cooled of the quartz-normative basalts.

15486 is a vesicular basalt with a porphyritic, diktytaxitic
texture. It is medium dark gray (surface), blocky and angular
(Fig. 1) and tough. One surface is fresh where it was broken
from the boulder; there are a few zap pits on other surfaces. A
light olive gray "coat" on the "N" side (Fig. 1) is related to a
fracture and is similar to the one on 15485.

Macroscopic views of orlglnal sample, showing the

Figqure 1.
pale-colored coat on "N" side.
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PETROLOGY: 15486 contains abundant elongated pyroxene
phenocrysts (Fig. 2) which are pale-brown and up to 7 mm long.
The groundmass is fine-~grained and dark-colored. It was
described by Albee et al. (1972) as a clinopyroxene vitrophyre,
with (thin section ,20) 53% elongated pyroxene prisms, 44%
groundmass of opaque devitrified glass, 3% globulose vugs, and
0.1% each of spinel and metal. No olivine was identified. The
groundmass has extremely fine-grained segregations of crystal-
lites, and is predominantly opaque, but a "fingerprint" pattern,
consisting of alternating 1 m wide segregations of (pyroxene)
and (plagioclase + opaques). 20 m diameter microprobe analyses
show the matrix to be homogeneous at that scale, with (normative)
53% feldspar, 35% pyroxene, 7% silica, and 4% opaques. The
pyroxenes have cores of low-Ca clinopyroxene enclosed by high-Ca
pyroxene (compositions in Fig. 3). Minor element variation is
similar to 15499. Spinel and Fe-metal is minor; ilmenite and
troilite are "not present as phenocrysts". The spinels (Fig. 4)
are euhedral and 20 to 100 m across, and are rimmed with Fe-rich
ulvospinel; the ulvospinel rims are broader on groundmass spinels
than on those enclosed in pyroxenes. The metals are spherical
blebs or aggregates of equidimensional blebs; an average of 8
analyses has 6.28% Ni and 1.42% Co. Engelhardt (1979) tabulated
ilmenite paragenesis.

1imm

Figure 2. Photomicrograph of 15486,22, transmitted light,

showing prismatic pyroxene phenocrysts, opaque
groundmass, and vesicles.
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Cog, 5120 CalFeMn}S1,0¢
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Figure 3. Compositions of pyroxenes in 15486,20 (Albee et al.
1972).

FmAIEO‘ FmAl0,

15486, 20 - SPINELS

FmCra0,

Figure 4. Comp?sitions of spinels in 15486,20 (Albee et al.
1972).
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Cooling history: TILofgren et al. (1975) in a comparison of
natural rock samples with the products of linear cooling rate
experiments found 15486 to be one of the most rapidly cooled
gquartz-normative basalts. From pyroxene shapes a cooling rate of
5°C-20°C/hr was deduced; the matrix suggests >30°C/hr. Grove and
Walker (1977) in a similar but more detailed study found a
cooling rate during pyroxene nucleation of between 1.75°C and
3.75°C/hr from the nucleation density. An integrated rate during
all phenocryst crystallization of 3.75°C/hr from pyroxene "size"
and a late-stage rate of 85°C to 250°C/hr from plagioclase "size"
were also estimated. They also estimated that this final cooling
took place 6-9 cm from a conductive boundary.

Grove and Bence (1977) used the same experiments as Grove and
Walker (1977) to compare minor element chemical data from rocks
and experiments to establish cooling rates. The minor element
chemistry of cores in 15486 is closest to those in 150°C/hr
cooling rate experiments, suggesting rapid cooling throughout the
crystallization, not just at late stage (this conflict with the
result of Grove and Walker, 1977, might result from an inability
to analyze actual cores). They suggested that 15486 was totally
liquid 4 to 6 cms from the contact of the flow.

CHEMISTRY: Published chemical data are presented in Table 1 and
Figure 5. Helmke et al. (1973) suggested that the high Sm/Eu
(4.7) of 15486 (and some other samples) makes it different from
other quartz-normative basalts {(e.g., 15597, 15604, Sm/Eu 3.7)
because a difference in this ratio cannot result from pyroxene
accumulation.

EXPOSURE: Eldridge et al. (1972) provided cosmogenic
radionuclide data, and stated that the sample was apparently
shielded. Equilibrium values of 2)Na and 2%A1 show that exposure
was too long to determine by the 2?Na/?*Al method i.e., more than
2 m.yl

PROCESSING AND SUBDIVISIONS: ©Only a few chips have been
separated from the sample. ,0 is 34.7 g, and ,23 is 1.78 g, and
no other pieces larger than 1 gram exist. Thin sections ,20 to
,22 were made from chip ,9.
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TABLE 15486-1

,10A .10 ,0

W T si0z 38.25
7402 1.81
41203 10.00
Fel 19.85
Mg0 8.80

Cald 10,25
Na20 0.37
R20 0.08 0.061
P205 0.13

(ppm) Sc 54 442
v

Cr 3400
Mn 2250

Co 100 47
Ni 62
Rb 1.3
Sr 135

b4 36
Zr 127
Kb 10
Hf 3.0

Ba T4

B.8
<1

Cu 10

(ppb) I
Ga 7800

£} (2) (3
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Fiqure 5.

References for Table 15486-1

References and methods:

(1) Cuttitta et al. (1973); XRF, OES

(2) Helmke et al. (1973); INAA, RNAA

(3) O'Kelley et al. (1972); Gamma
Tey spectroscopy

Rotes:

(a) evident typographical error;
probably should be 14.0
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15495

15495 PORPHYRITIC RADTATE QUARTZ~-NORMATIVE 908.9 g
MARE BASALT

INTRODUCTION: 15495 is a coarse porphyritic mare basalt,
containing zoned phenocrysts of pigeonite up to 2.5 cm long. 1Its
crystallization age has not been determined. It contains 5-10%
prominent vugs partly bounded by euhedral pyroxene prisms (Fig.

1). The sample is brownish gray, subangular, and tough. A few
zap pits are present on '"sS", wT", "EW,  and "B".

Fiqure 1. Macroscopic view of "N" face of 15495.

The sample was collected about 28 m south-southeast of the rim
crest of Dune Crater, from an area with moderate fragment cover
and sparse small craters, and near to rocks 15475 and 15476. Its
orientation is known.
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PETRCLOGY: No comprehensive description of 15495 has been
published, but it is clearly a quartz-normative or pigeonite
basalt. It consists of coarse (up to 2.5 cm long) complex
phenocrysts of pigeonite, radially oriented, embedded in a fine-
grained groundmass of pyroxene, plagioclase, opaque phases, and
silica glass (Fig. 2). Takeda et al. (1975) made a study of the
pyroxenes using single crystal x-ray diffraction and microprobe
methods, providing pyroxene analyses and crystallographic para-
meters. The pyroxenes have pigeonite cores and augite rims.
Exsolution is not visible under the microscope, but is shown by
x-ray diffraction. Roedder and Weiblen (1972) reported the
presence of late-stage immiscible high-silica and high~iron melts
in 15495, Huffmann et al. (1972, 1974) in a Mossbauer and
magnetic study found that 98% of the iron was in silicates and
1.5% in ilmenite, with 0.076% metallic iron. Humphries et al.
(1972) briefly diagrammed results of crystallization experiments
(1 atmosphere, equilibrium, fO, buffered at iron-wustite) for a
sample of 15495. Spinel crystallized just before olivine (about
1240°C) with pigeonite entering at about 1220°C. Olivine reacted
out just before plagioclase entry at about 1145°C. The entire
was solid somewhere below 1100°C.

Figure 2. Photomicrograph of part of 15495,14 (crossed
polarizers). Field of view is about 3 mm.
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story: Cooling rate estimates were made by L.
Taylor et al. (1973), Lofgren et al. (1975), and Grove and Walker
(1977). L. Taylor et al. (1973) plotted Zr in ilmenite against
Zr in ulvospinel, with the results indicating re-equilibration of
these phases to below 900°C. The subsolidus Zr in ilmenite/Zr in
ulvospinel is a little higher than in 15475 and 15065 (coarser-
grained basalts), hence cocoled a little faster. This interpre-
tation is consistent with the slightly smaller degree of
ulvospinel reduction in 1549% than in 15475 and 15065. Brett
(1975) used these data to estimate a minimum flow thickness of 2
meters. Lofgren et al. (1975) compared phenocryst morphologies
with those in charges from dynamic (cooling rate) experiments on
a quartz-normative basalt composition. The small differences in
cooling rate estimated for pyroxene phenocrysts (less than
1°C/hr) and matrix (1 to 5°C/hr) are not interpreted as
indicating a two-stage origin but to result from crystallization
of a 2 to 3 meter thick flow extruded without phenocrysts. Grove
and Walker (1977) also did controlled cooling rate experimental
studies of a quartz-normative basalt. By comparison, the
phenocryst nucleation density in 15495 suggests an early crystal-
lization rate of 0.05°C/hr, while the integrated rate from the
total phenocryst size is slower than 0.5°C/hour. A late stage
rate of 0.5°C/hr was derived from plagioclase sizes. They
interpreted the data to give results similar to Lofgren et al.
(1975) and Brett (1975): final cooling at 133 cm from a
conductive boundary, and slow, nearly linear cooling throughout
its entire cooling history. Takeda et al. (1975) also discussed
cooling rates obtained from their pyroxene data.

CHEMISTRY: Bulk rock chemical analyses are listed in Table 1 and
the rare earths plotted in Figure 3. Laul and Schmitt (1973)
also analyzed separates of pyroxene, plagioclase, and ilmenite.
Christian et al. (1972) and Cuttitta et al. (1973) reported an
"excess reducing capacity" of +0.11. Wanke et al. (1975)
reported an analysis for oxygen. Flory et al. (1972) reported
organogenic compound data from acidolysis and volatilization for
different temperature releases, giving abundances of N,, CO, CH,,
C0,, and H,0.

Few of the authors have made specific comment on their data.

Laul and Schmitt (1973) noted that the Sm/Eu of 5.4 was higher
than that in both 15016 and 15659 (which are both olivine-
normative basalts) and all their rake samples. However this high
Sm/Eu does not show up in the analysis of Wanke et al. (1975) and
is not a usual feature of Apollo 15 basalts. O'Kelley et al.
(1972a,b,¢c) noted that the K abundances are similar to Apollo 11
and 12 samples but that K/U is a little higher. The nitrogen
abundance reported by Becker and Clayton (1975) is much lower
than in soils and breccias, as would be expected.
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TABLE 15495-1. Chemical Analyses of 15495
,23 .24 ,58 .52 , O ,59 , 10 ,60
Wz 5102 47.98 48.00 49.0
T102 2.00 1.6 1.80 1.52
A1203 8.97 8.4 9.57 9.28
FeO 20.74 22.0 20.07 19.4
Mg0 8.96 8 8.42 9.68
Ca0 10.26 10.6 10.43 10.4
Na20 0.31 0,271 0.327
¥20 0.07 0.062 0.062 0.047 0.059
P205 0.08 0.090 0.062
{ppm) Sc¢ 36 46 46.0
v 152 240 179.4
Cr 2000 3980 3500 3820
Mn 2250 2100 2020 2050
Co 44 46 44.5
N 26 47
Rb 1.3 <2 0.77 1.032
St 105 114 103 108.42
Y 33 32.2 25
Ir 100 126 BS
Nb 10 7.7 4,7
Hf 3.2 2,31
Ba 92 <140 68
Th 0.43 0.60 0.6331
u 0.136 0.16 0.,1720
Pb 0.4100
La 10 B.1l 6.03
Ce 22 14
Pr 2.4
Nd
Sm 5.4 3.71
Eu 1.1 0.87
Gd 5.1
Th 0.90 0,91
Dy 5.8 5.50
Ho 1.2
Er 3.1
Tm
b 4.6 3.3 2.46
Lu 0.49 0.35
i 6.4 6.2
Be <1
B
c
N 3.5
S 654 569
F 27
Cl 6.0
Br 0.024
Cu 12 27.2
Zn 1.3
(ppb} I
At
Ga 4200 3270
Ge <50
As 5.5
Se <60
Mo
Te
Ru
Rh
Pd <10
Ag
Ca
In
Sn
Sb
Te
Cs 32
Ta 500 310
v 168
Re 1.8
Os
Ir
Pt
Au 0.26
Hg
T1
Bi
(1) (2) (&3] (4) (5) () [&}) (8)
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References for Table 15495-1

References and methods:

(1) Christian et al., (1972); XRF, chemical, optical emission spec.

(2) Laul and Schmitt (1973); INAA.

(3) Willis et al. (1972); KRF

(4) Wanke et al. (1975, 1977); XRF, INAA, RNAA.

{5) 0'Kelley et al. (1972a, c); gamma ray

(6) Barnes et al. (1973); isotope dilution, electro-deposition, mass spec.
€] Becker and Clayton (1975); pyrolysis.

(8) Thode and Rees (1972);
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£ * 24 - Laul and Schmitt (1973); INAA
3 ,52 - Wanke et al. (1975, 1977); XRF, INAA,

RNAA
* Gd value calculated.
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LEGEND: SPECIFIC 49 24 ¥4k 52

Figure 3. Rare earth abundances for 15495.
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STABLE ISOTOPES: Becker and Clayton (1975) reported &N °/oo

as +89 (+5%) which differs from 12063, another mare basalt
analysed, by 100%. The¥ suggested that even in basalts,
spallation must be considered, otherwise nitrogen should be
isotopically homogeneous. Thode and Rees (1972) reported &3S
°/oo0 of +0.24, similar to other basalts and lower than soils (+5
to +10). Barnes et al. (1973) reported K isotopic data: 39/41
of 14.004 and 13.999; and 40/41 of 0.001855 and 0.001858.

RADIOGENIC ISOTOPES: Barnes et al. (1973) reported Pb and Sr
isotopic data for whole rock samples. They calculated the model
ages listed in Table 2.

TABLE 15495-2. Pb and Sr model ages for 15495
(Barnes et al., 1973)

ISOTOPE SYSTEM MODEL AGE (m.y.)
207/206 4500
206/238 4423
207/235 4476
208/232 4533

87/86% 4509

* A:+ 1.39 x 10-11 yr-1

EXPOSURE AGES: O'Kelley et al. (1972b,c) and Eldridge et al.
(1972) reported cosmogenic nuclide disintegration data (gamma ray
spectrometry) for 2Na, 26Al, 46sc, 4V, %Mn, and 56Co. The Co,
Mn, and Na isotopes are close to saturation from exposure to
solar and galactic rays; the exposure may be low, i.e., about 2
m.y. Yokoyama et al. (1974) stated that 26p) is unsaturated, an
agreement with a 2 m.y. or less exposure.

PHYSICAL PROPERTIES: Nagata et al. (1972, 1973) listed basic
magnetic properties for split ,52 (Table 3). A thermomagnetic
curve is similar to that for other basalts; iron metal is the
ferromagnetic constituent. Banerjee and Mellema (1973) obtained
a paleofield of 2200 (i~ 15%) gammas using the ARM method, while
Murthy and Banerjee (1973) quoted stable magnetism less than 0.3
x 106 emu/g. Collinson et al. (1975) noted that the Banerjee
and Mellema (1973) interpretation must be treated with caution
because the method is actually only valid for single domain
grains whereas lunar samples usually contain multidomain
particles.
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TABLE 15495-3. Magnetic properties of 15495
(Nagata et al., 1973)

Property Value Units
spec. paramag. susc Xa 3.8x10% emu/g
saturation mag. 4.2°K I, 0.98 emu/g
saturation mag. 300°K I, 0.165 emu/qg
saturation rem. mag. 4.2°K I, 0.078 emu/g
saturation rem. mag. 300°K I, 0.00075 emu/g
coercive force 4.2°K H, 87 Oersteds
coercive force 300°K H, 10 Qersteds
T at which H, and Ir sharply change 120 °K

OCE NG AND SUBDIVISIONS: 15495 has been substantially
dissected and allocated. Originally cne end was sawn off, chips
removed, and the end piece substantially dissected by sawing into
three strips (Fig. 4). Most original allocations were from this
end-piece. A second piece at right angles (,61; 24.0 g) was
subsequently sawn off and is a display sample. 2 second cut
parallel to the first was made in 1979 and sawn into small pieces
(Fig. 5), several of which were allocated. ,0 is now 574.0 g.

Figure 4. Dissection of 15495.
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Figqure 5.

15495

Subsplits of 1979 saw cut and remainder of ,0.

817
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15498 REGOLITH BRECCTA, GLASS-COATED ST. 4 2339.8 ¢

INTRODUCTION: 15498 is a coherent, glassy matrix breccia (Figs.
1, 2) with components malnly of mare derivation, including basalt
fragments and glass. It is partly covered with vesicular black
glass and has fissures filled with glass. It was originally
described (Apollo 15 Lunar Sample Information Catalog, 1971) as
recrystalllzed but subsequent work has shown that interpretation
to be in error. Its comp051tlon is rather similar to that of
regolith collected at Station 4.

15498 was collected at the south rim of Dune Crater, near the
boulder from which samples 15485, 15486, and 15499 were taken
(Fig. 15485-1). It was one-thlrd to one~ha1f buried in the
fillet on that boulder. It is dark gray and angular with a thln,
partial glass coat (Fig. 1). It has a few zap pits on one side.
It was originally studied in a consortium headed by B. Mason.

Figure 1. 15498 prior to sawing, showing angular nature and
vesicular glass.
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PETROILOGY: 15498 is medium to dark gray with a brown tint.
Clasts larger than ~0.2 mm compose ~85% of the rock; the rest is
a glassy matrix (Figs. 2, 3). Glass cuts (veinlets) and
surrounds (selvages) clasts, and occurs as a partial coat. Most
of the components are of mare origin: basalt fragments, pyroxene
fragments, opaque fragments, and mare glasses. McKay and
Wentworth (1983) found it to be compact, with intermediate
fracture porosity, and to have rare agglutinates, minor spheres,
and abundant shock features. Wentworth and McKay (1984) found it
to have a bulk density of 2.43 g/cm®, with a calculated porosity
of 23.8%., 1Its I /FeQ of 19-29 (McKay et al., 1984) or 18
(Korotev, 1984 unpublished) is immature.

Figure 2. Sawn face of 15498,0, showing pale-colored, cm-sized
clasts.
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ww Sz -0

Figure 3. Photomicrographs (transmitted light) of 15498 matrix.
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Mason (1972) described the general petrography of the sample.
Numerous irregularly-shaped clasts, all lighter in color than the
matrix and up to 1 cm across, are prominent. The breccia is
well-indurated and tends to break through clasts. It consists of
rock, mineral, and glass fragments, with glass spherules and
fissures, the whole welded together with interstitial glass.

Rock fragments are mainly mare basalts, similar to those from
Dune Crater; some show shock effects. One 0.6 mm fragment is an
Apollo 15 KREEP basalt; other plagioclase-rich fragments are not
uncommon, particularly among the larger clasts. Mineral frag-
ments compose about half the rock: pyroxenes are almost entirely
pigeonites or subcalcic augites with a wide range in composition.
The compositions and proportions of minerals are similar to local
soils. Glass forms 10% of the non-matrix material. Spheres are
rare and small, and most glass occurs as shards. The fissure
fillings are vesicular, gray-green glass, whose composition is
gsimilar to the bulk rock and to local fines (Table 2). The
mineralogy and petrology suggest strongly that 15498 is a local
regolith, lithified largely by welding of interstitial glass.

Pearce et al. (1976) described one thin section, ,8, of which 20%
is a single olivine gabbro (mare) clast. The rest is glassy
matrix (53%) and lithic and mineral clasts (46%), with abundant
maskelynite. Metal is estimated to compose 0.01% of the volume
(less than that determined by other methods) and is cbservable in
sizes less than 1 um to 45x18 fim. The iron-nickel metal occurs
as single phase particles in glass, in pyroxene, and between

fragments. Even the metal grains in the matrix have Co higher
than the "meteoritic" range (Fig. 4).

% i 1} f 1 i
Ko . 2.74 Co
S Lol 15498 . i
- .
[ . P .
L

8 1.5 ‘ . .o —
QL-.) » [ I
o : ! .

1.0 ®
I
£
o
[+)]
=

4 8 12 16
Weight Percent Nickel

Figure 4. Compositions of metals in 15498 (Pearce et al., 1976).
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Christie et al. (1973) studied 15498 with optical and high-
voltage electron microscopy techniques. They found low porosity,
no evidence for recrystallization, and 50% glass matrix. Most
clasts show extensive evidence of deformation, and none show no
deformation; Christie et _al. (1973) interpreted this observation
to mean that deformation took place in situ. There is no
evidence for clast annealing as in some higher-grade rocks. They
concluded that 15498 formed from unconsolidated regolith by the
passage of shock waves of a few tens of kilobars.

Steele et al. (1980) made ion-probe analyvses of the plagioclase
in the basalt clast in ,8, finding 7.4 ppm Li, 10.8 Wt % Ab, 1690
ppm Mg, 465 ppm K, 435 ppm Ti, 350 ppm Sr, and 25 ppm Ba.

Uhlmann's group (Uhlmann and Klein, 1976; Uhlmann and Onorato,
1979; Yinnon et al., 1980; and Uhlmann, 1981) studied the viscous
flow and crystallization behaviour of a glass purportedly of
15498 composition in order to constrain the thermal history of
15498. The data are used in models of varying complexity to
determine cooling rates. However, the composition used is unlike
any published analysis of 15498, being much higher in Al,03
(19.8%) and lower in FeCO (8.4%) than data in Table 1, hence the
results are not of direct application. In a study on 15498 glass
itself, Uhlmann and Klein (1976) found that annealing increased
its density, a characteristic which suggests that it formed by
cooling from a molten state, not from shock which would already
have given it a high density. They thus suggested that the shock
features observed by Christie et al. (1973) are unrelated to
lithification itself.

CHEMISTRY: Published analyses of 15498 are listed in Tables 1
and 2, with rare earths plotted on Figure 5. The identities of
the two splits analyzed by Laul and Schmitt (1973) are not
precisely known: they were listed as breccia '"clasts" but the
samples from which they were taken were general matrix. The
similarity of their K, U, and Th with the determinations on the
bulk rock (,0; O'Kelley et al., 1972) suggest that they are
general matrix samples. The matrix is similar to local soil
compositions and 15498 was thus presumed by Laul et al. (1972)
and others to be lithified soil. The glass fissure analysis is
similar to the Laul and Schmitt (1972) "clast" analyses. The
abundant mare component is conspicuous. The analysis of Wanke et
al. (1976) is of a light gray clast, and it is clearly a mare
basalt. The Si, Fe, Sc, and Th abundances strongly suggest that
it is a quartz-normative basalt.

Modzeleski et al. (1972) reported data for compounds of carbon
i.e., CO, CO,, and CH,; and Kaplan et al. (1976) alsc reported

CH, data (as C = 12.6 ppm). Wanke et al. (1977) reported an
oxygen analysis for the mare basalt clast. Kaplan et al. (1976)
used an acid hydrolysis method to determine an Fe-metal abundance
of 0.53%,
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TABLE 15498-1.

Bulk analyses of 15498

15498

L454 ,4BA ,0 ,32 31 126
Wt 2 5102
T102 1.6 1.6 1.93
A1203 12.9 13.7 11.2
FeO 17.3 16.7 17.9
Mg0 10 11 9.7
Cal 10.8 1.1 55
Na20 0.385 0.395 0,36
K20 0.13 0.13 0.1374
P205
(ppm) Sc 34 31 i1
v 160 150 117
Cr 3150 3100 3090
Mn 1700 1600 1175
Ce 43 [ 5.7
Ni 169
Rb
Sr 120
Y
Zr 250
Nb
uf 5.7 5.3 6.7
Ba 140 150 149
Th 1.9 2.1 2.5 2.4
v 0.7 0.7 0.65 0,68
Pb
La 15 16 15.4
Ce 42 43 43
Pr
Nd 25
Sm 7.8 7.8 7.92
Eu 1,2 1.2 1.24
Gd
Th 1.6 L.6 1.66
Dy 9.6 10
Ho
Er
Tm
Yb 5.5 5.8 5.6
Lu 0.79 0.85 0.75
Li
Be
B
c 16,4 62
N 55
5 660,680
¥
Cc1
Br
Cu
Zn
(ppb) T
At References and methods:
Ga )
Ge (1) Laul and-Schmitt (1973); INAA
As (2) O0'Kelley et zl. (1972); Gamma ray spectroBcOpy
Se (3) Modzeleski et al. (1972); Vacuum pyrolysis/MS
Ho (4) Kaplan et al. (1976); Pyrolysis/hydrolysis
pis (5) RKorotev (1984 unpublished); INAA
Ru
Rh
Pd
Ag
Cd
In
Sn
Sh
Te
Cs 150
Ta 800 800 830
W
Re
Os
1z 7.1
Pt
Au 1.6
Hg
T1
Bi
1) (1) (2) (3) (&) (5)
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TABLE 15493-2

.52 GLASS
CLAST FISSURE
We X S102 47.1 47.4
Ti02 1.97 1.9
Al203 9.8 12.8
FeO 19.19 16.8
Mg0 9.1 10,5
Ca0 10,1 9.8
Na20 0,255 0.41
K20 0,041 0.11
P205 0.087
(ppm) S¢ 45.9
v 182
Cr 4020
Mn 2070
Co 44,9
Ni 90
Rb 0.80
St 75,83
Y 35
ir 94
Nb 10
Hif 2.49
Ba 60
Th 1.08
u 0.18
PH
La 5,93
Ce 18.0
Pr 2.40
Nd 12
Sm 3.58
Eu 0.76
Gd 4.91
Tb 0.79
Dy 5.35
Ho 1.09
Er 3.19
Tm
Yb 2.62
Lu 0.37
Li 7.7
Be 1,12
B
C
N
S 670
F 31
438 4.2
Br 0.034
Cu .73
Zn 15
(ppb) I
At
Ga 3000
Ge <250
As 1.5
Se 30
Mo
T¢
Ru
Rh
Pd
Ag
Cd
In
Sn
Sb
Te
Csa 40
Ta 390
L 96
Re
Os
Ir
Pt
Au 0.13
Hg
T1
Bi
1) 2)

References and methods:

(1) Wanke et _al. (1977); Combined XRF,
INAA, etec.
(2) Mason (1%72); Microprobe
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1000~
* 126 - Korotev (1984, unpublished); INAA
* 457 - Laul and Schmitt (1973); INAA
g * 46A - Laul and Schmitt (1973); INAA
52 - Wanke et al. (1977); Combined XRF, INAA,
a etc.
n
*
0 100 Gd value calculated.
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LEGEND: SPECIFIC o0 126 4% 4DA A8, 46A .52
Figure 5. Rare-earths in materials from 15498.
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STABLE ISOTOPES: KXaplan et al. (1976) reported isotopic ratios
for light elements: $C13 = -19.9, 45N = =41, 46%3 (from
combustion) = +8.0, and &3S (from hydrolysis) = +5.1. The
nitrogen and carbon isotopes are quite dissimilar from typical
soils, even though the absolute abundances are similar to soils.

RARE GASES AND EXPOSURE: Bogard and Nyquist (1972) and PET
(1972) tabulated noble gas contents and isotopic abundances.
Kaplan et al. (1976) reported He abundances, which are lower than
soils. Megrue (1972, 1973) reported noble gas isotopic abundance
for four splits (laser probe, mass spectrometry methods). The
essential gas component is a highly fractionated solar wind, with
cosmogenic gases primarily within a light-colored lithic fragment
and the fine-grained matrix in one sample. ¢Glass from sample ,55
requires a source separate from the others. The data suggest
that 15498 is a consolidated lunar soil.

The data of Eldridge et al. (1972) suggest that 26Al1 is satu-
rated, thus 15498 has been exposed at least 2 m.y.

PHYSICAIL PROPERTIES: Gose et al. (1972, 19273a) and Pearce et al.
{1973) found a paleomagnetic intensity of 2100 + 85 gammas using
the Thellier-Thellier method, one of the few intensities consid-
ered at all reliable (however, Collinson et al. (1975) stated
that this intensity is uncertain because of the way the slope of
the data is constrained on a plot of NRM lost vs. PTRM gained,
and they suggested a revised intensity of at least 7,000 gammas).
Gose et _al. (1972) also tabulated basic magnetic data derived
from hysteresis loops. They found 0.34% metallic iren, like
soils, which is not meteoritic but from subsolidus reduction of
Fe?t. 15498 is very unusual under demaghetization in having an
extremely stable intensity which does not change in direction
(Fig. 6). At the same time it shows a strong viscous remanent
magnetization acquisition (see also Gose et al., 1973b), with a
classical Richter-type effect similar to Apollo 14 low-grade
breccias and typical of rocks containing metal grains of a few
hundred@ angstroms size. The high stability is undoubtedly due to
the presence of single domain grains.

Pearce et al. (1976) reported magnetic data from heating and
thermal demagnetization of ,36 and found no reason to doubt their
previous 2100 gammas paleointensity determination. Hale et al.
(1978) studied a small clast, too small to permit analysis of
hysteresis characteristics, using microwave heating (in an
attempt to determine its usefulness) and conventional heating
techniques; they depicted demagnetization curves for NRM, ARM,
and IRMs. The paleointensity determined following microwave
heating was 27000 gammas, significantly higher than that of Gose

et al. (1972, 1973a).
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Brecher (1975, 1976) listed 15498 as an example showing magnetic
"textural remanence" on account of its stable direction of NRM
under AF-demagnetization. Housley et al. (1976) presented ferro-
magnetic resonance (FMR) spectra for 15498, listing the response
as strong, and similar to lunar fines.

Warren et al. (1973) depicted the variation of Vp with pressure,
both hydrostatic and under uniaxial loading (Fig. 7). They also
plotted strain vs. pressure (Fig. 8); at high pressure strains
become homogeneous and independent of orientation. Trice et al.
(1974) depicted linear strain measurements made up to 5 Kb
hydrostatic pressure (Fig. 9).

Alvarez (1975) used 15498 to study the effect of solar radiation
on electrical properties (which are normally measured in the
dark). His photoconductivity studies showed a 5-fold increase in
surface conductivity when the sample was illuminated for 22
minutes with infrared and ultraviolet sources. Since this was
far from reaching equilibrium, real values are probably more than
5-fold increases.

GAUGE FAILED 270°

STRAIN=¢

STRAIN VERSUS UNIAXIAL PRESSURE
(L OAD CONCENTRATION FACTOR = 15.39)
LOADING ALONG 33" AXIS

L L L
[ 50 100 150 200
UNIAXIAL PRESSURE {BARS)

Figure 8. Strain results under axial loading for 15498,23
(Warren et al., 1973).

15498,23

ew
& womi

' ! * 1 st +

Figure 9. Linear strain vs. pressure for 15498,23 (Trice et al.,
1974) .
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PROCESSING AND SUBDIVISIONS: A slab ,17 was cut through the
sample, leaving ,0 (1708 g) as one end and several pieces as the
other (Fig. 10). Pieces ,0, ,14 (62 g) and ,16 (213 g) remain
almost intact, the latter in remote storage. The slab was
substantially divided (Fig. 10), and ,20 (38 g) is in remote
storage. All the thin sections (,5; ,6; ,8; ,9; ,99; ,100; and
,101) were made from a single small piece ,3 chipped off prior to
sawing, with the exception of several grain mounts made from
pieces of the slab.

,19

" -3 .-
’x-- 22,z
136,505 |

e L 1 J
0 7

T \ i
L U
CM
’:30 231 ,3?\
R T-2 1 ,55

Figure 10. Cutting diagram for 15498, showing splits following
sawcutting and slab dissection.
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15499 VITROPHYRIC QUARTZ-NORMATIVE ST, 4 2024 g
MARE BASALT

INTRODUCTION: 15499 is a vitrophyric pigeonite basalt collected
from the top of the same vesicular boulder on the south rim of
Dune Crater as the similar samples 15485 and 15486 (Fig. 1l). It
is one of the most-rapidly cooled of the quartz-normative basalts
and has an age of ~3.3 b.Yy.

15499 is a vesicular basalt with a porphyritic, diktytaxitic
texture (Fig. 2). It is medium-dark gray, blocky and angular,
and tough. It was broken from the boulder, hence has a fresh
surface, and the other side has zap pits.

Figure 1. Sampling locaticns for 15485, 15486, and 15499 from a
boulder on the south rim of Dune Crater.
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Fig. 2a

15499

Macroscopic views of 15499 prior to any chipping,
showing angular, tabular nature, and diktytaxitic
texture.

831



15499

Fig. 2b

PETROLOGY: 15499 contains abundant euhedral pyroxene
phenocrysts, with yellowish cores and brown rims, up to 1 cm
long, set in a dark brownish gray groundmass (Fig. 3). A general
description of thin section ,4 was given in the Apollo 15 Lunar
Sample Information Catalog, which stateD that the sample is
porphyritic (42%) with a fine-grained groundmass (>57%). The
groundmass contains clinopyroxene (52% of rock), 5% ilmenite, and
minor Fe-Ni metal, Cr-spinel, troilite, and ulvospinel. Rhodes
and Hubbard (1973) reported a similar mode for ,7: 41.8%
pyroxene, 0.8% olivine, and 57.3% groundmass, with the same
identified trace minerals. Bence and Papike (1972) also noted
the single large skeletal olivine phenocryst: it is extremely
zoned from an Fo, core to an Fo, rim. Brief general descrip-
tions of the roci are also given by Papike et al. (1972) and
Bence and Papike (1972). The crystallization sequence of
olivine-»olivine + pigeonite—»pigeonite + augite-—>augite + plagio-
clase (Bence and Papike 1972) is an agreement with the
experimental results (below). Ver{ little olivine developed.

The pyroxenes are composite with pigeonite core and augite rims.
The groundmass is a variolitic aggregate of coprecipitating
plagioclase, augite, and glass. Oxide phases occur only in the
groundmass. Several studies have focussed on determining the
cooling history of 15499.
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Figure 3. Photomicrographs of 15499,95. All transmitted light
except (c¢), crossed polarizers. (b) and (c) are the
same field. All same scale.
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Fig. 3¢

The pyroxenes are described by Papike et al. (1972), Bence and
Papike (1972), Bence and Autier (1972), and Grove and Walker
(1977). Compositional variations are shown in Figure 4. Papike
et al. (1972) studied exsolution relationships using single
crystal x-ray diffraction and microprobe techniques, and found
virtually no exsolution. They noted that the phenocrysts are
well developed with little evidence for resorption, consistent
with a rapid, late-stage quench. The phenocrysts show a
continuous buildup of Al to nearly 10% Al,0, in augite rims

(Bence and Papike 1972), and there is no Ca-discontinuity,
consistent with the interpretation that plagioclase did not
precipitate until the phenocrysts to all intents and purposes
stopped growing. The phenocrysts show two crystallization
trends, according to growing direction. Pyroxene analyses are
tabulated by Bence and Papike (1972) (Table 1). Bence and Autier
(1972) used secondary ion mass analysis and the electron micro-
probe to analyze for several minor elements along traverses (Fig.
5). Abu-Eid et al. (1973) studied electronic absorption and
Mossbauer spectra for a hand-picked pyroxene, finding significant
Ti3+ in the rims of pyroxenes, and that Fe?t was below their 1%
detectability limit.
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Figure 5. Variation of trace elements across pyroxene in 15499
(Bence and Autier, 1972).
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El Goresy et al. (1976) studied zoning in the spinels, noting
that 15499 and other fine-grained quartz-normative basalts have
spinels with chromite cores which display idiomorphic sharp
boundaries to an ulvospinel rim, without a sign of reaction prior
to ulvospinel precipitation (in contrast with the corroded cores
in coarse basalts). No details are presented for 15499 specif-
ically, although the authors state that a number of spinels in
15499 were analyzed. Engelhardt (1977) tabulates ilmenite
paragenesis.
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Cooling history: Several petrological studies have been
directed at establishing the cooling history of 15499, mainly
from a comparison of the rock with products of dynamic crystal-
lization experiments on a similar composition. Lofgren et al.
(1974) found that the morphology and zoning of 15499 phenocrysts
resembled those in experiments conducted with linear cooling
rates of 1.2°C to 30°C/hr, and a comparison of the core
compositions suggests that the nucleation was at 1190°C i.e.,
supercooled 30°C. The results do not require a two-stage cooling
history. A further study (Lofgren et al., 1975) of phenocryst
shapes and matrix textures indicated 5-20°C/hr and 10-30°C/hr
respectively, and 15499 to be one of the fastest-cooled quartz-
normative basalts. Grove and Walker (1977) made a more detailed
study, again using comparisons with dynamic experiments. The
pyroxene nucleation density suggests 1.75°C to 3.75°C/hr at
nucleation, the phenocrysts size suggests an integrated pheno-
cryst cooling rate of 1.75°C/hr, and the plagioclase sizes
suggest a late-stage cooling rate of 30°C/hr. i.e., initial slow
cooling and late rapid cooling. A cooling experiment (1°C/hr for
4 days, 30°C/hr for 12 hrs) duplicating these inferred conditions
resulted in a very close match with 15499. Both the products of
this experiment and 15499 contain skeletal pyroxenes smaller than
the phenocrysts but bigger than the groundmass pyroxenes; these
are not found in linear cooling rate experiments. Grove and
Walker (1977) further concluded that 15499 crystallized ~15 cm
from a conductive boundary. In comparison with 15485 and 15486
from the same boulder, 15499 has a similar nucleation density but
both pyroxene and plagioclase are coarser. Grove (1982) studied
pyroxenes exsolution with TEM for comparison with experimental
analogs. Tweed modulation and heterogeneously-nucleated (001)
lamellae are present. On (001) the mean wavelength is 186 &
Spinodal decomposition is also present on (100). 48 is 2.67°.
The integrated cooling rate estimated from the (001) lamellae
wavelength is about 80°C/hr. Brett (1975), using available
kinetic data, concluded that 15499 was from a cooling unit ~0.5 m
thick. Uhlmann (1981), using a 15499-1like composition, studied
the characteristics of glass to evaluate the cooling rate,
finding that a rate of 14°C/second (much faster than the natural
sample) would be required to form a glass.

EXPER];ME]:ITAL PETROLOGY: Humphries et al. (1972) determined the
equilibrium, low pressure crystallization of a 15499 sample,
finding results similar to other quartz-normative basalts (Fig.
6): some olivine crystallizes before pyroxene; all olivine
reacts ocut before anorthite entry. They prefer the interpre-
tation that 15499 is a mixture of liquid and accumulated
pyroxenes, not a liquid composition.
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Figure 6. Experimental equilibrium crystallization data for

15499 and other quartz-normative basalts (Humphries et
al., 1972).
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CHEMISTRY: A few analyses have been published (Table 2) but not
including rare-earth data. There has been little specific
descussion of the 15499 composition, other than to note that the
sample is in the quartz-normative basalt group. Gibson et al.
(1975) presented data for ¢O, CO,, H,, H,S, and Fe®°, and Kaplan
et al.(1976) also presented an Fe’ abundance.

STABLE ISOTOPES: Gibson et al. (1975) reported 4348
determinations of +0.2 (,20) and -0.9 (,20), and Kaplan et al.
(1977) reported sulfur isotopic determinations which are similar,s

34s = 1.2 (from combustion sulfur) and +0.6 (from hydrolysis
sulfur). _ '
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TABLE 15499-2

9 2 L2022 L1t

72

,104 ,18 ,19 ,12

Wt % Si02
Ti02
A1203
Fe0
Mg0

.
47.89 47.62
1.81 1.81
9.19 9.27
20.47 20.26
9.11 8.94

47,93
1.73
8.88

19.84
9.93

Cal
Na20
K20
P205

10.41 10. 40
0.38 0.2¢9
0.06 0.058 0.06
0.08 0.08

16.23

0.29
o.028
0.083

7.3

0.054

Tppm) Sc

3600
2300 2200

189
4200
2100

0.90
109.4

[0
19
1.4
100

51
1.2 0.96d 1.08
108.7d  114.3

28
111

31.1
109
5.4

69

0.173

12 27.8b 9.9 12
<2
600a 700 BO5c BSS5c_ 640c

(ppb) 1

3000

0.99

3.37
0.90

23
1.42

3.2
49.1

0.007

<0.06
00043

0.013

0.32
£0.16

1) (€3] 3 &) Gy (3 (&)

7)

839

(8) O oy 4
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References to Table 15499-2

References and methods:

{1) Chappell and Green (1973); XRF

(2) O0'Felley et al. (1972); Gamma ray spectroscopy
) Rhodes and Hubbard (1973); XRF

(4) Moore et al. {(1973)

(5) Gibson et al. (1975); Combustion, hydrolysis
(6) Kaplan et al. (1976)

(7) Duncan et al. (1976); XRF

(8) Wolf et al. (1979); RNAA

(9) Compston et al. (1972}); XRF, IDMS

(10) Papanastassiou and Wasserburg (1973)

(11) Busain (1974); MS

Notes:

(a) quoted as 590 ppm by Glbson et al. (1975) from a Moore 1974 checklist.
(b) from CO, €O, abundances.

(c) lower abunddnces were derived from acid hydrolysis.

(d) average of three determinations.

RADIOGENIC ISOTOPES AND GEOCHRONOIOGY: According to Albee et al.
(1972), Huneke, Podosek, and Wasserburg determined a 40Ar-3%°Ar

age of 3.40 b.y. for 15499; this data has not otherwise been
published. Husain (1974) found that the %0Ar*/3°Ar* release
pattern was somewhat perplexing, but derived an age of 3.34 *
0.08 b.y. from the 1000°C, 1200°C, and 1400°C releases (Fig. 7).
Although tabulated as "no radiogenic Ar loss" the K-Ar age is
slightly lower, 3.328 + 0.036 b.y., and Husain (1972) previously
reported a small (0.8%) radiogenic argon loss.

Compston et al. (1972) and Papanastassiou et al. (1973) presented
whole-rock Rb-Sr isotopic data (Table 3). Compston et al. (1972)
found the difference between subsplits to be consistent with
dispersion along a 3.3 b.y. isochron. Assuming this age, the
initial 8’Sr/%Sr ratios for two splits would have been 0.69945
and 0.6996 * 3 (sic).

K/Ca

3% % (xi07Y)

3
Iy

:& “1400" ] .g.
-~ T600° 200 Age ® 334 £008x10% Jaz =
; IRD'_ §
15499,12 lso
1 i ] i 1 1 { I
0.2 04 06 o8 10

CUMULATIVE FRACTIONS OF *Ar*
Thermal releasc study of the “Ar®/®Ar*, ®Ar'A"A7, and K/Ca ratios of 1549911 See text

Figure 7. Ar release diagram (Husain, 1974).
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TABLE 15499-3. Rb-Sr isotopic data for 15499 whole rock sample

Reference 87Rb /885 875y /88Sr Toam™®
Compston et al. (1972) 0.0248 0.70062 £ 10 4.33
Compston et al. (1972) 0.0280 0.70082 * 25 4,22
Compston et al. (1972) - 0.70077 £ 10 -
Papanastassiou and 0.02740 £ 11 0.70064 * 11 4.28

Wasserburg (1973)

*from Nyquist (1977)

EXPOSURE: Husain (1974) determined an Ar exposure age of 114
m.y. Eldridge et al. (1972) provide cosmogenic radionuclide
data; evidently the sample was without much exposed surface area.
The equilibrium concentrations of 26A1 and #’Na mean that the
exposure has been too long to allow an estimate using the
26p1/%2Na method.

TRACKS: Hutcheon et al. (1972) studied crystals at the bottom of
two vugs from the surface of 15499, They observed no micro-
craters. The largest crystals were pigeonite prisms without
resolvable edge rounding but with a matte finish as if they were
rough on a submicroscopic scale. Polished vertical sections were
made through the vugs. One vug, ellipsoidal with only a narrow
neck to the exterior, had a track density which dropped off very
rapidly with depth in the outer few microns of crystals, but the
high background track density (~1 x 10% cm?) precluded measuring
the gradient at a depth of a few microns. The background was
probably accumulated before the vug was exposed, the steep
gradient when some chip above the vug was removed. A gecond vug
has a track profile steeper than seen in any other lunar rock or
meteorite, >5 x 101° cm? near surface to ~10%® cm? a few tens of
microns below (Fig. 8). This profile is as steep as that on the
Surveyor spacecraft, and much steeper than on an eroded surface.
An exposure time of ~10° years was estimated for the vug. Price
et al. (1973) discussed this data, noting that the vug interior
escaped erosion.
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Figure 8.
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15499

PHYSICAL PROPERTIES: Collinson et al. (1972, 1973) presented
basic magnetic and NRM data (Fig. 9). Split ,21 shows a steady
movement of the NRM direction up to the maximum demagnetizing
field used of 350 Oe. Split ,27, undergoing stepwise thermal
demagnetization up to 810°C, showed no change in the initial
susceptibility at each stage, and this is typical of basalts.

The NRM persists up to the Curie point of iron, its apparent
carrier. Split ,27 also shows a steady migration of NRM
direction up to the iron Curie peint, i.e. no stable direction is
revealed up to ~750°C. Split ,21 has a low viscosity coeffi-
cient. Artifical thermoremanence gives a TRM proportional to the
applied field; an ambient field of 1000 gammas is derived using
some assumptions. The results are not easy to interpret in a

single magnetization history of a single thermoremanence event in
a linear field.

Fuller et al. (1979) also studied the NRM (Fig. 10) finding a
large soft component, and a poor directional stability under AF-
demagnetization.

Adams and McCord (1972), using diffuse reflectance spectra (0.35
to 2.5 um) to determine the wavelength positions of the two
crystal-field absorption bands contributed by pyroxene, found
15499 to be one of the most augitic Apollo 15 rocks. Charette
and Adams {(1975) presented spectral reflectance data on a
powdered sample: the vitrophyric texture produces a shallower
0.5 to 0.75 um slope than coarser rocks.

PROCESSING AND SUBDIVISIONS: 15499 was broken into three large
pieces ,0; ,9; and ,10. (The only sawing was on ,26). Only a
few pieces were taken from ,0 (now 1128 g). ,9 was totally
subdivided, with the two largest pieces being ,67 (177 g) and ,76
(377 g); the latter is in remote storage. The largest remaining
piece of ,10 became a PAO display (163 g). A chip ,1 was made
into thin sections ,4 to ,8, and two pieces of ,10 were made into
potted butts ,14 and ,25, producing thin sections ,40; ,42; ,62;
,95; and ,43 and ,44 respectively.
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Figqure 10. Magnetic data (Fuller et al., 1979).
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15505

15505 REGOLITH BRECCTA, GLASS COATED ST. 9 1147.0 g

INTRODUCTION: 15505 is a regollth breccia derived malnly from
mare materials and almost entlrely ccated with glass (Fig. 1).
The comp051tlon of the glass is similar to that of the breccia.
The sample is 1rregularly shaped. The glass coat is black; the
interior breccia is coherent and medium dark gray. The sample
was less than one-half buried and lacks zap pits; its lunar

orientation is known.

15505 was collected 15 m west of the rim of a small crater and is
probably part of the ejecta blanket. Samples 15506 and 15508
procbably broke off 15505 in transit.

Figure 1. Pre- Spllt show1ng abundant vesicular glass, with
breccia matrix in lower left.
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15505

PETROLOGY: 15505 is a regolith breccia (Fig. 2) which is derived
principally from the bedrock gquartz-normative mare basalts at St.
9 (Engelhardt et al., 1972, 1973) and is similar to soils
collected at that site in its fragment population. Both
Engelhardt et al. (1972, 1973) and Michel-Levy and Jahann (1973)
agreed that the matrix is rich in comminuted debris including
abundant glass particles and spheres and welded with glass.
Engelhardt et al. (1973) analyzed glass fragments but reported no
specific data. Pyroxene mineral fragments are more abundant than
plagioclase. Gleadow et al. (1974) noted a group of mafic meta-
basalts in the sample, and defocussed beam, energy-dispersive
microprobe analyses of these and other components are given in
Sewell et al. (1974).

Wilshire and Moore (1974) noted that the glass does not mask the
sharply angular character of the rock, and concluded that the
glass is exposed veins which had developed along conjugate
fracture surfaces. Michel-Levy and Jahann (1973) agreed that the
glass cannot be a "splash" glass because it covers the entire
sample, and interpreted it as an "exudation" glass derived from
the matrix. Winzer et al. (1978) reported a composition for the
glass coat (Table 2). Griscom and Marguardt (1972) and Tsay et
al. (1976) reported brief electron spin resonance data for
surface glass samples.

Figure 2. Photomicrograph of matrix of 15505,48, transmitted
light.
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TABLE 15505-1. Chemical analysis of bulk rock

,29 22,26 17 0 ,17a 17,24 B LB .72 .0 .91
Wt § S5i02
Tio2 1.6
A1203 12.4
FeO 17.2 17.4
M0 9
Cal 10.9 14.4 9.9
Na20 0. 365 0.40
K20 0.16 0.1873 0.1868
P205 0.18 0.2
{ppm) Sc 32 33.1
v 150
Cr 3030 3310
Mn 1640
Co 53 49.6
Ni 205
Rb
Sr 100
Y
Zr 570 290
Nb
HE 9.0 7.9
Ba 150 210
Th 2.8 3.685 3.570 3.64 3.5
8} 0.9 0.87 1.1 1.039 0.984 0.94 0.87
P 2.116 2.032
La 21 20.8
Ce 57 55
Pr
Nd 32
Sm 10.0 10.1
Ea 1.2 1.25
G4
Tb 1.7 1.99
Dy 6.4
Ho
Lr
Tm
Yo 7.5 6.9
La 1.1 0.97
i 17 19
Be
B
o 47.6 104
N
J<3 1100
F
Ccl 15.5 17.3
Br 0.193 0.050
cu
Zn 11.33
{ppb) X 1400 1900
At
Ga
Ge
As
Se 280
Mo
Tc
Ru
Rh
Pd
g 7.8
&<
In
Sn
Sb
Te
Cs 210
Ta ano 1040
w
Re 0.59
Os 6.5
Ir 5.5 7.1
Pt
Au 2.7 3.8
Hg 2.2
T1 0.89
Bi <7.7 0.56

v @ 3 (4) (4} (5 (e) )] &)} (9} (10) (am)
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05

References to Table 15505-1

References and methods:

(1)
(2)
(3)
(4)
(5)
(6}
(7)
(8)
(9)
(10)
(11}

Notes:

(a)

Laul and Schmitt (1973); INAA

Modzeleski et al, (1972); Vacuum pyrolysis/MS
Moore et al. (1973)

Jovanovic and Reed (1975); RNAA, etc.

Reed et al. (1977)

Hughes et al. (1973); RNAA

silver (1873); ID/MS

Winzer et al. (1978); Microprobe

Schaeffer and Schaeffer (1977); MS

Rancitelli et al. (1972); Gamma ray spectroscopy
Korotev (1984 unpublished}; INAA

~50% glass, ~50% matrix

References and methods:

(8) Winzer er al. (1978);
Microprobe
(7} Silver (1973); IDMS
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TABLE 15505-2. Glass

,80

We 2

5102
Ti02
A1203
Fel
Mg0

49,65

1.72
11.63
14.99
11.22

Ca0
Na20
K20
P205

9.63
.45
0.21

(ppm)

Sc
v

3300

3.565
0.975
1.998

(ppb)

(8)
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15505

CHEMISTRY: Chemical analyses of the matrix are listed in Table 1
and of the glass "coat" in Table 2, with rare earths for the
matrix shown as Figure 3. There is a distinct similarity between
glass, breccia, and local soils. Modzeleski et al. (1972)
reported CO, CO,, and CH, determinations from which their bulk
carbon abundance is derivead.

STABLE ISOTOPES: Garner et al. (1975) reported Li, K, and Rb
isotopic determinations; they could not distinguish whether their
samples were breccia, glass, or a mixture. They found the sample
to be depleted in 3K, the first rock so found. Reed et al.
(1977) reported 20¢pb data.

RADIOGENIC ISOTOPES: Silver (1973) reported Pb isotopic data and
found that bulk rock, matrix, and glass are all similar. and
similar to local soils. Schaeffer and Schaeffer (1977) found
that Ar gas release gave little information, with increases and
decreases with temperature increase, ranging from 3.33 to 6.83
b.y. The total K-Ar "age" is 5.18 + 0.05 b.y. The sanmple has a
large trapped Ar component.

Rosholt (1975) and Rosholt and Tatsumoto (1973) reported Th
isotopic data in a discussion of the sources of the radiocactivity
in the sample.

EXPOSURE AND TRACKS: Rancitelli et al. (1972) reported
cosmogenic¢ radionuclide data: 26Al is extremely undersaturated,
indicating exposure for only a few hundred thousand years. The
Ar data of Schaeffer and Schaeffer (1977) give an exposure of 604
m.y. averaged over the entire release, but the range is 1 to 3800
m.y. Ar is too complexly distributed for meaningful interpre-
tations.

Fleischer et al. (1973) found a minimum track density in pyroxene
of 2 x 10% cm?2, at 1.5 mm depth, indicating an exposure of
<600,000 yrs. According to Crozaz et al. (1974) the exposure is
multistage.

PROCESSING AND SUBDIVISIONS: A slab was cut from 15505 and

substantially dissected (Fig. 4). End piece ,3 (92.4 g) is in
remote storage, and ,0 has a mass of 862.1 g. Thin sections were
made from a chip ,42 which was taken from exterior pieces ,11 (TS
,48; ,53; ,54; ,55; ,56; ,57), except for TS ,68 (from ,7) and
,80 (from ,78).
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Figure 3.

L e N - T S T I 7

£000-

100+

* 29 - Laul and Schmitt (1973); INAA
* 9 - Korotev (1984, unpublished)

* Gd value calculated.
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15506

15506 REGOLITH BRECCIA, GLASS-COATED ST. 9 22.9 g

INTRODUCTION: 15506 is a moderately friable regelith breccia
with some surface glass coating (Fig. 1). The breccia itself is
medium dark gray and subangular, and contains small fragments of
lithic and mineral material. The glass is olive black and partly
dust-covered. A few zap pits are present on some surfaces.

15506 is probably a piece broken off 15505 (with 15508), which
was collected about half way out from the rim of the 15 m crater
at Station 9, on its ejecta blanket which is about 25 m across.
15506 has never been subdivided or allocated.

Figure 1: Sample 15506. §S5-71~44528
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15507

15507 GLASS, VESICULAR ELLIPSOID ST. 9 3.9 g

INTRODUCTION: 15507 consists of three fragments which combine to
form an egg-shaped object (Fig. 1). The fragments are olivine
brown to grayish brown glass, which has 40 to 50% vesicules up to
1 mm across. The glass is tough. Some surfaces have adhering
dust. The fragment apiears to have been broken prior to
collection because an interior vesicle lining has a zap pit. The
glass contains a few soil clasts and metallic swirls. The sample
was collected near to 15505, which was collected about halfway
out from the rim of the 15 m crater at Station 9, on its ejecta
blanket which is about 25 m across. 15507 was recognized by the
astronauts as a glassy ball distinct from most nearby fragments.
It has not been recognized on photographs. It has never been
subdivided or allocated.

Figure 1: Sample 15507. S-71-44521
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15508 REGOLITH BRECCIA, GLASS=COATED ST. 9 1.4

i

INTRODUCTION: 15508 is a small coherent regolith breccia
fragment with a substantial vesicular glass coating (Fig. 1).
The breccia is medium gray and irregular in shape. The glass is
black and its vesicles are up to 2 mm across. Zap pits are
absent from most of the surface. 15508 is probably a piece
broken off 15505 (with 15506), which was collected about halfway
out from the rim of the 15 m crater at Station 9, on its ejecta
blanket which is about 25 m across. 15508 has never been
subdivided or allocated.

Figqure 1: Sample 15508. S-71-44808

854



15515

15515 REGOLITH CIODS ST. 9 144.7 g

INTRODUCTION: 15515 consists of 48 extremely friable clods which
were the greater-than-1 cm fraction of two clods which were
individually collected but disintegrated. The samples are caked
clods which "look like a piece of mud". They consist of porous,
glassy, non-annealed regolith components, including glass,
mineral, and mare basaltic fragments. Most have disintegrated to
fines. The bulk chemistry is very similiar to that of the local
regolith.

15515 and its fines (15510 and 15514) were collected as two cleods
from the northwest rim crest of the 15 m, cloddy crater at
Station 9. The clods appeared to be typical of local material.

PETROLOGY: The clods consist of glassy, fine-grained, non-
annealed breccia with predominantly mare basalt clasts. They
also contain varied glass and mineral fragments. Only ,18 was
made into grain size fractions and thin sections. A mode from
PET (Lunar Sample Information Catalog Apollo 15, 1972) is given
as Table 1. Reed et al. (1977) found a clod to contain 0.57%
metal iron (chemical methods). Tsay et al. (1976) used electron
spin resonance techniques to determine a total Fe-metal content
of 0.62 wt %. The weight % (SP+SD) Fe’ was 0.39.
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TABLE 15515-1. Petrographic components of 15515 (Lunar Sample
Information Catalog Apollo 15, 1972)

PERCENT OF GRATNS
0.5~ 0.25- 0.125-

COMPONENTS NOTE 1.0mm O.5mm _0Q.25mm
Agglutinate 1 22 33.5 53
Clinopyroxene 2 - 20.0 19.5
Plagioclase 3 - 2.5 5.0
Glasa spheres, green 4 7.5 6.5 4.5
Glass spheres, colorless 5 - 3.5 3.0
Basalt, ophitic 6 - 10.5 3.5
Basalt, hyalocrystalline 7 11 6.0 2.5
Microbrecela, wvitrle 8 11 5.0 4.0
Microbreccia, recrystallized 9 5.5 5.0 1.5
Glass frags, brown 10 5.5 3.0 1.5
Basalt, equigranular 11 11 2.0 1.0
Anortho ite 12 - 1.0 -
Glass droplets 13 5.5 2.0 -
Grains counted - 18 200 200
Section number 58,63,64 75,62 56,61

NOTES TO TABLE:

1. Glass and mineral (feldspar, pyroxene) detritus bound together in
welded droplets of very dark brown to black glass.

2. Colorlesa, broken, anhedral to subhedral crystals of augite. Some
are zoned from pigeonite to augite. The pigeonite has & very pale
brown color. Also there are some unzoned plgeonite.

3. Fractured and shocked.

4. Clear and free of detritus or schlieren; some are devitrified.

5. Devitrified; sheaves of thin feldspar crystals.

6. Clinopyroxene > plagioclase > opaques. Scme grains have feldspar
with parallel orientations.

7. Feldspar cloths end opaque minerals in a clear brown glassy matrix.

8. About 50% small clinopyroxene crystals in a clear brown glass matrix.

9. Detritus in a finely crystalline feldspar matrix.

10. Angular, 5-8% debris in clear brown glass with some schlieren,

11. Equigranular basalt -~ elinopyroxene > feldspar > opaques.

12, Equigranular, 5% pyroxene, 95% feldspar.

13. Spheres both vesiculated and non-vesiculated contain up to 20%
detritus.
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CHEMISTRY: Chemical analyses of different clod pieces
(designated by split numbers) are given in Table 2 and the rare
earths are shown in Figure 1. The clod pieces all seem to be
similar to one another and to local regolith in all respects.

Jovanovic and Reed (1975) listed leached and residue data for Cl
and Br separately, and noted that the leach Cl/Br ratio was
different from that of nearby materials 15501 and 15505. Reed et
al. (1977) tabulated separate leach and residue data for 204pPb,
Bi, Te, and Zn.

1000+

* ,35(Ay - Laul and Schmitt (1973); INAA
* ,35(8) - Laul and Schmitt (1973); INAA
* 39 - Wanke et al. (1977); XRF, INAA, RNAA and
! others
100- *
: Gd value calculated.

B e I DD O S 03O e T3 2 o L

1 ! I I ! T T | I I T T T T
la Ce Pr M Sm Eu 60 T Oy H B Tm Yo Lu

Rare Earth Element

LEGEND: SPECIFIL 449 ,35(8) 4%, 358 tf-4 39

Figure 1. Rare earths in 15515.
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15515

STABLE ISOTOPES: Reed et al. (1977) tabulated data for residue

and leach 20¢Pb. Garner et al. (1975) reported Li and K isotopic
data (Table 3), finding values similar to 15511, the fines from
the same sanmple.

TABLE 15515-3. Isotopic analyses (Garner et al., 1975)

6Li/7Li sample
6Li/7Li std. (a) 39K /41K 41K /40K

1.007 13.743 573.6

(a) standard = NBS reference standard 9A.

RADIOGENIC ISOTOPES: Silver (1972) reported Pb isotopic data for
cled ,4 (Table 4). The isotopes are slightly discordant and
within the region occupied by the upper part of the ALSEP drill
core sample, with higher 207Pb/235U and higher 206pb /238U than

mare basalts. Rosholt and Tatsumoto (1973) and Rosholt (1974)
reported a 232Th/?30Th ratio slightly less than expected from the
282Th /238U ratio (expected ratio/measured ratio = 1.02), but much
closer to the expected than are the mare basalts. Garner et al.
(1975) determined a %Rb/%Rb ratio of 2,5914.

PROCESSING AND SUBDIVISIONS: Clods were originally individually
numbered from ,l1 to ,48; several became largely fines on sample
handling. ,8 was used for thin sections and for grain-size
separates. Most clod pieces have not been allccated.

TABLE 15515-4. Pb isotopic data (Silver, 1972)

Pb ppm 206 ph /204Ph 207ph /204Ph 208ph, /204ph

§ 1.99 314.3 1¢3.7 313.6
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15528

15528 REGOLITH BRECCTA ST. %A 4.7 o

INTRODUCTION: 15528 is a friable regolith breccia with a compo-
sition apparently quite different from local regelith. It is
brownish gray and subrounded (Fig. 1) and has a smooth surface
with few to no zap pits. 15528 was collected approximately 60 m
northeast of the rim of Hadley Rille, near 15529, but it has not
been identified on photographs.

Figure 1. Macroscopic, pre-chip view of 15528, S-71-43647
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15528

PETROLOGY: 15528 is a friable regolith breccia containing a few
prominent basalt clasts (Figs. 1, 2). The large basaltic frag-
ment in Figure 2 appears to be a KREEP basalt. Diverse glass and
mineral fragments are common. McKay et al. (1984) measured an

I./FeO of 16-25 (21 in Korotev, 1984, unpublished), an immature
index.

Figure 2. Photomicrograph of 15528,4. Width about 3 mm.
Transmitted light.
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CHEMISTRY: A bulk analysis of a small (45 mg) sample was made by

Korotev (1984, unpublished) (Table 1, Fig. 3). The composition

1s unlike local regolith or any other regolith at the Apollo 15

site, being very high in incompatible elements. It appears to be

rich in an Apollo 15 KREEP basalt component. Either the analyzed

gimg;e wgs unrepresentative or the sample is exotic, at least to
ation 9aA,

10001

|

1004 /K\$‘ﬁ“““““““*-ﬂk\w

/

* 7 - Korotev (1984, unpublished); INAA

* 6d value calculated.

L L L T = VR~ B - T i T - TR S — B - Y- TR, Y
—_

T T 1 I 7 T I I 1 ] ! I 1 T
la Ce Pr Nd S» Ew B0 T Dy H E Tm YO L

Rare Earth Element

LEGEND: SPECIFIC laaiy

Figure 3. Rare earths in 15528,7 (bulk rock}

ING AND SUBDIVISIONS: Chipping produced ,1, from whicua
Eﬁ?gEzzctions ,5 and ,6 were made. During this chlpplng,.sgveral
other chips were produced. These appear to have partly disinte-
grated in storage. ,7 was pickeq from one gf these small
fragments in 1984 for petrographic and chenmical study.
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TABIE 15528-1.
chemical analysis

Bulk reck

References and methods:

.7
W 5102
Ti02 2.03
Bl1203 13.8
FeO 13.0
O 9.3
Ca0o 10.1
KaZ0 0.62
K20
P205
{pam) sc 26.4
v 78
Cr 2410
M 1375
NG 75
o
Sr 130
Y
2r 740
Nb
Hf 19.3
Ba 521
™h 8.7
U 2.3
Pb
1a 51.2
Ce 134
Pr
jusl 76
am 23.0
Ea 1.95
feal
T 4.52
Dy
Ho
Er
Tm
Yb 16.1
La 2.20
Id
Be
B
(4
N
s
F
Cci
Br
e}
Zn
Tepb) I
At
Ga
Ge
As
Se
Mo
Tc
%)
hiis
25
N
aa
In
Sn
Sb
Te
Cs 480
Ta 2170
W
Re
Os
Ir <3
Pr
Au <5
Hy
Tl
Bi
1}

(1) Xorotev (1984,
unpublished); INAR
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15529

15529 MEDIUM-GRAINED OLIVINE-NORMATIVE(?) ST. 9 1531.0 g
BASALT

INTRODUCTION: 15529 is a very vesicular basalt with an appear-
ance similar to olivine-normative basalts 15016 and 15556. The
sample is light olive gray, rounded, tough, and very vesicular
(Fig. 1). It had a 3-cm high fillet, but has no zap pits.

15529 was collected about 60 m northeast of the rim of Hadley
Rille, in an area in which rock fragments with sizes up to 20 cm
are fairly abundant.

Figqure 1. Sample 15529.
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PETROLOGY: Macroscopically the sample is equigranular with
conspicuous glass-lined vesicles lacking any preferred orien-
tation (Fig. 1). 1In the absence of any thin sections, the only
published study is that of Garvin et al. (1982) who studied
vesicle size distributions. Vesicle diameters average 2.4 mm.
Ccalculations indicate that the sizes and distribution of vesicles
is consistent with a magma having 80 to 40C ppm dissolved CO
ascending at 0.20 m/sec. This calculated amount depends not only
on the ascent rate but also, to a lesser extent, on viscosity.

PROCESSING AND SUBDIVISIONS: Only a few chips have been removed,

leaving ,0 at 1509.4 g. One split was allocated for chemical
analysis.
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15535

15535 FINE-GRAINED OLIVINE-NORMATIVE ST. 9A 404.4 g
MARE BASATLT

INTRODUCTION: 15535 is a fine~-grained, olivine-bearing mare
basalt (Fig. 1) in which fine-grained pyroxenes are enclosed in
poikilitic plagioclases and olivine phenocrysts are scattered.
It is finer-grained than 15536, chipped from the same boulder.
Chemically it is an average member of the Apollo 15 olivine-
normative mare basalt group. The sample is medium dark to
brownish to olive gray, and is tough, slabby, and subangular to
angular. Its surface is irregular and somewhat hackly, with zap
pits irregularly distributed. It has 3 to 5% vugs, into which
crystals project.

15535 was chipped with 15536 from a 0.75 m boulder about 20 m
east of the rim of Hadley Rille, from the north rim of a
moderately fresh, blocky, 3 m diameter young crater. The
boulders are probably bedrock excavated by the impact event. The
orientation of 15535 was documented.

Figure 1. Pre-split view of 15535. The top surface is that
broken from the parent boulder. 5-71-46850
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PETROLOGY: 15535 is a plagioclase-poikilitic mare basalt with
scattered olivine phenocrysts (Fig. 2). The mass of the rock
consists of clustered, granular clinopyroxenes and some olivines
a few hundred microns across. The poikilitic plagioclases are up
tc 3 mm across, and the scattered, corroded, olivine phenocrysts
are rarely as large as 2 mm. The opaques cluster with the mafic
clusters, and are dominantly ulvospinel and some late-stage
ilmenite. Chromite is rare. Cristobalites up to about 200
microns, fayalite, troilite, rare Fe-metal and residual glass
are present. Many olivines and pyroxenes are optically zoned,
and feldspars have curved twin planes. 2-mm sized vugs are
scattered. Two published modes are listed in Table 1 and are
reasonably consistent.
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Figure 2. Photomicrographs of 15535,9 showing clustering of
small, granular mafic grains and opagque minerals;
poikilitic plagioclases; and a small olivine
phenocryst (left center). Width about 3 mm. a)
transmitted light; b) crossed polarizers.
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TABLE 15535-1.

Phase
0l
Cpx
Plag
Ulvo
Ilm
Troil
Fe-Ni
Crist
Glass
Zircon

Modes
%

10

53

32

2

1

<0.1

<0.1

0.5

1

(1)

of 15535
%
10
60
25

4

<1

(2)

(1) Lunar Sample Information
Catalog Apollo 15 (1971)

(2) Juan et al.
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Juan et al. (1972a) noted that the clinopyroxene was commonly
twinned with (100) as the twin plane, and was zoned from a
pigecnite core to a subcalcic augite rim. Fernandez-Moran et al.
(1973) studied 16 mg of zoned small grains (Eng,;WOy56.65)

using electron optical techniques. The grains Were crushed and
impurities removed. Electron micrographs showed exsolution
lamellae in 20% of the grains. Dense bands were 25-555 & wide
(av. 250 &), the interbands were 50-900 & wide (av. 330 ).
Virgo (1973a) used the same pyroxenes for x-ray diffraction and
Mossbauer studies. The pigeonite cores (Ti/Al about 1/4) zoned
towards Ca, Fe~-rich rims (Ti/Al<1/2), and their patterns showed
deviations from Lorentzian line-~-slopes and broader line widths
consistent with their chemical heterogeneity. The Mossbauer
study showed a high degree of disorder of the Felt-Mg distri-
butions; the interpretation is difficult because of the chemical
heterogeneity and the mixture of structural states.

Juan et al. (1972a) reported that the olivines had a composition
of Foy, (and that some had inclusions of clinopyroxene and
ilmenite) and that plagioclases are Ang. They attributed
fracture, wavy extinction, and bent twin lamellae for plagioc-
clases to a shock event. They interpreted the crystallization
sequence as cpx-->ol-->plag.

Haggerty (1972a,c,d) reported spinel compositional data (Fig. 3).
The data display a typical bimodal ulvospinel-rich and a
chromite-rich distribution, but there are also a few spinels of
intermediate composition. Engelhardt (1979) tabulated 15535 as
showing ilmenite crystallization as starting with plagioclase
crystallization, and ending before the end of pyroxene
crystallization.

Muan et al. (1974) repor