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ABSTRACT 

Carbon dioxide release from fossil-fuel burning is significant 

enough that we may soon experience perceptible changes in climate with 

important human consequences. Man's activities involving deforestation 

and agriculture have undoubtedly also affected atmospheric CO2 , 

although quantitative, and even qualitative, net effects of these pro-

cesses are incompletely understood relative to fossil-fuel production. 

13 12 
An accurate reconstruction of past cl C ratios of atmospheric CO2 may 

provide key constraints on the historical activity of the biosphere as 

CO2 source or sink. Tree rings appear to be a repository of this 

information but there is much noise in the collection of previous recon-

structions, presumably associated with site selection, radial 

variability, choice of representative wood chemical constituent, and 

subtle effects of climate on fractionation. This study attempts to 

13 avoid these pitfalls and develop a 50-yr 0 CATM record from juniper 

trees (genus Juniperus), in fact, by taking advantage of the influence 

of climate on fractionation. 

Trees were harvested from suitable sites in close proximity to 

weather stations with monthly records of temperature and precipitation. 

Ring material was then separated from each of the sections in 5-yr 

intervals from 1930 to 1979 around their full circumference, and ce11u-

lose was extracted from the wood. 13 After measuring 0 C of the cellulose 

13 by standard mass-spectrometric techniques, a variety of 0 C vs. 

xii 



xiii 

climate functions were examined for each interval. The most useful 

relationships for at most 7 of the 10 sites were 013C with December 

temperature or precipitation, because the coefficients were nearly 

constant from one interval to the next (averaging -0.27%.OC-l for tem

-1 
perature and -0.04%. mm for precipitation) and the intercepts 

differed. Local pollution effects are believed responsible for the 

three anomalous sites. The separation of these regression lines of 

different intervals is interpreted as the response of the trees to the 

changing 013C of atmospheric CO
2 

so that o13CATM curves are constructed 

from this spacing. The shape of the best-fit reconstruction suggests 

the biosphere has acted as CO2 source to about 1965 and may now be a 

net sink. Although these conclusions are limited by certain assumptions 

and statistical restrictions, evidence from the recent scientific liter-

ature tends to support the increasing role of the biosphere as an 

important carbon sink. 



CHAPTER 1 

INTRODUCTION 

1.1 General Problem Overview 

Those alive today have the fortune (or misfortune) of partici

pating in and observing firsthand the results of what has been termed 

an uncontrolled global carbon dioxide experiment (Baes et al., 1977). 

In a process analogous to garbage disposal (Hansen, 1980), we are 

extracting the products petroleum, natural gas and coal from which we 

utilize the energy and discard the waste products, including carbon 

dioxide, into our atmospheric "dump". Additional contributions of C02 

to the atmosphere have been added somewhat less directly through 

deforestation and agricultural activities of man. 

One of the interesting properties of the atmosphere is that 

some of its important characteristics change in response to the accumu

lating waste. Notable among these is the increased absorption of 

long-wavelength radiation emitted from the earth, which may have the 

effect of raising mean global temperatures l-40 C when C02 concentration 

is doubled (see Section 2.2). The impact on world population may be 

potentially seV0re in terms of ice-cap ablasion, sea-level rise, rain

fall redistribution, average sunshine, and many others. Another 

property of the atmosphere is that it is not a closed system but may 

gain, lose or exchange carbon with othar reservoirs within the 

biosphere, hydrosphere and lithosphere. This is fortunate for us 

1 
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because any losses of the "excess" CO2 from the atmosphere will moder ... 

ate or delay the effects of increasing PC02. 

One of the more useful approaches toward solving this problem, 

short of total cessation of fossil-fuel production, is the improvement 

of our understanding of the carbon cycle to better judge the conse-

quences of our activities. Adequate knowledge of the effects of human 

activities would be important to developing planning strategies and 

contingencies for any climatic changes predicted. A prerequisite for 

any such predictive modelling would include a knowledge of relevant 

baseline (preindustrial) and subsequent values, magnitudes, rates and 

trends of various "compartments" in the carbon cycle and of the proces-

ses of exchange among them. 

Among the parameters of interest is the chronology of changes 

in size of the atmospheric carbon reservoir as reflected in changes in 

the carbon dioxide concentration (PC02). Continuous measurements of 

this parameter only date back to 1958, so that any hopes for recon

struction may rest with the use of carbon isotopes (14C and 13C). 

Fortunately, a mechanism exists in which these isotopic signals have 

been continuously monitored and recorded over the recent past, i.e., in 

tree rings. 

13 This study attempts to develop an accurate 0 C chronology for 

the recent past from the growth rings of juniper trees grown at widely 

spaced sites around Arizona. From such a record it should be possible 

to make qualitative and,to some degree, quantitative inferences on the 

atmospheric CO2 record over the corresponding period. 



1.2 Specific Problem and Approach 

Several studies have attempted to utilize tree rings to 

13 reconstruct details of past atmospheric 0 C changes and infer PC02 

changes (see Section 2.4). Variance within and between such recon

structions has tended to be quite large owing to problems of 013C 

variation along the rings, different chemical constituents of the tree 

rings being analyzed, local pollutant contamination effects, and 

3 

possible effects of climate on isotopic fractionation within the plant. 

13 Any reliable study must endeavor to develop a 0 C chronology free from 

these factors, especially climate, which tend to decrease the o13C 

signal/noise ratio from tree-ring reconstructions. 

The research of Arnold (1978, 1979) has demonstrated a strong 

correlation of o13C in leaves of juniper (genus Juniperus) as a 

function of the climate (precipitation and temperature) of the site 

where the leaves were collected. The carbon isotopic composition of 

the leaves (and the tree rings) must necessarily also be a function of 

the carbon source, i.e., the atmosphere. Therefore, with a time 

sequence of plant material at each site, the o13C-c1imate relationship 

should persist through each interval in the time sequence, but the 

relationship's position for each interval should change in response to 

the changes in the isotopic composition of the atmosphere. 

It is the goal of this study to develop a o13C chronology from 

tree rings based on this scheme of effectively factoring out the 

effects of climate on isotopic fractionation. Care in choosing sam-

p1ing sites, selection of only the stable cellulose component of wood 



for analysis, and sampling the growth rings around their full circum-

ference were all employed in an effort to minimize the potential for 

obscuring the signal. 

The basic sequence of steps necessary to fulfill this research 

may be summarized as follows: 

1) Sample (harvest) juniper trees at widely separated loca1i-

ties near weather stations with long climate records. 

2) Assign ages to the growth rings in five-year intervals. 

3) Separate wood of the different intervals and perform the 

chemical extraction to isolate the cellulose component. 

4) Convert the cellulose to CO
2 

and measure o13C via mass 

spectrometry. 

5) Find the relationships between o13C and climate for each 

interval that has the strongest correlations, yet whose 

coefficients are nearly identical from interval to 

interval. 

6) Determine the spacing between these relationships for 

13 successive intervals as a measure of 0 C changes in the 

7) 

atmosphere. 

13 Compare this result with the 0 C chronologies from other 

tree-ring studies and with actual measurements of the 

change in atmospheric o13C• 

8) Assess qualitatively and perhaps quantitatively the imp1i-

13 cations of such a 0 C chronology on atmospheric CO2 over 

the same period. 

4 
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Several of these steps would include determinations of accuracy and 

reproducibility, i.e., the limitations to which all conclusions must be 

subject. 



CHAPTER 2 

BACKGROUND 

The results of this research will be relevant to the past 

concentrations of atmospheric carbon dioxide and o13C, and their impli

cations for global carbon cycling and climate. The basis of this 

research, however, depends on the processes in plants that allow them 

to act as carbon isotope monitors, and the factors that limit these 

processes. This chapter is devoted to a broad range of background 

considerations pertinent to this study. 

2.1 The Global Carbon Cycle 

The pathway of carbon cycling on earth is characterized by 

sources and sinks, the reservoirs in which carbon may reside with their 

respective residence times, and the rates of transfer of carbon between 

reservoirs. When considering the isotopes of carbon in such a cycle, 

the fractionation which occurs during these transfers is additionally 

relevant. 

The carbon cyc1e.can be represented to various degrees of 

complexity. In its simplest form .(Garre1s, Mackenzie and Hunt, 1975) 

the important reservoirs are the atmosphere, the land, the oceans, and 

recent and old sediments. However, each may have important sub

divisions as well. For example, on land there is living organic 

matter (plants and animals) and "dead" organic matter (standing or down 

6 



deadwood, litter, and soil organic compounds). Likewise, the carbon in 

oceans may be subdivided into inorganic and living or dead (particulate 

or dissolved) organic carbon. 

The size of these carbon reservoirs (Table 1) is in the order 

sediments » oceans> land> atmosphere. Despite the immense size of 

the sediment and ocean reservoirs as potential sinks, a problem arises 

15 when large quantities of carbon as fossil fuels (>5000 x 10 g of which 

were deposited over tens of millions of years) are suddenly released 

15 -1 into the atmospheric reservoir at the current rate of 5 x 10 gC yr • 

The steady-state nature of the carbon balance has been perturbed by 

human activities and there are constraints on the rate at which the 

equilibrium may be reestablished. 

One of the most significant, yet incompletely understood, parts 

of the carbon cycle is the fate of this excess anthropogenic CO2 • The 

atmospheric CO2 co?centration over the last 20 years has been increas

ing in such a manner relative to the well-documented fossil-fuel 

production (see Section 2.2), that the atmosphere appears to be retain-

ing about 50-60% of the excess (Bacastow and Keeling, 1973; Freyer, 

1979c; Machta, 1979), provided the biosphere is not acting as a net CO2 

source. The remaining 40-50% of the production seems logically 

destined for the ocean, the largest carbon sink, although it is not 

clear that the ocean possesses the capacity to handle this excess. 

By itself, the oceanic carbon reservoir in direct contact with 

the atmospheric reservoir, i.e., the surface ocean layer, would be 

insufficient to absorb all of the CO2 excess. The limit to its 

7 



Table 1. Major carbon reservoirs (from Bolin et al. (1979». 

RESERVOIR 

Atmosphere 

Oceans 

inorganic 

dissolved organic 

particulate organic 

Land Biota 

Soil, Humus 

Sediments 

total 

available for dissolution 

Fossil Fuels 

SIZE (1015g C) 

692 

35000 

1000 

3 

600-1000 

1000-3000 

>107 

4900 

>5000 

8 



inorganic chemical capacity to absorb CO2 is governed by the "Revelle 

Factor" (Broecker et al., 1979) defined as 

where Pe02 is the atmospheric concentration of CO2 and L is the sum of 

inorganic carbon species (L = [CO;] + [HC03] + [C02] + [H2C03]). 

Although R may vary with temperature, salinity and alkalinity, the 

commonly cited value for modelling of R = 10 implies that the response 

of the ocean to excess CO2 is only one-tenth that of the atmosphere. 

Furthermore, oceanic CO2 absorption is governed by the relation 

so that as CO; is consumed by the reaction, the ocean should become a 

less efficient absorber with time (Baes et a1., 1977). Based on the 

14 distribution in the ocean of C from nuclear tests, there appears to 

be only a 2-8% yr-1 transfer of carbon from the surface ocean to the 

deep ocean (Broecker and Li, 1970). However, if mixing occurs by eddy 

diffusion and a concentration gradient develops between surface and 

deep ocean, then the gradients might store large amounts of CO2 ' 

sustain a higher flux, and perhaps account for all of the fossil-fuel 

CO2 not retained in the atmosphere (Oeschger et a1., 1975; Baes et a1. 

1977) • 

A dilemma occurs, however, if in addition to fossil-fuel CO2, 

the biosphere through man's activities of deforestation and cu1tiva-

tion has been a major source of C02 in the recent past (Wilson, 1978; 

9 



Stuiver, 1978) and especially if it is currently a net CO2 source 

(Bolin, 1977; Adams, Mantovani and Lundell, 1977). Then given its 

10 

chemical and physical limitations, the ocean does not appear capable of 

accommodating this additional CO2 which could be equivalent to 20-100% 

of the fossil-fuel input (Broecker et al., 1979).. To account for this 

extra biospheric CO2 , Broecker et al. (1979) have suggested that it is 

currently going into regrowth in those areas previously deforested and 

regrowth is currently balancing deforestation. Bohn (1978) discussed 

the potential of soils as sources or sinks of CO2 quite distinct from 

biomass, and indicated that organic soils are currently accumulating 

carbon. Alternatively, Woodwell (1978) suggests that the ocean may 

actually be accommodating the excess, but organically through marine 

photosynthesis and the decay chain. 

This question as well as others, such as preindustrial PCO ' 

. 13 13 2 
pre-1958 P

C02 
trends, pre1ndustrial 0 C and 0 C trend, are far from 

settled. Fortunately, in addition to the figures on fossil-fuel 

production and the continuous P
C02 

measurements since 1958, the rare 

isotopes of carbon (14C and l3C) are being used to solve the problems 

or at least constrain the possible solutions (see Section 2.4.3). 

Carbon-14 is a radioactive isotope with a half-life of 5730 years 

which essentially has zero activity in the ancient fossil-fuel deposits 

we now exploit. Hence, dead fossil-fuel CO2 tends to dilute the carbon 

l4C concentrations in the current atmospheric and biospheric reser-

voirs. The usefulness of this dilution effect is limited to the time 



period prior to 1950, because the advent of hydrogen bomb testing in 

14 the 1950's added large amounts of man-made C to the atmosphere. 

11 

Carbon-13, on the other hand, is a stable isotope whose compo-

sition in fossil fuels is similar to that of the biosphere from which 

they were probably derived. However, the l3C composition of fossil 

fuels and the biosphere is distinct from that of the atmosphere, and 

the result is that inputs from either of these two sources dilutes the 

l3C concentration of the atmosphere. 

2.2 Atmospheric Carbon Dioxide and Climate 

The- production of fossil fuels is well documented, although 

the cumulative and annual CO2 inputs from the biosphere are not known 

and may even be the same order of magnitude as fossil-fuel burning. 

The rates of these CO2 inputs determine the time at which the levels 

are high enough to significantly affect climate. These topics are 

reviewed in the following subsections. 

2.2.1 Fossil-fuel Production and CO2 

The production of fossil fuels and cement, from which CO2 is a 

by-product, is well established (Keeling, 1973; Rotty, 1973, 1974; 

Freyer, 1979c) and can be represented by an exponentially increasing 

15 
curve (Figure 1). Current worldwide production is about 5 x 10 gC 

-1 ) yr in the order oil> coal> natural gas (Freyer, 1979c • The 

breaks in the exponential curve correspond to decreased production 

during the two world wars and the Great Depression. 
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Figure 1. Annual carbon production from fossil fuels and cement from 
1862 to 1975 (after Rotty, 1979). 
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The effects of this foss~l-fuel production are reflected in the 

atmospheric carbon dioxide concentration measurements, such as those at 

Mauna Loa (Figure 2). Superimposed upon the upward Hawaiian trend is a 

fluctuation with an amplitude of about 6 ppmv related primarily to the 

seasonal nature of respiration and photosynthesis by land biota, and to 

a lesser extent the seasonal usage of fossil fuels (Hall, Ekdahl and 

Wartenberg, 1975). Mathematical analysis of these PC02 data by Rust, 

Rotty and Marland (1979) show that over 97% of the variation can be 

explained by exponential fossil-fuel production and seasonal influence., 

Similar concentration measurements in Antarctica (Keeling et al., 1976) 

indicate a uni~ormly slightly lower CO2 concentration, i.e., a lag in 

hemispheric mixing. and also a lower amplitude of fluctuation due to 

less seasonal variation in Southern Hemisphere biota. The increase in 

~tmospheric CO2 concentration has averaged slightly less than 1 ppm 

yr-l since 1958 (Freyer, 1979c). 

The observations on carbon dioxide concentration prior, to 1958, 

however, are temporally and geographically scattered, and of varying 

degrees of reliability (Callendar, 1958). The preindustrial atmospheric 

CO2 concentration is taken by many to be about 290 ppm on the basis of 

some of these observations and the assumed constancy of the apparent 

atmospheric retention of CO2 from fossil fuel (Bolin et a1., 1979). 

However, there is currently some thought that atmospheric CO2 concentra

tion must have been considerably lower than this, perhaps 270-275 ppm in 

order to accommodate the release of excess biospheric carbon (Stuiver, 

1978; Bolin, 1977). 
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Figure 2. Trend of atmospheric C02 concentration as measured at 1-1auna 
Loa, Hawaii (after Bacastow and Keeling, 1979). 
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2.2.2 Climatic Effects of Carbon Dioxide 

The major concern with increasing levels of CO2 in the atmo

sphere derives from the so-called "greenhouse effect," in which the 

15 

excess CO2 acts as a blanket in reducing the heat escaping from the 

earth. The absorptivity peaks for carbon dioxide are found at about 2.5 

to 3 ~m, at 4 to 4.5 ~m, and at wavelengths longer than about 13 ~m in 

the electromagnetic spectrum. It is this last region of high absorp

tivity that overlaps a significant portion of the terrestrial black-body 

radiation curve. For this reason, the atmospheric "window" is closed to 

the direct and free escape of this long-wavelength ratiation, and heat 

is retained by the atmosphere. Water vapor is also an efficient 

absorber of shorter wavelengths of terrestrial radiation and represents 

an important positive feedback through evaporation although increased 

cloud cover could result in a negative feedback. 

This insulating effect of CO2 led Plass (1956) to propose a 

theory of how it could affect climatic change, particularly the onset 

of glaciations. Plass envisioned an initial reduction in atmospheric 

CO2 by increased weathering, perhaps a consequence of mountain building 

with concomitant exposure of greater surface area to weathering, or 

perhaps by the accelerated deposition of organic matter as peat or 

coal. The loss of CO2 would result in lowered temperatures which would 

favor the onset of glaciation. As the sea water volume decreased, CO2 

solubility would be exceeded and CO2 would be evaded back into the 

atmosphere. As the atmospheric CO2 content increased, temperature 

would rise and the cycle would terminate. Plass calculated the 
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temperature effects of doubling and halving the modern atmospheric CO
2 

concentration as 3.60 C and -3.SoC, respectively. His model was based 

on infrared flux considerations only, however, and did not include 

feedback mechanisms. 

More recent models of increasing degrees of sophistication have 

been used to assess the effects of altering atmospheric CO2 (Table 2). 

The recent model of Manabe and Wetherald (1975) includes equations of 

motion, thermodynamics and radiative transfer. Furthermore, this 

model estimates water vapor and feedback to soil moisture and snow 

cover, and it allows for heat transport by large-scale atmospheric 

eddies. Its main limitations include fixed cloudiness and no allowance 

for heat transfer by ocean currents. The model indicated a significant 

° temperature increase of nearly 3 C when PC02 is doubled with fixed 

relative humidity. For comparison to other factors influencing 

climate, the earlier modelling of Manabe and Wetherald (1967) had 

indicated a temperature change of ±l.OoC for a change of 0.12 in atmo-

spheric "thickness" due to volcanic dust, ±1.2oC for variation in the 

-1 - ° solar constant of ±O.02 Ly min ,+1 C for a change in the surface 

° . albedo of ±O.Ol, and ±1.33 C for a change of ±O.lO surface relative 

humidity. 

The spatial distribution of this global temperature change 

would be variable (Manabe and Wetherald, 1975). Stratospheric temper-

atures would decline because the higher CO2 content at all levels 

would result in increased reradiation of long-wavelengths out to space 

from the upper atmosphere. The greatest temperature increases would 



Table 2. Calculated temperature changes resulting from 
halving and doubling current PCD . 

2 

Temperature Change for: 

~x PCD 2x PCD MDDEL 2 2 

Plass (1956) -3.8
o

C * +3.6°C * 
M~ller (1963) -1.0 * +1.0 * 
Manabe and Wethera1d (1967) -1.25 * +1.33 * 

-2.28 ** +2.36 ** 

Rasool and Schneider (1971) -0.55 * +0.57 * 
-0.68 ** +0.66 ** 

Sellers (1974) -1.64 * +1.32 * 
Manabe and Wethera1d (1975) +2.93 * 

* fixed absolute liumidity 

** fixed re~ative humidity 
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occur in high-latitude surface regions in response to decreased albedo 

from snow and ice melt, and the pronounc~d stability of the atmosphere 

above the polar regions limiting heat dissipation. 

18 

Robock (1978) used a model modified after Sellers (1974), and 

independently tested the effects of the increased CO2, heat, and par

ticulate production which could be expected from increased dependence 

on fossil-fuel power generation. His results suggest that heating from 

the atmospheric CO2 increase and power-plant heat emission could be 

almost completely balanced by the cooling effects from increased 

particulate emissions. 

In general, the magnitude of temperature effects listed in 

Table 2, although seemingly small, may well be of sufficient magnitude 

for important human consequences (Fleagle, 1979; Kellogg, 1979; Watts, 

1980). Chief among these are the effects on rainfall distribution and 

the state of the polar ice caps. Using the altithermal period of 

4000-8000 years ago as a guide to the magnitude of changes that might 

occur due to future CO2-induced heating effects, Kellogg (1977, 1979) 

found that many present deserts as in North Africa and southwestern 

North America were more like prairies, when at the same time much of 

central North America was prairie land rather than forested. The 

Greenland and Antarctic ice sheets represent a large potential for 

sea-level rise due to melting and/or surging (Wilson, 1964). The West 

Antarctic ice sheet alone possesses enough water to raise sea level by 

4-6 m (Kellogg, 1979). However, there is uncertainty as to whether 



destruction of this West Antarctic ice sheet would be rapid (M~rcer, 

1978) or relatively slow (Thomas, Sanderson and Rose, 1979). 

It is ironic that these same ice sheets that may represent a 
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time bomb for global disaster, are currently a rich source of environ

mental information on temperature changes (Dansgaard et al., 1969; 

Johnsen et a1., 1972), atmospheric heavy metals (Zoller, Gladney and 

Duce, 1974), and volcano-derived acids and dust (Hammer, Clausen and 

Dansgaard, 1981). Recent measurements of CO2 concentrations in air 

trapped in ice (Delmas, Ascencio and Legrand, 1980) show decreased CO2 

during the coldest portion of the most recent glaciation. The cause 

and effect relationships, however, are not c~ear, but if we are to 

believe that the primary control of glaciation is astronomical (Hays, 

Imbrie and Shackleton, 1976), then these CO2 changes would have to 

represent effects. 

2.3 Plant Fixation of Carbon 

2.3.1 Photosynthesis and Pathways 

The basis for using carbon isotopes in tree rings for atmo

spheric o13C and P
C02 

reconstruction is found in the process of 

photosynthesis. Photosynthesis may be summarized with the following 

simplified equation: 

This reaction requires the addition of 673kg-cal of light energy plus 

the presence of activated chlorophyll in living cells to proceed. The 

source of carbon in the glucose end product is thus from carbon 



dioxide, the atmosphere being the primary source and recycling of 

respired CO2 a secondary source. Water is the source of hydrogen in 

the glucose, and it was originally believed that all of the oxygen in 
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the glucose was from CO2 as well. More recent experiments with oxygen 

isotopes (Epstein, Thompson and Yapp, 1977; Ferhi, Long and Lerman, 

1976) suggest that perhaps up to 1/3 of that oxygen comes from the 

water reactant in terrestrial plants although complete isotopic equi-

libration of H20 and CO2 within the plant may occur prior to 

photosynthesis (DeNiro and Epstein, 1979). 

There does not appear to be a fixation mechanism unique to all 

higher land plants, but rather there appears to be three dominant types 

of carbon fixation patterns (Lerman and Troughton, 1975). The Calvin-

Benson Cycle ("C II pathway) is perhaps the most common mechanism, 
3 

existing in many trees and northerly grasses. The cycle involves the 

initial fixation of carbon from CO2 by the enzyme ribulose biphosphate 

as a three-carbon compound, phosphoglyceric acid. The carbon isotopic 

compositions (o13C) of this group are typically -22 to -39%.. The 

Hatch-Slack Cycle ("C
4

" pathway), seen most frequently in herbaceous 

families and tropical grasses, involves the primary fixation of carbon 

by phosphoenolpyruvic acid as four-carbon compounds malate and oxalo-

acetate. Isotopic compositions of plants in this group are commonly 

-9 to -19%.. The third pathway pattern known as the Crassulacean Acid 

Metabolism ("CAM") is found mainly among succulents and involves carbon 

fixation in dark periods via C4 mechanisms, then decarboxylation and 

refixation during daylight via C3 reactions. Because of this 



13 combination of mechanisms, CAM plants tend to have 0 C values of 

intermediate between C
3 

and C
4 

plants. 

2.3.2 Models of Fractionation 

The fact that the o13C of the open atmosphere averages about 

13 -7%., yet the a C of C3 and C4 plants average about -20%. and -5~ 

lighter, respectively, requires some mechanism(s) of fractionation to 

13 account for the C depletion. Various models have been advanced to 

explain the fractionation (Park and Epstein, 1960; Grinsted, 1977; 

Francey et al., 1981). The early model of Park and Epstein (1960) 
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suggested the fractionation took place at both the leaf cell wall when 

CO2 dissolves and at the enzyme where the dissolved CO2 is fixed. 

Variability of the fractionation at both of these steps were consid-

ered to contribute to the wide range of fractionation observed in 

plants. 

Grinsted (1977) considered additional fractionation steps so 

that there could be fractionation (1) between the outside air and the 

CO2 in the stomata, (2) where gaseous CO2 is dissolved to aqueous CO2 

at the leaf cell wall, (3) as aqueous CO2 crosses the chloroplast wall, 

and (4) at the enzyme complex where carbon was fixed. Grinsted 

observed that the overall fractionation was controlled to the greatest 

extent by the enzyme fixation, and that this fractionation was 

relatively constant in contrast to the Park and Epstein model. He 

also considered the potentially important role of refixation of 

internally respired CO2 in the final o13c value of the photosynthate. 

Grinsted envisioned a typical course of fractionation to have (1) a 
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13 stomatal gaseous CO2 a C of -7%0 (same as atmosphere), (2) a dissolved 

CO o13C value of -5%0 as a result of kinetic fractionation tending to 2 

enrich the dissolved CO2 in 13C but offset by the addition of respired, 

aqueous CO2 (o~-25%o), (3) a value for the dissolved CO2 in the ch1oro-

13 p1ast of +3%0 as a result of C enrichment in the aqueous medium as 

12 the enzyme preferentially fixes C in the photosynthate, and (4) a 

13 final photosynthate a C value of -25%0 (typical of C3 plants) due to 

enzyme fractionation of -28% •. 

The Grinsted (1977) model adequately accounts for various 

experimental observations of 013C in plants. For instance, the 

decrease of o13c of the tomato plants when P
C02 

was increased in the 

experiments of Park and Epstein (1960) is a consequence of rapid CO2 

transfer reducing the 13C enrichment in dissolved CO2 of the chloro

plast during enzyme fixation (recycled CO2). Also, an increase in 

13 photosynthate 0 C associated with increasing temperature below 

20-300 C (Grinsted, 1977) would be a consequence of increasing photo

synthesis with concomitant aqueous 13C enrichment. Above 20-30oC, 

respiration dominates over photosynthesis and 013C of the photosyn-

thates decrease as more respired CO2 enters the cycle. Arnold (1979) 

noted that one problem with this model is that fractionation during 

diffusion may lower the o13C of CO
2 

in the stomata by 4%0 (Craig, 

1954a), and there is an additional fractionation of -1%. (Mook, 

Bommerson and Staverman, 1974) when the CO2 dissolves. These addi

tional fractionations would lower the 013C of the end product by 5%. , 

producing values lower than the average of C3 plants. 
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The recent model of Francey et al. (1981) more specifically 

incorporates the rate of assimilation and stomatal diffusion resistance 

into their calculation. They define the following relationship: 

o = 0 - x - (y-x) c./c 
p a ~ a 

where op = plant carbon isotopic composition 

0a = atmospheric carbon isotopic composition 

x = fractionation at leaf 

y = enzyme fractionation 

Ci = plant internal d~ssolved CO2 concentration 

Ca atmospheric CO2 concentration. 

In turn, C
i 

is related to C
a 

by the following relation: 

where A = rate of assimilation 

g = conductance of the boundary layer and stomatal pores to 

CO2 diffusion. 

13 To a first approximation x and yare constants, so that 0 C of the 

plant is in large part dependent on the internal CO2 concentration 

(C i ) relative to the external CO2 concentration (Ca). The value of Ci 

will decrease at high rates of assimilation or low stomatal conduc-

tance, and will therefore result in increased O. On the other hand, 
p 

Ci will increase if assimilation is decreased or if stomatal 

conductance to diffusion is increased, so that op will decrease in 

response. Francey et al. (1981) admit the difficulties in interpreting 
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the dominant effect when A and g are both high or low at the same time 

as might occur in high light levels synchronous with water deficits 

favoring closed stomata. 

There is general agreement that the enzyme step is the greatest 

influence on the final o13c of the photosynthate. Grinsted (1977) 

assumed a value of -28%0 apparently on the basis of in vitro experiments 

with RuBP (ribulose-l,S-biphosphate) by Christe1ler, Laing and Troughton 

(1976). The Francey et ale (1981) model assumes a value of -30%0 on 

the basis of experiments by Estep et a1. (1978). The more recent work 

of Schmidt and Winkler (1979) indicates fractionation of -23%0 by RuBP. 

2.3.3 Potential Influence of Climatic Factors 

As mentioned in Section 2.3.2, stomatal opening, which would 

control the resistance of CO2 diffusion and hence kinetic fractionation, 

would be a function of plant-water relations. These would in turn be 

related to rainfall, soil moisture, relative humidity, wind velocity, 

light intensity and temperature. Stopping down or complete closure of 

stomata could also increase the role of respiratory CO2 in photosyn

thesis and lower the o13C of the photosynthate. 

Under equilibrium conditions, such as might develop during very 

slow assimilation in the Grinsted (1977) model, the dissolution of 

gaseous C02 to dissolved C02 would be temperature-dependent. Fraction-

ation of about -1%0 occurs at 25°C (Mook et a1., 1974) but should 

decrease with increasing temperatures. 

Attempts have been made to measure in vitro temperature 

coefficients on specific enzymes (Table 3a). Results tend to be 



Table 3. Experimentally-derived temperature coefficients for 13C fractionation in plants. 

A. in vitro 

Enzyme (source) 

RuBP-C (sorghum) 

RuBP-C (sorghum) 

RuBP-C (algae and spinach) 

RuBP-C (wheat and maize) 

B. in viVO ---

Species Material 

Xanthium strumarium leaf 

pea, rape, barley whole plant 

wheat leaf 

15 species whole plant 

marine plankton whole cell 

phytoplankton whole cell 

Temperature 
Coefficient 

+1.2 %. °c-1 

-0.22 

-0.2 to -0.6 

-0.03 

Temperature 
Coefficient 

-0.1 %0 °C-1 

(for 13-180 C) 

-0.13 to -0.29 
(non-linear) 

-0.4 

-0.01 to -0.13 

+0.23 

+0.35 

Source 

Whelan, Sackett and Benedict (1973) 

Christe11er, Laing and Troughton (1976) 

Estep et a1. (1978) 

Schmidt et a1. (1978) 

Source 

Smith, Oliver and McMillan (1976) 

Smith, Herath and Chase (1973) 

Schmidt et al. (1978) 
I 

Troughton and Card (1975) 

Sackett et a1. (1965) 

Degens et a1. (1968) 

N 
\J1 
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variable although most are negative. Th~s pattern is repeated in 

results from in vivo temperature experiments in Table 3b. The coeffi-

cients for the land plants are all small and negative, ranging from 

a 0 -1 -0.01 to -0.4%0 C . Schmidt and Winkler (1979) believe that tempera-

ture indirectly affects fractionation by influencing the pH in the 

chloroplasts. In hot climates with high light intensities, a higher pH 

should exist in the chloroplasts and isotopic discrimination would be 

increased. 

2.4 Tree-ring Studies 

2.4.1 Canopy Effect 

The earliest work in analyzing the carbon isotopic composition 

in a tree-ring series was performed by Craig (1954b). He analyzed whole 

wood from sequoia rings over the period from about 1100 B.C. to 1700 

A.D. and found low o13C values in the first 200 years, leveling off to 

a fairly constant value beyond that. Jansen (1962) performed a similar 

analysis on kauri wood from about 1000 A.D. to 1800 A.D. and found the 

same pattern but with a greater increase in o13C over the first 200 

years. This phenomenon has been interpreted as a "canopy effect" in 

hi h h dl . d Ii d id' l2C . h d w c t e see 1ngs an sap ngs ten to res e 1n a -enr1C e atmo-

sphere during the early years due to plant and soil respiration. 

12 Seasonal and diurnal C02 changes that reflect the C-depletion of 

neighboring air by actively photosynthesizing plants has been well 

documented (Keeling, 1958). However, examination of some trees that 

were believed to have grown in open atmosphere throughout their life 
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(Jansen, 1962; Grinsted, 1977, p. 160) exhibited this early depletion 

as well, suggesting the pattern may be physiological. 

2.4.2 013C in Tree Rings and Temperature 

Stable carbon isotopes as applied to temperature reconstructions 

have yielded a variety of temperature coefficients both positive and 

negative, but generally of small magnitude (Table 4). Results have 

employed analysis of whole wood and selected components, although ce11u-

is currently becoming more often the fraction analyzed. Cellulose is 

resistant to deuteric alteration and its deposition is specific to the 

growing season of interest, whereas whole wood contains a variety of 

compounds of different isotopic compositions (Park and Epstein, 1961) 

which may not occur in constant proportions from year to year and which 

may be mobile enough to move across ring boundaries (evidenced in the 

14C experiments of Cain and Suess, 1976, and Long et a1., 1979). The 

mix of temperature coefficients could in part be related to the 

material chosen for analysis, but may also be a consequence of other 

factors (e.g., light, water stress) acting on the trees. The work of 

Mazany, Lerman and Long (1977, 1980) in which o13C correlated with 

regional standardized tree-ring indices, which are themselves corre-

1ated to temperature and especially moisture, hint at such multiple 

dependency. 

2.4.3 
13 o C and the Carbon Dioxide Problem 

Because tree rings represent samples of atmospheric carbon 

dioxide taken on a yearly basis, there is great interest in using them 



Table 4. Temperature coefficients for l3C fractionation derived from tree-ring studies. 

Species (location) 

poplar (Norway) and 
oak (England) 

Monterey pine 
(New Zealand) 

elm (Massachusetts) 

King Billy pine 
(Tasmania) 

oak (Germany) 

oak and beech 
(Holland) 

pine (Norway) 

Temperature Parameter 

running-mean avg. spring temp. 

monthly mean. max. daily temp. 
monthly mean daily temp. 

mean summer temp. 

running-mean Feb. max. temp. 

running-mean avg. winter temp. 

mean summer temp. 
mean annual temp. 

5-year mean annual temp. 

Temperature 
Coefficient 

-0 1 % 0-1 
• 00 C 

+0.2 

-0.7 

+0.24 to 0.48 

+2.0 to 2.7 

+0.39 
+0.27 

no relation 

Source 

Lerman (1974) 

Wilson and Grinsted (1977) 

Farmer (1979) 

Pearman, Francey and 
Fraser (1976) 

Libby and Pandolfi (1974) 

Tans (1978) 

Harkness and Miller (1980) 

N 
co 
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to determine both o13C and P
C02 

of past atmospheres. The dilution of 

atmospheric 14C by "dead" carbon from fossil-fuel burning, known as the 

"Suess Effect" has been clearly demonstrated in radiocarbon studies of 

tree rings (Damon, Long and Wallick, 1973). Results from the studies 

of 13C/ 12c ratios in tree rings have not been so consistent and c1ear

cut. The bar curve in Figure 3 indicates the range of o13C values at 

five-year intervals from a variety of studies. 

Although the shape of the curve in Figure 3 prior to 1900 may be 

readily discernible, the verdict on the true nature of the post-1900 

curve is far from settled. Table 5 summarizes the direction ~nd magni

tude of post-1930 changes in o13C (the period that concerns this 

research) from many sources. 13 The overall change in 0 C has been 

measured as the difference between the values at 1930 and the values at 

the end of each respective series, and the nature of the change is 

represented by a symbolic curve of 1 to 3 sections. The variety of 

signs and magnitudes hints at some of the true difficulties which may 

accompany such reconstructions. 

However, there are several detailed studies that may be consid-

ered cornerstones of this type of research. For example, Freyer (1978, 

1979a) recognized the importance of combining the records from many 

trees in order to smooth the scatter associated with individual trees, 

and developed a 170-year record from 29 trees in Europe, North Carolina 

and Washington State. He estimated a total drop of -2%0 from pre-

industrial time to present. From 1940 to 1960 this chronology shows an 
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Table 5. Post-1930 changes in o13C derived from tree-ring studies. 

Trees Length of Net ~13c General 
Source (No·1 Locatfon Material* Record Change Trend 

Francey (1981) 2 species (7) Tasmania cell. 1930-1970 0 L 

Rebello and Araucaria (1. Brazil cell. 1930-1968 -0.8 ........ 
Wagener (1976) 2 sections) cell. 1930-1972 -0.5 -
Ga limoy (1976) spruce (2) USSR \OM 1930-1963 +1.3 f 
Fanner and oak (1) England WIt 1930-1964 -0.9 ~ Baxter (1974) larch (1) Scotland WIt 1930-1969 +0.4 

Tans (1978) 3 species (4) Netherlands AM 1930-1970 +0.7 / 

Farmer (1979) elm (1) Massachusetts WIt 1930-1968 +1.0 / 
Freyer (1979a) 13 species Europe. Azores. cell. 1930-1974 -0.8 '" (26) North Caro lfna 

Pearman. Francey Kfng Bnly Tasman fa WIt 1930-1970 +0.4 -./ 
and Fraser (1976) pine (2) 

L!-!rman (1974) poplar (1) Norway AM 1930-1951 -0.8 "-
Libby and 
Pandolfi (1974) 

oak (1) Germany WIt 1930-1950 +3.0 ( 
Grinsted (1977) bristlecone Caltfornia cell. 1930-1967 -0.02 

pine (1) 

Lerman and ponderosa Arizona cell. 1930-1965 +1.0 J Long (1980) pine (1) 

Dequasie and 
Grey (1971) 

poplar (1) Utah WIt 1930-1965 -1.0 ~ 

Harkness and Norweytan Norway cell. 1930-1970 -0.6 ""-
Ht11er (1980) pine 1) 

*cell.=cellulose; ww=whole wood; AAA=acid-alkall-acid pretreatment. 

w 
...... 
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anomalous increase in o13e in spite of the known exponential increases 

in CO2 production. 

Stuiver (1978) combined three sets of measurements of o13e in 

tree rings to approximate the atmospheric o13e change. From this, he 

subtracted the fossil-fuel contribution to the o13e trend as calculated 

from the Suess Effect. He reasoned that if the difference in l4e 

activity between fossil fuel and the atmosphere is 100% 

([l4e] = " atmosphere 100% modern, [14C]f il f 1 = 0% modern) and the oss ue s 

difference between 13 o C of the atmosphere and' fossil fuels is 18%., 

then the response of 013C to fossil-fuel input will be 0.18 of the 

change in 14e activity measured in percent. From the change in atmo-

spheric activity in the model of Oeschger et al. (1975), Stuiver 

subtracted that o13C attributable to fossil-fuel production from his 

13 13 tree-ring 0 C curve and obtained what he believed to be the 0 C 

change attributable to biospheric input of CO2 alone. From this he 

concluded biospheric input of CO2 from 1850 to 1950 was about equal to 

the fossil-fuel contribution from 1850 to present. Further, his anal-

ysis showed that biosp~eric input had apparently leveled off after 1920. 

Since this analysis was published, modelling by Keeling (1979) has 

indicated potentially large errors in the 0.18 scaling factor because 

l3C fractionation of redistributed fossil-fuel CO2 is not accommodated 

(see Section 7.2). 

13 Finally, Tans (1978) and Tans and Mook (1980) analyzed 0 C in 

DeVries-treated wood (acid-base-acid treatment) from four trees in the 

Netherlands. 13 He demonstrated that when seeking the true 0 C value of 
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13 a ring, sampling from a core may not suffice. Although 0 C trends 

13 along different radii of Quercus rubra may be similar, 0 C may differ 

between them by up to 4%0. This problem was confirmed by Mazany et a1. 

(1977, 1980) who found a 1%0 difference between radii of ponderosa pine. 

This emphasizes the importance of sampling rings along their whole 

circumference. 

2.4.4 Climate Effects on 013C Reconstruction 

The potential for climate parameters, particularly temperature, 

to introduce additional scatter into o13C chronologies was recognized 

by several workers. Stuiver (1978) considered the temperature coeffi

-1 cient of +0.2%oOC found by Wilson and Grinsted (1977) and reasoned 

that global temperature changes and local mean annual or seasonal 

fluctuations would have an effect about one order of magnitude below 

that of the atmospheric o13C decrease, so he did not make corrections. 

Freyer (1978) noted that temperature coefficients were typically about 

0.1 to 0.3%.oC-1 but of variable sign (as in Table 4). Although apply

ing no correction, he felt a response of o13C to temperature might be 

seen around 1940 when mean annual temperatures were about O.SoC above 

those of 1920 in the Northern Hemisphere. 

Freyer (1980) examined coefficients in his data for the period 

-1 
1920-1960 and found -0.30%ooC for spring and summer temperatures and 

-1 -0.10%.lOmm for mean summer precipitation. He applied these to the 

13 130-year 0 C record already developed (Freyer, 1979a), but found the 

alterations to the original trend to be insignificant. 
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Corrections for temperature, precipitation and ring width were 

applied by Tans (1978) and Tans and Mook (1980) after performing the 

partial linear regression required due to the nonindependence of these 

three variables. The temperature and precipitation effects were about 

equal in magnitude but opposite in sign, whereas the ring-width 

influence was an order of magnitude lower. Tans normalized his original 

013C chronology to a standard average temperature, precipitation and 

ring width using these coefficients. 



CHAPTER 3 

FIELD METHODS 

13 Sampling of trees to develop a representative 0 C record 

presents a special set of requirements (Freyer and Wiesberg, 1974; 

Broecker, 1980) that may differ from those necessary for dendroclimato-

logical work (see for example Fritts, 1976). For instance, whereas a 

high degree of variation in ring width (sensitivity) is important for 

dendroclimatological reconstructions, "complacent" trees could be more 

suitable for carbon isotopic studies provided they could be dated. The 

primary criteria applied to field sampling in this study and the sam-

pIing localities are described below. 

3.1 Sampling Criteria 

3.1.1 Species 

As indicated in Table 4, a wide variety of tree species have 

13 been used in 0 C reconstructions. In this study, trees of the genus 

Juniperus were used because Arnold (1979) had already demonstrated a 

relationship between climate parameters an4 the o13C in cellulose of 

juniper leaves. Furthermore, juniper is distributed in a wide range of 

latitude and elevation throughout Arizona, which ensures a diversity of 

temperature and precipitation regimes. Arnold (1979) demonstrated that 

o13C of leaves of different species of juniper at the same site did not 

significantly differ from one another. On this basis, Juniperus 

35 
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deppeana (alligator juniper), ~. monosperma (shaggy-bark juniper) and 

~. osteosperma (Utah juniper) were considered interchangeable for 

sampling. Juniperus osteosperma was the preferred species in that it 

had a better reputation for crossdating (Dean, personal communication, 

1980), but because it is not normally found in the southern reaches of 

the state, substitution of the others was necessary. For purpose of 

comparison, included among the sites sampled were several that had been 

sampled in Arnold's (1979) juniper leaf study. 

3.1.2 Weather Stations 

In order to properly assign climatic information to each of the 

sites over the 50-year period of interest. it was necessary to sample as 

close to a meteorological station as possible. Although climate at a 

sampling site and at a meteorological station 50 miles away are broadly 

correlated because each is correlated to the regional climate, the 

closer the site to the meteorological station the more representative 

the weather data. This is particularly true when phenomena such as the 

spotty distribution of summer thunderstorms are considered. 

A requirement of the climate records was that they contain at 

least 50 years of data for both temperature and precipitation. As of 

1979 there were 36 active stations in the state that fulfilled these 

conditions. This number is further reduced, however, when sites where 

juniper are not growing nearby (e.g., Winslow) and where there may be 

obvious man-induced pollution (e.g., Phoenix and Tempe) are eliminated. 
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3.1.3 Avoiding "Canopy" Effect 

As already described in Section 2.4.1, the innermost rings are 

frequently found to be depleted in carbon-13 relative to outer rings. 

If this effect is attributable to uptake of respired CO2 , then this 

effect should be most pronounced in trees in dense stands of vegetation 

and in trees that are (or were) subcanopy. For ,this reason, the 

preferred samples were those in exposed sites where they would hope-

fully be drawing from free and open atmosphere. As an added precaution, 

individuals of at least 100 years of age were preferred so that early 

years tainted by a "juvenile" effect would not fall into the 50-year 

period of interest. 

3.1.4 Avoidance of Industrial Effects 

13 The actual record we are seeking is the 0 C change due to 

global industrial and biospheric inputs. However, it is necessary to 

avoid severe local effects that would distort the global influence. 

Freyer (1979b), for example, found evidence that trees in the vicinity 

of a foundry registered s,uch local effects. During periods of foundry 

operation the o13C of rings from trees near the foundry diverged 

(positively) from the values of distant control trees. The values were 

quite similar, however, during periods when the foundry was closed. 

In order to avoid these effects, samples were taken distant 

from major pollution sources. Also, sampling sites in close proximity 

to major highways were avoided. As will be seen in discussions that 

follow (Section 5.2.1), there is evidence that at least one and 

possibly three sites have been influenced by local industrial effects. 
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In this case, the smelting and concentrating activities associated with 

the mining industry may be responsible. 

3.1.5 Sample Size 

Many of the tree-ring carbon isotope studies have used cores 

from the trees. As indicated in Section 2.4.3, the studies of Tans 

(1978) and Mazany et a1. (1977, 1980) revealed variations of 1 to 

over 4%0 circumferentia11y for single rings or groups of rings. To 

avoid,pitfa11s associated with the variable o13C along different radii, 

trees were "harvested" so that complete sections near the base were 

obtained. In this manner, rings or groups of rings could be sampled 

from the whole circumference. 

As a potential aid in dating, cores were taken from trees (two 

cores each) near the individual that was harvested. Additionally, 

these cores allowed testing of the reproducibility of trends at 

selected sites. 

3.2 The Sites 

Juniper trees were sampled at ten sites scattered throughout 

Arizona (Figure 4). Sampling was completed within a period of about 

one month during the winter of 1979-80. Seven of the sites were on 

National Forest land, whereas the samples at St. Johns, Seligman and 

Snowflake were on private land. 

Table 6a presents information about the sampling locations, the 

species sampled, and site characteristics. Three species of juniper 

were harvested and for each individual, leaf samples from the four 
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Figure 4. Location map of the 10 juniper sampling sites in Arizona, 
Open circles represent sites at which the 013C recorded in 
the tree rings does not conform to an expected atmospheric 
o13C decrease over the period 1930 through 1979. 



Table 6. Juniper sites sampled in this study. 

A. Site ,characteristics 

Site Date Slope & Ring-Counted 
(abbrev. ) Sampled Location E1ev. As~ Species Age 

Santa Rita lDec79 T19S, RISE, Sec 30, 1370 m 200NNE Juniperus 9S-100 years 
(SANT) NE~,NE!r. deEEeana 

Oracle 2Dec79 T10S, Rl6E, Sec 6, 14S0 SON J. deppeana 140-14S 
(ORAC) SE~, SW~ 

Springerville 19Dec79 T8N, R29E, Sec 22, 231S 10-lSoSSW J. monosperma 380 
(SPRI) NW~,NW~ 

Saint Johns 20Dec79 T12N, R29E, Sec 6, 1790 20E J. monosperma 380 
(STJO) NW!:!;,NW!t, 

Snowflake 2lDec79 T13N, R21E, Sec II, 1735 5-100SW J. mO!losperma 145 
(SNOW) S~,SE~ 

Globe 28Dec79 TIS, RISE, Sec 13, ll9S 200W J. monosperma 120 
(GLOB) SW~,S~ 

Prescott 3Jan80 T14N, R3W, Sec 24, 170S S-100E J. deppeana 104* 
(PRES) NE~,SW~ 

Jerome 4Jan80 T16N, R2E, Sec 28, 1845 IS Os J. monosperma 14S 
(JERO) NW~,NE~ 

Seligman SJan80 T22N, R6W,' Sec 1 160S SONNE J. ()_s_teosperma lOS 
(SELl) 

Williams 7Jan80 T22N, R2E, Sec 17, 20SS l-SoS J. osteosperma 8S 
(WILL) N~,SW~ 

* cros,s-dated .p. 
0 



Table 6. continued 

B. Relation to meteorological data 

DirecttDn & Distance 
Site From Met. Station 

SANT 0.4 km SE 

ORAC 1.2 km WSW 

SPRI 6.7 km S 

STJO 5.0 km ESE 

SNOW 2.5 km N 

GLOB 6.7 km S 

PRES 5.8 km WNW 

JERO 3.3 km W 

SELl 1.7kmS 

WILL 5.0 km NNW 

Met. Station Mean Annual 
Elevation Temp. (1930-1979) 

1310 m 17.6 °c 

1375 16.7 

2150 9.2 

1745 11. 7 

1720 10.9 

1130 16.5 

1680 11.7 

1600 15.2 

1605 12.1 

2055 9.6 

Mean Annual 
Precip. (1930-1979) 

52.5 cm 

51.9 

30.4 

27.9 

30.7 

40.7 

48.6 

45.8 

28.5 

53.7 

+0-
f-' 
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cardinal directions at a height of 1.5~2,5 m were collected in addition 

to a basal section of about 0.5 m in length. Orientation was marked 

directly on each section in indelible ink. 

The spatial relationship between sampling sites and the nearby 

weather stations is given in Table 6b. Distances between the weather 

stations and sampling sites reflect the natural distribution of suitable 

juniper trees and limitations imposed by the U. S. Forest Service for 

sampling. The proximity of the trees to the weather stations in this 

study is closer by far than any other tree-ring isotope study. 

The site elevations ranged from 3900-7600. feet (1200-2300 m) and 

this resulted in a diversity of local climate. Mean annual temperatures 

and precipitation (Table 6b) over the 50-year period of interest ranged 

from 9.2-17.6oC and 27.9-52.5 em, respectively. A more complete 

summary of the five-year mean monthly values of temperature and precip

itation used in data analysis is listed in Appendix A. 



CHAPTER 4 

LABORATORY METHODS 

4.1 Ring Ages 

All sections were sliced with a band saw to a thickness of 3-6 

cm. The sections and cores were subsequently sanded to smooth surfaces 

to enhance ring delineation. Assignment of ring ages was performed 

under the guidance of Jeffrey S. Dean at the Laboratory of Tree-Ring 

Research. 

Unfortunately, the difficulties in crossdating juniper were seen 

for these specimens, in that most of the cores and sections did not 

'~ate" dendrochrono1ogica11y. Nevertheless, rings were assigned ages 

through ring-counting techniques by experienced dendrochrono1ogists. 

J. Dean (personal communication, 1980) indicated that over the re1a-

tive1y ghort 50-year period of interest, the ages ~ight be off at most 

2 or 3 years at 1930 although the true nature of the errors is unknown. 

13 Furthermore, the 0 C chronology from the Prescott section~ which did 

date, acts as a reference on which results from the other sections may 

be judged. 

4.2 Cellulose Preparation 

As mentioned in Section 2.4.1, cellulose is the wood constitu-

ent most commonly used in tree-ring carbon isotopic studies. Cellulose 

was prepared by a process modified after Green (1963a). In the first 

step, wood material froln the five-year intervals in each section were 
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milled out using a hand-held flexible shaft tool with a tungsten carbide 

grinding tip while monitoring the progress through a binocular micro

scope at about l5X magnification. Milling of each five-year interval to 

a depth of approximately 2-4 nun along its circumference provided ample 

material. Care was taken to keep the milling depth relatively constant 

about the circumference, and to maintain a uniform depth across the 

interval so as not to bias some years over others. The angle of cutting 

was adjusted for nonvertical boundaries and contamination from oldp,r or 

younger intervals was estimated at no more than 0.1% for any interval. 

During and after milling, the ground material was collected with a 

camel-hair brush and inspected for extraneous material under a micro

scope. Removal of the bark prior to milling was valuable in eliminating 

such contaminants. 

Wood from the cores was separated with a razor blade and then 

ground in a Wiley Mill. Green leaves were separated from the brown 

twigs and branches, air dried, and ground in a Wiley Mill. 

Oil and resins in the ground wood and leaf material were removed 

in a soxhlet extraction apparatus. The ground materials were placed in 

glass tubes or "thimbles," constricted at one end. Glass wool at both 

ends held the material in place but did not restrict percolation of the 

solvents through the thimbles. A 2:1 toluene-ethanol mixture was 

boiled in the extraction flask, condensed above the soxhlet containing 

the thimbles, and dripped downward into the reservoir containing the 

thimbles. The soxhlet thus slowly filled with distilled solvent, 

dissolving oils and resins, and then drained after filling to capacity. 
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The soxhlet is operated overnight (~12-l8 hrs) after which the thimbles 

are transferred to a soxhlet with 100% ethanol. 

Following the overnight ethanol extraction, the thimbles were 

removed and dried overnight in a vacuum oven at 60-70oe. To ensure all 

ethanol was removed, the resin-extracted materials were removed from 

the thimbles and washed in boiling, distilled water for about six hours. 

The water was filtered out and the materials were dried in an oven at 

700 e overnight. 

The extracted materials were placed in 125 ml Erlenmeyer flasks 

with about 50 m1 of distilled water. The mixture was heated on a hot 

plate at about 70 0 e and acidified with 5-7 drops of glacial acetic acid. 

A thumbnail quantity of sodium chlorite (0.4-0.5 g) was added to the 

solution to bleach (oxidize) the nonresistant components, particularly 

lignin. Three more additions of acetic acid and sodium chlorite were 

added at two-hour intervals, and after the last addition the solution 

is allowed to react overnight. Additional bleaching could be carried 

out the following day if needed. 

The cellulose is then thoroughly rinsed with ~0.7 1 of distil

led water to eliminate dissolved matter and acidity. After filtering, 

the cellulose was dried overnight at about 70oe. After drying, most 

samples were slightly yellowish to white. This product is not actually 

pure cellulose, i.e., cellulose composed only of polymerized glucose 

molecules. Rather, this product has been termed holocellulose, con

sisting of cellulose and small quantities of hemicellulose or "polyose" 



(Hagglund, 1951, p. 135). These may be considered as polymers of 

sugars other than cellulose and are found "encrusting" the cellulose. 

For the Prescott juniper, a set of "a-cellulose" was prepared 

by reacting the ho10ce11u10se with 4% NaOH for 24 hours at 80oC, then 

with 4% HC1 for several hours at 800 C (Tans, 1978). Between the base 

and acid treatments the cellulose is washed with deionized water. 

Hagglund (1951), however, pointed out that such a-cellulose may yet 

contain some hemice11u10ses. 

4.3 Sample Combustion 

4.3.1 Microcombustion Lines 

Carbon dioxide is the carrier gas used for mass-spectrometric 

measurements, so it was necessary to combust samples and collect CO2 , 
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Two microcombustion systems were actually used over the course of the 

study, the one used initially had convection-driven circulation whereas 

the later (and current) system had a pump to drive circulation. The 

analyses given in Appendix D are separated according to the system 

used. 

The convection microcombustion system is depicted in Figure 5. 

The sample (~4-8 mg) is placed in a porcelain boat and covered with 

CuO powder to ensure complete oxidation to CO2 , Port I (o-ring seal) 

is opened and the boat is pushed to the center of the vycor combustion 

tube. The cap is replaced and the system is pumped out through stop

cock S3 and three-way stopcock S2. With S3 and S7 closed, tank oxygen 

is inlet through stopcocks S4 and S5 to 1 atm as read on mechanical 
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gauge G3, and then pumped out. An additional atmosphere of 02 is added 

and pumped out a second time to ensure the system is purged of the C02 

which entered with air during sampling input. The presence of CuO 

turnings inside the vycor tube within oven 01 (800°C) made pumping of 

the system to vacuum 1-5~, as read on Pirani gauge G1, impossible and 

thus necessitated such 02 dilution. Finally, 1/2 atm of 02 is added 

for the burn. 

With stopcock 82 positioned such that traps T1 and T2 and ovens 

01 and 02 are on a closed circuit, oven 02 is centered over the sample 

boat. After 10 minutes, a cold alcohol trap (95% ethanol at -80°C) is 

placed on trap T2 to collect water from combustion. After another 10 

minutes, liquid nitrogen is placed on trap T1 and C02 is allowed to 

collect there for 15 minutes. In addition to driving the circulation, 

over 01 (700°C) acts as an after-burner to convert unoxidized hydro

carbons and carbon monoxide to C02. 

With stopcock 82 opened to the .right half of the system, the 

excess 02 is pumped out. Then with 83 closed, the C02 in trap T1 is 

heated and transferred to a sample vial below stopcock 88 using liquid 

nitrogen. With a cold alcohol bath on trap T3, liquid nitrogen is then 

used to transfer the C02 to trap T4 and then back to the sample vial in 

order to remove any remaining water. At the same time, with 87 closed, 

trap T2 is heated and water is evacuated in preparation for the next 

sample. The whole process for one sample took about one hour. 

The second microcombustion (Figure 6) is essentially the same, 

but with a pump to drive circulation. Another modification is the 
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addition of a second cold alcohol trap for water so that the C02 trap 

is shielded from water molecules coming from either direction, i.e., 

the direction of pump flow or back-diffusion from the opposite 

direction when the pump is not operating. The last major modification 

is that the circulation circuit is actually of two sizes as controlled 

by stopcocks 81, 82 and 83. The reduced size occurs when 81 is open 

and 82 and 83 are closed. This reduced size is used in the initial 

combustion when all products are being converted to either H2e or CO2 , 

The larger circuit occurs with 81 closed and 82 and 83 open Sl) that the 

gas is circulated initially into the water traps (Tl and T3) and then 

into the C02 trap (T2) when liquid nitrogen is later added. The dual 

size of the circulation circuit also saves time by allowin5 the C02 to 

be transferred to a vial at 87 (with 82 and 83 closed) at the same time 

a new sample is added and appropriate 02 additions are mHde. The trap, 

T4 (similar to T3 in Figure 5) was available but not us~d because H20 

was effectively removed by traps Tl and T3. 

As a precaution, in addition to the 1/2 atm of 02' CuO powder 

was still added to the sample boat to ensure full oxidation of the 

sample. This CuO had been previously purged of any organic lnatter by 

heating large batches of it to 800+oC in a muffle furnace for 45 min. 

Also, because continuous operation of the pump induced boiling of the 

liquid nitrogen on the CO2 trap, intermittent operation of the pump was 

found to be a more satisfactory method of usage. The cold alcohol baths 

on the water traps (Tl and T3) were cooled after every 5 or 6 samples 

to maintain -80°C. 
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With this system, each sample required less than 25 minutes to 

manufacture and collect. The scheme of burning was as follows I 

4.3.2 

2 minutes combustion without pump 

5 minutes combustion and circulation through smaller 

circuit 

2-1/2 minutes 

2-1/2 minutes 

2-1/2 minutes 

Yields 

circulation through the larger circuit with 

cold alcohol on traps Tl and T3 

circulation with liquid nitrogen added to 

C02 trap 

circulation with oven 02 moved away from the 

sample so that the vycor tube can cool for 

next sample. 

As a test of completeness of combustion, several samples were 

burned and the CO2 volumes produced were measured in a constant-volume 

manometer with an estimated accuracy of ±3%. From the volumes and the 

ideal gas equation of state, the number of moles of carbon could be 

approximately calculated and then compared to the actual number of 

moles as determined during the sample weighing. 

Several varieties of samples were tested because air-dried 

cellulose itself may actually contain 5% water (Green, 1963b). All 

samples except the NBS-21 graphite had been placed in a vacuum oven 

overnight at room temperature for overnight pumping, where they 

remained until weighing out. The results are presented in Table 7. 
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Table 7. Estimated yield on circulation microcombustion syste~. 

Original Original Recovered 
Sample Total Mass Carbon* Carbon Yield 

Table sugar 7.27 mg 2.55 moles 2.73 moles 107 % 

Table sugar 7.63 2.68 2.80 104 

Old oxalic acid 7.85 1. 74 1.59 91 

Old oxalic acid 7.71 1.71 1.51 88 

New oxalic acid 10.00 2.22 2.27 102 

New oxalic acid 8.15 1.81 1.82 101 

Cellulose 7.35 2.70 2.68 99 

Cellulose 7.89 2.89 2.93 101 

NBS-2l graphite 1.62 1.35 1.38 102 

x= 99 

s= 6 

*anhydrous form assumed for all compounds. 
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The yields averaged about 100%, but there are some major devia

tions above and below 100%. For the case of the old oxalic acid, the 

initial carbon content was determined for the anhydrous oxalic acid 

formula, C202 (OH)2' The old oxalic acid standard has been reported as 

hydrous oxalic C202(OH)202H20 (Calf, 1978). If the yields are recalcu

lated on the basis of fully hydrated oxalic, they would be 127% and 

123%. Assuming the true yield to be 100%, it appears that the old 

oxalic acid was not fully dehydrated by the vacuum oven at the time of 

weighing (~C202(OH)2·0.6H20). The new oxalic acid standard may be 

anhydrous as suggested in the manufacturing procedure (Cavallo and 

Mann, 1980) or was dehydrated in the vacuum oven. The table sugar was 

significantly higher than 100%, suggesting a higher carbon content than 

that of pure sucrose as causing the discrepancy. Perhaps the graphite 

is the best indicator of completeness of combustion. 

4.4 Analysis 

4.4.1 Reporting of Carbon Isotopic Composition 

The isotopic ratio of heavy carbon (13C) to light carbon (12C) 

can be measured very precisely in modern mass spectrometers. The mass 

spectrometer used in the Laboratory of Isotope Geochemistry is a 

Micromass model 602C, in which the major and minor beams are collected 

simultaneously in two Faraday "buckets." The system allows the alter

nating input of a reference standard and the unknown sample for more 

direct and precise comparison. 
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The operating carrier gas for the measurements is carbon 

dioxide, so that the actual mass ratios measured are (1) mass-45 to 

mass-44 and (2) mass-46 to mass-44 + 45. These measurements must be 

converted into delta (0) values, the accepted standard for reporting. 

In the case of carbon-13, the value of 0 is defined as: 

(4.1) 

The reference isotopic ratio is now universally accepted as that of 

carbon from the PDB ("PeeDee" belemnite) calcite standard (Craig, 

1957). Because this standard is no longer available, other inter-

mediate standards must be employed, whose isotopic compositions are 

known with respect to (w.r.t.) PDB. 

When the mass-45 to mass-44 ratio is measured on the mass 

spectrometer, it is not quite equivalent to the mass-13 to mass-12 

ratio. Where R45 is the measured ratio of mass-45 to mass-44, 

13C160160 + 12C160170 

12C160160 

so a contribution from the 12C160170 molecule is included in the 

mass-45. In order to correct for this contribution, the ratio of 

ruass-46 to mass-44 + 45 (R46) is measured, where 

12C180160 + 13C170160 + 12C170170 

12C160160 + 13C160160 + 12C160170 

(4.2) 

(4.3) 
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Craig (1957) found the term 120170170 insignificant relative to the 

other terms in the numerator and deleted it from his derivations. A 

derivation of the equations relating the 013C of a sample to the 

measured mass-45/44 and mass-46/44 ratios of the sample relative to 

some standard is presented in Appendix C. 

Due to the nonavailability of PDB standard, an intermediate 

Iceland spar calcite standard ("Ispar"), whose isotopic ratios were 

determined by comparison with the NBS-20 limestone standard, has been 

used for routine" calibration. Ispar has 013C = -11.09%0 and 

0180 -9.79%0. both with respect to PDB standard (Wallick, 1973). The 

actual working reference is a large, purified sample of CO2 produced 

from the combustion of tree-ring cellulose and previously used in 

radiocarbon dating. This reference is generally similar in isotopic 

composition to the samples analyzed in this study, and thus helps 

prevent errors associated with large differences in 013C of the refer-

ence and routine samples (Craig, 1957). 

Using the 0180 and 013C isotopic compositions of the Ispar 

standard and equations 10 and 16 in Appendix C, the relations for 

0180 and 013C of a sample with resp~ct to this standard may be 

expressed as 

013C Sample-Ispar 

0
18

0 Sample-Ispar 

18 
= 1.06804 0 45 - 0.03402 0 Os 1 m amp e 

= 1.00139 0 46 + 0.00896 013cs 1 m amp e 

(4.4) 

(4.5) 
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By substituting eqn. 4.5 into 4.4, the result for Ispar is 

013C Samp1e-Ispar 1.06771 0 45 - 0.03404 0 46 m m (4.8) 

13 The 0 C of a sample with respect to Ispar can be related 

directly to PDB by the relation 

13 -3 
o Cx-Std2 = 0X-Std1 + 0Std1-Std2 + 10 0X-Std1 0Std1-Std2 (4.9) 

where Ispar would be Stdl and PDB Std2. The new relation for a sample 

measured against Ispar but calculated with respect to PDB would be 

013C Samp1e-PDB 1.055870 45 - 0.033680 46 m m 11.09 (4.10) 

By measuring the working standard against CO2 from th~ Ispar 

standard and again using equations 10 and 16 in Appendix C, the 

relations for calculating 013C and 0180 of any sample against this 

reference may be calculated. These are similar to equations 4.4 and 

4.5 and are combined into a single equation similar to eqn. 4.8 as 

013Csample_WOrking Ref. = 1.074650 m45 - 0.0375040m46 . (4.11) 

With eqn. 4.10, 013C of the working reference w.r.t. PDB can be calcu

lated (the working reference value is then 013C =-20.973%.). Then eqn. 

4.11 and the 013C value of the reference can be substituted into eqn. 

4.9 to yield. 

(4.12) 

which converts the machine 0 45 and 0 46 measurements for the sample m m 

relative to the working reference directly to the 013C of the sample 

relative to PDB. 
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4.4.2 Machine Measurements 

The solution of eqn. 4.12 requires the values of 0 45 and 0 46, 
m m 

obtainable from measurements of the mass-45/44 and mass-46/44 ratios of 

the unknown and the working standard (eqns. 4.6, 4.7). The traces from 

a typical analysis are reproduced in Figure 7. The lower set of traces 

represents the mass-46/44 measurement where the ratio control setting 

(RC) was set at 420 (R420) and the offset (OS) required was a (OSO). 

The uppe~ traces are the mass-45/44 determination where the ratio 

control is 590 and the offset is O. Both sets of traces consist of 

alternating reference and standard measurements, with the sequence 

starting and ending in a reference trace. Where the reference or the 

sample alone shows a drift (as in the first few traces of the sample 

for mass-46/44 in Figure 7), the measurements are continued until the 

reference and standard run parallel. On the basis of the importance of 

the coefficients in eqn. 4.12, .six references and five sample ratio 

measurements are made for mass-45/44, and three references and two 

sample ratios suffice for mass-46/44. 

If Rl • . • Rn repre~ent the reference measurements and 

Xl ..• Xn represent the sample measurements, the difference between 

the ratio of the sample and standard at each measurement is 

(4.13) 
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Typical mass spectrometer output for measuring ol3C in a 
sample. Lower traces are for determination of the mass 
46/44+45 ratio and upper traces represent the mass 45/44 
determination (R=reference, X=unknown). 
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X 1 is the last sample measurement because there is one more reference n-

measurement than sample measurements. By this calculating scheme the 

average value of two successive reference ratios is compared to the 

sample ratio between them. 

The average value (d) of the differences d
1 

to dn_1 is calcu

lated. Following the form of eqn. 4.6, the denominator is taken as the 

average ratio of the reference, defined as 

R1/2 + R2 + 
R = n-1 

o 45 or 0 46 are then calculated by the relation m m 

= as + d x 1000 0(%0 ) 
RC + R 

(4.14) 

Offset (OS) is given as the integer value read from the setting divided 

by 100; the ratio control value (RC) is the integer setting divided by 

1000. The values of d and R are calculated from the integer values 

6 taken from the traces divided by 10 . 

In the case of Figure 7, the following values are calculated: 

for mass-46/44 

d = 3908 

R = 3427 

0/100 + 3908/10
6 

o = x 1000 
420/1000 + 3427/106 9.2295%0 



for mass-45/44 

d = -1189 

R = 4985 

0/100 + (-1189/106) 

590/1000 + 4985/106 x 1000 = -~.9984%. 

Combining these values with eqn. 4.12, 

13 o w.r.t. PDB 1.0521 (-1.9984) - 0.0367(9.2295) - 20.973 

2.103 - 0.339 - 20.973 

=-23.42%. 
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Because the machine precision for replicate analysis of the same gas is 

±0.02%., reporting of additional decimals beyond the hundredths place 

are of no value. Appendix D contains the chronology of all analyses 

13 and gives 0 46, 0 45 and 0 C w.r.t. PDB. m m 

4.5 Accuracy and Precision 

4.5.1 Combustion 

In addition to the yield measurements discussed in Section 

4.3.2, the accuracy of the microcombustion systems was tested with 

standards and the reproducibility was determined .through routine 

combustion of an internal laboratory cellulose standard. The graphite 

NBS-2l standard of the Bureau of Standards was analyzed several times, 

summarized in Table 8. Although this is not a certified isotopic 

standard from the Bureau of Standards (it is a spectroscopic standard), 

it had been analyzed by Craig (1957) who reported a "true" ,!alue of 
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Table 8. Results from a ol3C analysis of standards. 

NBS-21 Graphite Geochron Charcoal 

Date 0 Date 0 

15May 80 -28.27 %0 20Jan81** -23.69 %0 

8Jun80* -28.30 23Jan81** -23.85 

28Jun80* -28.26 27Jan81** -23.77 

5JuI80'~ -28.38 13Apr81** -23.45 

28Feb81** -28.48 6Jun81** -23.55 

29Aug81** -28.40 x= -23.66 

X= -28.34 s= 0.12 

s= 0.09 

TRUE VALUE = -27.79 %. TRUE VALUE = -23.1 %0 

* convection microcombustion system 

** pump-circulation microcombustion system 
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about -27.8%0. The analyses here suggest that combustions of this 

sample are about 0.5%0 ,lighter than the true value. The spread of 

values (s = 0.09), however, suggests high precision of analysis so that 

a correction factor of 0.5%. could be applied confidently. 

To ensure that this result was not simply related to any 

problems of incomplete combustion of the graphite, the internal labor-

atory charcoal standard at Geochron Laboratory (24 Blackstone St., 

Cambridge, Mass.) was also obtained, courtesy of Charles Sullivan. 

Results of combustion of this material are also reported in Table'S. 

Again this standard appears 0.5-0.6%0 lighter than the Geochron Lab-

oratory "true" value. 

Finally, four cellulose samples were sent to Geochron 

Laboratories and analyzed, courtesy of H. W. Krueger. From the above 

discussion one would expect the analyses by Geochron to be heavier 

(more positive) than the analyses here by about 0.5%0. In fact, how-

ever, the Geochron analyses actually averaged 0.3%0 (0.1-0.4%0) 

lighter. Because of these conflicting results, no correction was 

13 ' applied to the measured 0 C values of this study. Furthermore, the 

reexamination of NBS-2l by Friedman and O'Neil (1977) suggested the 

real true value may be more like -2S.l%0, which is even more in line 

with the NBS-21 analyses conducted here. 

Results of repeated burns of internal laboratory cellulose 

standards, STD-27A and STD-27B, are presented in Figure Sa and Sb. 

These standards were both produced from the same batch of ground wood 

derived from a eucalyptus tree growing on the grounds of The University 
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of Arizona. However, the wood was resin-extracted and bleached to 

cellulose in two different batches, separated in time by about one year. 

The results from the older combustion system that had been in operation 

for a couple of years before this research started are fairly uniform 

with time. 13 For the new system, however, the 0 C values are relatively 

low initially, with high scatter; but then there is a rapid increase 

and levelling off with decreased scatter (with the exception of 

analyses on 29 March and 2 April 1981). This trend may reflect 

increased operator familiarity and standardization of procedure on the 

new system with time. Incidentally, the first three Geochron charcoal 

samples were run in the early portion of Figure 8b, so that the last 

two charcoal analyses would suggest a somewhat reduced -0.4%0 differ-

ence from the true value. 

On the basis of these results there appears to be no difference 

between the 013C composition of STD-27A (x = 23.41%0, s = 0.14) and 

STD-27B (x = -23.52%0, s = 0.17). Neither of the standards was burned 

a sufficient number of times on both microcombustion systems; however, 

to ensure exclusion of the case where the isotopic compositions were 

actually different but microburn system differences were making them 

appear the same. This possibility was tested by taking a set of samples 

representing the 1965-69 interval of each of trees which had been ana-

1yzed several times on the old system and reanalyzing them after 

combustion on the new system. 13 The 0 C values from the old system 

depicted in Table 9 represent averages of two or three analyses, 

whereas the results for the new system are all from single burns. The 
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mean difference is within experimental error, suggesting values obtained 

from either system are directly comparable, 

13 All of the wood samples used in the atmospheric 0 C chronology 

were performed on the old combustion system. Additional precision 

tests, core analyses, and intra-annual analyses were run with the new 

system. Each sample was burned twice, and additional burns were made 

if the difference between the first two burns exceeded 0.20%0. This 

somewhat arbitrary criterion was chosen because it is similar to the 2s 

value for replicate analyses and helped maintain high precision. The 

results of these replications for each site and interval are summarized 

in Appendix E. 

4.5.2 Retreatment of Two Wood Batches 

The reproducibility of the resin-extraction and bleaching was 

tested by taking the ground wood of the Jerome rings and treating them 

separately. The results are given in Table 10 and indicate an average 

difference of about 0.1%0. A student t-test was performed on the 

differences to determine if they were significantly different from 0 as 

follows: 

null hypothesis, Ho : ~ = 0 

alternative hypothesis, H1 

~ - 0 
t = ----- = 0.10 - 0 = 1.44 

s~//n 0.22/110 



Table 9. Comparison of cellulose 013C analyses on old (convection) 
and new (pump-circulation) microcombustion systems for the 
1965-69 rings from all sites. 
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013C Analysis on o13C Analysis on 
013C Difference Site Old S~stem (no.) New S~stem 

Globe -18.55 %0 (2) -18.60 %0 -0.05 %0 

Jerome -21.71 (3) -21.68 +0.03 

Oracle -18.71 (3) -18.71 0.00 

Prescott -21.18 (2) -21.25 -0.07 

st. Johns -20.03 (2) -20.01 +0.02 

Santa Rita -20.18 (2) -20.29 -0.11 

Seligman -21.48 (2) -21.51 -0.03 

Snowflake -20.22 (2) -20.13 +0.09 

Springerville -20.15 (2) -20.28 -0.13 

Williams -19.93 (2) -19.95 -0.02 

X= -0.03 

s= 0.03 
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Table 10. Comparison of cellulose 013C from two splits of ground wood 
treated and analyzed separately for each 5-year interval 
from Jerome. 

o13C of o13C of 
013C Difference Interval Split 1 Split 2 

1930-34 -19.26 %. -18.88 %. +0.38 %0 

1935-39 -20.36 -20.53 -0.17 

1940-44 -21.18 -20.41 +0.77 

1945-49 -20.79 -21.00 -0.21 

1950-54 -20.60 -20.58 +0.02 

1955-59 -21.41 -21.57 -0.16 

1960-64 -21.41 -21.39 -0.18 

1965-69 -21.47 -21. 59 -0.12 

1970-74 -21.06 -20.96 +0.10 

1975-79 -22.06 -21.48 +0.58 

x= +0.10 

s= 0.22 
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For a two-tailed t-test at 0.05 level of significance, t would have -to 

exceed 1.833 (9 d.f.) in order to reject H. Therefore~ at this level 
o 

of significance the treatment is reproducible. 

Closer inspection if these data reveals some large individual 

differences, e.g., 0.77 (1970-44) and 0.58 (1975-79). These data 

represent single combustions for each batch on the old system, so that 

the actual difference might be less if additional burns were made on 

both batches of cellulose. 

4.5.3 Completeness of Bleaching 

Arnold (1979, p. 74) suggested in his dissertation that there 

is a potential for incomplete bleaching of cellulose samples. which he 

tested by rebleaching cellulose that had already been prepared and 

analyzed. He found no difference. In this study, care had been taken 

to ensure uniform treatment of all of the samples, but because all the 

cellulose samplp-s prepared appeared somewhat off-white or slightly 

yellowish, this test was also performed. Three batches of cellulose 

from all stations, representing the 1979 ring and the 1940-44 and 

1965-69 intervals, were rebleached. Table 11 displays the results of 

these tests. 

It is clear from Table 11 that the rebleached samples are all 

heavier than their once-bleached counterparts, An incompletely 

bleached sample could be expected to retain some lignin, which tends 

to be lighter than cellulose (Park and Epstein, 1961) so that it will 

be somewhat lighter than the fully-bleached holocellulose. The uni-

formity of the average deviation (+0.54 to 0.62%0) supports the 



Table 11. o13C comparison of once-bleached and re-b1eached cellulose from various wood and leaves. 
Average difference and linear regression between once- and re-b1eached values are shown 
at bottom. 

1940-44 Wood 1965-69 Wood 1979 Wood East Leaves 

Site Once- Re- Once- Re- Once- Re- Once- Re-

GLOB -19.31 %0 -18.68 %0 -18.55 %0 -17.98 %0 -20.58 %0 -20.20 %0 -21.43 %0 -21.93 %0 

JERO -21.36 -20.32 -21.71 -20.95 -22.05 -21. 72 -22.59 -22.85 

ORAC -20.57 -20.13 -18.71 -18.33 -20.60 -19.76 -22.36 -22.79 

PRES -20.40 -19.63 -21.18 -20.68 -21.41 -20.94 -22.29 -22.66 

STJO -19.20 -18.42 -20.03 -19.32 -21.37 -20.56 -21.88 -22.22 

SANT -20.69 -20.25 -20.18 -19.48 -20.93 -20.28 -22.41 -22.47 

SELl -20.06 -19.56 -21.48 -20.98 -22.28 -21.61 -22.99 -23.33 

SNOW -19.75 -19.25 -20.27 -19.90 -20.67 -20.19 -22.49 -22.91 

SPRI -19.59 -18.92 -20.15 -19.61 -20.71 -20.03 -22.23 -22.56 

WILL -20.12 -19.86 -19.93 -19.52 -21.69 -20.59 -22.40 -22.70 

X= +0.60 +0.54 +0.62 -0.34 
f1 

s= 0.22 0.14 0.20 0.12 

Regr. m= 0.94 0.96 0.97 0.89 
2 0' r = 0.89 0.98 0.87 0.92 \0 
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reproducibility of treatment despite not being complete. This uniform

ity is further revealed by the correlation of once-bleached vs. 

rebleached cellulose for each of these three batches, which yield r2 

values of 0.87 to 0.98 and slopes near unity. On this basis, no 

corrections were made to the o13C analyses as all the relative rela

tionships remain unchanged. 

Table 11 also reports a similar test on leaves from the east 

side of each of the trees. In this case the rebleached leaf cellulose 

is actually 0.34%0 lighter than the original cellulose. The correla

tiontion is also quite high (r2 = 0.92). It is unclear why there seems 

to be a difference in effectiveness of the treatment on leaves and wood. 

Presumably, the lignin content in leaves would be much lower. However, 

if there is a greater proportion of hemicellulose which is heavier than 

pure cellulose (Deines, 1980, Fig. 9-6), that hemicellulose portion 

unaffected during the first bleaching might be more effectively removed 

in the second. Therefore, the rebleached samples would be somewhat 

heavier. 

4.5.4 Milling 

As a final test of reproducibility, the rings from a second 

section from the Prescott tree were milled out, and the cellulose was 

isolated and analyzed. As described in Section 4.2, the flexible shaft 

tool was used for all of the original milling. This second Prescott 

section was milled with a vertical micromill which had the advantage 

of maintaining uniformity of thickness sampled, but which was operated 

without any visual magnification aid so that crosscontamination from 
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ring intervals older and younger than that being milled might exceed 

the 0.1% maximum estimated for the other method. 

The results are presented in Table 12. The remilled section 

13 
has systematically higher 0 C by an average of 0.32%0, yet this batch 

was still highly correlated with the original batch (slope = 0.92, 

2 r = 0.84), so that the trends were nearly identical. This test was 

performed after the rebleaching results described in section 4.5.3 were 

established, so that in response to these results a reduced initial 

quantity of ground wood (about 3/4 that used in all the original treat-

ments) was used in the solvent extraction and bleaching. The uniformly 

13 higher 0 C values of the second set, then, may reflect increased 

efficiency of the bleaching for the scaled-down quantity of wood. 

Alternatively, there was a distance of 2.5-3.5 cm between these 

sections and a longitudinal o13C variation has been observed and 

described in section 5.2.3. Therefore, milling may have actually 

contributed very little to the small differences observed between the 

original and second section. 
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Table 12. Comparison of cellulose o13C from two batches of wood, 
milled and treated separately from the Prescott tree. 

o13C o13C o13C 
Interval 1st Milling 2nd Milling Difference 

1930-34 -20.02 %0 -19.99 %0 +0.03 %0 

1935-39 -20.11 -19.83 +0.28 

1940-44 -20.40 -19.83 +0.57 

1945-49 -20.64 -20.31 +0.33 

1950-54 -20.43 -19.97 +0.46 

1955-59 -21. 73 -20.20 +0.53 

1960-64 -21.31 -20.96 +0.35 

1965-69 -21.18 -20.76 +0.42 

1970-74 -20.45 -20.30 +0.15 

1975-79 -21.04 -20.92 +0.12 

m= 0.92 x= +0.32 
2 0.18 r = 0.84 s= 



CHAPTER 5 

In the course of this study, o13C analysis was performed on 

leaves as well as wood. The leaves are important as the photosynthetic 

link between atmospheric carbon and the carbon assimilated into the 

tree rings. 13 Furthermore, leaf 0 C results from this study allow 

comparison to the extensive juniper leaf results of Arnold (1979). The 

wood o13C results form the basis of all conclusions in this study 

13 regarding past atmospheric 0 C changes. Therefore, variability of 

chemical pretreatment, circumferential variability and variation among 

individuals at the same site are also examined. 

5.1 Leaves 

5.1.1 Values and Variation 

The results of the isotopic analysis of leaf cellulose is 

presented in Table 13. The averages for the north and south leaves 

included measurements on 29 March and 16 April 1981, the runs in which 

the standard STD-27B was anomalously low (see Section 4.5.1). The 

analyses on these two days was, therefore, "corrected" by adding 0.4 

and 0.3%0, respectively, in order to compensate for the offset of the 

standard from its "true" value. This correction, in fact, did bring 

these particular analyses back into line with those performed on the 

old microcombustion system up to nine months earlier. 

73 
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Table 13. 13 Average 0 C values from leaf cellulose and comparison to 
results of Arnold (1979) for common sites. 

o of Arnold 

0 0 0 0 
Overall (1979) 

Site north south east west Mean (no.of trees) 

GLOB -21.66 %. -21.47 %. -21.45 %. -21.98 %. -21.64 ioo 

JERO -22.85 -23.52 -22.48 -22.55 -22.85 -22.18 %. (2) 

ORAC -22.72 -21.99 -22.54 -22.17 -22.36 -23.17 (4) 

PRES -22.50 -21. 77 -22.23 -22.20 -22.18 -24.35 (3) 

STJO -21.95 -21.26 -21.86 -21.57 -21.66 

SANT -23.34 -21.57 -22.31 -21.96 -22.29 -22.76 (4) 

SELl -23.96 -22.46 -22.98 -22.73 -23.04 

SNOW -23.40 -22.96 -22.30 -22.46 -22.78 

SPRl -23.70 -22'.54 -22.13 -23.36 -22.93 

WILL -22.74 -23.08 -22.41 -22.88 -22.78 -23.96 (4) 



75 

In general, the averages from each of the cardinal directions 

are within about 1%. of one another, similar to the variation found bW 

Arnold (1979, p. 80) within individuals of about 0.7%0 (2 std. dev.). 

Notable exceptions are Santa Rita, Seligman and Springerville, in whidfu 

13 the spread of values exceeded 1.5%0' The overall mean 0 C values 

range from -21.6 to -23.0% •• 

For those sites in cornmon with the study by Arnold (1979), Ol~c. 

may be compared (Table 13). Except for Jerome, 013C of leaves in this 

study were all heavier than those reported by Arnold. Even when the 

range of mean o13C from the individuals at each of his sites are con-

sidered, only the Oracle tree fell within the range of the four trees 

he sampled. This difference cannot be explained by the possible 0.3r~ 

effect of incomplete bleaching. Furthermore, this difference cannot .~ 

explained by the average intrasite variation calculated by Arnold (197~~ 

p. 80) of 0.8~ (2 std. dev.) for all sites. Rather~ this could refler.~ 

additional intrasite variabil~ty unaccounted for by sampling at most 

four trees per site (Arnold, 1979), or it could be a microclimatic 

effect due to the sites sampled here not being exactly the same as his .. 

For instance, he sampled juniper east of the weather station in Jerome~ 

whereas the j~niper in this study was sampled several kilometers to the 

13 west and at a higher elevation. By the leaf 0 C vs. site-temperatuDe 

and rainfall relationships derived by Arnold (1979, p. 110-113), the 

cooler, wetter Jerome site from this study would be predicted to have 

13 lower 0 C than his Jerome site and it does. It would be difficult, 

however, to attribute the differences at Oracle and Santa Rita to such 

an effect. 
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5.1.2 Relation to Climate 

13 In an effort to determine if there was a leaf 0 C-climate 

relationship similar to that found by Arnold (1978, 1979), the o13C 

values of cellulose were regressed against the 1970-79 values of mean 

annual temperature and mean April temperature (T), and the 1970-79 

values of mean annual rainfall and mean April rainfall (R). The choice 

of ten-year means resulted from evidence Arnold (1979, p. 52-53) 

obtained that suggests about ten years of green leaves are retained by 

the trees at any time. 

The following relationships were derived and compared to the 

results of Arnold (1979, p. 110-113): 

0.08 T annual 
10-yr -23.43 (r 0.47) 

= 0.0004 R annual -22.63 (r = 
10-yr 0.10) 

0.08 T April -23.33 (r = 
10-yr 

= 0.28 T April -27.03 (r = 
10-yr 

0.53) 

0.8l)-Arnold 

-0.003 R April -22.41 (r = 0.04) 
10-yr 

= -0.12 R April - 22.63 (r = 0.57)-Arnold 
10-yr 

The regressions show higher correlations of o13C with mean annual and 

mean April temperature than with rainfall. Comparing to the relations 

of Arnold, the slopes for the mean April temperature and rainfall rela-

tions have the same sign, but reduced magnitudes. Furthermore, the 
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correlation coefficients (r) are lower than those obtained in Arnold's 

study. 

5.1.3 Comparison to Wood 

13 The 0 C of leaf cellulose was compared to that of the mean 

o13C from wood cellulose of the 1970-74 and 1975-79 rings at each 

station. The results presented in Table 14 show the o13c of the leaf 

cellulose is less than that of the tree rings by at least 1.2%. and up 

to 3.4%0' 

This type of relationship has been seen in a general way in 

several studies. The early work of Craig (1953) with several species 

indicated an average l3C enrichment of 1%. for whole wood vs. leaves of 

the same tree. Lerman (1972) cited an average o13C composition of 

25% f h 1 d d 27% f h 1 1 f i . 2% l3C - 00 or woe woo an - 00 or woe ea t ssue, 1.. e., a 00 

enrichment in the wood. In a study of o13C related to soils, Stout and 

Rafter (1978) found the whole wood of two species to be 2.1 and 1.2%. 

heavier than the leaves. They comment that this difference is 

"reflecting their different chemical compositions," presumably in 

reference to the different carbon isotopic compositions of the individ-

ual organic constituents and their relative proportions (Park and 

Epstein, 1961). 

The results of this study with cellulose in wood and leaves 

(Table 14) suggest this latter explanation does not hold true. The 

study of Long and Lerman (1979, fig. 6) on cellulose of bristlecone 

pine wood and related leaves, lends support to this observation as they 



Table 14. o13C from leaf cellulose compared to o13C of the 1970-79 
wood cellulose. 

Wood-Leaf 

, 78 

Site "5 (1970-79 wood) 0 (leaves) 0 Difference 

GLOB -19.28 %0 -21.64 %" +2.36 %0 

JERO -21.63 -22.85 +1.22 

ORAC -18.94 -22.36 +3.42 

PRES -20.76 -22.18 +1.42 

STJO -20.39 -21.66 +1.27 

SANT -20.80 -22.29 +1.49 

SELl -21.00 -23.04 +2.04 

SNOW -20.01 -22.78 +2.77 

SPRl -20.91 -22.93 +2.02 

WILL -20.32 -22.78 +2.47 

x= 2.05 

s= 0.72 
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found the wood to be enriched in 13C relative to the leaves in nearly 

all cases by an average of about 1%0' 

The source of this difference is, therefore, uncertain. The 

time lag between the fixation in the leaf and assimilation in the wood 

is possible. This difference could then be the effect of temperature 

or other environmental differences between the time of fixation of 

carbon which is assimilated into leaf cellulose and that which goes into 

wood cellulose. This problem is addressed further in Section 8.2. where 

results of experiments with intra-annual ring variation and seasonal 

changes are discussed. 

5.2 Tree Rings 

5.2.1 Each Site 

Results of o13C analysis in tree rings from each of the sites 

are presented in Figure 9. Probably no single characteristic is common 

to all of the chronologies; rather, they differ in their average o13c 

composition and in their trends. There are, however, several character-

istics that at least a majority of sites have in common. 

Foremost among these characteristics is that six of these trees, 

Jerome, Prescott, St. Johns, Seligman, Snowflake and Springerville, all 

13 show general decreasing trends of 0 C over the last 50 years. The 

magnitude and path of this decrease is not uniform, yet a decrease is 

what would be expected if the trees are responding to increasing 

anthropogenic CO2 production which should be lowering the o13C of the 

atmosphere. 
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The Prescott tree serves as the "anchor" in terms of dating, 

and its results back to 1900 have been plotted. Because it is cross-

dated, the features of its trend may be compared to the other trees 

with similar overall o13C trend. Perhaps the most notable of these are 

the o13C peaks at the 1950-54 and 1970-74 intervals. These two 

features are both seen on three of the other sections (Jerome, Seligman 

and Snowflake), whereas only the 1950-54 peak seems to be present on 

the other two sections (St. Johns and Springerville). This replication 

of maxima suggests regional, if not global, influences are at work and 

adds credibility to the ring counting done in place of crossdating. 

13 The four sections that do not show a general 0 C decrease, 

Globe, Oracle, Santa Rita, and Williams, seem to have little else in 

common. Except for some large oscillations, three of the sites (Globe, 

Santa Rita, Williams) actually seem to show an overall flat o13C trend 

over the last 50 years. The Oracle site, on the other hand, seems to 

have experienced influences that resulted in an increase in o13C• It 

is doubtful that errors in dating could be responsible for such a 

drastic difference of these four from the other six sections. In fact, 

13 there is a 0 C maximum for 1950-54 at both Globe and Oracle, and 

Oracle also shows a 1970-74 peak. 

13 
Admittedly, there is quite a variety of trends of 0 C in tree 

rings for the past 50 years (Table 5), so that these four sites could 

not offhandedly be rejected. However, there may be valid grounds for 

suspecting that these trees (and sites) may be responding in greater 

part to local than to global influences. The Oracle tree may represent 
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a classic case of the influence of industrial activity on plant activ

ity, as the large increase in 013c between 1950-54 which is maintained 

thereafter, approximately coincides with the opening of the copper 

smelter at San Manuel in 1955. Freyer (1979b) reported similar 

increases in tree-ring 013c during periods of operation of coal-fired 

furnaces at Eifel, Germany, when control trees at greater distances 

showed no such increase. The San Manuel smelter lies about 12 km east 

of the Oracle site and both lie within the drainage basin of the San 

Pedro River. Large amounts of fossil fuels are used in smelting, and 

additional fossil fuel is required for calcining limestone to obtain 

fresh lime for the concentration process. Calcining of the limestone 

to lime also releases an additional quantity of CO
2 

but with a o13c 

close to 0%0, i.e., about 25-30%. heavier than that of the fossil-fuel 

The Santa Rita site lies on the eastern side of the Santa Cruz 

River Valley, across from several large open-pit mines on the west side 

(Pima, Mission, Sierrita, Esperanza). No smelting occurs at these 

mines, but CaC0
3 

is calcined to CaO which requires fossil fuels and 

releases byproduct CO2 , The Globe site is near the smelting and cal

cining operations of Miami (10 km east), Superior (31 km WSW) and 

Hayden (42 km S). One tree-ring study (Nash, Fritts and Stokes, 1975) 

detected anomalous width patterns in ponderosa pine growing in this 

area, which they speculated could be related to smelting activity. 

The Williams site, however, should represent a good clean-air 

site with no major anthropogenic influences from cities or industries. 
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A railroad runs about 0.4 km south of the site, but the distan.ce and 

apparently low railway traffic would seem to preclude this as a major 

influence. The Williams tree is, however, the youngest tree so that 

there may be some juvenile effects (see Sections 2.3.1, 3.1.3), at 

least in the early portion of the curve. 

The question of these four anomalous sites is considered fur

ther in Section 5.2.4 where o13C in cores from other trees are examined. 

Additionally, in Section 6.2.2 the problems of removing climate effects 

from the o13c records when these four sites are included are described. 

5.2.2 Effect of Pretreatments 

The o13C results from many studies in Table 5 represent several 

degrees of pretreatment. The effect of various pretreatments of the 

Prescott rings is considered in Figure 10. This plot includes whole 

wood, resin-extracted wood, holocellu10se, and a-cellulose (prepara

tions described in Section 4.2). The holocellulose curve in Figure 10 

is the same as in Figure 9 so that each point represents the average of 

several analyses, whereas all other curves derive from single analyses. 

The shapes of these curves, i.e., overall trend and size of 

maxima and minima, are very similar. The biggest difference is in the 

1-1.5%0 difference between cellulose (a- and holo-) and the whole and 

extracted woods, the consequence of the wood containing lignin which is 

relatively light isotopically. A second difference is that the whole 

wood and resin-extracted wood are different by about 0.3-0.5%. to 

1945-49 but very similar after that. The early difference may be a 

consequence of all rings prior to about 1946 being within the 
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13 o C curves for the Prescott tree representing 4 different 
pretreatments: untreated whole wood; resin-extracted wood; 
ho1oce11u1ose; alpha-cellulose. 
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heartwood. Browning (1963, p. 69.) reported that the heartwood of soft

wood trees generally contains.more extractives than the sapwood. 

Therefore, the difference in o13C may reflect the larger quantity of 

extractives in the heartwood which appear to be relatively light isoto

pically. 

The a-cellulose curve shows most values slightly heavier than 

the holocellulose, but this difference is usually well within the error 

of microcombustion and analysis. The correlation coefficient for 013C 

of the a-cellulose with holocellulose is r = 0.88. For the whole wood 

and resin-extracted wood ol3C vs. that of holocellu1ose the correlation 

coefficients are r = 0.87 and 0.93, respectively. Thus, it appears 

that the whole wood, extracted wood. ho1oce11u1ose and a-cellulose 

carry similar signals. but whole wood should probably be avoided in 

samples with a heartwood. 

5.2.3 Circumferential and Longitudinal Differences 

o13C differences in the same ring but along different radii of 

1-4%. were noted in Section 2.4.2. Tans and Mook (1980) also found a 

o13C variation of 1%. longitudinally on a growth ring over 40 cm, but 

found this variation decreased to about 0.2%0 over the same vertical 

distance when the sampling path was along the wood grain. As a quick 

test of this radial and longitudinal variation for juniper. the 1979 

ring from the Prescott tree was sampled from three different sections. 

Additionally, samples from each of the sections were taken at the 

north, east, south and southwest directions. Due to a branch. only the 

lowest section contained an easily separable ring from the west side 
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of the tree. The results of this examination are presented in Figure 

11, where all analyses are on holocellulose. 

The wood grain on this tree was nearly vertical so that there 

seems to be less variation longitudinally than there is circumferen-

tially. Variation along the circumference of each section is typically 

about 0.8%0' Longitudinally, on the other hand, the variation was only 

about 0.2 to 0.3%.. The north side of all the sections was generally 

the lightest, whereas the southwest side was usu~lly the heaviest. For 

comparison, in the leaves, the north side was lightest and the south 

side heaviest. The one value for the west was actually heavier than the 

13 north 0 C of that section and may he reflecting influence of the 

branch. These results support the sampling of the rings around their 

circumference in order to get a o13C value representative of the 

individual. 

5.2.4 Cores from Other Trees 

Cores had originally been taken from trees nearby to the indi-

viduals actually harvested, with the hope that they would aid in 

crossdating. Several of these cores were analyzed to test in a general 

way the reproducibility of ring counting and to check on variability 

among trees within a site. A core from the Prescott site was taken to 

see how well the o13C record of the ring-counted core would match that 

of the crossdated tree section, and hopefully to lend further credi-

bility to the ring counting on the sections. Also, cores from each of 

13 the four sites that did not show the decreasing 0 C trend over the 50 

years were analyzed in an effort to determine if the trends seen in 
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these sections were anomalous individuals or reflected the trends of the 

whole site. 

The o13C results from these five cores are presented in Figure 

13 12, along with the 0 C trends from the complete sections described in 

Section 5.2.1. 13 
The 0 C trend of the Prescott core is very similar to 

that of the section, except that the overall decrease between 1930-79 

is greater by 0.5-0.6%0. This lends further support to the accuracy of 

ring-counting methods necessitated in this study. 

13 The average 0 C of the core sequences for the Globe and Oracle 

13 sites are similar to the overall 0 C average of these sections. The 

Globe core, however, lacks the low values at 1955-59 and 1960-64, and 

the Oracle core shows o13C fluctuations superimposed upon a relatively 

13 flat 0 C trend. The post-1955 period in the Oracle core does not 

appear different from the pre-smelter portion of this curve. The 013C 

of the Williams core is uniformly lower than that of the section, 

although the trend may be considered broadly similar. The Santa Rita 

core also shows a generally lower o13C than that of the section, but it 

shows a decreasing trend. This core was from a very young tree and, 

hence, only goes back to 1950. At least in the Williams and Oracle 

13 cases, the general 0 C difference between the cores and sections may 

at least in part be due to the fact that the cores represented single 

radii whose 013C may be larger or smaller than the overall ring o13C• 
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CHAPTER 6 

A 50-YEAR o13C CHRONOLOGY 

This chapter describes the various methods of combining the 

tree-ring o13C results of each site into a single representative curve. 

The simplest method is taking a direct mean of the trends, or taking a 

mean of the trends after first normalizing each trend to some common 

base. The ultimate approach employs the spacing of the common o13C vs. 

climate relationships between each interval to produce a mean o13C 

curve with climate effects removed. 

6.1 The Mean Chronology 

6.1.1 Ten Stations 

The o13C trends derived for each site in Section 5.2 have been 

averaged to produce the mean o13C chronology displayed in Figure 13. 

This record, however, does not include any of the core o13C measure-

ments of Figure 12. The means of each five-year interval in Figure 13 

show some wide fluctuations, but the overall pattern is one of decreas-

. ~13C 1ng u • In order to smooth out these individual fluctuations, a 

three-interval running average was calculated. The result is a fairly 

uniform o13C value prior to 1955 and then a steep drop until present. 

A hand-drawn trend curve has been fitted to the running-mean values 

which yield approximately a 0.40 to 0.45%0 drop over the interval 

1955-59 to 1975-79, and a 0.5-0.6%. drop over the last 50 years. The 
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Figure 13. The mean 013C curve for the sections from 10 sites. Error 
bars represent ±1 std, dev. and smoothed curve is fitted to 
3-interval running mean. 
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The 1955-59 to 1975-79 interval may be compared to the interval (1956 

to 1978) over which Keeling, Mook and Tans (1979) and Keeling, Bacastow 

13 
and Tans (1980) calculated a 0 C change of -0.65 ± 0.13%. of atmo-

spheric CO
2

, 

The actual ±1 std. dev. error bars on the means in Figure 13 

are quite large (0.6 -1.05%0), in part because some of the sites show 

13 
o C trends that are heavier overall than others (e.g., Globe), whereas 

others are lighter overall (e.g., Jerome). In fact, if ±2 std. dev. 

error bars were plotted, a straight horizontal line could probably be 

drawn through the 50-year period while remaining within the error bars 

of each interval. Such an interpretation, however, would not be rea1-

istic because the differences among stations are probably not all due 

to random scatter, but are probably due to systematic environmental 

bias as well. Additionally, because the tree-ring o13C always differs 

from that of the atmosphere by -15 to -20%., our real interest is in 

the chronology of changes in tree-ring o13c, rather than the absolute 

values of tree-ring o13C. Hence, a more realistic representation of the 

error bars would be to first standardize the record at each site to its 

overall mean (i.e., subtract the 50-year mean of the site from the 

values at each of the intervals), and then to average these standard-

13 ized means into the mean 0 C chronology. When such a scheme of 

computing a mean trend of several sites is employed, the trend will be 

identical to that produced from the straight averaging method, but the 

standard deviations will generally be reduced. Both methods are 

illustrated in the following section. 
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6.1.2 Six Stations 

As indicated in Section 5.2.1, there is some evidence that the 

Oracle, Globe, Santa Rita and possibly the Williams site may not be 

responding to the anticipated global changes in atmospheric o13C• For 

this reason, the mean o13C chronology for the six stations that appear 

to be responding to changes in global atmospheric o13C was also 

computed. Figure 14 shows the means of the original o13C values from 

each site. The fluctuations in this curve are much smaller than those 

seen for the ten sites in Figure 13 but still show a progressive o13C 

decrease. Nevertheless, a three-interval running mean was also calcu-

lated and a hand-drawn curve has been fitted to this mean. This curve 

again has a fairly flat slope prior to 1955 with a pronounced decrease 

after 1955 but with an app'arent reduced slope after 1960-64. The over-

all change over the 50-year interval is about -1.0%0 and the decrease 

between 1955-59 and 1975-79 is about -0.6%0, in closer agreement to the 

1956 to 1978 o13C calculated change of 0.65% •. 

Again, the ±l std. dev. error bars are quite large in Figure 14 

when means are calculated with the actual o13C valu'"~'3 of each site. In 

Figure 15, the means have been calculated after first standardizing 

o13C values of each station as described in Section 6.1.1. The record 

from each station so normalized becomes a record of positive and nega

tive deviations from the site o13C mean. The ±l std. dev. error bars 

determined from averaging these standardized chronologies is generally 

much smaller than those in Figure 14 an~ reflect more realistically the 

variability in the mean o13C record. 
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6.2 A 013C Chronology with 
Climate Effects Removed 

13 Presumably, the mean 0 C chronologies displayed in Figures 

13-15 contain the subtle effects of temperature and moisture stress on 

13C/
12C f . . b h ract1onat10n y t e trees. This section charts the progression 

13 toward a 0 C curve corrected for such climate effects. 

6.2.1 The Weather Data 

As outlined in Section 3.1.2, an important sampling criterion 

was that the sampling sites be as close as possible to meteorological 

stations with records exceeding 50 years. The sites ultimately sampled 

exhibited a fairly wide range in magnitude of mean annual temperature 

and annual precipitation (Table 7). 13 In order to compare the 0 C of 

each interval with the appropriate climate over the same interval, 

five-year mean values of temperature and rainfall for each month were 

calculated and are summarized in Appendix A. This particular summary 

is for the January through December year although some of the data 

analyses were performed with five-year means of an October through 

September year. For a five-year mean, the differences between these 

different "years" is generally very small and there is only a differ-

ence for the months of October, November and December. 

The principal source of these data is the Climatological Data-

Arizona monthly summaries originally assembled by the U. S. Weather 

Bureau, now part of the National Oceanic and Atmospheric Administration 

(Environmental Data and Information, Asheville, N.C. 28801). The data 

summary in Arizona Climate, 1931-1972 by Sellers and Hill (1974) 

99 
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provided additional information and William D. Sellers (personal commu

nication, 1980) was kind enough to provide a listing of monthly maximum 

and minimum temperatures at many sites from his master record. 

Unfortunately, the weather stations nearby the sampling sites 

have varying degrees of completeness of data. In the case where some 

days of a month of record are missing, but less than ten, the official 

monthly climate summary reports a mean temperature for that month. A 

monthly mean temperature containing such missing values would be so 

designated in the summary. If days of a month are missing in which 

rainfall is known to occur, the official monthly summary will report the 

rainfall total as missing. Thus, in computing a five-year mean annual 

(or monthly) temperature or rainfall record it is possible that for some 

of the years, some monthly averages may be reported but missing some 

days, or too many days may be missing so that the whole monthly average 

is missing. In the latter case, the five-year mean might actually have 

less than five values. 

The quality and completeness of the weather records based on 

the above conditions is incorporated into Appendix A. Beneath each 

five-year monthly average is a number that indicates the number of 

cases in the mean. Furt):1ermore, if the number "9" precedes the monthly 

average temperature or rainfall it means that there are missing data 

representing a missing year and/or missing days in one or more of the 

monthly averages used to compute the mean. In the case where a "5" 

appears below the mean and "9" precedes the five-year mean, then at 
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. least for one of those years there is some missing data for that parti-

cular month. 

Fortunately, the weather records from these stations have a 

high degree of completeness so that most five-year means contain four 

to five years of data. The number of months where the five-year mean 

has less than five years is limited. In addition, the recording 

stations do not seem to have experienced major relocations over the 50 

years as indicated by the location changes summarized in Appendix B. 

The question of the sensitivity of the results to these missing data is 

considered further in Section 6.2.4. 

6.2.2 Factoring Out Climate 

The initial work with the ol3C chronologies of each station and 

the five-year mean climate data involved looking at each interval then 

developing a relation where the o13C is some function of climate. The 

work of Arnold (1979) with juniper leaves had shown highly significant 

relationships of this type could be developed when ol3C was multiply 

. 2 3 2 3 regressed with polynom1al terms T, T , T , R, R , R , T/R, T·R, where 

T and R represent temperature and precipitation, respectively. These 

variables T and R could actually represent a wide variety of values. 

For instance, they could be (1) the annual means over the five-year 

interval, (2) the mean of a specific month over the five years, or 

(3) the mean of a number of months, perhaps representing some season. 

All of these values of T and R, and some combinations, were variously 

used in the search for the function of ol3C with climate which was 

consistent with time. Although the five-year mean values of monthly 
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temperature and rainfall in Appendix A are given in degrees Fahrenheit 

and inches, these were converted to degree Celsius and millimeters for 

data analysis. 

6.2.2.1 Ten Stations. It was determined that, indeed, highly 

significant relations could be generated in each interval with po1y-

nomia1 equations in T and R. However, the problem arose that actual 

coefficients for such multiple regressions were significantly different 

from one interval to the next. 13 
For example, for each interval 0 C was 

regressed against T, T2, T3 , TR, R, R2, R3 for each month, and the month 

2 
of May was found to have r values generally higher than the other 

months. The actual coefficients for each of the intervals from May are 

given in Table 15 and show greatly different values of sign and magni-

tude from interval to interval. 

The SPSS package (Nie et a1., 1975) also allowed an option of 

testing all of the independent variables but selecting only those that 

improved the fit by some preselected amount. When this option was 

employed, it was found that the number and choice of significant inde-

pendent variables differed from one interval to the next. This 

reinforced the notion that such complex polynomial regression would 

have limited utility in the analysis. 

When simple linear regression of o13C vs. T or o13C vs. R was 

performed, coefficients were again quite variable from one interval to 

2 the next, and additionally the values of r were uniformly low. Such 

an example may be seen in Figure 16 (and Table 16, described in Section 

13 6.2.2.2) where 0 C for the 1965-69 interval has been regressed against 



Table 15. 

Interval 

1930-34 

1935-39 

1940-44 

1945-49 

1950-54 

1955-59 

1960-64 

1965-69 

1970-74 

1975-79 

Coefficients for multiple regression of 013C vs. May climate variables for each interval 
using all 10 sites. 

------------------------Coefficients-----------~-------------

T T2 T3 R R2 R3 TxR Constant 2 
r 

-26.78 1. 74 -.037 -0.18 .043 -.001 -.024 114.60 .97 

12.60 -0.76 .015 0.04 -.006 .000 .012 -89.11 .99 

-20.08 1.27 -.026 1. 75 -.16 .007 -.046 81.25 .78 

' 11.26 -0.89 .0'21 -0.31 -.046 .001 .063 -63.52 .86 

-24.28 1.57 -.033 2.49 -.29 .011 -.028 99.33 .99 

-15.78 0.96 -.019 0.39 -.067 .002 .010 64.72 .98 

15.61 -0.99 .020 0.32 -.17 .006 .039 -101. 73 .89 

-16.75 1.12 -.023 4.43 -.22 .005 -.077 40.50 .98 

-4.29 0.22 -.003 2.04 -.14 .004 -.032 -0.50 .93 

26.23 -1.88 .45 3.72 -.17 .003 -.030 -164.90 .76 

I-' 
o 
w 
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Figure 16. Monthly variation in r2 of the 0 vs. temp. relations for the 1965-69 interval. Results 
of this regression with both 6 and 10 stations are sholvn. ~ 
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both the five-year mean annual temperature and the five-year mean 

December temperature, and the resulting r2 values are low (0.12 and 

0.08, respectively). 

6.2.2.2 Six Stations. The same types of regressions as 

105 

described in Section 6.2.2.1 were explored with only those six stations 

13 that seem to reflect the expected 0 C global trend (Sections 5.2.1, 

6.1.2). With respect to the correlation of o13C with the complex poly-

nomia1s of T and R, the results were analogous to the case of ten 

sites: it was possible to generat~ highly significant relations for 

each interval but there was large variation of sign and magnitude of 

the variable coefficients. Again it made no difference whether the 

values of T and R represented mean annual values, means of individual 

months or means of several month combinations. 

13 13 
When simple linear regressions of 0 C vs. T and 0 C vs. R 

were performed, definite patterns began to emerge. The results using 

five-year mean annual temperature and rainfall for the six stations are 

presented in Table 16. For comparison the same regressions with ten 

stations are included. The primary differences between the results of 

six and ten stations are the sig~s on the coefficients and the magni-

tude of 2 
r . For ten stations, the r2 values for both the Rand T 

regressions are uniformly low (generally r 2<0.2), and the coefficients 

are small with nearly equal positive and negative signs. In short, the 

13 
regressions with ten sites suggest no T or R dependence of 0 C. For 

six stations, on the other hand, there is a uniformity of sign (-) of 

nearly all the coefficients. Furthermore, there is a constancy of 
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Table 16. Coefficients and r2 for linear regression of 0 vs. mean 
annual temp. and o VS. me&n annual precip. for each 5-year 
interval using 6 stations and 10 stations. 

--------6 Stations-------- -------10 Stations--------

Interval T-Coeff . 2 R-Coeff. 2 T-Coeff. 2 R-Coeff. 2 
r r r r 

1930-34 0.08 .11 0.02 .08 -0.02 .01 -0.03 .18 

1935-39 -0.20 .30 -0.06 .32 -0.04 .03 -0.05 .32 

1940-44 -0.34 .66 -0.07 .67 -0.10 .18 -0.05 .41 

1945-49 -0.31 .75 -0.03 .11 -0.06 .08 -0.02 .10 

1950-54 -0.30 .66 -0.08 .76 -0.01 .00 -0.04 .24 

1955-59 -0.28 .58 -0.08 .61 0.01 .00 0.01 .01 

1960-64 -0.29 .47 -0.07 .43 0.05 .03 -0.01 .01 

1965-69 -0.28 .51 -0.06 .55 0.12 .12 0.01 .01 

1970-74 -0.09 .15 -0.02 .15 0.13 .19 0.02 .03 

1975-79 -0.19 .26 -0.06 .45 0.06 .07 0.01 .02 
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a 0-1 magnitude with most of the T-cQefficients about -0.2 to-0.3%. C and 

most of the R-coefficients between -0.05 and -0.10%. 
-1 

rnm Of equal 

importance is the marked increase in level of significance of these 

2 relationships as indicated by most r values greater than 0.40 

(r = 0.88 for six cases and a 0.05 significance level). 

13 The regression of 0 C with five-year means of temperature and 

rainfall of the individual months was also tested. The results for the 

January-December year are yresented in Table l7a and l7b for T and R, 

respectively. From these tables it is apparent that the greatest 

2 number of relatively strong correlations (e.g., r >0.40) are in the 

winter month.s of November, December. and January, and the least number 

are in the summer months. 
2 

This monthly trend in r for temperature is 

shown graphically for the 1965-69 interval in Figure 16; the case of 

ten stations is also shown for this interval. This monthly pattern is 

similar to that for rainfall. The values of r2 for the individual 

winter months also tend to be higher than those from the five-year mean 

annual T and R regressions (Table 16). 

Attention was concentrated on the relationship o13C vs. T and 

o13C vs. R, and attempts were made to improve upon them using several 

manipulations of the data. For one, an October to September year was 

used for the five-year intervals to more realistically reflect a grow-

ing season. No improvement was apparent using either the mean annual 

T and R values over each interval or their monthly means (as mentioned 

earlier, only the means for the months of October, November and 

December actually change). Several other schemes included 



Table 17. Coefficients and r2 for 0 vs. 5-year mean monthly temp. and 0 vs. 5-year mean monthly 
precipe for each interval using 6 stations. 

A. Temperature coefficients and r2 

Interval Jan. Feb. Mar. Apr. May Jun. Jul. Aug, ~ Oct. Nov. Dec. 

1930-39 Coef. 0.10 0.10 0.06 0.08 0.04 0.07 0.01 0.03 0.05 0.08 0,10 0.10 
2 .24 .11 .07 .09 .04 .11 .00 .01 .06 .15 ,26 .29 r 

1935-39 Coef. -0.26 -0.25 -0.13 -0.16 -0.15 -0.13 -0.14 -0.13 -0,15 -0.16 -0.22 -0.25 
2 .63 .23 .10 .22 .20 .16 .16 .14 .26 .28 .49 ,55 r 

1940-44 Coef. -0.37 -0.47 -0.35 -0.31 -0.26 -0.27 -0.23 -0.25 -0.29 -0.33 -0.36 -0.39 
2 

.82 .70 .65 .31 .46 .48 .48 .45 .61 .68 .85 .88 r 

1945-49 Coef. -0.25 -0.33 -0.38 -0.31 -0.32 -0.30 -0.30 -0.31 -0.27 -0.28 -0.25 -0.26 
2 .76 .74 .81 .66 .70 .69 .78 .64 .70 .64 .69 .63 r 

1950-54 Coef. -0.39 -0.28 -0.38 -0.30 -0.28 -0.23 -0.28 -0.30 -0.25 -0.23 -0.25 -0.26 
2 .74 .75 .61 .60 .51 .44 .51 .61 .63 .58 .71 .76 r 

1955-59 Coef. -0.30 -0.33 -0.33 -0.26 -0.24 -0.22 -0.24 -0.21 -0.22 -0.27 -0.25 -0.24 
2 

.69 .64 .60 .41 .38 .45 .35 .26 .47 .64 .74 .86 r 

1960-64 Coef. -0.28 -0.29 -0.30 -0.21 -0.19 -0.23 -0.23 -0.22 -0.24 -0.28 -0.34 -0.31 
2 .85 .60 .32 .19 .17 .32 .28 .27 .34 .49 .60 .82 r 

1965-69 Coef. -0.31 -0.35 -0.30 -0.21 -0.20 -0.19 -0.23 -0.25 -0.27 -0.26 -0.32 -0.27 
2 .79 .56 .49 .20 .33 .29 .33 .39 .49 .60 .66 .67 r 

1970-74 Coef. -0.16 -0.11 -0.08 -0.07 -0.06 -0.06 -0.05 -0.03 -0.07 -0.10 -0.14 -0.15 
2 .43 .25 .10 .11 .08 .11 .06 .03 .13 .18 .28 .29 r 

1975-79 Coef. -0.26 -0.19 -0.32 -0.12 -0.11 -0.12 -0.08 -0.12 -0.15 -0.16 -0.22 -0.27 f-' 
a 

2 00 
r .50 .19 .31 .08 .10 .17 .06 .14 .23 .29 .46 .64 



Table 17. Continued 

B. Precipitation coefficients and r 2 

Interval Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. NoV. Dec. 

1930-34 Coef. 0.01 0.00 0.02 0.01 -0.10 0.02 0.02 0.00 0.03 0.09 0.02 0.01 
2 .17 .01 .03 .00 .51 .03 .17 .03 .40 .15 .08 .04 r 

1935-39 Coef. -0.04 -0.02 -0.02 0.12 0.07 0.16 -0.00 -0.01 -0.02 -0.01 -0.04 -0.04 
2 

.30 .45 .27 .22 .96 .65 .00 .03 .35 .00 .03 .47 r 

1940-44 Coef. -0.06 -0.03 -0.08 -0.03 0.02 0.08 0.04 -0.03 -0.01 -0.04 -0.06 -0.02 
2 .90 .71 .64 .72 .02 .08 .30 .20 .01 .55 .42 .56 r 

1945-49 Coef. -0.03 -0.02 -0.04 -0.08 0.05 0.01 0.00 0.01 0.05 -0.01 -0.06 -0.02 
2 .59 .03 .30 .66 .02 .01 .01 .04 .80 .01 .49 .49 r 

1950-54 Coef. -0.05 -0.08 -0.06 -0.08 -0.15 0.02 -0.10 -0.03 0.05 -0.17 -0.07 -0.06 
2 .92 .78 .72 .74 .57 .04 .19 .88 .33 .44 .58 .71 r 

1955-59 Coef. -0.03 -0.04 -0.09 -0.11 -0.15 -0.07 -0.02 0.01 -0.10 0.05 -0.06 -0.05 
2 .55 .66 .77 .40 .91 .35 .21 .01 .60 .49 .76 .69 r 

1960-64 Coef. -0.07 -0.06 -0.05 -0.08 -0.30 -0.09 -0.04 -0.02 0.04 0.03 -0.10 -0.06 
2 .53 .77 .33 .39 .90 .07 .61 .44 .15 .10 .40 .33 r 

1965-69 Coef. -0.03 -0.04 -0.08 -0.05 0.00 -0.01 0.00 -0.02 -0.01 -0.05 -0.03 -0.02 
2 .57 .70 .80 .62 .00 .00 .00 .31 .05 .14 .53 .60 r 

1970-74 Coef. 0.00 -0.02 -0.01 -0.01 -0.03 0.00 -0.00 -0.00 -0.00 -0.02 -0.02 -0.02 
2 .00 .07 .35 .00 .04 .00 .06 .06 .01 .16 .28 .17 r 

1975-79 Coef. -0.03 -0.03 -0.02 -0.04 0.08 0.15 -0.03 -0.01 0.05 -0.01 -0.02 -0,04 
2 .54 .55 .44 . 41 .48 .52 .66 .03 .62 .00 .17 .28 ...... 

r 0 
~ 
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(1) adjusting the temperature of each station down to the elevation of 

the sampling site with a lapse rate of 3.6oF/1000 ft (0.6 oC/lOO m), 

(2) using mean maximum and minimum temperature data, (3) employing the 

average data for groups of three months instead of single months, (4) 

calculating the value of T/R as some general indicator of water stress 

or availability, and (5) calculating a rough estimate of rainfall 

excess over potential evapotranspiration, "R-PET." 

The calculation of the ~lirnate values of (1) was accomplished 

by taking the five-year mean value of T for each month and then multi

plying the elevation difference between meteorological stations and 

sampling site by an average temperature lapse rate. This correction 

was added to the station temperature. The climate variables in (2) and 

(3) are self-explanatory. Variable (4) was calculated by dividing the 

five-year mean temperature value by the corresponding five-year mean 

rainfall, i.e., T/R. An alternate means calculating T/R would be to 

calculate it separately for each year and then to take five-year means 

of this value, i.e., T/R. However, this leads to extra missing values 

if either T or R is missing for a year, or if the value of R for a 

given month one year is zero. Due to these latter problems, only the 

ratio of T/R for each five-year interval was tested. 

The climate variable in (5), R-PET, is the difference between 

rainfall and a measure of potential evaporation as developed by 

Thornthwaite (1948) and critically described in Rosenberg (1974). The 

calculation of potential evapotranspiration at a site is accomplished 
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by a series of empirical formulas. Generally, PET in centimeters is 

calculated by 

PET = Cta (6.1) 

where C and a are constants and t is the mean temperature of a particu-

lar month in OCt The working equation is 

PET = 1.6(10·t/I)a 

where the power is defined by 

The value of I is a heat index defined as'follows, 

12 
I = L 

i=l 
(t/5)1.5l4 

(6.2) 

(6.3) 

(6.4) 

produced by summing over each month where t is the respective monthly 

temperature. 

Taking as an example the year 1965 at the Seligman meteorolog-

ical station, the following monthly average values of Rand T were 

measured: 

Month T(oC) R(cm) 

Jan 5.0 2.67 
Feb 5.0 2.13 
Mar 5.6 3.53 
Apr 9.6 4.47 
May 13.6 1.55 
Jun 17.3 0.51 
Jul 22.4 5.44 
Aug 22.2 4.80 
Sep 17.5 2.18 
Oct 15.2 0.99 
Nov 9.0 4.75 
Dec 2.7 7.92 
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From these data, I = 38.0 and a = 1.17 and the equation for PET (6.2) 

of each month becomes 

PET = 1.6{10.t/38)1.17 

Thus for each month the following values of PET may be calculated, and 

R-PET is calculated simply by subtracting the PET from its respective 

R above: 

Month PET (cm) R-PET (cm) ---
Jan 1.97 0.70 
Feb 1.97 0.16 
Mar 2.02 1.51 
Apr 2.38 2.09 
May 2.81 -1.26 
Jun 3.27 -2.76 
Ju1 4.04 1.40 
Aug 4.00 0.80 
Sep 3.30 -1.12 
Oct 3.00 -2.01 
Nov 2.32 2.43 
Dec 1. 79 6.13 

These results conform to general climatological expectations 

for Arizona. There is an excess of water early in the year but a 

deficit develops in May and June as rainfall decreases. With the onset 

of summer rains in July and August there is again a moisture excess 

which becomes a deficit in September and October as temperatures are 

still relatively high but rainfall tapers off. Cooler temperatures and 

higher rainfall again yield a water excess in November and December. 

In this study, R-PET was actually calculated using 5-yr mean monthly 

temperatures and precipitation. 

Table 18 contains a comparative summary of selected results for 

13 regression of 0 C against these various climatic variables, in all but 



Table 18. Coefficients and r2 values for linear regression of 0 vs. various climate parameters 
using 6 stations. I=5-yr mean Dec. temp.; II=5-yr mean Dec. precip.; III=e1evation 
corrected 5-yr mean Dec. temp.; IV=5-yr mean max. Dec. temp.; V=5-yr mean min. Dec. temp.; 
VI=5-yr mean Nov.-Dec.-Jan. temp.; VII=5-yr mean Nov.-Dec.-Jan. precip.; VIII=I + II; 
IX=5-yr mean precip. minus potential evapotranspiration (R-PET) for February. 

Interval I II III IV V VI VII VIII IX 

1930-34 Coef. 0.10 0.01 0.09 0.27 0.06 0.10 0.01 2.49 0.01 
r2 .29 .04 .29 .69 .20 .27 .04 .23 .00 

1935-39 Coef. -0.25 -0.04 -0.18 -0.34 -0.12 -0.25 -0.05 -4.26 -0.17 
2 .55 .Lf7 .43 .28 .48 .56 .35 .10 .43 r 

1940-44 Coef. -0.39 -0.02 -0.30 -0.15 -0.21 -0.38 -0.04 -6.94 -0.36 
r2 .88 .56 .86 .01 .91 .88 .69 .04 .73 

1945-49 Coef. -0.26 -0.02 -0.21 -1.11 -0.14 -0.26 -0.03 -5.85 0.56 
r2 .63 .49 .59 .54 .59 .71 .55 .32 .20 

1950-54 Coef. -0.26 -0.06 -0.21 -0.36 -0:15 -0.29 -0.06 -3.41 -0.49 
r2 .76 .71 .74 .37 .74 .75 .81 .30 .16 

1955-59 Coef. -0.24 -0.05 -0.21 -0.24 -0.15 -0.26 -0.05 -4.33 -0.48 
r2 .86 .69 .81 .24 .91 .78 .68 .19 .56 

1960-64 Coef. -0.31 -0.06 -0.25 -0.35 -0.18 -0.31 -0.09 -5.00 -0.80 
r2 .82 .33 .72 .62 .65 .78 .49 .64 .60 

1965-69 Coef. -0.27 -0.02 -0.21 -0.56 -0.15 -0.30 -0.03 ':"'15.89 -0.47 
r2 .67 .60 .57 .79 .53 .71 .59 .51 .63 

1970-74 Coef. -0.15 -0.02 -0.10 0.70 -0.09 -0.15 -0.14 -0.04 0.28 
r2 .29 .17 .25 .40 .39 .34 .33 .00 .04 

1975-79 Coef. -0.27 -0.04 -0.20 -0.28 -0.19 -0.25 -0.07 -12.25 -0.34 
r2 .64 .28 .52 .34 .67 .54 .37 .72 .61 I-' 

I-' 
UJ 
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one case using climate data from the month of December. The exception 

was for the regression with R-PET, where the highest correlations with 

13 o C were in the months of February, March and April, so that the coef-

2 
ficients and r values from February were chosen for comparison. It 

can be said that, in general, these new and adjusted variables do not 

improve on the straightforward correlations of o13c with either mean 

temperature or mean percipitation for a given month. Only for the 

correlation with a three-month mean of rainfall centered around Decem-

b d h b · 13C l' . h er oes t ere seem to e an 1mprovement over a 0 corre at10n W1t a 

simple December rainfall mean. In regard to the variables containing 

both T and R, the T/R correlations seem to have consistent negative 

2 2 slopes but low r values, and the R-PET correlations have more high r 

values but the coefficients are both negative and positive. Finally, 

13 13-
comparing 0 C vs. T and 0 C vs. T . , the latter has the most max m1n 

2 consistent T-coefficients and the highest r values. This falls in 

line with the winter-month temperatures generally having the highest 

correlation coefficients and could relate to the importance of low 

13 temperatures on 0 C fractionation by plants. 

6.2.3 A Climate-free o13C Record(s) 

Having settled on the appropriate climate variables to use in 

factoring out climate, the specific relationships for each interval 

were compared. In the case of o13C for each interval vs. the mean 

December temperature, where the slopes are very similar, the best 

13 direct statement on the 0 C trend may be made. This is illustrated in 

Figure 17, where three of the five-year intervals with very similar 
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temperature coefficients are plotted. The sub-parallel curves show a 

downward progression with time indicating decreasing o13e, in line with 

the general effects on atmospheric o13e expected from fossil-fuel burn-

ing. Additionally, judging from the spacing of the curves, the decrease 

was greater between 1955-59 to 1975-79 than it was between 1935-39 to 

1955-59. This difference would also be qualitatively in line with 

exponential anthropogenic CO2 production. 

To obtain the complete o13e curve over the 50-year time p~riod, 

several approaches may be taken. In the first two, the slope for each 

of the ten intervals may be assumed to be sufficiently similar so as 

not to need adjustment. In one case the temperatures of all the 

stations can be considered close enough to the abscissa in Figure 17 

that the intercepts of the relations are taken directly as the indica-

. 13 13 t10n of 0 e change. In the other case the 0 C value for each 

relation may be calculated at the mean December temperature of the 

stations (roughly 3°C) so that the o13e values are closer to the center 

of the temperature spread and thus feel less of the effects of the 

different slopes away from this center toward the abscissa. The 

results of these two cases are plotted in Figure 18. 

The difference between these two techniques is exemplified for 

the 1930-34 interval. Because there was a positive temperature coeffi-

cient for that interval, the y-intercept was unduly low in the first 

case, whereas calculating near the center of the temperature spread in 

the second case yields a more congruous 013C value for 1930-34. Except 

for the 1930-34 interval, the first case of plotting intercepts shows 
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less fluctuation from interval to interval. The smooth curves fitted 

to both sets approximate the trend of a three-interval running mean 

(the 1930-34 values were not used in the first running mean). Both 

curves indicate an overall drop of about 1.3-1.4%. over the 50-year 

period, and both seem to show some inflection point around the 1955-59 

or 1960-64 intervals with a decreasing slope after this point. Further-

more, both smoothed curves show a decrease from 1955-59 to 1975-79 of 

13 about 0.6-0.7%., in good agreement with the atmospheric 0 C change 

over that period. The error bars on the intercept curve represent ±1 

std. dev. for the regression equations of each'interva1. Because both 

curves derive from the same set of regression equations, the error bars 

on the lower curve would be identical to the upper. 

The identical analysis using the equations developed with 

precipitation is shown in Figure 19. The error bars are somewhat 

larger, reflecting the generally lower correlation coefficients, but 

the overall trend of the smoothed curve is similar. The smoothed curve 

developed from solving the equations at R = 27 mm, however, has its 

13 greatest drop prior to 1955-59 so that the 0 C drop between 1955-59 

and 1975-79 is only about 0.4%., less than the expected atmospheric 

drop. 

In the other approach, it is assumed that the slopes for each 

interval should be identical and there is some random scatter which is 

producing different slopes in the regressions for each interval. 

Therefore, the linear regression equation is manipulated so that a 

single slope value may be forced on all of the regressions for each of 
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the intervals, and the intercepts of this set of parallel lines will 

represent the 013C trend. The form of the general regression equation 

is 

Y = mx + b (6.5) o 

where m is the slope and b is the intercept. The best-fit regression 
o 

is accomplished by minimizing the sum of the differences between actual 

and predicted, i.e., k(Yi - y,)2. This is accomplished through the 

equations 

and m = 

b =y-mx 
o 

kXiYi - nxy 

2 -2 
LX. - nx 

]. 

This latter equation may be rearranged to 

kX.Y. - m(kx. 2 _ nx2) 
]. ]. ]. 

Y = -.:.......;=-----=----
nx 

(6.6) 

(6.7) 

(6.8) 

Given a slope m and the set of data points, eqn. 6.8 may be solved for 

the apparent value of y (y~) which will differ from the true value of 

Y in most cases. This value of y' together with m and the true x value 

are substituted back into 6.7 in order to solve for b. With b ca1cu-
o 0 

1ated, an equation of the form in 6.5 is established with the 

preselected slope. The correlation coefficient (r) may be calculated 

with the relation 

r = 
L(X

i 
- x)(Y

i 
- y) 

(n-1)s s 
X Y 

(6.9) 



Figure 20. 

-18.5 

-19.0 

-19.5 

-20.0 

-20.5 

-18. 

-19. 

1930 

INTERCEPTS FROM 5 VI. WMATE 
REGRESSIONS ON WHICH CONSTANT SLOPES 

HAVE BEEN FORCED 
(smoothed c:wows approximatl 

3-intlMll runninCJ mlGns) 

19<40 1950 1960 1970 
YEAR 

121 

1980 

13 . o C curves derived from plotting intercepts from the 0 vs. 
climate relationships on which a single slope has been 
forced. 



122 

where sand s are the standard deviations of variables x and y, x y 

respectively. The apparent value of y (y~) is used in the equation. 

A Fortran program was designed to perform these calculations 

13 with the measured a C values, the temperature and the precipitation 

from each site for each interval. The program and a sample output are 

reproduced in Appendix F. The problem lies in choosing what the true 

coefficients for temperature and precipitation should be. For instance, 

each of the respective temperature and rainfall coefficients in the 

first two columns of Table 18 could be averaged to produce mean coeffi

cients. Alternatively, perhaps only those with the highest r2 values 

should be averaged, or perhaps even the median value would be more 

representative. Actually, all of these were tested by solving for a 

variety of "true" slopes determined from the set of December tempera-

ture and precipitation coefficients. 

A representative example of these results is given in Figure 

20. The intercepts from the regressions for each interval are plotted 

o -1 where a temperature coefficient of -0.27%0 C and a precipitation 

coefficient of -0.022%0 mm-1 have been forced. The overall trends are 

similar to those previously described, but whereas a three-interval 

13 smoothed trend through the a C-temperature curve shows a decrease of 

about 0.6%0 from 1955-59 to 1975-79, that through the o13C-precipitation 

curve ,falls only about 0.3%0 in that interval. Both curves show an 

overall drop of 1.1-1.3%0 for the interval 1930 to 1978. 

Comparing these approaches, generally they all produce a 

13 decreasing trend in a C from 1930 to 1979. They also all show that 
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most of this decrease takes place between about 1945 and 1960, and that 

the periods before and after this one show small decreases. It would 

certainly be difficult to select which of these trends, if any, most 

accurately reflects the actual atmospheric o13C depression over this 

period. In fact, in spite of the individual variations among these 

13 
o C reconstructions, within statistics they may all be representations 

of exactly the same trend. The implications of this apparent trend is 

discussed in Chapter 8. 

6.2.4 Source of Scatter 

The o13C-c1imate relationships developed in Section 6.2.2.2 and 

used to extract a "climate-free" o13C record in Section 6.2.3 generally 

did not have highly significant correlation coefficients. In addition 

to this scatter about the regression lines, the best fit regression 

lines did not have the same slope for each interval and made manipu1a-

tion necessary before comparing them. There are several sources of 

variation, of various magnitudes, which must contribute to this scatter. 

On one hand is the variability in o13C related to preparation 

and analysis. As discussed in Sections 4.5.1 and 4.5.2, the precision 

of mass-spectrometric analysis, microcombustion, and chemical treatment 

is quite good, probably on the order of ±0.1-0.2%o. Evidence is 

presented in Section 4.5.4 that milling of the sample may have a 

similar precision associated with it. 
13 

The greatest source of 0 C 

scatter, however, is probably due to intrasite variability. This vari-

ability was seen in the leaves analyzed from several trees at each site 

in the study by Arnold (1979), and appears to be present in the wood as 
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evidenced by a comparison in Section 5.2.4 of the wood sections and 

cores from neighboring trees. This variability may be up to about 

±0.5%o although at least a portion of this may be due to the radial 

variability associated with a single core. 

A second source of scatter may be in the ring counting per-

formed on nine of ten sections in order to provide ages (Section 4.1). 

Although-performed by experienced dendrochronologists whose "gut 

feeling" was that over the 50 years the errors would amount to no more 

than two or three years, it is something that cannot presently be veri

fied without crossdating. The comparison of the 013C trend at Prescott 

from a section that has been crossdated, with each of the trees 

provides further circumstantial evidence of the general correctness of 

the ring counting. In terms of the o13C trend alone, however, such 

dating errors, even perhaps up to five or ten years, would probably not 

13 translate into large 0 C errors. As established in Sections 6.2.1 and 

13 6.2.3, the 0 C drop between 1930 and 1979 is about 1.0 to 1.5%0' If 

this drop was uniform, even at -1.5%0' over 50 years it would translate 

to only 0.1-0.2%0 per five-year interval, and thus an age error of five 

years would probably produce an error within the precision of prepara-

tion of measurement. 13 
Nevertheless, in developing the 0 C vs. climate 

relationships some of the scatter may come from noncoincidence of the 

o13C measured from five rings and the average climate for the period 

those rings are believed to represent. Additionally, because the sites 

were not precisely at the meteorological stations, the weather data 

cannot be exactly the same as at the site. 
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A third source of scatter may be associated with the climate 

records themselves. The nature of climate data used was described in 

Section 6.2.1, where it was indicated that some daily values may be 

missing, and additionally some monthly data from one or more years in a 

five-year interval may be missing. The potential effects of the missing 

data were tested by taking the December data set of Prescott for the 

years 1965 through 1969 in which no data were missing, and selectively 

deleting data to simulate missing data. 

For temperature, the actual values from 1965 to 1969 were 37.8, 

35.3, 29.6, 32.2 and 38.90 F, respectively. The following were the 

maximum deviations from the true mean by selectively removing 1, 2 or 3 

values: 

True mean 34.8oF 

1 missing 33.7 or 26.0oF 

2 missing 32.4 or 37.30 F 

3 missing 30.9 or 38.4oF 

Thus in the case of one missing value, the mean for the four remaining 

values would depend on which one was missing and would be off by a 

maximum 1.2oF. For two missing the maximum error would be 2.5 0 F and 

for three missing it would be 3 •. 90 F. Fortunately, for all five-year 

intervals, all stations and all months (1200 cases), there are only 

about 35 cases where two years are missing temperature data, and only 

eight cases where three years are missing (Appendix A). Also, because 

all correlations were in DC, the case of one missing value in the 

1965-69 Prescott mean would translate to a maximum possible error of 
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O.7 0C. A look at the points plotted in Figure 17 shows the scale over 

which the scatter in temperature must be reduced in order to signifi-

cant1y improve the linear regression, and reveals that the error 

associated with missing temperature values alone could not account for 

all the variation. Random testing of several other stations, intervals 

and months indicated that on average, these maximum predicted errors 

may be a little high. Furthermore, if yearly values are removed ran-

domly, instead of to obtain maximum error, predicted error from missing 

data might be reduced by 25-50%. 

The December rainfall for the years 1965 to 1969 were similarly 

examined. They had the values of 6.96, 4.12, 6.08, 1.15 and 0.28 

inches, respectively. The true five-year mean is 3.72 inches, but if 

one value is missing the error may be up to 0.9 inches, for two missing 

up to 2.00 inches, and for three missing the maximum error may be up to 

3.00 inches. In the case of one missing, the 0.9 inch error would 

translate to 23 mm for the 013C vs. precipitation regressions performed 

in Section 6.2.2. Fortunately, the precipitation records tend to be 

generally more complete than those of the temperature, so that for all 

intervals and months there are only 16 cases in which two years of the 

five are missing, and only four cases where three years in a precipita-

tion mean are missing. 

Another source of errors is a consequence of the fact that the 

rings are of variable width. Thus, although the climate variables for 

each year are weighted equally in calculating the five-year average, 

13 
the actual contributions of each year to the 0 C measured on a 
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five-year interval will be a function of their relative widths 

(provided depth of sampling is uniform). Ideally then, the five-year 

climate means could be calculated by weighting each year according to 

the size of its respective ring, or perhaps to the regional standard-

ized tree-ring indices. Such weighting, however, would be more reliably 

accomplished on a set of specimens that were crossdated and was not 

performed in this study. 

Finally, the magnitude of 2 values for either 0 R alone I' vs. 

(e.g., Table 17a,b) suggests simply that one climatic variable alone 

13 may not account completely for the measured 0 C values. It was neces-

sary, however, to compromise this goodness to fit in order to have a 

o13C vs. climate relation that was nearly constant from year to year. 

One other o13C vs. climate relationship that improved 1'2 and almost 

maintained relatively constant slopes from interval to interval was of 

the form 

The slopes and intercepts for each of the intervals using December T 

and R are given in Table 19. Comparing this to the 1'2 values of 0 vs. 

T and 0 vs. R alone (see Table 18), there is a noticeable improvement 

when both T and R are independent variables. However, the problem of 

both positive and negative signs and magnitude differences (particularly 

on the R coefficient) makes it difficult to compare the intervals, 

similar to the elaborate polynomial equations described in Section 

6.2.2.2. 
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Table 19. Coefficients and r2 values for multiple regression of 
o vs. 5-yr mean Dec. temp. and precipe for 6 stations. 

Interval Temp.-Coef. Precip.-Coef. Constant 
2 

r 

1930-34 +0.11 -0.001 -19.93 .31 

1935-39 -0.18 -0.021 -18.52 .65 

1940-44 -0.38 -0.001 -18.87 .88 

1945-49 -0.19 -0.010 -19.44 .69 

1950-54 -0.16 -0.033 -18.75 .89 

1955-59 -0.19 -0.015 -19.39 .89 

1960-64 -0.34 +0.014 -20.30 .83 

1965-69 -0.19 -0.013 -19.75 .85 

1970-74 -0.23 -0.014 -20.43 .31 

1975-79 -0.60 +0.073 -21.20 .85 
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13 Although the extraction of climate-free 0 C trends was unsuc-

cessful for 10 stations, it was ultimately found that the method could 

be extended to more than 6 sites but with the same result. Addition of 

the Williams site to the six yielded results nearly identical to those 

shown for 6 stations in Figure 18. Only the error bars r~presenting 

the scatter about the regression lines generally became somewhat larger, 

but the trend and magnitude of the ol3C decrease remained relatively 

unaffected. This lends further credibility to the existence of these 

o vs. climate relationships, despite their lack of a uniformly high 

degree of statistical significance. 

" . 



CHAPTER 7 

INTERPRETATION OF THE 

RECONSTRUCTED o13C CHRONOLOGY 

13 The 0 C records developed in Chapter 6 may be interpreted in 

regard to biospheric activity and changes in PC02 if some assumptions 

are made. The primary assumption is that the o13C response in the tree 

rings is the same as the change in the atmosphere. Additional assump-

13 tions made for the ~ake of discussion are that the tree-ring 0 C 

curves represent global (or at least Northern Hemisphere) changes in 

o13C and not a regional trend, and that the shape of the curve is the 

same as that derived in Chapter 6. This latter assumption is necessary 

because given the error bars in the a13c reconstructions in Chapter 6, 

it may be possible to draw a whole range of functions, including a 

straight line o13C decrease and perhaps an exponential decrease as well. 

7.1 PC02 and Mixing Equations 

13 Freyer (1979c) developed a relationship for 0 C and Pca (in 
2 

13 
ppm) using atmospheric measurements of both PC02 and 0 CC02 from a 

number of studies made betweeb 1958 and 1978. The individual studies 

actually had somewhat different relationships and degree of signifi-

cance depending on locality, but when combined they yielded a 

regression equation of the form 

130 



5640/PCO - 24.89 
2 
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(7.1) 

Freyer (1978) actually used this in an attempt to reconstruct PC02 from 

the long o13C tree-ring record he developed. He acknowledged, however, 

that the use of this relation for periods earlier than that of the 

measurements on which it was founded may not be valid. This concern 

was verified, in fact, by the work of Keeling et al. (1979) who 

developed the mixing equation 

o13C = 627l.63/P
CO 

- 26.97 
a~ 2 

for 1955-56, and the relation 

for 1977-78. 

6346.98/PCO - 26.54 
2 

(7.2) 

(7.3) 

In order to use this type of equation to calculate past PC02 

from reconstructed o13C as suggested by Freyer (1978), it is necessary 

13 to convert the reconstruction of tree-ring 0 C into an atmospheric 

13 curve. This was accomplished by taking the 0 C values from the recon-

struction with temperature regressions in Figures 18 (for temp. = 3°C) 

and 20, and then taking the o13C difference between intervals relative 

to some fixed, known value of atmospheric 013C (Table 20). The o13C 

curves chosen in Figures 18 and 20 had a o13c drop between 1955-59 and 

1975-79 which closely approximated the drop of 0.65 ± 0.13%0 calculated 

by Keeling et al. (1979) and Keeling et al. (1980). The anchor point 
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Table 20. An atmospheric o13C record constructed from the smoothed 
temperature-based tree-ring 0 curves in Figures 18 and 20. 
The relative 0 change for Figures 18 and 20 is calculated 
with respect to the 1975-79 0 value of each. The average 
relative change is converted to absolute atmospheric 0 by 
assuming atmospheric 0 for 1975-79 is -7.34%0' 

-----Figure 18----

(curve for temp.=30C) 
Absolute Relative 

Interval 0 /::,. 0 

1930-34 -19.65 %0 1.35 %0 

1935-39 -19.80 1.20 

1940-44 -19.93 1.07 

1945-49 -20.06 0.97 

1950-54 -20.20 0.80 

1955-59 -20.38 0.62 

1960-64' -20.80 0.20 

1965-69 -20.98 0.02 

1970-74 -21.00 0.00 

1975-79 -21.00 0.00 

----Figure 20----

Absolute Relative 
o /::,. 0 

-18.86 %0 1.36 %0 

-18.97 1.25 

.,..19.11 1.11 

-19.27 0.95 

-19.38 0.84 

-19.59 0.63 

-19.70 0.52 

-20.17 0.05 

-20.20 0.02 

-20.22 0.00 

Mean 
Relative 

/::"0 

Absolute 
Atmos
pheric 

o 

1.36 %0 -5.98 %0 

1.22 -6.12 

1.09 -6.25 

0.96 -6.38 

0.82 -6.52 

0.62 -6.72 

0.36 -6.98 

0.04' -7.30 

0.01 -7.33 

0.00 -7.34 
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of -7.34%0 was taken as the atmospheric o13C value for 1975-79, which 

happens to be the o13C value Keeling et a1. (1980) reported for 1978. 

This apparent atmospheric o13C record derived in Table 20 has 

been tested in the mixing equations 7.1-7.3 and results are summarized 

in Table 21. Keeling et a1. (1979) noted that their mixing equations 

13 were developed from 0 C measurements not corrected for atmospheric 

13 The N20 correction to the 0 C of the atmosphere calculated from 

these mixing equations would be about +0.3%0 for 1956-78 (Keeling et 

a1., 1979). This 0.3%0 correction was assumed for all of 1930-79 and, 

13 therefore, was subtracted from the 0 C values in Table 20 before 

solving PCO in equations 7.2 and 7.3. Freyer (1979c), however, did 
2 

not indicate if the regression equation had been developed after an 

N20 correction, so the PC02 was calculated from eqn. 7.1 both with and 

without an N20 correction. 

Results from all three equations yield an increase in PC02 from 

1930 to 1979 of 21-24 ppm. However, the PC0
2 

increase observed at 

-1 Mauna Loa is about 1 ppm yr so that the 1958-79 period alone should 

give a PC02 increase of 22-23 ppm. The Freyer (1979c) mixing equation 

yields only an 11 ppm increase over this period, and the Keeling et a1. 

(1979) equations taken individually give a similar PC02 change. If 

solved only for the time period for which they were derived, the 1955-56 

equation would give 314 ppm and the 1977-78 equation would give 336 ppm, 

i.e., a difference of 22 ppm from 1956 to 1978. This realistic result 

13 was predictable because the 0 C values plugged into eqn. 7.2 and 7.3 
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Table 21. PC02 derived from mixing equations described in text using 
the atmospheric 0 values calculated in Table 20.* 

-------------------Mixing Equations-------------------

Keeling et al. (1979) 
Interval Freyer (1979c) Freyer (1979c) 1955-56 1977-78 

1930-34 298 ppm 303 ppm 303 ppm 313 ppm 

1935-39 300 305 306 315 

1940-44 303 308 307 318 

1945-49 305 310 309 320 

1950-54 307 312 311 322 

1955-59 310 316 314 325 

1960-64 315 320 319 330 

1965-69 321 326 324 335 

1970-74 321 327 324 336 

1975-79 321 327 324 336 

* In the last 3 columns an atmospheric N20 contribution of 
0.3%. has been subtracted from the o13C from Table 20 before solving 
the mixing equation. 
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were very similar to the o13C values originally derived from them by 

Keeling et al. (1979). 

Thus it appears that unless a mixing equation is available for 

each interval for which 013C has been reconstructed, then an accurate 

13 PC0
2 

chronology from tree-ring 0 C cannot be directly calculated. Of 

course, if it was possible to have such a mixing equation for each 

. t 1 (d i d f t h i ~13C d P t) th 1't 1n erva er ve rom a mosp er c u an CO
2 

measuremen s, en 

would not be necessary to develop a tree-ring o13C record! 

7.2 13 o C and the Eiosphere 

An interesting attempt was made by Stuiver (1978) to remove the 

fossil-fuel effects from a 013C chronology developed from tree rings 

(Section 2.4.3). The resulting curve would then be the atmospheric 

changes in o13C from other ~ources (and sinks), most notably the bio-

sphere. 13 This technique was applied to the average 0 C curve derived 

in this study (Table 20). 

Figure 21 contains the atmospheric o13C curve as derived from 

the juniper tree rings (upper curve). The "Stuiver approximation" is 

made with the relation 

M = 0.18 S (7.4) 

where the coefficient 0.18 derived from an 18%0 change in 013C for each 

100% change in fossil-fuel input (atmospheric CO2 has 013C = -7%0 and 

~ = 100%; fossil-fuel CO2 has o13C = -25%0 and ~ = 0%), and the value S 

represents the dilution (Suess Effect) of atmospheric l4 C02 with fossil

fuel "dead" CO2 since the beginning of the Industrial Revolution. This 



-6.0 

-7.0 

&13C 
(0100) 

o 

-1.0 

-6.0 

.---.---.---.---.---
.~.~.- . . 

TEMP.- CORRECTED 

&13C CURVE (This Siudy) 

• • • • 613
C CONTRIBUTION FOSSIL-FUEL 

--=--'------:t _____ =::=::::::: _______ • _______ • 
------..... _-----..... 

FREE ~3C CURVE _-0 
FOSSIL-FUEL- 0----- • .---.-._--.=------,'"""'"--"- -----.--.;;;o..:::::::.::::=--

-7.0-llr---...----r-----r--...----.-----r---r---:::--..-----.---I 
1930 1940 1950 IS60 1970 1980 

YEAR 

Figure 21. Removal of fossil-fuel o13C contribution (middle curves) from the climate-free 013C 
curve developed in this study (upper curve and Table 20) to yield a fossil-fuel-free 
atmospheric o13C curve (lower curves). Dashed correction curve takes into account the 
changing o13C of fossil fuel as oil and gas usage increased relative to coal (Mulholland, 
1979). Solid correction curve assumes constant isotopic composition (013C=-25%.) of 
fossil fuel (Stuiver, 1978). Details of the calculation of the fossil-fuel 013C 
contribution are described in text. 

I-' 
W 
0' 



137 

13 <5 C correction curve is drawn in the central portion of Figure 21 

(see also Table 24 for summary of S values and ~<5l~C values). Mulhol-

land (1979) proposed a modification to eqn. 7.4 of the form 

M = (Y /100) S (7.5) 

13 where the difference between 0 C of the atmosphere and fossil fuel (y) 

is no longer constant, but changes as the ratio of coal:oil: natural 

gas utilization has changed. The ~o computed using the fossil-fuel 

13 o C curve of Mulholland to calculate y is also contained in Table 24, 

and represented as the dashed curve in the central part of Figure 21. 

The fossil-fuel o13C curve of Mulholland (1979) actually decreases much 

faster than a similar compilation by Freyer (1979c), and could be a 

result of Mulholland's failure to include CO2 from cement production 

(013C ~ 0) in his anthropogenic CO2 emissions. 

After adding these fossil-fuel 013C corrections to the top 

curve in Figure 21, the bottom curves are developed where the solid line 

represents use of the Stuiver approximation, and the dashed curve repre-

sents use of the Mulholland modification. The fossil-fuel co~rection 

reduced the 013C drop between 1930 and 1969, but produces a o13C 

increase after 1970. These effects are enhanced with the Mulholland 

modification although, as indicated above, it may be too extreme. 

Stuiver (1978) concluded from his similar analysis that the flat 

fossil-fuel corrected o13C curve after 1920 was a consequence of no 

major biospheric injections since the turn of the century "pioneer agri-

13 cultural revolution" and deforestation,when the 0 C curve was depressed 
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b t ° 7% F h d · i r13c . Fi 21 h a ou . 00. rom t e correcte Jun per v curve 1n gure t ere 

is a drop of 0.9-1.0%0 after 1930, which suggests that the biosphere 

(5
13

C ~ -25%0) has not been static but has been a net source of CO2 , 

13 In fact, the biospheric effect on the 5 C decrease seems to be very 

similar in magnitude to the fossil-fuel contribution to 1970 (the 

correction curve in Figure 21). This would amount to roughly another 

14 
1.2 x 10 kgC biospheric contribution after 1930 in addition to the 

pre-1920 1.2 x 1014kgC estimated by Stuiver (1978). This would make 

the total biospheric input since 1850 about twice the fossil-fuel 

contribution. If this is indeed a global trend, the recent biospheric 

input could be a reflection of recent large-scale trop~ca1 deforesta-

tion and agriculture. Bolin (1977) has calculated that recently the 

whole biosphere has been releasing the amount of CO2 equal to about 1/4 

of the fossil-fuel contribution, a1thoug~ Pankrath (1979) has ca1cu-

1ated that the net biospheric input may be as much as 1/2 of the 

fossil-fuel input. Woodwe11 et a1. (1978) allow for a net biospheric 

input that may be even up to three times greater than that from 

fossil-fuels. 

The post-1965-69 increase in o13C (fossi1-fue1-free o13c curve) 

presents an interesting reversal of this trend. Broecker et a1. (1979) 

do not consider the evidence for the biosphere as a major source to be 

irrefutable, and they point to forest regrowth to compensate for any 

recent accelerated deforestation. Could the late part of the curve 

represent a reversal of the biosphere as a net source? Adams et a1. 

(1977) have found recent regrowth in some regions of Brazil to be about 



139 

10% in one cleared area and 20% in another, although Woodwe11 et a1. 

(1978) feel that this regrowth has lower biomass than the primary 

forests. Woodwel1 et al. (1978) have described post-1900 regrowth of 

temperate forests in New England, and Bolin (1977) has noted regrowth 

in Swedish forests and those in the main body of Europe. Delcourt and 

Harris (1980) have reported that the southeastern United States' 

commercial forests currently appear to be a net sink. In fact, the 

research of Armentano and Ralston (1980) indicates temperate zone 

forests may have been a major net sink over the past three decades 

equivalent to 20-60% of the annual fossil-fuel release over that 

period. 

It has been suggested that photosynthesis may be stimulated by 

the increasing PC02' although factors other than CO2 are usually limit

ing to growth. Goudriaan and At jay (1978) suggest, however, that where 

nutrients are not limiting, growth could be stimulated if the CO2 

increase improves the plant's water management capability. A study of 

the seasonal amplitude of the PC02 variation from 1958-1972 (Hall et 

al., 1975) could not detect any changes that would result if the bio

sphere had increased (or decreased). This period, however, corresponds 

to a fairly flat portion of the juniper o13C curve in Figure 21. Other 

sinks (Bohn, 1978) include organic peat soils as currently accumulating 

carbon, and the mineral soils as having great potential for accumulat

ing carbon. Pankrath (1979) has indicated that use of fertilizers may 

increase carbon in agricultural soils, but Bohn (1978) argues that due 

to increased microbial activity the reverse is actually true. Walsh 



140 

et al. (1981) have identified sedimentation of organic detritus from 

marine primary production on the continental shelves to be a major sink 

of about 1.5 x 1015gC yr-l A link of the capacity of this sink to 

anthropogenic nitrogen utilization implies a capacity which has been 

growing with time. 

If this interpretation of biospheric transformation from CO2 

source to sink after about 1960 is correct, then one may ask why the 

actual post-1958 PC02 measurements do not also show a corresponding 

deceleration. A possible explanation would be that ocean uptake has 

varied in such a manner to maintain a smooth PC02 increase, i.e., if 

the biosphere contributed additional CO2 , the ocean took up an extra 

amount and when the biosphere was a sink, the ocean took up fraction-

ally less C92 . This relation of total CO2 release to fraction of 

oceanic uptake could be direct, or it could be coincidental, with the 

real causes of change in oceanic uptake due to temperature effects, 

changes in proportion or distribution of upwelling and downwelling, or 

some other factor(s). One study of various carbon cycle models of the 

ocean (Killough and Emanuel, 1981) indicates that the ocean's capacity 

for CO
2 

uptake may have been sufficient for the biosphere to have been 

a major source from about 1930 to 1960. After about 1960-65, however, 

the tremendous fossil-fuel CO2 production and the limited ocean capac

ity necessitates the biosphere act as a sink. 

There may be other mechanisms, however, that could decelerate 

13 . 
the atmospheric 0 C decrease without affecting PC02 and perhaps even 

without the biosphere acting as a net sink. These processes would 
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require removal of l2C from the atmosphere and replacement with l3C• 

For instance, at constant biomass a change in the proportion of C
4 

to 

C
3 

vegetation would result in release of l3C-enriched CO
2 

to the atmo-

12 sphere and plant uptake of C-enriched CO
2

, Also, lipids and lignins 

tend to be enriched in l2C and have high resistance to decomposition in 

soils relative to other wood components. Any process that would accel-

erate organic soil development or increase the residence time of these 

l2C-enriched compounds in soils, even if the total mass of living and 

dead biosphere remained constant, could also have the effect of enrich-

13 13 ing the atmosphere in C. Thus, a 0 C chronology by itself cannot 

yield a single solution, but may constrain the possible solutions. 

7.3 Reconciliation of the 
Biologists and Geochemists? 

The simple fossil-fuel corrected o13C curve in Figure 21 has a 

shape that might be considered unlikely, but that may settle part of 

the discrepancy between biologists who argue the biosphere is a major 

CO2 source so that the ocean must be a larger sink, and the geochemists 

who argue the oceans can accommodate only the equivalent of the fossil-

fuel CO2 not going into the atmosphere so that the biosphere cannot be 

a (major) source. In certain respects they could both be right. The 

in Figure 21 does show a 013C drop until about 1960 which could corre-

spond to a period of the biosphere as a major net source in accord with 

the biologists. After 1960, however, the trend would be in agreement 

with the geochemists who suggest the biosphere cannot be a major source 

and may even be a net sink. Because much of the data the geochemists 
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use to model the carbon cycle comes from the post-1958 atmospheric CO
2 

curves, a period of no major net biospheric input according to Figure 

21, the model results may be in close touch with the reality of that 

period. Nonetheless, if Figure 21 is correct, there would be addi-

tiona1 net biospheric CO2 input which would have to be accommodated 

somewhere, presumably the ocean, and probably through processes other 

than simple dissolution and mixing. 

Perhaps the real test of this interpretation will come if 

detailed atmospheric PCO and especially 013C measurements are 
2 

continued, and they should reveal the ?iosphere is currently not a net 

CO2 source. The very recent analysis of the seasonal CO2 variations 

by Pearman and Hyson (1981). in fact. has suggested that' since about 

1960 the increasing amplitude of fluctuation may be due to net seasonal 

biospheric growth of 0.5 x 1012 kgC yr-1 in the Northern Hemisphere. 

7.4 Caveat to Interpretations 

Unfortunately, there are additional uncertainties inherent in 

the Stuiver approximation that may cloud any interpretations of such a 

"fossil-fuel" corrected 013C curve. One consideration is that the S 

values of atmospheric 14co2 dilution by fossil-fuel CO2 have been taken 

from Oeschger et a1. (1975), when there is actually a wide range of 

values for the magnitude of this effect from a number of tree-ring 

studies. Keeling (1979, Table 1) has summarized a number of these 

studies and there is a range of dilution to 1950 of -0.4 to -4.0% 14C 

activity (compared to the Oeschger et a1. drop of ~2% by 1950). Damon 

et a1. (1973) examined a large number of tree-ring analyses from 
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different laboratories and found the best fit line had a mean drop of 

about 3.3% from 1850 to 1950. The estimate by Oeschger et ale (1975), 

however, was predicated by the determination that a major portion of 

the post-1900 drop in l4C activity is due to solar modulation effects 

on 14C production rather than fossil-fuel dilution alone. If the very 

recent biospheric input is indeed unchanged as suggested by Hall et a1. 

(1975) and if the whole post-l920 ol3c curve from biospheric input is 

flat as indicated by Stuiver (1978), then it would take a very high 

14C dilution in order to flatten out the juniper ol3c curve in Figure 

21. 

A second problem with the Stuiver approximation is its validity 

as a model of natural isotopic behavior. Keeling (1979, p. 292-293) 

has examined this question with his four-reservoir carbon model and 

concluded that because the Stuiver approximation neglects isotopic 

fractionation during redistribution of industrial CO2 and preserves an 

18%0 o13c difference between atmosphere and fossil-fuel composition, 

there is great potential for error. Specifically, for the 1956-1978 

interval the Stuiver approximation yields changes in atmospheric o13c 

which are 10-30% higher than the result when fractionations during 

transfer are considered. For this reason, Keeling (1979) considers 

this approximation only useful for very coarse estimates. He concedes, 

however, that if the 13C/12Cfractionation factor between atmosphere 

and oceans (a ) is close to unity, then the Stuiver approximation am 

better fits the model results that include fractionation during redis-

tribution. 
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Additional modelling by Keeling et al. (1980) revealed, however, 

that when a = 1 the resulting model 013C drop between 1956 and 1978 
am 

better matched the measured drop of -0.65%D' Furthermore, Keeling et 

a1. (1980) cite evidence that suggests that this air-sea fractionation 

factor may, indeed, be closer to unity than the value of 0.986 that has 

been the commonly accepted value. These latter results seem to bolster 

the case for the Stuiver approximation. Of equal importance, they 

imply that the fossil-fuel corrected ol3C record is a good measure of 

is-otopic changes associated with the biosphere and are not so much 

affected by major changes in fractionation at the air-sea interface. 

Ocean-temperature effects have already been shown to be very minor in 

affecting o13C of the atmosphere (MacIntyre, 1979). 



CHAPTER 8 

T AND R COEFFICIENTS 
AND CLIMATE RECONSTRUCTION 

The results of Chapter 6 suggest a temperature coefficient for 

l3C/12C isotopic fractionation of about -0.2 to _0.3%oOC-l and a pre

cipitation coefficient of about -0.02 to -0.06%. rom-I. This 

temperature coefficient compares favorably with some of the coefficients 

derived from in vivo and particularly from in vitro experiments (Table 

3a,b). Unfortunately, no similar coefficients have been derived from 

precipitation or moisture in laboratory experiments. 

There is, however, some corroboration of both of these coeffi

cients from Freyer (1980) who attempted to correct his mean c13c 

chronology from tree rings with the coefficients of -0.30%ooC-l and 

o -1 -0.01%0 mm • Th h d i d b i 11 1 · l3C ' h ese e er ve y ser a y corre at1ng c W1t 

temperature and with precipitation over the period 1920-1960. The 

remainder of this chapter reports attempts to test the data to verify 

the coefficients and to determine if the c13c of juniper might be used 

in climatic reconstructions (Leavitt and Long, 1981). 

8.1 Serial Correlation 

For each tree, the c13C of all the intervals were correlated 

with the respective climate variables of these intervals. This climate 

function included both the five-year average of mean annual temperature 

and precipitation as well as the five-year mean temperature and 
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precipitation of each month. All ten of the sites were so tested, 

including those four that apparently were not responding to the global 

changes in 013C• An example of some of these correlations is illus

trated in Figure 22 where the 50-year trends of o13C, five-year mean 

annual temperature, and five-year mean December temperature are plotted. 

The correlations are very poor as evidenced by the r2 values, but this 

result is fairly typical of such correlations. Table 22 summarizes some 

typical results for all of the sites and reveals that regardless of what 

climate variable 013C is correlated with, nearly all of the correlation 

coefficients are very low, and the sign and magnitude of the coeffi-

cients show no constancy. 

Several other approaches were taken in order to determine 

consistent coefficients, and the results are shown in Table 23. Tans 

(1978) suggested that correlating first differences may be more valid 

in ascertaining relationships between variables. The first column in 

. 13 13 Table 23 thus represents the correlation of the change 1n 0 C (~o C) 

from one interval to the next with the change in temperature (~T) from 

one interval to the next. 

Column 2 represents correlation of the o13C series, after 

correction for the effects of fossil-fuel burning, with temperature. 

Stuiver (1979) first performed such a correction on a tree-ring o13C 

series (see Sect~ons 2.4 and 7.2) and Farrecr (1979) performed a similar 

removal of fossil-fuel effects in order to determine accurate tempera-

ture coefficients. Using the equation of Stuiver (1978) 

~13C = (18/100) S 



Table 22. Coefficients and r2 values for serial linear 
regression of 0 vs. selected climate parameters 
for each site. 

"RAnnua1 ~nnua1 -Dec 
Site T 

2=.Y!. ....b.!: ..2::x!: 

GLOB Coef. -0.009 0.02 -0.15 
2 

.01 .00 .06 r 

JERO Coef. -0.146 1.32 0.28 
2 .54 .87 .15 r 

ORAC Coef. 0.003 O.ll. -1.01 
2 

.00 .01 .23 r 

PRES Coef. 0.042 -0.01 -0.03 
2 .19 .00 .01 r 

STJO Coef. -0.061 0.23 0.18 
2 .04 .04 .16 r 

SANT Coef. -0.011 0.24 0.18 
2 .02 .09 .21 r 

SEL! Coef. -0.043 -0.00 0.01 
2 

.11 .00 .00 r 

SNOW Coef. -0.018 -0.03 0.21 
2 .02 .00 .37 r 

SPR! Coef. 0.002 1.25 0.35 
2 

.00 .57 .17 r 

WILL Coef. 0.040 0.14 0.08 
2 

.16 .07 .09 r 
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Table 23. Coefficients and r2 values for serial linear regression of 
modified 0 and 5-yr mean Dec, temp. 

/::"0 vs. /::,.TJec 0* vs. -Dec -Dec 
T /::,.0* vs. /::,.T Site 5-yr 5-yr 5-yr 

GLOB CoeL -0.22 -0.21 -0.23 
2 

.09 .11 .10 r 

JERO Coef. -0.13 0.16 -0.13 
2 .09 .07 .09 r 

ORAC Coef. -0.52 -1.11 -0.51 
2 

.23 .21 .24 r 

PRES Coef. 0.01 -0.04 0.01 
2 .01 .01 .00 r 

STJO Coef. 0.22 0.22 0.22 
2 .34 .34 .35 r 

SANT Coef. 0.30 0.01 0.29 
2 

.37 .00 .38 r 

SELl Coef. -0.07 0.00 -0.07 
2 .05 .00 .05 r 

SNOW Coef. 0.23 0.21 0.23 
2 

.45 .53 .45 r 

SPRI Coef. -0.03 0.23 -0.03 
2 

.00 .12 .00 r 

WILL CoeL 0.08 0.12 0.08 
2 

.04 .16 .04 r 

* Fossil-fuel contribution subtracted from 013C curve of each 
site. 
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where the S values were retrieved from the paper by Oeschger et al. 

13 (1975) and extrapolated to 1979 with the help of a ~o C value of 0.7 

at 1970 predicted by Stuiver (1978). The corrections from 1930 through 

1979 are summarized in Table 24. 13 
The tree-ring 0 C record was 

corrected to one free of fossil-fuel effects by adding these correc-

tions, and then correlated with temperature. Column 3 of Table 23 

represents first-difference correlations for this fossil-fuel corrected 

13 o C chronology with temperature. All of these correlations are again 

characterized by low correlation coefficients and variable temperature 

coefficients. It thus appears that the coefficients cannot be verified 

in this manner, and indicates there would be some difficulty in recon

structing climate changes from o13C in old juniper wood using five-year 

intervals. 

8.2 The Intra-annual Signal 

Temperature coefficients were derived by Wilson and Grinsted 

(1977) by dividing large rings of Pinus radiata into several sub

sec~ions and then roughly correlating the measured o13C fluctuations 

with the observed seasonal temperature fluctuation. A similar analysis 

was performed on the 1978 and 1979 growth rings from the Prescott 

section which were relatively wide. These two rings were divided into 

approximately equal parts (Figure 23), three for the 1978 ring and four 

for the 1979 ring, and analyzed both on a whole tissue and cellulose 

basis. The results presented in Figure 24 suggest a repeating pattern 

in which both cellulose and whole tissue are relatively light early in 

the season and become progressively heavier during the growing season. 



Table 24. 0 corrections for fossil-fuel input (60) derived 
from the Stuiver (1978) approximation. Values 
of cumulative l4C dilution (S) were interpolated 
between 1930 and 1970 from values Oeschger et al. 

·(1975) and Stuiver (1978), and extrapolated 
beyond 1970. 

Interval S M 

1930-34 -1.39 -0.25 %0 .• 

1935-39 -1.50 -0.27 

1940-44 -1.67 -0.30 

1945-49 -1.R3 -0.33 

1950-54 -2.06 -0.37 

1955-59 -2.44 -0.44 

1960-64 -2.89 -0.52 

1965-69 -3.44 -0.62 

1970-74 -4.11 -0.74 

1975-79 -4.83 -0.87 
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Figure 23. Division of the 1978 and 1979 rings from the Prescott tree 
for analysis of intra-annual 013C variations. A very 
diffuse (false) 1atewood band appears near the middle of 
the 1979 ring and the actual 1atewood for both rings was 
very thin and represented by the heavy ring boundaries. 
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Figure 24. Intra-annual o13C variation in the 1978 and 1979 growth 
rings from Prescott. Upper curve is for cellulose and 
lower curve is for whole wood. 
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This trend is similar to that found by Wilson and Grinsted (1977), 

13 although the 0 C in the Pinus radiata falls again at the end of the 

growing season. The actual fall in the Pinus radiata seems to be in 

the 1atewood, whereas the 1atewood in this juniper section occupies 

only a very small fraction of the last subdivisions. 

This intra-annual o13C trend is in the direction of the 

seasonal fluctuations in atmospheric o13C in this hemisphere that are 

due to the effects. of summer biospheric growth depleting CO2 but enrich

ing that which is left in 13C. However, using the mixing equations of 

Keeling et a1. (1979) and the seasonal CO2 fluctuations of about 6 ppm 

in Hawaii (Hall et a1., 1975), this would result in an app~oximate 

seasonal o13C fluctuation of only 0.4%0' considerably less than that 

observed in Figure 24'. 

If an April through September growing season is assumed for the 

1979 ring, the average monthly temperature increased from 9.7°C to 

20.4 oC or roughly 10°C. For the cellulose 013C curve this would imply 

a temperature coefficient of about ° -1 0.15%. C . However, the tempera-

ture curve actually increased 

in August and September while 

through July and then decreased a few °c 

13 the 0 C appears to uniformly increase. 

In fact, if the diffuse 1atewood band found within the ring could be 

used as a time marker for the onset of moisture stress in June and 

perhaps early July (Fritts, 1976), then the temperature coefficient 

would be positive up to that band and then somewhat negative or inde-

pendent of temperature in the remainder of the growing season. 

Rainfall was irregular with 27 mm in May and 57 mm in August, but with 
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13 mm or less in the other months of the growing season, so that there 

was no clear correlation of these trends with precipitation. 

A similar experiment was performed under somewhat more 

"controlled" conditions in the 1981 growing season for a juniper tree 

(Juniperus monosperma) growing on the grounds of The University of 

Arizona. This tree and the vegetation around it received soak-type 

irrigation approximately two to three times each month during the grow

ing season (C. Raetzman, personal communication, 1981) so that in this 

experiment the moisture factor could be considered no~limiting. Leaves 

were sampled monthly from May to October, and the leaves were marked so 

that the portions sampled represented only that which grew in between 

sampling days. During the last leaf collection of 4 October 1981, 

cores were also taken from the tree so that the trend in the 1981 tree 

ring could be compared to that of the leaves. Furthermore, this exper

iment was considered relevant to the question of the difference between 

the leaf and wood cellulose of about 2%. found in the other junipers of 

this study (Section 5.1.3). 

The leaf sampling schedule and lengths of leaf recovered are 

reported in Table 25. Sampling was confined to a single branch, and 

enough different leaflets were sampled each period that the act of 

cutting probably did not greatly influence the mean growth measured 

over the next period. The actual onset of growth was not recorded, so 

that the first leaf collection of 6 May could represent more than a 

month's growth. Generally, growth is relatively high through July but 

then falls markedly afterward. There is actually a bias introduced 



156 

Table 25. Results of leaf sampling of the juniper tree on the campus 
of the University of Arizona. Only the leaf portion which 
grew in between sampling days was harvested, and only the 
leaves actually harvested were included in the mean and no. 
of cases. 

Sampling 
Date mean length std. dev. n of cases 

6MaySl 5.14 rom 1.S4 rom 2S 

7JunSl 5.62 2.24 34 

9JulSl 6.09 3.11 43 

6AugSl 5.0S 2.03 37 

7SepSl 2.06 1.11 43 

40ctSl 2.S6 1.16 35 
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into the mean growth recorded on 7 September and 4 October which yields 

a mean larger than the true mean. It was noticed on 7 September that 

about 10-20% of the leaves marked on 6 August did not grow at all, but 

the mean represents only those samples that were harvested for analysis. 

This bias is more acute for the 4 October collection because a number 

of leaves about equal to that of those harvested showed no or extremely 

small growth. In both of these last collections, it was evident that 

those leaves which were positioned for the highest amount of sunlight" 

showed the greatest growth. 

The 1981 growth ring from one of the cores was divided into six 

approximately equal parts. The leaf and wood samples were analyzed as 

whole tissue and as cellulose, and the results are plotted in Figure 

25a and 25b. Because there is no age associated with any portions of 

the core (other than the outside growth at the time of coring) there is 

some difficulty in directly comparing the wood and leaf o13C trends. 

Therefore, the results from the core were plotted as equal widths on 

the x-axis which assumes uniform growth, and the leaves were plotted on 

the x-axis with widths proportional to the relative growth over the 

interval. 

The trends in Figure 25a and b for wood and leaves are quite 

similar. There is a decrease in 013C at the beginning of the season 

and an increase at the end. For the leaves, the transition between 

these modes occurs in June and July. A study by Lowden and Dyck (1974) 

with grass and leaves showed downward trend, but only in a few cases 

was there a rise at the end. The last collection of 4 October did not 
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mark the true end of the growing season, because later checks revealed 

small but measurable growth of some of the more exposed leaves through 

November. It is thus possible that at least for the leaves, the final 

o13c composition could be similar to that at the beginning. 

The trends are opposite in direction to what would be expected 

13 for the seasonal atmospheric 0 C trend and larger in magnitude. The 

mean monthly temperatures for April through September are 22.8, 24.4, 

30.4, 30.3, 31.5 and 28.8oC, respectively, and if ~he o13C of leaf 

cellulose is regressed against these values, the result is 

o13C = -0.27T - 18.11 (r2 = 0.86). If moisture is indeed held essen-

tially constant, this temperature coefficient may be considered more 

reliable than that calculated for the Prescott ring. Further, it tends 

to confirm the temperature coefficients from Section 6.2.2. 

Among the other features of these curves, the whole tissue 

analysis is lighter than the cellulose by about 1.5 to 2%. for the wood 

and 0.5%0 for the leaves. For the wood, this is very similar to the 

results described in Section 5.2.2, and a consequence of different o13C 

compositions of the various components of whole tissue. Furthermore, 

assuming the wood and leaf curves are approximately synchronous, the 

leaves were lighter than the wood by about 2-2.5%0 in the case of whole 

tissue and 3-4%0 in the cellulose. This latter difference in leaf and 

wood cellulose is even greater than the average difference reported 

for all juniper sampling sites of about 2%0 (Table 14). 

It seems unlikely that the leaf-wood cellulose difference is a 

consequence of the carbon incorporated into the cellulose being fixed 
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at a different time than the carbon used in the leaves. The spring 

growth actually initiates in the leaves and in the early stages con

sumes stored sugars, yet there is a great difference in the o13C of the 

wood and leaf cellulose. Diffusion might not be expected to cause this 

fractionation, especially for such heavy molecules as glucose. Further-

more, for sugars produced. in the leaves such diffusive process would 

tend to give lighter ol3C values farther from the leaves. Alternate 

hypotheses for the difference are that there is a selectivity in sugar 

molecules that go to respiration and/or a selectivity in glucose mole-

cules assembled into cellulose. 

These intra-annual o13c results from both the tree from 

Prescott and that from The University of Arizona suggest there may be a 

o13C signature which is repeated from year to year. If this is the 

13 case, then 0 C measurements may be useful as a supplemental tool in 

dendrochronology. It would necessarily be limited to rings large 

enough to be divided into sufficient portions to detect the signature, 

but it appears that using whole wood might yield satisfactory results 

and save preparation time. The results from the 1979 Prescott ring 

indicate it may additionally be useful in determining a false ring from 

two real separate rings. Also, for complacent and/or tropical wood it 

may allow dating in spite of the lack of sensitivity needed in standard 

dendrochronological methods. It is not clear why the signatures from 

the two junipers were so drastically different, hut their difference 

suggests a complex interaction of temperature and moisture effects. 
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Many rings and species from different climate regimes must be studied 

in order to determine relative effects of climatic factors and heredity 

on the intra-annual o13C variation. 



CHAPTER 9 

CONCLUSIONS 

Almost every new tree-ring o13C study adds a large body of 

information to a class of resea~ch that is still in its infancy. 

Therefore, the conclusions presented in this chapter cover the broad 

spectrum of results, from the specific experimental,to the broader 

implications to the global carbon cycle. 

9.1 13 Juniper Tree Rings and 0 C 

The species of genus Juniperus are widespread so that they may 

be examined in a variety of climatic regimes. The problems in cross-

dating juniper dendrochrono10gically were borne out. by only one of ten 

of the trees being datable absolutely. A rough measure of the accuracy 

of "ring counting" as a substitute for crossdating may be made by 

comparing characteristics of the o13C curves from the ring-counted 

trees with the results from one that has been crossdated. Such a 

comparison of 013C results of the ring-counted juniper sections with 

those from the crossdated Prescott section suggest the dating errors 

are probably minor. 

The measurement of 013C in juniper tree rings is variable on 

several levels. Examination of a single growth ring (1979) from Pres-

cott revealed a greater variability circumferentially ( 0.8-0.9%0) than 

longitudinally ( 0.2-0.3%.), and supports the value of sampling the 
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whole ring about its circumference or taking a large number of radial 

core samples and combining material. lntrasite variation of up to 

about 1%0 for some five-year intervals was suggested when o13C of 

single cores from other trees was compared to o13C of the sections, 

although at least a portion of this difference may be attributable to 

radial variation effects. 

13 Toluene-extracted whole wood appears to carry the same 0 C 

signal as the ho1oce11u1ose, but the ho1oce11u1ose is isotopically 

about 1.5%0 heavier. The o13C of whole wood, however, seems to 

deviate the most from the ho1oce11u1ose trend in those rings within the 

heartwood. The o13C of leaf cellulose was lighter than the wood cellu

lose by an average of about 2%0, and single-season trends of o13C in 

leaf samples and the related growth ring suggest some isotopic se1ec-

tivity or fractionation between leaf and wood. 

9.2 
Record from Tree Rings 

The standard method of developing a 013C chronology is to 

average the 013C from a number of trees if available. The individual 

13 o C curves were not smooth and actually showed a variety of general 

trends. Six sites showed a decreasing 013C trend as might be expected 

from globally increasing fossil-fuel production, whereas the other four 

curves were flat to increasing. Three of these latter curves are in 

the vicinity of mining operations, including smelting and concentrating 

activities, and are interpreted as being biased by the effects of the 

local pollutant sources (C02 and/or S02)' The fourth anomalous site is 
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in what should be clean air, but is the youngest of the trees and may 

be showing some of the "juvenile" effects considered in Sections 2.4 

and 3.1.3. 

If all ten stations are included in a mean 013C chronology, 

there is approximately a 0.5-0.6%0 drop from 1930-34 to 1975-79 that 

appears to have an exponential shape, although the ±l std. dev. error 

bars are quite large (typically 0.7-0.8%0). For six stations, the 50-

13 year mean 0 C drop is approximately -1.0%0 with better precision on 

each interval, but with a trend that appears exponentially decreasing 

13 to about 1960-65, but which then flattens out. The 0 C drop between 

1955-59 and 1975-79 for the six-site mean, however, seems to better fit 

the atmospheric o13C drop between 1956 and 1978 of -0.65 ± 0.13%0 

(Keeling et al., 1980). 

9.3 The o13C Record Corrected 
for Climate Effects 

Complex polynomial equations that relate the measured 013C of 

the tree rings with some function of their respective climate for each 

interval may be derived with highly significant correlations. However, 

the coefficients on the climate variables from interval to interval are 

not consistent in sign or magnitude, and hence are not useful in 

attempting to factor out climate effects. Simple relationships of o13C 

with temperature or precipitation for each interval using six sites 

were found to be fairly consistent with relatively high correlation 
2 . 

coefficients. The best correlations (r typically 0.50-0.90) appeared 

13 to be for 0 C with the December (and winter) temperature and 
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precipitation, and suggests that preconditioning before the growing 

season must be an important contributor to the carbon isotopic composi

tion of juniper. Much of the scatter in the fit of the derived o13C 

vs. climate relationships probably relates to intrasite variability, 

the possibility of errors in ring counting, and some of the missing 

data in the five-year climate averages. 

Nevertheless, the 0 vs. T curves were used to reconstruct the 

o13C trend since 1930, and after smoothing, the curves approximately 

matched the 1956 to 1978 measured atmospheric drop of 0.65%0' The 

nature of the curve was not exponentially decreasing, but shows an 

exponential-type drop to 1960 and then a slope that flattens out after-

ward. It appears that in this study the climate corrections resulted 

in a o13C trend (Figure 21) only subtly different from a simple aver

aged o13C record (Figure 14). Differences include the magnitude of 

decrease and slope of the curve after 1965. Assuming no fractionation 

when fossil-fuel CO2 is redistributed (Stuiver approximation), the 

fossil-fuel portion of the averaged o13C curve may be removed. The 

resulting fossil-fuel free o13c record indicates that the biosphere has 

been a net source of CO2 after 1930, contrary to the results of Stuiver 

(1978), but suggests that within the last 15 years the biosphere may 

have changed from a net source to a net sink. If real, this change 

wou1~ presumably be the result of regrowth in temperate and tropical 

forests, and perhaps carbon accumulation in soils. It is important to 

note, however, that the error bars on these 013C curves derived from 

factoring out climate effects are large enough to accommodate a 

straight-line o13c decrease and perhaps even an exponential decrease 

over all of the last 50 years. 
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9.4 Temperature and Precipitation Coefficients 

Attempts at serial correlation of 013C with climate variables 

for each station do not confirm the average coefficients of about 

o -1 -1 -0.27%0 C and -0.035%0 mm found within each interval. In fact, the 

results are very discouraging for any attempts to reconstruct climate 

13 from 0 C measurements on five-year juniper tree-ring segments. The 

o -1 -0.27%0 C coefficient, however, does match well some of the coeffi-

cients derived from in vivo and in vitro studies. 

Correlating the variation of 013C within a single ring to the 

seasonal changes in temperature gave conflicting.results. The 1979 

ring from the Prescott tree seemed to show a positive temperature 

coefficient, but the 1981 ring from a Tucson juniper showed a negative 

correlation with temperature. This latter negative coefficient may be 

more representative because the tree was watered two to three times per 

month during the growing season so moisture was presumably constant and 

nonlimiting. 

The intra-annual o13C trend in the 1979 Prescott ring was very 

distinct and was repeated in the 1978 ring. If such a o13C signature 

13 
is typical of all growth rings, then 0 C may be used as an aid in 

dating wood materials. Its usefulness would probably be greatest in 

detecting false rings, but its utility could additionally extend to 

dating some wood materials, such as complacent wood, where missing 

rings are not a problem. 
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9,5 future Work 

In order to verify these results and expand this technique to a 

chronology dating from preindustrial times, it will be necessary to use 

a widespread species that can be reliably crossdated. A likely candi

date for this purpose in the southwestern United States would be pinyon 

pine. Unfortunately, weather records for most observing stations only 

go back 50-60 years, and exceptionally to 100 years. However dendro-

climatological techniques may be used to reconstruct climate over the 

period of interest. Such a climate-free ol3C record is important to 

accurately interpreting changes in the global carbon cycle in the 

recent past, particularly the role of biospheric activity. Continued 

monitoring of PC02 and ol3c will provide important independent data 

with which to compare future tree-ring results. 



APPENDIX A 

MONTHLY 5-YEAR MEAN PRECIPITATION (INCHES) 
AND TEMPERATURE (OF) FOR ALL STATIONS 

If the number "9" appears in the hundreds place in the precipi-

tation or temperature value, there is missing data which may constitute 

a few days missing from that month in one or more of the years and/or 

sufficient mis'sing data from that month in one or more of the years so 

that they are considered completely missing. The number beneath the 

mean indicates the number of years included in the 5-year mean, i.e., 

the number of non-missing cases. 

Site abbreviations are defined as follows: 

GLOB Globe 

JERO = Jerome 

ORAC Oracle 

PRES = Prescott 

STJO = St. Johns 

SANT Santa Rita 

SELl Se.ligman 

SNOW = Snowflake 

SPRI = Springerville 

WILL = Williams 
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FIVE-YR MONTHLY MEANS AND NUMBER OF YEARS IN UEAN, 1930-34 

511_ IHtE~VAL tYPE JAN FE8 "AI APR "AY JUN JUL lUG SE. OCT HOV DEC 
•••• •••••••• •••• ft. ft' ft. ft. ft' ft, ft' ft' f" ft' ft. .t. 
GLOB 19)U-'~ fREe 1.77 1.H2 .11 .7~ .3~ .~5 1.86 2.3' 1.29 .11 1.7' 1.18 

5 5 5 5 5 5 5 5 5 5 5 

GL08 1~)0-3~ TEftf ~O.' 9~7.2 52.9 59.9 66.6 16.8 82.1 19.5 13.6 61., '9.t '1.6 
5 555 555 5 5 5 5 5 

JtRO 1~30-3~ fREe 1.'7 2.1' .58 .99 .80 .35 2.50 2.t9 1.03 .73 1.25 1.~2 
555 5 5 5 5 5 5 555 

JERO 19)0-3~ TE"f 9~1., 9~5.0 953.2 959.3 965.2 915.5 980.2 11.6 913.9 6'.5 952.t "., 
5 5 , 5 5 5 5 5 5 5 5 5 

ORAe 1930-)' fREe 2.83 2.28 1.'3 1.00 .53 .'8 2.93 3.58 1.61 .10 2.11 1"1 
55555555'55' 

ORAe 1930-3' TEftf 9~5.1 950.' 955.8 961.8 968.5 911.6 981.2 919.3 915.5 966.9 955.1 9'1.6 
55555551555 

fRES 1930-3' PREe 2.21 2.12 .19 1.08 .88 .'9 3.'5 '.30 1.'1 .11 1.10 1.19 
5 5 5 5 5 5 5 5 5 5 5 5 

.RES 1930-~~ TEftf 931.8 938.1 9'5.2 951.8 957.6 966.8 91'.1 911.6 65., 95~.2 9'Z.t 33.9 
55' 5 55' 5 , 5 , 5 

STJIl 1910-H .REe .65 .bl ." .n '.15 .11 z.n i.n 1.06 .16 1.03 .10 
5 5 5 5 555 5 , 5 5 , 

stJO 1930-3~ TEftP 28.0 31.3 '3.3 9'9.9 951.0 66.8 12~5 10.9 63.8 '3.2 939., 28.8 
555' 5555'5' 5 

SANT 1930-3' .REe 1.91 2.35 .99 .'6 .~3 1.58 '.06 '.t, 1.9' .6' 2.31 1.'1 
5 5 5 5 5 , 5 , 5 5 5 5 

SANT 1~)0-3~ TEft' 9'6.1 51.0 956.9 63.1 969.0 911.' 19.' 16.9 15., 961.3 956.1 9'8.9 
5 555 5 5 555 5 , 5 

SELl 1930-3~ PREe .1' 1.2' .Zt .59 .91 .18 2." 90Z.19 900.65 900.11 .59 .58 
, , , 5 555' , , , 5 

SELl 1930-3' lEft' 32.3 31.6 9,'.6 951.3 956.6 96'.' 912.1 969.3 963.1 95,.1 9'1.9 33.1 
5' , 5 5 5 5 , , , , 

SHOW 1~)0-3~ PREe .'1 .60 .58 1.0) .83 900.51 902.51 3.12 1.33 .92 1.0' .'3 
555 5 5 5 5 , 5 5 , , 

SNOW 1930-3~ lEft' 28.5 31.9 9'3.0 50.5 955.1 966.8 912.6 10.8 96Z.2 953.6 '0.' 30., 
5 5 5 5 5 , , , , 55' 

SPRI 1930-3' 'REe .t6 .50 .32 .56 .'9 .61 3.72 3.20 1.11 .90 .90 .51 
555 5 5 5 5 5' 5 5 5 5 

S'RJ 1930-3~ lEft' 930.6 935.' 9~0.' 9'8.0 952., 96Z.. 96t.8 9t5.1 959.6 951.4 9.0.8 932.8 
~ 5 , 3 , 5 5 5 5 5 , 3 

WILL 1930-3~ 'REe 2.18 2.9Z .13 1.~1 1.3) .'1 3.ZZ 3.8' 1.60 .85 1.13 1.10 

WILL 1930-3~ lEft' 

5 5 5 , 5 , 5 , 5 5 5 5 
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FIVE-YR HONTHLY HEMIS AND NUMBER OF YEARS IN l1EAN, 1945-49 

SHE lIHEKVAL lYPE JAN FEB KAR APa KAY JUI< JUL AUG SEP Del NDV DEe 
•••• •••••••• •••• ff. ft. ff' ff' ff' ff. ft' ff, 'f' ff' ff' f" 

GLDB 19~5-\V p~te 1.11 .~~ .1l .ll .15 .0\ 1.76 2.15 1.53 .99 .61 1.69 
5 5 ~ 555 5 5 5 5 , 5 

GLOB IV\5-~9 IEKP 9~1.8 \7.1 951.5 61.8 69.3 71.1 82.9 81.2 911.1 96~.1 951.6 ~ •• 7 
5 5 5 ~ 5 5 5 5 ~ 5 ~ 5 

JtRD 19\~-\9 'Rte 2.00 .67 1.2~ .11 .26 .30 2.22 3.4' .98 l.l3 .98 l.11 
5 5 5 5 5 5 5 5 - 5 555 

JEKD 194;-~9 lEft' 939.2 9~3.9 46.1 58.3 965.1 73.5 978.6 75.4 973.7 60.7 9~9.1 ~1.9 
5 ~ 5 5 5 5 555 5 5 5 

DRAe 1945-49 'REe 901.32 901.08 900.99 900.31 900.06 900.01 ~02.'4 903.03 901.91 901.15 900.98 901.08 
~ • 4 4 • ~ 4 ~ ~ 4 3 3 

DKAC 1945-49 IEIIP 946.2 95~.1 9~0.2 960.2 969.7 916.6 981.3 917.9 976.1 963.5 9~9.2 947.9 
3 333 • 3 4 3 3 l 2 1 

paES 19~5-\9 'REC 901.94 .81 1.18 .64 900.21 900.26 902.92 903.C3 .16 1.11 .15 2.56 
• 5 5 5 ~ ~ 4 ~ 5 555 

PRES 19~5-'V IE"P 932.3 938.6 942.0 951.7 958.9 966.5 912.1 969.9 9t6.0 52.9 9~1.1 36.0 
4 4 5 5 4 ~ 4 4 4 555 

SIJO 194'-49 PREe .66 .15 .41 .22 .,~ .19 2.19 2.55 1.31 .11 .22 .10 
5 5 5 5 5 5 5 5 5 5 5· 5 

SIJD 19~~-49 IE"' 921.1 936.1 941.3 51.1 959.1 961.2 973.1 972.1 66.6 953.~ 939.5 931.1 
.55555535555 

SANI 1945-49 PREe 2.01 .~7 .7' .40 .03 .04 4.26 •• 16 1.12 1.00 .t9 1.57 
555555555555 

SA"I 1945-49 IE"' 44.1 49.9 53.0 63.1 70.2 78.. 79.9 77.0 76.. 65.1 ".1 '9.3 
5555555' 5 5 5 5 

SELl 1945-'9 'REe .79 -.2' 900.22 ~16 .25 900.34 900.96 1.77 .59 900.49 .3' .57 
554 5 5 4 4 5 5 4 5 , 

SELl 1945-49 IE"P 34.2 31.5 944.5 52.4 960.1 969.4 975.1 913.4 t9.4 56.0 43.9 36.4 
5 5 4 5 5 4 4 5 5 5 , 5 

SNOW 194~-~9 PREe .12 •• 0 .36 .11 900.19 .38 2.25 2.51 1.53 1.1' .51 .53 
5 5 5 5 4 5 , , 5 5 5 , 

SH~W 1945-'9 IEK' 929.~ 937.1 941.4 950.7 957.0 965.1 971.1 910.1 65.' 952.1 39.3 932.9 
5 5 5 5 4 5 5 5 , , , 5 

SPRI 1~~5-~9 PREe 900.66 .53 .55 .05 .21 .21 2.29 3.'6 1.92 .9~ .31 .'8 
5 , 5 , 5 5 5 5 5 5 5 5 

SPRI 19~~-'9 IE"P 27.1 33.6 931.9 '8.2 55.~ 962.Q 967.. 65.6 61.8 ~9.9 37.9 32.5 
5 5 5 5 5 5 5 '55 5 5 

WILL 19"-~9 PREe 1.93 1.1' 1.94 .91 .65 .48 2.44 4.21 901.38 902.22 900.'~ 2.93 

WILL 19"-~9 IEII' 

5 5 5 5 5 5 5 5 ~ ~ 4 5 

30.3 , H.2 
5 

37.9 
5 

U.9 
5 

956.6 
5 

64.4 , nC.5 
5 

67.5 9t2.9 950.1 
'44 

9U.I 
4 

33.~ 
5 
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SITE 
•••• 
GLOI 

GLOB 

JUO 

JERO 

ORAe 

ORAe 

PUS 

PRES 

STJO 

srJO 

SANT 

SANT 

SELl 

SEll 

SNOW 

SNOW 

SPRl 

SPRI 

WILL 

Will 

FIVE-YR MONTHLY t1EANS AND NUMBER OF YEARS IN t1EAN, 1975-79 

INrERVAl 
• ••••••• 

1915-79 

1975-79 

1975-79 

lH5-79 

1975-79 

1975-7~ 

1975-79 

1975-79 

1975-79 

1975-79 

1975-H 

1975-79 

1915-19 

1975-79 

1975-79 

1975-79 

1915-79 

H75-79 

1975-79 

ln5-7q 

I'PE JAN FEB ftAR APR ftA, JUN JUL AUG SE' OCT NOV DEC 
•••• ••• ••• ••• ••• ••• ••• ••• ••• ••• ••• ••• • •• 
PREC Z.Z7 901.33 l.ez .66 1.07 .13 90Z.25 2.36 1.61 1.16 1." 901.37 

5 ~ 5 5 5 5 ~ 55' , 5 

TEftP 9~Z.7 9~7.~ 950.7 957.a 965.' 976.9 9ao.9 979.Z 97~.2 965.0 51.8 ~'.2 
5 5 555 5 , 5 , 55' 

'REC 90Z.Z6 90Z.32 90Z.67 901.~7 .'1 900.11 3.61 Z.'O 1.1' 1.06 1.03 9CI.33 
555 5 , , 555 5 5 , 

TEftP 9]9.7 9'2.5 '7.2 '3.a 61.9 973.7 977.5 75.6 971.3 962.0 9'9.' 9~2.1 
3 ~ 5 5 5 , 5 , , , , ~ 

PREC 2.95 l.a2 2.'2 1.52 .90 .'3 3.31 2.'9 1.73 l.al 1.6a 2.aa 
5 555 5 , 5 , 5 , , , 

TE"P '5.5 ,8.6 950.9 57.6 965.2 977.2 977.a 17.~ 73.3 6'.a 53.t '7.6 
5 5 , 5 , , , 5 , , 5 , 

PREe l.a, 1.76 2.03 1.0' .73 .1' 2.~3 1." 1.60 .96 1.73 1.37 
, 5 , '55 , 5 , , , , 

TEftP 3'.a 39.1 '1.9 ~7.1 "., 66.6 72.6 69.1 6'.Z '6.2 ~,., 3a.3 
, , , , , , 5 , 5 , 5 5 

PREe .7' .eo 1.2' .'0 .67 .,~ 1.10 1.87 1.~0 .,a 9co.9a .fl 
5 , , , 5 , , , , , , , 

TEN' 33.2 39.' ,3.1 ~l.' 9'1.1 61., 73.8 911.0 t6.0 '6.1 4Z.5 34.Z 
, 5 , , , , , , , , , , 

PREe 90Z.2a 1.21 1.99 .71 .22 ." '.01 3.15 2." 2.11 1.59 1.63 
~ '5' , 5 , 5 5 5 , , 

TEn, 9,a.3 51.0 53.7 959.1 967.2 971.7 979.~ 977.1 91].0 967.1 9".a 9'9.] 
, , , , , , 5 , , 5 , , 

'REe 901." 1.]0 1.~, .'1 .92 .1~ 2.'3 1.~0 .a~ .'9 .92 1.0' 
, 5 5 555 5 , 5 5 5 5 

'Eft' 9]5.7 ]9.1 9'2.2 9'7.9 955.9 965.7 971.7 969.1 965.7 9'6.1 944.f 93a.4 
~ ~ , , , , , 5 5 5 , 5 

PREC 900.a2 .75 1.]1 .48 1.12 .30 1.1] 1.84 2.03 .93 1.13 .76 
5 5 , , 5 , , 5 5 , 5 5 

IEftP ]2.7 ]1.1 9'2.2 49.4 56.7 66.4 13.1 70.2 (4.f ,4.3 '1.1 93].9 
5 5 5 5 5 5 555 , , 5 

PREe .60 900.,a .69 .11 .6' .21 ].27 3.31 1.6] .55 900.71 .]9 
, 4 5 '55 , 5 5 , , , 

TEn, 930.] 93~.0 938., 945.2 9'1.5 960.6 6~.1 9t4.1 959.3 ,9., 9]a.l 932.9 
5 , 5 5 5 5 5 5 5 5 5 , 

PREe 1.73 2.13 902.01 .a3 1.05 .51 2.58 1.'7 1.39 1.00 J.~9 .98 

lEft, 

, , , 5 5 5 , 5 , 5 5 , 

33.5 
5 

35.5 
~ 

38.2 
5 

H.9 
5 

951.0 
5 

63.2 
5 

68.3 
5 

H.' , 9tJ.t , 53.1 , 41.1 . 36., . ...... ..... 
\0 



APPENDIX B 

LOCATIONS OF THE WEATHER STATIONS NEAREST 
THE SAMPLING SITES OVER THE PERIOD 1930-1979 

Source is from Sellers and Hill (1974) and the Climatological 

Data-Arizona monthly summaries of the National Oceanic and Atmospheric 

Administration. Distance and direction is relative to the local post 

office (P.O.), unless stated otherwise. 

Distance & 
Index No. Elev. (ft) Di-rection Dates 

GLOB 3498 3440 1.0 mi NNW Jan1930 thru Jan1937 
3510 0.2 mi SW Feb37 thru Apr49 
3475 0.5 mi NW May49 thru Jun50 
3510 0.1 mi W Ju150 thru Apr53 
3540 0.4 mi SE May53 thru Sep7l 
3550 Unknown Oct7l thru May75 

3500 3710 Unknown Jun75 thru Dec79 

JERO 4453 5250 3/8 mi NW Jan1930 thru Jul1953 
5245 500 ft S Aug53 thru Dec79 

ORAC 6116 4520 175 ft S Jan1930 thru Oct1936 
4565 0.7 mi SSE Nov36 thru Dec42 
4600 0.6 mi SW Jan43 thru Oct48 

Mar49 
6119 4370 4.8 mi SE MarSO thru Dec57 

4450 4.4 mi SE Jan58 thru Dec64 
4540 2.3 mi SE Jan65 thru Feb78 
4510 Unknown Mar78 thru Dec79 

PRES 6796 5500 0.5 mi WSW Jan1930 thru Dec1937 
5372 0.5 mi ENE Jan38 thru May40 
5354 0.6 mi NE Jun40 thru Ju142 
5405 1.0 mi ENE Ju144 thru Apr45 
5354 opposite P.O. Sep45 thru Feb56 
5410 1.0 mi NE Mar56 thru Dec69 
5510 2.0 mi N Jan70 thru Dec79 

180 
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Distance & 
Index No. E1ev. (ft) Direction Dates 

STJO 7435 5730 2 hI N Jan1930 thru May1946 
5730 3 hI SW Jun46 thru Dec79 

SANT 3981/ 4300 13.0 mi ENE Jan1930 thru Dec1979 
7593 Amado P.O. 

SELl 7716 5219 2 hI S Jan1930 thru Aug1967 
5235 ~ mi SE Sep67 thru Dec68 
5250 0.2 mi NE Jan69 thru Dec79 

SNOW 8012 5640 1.5 mi S Jan1930 thru Jul1939 
5644 0.2 mi S Nov39 thru Apr43 
5644 0.1 mi NW Aug43 thru Apr44 
5634 0.2 mi W Sep44 thru Sep47 
5642 0.2 mi NW Oct47 thru May64 
5642 0.5 mi WNW Jun65 thru Dec79 

SPRI 8162 6956 150 ft NE Jan1930 thru Jan1938 
6964 at P.O. Feb38 thru Apr64 
6960 ~ mi NE May64 thru Jan67 
7060 0.4 mi S Feb67 thru Dec79 

WILL 9359 6750 500 ft SW Jan1930 thru Feb1946 
6750 0.3 mi SSW Mar56 thru Oct51 
6750 ~ mi S Nov51 thru Jun 65 
6750 0.4 mi S Ju165 thru Dec79 



APPENDlX C 

DERIVATION OF CORRECTION FACTORS FOR C02 
MASS SPECTROMETRIC ANALYSIS (AFTER CRAIG (1957» 

Subscript notation: x=unknown, r=reference, m=measured, c=ca1cu1ated 

Let 

and 

For CO2 , 

R 13-x 
R 13-r 

1 + 045 = (mass-45/mass-44)x = 
m (mass-45/mass-44)r 

For the unknown, from 3b 

R45_x = R13- x + R17- x • 

R 45-x 
R 45-r 

The ultimate objective from this point is to get 013C in 

equation (1) as a function of known or measurable parameters. 

Substituting ~3-x from (3c) into (1), 

R - R 
1 + 013 = 45-x 17-x 

c R13- r 

182 

(1) 

(2) 

(3a) 

(3b) 

(3c) 

(4) 
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From (2), R - R + R 045 
45-x - 45-r 45-r m • (5) 

Substituting (5) into (4), 

R + R 0
45 

R 45-r 45-r m - l7-x 
R13- r 

or 
R + R 0

45 R R 45-r 45-r m - l7-x - l3-r 
R13- r 

(6) 

Substituting R45 for the reference from (3b) into (6), 

R + R + R 0
45 R R l3-r l7-r 45-r m - l7-x - l3-r 

R13- r 

Cancelling terms, 
R 0

45 
R R 45-r m - l7-r - 17-x 

R13- r 
(7) 

In order to eliminate the unknown term R17- x ' the following 

relationship is employed: 

R (R)~ l7-x = l8-x 
R R • 
l7-r l8-r 

R 
By definition, 1 + 018 = l8-x, so (8a) becomes 

c R18- r 

The values of 0
18 

are close to one so that (8b) may be 
c 

simplified to 
R17- x 
--::: 

R17- r 

0
18 

1 + _c_ 
2 

(8a) 

(8b) 

(9) 
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Equation (9) may be substituted into (7) for R17- x to yield 

R 0
45 + R - R - R 0

18
/2 13 45-r m 17-r 17-r 17-r c o =-..:..~~::..----=:.--=---=..:.......;~-::..:...-=--=--

C R13- r 

R 045 - R 0
18

/2 45-r m 17-r c 

Equation (10) now expresses 013 in terms of constants and 
c 

(10) 

values measurable on the mass spectrometer with the exception of 0
18

. c 

For the PDB reference standard, 

so 

R45 0.0119971 

R13 0.0112372 

R17 = 759.9 x 10-
6

, 

0
13 = 1.06760

45 
- 0.03380

18 
. c m c 

(lOa) 

18 
In order to completely evaluate (10), the term 0 must also c 

be expressed in terms of known quantities. 

Let 

and 

R 46-x =---
R 46-r 

R 
18-x 

R ' , 18-r 

(11) 

, (12) 



where mass-46 
R46 ~ mass-44 + mass-4S 

(the l2C170170 contribution is minor and may be neglected) 

and 

Substituting (13) into (11) for both the r and x R46 ' 

1 + 0
46 = 
m 

185 

(14) 

(lSa) 

Dividing the numerator and denominator of the x term in (lSa) 

by 

and the r term in the numerator and denominator by 

yields 

1 + 046 
= 

m 

{(12C160180 + 13C160170) /12C160160 ) 

\(12C160160 + 13C160160 + 12C160170) /12C160160 x 

(

12C160180 + 13C160170) / 12C160160 ) 

(12c160160 + 13C160160 + 12C160170) / 12C160160 r 

(lSb) 
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Using equations (1), (3a), (3b) and (14), equation (lSb) is 

simplified to 

1 + R13- x + R17- x x 
1 + 0

46 = --------------
m 

1 + R13- r + R17- r r 

(1Se) 

Substituting for R13-
x 

and R17- x in (lSe) from (1) and (8), 

1 + 0
46 = 
m 

The identity 

may be substituted into (lSd) with the result 

(15d) 

(1Se) 
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Dividing the numerators of the upper and lower terms in (15e) 

by R18- r ' 

( 

R /R + R R /R ) 18-x 18-r 13-x 17-x 18-r 

(

R /R + R R /R ) 18-r 18-r 13-r 17-r 18-r 
1 + R13- r + R17- r 

(l5f) 

Substituting 1 + 0~8 for R18-x/R18-r and R17- x from (9) into 

(15f) and rearranging, 

1 + 0
46 = 
m 

+ (1 + 0~3)~3_r(i + 0!8/2)R17_r/R18_r\ 

1 + R13-rR17-r/~8-r ~) 

(

1 + (1 + 0!3)R
13

_r + (1 + 0!8/ 2)R17_r\ 

1 + R13- r + R17- r -) 

. (16) 

Equation (16) may be solved for 018 in terms of 046 and 0
13 

c m c 

when the ratio values of the reference are plugged into (16). For 

-5 PDB, where R18- r = 415.8 x 10 and R13- r and R17- r have been stated 

above, 

0
18 = 1.00140

46 + 0.0090
13 

c m c 
(16a) 

Equations (10) and (16) may be combined to solve for either 

013 or 018 when 045 and 0
46 

have been measured. 
c c .m m 



APPENDIX D 

INDIVIDUAL RESULTS OF ALL 
TREE-RING AND LEAF o13C ANALYSES 

Included is the sample description, dates combusted and 

·13 analyzed, 0 mass-45, 0 mass-46, and 0 C with respect to the PDB 

standard. 

The sample description is coded as follows: 

xxxx*AAAA-AA*ZZZ*P-Q_R 
LV-D 

XXXX is the 4-letter abbreviation of·the site 

GLOB=Globe, JERO=Jerome, ORAC=Oracle, 
PRES=Prescott, STJO=St. Johns, 
SANT=Santa Rita, SELI=Seligman, 
SNOW=Snowflake, SPRI=Springerville, 
WILL=Williams 

Y is the type of pretreatment 

AAAA-AA 
or 

LV-D 

W=whole wood, E=resin-extracted wood, 
C=holocellulose, A=alpha-cellulose 

source of material 
age of the wood 

or 
leaves & direction (N,S,E,W) 

ZZZ is a code for special treatment for reproducibility tests 

CRB=rebleached cellulose, GWR=ground wood retreated 
from scratch, SRR=wood section remilled and treated 
from scratch, CDT=core from another tree at the same 
site 

P-Q-R denotes position of sample for radial and longitudinal 
tests 

P=no. of the section from the tree 
Q=down(D) or up(U) side of the section 
R=cardinal direction sampled (N,S,SW,E,W) 

188 
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SAMPLE BU~NED ANALYZED DEL-"5 DEL-"6 DEL C-13 
•••••• •••••• • ••••••• • ••••• •••••• • ••••••• 
STO-27A 05-15-80 05-16-80 -1.8e 7.87 -23.16 
NilS-21 05-1S-80 05-16-80 -6.6" 8.5S -28.27 
PRES*C'1975-79 06-08-80 06-09-80 0.34 8.S9 -20.93 
PReS·C·1930-34 06-08-80 06-09-80 1.30 9.17 -19.94 
PRES·C·1960-t:4 06-08-80 06-09-80 0.00 B.6t -21.29 
PRES*C·1970-74 06-08-tlO 06-09-BO 0.90 10.07 -20.39 
NilS-21 06-08-80 06-09-BO -6.68 7.9B -Z8.30 
PRES*CH940-44 06-08-BO 06-09-80 1.06 9.70 -ZO.ZZ 
P~ES'C*1965-69 06-0B-80 06-09-80 0.20 9."6 -21.11 
PRES*C*I9'tS-49 06-0B-80 06-09-80 0.67 9.35 -ZO.61 
STD-27A 06-08-80 06-09-80 -2.00 9.22 -Z3.41 
PRES*C·1935-39 06-08-80 06-09-80 1.310 9.92 -19.93 
PRcS·C*19!)0-54 06-0B-BO 06-09-80 0.75 8.Z7 -20.48 
P ;<1: s* C*195 5-59 06-0B-80 06-09-80 0.51 8.ze -20.74 
Si:Ll*C.1970-74 06-10-BO 06-11-BO -0.5B Io.Z8 -21.75 
SEL1*C·19.30-3" 06-10-BO 06-11-80 0.60 6.40 -20.5B 
SH I*C.1975-79 06-10-BO 06-11-80 -O.OB 7.110 -Zl.32 
Scll*r.*19b5-69 06-10-BO 06-11-80 -C.ll B.08 -Zl.38 
SEL1*C*1935-39 06-10-BO 06-11-BO O.Bl b.7B -ZO.37 
STD-27A 06-10-80 06-11-BO -1.93 8.83 -Z3.33 
SEL1*C*1960-64 Ob-lO-80 06-11-BO 0.11 B.OZ -Zl.15 
SEll*C+1940-44 Ob-l0-BO 06-11-80 -0.12 ".6" -Zl.Z8 
SELI'C*1945-49 06-10-80 06-11-80 0.79 6.95 -ZO.40 
SEll'C*1950-54 06-10-BO 06-11-80 1.104 7.30 -19.7Z 
Si:Ll+C*B55-S~ 06-10-80 06-11-80 0.6B B.BO -20.58 
Wlll+C*1945-49 Ob-12-8C 06-13-60 1.37 7.65 -19.8Z 
WILL'C*lnO-74 06-lZ-80 06-13-80 1.15 B.04 -ZO.06 
WILL*C'1955-59 06-1Z-BO 06-13-BO 1.53 6. lit -19.59 
WllL+C*1965-b9 06-1Z-80 06-13-80 1.32 7.1Z -19.B5 
W1LL*C*19bO-b4 06-1Z-80 06-13-80 -0.67 3.9Z -21.82 
STD-27A 06-1Z-80 06-13-80 -Z.36 t.6" -Z3.70 
WILL*C*1950-S4 06-1Z-80 06-13-80 0.65 6.4" -ZO.S3 
WILl*C*1975-79 06-1Z':80 06-13-80 0.75 6.55 -ZO.43 
WIlL*C'1~30-34 Ob-lZ-80 06-13-BO 0.81 8.ZZ -ZO.4Z 
WILL*C.193S-39 06-1Z-80 06-13-60 0.68 6.3Z -ZO.49 
wlLL'C*19ItC-1t4 Ob-12-BO 06-13-BO 1.16 B.8" -20.08 
SNOw*C*19bS-69 06-14-BO 06-15-80 -0.03 4.17 -Zl.15 
SNOw*C'19S!l-59 06-lIt-80 06-15-80 1.88 C.IB -19.00 
SNOW*C'1950-54 06-14-80 06-15-80 1.65 6.89 -19.109 
SNOW'C*197S-79 06-IIo-BO 06-15-80 1.34 7.79 -19.85 
SNOW*C'1960-b4 06-14-80 06-15-80 1.3Z 7.33 -19.85 
S,'I01o*C*1930-34 06-14-8C 06-15-80 1.3Z 6.47 -19.82 
STD-27A 06-14-60 06-15-60 -Z.OZ 7.60 -23.38 
SNOw*C*1970-74 06-14-130 Ob-15-80 1.13 5.67 -19.99 
S:-'uw*C+1940-44 06-14-80 06-15-80 0.73 4.7" -20.38 
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SAHPLE SURNED ANALYZED DEL-105 DEL-I, 6 DEL C-13 
•••••• •••••• • ••••••• •••••• • ••••• •••••••• 
SNOW.C.1945-109 06-lIt-SO 06-15-80 1.52 8.83 -19.70 
SNO\j.C.~935-39 06-lIt-80 06-15-80 2.18 7.05 -18.94 
SPRI.C.1960-64 06-U:-80 06-17-110 0.97 8.23 -20.26 
SPRl*C.1950-51o 06-16-80 06-17-80 2.102 7.16 -18.69 
SPRl·C·1970-74 06-16-80 06-17-80 0.50 8.t:2 -20.76 
SPRHC·1955-59 06-16-80 06-17-80 -0.02 3.98 -21.110 
SPR1*C.1975-79 06-16-80 06-17-80 0.14 6.76 -21.07 
SPRI.C*1965-69 06-16-80 06-17-80 -0.21 3.92 -Zl.3Io 
SPR1·C*1935-39 06-16-80 06-17-80 1.98 8.32 -19.20 
STO-27A 06-16-80 06-17-80 -1.92 8.13 -23.29 
SPR I.C*19105-49 06-16-80 06-17-80 2.25 8.03 -18.90 
SPRUC*1930-3Io 06-16-80 06-17-BO 1.95 8.11 -19.22 
SPR 1*C • .1940-1010 06-16-80 06-17-80 1.69 7.75 -19.108 
GLOb.C*1940-101o 06-16-80 06-19-80 1.96 7.20 -19.18 
GLOS*C.1975-79 06-18-BO 06-19-80 1.1010 t:.38 -19.70 
GLOB.C*1945-109 06-18-BO 06-19-80 2.20 7.98 -18.95 
GLOS·C·1930-31o 06-18-80 06-19-80 1.77 5.3" -19.31 
GLOS*C·1970-H 06-18-80 06-19-80 2.105 7.85 -lB.t:8 
STO-27A 06-lB-BO 06-19-80 -2.02 8.06 -23.39 
GLOii*C.1935-39 06-1B-80 06-19-80 2.19 t:."t: -lB.91 
GLOS*C·1960-64 06-lB-BO 06-19-80 1.29 7."9 -19.89 
GLLlS.C.1965-69 06-18-80 06-19-80 2.65 7.55 -lB .47 
GLCJB·C·l~50-5" 06-18-80 06-19-80 2.70 9.01 -lB."6 
GLOS*C.1955-59 06-18-80 06-19-80 1.77 7.95 -19.,,0 
SANT*C*1970-H 06-20-80 06-21-80 0."9 7.810 -20.71t 
SAN 1*C*1930-3Io Ob-20-80 06-21-80 0."1 8.02 -20.B3 
SANT*C*1955-59 06-20-80 06-21-80 0.8B 5.30 -20.210 
SANHC*1975-79 06-20-80 06-21-80 0.59 7.17 -20.62 
STD-27A 06-20-80 06-21-80 -1.97 7.63 -23.33 
SANT*C*19100-,,10 06-20-80 06-21-BO 0.6" 7.3" -20.57 
SANHC*1950-S" 06-20-80 06-21-80 0.73 B.O" -20.50 
SANT*C*1960-61o 06-20-80 06-21-80 0.83 7.75 -20.39 
SAN1·C*19b5-69 06-20-80 06-21-80 1.02 7.97 • -20.19 
SANHC*1935-39 06-20-BO 06-21-BO 1.09 B.58 -20.lIt 
SANHC·19105-"9 06-20-80 06-21-80 0.63 7.B7 -20.6e 
ORAC*C.1955-59 06-22-80 06-23-80 2.28 7.910 -lB.B7 
ORAC.C*1970-H 06-22-80 06-23-80 3.10 B.16 -18.01 
JRAC.C*1930-3" 06-22-80 06-23-80 0.51 7.95 -20.73 
JRAC*C*1960-64 06-22-80 06-23-80 2.22 B.25 -lB.91o 
ORAC·C*1965-6~ 06-22-BO 06-23-60 2.510 8.18 -lB.60 
ORAC·C*l'150-5" 06-22-BO 06-23-80 2."6 B.26 -18.69 
ORAC*C·19ltO-"" 06-22-80 06-23-80 O.H 7.82 -20. "8 
ORAC*C*1935-39 06-22-BO 06-23-80 1.06 7.63 -20.lIt 
STD-27A 06-22-BO 06-23-80 -2.03 B."5 -23.H 
ORAC·C*1975-79 06-22-BO 06-23-80 1."6 8.38 -19.H 
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SAI1PLE BURNED ANALYZED DEL-I,5 DEL-I,6 DEL C-13 
•••••• •••••• •••••••• •••••• • ••••• • ••••••• 
ORAC·C*l9't5-Io9 06.-ZZ-90 06-Z3-80 1.Z5 7.910 -19.95 
STJO·C·1955-59 06-ZIo-80 06-25-80 1.42 7.89 -19.77 
STJO·C.1930-3lt 06-Z't-80 06-~5-80 1.06 7.39 -20.13 
STD-27A 06-Z4-80 06-Z5-80 -1.98 8.Z 7 -23.35 
STJO·C·1965-69 06-ZIt-80 06-Z5-80 1.17 7.68 -20.02 
5TJO.C*1960-64 06-ZIo-80 06-Z5-tlO 1.59 7.75 -19.58 
5 T JO*C.1945-'t9 06-ZI,-80 06-Z5-80 1.50 8.76 -19.71 
5TJO·C*1940-41o 06-21t-80 06-Z5-80 2.02 7.t8 -19.13 
5TJO·C·1950-54 06-210-80 06-Z5-80 2.06 8.04 -19.10 
STJO*C·197,-79 06-Zlt-80 06-Z5-80 0.62 7.97 -20.b2 
STJO·C*1935-39 Ob-21o-80 06-25-80 2.51 7.52 -18.bl 
5TJO·C*j,970-74 06-24-80 06-25-80 1.11 8.24 -20.11 
Jt:RC*C.1950-54 06-26-80 06-26-80 0,64 8.1~ -20.60 
JERO*C·1930-H 06-26-80 06-Z6-80 1.90 7.67 -19.Z6 
JERO·C*1965-69 06-26-80 06-Z6-80 -0.22 7.12 -Zl.47 
JcRO*C*1975-79 06-Z6-80 06-26-80 -0.75 8.16 -22.06 
JERO*C*1935-39 06-26-60 06-26-80 0.83 7.12 -20.36 
JERO*C*1960-64 06-26-80 06-l6-80 -0.15 7.79 -21.101 
JERu·C*1955-59 06-Z6-80 06-l6-80 -O.lb 7.10 1 -21.101 
JERO*C*191,5-I,9 06-26-80 06-Z6-80 0.1,5 7.79 -20.79 
JERO.C·19ltO-I,I, 06-l6-80 06-26-80 0.06 7.35 -21.18 
STO-27A 06-26-80 06-l6-80 -2.09 8.89 -23.50 
JERO·C·1970-74 06-l6-80 06-26-80 0.19 7~81 -21.06 
STJO·C*LY-S 06-28-80 06-29-80 0.20 8.83 -21.08 
NilS-21 06-28-80 06-29-80 -bt6 7.83 -28.26 
ORAC·C*LV··E 06-2b-80 06-l9-80 -1.1,6 6.13 -22.H 
ORAC*C.L~-S 06-28-80 06-29-80 -0.57 9.05 -21.91 
ORAC*C.LV-W 06-l8-80 06-29-80 -0.67 9019 -22.C2 
STJO*C*LY-I. 06-28-80 06-29-80 -0.16 8.7" -21.1,6 
SPRI*CHV-N 06-l8-80 06-29-80 -2.19 8.86 -23.60 
STJO.C·LV-N 06-28-80 06-29-80 -0.75 8.98 -22.09 
SPRI·C*LY-E 06-28-80 06-l9-80 -0.71 8.43 -22.03 
ORAC·C·LV-N 06-28-80 06-29-80 -1.20 7.98 -22.52 
STJO*C*LV-E 06-28-80 06-29-80 -0.50 9.09 -21.81, 
SPRI*C·LV-S 06-28-80 06-29-80 -1.08 9.22 -22.45 
SPRI*CHV-Ii 06-28-80 06-29-80 -1.91, 8~38 -23.32 
PRES·C·LV-E 06-30-80 07-02-80 -0.88 8.50 -22.21 
PRi:S·C*LV-N 06-30-80 07-02-80 -0.9" 9.02 -Z2.29 
S/iOW·C.LV-w 06-30-80 07-02-80 -1.15 8.66 -22.51 
SNOW*C*LV-N 06-30-80 07-02-80 -1.9" 8.77 -23.33 
STu-27A 06-30-80 07-02-80 -l.l1, 8.76 -23.5t, 
PRtS*C.L~-S 06-30-80 07-02-80 -0.37 8.87 -21.t:9 
SNOw·C*lV-S 06-3C-80 07-02-80 -1.1,3 8.6' -22.80 
PRES*C*lV-W 06-30-80 07-C2-80 -0.68 8.34 -22.CO 
SNOIo*C·LV-E 06-30-80 07-02-80 -0.79 8.22 -22.10 
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SAMPLE BURNED ANALYZED DEL-loS DEL-Io6 DEL C-13 
•••••• •••••• • ••••••• ••• 0 •• • ••••• • ••••••• 
JERO.C.LV-E 07-03-80 07-04-BO -1.03 B.33 -22.36 
SELl·C·LV-E 07-03-BO 07-010-80 -1.61 B.52 -22.98 
SELl.CHV-S 07-03-BO 07-04-BO .,.0.97 B.51 -22.30 
GLOB·C·LV-E 07-03-BO 07-04-BO -0.17 6.65 -21.107 
GLOB.CHV-N 07-03-80 07-010-80 -0.21 9.05 -21.52 
GLOB·C.LV-5 07-03-BO 07-010-80 -0.17 9.01 -21.109 
STU-Z7A 07-03-80 07-010-80 -1.90 9.22 -23.31 
JERO·C·LV-N 07-03-BO 07-010-80 -1.42 9.09 -22.B b 
JERO·C.LV-S 07-03-80 07-0lo-BO -2.04 B.40 -23.103 
GLOb·C·LV-W 07-03-80 07-010-80 -0.610 8.58 -21.96 
JERO.C*LV-W 07-03-BO 07-010-80 -1.13 8.21 -22.106 
SELI*C.LV-W 07-03-BO 07-0ft-BO -1.33 8.ft7 -22.69 
5ELI·C·LV-N 07-03-BO 07-0ft-BO -2.58 8.5e -2ft.00 
WLLL.CH\I-5 07-05-BO 07-06-80 -1.61 9.1B -23.01 
WILL·C·LV-W 07-05-80 07-C6-80 -1.ft6 9.16 -22.85 
SANT*CHV-W 07-05-80 07-06-80 -0.60 9.26 -21.94 
SANT.CHV-E 07-05-BO 07-06-80 -0.86 B.99 -22.20 
NBS-21 07-05-BO 07-06-BO -e.76 e.01 -2B.38 
WILL·C*LV-N 07-05-80 07-06-80 -1.2ft 8.,82 -22.60 
SANT·C·LV-N 07-05-80 07-06-BO -1.8ft 8.80 -23.24 
WILL*C*LV-E 07-05-80 07-06-BO -l.OB 8.510 -22.ft2 
SANl*C.LV-S 07-05-80 07-06-80 -0.36 B.68 -21.67 
PRES·C.1960-64 07-07-BO 07-13-80 -o.Oft 8.65 -21.33 
PRES·C*1930-34 07-07-80 07-13-80 1.1ft 9.00 -20.10 
PRES*C*19100-Iot, 07-07-80 07-13-BO 0.B1 9.3t: -20.1,7 
PRES·C.19t,S-49 07-07-80 07-13-BO 0.33 0.97 -20.6t: 
PRI:S*C.197S-79 07-07-BO 07-13-BO 0.1ft B.66 -21.lIt 
5TO-27A 07-07-80 07-13-80 -2.00 B.88 -23.40 
PRES·C*1965-69 07-07-BO 07-13-BO 0.03 B.27 -21.25 
PRE5·C*1955-59 07-07-80 07-13-80 0.52 B • 1ft -20.73 
PRES·C·1950-5t, 07-07-BO 07-13-BO 0.87 B.61 -20.38 
PRES·C.1970-7t, 07-07-80 07-13-BO 0.75 8.82 -20.50 
PRES*C.1935-39 07-07-80 07-13-80 0.90 8.66 -20.35 
GLOB·C·1955-59 07-H-BO 07-15-80 1.63 8.60 -19.57 
GLOB*C*1950-51o 07-1t,-BO 0'7-15-BO 2.67 8.60 -18.1,8 
GLOB·C·19t,O-t,t, 07-14-BO 07-15-80 1.76 9.01 -19.105 
GLOB*C*1930-3t, 07-14-80 07-15-BO 1.90 8.8t -19.29 
GLOB*C·1960-6t, 07-14-80 07-15-80 1.13 8.23 -20.09 
STD-27. 07-lIt-BO 07-15-80 -2.00 9.23 -23.1,2 
GLOB.C.19105-t,9 07-lIt-80 07-15-80 2.05 7.97 -19.10 
GLOB*C·193;-3CJ 07-llt-80 07-15-BO 2.12 7.96 -19.04 
GLOb*C·1CJ65-6CJ 07-lIt-80 07-15-80 2.52 B.5t: -18.63 
GLCJb*C*lHO-H 07-lIt-80 07-15-BO 2.31, 8.1,2 -18.B2 
GLOB*C.1975-79 07-14-60 07-15-80 1.2ft 8.34 -19.97 
STJO·C·19t,S-t,9 07-16-80 07-17-BO 1.38 B.61 -19.810 
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SAI1PL E BURNED ANALYZED DEL-"5 DEl-"6 DEL C-13 
•••••• • ••••• • ••••••• • ••••• •••••• • ••••••• 
ST JO.CH 9"0-"" 01-16-80 01-11-80 1.92 8.66 -19.21 
STJO.C.1955-59 01-16-BO 01-17-80 1.36 8.58 -19.86 
STJO.C·1970-14 07-16-80 07-17-80 1.08 8.49 -20.14 
STJO·C*1960-64 07-16-80 07-17-80 1.38 8.77 -19.81t 
STJO.C*1965-69 07-16-80 07-17-80 1.19 8."0 -20.03 
ST JO.C*l930-H 01-16-80 07-17-80 0.85 9.14 -20.41 
STJO'C*1935-39 07-16-80 07-17-80 2.30 8.51 -18.86 
STJO·C·1975-79 07-16-80 07-17-80 0.58 8.57 -20.68 
S T J 0.C*1950-5" 07-16-80 07-17-80 2.00 8.82 -19.20 
SELl.C.1955-59 07-18-80 07-19-80 0.62 9.36 -20.66 
SELl·CH935-39 07-18-80 07-19-80 0.76 8.97 -20.50 
SHl*C*1950-54 07-18-80 07-19-80 1.35 9.4f: -19.90 
SELl*C·1960-61t 07-18-80 07-19-80 -0.17 9.37 -21.50 
SEL 1*C*1940-"" 07-18-80 07-19-80 1.12 8.8f: -20.12 
SELl.CH970-14 07-18-80 07-19-80 0.56 8.56 -20.70 
SHl.C·1965-69 07-18-80 07-19-80 -0.25 9.22 -21.'8 
SELl.C*l975-79 07-18-80 07-19-80 -0.35 8.30 -21.610 
SI:LI-C*l930-3" 01-18-80 07-19-80 0.'4 8.31 -20.71 
SELl*C.19"5-"9 07-16-80 07-19-80 0.74 8.98 -20.53 
STJu·C·1970-71t*CRB 07-23-80 07-25-80 1.'0 8.87 -19.72 
STJO'C*1960-6"'CRB 07-23-80 01-25-80 1.83 8.51 -19.36 
SELl'C*l970-74 07-23-80 07-25-80 0.83 9.11 -20.43 
STJC'C.1940-""*CRB 07-23-80 07-25-80 2.29 9.08 -18.90 
SELl*C*1940-44 07-23-80 01-25-80 1.23 8.99 -20.00 
STJO·C·1945-"9.CRB 07-23-80 07-25-80 2.02 9.17 -19.19 
STJO'C.1955-59*CR8 07-23-80 07-29-80 1.60 8.18 -19.59 
STJu·C*195C-5"*CRB 07-23-80 07-29-80 2.56 10.38 -18.66 
STJO.C*1930-3".CRB 07-23-80 07-29-80 1.22 9.06 -20.02 
STJO*C.1965-69*CRB 07-23-BO 07-29-80 1."5 8.72 -19.76 
STJO*C*1975-19*CRB 01-23-80 07-29-80 1.08 9."0 -20.18 
STJu.C*1935-39*CRB 07-26-80 07-29-80 2."9 8.18 -18.66 
SANT*C*l979 07-26-80 07-29-80 0.31 7.85 -20.93 
SPRl'C*l979 07-26-80 07-29-80 0.5" B.1'" -20.71 
STJO·C*l979 07-26-80 07-29-80 -0.08 8.35 -21.37 
STJO*C.1970-74*CR8 07-26-80 07-29-60 1.42 8.3(: -19.78 
IIIU*C*l979 07-26-80. 07-29-80 -0."0 8.13 . -21.69 
SNOIi.C*1979 07-26-80 07-29-80 0.55 7.39 -20.67 
PRES·C·1979 07-30-80 08-01-80 -0.13 8.12 -21.101 
STJO*C*l930-34 07-30-80 08-01-80 0.81 8."8 -20.44 
STJO*C*1935-39 07-30-80 08-01-80 2.3(: B.Olt -18.79 
GLOe*C* J. 9100-10" 07-30-80 08-01-80 1.89 8.20 -19.29 
SELl*C*1979 01-30-80 08-01-80 -0.96 8.00 -22.28 
JERO*C*1979 07-30-80 08-01-80 -0.72 8.6" -22.05 
GLOB*C*19H 07-30-80 08-01-BO 0.65 7.76 -20.58 
GLOB*C·1975-19 07-3C-80 08-01-80 1.43 7.90 -19.76 
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SAMPLE BURNED ANAL vzeo OEL-45 OEL-46 DEL C-13 
•••••• • ••••• •••••••• • ••••• . ... "'. • ••••••• 
STJO·C.1945-49.CRB 07-30-80 OB-01-80 2.12 8.56 -19.05 
ORAC*C.1979 07-30-80 08-01-80 0.b2 7.73 -20.bO 
STJO.C·1960-b4 07-30-80 08-01-80 1.bb 8.42 -19.53 
PRI:S.C.1979 *---·l-U-N 08-02-80 08-03-80 0.41 9.23 -20.88 
PRES*C*1979 *---·I-U-E 08-02-80 08-03-80 0.78 9.28 -20.49 
PRE SOl C.1979 .---.4-U-N 08-02-80 08-03-80 0.13 9.15 -21.17 
PRESH·1979 .---·3-0-SW 08-02-80 08-03-80 1.08 8.b7 -20.lb 
PI(ES"C·1979 .---.l-U-W 08-02-BO 08-03-80 0.24 9.13 -21.0b 
PRES.C*1979 .---.4-U-E 08-02-80 08-03-80 0.52 8.89 -20.75 
PRES*C*1979 *---.It-lJ-S 08-02-80 08-03-80 0.83 9.31 -20.104 
PRH.C.1979 .---*3-0-N 08-02-80 08-03-80 0.33 8.18 -20.92 
PRES·C·1979 .---'.l-U-S 08-02-80 08-03-80 0.74 8.96 -20.53 
PRES.C*1979 .---·3-0-E 08-02-tlO 08-03-80 0.53 8.69 -20.74 
PRES.C*1979 .---.3-0-S 08-04-80 08-0lt-80 -0.32 O.bl -20.32 
PRES.C.1905-09 08-04-80 08-0lt-80 1.bl 9.01 -19.U 
PRES*C*l979 08-04-80 08-0lt-80 -0.40 e.79 -21.71 
SEL1*C·1900-61t 08-010-80 08-0lt-80 O.Ob 8.48 -21.23 
PRE~.C·1910-lIt 08-010-80 08-04-80 1062 C.05 -19.28 
P~ES*c*1979 *---·l-U-SW 08-04-80 08-0lt-80 1.00 8.51 -20.210 
PRES.C.1935-B 08-04-80 08-0lt-80 1.13 7.43 -20.05 
PIlES·C.1979 .---.,,-u-sw 08-0lt-80 08-04-80 0.5b -0.88 -20.35 
PRES.C*1920-24 08-0lt-80 08-0lt-80 0.79 8.91t -20.47 
PRES*C·1900-01o 0&-04-80 08-04-80 1.03 0.33 -19.90 
JERO.C·19ltO-ItIo.GwR 08-05-80 08-06-80 0.51 -O.bO -20.101 
JERO.C.1975-79.GWR 08-05-S0 OS-06-S0 -0.50 -0.53 -21.48 
JERO*C*1950-54.GWR OS-05-S0 OS-Ob-SO 0.34 -0.910 -20.58 
JERO*C*1955-59.GWR 08-0!l-80 08-0b-80 -O.bO -0.85 -21.57 
JERO*C*1970-71o.GWR 08-05-80 08-06-80 -0.03 -1.11t -20.9b 
JERO.C*1930-34.GWR OS-05-80 08-0b-80 1.9b -0.73 -18.S8 
JERC.C*19bO-b4.GWR 08-05-80 08,.,Ob-80 -0.41 -0.3b -21.39 
JERO.C·19lt5-49*GWR 08-05-80 08-0b-80 -O.Ob -1.18 -21.00 
JcRO.C.19b5-b9*GwR 08-05-80 08-06-80 -0.b3 -1.23 -21.59 
JEI(O.C*1935-39.GWR 08-05-80 08-0b-80 O.ltO -O.SO -20.53 
ORAC*C*1955-59*CR8 08-07-80 08-09-80 2.02 -0.99 -18.81 
ORAC.C.1970-71t.CR8 08-07-80 08-09-80 2.79 -1.02 -18.00 
ORAC·C*1965-69.CRB 08-07-80 OS-09-80 2.22 -1.39 -"8.58 
SE L 1*C.1975-79 08-07-80 08-09-80 -0.39 -1.8ft -21.32 
PRES*C*1975-79 08-07-80 08-09-80 -0.13 -1.51 -21.05 
ORAC.C.19lt5-It9*CRB 08-07-80 08-09-80 1.31 0.02 -19.60 
PRES*C.1925-29 08-07-80 08-09-60 0.58 0.10 -20.3b 
ORAC.C*1950-54·CR8 08-07-aO 08-09-80 2.23 -1.108 -18.57 
ORAC.C·1975-79.CR8 08-07-80 08-09-80 1.52 -0.07 -19.37 
ORAC·C*1935-39.CR8 08-07-80 08-09-80 0.81 0.01 -20.12 
uRAC·C·1930-31t.CR8 08-07-80 08-09-80 O.4ft -1.1e -20.ft7 
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SAMPLE BURNED ANALYZED DEL-loS DEL-46 DEL C-13 
•••••• • ••••• • ••••••• •••••• •••••• •••••••• 
ORAC*C*1960-64.CRB OB-07-BC 08-09-80 2.18 -1.01 -lB.64 
ORAC.C.1940-44.CRB OB-07-80 08-09-80 0.38 -0.64 -ZO.55 

. PRES·CH940-44 08-07-80 08-09-80 0.41 -0.88 -20.51 
JcRO·C·1940-44.GWR 08-11-80 08-12-80 0.57 0.04 -20.35 
JERO*CH940-44 08-11-BO 08-12-80 -0.68 -1.58 -21.63 
JE~O.CH975-79 OB-1l-80 08-12-80 -0.93 -0.6Z -21.93 
JERO·C.1930-34.GWR OB-11-80 OB-12-80 2.01 -0.45 -lB.84 
JERO*C*191t'-49 OB-11-BO 08-12-80 0.05 -0.07 -20.92 
J ERO*CH 935-39 OB-11-80 08-12-BO 0.50 -0.72 -20.42 
JERO.CH960-64 08-11-80 08-12-80 -0.72 0.Z9 -21.74 
JERO·C*l950-54 08-11-80 08-1Z-80 0.22 -0.69 -20.71 
JEKO·CH970-74 08-11-BO 08-12-80 -0.55 -C.74 -21.53 
JERO·C*J.965-69 08-11-80 08-12-80 -0.86 -1.25 -21.83 
JERO*C.1975-79.GWR 08-11-80 08-12-80 -0."6 -0.39 -21.44 
JERO·C*l9~5-59 08-11-80 08-12-80 -0.63 -0.80 -21.60 
J ERO* C-1930- 34 OB-11-BO 08-12-.80 1.47 -0.94 -19.39 
wILL*C*l945-49 08-14-BO 08-16-80 0.96 0.11 -19.97 
WILL*C-1"'75-79 OB-14-BO 08-16-BO 0.40 -0.21 -20.55 
WILL*C*l955-59 08-14-BO 08-16-80 1.38 -0.20 -19.51 
WILL*C*l9/j0-44 08-14-80 08-16-80 0.76 -0.23 -20.16 
wlLL*C*l935-39 08-14-80 08-16-80 0.52 -0.12 -20.43 
~lLL*C.1960-64 08-14-80 08-16-80 0.34 -0.34 -20.60 
JE~0·C*1940-44 08-14-80 08-16-80 -0.30 -0.51 -21.27 
WlLL*C*l930-34 08-14-80 08-16-80 -0.37 -0.30 -20.57 
IIlLL.C.1970-7t, 08-14-80 08-16-BO 0.69 -0.75 -20.22 
wlLL*C·1950-54 08-lIt-BO 08-16-80 0.'4 -0.63 -20.38 
JERO·C.1970-74 08-lIt-80 08-16-80 -0.21 -0.26 -21.18 
IIlLL*C·1965-69 08-14-80 OB-16-80 0.89 -0.67 -20.02 
SPRI·C*1940-44 08-17-80 08-18-80 1.20 -0.20 -19.70 
SPRl*C*l975-79 08-17-80 OB-1B-BO -0.10 -0.28 -21.07 
SPRI*C*l970-74 OB-17-80 OB-18-80 0.22 -0.32 -20.73 
SPRl*C·1965-69 OB-17-80 OB-18-80 0.80 -0.08 -20.12 
SPRI·C*1950-54 OB-17-BO 08-18-80 1.99 -0.3t: -18.86 
WILL*C.1960-64 08-17-80 08-18-BO C.34 -0.41 -20.60 
SPRI*C·1930-34 08-17-80 08-18-80 1.60 -0.24 -19.28 
SPRI-C·1935-39 08-17-80 08-18-80 1.56 -0.2t: -19.32 
SPRUC·1945-49 08-17-80 08-18-80 1.92 -0.08 -lB.95 
SPRI*C*1960-64 08-17-80 08-18-80 0.61 -C.27 -20.32 
SPRl*C*1955-59 08-17-60 08-18-80 0.81 -0.6'0 -ZO.10 
SANT*C*l960-64 08-19-80 08-22-80 0.37 -C.55 -ZO.57 
SANT*C*197C-74 08-19-80 08-22-80 0.10 -0.29 -ZO.86 
SANHC*1945-49 08-19-80 08-22-80 0.14 -0.42 -ZO.B1 
SANHC*1975-79 OB-19-80 DB-22-80 0.07 -O.ZB -20.B9 
STD-27i1 OB-19-80 08-22-80 -Z.lB 1.B7 -23.34 
SANT*C*1955-59 OB-19-80 OB-22-80 0.B2 -0.58 -20.09 
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SAI1PL e BURNED ANALYZED DEL-itS DEL-It6 DEL C-13 
•••••• • ••••• • ••••••• •••••• •••••• • ••••••• 
STD-Z1A 08-19-80 08-22-80 -2.28 8.09 -23.66 
STO-Z1B 08-19-80 08-22-80 -2.2Z 0.13 -Z3.32 
SANHC.1930-31t 08-19-80 08-22-80 -0.04 0.lt6 -21.00 
SANT·C·1950-51t 08-19-80 08-22-80 0.27 -0.80 -ZO.66 
SANT·C.19ltO-Itit 08-19-80 08-22-80 0.16 O.Olt -20.80 
SANT*C.1965-69 08-19-80 08-22-80 0.16 -0.lt2 -20.16 
SANhC·1935-39 08-19-80 08-22-80 0.33 -0.26 -20.62 
SPRHC·1965-69 08-23-80 08-21t-80 0.75 -0.31 -20.17 
SNOw·C*19ltO-Itit 08-23-80 08-21t-80 1.22 -0.56 -19.66 
SNOW.C.19lt5-49 08-23-80 08-21t-80 1.08 -0.04 -19.83 
SNOW·C.1965-69 08-23-80 08-21t-80 0.85 -0.06 -20.07 
SN'h.C·1910-71t 08-23-80 08-24-80 0.95 0.lt8 -19.99 
SNOW*C.1915-19 08-23-80 08-21t-80 0.82 -0.30 -20.10 
SPRI·C·1955-59 08-23-80 08-21t-80 0.80 -0.05 -20.13 
SNO •• C·1950-51t 08-23-80 08-24-80 1.26 -0.02 -19.61t 
SNO •• C·1960-bit 08-23-80 08-2"-80 0.81t -C.69 -20.01 
SNIlW.C.1935-39 06-23-80 08-21t-80 1.76 -0.18 -19.11 
SNOW·C·1'i55-;~ 08-23-80 08-21t-80 1.35 -0.32 -19.5't 
SNOIi*CH930-31t 08-23-80 08-21t-80 0.18 -0.72 -20.12 
ORAC·C.1915-79 08-25-80 08-29-80 1. lit -1.02 -19.73 
ORAC·C*1910-7It 08-25-80 08-29-80 2.51t -0.81t -18.21 
OIUC.C·1955-59 08-25-80 08-29-80 1.86 -1.00 -18.98 
ORAC·C·1935-39 08-25-80 08-29-80 0.52 -0.62 -20."0 
ORAC.C.1930-3'! 08-25-80 08-29-80 0.14 -0.78 -20.80 
SANHC·1935-39 08-27-80 08-29-80 0.60 -0.58 -20.32 
SNOW·C.1965-69 08-Z1-80 08-29-90 0.55 -0.19 -20.31 
ORAC.C*19ltO-"It 08-25-80 09-29-80 0.19 -0.61 -20.75 
ORAC*C·19lt5-It9 08-25-80 08-29-80 0.17 -1.11 -20.12 
ORAC. C*19 50-5" 08-Z5-80 08-Z9-80 1.96 -0.50 -18.89 
ORAC.C.1960-bIt 06-Z5-80 08-29-80 1.78 -1.06 -19.06 
ORAC. C.1965-69 08-25-80 08-29-80 1.96 -0.83 -18.88 
JERO·C*19b5-69 06-21-60 08-29-80 -0.81t -0.97 -21.83 
SNO.·C·19:i5-59 08-Z7-80 08-29-80 1.18 -0.91t -19.69 
SNO.*CH9ltO-It4 06-Z7-80 08-29-80 1.05 -1.11 -19.83 
JERO*C*19bO-64 08-21-80 08-Z9-80 -0.95 -l.ltO -21.92 
SNOw*C·1930-34 08-27-80 08-29-80 1.0lt t:.65 -20.13 
PRES.w·19ltO-lt't 08-30-80 08-31-80 -1.10 -0.12 -22.13 
PRE)·,,·1950-51t 08-30-80 08-31-80 -0.79 -0.lt2 -21.79 
ORAC·C·1965-69 08-30-80 08-31-80 2.16 -0.35 -18.66 
SNO •• C·1975-79 08-30-80 08-31-80 0.77 -0.36 -ZO.15 
ORAC.C.19ltO-41t 08-30-80 08-31-80 0.lt9 0.19 -20.lt6 
ORAC.C·1935-39 06-30-80 08-31-80 0.68 0.17 -20.27 
PRES.W*l9lt5-It9 08-30-BO 08-31-80 -0.9B 0.7C -22.03 
PRES*W·1935-39 08-30-80 08-31-8C -0.9t: 1.06 -22.0Z 
SANT*C.1~15-19 08-30-80 08-31-80 0.10 -0.lt2 -20.85 
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S AI1PL E BURNED ANALYZED DEL-45 DEL-46 DEL C-13 
•••••• •••••• •••••••• ....... • ••••• • ••••••• 
ORAC.C.1970-74 08-30-BO 08-31-80 2.69 -0.29 -18.13 
PRES.W·1930-34 08-30-80 08-31-80 -0.93 0.13 -21.96 
SNOIi.C·1965-69 09-03-80 09-07-80 0.53 -0.98 -20.38 
PRES·C*lV-S 09-03-80 09-07-80 -1.09 -0.38 -22.10 
PRES*C·LY-E 09-03-80 09-07-80 ;-1. lit 0.04 -22.18 
PRES*W·1960-64 09-03-80 09-07-80 -1.70 -0.66 -22.73 
PRES.W·19b5-b9 09-03-80 09-07-80 -1.105 -0.93 -22.46 
PRES*WcaI970-74 09-03-80 09-07-80 -1.01 -0."0 -22.02 
PRES·C*LV-. 09-03-80 09-07-80 -1.14 0.73 -22.20 
PRES.w.1955-59 09-03-80 09-07-80 -1.18 -1.13 -22.17 
PRES*II·1975-79 09-03-80 09-07-80 -1.59 -0.86 -22.62 
PRES*CHY-N 09-03-80 09-07-80 -1.59 -0.25 -22.610 
PRES·C·1979 09-05-80 09-07-80 -0.68 -1."3 -21.63 
ORAC.C.LV-S 09-04-80 09-07-80 -1.lIt -0.4C -22.16 
ORAC.CHV-E 09-04-80 09-07-80 -1.44 0.36 -22.51 
ORAC·C*lV-1oi 09-04-80 09-07-80 -1.28 -0.59 -22.30 
ORAC.C.LV-N 09-0"-80 09-07-80 -1.71 -0.52 -22.75 
STD-G7B 09-04-80 09-07-80 -2.46 -0.82 -23.53 
PRES*C*1975-79 09-04-80 09-07-80 -0.23 -1.2~ -21.17 
P ~E S*,*1975-7'9 09-14-130 09-14-80 -0.04 -0.63 -20.99 
PRES*A.1910-74 09-14-80 09-lIt-80 0.61 -1.05 -20.29 
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••••••••••••••••••••• q •••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

IIODIFlED COll8USTIOH SYSTEM 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

SAI1PLE 8URNED ANAL YlED DEL-"'5 DEL-... 6 DEL C-13 
•••••• • ••••• • ••••••• • ••••• • ••••• • ••••••• 
PRES. A.1'935-39 12-20-80 12-21-80 0.81 0."0 -20.lIt 
PRES*A.1965-69 12-20-80 12-21-80 O.:!.O 0.29 -20.88 
PRES·A·1960-6" 12-20-80 12-21-80 -0.23 0.36 -21.22 
PRESU·1950-5" 12-20-80 12-21-80 0.80 -0.27 -20.12 
PitESU·19 ... 0-"" 12-20-80 12-21-80 0.62 0.11 -20.33 
PRESU·1930-3" 12-20-80 12-21-80 0.52 0.18 -20."3 
PRESU·19"5-"9 12-20-80 12-21-80 0."9 0."7 -20."7 
PRESu.1955-59 12-20-80 12-21-80 0."6 0."3 -20.50 
PRESU.1970-7" 12-20-80 12-21-80 0.68 0.06 -20.26 
STD-278 12-20-80 12-21-80 -2."7 0.2e -23.58 
ST·0-278 12-21-80 12-22-80 -2.36 0.18 -23."6 
STO-278 12-21-80 12-22-80 -2.38 -0.92 -23 .... 5 
PRESU·1975-79 12-21-80 12-22-80 -0.02 0.69 -21.00 
STD-278 12-21-80 12-22-80 -2.52 -0.33 -23.61 
STD-278 12-28-80 12-28-80 -2.68 -0.13 -23.79 
STD-27B 01-03-81 01-03-81 -2.46 -o.l!! -23.56 
ORAC·C.1935-39.COT 01-03-81 01-03-81 0.82 -0.25 -20.10 
ORAC.C·1930-3"·CDT 01-03-81 01-03-81 1.40 -0.47 -19.48 
ORAC·C·19 ... 0-"4·CDT 01-03-81 01-03-81 1.01 -0.94 -19.88 
ORAC·C.1945-49.CDT 01-03-81 01-03-81 1.2" -0.69 -19.65 
ORAC·C.1965-69.CDT 01-03-81 01-03-81 0.87 -0.35 -20.05 
ORAC.C.1975-79.CDT 01-03-81 01-03-81 0.70 -0.55 -20.22 
ORAC.C.1950-5".CDT 01-03-81 01-03-81 1.18 -0.59 -19.72 
ORAC.C·1960-64·COT 01-03-81 01-03-81 1.34 -0.50 -19.5" 
ORAC·C.1970-7"·CDT 01-03-81 01-03-81 1.73 -0.30 -19.15 
ORAC·C·1955-59·CDT 01-03-81 01-03-81 0.86 -0."5 -20.05 
GLOS·C·1955-59·CDT 01-04-81 01-04-81 1.87 -0.73 -18.98' 
GLOS.C.1965-6~.CDT 01-0"-81 01-04-81 1.58 -0.88 -19.28 
GLOB·C·19"5-"9·COT 01-04-81 01-04-81 2.0 .. -0.96 -18.79 
GL08.C.1960-6".CDT 01-0"-81 01-04-81 1.72 -0.87 -19.13 
GLOB·C·1935-39·CDT 01-0"-81 01-04-81 1.48 -0.92 -19.38 
GL08·C·1975-79.CDT 01-04-81 01-04-81 1.26 -0.71 -19.63 
GL08.C.1970-7 ... CDT 01-04-81 01-04-81 1 .... 5 -0.68 -19.42 
GLOB·C.1950-54·CDT 01-04-81 01-04-81 2.13 -0.30 -18.72 
GlO8.C·19"0-4".CUT 01-04-81 01-04-81 1.79 -0.95 -19.05 
STD-278 01-04-81 01-0"-81 -2.40 -0.61 -23."7 
GLOB.C·1930-3".CDT 01-0 ... -81 01-04-81 1.37 -0.68 -19.51 

'wLOB·C·1965-69*CDT 01-0"-81 01-04-81 1.52 -0.52 -19.36 
PRES·C.1945-49*CDT 01-07-81 01-07-81 0.13 -0.02 -20.8" 
PRES.C*1930-34.CDT 01-07-81 01-07-81 0."3 -0.68 -20.50 
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S.,1PLE BURNED ANAL YlED DEL-loS DEL-106 DEL C-13 
•••••• •••••• •••••••• •••••• • ••••• . .. "' .... 
PRES·C.1965-69.CDT 01-07-81 01-07-81 -0.98 -0.73 -21.98 
PRES·C.1955-,q·CDT 01-07-81 01-07-81 -0.21 -0.1,3 -21.18 
PRES*C.1950-51o.CDT 01-07-81 01-07-81 -0.18 -0.77 -21.14 
STD-Z78 01-07-81 01-07-81 -2.63 -0.82 -23.71 
PRES*C.1960-61o·CDT 01-07-81 01-07-81 -1.1,3 -0.89 -22.1,4 
PRES.C·1975-79.CDT 01-07-81 01-07-81 -1.30 -0.26 -22.310 
PRES·C.19100-1o4·CDT 01-07-81 01-07-81 0.58 -0.40 -20.35 
PRES.C.1970-74.CDT 01-07-81 01-07-81 -0.66 -0.91 -21.63 
PRES·C·1935-39.CDT 01-07-81 01-07-81 0.51, -0.35 -20.39 
WILL*C.1935-39.CDT 01-08-81 01-08-81 -0.18 -0.17 -21.15 
WILL·C.1965-69·COT 01-08-81 01-08-81 -0.36 -0.88 -21.32 
WILL*C.1970-74*CDT 01-08-81 01-08-81 0.15 -0.93 J -20.78 
W'LL·C*19100-41o.CDT 01-08-81 01-08-81 -0.11 -1.00 -21.05 
STD-H8 01-08-81 01-08-81 -2.59 -0.89 -23.66 
wILL*C.1955-,9·CDT 01-08-81 01-08-81 0.11 -0.80 -20.83 
WILL·'*1930-14*CDT 01-08-81 01-08-81 -0.68 -0.70 -21.66 
WILL*C.1975-79*CDT 01-08-81 01-08-81 -0.06 -0.80 -21.00 
WILL·C.19105-49·CDT 01-08-81 01-08-81 0.41, -0.34 -20.50 
WILL.C*1950-54.CDT 01-08-81 01-'08-81 0.33 -0.54 -20.61 
WILL·C.i960-64.CDT 01-08-81 01-08-81 0.33 -0.32 -20.62 
PRES*C*1920-24 01-09-81 01-10-81 0.81 -0.31, -20.11 
PRES*C.1905-09 01-09-81 01-10-81 0.96 -1.10 -19.92 
PRES·C·1910-l4- 01-09-81 01-10-81 1.32 -0.78 -19.56 
SANT·C.1975-79*CDT 01-09-81 01-10-81 -1.33 -1.66 -22.31 
SANT·C.1950-54.CDT 01-09-81 01-10-81 -0.25 -1.49 -21.18 
SANT.C.1960-64·CDT 01-09-81 01-10-81 -0.67 -0.59 -21.66 
PRES·C·1915-19 01-09-81 01-10-81 0.12 -0.80 -20.81 
PRES·C·19Z5-Z9 01-09-81 01-10-81 0.Z6 -0.12 -20.69 
P~ES*C·1900-04 01-09-81 01-10-81 0.76 -0.68 -20.15 
SAN'*C*1955-59.CDT 01-09-81 01-10-81 -0.21 -0.80 -21.16 
SANT·C.1965-69·CDT 01-09-81 01-10-81 -0.56 -0.81 -Zl.53 
SANT·C.1970-71o·CDT 01-09-81 01-10-81 -0.Z8 -0.65 -21.25 
PRES*C.1955-59*CDT 01-17-81 01-19-81 0.18 -0.41 -20.76 
PRES*C*1970-74*CDT 01-17-81 01-19-81 -0.53 -0.39 -21.5Z 
PRES*C·1975-79*CDT 01-17-81 01-19-81 -1.05 O.OZ -22.08 
STD-278 01-17-81 01-19-81 -2.35 -0.46 -23.43 
PRES·C·1950-54·CDT 01-17-81 01-19-81 0.08 0.20 -20.90 
P~ES·C.1960-64.CDT 01-17-81 01-19-81 -1.12 -0.06 -22.1'5 
SANT·'·LV-N 01-20-81 01-21-81 -2.42 -0.26 -23.50 
PRES·C.1940-44·CDT 01-20-81 01-Zl-81 0.48 -0.74 -20.41, 
P~ES·C.1935-39.CDT 01-20-81 01-21-81 0.18 -0.75 -20.75 
STD-278 01-20-81 01-Zl-81 -2.66 -0.72 -23.75 
PRES*C.1965-69.CDT 01-20-81 01-21-1.11 -1.02 -0.84 -22.02 
SANT.C.LV-S 01-20-81 01-21-81 -0.97 -0.1,4 -21.98 
PRES·C*19105-49.CDT 01-Zo-81 01-21-81 0.04 -0.48 -20.91 
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SAMPLE 6URNED ANALYZED DEL-45 DEL-46 DEL C-13 
•••••• •••••• • ••••••• • ••••• • ••••• • ••••••• 
PRES·C.1930-34.CDT 01-20-81 01-21-81 0.53 -0.42 -20.40 
~ILL*C·1960-64.CDT 01-23-81 01-24-81 0.32 -0.30 -20.62 
W lLL*C.1970-74.CDT 01-23-81 01-24-81 o • lit -0.90 -20.80 
WILL·C*1955-59.CDT 01-23-81 01-24-81 -0.07 -0.95 -21.02 
STO-276 01-23-81 01-24-61 -2.93 -1.24 -24.01 
.ILL*C·1975-79.CDT 01-23-81 01-24-81 -0.42 -0.96 - 21.38 
~ILL·C.1965-69.CDT 01-23-81 01-210-81 -0.33 -0.64 -21.30 
wILL*C*1935-39.CDT 01-27-81 01-29-81 -0.18 0.04 -21.16 
wILL.C.1945-49*CDT 01-27-81 01-29-81 0.50 -0.310 -20.43 
STD-276 01-27-81 01-29-81 -2.109 -0.61 -23.57 
WILL·C*1930-34*CDT 01-27-81 01-29-81 '-0.66 -0.32 -21.66 
WILL*C*1950-54.COT 01-27-81 01-29-81 0.22 -0.54 -20.72 
WILL*C.1940-41o*COT 01-27-61 01-29-81 -0.01 -0.53 -20.97 
SANT*C*190,-69*CDT 02-03-61 02-07-81 -0.31t -0.48 -21.32 
PRES*C*1955-59.CDT 02-03-61 02-07-81 0.03 -0.59 -20.92 
PRES.C·1935-39*CDT 02-03-61 02-07-61 0.57 ' -0.36 -20.36 
SANT*C"'1955-59.CDT 02-03-81 02-07-81 -0.17 -0.63 -21.13 
SANT.C*1970-7,,·CDT 02-03-81 02-07-81 -0.16 -0.30 -21.14 
wILL.C*1975-79·COT 02-03-81 02-07-81 0.04 -0.07 -20.93 
SANT"'C.1950-54.CDT 02-03-61 02-07~81 0.43 -0.18 -20.52 
SANT·C.1960-64·CDT 02-03-81 02-07-81 -0.32 -0.18 -21.31 
STO-276 02-03-81 02-07-81 -2.29 -1.20 -23.34 
SANT"'C·1975-79·CDT 02-03-81 02-07-81 -0.93 -0.3fl -21.94 
STD-276 02-12-81 02-13-81 -2.31 -0.102 -23.38 
GLOS"'C"'1960-64.CDT 02-10-81 02-13-81 2.10 -0.55 -18.74 
GLOS"'C*1940-44"'CDT 02-10-81 02-13-81 1.85 -0.49 -19.01 
SANT*C*1965-69"'CDT 02-10-81 02-13-81 -0.210 -0.44 -21.21 
STD-276 02-10-81 02-13-81 -2.25 -0.36 -23.32 
GLOS*C"'1950-51o"'CDT 02-10-81 02-13-81 2.34 -0.55 -18.50 
SANT"'C"'!975-79.CDT 02-10-81 02-13-81 -0.93 -0.55 -21.93 
GL08"'C"'1970-74*CDT 02-10-81 02-13-81 1.65 -0.70 -19.22 
GLOS·C"'1930-34*CDT 02-10-81 02-13-81 1.51 -0.45 -19.36 
GL06*C*1945-49"'CDT 02-14-81 02-15-81 2.42 -C.87 -18.39 
SANT*C"'1965-69*CDT 02-14-81 02-15-81 -C.32 -0.49 -21.29 
GLOS*C*1975-79*CDT 02-lit-81 02-l!I-81 1.18 -0.87 -19.70 
GL06*C*1~55-59.CDT 02-lit-81 02-15-81 1.67 -0.97 -19.18 
STil-27S 02-14-81 02-15-81 -2.36 -0.S2 -23.43 
GLaD*C*1935-3~*CDT 02-14-81 02-l!I-81 1.81 -0.42 -19.05 ' 
GLOD.C*1965-69*CDT 02-lIt-81 02-15-81 1.71 -0.87 -19.14 
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SAMPLE BURNED ANALYZED DEL-45 DEL-4~ DEL C-13 
•••••• •••••• • ••••••• • ••••• •••••• • ••••••• 
SANT'C'1950-54*COT 02-19-61 02-21-81 0.30 -0.32 -20.64 
PRES'C'1925-29 02-19-61 02-21-81 0.70 -0.10 -20.24 
PRES'C'1915-19 02-19-81 02-21-81 O.H -0.86 -20.57 
GLOS*C'1935-39'COT 02-19-81 02-21-81 1.44 0.01 -19.46 
STO-278 02-19-81 02-21-81 -2.39 -0.71 -23.46 
GLOB'C'1945-49'COT 02-1~-01 02-21-81 2.29 -0.62 -18.54 
SANT*C'1960-64'COT 02-19-61 02-21-81 -0.44 -0.4~ -21.42 
GLOS*C*1960-64'COT 02-19-81 02-21-81 1.90 -0.76 -18.95 
PRES'E*1950-54 02-26-81 02-27-81 -0.72 -0.84 -21.70 
PRES'E'1945-49 02-26-81 02-27-81 -1.07 -0.98 -22.06 
PRES*E*1960-64 02-26-81 02-27-81 -1.80 -0.64 -22.84 
PRES*E*1975-79 02-26-81 02-27-81 -1.46 -0.87 -22.48 
PRES'E*19~5-59 02-26-81 02-27-81 -0.89 -0.50 -21.89 
PRES'E*I~lO-34 02-<:6-81 02-27-81 -0.67 -0.9~ -21.64 
P,RESH'1965-69 02-26-61 02-27-81 -1.310 -0.49 -22.37 
PRES'E'1940-44 02-26-81 02-27-81 -0.59 -0.60 -21.57 
PRi:S'c'1970-74 02-26-81 02-27-81 -0.70 0.38 ·-21.73 
PRESH*1935-39 02-26-81 02-27-81 -0.60 -C.22 -21.60 
STO-278 02-26-81 03-01-81 -2.40 -0.22 -23.49 
NBS-21 02-28-81 03-01-81 -7.20 -1.77 -28.4B 
STO-278 03-24-81 03-25-81 -2.43 -0.20 -23.52 
PRES*C'1910-14 03-24-81 03-25-81 1.60 -0.21 -19.29 
PRES*C'1920-24 03-24-81 03-25-81 0.82 -0.16 -20.10 
PRES'C'1915-19 03-24-81 03-25-81 0.64 -0.1~ -20.30 
PRES*C'1900-04 03-24-81 03-25-81 0.92 -0.08 -20.00 
PRES*C*1925-29 03-2,,-81 03-25-61 0.57 0.17 -20.38 
STO-Z78 03-2,,-81 03-25-81 -2.35 -0.08 -23.45 
STJO*CHV-N 03-29-81 03-30-81 -1.16 0.20 -22.20 
WlLL*C'LV-N 03-29-81 03-30-81 -2.23 -0.78 -23.29 
SELI'C'LV-N 03-29-01 03-30-81 -3.22 -0.99 -24.33 
P-RES'C*LV-N 03-29-61 03-30-81 -1.93 -0.88 -22.97 
SPRl'C*LV-N 03-29-81 03-30-81 -3.12 -1.2~ -24.21 
GL08*C'LV-N 03-29-81 03-30-81 -1.19 -C.86 -22.20 
STO-278 03-29-81 03-30-81 -2.83 -1.15 -23.91 
SANT*CHV-N 03-29-81 03-30-81 -2.710 -0.72 -23.63 
ORAC*C'LV-N 03-29-81 03-30-81 -2.23 -1.08 -23.28 
S,'lOI/'C*LV-N 03-29-81 03-30-81 -2.78 -0.73 -23.87 
JEi<.u·C·LV-N 03-29-81 C3-30-81 -2.25 -0.96 -23.30 
PRES*C'LV-S 04-02-81 04-04-81 -0.79 0.23 -21.81 
SPiU'C'LV-S Olo-C2-81 04-04-81 -1.89 -0.82 -22.93 
SNO.*C'LV-S 04-02-81 010-010-81 -2.37 -1.010 -23.43 
STJO'C'LV-S 010-02-81 010-010-81 -0.710 -0.69 -21.73 
SEL I'C*LV-S 04-02-81 04-010-81 -1.11.9 -C.99 -22.92 
S TO-2 78 04-02-81 04-010-81 -2.72 -0.96 -23.80 
IdLL'C'LV-S 010-02-81 0,,-04-81 -2.38 -0.36 -23.106 
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SAMPLE BURNED ANALYZED DEl-Io5 DEl-106 Del C-13 
•••••• •••••• •••••••• •••••• -...... • ••••••• 
JERO'C'lV-S Olo-OZ-81 Clo-Olo-81 -2.81 -0.51 -23.91 
GlO8'C'lV-S O .. -OZ-81 Olo-Olt-81 -0.75 -0.105 -21.75 
O~AC'C'lV-S Olo-OZ-81 Olt-04-81 -1.20 -0.53 -2Z.21 
SANT'C'lV-S 010-02-81 010-04-81 -0.77 -C.Iot -Zl.77 
PRES'C'lV-E 010-07-81 Olt-06-81 -1.210 0.25 -22.Z9 
QRAC'C'lV-E 010-07-81 010-08-81 -1.33 -0.13 -2Z.36 
GlOII'C'lV-E 010-07-81 010-08-81 -0.103 0.09 -21.103 
SELl'C'lV-E 010-07-81 010-06-81 -1.9Z -O.lC -22.99 
JERO'C'lV-E 010-07-81 010-08-81 -1.55 -O.lZ -2Z.60 
SNOw'C'lV-E 010-07-61 010-08-81 -1.105 -0.11 -Z2.109 
J cRO'CH V-E 010-07-81 010-06-61 ~1.53 0.05 -22.58 
W1lL'C'lV-E Olt-07-81 010-08-81 -1.36 -O.lZ -Z2.100 
SPRhC'lV-E 010-07-81 010-08-81 -1.19 0.07 -ZZ.Z3 
STJO'C'lV-E 010-07-81 010-08-81 -0.86 0.23 -21.88 
STO-27B 04-07-81 04-08-81 -2.35 -0.20 -23.1010 
STO-276 010-07-61 010-08-81 -Z.31 -0.28 -23.39 
SANT'C'lV-E 010-13-81 04-110-81 -1.38 -0.26 -22.101 
STD-Z7B 010-13-81 010-110-81 -2.35 -C.12 -Z3.105 
STJO'C·I.V-W Olo-16-tl1 010-17-81 -0.68 -0.05 -Zl.68 
Wlll'C'lV-io/ 010-16-81 0 .. -17-61 -1.81t -0.05 -Z2.91 
SElhC'lV-1/ 01t-16-81 04-17-6'1 -1.71 -0.03 -22.77 
STO-271l 01t-16-81 010-17-81 -Z.31o -C .110 -23.103 
SPR1'C'lV-1/ 01t-16-61 01t-17-81 -Z.Z9 C.C5 -23.39 
ORAC'C'lV-O/ 01t-16-81 04-17-81 -1.17 0.00 -ZZ.ZO 
SNO.'C·lV-w 04-16-81 010-17-81 -1.39 -0.C4 -ZZ.43 
GlOB'C'lV-1/ 04-16-81 04-17-81 -0.96 0.02 -21.99 
SANT'C'lV-1i 01t-16-81 01t-17-81 -0.910 C.19 -21.96 
PREHC'lV-W 01t-16-81 04-17-81 -1.18 -0.16 -22.21 
JEKO"·I.V-W 010-16-81 04-17-81 -1.59 -e .14 -22.64 
SELhC'1979 'CR6 04-Z1-81 04-ZZ-81 -0.61 -0.01 -21.61 
STJO'C'1979 'CRB 01t-Zl-81 Olo-ZZ-81 0.40 C.05 -20.56 
JERQ'C'1979 'CRB 04-21-81 01t-Z2-81 -0.70 0.15 -21.7Z 
GlO8'C'1979 'CR8 OIt-Zl-81 04-ZZ-81 0.73 -0.05 -ZO.20 
SPRI'C'1979 'CR8 01o-Zl-tl1 01o-ZZ-81 0.69 0.C1 -ZO.03 
S Tri-27S Olo-Zl-61 04-2Z-81 -2.33 -0.11 -23.102 
lI1ll'C'1979 'CRB 04-Z1-61 Olo-2Z-61 0.37 e.ze -20.59 
ORAC*C'1979 'CRB Olo-21-B1 010-22-81 1d5 -C.12 -19.76 
SANHC'1979 'CRB Olo-Zl-61 Olo-ZZ-B1 0.66 0.09 -20.26 
P~t:S'C'lH9 'CRB 04-21-B1 04-Z2-81 0.03 0.15 -20.910 
SNOW'C'1979 'CR8 04-21-81 Olo-Z2-81 C.71o -C.04 -20.19 
PRES'C'19b5-b9'CRB 010-26-81 010-30-61 0.210 -0.310 -20.66 
GlU&'C'19b~-6~'CKB 04-Z6-Bl Olt-30-81 2.810 -0.02 -17.96 
STJO'C'19b5-69'CRB Olo-Ze-tll 010-30-61 1.56 C.23 -19.32 
SEll'C'1965-b9'CRB 04-26-81 Olt-30-B1 0.00 O.lt -20.98 
ORAC'C'19b5-b9'CH8 01o-Z6-81 010-30-81 2.51 0.05 -18.33 
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SAM PL E BURNED ANALYZED DEL-It5 DEL-It6 DEL C-13 .,',., ,., .. , ,.,', ... •••••• ., .... . ..... ,. 
SNO~'C'19b5-b9*CRB 04-26-81 05-03-81 1.01 -0.20 -19.90 
STD-27B 01t-ZB-B1 05-03-81 -Z.33 -0.C9 -23.ltZ 
SANT'C'19b5-b9'CRB 01t-Z8-81 05-03-B1 1.4Z 0.09 -19.4B 
SPRl'C'1965-69'CRB 01t-Z8-81 05-03-81 I.Z9 -0.13 -19.61 
WILL'C'19b5-69*CRB OIt-ZB-81 05-03-81 1.37 -C.Z3 -19.5Z 
JERO*C*1965-69*CR8 01t-Z8-81 05-03-B1 O.OZ -0.05 -20.95 
GLiJB*C'1979 *CRB 05-07-81 05-08-81 0.61t -0.1t1t -20.Z8 
STD-Z7B 05-07-81 05-0B-B1 -2.Z9 -0.80 -23.35 
STD-Z7A 05-07-81 05-08-81 -Z.lt5 -C.ZZ -23.51t 
GLOB'C'19ltO-1t4'CRB 05-1B-81 05-18-81 Z.18 0.14 -18.6B 
SANT'C'19ltO-44*CRB 05-18-81 05-18-B1 0.70 0.16 -20.Z5 
SELI'C'19ltO-41t'CRB 05-18-lll 05-18-81 1.31t -0.13 -19.56 
SNO~'C'19ltO-ItIt*CR8 05-1tl-61 05-18-81 1.63 -O.lb -19.25 
SP~I'C'19ltO-41t'Ck8 05-18-81 05-18-81 1.95 0.01 -18.92 
wlLL'C'1940-44*CRB 05-18-61 05-18-81 1.06 -0.23 -19.66 
JERO'C'1940-44*CRB 05-16-81 05-18-Bl 0.6Z 0.11 -20.32 
STJO*C'1940-44'CRB 05-18-B1 05-18-81 2.4'1 0.3'. -IB.ltZ 
STO-27B 05-16-81 05-18-B1 -2.Z7 -0.21 -23.35 
ORAC'C'1940-41t*CRB 05-1B-B1 05-1B-B1 0.80 -0.04 -20.13 
PRES'C*1940-44*CRB 05-18-B1 05-1B-81 1.Z7 -O.Zl -19.63 
SNO~'C'19b5-b9 05-22-B1 05-Z4-B1 O.BO -C.24 -20.13 
JERO'C*19bS-69 05-22-81 OS-24-81 -0.69 -0.36 -21.6B 
ORAC*C*190S-b9 05-22-81 05-Z4-B1 2.13 -0.52 -18.71 
SANT'C*19b5-69 05-22-81 05-24-81 0.b5 -0.00 -20.29 
GLOB*C*1~65-b9 05-2Z-81 05-24-81 Z.24 -0.63 -lB.60 
S1D-Z7B 05-Z2-B1 05-ZIt-Bl -2.30 -0.02 -23.39 
S TO-Z7A 05-2Z-B1 05-24-81 -2.31 0.05 -23.40 
W ILL*C*19bS-69 05-22-81 05-Z4-81 0.97 -0.C7 -19.95 
SELl'C*1965-69 05-22-81 05-24-B1 -0.52 -0.510 -21.50 
SPRl'C*19b5-69 OS-Z2-Bl 05-24-81 0.65 -C.22 -20.ZB 
PRES'C*1965-69 05-22-B1 05-24-81 -0.42 -0.2B -21.Z5 
S1JO'C'19b5-69 OS-22-tl1 05-24-81 0.91- -0.12 -20.01 
STD-Z73 05-31-81 05-31-81 -2.37 -0.18 -23.4b 
STO-27B Ob-Ob-81 Ob-07-Bl -2.32 -O.lEI -23.41 
PRES*C*1950-54*SRR 06-17-61 Ob-18-81 0.95 0.05 -19.97 
PRES*C*1975-79*SRR 06-17-81 06-18-81 0.06 0.30 -20.92 
PRES*C*194S-t,9*SRR Ob-17-B1 06-18-Bl 0.63 0.06 -20.31 
PRES*C*19bO-b4*SRR Ob-17-61 06-18-81 -0.00 -0.Z3 -20.96 
P~cS*C*19b5-b9*SRR Ob-17-81 06-18-81 O.ZO 0.14 -20.76 
PRES*C*1970-74*Skk 06-17-61 Ob-18-Bl 0.6" 0.10 -20.30 
PRES*C*19"0-t,t,'SKR 06-17-81 06-18-81 1.09 0.06 -19.83 
PRES'C*19S5-5~'SRR 06-17-81 06-18-81 0.7" C.13 -20.20 
PRES*C'l~30-3"'SRR Ob-17-lll 06-18-81 0.9" 0.24 -19.99 
PRES'C*1935-39'SR~ 06-17-81 06-18-81 1.09 0.13 -19.83 
STD-27B Ob-17-81 06-18-81 -2.44 -O.ZO -23.53 



APPENDIX E 

SUMMARY OF INDIVIDUAL ANALYSES AND MEAN 013C 
FOR EACH OF THE 5-YEAR INTERVALS FOR EACH OF THE SITES 
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-------OEL C-13 eW.R.T. POB STD. )------

SHE YEAicS BURNl BURN2 BURN3 liE AN 
•••• ••••• ••••• $ •••• • •••• • ••• 
SANT 1930-310 -20.83 -21.00 -20.92 
SANT 1935-39 -20.110 -20.b2 -20.32 -20.3b 
SANT 19100-44 -20.57 -20.80 -20.b9 
SANT 19105-109 -2".bO -20.81 -20.71 
SANT' 1950-510 -20.50 -20.bb -20.58 
SAN T 1955-59 -20.2" -20.09 -20.17 
SANT 19bO-olo -20.39 -20.57 -20.108 
SAkT 1905-09 -20.19 -20.1b -20.18 
SANT 1970-710 -20.7" -20.8b -20.80 
SANT 1975-79 -20.02 -20.89 -20.85 -20.79 
SELl 1930-310 -20.58 -20.71 -20.b4 
SELl 1935-39 -20.37 -20.50 -20."4 
SELl 1940-,,4 -21.28. -20.12 -20.00 -20.0b 
SELl 19105-109 -20.40 -20.53 -20.lob 
SELl 1950-510 -19.72 -19.90 -19.81 
SELl 1955-59 -20.58 -20.bE: -20.b2 
SELl 19bO-blo -21.15 -21.50 -21.23 -21.29 
SELl 19b5-b9 -21.38 -21.58 -21.108 
SELl 1970-74 -21.75. -20.70 -20.103 -20.57 
SELl 1975-79 -21.32 -21.blo -21.32 -21.103 
SNOW 1930-3.10 -19.82 -20.1Z -20.13 -20.02 
SHOIii 1935-39 -18.94 -19.11 -19.03 
SNUII 19100-410 -20.38. -19.66 -19.83 -19.75 
SNOW 19105-49 -19.70 -19.83 -19.77 
SNOII 1950-54 -19.49 -19.610 -19.57 
SNOW 1955-59 -19.00·. -19.54 -19.69 -1".62 
SNOW 19C10-b4 -19.85 -20.07 -19.96 
SNIlW 1965-09 -21.15. -20.07 -20.37 -20.22 
SNair 1970-74 -19.99 -19.0;9 -19.99 
SNOW 1975-79 -19.85 -20.10 -20.15 -20.03 
SPRI 1930-310 -19.22 -19.26 -19.25 
SPRI 1935-39 -19.20 -19.32 -19.25 
SPRI 19100-44 -19.48 -19.70 -19.59 
SPRI 19105-"9 -18.90 -18.95 -18.92 
SPRl 1950-5t, -18.69 -18.86 -18.78 
SPRI 1955-59 '-21.110. -20.10 -20.13 -20.l1 
SPRI 1960-610 -20.2b -20.32 -20.29 
SPR I 1965-09 -21.3". -20.12 -20.17 -20.15 
SPRI 1970-710 -20.76 -20.73 -20.75 
SPRI 1975-79 -21.07 -21.07 -21.07 
WILL 1930-3lt -20.102 -20.57 -20.5Q 
WILL 1935-39 -20.49 -20.103 -20.106 
IIlLL 19100-410 -20.08 -20.1b -20.12 
WILL 19105-109 -19.82 -19.97 -19.90 
,ULL 1950-510 -20.53 -20.36 -20.106 
IIILL 1955-59 -19.59 -19.51 -19.55 
WILL 19bO-blo -21.82· -20.bO -20.60 -20.60 
WILL 196!i-b9 -19.85 -20.02 -19.93 
II lLL 1970-710 -20.0b -20.22 -20. lit 
WILL 1975-79 -20.103 -20.55 -20.49 

• DENOTES DEL C-13 VALUE NOT USED IN COI1PUTAT ION OF I1EAN 
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---------OEL C-13 I W. R. T'. POB STO.I-------

SITE YEARS aURNl BURh2 BURN3 MEAN ..... ••••• ••••• • •••• • •••• • ••• 

GLiJS 1930-3't -19.31 -19.29 -19.30 
GLOB 1935-39 -18.91 -19.04 -18.97 
GL;;t8 1940-44 -19.18 -19.45 -19.29 -19.31 
GL08 1'145-49 -18.95 -19.10 -19.03 
GLOB 1950-54 -18.46 -18.48 -18.47 
GLOB 1955-59 -19.1t0 -19.57 -19.49 
GLOB 1960-64 ·-19.89 -20.09 -19.99 
GLOS 1965-69 -18.47 -18.63 -18.5' 
GLOB 1970-74 -18.6S -18.82 -18.75 
GLOB 1975-79 -19.70 -19.97 -19.76 -19.81 
JERO 1930-34 -19.26 -19.39 -19.32 
JERO 1935-39 -20.36 -20.42 -20.39 
JERO B40-4" -21.18 -21.63 -21.27 -21.36 
JERO 1945-49 -20.79 -20.92 -20.B5 
JERO 1950-54 -20.bO -20.71 -20.65 
JERO 1955-59 -21.41 -21.60 -21.'1 
JERO 1960-64 -21.1tl -21.71t -21.92 -21.69 
JERO 1965-69 -21.47 -21.83 -21.83 -21.71 
JERO 1970-74 -21.0b -21.53 -Zl.lS -21.26 
JERO 1975-79 -22.06 -21.93 -22.00 
ORAC 1930-3't -20.73 -20.80 -20.77 
ORAC 1935-39 -20.14 -20.40 -20.27 -20.27 
QRAC 1940-44 -20.48 -20.75 -20.46 -20.57 
ORAC 1945-49 -19.95 -20.12 -20.04 
DRAC 1950-59 -18.69 -18.89 -18.79 
O"AC 1955-59 -18.87 -18.98 -18.92 
ORAC 1960-64 -18.94 -19.06 -19.00 
ORAC 1965-69 -18.60 -18.88 -18.66 -18.71 
ORAC 1970-74 -18.01 -18.27 -18.13 -18.lIt 
ORAC 1975-79 -19.H -19.73 -19.H 
PRES 1930-34 -19.94 -20.10 -20.02 
PRES 1935-39 -19.93 -20.35 -20.05 -20.11 
PRES 1940-44 -20.22 -20.47 -20.51 -20.40 
PRES 194,-49 -20.61 -20.66 -20.64 
PRES 1950-54 -20.48 -20.38 -20."3 
PReS 1955-59 -20.74 -20.73 -20.73 
PReS 1960-64 -21.29 -21.33 -21.31 
PReS 1965-69 -21.11 -Zl.25 -21.1B 
PRtS 1970-74 -20.39 -20.51 -20.45 
PRES 1975-79 -20.93 -21.14 -21.05 -21.04 
STJCi 1930-34 -20.13 -20.41 -20.4" -20.33 
STJO 1935-39 -1B .61 -1b.86 -16.79 -lB.75 
STJCi 1~"0-44 -19 • .13 -19.27 -19.20 
ST JO 194!1-49 -19.71 -19.84 -19.77 
S T JO 1950-54 -19.10 -19.20 -19~15 

STJO 19!15-59 -19.77 -19.86 -19.81 
STJO 1960-b4 -19.56 -19.84 -19.53 -19.65 
S T JO 1965-69 -20.02 -20.03 -20.C3 
ST JO 1970-74 -20.11 -20.14 -20.13 
STJO 1975-79 -20.61 -20.68 -20.65 



APPENDIX F 

FORTRAN PROGRAM AND SAMPLE OUTPUT FOR FORCING SLOPES 
ON LINEAR 0 VS. CLIMATE RELATIONSHIPS 

13 Program NEWINT accepts the 0 C and corresponding climate data 

from each of 6 sites together with the slopes 'to be forced on the 0 

vs. temp. and 0 vs. precipe curves. The calculations are performed as 

outlined in section 6.2.3. The output includes the slope, intercept, 

correlation coefficient (r) and sum of the squares for the normal 

least squares regres~ion, and the intercept, correlation coefficient 

and sum of the squares for the case of the forced slopes. 

Input format is as follows: 

Card-l temp. and precipe coefficients to be forced 

F5.2,F6.2 

Card-2 0 values of each of 6 sites for the 1930-34 interval 

5X,6(F6.2,lX) 

Card-3 respective temp. values for 6 stations (could be 
single month, seasonal value or mean annual value) 

5X,6(F5.l,2X) 

Card-4 respective precipe values for 6 stations 

5X,6(F6.2,lX) 

(Cards 2-4 repeated for succeeding 5-yr intervals) 

A sample output for a temp.-coefficient of -0.27 and a precip-

coefficient of -0.041 follows the program. 
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1 

S 

10 

lS 

ZO 

25 

30 

35 

40 

45 

50 

55 

PROGRAM NEWINT 

PROGRAM NEWINTIINPUT,OUTPUT,TAPES-INPUT,TAPE6-0UTPUT) 
DIMENSION OELlb),TEHPlb),RAINlb) 
J-O 
REAOIS,3) SLOPT,SLOPR 

3 FO~MATIFS.Z,Fb.3) 
Z WRlTElb,b8) 
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b8 FORMATIIHl,"",19X,"STANOARO REGRESSION",39X,"FORCED REGRESSION") 
WRITElb,b9) SLOPT,SLOPR 

b9 FORMATI/7ZX,"T-SLOPE-",FS.Z,4X,"R-SLOPE-",Fb.3) 
WRITElb,70) 

70 FORMATIII'5X,"YEAR",SX,"TYPE",5X,"SLOPE",SX,"INTERCEPT",SX,"R",~X, 
l"LST SO",15X,"INTERCEPT",5X,"R",5X,"LST SO") 

WRITElb,7l) 
71 FORHATISX,~ •••• ",5X," •••• ",5X." ••••• ",SX," ••••••••• ",4X," ••• ",4X," 

1 ••• • •• ",ISX," ••••••••• ",4X," ••• ",4X," •••••• ") 
IFIJ.GT.O) GO TO 10 

4 REAOIS,5) IY,IOELIl),I-1,b) 
S FORHATII4.1X,blFb.Z,lXII 

IFIIY.EO.CI GO TO 99 
REAOI5,bl T,ITEMPIII,I-I,61 

6 FORMATt4x,A1,bIFS.1,ZXII 
~EAOI~,71 ~,IRAINIII,l-l,bl 

7 FORMATI4X,AI,6IFb.Z,lXII 
10 A-O.O 

B-O.O 
C1-0.0 
CZ-O.O 
0-0.0 
eao.o 
F1-0.0 
FZ-O.O 
F3-0.0 
G1-0.0 
GZ-O.O 
G3- 0.0 
HI-0.0 
HZ-O.O 
BB-O.O 
OO-C.O 
EE-O.O 
00 ZO 1-1,b 
IFtJ.GT.OI GO TO 11 
TEMPIII-ITE/'IPIll-3Z.I.~.'9. 
RAINII)-RAINII)·Z5.4 

11 A-A1-0ELtII 
S-B+TEMPIII 
BS-SS+RAlNIII 
O-O+TEMPIII·TEI'IPIII 
OO-OO+~AINII).RAINIII 
e-E+OHI.l ).TEMP I I) 
eE-EE+O~Llll.RAINIII 

ZO CONTINIJE 
OMN-A/6. 
HIN-Slb. 
RMN-BB/b. 
00 30 I-1,b 
F1-F1+IOELII'-OMNI··Z 



bO 

65 

70 

75 

60 

tl5 

90 

95 

100 

105 

PROGRAM NEWINT 

FZ-FZ+(TEHPII'-THNI*.Z 
F3-F3+(RAINCII-RHNI··Z 
Gl-Gl+COELCII-OHNI·CTEI'IP(I'-THNI 
GZ-GZ+COELCII-OHNI~CRAINCII-RI'INI 
Nl-Hl+CTEHPCII-THNI*OELCII 
HZ-HZ+IRAINIII-RI'INI*OELIII 

30 CONTINUE 
TH-H1/FZ 
RH-HUF3 
TB-OHN-TH*THN 
RB-OMN-RH*RHN 
OS-SQRTCFl/5.1 
TS-SQRT I FUS. 1 
RS-SQRTCF3/5.1 
TR-Gli C 5 .*OSHS I 
RR-G2I C S.*OS*RS 1 
TSQ1-O.0 
RSQ1-O.0 
00 ~O 1-1,6 . 
TSQ1-TSQ1+COELCl'-ITH*TEHPCI'+TB" •• Z 
RSQ1-RSQ1+COELCII-CRH.RAINCII+ABII**Z 

~o CONTINUE 
TY-CE-SLOPT*CO-b.TI'IN*THNll/lb*THNI 
RY-CEE-SLOPR*COO-b*RHN*RHNIl/lb.RHN) 
TBl-TY-S LOP T* THN 
AB1-RY-SLOPR*RHN 
G3-0.0 
G~-O.O 
TSQZ-O.O 
RSQZ-O.O 
00 50 1-1,6 
Cl-Cl+COELII'-TY I.*Z 
CZ-CZ+COELCII-RY I*.Z 
G3-G3+COELCII-TY I*CTEHPCII-THNI 
G~-G~+COELIII-RY '.CRAINCI'-AHN' 
TSQZ-TSQZ+COELCII-CSLOPT*TEHPCII+TB11,··Z 
RSQZ-RSQZ+CDELCII-CSLOPR.AAINCII+KB111*·Z 

50 CONTINUE 
OT·SQRTCCl/5.1 
DR-SQRTCC2I5.1 
TR1-G31 (S*OTHS 1 
RR1-G~ IC S*DRUS 1 

209 

WRITECb,601 IY,T,TH,TB,TR,TSQ1,TB1,TR1,TSQZ 
bO FO~HATCII,5l,I~,6X,Al,6X,Fb.3,bX,F6.Z,SX,F5.Z,ZX,F7.3,1~X,F6.2,5X, 

lF5.Z,ZX,F7.31 
WRITElb,6ZI IY,R,RH,RB,RR,RSQ1,AB1,RA1,ASQZ 

b2 FO~HATI/,5X,I~'6X,Al,6X,F6.3,6X,F6.2,SX,F5.2,2X,F7.3,l~X,F6.2,SX, 
lF5.2,2X,F7.31 

GO TO it 
99 STOP 

END 
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STANDARD ~EGRESSION FORCED REGRESSION 

T-SLOPE- -.21 R-SLOPE- -.0''>1 

TEAR THE SLOPE INTER!=EPT R LST sa INTERCEPT R LST sa 
•••• •••• ••••• ••••••••• ••• • ••••• ••••••••• ••• • ••••• 
1930 .0ge -20.04 .'4 1.071 -17.0e .10 46.367 

193(1 R .001 -20.11 .21 1.449 -18.63 .17 4.1111 

193' -.2'1 -111.74 -.77 1.UI -11.64 -.77 1.139 

193~ R -.034 -111.11 -.6,. 1.U9 -11.'9 -.e4 1.671 

1940 T -.3Ie -1I.aa -.94 .3'4 -19.3' -.92 .11511 

19 .. 0 R -.023 -19.U -.77 1.171 -11.14 -.73 2.'74 

1945 T -.263 -19.61 -.80 .9'2 -19.'8 -.79 .954 

19105 R -.022 -19,"2 -.70 1.311 -11.'11 -.64 2.7'10 

19'0 T -.25' -19.13 -.87 .637 -19.07 -.a7 .650 

1950 R -.058 -18.69 -.84 .753 -19.08 -.14 .9'6 

19!»' -.240 -19.50 -.93 .321 -1'1.34 -.9S .366 

1'15' R -.0109 -19.46 -.e3 .752 -19.65 -.83 .a06 

1960 T -.306 -20.12 -.91 .636 -20.29 -.'10 .73' 
19110 R -.056 -19.71 -.'1 2.355 -20.0 .. -.'7 2.459 

1911' T -.2117 -20.34 -.8Z. .931 -ZO.33 -.12 .932 

1911) R -.021 -19.11' -.77 1.U' -18.3' -.73 2.910 

1970 T -.148 -10.30 -., .. .• 740 -1'1.93 -.49 1.145 

1970 R -.OU, -20.21 -.'H .8115 -19.51 -.39 1.423 

l'i7' T -.272 -20 • .1<1 -.10 .806 -20.34 -.10 .106 

197) R -.0311 -20.20 -.53 1.11211 -20.05 -.'3 1.1142 
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