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Abstract: The North Atlantic continental margins have been subject to widespread exhumation, although the
timing, magnitude and causes of this uplift and erosion are debated. Exhumation is thought to be most severe
across the Irish Sea basin system (Western UK), and recent years have seen an increasing emphasis on the
role of Palaecogene underplating as the primary mechanism of uplift. We present a study of palacothermal and
compaction data from the Mochras borehole (NW Wales). Located near the presumed locus of exhumation,
Mochras penetrated thick successions of Lower Jurassic and Oligo-Miocene sediments. Our results indicate
that both these successions experienced considerably deeper burial prior to early Cretaceous and Neogene
exhumation, respectively. Apatite fission-track analysis (AFTA) and vitrinite reflectance data from the borehole
reveal evidence for exhumation-related cooling episodes beginning during the Cretaceous (150—80 Ma) and
Cenozoic (50—0 Ma). Regional AFTA results and stratigraphic constraints refine the timing estimates to the
early Cretaceous (120—115 Ma) and Neogene (20—0 Ma). Estimates of exhumation magnitudes during these
episodes based on palacothermal and compaction data are ¢. 2.5 km and c. 1.5 km, respectively. Palacothermal
data provide no evidence for elevated Palacogene palacotemperatures indicative of deeper burial, and thus

question the basis of Palacogene exhumation.
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Elucidating the causes of sedimentary basin exhumation within
intra-plate regions and passive margin settings is an outstanding
problem of global tectonic significance. The passive continental
margins around the North Atlantic have been subject to widespread
uplift and erosion during Cenozoic times, with two major phases
of uplift identified (Doré et al. 2002): (1) a Palacogene episode
coincident with the opening of the Atlantic and the initiation of the
Iceland plume (Brodie & White 1995; White & Lovell 1997; Jones
et al. 2002); (2) a Neogene episode with no obvious tectonic cause
(Japsen 1997; Japsen & Chalmers 2000; Green et al. 2001b), plus
localized compressional uplift (inversion) associated with Alpine
orogenesis and Atlantic ridge-push. Prior to the Cenozoic, a major
early Cretaceous exhumation episode, probably also related to
Atlantic rifting, has also been identified across the Irish Sea and
parts of southern Britain (McMahon & Turner 1998; Green et al.
2001a; Holford et al. 2005).

Exhumation appears to have been most severe across the Irish
Sea basin system of the Western UK, where various palaco-burial
proxies, most notably apatite fission-track analysis (AFTA"),
vitrinite reflectance (VR) and sedimentary porosity data, indicate
that up to 3 km of Mesozoic—Cenozoic strata may have been
eroded following exhumation (Lewis et al. 1992; Rowley &
White 1998; Ware & Turner 2002). There is, however, consider-
able debate as to the exact timing, magnitude and driving
mechanisms of this exhumation. This lack of consensus largely
reflects the fact that across this region, the erosional signatures
of a number of separate tectonic events are frequently super-
imposed, resulting in a highly variable stratigraphic record (Fig.
1) (Tappin et al. 1994). Consequently, it has been difficult to
discriminate between the relative importance of individual
exhumation episodes.
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Within the Irish Sea basin system, the East Irish Sea Basin
(Fig. 1) has commonly been identified as the locus of exhumation
(Lewis et al. 1992; Cope 1994; Rowley & White 1998). The
absence of post-Triassic strata from the East Irish Sea Basin
(Jackson e al. 1995) means that it is not possible to constrain
the magnitude and timing of exhumation using the preserved
geological record. Many researchers have assumed that the main
phase of exhumation occurred during the early Palacogene as a
result of crustal thickening owing to magmatic underplating
generated by the Iceland mantle plume (White & Lovell 1997).
Other workers have relied upon interpretations of AFTA data,
which provide direct estimates of the maximum temperature
attained by a rock sample and the time at which the sample
began to cool from that temperature. The technique can therefore
be used to assess former burial depths and constrain the onset of
cooling, the principal manifestation of exhumation (Green et al.
2002). AFTA data from the East Irish Sea Basin and its margins
reveal evidence for elevated palacotemperatures (>110 °C) prior
to early Palacogene (c. 60 Ma) cooling (Lewis et al. 1992; Green
2002). The exact cause of this cooling is equivocal, however.
Initially interpreted as most probably representing kilometre-
scale Palaeogene exhumation, subsequent work has demonstrated
that the palacotemperature data are better explained in terms of
heating as a result of hot fluid circulation or elevated palaeo-
geothermal gradients, combined with smaller amounts of addi-
tional burial (Green et al. 1997). Moreover, Palacogene effects
may have obscured the evidence for additional exhumation
episodes during the early Cretaceous and Neogene. These are
commonly recognized across parts of the Irish Sea such as the
Central Irish Sea Basin and St. George’s Channel Basin
(Fig. 1), where the Mesozoic—Cenozoic geological record is
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more complete and Palaeogene palacothermal effects are less
severe (Green et al. 2001a; Holford et al. 2005; Williams et al.
2005).

In this paper, we present the first study of palaeothermal
(AFTA and VR) and compactional (density log-derived poros-
ities) data from the Mochras borehole, onshore NW Wales. Our
principal aim is to improve the general understanding of the
timing and magnitude of exhumation across the Irish Sea region
by reconstructing the burial and exhumation history of the
sedimentary section intersected in the borehole. Despite being
located only c. 50 km SW of the deeply eroded East Irish Sea
Basin, this borehole encountered thick sequences of Lower
Jurassic and Oligo-Miocene strata and a thin Quaternary cover,
separated by major unconformities (Woodland 1971). One of the
outstanding issues in the continuing discussion of the exhumation
history along the North Atlantic passive margins is the relative
importance of Palacogene and Neogene uplift (e.g. Japsen &
Chalmers 2000; Japsen et al. 2005). The thick Oligo-Miocene
section preserved at Mochras therefore provides an ideal oppor-
tunity to separate the effects of Neogene uplift from those of
carlier events. Our results indicate that both the Lower Jurassic
and Oligo-Miocene successions have experienced deeper burial
prior to exhumation episodes in the early Cretaceous and
Neogene, respectively. Thermal history data from Mochras also
reveal no evidence for significant Palacogene cooling, and so
provide no direct evidence for substantial exhumation at this
time.

Geological setting of the Mochras borehole

The Llanbedr or Mochras Farm borehole (hereafter referred to as
Mochras) penetrates the sedimentary fill of the Cardigan Bay
Basin, a southeasterly deepening half-graben (a cross-section
through the basin is provided in Fig. 2). The eastern and
southeastern margins of the basin are marked by a major normal
fault system comprising the Mochras, Tonfanau and Bala faults,
which downthrows the Cardigan Bay Basin against the Lower
Palaecozoic Welsh Massif (Tappin et al. 1994). The borehole is
located onshore NW Wales, a few kilometres seaward of the
surface trace of the Mochras fault (Fig. 1). Beneath a thin veneer
of Pleistocene sediments, it encountered a thick sequence of
Cenozoic and Jurassic strata separated by major unconformities
(Fig. 3). In addition to an unusually thick (524 m) sequence of
Oligo-Miocene clays and sands, it also penetrated the thickest
known (1305 m) Liassic (Lower Jurassic) succession in the
British Isles, composed almost entirely of calcareous and silty
mudstones (Hallam 1992). Full details of the stratigraphy and
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Fig. 2. Cross-section through the Cardigan
Bay Basin based on the interpretation of a
seismic reflection profile, extended to the
Mochras Fault. Modified after Tappin et al.
(1994).
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tectonic setting of this borehole have been provided by Woodland
Woodland (1971), Herbert-Smith (1979), O’Sullivan (1979) and
Tappin et al. (1994).

Dataset

Our thermal history dataset consists of 24 VR samples (Table 1)
and four AFTA samples (Table 2) taken from the Mochras core
(Fig. 3). As an additional approach to estimating magnitudes of
exhumation, a density log has been used to evaluate the variation
of porosity with depth for the preserved sedimentary units at
Mochras.

Thermal history interpretation

Given that sedimentary rocks are progressively heated during
burial and begin to cool at the initiation of exhumation,
application of AFTA in exhumed basins allows the timing and
magnitude of the main episodes of heating and cooling that have
affected the sedimentary section at Mochras to be identified. For
each recognized palacothermal episode, defining the variation of
palacotemperature through the section using AFTA and VR
allows the determination of key parameters such as palaeo-
geothermal gradients and amounts of missing section, and the
evaluation of the causes of heating and cooling in each episode
(Green et al. 2002). The analytical and interpretative procedures
by which thermal history solutions are extracted from AFTA and
VR data are well established (e.g. Green et al. 2001a, b) and are
not repeated here, except to say that our modelling procedures
make full quantitative allowance for the effects of CI content on
fission-track annealing rates (Green et al. 2002). Furthermore, no
attempt is made to constrain the entire thermal history of each

borehole plotted against depth. These are
used to infer palacotemperature profiles
prior to Neogene and early Cretaceous
cooling episodes, whereas corrected BHT
data are used to define the present-day
geothermal gradient. A simplified
stratigraphic column is also shown.

apatite sample. Instead, the emphasis is on constraining the key
aspects of the thermal history that control the development of the
AFTA parameters (and VR values), specifically the maximum
palaeotemperature of each sample and the time at which cooling
from that palaeotemperature began (Green et al. 2002). Observed
VR (R,max) values have been converted to maximum palaecotem-
peratures using the kinetic model of Burnham & Sweeney (1989)
and an assumed heating rate of 1 °C Ma™'.

Five corrected bottom-hole temperature (BHT) measurements
have been used to define a present-day geothermal gradient of
23.4°C km™! for the Mochras borehole (Fig. 3). When compared
with palacotemperature estimates from VR it is clear that all
parts of the preserved section at Mochras have been hotter at
some point in the past. VR values from the Oligo-Miocene
sediments vary between 0.33 and 0.41%, corresponding to maxi-
mum palaeotemperatures of 50—68 °C, whereas reliable VR
values from the Lias vary between 0.38 and 0.63%, correspond-
ing to 63—104 °C (Table 1). VR-derived palacotemperatures are
generally ¢. 20—50 °C higher than present-day temperatures and,
in a plot of palacotemperature against depth (Fig. 3), they define
a profile that is subparallel to the present-day palaeotemperature
profile (Fig. 3). This suggests that heating was due primarily to
deeper burial rather than the result of a period of elevated heat
flow or hot fluid circulation (see Green et al. 2002).

It is apparent from Figure 3 that the VR-derived palacotem-
peratures show considerable variation with depth, especially
within the Liassic section. The lower VR values within the
overall trend have been interpreted to have been affected by
geochemical suppression, resulting in anomalously low reflec-
tances (Carr 2000). Suppression commonly affects marine hydro-
gen-rich facies, such as the Lower Jurassic mudstones that are
present at Mochras and are widely distributed across the British
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Table 1. Vitrinite reflectance data

Depth (m) Stratigraphic details Vitrinite reflectance (R,max) data Palaeotemperature  Samples interpreted as
(°C)* suppressed or anomalous

Mean Range n

85.95 Oligo-Miocene (?29—720 Ma) 0.41 0.34-0.5 25 68 Too high: caved?

115.52 Oligo-Miocene (?29—-720 Ma) 0.36 0.21-0.45 25 59

214.88 Oligo-Miocene (?29—-7?20 Ma) 0.33 0.23-0.45 25 50

230.12 Oligo-Miocene (729?20 Ma) 0.33 0.24-0.43 25 50

243.84 Oligo-Miocene (?29—720 Ma) 0.36 0.29-0.45 2 59

271.27 Oligo-Miocene (?29-?20 Ma) 0.33 0.24-0.4 25 50

273 Oligo-Miocene (729?20 Ma) 0.29 0.19-0.46 25 39 Too low?

324 Oligo-Miocene (?29—-720 Ma) 0.33 0.24-0.39 27 50

431.29 Oligo-Miocene (?29-?20 Ma) 0.38 0.28-0.45 26 63

602.59 Toarcian (189.6—180.1 Ma) 0.39 0.28-0.5 25 65 Too low: caved

602.59 Toarcian (189.6—180.1 Ma) 0.38 0.27-0.51 25 63 Too low: caved?

621 Toarcian (189.6—180.1 Ma) 0.5 0.4-0.64 9 83

713.24 Toarcian (189.6—180.1 Ma) 0.44 0.32-0.58 27 74

822 Toarcian (189.6—180.1 Ma) 0.34 0.24-0.48 25 53 Too low: suppressed?

829.07 Toarcian (189.6—180.1 Ma) 0.4 0.32-0.56 22 66 Too low: suppressed?

985.43 Pliensbachian (195.3—189.6 Ma) 0.4 0.29-0.61 27 66 Too low: suppressed?

1139 Pliensbachian (195.3-189.6 Ma) 0.38 0.3-0.56 25 63 Too low: suppressed?

1296.94 Sinemurian (201.9-195.3 Ma) 0.54 0.38-0.65 14 90

1328.94 Sinemurian (201.9-195.3 Ma) 0.51 0.4-0.67 14 84

1392.65 Sinemurian (201.9-195.3 Ma) 0.5 0.39-0.64 11 83

1452.08 Sinemurian (201.9—-195.3 Ma) 0.51 0.4-0.62 2 84

1470 Sinemurian (201.9-195.3 Ma) 0.45 0.32-0.67 25 76 Too low: suppressed?

1797.73 Hettangian (205.1-201.9 Ma) 0.62 0.58-0.75 6 102

1902.58 Hettangian (205.1-201.9 Ma) 0.59 0.43-0.71 27 93

1906 Hettangian (205.1-201.9 Ma) 0.63 0.54-0.75 25 104

*Palacotemperatures derived from VR data using the algorithm of Burnham & Sweeney (1989) and an assumed heating rate of 1°C Ma~'. VR-derived palacotemperatures
usually have a precision of 510 °C, whereas increasing the assumed heating rate by an order of magnitude is equivalent to a ¢. 10 °C rise in maximum palacotemperature.

Table 2. AFTA sample details and thermal history interpretation

Sample Depth Stratigraphic Present Fission-track P(y?) Mean track S.D. (no. of ‘Early Cretaceous’ cooling ‘Neogene’ cooling
number (m) age (Ma) temperature age (Ma)* (no. of grains) length (pum) tracks) episode episode
0
Maximum Onset of Maximum Onset of
palaeo- cooling palaeo- cooling
temperature (°C) (Ma) temperature (°C) (Ma)
GC399-9 764-771 189.6-180.1 28 2773 +£16.0 88 (19) 11.82£0.48 2.71 (32) n.a. n.a. 60-70 105-0
GC399-55 976-986 195.3-189.6 31 184.4 £243 21 (15) 12.05 £ 0.46 1.58 (12) 70-110 190-0 65-85 70-0
GC399-11 1115-1157 195.3-189.6 37 180.9 + 63.1 <1(5) 12.00 £ 0.48 0.99 (4)
GC399-13 1910-1931  ?220.7-205.1 55 108.0 £ 9.4 6(22) 10.95 £ 0.41 2.40 (35) 105-110 150-80 70-90 50-0
Combined timing estimates from AFTA (Ma) 150-80 50-0
Timing constraints from regional AFTA studies (Ma)  120-115 25-0
Stratigraphic constraints on timing (Ma) <175 ?20-0
Overall estimates on timing of cooling (Ma)  120-115 ?20-0

All analytical details are as described by Green ef al. (2001a).

*Central age (Galbraith & Laslett 1993), used for samples containing a significant spread in single grain ages (P(x2) <5%). Otherwise, the ‘pooled” age is quoted.

Isles (Scotchman 2001). Suppression results in lower reflectances
in comparison with thermally equivalent, terrestrially derived
vitrinite (Beardsmore & Cull 2001). Our analyses of the maceral
compositions of the Liassic vitrinite samples indicate that the
anomalously low VR samples are characterized by abundant
liptinite contents, which is highly suggestive of suppressed
reflectance (Carr 2000). Thus, in this thermal history analysis, it
is assumed that the highest VR values are the most reliable and
so the anomalously low values (Table 1) have been omitted from
the quantitative analysis presented below.

Analytical details and thermal history interpretations of AFTA
data (e.g. estimates of palacotemperatures and timing of cooling)
are summarized in Table 2. Although four samples are included
in this study, for one of the thermal history solutions data from
two closely spaced samples (GC399-11 and -55) have been

combined. Apatite content was highest in the deepest sample
analysed (GC399-13; 1910-1931 m), which, accordingly, al-
lowed the determination of the thermal history solution with the
highest precision. The process involved in extracting the thermal
history solution is illustrated in Figure 4. The measured track
length distribution and fission-track ages for sample GC399-13
are compared against the track length distributions and fission-
track ages predicted for a range of thermal history scenarios. A
thermal history involving two discrete episodes of heating and
cooling clearly provides the best fit to the measured data. The
late episode accounts for the shortening of the main mode in the
track length distribution. The earlier episode explains the shorter
lengths within the length distribution. It also accounts for the
variation of fission-track age with Cl content, particularly in
grains containing <0.15 wt.% Cl in which the measured ages are



BURIAL AND EXHUMATION AT MOCHRAS

(a)
(i)

20

20

833
(i)
Time (Ma)
400 300 200 100 0 401 .
— 0 2 -::
© 20 ‘.‘ S 30 4 H
< 3 s it
g 40 CRLLLLILN 5 ] : B
& 60 ] I
2 80 € N
= 2 10 4 e "
8 100 c H
. H
1204 Default history 0 s [
0 5 10 15 20
(IV) Time (Ma)
400 300 200 100 0 40 7
0 . ,
—_ (2]
G —— g |
< 20 \ g % |“
40 z
o - —
£ o0 \ ~- o207 |
g 4 \ £ I |
£ =] 4 d
2 100 \‘I z 10 I i
120{ Minus later event o =T | .
0 5 10 15 20

Track length (um)

Time (Ma)
400 300 200 100 0 407
5 g
] S 30 A
2 20 8
o 404 5
>
T 604 5 201
Qo
‘é’ 80 £
10 4
1004 o z
1204 Bestfit history 0
0 5 10 15
(iii) ,
Time (Ma)
400 300 200 100 0 407
04 : s , .
— 4] [ il |
O - - m = om 4 ]
2 20 ) g % P
g 40 ey bt [
T 60 3y 5 201 11
o
“E& 80 ] E L
S 100 z 10 1 1
1204 Minus earlier event 0 L -
0 5 10 15
= 800
=
o 600
®©
X
S 400
=
c
.2 200
)
R]
[

Wt% CI

Fig. 4. Extracting a thermal history solution from AFTA data for sample GC399-13. Four separate thermal history scenarios are shown (a), and for each,
the predicted track length distribution is compared with the observed track length distribution. Corresponding predicted trends of fission track age v. wt.%
Cl are compared with measured data in (b). The modelled scenarios are as follows. (i) Maximum palaeotemperature attained prior to early Cretaceous
cooling, with additional cooling from a subsequent but lower palacotemperature peak during the Neogene (best-fit scenario). (ii) Default thermal history.
This is constructed using the preserved stratigraphy recorded in the borehole, assuming that all stratigraphic breaks represent hiatuses (i.e. no deposition
or erosion). A thermal history is then derived by assuming that the present geothermal gradient has remained constant through time since the deposition of
the oldest sediments. This represents the starting point for the interpretative process. (iii) Maximum palacotemperatures reached prior to Neogene cooling,
with no early Cretaceous event. (iv) Maximum palaeotemperatures reached prior to early Cretaceous cooling, with no Neogene event. The thermal history
solution involving an early Cretaceous maximum and a lower Neogene peak clearly provides the best fit to the measured track length distribution and the
variation of fission track age v. wt.% Cl; scenarios involving only one phase of cooling cannot adequately explain all facets of the data.

much lower than predicted from the default thermal history
(which assumes that this sample is at present at its maximum
post-depositional temperature). Omitting either of these episodes
results in predictions that fail to match one or more of these
facets of the data.

Best estimates of maximum palacotemperature and time of
cooling in each sample (Table 2) have been obtained using
software that examines the degree of agreement between pre-
dicted and measured fission-track age and the track length
distribution as a function of these parameters. The treatment is
based on maximum likelihood theory similar to that described by
Gallagher (1995). By systematically varying the timing of the

onset of cooling and the peak palacotemperature around the best-
fit values, the range of conditions can then be defined for which
the modelled parameters are consistent with the measured data
within 95% confidence limits.

AFTA suggests that following deposition in the late Triassic
(c. 220 Ma), sample GC399-13 began to cool from its maximum
post-depositional palaeotemperature of 105—110 °C in the inter-
val of 150-80 Ma (i.e. Cretaceous). This compares well with
palaeotemperatures of 102—104 °C estimated from VR samples
at slightly shallower depths (Fig. 3). This was followed by a
subsequent episode of cooling from a lower peak palaeotempera-
ture of 70-90 °C beginning between 50 and 0 Ma (i.e. late
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Palacogene—Neogene). Because the Jurassic and Triassic units
within Mochras had been deposited by c. 180 Ma (i.e. 30 Ma
prior to the onset of the first cooling episode suggested by
AFTA), it can be assumed that the style of thermal history
indicated by this sample applies to the entire preserved Mesozoic
section within Mochras. It is of some interest to note that this
sample does not appear to require any palaeothermal effects (i.e.
heating or cooling) during early Palaeogene times.

The timing of these cooling episodes in the shallower AFTA
samples is less well constrained, reflecting the exposure of these
samples to lower palacotemperatures in comparison with sample
GC399-13 (see Green et al. 2002). For example, combining
AFTA data from samples GC399-11 and -55 (which encompass
a depth range of 976—1157 m) allows palacotemperatures during
two palaeothermal episodes to be estimated, although the timing
of the early episode (involving peak palacotemperatures of 70—
110°C) can only be constrained as occurring at some time
following deposition. AFTA data from these samples also allow
the definition of a subsequent episode of cooling from a lower
peak palaeotemperature of 65—85 °C between 70 and 0 Ma. The
shallowest AFTA sample (GC399-9; 764—771 m) has experi-
enced only a moderate degree of heating, and constraints can be
provided for only one palacothermal episode, in which the
sample began to cool from a palaeotemperature of 60—70 °C
between 105 and 0 Ma (Table 2).

Estimating exhumation from palaeothermal data

Synthesis of the timing constraints identified by the AFTA data
suggests that two discrete palacothermal episodes have affected
the Mochras borehole. These are an early cooling episode in
which cooling began between 150 and 80 Ma (i.e. Cretaceous),
and a later episode in which cooling began between 50 and 0 Ma
(i.e. late Palacogene—Neogene). The timing constraints from the
shallower AFTA samples could permit the onset of cooling
during early Palacogene times, but integration with results from
sample GC399-13 shows that a late Palacogene—Neogene onset
of cooling is required.

Palacotemperatures from the non-suppressed Liassic VR data
are generally consistent with the Cretaceous palaeotemperatures
derived from AFTA (Fig. 3). This suggests that the preserved
Mesozoic sediments in Mochras reached their maximum palaeo-
temperatures prior to cooling, which began between 150 and
80 Ma. Furthermore, the combined Cretaceous palaeotemperature
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constraints appear to define a linear profile that is approximately
parallel to the present-day geothermal gradient. This observation
suggests that the AFTA and VR samples from the preserved
Mesozoic section reached their maximum palaeotemperatures as
a result of deeper burial, prior to exhumation beginning some
time during the Cretaceous. Recent studies have identified an
important episode of cooling associated with up to 3 km of
exhumation during the early Cretaceous within the adjacent
Central and East Irish Sea basins (e.g. Green et al. 2001a).
Holford et al. (2005) combined timing constraints from AFTA
data from across the Irish Sea basin system, and suggested a
regional onset of exhumation at between 120 and 115 Ma. It
seems probable that the Cretaceous cooling recorded by AFTA
data from Mochras represents this regional early Cretaceous
exhumation episode.

It is also possible to combine the palacotemperature informa-
tion from the Oligo-Miocene VR data with the late Palacogene—
Neogene palacotemperature constraints from AFTA to define a
palaeotemperature profile for the later palacothermal episode.
These data define another linear palaecotemperature profile that is
subparallel to the present-day geothermal gradient (Fig. 3). The
nature of this profile suggests that the late Palacogene—Neogene
palaeotemperature constraints can be explained by a second
period of burial (involving heating to lower palacotemperatures
than during the Cretaceous palacothermal episode) followed by
another phase of exhumation-driven cooling. Palynological data
constrain the age of the youngest preserved pre-Quaternary
sediments to at least the early Miocene (Herbert-Smith 1979),
which implies that this second period of burial and exhumation
occurred during the post-early Miocene.

Maximum likelihood theory is applied to define both the range
of values of palacogeothermal gradient and the thickness of
sedimentary section eroded during exhumation for both pa-
lacothermal episodes that are consistent with the measured
palaeotemperature constraints within 95% confidence limits. This
method involves fitting a linear profile to the palacotemperature
data to provide an estimate of the palacogeothermal gradient,
which is then extrapolated to an assumed palacosurface tempera-
ture to estimate the magnitude of missing section removed during
exhumation (Green et al. 2002). Maximum likelihood estimates
of palacogeothermal gradient prior to early Cretaceous and
Neogene phases of exhumation are 21 °C km~' (8—35°C km™!
at 95% confidence limits) and 17°Ckm~' (6-26°C km™"),
respectively (Fig. 5). Given that the present-day geothermal

Fig. 5. Amounts of additional section and
palacogeothermal gradients required to
explain the (a) early Cretaceous and (b)
Neogene palacothermal episodes. The
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gradient at Mochras is 23.4 °C km~! these results imply that
geothermal gradients at Mochras have remained relatively con-
stant over time. This is in marked contrast to the nearby East
Irish Sea Basin, where AFTA and VR data provide evidence for
major temporal and spatial heterogeneity in palacogeothermal
gradients (Green et al. 1997; Holford et al. 2005).

Values of 20°C and 15°C have been used for the surface
temperature during the early Cretaceous and Neogene, respec-
tively, based on palaeoclimatic evidence presented by Yalgin et
al. (1997). Extrapolating the fitted palacotemperature profiles to
these values yields estimates of 2.55 km of additional section
removed during early Cretaceous exhumation (with 95% con-
fidence limits of 1.3-8.9 km), and 2.15 km of section removed
during Neogene exhumation (1.2—6.9 km at 95% confidence
limits). Assuming that early Cretaceous and Neogene palaco-
geothermal gradients were comparable with the present-day value
of 23.4°Ckm~' serves to reduce the exhumation estimates to
1.94-2.49 km for the early Cretaceous event and 1.3-1.56 km
for the Neogene exhumation episode (Fig. 5).

Estimating exhumation from compaction data

The estimates of the thicknesses of section removed during
exhumation based on the AFTA and VR data have been
corroborated by the analysis of the amount of burial-driven
overcompaction within the Cenozoic and Mesozoic sedimentary
units at Mochras. Compaction-driven porosity reduction is an
effective and widely used measure of former burial depths in
sedimentary basins (Hillis 1991, 1995; Japsen 2000; Japsen et al.
2002; Ware & Turner 2002). Sedimentary successions in ex-
humed basins exhibit anomalously low porosities. By comparison
with a normal compaction curve (i.e. one in which the entire
succession is at present at its maximum burial depth, and
pressure is hydrostatic (Japsen et al. 2002)), these porosities can
be used to estimate magnitudes of exhumation. Porosity data are
especially useful in conjunction with thermally based burial
proxies. This is because, in contrast to AFTA and VR, sedimen-
tary porosities are largely unaffected by transient heating epi-
sodes, which, in the absence of an independent measure of
former burial depths, can often be misinterpreted in terms of
deeper burial.

To estimate magnitudes of exhumation, porosity data from
both the Oligo-Miocene and Lower Jurassic sequences have been
compared with the compaction trend for North Sea (Central
Graben) shales, expressed by the exponential porosity—depth
relationship of Sclater & Christie (1980)

¢ = goe™? (M

where ¢ is the porosity of sediments at the time of deposition, ¢
is a constant compaction coefficient, and y is depth. For North
Sea shales, Sclater & Christie (1980) suggested values of 63%
for ¢o and 0.00051 for ¢ when y is expressed in metres. Shales
are generally chosen for the analysis of maximum burial depths
because they exhibit relatively simple normal compaction trends
with their porosity decreasing rapidly with depth (Magara 1978).
Coarser-grained lithologies such as sandstones are susceptible to
anomalous compaction behaviour, largely as a result of diage-
netic effects.

The density log of the Mochras borehole has been used to
estimate porosities within the Oligo-Miocene and Lower Jurassic
successions. Porosities are more commonly derived from sonic
velocity data (e.g. Magara 1978; Hillis 1991). However, although
a sonic log is available for parts of the Mochras borehole, the
velocities within the Oligo-Miocene succession are anomalously

slow (i.e. indicative of undercompaction). Consequently, when
the Wyllie et al. (1956) time average velocity—porosity transform
is applied to the data, the resultant porosities are anomalously
high (as much as 40% higher than the density log-derived
porosities). Because it was determined for consolidated sand-
stones, it is generally accepted that the Wyllie relationship
overestimates the porosities of shales. Although Raymer ef al.
(1980) suggested applying a correction factor to better estimate
porosities in shales and unconsolidated sands, doing so still
results in porosities that are significantly higher than those
estimated from the density log. Furthermore, velocities within
the Oligo-Miocene and Jurassic successions exhibit a large
degree of scatter in comparison with the bulk density data.
Therefore, for consistency we have relied solely upon the density
log for estimation of porosities. It should be noted that although
density data are available for the entire Oligo-Miocene succes-
sion, there is a break in the density log between 660 and 884 m
and no data are available below the depth of 1152 m.

Before the calculation of porosities, the density log was
filtered to remove spurious data and to ensure lithological
consistency. In stratigraphic intervals with mixed lithologies it is
necessary to separate the data into consistent lithological units,
which can then be compared against an appropriate compaction
trend. The Oligo-Miocene succession consists of interbedded
clays and sandstones with subordinate lignitic horizons and
several thick conglomeratic units towards the base of the
Oligocene (Tappin et al. 1994). Two methods were used to filter
the Oligo-Miocene density data so that only data from shales
were used in determining amounts of exhumation. First, the
density log was manually edited, using detailed core descriptions
(O’Sullivan et al. 1971) to separate fine-grained units from the
sandstones, lignites and conglomerates. Second, the gamma-ray
log, variation in which represents a proxy for shale volume (e.g.
Schlumberger 1989; Rider 1996), was used to remove the parts
of the density log where the equivalent gamma-ray response was
less than 70 API units (i.e. GR > 70 API indicates shale). The
parts of the Lower Jurassic succession for which density data are
available are composed of relatively homogeneous mudstones
(O’Sullivan et al. 1971), so filtering was unnecessary.

Once filtered, the density log was sampled and averaged at
20 m intervals (Fig. 6a). Densities within the Oligo-Miocene
succession show a consistent increase with depth from values of
c. 2.15 gem™ at depths of around 100 m, to c. 2.35 gcm™ at
the base of the Cenozoic. There is an abrupt increase in density
across the Cenozoic—Jurassic unconformity, with the uppermost
Lower Jurassic units exhibiting average densities of c.
2.5 gcem™3. This suggests that the Jurassic sediments have been
buried to considerably greater depths than the Oligo-Miocene
succession. Between the depths of 884 and 1152 m, density
varies between 2.54 and 2.60 gcm >, but shows little overall
increase with depth.

Porosity (¢) can be estimated from bulk density data using the
following relationship (Schlumberger 1989):

¢ = (Pma — Pb)/(Pma — P£) @

where pp, is the matrix (or grain) density, py, is the bulk density
and py is the pore fluid density. For shales, the largest source of
error when converting density data to porosities arises from the
highly variable nature of shale matrix densities (Rider 1996). For
this reason, two sets of porosities have been calculated using
end-member matrix densities of 2.67 gcm™ and 2.72 g cm 3.
For both sets of calculations, pore fluid density (pr) was assumed
to be 1.0l gecm 3. As with the density data, porosities were
calculated and averaged across 20 m intervals, and these results
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Fig. 6. Density and calculated porosity data for the Mochras borehole.
The density log was filtered to remove spurious data and unwanted (i.e.
non-shale) lithologies. Densities and porosities were then sampled and
averaged at 20 m intervals. Black diamonds and grey circles represent
average densities and porosities for the Cenozoic and Jurassic
successions, respectively. Error bars represent =1 S.D. (a) Bulk density
(g cm™3) data for the Mochras borehole. (Note the abrupt increase in
density across the Cenozoic—Jurassic unconformity.) (b) Porosities
calculated using equation (2) assuming a matrix density of 2.67 g cm 3.
Neogene (calculated using Oligo-Miocene porosity data) and early
Cretaceous (calculated using Lower Jurassic porosity data) apparent and
total exhumation estimates (see Hillis 1995) relative to the Sclater &
Christie (1980) shale porosity—depth trend. (¢) Porosity data and
exhumation estimates calculated assuming a matrix density of

272 gcem™3.

are shown in Figure 6. Porosities calculated using a value of
2.72 gem™ for matrix density are between 2 and 2.8% higher
than those calculated assuming a matrix density of 2.67 g cm™>.
All calculated porosities are much lower than those predicted for
equivalent depths by the Sclater & Christie (1980) shale trend.
Within the Oligo-Miocene succession, porosities decrease by
around 10%, from c. 30-32% at depths of around 100 m to c.
20-22% at the base of the Oligocene (Fig. 6a and b). As with
the density data, there is a marked difference in porosity (of c.
9%) below the Cenozoic—Jurassic unconformity. Porosities with-
in the Lower Jurassic succession generally show little decrease
with depth (Fig. 6), which mirrors the asymptotic tendency of
the Sclater & Christie (1980) shale porosity—depth trend at
depths >4 km.

Apparent (E,) and total (E7) exhumation estimates (see Hillis
1995) relative to the Sclater & Christie (1980) shale trend are
given in Figure 6 (b & c). Apparent exhumation refers to
exhumation that is not subsequently reversed by burial (Hillis
1995). If exhumation is followed by renewed burial, the magni-
tude of apparent exhumation will be reduced by the amount of
subsequent burial. To determine total exhumation it is necessary
to add the amount of post-exhumation burial (Bg) to E4. For the
Oligo-Miocene succession, compaction data yield apparent ex-
humation estimates of 1.32—1.48 km for matrix densities of 2.72
and 2.67 g cm™3, respectively. There has been 77.47 m of post-
exhumation, Quaternary burial (Bg); total exhumation estimates
for the Oligo-Miocene succession therefore are 1.39—1.56 km.
Porosity data for the Lower Jurassic succession yield apparent
exhumation estimates (E4) of 2.75—3.44 km. Accounting for the
601.83 m thick preserved Cenozoic section therefore yields total
exhumation (Et) estimates of 3.35-4.04 km for the Lower
Jurassic at Mochras.

Overall constraints on the timing and magnitude of
exhumation episodes

Overall constraints on the timing of the two exhumation episodes
identified at Mochras are given in Table 2. Combined timing
constraints from AFTA samples indicate that the early cooling
episode commenced between 150 and 80 Ma. Holford et al.
(2005) have identified a regional early Cretaceous cooling
episode based on a regional synthesis of AFTA data. This
episode affected most parts of the Irish Sea basin system and
began between 120 and 115 Ma. We suggest that the early
cooling episode identified at Mochras represents this regional
cooling event, and therefore estimate the onset of exhumation as
beginning between 120 and 115 Ma (i.e. during the Aptian).

Combining timing constraints from AFTA samples indicates
that the later cooling episode identified at Mochras began at
some time between 50 and 0 Ma (i.e. late Palacogene—Neogene).
AFTA studies in the nearby Central Irish Sea Basin have also
identified a late Cenozoic cooling episode, which began between
25 and 0 Ma (Green er al. 2001a). Palynological data from
Mochras constrain the age of the youngest preserved Neogene
sediments at Mochras as at least early Miocene (>720 Ma)
(Herbert-Smith 1979). These deposits are unconformably over-
lain by 77.47 m of Pleistocene silts and clays thought to be of
late Devensian age (>?110ka BP) (Tappin et al. 1994). Pa-
lacothermal and stratigraphic considerations lead us to suggest
therefore that the later phase of exhumation to affect Mochras
began at some time between ?20 and 0 Ma (Table 2).

The estimates of the magnitude of exhumation in these
episodes from analyses of compaction data are in close agree-
ment with those derived from palacothermal data. Prior to the
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Cretaceous exhumation episode, AFTA and VR data indicate
deeper burial of the preserved Lower Jurassic succession by an
additional 1.94-2.49 km of mid-Jurassic—early Cretaceous sec-
tion (Fig. 5a). Compaction data indicate slightly higher magni-
tudes of total exhumation (Et) (3.35—4.04 km), although these
estimates are still within the range of values allowed by the
AFTA and VR data (Fig. 5a). On the basis of regional AFTA and
VR results, a figure of c. 2.5 km is preferred, as this is closer to
the estimates of the magnitude of exhumation during the early
Cretaceous based on palacothermal data from the contiguous
Central and East Irish Sea basins (Green et al. 2001a; Holford et
al. 2005).

Compaction data from the preserved Oligo-Miocene succes-
sion indicate deeper burial by 1.39-1.56 km of additional
Miocene—?Pliocene sediments (Fig. 6¢). Although this is lower
than the maximum likelihood estimate of 2.15 km based on
AFTA and VR data, it is in excellent agreement with the amount
of exhumation (1.3—1.56 km) allowed by the palacothermal data
assuming a palaecogeothermal gradient equivalent to the present-
day geothermal gradient (23.4 °C km™!) (Fig. 5b). Green et al.
(2001a) suggested that late Cenozoic exhumation in the contig-
uous Central Irish Sea Basin was of the order of c¢. 1km,
whereas Williams et al. (2005) have recently demonstrated that
the St. George’s Channel Basin experienced 1-1.5 km of exhu-
mation during the Neogene. We therefore propose c¢. 1.5 km as a
reliable estimate of the magnitude of Neogene exhumation at
Mochras.

Burial history reconstruction

Two end-member burial history interpretations for the Mochras
borehole are shown in Figure 7. They both employ a constant
geothermal gradient over time with a value equal to the present-
day gradient (23.4°Ckm™"!). This assumption is reasonable
because the maximum likelihood estimates of early Cretaceous
and Neogene palacogeothermal profiles are both similar to the
present-day gradient. Both of the histories incorporate 2.5 km of
additional mid-Jurassic—early Cretaceous section removed during
early Cretaceous exhumation, and 1.5 km of additional mid-
Miocene—?Pliocene sediments eroded during the Neogene. The
first burial history includes no burial or exhumation during the
late Cretaceous and early Palacogene, whereas the second burial
history includes 0.8 km of sediments deposited during the late
Cretaceous and completely removed by exhumation during the
early Palacogene, prior to the resumption of burial in the
Oligocene. The thermal history solution derived for AFTA
sample GC399-13 indicates that this sample resided at a tem-
perature between 70 and 90 °C prior to cooling, which began at
some time during the last 50 Ma. This suggests that this sample
must not have been exposed to temperatures in excess of 70 °C
during early Palaecogene times (i.e. before 50 Ma). Assuming a
constant geothermal gradient of 23.4°C km~' throughout the
modelled history and an early Palacogene surface temperature of
20 °C, 0.8 km is the maximum thickness of section that could
have been deposited during late Cretaceous—early Palacogene
times without GC399-13 experiencing temperatures higher than
70 °C. Although some burial and exhumation during this period
is likely based upon regional geological evidence, it was
probably much less than 0.8 km, as most workers believe that
Chalk deposition across this region did not exceed 0.6 km
(Holliday 1993). Moreover, it is possible that some Jurassic
sediments that were not completely eroded during the early
Cretaceous could have been removed during a Palacogene
exhumation episode. In spite of these considerations, we reiterate
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Fig. 7. Two reconstructed burial histories for the Mochras borehole. Both
histories incorporate 2.5 km of Middle and Upper Jurassic sediments
removed during early Cretaceous exhumation, and 1.5 km of Miocene
sediments removed during late Neogene exhumation. Both models
assume a constant geothermal gradient through time, with a similar value
to the present-day temperature profile (c. 23.4 °C km™"). Vertical light
grey shaded bars represent estimates of the onset of exhumation-related
cooling as indicated by AFTA sample GC399-13; dark grey bars
represent the overall estimates of the onset of exhumation based on
stratigraphic constraints and regional AFTA results. (a) The first history
assumes no burial or exhumation during late Cretaceous—early
Palaecogene times, whereas (b) the second burial history incorporates

0.8 km of Upper Cretaceous section, removed during an early Palacogene
exhumation event. Assuming an invariant geothermal gradient of
23.4°Ckm™', 0.8 km is the maximum amount of early Palacogene
exhumation that could have occurred without affecting the measured
AFTA parameters.

that the AFTA and VR data do not require any early Palacogene
cooling, and therefore exhumation, to have occurred.

Discussion: implications for the exhumation of the
Irish Sea region

Thermal history interpretation of AFTA and VR data, supported
by analyses of sedimentary porosity data, reveals evidence for
two phases of post-Palacozoic exhumation at Mochras. These
include an early episode, which on the basis of local and regional
AFTA results appears to have begun during the early Cretaceous
(120 and 115 Ma) and removed up to 2.5 km of mid-Jurassic to
early Cretaceous sediments. This thickness of sedimentary
section was accommodated by normal displacements along the
basin-bounding Mochras fault. Support for such a thick Jurassic
succession within the Cardigan Bay Basin is provided by seismic
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data from the adjacent St. George’s Channel Basin, which show
that Jurassic subsidence in this basin was largely accommodated
by extensional faulting, with the Middle—Upper Jurassic succes-
sion locally exceeding 5 km in thickness (Welch & Turner 2000).
Kilometre-scale early Cretaceous exhumation is being increas-
ingly documented from both within (e.g. Duncan et al. 1998;
Green et al. 2001a; Holford et al. 2005) and outside (e.g.
McMahon & Turner 1998) the Irish Sea basin system. The early
Cretaceous exhumation episode coincided temporally with a
number of important rifting events along the incipient NE
Atlantic margin (Doré et al. 1999), specifically, the onset of
seafloor spreading between Iberia and the Grand Banks during
the Aptian, suggesting a causative link between these events (see
Holford et al. 2005).

The second important exhumation episode to affect Mochras
occurred during the Neogene, leading to the erosion of ¢. 1.5 km
of post-early Miocene section. In the British Isles, mid—late
Cenozoic rocks are rarely preserved and are mainly found in
scattered outliers (Curry 1992). The fact that the unusually thick
Oligo-Miocene succession encountered at Mochras has been
buried considerably deeper clearly has important implications for
the Neogene tectonic history of the British Isles. The amount of
Neogene exhumation identified at Mochras is consistent with the
magnitude of Neogene exhumation (1—1.5 km) identified within
the nearby St. George’s Channel and Central Irish Sea basins by
palaeothermal, compactional and seismic reflection data (Green
et al. 2001a; Holford et al. 2005; Williams et al. 2005).
Palaeothermal and compactional studies have also led to the
recognition of substantial (>1 km) Neogene exhumation across
the southern North Sea and East Midlands Shelf (Japsen 1997,
2000; Green et al. 2001b).

The underlying causes of Neogene exhumation along the
Atlantic margins are poorly understood (Japsen & Chalmers
2000; Dor¢ et al. 2002). Within the British Isles, the recognition
of Neogene tectonic inversion structures in the Wessex Basin of
southern England (e.g. Blundell 2002) has led some workers to
attribute the Neogene uplift and erosion to compressional
deformation associated with Atlantic ridge-push or Alpine
orogenesis (see Dor¢ et al. 2002). Nielsen et al. (2002) have used
the results of geodynamic modelling to argue that the effects of
changing in-plane stress related to Atlantic ridge-push or Alpine
compression cannot account for the amplitude and wavelength of
Cenozoic uplift across the British Isles. Williams et al. (2005),
however, have recently demonstrated the important role of
compressional deformation as a driving mechanism for uplift
within the Irish Sea region; seismic reflection data from the St.
George’s Channel Basin provide abundant evidence for late
Cenozoic contractional reactivation of formerly extensional faults
(Fig. 1), accompanied by the erosion of c. 1 km of Palacogene
rocks from the basin depocentre (Holford e al. 2005; Williams
et al. 2005). Thus, although compressional deformation is
probably not the sole cause of Neogene exhumation, it has
played an important role in the late Cenozoic uplift and erosion
of the Irish Sea basins, where localized tectonic shortening has
been superimposed on the more regional Neogene uplift ob-
served around most parts of the Atlantic margins (e.g. West
Greenland (Japsen et al. 2005), East Greenland (Thomson et al.
1999), Scandinavia (Riis & Fjeldskaar 1992; Japsen et al. 2002)
and NW Britain (Stoker 2002)). Our results suggest that the
region affected by this Neogene event can now be extended to
the Irish Sea basin system.

Another important finding of this study is that AFTA and VR
data from Mochras do not require elevated palacotemperatures
during the early Palacogene. Therefore, there is no direct

evidence for substantial burial and exhumation at this location
during late Cretaceous—early Palacogene times. We stress that,
on the basis of regional geological evidence, exhumation is likely
to have affected this basin during this time period, and indeed a
maximum of 0.8 km of Palacogene exhumation at Mochras is
allowed by our results. However, this amount is much lower than
the magnitude of section removed during early Cretaceous and
Neogene exhumation. This is surprising given the proximity of
Mochras to the East Irish Sea Basin, which is commonly cited as
the focal point of early Palacogene exhumation across the British
Isles (Rowley & White 1998; Ware & Turner 2002), which in
turn is often regarded as the most important phase of post-
Palacozoic exhumation to have affected this region (e.g. Gibbard
& Lewin 2003). It is also commonly assumed that early
Palacogene erosion patterns vary smoothly over large distances
(e.g. Cope 1994). However, results from Mochras are suggestive
of major heterogeneities in the pattern of early Palacogene
exhumation, with magnitudes of removed section varying mark-
edly over relatively short (<100 km) distances; for example, c.
0.8 km at Mochras and c. 2 km across the Central Irish Sea Basin
(Green et al. 2001a).

Previous studies citing major early Palacogene exhumation
across the Irish Sea region were based largely on the results of
early AFTA studies, which reported elevated palaeotemperatures
across the East Irish Sea Basin prior to early Palacogene cooling
(Lewis et al. 1992). Subsequent thermal history studies of this
basin suggested that early Palacogene palacotemperature profiles
within the East Irish Sea Basin are more characteristic of heating
as a result of processes such as hot fluid circulation and elevated
basal heat flow, rather than as a result of solely deeper burial
(Green et al. 1997; Green 2002). Palaecogene exhumation is
undoubtedly important across parts of the British Isles such as
the northern Irish Sea, northern England and the Inner Moray
Firth, where AFTA, VR and compaction data provide evidence
for up to 1.5 km of exhumation at this time (Green et al. 1997;
Argent et al. 2002). However, observations from other areas such
as the southern East Irish Sea Basin (Green et al. 1997) and
north Wales (Holford ez al. 2005) indicate that the magnitude of
this exhumation across the wider region has been overestimated
in previous studies. This conclusion is supported by results from
Mochras, where the superior stratigraphic record provides addi-
tional constraints on the timing and magnitude of exhumation.

The cause of the early Palacogene exhumation remains an
outstanding question. To date, it is usually attributed to perma-
nent uplift generated by magmatic underplating of the lower
crust during the Palacocene (Brodie & White 1995). Al-Kindi et
al. (2003) have recently sought to constrain the distribution and
thickness of underplating beneath the Irish Sea region. Their
analysis, based on wide-angle seismic data and the long-wave-
length gravity anomaly across the British Isles, predicts >6 km
of underplating beneath the Cardigan Bay Basin and NW Wales.
Under conditions of Airy isostasy, and assuming crustal and
asthenospheric densities of 2400 kg m~ and 3200 kg m~3, re-
spectively, the addition of 6 km of basic magma with a density of
2900 kgm~> into the lithospheric column should result in the
erosion of at least 2km of crustal section. This estimate is
incompatible with the amount of exhumation allowed by AFTA
and VR data from Mochras. Williams et al. (2005) have
interpreted the Palacogene exhumation of the St. George’s
Channel Basin in terms of tectonic inversion that was super-
imposed upon regional epeirogenic uplift caused by the initiation
of the Iceland plume or associated with Atlantic rifting, and have
demonstrated that upper-crustal shortening can account for ob-
served magnitudes of denudation as indicated by sonic, seismic
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and thermal history data. Such a model can account for the
heterogeneity in regional Palacogene exhumation patterns, as
indicated by results from Mochras. Although the existence of
underplated material beneath this study area cannot be ruled out,
given the absence of voluminous extrusive magmatism within
the Irish Sea (Fig. 1) it seems probable that the role of magmatic
underplating in the exhumation of this region has been over-
stated.

Although the results of this study confirm that the Irish Sea
basin system has experienced a complex, multi-phase post-
Palaeozoic exhumation history (see Green ef al. 1997, 2001a;
Holford et al. 2005), they show that at least at one location most
of the exhumation took place during the early Cretaceous and
Neogene rather than the Palacogene. The recognition that early
Palacogene exhumation may be less severe than previously
thought may go some way to explain the apparent mismatch
between estimates of the volume of material removed during
exhumation and the volume of sediments that accumulated in
major Cenozoic depocentres such as the Porcupine Basin, as
indicated by mass balance studies (e.g. Jones et al. 2002). Rather
than being a result of loss of mass from the system, these
discrepancies more probably reflect the overestimation of the
volume of eroded material, much of which may have actually
been removed during the early Cretaceous and Neogene exhuma-
tion episodes.

Conclusions

(1) The Mochras borehole (onshore NW Wales) penetrated thick
successions of Lower Jurassic and Oligo-Miocene sediments.
The preserved Miocene sediments have allowed us to separate
the effects of Palacogene and Neogene uplift. A study of
palaeothermal and compaction data from this borehole suggests
that both of these successions were more deeply buried prior to
exhumation events beginning in the early Cretaceous and
Neogene, respectively.

(2) AFTA and VR data from the Mochras borehole reveal
evidence for two important cooling episodes during the Cretac-
eous (150—80 Ma) and Cenozoic (50—0 Ma).

(3) Using stratigraphic constraints from the borehole and
regional AFTA results we further refine the onset of cooling to
early Cretaceous (120—115 Ma) and Neogene (20—0 Ma).

(4) Geothermal gradients appear to have remained relatively
constant throughout time, allowing palaeotemperature constraints
to be interpreted in terms of burial-related heating followed by
exhumation-related cooling.

(5) Our results indicate that early Cretaceous exhumation
removed up to 2.5 km of mid-Jurassic—early Cretaceous section
from the vicinity of Mochras, and the Neogene cooling can be
explained by the removal of c. 1.5 km of mid-Miocene—?Plio-
cene sediments. These values are in good agreement with
estimates of exhumation magnitudes and burial-related over-
compaction indicated by density log-derived porosities.

(6) Palacothermal data from Mochras reveal no evidence of
early Palacogene cooling, and so provide no direct evidence for
substantial exhumation at this time across the southern Irish Sea.

(7) Thus, although these results confirm the multi-phase nature
of post-Palacozoic exhumation across the Irish Sea as identified
by recent thermal history studies (Green et al. 2001a; Holford et
al. 2005), they also suggest that the magnitude, regional extent
and significance of early Palacogene exhumation have been
overstated in previous studies.
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