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Stable isotopes — definition

* Atoms containing the same number of protons but a different number
of neutrons in their nuclei

* The term “stable” is relative, depending on the detection limits of
radioactive decay times. A stable isotope is defined as an isotope for
which no radioactive decay has been experimentally detected

* The results of stable isotope measurements can be given as 6 values or
as isotope ratios

R(sample) — R(standard)

R(standard)
R = 13C/12C, 180/16Q, 345/32S 2H/'H (D/H)



Selected stable isotopes

6 value R value Standard
’H/H V-SMOW
3He/%He Atmospheric He
6Li/’Li L-SVEC
11g/10B NBS 951

13¢/12C V-PDB

15N/14N Atmospheric N,
180/1€0 V-SMOV

345 /325 CDT

37CI/35Cl SMOC

_V-SMOW - Standard Mean Ocean Water (artificially prepared in the International Atomic Energy Agency in Vienna)
SMOC — Standard Mean Ocean Chleride .

V-PDB — Pee Dee Belemnite [artificially prepared in“the International Atomic Energy Agency in Vienna)

* V-CDT — Canyon Diablo Troilite (artjfieially prepared in the International Atomic Energy Agency in Vienna)
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IUPAC Periodic Table of the Elements and Isotopes

Element Background Color Key isotope mass number

element name -tcadmium { (number of protons +
Standard atomic weights are the best estimates by IUPAC of atomic weights that are found in normal materials, which are terrestrial element symbol - s 08| neutrons)

materials that are reasonably possible sources for elements and their compounds in commerce, industry, or science. They are ¥ 114: black number indicates
determined using all stable isotopes and selected radioactive isotopes (having relatively long half-lives and characteristic terrestrial atomic number | the isotope is stable
isotopic compositions). Isotopes are considered stable (non-radioactive) if evidence for radioactive decay has not been detected (number of protons)
experimentally.

116: red number indicates -
conventional atomic the isotope is radioactive -

weight for elements= 12 T isotopic abundance
D Element has two or more isotopes that are used to determine its standard atomic weight. The isotopic abundances and with pink background "2-4‘4‘(:) (mole fraction of isotope)

atomic weights vary in normal materials. These variations are well known, and the standard atomic weight is given as lower

-
i (]
I % standard amn{ uncertainty in last digit
and upper bounds within square brackets, [ ]. Conventional atomic weight, such as for trade and commerce, is shown in white. weight (112.414 + 0.004)

Element has two or more isotopes that are used to determine its standard atomic weight. The isotopic abundances and
atomic weights vary in normal materials, but upper and lower bounds of the standard atomic weight have not been 14

13 . o [}
assigned by IUPAC or the variations may be too small to affect the standard atomic weight value significantly. Thus, the [ ORTIOn e
standard atomic weight is given as a single value with an IUPAC assigned uncertainty that includes both measurement |c N o F
5 6
.

uncertainty and uncertainty due to isotopic abundance variations.

A
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Element has only one isotope that is used to determine its standard atomic weight. Thus, the standard atomic weight is
invariant and is given as a single value with an IUPAC evaluated uncertainty.

9012 1831 120096, 1201 ; 16999 03, 16.999 » :
magnesium R . silicon sulfur
Element has no standard atomic weight because all of its isotopes are radioactive and, in normal materials, no isotope 36

occurs with a characteristic isotopic abundance from which a standard atomic weight can be determined Si 2, S
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Stability of nuclei

Nuclides of even atomic numbers
are more abundant (>3) than
those with odd numbers (1-2),
except for He, Be and C
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The doubly magic stable isotopes:
“He: 2 protons + 2 neutrons

160: 8 protons + 8 neutrons
40Ca: 20 protons + 20 neutrons
48Ca: 20 protons + 28 neutrons

Neutron number (N)

208Ph: 82 protons + 126 neutrons

The‘number of protons (Z) against the number of neutrons (N) for stable isotopes (black),
radioactive isotopes that have been produced (yeIIow) radioactive isotopes that may exist but
have not yet been observed (green), and isotopes that are thought to be produced in a succession

of nucleosynthesis reactions called the r-process (blue) Cottle, P. (2010). Doubly magic tin. Nature, 465(7297), 430-431.



Fractionation process

Isotope fractionation is the partitioning of isotopes between two substances
/two phases of the same substance with different isotope ratios

This process occurs as:

1. Isotope exchange reactions (equilibrium isotope distribution) e.g.
evaporation-condensation processes

2. Kinetic processes, which depend primarily on differences in reaction rates
of isotopic molecules (incomplete and unidirectional processes like
evaporation, dissociation reactions, biologically mediated reactions, and

diffusion)



Application of stable isotopes in geology

Thanks to the study of the isotopic composition of rocks, it is possible to
determine their origin (genesis)

The isotopes He, Hf, Ne, Pb and O are used to study the source of magma in
the Earth's mantle

Isotopic composition of H, C, O, S can be helpful in reconstructing the
crystallization of minerals occurring in paragenesis.and their crystallization
temperatures

Reconstruction of paleotemperatures — during glacials the values of 6120 are
lower than during periods with higher temperature (e.g. interglacials)

Studies 6B in marine carbonates were used to reconstruct the pH of
sedimentary basins, as the fractionation of ! B/1°B depends on pH
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Plio-Pleistocene

Miocene

Oligocene

BENTHIC
FORAMINIFERA

Paleocene

Cretaceous

Ice Sheets Possibly Ice Free

o - - ._;/
During glacial interval 180 is enriched in ocean

Trends in the Cenozoic oxygen
isotopic record

Ishman, S. E., Karlsen, A. W., Cronin, T.
M., Cronin, T. M., Wagner, R. S., &
Slattery, M. (1999). Chesapeake Bay
benthic foraminifera. Microfossils
from Chesapeake Bay sediments:
illustrations and species database,
10(25), 99-45.

. -

waters and depleted in glacial ice. The
foraminifera calcifying their test in isotopic
equilibrium with sea water during glacial times
are thus enriched in 30 as compared to those
calcifying during interglacial intervals

Tiwari, M., Singh, A. K., & Sinha, D. K. (2015): Stable isotopes: Tools for understanding past climatic conditions and their applications in
chemostratigraphy. In Chemostratigraphy (pp. 65-92). Elsevier.



Changing hydrogen and oxygen isotope composition of

meteoric water
g

Heavy water isotopes rain

Initial Later 2
Precipitation . Precipitation and snow more readily
30 = -12 %o 50 = -21.6 %o
PH=-844% /. #H ==156.1% /~\
Vapor ,' ‘@ & adh e Vapor ||V S Vapor
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5 H =-11.8 %o :59H = -89.2 %o Liquid
Rain Rain condensation
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e Continent :

The "conting’nta!" effect: repeated isotopic fractionation during a Light water isotopes
succession of separate precipitation events. ‘ evaporate more readily

Me}er—Augenstein W. and Kemp, H. F. 2012. Stable Isotope Analysis: https://www.usgs.gov/media/images/water-cycle-and-water-
General Prinhciples and Limitations. Wiley. Encyclopedla of Forensic Isotopes

Science



The broiler chicken as a biostratigraphic marker
of the Anthropocene

i
Roman to Late

“Modern broiler chickens are Medieval chickens
morphologically, genetically

and isotopically distinct from domestic
chickens prior to the mid-twentieth
century. The global range of

modern broilers and biomass dominance
over all other bird species is a product of
. human intervention”

Carbon (6*3C) and nitrogen (6*°N) isotope values
of chicken bone collagen

:

Bennett, €. E., Thomas, R., Wi]liams, M., Zalasiewicz, J., Edgeworth, M., Miller, H., ... & Marume, U. (2018). The broiler chicken as a signal
of a human reconfigured biosphere.. Royal Society Open Science, 5(12), 180325.



Stable isotopes in hydrology

613C, 6%H, 6120, " Origin of groundwater
87Sr/85Sr, 634S, Pb

. -

6%s, 6''B, = Origin of salinity '
875r /865y, §37C1 [ . e L

6%H, 6180 ~ » Source of groundwater

:

Le Bot'B., Oulhote Y, Deg.uen S., Glorennec P. Using and interpreting isotope data for source identification. Trends in Analytical
Chemistry 30(2), 2011. '



Stable isotopes in ecology

= Stable isotopes H, C, N and O are used to study trophic relationships
in ecosystems, mainly marine ecosystems

" The isotopic ratios of carbon in the diet of herbivores are used to
study what plants animals feed on

= Nitrogen isotopes are used to study the trophic level of animals

" |sotopes of hydrogen and oxygen are used to study the migration
routes and origin of animals (the isotopic composition of hydrogen
and oxygen tissues depends on the isotopic composition of the
environment during their formation)

:



Stable isotopes in ecology

§13C, 515N ®* Fish migrations

k4

62H, 613C,

= Bird migrations

515N, 5180

613C, 62H VAR Orig’i.n,of pest msect-s-“‘/
513C, 615N .= Position in a food chain

:

Le Bot'B., Oulhote Y, Deg.uen S., Glorennec P. Using and interpreting isotope data for source identification. Trends in Analytical
Chemistry 30(2), 2011. '



Changes in stable nitrogen isotope at trophic
levels of the ecosystem

Higher level predators

Nl o a

ot 72N

‘Wasp-waist prey

<yt <t ] <N,

Krill, copepods

Food web relatlonshlps based on 6*3C and 6*°N

Gllbert P. M Middelburg, J. J., McClelland, J. W., & Jake Vander Zanden, M. (2019). Stable isotope tracers: Enriching our perspectives and
guestions on sources, fates, rates, and pathways of major elements in aquatic systems. Limnology and Oceanography, 64(3), 950-981.



Stable isotope research in forensic sciences:
the authenticity of food products

" For the first tifne, stable isotopes were used to establish the
authenticity of wine in the European Union (origin and year of
production)

= Currently, this method is used to check the authenticity of other
products: milk, honey, juices, spices

= Carbon stable isotopes allow to determine the origin of plant
products (isotope composition reflects the type of photosynthesis)



Stable isotope research in forensic sciences:
the origin of food products

/

= Stable oxygen isotopes in food containing water indicate the place of
origin (isotopic composition of food reflects the isotopic composition of
local rainwater)

* Nitrogen and sulfur isotopes can be used to determine the place of
origin of the product (634S values indicate distance from the sea, 6*°N
inform about cultivation practices, which vary from country to country)

= Stable strontium isotopes can be used as an indicator of place of origin
because they reflect the isotopic composition of the bedrock

:



013C values in C3 and C4 plants

C3 plants - the first product of CO, assimilation is 3-phosphoglyceric acid
(three-carbon compound) .

C4 plants - the first stable product of CO, assimilation is a compound with four
carbon atoms — oxal@acetate (e.qg. corn, sugar cane, millet)

¢

3C Abundance Variation
in Nature

Atmospheric CO, )
8'3C -8.5 %o Y
C, plants C, plants

81C -10 to -12 %o 31C -24 to -32 %o

Cane sugar = Beet sugar =
C, derived sugar C; derived sugar
-10.5 to -11.5 %o -24 to -30 %o

https://www.hutton.ac.uk/research/departments/environmental-and-biochemical-sciences/isotope-applications



Carbon and hydrogen isotopes in sugar from
different regions of the world
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Meier:/.\ugenstein, W. (2017). §tab|e isotope forensics: methods and forensic applications of stable isotope analysis. John Wiley & Sons.



613C in conventional and organic beef

rd
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- _ Conventional
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Frequency
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. Q13C (%o)

Boner M, H Forstel. 2004 Stable isotope variation as a tool to trace the authenticity of beef. Analytical and
Bioanalytical Chemistry 378: 301-310



Beer adulteration

C4 Beer = barley or wheat grain +

plants

C3 hops + water

plants -
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Barley is a C3 plant and corn
el s o C4 plant. Some samples of
d' “ American beer have higher

| ‘values of 813C (addition of
il 50% corn+50% barley) than

P Ymemm——— R European beer (addition of
Carbon isotope ratio, % 100% ba rley)

Frequency

Ehleringer J.R., Cerling T.E., West J.B., 2007. Forensic science applications of stable isotope ratio analysis. In: Blackledge RD, editor.
Forensic analysis on the cutting edge: new methods for trace evidence analysis. Hoboken, NJ: John Wiley & Sons, Inc. 399—-422.



Application of 2H and 180 stable isotopes for detection
of counterfeit scotch whisky

Bulk 62H and corresponding bulk 6180 values from genuine.whiskies,
el counterfeit whiskies and a whisky suspected to be counterfeit

o BH=-393%

Location of 11 distilleries

with 82H values of local Invergordon
i &H = -61.9 % —.—t

source-water. ’

—

Cragganmore

&H =-65.6 % Knockdhu

-t &H = -57.6 %

Wk e
> Cot " Garioch

&*H =-58.5

Dalwhinnie
O°H = -68.2 %«

Bulk 8 Hysuow [36]

o Glenkinchie & Authentic Scottish Whisky |
ity ¢ y ? /FH = -60.1 . - @ Countorfelt Samples
; °
e

&H =-39.0 \ @ Suspect Sample
o

O Authentic mean

L
Lagn:‘ulin . i © Counterfeit C mean
2H = o
&H = -42.6 % 2 4 © Counterfelt NC mean
Girvan
, “&H = -51.4 %

2.00 1.00
i ~ Bulk 8" Oysuow [%e]
Meier-Augenstein, W., Kemp, H. F., & Hardie, S. M. L. (2012). Detection of counterfeit scotch whisky by 2H and 180 stable isotope analysis.

Food Chemistry, 133(3), 1070-1074. X




Wine authentication with stable isotopes

» . o T
Biotic fractionation 2 2o
2 USA, California
: USA, Washington
2H/1H 180/160 13c/12.c J >
* ™

European Union

Abiotic fractiona;cion .

" Christoph, N., Hermann, A., & Wachter, H. (2015). 25

Years authentication of wine with stable isotope 'Orellana, S., Johansen, A. M., & Gazis, C. (2019). Geographic classification of US
analysis in the European Union—Review and outlook. In  Washington State wines using elemental and water isotope composition. Food
" BIO Web of Conferences (Vol. 5, p. 02020). EDP Chemistry: X, 1, 100007.

Sciences.



Isotopes in determining food authenticity

813C, 61°N, 6130 ERVILECCIRYEIE

k4

§13C, 515N, 6120, | Milk
634S,37Sr/26Sr, 6°H K Meat

- .

513C, 515N, 5150 [T R
82H, §13C, 615N [ Tea

62H, 613C, 61°N, 4
.= Orange juice

345,875 /865y

. Le Bot B., Oulhote Y, Degue.n % GIorennéc P. Using and interpreting isotope data for source identification. Trends in Analytical
Chemistry 30(2), 2011. >



Stable isotope research in forensic sciences:
identification of unknown murder victims

Region 2 .
10 Region 1 . Region 1
—— o \ P e
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" Ehleringer, J. R, Chesson, L. A., Valenzuela, L. O., Tipple, B. J., & Martinelli, L. A. (2015). Stable isotopes trace the truth: from adulterated foods
to crime scenes. Elements, 11(4), 259-264. 1



Stable isotopes in environmental studies

Lead stable isotopes:
204Pb, 206Pb, 207Pb, 208Pb

= Pollution with Pb compounds, -

815N, 6180, §13C, = Pollution with nitrates

Lead stable isotopes, 6*S NG Coal combustion emissiops 7,

s —— . .

Lead stable isotopes, e .
P = Particulate pollution

87Sr/865r

|II\

§13C. §15N. 837l = Pollution with organic
compounds

"= Pollution with sulfur compounds

56180, 545

~
.
.
.
-

* Le Bot B., Oulhote Y, Deguen S:, Glorennec P. Using and interpreting isotope data for source identification. Trends in
Analytical Chemistry 30(2), 2011.



Environmental paleoreconstruction

PHOTOCHEMICAL OXIDATION OF
REDUCED SULPHUR COMPOUNDS TO SO2 .

PP I

FURTHER OXIDATION OF SO ==== 2> H2S04

g ; g ; g ; VOLCANIC
ERUPTIONS !

DISSOLUTION AND WET DEPOSITION (£0°o0)
OF H* AND S042-

(#21%o0) ANTHROPOGENIC g

SULPHATE AEROSOL /1 ‘ COMBUSTION OF L
FROM OCEAN SURFACE \ [ FOSSIL FUELS
(-3 to +9%o0o0)

MARINE BIOGENIC CONTINENTAL
EMISSIONS (MAINLY BIOGENIC
DMS) EMISSIONS
(+15+/-3/o0) (0 to -30%o0)

Wynn, P. M., F;airchi|d, 1. J., B'a.ker, A., Baldini, J. U., McDermott, F. (2008). Isotopic archives of sulphate in speleothems.
Geochimica et Cosmochimica Acta, 72(10), 2465-2477.
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Records of sulfur loading to speleothem ER78 and tree ring archives (fir) of environmental
change collected from Ernesto cave in NE Italy

Year of stalagmite deposition
2000 1984 1952

Speleothem ER78
—— 5*S (%) : .

©-- Sulphur (ppm)

Tree Abies 2

—— 0"S l:‘:"".lil_:'
-3 sulphur (ppm)

. Wynn, P. M., Loader, N. g., Fairchild, I. J. (2014). Interrogating trees for isotopic archives of atmospheric
sulphur deposition and comparison to speleothem records. Environmental Pollution, 187, 98-105.



Calendar year

1850 1875 1800 1925 1950 18975 2000

Herbarium samples

» Sphagnum, Scotland (Farmer et al. 2002)
mosses, decadal avg
o Grassland, UK (Bacon et al. 1995)

Peat, Scotland (*'"Pb dated)
e (Cloy etal. 2005)
7 (MacKenzie et al. 1997)

Scotland/England

o

Herbarnum mosses
(Weiss et al. 1999)

Peat bogs (*'"Pb dated)
(Weiss et al, 1999)

Switzerland/Alps
Wp 20T

lce - Mont Blanc
(Rosman et al. 2000)

Hansson, S. V., Bindler, R., De, Vleeschouwer, F. (2015). Using peat records as natural archives of past atmospheric metal deposition.
In Environmental Contaminants (pp. 323-354). Springer, Dordrecht.




566zn :
5114/110Cd ’
5202Hg

Flue gas

A
51141110Cd
; / ; 566Zn A199Hg

Solid surface ’ 4 ,‘\gggHg
- A201Hg \199H
Distinct : 9
208pp/206pp A204Hg | 2332”19206
Pb Pb

206pp/207pp 4
° 206pp/207
Distinct it Pb
208pp/206ph
206pp/207pp
Ko

Wang, L., Jin: Y., Weiss, D. J., Schleicher, N+J., Wilcke, W., Wu, L., ... & Hou, D. (2021). Possible application of stable isotope compositions for
the identification of metal sources in soil. Journal of Hazardous Materials, 407, 124812.



Lead stable isotopes

" Lead stable isotope ratios are widely used for apportionment of
pollution sources and for tracking pollution pathways in the
environment because, as opposed to isotopes of copper and 207.2(1)
zinc, they do not undergo fractionation

" The values of 2°°Pb/207Pb ratio in lead emitted from
anthropogenic sources are in the range of 1.15-1.19 whereas in
lead from natural sources, the 2°°Pb/297Pb ratio is
approximately 1.5

" Higher Pb concentrations in natural archives are accompanied
by a decrease in 2°°Pb/?%7Pb ratio



A 206pp /207pf yersus 2°%Pb/2%Pb plot showing the different
isotopic compositions of selected lead sources
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coal

1.16 1.18
206pph/207Ph

Dean, J. R., Leng, M. J., & Mackay, A. W. (2014). Is there an isotopic signature of the Anthropocene?. The Anthropocene
Review, 1(3), 276-287.



Pb/Ca ratios and Pb stable "] sumatra
isotopes in corals from
western Sumatras”
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Significant Pb contamjnation
started in the western.Sumatra
region around the mid-1970s given
the increasing. Rb/Ca ratios and
decreasing 206/207Ph and 208/207pp

‘ratios around that time ' s

1550 1560 1570 1580 1990 2000

206 P h!!ﬂTPb

208 prCI? Ph

Year

Time series of Pb/Ca (#), 205/207Ph (A), and 208/207pfy (m)
ratios in the western Sumatra coral

:

LEE, Jong-Mi, et al. Coral-based history of lead and lead isotopes of the surface Indian Ocean since the mid-20th century. Earth and
Planetary Science Letters, 2014, 398: 37-47.



Selected stable isotope research at |
the Institute of Chemistry, Jan™ -
Kochanowski University in Kielce
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Anthropogenic impact assessment: isotopic fingerprint

Soil 1994-1996

N _,
Pine needles 1993-1996

5*S (%o

Migaszewsk.i, Z. M., & Pastawski, P."(1996). Trace element and sulphur stable isotope ratios in soils and vegetation of the Holy Cross Mountains.
Geological Quarterly, 40(4), 575-594.



needles Concentrations of sulfur and 63S

s B R E L R e values in different samples from a
TP T 5S4 3 t0 6.5%0 . 1 ¢ (
i S single Scots pine (P. sylvestris) tree

branch

. S concentration: 936 mg-kg”
- 5'S: 8.2%0

53482 3.7%o . .. v i

»WO0O0d 7 o
A S concentration: 85 to 110 mg-kg" '
5*'S: 4.6 to 5.0%o

root

- »/ S concentration: 303 mg-kg”
! - 8*S: 10%eo Dotegowska, S., Gatuszka, A., & Migaszewski, Z. M. (2021).

Significance of the long-term biomonitoring studies for
understanding the impact of pollutants on the environment based
on a synthesis of 25-year biomonitoring in the Holy Cross
Mountains, Poland. Environmental Science and Pollution Research,

28,10413-10435.
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Pb concentrations in soil: 41-9114 mg/kg
(mean value of 1027 mg/kg)

1 @ 500-1000 ‘2000_250
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Gatuszka, A., Migaszewski, Z. M., Dotegowska, 5., & Michalik, A. (2018). Geochemical anomalies of trace elements in unremediated soils of Mt.
Karczéwka, a historic lead mining area in the city of Kielce, Poland. Science of the total environment, 639, 397-405.
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Lead concentration in soil vs. 206/207pp

Pb (mg/kg) 206/207ph jn PbS
10000

9000
8000
7000
6000
5000
4000
3000
2000

1000
0 ‘ K53

1,272 1,174 1,176 1,178 1,18 1,182 1,184 1,186 1,188 1,19 1,192
206/207p
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K6l Coal combustion

Gatuszka, A., Migaszewski, Z. M., Dotegowska; S., & Michalik, A. (2018). Geochemical anomalies of trace elements in unremediated soils of
Mt. Karczéwka, a historic lead mining area in the city of Kielce, Poland. Science of the total environment, 639, 397-405.



.} Sulfur isotopes in plants
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Sample
no.

Plant species

Pteridium aquilinum

Betula pendula
Salix cinerea

Sorbus aucuparia
Pteridium aquilinum
Populus tremula
Vaccinium myrtillus
Pinus sylvestris

Frangula alnus

Sample
no.

10
11

12

13
14
15

16

17

Plant species

Juncus effusus

Quercus petraea

Chamaenerion
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Stable sulfur isotopes in the Holy Cross Mts.
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Variation in 84S versus reciprocal S concentrations in‘plant samples
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Results of stable oxygen and hydrogen isotope
determinations in striped chert from Ozaréow
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