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Abstract—We have applied the Ar**~Ar* technique of K-Ar dating to 15 lunar rocks. The mare basalts
10071 (feldspar); 12051; 15076; and 70035 gave high temperature plateau ages of 3.51; 3.16; 3.35, and
3.74 AE respectively. Mare basalt 12018 is highly degassed and the shape of the release curve suggests
a low temperature plateau at 0.65 AE. The two glass-rich basalts 12008 and 12009 show similar, com-
plex release curves with an age minimum at intermediate temperatures. However, the total Ar’-Ar*
age of these two rocks is in agreement with the age commonly observed for Apollo 12 basalts.

Several Apollo 14 and 15 rocks have ages compatible with the proposed 3.95 AE cataclysm. These
include the Apollo 15 anorthosites 15415 and 15418. It still remains an open question whether these
rocks were formed by an igneous process at this time or whether they are thoroughly outgassed rem-
nants of the proposed original anorthositic crust of the moon.

A mare basalt-like clast from the polymict breccia 15459 collected at the Apennine Front gives an
age of 3.33 AE, similar to the age of the Apollo 15 mare basalts. Thus breccia 15459 was formed a long
time after the Imbrian impact.

INTRODUCTION

THE Ar’-Ar* mMetaOD of K-Ar dating (Merrihue, 1965) has become an important
means of establishing lunar chronology (cf. Turner, 1970; Sutter et al., 1971;
Turner et al., 1972; Stettler et al., 1972; Huneke et al., 1972; Kirsten et al., 1972;
Alexander et al., 1972). With this method argon losses, which are the main draw-
back of the conventional argon-potassium dating technique, can be identified by
recording the Ar*/Ar” temperature release curve. When a high temperature
plateau is observed in such a release curve, there is generally good agreement be-
tween Ar’-Ar* ages and Rb-Sr ages in the case of rocks with simple histories
such as the lunar mare basalts. For more complicated systems the Ar*-Ar*
method complements Rb-Sr and U-Pb dating inasmuch as the three methods re-
cord various different steps in the history of the rock. For instance the impact
which led to the formation of the Apollo 12 KREEP glass (12033) was dated by
the Ar’-Ar* method (Eberhardt et al., 1972, 1973), yielding the age of Copernicus
assuming this cratering event is indeed the source of the Apollo 12 KREEP glass.
Another advantage of Ar”~Ar* technique is its high sensitivity and it can be
applied to rocks such as anorthosites which contain not enough radioactive ele-
ments for other methods (Turner, 1972; Stettler et al., 1972; Husain et al., 1972).

The activation with fast neutrons and the subsequent argon analysis gives not
only the potassium content from the K**(n, p)Ar* reaction but also the calcium
concentration from the Ca*(n, a)Ar” reaction. The Ar’*/Ar” ratio as well as the
temperature release curve of these two isotopes can be used to derive an exposure
age (Turner et al., 1972). Since in most lunar rocks calcium is the dominant target
element for the production of spallation argon, the Ar”-Ar*® method has the
advantage of being approximately independent of rock chemistry.
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In this paper we report Ar’~Ar* ages and Ar’-Ar.; exposure ages of lunar
rocks. Some of these data have been given before in an abstract (Stettler et al.,
1972). Our results on the Apollo 12 KREEP glass have already been reported in
detail (Eberhardt et al., 1973). Additional analyses of this material and the age
obtained for the Apollo 17 (74220) orange soil will be published elsewhere.

EXPERIMENTAL PROCEDURE

After removal of natural rock surfaces the samples were either crushed to < 150 wm (Apollo 11, 12,
and 14) or broken into a few larger pieces (Apollo 15, 16, and 17). The samples were then wrapped in
aluminum foil, placed into aluminum containers under N, and sealed. A chain of five such containers
(including two containers with hornblende standard CC 27 and one container with another hornblende
standard) was placed inside the 1 millimeter cadmium shielding of a Harwell capsule and irradiated by
fast neutrons in one of the isotope channels of the FR-2 reactor, Gesellschaft fiir Kernforschung,
Karlsruhe. A Ni wire placed alongside each Al-container measured the neutron fluence (E>0.1 MeV)
at the sample position using the Ni**(n, p)Co™ reaction. For all results reported in this paper fluences
were between 3 X 10'® and 1.1 x 10 cm™>. The fluence inhomogenity inside the Harwell capsule within
the space occupied by the samples was * 3.2 percent in one case and smaller than =+ 1.5 percent in all
the others.

Stepwise heating of the samples was carried out in a noble gas extraction system employing induc-
tive heating. Extraction blanks for Ar* in 107® cm® STP were the following: < 0.05 (=< 1200°C); 0.1 (at
1360°C); 0.6 (at 1600°C). The argon analysis was performed on-line with a double magnetic mass
spectrometer (cf. Schwarzmiiller 1970). High Ar*’/Ar*® ratios can be measured with this instrument,
and thus relatively low neutron fluences can be employed. This is an advantage as it minimizes radia-
tion damage and its possible effects on the method (cf. Alexander et al., 1973). The mass spectrometer
has programmable magnets and a digitized system for measuring the ion currents. All the masses from
35 to 41 were registered six to eight times and extrapolated to time zero.

In evaluating the Ar*-Ar* age, correction must be made for the effects of interfering fast neutron
reactions (Mitchell, 1968; Brereton, 1970; Berger and York, 1970; Dalrymple and Lanphere, 1971;
Turner, 1971). In order to determine the Ar isotopes produced from Ca we have irradiated several
Ca-compounds and metallic Ca in the position of the reactor where our samples were activated. We
obtained (Ar’*/Ar*)c, = (2.7£0.2) X 107%; (Ar®*/Ar)c. = (6+£2) X 10~%; (Ar’°/Ar*’)c. = (6.85+0.20) X 107,
Other production ratios used by us are as follows: (Ar*’/Ar”)c.=<5x 10~ (Dalrymple and Lanphere,
1971); (Ar*/Ar*®)x =(6+2)x 10" (Dalrymple and Lanphere, 1971; Mitchell, 1968); (Ar**/Ar**)x =
(1.8+0.6) X107 (from our data on terrestrial samples with high K/Ca ratios).

The CI’’(n, yB)Ar*® reaction is only significant in lunar samples with relatively high ClI content and
low exposure age. From our data on rock 61016 we obtain an upper limit of 3x 107> cm’® STP Ar*®/g
and ppm ClI for a fluence of 10'® cm™ under the irradiation conditions used in this work.

Decay of Ar’” and Ar*” during and after irradiation was corrected for, using Ay, =0.0203 day™' and
Aso=7.2%10"*day™". The concentrations of Ar*® and Ar”’ and the Ar***/Ar**+ and Ar.s/Ar* ratios were
evaluated by comparison with the respective Ni activities and the hornblende monitors. For calculat-
ing Ar’-Ar* ages and exposure ages the following correction parameters were used: (Ar*/Ar®),, =
0.65x0.1; (Ar*°/Ar’®),,=0.2+0.1; (Ar*/Ar®), =5.32+0.15. The following (Ar*’/Ar*®), ratios, derived
from soil investigations of the respective landing sites, were used: 135 for Apollo 11;1+0.7 for Apollo
12; 1.4=0.5 for Apollo 14; 1.1x0.5 for Apollo 15; 1.2+0.8 for Apollo 16; 1 for Apollo 17. An “apparent
Ar/K age’ was calculated for each temperature step, using A =5.305x107° y™', A,=0.585x10"" y~*,
and K*/K =0.0119 mole percent.

Symbols used in this paper:
Ar*=: Ar* produced in situ by radioactive decay of K*.
Ar*s: Ar” produced by K*(n, p).
Index sp: produced by spallation.
Index tr: trapped component.
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ABSOLUTE CALIBRATION

For the absolute calibration of the Ar*~Ar* method a well dated standard is required. The way in
which we have calibrated our primary standard, the hornblende CC 27 is shown in Table 1. For the
sake of simplicity Ar**+/K* data are expressed in terms of K-Ar ages using the decay constants given
above. The first line gives the K—Ar age of hornblende CC 27 determined by K and Ar isotope dilution.
In addition aliquots of CC 27 were irradiated in three different irradiation series together with various
standard samples. Comparison of the Ar*’*/Ar*’s ratios obtained by total extraction from these stan-
dard samples with those obtained from CC 27 allowed calculation of a K-Ar age for CC 27 using the
known K-Ar ages of the standards (third column in Table 1). The average for each series was derived
by weighting the data obtained from the different standards with the inverse of the respective error. It
is seen in Table 1 that the four independent K-Ar ages derived for hornblende CC 27 are in excellent
agreement. We shall use in this paper

(2650+25)x 10° yr

for the age of this hornblende standard. The error of +25 X 10° yr is included in the errors given for the
ages of the lunar samples. The error of the standard does not include uncertainties in the decay
constants or isotopic abundance of K*.

REsuULTS

The investigated lunar samples are characterized in Table 2. The descriptions
given are necessarily brief and simplified. More complete descriptions can be
found in the literature referenced in the Table.

The results of the Ar’~Ar® investigations and the other relevant isotope data
obtained by stepwise heating are given in Table 3. Each temperature step, includ-
ing rise-time, lasted 1 hour. The errors were calculated by quadratically adding the
3 fold standard deviation of the measured ratio; errors due to blank, mass dis-
crimination and non-linearity of the amplifier system; the uncertainties of interfer-
ence corrections; and, in the case of the apparent age, the uncertainty of the K-Ar
age of the CC 27 standard. Not included are errors due to uncertainties in the
decay constants or isotopic abundance of K*.

Table 4 summarizes the Ar®-Ar* ages, exposure ages, and Ca and K concen-
trations of the investigated samples. High temperature plateau ages are given if
they were observed. For those samples which show a decrease in the apparent
K-Ar age at high temperature an “‘intermediate temperature age” is given. Some-
times the distinction between these two cases is somewhat arbitrary.

Table 4 includes four duplicate analysis of rocks with high temperature
plateaus. The average deviation of the duplicate age determinations is less than
+0.5%. This shows the inherent reproducibility of our measurements. The
age errors given in Table 4 are higher because they represent two to three
standard deviations and they also include the age uncertainty of our CC 27
standard.

The exposure ages given in Table 4 were determined in the following way: The
Ca and K concentrations in the sample were derived from Ar* and Ar*® by
comparison with the CC 27 standard, Fe and Ti concentrations were taken from
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Table 3. Results from stepwise heating of neutron activated samples.

Approxi-
mate
temper- Ar* Ar® Ar”’ Ar'®s Apparent
ature Ar®x Are Ar Ars Arcs Age (108yr)
4 (10~®cm?g) (x107%
10071 Totalrock (55.5 mg)
400 13+5 308 £ 12 — 0.40 =0.40 18.3£8.0 570+ 120
600 1815+90 485.5+8.0 8.45+0.30 1.65+=0.080 147.3+3.0 253525
800 2410120 184.7+2.5 8.70+0.20 4.65+0.20 257.5+5.0 3365+35
1000 2100110 152.8+£2.5 8.30£0.35 11.90+0.60 278.5+7.0 350045
1150 50030 32.58+0.35 8.40+=0.35 110.3+3.0 243.5+12.0 3280+80
1500 370x30 29.4+1.6 8.85+0.30 178.1%5.5 295+20 3580 +90
Total 7200 123.5 8.5 18.3 216.5 3000
10071 Ilmenite concentrate CA-2 (19.0 mg)
550 123+15 435+70 6.90+0.40 2.10+0.40 81.0+£8.0 2170+130
650 460 =25 1015 =40 12.900.90 0.60+0.10 1159+1.2 266530
700 615+30 116045 27.7x3.5 0.300x0.050 161.03.0 314040
750 84040 680+ 25 8.55+40.30 1.80+0.10 190.2+3.0 340035
800 357+20 730+30 8.10+0.30 2.88+0.20 203.8+3.0 351035
890 452 +25 470+20 8.07+0.30 6.24+0.30 201.8+3.0  3495+35
990 31015 94+4.0 15.6+0.60 15.40+0.55 146.8+3.0 3000+40
1600 147 =10 12.0+1.0 30.0x£1.2 76.7x2.3 180.0-8.0 332065
Total 3300 168.5 21.1 6.2 160.0 3110
10071 Feldspar concentrate CA-4 (15.1 mg)
600 456 +45 665 =45 20.3+2.5 0.43+0.07 86.0+9.0 2250x140
750 2320 =120 798+ 30 5.90+0.20 2.60+0.13 143.5+2.5 2975%35
810 4100 200 36115 5.21£0.15 9.40+0.50 191.5+3.0 342035
860 2920 +150 270=10 5.00£0.15 18.10+0.80 209.5+3.0 3560+35
910 875 45 278+ 10 5.00+0.20 20.20 +0.80 211.0+3.5 3570+40
1020 2420 =120 26310 5.15+0.20 21.35+0.90 201.2+3.5 349535
1600 765 =40 154.0+=8.0 5.10+0.20 37.4+1.1 212.0+x7.0 358050
Total 13860 321.5 52 12.7 181.0 3330
10071 Feldspar concentrate CA-6 (9.7 mg)
550 320+35 50035 4.46 +0.40 1.16x0.11 106.2+11.0 2540150
730 6230310 648 +25 5.75+0.30 3.50+0.14 158.0+3.5 3125+40
790 1330 £65 39116 5.00+0.20 9.90+0.30 205.0£3.0 353035
840 125065 304 =12 5.10+0.20 13.30£0.40 206.5+3.0 354035
900 1065 =55 299+ 12 5.12x0.20 15.50 +0.50 209.2+3.5 356040
1020 2710 =140 265+10 5.25+0.20 18.55+0.55 195.0+3.0  3450+35
1600 850 +45 83.0+4.0 5.28+0.20 64.1+1.9 200.0x=7.5 3490 = 60
Total 13770 330.0 5.3 11.4 175.8 3290
12051.11 (50.7 mg)
500 83.5+5.0 298 +12 3.31+0.16 10.05+0.70 133.5+8.0 253075
730 21313 280.5+6.0 3.40£0.10 25.4+1.5 194.0+9.0 307070
810 133.0+8.0 251.0x7.0 3.50+0.10 34.2+1.7 210.5+=10 3200+60
870 186 =11 213.5+£4.5 3.50+0.10 40.7x£2.0 208.5=10 3180 =60
900 18411 218.5+6.0 3.50+0.10 408+1.6 212.0£8.5 3210+50
980 262+ 16 205.7+3.0 3.45+0.10 409+1.4 201.5+6.0 3130+45
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Table 3. (continued).

Approxi-
mate
temper- Ar# Ard Ar”’ Ar*%s Apparent
ature Ar*ox Ar® Ar¥? Arx Arx Age (108 yr)
°C) (10%cm?/g) (X1073
1120 243 +15 39.20£0.60 3.81+0.13 196.0+6.0 197.5+6.0 3100 =40
1310 83.0+8.0 19.50+0.90 5.00+0.15 43020 215.0+15.0 3230=*115
Total 1390 95.5 4.04 80.3 194.7 3075
12051.11 (59.0 mg)
550 59.0+6.0 277.0x=8.0 3.82+0.30 8.70+0.80 78.5+8.0 1700 =90
650 207 =12 294.5+4.5 3.91%+0.15 21.30+0.50 195.0%=4.5 2895 =35
800 333+20 249.2+3.5 3.80+0.13 34.35+0.80 231.3+3.5 315040
900 313+18 228.0x+3.5 3.74+0.11 40.7=1.0 235.5+4.5 318040
1000 370 +£25 191.7x2.5 3.89+0.12 44.7+1.1 228 +14 313090
1330 255+15 73.20+1.50 4.170£0.090 117.0=3.0 233+10 3160 =70
Total 1535 170.0 4.05 45.6 210.7 3010
12008 (55.9mg)
550 54.5+9.0 710100 0.65+0.13 23.3+4.5 174 =35 4030 =330
650 87.5+x5.0 695 =50 0.720+0.080 26.0+2.5 179+ 18 4080 =170
700 72.5+4.5 63050 0.555+0.045 26.3+2.5 181 +18 4100 =170
750 180.5+9.0 550%25 0.480+0.030 27.1=1.1 164.5+6.0 3935 =60
850 244 +13 660 =35 0.511+0.016 27.75+0.80 114.5x2.5 335040
940 30017 62540 0.493 +=0.015 33.1+=1.0 92.2+1.4 3020 =35
1050 217+13 21010 0.486 +0.015 90.3£2.5 72.5+1.5 2665 =40
1190 136.5+8.0 134.0x=7.0 0.478 = 0.020 165.0=7.0 75.0x2.5 2715+ 60
1600 23520 198 =10 0.522+0.016 126.5+5.0 96.5+4.5 309070
Total 1530 321.5 0.496 74.0 102.3 3180
12008 (43.9 mg)
550 66 =10 675+=70 0.48+0.10 25.5+£5.0 185+35 3760 =320
750 33020 535+50 0.560=0.030 27.6x1.4 189+7.0 3795+ 60
850 243 +13 53725 0.565%=0.035 20.7x1.2 145.5+4.5 3370 =50
930 30316 595 =30 0.548 =0.020 347+1.3 115.5+1.8 3015+35
1000 175+10 340+ 17 0.562 +0.017 67.4+2.0 86.8+1.7 2600+ 40
1100 260+ 14 157.0£8.0 0.552+0.017 134.0+4.0 94.4+1.8 2720+ 40
1240 119.0+7.0 172.5x7.0 0.627 =0.020 134.5x4.5 96.7 +3.0 2755=50
1600 108 10 213.0+8.0 0.601 :0.018 129.5+8.0 122.5+6.0 310580
Total 1600 317.5 0.572 74.0 120.8 3085
12009 (51.3 mg)
550 64+12 116 =12 2.70+=0.60 23.5+4.5 165 =30 3960 = 300
700 308 20 91.3+3.5 1.74+0.14 23.8x1.6 146.0=8.0 3765 =90
800 146 =10 60.1+1.2 1.625+0.050 249+1.0 134.7x3.5 363550
900 293 +18 64.1+1.2 1.650 +=0.050 36.0+1.1 114.5+2.5 338040
1000 237+ 14 82.5+1.6 1.635+0.050 62.0%+2.0 89.2+1.8 2995 +40
1100 292+18 47.2+1.0 1.600 =0.045 152.0+4.5 83.4x1.7 2895+40
1250 112.5+8.0 573+1.1 1.680 =0.045 136.0x4.5 91.3+3.0 3030+ 50
1600 82.5+8.0 81.0x5.0 1.680 +=0.040 127+1.0 13011 3570 +=130
Total 1540 67.0 1.63 79.4 108.3 3290
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Table 3. (continued).

Approxi-
mate
temper- Ar® Arg; Ar*’ Ar® arent
ature Ar%, Ar’® Ar” Ar®x Ar®x A[;tr:l()loG yr)
“C) (108 cm?®g) (xX107%
12009 (47.5mg)
550 7114 340+ 40 2.20+0.45 34.0x1.0 170+35 3650 340
700 17114 174+ 10 1.74 +0.14 22.5+2.0 154.0=8.0 3490 + 80
810 281+17 151.5+4.5 1.860 = 0.060 259+1.0 160.0+3.5 3550 =45
910 234+14 179.0+4.5 1.840 % 0.060 36.2+1.2 141.2+3.0 3350 =40
1000 185+ 11 159+ 16 1.870 =0.060 544+1.8 107.3+2.0 2930 =40
1100 42520 70.2%+20 1.810=0.050 125.5+4.5 105.5+2.0 2905 + 40
1240 152.0%+9.0 56.9+1.2 1.865 =0.050 148.0+=5.0 101.0+3.0 2840 + 50
1620 51.0x6.0 84.5+3.5 1.860 =0.060 141.0+9.0 140+ 14 3330 = 160
Total 1570 106.0 1.83 81.2 125.1 3165
12018 (49.7mg)
500 5.5+2.5 49.53-8.0 1.66 +=0.35 7.5+1.5 11.00x=1.60 615380
650 18.2+1.6 150.0+=8.0 1.97=0.16 7.20=0.60 11.65+0.45 645+20
800 45.6+2.5 75.5%+9.0 1.885 +0.080 20.60 =0.80 16.80 £0.40 875+20
920 62.3+3.5 4.4+13 1.8350.060 38.0+1.3 20.25+0.45 1015=x=25
990 74.1x45 75.5+35 1.820=0.060 450x1.7 41.5=+1.1 1695 =35
1100 99+6.0 50.1+=1.0 2.030*=0.060 120.7 4.5 82.5+2.0 2565 +45
1600 119+10 18.3+1.0 2.120+0.050 440 =30 110.0=7.0 2980 +=90
Total 420 36.0 2.02 74.7 35.5 1530
12018 (49.2 mg)
500 52+25 49.5+5.0 1.80=0.35 7.3+1.5 10.9+1.7 670 =90
700 49.0+3.5 90.3+9.0 1.73+0.17 13.50+0.80 13.45+0.35 795 %25
800 24.1x1.5 44.3=+2.5 1.71x0.16 30.5+1.1 15.00+0.40 870 =25
890 63.0+4.0 41.7x12 1.785=0.070 43.1+1.3 20.85+0.50 1125=30
1000 57.0x3.5 73.5x2.2 1.835 +0.060 50.2+1.7 45.7+1.3 1930+ 40
1090 58.3x3.5 458+1.0 2.000=0.060 131.8+4.5 81.2x25 2695 =45
1250 77.0+6.0 14.80 = 0.45 2.035=0.060 488 =30 94.0+2.5 2910 +=45
1600 52+14 29.30+0.90 2.095+0.06 41445 164 £25 3770 = 260
Total 385 33.0 1.96 77.3 32.5 1545
14053.24 (93.7 mg)
500 20020 1215 +40 0.360 =0.040 6.20+0.20 64.5+6.0 2430 + 120
650 1415 =65 120516 0.197 +£0.006 16.45+0.35 162.8+2.5 3830+30
810 83040 1465+ 15 0.191=0.011 32.35+0.70 178.7+3.5 3980 + 50
910 765 =35 1835+30 0.198 +=0.006 40.10+=0.80 178.5*3.5 3980 + 40
960 45020 2100 =60 0.236+0.012 35.30+0.70 176.0 =3.5 3960 + 40
1060 445 +20 752.0+8.0 0.252%£0.006 81.0+1.2 166.5+2.5 3870 =30
1150 177.0+9.0 288.7+2.5 0.201 +0.006 312.0=8.0 173.0+4.5 3940+ 50
1560 127.0£6.0 386+ 12 0.196 +=0.004 241.5+5.0 156.2+3.0 3770 =90
Total 4400 1110 0.212 47.1 159.0 3795
14053.24 (69.1 mg)
500 58+12 420 =60 1.90 +=0.60 10.5*2.5 165 +45 1800 = 350
780 1360 =70 1400 = 100 0.72020.030 279%+1.0 608 20 3650 =60
840 710x35 1235+ 50 0.675+0.050 403=x1.4 707 =25 3890 =70
910 515+30 1430 = 140 0.695 +0.035 45+16 719 +£25 392070
960 605 +=30 1800 = 250 0.695£+0.030 43.6+1.3 732+25 3950+ 60
1050 765 +40 1800 =130 0.760 +=0.025 494+1.6 735+20 3950 =50
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Table 3. (continued).
Approxi-
mate
temper- Ar* Ar® Ar¥ Ar*s  Apparent
ature Ars Ar3® Ar? Ar®®x Ar¥x  Age(10%yr)
O (10" cm?g) (x107%)
1170 270 =20 460 £ 25 0.720=0.025 227+ 14 T15+45 3900 + 120
1370 275+20 52025 0.700=0.020 308 =18 740 =45 3960 = 120
1570 80+15 780+ 120 0.710=0.035 30030 710100 3900200
Total 4640 1130 0.72 65.3 658 3775
14310.127 (37.7 mg) -
400 190 =20 1545 +45 10.10x=0.90 3.10+=0.35 315+30 2700 =130
650 3150 =310 1300130 — 8.05+0.80 480 =50 3330170
720 3080 + 140 117718 7.60 =0.30 9.55+0.30 573+17 3620 =40
800 3550 += 180 1038+ 16 7.70+0.30 11.40=0.35 625 20 3750 += 50
890 5040 =250 1080+ 12 7.90+0.30 12.70 +0.45 672+20 3880 =60
1010 2780 = 140 778 =10 7.60 +=0.30 11.20+0.40 583+12 3640 = 40
1230 740 =40 193.5+2.0 7.75+0.30 443+1.3 53015 3500 =45
1600 270+ 15 186.0+3.5 7.75+0.30 58.8+6.0 42040 3130160
Total 18800 760.0 6.78 12.8 578 3630
15076.10 (92.9 mg)
650 113.0£5.5 20.50+0.25 2.90+=0.20 19.10%=0.90 103.3%=1.3 322020
760 196 + 10 64.80+0.60 2.95+0.13 250=x1.0 115.50+0.70 337535
890 36618 70.75+0.60 2.820+0.090 48+1.3 116.7x2.0 3400 =30
1000 290+ 14 87.45+0.90 2.915+0.090 458*+1.4 1143=*+1.3 3355+35
1100 175.5+9.0 33.60+=0.30 3.18+0.13 141.0x5.5 112.2%3.5 3345+50
1260 100.0+5.0 14.035+0.090 3.11+0.10 389+12 112.4+4.0 3350 £ 60
1600 104.5+5.0 13.67+0.15 3.07+0.10 400+ 15 110.5+4.5 3325+70
Total 1355 36.3 3.05 106.0 113.4 3345
15459.32 Basaltic clast (89.9 mg)
500 19.2+1.0 129.0x3.5 2.905 +0.080 10.60 +=0.80 48.0x2.5 213050
650 73.2%x3.5 121.1x1.7 3.60+£0.22 23.9+2.5 96.0 8.0 3100+ 120
750 525+25 164.3+1.7 3.80=0.10 118.5+7.0 109.6+1.4 3310+35
880 229 +10 68.90+=0.80 3.940 #-0.080 115.0+9.0 111.5=4.0 3335+ 60
990 50.1x2.5 41.70+0.35 4.10+x0.12 38.0+4.0 105.0+7.0 3240 = 100
1090 42.1+1.9 17.13+0.20 4.42+0.14 79.0%6.0 100.5+4.5 317570
1250 21.10+0.90 3.055+0.070 6.71+0.18 160 =23 85.0+8.0 2920 = 140
1600 99.0+4.5 1.91%=0.11 4.61+0.13 364 +22 84.5+2.5 2915+45
Total 1060 4?2.7 4.70 89.2 102.5 3200
15415.10 Anorthosite (163.0 mg)
780 35.2=%2.1 12.80=0.25 1.900 = 0.060 612+35 181.7+17.5 2760 =+ 55
870 117.0x6.0 35.50=0.70 1.930+0.043 665+ 20 349.8+7.0 3770 =40
950 93.0 4.5 43.20+=0.80 1.945 +£0.045 642+ 18 381.5+9.5 3920 + 50
1050 559+30 42.90+0.90 1.940 +0.050 605 + 18 363.0=7.0 3835+40
1140 51.9+2.5 443+1.0 1.930+0.050 615+18 365.0+9.0 3845 +50
1240 37.4+20 41.9=+1.1 1.930 +0.050 70020 378 x13 390570
1330 62.1+3.0 46.6 +1.1 1.950 +0.050 635+19 373.5%+9.0 3880 + 50
1560 91.4+5.5 50.0*1.5 1.935+0.045 625+19 401 =12 4000 =60
Total 545 36.7 1.93 637 350 3775
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Table 3. (continued).

Approxi-
mate
temper- Ardo Ar2 A Ari« Apparent
ature Artx Ar3® Ar¥ Ar®dx Ar®x Age (10¢yr)
°C) (108 cm?g) (X107%
15415.10 Anorthosite (105.3 mg)
800 24.5+2.5 18.30+0.60 1.635+0.050 551+15 121.5x4.5 240050
880 84.0+4.5 36.80=0.90 1.690 =0.040 65520 271+10 3595 +65
960 111.5+5.5 45.1+1.4 1.700 £0.045 63720 32110 387070
1060 62.0+3.5 46.80 =0.90 1.705+£0.045 660 =+ 20 346 =12 3995 +70
1130 68.0+4.0 46.65+=0.90 1.705+0.040 657 =20 343+12 3980+ 70
1230 42.0+4.0 40.6+=1.9 1.740+0.050 736 +=30 340 +25 3960 = 140
1340 55.0+5.5 449+1.7 1.740 +=0.050 671x25 34120 3970120
1600 90 =18 47.0+4.5 1.61+0.16 650 =65 350+35 4010200
Total 545 40.1 1.710 646 337 3950
15418.50 (192.1 mg)
500 2.10%0.30 57.3%+3.0 2.10+0.25 48.5+5.5 36.0=4.0 1780+ 100
950 8.100.40 12.82+0.20 2.035+0.060 22012 38.8+2.0 1870+ 50
1080 9.90 =0.40 6.67+0.10 2.090 +=0.040 1130x45 103.0+4.0  3215+65
1200 49.5+2.5 6.17+0.12 2.120+0.040 1360 £ 40 137.7+x4.5 367555
1270 49325 11.50 +=0.35 2.095 +=0.040 1075+ 25 171.8+4.0  4035+50
1340 60.3+3.0 11.97+0.25 2.085=0.040 1050+ 30 173.0=5.0  4050=*55
1440 58.7x2.5 12.62+0.30 2.070 £0.050 945 +20 163.0+4.0 395045
1600 9.10+0.60 14.75+0.25 2.040 +0.070 720110 14425 3750 =300
Total 246.0 9.85 2.090 958 115.1 3385
15382.9 Crystalline KREEP fragment (7.43 mg)
550 445 +25 960 = 80 6.15+1.20 1.05+0.20 50.0+1.8 2085+40
650 112050 1055 =60 5.20+0.25 1.12+0.35 86.0x1.7 2825=30
760 4020 = 180 646+ 12 2.67+0.20 3.320+0.070 139.4+1.6  3565+35
870 167580 53115 2.39+0.19 9.03+0.16 166.0+3.0  3850+35
970 1845100 468 = 11 2.245 +0.060 17.70+0.40 171.0+4.0 389550
1230 1225 +60 224.0+8.0 2.210£0.070 339+1.0 166.0+4.5 385050
1340 2145+110 915+30 2.200+0.070 9.13x0.25 143.3+3.5  3610+45
1570 25.0+5.0 600 = 120 6.5+2.9 0.83+0.20 5012 2080 =240
Total 12500 550 2.41 8.23 133.0 3505
61016.4 (94.2 mg)
500 10.2+1.3 45925 7.6x1.5 3.40x0.45 35.5+4.5 1600+ 110
650 29.8+1.8 63.2+2.5 2.57+0.11 3.03x0.12 42.20+0.80 180020
810 274+ 14 181.5+3.5 0.900+0.012 3.760 = 0.040 92.45+0.70 284030
900 334+18 447.0*8.0 0.460+=0.070 10.560 = 0.040 138.8 1.1 3460 +40
1050 137.0+7.0 29.60+0.40 0.101+0.010 117.7x1.5 130.5+2.5 3360+40
1160 192.0+9.0 450+ 16 0.066 +0.002 141.8=1.7 148.5+1.9  3570+40
1300 755 +45 5800 =+ 350 0.026 =0.001 198.0+2.0 156.5+2.0  3650+40
1600 41.0+3.5 5500 == 1000 0.007 £0.001 460+ 11 157 =11 3660 = 140
Total 1775 216.2 0.060 103.0 128.5 3340
6841549 (162.6 mg)
650 109.5+5.0 576.5+4.5 0.900+0.020 39.20+0.35 165.8+1.5 2970=+30
800 603 =30 308.6=1.6 1.260 +0.009 90.30+0.60 252.4+1.7 3630*=40
900 440 £ 25 137.8=1.1 1.365+0.015 218.3*+1.5 281.8+1.7 3800x4n
1120 138.0+7.0 78.75£0.50 1.418+0.013 231.8+3.0 246.0+2.5 358040
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Table 3. (continued).

Approxi-
mate
temper- Ar* Arg Ar¥? Arts Apparent
ature Ar'x Ar Ar® Ar¥s Ar®: Age (106 yr)
O (10~%cm?/g) (X107%
1310 275+15 95.40 = 0.80 1.440 +0.010 281.5+2.0 271.0£2.0 3740+40
1600 51.5+3.0 88.0+2.5 1.423+0.014 315.5+7.0 266.5+8.0 3710*70
Total 1620 153.0 1.362 164.9 251.9 3620
70035.6 (116.1 mg)
500 30.5+3.0 125+ 14 5.1%£3.0 3.45%0.70 97+10 1600+ 110
670 6.5+5.0 590 +50 3.6x1.1 2.89+0.12 161.05.0  2205+45
770 25118 1220 = 60 2.64+0.11 8.62+0.25 348.0+7.0  3315x50
850 370+25 1140 =45 2.50 £0.10 20.55+0.60 443.5+8.0  3705=50
960 27720 65025 2.45+0.10 39.3+1.2 468.5+8.0  3790+45
1060 239+17 362+ 14 2.615+0.080 62.7+19 44615  3710+60
1250 15911 37315 3.095 == 0.080 564+ 17 428+11 3645 =50
1600 136 =10 64.0+3.0 3.220+0.080 33712 4714  3715+60
Total 1530 182.0 3.02 96.5 374 3430

70035.6 (216.8 mg)

500 14.0+2.0 21042 1.95+0.25 5.70+0.90 91.5+9.0 1540 =110
670 438+3.0 83040 2.30+0.25 7.85+0.30 181.5+8.0 2370x50
780 266 =19 724 +30 2.425+0.070 30.5+1.0 403.5+8.0 355045
870 206 +15 43217 2.415+0.060 65.5x2.0 472+10 381045
950 152+11 332+13 2.415+0.060 84.5x2.5 471.5+8.0 3805+40
1060 152=*11 271=10 2.555+0.080 95.3+3.5 45112 373050
1250 87.5x6.0 T 41.0=*1.6 3.070=0.070 533+ 16 438.5+9.0 368545
1600 158 =11 42.4+1.7 3.110=0.080 523+18 444.0+=8.0 3705*=40
Total 1080 137.5 2.92 149 399 3535
Symbols used:

Ar*: Ar®in sample, corrected for Ar* produced in reactor.
Ar*%: Ar* produced by in situ radioactive decay of K*
Ar’’+; Ar*® produced by K*(n, p)

Ar%: Ar®in sample produced by spallation.

Ar®”: Ar¥produced in reactor

Ar®%: Ar®®in sample, corrected for Ar® produced in reactor.

the literature, and then the exposure age was calculated from (cf. Eberhardt et al.,
1972a)

38

L= P (CatK)+ PrTi+ Pr.Fe
using
PCa = 1.4 10—8 Cm3 STP 28
Px=0.16 ™
i El t) 10
P..—0.06 g (Element) y

The exposure age can also be calculated from the Ar:/Ar” release curve
(Turner et al., 1972). In this case one sample with known exposure age (e.g., Kr®'
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Table 4. Ar*-Ar* ages, exposure ages, and calcium and potassium concentrations of lunar rocks. It
should be noted that Ca and K concentrations refer to the investigated samples and may not be
exactly representative for the rock as a whole.

Age, High Intermediate Ar3 Exposure
Temp. Plateau Temp. Age Age Ca K

Sample (10°yr) (10°yr) (108 yr) (%) ppm
10071.30 Total (3.47+0.11) — 425 7.5 2300
10071.30 CA 2Iim. — (3.50+0.07) 340 1.2 1020
10071.30 CA 4 Plag. 3.53+0.06 — 360 9.1 3800
10071.30 CA 6 Plag. 3.49+0.08 — 380 8.1 3720
12051.11 * 3.16+0.05 — 205 7.3 450
12051.11  * 3.15%+0.07 — 205 7.3 480
12008.10  * — 3.18£0.071 50 7.4 520
12008.10 * — 3.09+0.07t 50 6.9 470
12009.39  * — 3.29+£0.07t 160 7.5 480
12009.39  * — 3.17+£0.07% 140 8.4 530
12018.36  * — — 170 6.6 450
12018.36  * — — 180 6.3 410
14053.24 * 3.93+0.06 — 25 8.0 900
14053.24 * 3.94+0.04 — 23 8.3 920
14310.127 — 3.88£0.06 250 8.5 4000
15415.10 * (3.99%0.06) — 100 14.1 115
15415.10 * (3.91+0.10) — 100 14.0 115
15418.50 (3.990.07) 4.04+0.06 250 11.1 55
15382.9 — 3.90=0.05 230 5.1 3200
15076.10 3.35+£0.04 — 330 7.6 365
15459.32 — 3.33£0.06 520 5.5 315
61016.4 (3.65+0.04) — <7 10.6 580
68415.49 (3.70=0.10) 3.80+0.04 90 11.5 370
70035.6 * 3.72+0.07 — 100 7.4 390
70035.6 * 3.75+0.07 e 95 7.6 260

*Independent determinations.
tTotal Ar¥®*-Ar+ ages.

Values in parentheses: Corresponding plateau not very well defined, see Table 3 and appropriate
Figure.

age) must be analysed for absolute calibration. Good agreement was found be-
tween the exposure ages calculated by the two methods.

An exposure age calculated from Ar*® can be affected by the production of Ar*®
from CI” in the pile irradiation. With their low chlorine contents and relatively
high exposure ages this effect is negligible in most lunar rocks under the irradia-
tion conditions used in this work. However, in rock 61016 a large fraction of the
Ar* observed after irradiation is probably due to pile-neutron capture by CI”,
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because this rock has a low exposure age (T.=<7x 10° y) and a high chlorine con-
tent (320 ppm, Jovanovic and Reed, 1973).

There is in fact evidence for neutron produced Ar*® in the argon isotope obser-
vations: (1) The strong decrease of the Ariy/Ar” ratio in the release curve (Fig. 1)
has not been observed for any other rock. Since a large portion of the chlorine in
rock 61016 is leachable (Jovanovic and Reed, 1973), it is plausible that neutron
produced Ar™® is earlier released than Ar*® produced by spallation of Ca, Ti, and
Fe. (2) In the temperature step at 1300°C argon is released with an uncorrected
Ar’*/Ar*® ratio of 0.39. Such a low ratio does not result from spallation, i.e., an
excess of Ar’® produced by pile-neutrons is indicated. We intend to measure the
CF’(n, yB)Ar*® production rate under our irradiation conditions by introducing
high-chlorine standards.

DISCUSSION

Comparison with other age determinations

In Table 5 we compare our Ar’-Ar® results with Ar’-Ar* ages and Rb-Sr
ages of the same rocks published by other authors. The agreement among the

*_Ar* ages is very good, perhaps with the following exceptions: Our two high
temperature plateau ages of rock 12051 (Fig. 2) obtained from two different irradi-
ation series are lower than the age reported by Turner (1971) and Alexander et al.
(1972). In the case of rock 14310 our temperature release curve (Fig. 3) is in
quantitative agreement with those of other authors, except Husain et al. (1972),
who find a somewhat lower age.

"ArggyAr” Argg /Ar37
(61016) | (15415)
—— 20
5F | ]
415
10 F — 61016.4
———= 15415.10
5| (163.0 mg)
o} —
1 ']

0 05 10
FRACTION OF Ar3%RELEASED

Fig. 1. Arli/Ar” release curves of two lunar rock samples. For the anorthosite 15415 the

Ar**/Ar” ratio is constant in the whole temperature range, because in this rock virtually

all the Ar:® is produced from calcium, as is Ar’’. Rock 61016 has a high chlorine content

and a low exposure age. Thus, Ar*® produced by pile-neutrons from CI”’ cannot be

neglected for this rock, and the contribution of neutron produced Ar*® to “Ark” is
probably responsible for the unusual release curve.
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Table 5. Comparison of Ar®*-~Ar* ages obtained in this work with Ar®*-Ar* ages
and internal isochron Rb-Sr ages of the same rocks published by other authors.

Ar®-Ar* Age

High or Intermediate Ar¥®-Ar? Age
Temp. High or Intermediate
This work Temp. Rb-Sr-Age
Sample (10° yr) (10°yr) (10°yr)
10071 (3.47+0.11) 3.68=0.02 (11)
Plag. 3.51%+0.06

12051 3.160.05 3.27+£0.05 (1) 3.26x=0.10 (11)

3.29+0.06 (2) 3.58=0.30 (12)
14053 3.94+0.04 3.94+0.05 (3) 3.96x0.04 (13)

Plag. 3.95+0.05 (3)
3.92:0.08 (4)
14310 3.88+0.06 3.89£0.04 (3) 3.87=0.04 (13)
3.78£0.03 (4) 3.93+0.04 (14)
3.91+0.05 (5) 3.93+0.06 (15)
Plag. 3.8720.05 (6) 3.84=0.04 (16)

15415 (3.95+0.07) 4.09=0.19 (4)
4.05=0.15 (7)
15382 3.90+0.05 3.89+0.04 (8)
15076 3.35+£0.04 3.35+0.15 (9) 3.33+0.08 (20)
68415 3.80+0.04 3.83+0.10 (9) 3.84=x0.01 (17)
3.82+0.04 (10)
70035 3.74+0.07 3.81=0.20 (18)
3.83+0.10 (19)
3.82+0.06 (21)
(1) Turner, 1971. (13) Papanastassiou and Wasserburg,
(2) Alexanderetal., 1972. 1971a.
(3) Turner et al., 1971. (14) Compston et al., 1972.
(4) Husain et al., 1972. (15) Murthy et al., 1972.
(5) York et al., 1972. (16) Tatsumoto et al., 1972.
(6) Turner et al., 1972. (17) Papanastassiou and Wasserburg,
(7) Turner, 1972. 1972.
(8) Turner et al., 1973. (18) Nyquist et al., 1973.
(9) Kirsten et al., 1973. (19) Chappel et al., 1973.
(10) Huneke et al., 1973. (20) Papanastassiou and Wasserburg,
(11) Papanastassiou and Wasserburg, 1972a.
1971. (21) Murthy et al., 1973.

(12) Compston et al., 1971.

It has been established for some time (Turner, 1970; Papanastassiou and Was-
serburg, 1971) that there is good agreement between internal isochron Rb-Sr ages
and Ar’-Ar* ages, if the latter are deriveed from a well developed high tempera-
ture plateau. This observation is remarkable in two ways: (1) Uncertainties in the
decay constants of Rb* and K* are not even included in the errors given for the
ages. (2) The internal isochron Rb-Sr age defines the time at which the investi-
gated rock minerals separated from an isotopically mixed reservoir and became a
closed system with respect to Rb and Sr. The Ar”~-Ar* high temperature plateau
age determines the time of the last complete loss of Ar from the investigated ma-
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Fig. 2. Ar*-Ar* release curve of four basaltic rocks from the Apollo 12 landing site. The

two independently determined release patterns are in good agreement in all cases. The

release curve obtained for 12051 is typical for crystalline mare rocks. 12018 shows an

Ar* loss higher than hitherto observed for mare basalts. 12008 and 12009 give unusual

release curves. These two rocks are very similar in structure, they contain 65 to 80
percent glass.
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Fig. 3. Ar’-Ar* release curves of two Fra Mauro rocks. 14310 is recrystallized and its

apparent K-Ar age shows the decrease at high temperature typical for such rocks. The

chemical composition of 14053 is between those of mare basalts and KREEP, unusual
for rocks of its location and age.
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terial. In spite of this difference in definition the two ages usually agree very well
for crystalline mare basalts, in accordance with the indicated simple history of
these rocks. This concordance of the Rb-Sr and Ar’-Ar* ages underlines the
basic validity of the ages derived from the two methods. As shown in Table 5, our

*_Ar* results agree within the limits of error with Rb-Sr ages published for the
same rocks, except for the mare basalt 10071 where even in the separated
feldspars we find an age younger than that obtained by Papanastassiou and Was-
serburg (1971) with the Rb-Sr method.

Ages of separated minerals

Turner et al. (1972) were the first to investigate the Ar*-Ar* release curves of
minerals separated from lunar rocks. They found that plagioclases give high tem-
perature plateaus even in those rocks which show a maximum Ar*%/Ar*’x ratio at
intermediate temperatures. In these cases the “intermediate temperature age’ of
the whole rock agrees approximately with the plagioclase high temperature age. It
is for this reason that we may use in our discussion not only the high temperature
plateau ages, but also the intermediate temperature maxima of the release curves.
Recently, Huneke et al. (1973) found an exception to the rule of feldspars giving
flat high temperature plateaus. For feldspar separated from rock 68415 they
found a plateau at 4.09 AE with a steep rise to 4.51 AE at the highest temperature.
It cannot yet be decided whether this observation is due to some redistribution
mechanism or whether the high age value represents the original age of a strongly
outgassed rock or rock component. For the whole rock 68415 we obtained an

°~Ar* release curve (Fig. 4) which is virtually identical with the one given by
Huneke et al. (1973).

We have investigated the Ar*-Ar* release curves of a whole rock sample and
separated minerals of mare basalt 10071 (Fig. 5). The mineral separates were ali-
quots of samples investigated by Eberhardt et al. (1972a), who describe separation
procedures and purity of these separates. While the whole rock gives only a
poorly developed plateau, the feldspar samples CA-4 (2.46<p<2.91; >90%
feldspar) and CA-6 (2.91 < p <2.99; >80% feldspar) give good high temperature
plateaus at 3.53+0.06 AE and 3.49+0.08 AE respectively. The drop at high tem-
perature in the apparent K-Ar age of the ilmenite separate can be clearly re-
cognized in the release curve of the whole rock, indicating that ilmenite associated
components contribute to the large fluctuations in the release curve of the whole
rock at high temperatures (cf. Turner et al., 1972).

Mare basalts

Our results on the mare rocks 10071, 12051, and 15076 essentially confirm the
ages of basalt formation at the Apollo 11, 12, and 15 landing sites measured by
other investigators (Wasserburg and Papanastassiou, 1971; Papanastassiou and
Wasserburg, 1971a; Turner, 1970, 1971; Turner et al., 1972). Our result on 10071
agrees with the observation of Turner (1971) that at the Apollo 11 landing site the
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Fig. 5. Argon release curves of different components of the 10071 basalt. The limits of
error can be found in Table 3. The two feldspar-rich fractions give a better high tempera-
ture plateau than the unseparated rock.

high-potassium basalts tend to give lower Ar®~Ar* ages than the low-potassium
basalts.

It is interesting to note that the age of rock 70035, a low-K, high-Ti subfloor
basalt (Fig. 6), is similar to the ages of the low-K, high-Ti basalts found at
Tranquillity Base.

The basaltic rocks 12018, 12008 and 12009 give very irregular Ar’’~Ar* release
curves (Fig. 2) of a type hitherto not observed for mare basalts. Duplicate determi-
nations made on all three rocks confirmed these complex release curves (cf. Fig.
2). The shape of the release curve of rock 12018 suggests a low temperature
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Fig. 6. Ar*—Ar” release curves of two samples of the 70035 subfloor basalt. The age is
similar to those of basalts found at Tranquillity Base.

plateau with an age of 0.65 AE (ordinate intercept). Only at the highest tempera-
ture does the age reach that of common Apollo 12 basalts (~ 3.2 AE). This rock
must have sustained rather severe gas loss as recently as 0.65 AE ago. The gas loss
could have been induced by moderate heating over long time periods (e.g., deep
burial, volcanism) or by shock. The exposure age of rock 12018 is close to 0.2 AE
(cf. Table 3 and Lugmair and Marti, 1971) and thus smaller than the above men-
tioned low temperature age. However, rock 12018 was exposed to a moderately
high neutron flux on the moon (Lugmair and Marti, 1971) and must have received
at least a fraction of its exposure to cosmic rays in a partially shielded location.
The isotopic and age data are compatible with a model history, where the rock was
initially formed together with the other Apollo 12 basalts, excavated 0.65 AE ago
from a deeper layer, exposed to the cosmic radiation until approximately 0.1 AE
ago in a fairly shielded location, and then brought to the surface.

The release curves of the basalts 12008 and 12009 are very similar in their
irregularity (cf. Fig. 2). This is consistent with the observation that these two
rocks have a similar and uniquely high glass content (cf. Table 2). The glass is
thought to be primary in origin (Brett et al., 1972), i.e., it was formed at the time of
the cooling of these rocks from a lava. Rb-Sr investigations of these rocks did not
yield internal isochrons (Papanastassiou and Wasserburg, 1971).

The Ar*s/Ar’®s ratios found for rocks 12008 and 12009 at low temperatures
(cf. Fig. 2) are higher than the consolidation age of the rocks, assuming that they
were formed at about the same time as the other Apollo 12 basalts. It is interesting
to note that the total Ar**/Ar’x ratios of 12008 and 12009 give ages of 3.1 AE and
3.3 AE, very close to the ages of normal Apollo 12 rocks. The overall shape of the

*_Ar® release curves of these two mare basalts is very similar to those ob-
served for both the matrix and the chondrules of the unequilibrated chondrite
Chainpur (Podosek, 1971). As in the two lunar rocks 12008 and 12009 the total
K-Ar age of Chainpur is in fair agreement with its expected formation age of 4.6
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AE (Heymann and Mazor, 1968; Zihringer, 1968; Podosek, 1971). A distinctly
negative slope for the major part of the Ar’>~Ar* release curve was also observed
for two fragments from breccia 14321 and an Apollo 14 soil fragment (Turner et
al., 1971). These three Apollo 14 samples have total Ar®-Ar* ages compatible
with the probable age of Apollo 14 rocks. Perhaps the mechanism leading to the
irregular shape of the argon release curves are similar in all these samples.

The 3.95 AE cataclysm

It has been noticed before that there exists in different rock types from various
locations on the lunar surface a strong grouping of Rb-Sr and Ar”-Ar* ages
around 3.95 AE, indicating that one or several events (including the Imbrian im-
pact) occurring at that time have obliterated much of the preceeding history of the
lunar surface (cf. Tera et al., 1973). There is remarkable agreement on these data
between Rb-Sr and Ar”’-Ar* ages in spite of the fact that most of the rocks giving
this age are breccia with an apparently complicated history.

Our results include several rocks giving either a high temperature plateau age
or an intermediate temperature peak near 3.95 AE (cf. Table 4, Figs. 3,7, 8, and 9).
Of particular interest among these are the anorthosite samples 15415 and 15418.
The alkali content in these rocks is so small (cf. Table 4) that Rb—Sr ages have not
been measured. The only age information comes from the Ar*’~Ar* release curves
and from common-lead model age measurements on rock 15415 (Tera et al., 1972;
Tatsumoto et al., 1972a). In Fig. 10 the Ar’’/Ar*s ratio, expressed in terms of the
corresponding Ca/K ratio, is plotted as a function of the fractional release of
Ar”x. The curve for 15076 is rather typical for mare basalts and shows that K is
located on sites having lower gas retentivity than the Ca sites. The Ca/K ratio of
the anorthosite 15415 (and similarly of 15418) is remarkably constant. This indi-
cates that the potassium in this rock does not reside in some accessory mineral or
interstitial material, but is incorporated in the anorthite. Thus, the Ar’-Ar* re-
sults of these anorthosites are directly related to the history of the dominant min-
eral species in this rock. The question is whether (a) these anorthosites were
formed by an igneous process 4.0 billion years ago or whether (b) we deal with old
material from an original lunar anorthositic crust (Wood et al., 1971), which was
thoroughly outgassed and/or recrystallized 4.0 billion years ago. Rock 15418 is
reported to have been shock-melted (Ahrens et al., 1973), an observation which
increases the plausibility of hypothesis (b). Also the slight slope of the high temp-
erature plateau observed by Turner (1972) and by ourselves (Fig. 8) for rock 15415
could be considered as an indication of a higher primary age. Ar’’~Ar* ages higher
than 4 AE have actually been reported by Husain et al. (1973) for 2-4 mm lithic
fragments collected at the Apollo 16 landing site. On the other hand, the common
lead model ages obtained by Tera et al. (1972) and Tatsumoto et al. (1972a) do not
support a primary formation of this anorthosite as early as 4.6 AE ago.

Thus, it is as yet hard to decide between hypotheses (a) and (b). Actually from
the data available so far, it is difficult to conclude whether the episode 3.95 AE ago
consisted mainly of impact induced metamorphism on a grand scale, or whether
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Fig. 7. Apparent age curve of 15382, a basalt with KREEP chemistry from the Apennine

Front.

Fig. 8. Ar”-Ar* release curves of two samples of the “Genesis Rock”, an anorthosite
from the Apennine Front. The indicated increase at high temperatures is discussed in

the text.
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Fig. 9. Argon release curves of a mare basalt from the rim of Hadley Rille (15076) and an

anorthositic clast (15418) and a mare basalt-like clast (15459) from breccias found at the

Apennine Front. The ages of the mare basalt-like clast and of the basalt found in the

plains are similar, i.e., breccia 15459 must have formed much later than the time of the
Imbrian impact.

also significant indigeneous geochemical differentiation and igneous rock forma-
tion took place during this relatively short interval.

The data obtained from rock 14053 may help in answering this question.
Among the rocks with Ar’>~Ar* or Rb-Sr ages of about 3.95 AE, so far 14053 is
the only one with a chemical composition resembling that of mare basalts. Ac-
cording to Bence and Papike (1972) this rock crystallized at a relatively shallowed
depth. Schiirmann and Hafner (1972) postulated that it was reheated, probably by
the Imbrian event, transported to the Fra Mauro region and quenched. Its locality
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Fig. 10. Ar”’/Ar*®+ release curves expressed in terms of Ca/K ratios. Mare basalt 15076

shows a pattern similar to those of other mare basalts. The anorthosite 15415 gives a

constant Ca/K ratio, indicating that K is not located in accessory minerals but in the
anorthite.

on the lunar surface (Table 2) suggests, that it was brought to the surface by the
Cone Crater impact. The age information on this rock would agree with this
historical sequence. The Ar®-Ar* and Rb-Sr ages are close to 3.95 AE, and the
exposure age of 24 million years (cf. Table 4) and the place of recovery are indeed
sufficient proof for a local, Cone Crater origin. Chemical composition and ages of
rock 14053 imply that differentiation has created lava masses of chemical compos-
ition similar to mare basalts early in the lunar history, i.e., before the Imbrian im-
pact took place.

A young clast from the Apennine Front

Sample 15459,32 is a mare basalt-like clast (Gast, 1972) in a polymict clastic
breccia found at the Apennine front (cf. Table 2). The chemical composition of
this clast does in fact resemble that of basalts found near the rim of Hadley Rille
(Hubbard and Gast, 1972). In Fig. 9 the Ar*-Ar* release curves of this sample are
compared with those of the rim basalt 15076 and the anorthositic clast 15418. The
figure demonstrates that the intermediate temperature plateau of the clast 15459
corresponds closely to the age of Palus Putredinis basalts, and falls far below the
age of approximately 3.95 AE found in all the other rocks from the Apennine front
investigated so far. Thus, breccia 15459 must have been formed a long time after
the Imbrian impact took place.
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