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Conference of the Ussher Society held at Sidmouth,  
January 1985 
 

CHAIRMAN'S REPORT 

The 23rd Annual Meeting of the Society was held at the 
Victoria Hotel, Sidmouth from 8th - 10th January 1985. 
Notwithstanding ever increasing costs, numbers were 
well above average with more than 80 members 
attending. This was our first visit to Sidmouth and the 
occasion was celebrated by a civic reception at which 
members were welcomed by Councillor Captain George 
Cotterell, Chairman of the East Devon District Council. 
Two field excursions were arranged for 8th January; one 
to New Red Sandstone sections led by Dr. R.C. Scrivener 
and Dr. J.M. Thomas and the other to the Cretaceous of 
East Devon under the guidance of Professor M. Hart. 
There was an encouraging take up for both, but in the 
event a heavy snow fall seriously interfered with 
arrangements. Small but enthusiastic parties did however 
venture out, though the New Red Sandstone excursion 
was unfortunately abandoned following injury to Dr. 
Thomas during a rock fall. It was with relief that we saw 
him, cheerful as ever, around the conference hall for the 
rest of the meeting. 

A rich variety of papers of high quality was presented 
during the meeting. On the first day it was with much 
pleasure that we welcomed Professor R.S. Waters to give 
the 3rd Scott Simpson Lecture "Some thoughts on the 
palaeogeomorphology of south-west England". A 
founder member, it was Ron Waters more than anyone 
else who was responsible for the inclusion of 
"Geomorphology" within the designated objects of our 
Society. In recent years, this subject has been sadly 
neglected at our meetings, so it was encouraging to 
receive a number of geomorphological papers, stimulated 
by the presence of our guest speaker. I hope that 
increasing numbers of geomorphologists will feel 
encouraged to join us and to participate in our activities. 

Once more the Editor, efficient as ever, had copies of the 
Proceedings available for distribution at Conference, 
together with the Index for Vol. 5 which had kindly been 
prepared by Mr. G. Ward. As we move into Volume 6, it 
is clear that the journal has evolved into a publication of 
which we can be justly proud. It is appropriate that we 
should get first sight of so much of the new work 
currently being undertaken in the region. 

But publication is a costly business; so much so, that it 
has become necessary to make the Conference totally self 
supporting (You will have noted the increase in 
Conference fee!). Now virtually all of our annual 
subscriptions are available for, and unfortunately largely 
consumed by, printing costs. Despite the fact that these 

costs have been increasing at rates well ahead of 
inflation, the Treasurer has been able to maintain 
subscription rates unchanged for the past four years. He 
is to be congratulated, but an increase is now inevitable. 
At the AGM members considered the problem 
sympathetically and a spontaneous proposal from the 
floor, granting the Committee permission to increase the 
ordinary annual subscription to a sum not exceeding 
£10.00 was passed without dissent. Such generous 
expression of confidence in the management of the 
Society is much appreciated and will not be abused. 

I believe that this gesture reflects the personal 
involvement which many members feel in the Society. 
This, and the harmony of our meetings must surely 
reflect the strenuous efforts made to maintain the 
informality and non-hierarchical character of the Society. 
To this end, various minor modifications to the 
constitution were approved at the AGM, which will 
ensure a continuing injection of new blood into the 
Organising Committee. The revised constitution, which 
is reprinted following this report also includes the 
designation of a Chairman elect, who will serve as Vice 
Chairman for the year preceding his term of office. The 
run-in period, will enable the new Chairman to 
familiarise himself with Society business and so smooth 
the biennial change over. We welcome Dr. Colin 
Scrutton to this office. 

Your committee has followed up the proposal for the 
establishment of a trust to fund the expenses of those 
young members anxious to present papers, but who are 
prevented from doing so by financial circumstances. 
Legal advice indicates that there is no financial advantage 
in such a procedure and that the constitution already 
allows such disbursements to be made from general 
funds. The committee is therefore now prepared to 
consider, in confidence, such applications; these should 
be sent to the Secretary to arrive before the end of 
September. I should emphasise however, that the sums 
available for such support are limited, and that the 
committee will be looking for contributions of 
distinction. Submission of a draft manuscript would 
greatly help the committee in arriving at a decision. 

During the year we received a request from members 
serving on the Soil Survey of England and Wales to 
lobby Ministers concerning the threat to the future of this 
vital service posed by massive cuts in government 
funding. The committee were glad to oblige and I am 
pleased to report that matters appear to be less gloomy 
than had been predicted. 

This episode was a harbinger of rumour and counter 
rumour concerning the funding and future of BGS, 
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culminating in the publication of the NERC Corporate 
Plan. It appears that NERC paymasters no longer 
consider the production of geological maps "A-grade" 
science. Such philosophy assumes that geological survey 
is routine, and an end in itself. I am old fashioned enough 
to believe that is it highly skilled; a necessary preliminary 
to the indentification of genuine geological problems and 
an essential constraint on wild "black-box" modelling. At 
this time nothing is resolved but it is evident that a major 
reorganisation is afoot that is likely to have wide ranging 
consequences; these could well affect the character of 
this Society. We all share the concern of colleagues in 
BGS and hope for an enlightened outcome. 

E.B. Selwood. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The Ussher Society 
Objects 
To promote research into the geology and geomorphology of 
south-west England and related areas; to hold Annual Conferences 
at various places in south- west England where those engaged in 
this research can meet both formally to hear original contributions 
and progress reports and informally to effect personal contacts; to 
publish proceedings of such Conferences or any other work which 
the officers of the Society may deem suitable. 

Constitution 
Membership. A person shall become a member on written 
application to the Secretary and payment of the annual 
subscription. 

Subscription. The annual subscription shall be set from time to 
time by the Annual Business Meeting, and shall be due on 1st 
January each year. 

Conference Fee. All those who attend a Conference shall pay a fee 
at the time of registering, the amount of which shall be determined 
from year to year by the Organising Committee. 

Annual Business Meeting. A business meeting shall be held s 
during each Annual Conference and shall elect the Organising 
Committee and two auditors for the next f Conference. 1 

The Organising Committee shall consist of a Chairman 5 who shall 
hold office for not more than two consecutive years and shall not 
be eligible for re-election to the office for a further two years; a 
Vice-Chairman who in alternate years shall be the retiring 
Chairman and the Chairman-elect; a Secretary, a Treasurer and an 
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shall have powers to co-opt. 
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empowered to invite a distinguished scientist to attend the Annual 
Conference and to deliver the annual Scott Simpson Lecture on a 
topic of interest to the Society. 

Amendment of this Constitution may be effected by simple 
majority vote at the Annual Business Meeting. 
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Read at the Annual Conference of the Ussher Society, January 1985 

Olistostromic breccias at the Mylor/Gramscatho 
boundary, south Cornwall. 
B.E. LEVERIDGE 
M.T. HOLDER 
 

Leveridge, B.E. and Holder, M.T. 1985. Olistostromic breccias at the Mylor/Gramscatho 
boundary, south Cornwall. Proceedings of the Ussher Society 6. 147-154. 

The nature of the boundary zone between the Mylor Slate Formation and Gramscatho Group 
in Mounts Bay, south Cornwall, is described. Formerly considered to be a transitional 
sequence, it is reinterpreted as an 01istostrome at the top of the Mylor Slates. The Gramscatho 
Group is the principal source of clasts and olistoliths, the relative age relationship thereby 
suggested being in agreement with palaeontological determinations in the area. These indicate 
a Middle Devonian age for the Gramscatho Group, and an Upper Devonian age for the Mylor 
Slates. The Gramscatho Group is part of the deep-water flysch-facies sequence of the Carrick 
Nappe, a component of the Lizard obduction thrust stack. The breccias are interpreted as the 
product of the late Devonian emergence and migration of the Carrick Nappe across the Mylor 
sediment surface and signify the closure of a southerly ocean basin. 
B.E. Leveridge and M.T. Holder, British Geological Survey, 30 Pennsylvania Road, Exeter 
EX4 6BX 

 
Introduction 
 
The relationship of the major lithofacies divisions of 
south Cornwall, the Mylor Slates at the core of the Truro 
antiform (see Dearman, 1969; Hendriks, 1971) and the 
flanking Gramscatho Beds (Fig. 1) has long been 
problematical. The Mylor 'series' was placed at the base 
of the regional succession following the first detailed 
survey of the area (Hill and MacAlister, 1906; Flett and 
Hill, 1912). Hendriks (1937) accepted that view when 
she assigned the surrounding Falmouth 'series' and 
Portscatho 'series', previously placed in the Lower 
Palaeozoic, and the Grampound 'series', earlier regarded 
as the earliest Devonian in the region, to a new 
Gramscatho Beds division of probable mid Devonian 
age. Subsequently, believing the succession on the south 
side of the peninsula to be inverted beneath a major thrust 
nappe, Hendriks (1971) proposed that the Mylor Slates 
were of late Devonian age, rather than early Devonian as 
had previously been supposed, and lay above the 
Gramscatho Beds. This order of succession had been 
suggested earlier by Stone (1966) and Lacey (1958). 
Lacey (op. cit.) tentatively proposed correlation of the 
volcanic rocks within the Mylor Slates with Upper 
Devonian volcanism (early Frasnian, Gauss and House, 
1972) at Pentire, and Stone (1966) argued, on younging 
evidence in the transition zone between the two divisions 
in Mounts Bay (Fig. 1), that the Mylor Slates were 
stratigraphically above the Gramscatho Beds. Wilson and 
Taylor (1976) reviewed the relationship of the two 
divisions, following confirmation by Sadler (1973) of a 
Middle Devonian (mid to late Eifelian) age for Hendrik's 
(1937) Middle Gramscatho Beds, and indicated that there 
was a conformable passage between them in the Mounts 

 
Bay section; Gramscatho Beds overlying Mylor Slates in 
a southeasterly direction. Despite the retrieval of 
Famennian acritarchs from the Mylor Slates by Turner et 
al. (1979), Rattey (1980) and Rattey and Sanderson 
(1982) have continued to place the Mylor Slates 
stratigraphically below the Gramscatho Beds arguing 

Figure 1. Geological sketch map of south Cornwall. 
Ms = Mylor Slate Formation 
Mbr = Mylor Breccias 
RM = Roseland and Meneage Breccia Formation 
Gr = Gramscatho Group undivided 
Mgr = Middle Gramscatho Formation 
Mg = Meadfoot Group 
Db = Dartmouth Beds 
Dp = Dodman Phyllites 
Lz = Lizard Complex 
LT = Lizard Thrust 
DT = Dodman Thrust 
CT  Carrick Thrust 
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(Rattey and Sanderson, 1984) that the palaeontological 
evidence of the ages of the two divisions is incompatible 
with the structural evidence of dip and younging in 
Mounts Bay. 
Remapping in the district by the Geological Survey has 
led Leveridge et al. (1984) to revise the relationship of 
the major lithostratigraphical divisions in the area. They 
have proposed that the southern boundary between the 
Mylor Slate Formation and the Gramscatho Group is the 
course of a major thrust, the Carrick Thrust. 
 
The Mylor Slate Formation/Gramscatho Group 
boundary in Mounts Bay 
The boundary zone between the Mylor Slate Formation 
and the Gramscatho Group SE of Porthleven is a 
complex sequence dipping gently to moderately SE 
(Figs. 2 and 3). Sedimentary structures indicate that the 
sequence is generally the right way up. Five distinct 
lithologies and associations are recognised in the section. 
1. Mylor Slates lithofacies. The Mylor Slates comprises 
pale grey-green or dark grey mudstone with interbedded 
fine laminae and bands of silt and fine grained sandstone 
characterised by parallel lamination, minor cross-
lamination, load casting and normal grading. In places 
siltstone beds, up to 0.5m thick, with disturbed internal 
lamination and dark mudstone flakes represent slumped 
layers. 
2. Gramscatho lithofacies. Gramscatho Group rocks of 
the area are alternating flags of buff to greenish grey 
sandstone and dark grey mudstone (slate). The 
sandstones are medium- to fine-grained lithic 
greywackes, up to lm thick. Distribution grading of the 
sandstones and the presence of complete and partial 
Bouma sequences (Bouma, 1962) indicate a turbidite 
origin. 

3. Coarse sandstone. This occurs in association with the 
Mylor lithofacies and breccias. Interbedded with the 
Mylor facies they form beds up to 3m thick that are 
poorly graded and have locally erosive bases. They are 
lithic subgreywackes being composed essentially of lithic 
and teldspar grains, with quartz as a minor constituents 
and minimal matrix. Lenses of similar sandstone are 
present within the matrix-supported breccias. 

4. Matrix-supported breccias. They are composed of a 
dark grey silty mudstone (slate) matrix and sub-angular 
to sub-rounded clasts of buff and grey-green greywacke 
sandstone, pale grey and buff siltstone and rare grey 
quartzite and pale green volcanics. The clasts vary 
considerably in size and display a lack of sorting. 
Sandstone clasts are up to 2m across, quartzite clasts are 
commonly 0. lm to 0.3m in diameter and siltstone clasts 
rarely exceed 0.04m. Clasts have a strong dimensional 
orientation with long axes parallel to early cleavage (S 
1).Cleavage tends to penetrate blunt ended sandstone and 

siltstone clasts or show only minimal deviation around 
clast margins, but the more competent quartzite clasts are 
completely enclosed by the cleavage. 
5. Framework breccias There are of two main types, 
polymict breccias and monomict breccias. The polymict 
breccias are of very restricted occurrence consisting of 
sub-angular to sub-rounded clasts of grey-green 
sandstone, buff and pale grey siltstone and dark grey slate 
with a grey-green slate matrix. The clasts are discoid in 
shape, vary from 0.01m to 0.06m in diameter, with 
minimum dimensions perpendicular to the S 1 cleavage 
which penetrates clasts without deviation. There are two 
types of monomict breccia, one comprising tightly 
packed angular blocks of buff sandstone, the other 
laminated mudstone and siltstone. The clasts show no 
apparent preferred orientation and S I cleavage is not 
prominent in the exposures. However, these breccias are 
intensely altered being in the mineralised ground 
surrounding Wheal Rose and much structural detail is 
obscured. 

Four phases of deformation are recognised in the section 
between Loe Bar and Eastern Tye (Figs. 2 and 3). The 
first phase of deformation predominates. F 1 folding has 
produced tight to isoclinal asymmetric folds, with axes 
trending between ENE and SE and facing from NNW to 
NE. S I cleavage is a penetrative fabric axial planar to 
these folds, but is generally parallel to bedding and 
lamination with a gentle to moderate SE dip through the 
section. Later phases are represented locally by small-
scale buckle folds and associated cleavage. D4 structures, 
fiat-lying crenulation cleavage and folds cascading SE, 
are more prominent northeastwards. These structures 
were related by Turner (1968)and Rattey (1979) to 
batholith intrusion. In addition the section is cut by 
numerous normal faults. Although the displacement on 
some of these faults cannot be determined, many appear 
to have displacements of a few metres only. 
The Mylor Slates lithofacies is predominant NW of Loe 
Bar (Fig. 2) and the Gramscatho Group, comprising 
regularly bedded turbidites, extends at least 4km to the 
SE of the Bar. This continuous section of Gramscatho 
lithologies is terminated 80m NNW of Bar Lodge (SW 
6401 2434) where they are downfaulted against matrix-
supported breccias that extend 160m along section. 
Interbedded with the breccias are lenses of coarse 
sandstone which may include sandstone and siltstone 
clasts, and beds of Mylor facies dark grey slate with 
laminae of siltstone and fine-grained sandstone showing 
delicate sedimentary structures. Clasts within the matrix 
breccias show flattening in the cleavage, HoWever, a 
preferred orientation within the cleavage plane, 
comparable with the NNW-SSE extension lineation 
described in the Gramscatho Group (e.g. Barnes et al., 
1979) and related to sheath folding (Leveridge et al., 
1984) is not apparent. Sandstone clasts increase in size 
and proportion towards the base (SW 63912445) of these 
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breccias which is apparently gradational to a sequence 
consisting of blocks, up to several metres in length, of 
Gramscatho lithofacies with a high degree of 
misalignment of bedding between the blocks. Grey-green 
Mylor lithofacies rocks are present as matrix between 
some of the blocks, as interbedded layers within this 
breccia and they also appear to constitute a few discrete 
blocks. This block breccia has a faulted lower contact 
with undisturbed Mylor lithofacies at SW 6388 2451 
(Fig. 2,a). Between there and Vellin Gluz rocks (SW 
6370 2469) sharp bedding contacts are observed between 
coarse sandstones, Gramscatho Group lithofacies and the 
predominant Mylor lithofacies in a series of fault blocks. 
At SW 6380 2461 (Fig. 2, b) and SW 6374 2466 (Fig. 2, 
c) sections of sandstone and slates, some 25m long, are 
exposed and display metre-scale tight F 1 folds. Grading 
of the sandstones in both exposures indicates a southward 
younging of the beds and NNE facing of the folds. 
Matrix-supported breccias crop out at SW 6378 2461 
(Fig. 2, d) overlying coarse sandstones. Framework 
breccias, both of sandstone and of laminated slate, are 
present in that part of the section (Fig. 2, e). Laminated 
Slate breccia is interbedded with massive beds of coarse 
sandstone at SW 6384 2457 (Fig. 2, f) and at SW 6382 
2459 (Fig. 2, g) thick flags of coarse sandstone with 
erosive bases are interbedded with Mylor lithofacies 
rocks. 
At Vellin Gluz Rocks (Fig. 3) the Gramscatho lithofacies 
forms three isolated masses within the laminated slates. 
The largest of these masses is 3m thick and 30m long and 
is elongate parallel to bedding. The boundaries transect 
bedding in an irregular manner and in one instance cut 
across an F 1 fold. Immediately to the NW of these 
masses (SW 6367 2474) Gramscatho Group lithofacies 
with strong F 1 folding is exposed for over 100m along 
section. In contrast to F 1 folds in the Mylor Slates 
lithofacies, these folds are close to tight and have axes 
trending ENE and face NNW. S1 cleavage in the 
alternating sandstones and slates is parallel to that in the 
laminated siltstones and slates. At the southern boundary 
of this Gramscatho sequence (Fig. 2, h) the Mylor 
lithofacies appears to be in sharp sedimentary contact 
with the sandstones. A series of normal faults cut the 
section of Gramscatho rocks but bedding involved in the 
NW verging asymmetric style of F1 folding can be 
followed through the entire mass. It indicates that beds 
stratigraphically higher in the sequefice than those 
represented at the southern contact of the mass are 
present in the NW part of the sandstone sequence. 
Furthermore, the contact must cut upwards across the 
bedding to the NW. The cross-cutting nature of the 
boundary with the laminated slates is shown by the NW 
margin of the Gramscatho lithofacies (SW 6361 2480) 
which is highly irregular and transects F 1 folds in the 
sandstones. At the junction, the Mylor lithofacies rocks 
are locally brecciated, and siltstone clasts are orientated 
with longer dimensions parallel to S 1 which crosses the 

junction obliquely. Elsewhere, siltstone laminae and S1 
in the Mylor Slates deviate to become sub-parallel with 
the contact. There is no evidence of dislocation at the 
boundaries of the Gramscatho facies rocks. 
Grey-green laminated slates with sporadic silt beds and 
thin lensoid contemporaneous coarse sandstone bands of 
the Mylor Slate Formation lie between the end of this 
large turbidite mass (SW 6361 2480) and Eastern Tye. 
The rocks at Eastern Tye form the lowest exposures of 
matrix-supported breccias and isolated masses of 
turbidite sandstones in the section. 
The abundant evidence of cross-cutting, irregular 
contacts between the Gramscatho facies and the 
surrounding Mylor facies rocks throughout the section, 
particularly at the NW contact of the Gramscatho 
sequence between Vellin Gluz and Caca-stull Zawn (Fig. 
3), and the lack of boundary dislocations, indicate that 
the Gramscatho rocks do not constitute disrupted 
infolded sequences within the Mylor Slates. The isolated 
nature of some of these masses and the presence of 
irregular blocks of Gramscatho type higher in the 
sequence (SW 6391 2447) indicate that these masses are 
sedimentary clasts within the slates. The interbedding of 
laminated slates and lenses of coarse sandstone within 
the matrix-supported breccias, cleavage penetration from 
matrix to sandstone clasts and the lack of quartz strain-
shadows or grain trails from clasts, confirm that the 
matrix-supported breccias are also of sedimentary origin. 
The juxtaposition of these rock types and coarse 
contemporaneous sandstones within the laminated slates 
indicates that they are sedimentary incursions into an 
otherwise quiet-water, laminated-mudstone depositional 
environment. 

Interpretation 
The evidence presented above indicates that, in Mounts 
Bay, the transition between the Mylor Slates and the 
Gramscatho Group is not simply gradational, with 
interbedding of the two major lithofacies. Between 
Eastern Tye and the onset of the continuous sequence of 
Gramscatho Group turbidites at Bar Lodge there is a 
comlex sedimentary sequence within which the 
laminated mudstone, siltstone and fine sandstone of the 
Mylor Slates persist at intervals as the background 
sedimentation. Way-up criteria in these deposits indicate 
that both dip and younging are to the SE. Other 
lithologies are interpreted as the products of a range of 
processes of downslope movement under gravity that 
includes turbidity currents, slumps and slides (see 
Crowell, 1957). 
Distinct beds of coarse sandstone within the Mylor Slates 
are interpreted as grain flows (Stauffer, 1967), the 
matrix-supported breccias are typical of mass-flow 
deposits (see Middleton and Hampton, 1976) and the 
associated coarse sandstone lenses may represent less 
turbid slurries. Framework breccias composed of angular 
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fragments of laminated slate and siltstone record 
penecontem-poraneous disruption and incorporation of 
semi-consolidated intrabasinal deposits, a process 
probably induced by turbulence associated with the 
introduction by sliding of the extrabasinal blocks of 
Gramscatho Group sandstone and slate. The intermittent 
supply of breccia clasts throughout the several hundred 
metres of the transition deposits requires an active 
tectonic scarp at source (e.g. Migliorini, 1952; Cowan 
and Page, 1975). Block breccias in this environment 
probably represent the collapse of near-source talus, and 
the larger isolated blocks the catastrophic collapse of the 
scarp itself. 

 
The boundary zone is thus re-interpreted as a major 
sedimentary breccia sequence, or olistostrome, at the top 
of the Mylor Slates with the coarse extrabasinal detritus 
derived from the Gramscatho Group. The implied age 
relationship, confirmed by the presence of pre-
incorporation F 1 folding in the large Gramscatho Group 
clasts, is in agreement with the available palaeontological 
data (see introduction). Similar olistostromic deposits can 
be   mapped   as   discontinuous  masses  at  the top of the 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Mylor Slates as far east as Restronguet Point (SW 8195 
3745). 

 
 

Discussion 
Leveridge et al. (1984) have proposed that the southern 
boundary between the Mylor Slates and the Gramscatho 
Group is formed by the Carrick Thrust. Day (in press), 
however, indicates that later back-slip has taken place 
along thrusts in south Cornwall to form Permo-Triassic 
basins. Such back-slip motion in the Mounts Bay section 
could have produced the south-dipping normal fault that 
downfanlts the Carrick Thrust and forms the boundary 
between the Mylor Slates and the Gramscatho Group. 
Two distinct lithostratigraphic successions in S.  
Cornwall (Fig 4; Holder and Leveridge, in press) are 
juxtaposed along the Carrick Thrust. The Mylor Slates 
are the uppermost division of a parautochthonous 
sequence, spanning the Devonian, that represents 
deposition in a deepening continental margin 
environment. Lying to the south of the parautochthon,  
the   Carrick   Nappe  is  composed  of  an  allochthonous 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4. Lithostratigraphic sequences in South Cornwall (see Holder and Leveridge, in press) 
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Figure 5. Cartoon of the South Cornish thrust slack in the 
Upper Devonian showing the relationship of the MYlor 
Slates olistostrome to the Carrick flysch nappe. 
Ms = Mylor Slate Formation 
Mbr = Mylor Breccias 
RM = Roseland and Meneage Breccia Formation, 
Gr = Gramscatho Group undivided 
Mgr = Middle Gramscatho Formation 
Mg = Meadfoot Group 
Db = Dartmouth Beds 
N = Normannian Nappe 
NT   = Normannian Thrust 
Lz = Lizard Nappe 
LT = Lizard Boundary Thrust 
Dp = Dodman Nappe 
DT = Dodman Thrust 
Ck = Carrick Nappe 
CT = Carrick Thrust  

 
 
 
 
 
 

 
flysch facies sequence, formed in an oceanic 
environment, that also spans much of the Devonian and 
records a northward progradation related to the migration 
of an overriding continental nappe source. Olistostromes 
of the Middle to Upper Devonian Roseland and Meneage 
Breccia Formation at the top of this sequence have been 
interpreted as downslope slump deposits formed in front 
of a nappe advancing across the sediment surface of the 
Gramscatho flysch (Holder and Leveridge, in press). 
 
Metamorphism in the Carrick Nappe is related to D1 
structures that record NNW overthrusting (Leveridge et 
al., 1984) and radiometric ages are set at about 350Ma 
(Dodson and Rex, 1971), comparable to the probable late 
Devonian age of the breccias at the top of the Mylor 
Slates. The position of these breccias below the Carrick 
Thrust, reflecting that of the Roseland and Meneage 
Breccias below the Lizard/Dodman Thrust (Leveridge et 
al., 1984), strongly suggests that they were produced by 
erosion from the front of the Carrick Nappe as it 
advanced across the sediment surface of the Mylor Slates 
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The overthrusting of deep-water Gramscatho flysch 
onto the continental margin deposits of the 
parautochthon, recorded by the breccias at the top of 
the Mylor Slates, thus represents the late Devonian 
closure of an oceanic basin that lay to the south of the 
Cornish peninsula (Fig, 5) 
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Slaty cleavage dips southwards at a steep angle throughout much of the area and is associated 
with north- to upward-facing D 1 folds. These structures are folded around large second folds 
within a km-thick zone in which the D2 crenulation cleavage is dominant. The latter dips gently 
south and the associated structures have near horizontal axes. Pressure solution was an 
important mechanism during the development of both cleavages and stages in the process are 
recorded by deformed calcareous fossils and growth of quartz fibres. 

Geoff Tanner, Department of Geology, University of Glasgow, Glasgow Gl2 8QQ 
 

  

Introduction  
 
This paper provides a detailed description of the structure 
of a little-known, inland area of mainly Middle Devonian 
rocks some 20 km WNW of Plymouth (Fig. 1). The 
coastal sections to the south have been well studied 
(Fyson 1962, Hobson 1976a, b, Chapman 1984) but there 
is no modern published account of the geology of the 
region between the coast and the Bodmin Moor and 
Dartmoor granites. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The earliest structural observations were made by Giles 
(1849, 1850) and Holl (1868). Together with Ussher 
(1907), these workers reported cleavages of differing 
attitude and clearly recognized that the structure of the 
area is complex, and probably involves E-W trending 
major folds. Howells (1958), working north of Liskeard, 
largely followed Ussher's interpretation of the minor 
structures. Burton (1974) proposed a tentative three-fold 
structural   sequence   for   the   Liskeard   area   and,   in 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Regional geological setting and location of the Liskeard area in East Cornwall. The inset map shows the Liskeard area (solid 
black). B, Bodmin; N, Newton Abbot; P, Plymouth; PD, Padstow; SP, Start Point; T, Torquay; TB, Tor Bay; and TV, Teign Valley. 
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Figure 2. Geology of the Liskeard area, marginal ticks are National Grid co-ordinates. AB, CD are the lines of cross-sections shown 
in Fig. 5. All of the lithological contacts and faults shown as solid lines are approximate boundaries only. 

 

Figure 3. Structural geometry of the Liskeard area. The inset map shows the structures along the line of the A.38 from the southeast 
I corner of the main map as far southeast as Trerule Foot (see Fig. 1) (Sub-area A, Fig. 4). The bold dotted line indicates the 
southern a limit of the D2 overprinting west of the Portwrinkle Fault; east of the fault it coincides with the Menheniot Fault. Major 
D I folds: CA Clicker Tor anticline; MS, Menheniot syncline; TA, Trevelmond anticline; and TS, Trethawle syncline. Faults: LF, 
Looe Valley fault MF, Menheniot fault; and PF, Portwrinkle fault, P, Purple and Green Slates; S, Staddon Grits. Location A on 
inset map is Penquite cutting 
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Table 1 Devonian stratigraphy of the Liskeard area (after 
Burton and Tanner, in press). 

 
agreement with earlier work, suggested that the main 
folds (D 1) are recumbent, northward verging structures: 
an interpretation incorporated into the regional structural 
synthesis of S.W. England by Hobson and Sanderson 
(1983). 
Stratigraphy 
Although highly deformed and locally showing up to 
three separate tectonic fabrics, the rocks of the Liskeard 
area preserve identifiable faunas, mainly trilobites and 
brachiopods, and a formal stratigraphic sequence has 
been proposed recently by Burton and Tanner (in press) 
(Table 1). Apart from the Staddon Grits, which crop out 
along the southern margin of the area and in three small 
patches to the NW, the rocks are largely grey and 
ochreous-weathering slates of Middle Devonian age; 
bedding strikes roughly E-W across the area, with a steep 
to vertical dip (Fig. 2), and the youngest rocks (Purple 
and Green Slates) are found in the east. The topographic 
surface is an incised peneplain (300-400 feet O.D.) which 
dips southward and neither the major structures nor the 
individual rock units (except the Clicker Tor picrite) 
show much topographic expression. 

Structure 
The Liskeard area is divided in two by the Portwrinkle 
Fault, a structure first recognized to the south-east by 
Ussher (1907). This fault brings together rocks of 
contrasting stratigraphic age (Fig. 1) and structure, and 
can be considered as a dextral wrench fault, possibly 
separating zones with a different thrust history.  
The structure of the area is presented in terms of 
representative observations on a map (Fig. 3); equal area 
projections of all the data and computed means of the 
orientation of the main structural elements (Fig. 4); and 
true-scale cross-sections (Fig. 5).  

Two main structural events are recognized, one giving 
rise to the main fabric or slaty cleavage (D 1), the other to 
a later penetrative crenulation cleavage (D2); both 
cleavages are locally overprinted by weaker sets of 
crenulation fabrics and kink folds. Slaty cleavage and 
major D 1 folds dominate the structure south of an E-W 
line drawn on Figure 3 and south of the Menheniot Fault. 
To the north of this line. major D 1 folds are folded 
around a large D2 structure, and the penetrative D2 
creulation fabric is dominant. Structural sub-areas on 
Figure 3 are bounded by the Portwrinkle Fault, the 
Menheniot Fault, and the E-W line referred to above. 
  

Sub-area A is arbitrarily separated from sub-area B to 
detect any N-S variation in the geometry of the D1 
structures and sub-area C is examined separately as the 
rocks are affected strongly by late folding which cannot 
be correlated with the D2 event. 
Bedding is generally difficult to recognize in the slates, 
especially where the rocks have been affected by the D2 
cleavage, but is occasionally seen as highly plicated, 
calcareous-weathering zones or as a faint colour banding. 
Caution is necessary as there are D 1 quartz-carbonate 
extension veins (i.e. at Moorswater and at Looe Mills 
quarry (grid ref. 23326475) which strike 350-355°anddip 
83-88° east) which, when crenulated by D2, closely 
resemble bedding planes. No way-up indicators were 
seen in the field or in the cut rock specimens. 
D1 deformation 
In the southern half of the area the D 1 slaty cleavage is 
relatively unaffected by later deformation (sub-areas A, 
B and F, Figs 3 and 4) and on the limbs of the major D1 
folds in sub-areas A and B the measured angle between 
bedding and cleavage varies from 12-32°. Associated 
minor folds are rare and generally have slightly 
curvilinear hinges. The cleavage occurs as a fine, spaced 
fabric in calcareous rocks and as a diffracted cleavage 
continuous with the slaty cleavage in sill-like basic 
intrusions, for example in Trebrown cutting (30156012) 
(Fig. 2). The margins of some of these sills are parallel to 
the trace of bedding in the adjacent baked slates or 
bleached-looking adinoles, and the sills have also been 
affected by internal brittle-ductile extension. 
A stretching lineation or longrain is not seen on the 
cleavage surface. Pyritised goniatites found at one 
locality in the Penquite cutting on the A 38 (Fig. 3, inset) 
record the importance of flattening strains (pure shear) 
during the development of the slaty cleavage and do not 
indicate any preferred direction of extension (Fig. 6). 
Also, deformed chlorite-filled amygdales in pillow lavas 
in Lean Wood (grid ref. 26536135) and east of Clicker 
Tor (grid ref. 29196129) (Fig. 2) only show a weak 
stretching lineation (X: Y= 2: 1) but strong flattening in 
the XY plane. The X direction has a mean plunge of 33° 
to 090° (6 observations) at Lean Wood; it appears to have 
a similar orientation near Clicker Tor (Fig. 4) but is less 
well developed. In neither case is the angle between the 
stretching direction and the local D 1 hinges known, due 
to an absence of D 1 intersection lineations, but the angle 
is probably less than 20°. The fossils reported from these 
rocks (cf. Burton and Tanner, in press) are of potential 
use in strain determination but this is made difficult by 
the absence of a stretching lineation on the cleavage and 
by the rare occurrence of groups of suitable fossils on a 
single slab. 
 
Bedding, cleavage intersection lineations are uncommon 
due to the poor development of compositional layering in 
most slates and tuffs. A fine striation lineation seen on the 
bedding planes is oblique to the D1 intersection lineation: 
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Figure 4. Lower hemisphere equal area projections of structural data from sub-areas A-F. Pecked lines enclose poles to D2 
cleavage. The small sub-area map (bottom left) shows computed means of certain structural data; the full details are as follows 
(all lineations are, intersection lineations; numbers of observations in brackets): A, D1 lineation 24'106 (15); D1 cleavage 
55'084 (37). B, D1 lineation 07'082 (8); D1 cleavage 71'083 (26). C, π-axis for slaty cleavage only 00'087 (14). D, D2 lineation 
01'082 (14); D2 cleavage 28`084 (23); π -axis for bedding and slaty cleavage 07'071 (25). E, D2 lineation 07'260 (26); D2 
cleavage 14 116 (48), a'-axis for bedding and slaty cleavage 03'080 (31). F, D1 cleavage 23'082 (24), D2 cleavage 23'084 (5), 
n'-axis bedding and slaty cleavage 05'081 (36). 
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Figure 5; True scale vertical cross-sections along lines AB, CD on Fig. 3. Legend as for Fig. 2. c, limestone; p & t, pillow lava 
and tuff; and s, slate. MSF, Milepost Slate Formation; PGS, Purple and Green Slates; RSF, Rosenun Slate Formation; SG, 
Staddon Grits; and TSF, Tempellow Slate Formation. Section AB is 6km long. 

 
it is folded by small D 1 hinge-parallel buckles and it is 
not a later, superimposed lineation. It occurs as a fibre 
lineation in very thin quartz sheets and could have 
developed either by layer-parallel slip in the early stages 
of the D 1 folding, or during thrusting or gravity sliding 
which possibly predated this event. 
 
Traced northwards across strike in sub-areas A and B, the 
slaty cleavage becomes more steeply dipping (Figs 3 and 
4). The same change is seen in sub-area F where the 
cleavage in the Staddon Grits dips at 35-50° south but 
becomes nearly vertical farther north around Lean Wood. 
In detail, the slaty cleavage also varies in strike from 
ENE to ESE in an apparently systematic manner in sub-
area A (inset, Fig. 3). D 1 intersection lineations also 
show a variation in attitude and locally plunge at up to 
42°. Two sets of weakly developed, later crenulation 
cleavages and associated lineations are seen in this sub-
area (Fig. 4) and the computed   -axis for 37 D 1 
cleavage planes, lies within 22° of the mean orientation 
of the later of the two sets of crenulation lineations. The 
change in orientation of the slaty cleavage could 
therefore be the result of the open folding of curvilinear 
D 1 folds about a late structure plunging at about 50° 
south. In sub-area C the slaty cleavage is affected by later 
deformation and dips at low to moderate angles to the 
north or north-east. Several sets of later crenulation 
cleavages have been identified but they do not appear to 
have a systematic relationship to any major structure. In 
sub-areas D and E both the bedding and slaty cleavage 
have moderate to steep dips, any angular difference 
between them being difficult to see, either in the field or 

in thin section, due to the intensity of the later 
deformation. 
 
East of the Portwrinkle Fault, several major DI folds 
have been recognized from bedding-cleavage relation-
ships seen in the new road cuttings on the A38     
between Trebrown and Trerule Foot (Fig. 3, inset). 
Farther north, outcrops of the Purple and Green Slates 
(Figs 2 and 5) are inferred to occupy synclinal D 1 fold 
cores; the syncline passing through Menheniot has been 
much affected by later folding. The wavelength and 
amplitude of these major D 1 structures is not known as 
there may be more folds in the unexposed ground 
between them. However, consistent bedding-cleavage 
relationships are seen for nearly a kilometre to the south 
of the postulated position of the Clicker Tor anticline, 
which causes repetition of the pillow lavas and 
volcaniclastic rocks. All of the major folds are inferred 
from the stratigraphy to be north- or upward-facing but 
no younging evidence has been found which could be 
used to test this interpretation. 
 
West of the Portwrinkle Fault, identification of small 
areas of Staddon Grits amongst younger rocks at 
Trevelmond and Lantoom (Burton and Tanner, in press) 
(Fig. 2), together with the steep attitudes of bedding and 
slaty cleavage, suggest the presence of large D 1 folds or 
thrust slices folded around the major D2 structure (Fig. 
6). Farther south a synclinal fold is inferred (from a pre-
D2 repetition of the stratigraphy) to be present in the 
thick volcaniclastic unit of Rosenun Formation. Evidence 
of D 1 vergence has been destroyed by the later 
deformation and more folds may be present and cause, 
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for example, repetition of the limestone outcrops (Fig. 3). 
Variable bedding-cleavage relationships in the southerly 
outcrop of the Staddon Grits suggest the presence of 
mesoscopic folds within this formation. 

D2 deformation 
Earlier workers have recognized that the main cleavage is 
flat-lying around Liskeard but farther south is steeply 
dipping (Holl 1868, Ussher 1907). This feature of the 
structure of the Liskeard area was clearly described by 
Giles (1851) who noted that around Trussel Bridge (Fig. 
3) the prevalent gently southward dipping cleavage 
becomes nearly vertical within a short distance to the 
south. The present work has shown that the gently 
dipping cleavage is a penetrative D2 ¢renulation fabric 
which is superimposed Upon the steep D1 slaty cleavage 
described earlier, and that the southern limit of the 
intense D2 deformation passes just south of Trussel 
Bridge (Fig. 3). 
In the northern part of the Liskeard area, on both sides of 
the Portwrinkle Fault, the D2 cleavage is the main place 
of splitting in all lithologies (except the minor intrusions) 
and,-because of the close pacing (~0.1 mm) of the 
crenulations and pressure solution seams making up the 
fabric, it resembles a slaty cleavage. In places it can be 
distinguished in the field from the earlier composite 
bedding - slaty cleavage fabric where the latter has a fine 
streaky or laminated appearance but in general, thin-
section examination is necessary to confirm the nature of 
the fabric. The D2 intersection lineation is strongly 
developed on both bedding and slaty cleavage, and minor 
D2 folds are fairly common. 

East of the Portwrinkle Fault, the D2 fabric occurs 
throughout sub-area D and reconnaissance mapping 
shows that it is also present well to the north of Liskeard. 
It dies out southwards just north of the Menheniot Fault 
(Fig. 3),  being  seen  in  thin   section  in  the  slates  of   
 

 
 
Figure 6. Massive pyrite which has replaced a group of goniatites 
and later undergone brittle extension in the plane of the D 1 slaty 
cleavage. Penquite cutting on the A. 38 (Location A, inset, Fig. 
3). The pyrite in the illustration is unornamented and the fibrous 
lineations are all of quartz. Eight pyritised goniatites ranging 
from 2-5 cm across occur elsewhere on the same slab and have 
been affected by the same process. The scale is one cm long. 

Roseland quarry, and is not developed in sub-area C. 
Bedding - cleavage relationships and minor D2 fold 
vergence are clearly seen in several quarries in this area, 
for example at Bodgara (grid ref. 27116421), and show 
that the rocks of sub-area D occupy the lower limb of a 
large D2 synform which closes to the south (Fig. 5), 
above the present ground surface. The D2 fabric has a 
constant east-west strike (Fig. 3) and dips south at nearly 
30° (Fig. 4). D2 lineations and the -axis for bedding plus 
slaty cleavage indicate a near horizontal axial direction 
for the structure. 
West of the Portwrinkle Fault, the D2 fabric is dominant 
throughout sub-area E and as far south as a line through 
Rosenun. Along the southern margin of the D2 zone, for 
example at Rosenun quarry (grid ref. 24776182), large 
open D2 folds with gently dipping axial planes and 
gently plunging, curvilinear hinges deform the D 1 
cleavage, and are themselves cut by a later crenulation 
cleavage. The D2 folds in this area have a weak axial 
planar fabric, show outer arc tension gashes and locally 
develop a box-fold geometry. Within sub-area E the D2 
cleavage has a fairly constant dip of about 15°, becoming 
slightly steeper to the south (Figs 3 and 4). The changes 
in strike of the cleavage appear to be marked but are 
accentuated by the low dip, and represent slight 
undulations in a gently dipping plane. No later structures 
have been found which could have caused this variation 
in strike and the D2 cleavage data are in fact tightly 
grouped on the equal area projection (Fig. 4). The D2 
lineations vary in trend and plunge but have a mean 
orientation close to that of the π - axis for the composite 
bedding - slaty cleavage fabric. 
Cleavage - bedding relations and D2 fold vergence 
change in a consistent manner from Lantoom southwards 
to St. Keyne (Fig. 3), indicating the presence of a large, 
gently inclined sideways-closing D2 fold (Fig. 5). Rocks 
on the lower limb of the D2 structure are seen in 
Lantoom quarry (grid ref. 22536490) and the hinge zone 
is exposed between Kennel Orchard quarry and Rosenun 
(Fig. 3). 
There is a contrast in the geometry of the major D2 
structures across the Portwrinkle Fault. The axial 
directions are the same, taking into account the errors on 
each determination, but the axial planes differ markedly 
in orientation (Fig. 4). Also different structural levels of 
the D2 folds are seen on the two sides of the fault and it 
is not certain or even likely that they were once part of 
the same structure. 
 
D3 deformation 
The only other planar fabric which shows a consistent 
pattern (for example in sub-area E, Fig. 4) is a crenulation 
cleavage (D3) which strikes E-W and dips to the north 
west at about 30°. It is only developed sporadically but  
can be seen locally to be axial planar to small folds which 
de. form the D2 fabric; at other localities it has a cross-
cutting relationship to the earlier D2 fabrics. In thin 
section, two crenulation cleavages, each accompanied by 
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pressure solution seams, are seen to affect the D1 
cleavage. 
 
Menheniot Fault 
Upper Devonian rocks are brought against part of the older 
Rosenun Slate Formation along an E-W line north of 
Menheniot (Fig. 2), but neither the fault plane nor the 
rocks adjacent to it are exposed. There is a marked change 
in geometry across the fault (Fig. 5, section AB) but the 
nature of the displacement is not known. The contrast in 
structural style could be explained by either a large post-
D2 normal doWnthrow to the south (cutting across the 
northern limb of the Menheniot syncline and excising the 
Milepost: Formation) Or by northerly thrusting of already 
folded rocks, possibly in conjunction with movement on 
the Portwrinkle Fault. 
 
Portwrinkle Fault 
Together with the Portnadler and Cawsand faults, the 
Portwrinkle fault is one of a number of NNW-SSE 
trending faults identified by Dearman (1963) as dextral 
tear faults. The movement on the Portwrinkle fault 
probably had a large dextral strike-slip component as it 
displaces the outcrop of the moderately dipping Staddon 
Grits bY some 8.5 km (Fig. 1). The fault zone is not 
exposed and as it does not give rise to a marked 
topographic feature, the position of the fault on Figure 2 is 
controlled largely by the local stratigraphy. The only 
small-scale evidence for the sense ofmovement on the 
fault is given by the presence in Trebr°Wn Cutting in the 
extreme southeast of the area (Fig. 2), and only 200 m or 
so from the trace of the fault, of steeply dipping fault 
surfaces with horizontal to gently plunging slickenside 
lineations trending 121-147°. The Looe Valley fault causes 
a pronounced topographic feature but little displacement 
and is probably  a normal fault downthrowing to the west 
(Fig. 3). 
 
In the Liskeard area there is a marked contrast in structure 
across the PortWrinkle fault (Figs 3 and 5): a simple 
strike-slip restoration would bring the D2 fold south of 
Liskeard (west of the fault) into juxtaposition with slates 
exposed in the A38 road sections around TrerUle Foot, 
where the D1 cleavage is unaffected by D2. This could be 
explained by a large post,D2 dip slip movement with 
d°Wnthr°w t° the northeast i.e. an overall south-easterly 
oblique slip geometry for the fault. The downthrow to the 
northeast is also in accord with the plunge direction of the 
DI folds and the regional map which shows Upper 
Devonian strata coming in rather abruptly east of the fault 
(Fig. 1) 
 
The Portwrinkle, Portnadler and Cawsand faults (Fig. 1) 
could have acted as tear faults separating different 
structural compartments during the early Hercynian 
deformation, as suggested by Turner (1984) for NNW-
SSE trending faults between Dartmoor and Bodmin Moor, 
so explaining the difficulty in making structural 
restorations across them. 
 
 

Tectonic fabrics 
 
The D1 cleavage is seen to be largely the result of pressure 
solution processes and neogenesis. In the slates it occurs as 
closely spaced (10 to 50 microns) somewhat anastomosing 
dark seams (Fig. 7a), and a penetrative growth of white 
mica flakes with some chlorite. The slaty cleavage is 
usually at less than 20° to the trace of the bedding, 
commonly seen as a 30 to 50 micron-thick lamination in 
thin section, and no earlier bedding-parallel fabric has been 
recognised. Deformed stacks of chlorite-mica 
intergrowths, 20 to 50 microns across, which probably 
grew during diagenesis (Craig et al. 1982), are common. 
Detrital muscovite and less common biotite flakes are seen 
in thin (10 to 30 microns) bands parallel to bedding which 
also contain quartz, plagioclase, tourmaline, opaque grains 
and zircon. Both of these micas have been recorded from 
the Staddon Grits and from the Middle and Upper 
Devonian slate formations. 
 
Most of the slates and many volcaniclastic rocks contain 
fragments of calcareous fossils. Cricoconarids, especially 
tentaculitids, are common (C.J. Burton, pers. comm.): they 
are conical in longitudinal section and circular in cross-
section. Calcite appears to have formed an epitaxial 
overgrowth on these tests during diagenesis, as has been 
described for crinoid ossicles from the Plymouth 
Limestone by Braithwaite (1966), and the tests, seen as a 
narrow pale brown ring, and their overgrowths show radial 
extinction under crossed nicols. Pressure solution or 
solution transfer during D 1 has resulted in corrosion of the 
carbonate overgrowth and the development of carbonate-
rich pressure solution tails which appear light-coloured in 
thin section. The carbonate fragment has not however 
deformed internally and the cross-section remains circular. 
In the Staddon Grits pressure solution has resulted in the 
development of fibrous 'beards' at the ends of corroded 
quartz grains. 
 
Some opaque grains, usually framboidal pyrite spherules 
10-80 microns across, or clusters of spherules up to 500 
microns across, show pressure solution shadows with 
apparent antitaxial quartz fibre growth in the incremental 
extension direction (Elliot 1972; Durney and Ramsay 
1973). Curved fibres are seen in a few cases, but the final 
growth increment seen adjacent to the opaque grain is 
always parallel to the trace of the cleavage. The more 
common, straight fibre growths are also aligned with the 
D1 cleavage. 
 
D2 fabric 
Where the D 1 fabric is finely spaced and there is much 
growth of white mica, the D2 fabric is seen either as a 
microcrenulation (Fib. 7b) with some pressure solution 
seams, or as closely spaced seams with a crenulated slaty 
cleavage between them. The spacing of the crenulation 
fabric varies from 50 - 200 microns in the Middle 
Devonian rocks to as little as 20 microns in the fine-
grained olive slates of Upper Devonian age. Generally, 
however,   the   D2   cleavage  is   seen   in  thin  section  as 
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a) Dark pressure solution seams parallel to the DI cleavage. Note 
the corroded tentaculitid test (top left). 
 

 
 
(c) A tentaculitid with an epitaxial calcite overgrowth showing 
DI pressure shadows (parallel to steeply inclined DI slaty 
cleavage trace) crossed, and partially corroded by, D2 pressure 
solution seams (dipping gently to the right). 
 

 
 
(e) Quartz fibres on an opaque grain aligned parallel to D2 
pressure solution seams which dip at a moderate angle to the 
right. A tentaculitid with a calcite overgrowth is seen in the 
centre of the picture; the bedding-D I cleavage composite fabric 
is approximately vertical. 
 
 

 
 
b) D2 crenulation cleavage (gentle dip to right) and associated 
pressure solution seams affecting bedding and the DI cleavage. 
 

 
 
(d) Asymmetric D2 crenulation cleavage which at this locality 
dips gently to the north-west. 
 
 
 

 
 
(f) An opaque grain showing D I quartz fibre growth (a) which 
has been displaced by later fibre growth (b) parallel to the steeply 
inclined D2 fabric trace, and by apparent movement on the D2 
seams. 
 
 
 

Figure 7. Photomicrographs to illustrate the nature of the D I and D2 cleavages. The bar scale is 100 microns long; sections a) to e) are 
oriented approximately N-S (north is to the left). 
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dark pressure solution seams with a 50 - 100 micron 
spacing cutting planar or only slightly crenulated D1 
cleavage planes. It can be readily demonstrated that the D2 
fabric affects an early tectonic fabric and not a sedimentary 
bedding-parallel fabric as the D 1 pressure solution seams 
and 'tails' are reworked by the D2 seams and folded by the 
microcrenulations (Fig. 7c). The apparent displacement of 
bedding laminations, fossil fragments etc., is always in the 
'normal' sense as would be predicted geometrically by the 
removal of material parallel to the plane of the pressure 
solution seam. Rarely, alternate limbs of the microfolds 
appear more highly strained (Fig. 7d) and give the sense of 
shear displacement. Where this is seen, as at (grid ref. 
23726275), the sense of displacement on the gently 
dipping D2 fabric is top to south i.e. a normal or dip-slip 
displacement on the southward dipping fabric. 
 
A prominent feature of the D2 fabric is the development of 
new quartz fibre pressure shadows on opaque grains (Fig. 
7e). These appear to be more common than the D 1 'tails', 
possibly indicating a greater degree of extension in the D2 
fabric than in the slaty cleavage. However, the fibres have 
not been studied in three dimensions and the orientation of 
the cut surfaces may have introduced some bias. In a few 
cases, curved fibre trails are seen which could be 
interpreted as indicating continuity in fibre growth from D 
I to D2. Generally, however, and especially in the hinge 
zone of the Rosenun synform (D2), two separate 
generations of fibre growth are seen, parallel to the traces 
of the D1 and D2 fabrics respectively. Adjacent to a few 
framboidal pyrite grains the earlier set of fibres is 
displaced and pushed aside by growth of a new orthogonal 
set of fibres in the plane of the D2 fabric (Fig. 7f). 
 
During D2 the tentaculitids previously corroded during D 
1 were affected by pressure solution processes acting on 
previously unaffected surfaces: they develop rhomboidal 
shapes yet the original test (protected by its epitaxial 
sheath) still remains circular in cross-section (Fig. 7 c and 
e). 
 
The few carbonate veins seen in thin-section developed at 
different times from post-Dl to syn-D2. These veins, 
together with others seen in the field, could not provide an 
adequate 'sink' for the vast amount of material lost from 
the rocks during the formation of the D1 and D2 
cleavages, and this must be presumed to have left the local 
system. 
 
Conclusions 
Early folds and slaty cleavage dip steeply southwards 
throughout most of the Liskeard area, a conclusion at 
variance with previous interpretations of the structure of 
the area and with regional syntheses of the structure of 
S.W. England (Sanderson and Dearman 1973, Hobson and 

Sanderson 1983). The presence of a km-thick zone of 
crenulation cleavage associated with a large, gently, 
southward-dipping D2 fold Or folds is also novel within 
the East Cornwall - West Devon area and both aspects of 
the structure (D 1 and D2) are difficult to explain within 
the context of current models for the development ofthis 
part of the Variscan belt. 
 
Regional correlations and the kinematic significance of the 
zone of intense D2 deformaion are discussed elsewhere 
(Burton and Tanner, in press) and it is not clear at present 
whether both the DI and D2 structures at Liskeard have 
been rotated by regional backfolding (cf. Coward and 
McClay 1983) or whether the D2 deformation was 
superimposed upon an already steeply dipping D1 
cleavage resulting from ramp climb (Chapman et al. 
1984), dextral transpression (Sanderson 1984) or some 
other mechanism (Selwood and Durrance 1982). 
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The deformation of the Upper Carboniferous Bude and Crackington Formations is described in 
terms of an early deformation, in which syn-sedimentary and post-lithification featurescan be 
identified, and a later deformation which produced southerly verging structures. The earliest 
deformation was initially associated with the generation of slumped beds but continued, producing 
northerly emplacement of thrust sheets. This progression is correlated with the northerly migration 
of the Variscan deformation front. The later deformation modified the earlier structures to give 
them a southerly vergence. This is interpreted as being the result of the development of a series of 
back thrusts. 
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Introduction 
The north coast of Cornwall and Devon, from Hartland 
in the north to Crackington Haven in the south (Fig. 1), 
provides excellent cliff and wave-cut platform exposures 
of the interbedded sandstones and shales of the 
Crackington and Bude Formations of UpPer 
Carboniferous age. This paper presents the results of 
detailed field observation of minor structures and 
proposes a revision of the accepted tectonic history of the 
area. 

The Crackington Formation is generally accepted to 
represent a series of turbidites with dominantly northern 
and subsidiary southern source areas (Freshney et al 
1972). The sedimentary history of the Bude Formation 
has, however, given rise to some discussion. Views range 
from Ashwin (1958) and Lovell (1964) who described 
them as deep water turbiditic sediments, to Freshney et al 
(1972, 1979) who considered them to represent shallow 
water deltaic deposits. Recently, Higgs (1983, 1984) has 
undertaken a detailed study and an interpretation as storm 
influenced deposits is emerging. A striking feature of the 
Bude Formation, and to a lesser degree of the 
Crackington, is the existence of slumped beds at several 
horizons. These are considered to have had a 
considerable influence on the early tectonic history, 

The deformation of the area has previously been 
described largely in terms of the generation of the 
chevron folds for which it is justifiably famous. Ramsay 

(1974) has described the generation of these folds in 
terms of an elegant geometrical model, whilst Sanderson 
(1979) has related the regional variation in their geometry 
to a large scale southerly directed shearing event. The 
recognition of a southerly directed shearing episode in 
these rocks is not immediately compatible with recent, 
regional interpretations of south-west England. 
Shackleton et al., (1982), Isaacs et al., (1982), Coward 
and McClay (1983) and Leveridge et al., (1984) all 
consider that there was a generally northerly 
emplacement of a series of thrust sheets across the whole 
of south-west England. The tectonic history which we 
propose reconciles the geometry of the North Coast 
structures with these regional models and incorporates 
the recent work on the tectonics of the Bude Formation 
by Whalley and Lloyd (in press). 
 
Early deformation - syn-sedimentary       
features  
The earliest deformation features found in the area 
clearly show characteristics of having developed in soft 
sediment. However, it is rare to find them without an 
overprinting deformation which continued beyond the 
point at which the rocks became lithified. It is the 
progressive nature of this deformation which we consider 
may previously have prevented the recognition of its 
tectonic significance. 

The characteristic features of the soft sediment 
deformation are best seen in the slumped beds which have 
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Figure 1. Geological map of the Bude area. 
 
been described by previous workers (Freshney et aL, 
1972, 1979, Burne 1970) as being commonly found 
within the Bude Formation. They are less common 
within the Crackington Formation and this tendency for 
them to occur more frequently with time continues within 
the Bude Formation, where it can be demonstrated that 
the number and thickness of slumped beds increases 
towards the top of the formation. Whilst the slumped 
beds best illustrate the soft sediment deformation, it 
should be recognised that evidence for such deformation 
is not confined to these particular horizons. 
 
The slumped horizons consist of highly disturbed and 
disrupted beds with a poorly sorted, homogeneous, dark 

grey matrix ranging from mud to fine sand in grain 
size. This matrix has a complex slurried texture and 
encloses sand pseudonodules and intra-clasts of 
sandstone and siltstone. Within these intra-clasts some 
original bedding is preserved and frequently shows 
convolution and folding. The folding often occurs 
between unfolded layering and is tight to isoclinal with 
inclined to recumbent axial planes. This style is in 
marked contrast to that of virtually all later folding. 
Other features which support the soft sediment origin 
of these horizons are the sand volcanoes which mark 
water escape channels, and the sand pseudonodules 
which represent cases of extreme loading and eventual 
disruption of overlying sandstone beds. Figure 2 
represents, in schematic form, a typical association of 
these features within a slumped bed. 
 
Figure 3 shows a stereogram of poles to bedding  
measured  from within the slumped beds. The asymmetry of 

 
Figure 2. Idealised section through a slumped bed. The figure is 
a composite diagram of features found in slumped bed outcrops  
at Warren Long Beach (SS202105 - SS202102). 
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Figure 3. Equal area stereogram of poles to bedding within 
slumped beds. Open circles - inverted bedding. Data has 
been rotated to remove effects of later folding. 
 
the diagram supports the contention of Freshney etal., 
(1979) that slumped beds represent movement down a 
southwards dipping palaeoslope and is thus in agreement 
with the widely reported northerly provenence for the 
Bude Formation (Higgs 1983). However, detailed 
examination of slumped beds from the highest 
stratigraphic levels within the Bude Formation, exposed 
at Wren Beach (SS199123) and at Steeple Beach 
(SS200120) indicate that slump folds with a northerly 
sense of vergence become more common towards the top 
of the succession. 
Outside of the slumped beds, undoubted soft sediment 
deformation is less easy to recognise. Figure 4 illustrates 
a commonly developed structure some examples of 
which show evidence for soft-sediment deformation of 
the matrix whilst others could have developed in fully 
lithified material. The clearest examples show the 
disrupted sandstone units to be enveloped in a muddy-
silty matrix which contains no remnants of sedimentary 
lamination. The shale unit, originally interbedded with 
thin sandstones, has been overridden by the imbricated 
sandstone unit. These zones are laterally discontinuous, 
the disrupted bedding reverting to undisturbed, 
interbedded shales and sandstones outside of the zone of 
imbrication. 
 
Early deformation - post-lithification features 
Imbrication of thin sandstone units such as illustrated in 
Figure 4 may also be caused by post-lithification 
deformation, but, when imbrication takes place on a 
considerably larger scale then it can be taken as clearly 
indicative of such deformation. The best example of this 
 

occurs between Efford Ditch and Upton Cross 
(SS200053) (Fig. 5) where an antiformal imbricate stack 
affects at least 50m vertical thickness of beds and is 
exposed along 150m of cliff. The fact that this 
imbrication occurred early in the deformation history is 
apparent from the folding of both major and minor thrust 
planes visible in fig. 5a. 
 
It is clear from Figure 5a that the Black Rock slumped 
Bed horizon, which occurs at the base of the section, 
must represent the basal decollement at least on a local 
scale. This tbllows from the observation that imbricate 
thrusts can be traced back to this horizon and yet thrust 
slices of it are not contained in overiding horses. 
 
An attempt has been made in Figure 5b to remove the 
effects of later folding by restoring the basal decollement 
to a horizontal plane. This enables the recognition of 
duplexes with both hangingwall and footwall folds, 
directly related to contractional faults. The geometry of 
this thrust system indicates a generally northward 
direction of thrust movement. It must be emphasised that 
such estimates of transport direction can only be 
approximate in this part of Cornwall. The absence of 
stretching lineations and the two dimensional nature of 
the cliff outcrop prevent the recognition of lateral ramps 
and zones of strike slip displacement, features which 
would normally help to constrain the transport direction. 
A consequence of this limitation is that Figure 5b cannot 
be further restored to remove the effects of the thrusting 
as it is an oblique section without control on the variation 
in transport direction between different horses. 

 
 
Figure 4. Small scale imbrication of thin sandstone beds. 
Bude Formation, Maer Cliff (SS202082). 
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Figure 5a. Antiformal imbricate stack affecting beds immediately above the Black Rock Slumped Bed, between Efford Ditch 
and Upton Cross (SS200053). 
b. Partial restoration of Fig 5a, removing effects of folding of main thrust plane. Exact scale has not been maintained. Unornamented 
horizon at base is the Black Rock Slumped Bed. 
 
It is possibly significant that, cutting the top of the Black 
Rock Slumped Bed are a series of small normal faults 
which dip northwards and lose displacement downwards 
into the slumped bed. These faults may correspond to the 
R1 fractures of a Riedel fracture system (Fig 6), such a 
fracture system being associated with a brittle or semi-
brittle shear zone. The dominant (RI) fracture set would 
be expected to propagate out of the shear zone at a low 
angle, dipping in the direction of hanging wall transport. 

 
Figure 7 illustrates a further example of imbrication with 
a northerly sense of displacement, from Phillips Strand. 
The effect of later folding of the thrust system is 
particularly noteworthy as it shows its southerly 
vergence, and also that a cleavage had been developed 
prior to this folding. 
 
A strong pressure solution cleavage is well developed in 
the matrix of the Black Rock and other slumped beds but 
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Figure 6. Riedel fracture systems associated with a brittle or 
semi-brittle shear zone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

is poorly developed or absent in adjacent beds. This 
cleavage generally dips gently to the south when the 
top of the slumped beds are restored to a pre-folding 
orientation, and as such is related to thrusting rather 
than folding of the rocks. It is frequently overprinted 
by crenulation cleavages which have a range of 
orientations and thus suggest a complex history of 
cleavage formation, possibly linked to the pulsatory 
nature of thrust movements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7a. Folded thrust plane south of Upton Cross (SS 198033). b. Unfolded version of this structure showing northerly vergence
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The widespread evidence which exists for small scale 
northward directed thrusting in the area suggests that 
there may also exist larger scale repetitions of the 
stratigraphy. Within the Bude and Crackington 
Formations, stratigraphic control is probably not 
sufficiently precise to enable the recognition of such 
repetitions, but the tectonised boundary between the two 
formations, exposed between Widemouth Bay and 
Wanson Water, provides an example. 
 
The Wanson North Fault (Fig. 8) is a steeply dipping, 
complex fault system which may form the southern 
contact between Bude and Crackington Formation rocks, 
the strata on either side being inverted on the basis of 
sedimentary younging evidence. Imbrication of 
individual sandstone beds within the zone has produced a 
local thickening of up to 300% and, in addition, there are 
tight folds with axial planes recumbent with respect to 
bedding. Elucidation of the fault zone is complicated by 
the lack of cliff outcrop in this part of the section. A 
portion of one duplex was mapped out in the foreshore 
and is illustrated in Figure 9. The style of deformation 
within the zone is clearly contractional, yet the major 
fault geometry appears to be extensional, with younger 
rocks being present on the 'downthrow' side of the fault. 
This conflict of evidence is, however, resolved if the 
bedding is restored to an upwards facing orientation. The 
fault zone is then seen to be a northward verging thrust 
zone, containing northward facing folds, emplacing the 
older Crackington Formation on top of the Bude 
Formation. 
 
Later deformation- southerly verging structures. 
The above descriptions of the early structures have 
required, either explicitly or implicitly, that the effects of 
later deformation have been removed. It must be pointed 
out, however, that the conspicuous structures seen along 
much of the coast belong to these later stages of the 
deformation. Folds which affect thrust planes and 
cleavages have already been described, but not all later 
structures demonstrate such obvious time relationships. 
 

 
Figure 8. Inverted thrust fault system. Southern headland, 
Widemouth Sand (SS196016). 
 

 
 
Figure 9. Map of duplex, north of Wanson Mouth (SS194012). 
 
The feature which we propose as characteristic of the 
effects of later deformation is that of southerly vergence. 
Figures 5 and 7 illustrate the southerly vergence of folds 
which are demonstrably later, whilst Figure 10 shows 
southerly verging folds which cannot be demonstrated to 
affect earlier structures. In addition to folds there are 
thrust faults which can be seen to have a southerly sense 
of overthrusting. At Wanson Mouth a small thrust ramps 
up the stratigraphy towards the south and produces 
hanging and footwall folds with a southerly vergence. 
Some of the large faults which occur commonly in the 
Crackington Formation and which dip gently northwards 
could represent larger scale southerly directed thrusts. 
All these structures fit into the pattern of a southwards 
increase in intensity of southerly directed simple shear 
deformation (Sanderson, 1979) and, we propose, belong 
to the same stage of the deformation. Recent work by 
Lloyd and Whalley (in press) has shown how the various 
structures with southerly vergence can be derived from 
the modification of upright chevron folds by the 
application of varying intensities of southerly directed, 
dextral simple shear. 
 
Tectonic History 
We have presented a description of structures which has 
necessarily divided them into discrete categories. We 
wish to emphasise, however, that we do not envisage the 
tectonic history of the area as being composed of discrete 
events. Rather, it comprised a single, progressive, 
rotational deformation, the principal consequence of 
which was the northerly translation of thrust sheets. This 
deformation progressively affected the rocks of the area 
as the Variscan deformation front propagated 
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northwards. 
The structures described can be related in detail to the 
propagation of such a front. Deformation was clearly 
initiated whilst sedimentation was still active, and the 
earliest soft sediment deformation relates to a southwards 
dipping palaeoslope. This corresponds to the accepted 
palaeogeography of the region (Higgs 1984) but late in 
Bude Formation times there is evidence that the 
palaeoslope became northerly dipping. This change is 
basin floor topography marks the arrival of the 
deformation front in the area and the onset of true 
tectonic deformation of the rocks. However, this did not 
necessitate a change in the style or mechanisms of 
deformation. Such a change occurred gradually as the 
rocks became subjected to more intense confining 
pressures as a consequence of both continued 
sedimentation and tectonic thickening. Eventually 
structures associated with northerly thrusting developed 
in fully lithified material and are recognisable as semi-
brittle thrust faults with associated ductile deformation. 

The reversal in the sense of shearing which is required to 
produce the observed southward verging structures is 
attributed to the development of a major backthrusting 
regime. This is the result of the propagation rate on the 
primary d6collement becoming significantly less than the 
slip rate, resulting in the development of a 'sticking point'. 
It seems likely, however, that major, discrete backthrusts 
are not present, and that this section of the coastline 
shows the ductile deformation of the tip zones above a 
series of blind thrusts present at depth. Such back thrusts 
may reach the surface south of the present area in the 
Tintagel high strain zone. 
This tectonic history encompasses the majority of the 
structures found in the area within a single, progressive 
 

 
Figure 10. Deformed chevron folds, Cleave Strand (SX153982). 
Note southerly vergence. 

deformation event. The dominant result of this event is 
the northwards emplacement of thrust sheets, whilst the 
structures which are most noticeable on the outcrop scale 
relate to the subsidiary, southerly directed shearing. 
 
Discussion 
It has already been observed that the number and 
thickness of the slump beds increases towards the top of 
the Bude Formation and that at these stratigraphic levels 
it is common to find northward verging slump folds. This 
provides strong support for the concept of a topographic 
high migrating northwards into the area as an expression 
of the Variscan deformation front. It also suggests the 
possibility that the initial southerly dipping slope could 
be the northern margin of the foredeep which precedes 
the deformation front. However, against these proposals 
must be weighed the observations of various workers 
(e.g. Freshney et al., 1979, Higgs 1984)who have studied 
the pataeocurrent indicators within the Bude Formation. 
These workers report that it is extremely rare to find 
sediments which have been derived from the south. 
These observations need not be in conflict as the data 
indicate that axial currents were the most common and 
there is no indication that the proposed topographic high 
was ever subjected to sub-aerial erosion and thus able to 
provide a major source of sediment. 

The early northward directed thrusts will have disrupted 
the original stratigraphy but, it has already been 
mentioned that stratigraphic control within the 
Formations is insufficient to be confident of detecting 
such disruption. However, its existence must be borne in 
mind when considering the possible displacements on 
later faults. 

The structures which have been described as occurring 
early in the deformation sequence illustrate well the 
progressive nature of the deformation both in terms of its 
geometry and of its mechanisms. Previous workers 
(Freshney et al., 1972, 1979) have tended to describe the 
soft sediment deformation in terms of local instabilities 
of the sediment surface and thus not to include it as a 
component of the tectonic history. The recognition that 
soft sediment deformation gives rise to northward 
verging structures and that similar structures continued to 
be formed in lithified material requires that greater 
significance be attached to the very earliest deformation 
in these rocks. Similar conclusions have recently been 
reached from the study of deformation histories in a 
variety of other tectonic environments (Farrell 1984, 
Knipe and Needham in press, Maltman and Fitches 
1982). More detailed consideration of this aspect of the 
deformation of the Bude Formation is reported by 
Whalley and Lloyd (in press). 
The progression from soft sediment to solid rock 
deformation mechanisms is one which raises several 
interesting issues. There is evidence in the present area 
that this progression is strongly dependent on lithology, 
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with sandstones reacting by brittle fracture to 
deformation which is accommodated by intragranular 
flow in underlying shale units. The control which is 
exerted by the slumped beds on the location of the 
northerly directed decollements also provides an 
interesting pointer to the deformation mechanism history. 
Analysis of structures such as that in Figure 4 shows that 
movement along the slump horizons allowed 
considerable northward translation of overlying beds and 
that during translation those beds behaved as coherent, 
lithified blocks. At this time, though, the slumped bed 
must have remained in its original mechanical state in 
order for it to have continued as the favoured 
decollement horizon. Clearly, the chaotic internal 
structure of the slump bed would be established very 
early in its evolution and we suggest that the only 
mechanism by which this could continue as a 
mechanically weak horizon is if the pore fluid pressure 
remained at an abnormally high level. 
The concept of a sticking point on major northerly 
directed thrusts, leading to the development of a 
backthrust regime in this part of Cornwall is not a new 
one. Coward and Smallwood 0984) have recently made 
use of it, and Shackleton et al., (1982) embodied it in 
their summary cross-section across the whole south-west 
England peninsula. Previous authors, though, have 
concentrated on the more deformed, deeper level rocks 
exposed further south. Examination of the Bude 
Formation reveals very high level structures, which must 
have formed at very shallow depths and which are not 
often preserved in ancient orogenic terrains. The lack of 
subsequent deformation of these rocks enables these 
structures to be identified and related to the northward 
migration through the area of the Variscan deformation 
front. Clearly, all orogenic areas must have suffered this 
process as more and more of the foreland became 
affected by the tectonism, however, in this example 
structures are preserved which are more normally 
associated with the area of foreland in which the orogeic 
front finally ceases to propagate. These areas have 
recently been modelled by Jones (1982) who termed 
them triangle zones.  
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A possible major Variscan thrust along the southern margin of the 
Bude Formation, south-west England 
E.M. DURRANCE 
 

Durrance, E.M. 1985. A possible major Variscan thrust along the southern margin of the Bude 
Formation, south-west England. Proceedings of the Ussher Society, 6, 173-179. 

In southern England, seismic reflection profiles show that Mesozoic basins and associated 
growth faults were produced by tensile reactivation of southerly inclined Variscan thrusts. In 
this arrangement, faults which steepen as they approach the Earth's surface form the northern 
walls of the basins. Additionally present on the northern margins of the basins may be synthetic 
listric fans that developed as extension progressed. The southern walls also, may be defined by 
antithetic listric faults or listric fans. Overall the effect of both synthetic and antithetic listric 
fans is to produce stepped margins, but individual steps may be of small scale and not resolvable 
by some indirect methods of investigation. 

In mid Devon the occurrence of a thick sequence of New Red Sandstone sedimentary and 
volcanic rocks in the Crediton Trough provides an interesting illustration of extensional basin 
development. In fact, the results of gravity surveys show that the Crediton Trough has a form 
which is identical to that given by the theoretical model for extensional basins produced by 
tensile reactivation of listric shear zone. Moreover, there is evidence in east Devon and Dorset 
of continuing movement of this structure in Mesozoic and Cenozoic times. Therefore, although 
the position of the Crediton Trough does not coincide with any known thrust in the Variscan 
basement, the presence of such a major thrust can be predicted from this model. 

The location of a major thrust in mid Devon, which was reactivated to form the Crediton 
Trough, could explain why the Crediton Trough, along much of its length, marks the southern 
boundary between the Bude and Crackington Formations. A thrust along the line of the Crediton 
Trough would also be consistent with the fact that this boundary roughly coincides with the 
extrapolated position of the northern margin of the Trough in the west Devon and north 
Cornwall, and the sudden juxtaposition of the distal turbidite sequence of the Crackington 
Formation with the only marginally marine succession of the Bude Formation. The southern 
boundary between the Bude and Crackington Formations on the coast of north Cornwall is 
highly sheared and has previously been interpreted as a tear fault. 

E.M. Durrance, Department of Geology, University of Exeter. Exeter EX4 4QE. 
 
Introduction 
The dramatic increase in the coverage of the Mesozoic 
and Cenozoic areas of southern England by seismic 
reflection surveys seen in the last decade, coupled with 
the more recent use of the method to investigate the 
Palaeozoic and Proterozoic basement in the area, has 
resulted in the recognition that Mesozoic and Cenozoic 
sedimentary and structural evolution was related to the 
reactivation of major shear zones in the basement. In 
south-west England, the last decade too bas seen detailed 
mapping of the Variscan fold belt and the recognition of 
a number of important thrusts. Some of these thrusts are 
now also being identified in the results of off-shore 
seismic reflection profiling. Thus in southern England, 
where the Mesozoic succession is underlain by a 
Variscan basement, a composite interpretation of the 
development of Palaeozoic thrusts and their reactivation 
in the Mesozoic and Cenozoic has been made possible. 
However, not all Variscan thrusts have become 
subsequently reactivated to affect the Mesozoic 
succession  and  structure,  so  that  while evidence of the  

 
positions of Variscan thrusts in south west England 
cannot be used to unequivocally predict hidden Mesozoic 
structures, the converse is not true. That is where the 
Mesozoic or Cenozoic succession shows evidence of 
basement control, the reactivation of a basement thrust 
can be postulated even though such a thrust has not 
previously been recognised in the basement. 
 
Mesozoic structural evolution in southern 
England 
In southern England Chadwick et al., (1983) have 
described the results of seismic reflection surveys between 
Cirencester and Yeovil. These show that the Permian 
succession can be grouped with the Mesozoic as overlying 
strongly deformed Upper Palaeozoic rocks in the southern 
part of the section, but a much less intensely disturbed area 
to the north. The boundary between these structural zones 
in the basement was taken to be the Variscan Front. 
Beneath the Upper Palaeozoic, the succession passes down 
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into a series of sedimentary and volcanic rocks of Lower 
Palaeozoic and Proterozoic age which in turn overlie older, 
possibly Pentevrian, crystalline crust. The entire 
Palaeozoic succession is cut by a number of southerly-
dipping thrusts which were considered to be of Variscan 
age. These thrusts appear to translate along the upper 
surface of the crystalline layer. During the Mesozoic, 
sedimentation appears to have been controlled by 
important growth faults in the area which developed above 
the basement thrusts. In particular, in the Vales of Pewsey 
and Wardour the Jurassic succession shows important 
changes in thickness which are associated with the Vale of 
Pewsey Fault and the Mere Fault. Both these faults are 
related to rises in the sub-Mesozoic floor on their northern 
sides. The faults translate upwards into post-Cretaceous 
reverse faults, and downwards become listric in style. 
Even more profound variations occur in the Permian - 
Triassic succession beneath the Mercia Mudstone Group, 
where extreme changes in thickness and facies appear to 
be governed by the presence of major growth faults and 
rises in the Variscan basement. In all cases the movement 
on the growth faults is consistent with response to an early 
phase of extensional stress and later compressional stress, 
both.acting in a roughly north - south direction. It was 
considered that the main normal movement was attained 
sometime during the Cretaceous, with the reverse 
movement occuring during the Tertiary. Because the 
location of these major growth faults is related to the 
presence of thrust zones in the Variscan basement into 
which they translate with depth, Chadwick et al., (1983) 
interpreted the growth faults as originating through 
extensional reactivation of the basement thrusts. 
Where Variscan thrusts have been reactivated in the 
manner proposed by Chadwick et al. (1983) they give rise 
to relatively strong reflection events in the seismic 
reflection profiles. The reason for this is uncertain, but 
could possibly be related to an increase in porosity 
resulting from extensional shearing and the ingress of 
water into the thrust zone giving strong contrasts in 
acoustic impedance associated with the thrust zone. The 
results of the off-shore deep seismic reflection survey off 
south-west England (SWAT) indicate that Variscan thrusts 
which have not been reactivated in this way do not give 
rise to such clear reflection events (verbal presentation by 
G. Day, Geological Society Tectonic Studies Group 
Meeting, Plymouth October t 984). Where thrusts t/aYe 
not been reactivated it is possible that the thrust zone has 
remained closed and relatively dry following initiation in a 
compressional stress regime. In that case if the contrast in 
acoustic impedance across the thrust is small the amplitude 
of reflections will also be small. 

Geometry of extensional reactivation 
Gibbs (1984) analysed the structural evolution of 
extensional basin margins, and described the production of 
subsiding basins in relation to the reactivation of listric 
faults which curve down to mid-crustal detachment levels. 

This is precisely the type of situation shown in the seismic 
reflection sections of southern England. Because of the 
curvature of the initial shear zone, the hanging wall block 
will experience lack of support in the steeply-dipping 
section of the reactivated thrust. This can give rise to roll-
over of the hanging wall and consequent thinning of the 
section affected by the roll-over. It is the stresses that 
produce thinning of the roll-over zone of the hanging wall 
that lead to the formation of listric antithetic or counter 
faults. Relatively shallowly inclined antithetic faults may 
occur if the hanging wall is composed of ductile rocks, and 
these may well translate along zones of weakness in the 
hanging wall itself. As extensional displacement on the 
main shear zone progresses so these antithetic faults will 
migrate in the hanging wall direction. However, if the 
rocks of the hanging wall fail in a brittle manner, it is more 
likely that steep antithetic faults form which appear 
conjugate to the main reactivated shear zone. These steep 
faults extend down to the main reactivated shear zone. 
With the progressive migration of the hanging wall in this 
system, a "horsetail' or listric fan of synthetic faults 
develops in the hanging wall direction. Additional 
antithetic faults can similarly produce a counter antithetic 
fan. Thus depending upon the response of the rocks 
adjacent to the reactivated thrust, extensional basins 
develop which show a range of apparent overall 
inclinations to their margins, but in detail contain a series 
of steps separated by secondary faults. The sequence of 
development of these structures and the general geometry 
of the system are illustrated in Figure 1. 
 

 
Figure 1. The geometry of extensional basin margins in 
relation to reactivated basement thrusts (A - D after Gibbs, 
1984; E after Chadwick et al., 1983). 
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Extensional Tectonism in mid and east Devon 
One of the most spectacular aspects of the geology of 
mid Devon is the outcrop of the late Carboniferous- 
Permian breccias, conglomerates, sandstones and 
mudstones (New Red Sandstone Series) of the Crediton 
Trough. The form of this east - west trending feature has 
been investigated by gravity surveys carried out by 
Edmonds et al. (1968) and Davey (1981). Four gravity 
traverses across the Crediton Trough between 
Jacobstowe and Bow were made in the earlier survey, 
which showed that the Trough has a variable cross-
section. In some places both margins of the Trough dip 
inwards at 20° - 45% but in others the margins are very 
steep - between 60° - 90°. The depth to the base of the 
Trough was found to range from 300m to 500m. In the 
later survey, five :gravity traverses were carried out, of 
which the most westerly was in the same general area as 
the earlier work. The remaining four traverses covered 
the eastern part of the Trough from west of Crediton to 
north of Exeter. Interpretation of the results of the 
westerly traverse by Davey (1981) generally agreed with 
the earlier results in suggesting overall dips of 40° on the 
southern margin and 65° on the northern margin. The 
depth determination, however, dramatically differed with 
a value of about 800m suggested by Davey. The big 
discrepancy between these results reflects the fact that 
Davey used a larger density contrast than Edmonds et al. 
(1968) in the interpretation of the gravity anomalies. The 
different density contrast will, of course, affect the 
detailed geometry of the interpretation as well, but this 
appears to produce smaller effects than those naturally 
present in the Trough. The form of the Trough at any 
point can therefore be reasonably obtained from the 
results of either survey. Of the four traverses across the 
eastern part of the Trough, the results from north of 
Exeter indicated a basin some 900m deep with an overall 
slope to the southern margin of about 35° and the 
presence of three broad steps on the northern margin, the 
overall dip to the south being approximately 10°. The 
remaining traverses west to beyond Crediton showed a 
variety of relatively minor changes in the detailed form 
of the Trough, but all indicated a depth of about 900m 
with margins which have overall slopes of up to about 
55° and the typical presence of steps on the northern 
margin. Davey's ( 1981) results and interpretation from 
the traverse through Crediton are illustrated in Figure 2. 
The most westerly evidence for extension of the Crediton 
Trough beyond Jacobstowe occurs with a small area of 
New Red Sandstone deposits around Hollacombe near 
Holsworthy. From the description given by Williams 
(1967) this appears to have simple, steeply dipping fault-
controlled margins, with a base at a depth of about 150m, 
though steps on the margins are again probably present. 
In a remarkable way, therefore, the form of the Crediton 
Trough as shown by gravity surveys clearly resembles the 
structural models of Gibbs (1984) for the development of 
an extensional basin on a reactivated basement thrust. 

 
Figure 2. The form of the Crediton Trough as derived from 
residual Bouguer anomalies near Crediton (after Davey, 1981). 
 
Comparison of Figures 1 and 2 illustrates that both 
synthetic and antithetic listric fans are developed on the 
margins of the Crediton Trough, with some preference 
towards major synthetic fault steps. Although the 
geometry of the Crediton Trough thus suggests the 
extensional basin developed after the deposition of the 
New Red Sandstone sequence it now preserves, it is likely 
that initiation of the structure commenced while New Red 
Sandstone deposition was taking place. Volcanic activity 
in this area was probably related to the onset of extensional 
tectonism (Hawkes, 1982). The internal faults which lie 
parallel to the margins of the Trough also appear to have 
controlled the later circulation of mineralising fluids 
(Scrivener et al., 1985). Finally, in terms of the geometry 
of the stress system that gave rise to the Crediton Trough, 
it is important to bear in mind the general southerly 
inclination of the listric shear zones detected by the 
seismic reflection surveys in southern England and the 
detailed mapping of southerly-inclined thrusts in the 
Variscan fold belt (Selwood et al., 1984; Selwood et al., 
1985). 
 

Although the development of the Crediton Trough 
appears generally to have been completed by about the 
end of Permian time, so that in east Devon the Trough 
does not apparently have any noticeable control on the 
outcrop pattern of the higher parts of the New Red 
Sandstone sequence, the presence of faults which cut 
through the higher strata in the extrapolated position of 
the Crediton Trough has been shown by recent 
resurveying of the Exeter area (C.R. Bristow, personal 
communication). These faults may well owe their origin 
to propagation of the Crediton Trough faults through the 
overlying sequence by various minor phases of 
reactivation during Mesozoic and Cenozoic times. In 
fact, the influence of the Crediton Trough faults on the 
Mesozoic succession appears to increase as the structure 
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is traced further east. Indeed, Melville and Freshney 
(1982) explained features of the Mesozoic and Tertiary 
geology of Dorset and Hampshire in terms of basement 
control exercised by the Crediton Trough, so that in the 
Hampshire Basin the Wimborne Trough is seen as a 
continuation of the Crediton Trough. Therefore, as well 
as the magnitude of the structure increasing eastwards, 
its activity over a much longer period of time is 
indicated in this eastern extension. That the Crediton 
Trough faults even control modern geological processes 
has been shown by the fact that the surface expression 
of the faults can be traced through east Devon using 
disequilibrium in uranium decay series radionuclides. 
The pattern of disequilibrium appears related to the 
migration of thermal groundwater up major fractures 
within the last 250ka. Thus propagation of the Crediton 
Trough faults to the level of the present land surface has 
occurred, and the faults actively control modem 
groundwater circulation system (Durrance and Heath, 
1985). 

The presence of a major extensional basin in mid and 
east Devon is therefore well established, and clearly 
forms part of the rift system in southern Britain 
suggested by Whittaker (1975). However, the size and 
depth of the basin decreases westards. How much this 
westerly diminution is a real phenomenon, and how 
much it simply relates to increasing depth of erosion 
through the structure consequent upon the general 
easterly inclination displayed by the New Red 
Sandstone strata in east Devon, is difficult to know. 
Certainly, though, if the Cornubian massif has a limited 
easterly extent as suggested by Ziegler (1982), then the 
development in east and mid Devon of extensional 
basins which migrated westwards from the eastern 
margin of the massif would be expected. This picture of 
real westerly diminution is also consistent with the 
spatial variation in the history of fracture reactivation 
seen in southern England. Thus in Dorset, post-
Cretaceous compressional rectivation has occurred and 
Cretaceous strata are displaced by large throws, but in 
east Devon fractures propagated through the Cretaceous 
Strata overlying the extrapolated position of the 
Crediton Trough merely appear to produce zones of 
easier erosion. 

A Possible major Variscan thrust along the 
southern margin of the Bude Formation  
The evidence of control exercised by Variscan thrusts 
on the development of Mesozoic extensional basins 
elsewhere in southern England suggests that the 
Crediton Trough, as an extensional basin which also 
influenced Mesozoic and Cenozoic successions and 
structures, should similarly be related to the presence of 
a major Variscan thrust. Indeed, as the Variscan thrusts 
are generally southerly inclined, then such a thrust can 
be predicted as occurring near the northern margin of 
the Crediton Trough. It is therefore interesting to note 
that along much of its length the Crediton Trough marks 

the boundary between the Bude Formation of the Upper 
Carboniferous to the north and the Crackington 
Formation of the Upper Carboniferous to the south. 
Moreover, in the area west of the main part of the 
Crediton Trough, it can be seen that the boundary 
between these formations follows closely along the 
extrapolated position of the northern fault margin of the 
Trough (Edmonds et al., 1968; McKeown et al., 1973). 

In detail, however, there is some confusion about the 
position of the boundary between the Bude and 
Crackington Formation in this western area. Edmonds 
et al., (1975) illustrated the Hollacombe New Road 
Sandstone outlier as lying with the Bude Formation to 
both the north and south, but McKeown et al. (1973) 
showed Crackington Formation to both north and south, 
although the area of Crackington Formation to the north 
is very limited. This confusion may partly have arisen 
because of the difficulty in precisely identifying the 
position of the boundary between the Bude and 
Crackington Formations where exposure is poor. Both 
consist of sequences of interbedded sandstones and 
shales, even though their sedimentological 
characteristics are quite different. 

The Crackington Formation is characterised by the 
presence of relatively thin, moderately distal turbidite 
sandstones with depositional indicators which show 
westerly or easterly transport currents. These are 
interpreted as indicating flow along the axis of a 
depositional basin trending east - west. In northwest 
Devon the turbidites of the Crackington Formation 
appear to pass up into a cyclic series of shales and 
sandstones of deltaic type known as the Bideford 
Formation. Now between Bideford and South Molton 
the Bideford Formation seems to pass laterally into the 
Bude Formation (Edmonds, 1974), and thus indicates 
that both the Bideford and Bude Formations are 
younger than the Crackington Formation (Thomas, 
1982). However, it is possible that both the Bideford 
and Bude Formations may laterally pass into 
Crackington Formation sequences. Unfortunately the 
extent to which such diachronous changes are 
developed is unknown. The Bude Formation contrasts 
with the Crackington Formation in containing massive 
sandstones. The environment of deposition of these 
sandstones is thought to be fairly shallow water, 
possibly not truly marine, and to represent the late 
filling stage of the subsiding basin evident in the origin 
of the Crackington Formation (Thomas, 1982). 

Although the boundary between the Bude and 
Crackington Formations on the coast was defined by 
King (1971) with reference to specific horizons in the 
detailed stratigraphy, for practical purposes inland the 
lower boundary of the Bude Formation in its southern 
outcrop is taken as the base of the lowest of its typical 
massive sandstones. Clearly, therefore, there is a lack of 
good definition in the position of this boundary inland. 
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Figure 3. The relationship between the position of the Creditors Trough and the southern boundary between the Bude and Crackington 
Formations in mid Devon and north Cornwall. 

 
On the coast even, Freshney et al. (1972) have shown that 
although the base of the Bude Formation may be precisely 
defined, the contact between the Bude and Crackington 
Formations at the southern margin of the Bude Formation 
outcrop at Widemouth Bay is marked by a major fault 
zone - the Widemouth South Fault. This fault was 
considered to be a member of the northwest -southeast 
trending tear fault system of south-west England. Figure 3 
illustrates the general position of the boundary. 
Thus good field evidence for the nature of the boundary 
between the Bude and Crackington Formations along 
much of its length is lacking. Nevertheless, it is apparent 
that along the southern margin of the Bude Formation 
outcrop, these two formations which were deposited in 
separate spatial environments, and environments which 
were probably temporally separated as well, are in 
juxtaposition along a line which is close to the northern 
margin of the Crediton Trough. This juxtaposition of 
different environments along the southern margin of the 
Bude Formation outcrop is in interesting contrast to the 
evidence of lateral transition presented in the more 
northern areas, and is consistent with the possibility that 
this is the position of a major Variscan thrust. 

Discussion 
Taking Gibbs' (1984) model for the structural 
development of extensional basins on reactivated listric 
faults in combination with the evidence from the 
Mesozoic and Cenozoic areas of southern England, the 
history of the Crediton Trough can be proposed to 
originate with the presence of a southerly inclined major 
Variscan thrust which brought the Crackington and  
Bude Formations into juxtaposition in mid Devon. 
Overall, the thrust is likely to have a listric form in which 
the steeply inclined section is composed of a series of 
ascending ramps and steps. After the end of the Variscan 
orogeny, an extensional tectonic regime led to the tensile 

reactivation of this thrust and the production of synthetic 
and antithetic listric fans in the developing basin. 
Possibly at this time too, some reactivation of the 
northwest-southeast trending transcurrent faults, which 
appear to have been active during the Variscan, also 
occurred. New Red Sandstone sedimentation probably 
occurred throughout the formation of the basin and zones 
of tensile fracture probably controlled the occurrence of 
the Exeter Volcanic Series. The main phase of activity of 
the Crediton Trough in Devon was probably completed 
by the end of the Permian, the subsequent reactivation of 
its marginal faults propagated fractures into overlying 
Mesozoic and Cenozoic strata. In Dorset the extensional 
opening of the basin appears to have continued into the 
Mesozoic. A diagrammatic illustration of the possible 
sequence of development is given in Figure 4. Because 
both the size of the extensional basin and the duration of 
extensional growth appear to decrease westwards along 
the line of the Crediton Trough, it is possible that 
reactivation of the Variscan thrust dies.out to the west. 
This explanation of the change in style is preferred to the 
alternative view that the erosional depth through the 
structure increases westwards, but similar Mesozoic 
reactivation of Variscan thrusts further west may be 
indicated by the reflecting surfaces described by Brooks 
et al. (1984) as cutting the south-west England granites 
and their metasedimentary Palaeozoic host rocks. 

Conclusions 
1. Variscan thrusts which show tensile reactivation in 

southern England control the development of 
Mesozoic sedimentary basins. The thrusts are 
inclined towards the south and may, overall, have a 
listric form in which the steeply dipping section are 
produced by an alternating succession of ascending 
ramps and steps. Synthetic faults may develop on the 
northern margins of the extensional basins and 
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antithetic faults on the southern margins. Together 
these give rise tosynthetic and antithetic fans within 
the basins. 

2. The form of the Crediton Trough is identical to that 
expected for an extensional basin developed by 
tensile reactivation of a listric shear surface. Gravity 
survey interpretations show that stepped margins are 
present, particularly on the northern side, indicating a 
preference for major synthetic displacements. On the 
southern margin antithetic fan development has 
occurred. Variation in the competence of the strata 
along the strike of the Crediton Trough causes 
change in the character of the synthetic and antithetic 
fans to give different overall inclinations to the 
margins of the Trough. 

3. The northern margin of the Crediton Trough marks 
the southern limit of the Bude Formation in mid 
Devon. South of this line the sedimentary rocks of 
the Crackington Formation are a sequence of distal 
turbidies and shales which contrast with the massive, 

possibly non-marine sandstones of the Bude 
Formation. Juxtaposition of these contrasting 
environments of deposition is consistent with the 
possible presence of a major Variscan thrust along 
their boundary 

4. Where the junction between the Bude and 
Crackington Formations is exposed on the coast, 
there is intensive shearing. This has been interpreted 
as due to a northwest - southeast trending dextral tear 
fault, but some disturbance may be due to Variscan 
thrusting. 

5. The presence of a major Variscan thrust along the 
southern margin of the Bude Formation may mark 
the northern limit of the zone of intense Variscan 
deformation in south-west England. To the north of 
this line Variscan deformation was controlled by 
structures in the Lower Palaeozoic and Proterozoic 
sialic basement which formed the passive continental 
margin evident in the Devonian stratigraphy of north 
Devon. 

Figure 4. Postulated sequence of development of the Creditors Trough in mid Devon (A - E) and southeast Devon (F). The 
position of the Trough is controlled by the presence of a major thrust separating the Bude and Crackington Formation. 
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An alternative model for the structure of north Cornwall - a statement. 
E.B. SELWOOD 
J.M. THOMAS 
 

Selwood, E.B. and Thomas, J.M. 1985. An alternative model for the structure of north 
Comwall- a statement. Proceedings of the Ussher Society, 6, 180-182. 

The structure of the North Cornwall coast between Boscastle and Port Isaac is reviewed. The 
Tintagel Succession is confined to the Tredorn Nappe, which is carried on the Trekelland 
Thrust. Beneath this thrust south-dipping and regionally inverted successions have been 
recognised for the first time. They are referred to the inverted limb of a nappe, probably 
emplaced in Mid Carboniferous times. The case for northward tectonic transport throughout the 
area is argued, and the significance of the Padstow Confrontation is commented upon. 

Dr E.B. Selwood and Dr J.M. Thomas, Department of Geology, University of Exeter, North 
Park Road, Exeter, Devon. EX4 4QE. 

 
Introduction 
For many years the interpretation of the structure of 
central S.W. England has been dominated by the south 
facing overfold model (e.g. Freshney et al. 1972, Hobson 
and Sanderson 1975, Rattey and Sanderson 1982) 
developed for the north Cornwall coastal section, 
extending southwards from Wanson Mouth. The model 
predicted a major zone of southward tectonic transport 
extending at least as far south as Padstow. This is at 
variance with the major thrust and nappe terrain now 
recognised only a few kilometres along strike inland, 
where the tectonic transport is northward. (Isaac et al. 
1982, Selwood et al. 1984). 
 
However northward tectonic transport has now been 
described in a new structure, the Boscastle Nappe, 
(Selwood et al. 1985), which extends northward in the 
coastal sections from Willapark to Rusey (Fig 1). Rather 
than Crackington Formation turbidites, Upper Devonian-
Lower Carboniferous shallow water successions were 
recognised; they underthrust the Crackington Formation 
to the north at the Rusey Fault Zone, and are floored by a 
thrust evident at Willapark and inland, although truncated 
by steep faults in some places (Fig. 1) (Selwood et al. 
1985). The recognition of this structure weakens the 
overfold model. Successions in the Boscastle Nappe 
together with the underlying rocks were interpreted as 
part of a conformable succession extending down into the 
Middle Devonian rocks about Port Isaac, forming part of 
the major south facing overfold (Hobson 1975). 
 
From a reconnaissance survey southward from Boscastle 
we are now able to report that the Tintagel succession 
(Freshney et al. 1972) immediately underlying the 
Boscastle Nappe is involved in complexly thrusted fold 
structures and floored by a major thrust zone identified at 
Tregardock Beach and Jacket's Point (Fig. 1). This thrust 

runs inland from Jacket's Point to the northwestern 
margin of the Bodmin Moor Granite (Fig. 1). The 
structure so defined beneath the Boscastle Nappe is the 
western extension of the Tredorn Nappe previously 
established between Bodmin Moor and Dartmoor (Isaac 
et al. 1982, 83), which is floored by the Trekelland Trust 
(Stewart 1981). 
 
Beneath the Trekelland Thrust a distinct Upper Devonian 
succession is now recognised for the first time on the 
coast from Jacket's Point to Bounds Cliff. For over 3.5 
km, nodular grey slates with frequent interbedded 
sandstones, and some conglomeratic, volcanic and 
slumped horizons occur in a consistently inverted and 
south dipping succession. First folds are north facing, and 
deformation is much less intense that in the overlying 
nappes. The section is cut by reverse faults which bring 
younger beds to the surface southwards notwithstanding 
the southerly dip. The structural levels so exposed show 
increases in both the grade of metamorphism and the 
intensity of flat lying dislocations; this leads us to suggest 
that this section constitutes the inverted limb of yet 
another thrust structure that we identify as the Port Isaac 
Nappe (Fig. 1). 
 
Thus the coast section from Rusey to Bounds Cliffis not 
a single stratigraphic succession involved in a highly 
deformed south facing overfold. Rather it is three 
distinct, yet largely coeval successions, in separate fold 
nappes. The thrust zones which separate these nappes 
contain units of fault rocks several metres thick in places 
which show that major movements have taken place. 
Associated with these, and with intra-nappe thrusts (e.g. 
T1 of Wilson 1951), north verging asymmetrical folds 
give a consistent sense of northward transport. These 
folds deform F1 cleavage. 
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Figure la. Location Map, showing Bodmin Moor and Dartmoor Granites, outlines of B.G.S. 1:50000 sheets and area of 
fig. I b. 
b.Map of occurrence of the structural units of north Cornwall. 
c.Sketch structural cross section of north Cornwall coast. 

 
It follows that the south facing overfold proposed in 
earlier models does not exist in the area between Rusey 
and Bounds Cliff. 

Discussion 
Although F1 structures in the Port Isaac Nappe face 
north, those now included in the Boscastle and Tredorn 
Nappes have hitherto been claimed to face south. We 
have been unable to establish unequivocal facing 
evidence for any F 1 fold within the Tredorn Nappe. 
Since the succession of much of the lower part of the 
nappe is inverted, it follows that the F2 folds generated 
by thrusting, will give southward but downward facing 
(e.g. Hobson and Sanderson 1975, Fig. 5). The same 
explanation holds for south facing determinations 
recorded in the inverted limb of the Port Isaac Nappe 
(Hobson 1975). 
Within the Boscastle Nappe younging directions are not 
easy to determine (Selwood et al. 1985, p. 135), and 
positive determinations are generally not helpful, for 

most occur in east or west closing sheath folds (Rattey 
and Sanderson 1982). North facing F1 folds have been 
identified inland, and we hold that such structures are to 
be expected on the coast. On the other hand we find no 
evidence for south facing and we must doubt some of the 
evidence quoted, e.g. the structure figured by Dearman 
and Freshney (1966, Fig. 6b), may not be a fold at all, if 
it is as figured, it faces upwards. 
Similar northward tectonic transport to that described 
here has also been established south of Padstow (e.g. 
Gauss 1973). Only the limited area between Bounds Cliff 
and Padstow now remains in which the earlier concept of 
southward tectonic transport (Hobson 1975, Gauss 1973) 
has not yet been called into question. The neccessity for 
the Padstow Confrontation as a major structural feature 
of SW England has disappeared: at most it can only be a 
backfold of local significance. 

Early gravity sliding could explain the pre-cleavage folds 
showing changes in facing direction on the cleavage 
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reported in the Padstow area by Shackleton et al. (1982). 
They (p.535) did not pursue this as an explanation of the 
Padstow Confrontation because of "incontrovertible" 
evidence of south facing extending for many miles 
northwards. Evidence on this scale does not exist, and we 
conclude that all local south facing folds could have been 
caused by such superimpositions of deformation 
episodes.  
The significance of the radiometric dates (Dodson and 
Rex, 1971) which have featured prominently in the 
interpretation of the Padstow Confrontation (Roberts and 
Sanderson 1971) must be reappraised. Localities yielding 
the mid-Carboniferous dates (340-320 m.y.) belong to 
the Port Isaac Nappe, whereas the late Carboniferous 
(310-270 m.y.) dates were derived from the Tredorn 
Nappe. This is an analagous situation to that recorded 
between Dartmoor and Bodmin Moor in which an early 
nappe (Greystone Nappe) emplaced in late Vis6an to 
early Namurian times is overthrust by later nappes (Isaac 
et al. 1982, 83). The anomalous date (296 m.y.) derived 
from the early nappe at Port Isaac would appear to 
represent the effects of reworking by the .passage of later 
nappes. 
Thus the Variscan rocks extending from beneath the New 
Red Sandstone in east Devon, through to the north 
Cornwall coast, present a uniform and consistent 
structural pattern. Stratigraphic evidence indicates 
considerable tectonic instability in early Carboniferous 
times which was to culminate in the emplacement of 
major gravity slides, apparently generated ahead of an 
advancing deformation front. Such activity was probably 
critical in the development of the flysch basin of central 
Devon lying to the north. In late Namurian times early (D 
1) thrusts were reactivated by the arrival of southerly 
derived fold nappes (D2) at the southern margin of the 
basin. Deformation of the basin in late Westphalian times 
led to the tightening of earlier structures to produce local 
backfolding of the cover rocks over the allochthon at the 
Rusey Fault Zone. This is the only significant structural 
confrontation in the area. We have found no evidence on 
the coast or inland to support the view of Shackleton et 
al. (1982) that a major backfold, extending from Rusey 
to Padstow, exists at the southern margin of the Culm 
Synclinorium. 
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Oceanic anoxic event 2 on-shore and off-shore S.W.  
England 
M.B. HART 

 

Hart, M.B. 1985. Oceanic anoxic event 2 on-shore and off-shore S.W. England. Proceedings 
of the Ussher Society, 6, 183-190. 

"Oceanic anoxic event 2", in the Late Cenomanian, is described from material recovered by 
DSDP Leg 80, from the Goban Spur. The four sites (548-551) were drilled at the faulted edge 
on the continental shelf WSW of Land's End. The equivalent event on-shore is marked by the 
A.plenus Marls, which are described at localities in Central Dorset. In S.E. Devonshire 
sediments of equivalent age were deposited in much shallower, well oxygenated, 
environments. The microfaunas from these sediments do, however, record changes induced 
by the presence of oxygen-depleted layers lower in the water column. 

M.B. Hart, Department of Geological Sciences, Plymouth Polytechnic, Drake Circus, 
Plymouth PL4 8AA, Devon. 

 
 
Introduction 
Sediments of the Cretaceous System recovered from the 
North Atlantic Ocean indicate that, at certain levels, an 
oxygen minimum zone (present in the modem water 
column at about 500-700 m. below the surface) has been 
well developed (see various DSDP Initial Reports). 
During an interval of high sea level and/or oxygen 
minimum zone expansion, anoxic (or slightly anoxic) 
water was able to penetrate the N.W. European 
continental shelf. This event (see Schlanger and Jenkyns, 
1976; Jenkyns, 1980; Mfiller et al., 1983; Graciansky et 
al., 1982), in the Late Cenomanian, is widely recognised 
as the A.plenus Marls (in Southern England) and the 
Black Band (in Eastern England and the North Sea 
Basin. South-west England is an interesting area in which 
to study this "event" as, off-shore, anoxic sediments of 
Late Cenomanian age have been recorded by DSDP Leg 
80, while on-shore sediments indicative of only slightly 
anoxic sediments (the A.plenus Marls) are well-known in 
Dorset, to the east of an area in S.E. Devon where 
sediments of the same age were deposited in a well-
oxygenated environment. 
 
D.S.D.P. Leg 80 
In 1980 DSDP Leg 80 drilled four sites (548-551) on the 
Goban Spur (Fig. 1). For the purposes of this present 
study only data from two sites (549,551) will be used. 
Site 551 recovered a very good section through OAE.2, 
and an extract of the succession is shown in Figure 2. A 
detailed study of the fauna is in preparation, but the 
ranges of some of the key species of planktonic 
Foraminifera are shown, together with a lithological log 
and an analysis of the fauna based on counts of the 250-
500um  size fraction. As Figure 2 shows there is an 
unfortunately placed hiatus at this site which embraces 
the greater part of the Turonian-Campanian interval. 

 
The stratigraphic position of the anoxic sediments is 
however quite clear as the nanno-chalks immediately 
below the black mudstone contain a diagnostic 
Rotalipora cushmani (Morrow) Zone fauna of Late 
Cenomanian age (Robaszynski and Caron, 1979; Carter 
and Hart, 1977; Hart and Bailey, 1979). The nanno-
chalks immediately above OAE. 2 contain a distinctive 
fauna of Planktonic Foraminifera indicative of the 
Whiteinella archaeocretacea Pessagno Zone. Above this 
there is a very thin sliver of nanno-cbalk of Early 
Turonian age immediately below the major hiatus, which 
in turn is overlain by sediments of Globotruncanita 
calcarata (Cushman) Zone (Late Campanian) age. 
 
S.W. England succession 
Unfortunately D. V. Glomar Challenger had to leave Site 
551 rather hurriedly and no downhole logging was 
attempted. However the nearby Site 549 was logged in 
detail, and, as can be seen in Figure 3, OAE. 2 is well 
developed and its gamma-ray signal is quite distinctive. 
The faunas from Site 549 are quite diagnostic but much 
less well-preserved than those from Site 551. The Site 
549 gamma-ray log can be directly compared to an 
almost identical log produced by the (then) Institute of 
Geological Sciences (Rhys et al., 1981) for the 
Winterbourne Kingston borehole. 
 
The gamma-ray peak seen in the profile from Dorset 
corresponds to the mudstone/chalk succession of the 
A.plenus Marls. Unfortunately the author has not had sight 
of the material from Winterbourne Kingston, but the 
nearby quarries at Buckland Newton (ST 703051) and 
Shillingstone (ST 824098) have been described previously 
(Carter and Hart, 1977). The succession at Shillingstone 
and the adjacent Stour Bank (ST 846106) locality are 
shown in Figure 4 (see also Kennedy, 1970). Unlike Site 
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Figure 1. Location of Sites (548-551) drilled during Leg 80 of the Deep Sea Drilling Project. 

551 (and 549) the A.plenus Marls succession does 
contain a foraminiferal fauna (Jefferies, 1962; Carter and 
Hart, 1977) as the bottom water do not appear to have 
been quite so anoxic/acidic. It can be seen in Figures 4 
and 5 that Rotalipora cushmani (Morrow) and R. 
greenhornensis (Morrow) became extinct within OAE. 2, 
although the presence of faunas rich in arenaceous 
benthonic Foraminifera (Reophax spp.) and abundant 
"Chondrites-like" burrow systems (Bromley and Ekdale, 
1984) probably indicate a reduced level of oxygen. The 
abundance of Reophax spp. at this level is interesting as 
these forms are not seen elsewhere in the U.K. in the Late 
Cenomanian, and clearly indicate a fauna adapted to the 
environment rather than just a product of seafioor 
dissolution. This characteristic extinction of R. 
greenhornensis, followed closely byR. cushmani, is 
typical of several localities in Southern England, and 
together with all the other information on the microfauna 
(Hart, 1970; Carter  and   Hart,   1977)  allows the precise 
correlation of sediments of this age in the area under  

discussion. Figure 5 shows the well-known hiatus at Beer 
Beach (SY 229890), while on the coast just west of Beer 
Head (ST 220879) and in the Bovey Lane Sandpit (SY 
217900) there are successions of limestone and 
calcareous sandstones which clearly indicate deposition 
in a well-oxygenated environment. The lithostratigraphy 
of these successions has recently been modified by Jarvis 
and Woodroof (1984). 

OAE.2 depositional model 
There is some evidence for a major eustatic rise 
(Hancock, 1976; Hancock and Kauffman, 1979) in the 
Late Cenomanian/Early Turonian although the events of 
OAE. 2 largely invalidate use of foraminiferal counts at 
this level as a guide of environmental change. However 
the appearance of OAE. 2 within the shelf succession 
indicates that the oxygen minimum zone has moved 
upwards relative to the sea floor. This could be the result 
of:- 
either 1.  an  increase  in  the  width  of  the  oxygen 
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Figure 2. Foraminiferal analysis of DSDP Site 551. Ranges of key species pertinent to the present discussion are shown, 
while those outside the relevant stratigraphic interval are omitted. 
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Figure 3. Gamma-ray log correlation across Southern England from DSDP Site 549 to the Southern North Sea Basin. The stage 
boundaries are based on Foraminifers. The succession at Shillingstone/Stour Bank (Dorset) is shown for comparison to the succession 
at Winterbourne Kingston. 
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 minimum zone, which would bring it up into 
 the appropriate depth range, 
or 2. an eustatic rise in sea level, which would bring 
 the oxygen minimum zone upwards by a 
 similar amount (although still remaining at 
 the same position within the water column). 
It is quite clear from Figure 5 that both R. cushmang R. 
greenhornensis and many benthonic taxa disappear from 
the succession at Site 551 immediately below the anoxic 
event. At many of the other localities shown in Figure 5 -
especially Shillingstone (Figure 4) - these three levels of 
extinctions can be located within the A.plenus Marls. The 
onset of anoxic conditions on the sea floor is therefore 
earlie'r at Site 551, but as this site is in deeper water that 
would be expected. The presence of any fauna within the 
marls at Shillingstone and Buckland Newton also 
indicates that although there is some oxygen defficiency 
on the sea floor it was not as great as at Site 551. 
The earlier disappearance ofR. cushmani (coincident 
with that of R. greenhornensis) at Site 551 is a 
preservational feature, as this species was presumably 
still present in the water column above the oxygen 
depleted water. Why, then, does the whole of the 
Rotalipora lineage eventually disappear within OAE.2? 
In recent years Hart and Bailey (1979), Hart (1980), 
Wonders (1980), and Caron (1983a) have all been 
contemplating a water-depth control for the evolution of 
the planktonic Foraminifera. Hart and Bailey (op. cit.) 
suggested that the Rotalipora lineage was adapted to life 
in the adult growth stage at a specific depth in the water 
column, and that during ontogeny an individual migrates 
down to that level from the surface waters. This sinking 
in the water column is a result of an increase in size, 
thickness of shell, and degree of ornamentation. This 
concept can be tested by considering data from the 
modern oceanic environment (see Be, 1977). R. 
greenhornensis is more heavily calcified, andthicker 
shelled, than R. cushmani and would by this model have 
lived in the adult stage slightly lower in the water column 
than R. cushman£ The fact that R. greenhornensis is 
much rarer in the shelf successions of Southern England 
confirms this suggestion; the water was generally of 
insufficient depth for the adult form to become fully 
developed. Those specimens found in Southern England 
are generally much smaller than those from other parts of 
the world, and have a much less developed 
ornamentation. R. greenhornensis should therefore be the 
first of the two to be affected by an oxygen minimum 
zone migrating upwards within the water column, with R. 
cushmani being affected only slightly later. If the rise in 
the oxygen minimum zone was as a result of only a 
eustatic rise there should still have been the same column 
of water above for both these species to fulfil their life 
cycles. As it is both species are clearly affected by the 
event, implying that the column of water above the 
oxygen minimum zone is being reduced. 
This suggestion can be further investigated by 
considering what happens above OAE.2. At Site 551 the 

 
Figure 4. Foraminiferal analysis of the succession at 
Shillingstone/Stour Bank; for further details of the locality 
see Carter and Hart (1977). 

sediments immediately above the dark mudstone contain 
a typical W. archaeocretacea Zone fauna. This is 
dominated by Hedbergella/Whiteinella; non-keeled 
genera, typical of the Be (1977) "shallow-water fauna" 
(the top 50m. of the water column). There are also rarer 
Praeglobotruncana/Dicarinella; forms that are 
morphologically similar to the "intermediate water 
fauna" of Be. These morphotypes appear to concentrate 
their adult growth stages between 50 and 100 metres 
below the surface. The same samples also yield 
intermediate forms between H. delrioensis (Carsey) and 
H. praehelvetica (Trujillo). Unfortunately the succession 
is cut off by the major hiatus representing the Turonian-
Campanian interval and one cannot find the full lineage 
through the praehelvetica form to P. helvetica (Bolli). 
This lineage is well-known, and by analogy to modern 
morphotypes, Hart and Bailey (1979) suggested that this 
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Figure 5. The correlation of OAE. 2 across S.W. England; for further details of the localities and their faunas see Carter and Hart 
(1977) and Hart (1982). N.B. the location of the Site 551 column in the stratigraphic sense is impossible as there is no fauna found 
within the mudstone. 

 
evolution to a piano-convex, highly calcified form, is a 
feature of progressive evolution to a deeper water habitat. 
Even well-developed P. helvetica from Southern 
England are smaller, have fewer chambers (4 not 6), and 
are less calcified than specimens from Tethyan, deeper 
water environments. The lineage from H. delrioensis 
through-,H, praehelvetica to P. helvetica is therefore 
recording the re-colonisation of the water column above 
the oxygen minimum zone after it expands again after the 
"event". Clearly the presence of so many intermediate 
forms from this lineage immediately above the mudstone 
at Site 551 shows how fast this re-colonisation is taking 
place. 
The planktonic fauna changes character completely 
across OAE. 2 with species possessing extraumbilical 
apertures being totally replaced by a population 
characterised by the extraumbilical - umbilical aperture 
format; Hedbergella is replaced by Whiteinella, 

Praeglobotruncana and Rotalipora are replaced by 
Dicarinella and Marginotruncana. This gross, and quite 
fundamental architectural change completely alters the 
nature of the fauna (see Hart and Bailey, 1979; Caron, 
1983b). 
This apparent control of the evolution of the planktonic 
Foraminifera must indicate that while the oxygen 
minimum zone may have followed the eustatic rise 
upwards it was also expanding within the water column, 
and by analogy to the modern fauna may have 
approached perhaps 100 - 150 metres of the surface. 
Backtracking Sites 548-551 it is clear that the depth of 
deposition at Site 551 in the Late Cenomanian would 
also indicate an expansion of the oxygen minimum zone 
downwards. The bottom limits of the oxygen defficient 
water are therefore very difficult to predict in the 
Cretaceous. In modern oceans the oxygen content 
increases with depth as a result of cold, oxygen-rich, 
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bottom water coming from the poles. This very cold 
water did not exist in the Cretaceous, which appears to 
have been ice-cap free, and it is difficult to see how the 
deeper waters of the Cretaceous oceans received any 
great injection of oxygen. There must however have been 
some movement at depth in the Cretaceous oceans as 
Olsson and Nyong (1984) and Nyong and Olsson (1984) 
have recorded an oxygen defficient zone in the 
Campanian sediments of the Baltimore Canyon Trough, 
with more oxygenated sediments being found at lower 
levels on the continental slope in that area. This Late 
Campanian oxygen minimum zone can probably be seen 
in Site 551 (Fig. 3). In the upper half of core 551-4there 
is a zone of reduced planktonic content, and increased 
arenaceous Foraminifera. This feature has also been 
recorded by DSDP Leg 95, Site 612 (M.B.H. - shipboard 
palaeontologist). 

In S.E. Devon the successions in the Beer area were all 
deposited in well-oxygenated environments. Most of the 
localities yield rich macrofaunas, and when processable, 
contain a diverse microfauna. Even within the very 
indurated limestones on the coast (Figure 5) the 
extinctions of R. cushrnani and R. greenhornensis can 
still be identified, as can all the other changes described 
above. The whole of this area must have been well above 
those levels in the water column affected by the reduced 
oxygen levels. The species affected by the oxygen 
depleted waters were however were not able to survive in 
the limited watercolumn still available to them and their 
actual levels of extinction can be recorded. All the 
specimens found in S.E. Devon are small, largely 
juvenile forms, that were unable to reach adult maturity 
because of the water depth restriction. The change in the 
whole planktonic fauna to forms with extraumbilical-
umbilical apertures can also be seen at all localities (see 
graphs in Carter and Hart, 1977, figs 36-38). All the 
successions in S.E. Devon are characterised by sediments 
with glauconite and phosphate, with no signs of even 
limited anoxia. 

Conclusions 
Evidence from a study of the Foraminifera on-shore and 
off-shore S.W. England indicates that in the Late 
Cenomanian a major eustatic rise, coupled with the 
expansion of the oxygen minimum zone, allowed OAE. 
2 to transgress the N.W. European continental shelf. 
There is also some evidence to suggest that anoxic 
sediments of Coniacian-Santonian age (DSDP Leg 80, 
Site 549) and Late Campanian age (DSDP Leg 95, Site 
612, and Leg 80, Site 551) probably indicate that the 
"events" (OAE. 1, OAE. 2, and OAE. 3) only represent 
expansions of an omnipresent oxygen minimum zone. 

Most of these expansions, can, with a little ingenuity, be 
related to transgressive events, althoughthis coincidence 
requires a little more hard evidence before it can be 
regarded as a genetic link. The fact that these 
transgressions, and movements of the oxygenminimum 

zone appear to influence the evolution of the planktonic 
Foraminifera is significant. 
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Read at the Annual Conference of the Ussher Society, January 1985 

Pelagic brachiopods from the Upper Devonian of East Cornwall 
C.J. BURTON 
GORDON B. CURRY 
 

Burton, C.J. and Curry, Gordon B. 1985. Pelagic brachiopods from the Upper Devonian of East 
Cornwall Proceedings of the Ussher Society, 6, 191-195. 

The discovery of two genera of minute chonetacean brachiopods, Longispina maillieuxi (Rigaux) 
and Retichonetes armatus (Bouchard), in basinal facies in the Upper Devonian Of Cornwall marks 
a radical extension of their range from the previously known proximal shelf position, and gives 
them an ecologically anomalous distribution. Recognition of this anomaly has stimulated an 
investigation into the life style of the two species. Four possible life-modes are considered, two of 
which, transport into the basin by turbidity currents and a basinal benthonic mode of life, are 
rejected on sedimentological and ecological grounds. A nektonic mode of life cannot be sustained 
for physiological and mechanical reasons, but an epiplanktonic mode of life is shown to be 
possible using a paedomorphic adaptational route to produce an adult with the required juvenile 
and epiplanktonic characteristics of small size and permanent attachment to a floating substrate. 
The wide geographical distribution of the two species, the inevitable adjunct of an epiplanktonic 
life style, further supports this interpretation. 

C.J. Burton and Gordon B. Curry, Dept. of Geology, The University, Glasgow, G12 8QQ, 
Scotland. 

 
Introduction 
Among the fossils recovered during the geological 
mapping of the Liskeard area are two genera of minute, 
(maximum width 7mm), thin-shelled chonetacean 
brachiopods, Longispina maillieuxi (Rigaux) and 
Retichonetes armatus (Bouchard). The brachiopods came 
from the grey slates of the upper part of the Milepost 
Slate Formation (Burton 1974), which crop out in a road 
cutting at Cartuther Vean near Liskeard (SX 26716280). 
These slates are the lateral equivalent of the Frasnian 
Schistes de Beaulieu of the Boulonnais (Racheboeuf 
1978). The chonetaceans form part of a meagre fauna, 
together with many cricoconarids, a single trilobite and a 
bryozoan fragment, preserved in facies typical of 
Devonian marine basins (Krebs 1979). Palaeozoic 
brachiopods are not uncommon in this environment, 
there being numerous examples of such forms existing 
on the floors of basins (Bergstr6m 1968; Cherns 1979). 
However what is notable is that unlike many basinal 
brachiopods Longispina maillieuxi and Retichonetes 
armatu, s are also found in other environments at the 
same stratigraphical level, namely the proximal inner 
shelf, in south-east England (Butler 1981) and in the 
intertidal zone of the Boulonnais (Wallace 1969). In 
these localities the chonetaceans exist in differing 
lithologies and communities and show ecological 
behaviour atypical of other basinal brachiopods. This 
atypical distribution, coupled with their small size, has 
led us to investigate their life style and to suggest that 
they were pelagic. 
 
Possible life-modes of minute chonetaceans.  
The suggestion of a pelagic life style is not new, there 
having been considerable debate as to the mode of life of 

such forms from black shales and other fine-grained, 
presumably deep-water, sediments (e.g. Sheehan 1977). 
However other presumed pelagic brachiopods rarely 
stray outside basinal facies, unlike Longispina maillieuxi 
and Retichonetes armatus; the fact that the latter forms 
are found elsewhere opens up four possible 
interpretations to explain their distribution:- 
1. They are shelf forms transported into deep-water. 
2. They are deep-water benthos. 
3. They are pelagic nekton. 
4. They are pelagic epiplankton. 
 
The first possibility requires the two forms to have been 
transported into the basin from a proximal inner shelf 
area both far inshore and lateral to their basinal location, 
a route unlikely to have been followed by the main 
medium of basinward transport, the turbidity current. 
Certainly neither the Milepost Slate Formation nor any of 
its lateral equivalents exhibit any of the characteristics of 
even a distal turbidite, and the chonetaceans are 
unaccompanied by any of the easily transported shelf 
debris usually found in such deposits. Relocation by 
transport off the shelf seems unlikely, therefore, 
especially as the fragile shells are entirely undamaged, an 
inconceivable state subsequent to turbiditic movement. 
 
That some minute and thin-shelled brachiopods live in-
situ in black shales and other fine-grained deep-water 
sediments is not in doubt, as shown for the chonetacean 
Shagamella ludloviensis by BergstrOm (1968)and for 
Lingula lata by Cherns (1979). HoweverL. maillieuxi 
and-R. armatus cannot be considered as basinal benthos 
because these species are as common in shallow water 
environments. Furthermore other characteristics of 
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undisturbed benthic brachiopod communities are absent. 
The Cornish brachiopods do not occur in clusters, which 
from all modern apalogues would have been their 
preferred life habit (e.g. Hartman 1966; Rudwick 1970), 
and their limited size range (n--19) does not constitute an 
ontogenetic sample. Moreover local current winnowing 
and transportation is ruled out by the undamaged state of 
the shells and the random arrangement of the smaller 
cricoconarids on the same bedding plane. Thus on the 
available evidence the Cornish examples do not represent 
a benthic biocoenosis. 
 
However the preservation of the shells, valves separated 
or gaping and widely scattered, does suggest 
transportation which if it cannot be along the sea bed, is 
most likely to have been downwards, with the shells 
opening prior to or during descent. This suggests a 
pelagic organism, of either nektonic or epiplanktonic 
type. 
 
Rudwick (1970) has suggested that small, thin, gently 
concavo-convex chonetaceans may have been capable of 
swimming for short distances near the bottom by utilising 
the 'shell-snapping mechanism common to most 
brachiopods. However the wide geographical distribution 
ofL. Maillieuxi and R. armatus was achieved relatively 
quickly despite the time-limited larval mobility of 
articulate brachiopods. This would suggest a truly pelagic 
upper water swimmer. This life mode would, however, 
have imposed severe design and operational constraints 
which would have required considerable morphological 
modifications to allow the animal to feed, respire, and 
reproduce successfully. 
 
The modifications which would be imposed by a 
nektonic mode of life are several and relate closely to the 
two possible modes of operation, continuous swimming, 
or floating supplemented by swimming. In the former 
case maintenance of position in the water column 
requires the brachiopods to flap their valves 
continuously. It seems certain that such vigorous flapping 
would seriously impede or indeed completely disrupt the 
feeding process of the animals, as the peripheral currents 
generated in the process would be much stronger than the 
normal inhalant and exhalant feeding currents 'generated 
by brachiopods. As such the normal through-flow of 
nutrient-.¢arrying sea-water would frequently be 
disturbed or interrupted, leading to rapid oscillations in 
the filament array composing the lophophore. As the 
filaments are not connected, they would consequently 
have been unable to maintain their regular smooth form 
which is necessary for successful particle entrapment and 
for the maintenance of distinct exhalant and inhalant 
areas within the brachial cavity. In any event the 
muscular activity necessary to sustain such continual 
flapping motions would be quite enormous relative to 
normal activity rates in sessile brachiopods, but there is 
no sign of any enlargement of the muscle areas in these 

chonetaceans. On the other hand if the brachiopods had 
maintained a floating position in the water column, 
suplemented by occasional swimming, they would be 
expected to have developed a number of morphological 
adaptations similar to those adopted by all Small 
invertebrate floaters not possessing buoyancy aids. These 
include a light skeleton, a high surface to volume ratio 
(supplied by flanges, spines, etc.) minimal size 
(especially in low viscosity tropical sea-water), and a 
specific gravity for the soft parts close to that of sea-
water. 
The Cornish chonetaceans certainly had the required 
light skeleton and probably had a suitable specific 
gravity; but other necessary adaptions appear to be 
lacking. The spines are to sparse and wrongly directed 
and the shell size is too great - most pelagic swimmers 
being less than the minimum size of even the smallest of 
the chonetaceans (3mm width). Moreover they would 
have had to have the very low sinking rate of other upper 
water swimmers if feeding was to be achieved in the 
intervals between the valve snapping movements. 
Although the available evidence strongly refutes any 
suggestion of a free swimming mode of life, a model of a 
chonetacean brachiopod was constructed and tested in a 
tank to determine its rate of sinking. This shell, an 
accurate life-size model of Retichonetes armatus, was 
made from Terebratulina retusa shell and contained the 
flesh and ldphophore of an appropriately sized specimen 
of that Recent species; no adjustments were made for any 
setal or other soft tissue extensions from the shell since 
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none are known from the fossil record. The results (Fig. 
1) show that for tropical surface water the sinking rate of 
the shell was 159.5 mm per second, and for tropical deep 
water (400-500 metres depth) of greater viscosity it was 
151.5 mm per second. The faster rate would take the 
shell to the bottom of the deepest Devonian basin in just 
under 52 minutes. Clearly the concept ofa nektonic mode 
of life is both functionally and morphologically untenable 
for these brachiopods. 
 
The epiplanktonic life mode 
The widespread distribution of these minute brachiopods 
(Fig. 2) indicates that their inferred epiplanktonic life 
style, noted as a possibility for other minute  
chonetaceans by Racheboeuf (1981), was not simply the 
result of rare and fortuitous settlement events, but rather 
suggests some directional adaptational specialisation for 
such a mode of life. Such specialisation could reasonably 
be interpreted as being essentially paedomorphic, 
because the life style of an epiplanktonic chonetacean 
would have required the characteristics of a juvenile 
brachiopod - smallness, lightness, and peduncular 
attachment, and probably also a short life span and a 
cpncomitant acceleration in the onset of sexual maturity-
to have successfully coped with attachment to a soft and 
evanescent substrate. Such a process certainly played an 
important role in brachiopod evolution, and for the 
interpretation proposed herein other lines of supporting 
evidence can be cited from the relationships between 
size, growth-rate and life-span in living brachiopods. 
 
Growth  rate  studies  on  brachiopods past and present 
 

 
 
 
 

 
 
 
 

 
 
 

 
 
 
 

 

show that the average per annum growth rate over the 
animal's life span is controlled and mediated by various 
environmental factors. The available evidence, although 
sparse, does suggest that growth is slowest in cold, deep-
water habitats and reaches a maximum in warm, nutrient-
rich, tropical shallow waters. Recent work (Noble and 
Logan 1981); Curry 1982, 1984a,b)indicates that a range 
of 1.90 mm to approximately 4mm per year is an 
acceptable working average in a number of living and 
fossil species, which appears to conform to estimates of 
growth rates for other fossil taxa (e.g. Richards and 
Bambach 1975). Data on the growth rates of living 
tropical brachiopods are even more sparse, but there are 
sound physiological grounds for suggesting that the 
apparently higher annual growth rate is achieved by 
virtue of year round growing conditions and abundant 
nutrient supplies, oxygen, etc. It is possible, for example, 
that adult specimens ofArgyrotheca bermudana, a small 
cryptic Recent tropical species, had attained their 
maximum size of approximately 3mm width within a 
year (Logan 1975), a strategy of high initial growth rate 
to sexual maturity followed by virtual stasis. Such 
brachiopods may well survive for some considerable 
time after reaching their maximum size, a phenomenon, 
known as determinant growth, which has certainly been 
noted in various living brachiopods (e.g. Doherty 1979). 
SUch a strategy can realistically be extrapolated for the 
two Cornish chonetaceans, which would have attained 
their adult size of 3mm - 7mm within 12 to 18 months, 
and sexual maturity possibly within 2-3 months. 
 
Therefore an adaptational route exists by which larger 
 
 
 

 
 
 

 
 
 
 

 
 
 
 

 
 
  

Figure 2. Devonian continental and oceanic areas, illustrating inferred ocean currents and the distribution of Longispina and 
Retichonetes.
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brachiopods may be transformed into minute and 
specialised forms, a route possibly taken by members of 
the Chonetacea, a taxon with distinct "normal" and 
"minute" subgroups within it. The evidence points 
towards this route having been taken by Longispina 
maillieuxi and Retichonetes armatus, the two forms 
having been short-lived, small, light, and sexually mature 
early in life. An epiplanktonic life mode further requires 
both settlement on and attachment to a floating substrate, 
the commonest such being marine algae and, in the 
absence of any evidence of attachment to harder 
substrates such as floating shells, the most likely. All 
known living articulate brachiopods settle on to 
substrates which are very diverse in nature, and there is 
abundant evidence that fossil representatives did likewise 
(including chonetaceans - see Brunton 1972). Most 
certainly living pedunculate brachiopods commonly 
attach to such 'soft' substrates as algae (Curry 1982), an 
attachment postulated for some fossil representatives 
(Ruedemann 1934; Bergstr6m 1968). The method of 
attachment in juvenile chonetaceans was peduncular 
(Brunton 1972) and, although this is not demonstrable in 
the Cornish specimens due to their state of preservation, 
other specimens of the two species appear to have non-
mineralised spaces between pseudodeltidium and 
chilidium through which peduncular fibres could have 
run. Auxiliary attachment may have been provided by the 
posterior spines which, in the species in question, run 
laterally rather than posteriorly. 
 
Epiplanktonic brachiopods should, furthermore, be 
widely distributed, and the biogeography of the two 
species and their respective genera show this. When 
plotted on Devonian world reconstructions (Fig. 2) such 
as those of Heckel and Witzke (1979) and Boucot and 
Gray (1983) the distributions of the two genera, and the 
species in question, appear to be current controlled and to 
fit independently derived current direction determinations 
with remarkable accuracy. Longispina moves from its 
Appalachian centre of origin (Racheboeuf 1981) via 
northern South America and north-west Africa into 
Spain, Armorica and Cornubia, while the distribution of 
Retichonetes is plainly controlled by the Southern 
Subtropical Gyre, the species armatus being known from 
Turkestan, the Ardennes, the Boulonnais (Racheboeuf 
1978) and Cornubia, and the genus from Poland 
(Balifiski 1979); all these records being of middle 
Frasnian age, while the genus has also been recorded 
from Frasnian successions in Western Australia (Veevers 
1959). 
 
The transoceanic distribution of Retichonetes armatus in 
particular is close to 45 degrees of contemporary 
longitude, a wide span in the provincial context of 
Eurasian Devonian brachiopod distributions, and 
especially so given its narrow geological range. It seems 
probably that only a swift current-borne dispersal of the 
adults could have produced such a distribution, and in 

this light the accelerated life cycle of both species may be 
seen as an adaptational trade-off of life-span against 
specialisation for an epiplanktonic niche. 
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A review of the geological relationships between the  
Brioverian Supergroup and Palaeozoic red beds around  
the Baie de Saint Brieuc, Brittany, in the light of illite 
crystallinity studies. 
 
MARY M. SHUFFLEBOTHAM  
ROBERT A. ROACH 
 

Shuffiebotham, Mary M. and Roach, Robert A. 1985. A review of the geological relationships 
between the Brioverian Supergroup and Palaeozoic red beds around the Baie de Saint Brieuc, 
Brittany, in the light of illite crystallinity studies. Proceedings of the Ussher Society, 6, 196-
204. 

Illite crystallinity determinations on mudstones and siltstones from the Erquy Volcanic 
Formation of Brioverian age, located in C6tes du Nord, Brittany, suggest that these rocks have 
undergone anchizone to epizone type of metamorphism. This is supported by prehnite-
pumpellyite and greenschist facies assemblages in metabasites intercalated with the 
sediments. Metamorphic grade increases to the southwest in the region of the Baie de Saint 
Brieuc. This metamorphism is attributed to the end-Precambrian Cadomian event. 

An angular discordance separates the Erquy Volcanic Formation from the Palaeozoic Erquy 
green beds and the Erquy-Frehel red beds. Illite crystallinity determinations on these 
Palaeozoic rocks indicate that they have suffered only diagenesis or a low-anchizonal 
modification. 

The Erquy Volcanic Formation is currently regarded by many workers to be of Ordovician 
age. The illite determinations, field evidence and petrography indicate that a Brioverian age is 
more likely. This interpretation requires that the basement gneisses of the Fort La Latte - Saint 
Brieuc area are, at least in part, of Pentevrian age. This is in keeping with their complex 
structural and metamorphic history. 

Mary M. Shuffiebotham and Robert A. Roach, Department of Geology, University of Keele, 
Keele, Staffs. ST5 5BG. 

 
Introduction 
The area to the northeast of Saint Brieuc, C6tes du Nord, 
Brittany (Fig. 1), contains several localities at which 
stratigraphical arguments have arisen during the last 
twenty five years. It is in this area that the term 
"Pentevrian" was first defined for Precambrian basement 
gneisses of pre-Brioverian age (Cogn6, 1959). The term 
Brioverian was introduced by Barrois (1895a) for the 
thick sequence of supracrustal rocks now generally 
regarded to be of late Precambrian age, which crops out 
extensively across Brittany and Lower Normandy. 
Cogne (op. cit.) described an unconformable relationship 
between Pentevrian basement and Brioverian 
metasediments and metavolcanics at Jospinet, some 12 
km ENE of Saint Brieuc. Roach et al. (1972) and Roach 
(1977) have suggested that the Brioverian rocks were 
deposited between 900 and 650 Ma. Cogne (op. cit.) 
equated the Jospinet Brioverian with the suite of 
dolerites, pillowed and massive basalts, hyaloclastites, 
sediments and keratophyres to be seen 14 km to the NE 
at Erquy (here termed the Erquy Volcanic Formation). 
The Erquy rocks were assigned to the late Precambrian 
(Barrois,   1895b),   but   later   placed   in   the  Cambrian  

 
 
(Barrois, 1934). Graindor (1957) regarded them as the 
stratotype Lower Brioverian. 
 
It is generally accepted that the region of the Bale de 
Saint Brieuc escaped major reworking during the 
Hercynian orogeny. However, it was affected by 
deformation, metamorphism and magmatism during the 
end-Precambrian Cadomian event (Adams, 1976; Roach, 
1977). Cogne (1959) recognised that a Cadomian 
metamorphism, whose intensity increased to the 
southwest, had affected the Brioverian in the Baie de 
Saint Brieuc. He argued that the Erquy rocks had escaped 
this metamorphism. Vidal et al. (1971), Vidal (1980) and 
Clauer et al. (1985) have also remarked on the non-
metamorphosed state of the Erquy volcanics. 
 
The basement at Jospinet consists of variably 
metamorphosed and deformed amphibolitic, dioritic and 
granodioritic gneisses, as well as younger weakly-foliated 
leuco- and biotite- granodiorites, and quartz-diorites.  
These are considered to be part of the elongate basement 
complex occupying an area of some 250 sq.km, from Fort 
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La Latte in the northeast to Saint Brieuc inthe southwest 
(Fig. 1). At the head of the Bale de Saint Brieuc, a shear 
belt of late Pentevrian age was developed, and its 
mylonites now separate the basement from the Brioverian 
cover to the north (Roach and Shufflebotham, in 
preparation). The Pentevrian basement was retrogressively 
metamorphosed and deformed during the Cadomian event. 
 
At Erquy, Cogne (1959) recognised an unconformable 
relationship between the Brioverian volcano-sedimentary 
sequence at Pointe de la Heussaye, and an overlying 
clastic sequence, the Erquy and Fr6hel red beds, seen to 
the north of the bay (Fig. 2)(Barrois, 1895b; Pruvost and 
Waterlot, 1936; Cogne, 1963). These red beds have in the 
past been assigned various strati-graphical positions, 
which range from Cambrian to Permo-Carboniferous, 
although recently a Cambro-Ordovician age has been 
favoured (Auvray et al., Cogne et al., 1980). 
 
 

The idea of two extensive Precambrian units, the 
Pentevrian and Brioverian, within the Fort La Latte -
Saint Brieuc area, as proposed by Cogne (1959), was 
generally accepted until the early 1970's. Vidal et al. 
(1971) produced a whole-rock Rb/Sr isochron date of 
482+-10 Ma for the metabasites of the Erquy Volcanic 
Formation. This was interpreted as the age of eruption. 
(All dates quoted in this paper have been recalculated 
using  Rb=l.42x1011yr-1). Confirmation of an Ordovician 
age for the Erquy Volcanic Formation was subsequently 
presented in the form of (1) the recognition in thin 
section preparations of opaque material said to represent 
outlines of micro-organisms (acritarchs and chitinozoa) 
(Deunff et al., 1973); and (2) Rb/Sr isochron 
determinations on rocks from the Pentevrian basement 
along the southeast side of the Baie de Saint Brieuc, 
which were interpreted as indicating a Cadomian age for 
part of the basement (Vidal et al., 1974). The Ordovician 
age for the Erquy Volcanic Formation was challenged by 
Brown and Roach (1972). 

 
Figure 1. Simplified geological map of the Saint Brieuc region, Northern Brittany. 
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Figure 2. Geological map of the Erquy area (0 indicates 
illite crystallinity samples). 
 
 
The Erquy Volcanic Formation is still accepted to be of 
Upper Cambrian/Lower Ordovician age by a number of 
workers, e.g. Auvray et al. (1980). The 1:50,000 
geological sheet for this area (Cogne et al., 1980) shows 
it as Cambro-Ordovician in age. This interpretation of 
both the Erquy Volcanic Formation and the Brioverian 
rocks at Jospinet (the type-section of the Brioverian -
Pentevrian unconformity (Hameurt, 1973)), has cast 
considerable doubt on the existence of Pentevrian 
basement in the area, since by definition, Pentevrian is 
the basement to Brioverian rocks. 
Cogne et al. (1980) interpreted the formerly 
unquestioned discordance in the Rade d'Erquy, between 
the Erquy Volcanic Formation and the Palaeozoic Erquy 
- Frehel red beds, as a cartographic artefact. They 
explained the apparent discordance by means of a 
Hercynian flexure (Fig. 3, taken from Cogne et al. (op. 
cit.)). The approximate junction between these two 
sequences was drawn to the north of the piers at the 
northern end of the Rade d'Erquy (Fig. 2). The rocks 
termed "Erquy green beds" in this paper were placed 
stratigraphically with the Erquy volcanics by Cogne et al. 
(op. cit.), and a conformable transition between these and 
the overlying red beds was envisaged. 

This paper is concerned with two problems inherent in 
the currently proposed French model for the geology of 
the Erquy area. These are: (a) the absence of an angular 

discordance between the Erquy Volcanic Formation and 
the Erquy-Frehel red beds; and (b) the non-
metamorphosed nature of the Erquy Volcanic Formation. 
 
Recent fieldwork, illite crystallinity studies and 
petrography have affirmed the view held by Brown and 
Roach (1972) that the Erquy Volcanic Formation is of 
Brioverian age. This evidence is presented below. 
 
Field Relationships 
The Erquy Volcanic Formation is well-exposed in 
sections near Pointes de la Heussaye and Caroual (Fig. 
2), and equated with the Brioverian at Jospinet (Fig. 4). 
The association of dolerites, pillowed and massive basalt, 
hyaloclastites and sediments is intruded by thin (0.5- 3 m 
wide), slightly discordant keratophyre sheets. These are 
considered to be broadly contemporaneous with the basic 
volcanism. Individual sedimentary and basic units vary in 
thickness from less than 1 to greater than 50 m and are 
generally concordant. The pile consists of approximately 
80% basic volcanic and 20% sedimentary material. At 
Jospinet, an arkosic sandstone, sometimes pebbly, and up 
to 6 m thick, is present at the base of the Brioverian 
(Cogne, 1959). This is followed by a sequence which 
includes a thin debris flow of up to 60 cm thickness, but 
is dominated by laminated mudstones and siltstones with 
minor thin sandstones. Some 65 m of sediments are 
present before the first intrusive metadolerite sheet is 
seen. At Erquy, no base to the volcano-sedimentary 
sequence is seen, but a conglomerate horizon recognised 
inland to the SE of Verdelet may represent a local base. 
 
As the sequence youngs northwards it is clear that a lower 
stratigraphical level is exposed at Pointe de Caroual than 
at Pointe de la Heussaye (Fig. 2). At Caroual, thick, 
massive, intrusive sheets with occasional thin 
sedimentary intercalations, rather than pillowed basalts, 
are dominant. Further northeast at La Roche Jaune, 

 
Figure 3. (Taken from Cogne et al., 1980.) "The flexure of the 
Rade d'Erquy is responsible for the apparent discordance 
between the vertically-oriented spilitic series on Pointe de la 
Heussaye and the more gently-dipping red beds which 
dominate the Port at Erquy." 
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pillowed basalts are present, and on the islet of Heussaye, 
thin high-level intrusive or extrusive basalt sheets and 
flows, usually pillowed and/or vesicular, are abundant. 
Whole pillows are usually up to 1 m in diameter, e.g. at 
La Roche Jaune. Hyaloclastites are well-developed on 
Pointe de la Heussaye and attest to the rapid downslope 
movement of extruded pillowed basalt, with 
accompanying sea-water interaction, but with no 
discernable evidence for explosive activity. Various 
gradations between pillowed lavas, whole- and broken-
pillow breccias, and a chaotic breccia of chloritic-
devitrified glassy fragments and matrix, are present at 
Pointe de la Heussaye. Some flows show transitions, 
both laterally and vertically, from pillowed to massive 
form. The sediments within the sequence are invariably 
well-bedded or well-laminated. Grading, ponding of 
silt/sand in mud, small-scale flame structures, current 
ripples and cross-lamination define a consistently 
northerly younging direction. Evidence for younging in 
basic lavas includes increase in density of vesicles or 
amygdales towards tops of flows, piling-up of pillow-
forms, and sedimentary drapes on concavo-convex 
pillowed lava surfaces. 

Structurally, the Erquy Volcanic Formation is simple. 
Bedding is variably oriented from 070° to 110° and is 
overturned, dipping steeply to the south. Folds are absent 
in the Pointe de Caroual - Pointe de la Heussaye section, 
and a spaced fracture-type cleavage is variably 
developed. This becomes pervasive at Jospinet where 
occasional small'-scale folds are seen. Cleavage is 
oriented at up to 30° to bedding, and usually around 
060°, dipping moderately to steeply southwards. 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

Some 750 m separate the northern tip of Pointe de la 
Heussaye from the first crops on the north side of the bay 
between the two piers at Erquy Port (Fig. 2). Here, the 
Erquy green beds are exposed. These are parallel-bedded, 
silty sandstones, sometimes showing internal cross-
lamination. They are well seen in an outcrop some 80 m 
long and observable only at low tide. The green beds dip 
at 3040° to northeast and carry no fracture-cleavage. 
They have little in common from a sedimentological 
viewpoint with the Brioverian sediments on Pointe de la 
Heussaye, and despite being placed stratigraphically with 
the Erquy volcanic rocks by Cogne et al (1980), are 
thought by the present authors to rest with angular 
discordance upon the Erquy Volcanic Formation. No 
contact is seen between the Erquy green beds and the 
overlying red beds exposed behind the houses along the 
quay at Erquy. The red beds include heterolithic 
conglomerates, probably of debris-flow origin and are 
abundant in local-source clasts, e.g. phtanite 
(carbonaceous silicite), quartzite, red mudstone, and a 
few clasts of volcanics comparable with those on the islet 
of Heussaye. However, red, pink and grey cross-bedded 
arkosic arenites comprise most of the Erquy - Frehel red 
bed sequence. At the port, the Erquy green beds and the 
red beds have a similar attitude, in contrast to the 
Brioverian (see Fig. 5). 
 
The illite crystallinity determinations in this work include 
several from outside the Erquy - Jospinet area. Two 
localities on the northwest side of the Baie de Saint 
Brieuc display unconformable relationships between 
rocks accepted by French workers as Brioverian and 
Palaeozoic (e.g, Auvray et al., 1980). At Port Lazo and 
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Anse de Brehec (Fig. 6), unconformities between 
Brioverian (composed of graded sandstones, siltstones 
and mudstones), and the Palaeozoic Plourivo - Brehec 
red beds (composed of red conglomerates giving way to 
red and green sandstones, siltstones and mudstones) are 
seen (Delattre and Waterlot, 1958; Pruvost et al., 1966). 
The Brioverian in these sections lacks any basic volcanic 
material. Samples from these localities have been 
included in order to compare differences in illite 
crystallinity between the Palaeozoic red/green beds and 
Brioverian sequences on both the northwest and 
northeast sides of the Baie de Saint Brieuc. 

 
Parameters used to characterise low-grade 
metamorphism 
The degree of crystallinity of the clay minerals of the 
illite/phengite series can be used as an indicator of 
crystallisation under the conditions marking the onset of 
metamorphism. It may be used to characterise states of 
diagenesis, epizonal metamorphism (including 
greenschist facies) or an intervening anchi-metamorphic 
state (Kubler, 1967; Kisch, 1983). The crystallinity of 
illite is measured by x-ray diffractometry. The degree of 
modification is reflected in the shape of the 001 
diffraction peak at 10.3A, which becomes progressively 
narrower and more intense with increasing grade 
(Weaver, 1960; Kubler, 1968; Dunoyer de Segonzac, 

1970; Kisch, 1980). Two indices have been used: 
(a) "Sharpness ratio" or Weaver index (Weaver, op. cit.). 
This is the ratio of peak minus background intensities at 
10 and 10.5A. The index increases with increasing 
"crystallinity", i.e. increasing diagenesis/low-grade 
metamorphism. Values of < 2.3 may be taken to indicate 
the diagenetic zone, 2.3 to 12.1 anchizone, and > 12. I, 
the greenschist facies (Weaver, op. cit.; Kubler, 1968). In 
this study, a modified Weaver index has been calculated. 
This involves precise location of the 10A peak. The 
Weaver index is considered excellent for poorly-
crystallised illites, but large errors may occur at higher 
grades (Kisch, 1983). 
(b) Peak width or Kubler index (Kubler, 1967, 1968). 
This is a measurement of peak width at half-peak height 
above background. In this study it is measured in 
"degrees 200". The Kubler index decreases with 
increasing crystallinity. Several workers have suggested 
boundaries for peak width, and in this study, values of 
0.38 to separate diagenesis and anchizone, and 0.21 to 
separate anchizone  and epizone have been used (Kisch, 
1980). In contrast to the sharpness ratio, peak width is 
liable to larger errors at lower grades. 
 
Analytical techniques 
Illite crystallinity determinations were made on smear 
mounts prepared after ultrasonic disaggregation of rock 
chips with subsequent centrifuge and filtration, to yield a  
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less than 2mu clay fraction. All determinations were 
made on a Siemens x-ray diffmctometer, using Ni-
filtered Cu-Kc* radiation, with tube voltage of 35 kV and 
current 20 mA. Scans were made over the range 3-40 
°2O, using divergence and scatter slits of 1/2° and 1°, 
and receiving slit of 0.4 mm* For scans over the ranges 
7.5 - 10 °2O (peak width measurement) and 44 - 48 °20 
(to determine presence/absence of paragonite), 
divergence and scatter slits of 1/2° and 1°, and receiving 
slit of 0.1 mm.were used. For 3 - 40 °20 and 44 - 48 ° 
scans, a speed of l°/min. was used, and for peak width 
measurements, a speed of 1/2°/min. Weaver indices.were 
determined by fixed time counts (80 seconds) at the 
appropriate peak and background positions. A 
preliminary attempt to determine the presence or absence 
of interlayered clays was undertaken (in a limited number 
of samples). This involved the exposure of smear mounts 
to ethylene glycol for 72 hours at 60°C, and heating for 2 
hours at 550°C, followed by re-scanning. 
 
Results 
62 samples were collected from the Erquy - Jospinet and 
Port Lazo -Anse de Brehec areas. Initially the samples 
were run for an estimate of "bulk" less than 2mu clay 
mineralogy. In all samples this was composed of varying 
proportions of chlorite and illite/phengite. Kaolinite was 
confined to samples from the red beds. Small amounts of 
quartz and albite were present in all samples. 
Pyrophyllite and paragonite were not detected. Mixed-
layer clays were recognised in a small proportion of the 
samples,  but  in scarcely  significant  amounts. Small 

amounts of smectite were found only in sediments which 
contained a trace of, or no illite. 
 
All the Brioverian samples from Erquy and Jospinet were 
from typical sedimentary horizons with abundant 
primary structures, but 22 of these 39 samples contained 
only a trace of, or no illite, having chlorite as the only 
significant phyllosilicate present. Both the Erquy and 
Jospinet Brioverian sequences are characterised by large 
proportions of basic volcanic material relative to 
sediment. The absence of a potassium-bearing phase in 
the sediments might be explained by their being derived 
from the weathering ofalready-emplaced basic volcanics, 
or alternatively, of K-poor dioritic basement gneisses. 
Variations in allochthonous input would account for the 
presence of illite-bearing and illite-poor sediments at the 
same localities and occasionally within the same horizon. 
The presence of small amounts of smectite in illite-poor 
samples can be explained by an insufficient supply of K+ 
cations to complete the transformation from poorly-
ordered smectite to illite (Kisch, 1983). Vidal (1980)uses 
the co-existence of illite and smectite as evidence for the 
non-metamorphic state of the Erquy and Jospinet 
sediments, since smectite would usually disappear before 
the anchizone. 
 
Fig. 7 shows Kubler index plotted against Weaver index 
for the 40 illite-rich samples. There is no overlap between 
the Palaeozoic and Brioverian samples. The latter occupy 
an upper-anchizone - epizone position using the Weaver 
index, and fall in Kubler's upper anchizone, with a few 
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Jospinet samples in the epizone. All the red and green 
beds fall below a Weaver value of 6 and within the 
Kubler range 0.32 to 0.51. No significant distinction can 
be made between values for the Erquy - Fr6hel red beds 
and the Erquy green beds. The difference in crystallinity 
between these and the Palaeozoic Plourivo - Br6hec red 
beds is slight, and may be explained by a difference in 
degree of burial, etc. The Palaeozoic samples all plot in 
the lower anchizone of Weaver, with those from the west 
side of the Baie de Saint Brieuc in the diagenetic field, if 
the Kubler index is used. It must be stressed that the 
correlation between the two indices is not good but it is 
clear that the Palaeozoic samples have suffered only a 
low degree of incipient metamorphism, whilst the 
Brioverian has suffered a weak metamorphism, reaching 
epizone in places. Several workers (e.g. Kubler, 1968) 
have reported variation in crystallinity among differing 
lithologies, in rocks apparently of the same grade. Kubler 
(op.cit.) regards this to be characteristic of the 
"diagenetic" rather than the "anchimetamorphic" state. In 
the present study, fine-grained material, generally 
potassic in nature, has been used, and samples with only 
small amounts of illite have been discarded. Within a 
sample group from one locality, lithology varied slightly, 
e.g. sandstones and mudstones were used from the Erquy 
Volcanic Formation. However, variations in lithology do 
not appear to have had a significant and consistent effect 
on crystallinity. 

Vidal (I980) reports some illite crystallinity estimates for 
the Brioverian at Erquy and Jospinet, which indicate an 
anchizonal-epizonal type of metamorphism. However, he 
asserts that this is due to thermal baking of the sediments 
by the emplacement of the basic sills/flows. For this 
study samples which had not suffered any obvious 
baking were chosen, and there appears to be no 
correlation whatsoever between the distance of sediments 
from volcanic horizons and crystallinity. Roberts and 
Merriman (1985) suggest that baked and mildly 
hornfelsed sediments in close proximity to boss-like 
bodies and dolerite sills in North Wales, often show 
lower grade crystallinity after a regional event than 
country rocks more distant from the intrusions. They 
relate this to induration and to inability of the baked 
rocks to develop a penetrative cleavage. 

Petrography 
Although Cogne (1959), Vidal et al. (1971), Vidal 
(1980), and Clauer et al. (1985) have described the Erquy 
Volcanic Formation as being non-metamorphosed, 
Brown and Roach (1972) suggested that the rocks had 
undergone a low greenschist facies metamorphism. 
Subsequent study suggested that the grade at Erquy was 
somewhat lower than this (prehnite - pumpellyite facies), 
with low-greenschist facies assemblages developed at 
Jospinet. 
Both primary and secondary assemblages are present at 
Erquy, the former being most common in the coarse 

interiors of sills. In the finer-grained rocks, metamorphic 
recrystallisation may be almost complete. Both augite 
and plagioclase are seen, either in coarse relict intersertal 
and sub-ophitic textures, or as finer groundmass and 
microphenocryst phases in the more rapidly chilled, and 
occasionally originally partly glassy, basalts. The augite 
is often quite fresh, but may show partial replacement by 
chlorite, either along fractures, or in cores and along 
crystal edges. Occasionally, pyroxenes in the dolerites 
may be virtually pseudomorphed. Primary compositional 
zoning in some augites has been detected. Calcic 
plagioclase has been variably albitised. 
Glomeroporphyritic clusters of albite and randomly 
oriented laths, sometimes exhibiting swallow-tail 
terminations, and hollow, glass-filled cores defining 
quench-textures, may be preserved. Spinifex textures are 
seen in some basalts. Magnetite is commonly preserved, 
but is frequently rimmed by, or contains lamellae of, 
exsolved ilmenite (sometimes replaced by sphene). 
The degree of alteration is variable and it is difficult to 
determine which effects are due to incipient sea-water 
alteration, common in pillowed- and non-pillowed lavas, 
and which are due to overprinting by a regional 
metamorphic episode. The secondary phases recognised 
at Erquy include albite, chlorite, pumpellyite, 
stilpnomelane, epidote (including clinozoisite), sphene, 
ilmenite, muscovite, amphibole and prehnite. Chlorite is 
the most ubiquitous secondary phase and is present in all 
metabasites. It may rim or internally replace augite, be a 
partial replacement in feldspar, and is very commonly 
seen as groundmass clots and mats. Chlorite with quartz 
is a common vesicular infill. Pumpellyite is rare, and : 
where present tends to show poorly-aggregated spongy 
forms, usually replacing plagioclase cores. It is best seen 
in the coarser metadolerites. The pumpellyite is 
invariably pleochroic from deep emerald green to 
colourless: this is reported to reflect high iron content 
(Zen, 1974). Stilpnomelane has been recorded at only 
one locality, to the north of Pointe de Caroual. It is a 
ferristilpnomelane, deep- to reddish-brown in colour, and 
probably reflects a high bulk-rock Fe-Mg ratio. It is 
associated with chlorite and epidote, and apparently in 
equilibrium with them. Epidote (usually pistacitic) is 
abundant as a groundmass mineral, as a replacement in 
plagioclase, and as euhedral crystals in many of the 
metabasalts and metadolerites. A common apparently 
equilibrium association is chlorite + epidote. The 
epidotes are frequently zoned from Fe-rich cores to Fe-
poor rims, possibly reflecting a prograde reaction. 
Sphene forms abundant small granules, scattered 
throughout, and often replacing, ilmenite. In 
hyaloclastite, glass is frequently replaced by chlorite + 
sphene + magnetite, the ores as tiny granules embedded 
in the chlorite. Perlitic cooling fractures can still be 
detected in devitrified glass fragments. Besides blue-
green amphibole forming epitaxial overgrowths on 
augite, actinolite needles in augite, and replacing chlorite 
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along cleavages, are common. Prehnite, like pumpellyite, 
is rare. It is best seen as radiating aggregates, intimately 
associated with chlorite, in the metadolerites. Calcite is 
relatively rare, and may be seen as a replacement of 
glass, e.g. in hyaloclastites, or as a groundmass phase. 
To the south of Erquy, between Pointe de Caroual and 
Verdelet (Figs. 1 and 2), assemblages in metabasites 
from limited outcrops show augite being epitaxially 
overgrown by actinolite. By the time Jospinet is reached, 
all primary pyroxene has been pseudomorphed by 
amphibole. However, primary random - feldspar textures 
are preserved, and relict intersertal and sub-ophitic 
textures (with amphibole after pyroxene) are common. 
Ores are abundantly replaced by sphene, and may be 
intergrown with feldspar. At Jospinet, the most 
commonly-seen assemblage is actinolite + plagioclase + 
chlorite + epidote + ore/sphene. 

The assemblage quartz + plagioclase + white mica + 
chlorite + calcite + ore is ubiquitous in the Brioverian 
sediments from all localities. No basic volcanics are 
present in the Brioverian at Port Lazo -Anse de Brehec, 
and no petrographic estimate of grade here can be made 
with certainty. 
All the secondary phases in the metabasites may be 
developed in low-pressure hydrothermal systems 
(Bevins, 1979). However, their presence in rocks forming 
part of an apparent sequence from very low grade at 
Erquy, to greenschist facies at Jospinet, and to upper 
greenschist facios north of Saint Brieuc (Roach and 
Shuffiebotham, in preparation), makes the regional 
metamorphic interpretation more appropriate. This is 
supported by the moderate cleavage in the sediments 
associated with the metabasites. 
Discussion and conclusions 
It has been shown by determination of illite crystallinity 
that the Brioverian and the Palaeozoic red beds of the 
Erquy - Frehel and Plourivo - Brehec sequences, have 
undergone different degrees of diagenesis/ low-grade 
metamorphism. Additional evidence for an 
unconformable relationship between the Erquy Volcanic 
Formation and the Erquy - Frehel red beds is supplied at 
Verdelet, some 6 km southwest of Erquy (Fig. 1). Here a 
microgranite intrusion appears to contact-metamorphose 
sediments of the Erquy Volcanic Formation (the actual 
contact is unexposed). Possible relict andalusites formed 
in the hornfelses have been replaced, largely by quartz. It 
is thought that this small microgranite pluton was 
emplaced before the final waning of the Cadomian 
metamorphism, but the absence of a foliation suggests 
that the metamorphism outlasted the main deformation. 
This is in accordance with evidence from the south of the 
Baie de Saint Brieuc, where mineral relationships in the 
Pentevrian mylonites, and in the Brioverian sediments 
and volcanics, suggest that the peak of metamorphism 
outlasted deformation (Roach and Shuffiebotham, in 
preparation). At Verdelet, / red beds very similar in 

appearance to those north of the bay at Erquy, rest 
unconformably on the microgranite surface. A date of 
557+10 Ma for the intrusion was obtained by Vidal 
(1980), who interpreted this as an age of emplacement late 
in the Cadomian orogeny. However, the mineralogy 
shows marked retrogression, e.g. total replacement of 
mafics by chlorite, and the date should be treated with 
caution. 
Trachyandesites, contemporaneous with red bed 
deposition at Plourivo, have yielded a whole-rock Rb/Sr 
isochron date of 472+-5 Ma (Auvray et al., 1980), and this 
has been interpreted as an eruption age. Again, slight 
retrogression (this time associated with the Hercynian 
orogeny) makes firm acceptance of the date difficult. 
However, an early Ordovician date for the red beds, as 
suggested by Auvray et al., (1980), would fit with the idea 
of these units being post-Cadomian molasse deposits. An 
upper age limit for the Erquy - Frehel red beds is given by 
K-Ar whole rock dates obtained by Leutwein et al. (1972) 
on the relatively fresh, N-S trending dolerite dykes which 
cut the sequence. These gave an average age of 366+-10 
Ma, which, according to the revised time-scale of Odin 
(1982), is Upper Devonian. 
The model presented here for the Erquy area involves the 
initiation of an ensialic basin marginal to the Pentevrian 
basement complex. Tholeiitic magmatism accompanied 
sedimentation during early Brioverian times. Closure of 
this basin during the end-Precambrian Cadomian event 
brought the Erquy Volcanic Formation to a vertical or 
slightly overturned position, with an accompanying 
fracture Cleavage developed. To the southwest, along the 
Baie de Saint Brieuc, deformation was more intense, and 
the metamorphic grade increased from prehnite -
pumpellyite facies at Erquy, to greenschist facies at 
Jospinet. The Cadomian orogenic event included periods 
of magmatism, represented in the Erquy - Jospinet area 
by the microgranite at Verdelet. The Erquy green beds 
and Erquy - Frehel red beds were deposited with marked 
unconformity on the Brioverian in the vicinity of the 
Rade d'Erquy, following Cadomian metamorphism, 
deformation and uplift. Illite crystallinity data presented 
here confirm the contrast between the metamorphosed 
Erquy Volcanic Formation, and the discordantly-
overlying Palaeozoic green and red beds. 
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Lower Devonian acid igneous rocks of south Devon:  
Implications for Variscan plate tectonics 
E.M. DURRANCE 
 

Durrance, E.M. 1985. Lower Devonian acid igneous rocks of south Devon: Implications for 
Variscan plate tectonics. Proceedings of the Ussher Society, 6, 205-210.  

The acid igneous rocks in the Lower Devonian of south Devon around Modbury, are rhyolites 
which show both intrusive and volcanic textures, and are probably the product of several 
episodes of activity. The rhyolites possess different degrees of silicification and, predating the 
development of cleavage in the slates, they have been sheared to different degrees during the 
Variscan orogeny. The least sheared rhyolites consist of quartz and feldspar phenocrysts in a 
spherulitic groundmass. Although there is also evidence of potassium enrichment during the 
magmatic history of these rocks, apart from silicification of some samples, there does not 
appear to have been any major change in their major oxide or trace element composition as a 
result of shearing. Silicification is estimated to have increased Si02 by about 7% and the 
potassium enrichment probably involved an addition of about 2% K20. Their trace element 
composition shows that they plot across the boundary between Volcanic Arc Granites and 
Within Plate Granites on the basis of Rb/Y+Nb discrimination, and are clearly separate from 
the Variscan granites, elvan dykes and Permian rhyolites which plot within the Syn-Collision 
Granites field. It is suggested that the Lower Devonian rhyolites formed in an active margin 
environment. 

E.M. Durrance, Department of Geology, University of Exeter, Exeter EX4 4QE. 

 
Introduction 
A feature of the Lower Devonian geology of south 
Devon, which has apparently escaped recent attention, is 
the presence of a significant occurrence of acid igneous 
rocks in the area arOUnd Modbury. Perhaps the reason 
for the lack of interest is that they are shown on the 
Geological Survey maps of the area simply as "felsite", 
and are thus not distinguished from the post-granite 
'elvan dykes, which are also referred to as "felsite". Yet 
Ussher (1912) recognised that these rocks pre-date the 
development of cleavage in the Devonian slates, and that 
they are, therefore, clearly separate from the phase of 
elvan dyke injection. Indeed, it is likely that they are the 
oldest acid igneous rocks in south-west England. AS an 
early pro.duct of acid igneous activity of south-west 
England, the composition of these rocks could provide 
interesting information on the geological evolution of the 
Variscan fold belt, when compared with the Variscan 
granites, elvan dykes and Permian rhyolites. 

Unfortunately, field relationships are not well enough 
displayed to identify whether these acid igneous rocks 
are sills or of volcanic origin. Textural features, in fact, 
suggest that both intrusive and volcanic components are 
present, and the occurrences may represent more than 
one episode of activity. 

Outcrop and field relationship 
The occurrence of acid igneous rocks in south Devon 
was first recognised by Ussher (1904), who described the 
presence of a strip of igneous rock "thought by Mr. Teall 
to be an altered syenite" within the Meadfoot Slate east 

of Thurlestone. As this strip follows the cleavage in the 
slates, Ussher suggested it might be a sill. The two 
outcrops described by Ussher are no longer available. 
The unit itself was recorded as only 0.3 - 1.6m thick, and 
a small disused quarry at National Grid Reference 
SX686443 is now so overgrown and degraded that only 
loose material is available. Another small quarry at 
SX692448 has been largely infilled and only slate is now 
exposed. Ussher's thin section (Sheet 24 old series, slide 
E1869, Geological Survey collection) shows the rock to 
be a highly sheared mass of altered alkali feldspar with 
mica, iron ores and much carbonate. Like the loose 
material that is available, rather than having the 
appearance of an intrusive igneous rock, this sample 
appears to be a feldspathic tuff. Other tuffhorizons, now 
largely carbonate and highly sheared, occur elsewhere in 
the Thurlestone area. Also interpreted as an intrusive 
igneous rock by Ussher is a zone offelsitic material 
which was mapped by him around Blackaterry Point 
(SX580470), ramifying through the cliff of Dartmouth 
Slate and exposed in a quarry at the clifftop (SX579472). 
Unfortunately, this quarry too is now completely 
degraded and overgrown, but the exposure currently 
present shows feldspathic tuff. Lower in the cliff, though, 
a feldspathic/siliceous rock is present. 

Although exposures are very meagre, Ussher's survey of 
the Ivybridge area (1912) recorded more extensive areas of 
acid igneous rocks in the Dartmouth Slate, which may 
connect with the outcrop at Blackaterry Point. Ussher 
mapped the occurrence of these rocks as a series of bands 
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running parallel to the strike of the Dartmouth Slate, in a 
belt about 1km wide just to the south of Modbury. Figure 
1 is a simplified geological map of the area concerned 
and shows the positions of extant outcrops. Of the 
exposures of these rocks recorded by Ussher (1912), 
many were in small quarries. It is clear that the material 
was used as both a local building stone and a roadstone. 
As in the Thurlestone and Blackaterry Point areas, many 
of these quarries no longer provide access to the rocks. 
One of the largest quarries, which lay lkm southeast of 
Modbury, for example, has been used as a land-fill site 
and is now totally hidden. Only occasional loose blocks 
still occur in the area. Indeed, of the quarries mentioned 
by Ussher, only the Pipers Cross Quarry (SX637487), the 
Wastor Wood Quarry (SX639494) and the Whympstone 
Wood Quarries (SX664503) still give good exposure. 
Natural outcrops of these rocks are rare, but a large mass 
forms Tor Rock (SX635489) and there are many loose 
blocks in the fields between these outcrops. Identification 
of loose material is aided by the very distinctive fine-
grained, pink feldspathic appearance of these rocks. In 
some cases, Ussher's use of the term "felsite" is very 
appropriate for the material seen in hand sample, but 
elsewhere spheroidal and nodular textures are more 
reminiscent of volcanic rocks. 
 
Often the acid igneous rocks are cut by numerous quartz 
veins, and evidence of shearing and haematite 
precipitation is also common. However, these effects are 
not uniformly present and areas of each outcrop, or 
indeed, as at Whypstone Wood, the whole outcrop, may 

be relatively free of obvious shearing and alteration 
phenomena. The greatest development of quartz veining 
is seen at Tor Rock. Contacts between the acid volcanic 
rocks and the slate are visible in Pipers Cross Quarry and 
in the western quarry at Whympstone Wood. In both 
areas the cleavage in the slate has developed parallel to 
the contacts, Although all the main outcrops lie within 
the area mapped as Dartmouth Slate by Ussher, several 
small occurrences were also recorded by him from the 
Meadfoot Slate east of Modbury. Of these exposures, the 
only outcrop still visible is in Putshill Copse 
(SX744491). 

Petrography 
Where shearing is only poorly developed, the acid 
igneous rocks are seen to be porphyritic rhyolites. 
Phenocrysts of quartz and potash feldspar are commonly 
present, contained within a spherulitic groundmass. 
Occasionally, phenocrysts of plagioclase feldspar (albite) 
are also present, but these typically show replacement by 
potash feldspar to a greater or lesser extent. The quartz 
phenocrysts appear to have commonly acted as 
nucleation sites of spherulites, and the euhedal quartz 
crystals often show slightly concave-outwards (embayed) 
faces against the spherulitic groundmass. Potash feldspar 
phenocrysts are usually euhedral. Quartz crystals that 
acted as nucleation centres have sometimes given rise to 
the development of large composite spherulitic 
structures. Most commonly these developed around 
single quartz crystals, but clusters of individual quartz 
crystals forming nucleation centres (glomeroporphyritic 
texture)  are  also   occasionally  present.  Figure  2 (A-C) 
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Figure 2. Rhyolite textures: (A) Spherulitic nucleation around 
quartz phenocryst, (B) Quartz phenocryst showing embayed 
faces, (C) Feldspar phenocrysts and overgrowth of 

plagioclase by potash feldspar, (D) Nodular rhyolite, (E) 
Fine-grained quartz and feldspar showing embayed contact 
with spherulitic groundmass. The length of each 
photomicrograph is given. 
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illustrates the main features of the rock. 
 
Spheroidal and nodular rhyolites are present in a number 
of localities. The structures consist of concentric bands of 
fine-grained quartz and feldspar, with the banding shown 
by slight variation in the grain size. This is illustrated in 
Figure 2D. Structures of this type are usually considered 
to be a product of silicification ofspherulitic rhyolite lava 
(Nockolds et al., 1978). In this process, relics of the 
spherulitic material may be preserved, but that is not the 
case in the examples from south Devon. Although an 
intimate association between spherulitic material and 
fine-grained masses of quartz and feldspar is seen, in 
these rocks the spherulitic material occurs in bands 
between the fine-grained masses and appears to corrode 
them. This relationship is illustrated in Figure 2E. It is 
possible that these represent a sequence of events in 
which silicification of an early rhyolite phase occurred to 
produce a rock which became broken-up and 
incorporated as xenoliths into a later rhyolite magma. 
 
Where shearing is well developed, it has produced 
pseudo-mylonitic fabrics in the fine-grained 
quartz/feldspar aggregates, the alteration of feldspar and 
the development of carbonate and haematite veinlets. 
 
Geochemistry 
Major Oxide Composition The compositions of a series 
of samples displaying different degrees of silicification 
and shearing, are given in Table 1. All analysed material 
was carefully selected to avoid spurious results arising 
from the presence of quartz and haematite veinlets. 
Analyses were carried out by XRF spectrometry. 
The typical normative composition of these acid igneous 
rocks is about 40% quartz, 50% orthoclase, 4% albite and 
1% corundum, with minor anorthite and hypersthene. If 
their position within the low-grade metamorphic terrane 
of south Devon, which contains Spilites, is taken to 
indicate that these samples should be classified as 
keratophyres, then their major oxide composition shows 
that they are all examples of potash keratophym, rather 
than the more common soda keratophyre. However, there 
is no compositional reason for classifying these samples 
as anything other than rhyolite. Although there is 
mineralogical evidence of potassium enrichment, this 
appears to have been a magmatic rather than 
metamorphic process. 
Comparison of the major oxide compositions of the 
various samples indicates that only SiO2 shows any 
correlation with textural character. This suggests that the 
silicification which led to the replacement of spherulitic 
material has resulted in the introduction of about 7% 
excess SiO2 over an original concentration of about 77% 
SiO2, but no other change in the whole rock chemistry. 
Indeed, excluding the introduction of quartz veinlets, the 
effect of shearing on the SiO2 content appears to have 
been negligible and there is no significant change in any 

other aspect of the major oxide chemistry. Thus, perhaps 
surprisingly, there is no clear pattern of migration of 
mobile elements with either silicification or shearing. 
 
The loss on ignition of the samples was generally less 
than 2%, with the highest and lowest values both coming 
from sheared material. If the loss is mainly attributed to 
CO2, and regarded as indicating the concentration of 
carbonate present in a sample, it is clear that there is 
considerable variation in the degree of alteration. 
However, even in these circumstances there is no 
apparent correlation with the mobile element 
abundances, although this may reflect the relatively small 
number of samples analysed. 
 
Trace Element Geochemistry 
Because of possible problems that might have occurred 
with migration of mobile elements during low-grade 
metamorphism, a group of trace elements, generally 
regarded as immobile, were analysed. The elements 
chosen for this purpose were Zr, Y, Nb and Th. In 
addition, Sr and Rb as mobile elements were also 
analysed. The results for each sample are given in Table 1. 
 
Interestingly, again no significant variation in the 
concentration of any of the trace elements is found with 
either the texture or degree of shearing displayed by the 
samples. Even Sr shows no variation with shearing, 
although this probably merely reflects the relatively 
uniform CaO values. Replacement of plagioclase by 

 
TABLE 1 

Composition and Character of the South Devon Rhyolites 

Notes. S: Spherulitic. NS: Non-spherulitic. SH: Sheared. NSH: 
Not Sheared. Samples 1, 7 and 8 from Tor Rock; 2 from Putshill 
Copse; 3 from Modbury; 4 from Pipers Cross; 5 from 
Whympstone Wood; 6 from Wastor Wood. Major oxides in 
wt%. Trace elements in ppm. 

Sample 1 2 3 4 5 6 7 8 
Texture NS NS S NS S NS NS NS 
Shear SH SH NSH SH NSH SH NSH NSH 
SiO2 85.94 79.44 76.73 74.74 77.29 80.28 83.69 84.43 
TiO2 0.09 0.06 0.08 0.34 0.14 0.15 0.16 0.24 
Al2O3 6.84 11.32 12.89 12.42 10.87 10.71 8.26 6.58 
Fe2O3 0.39 0.36 0.86 2.08 1.45 1.01 0.35 1.34 
MnO 0.01 - - 0.02 0.02 0.01 0.01 0.01 
MgO 0.07 0.1 0.08 0.52 0.54 0.17 0.03 0.54 
CaO 0.05 0.09 0.08 0.09 0.08 0.05 0.08 0.07 
Na2O - 3.5 1.69 0.07 0.39 - - 0.03 
K2O 5.61 4.32 6.9 9.43 8.54 6.78 6.49 4.61 
P2O5 0.01 0.03 0.01 0.05 0.04 0.03 0.02 0.05 
LOI 1.33 0.11 1.23 2.05 1.25 0.67 1.68 1.52 
Zr 202 90 109 413 336 346 281 203 
Y 26 28 32 61 74 92 49 26 
Nb 15 21 31 20 31 34 19 11 
Th 7 15 17 9 9 9 8 7 
Rb 133 82 204 228 200 224 153 126 
Sr 23 65 41 54 35 14 20 19 
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potash feldspar and loss of CaO therefore appears to have 
occurred during the magmatic history of these rocks, 
probably in response to the ingress of potassium-rich 
fluids during or immediately before their emplacement. 
This is in agreement with the observation that such 
replacement is equally pervasive in both sheared and 
unsheared samples. 
 
Origin 
The presence of phenocrysts of orthoclase, albite and 
quartz in the early magmatic history of the rhyolites 
suggests that crystallisation was occuring close to the 
ternary eutectic in the Q-Ab-Or system. The SiO2 content 
of a magma at the ternary eutectic is approximately 77%, 
which is in close agreement with the concentration found 
in these rocks if the increase due to silicification is 
excluded. Furthermore, crystallisation of these rocks 
close to the ternary eutectic implies that the Na2O content 
was about 5.5% and K2O was about 3.9%. Thus as the 
present average K2O concentration is 6.6%, an increase 
of the order of 2.7% K2O is indicated as occurring during 
the process of potassium enrichment, As the increase in 
K2O is at the expense of Na2O, there has been a 
concomitant decrease in the Na2O concentration. This too 
is consistent with direct observation as the smallest K2O 
concentration in any of the samples is only about 4.3%, 
yet this sample still contains evidence of potash feldspar 
replacing plagioclase. Thus an increase in K2O of at least 
2% can be postulated. Also, this sample shows that a 
minimum of 4% Na2O was present before potassium - 
sodium exchange occurred. A sequence of events which 
is consistent with all these observations is that initially 
crystallisation of rhyolitic magma was occurring close 
tothe ternary eutectic in the Q-Ab-Or system, but the 
magma later became invaded by potassium-rich fluids. 
 
Clearly, even with a SiO2 content of 77%, it is doubtful 
if this magma was emplaced as a liquid stream. In fact, as 
many of the features of the texture and major oxide 
composition of the rhyolites are similar to the post-
granite elvan dykes, it is possible that they have 
undergone a somewhat similar history of events. For the 
elvans, Stone (1968) noted that a process of potassium 
replacing sodium has also taken place. He suggested that 
this ion exchange process would be facilitated if 
emplacement were as a fluid-particle system, along the 
lines proposed by Reynolds (1954) to give mobility .of 
highly siliceous magmas. Certainly a similar fluidisation 
mechanism would be consistent with the character of the 
rhyolites of south Devon. 
 
Relationships 
Potash keratophyres are relatively uncommon, but where 
they do occur they are usually found associated with 
spilites and soda keratophyres. In southeast Devon, 
Middleton (1960) recognised the occurrence of Upper 
Devonian spilites, keratophyres and keratophyric tuffs 
from  the  Newton  Abbot  -  Totnes area. In particular he 

TABLE 2 

Average Compositions of Acid Igneous Rocks from South West 
England 

 
Sample Gran PR Elvan LDR 
Composition    
SiO2 74.95 71.73 73.91 80.32 
TiO2 0.24 0.38 0.14 0.16 
Al2O3 13.02 14.78 14.35 9.98 
Fe2O3 2.32 2.23 1.45 0.98 
MnO 0.06 0.02 0.05 0.01 
MgO 0.31 0.57 0.25 0.26 
CaO 0.57 0.32 0.44 0.07 
Na2O 2.87 1 0.71 0.71 
K2O 5.01 6.27 7.32 6.59 
P2O5 0.21 0.12 0.23 0.03 
Zr 122 158 73 248 
Y 37 38 10 49 
Nb 18 14 18 23 
Th 14 19 9 10 
Rb 604 509 767 169 
Sr 35 189 60 34 

Notes. Gran: Megacryst-poor Dartmoor granite (Heath, 1982). 
PR: Permian rhyolite (Cosgrove and Elliott, 1976). Elvan: 
Average from N.L. Jefferies (Personal Communication). LDR: 
Lower Devonian rhyolite. Major oxides in wt%. Trace 
elements in ppm. 
 
noted the potassium-rich nature of the keratophyric tuffs, 
but he decided that the keratophyre of this area was of the 
soda-rich type. Although Battey (1955) had described 
chemical variation of sodium and potassium in spilite - 
keratophyre associations as due to metasomatic 
redistribution, so that both soda-rich and potash-rich 
keratophyres were produced from a parent that was not 
especially enriched in either element, Middleton (1960) 
noted that the occurrence of potash feldspar lapilli in the 
keratophyric tuffs suggested that in southeast Devon the 
potash feldspar formed during the magmatic phase of 
activity. This view is clearly in accord with the evidence 
from the rhyolites of south Devon. However, the 
influence of potassium enrichment causing replacement 
of sodium, which is seen to have been so pervasive in the 
rhyolites of south Devon, is less marked in the Newton 
Abbot area. 
 
The rhyolites of south Devon are both spatially and 
temporally associated with basic igneous rocks which 
occur in the Lower Devonian of this area. This 
observation, and the well-established link between 
spilites and keratophyres elsewhere in the world, 
naturally leads to the idea that the rhyolites are an acid 
differentiate of basic magmas. This view is certainly 
consistent with the relatively small proportion of the total 
volume of igneous rock represented by the rhyolites. 
However, there is no reason why the rhyolites Cannot be 
the product of melting of sialic crust, perhaps as a 
phenomenon that accompanied the basic igneous activity. 
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Indeed, it could be argued that the potassium enrichment 
shown by the rhyolites is more easily explained by the 
mobilisation of potassium-rich fluids in an ensialic 
setting, rather than by processes occurring during the 
fractionation of a basic magma. Moreover, this view 
would appear to be strengthened by the conclusion that 
the potassium enrichment in south Devon occurred 
during the magmatic history of these rocks, rather than as 
a metasomatic process which is the case with potash 
keratophyres clearly part of spilite-keratophyre 
associations elsewhere. Even the potassium enrichment 
shown by the post-granite elvan dykes of south-west 
England (Stone, 1968), provides an interesting analogy in 
this respect, especially as the major oxide chemistry of 
the rhyolites is very similar to that Of the elvans (as 
Shown in Table 2). Nevertheless, it is important to 
appreciate that many of the basic igneous rocks in the 
Devonian and Lower Carboniferous of south-west 
England are also considerably enriched in potassium, 
with concentrations that can exceed 5% K2O (Turner, 
1982). 
 
If, however, the trace element compositions of the 
rhyolites are plotted on a Rb/Y+Nb discrimination 
diagram for granitic rocks (Pearce et al., 1984), it is 
found that they occur across the boundary between the 
fields occupied by Volcanic Arc Granites and Within 
Plate Granites. This position differs from that occupied 
by the Variscan granites of south-west England, which, 
with the elvan dykes and Permian rhyolites, plot within 
the Syn-Collision Granite field and clearly form a 
separate association. On this basis, the Lower Devonian 
rhyolites do not represent an early expression of the 
rising granite batholith neither are they the product of 
simple mobilisation of Siatic crust. Their general 
characteristics and associations suggest an active margin 
environment of formation (Pearce et al., 1984). 
 
Conclusions 
1. The Lower Devonian acid igneous rocks of south 

Devon possess a rhyolitic composition. 
2. Both intrusive and volcanic components appear to be 

present, and they probably represent more than one 
episode of activity. 

3. Because they occur within a low-grade metamorphic 
terrane, the acid igneous rocks could be termed 
potash keratophyres, but because they show 
potassium enrichment which is part of their 
magmatic history, it is probably more correct to 
classify them simply as rhyo!ites. 

4, The least altered rocks show the presence of pheno-
crysts of orthoclase, albite and quartz in a spherulitic 
groundmass. This suggests that before emplacement 
crystallisation was occurring close to the ternary 
eutectic in the Q,Ab-Or system. Later ingress of 
potassium-rich fluids caused partial replacement of 
albite by orthoclase, and is believed to have resulted 

in the fluidisation and injection of the magma. 
5. Trace element mobilisation does not appear to have 

been a major process during later shearing and 
silicification. On a Rb/Y+Nb discrimination 
diagram, the rhyolites plot across the boundary 
between Volcanic Arc and Within Plate Granites. In 
contrast, the south-west England Variscan granites, 
elvan dykes and Permian rhyolites plot within the 
Syn-Collision Granite field and are clearly a separate 
association. 

6. The Lower Devonian rhyolites are neither an early 
expression of granite magmatism, ahead of the rise 
of the granite batholith, nor the product of simple 
mobilisation of sialic crust. They probably formed in 
an active margin environment. 
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Mineralogy and geochemistry of skarn deposits in the Land's End 
aureole, Cornwall. 
G.van MARCKE de LUMMEN 

van Marcke de Lummen, G. 1985. Mineralogy and geochemistry of skarn deposits in the 
Land's End aureOle, Cornwall. Proceedings of the Ussher Society, 6, 211-217. 

Two skarn deposits, at The Crowns and Gryll's Bunny, are described from the Land's End 
granite aureole (St. Just mining district). Host rocks are metapelites (Mylor slates) and 
metabasalts (biotitized basalts and greenstones). Skarn development proceeds in two main 
stages. During the first one a typical skarn zoning, consisting of an outer amphibole zone and 
an inner garnetite, was developed. Replacement of high Al/Si ratio rocks allowed the 
formation of minerals such as sadanagaite and spinel. This zoning is altered during the second 
stage, leading to the formation of hydrous, boron and tin minerals. Tin occurs as cassiterite 
but also in tin-bearing silicates, mainly malayaite, epidote, titanite and amphibole. Later 
garnet veins cut the skarn at The Crowns. 

The behaviour of several major and trace elements, including REE, during skarnification is 
investigated. Oxygen and hydrogen isotope studies and F and C 1 analyses suggest that the 
metasomatic fluid was rich in magmatic water mixed with increasing meteoric water and that 
fHF and fi-ICI were high during skarn formation. Chemical analyses of sadanagaite, spinel, 
malayaite, Sn-epidote, Sn-titanite and Sn-amphibole are given. 

G. van Marcke de Lummen, Laboratoire de Mineralogie et Geologie Appliquee, Universite 
Catholique de Louvain, 3, pl.L. Pasteur, B. 1348 Louvain-la-Neuve, Belgium

. 
Introduction 
The St. Just mining district is one of the major tin 
producing areas in south-west England. The tin 
mineralization has been studied by many authors (Dines, 
1956; Jackson, 1976; Jackson et al., 1982) and is now 
well known. On the other hand, only a few papers deal 
with skarns in the Land's End aureole (Jackson, 1974; 
Alderton and Jackson, 1978). 
The skarns result from the first hydrothermal event 
induced by the granite emplacement. Skarn formation 
proceeded in two main stages: one leading to the 
crystallization of calcium-silicate minerals and a second 
one producing an assemblage of hydrous, boron, and tin 
minerals. Outcrops are visible at the surface between 
Gryll's Bunny and Levant mine and underground in 
Greevor mine. This study describes the skarns visible at 
The Crowns and Gryll's Bunny, near Botallack. It 
provides new data on the mineralogy and the petrography 
of these deposits; additional geochemical data on major, 
trace and rare earth elements together with oxygen 
isotopic analyses, shed new light on the process of skarn 
formation and indicate the metasomatic fluid 
composition. 

Geological setting 
The Land's End granite is one of the six large granitic 
plutons in south-west England. All these plutons are / 
related to the buried Cornubian batholith which was 
intruded 290-300 m.y. ago into a volcano-sedimentary / 
sequence of Devonian and Carboniferous age (Jackson et 
al., 1982). The St. Just mining district is located on the 

 
 
 
 
 

 
 
Figure 1. Map of the St. Just mining district. 1, metamorphic 
terrains; 2, Land's End granite. 
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north-west flank of the Land's End granite. the 
metamorphic aureole forms a narrow coastal strip about 
0.5 km wide and 5.0 km long (Fig. 1). Hornfelses consist 
of pelites (Mylor slates) interbedded with basalts. The 
basalts are volcanic rocks occuring as massive or pillow 
lavas and intrusive sheets (Jackson, 1976). During the 
initial stage of granite emplacement, thermal contact 
metamorphism produced cordierite spotted slates in the 
pelites and amphibolites (greenstones) from some 
basalts. During later stages, hydrothermal activity 
became predominant. First, intense metasomatism 
produced the skarns by transformation of hornfelses and 
later, fluid circulation through a fracture system formed 
the tin mineralization (Jackson et al., !982). 
 
Host rocks 
The skarns are formed by replacement of various rocks 
encountered in the Land's End aureole, which are mostly 
metapelites and metabasalts. Pelites consist of biotite, 
muscovite, chlorite and feldspar with or without 
cordierite and quartz. Accessory minerals are apatite, 
ilmenite, zircon and tourmaline. Two different types of 
metabasalts occur: a biotitic basalt containing biotite and 
feldspar with or without quartz and with the same 
accessory minerals as in the pelites, and a greenstone 
with amphibole, biotite and feldspar with or without 
quartz and magnetite. Quartz is usually rare but some 
greenstones are highly enriched in magnetite. The 
magnetite shows ilmenite intergrowth and spinel 
exsolution textures. Hydro-garnet has been found in a 
biotitic metabasalt (Table I). Compared with the 
metapelites, the metabasalts are poorer in SiO2, K2O and 
Na2O but richer in FeO (total iron), MgO, TiO2, MnO 
and CaO. Greenstones are richer in CaO and MgO that 
the biotitic basalt. Table 2 shows some examples of host 
rock compositions. 

 
Figure 2. Schematic structure of skarn zoning and relations 
between vein skarn and massive skarn 

 
Figure 3. Fe/Fe+Mg : Si diagram for the composition of 
amphiboles from massive rock (triangle), vein (filled circle) 
and alteration facies (square). Si is calculated on the basis of 24 
O, OH 1, sadanagaite; 2, magnesio-sadanagaite; 3, ferro-
pargasite; 4, ferroan pargasite; 5, pargasite; 6, ferro-pargasitic-
hornblende; 7, ferroan-pargasitic-hornblende; 8, pargasitic-
hornblende; 9, ferro-edenitic-hornblende; 10, edenitic-
hornblende. Microprobe analyses. After Shimazaki et al 
(1984). 

Description of skarns 
Skarn zoning 
The skarns of The Crowns and Gryll's Bunny are 
zoned. Two main zones are present, an outer 
amphibole zone followed by an inner garnet one, but 
locally The Crowns skarn shows a pyroxene zone 
between these two. Skams occur either as veins or as 
massive rock replacements (Fig. 2). 

a) Amphibole zone. Scattered amphibole veins cutting 
the host rocks are rooted in a massive amphibole zone, 
itself surrounding the inner massive garnetite. In the 
veins, amphibole is the only mineral but in the massive 
rock it is associated with feldspar and titanite with or 
without quartz. It replaces biotite while titanite 
replaces ilmenite. The amphibole composition ranges 
from pargasite to sadanagaite. Sadanagaite is a silica-
poor, Al-rich, amphibole (Shimazaki et al., 1984) (Fig. 
3 and Table 1); it is rich in chlorine and fluorine (up to 
1.3% C1 and 1.0% F). The feldspars are either K-
feldspar or plagioclase An70-100. 
b) Pyroxene zone. Skarn veins usually show a 
pyroxene zone between those of amphibole and garnet, 
but it is non-existent in massive skarn. Pyroxene, 
whose composition is intermediate between diopside 
and hedenbergite, replaces amphibole along the vein 
edge. 
c) Garnet zone. At Gryll's Bunny, the garnet zone 
contains an important amount of magnetite. This 
magnetite shows ilmenite intergrowths and spinel 
exsolution. Such a texture does not occur in typical -
skarns but is common in magmatic rocks of basic to 
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ultrabasic composition (Haggerty, 1976). It is, thus, 
assumed that this magnetite is inherited from the 
original basalt and did not crystallize with an inflow of 
Fe during skarn formation. Nevertheless, partial 
remobilization cannot be excluded. 

At the Crowns, the garnet is locally associated with 
spinel of gahnite-hercynite-spinel composition 
(Zn,Fe,Mg) Al2O4 (Table 1). 

In both areas, garnet, of grossular (60-80)-andradite 
(20-30)-spessartite (5-10)-almandine (5-10) 
composition, replaces both amphibole and feldspar 
(and pyroxene when it is present). 

Alteration and mineralization 
Alteration phenomena are locally important and 
accompanied by tin mineralization. Alteration 
minerals replace the earlier formed skarn minerals. 

Garnetites are altered to two different facies. In the 
first, only reported from The Crowns, there is an 
important development of idocrase with or without 
magnetite. Axinite, chlorite, biotite, tourmaline and 
amphibole occur as minor phases. The tin is usually 
low: less than 1000 ppm Sn. 
 
TABLE 1 

In the second facies, the tin content is high: more than 
1000 ppm Sn. At The Crowns, gametite is replaced by a 
mixture of chlorite, amphibole and epidote plus 
cassiterite and other tin-bearing silicates. These tin 
minerals are malayaite (CaSnSiO5), epidote, amphibole 
and titanite, the last three with up to 2.5%, 0.7% and 
7.0% SnO2 (Table 1). Accessory sulphides such as 
chalcopyrite and bornite occur at places. 
At Gryll's Bunny, this alteration facies consists of 
tourmaline, chlorite and quartz plus cassiterite, illmenite 
is released' by the destruction of magnetite and is 
partially replaced by titanite. These stanniferous rocks are 
known as "tin floors" (Jackson, 1974). 

Garnet vein. 
The Crowns skarn is cut by a 0.35m wide garnet vein. 
Contacts with the enclosing rocks are very sharp. Field 
observation suggests a post-alteration emplacement. The 
vein is made up almost entirely of garnet with accessory 
pyroxene and tourmaline. 

Geochemistry 
Major and trace elements 
The presence of spinel and sadanagaite in the gametites 
and in the amphibole zones, respectively, indicates that 
 
 
 

 1  2 3 4 5  6 7 8 
SiO2 32.52  33.86 36.54 37.23 0.00  22.87 29.07 36.91 
TiO2 0.23  0.62 0.14 0.72 0.00  0.00 31.51 0.00 
Al2O3 4.90  21.33 15.59 12.80 64.63  0.00 3.34 23.01 
FeO**   14.64 22.37 29.38 10.08  0.48 - - 
Fe2O3 24.31  5.31 6.55 - 0.00  0.00 1.13 12.60 
MnO 0.00  0.25 0.30 0.24 0.48  0.00 0.00 0.41 
MgO 0.00  5.71 1.34 5.92 10.92  0.00 0.00 0.00 
CaO 34.40  12.02 11.13 0.11 0.00  21.91 28.09 21.90 
Na2O 0.00  1.96 0.64 0.00 0.00  0.00 0.00 0.00 
K2O 0.00  2.16 2.18 8.61 0.00  0.00 0.00  
ZnO 0.00  0.00 0.00 0.13 15.94  0.00 0.00 0.00 
SnO2 0.00  0.00 0.70 0.00 0.00  55.39 6.71 2.84 
F 1.37  0.26 0.00 0.29 0.00  0.00 1.22 0.00 
Cl 0.00  0.40 0.17 0.24 0.00  0.00 0.00 0.00 
H2O* 3.56  1.94 1.87 3.74 -  - - 1.78 
Total 100.71  100.46 99.52 99.42 102.16  100.65 100.96 99.45 
O=F, C1 0.58  0.20 0.04 0.18 -  - 0.61 - 

           
Si 2.67 Si 5.24 5.90 5.96  Si 1.00 0.98 2.99 
Al 0.47 Al 2.76 2.10 0.04  Al 0.00 0.13 2.19 
Fe 1.50 Al 1.14 0.87 2.37  Fe 0.02 0.03 0.77 
Ca 3.02 Fe'' 1.90 3.02 3.93  Ti 0.00 0.80 0.00 

OH 0.98 Fe''' 0.62 0.80 n.d.  Sn 0.97 0.09 0.09 
F 0.36 Ti 0.07 0.02 0.09  Ca 1.03 1.02 1.90 

  Mg 1.32 0.32 1.41  OH, F - 0.13 1.00 
  Ca 1.99 1.93 0.02      
  na 0.59 0.10 0.00      
  K 0.43 0.22 1.74      
  OH,F,Cl 2.00 2.00 2.00      
Table 1. Microprobe analyses of selected minerals from skarn at Gryll's Bunny and The Crowns. 1, hydrogarnet (ion proportions 
based on a total of 5 cations Ca, A 1, Fe); 2, sadanagaite (ion proportions based on 24 0, OH, F, C 1); 3, amphibole (24 0, OH, F, C 1); 
4, biotite (22 0, OH, F, C1); 5 spinel (4 0); 6, malayaite (5 0); 7, titanite (5 0); 8, epidote (13 0, OH). *H2O% is calculated after ion 
proportions. **FeO/Fe2O3 calculated after ion proportions. 
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the replaced rocks had a high A 1/Si ratio, and that silica 
was not introduced by skarnification. 

The replacement of greenstones by massive amphibolite 
is not as obvious as in biotite rock because both rocks 
contain amphiboles. Nevertheless, the presence of 
amphibole veins provides evidence of the pervasiveness 
and effectiveness of the skarn development. Amphiboles 
in the veins have the same composition as those in the 
adjacent amphibolite. In massive amphibolite, the 
amphibole composition changes owing to equilibration 
with the fluid composition. 
In metapelites and biotitic metabasalts, chemical changes 
are more important: there is an increase in CaO and MgO 
in response to the replacement of biotite by amphibole. 
 
TABLE 2 
 

 
 
 

 
 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 
 

 

The Th/U ratio appears to be a useful indicator of 
metasomatism. For most sediments and magmatic rocks, the 
value of Th/U is between 2.8 and 5.7 (Cocherie, 1978). The 
metapelites shown in Figure 4 are in this field (except one), but 
all amphibole rocks and gametites have a Th/U ratio lower than 
2.0. Thus, all the sampled amphibolites, like the garnetites, 
have suffered metasomatic changes. 
 
The formation of garnetite implies an increase of CaO, ZnO, 
MnO and release of MgO, K2O and Na2O. Ferrous iron is 
oxidized; A1 and Ti are constant. The trace elements Li, Rb, Ba 
and Sr are lowered while Sn, Y, Cu and U are increased. Zr, 
Hf, Cr and V remain constant. Sn, B and Cu are strongly 
enriched in the alteration facies. Be and W remain low 
everywhere, less than 10 ppm and 3 ppm respectively. 
 
In the garnet vein, all trace elements, except Ni, Ta, Sn and W, 
are lower than in skarns (Table 2). The Th/U ratio is 0.78. 

 
 
 

 
 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 

 1 2 3 4 5 6 7 
SiO2 43.55 45.70 62.07 31.20 33.23 34.89 37.47 
TiO2 2.21 3.20 1.02 2.91 2.42 0.88 0.05 
Al2O3 16.05 18.48 16.79 19.94 14.12 25.70 17.11 
Fe2O3 15.18 16.06 6.44 8.69 14.78 11.37 7.35 
MnO 0.29 0.13 0.08 0.31 0.62 0.06 1.13 
MgO 5.52 2.14 3.29 6.94 4.24 6.60 1.08 
CaO 14.30 2.30 3.87 23.85 24.64 2.41 33.47 
Na2O 1.18 2.71 2.19 0.14 0.26 1.78 0.20 
K2O 0.40 6.80 2.73 1.11 0.42 0.11 0.06 
P2O5 0.33 0.10 0.14 0.17 0.10 0.38 0.10 
L.I. 0.48 0.99 0.68 1.15 3.64 0.26 0.35 
Total 99.49 98.61 99.34 98.59 102.11 84.49 98.38 
        
Li* 45 382 159 166 96 89 25 
Be* 2† 2† 2 1 4 5 0.2† 
Sc** 43  19  32  4 
V* 335 248 119 343 392 313 8 
Cr* 115 19 112 27 41 82 3 
Co** 53  14  33 16 6 
Ni* 80† 80† 83 108 80† 84 75 
Cu* 5 11 9 11 455 68 12 
Zn 202 190 132 15400 354 32 40 
Rb 11 189 121 194 18 12 15 
Sr 270 133 227 235 72 375 15 
Y** 40 6 22 17 36 81 3 
Zr 201 168 157 192 141 46 9 
Nb 22† 22† 3 6 22† 6† 2† 
Cd 18† 18† 2† 6 18† 2† 2† 
Sn* 100† 100† 100† 83 2228 1158 1826 
Ba 59 11 272 70 5 4 4 
Hf* 5  5  3  0 
Ta** 1  1  2  6 
W** 5  3†  2†  53 
U** 1  3  23  2 
Th** 2.2  12.6  2.5  1.9 

† =below detection limit. Majors in weight % and traces in ppm. 

Table 2. Whole rock analyses of host rock and skarn samples: 1, greenstone; 2, biotitic basalts; 3, metapelite; 4, garnetite with spinet 
(partly altered to idocrase); 5, garnetite altered to chlorite, amphibole and Sn-minerals; 6, tourmaline rock; 7, garnet vein. X ray 
fluorescence analyses, * ICP analyses, ** neutron activation analyses. 
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Figure 4. Th : U (ppm) diagram. Pelites (square), 
amphibole rocks (triangle) adn skarn (circle). Hachured 
area: composition field for most sediments, dashed line: 
composition of magmatic rocks. After Cocherie (1978). 
 
Rare earth elements. 
The absolute REE concentrations and the chondrite-
normalized patterns (Fig. 5) for metapelites and 
metabasalts differ markedly. They both correspond to 
what can be expected for such rocks (Haskin and Haskin, 
1966). 
 
In the amphibole zone the REE pattern is closely similar to 
that in the host rocks, But, the formation ofgarnetite 
implies a slight decrease of LREE (Light Rare Earth 
Elements) an increase of europium, leading to a positive 
europium anomaly (Fig. 5). The formation of skarn thus 
induced the release of LREE while the HREE (Heavy 
Rare Earth Elements) remained stable. The HREE are 
mostly held in accessory minerals, such as zircon, which 
are not involved in the metasomatic reactions and do not 
suffer any change. These features have been recorded from 
other skarn deposits formed in pelitic rocks (van Marcke, 
1983). 
 
The REE pattern of magnetite from alteration facies shows 
a slight enrichment in LREE and a positive europium 
anomaly (Fig. 5). If the behaviour of REE relative to the 
magnetite is the same in hydrothermal fluid as in magma 
(as assumed for apatite by Watson and Green, 1981) i.e. 
LREE partition coefficients are smaller than the HREE 
partition coefficients (Puchelt and Krarnar, 1978), then it 
can be deduced that the fluid in equilibrium with the 
magnetite had a slight enrichment in LREE and a positive 
europium anomaly. 
 
REE concentration in the garnet vein is low; La is slightly 
enriched compared to the other REE and there is a positive 
europium anomaly. 
 
Halogens in hydrous minerals 
Biotite, amphibole and apatite from both host rocks and 
skarns are rich in chlorine and fluorine (Table 1). Using 
the data of Munoz (1984) and Korzhins k ii (1981) it can 
be deduced that the activity ofHC 1 and HF was high 

during skarn formation and tin mineralization, and that 
fHC1 was higher than fHF. The absence of chlorine and 
the presence of fluorine in late green biotite indicates that 
at this stage, fHCl was lower than fHF. 
 
Oxygen and hydrogen isotopes. 
δ18O values measured in skarn samples are between+ 8.2 
and + 9.5, and in the pelites and amphibolites between + 
9.5 and + 11.4 (Table 3). The δ18O of garnet from The 
Crowns vein is + 6.4. The calculated oxygen isotope 
composition of the water in equilibrium with skarn 
samples (+9.0-+11.00) is higher than the usual δ18OH20 
of metasomatic fluid (Taylor and O'Neil, 1977), but falls in 
the range of the magmatic water associated with the 
Comubian batholith (δ18OH2O= 9.0 to + 13.0, Sheppard 
1977) which belongs to the high 18O granite group of 
Taylor (1978). (Fig. 6). Two magnetite samples have been 
analyzed, one associated with idocrase in an alteration 
facies (δ18O= + 3.7) and the other showing ilmenite 
intergrowths and spinel exsolution textures (δ18O= + 6.6). 
The δ18OH2O of the water in equilibrium with the first 
one (+ 9.1 to + 11.2) corresponds to the magmatic water 
range, but the δ18O calculated for the second one is higher 
(+ 12.0 to + 14.1). This supports the belief that this form of 
magnetite is not a skarn mineral but is inherited from the 
original basaltic rock. The water in equilibrium with the 
garnet vein has a lower δ18OH20 than the other skarn 
samples (+ 7.5 to + 8.5). The vein was probably emplaced 
after skarnification and alteration, by a fluid containing a 
large proportion of meteoric water. 
 

δD values of amphibolites and biotitic rocks (-61 to -47) 
correspond to δDH2O values between - 14 and -38 at 
600°C or between -6 and -29 at 500°C. These values are 

 
Figure 5. REE patterns of greenstone (triangle), pelite (square), 
garnetites (open circle) garnet vein (filled circles) and magnetite 
(stars). Arrows indicate the changes due to skarnization. 
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Figure 6. Calculated d180H2O of fluids of equilibrium with 
skarn minerals at different temperature between 400° 
and 600°C. Numbers refer to Table 3. 
 
too high for a pure magmatic or metamorphic water. It 
implies that during skarnification, the fluid was not only 
made up of purely magmatic water but was a mixture of 
magmatic and meteoric and/or metamorphic water (Fig. 
7 ). 

Conclusions 
Skarns at The CroWns and Gryll's Bunny are made up of 
two main zones: an outer amphibole zone followed by an 
inner garnet one. Host rocks are metapelites and 
metabasalts (greenstones -+ magnetite and biotitic 
basalts). The formation of skarn in silica-poor (high   
Al/Si ratio) rocks allowed the crystallization of spinel  
and sadanagaite. Two types of alteration facies are  
found. One, consisting of idocrase + magnetite does not 
contain much tin. The second one, rich in tin (more than 
1000  ppm Sn),  consists    of    chlorite,    amphibole and 
TABLE 3 

Table 3. Oxygen and hydrogen isotopic data of selected minerals 
and rocks from skarn at The Crowns and Gryll's Bunny. 

 
tourmaline plus tin-bearing minerals, mainly 
cassiterite, malayaite, titanite and epidote. 

Skarn development proceeded with increasing Ca, Mn, 
Zn, Y, Cu, U, Sn, B and Eu and decreasing K, Na, Mg, 
Li, Rb, Sr, Ba and LREE. Al, Ti, Zr, Hf, Cr and V 
remain constant. The Th/U ratio appears to be a good 
indicator of metasomatism. Positive europium 
anomalies arise· 

The metasomatic fluid was enriched in LREE and had 
a positive europium anomaly. It was rich in chlorine 
and fluorine (fH2O greater than fHC1 greater than 
fHF). With decreasing temperature the fluid, originally 
rich in · magmatic water, was mixed with an 
increasing proportion of meteoric water, as Indicated 
by δ18O and δD values. It was also enriched in Ta, Sn 
and W later when the garnet vein was emplaced. At a 
very late stage the activity of HC1 decreased strongly 
(fH2O much greater than fHF very much greater than 
fHC1). The garnet vein at The Crowns was a purely 
hydrothermal feature introduced after the skarn, 
probably as a fissure filling. '-, 
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Figure 7. Plot of δD versus δ18O for calculated isotopic 
composition of waters in equilibrium with skarn minerals and 
rocks at different temperatures between 400° and 600°C. 
Triangles and squares are amphibolites and biotitic rocks, 
respectively. Waters composition fields after Sheppard, 1977. 
Numbers refer to Table 3. 

No. Designation Location δ18O δD 
1 garnet The Crowns 9.30  
2 garnet Gryll's Bunny 9.20  
3 garnet vein The Crowns 6.40  
4 amphibole vein The Crowns 8.60 -59.00 
5 amphibolite Gryll's Bunny 9.50 -55.00 
6 amphibolite The Crowns 10.00 -61.00 
7 petite The Crowns 11.40 -47.00 
8 biotitic basalt The Crowns 9.50 -47.00 
9 pyroxene The Crowns 8.20 - 
10 pyroxene vein The Crowns 9 - 
11 magnetite associated The Crowns 4 - 
with idocrase    
12 magnetite with ilme- Gryll's Bunny 7 - 
nite intergrowths    
and spinet exolution    
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Read at the Annual Conference of the Ussher Society, January 1985 

The pressure-temperature history of the Tintagel  
district, Cornwall: metamorphic evidence on the  
tectonic evolution of the area. 
T.J. PRIMMER 
 

Primmer. T.J. 1985. The pressure-temperature history of the Tintagel district, Cornwall 
metamorphic evidence on the tectonic evolution of the area. Proceedings of the Ussher Society, 6. 
218-223. 
 
A detailed examination of the petrography and aspects of the mineral chemistry of slates and 
volcanics of Tintagel has allowed an appraisal of the P-T history of the district to be made. A 
synchronous M1/D1 event reached greenschist facies temperatures (characterized by chloritoid, 
garnet and epidote bearing assemblages). This was followed by a post-kinematic M2 event at 
higher temperature (up to ca. 500°C) but lower pressures (characterized by the development of 
platy muscovite after chloritoid and biotite or actinolite bearing assemblages), followed by a final 
phases of retrograde metamorphism at much lower temperature (200-300°C). A dynamtc 
reconstruction of the tectonic history emphasizes the unique local features (i.e. underthrusting of 
the Culm flysch basin to produce local crustal thickening and the enhanced heat flow within the 
high strain zone developed) which have resulted in the highest maximum temperatures due to 
Varlscan regional metamorphism so far recorded in S.W. England. 
 
T.J. Primmer, Department of Geology, Imperial College of Science and Technology, Prince 
Consort Road, London SW7 2BP. 
 

Introduction 
The effects of regional low grade Variscan 
metamorphism in the Tintagel district were first 
recognized late in the 19th century and the area gave the 
first reported occurrence ofottrehte (s.1.) in Britain, made 
by Hutchings (1889). Later work by Tilley (1925) 
revealed that the ottrelite was in fact chloritoid; and 
Phillips (1928), described the regional distribution of 
other metamorphic minerals in the district (e.g. garnet, 
epidote, biotite, etc.). More recently, work has focussed 
on the style and extent of deformation seen in the area 
which has culminated in a number of structural syntheses 
that have attempted to place the structures seen in a wider 
tectonic context (e.g. Sanderson and Dearman. 1973; 
Shackleton et al.. 1982). However, the emergence of a 
new structural synthesis incorporating much 
palaeontological data (Selwood et al., in press) has 
allowed previous structural models to be rejected (e.g. 
Sanderson, 1979). This has prompted the present semi-
quantitiative appraisal of the P-T history of the district 
which incorporates a reconstruction of the tectonic 
evolution of the north Cornwall area based on this new 
data. 
 
Petrography 
The effect of regional metamorphism can be illustrated 
by parallel studies of the two dominant lithologies in the 
district; (1) Upper Devonian/Lower Carboniferous slates 
and (2) an extrusive basic igneous suite of similar age 
(Fig. 1). Both rock types are well cleaved in hand 
specimen, this fabric being represented in thin section as 

a penetrative muscovite. With Chlorite foliation in the 
slates (Fig. 2) and a Chlorite dominated foliation in the 
volcanics (Fig. 3). XRD analysis of fine (< 2um) size 
fractions from the slates has revealed the presence of 
 
 

 
Figure 1. Location map showing the regional extent of the 
metamorphic assemblages in the Tintagel district. 
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pyrophyllite in one specimen near Delabole (SX059846) 
(Fig. l).It could not be identified when the sample was 
examined petrographically suggesting that it is probably 
contained within the fine grained penetrative foliation 
where it would be extremely difficult to differentiate from 
muscovite. 

An early phase of porphyroblast formation followed 
crystallization of the penetrative foliation. Sporadic 
regional development of chloritoid or chlorite occurs m 
many of the slates (Figs. 2a and 2b), although one 
specimen of a black, graphitic slate that is located 
adjacent to the volcanic sequence at Trewethet Gut 
(SX073898) was found to contain colourless. Mn-rich 
garnet (Figs, 2c and 2d). Texturally, the garnets are 
almost   identical   to   those   described   by Andrews and 
 
 

 
 
 

 
 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 
 

 

Power (1984) but are zoned in the opposite direction (i.e. 
Mn-rich core to Mn-poorer rims; Primmer, 1985). The 
distinctive sectoral inclusion pattern illustrated in Figs. 2c 
and 2d has also recently been described by Andersen 
(1984) from Mageroy, N. Norway. He suggests that this 
style of inclusion pattem is a result of rapid 
porphyroblastic growth under prograde metamorphic 
conditions. 
In the volcanics a comparable phase of metamorphism is 
represented by the crystallization of unzoned Fe-rich 
epidote (Fig. 3a) which similarly includes trails of the 
main penetrative foliation. In all cases, refraction 6f the 
inclusion trails and a flattening of the foliation around 
these porphyoblasts indicates that the district was still 
subject to the regional tectonic stress regime that had 
 
 

 
 
 

 
 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 
 

 

Figure 2. Photomicrographs of slates; (a) Porphyrolbastic chloritoid cross-cutting M1 foliation with platy, inclusion-free 
muscovite rim. Note patches of retrograde chlorite (ch) overgrowing chloritoid (plane polarized light - field of view 2mm 
across). (b) Porphyroblastic chlorite cross-cutting and including the M1 foliation with no evidence of any retrograde 
recrystallization (crossed polars - field of view 2mm across). (c) Porphyroblastic garnet showing distinctive sectoral inclusion 
pattern with evidence of flattening and deflection of inclusion trails within the porphyroblast (plane polarized light - field of 
view 2mm across). (d) Co-existing garnet and biotite (bi) cross-cutting the quartz dominated foliation. Biotite laths are found 
scattered throughout the specimen whereas the garnet is often concentrated in the quartz dominated zones as illustrated (plane 
polarized light - field of view 2mm across). 
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Figure 3. Photomicrographs of the volcanics; (a) Porphyroblastic epidote clearly showing the refraction of inclusion trails and 
flattening of the M I foliation (crossed polars - field of view 2mm across). (b) Porphyroblastic actinolite (top right and bottom) cross-
cutting the M1 foliation composed of finer-grained actinolite and chlorite (crossed polars - field of view 7.5mm across). (c) Cross-
cutting biotite lath (centre left) overgrowing the penetrative foliation composed of biotite (bi) crystallizing after M1 chlorite (ch) and 
muscovite (plane polarized light - field of view 2mm across). (d) Relict K-feldspar "aggregate" sandwiched in chlorite dominated 
penetrative foliation containing overgrowing post-kinematic growth of biotite (bi) (crossed polars - field of view 2mm across). 

 
produced the penentrative foliation. 

A subsequent, second phase of porphyroblast 
development shows very different mineralogical and 
petrological features. In the slates much of the chloritoid 
is rimmed by an inclusion free muscovite sheath which 
overgrows all earlier fabrics (Fig. 2a) whereas the garnet 
bearing slate contains small, pale and weakly pleochroic 
biotite laths cross-cutting both the garnet rims and the 
foliation (Fig. 2d). The volcanics show the development 
of porphyroblastic biotite and actinolite (Figs. 3b-3d), but 
their occurrence is mutually exclusive on the basis of 
differences in bulk chemical composition (Primmer, in 
press). Both biotite and actinolite, besides cross-cutting 
the earlier formed fabric, are seen to replace chlorite in 
the main penetrative foliation (Figs. 3b and 3c).  

A final phase of metamorphism is manifest in the slates 
with the progressive pseudomorphing of chloritoid by 
fine grained chlorite and muscovite aggregates (Fig. 2a). 
Complete pseudomorphs of chloritoid (leaving just the 
muscovite sheath) are often observed and in one extreme 
case the muscovite sheath has also been totally 
recrystallized in a similar manner. 

Metamorphic history 
It is now possible to reconstruct an approximate P-T 
history for the Tintagel district based on the mineral 
associations described above. Development of the 
penetrative M1/D1 fabric occurred initially under 
conditions of rapidly increasing shear strain. The 
occurrence of pyrophyllite indicates that temperature of 
250-300°C existed at the onset of crystallization of the 
penetrative foliation and illite crystallinity studies 

Table of Contents



(Brazier et. al., 1979; Primmer, in press) indicate that this 
phase of metamorphism continued up to true greenschist 
facies temperatures (ca. 400°C). At such temperatures, 
pyrophyllite becomes unstable with co-existing chlorite, 
reacting to produce chloritoid and quartz (Hoschek, 
1969). As a result pyrophyllite only survives in 
assemblages that are indicative of lower maximum 
temperatures to the south of Tintagel (e.g. near Delabole, 
SX059846). At similar (greenschist) temperatures in the 
Tintagel area, crystallization of porphyroblastic chlorite 
and spessartine garnet occurred in the slates with epidote 
in the volcanics. 
 
Recognition of a suitable garnet forming reaction in this 
instance is somewhat problematical, not least due to the 
high Mn content recorded (core compositions upto 28% 
MnO by weight). Thus, the various growth models 
proposed (e.g. Hollister, 1966; Loomis and Nimick, 
1982) may not be entirely appropriate and as Andrews 
and Power (1984) suggest, certain favourable 
depositional/diagenetic conditions must have prevailed in 
order to concentrate sufficient Mn for garnet growth. 
They invoke no specific garnet forming reaction and it 
seems inappropriate to examine the possibilities here, 
save to emphasise that chemical conditions, where 
suitable, will result in the crystallization of Mn-rich 
garnet well below the temperatures required for 
almandine stability (Loomis and Nimick, 1982). 
Interpretation of the Mn/Fe zoning profile in terms of 
prograde metamorphism is similarly equivocal in that 
changes in other metamorphic parameters, notably an 
increase in oxygen fugacity may suitably suppress the 
activity of Fe3+ . 
 
Subsequent growth of inclusion-free porphyroblastic 
phases in a post-kinematic fashion indicates that a 
relaxation in regional stress had occurred but under, for 
the first part, prograde (increasing temperature) 
conditions. In the chloritoid slates this is seen as a platy 
muscovite rim. Similar textures have been described by 
Atherton and Smith (1979) from the Dalradian in 
Scotland. They describe the crystallization of platy 
muscovite as a result ofchloritoid breakdown prior to the 
formation of staurolite. Similar textures have been 
described by Guidotti (1968) where platy muscovite 
pseudomorphs have crystallized after staurolite. Both 
studies present convincing evidence that such textures are 
prograde in origin and detailed chemical studies 
(Primmer, 1985) have illustrated similar systematic 
variations in mineral chemistry. The exact mechanism of 
pseudomorph development remains unclear, especially in 
this study as no evidence of the higher grade paragenesis 
(e.g. staurolite in the study by Atherton and Smith, 1979) 
exists, However, the mineral association illustrated here 
is thought to represent the peak temperature conditions; 
the aluminous nature of these rocks preventing the 
crystallization of ferromagnesian index minerals such as 
biotite or almandine garnet. 
 

In the spessartine garnet bearing slate increasing 
temperatures promoted the crystallization of biotite, 
interrupting the formation of garnet. Again it is not 
apparent which (of the numerous) biotite forming 
reactions were responsible, however, in the volcanics 
there is clear evidence that biotite formation involved the 
reaction of chorite, muscovite and K-feldspar (Figs. 3c 
and 3d), e.g. 
Ksp + Chl -  Bio + Mu + Qz + H2O 
Ksp + Chl+ Mu (phengitic) -  Bio + Mu (less phengitic) 
+ Qz + H2O 
Mu (phengitic) + Chi -  Bio + Mu (less phengitic) + Qz 
+ H2O 
 An approach to equilibrium has been demonstrated 
chemically by Robinson and Read (1981) in examining 
the crystallization of biotite in a cross-cutting habit and as 
a replacement of the M1 chlorite fabric. Similar chemical 
relationships have been observed between the two habits 
of actinolite, although the first temperature of 
crystallization of the amphibole may have been lower 
(ca. 375°C) than that inferred for the first appearance of 
biotite (ca. 450°C). 

Application of garnet-biotite Fe/Mg exchange 
geothermometers yield vastly different peak temperatures 
(350-580°C; Primmer, 1985) depending on the 
corrections that are made to compensate for non-ideal 
mixing on sites due to the high Mn content of the garnet. 
The maximum stability of co-existing muscovite and 
chlorite is of the order of 550°C (Winkler, 1979) 
indicating a temperature "ceiling". However, the 
continued stability of actinolite and albite in the volcanics 
in preference to hornblendic amphibole and oligoclase, 
suggests lower temperatures. Maruyama et al. (1983) 
suggest a maximum of 420°C (at 2kb) for actinolite + 
albite stability, however, this is not much higher than 
temperatures inferred above for the establishment of 
chloritoid stability. The evidence from Tintagel therefore 
seems to suggest that actinolite + albite assemblages may 
be stable to higher temperatures (ca. 450-500°C). 
Estimates of pressure conditions throughout the M 1/D 1 
and subsequent M2 phases of metamorphism are 
somewhat conjectural. No suitable mineral geobarometer 
is applicable (e.g. the muscovite-biotite geobarometer of 
Evans and Powell, 1983). Baric conditions in such 
instances have been assessed by using the bo lattice 
parameter of K-white micas (Sassi and Scolari, 1974). 
Application of this method has been made elsewhere in 
S.W. England (Robinson, 1981; Primmer, 1983), the 
results indicating that low-intermediate baric conditions 
prevailed. Strict application of the method in this study 
cannot be made as the rocks contain "prohibited" 
minerals in the context of the original scheme of Sassi 
and Scolari (e.g. pyrophyllite, chloritoid, biotite), which 
reduces the effectiveness of the bo lattice parameter as an 
intensive pressure indicator. 
With continued stress relaxation temperatures remained 
relatively high (>200°C) as indicated by sporadic 
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retrograde metamorphis of the higher temperatur 
assemblages, specifically the chloritoid-muscovite slates 
 
Tectonic implications 
The maximum extent of the development of 
porphyroblastic metamorphic phases described abov 
corresponds with the approximate mapped limits of th, 
Boscastle and Tredorn Nappes described by Stewar 
(1981) and Selwood et al. (in press). These are thought to 
represent thrust sheets that are themselves thrust unde the 
southern margin of the Culm flysch trough. In th Tintagel 
district this has resulted in the development o an area 
exhibiting features of exceptionally high strain 
(Sanderson, 1979) with localized crustal thickening not 
seen to the same extent elsewhere in S.W. England. With 
the possible influence of an uprising granite batholith, 
manifest to the south as the Bodmin Moor cupola an area 
of high heat flow within the high strain zone may have 
helped elevate the temperature of metamorphism 
sufficiently to produce the observed mineral 
assemblages. 
A summary of related metamorphic/tectonic events is 
illustrated in Fig. 4, i.e. 
(a) Early northerly directed thrusting to the south ot 
Tintagel was dominated by gravity nappes with little 
tectonic loading (Isaac et al., 1982), pre-cleavage folds 
assigned to this deformation phase without a 
metamorphic signature are in evidence in the Padstow 
area (Shackleton et al., 1982). 
b) Continued early northward thrusting (equivalent to the 
main phase of thrusting in central S.W. England; Isaac et 
al., 1982) resulted in a series of overthrust nappes, 
temperatures reaching mid-upper anchizone (250-
350°C). The highest levels of which impinged upon and 
began to underthrust the southern margin of the Culm 
flysch trough. 
c) Migration of deformation to the north resulted in rapid 
loading and thickening of the sedimentary pile. Pressures 
would have initially increased at a faster rate than 
temperatures with temperatures subsequently increasing 
under nearly isobaric conditions (Norris and Henley, 
1976) during the main phase of thrusting. Temperatures 
of 350°(2 were exceeded at low-moderate pressures (<3-
4kb). 
d) As thrusting migrated further north in the thickened 
Culm flysch, lithostatic pressure in the Tintagel    
district was reduced due to isostatic uplift. Continued 
heating occurred at lower pressures (T=450-500°C) as 
the uplifted rock mass attempted to re-equilibrate by 
thermal conduction (England and Richardson, 1977), 
there being a thermal lag during tectonic decompression 
in much the same way as during compression.           
This post-kinematic phase of heating may have        
been more widespread than just the Tintagel area     
itself but the resultant metamorphic minerals that are 
confined   to   the   district   may be purely a function of 

Figure 4. Sketch cross-sections through the Tintagel district 
illustrating the main tectonic events described in the text 
(based on the interpretation of Selwood et. al., in press). T-
Trekelland Thrust, R-Rusey Fault, unornamented rocks have 
reached no more than diagenetic grades, dot shading 
indicates anchizone grade, line shading indicates greenschist 
facies or above. 
 
the particular geological characteristics referred to at the 
beginning of this section. 
 
A final phase of retrograde metamorphism occurred as 
uplifted (but still warm) rocks interacted with descending 
meteoric water. This style of metamorphism is 
concentrated near the northerly directed thrusts implying 
that continued northerly directed movement prevailed 
throughout the tectonic evolution of the district. 

Concluding remarks 
The timing of the metamorphism was diachronous, 
south to north, from mid-Namurian to early Permian 
times with an average metamorphic gradient of 
ca.40°C/km, which although high, is typical of  
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Variscan high temperature/low pressure styles of 
metamorphism (Weber, 1971). Metamorphic 
equilibration between co-existing but different habits of 
similar phases was seen to be approached, with 
maximum temperature estimates in the order of 450-
500°C, although maximum pressure estimates are rather 
more equivocal. 
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Discussion on the possible contribution of meta- 
morphic water to the mineralizing fluid of south-west  
England: preliminary stable isotope evidence 
T.J. PRIMMER  

Primmer, T.J. 1985. Discussion on the possible contribution of metamorphic water to the 
mineral-ilzing fluid of south-west England: preliminary stable isotope evidence. Proceedings 
of the Ussher Society, 6, 224-228. 

D/H and 18O/16O ratios were determined on mineral separates obtained from slates and shales 
in north Cornwall that had been regionally metamorphosed (from diagenetic to greenschist 
facies temperatures) during the Variscan orogeny. Calculation of the isotopic composition of 
the coexisting metamorphic fluid reveals similar characteristics to the published compositions 
of the water involved in widespread post-orogenic mineralization. An attempt is made to 
explain the incorporation of the evolved metamorphic water into the mineralized system by 
considering the" mechanisms by which the rock mass may be de-watered during late-stage 
orogenesis. 
 
T.J. Primmer. Department of Geology, Imperial College of Science and Technology, Prince 
Consort Road, London SW7 2BP. 

 
Introduction 
Recent studies have established the importance of the 
nature of the crustal setting for Sn-W hydrothermal 
mineralization to occur in association with acid 
magmatism (Plant et al., 1983; Watson et al., 1984). It 
appears that the grade of metamorphism reached in the 
crust is a critical factor; for example, in the essentially 
anhydrous high grade areas of the Grampian Highlands 
the late Caledonian granites are "barren", whereas 
Caledonian and Variscan granites (both chemically and 
geologically similar) that are intruded into lower grade 
rocks in both Scotland and S.W. England respectively 
display all the common features of Sn-W type 
hydrothermal mineralization. 
Isotopic studies (Sheppard, 1977; Jackson et al., 1982) 
have indicated that the hydrothermal water involved in 
the main stages of mineralization in S.W. England was 
not principally of magmatic origin. Instead it is suggested 
that the fluids were overwhelmingly meteoric in origin 
(i.e. more D-rich than typical magmatic water), although 
Jackson et al. (1982) accept that metamorphic water 
drawn from-the surrounding low grade country rocks 
may have been involved as the 18O/16O range for the 
hydrothermal water is also within the inferred range for 
metamorphic water. This study attempts to show that the 
latter hypothesis is a feasible source for the hydrothermal 
fluid and also describes the history of the fluid from 
diagenesis/metamorphism to mineralization. 
In the course of studying the nature and extent of low 
grade Variscan metamorphism in S.W. England, an 
investigation of the oxygen isotope geochemistry of 
phyllosilicate minerals from a suite of specimens from 
the north coast of Cornwall was made (Primmer, in 
press).  

 
Metamorphic temperatures calculated from quartz-illite 
and quartz-chlorite oxygen isotope geothermometers 
(along with illite crystallinity data) reveal a transition 
from burial diagenetic grades in the north to greenschist 
facies metamorphism in the south (Fig. 1). The section is 
welt away from the granite intrusion of Bodmin Moor 
and associated hydrothermal mineralization, thus clearly 
representing a regionally metamorphosed sequence that 
has not experienced subsequent hydrothermal alteration. 
. 
 
 
 

 
Figure 1. Location map showing the distribution of samples 
along the north Cornwall coast and the extent of metamorphic 
grade reached in the area. 
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Methods of analysis and isotopic characterization 
of metamorphic water 
Phyllosilicate minerals were isolated by either traditional 
heavy liquid and hand picking techniques or chemical 
treatment and particle size separation (Table 1). The 
chemical treatments used to remove Fe and Ti oxides, 
carbonates and organic matter follow those of Yeh and 
Savin (1977) and Yeh (1980) and are not thought to 
significantly influence measured δ

18O or δD values. 
Although XRD analysis of separates revealed trace 
quantities of quartz in most samples, its effect on measured 
δ

18O values was not thought to be significant in this study. 
Hydrogen and oxygen were extracted quantitatively from 
the mineral separates using well established techniques 
(Clayton and Mayeda, 1963; Sheppard and Taylor, 1974). 
Isotope ratios for oxygen were measured on CO2 gas using 
a triple collector VG903 mass spectrometer and hydrogen 
on H2 gas using a double collector VG602 mass 
spectrometer. All isotope data (Table 1) are reported as 
δ−values relative to standard mean ocean water (SMOW). 
Reproducibility was generally 0.1 to 0.2% for δ18O and 1 
to 2% for δD on duplicate analyses. An average of repeat 
analyses of NBS-28 (African sand) gave 9.6%0, (accepted 
value = 9.64%0). 
The δD and δ18O values obtained are shown plotted (Fig. 2) 
along with the calculated isotopic composition of 
metamorphic water given by Taylor (1974) and the 
magmatic and hydrothermal water from S.W. England 
(Sheppard, 1977). The isotopic composition of the 
metamorphic fluid co-existing with the analyzed mineral 
separates was calculated over the temperature range 150-
450°C (deduced from diagnostic metamorphic mineral 
assemblages and temperatures determined by oxygen 

 
Sample No. δD (%0) δ18O(%0) 
*illites   
43 -33 12.3 
51 -65 13.4 
53 -47 13.9 
67 -42 15.5 
36 -42 13.6 
28 -47 15.3 
† chlorites   
41 -69 11.8 
61 -60 12.4 

* The less than one micron size fraction (except sample 53-less 
than 2 micron) of the illites was used to concentrate an 
essentially monomineralic sample after chemical treatment to 
remove Fe+Ti oxides, carbonate and organic matter (Primmer, 
1985). 
†Chlorites were separated by heavy liquid and hand picking 
techniques. 

Table 1 Stable isotope analyses of phyllosilicates from north 
Cornwall. 

isotope geothermometry, Primmer, in press) and the 
published mineral - H2O isotopic fractionation factors for 
oxygen and hydrogen (Friedman and O'Neil, 1977; 
Taylor, 1974; Suzuoki and Epstein, 1976). The calculated 
field is also shown on Fig. 2; there are three main 
features of note: 

a) The field of D-enriched water compositions in S.W. 
England (away from that of metamorphic water in the 
temperature range 300-600°C) is related to the lower 
temperatures of crystallization of the metamorphic 
phases in S.W. England. 
b) The isotopic composition of the water is distinct 
from that of the magmatic water in S.W. England. c) 
The similar isotopic composition of the S.W. England 
metamorphic and hydrothermal water. 
These points suggest that the metamorphic fluid is of 
the correct (isotopic) character to be possible precursor 
to the hydrothermal water. 

 
Proposed synthesis of metamorphic - 
hydrothermal water  
During initial burial of sediments, compaction occurs 
through the collapse of pore space and expulsion of 
formation water. If the water cannot escape rapidly 
enough the interstitial pore fluid pressure increases at a 
rate greater than that expected from the normal 
hydrostatic pressure gradient, i.e. the system becomes 
overpressured, a situation commonly encountered in 
subsiding sedimentary basins (Rubey and Hubbert, 
1959). As compaction continues, permeability decreases 
further slowing the rate of escape of any fluid trying to 
move upward from the overpressure, thus trapping such 
water and increasing the pore fluid pressure to values 
approaching that of the total lithostatic pressure. 
The equality of fluid pressure and lithostatic pressure is 
generally assumed for prograde metamorphism, 
however, from the above reasoning it is clear that 
departures do occur, particularly during diagenesis and 
incipient metamorphism. Norris and Henley (1976) 
suggest that such conditions persist to depths of 10km or 
deeper because a dynamic equilibrium is set up as the 
fluid pressure equals lithostatic pressure. Under these 
conditions permeability is low with little tendency for 
fluid to escape unless hydraulic failure of the rock mass 
Occurs, a situation only observed on a localized scale 
within flysch sandstones on the north Cornwall coast 
(Beach, 1977). to lattice parameter measurements of K-
micas in S.W. England (Primmer, 1983) suggest that low 
grade metamorphism occurred at low-intermediate 
pressures (maximum depths of burial ca.10km) with 
appreciable crustal thickening only occurring at the 
southern margin of the Culm synclinorium. A 
diagrammatic representation of the environment of fluid 
evolution is shown in Figure 3. 
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Figure 2. Plot of δD against δ18O values for the mineral separates analysed (illite-dots, chlorite-squares) and the isotopic 
composition of the metamorphic water that would be in equilibrium in the temperature range indicated. Isotopic 
compositions of other fields taken from Sheppard (1977) and Taylor (1974). 

 
Under conditions of diagenesis and low-grade 
metamorphism the isotopic composition of the water in 
the rock system is buffered by the country rocks due to 
low water/rock ratios (i.e. the rock and water system 
retains the character of the rock mass). With subsequent 
uplift, a dominantl3; extensional regime reduces 
lithostatic pressure relative to fluid pressure until such a 
point where fluid pressure must exceed load pressure. 
Hydraulic fracturing will be widespread under these 
conditions with the evolved metamorphic water being 
released into the fissures. In S.W. England uplift was 
synchronous with the intrusion and crystallisation at high 
levels of the granite. Moore (1975) has illustrated the 
influence that the rising pluton had on the orientation of 
dyke and vein arrays which in combination with north-
south extension produced a fairly uniform east-west 
strike in vein orientation. It seems reasonable to expect 
therefore that the released fluid would be quickly 

incorporated into a convective mineralizing system near 
the granite plutons, with the resultant mineralization 
being concentrated in the hydraulic tension fissures. 
 

Further points for discussion 
This interpretation has attempted to show that the 
hydrothermal water involved in the mineralization could 
contain water of a diagenetic/metamorphic origin. Such 
metamorphic water retained in the rock system may also 
be responsible for leaching and metasomatism of 
elements subsequently transported and concentrated 
during mineralization. Besides the influence of the 
intrusion of the granite, the pattern of mineralization may 
also be a direct consequence of the dewatering of the 
metamorphosed country rock during uplift. 
Clearly much more isotope data from S.W. England is 
required  to elucidate the proposed scheme of events in 
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Figure 3. (top) A diagrammatic representation of the approximate timings of the final stage of Variscan orogenesis, granite 
intrusion and associated mineralization (compiled from data presented by Jackson et al, 1982 and Ferguson and Lloyd, 1982), 
showing their relationship with (bottom) the approximate metamorphic temperature path (solid line) and pressure differential 
(between lithostatic and fluid pressures, dashed line) with time. 

 
detail. The above interpretation represents a 
simplification of the numerous post-magmatic processes 
that occur; several factors still require some explanation, 
eg: 
 
1. The scheme assumes that the metamorphic fluid is 
dominated by H20. This is not always the case at low 
grades of metamorphism (eg Frey et al., 1980). What 
influence would CO2 or CH4 have? 
2. Would there be sufficient fluid to provide transport for 
all vein minerals? 3. Did the hydraulic fissures ever open 
all the way to the surface? Was there, as result, a 
significant influx of additional meteoric water at any 
stage and to what extent may it have modified the 
composition of the mineralizing fluid due to isotopic 
exchange with the metasediments? 

Answers to these questions, particularly the first, will test 
the isotopic evidence presented here more rigorously so 
that the role of metamorphic water in hydrothermal 
mineralization may be more fully appreciated. 
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The origin of sillimanite-bearing pelitic xenoliths within   
the Carnmenellis pluton, Cornwall 
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Jefferies, N.L. 1985. The origin of sillimanite-bearing pelitic xenoliths within the Carnmenellis 
pluton, Cornwall. Proceedings of the Ussher Society, 6, 229-236. 

A small number of xenoliths within the biotite granites of the Carnmenellis plutori preserve 
cores in which a planar sillimanite-biotite fabric is overprinted by an oxide mineral paragenesis 
comprising spinel-corundum-ilmenite. :Petrographic, whole rock geochemical and electron 
microprobe data are presented and it is concluded that such xenoliths have been entrained from 
depth with the rising magma, and are not the product of stoping. The process of assimilation, by 
which the xenolith attains equilibrium with the enclosing granite, is also discussed. 

N.L. Jefferies, Department of Geology, The University, North Park Road, Exeter EX4 4QE. 
* Present address: Chemistry Division, Building 10,5, AERE Harwell, Oxfordshire OX11 ORA. 

 
Introduction 
High level crustal emplacement of the Variscan granite 
plutons of SW England is indicated by the deformational 
style and low metamorphic grade of the intruded upper 
Palaeozoic sediments (Watson et al., 1984), the possible 
rhyolitic volcanic associations (Cosgrove and Elliott, 
1976) and the early Permian unroofing of the Dartmoor 
granite (Danger field and Hawkes, 1969). The 
mechanism of granite emplacement at high crustal levels 
is predominantly that of stoping of the brittle envelope by 
the less viscous magma (Pitcher, 1979) and evidence for 
this is observed in the roof zones of the SW England 
granites. In order for stoping to be an effective 
mechanism for granite emplacement in the upper crust, 
the stoped blocks must subside into the silicate melt, 
whereupon they will be progressively assimilated. 
Bromley (pers. comm. 1985) concluded that the rate of 
sinking of pelitic xenoliths is rapid enough for large 
blocks to sink for several kilometres before they are 
'frozen' in the cooling magma. 
 
Concentrations ofpelitic xenoliths, interpreted as having 
been derived by stoping, are found in the coarse-grained 
megacrystic granites (nomenclature of Dangerfield and 
Hawkes, 1981) of Lands End, Dartmoor and the eastern 
lobe of the St. Austell intrusion (Lister, 1984). In 
contrast, the Carnmenellis and Bodmin plutons, which 
are largely composed of the coarse-grained megacrystic 
granite - small megacryst variant, contain only rare 
xenolithic material. Lister (1984) interpreted this as being 
due to the advanced assimilation of xenoliths at lower 
levels (indicated by the change in granite texture) of the 
plutons, whilst Bromley (pers. comm. 1985) suggested 
that most xenoliths have sunk to greater depths. 
 
An alternative view, advanced in this paper, is that some 
pelitic xenoliths within the Carnmenellis pluton have 
been entrained with the magma from depth, and are not 

the product of stoping. This interpretation is in accord 
with the model of White and Chappell (1977) in which 
most pelitic xenolithic material in granitoids is of a deep-
seated origin. 

Field Relations within the Carnmenellis Pluton 
The Carnmenellis pluton is comprised largely of 
megacrystic biotite granites which have been divided into 
inner and outer varieties (Al Turki and Stone, 1978). 
Both types of biotite granite are peraluminous, containing 
2-4% normative corundum. 
Pelitic xenoliths are found in all exposures of the outer, 
coarse-grained biotite granite which suggests that they 
have a homogeneous distribution. They also occur, at 
depths below 2km, in an equigranular medium grained 
granite facies (Bromley, pets. comm.). They are 
commonly subrounded and occasionally reach 5cm in 
diameter; more typical dimensions, however, are only 1-
2cm. Disaggregation and assimilation of the biotite-rich 
xenoliths are demonstrated by the development of biotite 
schlieren away from the margins (e.g. Lister, 1984). The 
presence of these schlieren, together with the close 
association of biotite and andalusite in both pelitic 
xenoliths and granite are evidence that some biotite in the 
granite is derived by disaggregation of the pelitic 
xenoliths. 
 
Petrography of the Pelitic Xenoliths 
The original character of the xenoliths is difficult to 
recognise because of the extensive chemical interaction 
that has taken place with the enclosing granite. This has 
resulted in the superposition of several metamorphic 
assemblages, each related to a separate period of 
chemical exchange. Similar relationships have been 
described from aluminous xenoliths within siliceous 
lavas (Van Bergen, 1983) where an early regional 
metamorphic fabric is overprinted by assemblages 
produced by progressive thermal metamorphism. 
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Figure la. A pelitic xenolith displaying an inhomogeneous texture due to partial assimilation (.x2.5 magnification). 
lb. Planar sillimanite-rich fabric in the interior of a pelitic xenolith. (x35). lc. Porphyroblast of spinet mantled by andalusite. (x60)      
Id. A porphyroblast of corundum overgrowing biotite. Silliminate is included in the outer zone of the corundum crystal (x60).             
le BEI image of a monazite porphyroblast overgrowing the sillimanite fabric. (x250). If. Recrystallisation of biotite to an unoriented 
'mat'. (x35) 

 
Most pelitic xenoliths within the Carnmenellis pluton are 
of the biotite + muscovite + quartz + minor andalusite, 
cordierite, schorl, ilmenite ± plagioclase ± orthoclase 
variety, They commonly display inhomogeneous textures 
as a result of unequal assimilation (Fig. la). 
 

A few xenoliths preserve an unmodified core in which 
there is an earlier spinel + corundum + ilmenite + biotite 
paragenesis. The cores of these xenoliths are defined by a 
weak planar fabric of biotite, muscovite and sillimanite 
(Fig. lb). The elongate, prismatic sillimanite overgrows 
both micas, although biotite is more commonly 
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overgrown than muscovite. Microfolds defined by 
sillimanite suggest that the pelites had undergone a late 
deformation event prior to entrainment within the granite 
magma. The Planar fabric may be the result of medium 
to high grade regional metamorphism, although an 
alternative origin is one of mimetic mineral growth in the 
inner zone of the thermal metamorphic aureole (Lister, 
1984). Sillimanite is absent, however, from pelitic 
hornfelses within the metamorphic aureoles of the SW 
England granites, and therefore the presence of this 
aluminium silicate polymorph is believed to be 
diagnostic of Xenoliths entrained from depth. 
 
A later mineral paragenesis has overgrown the planar 
fabric, with conspicuous porphyroblasts of spinel, 
corundum and ilmenite. The spinel is deep green in 
colour and contains abundant inclusions, principally of 
corundum but also of itmenite, niccolite and monazite. It 
is always overgrown by a non-pleochroic, anhedral 
variety of andalusite (Fig. lc), which also commonly 
overgrows corundum. However, corundum crystals, 
enclosing needles of sillimanite, occasionally overgrow 
biotite without being mantled by later andalusite (Fig. 
Id). 
 
Monazite, xenotime and zircon are abundant in the cores 
of the xenoliths~ although they are smaller than those 
within the enclosing granite. Because the large 
porphyroblasts of monazite which overgrow the 
sillimanite fabric in the outer parts of the xenoliths are 
clearly metamorphic (Fig. le), the smaller crystals may 
well be of detrital origin. 
The porphyroblasts of corundum, spinel and ilmenite 
represent a paragenesis which resulted from 
desilicification and loss of alkalis from the xenolith to the 
granite. As there is no evidence, such as the presence of 
glass, to suggest that this process was the result of partial 
melting, the alternative mechanism of diffusion is 
preferred. 
 
A third mineral paragenesis is produced by later chemical 
interaction between xenolith and granite magma. In some 
xenoliths it is limited to the contact zone with the granite, 
but in the majority of cases this paragenesis occurs 
throughout the xenolith (Fig. la). Spinel is consistently 
mantled by andalusite, and nearer the granite contacts is 
seen to be replaced by andalusite-ilmenite aggregates. 
Similarly, the other aluminium oxide phase, corundum, is 
progressively replaced by andalusite from the core 
towards the edge of the xenolith. The mantling of 
aluminium oxide minerals by aluminium silicate 
minerals suggests a diffusion of silica into the xenolith at 
this late stage. 
 
Reactions between oxide minerals (corundum and spinel) 
and aluminium silicates are commonly described from 
pelitic xenoliths (Van Bergen, 1983; Jamieson, 1984). 

The replacement of andalusite by spinel and corundum is 
attributed by these authors to the extraction of alkalis and 
silica from the xenoliths as a result of partial melting. 
Therefore, it seems reasonable to ascribe the reverse 
reaction to a late input of silica and alkalis into the pelitic 
xenoliths as they undergo assimilation by the granite 
magma. 
 
Near the margins of the xenoliths, chemical reaction with 
the granite is more pronounced. Biotite is completely 
recrystallised to an unoriented 'mat' (Fig. If) and is darker 
brown in colour than the biotites which define the planar 
fabric in the interior of some xenoliths. In the marginal 
zones the abundance of ilmenite is less than in the cores 
but small amounts ofapatite and quartz appear; these 
minerals are absent from areas dominated by the planar 
fabric. 
 
The spinel in the xenolith cores is progressively replaced 
by aggregates of andalusite and ilmenite, but the sharp 
increase in andalusite in the recrystallised areas is 
primarily due to the growth of large, highly pleochroic 
prisms (Fig. 2a). Inclusions of biotite are common in this 
form of andalusite, which is indistinguishable from that 
seen in the granite. Consequently, numerous authors have 
considered that the andalusite in the granite is derived by 
disaggregation of pelitic xenoliths (e.g. Stone, 1979). 
 
Cordierite is most abundant at the granite-xenolith 
contacts where heavily pinitised crystals develop (Fig. 
2b), partially mantling the pelitic xenoliths. Tiny prisms 
of schorl are scattered throughout the xenoliths but they 
reach maximum development in the recrystallised 
contact zone where assimilation is most prominent. In 
this zone schorl crystals, up to 4mm long, overgrow 
ilmenite, biotite and sillimanite. The late development of 
tourmaline in the xenoliths suggests boron derivation 
from the granite and not from the pelite. Similar schorl 
textures in pelitic xenoliths from the Haddo House 
Complex in Scotland have also been interpreted as 
indicating boron derivation from the enclosing granite 
(Herd et al., 1984). 
 
The radioactive accessory minerals which occur in the 
cores of the xenoliths are recrystallised in the outer zone 
to larger crystals similar in size to those occurring in the 
granite. Textural relationships also change and resemble 
those of the radioactive accessory minerals in the granite. 
For example, recrystallised ilmenite in the contact zone is 
associated with adhering, euhedral crystals of monazite, 
zircon and xenotime, a texture widely seen in the granite 
(Jefferies, 1984) but one that is absent from the interior of 
the xenoliths. 
 
In conclusion, petrographic studies have identified two 
main periods of chemical exchange in the xenoliths: an 
early event in which alkalis and silica were lost from the 
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Figure 2. a. Recrystallised, highly pleochroic, andalusite prism in the outer zone of the pelitic xenolith (x35). b. Pinitised cordierite 
developing at the xenolith-granite contact. (x60). 
 
system resulting in the formation of an oxide mineral 
paragenesis overgrowing a pre-existing planar fabric, and 
a later assemblage produced by the partial assimilation of 
the xenolith within the granite magma. Assimilation is 
achieved principally by the process of silica and alkali 
diffusion into the xenolith which resulted in the growth 
of quartz and feldspar in the recrystallising areas. The 
possible timings of these chemical exchange events 
relative to entrainment in the granite magma are 
discussed in a later section. 

Mineral Chemistry 
The previous section demonstrated that assimilation of 
pelitic xenoliths has resulted in recrystallisation, 
producing a mineral assemblage and mineral textures 
similar to those within the granite. The first part of this 
section examines the effect of equilibration with the 
granite upon biotite chemistry within a pelitic xenolith. 
The electron microprobe analyses were performed using 
a Microscan 9 electron microprobe at the Department of 
Earth Sciences, University of Oxford. Representative 
mineral chemistry data for both biotite and spinel are 
presented in Table 1. 

Biotite chemistry 
The parameter used to examine compositional variation 
in the biotites is the Magnesium Number (mg -- Mg/Mg 
+ Fe) which, is a measure of substitutions within the 
octahedrally co-ordinated cation sites. 
An electron microprobe traverse across the biotites 
within a pelitic xenolith and the enclosing granite (Fig. 3) 
illustrates the decrease in mg from biotites within the 
core of the xenolith to those in the enclosing granite. The 
decrease is not regular, however, but is marked by two 
transition zones. In the inner zone of the xenolith mg is 
constant at about 0.40, but on recrystallisation of the 
biotite it decreases to 0.33. Another decrease in mg 
occurs between biotite at the disaggregating margin of 
the xenolith and that within the enclosing granite, but this 

is less marked and may reflect chemical variation in 
granitic biotites. 
Therefore, during the recrystallisation process, 
metamorphic biotites have attained chemical equilibrium 
with the granite magma and are therefore chemically 
indentical to biotite crystallising directly from the melt. 
Even the association of andalusite and biotite in the 
granite, which would appear diagnostic of biotite derived 
from the xenoliths, is conditional on the assumption that 
andalusite is entirely xenocrystic. However, whilst this 
assumption is probably true for the biotite granites it is 
not the case for the most chemically evolved 
microgranite sheets. In these microgranites andalusite 
occurs as a late crystallising mineral, probably due to 
alkali loss in a fluorine-rich fluid phase. 

Spinel chemistry 
Spinel occurs as porphyroblasts which overgrow biotite 
and sillimanite and which are themselves mantled and 
replaced by andalusite. 
Substitution within the divalent cation position is best 
demonstrated using the Fe-Mg-Zn triangular diagram 
(Batchelor and Kinnaird, 1984). From the diagram (Fig. 
4) it appears that the principal substitution is between Zn 
and Fe. Since the Zn/Fe ratio does not exceed unity the 

 
Figure 3. Variation in biotite chemistry within a pelitic xenolith 
and enclosing granite. 
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 -1 -2 -3 -4 
SiO2 36.20 35.56 0.25 0.24 
TiO2 1.59 1.81 na na 
Al2O3 19.52 20.10 58.93 58.49 
FeO 21.33 19.76 22.45 29.62 
MnO 0.40 0.36 0.71 0.78 
MgO 6.53 7.54 1.65 1.50 
ZnO na na 16.56 10.19 
CaO 0.04 0.07 na na 
Na2O 0.28 0.31 na na 
K2O 9.25 9.40 na na 
     
total 95.50 95.29 100.55 100.82 
     
Si 5.541 5.429 0.007 0.007 
Ti 0.183 0.208   
Al 3.522 3.617 1.987 1.971 
Fe 2.731 2.524 0.537 0.708 
Mn 0.052 0.047 0.017 0.019 
Mg 1.490 1.715 0.070 0.064 
Zn na na 0.350 0.215 
Ca 0.007 0.012   
Na 0.082 0.091   
K 1.086 1.831   
     
total 15.414 15.473 2.968 2.984 

(1) Biotite: edge of xenolith; (2) Biotite: core of xenolith; (3) 
Spinet; (4) Spinet. 

Table 1. Mineral Chemistry Data 

spinels are termed zinc-rich hercynites. Both Mn and Mg 
correlate positively with Fe (r = +0.915 and +0.698 
respectively), and all three elements correlate negatively 
with Zn. Batchelor and Kinnaird (1984) identified the 
substitution of divalent cations in Zn-rich spinels as 
Zn+Mn = Fe+Mg. However, on the basis of the negative 
correlation of Zn with Fe, Mg and Mn, substitution in the 
zinc-rich hercynites considered here may more closely 
approximate Fe+Mg+Mn= Zn. 
Within pelitic rocks, Zn-rich spinel is considered to be a 
dehydration product of staurolite which acted to 
preconcentrate zinc (Atkin, 1978; Stoddard, 1979). 
Inclusions within spinels from the biotite-rich xenoliths 
of the Carnmenellis pluton were examined using an 
energy dispersive link microanalyser to determine if 
relics of a pre-existing phase remained, but no staurolite 
was detected. There is no evidence, therefore, for an 
earlier zinc-rich phase in the xenoliths. 

Whole Rock Geochemistry 
Whole rock geochemical data are difficult to obtain for 
sillimanite-bearing pelitic xenoliths because of their 
small size and rarity. Data have been obtained for'only 
one xenolith and are presented in Table 2. 

X-ray fluorescence spectrometry (XRF) data were 
obtained at the University of Exeter: U and Th were 
analysed by Delayed Neutron Activation Analysis, and 
Rare  Earth  Elements  (REE) by Inductively Coupled  

 
Figure 4. Chemistry of spinel within a sillimanite-bearing 
pelitic xenolith. 

Plasma Emission Spectrometry (ICP). The whole rock 
geochemical data demonstrate that the xenolith is poorer 
in SiO2, CaO, Na2O and P2O5 relative to the enclosing 
granite, whilst it is richer in A12O3, K2O and the femic 
elements. Normative calculations indicate that the rock is 
highly peraluminous with 23% normative corundum, is 
silica saturated and is anorthite-free. Furthermore, 
comparison with electron microprobe data from biotites 
in the xenolith demonstrates that all Na2O in the rock is 
present in the micas where it substitutes for K2O. This is 
consistent with the absence of feldspars from the 
xenolith. 
It has previously been demonstrated that, within the 
Carnmenellis granite, Zr, Th, Ce, Y and U are strongly 
concentrated in the radioactive accessory mineral 
assemblage (Jefferies, 1984, 1985). Comparison of the 
abundance  of  these  elements  in  the granite with that in 

 
SiO2 40.48 Nb 35 La 67 
Al2O3 31.20 Zr 350.00 Ce 139.7 
TiO2 1.82 Y 42.00 Pr 16.71 
Fe2O3 (tot) 14.48 Sr 6.00 Nd 62.03 
MnO 0.26 Rb 1301.00 Sin 10.68 
MgO 4.54 U 7.30 Eu 0.35 
CaO 0.17 Th 22.80 Gd 7.93 
Na2O 0.22 Zn 1116.00 Dy 6.17 
K2O 7.04 Cu 13.00 Ho 1.24 
P2O5 0.11 Ni 171.00 Er 3.92 
  As 30.00 Yb 3.39 
loss 2.16 Pb nd Lu 0.54 
      
total 100.700     

Table 2 Geochemistry of a sillimanite-bearing pelitic xenolith. 
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the xenolith indicates that all these elements except U are 
enriched between 2 and 5 times in the latter. The xenolith 
is U-poor relative to the granite and mass-balance 
equations indicate that most of the uranium is 
incorporated in the monazite-zircon-xenotime 
assemblage. This explains the lack of uraninite in the 
xenoliths and sharply contrasts with the granite where at 
least 70% of uranium is contained in uraninite. 

Chemical variations within the Mylor pelites of the 
Lands End granite metamorphic aureole are discussed 
in Mitropoulos (1982). SiO2, CaO and Na2O are 
progressively depleted towards the granite contact, 
whilst K2O and relatively immobile elements such as 
A12O3, Fe2O3, Th and REEs are enriched. Hornfelsic 
assemblages surrounding the Lands End granite reflect 
this increasingly peraluminous nature by the growth of 
andalusite and corundum near the granite contact. The 
chemical composition of the Carnmenellis pelitic 
xenolith (Table 2) which is interpreted as being largely 
unmodified by late assimilation reflects an extension of 
those changes occurring in the inner metamorphic 
aureole, i.e. higher Fe203 and A12O3, and lower CaO, 
SiO2 and Na2O, K2O, REEs, Th and Zr have similar 
abundances in the pelitic hornfelses and in the 
sillimanite-bearing xenolith. 

Rare earth element data for the pelitic xenolith are 
presented in Table 2 and are compared with data from 
the surrounding granite (Jefferies, 1985) and the Mylor 
pelites (Mitropoulos, 1982) in Figure 5. The chondrite 
normalising factors of Nakanmra (1974) have been used 
in the construction of this diagram. Within the 
Carnmenellis biotite granites trivalent REEs are 
strongly partitioned into the radioactive accessory 
mineral assemblage, whilst Eu is concentrated in 
plagioclase and orthoclase (Jefferies, 1985). The HREE 
enrichment of the xenolith compared with the granite is 
consistent with the abundance of xenotime 
([Y,HREE]PO4) in the former. Also, the large negative 
Eu anomaly probably reflects the absence of feldspars 
(Hanson, 1978) in the pelitic xenolith, and is 
comparable with the negative Eu anomaly exhibited by 
monazite from the Carnmenellis pluton (Jefferies, 
1985). It is suggested therefore that, as in the biotite 
granites, REEs within the sillimanite-bearing pelitic 
xenoliths are also concentrated within monazite, 
xenotime and zircon, 
The abundance of REEs in the Mylor pelites increases 
towards the granite contact (Fig. 5), possibly as a result 
of REE transport within hydrothermal fluids emanating 
from the granite (Mitropoulos, 1982). Alternatively, it is 
possible that this enrichment reflects relative 
concentration of immobile elements in the inner aureole 
due to migration of Ca, Na and Si into the granite. 
It is not suggested that the sillimanite-bearing pelitic 
xenoliths were derived from Mylor pelites - indeed, the 
view of this paper is that they have a deeper seated origin. 
The chemical data presented in this section, however,  

 
■ : sillimanite-bearing pelitic xenolith, □: coarse-grained 
megacrystic biotite granite (Carnmenellis), ▼ : hornfelsed 
Mylor pelites, O Mylor pelite from outside thermal aureole. 
Mylor pelite data from Mitropoulos (1982). 
 
 
indicate compositional trends in pelites due to 
superimposed thermal metamorphism. It is possible, 
therefore, that the oxide mineral paragenesis of 
sillimanitexbearing pelites may have developed as a 
result of extreme thermal metamorphism in the 
innermost zone of a metamorphic aureole. 
 
Discussion 
The biotite-rich xenoliths within the Carnmenellis 
pluton represent the residual (or restite) material that 
remains after the loss of silica and alkalis from the 
pelite. A diffusion mechanism, such as that envisaged 
by Stone and Austin (1961) for the growth of 
potassium feldspar megacrysts within basic 
microgranite xenoliths, is believed to have effected 
element transfer within the pelitic xenoliths. Textural 
evidence has demonstrated two distinct phases of silica 
and alkali migration; an early oxide mineral 
paragenesis indicates Si, Na and Ca loss, whilst the 
mantling and replacement by a silicate assemblage 
resulted from later reintroduction of these elements to 
the xenolith. The chemical changes which take place 
in thermal metamorphic aureole pelites (Mitropoulos, 
1982) are similar to those reflected in the development 
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of the oxide mineral paragenesis in the xenolith. 
Therefore, it is possible that this assemblage developed 
before the pelite was entrained in the granite magma 
and has overprinted an earlier regional or thermal 
metamorphic sillimanite-biotite fabric. 
This interpretation is supported by the position of 
andalusite within the crystallisation sequence of the 
biotite granites. If andalusite is xenocrystic and derived 
from disaggregation of xenoliths, (Stone, 1979), the 
earlier oxide mineral paragenesis necessarily must have 
originated prior to engulfment in the magma. Chemical 
modification of the xenolith has probably continued 
throughout the crystallisation of the granite; this is 
reflected by the growth ofschorl, which is believed to be 
a subsolidus mineral, in the pelites. 
There is only tentative evidence for a deep-seated origin 
for the pelitic xenoliths as opposed to one of stoping. 
This is based upon the presence of sillimanite preserved 
in the cores of some xenoliths. Andalusite is the stable 
aluminium silicate polymorph, both in the biotite 
granites and in the inner zone of the metamorphic 
aureoles (Stone, 1979; Mitropoulos, 1982). Sillimanite 
is not reported as being present in the aureole pelites at 
the present erosional level. 
The presence of two aluminium silicate polymorphs in 
sillimanite-bearing pelitic xenoliths provides some 
evidence of their pressure-temperature evolution. 
Sillimanite is clearly the older of the two polymorphs 
because it occasionally occurs as oriented inclusions 
within andalusite. Experimental studies of the A12SiO5 
phase system (Richardson et al.. 1969; Holdaway, 
1971) have shown that the slope of the andalusite-
sillimanite phase boundary is negative in P-T space and 
therefore the sillimanite to andalusite transfbrmation 
may be the result of decreases in temperature or 
pressure. The former is unlikely since andalusite is 
interpreted as xenocrystic in the biotite granites (Stone, 
1979) and is stable at the granite liquidus. The 
transformation may therefore be due to a decrease in 
pressure whilst the pelites are entrained in a rising 
granite magma. 
It is difficult to obtain an estimate of the amount of 
assimilated pelitic material within the biotite granites of 
the Carnmenellis pluton. However, a qualitative 
assessment is possible from the level of presumed 
xenocrysts (cordierite, andalusite) and the abundance of 
pelitic xenoliths. In fact, pelitic xenoliths are rare, and 
contamination minerals such as andalusite do not 
exceed a mode of one percent. Lister (1984) considers 
the rarity of xenoliths in this granite type to be the result 
of advanced assimilation. However, this is unlikely as 
the granite does not possess elevated levels of Zr, Th 
and REE, all of which are strongly enriched in pelitic 
xenoliths. Indeed, the biotite granites possess an 
average Zr content (110 ppm) only slightly in excess of 
the experimentally determined saturation level (Watson, 
1979). Bromley (pers. comm.) considers that large 

pelitic xenoliths have sunk below the present erosion 
level, and in view of the trace element geochemistry of 
the granite, which mitigates against extensive 
assimilation, this is considered a reasonable assumption. 
 
Conclusions 
The granite plutons of SW England were emplaced into 
an upper crustal Palaeozoic sedimentary sequence by a 
stoping-dominated mechanism. Abundant pelitic 
xenoliths near the roofs and margins of these plutons 
have long been considered as being derived from this 
stoping process. However, in the Carnmenellis pluton 
pelitic xenoliths are rare and evidence, presented above, 
suggests that some were derived from depth and 
entrained with the rising magma. 
 
The oxide mineral paragenesis is thought to result from 
alkali and silica loss in pelites skuated in the thermal 
metamorphic aureole, prior to disruption of this 
envelope by the rising granite. Subsequent assimilation 
has progressed during residence of the xenoliths in the 
magma, resulting in equilibrium being established 
between pelite and granite. 
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Temperature characteristics of Devon rivers 
B.W. WEBB · 
D.E. WALLING 

  
Webb, B.W. and Walling, D.E. 1985. Temperature characteristics of Devon rivers. Proceedings of the 
Ussher Society, 6, 23%245. 

Results are based on an analysis of 100 station-years of continuous water temperature data collected at 
17 monitoring sites in the Exe Basin, Devon and reveal significant spatial contrasts in stream and river 
temperatures. Mean water temperatures, calculated for the period 1. i. 1979 to 31.12.1983, have a range 
of 2.1°C across the study area and exhibit systematic variations explicable in terms of regional climatic 
and hydrologic controls and by more local factors relating to runoff origins, vegetation cover and 
channel condition. Extreme water temperature values also exhibit considerable spatial variation but in 
contrast to findings from other river systems in Britain, higher maximum values are encountered at 
downstream rather than upstream stations. Analysis of temperature data collected at three monitoring 
stations in the period 1.1.1974 to 31.12.1983 indicates the occurrence of marked temporal fluctuations 
in stream and river temperatures over differeot times scales. Short-term changes vary in character 
between the spring and summer period, when a strong diurnal cycle dominates, and the autumn and 
winter months, when day to day variations in response to changing weather conditions are predominant. 
A clear annual regime in water temperatures is also present but in contrast to the range of diurnal 
variation, the extent of the annual fluctuation is greater at downstream than at upstream stations. 
Evidence from ten years of monitoring suggests that temperature behaviour is stable in the study basin 
over the longer term. For 1982 mean stream and river temperatures are higher but more variable than 
mean air temperatures at equivalent altitudes but air temperatures fluctuate over a greater range than 
water temperatures. Changes in the thermal regime of water courses associated with reservoir 
construction and river regulation are also evident. 

B.W. Webb and D.E. Wailing, Department of Geography, University of Exeter, Exeter EX4 4RJ. 

 
Introduction 
Although the behaviour of water temperature is of 
considerable ecological and economic importance (Smith 
1972) and has attracted attention in a variety of countries 
(e.g. Nishizawa 1967; Wundt 1967; Grant 1977) and 
environments (e.g. Macan 1958; Johnson 1971) and from 
several academic perspectives (e.g. Ward 1963; Crisp 
1981), much less information has been published on this 
facet of water quality in comparison with others such as 
suspended sediment (e.g. Walling 1982), dissolved loads 
(e.g. Webb 1983) and nutrient behaviour (e.g. The Royal 
Society 1983). 
In Britain, systematic monitoring of river water 
temperatures has been undertaken for nearly 40 years 
(Herschy 1965), and individual studies have documented 
countrywide differences (Walling and Webb 1981), 
variations in major river systems (Smith 1975) and 
contrasts in behaviour between streams and rivers (Smith 
1979). Investigations have also considered the relation-
ships between river water temperature and meteorologic 
and topographic controls (Crisp and Howson 1982; 
Smith and Lavis 1975), man's impact on the natural 
thermal regime through river regulation (Crisp 1977) and 
discharge of heated effluents (I-angford 1970), and 
methods for predicting river temperatures (Smith 1981). 
However, many of these research investigations have 
been based on data collection schemes which are 

relatively limited in both space and time, and most 
studies have been primarily concerned with rivers in 
northern England. Published information relating to the 
temperature behaviour in streams of south-west England 
is sparse, and the aim of this paper is to present some 
preliminary results of an analysis of 100 station-years of 
continuous water temperature data collected in a major 
river system of Devon. 

Study Area and Methods 
The study basin of the River Exe in Devon (Fig. 1) 
drains an area of 1500 km2. This catchment is free from 
significant sources of thermal pollution and embraces a 
wide diversity of terrain types ranging from upland 
moorlands on Devonian rocks in the north and 
northwest to intensively used agricultural lowlands on 
Permo-Triassic strata in the south and southeast of the 
basin. River temperature monitoring has been 
undertaken at 17 stations within the Exe Basin and the 
location and major characteristics of each site are shown 
in Figure 1 and Table 1 respectively. The network of 
monitoring stations has been designed to afford a good 
spatial coverage of the catchment, to reflect differences in 
terrain character and to provide a contrast between small 
headwater tributaries and downstream sites on the main 
channels. The monitoring sites also include three stations 
chosen  to  investigate  the  influence of Wimbleball 
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Reservoir on stream temperature. This reservoir is 
located, in the sub-catchment of the River Haddeo (Fig. 
1), covers an area of 150 ha and has a net capacity of 
21320M1. One of the main functions of this scheme 
which was completed in 1979 is to augment flows in the 
main channel of the Exe (Battersby et al. 1979). A 
temperature monitoring station (Upper Haddeo) is located 
on the River Haddeo downstream from the reservoir and 
as close as possible (0.4 km) to the Wimbleball dam. A 
second station (Lower Haddeo) is situated just above the 
confluence of the River Haddeo with the main channel of 
the Exe at a distance of 5.3 km from the dam in order to 
investigate the extent to which the effects of the reservoir 
are transmitted downstream. A contrast with the   

regulated stream is provided by a station located on the 
River Pulham. The tributary enters the River Haddeo 
downstream from the dam but is in many respects very 
similar to the headwaters of the River Haddeo which feed 
into Wimbleball Reservoir. 
Monitoring of water temperatures at sites in the study 
catchment has been accomplished using commercially 
available ("Cambridge"), continuous recording,  
mercury-in-steel thermographs and purpose-built 
thermistor sensors linked to strip-chart recorders. The 
temperature readings at all monitoring stations are 
checked on a weekly or more frequent basis against 
standard  calibrated  thermometers,  and temperature 
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Table 1. Characteristics of the stream and river temperature 
monitoring stations. 

 

 
 
 
 

 

 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 

information collected in this study is considered to be 
accurate to within ±O.1 °C. Abstraction of hourly values 
from continuous records was found entirely adequate to 
define water temperature fluctuations of streams and 
rivers in the Exe Basin, and hourly data relating to the 
five-year period 1st January 1979 to 31st December 1983 
for all 17 monitoring stations and an additional five years 
of hourly information (lst January 1974 to 31st December 
1978) at three sites (Brushford, Cowley and Thorverton) 
were employed in the present investigation. 

Spatial Variations 
Mean Temperatures 
 Mean water temperatures calculated for the period 
1.1.1979 to 31.12.1983 have a range of 2.l°C across the 
study basifi (Fig. 2A) and exhibit a systematic spatial 
variation reflecting location from north to south within 
the study area and catchment size. A small upland 
moorland stream (Lyshwell) exhibited the lowest 
monitored mean water temperature (9.2°C) and several 
sites in the Exmoor area had relatively low mean 
temperatures (less than 10°C). Downstream stations 
situated on larger rivers in the north of the catchment 
(e.g. Brushford) and sites on smaller tributaries in the 
centre of the basin (e.g. Bickleigh) were associated with 
mean temperatures in the range 10-10.5°C, whereas 
highest mean temperatures (greater than 10.5°C) were 
encountered at mainstream sites (e.g. Thorverton) and at 
stations on major southern tributaries (e.g. Clyst 
Honiton). 
 
 

 

 
 
 

 
 
 

 
 
 
 

 
 
 
 

 
 

Figure 2. Spatial variation of mean water temperatures recorded in the period 1.1.1979 - 31.12.1983 (A), and their relationship 
to elevation and drainage area derived from multiple regression analysis (B). 
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The results of multiple regression analysis (Fig. 2B) 
indicate that spatial variation of mean water temperature 
may be successfully predicted from information on 
elevation and drainage area at the monitoring stations. 
Together, these variables account for greater than 75% of 
the variance in mean water temperatures and the results 
of the analysis show that water temperature decreases 
with increasing elevation but increases with greater 
catchment size (Fig. 2B). These trends are thought to 
reflect the influence of atmospheric and hydrological 
controls respectively operating through a change of 
climatic conditions associated with a general increase in 
elevation from south to north across the study area, and 
through changes in the heat capacity and residence time 
of runoff which become greater as drainage area 
increases. Examination of the residuals from the plane of 
best fit derived through multiple regression analysis (Fig. 
2B) suggests that additional local factors may strongly 
influence the magnitude of mean water temperature at 
particular sites and cause significant deviations from 
temperature values predicted on the basis of elevation 
and drainage area. Largest negative residuals are 
associated with the sites at Chain Bridge and at Pynes 
Cottage where shading of the main channel by woodland 
and   substantial   contribution   of  groundwater from 
 
 
 

 

 
 
 
 

 
 
 

 
 
 
 

 
 
 
 

 
 
 

Permian aquifers (Davey 1982) are respectively 
considered responsible for lowering mean water 
temperature values. In contrast, relatively strong positive 
residuals typify several sites on rivers draining lowlands 
in the southeastern portion of the study catchment 
(Woodmill, Clyst Honiton and especially Rewe) where 
the presence of low gradient, meandering and relatively 
wide, shallow and open channels free from shading 
woodland encourage slower downstream transfer of 
channel flow, greater atmospheric heating and higher 
mean water temperatures than elsewhere in the study 
area. 

Temperature Extremes 
The absolute maximum and minimum temperatures 
recorded at each site in the calendar years from 1979 to 
1983 and t he associated year of occurrence are depicted 
in Figure 3. Temperature maxima exhibit considerable 
spatial contrast differing by 7.8°(2 across the study basin, 
but the pattern of spatial variation is different from and 
somewhat less systematic than that for mean 
temperatures and suggests that maximum temperature 
values are more sensitive to local rather than regional 
controls. In contrast to the findings from studies of other 
river systems in Britain (Smith 1968, 1975), highest values 
 

 

 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 
 

 
 

 
Figure 3. Spatial variation of extreme water temperature values recorded in the period 1.1.1979 - 31.12.1983. 
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of maximum temperature are encountered at sites which 
have the largest rather than the smallest drainage areas 
(e,g? Stoodleigh, Rewe, Thorverton). Traditionally, the 
occurrence of higher water temperatures in headwater 
streams has been attributed to the relatively low thermal 
capacity of streams with low discharge (Smith 1979). 
Although this argument may also partly apply in the 
study basin, since some small northern tributaries (e.g. 
Lyshwell) exhibit relatively high values of maximum 
temperature (greater than 22°C), it also appears that other 
factors such as residence time in the channel and channel 
cross-sectional shape offset any effects of a downstream 
increase in thermal capacity on temperature maxima. 
Other facts of channel character, such as the presence of 
a shallow flow depth and a rock floor, may also promote 
relatively high maximum temperatures as in the case of 
the monitoring site at Brushford (Fig. 3). 

Low values of maximum temperature are associated with 
the station at Chain Bridge, where shading by the tree 
cover is probably responsible (c.f. Boon and Shires 1976) 
and also with the site at Upper Haddeo, where the 
influence of the Wimbleball Reservoir suppressed the 
maximum value to 18°C. This effect is related to the 
thermal inertia of the relatively large body of water held 
behind the dam and is consistent with a reduction in 
summer peak temperatures recorded for streams below 
reservoirs in northen England (Lavis and Smith 1972; 
Crisp 1977). A temperature maximum of 18.4°C at the 
site of Lower Haddeo (Fig. 3) indicates that the influence 
of the reservoir persists for a considerable distance 
downstream from the dam. Furthermore, comparison of 
the maximum temperature value at Pixton (20.2°C), with 
those recorded at the stations of Exe (22.1°C) and 
Brushford (23.6°C) (Fig. 3) suggests that peak 
temperature values in the main channel of the Exe are 
also locally suppressed by runoff from the reservoir. The 
lowest value of maximum temperature (less than 18°C) 
was encountered at Pynes Cottage on the Jackmoor 
Brook, and is again attributed to the effects of substantial 
groundwater outflow which has relatively low and 
constant temperature and tends to moderate fluctuations 
in stream temperatures (c.f. Smith and Lavis 1975; 
Walling and Webb 1981). The maximum temperature at 
Pynes Cottage is also distinctive in its timing since the 
peak value was attained in the summers of 1979 and 
1982 whereas the maxima at all other stations in the 
study area occurred during the particularly hot summer of 
1983. This difference is also consistent with a strong 
groundwater influence since under these circumstances 
the absolute and relative contribution of groundwater to 
total flow will exercise an important control on the 
effects of air temperature on maximum water 
temperature. 

Temperature minima recorded in the study period exhibit 
less pronounced spatial variation than maximum values 
and differ by only 2.2°C across the study basin (Fig. 3). 
The spatial contrast in minimum values is limited by the 

properties of water which prevent temperatures 
substantially below 0°C from being generated. The 
timing of minimum values, however, is much more 
variable (Fig. 3) and whereas most sites in the southern 
part of the study area exhibited minima during January 
1979 associated with the drainage of cold air into the 
low-lying districts around Exeter, water temperatures at 
the majority of stations in the northern portion of the 
catchment reached a minimum during a cold spell in 
February 1982. Lowest minimum temperatures 
characterise stations lying along the middle reaches of the 
Exe where the confined and steep-sided nature of the 
river valley promotes cold air drainage and containment 
in the valley bottom. Less extreme minimum values 
occur in the larger lowland rivers and where the 
groundwater has a strong influence. The effect of 
Wimbleball Reservoir in elevating minimum temperature 
is also clearly apparent and at Upper Haddeo the lowest 
temperature recorded was more than 0.5°C higher than 
elsewhere in the study area. Again, this influence appears 
to persist downstream to beyond the confluence of the 
River Haddeo with the main channel (Fig. 3). 
Temporal Variations 
River temperatures vary temporally as well as spatially, 
and this facet of water temperature behaviour in the study 
area has been investigated using records available at the 
three monitoring stations of Brushford, Cowley and 
Thorverton for the ten-year period 1.1.1974 to 
31.12.1983. Analysis of these data sets enables variations 
in river water temperature at a number of different 
temporal scales to be considered. 

Short-term Changes 
River temperatures show marked fluctuations from day 
to day and also exhibit clear diurnal cycles but the nature 
of such short-term variation is strongly contrasted 
between the spring and summer period and the autumn 
and winter seasons. Water temperature records for the 
months of June 1975 and December 1980 at the 
monitoring sites of Brushford, Cowley and Thorverton 
 

 
Figure 4. Short-term fluctuations in water temperature recorded 
at three river monitoring stations in the study area. 
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(Fig. 4) clearly reveal the nature of this seasonal contrast. 
A strong daily cycle, typified by the data for June 1975, 
becomes established during March and persists until 
October. Although there is no significant variation 
between stations in the onset and cessation of the period 
marked by a strong daily cycle, the extent and timing of 
this diurnal variation does differ from site to site. The 
magnitude of the daily fluctuation in water temperature is 
larger in smaller and more headward streams than at 
downstream sites on the main channels as a consequence 
of the greater sensitivity of water courses with smaller 
flow volumes and lower thermal capacities to diurnal 
changes in air temperatures and in the components of the 
energy budget governing river temperature. Thus in June 
1975, the upstream station at Brushford, which has a 
drainage area of 128 km2, exhibited an average daily 
fluctuation of 4.0°C, whereas the downstream site of 
Thorverton, with a catchment area of 601 km, has an 
equivalent fluctuation of 2.9°C for the same period. 
Similar contrast in diurnal variation have been reported 
from other river systems in Britain (e.g. Smith 1975) but 
it should be noted that local factors may also influence 
the extent of the daily cycle in water temperatures. The 
monitoring station at Cowley, for example, is associated 
with relatively limited diurnal changes in water 
temperature which averaged only 1.5°C during June 
1975 (Fig. 4), and it is considered that local shading by 
riparian vegetation and the effects of groundwater 
inflows together with a relatively high flow volume act to 
reduce the range of the daily cycle in water temperature 
at this site. 

The precise timing of the diurnal fluctuation also varies 
from site to site in the Exe Basin and, in general, the 
daily cycle at downstream sites tends to lag behind that 
associated with upstream stations as the records for 
Brushford and Thorverton in June 1975 reveal. However, 
the timing as well as the magnitude of diurnal water 
temperature changes are sensitive to many factors that 
are  largely  independent of drainage area and include 

 
Figure 5. The annual regime of mean water temperature at 
three river monitoring stations in the study area based on 
records available for the decade 1974 - 1983. 

aspect, exposure and channel condition at, and for several 
kilometres upstream of, a monitoring station (Boon and 
Shires 1976). In consequence, no simple relationship 
exists in the study area between catchment size and the 
nature of diurnal fluctuations in water temperature. 
In contrast to the spring and summer periods, river 
temperatures in the study area do not exhibit a clear daily 
cycle during the remainder of the year. Records for the 
month of December 1980 (Fig. 4) reveal short-term water 
temperature fluctuations which are typical of the period 
November to February when river temperatures respond 
to day to day variations in weather conditions rather than 
to diurnal changes in atmospheric heating. Furthermore, 
contrasts in the daily variation of water temperatures 
between different sites are much less pronounced and 
systematic in the autumn and winter period than is the 
case in the spring and summer months (Fig. 4). 

Annual Regime 
Diurnal and day to day fluctuations in water temperature 
in the study rivers are superimposed on a marked annual 
regime. The nature of this annual variation for the 
monitoring stations at Brushford, Cowley and Thorverton 
is revealed by plotting mean temperature values for each 
day averaged from the tenyears of hourly records 
available for these sites. The resulting graph (Fig. 5) 
shows that water temperatures on average reach a peak 
during July and are at their lowest in the months of 
January and February. Details of the timing of the annual 
regime do, however, vary between individual monitoring 
stations. At Cowley, for example, the rise in water 
temperature throughout the spring months and its decline 
during the autumn period tend to be more gradual than 
that experienced at Brushford or at Thorverton (Fig. 5), 
and it is likely that a number of local factors including 
aspect, origin of runoff and channel character contribute 
to such differences. 
Greater variation is evident between monitoring sites in 
the extent of the annual variation, but in contrast to the 
pattern displayed by diurnal fluctuations in stream and 
river temperatures, the annual range is greater at 
downstream sites on the main channels than at upstream 
stations on smaller tributaries. The range associated with 
the annual regime averaged from ten years of data is 
approximately 12°C at Brushford on the upstream 
tributary of the River Barle but more than 2.5°C greater 
at the mainstream station of Thorverton some 34 km 
downstream (Fig. 5). This difference is a function of 
variations in temperature generated during the summer 
months, since mean river temperatures are very similar at 
Brushford and Thorverton in the winter period. Higher 
temperatures at the downstream station become 
established during April and the contrast with the 
upstream site increases to a maximum in July and 
August. Thereafter, the differential in mean temperatures 
declines until it disappears during November. 
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Table 2. Annual temperature statistics for three river 
monitoring stations in the study area. 

 

Longer-term Variations 
Some insight into variation in temperature behaviour in 
the rivers of the Exe Basin over the longer term is 
provided by analysing the basic statistics for the stations 
at Brushford, Cowley and Thorverton in each year of the 
decade 1974 to 1983. These data are listed in Table 2 and 
reveal that the annual temperature statistics for the study 
rivers are somewhat less variable in time than in space. 
Annual mean values differ by a maximum of only 1.2°C 
at the sites of Brushford and Cowley and by 1.6°C at the 
station of Thorverton over the ten-year period, and the 
coefficient of variation of the annual mean temperatures 
is 3.58, 3.97 and 4.62% at Cowley, Brushford and 
Thorverton reslSectively. Annual maxima and minima 
are somewhat more variable through time (Table 2) and 
differ over the study period respectively by 4.5 and 3.0°C 
at Brushford, 4.6 and 3.7°C at Cowley and 5.8 and 3.4°C 
at Thorverton. The magnitude of the annual range in 
temperature varies between individual years by 6.0, 6.4 
and 6.5°C at Brushford, Thorverton and Cowley 
respectively. In general, annual statistics reveal slightly 
more variability in temperature behaviour at the 
downstream site of Thorverton than at the other two 
stations. 

 
Figure 6. The range between monthly average maximum and 
minimum water temperatures at three river monitoring stations 
during the decade 1974 - 1983. 

Contrasts in the temperature characteristics between the 
individual monitoring sites are generally maintained from 
year to year. Annual mean temperatures consistently rank 
in the order Thorverton, Cowley, Brushford whereas 
annual maxima are highest at Thorverton and lowest at 
Cowley in all years. The latter station is also always 
associated with the lowest value of annual range but 
more variability occurs with respect to the occurrence of 
the annual minima (Table 2). The year to year pattern of 
variation in mean, maximum, minimum and range values 
is also very similar at the three stations, with lowest 
annual mean temperature Occuring in 1979, highest 
annual maximum temlperature in 1976, lowest annual 
minimum temperature in 1978 and the smallest annual 
range in 1974. Some variation in the sequence of values 
is also apparent between the monitoring stations since, 
for example, annual mean values reached a peak in 1975 
at Brushford, in 1976 at Thorverton and 1982 at Cowley. 
Such differences in detail, however, do not detract from 
conclusion that changes of temperature in the tributaries 
and main channels of the Exe Basin occur essentially in 
phase, and this impression is strongly confirmed when 
the range between the monthly average maximum and 
minimum temperatures is plotted for the ten years of 
record at the monitoring stations of Brushford, Cowley 
and Thorverton (Fig. 6). These plots also reveal that the 
shape of the annual temperature regime varies 
considerably from year to year being more peaked in 
certain years, such as 1979 and 1983, and showing 
evidence of a bimodal distribution in others, such as 
1980. The sequence of monthly averages also reveals that 
the range between maxima and minima is consistently 
lowest at Cowley and highest at Brushford, and also that 
these ranges are lower in the autumn months than at other 
times of the year. Lastly in terms of temporal variation, 
there is no evidence from the three monitoring stations of 
a significant upward or downward trend in river 
temperatures over the ten-year study period. 

Relationship Between Air and Water 
Temperatures 
Information on air temperatures during 1982 at 11 sites in 
the vicinity of the Exe Basin (Fig. 1) is available from the 
Meteorological Office and South West Water, and these 
data have been used to investigate the relationship 
between air and water temperatures in the study area. 
Mean values of air temperature in 1982, calculated from 
daily maxima and minima, are depicted in Fig. 7A 
together with the distribution of mean river temperatures 
for the same year. In common with water temperature, 
mean air temperature exhibits a regional increase from 
north to south across the study basin which in turn is 
related to changing elevation. Regression of mean air 
temperature on elevation of the air temperature 
monitoring station (Fig. 7B) indicates a lapse rate of-
0.65°C per 100 m increase in altitude. The equivalent 
relationship between water temperature and elevation 
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represents a lapse rate of -0.59°C per 100 m and 
comparison of the regression lines for air and water 
temperatures indicates that mean river water temperature 
is likely to be higher than mean air temperature at a given 
altitude within the study area. However, the correlation 
with elevation for air temperature is considerably 
stronger than that for water temperature (Fig. 7B) since 
hydrological controls and local site factors introduce 
considerable scatter into the relationships between mean 
river temperature and elevation. 
 
Information on the manner in which air temperatures 
vary throughout the year in relation to water temperatures 
is provided by plotting the annual regime of monthly 
average maximum and minimum air and river water 
temperatures for 1982 at three pairs of neighbouring 
water and air temperature monitoring sites in the study 
area (Fig. 7C). The stations have been chosen to include 
comparisons of a small northern and upland tributary 
(Lyshwell/Hawkridge), a downstream site on a larger 
river (Cowley/Exeter Airport) and the station most 
influenced by the presence of the Wimbleball Reservoir 
(upper Haddeo/Exton). Peak air temperatures recorded in 
1982 considerably exceeded the highest water 
temperatures not only at the three pairs of monitoring 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 
 

stations but also across the whole of the study area. The 
reverse situation applies when air and water minima are 
compared and, in consequence, air temperatures fluctuate 
over a greater range than river temperatures (Fig. 7C). 
However, data for the stations of Lyshwell and 
Hawkridge and Cowley and Exeter Airport indicate that 
the range between monthly average maximum and 
minimum water temperatures throughout the year more 
closely approaches the equivalent range for air 
temperatures at the upstream tributary station which is 
associated with relatively low discharge and thermal 
capacity than at the downstream site on a larger water 
course, where a greater volume of flow makes the river 
less sensitive to fluctuations in atmospheric heating. 
Furthermore, monthly average maximum temperatures 
for water may exceed those for air at upstream sites 
during the mid-winter period (Fig. 7C). 

The impact of man through reservoir construction in 
altering the thermal regime of the river and its relation-
ship to the march of air temperatures is evident from 
water and air temperatures data for the site of Upper 
Haddeo and Exton. The large volume of water held 
behind the Wimbleball dam warms up and cools down 
much more slowly than the streams and rivers in the 
study   basin   so   that  the  annual regime of water 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 
 

 
Figure 7. The spatial distribution of mean air and water temperatures (A), their relationships to elevation (B), and their annual 
regimes for selected stations based on monthly average maximum and minimum values (C) in the study basin during 1982. 
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temperature recorded at Upper Haddeo lags considerably 
behind the march of air temperatures monitored at Exton, 
and in the last three months of 1982 average minimum 
water temperatures were higher than average maximum 
air temperatures. 

Conclusions 
Analysis of 100 station-years of temperature data in the 
Exe Basin has revealed considerable spatial variation in 
several facets of water temperature behaviour across the 
study area and has also indicated the nature of temporal 
variations in temperatures over diurnal, annual and 
longer time scales. Spatial contrasts in temperature 
characteristics reflect not only the influence of 'basin-
wide' climatic and hydrological controls but also the 
effects of local factors including runoff origin, shading 
from vegetation, and channel character. A basic contrast 
is also apparent between stations located on small 
headward tributaries and downstream sites on larger 
rivers but the factor of catchment size has a different 
impact on diurnal and annual water temperature 
fluctuations. The present study suggests that river 
temperature behaviour has been stable in the Exe Basin 
over the last decade and that water temperature varies in 
a more muted manner than does air temperature. The 
evidence also indicates on the basis of annual maximum, 
mean and minimum values that spatial variability 
exceeds temporal variability in river temperature 
behaviour. However, both types of variation may be 
strongly influenced by the impact of man, especially 
through reservoir construction and river regulation. 
Acknowledgements The authors gratefully acknowledge the use 
of air temperature data provided by the Meteorological Office 
through the South West Universities Regional Computer 
Centre (University of Bath) for' the stations at Chawleigh, 
Exeter Airport, Exton, Hawkridge, Okehampton and Starcross, 
and are indebted to Mr Clive Massey of SWURCC for his help 
in connection with these data which are Crown Copyright and 
may not be reproduced without permission. 

Additional air temperature information was also kindly 
supplied by South West Water and the authors are very grateful 
to Mr John Marks of SWW for generous assistance with 
meteorological and other data. 

References 
Battersby, D., Bass, K.T., Reader, R.A. and Evans, K.W. 1979. 

The promotion, design and construction of Wimbleball. 
Journal of the Institution of Water Engineers and Scientists, 
33, 399-428. 

Boon, P,J. and Shires, S.W. 1976. Temperature studies on a 
river system in north-east England. Freshwater Biology, 6, 
23-32.  

Crisp, D.T. 1977. Some physical and chemical effects of the 
Cow Green (Upper Teesdale) impoundment. Freshwater 
Biology, 7, 109-120. 

Crisp, D.T. 1981. A desk study of the relationship between 
temperature and hatching time for the eggs of five species of 
salmonid fishes. Freshwater Biology, 11, 361-368. 

Crisp, D.T. and Howson, G. 1982. Effect of air temperature 
upon mean water temperature m streams in the north 

Pennines and English Lake District. Freshwater Biology, 12, 
359-367. 

Davey, J.C. 1982. Aquifer characteristics of the Permian 
deposits in central Devonshire. Proceedings of the Ussher 
Society, 5, 354-361. 

Grant, P.J. 1977. Water temperatures of the Ngaruroro River at 
three stations. Journal of Hydrology (New Zealand), 16, 148-
157. 

Herschy, R.W. 1965. River water temperature. WaterResources 
Board Technical Note, No. 5, Reading, UK. Johnson, F.A. 
1971. Stream temperatures in an Alpine area. Journal of 
Hydrology, 14, 322-336. 

Langford, T.E. 1970. The temperature of a British river up-
stream and downstream of a heated discharge from a power 
station. Hydrobiologia, 35, 353-375. 

Lavis, M.E. and Smith, K. 1972. Reservoir storage and the 
thermal regime of rivers, with special reference to the River 
Lune, Yorkshire. The Science of the Total Environment, 1, 
81-90. 

Macan, T.T. 1958. The temperature of a small stony stream. 
Hydrobiologia, 12, 89-106. Nishizawa, T. 1967, River water 
temperature in Japan. Miscellaneous Report of the Research 
Institute for Natural Resources, No. 68, 51-61. 

Smith, K. 1968. Some thermal characteristics of two rivers in 
the Pennine area of northern England. Journal of Hydrology, 
6, 405-416. 

Smith, K. 1972. River water temperatures: an environmental 
review. Scottish Geographical Magazine, 88, 211-220. 
Smith, K. 1975. Water temperature variations within a major 
river system. Nordic Hydrology, 6, 155-169. 

Smith, K. 1979. Temperature characteristics of British rivers 
and the effects of thermal pollution. In: Hollis, G.E. (ed.) 
Man's Impact on the Hydrological Cycle in the 
UnitedKingdom, Geo Books, Norwich, 229-242. 

Smith, K. 1981. The prediction of river water temperatures. 
Hydrological Sciences Bulletin, 26, 19-32.  

Smith, K. and Lavis, M.E. 1975. Environmental influences on 
the temperature of a small upland stream. Oikos, 26, 228-
236. The Royal Society 1983. The Nitrogen Cycle of the 
United Kingdom, A Study Group Report. The Royal Society, 
London.  

Walling, D.E. (ed) 1982. Recent Developments in 
theExplanation and Prediction of Erosion and Sediment 
Yield International Association of Hydrological Sciences 
Publication. No. 137. 

Walling, D.E. and Webb, B.W. 1981. Water Quality. In: 
Lewin, J. (ed.) British Rivers, George Allen and Unwin, 
London, 126-169. 

Ward, J.C. 1963. Annual variation of stream water temperature. 
Journal of the Sanitary Engineering Division, American 
Society of Civil Engineers, 89, (SA6), 1-16. 

Webb, B.W. (ed) 1983. Dissolved Loads of Rivers and Surface 
Water Quantity/Quality Relationships. International 
Association of Hydrological Sciences Publication. No. 141. 

Wundt, W. 1967. Der Temperaturgang an mitteleuropäiischen 
F1űssen. Petermanns Geographische Mitteilung. 111, 81-88. 

 
 
 

 

Table of Contents



Read at the Annual Conference of the Ussher Society, January 1985 

Landslide activity at the Pinhay water source, Lyme Regis 
P. GRAINGER 
C.D.N. TUBB 
A.P.M. NEILSON 

 
Grainger, P., Tubb, C.D.N. and Neilson, A.P.M. 1985. Landslide activity at the Pinhay water source, 
Lyme Regis. Proceedings of the Ussher Society, 6, 246-252. 

The water supply for Lyme Regis comes from a spring in the landslipped "undercliff" to the west of 
the town. Shallow landslide activity between the source and the shoreline poses a significant long-
term threat to the pumping station. Degraded Cretaceous debris is sliding and flowing to the beach 
over a surface eroded through the Blue Lias. Its movement has been monitored and correlates well 
with periods of high rainfall. The cliff profile above the source consists of four large blocks of Chalk 
and Chert Beds (Upper Greensand). They exhibit progressive amounts of backward rotation, forward 
translation and vertical subsidence. Forward movement of these blocks is thought to have occurred by 
basal sliding on the sub-Cretaceous unconformity, between the Gault and Shales-with-Beef (Lower 
Lias). During this sliding, liquefaction of the thick, fine sand of the Foxmould (Upper Greensand) 
beneath the blocks of Chalk and Chert Beds, allowed them to subside and rotate. The front two 
blocks appear to have come down to the level of the unconformity, thus protecting the Foxmould 
behind from further seepage erosion and allowing its groundwater to filter through. The spring source 
issues from the toe of the front block. Although the upper cliffseems to have stabilised itself a long 
time ago, further movement of these large blocks could occur eventually and be sufficient to divert 
the path of the groundwater or to jeopardise the pumping facility. 

P. Grainger, Department of Geology, University of Exeter, Exeter EX4 4QE. C.D.N. Tubb, South 
West Water, Peninsula House, Rydon Lane; Exeter EX2 7HR. A.P.M. Neilson, Seismograph Services 
Ltd., Holwood Westerham Road, Keston, Kent BR2 6HD. 

 
Introduction 
The section of coastline between Axmouth and Lyme 
Regis, on the Devon-Dorset border, is justifiably famous 
for its landslides. Some large and rapid mass movements 
were notable historical events, for example the Bindon 
landslip of 1839, carefully documented by Conybeare 
(1840), Buckland (1840) and Roberts (1840), More 
recent events of significant magnitude occurred in 1961 
at Humble Point (Macfadyen, 1970), and in 1969 at 
Charton Bay (Arber, 1973). The landslipped zone, 
known as the "undercliff" along this whole length of 
coastline, is now a National Nature Reserve. 
 
The basic cause of the large, infrequent landsliding 
events and the smaller, continual movements is the 
presence of weak rocks in the middle of the geological 
succession, coincident with a zone of high groundwater 
pressures and seepage towards the coast. The Cretaceous 
aquifer of Chalk and Upper Greensand overlies Triassic 
and Jurassic strata dominated by impermeable mudrocks. 
Undercutting of the base of the cliff by marine erosion 
merely removes the debris deposited there by landslide 
activity. The research of Pitts (1981a, 1983) has been the 
most thorough attempt to explain the details of the major 
landslides. He identified the black shales of the Rhaetic 
and of the Lower Lias Shales-with-Beef as the common 
planes of basal shearing, due to their low shear strength 
parallel to bedding. Large landslides have occurred 

preferentially where the sub-Cretaceous unconformity 
coincides with either of these strata. The Gault, which 
overlies the unconformity is also of relatively low 
strength. 
 
 
 
 

 
Figure 1. Location Map. 
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The hydrological contrast which is largely responsible for 
the landslide activity also provides the potential for 
groundwater abstraction. However, establishing wells in 
the full thickness of the Cretaceous strata has not proved 
successful. Although more than 70 m of Chalk exist m 
some places, the water table in the Cretaceous aquifer is 
generally near the base of the Chalk, leaving only about a 
25m saturated thickness in the pervious Chert Beds. The 
permeability of the underlying 40 m of fine sands of the 
Foxmould is too low for adequate abstraction. This sand 
is also very difficult to drill and screen successfully. 
From within ;he u ndercliff between Pinhay and 
Whitlands (Fig 1), a large spring of clean water, known 
as the Hart`s Tongue Spring, issued from the base of a 
large slipped block of Chalk and Chert Beds, at about 30 
m AOD, and 160 m from the beach. In 1935 this source 
was tapped and has been retained by the South West 
Water Authority as the sole source of water supply to 
Lyme Regis, producing over 2500 m3/day. A pumping 
station is housed 50 m in front of the spring, from which 
water is pumped inland to a small holding reservoir. Any 
excess flow from the spring is piped to the beach. A road 
to the station, providing access for daily inspections, 
descends the undercliff obliquely from the east. 

There are four potential risks to the water installation 
from landslide activity: 
1) Movement of the ground from which the spring issues 
could impede the flow of water and also endanger the 
pumping station. 
2) Movement of the landslide debris in front of the 
pumping station could eventually lead to the under-
mining of its foundation. 
3) Movement of the ground to the west could fracture the 
pumping main. 
4) Movement of the ground to the east could block the 
access route. 

Geology 
All of the strata in this area are virtually horizontal where 
undisturbed by landslipping. The stratigraphic column, 
including the significant properties of the lithologies, is 
shown in Figure 2. The exposed foreshore and sea cliff 
from the Pinhay Fault to Humble Point consists of Blue 
Lias with variable angles of dip up to about 4°. No 
significant faults are apparent. The stratigraph!c top of 
the Blue Lias is at 18-20 m above sea level. Most of this 
formation is made up of roughly equal proportions of 
alternating layers of dark grey mudrock and argillaceous 
limestone, each up to 0.5 m thick (Lang, 1924). In the top 
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12 m, the weaker shale and mudstone beds predominate, 
with only occasional limestone layers. From a 
comparison with the complete stratigraphic succession to 
the east, the Blue Lias must be overlain by a series of 
calcareous shales and mudstones, also of Lower Lias age, 
called the Shales-with-Beef (Lang et al., 1923). Only the 
bottom few metres of this formation are thought to have 
been preserved beneath the sub-Cretaceous unconformity 
at Pinhay, and the outcrop is totally obscured by landslide 
material.  

The level 'of the unconformity in the vicinity of the 
pumping station has been calculated from the Chalk and 
Chert Beds stratigraphy exposed in the rear backscarps of 
the undercliff, from the information at two recently 
drilled SWWA boreholes nearby, and from an 
interpretation of the published British Geological Survey 
map (Sheet 326). This indicates a 1° dip to the south for 
the Cretaceous strata, with a level of 24 m AOD for the 
base of the Gault beneath the edge of the rear cliff, 
projecting down to 19 m at the position of the pumping 
station. The presence of Gault is not separately 
distinguished on the published geological map. From 
outcrops recorded to the west and east (Pitts, 1981a; 
Conway, 1974), an 8 m thickness of Gault is assumed at 
Pinhay, but it is entirely obscured in the undercliff. 
Remoulded derivatives from it appear occasionally at the 
toe of the landslide. The stratigraphy of the UPper 
Greensand and Chalk have been described by Jukes-
Brown (1900) and Rowe (1903). 
In terms of hydrogeology, the jointed, porous Chalk and 
Chert Beds capping the higher ground may be regarded 
as a single permeable aquifer, recharged directly by 
infiltrating precipitation. The fine grain size of the 
underlying Foxmould and Gault formations restricts 
ground-water movement. Although porous and saturated 
they behave as an aquitard. It is important from a slope 
stability point of view that pore pressures in these fine 
sands are related to the water table in the aquifer above. 
The mudrock beds beneath the unconformity act as a 
basal aquiclude, prohibiting the downward seepage of 
groundwater. Thus groundwater moves laterally, fairly 
rapidly through the upper aquifer, and springs and 
seepages occur where the base of the Chert Beds is 
exposed on a slope. On the coast, where the water table 
may be drawn down below this level, the seepage is often 
from the Foxmould sand, accompanied by seepage 
erosion of this weak material. 
The mechanical behaviour of the coastal slope is 
governed by equally varied geotechnical properties (Fig. 
2). The Chalk and Chert Beds are relatively competent, 
jointed and brittle rocks. When strained, they tend to fail 
in tension along joints and bedding planes into blocks. 
The weaker parts of the Chalk may become thoroughly 
remoulded by extensive strain and change to carbonate 
silt of low permeability. A remoulded shear strength of 
c'=0, ǿ=36° has been measured for this material. The 

 
Figure 3. Plan of the active landslide zone, below the pumping 
station. 

Foxmould has an average particle size distribution of 
15% medium sand, 55% fine sand, and 30% silt and clay. 
Its remoulded shear strength is around c' = 0, ø = 38% 
but under high pore pressure it has a tendency to flow, 
being of an appropriate grain size for liquefaction. Sand 
in suspension has been reported to squirt from fissures in 
the ground during major landslides. The finer-grained 
Gault at its base is not prone to liquefaction, but has a 
lower residual shear strength: c' = 8 kPa and ø = 6° (Pitts, 
1981a). This layer and the anisotropic shales of the 
Shales-with-Beef at the unconformity (c'=2 kPa; ø ' = 
4.5° (Pitts, 1981a)) provide a zone of low horizontal 
shear strength. The mudrock layers in the Blue Lias are 
also potential shear surfaces, but are somewhat protected 
by the strong limestone beds. 

Landslide observations 
An inspection of the Pinhay water installation in 1975 
revealed an acceleration in mass movement in the slope 
to the seaward side of the pumping station. Following 
landslide damage to the access road near Pinhay early in 
1982, it was decided to monitor movement in front of the 
pumping station (Fig. 3). Survey pegs were inserted, with 
temporary bench marks established at the pumping 
station and on large concrete blocks on the beach. 
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Figure 4. Map of the main geomorphological features 

 
Measurements of their position and elevation 
commenced in August 1982 and were taken monthly to 
determine the extent, rate and direction of surface 
movement. A few continuous-flight auger holes were 
drilled to determine the depth of the movement, to 
provide samples and for the installation of piezometers 
and slip indicators. Large scale geological and 
geomorphological mapping of this area enabled surface 
features to be compared to the movement recorded by the 
repeated surveys and slip indicators. In order to obtain 
more information on the depth of disturbed material, 
electrical resistivity and seismic refraction techniques 
were used. Over the lower part of the slope the shallow 
depth to bedrock and the near-surface water table were 
confirmed. The elevation of the top surface of the solid 
rock was also determined in the region of the pumping 
station by the geophysics. 

 The mapping was continued up to the top of the rear cliff 
(Fig. 4). The ground above and behind the pumping 
 

 
 
 
 

 
 
 
 

 
 
 

 

station consists of large slipped blocks of Chalk and 
Chert Beds. Their relative stratigraphical position, and 
hence the amount of vertical landslide displacement, was 
determined. Their dip was also measured, to quantify the 
amount of rotation. No signs of recent movements were 
found in this area. 

Interpretation 
The stratigraphy and structure mapped on the surface of 
the landslide blocks enables an inferred cross section to 
be drawn along a line just east of the pumping station 
(Fig. 5). The highest two blocks (E and D) have 
undergone some vertical subsidence with small amounts 
of forward displacement and slight backward rotation. 
The next two blocks in front (C and B) have been rotated 
further and settled to a level at which the base of the 
Chert Beds must have virtually engaged the top of the 
Shales-with-Beef. The spring issues from the front of 
block B, just above the level of the unconformity. Below 
and in front of the pumping station, the Shales-with-Beef 
and part of the Blue Lias have been eroded by the 
forward motion of the landslide material producing a 
sloping or stepped profile. A strongly rotated but intact 
block of Chalk (A) is found close to the shore east of the 
pumping station. The section also includes a narrow 
ridge of Chalk known as Chapel Rock which is the result 
of rifting into a chasm at the back of block D. The name 
of the rock has been linked to covert tudor worshippers 
(Pitts, 1981b), making its origin earlier than the mid-16th 
century. At the rear of the wider block E, a similar rift 
connects with a chasm to the west known as the Great 
Cleft (Fig. 4), where major movement is known to have 
occurred in 1886 (Rowe, 1903). 
A reconstruction has been drawn, replacing the blocks A 
-E in their original positions by matching their 
stratigraphic level (Fig. 6). The Chalk of block A is from 
the base of the upper zone of the Middle Chalk, but is 
capped  by Clay-with-flints suggesting a southward 

 
 
 
 

 
 
 

 
 
 
 

 
 

 
Figure 5. Cross section 60 m east of the pumping station. 
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Figure 6. Reconstructed cross section, before landsliding. 

sloping ground surface prior to landsliding. The 
mechanism of the major mass movements involving the 
Chalk is thought to be as follows. The Foxmould sand 
exposed on this slope would have been prone to rapid 
seepage erosion, and hence the Chert Beds would have 
been undermined. Collapse of the front edge of the Chert 
Beds and eventually the lower part of the Chalk, 
proceeded until a stage was reached where the height of 
the cliff produced significant shear stresses through the 
Foxmould and the underlying Gault and Lias mudrocks. 
Forward translational and rotational mechanisms then 
became dominant. High pore pressures in the Foxmould, 
following periods of high recharge, resulted in a state of 
liquefaction when strained, so that slight forward 
movements on a basal shear surface of mudrock would 
allow subsidence and rotation of the competent Chalk 
and Chert Beds into the weakened Foxmould. Initially 
these rotated blocks would be carried seawards in the 
disturbed sand. However, once the stage was reached 
where the combined thickness of these upper layers 
exceeded that of the Foxmould, a block could subside to 
the base of the sand and engage the top of the Lias, whilst 
still in contact with the block behind. This effectively cut 
off the Foxmould and prevented further seepage erosion. 
It  thus  provides  a stable  position for the blocks, as seen 
 
 

 
 
 

 
 
 
 

 

 
today. The thickness of the Chalk decreases eastwards 
beyond the Pinhay Fault and it is noticeable that no such 
blocking off of the Foxmould, and hence no self-
stabilisation, has occurred in that region, which remains 
very active. 
The recent landslide activity at Pinhay has been 
concentrated in the zone between the pumping station 
and the foreshore. The seismic refraction results close to 
the access road suggest that bedrock occurs at an 
elevation of about 1 lm AOD adjacent to the pumping 
station (a depth of 15 m). Therefore it appears that 
previous landsliding has stripped off all of the Gault and 
Shales-with-Beef, plus some 8 m of the Blue Lias. The 
geophysics also predicted the bedrock surface stepping 
up to an elevation of about 19 m, which would match the 
Table Ledge Limestone at the top of the Blue Lias, 30 m 
east of the pumping station where the maximum depth of 
sliding has been rather less. There is a flat area to the 
south of the pumping station, beyond which the ground 
surface slopes away more steeply than the buried, eroded 
surface of the Blue Lias. The disturbed and remoulded 
Cretaceous deposits which rest on the rock consequently 
thin towards the beach, ending with only a metre of 
material draped over the front face of the Lias. 
 
 

 
 
 
 

 
 
 

 

 
Figure 7. Cross section through active landslide area, showing displacements. 
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The repeated peg surveys have provided information on 
the direction, rate and regularity of landslide movement 
(Fig. 7). The pumping station and the flat ground for 30 
m in front have not moved during the period of 
monitoring to date (August 1982 - October 1984). The 
relatively steep slope just beyond is cut by two prominent 
backscarps. The two blocks of ground in front of each 
backscarp subsided in unison by about 0.7 m during May 
1983, but have moved very little since. One slip indicator 
had been installed previously near the rear backscarp and 
apparently crossed the shear zone as it was able to detect 
this movement. The normal level of the piezometric 
surface monitored by a piezometer in this rear block is at 
a depth of 4 - 5 m. During drilling it appeared that water 
was partially confined in the Greensand by an upper 
layer of soft remoulded Chalk. On the flatter area in front 
of these blocks, in the middle of the main flowslide, most 
of the movement is forward, parallel to the ground 
surface. This area has also moved in concentrated bursts 
of activity; one in May 1983 of 1.5 m correlates with the 
backscarp development, and a further 0.7 m occurred in 
January 1984. The slip indicator in this area shows 
significant shearing below 3 m, and a piezometer records 
water pressures close to  ground surface. Chalk debris 

 

 
Figure 8. Comparison of landslide displacement with rainfall 
data. 

occurs as thin slabs carried forward on remoulded 
Foxmould and Gault over a nearly horizontal Lias 
surface. A comparison of the periods of maximum 
activity with local monthly rainfall figures shows that 
they follow immediately after two consecutive months 
with double the normal rainfall in each case (Fig. 8). This 
rapid response suggests that direct local recharge of this 
low angle slope boosts the pore pressures at the base of 
the slipped material. By contrast the maximum flow of 
water from the main spring at the pumping station shows 
several months lag behind the peak rainfall season. In the 
last 20 m of the slope down to the beach, a very thin 
sheet of Cretaceous debris is flowing and sliding over the 
Lias. Again the activity tends to be much more rapid 
straight after high rainfall, but it only ceases completely 
in prolonged dry spells. About 8 m of forward movement 
were recorded here in two years. 

Conclusion 
The object of the study has been to gain an understanding 
of the mechanisms of slope development operating at 
Pinhay, in order to assess the future risk to the water 
supply to Lyme Regis. The interpretation detailed above 
shows that the cliff above the source is currently in a 
stable configuration. Renewed major landslide 
movement of these blocks or the formation of new blocks 
by retrogressive failure of the cliff top, would require 
exceptionally high pore pressures to develop at the basal 
shear surface. Although conditions for such failures 
cannot be ruled out in the very long term, they are 
random and hence not predictable. From past accounts of 
other major landslides, it is likely that a failure would be 
preceded by the formation of new tension cracks and 
scarps, and also by a long period of abnormally high 
rainfall. If occasional surveying of markers on the ground 
above the pumping station were undertaken, then this 
should be increased in frequency during prolonged wet 
seasons to give warning of movement. The other cause 
for major concern would be if the spring drastically 
reduced its flow for some underground reason, which 
could lead to a rapid build up of pore pressure. 
The zone below the pumping station is not going to 
achieve stability by a continuation of its present style of 
movement. Further retrogressive development of 
backscarps in the degraded chalk blocks in front of the 
water source is bound to occur. If the present activity 
continues at the same rate as measured during the last 
two years, it will probably take 2-5 years before another 
new backscarp is formed, and possibly a few tens of 
years before the movement reaches back to the pumping 
station. More certainty could be placed in this latter 
prediction with a more detailed knowledge of the 
subsurface geology directly beneath and in front of the 
pumping station. 
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Chandler, P. and McCall, G.J.H. 1985. Stratigraphy and structure of the Plymouth-Plymstock area: 
a revision. Proceedings of the Ussher Society, 6, 253-257. 

A revised stratigraphy and structure is presented for the Plymouth area, remapped in a recent 
geotechnical study. Five formations are recognised, the Staddon Grit Formation, Jennycliff Slate 
Formation, Plymouth Limestone Formation, Plympton Slate formation and Cann Wood Slate 
formation. The Plymouth Limestone Formation is divided into two members and four members 
are also distinguished within the Jennycliff Slate Formation and Plympton Slate formation. The 
Plymouth Limestone Formation is considered to comprise a right-way-up southward dipping sheet, 
bounded by Hercynian thrusts to the north and south. The northern dislocation obscures the 
original relationships between the Plymouth Limestone Formation and the Plympton Slate 
formation. The Plympton Slate formation and Cann Wood Slate formation may be separated by 
another major thrust. The Staddon Grit Formation, Jennycliff Slate Formation and Plymouth 
Limestone Formation appear to comprise a continuous but strongly disrupted sequence. 

P. Chandler and G.J.H. McCall, GAPS Geological Services, 13 Deodar Road, Putney, London, S 
W15 2NP. 
 

Introduction 
GAPS Geological Services have been carrying out a 
Geotechnical Research Study of the Plymouth area on 
contract to the Department of the Environment. A major 
part of this study involved the remapping of the geology 
of the area and a preliminary summary of the results is 
presented here. The remapping was carried out on a scale 
of hl0,000 and covered an area of approximately 110km2 
The entire city area was remapped utilising the abundant 
subsurface information now available from borehole and 
trial pit logs, contained in site investigation reports, to 
support the patchy outcrop information. A geological 
map summarising the main features of the Plymouth area 
is given in Figure 1. 
Stratigraphy 
The first systematic stratigraphy of the Plymouth area 
was published by Ussher (1907) and was adapted by 
House et al (1977) (Figure 2b). The revised, informal 
stratigraphy (Figure 2a) differs in that the Plymouth 
Limestone Formation is subdivided into a Lower and 
Upper member: and the "Purple and Green Slates" are 
represented by two formations, the Plympton Slate 
formation and the Cann Wood Slate formation. The 
stratigraphic age ranges have been defined, where 
possible, using mainly the conodont ages of Orchard 
(1978) and the ostracod ages of Gooday (1975). 
The individual formations and members are briefly 
described below. The thicknesses described have often 
been exaggerated due to folding and faulting and are thus 
described as tectonic thicknesses. 

Staddon Grit Formation 
This Formation consists of alternations of fine grained, 
commonly laminated, sandstones with subordinate 
siltstones and slates. These lithologies have been 
described in detail by Ussher (1890) and more recently 
by Pound (1983). The Staddon Grit Formation is present 
in the extreme south of the study area, on the east side of 
Plymouth Sound, where a tectonic thickness of 100 
metres is represented. The formation is not fossiliferous, 
but is generally assumed to be of later Emsian age 
(Pound 1983). 

Jennycliff Slate Formation 
The Jennycliff Slate Formation overlies the Staddon Grit 
Formation conformably. The lower part of this 
Formation coasists of interbedded black and grey slates, 
siltstones and sandstones and has been described in detail 
by Pound (1983). Upwards through this sequence the 
sandstones disappear and thin beds (20cm) of crinoidal 
limestone become increasingly abundant. A thicker 
occurrence of limestone outcrops at Dunstone Point (SX 
4885.5268) where a thickness of up to 10 metres is 
exposed. The Jennycliff Slate Formation has a tectonic 
thickness of approximately 500m and its main outcrop 
extends from Jennycliff Bay (SX 491.522) to northeast of 
Brixton (SX 570.530). Conodont dates from Orchard 
(1977, 1978) indicate a minimum age range for this 
Formation from late Emsian to early Eifelian. 

Throughout the Jennycliff Slate discontinuous 
developments of tuff and vesicular lava occur. At the top 
of the Formation is the Plymstock Volcanic member 
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Figure 1. Simplified geological map of the Plymouth area. The key to the stratigraphic units is given in Figure 2a. A-B is the line of 
section for Figure 3. 

 
which consits of medium to coarse grained tuffs 
interbedded with slates. This member has an approximate 
thickness of 150m and extends con tin uously from 
Batten Bay (SX 4875.5293) eastwards to Sherford (SX 
5520.5360) where vesicular lava becomes more 
predominant. The Jennycliff Slate Formation also 
contains the Brixton Limestone member, which outcrops 
as an isolated "lens" to the northeast of Brixton (SX 
558.524). This member consists of well bedded bioclastic 
limestones containing abundant corals, bryozoa and 
crinoid debris which have a tectonic thickness of 
approximately 100 metres. 

Plymouth Limestone Formation 
The Plymouth Limestone Formation comprises two 
members; the Lower Limestone member and the Upper 
Limestone member. The Lower Limestone member 
consists of alternations of well bedded (0.2 - 1 metre 
thick), dark, fine grained limestones and black calcareous 
slates. In the lower part of this member the limestones 
and slates are present in equal proportions, whereas in the 
upper part of the Lower Limestone the well bedded 

limestones are increasingly dominant over the slate. The 
limestones are commony micritic although there has been 
considerable recrystallisation resulting in the growth of 
neomorphic calcite. The Lower Limestone has a tectonic 
thickness of approximately 150 metres and extends from 
Devonport (SX 4495.5402) eastwards to Wixenford 
Quarry (SX 5187.5448). This member is fossiliferous and 
contains crinoid ossicles, ostracods, brachiopods, corals, 
stromatoporoids, conodonts and trilobites. In the Prince 
Rock area (SX 498.542) the Lower Limestone ranges 
from Emsian, or possibly earliest Eifelian (Burton 1972), 
to early Givetian in age, whereas at Richmond Walk (SX 
4607.5442) it is dated as late Givetian (Orchard, 1978). 
The Upper Limestone member overlies the Lower 
Limestone member conformably and consists of grey, 
fine to coarse grained bioclastic limestones with minor 
slate alternations and occasional beds of volcanic tuff. 
These limestones are generally more thickly bedded (0.5-
2 metres) than those of the Lower Limestone and the 
occurrence of massive limestones is not uncommon. The 
Upper   Limestone   has   a   tectonic   thickness  of 
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Figure 2. (a) The revised, informal stratigraphy of the Plymouth 
area. Age ranges are shown diagrammatically and are not 
intended to reflect any geographic variation. Dashed lines 
indicate poorly defined or undefined age ranges. 
(b) The stratigraphy of the Plymouth area, after House et al. 
(1977). 

approximately 500 metres and extends from Mount Wise 
(SX 452.540) to West Sherford (SX 550.537). Fossils are 
common and include abundant stromatoporoids, corals, 
crinoids, brachiopods and conodonts. In the Cattedown 
(SX 495.538) and Plymstock (SX 505.531) areas this 
member has an age range from early Givetian to early 
Frasnian, whereas at Mount Wise and Stonehouse it 
ranges in age from late Givetian to middle Frasnian 
(Orchard, 1978). Some of Orchard's conodont faunas, 
which are probable late cavity infills (Orchard, op. cit.), 
are unreliable as true stratigraphic age dates and have 
been rejected as such. 
Plympton Slate formation 
This formation is dominated by dark grey to black slates 
which locally develop a purplish red and green 
variegation. The slates occasionally display thin silty 
laminae, but bedding is commonly difficult to recognise. 
The purple and green colouration is not as widespread as 
has been suggested in the past, for example by House et 
al. (1977) and Gooday (1975). This colouration occurs in 
two discontinuous. WNW-ESE trending "belts" from 
Warren Point (SX 4435.6060) to Elfordleigh (SX 
542.586) and from Devonport (SX 451.569) to Wiverton 
House (SX 561.548). The Plympton Slate formation has 
an approximate tectonic thickness of 4.000 metres 
measured perpendicular to rarely observed bedding. The 
formation crops out over an area of 70km2 within the 
boundaries of the mapped area. The Plympton Slate is 
locally fossiliferous and has yielded ammonoids (Ussher, 
1907, Gooday, 1973), ostracods and tentaculitids 
(Gooday, 1975). This formation has a minimum age 
range from the middle Frasnian to the late Famennian 
(Gooday, 1973. 1975}. 
The Plympton Slate formation contains two subordinate 

members; the Compton Volcanic member and the Efford 
Sandstone member. The Compton Volcanic member is a 
discontinuous development of vesicular lavas, pillow 
lavas, pillow breccias and tuffs, interbedded with 
subordinate slate. This member has a maximum tectonic 
thickness of 400 metres and forms a discontinuous 
WNW - ESE trending belt extending from Honicknowle 
(SX 460.582) to southeast of Plympton (SX 570.549). 
The Efford Sandstone member overlies the Compton 
Volcanic member and is dominated by fine to coarse 
grained, well-bedded volcanogenic sandstones, 
interbedded with black slates and subordinate 
conglomerate; The conglomerate is composed mainly of 
rounded pebbles of acid igneous rocks in a fine 
tuffaceous matrix and represents reworking of the 
underlying Compton Volcanic member. This member 
has a tectonic thickness of approximately 100m and 
extends from Lower Compton (SX 492.563) to Laira 
Battery (SX 515.563). 
Cann Wood Slate formation 
This formation consists of fissile, fine grained, greenish 
grey slates with thin developments of fine sandstones and 
very rare lavas. The Cann Wood Slate formation has a 
maximum tectonic thickness of approximately 1,000 
metres and extends from Tamerton Foliot (SX 470.610) 
eastwards to Elfordleigh (SX 551.595). At the present 
time this formation has yielded no fossils but it may 
represent the southernmost extension of the Kate Brook 
Formation (Isaac et al., 1983) which is Famennian in age. 
Tamerton chert 
The Tamerton chert consists of approximately 30m of 
interbedded radiolarian cherts and black slates which 
overlie the Plympton Slate formation (SX 458.611). The 
stratigraphical significance of this unit is uncertain. 
Ussher (1907, p.107) included these rocks in the Lower 
Carboniferous because of their appearance. It is true that 
this lithology is very similar to dated Lower 
Carboniferous cherts further north (Isaac et al., 1983), 
but such an age has yet to be confirmed. 

Structure 
A simplified cross-section across the area from north to 
south is given in Figure 3. The Staddon Grit and 
Jennycliff Slate Formations are interpreted as a single 
tectonic unit, within which northwesterly overturned to 
nearly recumbent folds are common, with an axial planar 
cleavage dipping between 10° and 40° towards the 
southeast. Ripple cross lamination and grading in the 
sandstones indicate that the folds face northwest. 
Northwesterly directed, discontinuous small scale thrusts 
are common in this tectonic unit (Chapman, 1983). 
Passing northwards through the Jennycliff Slate 
Formation the folds become less well defined because 
there are fewer sandstone beds. Where limestone beds 
occur the bedding commonly dips steeply, at greater than 
80°, towards the southeast and the cleavage is inclined 
less steeply, at 40°, in the same direction. This structural 
unit is considered to have near vertical to overturned 
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Figure 3. A north-south cross section along line A - B, from 
Figure 1, showing the variation in style and orientation of the 
first phase folds. 

bedding and youngs to the northwest. Northward 
younging is also supported by the conodont 
determinations of Orchard (1978): thin limestones at 
Rum Bay (SX 4897:5246) are dated as probable late 
Emsian, and the limestone to the north, at Dunstone 
Point, as early Eifelian. Hobson (1976, 1978) indicates 
the presence of northward overturned folds within the 
Jennycliff Slate. It is unlikely that these folds have any 
great effect because they do not cause any repetition of 
the laterally persistent Plymstock Volcanic member. 
To the north of the Jennycliff Slate Formation is the 
Plymouth Limestone Formation in which the cleavage 
dips southeast at an angle of 60° and is axial planar to 
open, northwesterly inclined, asymmetric folds. Within 
the Lower Limestone the folds are overturned towards 
the northwest and are associated with northwesterly 
directed, small scale thrusts (Pomphlett Quarry SX 5171 
5443). Southward dipping thrust zones are common 
within the Plymouth Limestone, but the lack of 
stratigraphic definition makes it difficult to evaluate their 
full effect. 
The conodont work of Orchard, (1975, 1978) is 
consistent with a right-way-up sequence if the late 
Frasnian and early Famennian conodont dates, which are 
probably the result of cavity infillings are excluded. 
Taylor (1951) proposed a faulted synclinal model for the 
limestone, overturned towards the north, and this was 
accepted by Orchard, but Braithwaite (1965) proposed a 
model very similar to the one favoured here. 
If one accepts that the Jennycliff Slate Formation is 
inverted and the Plymouth Limestone Formation is 
mainly the right-way-up, then the Contact between these 
two formations must be tectonic. Limestones from this 
contact are mylonitic (Fig. 4) and can be mapped out in a 
100 metre thick zone following the entire southern 
margin of the limestone. This contact is interpreted as a 
southward dipping thrust zone and may have developed 
between the steeply dipping overturned limb and the 
gently dipping right-way-up limb of a major, northerly 
overturned fold, 
The northern margin of the Plymouth Limestone is also 
interpreted as a southward-dipping thrust, as suggested 
recently by Chapman et al (1984). This thrust is actually 
exposed in Wixenford Quarry (SX 5187.5449) where 

brecciated, dark grey fossiliferous limestones and black 
calcareous slates immediately overlie purple, 
unfossiliferous, Upper Devonian slates of the Plympton 
Slate formation. The juxtaposition of these two very 
different facies suggests the presence of a major tectonic 
break. 

The Plympton Slate formation displays northward-
facing, open, asymmetrical to northerly-overturned folds 
plunging ESE to ENE: the axial planar cleavage dips 
south at an average of 60°. The best exposed folds occur 
within the Efford Sandstone member. The overall 
structure of the Plympton Slate formation remains 
obscure. 

The cann Wood Slate formation has a slaty cleavage, 
which is axial planar to northeasterly facing, overturned 
folds, although these folds are rarely seen. The cleavage 
dips southwards of 20° and is consistently shallow 
dipping throughout the extent of the formation. It is 
proposed that the contact between the Cann Wood Slate 
and Plympton Slate formations is also a southward 
dipping thrust. 

Discussion 
The northerly directed Hercynian thrusting has 
extensively disrupted the stratigraphy of the Plymouth 
area and many of the original relationships between 
individual formations have been obscured. It is known 
that the Jennycliff Slate Formation overlies the Staddon 
Grit Formation conformably. It is also probable that the 
Plymouth Limestone Formation was deposited 
conformably upon the Jennycliff Slate Formation. 
Evidence for this stems from the increasing abundance of 
limestones towards the top of the Jennycliff Slate 
Formation and the abundance of slates towards the base 
of the Lower Limestone, The Plymouth Limestone may 
have been deposited, due to shoaling, as a result of the 
submarine extrusion of the Plymstock Volcanic member. 
There   is   no   evidence   remaining   of the original 

 
Figure 4. Photomicrograph of a limestone mylonite from 
Mount Batten (SX 4855.5311) showing banded alternations of 
sparry calcite and micritic calcite. Intrafolial folds (a) and sub-
grain development along shear bands (b) is common. A late 
stylolite (c) cuts the mylonite fabric. Field width is 2mm 
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relationship of the Plympton Slate formation to the 
Plymouth Limestone Formation 

In conclusion it can be stated that the structures described 
from the Plymouth area are consistent with Hercynian 
thrust tectonics reported from elsewhere in south-west. 
England, for example Isaac et al. (1982) and Coward et 
al. (1983). 
Acknowledgement This account is based on the work 
undertaken by GAPS Geological Services on behalf of the 
Department of the Environment and it is published with the 
permission of the Department. 

 
References 
Braithwaite, C.J.R. 1965. A possible re-interpretation of the 

structure of the Plymouth limestones. Proceedings of the 
Ussher Society, 1, 180-182. 

Burton, C.J. 1972. Devonian trilobites from Plymouth, Devon. 
Trilobite News, 2, 32-33. 

Chapman, T.J. 1983. The structure of the LoWer to Middle 
Devonian Staddon Grits and Jennycliff Slates on the east 
side of Plymouth Sound, Devon. Proceedings of the Ussher 
Society, 5, 460-464. 

Chapman, T.J., Fry, R.L. and Heavey, P.T. 1984. A structural 
cross-section through SW Devon. In: Hutton, D. and 
Sanderson, D. (eds), Variscan Tectonics of the North Atlantic 
Region. Geological Society of London Special Publication 
No. 14 113-118. 

Coward, M.P. and McClay, K.R. 1983. Thrust tectonics of 
South Devon, Jottrnal of the Geological Society of London, 
140, 215-228. 

Gooday, A.J. 1973. Taxonomic and stratigraphic studies on 
Upper Devonian and Lower Carboniferous Entomozoidae 
and Rhomboentomozoidae (Ostracoda? Myodocopida) from 
Southwest England. Unpublished Ph.D. thesis, University of 
Exeter. 

Gooday, A.J. 1975. Ostracod ages from the Upper Devonian 
purple and green slates around Plymouth. Proceedings of the 
Ussher Society, 3, 55-62. 

Hobson, D.M. 1976. A structural section between Plymouth 
and Bolt Tail, South Devon. Proceedings of the Geologists 
Assoeiation 87. 27-43. 

Hobson, D.M. 1978. The Plymouth Area. Geologists 
Association Guide. No. 38. 

House, M.R., Richardson, J.B., Chaloner, W.G., Allen, J.R.L., 
Holland, C.H. and Westoll, T.S. 1977. A correlation of the 
Devonian rocks of the British Isles. Special Report of the 
Geological Society of London, 8. 

Isaac, K.P., Turner, P.J. and Stewart, I.J. 1982. The evolution 
of the Hercynides of central SW England. Journal of the 
Geological Society of London, 139, 523-531. 

Isaac, K.P., Chandler, P., Whiteley, M.J. and Turner, P.J. 1983. 
An excursion guide to the geology of central South West 
England: report on the field meeting to West Devon and Fast 
Cornwall. 28-31 May 1982. Proceedings of the Geologists 
Association, 94, 357-376. 

Orchard, M.J. 1975. Famennian conodonts and cavity infills in 
the Plymouth Limestone (S. Devon). Proceedings of the 
Ussher Society, 3, 49-54. 

Orchard, M.J. 1977. Plymouth-Tamar. In: House et al. A 
correlation of the Devonian rocks of the British Isles. Special 

Report of the Geological Society of London. 8. 
Orchard, M.J. 1978. The conodont biostratigraphy of the 

Devonian Plymouth Limestone, South Devon. 
Palaeontology, 21, 907-955. 

Pound, C.J. 1983. The sedimentology of the Lower-Middle 
Devonian Staddon Grits and Jennycliff Slates on the east 
side of Plymouth Sound, Devon. Proceedings of the Ussher 
Society, 5, 465-472. 

Taylor, P.W. 1951. The Plymouth Limestones. Transactions of 
the Royal Geological Society of Cornwall, 18, part 2, 146-
214.  

Ussher, W.A.E. 1890. The Devonian rocks of South Devon. 
Quarterly Journal of the Geological Society, 46, 487-517.  

Ussher, W.A.E. 1907. The geology of the country around 
Plymouth and Liskeard. Memoir of the Geological Survey of 
England and Wales. H.M.S.O., 156 pp. 

 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 
 

 
 
 

 
 

Table of Contents



Read at the Annual Conference of the Ussher Society, January 1985 

Stratiform copper deposits in mid-Devon: soil gas geochemistry as an 
exploration method 
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Gregory, R.G; and Durrance, E.M. 1985. Stratiform copper deposits in mid-Devon: soil gas 
geochemistry as an exploration method. Proceedings of the Ussher Society, 6, 258-264. 

Stratiform Cu deposits, associated with the Meldon Chert Formation, occur to the north of the 
Dartmoor granite. Measurements of soil gas CO2 and O2 analyses give data in accord with earlier 
work on .these gases, mineralised zones usually showing enhanced CO2 and depleted O2 
concentrations relative to background. The results are utilised in a plot of CO2 + O; along the 
traverse. Anomalous values in this plot clearly delineate zones of mineralisation. 

Positive ∆He values (with respect to the atmospheric equilibrium concentration) correlate well 
with zones of mineralisation, while negative ∆He values indicate moisture retention in thick 
overburden. These results suggest the mineralised zones act as migration pathways for He 
generated at depth. Consequently the deposits are thought to have exhibited a degree of fracture 
control in their formation. 

R.G. Gregory and E.M. Durrance, Department of Geology, University' of Exeter, Exeter EX4 
4QE. 

 
Introduction 
The use of soil gas methods for detecting metalliferous 
mineralisation in areas of thick overburden or poor 
exposure has been recently investigated in many parts of 
the world. In particular, soil gas anomalies in CO2 and O2 
have been documented over sulphide ores in both 
temperate (Ball et al., 1983a; Lovell and Hale, 1983; 
Lovell et al., 1979, 1980) and semi-arid to arid climates 
(Lovell et al., 1980, 1983). In the U.K., Ball et al. 
(1983a) have also demonstrated the occurrence of CO2 
and O2 soil gas anomalies over non-sulphide ore deposits. 
As a result of such studies, monitoring of the 
disequilibrium from atmospheric concentrations CO2 and 
O2 in soil gas has become accepted as providing a 
method for the delineation of concealed mineral deposits. 
The distinctive signature of such occurrences is an 
increase in soil gas CO2 together with a depletion in the 
concentration of O2 in the soil air. For example, Lovell et 
al. (1980) have shown that O2 depletion occurs with the 
oxidation of pyrite: 

4FeS2 + 15O2 + 8H2O = 2Fe2O3 + 8H2SO4 While the 
reaction of H2SO4 with carbonate minerals yields CO2: 
CO2-

3+ 2H+ = CO2 + H2O 
However, the use of CO2 and O2 has two major 
drawbacks. Firstly, in temperate climatic areas, variation 
in bacteriological activity of sulphate reducing and 
sulphide oxidising bacteria can produce changes in CO2 
and O2 which may mimic the effect due to 
mineralisation. Secondly, migration of deep-seated gases 
along major fractures will cause depletion in soil O2 as 
species such as CO and CH4 are oxidised, with a 

concomitant enhancement in the concentration of soil gas 
CO2. Exotic overburden containing accessory sulphides 
may also lead to the observation of spurious and transient 
anomalies. These considerations may appear to indicate 
that confidence in the method is unjustified, but given the 
simple case where only mineralogical controls apply, 
depletion of O2 exceeds production of CO2 in a fixed 
ratio. In the reaction scheme of Lovell et al. (1980) for 
pyrite, the O2 consumption/CO2 production ratio is 15/8. 
Calculations applied to other sulphide species yield 
similar values. The result is a characteristic drop in the 
value of CO2 + O2 over anomalous zones (Gregory and 
Durrance, 1985). 
Research into He emanation in Canada (Dyck, 1976), the 
United States (Reimer et al., 1979) and Australia (Butt  
and Gole, 1984), partly in response to a demand to find 
new methods of detecting U deposits, has come about 
with the availability of relatively inexpensive mass 
spectrometers capable of resolving soil gas He 
anomalies. The presence of He concentrations in soil gas 
represents the degassing of primordial He from the crust 
and mantle, together with a radiogenic 4He component 
derived from alpha particles emitted by radionuclides in 
the 238U, 235U, and 232Th and decay series. As the 
main factor controlling He emanation appears to be the 
presence of deep-reaching, sub-vertical fractures 
(Eremeev et al., 1973; Butt and Gole, 1984), the method is 
invaluable as a technique for fracture mapping in poorly 
exposed terrains, although the actual character of the He 
signature varies with pedological and meteorological 
control in the near-surface environment (Gregory and 
Durrance, 1985). The rationale that 4He, as 222Rn, is 
intimately associated with U mineralisation only applies 
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Figure 1. Exploited copper mineralisation in mid-Devon. 
 
 

where U mineral deposits are either located in, or 
intersected by, major fractures. 

Because of near-surface controls on emanation of soil 
gases it is necessary to recognise response features rather 
than use absolute soil gas values when interpreting soil gas 
data. Fortunately, meteorological controls can to a large 
extent be ignored when comparing small sets of data 
collected within a reasonable time span. The measured 
diurnal variation at any site rarely exceeds the sensitivity 
of the analytical equipment (Reimer, 1979; Ball et al.. 
1983b), while seasonal variations tend to alter the 
magnitude of the anomalous and background values, 
contrasts being least in the summer months. 

Of the three gases considered here, He is the only one to 
show a measurable response to pedological control, being 
strongly affected by thickness of overburden and soil 
moisture content. When these controls are dominant. He 
soil gas concentrations less that than of atmospheric air 
may be observed (Gregory and Durrance, 1985). 
Superimposed upon this background variation will be 
peaks due to fracture control, the size of each peak being 
controlled by the local magnitude of the He source and the 
He flux (Gregory and Durrance, 1985). In contrast, the 
interpretation of CO2 and O2 values is simple, and direct 
anomalies in CO2 and O2 only with respect to atmospheric 
air need to be considered. 
To test the use of this multiple soil gas approach to mineral 
exploration in South West England, trials were run over 
the stratiform Cu deposits at Belstone, 5km east of 
Okehampton in mid-Devon. In this area it was considered 
that effects due to the presence of deep-reaching fractures 
would be minimal. 

 
 
Geological Setting 
At Belstone (SX 632945), Cu mineralisation occurs within 
a Lower Carboniferous inlier which forms an arcuate band 
lkm wide, parallel to the northern margin of the Dartmoor 
granite. The area lies within the contact metamorphic 
aureole of the granite, and thermal effects associated with 
the emplacement of the granite are thought to have caused 
the mobilisation of Cu-rich fluids (Beer and Scrivener, 
1982). Structurally, the Carboniferous strata have been 
thought to lie within a southerly-overturned anticline (the 
Meldon Anticline of Dearman, 1959), but a recent 
reinterpretation emphasises the presence of shear surfaces 
and repetition of strata by thrusting (Selwood and Thomas, 
1984). Figure 1 illustrates the geology of the area. 

The Carboniferous succession in Mid-Devon (Edmunds et 
al., 1968) commences with the Meldon Slate-with-
Lenticles Formation. This consists of finely colour-
banded, highly siliceous strata suggesting an origina! 
sedimentary succession of sandstones, siltstones and slates. 
The overlying Meldon Shale and Quartzite Formation 
comprises dark-grey shales interbedded with fine-grained 
quartzites. Volcanic beds up to 60m thick occur near the 
top of the succession, and comprise massive, thickly 
bedded tuffs. Dolerite sill-like bodies are also associated 
with this formation, but their apparent thickness and lateral 
extent are uncertain. 
The youngest part of the Lower Carboniferous succession 
is made up of the dark-grey shales, cherty mudstones, 
radiolarian cherts and impure limestones of the Meldon 
Chert Formation. From the type secti0n in Meldon Quarry 
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(SX 571923) this sequence appears to be conformable 
with underlying strata. Inliers at South Tawton (SX 
658951) and Drewsteignton (SX 731911) show it also 
conformable with the Crackington Formation sediments of 
the Upper Carboniferous. Until recently, the Meldon Chert 
Formation had, therefore, been considered to be an 
autochthonous succession throughout. However, Selwood 
and Thomas (1984) have identified the presence of thrust-
controlled relationships. Sedimentary cherts, nevertheless, 
are found conformable both with the allochthon (as at 
Meldon), and with the autochthon (at Belstone Consols 
and eastward of the Sticklepath Fault Zone), where the 
strata were considered to be unaffected by major tectonic 
dislocations. 
In contrast to the varied lithological assemblage of the 
Lower Carboniferous, the Upper Carboniferous 
Crackington Formation consists of a succession of dark-
grey shales and fine-grained greywackes. These outcrop 
both to the north and south of the Lower Carboniferous 
inlier. The outcrop pattern in the Belstone area therefore 
appears consistent with the anticlinal structure noted 
above, but strata previously considered to form the 
northern, right-way-up limb of this fold are now known to 
be inverted, and overthrusting of the Lower Carboniferous 
succession is believed to have occurred (Selwood and 
Thomas, 1984). 
In the area of the Lower Carboniferous inlier, Cu 
mineralisation has been exploited in a number of mines 
between Wheal Fanny (SX 520883) in the west, and West 
Gooseford, Throwleigh (SX 673925) in the east. However, 
the nature of the mineralisation varies along the belt. At 
Wheal Fanny, Torwood (SX 538891), Sourton Down 
Consols (SX 541914) and Sourton Quarry (SX 522897), 
the occurrence of quartz vein material bearing pyrite, 
arsenopyrite and chalcopyrite has been reported (Dines, 
1956), while at Homerton (SX 555907), Forest (SX 
561912) and Meldon or Red-a-Ven (SX 570918) mines 
the Cu mineralisation has been mapped parallel to the 
bedding within the Meldon Chert Formation, as a sub-
continuous feature. Here the mineralisation is in 
interbedded cherts and limestone, and consists of pyrite, 
arsenopyrite and chalcopyrite. Traces of axinite were also 
recorded (Dines, 1956), and malayaite (CaSnSiO5), a tin 
silicate isostructural with sphene, has been identified at 
Meldon by E1 Sharkawi and Dearman (1966). The 
malayaite occurs with wollastonite, lollingite, datolite and 
andradite. At Halstock (SX 608941), Dines (1956) 
reported the occurrence of Cu with Pb, which in this area 
occurs predominantly in north - south trending structures. 
Bedded Cu mineralisation in the shales and cherts of the 
Meldon Chert Formation are also found at Ivy Tor (SX 
627934), Ford (SX 643935), Belstone Consols (SX 
632944), Ramsley (SX 651931) and Throwleigh. In all 
these sites, disseminated polymetallic sulphides are present 
throughout the formation, although the beds worked for 
Cu are garnetiferous calc-silicate skarns. 
The only record of these bedded deposits was made by 

Smyth (1875), who described bands of mostly crystalline 
garnet rock, containing disseminated chalcopyrite, pyrite 
and arsenopyrite up to 10cm thick conformable with the 
bedding. The multiple occurrence of these garnet bands 
defined the mineralised lodes, with workings on Main 
Lode exploiting a zone of bedded garnet rock over 30m 
thick. The skarns contain Fe-rich actinolite and axinite, 
which at Ramsley are locally intensely chloritised (Beer 
and Scrivener, 1982). Scheelite has been recorded at 
Ramsley, Ford, Ivy Tor, Meldon, and Forest mines 
(Kingsbury, 1966). Along with the presence of malayaite, 
these occurrences appear to define two hydrothermal 
centre. 

Sampling and Analysis 
A single 450m traverse was established approximately 
perpendicular to the regional strike, from SX 63139468 to 
SX 63169425, west of the mine dumps outlined in Figure 
2. Two access shafts lie on the northern and southern 
boundaries of these dumps. Dines (1956) records stoping 
only on Main Lode, for 60m west and 140m east of the 
shafts. Consequently, the observed soil gas responses 
should not be due to mining activity. Samples for He, CO2 
and O2 were taken every 12.5m, giving a total of 37 
sample sites. This choice of sampling interval represented 
a compromise between collection of an excessive number 
of samples and good resolution of anomalies. 

Shallow soil gas samples were obtained using a 0.75m 
stainless steel probe, fitted with a manifold which enabled 
soil gas to be either collected for laboratory He analysis, or 
pumped to an on-site CO2 and O2 analyser. At each 
sampling site the probe was inserted to a depth of 0.5m, 
the manifold fitted, and the probe purged of contaminating 
atmospheric air by removal of 80cm3 of soil gas using a 
hand pump. The design of the soil gas probe was presented 
in detail by Gregory and Durrance (1985). 
After the probe had been purged, samples for He analysis 
were collected in 10ml disposable plastic syringes, via a 
silicone rubber septum attached to the sampling head. The 
syringe needles were immediately capped with rubber 
stoppers to minimise mixing with atmospheric air. All He 
analyses were performed within 24 hours to eliminate the 
risk of diminution of the anomaly. This atmospheric 
reequilibration occurs by diffusion of He through the walls 
of the containing vessel. 

Each sample was analysed for He by the method of 
Reimer et al. (1979). This utilises a Dupont leak detector 
(Model 120 SSA), to which a constant pressure inlet 
system has been added. The leak detector incorporates a 
combined ion source/detector bipolar mass     
spectrometer, which is calibrated to a specific  
mass/charge ratio of 4+. The spectrometer operates in      
the dynamic mode. The inlet system consists of a constant 
pressure sample chamber bleeding via a variable leak 
valve to the high vacuum of the spectrometer. In  
operation,   each   sample   is   passed  through an activated 
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Figure 2. Solid Geology of the study area. 

 
charcoal U-trap cooled to liquid nitrogen temperatures. 
This increases the partial pressure of He in the 
spectrometer by condensing a major fraction of the gas 
sample. Consequently, preconcentration, which improves 
resolution, is achieved without any recourse to sample 
preparation between collection and analysis. 
To monitor precision and accuracy, samples were analysed 
for He in duplicate. Each analysis was bracketed by a 
standard comprising water saturated laboratory air (WLA). 
The value of WLA was calculated using samples of field-
collected atmospheric air (FAA) which may be assumed to 
have a He content of 5240 ppb v/v (Gluekauf, 1946).This 
simple procedure is necessary because of analyser drift. 
The resulting He data are given in ppb v/v or as AHe/ppb-
FAA, the disequilibrium from the atmospheric 
concentration. Apparent precision and sensitivity are equal 
to 20 ppb or better. 

CO2 and O2 analyses were performed in the field using a 
wet chemical method. The equipment used was essentially 
an Orsat stack-gas analyser (Ball et al., 1983a), which 
operates by absorption of each gas from a single 100ml 
aliquot by a specific absorbant. At each sample site a hand 
pump was used to transfer soil gas from the probe to the 
analyser. Determination of CO2 and then O2 was then 
carried out by repeated passing of the gas sample into 
absorption chambers. CO2 was determined using 40% w/v 
KOH (aq,), while measurement of O2 relied, upon the 
ability of Cu coils to oxidise under ammoniacal conditions. 
A solution of NH3 (aq., sp.gr. 0.880) and saturated NH4C1 
(aq.) was used to regenerate the Cu coils in the absorption 
chamber. In practice, replication of results using this 
method is found to be sufficiently good that no standards 
need be used. Moreover, machine error may be considered 

negligible as it is constant and small in nature, being due 
only to the volume of the capillary connecting tubing in 
the apparatus. The operating range for both gases by this 
method is 0-40% v/v with a precision and sensitivity of 
+0.1%. Variations in soil gas concentrations of CO2 and 
O2 are used to measure the disequilibrium from the 
atmospheric concentration of 0.035% CO2 and 20.95% O2. 

Results 
The analytical results obtained from the traverse across the 
Cu mineralisation at Belstone are presented in Figure 3. 
Soil gas CO2 and O2 values are given as % v/v, while He 
soil gas concentrations are in ppb v/v. 

Figure 3 shows that the CO2 and O2 soil gas values clearly 
indicate the presence of a zone of mineralised ground, in 
part associated with the Meldon Chert Formation. 
However, the CO2 values appear somewhat suppressed, 
and determination of a threshold value is difficult. O2 
values, on the other hand, show a strong contrast between 
background and anomalous measurements, and a local 
threshold value of 19.9% +0.1% O2 v/v may be clearly 
defined. Values which are less than the O2 threshold are 
significant. In the regions of background O2 values, to the 
north and south of the zone of mineralised ground, it may 
be observed that the corresponding CO2 measurements are 
less than or equal to 1.0% CO2 v/v. If we then apply this 
CO2 concentration as a threshold value to the remainder of 
the CO2 data, it appears that most measurements within the 
mineralised belt lie above this figure, despite the low range 
of CO2 values. Consequently, true background readings are 
only seen over nine sites to the north and ten sites to the 
south of the mineralised zone. 
Within the zone of mineralised ground the distribution of  
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Figure 3. Soil gas results: Belstone Consols, raw data. 

anomalous CO2 and O2 soil gas values is variable, 
suggesting that mineralisation is confined to certain 
horizons in the Meldon Chert Formation: the mineralised 
'lodes' of Smyth (1875). O2 values show a strong negative 
peak over No. 2 North Lode, and over Main and South 
Lodes, but individual effects due to each of the latter two 
lodes cannot be resolved. No. 1 North Lode is not located 
by the unprocessed O2 results. Soil gas CO2 values show a 
broak peak developed over No. 2 North Lode, while sharp 
lateral changes in CO2 values delineate a band of 
anomalous CO2 measurements between No. 1 North Lode 
and South Lode, peakingover South Lode. As woald be 
expected from the behaviour of CO2 and O2 in soil gas, 
there is a strong negative correlation exhibited between the 
two species (Pearson correlation, r = -0.841). The average 
CO2/O2 ratio of each sampled site which correlates with 
mineralisation is 1.6, corresponding closely to the 
theoretical value of 2.1 for the oxidation of chalcopyrite to 
melaconite and hematite. 

There is good correlation of the He data with both CO2 
(r=0.580) and O2 (r=-0.526), suggesting that high He 
values correspond to mineralised features. It is not possible 
to determine a simple threshold value for He, as it is for 
CO2 and O2, since the He variation is both positive and 
negative with respect to the equilibrium atmospheric 
concentration. Negative ∆He values are observed over all 
the non-mineralised ground to the north of No. 1 North 
Lode, and there are also negative values to the south of the 
mineralisation. Gregory and Durrance (1985) have shown 
that with shallow soil gas sampling, negative A He values 
are indicative of regions of increased overburden thickness 
and high soil moisture content, while superimposed upon a 
negative background may be peaks corresponding with 
local, fracture controlled He enhancement. 
In the Belstone area, positive ∆He peaks occurover No.2 
North Lode, Main and South Lodes, clearly indicating 
some degree of fracturing associated with the 
mineralisation. Two additional He peaks occur south of 
the mineralisation. These are interpreted as non-
mineralised fractures, since they have no corresponding 
CO2 or O2 anomalies. A strong discontinuity in the ∆He 
values at the position of No. 1 North Lode suggests a 
positive He anomaly associated with a strongly negative ∆ 

He background values. This complicated He profile is thus 
a result of variable soil characteristics controlling 
background values coupled with positive He anomalies 
which outline both mineralised and non-mineralised 
regions of fracture control. 

Discussion 
As the data stand, we have already delineated the regions 
of known sulphide mineralisation as described above. We 
have previously intimated, however, that plotting the sum 
of CO2 and O2 in soil gas can also indicate the presence of 
mineralisation, provided inorganic processes dominate the 
soil gas regime. The plot of CO2 + O2 values shown in 
figure 4 exemplifies this. The background variation is 
small, and nowhere does the value of CO2 + O2 become 
greater in value than the atmospheric concentration ± the 
analytical error for both gases (21% ± 0.2%). Four 
anomalous sample sites are clearly superimposed on the 
steady background. These occur over No. 1 and No. 2 
North Lodes, and also delineate the northerly and 
southerly limits of Main and South Lodes. We have 
already stated that Main and South Lodes cannot be 
resolved into individual anomalies. 

Most of the anomalous values of CO2 + O2 are controlled 
by the size of the O2 component of the anomaly, and 
accord with the theoretical basis of the method. However, 
the anomaly over No. 1 North Lode is due to a very low 
value of CO2 in the soil gas sample, and arises despite the 
absence of sizeable anomalies in either CO2 or O2 in the 
raw data. The position of the peak is displaced one sample 
site (12.5m) to the north of the observed He anomaly, but 
this is not significant. 
Mass balance equations may be employed to summarise 
the effects of oxidation on Cu-As ore bodies. Complete 
oxidation of chalcopyrite to melaconite and hematite will 
occur according to the equation: 
4CuFeS2 + 17O2 + 8H2O = 4CuO + 2Fe2O3 + 8H2SO4 
Similarly the complete oxidation of arsenopyrite may be 
summarised: 
2FeAsS + 6O2 + 2H2O = As2O3 + Fe2O3 + 2H2SO4 
Finally, we can consider that given a mixed Cu-As ore 
body, olivenite, a Cu-As hydrated oxide, may be formed in 
the supergene environment: 
4CuFeS2 + 2FeAsS + 24O2 + 11H2O = Cu3As2O8. 
Cu(OH)2 + 3Fe2O3 + 10H2SO4 
 

 
 
Figure 4. Soil gas results: Belstone Consols, processed data. 
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Although no mining records from Belstone show the 
presence of olivenite, the occurrence of melaconite has 
been recorded in the mine dumps. 
As all these reactions consume water in the process of 
oxidation they lead to the formation of H+ species. These 
are attributed to sulphuric acid in the above equations. 
Reaction with carbonates as previously described occurs, 
such that the O2 consumption/CO2 production ratio for 
each equation is directly related to the stoichiometry of 
the O2 consumed and the acid produced. Thus the ratios 
in the three oxidation reactions given above are 2.1, 3.0, 
and 2.4 respectively. We therefore envisage the processes 
occurring over this ore body to approximate to the 
oxidation of chalcopyrite as given by the above equation, 
coupled with a much smaller contribution from 
arsenopyrite. Together, these have probably led to the 
formation of olivenite, but this is unconfirmed. 

The He results may be subdivided into three groups: 
measurements which lie close to the atmospheric 
equilibrium value (∆He approximately zero), data 
significantly higher than the atmospheric concentration 
(positive  ∆He values), and values which are less 
(negative ∆He values). As positive ∆He values are found 
associated with fractures which conduct 4He from depth 
(Eremeev et al., 1973), we can use these results to assess 
the role that fractures may have exercised in controlling 
the distribution of mineralisation. 
Moreover, as negative ∆He values have been shown to 
be associated with thick overburden and a high soil 
moisture content, these measurements can be helpful in 
distinguishing adjacent soil and rock types which exhibit 
different porosity/permeability characteristics and 
consequently different He flux rates. In this case they 
form part of the background He signature, upon which is 
superimposed the contribution from fracture control 
Values of ∆He close to zero, however, may either 
represent areas of atmospheric mixing in soil exhibiting 
good aeration, or superimposition of positive and 
negative ∆He values. Interpretation of small ∆He values 
can therefore only be made by reference to the overall 
character of the ground in which they occur. 
In the Belstone area, where the mineralisation has been 
described as stratiform and occurring preferentially 
within certain horizons, it was hoped that clear 
distinctions could be drawn between mineralised and 
fractured ground in the results of the soil gas survey. 
However, apart from providing a suitable chemical 
environment for the precipitation of Cu and As sulphides, 
it is clear from the general character of the results of this 
survey that the mineralised zones correlate with the 
occurrence of important fractures. Enhanced/ ∆He values 
may therefore be used to more precisely define the 
positions of individual lodes and, for the most part, 
negative ∆He values can be ignored. The He data 
presented in Figure 4 thus contains only those ∆He 
values which are greater than the atmospheric 

equilibrium concentration. Each of the peaks shown by 
these positive ∆He values therefore relates to specific 
fractures or fracture zones. 
Each He peak has its own special characteristics. For 
example, the double peak over No. 2 North Lode which 
extends over the contact between the Upper and Lower 
Carboniferous may, in addition to its relationship with 
the lode, be due to He migration along this thrust-
controlled boundary (Selwood and Thomas, 1984). 
However, a possible alternative explanation for the 
breadth of this anomaly is that gaseous diffusion in the 
soil could be coupled with rapid shallow groundwater 
flow downslope to give a topographically controlled 
spreading of the He anomaly. 
Another He anomaly of special interest is related to No. 1 
North Lode. This mineralised lode proved difficult to 
define using CO2 and O2, and exhibits only a very minor 
∆He peak. However, it can be seen to display a similar 
He signature to that of the other mineralised lodes when 
it is realised that this lode occurs in an area with strongly 
negative background ∆He values. In fact it would appear 
that the small positive ∆He peak of No. 1 North Lode 
represents a fracture or fracture zone of equal magnitude 
to those associated with the other lodes. This 
interpretation is supported by the presence of the large 
discontinuity in the ∆He values immediately north of No. 
1 North Lode, referred to above. The strongly negative 
background ∆He values in this area suggest a high soil 
moisture content, which could also account for the 
subdued CO2 and O2 anomalies. 
Two smaller ∆He peaks which are found to the south of 
the mineralised lodes may also be interpreted as having a 
structural origin, since they occur in an area which 
generally exhibits negative ∆He values. Because of the 
low He background, the true size of each of these 
anomalous peaks is not directly apparent, but they both 
indicate significant features. The northerly of these peaks 
is a single anomaly which is considered to indicate the 
presence of a non-mineralised fracture lying sub-parallel 
to the main zone of mineralisation. The southerly peak is, 
however, a double anomaly. This too probably owes its 
origin mainly to the presence of a non-mineralised 
fracture, but broadening of the He anomaly by migration 
along the northern boundary of the dolerite appears to 
have taken place. Neither of these ∆He peaks has a 
corresponding anomaly in either CO2, O2, or in the 
processed values of CO2 +O2. 

Conclusions 
Geochemical methods which involve the determination 
of soil gas disequilibrium from normal atmospheric 
concentrations, may usefully complement conventional 
soil, water and stream sediment analyses in exploration 
for metalliferous mineral deposits. Indeed, the results of 
this survey of the Belstone area have shown that 
measurement of CO2 and O2 in soil gas can be used to 
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delineate zones of oxidising sulphide mineralisation in 
apparently stratiform deposits, supplementing previously 
reported successes in locating fault-bounded and vein-
type occurrences. 
The typical response of these gases over mineralisation is 
an increase in the concentration of CO2, with a 
concomitant depletion in O2. In addition, where 
mineralogical controls are dominant, a useful guide to 
mineralisation is the presence of anomalous values in 
CO2 + O2, as the size of the CO2 anomaly is less than the 
corresponding anomaly in O2. This is in accordance with 
mass balance calculations applied to metallic sulphide 
species, which indicate O2 consumption/CO2 production 
ratios in the range 1.875 - 3.0. Non-mineralogical 
controls on the CO2 and O2 components of the soil gas, 
and in particular, high background CO2 values, will tend 
to suppress this ratio. In the Belstone area the ratio has an 
average value of 1.6, and a maximum of 2.5. 
In contrast to the mineralogical control exercised on soil 
gas CO2 and O2, positive ∆He values detect the presence 
of deep-reaching fractures. Moreover, because negative 
∆He values are produced where the He flux is impeded 
in regions of high soil moisture content, local positive He 
anomalies may be superimposed upon a negative 
background. Thus, although the He concentration at any 
point is a combination of the size of the He source area, 
the flux, and the controlling characteristics of the 
overburden, locally the highest He values will always be 
found over fractures. 
Zones of mineralisation shown by CO2 and O2 anomalies 
which correlate with positive He anomalies, as at 
Belstone, must therefore be associated with fractures. 
Where fracturing post-dates mineralisation, isolated He 
and CO2 + O2 anomalies will occur. At Belstone, 
however, all the CO2 + O2 anomalies are related to He 
anomalies, suggesting that the apparently stratiform 
mineralisation had a degree of fracture control in its 
development. In addition to their use in exploration, the 
results of integrated soil gas surveys may therefore allow 
recognition of processes operating in the formation of 
mineral deposits. 
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Observations on certain large scale geomorphological  
features in south-west England 
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A geomorphology of flat areas has not yet been written, 
but it should not be denied that one of the most 
interesting geomorphological features in s6uth-west 
England is the plateau developed across the 
Carboniferous rocks of central Devon. Ignoring the 
younger incised valleys, its gross morphology is one of 
adjacent very shallow basins comprising the catchments 
of the upper Tamar, Torridge, Taw and Exe, but it should 
be noted that watershed areas between these basins are 
also planed. Indeed it may be argued that the high ground 
over 240m O.D. northwest of Tiverton, fringing the 
flanks of Dartmoor, and west of Okehampton constitute 
remnants of a remarkably plane surface which once 
existed between Dartmoor, Bodmin and Exmoor, from 
the Blackdowns west tothe sea. Such a plane would have 
cut cleanly across folded and faulted Carboniferous and 
Permian rocks, and may have been the product of rather 
different geomorphic processes from those which shaped 
the later broad basins. 
South of Dartmoor the counterpart of this composite 
central Devon surface is surely the SouthHams plateau. 
Developed with equal disregard for bedrock lithology 
and structure, this plateau also displays two 
morphological elements: 

i) a planed watershed area from South Brent to 
Dartmouth 

ii) slopes on secondary divides leading gently 
southwest toward the Tamar and east toward the Dart. 
North of the Dart valley, ground of similar height occurs 
on Devonian and Permian rocks as far as the Teign 
estuary and the Bovey basin. 
Thus, excluding Dartmoor and Exmoor from 
consideration, an undulating plain may be identified, 
comprising several very shallow basins now much 
dissected, that lies between 160 and 300m O.D. through 
central Devon and 130 to 220m O.D. across south 
Devon. This has possibly been shaped from a somewhat 
higher surface which, allowing for later denudation not 
least under Pleistocene periglacial environments, lay little 
higher than the present main divides. The altitudinal 
difference from central to south Devon requires no 
tectonic process in explanation, for with drainage lines 
directed generally to the south coast, the gradients are no 
more than those to be expected on an essentially fluvial 
subaerial surface. 
 

 
 
 
 
 
 
 
 
The central Devon plateau lies across the Sticklepath -
Lustleigh wrench fault zone which, transecting the east 
side of Dartmoor, enters the area of the south Devon 
plateau between Newton Abbot and Torquay. Dearman 
(1963) claimed it to have been particularly active in the 
mid-Tertiary. Yet Tertiary movements in a dominantly 
vertical sense have now been demonstrated for the 
structural basins of Bovey, Petrockstowe and Stanley 
Bank, and much of the lateral (dextral) displacement is 
probably of earlier date. This strongly localised 
subsidence largely occupied the late Eocene and the 
Oligocene and an intriguing geomorphological feature is 
that the sedimentary fills of these basins are mainly 
fluvial. Edwards and Freshney (1982) indicate that 
sedimentation in both the Bovey and Petrockstowe basins 
kept pace with subsidence and refer to floodplain 
deposition by meandering and perhaps at times braided 
streams and to the possibility of alluvial fan 
development. The dominantly fine-grained materials 
confirm gradients to have been low. Thus it seems likely 
that the Oligocene was a period of extensive planation at 
least on Carboniferous and Devonian sedimentary rocks 
which followed those wider dislocations which had 
warped the Eocene marine plane of east Devon and its 
subaerial counterpart to the west. 
 
In addition to down-faulting, the basin sediments have 
also suffered more recent denudation and it seems 
reasonable therefore to claim that the general surface of 
sedimentation throughout the Oligocene could have been 
accordant with adjacent plateau surfaces. Indeed it is very 
tempting, though possibly over-simple, to identify the 
erosional surface from which and across which the 
sediments preserved in the localised basins were 
transported as that surface from which the broad shallow 
basins of central Devon and south Devon were fashioned. 
This 'watershed' surface could therefore have been 
produced during some twenty million years or so of late 
Eocene and Oligocene time under tropical and 
subtropical climates and conditions of deep weathering 
and surface processes that tended toward pedimentation 
and sheetwash rather than valley development. 
 

Table of Contents



Two of the larger rivers of Devon, the Torridge and 
Teign, cross the Sticklepath - Lustleigh fault zone, and 
any history of their development must take into account 
the phases of planation, subsidence and sedimentation 
mentioned above. 
The River Teign leaves the granite of north Dartmoor to 
cross the fault zone near Chagford and enter its striking 
gorge through the metamorphic aureole. From Dunsford 
it now turns south eventually to reach the Bovey basin, 
but this part of its course although sharply discordant on 
Carboniferous and Devonian rocks may have been 
adopted later. Jukes-Browne (1904) was probably the 
first to suggest that the Teign's earliest high-level course 
was to the east to enter the Exe system, and that it was 
captured from the south by what is now the middle Teign 
river. If this sequence of events did occur, when did 
capture take place, and why? 
If major streams ever flowed along the Sticklepath-
Lustleigh fault zone from the northwest it is extremely 
difficult to envisage later circumstances that could lead to 
the development of another river draining east from the 
granite by way of Chagford across the metamorphic 
aureole, initially at a height of at least 350m O.D. and 
therefore well above the highest level that beds of the 
Bovey Formation appear to have attained. On all rational 
argument, the upper Teign could never have extended 
itself west of Dunsford to capture the headwaters of a 
river much longer than the present River Bovey, so that 
in the upper Teign we surely have a river that was in 
existence in Oligocene time but which did not then turn 
south at Dunsford. 
The implication here is that subsidence of the Bovey 
basin was not the immediate cause of the Teign's 
diversion as claimed by Jukes-Browne, and this is 
supported in two ways: 
i) the Bovey sediments contain little Carboniferous 

material (Edwards and Freshney, 1982) so that rocks 
middle Teign valley were not then being grossly 
eroded; 

ii) sedimentation probably kept pace with subsidence so 
that base-level lowering was minimized. 

Where did the sediment come from? One source must 
have been to the northwest, and geomorphologically 
there seems no reason why the broad erosional basin 
opened out above 275m O.D. around North Bovey and 
Moretonhampstead should not have made a substantial 
contribution. Other sources lay to the west and possibly 
southwest (Edwards and Freshney, 1982). Water crossing 
the Bovey basin during final stages of aggradation 
presumably passed southeast or east across Permian 
rocks but it must have been at or a little above the present 
high ground on the Permianat c. 170m O.D., unless the 
lower Teign valley way by then partly open. 
It may be postulated therefore that for the development of 
the middle Teign and for achievement of the capture at 
Dunsford erosion of the Bovey Formation was necessary 

to provide the descending base-level which permitted 
headward extension of a stream probably following the 
base of the Permian or Lower Cretaceous on the west 
side of the Haldon ridge. Such erosion would also initiate 
rejuvenation of the River Bovey and its easterly twin, the 
Wray Brook, along dormant fractures. But removal of 
Bovey Formation material required deepening of a valley 
across the Permian from the south end of the basin to 
lower the erosional base-level. If such incision was not 
restricted to this one site and was part of a process 
whereby most Devon (and Cornish) rivers were 
rejuvenated, then uplift of the order required would seem 
best to pertain to the Miocene. 
The River Torridge also pursues a curious course about 
the Sticklepath - Lustleigh fault zone. Why, halfway to 
the sea, does it cross the fault and turn northwest? Has it 
always flowed this way? If not, why the change? 
Edwards and Freshney (1982) in discussing deposition in 
the Petrockstowe structural basin suggested that a river 
formerly flowed north or northwest along the fault, 
presumably discharging toward Barnstaple Bay. 
Woodridge (1954) however was so impressed by the 
direction of streams flowing off Exmoor and of the upper 
Torridge that he proposed an integrated river system, 
draining east across central Devon from an original 
divide that passed from Exmoor thence off-shore but 
close to the modern coast to the Land's End granite, as 
one of the earliest drainage elements. Such a 
reconstruction requires a mechanism to explain the later 
reversals of the Taw and Torridge, and the expansion of a 
joint catchment draining to Barnstaple Bay. Yet a model 
based on original north or northwest-flowing streams has 
to account for the curious discordant southerly courses of 
the Exmoor streams, the avoidance of the Petrockstowe 
basin by the modern Torridge, and the apparent absence 
of granitic material from the basin sediments (Freshney 
et al., 1979). 
Since Wooldridge's paper in 1954, Tertiary tectonic 
activity has become much better known (Anderson and 
Owen, 1980), and in particular the presence, extent and 
fill of the Stanley Bank basin have been determined. 
Sporadic Oligocene subsidence along the Sticklepath -
Lustleigh fault zone, as testified by the Stanley Bank and 
Petrockstowe basins and by the survival of Palaeogene 
sediments at Orleigh Court, would have been succeeded 
by pronounced Miocene down-warping along the Bristol 
Channel. A feasible mechanism can readily be postulated 
therefore whereby subsidence continued to affect not 
only the Stanley Bank basin into the Miocene but also the 
Barnstaple Bay area within limits probably determined 
by the convergent Sticklepath - Lustleigh and south 
Exmoor faults. As an exception therefore to the general 
Miocene uplift of Cornubia, down-warping of the late 
Palaeogene 'watershed' surface over this area northeast of 
the Sticklepath - Lustleigh fault provided the opportunity 
for a stream like the lower Torridge to work back along 
adjacent faults, so avoiding the Petrockstowe basin, and 
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to develop through the later Miocene and the Pliocene a 
conjoint catchment with the lower Taw which eventually 
gathered in the former headward areas of the easterly-
directed drainage system. 
The possilbility that marine planation contributed to the 
shaping of the plateau surfaces should not be ignored in 
the face of claims by many authors (see Balchin, 1964; 
Kidson, 1977; Orme, 1964) that remnants of marine 
platforms survive. An ancillary geomorphological 
question to those concerning the base-levels for the Mio-
Pliocene basins and the evidence for marine planation, is 
whether the beginning of the Pleistocene in the southwest 
is marked by any particular landform. 
In spite of the euphoria of the 1950's and 1960's 
regarding multiple marine planation, sedimentary 
confirmation has rarely been forthcoming. In light of the 
known lithological diversity and variable resistance of 
erosion of the Carboniferous and Devonian rocks across 
central and south Devon, and the scale and intensity of 
Pleistocene periglacial denudational processes, the claim 
by Orme (1964) to recognize a large sequence of closely-
spaced marine bevels seems grossly extravagant. With 
regard to a 200m planation, expectable modifications t'o 
drainage patterns cannot be demonstrated in critical 
areas, for example east of Bude, west of Bideford and 
west of Liskeard. 
The view therefore of many previous workers that the 
highest marine landform is the 130m platform and cliff. 
reported widely along the south coast and in west and 
north Cornwall, would appear the more realistic. Yet is is 
obvious both from the low level of the outer parts of the 
wavecut platform and from the sheer extent of ground at 
about this height in some localities that the sea must have 
been rising and transgressive. Over areas such as the 
Lizard peninsula, west of Carnmenellis and south-west of 
St Austell it most probably submerged a land surface 
largely base-levelled by the late Neogene and penetrated 
inland of the open shore-line along valley lines such as 
the Exe and Tamar. It probably spread far enough and for 
long enough up the Torridge and Tamar valleys to reduce 
fluvial gradients sufficiently for meanders to develop 
which later became incised as recession took place. This 
transgression to 130m O.D. commencing from at least as 
low as 70m O.D. may well be as close in 
geomorphological terms as we can get to the initial 
Pleistocene event. 
By the Cromerian stage of the Pleistocene, if 
palaeontological evidence from Kent's Cavern is to be 
relied on, sea-level had probably fallen well below 50m 
O.D., which implies that the 60m marine platform, well-
preserved behind Brixham and meagrely so with its 
cobbly shingle above Sandy Bay, is also an early 
Pleistocene landform. 
 
 

To conclude, the main observation are: 
1. That widespread planation of Carboniferous and 
Devonian rocks of central and south Devon (and 
Cornwall) was achieved around the granite massifs 
through the later Eocene and the Oligocene, following 
mid-Eocene earth movements and during the formation 
and infilling of the structural Bovey, Petrockstowe and 
Stanley Bank basins. 
2. That, excepting subsidence east of Lundy and in the 
Barnstaple Bay area, general elevation of Cornubia 
occurred in the Miocene which provided the lower base-
levels necessary for fluvial processes to reduce most of 
the late Oligocene plain to a group of wide shallow river 
basins through the later Miocene and Pliocene. 
3. That as a consequence of Miocene subsidence of the 
Barnstaple Bay/Stanley Bank area the lower Torridge 
and lower Taw progressively enlarged their catchments 
southeastward into areas formerly draining to the east.  
4. That capture of the upper Teign by the middle Teign 
was effected during erosion of the Bovey Formation, this 
being controlled by valley-deepening through Permian 
rocks consequent on Miocene elevation. 
5. That the long period of Mio-Pliocene subaerial 
planation was interrupted by marine transgression to 
130m O.D. which commenced from a level at least as 
low as 70m O.D. and submerged wide areas of the 
peneplain especially in Cornwall, and was terminated by 
the regression-controlled rejuvenation which has 
characterized the Pleistocene. 
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The tabulate corals and Devonian world  
palaeogeography 
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In a preliminary study, diversity and endemism amongst 
the 120 known Devonian tabulate coral genera have been 
tabulated for 71 collecting localities and the relationship 
between each of the localities interpreted with reference 
to Simpson`s index of correlation (Simpson, 1960, 
equation 2). The results, and the distributions of 20 
individual genera and species have been plotted for the 
Lower Devonian, Eifelian, Givetian and Frasnian on 
palaeogeographical reconstructions for the Lower and 
Upper Devonian (Turner and Tarling, 1981). Provinces 
are defined by the distribution of endemic tabulate coral 
gendra. 
During the Lower Devonian the shelf seas adjacent to 
many of the major land areas, including Tasmania, North 
Africa and the Ardenno - Rhinish area, were dominated 
by clastic facies in which coralline faunas were sparse. 
Many genera were restricted in distribution to the 
northern hemisphere, away from the larger land areas, 
resulting in a maximum in diversity in the Altai - Sayan 
area, 35°N. In scattered distributions to the south of an 
equatorial belt of low diversity, weak diversity maxima 
were developed at 25°S and 60°S. The distribution of' 
individual genera and species, and the faunal similarities 
reflected in Simpson`s index of correlation, indicates 
broad global links amongst Lower Devonian tabulate 
corals and weakly developed endemism. In the early 
Lower Devonian, for example, the tabulate coral faunas 
of the N.E.U.S.S.R., Altai - Sayan, the Urals and Tien 
Shan are very similar, but Kazakhistan and North Africa 
show some evidence of provincialism. Endemic genera 
in Eastern North America increased in number during the 
Lower Devonian, but did not peak until the Givetian. 
This is in contrast to the peak rugose coral endemism in 
the Emsian (Oliver and Sorauf, 1983). There is evidence 
of some early mixing between the Eastern North 
Americanand Ardenno - Rhinish tabulate coral faunas, 
via North Africa, during the Emsian and Eifelian. 
Migration was not predominantly from Eastern North 
America as recognised among the rugose corals (Oliver, 
1977) but, as indicated by individual genera of tabulates, 
was a two - way process. The poorly diverse faunas of 
the Ardenno - Rhinish area (which includes England) 
indicate weak to moderate links with other world areas in 
the Lower Devonian. The closest similarities are with 
Spain, Dzhungar - Balkhash and Indo - China. 
Following the marine transgression of the basal Eifelian 
and an increase in habitats, tabulate corals become more  
 

 
 
 
widespread in distribution and reached an all- time peak 
in diversity. Latitude-related diversity maxima occurred 
at 35° N and 15°-35°S and 55°S, with a narrow 
equatorial belt of low diversity. Endemism in the Eifelian 
was weak. Similarities in the faunas were transequatorial 
to 30° north and south. The link between the Ardenno- 
Rhinish area and Indo - China and Eastern Australia, was 
more marked than similarities with Spain, North Africa 
and Eastern North America. At a time of increasing 
endemism of Eastern North American tabulate corals, 
links with Spain were more marked than links with North 
Africa. During the Eifelian England had strong links with 
the tabulate faunas of Poland, Belgium and Eastern North 
America. The similarity with Spain and North Africa was 
weaker. 
The validity of Dubatolov's provinces (Dubatolov, 1972; 
Hill, 1981) in the Lower and Middle Devonian is 
questionable on the evidence of weak endemism and 
transprovincial distributions arising from this new 
assessment, although minor provinces arising from the 
distribution of neoendemic genera and facies controls 
(especially sediment input) are recognised. By the 
Givetian the increased pandemism reinforced strong 
transequatorial similarities in the tabulate coral faunas, 
giving rise to two world divisions: a Euraustralasian 
Realm centred on the Palaeotethys Ocean and its easterly 
extension, and an Eastern North America Realm. A 
similar pattern has been recognised amongst the rugose 
corals (Oliver, 1977; Hill, 1981) and brachiopods 
(Boucot et al., 1968). The Eastern North Americas 
reached maximum endemism during the Givetian (38%), 
although not comparable with the 76% rugose coral 
endemism in the Emsian (Oliver and Sorauf, 1983). 
Eastern North American links with the Ardenno -Rhinish 
area and Spain were equal in the Givetian, but weak with 
North Africa. In the Ardenno - Rhinish area England's 
links were, in order of decreasing strength, with Belgium, 
France, Poland, Germany, Czechoslovakia, North Africa, 
Eastern North America and Spain. Maxima in coralline 
diversity were developed at 35°N and 25°S, with an 
equatorial belt of low diversity. 
By the Frasnian tabulate corals were almost wholly 
pandemic, although drastically reduced in numbers. This 
is related to the early Frasnian major eustatic event. 
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Diversity maxima were developed at 35°N and 5°S, with 
an equatorial low diversity minima at 15°N. Tabulate 
coral faunas were sparse in the Famennian. 
The palaeogeographical maps of Tarling (Turner and 
Tarling, 1981) with a palaeomagnetic and tectonic 
database are close to the reconstruction of Heckel and 
Witzke (1979) founded upon sedimentological data and 
an assumed constancy of the general physical principles 
of atmospheric circulation. The distribution of tabulate 
coral faunas can be interpreted in the light of this climatic 
data. 
Throughout the Devonian the low diversity values 
amongst tabulate corals in the low latitudes (Indo-China, 
N.W. Canada, Eastern Australia) may be the result of 
high clastic input to the marine biosphere due to high 
rainfall in the tropics. The latitude-related maxima in 
diversity may be the result of a position in the tropical 
dry to temporate latitudes of reduced clastic input, which 
at this time coincided with extensive carbonate platform 
and the diverse habitats afforded. Such is the case of the 
Russian Platform, western Urals and Ardenno - Rhinish 
area. Alternative to sediment controls, temperature or 
radiant (solar) energy may have a bearing on diversity, as 
recognised among Recent zooxanthellate corals (Rosen, 
1984). The paucity of the coralline faunas in the 
Malvinokaffric Realm (southern South America, 
Antarctica and southern Africa) recognised in the late 
Lower Devonian and Eifelian on its distinctive 
brachiopod faunas (Boucot et al., 1968) and other poorly 
diverse faunal groups, may be the result of high latitude 
cool waters (Copper, 1977), or may, in the case of the 
corals, be partly due to the shale and silt facies (Oliver, 
1977). 
The plotted distribution data has been seen as a valuable 
tool in detecting aberrations in the taxonomy of tabulate 
corals, particularly highlighting isolated occurrences, and 
to provide a critical analysis of the finer details of 
continent positioning. 
Acknowledgements. Many thanks to Don Tarling for copies of 
his palaeogeographical base map and to Colin Scrutton for this 
constructive criticism. 
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Fieller, Gilbertson and Olbricht (1984a,b) demonstrated 
that skew log Laplace distributions may be used with 
success to describe and analyse particle size distribution 
data. This approach overcame the computational 
problems encountered when attempting to fit log 
hyperbola to this type of data as recommended by 
Bagnold and Barndorff-Nielson (1980). Both of these 
methods are radical departures from the more familiar 
approach developed by Friedman (1961, 1967, 1979a,b). 
This note records the results of a study designed to 
evaluate the general applicability of the "skew log 
Laplace approach". At present, the results of applying 
this new method have only been published from 
relatively "pure" carbonate beach and dunes t¥om 
Oronsay in the Inner Hebrides (Fieller, Gilbertson and 
Olbricht 1984 a,b). The sands of Dawlish Warren (SX 
9878; Kidson, 1964) are more complex in composition, 
textural variety and origin than the Hebridean sands and 
hence provide a good test of the new method. 
The details of sample provenance and analysis are given 
in Pearson (1984). The sands were dry sieved at 0.5 phi 
intervals. Skew log Laplace distributions were fitted to 
the data using the program LAPSKEW. FTN with its 
associated, informal measure of "goodness of fit" 
(Fieller, 1982, Olbricht, 1982) Figure 1 shows a typical 
fit of a skew log Laplace distribution to grain size data 
from a sand dune. The parameters used to define this 
distribution are shown graphically on this figure. 
Formally, the three parameters of the distribution are 
alpha, beta and mu, and are defined, respectively, as the 
reciprocals of the tangents of the acute angles made by 
the two lines with the horizontal axis, and the abscissa of 
their point of intersection. 
The preciseness of fit evidenced in this figure was not 
achieved consistently with the grain size data from beach 
sediments at the Warren. A typical result is shown in 
Figure 2. In comparison with the fitted distributions for 
dune sands at Dawlish Warren shown in Figure 1, or 
either the beach or dune sands from our Hebridean 
studies (see Fieller, Gilbertson and Olbricht 1984a Fig. 3, 
Olbricht 1982), the skew log Laplace distributions could 
not always be fitted with satisfaction to the beach sand 
data from Dawlish Warren. Figure 2 shows that the value 
of alpha,   and  hence also of mu, may be unreliable  

 
 
 
because it depends upon very few data points. On the 
other hand, the suggestion of bimodality evidenced in the 
data may be producing an unreliable estimate of the 
value of beta. 
Figure 3 is a scattergram showing the plots of alpha 
against mu for the beach and dune data from Dawlish 
Warren. It shows the same overall pattern in the 
distribution of beach and dune data on this type of plot as 
evidenced from Oronsay (see Fieller, Gilbertson and 
Olbricht 1984a, Figures 4a-d). This is also true of plots 
alpha against beta and beta against mu. Some 14% of 
beach samples were mis-classified as dune. this is an 
improvement on the level of success obtained usually 
with approaches that derive from the more common 
method of fitting Gaussian distributions to particle size 
data. 
However the clarity of the environmental discrimination 
achieved is less satisfactory than achieved on Oronsay 
and the next stage in the development of this new 
procedure must be to determine the extent to which the 
presence of mixed distributions and the use of a 0.5 phi 
sieve interval are the cause of this feature of the analysis 
(see Flentey 1985). 

 
Figure 1. Skew log Laplace distribution fitted to mass-size data 
points from a dune sample from Dawlish Warren. The 
parameters alpha, beta and mu are defined in the text. 
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Figure 2. Skew log Laplace distribution fitted to mass-size data 
points for a beach sand from Dawlish Warren. 

We are indebted to Mr S.G. Pearson for giving us permission to 
discuss these grain size data from Dawlish Warren. 
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The mineralisation considered in this work falls within an 
area currently being mapped on the 1:10000 scale by the 
British Geological Survey. The geophysical 
investigations reported formed an undergraduate project 
during the summer vacation of 1984. In the district, 
gently dipping breccias, sandstones and subordinate 
mudstones of Permian age lie to the north of a roughly E-
W boundary in contact with folded Carboniferous 
(Namurian) turbidites of the Crackington Formation. The 
area extends from Newton St. Cyres in the west to 
Huxham in the east. 
Manganese deposits were formerly worked at several 
localities in the Permian sedimentary rocks close to the 
boundary With the Carboniferous strata. The ores 
commonly consist of manganite and rhodochrosite with 
some alteration to earthy pyrolusite. Minor amounts of 
barite and kaolinite are present at Upton Pyne where both 
manganite and rhodochrosite have been recorded in well 
crystallized forms. Textures in hand specimens and 
polished sections suggest that the ores formed by 
replacement of the host sediments rather than as fracture 
vein fillings. 
Lead deposits were explored during the 19th century in 
E-W fracture systems formed within the folded 
Carboniferous strata to the south of Newton St. Cyres. 
The ores consist of galena commonly intergrown with 
brown sphalerite in a gangue of quartz and siderite. 
Traces of fluorite and barite are present. 
Geophysical techniques were used to investigate the 
structure of both of the above types of mineralisation and 
the nature of the Permian - Carboniferous boundary 
included electrical resistivity, ground conductivity and 
gamma-ray spectrometi'y. 
N-S resistivity surveys in the vicinity of the lead 
mineralisation failed to indicate E-W anomalies 
consistent with published descriptions of the orebodies 
but suggested the presence of fractures trending NW-SE 
and NNW-SSE respectively. Conductivity and resistivity 
surveys over the Permian - Carboniferous boundary to 

the north of Newton St. Cyres suggest that the contact  
 

there is faulted, but failed to distinguish the form of the 
mineralisation. Gamma-ray surveys in the same area 
proved a small uranium anomaly over the area from 
which manganese was formerly worked just to the north 
of the Permian - Carboniferous boundary. 
Two boreholes at Upton Pyne (SX 9108 9783) and 
Huxham Barton (SX 9474 9773) were drilled by BGS in 
1984 to investigate the southern margin of the Crediton 
Trough. Both were situated near old manganese 
workings. The Upton Pyne borehole proved 5lin of sandy 
breccias in faulted contact with Carboniferous strata: the 
contact dips 40°N. Traces of manganese mineralisation at 
46m depth were found as a small zone of pockets and 
stringers of manganite beneath a series of carbonate - rich 
caliche horizons. The Permian -Carboniferous contact in 
the Huxham borehole showed much less fracturing and 
dips at 33°N: it is probable that the junction is an 
unconformity in this area. 

It appears that the manganese mineralisation is a series of      
small stratiform replacement deposits closely spatially 
related to the E-W margin of the Permian red beds. The 
fact that the deposits are present whether or not'the 
Permian - Carboniferous boundary is faulted suggests 
that the ore forming fluids may have used other pathways 
possibly NW-SE fractures of the type mapped 
throughout the district and demonstrated by geophysical 
surveys in the Newton St. Cyres area. The movement of 
the hydrothermal fluids in such fractures would be 
restricted in the Carboniferous strata and less controlled 
in the more permeable overlying breccias and sandstones, 
where localized replacement orebodies would be formed. 
The caliche horizons identified in the Upton Pyne 
borehole may have restricted the upward movement of 
the ore fluids. 
This contribution is published with the approval of the 
Director, British Geological Survey (N.E.R.C.) 
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