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TECHNOLOGY 
& TOOLS

Isotope ratios, the ratio between atoms
of the same element that have differ-
ent numbers of neutrons, can be used

in a wide range of applications, from arche-
ology, geochemistry, and planetology to
medical investigations. Isotope ratios are
useful because chemical processes can
subtly change the ratio from a surround-
ing environment. For example, carbon
normally has 12 neutrons (C12), but
approximately 1% of the carbon in the
Earth’s atmosphere has 13 neutrons (C13).
However, during the chemical reactions of
photosynthesis, CO2 that contains 12C is
more often fixed to form organic
compounds than CO2 containing 13C,
thus shifting the ratio. And a great deal
can be determined by this and other
changes in isotope ratios.

The technology to examine isotope
ratios was developed around the time of
World War II, to a large extent because of
nuclear weapons research. Many of the
developments specific to elemental isotope
studies were due to Alfred Nier. In 1940,
he coauthored a paper about nuclear
fission of uranium isotopes. In that paper,
he presented a design of a mass spec-
trometer for routine isotope abundance
measurements. This led to the discovery
that the relatively rare uranium-235
isotope was responsible for the nuclear
fission observed in uranium, and not the
more common 238U. However, Nier’s
work was not confined to nuclear research
or the Manhattan Project. In 1941, he
published an article that would become
part of the foundation of geochemistry
(“Isotopic composition of lead and the
measurement of geological time”). After
the war, in 1947, Nier developed a mass
spectrometer for analysis of gases and
isotopes of light elements such as carbon,
nitrogen, oxygen, hydrogen, and sulfur.

After World War II, a series of MS tools
for isotope-ratio determination were devel-

oped. Isotope ratios of light elements are
examined on what can be considered
conventional MS systems. Determinations
of isotope ratios of heavier elements,

including most radioactive elements, are
carried out on specialized MS systems
because of the heavier mass of the ions
involved.

Light-Element Isotopes
Light, stable-isotope mass spectrometers
use a variety of ion sources ranging from
electron bombardment to laser ablation,
but these instruments all benefit from the
fact that compounds containing these
lighter elements are either gases or can be
converted into gas compounds. Sample
preparation, if required, simply converts
a sample of interest into CO2, N2, O2,
H2, or SO2, which is then ionized for
mass analysis to determine isotope ratio
by comparing a sample’s mass spectrum

with that of a standard (with a known
isotope ratio).

As their name implies, dual-inlet
instruments have two sample introduc-

tion systems, one for a sample and one
for a standard. So-called sample-standard
switching is conducted to correct for
isotope fractionation caused by the instru-
ment. A mass spectrometer separates ions
(using a magnet, quadrupole, or similar
mass filter device) on the basis of an ion’s
mass-to-charge ratio, and since ions of
interest typically have but one positive
charge, a determination can be made that
effectively separates isotopes based on
slight differences in mass. These ions will
also have slightly different travel times
across the mass filter as well as different
paths because of their mass differences.
This travel-time difference, on a larger
scale, can be used to separate or fraction-
ate isotopes (used in the nuclear indus-
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Looking for Isotopes
Three varieties of MS have become the technologies
of choice in determining isotope ratios.
Michael J. Felton

Schematic of a multiple ion collector isotope ratio MS. (Courtesy of SAHRA, University of Arizona.)
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try). However, to effectively measure
isotope differences and correct for this
fractionation, a standard’s known isotope
ratio is compared with the measured ratio
and the difference used to derive a correc-
tion factor. The correction factor is
applied to the sample’s isotope ratio, there-
by essentially eliminating fractionation
caused by the instrument. In addition, by
switching between sample and standard
many times, other irregularities in the
instrument can be corrected for.

Converting a sample to the gases that
the isotope-ratio mass spectrometer
(IRMS) will analyze can be done by bulk
combustion of a sample and ionizing the
combustion products directly in the mass
spectrometer ion source, or by chromato-
graphically separating the organic
compounds, and then converting them
into the requisite gases CO2, N2, O2,
H2, and SO2 for analysis. Bulk conversion
is extremely useful in archeology and
geochemistry. For instance, looking at the
differences in isotope ratios in fossils or
sediment can help determine their age
on the basis of the effects of photosyn-
thesis and other biological processes as well
as inorganic processes. Photosynthesis
tends to remove light C12, but diagene-
sis (conversion of sediment into stone)
tends to concentrate heavy isotopes
because the lighter isotopes have formed
more labile compounds.

Oxygen isotope ratios in carbonate
fossils have been used to investigate past
water temperatures. Heavier isotopes have
lower vibrational energy, resulting in slight-
ly lower reactivity, and so at thermody-
namic equilibrium they will preferential-
ly incorporate into compounds with
higher vibrational frequencies as lighter
oxygen isotopes are too reactive to remain
in these compounds. Therefore, the
temperature at which the carbonate fossil
formed can be deduced from the ratio of
16O and 18O.

In many applications, IRMS is com-
bined with chromatographic techniques,
such as GC, but now LC is being used as
well. Medical and biological research is
an area where separation followed by
isotope analysis has become extremely
useful. For instance, during the 2000
Sydney Olympics, the Australian govern-
ment tested athletes for steroids by using
urine samples, but existing tests could not
distinguish synthetic hormones from

natural ones. However, synthetic steroids
have a different ratio of 12C to 13C, allow-
ing GC-IRMS to detect the presence of
illegal steroids in a person’s urine.

Connecting a GC to an IRMS system
is relatively simple since the gas exiting a
GC column needs to be converted to the
CO2, N2, O2, H2, and SO2 that the IRMS
can compare with reference gases. This can
be done by simple combustion, as the
carrier gas interferes relatively little.
However, LC has been difficult to connect
to IRMS systems.

LC and Light Elements
LC has been difficult to connect to IRMS
because the liquid solvent has to be
removed or dealt with, and the liquid
organic molecules need to be converted to
the same gases—CO2, N2, O2, H2, and
SO2. Recently, Thermo Finnigan intro-
duced a device to connect LC and IRMS
for carbon isotope analysis. The IsoLink
chemically oxidizes the liquid effluent
from an LC to produce CO2. The CO2
gas is carried with He and dried, and it
enters the IRMS for isotope analysis. The
technique also prevents damage caused by
inorganic buffers to systems that vaporize
the liquid.

The benefit of connecting LC to IRMS
is that organic compounds that cannot be
separated by GC, like biologically or phar-
maceutically active compounds, can now
be analyzed isotopically. Therefore, isotope
labels such as 13C in clinical or biological
research can be used more readily because
samples will not need to be compatible
with GC. The peptide or carbohydrate
of interest can be separated by LC and the
isotope ratio of carbon atoms that make
up the compound, and other compounds

in the separation can be seen. Previous
efforts required separation and then
further time-consuming processing of
individual fractions before IRMS.
Connecting LC and IRMS may have far-
reaching uses, such as tracing biological
pathways, identifying food adulteration,
determining the source of pharmaceuti-
cals, and learning about the history of
biomolecules in sediments.

TIMS
Instruments used for light stable isotopes
are generally of little use to heavy stable
isotope ratios or radiogenic isotope ratios
(also heavy elements). Heavier elements
are typically analyzed using either thermal
ionization mass spectrometry (TIMS) or
the more recently developed multiple-
collector inductively coupled plasma mass
spectrometry (MC-ICP MS).

TIMS uses filaments of rhenium or
tungsten to heat, vaporize, and ionize
microgram or nanogram quantities of
sample that have been deposited as a salt
or oxide on the filament. Because the fila-
ment is heated, isotopes are fractionated
(lighter isotopes come off first) to a much
greater degree than during ionization
and mass separation of lighter elements.
Although TIMS has been in use for a long
time, improvements such as adding multi-
ple ion collectors, multiple movable ion
collectors, negative-ion detection, addi-
tional mass-separation stages, and multi-
ple ion counters have made TIMS a very
accurate instrument. However, methods
used to quantify isotope ratios are as
important as the instrument.

Internal normalization and double spik-
ing are two techniques that have been used
for TIMS isotope ratio analyses. For inter-
nal normalization, used to examine
radioactive isotopes, two isotopes of the
element being investigated are chosen that
are not affected by radioactive decay, and
their ratio is used to correct for fractiona-
tion of the instrument. However, by
correcting for mass bias by using this
method, an analyst can eliminate natural
isotope mass variations (nonradioactive
changes). Double spiking is used to exam-
ine stable isotope variations of heavier
elements. This method achieves high preci-
sion by adding a spike of two isotopes of
the element being examined. Because the
spike contains a known ratio of these
isotopes, this ratio can be compared to the

The benefit of connecting
LC to IRMS is that 
organic compounds that
cannot be separated by
GC, like biologically or
pharmaceutically active
compounds, can now be
analyzed isotopically.
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measured ratio and a correction factor
can be calculated. This preserves any frac-
tionation that may have occurred in nature,
but execution of the method can be
complex. Because two isotopes are used for
the spike addition, TIMS cannot be used
for elements with fewer than four isotopes.

ICP MS
In the early 1990s, MC-ICP MS instru-
ments became available for IRMS. Unlike
TIMS’s filament ionization or ionization
methods for light elements, ICP can ionize
95% of the elements on the periodic table.
It also can be easier to prepare samples for
ICP than for TIMS. In addition, MC-ICP
MS systems cost much less than TIMS.

Although ICP-based instruments have
been around since the early 1980s, the
feature that really caused development of
ICP for IRMS to take off was implemen-
tation of multiple ion detectors (or collec-
tors) with magnetic-sector MS. ICP
instruments have beam intensities that
change quite rapidly—faster than the
speed with which the magnetic field can

be shifted to focus different mass ions on
a single collector. By using several collec-
tors to detect the different ions simulta-
neously, variations in ion beam intensities
are simultaneously seen in all detectors,
and ratio measurements are unaffected.
Recently, MC-ICP MS systems have
begun using “cool plasma” guard electrons
to increase sensitivity. Ion sources that use
these electrons can produce more ions than
conventional sources. However, they also
increase the production of polyatomic
ions, which can overlap the mass of certain
isotopes and cause false readings. For
instance, ArO has the same mass as 56Fe
and may lead to higher 56Fe measurements
than actually exist. To correct for this, colli-
sion cells are being used in some systems
to break apart these polyatomic species.
Most systems have the option of using
desolvating nebulizer systems for enhanc-
ing sample sensitivity.

One important benefit of MC-ICP
MS is that while it can use the same meth-
ods as TIMS systems, the instrument can
be used like a dual-inlet light element

IRMS. A solution with a known isotope
ratio can be sent to the MC-ICP MS, and
then it can be switched back to the
unknown sample, and back and forth to
provide calibration throughout the exper-
iment. Another advantage is that the mass
bias—in other words, which isotopes reach
the mass separation section first—is basi-
cally constant for the ICP because there is
a constant addition of sample, whereas
TIMS heats a discrete amount of sample
where conditions vary with time.

With the introduction of multicol-
lector ICP MS and the recent innovation
connecting LC to IRMS, isotope ratio
studies are becoming easier to conduct.
The current applications of archeology,
forensics, and geochemistry will no
doubt be joined by further uses of this
technology.
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