
be used to determine their relative con- 
tributions to the oxygen fixed into cellu- 
lose. 

The conclusion that the oxygen de- 
rived from CO2 equilibrates with the ox- 
ygen of H20 in the plant during the syn- 
thesis of cellulose indicates that the 8180 

value of cellulose is primarily a function 
of the oxygen isotopic composition of 
the H20 in the plant. In similar fashion, 
the 8D value of cellulose must be deter- 
mined largely by the hydrogen isotopic 
composition of H20 in the plant (11). 
Starting from the AD and 8180 values of 
cellulose, the isotopic composition of the 
H20 in a plant at the time the cellulose 
was formed can be reconstructed if the 
isotopic fractionations that occur during 
cellulose synthesis are known. It should 
also be possible to obtain a measure of 
the isotopic composition of the meteoric 
H20 available to a plant from the values 
estimated for the isotopic composition of 
the HO0 in the plant, once the isotopic 
fractionations that occur during H20 up- 
take are defined. The isotopic composi- 
tion of meteoric H20 can then be inter- 
preted in terms of climatic temperature 
(8, 9), whereas the difference between 
the isotopic composition of meteoric 
H20 and that of plant H20 is due to the 
effects of evaporative transpiration and 
thus can serve as a measure of the hu- 
midity conditions under which the plant 
grew (2, 16). Realization of the full po- 
tential of isotopic analysis of cellulose 
for the purpose of climatic reconstruc- 
tion requires a thorough understanding 
of the physical and chemical processes 
that influence its isotopic composition. 
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are caused in part by the necessity of diluting 
these samples with large amounts of CO2 of 
lower '18 concentration before analyzing them 
in a mass spectrometer routinely used to mea- 
sure 8180 values of CO2 samples of natural iso- 
topic abundance. 
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values of CO2 and the H2O with which it has 
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40.73 + 0.04073 '8120o. 15. There were three sources of H20 within the box 
with which CO2 could have exchanged. These 
were (i) the H,O flowing through the box; (ii) the 
H2O transpired by the plants and condensed out 
in the upper compartment of the box; and (iii) 
the H2O in the plants, which could exchange 
with metabolic CO2 that would subsequently be 
given off by the plants during respiration and 
photorespiration. In order to determine the ex- 
tent of exchange between CO2 and the H20 
flowing through the box, control experiments 
were carried out in which all flow conditions 
through the box were normal but neither plants 
nor corks were present. The 8180 values of CO2 
in the air flowing into and out of the box during 
these control experiments were 916 + 18 per mil 
(N = 4) and 573 ? 19 per mil (N = 3). Under 
the conditions of the growth experiments, with 
roughly half the holes in the perforated plate 
plugged with corks and the rest partially blocked 
with the shoots of plants (Fig. 1), the amount of 
this exchange would be reduced. The extent of 
exchange of CO2 with H2O condensed in the up- 
per compartment of the box would increase dur- 
ing the course of the experiments, as the amount 
of H2O transpired by the plants increased. In 
similar fashion, the amount of CO2 given off dur- 
ing respiration and photorespiration would also 
increase during the course of the experiments, 
as the biomass of the plants increased. The com- 
bination of increases in these last two effects ac- 
counts for the observation that the 8180 values 
of CO2 in the air flowing out of the box, collected 
weekly during the last 3 weeks of each experi- 
ment, showed progressively larger effects of ex- 
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A fundamental issue in the inter- 
pretation of lunar magnetism has been 
the identity of those the crustal materials 
that are magnetized to sufficient levels to 
produce the orbital anomalies (1). Pre- 
vious investigations of these anomalies, 
using Apollo 15 and Apollo 16 sub- 
satellite magnetometer data, were re- 
stricted to the 3 or 4 days per month 
when the moon was in the magnetically 
quiet environment of the geomagnetic 
tail lobes (2, 3). Because of several un- 
fortunate dynamical commensurabilities 
(including the equality of the lunar orbit- 
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al and spin periods), the subsatellites al- 
ways traversed nearly identical surface 
locations on successive lunations and 
useful selenographic coverage was limit- 
ed to narrow bands at a minimum alti- 
tude of 65 km across the heavily cratered 
farside highlands. No coverage at low al- 
titudes across the geologically well un- 
derstood near side was available. 

The lack of nearside maps and the 
proximity of many farside anomalies to 
large craters such as Van de Graaffled to 
early suspicions that cratering itself 
could be an important mechanism for the 
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deposit on western Oceanus Procellarum known as Reiner y. Assuming that the Rei- 
ner y deposit is the source body and estimating its maximum average thickness as 10 
meters, a minimum mean magnetization level of 5.2 ? 2.4 x 10-2 electromagnetic 
units per gram, or - 500 times the stable magnetization component of the most mag- 
netic returned sample, is calculated. An age for its emplacement of ~<2.9 billion 
years is inferred from photogeologic evidence, implying that magnetization of lunar 
crustal materials must have continued for a period exceeding 1 billion years. 
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production of large anomalies (4). The 
idea was appealing since it was consist- 
ent with several relatively uncompli- 
cated theories of lunar magnetism. For 
example, either shock-induced magnet- 
ization of the surrounding terrain at the 
instant of impact (5) or excavation of a 
topographic depression in otherwise uni- 
formly magnetized crust (6) would give 
rise to crater-associated fields. How- 
ever, later, more accurate mapping of 
the farside anomalies (2) showed that the 
"Van de Graaff anomaly" total field 
maximum was actually positioned be- 
tween the craters Van de Graaff and Ait- 
ken. Quantitative modeling of farside 
crustal fields, assuming a surface-plate 
source geometry, strongly indicated that 
actual sources are not correlated with 
the larger craters of the region (3). Also, 
a study of electron reflectance maxima 
(which are generally correlated with sur- 
face field maxima) over the nearside 
maria found no apparent associations 
with mare craters (7). 

In 1973, after studies of returned sam- 
ples and surface-site magnetic field mea- 
surements, Strangway et al. (8) proposed 
that relatively strongly magnetized cra- 
ter and basin ejecta materials are the 
sources. They based their opinion on (i) 
the high measured magnetizations of cer- 
tain classes of impact-generated breccias 
and (ii) the large surface magnetic fields 
apparently associated with the Cayley 
plains unit at the Apollo 16 landing site. 

In this report we present evidence that 
basin and crater ejecta deposits are in- 
deed major sources of orbital anomalies. 
Impacts are responsible for the shocked 
and heated materials that are magnet- 
ized, but no large anomalies are pro- 
duced in association with crater interi- 
ors. These results are obtained by con- 
sidering the large amount of relatively 
noise-free and unexamined data collect- 
ed at times when the moon was in the 
solar wind and the subsatellite was at a 
low altitude in the lunar wake. Only 
Apollo 16 data have thus far been studied 
in order to take advantage of the peril- 
ously low perilunes that characterized 
the mission and that invariably occurred 
within the wake. Steady ambient fields 
and low-frequency trends were removed 
from selected data segments by using a 
quadratic detrending procedure, as is 
done when analyzing large-scale geo- 
magnetic anomaly data (9). Each com- 
ponent was plotted against longitude, 
and repeated patterns on successive, 
closely spaced orbits served to distin- 
guish true lunar fields from external and 
induced fluctuations. Figure 1 shows the 
radial field component for one series of 
orbit segments. 
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Fig. 1. Radial field component for a series of 
Apollo 16 subsatellite orbit segments plotted 
against longitude. Only times when the moon 
was in the solar wind but the subsatellite was 
in the lunar wake were selected to minimize 
contributions from external and induced 
fields. Latitude and altitude are indicated nu- 
merically below alternate data segments. 

As expected, useful coverage was ex- 
tended considerably, including for the 
first time a portion of the lunar near side 
at altitudes ranging from 11 to 50 km. Be- 
cause of the small inclination (11?) of the 
subsatellite orbit plane to the lunar equa- 
tor and to our selection of low-altitude 
wake segments only, latitudinal cov- 
erage was limited, extending at best from 
3?S to 10?N. Similar procedures, if ap- 
plied to data collected by a polar orbiting 
satellite, would allow almost global cov- 
erage. 

As shown in Fig. 1, anomalies are 
present at nearly all points along the or- 
bit tracks but they generally increase in 
both amplitude and complexity with de- 
creasing altitude, indicating localized, 
near-surface sources. We have plotted 
on a map of the near side the orbit tracks 
shown in Fig. 1 as well as those of 
other usable Apollo 16 subsatellite orbits 
having low-altitude coverage. Figure 2 
shows a comparison of one radial com- 
ponent data segment to a photomosaic of 
part of the central near side on which the 
orbit track has been drawn. The general- 
ized results obtained by correlating field 
maxima with surface morphology and 
geology, using all available data seg- 
ments, may be summarized as follows. 

1) Anomalies are depleted in intensity 
and are less numerous over mare units 
than over highlands. 

2) Very few anomalies occur in the 
vicinities of the young (< 1 billion years 
old) craters Copernicus and Kepler and 
their accompanying ejecta mantles and 
ray materials despite the extremely low 
altitudes (minimum, 11 km) of the sub- 
satellite over these structures. No de- 
tectable anomaly is present near the 
mare-aged crater Reiner and its ejecta 
mantle. 

3) Numerous anomalies of medium 
amplitude are present over the Fra Mau- 
ro and Cayley Formations (10) where 
they have not been flooded by mare ba- 
salt flows. 

The relative sparsity of anomalies over 
the maria is not surprising in view of 
studies of returned samples, which have 
yielded stable magnetization intensities 
for mare basalts that are typically several 
orders of magnitude less than those of 
some classes of highland breccias (1). 
The lack of anomalies associated with 
both young and old crater interiors at 
once eliminates direct shock magnet- 
ization or demagnetization (at least in the 
case of material immediately surround- 
ing the primary impact point) and in- 
dicates that topographic control of major 
anomalies is unlikely. A corollary of the 
latter result is that the mare basalt flows 
are not likely to be uniformly magnet- 
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ized. Finally, the apparent association of 
many field maxima with primary and sec- 
ondary basin ejecta materials (10) sug- 
gests that basin ejecta deposits are major 
sources of orbital anomalies. Acquisition 
of either thermoremanence or shock 
remanence or both during formation in 
the presence of an ambient magnetic 
field is the least improbable explanation 
for their magnetism. To a lesser degree, 
crater ejecta materials should produce 
measurable fields at subsatellite altitudes 
but the encircling mantles usually do not 
produce prominent anomalies. 

The largest single anomaly contained 
in the data set and shown in Fig. 1 may 
represent an unusual example of a highly 
magnetic crater ejecta deposit located at 
some distance from its point of origin. 
This anomaly has a maximum radial 
component amplitude of 21 gammas (1 
gamma = 10-5 gauss) at an altitude of 20 
km and is the largest in apparent magni- 
tude (uncorrected for measurement alti- 
tude) found to date in the Apollo 15 and 
16 data (11). Its location (58.8?W, 7.6?N) 
is well correlated with that of a con- 
spicuous deposit of intermediate albedo 
[typically 0.08 to 0.09 (12)] on western 
Oceanus Procellarum called Reiner y. To 

demonstrate this correlation, we passed 
all available orbit segments through a 
two-dimensional filtering program with a 
minimum passed wavelength of 1.25?. A 
contour plot of the resulting total field in- 
tensity is compared in Fig. 3 with a Lu- 
nar Orbiter IV high-resolution photo- 
graph (part of frame 157) placed on an 
identical grid of longitude and latitude. 

If the deposit is indeed the source of 
the observed anomaly, the mean magnet- 
ization is significantly larger than that of 
any returned sample. To show this, we 
modeled the volume of Reiner y, using a 
13-sided polygonal plate with a shape 
chosen to approximate that of the main 
deposit and a mean thickness f much less 
than the subsatellite altitude. A maxi- 
mum value of 10 m for f is deducible 
from the absence of shadows cast by any 
part of the deposit under low sun illumi- 
nation (13). Using the method of Talwani 
(14), we calculated anomalies producible 
by the volume of material at the sub- 
satellite altitude for various assumed 
magnetization levels and directions. A 
single direction of magnetization for the 
entire deposit that closely reproduces 
the relative amplitudes and locations of 
maxima on the three vector component 

contour maps (not shown here) is radi- 
ally outward and inclined 35? from the 
vertical toward the north. Assuming 
f = 10 m and a mean density for the 
source material of - 3 g/cm3, we found 
that the mean magnetization required to 
match the observed anomaly amplitude 
is 5.2 ? 2.4 x 10-2 electromagnetic units 
(emu) per gram (15). For comparison, the 
stable magnetization component of the 
most magnetic of the returned samples 
has an intensity of about 10-4 emu/g (1). 

A second result that follows from the 
identification of the anomaly with the 
Reiner y deposit is that the magnet- 
ization of lunar crustal materials must 
have continued for a period exceeding 1 
billion years. The Imbrium impact, 
which produced the magnetically promi- 
nent Fra Mauro Formation and may 
have produced part of the Cayley For- 
mation (10), occurred about 3.9 to 4.0 
billion years ago. The Orientale impact, 
which may otherwise have been respon- 
sible for the Cayley Formation, occurred 
3.8 to 3.9 billion years ago (16). But the 
mare units on which much of the Reiner 
y deposit is superposed have been dated 
by crater degradation measurements (17) 
and extrapolations of absolute ages ob- 

30?W 

(17 km) (12 km) (15 km) (27 km) 
B-RADIAL (gammas) 

Fig. 2. Comparison of a radial component segment of orbit 220 (at the top in Fig. 1) with a Lunar Orbiter IV photomosaic of the central near side 
on which the orbit ground track has been drawn. The altitude of the subsatellite above the lunar surface is indicated at intervals beneath the plot. 
The impact that produced the Imbrium basin is responsible for the Fra Mauro Formation and may be at least partially responsible for the Cayley 
Formation. Magnetic anomalies appear to be associated with each of these geologic units but are nearly absent over the craters Copernicus and 
Kepler and their associated ejecta mantles despite the low altitudes achieved by the subsatellite. (One degree of longitude at the equator 30.3 
km.) 
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tained from lunar samples elsewhere at 
2.6 ? 0.3 billion years (18). The relative- 
ly high raylike albedo of Reiner y and as- 
sociated markings furthermore suggest 
Copernican age (<s 1 billion years old), 
but at least it is safe to conclude that they 
were formed some time after 2.9 billion 
years ago. 

A much more difficult but an important 
problem is the origin of the deposit. If 
Reiner y is Copernican, then only the so- 
lar wind field, which is now quite weak 
(- 6 gammas), is likely to have been 
present at the time of its formation. If an 
ancient high-amplitude magnetic field 
magnetized Reiner y in the same way 
that older nearside samples appear to 
have been magnetized (1), then its age 
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must be near the estimated upper limit. 
Lunar stratigraphic relationships pre- 
clude a basin-related origin; therefore, if 
the deposit is either primary or second- 
ary ejecta, some association with a large, 
postmare crater is indicated. There are 
two likely candidates (19). Olbers A is 
late Copernican in age and lies about 400 
km to the west-northwest. Cavalerius is 
Eratosthenian (12) (perhaps 2 to 3 billion 
years old) and lies 200 km to the west. 
The similarity in albedo of Reiner y to 
Olbers A ray materials is evidence for 
origin by impact or deposition of ejecta 
from that crater. However, the existence 
of V-shaped patterns in and southwest of 
the main deposit (photos IV-157H and 
IV-162H) that appear to point directly to- 

50? 

West Longitude 
Fig. 3. (A) Section of Lunar Orbiter IV high-resolution frame 157 oriented with respect to a 
longitude-latitude grid by using McCauley's geologic map of the region (12) as a guide. (B) Two- 
dimensional contour map of the total magnetic field intensity based on available orbit segments. 
Although the altitude varies across the map, it is relatively constant (at about 20 km) near the 
center of the data swath. The offset of the largest anomaly peak from the center of mass of the 
entire elongated Reiner y deposit (upper left comer of photo) is not larger than that expected 
from map control and tracking inaccuracies. A secondary maximum southwest of the largest 
peak appears to be correlated with a small associated swirl also southwest of the main deposit. 
There is no significant anomaly associated with the mare-aged crater Reiner (upper right corner 
of photo). 
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ward Cavalerius could be evidence for a 
Cavalerius origin. Also, the long axis of 
the main deposit is more nearly radial to 
Cavalerius than to Olbers A. The exis- 
tence of a small cluster of craters near 
the point of the large curved V pattern 
(photo IV-157) suggests that they and 
Reiner y could be genetically related. 
One possibility is that interference be- 
tween rising plumes of thinly divided 
ejecta from these adjacent secondaries 
resulted in a difference in concentration 
of the ejected material downrange and 
produced the observed pattern, as exper- 
imentally verified for V-shaped ridges as- 
sociated with secondary craters (20). 
Furthermore, Reiner y and associated 
markings appear to grade into the Cav- 
alerius ejecta mantle (which is also su- 
perposed on the mare), where numerous 
secondaries with V-shaped ridges occur 
(photo IV-162H). 

Finally, it is of interest to inquire 
whether Reiner y-like deposits are found 
elsewhere on the moon and whether they 
have magnetics coverage. Similar rela- 
tively bright swirl-like deposits are pres- 
ent within southern Mare Ingenii on the 
far side and within a broad band across 
and north of Mare Marginis on the east- 
ern limb (19, 21, 22). Unlike Reiner y, 
these features do not appear to be linked 
by morphological characteristics to a 
particular local crater. The Ingenii de- 
posits exist at such a high southern lati- 
tude (37?) that no magnetics coverage is 
available, but their location within 500 
km of the large Van de Graaff-Aitken 
anomalies is noteworthy. Although no 
vector magnetometer data have yet been 
mapped over the Mare Marginis swirl 
belt, the electron reflectance map of the 
near side (23) shows a prominent region 
of high surface magnetic fields over 
roughly the same region. Thus, these 
Reiner y-like features are candidates as 
sources for the observed large magnetic 
anomalies. The Van de Graaff-Aitken re- 
gion and the area north of Mare Marginis 
are nearly antipodal to the Imbrium and 
Orientale basins, respectively, and are 
marked also by the occurrence of unusu- 
al hilly and lineated terrain (22, 24). The 
latter has been explained as due to com- 
pression by seismic waves generated by 
the basin impact (25) or by convergence 
of basin ejecta (26) at the antipode. 
There is therefore some evidence that 
the production of anomalously magnetic 
crater ejecta deposits has not been com- 
pletely random in the highlands but 
may be related to special properties of 
the crust at the primary impact point. 

In summary, a single hypothesis that is 
consistent with the subsatellite data as 
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well as with studies of returned samples 
and surface magnetic fields is that basin 
and crater ejecta deposits are major 
sources of the orbital anomalies. The 
level of magnetization is weak peripheral 
to the impact region inside the crater, but 
it rises beyond the rim and may rise 
sharply in the case of some ejected mate- 
rials transported ballistically to large dis- 
tances. As the latter are probably also 
the materials most strongly shocked and 
heated by the impact event, a relative in- 
crease in the volume fraction of free iron 
grains capable of retaining a strong and 
stable magnetic remanence is to be ex- 
pected (1). 
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Fluidization: Hydrodynamic Stabilization with a Magnetic Field 

Abstract. Fluidization of magnetizable particles by a gas stream in the presence of 
a uniform applied magnetic field oriented parallel to the flow prevents the hydro- 
dynamic instability that otherwise leads to bubbles and turbulent motion within the 
medium. The fluidized emulsion expands uniformly in response to gas flow speeds in 
excess of that at the incipient fluidization point, with transition from the quiescent 
stable state to bubbling occurring suddenly at a characteristic increased rate of flow. 
Experimental data demonstrate the dependence of this transition velocity on the in- 
tensity of the applied magnetic field, length of the bed, and type of magnetic solids. 
Data illustrate the pressure distribution through the bed medium, the bed flow char- 
acteristics, and other related phenomena. 
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