Oxygen Isotope Ratios in Trees

Reports

Reflect Mean Annual Temperature and Humidity

Abstract. Values of the oxygen isotope ratios (6'0) in tree-ring cellulose closely
reflect the ¥80 values in atmospheric precipitation and hence mean annual
temperature. The change in 8'%0 in cellulose is 0.41 per mil per degree Celsius for
selected near-coastal stations. The values of 8'%0 in precipitation and cellulose also
change with altitude, as demonstrated for Mount Rainier, Washington. A tempera-
ture lapse rate of 5.2° + 0.5°C per 1000 meters calculated from cellulose %0 values
agrees with the accepted mean annual lapse rate of 5°C per 1000 meters for this
region. Cellulose 330 values and 8'°0 values of carbon dioxide equilibrated with

leaf water differ by a fixed 16 per mil.

Oxygen isotope ratios (3'*0) (/) based
on measurements of water and carbonate
derived from glacial ice, foraminifera,
mollusks, and sedimentary carbonates
have been used extensively as indicators
of past climate (2). Important climatic
information can be derived because the
variation in the ratio of *0 to 'O in
chemical compounds is dependent on
equilibrium and kinetic effects that are
related to temperature. Recently the *0
content of tree-ring cellulose and wood
has been used as an indicator of past
climate (3).

It has been demonstrated that the %0
composition of plant cellulose is related
to environmental water and may also be
related to humidity (4). It is also known
that the 3'%0 values of precipitation be-
come more negative with increases in
altitude and latitude. The 8'%0 values for
precipitation from coastal stations close-
ly follow mean annual temperatures (5).
To investigate the possibility that the
temperature dependence for §'%0 in pre-
cipitation is also reflected in the 30
values of tree rings, we measured the
3180 composition of cellulose (6) from
trees collected at various latitudes along
the West Coast of the United States and
from various altitudes on Mount Rainier,
Washington.

International Atomic Energy Agency
(IAEA) yearly weighted average data on
the 880 composition of precipitation (7)
and cellulose 880 values in Fig. 1A
show a parallel change with respect to
latitude (¥ = .98). In view of this agree-
ment and the relationship between $'30
in precipitation and mean annual tem-
perature shown in Fig. 1B, it is clear that
there is a direct correlation between $'20
values in cellulose and mean annual tem-
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perature (Fig. 1C). Soil water collected
during the growing season reflects in part
earlier precipitation events, and hence a
comparison is made with mean annual
temperature rather than with mean grow-
ing-season temperature. Coastal trees
were emphasized in this study because
there are linear relationships between
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3'%0 in precipitation and temperature for
coastal regions (5), because humidity is
relatively constant (67 + 6 percent), and
because greater variation in the 8%0
values of cellulose has been demonstrat-
ed for trees grown in more continental
regions (8).

Figure 1C demonstrates the value of
this method for paleoclimatic work. The
maximum error in the mean of the cellu-
lose 8'80 data is = 0.2 per mil, and thus
it should be possible to detect long-term
climatic changes in north Pacific coastal
areas of approximately 0.5°C. Because
individual sites may be subject to local
conditions which may affect the §'0
ratios, samples from a range of latitudes
are preferred for paleoclimatic work.
Comparisons with meteorological data
and 8'%0 data for precipitation or soil
water are essential to demonstrate that
this method can be used for a given area.

Figure 2A demonstrates an altitude
effect for the §'%0 composition of precip-
itation at Mount Rainier. Precipitation
samples were collected approximately
every 2 weeks during the 1976-1978
growing seasons (May through Septem-
ber). A similar effect for 3'*0 values in
cellulose averaged from 1976-1978 tree
rings is shown in Fig. 2B (9).
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Fig. 1. (A) The 8'®0 values in precipitation
(IAEA data) (O) from Santa Maria, California
(latitude 34.9°N); Destruction Island, Wash-
ington (47.7°N); Bethel, Alaska (60.8°N); and
Point Barrow, Alaska (71.3°N). The 8'%0 val-
ues for cellulose (+) from La Jolla, California
(32.7°N), Pinus torreyana (one sample repre-
senting three growing seasons); Arcata, Cali-
fornia (41.0°N), Picea sitchensis (three indi-
vidually sampled rings); Tyee, Washington
(48.1°N), Pseudotsuga menziesii (59 individ-
ually sampled rings); Thorne Bay, Alaska
(55°N), Picea sitchensis (five individually
sampled rings); and Fairbanks, Alaska (64.8°N),
Picea glauca (21 individually sampled rings).
(B) Correlation between 8'®0 in precipitation
(IAEA data) and the mean annual temper-
ature. (C) Cellulose §'®0 values [from (A)]
plotted versus the mean annual temperature.

The point with the greatest deviation from the least-squares line is also the point with the great-
est distance to a weather station (45 km for temperature data).
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Table 1. Model test data.

Model
Growing- Average Source Measured Model- Model calcu-
Lati- season growing- water cellulose calcu- calcu- lated
Location tude daytime season 5 5180 laltfd lated 81%0 a*
(°N) humidity temper- (per (per 8%0 humidity (per mil)
%) ature mil) mil) (per (%) (100%
O mil) humidity)
Fairbanks 64.8 593 = 11.7 14.6 —-16.6 21.8 20.6 55.0 9.6 1.027
Thorne Bay 55.2 723 £ 6.3 13.8 —-11.3 23.9 22.8 68.4 15.3 1.027
Tyee 48.1 70.5 £ 4.9 13.4 - 7.7 26.9 27.2 71.5 19.1 1.027
Manashtash 46.9 353+ 5.8 18.1 -16.3 27.3 26.5 32.4 9.2 1.026
Arcata 41.0 (70) 13.1 - 6.9 27.6 28.2 72.3 -20.0 1.027
Lalolla 32.7 66.8 =+ 4.4 20.0 — 44 30.8 30.0 64.0 21.2 1.026

This altitude effect on Mount Rainier
can be used to evaluate the general reli-
ability of the change in 3'®0 values per
degree Celsius developed from data col-
lected on trees from different latitudes
(Fig. 1A). Using the calculated change in
the 5'®0 composition of cellulose of
0.41 = 0.06 per mil per degree Celsius
from Fig. 1C, the temperature lapse rate
on Mount Rainier is 5.2° = 0.5°C per
1000 m. This value compares favorably
with the value of 5°C per 1000 m from
meteorological data (10).

The temperature relationships for the
latitude and altitude data are only first
approximations. More extensive work is
needed for refinement. However, the
initial results indicate the possibility that
this method may be used as a tempera-
ture indicator.

It is clear from Fig. 1A that, by adding
35.1 per mil to the 3'®0 precipitation
values, one can calculate the cellulose
8'%0 values. This systematic increase in
3180 could be attributed to a biological
fractionation factor. Such a simple mod-
el, however, does not explain 5'®0 data
obtained from trees grown east of the
Cascade Mountain range. A tree grown
at Manashtash Ridge near Ellensburg,
Washington, derived its water from a
year-round spring with an average 8'%0
value of —16.3 *= 0.6 per mil NV = 17,
intermittent samples over 3 years). Ac-

Fig. 2 (A) Values of 60

in precipitation during the 1500

cording to the above model, the 5'°0
values for cellulose should equal approx-
imately 18.8 per mil. Actual values aver-
age 27.3 per mil, suggesting that other
important factors must be taken into
account. Current knowledge regarding
the oxygen isotope uptake into cellulose
suggests that humidity (/) and equilibri-
um between CO, and water must also be
considered (4).

It is well established that the oxygen in
cellulose comes principally from CO,
(12). DeNiro and Epstein (/3) demon-
strated that CO, completely equilibrates
with plant water prior to the synthesis of
cellulose. If we assume that CO, isotopi-
cally equilibrates with average leaf wa-
ter, then 3'*0 values for cellulose can be
calculated from equations used for calcu-
lating leaf water 3'80 combined with the
standard equation for equilibrating CO;
and water. For steady-state equilibrium
conditions, the leaf water equation (/4)
may be written as follows:

SLW = 81(1 - h) + haAv +
e + ex(l — h) )

where 8_w is the 3'®0 composition of
leaf water, 8, is the 8'%0 composition of
water supplied to the leaf by the stem,
dav is the 380 composition of atmo-
spheric water vapor, €* is the equilibri-
um fractionation factor, ek is the kinetic
fractionation factor, and # is the relative

1976-1978 growing seasons
(May through September,
collected every 2 weeks) at
different  elevations on
Mount Rainier, Washington
(46.8°N). The independent
variable was plotted on the
ordinate to emphasize the
effect of altitude. (B) Cellu-
lose 8'*0 values from Pseu-
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dotsuga menziesii (three
individually sampled rings,
1976-1978) at five different
elevations on Mount Rai-
nier.
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humidity (/5). Equation 1 has also been
used to model experimental results on
the '0 composition of bean plants; how-
ever, it was derived without assuming
the complete equilibration of CO, with
plant water (16).

When CO, is equilibrated with leaf
water, the CO, gas will obtain a 3'%0
value according to

8(:02 = 8LW +103(0L - 1) + (OL - I)BLW
@

where o is the CO,-water fractionation
factor (17).

The final equation for calculating 80
values in cellulose then becomes

818Ocellulose = OL[I()3 + 81 —h) + e +
€K + (SAV - GK)h] - 103 + K (3)

A major unknown in Eq. 3 is the value of
ex; this factor is known to vary with wind
speed (18) and has been calculated from
kinetic theory to be equal to 16, 21, and 32
per mil for turbulent, laminar, and static
boundary-layer conditions (/9). Detailed
work in controlled environment chambers
is needed to define ek for the trees under
discussion. We have assumed a value of
+16 per mil, representing turbulent leaf
boundary-layer conditions, for the calcu-
lations shown in Table 1. If this value for
ek is incorrect, a change will need to be
made in the value of the constant K. If, for
example, ex = 21 per mil, then K would
equal approximately —18 per mil to
achieve the same cellulose 3'%0 values as
obtained with an ex of 16 per mil.

The constant K is added to Eq. 3 be-
cause investigations of deuterium and "*C
in cellulose have suggested biological frac-
tionation factors for these isotopes (20). If
biochemical reactions associated with cel-
lulose production also fractionate oxygen,
a constant K must be added to the basic
equation. We found that K equals —16 per
mil when fitting actual cellulose values
measured over a range of latitudes to Eq.
3.

Correlations with temperature given
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earlier are relationships which depend on
the influence of temperature on the isoto-
pic composition of precipitation rather
than any direct temperature effect. Our
model relates only to those changes in
oxygen isotope composition that occur in
and immediately around the tree leaf.

The 80 values calculated from Eq.
3 agree rather closely with measured val-
ues (Table 1; ¥ = .96). The model-cal-
culated 5'30 valie for the tree from Ma-
nashtash.Ridge is much closer to the
measured value than the value from the
simple model mentioned above. This dif-
ference is thought fo be related to the large
(~30 percent) difference in humidity be-
tween coastal sites and Manashtash
Ridge.

If, instead of substituting temperature
and humidity, we substitute temperature
and the measured cellulose 8'*0 values,
Eq. 3 can then be used to ¢alculate rela-
tive humidity (27). The calculated values
(Table 1) are all within 1 standard devi-
ation of the average measured daytime
relative humidity values for the growing
season (22).

Valuable information on past changes in
humidity can be obtained from measured
cellulose 30 values and our model, if D/
H or other isotope ratios can provide
source water 530 values (3;). A 1 per mil
change in §; represents approximately a 1
per mil shift in cellulose 5'30 values.

We have used Eq. 3 to calculate humid-
ity values and could make a similar calcu-
lation for temperature since a and €* in the
model are a function of temperature. The
change with respect to temperature, how-
ever, is approximately 0.2 per mil per
degree Celsius, which is a small effect
compared to changes in relative humidity
(1 percent change in remtive humidity
=(.3 per mil change in cellulose 3'30).

Epstein et al. (4) have shown that o*
(23) between aquatic plants and their sur-
rounding water is 1.027. The calculated o*
for the samples in Table 1, with 100 per-
cent relative humidity to approximate the
conditions under which aquatic plants
grow, is either 1,027 or 1.026. This result
suggests that the model can be used for
aquatic plants as well as terrestrial plants.
However, for aquatic plants €* no longer
maintains its physical significance and
must be treated as a constant.

We have shown that the oxygen isotope
content of cellulose from trees can be used
as a temperature indicator in specific West
Coast areas where humidity values are
fairly constant. An empirical model is
derived which incorporates the currently
known factors which determine 80 val-
ues in cellulose. Model results suggest that
source water 880, humidity, leaf bound-
ary-layer dynamics, and the 5'%0 compo-
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sition of atmospheric water vapor are fac-
tors that must be considered when evalu-
ating oxygen isotope data in tree rings.
R. L. Burk
Department of Geological Sciences,
Quaternary Research Center,
University of Washington, Seattle 98195
M. STUIVER
Departments of Geological Sciences
and Zoology, Quaternary Research
Center, University of Washington
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Volcanic Origin of the Eruptive Plumes on Io

Abstract. ‘A quadruple long exposure of lo in eclipse exhibits faint auroral
emission from the eruptive plumes. No luminous spots in the vents, predicted by
Gold, were observed. Heat from the interior of Io appears to be the predominant

source of energy in the plumes.

Gold (/) has recently expanded upon
the idea that the large potential across [o
generated by its interaction with the Jo-
vian magnetosphere must drive electric
currents (2). He proposed that these cur-
rents concentrate through the observed
volcanic vents (3-5) and then pass
through Io’s interior. He calculated that
these currents can be strong enough to
account for the observed volcanic activ-
ity and that they are responsible for the
eruptive plumes. He also predicted that
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luminous spots might be seen at night at
the vents, a phenomenon not to be ex-
pected in the volcanic model based on
sulfur dioxide as the driving gas and
molten sulfur as the hot contact sur-
face from which it proceeds (5, 6). This
continues to be true for the models cor-
responding to observed temperatures (7)
higher than those originally believed
plausible. In these models (8) both sulfur
vapor and SO, are present, the former
predominating as driver.
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