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Revival of U, Th—"He geochronometer

Sudeshna Basu

U, Th-"He is an useful geochronometer that records low temperature geological events that may
otherwise go unrecorded in minerals like apatite, zircon and titanite. However, it is important to
separate pure, coarse grains for dating to minimize errors on He concentration determination due
to pressure of contaminants and ejection effects. This article discusses the potential of this dating
technique in natural settings and the important factors like suitable grain selection and appropriate
corrections that should be employed to obtain meaningful ages using this technique.

THE production of “He from decay of isotopes in the U and
Th series in rocks and minerals was first suggested as a
geochronometer by Rutherford' in 1905. However, the
technique was generally considered to be unreliable due to
diffusive loss of He possibly associated with radiation
damage or due to the ejection of high energy a-particles
from the phase being dated”. In most cases, the He ages were
younger than expected. However, recently, it has been pro-
posed that the low He ages reflect their sensitivity to tem-
peratures lower than other thermometers and are actually
geologically significant. Thus they can provide useful infor-
mation on the time—temperature evolution of rocks and their
exhumation history, generating a renewed interest in the U,
Th-"He dating systematics for U, Th-rich minerals like apatite
(Cas(POy); (F, Cl)), zircon (ZrSiO,4) and titanite (sphene, Ca-
TiSiOs).

From the measured U, Th and *He concentrations in the
samples, the age can be obtained from the following sim-
ple equation assuming a closed system behaviour:

o = U[7.942(e'-1) + 0.0504(e'-1)
£ 6{(Th/U) x (e"»'=1)}],

where o and U, Th are the amounts of He, U and Th E)resem
at time ¢ and As are the decay constants of ***U, *’U and
Z2Th. There are no fundamental limitations to the range of ac-
cessible ages — He ages as young as a few hundred kyr as
well as 4.56 Ga (on a meteorite) have been reported3 4 How-
ever, with samples having <~1 Ma of crystallization ages,
secular disequilibrium in the *®U series may affect the age
obtained’.,

U, Th/*He dating of apatite

So far, apatite has been commonly investigated to check the
applicability of this dating tool. The most widely accepted
procedure for apatite He dating involves in vacuo extrac-
tion of He by heating the sample in a furnace or with laser
heating followed by purification and analysis of emitted
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gases by mass spectrometry. In order to avoid heteroge-
neity between splits analysed for the parent and daughter,
the same apatites are analysed for U and Th after removal
from the vacuum system and dissolution, generally by in-
ductively-coupled-plasma-mass-spectrometry. It has been
seen experimentally that He is totally outgassed from the
apatites when heated at 1050°C for 20 min. Also, several
experiments on apatites from the Pacoima Canyon Peg-
matite, Southern California have demonstrated that heating
up to this temperature does not alter the U and Th abunda-
nces of the samples beyond 26 analytical uncertainty’.

For U, Th/He dating of apatites, precaution should be
taken to ensure 100% pure apatite separates. Apatites are
commonly separated from their host using a combination
of heavy liquid and magnetic separations followed by
handpicking. Care should be taken to ensure that no zir-
cons/sphenes contaminate the separates. As these conta-
minants can have orders of magnitude more U and Th than
the apatite, their presence even in trace quantities can
compromise He concentration determination. Screening
for inclusions in the mineral separates can be done under
a microscope. A scanning electron microscopy scan on a
polished grain mount prior to working with the sample
can provide a direct way to identify samples with inclusions
as well as zonation. Besides, it has been seen that thermal
release pattern of He is different for minerals with inclu-
sions. For example, for apatites from Otway basin, Aus-
tralia, inclusion-free grains release He quantitatively after
20 min at 950°C, whereas those with inclusions yield addi-
tional He when heated to 950°C for another 20 min, probably
releasing the more tightly bound He component from the
inclusions®.

In order to test the reliability of the technique in any
mineral, it is important to characterize the rate and mecha-
nism of He diffusion from that mineral and to assess the
sensitivity of diffusion to variations in chemical composi-
tions and grain sizes. Another point of consideration is the
fact that a-particles from U and Th series decay are emitted
with high kinetic energies and require tens of micron to
come to rest within the solid matter. In case the parent
nuclides are not uniformly distributed in the mineral, the
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long stopping distances can cause substantial spatial frac-
tionation of the parent/daughter ratios. Both these points
have been studied in considerable detail — He diffusion
and He ages have been studied in apatites to see the effect
of diffusion behaviour on thermochronometry”, and a mathe-
matical framework for quantitative evaluation of stopping
effects on U, Th/He ages has been developed7.

It has been clearly seen that diffusion from apatites can
be well explained by volume diffusion from a sphereS. The
diffusion behaviour is characterized by a strong linear
segment from 80 to 290°C, beyond which the diffusivity
tails-off™™’. The He closure temperature for apatites esti-
mated using the low temperature linear behaviour of He
diffusion in an Arrhenius plot (considering that the high
temperature behaviour is largely irrelevant)®’ is 74 + 5°C.
This is even lower than the closure temperature of ~ 100°C
obtained from apatite fission track method. As a consequence,
apatite (U-Th)/He ages document the latest stages of cooling
in the uppermost crust.

In the simplest case the temperature dependence of diffu-
sivity is characterized by an activation energy (£,) and
diffusivity at infinite temperature (D) by the relation:

Dia* = Dy/a* exp(—Eo/RT),

where R is the gas constant, 7"is the absolute temperature
and « is the diffusion domain radius. For each heating step,
the volume of radiogenic *He released in a given time is used
to calculate D/a’. Laboratory measurements of diffusivity
over a range of temperatures will yield a line on an Arrenhius
plot with a slope proportional to £, and a y-intercept of
In(Dy/a’). From these two quantities the closure tempera-
ture may be computed from the equation

(Eo/RT.) = {(-ART.’Do)/(a’Eqs)},

where T is the closure temperature, 4 a geometric factor
and s the cooling rate'’. More generally, ages can be cal-
culated numerically along time—temperature paths. Wolf
et al.’ have shown that the closure temperature so obtained
is not affected in any way by grain size or shape, or even
chemical composition. The above conclusions have been
reached after a study of apatites of size between 60 and
180 um in diameter and a large range in anion composition
that encompasses most of the composition found in igneous
rocks. The closure temperature so obtained is lower than
that reported from any other dating technique and is bound to
have important implications for geochronological purposes.

A key question to be addressed is the applicability of
laboratory diffusion data to natural settings. To evaluate
this validity, apatites collected from boreholes with well
characterized down hole temperatures and thermal histo-
ries have been studied. It has been seen from such a study
in eastern Otway basin that the shape and position of the
He age-temperature profile is in general agreement with
the model apatite age profiles generated based on laboratory
diffusivity data for several apatites from the Peninsular

Ranges of California and the much studied Durango apatite®'".
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When «a-ejections from the minerals are considered,
they are important for small grains and advantageous to
analyse the largest crystals available from any rock sample.
However, implantation from the host rock as well as from
nearby grains can be ignored for all practical purposes
generally, considering the concentration contrast of parent
nuclides between the minerals of interest and the host
rock and the spacing between parent-rich accessory grains.
Farley et al” have shown by careful characterization of dated
grains that it is possible to correct for ejection effects to better
than a few per cent even in very small grains, provided
that the distribution of parent nuclides is either homoge-
neous or is known. Alpha ejection is roughly proportional
to the surface/volume ratio of the grain, and using Monte
Carlo modelling, retentivity (number of decays which
remain confined in the grain divided by the total number
of decays), in cylinders with varying radii and length/radius
ratios has been computed for By decay series for homo-
geneous distribution” of U. From this study it is obvious that
for grains smaller than a few hundred micrometres in
minimum dimension, ejection effects will be consider-
able. For example, a sphere of 100 um radius retains only
82% of its alphas. Although the computations were only
done for ***U series decay, the conclusion are applicable
to Th and *"U series decays as well. For average apatites
having cross-sections between 75 and 170 um, Fr values
have been found to vary between 67 and 85%, that would
underestimate the He ages between 15 and 33% without
corrections. The work demonstrates that it is important
to select coarse crystals for dating; correct morphologies are
also important. For example, a cylindrical crystal would be
more appropriate for dating than a prismatic one. However,
needle-like morphologies, which are so common in apa-
tites, are inappropriate for He dating. Another interesting
observation from the study is the insensitivity of retentivity
to zonation of parent nuclides in these apatites. For example,
an elevenfold increase in concentration from core to rim
reduces retention by 3% only, and even a fiftyfold expo-
nential increase from core to rim produces a 12% drop in re-
tentivity, assuming removal of the outer 20 tm of the crystal.

Influence of crystal size on apatite U, Th/He thermo-
chronology has also been studied in apatites from Bighorn
Mountains, Wyominglz. The size effect on He age depends
strongly on the thermal history of the rock, as seen from
this study. In case the rock undergoes rapid cooling from
temperatures corresponding to nearly complete He diffu-
sive loss to nearly complete He retention, the crystal size
influence may not be considerable. However, if the rock
has been in the partial retention zone for long periods of
time (~30-70°C for >107 years) in which radiogenic He is
only partially retained due to diffusive loss, the influence
of crystal size can be considerable. In fact, a strong corre-
lation between apatite grain size and He age from a single
rock may imply slow cooling. For example, He ages from
apatites of Bighorn Mountains, Wyoming show a range
of 98-348 Ma correlating with grain sizes of 32-99 um in
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one case, and 107-232 Ma correlating with grain sizes of
42-103 pm in another''. The crystal size-age correlation
of these samples corresponded with thermal histories for
rocks in the upper 0.75 km of the Precambrian basement
involving subaerial exposure, burial by sedimentary rocks
followed by exhumation.

Other important points worth consideration are the amount
of He that will be lost at ambient temperatures on the
earth’s surface as well as the sensitivity of the closure
temperature determined to the choice of the cooling rate.
The He loss’ from any sample on the earth’s surface is
negligible even over periods of 100 m.y. at temperatures
of the order of 25°C. But it is not only the mean annual
temperature that has to be considered, but also the maxi-
mum temperature that the sample has experienced. Previous
works have shown that forest/range fires and ambient
temperature fluctuations can lead to diffusive loss of
cosmogenic *He from some minerals'>'*. However, from
modelling of the distribution of peak temperatures with
depths in a rock exposed to fire, it has been seen that
while the loss of He for apatite at the rock surface maybe
as high as 30%, the retention rises rapidly with depth'’.
In fact, the rise of retention is so rapid that even for apati-
tes located at 3 cm depth, there is absolutely no loss of He.
From the same study it has been seen that the diurnal and
annual temperature fluctuations experienced by a rock also
get rapidly damped with depth and do not affect He ages
significantly. While the closure temperature is ~75°C for a
cooling rate of 10°C/Ma, it maybe up to ~90°C for a cooling
rate’ of 100°C/Ma. This clearly indicates that the tem-
perature solution has a weak dependency on cooling rate,
and even for an order of magnitude change in this value, there
is only a ~10% change in the calculated closure temperature.

In spite of all these uncertainties, this low temperature
thermochronometry can be useful. Apatite He ages record the
temperature history experienced by rocks in the upper 3 km of
the crust that is generally controlled by erosion and/or tectonic
processes. For example, normal faulting causes rocks in the
footwall to experience enhanced and recent cooling relative to
the hanging wall that is recorded as younger He ages in the
footwall'®. For rocks experiencing a constant exhumation rate,
the He age pattern reaches a steady state in which ages in-
crease approximately linearly with depth. The slope of the
profile approximates the exhumation rate and is often used to
determine the rate of geologic processes”.

U, Th/'He dating of zircon

As mentioned earlier, zircon is another potential mineral
for U, Th-*He dating with a closure temperature of ~170—
190°C, although this mineral has not been much investi-
gated as yet for the applicability of this dating tool. While
the fission track technique in zircon has effective closure
temperature in the intermediate to higher temperature
portion of K-feldspar cooling models, U, Th/He system
overlaps with the lower temperature part of the K-feldspar
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“Ar/*Ar cooling curves derived from multi-domain dif-
fusion model'®. Because of its high abundance in a wide
range of rock types, high U and Th concentration as well
as its resistance to physical and chemical weathering, zircon
is extremely advantageous for geochronometry. However,
there are some important differences between apatite and
zircon as far as He extraction is concerned. While He can
be extracted from apatite at ~1000°C, much higher tem-
peratures are required for He extraction from zircons.
Also, while weak nitric acid is capable of dissolving apa-
tite, for zircon traditional dissolution techniques use hy-
drofluoric acid and high-temperature bombs. Farley et
al.’ had suggested an alternative approach for analysing
zircons — laser heating followed by flux melting in lithium
metaborate. In fact, it has been seen that lasing at 1300°C
for ~1 h is sufficient to extract all He from zircons, except
in some exceptional cases'’. However, Tagami et al.” have
cautioned that during lasing there are possibilities of U
volatilization as well as fragmentation and partial loss of
zircons in case of repeated laser heating and subsequent
cooling. This raises an important problem in U, Th-He
geochronometry for zircons, since some zircons are extre-
mely retentive of He and require multiple extraction steps
for extraction of all He in the samples; but this might lead
to fragmentation and loss of zircon prior to U, Th analysis.

Like for apatite, in this case also the requirement is for
euhedral, equant and large grains to minimize errors asso-
ciated with a-ejection correction as well as for quickly
cooled zircons to minimize diffusive loss of He. Although
unzoned, inclusion-free grains are preferable, because zir-
cons have high concentration of U and Th, presence of
inclusions that are not highly enriched in U is not proble-
matic. However, it is important to have unzoned zircons as
seen from the analyses of zircon from Tardee rhyolite
with known eruption age of 58.4 + 0.7 Ma. The mean He
ages of these zircon grains are much older, being 78.8
7.0 Ma, attributed to overestimation of o-ejection losses
due to high U content in the core and lower density in the
rim'?. Zoning of U content in any grain can be inferred by
inspecting the spontaneous and induced fission track
densities of the grain. It has been seen that U,Th/*He ages
of single Zr grains from rapidly cooled volcanic rocks of
Fish Canyon Tuffs, Buluk Tuffs and Utasoa Rhyolites are
in good agreement with their reference eruption agesw‘

U, Th/*He dating of titanite

Titanite is another potential mineral for U, Th/*He dating
considering its high U, Th content as well as its common
occurrence in crustal rocks. In order to actually investigate
the potential of U, Th/*He geochronometry in titanite, the
diffusivity characteristics of radiogenic He in this mineral
from various geological settings and ages have been explo-
red”’. The study indicates a closure temperature of ~200°C
for a cooling rate of 10°C/Ma. However, since the diffusion
domain size equals the physical grain size (inferred from
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correlation of D/a® and 1/7* as well as 1: 1 correlation
between observed and predicted diffusivities assuming
diffusion domain a~grain size r), there is a dependence of
the closure temperature with crystal size. The difference
happens to be ~11 to 15°C for a factor of two size differ-
ences. The diffusion results also show non-Arrhenius be-
haviour in the early low temperatures, attributed to the
presence of secondary and very small domain sizes asso-
ciated with surface irregularities. However, since these
sites seem to contain <1% of the total He, it should not
affect the closure temperature significantly that is estima-
ted from the linear segments of the Arrhenius plot. The
titanite (U-Th)/He ages, like in the case of zircon, are
useful for constraining the cooling histories at temperatures
near the lower limit of those accessed by feldspar WA Ar
dating. Some erroneous ages may result from inhomoge-
neous He distribution arising from diffusive He loss re-
sulting in rounded He concentration profiles. In this case,
arbitrary fragment of the crystal will yield different and
erroneous ages depending on whether it is from the edge
or core of the crystal. Reiners and Farley” propose He
extraction by resistance heating or LiBO, fusion rather
than laser fusion that results in U loss by volatilization.
From this work, the reasonable agreement of U, Th/*He
ages of titanites from Fish Canyon Tuff and Mt. Drome-
dary with known K/Ar and “’Ar/*Ar ages demonstrates the
accuracy of titanite-He dating for quickly cooled samples. But
a problem with this dating method is the effect of long al-
pha-stopping distances since, unlike apatite, where large
euhedral crystals are easily obtained and which permit
measurements of the dimensions for correction of He loss,
titanite grains are irregular fragments of larger crystals after
separation processes. In this case it becomes essential to
obtain internal fragment of a grain for which no correction
is required. Also titanite U, Th/*He age might be compro-
mised by radiation damage that affects He diffusivity.
However, in spite of some problems involved in U, Th—
*He dating techniques of titanite, it can be extensively
used to understand the low temperature histories of various
terrains. But, till date, it has been least studied compared
to zircon and apatite and further studies are required.

Summary

The renewed interest in (U-Th/He) thermochronometry is
driven by an improved understanding of the behaviour of
He in minerals and better analytical techniques available.
U, Th-rich minerals like apatite, zircon and titanite can be
considered suitable for application of this dating technique.
Based on diffusion experiments, the low closure tempera-
ture of He in all the three minerals determined suggests
unique applicability of this dating tool to various geologi-
cal problems like cooling histories of rocks as they pass
through the upper few kilometres of the crust. However,
it is important to select suitable grains for dating as well as
incorporate appropriate corrections for diffusive loss of He
from the samples.
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