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a b s t r a c t
Understanding of the thermal and geophysical evolution of the lower continental crust is limited by
the resolution of conventional thermochronology. Intracrystalline daughter nuclide distribution proﬁles
preserve a rich and underutilized record of thermal history. Using Laser Ablation Inductively Coupled
Plasma Mass Spectrometry, we outline here a method to simultaneously acquire 206 Pb/238 U age and
trace element proﬁles from U-bearing accessory phases. Inversion of 206 Pb/238 U age depth proﬁles yields
thermal history information from an extended temperature range compared to inversion of age versus
grain size relationships. Thermally-activated volume diffusion of Pb and Zr in rutile is sensitive to the
thermal evolution of the mid- to lower-lithosphere. We document the ability of Laser Ablation depthproﬁling to simultaneously resolve 206 Pb/238 U age and Zr diffusion proﬁles in the outer ∼35 μm of lowercrustal rutile euhedra from the Ivrea Zone, Southern Alps, with <1.2 μm depth resolution. Inversion
of the age proﬁles reveals a continuous cooling history characterized by initially rapid cooling from
>600 ◦ C at ∼180 Ma followed by a period of slower cooling from ∼525 ◦ C to ∼450 ◦ C. Combined with
the topology of Zr diffusion proﬁles, these data indicate that the Ivrea Zone underwent a brief thermal
pulse in the early Jurassic, plausibly associated with hyperextension of the Adriatic margin. Inversion
of near-surface 206 Pb/238 U age distributions can be employed to resolve otherwise inaccessible thermal
history information from the lower lithosphere.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Geophysical processes such as erosion, thrusting, rifting and
magmatism each impart characteristic thermal signatures to the
lithosphere. These thermal events can drive diffusive loss of daughter nuclides in radiogenic minerals, creating a rich record of lithospheric thermal history within individual mineral grains (Farley,
2002; Harrison and Zeitler, 2005; McDougall and Harrison, 1999).
Traditionally, this record is accessed by bulk thermochronology involving the interpolation of discrete temperature–time (T–t) points
that are generated by assigning estimates of nominal closure temperatures (T c ) to volume-averaged mineral analyses for a range of
thermochronometric systems (Heaman and Parrish, 1991; Parrish
et al., 2006; Purdy and Jäger, 1976). Implicit to this approach is
that the underlying assumptions of the closure temperature model
(Dodson, 1973) have been met. These include: i. that the mineral
of interest was surrounded by a matrix that behaved as a homogeneous inﬁnite reservoir to the diffusant, ii. the surface composition of the mineral was in equilibrium with the matrix during
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cooling and changed linearly with time, iii. the target mineral
achieved a homogeneous concentration of diffusant before the onset of cooling, iv. that there was suﬃcient diffusive loss during
cooling to modify the diffusant concentration at the core of the
mineral grain, and v. that cooling was monotonic and followed the
form of 1/ T ∝ t. For a mineral cooling within the crust, only rarely
are all of these assumptions satisﬁed, limiting the accuracy of T–t
paths derived from bulk thermochronology. Furthermore, volumeaveraged isotopic ages determined from whole mineral grains yield
thermal histories of insuﬃcient resolution to resolve short-lived
thermal disturbances associated with processes such as magmatism and orogenesis where heat transport may be governed by
advective processes on timescales between 102 –105 yr (Ague and
Baxter, 2007; Camacho et al., 2005).
Distinguishing between monotonic cooling and thermal histories of more complex form is a critical charge of thermochronology. The highest resolution thermal history information is afforded
by measurement of the concentration distribution of the radiogenic daughter nuclide in the target mineral grain (Dodson, 1986;
Harrison et al., 2005). This is apparent from inspection of Dodson’s classic closure temperature (T c ) equation (Eq. (23), Dodson,
1973) in which the effect of variations in dT /dt and associated
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kinetic parameters on bulk T c are dampened by a natural logarithm. Dodson (1986) showed that by inverting the equation to
solve for time-dependent variations in dT /dt, yields much improved sensitivity of T c to changes in constituent parameters. The
strength of this approach lies in the fact that each radial node of
the target mineral grain is characterized by a unique T c , reﬂecting the balance between radiogenic production and volume diffusion on cooling. Therefore, provided that near-surface age gradients
are detectable, it is theoretically possible to obtain a continuous
thermal history through the temperature interval of partial daughter nuclide retention by repeated forward modeling of the intragrain age proﬁle as a function of T–t (Grove and Harrison, 1999;
Harrison et al., 2005).
The purpose of this paper is to demonstrate the utility of
new Laser Ablation-ICPMS (LA-ICPMS) depth proﬁling techniques
(Cottle et al., 2009) to simultaneously measure U–Pb age and Zr
concentration proﬁles (Kohn and Corrie, 2011) from lower-crustal
rutile. Firstly, we provide a theoretical framework detailing the
increased resolving power of inverting U–Pb closure proﬁles for
T–t in comparison to whole-grain analysis. Secondly, we present
a routine for accurate determination of both U–Pb age and trace
element depth proﬁles. Finally, we apply the method to measure
206
Pb/238 U age and Zr concentration proﬁles in rutile from the
classic lower crustal section exposed in the Ivrea Zone, Southern
Alps.
2. U–Pb thermochronology
Measuring the thermal evolution of the lower crust (>20 km
depth) requires diffusing species that are sensitive to temperatures between 450 ◦ C and 1000 ◦ C. To this end, the U–Pb system
is well-suited to recording the temperature history of the lower
crust (Blackburn et al., 2011; Schmitz and Bowring, 2003; Schoene
and Bowring, 2007). Uranium and Th-rich accessory phases, including zircon, monazite, titanite, rutile and apatite are stable at
pressures and temperatures characteristic of the lower crust. Each
of these minerals has a speciﬁc temperature range over which they
are sensitive to thermally-activated volume diffusion of Pb, ranging
from above 1000 ◦ C for monazite (Cherniak et al., 2004) and zircon
(Cherniak and Watson, 2001) to 450–500 ◦ C for apatite (Cherniak
et al., 1991). This range in nominal T c extends over the expected
range of temperatures in lower continental crust progressing from
formation to attainment of a steady-state cratonic geotherm. Conventional U–Pb thermochronology has successfully been applied
to constrain the cooling history of exhumed high grade metamorphic terranes (e.g. Baldwin et al., 2004; Heaman and Parrish, 1991;
Mezger et al., 1989; Smye et al., 2012). Typically, zircon and monazite grow beneath their respective T c , recording the timing of
crystallization whereas the U–Pb systematics in apatite and rutile
are strongly inﬂuenced by volume diffusion (Blackburn et al., 2011;
Cochrane et al., 2014; Kooijman et al., 2010; Mezger et al., 1989;
Chamberlain and Bowring, 2001). Recent work suggests that titanite U–Pb systematics may be dominated by recrystallization
(Spencer et al., 2013).
Several studies have utilized the prediction of Dodson’s (1973)
theory that U–Pb age (t) varies as a function of grain size (a), permitting measured a–t curves to be ﬁtted by forward modeled variations in dT /dt (Blackburn et al., 2011, 2012; Mezger et al., 1989;
Schmitz and Bowring, 2003; Schoene and Bowring, 2007). Specifically, Schmitz and Bowring (2003) measured grain-size dependent U–Pb ages from apatite, rutile and titanite from lower crustal
xenoliths in the Kaapvaal craton. These data were used to calibrate relaxation of the cratonic geotherm following thermal perturbations in the mid-Proterozoic and Mesozoic. More recently,
Blackburn et al. (2011) employed a similar methodology to rutile
separated from kimberlite-borne lower crustal xenoliths collected

in the Rocky Mountains, USA, to show that the observed topology of U–Pb discordance precludes lithospheric reheating, identifying that the lower crust cooled at <0.1 ◦ C Ma−1 . In contrast to
derivation of a–t curves by whole-grain isotope dilution analysis,
remarkably few studies have focused on measuring intragrain concentration proﬁles of radiogenic Pb using microbeam techniques.
The promise of this approach was ﬁrst identiﬁed by Grove and Harrison (1999) who used an ion microprobe in depth-proﬁling conﬁguration to measure 208 Pb/232 Th age gradients within the outer
1 μm of monazite crystals from a gneiss sample pertaining to the
hanging wall of the Himalayan Main Central Thrust. Using a Pb
diffusion law for monazite, the authors inverted the age proﬁles
to show that the hanging wall gneisses underwent a cooling history characterized by initial rapid cooling to 750 ◦ C, followed by
cooling at 20 ◦ C Ma−1 until a further phase of rapid cooling. Ion
microprobe U–Pb age depth-proﬁling has also been applied to zircon from high-grade metamorphic rocks to constrain discordance
mechanisms (Breeding et al., 2004) and also to date terrestrial impact structures (Abbott et al., 2012; Trail et al., 2007). Given the
high temperatures required (>1000 ◦ C) to generate diffusive age
gradients over analytically detectable length scales, these studies
conﬁrm that zircon age gradients are typically attributable to processes other than volume diffusion, including sub-micron epitaxial
overgrowths and deformation.
In contrast to zircon, both experimentally and empirically determined diffusion laws for Pb in rutile predict that diffusive age
gradients will develop in rutile grains cooling from lower crustal
conditions. Using ID-TIMS, Mezger et al. (1989) observed a grainsize dependency of rutile U–Pb ages from the Archaen Pikwitonei
granulite domain, Canada, and the Proterozoic Adirondack terrane.
Through comparison to other thermochronometers, they estimated
the T c of rutile to be between 380 ◦ C and 420 ◦ C. More recently,
Cherniak (2000) performed Pb diffusion experiments in synthetic
and natural rutile grains over the T range 700–1100 ◦ C and upwardly revised the T c of rutile to ∼600 ◦ C for grains of ∼100 μm
diameter. Using cogenetic Rb–Sr and U–Pb zircon and monazite
ages from the Reynolds Range, Northern Territory, Australia, Vry
and Baker (2006) veriﬁed the experimentally-derived value of the
rutile T c . Kylander-Clark et al. (2008) showed that whole-grain T c
in rutile from the Western Gneiss Region lies between 40 Ar/39 Ar
muscovite T c and U–Pb titanite T c . Kooijman et al. (2010) measured age gradients using Laser Ablation ICPMS (LA-ICPMS) spot
proﬁles across polished grains of rutile from Archean granulites.
The authors observed that the topology of the 207 Pb/206 Pb age
proﬁles is consistent with progressive closure to diffusive Pb loss
during protracted cooling.
In addition to Pb diffusion kinetics that are sensitive to lithospheric thermal evolution, rutile also provides a single phase thermometer when crystallized in a Zr-saturated environment (Zack
et al., 2004). The original empirical calibration of the Zr-in-rutile
thermometer has been reﬁned by numerous experimental studies (Ferry and Watson, 2007; Tomkins et al., 2007; Watson et al.,
2006), yielding a well-deﬁned accessory phase thermometer that
has been applied to a spectrum of lithospheric environments, including high-pressure (e.g. Spear et al., 2006; Zack and Luvizottow, 2006; Zheng et al., 2011) and high-temperature (e.g. Ewing et
al., 2013; Kooijman et al., 2012; Kotková and Harley, 2010) metamorphic terranes. Cherniak et al. (2007) investigated the diffusive
mobility of Zr in rutile to conclude that preservation of Zr concentrations consistent with high-T conditions (T > 800 ◦ C) implies
immediate cooling at rates in excess of 104 ◦ C Ma−1 . Collectively,
these previous studies imply that rutile U–Pb isotopic and Zr concentration systematics have the potential to yield a rich record of
lithospheric thermal evolution at T > ∼450 ◦ C.
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Fig. 1. Systematics of the diffusion–production equation (Eq. (2)) applied to the rutile U–Pb system. Panel a shows the time taken (τss ) for a cylindrical rutile grain of inﬁnite
length normal to radial distances of between 50 and 500 μm to attain an equilibrium Pb∗ concentration proﬁle as a function of T between 500 and 800 ◦ C. Shaded T interval
corresponds to the Pb PRZ (deﬁned as the T range over which the 206 Pb/238 U whole-grain age changes between 10% and 90% of the 100 Ma isothermal holding time) for a
100 μm radius rutile. Panel b illustrates the internal 206 Pb/238 U age proﬁles for a 100 μm radius rutile subjected to a 50 Ma isothermal holding time at 450 ◦ C, 600 ◦ C and
640 ◦ C. All calculations employ the Pb diffusion parameters of Cherniak (2000).

3. Theoretical background
3.1. Simultaneous production and diffusion
The physics describing diffusion-controlled thermochronology
in accessory minerals has been extensively described in the literature of noble gas thermochronometry (Fechtig and Kalbitzer, 1966;
Wheeler, 1996; McDougall and Harrison, 1999). Here, we provide
a brief review of fundamental concepts before applying them to
U–Pb thermochronology. The concentration of a mineral-bound radiogenic daughter nuclide, C , or Pb∗ in the case of the U–Pb
system, evolves as a function of t according to the 1-D diffusion–
production equation:

∂C
D (T )
= 2 ∇2C + P C
∂t
a

From inspection of Eq. (1) it is apparent that the concentration of Pb∗ at any spatial position within the host mineral reﬂects
the competing effects of diffusive transport from regions of high
to low concentration and radiogenic in-growth from decay of 238 U,
235
U and 232 Th. This forms the basis of thermochronometry and
is clearly understood using the steady state (dT /dt = 0) solution.
Regardless of temperature, there exists an equilibrium Pb∗ concentration proﬁle when the rate of diffusion is exactly matched by the
rate of daughter production for each radial node, given by:

C (x) =

1
2(β + 1) D



a2 − r (x)2



(2)

(1)

where D is the diffusivity, a is the characteristic length scale of the
diffusion domain, commonly assumed to be equivalent to the grain
size, ∇ 2 is the Laplacian operator and P C is the mineral-speciﬁc
production rate of daughter nuclide C . Application of Eq. (1) to
accessory phase thermochronology requires that diffusion is Fickian in nature, occurring at a rate proportional to the concentration
gradient, that the concentration of C at the outer boundary of
the crystal domain is zero and that diffusion is isotropic along
the spatial dimension. With respect to the U–Pb system, the ﬁrst
condition is satisﬁed by experimental diffusion studies conﬁrming
that Pb diffusion through apatite, rutile, titanite, zircon and monazite adheres closely to Fickian behavior (Cherniak, 2010). An additional consideration in natural systems is whether elemental/isotopic concentrations are predominantly due to volume diffusion,
or due to other processes such as recrystallization. By measuring
the temperature-dependence of D, experimental studies determine
the two mineral-speciﬁc parameters, E a and D 0 , which deﬁne
the Arrhenius function (D ( T )/a2 = D 0 /a2 exp(− E a / R T )). The diffusion parameters permit extrapolation to different temperatures,
which may be more relevant to natural systems and processes
functioning over geologic timescales. Despite grain boundary diffusion operating several orders of magnitude faster than intracrystalline diffusion (Brady, 1983), validation of the second condition
is complicated by the high solubility of Pb in grain boundary ﬂuids. However, provided that the isotopic composition of the Pb is
well-known, mineral surface Pb contamination can be accounted
for using a common Pb correction scheme (e.g. Williams, 1998).

where β is a geometric constant and r is the radial coordinate.
Fig. 1a plots the isothermal residence time required to attain the
equilibrium proﬁle (τss ) as a function of T between 500 ◦ C and
800 ◦ C for values of a between 50 and 500 μm. Equilibration times
asymptotically approach zero as T increases. At temperatures in
excess of 700 ◦ C, Pb diffusion is suﬃciently fast that an equilibrium proﬁle is established in <500 Ma for grain sizes <500 μm.
Conversely, at lower temperatures diffusion is sluggish and the
equilibrium proﬁle will not be attained within geologically reasonable timescales. These relations show that τss is controlled by
the time necessary for a concentration gradient to develop across
the grain boundary such that diffusive Pb∗ loss proceeds at a rate
that balances the rate of internal Pb∗ production. From this, three
characteristic behaviors emerge, illustrated by the core–rim age
distributions in Fig. 1b: (i) closed system—at T < ∼500 ◦ C Pb∗ a
suﬃciently large concentration gradient cannot form on geological
timescales and diffusive Pb loss is minor (upper panel Fig. 1b);
(ii) partially open system—at T between 500 and 650 ◦ C (middle panel Fig. 1b), diffusion and production operate at comparable
rates, leading to signiﬁcant rounding of the age proﬁle and partial
retention of Pb∗ but failure to reach equilibrium (Partial Retention
Zone—PRZ); (iii) open system—at T > ∼650 ◦ C a shallow concentration gradient is suﬃcient to drive diffusive Pb∗ -loss from all
domains of the rutile (lower panel Fig. 1b). Critically, these observations show that the spatial distribution of Pb∗ is an evolving
function of a mineral’s T –t path (Dodson, 1986).
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Fig. 2. Simulated 206 Pb/238 U age versus grain size relationships and internal 206 Pb/238 U age proﬁles resulting from both monotonic cooling and reheating of the continental
lithosphere. Panel a shows the monotonic cooling rates used to calculate the age versus grain size relationships and internal age proﬁles shown in panels b and c respectively.
Geologically plausible cooling rates of between 0.5 ◦ C Ma−1 and 15 ◦ C Ma−1 (Blackburn et al., 2012; Bohlen and Mezger, 1989) are considered as they yield analytically
detectable core–rim age dispersion. The effect of cooling at rates >15 ◦ C Ma−1 is apparent from extrapolation of the internal age proﬁle and age versus grain size trends.
Panel d shows reheating events used to calculated age versus grain size relationships and internal age proﬁles shown in panels e and f respectively. All calculations employ
the Pb diffusion kinetics of Cherniak (2000) using a cylindrical diffusion geometry and a crystal half-width of 200 μm. (For interpretation of the references to color in this
ﬁgure, the reader is referred to the web version of this article.)

3.2. Relationship between internal diffusion proﬁle and bulk mineral
age
In reality, deep crustal thermal histories are not isothermal. Internal age proﬁles therefore record the time-integrated history of
Pb loss as the mineral cools through the PRZ. This information
can be harnessed by forward modeling time-dependent combinations of dT /dt and minimizing the degree of ﬁt between the
model and measured age proﬁles (Harrison et al., 2005) or a–t
curves (Schoene and Bowring, 2007). Construction of a–t curves requires measurement of whole-grain U–Pb ages across a spectrum
of different grain sizes. Measurement of internal U–Pb age proﬁles enables extraction of T –t information from individual mineral

grains but demands μm-scale spatial resolution. Depth proﬁling offers the signiﬁcant advantage of permitting assessment of whether
volume diffusion was the operative transport process by ﬁtting the
age proﬁle to an error function (Cherniak and Watson, 1992). Conversely, generation of a–t curves is predicated on the assumption
that volume diffusion was the dominant transport process.
The length scale dependency of diffusion causes both the topology of the internal age proﬁle and, therefore, the whole-grain
age to vary as a function of grain size. On cooling, each radial
node of the mineral effectively closes to diffusion at progressively
lower T , starting with the core and ﬁnishing with the rim domains.
Accordingly, larger grain sizes will retain Pb∗ at higher T than
smaller grain sizes, yielding an expanded PRZ. Fig. 2 illustrates
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this behavior by plotting 206 Pb/238 U age depth proﬁles and a–t
curves for rutile undergoing cooling and reheating, respectively.
Individual ages within a depth proﬁle represent integration of
1 μm depth increments across the outer 30 μm of the rutile
grain, whereas whole-grain ages reﬂect integration of the internal
Pb∗ proﬁle across the entire grain volume, leading to a volumeaveraged Pb/U age. Slow cooling (<2.5 ◦ C Ma−1 ) through the PRZ
(Fig. 2a) generates a signiﬁcant (>40 Ma) 206 Pb/238 U age proﬁle (Fig. 2c) that translates into a >30 Ma difference between
whole-grain ages (Fig. 2b) of small (50 μm radius) and large grains
(500 μm). Faster cooling and shorter residence time within the PRZ
reduces the magnitude of both the age proﬁle and the dispersion
between small and large grains such that cooling rates in excess
of 10 ◦ C Ma−1 yield age proﬁles and a–t curves on the limits of
analytical sensitivity for microbeam and ID-TIMS analysis.
Reheating of rutile grains that resided beneath the PRZ prior
to the onset of heating results in markedly different Pb∗ diffusion proﬁles (Fig. 2f) and a–t curves (Fig. 2e). Age proﬁles and
whole-grain ages are calculated for rapid reheating events with
peak T between 500 ◦ C and 1000 ◦ C followed by Newtonian cooling to 200 ◦ C (Fig. 2d). During slow cooling the rutile grain starts
with a zero Pb∗ concentration which accumulates as diffusion
slows, whereas reheating involves an initial closed-system conﬁguration with a non-zero concentration of Pb∗ which is modiﬁed
by diffusion according to the speciﬁc T –t path. This has the potential to form age proﬁles and a–t curves with markedly different
topologies to simple cooling. For example, in Fig. 2d the 800 ◦ C
reheating event eﬃciently resets grains <100 μm in radius, but
only partially resets grains >200 μm, yielding age proﬁles and a
complementary a–t curve with a markedly ﬂat gradient. It is noteworthy that both severe (purple trace, Fig. 2d) and minor (red
trace, Fig. 2d) reheating events produce a–t curves and internal
age proﬁles with similar topologies but contrasting absolute age
values. An immediate implication of this is that without independent thermochronologic constraints there would be no immediate
way to distinguish between high and low T reheating events.
These calculations identify a fundamental difference between
the ability of age depth-proﬁles and a–t curves to harness thermal history information. The outermost depth increment of an
age proﬁle and the smallest grain analyzed within an a–t curve
both provide a measure of timing since the mineral grain cooled
through the PRZ and transitioned to closed-system behavior. However, the larger integration volume of whole-grain analysis results
in a mineral age that is weighted toward the core domains relative to a depth proﬁle analyses. This leads to a bias in a–t curves
to record higher-T portions of a T –t path. Conversely, age depth
proﬁles are limited to <30 μm of the mineral rim, meaning that if
the diffusion length scale is greater than the depth of the proﬁle,
resultant T –t information will be biased towards the lower-T part
of the PRZ.
3.3. Resolving power of diffusion proﬁle versus a–t curves
The ability to distinguish between T –t paths determines the resolving power of a thermochronometer. To simulate the resolving
power of the U–Pb age depth proﬁling approach, Fig. 3a shows
the T –t envelopes that correspond to acceptable and good ﬁts
(Ketcham, 2005) to a rutile 206 Pb/238 U age depth proﬁle (inset
Fig. 3a) calculated for a single stage cooling history of 5 ◦ C Ma−1 .
Fits were derived from a pool of 10 000 randomly-generated monotonic cooling T –t paths. The synthetically-generated age depth
proﬁle accurately identiﬁes the form of the target T –t path
and yields maximum constraining power between ∼540 ◦ C and
∼620 ◦ C. Fig. 3b shows the results of the same forward modeling exercise applied to an a–t curve with rutile grain dimensions
randomly selected between 50 μm and 200 μm (inset Fig. 3a).
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Fig. 3. Application of age depth proﬁle and age versus grain-size relationships to
recover continuous thermal history information. Synthetic age distributions (inset a,
b and c) were generated for rutile cooling at 5 ◦ C Ma−1 using the Pb diffusion law of
Cherniak (2000). Envelopes of acceptable and good ﬁts between age proﬁle (a) and
age grain size relationships (b and c) are plotted for 10 000 randomly generated
monotonic cooling paths. Degree of ﬁt between target and forward modeled ages
was assessed using the Goodness of Fit merit function (Ketcham, 2005).

The resultant T –t envelopes are notably similar to those produced
by the depth proﬁle with the exception that the acceptable envelope is better constrained towards higher-T . This illustrates that
despite the higher analytical uncertainties inherent to LA-ICPMS
depth proﬁle analysis, the constraining power of rutile 206 Pb/238 U
age depth proﬁles is comparable to that attained by ID-TIMS analysis of whole-grains spanning a 150 μm difference in grain radii.
The resolving power of an a–t curve is controlled by the dispersion in available grain sizes. Fig. 3c conﬁrms this by plotting the
T –t envelopes for a limited distribution of larger rutile grains with
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radii between 240 μm and 360 μm. Furthermore, the larger grain
sizes yield constraining power up to ∼700 ◦ C.
This modeling exercise serves to identify the ﬁdelity of rutile
206
Pb/238 U age depth proﬁling to harness high-resolution thermal
history information from a T interval that is directly relevant to
the geological evolution of the lower lithosphere. Speciﬁcally, the
age depth proﬁling approach is capable of recording T –t paths at
comparable resolution to multiple analyses of whole grains spanning 50–200 μm. To evaluate whether the underlying theory of
rutile 206 Pb/238 U age depth proﬁling is applicable to geological
samples, the following section details application of the technique
to a classic exposure of lower-continental crust.
4. Application of rutile 206 Pb/238 U age depth proﬁling
4.1. Geological setting
The Ivrea–Verbano Zone (IVZ) in northern Italy represents a
classic section through attenuated lower continental crust. Observations made from the IVZ have imparted signiﬁcant inﬂuence on current understanding of the geophysical and geochemical
evolution of the continental crust (Rudnick and Fountain, 1995;
Voshage et al., 1990). The IVZ comprises two main units: the
Kinzigite Formation and the Maﬁc Complex. The Kinzigite Formation consists of supracrustal rocks, dominated by metapelites
and displays a metamorphic ﬁeld gradient, increasing towards the
northwest from amphibolite to granulite facies. Regional granulite
facies metamorphism drove widespread anatexis, yielding garnetrich restites with trace element chemistry consistent with between 20 and 40% granitic melt extraction (Schnetger, 1994). Rutile
formed in granulite-facies paragneisses as a result of the breakdown of biotite (Luvizotto and Zack, 2009). Peak metamorphic
conditions for granulite facies metasediments of the Kinzigite Formation are constrained by Zr-in-rutile thermometry, Ti-in-zircon
thermometry and the coexistence of gt + kfs + sil + rt ± pl ±
liq to 770–940 ◦ C and 6–10 kbar (Ewing et al., 2013; Luvizotto and
Zack, 2009). The Maﬁc Complex comprises an intrusion of gabbroic
to leucodioritic composition, up to 10 km thick, and intercalated
with supracrustal septa, considered to represent un-assimilated
remnants of the Kinzigite country rock.
Regional granulite facies metamorphism has been dated by U–
Pb zircon geochronology to between 295 Ma and 319 Ma, predating intrusion of the composite Maﬁc Complex at 288 ± 4 Ma
(Ewing et al., 2013; Peressini et al., 2007). Ewing et al. (2013)
combined U–Pb ages from zircon and rutile with Ti-in-zircon and
Zr-in-rutile thermometry to show that the thermal anomaly caused
by emplacement of the Maﬁc Complex decayed to ambient temperatures close to 800 ◦ C Ma−1 by ∼260 Ma. Zanetti et al. (2013)
recently showed that the emplacement of the northernmost portion of the Maﬁc Complex, the Finero Maﬁc Complex, occurred
independently at ∼232 Ma. The post-intrusive thermal evolution
of the IVZ is constrained by numerous geochronologic datasets,
reviewed by Siegesmund et al. (2008). All thermochronometers exhibit a progressive younging towards the Insubric Line. Monazite
U–Pb ages range from 276 to 292 Ma, interpreted to reﬂect cooling
after regional metamorphism (Hurford, 1986; Siegesmund et al.,
2008) or ﬂuid circulation (Vavra and Schaltegger, 1999); K–Ar biotite ages span from 156 Ma to 245 Ma (Siegesmund et al., 2008);
zircon ﬁssion track ages are between 38 Ma and 178 Ma (Wolff et
al., 2012). Interpolation of these T–t data points led to the traditional interpretation that the IVZ cooled at rates between 0.8 and
5 ◦ C Ma−1 (Hurford, 1986). Rifting of the Adriatic margin during
the Early Jurassic (Handy et al., 1999) failed to reset the U–Pb system in zircon and monazite.

Fig. 4. Rutile-bearing granulites from the Ivrea Zone. a. Geological map of the central
Ivrea Zone; modiﬁed from Luvizotto and Zack (2009). CMB stands for Cossato–
Mergazzo–Brissago Shear Zone. Black circles correspond to sample locations. b. Back
Scattered Electron images of representative rutile euhedra from samples IVZR04 and
IVZR19. Scale bar corresponds to 50 μm in all panels.

4.2. Sample petrography
Two rutile-bearing granulite facies paragneisses were targeted
for U–Pb depth-proﬁling. Specimens IVZR04 and IVZR19 are
stronalite gneisses collected from the base of the IVZ exposed in
the Val d’Ossola section (Fig. 4a). Both samples exhibit a dominant
mineral assemblage comprising restitic aggregates of garnet and
sillimanite, proximally located to quartzofeldspathic melt seams.
Rutile euhedra (Fig. 4b) up to 1500 μm in length and 20–500 μm
in width are texturally related to the granulite facies assemblage
and are dominantly located within the restitic domains. Effects of
greenschist facies alteration are limited to minor pinnitization of
feldspar grain boundaries. A more detailed sample petrography is
presented by Luvizotto and Zack (2009). Previous, in-situ LA-ICPMS
U–Pb analysis of rutile from sample IVZR19 showed that rutile euhedra are texturally older than zircons that yield ages in excess of
290 Ma (Zack et al., 2008).
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5. Analytical techniques

Euhedral rutile grains were selected from a bulk heavy mineral separate and press mounted onto an adhesive grain mount
along {110} faces. Grains were screened using a binocular microscope for microscopic cracks and inclusions. Selected grains
have dimensions parallel to {110} between 150–500 μm, and between 150–250 μm parallel to {100} and {010}. Following the
methodology of Kylander-Clark et al. (2013), simultaneous measurement of U–Th–Pb isotopic and trace element abundances was
undertaken on the same ablation volume using Laser Ablation Split
Stream (LASS)-ICPMS analysis at the University of Texas. U–Th–Pb
isotopic and trace element abundances were measured using two
ThermoFisher® Element II HR-ICPMS’ coupled to a Photon Machines® Analyte G.2 ArF 192 nm Excimer Laser. A two-volume
(∼30 cm3 ; HeLex® cell) sample cell was used to minimize ablation
volume and reduce washout time to <0.3 s, critical for obtaining
<1.5 μm depth resolution. Optimal signal strengths were attained
using a 65 μm spot diameter, 10 Hz repetition rate and a 6 mJ energy setpoint with 17% beam attenuation (1.67 J cm−2 ; pulse width
<4 ns). Interference from oxide masses was minimized by tuning gas ﬂows such that UO <0.5%. Before each analysis, the grain
surface was cleaned of surﬁcial Pb by ﬁring 6 laser shots using
an 80 μm spot diameter. For U–Th–Pb isotopic abundance measurements, correction for instrumental drift and laser-induced elemental fractionation was addressed via analysis of rutile standard
R10 (Luvizotto et al., 2009), using a standard-sample-bracketing
routine. Rutile R19 (Zack et al., 2011) was used to assess age
accuracy. Raw 206 Pb/238 U ratios were consistently within 2σ uncertainty of the ID-TIMS values reported by Zack et al. (2011).
Trace element abundances were calculated by interleaving analyses of USGS basaltic glass standard GSD-1G (Jochum et al., 2005)
among samples and internally-normalizing unknowns to TiO2 . Reduction of isotopic and elemental data was performed off-line
using the Iolite freeware package (Paton et al., 2011). Residuals
to the down-hole fractionation model for rutile R10 were typically <1.5% of the measured average 206 Pb/238 U ratio, indicating
predictable down-hole behavior (Fig. 5a). Ages were calculated at
the 95% conﬁdence level using Isoplot v.3 (Ludwig, 2003) and
the decay constants recommended by the IUGS Subcommission
in Geochronology (Steiger and Jäger, 1977). To calibrate ablation
time to drill depth, ablation pit dimensions formed in polished sections of rutile R10 were measured using a Bruker Contour GT-K1
3D surface proﬁlometer in VSI mode, with a nominal depth precision of ± < 1 nm. Drill rates were then calculated by regressing
multiple pit depths formed after ablation durations of between
5 and 60 s (Fig. 5b); resultant depths correspond to a linear
increase with time (R 2 for ordinary least squares regression is
∼0.99) and a drill rate of 0.574 μm s−1 for a 65 μm spot diameter. Accordingly, rutile grains were ablated for 60 s, corresponding
to ablation depths of ∼34 μm. Accuracy of the R10-derived ablation rate was conﬁrmed though measurement of pit depths in
IVZR04 and IVZR19 rutile to between 33–34 μm. Following reduction, individual 60-s-long data integrations were split into a
total of 30, 2-s-long increments, each corresponding to a 1.15 μm
depth interval. Individual increments were corrected for common
Pb using the measured 207 Pb by assuming concordancy between
206
Pb/238 U and 207 Pb/235 U ages (Williams, 1998). This correction
was favored given the small quantities of common Pb (generally 2–5% total 206 Pb) in the Ivrea rutiles and their Phanerozoic
age for which the range of potential radiogenic 207 Pb/206 Pb is
limited.

Fig. 5. 206 Pb/238 U age depth proﬁling. Panel a illustrates the drill rate calibration,
showing a plot of ablation time against total pit depth for laser beam diameters
of 65 μm and 40 μm. Notably, both data series form linear arrays with R 2 values
within <1% of unity. Total uncertainty in the depth measurement is less than the
width of the data marker. Laser energy settings are described in the text. Panel b
shows an example down-hole laser-induced 206 Pb/238 U fractionation model. Plot includes data from 42 analyses of rutile standard R10 using a 65 μm beam diameter
and the energy settings detailed in the text. Model produced using the Iolite software package (Paton et al., 2011). Residuals of the cubic spline model to the average
are typically <2% of the model value.

6. Results
6.1. Rutile 206 Pb/238 U age depth proﬁling
Depth proﬁling analysis of unpolished rutile grains from samples IVZR19 and IVZR04 revealed monotonically increasing 207 Pbcorrected 206 Pb/238 U ages from 140 Ma to 180–190 Ma over the
outer ∼15 μm after which ages did not increase (Fig. 6a and 6b).
Single spot ages measured between 20 μm and 100 μm from the
visible edges of polished IVZR19 grains yield a weighted average
of 184.4 ± 4.6 Ma (2σ ), which is within error of the depth proﬁle plateau age deﬁned by isotopic ratios from depths >15 μm.
Similarly, single spot ages from the core domains of IVZR04 rutile
yield a weighted average age of 187.4 ± 7.6 Ma (2σ ), within error
of the plateau age of the depth-proﬁle. To test whether the observed proﬁles resulted from Pb diffusion during protracted cooling
as opposed to a non-Fickian transport mechanism, we inverted
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Fig. 7. Representative Zr depth-proﬁles for sample IVZR19. Each analysis represents
a depth increment of ∼1.12 μm. Zr-in-rutile temperature estimates are calculated
for the base of the proﬁle using the calibration of Tomkins et al. (2007).

6.2. Rutile Zr concentration depth proﬁling

Fig. 6. Inversion of 206 Pb/238 U age proﬁles. Panels a and b show error-weighted
206
Pb/238 U age depth-proﬁles calculated for samples IVZR19 (n = 10) and IVZR04
(n = 6) respectively. Black lines represent power law best ﬁt to the data with
95% conﬁdence envelopes delineated by dashed lines. Shaded rectangles mark the
weighted-average bulk rutile age derived from spot analyses of the interior of polished grains (IVZR19: 184.4 ± 4.6 Ma, 2σ ; IVZR04: 187.4 ± 7.6 Ma). Radial coordinates (r) normalized to average grain radius (r0 ) of 100 μm. Panels c and d show
T–t envelopes that correspond to 206 Pb/238 U age proﬁles with acceptable (light gray)
and good ﬁts (dark gray) to the error-weighted proﬁles shown in a and b respectively. Black lines represent the best-ﬁt thermal history. A total of 10 000 candidate
monotonic cooling histories were generated, each ﬁxed to zircon and apatite ﬁssion
track ages from Siegesmund et al. (2008).

the 207 Pb-corrected 206 Pb/238 U age proﬁles using the inverse error
function. A line regressed through data points that span the diffusive length scale (n = 7) of the rutile grain yields essentially zero
intercepts for both samples (Fig. DR1, supplementary material),
conﬁrming the expectation of linearity for Fickian diffusion. Individual depth increments and spot analyses contain low concentrations of non-radiogenic Pb, typically between 2 and 5%, which was
corrected assuming U–Pb concordance and a model-Pb composition (Stacey and Kramers, 1975). Corrected ages are insensitive to
choice of common Pb. Correction using the full range of Phanerozoic 207 Pb/206 Pb ratios (0.83–0.87) translates into 207 Pb-corrected
206
Pb/238 U age differences of <3%. Low Pb yields in addition to elevated common Pb concentrations within the outer ∼3 μm of the
rutile grains cause ages to be less precise than the interior of the
depth-proﬁles. U concentrations vary between 25–30 ppm and do
not exhibit intragrain variations attributable to growth zoning. Raw
U–Pb isotopic data are presented in supplementary dataset (Tables
DR1, DR2 and DR3).

Rutile from both samples yield Zr concentration depth proﬁles with similar topologies. Grain-interior Zr concentrations vary
between 2562 and 3299 ppm, corresponding to temperature estimates of 832 and 870 ◦ C ( P = 10 kbar), respectively, using the
Zr-in-rutile thermometer calibration of Tomkins et al. (2007) applicable to the β -quartz ﬁeld. Zr concentrations decrease from core
regions toward the outer 5–10 μm of the rutile rim where concentrations rise sharply to values in excess of 4000 ppm (Fig. 7). Similar Zr proﬁles were observed in Ivrea rutile by Zack et al. (2008)
who used both in-situ LA-ICPMS and electron microprobe analysis.
Raw concentration data for representative proﬁles are presented in
the on-line data repository (Table DR4).
7. Inversion of 206 Pb/238 U age proﬁles
To ascertain the thermal signiﬁcance of the rutile Pb/U age
proﬁles the authors wrote a MATLAB® code to predict radial distributions of radiogenic 206 Pb as a function of speciﬁed thermal
history. The code numerically approximates solutions to Eq. (1)
using a Crank–Nicolson ﬁnite difference scheme for equivalent
spherical geometry. Calculations assume a cuboidal grain geometry, uniform distribution of U (25 ppm) and grain dimensions of
a = b = 200 μm and c = 800 μm; Pb diffusion is modeled using
the parameters of Cherniak (2000). The accuracy of the numerical
model was conﬁrmed by comparison against analytically-derived
solutions (Section 6.3.1, Crank, 1975) for isothermal scenarios. For a
rutile grain of equivalent spherical radius 133 μm (a = b = 200 μm;
c = 800 μm) held at 550 ◦ C for 100 Ma, residual differences between the two solutions are <1.6% of the numeric value. Degree
of ﬁt between the model and error-weighted mean proﬁles was assessed using the Goodness of Fit metric of Ketcham (2005) applied
to each radial node.
Considering only monotonic cooling places stringent constraints
on thermal histories capable of reproducing the observed radiogenic 206 Pb concentration proﬁle. Figs. 6c and 6d show the T–t
envelopes that correspond to acceptable and good ﬁts to the errorweighted proﬁles of sample IVZR19 and IVZR04 respectively. Successful thermal histories derive from a candidate pool of 10 000
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randomly-generated monotonic cooling thermal histories. The best
ﬁt thermal histories for both samples are characterized by initial
rapid cooling from >600 ◦ C at ∼180 Ma followed by a period of
slower cooling through the base of the rutile Pb PRZ from ∼525 ◦ C
to ∼450 ◦ C. The width of the good ﬁt envelope in both samples
provides a reliable measure of the resolving power of each age
proﬁle. From Figs. 6c and 6d it is apparent that both depth proﬁles record t-dependent variations in dT /dt between ∼450 ◦ C and
∼620 ◦ C, consistent with the magnitude of the Pb PRZ derived by
Cherniak (2000). Notably, sample IVZR19 yields a more restricted
range in permissible T –t space than IVZR04, reﬂecting the smaller
95% conﬁdence interval of the error-weighted proﬁle.
8. Discussion
8.1. Implications for Ivrea zone thermal history
The best-ﬁt thermal histories derived from samples IVZR19
and IVZR04 are incompatible with the traditionally-accepted cooling history of the IVZ, characterized by slow-cooling at rates
<5 ◦ C Ma−1 following emplacement of the Maﬁc Complex ca. 288 ±
4 Ma (grey lines Fig. 8). Such protracted cooling through the
Pb PRZ would result in increased diffusive rounding of the age
proﬁle in addition to ages in excess of 200 Ma in grain core domains (Fig. 9). Rather, the preservation of ∼180–190 Ma plateau
ages within 15 μm of rutile grain edges requires rapid cooling
through the Pb PRZ around 180 Ma. There are two plausible explanations for this observation: i. the IVZ resided at T > 650 ◦ C
between the timing of rutile growth (∼290 Ma) and the initiation of fast cooling ∼180 Ma, or ii. the IVZ underwent a reheating
event of suﬃcient duration and T to reset the rutile U–Pb system
at ∼180 Ma. Given that monazite 206 Pb/238 U ages from the base
of the Ivrea Zone yield minimum ages of ∼270 Ma (Siegesmund
et al., 2008), the IVZ cannot have resided at T above ∼800 ◦ C for
a signiﬁcant amount of time following regional granulite facies
metamorphism. Siegesmund et al. (2008) interpret 40 Ar/39 Ar hornblende ages between ∼200–280 Ma from the Val Strona proﬁle as
recording the timing of post-Permian cooling through 580–600 ◦ C.
Clearly a reheating event suﬃcient to reset the rutile U–Pb system would preclude this interpretation, requiring that either the
reheating event was spatially localized, or that these ages are affected by extraneous 40 Ar contamination. Independent evidence
in support of the Jurassic reheating hypothesis comes from the
topology of Zr concentration depth proﬁles (Fig. 7). The outermost
5–10 μm of rutile grains from both samples are consistently enriched in Zr, up to ∼3800 ppm (∼886 ◦ C at 10 kbar), relative
to core domains which yield Zr-solution temperature estimates
of 830–870 ◦ C. The topology of the proﬁles is consistent with a
two-stage post-crystallization thermal history, comprising an initial episode of diffusive loss during protracted cooling from peak
temperatures followed by a short diffusive length scale inﬂux of Zr
from nearby zircons or a percolating grain boundary ﬂuid during
reheating. In-diffusion of Nb, Ta and Hf is also observed and will be
discussed in a companion paper. Further support for post-Permian
reheating comes from Vavra and Schaltegger (1999) who observed
that monazites from the base of the Ivrea Zone yield a subconcordant discordia line with a lower intercept age of 210 ± 14 Ma.
Supported by the presence of internal and external corrosion structures in the target monazites as well as cogenetic zircons, they
attributed the age to an episode of ﬂuid-driven Pb loss associated
with the inﬂux of hydrothermal ﬂuids. Similar ages have also been
reported for Sm–Nd in garnet (215 ± 10; Lu et al., 1997) and K–
Ar in hornblende (183 ± 2 Ma and 217 ± 1 Ma; Boriani and Villa,
1997).
In summary, the length scale of Pb zoning in rutile resulted
from fast cooling at ∼180 Ma whereas the length scale of Zr in-

Fig. 8. Thermal history of the IVZ based on rutile 206 Pb/238 U age depth-proﬁling
(black line) and interpolation between existing bulk T–t points (gray boxes and solid
lines). Coarse dashed black line represents inferred portions of the T–t path. Interpolated thermal history is based on compilation of Siegesmund et al. (2008) and
additional zircon U–Pb data from Ewing et al. (2013). References for bulk ages are
from Henk et al. (1997), Hurford (1986), Siegesmund et al. (2008) and Wolff et al.
(2012).

Fig. 9. Rutile Pb diffusion laws. Forward modeled 206 Pb/238 U age proﬁles for both
the Cherniak (2000) and Mezger et al. (1989) Pb diffusion laws using the thermal
history derived by bulk thermochronometry for the base of the IVZ (Fig. 8; Hurford,
1986; Siegesmund et al., 2008). Conﬁdence envelopes for samples IVR19 and IVZR04
are plotted for comparison.
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ﬂux resulted from heating that preceded the cooling. Combined
with existing evidence, this indicates that the IVZ was affected by
a series of thermal pulses after the Carboniferous, potentially associated with asthenospheric upwelling driven by hyperextension of
the Adriatic margin in the Upper Triassic to Lower Jurassic (Handy
et al., 1999).
8.2. Pb diffusion in rutile
Whilst the topology of a U–Pb age proﬁle is controlled by
time dependent variations in dT /dt, the absolute values of T at
which these changes occur is chieﬂy controlled by the diffusion
kinetics. All calculations presented here employ the Pb diffusion
law of Cherniak (2000), measured in natural rutile with Rutherford Backscattering Spectrometry. However, mean T c estimates
calculated for these diffusion parameters are around 100 ◦ C higher
than empirically determined rutile T c values (Mezger et al.,
1989). Speciﬁcally, a number of U–Pb thermochronometric studies have independently observed that rutile U–Pb dates are
younger than those of co-genetic titanite ages (Flowers et al.,
2005, 2006; Kylander-Clark et al., 2008; Mezger et al., 1989;
Möller et al., 2000) in slowly-cooled terranes. This contradicts the
experimentally-derived Pb diffusion law which predicts broadly
coincident closure temperatures for both titanite and rutile. The
reason for this discrepancy is unclear and demands further investigation. However, uncertainty in Pb diffusion parameters alone
cannot account for the measured 206 Pb/238 U age proﬁles from
samples IVZR19 and IVZR04. Fig. 9 shows calculated 206 Pb/238 U
age proﬁles for a 100 μm rutile grain following the traditionally
accepted thermal history for the base of the IVZ (Fig. 8), using
both the Pb diffusion laws of Cherniak (2000; E a = 242 kJ mol−1 ,
D 0 = 1.55 · 10−6 ) and Mezger et al. (1989; E a = 188 kJ mol−1 ,
D 0 = 3.06 · 10−7 ). Critically, neither set of diffusion parameters
produce an age proﬁle that conforms to the observed age proﬁles under a slow-cooling thermal regime. Rather, the presence of
plateau ages between 180 Ma and 190 Ma in the cores of IVZ rutile
grains shows that either current Pb diffusion laws are problematic
or that a reinterpretation of the thermal history of the IVZ is required, involving either reheating or rapid cooling from T > 650 ◦ C
during the early Jurassic.
9. Conclusions
We demonstrate that 206 Pb/238 U age closure proﬁles are resolvable using LA-ICPMS depth proﬁling. Applied to rutile, U–Pb
age depth proﬁling affords the recovery of continuous thermal
history information from ∼450 ◦ C to ∼620 ◦ C, a temperature interval that is appropriate to elucidate the thermal evolution of the
mid- to lower-crust. Depth proﬁling offers a major advantage over
conventional bulk thermochronology in that it permits harnessing of the highest-resolution thermal histories and identiﬁcation
of transient thermal events that are potentially too subtle to be
detected by assignment of nominal closure temperatures to wholegrain ages. Furthermore, inversion of 206 Pb/238 U age depth proﬁles
recovers thermal history information from an enlarged T -range
relative to thermal histories derived from grain size versus age
relationships that are dampened by volume-averaging. Operating
the depth proﬁling technique under LASS-ICPMS conﬁguration enables simultaneous acquisition of intragranular distributions in (U–
Th)/Pb isotopic ratios and trace element concentrations. This approach has the potential to resolve signiﬁcant portions of thermal
histories from individual mineral grains, utilizing multiple diffusants with speciﬁc T -sensitivities to volume diffusion. Intragrain
206
Pb/238 U age proﬁles from IVZ rutile are not compatible with
the traditionally-accepted regional cooling history, instead requiring residence at T in excess of ∼650 ◦ C, or resetting by a brief

thermal pulse during the early Jurassic. Zr concentration depth
proﬁles exhibit topologies that are consistent with diffusive gain
during reheating. The LASS depth proﬁling method outlined can
be applied to other U, and Th-bearing accessory phases, including
apatite and titanite, and offers a powerful tool to recover continuous thermal history information from temperature intervals that
are inaccessible to conventional thermochronology and critical to
our understanding of lithospheric heat transfer.
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