
ro!. 47, No. 1 TRANSACTIONS, AMERICAN GEOPHYSICAL lJXION March 1966 

Isotope Geochemistry of Oxygen and Hydrogen: A Brief Review 

HUGH P. TAYLOR, JR. 

Division of Geological Sciences 
California Institute of Technology, Pasadena 

INTRODUCTION 

It is obviously impossible in a short report to 
attempt to review such a broad field as stable 
isotope geochemistry, unless we focus on some 
specific lines of investigation. Therefore, atten
tion ,,-ill be given to only three topics. These 
topics represent fields of active research in 
which promising results are now being obtained, 
but they can also sen-e to indicate the kinds 
of problems that may be attacked through 
measurements of isotope variations in nature. 
These problems are: ( 1) oxygen isotope geo
thermometry; (2) the origin of natural waters; 
and (3) large-scale isotopic exchange during 
met::imorphism. 

All stable isotope studies of geochemical prob
lems use the familiar 8-notation [Epstein, 1959]: 

0 - [ Ronmple - 1] 1000 
- Ratncdn.rd 

\\·here R = an isotope ratio ( e.g. 0 18/010
), and 

3 is then the per mil deviation of the sample 
irom that of tho standard. A 8 = + 10 per mil, 
for example, means that the sample is 1 % richer 
in one isotope (e.g. 0 18

) than the standard. To 
obfain sufficiently accurate results, it is gen
erally necessary to introduce both sample and 
:;tandard into the mc1.ss spectrometer in gc1.seous 
form through sepc1.rate inlet systems thc1.t allow 
the rapid switching back and forth between 
mnple and standard. By these means it is pos
,;ible to obtain very accurate results relative to 
a given standard, generally ± 1 per mil for 
deuterium-hydrogen ratios and ±0.1-0.2 per mil 
for carbon, nitrogen, oxygen, silicon, and sulfur. 
These elements show appreciable isotopic frac
tionation in nature, and the problem of isotope 
measurement in a given substance reduces itself 
to (a) the extraction of a particular element 
from tlmt substance, either quantitatively or 
with a constant, known isotopic fractionation 
fartor; and (b) the conversion of this element 

to a gaseous form suitable for introduction into 
the mass spectrometer. Gases which have been 
utilized are: H2, CO2, CO, N2, 02, SiF,, SO2, and 
SF •. 

OXYGEN ISOTOPE GEOTHERllfOMETRY 

The pioneering work in oxygen isotope geo
thermometry was that of Urey et al. [1951], 
who developed the carbonate paleotemperature 
scale. This has been successfully applied to a 
variety of problems concerned with the tem
perature of formation of carbonate-secreting 
organisms as old as the Jurassic. Very few car
bonate shells older than Jurassic retain their 
origiMl isotopic composition; most have been 
exchanged to some extent, commonly with cir
culating groundwaters that lower the 0 1"/01

• 

ratio of the shell because they are themselves 
isotopically light. 

Unfortunately, the above method requires 
that two assumptions be made, namely that 
isotopic equilibrium was achieved during car
bonate deposition and that the isotopic composi
tion of the co-existing ocean water is known. 
The difference in 0'"/O1

" between calcite and 
water at equilibrium is accurately known 
through laborc1.tory equilibration experiments. 
Therefore, if one measures the 8-value of a car
bonate shell and if the above assumptions are 
made, a temperature of formation accurate to 
better than 1 °C can be obtained over the range 
5-30°C [Epstein et al., 1953]. If another oxy
gen-bearing mineral had been deposited at the 
same time that the carbonate shell was laid 
down, some of the ambiguity outlined above 
could be removed. One possibility is to use the 
phosphatic shells that are hid down by some 
organisms, and this procedure demc1.nds that a 
laboratory calibration be made of the oxygen 
isotope fractionation between phosphate and 
water. 

The above discussion applies equally to the 
development of any isotope geothermometer. 
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Historically, this development generally takes 
place as follows: First, isotopic measurements 
are made on two co-existing phases from a large 
number of natural occurrences. If the isotopic 
fractionation factors measured for the given 
pair of phases (1) vary in a regular manner, (2) 
qualitatively correlate with geologic tempera
ture estimates, and (3) appear to have been 
'frozen in' both phases at the time of their for
mation, then one can feel somewhat confident 
that a lengthy experimental calibration of the 
geothermometer in the laboratory will prove 
worthwhile. All this has been done for the car
bonate paleotemperature scale, but it has yet to 
be carried out for the phosphate-water pair. 

Much recent work has been done in extending 
oxygen isotope geothermometry to problems of 
igneous and metamorphic rocks and hydrother
mal mineral deposits. Unfortunately, at higher 
temperatures the equilibrium fractionation fac
tors for co-e:;....-isting chemical species generally 
approach closer and closer to unity. At extremely 
high temperatures all isotope fractionation ef
fects disappear. This disappearance means that 
the accuracy of the geothermometer will be con
siderably less, but even so, easily measurable 
oxygen isotope fractionations exist in igneous 
rocks formed at 1000-1100°C [Taylor and Ep
stein, 1963]. Oxygen isotope equilibration curves 
have been obtained for calcite-water [Clayton, 
1961] in the range 200--760°C, and for quartz
water and magnetite-water [O'Neil and Clay
ton, 1964] in the range 400--800°C. From these, 
curves for quartz-calcite and quartz-magnetite 
can be obtained by difference; the various cali
brations are shown in Figure 1. More recently, 
alkali feldspar-water and anorthite-water have 
been calibrated [O'Neil and Taylor, 1965], as 
has muscovite-water [O'Neil and Taylor, 1966]. 
These curves are not plotted on Figure 1, but 
they lie between the ca.lcite-H20 and magnetite
H.O curves in the sequence: calcite-alkali felds
par-muscovite-magnetite. 

Now, if an assemblage of 3 or more of the 
above minerals is used, all ambiguities of geo
thermometry can be removed. In an assemblage 
of N phases we can obtain N - 1 independent 
'temperatures of formation,' one temperature 
for each mineral pair. If each mineral pair gives 
the same 'concordant' temperature (within ana
lytical error), we can be certain that oxygen 
isotopic equilibrium was attained in the mineral 

assemblage, and that equilibrium was 'frozen 
in' at the same temperature in every mineral in 
the assemblage. Also, and perhaps even mor~ 
important, if one mineral gives aberrant tem
peratures of formation it is certain that it w:1s 
not equilibrated with the rest of the assembbge 
In principle, every oxygen-bearing phase in~ 1; 
rock or mineral deposit is amenable to the abori; 
treatment, but a great deal of effort is necess:m 
to obtain each necessary calibration curve. HO\;:. 
ever, some quartz-K feldspar-muscovite-magne
tite rocks in nature have been studied which 
give essentially concordant 'temperatures of for
mation,' using the presently available calibra
tion curves. 

ORIGIN OF NATURAL \V ATERS 

The most important aspect of stable isotope 
geochemistry as applied to natural waters is the 
relationship between D/H and 018/01

" in waters 
that have been through the meteorological cycle, 
This relutionship was discovered by Friedman 
[1953] and Epstein and Mayeda [1953], and 
later refined by Craig [1961]. The correlation 
between D/H and 018/01

" 1s nearly linear and is 
a result of the relation between the respective 
vapor pressures of H,018 and HDO. Based on a 
very large number of analyses, Craig [1961] re
ports the equation 

oD = 800
18 + 10 (in per mil) 

The waters very low in 0 1
" and deuterium con

tent represent snow and ice that have accumn
lated either at high elevations or high latitudes. 
The sample lightest in isotopes is from the Ant
arctic. 

The unique relationship described above pro
vides a beautiful label for meteoric waters over 
the whole Earth, and this will also be reflected 
in OH-bearing minerals precipitated from such 
waters. Craig et al. [1956] and Craig [1963] 
used this isotopic labeling device to inquire into 
the origins of geothermal waters throughout the 
world. They have found that the D/H ratios of. 
geothermal waters are almost invariably the 
same as in the meteoric waters and ground
waters in the immediate vicinity of the geo
thermal areas, whereas the 0 1•;01

• ratios of the 
waters are almost always shifted to more O"· 
rich values (by 2 to 15 per mil). The oxygen 
shift is attributed to exchange between heated 
silicates or carbonates in the Earth's crust below 
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Fig. 1. Oxygen isotopic calibration curves ex
perimentally determined for calcite-water [Clay
ton, 1961], and magnetite-water, quartz-water, 
quartz-calcite, and quartz-magnetite [O'Neil and 
C/aljton, 1964). The quartz-water curve is modi
fied from the published one, in order to take into 
account larger values of 1000 Ina for quartz-water 
that have been obsen•ed in recent experiments 
{Xote added in proof, [O'Neil and Clayton, 1964]). 
a = (0'"/010).,_/(018/010)n where A and B are 
different phases. The quantity 1000 Ina is approxi
mately equal to the difference in a-values between 
the two phases. 

the geothermal localities and the percolating 
min and groundwaters. O1.7gen exchange be
tween heated waters and carbonates is known 
to be very rapid, and sediments are much richer 
in 0" than the waters. 

Thus, in all the areas studied to date, which 
include Steamboat Springs, Nevada; Yellow
stone Park, Wyoming; Lassen Park, California; 
Iceland; Larderello, Italy; Wairakei, New Zea
land, and Niland (Salton Sea), California, no 
noticeable influx of jm·enile or magmatic water 
can be observed. Any such contribution is ap
parently overwhelmed by the large amounts of 
rnrface waters that have been heated and re
cycled through the crust. This is most conclu
siYe in areas such as Steamboat Springs and 
Lassen Park where the meteoric waters are quite 
low in D and 0 18

, as these waters have much 
lower D/H ratios than do normal igneous rocks. 

The search is continuing for true, uncontami
nated, magmatic waters, and if any are ever 
identified it will almost certainly be through 
D /H and 0'8 /01° analysis. 

Another study of interest in this connection 
is the investigation of oil-field brines from the 
Illinois Basin, the Michigan Basin, the Alberta 
Basin, and the Gulf Coast by Clayton et al. 
[1966]. They have found that these brines have 
Q15/Q10 ratios that correlate with salinity, and 
they conclude that (1) these waters are of me
teoric origin, rather than being trapped sea 
water; (2) the D/H ratios have not been greatly 
altered; and ( 3) large-scale oxygen exchange 
has occurred between the waters and their ad
jacent rocks. Also, some of the waters appear to 
have originated under much colder conditions, 
perhaps during the Pleistocene glacial periods, 
because they show lower DJH and 0 18/01

" than 
present-day, local meteoric waters. 

LARGE-SCALE ISOTOPIC EXCHANGE 

DURING METAMORPHISM 

Most igneous rocks of a given petrographic 
type, particularly mafic and ultramafic rocks, 
are exceedingly uniform in 0,. content through
out the world, irrespective of age. The 8-values 
of such rocks may be used as a datum in areas 
that have been hydrothermally altered or meta
morphosed, and we can gain insight into the 
degree of interaction between oxygen-bearing 
fluids and such rocks, as has been done for 
many igneous rocks of the Adirondack Moun
tains by Taylor [1964]. This terrane is com
posed of easily recognizable igneous rock types 
that underwent profound metamorphism about 
1100 million years ago. A particularly suitable 
rock type to study is the essentially monomin
eralic mass of anorthosite that forms the core 
of the range. 

The Adirondack anorthosite ( except for a few 
isolated samples) is 2 to 4 per mil richer in 0'" 
than unmetamorphosed Precambrian anorthosite 
massifs found elsewhere in the world. The latter 
have 8-values very similar to plagioclase from 
gabbros and basalts, which implies that the 
huge anorthosite massif in the Adirondacks ( over 
1200 sq mi in area) was not a closed system 
during metamorphism. It was open to 01.7gen 
exchange with some external environment, pre
sumably through recrystallization in the pres
ence of abundant hydrothermal fluids. Many 
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other meta-igneous rocks in the Adirondacks 
have also been enriched in 0 18 relative to their 
unmetamorphosed counterparts throughout the 
world. Some meta-gabbros that retained relict 
igneous ophitic t•CJ1.'tures have normal 0"/010 ra
tios, however, so that the postulated exchange 
was not completely pervasive. 

The above relationships require that either 
(1) very large quantities of hydrothermal fluid 
took part in the exchange and were flushed 
through the rocks during metamorphism, or (2) 
a large degree of recycling of the fluid occurred 
between the anorthosite body and the surround
ing Grenville metasediments (which are rich in 
01

"), with the fluid simply serving as a medium 
for oxygen communication on a large scale. 
Much smaller quantities of fluid are required 
by the second mechanism, and the metasedi
ments would on the whole decrease in 01

" con
tent as the anorthosite was increasing. Unfortu
nately, ignorance of the original 018 content of 
the sediments prevents us from deciding this 
question. 

The technique described here can be used for 
any rock types that show a narrow range of 
isotopic variation in nature. Taylor. and Cole
man [1965], for example, showed that Francis
can cherts were drastically lowered in 018 con
tent during glaucophane schist metamorphism 
in the Cazadero area of California. These cherts 
start out very heavy (8 = 28-30) and end up 
with 8-values of 15 to 20, depending on the 
extent of exchange. These 8-values refer to the 
ocean water standard. What commonly happens 
during regional metamorphism is that sedimen
tary rocks decrease in 0 1

• content and igneous 
rocks increase in 0 18 content. If the process goes 
to completion, as it seems to in several localities, 
a given mineral will be isotopically identical re
gardless of original parent rock type, as has ap
parently occurred during metamorphism of 
pelitic schists in central Vermont [Taylor et al., 
1963]. 

REFERENCES 

Clayton, R. N., Oxygen isotope fractionation be
tween calcium carbonate and water, J. Chern. 
Phys., 34, 724-726, 1961. 

Clayton, R. N., I. Friedman, D. L. Graf, T. K 
:rvr'.'?eda, W. ~- Meents,.and N. F. Shimp, Th;, 
ongm of salme formation waters, l, L:otopic 
composition, J. Geophys. Res., in press, 1956. 

Craig, H., Isotopic variations in meteoric water, 
Science, 133, 1702, 1961. ,, 

Craig, H., The isotopic geochemistry of water and 
carbon in geothermal areas, Synipos. Nuclear 
Geol. Geothermal Areas, Spoleto, Italy, Hl63. 

Craig, H., G. Boato, and D. E. '\'Vhite, Isotopir 
geochemistry of thermal waters, Proc. Second 
Conj. Nuclear Proc. Geol. Settings, Natl .• 4cad. 
Sci.-Natl. Res. Council Piibl. 400, 29, 1956. 

Epstein, S., The variations of the 0 18/010 ratio in 
nature and some geologic implications, in Re
searches in Geochemistry, ed. by P. H. Abelson 
New York, John Wiley & Sons, 217-240, 1959. ' 

Epstein, S., R. Buchsbaum, H. A. Lowenstam, and 
H. C. Urey, Revised carbonate-water isotopiu 
temperature scale, B·ull. Geol. Soc. Am., 6,;_. 1315-
1326, 1953. 

Epstein, S., and T. Mayeda, The variation in 0" 
content of waters from natural sources, Gea
chim. Cosmochirn. Acta, 4, 213-224, 1953. 

Friedman, I., Deuterium content of natural water 
and other substances, Geochirn. Cosmochim. 
Acta, 4, 89, 1953. 

O'Neil, J. R., and R. N. Clayton, Oxygen isotope 
geothermometry, in Isotopic and Cosmic Chem
istry (Urey volume), ed. by H. Craig et al., 
North-Holland Publishing Company, Amster
dam, 157-168, 1964. 

O'Neil, J. R., and H. P. Taylor, Jr., The oxygen 
isotope chemistry of feldspars (abstract), Trn1,s. 
Arn. Geophys. Un-ion, 46(1), 1965. 

O'Neil, J. R., and H. P. Taylor, Jr., Oxygen iso
tope fractionation between muscovite and water 
(abstract), Trans. Am. Geophys. Union, J7(1), 
1966. 

Taylor, H.P., Jr., Isotopic evidence for large-scale 
oxygen exchange during metamorphism of Adi
rondack igneous rocks, Geol. Soc. Am. Spec. 
Paper 70, 163-164, 1964. 

Taylor, H. P., Jr., A. L. Albee, and S. Epstein, 
0 18 /016 ratios of coexisting minerals in three 
assemblages of kyanite-zone pelitic schist, J. 
Geology, 71, 513-522, 1963. 

Taylor, H. P., Jr., and R. G. Coleman, 0 18/0" ra
tios of coexisting minerals in glaucophane-bcar
ing metamorphic rocks, Geol. Soc. Am. Ji eeting, 
Kansas City, 1965. 

Taylor, H. P., Jr., and S. Epstein, O1"/O1
• ratios in 

rocks and coexisting minerals of the Skaergaard 
intrusion, east Greenland, J. Peterology, 4, 51-74, 
1963. 




