Constraining small magnitude exhumation and basin inversion events in the Irish
offshore, Dr David Chew and Dr Nathan Cogné, TCD
20 January 2015. Final Report
Project:
IS12/02: Constraining small magnitude exhumation and basin inversion events in the Irish

offshore
Research Student:
None

Investigators:
Dr David Chew
Dr Nathan Cogné

Introduction

This project aimed to characterize the thermal evolution of the Western Irish offshore.
We undertook low temperature thermochronology analyses on four studied wells using the
apatite fission track (AFT) and apatite (U-Th)/He (AHe) methods.

The data are then

modelled using thermal history analysis software which can employ a vertical modeling
approach, with the goal of producing highly constrained models of the thermal evolution of
the studied wells and to detect potential small magnitude exhumation events.

Sampling Strategy

Samples have been collected with the agreement of Statoil for wells 26/28-1 (4
samples), 26/28-2 (3 samples), 26/28-4 (3 samples) and Shell for well 27/5-1 (3 samples). In
total we have 13 samples (Table 1) that cover the North Porcupine Basin and the South Slyne
Basin. Three main points have been taken into account during the sampling: (1) To maximise
the chance to recover apatites from the samples we selected the sandstone intervals in the
sampled wells. (2) The goal was to detect post-Jurassic inversion events in the basins so we
sampled rock of Devonian to Oxfordian age for well 26/28-1, from Bathonian to Albian age
for well 26/28-2, from the Westphalian to the Bathonian in well 26/28-4 and from the Lower
Triassic to the Bathonian for well 27/5-1. (3) Because we wanted to undertake modelling of

the data using a vertical profile approach, we also sampled a relatively large range of depth
for each wells (i.e. 500 m to 1 km of vertical offset between the top sample and the bottom
sample).

Table 1: List of samples

Results

Despite a careful choice of sampled cores on 13 collected samples, only 8 yielded
enough apatite for the planned analyses, and two more only enough apatite for fission track
analyses. The problem here is that apatite is an accessory mineral and therefore its presence
is rarely described in the well reports for each formation. However as it is quite common, the
chances of retrieving apatite from certain lithologies are relatively good. Therefore one only
knows if there is apatite in a given sample after the separation process, which is time
consuming. No analyses were possible for samples 26/28-1 core 5, 26/28-2 core 1, 26/28-4
core 3, and only fission track analyses were possible for sample 26/28-2 core 4 and 27/5-1
core 3. In addition the low amount of apatites recovered from the other samples make the
analyses less robust because we were forced to use low quality apatites.
The results for the four studied wells are reported in Table 2 and 3.

Table 2: Fission track results.
1
Number of spontaneous tracks.
2
Sum of the individual grain 238 U/43Ca ratios measured by ICPMS and weighted by the counted area.
3
Counted area.

Table 3: (U-Th)/He results

The AHe results are disappointing as none of the samples yielded ages that are
reproducible. Thus it is unsafe to use the data for most of the samples. The second problem

is that such an observation is easier to make with AHe data (the method yield multiple ages
for the same sample that can be compared with each other) than on AFT (the method uses
multiple single grain ages but yields only one "mean" age). But even the AFT data need to be
treated with caution. It is likely that some (if not all) of the apatites (which are originally
detrital grains) carry detrital AFT age and AHe age components inherited from the original
source area, which yields a complicated age profile, particularly when the apatites are
partially annealed. The mixing of different sources together with the low quality apatites used
are the likely cause to explain the low quality of the dataset.

Thermal modeling

We carried out the thermal modeling, with the results presented above. On the four
studied wells, we were unable to obtain constrained models for the three wells located in the
Porcupine Basin, 26/28-1, 26/28-2 and 26/28-4Az as the software could not produce any
thermal history that respects the data. The quality of the data was not good enough for these
three wells and prevents any further interpretation.
For the fourth well, 27/5-1, after a careful selection of a subset of the AHe data (see
Cogné et al., 2012 for a description of the selection procedure), we were able to produce a
model that fits reasonably the data.

However given the small amount of data used to

constrain the model and the variable data quality of the whole dataset, we stress here that this
model should be regarded as tentative. The thermal history and the associated predictions are
shown in Figure 1.

Thermal evolution for well 27/5-1

Parameterization of the model
Inverse modelling of the AHe and AFT (track length and age) data from the
well has been undertaken to extract thermal history information. We used the QTQt software
of Gallagher (2012). QTQt employs a Bayesian trans-dimensional Markov Chain Monte
Carlo (MCMC) approach (Sambridge et al., 2006; Gallagher et al., 2009). The approach
requires a prior probability distribution (a range for the model parameters). A randomly
drawn initial model is generated from this distribution and the current model is then perturbed
to produce a proposed model. The algorithm then chooses whether or not to replace the

current model by the proposed model or to generate a new proposed model by again
perturbing the current model. This process is repeated many times, updating the current
model as appropriate. The choice to replace the current model with the proposed model is
made in terms of the data fit (likelihood) but also the Bayesian approach adopted here
naturally favours simpler models (Gallagher et al., 2009). The output is an ensemble of
models, which quantifies the probability of acceptable thermal history models.
In this study the prior is specified as one general time-temperature box (75±75°C,
400±°C). A series of discrete time-temperature points are sampled from this to construct a
continuous thermal history and the data likelihood is calculated for that model. The vertical
profile approach comes from Gallagher et al. (2005). To model the fission track data, we
used the individual track counts, measurements of confined length and angle to c-axis, the
likelihood function of Gallagher (1995) and the annealing model of Ketcham et al. (2007).
The measured AHe ages were modelled using a spherical diffusion formulation, simulating
both alpha-ejection and diffusion during the thermal history (Meesters and Dunai, 2002)
combined with the radiation damage model of Flowers et al. (2009).
In addition, the following parameters were used to constrain the model. Ages of
deposition for the three samples were taken from the core descriptions. The temperatures of
deposition was set at 20±10 °C. The temperature offset between the samples is given by the
geothermal gradient. The closest well with public information on the geothermal gradient is
well 27/13-1 (Corcoran and Clayton, 2001). We thus used a value of 27 °C/km and allow a
possible variation of ± 5 °C/km even though the paleogeothermal gradient also is calculated at
27 °C/km (Corcoran and Clayton, 2001). We also used the geothermal gradient to infer the
present day temperature of the sample, while the surface temperature was set at 10 °C. The
present day temperature is allowed to vary by ± 5 °C. In addition we used available vitrinite
reflectance data for the well to constrain the model (Scotchman and Thomas, 1995; Serica
Energy, 2013). We note that the predictions of our model for the vitrinite data are not very
good, however because we do not know the uncertainties on the vitrinite data (it was not
published) we consider the predicted values reasonable.

Figure 1: Thermal history for well 27/5-1 and associated
predictions. For the thermal history model, the thick dark blue
line is the coolest (shallowest sample) of the profile, with its
credible interval denoted by thin blue lines. The thick red line
is the hottest (deepest sample) of the profile, with its credible
interval denoted by thin purple lines. The grey line is the
intermediate sample and the dashed horizontal lines are the
temperature limits of the PAZ. The green boxes are
constraints for the deposition age and temperature.
The predictions for all samples are shown. Predicted (red
curves with credible intervals denoted by thin grey lines) and
observed (blue histogram boxes) track length distributions for
the thermal history model are depicted. AFT=Fission Track
Age, Vr=Vitrinite reflectance, He=Helium age, O=Observed,
P=Predicted.

Model results
Our model indicates a complex thermal evolution. The deepest sample (27/5-1 core 4)
was deposited during the Lower Triassic. After deposition we see a rapid heating (c. 7°C/Ma)
to a temperature of c. 90 °C. Then the temperature then remains more or less stable until 200
Ma. Following this quiescent period we have a period of rapid cooling that brought the
deepest sample to temperatures of about 35 °C at 170 Ma. Then the three analysed samples
experienced rapid heating to a temperature of c. 90 °C (in the deepest sample) within 10 Ma.
A second period of rapid cooling then occurred between 150 Ma and 90 Ma with a magnitude
of 50-60 °C. After 90 Ma the low temperatures obtained make the model under constrained
(the techniques used are not sensitive at these low temperature). We can therefore consider
the temperatures more or less stable given the confidence interval, or even consider a small
pulse of slow heating (as illustrated on the model).

Interpretation of the model
Some features of our model fit well with the previously known evolution of the basin.
The period of rapid heating at the end of the Jurassic corresponds to the deposition of Middle
to Upper Jurassic sediments during the main period of rifting of Slyne Basin. Dancer et al
(1999) report 2.5 km of sedimentation during that period, which corresponds to 67.5 °C of
heating (assuming a paleogeothermal gradient of 27 °C/km). Our model indicates a heating
phase of about 55-60 °C which is fairly consistent. Thus the Middle - Late Jurassic heating
period is likely due to the opening of the rift basin and synchronous deposition. Interestingly
this period corresponds well with a significant phase of exhumation (c. 2.5 km) on onshore
Ireland (Cogné et al., 2014).
Following this heating period our model indicates a phase of rapid cooling. We
interpret this cooling as an evidence of inversion and exhumation of the basin during Early
Cretaceous. This is in accordance with the presence of a large unconformity between Late
Jurassic strata and Late Cretaceous deposits in the basin (Scotchman and Thomas, 1995;
Dancer et al., 1999; Corcoran and Mecklenburg, 2005). With a paleogeothermal gradient of
27 °C/km this 45 °C cooling pulse corresponds to an exhumation event of c. 1.6 km, within
the range of previously published values for this episode of inversion of the Slyne Basin
(Scotchman and Thomas, 1995; Dancer et al., 1999; Corcoran and Mecklenburg, 2005). Such
exhumation is not seen onshore western Ireland (Cogné et al., 2014) and remains quite
enigmatic.

The evolution during Late Cretaceous and Tertiary is hard to infer due to the low
temperatures reached at 90 Ma.

Possible small episodes of heating/cooling, and thus

sedimentation/exhumation, could exist and remain undetected.
An interesting feature of our model is the period between the deposition of the deepest
analysed samples (Lower Triassic) and the deposition of the Upper Jurassic section. Our
model indicates a period of fast heating, following by a quiescent phase and finally a pulse of
rapid cooling. A possible interpretation would be to consider a first period of rifting with
associated accumulation of sediments during the Lower – Middle Triassic, following by a
quiescent phase with a duration of 30 Ma and finally an inversion episode during the Upper
Triassic – Lower Jurassic. However the stratigraphic column for Slyne Basin shows that
sediment deposition occurred during that interval (Dancer et al, 1999). Nonetheless there is a
recognized unconformity before the deposition of Middle Jurassic strata. It is thus possible
that an important phase of inversion was not detected before this study. The exact timing of
such an inversion episode remains poorly defined, as well as its magnitude for two reasons.
First no methods other than thermochronology could detect this inversion episode because it
did not exceed the Early Cretaceous inversion phase in terms of its magnitude. Secondly,
because our model is not well constrained (due to the variable quality of the dataset) it could
be unsafe to infer such an inversion episode based solely on the low temperature
thermochronology data.
In summary, our model fits well, and thus reinforces, previous interpretations of the
evolution of Slyne Basin from Middle Jurassic up to the present day. For the period between
the Lower Triassic to Middle Jurassic the model shows a previously undetected inversion
episode, but we currently regard this event as speculative.

Suggestions for future low temperature thermochronology work in the Irish offshore

From the relatively disappointing results from this study, but also from other
successful studies that we carried on for private oil companies during the past year, we can
suggest a list of recommendations that should be considered for future low temperature
thermochronology work on the Irish offshore basins.
We suggest that future studies focus primarily on AFT technique. The AHe technique
can yield lots of information and is ideally suited for detecting small scale inversion episodes,
but requires high quality, euhedral apatites. From this study we know that these kind of
apatite morphologies are very rare in the sandstones that constitute the only suitable apatite-

bearing lithology in the Irish offshore basins. Additionally it appears from the modeling that
it is hard to discriminate the AHe age component inherited from the source from the postdeposition history in the AHe data.
As far as possible these fission track studies should be undertaken in conjunction with
vitrinite reflectance studies. The addition of vitrinite reflectance data has proven to be
successful for some of the studies we undertook for different operators.
The samples given to the lab in charge of the study should be sufficiently large to yield
enough high quality apatite grains for analysis. Here we were authorized to take only small
samples (i.e. couple of hundred grams).

We acknowledge that samples from offshore

boreholes are extremely valuable, but this project was partially hindered by the small sample
sizes. Good quality apatites lead to good quality data, and we recommend samples of at least
500 g (and in an ideal world around 1-2 kg). For comparison, on onshore sandstones (where
sampling is not hindered by availability of material), we sample at least 5 kg.
For boreholes we recommend that no less than five samples are analysed. These
samples should ideally be in the range of 40-50°C to 110°C (present day temperature) to
cover the range of temperature sensitivity of the AFT system and also to cover a large
depositional time range. That implies the present day temperature should be known with a
relatively good accuracy (and accessible to the team in charge of the study). Five samples is a
minimum limit because of the variable apatite yield encountered in sandstones, and also to
yield good thermal history constrains using a vertical modelling approach.
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