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Abstract. This work investigates the causes of ablation bias
in U-Pb dating of zircon by laser ablation inductively cou-
pled mass spectrometry (LA-ICP-MS) and possible methods
for correction. Pb/U ablation bias occurs due to the relative
volatility of Pb and changes with pulse count (pit depth).
Measurements of NIST glass and zircon include significant
ablation bias when scanned but since this is constant with
time it is possible to determine variations in instrument bias
by ablating under fixed conditions. Integrated signal profiles
measured using laser pulses at 0.2 Hz combined with mod-
elling of Pb/U fractionation suggest that the earliest Pb/U
measurements (first 10 pulses) are affected by decreasing
fractionation from a melt pool as it becomes increasingly de-
pleted in Pb. This trend is opposed by deposition of depleted
material as fallback, which dominates early signal loss. The
fractionation sequence from the first 10 or so pulses is there-
fore chaotic. Ratios from the following 50 or so pulses show
an approximately linear increase in fractionation. Normal-
ized data from these pulses give trends with higher intercepts
and lower slopes for standards with higher radiation damage
during the same session. Fractionation and signal decay sub-
sequently rise more slowly but remain linear, probably be-
cause fractionation is dominated by deposition in the deep-
ening pit. An ablation fractionation model is proposed based
on the drop in measured ZrO signal but this cannot be used
to estimate accurate bias-free 2°°Pb/238U ratios because of
the number of unconstrained parameters. The best approach
for calibrating against an unknown is a direct comparison of
all or part of the standard ratio profile with the sample profile
after multiplication by a calibration factor. The factor that
results in the best fit should represent a ratio of unbiased
206pp /2381 between standard and sample. Software is in-
cluded to process and calibrate data. Data from Precambrian

zircon with well-established 2°’Pb/2%Pb ages suggest that
radiation damage below the metamict state results in little
bias to discordance. Reverse discordance from metamict zir-
con appears to be approximately proportional to U concentra-
tion. Increased accuracy of 2°°Pb/>33U ages using nanosec-
ond laser systems can most likely be achieved through instru-
ment design improvements rather than data processing.

1 Introduction

Laser ablation inductively coupled plasma mass spectrome-
try (LA-ICP-MS) has proved to be a powerful analytical ap-
proach for U-Pb geochronology because of the speed and
scale of analyses (less than 1 min at a scale of tens of pm in
situ). It has led to a large increase in the number of publica-
tions on dating zircon, as well as applications to hydrogenic
and biogenic minerals like calcite and phosphate (Koch and
Gunter, 2011) The internal precision is limited to about 1 %
for a single analysis with quadrupole mass analyzers but can
be better for rapid switching or multi-collector sector instru-
ments and the rapidity of analyses makes it relatively easy to
generate large amounts of data that can be averaged.
Because of the complexity of the analytical processes, LA-
ICP-MS is often treated like a “black box” by users (includ-
ing the authors). This may lead to the adoption of empir-
ical analytical protocols whose basis is poorly understood.
A significant problem compared to isotope dilution is assur-
ing the accuracy of data, especially where ages depend on
Pb/U measurement such as samples younger than Mesopro-
terozoic (e.g. zircon) or samples that contain significant com-
mon Pb (e.g. calcite). This is because measurement biases for
206pp /238U ratios are normally high and must be corrected,
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usually by measuring standards with known ratios and as-
suming the same ablation bias as for the sample.

The most significant sources of Pb/U measurement bias
are mass fractionation, ionization efficiency, oxidative loss
of U and ablation bias. The first three occur in the plasma
(as well as the MS for mass fractionation) and are referred
to here as instrument bias, while the fourth is a result of in-
teraction of the laser with the sample. A common procedure
is to correct for the first three biases using a glass standard
such as NIST612 (Jochum et al., 2011) but these are also
affected by ablation bias, which can only be corrected us-
ing a “matrix-matched” standard, which is usually the same
mineral as the sample but with a precisely known age mea-
sured by isotope dilution thermal ionization mass spectrom-
etry (ID-TIMS). There can be problems with this that com-
promise accuracy even when measurements produce precise
results. Glass standards are subject to significant Pb/U abla-
tion biases (see below). Measuring a standard of similar min-
eralogy to the sample may not adequately correct for ablation
bias for samples such as calcite, which can have quite vari-
able compositions, or zircon, which can have variable states
of crystallinity due to radiation damage.

A series of experiments, interpretations and suggestions
are presented to better understand the causes of Pb/U ab-
lation bias in zircon during LA-ICP-MS measurements and
suggest ways that this bias can be mitigated to improve accu-
racy of U-Pb ages. Working hypotheses will be advanced to
explain results of measurements. Even if these explanations
are not all strictly valid, they may provide a starting point
for understanding the causes of bias and how to accurately
correct it. We hope that our observations and arguments will
at least provide some insight to the community and inspire
further efforts.

2 Instrumentation and Materials

U-Pb isotopic analyses were conducted at the University of
Toronto using an Agilent 7900 ICP-MS and an NWR193UC
excimer laser ablation system (https://www.icpmslasers.
com/files/Data-Sheets/NWR193-Brochure-U-17331-b.pdf,
last access: 9 September 2026). The plasma was maintained
at a power input of 1250 W, giving a temperature of about
6000 °C. The laser was normally run at a frequency of 10 Hz
with fluence of 3.5Jcm™2, subsequently referred to as stan-
dard conditions. Some experiments were run at a frequency
of 0.5Hz in order to access results from the earliest pulses.
Beam diameter was varied as noted for the experiments
described below. Initial tuning and measurement of plasma
characteristics were carried out using NIST610 ablated
along scan lines. The He flow rate was set at 1000 mL min~!
and nebulizer Ar flow rate was adjusted to give ThO/Th of
0.5 % or less, except where otherwise noted. N> gas was not
added (Hu et al., 2008). All data were measured in the same
lab under variable specified conditions.
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Standards include NIST610 and NIST612 glasses. Zircon
standards include Keuhl Lake (KL) from a zircon megacryst
in the same deposit as standard 91 500 (1065 Ma; Caulfield
et al., 2025; Wiedenbeck et al., 1995; Royal Ontario Mu-
seum object number ROMESM16401), DD91-1 zircon, a rel-
atively high-U (300 ppm) zoned 2682+1.2 Ma zircon (Davis,
2002) and DD85-17, a relatively low U (100 ppm) zoned
3002 4+ 3 Ma zircon (Tomlinson et al., 2003). KL is mostly
unzoned and has a very low degree of radiation damage as re-
vealed by Raman scattering (Das and Davis, 2010). Although
the KL sample has not been directly dated by ID-TIMS, it has
been analyzed many times against other ID-TIMS dated zir-
con standards and given ages indistinguishable from 91 500.
Grains were mounted in epoxy, polished and imaged with
backscattered electrons (BSE) using a JEOL JSM6610-Lv
scanning electron microscope.

3 Results and Discussion

3.1 Instrument bias: mass fractionation and differential
ionization

It is important to understand the sources of all signal biases
to optimize and improve measurement methods. For exam-
ple, if ablation bias proved to be identical and therefore pre-
dictable for a large class of samples under similar laser condi-
tions, knowing the instrument bias would eliminate the need
to measure a standard.

The plasma in an ICP torch is maintained by the transfer of
radio frequency energy from a surrounding coil to electrons,
which collide with and ionize Ar atoms that then also absorb
enough energy to maintain a temperature of about 6000 °C
(Koch and Gunter, 2011). Analyte injected into the plasma
through the torch is rapidly volatilized and ionized. Levels
of ionization depend on the ionization potential of the ele-
ment and are given by the Saha equation (Drake, 2018; Houk,
1986).

In order to be detected, the ionized atom or molecule
must make its way from the plasma at atmospheric pressure,
through the orifice in the sampling cone, then through the ori-
fice in the skimmer cone into a high vacuum region without
losing its charge by collision with the wall or another species
having a lower ionization energy. This is the reason that ex-
traction efficiency is much less than 100 %. The extraction
efficiency is dependent on atomic or molecular weight, favor-
ing heavier species (Niu and Houk, 1996). This, along with
ionization efficiency, imposes the measurement bias of about
minus 25 %-35 % on the 2°°Pb /238U ratio (measured under
low oxide conditions) that we observe in measurements be-
low, which is the largest single source of bias.

Calibration using a matrix-matched primary standard
should correct both instrument and ablation bias except that
ablation bias increases with pulse count (pit depth) and can
be sensitive to the structural state of the mineral. Horn et al.
(2000) injected a calibrated nebulized solution of 2T1/238U
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along with the ablation stream but did not obviously correct
for different ionization efficiencies of Tl and Pb. Another ap-
proach might be to nebulize and inject a calibrated Pb/U so-
lution between sample runs. The solution might have to also
contain an appropriate concentration of Zr to match the com-
position of the sample.

A convenient approach is to use laser scans but
these are not free of ablation bias. Scans of NIST-
610, 612 and 614 gave 29Pb/238U ratios biased rela-
tive to accepted values (Jochum et al., 2011) by —23.4 %,
—23.9% and —23.0%, respectively, whereas two scans
of the Keuhl Lake zircon (KL) near the start and at the
end the session gave biases of —27.6% and —27.3%
(Supplementary Data file 1 at https://osf.io/c8j3k/?view_
only=f5c96dd8c9244629879f420d5762b74e, last access: 9
September 2026). Although the three glasses appear to have
the same ablation bias, it is about 4 % higher than that from
zircon. Practical scan rates result in the superposition of mul-
tiple ablation spots and the scan should develop a V shaped
profile since its central line receives many more pulses than
the edges. The edge of each individual pulse has a relatively
high brightness under BSE, concentrated at the edge of the
scan where the pulse edges converge (Fig. 1). As noted by
Nasdala et al. (2006) for zircon, the brightness of BSE re-
sponse increases with the degree of atomic disorder. This
suggests deposition of Pb-depleted melt around the edge of
the ablation footprint or the removal of melt that had previ-
ously formed within it. If the absolute instrument bias can be
determined once using a solution, the offset between it and
total measured bias should remain the same for a given set of
laser operating conditions, providing a relatively easy way to
routinely measure instrument bias.

3.2 Ablation bias
3.2.1 Understanding the ablation process

It has long been noted that during spot ablation of zircon,
time resolved analytical (TRA) measurements of 206pp /238y
are found to increase especially for relatively narrow spots.
The bias increases as a function of the aspect ratio of the
pit with an early rapid rise changing to a slower linear rise,
eventually levelling off and then dropping as emission be-
comes much weaker (Paton et al., 2010; Eggins et al., 1998).
Downhole fractionation appears to be reduced with shorter
pulse duration, the femtosecond laser showing less fraction-
ation than nanosecond lasers (Kimura et al., 2015).

Ablation bias still appears to be poorly understood. It de-
pends on interaction of the sample with the laser, rather than
plasma conditions, and is the most limiting for accuracy. Eg-
gins et al. (1998) measured the fractionation of volatile Pb
and Bi over refractory U and Th as a function of ablation pit
depth in NIST612, as well as the geometry of the pit. They
showed that Bi/Th increases with pit depth (downhole frac-
tionation) until an aspect ratio (depth/surface diameter) of
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about 3 : 1 where the bottom of the pit had tapered to a di-
ameter of about 1/3 of that at the surface and signal intensity
was reduced by an order of magnitude. Subsequently, down-
hole fractionation reversed with Bi/Th decreasing. They con-
cluded that the principal mechanism for elemental fraction-
ation is condensation of the more refractory elements on the
walls of the pit. In contrast, Kroslakova and Giinther (2007),
after aerosol dilution experiments, concluded that elemental
fractionation is at least partly a result of interaction of the
ablated material with the plasma.

The ZrO,—-SiO; phase diagram determined by Butterman
and Foster (1967) shows the appearance of a melt, consist-
ing of ZrO, and an SiO»-rich liquid, at about 2250 °C for
the zircon composition with a single liquid above 2400 °C.
As shown by Davis (2008), zircon decomposes leaving these
two phases below 1500 °C in the presence of excess silica.
Kosler et al. (2005) concluded that during ablation of zircon
the retention of U in the dissociated ZrO, phase with release
of volatile Pb is the reason for increasing Pb/U implying that
fractionation in zircon is an effect of mineralogical changes
in the target. However, this does not explain why the least ab-
lation bias is seen at the start of a 2%Pb /238U time resolved
analytical (TRA) profile for zircon.

It is instructive to carry out a rough calculation of the
expected temperature increase of the target during ablation.
This should be a function of the laser energy flux, expected
absorption volume and specific heat of the mineral. A typ-
ical laser configuration delivers about 30 uJ per pulse to a
30 um diameter target. Assuming that the energy is absorbed
in a 0.1 pm layer, roughly consistent with observed abla-
tion rates, a target with a heat capacity typical of zircon
(0.75Jg=1C~1), would be exposed to energy an order of
magnitude greater than that required for melting (estimated
temperature increase of about 10000 °C assuming constant
specific heat). At this energy flux, it is likely that all minerals
boil and produce a transient ablation cloud.

A thorough study of ablated particle composition and size
distributions determined using time of flight mass spectrom-
etry is given in Adamson et al. (2026). For the purpose of
modelling the Pb/U fractionation process, we consider four
components: a melt pool at the base of the pit, an ablation
cloud whose composition reflects measured laser induced el-
emental fractionation (LIEF; Adamson et al., 2026), fallback
material that accumulates around the pit, and deposit within
the pit. The cloud consists of melt droplets with a range of
sizes and compositions. One might expect that fallback ma-
terial would accumulate a relatively high proportion of large
particle sizes and that the finer particles would be preferen-
tially entrained into the plasma. Adamson et al. (2026) se-
lectively ablated fallback material using low laser fluence
(dusting) and found that it delivered a higher proportion of
fine material into the plasma than that from the pit. However,
since the fallback material was re-ablated, this may not rep-
resent its original particle distribution. Both Adamson et al.
(2026) and Kaser et al. (2025) show that average fallback ma-
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BEC 15KV
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Figure 1. BSE high contrast image showing one side of a laser scan of KL. Bright fragments of melt are seen concentrated along the edge
of the scan and ejected from it. These may be depleted in Pb relative to U contributing to a positive 206py / 2381 measurement bias.

terial is enriched in volatile elements including Pb, but this
does not rule out the possibility that fallback could contain
a dominant fraction of depleted material during part of the
ablation process.

Melt, along with Pb vapour, should boil off during irradia-
tion down to a depth at the base of the pit where temperature
falls below the boiling point, then be quenched by rapid loss
of heat to the mount leaving a Pb-depleted layer. Zircon ab-
lation pits typically show a layer of what appears to be solid-
ified melt at the base and along the walls (Fig. 2). Although
this relies on morphology rather than high-resolution analyt-
ical techniques, we assume that it is mostly glass. The glass
layer may not be visibly obvious with relatively undamaged
zircon but it can be made obvious by rotating the laser beam
around a circle within the pit as shown in Fig. 2B, which has
the effect of creating flow-like structures.

To test the hypothesis of a Pb depleted melt, a wide
(130 um) pit was ablated into KL zircon with 200 pulses at
10Hz, 3.5Jcm™2. It was hoped to form a melt layer around
the wall that was thick enough to sample (10 um or greater).
However, the wall layer proved to be only a few microns
wide. Examination of the pit shows that the sides are smooth
and somewhat wavy in shape whereas the base is partly
floored by an irregular layer of what appears to be solidified
congealed melt lying on top of a smooth surface (Fig. 3A).
Material in the pit was analyzed by passing a 30 um beam
across it under standard conditions (see Fig. 3A for scan foot-
print). The scan shows an order of magnitude reduction in
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238U signal intensity within the pit, (Fig. 3B) which is partly
due to defocusing but may also be because of limited cou-
pling of the laser to the highly uneven surface. Most impor-
tantly, there is a decrease in 2°°Pb/?383U ratio of up to 40 %
(Fig. 3C, Supplementary Data File 2) with wall-adjacent ma-
terial showing the lowest values in both emission and ratios.
It is therefore clear that the basal melt is depleted in Pb and
might represent at least part of the reservoir that balanced
emitted Pb-enriched material.

A potential approach to correcting ablation bias might be
to measure the ratio of another pair of elements of different
volatility, besides Pb and U, on the same grain. A possible
candidate is Yb since it is the most volatile of the rare earth
elements. HREE are enriched in zircon and are easily mea-
sured in most cases. If one could detect Yb/Yb* significantly
higher than 1 (Yb* is the interpolated value of measurements
of chondrite-normalized Tm and Lu, the adjacent REE be-
low and above Yb) and could demonstrate a proportional re-
lationship with Pb/U bias, the latter could be corrected. Un-
fortunately, no significant Yb anomaly was detected in zircon
within the percent resolution of our data (Fig. 3D), indicating
that Yb is insufficiently volatile compared to Pb.

The usual way to correct for all biases is to measure
a standard of similar composition (matrix-matched) under
the same conditions as the sample, fit all or part of the
206pp /2381 time resolved analysis (TRA) profile for the stan-
dard to a curve, extrapolate it to zero time to determine the
total bias correction, and apply this to the unknown using a
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Figure 2. SEM images intended to show that ablation pits in zircon contain a melt phase. (A) Electron backscatter image of laser ablation pit
in KL zircon. (B) Same as A except that the laser beam was rotated once around a path half the radius of the pit. This shows that despite the
flat surface seen at the base of the pit in A, the sample was melted. (C) Secondary electron image (SEI) of ablation pits in high-U Archean
zircon that is much more damaged than KL. Irregular solidified melt is seen along the walls and base of the pits.

similar extrapolation of its data (Paton et al., 2010; Gehrels
et al., 2008). A complication with zircon is that, although
most natural zircon is of similar composition, the crystal
structure can be damaged by alpha recoil associated with the
decay of isotopes in the U and Th decay series. In cases of old
high-U zircon the crystal structure can be reduced to a disor-
dered (metamict) state, which should reduce the melting tem-
perature, increase the amount of ablated material and modu-
late the profile. Zircon commonly shows oscillatory zoning
of U, which can cause variability in damage and degree of
melting by the laser. A mitigating factor is that highly dam-
aged zircon is likely to be Precambrian in age where, be-
cause of the shape of the U-Pb concordia curve, ages deter-
mined from 297Pb/2%°Pb ratios are much more accurate and
precise than those based on 2%°Pb/?¥U measurements. Iso-
tope ratios from a single element are much less biased by
ablation than those involving Pb and U so the TRA profiles
for 207Pb/2%Pb are usually constant over the course of an
analysis. As the sample age becomes younger, 207Pb/2%°Pb
age precision is increasingly degraded because of the shallow
angle of the concordia curve relative to the Pb isotope ratio
measurement line. For Phanerozoic ages the 2°°Pb /238U sys-
tem must be relied on but younger zircon should generally
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have less damage, especially if samples are annealed before
being ablated. Taking data from scan lines rather than spots
is one approach to mitigating this problem but may also be
affected by some degree of ablation bias (Fig. 1). In any case
scans are not possible with most zircon, which consists of
grains no more than a few hundred microns in size, which
may have complex structures that need to be analyzed with
spots.

The mechanism of progressive Pb/U fractionation must
be understood for there to be any possibility of using com-
plete data sets to accurately constrain the unbiased value of
the 20°Pb /238U ratio. Potentially useful information can be
inferred about the ablation process from the cross-sections
of actual pits documented by Eggins et al. (1998) using
NIST612. The 300 pulse pit (Fig. 6 in Eggins et al., 1998) is
most comparable in dimensions to a typical analytical pit in
zircon. Although the NIST612 glass has a much lower melt-
ing point than zircon, we assume that ablation produces zir-
con pits that are at least qualitatively similar.

All pits are slightly flared at the mount surface with diam-
eter decreasing as the base is approached. The walls of the
pit appear to be covered by a uniform thickness (about 5 um)
of brighter material, which consists of two thinner (about 0.2

Geochronology, 8, 529-545, 2026
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Figure 3. (A) 130 um pit floored by an irregular solidified melt layer crossed by a 30 um scan line. (B) Trace element signals from the scan.
(C) 206pp / 2380 ratios show a depletion of Pb relative to U across the bottom of the pit. (D) 172y signal shows no clear anomaly relative to
the average of less volatile 169Tm and 175Lu above and below it, indicating that Yb is insufficiently volatile to act as a proxy for Pb during

ablation.

of the total wall thickness) relatively bright sub-layers on the
outside and inside, with a greyer layer in between. The avail-
able SEM images do not permit ruling out the possibility that
at least one of the layers represents an imaging artifact. If so,
this is most likely to be the inner layer. The outer layer has
the highest and most consistent brightness. Both bright layers
merge into a single convex-shaped layer over the base.

The inside exposed surface of the pit can be seen in Fig. 3b
of Eggins et al. (1998) to consist of flow banded material,
which could represent deposit or wall melt from the ablation
plume. The brightness of secondary electron images is usu-
ally a result of electrons being emitted from surfaces at high
angle. This suggests that the thin bright layers or layer, if
only one, enclose numerous surfaces left from fracturing or
boiling.

The pit sections in Eggins et al. (1998) were exposed by
ablating between two pieces of NIST610 glass fitted together
along polished surfaces. It is therefore conceivable that the
exposed wall features might have resulted from penetration
of the ablation cloud along the connecting surface but they
seem much too regular to be explained this way.

Based on Fig. 2 of Eggins et al. (1998), the diameter of
the laser beam is about equal to the opening of the pit. The
sheath of glass observed at the edges of pits in zircon (Fig. 2,
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this work), approximately corresponds in thickness to the pit
wall layers seen in Fig. 6 of Eggins et al. (1998). Their thick-
ness remains constant with depth in pits over a wide range of
aspect ratios.

The volume of the inner layers on the walls is roughly
comparable to what might be expected from deposits left in-
side during excavation of the pit based on the assumption
that deposit is proportional to wall area relative to the area
of the pit opening as well as the observed drop in signal in-
tensity. Wall area increases as the pit deepens, sequestering
more deposit, but its thickness should not change rapidly and
the fluted shape of the wall near the surface may have been
eroded out by expansion of the ablation cloud.

Wall deposits may be represented by the 2 inner layers
while the outer bright layer represents the edges of the basal
layer at previous depths, covered with semi-liquid deposit.
The photos of cross sections in Eggins et al. (1998) also show
the buildup of fallback deposit, which continues to accumu-
late past aspect ratios well above those used for zircon anal-
ysis.

To summarize, three reservoirs are recognized as possible
contributors to Pb/U signal fractionation: basal melt, wall
deposit and fallback. Volatilization of melt at the base (bright
outer layer in Fig. 6 of Eggins et al., 1998) is probably the

https://doi.org/10.5194/gchron-8-529-2026
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main if not the only contributor to the signal and may be the
only reservoir affected by recycling. Pb is considerably more
volatile than U and significant evaporation should occur from
boiling melt at the base. Ignoring the effect of fallback, melt
from the first pulse should be relatively depleted in Pb, pro-
ducing a complimentary high 2°°Pb /238U signal. Re-ablation
of the Pb depleted melt by the second pulse should produce
a signal with lower 2°°Pb/238U bias and so forth until the
melt fractionation reaches isotopic equilibrium with the sam-
ple and there is no signal fractionation. This by itself would
predict an initial high and decreasing Pb/U fractionation but
observed signal fractionation profiles are increasing, at least
past the first few pulses, is so the effect of melt fractionation
must be offset by other factors, most likely recycling.

Experiments collecting the ablated fraction show that it
consists of solidified micro-droplets (Kosler et al., 2005),
which would have an enormous surface area. Although their
interiors should be Pb-depleted, they provide the main sur-
face onto which Pb vapour is likely to condense and there-
fore should provide a Pb-enriched signal. The strong positive
relationship between ablation bias and aspect ratio of the pit
suggests that deposition of part of the ablation cloud either on
the pit wall and/or as fallback plays a major role. Larger melt
droplets should be less depleted in Pb and should be prefer-
entially deposited as fallback. Smaller droplets may be de-
posited against the walls of the pit and if not recycled would
contribute to fractionation of the signal.

A simple conceptual sketch of one possible excavation
process is shown in Fig. 4A. The first laser pulse leaves a
shallow (~ 0.1 um) pit with a Pb-depleted layer on the base
and a small amount of possibly Pb-enriched material along
the rim wall as well as fallback material deposited outside the
pit, which cannot be recycled. As mentioned above, fallback
is visually seen to accumulate throughout an analysis. This
complicates modelling if fallback contains significant frac-
tionated material. An argument against this would be that the
coarsest particles are likely to contribute to fallback whereas
the finest are most likely to have lost Pb and should be en-
trained in the He flow. Fallback should not increase with pit
depth so it is difficult to see it as a primary cause of increas-
ing fractionation. We therefore choose to ignore fallback in
the modelling and assume that it is constant after the first few
pulses.

In Fig. 4A the second laser pulse ablates much of the de-
pleted material in the base of the pit while material previ-
ously deposited on the walls absorbs energy from the beam
while being re-ablated, which results in the diameter of the
flat base decreasing with depth. This exact process is unreal-
istic since it implies total recycling of deposit in the pit and
recursive modelling results in a pit that narrows much too
fast, with the base disappearing at an aspect ratio (depth/di-
ameter) of about 0.2. However, recycling might be limited by
the steep angle of the wall. The schematic process shows that
narrowing of the pit could in part be an effect of sculpting the
target material rather than just the buildup of deposit. Since
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Figure 4. (A) Schematic illustration of the model showing the ef-
fect of the first two laser pulses on a zircon sample as seen from the
edge of a cross section of an ablation pit. D is the depth excavated
per laser pulse. Pb-depleted ablated material (melt) deposited in the
pit is shown in grey. The second pulse is assumed to re-ablate the
residue left from the first but this consumes energy at the edge of
the beam, causing the pit to taper with depth. (B) Effects of the first
laser pulses on measured composition. The first ablation cloud (A1)
leaves a Pb-depleted deposit in the pit (D1) and fallback (B1), which
increases its Pb/U ratio. The second pulse can re-evaporate D1 plus
pristine material, leaving a second Pb-depleted deposit (D2) as well
as fallback (B2). Absorption of Pb-depleted D1 will reduce the Pb
enrichment effect on the composition of the cloud that deposits D2.
Fallback should produce an increment of Pb-enrichment.

Pb/U ablation bias rises with pit depth, it is likely that frac-
tionated ablated material is progressively deposited against
the pit wall and not recycled. In Fig. 4A, this implies that the
beam does not efficiently couple to the steep surface of the
deposit.

As shown schematically in Fig. 4B, successive laser pulses
will form clouds of ablated target material, some of which
may include a proportion of previously fractionated de-
posits, which would impose a Pb-depleted fractionation on
the cloud. Formation of new deposit from the cloud, either
within the pit or as fallback, will impose a net Pb-enrichment,
which is what is measured. As mentioned above, most pit de-
posit might also not be recycled because of the steep angle
of its surface relative to the laser beam. The relative amount
of material deposited on the wall and as fallback, possibly
modified by variable Pb/U fractionation and degrees of re-
ablation of previous deposits, should be proportional to the
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difference between the measured signal attenuation curve
and what the signal would be if there was no deposition, as-
suming that equal amounts of material are ablated by each
pulse. The conceptual model suggests that emission might
be lowered as the basal area of the pit becomes smaller. This
would be partly offset if the outer beam rim is reflected off
the sloping wall onto the base. Eggins et al. (1998) noted that
the excavation rate of pits increased with pit depth, although
their measured rate of increase was not sufficient to maintain
the same ablation volume with each pulse.

3.2.2 Measuring ablation bias

238U could be used to represent the ablation signal if its con-
centration were uniform. However, U is typically zoned in
zircon. Hf was also found to be zoned, following a similar
pattern to U. A Zr or Si oxide species must be used so as not
to overload the detector. Si-oxides have a high background
due to the use of a silica plasma torch. *°Zr!'®0 typically pro-
duces a signal '%(ZrO™") comparable to that from 2*3U and
is therefore ideal. The suggestion that the 2°°Pb/238U profile
is controlled by increasing sequestration of depleted mate-
rial is supported by the fact that the ZrO signal loss (1 minus
the signal normalized to an assumed zero-loss value), has a
similar (inverted) shape to the 2°°Pb /238U profile at least for
undamaged zircon. This is illustrated below with data on zir-
con grains from samples KL and DD91-1.

To acquire useful data from the earliest pulses, measure-
ments were carried out in which single laser pulses were fired
at the sample spot each 5s (0.2 Hz) and the signals continu-
ously measured on 1067:0 (10 ms), 2°°Pb (20 ms) and 238U
(10ms). A similar single-pulse approach was suggested by
Cottle et al. (2009) for routine dating of zircon. To assure
stable emission, the laser was left running at 10 Hz with the
beam blocked, and a 5 s warm-up time assigned between sin-
gle pulses. One spot was programmed with 300 passes (pulse
plus warmup), which required 1500 to fully analyze. Soft-
ware to remove baseline noise and integrate each pulse is
given in Supplementary Data File 3 along with results. The
pulse profiles were averaged to give the instrument response
functions for each mass signal, which are found to be indis-
tinguishable after normalization (Fig. 5). If Pb continuously
evaporated from a melt phase within the pit, the average
206ph curve should appear broader than the others, which is
not the case. Similar measurements were carried out at 10 Hz
on the same samples and gave similar 2°°Pb/?38U profiles
after signal stabilization.

Analytical profiles for '%ZrO and ?%U from KL and
DDO1-1 are shown in Fig. 6A, B and C, D, respectively. Data
are presented in Supplementary Data File 3. The assumed
zero-loss signal intensities used for normalization of ZrO
and U are taken as the maximum recorded signals (Fig. 6A
and C). For both samples the ZrO intensity is found to in-
crease to a maximum at around 10 pulses and then decrease.
It is common with data taken at 10 Hz to see a rapid signal
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Figure 5. Averaged progressive single shot signal responses nor-
malized to highest values for masses from KL.

rise over the first half-second followed by a more gradual rise
that peaks over 1-2 s and then begins to decrease as with the
0.2 Hz data. The 0.2 Hz data show that this peak is not just a
property of the transfer function but of the actual signal. This
might be a result of increasing coupling of the laser but it
more likely suggests that fallback is the largest component of
loss when the pit is shallow and ablation cloud expansion has
a large lateral component. Successively larger proportions of
ablated material might remain in the deepening pit, while
the fraction of material contributing to fallback might be ex-
pected to decrease as the pit deepens and the ablation cloud
is directed more strongly upward. Since the pit always has
an opening equal to the beam diameter, some material will
always escape. Therefore, the pit must continuously deepen
and, with successive pulses, an increasing proportion of the
ablated material might be deposited on the walls. This re-
quires that the base of the pit become progressively narrower
as confirmed by Eggins et al. (1998).

The main difference between the signal profiles for KL and
DDO91-1 is that U zoning in DD91-1 creates fluctuations rel-
ative to the ZrO curve (Fig. 6B vs. D). The ZrO curve from
DD91-1 also shows an increase between pulse numbers 30
and 70. This corresponds to an increase in U concentration
so it might reflect higher radiation damage leading to evap-
oration of more sample by each pulse or fluctuations in the
proportion of fallback, the effect of which is discussed below.

Assuming that the total amount of ablated material with
each pulse is constant, the drop in ZrO signals with pulse
number should reflect sequestration of material within the
pit and as fallback. If this material were melted, it may have
lost some Pb due to volatilization, which would be reflected
as an increase in measured 2%°Pb/238U, as observed in the
ratio profiles for the KL and DD91-1 samples (orange dots
in Fig. 7). These show a rapid increase in bias early in the
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Figure 6. Signal profiles for 0.2 Hz analysis on standards KL (A, B) and DD91-1 (C, D). (A, C) signals in counts per second for the early
parts of the analyses showing relatively constant or slightly increasing intensity for the first 11 pulses. (B, D) signals normalized to values at

the 11th pulse (highest 19°Zr0),

analysis followed by a more gradual quasi-linear increase,
which is characteristic of most profiles for zircon.

3.2.3 Modelling ablation bias

The measured 2°°Pb/238U profiles are compared to a func-
tion based on 1 minus the normalized ZrO signals shown in
Fig. 9B and D (blue dots in Fig. 7). Calculations are shown
in Supplementary Data File 3. There are 3 free parameters
that can be varied to optimize the fit between the measured
and calculated profiles, assuming they are constant over the
course of the ablation. One is the normalization factor (N,)
which is set at the maximum count rate and represents a
minimum estimate. The two others are the proportion of Pb
vapourized from deposited material and the proportion of re-
cycling of previous deposits. A higher value for N,, would
uniformly elevate the curve. This is unlikely because the
early parts of the two curves fit quite closely using minimum
estimates for N,,. The choice of higher values for N, can-
not be offset by decreasing the proportion of vapourized Pb.
The presence of Pb-enriched fallback (Adamson et al., 2026;
Kaser et al., 2025) would not modify the ablation bias pro-
file if fallback sampled equal proportions of ablated material.
This is least likely to be the case during the early part of abla-
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tion when the proportion of fallback should be decreasing, as
argued above from early increasing signal strength. Assum-
ing that the maximum signal is approximately the time at
which fallback becomes a constant proportion of the emitted
material, it should have no subsequent effect on the fraction-
ation profile.

Multiplying the normalized ZrO depletion curve for KL
by 0.78 results in a good fit over most of the measured pro-
file, while a factor of 0.90 optimizes the fit for the DD91-1
curve (blue dots in Fig. 7). These factors could represent the
fraction of Pb lost from the deposits assuming that there is
no recycling.

Both curves are inconsistent with the inference that emis-
sion is proportional to the exposed area of the base and there-
fore decreases. As discussed above, ablation pits are nor-
mally seen to taper with depth (Eggins et al., 1998). The
green dots in Fig. 7 show the effect of progressively reduc-
ing the diameter of the base of the pit down to 0.8 of that
at the surface. This would result in progressive decrease of
the normalization factor (the total amount of material ablated
per pulse), which would result in lower rates of deposition
in the equations in SD File 3, causing the latter half of the
206pp /238U profiles to turn over and begin decreasing. Even
if Pb loss were total, the ratio profile would turn over and

Geochronology, 8, 529-545, 2026
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Figure 7. Signal profiles for 0.2 Hz analysis on standards KL (A) and DD91-1 (B). 206Pb/238U profiles (orange circles) normalized to
estimates of instrument-biased true values compared to profiles of ablation deposits scaled by Pb depletion values chosen to maximize fit to
ratio profiles (blue circles). Green dots are the same profiles assuming that ablated mass is proportional to area of the base of the pit with a

final aspect ratio of 0.8

would rise too fast near the beginning. Recycling would have
the effect of further suppressing rise in the profile.

The above data show that in general if not always in detail
there appears to be a consistent relationship between the ob-
served 20°Pb /238U profiles and signal decay curves for zir-
con. This suggests the possibility of modelling 2°°Pb/?33U
bias. The mathematical expression of a general model for
progressive fractionation of 2°°Pb/233U from zircon using
the observed signal decay as a proxy for sequestration of
fractionated deposit is developed in Appendix 1 and formu-
lated in Excel in Supplementary Data File 3 as a series of
recursive equations. These calculate the Pb fractionation of
an ablation cloud after absorbing a previously fractionated
target, and the measured value after sequestration of material
as pit deposit and fallback. The Pb loss factor L; per pulse is
0 if there is no Pb loss and 1 if Pb loss is total. The propor-
tion of recycling per laser pulse, C;, in the equations can vary
from no (0) to complete (1) recycling where each successive
pulse completely ablates the previous deposit. Recycling can
only occur within the pit.

The early part of measured profiles is discussed in detail
in the next section. Bias does not show the initial decreas-
ing trend expected from fractionation of basal melt. This is
most likely due to high recycling of melt when the pit is shal-
low. Pb/U ratios from the first ten pulses, during which Pb-
depletion in the basal melt approaches an equilibrium value
such that the vapour is unfractionated, are simulated in the
model by decreasing the recycling factor progressively from
0.9-0, which removes what would otherwise be a downward
trend in modelled ratios (Fig. 8, Supplementary Data File 3).

Measured ratios are affected by instrument bias, which is
constant, and ablation bias, which varies with pulse count. In
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the model (Fig. 8), 1 means no ablation bias. The measured
ratios must be normalized to a number that is adjusted to pro-
vide an optimum fit to the model. The optimum normaliza-
tion factor should be the product of the unbiased 2°°Pb/238U
ratio (a function of age) with the instrument bias. The instru-
ment bias can be removed and the unknown age determined
after dividing by the optimum normalization factor found
from measurements of a standard of known age measured
during the same session.

As expected from the match between deposit retention and
ratio profiles, the model for KL data in Fig. 8 A can be made
to fit the normalized ratio profile quite well with a loss factor
of 0.78 and zero recycling of deposits while the best fit for
DDO91-1 data in Fig. 8B requires a loss factor of 0.90 with
zero recycling. Increasing the recycling factor suppresses the
fractionation profile similarly to decreasing the loss factor,
but there is reason to suspect that the beam cannot couple to
the steep wall of the pit, hence cannot re-ablate fractionated
deposits, and that deposited material is quite fractionated in
Pb/U.

The model for DD91-1 data shows an anomaly between
pulses 25-50 where both ZrO and U signals begin to in-
crease, but this is not reflected in the measured ratio pro-
file. The increase in ZrO emission between pulses 30-60
(Fig. 6D) suggests that this zone is more damaged resulting
in the pulses ablating more material. This would effectively
raise the normalization factor which, if included in the cal-
culations, would reduce or nullify change in the trend of the
ratios. ZrO and U profiles from both samples (Fig. 6C and
6D) show a discontinuity in slope at about 60 pulses, follow-
ing a short (40-60 pulse) period of stasis. This corresponds
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Figure 8. Normalized measured 206Pb/238U ratio profiles and
modelling results from 0.2 Hz analyses of zircon KL-1 (A) and
DD91-1 (B). Normalization factors, were taken from the mean of
the first 10-12 data shown Fig. 12. Pb loss is taken as constant at
0.78 for (A) and 0.9 for (B). Recycling is zero except for the first 10
pulses as explained in the text. Linearized data are explained in the
text. Error bars represent 1 sigma estimates based on counts.

to the beginning of a short rapid increase in measured ratios,
which subsequently slows to follow an extended linear trend.

The rapid increase in 2%Pb/?33U at the end of the mea-
sured profile for DD91-1 (Fig. 8B) cannot be explained by
the model. This is associated with a drop in U signal but no
change in the ZrO trend (Fig. 6D). The best explanation may
be beam intersection with a significantly older core. Even
though cores have never previously been noted in this sam-
ple, it is from an intrusion in metasedimentary rock which
contains abundant older detrital zircon (Davis, 2002).

The aim of fitting data to a curve, whether empirical in
conventional calibration or model-dependent, is to remove
biases on all data, allowing them to be averaged to determine
a more precise value for the 2%°Pb/?3U ratio. Elaborating
on the previous description, it is necessary to normalize each
measurement in the ratio profile by a factor, Ry, that pro-
vides the closest match (minimum MSWD) between data and
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model. Ry should then be the 2°°Pb /238U ratio corrected for
ablation bias (although still affected by instrument bias). An
error on Ry could be determined from all the data by dividing
the measured ratio values by the corresponding model value
as shown by the “linearized” points in Supplementary Data
File 3. A realistic model should result in a randomly scat-
tered distribution of adjusted measured data that fits a hor-
izontal line. The weighted mean of this distribution should
then give the best estimate of unbiased 2°°Pb/?33U ratio and
error based on all data. Unfortunately, this approach is not
practical because there are too many degrees of freedom. In
addition to uncertainty about the choice of a normalizing fac-
tor for the ZrO signal, fitting a model to the data also requires
choosing L; and C; factors (i is the pulse number). For ex-
ample, a theoretical ablation model could be forced to exactly
match data points by adjusting L;, and C; for each laser pulse
using an arbitrary R value but this would be meaningless.
Similarly, adjusting one or two constant model parameters
can produce acceptable fits with variable estimates of the un-
biased ratio so this is also meaningless without independent
knowledge of the parameters. Despite the apparent effective-
ness of modelling in this case, it cannot by itself provide
accurate correction of ablation bias. However, it provides a
mathematical platform for testing ideas against observed data
so might help improve understanding of the ablation process.

3.2.4 Consistency of early ratios

As mentioned, melting and partial volatilization of basal melt
at the beginning of an analysis should result in a high, de-
creasing ablation bias of signals from the earliest pulses as
the basal melt reservoir becomes more negatively fraction-
ated (Fig. 3C). Eventually, negative fractionation of the melt
reaches an equilibrium value where it offsets fractionation of
the signal, which should result in an unfractionated signal,
except that the early downward melt fractionation trend is
opposed by deposition of fractionated fallback, forcing sig-
nal fractionation upward. Given these opposing factors it is
surprising that fractionation usually seems to increase most
rapidly near the beginning.

In fact, there is a notable mismatch to the main fraction-
ation profile over the first 10 pulses from both of the above
standard samples in which the ratio measurements show no
consistent increase (Fig. 9). For KL, the average of the first
10 absolute 2°°Pb/238U measurements is 0.1231 4 0.0038,
which corresponds to a instrument bias of —31.5 %. while for
DD91-1 itis 0.3549 +0.0091, corresponding to a instrument
bias is —31.2 %, showing that results in this case are consis-
tent. The first 10 pulses correspond to an anomalous period of
increasing emission, which might be explained by rapidly de-
creasing fallback, but this does not explain the quasi-constant
ratios. This may reflect an unstable balance between upward
fractionation due to fallback deposition of Pb-depleted de-
posit and entrainment of Pb-depleted material from a shallow
melt pool.

Geochronology, 8, 529-545, 2026
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Figure 9. Averages of earliest ratios from KL (A) and DD91-1 (B). Errors represent 2 sigma.

To evaluate fractionation before the reduction in slope of
the 29Pb/238U profile, measurements of the first 60 pulses
were conducted on KL, DD91-1 and a relatively low-U but
zoned Archean standard, DD85-17, using laser frequencies
of 0.2 and 10 Hz. Results from the first 5 pulses of the 10 Hz
runs are omitted because the signals have not stabilized. The
data set shown in Fig. 10A was acquired during a differ-
ent session from that in Fig. 10B so instrument biases (Y-
intercept) cannot be compared between them but should be
similar for data from a single session. The number of pulses
analyzed was between 50 and 60. Spot sizes are given in the
“Summary” sheet of Supplementary Data File 4.

Data in Fig. 10 are averages of 4—6 runs for each sample.
Data from individual runs are shown in Supplementary Data
Files 4 and 5 for runs carried out at 0.2 and 10 Hz, respec-
tively. Although the average ratios show a linear increase,
about half the individual 0.2 Hz runs show 2°°Pb /238U ratios
in the first ten pulses that do not obviously increase or in-
crease more slowly than ratios from subsequent pulses. The
y axis intercept of the average regression line from DD91-1
is distinctly (~ 5 %) higher than intercepts from the average
KL and DD85-17 data (Fig. 10A and B). One might expect
a higher slope from a more damaged zircon such as DD91-1.
KL should be the least damaged because of its relative age
and U concentration but DD85-17 shows the lowest inter-
cept and slope. The variability of intercepts within a single
session suggests that apparent ablation bias from the earli-
est pulses can be chaotic and may be affected by radiation
damage. Therefore, this approach cannot be used to precisely
remove instrument biases by comparing to a zircon standard.

3.2.5 Theoretical summary of ablation process

Based on limited experimental evidence, a possible theory
to explain a typical ablation bias profile might be as follows.
206ph /238U measurements from the first ten or so laser pulses
are dominated by an initial positive and decreasing bias as
well as a relatively large proportion of fallback. Because fall-
back should be dominated by larger melt droplets, it should
be depleted in Pb, forcing the signal toward positive fraction-
ation in opposition to the effect of the basal melt. As negative
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fractionation of the basal melt increases, positive fractiona-
tion of its vapour decreases. The effect of depositing nega-
tively fractionated fallback then dominates, driving the pro-
file rapidly upward. As the pit becomes deeper, directing the
ablation plume upward, fallback may decrease and its frac-
tionation may become positive if its composition becomes
more similar to that of the average plume. From this point
changes in fractionation may be dominated by deposition of
depleted ablated material on the wall of the deepening pit
resulting in a linear trend for the measured profile.

3.2.6 Correcting Pb/U bias

The Y-intercept of data from the early (rapidly increasing)
phase of a ratio profile appears to be affected by the structural
state of the zircon and so does not appear to provide a well-
constrained estimate of instrument bias. It is notable that both
ratio profiles show a linear increase from about 100 to at least
250 pulses corresponding to a linear decrease in ZrO signal.
Gehrels et al. (2008) proposed regressing the later linear sec-
tion of profile data and using the Y-intersections of a stan-
dard and a sample to determine the unknown age. If both are
affected by the same biases these will cancel, giving the ra-
tio between unknown and known values of 2°°Pb/238U. In
this case, the ratio calculated from the intercepts is +0.9 %
(higher) than the true ratio, which is accurate within mea-
surement errors although our ablation pits are probably much
deeper than those of Gehrels et al. (2008).

A more conservative estimate might to compare the aver-
ages of all, or most of, the 2%Pb/233U profiles. Despite pro-
files for the KL and DD91-1 standards not being identical,
the ratio of the averages is only 0.2 % different from the ratio
based on the accepted ages of the standards when the profiles
are terminated at 260 pulses before the anomalous increase
for DD91-1.

The most comprehensive way to calibrate a sample of un-
known age using a standard should be to directly compare
the fractionation profiles. This is done by multiplying each
of the 2°°Pb/238U data in the fractionation curve from the
standard by a factor that gives a minimum MSWD between
the two data sets. This approach is shown on Fig. 11. Cal-
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Figure 10. Percent difference between the measured and true
206py, / 238(J ratios of three zircon standards for data acquired at (A)
0.2Hz and (B) 10 Hz. Each set of symbols represents an average of
analyses on 4 spots. Analyses shown in A and B were carried out
during different sessions with different instrument bias.

culations are shown in Supplementary Data File 3, KL Data
sheet, columns BJ-BQ. Since this requires direct comparison
between the two fractionation profiles, it reveals whether or
to what extent standard and sample are an appropriate match.
The normalized profile for DD91-1 is a remarkably close vi-
sual match for that of KL before the rapid increase in ratios in
the last 30 pulses of the DD91-1 profile. Omitting this part,
gives a calculated ratio 0.8437, which is +0.15 % different
from the true ratio. Given the differences between the nor-
malized ZrO profiles found for KL and DD91-1 (Fig. 8), it
seems surprising that the shapes of the measured ratio pro-
files for both zircon samples fit so well (Fig. 11), which sug-
gests that we still have a limited picture of the ablation pro-
cess.

A program has been written to easily process U-Pb data
according to the above method of matching 2°°Pb /238U pro-
files between sample and standard. Data are entered into an
Excel spreadsheet and processed using Visual Basic for Ap-
plications (VBA). The program, called UTILAZ (University
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Figure 11. Comparison of measured KL ratio profile (taken as the
standard) with measured DD91-1 profile (taken as the unknown)
normalized to minimize the sum of squares of differences between
corresponding data points (residuals). These are scaled so they are
visible on the plot. The residual for two overlapping data would
plot on the 0.12 line. Omitting the last 30 data, a normalization
factor of 2.868 gives the minimum sum of residuals. The inferred
206Pb/ 238y value is 0.15 % different from the accepted ratio.

of Toronto Isotopes Laser Ablation of Zircon) along with in-
structions, is given in Supplementary Data File 6. The pro-
gram allows editing of data. The average 2°°Pb/?33U profile
from standard measurements before and after a sample mea-
surement is adjusted by a calibration factor calculated so that
the sum of squares of the differences between sample and
standard data is minimized between chosen limits of the pro-
file. The approach proposed by Paton et al. (2010) and used
in Iolite is similar except that it involves smoothing profiles
using cubic splines. Matching sample and normalized stan-
dard profiles gives results that are very similar, but not iden-
tical, to just dividing the averages of the two profiles, but
the comparison approach provides a better way to calculate
errors from dispersion of the data as the square root of the
mean of squares of differences between sample and standard
data divided by their number.

The program is applied to Precambrian zircon in Sup-
plementary Data File 6, which includes raw data. KL is
chosen as the standard and, as mentioned, should be the
least damaged, while JG-diorite, DD85-17 and DD91-1 are
Archean with DD91-1 having significantly higher U. Sample
21CB1242 has the highest U concentration and appears to
be completely metamict. Alteration is clearly visible in BSE
images and was avoided at the surface. 33 Sr was measured as
a proxy for alteration at depth. “Standard” analytical condi-
tions were applied with beam diameter of 30 um.

Results are summarized in Table 1 (Supplementary Data
File 7) and Fig. 12. Discordance is calculated as the per-
cent difference between the 2°°Pb/?38U ratio of a concor-
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Figure 12. Results of UTILAZ data reduction on zircon with vari-
able ages, U concentrations and radiation damage. Error bars rep-
resent 2 sigma. KL was used as the standard. (A) Data from non-
metamict zircon. Open symbols represent averages. (B) Data from
metamict zircon U (> 500 ppm) show a roughly linear relationship
between U concentration and negative discordance. The regression
line is forced through the origin.

dant point with the measured 207Pb/2°Pb ratio, and the
206pp /2381 ratio of the datum (positive if below the con-
cordia curve). The shapes of 2°°Pb/?38U profiles for non-
metamict samples generally match well with their adjusted
standard profiles. Although their calibrated 2°°Pb/238U data
scatter somewhat outside of errors, the averages are all within
£1 % even though these grains should have been affected by
a range of radiation damage. 2°°Pb/?38U profiles from the
metamict zircon are somewhat flatter than those from the
standard and the calibrated data show reverse discordance
from —6 % to —19 %.

Metamict zircon might be expected to ablate more rapidly,
resulting in a deeper pit and more fractionation than the rel-
atively undamaged standard. This should result in a larger
and more rapidly decaying ZrO signal, which is generally
the case (Supplementary Data File 6). The UTILAZ program
includes the ability to adjust calibration factors according to
ZrO signal profiles, which were fitted to exponential func-
tions to calculate normalized decay signal profiles as in the
previous models. Adjusting the standard calibration results
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in an over-correction for the data from the metamict zircon
and makes the non-metamict zircon data more discordant.
These results are not shown but can be replicated using the
software. The average ZrO signals from all measurements are
roughly constant (Supplementary Data File 6). They show no
correlation with U concentration and damage, which seems
surprising if metamictization results in greater ablation vol-
umes. Higher fallback could be an explanation, but this is
contradicted by the fact that data from the metamict zircon
show a correlation between reverse discordance and U con-
centration (Fig. 12B). This might serve as a first-order cor-
rection to 2°°Pb/238U bias even though its cause remains un-
clear.

4 Conclusions

Measurement biases on 2°°Pb/?33U in LA-ICP-MS can be
divided into instrument-induced and ablation-induced. Line
scans of NIST glass standards are affected by higher abla-
tion bias than scans on a megacrystic zircon standard such as
Keuhl Lake (91500).

Down-hole fractionation of measured 2°°Pb/>38U during
laser ablation of minerals is a result of the release of volatile
Pb during boiling of the ablated sample followed by seques-
tration of Pb-depleted melt droplets as fallback around the
pit and along pit walls. Pb/U fractionation during the first 10
or so laser pluses is the result of approach to isotopic equi-
librium between Pb-depleted melt and Pb-enriched vapour,
opposed by deposition of Pb-depleted material. These might
produce apparently constant ratios but the results are chaotic
and the measured ratios will always be biased toward high
Pb/U. Subsequently, the effect of Pb-depleted fallback dom-
inates, leading to a rapid rise in measured 2°°Pb/?38U ra-
tios. This is followed by a slower rate of increase after about
80 pulses as sequestration along the wall of the pit becomes
dominant and finally a linear increase in ratios that corre-
sponds to a linear decrease in signal strength. The measured
profile can be broadly modelled using the '°°ZrO and 233U
signal profiles as a proxy for the amount of sequestered ma-
terial and the effect of U zoning. Models suggest a high de-
gree of removal of Pb from the ablation cloud and a low de-
gree of re-ablation (recycling) of sequestered material. How-
ever, modelling cannot accurately constrain the unbiased ra-
tio (age) because of unconstrained variations in these two pa-
rameters. Extrapolation of early data profiles (first 60 pulses)
appears to be ineffective for constraining the ablation bias-
free 20°Pb /238U value. They give instrument bias values that
do not agree for different zircon samples and that may be
influenced by crystal damage.

A variety of approaches for calibrating Pb/U ages using
standards include comparing average 2°°Pb/>38U values, Y-
intercepts of linear sections of profiles (Gehrels et al., 2008)
or preferably, normalizing the sample profile until it matches
the standard profile as closely as possible. Software is pro-
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vided for data reduction based on this approach, which seems
effective provided samples are not metamict.

The easiest approach to determine the instrument bias dur-
ing a session is with laser line scans of megacrystic zircon
standards or NIST glasses. The offset in 2°°Pb/238U due to
ablation bias during the scan under the same ablation condi-
tions would need to have been empirically determined be-
forehand. It is worth noting, however, that scan measure-
ments are carried out during the most chaotic period of ab-
lation, before the melt has achieved isotopic equilibrium,
which may compromise reproducibility.

In general, there seems to be little prospect of improving
the accuracy of 2%Pb /238U ages using nanosecond laser ab-
lation systems, by modelling, or other data processing meth-
ods. However, design modifications to reduce the size of the
ablation chamber and improve transport efficiency might re-
duce fallback along with Pb/U fractionation and improve
sensitivity. With current instruments, the 1 sigma accuracy
of interpreted 2°°Pb/238U ages is unlikely to be better than
+1% for any measurement precision without a much bet-
ter understanding of the ablation process. It is recommended
that all published papers where results depend on accurate
206pp /2381 ages preserve raw data files (counts or /s versus
time per isotope) in an accessible repository where they can
be reprocessed, if necessary, as methods and understanding
improve.

Appendix A: A simple model for Pb/U fractionation
during laser ablation

The model output is presented in Supplementary Data File 4,
columns AK: AM, for two samples in different worksheets.
Although measurements are not synchronized with firing of
the laser, both have approximately similar cycle lengths so
measurements can be taken to approximate outputs from se-
quentially fired pulses. It is assumed that the mass of sample
ablated is constant for each pulse (probably not the case for
zoned zircon with variable damage) and that the normalized
emission profiles for ZrO (Nz;) and U (Ny,) are specified
(Column AB), where i is the laser pulse number. The nor-
malization factors are the ZrO and U signals that would be
measured if there were no loss to the pit or fallback (pulse
0, Cells AB1 and AC1, respectively). These are not precisely
known but are approximated by the highest recorded signal,
which is a minimum estimate.

Fractionation F; for each laser pulse i is defined as
(206Pb/ 238U)cloud, deposit, signal/ (206Pb/ 238U)sample~ It is cal-
culated in the model partly from user-defined values of a Pb
loss factor L; (column AN). L; = 0 means no Pb loss while
L; = 1 means complete removal of Pb from a deposit follow-
ing pulse i.

The cloud is the plume immediately after ablation and be-
fore any deposition in the pit or as fallback. This ablation
cloud may incorporate (recycle) some of the previous de-
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posit. The effect of recycling on the cloud fractionation is
quantified by another assigned parameter C; that varies from
0 (only primary material ablated) to 1 (signal consists en-
tirely of re-ablated deposit). C; should be O since there is no
deposit for the first pulse to recycle. The second pulse will
ablate new material plus a portion of the previous fraction-
ated deposit in the pit according to the recycling factor C».
Again, it is assumed that each pulse ablates an equal mass of
material. It is also assumed that wall deposits are only mo-
mentarily liquid so that material deposited on the wall cannot
mix with earlier deposits and is uniquely available for recy-
cling by the following pulse. There is no major difference if
deposits are assumed to homogenize.

The model assumes that Pb/U fractionation is principally
driven by deposition of Pb-depleted deposit from the abla-
tion cloud as measured by the decrease in normalized ZrO
signal with each pulse (column AB). This is simplistic, at
least near the beginning, because evaporative Pb-loss from
melt should produce decreasingly positive fractionated sig-
nals for the first few pulses until the residual melt becomes
sufficiently negatively fractionated, as seen in Fig. 6C. This
effect is not observed in the signals except perhaps in the
tendency of the earliest measured ratios to show unchanging
values (Fig. 12), suggesting a balance between positive and
negative fractionation processes, or in variable y axis inter-
cepts (Fig. 13).

The Pb/U composition of the cloud from the first pulse
(Ficlouq) 1s set at 1 in the model. As mentioned, actual
F1cloud > 1 because of Pb-evaporation from the first melt and
subsequently lowered by recycling of the fractionated melt.
This is simulated in the model by decreasing the recycling
factor from 0.9-0 over the first 10 pulses (Cells AO5:AO014),
which results in ratios whose trend roughly matches obser-
vation, except for the first pulse.

“Deposit” is the proportion of material lost from the ZrO
signal either as fallback or deposition in the pit. It is assigned
a Pb/U fractionation value for each pulse, which can be var-
ied to fit the signal profile. “Signal” is what gets measured.
It has higher Pb/U than the cloud if there is removal of frac-
tionated deposit.

If most Pb is removed from a deposit, F for the deposit
will be close to 0 and > 1 for the cloud from which it was
derived, which then becomes the measured signal. F will be
< 1 in a cloud if the pulse that produced it recycled some
depleted deposit. After deposition of Pb-depleted material, F'
for the signal should be > 1, provided all the previous deposit
was not recycled. As mentioned, the Pb loss factor of the
deposit, L;, must be specified in the model for each laser
pulse i.

First deposit fractionation (pulse 1):

Fp,=1—L;.

The proportion of deposit relative to ablated material is quan-
tified by the normalized signal curve for ZrO as (1 — Nz,).
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Its effect on fractionating the first ablation cloud, which pro-
duces the measured fractionation, is:

Fy,=1+Lix(1—-Ngz),

a number that should be slightly greater than 1.

If there is recycling, U zoning may affect the 2°°Pb/?38U
profile because recycled deposit can have a different U con-
centration from the cloud. For example, if U is increasing
this dilutes the effect on the ablation cloud of recycling frac-
tionated deposit because the ablated material has higher U
and Pb concentration. The fractionation factor of the abla-
tion cloud from the second pulse (A») after absorbing part of
the previous deposit should be:

Nz Ny,
Fy,=1—Cy x Fp x(l—NZ)x<—2>x(—>
2 1 1 NU2 NZI

The last two factors represent the ratio of U concentration
in the previous deposit to that in the subsequent ablation
cloud. These weight the effect of absorbing part of the de-
posit. This should be a small effect unless U concentration
varies rapidly.

The second ablation cloud will form a second deposit de-
pleted according to the assigned second depletion L2 and the
fractionation factor of the cloud (F4,, slightly less than 1):

Fp, =(1— L) x Fa,

Formation of this deposit imposes a fractionation on the sec-
ond ablation cloud, which should normally overcome the ef-
fect of partially recycling the previous deposit and be slightly
greater than 1.

FM2 =FA2+L2 X(l—NZZ)

This is the measured fractionation for the second pulse. Mod-
eled values of normalized 2°°Pb /238U ratios with each suc-
cessive laser pulse are calculated using these recursive for-
mulas in Supplementary Data File 4 where the general forms
are:

Cloud fractionation factor:

Nz, Ny. 1
Fp=1—-C; x Fp,_ 1—Ngz _ —= —
A; i x Fp,—1 x( Z; 1)X<NU,->X<NZ,-—1)

(after absorbing previous i — 1 deposit)

It is assumed that wall deposits are only momentarily lig-
uid after deposition so a new pit deposit can only mix with
the previous deposit:

Fp, = —L;)X Fy,

Note that Nz, = Ny, = Fp, =1and C; =0s0 Fu, = 1.

Data availability. Supplementary data files 1-7 available
through the following link: https://osf.io/c8j3k/?view_only=
£5¢96dd8c9244629879f420d5762b74e (Davis and Banaga, 2026).
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