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Abstract

Time must be integrated with other geologic parameters such as pressure^temperature (P-T), composition or
structural^textural information in order to quantify the dynamics of geologic processes like mountain building,
faulting, metamorphism or magmatism. In the past, this connection was weak due to large sample sizes required in
geochronology; however, recent developments open up exciting new possibilities. Texturally controlled in situ dating
of minerals utilizing UV^laser ablation 40Ar/39Ar or Rb^Sr microsampling facilitates the crucial link between ages and
textures at high spatial resolution. In situ U^Pb ages of accessory minerals can now be linked to the corresponding P-
T evolution via their characteristic trace elemental signatures, indicative of mineral reactions in rocks. Garnet dating
by Sm^Nd, and more recently Lu^Hf, can greatly benefit from both laser ablation inductively coupled plasma mass
spectrometry (ICPMS) screening and improved leaching strategies, improving the link between time and P-T. Such
integrated approaches can yield the duration and rates of deformation in shear zones, the rates of burial and
exhumation of subducted rocks or the duration of entire metamorphic loops, to name a few. Potential for further
development is identified in diverse areas. Dating of carbonate minerals related to brittle faulting using U^Pb could
provide previously unavailable constraints on rates and duration of brittle deformation in the Earth’s upper crust. In
situ Rb^Sr dating applicable to micas could become available using either laser ablation dynamic reaction cell-ICPMS
or microbeam accelerator mass spectrometry. Other future developments and trends, and their limitations, are
discussed briefly.
? 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The ¢eld of linking geochronology to textures
and petrology has seen rapid and unprecedented

expansion during the last few years due to both
development of various microbeam techniques
and improvements in conventional techniques.
Notably, the introduction of laser ablation sys-
tems has enabled in situ chemical analyses of trace
elements and dating, particularly in the ¢eld of
40Ar/39Ar geochronology. This progress has re-
sulted in several integrated geochronological stud-
ies, yielding rates and durations of geological pro-
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cesses, rather than more conventional single time
snapshots. This paper aims to highlight those in-
novations and tries to identify research areas
where progress in the near future is likely to be
made, or is desirable.

Time is a fundamental parameter in geology.
The comparison between past and present as
well as the evolution with time are key features
of the Earth Sciences. Time, however, has to be
linked with other parameters such as temperature,
pressure, composition or structural^textural data
in order to fully understand and quantify geolog-
ical processes. Examples include dating of di¡er-
ent stages of a pressure^temperature (P-T) loop in

metamorphic terrains, the direct dating of ductile
and brittle fault zones to constrain strain rates
and duration of faulting, the dating of early dia-
genetic overgrowths in clastic sedimentary rocks,
or determining the duration of magmatic events
(Boxes 1, 2 and 3).

Establishing the link between ages, textures and
P-T information has proven di⁄cult in the past,
mainly due to di¡erent sample sizes required by
various techniques and the di¡erent scales at
which they operate. Major element compositional
data on the Wm scale have been available since the
early 1960s through electron microprobe analyses
(EMPA), resulting in, for example, the derivation

Box 1
De¢nitions of acronyms and general information about techniques used in geochronology
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of P-T histories of rocks. In contrast, routine
mineral dating until the mid-1990s usually re-
quired mg-sized mineral concentrates that could
only be obtained by crushing of rocks and subse-
quent puri¢cation, with the inevitable loss of tex-
tural information. This bulk approach can also
yield inaccurate ages by averaging mixtures of
di¡erent generations of minerals preserving di¡er-
ent ages, or by regressing minerals lacking iso-
topic equilibration. Conventional geochronologi-
cal data were often only related to the (inferred)
thermal evolution of the investigated area using
the closure temperature concept, resulting in tem-
perature^time paths, rather than integrating time
into the full context of geological parameters. No-
table early exceptions for the K^Ar and Rb^Sr

systems [1,2] demonstrated that the careful appli-
cation of standard techniques was capable of in-
tegrating geochronological results into a structur-
al context, or provided a technique for dating of
Wg-sized samples. However, such methods were
not widely applied until the mid-1990s.

In situ U^Pb dating of U-rich accessory phases
is possible using the sensitive high-resolution ion
microprobe (SHRIMP) developed at the Austra-
lian National University in the early 1980s [3],
with spatial resolution (9 30 Wm) approaching
that attainable by EMPA. While this instrument
had an enormous impact in Earth Sciences in gen-
eral, linking ion microprobe U^Pb ages to the P-T
evolution of metamorphic terrains initially was
hampered because the conditions of formation

Box 2
Overview of speci¢c methods for linking geochronology with textures and petrology

(?) indicates not yet available.
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of minerals such as zircon, allanite or monazite
can rarely be accurately determined (see below).
From the 1980s onwards, Sm^Nd dating of gar-
nets has provided another direct link between
time and P-T, as detailed P-T conditions can be
calculated for mineral reactions involving garnet.
Dating cores and rims of large single garnets con-
strain duration and rates of metamorphism [4,5]
(see below).

2. Present status of texturally controlled
geochronology techniques

Several geochronometers allow time to be
linked with other geologic parameters. They in-
clude the 40Ar/39Ar, Rb^Sr, Sm^Nd, Lu^Hf, and
U^Th^Pb dating techniques and their various
modi¢cations (see Boxes 1 and 2 for details).
These methods enable either the dating of fab-
ric-forming minerals, such as micas under full tex-
tural control (e.g. UV^laser ablation 40Ar/39Ar,
Rb^Sr microsampling), or the dated minerals
can be linked to a P-T evolution using geother-
mobarometers or trace elemental patterns indi-
cative of mineral growth (e.g. Sm^Nd, Lu^Hf,
U^Th^Pb). The best targets, however, include

minerals that unequivocally grew in response to
deformation or metamorphism at temperatures
below their respective isotopic closure, for exam-
ple syndeformationally grown ¢bres between
stretched porphyroclasts in mylonites ([6,7] ; Fig.
1). Detailed imaging prior to (in situ) dating by
optical microscopy, backscattered-electron sec-
ondary-electron-microscopy (BSE-SEM), or ori-
entation contrast is of prime importance to reveal
phase relationships, homogeneity of minerals, the
presence of multiple generations etc.

2.1. 40Ar/39Ar method

40Ar/39Ar is a variant of K^Ar dating and is
based on the decay of 40K to 40Ar (half-life :
1.25 Ga). Potassium is a major element in micas
or K^feldspars, whereas Ar is usually a rare and
highly incompatible trace element. This makes K^
Ar a very sensitive chronometer covering the en-
tire geological time scale (103^109 a). Convention-
al K^Ar requires separate analyses of K and Ar
on di¡erent instruments and sample aliquots,
which, in practical terms, makes it cumbersome
and prone to sample inhomogeneities. Neutron
activation of K-bearing samples, however, produ-
ces 39Ar from 39K and overcomes the limitations

Box 3
Terminology related to structures, textures and petrology
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of K^Ar, by enabling the measurement of both
parent and daughter elements in one single Ar
isotopic analysis. The resulting 40Ar/39Ar method
is simpler and more powerful than conventional
K^Ar (for a review see [8]). Argon for 40Ar/39Ar
analysis can be released from minerals in several

ways, with stepwise heating in a furnace and laser
extraction being the most common.

The obvious advantage in extracting Ar with a
laser is the ability to perform in situ analyses.
Although laser-based Ar extraction has been ap-
plied to extraterrestrial samples since the early
1970s and to terrestrial rocks since the early
1980s (for a review see [9]), only the advent of
ultraviolet (UV)^laser ablation facilitated analyses
with the required high spatial resolution, thus
making 40Ar/39Ar dating a microprobe technique.
Minerals absorb laser energy better at shorter
wavelengths [10], facilitating the UV^laser abla-
tion of transparent minerals such as white mica,
feldspars or quartz, which are otherwise poor ab-
sorbers of higher wavelength lasers. UV^laser
ablation has a spatial resolution of 9 10 Wm
and a depth resolution of V1 Wm [10].

Key applications of UV^laser ablation 40Ar/
39Ar dating include dating of deformation [11],
the study of intragrain argon transport processes
in minerals [12,13], dating of impact-related pseu-
dotachylytes [14], dating of di¡erent stages of one
P-T loop [15], dating of K^feldspar cements [16],
establishing the speed of kimberlite ascent [17],
studying magma £ow regimes in sills from Ar
systematics in host rock micas [18], dating of min-
eral inclusions in porphyroblasts [19] amongst
others.

During stepwise heating 40Ar/39Ar analysis, Ar
is sequentially released from the sample by in-
creasing the temperature of a vacuum furnace
and analysing the Ar isotopic composition of
each step. Stepwise gas release can also be
achieved with a defocused laser beam. In the be-
ginning of 40Ar/39Ar work, stepwise Ar release
was considered to primarily reveal information
about the spatial distribution of Ar within a min-
eral [8]. However, more recent work has demon-
strated that especially hydrous phases (micas, am-
phiboles) are unstable during in vacuo heating
and yield only limited, if any, information about
the intragrain Ar distribution [20^22]. On the oth-
er hand, compositionally heterogeneous minerals
or multiphase samples have been shown to release
Ar over characteristic stages during a step-heating
experiment [23,24]. Using the direct compositional
information from 37Ar, 38Ar and 39Ar produced

Fig. 1. Examples of strictly syndeformationally grown miner-
als in shear zones. (a) Quartz^calcite^chlorite ¢bres (qtz^cc^
chl) grown antitaxially in the strain shadow of a large pyrite
in response to deformation (mylonitized slate, Lourdes, N.
Pyrenees [82]). These ¢bres record two distinct stages of de-
formation related to the northward thrusting of the external
Pyrenees. Rb^Sr microsampling dating of four successive in-
crements of ¢bre growth constrains both duration and rates
of faulting; chlorite+quartz have elevated Rb/Sr ratios,
whereas cogenetic calcite constrains the initial Sr isotopic
composition [7]. (b) Calcite^quartz^chlorite ¢bres (cc^qtz^
chl) grown between stretched K^feldspar (k^fsp) porphyro-
clasts in a greenschist facies basement mylonite (W DAV
fault, Eastern Alps [39]). This is a key example illustrating
the importance of texturally controlled microsampling dat-
ing: for the most reliable dating of deformation, newly
grown ¢bres such as the ones between stretched K^feldspar
porphyroclasts are to be used rather than coarse (cwm) or
¢ne-grained (fwm) white mica in the matrix of the mylonite.
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by neutron reactions from Ca, Cl and K, respec-
tively, individual steps can be related to certain
minerals present in chemically non-uniform sam-
ples [23^25]. Crucial for this successful link is
EMPA data that can be compared with Ca/K
and Cl/K ratios calculated from 40Ar/39Ar analy-
ses. The theoretical spatial resolution of di¡eren-
tial Ar release by step heating is controlled by the
reactor-induced recoil redistribution of Ar iso-
topes, i.e. 6V0.5 Wm [26]. Using this indirect
method for linking time, composition and tex-
tures, zoned amphiboles or pseudotachylytes, for
example, can be reliably dated [23,24]. This con-
trasts in situ laser ablation 40Ar/39Ar analysis,
which in the presence of inhomogeneities on the
V10 Wm scale may yield inaccurate ages due to
mixing of unrelated components, such as very
¢ne-grained inherited clasts present in a pseudo-
tachylyte matrix [24].

Dating of clays is crucial for the geochronology
of brittle faults (fault gouges) or sediments. Fine-
grained minerals such as clays (6 2 Wm) pose dif-
¢culties for 40Ar/39Ar dating, due to the recoil-
induced redistribution and subsequent loss of re-
actor-produced 39Ar and 37Ar [26]. Vacuum en-
capsulation allows monitoring of 39Ar loss from
thin clay minerals and enables 40Ar/39Ar dating of
Wg-sized clay samples [27,28]. In addition to the
dating di⁄culty, clay samples consist of mixtures
between di¡erently aged authigenic and detrital
components, which have to be resolved in order
to arrive at accurate ages. Two techniques have
recently been proposed to overcome the problem.
Ages of both clay ‘endmember’ components can
be determined due to di¡erences in thermally ac-
tivated Ar release between authigenic and detrital
clay minerals, as revealed by laser-stepped heating
[27]. Dating combined with detailed XRD analy-
sis of several grain size fractions of clays in fault
gouges allows for the extrapolation of ages of clay
mixtures to both pure authigenic and pure detrital
‘endmember’ ages [29]. Whether these techniques
are applicable if more than two generations of
clay minerals are present, remains to be tested,
but they o¡er exciting possibilities for the di⁄cult
dating of fault gouges and our understanding of
brittle faults. In situ 40Ar/39Ar dating of clays was
proposed by [30] applying their retention age con-

cept [31], but the capability of this technique to
separate di¡erently aged components within a
clay sample has yet to be explored.

Excess 40Ar (see [32] for a review), a known
complicating factor for 40Ar/39Ar dating of high-
pressure rocks [33] or deformation [24,34], is
sometimes di⁄cult to detect unless multi-chrono-
metric approaches are utilized [35]. UV^laser
ablation 40Ar/39Ar pro¢ling of individual minerals
allows the detection of intragrain 40Ar gradients,
and hence may reveal excess 40Ar contamination
[12]. Combined Rb^Sr microsampling and UV^
laser ablation 40Ar/39Ar dating of minerals grown
in a strain fringe around pyrite from the Eastern
Alps (Fig. 2) [36] have revealed excess 40Ar (Mu«l-
ler and Wartho, unpublished data). This locality
appears to record deformation-induced ¢bre
growth at V32^40 Ma according to Rb^Sr mi-
crosampling ages. However, UV^laser ablation
40Ar/39Ar analyses have yielded high and variable
amounts of 40Ar but virtually no 36Ar, with ap-
parent ages of white mica ranging between 97 and
370 Ma. This demonstrates again the need for
caution when interpreting apparent 40Ar/39Ar
ages in deformed rocks.

Fig. 2. Strain fringes around pyrite in a deformed slate, con-
taining rare, large, newly grown white mica (wm) together
with quartz (qtz) and calcite (not shown) (Eastern Alps [36]).
Preliminary, combined Rb^Sr microsampling and UV^laser
ablation 40Ar/39Ar dating revealed large amounts of excess
40Ar, a common situation in deformed rocks, making reliable
40Ar/39Ar dating of mylonites di⁄cult.
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2.2. Rb^Sr microsampling dating

The decay of 87Rb to 87Sr (half-life : 48.8 Ga)
can be utilized for dating of Rb-bearing minerals
such as micas, as Rb geochemically resembles K.
This geochronometer was initially investigated by
[37] and continuously improved both with respect
to precision and sample size (e.g. [2,38,39]). Mod-
ern multi-collector thermal ionization mass spec-
trometers (TIMS), combined with careful ¢lament
loading techniques [40], are characterized by Sr
ionization e⁄ciencies up to 5% and facilitate pre-
cise analyses of 9 1039 g Sr [39]. Samples can be
as small as a few Wg, due to high concentrations
of Rb and Sr in certain minerals (often v 50 ppm
in micas) and substantial parent^daughter elemen-
tal fractionation. Because of these technical im-
provements, minerals to be dated can be cut out
of V50 Wm thick rock sections under full textural
control using a microdrill mounted onto a micro-
scope (Fig. 3) [39]. After documentation by opti-
cal or SEM imaging, microsampling, dissolution
and ion-exchange chemistry, ng-sized Sr samples
are analysed by TIMS, which requires Sr blank

levels in the lower pg range [39]. Rb^Sr micro-
sampling dating enables linking ages with the tex-
tural or P-T evolution of a sample, similar to in
situ 40Ar/39Ar dating, but it also has some advan-
tages. Rb^Sr microsampling dating is not a¡ected
by excess argon, makes the analysis of low-K
minerals such as chlorite possible, and many min-
erals are characterized by higher closure temper-
atures for Rb^Sr when compared to K^Ar.

This time-consuming technique is necessary be-
cause the isobaric interference at mass 87 (L3 de-
cay of 87Rb to 87Sr) requires complete separation
of Rb and Sr before mass spectrometry. Even at
highest mass resolution (10 000), current mass
spectrometers are unable to separate 87Rb and
87Sr. This has so far prevented the implementa-
tion of an in situ Rb^Sr dating technique for min-
erals with high Rb/Sr ratios, such as micas in
di¡erentiated granites or pegmatites (and their de-
formed counterparts) with typical Rb/Sr ratios of
s 100. For a successful in situ Rb^Sr dating tech-
nique, Rb and Sr thus have to be chemically sep-
arated on-line, or Sr has to be analysed as molec-
ular species, which does not form Rb ions [41,42]
(see Section 3). Strontium isotope ratios can also
be analysed by in situ laser ablation multi-collec-
tor inductively coupled plasma mass spectrometry
(MC-ICPMS) [43]. However, this is of limited use
for dating purposes, as only samples with low Rb/
Sr ratios (6 0.2) and high Sr concentrations, such
as carbonates or feldspars, can be analysed
[43,44]. This technique therefore is more impor-
tant in Sr isotope geochemistry. When compared
to MC-ICPMS, TIMS is still the more sensitive
analytical technique for small samples (9 few ng
Sr).

A key example of texturally controlled Rb^Sr
microsampling is the dating of syndeformationally
grown ¢bres (strain fringes, Fig. 1a) from a shear
zone in the Pyrenees, with the aim of constraining
both strain rates and the duration of shear zone
activity [7]. This study yielded a long duration of
shear zone activity of V37 Myr (87^50 Ma), with
a low average strain rate of 1.1U10315 s31. Dur-
ing a V4 Myr interval (66^62 Ma), the strain rate
increased to 7.7U10315 s31, which coincided with
the change in ¢bre growth direction and the reor-
ientation of the stress ¢eld to renewed horizontal

diamond

tippolished

thick section

petro-

graphic

micro-

scope

Fig. 3. Microdrill used for sample preparation for Rb^Sr mi-
crosampling [39]. The drill is mounted onto the lens of a
conventional petrographic microscope and any desired shape
of sample can be cut out of a rock thick section by moving
the microscope stage relative to the rotating, tapered dia-
mond tip. Heating and liquefying the glue helps extracting
samples. A 400 Wm square of white mica (Sr concentration
of 50 ppm) excised from a 50 Wm thick section contains V1
ng Sr. Even smaller samples can be cut out of thicker sec-
tions; the limitation being the ability to observe through
E50 Wm thick sections and the width of cuts (V50^100
Wm) made by tapered diamond drills.
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compression. Another example of Rb^Sr micro-
sampling dating [45] illustrates the di⁄culties of
establishing an accurate chronology in polymeta-
morphic basement gneisses from the Western
Alps, where previous conventional Rb^Sr dating
of mineral concentrates [46] had failed to yield a
reliable age of metamorphism due to isotopic dis-
equilibria. Di¡erent generations of coarse- and
¢ne-grained white micas from both strongly and
weakly foliated domains have been dated by Rb^
Sr microsampling. There is evidence for isotopic
disequilibrium among individual coarse white mi-
cas and feldspar even on the thin section scale,
whereas ¢ne-grained white micas and adjacent
feldspar mosaic are in equilibrium and record
Tertiary ages, exemplifying the necessity of textur-
ally controlled dating.

2.3. Sm^Nd, Lu^Hf dating

The rare earth element (REE) isotopes 147Sm
and 176Lu decay to 143Nd and 176Hf, respectively,
with half-lives of 106 and 37.2 Ga [47,48]. Garnet
is the main target of REE-based Sm^Nd and Lu^
Hf dating, as its lattice preferentially incorporates
heavy REE (HREE) and, therefore, shows ele-
vated Sm/Nd and Lu/Hf ratios. Garnet as a major
constituent of metamorphic and some magmatic
rocks is also widely used in geothermobarometry,
thus providing a direct link between P-T and
time. Garnet has a high closure temperature in
both the Sm^Nd and Lu^Hf systems (s 650‡C;
e.g. [49,50]). However, low concentrations of
REEs and Hf, the associated susceptibility of gar-
net to the presence of REE/Hf-rich inclusions (e.g.
allanite, monazite, zircon) and the limited frac-
tionation of mother and daughter elements,
make Sm^Nd and Lu^Hf garnet dating analyti-
cally challenging. The recent advent of MC-
ICPMS has facilitated the precise analysis of ng-
sized quantities of Lu and Hf, opening up an
avenue for Lu^Hf dating of garnet [49,51]. In or-
der to evaluate the e¡ect of mineral inclusions on
TIMS Sm^Nd ages obtained on mg-sized garnet
separates, TIMS Sm^Nd data have been com-
pared with corresponding in situ Sm^Nd abun-
dances determined by laser ablation [52]. These
authors con¢rm that Sm/Nd ratios are generally

negatively correlated with Nd concentration.
However, they also report garnets with s 5 ppm
Nd and elevated Sm/Nd ratios (9 1.8), where the
REEs are shown to reside in the garnet lattice and
not in inclusions.

Direct constraints on the rates and duration of
metamorphic processes have been derived from
Sm^Nd and Rb^Sr dating of rims and cores of
large garnets (e.g. [4,5,53]). Such studies yielded
growth intervals of 3 and 32 Ma, growth rates
between 0.2 and 2 mm Ma31, shear strain rates
derived from garnet rotation of 2^3U10314 s31,
as well as burial and heating rates. Some early
applications of Sm^Nd garnet dating reported
concordant U^Pb and/or Rb^Sr ages, which,
however, need to be interpreted with care given
the documented presence of both equilibrated and
unequilibrated U- or Sr-bearing inclusions in gar-
net [54,55].

Sm^Nd, and increasingly, Lu^Hf analyses are
used for dating of eclogites, which trace important
subduction-related stages of the evolution of oro-
gens and constrain the timing of continental col-
lision. Eclogites derived from coarse-grained gab-
broic precursors in particular, however, are often
plagued by isotopic disequilibria between miner-
als, notably garnet and clinopyroxene, which
makes reliable dating di⁄cult [56,57]. Oxygen iso-
topes can help to elucidate whether the eclogite
minerals used for dating are in isotopic equilibri-
um [58]. Lu^Hf dating of garnet is still in its in-
fancy, but it is obvious that one of the limiting
factors for its widespread application in crustal
rocks will be the ubiquitous presence of (unequi-
librated) zircon, both as inclusions in garnet and
in the matrix, with Hf concentrations up to sev-
eral % [49] (see Section 3).

2.4. U^Th^Pb dating

The decay of uranium (238U, 235U) and thorium
(232Th) to stable lead (206Pb, 207Pb, 208Pb) is the
basis for the most precise and versatile chronom-
eters. Due to the high closure temperatures of U-
rich accessory minerals such as zircon, monazite,
xenotime, allanite or titanite, U^Th^Pb is mainly
applied to the dating of magmatic rocks, high
temperature stages of metamorphic rocks or old
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detrital components in sedimentary rocks. Zircon
especially may show growth zones recording mul-
tiple magmatic/metamorphic stages, the unravel-
ing of which demands in situ dating using ion
probes, such as SHRIMP [3].

Relating U^Th^Pb ages of accessory minerals
to the P-T conditions in metamorphic rocks is
di⁄cult. In situ dating of monazite inclusions in
large garnets, for example, [59,60] links monazite
ages to the garnet P-T history, provided the two
have formed in equilibrium at the same time. The
Y-content of metamorphic monazite provides an-
other link to mineral (garnet) growth in a rock
and hence P-T conditions [60]. Ion microprobe
Th^Pb depth pro¢ling of individual monazites is
capable of resolving age di¡erences at the 0.05 Wm
scale, as a result of much better depth resolution

when compared to spot size (V20 Wm [61]). From
coexisting and equilibrated monazite^xenotime
pairs, both precise U^Th^Pb ages and tempera-
tures can be derived due to the temperature-de-
pendent exchange of REEs and Y between these
minerals [62^64]. However, both monazite and
xenotime appear to be sensitive to secondary al-
teration, such as low-temperature £uid interaction
[65].

In order to extract time information about mul-
tiple tectonic events, mainly zircons have been in
situ dated by ion microprobe (SHRIMP). Distinct
domains (magmatic and/or metamorphic) present
in single zircons that correspond to di¡erent tec-
tonic events can be identi¢ed using cathodolumi-
nescence or SEM imaging [66]. Following this ap-
proach, domains in zircons from early deformed
veins, eclogites and crosscutting pegmatites, all
interpreted to represent one subduction-related
P-T cycle, have been dated [67]. The resulting
rates of burial and exhumation approximated
plate tectonic speeds. Similar conclusions have
been drawn from SHRIMP U^Pb dating of di¡er-
ent generations of titanite, a major constituent of
many rocks, for which detailed P-T conditions
had been established [68]. Mineral inclusions in
zircon also provide invaluable clues for the cali-
bration of a P-T-t path [69]. SHRIMP U^Pb dat-
ing combined with trace elemental data such as
REE patterns from laser ablation ICPMS analy-
ses allow zircon domain formation to be linked to
mineral reactions taking place in the rock, and
therefore relates zircon growth to the main para-
genesis and P-T-t evolution of a rock [70,71].

In situ U^Pb dating using laser ablation
ICPMS o¡ers an alternative to ion microprobe-
based U^Pb dating of accessory minerals [72,73].
LA-ICPMS U^Pb dating does not require an ex-
ternal calibration because of simultaneous nebu-
lization of standard solutions to assess elemental
and isotopic fractionations. When compared to
ion microprobes, LA-ICPMS dating consumes
more sample and su¡ers from elevated Hg back-
grounds interfering at 204Pb, but is more readily
available and cheaper (see [74] for a more exten-
sive discussion).

Conventional TIMS U^Th^Pb dating of single
grains of accessory minerals (and fragments there-

Fig. 4. Examples of tectonic carbonates. (a) Stretched belem-
nite in Liassic slates with intervening calcite^quartz (cc^qtz)
¢bres grown in response to deformation (Leytron, Helvetics,
Central Alps [81]). (b) Calcite (cc) slicken¢bres grown on
slickensides in response to dextral brittle faulting of lime-
stones, which are very common in brittly faulted limestone
terrains (Gosau, Eastern Alps [86]). If datable by U^Pb, as
preliminarily indicated by their elevated U^Pb ratios, such ¢-
bres would provide previously unavailable constraints on
ages, duration and rates of brittle faulting.
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of) achieves superior precision when compared to
in situ dating by ion microprobes [75]. Compara-
tive U^Pb and Th^Pb dating, especially of high
Th/U minerals (allanite, monazite), can reveal the
presence of initial disequilibrium signatures within
the U^Pb decay chains, constraining of whether
ages represent growth or cooling/resetting epi-
sodes (for a review, see [76]). Another technique
for relating U^Th^Pb ages to structural/textural
data is dating of variably deformed intrusions in
relationship to fault zones or regional deforma-
tion events [77].

U^Pb dating of carbonates could provide an-
other possibility for linking low-temperature
structures and geochronology (Fig. 4). Calcite,
aragonite and secondary carbonate cements often
show elevated U/Pb ratios (e.g. [78,79]). U4þ has
been shown to replace Ca2þ in the calcite lattice,
con¢rming that U is not just concentrated in in-
clusions [80]. Carbonate veins or ¢bres are ubiq-
uitous tectonic features in many deformed rocks
used to reconstruct the strain history of an area
[81] ; however, no attempt has been made to di-
rectly date such structures (see Section 3).

3. Discussion and outlook

Establishing a reliable connection between geo-
chronological ages and other geologic parameters
(temperature, pressure, composition or structural^
textural data) is di⁄cult, yet increasingly possible
using the recent methodological developments de-
tailed above. Strengthening this integrated ap-
proach is essential for a further in-depth under-
standing of the dynamics of lithospheric
processes, and will advance our insight into pro-
cesses as diverse as mountain building, faulting,
exhumation, or magmatism, to name a few. The
ability to constrain the duration and calculate
rates of geologic processes is arguably the most
important outcome of this successful integration
of di¡erent approaches, for example applied to
the study of metamorphism [67,68] and fault
zones [7].

Besides problems with geochronological tech-
niques, there are inherent uncertainties with mi-
crostructural interpretations. For example, tecton-

ic foliations are often reactivated during multiple
deformation events, which is why ‘foliation ages’,
e.g. conventional ages of fabric-forming micas,
may not accurately yield the true age of fabric
formation. A good example is given by ¢brous
strain fringes from the N. Pyrenees [7,82] (Fig.
1a). In these samples, the main foliation (referred
to as S1) was reactivated during subsequent,
strain fringe-forming deformations (D2 and D3).
Dating those ¢bres reliably establishes both the
duration of ¢bre growth (D2, D3) and the tran-
sition between the two, but only yields a mini-
mum age for the formation of the main foliation
(D1). Apart from microstructures, progress in the
derivation of P-T conditions in rocks, as for ex-
ample provided by the use of ‘pseudosections’
[83], and an improved understanding of intra-
grain transport processes of geochronologically
important elements will help strengthening the
connection between time and other geological var-
iables. A more detailed discussion, however, is
beyond the scope of this overview.

The following technical or conceptual develop-
ments are either currently underway or are desired
in order to improve our understanding of the
timescale of geologic processes. Progress is likely
to happen in, but not restricted to:

b Rb^Sr dating: a direct ‘on-line’ elimination of
the isobaric interference problem at mass 87 (87Rb
and 87Sr) with the aim of in situ Rb^Sr dating of
minerals with high Rb/Sr ratios (e.g. micas) would
provide a breakthrough. Two ways of achieving
this objective appear to be possible.

(a) Use of a dynamic reaction cell (DRC) in
conjunction with a quadrupole-ICPMS, by which
SrFþ ions, but no RbFþ ions are produced via
reaction with CH3F [42]. SrFþ rather than Srþ

is analysed, thus eliminating the Rb^Sr interfer-
ence. Resultant 87Sr/86Sr ratios yield precisions at
the sub-x level, and Rb/Sr ratios can be deter-
mined, too. It remains to be tested whether this
technique is applicable to in situ laser ablation
analysis. The dependence of mass bias and par-
ent/daughter ratios on matrix composition must
also be assessed.

(b) Use of microbeam AMS (accelerator mass
spectrometer) with a primary Csþ beam (spatial
resolution 9 30 Wm), which produces negative
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secondary ions. The selection of appropriate mo-
lecular species, such as SrH3 instead of Sr3, elim-
inates the isobaric interference at mass 87, be-
cause RbH3 ions are not formed ([41]).
Microbeam AMS has been shown to achieve
sub-x precision for Pb isotopes [84], and is cur-
rently explored for in situ Re^Os dating of min-
erals with elevated Re/Os ratios, such as molyb-
denite. The obvious drawback of microbeam
AMS is the greater cost of the system, and it is
less readily available when compared to DRC-
ICPMS. With respect to applications of in situ
Rb^Sr dating, in particular white mica with its
fairly high closure temperature (vV550‡C
[38,85]) allows the derivation of growth ages
rather than cooling ages for mica-forming reac-
tions and deformation up to high greenschist fa-
cies metamorphic conditions.

b U^Pb dating of tectonic carbonates such as
those occurring in veins or as newly grown ¢bres
on brittle faults (slickensides [81], Fig. 4b) could
provide essential, presently unavailable con-
straints on ages, rates and duration of low-tem-
perature, semi-brittle deformational events. Pre-
liminary trace elemental data for a V5 mm
thick, V10 mm long calcite slicken¢bre related
to Miocene faulting in the Eastern Alps [86]
(Fig. 4b) have been obtained using laser ablation
ICPMS (for technical aspects of the LA-ICPMS
system used, see [87]). U and Pb concentrations
range between 25 and 200 ppb and 34 and 36 ppb,
respectively; and corresponding 238U/204Pb (W) ra-
tios vary between 50 and 390 and compare well
with U^Pb data from sedimentary or ore-stage
calcites (e.g. [79,88]). However, it remains to be
tested whether the U^Pb system of tectonic car-
bonates is resistant to secondary alteration, for
example induced by later faulting or £uid £ow.

b Evaluation of the possible preservation of
isotopic (i.e. age) inheritance in compositional^
structural relicts : Metamorphic rocks often con-
tain relicts formed at di¡erent stages of one or
more P-T-t path(s), which can be detected by
EMPA or SEM imaging. Examples include phen-
gite cores in white mica [89], compositionally
complex amphiboles [23] or zoned garnets [90].
The preservation of petrographic relicts especially
at low to intermediate metamorphic grades

strongly suggests isotopic inheritance, since the
rate-determining process for re-equilibration of
trace elements important in geochronology (e.g.,
Sr, Ar) is controlled by the transport of major
cations [85]. In situ 40Ar/39Ar dating of composi-
tionally zoned white mica has indeed observed a
correlation of older ages with structural^composi-
tional relicts in gneisses hosting eclogites [15]. The
authors suggest that these micas record 40Ar/39Ar
ages at temperatures v 550‡C, similar to conclu-
sions drawn by [91]. More work is required to
assess the equilibration of isotopic systems in
compositional relicts of polymetamorphic rocks,
and it could also be extended to the Rb^Sr system
of white mica, either by conventional microsam-
pling [39] or true in situ Rb^Sr dating, as outlined
above.

b New ways for improved Sm^Nd and Lu^Hf
dating of garnet: screening of garnet prior to min-
eral separation using LA-ICPMS will yield direct
information on Sm^Nd and Lu^Hf ratios, their
respective concentrations and the presence of in-
clusions. Routine leaching of crushed garnet sep-
arates with ‘new’ leaching agents such as sulphu-
ric acid will enhance both precision and accuracy
of Sm^Nd and Lu^Hf dating [92,93]. An assess-
ment of a dissolution strategy for Lu^Hf dating of
garnet without attacking Hf-bearing zircon inclu-
sions is desirable (cf. [55]), e.g. with concomitant
monitoring of Zr release.

b Improving the technique of combined in situ
U^Th^Pb dating and LA-ICPMS (REE) or
EMPA (Y) trace elemental analysis of accessory
minerals. This will place better constraints on the
formation of dated minerals in the context of
mineral reactions, and hence P-T conditions in
rocks [60,71].
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