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Abstract—A scale of depth in cm from the surface and of overburden mass in g/cm2  is presented for 
each drill core based on a review of original sample data, Apollo surface activity videotapes, and 
examination of flight hardware. The scales presented here are based on laboratory measurements of 
the soil. The relationship of these depth scales to in situ lunar conditions is somewhat speculative 
and includes larger uncertainties (±3 cm, Carrier, 1974) in measurements of depth of penetration 
(instead of length of soil column measured in tube) and insufficient understanding of what happens 
to lunar soil entering the drill stem (in terms of amount entering the drill, compaction, expansion). 
The scales for Apollo 15 and Apollo 17 drill cores are well constrained. The Apollo 16 drill core was 
returned to earth with a substantial void in the bottom of the upper half of the core. The scale 
presented proposes that significant amounts of soil fell out of the bottom of section 60005 in addition 
to poor recovery in the upper two sections. The lower half of the core (60001-60004) represents 100% 
soil recovery at a depth of 102-221 cm below the surface. A table of the weights and lengths for "end 
of tube" samples is provided for investigators who wish to correlate depths of thin sections continually 
along the drill string. 

INTRODUCTION 

Since lunar drill core samples first became available, investigators have used 
several sources and methods for calculating sample depths. This resulted in dif-
ferences which ranged from 1-8% in sample depths calculated by two different 
investigators for the same Apollo 16 and 17 samples. For Apollo 16 there was 
the additional problem-of-how-tor account-for-the-void space 	in t le middle of  
the core. Comparison of calculated depths for the same samples are shown in 
Table 1. To facilitate interlaboratory comparison of analytical results, a well-
constrained depth scale for the Apollo 15 and one for the Apollo 17 drill cores 
are presented. A less constrained scale for the Apollo 16 drill core is also given. 
The scales are presented in an abbreviated tabular form in this paper. Computer 
listings for depths and mass of overburden by sample number are available from 
the Lunar Sample Curator, and these listings are the most convenient form to 
use.* These depth scales are based on the length of the soil column measured in 
the laboratory since these are the depths most easily referenced in locating in- 

* Lunar Sample Curator, SN2, Johnson Space Center, Houston, Texas 77058. 
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original records and photographs in the data packs for each sample maintained in the Lunar Curatorial 
Laboratory. It was estimated that errors in measurement of length were ± 0.5 mm, and 12-16 mea-
surements were needed for each drill core. The balance tolerance for "original weight" of each core 
tube section was ±0.8 g. For each of the 14-16 "end of tube" samples from each drill string, the 
balance tolerance was ±0.05 g. 

Measurements of the depths of penetration of the drill stems into the lunar surface, including error 
estimates, were done by Carrier (1974) based on observation of the length of each drill stem still 
protruding from the lunar surface when drilling was completed (photos, videotapes, astronaut com-
ments). Review of the videotapes revealed that the position of the lunar surface in relation to the drill 
stem was somewhat obscured by soil movement from drilling and astronaut activities. However, 
Carrier (pers. comm.) believes the soil surface was not altered by more than 2 cm. 

SOURCES OF SAMPLE DISTURBANCE 

It is emphasized that the scales presented in Tables 2-4 are based on soil column 
lengths measured after milling open the tubes in the laboratory. Since the soil 
column length and density was altered during drilling, transport to laboratory, 
and opening of the tubes, an understanding of parameters affecting the soil during 
these operations is necessary. 

Extensive experimentation to quantify the alteration of soil during drilling has 
not been done. Soil mechanics investigations indicate that drilling may not always 
recover all of the material in the path of the drill; some may be pushed aside, 
depending on the relative density of the soil. For very dense soils, the drill may 
recover more than what is in the path of the drill. Low relative density and fast 
drill rates will result in lower sample recovery; high relative density and a slow 
drill rate will result in higher sample recovery (Carrier et al., 1972). Relative 
density is an expression of how tightly packed a particular soil is compared to 
the minimum density and the maximum density to which that soil can be packed 
(minimum density, loosely packed = 0% relative density; maximum density, 
tightly packed = 100% relative density) (Carrier et al., 1973). Similar trends 
regarding per cent recovery, soil density, and drill rate occurred during testing 
for development of the Apollo Lunar Surface Drill by Martin Marietta Corpo-
ration (Crouch, 1971). 
—During  transport.  the soil—was not completely confined if the tube were not 

full. The uppermost tube was full on Apollo 15, but this was not the case on the 
other two missions. Plugs used on the bottom ends (the female ends) of tubes, 
except those with a bit, were hollow and allowed the soil to expand about 1 cm. 

In the laboratory, pressure was placed on the ends of the tubes during milling 
to stabilize them, and this compacted the soil lengths about 5 mm in the Apollo 
15 and 16 drill cores (samples from the top ends of the Apollo 17 tubes alleviated 
the compaction). 

PER CENT CORE RECOVERY 

To relate the condition of the cores as observed in the laboratory to in situ 
conditions, the length of the soil column recovered in the drill can be compared 
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Fig. 1. Apollo 15 drill core depth relationship. Data points determined at top of each 
core section (e.g., 15006, 15005). Slope of line is not constant throughout length of core; 
therefore, Table 2 describes each core section separately. Dashed line indicates ideal 
100% recovery. Insert shows distribution of soil observed in the laboratory and the 
position of the drill stem with respect to the lunar surface as observed on the moon. 
After style of Carrier, 1974. 

expansion to occur. The compaction of 15001, 15002, and 15003 occurred after 
separation of these tubes in the laboratory, probably during the milling procedure, 
because pressure was put on the ends of the tube to hold it in place during cutting. 

The good recovery_indicates that the sample depths--and-densities reported-in 
Table 2 closely resemble in situ conditions. Table 5 gives the lengths calculated 
for "end of tube" samples, which are not included in thin sections or peels, for 
investigators correlating sample depths of peels. Thin sections were not made 
along the length of the Apollo 15 drill core. 

APOLLO 16 DRILL CORE 

Unlike the Apollo 15 drill core, the Apollo 16 drill core does not have a straight-
forward relationship between soil column length measured in the laboratory and 
in situ conditions. The poor recovery of 84% is significant and requires correction 
factors. 



sl aduloap!A 041 u! uaas su ampaoold 5ullipp 341 `samnoup asa141 Jo asnuoas 
OS ww/wo ocT jo alga 5w11.ip lsuj Alan u 111 ualuT sum um  lug •paz!sewwns 

`JalliED •ci 	woJj •wwoo •siad 'llamwodg •9 	Aq pawinotuo sami 2ullipp) 
OL 431 pamois NE.1 041 put illip 041 uo larq plati lneuosisu ato spsumially .(111 

09  041 aippuu alp mil Aimois glow am!! u paillip sum WO  wouoq  .ww/wo 
T um E -t7ZZ Pawilauad wals pup 0141 `palaidwoo sum 5willip 0141 uatim •uo!pas 

uo do 5u!punaul 	wars 	Jo um gi inoqu sum 0.1041 puu `414020l 041 ow! 
0141 0 sum woo alp aiojaq padduo sum pug dol 141 .(t7L6I `JapluD) aoujIns seuni 

d sum 2! alojaq !pp a413o womq alp woij pann000 wo 1> jo ssoi  •1no paruf 
alp Li! paniasqo 1!q 04130  wolwq 0141 u! mon 341 wag paonpap sum sm., •padduo 
81Z aq 431 painsuaw sum magma sum iipp alp qouim wag 3104 au .Alowioqui 
0141 uaqi, •aio4 am ow! aqoad moll wall 0141 5uuldwp Aq auop sum sm., •daap um 
alaqm aio143A 2w/toll Juunl alp Jo /pug 0y1 uo Affewozpoq paouid sum aloo 
•'IME° UOIS!A0101 alp jo main alp uumm pauluwai map 04130 Hey .10M01 0141 ,quo 

1.121m L- awigap jug 1424s u S0009 wwg 1-10009 alusedas 431 pasn sum qoualm V 
laeuansv Aq plc:4u sum Hos jo ssol .t0009 jo dol alp uo pomp sum duo v *vat-

SEM Apo pamds paopou 014 wnowu gip Imp pagputo Jaw! 3H .1u!od sup iu alma 
_mad& IOU p!p 5unoA uyof sSullmooal • 	OM JO ma!nal E UI *SUIEJSMIUU Mai E
s5ugapqap man am Li! paluo!pu! sr ampaoold aqi jo laud sup 5wmasqo aq 431 
sante4 qiog -wow jo womq 0y1 padduo uatii °Ina •(i7L61) laiusup Aq papodai 
`.1apluD) paddvo 'pun fewozpoq pawl.= an1'4 01 paviodal alam amo alp jo 

(17 L61 
'170009-10009 Alaialdwoo aoa!d auo su paumal sum  'am my Jo Reg lamoi 014,1, 

inq `aoa!d auo su pau.nuai °sir sum `L0009-50009 'mug iaddn ata •1!os jo 
E* LL 041 • jo 415ua1 341 5uote pawq!lism sum 50009  u! 5 sp!on imuuisqns 

-pasn sum Slid )no pamolloq asneoaq w!of ow! papuudxa mSual Hos, 
'um 170-z sum laimuum aqui amp, 

•wo 5•zi7 sum 100g1 jo Almedup •qoua wo 6'6E sum 9005I-ZOOSI saqw jo Auouduo luau!--6 

S'1 T- 40'114 (agulanu) £L'1 817  -T- 5.E17(1 Z.1 -T Z•LEZ Simoi 
Z8'6EE £61 WZEZ 6.9E E'00Z 10051 
175'SLZ 49'1 1'01Z Z'6E 1191 ZOOS1 
I CLOZ 17C I O'EZZ £'6E 8' IZI E0051 
65'LEI PC I 6'LZZ al '04 L18 170051 
E4179 8C1 I '6EZ ,0'117 L'017  50051 
0'0 85'1 9'01Z aL'017  0.0 90051 

(zwo/5) 	g(Etuo/ 2) 	(2) 1112!am 	u(wo) m2ual 	(um) uolipas a.wo 	uonoas 
umpas jo do! lu 	AusuaG 	uo!loas 	uo!loas 	jo do) jo aoupns 	atop 

uapinqiano jo 'IM 	alop 	alop 	mopq mdau 

'KOLL suxai `uoisnoll `lawaD aords uosuqof `zrqs `.101einD aidwus 
Juunl ayl woij aiqui!rnu are Jaquimi aiduips 	uaNnwano jo ssew pug mdap aidturs jo sSupsyi 

•aomins _mum am ow! paluipuad mdap ayI jo '/6£0I s! 
m2uai s!qJ -Alomoqui ayI u! pama!A su uwnioo nos am jo m2uai aya jo Supun000u ue s! afros sna 

-woo 	ci ollodv Joj afros mdaa •z amyl 

• II" AI • • S 8961 I'" 110)1111  • H • f 2
	



8 cm void 

84% recovery 

Ideal 100% 
recovery 0 

Lunar 
surface 

Void 
Sparsely 
filled 

throughout 

Lunar surface 

E 
0 

C 
E 
6 100 

0 

o 200 
to' 
8 .o 

C 

E. a) 

300 
0 	 100 	 200 

	
300 

Depth in drill stem (cm) 

Depth scales 	1469 

T
Z
#
 
'
O
n
 
I
I
 

SW
IT
I
O
A
 
I
X
 O
T
I
O
d
V
 

the core tube. Soil in 60006 extended from the top down to 32 cm in the section. 
The 60007 soil extended from the bottom upward to 22 cm. Figure 2 shows the 
soil distribution. 

Carrier (1974) describes 3 scenarios to account for the voids. Briefly these are: 

1. The top of the core sample did not move from its initial position—implying 
100% recovery. (There was 18 cm of drill stem exposed when the drilling 
was completed, and the top of the soil column was found to be 18 cm below 
the top of the drill stem.) Then when the two halves of the drill stem were 
separated, soil fell out of the bottom of 60005. 

2. This scenario also proposed 100% recovery, but surmises that the soil fell 
out of the bottom of 60001 (the bit) when the drill was powered in place 
briefly to clear the flutes of soil and to allow for easier extraction of the 
core. 

Fig. 2. Apollo 16 drill core depth relationship. Solid line data points determined at top 
of each core tube section (e.g., 60007, 60006). Data for 60004-60001 are accurate. The 
discontinuity between 60005 and 60004 may be due to a combination of poor recovery 
and loss of sample from the bottom of 60005. An 8 cm void was found in the bottom of 
60006, and 60005 was only partially filled throughout its length. Dashed line represents 
100% recovery with no sample loss. Dotted line represents alternate view that 84% 
recovery was operational throughout length of core. Insert shows distribution of soil 
and voids as observed in the laboratory and the position of the drill stem with respect 
to the lunar surface as observed on the moon. After style of Carrier, 1974. 
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al., 1973a). These hard and soft layers may reflect changes in relative density of 
the soil (they may also reflect other characteristics such abundance of larger rock 
fragments). Similar hard/soft layers probably occur at the Apollo 16 drill core 
site. Two lines of evidence suggest that the same layers indicated in the pene-
trometer tests may extend to the drill core site. First, the penetrometer-defined 
layers can be correlated in a 3 point traverse toward the drill core site (Mitchell 
et al., 1973a), and second, petrographic composition in 60006-60007 correlates 
with layers observed in the upper part of nearby (30 m distant) drive tubes 60009 - 
60010 which extend to 60 cm depth (J. S. Nagle, pers. comm.). 

The idea of loss by both spillage and poor recovery results in an unknown loss 
of soil from the bottom of 60005, and the location of losses from poor recovery 
in the core above this point is also unknown (recovery varies with relative den-
sity). Therefore, the linear depth of the top of 60004 was arbitrarily set as 102.2 
cm below the lunar surface (calculated by a soil length in 60007 of 22.4 cm and 
39.9 cm each for 60005 and 60006). Depths below this point were calculated from 
soil weights and lengths observed in the laboratory. This relationship is illustrated 
in Fig. 2 and Table 3. 

Table 3. Depth scale for Apollo 16 drill core. 

The soil column length as viewed in the laboratory was only 84% of the depth penetrated into the 
lunar surface. This deficit in recovery was compensated for between 60004 and 60005. 

Listings of sample depth and mass of overburden by sample number are available from the Lunar 
Sample Curator, SN2, Johnson Space Center, Houston, Texas 77058. 

Core section 
length (cm)a 

Core section 
weight (g) 

Density 
(g/cm3)b 

Wt. of overburden 
at top of section 

(g/cm2) 

22.4 105.7 1.44 0.0 
32.0 165.6 1.58 32.34 
14.6' 77.3d 1.62 83.00 

33.2e 168.2 1.551  106.65 
38.3 202.7 1.62 . 
39.5 215.9g 1.67 220.13 
35.8 211.8 1.81 286.15 
5.5 30.1 1.67 350.95 

221.3 ± 1.4 1177.3 ± 6.4 1.63 (average) 360.16 ± 2.0 

Depth below 
Core 	surface of top of 

section 	core section (cm) 

60007 	0.0 
60006 	22.4 
60005 	54.4 
missing 

soil 	69.0 
60004 	102.2 
60003 	140.5 
60002 	180.0 
60001 	215.8 
Totals 

aLinear capacity of tubes 60007-60003 was 39.9 cm each. Capacity of 60001 + 60002 was 42.5 cm. 
'Core tube diameter was 2.04 cm. 
'Since the smaller amount of soil in 60005 was distributed along the whole length of the tube, the 

density of 60004 was assumed, and the sample length was calculated. 
°Wt. revised after dissection when flight hardware was reweighed, previous wt. was 76.1 g. 
'Length calculated to equal void space observed in 60005-60006. 
'Density is average for top three sections. 
gWt. revised in Lunar Curatorial Laboratory after reweighing gross wt. Lunar Receiving Laboratory 

reported wt. was 215.5 g. 
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Fig. 4. Apollo 17 drill core depth relationship. Data points determined at top of each 
core tube section (e.g., 70009, 70008). Dotted line near top of core indicates the expected 
soil relationship for 96% recovery if no migration had occurred. Offset curve near top 
of core depicts voids left by migration of soil toward top of core during transport to 
laboratory. Dashed line represents ideal 100% recovery. Insert shows position of drill 
stem with respect to lunar surface as observed on moon. Insert (a) shows deduced in 
situ soil position in tube, and (b) shows position of soil as viewed in the laboratory. 

penetrated to within an inch of the white stripes painted on the 70009 core tube 
and based on measurement of flight hardware. A soil column length of  292 ± 2 
cm wadetermined mom bow far the plug was pushed into the top of the drill 
core (Mitchell et al., 1973b). The rammer-jammer pushing the plug was inserted 
two-thirds of its length before the surface of the soil was encountered (Bailey and 
Ulrich, 1975). The apparent recovery (96%) does not include uncertainties about 
where the actual surface was during drilling or to the effects of drilling on the 
compaction or expansion of soil in the tube. The crew noted that about 3-5 mm 
had fallen out of the bottom of the core (Bailey and Ulrich, 1975). 

In the laboratory, measurement of the soil column length was not a straight-
forward procedure because of soil movement during transfer from the moon. The 
astronaut measured a 30 cm void space in the top of the drill stem after drilling 
was completed and pushed a teflon plug in the tube to hold the soil in place. The 
drill stem was broken down into 3 pieces on the moon for transport to earth, and 
tubes 70007, 70008, and 70009 were returned as one unit. The position of the soil 
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