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Abstract-Core samples collected from the lunar regolith have been almost entirely incoherent and 
loose in consistence. Most have been transported to earth with original features of stratigraphy intact, 
and disturbance by the sampling process generally has been minimal. To preserve the stratigraphy 
recorded in these samples, cores have been partially impregnated with polybutyl methacrylate. 
Differential permeability of texturally different layers results in stratification appearing in relief of 
1-3 mm thickness throughout length of the stabilized sample. Stratigraphic sections thus preserved 
show (1) individual fragments of the regolith in their original positions; (2) primary depositional 
structures and secondary structures related to lunar processes; and (3) nature and extent of 
deformation produced by the sampling equipment. If desired, individual oriented grains may be 
removed for study by dissolving the methacrylate bond with acetone. 

Simple qualitative observation of sedimentary structures preserved in these cores is sufficient to 
show that the regolith varies complexly in three dimensions. Quantitatively based models of regolith 
evolution therefore must accommodate distinctive local histories and irregular episodes of deposition 
and reworking by impact processes. 

INTRODUCTION 

LUNAR DRIVE-TUBE and drill-stem cores are potentially the most informative 
samples brought to earth from the moon during the Apollo Program. These cores 
have unique significance for the histories of earth, sun, and moon, for they 
provide records not only of the meteoritic bombardment and development of the 
regolith, but also record flux of cosmic rays and small particles related to the solar 
wind. Because such cores, particularly those taken by drive-tubes, off er the only 
undisturbed three-dimensional physical record available of the lunar regolith, 
understanding of virtually all descriptive and analytical data from study of these 
cores is enhanced when related to the spatial and chronological relationships 
inherent in them. Their disaggregation results in destruction of the only means by 
which all analytical data may be coordinated in present or future studies. 
Preservation of core stratigraphy therefore is imperative. 

Unfortunately, the core samples are extremely fragile; most lunar surface 
sediment retained in them is nearly incoherent and loose in consistence. Stabiliza-

*Roald Fryxell died in an automobile accident after preparation of this manuscript. 
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tion of core stratigraphy must follow subsampling for experiments which cannot 
be made after introduction of any exotic material used as a bond. Accordingly, 
after half or more of the sediment has been removed by dissection and 
subsampling along the axis of the tube, the remaining relatively undisturbed 
portion of these cores may be stabilized by partial impregnation with polybutyl 
methacrylate. Differential permeability of texturally different features allows 
layers and structures to stand in relief of 1-3 mm along the length of the core. The 
stratigraphic section thus preserved retains (1) individual rock or mineral frag-
ments in their original positions; (2) primary depositional structures and secon-
dary deformational features resulting from natural processes active at the lunar 
surface; and (3) evidence of disturbance by drive-tube or drill-stem equipment. 
Use of the poly butyl methacrylate permits removal of individual oriented grains 
for future study, if desired, by dissolving the methacrylate bond with acetone. As 
the record of man's first detailed view of conditions beneath the surface of the 
moon and as the bases to interpret past events recorded there, these stabilized 
stratigraphic documents are of great historical as well as scientific importance. 

OBJECTIVES OF CORE SAMPLING 

Collection of core samples from the lunar regolith by drive tubes and a drill 
capable of penetrating to a depth of at least three meters became scientific 
objectives of the Apollo Program early during planning of the missions (Geology 
Group Report, 1965, 1967) as the most efficient means to investigate the history of 
erosion, transport, and deposition of sediment on the lunar surf ace. Both 
procedures were recognized as mechanically more feasible and more economic in 
terms of time than the detailed manual sampling of natural exposures or trench 
walls used in shallow-depth studies of surficial deposits on earth. 

The petrographic composition of the regolith and layers within it reflect not 
only the composition of underlying bedrock, but also proportions of exotic 
materials transported from other areas of the lunar surf ace and extralunar 
materials introduced by meteorites. Working models of regolith development are 
of necessity dependent on documenting grain size distribution with depth. Studies 
in soil mechanics are similarly dependent on knowledge of depth-distribution of 
grain size, and changes in cohesion or compaction, none of which can be 
determined from examination of the surface. 

Core samples also provide opportunity for characterization and chronological 
study of secondary alteration features, whether resulting from micrometeorite 
flux, cosmic ray flux or particles related to the solar wind. Maintenance of 
particles in their original positions may be imperative for adequate distinction 
between the effects of these environmental processes, operating from the surf ace 
downward, and the effects of secondary alteration from beneath the surf ace such 
as possible outgassing of materials buried within the regolith or seepage of gases 
from the lunar crust beneath. Evidence of mixing of the regolith based on cosmic 
ray or fission track studies is equally dependent on evidence that particulate 
matter in the sample studied has not been mixed artificially in the sample process. 
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Preservation of lunar core samples 937 

Analyses of thermoluminescense for interpretation of thermal history of the 
regolith probably also would have little value if obtained from a core mixed 
disturbed during collection and handling. 

Particularly during early missions, core sample material from the deepest 
portion of such probes was important in assessing the possibility of existence of 
lunar organisms because of minimum likelihood that these samples had been 
contaminated by hydrocarbon compounds from exhaust of the Lunar Landing 
Module or from its cabin atmosphere. The same sample characteristics continue 
to make core material desirable for other studies of carbon compounds known to 
be from an environment uncontaminated by organic material of any kind. 

CORE SAMPLING EQUIPMENT 

Cores of lunar regolith now have been collected by four types of equipment: 
small-diameter drive tubes used on Apollo Missions 11-14; large-diameter drive 
tubes used on Apollo Missions 15-17; and a small-diameter, segmented drill string 
powered by electric motor and operated by hand, which also was used on Apollo 
15-17. In addition, two cores have been collected by the unmanned Soviet 
Missions Luna 16 and Luna 20. Because of differences inherent in these types of 
sampling equipment, features of cores collected by them must be interpreted in 
terms of the effects of each sampler as it is inserted into the regolith. 

Designs of both small-diameter and large-diameter aluminum drive tubes have 
been summarized in NASA Preliminary Science Reports for Apollo 11, 14, and 15 
(Costes et al., 1969, pp. 90-91; Scott et al., 1970, pp. 180-182; and Mitchell et al., 
1972, pp. 7-9). The smaller tubes have inside diameters of 1.95 cm and an interior 
length of 31.75 cm. A detachable steel bit was discarded on the lunar surface and 
replaced with a protective cap, and the upper end of the core sample was 
supported by a spring-loaded teflon follower which was pushed upward as 
sediment entered the sample tube. Drive tubes used on Apollo 11 were equipped 
with bits which tapered inward, applying confining pressure which contributed to 
distortion of sample characteristics. On subsequent missions, bits with an outward 
taper were substituted to provide parallel walls throughout the sample tube. 
Complete redesign of the coring equipment used on the last three landings 
resulted in more efficient samplers with thinner single-wall construction, a bit 
which was an integral part of the tube, and larger dimensions of 4.13 cm inside 
diameter and 36 cm length. Compaction resulting from friction against the interior 
wall was thus reduced, and the follower was replaced by a hand-loaded plug 
inserted at the top of the barrel after sampling had been completed. Both small-
and large-diameter models of drive tubes were capable of being screwed together 
in tandem to permit maximum sample depths of more than one length if such 
penetration proved feasible. In actuality, hammering frequently was necessary to 
force them at least part of the distance to which they could be driven (Fig. lA). 

The Apollo Lunar Surface Drill assembly (Fig. lB) includes a separate bit and 
six titanium steel extension tubes, each having inside dimensions of 2.04 cm 
diameter and approximately 40 cm length. The drill is powered by a rotary 

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

http://adsabs.harvard.edu/abs/1974LPSC....5..935F


1
9
7
4
L
P
S
C
.
.
.
.
5
.
.
9
3
5
F

938 R. FRYXELL and G. HEIKEN 

Fig. 1. (A) Collection of the first lunar drive-tube sample (10005,0) at the Apollo 11 
landing site, Sea of Tranquillity. Obstruction of the drive-tube sampler either by a rock or 
an exceptionally coherent layer necessitated use of a hammer to drive it and resulted in 
penetration at an angle. After compaction, the sample returned was approximately 10 cm 
long. (NASA photo ASll-40-5964). (B) Use of the Apollo Lunar Sample Drill at the 
Apollo 16 landing site, Descartes. Sample was recovered to a depth of approximately 
240 cm. Storage rack at left holds additional segments of drill stem to be added as 
needed. (Photograph courtesy of the U.S. Geological Survey, Recorded from television 

transmission; Fig. LA-2, Interagency Report: Astrogeology 49, 1972.) 

percussion motor a rate of approximately 280 rpm and 2270 bpm; helical flutes on 
the outside of the drill stems carry excess soil to the surf ace. After extraction 
from the regolith, individual segments or groups of segments were disconnected 
and capped to retain sample. Details of the equipment design are reported by 
Martin Marietta Corporation (1966). 

Rotary drilling equipment used to collect the Luna 16 and 20 samples has been 
described briefly by Vinogradov (1971a, 1971b, 1973) as having an interior diameter 
of about 2 cm and an effective length of 1 m. 

EFFECTS OF DISAGGREGATION 

Several lunar cores thus far have been completely disaggregated. Laboratory 
procedure for both Luna samples has involved emptying their contents into a tray 
(Vinogradov, 1971, 1973), and thus only generalizations can be made concerning 
changes encountered with depth in the regolith by Luna 16. Apparent mixing of 
material in the partially filled core barrel of Luna 20 prior to opening (Lovell, 1972 in 
Vinogradov, 1973) eliminates any stratigraphically related inferences whatsoever 
for the material co11ected (see Fig. 2). At ]east one stem of the Apollo 16 drill stem 
(60005) probably has been mixed in a similar manner, for X-radiographs show void 
space along the length of the tube and sediment scattered in a highly disturbed 
manner within it (Horz et al., 1972, pp. 7-53). Limitations imposed on any attempt at 
obtaining depth-frequency data from disturbed or mixed sample are evident with 
comparison of the Luna 16 and 20 samples, in which original structures never can be 
reconstructed, and Apo11o 11 core 10005.0 (Fig. 3A) in which the disturbed portion is 
obvious and in which the remainder could be dissected with whatever care time and 
technique permitted. 

Apollo 12 drive-tube samples show little or no disturbance due to collecting 
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Fig. 2. Effects of disaggregation illustrated by Luna 20 drill core sample. Disturbance of 
sediment probably reflects both laboratory procedure of transferring core into tray and 
mixing due to sliding of unsupported sample which only partially filled the core tube. 
(USSR photo no. 20-001-07; NASA photo copy no. S-73-17200.) Luna 16 core shows 
similar effects due to sample transfer (see Fig. 2 in Vinogradov, 1971), although it 
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apparently arrived at the laboratory intact. 

Fig. 3. Characteristics of small-diameter Apollo drive-tube cores after opening of 
split-tube liner (3A and 3B) and after dissection (3B). Void space at the top of Apollo 11 
core 10005,0 (3A) and fractures indicate localized disturbance during sampling not 
apparent in Apollo 12 core 12025,0 (3B), which after dissection maintains original 
orientation of large, fused glass fragments in center of sample (3C). Samples have not 
been degraded by extrusion from the outer barrel or by removal of half the split-tube 

liner. (NASA photos S-69-45048, S-69-23809 and S-70-21309, respectively.) 
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procedures, as in the case of the upper portion (sample 12025.0) of the double 
drive tube collected at Halo Crater, where no void space existed at the top of the 
sample (Fig. 3B). Marks of dissecting equipment are clearly evident in otherwise 
intact sediment (Fig. 3C) after sampling along its length has been completed. 

Assessment of the quality of subsamples derived from lunar cores collected by 
any method thus is dependent on (1) knowledge of the inherent characteristics of 
samples retrieved by each procedure, (2) by recognizing the degree to which 
integrity of the sample has been maintained during transport, (3) by nature of 
disturbance resulting from extraction of the sample from its original container, 
and (4) through understanding effects of the subsampling procedures themselves 
on quality of the aliquots extracted. 

OBJECTIVES OF STABILIZATION 

A wide variety of methods now exists for the impregnation and stabilization of 
incoherent or poorly consolidated materials. These procedures, summarized 
extensively by Bouma (1969), have been developed to accommodate both wet and 
dry particles ranging in size from well-sorted clay of marine and lacustrine 
deposits to coarser and more poorly sorted materials of terrestrial origin, 
inc]uding boulders (Fryxell and Daugherty, 1962). Depending upon the method 
and materials employed for stabilization, the resulting aggregate may be used to 
document the natural appearance of the deposit in either vertical or plan views to 
permit study by macroscopic visual inspection, binocular microscope and photo-
micrography, or by macrophotography using either single frames or stereographic 
pairs. Nagle and Duke (1974) have developed procedures for impregnating core 
material with epoxy under vacuum and curing at low temperature to form a block 
suitable for preparing polished sections. Polished sections permit study by 
reflected light using techniques developed for ore microscopy and thin sections 
a1low study by transmitted light and polarizing microscope using conventional 
methods for the petrographic study of sedimentary rocks. Not one of these types 
of stabilized samples is universal in its utility for study; all used in conjunction 
may be necessary for adequate interpretation of the material in question. 

Stratigraphic sections preserved for study as archival documents to coordinate 
a wide variety of analyses, and to permit repeated examination and reinterpreta-
tion of the provenience of data gathered, comprise two groups. Relatively thin, 
two-dimensional sheets of stabilized sediments, essentia11y one particle-diameter 
in thickness, may be required to document stratigraphy of large areas such as 
entire wa11s of archaeo]ogica] trenches (Storer, 1964) or 1arge-sca1e geological 
excavations made for study of sedimentary structures (see Bouma, 1969, pp. 1-83 
with especial reference to papers by Hahne] and McKee). Thicker, three-
dimensional sections often called "monoliths" usual1y are prepared for pedologi-
ca] purposes which require documentation of secondary alteration features 
superimposed on primary characteristics of parent materials. Minimum thickness 
required for such documentation is that of the largest aggregate structure present 
in the deposit and may vary greatly from horizon to horizon of the same section. 
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The small size of lunar cores obtained thus far limits size of stabilized portions 
to the millimeter range, but objectives of the stabilization procedure summarized 
in the following section focus attention on the problem of combining characteris-
tics of three-dimensional monoliths while limiting the amount of material bonded 
to the minimum quantity possible. Objectives and to some extent procedures thus 
have been modified primarily in scale from the concepts of Smith and Moodie 
(1947; Smith et al., 1952). 

PROCESSING OF CORES BEFORE STABILIZATION 

Dissection and subsampling of lunar cores has been varied substantially 
depending on time available for procedures of the Lunar Sample Preliminary 
Examination Team. Increasingly detailed attention to characteristics of the cores 
is reflected in preliminary reports ranging from sample return of Apollo 11, when 
45 min were allocated to examination of the opened core before transfer of half 
the material for biological analysis, to detailed stratigraphic dissections which 
have been undertaken since Apollo 14 (LSPET, 1969a, 1969b, 1970a, 1970b, 1971a, 
1971b, 1972a, 1972b, 1973a, 1973b, 1973c; Horz et al., 1972). More detailed 
accounts of core characteristics made at the time of dissection have been 
published for small-diameter drive-tube samples opened from the missions of 
Apollo 11 (Fryxell et al., 1969), 12 (Lindsay et al., 1971), 14 (Fryxell and Heiken, 
1971), and for the Apollo 15 deep drill core (Heiken et al., 1972). Stereographic 
X-radiography of all cores before opening was begun with samples from Apollo 
12, and removal of selected portions of core sediment under red rather than white 
light for thermoluminescence studies was begun with opening of core 14230. 

Cores are removed from the sampling equipment by extrusion and longitudinal 
separation of the split-tube core liner in the case of drive tubes used on Apollo 
11-14, and by longitudinal cutting by milling machine of drill-string segments. 
Large-diameter drive tubes from the final three missions have not yet been 
opened, but will be extruded by a screw-threaded ram into a longitudinally layered 
quartz glass receptacle which will permit dissection of thin segments along the 
long axis of the core (Carrier et al., n.d.). 

Procedures for stratigraphic subsampling of the cores along their long axis 
involve removal of approximately two-thirds of the volume of sample and follow 
basic procedures for sampling of microstratigraphy of terrestrial sediments 
outlined by Fryxell and Smith (n.d.). No subsample is taken across a recognizable 
stratigraphic boundary, and morphologic units thicker than 5 mm are subdivided 
arbitrarily into units of 2.5-5.0 mm. Thinner subdivisions are sampled adjacent to 
contacts if texture and cohesion permit. Lack of cohesion of the sediment and 
disturbance caused by removal of coarse particles frequently limit precision of 
sample boundaries to approximately ± 0.5-2.0 mm depending on texture. 

Tools utilized in dissection include stainless steel spatulas and scoops, forceps, 
triceps, and brushes employing basic archaeological methods developed for 
exposure and removal of detailed terrestrial stratigraphic features (Fig. 4). Matrix 
sediment of the 1 mm fraction is removed a few milligrams at a time, and groups 
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Fig. 4. Dissection of lunar core 12025,0. Sediment is removed following the long axis of 
the core a few milligrams at a time, using microtechniques adapted from archaeology and 
pedology, and extending to a depth of ½ to ½ the diameter of the core. Recognizable 
stratigraphic units and arbitrary subdivisions are numbered sequentially from the base of 
-the core upward, and daughter samples of matrix and either coarse or distinctive 
fragments are transferred to individual sample containers as they are assigned identifica-
tion numbers. All Apollo cores have been dissected in dry nitrogen atmosphere, held at 
negative pressure for missions 11-14, and at positive pressure subsequently. (NASA 

photo S-69-23818.) 

of coarse particles or particularly distinctive fragments are treated as features, 
isolated, photographed in situ, and removed as individual daughter samples (Figs. 
5A and B). 

Core segments 12025 and 12028 of the double-length drive-tube sample 
collected south of Halo Crater by Apollo 12 astronauts illustrate laboratory 
procedures (Figs. 4-6) carried out with progressively greater detail on subsequent 
core dissections, although these cores are atypical in having the most distinctive 
and most coherent layers observed in any core sample opened to date. When 
specified, sampling for organic gas analysis (sample 12025,2) preceeded dissection 
of the core matrix (note disturbed areas in core surf ace, Figs. 4 and 5 above the 
number 26 on the metric scale). Obvious layering comparable to that in the lower 
portion of the double drive tube core (sample 12028), shown before and after 
dissection (Figs. 6A and B, respectively) is exceptional. 

More typical problems of defining and documenting stratigraphy in lunar core 
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Fig. 5. Drive-tube core sample 12025,0 during dissection with (A) coarse particle 1.2 cm 
diameter exposed in situ; and (B) with particle removed for special documentation and 
handling. Disturbed area in upper right of both views (see also in Fig. 4) records the 
location of sample 12025,2, taken from the interior of the core for organic gas analysis 
(Burlingame et al., 1971) after scraping away the smeared veneer of sediment against 

the wall of the split-tube liner. (NASA photos S-70-21303 and S-70-21307.) 

Fig. 6. Core sample 12028,0 from Halo Crater, Apollo 12 landing site. Coarse-grained 
layer is stratum VI of lower portion of double drive tube, photographed before (A) and 
after (B) dissection. Layer· is crust-like mixture of weakly bonded glass, olivine crystals 
and fragments of basalt. Disturbed area immediately below coarse layer (Fig. 6B) marks 
location of sample 12028,3 collected for organic gas analysis experiment (Burlingame et 

al., 1971). (NASA photos S-69-23404 and S-69-23405, respectively.) 

943 

samples are evident from successive views of core 14230, collected by the Apollo 
14 crew at Triplet Crater (Fig. 7). Preliminary examination by X-radiography (Fig. 
7 A) confirmed astronaut reports of difficulty in sampling due to loss of the teflon 
follower from within the drive tube, and the pos-sibility that the unsupported 
sample may have been disturbed, especially at its unsupported ends, during 
transport. After exposure of the core by removal of half the split-tube liner (Fig. 
7B) an improvised aluminum foil support for the base of the core was replaced 
with a teflon plug designed for the purpose and dissection proceeded until samples 
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Fig. 7. Successive views of drive-tube core sample 14230 from Apollo 14 landing site 
near Fra Mauro. X-radiograph of unopened sample (A) clearly shows void space at upper 
left, fractures, and outlines and distribution of some lithic fragments. Ends of core 
appear disturbed and are supported at top by a teflon plug and at bottom by an 
improvised aluminum foil stopper. Sub-horizontal, approximately parallel alignments of 
fragments between ends of core suggest that main portion of interior is intact. 
Disturbance at ends of core is confirmed on opening (B), but variation in prismatic 
structures and slight differences in color and texture imply layering. Intact, stratified 
condition of core is confirmed during dissection and subsampling but stratification is 
obscured by tool marks left during the process (C). For annotated working drawing, see 
Fig. 8. (NASA X-radiograph 2 of 14230 and photos S-71-40164 and S-71-40168, 

respectively.) 

had been removed from the length of the core (Fig. 7C). Evidence providing bases 
for distinguishing disturbed and intact portions of the core gradually becomes 
apparent through progressive steps, illustrated by drawings of Fig. 8 in which 
morphology and macroscopically observable changes in particle size, alignment 
and color or structure noted during dissection are added to information from the 
X-radiograph drawing to delineate stratigraphic units within the core. These 
changes are not evident in photographs of the dissected core (Fig. 7C) because of 
disturbance at the surf ace by dissecting equipment. 

General descriptive documentation of samples includes stereographic photo-
graphy at a scale of 1 : 1 before and after dissection, drawings including location 
and orientation of particles 1 mm diameter, and records of macroscopically 
recognizable changes in color, texture, structure, fabric, and composition. A 
detailed summary of current procedures is in preparation by Haynes (n.d.). 

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

http://adsabs.harvard.edu/abs/1974LPSC....5..935F


1
9
7
4
L
P
S
C
.
.
.
.
5
.
.
9
3
5
F

Top of sample 

Stratigraph 1cally 
intact portion 
of sample 

Uniform 
color 

Preservation of lunar core samples 

Teflon plug \inserted { 
at the LRLI 

Depth, 
cm 

ID 

11 

Coarser, more disturbed 12 
lJ 

Possible contact------H.:J 
14 

15 

:---..._ ----Stereopa1 r I 
~2so l -'~ 

-~Sketch A 

\._y--,j-...__ J ------stereopa1r 2 \sketch Bl 

Planes of view 

Dust adhering to wall of aluminum 
split-tube liner and to Teflon plug 

Estimated 114 to 113 void space: sample 
highly fractured 

0 } QO ------------

•,J; 
,. 0 

... .;e. -~ . 0 

oO 

0 

'0 .... 

945 

Slightly higher color 
value, finer texture l finer texture { 0 cf<;:, l Major morphologic units 

and sutxlivisions 

Intermediate { 
Morphology before Uniform texture 
dissection of core sam le coiy Coarser { 

""'" '""" ·•" "'"" "" .. ,. " '" :· ::: ·:::.,::' "'"" 1\ 
dust-covered with dust adhering to liner wall and 
some loose dust in VClldSI 

Disturbed sample \consists of loose accumulation 
of fines including one or more spheres and rock 
flakes <I mm minimum diameter; material is mixed 
and of minimal stratigraphic value except for 
position at base of core sample! 

{ 
Sketch A 

• ~o 
c.Q } DC::.e. 

~\:)•~o 

0 • oo 

Sketch 8~6.47 grams removed in LRL 
for biotest prime sample 
Feb. 14, 1971 

Fig. 8. Summary diagram of progressive stages in documentation of core sample 14230. 
Morphology of outer core surface provides basis of Sketch A after split-tube liner has 
been opened. Sketch B of interior arrangement of particles is based on interpretation of 
frame 2 of X-radiograph pair (for orientation, see upper right). Tentative subdivisions of 
core inferred from inspection of surface and X-radiograph are indicated at left of Sketch 
A; interpretation based on observations during dissection are summarized at right of 

Sketch B. (After Fryxell and Heiken, 1971, Fig. 6.) 

Because even the most carefuf documentation of cores through photography, 
drawings and verbal descriptions made during the process of dissection and 
subsampling inevit_ably are abstractions of the actual stratigraphic relationships, 
these procedures augment rather than provide acceptable substitutions for 
stabilization of a portion of the core stratigraphy as a permanent document. 

PREPARATION OF IMPREGNATED SECTIONS 

Experimental impregnation of fine lunar surface sediment began with sample 
return and preliminary investigation of materials from the Apollo 11 mission. 
Initial use of the VYHH vinylite resin in a 2: 1 solution of acetone and methyl 
isobutyl ketone recommended by Smith and Moodie (1947) showed successfully 
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that loose fines could be bonded together (Fig. 9) without obscuring their surface 
properties by applying the resin to one surface of the material, allowing the resin 
to soak inward and dry, and then reversing the sample to expose uncoated 
particles which may be examined without the distortion in appearance produced 
by index of refraction of the resin. 

Stability of the sample is increased by applying a secondary backing of 
stronger material such as cellulose acetate. Both materials are soluble in acetone 
and individual grains may be cleaned using Soxleth apparatus (Wiborg, 1960, p. 
184). 

Fig. 9. Stabilization experiment during Preliminary Examination Team study, Apollo 11 
mission. Sweepings of lunar dust from floor of nitrogen cabinet are impregnated with 
VYHH vinylite resin (A) and effectively bonded together (B). Reversal of the sheet of 
bonded dust particles displays an uncoated surface (C) retaining original appearance of 
the incoherent material. (NASA photos S-69-45559, S-69-60061, and S-69-60063, respec-

tively.) 
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Difficulty in reducing the depth of penetration of the vinylite resin by changing 
viscosity was compounded by constraints on handling of samples, which then 
required all processing to take place within the nitrogen cabinet atmosphere. 
Rapid drying and the lack of flexibility of the resin presented problems also, and 
further experiments resulted in adoption of Elvacite 2044, a polybutyl methacry-
late employed for making peels of sandy sediments by Moiola et al. (1969). 

Requirements for fixation of dissected cores, at the time sections described 
here were made, were outlined by the Lunar Sample Analysis Planning Team and 
subcommittee on cores (Arrhenius, written communication, 1971). These stipula-
tions proscribed that (1) materials used be chemically inert relative to the lunar 
material; (2) free of inorganic contamination to avoid introduction of exotic trace 
elements; (3) avoidance if possible of organic materials which interfere with mass 
spectrometry, or restriction of such experiments to subsamples taken from the 
unstabilized portion of the core; ( 4) restriction of penetration to approximately 
1 mm depth, thus incorporating primarily the portion of the longitudinally 
dissected core which has been most disturbed by the subsampling process (see 
Fig. 10); (5) no further disruption of particle arrangement be caused by the 
stabilization and removal of the peel from unimpregnated portions of the core; (6) 
the bonding material be transparent; (7) temperatures involved in the stabilization 

Plexiglas mount 

Undisturbed core 
stratigraphy 
exposing uncoated 
grain surfaces 

Surface of 
dissecting table~ 

Wall of drill stem 
or split-tube I iner 

Transfer of stabilized stratigraphic section 

Zone of disturbance 
1 mm thick due to dissection 

Remainder to be 
impregnated for 
single-grain 
studies and for 
polished sections 
and thin sections 

Zone 1-3 mm thick 
impregnated by poly-butyl 
methacrylate comprising 
primary stratigraphic 
document 

Fig. 10. Diagram illustrating relationship of impregnated portion of core to zone of 
disturbance produced by dissection and undisturbed stratigraphic record beneath. 

Disturbed zone becomes back of peel on transfer to permanent plexiglas mount. 
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process should not exceed those experienced by the core in other aspects of its 
sample history; (8) the bonding material be sufficiently flexible to avoid cracking 
during removal of the peel from the sampling device in which it was made; (9) 
films or other prefabricated media, or liquids subject to shrinkage, not be used to 
avoid stress due either to pressure or tension; and (10) capability of the bonding 
material to adhere to the core tube during preparation of the peel and to the 
mounting platform employed for permanent display. Requirements also stipulated 
that individual particles be easily removed by solution of the bonding agent if so 
desired. 

Materials tested and eliminated from consideration include silicon elastomers 
because of acetic acid produced during the curing reaction; resins catalysized with 
zinc and other rare transition elements; polyisobutylene (butyl rubber) because of 
impurities and instability through time; polymethyl metacrylate (leucite) for lack 
of flexibility; and polyvinylidene, which was considered as a flexible coating for 

Fig. 11. Laboratory configuration for dissection of lunar core 14230, which is 12.5 cm 
long and weighed 70.7 g. (A) undissected core in vice-block for holding split-tube liner is 
viewed through window in microscope port; (B) dissecting stand on adjustable labora-
tory jack is surrounded by containers to receive subsamples as they are removed from 
length of core; (C) stainless steel spatula is used to transfer milligrams of sample to 
numbered bolt-top container; and (D) subsampling is completed with removal of 54 
aliquots of sediment including sampling under both red and white light conditions. 
(NASA photos A-D, respectively, S-71-40231; S-71-40225; S-71-40223; and S-71-40222.) 
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certain situations involving coarse fragments. The commercial product adopted is 
50% by volume polymer in methyl ethyl ketone as the solvent, and with a viscosity 
of 1300 cp of the solution. The polymer is stabilized with 22-28 ppm methyl ether 
of hydroquinone. Objections raised in response to constraint (2) are minimized 
because of manufacture in stainless steel containers and typical stainless steel 
components at a level of less than a few ppm. 

Step-by-step procedures for producing the stabilized sections illustrated in 
figures of this report are presented in Figs. 11-14, with the end result of stabilized 
core section 14230,56 shown stereographically at actual size in Fig. 15. In addition 
to application with lunar materials, which have included the sections of the Apollo 
15 drill string (Heiken et al., 1973), the technique provides opportunity to study in 
three dimensions details of stratigraphy and sedimentary structure not usually 
considered in terrestrial sediments. 

Stabilized sections produced by the method fail the constraints originally set 
out in one respect: depth of impregnation frequently exceeded the arbitrary limit 

Fig. 12. Equipment used to apply polybutyl methacrylate to core 14230,56--58 (A) on 
laminar-flow laboratory bench. A thin bead of viscous methacrylate (B) is applied along 
aluminum walls of split-tube liner to provide an anchor for the peel as methacrylate is 
applied to core surface by gradually flooding it with the solution, which (C) then is 
allowed to cure without heat through polymerization over a period of 24 hours. (NASA 

photos A-D, respectively, S-71-40960; S-71-40956; S-71-40958 and S-71-40959.) 
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Fig. 13. After curing, methacrylate has impregnated core (A) and remains bonded to 
walls of split-tube liner, from which excess is cut (B). Bond then is severed with scalpel, 
(C) and margins of peel are pried away (D). (NASA photos A-D, respectively, 

S-71-40961; S-71-40966; S-71-40967 and S-71-40968.) 

of 1 mm. In doing so, the quantity of material encapsulated in the preserved 
sections is greater than desired in relationship to total volume of the core. The 
greater thickness also produces details which would not be evident without the 
relief provided, and demonstrate the nature and quality of small-diameter drive 
tube and lunar surface drill cores in a manner not previously possible to assess. 

Constraints to carry out the impregnation of the lunar cores within nitrogen 
cabinetry were removed after the procedure had been developed and no longer 
are in effect. Problems of reducing thickness of the stabilized portion of the core 
are easily overcome under bench-top conditions by several means. Nagle and 
Duke (1974) have applied the methacrylate adhesive to a plexiglas back which is 
then pressed against the exposed core surface. Control of the amount of 
methacrylate used in turn controls depth of penetration but does not satisfy 
constraint (9), especially in the case of coarse-textured core sediment. Experi-
ments with lunar simulant materials consisting of volcanic ash and crushed basalt 
have provided consistent high-quality thin peels without disturbance of any kind 
to the core sediment by repeated dusting with a clear acrylic resin aerosol until the 
desired bond has been established; this bond then is strengthened by applying a 

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

http://adsabs.harvard.edu/abs/1974LPSC....5..935F


1
9
7
4
L
P
S
C
.
.
.
.
5
.
.
9
3
5
F

Preservation of lunar core samples 

Fig. 14. Stabilized portion of core is lifted away with forceps (A) and transferred to 
permanent plexiglas mount (B) to which it is bonded with additional polybutyl methacry-
late. Preserved section then can be handled (C) without disruption for visual inspection 
and examination under binocular microscope either in nitrogen cabinets or bench-top 
environment. Storage (D) in nitrogen cabinets involves protective plexiglas case. (NASA 

photos A-D, respectively, S-71-40969; S-71-40990; S-71-40965 and S-71-40981.) 

951 

coat of viscous methacrylate which enable removal of the peel after drying. 
Additional etching of relief to emphasize stratigraphic features may be accom-
plished either by gentle pressure with compressed freon or removal of loose 
particles with a vacuum pick, following on a microscale the previous suggestions 
of Bentley and Odynsky (1949). No surface fixative is required after such 
procedure for all particles remaining in the sediment are firmly bonded behind the 
face of sediment exposed to view. 

STEREOGRAPHIC PHOTOGRAPHY OF IMPREGNATED SECTIONS 

Once stabilized, stratigraphic sections of lunar cores ideally should be 
consulted for details of structure and sedimentary sequence using a binocular 
microscope to assess the provenience of subsamples for which analyses are 
underway. Effective substitution for much of this examination is possible with 
stereographic photography, especially at a scale of 1 : 1 (as in Fig. 15) or at larger 
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Fig. 15. Stereographic photo pair of lunar drive-tube core sample 14230,56 after 
stabilization with polybutyl methacrylate following the procedure illustrated on preced-
ing pages. Images are reproduced at a scale of 1: 1 (core diameter is 1.97 cm) with 6° 
separation to accentuate relief of core morphology. (NASA color photos S-72-35247 and 

S-72-35249. For index to color and black-and-white stereo pairs, see Fig. 17.) 

magnification of features (as in Fig. 16) which are critical to interpretation of a 
particular problem. 

Overlapping stereo pairs providing coverage of the length of the core, as made 
before and after dissection in the normal operating procedure, are of less than 
optimum use for examination of arrangement of particles in the stabilized core, 
for the critical arrangement of those particles in terms of their sedimentary 
history-or degree of disturbance-must be assessed in relationship to their 
original position relative to the lunar surface and therefore should be viewed along 
the axis of the core rather than transverse to it. While lateral movement of a 
camera located perpendicularly above the core, with its axis oriented appro-
priately, will produce results of high quality, close control of the degrees of 
separation of images and thus control of normal relief or vertical exaggeration 
may be achieved. 

Stereo pairs used to record core 14230 were photographed at 1: 1 using 8 x 10 
color and black-and-white negatives with the camera in fixed position above the 
core, and rotating the core around its axis. Normal stereo relief is achieved by 
tilting the table on which the core is mounted 1½0 in either side of vertical for a 
total separation of 3°. An additional pair taken at 4½0 rotation to either side of 
vertical provides the option of viewing the core at normal relief from either side or 
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(a) (b) 

Fig. 16. Stereographic photo pair of stabilized drill core sample 15001,138. Individual 
layers and bedding planes extend to within 1 mm or less of the core wall before they are 
truncated by outer, smeared layer. Striae record rotary motion of drill stem and direction 
of disturbance.Natural secondary disruption of layers due to impact of the glass sphere is 
recorded by downward distortion of two thin layers which it has penetrated. A broken 
fragment of vesicular glass, deposited earlier, lies beneath and to the left of the sphere. 
Sub-horizontal attitudes of long axes of coarse fragments indicate that their positions are 
undisturbed by coring operation. See Fig. 20 for location of these features within peel 
15001,138. (NASA color photos A and Bare S-72-35662 and S-72-35662-B; duplicates in 

black-and-white are S-72-35684 and S-72-35684-B.) 

953 

both normal relief and exaggerated relief (with 6° separation) from perspective 
directly above. Stereo pairs of stabilized drill core peel 15001,138 in Figs. 16, 17, 
and 18 were made by the same process but at magnifications of 2-2.25 on 4 x 5 
film. 

INTERPRETATION OF IMPREGNATED SECTIONS 

The inhomogeneity of the lunar regolith has been evident since examination of 
the first two core samples returned from Tranquillity Base by the crew of Apollo 
11, yet (with the exception of the two which have been disaggregated) those cores 
are among the least distinctly layered regolith samples collected. Initial interpreta-
tion of impregnated sections, as in the case of judgments made during dissection of 
the cores, rests on the same criteria used for recognition of macroscopically 
perceptible change in terrestrial sediments: variations in color, texture, structure, 
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(a) (b) 

Fig. 17. Stereographic photo pair of showing retention of stratigraphic detail in stabilized 
segment of Apollo drill core 15001,138. Lateral smearing of alternate light and dark 
layers has affected veneer 1 mm in thickness. Direction of smear shows direction of 
displacement of particles to be primarily in direction of rotary motion of drill stem rather 
than vertically as might be expected as dri11 stem augers downward. Note preservation of 
thin white line on irregular surface at top of section. (NASA photos A and B, S-72-35687 

and S-72-35687-B.) 

consistence, composition, fabric, and sorting. Changes in each of these parameters, 
usually involving change of several characteristics concurrently, are typical rather 
than exceptional for all cores returned including those which have as yet been 
examined only by X-ray. 

Because drawings, photographs, and stabilized sections represent the only 
means by which judgments made during subsampling may be reevaluated once a 
core has been dismembered, and because the number of subsamples removed 
from cores dissected thus far is approaching five thousand, a summary of 
morphologic features observed in the cores has been prepared for Table 1. 
Features considered to represent primary core characteristics of natural origin, as 
well as those produced secondarily by artificial means, are listed. With minor 
exceptions, features cited are illustrated by stereo pairs or other figures accom-
panying this paper. 

Inhomogeneity of the regolith dictates that analysis and interpretation of core 
samples be based on an understanding of its complexity rather than concepts of 
homogeneity. The quality of cores returned, and the extent to which they arrive 
intact or secondarily mixed, therefore are critical. 
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(a) (b) 

Fig. 18. Stereographic photo pair showing mixing and disorientation of coarse particles 
in stabilized segment of Apollo drill core 15001,138. Disturbance throughout core is 
evident from vertical alignment of long axes of large fragments parallel to axis of drill 
stem. Smeared outer layer remains in evidence but jostling of virtually all particles has 
resulted from drag against wall of drill stem. Vertical displacement appears limited to one 

or a few particle diameters. (NASA photos A and B, S-72-35686 and S-72-35686-B.) 
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Several attempts have been made to assess the degree of disturbance produced 
by drive tubes and the deep drill used on Apollo flights. Degree of compaction and 
resultant alteration in density and ratio of core length to surface depth have been 
investigated by Houston and Mitchell (1971) and by Carrier et al. (1971). No 
large-diameter Apollo drive tubes have been opened, but all have been examined 
by X-radiography. Improvement in design of drive-tube equipment in missions 
subsequent to Apollo 11 obviously improved quality of samples returned. (cf. 
Horz et al., 1972, pp. 7-40 to 7-52; LSPET, 1972a, pp. 6-18 to 6-20; LSPET, 1973b, 
pp. 7-36 to 7-44; Carrier et al., 1972a; Mitchell et al., 1972, pp. 7-5 to 7-9). 
Examination of those samples, however, indicates that experimental predictions 
of the nature and direction of distortion of samples were more accurate than those 
concerning magnitude of disturbance. The extreme distortion of beds illustrated in 
experiments with the drive tubes (Carrier et al., 1971, Fig. 5, p. 1968) simply has 
not been found; the closest approximation has been displacement of coarse 
particles dragged downward along the core barrel wall as shown in Fig. 6A. Each 
of the drive-tube samples opened has exhibited similar smearing of silt and finer 
fractions along the axis of the core, but the thinness of this veneer is evident from 
examination of Fig. 15. Similarly, cracking and void space attributed to the Apollo 
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Table 1. Morphologic features observed in lunar core samples.* 

Possible Origins 

Secondary 

Feature Primary Natural Artificial 

Voids 1. In Sampler Fig. 3A ?(10005.0) Figs. 7 A, 7B(14230.0) 
2. In Sediment ? Fig. 3A(l0005.0); 

Figs. 7 A, 7B(14230.0) 

Structures 1. Prisms ? Fig. 3A(10005.0); 
Figs. 7 A, 7B(14230.0) 

2. Angular Blocks Fig. 19A(15006.0) 
3. Clumps Fig. 19A(15006.0) 
4. Cross Fractures Fig. 3A(l0005.0) 
5. Single Grain Fig. 19A ?(15006.0) Fig. 2(Luna 20); 

Fig. 6B(1202~.0) 

Longitudinal 1. Displaced Grains Fig. 6A(12028.0) 
smearing 2. Striae (Not observed) 

Lateral I. Color Bands Fig. 21(15001.138) 
smearing 2. Striae Fig. 16(15001.138) 

Layers 1. Coherent Figs. 6A, 6B(12028.0) 
2. Incoherent Figs. 7 A, 8, 15(14230.0 

and 14230.56); Figs. 
16,21(15001.138) 

3. Color Fig. 6(12028.0); Fig. Fig. 21(15001.138 
16(15001.138); Fig. 21 exterior) 
15001.138 interior) 

4. Composition Fig. 6(12028.0); Figs. 
16, 21(15001.138) 

5. Texture Fig. 6(12028.0); Figs. 
7 A, 7B(142301.0); Fig. 
15(14230.56); Figs. 16, 
20, 21(15001.138) 

6. Consistence Fig. 6(12028.0) 
7. Fabric Fig. 6(12028.0); Fig. Figs. 2(Luna 20), 

15(14230.56); Fig. 21 6B(12028.0), and 
(15001.138) 22(15001.138) 

8. Structure Fig. 3A? Figs. 7B, 8(14230.0); 
(10005.0) Fig. 19A(15006.0) 

9. Particle Figs. 7 A, 8, 15(14230.0 Fig. 6A(12028.0); 
Alignment and .56); Figs. 16, 20, Fig. 8(14230.0) 

21(15001.138) 

Boundaries 1. Distinct Fig. 6(12028.0); Figs. 8, 15(14230.56) 
Fig. 21(15001.138); 
Fig. 15(14230.56); 
Fig. 16(15001.138) 

Graded 1. Normal (Not illustrated; 
bedding 2. Reversed see Heiken et al. 

(1973) for reference) 

Fabric 1. Framework Fig. 6(12028.0); Figs. Fig. 21(15001.138) 
20, 21 ?(15001.138) 

2. Openwork Fig. 6, portions 
(12028.0) 

3. lmbricate (Not observed) 
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Feature 

Orientation of 1. Horizontal 
long axes 

Sorting 

Distorted 
layers 

Distinctive 
particles 

"Fluffing" 

2. Vertical 
3. Random 

Preservation of lunar core samples 

Table 1. (Continued). 

Primary 

Fig. 15(14230.56); 
Fig. 16(15001.138) 

Fig. 15, upper 
portion of bottom 
half? (14230.56) 

Figs. 20, 21, 22 
(15001.138) 

Figs. 3C, 5A, 5B 
(12025.0); Fig. 6 
(12028.0); Fig. 16 
(15001.138) 

Possible Origins 

Natural 

Secondary 

Artificial 

Fig. 21(15002.138) 
Figs. 8, 15 (the upper 

portion-14230.56); 
Fig. 6B(12028.0) 

Fig. 16 Fig. 6A(12028.0), 
(15001.138) Fig. 21(15001.138) 

Fig. 2(Luna 20); 
Figs. 4, 5(12025.0); 
Fig. 6B(12028.0) 

957 

*Figures refer to this manuscript; numbers in parentheses identify lunar sample illustrating feature 
cited. 

11 bit design on the basis of core 10005 (Fig. 3A) has appeared in samples obtained 
with the revised bit model (Figs. 7 and 8). Void space at the tops of cores is an 
expectable occurrence at least occasionally, since stereographic photography of 
details of the lunar surface show its microrelief to be irregular (Greenwood et al., 
1971; Heiken and Carrier, 1971; Carrier and Heiken, 1972). Whether prismatic 
structures encountered consistently in the drive-tube samples are entirely induced 
by the sample method is not yet clear, but the degree of disturbance produced by 
slumping of such structures in the void space at the top of core 14230 is evident 
from the sloping contact between mixed and unmixed sediment shown in three 
dimensions in Fig. 15. Coherent or crust-like layers have been found only in cores 
opened from the Apollo 12 (Fig. 6) and Apollo 16 missions (drive stem 60006, the 
latest segment to be explored, includes coherent material in the lowest 2 cm). 

Evaluation of the degree to which any particular parent or daughter sample has 
remained intact is dependent primarily on interpretation of morphology of the 
core itself. Much of the inherent quality of each sample is controlled by a 
combination of factors which include sampling procedures on the lunar surface, 
design of the sampling equipment, support and protection of core contents during 
transport to earth, and by laboratory processing at the time of sample return. The 
net result is assessed from observation of features listed in Table 1. A generalized 
summary evaluating the potential quality of samples collected by equipment 
employed to date for coring of the regolith is presented in Table 2. 
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Table 2. Evaluation of drive-tube and surface drill-core sampling equipment, based on dissected cores, stabilized peels and X-radiograph interpretation . 

Advantages Disadvantages 
Sampling Nature of Assessment of 

device Field Laboratory Field Laboratory disturbance sample quality 

Large-diameter Thin walls; in- Sample extrusion Sample depth proba- Large diameter re- 0% compression; Maximum quantity and 
Apollo drive tegral bit; manu- simple, nonde- bly limited to two quires special some linear smearing quality of samples 
tubes ally inserted structive; large segments (approx. equipment for dis- of sediment along collected by equipment 

plugs to support sample volume 72 cm); may require section of inco- tube wall probably used to date 
sample; capabil- with minimum sur- hammering to drive herent sediment; inevitable, trans-
ity of splicing face ratio; excel- into surface dissection rate verse shear fractures 
segments lent stratigraphy retarded by sample expectable if equip-

volume ment is twisted dur-
ing insertion 

Small-diameter Manually operated Extrusion and Effective depth Small sample vol- Effective depth capa- Quality less than 
Apollo drive capability of opening of capability limited ume; frequent dis- bility limited to large-diameter tubes 
tubes (includ- splicing segments; split-tube to two segments- turbance at ends two segments; but stratigraphy re-
ing A-11 and consistent sue- liner simple (63 cm); sample of cores; follower 15% compression; lationships retained 
A-12 to A-14 cessful sample nondestruc- barrel assembly too assembly tends to fractures and crush- in detail; consistently 
bit designs) return tive; distinc- thick; inward taper jam during opening ing induced at ends ly less disturbance 

tion between on A-11 bit design; of tube liner by follower and plug; than drill cores 
disturbed and tendency for fol- transverse shear 
intact sedi- lower assembly to fractures produced 
ment clear; malfunction; hammer- by twisting during 
stratigraphy ing required insertion, linear 
good to ex- smear along outside 
cellent limited to .25 mm 

thickness 
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Apollo lunar 
surface drill 

Luna auto-
mated drill 

Capability of 
depth penetra-
tion to 3 m far 
exceeds that 
of other equip-
ment used to 
date 

Collection feas-
ible on unman-
ned mission; 
depth capabil-
ity of 1 m ex-
ceeds that of 
Apollo drive 
tubes 

After cutting 
and opening of 
drill stem, core 
can be processed 
in similar man-
ner to other 
cores 

Potential of 
single regolith 
core far exceeds 
potential of 
single rock 
specimen 

Practical prob-
lems in extrac-
tion of drill 
string and separa-
tion of stems; 
lack of support 
for partially 
filled segments 

Limited judgment 
possible in site 
selection; lim-
ited depth cap-
ability 

Requires cutting by 
milling machine to 
extract contents; 
small sample volume 

No provision for 
removal of contents 
intact 

Lateral smearing of 
outer layer to mix-
ing of entire core 
contents by drill 
stem rotation; some 
linear smear probable; 
substantial slumping 
caused by vibration 
of effects of milling 
machine 

Integrity of sample 
destroyed by pro-
cedure of emptying 
core contents 

General maintenance 
of stratigraphic re-
lationships but dis-
turbance greater 
than drive tubes 

Minimal stratigraphic 
valve of samples col-
lected by equipment 
used to date 
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The quality of cores obtained through use of the lunar surface drill must be 
assessed both in terms of rotary percussion method of penetration into the 
regolith and disturbance resulting from cutting open the drill stem to extract the 
core. Otherwise, procedures resemble those for handling drive-tube samples (Fig. 
19). Despite unpromising experimental data concerning sample return by the drill 
(Lindsay and Perry, 1971), coring on the Apollo 15 mission returned an excellent 
sample (Heiken et al., 1973) with apparently a close approximation of 1: 1 ratio 
between sample length and actual subsurface depth (Carrier, et al., 1972b). 
Disruption of the core surface (Fig. 20A) is inevitable during milling of the barrel, 
which has titanium steel walls, and assessment of the degree to which stratigraphy 
has been preserved is not readily evident even after subsampling (Fig. 20B) for the 
same reasons encountered during processing drive-tube cores. In actuality, 
detailed drawing during dissection and subsampling shows much stratigraphic 
detail to have been retained. The overall quality of the drill core, however, is less 
consistent than generally is expectable from drive tubes. Although the consistent 
horizontal attitude of recognizable contacts within the core demonstrates that 
vertical mixing is extremely limited, details of peel 15001, 138 show a range in 
disturbance from lateral smearing of less than the outer millimeter and preserva-
tion of delicate laminae within the core (Fig. 17) to complete disruption of the core 
interior due to rotation of coarse particles until their long axes have become 
arranged parallel to that of the drill stem (Fig. 18). The relationship of such 
disturbance with the ratio of particle size to drill-stem diameter is shown in Fig. 
21. 

Additional evidence that mixing inherent in drill-stem cores generally is lateral 
rather than vertical is provided both by the smearing of the alternate light and dark 
fine laminae shown in Fig. 17 (in which the direction of smear is transverse rather 
than parallel to the axis of the drill string) and by the lateral striations which 
appear on the outer surface of the core as preserved in the peel segment shown in 
Fig. 16. 

IMPLICATIONS FOR INTERPRETATION OF THE LUNAR REGOLITH 

If meteorite bombardment which has produced the lunar regolith has been 
random in its geographic distribution, and whether or not it has fluctuated through 
time in its intensity, complexity of the regolith at any particular locality may be 
expected to be unique. Widespread, consistently recognizable time-stratigraphic 
marker horizons comprised of ejecta layers from either single-impact craters or 
from volcanoes probably will be unusual in the limited number of cores brought to 
earth so far. Because of this consistent complexity, subsampling and analysis of 
cores for virtually all physical and chemical properties measurable in relationship 
to regolith depth are a:ff ected by the nature of stratification in any given core of 
sediment. 

The correlation between morphologically visible stratification on physical and 
chemical properties not macroscopically evident may be illustrated by analyses of 
sediment from cores taken by the lunar surface drill, which was applied for the 
first time on Apollo 15 at Hadley Rille. Use of the drill provided the first deep 
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Fig. 19. Progressive stages from opening to stabilization of core obtained by Apollo 

Lunar Surface Drill. (A) Core immediately after opening by removal of upper half of drill 

stem which has been cut longitudinally in milling machine; (B) undisturbed remainder of 

core sediment after removal of material along its length during subsampling procedures; 

(C) impregnation of core along entire length with polybutyl methacrylate; and (D) 

permanent stratigraphic document of core sediment after transfer to plexiglas mount. 

Uppermost sample is core 60006; other views are of core 15001. In each view top of core 

is at left. Scale varies slightly. (NASA photos S-72-53955, S-72-35095, S-72-35159, and S-

72-35692, respectively.) 
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testing of regolith stratigraphy, and extracted cores of high quality. Obvious 

variations in sediment characteristics and details of stratigraphy from core 15001 

(Figs. 16, 20, and 21) are typical of sediment throughout the entire drill string 

(Heiken et al., 1973). These qualitative variations are supported by various types 

of quantitative measurements. 

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

http://adsabs.harvard.edu/abs/1974LPSC....5..935F


1
9
7
4
L
P
S
C
.
.
.
.
5
.
.
9
3
5
F
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Fig. 20. Nature of disturbance produced by opening and dissecting cores of the Apollo 
Lunar Surface Drill. (A) Slumping at sides of the core sample has resulted from catching 
by small burrs developed on the inside wall of the drill stem as it is cut longitudinally by 
milling machine. Outer veneer of silty smeared sediment accounts for a large portion of 
the disturbed material, but can be separated from undisturbed interior only with 
difficulty. (B) Details of stratigraphy remain unclear even after dissection under optimum 
conditions because movement, especially of silt-sized and smaller particles, obscured 
changes in color, texture and alignment of coarser particles. For actual details of 
stratigraphy, as preserved after impregnation with methacrylate, see stereo photos in 
Figs. 17 and 18. (NASA photo nos. of cores 15006, above, and 15001 below, S-72-35647 

and S-72-35094, respectively.) 

The dominantly mechanical rather than chemical development of the regolith 
(Duke et al., 1970; Fryxell et al., 1970), and the roles of both comminution and 
agglutination during its accretion, have been evident from samples at all sites. 
Grain size analyses by Lindsay (1973, 1974) for example, suggest that despite 
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Fig. 21. Generalized relationship of particle size to disturbance in cores from Apollo 
lunar surface drill. 

preservation of both coarse layers and fine laminae, there is evidence of a general 
increase in the degree of reworking upward in the regolith at the Apollo 15 and 16 
sites. Clanton et al. (1972) have shown that variations in the related agglutinate 
content and exposure ages suggest either variable exposure time at the surface for 
each layer, or changes in micrometeroid flux. Such a change has been proposed by 
Gault et al. (1972). An irregular rate of regolith deposition was inferred also from 
samples collected (Arrhenius et al., 1971) at the Apollo 12 site. Intermittent 
accretion of the regolith as a series of discrete layers within approximately the last 
billion years is further supported by the work of Bhandari et al. (1973, Fig. 7) who 
show measurable variations in eleven samples from drill-core segment 15002 
despite past constancy of cosmic ray composition (1974). Trace element studies 
including Hg from the Apollo 15 deep drill core (Jovanovic and Reed, 1972) again 
reflect layering, but with little evidence for mixing of individual strata. Fleischer et 
al. (197 4) emphasize the variability of regolith history on a site-to-site basis by 
comparison of fission track data as a measure of chronologic history of layers at 
several leading sites. Influence on the noble gas content, especially 40 Ar/36Ar, of 
regolith layers having variation in development of agglutinates has been reviewed 
by Bogard and Nyquist (1973), who conclude that mixing of the regolith 
stratigraphy has been limited but that regolith processes directly affect the trapped 
gasses. 

CONCLUSIONS 

Basic needs for preservation of lunar core stratigraphy rest on two main 
principles: that the most limiting single factor on the quality and future evaluation 
of any stratigraphically related study is dependent on a well-documented succes-
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sion of deposits, and the pragmatic observation that core samples obtained from 
any lunar mission are for all practical purposes irreplaceable. Stabilized core 
sections therefore become the primary archival documents and geological type 
sections for any analytical studies related to them, for the original collecting 
localities cannot reasonably be revisited. 

APPENDIX 1. LIST OF CORES FOR WHICH THERE ARE STABILIZED SECTIONS (6/74) 

14230 15001 60004 70008 
15002 60006 
15003 60007 
15004 
15005 
15006 
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