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Abstract-Total fusion 39 Ar-40Ar measurements on aliquots of grain-sized separates of 12033, 15531, 
67701, and 70181, which had been previously measured by conventional techniques, are in excellent 
agreement with the conventional data. In several cases the 39 Ar-40 Ar data remove scatter present in 
the conventional data due to aliquoting problems in inhomogeneous samples. The samples were 
neutron irradiated in evacuated, quartz break-seal ampuls in order to measure the recoil loss of 39 Ar 
from lunar soils. Recoil loss of 39 Ar is negligible in grain-sized fractions coarser than --4 µ,m but 
recoil losses up to --5% were measured in -4 µ,m fractions. 

Total fusion and step-wise heating 39 Ar-40 Ar measurements on grain-sized and handpicked 
fractions from 12032 indicate that the thermal signature previously identified with the KREEP glass 
in 12033 is present in 12032 KREEP glass but is a general property of the soil and is not restricted to 
the KREEP component. The association of the thermal signature with Copernicus is therefore 
weakened. 

INTRODUCTION 
IT IS NOT SURPRISING that the < 1 mm lunar soils have proven to be the major 
class of lunar materials most incompatible with radioisotope dating techniques. 
A lunar soil violates a priori most, if not all, of the assumptions of routine 
chronologic determinations. Lunar soils, however, represent the major available 
record of post-maria lunar history and must contain a wealth of information on 
the relatively recent history of the moon and its interaction with the solar wind. 
Their enormous potential information content continues to provide the major 
scientific justification for the study of the K/Ar systematics of lunar soils. For 
questions of post-maria lunar history the soils represent a very rich though 
difficult "only game in town". 

In the Seventh Proceedings, we demonstrated that step-wise heating 39 Ar-40Ar 
dating techniques did not appear to yield useful information on undifferentiated 
grain-sized separates of sub-mature to mature soils (Alexander et al., 1976). We 
suggested, however, that total fusion 39 Ar-40 Ar techniques might be useful in 
improving the analytical precision of K and Ar analyses on grain-sized separates 
if the 39 Ar recoil effects (Turner and Cadogan, 1974; Huneke and Smith, 1976) 
did not prove to be too important. In the same volume, Eberhardt et al. (1976) 
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presented total fusion 39 Ar-40 Ar data from grain-sized separates of some of the 
Apollo 16 special soils but did not address the recoil problem. This work is an 
attempt: (1) to measure the magnitude of the 39 Ar recoil problem in soil analyses, 
(2) to compare directly conventional K/Ar and total fusion 39 Ar-40Ar techniques, 
and (3) to perform a critical test of the hypothesis that the Copernicus event 
created and can be dated by the brown, ropy, KREEP glasses at the Apollo 12 
site. 

EXPERIMENTAL PROCEDURES AND RESULTS 

We have previously reported conventic~mal K, Ca, and Ar analyses for grain-sized separates of 
12033,42; 15531,42; and 67701,22 (Alexander et al., 1976) and Ar and Ca analyses for grain-sized 
separates of 70181,30 (Pepin et al., 1975). Aliquots of the grain-sized separates of these four soils 
remained in our allocation of lunar samples. These four soils were selected for 39 Ar-40 Ar total fusion 
analyses since the resulting data would be directly comparable to our conventional determinations. 
These samples were wrapped in Al foil and encapsulated along with Ni fluence wires in evacuated, 
quartz, break-seal ampuls. The sample ampuls, blank ampuls, and quartz vials (at atmospheric 
pressure) containing standards and salt monitors were irradiated together in an irradiation designated 
MIDT #2 in the U.S. Geological Survey TRIGA reactor in Denver. Five grain-sized separates and 
two handpicked separates from 12032,208 were irradiated in unevacuated, sealed quartz vials as part 
of a separate irradiation designated MIDT # 3. Details of these two irradiations will be published 
elsewhere but are very similar to the description of MIDT # 1 available in Venkatesan (1976). All of 
the samples were analyzed in the 6" double focusing mass spectrometer described, along with the 
extraction system, standards and dJ.ta reduction system, by Pepin et al. (1975). 

Ar data from 12033, 15531, 67701, and 70181 are given in Table 1. The quartz, break-seal ampuls 
were sealed to a quartz manifold attached to the on-line extraction system. The seal on each ampul 
was broken in turn and the gases contained in the ampuls extracted and analyzed. The ampuls were 
then removed from the manifold, opened, and the samples (wrapped in the original Al foil) were 
loaded in the conventional extraction system and analyzed. Approximately 1 yr had elapsed between 
the irradiation and the second. fusion step of the analysis. The 37 Ar had in most cases decayed to 
nearly undetectable levels. The 37 Ar contents shown in italics in Table 1 are calculated values based 
on the conventional Ca determination of each grain-sized separate and the 37 Ar/Ca ratio for this 
irradiation. The ampul containing the 37-74 µm fraction of 15531 was heated with hot water •for 
25 min to see if any additional Ar would be released. As can be seen in Table 1, only a small amount 
of 40 Ar was detected. The blank vials yielded Ar contents comparable to the system blanks-i.e., the 
quartz tubing, Al foil and Ni wires contributed no detectable Ar to the encapsulated samples. 

The ratio of the Ar contents of the aliquots of each grain-sized fraction as measured in the 
unirradiated and irradiated analyses averages 1.12 ± .10, i.e., the Ar contents measured in the 
irradiated samples are systematically lower than those measured in the unirradiated samples 
(compare the data in Table 1 of this work to the data in Tables 1 of Alexander et al. (1976) and Pepin 
et al. (1975)). The encapsulation of the irradiated samples eliminates the possibility of Ar loss due to 
irradiation heating. The effect is of marginal statistical significance. Since the ages are calculated from 
the isotopic ratio of 39 Ar to 40 Ar, the effect, if present, will not affect the ages calculated below. 

Ar data from the 12032 samples are listed in Table 2. These samples were analyzed about three 
months after irradiation and the 37 Ar was readily measurable. The + 250 µm handpicked KREEP 
fraction of 12032 was subjected to a step-wise heating 39 Ar-40 Ar analysis. Each temperature step was 
maintained for 1 hr. The nominal temperature was determined from the oven current. Calibration 
against a W: 3% Re vs W: 25% Re thermocouple after the analyses indicate that the nominal 
temperatures are good to ±35°C. The 1000°C fraction is shown in italics because due to a data system 
failure it was held in the mass spectrometer approximately 30 min before it was analyzed. The 
extrapolation to time zero was therefore much longer than normal. A post analysis blank was run in a 
duplicate fashion and was similar to the normal procedure blanks. 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1977LPSC....8.2725A


1
9
7
7
L
P
S
C
.
.
.
.
8
.
2
7
2
5
A

Kl AR dating of lunar soils III 2727 

Table 1. Argon data from grain-sized separates of lunar soils which were neutron irradiated in 
evacuated quartz break-seal ampuls. 

40Ar 39*Ar 38Ar 37Ar 36Ar 
Grain (in units (in units (in units (in units (in units 
size Temp. of 10-6 cm3 of 10-8 cm3 of 10-6 cm3 of 10-8 cm3 of 10-6 cm3 Mass 
(µ,m) (OC) STP/g) STP/g) STP/g) STP/g) STP/g) (mg) 

12033,42 (J = (1.068 ± 0.014) X 10-2
) 

-4 25 0.629 ± 0.019 0.453 ± 0.033 0.01860 ± 0.00037 11.0±9.0 0.0767±0.0011 
1650 51.3 ± 1.7 30.39±0.13 14.316 ± 0.055 420±37 74.05 ± 0.23 10.14 
I 51.9 ± 1.7 30.84± 0.13 14.335 ± 0.055 431 ± 38 74.13 ± 0.23 

4-16 25 0.364 ± 0.035 0.218 ± 0.029 0.0082 ± 0.0023 -0- 0.036 ± 0.013 
1650 32.5 ± 1.1 23.265 ± 0.090 6.592 ± 0.025 380±33 32.95 ± 0.10 15.85 
I 32.9± 1.1 23.483 ± 0.095 6.600 ± 0.025 380±33 32.99 ± 0.10 

16-37 25 0.2906 ± 0.0052 0.0688 ± 0.0058 0.00552 ± 0.00009 -0- 0.02413 ± 0.00028 
1650 22.61 ±0.45 19.072 ± 0.080 3.501 ± 0.013 384 ± 34 16.853 ± 0.053 37.40 
I 22.90±0.45 19.141 ± 0.080 3.507 ± 0.013 384 ± 34 16.877 ± 0.053 

37-74 25 0.401 ± 0.032 0.0681 ± 0.0040 0.0109 ± 0.0027 1.7 ± 1.2 0.050 ± 0.016 
1650 20.56 ± 0.41 18.97 ± 0.11 2.2815 ± 0.0087 337± 30 10.492 ± 0.033 41.17 
I 20.97 ± 0.41 19.04±0.11 2.2924 ± 0.0091 339± 30 10.542 ± 0.037 

74-250 25 0.582 ± 0.023 0.0664 ± 0.0053 0.0291 ± 0.0052 2.3 ± 1.4 0.152 ± 0.026 
1650 21.77 ± 0.42 22.512 ± 0.085 1.7695 ± 0.0067 318 ± 28 7 .982 ± 0.025 39.96 
I 22.35 ± 0.42 22.578 ± 0.085 1.7986 ± 0.0085 320±28 8.134 ± 0.036 

+250 25 0.2353 ± 0.0043 0.0664 ± 0.0045 0.003351 ± 0.000081 0.9 ± 1.5 0.01256 ± 0.00023 
1650 d.g. 26.86 ± 0.12 1.2887 ± 0.0051 361 ± 32 5.694 ± 0.018 44.24 
I 26.93 ±0.12 1.2921 ± 0.0051 362±32 5.707 ± 0.018 

15531,42 (J = (l.297 ± 0.017) X 10-2) 

-4 25 6.039 ± 0.017 0.24±0.17 0.2329 ± 0.0048 9.5 ± 3.1 0.8184 ± 0.0092 
1650 534.7 ±4.6 11.58 ± 0.13 169.02 ± 0.65 430±38 897.1 ± 2.8 3.63 
I 540.7±4.6 11.82 ± 0.22 169.25 ± 0.65 440±38 897.9± 2.8 

4-16 25 1.590 ± 0.017 0.15±0.15 0.02566 ± 0.00099 -0- 0.1136 ± 0.0066 
1650 228.4± 4.5 9.334 ± 0.097 71.16± 0.27 417± 37 376.4± 1.2 3.72 

I 230.0±4.5 9.48 ± 0.18 71.19± 0.27 417± 37 376.5 ± 1.2 
16-37 25 0.6578 ± 0.0044 -0- 0.00826 ± 0.00023 -0- 0.0372 ± 0.0017 

1650 104.7 ± 1.2 6.422 ± 0.031 30.09± 0.11 394±35 157.95 ± 0.50 14.19 
I 105.4± 1.2 6.422 ± 0.031 30.10 ± 0.11 394±35 157.99 ± 0.50 

37-74 25 0.7263 ± 0.0029 0.008 ± 0.023 0.01205 ± 0.00015 1.29± 0.83 0.0521 ± 0.0012 
~67 0.0625 ± 0.0029 -0- -0- -0- -0-
1650 63.32 ± 0.78 5.738 ± 0.037 17 .695 ± 0.066 408± 36 91.91 ± 0.29 21.52 
I 64.11 ±0.78 5.746 ± 0.044 17.707 ± 0.066 409± 36 91.96 ± 0.29 

74-250 25 0.6109 ± 0.0012 0.0177 ± 0.0097 0.01302 ± 0.00058 0.35 ± 0.26 0.04907 ± 0.00069 
1650 35.47 ± 0.33 4.338 ± 0.021 8.694 ± 0.032 382±34 44.58 ± 0.14 50.80 

I 36.08 ±0.33 4.356 ± 0.022 8.707 ± 0.032 382±34 44.63 ± 0.14 
+250 25 0.3851 ± 0.0016 -0- 0.01420±0.00011 0.64±0.39 0.06904 ± 0.00065 

1650 25.80± 0.43 4.421 ± 0.083 4.941 ± 0.018 591 ±52 24.880±0.078 39.21 
I 26.19±0.43 4.421 ± 0.083 4.955±0.Q18 592±52 24.949 ± 0.078 

67701,22 (J = (1.143 ± 0.014) X 10-2) 

-4 25 5.69± 0.15 0.310 ± 0.052 0.1379 ± 0.0046 -0- 0.650 ± 0.022 
1650 589.8 ± 2.9 4.741 ± 0.086 154.9 ± 1.0 560±49 826.7 ± 5.5 3.24 
I 595.5 ± 2.9 5.05 ± 0.10 155.0± 1.0 560±49 827.4± 5.5 

4-16 (grain-sized fraction apparently contaminated during original separation) 
16-37 25 0.549 ± 0.013 0.060 ± 0.013 0.01224 ± 0.00020 0.05 ±6.42 0.05519 ± 0.00070 

1650 157.52 ± 0.17 4.699 ± 0.031 36.83 ± 0.25 544 ± 48 195.1 ± 1.3 14.90 
I 158.07 ± 0.17 4.759 ± 0.034 36.84±0.25 544± 48 195.2± 1.3 

37-74 25 1.0907 ± 0.0095 0.060 ± 0.010 0.03645 ± 0.00024 4.5 ±5.8 0.17620 ± 0.00085 
1650 92.74±0.13 4.630 ± 0.043 18.80±0.13 547± 48 99.33 ± 0.66 20.44 
I 93.83 ± 0.13 4.690 ± 0.044 18.84± 0.13 552±48 99.51 ±0.66 
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Table 1. (Continued). 

40Af 39*Ar 38Ar 37Ar 36Ar 

Grain (iri units (in units (in units (in units (in units 
size Temp. of 10-6 cm3 of 10-s cm3 of 10-6 cm3 of 10-s cm3 of 10-6 cm3 Mass 
(µ,m) (OC) STP/g) STP/g) STP/g) STP/g) STP/g) (mg) 

74-250 25 0.3424 ± 0.0045 0.0313 ± 0.0062 0.010223 ± 0.000092 3.8±2.0 0.04592 ± 0.00030 
1650 57 .662 ± 0.060 4.472 ± 0.028 9.533 ± 0.064 534±47 50.07 ± 0.33 43.25 
I 58.004 ± 0.060 4.504 ± 0.029 9.543 ± 0.064 538±47 50.12±0.33 

+250 25 0.342 ± 0.010 0.0511 ± 0.0039 0.01195 ± 0.00052 -0- 0.0487 ± 0.0029 
1650 41.684 ± 0.051 4.574± 0.022 3.760 ± 0.026 573 ±50 19.56±0.13 51.31 
I 42.026 ± 0.052 4.625 ± 0.022 3.772 ± 0.026 573 ± 50 19.61 ± 0.13 

70181,30 (J = (1.251 ± 0.015) X 10-2) 

-4 25 4.15 ±0.73 0.38 ± 0.15 0.0830 ± 0.0068 18.8 ± 7.6 0.415 ± 0.028 
1650 947.5 ±6.9 7.43 ± 0.18 205.22 ± 0.76 380± 34 1086.4 ± 3.4 2.45 

I 951.7 ± 6.9 7.81 ±0.23 205.30 ± 0.76 399± 35 1086.8 ± 3.4 
4-16 25 2.01 ± 0.26 -0- 0.0560 ± 0.0013 18± 16 0.247 ± 0.054 

1650 377.2± 3.2 6.324 ± 0.075 84.34± 0.31 383 ± 31 443.6± 1.4 5.35 
I 379.2± 3.2 6.324±0.Q75 84.40 ± 0.31 401 ± 35 443.8 ± 1.4 

16-37 25 0.986 ± 0.097 -0- 0.01522 ± 0.00045 3.7 ± 3.8 0.0687 ± 0.0019 
1650 203.8 ± 1.2 5.179±0.040 43.01 ±0.16 382±34 224.92 ± 0.70 14.01 
I 204.8 ± 1.2 5.179±0.040 43.03 ±0.16 386± 34 224.99 ± 0.70 

37-74 25 1.1200 ± 0.0030 0.051 ± 0.037 0.01339 ± 0.00038 0.49± 0.82 0.0476 ± 0.0012 
1650 d.g. d.g. d.g. d.g. d.g. 21.13 
I 

74-250 25 0.6199 ± 0.0018 0.036 ± 0.015 0.01995 ± 0.00083 0.31 ±0.35 0.0533 ± 0.0022 
1650 109.96 ± 0.27 5.099 ± 0.053 18.32 ± 0.12 372 ± 33 95.11 ± 0.63 33.94 

I 110.58 ± 0.27 5.135 ± 0.055 18.34± 0.12 372±33 95.16± 0.63 
+250 25 0.8895 ± 0.0028 0.038 ± 0.022 0.04935 ± 0.00089 0.02±0.55 0.2422 ± 0.0047 

1650 102.88 ± 0.41 7.114±0.046 13.453 ± 0.090 455±40 69.85±0.46 22.61 
I 103.77 ± 0.41 7.152 ± 0.051 13.502 ± 0.090 455±40 70.09±0.46 

The errors listed are lu and include contributions from the statistical scatter of the measured 
ratios, blank corrections, mass discriminations, reactor interferences, radioactive decay, HAr con-
tributions to and from adjacent isotopes, and fluence inhomogeneities. The absolute amount of any 
isotope is uncertain by an additional uncertainty ranging from ± 1.5% to ±3% due to uncertainties in 
gas calibrations and sensitivities. 

Reactor interferences and radioactive decay corrections used the following parameters: A 37 = 
(1.974 ± 0.0056) x 10-2 day- 1, A 39 = (7.05 ± 0.079) x 10-6 day-1 (Stoenner et al., 1965); (40Ar/39 Ar)K = 
(1 ± 1) X 10-3

' (38 Ar/39 Ar)K = (1.340 ± 0.024) X 10-2
' (37 Ar/38 Ar)K = (2.198 ± 0.066) X 10-3' (39 Ar/37 Arb= 

(6.785 ± 0.026) X 10-4, (38Ar/37Arh = (3.174±0.0024) X 10-s, (36Ar/37Arb = (2.724 ± 0.018) X 10-4_ 

J = (eATm - 1)/(40* Ar/39* Ar)monitor, Tm= (4.504 ± 0.020) X 109 yr (Alexander and Davis, 1974), A = 
5.305 x 10-10 yr- 1

• d.g. = data glich--data lost due to malfunction of data system. 

DISCUSSION 

Recoil losses 
Figure 1 shows the percentage of the total 39* Ar found in the room tem-

perature fractions for the grain-sized separates which were encapsulated in the 
quartz break-seal ampuls. The 39* Ar recoil loss is generally 1 % or less in all but 
the finest, <4 µ,m, fractions. In the smallest fraction it becomes significant, 
however. A simple calculation indicates that for spherical grains with unifor:.nly 
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Table 2. Argon data from grain-sized separates, handpicked separates, and a step-wise heating 
analysis of lunar soil 12032,208. 

40Ar 39*Ar 38Ar 37Ar 36Ar 

Grain (in units of (in units of (in units of (in units of (in units of 
size Temp. Mass 10-6 cm3 10-s cm3 10-6 cm3 10-s cm3 10-6 cm3 

(µm) (OC) (mg) STP/g) STP/g) STP/g) STP/g) STP/g) 

Grain-sized separates (J = ( 1.3464 ± 0.0053) x 10-2
) 

-4 1360 1.52 121.5 ± 1.3 42.88±0.22 40.18 ± 0.15 462.6±4.7 213.5 ± 1.1 
4-16 1360 2.96 107.09 ± 0.68 54.12±0.21 29.13 ± 0.11 661.3 ± 5.2 152.28 ± 0.81 

16-37 1360 10.25 40.91 ± 0.20 27.83 ± 0.10 9.357 ± 0.035 388.6± 2.7 47.93 ±0.26 
37-74 1360 16.55 30.42 ± 0.12 22.883 ± 0.082 5.239 ± 0.019 333.9±2.6 26.26±0.14 
74-250 1360 21.80 30.197 ± 0.092 26.76 ± 0.15 3.459 ± 0.013 325.9± 2.9 17.004 ± 0.091 

Handpicked "lithic" fragments 
+250 1360 14.40 11.27 ± 0.14 16.338 ± 0.063 0.4120 ± 0.0020 267.5 ±2.2 1.4243 ± 0.0077 

Handpicked "KREEP" fragments-step-wise heating analysis 
+250 700 31.88 2.604 ± 0.018 3.259 ± 0.014 0.11147 ± 0.00060 15.02±0.13 0.5797 ± 0.0031 

800 1.078±0.018 1.8815 ± 0.0085 0.09045 ± 0.00054 10.320 ± 0.099 0.4741 ± 0.0026 
900 1.920 ± 0.018 3.393 ± 0.013 0.13658 ± 0.00066 21.19 ± 0.18 0.6917 ± 0.0037 
950 1.405 ± 0.018 2.4118 ± 0.0097 0.06137 ± 0.00048 15.28 ± 0.15 0.3007 ± 0.0016" 

1000 1.859 ± 0.024 2. 783 ± 0.060 0.1044 ± 0.0014 13.05± 0.16 0.4973 ± 0.0040 
1100 2.556 ± 0.018 3.252±0.Q15 0.13725 ± 0.00066 23.70±0.20 0.6700 ± 0.0036 
1200 16.040 ± 0.063 16.078 ~).055 0.9425 ± 0.0035 151.9± 1.2 4.481 ± 0.024 
1360 8.424 ± 0.029 8.241 ± 0.029 0.2704 ± 0.0010 78.89 ± 0.63 1.2021 ± 0.0064 

I 35 .886 ± 0.084 41.299 ± 0.091 1.8544 ± 0.0041 329.4± 1.4 8.897 ± 0.026 

See notes to Table 1. 

distributed K a 1 % recoil loss should occur in grains several tens of micrometers 
in diameter. In a uniform, spherical grain 4 µ,m in diameter ---15% of the K is 
within 0.1 µ,m-the approximate recoil distance of 39 Ar (Turner and Cadogan, 
1974; Huneke and Smith, 1976)-of the grain surface. Apparently much of the 
39* Ar recoils out of one grain and into an adjacent grain. If this is true, it is 
important to analyze the material in which the sample was wrapped during 
irradiation, particularly for small fine-grained samples. Figure 1 indicates tht 
recoil 39* Ar losses will not be significant for size fractions >---4 µ,m but can be up 
to several percent for smaller fractions. 

Comparison with conventional data 

70181,30. Sample 70181,30 is the surface sample from the Apollo 17 drill core 
site. The conventional Ar data (Pepin et al., 1975) when combined with the 
previously unpublished isotope dilution K determinations (see Table 4) yield the 
data shown as solid circles in Fig. 2. The conventional data do not form a linear 
array and one of the goals of this study was to see if the scatter in the 70181,30 
data was due in large part to sample splitting problems. The 39Ar-40Ar data are 
shown as they plot in a graph of 40 Ar/36 Ar vs 40K/36 Ar. The 40 Ar data from the 
37-74 µ,m fraction were lost. The > 4 µ,m fractions define a reasonable linear array 
whose slope corresponds to an age of 4.37 ± 0.07 G.y. Apparently a major portion 
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Fig. 1. Recoil loss of 39*Ar as a function of grain size for 12033, 15531, 67701, and 

70181. 

of the scatter in the conventional data was due to sample homogeneity problems 
which the 39 Ar-40 Ar technique has eliminated. 

67701,22. Figure 3 includes the conventional K/Ar data from 67701 (Alex-
ander et al., 1976) and our new 39Ar-40Ar data. The 4-16 µm fraction from this 
sample appears to have been contaminated-apparently during or shortly after 
our original sieving of 67701. Neither the rare gas data nor the trace element data 
for the 4--16 µm fraction fit the smooth trends defined by the other fractions. 
This is evident in the rare gas isotopic and abundance data for all five gases. The 
discordant 4-16 µm datum in Fig. 4 of Alexander et al. (1976) is thought to be 
due to this contamination. The 16-37 µm datum which is discordant in the 
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Fig. 2. 40Ar/36Ar vs 40K/36Ar for conventional and 39Ar-40Ar data from grain-sized 
fractions of lunar soil 70181. The line is a least-squares fit to the 39 Ar-40 Ar data from the 
4-16, 16-37, 74-250, and +250 µm fractions. The ordinate intercept of the line is the 
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Fig. 3. 40 Ar/36 Ar vs 40K/36 Ar for conventional and 39 Ar-40 Ar data from grain-sized 
fractions of lunar soil 67701. The line is a least-squares fit to the conventional and 

39 Ar-40 Ar data from the <4, 16-37, 37-74, and 74-250 µ,m fractions. 
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Table 3. Comparison of ages and trapped (surface correlated) component as deduced by conventional and neutron irradiation techniques. 

(40 Ar/36 Ar)tr (38 Ar /36 Ar )tr Kl Ar Age in Gya 38Ar Exposure Age in m.y.b 

Sample Conv. Irrad. Comb.c Conv. Irrad. Comb.c Conv. Irrad. Comb.c Conv. Irrad. Comb.c 

12032,208 - 0.383 - - 0.1862 - - 1.466d - - 454 
±0.021 ±0.0013 ±0.041 ±83 

12033.42 0.397 0.345 0.380 0.18902 0.1888 0.18928 1.208d 1.260d 1.228d 333 297 312 
±0.017 ±0.027 ±0.014 ±0.00062 ±0.0012 ±0.00077 ±0.023 ±0.025 ±0.016 ±16 ±22 ±16 

15531,42 0.5614 0.551 0.5593 0.18844 0.18797 0.18835 2.702 2.77 2.714 386 422 391 
±0.0058 ±0.018 ±0.0052 ±0.00035 ±0.00078 ±0.00032 ±0.061 ±0.16 ±0.053 ±61 ±121 ±55 

67701,22 0.692 0.6859 0.6947 0.18756 0.1872 0.18755 3.73 3.679 3.679 146 146 145 
±0.012 ±0.0054 ±0.0058 ±0.00039 ±0.0018 ±0.00038 ±0.15 ±0.041 ±0.056 ±44 ±182 ±43 

70181,30 - 0.748 - 0.18876 0.18905 0.18878 - 4.368 - 312 394 327 
±0.012 ±0.00031 ±0.00075 ±0.00029 ±0.067 ±60 ±139 ±56 

aK/Ar ages calculated using AE.C. = 0.585 x 10-10 yr- 1, Arr= 4.72 x 10-10 yr- 1
, 

4°K/K = 1.19 x 10-4
_ 

bNominal exposure ages assuming no variation in shielding and using a production rate of P~8a = 1.4 x 10-8 cm3/gCa/m.y. Note: Eq. (3) in 
Alexander et al. (1976) p. 632 contains a typographical error. The correct equation used in both Alexander et al. (1976) and this work is: 
T38 = 1.52(slope)/n! (1.52-intercept). 

cobtained from a regression of the combined data sets. 
ctThese "ages" are from the slopes of the regression lines and are listed only for comparison of the quality of the data sets. The age of the 

system is determined from the step-wise heating 39 Ar-40 Ar data-see text. 
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conventional data is concordant in the 39 Ar-40Ar data. The ages (slopes) and 
intercepts of each data set are compared in Table 3. The parameters are 
statistically indistinguishable and so the conventional and 39 Ar-40 Ar data were 
combined to calculate the slope, age and intercept shown in Fig. 3. 

15531,42. The 39Ar-40Ar data from the 4-250 µ,m fractions of 15531,42 are 
within error bars of the very precise line defined by the corresponding con-
ventional data. The ages and intercepts of each data set separately and in 
combination are shown in Table 3. 

12033,42. Figure 4 shows the conventional and 39 Ar-40Ar data from 12033,42. 
The 74-250 µ,m datum which is discordant in the conventional data is concordant 
in the 39 Ar-40 Ar data. The rest of the data sets reproduce well and the values for 
the slope, age, and intercept shown in Fig. 4 are from a regression of the 
combined data sets. 

Exposure ages and trapped 38 Ar/36 Ar ratios. Cosmic ray exposure ages and 
trapped 38Ar/36Ar ratios can be calculated from the slopes and intercepts of 
38Ar/36Ar vs [Ca]/36Ar plots. Since the conventional Ca values were used to back 
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Fig. 4. 40 Ar/36 Ar vs 40K/36 Ar for conventional and 39 Ar-40 Ar data from various fractions 
of lunar soil 12033. The data points represented by the solid square and open triangles 
are the sum of the temperature fractions in step-wise heating 39 Ar-40Ar analyses. The 
line is a least-squares fit to the conventional and 39 Ar-40Ar data from the <4, 4-16, 
16-37, and 37-74 µ,m fractions plus the conventional data from the +250 µ,m fraction 

and the 39 Ar-40Ar data from the 74-250 µ,m fraction. 
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calculate the 37 Ar contents, the irradiated and conventional data are not in-
dependent. The 38Ar/36Ar data are, however, separate determinations. The data 
agree well within errors and Table 3 lists the ages and intercepts calculated from 
each data set independently and in combination. The major source of error in 
our determinations of the 38 Ar/36 Ar ratio is the variability of the mass dis-
crimination. In general, the mass discrimination was more variable during the 
analyses of the irradiated samples than during the conventional analyses and is 
reflected in larger errors for the irradiated analyses. Both sets, however, agree 
within the calculated, lu, errors. 

Table 4. Potassium and calcium contents of grain-sized separates from 12032, 
12033, 15531, 67701 and 70181. 

Grain K (in ppm) Ca (in%) 
size 

Sample (µm) I.D. 39*Ar I.D. 37Ar 

12032,208 -4 4370±350 8.90±0.78 
4-16 5520±440 12.72± 1.11 
16-37 2840±220 6.51 ±0.57 

37-74 2330 ± 180 6.42±0.56 
74-250 2730±220 6.27 ± 0.55 

(lithic frag.) +250 1670± 130 5.14±0.45 
· ("KREEP") +250 4210±330 6.33 ±0.55 

12033,42 -4 3560±7la 3960 ± 320 10.49 ± 0.21a 
4-16 3079 ± 62 3020±240 9.20 ±0.18 

16-37 2597 ± 52 2460± 200 9.34±0.19 
37-74 2584± 52 2450 ± 190 8.16±0.16 
74-250 2757 ± 55 2900±230 7.69±0.15 
+250 3782±64 3460±280 8.88 ± 0.18 

15531,42 -4 1241 ± 25a 1251 ±99 8.74±0.17a 
4-16 1013 ± 20 1004±80 8.27 ±0.17 

16-37 844± 17 680±54 7.92 ± 0.16 
37-74 677 ± 14 608±48 8.18±0.16 
74-250 612 ± 12 461 ± 37 7.64±0.15 
+250 425±9 468 ± 37 11.82 ± 0.24 

67701,22 -4 596± 12a 607 ±48 12.70 ± 0.25a 
16-37 599± 12 571 ±45 12.31 ± 0.25 
37-74 586± 12 563±45 12.51 ± 0.25 
74-250 563 ± 11 541 ±43 12.26±0.25 
+250 499± 10 556±44 12.93 ±0.26 

70181,30 -4 925 ± 19 857 ± 68 8.25 ± 0.41 b 

4-16 814± 24 694±55 8.30 ± 0.42 
16-37 713 ± 21 568 ± 45 8.00±0.40 
37-74 597 ± 30 8.74±0.44 

74-250 566±23 563 ±45 7.70±0.39 
+250 840 ± 140 785 ±62 9.42 ± 0.47 

a Alexander et al. (1976). 
bPepin et al. (1975). 
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Kl AR dating of lunar soils III 2735 

Potassium and calcium contents. Table 4 lists the K and Ca contents as 
determined by isotope dilution (l.D.) and 39* Ar and 37 Ar contents. The com-
parison of K contents is particularly informative. Notice that in general the 
agreement between the I.D. and 39* Ar values for K content is good for 12033, 
15531, and 67701 and with the exception of the -4 µ,m fraction of 12033 gets 
better with decreasing grain size. These three samples yield good isochrons in 
both the conventional and 39 Ar-40Ar data. The K and Ar contents of 70181,30 do 
not agree as well as for the other three samples-and this is the sample which 
does not yield a good isochron in the conventional data. 

12032 AND THE AGE OF COPERNICUS 

Sample 12032 is a surface soil collected on the northwest rim of Bench 
Crater, 200 m from the trench inside Head Crater where 12033 was collected 
(Sutton and Schaber, 1971). 12032 is the only Apollo 12 soil in addition to 12033 
which contains an important component of the brown ropy KREEP glass 
(Hubbard and Gast, 1971; Meyer et al., 1971; Marvin et al., 1971). Hubbard et al. 
(1971) suggested that the brown, ropy KREEP glass may have been deposited at 
the Apollo 12 site by a ray from the crater Copernicus. This suggestion has been 
adopted as a working hypothesis by a major fraction of the lunar science 
community. Eberhardt et al. (~973) derived an age of 800 ± 40 m.y. from step-
wise heating experiments from two + 150 µ,m handpicked separates of KREEP 
glass from 12033 and suggested that this was the age of Copernicus. Silver (1971) 
had previously inferred that an important thermal episode at 850 ± 100 m.y. had 
affected the exotic radioactive debris in Apollo 12 soils. Last year we demon-
strated (Alexander et al., 1976) that the age spectrum Eberhardt et al. (1973) had 
found for the + 150 µ,m KREEP glass was characteristic of the bulk < 1 mm 
12033 soil but that our data and the data of Eberhardt et al. also define a precise 
1.2 G.y. isochron. The age of 12032 therefore becomes a test for the association 
of Apollo 12 KREEP glass with the Copernicus impact. If the Copernicus event 
did indeed produce the Apollo 12 ropy KREEP glass, then the 12032 material 
should yield similar results to the 12033 material. While similar results from 
12032 and 12033 would not disprove some common origin other than Copernicus 
ejecta, dissimilar results would cast serious doubts on the working hypothesis. 

Sample 12032,208 was sieved into six grain-sized fractions. Two subfractions 
were handpicked from the +250 µ,m fraction. One subfraction was of brown, 
ropy glass-presumed to be the KREEP glass. The second subfraction, labeled 
"lithic fragments", was deliberately picked to be non-KREEP glass material. 
This subfraction consisted of individual mineral grains, basalt fragments, white 
fragments, etc.-in general, grains which appeared under the binocular micro-
scope to be obviously different from the KREEP glass. It was expected that the 
"lithic fragments" would represent local basalts and/ or transported highlands 
material and should be much older than the Copernicus ejecta. The +250 µ,m 
KREEP fraction was analyzed by step-wise heating. The other fractions were 
analyzed in total fusion runs. 
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Figure 5 illustrates how the 12032 data plot in a graph of 40Ar/36Ar vs 
40K/36Ar. The five fractions <250 µ,m define a very precise line whose intercept is 
0.38 ± 0.02 and whose slope corresponds to an age of 1.47 ± 0.04 G.y. The dashed 
line is the isochron defined by the 12033 data (from Fig. 4) and is shown for 
comparison. The sum of the temperature fractions of the +250 µ,m KREEP 
fraction plots slightly below the isochron. The +250 µ,m lithic fragments fraction 
plots below the isochron and yields a model age very near to the 1.2 G.y. 12033 
isochron. 

Figure 6 shows the results of the step-wise heating analysis of the + 250 µ,m 
KREEP fraction. The age spectrum is qualitatively very similar to the result of 
Eberhardt et al. (1973) from the + 150 µ,m KREEP glass from 12033 and to our 
data from the bulk 12033 fines (Alexander et al., 1976). It is quantitatively 
different, however. The 800°C fraction, the lowest age fraction yields an age of 
931 ± 16 m.y. rather than the 792 ± 4 m.y. in our 12033 data and 790 ± 8 m.y. in 
the data of Eberhardt et al. The saddle shaped age spectrum displayed in Fig. 6 
and by the 12033 data is becoming increasingly identified in the terrestrial 
40 Ar-39 Ar literature with excess 40 Ar. Lanphere and Dalrymple (1976) concluded 
that the low points of such saddles are only upper limits on the true ages of the 
samples. 
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Fig. 5. 40Ar/36Ar vs 40K/36Ar for 39Ar-40Ar data from various fractions of 12032. The 
filled circles are total fusion analyses of grain-sized fractions. The open circle is the 
sum of the temperature fractions in a step-wise heating analysis of a handpicked 
KREEP fraction from the + 250 µm grain-sized fraction. The open triangle is a total 
fusion analysis of lithic frag~ents handpicked from the + 250 µ,m grain-sized fraction. 
The solid line is a least-squares fit to the -4, 4-16, 16-37, 37-74 and 74-250 µ,m 
fractions. The dashed line is the 12033 line from Fig. 4 and is included for comparison. 
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A plot of 38Ar/36Ar vs Ca/36Ar for the 12032 data (not shown) is very similar 
to the analogous plot for 15531 (see Fig. 1 in Alexander et al., 1976) with the four 
finest grain-sized fractions defining a line. The slope of that line implies an 
exposure age of 454 ± 83 m.y. and its intercept defines a (38Ar/36Ar)tr ratio of 
0.186 ± 0.001. The 74-250 µ,m and +250 µ,m fractions plot progressively further to 
the right of the line defined by the finer fractions, as do all of the temperature 
data from the step-wise heating analysis of the +250 µ,m KREEP glass fraction. 

A qualitative scenario can be constructed which explains both the 12032 and 
12033 KREEP glass as Copernicus ejecta. The scenario would have the K/Ar 
systematics of both samples dominated by the ropy brown KREEP glass. The 
KREEP glass would have been extensively but incompletely degassed in a 
thermal event ~790 m.y. ago. In this scenario the thermal event would be the 
Copernicus Impact. The total fusion isochrons of 12033 and 12032 would not be 
chronologically significant but would simply be a record of the. strong but 
incomplete degassing of an older parent material. The older isochron age of 
12032 KREEP would be due to a slightly lower degassing than that experienced 
by 12033 KREEP-perhaps due to the details of its final cooling history. One 
can imagine the 12033 KREEP glass burying itself slightly deeper into the Apollo 
12 site and thereby cooling slower and degassing further. The agreement of the 
(
40 Ar/36Ar)tr ratios in the two samples, Table 3, supports a common origin. The 
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exposure ages of 12032 and 12033 are different but both are younger than the 
thermal event. Both samples must have spent much of the time since the thermal 
event buried in the regolith. The longer exposure age of 12032 would simply 
indicate that it spent more of the interval since its deposition at the Apollo 12 
site within the upper few meters of the regolith than did the 12033 sample. 

The Copernicus scenario runs into quantitative problems, however. The 
agreement of the (40Ar/36Ar)1r ratios, while almost embarassingly good, is not a 
very powerful constraint since similar trapped argon ratios have been reported 
for other Apollo 12 soils. Hintenberger et al. (1971) report a (40 Ar/36Ar)1r value of 
0.44 ± 0.01 from 12070 and Eberhardt et al. (1972) report values of 0.42 ± 0.02 and 
0.37 ± 0.05 from bulk and ilmenite grain-sized fractions respectively from 12001. 

Based on the K contents tabulated in Table 4 and assuming that KREEP 
glass contains ---9000 ppm K (Meyer et al., 1971) and the non-KREEP com-
ponents contain --- 500 ppm K, the KREEP glass content of the various grain-
sized fractions of 12032 and 12033 ranges from 22 to 59%. Particularly if the 
non-KREEP components were significantly older than the KREEP component, 
the K/Ar systematics of the soils would be dominated by the non-KREEP 
components. The young age of the +250 µ,m "lithic fragments" fraction from 
12032 is particularly telling. The thermal event must have affected all of 12032 
and 12033-not just their KREEP glass components. In essence, Eberhardt et al. 
(1973) and we have shown only that the thermal event affected the two soils 
known to contain brown ropy KREEP glass. We have demonstrated neither a 
cause and effect between the brown ropy KREEP glass and the thermal event 
nor that other Apollo 12 soils did not experience the thermal event. The KREEP 
glass could be much older and have simply been reset in the thermal event along 
with the other components in the soils. The association of the thermal event with 
the KREEP glass and Copernicus is therefore more tenuous. 

Our data from 67701 (Alexander et al., 1976 and Fig. 3 of this work) indicates 
that even an impact the size of North Ray Crater leaves no perceptible imprint 
on the K/Ar systematics of a soil collected from its rim. By default, the Apollo 
12 thermal event may well have to be associated with an impact the size of 
Copernicus. We will speculate, however, that if this thermal event proves to be a 
property of other Apollo 12 soils then we may have the first evidence of 
post-maria thermal activity found among the Apollo samples. 

SUMMARY AND CONCLUSIONS 

Recoil loss of 39 Ar should not be a significant problem in total fusion 
39 Ar-40 Ar analyses of grain-sized separates of lunar soils until samples ---4 µ,m 
and smaller are analyzed. In grain sizes smaller than ---4 µ,m, however, several 
percent of the 39 Ar can be lost. Since recoil trans/ er is certainly occurring it is 
probably important to include the wrapping in which a sample was irradiated in 
the fusion analysis. 

Total fusion 39 Ar-40 Ar techniques yield essentially identical results to con-
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ventional analyses and in several individual cases appear to eliminate errors 
introduced by aliquoting problems in inhomogeneous samples. 

The brown ropy KREEP glass in 12032 yields an age spectrum in a step-wise 
heating 39 Ar-40 Ar analysis similar to the age spectrum from brown ropy KREEP 
glass from 12033. The age signature is however apparently a general charac-
teristic of both soils and is not restricted to the KREEP component. The unique 
association of the age signature with the KREEP component and thereby with 
the Copernicus impact is thus weakened. While the thermal event recorded in 
these two soils may well ultimately prove to be the Copernicus impact, other 
possible interpretations should be considered. The determination of the ages of 
Apollo 12 soils which do not contain the KREEP glasses will provide an 
important constraint on the models. 
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