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stage. Other investigators (1, 4) have dis- 
cussed bringing material in from the as- 
teroid belt, about 2.5 astronomical units 

S. (A.U.) from the sun. Table 1 compares 
R eporis lunar missions with favorable missions to various asteroids, broken down in 

short-thrust velocity increments from 
low Earth orbit to a heliocentric Hoh- 

Mining the Apollo and Amor Asteroids mann transfer orbit (A Vesc), from transfer 
orbit to rendezvous with the asteroid 

Abstract. Earth-approaching asteroids could provide raw materials for space (AVrend), from departure from the aster- 
manufacturing. For certain asteroids the total energy per unit mass for the transfer oid to the vicinity of Earth (Ard), and 
of asteroidal resources to a manufacturing site in high Earth orbit is comparable to from injection into a high Earth orbit 
that for lunar materials. For logistical reasons the cost may be many times less. (AVheo). 

Optical studies suggest that these asteroids have compositions corresponding to Table 1 shows that a round trip of mm- 
those of carbonaceous and ordinary chondrites, with some containing large quan- imum energy to a main belt asteroid of 
tities of iron and nickel; others are thought to contain carbon, nitrogen, and hydro- very low inclination and eccentricity 
gen, elements that appear to be lacking on the moon. The prospect that several new would require energies (Avt per unit 
candidate asteroids will be discovered over the next few years increases the likeli- mass) several times those for selected 
hood that a variety of asteroidal resource materials can be retrieved on low-energy Apollo and Amor asteroids. The Earth- 
missions. approaching asteroids become even 

more economical candidates than main 
O'Neill (1) has suggested that it is pos- venient opportunities. To a first approxi- belt asteroids when solar energy is used 

sible, using existing technology, to con- mation, the energy of retrieval is propor- for transport. The main belt asteroids are 
struct large communities in a stable high tional to the mass and thus to the cost of in a region of solar flux five to ten times 
Earth orbit. These communities would the propulsion system required to move less than that at Earth, whereas the 
be built from factories that would pro-- materials through the velocity increment Apollo and Amor asteroids are in a re- 
cess materials launched by an electro- to the locations of their end use. The en- gion of solar flux one to three times less 
magnetic mass driver from the shallow ergy per unit mass of resources retrieved than that at Earth. Thus a transportation 
gravitational potential well of the lunar is proportional to the square of the veloc- system utilizing solar energy, with a 
surface (2). This concept has since been ity increment, Av, and so the evaluation power plant subtending a fixed area ex- 
expanded to include the manufacturing of Av for sample missions provides a use- posed to sunlight, would yield five times 
of satellite solar power stations in high ful data base for the economics of non- as much energy at a selected Apollo or 
orbit, and offers a favorable benefit-cost terrestrial mining. Amor asteroid as at a main belt asteroid. 
ratio for the delivery of terrestrial electri- Mascy and Niehoff (5) have outlined a When factored in with the comparisons 
cal power in less than 20 years (3). Small mission profile for a sample return from in the energy of transfer orbits (Table 1), 
asteroids have also been suggested as re- the Amor asteroid 433 Eros. Niehoff (6) it is possible to gain a factor of  30 in 
source candidates because of their zero has evaluated the opportunities of a mis- throughput for the transportation of ma- 
gravity fields and the possible availabili- sion to the recently discovered Apollo terial if a selected Apollo or Amor aster- 
ty of metals and other materials (4). asteroid 1976 AA and to the Amor aster- oid is used instead of a convenient main 

Comparing the cost of retrieving re- oid 1943 (1973 EC). He concluded that a belt asteroid. These considerations are 
sources from competitive sources in- 1-kg sample could be returned to the sur- obviously vital in discussing initial in- 
volves the study of a number of vari- face of Earth in a 3-year round-trip mis- vestments in space manufacturing. 
ables. Perhaps the single most important sion to asteroid 1943 launched in 1992 by Optimized round-trip missions to some 
parameter is the total energy required to one space shuttle containing a supply of Apollo and Amor asteroids require 
retrieve those resources at the most con- propellants and a recoverable upper energies comparable to those to the lunar 
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Table 1. Estimated parameters for missions of low energy transfer and short-duration thrust 
from low Earth orbit to several asteroids and the lunar surface, rendezvous, and return to high 
Earth orbit. 

Launch Round- Velocity intervals (km/sec) 
Object L trip- 

time AVesc AVrend Avdep AVheo AVtotal 

433 Eros 1977 (1993)t 3 years 4.7 1.8 1.7 1-5 9-13 
1976 AAf 1993 1 year 6.1 3.0 4.5 3-5 17-20 
1943: 1992 3 years 4.6 0.9 1.6 1-5 8-12 
1943t 1996 1 year 4.3 4.3 4.6 1-5 14-18 
Convenient 3 years 8 5 5 3-5 21-23 

main belt 
asteroid 

Moon Days 3.2 2.4-3 2.4 0-1 9 

*Estimated, depending on orbit height, conditions of injection, and possible gravity assist (minimum of 1 km/ 
sec for lunar distance). tEros has a synodic cycle of 16 years, and so a similar low-energy mission could 
be' flown in 1993 (5). tSee (6). 

Table 2. Approximate chemical composition (percentages) of meteorites and lunar soil samples. 

Component Ordinary Carbonaceous Lunar 
chondrites chondrites samples 

Silicates 75-86 76-90 98-100 
Water 0.2-0.3 1-21 0 
Free metals 8.3-19 0.1-3.5 0-1 
Carbon 0 0.1-3.8 0 
Nitrogen 0 0.01-0.3 0 

surface (Table 1). But the gain from the 
use of Earth-approaching asteroids is 
greater for several reasons: (i) it may be 
possible to tap resources scarce on the 
moon; (ii) there is the prospect of discov- 
ering, in the next few years, Apollo and 
Amor asteroids with more favorable mis- 
sion opportunities than those shown in 
Table 1; (iii) such missions would enable 
investigators to explore the asteroids (7, 
8);' and (iv) greater flexibility in mission 
design and propulsion systems would ap- 
preciably reduce the cost of space indus- 
trialization, particularly during its early 
phases. The requirement of soft landings 
on the moon, the half-time availability of 
solar energy on the lunar surface, and 
the logistics of transporting lunar materi- 
al into free space and subsequently 
transferring it to a convenient space 
manufacturing site increase the cost of 
lunar mining as compared to asteroidal 
mining. 

In recent years, some excellent and 
extensive work has been done in 
classifying the chemical composition and 
identifying the mineralogy of asteroids 
on the basis of Earth-based visible and 
near-infrared spectrophotometric and 
polarimetric observations (9-11). These 
observations have been compared with 
the results of laboratory studies of the 
optical properties of meterorites whose 
chemical abundances and mineralogy are 
well known (12). In this way, it has been 
possible to deduce that a generic rela- 
tionship may exist between some aster- 
oids and meteorite classes. In the main 
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belt, the matches are particularly close 
between one class of asteroids and stony 
and stony-iron meteorites (sloping 
spectra, higher albedo) and between a 
second class of asteroids and carbo- 
naceous chrondrites (flat spectra, low al- 
bedo). More than 90 percent of those mi- 
nor planets observed thus far have been 
classified in one or other of these two 
broad spectral compositional groups, 
silicaceous and carbonaceous (9). More- 
over, narrow-band spectrophotometry 
has revealed information about the 
chemical composition of the surfaces of 
70 asteroids (13). 

The compositions of six Apollo or 
Amor asteroids have been studied. The 
spectrophotometry of 1685 Toro (14) 
showed a close match to some common 
chrondritic meteorites. Extensive obser- 
vations of 433 Eros during its 1974-1975 
apparition have led to a possible identifi- 
cation of its surface composition with H- 
type ordinary chrondrites (15); large 
quantities of metallic particles, perhaps 
10 to 30 percent iron, are present (16). In 
addition to the high metal content, the in- 
ferred composition of Eros was most 
similar to that of other Earth-approach- 
ing asteroids such as 1685 Toro. The re- 
sults of studies of four other Apollo or 
Amor asteroids, 1976 AA, 887 Alinda, 
1566 Icarus, and 1620 Geographos, also 
are consistent with the surfaces of ordi- 
nary chrondrites (11, 17). 

The average chemical compositions of 
ordinary and carbonaceous chrondrites 
(18) and of lunar samples (19) are shown 

in Table 2. If most Apollo and Amor as- 
teroids have the composition of ordinary 
chrondritic materials, the raw materials 
from these nearby asteroids are richer in 
metallic iron and nickel and poorer in 
aluminum and titanium oxides than the 
moon. It is possible in the future that 
some Apollo and Amor asteroids will be 
identified as parent bodies of the alumi- 
num-rich meteorites, that is, meteorites 
containing eucrites, howardites, and au- 
brites. Perhaps most significant is the 
presence of water (about 0.3 percent) in 
ordinary chrondrites. 

A carbonaceous asteroid would be of 
immense value in supplying space habi- 
tats with abundant carbon, nitrogen, and 
hydrogen, which have been found in on- 
ly trace amounts in lunar samples (Table 
2). It is likely on the basis of recent 
photometric, polarimetric, and radio- 
metric observations (20) that some of the 
main belt carbonaceous asteroids have 
been perturbed into orbits approaching 
Earth. One such possibility is the Amor 
asteroid Betulia. 

The increasing rate of discovery of 
Apollo and Amor asteroids over the last 
few years should make it possible to 
compile a list of several resource can- 
didates and to examine retrieval oppor- 
tunities. Astronomers at the California 
Institute of Technology (8, 21) have ini- 
tiated a systematic photographic pro- 
gram to search for asteroids that cross 
the orbits of Earth and Mars. Using the 
18-inch (46-cm) Schmidt camera at Mt. 
Palomar with sensitive emulsions, they 
can detect the close approaches of aster- 
oids to absolute magnitude 18 (diameter, 
I km). From photographs of 200 to 300 
sky fields per year, they expect to find 
two to three new Apollo or Amor objects 
each year to add to the known list of 20 
Apollo and 17 Amor asteroids. Using 
avilable mass-frequency data on aster- 
oids and meteoroids that cross the orbit 
of Earth, they have calculated a total 
population of 1600 + 800 Apollo and 
Amor asteroids of diameter greater than 
1 km (their cutoff in detection), with the 
number of asteroids increasing approxi- 
mately as the inverse square of the radi- 
us. A concerted effort based on the use 
of the Palomar 48-inch Schmidt tele- 
scope would increase the discovery rate 
to approximately ten objects per year 
larger than 1 km and > 25 objects per 
year larger than 100 m, the detection cut- 
off for that telescope. A space-bome 
Schmidt telescope of moderate aperture 
in 1 year could take - 20,000 pictures 
from which it is likely that - 100 Apollo 
or Amor asteroids could be discovered 
and their orbits determined. 

In all, there are - 105 asteroids larger 
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than 100 m in diameter which, over time, 
pass close to Earth. Almost certainly, 
many of these objects will have orbits 
that are more favorable in energy trans- 
fer than those of currently known aster- 
oids. It will be only a matter of time be- 
fore asteroids will be discovered for 
which the energy transfer requirements 
for a mission are lower than for travel to 
the lunar surface (22). The scientific and 
prospecting motivations argue strongly 
for a step-up in the search program and 
in the follow-up work of orbital determi- 
nation, compositional classification, and 
mission analysis. 

The criteria for choosing any mission 
to transport asteroidal material back to 
Earth or to a manufacturing site in high 
Earth orbit would include low technical 
risk, minimum mass launched from 
Earth's surface to the asteroid, and the 
availability of propellants and energy at 
the asteroid. The overall goal is to mini- 
mize the cost of retrieval per unit of re- 
source mass received at the space manu- 
facturing facility or location of end use. 

Of the various candidate trans- 
portation systems that have been studied 
in recent years, the electromagnetic 
mass driver (1, 3, 23) appears to best sat- 
isfy these criteria. A recent study (24) 
has considered the case of the retrieval 
with a mass driver of an Apollo or Amor 
asteroid 200 m in diameter (107 metric 
tons) through a Av of 3 km/sec from its 
current orbit to a space manufacturing 
site in high Earth orbit for manufacturing 
about ten satellite solar power stations 
rated at 10,000 Mw each. Asteroidal ma- 
terial would be used as reaction mass. 
Aside from development costs common 
to space applications of mass drivers, the 
total investment in such a mission would 
be approximately $1 billion (1976 dollars) 
with the main costs being Earth-to-orbit 
transportation of the mass driver (1700 
tons at $240 per kilogram), mass driver 
cost (at $400 per kilogram), and power 
plant cost (at $1000 per kilowatt). The 
estimated costs (in 1976 dollars per kilo- 
gram) of the retrieval of materials to a 
high Earth orbit are as follows: from 
Earth, $240; from the moon, $1 to $2; 
from a convenient main belt asteroid, 
$5 to $10; and from a convenient Apollo 
or Amor asteroid, 10? to 60?. For all 
these missions it is assumed that there 
will be an upgraded space shuttle for 
Earth launch, mass drivers for inter- 
orbital transportation, and a 10-year 
amortization period. Other assumptions 
are discussed in (24). It is clear from 
these figures that the economic case for 
utilizing the Apollo and Amor asteroids 
is compelling. Since the cost for the re- 
trieval of these asteroids may be less 
22 JULY 1977 

than for the lunar case by a factor of 
- 10, the total initial cost of space manu- 
facturing (1, 3, 25) can be reduced by 
half. 

A satellite solar power station manu- 
factured from the first asteroidal delivery 
could, at a later time, supply the power 
to retrieve larger asteroids by mass driv- 
er. For example, a 10,000-Mw model 
could harvest a 1-km (109-ton) asteroid 
which could provide enough material for 
the world's energy supply for decades to 
centuries from satellite solar power as 
well as an abundance of raw materials 
for space habitats and space-processing 
facilities. Further analysis will be re- 
quired to determine whether the costs 
and risks of using asteroidal materials for 
space industrialization are as low as those 
suggested here. It may be that both lunar 
and asteroidal approaches will be desir- 
able and could be complementary. The 
exploitation of one or more of the Apollo 
or Amor asteroids should cause no great 
concern for the long-term ecological in- 
tegrity of the solar system because most 
of these objects are doomed to collide 
with Venus, Earth, or the moon within a 
relatively short time frame, less than 108 
years (26), and thousands of them exist. 

BRIAN O'LEARY 

Department of Physics, 
Princeton University, 
Princeton, New Jersey 08540 
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tumor survival. 

Tumor-specific cell surface antigens 
are potent sources of tumor protection 
from host defense mechanisms and may 
be intimately involved in the metastatic 
process. Surface antigens that are shed 
by tumor cells may compete with the tu- 
mor for the effector processes of the im- 
mune system, thereby allowing tumor 
survival (1). In the present study we 
show that antibodies from breast cancer 
patients induce the redistribution and 
subsequent shedding of cell surface anti- 
gens from cultured BOT-2 human breast 
cancer cells (2). To our knowledge, this 
is the first demonstration of this phenom- 
enon in epithelial tumors in humans, al- 
though similar shedding of membrane 
antigens from human melanoma cells (3) 
and 7S IgM from Burkitt lymphoma cells 
has been reported (4). 

Antibody-induced redistribution and 
shedding of mammary tumor cell surface 
antigens were studied by living cell mem- 
brane immunofluorescence. The patient 
serum used for demonstration of antigen 
redistribution and shedding was known 
to have complement-dependent cy- 
totoxicity to BOT-2 human breast tumor 
cells and was representative of a bank of 
10 serums with identical reactions. This 
serum contained immunoglobins of the G 
class that bound the surface of BOT-2 
cells as identified by a positive reaction 
with IgG specific antiserum. The immu- 
nofluorescence technique was applied to 
the living cell membrane by incubating 

Fig. 1. Immunofluorescence of cell surface an- 
tigens. (a) Zero time. (b) After 2 hours. (c) Af- 
ter 4 hours. (d-f) After 6 hours. (g, h) After 8 
hours. (Original magnification, x400) 
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for 1 hour at 4?C 5 x 106 tumor cells in 
3.0 ml of patient serum from which the 
complement had been removed by heat. 
The cells were then rinsed for 1 hour in 
three changes of phosphate-buffered sa- 
line (PBS) at 4?C. The specimen was 
then coupled with fluorescein-labeled 
goat antiserum to human IgG for 30 min- 
utes at 4?C and again washed for 1 hour 
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then coupled with fluorescein-labeled 
goat antiserum to human IgG for 30 min- 
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in three changes of PBS at 4?C. This 
stage was considered 0 time and a 
sample was taken for microscopic exam- 
ination. Four similar samples were tak- 
en, and in each of them the PBS was re- 
placed with Eagle's minimum essential 
medium containing 10 percent calf se- 
rum. These samples were then incubated 
in an atmosphere of 5 percent CO2 and 
air at 37?C for intervals of 2, 4, 6, and 8 
hours. In a second series of experiments, 
BOT-2 cells were treated with patient se- 
rum at 4?C as above, incubated at 37?C 
for 26 hours, then reincubated in the 
same patient serum to determine if anti- 
gens were replaced. At the end of each 
incubation period, the samples were ex- 
tracted from the medium as pellets by 
centrifugation at 10OOg for 10 minutes 
and mounted in buffered glycerin. Spec- 
imens were photographed on an Olym- 
pus FLM-UV microscope fitted with an 
FITC interference filter and a Y-52 bar- 
rier filter. Controls consisted of (i) sam- 
ples from which patient serums had been 
omitted and (ii) samples to which se- 
rums from normal human volunteers 
were added. 

At 0 time, immunofluorescence of cell 
surface antigens bound by patient serum 
IgG appeared as a single bright halo on 
the tumor cell membrane (Fig. la). This 
type of localization remained unchanged 
up to 8 hours when the cells were main- 
tained at 4?C. However, when the tem- 
perature was raised to 37?C a redistribu- 
tion of antigens rapidly occurred. After 2 
hours of incubation at 37?C the mem- 
brane antigens were redistributed into 
small aggregates that formed a uniform 
speckled pattern over the whole cell sur- 
face (Fig. lb). Four hours of incubation 
at 37?C allowed further aggregation into 
large clumps irregularly distributed on 
the cell surface (Fig. ic). After 6 hours of 
incubation, most cells had single fluores- 
cent clumps with considerable fluores- 
cent intensity (Fig. 1, d to f). After 8 
hours of incubation at 37?C most cells 
had little or no fluorescence; however, 
between cells there was considerable 
highly fluorescent debris floating free 
(Fig. 1, g and h). In the second experi- 
mental series, where antibody-labeled 
cells were incubated an additional 26 
hours, and then reexposed to the same 
patient serum, no binding occurred. At 
the end of this incubation period, almost 
100 percent of the cells remained viable 
and could be plated for continued 
growth. Omission of breast cancer serum 
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Antibody-Induced Antigen Redistribution and Shedding from 

Human Breast Cancer Cells 

Abstract. Cell surface antigens of human breast cancer cells undergo a rapid re- 
distribution when bound by antibodies from cancer patients. The subsequent shed- 
ding of these antigen-antibody complexes and free antigen may be instrumental in 
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