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Abbreviations 
 
D (or 2H) Deuterium 
p,p’-DDT  p,p’-dichlorodiphenyltrichloroethane 
o.p’-DDD  o.p’-dichlorodiphenyldichloroethane 
DID  Deuterium Isotopomer Distribution 
FID  Free Induction Decay 
FTIR  Fourier Transform Infra Red spectroscopy  
1H   Protium (or proton) 
IRMS  Isotope Ratio Mass Spectrometry 
KIE  Kinetic Isotope Effect 
NMR Nuclear Magnetic Resonance spectroscopy 
PHC  Polyhalogenated Compounds 
POP  Persistent Organic Pollutants 
TMS  Tetramethylsilane 
VPDB Vienna PeeDee Belemnite 
VSMOW Vienna Standard Mean Ocean Water 
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Abstract 
Deuterium isotopomers as a tool in environmental research 
 
This thesis describes the development and the use of quantitative deuterium Nuclear 
Magnetic Resonance spectroscopy (NMR) as a tool in two areas of environmental 
research: the study of long term climate-plant interactions and the source tracking of 
persistent organic pollutants. 
Long-term interactions between plants and climate will influence climate change 
during this century and beyond, but cannot be studied in manipulative experiments. 
We propose that long tree-ring series can serve as records for tracking such 
interactions during past centuries.  
The abundance of the stable hydrogen isotope deuterium (D) is influenced by 
physical and biochemical isotope fractionations. Because the overlapping effects of 
these fractionations are not understood, studies of the D abundance of tree rings led 
to conflicting results. We hypothesized that both types of fractionations can be 
separated if the D abundance of individual C-H groups of metabolites can be 
measured, that is if individual D isotopomers are quantified.  
The first paper describes a technique for quantification of D isotopomers in tree-ring 
cellulose by NMR. The technique showed that the D isotopomers distribution (DID) 
was non-random. Therefore, the abundance of each isotopomer potentially contains 
individual information which suggests an explanation for the conflicting results 
obtained by measuring the overall D abundance (δD). 
In the second paper, this technique was used to study hydrogen isotope exchange 
during cellulose synthesis in tree rings. This revealed that some C-H positions 
exchange strongly with xylem water, while others do not. This means that the 
exchanging C-H positions should acquire the D abundance of source water, which is 
determined by physical fractionations, while non-exchanging C-H positions of tree-
ring cellulose should retain biochemical fractionations from the leaf level. Therefore, 
the abundance of the corresponding D isotopomers should contain information about 
climate and physiology. When analysing tree-ring series, the DIDs should reflect 
information about temperature, transpiration and regulation of photosynthesis. 
In the third paper, we showed that CO2 concentration during photosynthesis 
determines a specific abundance ratio of D isotopomers. This dependence was found 
in metabolites of annual plants, and in tree-ring cellulose. This result shows that D 
isotopomers of tree-ring series may be used to detect long-term CO2 fertilisation 
effects. This information is essential to forecast adaptations of plants to increasing 
CO2 concentrations on time scales of centuries.  
In the fourth paper, the source of persistent organic pollutants in the environment 
was tracked using DID measurements. The δD values of two compounds of related 
structures were not enough to show indisputably that they did not originate from the 
same source. However, the DIDs of the common part between the two compounds 
proved that they did not originate from the same source. These results underline the 
superior discriminatory power of DIDs, compared to δD measurements.  
The versatility of DID measurements makes them a precious tool in addressing 
questions that cannot be answered by δD measurements. 
 
Key words:  Deuterium, NMR, isotopomers, CO2 response, climate reconstruction, 
persistent pollutants, stable isotopes. 
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Introduction 
 
 Most chemical elements of biochemical interest such as 
hydrogen, carbon, nitrogen and oxygen are composed of different 
stable isotopes. The abundances of the heavy stable isotopes (2H, also 
known as Deuterium (D), 13C, 15N, 17O and 18O) are much smaller 
compared to the light stable isotopes (1H, 12C, 14N and 16O) and are 
modified by physical and biochemical processes. One common use of 
heavy stable isotopes is to label compounds in a harmless way. This 
provides a non-invasive tool in medicine to diagnose metabolic 
disorders (Goetze et al., 2005) and to detect potential disease (Levine 
et al., 2004) and in medical studies to better understand human 
metabolism (Jin et al., 2004; Ribeiro et al., 2005). Stable isotopes are 
also widely used to track biogeochemical fluxes through the carbon 
and nitrogen cycles (Hobbie et al., 2002; Nasholm et al., 1998). In 
chemistry and biochemistry, labelling is also used in NMR structure 
determination (Wider & Wuthrich, 1999), to study reaction 
mechanisms (Ankianiec et al., 1994; Barta et al., 1994; Cook & 
Cleland, 1981) and to determine kinetic isotope effects (Cleland, 
1980). 
 Because their natural abundances are modified by physical and 
chemical fractionations, stable isotopes are also a precious tool at 
natural abundance. They are used to study enzyme mechanisms 
(Cleland, 2003), metabolic fluxes (Smith & Ziegler, 1990; Zhang et 
al., 1995; Zhang et al., 1994) and to determine kinetic isotope effects 
(Singleton & Thomas, 1995; Lee et al., 2004). In biogeosciences, 
stable isotopes at natural abundance are used to integrate 
biogeochemical fluxes from local to global scale. Prominent examples 
are the study of the carbon and nitrogen cycles within ecosystems 
(Ekblad & Hogberg, 2001; Hogberg, 1997) and quantification of 
sources and sinks of the greenhouse gases CO2, N2O and CH4 

(Francey et al., 1995; Dore et al., 1998; Lowe et al., 1994; Quay et al., 
1999). They are also an invaluable tool to reconstruct past climate 
from archives such as ice cores and tree rings (Petit et al., 1999; 
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Jouzel et al., 2006; Buhay & Edwards, 1995; Masson-Delmotte et al., 
2005). Most of the measurements of stable isotope abundance are 
made using isotope ratio mass spectrometry (IRMS). This technique 
measures the ratio of heavy to light isotope of whole molecules. 
However, it has been shown for all heavy isotopes that their 
abundance in non-equivalent intramolecular positions is variable 
(Martin & Martin, 1981; Schmidt, 2003; Robins et al., 2003). Because 
a molecule carrying a heavy isotope in a particular position is called 
an isotopomer, this variation can be described by isotopomer 
distributions. These distributions contain information about the origin 
of compounds (Zhang et al., 2002). Isotopomer distributions have 
only been measured by IRMS in a few cases. To measure isotopomer 
distributions, nuclear magnetic resonance (NMR) is probably the most 
effective tool. Isotopomer analysis by NMR is used in food 
authentication (Martin et al., 1988; Remaud et al., 1997), 
biomechanisms (Zhang et al., 1995) and kinetic isotope effects studies 
(Lee et al., 2004). But isotopomer measurements are still uncommon 
compared to measurements of isotope ratios. However, limitations of 
isotope ratio measurements are becoming more and more apparent. 
For example, attempts to reconstruct climate data from the D 
composition of tree-ring cellulose have proved difficult (Waterhouse 
et al., 2002; McCarrol & Loader, 2004) despite the strong correlation 
between δD of precipitation and climate (Dansgaard, 1964). We 
propose that the isotopomer distribution of tree-ring cellulose has the 
potential to provide clearer information. It is therefore necessary to 
develop new techniques to exploit the information present in 
isotopomer distributions. In this thesis, a technique was developed to 
measure the D isotopomers distribution (DID) of tree-ring glucose 
using NMR. The technique was applied to tree rings, and it was 
transferred to persistent organic pollutants, demonstrating the 
versatility of DID measurements in environmental sciences. 
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Stable isotopes 
 
General considerations 
 
 An element (such as hydrogen, carbon or oxygen) can have 
several stable isotopes which have the same number of protons and 
electrons but a different number of neutrons. For example, H is 
composed of two stable isotopes: protium (1H) and deuterium (2H or 
D), deuterium having an additional neutron compared to protium (see 
Table 1 for other examples of stable isotopes). Stable isotopes are 
non- radioactive. 

 

Element Isotope Neutrons Abundance (%) NMR 
1H 0 99.985 Active 

Hydrogen 2H or D 1 0.015 Active 
12C 6 98.89 Inactive 

Carbon 13C 7 1.11 Active 
14N 7 99.63 Active 

Nitrogen 15N 8 0.37 Active 
16O 8 99.759 Inactive 
17O 9 0.037 Active Oxygen 
18O 10 0.204 Inactive 
32S 16 95.00 Inactive 
33S 17 0.76 Active 
34S 18 4.22 Inactive 

Sulfur 

36S 20 0.014 Inactive 
 

Table 1. Average terrestrial abundances of the stable isotopes of 
major elements of interest in ecological studies alongside the number 
of neutrons and if the atoms give a signal in NMR. 
 
 The stable isotopes of an element are usually referred to as the 
light and heavy isotope(s) (the light isotope containing the least 
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neutrons) as the differing numbers of neutrons give them a different 
mass. Stable isotopes are naturally present in every compound in 
different abundances (see Table 1). For the elements listed in Table 1, 
the heavy isotopes are also rare isotopes, and can be considered as 
natural tracers in biological systems. 
 
 
Definitions 
 
 The isotope abundance (A) describes the frequency of the heavy 
isotope of an element and is calculated as follows: 
 

A = 
LH

H
+

    equation 1 

 
with H the number of heavy atoms and L the number of light atoms. 
 
 The isotope ratio (R) is also a way to describe the frequency of 
the heavy isotope of an element and is calculated as follows: 
 

R = 
L
H     equation 2 

 
 However, it is hard to measure precisely these two values with 
the common techniques and the instruments available do not 
guarantee long-term stability. Therefore, the isotope ratio of a sample 
is usually expressed relative to the isotope ratio of an international 
reference (such as the Vienna Standard Mean Ocean Water (VSMOW) 
for D and 18O and the Vienna PeeDee Belemnite (VPDB) for 13C and 
18O) using the following equation: 
 

δ ( ‰)  = 10001
R
R

ref

s ×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−   equation 3 
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with δ the isotopic composition of the sample compared to that of the 
reference and Rs and Rref the isotope ratio of the sample and of the 
reference, respectively. Because it is generally the difference in 
isotope ratio between compounds which is used to draw conclusions, 
the measurements against a reference give very precise data. For 
example, in the northern hemisphere, the δ13C increases between 
spring and autumn by about 2‰ due to the discrimination against 
13CO2 of plants during photosynthesis. In this case, the difference is of 
interest because it shows the discrimination occurring during 
photosynthesis. 
 The isotopic composition of a compound is defined by two types 
of mechanisms which occur during the synthesis of that compound: 
physical and chemical fractionations. 
 
Mechanisms of isotope fractionation 
 
  The light and the heavy isotope(s) of an element have slightly 
different physical and chemical properties. The bond between a heavy 
isotope and another atom is stronger and shorter than between the 
light isotope and that atom. This explains why a molecule containing a 
heavy isotope will not behave in exactly the same way as a molecule 
containing only light isotopes. 
 
1) Physical fractionation 
 
 Physical properties such as the melting point and vapour 
pressure as well as the diffusion rate are altered by the presence of a 
heavy isotope in a molecule. For example, H2O evaporates faster than 
HDO because HDO has a slightly lower vapour pressure. This also 
implies that HDO condenses faster than H2O. This is true for all the 
heavy isotopes present in H2O (D, 17O and 18O) and explains isotope 
fractionations in the global hydrological cycle. When water evaporates 
over the oceans, the atmospheric moisture is depleted in the heavy 
isotopes. When precipitation forms from this moisture, the remaining 
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atmospheric water vapour becomes depleted in the heavy isotopes. 
When precipitation is formed in isotopic equilibrium with the ambient 
atmospheric water, the δ  of the remaining atmospheric water can be 
calculated as follows using the Rayleigh law:  
 

δf = δ0 - ε logf   equation 4 
 
with δ the stable isotope composition in ‰, ε the equilibrium 
fractionation factor and f the fraction of water remaining in the system 
(1> f >0). When freshly evaporated oceanic moisture (f = 1) moves 
inland or up in latitude, it rains in successive precipitation events 
(decreasing f) occurring at consecutively lower temperatures as the air 
becomes dryer. In parallel with this, the heavy isotopes rain out 
preferentially, and the remaining moisture becomes depleted in heavy 
isotopes. Therefore, precipitation formed at lower temperatures 
(higher altitude or in more continental locations) is depleted in heavy 
isotopes. This explains the influence of altitude, latitude and distance-
from-coast observed on the isotopic composition of precipitation 
(Dansgaard, 1964). At a particular location, the isotopic composition 
of the precipitation depends mainly on the ambient temperature at the 
time of the precipitation event (Dansgaard, 1964; Dawson, 1993) and 
that is why the isotopic composition of ice cores in D has been 
successfully used as a thermometer to reconstruct past climate, on 
time scales ranging from years to ice age cycles (Petit et al., 1999; 
EPICA community members, 2004). The isotopic variation expected 
from temperature only is around 200 ‰ for δD and 20 ‰ for δ18O. 
 
2) Chemical fractionation 
 
 During a chemical or biochemical reaction, the light isotope of 
each element involved usually reacts faster, leading to an enrichment 
of the remaining substrate in the heavy isotope(s). This is what is 
called a kinetic isotope effect (KIE) and is calculated as follows: 
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KIE = 
L

H

k
k     equation 5 

where kH and kL are the reaction rate constants when there is a heavy 
isotope and when there is a light isotope, respectively. If a KIE>1, it is 
called a “regular (or normal) KIE” and this means that the molecule 
containing the light isotope reacts faster. Thus, the reaction depletes 
the product and enriches the remaining reactant in the heavy isotope 
during the reaction. If a KIE<1, it is called an “inverse KIE” and it 
means that the molecule containing the heavy isotope reacts faster, 
resulting in an enrichment of the product (depletion of the reactant) in 
the heavy isotope during the reaction. There are two particular types 
of KIE: primary KIEs occur when the reaction involves the scission or 
the formation of a bond in which the heavy isotope is involved; 
secondary KIEs take place when a heavy isotope is present in the 
molecule and influences the reaction even though it is not directly 
involved in the reaction. The magnitude of both KIEs depends on the 
activation energy of the reaction and on the structure of the transition 
state. That is why both primary and secondary KIEs have been 
extensively used to elucidate chemical and biochemical reaction 
mechanisms (Cook & Cleland, 1981; Barta et al., 1994; Ankianiec et 
al., 1994; Lee et al., 2004). Primary KIEs are the largest. D isotope 
effects can theoretically be as large as 18, 13C isotope effects 1.25 and 
18O isotope effects 1.19 (Bigeleisen & Wolfsberg, 1958). Secondary 
KIE are much smaller and can theoretically range for example from 
0.46 to 1.74 for D and 0.983 to 1.012 for 13C (Bigeleisen & Wolfsberg, 
1958). The physical isotope fractionations described above are usually 
smaller than primary KIEs, and of the same magnitude as secondary 
KIEs.  
 In a non-symmetric molecule like glucose, D atoms (and 
analogously the other heavy isotopes) are introduced into each C-H 
group by specific reactions with specific D isotope effects. Because of 
that, the distribution of the light and the heavy isotope(s) of an 
element in a given compound is non-random and is determined by the 
synthesis processes of that particular compound (Martin & Martin, 
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1999; Schmidt, 2003; Robins et al., 2003). This means that the 
relative abundance of a heavy isotope at each position in a compound 
is determined by the (bio)chemical and physical history of that 
compound. 
  
Isotopomers 
 
 A molecule containing a stable isotope is called an isotopomer. 
In this work, we focused our interest on the stable isotopes of 
hydrogen. Molecules containing a D atom are called D isotopomers. 
As an example, a glucose molecule is shown in Figure 1. There are 
seven C-H groups and therefore glucose can have seven different D 
isotopomers. The hydrogen atoms within the hydroxyl groups 
exchange fast with H2O (or other labile H of the environment) and 
cannot be considered as true isotopomers but only as transient. 
 

 
Figure 1.  Glucose molecule carrying a D atom 
at carbon 2: D2 isotopomer. Each C-H position 
can potentially contain a D. Because of the 
natural rarity of D atoms, a molecule is unlikely 
to carry two D. Therefore, glucose has seven 
different mono-deuterated isotopomers. 
 

 

 At natural abundance, the probability of having two D in one 
molecule is very small because of the low abundance of D (Table 1) 
and therefore only mono-deuterated isotopomers are considered when 
dealing with natural compounds of low molecular weight (<1000 Da) 
(Robins et al., 2003). Each D isotopomer is named depending on 
which carbon the D atom is bound to. For the carbon 6 of glucose (see 
Figure 1), the D atom can be at two positions which leads to different 
configuration (S or R) as the carbon becomes chiral. The isotopomers 
are then called D6R or D6S isotopomer depending on the configuration 
they give to the carbon. The abundance of each D isotopomer in a 



 

17 

compound can be described by the Deuterium Isotopomer Distribution 
(DID). The DID of glucose (or any other molecule) is the result of all 
the physical and biochemical fractionations that happened during its 
synthesis. Measuring the DID (or other heavy isotope isotopomer 
distribution) therefore contains precious information about the 
compound synthesis and origin (e.g. Martin et al., 1988; Caer et al., 
1991; Remaud et al., 1997; Zhang et al., 2002; Schmidt, 2003; Robins 
et al., 2003). If the overall isotope abundance is measured by 
traditional techniques, this information is, at least partially, lost  
 
Measurements of isotope and isotopomer abundance 
 
Three major techniques are used to measure the natural stable isotope 
abundance of compounds. 
 
1) Isotope Ratio Mass Spectrometry (IRMS) 
 
 IRMS is the standard method to measure δ values. A specially 
designed mass spectrometer is used to measure accurately the isotope 
ratio and is able to separate gases with a different isotopic 
composition such as H2 and HD (or 12CO2 and 13CO2, 16O2 and 
18O16O). Complex molecules have to be converted into a gas prior to 
measurement. Thus, to measure the isotope ratio in D of a compound, 
it has to be reacted to yield H2 and therefore only the average D/H 
ratio of the whole molecule can be measured by established 
techniques. 
 To measure isotopomer abundances by IRMS, two methods have 
been used. First, the chemical breakdown of a compound yields 
smaller fragments containing only a limited number of atom positions. 
Each fragment has to be separated and analysed. The isotopomer 
abundance is obtained at each position by direct measurement (if the 
fragment contains only one atom position) or by calculation (if the 
fragment contains several atom positions). To date, several 
compounds have been successfully measured in this way using IRMS. 
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For example, in 1982, Monson and Hayes (Monson & Hayes, 1982) 
measured the 13C isotopomers of bacterial fatty acids after chemical 
degradation while Rossmann and Schmidt in 1991 (Rossmann et al., 
1991) measured 13C isotopomers of glucose after chemical and 
biochemical degradation. However, this approach is very laborious 
and entails a high risk of alteration of the original isotopic 
composition due to KIEs during the degradation/derivatization steps. 
Therefore, high yields and strict control of each reaction step are 
required. Moreover, for each compound, a new derivatization process 
has to be set up and checked for the absence of isotope effects. The 
second method used to measure isotopomer abundances was proposed 
by Corso and Brenna in 1997 (Corso & Brenna, 1997) for 13C 
isotopomers. In this technique, the fragmentation of the molecule is 
done by pyrolysis before introduction to the IRMS. The compound is 
pyrolised into fragments which are separated using gas 
chromatography and analysed by IRMS. Because the pyrolysis, the 
gas chromatography separation, the combustion and the IRMS 
measurement are done in one, coupled apparatus, the method is called 
“on-line”. It avoids some of the drawbacks of chemical breakdown, 
but the technique can generate secondary reactions (Corso & Brenna, 
1999) which lead to isotope scrambling. Therefore, it does not work 
for every compound. Another approach was proposed by 
Brenninkmejer and Rockmann in 1999 (Brenninkmeijer & Rockmann, 
1999) to measure 15N isotopomers of N2O. This technique is known as 
fragment ion IRMS. After ionization in the source of the isotope ratio 
mass spectrometer, part of the N2O fragments into NO. The mass of 
N2O and NO are measured and the abundance of the two 15N 
isotopomers (15N14NO and 14N15NO) calculated. However, this 
method is special for small molecules like N2O where one 
fragmentation step can give access to all isotopomers. 
 Although chemical degradation and pyrolysis can be used to 
measure 13C isotopomers, these techniques cannot be adapted to 
quantify D isotopomers as the risk of isotope effects during 
degradation and isotope scrambling during pyrolysis is much greater 
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than with 13C. The fragment ion IRMS uses a particular property of 
N2O and is restricted to that particular compound. Moreover, the high 
risk of isotope scrambling would not make this technique suitable for 
D isotopomer quantification. 
 
2) Fourier transform infrared spectroscopy 

 Fourier Transform Infrared Spectroscopy (FTIR) is a powerful 
tool for identifying types of chemical bonds in a molecule by 
producing an infrared absorption spectrum that is like a molecular 
"fingerprint". The technique basically measures the vibration 
frequencies of all bonds in the molecule. The presence of a heavy 
isotope in a bond will change slightly the characteristics of that bond 
and the higher mass of the heavy isotope changes its vibration 
frequency significantly. It is therefore possible to identify the presence 
of isotopomers in a compound and to quantify them. For example, 
ozone isotopomers have been successfully measured using FTIR 
(Christensen et al., 1996). However, all applications to date required 
gaseous samples and the technique may be fundamentally limited to 
small molecules, because the spectra of biochemical metabolites like 
glucose may be too crowded to resolve the signal of each isotopomer.  

3) Nuclear Magnetic Resonance Spectroscopy (NMR) 
 
 NMR is able to measure individual isotopomers in parallel in a 
single compound. It is based on the property of certain nuclei to have 
a magnetic moment. In a magnetic field, these nuclei acquire a 
magnetization parallel to the magnetic field. A quick and intense radio 
frequency pulse (µs range and about 100W power) turns the 
magnetization of one selected nucleus perpendicular to the magnetic 
field direction. In the perpendicular plane, the magnetization then 
rotates at a frequency characteristic for the nucleus and depending on 
the magnetic field strength. In non-symmetric molecules, the 
frequency is modified to a small degree by the chemical environment 
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of each intramolecular position and is therefore called a chemical shift. 
The rotation frequencies of all atoms in a sample are recorded and the 
signal (so-called Free Induction Decay (FID)) Fourier-transformed. 
Because only frequency differences between the atoms in the 
molecule are of chemical interest, they are expressed relative to a 
reference compound (usually tetramethylsilane (TMS) for hydrogen, 
D and 13C). Because the deviation from the reference is small, the 
chemical shifts are expressed in ppm (parts per million) (see Figure 2). 
The chemical shift of each atom gives information about its chemical 
environment which depends on its position in the molecule (as an 
example see Figure 2a). This means that it is possible to obtain one 
signal per isotopomer in a spectrum (Figure 2b). NMR can also 
distinguish both H positions of prochiral CH2 groups. Using 
appropriate measurement parameters, the intensity of each NMR 
signal is proportional to the number of atoms sharing the same 
environment, which means the number of atoms at a particular 
position. The signal integrals can then be obtained by integration, 
which is best done by a lineshape fit (“deconvolution”). In Figure 2a, 
there is a 1H spectrum of 2,4-dibromoanisole. In this spectrum, each 
integral reflects the number of 1H in each position. Because the 
abundance of 1H is almost 100%, the integrals are not modified by the 
presence of isotopomers. But when looking at the 2H (or D) spectrum 
of the same compound (Figure 2b), the four peaks corresponding to 
the four different H positions do not have an integral which only 
depends on the number of equivalent H at that position. The 
abundance of 2H at each position actually differs slightly due to D 
fractionations which occurred during the synthesis of the 2,4-
dibromoanisole. The integral of the peaks is directly proportional to 
the abundance of the isotopomers. Thus, NMR quantifies the 
abundance ratios of all isotopomers of a particular compound in a 
single measurement: it measures the isotopomer distribution of a 
compound. Unlike for IRMS, it is not possible to measure the sample 
and a standard in an alternating fashion, to measure the isotope 
abundance difference between the two. 
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Figure 2. a) 1H spectrum and b) 2H spectrum of 2,4-dibromoanisole 
(formula displayed). Both spectra show a peak for each of the four 
different H positions (A to D) of the compound and their relative 
integral is displayed. In the 1H spectrum, the integrals reflect the 
number of equivalent H at each position and the peaks are split due to 
the presence of neighbouring 1H. However, in the 2H spectrum, the 
integral reflects the relative abundance of each monodeuterated (no 
splitting) isotopomer. The chemical shift is expressed in ppm relative 
to TMS (see text) and in MHz.  
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This means that NMR cannot measure the isotopic ratio at each 
position unless a standard of known isotope ratio can be introduced in 
a known molecular ratio. Further, the sample should be pure to avoid 
peak overlap between the compound of interest and possible 
contaminants.  
 NMR can only work with NMR-active stable isotopes (see Table 
1) which includes D and 13C but not 18O, for example. NMR analysis 
requires bigger samples (50 mg for NMR against 5 µg for IRMS for 
13C measurements) and is about 2 to 10 times less precise than IRMS 
analysis. Still, it is particularly suitable to quantifying D isotopomers 
since the large D KIEs during the synthesis of a compound leads to 
large isotopomer abundance variations, which are invisible in δD 
measurements by IRMS. DID measurements by NMR have been 
successfully used for many years in food authentication (Martin et al., 
1988; Remaud et al., 1997), studies of biosynthesis in plants (Zhang et 
al., 2002; Schleucher et al., 1999) and humans (Jin et al., 2004; 
Ribeiro et al., 2005) and in the determination of KIEs to elucidate 
reaction mechanisms (Grant et al., 1982). The DID of various natural 
compounds (e. g. carbohydrates, aromatic compounds, fatty acids, 
terpenes and alcohols) showed a large variation (typically ± 20%) 
which is expected from the size of KIEs. However, this variation is 
larger than the δD variation expected from climate (± 10%). This 
means that measuring δD on organic archives to reconstruct past 
climate can be seriously hindered by the KIEs that occurred during the 
archives synthesis. Instead, DID has a higher content of information 
which grants a higher chance of accessing data about climate and 
biochemical processes in parallel. In principle, 13C isotopomers 
quantification by NMR can be used in much the same way as that of D 
to determine KIEs during chemical and enzymatic reactions 
(Singleton & Thomas, 1995; Lee et al., 2004) and in food 
authentication (Caer et al., 1991; Tenailleau et al., 2004). However, 
quantification of 13C isotopomers by NMR is much more demanding 
compared to D, because 13C KIEs are smaller, while error sources for 
quantification of 13C NMR spectra are much larger. 
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Climate change 
 
Open questions 
 
 The atmospheric CO2 concentration ([CO2]) has varied over the 
history of the Earth (IPCC, 2001) and, during the successive warm 
and cold periods, [CO2] and temperature were strongly coupled. 
During the last 200 years, the atmospheric [CO2] has increased at an 
abnormal speed mainly due to the large emissions of CO2 from 
anthropogenic activities. At present, the atmospheric [CO2] is 380 
ppm, a level unprecedented for the past 23 millions years (Pearson & 
Palmer, 2000). Due to the greenhouse effect of CO2, the atmospheric 
[CO2] is regarded as a likely forcing mechanism on global climate 
because of its large and predictable effect on temperature (Crowley, 
2000). In the last 200 years, the excess of CO2 release due to 
anthropogenic activities has contributed to a global rise in temperature 
that is forecasted to last into the coming centuries. The rise in annual 
global temperature leads to the rise of sea level because of ocean 
expansion and ice melting at the poles and at mountain glaciers. It also 
leads to the loss of numerous plant and animal species (Thomas et al., 
2004; Pounds & Puschendorf, 2004) and is suspected to generate more 
frequent climate extremes, such as heavy precipitation events (floods), 
storms and extreme temperature (heat waves) (IPCC, 2001). To 
forecast the possible influence of the rising atmospheric [CO2] in the 
coming century, the amplitude of the rise has to be estimated. 
Unfortunately, such estimates are hampered by several uncertainties 
concerning possible CO2 sources and sinks. The different scenarios 
forecast an atmospheric [CO2] of 550 to 1000 ppm for the end of the 
21st century, with predicted concomitant temperature rises between 1.8 
to 6ºC. To refine climate models and predictions, it is important to 
address the remaining uncertainties. One such uncertainty is if 
vegetation will be a stronger sink of CO2 than at present. This would 
occur if increasing atmospheric [CO2] augments global plant 
productivity (“CO2 fertilisation effect”). To answer this question, 
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manipulative experiments have been conducted by exposing plants to 
higher CO2 levels and recording the plants’ response. But these 
experiments covered only short time scales (up to 10 years) (Long et 
al., 2004) and may observe transient responses that do not hold over 
longer time scales. It is therefore difficult to extrapolate conclusions to 
century time scales. To cover such a time span, it is relevant to study 
the response of vegetation over centuries to the past variation in 
atmospheric [CO2], especially during the last 200 years. 
 Another uncertainty concerns the high frequency climate 
variability in the past. Available instrumental records span the last 200 
years at best and cover only a limited geographical area. To access 
past climate data on longer time scale covering most of the surface of 
the world, proxy records have to be used. However, many proxy 
records have low time resolution and therefore only show long-term 
variability (i.e. averaged over 5-10 years or up to 50 years) (Feng & 
Epstein, 1994; Feng & Epstein, 1996; Libby et al., 1976; Petit et al., 
1999). To refine climate models, climatic data with a high resolution 
over a long time scale are needed.  
 To address both uncertainties, tree rings are designated archives. 
They may contain a record of plants’ response to increasing 
atmospheric [CO2] but also of climate. They have a wide geographical 
distribution and tree rings span centuries with a very high time-
resolution.  That is why we aimed to develop a tool to extract such 
precious information. 
 
Tree rings as a proxy for climate (dendroclimatology) 
 
 Trees are interesting archives of environmental changes. They 
synthesize a new ring of wood in their trunk each year, often with a 
distinct difference between wood formed in spring and summer. They 
are long-lived plants, have the same photosynthetic pathway (C3 
species) as most plants and are wide-spread geographically. Also, 
their physiology is influenced by environmental factors such as 
temperature and atmospheric [CO2]. Therefore, they can contain 
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chronological data about climate covering century-time scales with a 
yearly resolution or even seasonal on a global scale. The study of the 
relationship between tree-ring characteristics and climate is called 
dendroclimatology. It exploits either the physical or chemical 
characteristics of the tree rings. Because many trees have experienced 
the unusually fast increase in atmospheric [CO2] in the past two 
centuries, it is interesting to study their physiological response to such 
a change. This should help to understand the long-term interaction 
between the biosphere and atmosphere. 
 
  1) Physical characteristics of tree rings 
 
 Wood density and tree-ring width depend on environmental 
conditions to which the tree is exposed during growth. Since the 
factors influencing the growth of the tree are numerous, trees for 
dendroclimatological studies have to be carefully selected so that their 
growth is mainly influenced by one factor (usually temperature or 
precipitation). The careful selection of trees avoids background noise 
from other environmental factors (Fritts, 1976). For example, the trees 
of the northern hemisphere at the tree line are sensitive to temperature 
and have therefore been used to reconstruct past temperature (Jacoby 
& Darrigo, 1989). This technique has also been applied in the 
southern hemisphere to trees in New Zealand (Palmer & Xiong, 2004). 
A recent work by Briffa et al. (Briffa et al., 2002) used a large scale 
sampling around the globe to reconstruct the temperature over the last 
600 years, mainly using late wood density (i.e. formed during 
summer). The results of such studies have been used as key evidence 
to demonstrate the anthropogenic effect on global warming during the 
last millennium. However, it can be difficult to separate the effect of 
each influence on the tree’s growth and therefore to get clear climate 
data (Mann et al., 1999). 
 The growth of the tree has also been used in some studies 
(DeLucia et al., 1999; Oren et al., 2001) to monitor the effect of 
atmospheric [CO2] on tree physiology. However, these studies were 
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manipulative experiments covering only a few years and, under 
natural growth conditions, it is difficult to isolate the trees’ response to 
the increase of [CO2] over century time scales. 
 
 2) Chemical characteristics of tree rings 
 
 Wood is mainly composed of cellulose formed from primary 
carbohydrates synthesised from CO2 and H2O during photosynthesis 
at leaf level. Therefore, the isotopic composition of that CO2 and H2O 
influences the isotopic composition of the leaf carbohydrates. Part of 
these carbohydrates is transferred to the trunk where they enter tree- 
ring synthesis. Consequently, hydrogen, carbon and oxygen stable 
isotopes of tree rings have been used to reconstruct environmental 
factors such as temperature, precipitation, relative humidity and to 
study the water use efficiency as a response to atmospheric [CO2] 
increase (for a complete review see McCarrol & Loader, 2004). δD 
should be a very good indicator of ambient temperature (Dansgaard, 
1964) and has been used to reconstruct past climate over millennia 
from tree rings (Feng & Epstein, 1994). However, to improve the 
correlation with temperature, the δD is measured or pooled to average 
several years (5 to 50 years) and thus only reflects low frequency 
climate variability. Moreover, most work attempting to link tree-ring 
isotope ratios with climate has used 13C or 18O isotopes because 
several studies have found δD measurements on tree-ring cellulose 
hard to interpret (Lipp et al., 1991; Waterhouse et al., 2002). A likely 
explanation for the difficulties encountered in δD-based climate 
reconstructions lies in D fractionations happening within the tree. 
These fractionations alter the isotopic composition of the metabolites 
compared to the environmental source, but could not be separated in 
past studies and were assumed to be constant. To describe the D 
composition of tree-ring cellulose, we use a model that includes four 
distinct mechanisms, illustrated in Figure 3. We assume that, when 
separating climate and physiological influences in this way, the 
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isotopic composition of tree rings can yield information about both 
environmental factors and tree physiology.  
 The first mechanism is the D fractionation in the hydrological 
cycle which confers an air temperature signal to the δD of 
precipitation water (Dansgaard, 1964) and influences the δD of 
photosynthates. 
 Second, leaf transpiration discriminates against water 
molecules containing heavy isotopes, which enriches the remaining 
leaf water in D. Leaf transpiration and leaf water D enrichment 
increase with decreasing air humidity. Therefore, the leaf water 
contains a humidity signal which is passed on to photosynthates 
during photosynthesis. 
 Third, enzyme isotope effects reduce the abundances of specific 
D isotopomers of photosynthates. If the D isotopomer fractionations 
due to enzyme isotope effects can be identified in tree rings, the size 
of the fractionations may carry physiological signals.  
 Fourth, enzyme-catalysed isotope exchange occurs between C-
H and xylem sap water during cellulose synthesis (Hill et al., 1995; 
Roden & Ehleringer, 2000). This exchange can overwrite the effects 
of all leaf-level processes in the trunk. It also re-introduces the 
temperature signal into tree-ring cellulose because xylem sap water 
has the same δD as precipitation water (first mechanism).  
 If the δD of tree-ring cellulose is measured, only the average D 
isotopomer abundance is accessed. Therefore, the D fractionations due 
to the four mechanisms cannot be separated, and possible 
corresponding signals cannot be isolated. This thesis describes an 
approach to separate the mechanisms by D isotopomer measurements. 
If each signal can be separated, it provides the unique opportunity to 
access parallel information about past climate and tree physiology. 
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Figure 3. Scheme of the four different, successive mechanisms that 
influence the hydrogen isotope composition of tree-ring cellulose. 
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Persistent organic pollutants in the environment 
 
Definition 
 
 Persistent organic pollutants (POPs) are organic compounds that 
are resistant to environmental degradation through chemical, 
biological, and photolytic processes. Because of this, they have been 
observed to persist in the environment, to be capable of long-range 
transport and bioaccumulation in human and animal tissue, and to 
have potentially significant impacts on human health and the 
environment (Ritter et al., 1995; Bernes & Naylor, 1998). Some POPs 
are polyhalogenated compounds (PHC) often composed of aromatic 
rings substituted with halogens such as chlorine and bromine. They 
include chloropesticides (e.g. DDT, lindane, toxaphene, and 
chlordane), polychlorinated biphenyls (PCBs) and brominated flame 
retardants (e.g. polybrominated diphenyl ester). Chloropesticides have 
been used as potent pesticides which presented the advantage of being 
cheap to produce and effective on a long-term as their solubility in 
water is limited. Brominated flame retardants are used in many 
household items, such as carpets, computer plastic covers, cables, 
etc… to prevent ignition and hinder the spread of fire, saving the life 
of thousands of people every year. Both groups of compounds and 
PCBs contain halogens to increase their chemical stability and to 
lower their water solubility, which makes their degradation very slow 
in the environment and facilitates bioaccumulation in top predators. 
Because of the persistence of POPs in the environment, these 
compounds accumulate over long time periods and eventually reach 
levels that have adverse effects on the fauna such as toxic effects 
(anemia), neurotoxic effects (behavorial alterations), and interferences 
with hormones (impaired reproduction). 
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Identification of their origin and fate 
 
 Following the fate of POPs in the environment can help to 
understand how and at what speed they can be eliminated. It is also 
important to understand how these compounds move in the 
environment. Moreover, some closely-related compounds are also 
produced by natural sources which can lead to the identification of 
structural features that make a compound degradable or not. 
Furthermore, it is interesting to attribute the source/origin of POPs to 
identify the polluters because in some countries the polluters have to 
clean contaminated sites. It can also reveal the misuse and/or illegal 
sale of remaining stocks. To follow and to determine the origin of 
these compounds, isotope ratios are frequently used, because for an 
isolated compound, they are the only variables that can identify a 
source. Previously, only the isotope ratios δ13C and δ37Cl have been 
used (Vetter et al., 2005; Reddy et al., 2000) because the δD of 
polyhalogenated compounds could not be measured online by IRMS. 
Recently, however, a new technique was developed to measure δD as 
well (Armbruster et al., 2006). Assuming that isotope ratios are not 
changed by transport processes, they can distinguish the same 
compound from different sources. But when a compound is converted, 
the isotope ratios of the starting material and the structurally different 
product cannot be compared any longer. Thus, closely related 
compounds can have strongly different δ values. In this case, 
measuring the DID of these compounds using D NMR allows us to 
compare isotopomer abundances of their common parts and 
complement IRMS in the identification of their origin. 
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Results and conclusions 
 
 The research described in this thesis provides an important basis 
for the use of D isotopomer measurements by NMR as a tool in 
environmental research. In this section, the main results and 
conclusions of papers I to IV are reviewed. 
 
Paper I 
 
 The D abundance of tree-ring cellulose has been hard to interpret, 
presumably because of variation in D isotopomer abundance. We 
expected this variation to originate from signals reflecting tree 
physiology and climate. We assumed that these signals may be 
separated if the DID is measured. However, wood samples cannot be 
measured by NMR without prior solubilisation, derivatization and 
purification. This paper describes a technique to prepare a glucose 
derivative from wood and measure the DID of the glucose units. We 
showed that the preparation technique did not alter the isotopic 
content of the original material and that the measurement conditions 
led to quantitative measurements. Using this technique, we found a 
common DID pattern in leaf glucose of annual plants and in tree-ring 
glucose, which demonstrates that the DID of tree rings retains signals 
stemming from enzyme D fractionations on the leaf level. The 
development of this technique was the first step in separating and 
extracting information from D in tree rings. 
 
Paper II 
 
 The aim of this paper was to understand if individual 
isotopomers of tree-ring glucose contain specific signals related to 
climate or physiology. At the outset of this research, it had been 
established that there is hydrogen isotope exchange between C-H 
groups and trunk water during cellulose synthesis. We reasoned that 
this exchange should not be equal for each C-H group and that the 
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level of exchange would reveal which isotopomer would carry which 
signal. To quantify the exchange for each C-H group, we grew two 
tree species under controlled conditions and used D-labelled water to 
track the exchange during cellulose synthesis. We compared the DID 
of leaf glucose to the DID of tree-ring glucose to identify the 
exchanging positions. We showed that different C-H groups exchange 
to strongly variable degrees, with the H at carbon 2 exchanging most 
and the two H at carbon 6 least. The large H exchange at carbon 2 
should imprint the temperature signal present in precipitation on the 
abundance of the D2 isotopomer, irrespective of all leaf-level 
processes. In contrast, the abundances of the two D6 isotopomers 
should be transmitted from leaf-level metabolites to tree rings, and can 
store signals on leaf-level processes in tree rings. The results of this 
paper showed that D isotopomer measurements open a new way of 
using D of tree rings to reconstruct climate and to study long-term 
physiological adaptations of plants to environmental changes. 
 
Paper III 
 
 In this work, we aimed to identify a potential response of plants 
to an increase in atmospheric [CO2] recorded in the DID. We analysed 
glucose from three classes of carbohydrates (soluble sugars, starch and 
cellulose) extracted from annual plants of different species, as well as 
from tree rings. The plants were subjected to different [CO2], ranging 
from the pre-industrial to forecasted atmospheric levels. The results 
showed that the ratio of the two D6 isotopomers’ abundance was 
correlated with the [CO2] to which the plant was exposed. We 
proposed that the dependence of this isotopomer abundance ratio on 
[CO2] can be used to estimate the proportion of photorespiration to 
photocarboxylation. Because we had demonstrated in paper II that the 
D6 isotopomers exchanged the least with xylem sap water during 
cellulose synthesis in the trunk (paper II), we expected the CO2 
dependence to be transmitted (slightly dampened) to tree-rings. The 
results obtained from tree-ring samples confirmed this hypothesis. 
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Applied to tree-ring series, we expect DID measurements to provide a 
unique tool to access information about the physiological response of 
trees (and vegetation) to atmospheric [CO2] increase during the last 
two centuries, or during glacial-interglacial cycles. Such information 
should give insights about how the global vegetation will respond to 
increasing [CO2] in the coming century, which will improve climate 
predictions. 
 
Paper IV 
 
 In this paper, NMR measurements are used as an accompanying 
technique for IRMS measurements. Polyhalogenated compounds 
(PHCs) are persistent organic pollutants in the environment. Isotope 
measurements are used to identify the origin and degradation rate of 
the PHCs, but whole-molecule isotope ratios (δ values) are of limited 
usefulness if related but structurally different compounds must be 
compared. Therefore, we measured the DIDs of two compounds (2,4-
dibromophenol and 2,4-dibromoanisole) that were related structurally, 
but showed differing δ13C and δD. Because of the structural difference 
between the compounds, the differences in δ values cannot prove that 
the two compounds originate from different sources. In contrast, the 
DID measurements showed that the common part of the two 
compounds had different DIDs, proving that they could not originate 
from a common synthesis pathway. This result illustrates the potential 
of DID measurements in tracking the origin and affiliations among 
environmental pollutants. This also demonstrates that DID 
measurements can be easily adapted to different compound classes 
and different research areas. 
 
Unpublished results related to paper IV 
 
 DDT is a well-known insecticide, and was one of the first 
compounds where accumulation in food chains and environmental 
toxicity have been observed. However, there is currently renewed 
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interest in its use, because it is one of the few effective agents to fight 
malaria cheaply. For these reasons, monitoring of its use and 
knowledge of its turnover in the environment are essential for its safe 
application. We therefore compared DIDs of DDT (dichloro-
diphenyltrichloroethane) and the structurally related by-product DDD 
(dichlorodiphenyl-dichloroethane). While the two compounds were 
assumed to originate from a common synthesis process, IRMS 
measurements showed a difference in δD values of 80 ‰ (on the 
VSMOW scale). This difference was considered incompatible with a 
common source, because DDD contains only one additional hydrogen 
compared to nine hydrogens which are common for both compounds 
(see Figure 4). 
 

 
Figure 4. Chemical structure of p,p’-DDT and o,p’-DDD. In DDD, 
one hydrogen is present in the aliphatic part of the molecule. 
 

To explain the δD difference, the additional hydrogen would need to 
have a δD of approximately +800 ‰, corresponding to nearly twice 
the natural abundance of D, while typical δD variation is ±100 ‰. 
Using general rules for the recording of high-quality D NMR spectra 
presented in paper I, we measured the DIDs of both compounds. 
Combined with the δD values of the whole molecules, we calculated 
δD values of each C-H group of DDT and DDD. We found a value of 
+800‰ for the additional H in DDD, while the rest of the C-H groups 
showed similar δD values for DDT and DDD. This result proved that 
the two compounds could originate from a common reaction although 
their δD values were very different. This illustrates the potential of 
combining IRMS and NMR measurements in determining the origin 
of persistent pollutants in the environment. 
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General Conclusion 
 
 This thesis work focused on developing a technique to measure 
the DID of tree-ring glucose in order to access information regarding 
tree physiology and past climate that is inaccessible with conventional 
techniques. The first results, applying the technique to tree rings from 
a CO2 enrichment site, support our hypothesis that DID measurements 
on tree rings can retrieve information about physiological response to 
environmental changes on long time scales. This information is of 
prime interest to improve current climate models. 
 DID measurements are not limited to tree ring studies and we 
easily adapted the technique to determine the origin of persistent 
pollutants in the environment. This demonstrates that DID 
measurements can be a very powerful tool in environmental research. 
In the future, we expect the use of DID measurements to become more 
common, addressing questions that could not be answered with 
previously available techniques. 
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