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Abstract: There are 63 chemical elements that have two or more isotopes that are used to determine their 
standard atomic weights. The isotopic abundances and atomic weights of these elements can vary in normal 
materials due to physical and chemical fractionation processes (not due to radioactive decay). These vari-
ations are well known for 12 elements (hydrogen, lithium, boron, carbon, nitrogen, oxygen, magnesium, 
silicon, sulfur, chlorine, bromine, and thallium), and the standard atomic weight of each of these elements 
is given by IUPAC as an interval with lower and upper bounds. Graphical plots of selected materials and 
compounds of each of these elements have been published previously. Herein and at the URL http://dx.doi.
org/10.5066/F7GF0RN2, we provide isotopic abundances, isotope-delta values, and atomic weights for each 
of the upper and lower bounds of these materials and compounds.
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1  Introduction
Once in a while, a really big discovery is made in science, a discovery that affects all mankind. Such was 
the discovery of radioactivity by Becquerel [1] in 1896, which effected a paradigm shift in our view of matter. 
An outcome of this finding was that the spontaneous decay of atoms from one chemical element to another 
gives rise to the possibility that atoms of the same chemical element might have different atomic weights 
(also called relative atomic masses). In 1911, Soddy demonstrated that mesothorium 1 (228Ra) was chemically 
identical to radium [2], and he concluded that there were chemical elements having different atomic weights. 
Soddy coined the name “isotope” for these atoms of a chemical element having different atomic weights. 
Three years later, J. J. Thomson discovered that neon had isotopes with mass numbers 20 and 22 [3]. This 
discovery ushered in a new field in spectroscopy – the “spectroscopy of mass.”

The atomic weight of element E, Ar(E), in a material P is determined from the relation

	 r P P r(E) = [ ( E) × ( E)] i iA x A∑ � (1)

where x(iE)P is the amount fraction of isotope iE in material P (also called the isotopic abundance or the mole 
fraction) and Ar(iE) is the relative atomic mass of isotope iE, where i is the mass number. The summation is 
over all stable isotopes of the element plus selected radioactive isotopes (having sufficiently long half-lives 
that characteristic terrestrial isotopic compositions can be determined, which enables a standard atomic 
weight to be determined) of the element. The atomic-mass values used to calculate the atomic-weight values 
given here derive from the 2012 Atomic Mass Evaluation [4].

In contrast to the atomic weight of an element in any given material, the standard atomic weight is a 
quantity that represents the atomic weight of an element in any normal material. By a normal material, the 
Commission on Isotopic Abundances and Atomic Weights means a material from a terrestrial source that 
satisfies the following criteria [5]:

“The material is a reasonably possible source for this element or its compounds in commerce, for industry or science; the 
material is not itself studied for some extraordinary anomaly and its isotopic composition has not been modified signifi-
cantly in a geologically brief period.”

Because of variations in isotopic abundances in various sources of some chemical elements, the standard 
atomic weight must be given with larger uncertainty for these elements than the measured atomic weight in 
any given sample of that element.

The identification of variations in abundances of stable isotopes and their effect on atomic weights 
was recognized at the September 1951 meeting of the Commission on Atomic Weights of the International 
Union of Pure and Applied Chemistry (IUPAC) and an atomic-weight “range” was assigned to an element – 
32.066 ± 0.003 to sulfur [6]. By 1967, recognized variations in isotopic abundances caused the Commission to 
assign atomic-weight uncertainties to six elements (hydrogen, boron, carbon, oxygen, silicon, and sulfur) [7].

During the meeting of the Commission on Atomic Weights and Isotopic Abundances at the General 
Assembly of IUPAC in 1985 in Lyon, France, the Working Party on Natural Isotopic Fractionation (sub
sequently named the Subcommittee on Natural Isotopic Fractionation) was formed to investigate the effects 
of isotope-abundance variations of elements upon their standard atomic weights and atomic-weight uncer-
tainties [8, 9]. The aims of the Subcommittee were to (1) identify elements for which the uncertainties of 
the standard atomic weights are larger than measurement uncertainties in materials of natural terrestrial 
origin because of isotope-abundance variations caused by physical and chemical fractionation processes 
(excluding variations caused by radioactivity), and (2) provide information about the range of atomic-
weight variations in specific substances and chemical compounds of each of these elements. The Subcom-
mittee’s reports [8, 9] compiled ranges of isotope-abundance variations and corresponding atomic weights 
in selected materials from peer-reviewed publications for twenty chemical elements (hydrogen, lithium, 
boron, carbon, nitrogen, oxygen, magnesium, silicon, sulfur, chlorine, calcium, chromium, iron, copper, 
zinc, molybdenum, palladium, tellurium, and thallium). Graphical plots were presented for 15 elements 
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[8, 9]. Atomic weights calculated from published variations in isotopic abundances for some elements can 
span relatively large intervals. For example, the atomic weight of hydrogen in normal materials (its standard 
atomic weight) spans the interval from 1.007 84 to 1.008 11 [8–10], whereas the uncertainty of the atomic 
weight calculated from the best measurement of the isotopic abundance of hydrogen is ±0.000 000 05 [11, 
12], which is approximately 5000 times smaller than the difference between the lower and higher bounds. 
The Subcommittee’s reports formed the basis of the Commission’s decision in 2009 to express the standard 
atomic weight of ten elements (hydrogen, lithium, boron, carbon, nitrogen, oxygen, silicon, sulfur, chlorine, 
and thallium) as intervals to indicate that standard atomic weights are not always constants of nature [13, 
14]. In 2011, the Commission decided to express the standard atomic weights of two more elements (magne-
sium and bromine) as intervals [15].

The span of atomic-weight values in normal terrestrial materials is termed the interval. The interval [a, 
b] is the set of values x for which a  ≤  x  ≤  b, where b > a and where a and b are the lower and upper bounds, 
respectively [16]. Neither the lower nor upper bounds have any uncertainty associated with them; each is a 
considered decision by the Commission based on professional evaluation and judgment. Writing the stand-
ard atomic weight of hydrogen as “[1.007 84, 1.008 11]” indicates that its atomic weight in any normal material 
will be greater than or equal to 1.007 84 and will be less than or equal to 1.008 11. Thus, the atomic-weight 
interval is said to encompass atomic-weight values of all normal materials. The range of an interval is the 
difference between b and a, that is b – a [16]; thus, the range of the atomic-weight interval of hydrogen is 
calculated as 1.008 11–1.007 84 = 0.000 27. The interval designation does not imply any statistical distribu-
tion of atomic-weight values between the lower and upper bounds (e.g. the mean of a and b is not necessar-
ily the most likely value) [13]). Similarly, the interval does not convey a simple statistical representation of 
uncertainty.

The lower bound of an atomic-weight interval is determined from the lowest atomic weight determined by 
the Commission’s review and evaluation of peer-reviewed literature, and this evaluation takes into account 
the uncertainty of the measurement result as well as the variation in isotopic abundance of natural materials. 
Commonly, isotope-delta measurements [17–20] are the basis for the determination of the lower and upper 
atomic-weight bounds [8, 9]. The isotope delta is obtained from isotope-number ratio R(iE, jE)P
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where N(iE)P and N(jE)P are the numbers of each isotope, and iE denotes the higher (superscript i) and jE the 
lower (superscript j) atomic mass number of chemical element E in substance P. The isotope-delta value 
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A more convenient short-hand notation for the isotope-delta value is typically found in scientific publica-
tions; δ(iE, jE)P,Ref is shortened to δiERef or to δiE. For example, δ(13C, 12C)P,VPDB is shortened to either δ13CVPDB or δ13C 
[17, 20], where VPDB is the Vienna Peedee belemnite–LSVEC scale for carbon isotope-delta measurements 
[21]. Isotope-delta values are small numbers and therefore frequently presented in multiples of 10−3 or per mil 
(symbol ‰).

To match an isotope-delta scale of an element to an isotope-amount scale (both shown in Figs. 1–12), 
a substance is needed whose isotopic abundance is well known and whose isotope-delta value is also well 
known relative to the isotope-delta scale. Commonly this substance is an isotopic reference material that 
has served as the “best measurement” for determination of isotopic abundance [10]. For example, consider 
hydrogen, shown in Fig. 1. The x(2H) scale is matched to the δ2HVSMOW scale through measurement of the iso-
topic reference material VSMOW (Vienna Standard Mean Ocean Water) (Fig. 1), which has been assigned the 
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Fig. 2: Variation in isotopic composition and atomic weight of selected lithium-bearing materials (modified from [9, 13]). LSVEC 
is a lithium carbonate isotopic reference material [8]. Isotopic reference materials are designated by solid black circles. The δ7Li 
scale and the 7Li amount-fraction scale were matched using the data of Qi et al. [23]. The expanded uncertainty in matching the 
atomic-weight and 7Li amount-fraction scales with the δ7Li scale is equivalent to 3 ‰.

Fig. 1: Variation in isotopic composition and atomic weight of selected hydrogen-bearing materials (modified from [9, 13]). 
VSMOW is the Vienna Standard Mean Ocean Water–Standard Light Antarctic Precipitation scale [22]. Isotopic reference 
materials are designated by solid black circles. The δ2H scale and the 2H amount-fraction scale were matched using the data of 
Hagemann et al. [12]. The expanded uncertainty in matching the atomic-weight and 2H amount-fraction scales with the δ2H scale 
is equivalent to 0.3 ‰.
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Fig. 3: Variation in isotopic composition and atomic weight of selected boron-bearing materials (modified from [9, 13]). SRM 951 
is a boric acid isotopic reference material [8]. Isotopic reference materials are designated by solid black circles. The δ11B scale 
and 11B amount-fraction scale were matched using the data of Catanzaro et al. [24]. The expanded uncertainty in matching the 
atomic-weight and 11B amount-fraction scales with the δ11B scale is equivalent to 0.8 ‰.

Fig. 4: Variation in isotopic composition and atomic weight of selected carbon-bearing materials (modified from [9, 13]). VPDB 
is the Vienna Peedee belemnite–LSVEC isotope scale [19] Isotopic reference materials are designated by solid black circles. The 
δ13C scale and 13C amount-fraction scale were matched using the data of Chang and Li [25] The expanded uncertainty in matching 
the atomic-weight and 13C amount-fraction scales with the δ13C scale is equivalent to 2.5 ‰.
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consensus δ2HVSMOW value of zero [22]. The hydrogen isotope-number ratio of VSMOW, R(2H, 1H), has been 
measured by Hagemann et al. [12] and is 0.000 155 74(5). This measurement serves as the “best measure-
ment” of a single terrestrial source [11]. VSMOW is the zero point on the hydrogen isotope-delta scale and 
therefore δ2HVSMOW = 0. Figure 1 and Table 1 shows δ2HVSMOW values for 19 materials or substances. The material 
having the lowest measured 2H abundance is a natural gas sample from Kansas, USA (Fig. 1) [63], which has a 
δ2HVSMOW value of –836 ‰. For this sample, the amount fraction of 2H, x(2H), is 0.000 0255, and Ar(H) is 1.007 
8507. The material having the highest measured 2H abundance is benzaldehyde reagent produced by toluene 
catalytic oxidation (Fig. 1) [10], which has a δ2HVSMOW value of +802 ‰. For this sample, the amount fraction of 
2H, x(2H), is 0.000 2806, and Ar(H) is 1.008 1074. If material P is the normal material having the lowest atomic 
weight of element E, then

	 r P r Plower bound of atomic weight lowest (E) [ (E)]A U A= − � (4)

where U[Ar(E)]P is the combined uncertainty that incorporates the uncertainty in the measurement of the 
delta value of material P and the uncertainty in relating the delta-value scale to the isotope-amount fraction 
and atomic-weight scales. The latter is the uncertainty in relating an isotope-delta scale to an atomic-weight 
scale. In an equivalent manner, the upper bound for the highest atomic weight is

	 r P r Pupper bound of atomic weight highest (E) [ (E)]A U A= − � (5)

Fig. 5: Variation in isotopic composition and atomic weight of selected nitrogen-bearing materials (modified from [9, 13]). 
Isotopic reference materials are designated by solid black circles. The δ15NAir-N2 scale and 15N amount-fraction scale were matched 
using the data of Junk and Svec [26]. The expanded uncertainty in the atomic-weight and 15N amount-fraction scales with the 
δ15NAir-N2 scale is equivalent to 1.1 ‰. The δ15NAir-N2 value of –150 ‰ for NOx from a nitric acid plant is for a commercially avail-
able material that has been subjected to inadvertent isotopic fractionation [8] (see footnote m of the Table of Standard Atomic 
Weights 2011 [15]); thus, it is not included in the atomic-weight interval.



T. B. Coplen and Y. Shrestha: Isotope-abundance variations and atomic weights of selected elements      1209

Fig. 6: Variation in isotopic composition and atomic weight composition of selected oxygen-bearing materials (modified from 
[9, 13]). VSMOW is the Vienna Standard Mean Ocean Water–Standard Light Antarctic Precipitation scale [22] and VPDB is the 
Vienna Peedee belemnite–LSVEC isotope scale [21]. Isotopic reference materials are designated by solid black circles. The 
δ18OVSMOW scale and 18O amount-fraction scale were matched using the data of Li et al. [27] and Baertschi [28]. The expanded 
uncertainty in the atomic-weight and 18O amount-fraction scales with the δ18O scale is equivalent to 0.3 ‰. The δ18OVSMOW value 
of –229 ‰ for CO tank gas is for a commercially available material that has been subjected to inadvertent isotopic fractionation 
[8] (footnote m of the Table of Standard Atomic Weights 2011 [15]); thus, it is not included in the atomic-weight interval.

Fig. 7: Variation in isotopic composition and atomic weight of magnesium in selected magnesium-bearing materials (modified 
from [9, 15]. The δ26/24Mg measurements are expressed relative to the reference material DSM3 because many materials were 
measured relative to it [29]. However, DSM3 is not recommended as the international measurement standard for the δ26/24Mg 
scale because the supply is exhausted. The δ26/24Mg scale and 26Mg amount-fraction scales were matched using data from [29]. 
The expanded uncertainty in matching the atomic-weight and 26Mg amount-fraction scales with the δ26/24Mg scale is equivalent 
to 1.1 ‰.
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For each of the twelve elements having interval values of standard atomic weight, the Commis-
sion published a figure that displayed lower and upper bounds of isotope-delta values, isotopic abun-
dances, and atomic weights in selected substances and materials (Figs. 1–12 [64]). The lower and upper 
bounds of the isotope-delta values of the selected substances and materials are compiled in Tables 1–12.  

Fig. 8: Variation in isotopic composition and atomic weight of selected silicon-bearing materials (modified from [9, 13]). The 
isotopic reference material NBS 28 is optical quartz [8]. Isotopic reference materials are designated by solid black circles. IRMM-
018 and NBS 28 have almost identical isotopic abundances and overlap. The δ30Si scale (or δ30/28Si scale, for specification with 
two isotopes) and 30Si amount-fraction scale were matched using the data of De Bièvre et al. [30] and a δ30Si value for IRMM-017 
of –1.3 ‰ relative to NBS 28 [8]. The expanded uncertainty in the atomic-weight and 30Si amount-fraction scales with the δ30Si 
scale is equivalent to 0.23 ‰.

Fig, 9: Variation in isotopic composition and atomic weight of selected sulfur-bearing materials (modified from [9, 13]). VCDT 
is Vienna Cañon Diablo troilite [8]. Isotopic reference materials are designated by solid black circles. The δ34S scale (or δ34/32S 
scale, for completeness) and 34S amount-fraction scale were matched using the data of Ding et al. [31]. The expanded uncer-
tainty in the atomic-weight and 34S amount-fraction scales with the δ34S scale is equivalent to 0.2 ‰.
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Fig. 10: Variation in isotopic composition and atomic weight of selected chlorine-bearing materials (modified from [9, 13]). 
SMOC is Standard Mean Ocean Chloride [8]. Isotopic reference materials are designated by solid black circles. The δ37Cl scale 
and the 37Cl amount-fraction scale were matched using the data of Shields et al. [32] and Xiao et al. [33]. The expanded uncer-
tainty in the atomic-weight and 37Cl amount-fraction scales with the δ37Cl scale is equivalent to 2.5 ‰.

Fig. 11: Variation in isotopic composition and atomic weight of bromine in selected bromine-bearing materials (modified from 
[15]). SMOB is Standard Mean Ocean Bromide [20]. Isotopic reference materials are designated by solid black circles. The δ81Br 
scale and the 81Br amount-fraction scale were matched using data from [34, 35]. The expanded uncertainty in matching the 
atomic-weight and 81Br amount-fraction scales with the δ81Br scale is equivalent to 1.1 ‰.

Fig. 12: Variation in atomic weight with isotopic composition of selected thallium-bearing materials (modified from [9, 13]). 
The reference material SRM 997 is elemental thallium metal [8]. An isotopic reference material is designated by a solid black 
circle. The δ205Tl scale and the 205Tl amount-fraction scale were matched using the data of Dunstan et al. [36] and Rosman and 
Taylor [37]. The expanded uncertainty in the atomic-weight and 205Tl amount-fraction scales with the δ205Tl scale is equivalent 
to 0.4 ‰.
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A supplemental file [232] lists the atomic weight and the isotopic abundances for each isotope of each 
of the twelve elements for each substance and material shown in Figs. 1–12 and Tables 1–12. Many uses 
of atomic-weight data, such as for trade and commerce, need a value that is not an interval. For these 
purposes, the Commission provides conventional atomic-weight values [64], and the associated isotope-
delta and isotope-amount-fraction values are listed in the supplemental file [232]. Additionally, the 
supplemental file lists the isotope-delta value and isotopic abundances of all stable isotopes correspond-
ing to the lower and upper bounds of the standard atomic weights of the twelve elements discussed here. 
For the four elements with more than two stable isotopes, we assume mass-dependent isotopic fractiona-
tion when calculating isotopic abundances and atomic weights from isotope-delta values. For oxygen, 
R(17O, 16O)sample/R(17O, 16O)VSMOW = (R(18O, 16O)sample/R(18O, 16O)VSMOW)0.528, where the value 0.528 was determined 
by Meijer and Li [233]. For magnesium, R(25Mg, 24Mg)sample/R(25Mg, 24Mg)DSM3 = (R(26Mg, 24Mg)sample/R(26Mg, 
24Mg)DSM3)0.5; for silicon, R(29Si, 28Si)sample/R(29Si, 28Si)NBS28 = (R(29Si, 28Si)sample/R(29Si, 28Si)NBS28)0.5; for sulfur, 
R(33S, 32S)sample/R(33S, 32S)NBS28 = (R(34S, 32S)sample/R(34S, 32S)NBS28)0.5 and R(34S, 32S)sample/R(34S, 32S)NBS28 =  
(R(36S, 32S)sample/R(36S, 32S)NBS28)0.5.

2  �Hydrogen
Table 1 lists δ2HVSMOW values of the extremes of hydrogen-bearing substances and materials shown in Fig. 1.

Table 1: Hydrogen isotopic compositions of selected hydrogen-bearing materials.

Substance  
 

Minimum 103 δ2HVSMOW  
 

Maximum 103 δ2HVSMOW

Value   Reference Value   Reference

Water
 Sea water (deep)   –2.5   [38]   +3.2   [38]
 Other (naturally occurring)   –495   [39]   +129   [40]
 Fruit juice and wine   –43   [41]   +47   [42]
Silicates
 Pectolite   –429   [43]   –281   [43]
 Other   –208   [44]   +5   [45]
Hydroxides
 Aluminum and iron   –220   [46]   –8   [47, 48]
Organic hydrogen
 Non-marine organisms   –237   [49]   +66   [50]
 Marine organisms   –166   [51]   –13   [51]
 Organic sediments   –103   [52]   –59   [53]
 Coal   –162   [54]   –65   [55]
 Crude oil   –163   [51]   –80   [51]
 Ethanol (naturally occurring)   –272   [56]   –200   [56]
 Reagents (synthetic)   –140   [56]   +802   [10]
Methane
 Atmospheric   –232   [57]   –71   [58]
 Other (naturally occurring)   –531   [53, 59]   –133   [60]
Hydrogen gas
 Air   –136   [61]   +180   [62]
 Other (naturally occurring)   –836   [63]   –250   [44]
 Commercial tank gas   –813   [8]   –56   [8]
 Automobile exhaust and industrial contamination  –690   [62]   –147   [62]

[Values normalized such that the δ2HVSMOW of SLAP (Standard Light Antarctic Precipitation) is –428 ‰ exactly relative to VSMOW 
(Vienna Standard Mean Ocean Water).].
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3  �Lithium
Table 2 lists δ7LiLSVEC values of the extremes of lithium-bearing substances and materials shown in 
Fig. 2, where LSVEC is the lithium carbonate isotopic reference material whose δ7LiLSVEC value is zero by 
consensus [20].

Table 2: Lithium isotopic compositions of selected lithium-bearing materials.

Substance  
 

Minimum 103 δ7LiLSVEC  
 

Maximum 103 δ7LiLSVEC

Value   Reference Value   Reference

Marine sources
 Sea water   +32.4   [65]   +33.9   [66]
 Hydrothermal fluids   +2.6   [67]   +11   [68]
 Foraminifera and carbonate sediments  –10   [69]   +42   [69]
 Brines and pore water   +1   [70]   +56.3   [65]
Non-marine sources
 Surface water   +15.5   [71]   +34.4   [66]
 Ground and thermal water   –19   [8]   +10   [8]
 Contaminated ground water   +10   [8]   +354   [8]
Lithium in rocks
 Basalt (unaltered)   +3.4   [71]   +6.8   [71]
 Basalt (altered)   –2.1   [71]   +13.5   [72]
 Rhyolite   –3.5   [73]   –3.5   [73]
 Granite   0   [8]   +11.2   [74]
 Limestone   –3.5   [73]   +33.5   [69]
Phosphates
 LiAlFPO4 (amblygonite)   –13   [75]   +7.4   [76]
Silicates
 Spodumene   –12.6   [75]   +11.8   [8]
 Lepidolite   –6.6   [75]   +7.2   [75]
Reagents
 6Li depleted compounds   +434   [77]   +3013   [77]
 Other reagents   –11   [77]   +23   [77]

Table 3: Boron isotopic composition of selected boron-bearing materials.

Substance  
 

Minimum 103 δ11BSRM951  
 

Maximum 103 δ11BSRM951

Value   Reference Value   Reference

Marine sources
 Sea water   +38.4   [78]   +40.4   [79]
 Evaporated sea water   +36.5   [78]   +58.5   [80]
 Hydrothermal fluids   +30.0   [81]   +36.8   [81]
 Evaporite minerals   +18.2   [82]   +31.7   [82]
 Carbonates (Skeletal parts and formations)  +4.0   [83]   +32.2   [83]
Non-marine sources
 Rain water   +0.8   [84]   +35   [84]
 Brines, surface and ground waters   –21.3   [85]   +59.2   [78]
 Hydrothermal fluids   –9.3   [86]   +29.1   [80]
 Evaporite minerals   –31.3   [87]   +7.3   [88]
Igneous rocks   –17.0   [89]   –1.7   [81]
Metamorphic rocks   –34.2   [90]   +22   [91]
Sediments   –17   [92]   +26.2   [92]
Organic boron   –12   [93]   +29.3   [94]
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4  �Boron
Table 3 lists δ11BSRM951 values of the extremes of boron-bearing substances and materials shown in 
Fig. 3, where SRM 951 is the boric acid isotopic reference materials whose δ11BSRM951 value is zero by con-
sensus [20].

5  �Carbon
Table 4 lists δ13CVPDB values of the extremes of carbon-bearing substances and materials shown in Fig. 4, 
where VPDB signifies the Vienna Peedee belemnite scale by assigning a δ13CVPDB value of +1.95 ‰ to NBS 19 
calcium carbonate by international consensus [124, 234].

Table 4: Carbon isotopic composition of selected carbon-bearing materials.

Substance  
 

Minimum 103 δ13CVPDB  
 

Maximum 103 δ13CVPDB

Value   Reference Value   Reference

Carbonate and bicarbonate
 Sea water   –0.8   [95]   +2.2   [95]
 Other water   –37.1   [96]   +37.5   [97]
 Metamorphic and igneous rock   –11.9   [98]   +24.8   [99]
 Typical marine carbonate rock   –6   [100]   +6   [100]
 Other carbonate   –64.5   [101]   +21.1   [101]
Carbon dioxide
 Air   –8.2   [102]   –6.7   [103]
 Soil gas   –31.0   [104]   +6.9   [105]
 Volcanic gas   –37   [106]   +23   [106]
 Oil, gas, coal, and landfills   –37.6   [107]   +28   [108]
 Commercial tank gas and reference materials  –54   [8]   –28.76   [109]
Oxalates
 Whewellite   –31.7   [110]   +33.7   [111]
Carbon monoxide
 Air   –31.5   [112]   –22   [113]
Organic carbon
 Land plants (C3 metabolic process)   –35   [114]   –21   [115]
 Land plants (C4 metabolic process)   –16   [115]   –9   [115]
 Land plants (CAM metabolic process)   –34   [116]   –10   [114]
 Marine organisms   –74.3   [117]   –2   [118]
 Marine sediments and compounds   –130.3   [119]   +7   [116]
 Coal   –30   [116]   –19   [116]
 Crude oil   –44   [120]   –16.8   [120]
 Ethanol (naturally occurring)   –32   [56]   –10.3   [56]
Elemental carbon
 Graphite   –41   [116]   +6.2   [121]
 Diamonds   –34.4   [122]   +5   [123]
Ethane
 Hydrocarbon gas   –55.6   [124]   +6.6   [125]
Methane
 Air   –50.6   [126]   –39   [127]
 Marine and other sources   –109   [128]   +12.7   [125]
 Fresh water sources   –86   [129]   –50   [128]
 Commercial tank gas   –51   [8]   –38   [8]
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6  �Nitrogen
Table 5 lists δ15NAir-N2 values of the extremes of nitrogen-bearing substances and materials shown in Fig. 5, 
where the subscript Air-N2 signifies the isotopic reference material atmospheric nitrogen, which has a 
δ15NAir-N2 value of zero.

7  �Oxygen
Table 6 lists δ18OVSMOW values of the extremes of oxygen-bearing substances and materials shown in Fig. 6.

Table 5: Nitrogen isotopic composition of selected nitrogen-bearing materials.

Substance  
 

Minimum 103 δ15NAir-N2  
 

Maximum 103 δ15NAir-N2

Value   Reference Value   Reference

Nitrate
 Air (aerosols and precipitation)   –16   [130]   +18   [131]
 Sea water and estuaries   –6   [132]   +20   [133, 134]
 Ground water and ice   –7   [135]   +150   [136]
 Soil extracts   –23   [137]   +46   [138]
 Desert salt deposits   –5   [139]   +15   [140]
 Synthetic reagents and fertilizers   –23   [141]   +15   [142]
Nitrite
 Ground waters   –30   [143]   +55   [143]
 Synthetic reagents   –80   [8]   +4   [8]
Nitrogen oxide gases
 N2O in air (troposphere)   0   [144]   +10   [145]
 N2O in sea water   +3   [146]   +38   [147]
 N2O in ground water   –55   [143]   +53   [143]
 NOx in air   –15   [131]   +5   [130]
 NOx from nitric acid plant   –150   [130]    
Nitrogen gas
 Air   0   [148]   0   [148]
 Ground waters   –3   [149]   +5   [150]
 Volcanic gases and hot springs   –10   [151]   +16   [152]
 Sedimentary basins   –49   [153]   +46   [154]
 Commercial tank gas   –5   [155]   +3   [156]
Organic nitrogen
 Plants and animals   –49   [137]   +31   [137]
 Marine particulate organic matter   –3   [157]   +46   [157]
 Bituminous sediments, peat, and coal  –3   [158]   +13   [159]
 Crude oil   +1   [160]   +7   [154, 160]
 Soils   –29   [137]   +38   [161]
 Synthetic reagents and fertilizers   –3   [142]   +6   [142]
 Biological fertilizers   +3   [142]   +15   [142]
Nitrogen in rocks
 Metamorphic rocks   +1   [162]   +17   [163]
 Igneous rocks   –36   [164]   +31   [165]
Diamonds   –37   [164]   +14   [164]
Ammonium
 Air (ammonia gas)   –15   [130]   +28   [131]
 Air (aerosols and precipitation)   –14   [166]   +14   [167]
 Sea water and estuaries   +2   [168]   +42   [169]
 Soil extracts   –7   [170]   +50   [161]
 Volcanic gas condensates   –31   [171]   +13   [158, 171]
 Synthetic reagents and fertilizers   –5   [142]   +11   [172]
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Table 6: Oxygen isotopic composition of selected oxygen-bearing materials.

Substance  
 

Minimum δ18O Value  
 

Maximum δ18O Value

δ18O   Reference δ18O   Reference

Oxygen gas
 Air   +23.8   [173]   +23.8   [173]
Water
 Sea water   –1   [174]   +0.6   [174]
 Continental water   –62.8   [175]   +31.3   [40]
 Fruit juice and wine   –4.4   [41]   +15.3   [176]
Carbon monoxide
 Air   –6.9   [112]   +1.7   [112]
 Commercial tank gas   –229   [8]   +7.6   [8]
Carbon dioxide
 Air   +40   [177]   +53.0   [178]
 Commercial tank gas   +3.9   [179]   +22.2   [109]
Carbonates
 Typical marine carbonate   +26   [180]   +34   [180]
 Igneous (carbonatite)   –1.3   [181]   +7.7   [182]
 Other carbonate   –20.5   [183]   +36.4   [184]
Nitrogen oxides
 N2O (air and water)   +20   [185]   +109   [147]
 Nitrate (air and water)   –2.5   [186]   +76   [187]
Oxides
 Al and Fe oxides   –15.5   [46]   +16   [48]
 Chert   +9.4   [188]   +45   [189]
Phosphates
 Skeletal parts   +6   [190]   +26.7   [191]
 Phosphorite rocks   +8.6   [192]   +25.1   [193]
Silicates   –16.2   [194]   +34.9   [195]
Sulfates
 Air   –19   [196]   +14.1   [197]
 Sea water   +9.3   [198]   +9.6   [198]
 Other water   –19.8   [199]   +23.2   [200]
 Minerals   –10.0   [201]   +31.2   [202, 203]
Plants and animals
 Cellulose, lipids, and tissue   –4.3   [204]   +37.0   [50]

[Values normalized such that the δ18OVSMOW of SLAP (Standard Light Antarctic Precipitation) is –55.5 ‰ exactly relative to VSMOW 
(Vienna Standard Mean Ocean Water).]

Table 7: Magnesium isotopic composition of selected magnesium-bearing materials.

Substance  
 

Minimum 103 δ26/24Mg  
 

Maximum 103 δ26/24Mg

Value   Reference Value   Reference

Water
 Sea water   –1   [205]   –0.69   [205]
 Rivers and streams   –1.82   [206]   –0.08   [207]
 Rain   –0.75   [207]   –0.5   [207]
Igneous and metamorphic rock
 Olivine   –3.01   [208]   1.03   [208]
 Others   –0.75   [205]   0.14   [205]
Carbonates (biological and non-biological)  –5.57   [209]   –1.04   [209]
Organic matter   –3.55   [205]   0.73   [207]
Elemental magnesium   –0.82   [210]   0.54   [210]
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8  �Magnesium
Table 7 lists δ26/24MgDSM3 values of the extremes of magnesium-bearing substances and materials shown in 
Fig. 7 relative to the isotopic reference material DSM3 [20].

Table 8: Silicon isotopic composition of selected silicon-bearing materials.

Substance  
 

Minimum 103 δ30SiNBS28  
 

Maximum 103 δ30SiNBS28

Value   Reference Value   Reference

Igneous rocks   –1.0   [211]   +0.4   [212]
Metamorphic rocks   –1.1   [213]   +1.1   [214]
Vein quartz and silicified rocks   –1.5   [213]   +1.1   [214]
Sedimentary rocks
 Quartz sandstones   –0.2   [215]   +0.2   [213]
 Clay minerals   –2.6   [211]   +1.5   [211]
 Sinter   –3.4   [211]   +0.2   [211]
 Sea-floor hydrothermal siliceous precipitates  –3.1   [216]   0.0   [213]
 Other siliceous rocks   –0.8   [213]   +3.4   [217]
Dissolved silica   –0.4   [211]   +3.4   [217]
Biogenic silica   –3.7   [211]   +2.5   [211]
Elemental silicon   –1.3   [8]   +0.5   [8]

Table 9: Sulfur isotopic composition of selected sulfur-bearing materials.

Substance  
 

Minimum 103 δ34S  
 

Maximum 103 δ34S

Value   Reference Value   Reference

Sulfate
 Atmospheric   –30   [8]   30   [8]
 Surface water/ground water  –22   [8]   135   [8]
 Modern ocean   20.7   [8]   21.3   [8]
 Mineral   –43   [8]   –3   [8]
 Commercial   –3   [8]   30   [8]
 Sulfuric acid   –3   [8]   12   [8]
 Reagents   –34   [8]   26   [8]
Sulfur dioxide
 Atmospheric   –39   [8]   33   [8]
 Reagents   0.8   [8]   1.6   [8]
Elemental sulfur
 Native   –30   [8]   16   [8]
 Commercial   –4   [8]   28   [8]
Organic sulfur
 Soil   –31   [8]   31   [8]
 Vegetation   –33   [8]   32   [8]
 Animals   –10   [8]   21   [8]
 Fossil fuels   –11   [8]   28   [8]
 Reagents   1   [8]   18   [8]
Sulfide
 Atmospheric H2S   –21   [8]   20   [8]
 Thermogenic H2S   0   [8]   30   [8]
 Surface water/ground water  –55   [8]   30   [8]
 Minerals   –54   [8]   70   [8]
 Reagent H2S   1   [8]   23   [8]
 Other reagents   –33   [8]   23   [8]
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9  �Silicon
Table 8 lists δ30SiNBS28 values of the extremes of silicon-bearing substances and materials shown in Fig. 8, 
where the subscript NBS28 signifies the isotopic reference material NBS 28 silica sand, which has a δ30SiNBS28 
value of zero.

10  �Sulfur
Table 9 lists δ34SVCDT values of the extremes of sulfur-bearing substances and materials shown in Fig. 9, where 
VCDT is Vienna Cañon Diablo troilite [8], which is assigned a δ34SVCDT value of zero.

Table 10: Chlorine isotopic composition of selected chlorine-bearing materials.

Substance  
 

Minimum 103 δ37ClSMOC  
 

Maximum 103 δ37ClSMOC

Value   Reference Value   Reference

Chlorides
 Sea water   –0.15   [218]   +0.94   [33]
 Ground, surface, pore, and oil formation waters  –7.7   [219]   +2.94   [220]
 Hydrothermal fluid-inclusion water   –1.1   [221]   +0.8   [221]
 Halite   –0.2   [222]   +0.7   [223]
 Sylvite   –0.5   [224]   +0.3   [224]
 Rock or sediments   +0.2   [225]   +7.5   [225]
Organic solvents
 CH3Cl   –6.0   [226]   +4.0   [227]
 Other (trichloroethylene, and others)   –2.5   [104]   +4.4   [104]

Table 11: Bromine isotopic composition of selected bromine-bearing materials.

Substance  
 

Minimum 103 δ81BrSMOB  
 

Maximum 103 δ81BrSMOB

Value   Reference Value   Reference

Inorganic bromide
 Sea water   0   [34]   0   [34]
 Saline waters and slat deposits  –0.8   [228]   3.35   [228]
Organic compounds   –4.3   [229]   0.2   [229]
Elemental bromine   –1.34   [35]   0.86   [35]

Table 12: Thallium isotopic composition of selected thallium-bearing materials.

Substance  
 

Minimum 103 δ205Tl  
 

Maximum 103 δ205Tl

Value   Reference Value   Reference

Igneous rocks   –0.18   [230]   +0.35   [230]
Sedimentary rocks   +0.33   [231]   +1.43   [231]
Reagents   –0.14   [230]   +0.02   [230]
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11  �Chlorine
Table 10 lists δ37ClSMOC values of the extremes of chlorine-bearing substances and materials shown in Fig. 10, 
where SMOC is Standard Mean Ocean Chloride [20].

12  �Bromine
Table 11 lists δ81BrSMOB values of the extremes of bromine-bearing substances and materials shown in Fig. 11, 
where SMOB is Standard Mean Ocean Bromide [20].

13  �Thallium
Table 12 lists δ205TlSRM997 values of the extremes of thallium-bearing substances and materials shown in Fig. 12, 
where the subscript SRM997 is the elemental thallium standard reference material SRM 997.
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