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Synonyms
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Definition
Parent–daughter ratio: The ratio of rubidium (Rb) to
strontium (Sr). The ratio is commonly expressed as
87Rb/86Sr, where the unstable Rb-87 isotope is referred
to as the parent nuclide, being approximately 27 % of all
rubidium. The daughter nuclide (Sr-87) is represented by
Sr-86, which is stable and not subject to radiogenic
ingrowth and constitutes approximately 9.9 % of all
strontium.
Nicolaysen diagram: A diagram of Rb-87 (abscissa) ver-
sus Sr-87 (ordinate), both normalized to Sr-86
(expressed as 87Rb/86Sr and 87Sr/86Sr) illustrating the
effect of age on the radiogenic decay of Rb-87 to Sr-87.
Initial isotope equilibrium: The assumption that at the time
of formation of a rock, all phases therein share the same Sr
isotope composition; a prerequisite for an isochron.
Isochron: A best-fit line of three or more phases in
a Nicolaysen diagram with its slope corresponding to an
age of phases that are in initial isotope equilibrium.
Two-point isochrons may be used and can have geologic
significance but do not allow constraints on their
reliability.
Errorchron: A median through three or more phases in
a Nicolaysen diagram that do not plot on a single regres-
sion line within the limits of their uncertainty. An age
corresponding to the slope of this median may have geo-
logic relevance but cannot be treated as an actual geologic
event.
Isochron initial: Common expression of the intercept of
the isochron with the ordinate in a Nicolaysen diagram
that marks the strontium isotope composition at the time
of formation which, by definition, is that of all phases con-
tributing to the isochron.
MSWD: Mean square of weighted deviates; a value
describing the degree of correlation of individual points
on an isochron with an ideal value of 1.

Historical background
The Rb–Sr dating technique is among the most widely
used and most powerful dating tools available in Earth sci-
ences. It is an effective means of dating igneous rocks or
metamorphic events and, under special circumstances,
can be applied to sedimentary sequences, ore deposits,
and past volcanic eruptions or to date fluid events in the
deep crust. The natural radioactivity of Rb-87 was discov-
ered by Campbell and Wood (1906) and first described as
a dating technique by radiochemist pioneer Otto Hahn
(Hahn and Walling, 1938; Hahn et al., 1943). Subsequent

improvements in precision and accuracy have contributed
significantly to a better understanding of Earth’s history.

With the advent and distribution of mass spectrometers,
the Rb–Sr technique has become the most important tool
in dating igneous rocks throughout Earth’s history and to
the infant stages of the solar system. It has been used to
date meteorites (e.g., Minster and Allègre, 1976; Minster
et al., 1982; Misawa et al., 1993), was among the first dat-
ing techniques applied to lunar samples returned from the
Apollo missions (e.g., Papanastassiou and Wasserburg,
1970; Papanastassiou et al., 1970; Murthy et al., 1971),
and has identified the oldest rocks of Earth (e.g., Hurst
et al., 1975; Moorbath et al., 1977a, Moorbath et al.,
1977b; De Laeter et al., 1985). Hence, Rb–Sr dating has
greatly contributed to developing an emerging idea of
our environment: an evolving and ever changing planet.

In recent years, the Rb–Sr dating technique has lost
some of its popularity to other dating tools. Other chro-
nometers, such as U–Pb in zircon, can, in principle, date
similar events to higher precision and, in the case of
high-temperature igneous emplacement events, higher
accuracy. Nonetheless, taking the properties of alkali and
alkaline earth elements into account, and refinements in
analytical techniques for Rb–Sr, it remains a powerful tool
to date rocks and metamorphic assemblages and is
re-establishing its place among the top dating techniques.

The concept of Rb–Sr dating
Rb–Sr dating is based on the radioactive decay of the iso-
tope Rb-87 (that today accounts for ~28% of all rubidium)
to Sr-87 (~7% of all strontium, Table 1) by beta decay, i.e.,
the emission of an electron. Rb-87 decays to Sr-87 with
a half-life of approximately 49 billion years. This makes
the Rb–Sr dating technique, in principle, suitable to date
samples from the infant stages of the solar system to very
recent igneous events, i.e., a few million years before
present.

For dating with the Rb–Sr technique, at least two
phases (either whole rocks or minerals) with different
Rb–Sr ratios are required. To directly compare Sr isotope
compositions of these phases, irrespective of their abso-
lute amount of Rb and Sr, all Sr-87 values are reported

Rb–Sr Dating, Table 1 Relative abundances of the stable
isotopes of Sr (average atomic mass of 87.62� 1) and Rb
(average atomic mass of 85.4678� 3) and the radioactive
isotope Rb-87 (De Laeter et al., 2003). Note that relative
abundances of Sr are variable in individual reservoirs due to the
radiogenic ingrowth of Sr-87. All uncertainties refer to the last
significant digit

Strontium (Sr) Rubidium (Rb)

Sr-84 0.0056� 1
– Rb-85 0.7217� 2
Sr-86 0.0986� 1
Sr-87 0.0700� 1 Rb-87 0.2783� 2
Sr-88 0.8258� 1
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relative to a stable Sr isotope (Sr-86) that is not subject to
radiogenic ingrowth. Thus, all Sr isotope compositions are
reported as 87Sr/86Sr; 87Rb/86Sr ratios are reported
accordingly as 87Rb/86Sr following the equation:

A Rb-87ð Þ �M Rbð Þ � ppm Rb½ �
A Sr-86ð Þ �M Srð Þ � ppm Sr½ � ð1Þ

where A is the relative abundance,M the atomic mass, and
[ppm] the concentration of a species, usually given in parts
per million. The amount of radiogenic ingrowth of Sr-87
in at least two phases with different Rb/Sr corresponds to
the amount of decayed Rb-87. With knowledge of the
exact decay rate (the Rb decay constant, l87Rb), this
enables the calculation of radiogenic ingrowth and ulti-
mately, by integrating both phases, the time required for
this decay. This relationship is displayed in Figure 1,
where three phases with different 87Rb/86Sr (A, B, and
C) start with the same Sr isotope composition and with
time evolve to different 87Sr/86Sr (A0, B0, and C0), based
on their 87Rb/86Sr. Today, these phases plot on
a regression line (within analytical uncertainty), which is
usually highlighted by an MSWD~1.

The isotope composition of a sample after a given time
t is expressed by the decay equation:

87Sr
86Sr

tð Þ ¼
87Sr
86Sr

t0ð Þ þ
87Rb
86Sr

elt � 1
� � ð2Þ

where 87Sr/86Sr(t0) is the initial isotope composition at
a time t0. If two or more Sr isotope compositions and their
87Rb/86Sr are known, a time interval Dt (t1�t0) and the Sr
isotope composition at t0 can be calculated using
a Nicolaysen diagram (Nicolaysen, 1961), where the age
difference Dt (or simply t) corresponds to the slope of
the regression line through those samples. Ideally more
than two samples are used for this concept to ensure that
the regression line indeed reflects an age; the more sam-
ples that are used in a Nicolaysen diagram plot, the more

likely it is that the regression is geologically meaningful.
Obviously, for two samples a regression can be calculated,
even though both samples may not be related to each
other, rendering any calculated age (or initial isotope com-
position) of such “two-point” isochrons potentially dubi-
ous without any independent age indicators.

Analytical techniques and limitations
The precision of an age derived from an isochron is con-
trolled by (i) the number of points used to obtain
a regression line, (ii) the spread in 87Rb/86Sr, (iii) the
degree to which the phases involved formed in isotope
equilibrium, and (iv) the errors on each individual analysis
of 87Rb/86Sr and Sr isotope composition. Where the first
three parameters are defined by the sample, the latter is
a matter of analytical capability. Strontium isotope com-
positions (87Sr/86Sr) vary from subtle variations among
whole rocks or mineral phases in the fifth decimal place
(i.e., 0.0000X) to large variations, especially in older sam-
ples. The 87Sr/86Sr can be routinely analyzed with high
precision and accuracy in samples with>50 ng Sr by ther-
mal ionization mass spectrometry (TIMS) to within
40 ppm. Modern TIMS instruments can achieve preci-
sions that are far better (up to 5 ppm); however, other
sources of error usually result in poorer accuracy and
higher external reproducibility, i.e., the variability in iso-
tope compositions of a single sample from multiple ana-
lyses (including sample digestion). Error sources can
include procedural contaminants (commonly referred to
as “blank”) or isotope tracer calibrations. The procedural
blank can be minimized to insignificant levels by the use
of ultraclean reagents (e.g.., distilled acids, de-ionised
water, or purified chromatographic extraction resin) and
by chemical purifications in a clean room environment,
and modern laboratories generally fulfill this requirement.

The second parameter required for age determinations
is the 87Rb/86Sr, which is commonly determined by iso-
tope dilution using an isotope tracer. To ensure accurate

Rb–Sr Dating, Figure 1 (a) 87Rb/86Sr isochron diagram (Nicolaysen, 1961); showing the time-dependent evolution of three different
phases, (A–C) with variable 87Rb/86Sr that formed in initial isotopic equilibrium and thus have the same initial Sr isotope
composition. Points A0–C0 reflect the present-day isotope composition of phases A–C, as measured by mass spectrometry. (b) The
same isotope evolution in an Sr isotope versus time plot with the relative evolution of the three different phases as a consequence of
their variable 87Rb/86Sr.
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results for isochron relationships, the Rb/Sr of a sample
should directly be determined in the same sample cut as
the one used for Sr isotope analysis so that the amount of
Rb directly corresponds to the radiogenic ingrowth of
Sr. The method of isotope dilution is currently the most
precise and accurate way to obtain this ratio in conjunction
with Sr isotope analyses; a precision of ~0.1–0.2 % on
87Rb/86Sr values can be obtained. Alternative methods,
e.g., using single-collector mass spectrometry with induc-
tively coupled plasma source (ICP-MS), can be used, but
currently yield much poorer precision (~3–5 %) on the
elemental ratio. For isotope dilution, both Sr and Rb
(resident in the same material) are doped with a mixed iso-
tope tracer artificially enriched in one Sr and one Rb iso-
tope, preferably a low natural abundance isotope. This
“spike” is added to the sample prior to digestion to ensure
full spike-sample equilibrium. Knowledge of the concen-
trations and isotopic compositions of the spike, coupled
with accurate weights of sample and spike, can be used
to calculate Rb and Sr concentrations. Spiked Sr isotopes
are simultaneously analyzed with the radiogenic isotope
composition; spiked Rb isotopes are analyzed individu-
ally. For this, both Rb and Sr must be separated from the
rock matrix and from each other to avoid matrix effects
during the isotope analyses and, more importantly, iso-
baric interferences of Sr-87 and Rb-87, which will both
be detected as mass 87. The common method for this sep-
aration is chromatographic extraction of dissolved (and
spiked) sample material.

The calibration of the isotope tracer, a prerequisite to
ensure accurate determinations of 87Rb/86Sr, is not
straightforward for both Rb and Sr. Whereas for other
radiogenic systems, such as U–Pb or Sm–Nd, metals
can be weighed very accurately and used to prepare a well-
characterized standard solution, Rb metal is highly reac-
tive in the atmosphere and does not permit this approach.
Alternatives are Rb salts, which must be dried prior to ana-
lyses (due to their hygroscopic nature) and stoichiometry
must be assumed. A good example of a modern calibration
of a Rb–Sr spike using different salts for cross-calibration
is given in Nebel et al. (2011). A way to avoid
interlaboratory bias due to different spike calibrations is
through analyses of a Rb–Sr isotope standard. Unfortu-
nately, there are currently not many well-characterized
standards available. The most commonly used standard
is the NIST-607 K-feldspar standard. There are several
problems associated with K-feldspar (see below); how-
ever, Nebel and Mezger (2006) presented a possible solu-
tion using this standard to cross-calibrate isotope tracer
solutions. To obtain the most accurate result and to
eliminate error magnification by mixing disproportional
spike-sample ratios, general knowledge of sample concen-
trations for both, Rb and Sr, is desirable and often different
spikes with variable 87Rb/86Sr are used for high or low
Rb/Sr phases, respectively.

The conventional method for Rb isotope dilution anal-
ysis is by thermal ionization mass spectrometry (TIMS).
Mass spectrometric-induced isotope fractionation on

a TIMS instrument can only be controlled to within
0.5–1 % for elements with only two stable isotopes, such
as Rb, and for decades this has been a limiting factor in
Rb–Sr chronology. Recent developments in multi-
collector ICP-MS have enabled analyses of Rb isotopes
to<0.1 % (Waight et al., 2002a; Nebel et al., 2005), which
enables the determination of 87Rb/86Sr to a precision of
~0.2 % (Waight et al., 2002a; Nebel and Mezger, 2006),
which corresponds to precisions achieved for other dating
tools, e.g., Sm–Nd or Lu–Hf. In contrast to other dating
methods, a major disadvantage for Rb–Sr dating is that
no in-situ dating can be performed. To date, ion micro-
probe and laser ablation ICP-MS analyses, common
in-situ techniques applied to date high U/Pb minerals, do
not yield precise and accurate combined Sr isotope ratios
and parent–daughter ratios in high 87Rb/86Sr phases
required to obtain geologically significant ages (Waight
et al., 2002b; Vroon et al., 2008). The major reason for this
is the inability to adequately correct for the isobaric inter-
ference of Rb-87 on Sr-87.

The last key parameter to accurately date rocks and
mineral assemblages with Rb–Sr is the decay constant
(l87Rb). By successfully addressing all of the above
mentioned parameters, a precision in Rb–Sr ages can be
achieved that is comparable to other dating techniques.
However, a systematic bias can be introduced by insuffi-
cient knowledge of the Rb decay constant (Begemann
et al., 2001), i.e., the rate at which Rb decays. Recent
efforts to refine l87Rb have improved the precision and
accuracy of the constant to�0.1–0.2% (Nebel et al., 2011;
Rotenberg et al., 2012); an error in the order of the analyt-
ical precision of the measurements (see Figure 2 for a com-
pilation of reported Rb-87 decay constants and their
precisions). Accordingly, all ages in this article have been
recalculated using an Rb-87 decay constant of
l87Rb¼ 1.393� 10�11 (Nebel et al., 2011). The value of
l87Rb¼ 1.42� 10�11, which was commonly used before
this revision, was proposed in 1977 by an international
commission on geochronology (Steiger and Jäger, 1977).
The revision of this value implies that all previously
reported Rb–Sr ages are ca. 2 % older than previously
thought.

Dating of igneous rocks (including volcanic ash)
The most widely used application of the Rb–Sr dating
technique is in determining the age of crystallization of
igneous rocks. For this, either multiple whole rocks
(with a genetic, often comagmatic relationship) or mineral
separates from a single rock that formed contemporane-
ously are used to date the emplacement event. This implies
that all species used for the dating share an identical Sr iso-
tope composition at the time of formation. Rock suites and
minerals need to be carefully evaluated to fulfill this crite-
rion, which is often not the case (Field and Raheim, 1979),
or to assess subsequent alteration by secondary processes.
Examples of such cases are detailed below. However, in
the ideal case of isotope coherence between samples and
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further textural or petrogenetic evidence for an igneous
origin of a rock, an age for a suite of samples can be calcu-
lated. For this, in the isochron diagram of Figure 1a, the
dashed lines correspond to a family of lines leading from
A to A’, B to B’, and so on, with the equation

y ¼ mxþ n ð3Þ
where all x–y coordinates in a Nicolaysen diagram
plot as points on a straight line: the isochron. In this dia-
gram the following parameters define the age:
x¼ 87Rb/86Sr and y¼ 87Sr/86Sr(t) for any given sample,
and n¼ 87Sr/86Sr(t0) or initial

87Sr/86Sr is common to all
samples. The age t (in years) of the suite of samples then
corresponds to the slope m of this isochron with

m ¼ elt � 1 ð4Þ
The initial ratio n is the intercept of the isochron with

the ordinate; l is the Rb-87 decay constant. Obviously,
two or more co-genetic species are required for this dating
method. An example for one of the first dating attempts of
a suite of Archean igneous whole rocks from the Qorqut
igneous complex in Greenland (Moorbath et al., 1981) is
presented in Figure 3. These samples, assumed to be in ini-
tial isotope equilibrium, correspond to a calculated age

Rb–Sr Dating, Figure 2 Compilation of reported decay constants with details on the methods of determination (Modified after
Nebel et al. (2011)). Gray dotted lines are recalculated values as reported in Begemann et al. (2001) (Data sources: Neumann and
Huster, 1976; Davis et al., 1977; Steiger and Jäger, 1977; Minster et al., 1982; Williams et al., 1982; Shih et al., 1985; Amelin and Zaitsev,
2002; Kossert, 2003; Rotenberg et al., 2012).

Rb–Sr Dating, Figure 3 Isochron diagram of whole rocks from
a late Archean granite complex in Greenland (Moorbath
et al., 1981). Rb–Sr and Pb–Pb yield identical results, and all rocks
are presumably non-altered, indicating coherence of the isotope
systems and an emplacement event at 2.58� 0.03 Ga.
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that is similar to the Pb–Pb age of the same samples, not-
ing that theMSWDof this example indicates some isotope
disturbance and thereby technically is an errorchron
(MSWD~13).

Other samples that are seemingly in isotope equilibrium
(assuming no post-emplacement disturbance) are volcanic
ash horizons. These represent important time markers in
the Phanerozoic era because of (i) mineral species that
allow precise dating and (ii) their widespread spatial distri-
bution that allow correlations of stratigraphic horizons.
Although U–Pb in zircon is the most precise and com-
monly used method to date these events with extremely
precise resolution on timescales of thousands of years in
Quaternary eruptions (Crowley et al., 2007), Rb–Sr is, in
principle, applicable to dating of volcanic ash (Lanphere
and Baadsgaard, 2001). Ash often contains apatite,
K-feldspar, and biotite, which, in combination, share
a large spread in 87Rb/86Sr and are thus ideally suited for
Rb–Sr dating. However, in agreement with high-precision
U–Pb analyses of zircon and titanite from tuff (Schmitz
and Bowring, 2001), Rb–Sr on single grains from the Fish
Canyon Tuff, an enormous volcanic eruption approxi-
mately 28 Ma ago and often used as a dating standard in
40Ar/39Ar chronology, has revealed that Rb–Sr systemat-
ics can yield different age information. This difference
may reflect crystal residence times in the underlying
magma chamber prior to eruption or that some crystals
are xenocrysts, i.e., assimilated from other sources, and
are thereby not in isotope equilibrium with the host melt
(Charlier et al., 2007), as is so often observed for U–Pb
in zircon. In young volcanic systems where timescales of
magma storage contribute more substantially to the abso-
lute age, this can be problematic and needs to be carefully
evaluated to obtain precise and accurate times of eruption.
This is of particular importance for cross-calibration of
geochronologic tools. However, in older systems,
a pristine sample suite provided, precise and accurate
Rb–Sr ages on bentonites are a useful alternative to
U–Pb or 40Ar/39Ar dating in obtaining absolute ages of
key stratigraphic horizons in Earth’s history (Williams
et al., 1982; Baadsgaard et al., 1988). This can be expected
to be more important in future studies, especially in light
of recent analytical improvements of Rb–Sr dating of
mica as an alternative to 40Ar/39Ar dating (Willigers
et al., 2004).

Isotope mixing versus isochron relationship
A potential complication for accurate age determinations
of igneous rocks with the Rb–Sr technique may result
from the mixing of two isotopically distinct magmatic res-
ervoirs at or close to the time of emplacement, where iso-
tope equilibrium is not achieved prior to crystallization.
Isotope mixing between two reservoirs cannot easily be
identified in a magmatic suite without additional age con-
straints or other petrologic genetic information. Mixing of
the two end-members produces a straight line in an isotope
evolution diagram, because both abscissa and ordinate are

normalized to the same isotope (Sr-86). Mixing thus
mimics isochron relationships and indicates an age that
is older than the actual igneous-rock-forming event. This
is particularly important for bulk rock analyses where geo-
chemical heterogeneity can be preserved more easily than
for mineral species derived from a single sample. This
effect is illustrated in Figure 4a for a granitic suite from
southern Germany (Siebel, 1994). The slope of the iso-
chron using whole rocks calculated to the time of emplace-
ment of ~325 Ma indicates a pseudo-chron age of
~100 Ma (with a typical, almost ideal MSWD¼ 1.4),
which is superimposed on the actual age. Because mixing
between two different reservoirs on a whole rock scale is
not a perfect process on a larger scale (kilometers), the cor-
relation may exhibit an MSWD> 1 resulting in an
errorchron relationship. Mixing may be identified in a
3-dimensional plot of 87Rb/86Sr versus 87Sr/86Sr versus
1/Sr [ppm] (Wendt, 1993), as shown in Figure 4b.

Isotopic closure and “cooling ages”
Isotope dating requires all phases, whole rocks or min-
erals, to be in isotopic equilibrium at the time of formation.
However, for large igneous bodies, cooling of magma and
the mineral phases that crystallized from it do not occur
instantly and contemporaneously. Because conductive
heat transfer in igneous rocks is an inefficient process,
the thermal gradient between the intrusive magma and
the ambient rocks may persist for a long time, often for
millions of years. Minerals in the igneous body remain
open systems with exchange of parent–daughter isotopes
by volume diffusion. Only when a certain temperature is
reached are minerals considered “closed” for an isotope
system. This temperature is called the closure temperature,
TC (Dodson, 1973). Alternative scenarios are possible, in
which a system is closed rather quickly after emplacement
but is subject to interdiffusion of elements between min-
erals (Jenkin et al., 2001, 1995). For phases with high
87Rb/86Sr, such as phengite, biotite, or K-feldspar, relative
TC has been empirically determined (e.g., Von
Blanckenburg et al., 1989). They vary between 500 �C
and 300 �C and may be dependent on grain size, chemis-
try, pressure, or fluid content (Villa, 1998). The TC for
Rb–Sr is lower than for most other isotope systems includ-
ing K–Ar or 40Ar/39Ar. This effect has long been known
(Armstrong et al., 1966; Verschure et al., 1980; Delmoro
et al., 1982) and used to calculate cooling paths for igne-
ous and metamorphic systems (e.g., Von Blanckenburg
et al., 1989).

Rb–Sr analyses of different mineral phases can still
yield coherent ages with a well-defined isochron relation-
ship among different phases, even if all phases closed long
after the actual emplacement event. This dates the time of
cooling through isotope closure. Although initially con-
sidered a matter of grain size and diffusional processes
(Dodson, 1973), element exchange between coexisting
phases may be equally important for Rb–Sr (Jenkin
et al., 2001). Thus, Rb–Sr analyses of different grain
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fractions should not be used to determine cooling paths by
Rb–Sr dating alone and are better accompanied by ana-
lyses of other phases with other isotope systems, which,
in turn, have other closure temperatures. A cooling path
may then be determined in a temperature–time diagram.
Additional complications may, however, arise, due to dif-
fusion below the TC. Detailed micro-drill investigations
(on a sub-crystal scale) in K-feldspar grains from
a slowly cooled plutonic body indicate Sr isotope hetero-
geneity, likely induced by diffusion (Siebel et al., 2005),
which can compromise bulk mineral analyses.

Timescales of isotope closure vary considerably and, as
noted, depend on a number of parameters. A good exam-
ple is cooling of the Great Dyke, a layered mafic intrusion
in the Zimbabwe Craton. This massive mantle-derived
igneous body is an extreme case of a magmatic body that
intruded into presumably hot country rock, such that the
thermal gradient between the intrusion and the ambient
country rocks was small. Accordingly, the intrusion
cooled very slowly, and reported Rb–Sr ages are
~23Myr younger than ages determined for the same rocks
using systems with higher closure temperatures (e.g.,
U–Pb in zircon or sphene) (Nebel and Mezger, 2008;
Figure 5). The age deduced from ortho- and
clinopyroxenes is identical to the age calculated from
combined pyroxene–biotite, which indicates a similar TC
for both minerals. Summing information from the avail-
able literature then allows a relative TC for Rb–Sr that
is phengite> K-fsp > biotite� clinopyroxene.

Dating metamorphic rocks
For the dating of rocks, it is required that, after the time of
its formation (termed t0), a system remains undisturbed
with respect to Rb–Sr systematics, i.e., that both Rb and

Sr elemental and isotope abundances remain a closed sys-
tem. That means that the amount of the parent nuclide
Rb-87 must not be altered (by removal or addition) by
exchange with the surrounding environment and that the
daughter product Sr-87 must correspond to the amount
of Rb responsible for the ingrowth. If a rock is subject to
metamorphism, i.e., physical and/or chemical processes
that lead to a change in its texture andmineralogical and/or
chemical composition, this requirement may be
compromised.

Metamorphic conditions can reach temperatures far
exceeding TC for Rb–Sr so that a system can “reset.”
Metamorphism and the associated formation of minerals
at the expense of existing ones often also include the
release of fluids or involve fluids from outside the rock
(metasomatism), which promote the diffusion of ions
and/or the mobility of elements. This is especially the case
for the classical “mobile” large ion lithophile elements
(LILE) that includemost alkali and alkaline earth elements
(including Rb and Sr), and often the Rb and Sr budget in
such rock associations can be significantly altered. Isotope
systems are very sensitive to these processes, even without
an apparent ( i.e., visible) metamorphic overprint, and they
may even affect a rock below the igneous TC for an isotope
system, e.g., because of dislocation effects in the crystal
lattice that occur during the radioactive decay and isotope
ingrowth, up to the point when a crystal becomes
metamict. This susceptibility is often reflected in age rela-
tionships of old rocks that yield younger Rb–Sr ages than
their presumed emplacement age (deduced from other
chronometers) or no age information at all (isotope scatter
that does not permit construction of an isochron). With the
already relatively low TC for Rb–Sr in most minerals
(300–500 �C) compared to temperatures in metamorphic
reactions that can easily exceed these values, this feature

Rb–Sr Dating, Figure 4 (a) Pseudo-isochron produced by a two-component mixing between isotopically distinct reservoirs
preserved in granites from Southern Germany (Data from Siebel, 1994). The data are age corrected to the time of formation at 320Ma,
as deduced independently by 40Ar/39Ar isotope dating. (b) The reciprocals of the Sr concentration show a straight line correlation
with isotopic composition that indicates mixing of two components with variable Sr concentrations (Wendt, 1993). The combined
pseudo-chron and isochron slopes yield an apparent, yet meaningless “age” of 423� 41 Ma (MSWD¼ 1.7; n¼ 7; (Siebel, 1994).
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can have considerable impact on many rock assemblages
in old crustal terranes and has been a long-standing prob-
lem in Rb–Sr dating (Fairbairn et al., 1961; Riley and
Compston, 1962).

However, this seemingly strong limitation of the Rb–Sr
chronometer can, in turn, be used advantageously to date
“secondary events,” i.e., the time of metamorphic reset-
ting, hereafter termed tm. Internal mineral isochrons for
individual whole rocks can yield age information on the
thermal event, whereas on a whole rock scale the original
emplacement age of an igneous rock can be preserved. For
this to occur, the system is closed on a bulk rock scale and
preserves its amount of accumulated Sr-87 and Rb con-
centration, and only a redistribution between mineral
phases took place. This can be the case if little or no fluids
are involved in the metamorphic reactions, as fluids often
act as a transport medium for Rb and Sr beyond the scales
of bulk rock samples. The combination of igneous whole
rock and metamorphic mineral isochrons is illustrated in
Figure 6a, where whole rocks 1, 2, and 3 yield the original
emplacement age (t0), whereas the constituent minerals of
whole rock 2 in combination with the bulk rock yield the
time of metamorphic reset (tm). At tm, minerals achieve
isotope equilibrium with 87Sr/86Sr similar to that of their
respective whole rock, and radiogenic ingrowth then starts
anew as a function of the Rb–Sr in each mineral. This
ideal case scenario of metamorphic reset on a mineral
scale and preservation of primary age information on
a whole rock scale has been observed in the Carn
Chuinneag Intrusion in Scotland (Long, 1964; Pidgeon
and Johnson, 1974). Unfortunately, in most cases the
cooling of metamorphic terranes can be very slow such
that individual mineral phases do not close contemporane-
ously, so that their isotopic clock does not start ticking at
the same time. This is then reflected in an errorchron

relationship that, at best, only allows the broad determina-
tion of cooling paths or an approximation of tm that often
fails modern requirements on precision.

The concept of isotope resetting is illustrated in
Figure 6b (redrawn after Faure (1986) and following the
concept of Riley and Compston (1962)), where the isoto-
pic evolution over time of different mineral phases with
variable 87Rb/86Sr is shown. It is important to note that
some phases reset earlier than others (or may solely be
affected by the metamorphic events), all of which are
a function of their individual metamorphic TC (which as
stated earlier can also include isotope diffusion)
(Ganguly and Ruiz, 1987). In most cases, Rb–Sr isotope
systematics yield errorchron ages that may be geologically
meaningless. However, in the worst case (often if only two
or three data points are employed or they have a relatively
small spread in 87Rb/86Sr), Rb–Sr data do not allow dis-
tinctions between a true isochron or meaningless mixing
age populations (Riley and Compston, 1962). This can
be the case if whole rocks are reset at different times or ele-
mental and isotope exchange beyond whole rock scales
occurred, but data coincidentally plot on a straight line
within their analytical uncertainty. In the absence of
other petrologic or isotopic parameters, the determination
of model ages of, for example, K-feldspar and mica
(tmica, tK-fsp) can assist in clarification of the geologic his-
tory of a sample, as, for a given initial Sr isotope composi-
tion, these ages should be identical. These model ages then
should correspond to the correct igneous age. However,
the initial 87Sr/86Sr for this calculation is often unknown,
and iterative approaches by multiple phase analyses are
often too imprecise to yield useful age information.

In many cases, one (or more) metamorphic event(s)
results in a complete redistribution and homogenization
of Rb–Sr systematics in all phases and on whole rock

Rb–Sr Dating, Figure 5 (a) Rb–Sr age for the Great Dyke, Zimbabwe. (b) Cooling path of the intrusion by comparison with other
chronometers (Modified after (Nebel and Mezger, 2008)).
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scales for very large metamorphic terranes. This has been
shown bymany early Rb–Sr studies on Archeanmetamor-
phic terranes in old cratons (e.g., Hurst et al., 1975;
Moorbath et al., 1977a; Moorbath et al., 1977b; Kalsbeek,
1981). A complete reset is also possible during the meta-
morphic crystallization of sediments, so that metamorphic
Rb–Sr ages tm can be determined for para- and
orthogneisses alike.

Obviously, without additional constraints it is not possi-
ble to predict to which extent isotopic exchange and
homogenization occurred, and the possibility of isotope

“inheritance” has been reported even for isotope systems
with very high TC, such as the Sm–Nd system (Roth
et al., 2013). On the other hand, isotope systems with
a high closure temperature may not yield metamorphic
ages as they may only be partially reset, whereas Rb–Sr
may have been fully re-equilibrated. Such a case is
reported for the Yilgarn block in Western Australia
(Figure 7), where Rb–Sr systematics give a precise timing
of metamorphic resetting (McCulloch et al., 1983).
Sm–Nd data, however, preserved its isotope character
during this metamorphic event and can be used to

Rb–Sr Dating, Figure 6 (a, b) Modified after Faure (1986). (a) Concept of isotope resetting. Whole rocks 1, 2, and 3 preserve an
isochron of the original igneous event with the age t0, whereas minerals of whole rock 2 give the metamorphic age tm. Half-open
symbols are metamorphic assemblages; open symbols are the reset assemblages of WR2 at the time tm. At this time WR2 is internally
homogenized with an initial 87Sr/86Sr of SrI-m B: isotope evolution of various minerals of a whole rock during a metamorphic event. All
phases evolve as a function of their 87Rb/86Sr. At the time tm, all phases are reunited and homogenized in their Sr isotope composition
with a new initial Sr isotope composition Sr(I)m. The whole rock remains a closed system and is not affected by this event. Corrections
of metamorphic phases to an incorrect age can yield false initials (Sr(I)false); reciprocally, an incorrect initial Sr isotope assumption will
provide a biased model age (tmica, tK-fsp).
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reconstruct the history of the precursor of the metamor-
phic terrane. Therefore, if placed in a geologic context,
the Rb–Sr systematics of metamorphic rocks have the
potential to yield precise and accurate age information
and may otherwise simply be used to test the extent of iso-
tope equilibrium (for a given age) by correction for radio-
genic ingrowth to the respective initial ratios.

Dating fluid events and ore deposition
The fluid mobility of LILE implies that Rb and subse-
quently Sr can be mobilized in crustal fluids during low-
to high-grade metamorphic events. Whereas this is often
considered a problem for igneous rocks (they do not stay
as a closed isotope system), there is a potential for dating
such events with the Rb–Sr technique. In addition, mobi-
lization of elements is often related to the formation of
ores, and knowledge of the timing of ore formation is of
great importance in economic geology or in regional geo-
logic investigations. The Rb–Sr technique has long been
exploited in dating base metal sulfide deposits, such as
Mississippi Valley-type deposits (Nakai et al., 1990;
Brannon et al., 1992; Nakai et al., 1993; Christensen
et al., 1995), which are associated with large-scale brine
migrations under low temperatures (i.e., <200 �C; Nakai
et al., 1993), or lode gold deposits that are either porphyric
or epithermal in nature (Yang and Zhou, 2001). These ores
often contain mineral assemblages with parent–daughter
ratios that are unsuitable for dating, which makes age
determinations of the mineralization notoriously difficult.

Sphalerite and pyrite are common sulfides formed dur-
ing mineralization events and appear to contain
a reasonable spread in Rb/Sr and enough material to
obtain isotope results on mineral separates of reasonable
size and quantity. This is of particular importance as sam-
ple heterogeneity (in 87Sr/86Sr) can be significant (i.e.,
outside analytical reproducibility) in crystals that grow
in the presence of fluids as fluid sources and compositions
can vary in these systems. Hence, variations in 87Rb/86Sr
and 87Sr/86Sr may occur between neighboring samples
or within growth domains of single samples. In the latter
case, full isotope equilibrium of all domains is required,
which, under hydrothermal conditions, is not always the
case. However, some fluid systems can be deposited on
timescales of minutes (e.g., Weatherly and Hanley 2013)
so that isotope equilibrium can likely be assumed in these
systems.

An example of such an application is shown in Figure 8
that shows pyrite-only isochrons for a lode gold deposit
from China (Yang and Zhou, 2001), where the spread in
87Rb/86Sr within individual crystals and/or batches of
crystals is used as an advantage for dating. Pyrite separates
from two individual veins yield two well-defined iso-
chrons with a mean age of 125.2� 0.9 Ma. Both individ-
ual determinations give confidence that gold deposition
from fluids in the veins occurred at this time. However,
as illustrated in the figure, the source of the fluids is distin-
guished by their initial isotope compositions, so that
a joint-age determination would inevitably result in an
errorchron.

Rb–Sr Dating, Figure 7 Rb–Sr whole rock isochron for
metamorphic gneisses from the Yilgarn Craton in Western
Australia yields a precise metamorphic age, whereas Sm–Nd
isotope systematics do not permit tight age constraints
(2800� 150 Ma). When age corrected to the Rb–Sr age, the Nd
isotope data is interpreted to reflect variable juvenile protoliths
of the gneiss (McCulloch et al., 1983).

Rb–Sr Dating, Figure 8 Rb–Sr isochron for two individual veins
from a gold deposit in China (Yang and Zhou, 2001). Both
isochrons indicate an identical age of deposition, yet display
variations in their initial Sr isotope composition, indicative of
distinct fluid sources. If combined, both veins would display an
errorchron relationship.
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Dating extraterrestrial material
The Rb–Sr technique was widely applied to meteorite and
lunar research, predominantly in the 1970s and 1980s,
with a wide number of applications (e.g., Papanastassiou
et al., 1970; Papanastassiou and Wasserburg, 1970;
Allègre et al., 1975; Birck et al., 1975; Minster and

Allègre, 1976; Birck and Allègre, 1978; Minster et al.,
1982; Nyquist et al., 1986; Shih et al., 1992; Misawa
et al., 1993). Even though extraterrestrial whole rock
samples and mineral species have limited spread in
87Rb/86Sr, their extreme age makes them suitable for dat-
ing with this technique. However, the use of Rb–Sr in

Rb–Sr Dating, Figure 9 Whole rock–mineral isochron (including a melt vein but excluding a leachate fraction) from lunar meteorite
LAP02205 (Data taken from Rankenburg et al. (2007)). The Rb–Sr isochron yields an almost ideal MSWD of 1.07 indicating isotope
equilibrium. (b) Comparison of the Rb–Sr age with other age data for the samemeteorite; the Rb–Sr age is themost precise and likely
indicates the time of formation of the rock. 40Ar/39Ar ages (Fernandes et al. (2009)), Sm–Nd age (Rankenburg et al. (2007)), U–Pb age
(Anand et al. (2006)).
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cosmo-chronology has become less popular in recent
years. The reason for this is the improvement in other dat-
ing methods and intense isotope tracing of reservoirs that
has led to a much more refined chronology of early solar
system events and the identification of multiple processes
and events. This renders most whole rock dating
approaches incorrect as they would lead to comparison
of mixed populations of rocks producing geologically
meaningless ages (Field and Raheim, 1979). First analyses
of a series of bulk meteorites yielded a good correlation
among different groups of meteorites. Whereas absolute
age determinations were hindered by the issue of decay
constant uncertainties, these authors used the data to cal-
culate an Rb decay constant of 1.402� 10�11 year�1

(Minster et al., 1982), a value that is close to the recently
refined value (Nebel et al., 2011; Rotenberg et al., 2012).
However, it is now clear that, while this approach yielded
important information at the time, replicate analyses using
modern Rb–Sr methods would most certainly reveal iso-
tope disequilibrium among these samples, as decades of
meteorite research has revealed substantial isotope hetero-
geneity among early solar system reservoirs (cf. Hans
et al., 2013).

A second serious problem for Rb–Sr dating of extrater-
restrial samples is that of terrestrial alteration in most
meteorites (if not reported as “falls”). Rb–Sr dating of
such material should be accompanied by other chronome-
ters, intense evaluation of trace element abundances that
allow identification of primary igneous processes or sec-
ondary alteration, and/or careful treatment of samples
(such as leaching). If these conditions are met, modern
Rb–Sr dating can provide very precise and accurate infor-
mation on the history of solar system material
(Rankenburg et al., 2007). In addition, if an isochron rela-
tionship can be established, the initial Sr isotope ratio of
this isochron can provide invaluable information on the
time-integrated evolution of the greater source domain,
such as the Moon (Papanastassiou and Wasserburg,
1970; Papanastassiou et al., 1970). In addition, despite
the difference in age and origin for manymeteorites, isoto-
pic closure also applies to metamorphic events in space,
and similar to terrestrial analogues, the Rb–Sr technique
is capable of obtaining ages for high-temperature collision
events, for example, on Mars (Nyquist et al., 1979), or
meteorites that have been subject to metamorphic
overprinting (e.g., Birck and Allègre, 1978).

A good example of modern Rb–Sr dating of extrater-
restrial material is the lunar meteorite La Paz Icefield
02205 (LAP02205). Rankenburg et al. (2007) analyzed
bulk rocks, pyroxene, and feldspar separates (and addi-
tional phases) and obtained a Rb–Sr age of
3010� 14 Ma (illustrated in Figure 9a). This age agrees
with, but is more precise than, the corresponding U–Pb
age of 2.93� 0.15 Ga (Anand et al., 2006) or the Sm–
Nd age of 2992� 85 Ma (Rankenburg et al., 2007) on
the same sample (Figure 9b). The latter system has also
been subject to disturbance in phosphates so that Rb–Sr
appears to be more robust with respect to the nonsilicates

that often occur in meteorites. Notably, 40Ar/39Ar results
of 2985� 16 Ma and 2874� 56 Ma (Fernandes
et al., 2009) on this meteorite appear to be somewhat
younger, which at least in the first instance may be related
to inaccuracies in the Ar decay constants (Begemann
et al., 2001). Irrespective of the cause of difference in
absolute ages using various chronometers, it seems appar-
ent that Rb–Sr can provide accurate and very precise age
information that cannot otherwise be determined.

Conclusion
The Rb–Sr dating technique is a widely used technique in
obtaining ages of igneous or metamorphic events and may
be applied to dating volcanic sequences, ore deposition, or
fluid-related events. In comparison with other dating tech-
niques, there are several disadvantages, for example, its
relatively low closure temperature and consequent suscep-
tibility to isotope disturbance. However, if applied in
a petrogenetic context or on samples that allow other
means of identifying (hydro-)thermal overprints, it is
a useful and reliable dating tool. In addition, it can also
be used to date low-temperature events or the prolonged
cooling history of igneous bodies or greater crustal ter-
ranes. The advent of modern analytical instrumentation
now enables determination of high-precision Rb–Sr ages
that are comparable in precision and accuracy with other
dating techniques. Limitations such as poorly constrained
thermal histories of samples and the necessity of species
(mineral or rock) with a considerable spread in Rb/Sr
ratios remain.
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Rb–Sr GEOCHRONOLOGY (IGNEOUS ROCKS)

Tod Waight
Department of Geosciences and Natural Resource
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Copenhagen, Copenhagen, Denmark

Synonyms
Mica chronology; Mica dating; Rb–Sr dating; Sr dating;
Sr geochronology

Definition
Application of the radioactive decay of 87Rb to 87Sr to
determining the age of crystallization of igneous rocks.

Introduction and background
Both rubidium (Rb) and strontium (Sr) are large ion lithophile
elements and over the course of Earth history have become
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