Reports

Relationship Between the Oxygen Isotope Ratios of Terrestrial

Plant Cellulose, Carbon Dioxide, and Water

Abstract. The ratios of oxygen-18 to oxygen-16 (1%0/'%0) of cellulose purified from
two sets of wheat plants grown under conditions similar in all respects except for a
large difference in the *0/'0 ratios of the carbon dioxide supplied to them differ by
only a small amount. The difference in the *0/'%0 ratios of the cellulose is similar to
that observed for the *0/'%0 ratios of the water present in the plants. These results
indicate that the oxygen derived from carbon dioxide undergoes complete exchange
with the oxygen of the water in the plant during the synthesis of cellulose and that the
150/1%0 ratio of the water inside the plant is the primary influence on the *0/'%0 ratio

of cellulose in terrestrial plants.

The interpretation of variations ob-
served in the '®0Q/'0 ratios of cellulose
from terrestrial plants (/, 2) has been
hindered by a lack of information on the
source and isotopic history of the oxygen
fixed during photosynthesis. Several
models have been proposed to account
for the oxygen isotopic composition of
cellulose from trees and other plants.
These models are based on the assump-
tions that the oxygen of cellulose is de-
rived either solely from CO, (/) or from
the oxygen atoms of CO, and H,O in the
ratio 2:1 (2). The possibility of isotopic
exchange between the oxygen atoms of
CO, and H,0 prior to photosynthetic fix-
ation has also been recognized. It has
been argued that this exchange involves
either meteoric (ground) water (/) or wa-
ter in the plant (2). It is unlikely that one
can distinguish among these possibilities
by analyzing plants that grew in the field.

We undertook the laboratory experi-
ments reported here to determine the
relationships between the ®0Q/'%0 ratio of
cellulose and the !0/'%0 ratios of the
CO, and H,0 available to terrestrial
plants. The results of these experiments
have implications for the interpretation
of variations in the '®0/'°0 ratios of cel-
lulose as a climatic indicator and for the
design of experiments intended to eluci-
date the path of oxygen in photosynthe-
sis.

Wheat plants were grown from seed in
the Plexiglas box shown in Fig. 1. The
use of the box made it possible to control
the isotopic composition of the H,O and
CO, supplied to the plants. Two sets of
plants were grown under conditions sim-
ilar in all respects except for a difference
in the '80/1%0 ratios of the CO, sources.
In the standard experiment, the '30/'°0
ratio of the CO, was similar to that of at-
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mospheric CO,, whereas in the !%0-
enriched experiment the CO, was highly
enriched in '®0 relative to atmospheric
CO, 3, 4).

We sampled the air and H,O flowing
into and out of the box for isotopic anal-
ysis periodically during the course of
each experiment. At the end of each
growth period, the plants were harvested
and water from the shoots of the plants
was quantitatively vacuum-distilled and
collected for isotopic analysis. Cellulose
was purified (5, 6) only from those parts
of the plants which grew after the in-
troduction of the corks (Fig. 1), because
during this time isotopic exchange be-
tween CO, and H,O flowing through the
box was minimized.

The 3C/**C and '%0/'O ratios of CO,
in air (7) and the D/H (*H/'H) (8) and
180/1%0 (9) ratios of H,O were determined
by established procedures. Methods for
the determination of the *C/'?C ratios of
cellulose after combustion (7) and the
180/16Q ratios of a cellulose after pyrolysis
in a nickel reaction vessel (2) have been
described. We determined the D/H ratios
of the nonexchangeable carbon-bound
hydrogen atoms of cellulose by analyz-
ing cellulose nitrate prepared by the di-
rect nitration of cellulose with a nitric
acid-acetic anhydride solution 6, 10,
11). The isotopic ratios are reported as &
values (12).

The 8D, 80, and 8'C values of the
H,0 and CO, supplied to the plants in
the two experiments are given in Table 1.
The only significant difference between
the two experiments was in the §'®0 values
of the CO, (I3). The 680 values of CO,
changed as the air passed through the
box as a result of partial isotopic equili-
bration with H,0O (/4, 15). Since the
plants that were analyzed grew randomly

throughout the box, the average §'*0
value of the CO, available to them in
each experiment was between the value
determined at the inlet and outlet ports.
Thus, the difference between the aver-
age 8'®0 values of the CO, available in
the two cases, although not precisely
known, was between 127 = 25 and
979 = 115 per mil. This average dif-
ference is large enough so that any signif-
icant isotopic contribution of oxygen
from CO, to the oxygen of cellulose
could be detected.

The results of the isotopic analysis of
cellulose purified from the plants grown
in the two experiments are also given in
Table 1. The hydrogen and carbon iso-
topic compositions are consistent with
the observations that there were no sig-
nificant differences between the growth
conditions of the two experiments. The
8D values of the cellulose samples differ
from the 6D values of the H,O supplied
in each case by about the same amount.
This similarity indicates that the effects
of evaporative transpiration, which cause
the water in the plant to become en-
riched in the heavy isotopes of hydrogen
and oxygen relative to the water supplied
to the plant (2, 16), were the same in-
tegrated over the course of the two ex-
periments. The 8'C values of the cellu-
lose samples are more negative than the
813C values of the CO, sources by about
the same amount as has been observed
for wheat grown in the field (3, /7). Thus,
the CO, metabolism of the laboratory-
grown plants does not appear to have
been affected by the experimental condi-
tions.

The difference between the 8'®0 val-
ues of cellulose from the plants grown in
the two experiments, whose sources of
CO, differed in 8'%0 value by at least
127 = 25 per mil and possibly by as much
as 500 per mil, is only 8.5 per mil (Table 1).
This small difference in the §®%0 values
of the cellulose samples is similar to the
difference between the 80 values of the
H,0 inside the plants in the two cases.
The average difference in §'%0 values of
the plant H,O over the duration of the
experiments is not known precisely, but it
must be less than the difference (14 per
mil) observed for the H,O samples dis-
tilled from the plants at the end of the
growth periods (Table 1) (I8). Since the
880 values of the cellulose samples re-
flect the 6'80 values of H,O in the plants
but not those of the CO, sources, we
conclude that the oxygen derived from
CO, has completely exchanged with that
of H,O in the plant by the time cellulose
is formed.

These experiments do not permit the
identification of the specific steps leading
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to cellulose synthesis during which the
oxygen derived from CO, is exchanged
with that of H,O in the plant. However,
it seems likely that CO, undergoes some
equilibration with H,O in the plant, pos-
sibly catalyzed by carbonic anhydrase,
prior to its fixation into 3-phosphoglycer-

ic acid, the first intermediate formed dur-
ing photosynthesis in wheat and other
plants with the Calvin type (C,) photo-
synthetic metabolism (/9). It is unlikely
that any further exchange of the oxygen
atoms derived from CO, occurs in the
subsequent passage of 3-phosphoglycer-

Table 1. Values of 8D, 8'*0, and 8'*C for H,0, CO,, and cellulose from the standard and '*O-
enriched experiments; N, number of measurements; N.D., not determined.

8DSMOW 6lSOSMOW 813CPDB
Component (per mil) (per mil) (per mil)
Standard experiment
Inlet CO, + 6.5+ 0.4 (N= 6) —39.6 = 0.3 (N=6)
Outlet CO, +333 £25 (N= 3 -394 £ 0.8 (N=3)
Inlet H,0 -52+ 1(N=12) — 81+02N=12)
Outlet H,0 —52+x I (N=4 - 84+0.6N=4
H,0 distilled from plants -2 N=1 - 0.8 N=1)
Cellulose -13, —-13 +26.8, +27.9 - 57.2, — 56.5
80-enriched experiment
Inlet CO, + 985 £ 1IS(N= 6) —37.3 £ 0.3 (N =4)
Outlet CO, + 160 £ 25 (N= 3) N.D.
Inlet H,O -52 + 1 (N=10) — 8.0 £ 0.3 (N=10)
Outlet H,0O 51+ 0(N= 4 - 8303 NN=14
H,0 distilled from plants -7 (N=1) +13.2 N=1)
-16, —15 +35.4, +36.1 — 53.6, — 52.7

Cellulose

Fig. 1. Diagram of the Plexi-
glas box used to grow wheat
plants under controlled envi-
ronmental conditions with
CO, and H,0 of known isotop-
ic composition. The diameter
of the holes in the perforated
plate is 0.6 cm. The lower
compartment of the box has
inlet and outlet ports for H,0
and CO,-free air; the upper
compartment has inlet and
outlet ports for air containing
the average atmospheric con-
centration of CO,. The parts of
the box stippled are actually
opaque. The plants were
grown according to the follow-
ing procedure. Wheat seeds
were sprinkled over the sur-
face of a S-cm bed of Sponge-
Rok (baked perlite) in the
lower compartment of the S

box, then covered with a 2.5- i

cm layer of Sponge-Rok. After

the Sponge-Rok had been wet-

ted with distilled H,O, the perforated plate and the top of the box, both of which are rimmed
with gaskets, were sealed into place. During the dark germination period which followed, dis-
tilled H,0O was circulated through the box at 1 ml min~! and dry COyfree air (scrubbed of CO,
by passage over Ascarite) was circulated at 470 ml min~!. Four days after the seeds had been
sown, the lights (four GTE Sylvania Gro-Lux bulbs located 6 cm above the top of the box) were
turned on. The distilled H,O was replaced by a dilute nutrient solution (21), which was supplied
at 1 ml min~', The dry CO,-free air flow was maintained at 470 ml min—, and dry air, made by
adding CO, to dry CO,-free air to a final concentration of 0.033 percent, was admitted to the
upper compartment of the box at 700 ml min~!. All flows were monitored and maintained at the
specified rates throughout the remainder of the experiment. Ten days after the seeds had been
sown, those holes which did not have seedlings growing through them were plugged with corks
in order to reduce isotopic exchange between CO, and H,0 flowing through the box. Except for
the initial 4 days of darkness, the lights were left on continuously. The temperature was main-
tained at 25° = 1°C throughout the experiment. No attempt was made to control the humidity in
the box. Relative humidity values when the lights were turned on were on the order of 30
percent and rose gradually, as a result of increased transpiration from the increasing biomass of
plants, to a value of 100 percent at the end of the experiments. Plants were harvested 37 days
after the seeds had been sown.

41.5¢m

]

11.0cm

=

31.5¢m

52

ic acid through the Calvin cycle until the
formation of b-glyceraldehyde phos-
phate (20). The oxygen atom of D-glycer-
aldehyde phosphate that is derived from
the oxygen atoms of CO, (one of the two
is lost, at random, in intermediate steps)
might exchange with the oxygen of H,0
by means of hydrate formation (20). Sub-
sequent reactions of the Calvin cycle and
the steps associated with the polymeriza-
tion of glucose to form cellulose do not
appear to provide any further opportu-
nity for exchange of the oxygen derived
from CO, (20). Analysis of the 8Q/'%0 ra-
tios of 3-phosphoglyceric acid and D-
glyceraldehyde phosphate isolated from
plants grown on CO, sources of different
880 values would make it possible to de-
termine the extent of oxygen exchange
occurring at these two steps in vivo.

Unless there are some major dif-
ferences in the conditions under which
plants grow in the field as compared with
those in the experiments discussed here,
two of the models that have been ad-
vanced to explain variations of terrestrial
plant cellulose '*0/'%0 ratios must be dis-
carded. In the first model (2) it was pos-
tulated that atmospheric CO, is fixed into
3-phosphoglyceric acid without under-
going any isotopic equilibration; in the
second model (/) it was assumed that, if
any exchange does occur, it is with me-
teoric H,O rather than with H,O in the
plant. The results of this study are com-
patible with the major assumption of one
other model (2), which postulated that
cellulose oxygen is derived from the oxy-
gen of CO, and H,O inside the plant
which are in isotopic equilibrium. In or-
der for this mechanism to hold, however,
it is necessary that the '*0/'%O ratio of
cellulose not be affected by isotopic ex-
change occurring after CO, is fixed into
3-phosphoglyceric acid.

The difference between the %0 val-
ues of cellulose and the H,O distilled
from the plants in the standard experi-
ment, +28.2 per mil, is similar to the dif-
ference between the §'%0 values of cellu-
lose from aquatic plants and the H,O in
which they grew in natural environments
(2). This similarity suggests that the
steps that determine the difference be-
tween the 8%0 values of cellulose and
the H,O used by a plant are similar in
aquatic and terrestrial plants. This dif-
ference of +28.2 per mil is also close to
what would be expected if the oxygen of
cellulose were derived from the oxygen
of CO, and H,0 in isotopic equilibrium
with one another (/4), in the ratio 2:1 (2).
Nevertheless, since the §'®0 value of cel-
lulose is determined largely by the §'%0
value of the H,O inside the plant, the la-
beling of CO, and H,0 with ®0 cannot
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be used to determine their relative con-
tributions to the oxygen fixed into cellu-
lose.

The conclusion that the oxygen de-
rived from CO, equilibrates with the ox-
ygen of H,O in the plant during the syn-
thesis of cellulose indicates that the §'%0
value of cellulose is primarily a function
of the oxygen isotopic composition of
the H,O in the plant. In similar fashion,
the 8D value of cellulose must be deter-
mined largely by the hydrogen isotopic
composition of H,0O in the plant (/7).
Starting from the 8D and §'®0 values of
cellulose, the isotopic composition of the
H,0 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
H,0 available to a plant from the values
estimated for the isotopic composition of
the H,O in the plant, once the isotopic
fractionations that occur during H,O up-
take are defined. The isotopic composi-
tion of meteoric H,O can then be inter-
preted in terms of climatic temperature
@, 9), whereas the difference between
the isotopic composition of meteoric
H,0 and that of plant H,O 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.

MicHAEL J. DENIroO
SAMUEL EPSTEIN
Division of Geological and Planetary
Sciences, California Institute of
Technology, Pasadena 91125
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The Moon: Sources of the Crustal Magnetic Anomalies

Abstract. Previously unmapped Apollo 16 subsatellite magnetometer data collect-
ed at low altitudes over the lunar near side are presented. Medium-amplitude mag-
netic anomalies exist over the Fra Mauro and Cayley Formations (primary and sec-
ondary basin ejecta emplaced 3.8 to 4.0 billion years ago) but are nearly absent over
the maria and over the craters Copernicus, Kepler, and Reiner and their encircling
ejecta mantles. The largest observed anomaly (radial component ~ 21 gammas at
an altitude of 20 kilometers) is exactly correlated with a conspicuous light-colored
deposit on western Oceanus Procellarum known as Reiner y. Assuming that the Rei-
ner ydeposit is the source body and estimating its maximum average thickness as 10
meters, a minimum mean magnetization level of 5.2 + 2.4 X 1072 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.

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 (/). 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-

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

0036-8075/79/0406-0053$00.50/0 Copyright © 1979 AAAS 53



