
ABSTRACT

The sedimentary basins of the British 
Isles, which are surrounded by plate bound-
aries that have been variously active from 
Mesozoic to Cenozoic times, provide a natu-
ral laboratory for studying the infl uence of 
plate-boundary forces on intraplate vertical 
motions. A synthesis of apatite fi ssion-track 
analysis (AFTA) data from the Irish Sea basin 
system and adjacent regions of the western 
British Isles reveals a series of cooling epi-
sodes from the Cretaceous to the Cenozoic 
(between 120 and 115 Ma, 65 and 55 Ma, 40 
and 25 Ma, and 20 and 15 Ma, respectively). 
Each episode is of regional extent (~106 km2) 
and represents a major period of exhumation 
involving removal of up to 1 km or more of 
section. These exhumation episodes can be 
correlated with major tectonic unconformi-
ties recognized within the sedimentary 
succession of the NW European Atlantic 
margin , but across the western British Isles, 
the substantially higher exhumation means 
that little  corresponding stratigraphic evi-
dence for these events has been preserved. 
These exhumation episodes correlate closely 
with key deformation events at adjacent 
plate boundaries, suggesting a causative link 
despite the large distances (up to 1500 km) 
separating the closest plate boundaries from 
the zones of exhumation at the time of each 
episode. Similar kilometer-scale erosional 
events are revealed by thermochronological 
studies in other intraplate regions around 
the world adjacent to passive continental 
margins, e.g., SE Australia, South Africa, 
Brazil, stressing the widespread occurrence 
of such episodes. The low-angle unconformi-
ties that result from these regional episodes 
of kilometer-scale burial and subsequent 

exhumation are often incorrectly interpreted 
as representing periods of nondeposition and 
tectonic stability. Our results indicate that 
many regions conventionally interpreted as 
areas of long-term stability have undergone 
kilometer-scale regional exhumation, and 
that plate-boundary deformation exerts the 
primary control on such episodes.

INTRODUCTION

The plate tectonic paradigm has proven 
extremely successful at accounting for vertical 
crustal motions (i.e., subsidence and uplift) as 
well as many other geological, geophysical, and 
geomorphological observations along active 
plate boundaries on Earth (both constructive and 
destructive) in terms of horizontal movements 
of the lithospheric plates. There has been con-
siderably less success in explaining many obser-
vations (for example, creation of topography 
and seismic activity) across continental inte-
riors located at great distances (i.e., hundreds 
to thousands of kilometers) away from active 
plate boundaries (Allen and Allen, 2005). The 
continental interiors of the lithospheric plates 
have been traditionally thought of as regions 
of long-term (i.e., 107–109 a) stability that have 
been largely unaffected by deformation and 
have experienced minimal anomalous vertical 
tectonic motions (e.g., Şengör, 1999).

Another environment that is commonly 
associated with long-term tectonic quiescence 
is the so-called “passive” extensional margin, 
which mostly consists of deep- to shallow-
water shelves that fringe uplifted continental 
hinterlands, typifi ed by the margins bordering 
the North Atlantic Ocean (Praeg et al., 2005). 
Research into the tectonic evolution of passive 
continental margins has been heavily skewed 
toward their early development, when continen-
tal plates rift and separate to form new oceanic  
basins (White and McKenzie, 1989; White 

et al., 2003). The term “passive” originates from 
the general acceptance that, subsequent to their 
formation, these continental margins experi-
ence no signifi cant deformation, only exponen-
tially decreasing subsidence as the crust and 
mantle cool down during the “postrift” stage of 
their tectonic evolution, enabling the accumu-
lation of thick marine sedimentary successions 
(Sleep, 1971). However, recent tectonostrati-
graphic analyses of the thick (~2.2–2.7 km; 
Ceramicola et al., 2005) Cenozoic sedimentary 
succession preserved along the NW European 
Atlantic passive margin have shown that this 
simple model of long-term tectonic stability 
does not apply to this particular margin. These 
investigations have identifi ed a number of sig-
nifi cant unconformities that are synchronous 
over ~2500 km of this margin from Rockall 
(offshore Ireland) to Lofoten (northern Nor-
way) and are of tectonic origin (Praeg et al., 
2005; Stoker et al., 2005a, 2005b, 2005c).

We fi rst focus our attention on the history of 
vertical tectonic motions immediately inboard 
of the Atlantic margin, and then we present a 
new synthesis of exhumation-related cooling 
episodes recorded by existing apatite fi ssion-
track analysis (AFTA) data from the British 
Isles. The reader is referred to the following 
publications for details of the thermochrono-
logic data used in this study (Bray et al., 1998; 
Thomson et al., 1999; Green et al., 1999, 2000, 
2001a, 2001b; Argent et al., 2002; Green, 2005; 
Holford et al., 2005a; Holford, 2006; Jolivet, 
2007). We show that an area encompassing 
~106 km2 experienced multiple episodes of 
kilometer-scale exhumation during Cenozoic 
times. Exhumation episodes defi ned by AFTA 
data from across the British Isles during the 
early, middle, and late Cenozoic correlate 
closely in time with the unconformities identi-
fi ed from seismic and stratigraphic informa-
tion along the Atlantic margin, which are dated 
as tightly as possible (i.e., 1–5 Ma) based 

For permission to copy, contact editing@geosociety.org
© 2009 Geological Society of America

  1611

GSA Bulletin; November/December 2009; v. 121; no. 11/12; p. 1611–1628; doi: 10.1130/B26481.1; 8 fi gures.

†E-mail: simon.holford@adelaide.edu.au
*now at BG Group

Regional intraplate exhumation episodes related 
to plate-boundary deformation

Simon P. Holford1,†, Paul F. Green2, Ian R. Duddy2, Jonathan P. Turner3,*, Richard R. Hillis1, and Martyn S. Stoker4

1Australian School of Petroleum, University of Adelaide, Adelaide, South Australia 5005, Australia
2Geotrack International Pty Ltd., 37 Melville Road, Brunswick West, Victoria 3055, Australia
3School of Geography, Earth and Environmental Sciences, University of Birmingham, Birmingham B15 2TT, UK
4British Geological Survey, Murchison House, West Mains Road, Edinburgh EH9 3LA, UK



Holford et al.

1612 Geological Society of America Bulletin, November/December 2009

on existing biostratigraphic evidence (Stoker 
et al., 2005b). However, the effects of exhuma-
tion onshore across the British Isles are much 
more pronounced, to the extent that little or no 
stratigraphic evidence for the uplift and erosion 
is now preserved. The synthesis of AFTA data 
also reveals that parts of the British Isles experi-
enced kilometer-scale exhumation during Early 
Cretaceous times, coeval with the development 
of multiple unconformities and hiatuses along 
the NW European Atlantic margin. The tim-
ing of these regional Cretaceous and Cenozoic 
exhumation episodes correlates closely with key 
periods of deformation at adjacent plate bound-
aries, and we thus discuss possible relationships 
between plate-boundary forces and intraplate 
vertical motions and exhumation.

TECTONIC FRAMEWORK OF THE 
IRISH SEA BASIN SYSTEM

The British Isles (Fig. 1) constitute a superb 
natural laboratory in which to examine the pos-
sible effects of plate-boundary deformation 
on the vertical tectonic motions of intraplate 
regions because they are surrounded by plate 
boundaries that have been variously active dur-
ing Mesozoic-Cenozoic times, with deforma-
tion histories that are relatively well understood. 
The continental margin SW of Britain formed 
following amagmatic rifting that occurred 
between the late Hauterivian and late Albian and 
culminated with the onset of seafl oor spread-
ing between the early Aptian and early Albian 
(de Graciansky et al., 1985). The volcanic conti-
nental margin to the NW of Britain experienced 
a long (~350 Ma) rifting history that climaxed 
with continental breakup occurring in earliest 
Eocene times (Doré et al., 1999). The Alpine 
and Pyrenean mountain belts to the south of the 
British Isles represent a broad deformation zone 
that records complex convergence between the 
African and European plates from Late Creta-
ceous times onward (e.g., Dewey et al., 1989; 
Rosenbaum et al., 2002). The widespread 
Cretaceous-Cenozoic shortening and short-
wavelength uplift of sedimentary basins against 
major basin-bounding faults (basin inversion) in 
the Alpine foreland due to the transmission of 
plate-boundary compressional stresses through 
the upper crust are well documented (e.g., 
Ziegler et al., 1995).

The occurrence of kilometer-scale uplift and 
erosion across the British Isles during Creta-
ceous-Cenozoic times has long been recog-
nized (e.g., George, 1966), but recent attempts 
to explain these apparently anomalous verti-
cal motions have focused on the role played 
by the ancestral Iceland mantle plume dur-
ing the Paleocene-Eocene (Brodie and White, 
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Figure 1. Topographic/bathymetric map and Cenozoic structural elements of the NW Euro-
pean Atlantic margin showing locations discussed in the text. Broken line denotes approxi-
mate position of continent-ocean transition, and continuous lines represent fracture zones 
identifi ed from potential fi eld data. Black shaded areas denote seamounts; gray shaded 
areas correspond to compressive domes and arches (after Stoker et al., 2005c). Abbre-
viations: ADL—Anton Dohrn lineament; APD—Aplin Dome; BBD—Bill Bailey’s Dome; 
BFZ—Bivrost  fracture zone; CGFZ—Charlie Gibbs fracture zone; DSFZ—Denmark Strait 
fracture zone; FBC—Faroe Bank Channel; FBD—Faroe Bank Dome; FR—Fugloy Ridge; 
FSB—Faroe Shetland Basin; HHA—Helland-Hansen Arch; HS—Hebrides shelf; HTS—
Hebrides Terrace Seamount; JMFZ—Jan Mayen fracture zone; LBD—Lousy Bank Dome; 
MA—Modgunn Arch; MR—Munkagrunnur Ridge; ND—Naglfar Dome; OL—Ormen 
Lange Dome; RBS—Rosemary Bank Seamount; SH—Sea of Hebrides Basin; VD—Vena 
Dome; WOB—West Orkney Basin; WSS—West Shetland shelf; WTL—Wyville-Thomson 
Lineament; WTRC—Wyville-Thomson Ridge complex.
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1994; Jones et al., 2002). These studies have 
downplayed the contribution of plate-boundary 
forces, despite abundant evidence that signifi -
cant amounts of exhumation (1) were a result 
of compressional shortening (Hillis et al., 
2008a) and (2) occurred during times other 
than the Paleocene (e.g., Neogene; Japsen, 
1997). Paleocene exhumation is often thought 
to reach a maximum across the basins of the 
Irish Sea in the western British Isles (e.g., Jones 
et al., 2002) (Fig. 2), and we focus our atten-
tion on this area because it is characterized by 
the greatest density of fi ssion-track data cov-
erage in the British Isles (Green, 1986; Lewis 
et al., 1992; Holford et al., 2005b). The Irish 
Sea basins are made up of a series of linked 
post-Carboniferous extensional basins located 
between the Paleozoic basement massifs of 
northern England, Wales, and Ireland (Tappin 
et al., 1994; Jackson et al., 1995). The basins 
and their immediate margins cover a surface 
area of ~50,000 km2 and contain a maximum 
thickness of ~12 km of Permian-Holocene sedi-
ments (Tappin et al., 1994). These sedimentary 
successions contain a number of major uncon-
formities, and, in parts of this region, Triassic 
and older sediments crop out at the surface or 
seafl oor (Fig. 2), and paleoburial proxies such 
as sedimentary rock compaction data indicate 
that these rocks have been buried to depths of 
>1–2 km (Ware and Turner, 2002).

IDENTIFYING REGIONAL 
EXHUMATION EPISODES

We have synthesized AFTA data from mul-
tiple subsurface and outcrop samples to deter-
mine the timing and severity of the regional 
exhumation episodes that have affected the 
Irish Sea basin system. Details of the data we 
have used can be found in the following pub-
lications (Bray et al., 1998; Thomson et al., 
1999; Green et al., 1999, 2000, 2001a, 2001b; 
Argent et al., 2002; Green, 2005; Holford et al., 
2005a; Holford , 2006; Jolivet, 2007; Hillis 
et al., 2008a). Our approach in this paper is 
based on a combination of timing constraints 
for individual cooling episodes identifi ed in a 
series of AFTA samples from across the region 
on the assumption that the data refl ect a series of 
regionally synchronous exhumation episodes. 
Previous studies that have synthesized regional 
AFTA data sets in a similar manner (e.g., in 
northern Australia [Duddy et al., 2004] and 
Scandinavia [Japsen et al., 2007]) have identi-
fi ed discrete episodes of regionally synchronous 
cooling that can be correlated with regional 
unconformities, and therefore interpreted in 
terms of uplift and erosion, which serves to vali-
date the approach utilized in this paper.

Thermal history constraints for individual 
samples included in the aforementioned studies 
were extracted from basic AFTA data param-
eters (i.e., fi ssion-track age and length distribu-
tion) following principles that are outlined in 
detail elsewhere (e.g., Green et al., 2002, 2004; 

Holford et al., 2005a). AFTA has the potential 
to resolve two (rarely three) discrete cooling epi-
sodes and provides quantitative constraints on 
both the peak paleotemperature and timing of 
cooling from the paleotemperature maxima for 
each episode in individual samples. We have also 

Figure 2. Solid geology and Cenozoic structural elements of the British Isles showing loca-
tions discussed in the text. Abbreviations: CB—Cleveland Basin; CBB—Cardigan Bay 
Basin; CISB—Central Irish Sea Basin; EISB—East Irish Sea Basin; EMS—East Midlands 
Shelf; IMFB—Inner Moray Firth Basin; KBB—Kish Bank Basin; LB—Larne Basin; LD—
Lake District; MP—Midland Platform; NCSB—North Celtic Sea Basin; NSB—North Sea 
Basin; SB—Slyne Basin; SCSB—South Celtic Sea Basin; SGCB—St. George’s Channel 
Basin; SNS—Southern North Sea Basin; SOHB—Sea of Hebrides Basin; WAB—Western 
Approaches Basin; WWB—Wessex Weald Basin.
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used AFTA, along with other paleoburial proxies 
such as vitrinite refl ectance (VR) and sedimen-
tary rock compaction methods (e.g., Corcoran  
and Doré, 2005) from published studies  (ref-
erences given in the captions of Figs. 3–5) to 
defi ne paleogeothermal gradients and constrain 
the magnitude of the section removed during 
each exhumation episode. We judge compaction-
based exhumation estimates to have a resolu-
tion of ±200 m, based on previous compaction 
studies in the British Isles that have demon-
strated this level of precision when multiple 
lithologies are used (Hillis, 1995; Mackay and 
White, 2006). The resolution of exhumation esti-
mates based on AFTA and VR data is dependent 
on the range of depths over which samples are 
available and the value of the paleogeothermal 
gradient. We consider exhumation estimates uti-
lizing AFTA and VR data from wells and bore-
holes to have a precision of ±200–500 m (Green 
et al., 2002). Our assessment of the precision of 
our estimates is supported by locations at which 
multiple methods have been used to calculate 
exhumation, such as at the Mochras borehole, 
where independent estimates of Cenozoic exhu-
mation from paleotemperature (AFTA and VR) 
and compaction data show agreement to within 
less than 200 m (Holford et al., 2005a).

The synthesis of this AFTA database reveals 
four distinct and previously undefi ned Creta-
ceous to Cenozoic cooling episodes during the 
intervals 120–115 Ma, 65–55 Ma, 40–25 Ma, 
and 20–15 Ma (Figs. 3–5). Each of these 
cooling episodes is interpreted to represent a 
widespread phase of exhumation, thus sug-
gesting that the British Isles have experienced 
a complex, multistage exhumation chronology. 
These separate exhumation episodes were then 
compared with seismic-stratigraphic analyses 
of contemporaneous sedimentary successions 
along the NW European Atlantic margin (e.g., 
Praeg et al., 2005; Stoker et al., 2005a, 2005b, 
2005c) to identify the broader patterns of verti-
cal motions across the NW Eurasian plate. The 
temporal resolution of the regional unconformi-
ties that have been identifi ed along the Atlantic 
margin is as tight as possible given existing bio-
stratigraphic (calcareous nannoplankton) data, 
with error ranges on the unconformities as small 
as 1–5 Ma (Stoker et al., 2005a). Furthermore, 
the age model is underpinned by a regional tec-
tonostratigraphic study extending ~2000 km 
along the Atlantic margin (Praeg et al., 2005; 
Stoker et al., 2005a, 2005b, 2005c).

Early Cretaceous (120–115 Ma)

AFTA data suggest that an area covering 
~60,000 km2 focused on the Irish Sea experi-
enced up to 2.5 km of exhumation during the 

Early Cretaceous (Fig. 3). Precise constraints 
on the magnitude of this event are provided 
by results from the Mochras borehole, located 
onshore NW Wales near the supposed Cenozoic 
erosional “bull’s-eye” of Cope (1994). Early 
Cretaceous paleotemperatures from Upper Tri-
assic AFTA samples and compaction data from 
Lower Jurassic shales record similar magni-
tudes of exhumation around 2.5 km (Holford 
et al., 2005a). AFTA data from the Central and 
East Irish Sea Basins indicate comparable exhu-
mation values (~2–3 km) (Green et al., 2001a; 
Holford et al., 2005b), while data from onshore 
Ireland also suggest kilometer-scale exhuma-
tion at this time (Green et al., 2000). AFTA 
data from Permian-Triassic sediments in the 
West Orkney Basin indicate that these rocks 
were more deeply buried by ~3 km prior to 
major exhumation that began during the Creta-
ceous (150–80 Ma) (Green et al., 1999). AFTA 
data from the SW-NE–trending St. George’s 
Channel  and North Celtic Sea Basins do not 
record Early Cretaceous exhumation, but this 
does not necessarily mean that these parts of 
the Irish Sea were not uplifted. Cretaceous sedi-
ments are absent from the St. George’s Channel 
Basin, indicating exhumation during the Cre-
taceous period (Tappin  et al., 1994; Williams 
et al., 2005), while the Lower Cretaceous suc-
cession of the North Celtic Sea Basin records a 
progressive shallowing of facies (Tappin et al., 
1994) that is also suggestive of uplift. A compi-
lation of AFTA timing constraints from all parts 
of the Irish Sea and adjacent regions shows that 
exhumation-driven cooling began between 120 
and 115 Ma, i.e., during the Aptian (Fig. 3).

Early Cenozoic (65–55 Ma)

Following widespread burial beneath thick 
chalk sequences in Late Cretaceous times, the 
earliest Cenozoic witnessed major paleogeo-
graphic changes in NW Europe and the transi-

tion from shelf seas and low-relief landmasses 
to newly emergent highlands (Doré et al., 2002) 
accompanied by major exhumation across parts 
of the British Isles. Much of the evidence for 
this exhumation is provided by AFTA data; 
outcrop and subsurface samples from north-
ern England (Green, 2002), Scotland (Thom-
son et al., 1999), and the English Midlands 
(Green et al., 2001b) indicate a maximum of 
1.5–2 km of exhumation since the early Ceno-
zoic (Fig. 4). Constraints from AFTA suggest 
that the early Cenozoic exhumation of the Brit-
ish Isles was highly heterogeneous over both 
regional and basinal scales. AFTA samples 
from the East Irish Sea Basin record major early 
Cenozoic cooling, interpreted in terms of up to 
2 km of coeval exhumation (Green et al., 1997; 
Holford et al., 2005a), but AFTA data from the 
Mochras borehole some 50 km to the southwest 
require no substantial early Cenozoic cooling 
and suggest that a maximum of ~0.8 km exhu-
mation occurred at this location (Holford et al., 
2005b). This heterogeneous distribution of exhu-
mation, which is better resolved in this study due 
to the improved precision of our exhumation esti-
mates and our increased spatial coverage of data 
(cf. Hillis et al., 2008a), confl icts with previous 
claims of a more uniform pattern of Paleocene 
exhumation supposedly refl ecting epeirogenic, 
plume-related early Cenozoic uplift across the 
British Isles (Rowley and White, 1998; Jones 
et al., 2002). Further heterogeneity is demon-
strated by AFTA data from the Inner Moray Firth 
Basin, where intrabasinal exhumation varies 
between 0 and 1.25 km (Argent et al., 2002). 
Because exhumation is compartmentalized over 
major faults, and is generally higher over foot-
wall rather than hanging-wall blocks, these 
short-wavelength spatial variations were attrib-
uted by Argent et al. (2002) to the superposition 
of extensional faulting upon regional uplift.

AFTA timing constraints from the East 
Irish Sea Basin, Central Irish Sea Basin, and 

Figure 3. Constraints on the onset of regional exhumation-related cooling during the Creta-
ceous in the British Isles from apatite   fi ssion-track analysis (AFTA) and stratigraphic data, 
and constraints on the magnitude of this exhumation from paleo thermal, compaction, and 
other methods. This analysis suggests a regional onset of cooling and exhumation between 
120 and 115 Ma, which corresponds with plate-boundary deformation (i.e., continental 
separation) SW of Britain. References from which constraints were derived for the timing 
of exhumation from AFTA and stratigraphic data, regional tectonic events, and the magni-
tude of deeper burial across the British Isles prior to Early Cretaceous exhumation are as 
follows: (1) Holford (2006); (2) Green et al. (2001a); (3) Holford et al. (2005a); (4) Green 
et al. (2000); (5) Bray et al. (1998); (6) Green et al. (1999); (7) Corcoran  and Mecklenburgh 
(2005); (8) McMahon  and Turner (1998); (9) Ruffell (1992); (10) de Graciansky  et al. (1985); 
(11) Sibuet et al. (2004); (12) Doré et al. (1999); (13) Roberts  et al. (1999); (14) Scrutton  and 
Bentley  (1988); (15) Williams  et al. (2005); and (16) van Hoorn (1987). EISB—East Irish 
Sea Basin.
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Figure 4. Constraints on the onset of 
regional exhumation-related cooling 
during the early to mid-Cenozoic in 
the British Isles from apatite fi ssion-
track analysis (AFTA) and strati-
graphic data, and constraints on the 
magnitude of this exhumation from 
paleothermal, compaction, and other 
methods. This analysis shows that 
regional early to mid-Cenozoic cool-
ing and exhumation began between 
65 and 55 Ma, while cooling and exhu-
mation in Scotland and the Hebridean  
Basins began between 40 and 25 Ma. 
These exhumation episodes corre-
late with several periods of plate-
boundary  deformation, as demon-
strated by the compilation of regional 
tectonic events. References from 
which constraints were derived for the 
timing of exhumation from AFTA and 
stratigraphic data, regional tectonic 
events, and the magnitude of deeper 
burial across the British Isles prior to 
early and mid-Cenozoic exhumation 
are as follows: (1) Holford (2006); 
(2) Green et al. (2001a); (3) Green 
et al. (2000); (4) Green (2002); 
(5) Thomson et al. (1999); (6) Argent 
et al. (2002); (7) Green et al. (2001b); 
(8) Green (2005); (9) Jolivet (2007); 
(10) Green et al. (1999); (11) Mur-
doch et al. (1995); (12) Hamblin et al. 
(1992); (13) Mitchell (2004); (14) Fyfe 
et al. (1993); (15) Cameron et al. 
(1992); (16) White and Lovell (1997); 
(17) Doré et al. (1999); (18) Doré et al. 
(2008); (19) Holford et al. (2005a); 
(20) Williams et al. (2005); (21) Hillis 
et al. (1994); and (22) Japsen (2000). 
EISB—East Irish Sea Basin.
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Figure 5. Constraints on the onset of 
regional exhumation-related cooling 
during the late Cenozoic in the British 
Isles from apatite fi ssion-track analy-
sis (AFTA) and stratigraphic data, 
and constraints on the magnitude 
of this exhumation from paleother-
mal, compaction, and other meth-
ods. This analysis suggests a regional 
onset of exhumation-related cooling 
between 20 and 15 Ma, which corre-
sponds with the timing of compres-
sional deformation along the Atlantic 
margin, and a number of separate 
plate-boundary deformation events. 
References from which constraints 
were derived for the timing of exhu-
mation from AFTA and stratigraphic 
data, regional tectonic events, and the 
magnitude of deeper burial across 
the British Isles prior to early and 
mid-Cenozoic exhumation are as fol-
lows: (1) Holford (2006); (2) Holford 
et al. (2005a); (3) Green et al. (2001a); 
(4) Green et al. (2000); (5) Green 
et al. (2001b); (6) Tappin et al. (1994); 
(7) Herbert-Smith (1979); (8) Fyfe 
et al. (2003); (9) Evans et al. (1997); 
(10) Stoker et al. (2005c); (11) Doré 
et al. (2008); and (12) Holford et al. 
(2008). EISB—East Irish Sea Basin.
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onshore Ireland, southwest Wales, and northeast 
England  defi ne a synchronous onset of early 
Cenozoic exhumation-related cooling in the 
Irish Sea region between 65 and 60 Ma (Fig. 4), 
consistent with AFTA results from the English 
Midlands and southern North Sea (Green et al., 
2001b). AFTA data from Scotland suggest a 
slightly later onset of cooling, between 60 and 
55 Ma (Thomson et al., 1999; Argent et al., 
2002), although it is as yet unclear whether this 
represents a real difference in timing or just 
statistical variation. Overall, AFTA constraints 
from the British Isles place the onset of early 
Cenozoic exhumation-related cooling between 
65 and 55 Ma (Fig. 4).

Mid-Cenozoic (40–25 Ma)

Around 300 km NE of the East Irish Sea 
Basin, AFTA data from Triassic and Jurassic 
rock samples recovered by well 134/5–1 in the 
Sea of the Hebrides–Little Minch Trough (Fyfe 
et al., 1993) suggest that ~1 km of post–Early 
Jurassic overburden was removed from this 
location during a mid-Cenozoic (45–20 Ma) 
cooling episode (Green et al., 1999). The com-
paction and cementation state of Middle Jurassic–
age sediments that crop out onshore in the 
Inner Hebrides region close to the 134/5–1 well 
suggests maximum burial to depths of ~1 km 
(Hudson and Andrews, 1987), consistent with 
the results from AFTA. Mid-Cenozoic cooling 
is observed in AFTA data from other explora-
tion wells in basins offshore northwest Scotland, 
such as 202/19–1, located in the West Shetland 
Basin, where AFTA data indicate that ~1.5 km 
of overburden were removed at this time (Green 
et al., 1999). Similarly timed exhumation has 
been reported from onshore central and western 
Scotland by Jolivet (2007), who presented apa-
tite fi ssion-track results that suggested 1.6–2 km 
of regional exhumation beginning between 40 
and 25 Ma (Fig. 4). The combination of these 
timing constraints from onshore and offshore 
AFTA data thus defi nes a mid-Cenozoic exhu-
mation episode that affected NW Britain begin-
ning between 40 and 25 Ma.

Late Cenozoic (20–15 Ma)

A growing body of evidence from various 
types of data is emerging that suggests that a 
major proportion of the Cenozoic exhumation of 
the British Isles occurred during the late Ceno-
zoic (Japsen 1997; Holford et al., 2008). Data 
from the Irish Sea region are particularly signifi -
cant, because the Cardigan Bay and St. George’s 
Channel Basins contain thick sequences of 
Paleocene to Miocene sediments. This indicates 
that the Irish Sea basins experienced renewed 

burial following early Cenozoic exhumation, 
and analysis of the preserved Cenozoic rocks 
thus permits the effects of late Cenozoic exhu-
mation to be separated out from the effects of 
earlier events. AFTA, VR, and compaction data 
show that the Paleocene-Miocene sedimentary 
successions in these basins have been more 
deeply buried by ~1–1.5 km of overburden that 
was removed during the Neogene (Holford et al., 
2008). Estimates of the removed section for 
individual wells in these basins based on inde-
pendent paleothermal, compaction, and seismic 
methods show agreement to within ~200 m, as 
demonstrated by Holford et al. (2008). Exhuma-
tion patterns show close correspondence with 
major compressional structures, indicating that 
exhumation was driven by compressional short-
ening. Palynological data indicate that Lower 
Miocene sediments (ca. 20 Ma) preserved at 
Mochras have been more deeply buried by 1.26–
1.59 km, which constrains the timing of exhu-
mation as middle Miocene or younger (Holford 
et al., 2005a). AFTA data from many parts of the 
Irish Sea where Cenozoic sediments are not pre-
served show evidence for major late Cenozoic 
cooling. AFTA data from Triassic rocks in the 
East Irish Sea Basin (30–10 Ma) and the Central 
Irish Sea Basin (25–0 Ma) record similar timing 
and amounts (~1 km) of late Cenozoic exhuma-
tion (Fig. 5). A wide survey of AFTA data from 
across onshore Ireland reveals a major phase of 
exhumation-driven cooling beginning between 
25 and 15 Ma (Green et al., 2000). A compila-
tion of the timing constraints from all Irish Sea 
AFTA results, combined with the stratigraphic 
constraints provided by the Mochras borehole, 
constrains the onset of Neogene cooling and 
exhumation to between 20 and 15 Ma, i.e., dur-
ing the Miocene (Fig. 5).

CORRELATION WITH REGIONAL 
UNCONFORMITIES ALONG THE 
ATLANTIC MARGIN

Early Cretaceous (120–115 Ma)

It is diffi cult to assess the extent of Early 
Cretaceous exhumation along the Atlantic shelf 
because the sediments that may record evidence 
of such an event are mostly buried beneath sev-
eral kilometers of Late Cretaceous–Cenozoic  
rocks (Ceramicola et al., 2005). However, 
thermo chronological data from several basins 
along the margin reveal evidence for major Early 
Cretaceous exhumation. VR data from Jurassic 
sediments, supported by Jurassic, Cretaceous, 
and Cenozoic shale compaction data from the 
Slyne Basin, offshore NE Ireland, record 1.7 km 
of exhumation beginning between the Valan-
gian and Albian (ca. 146–100 Ma) (Corcoran 

and Mecklenburgh, 2005), and AFTA data 
from Permian-Triassic sediments from the West 
Orkney Basin indicate that these rocks were 
more deeply buried by ~3 km prior to major 
exhumation that began during the Cretaceous 
(150–80 Ma) (Green et al., 1999). The timing of 
the cooling identifi ed from the Irish Sea (120–
115 Ma) is thus consistent with the exhumation 
reported from both the Slyne and West Orkney 
Basins (Fig. 3).

There is widespread stratigraphic evidence 
for Early Cretaceous uplift around the British  
Isles. Ruffell (1992) identifi ed six major uncon-
formities in the Lower Cretaceous succession 
of the Wessex Basin, southern England , includ-
ing fi ve during the Aptian-Albian interval. 
McMahon and Turner (1998) used a combina-
tion of seismic and stratigraphic data from the 
Wessex, Celtic Sea, and Western Approaches 
Basins to document two distinct unconformi-
ties of Berriasian and Aptian age within the 
Lower Cretaceous succession of southern 
Britain . The North Celtic Sea Basin contains an 
almost complete sequence of Cretaceous sedi-
ments, but rocks of late Aptian–early Albian 
age are absent from all parts but the basin cen-
ter (McMahon  and Turner, 1998). There are 
numerous unconformities and stratigraphic 
breaks within sediments of Oxfordian-Albian 
age within the North Sea Basin (Kyrkjebø et al., 
2004). On the Atlantic margin,  Valanginian–
lower Aptian sediments are largely absent from 
commercial wells on the eastern fl ank of the 
Rockall Basin (Smith, 2009), whereas multiple 
Early Cretaceous unconformities are recorded 
in numerous wells from the Faroe-Shetland 
region (Stoker, 2009a)

Early Cenozoic (60–50 Ma)

In several of the basins along the Atlantic 
margin, there is a conspicuous regional early 
Cenozoic unconformity of intra-Paleocene 
age, termed the Base Paleogene unconformity 
(Praeg et al., 2005). This unconformity has 
been described from the northern North Sea–
Vøring Basin segment of the Atlantic margin 
(Martinsen et al., 1999), and the Rockall and 
Porcupine Basins (McDonnell and Shannon, 
2001) (Fig. 6), and thus it covers a length of 
~2000 km. It is characterized by Late Creta-
ceous–Paleocene chalk or earliest Cenozoic 
basalts overlain by margin-long, basinward-
prograding shelf-slope wedges of Paleocene-
Eocene age (McInroy et al., 2006; Stoker and 
Varming, 2009; Stoker, 2009b). The early Ceno-
zoic timing of these events is contemporaneous 
with the exhumation of parts of the British Isles 
as recorded by AFTA data (65–55 Ma) (Fig. 7), 
and these areas are thus likely to have acted as 
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sediment sources for the shelf-slope wedges that 
prograded along the Atlantic margin during the 
Paleogene (Praeg et al., 2005). Progradation 
continued episodically throughout the Eocene, 
refl ecting a pervasive instability along the mar-
gin in this interval (McInroy et al., 2006; Stoker 
and Varming, 2009; Stoker, 2009b).

Mid-Cenozoic (35–25 Ma)

The lower Paleogene megasequence of the 
Atlantic margin is bounded by the regional 
Upper Eocene unconformity, which is trace-
able from the Rockall and Porcupine Basins 
(McDonnell and Shannon, 2001; Stoker et al., 
2001) through to the northern North Sea–
Vøring margin (Martin sen et al., 1999). Bio-
stratigraphic data constrain the age of the Upper 
Eocene unconformity to late Eocene to early 
Oligocene (34 ± 3 Ma) (Fig. 6) (McDonnell  
and Shannon , 2001; Stoker et al., 2001). In 
the Atlantic margin basins adjacent to the Irish 
Sea–Hebridean Basin system (Porcupine and 
Rockall), the Upper Eocene unconformity 
truncates the Eocene prograding wedges that 
overlie the Base Paleogene unconformity, and 

it is onlapped by Oligocene contourites (Stoker, 
1997; McDonnell and Shannon, 2001). The 
Upper Eocene unconformity thus marks a major 
change in sedimentation along the Atlantic 
margin, which has been interpreted as a con-
sequence of major deepening following accel-
erated, kilometer-scale subsidence along the 
Atlantic margin (Ceramicola et al., 2005; Praeg 
et al., 2005). Eocene strata were rotated by up 
to 4° during this deepening, which was largely 
complete by the end of the Oligocene, at around 
25 Ma (Vanneste et al., 1995).

Praeg et al. (2005) ascribed this sequence of 
events during mid-Cenozoic times to the epeiro-
genic sagging of the Atlantic margin, but the 
temporal correlation with the 40–25 Ma cooling 
and exhumation episode across the Hebridean  
basins and onshore Scotland as recorded by 
AFTA data suggests that at a larger scale, the 
Upper Eocene unconformity and subsequent 
sedimentary response may represent another 
phase of widespread tilting along the margin, 
similar to that which occurred during early 
Cenozoic times (Fig. 7). This contention is sup-
ported by the sedimentary record in the east-
ern North Sea Basin. Coeval uplift of southern 

Scandinavia is indicated by the progradation 
of early Oligocene clastic sedimentary wedges 
away from the south Swedish dome into the 
eastern North Sea (Faleide et al., 2002), and 
an earliest Oligocene (ca. 33–30 Ma) hiatus 
onshore Denmark and around southern Norway 
that corresponds to a major sequence boundary 
in the North Sea Basin (Michelsen et al., 1998). 
Japsen et al. (2007) proposed that these earliest 
Oligocene events represent the onset of Scandi-
navian uplift.

Late Cenozoic–Early Neogene (24–11 Ma)

There are two widespread unconformities 
within the early Neogene deep-water contourite 
succession of the Atlantic Margin, the origins of 
which have been ascribed to regional compres-
sional deformation (Stoker et al., 2005c). The 
base of the Neogene is marked by pronounced 
angular unconformities (collectively termed 
Base Neogene unconformity [BNU]) separating 
Miocene or uppermost Oligocene from older 
Paleogene strata in the North Sea Fan–Vøring 
Basin, Faroe-Shetland and northern Rockall 
areas (Fig. 6) (Stoker et al., 2005a, 2005c), 
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Figure 6. Cenozoic stratigraphic framework for the NW European Atlantic margin, showing regionally signifi cant unconformities based 
on correlation of stratigraphic megasequences defi ned within the indicated study areas (after Praeg et al., 2005). This stratigraphic frame-
work is compared with the estimates, from this study, of the onset of Cenozoic cooling episodes constrained by apatite fi ssion-track analy-
sis (AFTA) data from across the British Isles. The onset of the early Cenozoic (65–55 Ma), mid-Cenozoic (40–25 Ma), and late Cenozoic 
(20–15 Ma) cooling episodes correlates with the Base Paleogene (BPU), Upper Eocene (UEU), and Intra-Miocene (IMU) unconformities, 
respectively. LEU—Lower Eocene unconformity.



Holford et al.

1620 Geological Society of America Bulletin, November/December 2009

although in the central and southern Rockall and 
Porcupine Basins, the base of the Neogene is 
marked by a mainly conformable seismic refl ec-
tor (McDonnell and Shannon, 2001), which is 
recognized in wells as an early Miocene hiatus 
(Stoker et al., 2005c). This is further confi rmed 
from the West Shetland Shelf, where British 
Geological Survey (BGS) borehole 77/7 proved 
upper Oligocene paralic to brackish marine 
sedi ments to be unconformably overlain by 
Lower-Middle Miocene shallow-marine sand-
stones, a hiatus covering the interval between 
ca. 26 and 16 Ma (Evans et al., 1997; Stoker, 
1999). A comparable hiatus is also recorded 
from BGS boreholes and commercial wells 

on the Hebridean  margin (Stoker, 2009b). The 
Base Neogene unconformity may correlate tem-
porally with the top Oligocene sequence bound-
ary in the eastern North Sea Basin (Michelsen 
et al., 1998), which accords with a latest Oligo-
cene (ca. 27–24 Ma) hiatus recorded in the sedi-
mentary record onshore Denmark (Japsen et al., 
2007). AFTA data from Mesozoic sediments 
encountered by offshore exploration wells in 
the Norwegian-Danish Basin suggest deeper 
burial of the preserved stratigraphy by up to 
1.1 km of additional section prior to exhumation 
beginning between 30 and 20 Ma, which Japsen 
et al. (2007) associated with a ca. 27–24 Ma 
hiatus onshore Denmark, and the Base Neogene 

unconformity described from the Atlantic mar-
gin by Stoker et al. (2005a, 2005c).

Higher within the Neogene succession of 
the Atlantic margin, there is a prominent intra-
Miocene  surface (Fig. 6), which corresponds 
to angular unconformities and correlative con-
form i ties that have been identifi ed in both the 
deep-water basins and on basin margins through 
 seismic-stratigraphic analyses (Stoker et al., 
2005a, 2005b). The angularity of the uncon form-
i ties is enhanced where it is developed above 
the major compressional domes and anticlines 
(amplitudes ≤4 km, axial lengths ≤200 km) 
that populate the north Rockall–Faroes–mid-
Norwegian  segment of the Atlantic margin 
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Figure 7. Cenozoic event stratigraphy diagram for the NW European Atlantic margin. Changes in sedimentary architecture (after Praeg 
et al., 2005) are compared with regional tectonic events (after Praeg et al., 2005; Stoker et al., 2005a, 2005b, 2005c), the global deep-sea 
oxygen record from Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) records, used as a proxy for Cenozoic climate 
(after Zachos et al., 2001), Cenozoic eustatic sea-level curves (short term and long term; after Haq and Al-Qahtani, 2005), and the onset 
of cooling/exhumation episodes identifi ed from apatite fi ssion-track analysis (AFTA) across the British Isles (this study). The Cenozoic 
exhumation episodes can each be correlated with signifi cant unconformities along the Atlantic margin, and they are also synchronous 
with tectonic movements along the Atlantic margin and major periods of deformation at proximal plate boundaries. Note the coincidence 
between the timing of the early and late Cenozoic exhumation episodes, the Base Paleogene unconformity (BPU) and intra-Miocene surface 
unconformity (IMU), and the initiation of prograding shelf-slope wedges along the Atlantic margin. UEU—Upper Eocene unconformity; 
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(Fig. 1) (Stoker et al., 2005c). Along the Nor-
wegian continental shelf, the intra-Miocene 
surface corresponds to an ~7 Ma hiatus of late 
mid- to early late Miocene age in basin-margin 
wells (Eidvin et al., 2000). A comparable hiatus 
is recorded in BGS boreholes from the Hebrides 
Shelf (Stoker, 2009b). A similarly timed, per-
vasive mid-Miocene unconformity and hiatus 
covering the 19–13 Ma interval is also present 
throughout the North Sea Basin (Faleide et al., 
2002; Fyfe et al., 2003), which otherwise expe-
rienced continuous Cenozoic burial (White and 
Latin, 1993). In the southern Rockall and Por-
cupine Basins, the intra-Miocene surface corre-
sponds to the distinctive, variably unconformable 
ca. 16–15 Ma C20 refl ector (Stoker et al., 2001).

Stoker et al. (2005c) suggested that both the 
Base Neogene unconformity and intra-Miocene 
surface represent regional fl exures that bracket a 
prolonged period of compressional deformation 
along the Atlantic margin. The culmination of 
this compressional episode is dated by the fold-
ing and tilting of Lower to lower Middle Mio-
cene strata on the fl anks of major inversion anti-
clines such as the Helland-Hansen Arch, Fugloy 
Ridge, and Wyville-Thomson Ridge (Fig. 1), 
which suggests that the main phase of compres-
sion occurred between 16 and 11 Ma (Stoker 
et al., 2005c). An important oceanographic con-
sequence of the Miocene compressional defor-
mation of the Atlantic margin was the creation 
of the 800–1200-m-deep Faroe Bank Channel, 
which represented the fi rst true deep-water 
connection between the Atlantic Ocean and 
the Nordic Seas. Exposure and erosion of the 
Hebrides  Shelf are indicated by the incorpora-
tion of reworked Lower Miocene fauna within 
Middle-Upper Miocene slope deposits, whereas 
discrete lowstand wedges of mid- to late Mio-
cene age on the West Shetland slope imply 
subaerial erosion of the adjacent shelf (Stoker, 
1999; Stoker et al., 2005b).

The timing of the regional mid-Miocene 
compressional deformation of the Atlantic mar-
gin corresponds closely with the exhumation 
episode that resulted in the removal of ~1 km of 
overburden in the Irish Sea basin system begin-
ning between 20 and 15 Ma (Fig. 7). Similarly 
timed compression and exhumation have been 
reported from the southern North Sea and south-
ern England (Hillis et al., 2008a) and many 
other locations throughout western and central 
Europe (Ziegler et al., 1995; Dèzes et al., 2004). 
These observations signify that a considerable 
proportion of the NW Eurasian plate under-
went simultaneous compression and exhuma-
tion during the mid-Miocene. The magnitude 
of this exhumation is best constrained in the 
Irish Sea basin system (Fig. 5), but published 
estimates from the Atlantic margin correspond 

well with those from the Irish Sea and adjacent 
areas. AFTA data from well 6610/7–1 on the 
mid-Norwegian shelf record ~1 km of Miocene 
exhumation (beginning between 21 and 10 Ma) 
on the low angle Eocene-Pliocene unconformity 
at that location (Green et al., 2007). AFTA and 
VR data from the 204/19–1 well located on the 
Westray Ridge in the Faroe-Shetland Basin indi-
cate that between 0.63 and 0.9 km of Eocene 
to mid-Miocene strata were eroded prior to late 
Miocene sedimentation (Parnell et al., 2005).

We note that a widespread intra–early Plio-
cene (4 ± 0.5 Ma) unconformity is documented 
from seismic-stratigraphic studies along the 
length of the Atlantic margin (Stoker et al., 
2005a, 2005b) (Figs. 6 and 7). The intra–early 
Pliocene unconformity is overlain by prograd-
ing shelf-slope wedges of clastic sediment up to 
1.5 km thick that attests to the long-wavelength, 
large-amplitude seaward tilting of the entire 
Atlantic margin (Praeg et al., 2005; Stoker 
et al., 2005a, 2005b). The volume of sediment 
deposited offshore and the direction of transport 
of the prograding wedges indicate consider-
able exhumation of hinterland sources in the 
Scandinavia and the British Isles (Stoker et al., 
2005a, 2005b), where at least 1 km of late Neo-
gene exhumation has been reported from chalk 
compaction studies (Japsen, 1997; Japsen et al., 
2007). The Pliocene-Pleistocene exhumation 
episode therefore almost certainly affected the 
British Isles over a similar area to the Miocene 
exhumation episode. However, we do not docu-
ment Pliocene-Pleistocene exhumation from 
our AFTA database. This is due to the fact that 
the majority of the samples that comprise this 
database were exhumed to depths at which ther-
mal histories cannot be resolved by AFTA (i.e., 
temperatures less than 50–60 °C) during earlier 
exhumation episodes.

LINKING REGIONAL EXHUMATION 
EPISODES WITH EVENTS AT 
PLATE BOUNDARIES

The regional synthesis of AFTA data from 
the British Isles presented here has resulted in 
defi nition of four distinct Cretaceous-Cenozoic 
cooling episodes focused on the Irish Sea basin 
system beginning in the intervals 120–115 Ma, 
65–55 Ma, 40–25 Ma, and 20–15 Ma (Figs. 3–5 
and 8). Each of these represents regional (i.e., 
>106 km2) exhumation involving removal of 
kilometer-scale thicknesses of section (Fig. 8). 
These exhumation episodes were separated by 
intervening periods of burial, therefore indicat-
ing that the British Isles have experienced a com-
plex history of post-Paleozoic vertical motions. 
Furthermore, the Cenozoic cooling episodes can 
each be correlated with major unconformities of 

mid-Paleocene, Upper Eocene–Lower Oligo-
cene, and early–mid-Miocene age that have 
been preserved within the Cenozoic sedimen-
tary succession of the NW European Atlantic 
margin (Figs. 6 and 7). These unconformities are 
tectonic in origin and can be traced for distances 
of >2000 km, from the Porcupine Basin in the 
southwest to the Vøring Basin in the northwest 
(Figs. 1 and 6) (Praeg et al., 2005; Stoker et al., 
2005a, 2005b). If the cooling and exhumation 
witnessed in the British Isles are genetically 
related to the tectonic unconformities along the 
Atlantic margin, a region of the NW Eurasian 
plate with an area of at least ~107 km2 experi-
enced recurring phases of exhumation with 
amplitudes >1 km throughout the  Cretaceous–
Cenozoic. (The area affected by the mid-
Miocene  event could possibly have been much 
greater, as much of the North Sea Basin was 
uplifted at this time, resulting in a widespread 
mid-Miocene hiatus.) The amplitude of exhu-
mation associated with these events appears 
to increase inboard of the margin, such that in 
the western British Isles, which have been most 
severely affected by this exhumation, much 
of the stratigraphic record encompassing the 
 Cretaceous-Cenozoic has been removed. It is 
only through the application of AFTA and com-
plementary tools for reconstructing rock burial 
histories that the true distribution and extent of 
these exhumation episodes can be identifi ed.

The timing of each of the exhumation epi-
sodes identifi ed in this study correlates closely 
with periods of major deformation along the 
closest plate boundaries, the North Atlantic 
ridge spreading system (north of ~45°N), and 
the Alpine collision belt of western and central 
Europe (Fig. 8), as illustrated in the following 
discussion.

Early Cretaceous (120–115 Ma)

The timing of this exhumation episode was 
coeval with continental breakup and the onset 
of North Atlantic seafl oor spreading southwest 
of Britain (Figs. 3 and 8A). The most proxi-
mal oceanic crust to the Irish Sea basins is 
found along the Goban Spur and Meriadzek 
structural highs, >500 km to the southwest 
(Fig. 1). Establishment of the onset of seafl oor 
spreading off the Goban Spur is hindered by 
a wide zone of magnetically quiet oceanic 
crust (Bullock  and Minshull, 2005). Synrift 
sediments encountered at Deep Sea Drilling 
Project (DSDP) Site 549 are of Barremian and 
probably Aptian age (i.e., 130–125 Ma and 
possibly younger), while the youngest postrift 
rocks are of Lower Albian age (112 Ma and 
younger). de Graciansky et al. (1985) sug-
gested that continental breakup off Goban Spur 
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may have been coeval with the onset of sea-
fl oor spreading between Iberia and the Grand 
Banks in the Bay of Biscay, which led to the 
separation of Iberia and North America and 
began at around chron M0 time (ca. 118 Ma; 
mid-Aptian) (Fig. 8A) (Sibuet et al., 2004).

Early Cenozoic (65–55 Ma)

Early Cenozoic uplift and exhumation of 
the British Isles and Atlantic Margin have been 
attributed to mantle plume activity (either per-
manent uplift caused by igneous underplating or 
transient uplift caused by plume-related normal 
stresses acting on the base of the lithosphere; 
White and Lovell, 1997; Jones et al., 2001) 
(Fig. 8B). A mantle plume can account for the 
scale of early Cenozoic exhumation, but it can-
not solely account for the heterogeneous distri-
bution of exhumation at this time (e.g., Hillis 
et al., 2008a). (Note that mantle plume activity 
cannot account for either the timing or distribu-
tion of the Early Cretaceous, mid-Cenozoic, and 
late Cenozoic exhumation episodes; Fig. 8; e.g., 
Praeg et al., 2005.)

The early Cenozoic exhumation episode 
coincided with two important phases of proxi-
mal plate-boundary deformation (Figs. 4, 7, and 
8B). First, intense continental rifting NW of the 
British Isles accompanied by massive subaerial 
volcanism (White and McKenzie, 1989) cul-
minated in the onset of seafl oor spreading and 
separation of Europe from Greenland at earli-
est Eocene time (ca. 55 Ma) (Doré et al., 1999). 
Second, in the Paleocene in western, central, 
and eastern Europe along the Alpine collision 
front, the Austro-Alpine orogenic wedge col-
lided with the fl exural basins and continental 
terranes of the European foreland (Dèzes et al., 
2004). Compressional stresses were transmitted 
across distances exceeding 1500 km, inducing 
a broad spectrum of deformation styles, from 
reactivation and inversion of preexisting faults 
and basins to the long-wavelength buckling and 
uplift of the European lithosphere (Ziegler et al., 
1995). During the early Cenozoic, the British 
Isles and Atlantic margin were thus located 
between two zones of intense plate-boundary 
deformation, both of which were capable of pro-

ducing plate-driving forces of suffi cient mag-
nitude (~3 × 1012 N m–1) to deform and uplift 
intraplate lithosphere (Zoback et al., 2002).

Mid-Cenozoic (40–25 Ma)

The mid-Cenozoic exhumation episode 
recorded by AFTA data from northern Britain 
(Fig. 4) and the Upper Eocene unconformity 
of the Atlantic margin (Fig. 6) (and the possi-
ble onset of Scandinavian uplift; Japsen et al., 
2007) coincided with a major North Atlantic 
plate reorganization that saw the termination 
of seafl oor spreading in the Labrador Sea and 
the consequent joining of Greenland with the 
North American plate (Figs. 7 and 8C) (Doré 
et al., 1999). The Oligocene-Eocene transi-
tion also witnessed continued, major com-
pressional deformation in the Alpine orogen 
(Dèzes et al., 2004).

Late Cenozoic (20–15 Ma)

Miocene exhumation in the British Isles con-
strained by AFTA data was part of platewide 
uplift and pervasive compressional deformation 
across NW Europe that commenced during the 
mid-Miocene. Regional changes in plate tec-
tonic motion were coeval with this uplift and 
deformation (Figs. 7 and 8D). North Atlantic 
seafl oor spreading rates increased in the earli-
est Miocene (Mosar et al., 2002), and spreading 
north of Iceland transferred progressively from 
the Ægir Ridge east of the Jan Mayen micro-
continent to the Kolbeinsey Ridge to the west, 
culminating in the eventual separation of Jan 
Mayen and Greenland in the late early to mid-
Miocene (Figs. 7 and 8D) (Stoker et al., 2005c). 
Additionally, Doré et al. (2008) have argued 
that a mid-Miocene major magmatic event led 
to the formation of the Iceland Plateau (Figs. 
5 and 8D) and caused an elevated radial body 
force (i.e., ~5 × 1012 N m–1; Doré et al., 2008) 
compared to the normal ridge push forces of 
~3 × 1012 N m–1; e.g., Parsons and Richter, 1980) 
responsible for the compression of the NW 
European Atlantic margin. In the Alpine orogen, 
strong convergence between Africa and Europe 
occurred between 22 and 9 Ma (Dewey, 2000).

Summary

We have shown that the British Isles experi-
enced repeated cycles of regional,  kilometer-scale 
exhumation and burial during late Mesozoic  
to Cenozoic time (Fig. 8). The exhumation 
episodes correlate with major unconformi-
ties revealed by seismic mapping of the thick 
Cenozoic sedimentary sequences preserved 
along the adjacent Atlantic margin (Praeg et al., 
2005; Stoker et al., 2005a), but they can only 
be identifi ed inboard of the margin through the 
application of AFTA because the exhumation 
has largely removed the sedimentary record 
that would otherwise contain the geological 
history of this time interval. These episodes 
correlate closely with key deformation events 
at proximal plate boundaries, suggesting a close 
genetic relationship.

DISCUSSION

Global Evidence for Intraplate Exhumation 
Caused by Plate-Boundary Deformation

The observations presented here imply that 
plate-boundary forces have produced vertical 
tectonic motions and kilometer-scale exhuma-
tion in the continental interior of NW Europe. 
In the following section, we provide further evi-
dence that plate-boundary deformation exerts 
a primary control on tectonic activity in intra-
plate regions in many parts of the world, caus-
ing kilometer-scale exhumation at distances up 
to several thousand kilometers from the plate 
boundaries themselves.

One well-documented example is the exhu-
mation of large areas up to several hundred 
kilometers inboard of the opposing continen-
tal margins of southern Africa and SE Brazil, 
which occurred diachronously from the early 
to mid-Cretaceous as continental breakup 
propagated northward (Gallagher and Brown, 
1999; Turner et al., 2008). Moore et al. (2008) 
recently documented close temporal relation-
ships between major unconformities within the 
Cretaceous-Cenozoic sequences of the Kwa 
Zulu, Algoa, Gamtoos, Petmos, Bredasdorp, 
and Orange Basins offshore southern Africa 
and the ages of kimberlite and other alka-
line volcanic pipes onshore southern Africa. 
Because the ages of the  unconformities/
episodes  of igneous activity coincide with local 
plate reorganizations (changes in the spreading 
histories of the southern Atlantic and Indian 
Oceans), Moore et al. (2008) attributed their 
origins to intraplate stresses.

Another region of widespread exhumation is 
the SE Australian margin, where fi ssion-track 
data from the Otway Basin record up to ~2 km 

Figure 8. Paleogeographic reconstructions of NW Europe (modifi ed from Coward et al., 
2003) with superimposed patterns of vertical motions (from this study) during the (A) Early 
Cretaceous (120–115 Ma); (B) early Cenozoic (65–55 Ma); (C) mid-Cenozoic (40–25 Ma); 
and (D) late Cenozoic (20–15 Ma). Plus and minus symbols indicate areas undergoing uplift/
exhumation or subsidence/burial, respectively, during the indicated time windows. Postu-
lated planform geometry of Iceland mantle plume head during early Cenozoic is modifi ed 
from White and McKenzie (1989). h—hiatus; BPU—Base Paleogene unconformity; IMU—
Intra-Miocene unconformity; UEU—Upper Eocene unconformity. See text for more details.
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of exhumation beginning at ca. 100 Ma, con-
comitant with amagmatic continental breakup 
(Duddy, 1997; Green et al., 2004). Maps of 
 fi ssion-track ages for the Australian continent 
show young fi ssion-track ages of <150 Ma 
extending over 500 km inland from the SE mar-
gin (Gleadow et al., 2002), again demonstrating 
the capability of plate-boundary deformation to 
generate far-fi eld exhumation. Intraplate exhu-
mation episodes demonstrating clear synchronic-
ity with plate-boundary deformation events have 
also been identifi ed from fi ssion-track studies of 
the Falkland Islands (Thomson et al., 2002), the 
Appalachian Basin (Miller and Duddy, 1989), 
and northern Alaska (O’Sullivan et al., 1995).

These events are not necessarily restricted 
to continental platforms, denuded former oro-
gens, or zones of extended continental crust, but 
they can also lead to kilometer-scale exhuma-
tion of long-lived shields that form the appar-
ently stable cores of continental interiors. One 
such example is from the Western Australian 
Shield. Apatite fi ssion-track data from Archean 
basement samples (>2.5 Ga) collected from the 
northern Yilgarn craton yield ages between 200 
and 280 Ma, and thermal history modeling of 
these data reveals evidence for ~3 km of exhu-
mation across the Permian-Cretaceous interval 
(Weber et al., 2005). The origin of this exhu-
mation is attributed to plate-boundary deforma-
tion related to either Gondwanan breakup or 
the Alice Springs orogeny (Weber et al., 2005). 
The probable destination for the products of this 
erosion was the Perth Basin, SW of the Yilgarn 
craton, which contains up to 15 km of Permian–
Lower Cretaceous clastic sediment. However, 
U-Pb dating of detrital zircons from the Perth 
Basin fi ll reveals few or no grains of Archean 
age (Cawood and Nemchin, 2000), raising the 
possibility that the eroded material comprised an 
early Paleozoic sedimentary cover, thus requir-
ing the supposedly stable Yilgarn craton to also 
have experienced kilometer-scale burial prior to 
its exhumation (Green et al., 2006). Other cra-
tonic regions where fi ssion-track data indicate 
kilometer-scale exhumation during Phanerozoic 
time include the Fennoscandian (Green and 
Duddy, 2006) and southern Canadian Shields 
(Lorencak et al., 2004).

Plate-Boundary Forces, Intraplate Stress, 
and Regional Exhumation

The suggestion that the repeated regional 
intraplate exhumation of the British Isles 
throughout the Cretaceous-Cenozoic was con-
trolled by plate-boundary deformation is consis-
tent with observations of present-day stress 
orientations from continental interiors, which 
generally show a fi rst-order control by plate-

boundary forces (Zoback, 1992; Gölke and 
Coblentz, 1996; Hillis and Reynolds, 2000). 
The projection of compressional stresses over 
distances >1000 km from oceanic ridges or 
conti nental collision zones into the interiors 
of continental plates can account for a broad 
spectrum of shortening-related intraplate 
deformation styles, which vary in scale from 
upper-crustal folding and fault reactivation 
to whole lithosphere buckling (Ziegler et al., 
1995; Bosworth  et al., 1999). We suggest that 
the early and late Cenozoic exhumation epi-
sodes identifi ed in the East Irish Sea Basin and 
adjacent regions in this study were most likely 
caused by the transmission of compressional 
stresses into intraplate NW Europe from the 
Mid-Atlantic Ridge and the Alpine orogen. A 
modern-day analog for these exhumation epi-
sodes may be the West Siberian Basin, which 
is experiencing active long-wavelength surface 
uplift, attributed by Allen and Davies (2007) 
to low degrees of crustal thickening accom-
modated by discrete folds and faulting at depth, 
displacements on which die out upward to pro-
duce smooth regional surface tilting. The uplift 
of the West Siberian Basin is interpreted to be a 
far-fi eld effect of India-Eurasia collision, some 
~1500 km north of the limit of major seis micity 
and mountain building and ~3500 km north of 
the original collision zone (Allen and Davies, 
2007). The Flinders and Mt. Lofty Ranges 
of Southern Australia represent another zone of 
active intraplate deformation and uplift due to 
crustal thickening that is caused by distant plate-
boundary deformation, in this case, arising from 
the collisional plate boundary at New Zealand 
~2000 km away (Sandiford, 2003). Hillis et al. 
(2008b) showed clear consistency between 
plate-boundary–sourced stress orientations and 
the orientation of paleostresses inferred from 
Neogene–Holocene structures along the south-
ern margin of the Australian continent. Qua-
ternary slip rates of reverse-sense faults in the 
Flinders and Mt. Lofty Ranges are of the order 
of 20–150 m Ma–1 (Sandiford, 2003). Cumula-
tive movements of this amount over time scales 
of ~107 a–1 would be suffi cient to reproduce the 
scale of the exhumation episodes we document 
from NW Europe.

The regional unconformities present along 
the Atlantic margin, which we suggest here are 
linked to the Cenozoic cooling and exhuma-
tion episodes observed across the British Isles, 
have also been associated with plate-boundary 
deformation events, but in a different way, by 
the workers that documented them (Praeg et al., 
2005; Stoker et al., 2005a). Rather than attribut-
ing them to crustal thickening caused by plate-
boundary stress-fi eld projection, Stoker et al. 
(2005a) and Praeg et al. (2005) suggested that 

the plate reorganizations in the North Atlantic 
oceanic ridge system that accompanied forma-
tion of these unconformities induced edge-
driven convective fl ow in the upper mantle 
(cf. King and Anderson, 1998), which caused 
dynamic tilting along the Atlantic margin. Such 
convective fl ow is predicted to occur where 
signifi cant variations in lithospheric thickness 
(e.g., along rifted continental margins; Japsen 
et al., 2006) impose lateral temperature varia-
tions near the top of the mantle, which give rise 
to convective fl ow cells with diameters up to 
1000 km in the upper mantle. These can, in turn, 
induce dynamic surface defl ections (uplift and 
subsidence) caused by varying vertical stresses 
above areas of upwelling and downwelling 
in the upper mantle (King and Anderson, 
1998). Stoker et al. (2005a) and Praeg et al. 
(2005) proposed that primary asthenospheric 
upwelling beneath the recently initiated North 
Atlantic oceanic ridge during the early Ceno-
zoic induced secondary convection beneath the 
adjacent continental margin, causing dynamic 
tilting and consequent uplift as recorded by the 
Atlantic margin Base Paleogene unconformity 
and the early Cenozoic (65–55 Ma) cooling epi-
sode across the British Isles. Subsequent Ceno-
zoic plate reorganizations may have altered 
patterns of convective fl ow, either renewing or 
reducing dynamic support (Praeg et al., 2005; 
Stoker et al., 2005a). The model proposed 
by Stoker et al. (2005a) and Praeg et al. (2005) 
thus provides a direct link among plate-
boundary  deformation, convective fl ow in the 
upper mantle, and regional intraplate uplift and 
unconformity formation. Alternatively, dynamic 
uplift independent of plate-boundary deforma-
tion has been proposed to explain the late Ceno-
zoic regional uplift of Southern Australia via 
the passage of the Australian continent over a 
regional geoid anomaly (Sandiford, 2007), and 
the anomalously high topography of the south-
ern African plateau due to an upwelling mantle 
plume (Lithgow-Bertelloni and Silver, 1998).

Signifi cance of Low-Angle Unconformities

A recent seismic-stratigraphic analysis of the 
Mesozoic-Cenozoic stratigraphy of the Arabian 
Platform (from NW Saudi Arabia and southern 
Iraq to Oman and northern Yemen) by George 
et al. (2005) has revealed a strikingly similar 
cycle of repeated exhumation-burial episodes, 
where fi ve major unconformities alone during 
the Jurassic-Cretaceous interval each record 
>300 m exhumation over an area >50,000 km2. 
These unconformities are typically low-angle 
(mostly <1°, rarely >5°) (George et al., 2005), 
similar to those recording the widespread tilt-
ing and uplift along the Atlantic margin (Praeg 
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et al., 2005; Stoker et al., 2005a) and the 
 kilometer-scale exhumation of the British Isles. 
Analogous low-angle regional unconformities 
have been documented from the continental 
interiors of North Africa (Boote et al., 1998) and 
the Russian Platform (Mitrovica et al., 1996). 
The absence of pronounced high-angle uncon-
formities across these regions has led to an erro-
neous perception of their long-term (>100 Ma) 
tectonic stability, and such unconformities have 
hitherto frequently been interpreted in terms of 
nondeposition. A key implication of this study 
is the recognition that such low-angle (e.g., <5°) 
unconformities may record kilometer-scale 
exhumation events. Only through the combined 
application of seismic or fi eld-based mapping 
and thermochronological tools or other paleo-
burial proxies (e.g., sedimentary rock compac-
tion data) can the true scale of this exhumation 
be appreciated.

CONCLUSIONS

(1) A regional synthesis of apatite fi ssion-
track analysis (AFTA) data from the British 
Isles, focusing on the Irish Sea basins where the 
greatest density of data is available, shows that 
an area encompassing ~106 km2 experienced 
multiple periods of kilometer-scale exhumation 
during Cretaceous-Cenozoic times.

(2) Major cooling and exhumation episodes 
are identifi ed beginning during the early Cre-
taceous (120–115 Ma), early Cenozoic (65–
55 Ma), mid-Cenozoic (40–25 Ma), and late 
Cenozoic (20–15 Ma). The Cenozoic exhuma-
tion events correlate with the timing of major 
tectonic unconformities preserved within the 
Cenozoic sedimentary succession of the adja-
cent Atlantic margin, but across the British Isles, 
the exhumation is much more pronounced, such 
that the corresponding sedimentary record has 
been almost completely removed.

(3) The timing of each of the exhumation epi-
sodes identifi ed in this study correlates strongly 
with major deformation events at the most prox-
imal plate boundaries (i.e., the Alpine collisional 
belt and the North Atlantic rift/ridge system). 
Despite the considerable (up to 1500 km) dis-
tances between the British Isles and these plate 
boundaries, the timing, distribution, and styles 
of these exhumation episodes can be explained 
in terms of mechanisms with a consistent plate-
boundary origin, such as mantle convection–
induced dynamic topography or litho spheric 
shortening due to transmission of compressional 
stresses.

(4) Repeated cycles of kilometer-scale intra-
plate exhumation coeval with plate-boundary 
deformation at distances >1000 km are also 
revealed by thermochronologic and tec-

tonostratigraphic studies across the globe. 
Particularly good examples are provided by 
 fi ssion-track data from SE Brazil, southern 
Africa, and SE Australia. In accordance with 
observations from the British Isles, many of 
these areas also reveal evidence for repeated 
cycles of burial and exhumation.

(5) Kilometer-scale intraplate exhumation 
driven by plate-boundary deformation is not 
restricted to platform areas or zones of extended 
continental crust, but it can also be demonstrated 
for long-lived, supposedly stable cratons, like 
those of Western Australia and Fennoscandia.

(6) These exhumation episodes are com-
monly recorded by low-angle (i.e., <5°) uncon-
formities. In the absence of the quantitative 
constraints on exhumation provided by tools 
like AFTA, many regional intraplate uncon-
form i ties have previously been interpreted in 
terms of nondeposition, leading to erroneous 
views of tectonic stability in regions that may 
actually have been subject to (possibly multiple 
episodes of) kilometer-scale exhumation.

Our observations lead us to suggest that 
plate-boundary deformation and associated 
forces and processes exert the primary control 
upon the regional exhumation of intraplate tec-
tonic settings.
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