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Abstract

Since initially developing laser ablation (U-Th)/He procedures for high-spatial-resolution dating of monazite more than a

decade ago, our research group has refined the technique to the point that laser ablation dating of apatite, titanite, and zircon

is now routine in the Arizona State University (Group 18) laboratories. We are actively exploring applications to additional

minerals. Compared to conventional single-crystal (U-Th)/He dating, the laser ablation alternative offers some important

advantages. Following appropriate analytical protocols, laser ablation dates require no alpha ejection corrections. In principle,

most factors commonly believed to cause high apparent age dispersion in conventional datasets – parent element zoning,

alpha particle implantation, and the presence of high-(U+Th) inclusions – can be mitigated using the laser ablation method.

Analytical throughput is greatly enhanced compared to the conventional method because sample dissolution is not required

for U+Th+Sm analysis. This is especially beneficial for detrital studies; in this presentation, we review examples of Group 18

research involving (U-Th)/He and U/Pb laser ablation double dating of detrital apatite and zircon. The principal limitations

to the method are that: 1) relatively large grain sizes ([?] 100 μm) are sometimes required for especially young or low-(U-Th)

materials; and 2) analytical uncertainties for these materials can be as much as a factor of two larger for laser ablation dates

than for conventional dates due to a combination of the much smaller masses analyzed and uncertainties in the U, Th, and

Sm concentrations of available appropriate standards. Frontier applications of this technology advance our understanding of

the intracrystalline distribution of radiogenic 4He in accessory minerals. Here we show examples of both two-dimensional

mapping of 4He in polished crystal interiors and one-dimensional depth profiling as practiced in the Group 18 laboratories.

Zoning in 4He is very common in older crystals, and 4He distribution patterns can be much more complex than what might be

expected simply from alpha ejection or grain-scale diffusive loss during cooling. Much of this complexity reflects non-concentric

zoning in parent elements and, for older crystals, spatially variable radiation damage that results in spatially variable 4He

diffusivity. The potential impacts of such phenomena on thermal and exhumation history modeling argue for a greater reliance

on microanalytical procedures in (U-Th)/He thermochronology moving forward.
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ArF Excimers (λ = 193 nm) Are the Best, Widely Available Lasers 
for Microprobe Dating

Heating and Melting

Ablation

Decreasing Collateral Heating
Increasing Spatial Resolution



Ultraviolet Laser Ablation Microprobe (UVLAMP) Methods Offer 
Some Important Advantages Over More Conventional Methods

D2

FOHDQ�URRP�ZLWK�+(3$�¿OWHUHG�DLU��UHODWLYH�KX-
midity control to ± 5%, and temperature con-
WURO�WR����Û&��3RZHU�WR�WKLV�URRP�LV�VSHFLDOO\�
conditioned, and the most sensitive apparatus 
(e.g., the magnetic sector mass spectrometry 
systems) are backed up by batteries in case of 
brief power interruptions. Water is maintained 
at appropriate temperatures using dedicated 
chillers. System components are linked us-
ing pneumatic valves serviced by building air 
and backed up by tank air. Each system has 
dedicated, stainless steel, radioisotope-rated 
exhaust, as would also be the case for new 
instrumentation.

40Ar/39Ar Systems

Two of the mass spectrometry systems are used principally for 40Ar/39Ar geochronology and thermochro-
nology, as well as Ar diffusion studies in minerals and glasses. Both feature 2007-vintage Nu Instruments 
Noblesse magnetic sector mass spectrometers. Each is a multicollector instrument, featuring a single 
Faraday cup and three ion-counting electron multipliers. One of the multipliers shares a position with the 
Faraday, so that no more than three detectors can be used at once during an analysis. Unfortunately, this lim-
its our ability to take advantage of the 40Ar/39$U�DQDO\WLFDO�EHQH¿WV�RI�QHZHU�JHQHUDWLRQ�PDVV�VSHFWURPHWHUV�
with many more detectors5-10. (Currently, we run our Noblesses in single-collector (“peak-jumping”) mode, 
either measuring all relevant isotopes on one of the electron multipliers or, for larger signals that exceed the 
capacity of the electron multipliers, switching to the Faraday cup.)

One of these systems features both a 2014-vintage Photon Machines Fusions CO2�LQIUDUHG�������ȝP��ODVHU�
subsystem, as well as a home-built microfurnace for which precise sample heating is done with an infrared 
(810 nm) diode laser. Using one or the other of these devices for gas extraction, this system accommodates 
fusion or incremental heating 40Ar/39Ar dating experiments, as well as Ar diffusion studies. This system 
supports an extensive research portfolio involving both ASU and external users from the United States and 
other countries. Foci include characterizing the pattern and tempo of orogenic deformation; exploring erup-
tive histories through high-precision dating of volcanic rocks; constraining Earth’s impact history through 
high-precision dating of impact melt spherules and simple impact melt sheets; and studies of Ar diffusion 
kinetics in minerals and glasses. Representative papers containing data generated on this system include 
Long et al.11, Adams et al.12, Borneman et al.13, Schultz et al.14, and Spencer et al.15.

Our second Ar system is dedicated to high-spatial-resolution 40Ar/39Ar dating of materials in petrographic 
context and mapping of intracrystalline 40Ar distributions. For this, we employ a relatively new (2016-vin-
tage) Teledyne Cetac Analyte Excite ArF excimer (193 nm) ultraviolet laser subsystem for gas extraction 
by focused ablation. While a few other 40Ar/39Ar laboratories in the United States do this sort of “ultraviolet 
laser ablation microprobe” — or UVLAMP — work on occasion, it is a major research focus in the Group 
18 Laboratories. Current applications build on a long history of innovation and application by Hodges’ 
JURXS�DW�0,7��ZKHUH�ZH�HVWDEOLVKHG�RQH�RI�WKH�¿UVW�89/$03�40Ar/39Ar facilities in the United States in 
the late-1990’s. Over the past few years, our UVLAMP 40Ar/39Ar work has focused almost exclusively on 
dating impact melt breccias from Earth, the Moon, and Vesta16-19, but we hope to shift our focus to include 

Figure 1. The main instrument room in the Group 18 Laboratories complex



Alpha Ejection Corrections Amplify the Uncertainty Inherent to 
Conventional (U-Th)/He Dating



The Basic UVLAMP Technique Involves Two Ablation Extractions of 
Material, One for Helium and One for Other Elements



The Basic UVLAMP Technique Involves Two Ablation Extractions of 
Material, One for Helium and One for Other Elements



The UVLAMP Approach Can Be Used for All Minerals That Can Be 
Dated by Conventional (U-Th)/He

ü Routine in the Group 18 Laboratories: Zircon, 
Apatite, Titanite

ü Proven: Monazite, Xenotime

ü Principal limitations are grain size, parent element 
abundances, and age

ü Analytical uncertainties are appropriately larger than 
those for conventional work given the differences in 
analyte masses 



The UVLAMP Approach Is Especially Useful for Detrital Sample 
Studies

Laser Ablation “Double Dating” (LADD)



LADD Zircon Data From Ethiopian East African Rift Drill Cores 
Illustrate the Need for Adaptable Instrumentation

– Zawacki et al. (in review)

ü Data include a combination of 
quadrupole and magnetic sector 
helium isotopic measurements



Laser Ablation Mapping Is the Next Frontier
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Seeing is believing: Visualization of He distribution in
zircon and implications for thermal history
reconstruction on single crystals
Martin Danišík,1* Brent I. A. McInnes,1 Christopher L. Kirkland,1,2,3 Brad J. McDonald,1

Noreen J. Evans,1 Thomas Becker4

Zircon (U-Th)/He thermochronometry is an established radiometric dating technique used to place temporal con-
straints on a range of thermally sensitive geological events, such as crustal exhumation, volcanism, meteorite
impact, and ore genesis. Isotopic, crystallographic, and/or mineralogical heterogeneities within analyzed grains
can result in dispersed or anomalous (U-Th)/He ages. Understanding the effect of these grain-scale phenomena
on the distribution of He in analyzed minerals should lead to improvements in data interpretation. We combine
laser ablation microsampling and noble gas and trace element mass spectrometry to provide the first two-
dimensional, grain-scale zircon He “maps” and quantify intragrain He distribution. These maps illustrate the
complexity of intracrystalline He distribution in natural zircon and, combined with a correlated quantification of
parent nuclide (U and Th) distribution, provide an opportunity to assess a number of crystal chemistry processes
that can generate anomalous zircon (U-Th)/He ages. The technique provides new insights into fluid inclusions as
potential traps of radiogenic He and confirms the effect of heterogeneity in parent-daughter isotope abundances
and metamictization on (U-Th)/He systematics. Finally, we present a new inversion method where the He, U, and Th
mapping data can be used to constrain the high- and low-temperature history of a single zircon crystal.

INTRODUCTION
Zircon (U-Th)/He (ZHe) dating is a radiometric dating method based
on the ingrowth of 4He from the a decay of U, Th, and Sm. Themethod
has some unique features, which allow it to address a wide range of
geological questions on orogenesis, volcanism, landscape evolution, me-
teorite impact events, ore genesis, basin formation, and sediment prov-
enance (1–8). Given the rapid diffusion of radiogenic He in zircon at
high temperatures, theZHemethod is suited to low-temperature thermo-
chronometry (9), recording the time-temperature evolution of zircon-
bearing rocks at upper crustal levels [150° to 220°C (10); termed the
zircon He partial retention zone (ZHePRZ)]. ZHe ages can be deter-
mined by measuring bulk He, U, and Th abundances in single zircon
crystals (9, 11–13) or by in situ laser ablation approaches in which sub-
crystal domains are targeted (14–18). When measured ZHe ages are
coupled with a quantitative understanding of He retentivity, not only
the timing of cooling but also the rate and style of this cooling through
the ZHePRZ can be determined (10, 19–21).

Although in many cases the ZHe method has provided ages and
thermal histories that are reproducible, geologically reasonable, accurate,
and compatible with other chronometers, a number of studies have re-
ported overdispersed or anomalous ages (22–27) or diffusion behavior
that did not follow normal Arrhenius models during step-heating
experiments (9, 11, 12, 28). Plausible explanations for this included
heterogeneous distribution of parent nuclides and fragmentation of
crystals (both complicating routine a-ejection correction) (11, 21, 29–33),
radiation damage affectingHe retentivity and closure temperature (10, 34),

and inclusions containing “excess” He (11, 35, 36). However, to date,
our inability to spatially determine the He distribution in dated grains
hasmade interpretation of complexZHedata equivocal. Understanding
the grain-scale He distribution and its relationship to the distribution of
parent isotopes could provide a significantly improved understanding
of these phenomena and their impact on the (U-Th)/He method.

Here, we describe a newmethodology for in situ, high–spatial resolu-
tion (micrometer-scale) He analysis based on the combined application
of laser ablationmicrosampling andnoble gasmass spectrometry. For the
first time, we can visualize the distribution of radiogenic He in minerals
and compare it to the distribution of the key parent isotopes (U and Th).
Using this approach, we construct high-resolution two-dimensional (2D)
images of He abundance variations in a set of zircon crystals, which illus-
trate the impact of parent isotope zonation, radiation damage, and inclu-
sions on (U-Th)/He systematics. By combining He mapping with other
characterization techniques [for example, cathodoluminescence (CL)
and Raman microscopy], potential issues associated with undetected
fluid inclusions and heterogeneity in both the crystal lattice and the par-
ent nuclide distribution can be better understood. Finally, we present a
newprocedure for thermal history reconstructionof single zircon crystals,
allowing us to constrain the high-temperature history atmagmatic tem-
peratures via U-Pb geochronology and the low-temperature history
within ZHePRZ via inversion of a directly measured He production-
diffusion profile.

RESULTS
We have selected four zircon crystals that illustrate the salient issues
arising from heterogeneous distribution of parent nuclides (I2-1, M14-4,
and I2-9), intracrystalline variation in radiation damage (I2-9), and the
presence of fluid inclusions (R-3) (Table 1). The crystals were extracted
from Carboniferous granites from Sardinia (M14-4) and Bohemian
Massif (R-3), and from a Proterozoic metagranite from India (I2-1 and
I2-9) (Table 1). Representative CL and microscopic images, isotopic

1AuScope Australian Geophysical Observing System GeoHistory Facility, John de Laeter
Centre, The Institute for Geoscience Research, Department of Applied Geology/Applied
Physics, Curtin University, Perth, Western Australia 6102, Australia. 2Centre for Exploration
Targeting, Department of Applied Geology, Western Australian School of Mines, Curtin
University, Perth, Western Australia 6102, Australia. 3Australian Research Council Centre
of Excellence for Core to Crust Fluid Systems, New South Wales, Australia. 4Nanochemistry
Research Institute, Department of Chemistry, Curtin University, Perth, Western Australia
6102, Australia.
*Corresponding author. Email: m.danisik@curtin.edu.au
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Fig. 1. CL images and isotopic andU-Pb agemaps. (A to O) CL images, He content, eU concentration, and U-Pb age maps (dots mark the center of ablation pits) generated
for four representative crystals. ppm, parts per million; Ga, billion years; Ma, million years; ncc, nano–cubic centimeter; Discord, discordance. (P and Q) Transmitted and reflected
light images, respectively, of crystal R-3 showing mineral and fluid inclusions. Mineral inclusions identified by energy-dispersive x-ray analysis include apatite (Ap), K-feldspar
(Kfs), monazite (Mnz), quartz (Qtz), and titanite (Ti). Note that the location of the hot spot in the He map (N) corresponds to the location of voids after fluid inclusions (v) in (P)
and (Q). (R) Close-up secondary electron image of a zircon ablated with square ablation pits. The ablation opened a fluid inclusion, releasing the fluid and leaving an empty cavity
(black). Also note that He distribution in all crystals correlates well with CL intensities and eU distributions. Data used for He, eU, and U-Pb maps are shown in tables S1 and S2.
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The Integration of Laser Ablation Mapping With Raman Mapping of 
Radiation Damage Can Be Even More Enlightening

comparable to the spatial resolution of the spectral image (2.5 μm).
These Raman-based maps have exciting potential– they can be paired
with any damage-dependent property to investigate the effects of ra-
diation damage zoning. In the sections below, we use these maps to
explore how radiation damage zoning might affect zircon (U-Th)/He
thermochronology and discuss implications for laser ablation U/Pb
geochronology.

5. Radiation damage zoning

5.1. Implications for single crystal (U-Th)/He thermochronology

Intracrystalline U and Th zoning is problematic for zircon (U-Th)/
He dating in a number of ways. Zoning strongly affects single crystal (U-
Th)/He dates if not appropriately accounted for during α ejection
corrections, and can lead to erroneous geologic interpretations of (U-
Th)/He datasets (Meesters and Dunai, 2002; Hourigan et al., 2005;
Orme et al., 2015). Parent nuclide zonation also generates a hetero-
geneous initial He distribution, ultimately resulting in the development
of variable diffusion gradients within a zircon crystal during cooling
and non-uniform He loss gradients near the crystal margin.

Zoning effects can especially complicate efforts to generate robust
thermal history models when using ancient zircon crystals that have
accumulated substantial radiation damage (Danišík et al., 2017). The
closure temperature for He in zircon varies as a function of radiation
damage from ~190 °C to below 0 °C (i.e., non-retentive of He at Earth
surface temperatures) for typical crystal sizes (50–100 μm) and cooling
rates ≤10 °C/Ma (Guenthner et al., 2013), resulting in complex zircon
(U-Th)/He datasets in ancient, slowly cooled or thermally disturbed
geologic settings (Guenthner et al., 2014, 2015). The zircon radiation
damage accumulation and annealing model (ZRDAAM) developed by
Guenthner et al. (2013) describes helium diffusivity as a function of

radiation damage. This model, embedded in thermal modeling pro-
grams such as HeFTy (Ketcham, 2005) and QTQt (Gallagher, 2012),
allows users to derive thermal histories from overdispersed zircon (U-
Th)/He datasets that exhibit date-effective uranium
(eU = [U] + 0.235·[Th]) correlations.

Several recent studies, however, have noted apparent discrepancies
between ZRDAAM predictions for zircon He closure temperatures and
empirical observations (Powell et al., 2016; Johnson et al., 2017;
Anderson et al., 2017). These discrepancies could be explained, in part,
by the effects of radiation damage zoning on zircon He systematics.
ZRDAAM, when implemented in thermal modeling programs, assumes
a single diffusivity for each dated zircon crystal based on its bulk U and
Th contents and thermal history and does not account for these po-
tential effects (Guenthner et al., 2013).

To better visualize the effects of radiation damage zoning on He
diffusion, we combine our α-dose maps with ZRDAAM to model He
diffusion in the LMG zircon crystals based on their present-day radia-
tion damage densities (Fig. 7). Results indicate complex intracrystalline
variations in He diffusion in which diffusivity is> 25 times faster in
higher damage zones compared to lower damage zones within crystal
cores. Results show that dramatic changes in diffusivity occur over
length scales comparable to the map spatial resolution (2.5 μm). While
the modeled diffusivity maps were calculated for a single temperature
(200 °C), we note that the magnitude of variations is temperature in-
dependent, since the activation energy for He diffusion in zircon is
essentially invariant over the α dose range investigated in the LMG
crystals (Guenthner et al., 2013). The differences in diffusivity therefore
predominantly reflect differences in the pre-exponential diffusivity
constant (D0) as a function of α dose.

Bulk He closure temperatures calculated using the minimum and
maximum predicted diffusivities for Zr01 differ by ~25 °C (closure
temperature calculations assume a 50 μm diffusion dimension, a 1 °C/

Fig. 6. A. CL images of LMG zircon crystals Zr01-Zr08. B. Quantitative α-dose maps for the same crystals based on measured Raman Eg (Zr01-Zr06) or v3 (Zr07-Zr08)
FWHM variations calculated using Eqs. (1) and (2). White areas with black, dashed outlines indicate mineral inclusions.

A.J. Anderson, et al. &KHPLFDO�*HRORJ\������������������

�

Lyon Mountain Granite 
Zircons, Adirondack Mtns., NYValley et al.

378 Geosphere, April 2011

rocks relative to the other LMG rock types, with 
apatite as the main repository for REE. The 
presence of fl uorite and fl uoroapatite (as well 
as fl uoroamphibole and fl uorotitanite; P. Whit-
ney, 2006, personal commun.) and NaCl-rich 
fl uid inclusions (McLelland et al., 2002) in the 

Na-altered rocks suggests that Na fl uids were 
rich in F and Cl and most likely responsible for 
the transport of HFSE and REE (e.g., Bau and 
Dulski , 1995; Salvi et al., 2001).

Sodic alteration coincides with the probable 
remobilization of disseminated magnetite and 

the breakdown of clinopyroxene to form amphi-
bole and biotite through hydration reactions . 
The remobilization of the clinopyroxene-
magnetite  ore deposits, and further concentra-
tion of disseminated magnetite from the granite, 
results in the formation of second-generation 
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Figure 13. Tera-Wasserburg con-
cordia diagrams (207Pb/206Pb vs. 
238U/206Pb) showing secondary 
ion mass spectrometry (SIMS) 
U-Th-Pb zircon ages. (A) Per-
thite granite from Clintonville 
(CV). (B) Microcline granite 
at Dannemora (D). (C) Albite 
granite at Dry Bridge (DB). 
(D) Crosscutting plagioclase-rich 
dike at Lyon Mountain (LM). 
(E) Granitic pegmatite dike at 
Dannemora (D). (F) Granitic 
pegmatite dike at Skiff Moun-
tain (SM). (G) Amphibolite 
layer at Skiff Mountain (SM). 
(H) Amphibolite layer at Ausable 
Forks (AF). Uncertainties on 
quoted concordia ages (Ludwig 
2003) are 2σ. Error ellipses are 2σ 
for all samples. The mean square 
of weighted deviations (MSWD) 
is given for concordance and 
equivalence. Dashed ellipses are 
not used in the age calculation. 
Filled error ellipses in C and F 
are used to show the similarity in 
ages to those from the perthitic 
and microcline granite, and are 
not included in the calculation of 
the concordia age.
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– Valley et al. (2011, Geosphere)

Conventional ZrnHe – 192-157 Ma

LADD 
ZrnPb – 1128-495 Ma
ZrnHe – 309-101 Ma



Raman and LA-ICPMS Methods Permit Rapid and Quantitative 
Mapping of Alpha Damage and Cation Abundances



UVLAMP Mapping Reveals Helium Abundances and Intracrystalline 
Distributions at Somewhat Lower Spatial Resolutions



Intracrystalline U/Pb and (U-Th)/He Apparent Age Mapping is 
Made Possible by Combining UVLAMP and LA-ICPMS Data 



Comparisons of Expected and Measured Alpha Damage Reveal the 
Degree of Damage Annealing   



Intracrystalline (U-Th)/He Age-eU Relationships Are Enlightening



Major Points

ü The UVLAMP method provides a valuable complement to conventional, single-crystal 
work

ü UVLAMP (U-Th)/He and (U-Th)/Pb double dating is more efficient and less costly than 
the conventional approach

ü Combined use of UVLAMP analysis and micro Raman spectroscopy allows relatively 
rapid, detailed mapping of He, Pb, U, Th, additional elements, and radiation damage in 
crystals of interest

ü Integrated UVLAMP and micro Raman mapping could revolutionize our understanding 
of He kinetics in minerals.


