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Abstract Displacement of the daughter isotope by a-
recoil results in an open system on the nanoscale. For a
heterogeneous distribution of U and Th, this redistri-
bution of intermediate and stable daughter isotopes re-
sults in subvolumes with a deficit of Pb and others with
an excess of Pb. Whether such heterogeneities affect the
analyzed U–Pb system depends on: (1) the volume of the
analyzed sample, (2) the degree and scale of heteroge-
neity in the U and Th distribution, and (3) the analytical
procedure. Spatial separation of parent and daughter
through a-recoil affects the U–Pb systematics of leached
samples, where leaching gives access to domains less
than 1 lm wide. Anomalous data patterns originating
from recoil induced parent-to-daughter fractionation are
more important if there are strong heterogeneities in the
U and Th distribution, whereby Pb excess appears more
pronounced than Pb deficit. Fractionation of parent
and daughter elements through selective dissolution of
U-REE-rich growth zones in zircon and U-inclusions in
columbite, as well as the presence of U–Th-rich micro-
inclusions in silicates dated using a step-leaching scheme,
may result in anomalous 207Pbrad/

206Pbrad, scattered
206Pbrad/

238U and 207Pbrad/
235U, and reverse discor-

dance. The accumulated structural damage controls the
leaching and dissolution behavior, but may also influ-
ence the non-stoichiometric element mobilization during
sputtering or ablation in the analysis of U-rich samples
by SHRIMP and LA-MC-ICP-MS.

Introduction

Basic requirements for U–Pb dating of minerals include:
(1) the decay of 238U and 235U (and their intermediate

daughter isotopes) is statistical and the rates of decay are
constant; (2) the initial condition of the system is known,
can be determined independently, or can be estimated
sufficiently well; and (3) the analyzed material is repre-
sentative for the sample. The statistical nature of the
decay is obtained by considering a large number of de-
cays, whereas the representative nature of the investi-
gated material originally was thought to be secured by
using a large number of crystals. Although the combi-
nation of the 235U-207Pb and 238U-206Pb decay schemes
in the concordia diagram provides for the possibility of
recognizing disturbances such as inheritance or loss of
U and Pb, the superposition of several of these processes
may introduce ambiguities into the interpretation of the
geochronological significance of the data. Hence,
undisturbed, single-stage crystals yielding concordant
data are the most suited ones for most dating purposes.
Undisturbed, single-stage crystals, however, often en-
ough are not the only kind of crystal present in large
(multi-grain) samples. Therefore, methods have evolved
over the last decades towards higher selectivity in the
choice of the dated mineral, more advanced sample
preparation (magnetic separation, air-abrasion, leach-
ing, step-wise dissolution), lower laboratory blanks
(permitting smaller samples to be analyzed), and new
instruments (SHRIMP, LA-MC-ICP-MS) with the goal
to analyze smaller, yet better characterized samples (e.g.,
Krogh 1973, 1982a, 1982b; Compston et al. 1984; Par-
rish 1987; Steiger et al. 1993; Mattinson 1994; Sergeev
et al. 1995, 1997; White et al. 2001). Reduction of sample
size to individual crystals or parts of crystals raises the
question to which extent the investigated crystals are
representative for the studied process and to which
extent the age determination on micro-samples is
influenced by processes that operate on the nanoscale.

Description of the problem

The decay of 238U and 235U to 206Pb and 207Pb, respec-
tively, involves a series of a decays. The preservation of
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impulse requires that radioactive decay resulting in the
emission of particles induces a recoil on the nucleus. The
recoil distance depends on the mass and the energy of the
emitted particle (e.g., Ziegler et al. 1985). Alpha-decays
in the 238U and 235U decay series yield recoil distances in
zircon ranging from 208 to 329 Å (e.g., compilation in
Nasdala et al. 2001). These distances are several times
larger than the distance to the nearest neighbors and
corresponds for zircon in a displacement of about 30–50
unit cells. Thus, the daughter nucleus formed by a-decay
will be at a different location than the one originally
occupied by the parent nucleus. For the 238U and 235U
decay series, a-recoil can amount to a maximum dis-
placement of 2,040 and 1,900 Å (i.e., each incremental
displacement is aligned) for 238U (eight a-decays) and
235U (seven a-decays), respectively. Because of the ran-
dom nature of the direction of recoil, most 206Pb and
207Pb daughter nuclei, however, will be displaced a much
smaller effective distance from the site of their U-parents.

To understand how a-recoil affects the parent-to-
daughter system (P/D) of a mineral, consider the fol-
lowing two schematic scenarios: A mineral has a
homogeneous P distribution and another mineral has a
highly heterogeneous P distribution (Fig. 1). D is dis-
placed by a-recoil by a distance much smaller than the
diameter of the mineral sample and is not redistributed
by secondary processes (cf. also ‘‘internal reverse dis-
cordance’’ vs. ‘‘external reverse discordance’’ in Matt-
inson et al. 1996). Thus, in a homogeneous sample (i.e.,
identical P contents in each subvolume) the amount of D
lost from a subvolume is identical to the amount of D
gained. Despite the displacement of D and the obvious
open-system character of the example, the P/D system
displays perfect closed-system behavior on the scale of
the selected subvolume. There is no excess or deficit of

D, but for the crystal margins where loss to or gain from
the surrounding may have occurred. For a heteroge-
neous volume, such as a crystal with oscillatory zoning
or with inclusions, the contacts between the two chem-
ically different materials may be characterized by a
deficit or excess of D in a zone approximately as wide as
the recoil displacement. Those segments with higher
contents of P eventually lose more D than they receive
from adjacent volumes, whereas the adjacent areas of
low P contents develop a D excess. The magnitude of the
developing deficit and excess in D depends on the con-
trast in P content between the two segments. The larger
the contrast, the larger is the anomaly. This relation is
shown schematically in Fig. 1.

In systems used for geochronology, variations in D/P
(Fig. 1) correspond to variations in age (for D0=0). For
large sampling volumes that encompass the entire
inclusion and its halo of a-recoil induced redistribution
of D, the observed D/P is identical to the one of the
homogeneous host-crystal of identical age, as long as the
inclusion and host are coeval. Reducing the sample
volume may result in situations where only the homog-
enous crystal or the inclusion is sampled. As long as the
sampled volume is far from the interface between host
and inclusion, D/P is identical for all subvolumes. Near
the interface, however, samples from the P-rich inclusion
yield slightly too low D/P, whereas samples from the
P-poor host yield distinctly too high D/P (Fig. 1).

Recoil and the requirement of a closed system at a
first look seem mutually incompatible as recoil of the
daughter nucleus by definition implies an open system
on the nanoscale. On a larger scale, however, a-recoil
results in a redistribution of daughter isotopes within the
sampled volume. The U–Pb systematics represent a
closed system as long as the sampled volume is large in
comparison to the displacement by recoil and did not
experience a loss or gain of mobilized daughter isotopes
through secondary processes. The questions addressed
in this paper are (1) whether there are analytical ap-
proaches that probe volumes sufficiently small to be
affected by recoil-induced isotopic and concentration
effects and (2) how such effects may appear and even-
tually be recognized.

Recoil distance versus sample size:
a comparison of scale

Displacement of D by a-recoil is in the range of a few
hundred Ångström and does not reach beyond 0.2 lm
even for the most unlikely geometric combinations of
recoils in the decay series of 238U, 235U, and 232Th. This
is much smaller than the size of typically dated crystals.
Air-abrasion (Krogh 1982b) removes the outermost
parts of zircon that may have experienced Pb-loss to the
surrounding of the crystal and may also remove
mechanically less resistant, metamict domains. Thus, as
long as loss of the daughter isotope through the crystal
surface can be eliminated, a-recoil has little or no effect

Fig. 1 Parent (P) and daughter (D) isotope distribution in a
heterogeneous mineral. a and b represent two hypothetical profile
lines along which the D/P ratio is determined. For a profile across
an area with homogeneous parent distribution (a), D/P is constant
despite the random redistribution of the daughter. In the border
zone between two areas of contrasting P content (b), variations
occur in D/P. There is a deficit of D in the area of high P and there
is an excess of D in the area of low P. Note that the excess of D may
represent a much larger portion of a subsample than the D deficit
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on the U–Pb systematics of bulk samples of single
crystals or population of crystals. The use of an ion-
microprobe (SHRIMP, Cameca) or laser-ablation
(LA-MC-ICP-MS) to introduce material into the mass
spectrometer typically samples spots of 25–35 lm in
diameter and pits of 50·50 lm, respectively. Sputtered
and ablated areas typically are 5–10 lm deep. These
sample volumes are large in comparison to the dis-
placement of the daughter isotopes by a-recoil. There-
fore, anomalous features (e.g., reverse discordance) can
hardly be attributed to the spatial separation of parent
and daughter isotopes in sample with a highly hetero-
geneous distribution of the parent. The only analytical
approach that has a spatial resolution approaching the
dimension of the displacement by a-recoil is leaching
and step-wise selective dissolution (cf. Mattinson 1994;
Mattinson et al. 1996). The preferential dissolution of
inclusions and chemically contrasting parts of a crystal
may result in subsamples that have similar effective
dimensions as the displacement by a-recoil. Further-
more, the carving of non-annealed fission tracks may
create a spongy, highly porous residual crystal that al-
lows the fractionation of P and D from a much larger
volume than prescribed by the scale of the chemical
heterogeneities. The P/D system of such chemically and
structurally heterogeneous systems may become dis-
turbed by step-wise dissolution in a systematic and
predictable, yet difficult to quantify manner.

Effect of a-recoil on samples with heterogeneous U
and Th distribution analyzed by stepwise dissolution

Leaching or stepwise dissolution can reduce the discor-
dance of a sample by preferentially dissolving metamict
sections and inclusions (e.g., Mattinson 1994; McClel-
land and Mattinson 1996; Romer and Wright 1992;
Romer et al. 1996) or increase the range of Pb isotopic
variability to better define Pb–Pb lines using a set of
subsequent leaching steps (e.g., Frei et al. 1995, 1997).
These procedures are highly successful in some cases
(e.g., Mattinson 1994; McClelland and Mattinson 1996;
Frei et al. 1995, 1997; Romer and Smeds 1996) and yield
anomalous data pattern in other cases (e.g., Romer et al.
1996; Corfu 2000; Davis and Krogh 2000). In the fol-
lowing, the examples of (1) oscillatory, chemically zoned
zircon, (2) uraninite inclusions in columbite-tantalite,
and (3) micro-inclusions of zircon and monazite in, e.g.,
staurolite, kyanite, and garnet are used to argue that
anomalous data patterns originating from leaching are
essentially confined to samples with highly hetero-
geneous U and Th distribution.

Zircon

Sample treatment with dilute or concentrated acids can
result in the selective dissolution of metamict or chem-
ically distinct sections of a mineral. Common to most

leaching procedures is the fact that late leaching steps
produce data that are slightly discordant or even con-
cordant, whereas early leaching steps show pronounced
disturbance and anomalous isotope signatures—first
described for zircon mostly by Mattinson (1997) and
later confirmed by other groups—including (1) reverse
discordance (e.g., Todt and Büsch 1981; Davis and
Krogh 2000; Chen et al. 2002), (2) lower 207Pbrad/

206Pbrad
in early leachates than for the concordant residues
(e.g., Corfu 2000; Chen et al. 2002); (3) higher 207Pbrad/
206Pbrad in intermediate leachates than for the concor-
dant residues (e.g., Corfu 2000); (4) negative lower dis-
cordia-intercept ages (e.g., Davis and Krogh 2000), and
(5) preferential mobilization of 234U over 238U (Davis
and Krogh 2000). Some of these anomalous effects have
been discussed in terms of analytical artifacts, some as
effects of processes on the nanoscale, and others as re-
sults of the thermal history of the dated rocks (e.g., Todt
and Büsch 1981; Mattinson 1994; Corfu 2000; Davis and
Krogh 2000). For instance, reverse discordance may
reflect Pb-U fractionation through the precipitation of
fluorides (e.g., Mattinson 1994). Mattinson at al. (1996)
suggested that reverse discordance also may be induced
by a-recoil resulting in Pb loss from U-rich zones,
eventually giving rise to Pb excess in U-poor zones,
which are more resistant to leaching. Alpha-recoil has
been also invoked as cause for preferential mobilization
of 234U over 238U (Mattinson 1997; Davis and Krogh
2000) and the fractionation of 206Pbrad and 207Pbrad
(Mattinson 1997) during leaching. Effects originating
from recoil processes may be superimposed by Pb seg-
regation in zircon subdomains during thermal annealing
episodes early after zircon crystallization (Corfu 2000;
Davis and Krogh 2000). This concept of early thermal
annealing of damages induced by a-recoil in combina-
tion with anomalous 207Pbrad/

206Pbrad signatures was
even used to estimate an annealing temperature of 200–
300 �C and to constrain the exhumation and cooling
history of rocks (Davis and Krogh 2000).

The above anomalous features of the U–Pb system-
atics revealed by leaching have been described for zircon
samples with heterogeneous U–Th distribution, chemi-
cal zoning, and inclusions (e.g., Todt and Büsch 1981;
Mattinson 1994; Mattinson et al. 1996; Corfu 2000;
Davis and Krogh 2000), which allow a separation of the
ultimate daughter isotopes (Pb) from their parents
(U, Th) into a chemically different environment. The
effect of the spatial separation of parent and daughter
isotopes on the geochronological system of the dated
material may become analytically resolvable if there are
pronounced U and Th concentration differences be-
tween adjacent, chemically contrasting zones, as well as
inclusion and host, and if heterogeneities occur on a
similar scale as the recoil distance. The finer the chemical
zonation and the smaller the inclusions, the larger the
likelihood that recoiled daughter isotopes are ejected
from a zone or inclusion into a zone of contrasting
composition and leaching behavior. Backscattered elec-
tron images and cathodoluminescence studies (e.g.,
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Hanchar and Miller 1993; Vavra et al. 1996, 1999;
Goetze et al. 1999) showed that the width of chemically
contrasting oscillatory bands may be in the micron to
sub-micron range. Similarly, raster electron-microscope
images of leached and partially dissolved zircon (Fig. 2)
reveal that selective dissolution may sculpture crystals
into highly porous material at the micron to submicron
scale (e.g., Claesson and Williams 1987; Mattinson 1994;
Mattinson et al. 1996). Thus, chemical heterogeneities
within individual zircon crystals and their selective dis-
solution may have similar dimensions as the recoil-dis-
tance of U-daughter isotopes in zircon (cf. compilation
in Nasdala et al. 2001).

Sequential dissolution preferentially removes U-rich
bands that are characterized by a recoil-induced deficit
in radiogenic Pb. The U–Pb systems of the solutions are
discordant, show a too-young apparent 207Pb/206Pb age
in comparison with the concordant sample, and are
possibly best described by a continuous Pb-loss model
comparable to the ones of Tilton (1960) and Wasserburg
(1963). The residue of this first dissolution-step com-
monly is reversely discordant. Subsequent leaching steps
preferentially dissolve zircon bordering the U-rich zones.
These zones show a recoil-induced Pb-excess, which, in
combination with a higher extent of recovery of old re-
coil damages, results in too-old apparent 207Pb/206Pb
ages relative to the concordant sample. Only the most
severely leached residues that are devoid of U-rich zones
and their adjacent veneers of Pb excess may yield con-
cordant data (cf. Mattinson 1994; McClelland and
Mattinson 1996; Corfu 2000), provided they have a ra-
ther homogeneous content of U and they are not smaller
than several microns.

Stepwise leaching reveals the superimposed effects
from two different processes, recoil implantation and
preferential mobilization from structurally damaged
domains. Step-wise leaching may reveal in individual
leachate or residual factions reverse discordance and
Pb-isotope fractionation. The relative portion of con-
tributions from recoil implantation and preferential
mobilization from structurally damaged regions may
vary during the leaching procedure and depend also on
the accumulated radiation damage, which depends on
age and U,Th content of the sample, as well as on its
thermal history.

Reverse discordance. Atomistic modeling of a-recoil
suggests that the most intense structural damage caused
by collision cascades occurs in an elongated volume near
the original location of the parent isotope, whereas the
daughter isotope may reside in a structurally less dis-
turbed volume (Trachenko et al. 2001). Each of these
collision cascades represents a small metamict volume
that is shielded from interaction with the surrounding by
structurally intact zircon. The superposition of collision
cascades through subsequent recoils eventually may
yield connected areas that may interact with the sur-
rounding of the crystal. Such interaction may be addi-
tionally aided by a-tracks and especially fission-tracks.
Step-wise dissolution may cause reverse discordance of

the residue through (1) preferential dissolution of the
structurally most damaged areas and (2) recoil-implan-
tation of the daughter isotope into an environment of

Fig. 2 REM images of leached zircon to illustrate the fine scale of
features sculptured by selective leaching. a Leached zircon. Width
of field of view: ca. 8 lm (from Mattinson 1994). b Leached zircon
showing irregular excavation of U-rich layers. Note that U-poor
shells, fractured through expansion of underlying metamict
material, break off at the contact to U-rich zones. Width of field
of view: ca. 25 lm [from Littmann (Potsdam), unpublished]. c
Leached zircon. View on a U-poor layer. The overlying U-rich
layer has been dissolved. Holes in the U-poor layer represent fission
tracks emanating from the U-rich layer. Width of field of view: ca.
60 lm [from Littmann (Potsdam), unpublished]
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chemical contrasting behavior. Areas with the highest
contents of U are those that acquired most structural
damage and, thus, are among the volumes dissolved
during early dissolution steps. Reverse discordance in the
residue implies that there is a preferential loss of U over
Pbrad, i.e., that recoiled Pb is less mobilized than U in the
metamict areas damaged by recoil cascades. Excess
originating from recoil-implantation may be found in
residues of late-dissolution steps, i.e., low Th,U domains
(Mattinson et al. 1996).

Pb-isotopic fractionation. Anomalous apparent 207Pb/
206Pb ages for the first dissolution steps have been
described in numerous studies (e.g., Mattinson 1994;
Mattinson et al. 1996; Corfu 2000). Whereas too-old
apparent 207Pb/206Pb ages may be explained by the
preferred dissolution of old cores (e.g., Mattinson 1994;
Mattinson et al. 1996), too-young apparent 207Pb/206Pb
ages in leachates from core-free zircon samples have
been explained by (i) contrasting levels of annealing of
old and young recoil tracks (e.g., Davis and Krogh 2000;
Corfu 2000), (ii) higher sampling efficiency from zones of
higher structural damage causing a preferential sampling
of young 206Pbrad and 207Pbrad, eventually resulting in
discordia systems with negative lower intercepts (Matt-
inson 1997), and (iii) the spatial separation of 206Pbrad
and 207Pbrad due to the variation in recoil distance for
each kind of a-decay and the different number of a-de-
cays in the two decay series (eight a-decays for 238U and
seven a-decays for 235U). These three possible explana-
tions are based on the same process, i.e., the displace-
ment and structural damage through a-recoil, but focus
on contrasting aspects. Explanation (1) was suggested
for old zircon samples, where the ‘‘instantaneous’’
207Pbrad/

206Pbrad had been lowered significantly with
increasing time. This explanation suggests that thermal
annealing of structural damages may have progressed
further for old damages than for younger ones (Davis
and Krogh 2000), which implicitly requires that there
was a later reheating event or the rocks remained buried
for a prolonged time. Such an explanation, however,
may not be able to explain the variation in 207Pbrad/
206Pbrad in young zircon samples. Explanation (2)
focuses on the role of contrasting levels of structural
damage for the mobilization of 207Pbrad and

206Pbrad. By
indirectly linking the age of a sample with its U content,
emphasis is put on the spatial distribution of U and the
possibility that the increasing extent of structural dam-
age may reduce the ability to anneal (cf. Geisler et al.
2001; Geisler 2002). Explanation (3) focuses on the
spatial separation of 207Pbrad and

206Pbrad and the larger
total displacement and energy released for 206Pbrad than
for 207Pbrad, which translates into a higher probability
for recoil-damages associated with 206Pbrad to intersect
with long-range damages, such as a-tracks and fission-
tracks, than for those related with 207Pbrad. This renders
206Pbrad more leachable and eventually results in too low
207Pbrad/

206Pbrad in the leachate.
Cumulative radiation damage. Depending on age,

Th,U content, and thermal history, zircon may have

acquired a wide range of cumulative radiation damage.
The increasing cumulative damage correlates with
changes in interconnection and superposition of radia-
tion damages. At low cumulative radiation damage, the
various domains of recoil-induced metamictization oc-
cur isolated in crystalline material. The dissolution and
leaching behavior is largely dominated by the properties
of the structurally intact zircon. At higher radiation
damage, the various metamict domains interconnect to a
network, possibly enhanced by the distribution by the
much rarer, yet considerably longer fission-tracks. The
dissolution and leaching behavior of zircon is controlled
by transport properties along the structurally damaged
zones (cf. also Petit et al. 1989; Geisler et al. 2001).
Eventually, cumulative radiation damage reaches a stage
of large interconnected metamict domains with isolated
rafts of lesser damage. The dissolution and leaching
behavior of this zircon is dominated by the metamict
material. Therefore, cumulative radiation damage
eventually influences properties of the crystal in
annealing and leaching experiments (e.g., Murakami et al
1991; Weber 1994; Geisler et al. 2001; Nasdala et al.
2001; Geisler 2002). Above explanations for reverse
discordance and the fractionation of 207Pbrad/

206Pbrad
through sequential leaching experiments all may apply
to individual samples, although depending on cumula-
tive radiation damage, as well as the temporal variation
of accumulation (which reflects the thermal history of
the sample), different processes may predominate for a
young or old zircon, for U-rich or U-poor zircon.

Columbite–tantalite–tapiolite

The U–Pb systems of columbite–tantalite–(tapiolite) in
many samples are a combination of the U–Pb systems of
the pure columbite–tantalite host and those of its
inclusions. Abundant inclusions of bismuthite, urani-
nite, rutile, cassiterite, but also of quartz and feldspar, as
well as alterations to, and intergrowth with, ixiolite,
fersmite, microlite, betafite, and pyrochlore-group min-
erals have been demonstrated from many columbite-
tantalite occurrences (e.g., Cerny et al. 1989; Romer et al.
1996; Uher et al 1998; Tindle and Breaks 1998; Tindle
et al. 1998). Leaching of columbite-tantalite in dilute HF
results in the dissolution of uraninite, sulfide, and silicate
inclusions, as well as the partial dissolution of their host.
The HF-leaching generally increases 206Pb/204Pb,
through preferential removal of common Pb bound in
sulfides and feldspar inclusions, and decreases the dis-
cordance of the U–Pb systems (samples washed in 7 N
HNO3 and 6 N HCl are commonly reversely discor-
dant). Leaching with more concentrated acids yields less
discordant and eventually concordant data (e.g., Romer
and Wright 1992; Romer and Smeds 1994, 1996, 1997).
In many cases, the most severely leached samples (and
now highly porous crystals, Fig. 3; Romer and Smeds
1996) yield concordant data, whereas non-leached sam-
ples yield strongly reverse discordant data (e.g., Aldrich
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et al. 1956; Romer and Smeds 1994, 1996). A suite of
variably HF-leached samples commonly defines a dis-
cordia intersecting the concordia at the age of colum-
bite–tantalite formation and the origin of the concordia
diagram with little excess scatter about the discordia.
There are, however, also columbite–tantalite samples
that yield excess scatter about the discordia or along a
short segment of the concordia (Fig. 4) or that define a
discordia with a negative lower intercept (e.g., Romer
and Smeds 1997). These samples generally are charac-
terized by the occurrence of uraninite inclusions (Romer
et al. 1996).

The excess scatter selectively associated with sam-
ples that have uraninite inclusions suggests that the
inclusions play an important role in establishing the
scatter. Since the inclusions are removed during
leaching, the persistence of anomalous 207Pbrad/

206Pbrad
is not restricted to the uraninite inclusion itself, but to
its nearest environment in columbite that is not nec-
essarily removed during leaching. Columbite-tantalite

Fig. 3 BSE (a–b) and REM (c–f) images of columbite-tantalite to
illustrate the fine scale of primary magmatic heterogeneities and
the highly selective behavior during HF-leaching. a Oscillatory
growth zonation reflected in contrasting Ta (bright) and Nb (dark)
contents (Rånö location; Romer et al. 1996). b Secondary Ta-rich
Nb,Ta-oxides along fractures (white lines) and as replacements
(white irregular patches). If such phases formed in the late-
magmatic stage of pegmatite crystallization, they would have had
little or no effect on the U–Pb systematics. If the replacement is
related to a much later event, it may result in a fractionation of U
and Pb and make reverse discordance permanent (Orrvik
location; cf. Romer and Smeds 1994). c–f HF-leached Sveconor-
wegian columbite–tantalite samples that yield concordant U–Pb
data (Romer and Smeds 1996). Fractures originally filled with
quartz or feldspar have been mined-out during HF-leaching.
Small dots and grooves are fission-tracks and directly reflect the
distribution of U between Nb-rich (few tracks) and Ta-rich
(numerous tracks) columbite-tantalite. For an age of 1 Ga and
200 ppm U, there may be as many as 140 fission tracks in a
volume of 5 lm by 10 lm by 10 lm. The number of tracks may be
reduced through thermal annealing. c Timmerhult location: 140–
225 ppm U in HF-leached fractions (d) Skantorp location:
162–186 ppm U in HF-leached fractions (e) Riddaho location:
790–1,270 ppm U in HF-leached fractions (f) Skantorp location:
162–186 ppm U in HF-leached fractions
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in direct contact with the uraninite inclusion received
important amounts of 207Pbrad and 206Pbrad implanted
through a-recoil. This recoil-implantation produces a
small damage cluster by collision cascades of displaced
atoms, (e.g., Weber et al. 1994) that may start to an-
neal already at low temperatures (e.g., Murakami et al.
1991; Meldrum et al. 1998; Nasdala et al. 2001). Thus,
later acid treatment may leach implanted daughter
isotopes of the Th–U decay chains only if they occur

on the crystal surface or the recoil path has not an-
nealed yet. This could eventually result in the prefer-
ential removal of late-generated radiogenic Pb (see also
Davis and Krogh 2000). Implanted Pb with annealed
recoil-tracks may remain in the columbite host. Due to
the large contrast in U content in columbite and ura-
ninite, there is considerably higher Pb-implantation
into columbite than Pb-loss from columbite. Reverse
discordance during early leaching stages is related to
recoil-implantation and is enhanced through the pref-
erential dissolution of the structurally most damaged
domains, i.e., the domains turned metamict by recoil
cascades (e.g., Weber et al. 1994; Meldrum et al. 1998).
Since the volumes with most recoil cascades also are
those with the highest U content, acid washing and
early leaching steps may remove those sections and,
thereby, enhance the reverse discordance. The excess
scatter originates possibly from (1) polystage evolu-
tion of uraninite, (2) the preferential annealing of
old tracks, and (3) the uncoupling of 207Pbrad from
206Pbrad during recoil processes. The 207Pbrad/

206Pbrad
values of leached residues may differ significantly from
the 207Pbrad/

206Pbrad value of the concordant sample
(Fig. 4) and if used to constrain the discordia may
result in too-young (even negative) lower intercepts
with the concordia (Fig. 4).

Rock-forming silicates

Stepwise leaching of, e.g., staurolite, garnet, and kyanite
is thought to dissolve sequentially crystal domains of
different crystallinity and chemical signature (e.g., Frei
et al. 1995, 1997) or to remove inclusions selectively by
dissolving them or by enriching them in the residue (e.g.,
Frei et al. 1997; Dahl and Frei 1998). For most silicate
phases, the effect of daughter-isotope redistribution by
a-recoil may be subordinate as long as the leached
mineral is a U-poor phase that does not show orders of
magnitude variations in U content. For such minerals,
Pb loss and Pb gain are comparable and should not
affect the geochronological system to the extent of
analytical resolvability. Micro-inclusions of U-rich and
Th-rich phases, such as monazite, xenotime, and zircon,
however, may represent micro-environments where the
Pb loss through a-recoil from the inclusion far exceeds
the Pb gain from the host. The preferential dissolution of
monazite or xenotime eventually leaves behind an excess
of radiogenic Pb in the silicate residue. To which extent
the fractionation of U and Pb during this leaching step
also results in contrasting 207Pbrad/

206Pbrad between
dissolved monazite and silicate residue depends on the
magnitude of contrasting implantation of 207Pbrad and
206Pbrad, the size of the inclusion in comparison to the
average recoil distance, and furthermore on the healing
behavior of the damage along the recoil path and in the
near-environment of the recoiled nucleus. If old damage
is recrystallized to a higher extent than young damage,
for instance due to prolonged residence in the middle or

Fig. 4 U–Pb columbite data illustrating heterogeneities originating
from uraninite inclusions. a Strong reverse discordance that is
reduced through leaching. SBB5 and SBB5-A: acid wash with 7 N
HNO3 and 6 N HCl; SBB5-5: acid leach with 5% HF; SBB5-10:
acid leach with 10%HF; SBB5-20: acid leach with 20% HF. Excess
scatter and negative lower intercept are defined by the least leached
or not leached samples (Data source: Romer and Smeds 1994). b
Concordant to subconcordant U–Pb data from repeatedly leached
columbite samples. All leaches with 20% HF (Data source: Romer,
Pedersen, and Raade: unpublished data)
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lower crust or reheating during a second event, early
formed nuclei are more likely to have been incorporated
in the crystal structure of the host minerals than recently
recoiled nuclei. For such samples, there may be a frac-
tionation between 207Pbrad and 206Pbrad (cf. also Davis
and Krogh 2000) that is due to the changing production
rate of 207Pbrad and

206Pbrad through time. Thus, if early
recoiled Pb is retained in the silicate residue to a higher
extent than later recoiled Pb, the silicate residue has an
excess of 207Pb and the solution has a slight deficit in
207Pb. During later dissolution steps, a similar Pb-deficit
may be found in residual zircon, whereas the leach
solution has a Pb excess. Due to the highly correlated
nature of 207Pb/204Pb and 206Pb/204Pb, such recoil effects
do not necessarily result in excess scatter among sub-
sequent leach steps in the 206Pb/204Pb–207Pb/204Pb dia-
gram. They may, however, become apparent in a
variation in 206Pb/238U ages of subsequent dissolution
steps that all scatter within a range of a few percent
about the correct age (e.g., Frei et al. 1997), which could
reflect either fractionation of U and Pb during leaching
(i.e., an artifact from sample treatment) or recoil-in-
duced U and Pb fractionation.

Radiation damage and element mobilization:
structural and energetic controls

Visualization of a-tracks and fission-tracks (Fig. 3c–f)
through preferential dissolution of material affected by
radiation damages illustrates: (1) structurally damaged
domains are sources (or sinks) of material. They repre-
sent volumes of higher reactivity and higher ion-ex-
change potential than structurally intact volumes; (2) the
dissolution behavior is controlled by mineral chemistry
and damage density; (3) tracks represent pathways for
fast transport of material from the interior of the crystal
to the surface. These qualitative and intuitive relations
have been characterized and quantified in numerous
infiltration, reaction, and structural-recovery experi-
ments. For instance, leaching experiments on old zircon
samples demonstrate a systematic relationship between
reaction-rim thickness and cumulated a-dosage (e.g.,
Geisler et al. 2001), reflecting the higher potential for
chemical exchange in metamict than in crystalline
material. Similarly, infiltration rates have been shown to
be higher for damaged silicate structures than for
undamaged ones (e.g., Petit et al. 1989).

The densities of a-damages and fission-tracks due to
the decay of U are highly correlated through the decay
constants. They depend on the U content and the age of
the samples. Volumes of high density of a-damage, i.e.,
enhanced reactivity and facilitated element mobilization,
also are volumes of high track density, i.e., large-scale
crystal defects that allow for fast transport. The control
of damage distribution on material properties, such as
elemental mobilization and long-range transport
through crystalline matter, implies that both the age of a

sample and its enhanced contents of U and Th affect the
values of these material properties. Consequently, old
crystalline material should have higher diffusivities and
leachability than young or synthetic material of identical
chemical composition. This damage-related variation of
mineral properties is not restricted to elements pertinent
for dating, but applies to all elements.

Accumulated structural damage also may reduce the
activation energy required to sputter or ablate material
from zircon or columbite and may, thereby, give rise to a
non-stoichiometric mobilization of U and Pb different
from the one obtained on external standard material.
For instance, Black et al. (1991) and Wiedenbeck (1995)
demonstrated excess of radiogenic Pb in SHRIMP spot-
analyses of U-rich zircon even though the conventional
bulk analysis of the same material gave normally dis-
cordant or concordant U-Pb data. The fact that
SHRIMP data align along a chord through the origin of
the diagram was interpreted to reflect an analytical
aberration reflecting different sputtering efficiencies of
Pb and U in the zircon standard and the analyzed U-rich
zircon sample (Black et al. 1991) or the sampling of
labile Pb from strongly damaged zircon (Wiedenbeck
1995). Smith (2001) presented LA-MC-ICP-MS U–Pb
data from columbite-tantalite that align along chords
generally passing through the origin of the concordia
diagram. The data plots are reversely discordant, except
for spots from one sample. There is an overall negative
correlation between U content and excess age. The
preferential mobilization of Pb implanted from U-rich
zones into U-poor zones may explain both reverse dis-
cordance and the higher age excess in spots with lower U
content.

This anomalous behavior of some zircon and
columbite-tantalite samples subjected to analysis by
ion-probe or laser-ablation may be controlled by the
distribution of fission-tracks and a-tracks rather than
the distribution of damage accomplished by a-recoil
collision cascades. Although all three kinds of damage
are related to U, the distribution of fission and a tracks
differs slightly from that of a-recoil damage due to the
contrasting range of the various damages. In zircon,
fission tracks are typically 10–11 lm long (Tagami et al.
1996), a-tracks range from 10–25 lm depending on the
energy of the a-particle (Nasdala et al. 2001), whereas
a-recoiled nuclei travel only some 200–330 Å (cf.
Nasdala et al. 2001). Deep-reaching tracks represent
pathways that make recoiled Pb accessible for leaching
or thermally-activated migration from a much larger
volume than the zone bordering the U-rich segment that
is affected by heavy a-recoil. The extent to which
recoiled Pb from U-poor zones is mobilized depends on
the overall distribution of long tracks, i.e., on the dis-
tribution of U, the annealing behavior of tracks, and the
thermal history of the sample. Leached, sputtered, or
ablated samples that show a high density of fission and a
tracks may show a higher excess of radiogenic Pb than
samples with a low density of damages.
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Influence of annealing and recrystallization on the
U–Th–Pb systematics of heterogeneous samples

Annealing of defects, the formation of secondary phases
(e.g., Fig. 3b) of similar leaching behavior as the pri-
mary mineral, or open system behavior due to weath-
ering and hydrothermal leaching make the spatial
separation of daughter and parent isotopes permanent.
Mattinson (2000) demonstrated for single-stage U–Pb
systems of zircon that most of the Th–U–Pb fraction-
ation and preferential mobilization of Pb with too-old or
too-young apparent 207Pb/206Pb ages can be avoided by
annealing the a-recoil damage and fission tracks in the
laboratory before step-wise dissolution. High-tempera-
ture annealing in the laboratory may also remove
possible effects of cumulative radiation damage on the
non-stoichiometric sputtering and ablation behavior
during SHRIMP and LA-MC-ICP-MS spot analysis,
respectively.

Mattinson (2000, 2001) notes that problems associ-
ated with annealing in the laboratory may include
redistribution of Pb by diffusion and Pb loss by vola-
tilization during high-temperature annealing. Pb mobi-
lization before or in conjunction with annealing and
recrystallization—if related to a distinct thermal event,
weathering, or exposure to a Ca-rich thermal fluid (e.g.,
Kurz 2000; Geisler et al. 2001) in the past—may signif-
icantly affect the potential to extract an age from a data
set. Renewed accumulation of radiation damage makes
ions, which were immobilized by annealing or the for-
mation of secondary phases, again available for redis-
tribution. By such a mechanism, an anomalous discordia
could be arbitrarily transposed to higher 206Pbrad/

238U,
eventually resulting in an upper intercept age that is too-
young by some Ma and a lower intercept age that is
without geological significance (Fig. 5).

Summary and conclusions

Alpha-decay results in the displacement of the daughter
nucleus by some 200–330 Å and the cumulation of
structural damages that are associated with collision
cascades caused by the recoiled nucleus and to a lesser
extent with the a-track. The decay series starting from
238U, 235U, and 232Th result in Brownian-type displace-
ment of a series of recoiled daughter nuclei reaching a
total displacement of 0.1–0.2 lm. Recoil results in a
contrasting spatial distribution of parent and daughter
and contrasting level of structural damage that may re-
sult in contrasting mobilization of U and Pb from zones
of high and low recoil damage. This can cause anoma-
lous data patterns in analytical schemes with high spatial
resolution or with extraction volumes sensitively con-
trolled by activation energies, such as for leaching,
SHRIMP, or LA-MC-ICP-MS analysis.

Geometric effects may be revealed by leaching and
step-wise dissolution that can reach narrow zones.

Selective chemical extraction generally starts with the
preferential removal of U and radiogenic Pb from parts
of the mineral strongly damaged by a-recoil collision
cascades, a-tracks, and fission tracks. Later dissolution
steps may yield increasingly more concordant data.
Implantation of Pb into an environment of contrasting
leaching behavior and preferential annealing of old
damage during the thermal history of the rock may give
rise to anomalous 207Pbrad/

206Pbrad. The magnitude of
anomalous behavior during step-wise dissolution de-
pends on the magnitude of chemical heterogeneity in
terms of scale and range of contents. Small-scale open-
system behavior due to a-recoil has no effect on bulk
analyses as long as there had been no selective attack of
chemically different domains of a mineral, which could
have caused U-Pb fractionation, through weathering,
recrystallization, or medium-to-high temperature meta-
morphic fluids.

In SHRIMP and LA-MC-ICP-MS analysis, the
anomalous behavior of the U-Pb system originates from
contrasting activation energies of (1) structurally bound
(annealed) and labile Pb (recoiled Pb) and (2) of U and
Pb from structurally intact or heavily damaged segments
of the mineral, which eventually provides for excess by
activating a larger volume for Pb than for U. Additional
isotopic fractionation between 207Pbrad and 206Pbrad
originating from the annealing history of a sample might
be present, but is commonly far beyond analytical res-
olution. For single-stage geologic histories, this effect
may be reduced or removed by annealing the samples
before analysis.

Fig. 5 Schematic concordia diagram showing a sample set that
became reversely discordant, annealed at some time, and acquired
additional reverse discordance. Stepwise dissolution removes only
part of the reverse discordance. The discordia may be displaced to
high 206Pbrad/

238U values and therefore intercept the concordia at a
too young upper intercept and an arbitrary (possibly too old) lower
intercept
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