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FASSTHACT

The large negative ma netic Okehaxpton fnomaly,
northwest of the iiartmoor nrianite, and rock s=mplcs from the
same locaelity, were studied to determine tho ciuzz of the
magnetic disturbnances in this area. Mineralogic=:l
pxamnination revecled that the ferromagnetic minoral
pyrrhotite (Fe,S5_) hus been develo ad ir rocks within, and
probabiy beyund, the metanorphic zureole., Magnetic measure-
ments of the rock samples sugrested that the Carboniferous
sediments, not:bly shales, have 3 mean Q value of 3.57.and
that the direction of magnetisation is near ‘horizontal and
reversed. '

Fodels made to dafine tha profilesz across t'c
(lkehampton Anomaly suggezted that the causal body was
cuomposite, dippsed north at 30° and had an undulating surface.
This could be interproted as faulted and folded lLower
Carboniferous rocks uwhich disappe:r north irom thr e»xposed
Meldonr inlier under overlying Uppnr Carboniferous sediments.
The 30° ¢ip of the slabs of magnotised rock is tihe samo as
the dip of the fdom aof the Perms=Carbonifercus ar-nlt: from
which mineralising fluids eman=ztad to- deposit pyrr.otite in
the Lower Carbonifarous sediments. The directi.ns of msynet-
isntion usad in thu models correspond to typical sarly
Permian directionses suggesting that the magnetic properties
of the rock could be attributed to pyrrhotite emplaced at
the time of the granite intrusion.

Comparison with other magnetic amomalies found around
the northern auge of the Dartmoor granite, vhere it b :ts
againgt Carbonifarous sediments, showed that ikis explanation
is tenable elsowhere., It wcs also noted that where pyroclastics
are interbedded with the Carboniferous sediments the anomaly
war the most pronounced. This waz attributec to the abundant
supply of sulphur and iron in tihe volcanics which coldd be a
spurca for pyrrhotite devaeloprent,
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CHAPTER 1

] : WO

1.1 1n§:§dgction

The area of study is a locality in the south-west
of England where there is an extensive wmagnetic anomaly
lying just to the north of the Dartmoor and Bodmin Moor
granites. This anomaly occurs over the southern half
of the mid Devon syncline where carboniferous rocks are
exposed (see Fig. 1;1). The anomaly is elongate with
its long axis running abproximately west-east. Its
southern margin, like the southern limit of the
carboﬁiferous rocks, is deflected northwards by the two
granite masses: Bodmin Moor granite fo the west and
the larger Dartmoor granite to the east. As the overlay
to Fig. 1.1 shows, large local positive anomalies are
found along this éouthern boundary and even larger
negative anomalies flank them to the south. One of
these palrs of anomalies is studied here. It is that
found north-west of the Dartmoor grante, and centred

2 kXm. south-west of Okehampton (see Fig. 1.1).

The Okehampton anomaly, as it is called, was first

located by Bott, Day and Masson-Smith (1958) and it was
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fully defined during the period 1958-59 when the
1:625,000 aeromagnetic map of south-west England was
being made for the Geological Survey. As the overlay
to Fig. 1.1 shows it is a negative anomaly roughly
6 km. by 1.5 km..in size, and peaking at about 2.9 km.
from the granite contact. The positive peak, which

flanks it abproximately 2 km..to the north, 1s smaller
in amplitude. The axes of both anomalies run approx-
imately parallel to the granite cbntact, and, in this
aerial survey, the peak to peak amplitude of these two
related anomalies was measured as 5508. As Fig. 1.1
shows the negative Okehampton Anomaly occurs partly
over the Lower Carboniferous inlier found in that
locality.

This thesis describes the work done to determine

a possible explanation of this major anomaly and the

(0]

winor disturbances to its south-west in terms of the
geology and mineralpgy of the ares. Four traverses
were made using a proton precession magnetometer.

Rock samples were taken from various sites in the area
(see Fig. 1.1), and their magnetic and mineralogical

properties were studied.

. 1.2 IThe general geology of the field area

The regional setting of the field area is shown on
Fig. 1.1y namely the region south-west of Okehambton
in which sites 1, 2 and 3 are found (site 4 is beyond

the main study area). It is located on the southern



flank of the mid Devon syncline where the older rocks
.are exposed as 1lnllers in the Upper Culm Measure
sediments (Culm Measure is a local term synonymous
with Carboniferous). There are s series of these
inliers along the southern margin of the Culm Measures.
They comprise rocks of Upper Devonian and Lower
Carboniferous age. The inlier, known as the Meldon
inlier, and situated 2 km. south-west of Okehampton,
is of specisl interest here as it roughly coincides
with the Okehampton Anomaly. The Meldon inlier is
| shown in more detail in Fig. 1.2. It is the northern-
most inlier, running from the Sticklepsth fault,
through Meldon, to Bridestowe.

Even.though early workers (De 1a Beche, 1839,
Sedgwick and Murchison, 1840, Ussher, 1893, 1900, 1901)
made great contributions to the study of the Culm
Measures and introduced their own classifications, the
lithostratigraphic succession used here will bélthat
.described by Dearman and Butcher (1959), but the nomen-
clature is that used by the 1.G.S. (Edmonds et al,
1968) (see Table 1.1).

The oldest of these formations is the Meldon
Slate-with-lenticles Formation. This formation is a
meaber of the Transition Series which straddles the
boundary between Devonian and Carboniferous being part
Famennian and part Tournaisian in age. The formation

consists of alternations of dark brown slates and
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Table 1.1: Lithostratigravhic Senuence of the Rocks in Meldon Area
(Stratigraphy after Dearman and Butechner, 1959,
nomenclature after Edmonds et al, 1968)

Crackington Formation - shales and turbidite sandstones

(top not exposed in this locality)

nformity N .

. (limestones
Meldon Chert Formation (interbedded black shales and radiolarisn cherts
(74 m.) (strata limestones
(interlaminated shale and quartzite
: - (voleanics
Meldon Slate and Quartzite Formation (massively bedded tlack shales
: : (164 m.) (thinly bedded white and brown

.

( slaty quartzites
(black chiastolite shales

" Upper
. Carboniferous
o
<
D
/7]
o
=3
Loewer
Carbon-
iferous
[
[4v]
o
w0
i
[+
=
o
°
&
o
- [ c
Devonian g
' c
[0}
=]
(=2
| &=

unco

nformity

Meldon Slate with Lenticles Formation - alternations of dark brown slates
(thickness unknown) : and thinly bedded or lenticular
coarse green siltstones




thinly bedded or lenticular coarse green siltstones.

Overlying these rocks are the Meldon Slate-and-
Quartzite and Meldon Chert Formations which are both
Lower Carboniferous in agej; the latter being the
younger.

The Meldon Slate-and-Quartzite Formation can be
divided into five main units, listed below, with the
youngest bed at the top:-

70' (22 m.) interlaminated shales and
Quartzites

200' (62 m.) volcanics
130' (40 m.) 1uassively bedded black shales

45' (14 m.) +thinly bedded white and brown
slaty quartzites

85' (26 m.) black chiastolite shales
Of particular note is the volcanic group, as it forms
a prominent horizon and is known to be magnetic (Beer'
and Fenning, 1976). It consists of pyroclastic rocks,
notably tuffs and spilitic agglomerates. They were
all laid down under marine conditions and may be |
graded or cross laminated. The volcanic group
decreases 1n thickness in all directions from the
Meldon centre.

There are three divisions in the Meldon Chert
Formation making up a total thickness of 240' (7% m.).
The list below puts the youngest rock at the top:-

20" (6 m.) limestones

120' (37 m.) interbedded black shales and
radiolarian cherts

100' (31 m.) straté limestones



The strata limestones can pass laterally into cherts’

and the radiolarian cherts into black calcareous

shales. This suggests that the varlous rocks are

lenticular deposits as does the fact that there is

a sporadic distribution of limestone in the area.
The inlier is surrounded by rocks which are

Upper Carboniferous in age. They are the shales

and turbidite sandstones of the Crackington

Formation. They are fairly uniform in composltion,

although zones of fron nodules have been found. One

such zone was exposed during house constructions
near the A30 at Bridestowe (site 1 on Fig. 1.1). As
Table 1.1 shows there is a gap in the stratigraphic
sequence between these rocks and the udderlying
Lower Carboniferous and Transition Series sediuents
which make up the Meldon inlier.

Fig. 1.2 shows a more detailed map of north-
west Dartmoor, compiled by Dearman and Butcher (1959).
The field area is in the north-west quarter and the
Meldon inlier is that stretching from the Sticklepath
fault west, through Meldon, to Bridestowe. Further
soutﬁ there are two-other inliers; the Lydford inlier
and the Petertavy inlier. The stratigrgphy of these
. inliers 1s similar to that of the Meldon inlier, except
that volcanics can be found in horizons other than the
' Slate-and-Quartzite'Formation. As Fig. 1.2 showsy
volcanics are found in the Chert Formation near

Petertavy.
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The outcrop at Meldon is the most complicated but

this is a structural feature and not related to any

major differences in lithology.

In fact, all the

inliers of Transition Series and Lower Carboniferous

rocks which outcrop along the southern margin of the

Culm Measures (see Fig. 1.1) have a similar lithology. -

Edmonds (1974) compared several inliers and noted the

following sequence:-

Ceneral name
of formation in

Stratiggaphic the region N-W Rock Type
of the Dartmoor
granite

Middle and Chert Shale and cherts

Upper Visean Formation (limestones, volcanics)
Tournaisian- Slate-and- Shales

Visean Quartzite (volecanics, quartzites)

formation
Femennian- Slate-wilth- Shales
Tournaisian Lenticles (siltstones and
Formation siliceous, earthy or

calcareous lenses)

The rocks in brackets are not ubiquitous

The names of the three formations change from inlier to

inlier.

Usually only the place name changes such as

the Meldon Chert Formation becoming the Watervale Chert

Formation when it is exposed in the Lydford inlier (see

Fig. 1.2), and, similarly, rocks of comparable age,
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exposed north of the Bodmin Moor granite are known as
rocks of the Fire Beacon Chert Formation.

The table above shows that the predominant rock
type is shale and that the sediments become more
_éalcareous up the sequence. It also shows that
volcanics are found throughout the Upper Tournaisian

and Visean.

1.2(1 Igneous Rocks

The most prominent igneous rock in the Meldon
district 1s the Dartmoor granite which is the 1afgest
and most eastern batholith of a chain whichlstretches
across Devon and Cornwall. It consists of ftwo main
types of granite; a highly porphyritic variety referred
to as giant granite (Brammall and Harwood, 1923), 'G'

(Osman, 1924) or big feldspar granite (Edmonds et al,

'—J

968), and a non porphyritic rock known as blue granite

ammall and Harwood, 1923), 'Gl' {(Oswond, 1924) or

)

(Br

A

poorly megacrystic granite (Edmonds et al, 1968).
The blue granite is a medium grained, hypidio-

morphic quartz-feldspar-biotite rock which contains
scattered crystals of feldspar and quartz which make
up less than 5% of the rock and are nérmally less than
: éS mm. in length. This granite is overlain by the

big feldspar éranite which is considered to be a
marginal facies and.shows abundant evidence of con-
tamination by country rocks. It has a similar

composition to the underlying granite but the feldspar
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megacrysts are better developed, being over 25 mm. in
length and taking up.more than 5% of the rock. TIn
the Okehampton area 70% of the granite is the big
feldspar variety. Fine grained variants of this rock
occur as minor intrusions as do a variety of aplites.
These cut across both types of granite and belong.to
a distinet and later period of intrusive activity.

Many authors, of whom Ussher (1888) was the first,
suggested that the Dartmoor granite was an asymmetrical
laccolith with a flat body intruded northwards from a
feeder further south. The gravity survey, conducted by
Bott, Day and Masson-Smith (1958), also suggested this
mode of intrusion. Interpretations based on this |
gravity survey indicated that the granite confact'is

steep along its southern, eastern and nofthern contacté

"

while there is a more gentl

> di long the western

[¢})

»
o]

¢

margin. Field evidence shows that the contact dips
outwards at 20°-30° in the Okehampton region, and
becomes steeper to the east (Edmonds et al, 1968);
Field evidence_also indicates that the granite is
post Culm Measure but pre Permian red beds (Edmonds
et al, 1968). This was confirmed using K-Ar age
dating (Miller and Mohr, 1964) which put its age of
intrusion at about 280 M.Y., which is early Permian.
Dolerites and volcanics are the other igneous
rocks foun& in the érea. The pyroclastics, marked as

volcanics on Fig. 1.2,'ma1nly comprise the tuffs and



agglomerates of Shale-and-Quartzite Formation, although
they can be found in association with Chert Formation
rocks in the Petertavy inlier (see Fig. 1.2). The
dolerites are only found in the Lower Culm Measure
rocks in the Meldon district while, further south, near:
Petertavy, they are found as intrusions in Upper Culm
Measure rocks.

1.3 Metamorphism, mineralisation and magnetism
of the Culm Measures at Meldon

Fig. 1.2 shows that the Meldon inlier, as well
as the eastern ends of those inliers further south, is

within the metamorphic aureole of the Dartmoor granite,
which has a maximum width of 2 km. (Geological Survey
Map No. 324) alﬁhough Dearman and Butcher (19595 believe
that it is as narrow as 1500 ft. (462 w.).
The thermal metamorphism of the Dartmoor
caused an internal rearrangement of constituent elements
of the country rock in the presence of hydrous fluids
derived from the magma. However these changes aré often
masked by metasomatic changes which probably occurred
later (Dearman and Butcher, 1959). There is evidence
of this metasomatic change in both the granite and
country rocks. Stone and Austin (1961) noted that
K-feldspar megacrysts were developed across the
boundaries of aplites'and xenoliths in the granite and
suggested that this.was a result of late stage potash

- metasomatism. In the country rock examples of late-

12,



stage metasomatism include the development of biotite-
(potash metasomatism) in some dolerites, and tourmaline
and aximite (boron metasomatism) in some sedimentary
hornfelses (Edmonds et al, 1968).

The degree of thermal metamorphism decreases'away '
from the granite so at the outer edge of the metamorphic
aureole, which corresponds to the northern contact of
the Meldon inlier, the sediments only show a mild
induration. Nearer to the‘granite they become harder
and spotting occurs, while very close to the granite
hornfelses are developed. These hornfelses ére mainly
restricted to the Upper Culm Measure sediments which
outcrop between the granite and the Meldon inlier, but
they do occur in the inlier itself.

Altered argillacedus rocks give rise to quartz-
biotite-cordierite hornfelses in thc Upper Culm Measure
rocks found between the granite and the inlier. BRBioctite
continues to be develobed in shales, located further
from the granite and which are not hornfelsed. Tﬁe'
sﬁales of the Transition Series (Slate-with-lenticles
'Formation) can form brown biotite rich bands which
simulate calc-flinta. True calc-flintas, or fine
gralned calc-silicate hornfelses, are the aLteratiqn
product of cherts and calcareous siltstones, pfiharily
" from the Chert Formation (Dearman and Butcher, 1959).
Little or no biotite is developed in the sand-

stones and siltstones, but muscovite and quartz with

13.
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. some chlorite, andalusite or cordierite may be found.
The sandstones and siltstones of the Crackington
Formation rocks adjacent to the granite are the most
affected and boron metasomatism, giving rise to the
development of tourmaline, has occurred in these rocks.
- The cherts and limestones of the Chert Formation
' have been the most affected by thermal metamorphism and
metasomatism. As has been mentioned above; calc-flintas
are a common alteration product, though pure limestone
near the southern margin of the inlier has been con-
verted to marble (Dearman and Butcher, 1959). Pyrrhotite
i1s a common accessory constituent and probably resulted
‘from the alteration of pyrite originally contained in
these rocks (Edmonds et al, 1968). Pyrrhotite is also

. found as an accessory mineral in the calc-silicate

assemblages which are bhelieved to be the 5lt 1 -

+~d
Ll

ja il
[a]

~
T

(]

product of cherts. Edmonds et al (1968) suggest that
during metamorphism, calcium, aluminium, iron and
magnesium tended to migrate from éalcareous and
argillaceous horizons into the cherty bands interbedded
with them. However the samples studied by Cornwell
(1967) and Beer and Fenning (1976) show that pyrrhotite
development is not restricted to the Chert Formation
cherts and limestones as. it was found in shales and
-sandstones. It is not uncommon for this mineral to be
developed in thermaily metamorphosed black shales or

other rocks rich in iron and sulphur (Harbord, 1962),



but it seems that the pyrrhotite development in these

shales is largely the result of metasomatism rather than
the thermal metamorphic alteration of detrital iron
sulphide, such as has occurred in the cherts. This
metalliferous metasomatism within the wetamorphic

aureole was followed by later hydrothermal veining in

~ both granite and country rock for a distance of up to

k.5 miles (7 km.) from the granite contact (Edmonds
et al, 1968).

From the point of view of the present study the
development of pyrrhotite is important as it 1s a
magnetic mineral. Beer and Fenning (1976) noted that
the rocks exposed along the margins of the inlier tended
to have a significant magnetisation. As Fig. 1.2 shows
the outermost rocks largely comprise those of the Chert
Formation and it has been shown (Edmonds et al, 1968)

that the magnetic mineral pyrrhotite is often developed

as an accessory mineral in the metamorphosed cherts and -

linmestones of this formation. Another group of rocks
near to the margins of the Meldon inlier are the
volcanics of the Slate-and-Quartzite lormation. These
fo}m a pronounced magnetic horizon, but this is probably
the result of a high magnetite content, though
pyrrhotite does occur (Edmonds et al, 1968).

Even though the volcanics and rocks of the Chert
Formation fofm prominent magnetic horizons the wide-
spread distribution of pyrrhotite ensurés that many of

the rocks within 7 kw. of the granite contact have a

1.



significant magnetisation. The following extract from
the Okehampton Memoir (Edmonds et al, 1968) describes
the distribution of this mineral:-
"Of the metalliferous minernls seen st the
surface, pyrrhotite is the most widespread
gnd also the most abundant. It occurs
chiefly in finely disseminated form in
calc-silicate, limestone, sandstone and
argillaceous or silty argillaceous beds.
Locally it may account for up to 5 or 6
per cent of these rock types. In the

harder chert, dolerite and volcanic
horizons, the mineral is more commonly

developed in veins and along joints.

Disseminated crystals of pyrrhotite do

appear in these rocks, however, and in

dolerites this sulphide locally replaces

ilmenite.”

In summary 1t seems that pyrrhotite can be developed
in one of two ways; as the thermally altered product
of detrital sulphides or metasomatically emplacéd as a
disseminated or vein mineral. It is confined to the
metamorphic surecle unless it is formed as a vein
mineral when 1t can be found at distances as great as
7 km. from the granite contact. The significant values ™ -
for the magnetisation measured in some of the Culm |
Measure rocks within the metamorphic aureole of the
Dartmoor granite have been attribﬁted to this mineral
(Cornwell, 1967, Edmonds et al, 1968, Beer and Fenning,.
1976) though it is less likely to be responsible fér the

magnetic properties of the volcanics and dolerites. In

fact, the behaviour of the dolerites in the area is

anomalous as they have a mean magnetisation less than

that for dolerites found elsewhere (Creer, 1966).
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1.4 Structure

The structure in the Meldon district is illustrated
in Fig. 1.3. This shows that the Meldon inlier is
essentially a faulted anticlinal structure, which has a
| complewentary syncline to the south. The fold (Fig.
1.3(a)), or folds where several have been developed
(Fig. 1.3(b)) have straight limbs and turn sharply.
The normal and inverted limbs of these recumbent folds
dip north at 30° and 60° respectively. The axial plane
faces south and dips at 45°. This structure of zig-zag

folds is further complicated with various types of
faulting.

The faulted anticline, or anticlines, which make
up the Meldon inlier, are some of the many recumbent

folds which form part of the southern flank of the
n Devon syn ne. As will be discusse a , severel
explanations of their formation have been suggested,
such as variation in strain from north to south;.or that -
these folds are superimposed on a3 major_overfold formed
before the granite was intruded.

The smaller folds are overturned and dip north.
They are found in a belt which stretches from just east
of the Sticklépath fault west-south-west to the coast
at Efford Cliff (SX 2200 -1060)(Sanderson and Dearman,
1973). The amplitude_and wavelength of the major fold
at Meldon has been shown (Dearman, 1969) to be of the
same order of magnitude as the folds at Sticklepath
and Efford Cliff.
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A

(a) Profile roughly coincides with part of Line 3

Noxrth . South

B!

) 50m

(b) Profile roughly coincides with part of Line 5

Crackington Formation

Chert Formation

_f Slate~and-Quartzite. Formation

v .
o volcanics

}:: Slate-with-Lenticles Formation

Thre e
224 Granite Dolerite
/7
7/ Fault

Fig. 1.3 showing cross-sections through the Meldon inlier -
marked on the map on Fig. 1.2 as (a) AA' and (b) BB' (after
Dearman and Butcher, 1959).
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¢
(a) Thrust model (after Edmonds et al, 1968)

C.F. Crackington Formation

Lower Culm Measures (Lower Carbohiferous)
B Basement
- Boundary of Granite (intruded later)

Fig, 1.4 Tiagrams showing the possible sructure in
tne Okehampton region. :



20.

Half wove length - amplitude
Meldon 1.5 km. 0.9 kin.
Sticklepath 2.5 km. 0.5 km.
Efford Cliff variable 0.5 km.

(mean ~2.9 km.)

The easterly trending ridges of the Chert Formation
between Dartmoor and Launceston (see Fig. 1.2) have
similar periodicity, though no estimates of the
amplitude had been made in 1969.

Further south, in a zone which stretches from
Lydford to Tintagel (Fig. 1.1) the folds have a
different style (Sanderson and Dearman, 1973). They
" still trend approximately west-east but they are
recumbent rather than overturned. This change in fold

inclination can be explained (Edmonds et al, 1968)

in terms of a major overfold. This overfold was caused
when basement rocks were thrust northwards under the
southern limb 6f the mid-Devon syncline. As Fig. l.4(a) -
shows, the Culm Measure rocks were overturned on this
basement slab and minor folds were developed within
them. Larger folds were developed in the Lower
.Carboniferous rocks than in the overlying incompetent -
Upper Culm Measure Crackington Formation. The north-
south-change in dip of the axial planes from recumbént
to overturned 1s.then'explained, since their inclina-
'tion is determined by the dip of the major fold on-
which they are superimposed. Fig. 1l.4(a) illustrates
this point.



However, Sanderson and Dearman (1973) sdggest that
this explanation is not tenable, as the transition from
upright to recumbent folding can be explained in terms
of strain increase from north to south. And Selwood
and McCourt (1973), even though they proffer no
explanation of how the Meldon anticline formed, argue
that "the change from overturned to close recumbent
folds observed west of Dartmoor nced not be assoclated
with underthrusting or any special mechanism: it need
only signal the passage into 3 synclinal fold zone'".
Thils suggests that the Meldon folds form part of the
southern flank of the mid-Devon syncline. As it dips
more steeply to the north, so do the axial planes of the
smaller folds (see Fig. 1.4(b)).

Either of these interpretations could be used to
explain the geology between Bridestowe and Tavistock
(see Fig. 1.2). The ridges of the Chert Formation
rocks are the remains of synclines separated by anti-
clines which bring the older Slate-with-Lenticles
Formation to be eiposed'(Dearman, 1969). These folds
have wavelengths of the same order of magnitude as
those in the zone which runs from the Sticklepath fault
to the west Devon coast (Dearman, 1969).

It is worth noting that both strucéural intef-
pretations suggest that a series of recumbent folds in
the Lower Culm Measures continue northwards under the
Crackington Formation rocks and become progressively

deeper. Also, if they possess the same characteristics
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as those exposed at the surface, they will have a half
wave-length of 2.5 km. and an amplitude of 0.5 km.
However, to describe the structure of the Carbon-
iferous rocks north and west of the Dartmoor granite in
. terms of folding alone is to oversimplify the situation.
In the Meldon area three types of faulting have been
observed (Dearman and Butcher, 1959):-
(1) strike faults along the bedding
(i1) normal faults parallel to the steep
inverted bedding
(111) reverse faults foliowing the angle of
the bedding in the normsl 1imbs of
the folds
These faults have elongated the anticline (Dearman,
1968) giving the rocks a structure like a pack of once
vertical playling cards which have been tilted to the
south and slipped. The faults tend to dip at angles
of 30° and 60° to the north since they follow the
-bedding of the normal and inverted limbs. Fig. 1.3:
illustrates the way in which the faults alter the
apparent shape of the anticline so that it appears-to
dip less steeply to the north. The normal faulting
could provide.another mechanism by which Lower
Carboniferous rock can be found at progressively greater
depths to the north under the Crackington Formation.’
Alternatively, reverse faulting such as that shown in
Fig. 1.3(b) may ensure that Lower Carboniferous rocks

are kept near to the surface.
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In summary)then)the structure in the Meldon
district can be described in terms of a faulted anti-
cline flanked to the south by a syncline which is
truncated by the granite (see Fig. 1.3). It is believed
(Dearman and Butcher, 1959, Freshey and Taylor, 1971,
Sanderson and Dearman, 1973, Hobson and Sanderson, 1975)
thaf'the rocks which form the Meldon inlier continue
north under the Crackington Formation rocks as well as
.to the south where they outcrop as inliers (see Fig.
1.2). The concealed Lower Carboniferous rocks which
continue north may form a series of ever deepening
folds (see Fig. 1l.4) though faulting, such as that
seen at Meldon, may bring certain rocks up near the

surface, or place others at greater depths.

1.5 Previous geophysical investigation.
The first relevént geophysical work to be done in

the Cornubian peninsula was carried out in 1536 when
-Bullard and Jolly made a number of pendulum gravity
measurements in Devon and Cornwall using a pendulum
gravimeter. Then, in 1958, Bott, Day and Masson-Smith
used a Worden gravimeter to make a compréhensive gravity
map of Cornubia. This shows a belt of negative anomalies
which follpws the line of the granite chain. The.
gravitynlows are hore,mafked over the exposed granites.
but their persistence in the intervening areas suggests
that the granites are connected at depth - an idea

first put forward by Murchison and Sedgewick in 1840 to

ekplain the continulty of mineralisation between batholiths.



The Dartmoor granite is the largest and most eastern
bétholith. On the basis of a gravity interpretation its
northern contact is thought to dip at an angle in
the range 40-75° and descend to a depth of at least
10 km. This is for a density contrast of 0.16 g.cm.”3
between the granite and the denser Culm Measures (Bott,
Day and Masson-Smith, 1958). 1In the Okehampton area
the contact is thought to dip at 20-30° near the surface
(Edmonds et al, 1968). The gravity map shows that the
negative anomaly caused by the granite has a gently
sloping northern edge and that no other gravity
disturbances have been detected in the ares.

As well as conducting a gravity =  survey Bott,
Day and Masson-Smith (1958) made some exploratory |
magnetic traverses using vertical field magnetometers.
The main feature observed was that the magnetic field
north of the line of granites was much higher than that
over the granite or the rocks to its south. Along the -~
course delineating the qorthern limit of the gravity
low very 1arge.local negative magnetic anomalies were
found, flanked to their north by a belt of positive
magnetic anomalies. It was sgggested that the main
positive snomaly (see overlay to Fig.l.l) was caused
by highiy polarised rocks beneath the Carboniferous
sediments which dwindle northwards, or basement meta-
_morphics brought ngérer to the surface as a result of

Hercynian thrusting in this region. No suggestions
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were put forwérd as to the.cause of the local negative
anomalies.

The fact that the junction between the gravity lows
and gravity highs roughly coincides with the line of
granites supports the idea that the cupolas.are connected
at depth. It also suggests that the magnetic features
found along.this line are associated with the contact
between the granite and the more magnétic country rock
to the north. The broad regional change from persistent
low to persistent high (see overlsy to Fig. 1.1)
.suggesté that the polarisation contrasts go down -to
great depths. 'No combarable contrast is found south of
the granite, indicating thaﬁ_the magnetic properties of
the rocks found in south Devon are similar to the
granite. _

In 1965 the Geologiecal Survey published an
aeromagnetic map of Cornubia (scale 1:625,000). An airbowrne
fluxgate wagnetometer had been used. This insffument
_measures the tdtal magnetic field so the.survey was
the first total field survey of the area. No largé,
scale interpretation was done but the survey did _
confirm the findings of Bott, Day and Masson-Smith (1958)
and showed the magnetic anomallies in greater detail and
exteﬂt. Part of this map is shown on the overlay to
Fig. 1.1.

Using this aeromagnetic data and supplementary

ground measurements, made by the Geophysical Department

of the Geological Survey in 1963/64, using a proton



precession magnetometer, an interpretation of fthe
anomalies encircling the northern edge of the Dartmoor
granite was attempted (Edmonds et al, 1968). The
conclusion reached was that concealed, but near surface
bodies, probably igneous intrusions, situasted directly
under the anomaly, 2.5 km. to the north of the granite
éontact)caused the large negative anomalies. The
Okehampton Anomaly was found to have a peak to peak
anomaly of 550¥. Using the graphical method of
Bruckshaw and Kunaratnam (1963), this body was esti-
mated at being at a depth of 150-250 feet (46-81 m.),
but no estimation of the width was recorded. From the
fact that the negative anomaly is positioned south of
the positive peak it was assumed that the causal body

was reversely magnetised. THgI.G.S. found that more

.definitive interpretation Proved difficult as most methods then.

available 4ssumed that magnetisation arose purely
from induction 1n the earth's field.

To accompany this work the Geélogical Survey
(Edmonds et al, 1968) measured the susceptibility of
a number of rock samples taken from the Meldon area.
" The results are shown in Table l.2. It was noted that
the values of the susceptibility of the granite were
low and uniform, thus accounting for the low magnetic
field,and'lack of relief on the aeromagnetic map,

across the granite éxposure. By contrast, the measure-

ments made for the samples of Culm Measure rocks taken

26.



Table 1.2

27.

howing the localities and susceptibilities
of a number of rock samples taken by the
Institute of Geological Sciences in order

! 1ire_their magnetic or rtie
(Edmonds et al, 1968)

s Range of
Rock Type Locality Zgzgiﬁégﬁ ﬁuscepzigi%%£¥
K x 10°° urfits)
Granite Dartmoor 13 7-18
Albite- Sourton Tors 2 5l
dolerite (near
- Bridestowe)
Meldon 2 110-234%

Pyrrhotite- Meldon 1 13500

bearing

calc-silicate

hornfels
Carboniferous | Various 16 7-380
(Culm Measure)

sediments

from within

the meta--
. morphic

aureole
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from the metamorphic aureole, were varied, ranging from
7;380 x 10-6 C.g.S. units. On closer examin-
ation it proved that those samples with the highest
suscéptibility contalned the magnetic iron sulphide
pyrrhotite. This mineral was also present in the

sample with the highest susceptibility: the pyrrhotite-
bearing calc-silicate hornfels. The tﬁelve samples of
Carboniferous éediment which did not contain pyrrhotite
had a range of susceptibility of 7-39 x 10'6c.g.s. (88-‘1—90x10-6
S.I. units). Apart from the pyrrhotite bearing calec-
silicate hornfels the only other rocks with high
susceptibility were some of the albite dolerifes.

The Geologlical Survey (Fenning, in Edmonds et al,
1968) concluded that the uniform nature and large aresal
extent of the anomalies made the possibility of their
arising from mineralisation within the Culm Measure
rocks - extremely unlikely. He suggested that the major
anomalies were caused by igneous rock such as.dolerite,
with the smaller features, detected only on the ground
traverses, being due either to pyrrhotite mineralisation
or to the dolerite intrusions in the Lower Carboniferous.

More detailed work was done on the magnetic
properties of the Carboniferous rocks outcropping at
Meldon (Cornwell, 1967) and at Sourton Tors, south of
Bridestowe (Beer and Fenning, 1967). A similar con-
‘clusion was reached in both areas, that the large local

magnetic anomalies were caused by pyrrhotite which had

deﬁelbped in the rocks as a result of late stage
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metasomatic activity associated with the intrusion of
the Dartmoor granite. Cornwell (1967) noted that even
though thgre was considerable scatter in the direction
of the magnetisation of these rocks its mean was
comparable with that measured in early Permian rocks
found elsewhere, again suggesting that the pyrrhotite
mineralisation was the same age as the granite. Beer
and Fenning (1976) describe both vein and disseminated
pyrrhotite in their samples suggesting that it has
developed in more than one way. lThe disseminated
crystals could be the product of thermsal metamorphism
of detrital sulphides or a result of metasomatisﬁ. The-
veln wineral is definitely metasomatic and was probably
a late stage hydrothermal emplacement (see Edmonds et
al, 1968, p. 131).

Work wés also done on the magnetic properties of
igneous rocks of Carboniferous age which outcrop in
- south-west England. Creer (1966).noted that dolerites ~
of this age tended to have a lower magnetisation, often
reduced by one order of magnitude, than that for
dolerites found elsewhere. The magnetisation of a
highly magnetic rock such as dolerite mainly comprises
" the remanent compoﬁent so the unusually low value for
the magnetisation is probably a result of a much reduced
remanent magnetiéation. This was thought to have been’
caused by a widespreéd remagnetisation during the esrly

Permisn (Chalmalaun and Creer, 1964, Creer, 1966).
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More recently, in 1969, the 1.G.S. put down a
borehole at Wilsey Down, located on Fig. 1.1 (borehole
log unpublished and a brief account in the Boscastle
and ﬁol&mrﬁhy Memoir, McKeown et al, 1973). The object
of doing this was to confirm the stratigraphy and
structure deduced from surface outcrops and to discover
the source of the strong negative magnetic anomaly |
located in that area. As the overlay to Fig. 1.1 shows,
this negative anomaly is similar to the one situated
at Okehampton, so the conclusions reached here way help
in interpreting the Okehampton Anomaly. Beneath 250 ft.
(78 m.) of shales, siltstones and turbidite sandstones
of the Crackington Formation the borehole encouﬁtered
shales and limestones similar to those of the Meldon
~ Chert, Formation. These heds were pyrrhotite enriched.
between 250 and 850 ft. (78 and 262 m.) and were thought
to be the cause of at least part of the magnetic
anomaly. The pyrrhotite found in the Wilsey Down bore-
hole differs from that found by the Geological Survey
(1968, 1976) or Cornwell (1967) in the Meldon samples
in that it was bedded and found outside the metamorphic
aureole. The pyrrhotite 1s thought (Beer and Scrivenor,
personal communication) to have developed when the |
sediments were still unconsolidated. It is found in
the shales but is always- near a calcareous horizon .
(unpublished-I.G.S. borehole log). Greenstone bands
.and tuffs are found throughout the calcareous sequence,

and it has been suggested (Scrivenor, personal
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communication) that these igneous rocks could have been
contemporary volcanics whose solutions provided the Fe,
S and possibly Ni for the pyrrhotite development.

The geophysical work to date falls into two schools
of'thought; that the magnetic anomalies are caused by
igneous bodies such as dolerites or that mineralisation,
in the form of pyrrhotite development, is the main
contributing factor. However, there does seem to be one
point.of agreement in that the short wavelength anomalies
only detectable along ground traverses, and superimposed
. on the major anomalies, are thought to be caused by near.

surface mineralisation, largely confined to the meta-

morphic aureole.
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CHAPTER_2
DATA ACQUISITION AND RBEDUCTION

2.1 Introduction

This chapter describes the acquisition and reduction
of data. These include the ground magnetic readings
defining six profiles across magnetic anomalies north-
west of the Dartmoor granite. Rock samples for deter-
mination of magnetic and mineralogical properties were
also collected but their treatment will be considered in
Chapter 3.

The magnetic anomaly of particular interest is fhat
definéd on the 1:250,000'aeromagnetic map (see overlay
ﬁp Fig. h;l) as the Okehampton Anomaly - named after

the principal town in that area.

2.2 Data Acquisition
The data for_the groﬁnd traverses were collected

in October 1977. Six traverses were umade across or near

to the dkehampton anomaly. They ran along lines joining
the following pairs of grid references:

line 1: SX 2535 0870

. line 2: SX 2558 0871

line 3: SX 2579 0864

line 4: 8SX 2599 0860

'8X 2516 0905
-sx 2531 0922
SX 2520 0953
SX 25k 0930



line 5: SX 2589 0900 -- SX 2552 0969
line 6: SX 2600 0930 -- SX 2565 0970

The instrument used to make the measurements was

3.

a GeoMetrics p'ortable' precession magnetometer model G-81b,which

measures the total field intensity read out in gamma on
a digital dl'SPhg.

Position fixing in the field was done in one of .
two ways. As 1:10,560 Ordnance Survey maps were used,
it was possible, when near buildings, or in fields, to
locatie position relative to suitable land marks,
estimating distanges by paciﬁg. This was imboSsible on
Dartmoor so continual back bearings were made to locate -
-position. | |

The time at which each reading was taken was
recorded, and the height was estimated from the contour
map. A local base station.was established near Meldon

village at SX 2565 0923. Since sections from different

AN

- lines were often measured in the same day a base station
reading was obtained before and after each set of |
readings was made. When it took an entire day to
measure a section it was not always possible to take a
base station reading during the day. Continuous reading
magnetometers are installed at Hartland Magnetic
Obsé{j;iO:&T—near Bideford, 40 km. north-east of the
area (see Fig. 1.1); and the records from these instru-
ments were obtained so that correctioné for diurnal

variation could be made.
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2.3 Data Reduction

Tbe field data wure processed to reﬁove ﬁhe gffects of
diurnal variation. The I.G.R.F. was calculated for the aroa,
and was Lhen subtracted from the field data and the residual
taken to he the anomaly. This was done using thn program
INTERPOL (see Appendix Bj which calls the subroutine I.G.R.F.
This subroutine w2z compiled by Dr. G.K. Wastbrook at Durh;m
University From.a program GUppliGQ'by'thc I.G.5. (ref. 1.A.G.A.
'study sroup, 1976). The lI.C.R.F. value was computed for
certzin points along ~ach travurse and fhe values for inter-~
vening points urre calculat:id by linear interpolation. -

In order to calculate the diurncl variation the rssults
_from iHartlend Magnetic Observatory wore studied. These were
¢initised using = diﬁitising table a2fAd the results fed into
CREA!OM (see Appendix B). This prooram calculates the mean
v:.lue of both the vertical and hurilzontal comconoente of the

magnetic field, as msusur

Q@

¢ at Hartland, and subtracts tiiis
value from each reading to produce the vertical_and horizontal
anomalies. Interpolating between these velues dZ and dH were
ealculated for sach point in time at which a rsading Qas"
taken in the {ittld., Ths total anomaly, dfF, was then calculated:
dfF = dil.cosl + dZ.cosl!, where I is the angle of inclination of
ti:n earth's maunetic field.  df was then subtracted from the
l.Gst.Fe corrected anomaly which had been computod using
-INTERPOL. Fig. 2.1 shows the plot of a profile before and
after corrections for diurnal variation were made.

Figs. 4.2 to 4,7 giow thot tha topoqrabhy is rugned :nd

C'n Viry ouer a range as preat as 421.6 m. (line 4).
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The orininal intontion had buen to upward continue the
ground data to a height of 500 .ft. (167 m.) so thct thuy
could be directly compared with profiles alony the sume lines
taken from the unpublishad 1:25,000 I1.G.S. aeromagnetic map,
.Flpwn at that heoight. As this was not possible the ~round
profiles were compared with the aericzl dnata. Figs. 4.2 to
4,7 show boath types of profile as wnll as the terrcin and
geology.

Even tﬁoqgh the nround and aérial profiles display
similar features they diffecr in two respects, Firstly the
$ain peaks and troughs on the ground profiles have ggaater
amplitudes, as would be expected, byt, superimposed on these
are large amplitude magnet%c disturbancaes wiiich have too
short a wavelength to enable the& to be detwected from the
air. The fact that the two types -of profile are similar,
except that gréatsr &atail ie displaysd on the nround
travérées, ghous that tﬁey dascribé the same features, and
tﬁﬂt the major anomaly shown on the gfound travirses is the

Okshampton Anomaly.
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CHAPTER

THE MAGNETIC PROPERTIE HE ROC

3.1 Introduction

Rock samples for determination of the magnetic and
mineralogical properties were taken from four different -
localities; at Meldon Quarry (SX 2570 0925) and from
. three sites outside the metamorphic aureole - Aggetts
Quarry (SX 2594 0961), a building site near the A30
(SX 2519 0900) and near Meldon village (SX 2562 0928).
Samples of shale and sandstone of the Upper Carboniferous
Crackington Formation were taken from the fihree sites
outside the metsmorphic sureole (Fig. 1.1). The sampleé
from Meldon Quarry coﬁsist of a variety of Lower
Carboniferous shales, cherts and meta-igneous rocks
(notably baked tuffs) froﬁ the Slate-with-Lenticles,
Slate-and;Quartzite and Chert Formations.

A preliminary sampling was carried out in October
1977, and a more specific collection was made in April
1978, when further samples were collected from Meldon
Quarry. The sites from which the second set of éamples
were taken are shown in Fig. 3.1. The sampling method

required that the orientation of the rocks relative to



Fig, 3.1 Table listing the sites in Meldon Quarry
at which samples were taken in_April 1978

Collection Site

New Stone Area
Stone Area 1
Stone Area 2

Stone Areé 4

Sample Number

M601, M602, M603

.~M800

M101, M102, -M103, M104
M901, M904, M905




MELOON QUARRY

collection sites ®

92

part of line &
4

Fig.. 3.1 Map showing the collection sites in Meldon Quarry



the magnetic north, and to the dip of the strata, was
determined. When the samples had been suitably marked
with orientated arrows they were removed, using a .

hammer.

The samples were prepared at the Physics Depsrtment,

Newcastle University, by drilling one or more 1" cores
from each sample. These cores were then cut into 1"
lengths. When a sample was tbo small to perhit coring,
a specimen was cut as near as possible to a 1" cube.
Some of the.1977 collection were undersized, and the
variation in speciwen size produced errors when the
‘magnefic measurements were made.

The measurement of the magnetic properties was
also done at Newcastle under the supervision of Dr.
" D. H. Tarling. The magnetic suéceptibility was.
‘-measured using a susceptibility bridge (Collinson,’
Molyneux and Stone, 1963) and the intensity and direction
of remanent magnetisation with a Digico spinner magnet-
ometer (Molyqeux, 1971). Measurements were made on up

to three cores, or cubes, from each rock sample.

3.2 Spinner magnetometer

The Digico spinner magnetometer is a computerised .
system-in.which a spinner magnetometer is connected to
a 'Digico micro.16! combuter (Molyneux, 1971). The
instrument employs fhe principle that a magnetic moment.
rotating within a éoil about an axis in the plane of

the coil will .produce an alternating e.m.f. in a pick=-up
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coil. Because the instrument can only measure the
magnetic moment perpendicular to the axis of rotation,
the specimen core is placed in six different orienta-
tions. These are shown below. The arrow indicates

maghetic north and it is drawn on the top side of the

specimen.

The readings, taken when the specimen is in each
of these positions, are stored in the éomputer, which
is programmed to calculate the intensity and direction
of magnhetisation of the specimen. The results are
printed out at the keyboard terminal.

The basic design of the spinner magnetometer
(Fig. 3.2) relies on the fact that the current produced
is proportional to the speed of specimen rotation and
its magnetic moment. The speed of rotation is messured
in the photocell unit. The rotating disc has a slot
which permits light to pass when it comes between the
lamp and the photocells. When this occurs the electronic
| signal generated in the flux gates by the magnetic
specimen passes to the computer. This is repeated many
times so that a mean value of the wave foru from the

rock can be gathered. The amplitude and phase of this

b2,
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wave form, as compared with the phofocell output, is a
measure of the inténsity and direction of magnetisation
for the sample in that orientation.
The results for each orientation of a specimen are

printed out, as is the final computation of the specimen's

remanent magnetisation, megsured 43 magnetic moment per unit volume.

3.3 Susceptibility Bridge

The susceptibility bridge (Collinson, Molyneux and
Stone, 1963), shown in Fig. 3.3, consists of twosplit
ferrite rings, both of which are surrounded by a primary
coil carrying an alternating current. This produces an
alternating magnetic field across the-gap in thé-rings.
A standard sample, placed in one of these gaps, alters
the magnetic field and the new alternating field is
picked up as a current by the secondary winding about
that ring. The current in the primary winding is then
, alﬁeréd s¢c that the outputs from both secondary windings
bélance. This standard.sample is then removed and a
rock specimen emplaced. It unbalances the secondary
circuit by an amount proportional to its susceptibility.

The specimen can be tested for anistotropic sus-
ceptibility by sltering its orientation in the gap. The
great advaptage of this instrument i1s that measurements

can be taken quickly..

3.4 Injtial Data Assimilation

Before the data could be studied, certain compu-

tations had to be made. These included the calculation
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of the mean vector for certain sets of results.
Whereas the mean value of the susceptibility could be
calculated as a straight arithmetic mean, the mean
remanent field could not. Its mean value was calculated
by dividing the remanent field for each specimen into
its x, y and z components, takiég their means and from
them computing the mean wvector . A full description of

the technique is given in Appendix A.

3.5 Ihe results

Magnetic measurements were only made on the sampleé
from Meldon Quarry. The results are listed in Tables
3.1 and 3.2.

Table 3.1 lists the measurements of those rocks
collected in October 1977. They are divided into their
various 1ithol§gies. The results in Table 3.1 cannot
be taken as more than a general gqide since .the non;
standérd specimen sizes introduced errors. Also field
orientation of the samples was not sufficiently accurate
to enable the direction of the remanent magnetisation
to be measufed to acceptable accuracy. This meant that
the weighted mean value for the remanent field could not
be calculated.

- With the exception of two specimens, Ml and M22,
all the rocks in Table 3.1 have a Q@ value of less than
1. The mean value of the magnetic susceptibility for
the various lithologies was calculated and it was . found

that the shales possessed the highest susceptibility.

L6,



Showing the results of the measurements made

. Table 3.1:

. on samvbles collected in October 1977 from ieldon Quarrvy

: Intensity of o
Spﬁgézen Remanent Mzgnetisation Susceptibility x 10'6 " Q ¥§52
emujeex 107°1a,4,-1 x 10-3 C.g.s.

M1 1 252.86 252.86 88.9 ) .5.95

M2 . - 0.65 0.65 22.2 ) mezn 0.06 CHERT

M10 " 0.07 0.07 191.2 ) = 107.56 |- 0.000C8

M21 0.90 0.90 5k .6 ) 0.02

M4 27.85 27 .85 322.0 ) 0.18

M12 0.41 0. 41 310.5 ) 0.C03

M15 . 12.64 12 .-bl 868.3 ) mean - 0.03

M17 - 34.35 LY.y 222.3 ) = 438.6 0.32 SHALE

M20 0.06 0. 06 158.1 ) 0.0008

122 430.98 430.98 750.4 ) 1.2

M7 0.2 0.25 84.3 ) 0.006

M8 0.04 0.0l 103.5 ) 0.C008

M3 3.16 3.16 355.7 ) 0.019

M1l 0.04 0.04 144,95 ) mean 0.0006 META-

M13 0.05 0.05 359.6 ) = 204.76 0.0003 IGNECUS

M1k 0.30- 0.30 195.0 ) 0.003

M16 - 0.01 0. 01 189.7 ) 0.01

118 120.02 20.02 205.7 ) 0.22

.A"



Table 3.2: Showing the results of the measurements made
on samples collected in foril 1973 from iteldcn Quarry

: Remanent Magnetisation Magnetic
Spﬁg;gen Direction : Intensity Suscertibjlity
. Declination Inclination je.mu.jec.x 1G-O A.M.=L x 10-3 x 10-© c-g.S.
5 M601.3 61.2 . =10.25 0.131 0.131 27.65 0.cl
New (| M601.2.2 319.1 +31.35 0.278 0.278 - 37.36 .02
Area (| M602.2 - 359.5 : + 0.85 9.8k42 9.842 13.CkL 1.5
(| 4603.3.2 . 169.85 . -55.7 3.505 3..505 12.2% 0.6
(| 1603.2.2 1’,78.’-+5 \ A 3.302 3. 302 - 12.12 0.6
(| 4603.1.1 166.2 -L6 .Y 5.809 5. 809 12.19 1.0
Stone (| 180C.1.1 1¢2.2 -41.5 1296.227 1296. 227 556.97 4.3
Arez2 (| M800.2.2 113.75 -29.4 996.881 996, 831 T 416,04 5.0
1 (| E800.2.1 121.3 -E5.3 1381.7 1381. 7 519.70 5.6
(| M102.1 £5.15 +17.7 0.1 0.1 7.70 C.03
. (]| mM1c3.2.2 73.6 -12.85 237.151 237.151 21.75 15.¢
Stone ( | 4102.1.2 213.95 +31.2 0.162 0.162 9.1k c.ch
Area (| #103.2.1 91.7 -15.45 L5.274 L5. 274 13.43 2.1
3 (] Mok.1.1 165.5 -€3.05 108.233 108. 233 85.61 2.6
(] M1ck.1.2 174.55 -68.25 880.6% - 880. bly 135.57 2.6
(| #101.1.1 83.45 +4l4, 55 805.733 805+ 733 274 .62 é.1
( | #101.3 69.9 +52.05 879.295 879+ 295 "330.€8 5.6
({1901.2 140.95 +14.6 0.092 0.092 3.37 0.cé
(] 4901.1 93.5 ° +70.25 0.156 0.156 3.62 0.1
" Stone ( | M90k.1 - 281.85 - 8.5 . 4.668 b 669 A 1L 0.2
Area (| ¥904.28 326.65 + 5.15 26.786 26.78b 35.09 l.0
(| M905.2.2 3.55 + 5.95 0.546 0.546 . 32.62 c.c4
( | ¥505.3.2 37.7 +31.8 0.132 - 0.132 37.7 c.Cl
(] 8505.3.1 176 .85 +79.7 0.035 0.035 36.L6 ¢.ce2

8




Table 3.3:

Showing the direction and intensitv of the remarnen* m

and the resultant magnetisatisation fund byresolving the remsnent snd induced
magmetisations. The data refers to the sambles collected 2t i<eldon in foril 1978

Specimen

Remanent Mag netisation

Resultant Mag.nehsatw‘ ion
(Resinnent and Induced)

Name Declination | Inclination Integsity Dec. Inc. Int. x 10-©
x 10~ e-m-u./c.c_ e.m.w./c.c. -

M601.3 - 6l.2 -10.25 0.121 0.20 64.5 10.84
M601.2.2 319.1 31.35 0.278 10.82 65.39 14.9
4602.2 .359.9 0.85 9.842 357.5% | 25.23 2.48
4603.3.2 169.85 -55.7 3.505 351.40 5 .854 0.25
¥603.2.2 178.45 44,7 3.302 176.73 87.8 2.97
603.1.1 166.2 -Lé .4 5.809 160.51 23.7 0.61
#800.1.1 102.2 -41.5 1296.227 96.01 | -33.4 339.44
M800.2.2 113.75 -39.4 996 .881 108.b2 | -21.82 238.22
M80C.2.1 121.3 -45.3 1381.7 116.46 | -39.78 L83.74
M102.1 . 17. 0. 2.2 65.5 .08
M103.2.2 3.%5 -12.35 237.151 3;2.05 - 961 g.h3
¥103.1.2 213. 1. 0.16 L6.72 67.464 .
Ho32:3 | %51 _15:85 4$157 3581 7.7 3.8
¥lchk.1.1 165.5 -63.09 108.2&3 158.74% | -60.68 £1.29
104 . 1. 174.55 _68.25 88 .6 175294 | -68.44 705 .97
#101.1.1 83.45 Wl | 805.733 78.09 | 50.05 326 .89
£101.3 69.9 52.05 879.235 63.0 6. 7% £99.85
M9Cl.2 140.9 14.6 0.C9 174 .64 6€.68 1.137
_ﬁgol.l ' 33.25 70.25 0.15 173.48 €8.13 1.E4
M904.1 281.85 - 8.5 4,668 13%.85 €0.57 12.33
M90%.2 32€.65. 5.15 26.786 151.25 28.09 8.32
M905.2.2 3.55 5.95 Cc.546 1€68.82 €3.27 12.30
M905.3.2 ©37.7 31.8 0.132 170.80 65.568 15.01
M305.3.1 176.85 79.7 0.035 170.13 é5.86 4.5
Weighted :
Hean -29 15.0 97 15 13

N L
(@)
wn
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The mean shale value (438.6) 1s twice that of the meta-
igneous rocks (204.75) and three times that of the
cherts (107.56). By inspection the intensity of the
remanent magnetisation of the shales seems to be at
least one order of maghitude greater than either the
igneous rocks or the cherts, suggesting that the shales
are the greatest contributor to the magnetisation of
the Lower Culm Measure rocks. Noting this, only shales.
were collected in April 1978 when the second set of
rock samples were taken.

When the further samples were collected in Aﬁril
1978 directional measurements could be made, since
these samples were accurately orientated. Errors due
to varying specimens size were eliminated as large
samples were taken. Table 3.2 lists the magnetic

i rn 1
properties of these shales As th tabl h they

oW icy

(]
0

vary both in intensity and direction. Eleven of the
24 specimens had a Q value greater than unity and the
weighted mean value of Q for all the April 1978
specimens is 3.57. This was calculated using the
method described in Appgndix A. The weighted mean

remanent field for all the specimens is given by:-

Intensity = 190x 10~3 A.m"1
Inclination = -29°
 Declination = 105°

The resultant of the induced and remanent components of

the magnetisation was calculated for each specimen, and
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the weighted mean of these resultant fields is:=-

Intensity = 164x 10™3 A.m.”1
Inclination = +15°
Declination = 97°

These data are listed in Téble 3.3.

Table 3.2 illustrates the extent to which the
magnetic properties vary within a rock sample. For
éxample, the Q value for M103 ranges from 0.0 to 15.6.
Similarly the direction of its remanent magnetisation
is variable, with the direction ranging from 73.6° to
' 213.95° and inclinations of -15.%45°, -12.85° and +31.2°.
This variation meant that each specimen had to be treated
sepérately; so, for instance, M103 had to be considered
as three samples rather than as three specimens of the
same samniple.

The direction

of the rem

[}

nent magnetisation,defined
by the declination and inclination,were plotted on a
stereographic projection (Fig. 3.4(a)). This diagram
shows that there is no significant variation between
the collection sites. It also indicates that when the
remanent majelistin has a northerly azimuth it is likey to dip down
and when the nglel:isa&mhés a south-easterly azimuth it tends todip

quards. Most of the results plot in the eastern '
..sectioﬁ of the.diagram.-

A similar blot was drawn to show the direction of

total magnetisation; that is, the resultant of the

induced and remanent components (Fig. 4.4(b)). These
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directions are less scattered than those for the
remanent field and a greater number have a positive
inclination. The declinations tend to be NNW or -SE.
None plotted in the south-west sector of the diagram.
Despite their comparative clustering about the NNW-SE
axls the plots have a low precision parameter, K = 1.85.
This low vaiue suggests that -the fesults are well
scattered since K = 0 indicates a perfectly random
distribution and K =02 identical directions. When K

is less than 10 the reliability of statistical estimntes

becomes uncertain. Such estimates include CX95 which 1is

a measure of thg accuracy, 963 (the circular standard
~deviation) which is a measure of the scatter of directioné
about that mean, and c.s.e. (the circular standard error).
For all the 1978 results the.mean direction of the total

is 97°, +15° (declination, inclination).

For the total rock magnetisation:-

k = 1.85
dgs = 31-70
O¢3 = 59.55°
CsS.€. = l3°

(for calculations see
Appendix A)

The large values of 0(95 and 963 also suggest scatter.
When N, the number.of samples, or K are small the
other statistical pérameters become unreliable (Tarliné,
1971, pg. 79). In this case K = 1.85 and the value of
‘(g5 which is normally similar to that of c.s.e. is twice
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negative inclination
i.e. pointing uyp

-

NEw STONE AREA

A STONE AREA 1

¢ STONE AREA 2
Vv STONE AREA 3

C%ositive inclination
i.e. pointing down

Jo0bnN

Fig. 3. Stereographic projections showing the directions of
a) Remanent magnetisation and (b) Total magnetisation (the
resultant of the induced and remanent components) for samples

taken from Meldon Quarry in April 1978.
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i.e, pointing up

O @& NEW STONE AREA
‘A & STONE AREA 1
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positive inclination
i.e. pointing down

Fige 3. Stereographic projections showing the directions of
a) Remanent and (b) Total Magnetisation for the Meldon Shale
samples which_havg a Q value greatexr than 1.
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that amount. This suggests that the statistical
analysis done here 1is unreliable.

Iig. 3.5 shows stereographic projections 6n which .
the directions of remanent and total magnetisation for
‘'samples with Q values greater than 1 are plotted. These
show the same trends as are described for the total
rock, except that the results are more clustered in the
eastern quadrat.

In conclusion, the results show that the directions
of the remanent and total magnetisations are well
scattered although there is some clustering about a
roughly NNW-SE axis, especlally for the total nﬁgmxwaﬁon.
The degree of scatter does not significantly decrease
when the directions for only those specimens with a
value greater than 1 are plotted. The mean remanent and
tolal magrietisations are both reversed snd near horizontal;
at 1059, -29° and 979, +15° respectively, with a

maxiwum error of 30°,

3.6 trographic Description of the rock sample
"Polished sections of seven samples from Meldon'
- Quarry and six from outside the metamorphic aureole
were studied with the assistance of Mr. Roy Phillips..
‘The object was to detérmine which minerals were
responsible for the pronbunced magnetic properties of
some shales from Meldon Quarry, and to see if rocks
from outside the metamorphic aureole contained similar

"minerals.



3.6.(1) Rocks from sites outside the
metamorphic aureole

The shale and sandstone samples came from three

different sites within the Crackington Formation (see
Flg. 1.1); ‘

Site W4: Aggetts Quarry (SX 25%% 0961) Al, A2

Site 1: Building site near A30 (SX 2519 0900) S1

Site 2: Near Meldon village (SX 2562 0928)

H1, H2, H3 |

Hl and H2 are silty shales containing no coloured
minerals except for a brownish tinge in some bands.
The sandstone, H3, was similarly featuréless.

The sandstone, Al, and the shale, A2, from Aggetts
Quarry north of Okehampton contained no detrital or
disseminated sulphides, though a veinlet was oﬁserved
in Al. It mainly contained goethite ( & Fe0.0H), the
normal alteration product ot pyrite.

S1 was more interesting because it is an iron
nodule found in Crackington Formation shale. Pyrite
crystals were seen in the centre of the nodule but fhey
had been weathered to goethite around the perimeter.

From the point of view of the magnetic properties
of the rock it.is interesting that there are no ferro-
magnetic minerals in the rocks of the Crackington
Formation outside the métamorphic aureole. Pyrite is
.sometines present ﬁhough often weathered to goethite.
There are no indications that it has been thermaily

altered to, say, pyrrhotite. This confirms the findings'



of others (Edmonds et al, 1968) that pyrrhotite is only
found e§posed at the surface in the Upper Culm Measurgs
inside the metamorphic aureole. Beyond it pyrite, or
its weatheréd derivative, is found. Tt is worth noting
that pyrrhotite is believed to exist at depth beyond
the metamorphic aureole, to a distance of 7 km. from
the granite contact (Edmonds et al, 1968) and it has
been found. in bedded form in Lower Culm Measure rocks

in the Wilsey Down borehole (Freshney in McKeown et al,

- 1973) .

2.6.(1i) Rocks from Meldon Quarry

Polished sections of the following seven samples
were made from rocks collected in October 1977: M2,
M4, Ml2, Ml9, M17, M20, M22. The ferromagnetic mineral
pyrrhotite was present in all seven samples, and, except
for the rare occurrence of magnetite, it was the only
magnetic mineral present. In all the specimens it was
found disseminated through the ground mass. In this
form it is probably thermally altered detrital pyrite.
Other iron ores found as small crystals in the shales .
are also likely to have béen altered from detrital
-minerals. HoWever, the magnetite (M17) mentioned above-
is one of the rare minerals to have remained unchanged;
similarly the pyrite in Mu.

There is a second form.of pyrrhotite present in
some samples. Here it is a vein minersl often associated

with chalcopyrite and pentlandite. The crystais tend



to be larger .than those in the ground mass and were
probably hydrothermally emplaced rather than being the
alteration product of pre—exisﬁing minerals.

The veinlets are similar fo those described by the
I1.G.S. (Beer and Fenning, 1976) in the boreholes at
Sourton Tors, but they differ in detail. In their wqu
- no chalcopyrite was found in contact with the pyrrhotite;
yet these intergrowths are common in M1l§5, M17, M20 and |
M22.. Another feature peculiar to the samples studied
here is'that the pyrrhotite contains exsolved pent-
landite. This mineral is a Ni, Fe sulphide and.it is
exsolved from pyrrhotite as this mineral cools down
through 300°C and can no longer contain much nickel in
the lattice. The presence of pentlandite, then,
indicates two things; firstly, that the pyrrhotite must -
have been at a temperature greater than 300°C, and,
secondly, that it must have come from a source other
than detrital pyrite which contains insufficient nickel..
This indicates that the Meldon shales were near to a
supgly of nickel, such as from the volcanic tuffs with
which some shales were deposited. By contrast the
source for the Sourton Tors pyrrhotite was the detrital.
pyrite, in the shsles of the Crackington Formation,
which had been altered to pyrrhotite by the hydrothefmal
fluids associated with the granite intrusion.

In conclusion,.therefore, it seems that two tybes-

6f pyrrhotite have been developed In the Meldon shales,



probably as a result of those shales being metamorphosed
by the Dartmoor granite. There is an almost ubiguitous
development of disseminated pyrrhotite probably derived'
from detritallpyrite. The second form is the vein
wmineral, found in association with chalcopyrite and
exsolved pentlandife. These vein minerals are believed
to have derived their nickel from volcanic horizons,

and been ﬁransported by hot solutions emanating from

the granite.

3.7 Discussion of the results of the magnetic

measureuments and the mineralogical
investigation ,

The results of the magnetic measurements indicate

that sedimentary rocks, notably shales, have the.nost
pronounced maghetic properties, and the mineralogical
examination indicates that pyrrhotite is the mineral
responsible for the ferromagnetic character.of the
rock.. This confirms the findings of the I.G.S. (Edmonds
et al, 1968, Beer and Fenning, 1976) that pyrrhotite -
bearing sediments have pronounced magnetic properties.
Of the three lithologies studied the shales were the '

most magnetic and the igneous rocks less so. The

magnetic susceptibilities listed in the Okehampton
Memoir (Edmonds et al, 1968) also suggests that the
sedimentary rocks can bé more magnetic than the igneous

rocks (see Table 1.2). The susceptibility for the
6

non-hornfelsed Culm Measures ranges from 7-380 x 10~

(16 samples) whereas the igneous rocks (including

59.
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dolerite) cover the range 7-234 x 10'6 (20 samples)@%sﬁka.
Creer (1966) noted that the dolerites and volcanics of
S. W. England have a magnetic intensity at least one
order of magnitude less than those from elsewhere;

the Whin Sill, for instance, at 2-4 x 10~3 A.m.-1.

He suggested that this is because they have been
remagnetised, probably when they were heated by the
-granite. However, it has been suggested (Creer aﬁd
Chalmanaun, 1964) that there was widespread re-
magnetisation of the Laurasian continent during the
early Permian, and this could have affected the
igneous rocks. .

Table 3.2 lists the'magnetic pfoperties of the
samples taken in April 1978. It is apparenf that
there is considerable scatter between samples and
within samples. This sgrees with the findings of
Cornwell (1967) who explained the variation in nagnetic
direction in terms of the anisotropic nature of
pyrrhotite, and the variastion in magnetic intensity
to the sporadic distribution of this mineral.
Pyrrhotite forms a Fe-S solid solution of which
Fe7S8 1s the most abundant composition. All forms
display magnetic anlsotropy and when they freeze in
a magnetic direction it. will be aligned'somewhere on
the great circle between the direction of maximum
susceptibility andlthe ambient field. It is note=-

worthy that the maximum susceptibility of the most



common form of pyrrhotite, Fe788, is the greatest for
all forms. One result, however, which does not fit in
with this pilcture i1s the tests for anisotropy done
using the suscephtibility bridge. When the speclmen

was rotated in the gap no appreciable change in reading
was noted. However, this may be explained in terms of
the random distribution of pyrrhotite crystals within
each rock sﬂecimen.

When Cornwell (1967) plotted the directions of the
remanent magnetisation for his Meldon samples on a
stereographic net he found th=at rocks from Stone Ares
1 and Stone Area 2 fell in the western half of his
. diagram whereas S.E. declinations were recorded for
rocks from Stone Area 4. By contrast, the results
shown here in Fig. 3.4 show no areal distribution, but
are scattered throughout the eastern quadrants and are
almost totally absent from the south-western area.

The weighted mean value for the remanent magnetisation
was computed as 105°,-29° . This does not agree well with
Cornwell's result of 1899, -21° except to confirm that
the overall remanent magnetisation for the Lower Culm
Measures in the Meldon area is reversed and near
horizontal.

The shales collected in April 197é“have a mean
susceptibility of 13 x 10~3 (c.g.s.) -which is an order
of magnitude greatef than that for dolerite suggesting

that the shales are capable of producing the magnetic

61.



disturbances observed near Okehampton. The direction
of the total magnetisation, taking account of bqth the
remanent and induced components, is 97°, 15°, which is a
near horizontalewtpdmmg field and would be expected to
produce a negative anomaly, flanked to the north by a
positive anomaly, similar to the Okehampton anomaly.
Before discussing the results of the mineralogical
study it is worth considering the findings of the
Wiisey Down borehole (unpublished I1.G.S. log). This
borehole was situated at SX 1797 8890 (220 090 on Fig.
1.1) north of the Bodmin Moor granite and beyond its
metamor phic aureole. The Carboniferous rocks exposed
at the surface on Wilsey Down contain pyrite, not
pyrrhotite (Serivenor, personal communication). In

the borehole, beneath the drift, rocks of the
Crackington Formation were encountered,
Carboniferous, Devonian and Lower Carboniferous again.
In the Lower Carboniferous Fire Beacon Chert Formation,
found beneath the Crackington Formation rocks, and
'equivalent fo the Meldon Chert Formation bedded

pyrrhotite was found. I%t was common at depths of 250 ft.

(78 m.) and 850 ft. (262 m.).

This discovery of pyrrhotite wis unexpechea in view gfds absence

esewhere beyord the aurecle. Its form also differs from that
found in the Meldon samples, described earlier in the
chapter, in which tHe pyrrhotite was disseuwinated or
concentrated in small veiﬁs. These forms are probably

"a direct result of contact metamorphism when the

62,
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. Dartmoor granite was intruded. Detrital pyrite was
altered to pyrrhotite, and enough Fe and S was dissolved
in hot solutions emanating from the granite to produce
vein pyrrhotite. By contrast, the bedded pyrrhotite
found in the Wilsey Down borehole is thought (Beef,
personal communication) to have been formed when the
shales were still wet and they reacted with volcanic
solutions rich in iron and sulphur. There are a
number of greenstone, ash and tuff horizons in the
Fire Eeacon Chert Formation and these are throught
to have been injected into the unconsolidated sediments
and been the source of both the iron and sulphur and
the hot solutions which transported these elements.
Even though no pentlandite has been recorded it is
thought that it is mineralogically possible for it to
exlst as these volcanic solutions are likely to be rich
in nickel. The Fire Beacon Chert [Formation contains a
variety of rock types but the pyrrhotite 1s always
~.developed in tﬁe shale horizons.

As in the Wilsey Down case it was the shale
samples from Meldon which contained pyrrhotite. 1In
- these samples pyrrhotite was found disseminated
through the éhale horizons 6r concentrated in veins.
The former is probably thermally altered detrital
pyrite, and could only be developed within the me%a-
rorphic aureole of the Dartmoor granite. The vein
pyrrhotite was deposited by hot solutions rich in

iron and sulphur. These solutions probably emsnated
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from the granite But the elements which make up the
pyrrhotite could not have come solely from detrital
pyrite as it contalns insufficient Ni %o produce
exsolved pentlandite such as that described in the
polished sections. It seems likely that the nickel and
much of the Fe and S came from the volcanic horizons

in the Lower Culm Measures. JIf this were the case they
could have provided the hot solutions which mobilised
the Fe, Ni and S instead of solutions from the granite.
This would then provide another mechanism by which
pyrrhotite could be developed beyond the metamorphic

" aureole. Solution movement of this kind would be
greatly facilitated by the complex fault system (Dearman’
and Butcher, 1959). The development of pyrrhotite in
shales would depend on the ease with which a meta- '
somatising fluid could get from an ares rich in S, Fe,
and Ni, such as a volcanic horizon, to the host rock.
As a result the distribution of ferrom;gnetic rock
seems sporadic.

From what has been described it seems that there
are two possible modes of pyrrhotite emplacement out-
side the metamorphic aureole; bedded pyrrhotite such
as at Wilsey Down, or the vein mineral similar to that
seen within the aureole.at Meldon and believed (Edmonds
et al, 1968) to extend beyond it. Edmonds et al (1968).
suggest that-the injection tempersture of the Darlmoor granite
Was 600-700°C and. that vein pyrrhotite could exist up to a
distance of kemiles (Tkm) from the granite contact.
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In the Meldon district pyrrhotite is found, ot :he
surface, exclusively in the metamorphic aureole. However,
this may be explained by the lithology. The cuter limit of
the mmtaﬁorphic aureola coincides with the northarnmost
extreme of the Lowaer Culm Measure outcrop, so pyrrhotite
minaraiisation is contained within the Lowsr Carbonifarous
rocks ;nd thuse.Upper Culm Messures near to the granite whcre
mineralising fluids were most active. 1t seems likely that
further from the granite batholith hydrothermal fluids may
only leave théir mark in the more chemically active Louwer
éarboniferous rocks. Alternatively, badded pyrrhotité may be
found at depth in the older Culm Moasures. '

The occufrence of pyrrhotite in the Melaon samples

| . )
confirms the findings of Cornwall (1967) and the 1.G.S. (faer

and Fehnind, 1976)-thét-neér_;urféce—déveioﬁmeht; of this

iron sulphide in the metamorphic aqrmole era rcsponsiblelfor

the large high froquency anomelies measured gn ground traverses,
In conclusion, it seems that pyrrhotite developed in the

Lowsr Culm Measures could be found beyond the metamorphic

aurzole, and és Freshney (Boscastls and Holsworthy Memoir,

1973) sujgests in his Eilsay Down borehole report:-

- "A line of acromapnetic anomalies of near-surface
origin extends wostwards (from Wilsoy Down) to the
coast at Boscastls, and eaztwards towards .
Gkehampton. Those anomalics are probably due
mainly to thc presence of pyrrhotite ... this
mincral. 4s largely confined to thes Fire Beacon
Chert Formation ... it breaks surface (at Tregezra
Down, SX 2250 0864) and the Meldon Chert
Formation crops out thence almost continuously to
Drewstaignton.” :




INTERFRETATION

4.1 Introduction

The interpretation o the magnetic anotinlies was done
in three steps. Rough depth estimstes were wade using
Peter's Length and Solokov Length (gm, 1972). Then,
having shown that both the Qkehampton Ancmzly znd tha
local disturbances are near surface,.the aeromagnetic
map and profiles were compared with the known geology to
see if any deductions could be made aboul the cuousal ocody
or bodies.

Attenpts wverc mede to essess the dimensicns of the
body, and its direction of magnesisation, using the
graphical methods of Bruckshaw and Kunaratnam (19263) and
Km (1972), but they were not wholly sncce.mftl Finally
computer models were devised and their feasibility ascessed

in the light of known geology.

L.2 Deuvth Lstimates

An estiuaie of the depth to 8 body. (if: near vertical)
causing the prnﬁwptur Anicrisly can be obinined Ty direct

- L. . - . S I A I Sebantla T eaedl BTN
measurewcnt [row the drewn profile.  Peher's Length (PL
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and Solokov Length (SL) are two such parameters (Km,
1972). Peter's Length is the horizontael distance between
two points on the anomaly at which the tangent has half
the moximum slove and the Solokov Length is the horizontal
length of the inflection tangent as it rises frem the
minimum to fhe maximum va]uc of the ﬁnOhaly These
lcnyths are based on the mathematical expression for the
vertical component of the anomalous field produced by
vertically magnetised dyke with vertical sides extending
to infinity. The relationship between these lengths and
the depth to body, depends on the ratio of the depth, =z,
to the width, t, of the body. For t/z = 2.2, PL = 1.6z
and SL = 2z. For a greater value of t/z the measured
llengths are a largsr multiiple of the depth.

Measurements mace on the ftraverses along'lines R
and 5 gave the depth to the bedy c¢n

+
9

A Nlrolaw
e

RE lciil

3

[=

pton
Anomaly %o be in the range 41-128 m. This is the same
order of magniiude a2s the depth estimate cf 46-81m. made
by the [.G.S. (Edmonds et al, 1968) and this shows that
the body is near surface, so study of the surface'geology
may have direct relevance to assessing the nature cf the
bedy. Also, when a body is near surface, the areal

xtent of the magnetic snomaly is often comparable to the

size of the boedy.

4.3 The Azrowmagnetic Map and_Geology

e

The overlsy to Fig. 4.1 is part of the unpublished

1:2%,C0C aseromagnetic map made for the T1.G.S. The



Key for Fig. 4.7

' ! inl-~r
Upper (Cracklngton mainly shale AN
[ Formation gome sandstone \\
Carboniferous:{ - Meldon Chert fmainly chert
Formation I and limestone
Lower
Meldon Slate mainly cnert
and Quurtzite
Formation , mainly tuff ;;ﬁ
\ Pa
Transition Series ,-Meldon Slate wlaty hornfelses er
(Devonian/ J with Lenticles and silty guartzite H:f

Caxrboniferous) ( Formation

Igneous Rocks: s
Dolerite T

Granite /17
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(nomenclature after Edmonds et al, 1900]
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clongate negntive anomaly centred at €Y 93C and marked
0.A. is the Qkchampton fAnomaly. Tt is roughly 6 km. by

1.5 km. in size and it peaks a% ahout 2.5 km. north east

-,..I.

of the granite contact. ™The nositive peak, 2 ¥m. fo its
north, is smaller in amplitude. The penk to peak ampli-
.tndé is 55C% .

The znomaly lies along the boundary betweén sn ares
of magnetic high %o the north-west and magnetic low %o
the south-east, and it is clearly csused by a reversely
ragnetised body as the negative pealr occurs to the south
of the positive pea¥% and is the Larjer of the two Pea,k.S-
h .

=]
m

axes of both anomalies run spproximately
parallel with the granite ccntact. The z2xis of the
negative anomaly is almost coincident with the northerr
boundary cf the Meldcen inlier and the outer limit of the

mebaworphic surecle. Conseguently the negative ahoialy

"ﬂ

falls over rocts oi both Upper and Lower Culw Hesnsul

o]

age, some of which have been thermally wetamerphcsed by

v

the Dertmoor grznite. By contrest, the poesitive peak

[¢)]
%]
n

€

H4

Z2SU

occurs only over rocks of the Upper Cula e

Crackington Formation which show no signs of thermal

b The Profiles zand Geolesy

b, L4(i) The Ckchamriton

L T P 3, . i ' ~ . . 1 i ety 3y e} ~ i, ! L. PR LI | .
Figs. 4.2 tc 4.7 show the ground and aerisl unrofiles

with cross sections of near surface geology along lines

.3

1 to 6. 0f these, iines 1 and 2 me2surc zua

1l disturoonces
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The foliowing'Figures (Figse 4a2 = hy7) vhow the ground and acrial
profiles along Lines 1 - 6 as weil as crossw-sections of the necar-
surface geology taken from the Okehampton Geology Map No.324 and
Dearman and Butcher (1959). The geographical location of the profiler

"is shown in Fig. k.1,

The symbols used are ac fellowsi=

N . XL ~ . T ]
uck Upper Culm Measuies (Uprer Carboniferous)

E?; Lower Culm Measures (Upper Coarbeniferous) aoae rocks
Lo dof Traugition Serias age may be incliuded among these.

EggdGranite

/
,w* outer limit of the metamorphic aureoliec
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south-west of the Okchampton Anomaly while lines 3,4,5 and
6 transect this major anomaly. With the exception of

line 3 all the lines which define the Okehampton Anomaly
show that the negative anomaly occurs over rocls of both
Lower and Upper Culm Measure age. The major minimum

along line 3 occurs approximately 2 kni. north of the

™

Meldon inlier, but this prcf

[
0]

le should he treated

(
<

separately as it occurs along the Prewley fault (see Fig.
1.2) and so mayv be anomalous.

By studying lines h,S and 6 a number of inferences
concerning the body causing the Okehampton Anomaly can be
made. . The causal body is reversely magnetised. Lines

4 and 6 suggest that it is a composite body as there are

b

series of steps in the overall anomaly (see Figs. 4.5

and 4.7). Each step narks the approximate pociiion of 2

particular Lody. The width of the near surface causal

4-

timated as 1L is comparable

=3
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to the distance between the negative feature and the
positive feature flanking it fto the north. So, the body
is of the order of 2 km. in width along lines 4,5 and 6
and 1 km. for line 3.
It is apparent that the causal body, or todies,
stretch from the Lower Culm Measure sediments nortnh into
the Crackington l'ormation rocks. However, Dearmai and
Buteher (1959) have shown %hat the Lower Ualm Mcasure

rocks continuc north benegath these later sedimente at a

shallow depth (see Fig. 1.3). This coenld suggest that




79.

the causal body *s entirely Lower Culu Measure in age,
‘and that it continues becneath the Upper Culn Measure

sediments north of the Meldon inlier.

W.4,.(ii) The local magnetic disturbances

The large locasl magnetic disturbances detectable
only along tiuc ground traverses all occur over Lower ard
Upper Culm Measure rocks, and are confined to the meta-
morphic aureole. |

Fig. 4.1 shows a geological map of the area on which
the ground prcfiles have been superimposed. From this it
is possible to determirie the relationship between the

profiles and the cutcropping rocks.

Line 1: The cluster of short wavelength anomalies

located between 50C . a2nd 1C0C0:i.. from the

southern end of the line fall over shales and
sandstones of the Crackington Formation. The

negative peak at 1800 m. occurs over shales
and tufis of the Meldon SlnteQand—Quartzite
Formation, and rocks of the HMeldon Chert,
Formation.

Line 2: The series of peaks and troughs situated
between 2000 m. and L4OCO . from the southern
end of line 2 occur over o variety of rock
types; tuffs and snales of the meldon Slate-
and-Tuartzite Formaticn, Chert Forma‘ion
sediments, dolerite and Upper Culm Measure
shales of the Crackin o Formation,

P |
v
IS



Line 3:

Line L

Line 5:

Line 6:

80.

Line 3 is situated just e¢a2st of the Prewley
fault (see Fig. 1.2). The short wavelength
magnetic disturbances occur over Lower
Carboniferous shales and cherts as well as
shales of the Upper Carboniferous Crackington
Formation.

Short wavelenghh snowalies are fouhd over rocks
of the Lower Carboniferour Slate-and-Quartzite
and Chert Formations. They are also found over
shales of the Crackington Ferma*tion where it

is exposed between the granite and the inlier.
There is a gap in the prefile, shown as 3
dotted line, “n which no readings were taken
The aercomagnetic prefile suggests that, at

this point, this profile should define the
southern side of the negative a2ncraly cof which
the miniiui 1s situated onn the northern side of
the gap.

The cluster of large amplitude short wavelength
anomalies are found abeve the Cracki

ngton

=de

Formation scdiments between the inlier and the
granite. Small nnomalics are also superimposed
on the major Okehamptcn aticmaly.

The negative and nositive peaks which occur st

170C m. »and 2200 w. freom the souibhern end of

this line occur over sedlmenis of fthe Crack¥ington

Formawion.
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The observations described abovec suggest that the
distribu*tion of %he short wavelengih anomalies is not
lithologically contirolled as these disturbances occur
over a variety of rock types. These include chert,
limestone and tuff from Lower Carbcniferous horizons and

shale from both the Lower and Upper Culm Measures. There

g

- 7 YN O
2 geeurrencg

[¢
o

is only on of 2 high amplitude disturbance in
association with dolerite (line 2) even though dolerite

is exposed throughout the inlier. This suggests that% the
usually marked magnetic properties of this rock may have

been reduced here.

4.5 Discussion of the observations

This discussion can be divided irto tvo parts: an

|_.|
.)
{_4

analysis of the short wevelength anons etectable only

on the ground traverses, =2nd an inter n of th

~
o

Okehempton Anomaly.

4.5(i) Logal Magnetic Disturbances

Figs. 4.2 to 4.7 show that the short wavelength
anomalies occur only over rocks which arc contasined within
the metaworphic aurcole. These local ancmalies are
sporadically distributed over 2 wariety of rock types,
suggesting that the ferromagneti miﬁeral, or mingrals,
which cause thoem zre net contained in specific lithologies
but have been cmplaced in rcecks nesr %o the granite
conitackt. Theve observations sgree with the findings of

Cornwell (19&7) »nd Feer and Fenning (1976) who supigested
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that the iron sulphide, pvrrhotite, is the major ferro-
magnetic minerzl and that it was nietasomatically emplaced

during o late stage in the inftrusion of the granite.

3

High concentrations cof this mineral near to the surfsce,

-

such as in the samples described in Chapfer 3, could
produce large local snomalies like those detectéd along
the ground traverscs. The sporadic distribution of these
magnetic disturbances could then be explained in terms

of the hydrothermal emplacement of pyrrhotite, described

in Chapters 1 and 3.

4.5.(ii) Okehampton Anomaly

Only a limited amount of information a2bout the body

causing the Okehampton Anomaly can ¢ inferred from the

ground profiles. Deptk est(makes(lines},‘f,&‘j)sugges!', that the
body is as shallow as 41-128 m. so the surface geology

should give some information about ite nature. The major
negative anomaly runs approximately perullel with the
granite contact and straddles the boundary of the meta-
morphic aureole (see Fig. 4.1). The positive peak lies
well beyond this aureole. If the tody is of the sane
nature as the exposed rock it comprises Culm HMHeasure
sediments which have only been metamorphosed along their
scuthern edge bu* which could have been effected Ly hydro-

thermal colutions emanating from the granite.

4.6 Graphical Tnterpretation

Numerous attempts were mwmade to interpret the vrofiles

nade along lines 3,4,5 and 6 using the graphical meishods
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of Bruckshaw and Kunaratnam (1963) and &n (1972). The
other two profiles wvere oo complex to permit inter-
pretation using these methods.

These methods provide values for the width and depth

to top surface of the causal body and the value of the

Q

parameter 1, defined below. i is known to have a value
between 180-270° as the negative ancwaly lies south of3
anG is larger than, the positive peak (Bruckshaw and
Kunaratnam, 1963). MNow, i = @ +V¥ - O, where @, ¥ and
© are angles in the plane of the profile which describe
the inclination of the earth's nagnetic field (¥), the
inclination of the maghetisation of the body (‘¢), and
the dip of the body@ﬂ.Values for ¢5and VW are known so it
is possible to calcuiate 6. It was hoped thst the
traverses were lined up perpendicular %o the strike o/

the body as they lie perpendicular to the long axis of

() »

3

the

3

aghatic sromaly, so that the value of & should

=

corraspond to the dip of the body.

The values of the declination and inclination of
the ezrth's magnetic ficld for the epoch 1977:8 were
taken from U.S. Admiralty Charts (3rd edition, 1966)
and were calculated as Intensity = 0.478 Ce, Declination
= 352° und Inclination = 66°. As the traverses did not

run north-south but 2300 the declination relative %

— .

(@)

the profile and hence the dip ¢f the field

in the pl=2ne
¢f the profile had to be calculated using the following

formulae:-
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D-

D!
tan ¢ = tan 1/cos D'

where:

D = declination relative to geographic north

—
11

inclination
&« = declination of profile relative to
geograpnic north

D' = declinstion relative to profile

These formulae were i1lsc ased to define the possitle

inclination in plane of profils

directions of magnetisation of the causal body using the
measurements of Cornwell (1$€7) and thosc described in

3). The table below lists the

~

this thesis (see Chapter

results of the celeculstions.

- .
arth'!a Cornwellis |
e A e ST
fiold P oSNNS l

. 105° 1897
remanent—>
Fayae) 150 - _Z [»]

-
e
m
] Eresultant ' %
e
n
t

b
'E-.}

D 22 [127° 135° 219°
& 807 i156° 180° 206°

A nuaber of problans were ohcounftersed when noarsmeters
baken fron the drswn prroliles were plobted on the shnndsrd
curves (Drucikshaw and Manarastnss, 1983, an, 19727, Firatly
a provlew nrosce hoenuss Lne wrosurenents were LYnkan from

the grotnd proriles.  The dapiin S0 Dedv hns odrundy been



shown to be 41-128 u. and its width is fhought %o be
1-2 kn. This gives a width-depth rasio (£/2) of the
order of 20. However the standard curves of ﬁm (1972)
and Bruckshawy and Kunaratnam (19063) onlyv go up to a t/2
value of 10 and 1% respechtively, soc the data could not
be plottéd. To get around this problen the serial

profiles were studied os the depth to bhodv would be

m

increased by the flying height of 500 f%. (167 m.), and
t/2z would fall into the permitted range. But even the
aerial profiles could not be successfully interpreted.
There is thought fto be a twofecld rezscn for this. Roth
graphicel interprctation methods assame thel the cavsal
body can be approximated to a2 dyke like Leody with
infinite sides while the body causing the Clehamphon

Anomaly is composite and tapers to cast and west.

=
44
-
v
U

The other problem is the background i{ield.
already Leen metilioned the Ckehsmpion Ancrmaly wmarks the
boundary between a region of high ko tha north and cne of
low magnetic field to the scutn. This means that a
sloping regionzsl field exists in the area of the 2nomaly.
It was impossible to geuge i%e true value as the
traverses were insuflficiently long %o show it clearly.
Sc, as the regional field conld ret be removed the anowaly
could not be sthudied in izolaticn.

Deseite repeatsd athaemphe toe vlo% the measured

paramehers cnly one set of results was chiained and cven

these were unretiable,  They arce 1isted bolow:-
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where:-

z = depth from surface to top cof body

t .= width of hody

6% and C%T = dips of Loady in pleone of

profile for %wwo directions
of magnetisation:-
(1) values measured herc {hﬁaﬂ

(I Cornwell's roeoulhs (remaneni—)

Of these the raesults for liacs L and § proved

to be incorrect when they were tested using the

cemputer

{
1

(see next sechicn). The dimensions for

linc 3, however, gnve a reascnable L34,



4.7 Computer Modelling .

4.7(1) Introduction

A number of computer models were made to describe
the possible geological structures in the Meldoﬁ
arca which could cszuse the observed magnetic dis-
turbances. HModels were only made to explain the
aeromagnetic profiles (taken from the unpublished
1:25,000 map) as the high freguencv anomalies observed
along the ground 4raverses were considered too complex
to interpret quantitatively. The magnetic properties
of the rock samples from Meldon Quarry, described in
Chapter 3, were used to indicate the likely direction
of magnetisation (the resultant of the induccd and
remanent components) of the causal bedy. The
geolopic structure of the Meldon district is fairly
well known (Dearman and Butcher, 1959, Edmonds et
al, 1968, Sanderson and Dearman, 1973, liobson and
Sanderson, 1375} sc the feasibility of the various

nodels could Ve asseesed.

rn

87.
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L.7(i1) Matheminticnal limitations

The modelling was done using 4AGN, a program compiled
by M. id. P. Bott and stored at Durham University, and the
output plotted using HASPLOT (see Appcndix B). HAGH
coisputes the anomaly produced by a two dimensional btody,
or bodies, situated in the plane of %the profile.

The value of the verticasl and horizontsel asnomalies

at 2 given point is given by the formulze:-

a3 =}M£ sin/B J',{.<Ln(_r_'_1_ sinﬁ + O(COS/B)
T % -
2
+ Jz.[Ln ﬂ) COSIB - osin ‘Q>J
o

where Mo is the permeability of free space and Jx, Jz,
/

A , ﬁ y Tp and r, are as shown in the dizgram below.

A
"\ZJ\ 5\ .
\\ Y

[;\\ L——""?Jx
\
\A B Jz. -

Informaticon about the directicn of the magnetisailion

LU ]

cf the body s fed into MAGH in ~ specific fori: as

N

declination reiative to the profile (D') and the dip (I




Howe?er many comhinstions of D' and I can producc the same
value of ¢whe}'-e @ is defined as @ = tan~l (tan T/cos D')
or Qﬁ:: tan™L (J2/J%). So, the models obtained using
MAGE only indicate cne of the possihle directions of
magnetisation of *he body. Tt is ftherefore more realistic
to consider the directicn of magnetisation in terms of 95,
and then discuss the porsitle combinstions of 1 5nd D!
which could provide the required velue of ¢5.

Another effect of operating in two dimensions is that
the value for *the intensity of magnetisation used in the
model 1s J&az’ the resultant of the x and z components of

the actual intensity (J). The true value is calcuinted

using the formula:-

-

J = (Jxﬂ_)//(coseﬁ’.cosdl + §in®1)?

the data obtained by grephicsl metheds. The models for

[

lines 4 and 5 gave a mesgne“ic anomaly which bore no
relationghip to the observed disturvsence but the model
for line 2 was successful {see Fig, U4.8). RBolie:z dipping
north at hoth 450 ard 840 produced o adequatc fit =long
linc 3, but for rea2scns that will be described tater a

dip of u5°% was considered nore likely

4.7(i11) Geolprigal L1

Becunsa the graphicnl interpreisiion gnve Lithle
guldnnce for

the area hnd
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on the size and shape of the cnusal bodv might be found.
The depth and width of the causal bodies could be
estimatedy the depth using grapnieail methods, =nd the
width by mcasuring the distance be%ween successive peaks
on the aerial profiles. By doing this it was estimated,

for example, that there were three lLodies crossing line

& and that they werce about 7C0 m. in width and at a depih

The interpretation of lines 1 and 2 was considered
separately from lines 3,4,5 and € since the latter
traversed the major Okehanplon Anomaly while lines 1 and
2 covered minor disturbances to its soutn-west. It was

explained esrlicer in thi

!n

chapter. thnt pyvrrhotite
mineralisation witiiin the metancrphic nureole was
probably responsivdlc fur ithe short wavelength snomalics

located on the ground ftraverses. T4 wag thought that

pyrrhotite mircralisntion might 2lso explain the magnetic

=0
disturbances detected on the aerisl nrofiles. Since the

hvdro*hern 1 solutions emanated from the granite during

the late stages of ite intiusicn the causel body, or

Pe

bodies, are likely to dip at the s

ame angle as the
granite contact which is theough% to dip north at 20-30°
(Edmonds et al, 1953).

Fyrrhotite miner=lisziion, bhoth within znd beyond
the metamorphic aurcele, may alsc be o confribubing
facior causing thc Okenampiton fnomnly Lul the dip of fhe

strata wmust be ialen into consideration ns well. In

Chapter 3 it was supgessed thel pvrrheiite developoed
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outside thc aurcecle might be concentrated in the Lower

Culm Heasure rocks ass they are a wore sui%able host feor

mineralisation than the overlying Crackington Forma*%ion

sediments. Fig. 1.2 shows cross-sections through the

Meldon inlier nalong lines 3 and 5. These show that although

individual beds may dip at angles bhetween 20° and €0° the

Lower Culm ifeasure rocks, en masse, dip north aé 30°. So,

both the dip of the strata and the development of mineral-
sation parallel to the granite contact suggests that the

causal body, or bodies, should dip north at approximately

30°%(see p.84).

7(iv) The Models

Thz models were devised with arbitrary values of gﬁ
and intensity of magnetisation. The magnetication was of
the order of 1 A.m."l, and ¢ was expected to fall in the
range 15€-20€° 35 these were the values achieved experi-
wenstally.

The models for lines 1 and 2 consisted of blocks of
variously'magnetised rock, all dipping ?OON, whose top

surfaces were a% ground level (see Figes. 4.9 and 4.10)

e

The model chosen for line 3 is an amended version of
that achicved using the dimensions obtained by graphical
nezns. The single body dips north at 450 5nd hos a
rounded top (see Fig. 4.11).

The profiles along lines 4,5 and 6 (see Figs. h.lz,
4,13 »nd 4.14) can he obtained with models which consist

off sisby of veriously nagnetised rock, dipping 200 fo the



The feliowing figures (Figs. 4.5 to 4.14) show the

observed and calculated profiles,and the models along
lines 1 to 6 (located on Fige 4.1). The geological
interpretation of these models is also illustrated,

The symbols usz34 are as follows:-

GEOLOGY
t
-lﬁﬂ granite
[:] Upper Carboniferous rocks

Lower Carboniferous and Transition Series rocks
s outer limit of metamorphic aureole

MAGNETIC PRCPERTIES

J Jx _» the magnetisation of the body in the plane
V4 * of the profile

[} the inclin:tion ¢f the magnetisation in the plane
of the protfile
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north, at different depths. A greater varistion in
magnetic intensity could produce the same effect as
varying the depths cf the bodies but for reasons that

will be exnlained 1a%ter the depth variation wans preferred.

4.7(v) The directions of ragnetisation

The models described above are for arbitrary values
of ¢ , the dip of the recvltant magnetisation in the
plane of the profile. Now, many directions of magnet-
isation can produce a given value of(ﬁ , so the guestion
to ask is whether the velues of ( used in successful medels
could be obtained by recsolving likely directionc of

\!

magnetigation. Yt is known that the Daritmoor granite was

intruded during the esrly Permian (¥iller =nd Hohr, 19€h4)

and it is believed that the megnetic propervies of the

Lower
enplaced at this time. Creer (1966) sugzgestc! that a
typicel value for the early burcpean Fermian cculd be

D= 189°, 15 -9%. Measwrements made here sugigest ’chgk
the dip of the remanent magnetisation is greater 2> Imean='——_29°.

o o~

Cornweil (1L%¢7) wceasurea recks {rom thne samz locality

and found 2 me=2n inclinaticn of ~21G. Cornwell's

restlts gave the sawe vslue for the declinstion, 1899

S .
’

- . Yaga 4 e~ e L e - I T R LT T . P
as Cre=sr bBuh “ne resulte descrited in Chepher 3 sugnested

that & =108%, Bat, becavse of tha sanll rize of the

gample deseribed in fthies Sheris, these resul

pnrelianle and are theught %o Po srroncons. Jenseniently
- 4 4 ' o ~ ~ O ey ) N N o
destinaticen of xE“;."‘ W o0 icdered wore 13Vl oo
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correct. This value corresponds to a declination (D'ED) of

219° rolative to the profile.
The cdirections of magnetisation use: in th: computer
racdels cdmprise the remanant and inducnd corponents, 1In
order to comparc the direction of the rqmnnant coiponant with
that oF;the early Permian field it is nacesnary to calcul:ule

C
the dip (IEP) of the remanont componant in the vurtical

1]
plane along DEp =139 (D £p = 2190). "ow the mean Q value
for tie leldon samples is 3.57 (see page 50) so JR = 3.57 JI
and hence:=
EP o
= 3*57.3.., c . S
g = 278737, 008 I ?oq 213
- EP < =
4 JRY - 3 57.JIQCO~JI.R .Sln219
: . _EP
JRZ =3 57ﬁJI.51nIR
and:=- .
d = . .
Ay 3 cosl..cosD; g
. ) |
) Ip = 66 °
JIY = JI.cosIE.sanE %-7 mhmre._DE = 22° (sce Appendix A)
)
)
J = J,.8ini )

12 I E

The dip of thao magnetisation of the body in the plane of the

profile is defined by #.




tang = - 3 57.sinlgg+ ein66 °

3 57(coslgp

.3052190) + co0s66°,c0522°
‘ \
From this it wzec possible to calculate the dip (Igp) of the

romanaqk component in the direction of the esarly Permian

fisld for the values of § used in tha models.

Lme. ¢ Iip
1 | 170° -7°
2 180° -15°
3 167° | -5° ]
b 185° 18
5_ 160° o°
6 160° o°

" The values for ths dip (Iﬁp) of the remanent componant in

the direction of the early Permian field shown in the table

Tele N



. | Y

alove are near horizertal and reversed. They corpars well
with typical inclinationa for the early Euronean Pfermian
sungnsting that thc remanent magnetisations of rocks in the

Meldon district aro early F’ermian.I

4.8 Assessment of the models

éraphical interpretations of the body ctusing the
ikehampteon Anomaly uwcre unsatisfactory except to rive a
rough estimate of ito size and shape. The dirnct metiods,
using Peter's and Solokov's lenoths, assume that the body is
npear vertical, which was later zhown not to be the case.
8rucksiiaw and Kunaratnam's metih:od is basea on the character-
istiés of an infinitely daeﬁ'naralrel-sided, uniformly
magnetised dyke, treatzd in isolat;on, and as the causal bouy
tapers to west and eastlanﬁ is nitusted in .n area with &
sloping rnﬁioqal Field the method failed. +owever, the nctihod
did show that:l lics between 180° and 27D°, where
i=4g +'V‘-'G;WVis known as it is the dip of the carth's
" field in the pléna of the profile and 8, the dip of thec body
in the same plane; is éssumad_to be 300. From these the dip,
#, of the magnetisation of tie body fz2lls in the ranne

(o]

130° - 220° The computer models wore devised for arbitery

values of f within this rincae,

The‘values of A which gave the best fit were usced to
calculate the inclination of'tha r-manent magnetisation
along the direction of tha early Permian field (D = 169°).
The results fall in the range 0°—> -18°%., This agrees well

with the direction of a typical searly Permian {inrld as defined

by Creer (1966) (D = 189° I = -9°) and Cornwall (1967)

-";\\ﬁ U"'Ve,.‘v
Q° SsCIENCE &
£ 4 10V 1979
SECTION
Library

(0 = 189°, 1 = -21°),




8o far in this chauter it hss lbeen assumcd that the
magnetic properties of the rock csusing the Ckchnaipton
Anomaly can be attributed to pyrrhotite mineralisatsion.
However, befcore discussing thie 2nd the nodels in wore
detnil, it is worth ccnsidering the other possibilities,
if only to show that they arce net feasible These are the
énrbonifeToum dolerites, Lower Carb
and buried Devonian spillites.

It has been suggested (Edumonds ot al, 1968} that
meteriol giving rise to the Ckehawpton Anomaly is
probably of basic igneous naturc, such 2s dolerite.
However, the ground profiles shown on Fig. 4.1 suggest
that this azsunntion may be incorrect. Several dolerite
intrusions cuterov cmong the nlder rocks in the inlicr
but they rhow no asscoisted magrnetic disturbance, exceps
along line 2. This indicates that the typically strongly
mwagnetic dolerilic rock is hehsaving abnorually in %his
ares, and has & low maghetisation. In Chapter 1 it wos
explained tha® pyrrhotite has been known %o develop in
dolerite (Edmonds et al, 196R) and *tnis ferromagnetic
mineral couid redvuce the remanent magnetisation of the
delerite by jryesing o seconcary fic¢ld with a2 Sif{ferent
direction. Creer (1266) noked “nat the dolerites found
in Jevon and Cornwall have a much reduced rewszncnt

ation whiion can oe

. —dd . R R, R sV S N L
agnuisgatlo Vi s CAND BC an GIraer (o hEglt tude less

Ve I P R TR S BT Nownproe sbm o pe HY cp Fla Y

than that for doleriiae elecunere.  Frur Yhe oheorvations

d .., g e L . .. - - h - 4 - - TN, . T
of Creer (13cl) and fthosze wode hare L6 seens unlikely
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that dolerite causes fhe Okehampton Anomaly. Also, the
large width of the proposed causal body (see Figs. k.11 to
4,14) makes the possibility of its belng a dolerite
intrusion unlikely. |

An alternative form for the causal 5bdy could bhe
velesnie rock °uch as the pyroclasflcs exposed. at Meldon,_
or Devenian spi 111tes. The pyroLlasfwos are about 60 m.
thick in the Meldon area (see Chapter 1) and they thin
away from this.eentre so it is unlikely that there would
be a sufficient thickness Qf volcanics to cause the

Okehsmptcn Anomsly. Devonian i

-}
by

spil

e

tes are not exposed
in the Okehampton ares bul they are found in association
with Lower Carbonifercus and Upper Decvonlan rocks nesr
Tintagel (located on Fig. 1.1) where they resch
thickneszss of 500 u, (Freshney et al, 1972). towever
they are not known to cause any maghetic anomalies

(Sanderson, personal communication

e

o

The medels devised to explaln the profiles along

Tines 1 and 2 describe bands of VHTLOU"lV mqone+Lsed

rock rinrdng

m )
=
=
0]
i._
1
ot
ot
g
[

[419]
=3
1
>
ot

contact,

<
[
@]
[N
.
i

4
o
20 -
b
™
2
~
P
s
l,_.h

Hubtending these inite dernth wade 1ittle

sffect on the profiles 8o (b wes decided that  the bo.d\vs._, could
be treated a8 resr surface material. This would fﬁfiﬁ“Wﬁh

. PR BT R A o m e A
b anomailies are caused v pyvrrhotite
onriened Lower and Deper Culm Measure sedizments which

have mashenic properfties zipilar to those measured in
o e - . . 1 P o bn
cnmndas fron seidon ounrry {(see Chapber 3):¢  that e, a
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near horizontal reversed field. The values for the
intensity of magnetisation are larger than those
measured here but this could he a result of weathering
and consequent loss of ferrémngnetic minerals in surface
samples from HMeldon.

Pyrrhétite is an unstable ferromagnetic iron
sulphide which is reedily weathered *tc iron oxide or
hydroxide, so it is unlikely to exist in significant
guantities in the weathered zone which is thought to go
down tc about 10C m. (Scrivenor, personal communication).
Consequently rock at depth is likely to contain more
pyrrhctite and hence have a higher ralue of wagnetisation
than the sediments at the surface. The hodies in the
models for lines 1 and 2 do approach the surface sc the

intensity of magnetisation vrobably rcpresents the mean

[}

valy or the depletfied and pyrrhehite enriched zones.

bsy

v

[22

0f the four lines which cross the Ckehampteon
Anomaly only the mcdel for line § suggesis that there
are bands of bhoth Lower and Uuper Culi ¥easnre sediments
with significant magnetisation within the metamorphic
aureole of the granite. Along line 5 the magne%ic rock
abuts agninst the granite while there is 2 zone of non-
magnetic material next to the granite along lines 3,4, snd
6. However it shcould be noted #hat the reck 2ext 4o the
granite in model 5 ic pormaily maénehised sugreshting that

&

its magnetic dirceticn is largelv Induced. These

observations it in with thosc of Beer and Foenning {(1376)

who noted thewt pyvrrhoSite is abveent Irom conrse hernfclses



close to the granite znd there is no evidence of much
mogncetite in these rocks. This wonld explain the absence
of » strong remznent component. T4 has also been
suggested (Beer and Scrivener, perschal communication)
that any pyrrhotifc, introduced by e&ﬂy nydrothermal
solutiong, is likely %¢ be metamorphosed or redistributed

near to the granites coninct The resul

s

o

fmda

g mixture of
remanent magnhctic directions could produce rock with a
high susceptibility but low rewancnt magretsisation,
hence the signiiicant induced component in thec body
adincenh to the granite along line 5.

It was supgested earlier in this chsapter that
pyrihotite minersiisstion af the outer edge ~aud beyond
the metamorphic aurcole is largely confined to the Lower

Culm Meansure =scdizcents. 1% s thercefore important to

. - g B - o .
assess the wmodels for linss 3,4,% and & in the light of
k¥nown geclogy Lo see if They renresent pessible

structurss for Lower Colu Measure sediments

the work of Dearman and Butcher (1959),

=3
—t

In Charpte
Edmonds et 21 (1983), Freshney and Taylor (1971),
Sanderscn and Jearoan (1}73), and #Hobson and Sanderson
1197%% on the gshruchiare of the Melden ares was discussed

snd ceritain points considered. Firstiy, it ig feasible

[ I

-1l

D

thot further folds of Lower Cula Messure and Trangiiien

~ ]
TV -~ 1. -, s {

e - ., . 4 [ - [P . R 1,
Serios tocks exiast vnder bthe Cragk

sctinaonts Lo “ho nevb of the Noliden

ik bthore older rodtuents contld forn o o dvke-like anti-

[

r
i
.
g
n

gxisting Josh rorth of the sepesed inlier. In fthis
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area the fold limbs dip north af 30° and 60° and the
axial planes dip st approximatcely 45° in the same
direction. The cother importan® shructural consideration
is the number of fanlts observed cut*ting *hese older
rocks. The cross-sections shcwn iﬁ Fig. 1.3 which
roughly coincide with perts of lines 3 and 5 show how

these faults alter the shope of the

."u

inlier and provide
a means by which blocke of Lower Culm Measure rock can
be moved nearer to, or further from, the surface. These
faults, be they normal or reversed, dip north at 300 and
60°.

So, either fanlting or folding could deternine the

shape of the Lower Culm Measure sediments. This

l—J
H

suggests that the bodyv representing thecs sediments

vere the nose of a fold it would dip north as u5° while

f.‘a
'_l
ot

it were [

s

i bounded it would dip 2t 30% or €0V.
However the crossz-sections on Fig. 1.3 fuggest that
both faulting end folding plzay a rart in determining the
structure so it is important fio assess the models in the
light of both these considerations.

It was because of these stractural considerations

0

that thc graphically derived dip of 4%

st}

for the causal
pody for line 3 was btelieved to be correct. This
suggested that the body was the nose of 2 folid so hHhe
nodel was modified necordingly ﬂn& # belber Tit was
achleved. TFig. u.1l1l showes the iuwproved model and the

northward extrapoiation of the Culn Mensure sedimente

from the Meldon inlier fe the pronorad fold nose.
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The model for line € alco indicascs that folding has
occurred. If the boedies arce taken %o be slabs of Lower
Carhboniferous or oliler rock which have been enriched with
pyrrhotite then the undulating top surface of the
magnetised rock prohsbly represents gentle folding cf
these older sediments.

1g for lines

o

The mod

( ["

’n

-~ ArmAd B
1€ SnG 2

t that the

’1’)

oth sugees
highly magnetic rock exists as slabs, dipping 30PN, and
which deepen slightly to the north. Inspection of line

4 shows that the najority of bodiex, including the normally
magnetised slat fall within an area known to contain

Lower Culm ¥ensure sediments. Tt ig easy Lo conceive of
the nost northerly slab s teing & tcectonic slab of the

same rock type. The dip of the interface baiween 1% and
the body immediately to its south could then bte inter-
preted as a fault plane dipping north at 30°. By
contrast bthe wodel for line 5 is dAifficult %o explain

as the bulk of the magnetised rock exis®s to the north
cer south of the inlier while weost of the exnosed Lower
Culm reasure sedinents appear to be neon-magnetic.

It was mentioned earlier that pyrrhectite is easily
viegthered and that this radically a2lfers the magnetic
properties of the rock containing this mineral. This
could mean thai *the undvlations in topography stiricuted
to folding snid faulting umay le an. 2ffect Wi wealShering.
mowever 1% seenms unlikely fthot the wenthered zone wonld
decpen by 150 6. in =n equal distance (sce line 5: Pig.,
4.123), or gc down Yo 2%0 w., so bthe suppositions sbout

the gvructure sre Likely to be truc.



4.9 Conclusicns

This chapter ¢ffectively covers thrce aspects of the

mognetic disturbances in the Clkehampton area. [IFirstly
there is the regional field which chsnpes from high in
the north-east to icw in the south-west. Straddling the
boundary between these two regions there is the umajor
Ckehampton Anowsly. Thenr, sunerimposad on this anomaly
and found to ity south over the mehamorphic avreole
of the Dertmoor granite there are éhort wavelength
anomalies detecishle only along the ground traverses.
Even though ro evidence fto support thie hypothesis
ie gset out in ithis thesis 1% sceems 1ikely thst the
regicnel field ie¢ caused by the Jjurtsposition of non-
n - the granite »1d Devonian

shales and limestones (see Fig. 1.1) - and tha Culm

Measuve sedlmenis Lo the north, scne of which nave been

o posress a significent mzgnetisn-tion.

Cf the posaible causes cf the Ckeheampton Anomaly
only pyrrhotite winersziisation seems likelv. There is
ain insufficient =sihiicYuces of Lower Culm Measure volesnics
to cavse such =+ Isrge anomsly and both Devonian spillites,
which are Jikelv te oyish 54 denth under the Culm

Measares, arsi dolarite do noh pessess o aignd

h

[SR @4

iprnetisastion.  Tnorefore the Ckehmirphton Anownaly le

fm o~y

[P . N - ara e 5 3 PP " H - ~ 3 - o de
pelieved fo Te a2cuesd by mapnetic On Mersure scdinments.

r._

Adore upecificralilv 1% iz fthough' ihal the Terromagnebic

Y

Liswer Carboniflerous

wineral pyerroctibe aevaioped in tre



sediments is responsible for the significant magnefic
properties of these rocks.

There are threc nodes of pyrrhnotite development in
Culm Measure sediments: thersal metanorphic altferation,
metasomatism and the penecontemporaneous bedded mineral.
I+t seems likely that the latter two modes of cmplacement
.are responzible for the pyrrhotite in the Lower Culm
lieasure sediments which cause the Okehampton Anomaly.
0f these the hvdrothermally emplaced velinrn mineral seems
more likely although there is probably some bedded
pyrrhotite as well. Tt is also likely that, like the
bedded mineral, much of *the Fe, S =2nd Ni contained in
the veins was derived from volcanic sources.

The modeis hnve shown that peneconterporasheous

bedded pyrrho%ifte o1 hydrctherually emplaced vein

pyrrhotite may be coulined fto Lower Culm Xeasure sedi-

ments beyond the meunsrorphic sureoie
sediments condinue north under the rocks of the
Crackington Foristion. The structurc of the older
sediments ig defined by folding ana faunlting. Along
some lines (lires 3 and 6) folding apprears to be a

more important consideraltion wheress 2long lines 4 snd
5 the structure appears to te dowminnted by faults.

Fig. 1.3 shows twe fissimilar geclogical cross-sections
through the xeloon inlicr. These confirm thst the
structure énn albe» in the very chors distance between

lines in the asanrner indicated by *“he sodels.
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DISCLUSSYCN QF THE RESULTS

N
o
—

Introducticn

This chapter attempts %o %tie together the resunlts

obktained in the previous chapters, and, in parfticular, to
assess the nmerite of the interprebtation described in
Chapter 4. Also, because the Ckehnuwpton Anowmaly is one
cf many similar anomalies which stretch across Cornubia

it is important that it is not treated in iscolstion hut

compared with these other magnetic disturbances whicl

may have comparable origins.

hapter 3 dercribes the studvy of the rock ssmples
taken from various sites in the area. Measuremec the
magnetic provertics revealed tnat the directions of total
magnetication are scattered with a menn of D = 97°9, T =

159 2nd s mexinum error of 30°. However the small size
c¢i the ssample (24) makes these results unreliable. The
resuliec alsc revenrled that fhe ro&h type with the most

sipniilcsnt magnesic=ziion was shnle and that the shale

samples had 2 wenn 2 value of 357 (see page 50 ).



Study of the mineralogyv shewed ftnat the magnetic properties
of the samples could be atiributed to the ferrcmagnetic
mineral, pyvrrhotite. I% was present in two forms;
disseminated snd as n vein mineral. It is thought Yhat
the disseminated foriw is the thermal 21lteration product
of detrital sulphides, notably pvrite, =2nd is restricted
to the metamorphic surceole of tne granite. The vein
mineral is believed to have been hydrothermally emplaced
by fluids emanating from the granifte which counld travel
distances as great ass 7 km. from the granite contact.

The models obtsined in the previous cherter indicate
that both the Okchampton Anomaly and the smaller dig-
turbances to its south-west are caused by conmnosite
bodies running parallel w‘+n the granite contact and
dipping north at ahout 30°. The directions of magnet-
isation used in the models were resclved along a typical
early Permian declination of 189%° (Creer, 1966, Cornwell,
1967) and ne=ar horizontal inclinations were ob%ained,
indiéating tha' the bodies had an early Permian direction
of magnetisation. The Dartmeor granite was intruded at
this time (~ 23C 4.Y., Miller and Mchr, 19€M4) so it seems
ikely that the remsnent ficld of the causal body was
cbteined nt the timo of the graniic intrusion.

The possible cnuses of the CGkeh=mpion Anomaly are
heliceved to Do doleriices, Lower Carboniferous voleanics
devonisn spillitces or pryrrioetite wineralisation. The

gyound
.~ .=

23 fraverses showaed that only one giposed dolerite
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had en associated magnetic anonmaly, confirming the idea
that dolerites have an unusually low magnetisation in
this area. The volcanics, although magnetic, are of
insufficient thickness fto cause the anomaly and the
spillites do not possess A sufficiently high magnetis-
ation. Pyrrhotite miner=zlisation was therefore thought
to cause the Ckehampton Anomaly and the local disturbances
including the short wavelength anomalies. Near surface
developments of both vein and hisseminatqd pvrrhotite
within the metamorphic aureole 2re thought to cause the
cshort wavelength a2nomalies. These types of mineralisa-
tion sre also thought to crhuse the smnll disiurbances
such as those detected along lines 1 =2nd 2 which would
explein why the slabs of magnetised rock run parsallel
Qith the granite contact. Vein pyrrhotite can be
developed beyond the metamorphic aureole and is thought
to be a gignificant contributor to the Okehampthon
Anomaly. However evidence north of the Bodmin loor
granite, in 2 borehole at Wilsey Down, suggests that
penecontemporaneous bedded pyrrhotite can exist in
Lower Carboniferous sediments interbedded with volcanics
from which it was probably derived. #flthough there is
no evidence of bedded pvrrhoti*e in the Ckehampton
region it could contribute towards the observed
anomaly. However, the esrly Permian direction of
magnetisation suggests that the vein mineral is more
likely to be the main cause as it was emplaced 2t the

time of the Dartmoor granite.
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Beyond the metaiorphic aureole the vein pyrrhotite
is thought to have been preferentiallv emplaced in the
Lower Carboniferous sediments so the models shown in ‘
Fige. 4.11 to 4.14 indicate the structure of the buried
Lower Carboniferous rocks. The causal body is 1-2 ¥m.
wide and dips north at 30° (or 45° in the case of line
3). The surface topographyv of lines 3 and 6, which
traverse the western and eastern ends of the Okehampton
Anomaly, indicate that these rocks are folded. Lines
4 and 5, which cross the centre of the anomaly, indicate
that the body deepens slightly to the horth, possibly
as a2 series of tectonic slices. Fig. 1.2, taken from
the work of Dearman and Butcher (1959), indicates that,
evenn over distances as small as that between lines 2 and
5, the structure of the Meldon inlier can alter
appreciably. This indicates that the differences in
structure suggested by the models are geologically
possible. There is one important point to consider at
this juncture. Pyrrhotite is easily weathered and this
can radically reduce the magnetisation of the rock. 7Tt
ié possible tha* variations in surface topography of
the bodv could be attributed to the effects of weathering.
However the weathered zone is thought ﬂEcrivenor,
personel commnunication) to go down to 2 depth of 100 m.
so structures with a top surface as deep 3s 250 m. (see
line 6, Fig. 4.14) are unlikely to have been produced bv

weathering. Of course, the varia*ion in depths of the
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bodies could be substituted with a2 greater variation in
magnetic intensity from slab to slab, but this appron.cht
was no% chosen because the intention was to produce
models which indicated 2 possible continuation of Lower
Culm liezsure rocks from the iseldon inlier north under
the Crackington Formation sediments.

The effect of weathering 2l1so explains the dis-

crepancy between the values for the magnetisation used

in the models and those neasured in samples from Heldon

qu arry(mean =0 -lbly A.m‘).

5.2 Comparison with anomalies elsewhere in Cornubia

4s has heen wentioned previously the Okehampton
Anomaly is not uniqgue but is one of wany siwmilar
anomalies which stretch across Cornubia following the
southern margin of the extensive magnetic high (see
overlay to Fig. 1.1). This occurs over the region where
Culm iMeasure rocks are exposed at the centre of the mid
Devon syncline (see Fig. 1.1). The major asnomalies are
at Okehampton, Crockernwell and Tintagel, but there are
others, such a2¢ that at Lvdford (see Fig. 1.1). They all
occur near the southern boundary of the Culm kKeasure rocks
where both Lower and Upper Carboniferous sediments are
exposed, end near to exposed or sub-surface granite. RNo
couiparable wegnetic anomalies are found north of the
mia Devon syncline even though ‘Lower and Upper Culm
Measurce sedinients are found there. The older sediments

are siwilar to those found in inliers along the southern
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margin of the syncline except that both volcanics and
dolerites are absent (Edmonds, 1974).

The models described in the previous section
suggest that the magnetic anomalies are caused by
pyrrhotite enriched Lower Carboniferous sediments, and
that this mineral wzs deposited by fluids which primarily
originated frowm the granite. Tf this is so it would
explain why no magnetic anomalies are found in sssociation
with Lower Culrk ifeacsure rocks[north of the mid Deven
syncline where there are no granites. It was also
suggested that the pyroclastics interbedded with Lower
Culm Meacsure sediments mav have been a source for the

Fe and S required for pyrrhotite rineralisation. So

the ahsence of magnetic disturbances north of the major

syncline may be attributed to the lack of vclcanics in

-+

that area.

(0]

3

Previous workers (Edmonds et al, 1968) have
suggested that dolerite intrusions cause the anomnlies
at Okehampton, Crockernwell and elsewhere, and that
"the uniform nature and large areal extent of the
anonalies makes the possibility of - their arising from
mineralisation with the Culm Measure rocks unlikely"
(Edmonds et al, 19€8). The body defined in the models
(see I'ige. 4.11 to 4.14) has 2 mezgnetic intensity of
the same order of magnitude as that for normel dolerite,
but dolerites throughout Cornubia have unusually low
magnetic intensities (Creer, 1966). Also, the nmodels

have shown that the body csusing the Okehampton Anormaly
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is not uniform but made up of many slahs of variously
magnetised rock, and the large areal extent can also
be explained in terms of mineralisation as the hvdro-
thermal solutions emanating from the granite can travel
distances 2s great as 7 km. and hence deposit minerals,
notably pyrrhotite, over a wide arez. The absence of
dolerite north of the mid Devon svncline is therefore
unlikely to explain the lack of magnetic disturbances.
Study of Fig.l.1l and the?accompanyipg overlsy
suggests that the major anomalies south of the mid Devon
syncline are found near to the inliers of the Lower
" Culm Measure rocks. This is particularly obvious at
Tintagel, Ckehampton ~nd Crockernwell but csmaller
maghetic disturbances occur over other inliers such

as those down the western side cof the Dartmoor granite.

4=
¥l

It is worth loo¥ing a2t this a2rea in more detail as
is located just south cof the main area cof study.
Hobson and Sanderson (1975) studied the structure of the
Carboniferous sediments situsted west of this granite.

A cross-section running north-south through Lydford is
illustreted in Fig. 5.1 as is the magnetic profile

along the rame line, taken from the unpublished T.G.S.
1:25,0CC aeromagnetic map. Thie profile shows that
negative disturbances, similar to the QOkehampton
Anomaly, are found just north of %the Lydford and
Petertavy inliers. In Chapter 1 it was explained that

these inliers are the anticlinal noses of folded Lower
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Culm Measure and Transition Series rocks. The folds change
from being overturned in the Okehzmpton region to
recumbent further south, and they dip north at challow
angles. It is therefore nossible that the hypothesis put
forward to explain the Okehanpton Anomz2ly may hold true
in this area; that reversely meghetised pyrrhotite
enriched Lower Culm Heasure rocks, continuing north »t
depth from the exposed inlier, cause the observed magnetic
disturbances. If thir is the case the question to ask is
why the auplitude of the observed anomely is greater in
some areas than others.

Tt has already been pointed out (see Chanter 1) that
the volcenics interbedded with the Lower C=rboniferous
sediments thin awav from the Meldon cen*re (Dearman and
Butcher, 1959), and it is believed that volcanics may
be a significant source for pyrrhotite. In Chapter 2
the petrology of the rock samples [rom Meldon Quarry
was described. Tt was nhoted that the vein pyrrhotite
often contained exsolved crystals of the nickel iron
sulphide, pentlandite. This suggests that hyvdrothermsal
solutions which deposited the pvrrhotite contasined a
high concentration of nickel. Such concentrations could
not be obttained from the carbonate, argillaceous and
arenaceous sediments found in the area, so it seems that
the source was probably the volecanic rocks. So, where
the pyroclastics are thickest the magnetic disturbances

will be the strongest. This supprosition concurs with

observations made in the north Dartmoor region.
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Unlike the ieldon inlier the inlier of Lower Culm
easure rocks situated east of the Sticklepath fault
(see Fig. 1.1) contains no pyroclastic rocks except at
its eastern end. The Okehampton and Crockernwell
Anomalies are situated over the Meldon inlier =nd the
eastern end of this inlier respectively (see overlay to
Fig. 1.1). MNo wmagnetic znomaly is observed over the
ares where no volcanhics are exposed. Fig. 1.2 shows
that volcanics are found with iower Carboniferous
sediments north-west of the Dartmoor granite and Fig.
5.1 shows that magnetic anomalies are associated with

these sediments.

Conclusions

Evidence outlined in this thesis suggests that the
Okehempton Anomsly is caused by pyrrhotite enrichned Lower
Culm Measure rocks which dip north at spproximastely 30°;
under overlying Upper Carboniferous sediments of the
Crackington Formation. This ferromsgnetic mineral was
mainly developed as a result of metasomatic activity
during the late stages of the granite intrusion. As the
models confirm, the remanent fjeld therefore has an early
FPerwian direction. Small anmounts of bedded vyrrhotite
may also be present but its early Carboniferous direction
of magnetisation is unlikely to have wmuch effect on the
overall anomz2ly. Tt hazs been suggested, however, *hat

the volcanics associated with this bedded pyrrhotite
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were an iwmportant cource for Fe and S, thus explaining
the correlation between major anomslies and areas, 1ike‘
the Meldon inlier, where Lower Carboniferous pyroclastics

are exposed.

The table below sumnmarises the results.

Major znomalies

Vein pyrrhotite

preferentially deposited

in Lower Carboniferous
sedirents (Early Permian
direction of magnetis-
ationy

Some bedded pyrrhotite
(Lower Carboniferous
direction of magnetis-

ation).

Very swmall contributions

inor anomalies

Vein and dissemin-

ated pyrrhotitc within
the metamorphic aureole
(early Permian direction

of magnetisation).

from dolerite (Lower

and Upper Carboniferous directions of magnet-

jeation) and volcanics (Lower Cartoniferous

direction of magnetisation).
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APPENDIX A

Derivations



(i) To calculate the mean value of the magnetic field

from a set of dissimilar fields

Eacn field is divided into its components

dx = JcosIcosD
Jy = JcoslsinD
Jz = Jsinl
such that J = intensity of magnetisation
I = 1inclination )
) as shown below
D = declination )

%’Z Y,
/‘l\<f\

N\

The wean value for Jx, Jy and Jdz is calculated. The

characteristics of the mean field can then be computed:-

tan(Dpean) = Ly mean

lx mean

tan(Ipean) = 4, pmean x sin(D mean)

l—y mean

- Ypean = 4, mean

sin(I pean)

vi



By using this method the summation of the fields is

correctly weighted.

Table Ai 1lists the components of the remanent, induced
and resultant fields. The remanent field components
were calculated using experimental data (Table 3.2),

the induced fields were computed using the information

listed below and the resultant the sum of the above.

The Earth's Magnetic field at Okehampton 1 -8
Intensity 0.478 Qe

Declination 8% 1i.e. +352°
Inclination 66°

(Ref: U.S. Naval Oceanographic Office charts)

(i1i) Fisherian Statistics

As magnetisation is a vector it can Ye expressed

in cartesian co-ordinstes by its direction cosines:

X = cosbhsinI )

) I = Inclination
¥y = sinDcosI ) where

) D = Declination
Z = sin 1 )

(see Table Aii)

The length of the mean magnetic direction can then be

calculated:-

R = JUZX® + (212 + (22)?)
From this the precision parameter, K. can be estimated.

Kak = N-1
N-R where N = no. of samples

vil



The cone of confidence ¢X95 and the circular standard

deviation, 963’ can be computed.

0(95 = cos-ll —l\l_;{_}‘( (Pp'-;_ll —_ 1)

where Olos is the angle of the cone in which
there is & 95% probality that the true

direction lies.

le. P=0:08
963 = 8—1K

A circle of radius 963 degrees about the mean will

encompass 63% of the data points.

The larger K and'th.e smaller 0(95 and 963 the less

random will be the results.

The circular standard error (c.s.e) is also a measure of

the degree of scatter. Like v, 63 to which it is related
by the formula shown below, the larger its value the
more scattered the results.

C.S.e. - 663 ™ N-%

Ref. Tarling, 1971

vill



Table 2i:

Showing the x.v.z comnonents of the remanent (P),.’nducnd (T)

and resultant (R+I) magnetisation of rocl"'s from Meldon Quarrv

(211 values in e.m.Ww. unless otherwise stated)

Sample Remanent (x 10-9) Resultant (x le§5 Indnced (x 10‘?)
Name JXR JVR JZR _-IXR+I JYR‘PI _J_ZR+I QXI JVT JZT
MbOl 0.062 0.113 | - 0©.02 5.6" 0.02 12.01 .57 | - C. 12.03

1:3.2 0.18 0.16 0.15 7.3% 1.41 185 3.20 - 1.3% 1855
}boa. 9.84% 0.086 0.15 12.35 0.53 5.82 2.51 | - o.kk 5.67
%603.3.2 1.95 0.34§ 2.90 . 0.41 0.062 2.42 2.36 | - 0.41 5.32
¥0032.2.2 | - 2.35 0.064 2.3 0.02 0.35 2.94 2.33.| - 0.41 .27
1603.1.1 3.89 0.9565 L4.,21 1.5% 0.545 1.09 2.35 { - 0.41 .30
¥800.1.1 | -205.12 948.90 -858.9 - 97.83 930.26 | -616.62 | 107.29 | -18.64 | 242.28
1800.2.2 | -310.27 705.05 -632.8 -230.13 691.13 | -451.82 80.14 | -13.92 | 180.2%
#4800.2.1 | -504.87 830.48 -982.10 | -ko4.76 812.09 [ -756.03 | 100.11 | -17.39 | 226.07
162.1 0.054% 0.078 0.03 1.5 - 0.18 2.38 1.48 | - ¢.2¢ 3.25
¥M103.2.2 5.27 227.49 - 53.12 71.28 226.43 | - 38.31 6.11 | - 1.cé 13.%1
M102.1.2 | - oO.124 | - 0©.077 0.08 1.64 | - 0.387 L.06 1.76 | - 0.31 3.98
m%g '%’% - l+1.595 43.63 - 12.06 _l.go 43,17 | - g.ge g.sg - 0.45 5.8%
+:10%.1. - 47.49 12.2 - 9¢.5 - 30.81 11.99 | - 58.82 16.8! - 0.29 317.6°
Mich.1.2 | -324.9 30.97 -8?7.§5 -298.79 ’.Z= -798.98 26.11 | - 4.5k £8.97
}101.1.1 5.51 570.%43 565 .2k £38:13 5818 | Té8i:% 5.5 | - 9.1g | 115046
1101.3 185.8¢ 501.83 693.37 249 . LY 490.84 836.99 63.58 | -10.%9 | 143.58
1901.2 0.007 0.056 0.02 | 0.64 | - 0.06 1.49 0.65 | - €.12 1.47
¥301.1 - 0.003 0.053 0.15 0.70 | - 0.C8 1.76 0.71 | - 0.13 1.61
29Ck .1 0.95 - L.52 - 0.69 5.63 | - 5.066 14.16 - 6.8 | - 1.1k 14.8¢
K904 . 2 22.27 - 14,66 2.41 28.9% | - 15.88 17.67 - 6.76 | - 1.22 15.26
#305.2.2 0.54 0.033 0.C6 6.83 | - 1.32 14.25 6.29 | - 1.35 14.19
1905.3.2 0.089 0.069 0.07 7.35 | - 1.19 16 .47 7.26 '] - 1.26 16.40C
#905.3.1 | - 0.006 0.0003 0.03 7.01 | - 1l.22 15.89 7.02 | - 1.22 15.36
siean - W p- 160 4 - 91.7 - 19.3 156.8 | - 43.2 21.5 - 3.6k L].56
Whence the declination (D), Inclination (I) and mesn magnetisation (J) can be calculated:

DR = 105° pR+I - gpo pI = 3500

IR - -290 1R+I - 150 - 6 : 1I = 66°

JR = 190 x 10-6 m.u. JR+I = 184 x 10~ em.u. 3T "= 53 x 106 _emu.
- 190x 10-3 A.m.-1l = lé4x 10-3 a.m."1 = 53 x 10-3 A.an.

X!



- Table Aii: Showing direction cosines (x,¥,z) of

the remanent. and resultant magnetisabions

Remanent Resultant
Nawe X y 2 rnX y A

1601.3 04741 0.8623 0.1779 0.4305 0.0015 0.9026
1601.2.2 0.6455 -0.5592 0.5203 0.4090 0.07%2 €.9C092
1602.2 0.9999 -0.0087 0.0148 0.5038 -0.0388 0.4262
1603.3.2 0.5547 0.0993 -0.8261 0.9836 -0.1488 0.1018
¥603.2.2 -0.7105 0.0192 -0.703% -0.0383 C.C022 €.9933
#603.1.1 -0.6697 0.1645 ~0.7242 -0.7%43 0.0278 0.5548
M800.1.1 -0.1583 0.7320 -0.6626 -0.0874 0.8303 -0.5505
M800.2.2 -0.3112 0.7072 -0.6347 -0.2685 0.8Cc2 -0.527%
M800.2.1 -0.3654 0.£010 -0.7108 -0.342k4 0.6830 .| -0.62¢
{102.1 0.5451 0.7318 0.30%0 0.4119 -0.0435 0.9C%9
M103.2.2 0.2793 0.9593 ~-0.22k4 0.3035 0.9334 -0.1é52
M103.1.2 -0.7095 -0.4777 0.5180 0.3731 -0.0331 €.9236
M103.2.1 -0.0286 0.963% ~0.2653 0.2110 0.9630 0.1237
M104.1.1 -o.h;88 0.1131 0.891k -0.4563 0.1776 -0.8719
Miok4.1.2 -0.3¢836 0.0352 -0.92%3 -0.3¢E57 0.C324 -0.92C2
M101.1.1 0.0813 0.7080 0.7015 C.1325 0.6283 " 0.7¢€7
%101.2 0.2113 0.5775 0.7385 0.2485 0.4889 0.8262
M201.1 .-0.7515 0.6097 0.2521 -0.3941 0.037¢C 0.G1283
M201:1 "~ -0.0206 0.3373 0.9412 -0.3633 0.C422 0.927%
MOOL.1 0.2031 -0.9€79 -0.1478 -0.3465 0.348Y4 ¢.871cC
MOO4.2 0.831¢ -0.5475 0.0898 -0.7735 0.3073 c.hk702
M9C5.2.2 0.9927 0.0616 €.1027 -0.43C5 0.0851 0.3386
#905.3.2 - 0.6725 0.519 0.52¢9 -0.4065 0.0658 0.9113

1 -0.1785 0.006 0.9839 -0 0.0269 0.9125

M905.3.

-4c29




APPENDIX B

Listings of Computer Programs
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IF(FD(M) uTe LIL)IGL TU 14
DED(M)=sFLIM)-D(1—-1)
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LY LV RiJ=VeAV LY T el
L4 CLnTidul
LG 15 1=2,in L
I (THF) acslougld : ‘XIV
16 LI{l)=CAalli+Thr
1 RT{D)=CHX(i)=-TnF
1 CubiTinuL
LebF(L)=0(1)%0.4ulbt0Ll1)%*0e9157
CALL)=Al4)=uur (l)
h=2 ] )
100 LU 23 I=2,KlL ) >
IR (YL ebie TULI=1)) oL TG L
54 It (11} «uTe JTUR)) GUL TU 55
6L TU 59 :
53 K=K+l _ )
i_l' (_,\ g_uTo f'.ll.) \.;Ll ]U b‘)
GL TU 5¢ _ ] ~
by L DIF(RI=ULIN)=DL(R-1]}
cTDIF AR)=TIRI=LT(R=1) oL
i (ZTO1IF(R) oEwe U,0) U 1L 77
LUNSTZIRKI =L DIFIRIZLZTDIF(K)
Gt TL 79
77 LuNSTZ(n)=0.u
79 wdill)=(Tliy =ZT(R)IRCOGNSTZIK) +DLliv=1)
1 vbditl)=u0cli~1)
v TG 25 ]
55 IF {1 .LE« ML) GU TG 1
23 CUNTINUL
40 J=2
60 LU 24 l=2,rlL .
WP (T0L) ebkye TLI-1)) 6U_TO 2
31 I HT(J) LTe TE13) oL TU 3V '
. Gu Tu 3¢
30 J=J+l ] o
vu Tu 31
32 bHUlk(J)=UH(J)—UH(J 1)
hTUlFLJ)=H](J)-HTlu—l) . _
15' (_HIU‘."'(J) el.\.- U) bU T‘J 73
th;TH(JJ=dnu11(J)/hlUik(J)
LL TU Ju
/o CLONSTII(S)=0.U _ o ] o
oU LCHII) =t Tehd=t1 g et dindTril ) +0HIJ-1))
GL TL <&+
é LoH(l)=vuiuAli-1)
GL Tu 24 )
5C IF (1 olece L) LL Tu 2
24 UNIlNUL
"(7 uu b.l. l.v—t_,lll..

COF ()= oo (N) R U QUuLU+IDL I N)®Y.YL5T

L,A”_l-:n\n)—ubf (.‘1) —
Yl CUNIT “\'UL N »
Ir (17 (4L) .ukW T1(1)) Gs TU 99
Lu 8+ 1=10ii )
w=hiL=-1+1 k !
Lialdl=enlal
CTi(JdI=T14)
AnlJd)=ALl)
o LulTliiuc
L Tu ol
Gy Lu db I=1,0L
J=1
CLA(JI=Lali)
CT1d)=T 13 )
ANt J)=At 1)
b6 LUNT iliue -
gl BL JL 1=1 ML )
Llall)=ainlii-Liall)
ookl Telu,74) KXlI{,L] L)yeLALT) AN (LTI 0Cal 1)
71 Ii_.,l\“l'-\l(LA'lJ.Z plA s FD.0,2K,Hba ZviX,fu.daZl\pf(oLl
g6 LUMTINUc
l\"i'=|'“.
\-ALL PS\“"ID\L.\) bn\ly 0.‘.15 JeU =11}
Ll:\LL Pb\‘h)('.....).u.u. Occy'LLI\nLul..U' ey 9 g9) .
LAkl r‘oY-‘.ulL-éL'u.Jp Ve tuliwuhilb LT ed? y0s0y1i

CALL "".)Y".;(l. YaGed s \)oc.)l“ll'\).\)]‘l)

(.i\LL P'.;\-':Gi‘.oiy.i-u' k‘-L)197'J-U1‘L)

LALL l‘\)\AJ‘L'U )loU,.JlJTHI\Lt-I‘L]'\LJ __lslt.L-UlU.U?UnO'SbU'U’ l.\)‘
CALL Parxi0lleOpleuy ' aibrialLY=0Aairinin! 139080 Y0eVUs=1lUUUU e OUaUyloeU
Lall ’LIL_Io(u.by)Ub.U,"luUu-uvd.zU UsleJdeleul

LALL ILL\H.(AA(LJ,Hf(l)nll 111\J1U L.yl

LAall ’LA--..(’\:\(L),\.\.A(].)' i llr)y.u l-d)

Call PratolielUdey! ‘.r_nu rnedlovaL? 1'1.‘51&2-v;'\J-.bvl,i-UrJUUou'l )
LALL PAanloteoelyiobun VuniiMA )1gko‘1UoJ1"l\)L.UQlUU-U]L.U)'
Lkl PLTUFrOiV.U UL Uy LJJ.u.Luu.u.L Urlesu) .

LallLl PLAVL(AA(L),LLA(l),n\.l O,U,l.O) .
CAall Pilchu : |




Xy

1 C '
2 C L I

3 C * MAGPLOT =%

4 C x & %

5 C

6 c TO PLOT OBSERVED AND CALCULATED ANOMAL!ES.TOPOGRAPHY.
7 (o AND MODELS

e C *PLOTSYS USED .

S g * F.WQGREEN i979 &
10

11 C INPUT ON UNIT 3 2 FICLD DATA :

12 C INPUT.ON UNIT 4 : DATA DESCRIBING AERIAL pROF(LE

13 C INPUT ON UNIT 5 : DATA FROM MAGN B
14 C

15 - DIMENSION FX(300) |FA(300)'CX(300)0CA(300) BX(IO0,0BZ(IOO.
16 +H(300)  HX(300),88Z(300) A
i7 CALL T TNCMD(®SET ERRMSG=0OFF®,14}

18 READ(3+,33) N

19 33 FORMAT(1Xy13)
20 READ(4.+,33) M
21 DO 10 I=]1,N - . .
22 READ(3+34) HX(I),H(I) - . L
23 34 FORMAT(20X,FBe2s5XeFSel) . - .. - | . . . -
24 10 CONTINUE ' T
25 REWIND 3

26 DO 11 T=1,M
27 READ(4,35) FX(1),FA(I)
28 35 FORMAT(1XsF8e2+4XsFB42)
29 11 CONTINUE .

30 READ(5s4,END=100) .
31 READ(S5+4,END=100) .
32 4 FORMAT(/)
33 K= )

34 READ(S+S5»ERR=6) BX(K),BZ(K)
35 S FORMAT(LIXFB8e3+3XsF8e 3, -

36 K=K+1 .
3T GO YO 7
386 6 READ(S+9.END=100) .
39 8 FORMAT(/)

40 J=1
41 99 READ(5:9:END=20:ERR=20) CX{J) .CA(J)
42 9 FORMAT(1X oFlOoOQlZXuFZ0.0)

43 . J=Jtri -

a4 - GO YO 99

45 20 KK=K-=1 .

46 ) . NO 13 I=1.KK ~
47 BBZ(I)=-8B2(1) . . .
48 . 13 CONTINUCG . . . .
49 CALL PAXIS(1c0+6e0+*DISTANCE=KM® 4=1141160530¢040¢091e0910-.
50 CALL PAXIS(1e60+660, ' ANOMALY-GAMMA® 3113448653 90e0¢=-2000+0,_
S1 . +1000+0+1.0) . . .
52 ; CALL PAXIS(1s0s4:00'"KM? 1 2,1106040e0+040+1:0s10) ..
53 - CALL PAXIS5(160410046*HEIGHT KM '3114406039040¢=3e0¢1¢0s1a-.
S4 CALL PSYMB(2004+1100603=~0a2+390.0,5-1)
55 CALL PSYMB(2e25310e04=0e2y "CALCULATED®*40.,0,10) .

--56 .- CALL PSYMB(2.25+10c3+y-0.2,y *0OBSERVED'3,0+,0+8)

57 . CALL PSYMB(1e9+9¢8,-0625,97+0e09s—1) . ' -
58 -._ CALL PSYMB(169¢010e62+-0e25+9730604s—-1) i s
59 Lo CALL pLTDFS(O.O'l00030|0-°'100000v1QQ,QQO) . ..
60 - - ... . CALL PLINC(HX(1)sH(1)sNes1:0:0,1.0) o R
61 - - - . CALL PLTOFS(0e0+10000+~2000.0-1000. 001.0-600)_‘;3W$ e
62 - .CALL PLINE(FX(1)sFA(1)sM3140¢0+140) - T

63 : CALL PLINE(CX(1)sCA(1)oJ~1o101+351.0)

sa . CALL PLYOFS(0:051000:00=3300.0:1000.0:1e0:140)
65 o CALL PLINE(BX(1)+BBZ(1)sKKs1+s0s0s10) .

66 CALL PLTEND

67 100 STOP

68 END
D OF FILE :




XVI.

APPENDIX C

Data describing the ground

and aerial profiles



XVII.

Data describing the ground traverse along line 1

B e e P B et b e e et B B e o et ot e et e e e s ot e s Pt ot et et P ot P Bt o Bt e P e ot Bt et e B e e NN NN RGNS NG RO RO NG NS I

Date Time Distance from Height - Reading Anomaly:
minutes origin-metres metres gamnma. gamma
5 10 77 9Ub 0.0 380.0 47701 -79.01
510 177 vy 379400 33VU.0 47450 =-325.91
5 10 77 LY% 38U.V0 329.0 41485 -296 e 12
5 190 77 694 3bl.0U 328.9 47520 =Ll .74
5 1¢ 17 73 3bcel 328.0 41549 -Z232.065
b 19 177 uhe 203600 327.0 47573 ~2u8 .50
‘.:) 10 {, buY Jb‘f.ou JZ(J.U ’0_7()1.{0' 'lb?ozt'
5 10 77 V) 509400 24540 470U -llea3Yy
5 v 77 V) 3LLe.0U 325.0 4709y =51l.40
] 10 77 too Jolealu _52400 4‘_’7L(_ "'“).‘.’U
519 11 du’ 500600 323.9 4715y 42412
> 1o 17 tou 2910V 322.0 4770l =20.07
5 10 77 ludvy 594400 2¢1e0 4714c 0913
{10 {17 lual a4 .00 32u.0 4+ (591 ~clleCt
1 1o 11 1u4o 4Uuu. L0 22040 4 (54b -263.LY
7 10 717 lua/ Callalu 319.0 qiaal ~3¢ls10
T 10 17 lu4o 9l2.0U 31940 afwly - ~596e(1
7 lu 77 luao 4hivelUU J1Yev 4 125G ~549.72
710 17 1040 e U GO >3l8eu 47121 ~uubeln
I 19 17 ly4> 4e3400 sloev G290 =565 .Y

7 10 17 luun “luaul 2lse0 41312 ~4s5ef0
1 Lo 11 Lusa 4L LU 2l 7.u 474904 —~s24 14
1 10 77 1uag 43400 Slleu G1527 —doledy
710 77 lual 435400 217 ey 41954 -24% .00
1 1o 11 fuas 45Y. U slo. U 4(5c4 -4 .ul
7 10 77 1.\)'1(. “l‘"l-c;\) _")LU-O 477490 “olveu3
710 (7 luac Gi4 .00 sloeu 47435 =5i{3.ch
1 1w 17 1yl G4l U 3lecw L laly —3Tuaeh
1 sy [T lLudgu UL eV alolG R Y -sllacu
I 19 17 luwu 455400 3L2.4 G4lo0) ~cabecd
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Data describing the ground traverse alohg Line 5
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" Line 5 contd.
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Data describing the traverse along Line 6
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Data describing the aerial traverse.
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Data.describing the aerial traverse
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Data describing the aerial travexrse

LINE 4

L L

gammz

Distance frem  Anomaly

origin-metres
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Data describing the aerial traverse

LINE 6

——

gamma

. Distance: from.  Anomaly
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