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ABSTRACT 

oD and o13c values were measured in wood samples ranging in age 

from 34000 years B.P. to modern. The samples, consisting of juniper, 

pine and snowberry twigs, were obtained from packrat middens found in 

the Snake Range in eastern-central Nevada. oD was measured for carbon

bound hydrogen of cellulose while a13c was measured for total carbon of 

cellulose. 

oD values measured in modern samples showed an approximate 

equivalency to inferred oD of local precipitation. oD from ancient 

samples ranged from -57 °/oo to -119 °/oo. Paleoclimatic inferences 

based on these data were in qualitative agreement with those obtained 

from other paleoclimatic indicators, including changes in local vegeta

tion and lake levels of pluvial Lake Bonneville. 

o13c values showed little temporal variation and did not corre

late with oD values. Therefore, it was not possible to interpret o13c 

values in terms of paleoclimate. 

vii 



CHAPTER 1 

INTRODUCTION 

The possibility of using stable isotopes · to study past climates 

was first suggested by Urey (1947). Urey demonstrated that in certain 

systems, fractionation of stable isotopes does occur and that this frac

tionation is the result of differences in chemical and physical proper

ties arising from differences in the atomic masses of an element. 

Realizing that the extent of such fractionation is temperature dependent 

and is therefore interpretable in terms of environmental temperature, 

Urey searched for occurrences of fractionation of oxygen isotopes in 

natural systems. Mass spectrometers designed by Nier (1947) and later 

modified by McKinney et al. (1950) allowed precise measurement of iso

tope ratios. Early research concentrated on measuring isotope ratios 

in the carbonate fraction of deep-sea cores and inferring ocean-water 

temperatures of deposition (Emiliani, 1955). Later work involved 

measurement of isotope ratios in polar ice sheets (Dansgaard et al., 

1969). Early paleoclimatic interpretations utilizing stable isotopes 

had to rely heavily on these inferred ocean-water temperatures and 

comparative isotopic compositions in ancient snow layers (Dansgaard et 

al., 1971), with little data forthcoming from other systems. 

Climate during the late Pleistocene glacial stages and the 

nature of the climatic transition from late Pleistocene glaciations to 

the Holocene interglacial naturally received the most attention. A 
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great deal of information was obtained by non-isotopic methods, since 

paleoclimate is also recorded by certain geologic processes and by the 

fossil record. As one goes further and further back in the Earth•s 

history, the record becomes more sporadic and difficult to ·interpret. 

Geologists realized that the freshness of Pleistocene glacial deposits 

and the relative scarcity of major erosional hiatuses afforded excellent 

opportunities for study. In addition, radiometric dating by the radio

carbon and K-Ar methods made possible an absolute time calibration for 

glacial strata. Because of these favorable factors, more is known 

about the late Pleistocene, and the Wisconsin stage in particular, than 

of any other period in the Earth • s his tory. 

The expansion and advance of great ice sheets during the Wiscon

sin is recorded today by glacial deposits and a wealth of other geologic 

evidence (Flint, 1971, among others). It is quite likely that these 

glaciations were accompanied or preceded by significant changes in cli

matic conditions. The record of such climatic change is not as easily 

deciphered however and interpretations of Pleistocene climate remain 

tentative and inconclusive. The timing of the Pleistocene - Holocene 

transition, or change from glacial to interglacial conditions, has still 

not been agreed upon. Dates for this boundary, based on important 

changes in various geologic and biologic records, range from 14500 to 

8500 years before the present (B.P.). The two million years or so of 

Pleistocene time have been marked by periodic sequences of glacial -

interglacial events, which have important ramifications for understand

ing present and future climates. Before such crucial questions as those 



dealing with future climatic trends can be addressed, it is first nec

essary to determine a satisfactory chronology of past climatic events. 

Application of isotopic techniques to continental systems was 

initially restricted to measuring oxygen isotope ratios in speleothems 

and lake sediments (Duplessy et al., 1970). Collection of isotopic 

data from other terrestrial systems was hindered by a lack of suitable 

sample material. Ideally, such sample material should meet four cri

teria. The most important of course is that the sample material vary 

isotopically with climatic variation. The magnitude of the isotopic 

variation should exceed the precision limits of the -method of measure

ment. A second criterion is that the isotopic variation must be sys

tematic and sufficiently well-understood so that any climatic "signal" 

will be unambiguous. Third, it is necessary that the time of initial 

isotopic fixation can be accurately determined and that this initial 

isotopic compostion remain unchanged through time, or that the means 

to correct for any change be known. Finally, the sample should be 

physically resilient and occur across a large geographic area, such 

that a large number will be preserved from diverse times and locations 

(climatic regimes). 

3 

Trees and plant material appear to best meet the above criteria. 

A number of studies, discussed in Chapter 2, have been devoted to 

determining possible ·correlations between climate and the isotopic 

compositions of the three primary elemental constituents in organic 

matter: hydrogen, oxygen and carbon. These constituents are taken up 

by the process of photosynthesis, usually described with the equation: 



(1.1) 

Trees lend themselves to direct dating through either dendrochronologi

cal 11 ring-counting 11 techniques or radiocarbon dating. Furthermore, it 

is possible to ensure that the organic matter has indeed remained 

unchanged since fixation by taking proper precautions in the isotopic 

analysis, as will be discussed in Chapter 4. The main problem in deal

ing with this sort of sample material is that so little of it is avail

able. Organic matter commonly lacks the chemical and physical 

resilience to survive decomposition by bacterial action or destruction 

by weathering, fire or human use. A tree may occasionally be buried 

soon after death in swamp or bog mud or by river overflow, and thus be 

preserved for thousands of years (Flint, 1971). However, these occur

rences are rare enough that sample procurement remains the greatest 

obstacle hindering research. 

Paleoenvironmentalists in the American Southwest have long 

known of an abundant source of ancient wood and plant material. Pack

rat middens, first described by Wells and Jorgensen (1964), commonly 

contain a variety of twigs, seeds and plant matter. The debris that 

the packrats bring into their nests may become saturated by repeated 

urination and cemented into brick-like masses as the urine desiccates 

and crystallizes into a sort of weathering rind. The indurated midden 

may then be preserved for thousands of years. The organic material can 

be directly radiocarbon dated. Packrat middens, where they occur, have 

already afforded paleoecologists a valuable tool for studying late 

Pleistocene and Holocene environments in the form of excellently 
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preserved macro- and microfossils. These middens can also aid the 

researcher interested in using stable isotopes to study paleoclimate. 

In particular, this study will utilize juniper (Juniperus), 

pine (Pinus) and snowberry (Symphoricarpos) twigs obtained from pack

rat middens to examine D/H and 13c; 12c ratios in cellulose of ancient 

and modern wood. The samples were collected from a single area, the 

Snake Range of Nevada, and provide a sequence of plant material from 

about 34000 years B.P. to the present. Measurement and comparison of 

isotopic ratios in the plant material should yield information regard

ing Wisconsin and Holocene climates and the timing of the transition 

from glacial to interglacial conditions. 

The isotopic compositions are conventionally expressed as o 

(delta) values, or per mil (0/oo) deviation from some reference materi

al, calculated from: 

R - R 
= s r X 1000 ( 1 . 2) 

Rr 

where Rs and Rr are (moles heavy isotope/moles light isotope) in the 

sample and reference material, respectively. For hydrogen, the refer

ence material is Standard Mean Ocean Water (SMOW) as defined by Craig 

(196la) while for carbon the reference material is "PDB", co2 gas 

obtained from belemnites of the PeeDee Formation (Craig, 1957). 
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CHAPTER 2 

BACKGROUND 

The systematic variation of D/H and 18o; 16o ratios in precipi-

tation and meteoric water with climatic temperature at the site of 

precipitation is well documented (Craig, 196lb; Friedman et al., 1964). 

Dansgaard (1964) found a linear relationship between oD values and 

average annual temperatures at the precipitation site, given by: 

100 (2.1) 

Thus, it was expected that trees and plants taking up this meteoric 

water would preserve the climatic 11 Signal 11 originally contained in the 

isotopic composition of the water. Table 1 summarizes the various 

relationships found between climatic parameters and oD values in wood. 

Libby et al. (1974, 1976) analyzed D/H ratios in whole wood 

tissue from a tree ring sequence of a seventeenth-century oak that had 

grown in Germany. The oD values obtained were compared with seventeenth-

century winter temperatures in England. A strong correlation was found 

and a temperature coefficient of about 140 per mil per degree Centigrade 

(
0 /oo 0c.- 1) was calculated. Schiegl (1974) also measured D/H ratios 

in whole wood tissue (minus lipids and resins) from Germany. The tree 

was spruce from the same time period as that of the oak used by Libby ' 

et al. (1974, 1976). A temperature coefficient of only 6 °/oo 0c.- 1 

was calculated in this case. 

6 



Table 1. Relationships between 60 in organic materials and climatic parameters, from~ vivo experiments. 

Tree Type - Location Material 60 Correlated With: Relationship Reference 

Oak- Genmany Whole wood Winter temp. in England +140 °/oo 0 c.-l Libby et al. (1974,1976} 

Spruce - Genmany 

Pine - New Zealand 

A variety of plant 
and tree types -
North America 

Oak - Netherlands 

Extracted wood Local annual temp. 

C-H hydrogen in Local seasonal temp. 
cellulose after 
equilibration 
with OH-

C-H hydrogen in 60 of environmental 
cellulose after water 
nitration 

C-H hydrogen in Local seasonal temp. 
cellulose after 
nitration 

+6 °/oo 0c.-l Schiegl ( 197.4} 

-5 °/oo 0c.-1 Wilson and Grinst~d 
(1975} 

Avg.
0
offset of Epstein, Yapp and 

-22 /oo Hall (1976} 

+3.5 °/oo 0 c.-l Vander Straaten (1981} 

A variety of tree 
types -North America C-H hydrogen in Avg. local annual temp./ 5.8 °/oo 0 c.-1; Yapp and Epstein (1982} 

cellulose after 60 of local meteoric (0.87}60H20 - 11 
nitration water 

""'-.~ 
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Smith and Epstein (1970) showed that the lipid fraction of 

plants is depleted in deuterium by approximately 100 °/oo relative to 

the total plant hydrogen. Therefore, the D/H ratios measured from 

whole wood tissue are not only a function of the isotopic composition 

of the water taken up by the tree but also of the varying proportions 

of different wood fractions. This knowledge renders the aforementioned 

results of Libby et al. (1974, 1976) and Schiegl (1974) suspect, as 

pointed out by Epstein and Yapp (1977). In general, ·correlations 

between oD values in whole wood tissue and temperature are not expected. 

The problem of non-climatic isotopic variations due to varia

tions in plant chemistry can be obviated by dealing with a specific 

compound found in wood, particularly cellulose. Cain and Suess (1976) 

and Long et al. (1979) showed that some lignification occurs during 

heartwood formation, possibly many years after the tree ring was 

deposited. Northfelt, DeNiro and Epstein (1981) showed that although 

D/H ratios in environmental water correlate with those in the lipid 

fraction in sapwood, there was no correlation with D/H ratios in heart

wood lipids. The advantage of using cellulose therefore is that it is a 

specific chemical constituent whose time of biosynthesis is known better 

than other wood constituents. 

However, the problem of isotopic exchange must also be con

sidered. Cellulose is a carbohydrate made up of polymeric chains of 

glucose rings (see Figure 3, Chapter 4). Of the ten hydrogen atoms con

tained in a glucose ring, c6H10o5, seven are bonded to carbon and three 

to oxygen forming hydroxyl groups. Mann (1971) used deuterium-enriched 

water in exchange experiments to demonstrate that the oxygen-bound 



hydrogens are readily exchangeable with surrounding water while those 

bound to carbon are not. Such exchange might occur not only during 

laboratory separation of cellulose but also with sapwater in the living 

tree or between environmental water and the wood during a period of 

burial. Therefore, only the carbon-bound hydrogens are certain to 

represent originally synthesized hydrogen. 

Two independent methods have been used to circumvent the prob

lem of possible isotopic exchange. Epstein, Yapp and Hall (1976) re-
+ placed the exchangeable hydroxyl hydrogens with N02 groups and the 

resulting nitrated cellulose was then extracted for 0/H analysis . They 

found that the co values of cellulose nitrate from terrestrial plants 

were related to the cO values of the environmental water by the 

equation: 

cOCN( 0 /oo) = 0.97cOEW - 22 (2.2) 

where the subscripts 11 CN 11 and 11 EW 11 refer to cellulose nitrate and 

environmental water, respectively. Subsequent work by OeNiro (1981) 

and Yapp and Epstein (1982b) modified equation (2.2) to: 

(2.3) 

Because the slope of approximately 11 111 was detennined from measurements 

on a variety of plant types, it follows that the isotopic composition 

of the source water is the primary factor which determines the 0/H 

ratio in plant cellulose, regardless of plant type. 

9 



10 

In a companion paper to Epstein et al. (1976), Epstein and Yapp 

(1976) demonstrated the climatic significance of oD variations measured 

in cellulose C-H hydrogen from tree-ring sequences. Pine trees from 

Arizona and Scotland were analyzed and the oD values then compared with 

average winter temperatures in the respective locales. The strong cor

relation found served to verify the validity of the method. 

A second method, developed by Grinsted (1977), involved replac

ing the exchangeable hydroxyl hydrogens with hydrogen of known isotopic 

composition. Wilson and Grinsted (1975, l977b) used this method to 

measure D/H ratios in a Monterey pine grown in New Zealand and calculated 

a temperature coefficient of -5 °/oo 0c.-1. However, Epstein (1978) 

pointed out that these results were based on an untested method of anal

ysis and the validity of the method had not been demonstrated. Subse

quent research therefore has utilized the nitration method of analysis. 

Yapp and Epstein (1977) measured oD values from Wisconsin-age 

wood collected from a number of North American sites. They inferred 

oD of paleoenvironmental waters by adding -20 °joo to the oD value of 

the cellulose nitrate, as per equation (2.2). It was found that Wis

consin-age meteoric waters were enriched in deuterium by about 19 °/oo 

relative to modern meteoric waters. This result was unexpected 

because meteoric water in general becomes more depleted in deuterium 

with lower temperature, as indicated by equation (2.1). Yapp and 

Epstein (1977} suggested cooler ocean temperatures and smaller tempera-

ture gradients during the Wisconsin than exist today. 

Van der Straaten (1981) utilized a similar analytic method to 

determine oD in oak trees from the Netherlands. By comparing oD with 



local temperature, he determined a temperature coefficient of 3.5 °/oo 
0 c.- 1· He explained this value in terms of two separate temperature

dependent fractionations. The first had to do with temperature-

11 

dependent variations in the isotopic composition of the hydrogen reser

voir (meteoric water). From comparisons of climatic temperatures with 

isotopic compositions measured in precipitation from selected Inter- . 

national Atomic Energy Agency (IAEA) precipitation stations, a global 

temperature coefficient of 5.0 °/oo 0c.-1 was calculated (as compared 

with Dansgaard's (1964) 5.6 °;oo 0 c.-1, from equation (2.1)). The 

second fractionation was shown to occur during biosynthesis of hydrogen 

from water taken up by the plant. In growth chamber experiments with 

wheat and maize, the plants were given water of constant isotopic 

composition. From measurements of the cellulose C-H hydrogen, it was 

determined that fractionation had occurred and a temperature coefficient 

of -1.5 °/oo 0c.-l was associated with this process. Assuming that this 

temperature coefficient also held for oak trees, the overall temperature 

coefficient of 3.5 °/oo 0 c.- 1 calculated from oD measured in oak . trees 

was in accord with the previous results (5.0 °/oo- 1.5 °/oo). 

Yapp and Epstein (1982a) plotted oD precipitation values against 

temperature from eleven North American IAEA stations and found the 

following relationship: 

120 (2.4) 

where the subscript "ppt" refers to precipitation. Then, from their 

own measurements of oD in a variety of tree types from twenty-two North 
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American sites located near the IAEA stations, they found the relation-

ship given by: 

134 (2.5) 

Combining equations (2.4) and (2.5) and rearranging terms yields: 

(2.6) 

The result is similar to equation (2.2) although the .. deuterium excess .. 

is now -10 °/oo, versus -22 °joo from equation (2.2). Nevertheless, 

the similarity of temperature coefficients from equations (2.4) and 

(2.5) is consistent with the hypothesis that the oD variations of the 

trees reflect the oD variations of the local precipitation. 

Because o18o values in meteoric water are related to oD values 

by the equation: 

(2.7) 

(Craig, l96lb), it was anticipated that oxygen isotopic compositions in 

trees and plant matter might also yield paleoclimatic information. 

Libby et al. (1976) found a correlation between oxygen isotopic composi

tions measured in whole wood and temperature. Gray and Thompson (1976) 

and Burk and Stuiver (1981) also found correlations using wood cellulose. 

Epstein, Thompson and Yapp (1977) showed that the relationship was not 

a simple one. From measurements of 18o; 16o ratios in terrestrial plants, 

they concluded that two-thirds of cellulose oxygen is derived from 

atmospheric co2 and one-third from environmental water. The 
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relationship was shown to be further complicated by evapotranspiration 

effects (Fehri, Long and Lerman, 1977) and by isotopic exchange between 

atmospheric co2 and leaf water (DeNiro and Epstein, 1979). The results 

to date are contradictory, and the relationships between 18o; 16o ratios 

in cellulose and temperature remain unclear. 

Although there is no basis for necessarily expecting a correla-

tion between carbon isotopic compositions of cellulose and climate, 

more research has been devoted to investigating this relationship than 

to those involving either hydrogen or oxygen. It is unclear at present 

whether carbon isotopic variations in tree rings are induced by tempera

ture variations or are recording o13c variations in atmospheric co2. 

Table 2 presents temperature coefficients determined by various 

researchers. Most of these studies assumed a constant o13c in atmospher

ic C02 and a temperature-sensitive metabolic process where fractionation 

occurs within the plant. 

The results of Leavitt (1982) are particularly interesting be-

cause they were obtained from juniper trees growing in Arizona. Leavitt 

(19H2) used cellulose obtained from modern tree rings which has been 

absolutely dated by ring-counting techniques. He was therefore able to 
13 compare o C values in a specific tree ring with temperature and other 

climatic parameters for that particular year. In addition to a calcula

ted temperature coefficient of -0.27 °/oo 0c.-1, it was demonstrated 

that the c13c- climate relationship did change in response to changes 

in the isotopic composition of the atmosphere, a conclusion reached 

earlier by various other researchers. Mazany, Lerman and Long (1980) 

showed that local o13c values in atmospheric co2 were influenced by 



Table 2. o13c temperature coefficients determined from in vivo experiments. 

Tree Type - Location 

Poplar - Norway 

Pine - New Zealand 

Pine - Tasmania 

Elm - Massachusetts 

Oak - Germany 

Juniper - Arizona 

o13c Correlated With: 

Running-mean avg. 
spring temp. 

Monthly mean max. 
daily temp. 

Running-mean Feb. 
max. temp. 

Mean summer temp. 

Mean avg. winter temp. 

Mean Dec. temp. 

Temperature 1 Coefficient (0 /oo °C.- ) Reference 

-0.1 Lerman (1974) 

+0.2 Wilson and 
Grinsted (1977a) 

+0.24 to +0.48 Pearman, Francey 
and Fraser (1976) 

-0.7 Farmer (1979) 

+2.0 to +2.7 Libby and Pandolfi 
(1974) 

-0.27 Leavitt (1982) 

...... 
+::-



respired co2 from surrounding vegetation, which is in turn influenced 

by climate. Any climatic temperature signal contained in the carbon 

isotopic compositions of trees may be obscured or completely over-

whelmed by these other effects. 

15 

Factors other than temperature and o13c values of atmospheric 

co2 may also contribute to determining 13c; 12c ratios in trees. Wilson 

and Grinsted (l977a) showed that, just as D/H ratios are smaller in 

lignin than in cellulose, 13c; 12c ratios are also smaller in lignin 

than in cellulose. This once again necessitated isolating the cellulose 

fraction for analysis. Tans and Mook (1980) and Mazany et al. (1980) 

found 13c; 12c ratios varied around the circumference of a single tree 

ring. In addition, Long (1980) and others discussed the possibility of 
13c; 12c ratios in tree rings being dependent on the individual tree's 

response to a number of environmental factors, such as water stress and 

light intensity. So-called "species effects" could be attributable to 

these factors alone, and may also explain the disparity of calculated 

temperature coefficients for different tree types observed in Table 2. 

Thus, the possibility of retrieving paleoclimatic information 

from o13c values in tree rings and plant material is complicated by 

considerable isotopic "noise". Nevertheless, large variations in 

samples of different age may allow qualitative interpretations of 

paleoclimatic changes. Furthermore, when used in conjunction with oD 

variations from the same samples, it is possible to compare values and 

determine whether any correlation exists between the respective 

variations. 



CHAPTER 3 

SAMPLE MATERIAL 

Packrat middens have afforded paleoecologists a valuable tool 

for studying Late Pleistocene and Holocene environments, particularly in 

the American Southwest where they occur extensively. Packrats are 

rodents of the genus Neotoma, and fifteen species range throughout 

North and Central America. N. albigula and N. lepida are the two pre

dominant species in the southwestern United States (Wells, 1976). 

Packrats commonly collect a large variety of plant material with which 

to construct their nests, including twigs, leaves and seeds. This 

debris is then compacted by trampling and saturated by repeated urina

tion. The viscous urine quickly desiccates and crystallizes, forming 

a glossy, usually dark-brown veneer, which Orr (1957) called 11 amberat 11
• 

The amberat cements the debris into brick-like masses and confers 

mechanical strength and rigidity to the whole. In addition, amberat 

acts as a biological blocking agent, protecting the plant material from 

enzymatic fungal and bacterial attack, in addition to more direct 

attacks such as consumption by herbivorous insects. 

If the middens are deposited in dry caves or other protected 

shelters, the indurated mass may be preserved for tens of thousands of 

years. In fact, some middens have yielded 11 infinite 11 radiocarbon dates 

(Austin Long, personal communication). The amberat is readily soluble 

in water so if the indurated midden is subjected to even occasional 

16 
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rains, the entire mass will soften and fall apart. When sheltered, the 

middens act as effective fossilizing agents for plant micro- and 

macrofossils, and commonly yield a variety of well-preserved plant 

material. The paleoecologist is thus afforded the opportunity to 

analyze and compare plant compositions of middens from the same site or 

area but of different age. Such analysis allows reconstruction of 

paleo-plant communities and determination of changes in these communi

ties with time. From changes in paleo-plant communities, paleoclimatic 

changes can be inferred. 

Paleoclimatic inferences utilizing packrat middens are based on 

the assumption that the relative proportions of different plant types 

contained within the midden accurately reflect the relative proportions 

in the source area. It can be safely assumed that the vegetation did 

occur in the immediate area of the midden, as Stones and Hayward (1968) 

found that the packrats seldom travelled more than 100 meters to collect 

material. However, the validity of the assumption regarding the rela

tive proportions of plant material in the midden has never been demon

strated and remains speculative. Therefore, it should be emphasized 

that paleoclimatic inferences are really based on the presence of 

certain plant materials in the midden rather than absolute plant 

abundances growing near the site at some time. 

The middens are collected in the field and placed in separate 

bags. The midden material often shows a distinct stratification, with 

the individual strata typically attaining thicknesses of two centimeters 

or more. These strata are the result of depositional hiatuses, probably 

representing abandonment of the nest by the packrats for an interval of 
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time sufficient to allow formation of the weathering surface. With 

later reoccupation of the nest, deposition begins again and the strata 

are thereby developed. Individual strata are usually separated with a 

knife or chisel for subsequent analysis. They are soaked for several 

days in water, in which they readily disaggregate. They are then 

screened through a soil sieve, usually 20-mesh, which separates all but 

the smallest material. After drying, the filtrate can be picked through, 

identified and sorted. Individual plant compositions are usually 

expressed as weight percentage, percentage of total plant specimens, 

or qualitatively as "abundant", "rare", etc. 

The plant material can then be submitted for radiocarbon dating. 

The radiocarbon dates obtained must be approached with some caution. 

Van Devender (1973) found several possible sources of contamination. 

The most common type was exemplified by juxtaposition of modern speci

mens with specimens no longer found in the area (extralocal) and there

fore presumably older. Although these anomalous associations were 

found in the same midden, they were confined to different strata. 

Such contamination can therefore be avoided by analyzing the strata 

separately. A second type of contamination was more difficult to avoid. 

Van Devender (1973) radiocarbon-dated juniper seeds and midden debris 

separately from a single stratum and obtained significantly different 

dates. The midden apparently contained a mixture of glacial and post

glacial material. This problem can be obviated to a large extent by 

submitting a single, abundant extralocal species for radiocarbon dating. 

Thus, the ideal sample would be a single large fragment of an extralocal 

specimen. Unfortunately, at least five grams of plant material are 
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normally required for radiocarbon dating and fragments of this size are 

rarely found in the midden. Finally, it is important to realize that 

the radiocarbon age obtained from a sample represents a sort of 

11 unweighted 11 average age for the total plant material. Many plant 
- -

fragments are required for a single date and even if taken from the 

same stratum, that stratum may represent many years of deposition. 

More importantly perhaps, the packrat certainly collects and deposits 

fragments of different age. The radiocarbon age determined then, 

represents an average for many different fragments and their relative 

mass contributions to the total sample. 

The sample material utilized in this study was donated by 

Robert Thompson, Laboratory of Paleoenvironmental Studies, University of 

Arizona. The material was collected from the Smith Creek Canyon area 

in eastern-central Nevada (Figure 1). Smith Creek Canyon is located in 

the Snake Range in the eastern portion of the Great Basin. The canyon 

has a total length of about 16 kilometers and opens to the east into 

the Snake Valley. The valley floor is about 1460 meters above sea level 

and once contained the southwestern arm of pluvial Lake Bonneville 

(Flint, 1971), as shown on Figure 1. According to Flint (1971), Lake 

Bonneville attained its maximum extent during the late Pleistocene and 

then began to recede about 14000 years ago. Great Salt Lake, Utah, is 

the present-day remnant of Lake Bonneville. Mount Moriah, 3673 meters 

above sea level, is about eight kilometers southwest of the canyon. 

Although extensive winter snowfields exist on the upper slopes today, 

there is seldom any accumulation of snow in the vicinity of the sampling 

sites. No meteorological data are available for the Smith Creek Canyon 
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area but a mean annual temperature of 6 °C. (43 °F.) was determined at 

Ely, Nevada, some 55 kilometers west of the area (Houghton, Sakamoto 

and Gifford, 1975). Snowmelt runoff and summer precipitation provide 

the major sources of water for Smith Creek. Smith Creek, a perennial 

stream, seldom exceeds three meters in width and one meter in depth and 

occasionally dries up completely in the lower canyon. 

With the exception of sample BA-1 and those prefixed with 11 AC 11 

(Table 3), all samples were collected from four small caves in the 

lower canyon. The caves are located within two kilometers of each 

other and do not differ by more than 200 meters in elevation, as indica

ted in Table 3. The caves are in highly fractured limestone of the 

Cambrian Pole Canyon Formation (Whitebread, 1969). All four caves are 

at least 250 meters above the creek bed. 11 AC 11 samples were collected 

from a single cave in Horse Creek Canyon, about three kilometers south 

of Smith Creek Canyon. The cave is also in the Pole Canyon limestone, 

300 meters above Horse Creek and at the same approximate elevation as 

the other sampling sites. Horse Creek Canyon is somewhat smaller than 

Smith Creek Canyon but similar in vegetative cover. Sample BA-1 was 

obtained from a cave in a south-facing cliff about 30 kilometers 

southwest of Smith Creek Canyon. The cave is again in fractured Pole 

Canyon limestone but at a higher elevation than the other five sites. 

Vegetative cover is similar to that of the other two sites. 

Thompson collected the samples between 1977 and 1980, and 

analyzed the plant material in accord with the previously described 

method. His results from many of these samples were published in two 

separate papers (Thompson, 1978; Thompson and Mead, 1982), and are 



Table 3. Description of samples utilized in this study. 

Thompson's Radiocarbon Material 
SamEle Name Elevation (m) Lab Number* Dated** 

AC-2A 2010 A2782 N. 

AC-6 2010 A2729 N. 

LC-2A 2060 WK-152 s. 

LC-28 2060 A2092 p. 1 . 

SV-2 1860 GX-5866 p. 1. 

SC-5 1950 A2094 p. 1. 

LC-2C 2060 WK-153 p. 1. 

SC-4 1950 GX-5863 p. 1. 

LC-4 2060 WK-155 p. 1 . 

LC-6 2060 WK-156 P.l. 

SC-2 1950 WK-159 J. 

BA-1 2160 A2431 p . 1 . 

AC-8 2010 A2728 J. 

Radiocarbon 
Age (Years B.P.) 

34040 +5400 -3200 

29920 ±2000 

27280 ±970 

17960 ±1100 

17350 ±435 

13340 ±430 

13100 ±210 

12235 ±395 

12100 ±150 

11080 ±115 

10450 ±290 

9680 ±700 

7350 ±250 

N 
N 



Table 3. (Continued) 

Thompson's Radiocarbon Material Radiocarbon 
SamEle Name Elevation (m) Lab Number* Dated** Age (Years B.P.) 

SV-3 1860 GX-5867 J. 6490 ±190 

CH-1A 2040 WK-157 J. 6120 ±80 

CH-18 2040 WK-158 J. 4220 ±60 

LC-Mod(J1) 2060 Juniperus twig taken from living tree 

LC-Mod(J2) 2060 JuniEerus twig taken from active midden 

LC-Mod(S) 2060 SymEhoricarEOS twig taken from active midden 

SC-Mod(P) 1950 Pinus Monophylla tree core taken from living tree 

* Radiocarbon lab numbers prefixed with "A", "WK" or "GX" were dated at 
radiocarbon laboratories at the University of Arizona, University of 
Waikato, New Zealand and Geochron Laboratories, Massachusetts, respectively. 

** Designations for material which was radiocarbon-dated are as follows: 
N. = Neotoma fecal pellets; S. = Symphoricarpos; P.l. =Pinus longaeva; 
J. = Juniperus 

N 
w 
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discussed in Chapter 7. All middens except SC-2 and the modern samples 

were well indurated. Sample designations suffixed with a letter (e.g., 

CH-lA) indicate that the sample was taken from a single stratum occur

ring within a larger mass. Those ending with numbers (e.g., SV-3) 

were taken from middens occurring as single entities lacking stratifica

tion. Radiocarbon dating was carried out by three different laborator

ies, listed in Table 3. The samples range in age from about 34000 years 

B.P. to modern. An effort was made to analyze stable isotopic composi

tions in the same plant type as that from which the radiocarbon date was 

obtained. However, this was not always possible due to insufficient 

amounts of remaining material. The three plant types used were the 

gymnosperms (softwood) juniper (Juniperus sp.) and bristlecone pine 

(Pinus longaeva), and the angiosperm (hardwood) snowberry (Symphoricarpos 

sp.). Identification to the species level for Symphoricarpos was not 

possible. The Juniperus was known to consist primarily of Utah juniper 

(~ osteosperma) but minor amounts of Rocky Mountain juniper (~ 

scopulorum) may have also been present. 

Modern samples · of juniper and snowberry were obtained from an 

active midden found in the area. A second sample of juniper was taken 

from a living tree growing in close proximity to the active midden. 

No bristlecone pine twigs were found in the midden nor are any bristle

cone pine trees growing in the immediate area today. Therefore, wood 

from a tree core taken from a living pinyon pine (Pinus monophylla) 

growing in the area was used. The core was donated by Marna Thompson, 

Laboratory of Tree-Ring Research, University of Arizona, and is 



believed to contain wood laid down over the past eighty years or so 

(Marna Thompson, personal communication). 
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CHAPTER 4 

LABORATORY METHODS 

The twigs, already identified and sorted by Thompson, had been 

stored in plastic bags since the initial analysis and were received as 

such for this study. Each sample was first inspected for single frag

ments large enough (approximately 100 mg) for individual analysis. When 

large fragment~ were absent, a number of smaller twigs were randomly 

selected for collective analysis. The twigs ranged in weight between 

5 mg and 5 gm, although most weighed approximately 15 mg. Thus, 7 or 8 

twigs were typically required to make up a single sample . 

The cellulose nitrate was produced by a method modified after 

Epstein et al. (1976). As mentioned in Chapter 2, it was first neces

sary to isolate the cellulose fraction. The cellulose was prepared 

according to the method of Wise (1944). The composite samples were 

ground up in a Wiley mill to 40-mesh size. A soxhlet extraction appara

tus was used to remove lipids and resins from the ground wood. The 

samples were placed into open-ended glass tubes and held in place by 

glass wool at both ends. 375 ml of a 2:1 toluene-ethanol mixture were 

boiled in the extraction flask. The vapor condensed above the soxhlet, 

then percolated through the glass tubes. The soxhlet slowly filled, 

dissolving lipids and resins. When filled to capacity, the solution was 

drained and the process repeated·. This cycle was allowed to proceed for 

24 hours. 

26 
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The glass tubes, still containing the sample material, were then removed 

from the soxhlet, dried with a stream of air and reinserted into the 
I 

soxhlet. The solvent in the extraction flask was discarded and replaced 

with 375 ml of 100% ethanol. The ethanol was boiled and the process 

repeated. This second extraction was also allowed to proceed for 24 

hours. 

Afterwards, the glass tubes were removed and dried overnight in 

a vacuum oven at 70 °C. The sample material was removed from the glass 

tubes and placed into beakers containing 500 ml of boiling distilled 

water. The beakers were left on a hot plate and the samples were thus 

washed for about 4 hours, ensuring that all the solvent was removed. 

The water was decanted and the sample material, now minus lipids and 

resins, dried overnight in a vacuum oven at 70 °c. 
The next step was to 11 bleach 11

, or oxidize, the lignin fraction 

from the extracted wood. The samples were placed in 125-ml Erlenmeyer 

flasks containing 50 ml of distilled water and heated to about 70 °C. on 

a hot plate. The water was acidified with 5 drops of glacial acetic 

acid and about 0.5 gm of sodium chlorite was added. The flask was then 

stoppered with an inverted 50-ml Erlenmeyer flask. Three more additions 

of glacial acetic acid and sodium chlorite were made at 2-hour intervals. 

The flasks were left overnight on the hot plate, still stoppered. After 

overnight bleaching, the sample material appeared white and the solution 

yellow. 500 ml of distilled water were incrementally added to the solu-

tion and decanted, rinsing away dissolved material and neutralizing the 

acidity. The sample material was then dried overnight on evaporating 

dishes in a vacuum oven at 70 °C. 
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The isolation of cellulose from whole wood was then complete. 

Green (1963) pointed out that the material remaining after this treat

ment is more accurately referred to as 11 holocellulose 11
• Small quanti

ties of non-cellulosic polysaccharides, termed 11 hemicellulose 11
, are also 

present in association with the cellulose as structural units of the 

cell wall. The approximate weight percentage of cellulose in the whole 

wood can be determined at this point by dividing the product weight by 

the weight of the raw wood. To determine whether the cellulose degraded 

with time, or more correctly, whether degradation of cellulose with time 

proceeded at a different rate than degradation of other wood fractions, 

cellulose weight percentages for a number of samples are plotted 

against radiocarbon age in Figure 2. The cellulose weight percentage in 

undegraded juniper wood is about 41%. This figure was determined from 

measurements on five samples of modern juniper. Cellulose weight per

centages in modern bristlecone pine and snowberry were slightly higher, 

about 42% and 46% respectively. 

The trend of increasing degradation with increasing age is evi

dent in Figure 2. Yapp and Epstein (1977) also found cellulose had 

undergone degradation in samples of ancient wood, most of which had been 

buried for less than 22000 years, but no correlation with age was evi

dent. In addition, the amount of degradation was much greater than 

found here. 32 of their 35 samples had cellulose contents of less than 

20%. The relatively small amounts of degradation apparent from Figure 2 

are testimony to the effectiveness of amberat as a preserving medium, 

at least when it occurs in dry caves. It should be mentioned that the 

calculated cellulose percentages represent an average for the composite 
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sample. The possibility of modi~ication of isotopic composition with 

cellulose degradation will be discussed in Chapter 6. 
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The holocellulose was then nitrated to remove the exchangeable 

hydroxyl hydrogens. The nitrating solution was prepared according to 

Alexander and Mitchell (1949). 20.2 gm of phosphorous pentoxide, P2o5, 

was slowly added to 50 gm of 90% (fuming) nitric acid and the solution 

stirred continuously. The mixture was prepared in a 1-liter jar with a 

ground glass cover and wrapped with duct tape to prevent photodissocia

tion of the solution. The jar was continuously immersed in an ice bath 

at 0 °C., which aided the exothermic dissolution of P2o5. The procedure 

required 6 - 8 hours, depending on the quantity of solution being pre

pared. The composition of the mixture is 64% HN03, 26% H3Po4 and 10% 

P2o5. After dissolution was completed, the mixture was used immediately. 

A precisely weighed amount of sample holocellulose, usually 

about 35 mg, was placed into a 125-ml Erlenmeyer flask. The nitric

phosphoric acid was measured into a graduated cylinder and added to the 

flask, 0.5 ml for every 1 mg of sample. The flask was then stoppered 

with an inverted 50-ml Erlenmeyer flask and Parafilm was wrapped around 

the seal. The flasks were left in the dark at room temperature for 48 

hours. The net nitration reaction of pure cellulose is represented in 

Figure 3. After 48 hours, the sample was filtered onto glass filter 

paper, using a Buchner funnel. It was washed with 1 liter of cold dis

tilled water, 1 liter of boiling distilled water, 400 ml of methanol 

and 1 more liter of cold distilled water. The nitrated cellulose was 

then dried overnight at 70 °C. 
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Fully substituted cellulose nitrate, produced from pure cellulose, 

should result in a mass increase of 183%. The percentage yield can be 

calculated according to: 

% Yield = 0 _55 x weight of cellulose nitrate 
weight of holocellulose 

The percentage yield was found to vary with time of nitration. 

( 4.1) 

Holo-

cellulose obtained from modern juniper was nitrated for varying amounts 

of time and percentage yields calculated. The results are given in 

Figure 4. Each yield was calculated from three separately prepared 

samples. The trend of decreasing yield with time is readily discernible. 

The yield decreases from about 78% after two hours to 52% after 80 hours. 

As discussed earlier, the sample material is usually holocellu

lose rather than pure cellulose and small quantities of hemicellulosic 

impurities and resistant lignin will be present. Jahn and Coppick 

(1941) demonstrated that nitration of holocellulose produced not only 

cellulose nitrate but nitrated lignin and hemicellulose as well. Further, 

nitrated holocellulose obtained from softwood, such as juniper and pine, 

contains more of these nitrated impurities than does hardwood, such as 

snowberry. Lewin and Epstein (1958) postulated bonding between hemi

and holocellulose. These bonds are gradually broken upon nitration and 

the hemicellulose degrades and goes into solution as does the remaining 

lignin. The trend of Figure 4 can be thus interpreted. 

The final step in preparation of cellulose nitrate extracts 

essentially pure cellulose nitrate from the 11 raw 11 cellulose nitrate. 

The dried sample was placed in 100 ml of acetone for one hour at room 

temperature. Dissolution of cellulose nitrate was complete at the end 
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of this time (Goring and Timmel, 1960) while slight amounts of the in

soluble nitrated hemicellulose were still visible. The mixture was 

centrifuged and the supernatant poured into a 1-liter beaker. The solid 

residue was washed several times with acetone and the washings also 

added to the beaker. Cellulose nitrate was reprecipitated by quickly 

pouring 0.5 liters of distilled water into the beaker. The resultant 

white, fluffy precipitate of essentially pure cellulose nitrate was 

filtered onto glass filter paper, washed with 1 liter of distilled 

water, 400 ml of methanol and another liter of distilled water. The 

sample was then dried for 24 hours at 70 °C. 

Yields of purified cellulose· nitrate also varied with sample 

nitration time. The samples of cellulose nitrate previously considered 

in Figure 4 were extracted in acetone and percentage yields calculated. 

The results are also presented in Figure 4. The yields increased 

gradually between 2 and 36 hours, rose steeply between 36 and 60 hours, 

and then decreased dramatically. This trend is consistent with Lewin 

and Epstein's (1958) aforementioned interpretation. Gradual breakage of 

bonding between holocellulose and hemicellulose in the nitrating medium 

would result in cellulose nitrate of increasing purity so that higher 

yields would be expected after acetone extraction. In addition, with 

increased exposure to the nitrating medium, more and more cellulose 

should be nitrated, again resulting in higher yields. Thus, although 

yields of raw cellulose nitrate decrease between 2 and 40 hours due to 

removal of impurities, proportionally more of the remaining product 

should be available for subsequent extraction. The sharp increase in 

yields of purified cellulose nitrate between 36 and 60 hours suggests 
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that most of the impurities have been removed. After 60 hours, 

degradation of the cellulose nitrate in the nitrating medium is probably 

responsible for the sharp drop in yields. 

The sample was then ready for combustion. About 25 mg of ex

tracted cellulose nitrate were placed into a thick-walled (3/32 in) 

Pyrex tube, with an outer diameter of l/2 in and a length of about 7 in. 

Approximately 1 gm of cupric oxide powder, previously purged of any 

water by heating to 800 °C. in a muffle furnace, was also added to the 

tube to ensure complete oxidation of the sample when combusted. The 

tube was left under vacuum for at least 1 hour and a vacuum of 1~ 

was achieved as read on a Pirani guage. The tube was sealed by fusion 

and annealed, then placed into a cool muffle furnace. The temperature 

was slowly increased to 550 °C. over a period of about two hours. The 

temperature was left at 550 °C. for three hours and the furnace was 

then allowed to cool slowly. The combustion reaction is given by: 

The extraction line depicted in Figure 5 was used to separate 

and collect the various gas fractions. The sample tube was placed into 

the 11 T11 cajon and the entire system pumped out to a vacuum of 1~ as 

read on the Pirani gauge. The oven was placed over the protruding end 

of the sample tube and brought to a temperature of 200 °C. Stopcock 

S3 was closed and the tube was broken with the wedge. Liquid nitrogen 

(LN2) was placed on traps Tl and T3 and a dry-ice - ethanol mixture 

placed on trap 2. After ten minutes, 51 was closed and S3 opened, 
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pumping away the N2. After pumping the system to a vacuum of 1~, S3 

was closed. The LN2 was removed from Tl, allowing the gas to pass 

through T2, freezing out any water, and into T3, freezing out C02. The 

sample was again passed through T2 into Tl and back again into T3. S2 

was closed and the co2 in T3 was then collected in an eva~uated sample 

vial at S4 using LN2. The sample vial was removed and replaced with a 

second evacuated sample vial. S2 was opened and the water in T2 trans

ferred to T3. S2 was closed and the water was collected at S4 with LN2. 

The entire procedure required about one hour. Afterwards, a ground glass 

joint allowed removal of the glass tube containing the fritted glass 

disc and the 11 T11 cajon and both were washed with nitric acid and acetone, 

then rinsed with distilled water and dried before reinsertion. 

The 13c;12c ratio of the co2 gas collected was measured with a 

double-collector Micromass 602C mass spectrometer. co2 is the operating 

carrier gas for this system so the co2 sample was loaded directly into 

the mass spectrometer. The measured isotope ratio of the sample gas is 

compared to that of a working standard by measuring the two gases 

alternately. The measurement is expressed in o notation, as defined by 

equation (1.2) . . 

D/H ratios in the collected water were also determined on a 

separate Micromass 602C mass spectrometer. Because H2 is the operating 

carrier gas for this system, the sample water was passed over metallic 

uranium at 750 °c., as described by Friedman (1953), producing H2 gas 

according to the reaction: 



(4.3) 

The H2 gas was collected on activated charcoal with LN2. Because at 

least 1 x 10-4 moles of H2 gas were required for mass spectrometric · 

analysis, at least 10 mg of cellulose nitrate were required for 

combustion. 
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Percentage yields of gas were calculated by measuring the pres-

sure of the H2 in a constant-volume manometer (with an estimated accur

acy of ±3%). By using the ideal gas equation, moles of hydrogen gas 

were determined and divided by the moles of hydrogen theoretically 

present in the purified cellulose nitrate (calculated on the basis of 

fully nitrated cellulose). This procedure was also used to calculate 
' percentage yields on the basis of moles of carbon present in the sample 

co2 gas. 

D/H ratios were then mass spectrometrically determined. Again, 

alternating measurements of the sample gas and a working standard were 

made and the measured D/H ratios expressed in o notation as defined by 

equation (1.2). 



CHAPTER 5 

RESULTS AND D~SCUSSION 

All of the samples listed in Table 3 were analyzed for oD and 

o13c using the experimental procedure described in Chapter 4. Before 

considering the results, it is necessary to discuss the precision of the 

measurements. 

Sample LC-Mod (J2), a single large branch of juniper taken from 

an active midden, was divided into six aliquots and each was analyzed 

separately. The results are presented in Table 4. The mean oD value 

was -96 °/oo with one standard deviation (lo) of ±3.7. The maximum 

difference between values was 9 °/oo. It is therefore reasonable to 

assume that the experimental error for the overall oD measurement is 

±4 °/oo. The mean o13c value was -24.3 °/oo with lo of ±0.13. The 

maximum difference between samples was 0.4 °joo. The experimental error 

for the overall o13c measurement can be assumed to be ±0.2 °joo. 

At present, there is no international standard with which to 

compare and calibrate individual laboratory results. However, arrange-

ments were made at the 1979 Mohonk Conference, New York, for James White 

of Lamont-Doherty Geological Observatory, Palisades, New York, to 

distribute wood and cellulose standards to various labs for stable 

isotopic analysis. Aliquots of cellulose and pine wood were received 

from White and analyzed using the method described in the last chapter. 

Unfortunately, White was unable to locate the various results reported 
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Table 4. oD and o13c measured in laboratory standard and standards 
distributed by James White. 

Sample oD (0 /oo) o13c (0 /oo) 

LC-Mod (J2) -93 -24.3 

-96 -24.3 

-101 -24.1 

-93 -24.5 

-92 -24.3 

-99 -24.4 

Mean = -96 Mean = -24.3 

la = ±3. 7 1a = ±0.13 

Cellulose Standard -99 -24.3 

-94 -24.2 

~lean = -96 Mean = -24.2 

1a = ±3.5 1o = ±0.07 

Pine Standard -77 -23.7 

-74 -23.8-

Mean = -75 Mean = -23.7 

1a = ±2.1 1o = ±0.07 
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by other laboratories so as of May, 1983, these results were unavail

able (James White, personal communication). Nevertheless, as a matter 

of record, the results obtained here are reported in Table 4. 

The oD and o13c values for all of the samples utilized in this 
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study are presented in Table 5. The percentage yields, based on recov~ 

ery of H2 or co2 from the extracted cellulose nitrate, are also included. 

Only samples SV-2, SC-4, BA-1 and LC-Mod (Jl), in addition to LC-Mod 

(J2), contained single fragments large enough for repeat analyses. The 

repeat analyses, carried out on all four samples, did not exceed the 

stated precision limits for oD or o13c measurement. 

The remaining samples did not contain single fragments suf

ficiently large for individual analysis. As mentioned in the last 

chapter, smaller fragments were then selected and combined to make up 

a single sample. Samples LC-2B, LC-4, SV-3 and CH-lA contained enough 

of these smaller fragments such that at least two individual samples 

could be obtained from the available material. In each case, the frag

ments were randomly selected and the composite samples prepared separate

ly. It should be emphasized that although each set of intra-midden 

samples was composed of the same plant type and had a common radiocarbon 

age, they cannot properly be considered replicate samples. Rather, they 

provide an indication of oD and o13c variations occurring within a 

single midden. Table 6 provides the individual values measured in these 

intra-midden samples. The mean value and the standard deviation for 

each set is also listed. 

The differences between oD measured in approximately coeval 

samples range from 3 °joo to 16 °/oo, while those between o13c values 



Table 5. oD, o13c and yields of H2 and C02 measured in samples. Designations for material 
analyzed are the same as in Table 3. Isotopic values separated by 11

/
11 represent 

replicate analyses. Multiple values for a single sample, listed vertically, 
represent analyses on separate intra-midden samples. Further explanation in text. 

Radiocarbon Material oD ol3c Yields 
Sample Age (Years B.P.) Analyzed (

0 /oo vs. SMOW) (
0 /oo vs. PDB) (%H2//%C02) 

AC-2A 34040 +5400 -3200 s. -104 -22.8 89//82 

AC-6 29920 ±2000 J. -114 -24.0 

LC-2A 27280 ±970 J. -110 -24.6 

LC-2B 17960 ±1100 p. 1. -123 -19.8 
-117 -19.9 //98 
-110 -19.8 . //98 

SV-2 17350 ±435 p. 1 . -120/-117 -23.1/-23.1 

SC-5 13340 ±430 p. 1. -86 -22.5 

LC-2C 13100 ±210 p. 1. -88 -22.6 

SC-4 12235 ±150 p. 1. -93/-99 -22.5/-22.4 //91/97 

LC-4 12100 ±150 p. 1. -105 -22.2 //92 
-89 -22.6 
-93 -22.2 

LC-6 11080 ± 115 s. -92 -22.4 99// 
+::-
N 



Table 5. (Continued) 

Radiocarbon Material aD o13c Yields 
Sample Age (Years B.P.) Analyzed (

0 /oo vs. SMOW) (
0 /oo vs .. PDB) (%H2//%C02) 

SC-2 10450 ±290 s. -96 -21.9 

BA-1 9680 ±700 s. -95/-101 

AC-8 7350 ±250 J. -57 -24.6 92// 

SV-3 6490 ±190 J. -74 -24.1 95//96 
-78 -24.2 

CH-1A 6120 ±80 J. -68 
-79 -21.6 98//95 
-71 -22.1 
-84 -22.0 

CH-1B 4220 ±60 J. -85 -24.4 

LC-Mod(J1) modern J. -97/-95 -24.6/-24.6 99//95 

LC-Mod(J2) modern J. -96* -24.3* 

LC Mod(S) modern s. -104 -22.0 98// 

LC-Mod(P) modern P.** -88 -22.5 

* Mean value for six replicate analyses. See Table 4. 
** Sample material was tree core taken from Pinus monophylla. 

~ 
w 
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Table 6. oD and o13c measured in different plant fragments collected 
from single middens and analysis of variation. 

Sample 

LC-28 -110 

LC-4 

SV-3 

-123 
-117 

Mean = -117 
2 lo = ±6.5 

x 
2

(calculated) = 5.28 
x (critical)= 6.00 

-105 
- 89 
- 93 

Mean = - 96 

2 lo = ±8.3 
x (calculated) = 8.61 

x2 (critical) = 6.00 

- 74 
- 78 

Mean = - 76 
1 a = ±2. 8 

x2 ~calculated) = 0.49 
x (critical) = 3.84 

-19.8 
-19.8 
-19.9 

= -19.8 
= to.o6 
= 0.18 
= 6.00 

-22.2 
-22.6 
-22.2 

= -22.3 
= ±o.23 
= 2.64 
= 6.00 

-24.1 
-24.2 

= -24.1 
= ±o.o7 
= 0.12 
= 3.84 

-----------------------------------
CH-lA - 68 

- 79 -21 .6 
- 71 -22.1 
- 84 -22.0 

Mean = - 75 = -21.9 
. 1a = t7.3 = ±o.26 i ~calculated) = 9.99 = 3.38 

x (critical) = 7.82 = 6.00 
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range from 0.0 °/oo to 0.5 °/oo. Although the variation of cO within 

the separate midden samples exceeds the experimental error in three out 

of the four cases considered, the c13c variation exceeds the experiment-

al error only once, and then just slightly. 

To further evaluate the possibility of cO and c13c variation 

not attributable to experimental error, a chi square test can be used. 

If the null hypothesis is stated as: 11The cO and c13c variations occur

ring within each group of intra-midden samples are attributable solely 

to experimental error (±4 °/oo and ±0.2 °/oo, respectively) .. , then the 

standard deviation for each group can be converted to a chi square value 

(x2
) and compared to the critical x2 value which determines the maximum 

11 allowable 11 variation if the null hypothesis is true. If the calculated 

x2 value exceeds the critical x2 value, the null hypothesis is rejected. 

The calculated x2 value is obtained from equation (5.1): 

2 

X (calculated) = ( 5. 1) 

where 11 n11 is the sample size, 11 S 11 is the standard deviation and 11 0 11 

is the value specified in the null hypothesis. The critical x2 value, 

at the 95% confidence interval to be used here, is obtainable from a 

standard chi square distribution table (Johnson, 1976, p. 333). The 

results are also included in Table 6. The null hypothesis cannot be 

rejected for any of the c13c tests- that is, with 95% confidence, the 

o13c variations occurring between intra-midden samples can be attributed 

solely to experimental error. The null hypothesis is rejected for two 

of the four groups of cO values, which suggests a source of variation 
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other than experimental error. Possible causes for the relatively large 

oD variations are discussed in the next chapter. 

Yields of H2 and co2, listed in Table 5, also show large varia

tions. H2 yields range from 89% to 99%, with a mean value of 96% ±4 

(lo). co2 yields range from 82% to 98%, with a mean value of 94% ±5 

(lo). H2 yields of less than 100% may reflect some breakage of cellu

lose glucosidic bonds during sample nitration and purification. Such 

breakage would effectively increase the formula weight of the product 

to be combusted with no concurrent increase in hydrogen content, thereby 

resulting in apparently low yields. Alexander and Mitchell (1949) 

showed that the amount of cellulose degradation was sensitive to small 

variations in the composition of the nitrating mixture, time of nitra-

tion and time of dissolution in acetone. Epstein et al. (1976) found 

that low H2 yields had no detectable effect on measured oD values. 

Yields of less than 100% for co2 were probably due to incomplete collec

tion of co2 on the extraction line. Consideration of the data in Table 

5 indicates that o13c is not affected by relatively low co2 yields. 

For instance, sample SC-4 was analyzed twice. The o13c values of 

-22.5 °/oo and 22.4 °/oo agree within the analytic precision although 

the respective yields were 91% and 97%. 

The temporal variation of oD and o13c is presented in Figure 6 . 
. -

Values obtained from lfving juniper and pinyon pine, and juniper and 

snowberry taken from an active midden, are plotted at the far right. 

The mean oD and o13c values for these modern samples are -96 °/oo t8 . 

and -23.0 °;oo ±1.3 (lcr), respectively, and can be considered as a sort 

of baseline with which to compare values from older samples. aD values 
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range between -119 °joo and -57 °joo, -a difference of 62 °;oo. The 

magnitude of this difference is reasonable since there is a difference 

of about 180 °/oo between oD of precipitation at sites with tropical 

and sub-arctic temperatures (Epstein et al., 1976), which represent the 

climatic extremes. 

oD values of the mid-Holocene samples (less than 7350 years 

B.P.), all juniper, rise dramatically from modern values. The extreme 

value of -57 °joo at 7350 years B.P. is the highest value measured in 

any of the samples and is nearly 40 °joo less negative than the mean 

modern value of -96 °joo. 

oD of the next oldest sample, snowberry at 9680 years B.P., is 

approximately equal to modern values. In fact, the next seven samples, 

which are snowberry and bristlecone pine with ages ranging between 9680 

and 13340 years B.P., maintain oD values which are approximately equiva

lent to modern values. This sequence is characterized by a trend of 

steadily increasing oD values with increasing age, as apparent from 

Figure 6. The linear regression line for these seven points, calculated 

by the method of least squares, is: 

y = (2.6 x 10-3)x - 124 (5.2) 

with a correlation coefficient of 0.77. The strong correlation may be 

largely fortuitous. Analysis of additional samples with radiocarbon 

ages within this interval might reveal a 11 sawtooth 11 pattern, with 

higher-frequency variations interrupting the otherwise smooth trend of 

the plotted points. Nevertheless, there is a clear trend of decreasing 

oD from 13340 to 9680 years B.P. 



The next oldest samples are bristlecone pine and have similar 

radiocarbon dates of 17350 and 17960 years B.P. The respective mean 

aD values of -119 °;oo and -117 °;oo obtained from these two samples 

are in close accord with each other and represent the most negative 
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values measured in any of the samples. These values are more negative 

than the mean modern value of -96 °/oo by over 20 °joo and more negative 

by about 30 °joo than the value of the modern pinyon pine sample. Due 

to the lack of samples with radiocarbon ages between 13340 and 17350 

years B.P., it is not possible to determine the time at which the aD 

values declined nor whether the decline was gradual or relatively 

abrupt. 

aD measured in the two juniper samples at 27280 and 29920 years 

B.P. are intermediate between aD of the previous two samples and modern 

values. aD of the oldest sample, snowberry at 34040 years B.P., is 

exactly equal to aD of the modern snowberry at -104 °;oo. 

The o13c values, also plotted in Figure 6, range between -19.8 

0 /oo and -24.6 °/oo, a difference of 4.8 °;oo. o13c of the late and 

mid-Holocene juniper samples show little variation from modern values 

except for the value at 6120 years B.P. Two separate samples from this 

midden were analyzed and both have o13c about 3 °joo less negative than 

the other Holocene juniper samples. oD values for these samples were 

becoming less negative with increasing age and showed significant 

variation. 

o13c values for the sequence of snowberry and juniper samples 

between 10450 and 13340 years B.P. are significantly less negative but 

again little variation is evident. aD values also showed little 



variation throughout this interval, although the values did define the 

line given by equation (5.2). A linear regression line for the six 

o13c points, calculated by the method of least squares, is given by: 

y = (-1.81 x 10-4)x - 20.17 . (5.3) 
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with a correlation coefficient of -0.83. Thus, the trends of increasing 

80 and decreasing o. 13c with increasing age in this time interval are 

statistically significant. o13c can be related to oD by combining 

equations (5.2) and (5.3) and rearranging terms: 

(5.4) 

The correlation coefficient is -0.64 and the negative slope indicates 

that o13c changes in the opposite direction as oD. The possibility 

that o13c varies systematically with oD shall be examined later in this 

chapter. 

The two bristlecone pine samples at 17350 and 17960 years B.P. 

have o. 13c values of -23.1 °/oo and -19.8 °/oo, respectively. Repeat 

analyses on each sample replicated these results so the variation is 

apparently not due to experimental error. oD values for these two 

samples were nearly identical. The value of -23.1 °/oo is similar to 

o13c values measured in other bristlecone pine samples while the value 

of -19.8 °/oo is nearly 2 °/oo less negative than any other o13c value. 

A similar phenomenon was observed in the juniper sample at 6120 years 

B.P. Both points must be considered anomalous. 
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o13c for the two juniper samples at 27280 and 29920 years B.P. 

are significantly more negative than the previous seven samples but are 

similar to the Holocene juniper samples. The snowberry at 34040 years 

B.P., which had a oD identical to oD of the modern snowberry, also has 

a o13c value similar to that of the modern snowberry. 

The relationship between oD and o13c given by equation (5.4) 

suggests that the two measurements may vary systematically with each 

other. Yapp and Epstein (1977) measured oD and o13c in various Pleisto-

cene wood samples and found no correlation between the respective 

values. Figure 7 provides a plot of o13c versus oD measured in this 

study and again no correlation is evident. A linear regression line for 

these points is given by: 

= ( -2 -2.4 X 10 )oD - 25.2 (5.5) 

which is somewhat similar to equation (5.4). However, the correlation 

coefficient is only -0.29, indicating no significant correlation. 

Actually, this method of comparing oD with o13c obtained from 

different tree types is probably fallacious. Smith and Epstein (1971) 

and numerous others found that a great deal of o13c variation occurred 

between different taxonomic tree groups growing in close proximity. 

Such variations were found between members of the same family and genus. 

Arnold (1979) found no significant o13c variation between different 

species of Juniperus so it is probably safe to assume no significant 

variation occurs between the various species of Symphoricarpos. This 

assumption is not required for the Pinus samples of course since only 
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Pinus longaeva was used. Thus, although o13c measured in different 

coeval juniper trees growing in the Smith Creek Canyon area should be 

similar, the values will not necessarily be similar to those measured 
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in coeval snowberry or bristlecone pine. Consideration of the different 

o13c values (Table 5) measured in the three modern tree types shows 

that this is indeed the case. Therefore, it is more appropriate to con

sider temporal o13c variations within the respective tree types. o13c 
is broken down by tree type in Table 7. 

The standard deviations listed, and reference to Figure 6, show 

that o13c does not vary a great deal within each tree type. If the two 

anomalous values, CH-lA and LC-28, are deleted, the standard deviations 

for juniper and bristlecone pine are only ±0.27 and ±0.28, respectively. 

The magnitude of the temporal variations within each group barely 

exceeds that of the experimental error (lcr = ±0.2). Clearly, paleo-

climatic inferences based on such barely discernible variations would be 

difficult. Furthermore, with the exception of the late Wisconsin -

early Holocene sample group, o13c variations show no correlation with 

oD values. Because the relationship between oD with climate has been 

previously established, it is unlikely that o13c can be unambiguously 

interpreted in terms of paleoclimate. 
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Table 7. Variation of o13c within different species. 

Sample o13c (0/oo) 

Snowberry 

AC-2A -22.8 
LC-6 -22.4 
SC-2 -21.9 
LC-Mod(S) -22.0 

Mean = -22.3 
lo = ±0.41 

Juniper 

AC-6 -24.0 
LC-2A -24.6 
AC-8 -24.6 
SV-3 -24.1 
CH-lA -21.8 
CH-lB -24.4 
LC-Mod(Jl) -24.6 

Mean = -24.1 
lo = ± 1 . 01 

Pine 

LC-2B -19.8 
SV-2 -23.1 
SC-5 -22.5 
LC-2C -22.6 
SC-4 -22.4 
LC-4 -22.3 
SC-Mod(P) -22.5 

Mean = -22.1 
lo = ±1.08 



CHAPTER 6 

INTERPRETING oD VALUES 

Variation of oD of meteoric water in response to climatic 

temperature variation was discussed in Chapter 2. oD may vary with 

other factors which must be considered before paleoclimatic inferences 

can be made. In addition, the degree to which oD values of non

exchangeable C-H hydrogen in cellulose reflects oD values of environ

mental water must also be determined. 

Dansgaard (1964) demonstrated that D/H ratios of meteoric water 

generally decrease with decreasing temperature at the site of precipi

tation, in accord with equation (2.1). The temperature coefficient of 

5.6 °;oo 0c.-1 was close to the value expected if the condensation 

occurred as a Rayleigh distillation process. As such, the oD value of 

precipitation is determined by the difference between the temperature 

at the source area of the precipitation (usually the ocean) and the 

temperature at the site of precipitation. However, temperatures over 

the ocean generally show much less variation than continental tempera

tures and oD of precipitation therefore correlates well with temperature 

at the site of precipitation. 

In addition, Dansgaard (1964) showed that D/H ratios decrease 

with increasing latitude (latitude effect), increasing altitude (oro

graphic effect) and increasing distance from the ocean (continental 

effect). He also found a correlation between D/H ratios from a single 
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precipitation event and the intensity of that precipitation, with rela

tively heavier rainfalls characterized by smaller D/H ratios. Yapp 

(1982) found the correlation was significant only at tropical sites, and 

can probably be ignored for continental sites such as the Smith Creek 

Canyon area. Latitude and continental effects can also be ignored. 

When oD of meteoric water is inferred from measurements of oD in sample 

material collected over a large area, the oD values must be corrected 

for these effects (Yapp and Epstein, 1977). The maximum lateral distance 

between five of the six sampling sites is about three kilometers and the 

sixth is less than thirty kilometers from the others. Therefore, 

isotopic modification due to these two effects is probably insignificant. 

In fact, the advantage of using samples from a single area is 

that oD variations due to latitude and continental effects are negligi

ble. The disadvantage is that information regarding possible causes 

of paleoclimatic change is sacrificed to a large extent. The global 

scope of the Pleistocene glaciations (Flint, 1971) indicates that the 

causes probably involve the complex interactions of the planetary 

meteorological system. The best strategy for determining these possible 

causes should therefore integrate data from as large an area as possible, 

such that major climatic trends may be revealed and local, minor pertur

bations of the oD - temperature relationship can be more easily identi

fied. It is difficult at best to infer major climatic trends on the 

basis of data from a single, relatively small area. 

Furthermore, there is the possibility that the climate of the 

area sampled is localized and not representative of the regional climate. 

Such a "microclimate" may not necessarily respond to the mechanism(s) 
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responsible for large climatic variations. Thompson (1978) examined 

the possibility of a microclimate in the Smith Creek Canyon area. 

Because climate is the primary determinant of geographical distribu

tions of vegetation types, this phenomenon can be inferred by the 

presence of localized vegetation types and associations. Although 

Thompson (1978) did find differences in modern plant associations occur

ring within each canyon, the vegetation in general was representative 

of the vegetation found in similar environments throughout the Great 

Basin. Thus, it can be assumed that the climate of the Smith Creek 

Canyon area is responding to meteorological phenomena operative on at 

least a regional scale. 

oD variations due to the orographic effect may be significant 

in the sampling area. The maximum difference in sampling site elevation 

is 300 meters. The variation of oD with elevation, doD/dh, can be 

estimated if the variation of oD as a function of temperature, doD/dT, 

is known and transformed with the temperature lapse rate, dT/dh. The 

first term can be obtained from equation (2.1) and a typical lapse rate 

of 0.6 °C/100 m (Battan, 1979) can be used for the second term. Thus: 

doD/dh = {5.6 °/oo/°C.) x (0.6 °C./100 m) 

= 3.4 °/oo/100 m 

( 6.1) 

As a result, 60 of precipitation at the highest sampling site (from 

which sample BA-1 was obtained) should be about 10 °/oo more negative 

than oD of precipitation at the lowest sampling site (from which samples 

designated 11 SV 11 were obtained). However, because of the close 



proximity of the sites, they probably receive precipitation of near 

identical isotopic composition. Furthermore, if oD is normalized to 

a single elevation by adding or subtracting the correction factor from 

equation (6.1), the trend of Figure 6 is not significantly altered. 
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A second problem arising from the orographic effect is that of 

possible mixing of meteoric waters from different elevations. Mount 

Moriah rises some 1600 meters above the highest sampling site and 

probably receives precipitation relatively depleted in deuterium. When 

rainfall intensity exceeds the infiltration capacity of the soil, sur

face runoff begins. If such runoff reaches the sampling sites, or is 

discharged from nearby springs, water taken up by the plant would be 

isotopically mixed. Fortunately, the surface rocks of Mount Moriah and 

the Smith Creek Canyon area are highly fractured and permeable lime

stones. Such rocks allow for rapid infiltration of water. Furthermore, 

the numerous canyons in the area channel surface runoff from upper ele

vations, minimizing unconfined "overland .. flow. Because the creek beds 

are at least 250 meters below the sampling sites, the chances for the 

plants to take up water derived from upper elevations are small. No 

springs are known in the area. 

The highly permeable limestone also prevents pending of the 

precipitation on the surface, where it would undergo evaporation. The 

evaporation of water to the atmosphere will leave the residual water 

enriched in deuterium (Craig, Gordon and Horibe, 1963). Water may also 

undergo evaporation and modification of isotopic composition as it 

infiltrates into the soil. Zimmerman, Ehhalt and Munnich (1967) exam

ined this phenomenon by measuring oD in water extracted from soils at 
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given depth intervals. They concluded that unless highly impermeable 

soils or rocks are present, precipitation water will preserve its 

original isotopic composition, with virtually no modification due to 

evaporation as it infiltrates. Furthermore, they demonstrated that no 

isotopic modification occurs in the soil-water reservoir as plants take 

up this water. Thus, in the well-drained Smith Creek Canyon area, it 

can be assumed that soil-water available for uptake by plants retains 

the isotopic composition of the precursor meteoric water. 

Environmental water is the unique source of all the non

exchangeable hydrogen in plant cellulose. Between the time of water 

uptake by the plant and ultimate incorporation of hydrogen into plant 

cellulose, the hydrogen undergoes a sequence of complex physical and 

biochemical reactions. Isotopic fractionation is possible at any of 

the individual steps. The overall fractionation occurring for the 

entire process is actually sought, which can be described by the 

fractionation factor a: 

a = (6.2) 

where RCN and REW are the D/H ratios of cellulose C-H hydrogen and 

environmental water, respectively. a may also be calculated from: 

a = 
3 

oDCN + 10 
3 

oDEw + 10 
(6.3) 



However, a represents a net fractionation which is a function of all 

intermediate fractionations. Because the extent of these intermediate 

fractionations may depend on separate environmental conditions, it is 

necessary to examine the major steps individually. 

Wershaw, Friedman and Heller (1966) measured isotopic composi

tions in free water extracted from different parts of a tree. D/H 

ratios of water extracted from roots and branches were found to be 

nearly identical to D/H ratios of environmental water. Apparently no 

isotopic fractionation occurred as the water passed from soil to roots 

and branches. 
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Significantly altered isotopic compositions were found however 

in water extracted from the leaves. This water was shown to be enriched 

in both ·deuterium and oxygen-18. Dongman et al. (1974) developed a 

model for isotopic modification of leaf water to explain this phenom

enon. Isotopic compositions predicted from this model were in excellent 

agreement with measured isotopic compositions of leaf water. The model 

treated leaf water as a reservoir which received recharge from plant 

water. The only path of discharge from the reservoir was through 

evapotranspiration. Evaporation of water into unsaturated air usually 

occurs under non-equilibrium conditions. Therefore, kinetic effects 

make an increasing contribution to determination of isotopic composi

tion in the water with increasing rates of evaporation, and result in 

a net enrichment in deuterium (Craig et al., 1963). Because evaporation 

rates are primarily a function of relative humidity, the model of 

Dongman et al. (1974) predicted that isotopic modification in leaf water 

would depend largely on environmental relative humidity. 



Results from Gonfiantini, Gratzie and Tongiorgi (1965) and 

Epstein, Thompson and Yapp (1977) reaffirmed this interpretation. 

Gonfiantini et al. (1965) measured 18o;16o ratios in water extracted 
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from onion bulbs and leaves and found the leaf water to be considerably 

enriched in oxygen-18 relative to bulb water. They also measured 
18o;16o ratios in water extracted from Aristolechia leaves at three-

hour intervals and found that periods of lowest relative humidity 

correlated with greatest enrichment in oxygen-18. In addition, when 

the relative humidty remained constant between samplings, 18o;16o 
ratios also remained constant. 

Epstein et al. (1977) measured D/H and 18o;16o ratios in leaf 

waters from a number of aquatic and terrestrial plant species. The 

slope of oD versus o18o for the aquatic plants was approximately "8", 

in accord with equation (2.7). The slope from the terrestrial plants 

however was "2.5". These disparate results were explained in terms of 

evapotranspiration effects. The aquatic plants grew partially sub-

merged in water, a more humid environment than that in which the ter

restrial plants grew. The slope of "8" relating oD to o18o for aquatic 

plants indicated that the isotopic composition of the leaf water had not 

undergone significant modification, since o18o would respond more 

dramatically than oD to kinetic evaporation effects (Craig et al., 

1963). The slope of "2.5" for the terrestrial plants indicated the 

effects of non-equilibrium evapotranspiration on isotopic compositions 

in leaf water. 

In addition to evapotranspiration, isotopic exchange between 

leaf water and atmospheric water vapor may modify the isotopic 



composition of the leaf water. Because atmospheric water vapor repre

sents a virtually inexhaustible reservoir, it might be expected that 

oD of the leaf water would largely reflect oD of the atmospheric water 

vapor. Schiegl (1974) found that this was in fact the case. He also 

found that oD of atmospheric water vapor closely correlated with oD 

of local precipitation and was a function of the climatic history of 

the preceding year. Thus, this process should not result in any sig

nificant modification of oD in leaf water. 

Photosynthesis occurs in the leaves and the hydrogen undergoes 

several complex biochemical reactions. The organic substances pro

duced are transported to other parts of the plant to be incorporated 

into various plant fractions. Estep and Haering (1981) measured oD 
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in certain post-photosynthetic algal constituents to identify some 

metabolic reactions where hydrogen isotopic fractionation had occurred. 

However, specific plant metabolic processes are poorly understood at 

present and so again it is the overall fractionation associated with 

biosynthesis of leaf water that must be considered. In particular, 

this fractionation should be considered with regard to three questions: 

1. What is the magnitude of the fractionation and how is it 

depende~t on envtronmentRl conditions? 

2 . . Does the fractionati.on vary i.n different physical plant 

constituents? 

. 3. Does the .·fractionation vary in different plant species? 

In addition, because it was shown in Chapter 4 that there was a 
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time-correlative degradation of cellulose, the possibility of fraction

ation occurring with this degradation must be examined. 

The first question is probably best addressed through ~vivo 

experiments where environmental conditions can be controlled. Van der 

Straaten (1981) used this approach to examine fractionation in wheat 

plants. Plants were grown in 11 Climate boxes 11 where temperature, 

humidity and light intensity were controlled. In addition, the plants 

were given water of known isotopic composition. By measuring aD values 

in cellulose C-H hydrogen, he found an average~ of 0.99 for tempera

tures likely to be encountered in natural environments. He also found 

that the temperature-dependence of~, d~/dT, was -1.4 °/oo 0c.-l, 

although the correlatioQ coefficient was only -0.4. In other words, 

the plants discriminated against deuterium from the input water and the 

discrimination became more pronounced with increased temperatures. The 

direction of this fractionation is opposite to that of the fractionation 

associated with condensation (see equation 2.1)) so the net result 

would be a 11 dampening 11 of the climatic signal contained in the cellu

lose. It should be noted that although humidity was controlled, 

evaporation of input water and transpiration effects were not. Both of 

these processes usually result in an enrichment of deuterium in residu

al water, as previously discussed. Therefore, the plants may have been 

synthesizing water isotopically 11 heavier 11 than the input water so that 

the metabolic fractionation would have actually been greater than 

calculated. No correlation was found between oD in the cellulose and 

either light intensity or relative humidity. 



Yapp and Epstein (1982b) circumvented the problem of evapo

transpirative effects by comparing oD from cellulose C-H hydrogen 

of aquatic plants with oD of the ambient water. As discussed in the 

preceding section, evapotranspirative effects are probably negligible 

in the humid aquatic environment and so oD of the leaf water can be 

assumed to be equal to oD of the environmental water. Any variation 

of oD in the plant from that of the environmental water should there

fore be attributable to fractionation associated with biosynthesis . 

a was calculated using equation (6.3) for five different plant species 

growing in water of comparable temperature. a _values ranged from 

0.961 to 0.974, a relatively small variation. The near uniform 

discrimination against deuterium by the five plant species suggested 

that the respective biosynthetic processes were themselves similar. 
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a values for two other plant species which grew in warmer waters were 

also similar to each other but larger than a values for the other five, 

suggesting a temperature dependence for a. If Yapp and Epstein•s 

(1982b) values are in fact accurate, the potential importance of bio

synthetic fractionation in determining oD of cellulose C-H hydrogen 

can be evaluated by considering some of their actual measured values. 

The highest a value (least discrimination) of 0.988 was calculated 

from equation (6.3) using oD values of +7 °/oo and -5 °/oo in environ

mental water and cellulose nitrate, respectively. The difference is 

not trivial. Furthermore, the potential importance of temperature on 

this fractionation can be evaluated by assuming the lowest a value 

(most discrimination) of 0.961, obtained from a plant growing in water 

11 °c. colder than the water in which the first plant grew, would also 
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apply to the first plant if the temperature of its environmental 

water were decreased 11 °C. The calculated oD of the cellulose 

nitrate is then -32 °/oo versus -5 °/oo at the higher temperature. 

Again, the difference is not trivial. Of course, these values assume 

that the isotopic composition of the environmental water remained un

changed at +7 °/oo, which is probably not a good assumption. If the 

water temperature decreased in response to a decrease in climatic temp

erature, the isotopic composition of the precipitation from which the 

environmental water was derived should become more depleted in deu

terium, as indicated by equation (2.1). In addition, evaporation of 

environmental water would also be suppressed, resulting in relatively 

less enrichment of deuterium. Thus, the trend of lower oD values as 

a result of increasing biosynthetic discrimination against hydrogen with 

decreasing temperature would be further enhanced by these latter two 

effects. It should be borne in mind that this trend has been considered 

in the context of aquatic plants and temperature differences in the 

aquatic medium. If it is assumed that there is a similar biosynthetic 

discrimination against deuterium in terrestrial plants, then, for a 

given set of environmental conditions, the discrimination will be off

set to some extent by the deuterium enrichment associated with evapo

transpiration. With increasing or decreasing temperatures, the degree 

of offset will increase or decrease, respectively. 

In fact, the ultimate depletion or enrichment in deuterium of 

cellulose C-H hydrogen relative to environmental water must depend on 

the relative magnitude of these two processes. Nevertheless, the 
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results of Epstein et al. (1976) and Yapp and Epstein (1982b) showed 

that 80 of environmental water is the dominant control on 80 in cellu-

lose C-H hydrogen, as discussed earlier. Therefore, the fractionation 

associated with each of the two processes must offset the other and the 

offset must be virtually constant regardless of environmental conditions 

and plant type. In general, it appears that the magnitude of the frac

tionation associated with the biosynthetic process is greater than that 

associated with evapotranspiration, since both Epstein et al. (1976) 

and Yapp and Epstein (1982b) found most plants to be depleted in deuter-

ium relative to environmental water. 

Comparison of 80 in cellulose C-H hydrogen of modern plants 

used in this study with the inferred 80 of environmental water does not 

show a similar depletion. 80 was measured in twigs obtained from 

living juniper and pinyon pine trees in the Smith Creek Canyon area. 

Additionally, juniper and snowberry twigs obtained from an active mid

den were analyzed. The results were presented in Table 5. The active 

midden was found at the site from which the samples designated 11 LC 11 

were taken, at an elevation of 2060 meters, and the living juniper was 

growing in the immediate area. The living pinyon pine was growing near 

the site from which the samples designated 11 SC 11 were taken, at an 

elevation of 1950 meters. The 80 value of -96 °/oo for the living 

juniper twig was identical to 80 of the juniper twig taken from the 

midden. 80 of the snowberry was similar at -104 °/oo and 80 of the 

pinyon pine was -88 °/oo. No precipitation or soil water from this 
0 area was available for isotopic analysis but a 80 value of -110 /oo 

for meteoric water in this area can be approximated from Taylor's 
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(1974) compilation of average regional values. Thus, the deuterium 

content of cellulose C-H hydrogen in all three samples shows an approx

imate equivalency or slight enrichment, relative to the deuterium con

tent in the environmental water. 

The ·similarity of oD values from the three representative tree 

types also suggests that the overall fractionation of hydrogen isotopes, 

from uptake of water to cellulose biosynthesis, does not vary signif

icantly with tree type. Due to their contemporaneity and close geo

graphic proximity, it can be assumed that the trees from which the 

samples were obtained utilized water of near-identical 80. The differ- . 

ence in measured oD values is small considering that the analytic pre

cision is ±4 °/oo. 

Although the fractionation does not appear to depend on plant 

species, at least within the C3 group to which all three plant types 

belong, there is still the possibility that the fractionation varies 

with different constituents of a single plant. Ziegler et al. (1976) 

found that oD measured in roots was enriched by an average-of 15 °/oo 

relative to shoots in a variety of plants. However, the analyses were 

made on untreated whole wood and are therefore probably not reliable. 

The possibility of oD variations with different plant constituents can 

be largely avoided by analyzing the same constituents from all plants, 

as was done in this study. Consideration of the data presented in 

Table 6 reveals that oD may vary significantly in approximately coeval 

fragments of the sample material. As mentioned in Chapter 4, oD 

analyses usually required more than one plant fragment from each sample. 

When enough fragments were available, additional analyses were made on 
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the extra material. Because these plants grew at approximately the 

same time and location, the oD values should be similar if isotopic 

fractionation does not vary significantly in different twig fragments. 

Such was not the case, as demonstrated in Chapter 5, so the possibility 

of oD varying with different plant part cannot be discounted. A more 

likely explanation for the large variations in oD from intra-midden 

samples has to do with the fact that the fragments are not exactly 

coeval and even though they were found in the same midden, or even 

stratum, they may vary in age by several hundred years. The oD varia

tions may represent short-term climatic variations. Unfortunately, 

there was insufficient sample material available with which to better 

evaluate the amount of variation to be expected in samples of common 

radiocarbon age. Nevertheless, it should be borne in mind when con

sidering the oD values measured in the samples that the values are 

only approximations to true representative values of oD in cellulose 

C-H hydrogen for the particular radiocarbon age. Variations among 

intra-midden samples, perhaps of even greater magnitude than those ob

served in Table 5, are possible in any midden. 

oD measured in samples SC-5 and LC-2C can be used to test the 

possibility that fractionation occurred during the time-correlative 

degradation of cellulose (see Figure 2). These two samples, both 

bristlecone pine, have overlapping radiocarbon ages but their respec

tive cellulose contents are 38% and 23% respectively. Assuming the 

initial oD values were similar, isotopically selective partial degrada

tion should have resulted in different oD values. The values of 

-86 °joo and -88 °/oo, from Table 5, differ by only 2 °/oo, identical 
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within the precision limits of the measurement. The assumption regard

ing similar initial isotopic compositions may appear invalid in light 

of the preceding discussion regarding variations among intra-midden 

samples. It is possible that the two samples did in fact have signif

icantly different initial isotopic compositions and fractionation 

associated with degradation resulted in near identical present-day 

isotopic compositions, but this 11 happenstance 11 is unlikely. The 

similarity of aD of sample LC-2C to the other six . late Wisconsin -

early Holocene samples makes this possibility even more unlikely. The 

above test method is similar to that employed by Yapp and Epstein (1977) 

and their results also indicated no significant isotopic modification 

was associated with cellulose degradation. 

Finally, it is necessary to determine which temperature and 

water parameters are being inferred by this method. Maximum summer 

temperatures in the Smith Creek Canyon area may exceed 30 °C. while 

minimum winter temperatures drop well below 0 °C. (Houghton et al., 

1975). Seasonal variations in aD of precipitation surely accompany the 

seasonal temperature variations, in accord with equation (2.1). The 

area receives approximately 10 inches of rainfall annually, distributed 

more or less equally throughout the year. Because most trees begin 

photosynthesizing in late spring and continue through the summer, 

there is the possibility that the trees are taking up water with aD 

characteristic of summer values. Paleoclimatic inferences based on 

measured aD would therefore be restricted only to growing season cli

mate, rather than annual climate. 



Van der Straaten (1981) attempted to calculate oD of the water 

taken up by the tree using the equation: 

00 (period) = 

"(p. x ~o.) '-: . 1 1..1 1 
1 

L:p. 
. 1 
1 

where pi is the amount of precipitation in month i. 

(6.4) 

P. and aD. were 
1 1 

measured monthly over a period of nine years. oD was also measured in 

oak tree rings which grew during the same period. It was found that 

the highest corrrelation between aD (tree ring) and oD (precipitation) 

occurred when the weighted October to September oD values in precipi

tation were considered. He concluded that oD of the water biosyn

thesized by the tree represented the weighted value for precipitation 

falling during the twelve months. 

Zimmerman et al. (1967) measured oDin soil water in Germany 

bi-monthly over a period of eighteen months. They found that the 

average oD values for soil water representing one year's accumulation, 

-62 °/oo, was nearly identical to the average aD value for that year•s 
) 

precipitatfon, -60 °joo. However, individual monthly oD averages in 

the soil water did show a variation which qualitatively paralleled 
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seasonal aD variations in precipitation. The magnitude of the varia

tion was significantly smaller than that ·in the precipitation, and the 

authors attributed this attenuation to partial vertical mixing, as a 

11 layer 11 of precipitation water infiltrates the soil and displaces water 

from preceding precipitation events. Even if some 11 dampened 11 seasonal 

variation is retained in the soil water profile, the vertical 
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penetration into the soil of a tree's root system should result in 

uptake of water from many such layers. The oD of this water should 

represent some integrated value characteristic of precipitation which 

fell during previous months, or even years. Although uptake of water 

which may have fallen some years earlier might complicate the oD 

(precipitation) -oD (cellulose C-H hydrogen) relationship in tree rings 

precisely dated by ring-counting techniques, it is not really a problem 

when considering samples which have been radiocarbon dated, given the 

relatively large uncertainties in such age determinations. In fact, 

it is probably advantageous that the tree incorporated such older water 

since the climatic signal would represent a somewhat longer-term 

climatic trend and possible short-term climatic perturbations would be 

"smeared out" to some extent. 

The results of Fritts (1976) are also relevant to this dis

cussion. Fritts (1976) found that, in general, trees manufacture photo

synthates throughout the course of the year, although photosynthesis 

may cease as a result of temperature extremes or lack of moisture. The 

amount of net photosynthesis is proportional to the amount of available 

moisture. After passage from soil to roots, the water is transported 

to the leaves and converted to photosynthetic products in a matter of 

days. These photosynthates may be stored for long periods before 

actual deposition of wood. The period of wood deposition, or growing 

season, may be less than six weeks as with bristlecone pine or may 

extend from spring through the summer as with a number of other species. 

The initiation and cessation of deposition is controlled largely by 

light intensity and temperature. Fritts (1976) found that the amount 



of soil moisture around the roots increased with increased amounts of 

precipitation, and photosynthetic activity also increased with greater 

amounts of available water. Therefore, a significant portion of the 

total water that the tree biosynthesizes during the course of a year 

may have originated as precipitation falling during a local rainy 

season. As such, this water would retain an isotopic composition 

characteristic of that season although vertical mixing of recent pre

cipitation with older soil water would attenuate such an effect, as 
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just discussed. Nevertheless, in an area where most of the precipita

tion falls in a single season, the 8D measured in cellulose C-H hydrogen 

from that area may reflect 8D values of that rainy season regardless -of 

any lag period between photosynthesis and actual wood deposition. If 

there is a temperature dependence for the fractionation associated with 

biosynthesis, it would be the ambient temperature at the time of photo

synthesis and also wood deposition that would be recorded. 

Epstein and Yapp (1976) invoked just such reasoning to explain 

systematic 8D variations in cellulose C-H hydrogen within individual 

tree rings. Rings from Douglas fir and ponderosa pine were subdivided 

into early wood (laid down in the spring) and late wood (laio down in 

late spring and early summer). Differences between 8D measured in ring 

pairs ranged from 7 °joo to 52 °;oo, and the late wood had 8D values 

consistently more negative than did the early wood. This result was 

surprising because the late wood was laid down during the warmer summer 

months, when 8D of meteoric water is generally higher than at other 

times of the year. Epstein and Yapp (1976) pointed out that these trees 

commonly synthesize and store starch during the warm summer months and 
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it may be ultimately deposited as cellulose the following spring. This 

early wood would then have been biosynthesized from isotopically heavier 

summer precipitation. The isotopically lighter late wood would have 

utilized water stored from the winter. Epstein and Yapp (1976) also 

made similar analyses on a Monterey pine. Although significant dif

ferences were again found between 80 in early and late wood, the late 

wood was found to be enriched in deuterium relative to the early wood. 

Thus, they reasoned that the Monterey pine was depositing wood biosyn

thesized from relatively recent precipitation. It should be noted that 

in either case, analysis of the entire tree ring would have resulted in 

some intermediate 80 value, determined by the isotopic compositions and 

relative amounts of the respective woods present. 

Although these results were obtained from analysis of tree 

rings, the discussion is also applicable to tree branches and twigs. 

The period of branch growth is usually synchronous with ring growth and 

these growth periods may continue over a significant portion of the 

life of the tree (Harold Fritts, personal communication). The branches 

themselves develop a sequence of rings, representing the total period 

of branch growth. 

Although it is beyond the scope of this study to determine 

possible correlations of seasonal 80 in precipitation with 80 in sub

ring divisions, measurement of 80 in cellulose C-H hydrogen of a whole 

branch or twig should provide an approximation of average annual 80 of 

precipitation in an area. Seasonal variations of the isotopic composi

tion of precipitation are probably smeared out by the various mixing 

mechanisms just discussed. This process begins with vertical mixing of 



74 

recent precipitation with older soil water. Then, although Fritts 

(1976) found that most tree growth coincides with increased moisture 

availability, Epstein and Yapp (1976) found that metabolized water may 

be stored for some time before deposition as wood. It is probable that 

the deposited wood is composed of cellulose biosynthesized not only 

from stored photosynthates but also from more recent photosynthates. 

Both processes should attenuate seasonal variations in aD of cellulose 

C-H hydrogen. Any remaining seasonal signal should be largely averaged 

out by the presence of different woods composed of material photosyn

thesized at different times of the year. 

While it may be desirable to obtain such averaged annual cli

matic information, there is also a certain ambiguity in interpreting 

temporal variations in measured aD values when seasonal climatic infor

mation is sacrificed. According to equations (2.1) and (2.3), a drop 

in average annual environmental temperature at a site should be reflec

ted by more negative aD values in precipitation and cellulose at that 

site. However, these values might also be expected if the amount of 

isotopically lighter winter precipitation increased or isotopically 

heavier summer precipitation decreased. Major changes in atmospheric 

circulation patterns could effect such variations in seasonal precipi

tation contributions, and this possibility will be further explored in 

the next chapter. The ambiguity may be resolved by analyzing sub-ring 

components where correlations with seasonal precipitation are well 

understood. 

To summarize, the temperature-dependent isotopic composition of 

precipitation in the Smith Creek Canyon area will probably be preserved 
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as the water infiltrates the soil and is taken up by the plant. This 

isotopic composition should represent a weighted average for annual 

precipitation in the area. Significant enrichment in deuterium in the 

water commonly occurs at the leaves due to transpiration. This enrich

ment is offset by the apparent discrimination against deuterium associa

ted with biosynthesis. The results of Epstein et al. (1976) and Yapp 

and Epstein (1982) indicate that the oD of environmental water is the 

dominant control on oD in cellulose C-H hydrogen, although the fraction

ation associated with transpiration and biosynthesis may be responsible 

for much of the scatter in their data. Comparison of oD from modern 

juniper, snowberry and pine twigs in the Smith Creek Canyon area with 

inferred oD of local meteoric water suggests an approximate equivalency 

in respective values. Additionally, this relationship does not appear 

to vary in contemporaneous sample material or with tree species. With 

decreasing temperatures, oD in cellulose C-H hydrogen should become 

lighter as a result of lighter oD in precipitation, decreased evapo

transpiration effects and relatively greater fractionation associated 

with biosynthesis. Thus, it should be possible to infer oD of ancient 

environmental water and its temperature-dependent variation from analy

sis of cellulose C-H hydrogen in ancient wood. 



CHAPTER 7 

PALEOCLIMATIC INFERENCES 

The relationship between o13c in cellulose and climate is 

unclear and temporal o13c variations cannot be unambiguously inter

preted in terms of paleoclimate. The validity of inferring paleoclimate 

on the basis of oD variations in cellulose C-H hydrogen has been demon

strated and the values obtained from the Smith Creek Canyon samples can 

now be considered in these terms. 

Attempts to assign absolute temperatures to oD values, or even 

magnitudes of temperature change with oD variations, are probably ill- , 

advised due to the factors discussed in Chapter 6 which serve to com

plicate the oD- temperature relationship. The degree of isotopic 

modification associated with evapotranspiration is difficult to assess 

and the degree of modification has very likely varied with time. The 

uncertainty regarding the fractionation associated with plant metab

olism, and its possible variation with temperature and plant species, 

further obscures the relationship. Additionally, it is unclear whether 

seasonal, annual or longer-period temperatures are best correlated with 

oDin cellulose C-H hydrogen. Finally, it is not possible at present 

to distinguish between oD variations due to temperature variations and 

those resulting from changes in atmospheric circulation patterns and 

shifting storm tracks. 
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Nevertheless, consideration of temporal oD variations should 

allow qualitative interpretations of paleoclimates and temperatures. 

The results presented in Figure 6, Chapter 5, are best considered by 

comparison with the mean modern oD value for the three tree species of 

-96 °/oo. For convenience, the samples can be divided into three 

groups: the late Wisconsin group (older than 17000 years B.P.), the 

late Wisconsin - early Holocene group (between 9680 and 13340 years 

B.P.) and the mid-Holocene group (between 4220 and 7350 years B.P.). 
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The late Wisconsin samples all have oD values equal to or more 

negative than modern values. The snowberry at 34040 years B.P. has a 

oD identical to the modern- snowberry, indicating temperatures at that 

time were approximately equal to modern temperatures. The somewhat 

more negative values for the 29920 and 27280 years B.P. samples suggest 

cooler temperatures. The extreme negative values at 17960 and 17350 

years B.P. represent the coldest temperatures inferred from this study 

and therefore probably correspond to the late Wisconsin glacial maximum 

in North America. 

The late Wisconsin - early Holocene samples are characterized 

by oD values approximately equal to or slightly less negative than 

modern values. The oldest sample from this group, at 13340 years B.P., 

is about 4000 years younger than the previous sample at 17350 years 

B.P. from which the coldest temperatures were inferred. The transition 

from glacial to interglacial climate must have occurred sometime during 

this interval. The constancy of oD from 13340 to 9680 years B.P. indi

cates temperatures stabilized across this interval, and were similar to 

or slightly warmer than modern temperatures in this area. Actually, 



a slight cooling trend with decreasing age may have occurred although 

better chronological control might reveal higher-frequency temperature 

oscillations. 
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The mid-Holocene samples are characterized by oD values less 

negative than modern values. The extreme value at 7350 years B.P. 

represents the warmest temperatures inferred from this study and cor

responds to a period of maximum Holocene warming. This sample is about 

2300 years younger than the previous sample at 9680 years B.P., from 

which modern-equivalent temperatures were inferred. 

warmer temperatures is bracketed by tQese two ages. 

The transition to 

The sample at 6490 

and 6120 years B.P. both indicate significantly warmer temperatures 

than modern, but intermediate between those at 7350 years B.P. and 

modern. The sample at 4220 years B.P. reveals a continuing trend 

towards modern values. 

The difference between oD of the sample at 7350 years B.P. and 

modern is approximately twice the difference between the full-glacial 

and modern. Although this may indicate relative magnitudes of temper

ature change, it is more likely that the mid-Holocene oD value reflects 

to some extent the increased effects of evapotranspiration. Decreased 

relative humidity would probably have accompanied warmer temperatures, 

resulting in greater amounts of evapotranspiration and greater enrich

ment in deuterium in the water incorporated by the plant, as discussed 

in the last chapter. It was also shown in the last chapter that the 

discrimination against deuterium occurring during cellulose biosynthesis 

decreases with increasing temperature, further contributing to less 

negative oD. Of course, this reasoning can be reversed when considering 
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the colder temperatures inferred from the late Wisconsin samples; i.e., 

the biosynthetic discrimination against deuterium would have increased 

and thereby contributed to the more negative oD values obtained. There

fore, the degree of offset of oD of the various samples from modern 

values probably represents maximum temper~ture variations fro~ modern 

values. 

Although oDin cellulose C-H hydrogen cannot be confidently 

converted to absolute temperature due to the complicating factors 

mentioned above, it is nevertheless useful to calculate relative 

temperatures and temperature variations and ignore the possible effects 

of these factors. The calculated temperature variations, crude approx

imations at best, do provide a sense of the magnitudes involved. Yapp 

and Epstein (1977) did not directly infer paleotemperatures from 

measured oD in cellulose C-H hydrogen but rather oD of local meteoric 

water. 20 °/oo was added to the measured oD values to give the inferred 

oD of the meteoric water, in accord with equation (2.2). Dansgaard's 

(1964) relationship between meteoric water and temperature at the site 

of precipitation (equation (2.1)) allowed inference of paleotemperature. 

The modern samples used in this study showed an approximate equivalency 

of oD in cellulose C-H hydrogen and meteoric water. Therefore, the oD 

of meteoric water at any given time may be assumed to be approximately 

equal to the oD values measured in the samples. This assumption is 

probably not valid for the mid-Holocene samples, when oD of meteoric 

water may have undergone significant modification prior to biosynthesis 

of the water by the plant. 



80 

Oansgaard's (1964) temperature coefficient of 5.6 °joo 0c.- 1 

can be used to calculate mean annual temperature variations occurring 

between any two sample ages. For instance, the difference between cO 

of the sample at 27280 years B.P. and the mean modern value is -14 °/oo. 

This corresponds to a decreased temperature at 27280 years B.P. of some 

2.5 °C. (4.5°F.) compared to modern temperatures. The coldest tempera

tures inferred from the samples at 17960 and 17350 years B.P. would be 

about 4.1 °C. (7.4 °FJ colder than modern. Temperatures inferred from 

the late Wisconsin - early Holocene group of samples range from 1.8 °C. 

(3.2 °F .) warmer to less than 1 °C. cooler than modern. If the trend of 

gradually decreasing cO with decreasing age is assumed to be real, the 

cooling rate across this interval was about -0.5 °C. (-0.9 °F.) per 

1000 years. The sample at 7350 years B.P. yields a temperature 7.0 °C. 

(12.5 °F.) warmer than modern. The temperatures at 6490, 6120 and 4220 

B ld b 3 0 ( 0 ) 0 ( 0 ) d 0 0 years . P. wou e . 6 C. 6. 4 F. , 4. 2 C. 7. 5 F. an 2. C. 

(3.6 °F.) warmer than today, respectively. The overall temperature 

range of 11.1 °C. (20 °F.) should be regarded as a maximum. 

These temperature estimates assume constant temperature for the 

oceanic source of the precipitation, as discussed in Chapter 6. CLIMAP 

project members (1976) calculated that sea surface temperatures at 

18000 years B.P. were an average of 2 °C. cooler than today. Such 

cooler ocean temperatures would reduce the temperature gradient exist-

ing between the site and the source of precipitation, thereby yielding 

higher 0/H ratios in the meteoric water at the site. In other words, 

the amount of cooling at the site, as indicated by cO, would have been 

offset to an extent determined by the amount of ocean cooling. The 
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inferred temperature drop of 4.1 °C. for the glacial maximum samples 

would then represent a minimum rather than a maximum value. However, 

the CLIMAP study (1976) found that sea surface temperatures of the trop

ical oceans, the source of most atmospheric moisture, were similar 18000 

years ago to modern temperatures, so this effect was probably not sig

nificant at that time. Nevertheless, if sea surface temperatures of 

precipitation source areas did vary at other times, and in the same 

direction as continental temperatures, the result would be a dampening 

of the climatic signal contained in the oD values of meteoric water. 

The temperature estimates also assume that the isotopic compo

sition of sea water has remained constant. Numerous studies, some of 

which were discussed in Chapter 1, have revealed that oxygen isotopic 

compositions of sea water have in fact varied significantly throughout 

the Pleistocene. Shackleton and Opdyke (1973) showed that these varia

tions could be interpreted largely in terms of continental ice accumu

lation. During periods of expanded glaciation, vast quantities of 

isotopically light water were locked up in continental ice sheets, 

leaving the oceans relatively more enriched in oxygen-18. A parallel 

enrichment in deuterium would certainly have occurred simultaneously. 

An increase in oD of sea water would result in a similar increase in 

oD of meteoric water. Thus, oD of sea water during the North American 

glacial maximum was probably greater than today, thereby offsetting the 

decreased ratios resulting from colder temperatures at the precipitation 

sites. With reduced glaciation, oD of sea water would have decreased. 

If such periods of deglaciation are associated with warmer temperatures, 

the result would be to offset the increase in oD of meteoric water 
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~ssociated . with warmer temperatures. Thus, temporal variations in temp

erature and 80 of sea water would probably act to dampen the climatic 

signal contained in the 80 of meteoric water and the temperature esti

mates would therefore represent minima rather than maxima. 

80 variations can also be interpreted in terms of changing 

atmospheric circulation patterns. At present, about 75% of the annual 

rainfall in the Snake Range originates over the Pacific Ocean and falls 

during the winter and spring months while the remaining amount origin

ates over the Gulf of Mexico and falls during the summer and autumn 

months (Houghton et al., 1975). The mean temperature difference be- . 

tween the summer and winter months is about 20 °C. which, according to 

equation (2.1), should result in 80 of summer precipitation being 

112 °/oo less negative than winter precipitation. 

Actually, this is an oversimplification. The isotopic composi

tion of precipitation depends also on the source region and history of 

the precipitating air mass. The relationship given by equation (2.1) 

was derived almost entirely from Atlantic maritime stations, where 

precipitation throughout the year was derived from a single source. 

In the case of Smith Creek Canyon, 80 of precipitation occurring at a 

given temperature during a winter storm might well be different than 

80 of precipitation occurring at the same temperature during a summer 

storm. At the present time, there is virtually no isotopic data from 

this area with which to examine this possibility. 

Nevertheless, for the sake of illustration, it will be assumed 

that 80 varies only with temperature at Smith Creek Canyon. It will 

also be assumed that the mean annual temperature at any given time 
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was similar to modern mean annual temperature and the modern seasonal 
0 temperature gradient of 20 C. at Smith Creek Canyon was maintained. 

oD variations can then be interpreted solely in terms of varying con

tributions of seasonal rainfall. A mass balance approach can be used 

to show that the least negative oD value of -57 °/oo at 7350 years B.P. 

would require that 97% of the precipitation occurred as summer rains. 

The most negative oD value at 17350 years B.P. would require that about 

40% of the precipitation occurred as summer rains. These figures do 

not necessarily indicate an increase or decrease in the absolute amount 

of seasonal precipitation but rather their respective relative contri-

butions. The assumptions utilized in this model are probably quite 

poor, but the example is intended to illustrate the possibility of 

interpreting the oD data in terms of changing atmospheric circulation 

patterns. Infinite combinations of temperature variation and variation 

in relative amounts of seasonal precipitation can be determined which 

would result in the inferred oD value of precipitation at any given 

time. 

Consideration of the plant material found within the middens 

may offer the possibility of resolving these two effects. As mentioned 

in Chapter 6, temperature and precipitation are the primary controls on 

geographical distributions of vegetation types. Therefore, temporal 

variations in vegetation at a particular site can be related to varia

tions of temperature and precipitation. Thompson (1978) and Thompson 

and Mead (1982) analyzed plant material in the middens from which the 

samples utilized in this study were obtained and the results are 
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presented in Figure 8. The oD data from Figure 6 are also included for 

comparative purposes. 

Utah juniper, snowberry and pinyon pine are common near the 

sampling sites today. Bristlecone pine and other subalpine conifers 

are generally restricted to elevations above 2750 meters, favoring 

the cooler, moister conditions of the higher elevations. With de

creased temperatures and increased amounts of precipitation, vegetation 

zones migrate downslope while increased temperatures and decreased 

amounts of precipitation result in upslope migrations. Thus, by exam

ining temporal changes in plant specimens and associations at a site, 

relatively cooler and/or moister (greater effective moisture) or warmer ' 

and/or drier (lesser effective moisture) conditions can be inferred. 

The three oldest samples contained both juniper and bristlecone 

pine, indicating somewhat greater effective moisture at that time than 

exists today in this area. The two samples at 17960 and 17350 years 

years B.P. were dominated by bristlecone pine and other subalpine coni

fers, with minor amounts of juniper. These samples were collected at 

elevations of 2060 and 1860 meters, respectively, and were thus growing 

nearly 1000 meters below their present-day limit. Thompson (personal 

communication) concluded that this corresponded to the late Wisconsin 

glacial maximum period of greatest effective moisture, probably reflect

ing very cold conditions. 

The sequence of four samples between 13340 and 12100 years B.P. 

contained similar fossil plant assemblages. Bristlecone pine was still 

predominant but the abundance of juniper and other lower-elevation 

species increased. The sample at 11080 years B.P. was also dominated 
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by bristlecone pine but several other species associated with the sub~ 

alpine plant community had disappeared. Juniper became quite abundant 

for the first time. At 10450 years B.P., the abundance of bristlecone 

pine declined markedly and this was in fact the youngest midden in which 

fragments were present in any quantity. Thompson (1978) interpreted 

these assemblages as indicating that climate had remained relatively 

unchanged between 13340 and 12100 years B.P. Effective moisture was 

less than that of the glacial maximum period but still greater than 

modern. The period between 12000 and 11000 years B.P. was characterized 

by slow climatic change with decreasing amounts of effective moisture. 

Climatic change occurred rapidly between 11000 and 10450 years B.P., 

as the effective moisture continued to decrease. 

The four mid-Holocene middens contained plant assemblages that 

were very similar to modern vegetation at the site. Pinyon pine 

appeared at 6120 years B.P. and persisted until the present. The 

paleoclimatic significance of this event is unclear but may represent 

increased summer precipitation and/or elevated summer temperatures 

(Robert Thompson, personal communication). 

Comparison of Thompson•s delineation of climatic regimes with 

that indicated by the isotopic data reveals some striking similarities 

but also some profound differences. Both methods indicate the glacial 

maximum and coldest temperatures occurred between 18000 and 17000 years 

B.P. Older samples indicate temperatures at that time were intermediate 

between the glacial maximum and modern. At 13340 years B.P. however, 

the respective interpretations are discordant. The isotopic data 

indicate that temperatures were already similar to modern and persisted 



as such until at least 9680 years B.P. The plant data indicate that 

temperatures were still cooler than modern before 12000 years B.P. A 

gradual warming trend occurred between 12000 and 11000 years B.P. and 

the rate of climatic change then accelerated until climatic conditions 

similar to modern were attained by 10450 years B.P. 

The discordant dates assigned to the timing of the implicit 

Pleistocene - Holocene boundary may reflect migrational "lag" times 
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for the plants. The migrational response of vegetation to climatic 

change would certainly not be instantaneous and a period of hundreds or 

thousands of years might be required for a given species to adjust to 

and reestablish itself in altered environmental conditions. The iso

topic response in meteoric water to changes in temperature, relative 

humidity or source area of the precipitation should be more or less 

immediate. Thus, the isotopic data could record a change from glacial 

to interglacial conditions by 13340 years B.P. while this event might 

not become manifest in the plant record until hundreds or thousands of 

years later. Because the return to modern-equivalent temperatures by 

13340 years B.P. inferred from oD is not reflected in the fossil plant 

assemblage until about 10450 years B.P., a lag time of nearly 3000 years 

is implied for the upslope migrations of bristlecone pine and juniper. 

Additional paleoclimatic information for this area can be gained 

by consideration of the numerous studies devoted to determining ancient 

lake levels, pluvial budgets and temperature estimates for pluvial Lake 

Bonneville. 53 pluvial lakes of Wisconsin age have been recognized in 

Nevada alone (Mifflin and Wheat, 1979). Radiocarbon dating of a number 

of lacustrine deposits such as gastropod shells and plant debris was 
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used to demonstrate the broad synchroneity of the elevated lake levels 

with the North American glacial maximum. It is beyond the scope of this 

study to review all of the literature pertinent to this subject but 

two separate studies by Scott, Shroba and McCoy (1982) ·and Currey (1980) 

are the most recent and comprehensive and will be considered here. 

According to Scott et al. (1982), Lake Bonneville began rising 

steadily before 26000 years B.P. and attained it maximum elevation by 

16000 years B.P. (see Figure 8). This level was maintained until some

time between 15000 and 14000 years B.P. Downcutting of the lake•s out

let caused catastrophic flooding and lowering of the lake level at 

about 14000 years B.P. The new lake level was maintained until about 

13500 years B.P. and then began falling until the modern level of Great 

Salt Lake was attained at 11000 years B.P. According to Currey (1980), 

subsequent fluctuations in lake levels were relatively minor, although 

the lake receded beyond its modern boundaries between 7000 and 6000 

years B.P. This period corresponds to that associated with the highest 

inferred temperatures from the isotopic data. The steady fall in levels 

that was taking place by 13500 years B.P. indicates changing climatic 

conditions, which is also consistent with the isotopic data. Scott et 

al. (1982) pointed out that earlier Wisconsin glacial periods were not 

accompanied by high lake levels. Therefore, the probable global cooling 

accompanying these glaciations was not the sole cause of elevated lake 

levels. The possibility of shifting storm tracks was suggested. 

Various models have been developed with which to determine 

temperature - precipitation estimates which could produce the late 

Wisconsin pluvial lakes. Mifflin and Wheat (1979) compiled the results 



from 27 independent studies and found that most researchers favored a 

temperature drop in mean annual temperature (M.A.T.) of about 10 °F. 

(5.6 °C.) during the glacial maximum. An extreme decrease in M.A.T. 

of 20 °F. (11. 1 °C.) was estimated by Galloway (1970), based on soli

fluction deposits in New Mexico. The smallest decrease in M.A.T. of 

5 °F. (2.8 °C.) was inferred by Mifflin and Wheat (1979), using modern 

aspects of Great Basin climate and associated hydrology. In addition 

to the lowered temperatures, an increase in mean annual precipitation 

(M.A.P.) of 68% was estimated. 
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A decreased M.A.T. of 4.1 °C. (7.4 °F.) was inferred from the 

oD values for the glacial maximum Smith Creek Canyon samples. Gallo

way•s (1970) estimate would require a large increase in summer precipi

tation in order to produce a mean annual oD of meteoric water of 

-120 °/oo. A 2.8 °C. lowering of M.A.T. and a 68% increase in M.A.P., 

as per the Mifflin and Wheat (1979) model, would require that the 

additional precipitation was distributed approximately equally through

out the year. Spaulding, Leopold and Van Devender (1983) claimed that 

an increase in M.A.P. of over 25% is difficult to reconcile with data 

from fossil plant assemblages collected from Great Basin sites. If the 

Mifflin and Wheat (1979) model incorporates this revised increase in 

M.A.P., a lower M.A.T. of about 8 °F. (4.4 °C.) would then be inferred, 

in closer accord with the results of this study. 

McCoy (1981) measured amino-acid ratios in fossil gastropod 

shells collected from the Bonneville basin to derive temperature esti

mates for the Wisconsin. His results indicated that the period between 

16000 and 11000 years B.P. was at least 9 °C. (16.2 °F.) cooler than 
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the post-11000 year B.P. period. This value represented a minimum esti

mate and the M.A.T. at 16000 years B.P. may have been 12-14 °C. (21.6-

25.2 °F.) less than the present. Although these results are in accord 

with those of Galloway (1970), they are difficult to reconcile with the 

aD data from the Smith Creek Canyon area. 

The aD values measured in Wisconsin and early Holocene Smith 

Creek Canyon samples may be representative of oD of Lake Bonneville. oD 

for modern Great Salt Lake is -89 °/oo (Friedman et al., 1964). This 

value is considerably less negative than the oD of modern meteoric 

waters in this area, as inferred from Taylor's (1974) compilation, 

because of evaporative effects (see Chapter 6). Colder temperature, 

increased precipitation and correspondingly higher relative humidity 

would have resulted in decreased evaporative effects and lesser amounts 

of isotopic modification of the lake water. By 7350 years B.P. however, 

the inferred warmer climate probably resulted in significant isotopic 

modification. Yapp and Epstein (1977) measured oD of cellulose C-H 

hydrogen in two wood samples found near the shores of Great Salt Lake, 

about 250 kilometers northeast of the Smith Creek Canyon area. The 

samples had radiocarbon ages of 20600 and 19800 years B.P. The oD 

values were -104 °/oo and -95 °/oo, respectively, which are about 

20 °/oo heavier than the values of about -120 °/oo found in the Smith 

Creek Canyon samples at 17960 and 17350 years B.P. This may reflect 

the altitude effect, discussed in Chapter 6, since the Smith Creek 

Canyon samples were obtained from an elevation some 500 meters higher 

than the sites from which Yapp and Epstein (1977) obtained their 

samples. 1n fact, if equation (6.1) is used to correct for the 
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altitude effect, meteoric water at the Smith Creek Canyon area should 

be 17 °/oo more negative than meteoric water at Great Salt Lake, which 

is nearly identical to the difference in oD measured in the approxi

mately coeval sample sets. This indicates that oD of Lake Bonneville 

during the Wisconsin and early Holocene may be inferred by adding about 

20 °;oo to the oD values measured in the Smith Creek Canyon samples. 

The discussion can be expanded to a more regional level by con

sidering data obtained from other western locales. Van Devender and 

Spaulding (1979) reviewed various studies of fossil plant assemblages 

collected form American southwestern deserts. They placed the timing 

of the late Wisconsin glacial maximum for this region between 22000 and 

17000 years B.P., based largely on the consistent downslope displacement 

of pinyon-juniper woodlands throughout southwestern deserts. However, 

they explained this phenomenon in terms of mild, wet winters and cool 

summers rather than depressed mean annual temperatures. They further 

postulated an intensification of the Aleutian low cyclone over the 

southwestern United States, which would have resulted in increased win

ter precipitation. Given the relatively small magnitude of the oD 

deviation of the late Wisconsin values from modern values, major in

creases in winter precipitation are not likely. 

Van Devender and Spaulding (1979) placed the Pleistocene -

Holocene boundary at 11000 years B.P., based on the disappearance of 

pinyon pine from this region and their apparent replacement by juniper 

woodlands. They postulated a gradual return of the Aleutian low to 

its present-day position by 8000 years B.P., resulting in lesser amounts 

of winter precipitation. The inferred timing of these events is in 
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reasonable accord with Thompson's (1978) data from the Smith Creek 

Canyon area. The timing of the Pleistocene - Holocene boundary as in

ferred from the 80 data antedates the boundary indicated by the plant 

data by several thousand years. This may again reflect migrational lag 

effects. However, the constancy of the 80 data between 13340 and 9680 

years B.P. argues against a gradually shifting winter storm track. 

Antevs (1948) discussed the possibility of a mid-Holocene hot 

and dry "Altithermal" period, based on geologic evidence of erosion and 

deposition in alluvial valleys and correlations with events in Europe. 

He proposed that this period extended from 7500 to 4000 years B.P. and 

occurred on a global scale. Martin (1963) found no evidence for the 

existence of such a hot, dry period in the pollen record from the 

southern and eastern parts of the Southwest, although he acknowledged 

that the northern Great Basin may have experienced an Altithermal 

period. Martin (1963) suggested that somewhat warmer temperatures in 

the southern and eastern Great Basin during this time would have lead 

to higher levels of summer precipitation. Increased global tempera

tures favor the development of the Bermuda High, resulting in increased 

amounts of summer precipitation in the Southwest, as discussed by 

Van Oevender and Spaulding (1979). 

Thus, the elevated 80 values for this period may reflect not 

only increased temperatures but increased amounts of summer precipita

tion. LaMarche and Mooney (1972) found evidence for elevated bristle

cone pine zones between 4000 and 2000 years B.P. · Their samples were 

also obtained from the Snake Range in Nevada. They inferred warmer, 



drier conditions across this interval but this may actually reflect a 

migrational lag from hot and dry Altithermal conditions. 

Thus, the oD data may provide a more accurate chronology than 

does the fossil plant data. Neither method really provides a basis 
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for confidently distinguishing variations in temperature from varia

tions in precipitation presumably associated with shifting atmospheric 

circulation patterns. Nevertheless, use of oD data in conjunction with 

fossil plant data, or with data derived from other systems, does pro

vide a mutual check on paleoclimatic inferences and allows rejection 

of certain inferences developed from a single line of evidence. 



CHAPTER 8 

SUMMARY AND CONCLUSIONS 

oD of meteoric water varies systematically with temperature at 

the site of precipitation. Because meteoric water provides the unique 

source of hydrogen for trees and plants, it was expected that a temp

erature signal would be preserved in the hydrogen isotopic composition 

of such organic material. Epstein et al. (1976) demonstrated that 

oD in cellulose C-H hydrogen does reflect oD of environmental water. 

Although the potential for reconstructing paleoclimates is immediately 

apparent, application of the method in this regard has been hindered 

by a lack of suitable sample material, such as ancient wood. 

Packrat middens contain an abundance of just such sample 

material, usually in an excellent state of preservation. A sequence 

of wood samples was obtained from middens found in the Snake Range in 

Nevada. The samples consisted of juniper, pine and snowberry ranging 

in radiocarbon-age from about 34000 years B.P. to modern. oD of cell

ulose C-H hydrogen was measured, in addition to o 13c for total carbon 

of cellulose. 

oD measured in modern samples of the three representative tree 

types differed by as much as 16 °/oo. However, there were insufficient 

data with which to evaluate the possibility of a species effect. The 

oD values measured in these modern samples showed an approximate equiv

alency to the inferred oD of local meteoric water. Thus, 80 values 
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measured in the sample material should directly approximate oD values 

of meteoric water taken up by the tree, and the temperature signal 

contained in the meteoric water can thereby be extracted. 

All samples older than 17000 years B.P. had oD values equal 
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to or more negative than modern values. The extreme value of -119 °/oo 

occurred at 17350 years B~P. The next youngest sample at 13340 years . 

B.P. had a oD value similar to modern. In fact, the next seven samples, 

between 13340 and 9680 years B.P., maintained values similar to modern. 

All samples between 7350 and 4220 years B.P. were characterized by oD 

values less negative than modern. 

Although there is no reason to expect, ~ · priori, a temperature

dependent variation in the carbon isotopic composition of wood, some 

empirical evidence suggests that such a variation does exist. However, 

o13c values measured in the samples showed no correlation with oD 

values. Furthermore, temporal variations of o13c within each tree 

group barely exceeded the experimental error. The potential for inter

preting paleoclimate on the basis of o13c is therefore quite poor. 

The validity of paleoclimatic inferences based on oD data 

depends largely on the degree to which oD values of cellulose C-H 

hydrogen reflect oD of local meteoric water. If care is taken to en

sure that the sampling site is well-drained and does not receive re

charge from higher elevations, it can probably be assumed that the 

tree is taking up water with the temperature signal of the precursor 

precipitation intact. This temperature signal probably reflects mean 

annual temperature at the site, due to ·mixing of water from different 

precipitation events in the ground and also mixing of photosynthates 
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in the tree. However, between the time of uptake of water and ultimate 

deposition as wood, the hydrogen isotopic composition may be modified 

by several processes occurring within the tree. Evapotranspiration 

occurring at the leaves enriches the water in deuterium, while plant 

metabolic processes discriminate against deuterium. The near equiva

lency of oD in the plants with oD of inferred environmental water in

dicates that either these two processes are not important or that the 

relative magnitudes of isotopic modification associated with these two 

processes are equal. With decreased temperatures, evapotranspiration 

effects would be suppressed while the metabolic discrimination against 

deuterium would be increased. With increased temperatures, evapotrans

piration effects would be increased while the metabolic discrimination 

against hydrogen would be suppressed. Thus, the trends of decreasing 

oD in meteoric water with decreasing temperature, and increasing oD 

with increasing temperature, would be enhanced by both of these effects . 

Estimates of temperature variation based on measured oD in plants would 

therefore be exaggerated. However, probable variations in sea water 

temperatures and isotopic composition accompanying continental climatic 

variations would serve to offset isotopic variations in meteoric water 

at the site of precipitation. It is difficult, if not impossible, to 

determine the relative contributions that the above processes make in 

ultimately determining oD of meteoric water. 

Another problem to be considered when interpreting oD data has 

to do with the amount of isotopic variation occurring in different 

sample material of common radiocarbon age. Multiple analyses made on 

such intra-midden samples revealed that the amount of o~variation 
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occurring within the midden exceeded the experimental error in two out 

of four cases considered. In one case in fact, the magnitude of vari

ation was close to that found between the full-glacial samples · and 

modern. This intra-midden variation may represent short-term climatic 

events or a 11 natural 11 variation of oD occurring within different co

eval trees or even a single tree. It is difficult to reconcile such 

variation with the constancy of oD over the period of 13340 to 9680 

years B.P. 

The prospects for recovering paleoclimatic data may appear 

quite poor in light of these complications. Attempts to quantify 

temperature estimates are certainly ill-advised. However, the quali

tative agreement between the oD data and several other lines of evi

dence indicates that major paleoclimatic events are recorded in the 

isotopic record. A great body of evidence, including the local plant 

record, indicates that the North American glacial maximum occurred at 

about 18000 years B.P. The timing of the transition from glacial to 

interglacial conditions is still a matter of some dispute and may not 

have been synchronous regionally. The oD data indicate that this trans

ition had occurred by 13340 years B.P. and climate then stabilized for 

a period of nearly 4000 years. The plant record does not record this 

boundary until several thousand years later and shows evidence of con

tinuing climatic change. This disparity may reflect migrational lag 

times of the plants, since their response to climatic change would not 

be instantaneous. Lake levels of nearby Lake Bonneville do indicate 

a climatic transition as having occurred at about 13500 years B.P. 



98 

A period of mid-Holocene warming has also been inferred from various 

geologic and plant records. Thus, it is apparent that major climatic 

events, as inferred from independent systems, are well represented 

in the 60 data. 

Perhaps the greatest source of ambiguity in interpreting the 

isotopic data is the probable variation of 60 associated with shifting 

atmospheric circulation patterns. 60 data measured at a single site 

offers little promise of resolving variations in 60 associated with 

temperature change from those associated with such altered storm 

tracks. The plant record and pluvial lake level reconstructions also 

fail in this regard. However, the problem may be ultimately resolved 

by integrating sequences of isotopic data from sites of different 

latitude and longitude. Shifting storm tracks might be inferred from 

systematic latitudinal and longitudinal shifts in 60. From such a 

body of data, a coherent picture of Pleistocene and Holocene climate 

may emerge. 
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