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Abstract: In continental red-beds facies, which often contain little or no organic material for 
biostratigraphic dating, fission track (FT) analysis of detrital zircon crystals represents one 
method by which a maximum stratigraphic age may be determined. In addition, FT analysis 
of detrital apatite provides a means of palaeotemperature estimation, especially in areas 
where there is insufficient, or unsuitable, organic matter for vitrinite reflectance. Two 
examples of the application of FT analysis to the solution of stratigraphic problems in red- 
bed sequences are described. In Scotland, the age of the Tongue Outlier is disputed, previous 
studies having suggested either a Devonian or Permo-Triassic age. Comparison of FT data 
from both detrital apatite and zircon indicates a Permo-Triassic age. In Thailand, the 3 km 
thick continental clastic Khorat Group has a well-defined lithostratigraphy but is poorly 
constrained biostratigraphically. The lower Nan Phong Formation has a Rhaetic age whilst 
the Khok Kruat Formation at the top of the group has been assigned an Aptian age. In the 
absence of any biostratigraphic control, the intermediate Phu Kradung and Phra Wihan 
Formations have been assumed to be of Middle and Upper Jurassic age. FT data presented 
here for detrital zircons indicate a Lower Cretaceous age for Phra Wihan Formation of the 
Khorat Group. 

Heavy mineral assemblages have been used as 
provenance indicators and for stratigraphic 
correlation within sedimentary rocks for many 
years (see Morton & Hurst, this volume; Mange- 
Rajetzky, this volume). By dating certain of 
these detrital minerals, using isotopic (including 
fission track) techniques, chronological informa- 
t ion may be derived for otherwise barren 
sediments. If the dated crystals come from syn- 
depositional volcanic eruptions then an actual 
age of sedimentation may be derived. However, 
measured isotopic ages may reflect a variety of 
factors including the ages of the hinterland 
rocks, weathering, transport  and diagenetic 
processes which can modify the detrital mineral 
suite, and post-depositional heating which can 
reset the isotopic signature. 

Fission track (FT) analysis depends upon the 
accumulation within the crystal lattice of linear 
radiation damage effects, some 10-16#m long, 
produced by the natural fission decay of 238U. 
The density of these spontaneous fission tracks is 
a function of the time during which they have 
been accumulating, of the rate at which fission 
occurs and also of the uranium content of the 
host crystal. Sample uranium content is deter- 
mined using a neutron activation technique. As 
with other isotopic dating methods, the FT 
system can be reset by increases in ambient 
temperature, when spontaneous FTs are re- 
paired or annealed. The annealing process can 

be quantified in part by track length measure- 
ment, newly-formed tracks with uniform length 
being systematically shortened by increases in 
temperature. At sufficiently high temperatures, 
all tracks are removed and the FT age is totally 
reset. A more detailed summary of the FT 
method can be found in Hurford & Carter 
(1991). 

Two commonly-occurring heavy minerals, 
apatite and zircon, are ideally suited to FT 
analysis. Apatite, with its lower temperature for 
the annealing of FTs, 60-120~ over geological 
time, is well suited to low temperature thermal 
history analysis. Detailed understanding of the 
track annealing process in apatite means that 
track length measurement can be used to 
decipher the integrated thermal history of a 
sample, and that numerical modelling can be 
used to predict probable t ime-temperature  
histories for any measured fission track age 
and length parameters (see Green et al. 1989 
and refs therein). In contrast, zircon has the 
inherently higher track annealing temperature of 
200-250~ over geologic time (Hurford 1986), 
although a precise measurement and description 
of the annealing parameters in zircon is still in 
preparation (see e.g. Tagami et al. 1990). Despite 
this lack of a detailed annealing model, zircon, 
with its relatively high closure temperature, is 
less prone than apatite to post-depositional 
annealing at those temperatures most frequently 
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Fig. 1. Sample location map showing the position of the Tongue Outlier with respect to the Devonian rocks of 
northeast Scotland, and suspected offshore Permo-Triassic rocks. 

encountered during upper crustal burial. Zircon 
is thus well-suited to providing single-crystal FT 
ages from clastic sedimentary rocks, and fre- 
quently offers an indicator of sediment prove- 
nance (Hurford & Carter 1991). The measured 
zircon FT age may reflect the thermal history of 

the source area (or areas) rather than the time of 
source area 'formation',  be that intrusive or 
extrusive magmatism, or the time of basement 
exhumation. Accordingly, in interpreting a FT 
age consideration must be given to: (1) the 
relationship of measured ages to the known or 
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suspected age of sedimentation; (2) comparison 
of measured ages with ages of probable source 
areas; (3) dispersion of single grain ages within a 
sample aliquot: a single homogeneous popula- 
tion indicates a single sediment source, or the 
time of total post-depositional resetting; a 
spread in single grain ages may reflect either 
the range in source ages or indicate partial post- 
depositional resetting (dispersion of ages can be 
assessed from radial plots of the single grain ages 
(see Figs 2 & 4), or from the relative error of a 
sample central age value (see Table 1)); (4) 
comparison of FT ages from co-existing detrital 
apatite and zircon, with differing thermal 
sensitivities, to provide constraints on post- 
depositional temperatures. 

To illustrate this application, two examples of 
zircon FT dating are given, showing how they 
can both solve a long-standing stratigraphic 
problem, and constrain the stratigraphy in a 
frontier area where both geology and biostrati- 
graphy are poorly understood. Since a sediment 
cannot be older than its source rocks, the 
youngest age measured for a detrital mineral 
provides a maximum age for that sediment, pro- 
viding there is clear evidence that no significant 
post-depositional annealing has occurred. The 
following examples from northern Scotland and 
Thailand illustrate the application of these 
interpretative principles to zircon and apatite 
FT data to derive constraints on the strati- 
graphic and provenance ages of analysed sedi- 
ments. 

The Tongue outlier, northern Scotland 

East of the village of Tongue, on the northern 
coast of Scotland, is a series of small outliers of 
red conglomerates (Fig. 1), first described by 
Sedgwick & Murchison in 1827, and interpreted 
by them as western extensions of the Old Red 
Sandstone (Devonian). For over a hundred 
years the outcrops were repeatedly mapped as 
Devonian (e.g. Nicol 1861; Geikie 1878; Cramp- 
ton & Carruthers 1914) until, in 1956, Mclntyre 
et al. questioned the age, proposing that the 
rocks might equally well be Torridonian or 
Permo-Triassic in age. Discussion continued 
during the 1980s, with several authors favouring 
Permo-Triassic deposition (an age strengthened 
by the discovery of Permo-Triassic rocks several 
kilometres offshore containing rare biostrati- 
graphic evidence, e.g. Woodland 1979; Evans et 
al. 1982; Johnstone & Mykura 1989), whilst 
others continued to prefer the Devonian option 
(Blackbourn 1981; O'Reilly 1983). A Torrido- 
nian age for the Tongue conglomerates was 

discounted because of the presence of Cambrian 
clasts. 

Uncertainty as to the depositional age of the 
Tongue rocks has resulted primarily from the 
complete lack of biostratigraphic evidence, 
compounded by the limited size and extent of 
the outcrop such that comparison of general 
tectonic style and lithologies with more distant 
exposures is tenuous. An attempt to resolve 
these uncertainties initiated a FT study which, if 
unable to define the precise time of deposition, 
would provide a maximum stratigraphic age. A 
3 kg sample collected from the Coldbackie Bay 
outcrop, 4km northeast of the village of 
Tongue, yielded sufficient quantities of both 
apatite and zircon for analysis. The sample FT 
data are summarized in Table 1 with individual 
zircon and apatite grain ages displayed on radial 
plots (Fig. 2a & b). On such plots (Galbraith 
1990) the error is standardized so that each point 
has the same standard error in the y direction. 
The x-scale indicates the precision of an 
individual grain age, the closer points are to 
the radial age scale, the more precise the age 
determination. 

Mean central ages of 293 + 17Ma (•  let) for 
zircon and 267 + 26 Ma for apatite are younger 
than the Devonian but older than the Triassic. 
Relative errors attached to the central age values 
(see Table 1) indicate a spread of grain ages for 
each mineral greater than expected from a 
homogeneous single age population. This dis- 
persion is also seen in the radial plots (Fig. 2a) 
where zircon grain ages range from c. 220 Ma to 
c. 450 Ma, the younger zircons forming a distinct 
cluster. More robust analysis of the component 
ages using methods described by Galbraith & 
Green (1990) and Sambridge & Compston 
(1994) reveal a dominant Permian source at 
270 • 20 Ma and a younger late Triassic source 
at 220+ 18Ma, which comprises 45% of the 
dated grains. Older metamict and semi-metamict 
zircons with high, uncountable track densities 
are absent from such analyses, introducing an 
element of bias towards the younger ages, 
although, for stratigraphic purposes this is 
unimportant, since it is the younger end of the 
age range that is of relevance. 

The zircon age distribution (Fig. 2a) can be 
interpreted in two ways. Firstly, if there has been 
no post-depositional annealing of tracks in 
zircons, the youngest single grain ages would 
represent the ages of the youngest source 
material and thus provide a maximum deposi- 
tional age for the sediment; in this scenario the 
sediment would have a late Triassic stratigraphic 
age. Alternatively, the detrital zircon population 
may reflect partial resetting since deposition. 
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Fig. 2. (a) The zircon radial plot shows a spread in grain ages from c. 220 to c. 450 Ma, the youngest ages cluster 
within the range 220 + 18 Ma. These suggest a Late Triassic age for Tongue rocks. (b) The apatite radial plot 
shows a similar spread in grain ages (c. 150 to c. 500 Ma), and clearly shows that the apatites have not been totally 
reset since deposition, whether Devonian or Triassic, consequently the zircon ages are interpreted as source ages 
and indicate the Tongue Outlier to be of Triassic age. 

Consideration of the apatite FT results (Fig. 
2b) provides evidence for the post-depositional 
thermal history and for testing the alternative 
interpretations of the zircon data. Apatite single 
grain ages show a wide dispersion, ranging from 

c. 150 to 500 Ma, with a mean apatite track 
length of 13.04+0.15#m and standard devia- 
tion of 1.5 #m. If the Tongue conglomerate was 
deposited in the Permo-Triassic, most apatite 
single grain ages would be equal to, or older 
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than, deposition, indicating only very modest 
subsequent annealing. If deposition was Devo- 
nian then, although some apatite grains have 
been reset to give Triassic and younger ages, 
some crystals have retained Devonian and older 
ages, indicating that annealing was far from 
total. In each scenario the results are consistent 
with shallow burial and modest annealing since 
deposition at maximum temperatures < 100~ 
with subsequent gradual exhumation through 
the Mesozoic and Cenozoic. 

The post-depositional temperature limitation 
of 100~ imposed by the apatite data, irrespec- 
tive of the timing of the deposition, clearly 
precludes the possibility of major zircon anneal- 
ing at temperatures in excess of 200~ as 
required if deposition was Devonian. The 
conclusion is reached, therefore, that the Tongue 
conglomerate was deposited in the Permo- 
Triassic, which implies that the Permo-Triassic 
currently outcropping on the sea bed a few 
kilometres to the north of the Kyle of Tongue 
(Evans et al. 1982) originally extended further 
south. The spectrum of zircon ages found for the 
Tongue conglomerate contains grains with a 
Late Carboniferous-Early Permian signature, 
possibly derived from igneous activity that 
occurred throughout Scotland at that time. 
The youngest zircon grain ages clustering c. 
220 + 18 Ma may record a mid- to late-Triassic 
volcanic source. Alternatively the Triassic ages 
may represent cooling ages associated with uplift 
and erosion on the flanks of major extension and 
rifting in the North Atlantic and North Sea at 
this time. 

The Khorat Group, Thailand 

The Khorat Group, situated in northeast Thai- 
land (Fig. 3), is a sequence of continental rocks 
up to 3 km thick of Triassic to Cretaceous age 
with a well-defined lithostratigraphy; biostrati- 
graphically, however, the sediments are poorly 
constrained. The group was divided into eight 
formations (see Fig. 5) on the basis of litho- 
stratigraphy (Ward & Bunnag 1964), of which 
the Huai Hin Lat Formation at the base of the 
Khorat Group has been dated as Norian (late 
Triassic) in age on the basis of vertebrate 
remains (Buffetaut & Ingavit 1986), palynology 
and floral evidence (Konno & Asama 1973). The 
overlying Nam Phong Formation is undated 
(Buffetaut et al. 1993) and, while it is usually 
placed with the latest Triassic to early Jurassic, 
there is no good evidence to support this age. 
Sattayarak et al. (1991) have suggested that the 
Nam Phong unconformably overlies the Huia 
Hin Lat Formation and that the Huai Hin Lat 

should be dropped from the Khorat Group. 
However, recent authors (Buffetaut et al. 1993; 
Mouret et al. 1993) have continued to include 
the Huai Hin Lat in the Khorat Group, and the 
Nam Phong Formation is usually attributed a 
latest Triassic age (Buffetaut et al. 1993). In the 
interpretation of Sattayarak et al. (1991) there 
may be a considerable time gap at the uncon- 
formity between the Huai Hin Lat and Nam 
Phong Formations. 

The Nam Phong Formation is overlain by the 
Phu Kradung Formation, which is poorly dated 
and has been ascribed a middle Jurassic age on 
the basis of its stratigraphic position and a 
tenuous correlation of crocodilian remains 
Sunosuchus  thailandicus with poorly dated late 
Jurassic to early Cretaceous rocks in China 
(Buffetaut et al. 1993). The overlying Phra 
Wihan Formation is undated (the only tentative 
evidence are dinosaur trackways which are not 
age diagnostic) and is ascribed a middle Jurassic 
age on the basis of its stratigraphic position. 
This agrees with the correlation proposed by 
Mouret et al. (1993), between the lithological 
and facies changes and a relative sea-level fall 
c. 177 Ma. The Sao Khua Formation has yielded 
a rich and varied fauna, including freshwater 
hypodont shark remains, parts of theropod 
and sauropod dinosaurs, Lepidotes- l ike  actino- 
pterigians, turtle plates and a nearly complete 
Goniopholis  skeleton. The dinosaurs have been 
compared with Late Jurassic forms in China and 
USA, and the crocodilian Goniophol& is known 
in Europe from Late Jurassic and Early Cretac- 
eous rocks (Buffetaut et al. 1993). Some authors 
have suggested a local unconformity between the 
Sao Khua and Phu Phan Formations (Maranate 
& Vella 1986), although this has not been 
recorded on seismic data (Mouret et al. 1993). 
To date, no diagnostic fossils have been re- 
corded from the Phu Phan Formation, which is 
assumed to be Early Cretaceous because of 
its stratigraphic position. Mouret et al. (1993) 
suggest that the Phu Phan Formation may 
correlate with a relative sea-level fall c. 
128.5Ma. The overlying Khok Kruat Forma- 
tion is dated as Aptian to Albian on the basis of 
an ornithischian dinosaur Psi t tacosaurus  and a 
peculiar species of hypodont shark Thaiodus 
ruchae (Buffetaut et al. 1993). The Mahasa- 
rakham Formation and the Borabu Formation 
appear to lie unconformably on the Khok Kruat 
Formation (Sattayarak et al. 1991) and have 
yielded Albian-Cenomanian pollen. The over- 
lying Phu Tok Formation is undated and is 
attributed a latest Cretaceous to Tertiary age by 
Mouret et al. (1993). (Figure 5 summarizes the 
biostratigraphic information.) 
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Fig. 4. The Phra Wihan zircon radial plot contains a range of grain ages from c. 120 to 350 Ma. A major grouping 
at 125 Ma is much younger than the supposed stratigraphic age of c. 175 Ma. The presence of both a spread in 
grain ages and old zircons indicates that the sample has not been totally reset since deposition and, therefore, the 
younger group of zircons provides an indicator of maximum stratigraphic age. 

It is clear that while the lower and upper 
formations within the Khorat  Group are well 
constrained biostratigraphically as Triassic and 
Cretaceous, respectively, other formations are 
not well dated. In the past the available 
stratigraphy has been used to fill the gaps with 
the Khora t  Group  spanning the Jurassic, 
although this presents some palaeogeographic 
problems since middle Jurassic shallow marine 
limestones are reported in Western Thailand, 
Cambodia and Laos (Fontaine et al. 1988), and 
there is no intervening delta. The lack of 
biostratigraphic control on the age of the Nam 
Phong, Phu Kradung, Phra Wihan and Phu 
Phan Formations, and the lack of information 
on the age of the unconformity between the 
Huai Hin Lat and Nam Phong Formations, has 
left a considerable gap in our understanding of 
the regional stratigraphy and palaeogeographic 
development. Attempts to correlate the non- 
marine Khorat  Group strata with relative sea- 
level curves on the basis of basinwards shifts in 
facies (Mouret et al. 1993) have to be treated 
with caution since there is a wide range of 
tectonic or climatic factors which can lead to a 

change in fluvial style, and there is no direct 
evidence for incision due to base level changes. 
In view of the uncertainty over biostratigraphic 
ages and lack of direct evidence of base level 
controls on Khorat  Group sedimentation, it is 
reasonable to discount the tentative ages as- 
signed by Mouret et al. (1993). 

In the absence of reliable dates for much of 
the Khorat  Group the fission track method has 
been used to date detrital zircon grains. FT 
analysis was carried out on 20 samples from the 
Khok  Kruat ,  Sao Khua  and Phra  Wihan  
Format ions ,  the latter sampled from nine 
different locations spread over some 200km. 
Apatites were mostly absent, probably due to 
the effects of diagenesis and weathering. Samples 
which did contain apatite were confined to the 
western part of the Khorat  plateau. For the 
purposes of this paper discussion will be 
confined to the Phra Wihan Formation. 

The FT data from the Phra Wihan Formation 
are listed in Table 1. The four samples with 
apatite FT data indicate a Cretaceous-early 
Tertiary resetting event, and clearly are of little 
direct stratigraphic use. In contrast, the nine 
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zircon samples contain a wide variation in 
central and grain ages (most samples have a 
high percentage of relative errors) indicating a 
potential for yielding useful provenance and 
stratigraphic information. The spread in central 
ages ranges from 257 + 31 to 156 • 17 Ma, and 
indicates variable influences of the component 
source ages throughout the formation. Most 
interestingly, six of nine central ages are at, or 
within, error of the assigned stratigraphic age 
of c. 175 Ma, based on a correlation with the 
Haque sea-level curve (Mouret et  al. 1993). 
Clearly, the population of zircon grain ages 
within these samples warrants a closer examina- 
tion; the younger grains may provide more 
robust corroborative stratigraphic information. 

Figure 4 shows a radial plot for sample T90/ 
17 that is typical of the younger central age 
group. It is immediately clear that, despite a 
central age of 163 i 13 Ma, which is within error 
of the supposed stratigraphic age, a significant 
number of grain ages are not only much younger 
but form a single age population at c. 120Ma. 
More robust modelling of the component ages 
for this sample using methods described by 
Galbraith & Green (1990) and Sambridge & 
Compston (1994) places this younger mode at 
125+20Ma.  Providing the zircons have not 
experienced any post-depositional annealing, 
these younger ages are significant in that they 
constrain the time that the Phra Wihan Forma- 
tion must have been deposited. Unfortunately 
the apatites, which in the Tongue Outlier 
provided a constraint on the likelihood of zircon 
annealing, have been totally reset in the Khorat 
Group samples in latest Cretaceous--early Ter- 
tiary times, and therefore cannot be used to 
exclude the possibility that the zircons have been 
annealed. Other evidence is required. 

The Khorat Group, which has a total thick- 
ness of some 3km, has at its top a major 
Tertiary unconformity, recorded by the apatite 
FT data, and from which an unknown quantity 
of Tertiary overburden has been removed. It is 
conceivable that this additional cover was 
sufficient, possibly combined with higher than 
normal geothermal gradients, to place the Phra 
Wihan Formation within the zircon partial 
annealing zone (> 200~ It is clear from the 
spread in zircon grain ages, shown in the radial 
plot of Fig. 4, that the zircon age population is 
heterogeneous, with ages ranging from c. 120 to 
c. 400 Ma. Total post-depositional annealing of 
the zircon population can, therefore, be ruled 
out, since many grains have ages older than 
Jurassic. Detecting partial annealing, however, is 
slightly more problematical. In such situations 
single grain ages more susceptible to annealing 

(perhaps resulting from an influence of zircon 
composition) will be reduced in age to a level 
close to the time of maximum temperature. If 
partial resetting of zircon associated with 
Tertiary burial had taken place then there 
should be a significant number of grains with 
late Cretaceous-early Tertiary ages; this is 
demonstrably not the case. Furthermore, meta- 
mict and semi-metamict zircons (very old and/or 
high uranium crystals) would have been an- 
nealed; most analysed samples contain c. 10% 
metamict crystals. 

The likelihood that the zircons of the Phra 
Wihan Formation have been partially reset at 
temperatures > 200~ is fairly small; several 
lines of evidence, whilst not totally ruling out 
this possibility, do strongly suggest that the 
grain ages are source ages. By accepting this it is 
possible, by examining the radial plots for the 
nine Phra Wihan samples and undertaking more 
robust analysis of the component ages, to 
determine the major source age groups, whilst 
acknowledging that, throughout the period of 
deposition, one particular sediment source may 
have been more dominant than another. Includ- 
ing the youngest group already discussed at 
125 Ma, other major source ages are from early 
Jurassic (c. 200Ma) and Permian (c. 250- 
280 Ma), with subordinate, smaller clusters of 
crystals between 300 and 400 Ma. Other older, 
metamict and undatable crystals were present, 
but comprised no more than c. 10% of the total 
zircon population. The adjusted formation ages 
that are required by the youngest zircon age 
modes are summarized in Fig. 5, including for 
comparison the youngest age modes determined 
for two other formations. Whilst the youngest 
age mode in the Sao Khua Formation is older 
( 1 6 0 + 6 M a )  than that of the Phra Wihan 
Formation, indicating a different and older 
source, the Khok Kruat Formation has a very 
similar age mode (133+13Ma).  Clearly, the 
contribution and influence of this younger 
source varied with time. In terms of provenance, 
these younger age modes must be from a near to 
contemporaneous source, the zircons being 
clear and euhedral imply the minimum of 
transport. In contrast, the older grains have a 
greater tendency to be subhedral to well 
rounded. A potential source for the young 
zircons is from the igneous activity in Vietnam 
whilst the remaining major source ages prob- 
ably came from inliers such as the Khontum 
Massif. Palynological data from the Phra 
Wihan Formation suggests a Barremian age 
(Racey et al. 1994) which provides additional 
confirmation of our interpretation of the fission 
track data. 
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Conclusions 

Two case studies illustrate how zircon fission 
track analysis can provide both stratigraphic 
constraints and provenance information from 
otherwise barren rocks. The first example, from 
the Tongue Outlier, has shown how apatite FT 
analysis can be used to constrain thermal history 
and to interpret zircon FT data in resolving a 
long-standing problem as to the depositional age 
of a barren sediment. Zircon single grain ages 
place the deposition of the Tongue conglomerate 
within the Permo-Triassic. The second example, 
from Thailand, has illustrated that, in a frontier 
area where there is the minimum of stratigraphic 
information, the assigning of stratigraphic ages 
to barren formations between two correlated/ 
dated formations may be significantly wrong. 
Zircon single grain ages from the Khorat group 
place the Phra Wihan Formation within the 
lower Cretaceous, rather than middle Jurassic as 
previously suggested. Subsequent unpublished 
pollen data support this interpretation of the 
zircon FT data. 

Fission track analysis in London is supported by 
NERC Grants GR3/7086 and 8291. Support from the 
University of London South East Asia Research 
Consortium and Total Khorat Ltd is gratefully 
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