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ABSTRACT. 
Th© results are presented of a gravity survey of the 

C r i f f e l - Dalbeattie granodiorite complex and the surrounding 
area, carried out from the Geology Department of the Durham 
Colleges. Gravity stations are s u f f i c i e n t l y closely spaced 
to allow accurate contouring hy means of Bouguer anomaly 
isogals at one m i l l i g a l i n t e r v a l s . A large number of density 
specimens collected during the course of the survey have 
been s t a t i s t i c a l l y analysed and the results used i n the 
i n t e r p r e t a t i o n . 

The surface geology of the area has already been mapped 
and described i n some d e t a i l and t h i s information has been 
used extensively i n the i n t e r p r e t a t i o n of the gravity data. 
The opinion of previous authors i s that the complex i s of 
magmatic o r i g i n . 

The most s t r i k i n g feature of the gravity f i e l d i s a 
pronounced negative anomaly over the main granodiorite with 
very steep gradients over the country rock to the north-west 
of the granodiorite but smoother gradients on the south-east 
Sid©. The suggested i n t e r p r e t a t i o n , based on three dimensional 
computer methods, i s that the main granodiorite mass extends to 
a depth of eight miles and exhibits a marked gradational 
increase i n density i n i t s south-eastern portions. I t i s 
thought that t h i s i s the r e s u l t of magmatic flow w i t h i n the 
i n t r u s i o n , the magma trailing up at a centre s l i g h t l y o f f s e t 



from the present centre of the outcrop, becoming 
contaminated by the country rock and floydng down on the 
south-east side. 

The gravity f i e l d over the outlying parts of the 
complex i n the Auehencairn region suggests that the 
granodiorites i n t h i s area extend to the same depth as 
the main i n t r u s i o n and are an i n t e g r a l part of i t . 

Regional modifications of the gravity f i e l d are also 
discussed and te n t a t i v e interpretations put forward. 



IMTRODUCTIO 

Within the Southern Uplands of Scotland there occur 
three major granite masses, of which the most southerly, 
the G r i f f e l - Dalbeattie granodiorite, has been chosen 
as the subject of a detailed gravity survey. 

The geology of the granodiorite and the surrounding 
area has recently been re-mapped i n considerable d e t a i l by 
P h i l l i p s (1956). He has shown that i t consists of three 
d i f f e r e n t , but closely related granodiorites emplaced into 
folded shales and greywackes of Llandovery and Wenlock age, 
t h i s emplacement having occurred before Lower Carboniferous 
times. 

The area has also been the subject of a reconnaissance 
gra v i t y survey by Bott and Massonr-Smith ( 19^) during the 
course of t h e i r more detailed investigations in t o the 
gra v i t y f i e l d over the Permian sandstones of the Dumfries 
basin immediately to the north-east. The results of t h i s 
survey revealed a large negative Bouguer anomaly over the 
granodiorite. 

The present work was undertaken with the object of 
enlarging upon the p r o f i l e obtained by Bott and Masson-Smith 
across the main granodiorite and also to extend the survey 
to the south western end of the complex and to the S i l u r i a n 
country rock beyond. The area of ground covered by the 
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present survey i s of the order of 300 square miles. 
The bulk of the f i e l d work was carried out during 

three weeks i n September 1959 by Mr .John Mansfield and 
the author. A further four days work was carried out 
by the author alone i n A p r i l I96O. I n a l l , ^59 new 
stations were occupied. 



Chapter 1. GEOLOGY OF THE AREA. 



1. GiEOLQGY OF TBE AREA. 

(a) History of research. 

The f i r s t geological mapping of the Criffel-Dalbeattie 
granodiorite and the surrounding area was carried out by 
Home i n I870, although the accompanying description was not 
published u n t i l I896, a f t e r revisions by Home, Peach, Teal 
and Geikie. 

L i t t l e subsequent mapping was done u n t i l MacGregor 
(1957) re-examined the western end of the complex and 
showed that i t could be subdivided i n t o three d i f f e r e n t types 
of granodiorite. He also mapped a narrow band of quartz-
d i o r i t e surrounding the granodiorite on i t s western margin 
and a mass of minor intrusions cutting the quartz-diorite 
and extending f o r several miles out i n t o the country rock to 
the north west. 

P h i l l i p s ' (1956) re-mapping of the whole complex has 
shown that one of MacGregor's granodiorites i s s t r u c t u r a l l y 
and p e t r o l o g i c a l l y a part of the main complex. P h i l l i p s ' 
work brings out the close relationship which exists between 
a l l the rock types present and suggests a possible mode of 
o r i g i n f o r the complex as a whole. A magmatic o r i g i n i s 
considered to be the most l i k e l y . 

(b) Stratigraphy and structure of country rocks. 
The following formations are present i n the area under 



consideration:-

:§ua ternary. 

Permian. 

Lower Carboniferous 

Upper Old Red 
Sandstone. 

S i l u r i a n 

Ordovician 

Blown sand, raised beach and 
r i v e r deposits. 
Dumfries Sandstone; red sandstone 
and breccias. 
[Calciferous Sandstone Series, 
[Basaltic lavas. 

Cor^lomerates, g r i t s and arkoses. 
fWenlock: Shales and greywackes. 
[Llandovery: Shales and greywackes. 
Shales and greywackes. 

Map 2 shows the d i s t r i b u t i o n of the various formations 
and of the granodiorite. The geology of the sedimentary rocks 
has been taken from sheets 5 (1927) 6 (I879) 9 (I955) and 
10 (1885) of the Scottish section of the Geological Survey 
of Great B r i t a i n . The geology of the granodiorite complex 
i s based on the map given by P h i l l i p s i n his paper of I956. 

Rocks of Ordovician age are of very l i m i t e d occurrence 
i n the area, being r e s t r i c t e d to a l e n t i c u l a r shaped i n l i e r , 
four miles i n length, to the north of Castle Douglas. The 
shales and greywackes of which the i n l i e r i s composed are 
very similar to those of S i l u r i a n age which surround them 
and appear to be of comparable density. 

The S i l u r i a n shales and greywackes themselves are 
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s i m i l a r to those found over much of the Southern Uplands. 
They are thought (Home I896) to have been i s o c l i n a l l y 
folded during the Caledonian orogeny, the axis of these 
folds trending N.E. - S.W. p a r a l l e l to the general l i n e 
of the Southern Uplands. Around the margin of the granite, 
however, the s t r i k e swings round to l i e p a r a l l e l to the 
granite contact, providing good evidence f o r the post-
tectonic nature of i t s emplacement. 

Two very small outcrops of Upper Old Red Sandstone 
conglomerates and g r i t s occur near Kirkbean. P h i l l i p s 
(1956) has shown that they contain fragments of granodiorite 
from the C r i f f e l mass, thus demonstrating that the complex 
was already exposed to denudation i n Upper Old Red Sandstone 
times. 

The Carboniferous system i s represented by sandstones 
of the Calciferous Sandstone Series and by basaltic lavas, 
also placed w i t h i n the Lower Carboniferous. The Calciferous 
Sandstone Series forms a long, narrow outcrop along the 
coast, reaching from White Port, a few miles east of 
Kirkcudbright Bay, to the mouth of the River Nith. I n the 
western part of the outcrop, the base of the series consists 
of conglomerates and coarse sandstones, which are composed 
la r g e l y of pebbles of S i l u r i a n greywackes. At some l o c a l i t i e s , 
fragments of granodiorite are present, again showing that 
part, at least, of the C r i f f e l mass v/as exposed at t h i s period. 



Basaltic lavas underlie the Calciferous Sandstone Series i n 
the Kirkbean area, but they rapidly t h i n out to the west 
and east. 

The boundary between the S i l u r i a n and Carboniferous 
rocks i s usually marked by a s t r i k i n g unconformity between 
the highly folded greywackes and the more gently inclined 
Carboniferous sandstones. I n many places, however, the 
Junction i s fau l t e d , the downthrow being towards the south. 

The Dumfries Sandstone, a series of red sandstones and 
breccias of New Red Sandstone age, occupies much of the 
region to the north east of the C r i f f e l complex. These 
deposits l i e unconformably upon the S i l u r i a n and Carboniferous 
rocks. 

No other rocks of l a t e r age are represented, with the 
exception of d r i f t deposits. These include r i v e r gravels 
i n the Urr and N i t h valleys and raised beach deposits along 
the coast. These cover much of the western half of the 
Southerness peninsula and may l o c a l l y be thick enough to 
have an appreciable ef f e c t upon the gravity anomaly. 

(c) The Granodiorite Complex. 
P h i l l i p s ' (1956) paper provides the most up-to-date 

account of the granodiorite complex i t s e l f and the following 
description i s largely based upon his work. 

(1) The Main Granodiorite. 
(a) Field Relations. 



The outcrop of the largest element of the complex -
the main granodiorite, was o r i g i n a l l y oval but has since 
been s l i g h t l y modified by f a u l t movements along the south 
western end. The outcrop i s f i f t e e n miles long by about 
seven miles wide at i t s widest point, the longer axis being 
aligned i n a north-east - south-west direction, p a r a l l e l to 
the general regional s t r i k e d i r e c t i o n of the S i l u r i a n rocks 
of the Southern Uplands. 

Along the north western and south eastern margins of 
the granodiorite, the s t r i k e of these country rocks remains 
undisturbed, but at the ends the s t r i k e swings round p a r a l l e l 
w i t h the boundary. 

The contact of the granodiorite w i t h the country rock 
i s always sharp and dipping steeply outwards. There i s no 
evidence of c h i l l i n g , although veins of granodiorite often 
extend i n t o the country rock and xenoliths are often very 
numerous w i t h i n a few feet of the contact. 

The central part of the complex, which forms most of 
the high ground i n the area, consists of a coarsely c r y s t a l l i n e , 
p o r p h y r i t i c granodiorite, almost oval i n plan. Just to the 
north of Dalbeattie the porphyritic rock i s i n direct contact 
w i t h the S i l u r i a n country rock f o r a distance of about two 
miles, but elsewhere the porphyritic variety i s e n t i r e l y 
surrounded by the main granodiprite i n t o which i t grades 
uniformly, there being no sharp boundary between the two rock 
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types. 
(b) Petrography. 

The main granodiorite consists essentially of plagioclase, 
microperthite, quartz, hornblende and b i o t i t e with sphene as 
a characteristic accessory mineral. The plagioclase, which 
ranges i n composition from An-ĵ ^ to An^^ occurs as small, 
subhedral crystals commonly showing f a i n t o s c i l l a t o r y zoning 
and s l i g h t a l t e r a t i o n to s e r i c i t e . The quartz forms rather 
i r r e g u l a r masses, frequently exhibiting signs of s t r a i n and 
often containing inclusions of gas. 

Potash felspar i s present i n the form of microperthite, 
which often forms large "pools", enclosing altered plagioclase, 
b i o t i t e and hornblende grains. The hornblende occurs as 
subhedral crystals, i n many cases containing r e l i c t s of 
colourless pyroxene. B i o t i t e , however, i s the predominant 
coloured mineral and often replaces hornblende. 

As the porphyritic centre of the mass i s approached, 
the microperthite crystals become more prominent, forming 
large, pinkish phenocrysts, usually enclosing grains of 
b i o t i t e . The rock i s generally l i g h t e r i n colour than the 
main granodiorite, the dominant coloured mineral being 
b i o t i t e . Hornblende i s scarce i n the porphyritic part of 
the pluton. 

The usual densities of the commonest minerals found i n 

the complex are given below:-
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Hornblende 5 - 3»47 gm/cc. Plagioclase ^^15-55 2.64 gm/cc. 
B i o t i t e 2.7 - 3.1 gm/cc. Quartz 2.65 gm/cc. 

Micropertbite about 2.56 gm/cc. 
These values are taken from Rutley's "Elements of 

Mineralogy". (Read, I948). 
(c) Xenoliths. 

The main granodiorite contains many xenoliths and 
"basic patches", especially towards the contact w i t h the 
country rock. Some of the xenoliths consist of recognizable 
fragments of hornfels, derived from the surrounding shales, 
frequently containing small masses of hornblende and 
porphyroblasts of plagioclase. 

More commonly, however, these included fragments of 
country rock have been transformed i n t o "basic patches" 
containing the same mineral assemblage as the granodiorite, 
but i n greatly d i f f e r e n t proportions. They usually consist 
of b i o t i t e , hornblende and plagioclase, the mafic minerals 
predominating and being frequently intergrown with the felspar. 
P h i l l i p s considers that although some of these patches may be 
" f o r t u i t o u s segregations" of mafic minerals from the magma, 
the great majority are derived by assimilation of homfelses, 
the constituent minerals having undergone metasomatic 
a l t e r a t i o n to an assemblage which was i n mineralogical and 
chemical equilibrium w i t h the magma. 
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Xenoliths occur showing a l l stages of al t e r a t i o n , 
ranging from those w i t h sharply defined margins to i l l -
defined l e n t i c u l a r masses, now showing a d i s t i n c t 
preferred orientation. 

P h i l l i p s considers that assimilation has followed 
two overlapping processes: f i r s t , the metasomatic a l t e r a t i o n 
of the hornfelses to a mineral ass-emblage i n equilibrium 
w i t h the magma and secondly the disintegration of the 
res u l t i n g "basic patches", the constituent minerals being 
d i s t r i b u t e d i n the magma. As a re s u l t , the magma would be 
expected to be modified most extensively around the margins 
where assimilation was greatest. I t i s indeed i n the 
outer regions of the mass where the greatest number of 
xenoliths occurs and where the rock i s d i s t i n c t l y richer i n 
mafic minerals and hence heavier and darker than i n the 
centre of the mass. 

Thus, the inward gradation from the t y p i c a l hornblende -
granodiorite to the more t r u l y g r a n i t i c porphyritic rock, i s 
not only due to the usual processes of l a t e stage concentration 
of potash r i c h l i q u i d s i n the centre but i s also the re s u l t 
of the decreasing effect of assimilation from the margin 
inwards. 

(d) F o l i a t i o n . 
Some of the mafic minerals and xenoliths i n the outer 
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main granodiorito show a well marked planar orientation, 
running p a r a l l e l to the margin and dipping outwards at 
between 45° and 850. P h i l l i p s (I956) considers that t h i s 
i s a flow f o l i a t i o n , resulting from the c i r c u l a t i o n of a 
cr y s t a l mush, welling up at the centre of an oval shaped 
magma chamber and "flowing" down along the walls. The 
f o l i a t i o n does not extend i n t o the porphyritic granodiorite, 
from which i t i s concluded that c r y s t a l l i z a t i o n of t h i s 
part of the mass occurred l a t e r , under more st a t i c conditions. 

A secondary f o l i a t i o n affects much of the outer main 
granodiorite, i t s secondary nature being implied from the 
f a c t that i t affects already consolidated minerals and 
cross cutting a p l i t e and quartz veins. Again, the porphyritic 
central part i s not affected by t h i s f o l i a t i o n showing that 
i t was s t i l l l argely unconsolidated while the forces which 
produced the f o l i a t i o n were active, 

(e) Structure. 
I n the Craignair -Dalbeattie area, the porphyritic 

granodiorite i s brought very close to the contact with the 
country rock. While i n part t h i s i s probably due to the 
magma centre being o f f s e t to the N.W. of the centre of the 
mass, i t i s accentuated by marginal thrusting i n t h i s region. 
The evidence f o r t h i s comes from numerous tal c covered j o i n t s 
and slickensides i n the Craignair quarries, indicating near 
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v e r t i c a l movtement, probably the result of magmatic pressure. 
The granodorite i t s e l f i s also dissected by two 

seeiaingly complimentary sets of major dislocations which 
r e s u l t i n s i n i s t r a l and dextral sets of tear f a u l t s w i t h i n 
the mass, one trending N.W. - S.E. the other N.N.I - S.S.W. 

( f ) Emplacement of the Main Granodiorite. 
P h i l l i p s concludes that a l l the above petrological and 

s t r u c t u r a l evidence seems to point to the main granodiorite 
being of magmatic rather than of metasomatic o r i g i n . The 
magma i s envizualized as being a viscous crystal mush at - t h i s 
l e v e l , emplaced i n a chamber which i t had formed by forcing 
aside and stoping of the country rock. 

Stratigraphical considerations of the d i s t r i b u t i o n of 
the Wenlock i n t h i s part of Scotland show that the rock cover 
at the time, of in t r u s i o n was not l i k e l y to have been more than 
1,500 to 2,000 feet i n thickness. This i s much thinner than i s 
normally considered to be the case f o r such a large intrusive 
mass and P h i l l i p s likens i t rather to "a gigantic magmatic 
b l i s t e r than a chamber entirsely scooped out of the crust by 
the replacement or assimilation of the sedimentary rocks." 

'Quartz-diorites occurring i n places around the margins 
may be the res u l t of e a r l i e r metasomatic transformations 
while the main magma was s t i l l l y i n g at depth. The magma then 
gradually stoped i t s way up through i t s own zone of metasomatic 
a l t e r a t i o n and f i n a l l y came to rest i n contact with the 
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hornfelses where i t gradually s o l i d i f i e d . 
The flow f o l i a t i o n i s probably the re s u l t of magmatic 

c i r c u l a t i o n , r i s i n g i n the central parts and flowing down 
the sides, carrying stoped blocks of country rock with i t . 
The absence of flow orie n t a t i o n i n the central porphyritic 
part i s thought to be due to the fact that i t s o l i d i f i e d l a s t , 
when magmatic c i r c u l a t i o n had ceased. The concentration of 
l i g h t e r elements and the development of porphyroblasts i n 
t h i s part of the complex also points to i t s l a t e r 
c r y s t a l l i z a t i o n . 

The assymmetry of the mass i s probably largely due to 
an o f f s e t area of uprise, although i t i s also p a r t l y the 
r e s u l t of marginal thrusting along the north-western edge. 

(2) The Intermediate Granodiorite. 
The intermediate granodiorite has a roughly rectangular 

shaped outcrop, occurring i n the area around Auchencairn. I t 
i s generally similar to the main granodiorite, but contains 
more quartz and microperthite and less plagioclase and 
hornblende. The plagioclase i s zoned from An^g -̂ 1̂5* ^^i^re 
exposed, the contacts w i t h the homfelses and the quartz-
d i o r i t e are seen to be sharp and steeply dipping outwards. 
Xenoliths are not as common as i n the main granodiorite, but 
where they are present they frequently serve to accentuate 
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the flow f o l i a t i o n , vrhich i s p a r a l l e l to the margin of 
the granodiorite. Although the exact contact of the main 
and intermediate granodiorite i s not exposed, the f o l i a t i o n 
of the former would appear to cut across that of the l a t t e r , 
whence i t i s concluded that the intermediate granodiorite 
was i n place before the main pluton. 

(3) The Fine-grained Granodiorite. 
The fine-grained granodiorite outcrops on the coast 

to the south-east of Auchencairn. I t s f i e l d relationships 
are somewhat obscure, but i t would appear to be associated 
w i t h a series of north-west - south-east dykes. I t may be 
consolidated from an offshoot magma emplaced into north
west trending tensional fractures w i t h i n the already 
c r y s t a l l i z e d intermediate granodiorite. 

(4) Bengairn Quartz-Diorite. 
The Bengairn quartz-diorite forms an arcuate outcrop 

around the western and northern ends of the intermediate 
granodiorite and also extends out f o r a further mile towards 
the north-v.'est. . This rock i s thought by P h i l l i p s (following 
MacGregor) to have c r y s t a l l i z e d from a crystal mush which 
originated by g r a n i t i z a t i o n of hornfelses and yet remained 
more or less i n place. 
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(5) The Me tamo rp hie Aureole. 
A contact aureole surrounds the granodiorite complex 

on a l l sides. I t ranges i n width from a half to tv/o miles, 
being narrowest to the north of Dalbeattie, where the 
po r p h y r i t i c granodiorite i s i n contact w i t h the S i l u r i a n 
country rock and widest around the south-western part 
of the complex. Within t h i s b e l t the shales and greywackes 
have been r e c r y s t a l l i z e d to form f i n e grained hornblende -
diopside - hornfels and b i o t i t e - h o m f e l s . 

Copper mineralization has occurred i n the south of 
the area and t h i s mineral was formerly worked on Heston 
Island and on the Balcary promontory. One mine i s s t i l l 
being worked here, mainly f o r the associated barytes. 



CHAPTER 2. DESCRIPTION OF THE GRAVITY SURVEY. 



18 

2. DESCRIPTION OF THE GRAVITY SURVEY. 
1) Introduction. 
The major part of the gravity survey was carried out 

by Mr.John Mansfield and the author during the f i r s t three 
weeks of September 1959* during which 255 new stations were 
occupied. A further four days f i e l d work was completed by 
the author alone during A p r i l I96O when 104 new stations were 
added to the t o t a l . The Frost Gravity Meter belonging to 
the Durham Colleges Geology Department was used for the 
survey. The method of transport was a Bedford Dormobile van, 
also the property of the Durham Colleges. F i e l d work was 
normally shared, one person navigating and recording station 
dsetails while the other attended to the driving and the 
reading of the instrument at each station. Navigation was 
done by means of the Ordnance Survey six inches to one mile 
maps of the area, which were also used f o r p l o t t i n g the 
positions of the stations. 

Heights were obtained from bench mark l i s t s published 
by the Ordnance Survey and from spot heights marked on the 
six-inch maps where no bench marks were available. A few 
stations i n c r i t i c a l areas had to be levelled using a 
precision s p i r i t l e v e l and Sopwith s t a f f . Height differences 
of each s t a t i o n from the bench mark were estimated by the use 
of a hand Abney l e v e l used i n conjunction with a metre rule. 
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2. DESCRIPTION OF THE INSTRUMENT. 
The Frost Gravity Meter does not measure the absolute 

value of gra v i t y at a point d i r e c t l y , but provides a 
measurement of the r e l a t i v e values of gravity between one 
point and another. I n order to pick up geologically 
s i g n i f i c a n t variations, which may be as l i t t l e as 10 
times that of the earth's f i e l d , a system i s used which 
operates near the point of i n s t a b i l i t y . I n the case of the 
Frost instrument, t h i s system consists of a horizontal bar 
suspended at one end and loaded with a small mass at the 
other. The system i s supported by means of a spring 
attached to the centre of gra v i t y of the beam. 

The deflection of the beam i s not used d i r e c t l y as a 
measure of gra v i t y , but i t i s restored to an arbitrar y zero 
posi t i o n by an au x i l i a r y spring, the lower end of which i s 
attached to the beam and the upper end to a micrometer d i a l . 
This means that at a l l stations the tension of the mainspring 
i s constant and the difference i n weight of' the suspended 
system due to a change i n gravity i s balanced by the weighing 
spring and read on the micrometer d i a l . 

The range of the d i a l i s I53O scale divisions, being 
the t o t a l of three scales w i t h i n the main d i a l , each-of 
510 divisions. This represents a t o t a l range of 125 m i l l i g a l s . 
This range may be extended by means of a coarse adjustment 
screw which operates upon the mainspring of the instrument 
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to raise or lower the beam as need be. There i s no way of 
measuring the amount by which t h i s screw has been turned, 
so i t should not be moved once the instrument i s set f o r the 
area of operation. 

Two thermostats w i t h i n the instrument keep the working 
parts at a temperature of 92° F. to w i t h i n 0.4° F. The 
power supply f o r the thermostats and the l i g h t s for the 
levels and beam i s a six v o l t car battery. 

Calibration of the instrument. 
The c a l i b r a t i o n factor used throughout the survey f o r 

the conversion of scale divisions to m i l l i g a l s was determined 
by the B r i t i s h Petroleum Company when the instrument was i n 
t h e i r possession. The value used was 0.08^7 m i l l i g a l s per 
scale d i v i s i o n . The instrument was subsequently recalibrated 
i n November 1959 ^7 members of the Geology Department at 
Durham by the method of "looping" between Geological Survey 
base stations near pendulum stations at York and Newcastle 
giving an accurately known difference i n gravity. This 
resulted i n a c a l i b r a t i o n factor of O..0852 m i l l i g a l s per 
scale d i v i s i o n . 

I t i s uncertain which c a l i b r a t i o n factor applied at 
the time of the survey. Use of the old factor has been 
retained however, as the instrument i s known to have received 
a serious blow subsequent to the survey but before the 
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c a l i b r a t i o n run, which may have affected the cal i b r a t i o n 
factor. The maximum error involved i n these uncertainties, 
calculated f o r the extreme range of readings i s 0.2 m i l l i g a l s . 
The average error i s considerable lower. 

Operating Procedure. 
The following procedure was normally followed at each 

s t a t i o n : -
1) Roughly l e v e l the gravimeter t r i p o d by means of a 
bullseye l e v e l on the top of the tr i p o d . ( I t was often 
necessary to place pieces of slate under the feet of the 
tr i p o d to stop i t sinking i n t o the soft tamac). 
2) Place the gravimeter on the tripod and lev e l i t by 
means of the two l e v e l l i n g screws. 
5) Check the p-revious reading. 
4) Unclamp the instrument gently and bring the beam to the 
zero point on the graduated scale ( v i s i b l e through a 
telescope mounted i n the top plate) by rotating the main d i a l . 
5) Check the levels. 
6) Take the reading, correct to the f i r s t decimal place. 
7) Clamp the instrument. 
8) Reload the instrument int o i t s t r a v e l l i n g box. 

3. VALUES OF GRAVITY. 
While the Frost gravimeter cannot give d i r e c t l y the 
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value of gravity at a point, i t i s possible to l i n k the 
r e l a t i v e values obtained to a primary base whenc the 
absolute value has previously been determined by other means. 
For Great B r i t a i n , the primary base normally used i s at 
Pendulum House, Cambridge, the assumed absolute value of 
grav i t y being 98I.265OO cm./sec2. Closely linked to 
Cambridge i s a national network of bases which can be used 
fo r l o c a l surveys. Bott and Masson-Smith (I960) used a 
l o c a l base at Dumfries which i s connected to the Geological 
Survey base at Locherbie. This i n turn i s linked to base 
st a t i o n 2000 at King's College Newcastle. The same reference 
point has been used i n the present survey and so the values 
of g r a v i t y shown i n Appendixes are a l l r e l a t i v e to base 
s t a t i o n 2000. I n the reduction of the data, the l a t i t u d e 
correction has been adjusted to give the Bouguer anomaly 
r e l a t i v e to the Intern a t i o n a l Gravity Formula, assuming the 
value of gravity at Pend\ilum House to be 98I.265OO cm./sec^. 

Local Bases. 
I n addition to the base at Dumfries, a number of l o c a l 

bases are also necessary to enable a check to be made on the 
d r i f t of the instrument. Three such bases were set up wi t h i n 
the area of the survey, namely at Auchencairn ( s t a t i o n 1), 
Dalbeattie ( s t a t i o n 17) and Caulkerbuah ( s t a t i o n I 8 ) . These 
three bases have been linked to each other and to Dumfries by 
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the method of "looping" (Nettleton, I94O). Diagrams showing 
the closing error and the corrected values are shown i n 
figu r e 2.1. Diagrams of the positions of the bases are 
given i n Appendix A. 

Intermediate Stations. 
Owing to the v a r i a t i o n w i t h time of the instrument 

reading, due to s l i g h t temperature changes and loss of tension 
i n the spring, and also gravity t i d a l effects, frequent 
v i s i t s to a base s t a t i o n must be made to determine the amount 
of d r i f t , so that a correction can be applied to the reading 
obtained at intermediate stations. On average, a return to 
base was made once every two hours. D r i f t between base 
readings i s assumed to be l i n e a r , so the amount of correction 
which must be applied to any intermediate station may be 
obtained by i n t e r p o l a t i o n from a straight l i n e graph. A 
ty p i c a l rate of d r i f t would be between one and two scale 
divisions per tv;o-hour period. 

The number of new.stations which can be occupied between 
base readings depends on the ac c e s s i b i l i t y of the area being 
surveyed, A normal maximum number would be of the order of 
twelve to fourteen stations. 

A check on the accuracy of the readings, after correction 
fo r d r i f t and conversion to m i l l i g a l s , may be made by repeating 
some stations on a l a t e r occasion. Duplicate readings at six 
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stations revealed root mean square difference of O.O5 m i l l i g a l s 
from the o r i g i n a l reading. 

4. REDUCTIONS. 
After correction of the raw data f o r d r i f t and conversion 

Ji 

to m i l l i g a l s there remain three reductions which must be made 
to obtain the Bouguer anomaly. These are as follows: 

I ) Latitude Correction. 
The value of gravity increases from the equator to the 

poles by an amount which can be calculated by the International 
Gravity Formula. This enables tables.to be constructed from 
which the appropriate correction for any par t i c u l a r l a t i t u d e 
may be determined. The correction i s usually applied as a 
difference between a convenient reference l a t i t u d e and the 
l a t i t u d e of the s t a t i o n , to avoid carrying large numbers. 

The latitudes of the stations are obtainable from the 
si x inch maps and can be read to the nearest second. 

I I ) Elevation correction. 
The corrections to gravity values v/hich accoiint for 

differences i n height are made i n two partsj i ) the free-air 
correction, i i ) the Bouguer correction. 

The f r e e - a i r correction takes care of the decrease of 
grav i t y w i t h increasing height, considering the station to be 
i n f r e e - a i r and ignoring, f o r the time being, the material 
beneath i t . I t s value i s calculated to be +O.O94O6 mgals. 
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per f o o t . (Nettleton, I940). The correction i s made to an 
a r b i t r a r y reference datum, i n t h i s case, mean sea l e v e l . 
The correction i s added to the gravity value of stations 
above the datum l e v e l and subtracted from that of stations 
below. 

The Bouguer correction allows f o r the a t t r a c t i o n of 
the slab of miaterial between the station and the reference 
datum. I t s value i s - 0.01276 /'̂^ mgals per foot, (Nettleton, 
1940) where p i s the density of the material between the 
s t a t i o n and the reference datum ( i n gm/c.c.) and h i s the 
height i n feet of the st a t i o n above the datum. The Bouguer 
correction i s always opposite i n sign to the free a i r 
correction. The two factors are often combined into a single 
constant fo r each density value. The density values which 
have been used i n the reduction of the data of the survey 
are given i n Appendix B. 

I l l ) Terrain Correction. 
Terrain corrections have been applied to a l l the 

stations using the Pegasus electronic computer belonging to 
the University of Durham. The programme used was that 
developed by Bott and described by him i n a recent paperr. 
(Bott, 1959), There i s no need to elaborate further upon 
his account. 

While the computer deals with the'effect of distant 
topography i t rejects certain parts of the immediate 
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neighbourhood of the s t a t i o n , whose contribution must be 
determined with a conventional Hammer zone chart. The 
contribution of zones C, D and E was estimated from the 
six inches to one mile maps, while that of zones F and G, 
where necessary, was obtained from the one inch to one mile 
map. 

The t o t a l t e r r a i n correction was usually small and 
there are few instances of i t r i s i n g to more than one m i l l i g a l . 

5) BOUGU'ER ANOMALIES. 
The f i n a l figures f o r the Bouguer anomalies are given 

i n Appendix B and shown on Map 1. (These are contained i n the 
folde r at the back of the thesi s ) . This map has been contoured 
from these values and the contours have also been transferred 
to Map 2 to allow comparison w i t h the geology. 

The values shown on Map 1 by the open ci r c l e s are 
taken from Bott and Masson-Smith's map ( I960) . During the 
course of the present survey, many of those stations were 
repeated and most of the values were found to agree to wi t h i n 
0.1 mgal. 

6) iERRORS IN THE BOUGUER ANOMALY. 
The following are the possible sources of error i n the 

determination of the Bouguer anomalies. 
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I ) Observational and d r i f t e r ro r s . 

Tliese may arise tliroiigh f a u l t y l e v e l l i n g of the 

instrument, noting the scale reading wrongly and i n assuming 

l i n e a r d r i f t between bases. The er ror i s minimized by checking 

the l eve l s immediately before noting the reading, checking 

the previous reading before the d i a l i s moved at the next 

s t a t i on and returning to base as f requent ly as possible. 

The l i k e l y error may be indicated by repeated observations at 

any s t a t i o n . S ix such repe t i t ions were made during the course 

of the survey (excluding bases) and a root mean square difference 

of 0 .03 mgals from the o r i g i n a l reading was calculated. 

I I ) Ca l ib ra t ion e r r o r . 

This has been discussed on page 20 where i t was 

concluded tha t a maximum error of. 0 . 2 mgal may be present 

between the highest and lowest g rav i ty readings. 

I I I ) Error i n l a t i t u d e of a s t a t ion . 

Lati tudes obtained from the s ix inch to one mile maps 

are accurate to w i t h i n one second. An error of one second leads 

to an e r ro r of O.O5 mgal. f o r the l a t i t u d e range of the area. 

IV) Height e r ro r s . 

An error of one f o o t produces an error of O.O9 mgal. 

(1 X 0 .09406) i n the f r ee a i r correct ion and f o r a density of 

2.65 g m . / c . c , an error i n the Bouguer reduction of O.O5 mgal. 

(0 .01276 X 2.65 X 1 ) . As these corrections are of opposite 

sign the e f f e c t i v e e r ror w i l l be O.06 mgal. 
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V) Density er ror . 

I f t i le density i s i n error by 0 .01 gm./c.c. the 

reduction w i l l be i n e r ror by 0,0001 mgal . / foot 

(0 .01276 X 0 .01 X 1 . 0 ) . 

VI) Error i n t e r r a i n corrections. 

Bot t (1959) states that the maximum l i k e l y error i n the 

computer method i s 5^. A comparison of the computer method 

w i t h the Hammer zone chart method showed an average dif ference 

of 2 . 5 ^ . The maximum t e r r a i n correct ion encountered during 

the present survey i s I . 5 mgal. and hence the maximum l i k e l y 

error i s about 0 .07 mgal. 

The maximum random er ror estimated from the above 

f igures i s 0 .5 ragal. Much of th i s i s caused by the uncertainty 

i n the c a l i b r a t i o n f ac to r and so f o r the great major i ty of 

s ta t ions , which l i e i n the middle of the range of readings the 

error i s considerably less . 



Chapter 5. DETEEMIMATION OF DENSITY VALUES. 
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3 . DETEmnNATION OF DENSITY VALUES, 

(a) In t roduc t ion . 

A good knowledge of the densities of the rocks v/hich 

hav<e been surveyed by g r av i t a t i ona l methods i s essential f o r 

accurate correct ion of the gravi ty readings f o r height and 

t e r r a i n d i f ferences and also i n the in t e rp re t a t ion of the 

data once they have been reduced. A choice of three 

d i f f e r e n t methods i s normally available f o r determining 

density values, as f o l l o w s : -

( i ) Measuring the value of g rav i ty down a mine shaft 

at: i n t e rva l s of known height di f ference and hence calculat ing 

the density values required to produce the observed 

differenc-es i n g r av i t y . 

( i i ) Running a "density p r o f i l e " w i t h the gravimeter, 

as described by Net t le ton (1959) • This consists of taking a 

closely spaced series o f s tat ions over a h i l l or across a 

vall-ey and then reducing the g rav i ty readings using d i f f e r e n t 

density values. The value which gives the smoothest p r o f i l e 

i s then taken as the actual density. 

( i i i ) Taking samples of surface mater ia l and actual ly 

measuring t h e i r densities i n the laboratory. 

Of these methods, only the l a s t , the actual measurement 

of specimens i s feas ib le i n t h i s case. The f i r s t method i s 

not possible as the only mines i n the area are of the d r i f t 
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type, penetrating in to the h i l l s i d e f o r a short distance 

only . There are no v e r t i c a l shafts sui table f o r such 

measurements. The density p r o f i l e method too could only be 

carr ied out w i t h d i f f i c u l t y owing to the lack of roads over 

sui table topography and also the rapid v a r i a t i o n i n density 

which may be expected from the geological map. The accuracy 

of t h i s method i s of the order of + 0 .1 gram per c.c. which 

i s beyond the l i m i t s of tolerance of the present survey. 

(b) Measurement of rock specimens. 

This method consists of talking eight or nine small 

samples from each l o c a l i t y , determining the density of each 

and then f i n d i n g the mean and standard deviat ion from the mean 

of each set of specimens. Care must be taken i n the f i e l d to 

select specimens at random from each l o c a l i t y and to obtain 

a representative select ion of each rock type exposed. The 

specimens must be f r e sh and are therefore best obtained • from 

new roadside cutt ings and quarries which are s t i l l being 

worked. I n the C r i f f e l area such exposures are not common, 

and, p a r t i c u l a r l y on the porphyr i t i c granpdiori te , much 

weathered rock has to be broken away w i t h a sledge hammer 

before the f r e sh rock can be reached. 

Three d i f f e r e n t density values may be obtained f o r each 

specimen. These are:- (a) the dry density (b) the grain 

density (c) the saturated density. As the most accurate 

density values are required i n the inteirpretat ion of the map, 
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where masses of rock may extend downwards f o r several 

miles below the surface, the saturated density i s regarded 

as giving the best estimate, as by f a r the greater part 

of the bulk of these masses w i l l l i e below the water table , 

where the rocks w i l l be saturated. Only the saturated 

density was therefore measured, using the fol lowing method. 

The specimens were placed i n a large vacuum vessel 

which was then sealed and evacuated by means of a water 

suct ion pump to remove the a i r from the pore spaces i n the 

rock samples. The vessel was then f i l l e d w i t h water, without 

allowing a i r to enter and the samples l e f t to soak f o r 

twenty-four hours. By t h i s means i t i s insured that, the rock 

w i l l be completely saturated throughout, w i t h no pore spaces 

s t i l l holding a i r . 

A f t e r they had been allowed to soak, the specimens were 

removed one by one and weighed, f i r s t i n water and then i n a i r . 

This was carr ied out by the standard procedure of suspending 

the rock i n a beaker of water rest ing on a bridge placed over 

the normal balance pan. Before weighing i n a i r the specimen 

was dr ied l i g h t l y on a c l o t h to remove surplus moisture from 

the outside. 

The saturated density of the specimen i s then given by 

the r e l a t i o n : -

Weight i n a i r 
Density = Weight i n a i r - weight i n water 

A t o t a l of 115 specimens collected from 10 d i f f e r e n t 
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l o c a l i t i e s i n the area were measured i n t h i s way and the 

mean density value f o r each l o c a l i t y was calculated. The 

standard devia t ion from the mean i s also given as an 

i n d i c a t i o n of the amount of v a r i a t i o n away from the mean 

which i s l i k e l y to occur. I t i s a feature of standard 

devia t ion values f o r a normal d i s t r i b u t i o n that 95^ of a l l 

measurements at any one l o c a l i t y l i e no fu r the r away from the 

mean than twice the standard deviat ion. 

Table 1 below shov/s the r e su l t of these measurements. 

TABLE 1 . ROCK DENSITIES 

Age and 
l i t h o l o g y 

Location Number 
of 

Specimens 

Saturated 
density 

(sm./cc 

Porphyr i t i c 
Granodiori te [I] Clawbelly H i l l 

Barnbarroch Road 
11 
11 

2.64 4- 0.004 
2.64 + 0.004 

Main Granodiorite (a) Kirkgunzeon 
(margin) 

8 2.68 + 0.024 

(d) Kippford 9 2.70 + 0.012 

(e) Doonside 15 2.70 + 0.012 

( f ) Sandy hi l i s 7 2.70 + 0.004 

Intermediate 
Granodiorite 

(g) Balcary Fishery 12 2.67 + 0.02 

S i l u r i a n shale ( i ) Haugh of Urr 5 2.71 + 0.004 

Greywacke ( i ) Haugh of Urr 9 2.71 t 0.002 

(h) Dundrennan 14 2.72 1 0 .006 

Porphyri te dyke i n 
S i l u r i a n greywacke 

( j ) S h e i l l a h i l l 12 2.70 ±- 0.024 
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Simi la r measurements were made by Bott and Mas son-Smith 

(1960^ and some of these resul t s have been used to supplement 

my measurements. The values used are given i n Table 2 belov/ 

TABLE 2 . ROCK DENSITIES ( a f t e r Bot t & Masson-Smith I96O) 

Age and 
l i t h o l o g y 

Location Number 
of 

specimens 

Saturated 
density 

(gm/cc.) 

Porphyr i t i c 
granodior i te 

1") Glensome 
k") Craignair 

(margin) 

13 
12 

2.654 + 0.011 
2.662 + 0.004 

Main granodior i te m") Loch Kindair 15 2.697 + 0.008 

S i l u r i a n shale 5 l o c a l i t i e s i n the 
Southern Uplands 

27 2.714 + 0.049 

greywacke 7 l o c a l i t i e s i n the 
Southern Uplands 

63 2.706 + 0.055 

Carboniferous 
sandstone 

2.60 

New Red Sandstone Locharbrigg's 
Quarry 

i ) At surface 11 2.25 + 0 .05 

i i ) At 200 f t . d e p t h 22 2.35 1 0 .04 

These values have been p lo t ted on map 2. 

I t i s important to note the r i se i n density from the 

po rphyr i t i c centre of the C r i f f e l mass outwards across the 

main granodior i te to the contact. The values obtained from 

l o c a l i t i e s b,c and 1" probably give the best estimate of 

the actual density of the porphyr i t i c granodiori te . Specimens 
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from l o c a l i t y k" , measured by Bott and Masson-Smith have 

a s l i g h t l y higher density, probably owing to the.marginal 

p o s i t i o n of the l o c a l i t y . 

Specimens from four l o c a l i t i e s w i t h i n the main 

granodior i te have been measured, d,e and f by me and m" 

by Bot t and Masson-Smith. A l l four l o c a l i t i e s have an 

average value of 2.70 gm,./cc. This i s s u f f i c i e n t to indicate 

that t h i s outer par t of the complex i s consistently denser 

than the inner po rphyr i t i c par t , although specimens from more 

l o c a l i t i e s would be u se fu l to establish more exactly the 

de t a i l s of the change. 

While the density change between granite and country 

rocks i s l i k e l y to be gradational over the south-eastern 

par t of the area, i t i s noticeably more abrupt over the 

north-western margin, where the main granodiori te i s absent 

and the po rphyr i t i c granodior i te rests d i r e c t l y i n contact 

w i t h the S i l u r i a n . 

Specimens were d i f f i c u l t to obtain from the intermediate 

granodior i te , owing to i t s poor exposure, but measurements 

from one l o c a l i t y on the coast at Balcary showed a density 

of 2.67 gram./cc. a value which i s comparable to that of part 

of the main granodior i te . 

Specimens were col lected from two l o c a l i t i e s i n the 

S i l u r i a n country rock and gave values of 2.71 gm./cc. and 

2.72 gm./cc. At one l o c a l i t y ( i ) the rock consists of 
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interbedded greywackes and shales. Specimens of each 

rock type were measured and both were found to have the 

value of 2.71 gm./cc. These f igures agree closely w i t h 

those obtained by Bott and Masson-Smith from determinations 

of samples col lected from a large number of l o c a l i t i e s 

throughout the Southern Uplands. 

I n the area of l o c a l i t y j the S i l u r i a n greywackes 

and the porphyr i te dykes appear to be present i n roughly 

equal proport ions. At l o c a l i t y J, therefore an equal 

number of specimens of greywacke and of dyke rock were 

taken and an ove ra l l average was calculated. 

The assumed density values f o r the Lower Carboniferous 

sandstones and the Permian sandstones are taken from Bott 

and Masson-Smith's paper (I960). 

During the ea r l i e r par t of the calculat ions, before 

the above values were avai lable , provis ional f igures were 

used i n the reductions from the observed anomaly to the 

Bouguer anomaly. These are as f o l l o w s : -

Granodiorite 2.65 gm./cc. Carboniferous 2.60 gm./cc. 

S i l u r i a n 2.73 gm./cc. Permian 2.53 gm./cc. 

The dif ferences between these f igures and those given 

i n the tables are, hov^ever, u n l i k e l y to cause errors beyond 

a f r a c t i o n of a m i l l i g a l to the Bouguer anomaly values. 
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4. METHODS OF INTERPRETATION. 

(1) In t roduc t ion . 

Gravi ty data by i t s e l f can never give a completely 

unambiguous geological i n t e rp re t a t i on . When combined w i t h 

other l i n e s of evidence, however, such as that obtained by 

other geophysical methods, or the evidence of surface and 

mine geology, i t i s f requent ly possible to decide which of 

several d i f f e r e n t in te rpre ta t ions i s the most feas ib le . I n 

the case of the C r i f f e l mass, good geological maps are 

avai lable which show such features as va r i a t i on of rock type 

and hence possibly of density w i t h i n the grani te; the nature 

of the contact; and the extent of the contact aureole i n the 

country rock around the grani te . A l l these l ines of evidence 

may be a l l i e d to the purely physical i n t e rp re t a t ion to 

produce a l i k e l y geological s i t u a t i o n . 

(2) General Methods. 

Before a de ta i led quant i ta t ive in t e rp re t a t ion i s 

attempted i t i s u se fu l to obtain a general picture of the type 

of fea ture causing an anomaly by the appl icat ion of cer ta in 

general methods. 

One of the most important fac tors to be determined i s 

the maximum depth to the top surface of the source of the 

anomaly. This will show whether the anomaly i s caused by a 

deep-seated structure somewhere w i t h i n or at the base of the 
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crust , or whether i t i s of shallower o r i g i n , i n which case 

v a r i a t i o n i n the surface geology may be responsible. 

Several formiilae are now available f o r the calculat ion, 

of which the most sa t i s fac tory i s probably that given by 

Smith (1959 theorum 5) as f o l l o w s : -

d ^ 29.0 X / O 
^ max (4.1) 

A" 

where d i s the maximum depth to the top of the source of the 

anomaly ( i n miles) i/^^^^ i s the maximum l i k e l y density 

contrast ; A" i s the maximum rate of change of horizontal 

g r av i t y gradient . This formula has the advantage that i t 

does not need to take i n to account the background value, as 

d i d most of the previously available formulae. 

• An approximate value f o r the depth to the base of the 

feature causing the anomaly may also be obtained by the 

use o f standard formulae. I n the case of the main C r i f f e l 

mass, the nearest approximation to the l i k e l y shape of the 

grani te i s that of a v e r t i c a l cyl inder , the formula f o r which 

i s given by Heiland (I940 p. l47) . From th i s the formula f o r 

the anomaly at a point on the axis of the cylinder and on i t s 

top surface i s given by 

A = 2TTG P + r - (z2 + r2) 2 ( 4 . i i ) 

where A i s the anomaly i n gals , G i s the g rav i t a t iona l 



58 

c o n s t a n t , i s the density contrast i n gm, per c.c. 

z i s the thickness of the cyl inder i n centimetres and r 

i s the radius of the cylinder i n centimetres; 

I t must be emphasized that the use of t h i s formula 

only gives an approximate depth to the base of the anomalous 

mass. I t i s , nevertheless, u se fu l as a basis f o r fu r the r 

ca l cu la t ion . 

(5) The use of models. 

The methods described above give a few basic features, 

of the source of the anomaly but give no real ind ica t ion of 

the shape of the anomalous mass or of other characteris t ics 

such as v a r i a t i o n of density w i t h i n i t . A fu r the r step i n 

i n t e r p r e t a t i o n , therefore , would be to t r y to f i t the 

observed anomaly to a de ta i led model of the sub-surface 

s t ruc ture . 

The g rav i ty anomaly i t s e l f cannot be used d i r e c t l y to 

work back to an exact model of the structure which causes i t . 

I t i s , however, possible to work the other way round i . e . to 

b u i l d up a l i k e l y model, calculate the anomaly which i t would 

cause and compare t h i s w i t h the actual , observed anomaly. By 

a process of t r i a l and error , the model i s al tered u n t i l the 

calculated anomaly matches the observed anomaly. This i n 

i t s e l f w i l l s t i l l not give a unique representation of the 

anomalous mass and there may be several a l te rnat ive models. 
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a l l of which f i t the observed anomaly. I t i s , ho^jever, 

f requent ly possible to combine independent geophysical or, 

as i n t h i s case, geological evidence w i t h the models to 

decide which i s the most f eas ib l e . 

(4) Computer methods. 

The actual ca lcu la t ion of the anomalies produced by 

the various models i s normally a tedious process, involving 

the ca lcu la t ion of the anomaly at each of a number of 

a r b i t r a r y "stat ions", usual ly by some visua l method, such 

as a g r a t i c u l e . Recently, however, progranmies have been 

devised which enable the calculations to be done by electronic 

computer, thus saving much laborious and time-consuming 

numerical work. 

(a) Tvro-dimensional models. 

The simplest method of i n t e rp re t a t i on by computer i s 

to draw up a scaled model i n two dimensions, regarding the 

t h i r d dimension as i n f i n i t e . The model w i l l thus represent 

a cross-sectional p r o f i l e of the anomalous body. 

The programme f o r the Ferrant i Pegasus computer used 

throughout these calculat ions has been devised by Dr .Bot t , 

using a s imi la r p r i n c i p l e to that described by Talwani and 

others (1959)* The p r i n c i p l e upon which the computer 

prograifflne i s based i s as f o l l o w s : -

Consider the general, case of a body of polygonal cross 
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s e c t i o n l y i n g a t a depth below ground l e v e l . (Fig.4.1). 
The extent of the body i n the t h i r d dimension ( i . e . a t 
r i g h t angles t o the paper) i s assiamed t o be i n f i n i t e . Now, 
the g r a v i t y e f f e c t of such an i r r e g u l a r shaped body cannot 
be c a l c u l a t e d as i t stands - the body must f i r s t be broken 
down i n t o a s e r i e s o f standard shapes, f o r which a formula 
can be devised.- I n t h i s case, the body i s divided i n t o a 
number o f h o r i z o n t a l Siemi i n f i n i t e slabs, the f i n i t e sloping 
ends o f which form the sides o f the polygon. (Fig.4.5). 

I f e i l a n d (I94O p.l53 equation 7-45b) giwes a s u i t a b l e 
equation f o r the c a l c u l a t i o n o f the g r a v i t y e f f e c t at any 
e x t e r n a l p o i n t of such a sloping ended slab. This i s as 
f o l l o w s : 

B A = 2 d̂ Gg - -(x^sin i + d^cos i ) [ s i n 1 log + cos i{9^-9) 

( 4 . i i i ) 

where S A i s the anomaly due t o the s e m i - i n f i n i t e slab, G 
i s the g r a v i t a t i o n a l constant a n d p i s the density contrast, 
(see F ig 4,2 f o r e x p l a n a t i o n o f the other symbols). 

This formula i s used upon each of the slabs i n t u r n to 
determine the c o n t r i b u t i o n of each one t o the anomaly. 

Now some o f the slabs extend to i n f i n i t y from the r i g h t 
hand side of the body (Fig.4.5a) while the r e s t are terminated 
by the edges on the l e f t hand side (see Fig.4.5b). I f , 
t h e r e f o r e , the e f f e c t s of the slabs on the r i g h t are subtracted 
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from those on the l e f t , the r e s u l t w i l l represent the 
g r a v i t y value due t o the body i t s e l f . 

This whole process i s repeated to c a l c u l a t e the g r a v i t y 
e f f e c t a t as many e x t e r n a l p o i n t s as may be necessary to 
b u i l d up a d e t a i l e d p i c t u r e of the anomaly across the v;hole 
modiel. 

I n p r a c t i c e , the sides of the polygon and the p o s i t i o n s 
of the " s t a t i o n s " a t which the g r a v i t y anomaly i s to be 
c a l c u l a t e d are defined on a rectangular co-ordinate system. 
Two data tapes are prepared, one bearing the " s t a t i o n " d e t a i l s , 
the other the co-ordinates of the sides of the polygon and the 
d e n s i t y c o n t r a s t s . These are fed i n t o the computer a f t e r the 
programme tape and the necessary sub-routines, and the g r a v i t y 
e f f e c t o f each side of the body upon each s t a t i o n i s calculated 
and stored. When a l l the sides have been processed, the t o t a l 
e f f e c t a t each s t a t i o n i s computed as described above and the 
r e s u l t s are p r i n t e d . They may then be p l o t t e d on graph paper 
and compared w i t h the observed anomaly along the same l i n e of 
p r o f i l e . I f necessary, adjustments may then be made to the 
model, the g r a v i t y e f f e c t of which i s re c a l c u l a t e d u n t i l i t 
f i t s the observed anomaly. 

I n much of the i n t e p r e t a t i o n of the C r i f f e l anomalies, i t 
has been found t h a t the polygon of the general case may be 
modified t o a shape s i m i l a r to t h a t shown i n f i g u r e 4.4. where 
the rocks o f d i f f e r e n t density are separated by s t r a i g h t l i n e s 
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f o r the whole of the depth of the body. I n t h i s case the 
same general programme computes the e f f e c t of each slope i n 
t u r n , s t a r t i n g a t the l e f t side of the model and working 
across. Thus at f i r s t i t computes the e f f e c t of a h o r i z o n t a l 
slab extending from AB t o i n f i n i t y and o f density contrast 
p2 -/^. S i m i l a r l y , the e f f e c t of a slab terminated by CD 
i s c a l c u l a t e d using the de n s i t y contrast between t h i s and the 
previous s l a b , i . e . / ' ^ ~/^2* "̂"̂  density of a slab i s 
grea t e r than t h a t l y i n g t o the l e f t of i t then i t s c o n t r i b u t i o n 
i s added to the t o t a l anomaly; i f the density of the r i g h t hand 
slab i s l e s s than t h a t on the l e f t i t s c o n t r i b u t i o n i s subtracted 
e.g. i f i n f i g u r e 4.4. i s less than/O^ and^^, the c o n t r i b u t i o n 
of the slope AB i s negative w h i l e t h a t of CD i s p o s i t i v e . The 
process i s repeated f o r every " s t a t i o n " u n t i l the anomaly across 
the model has been c a l c u l a t e d . 

The same programme may be used to c a l c u l a t e the g r a v i t y 
e f f e c t o f a body w i t h any ntamber of varying d e n s i t i e s , as i n 
f i g u r e 4.5. 

The c o n t r i b u t i o n of each slab i s allowed f o r i n the data 
tape as f o l l o w s : - . i f the density t o the r i g h t of a slope i s 
grea t e r than t h a t t o the l e f t , the co-ordinates of the lower 
end o f the slope are given before those o f the upper end. I f 
the d e n s i t y t o the l e f t of the l i n e i s the higher, the upper 
co-ordinates are given f i r s t . I n f i g u r e 4.5 the s u f f i x e s o f 
the co-ordinates i n d i c a t e the order i n which they would be fed 
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i n , f o r the k i n d of v a r i a t i o n i n density values shown. 

Throughout t h i s discussion of the c a l c u l a t i o n of the 
g r a v i t y e f f e c t o f a two-dimensional cross-section of a body, 
i t has been assumed t h a t the body i s o f i n f i n i t e extent i n 
the t h i r d dimension ( i . e . a t r i g h t angles to the paper i n the 
above diagrams). Where the l e n g t h o f the body i s many times 
as g r e a t as the w i d t h and depth t h i s assumption i s j u s t i f i e d . 
I n the case of the C r i f f e l mass, however, the l e n g t h i s only 
twice the w i d t h and hence the two-dimensional p r o f i l e w i l l be 
i n e r r o r by a q u i t e s i g n i f i c a n t amount. This e r r o r i s 
commonly termed the "end e f f e c t " . 

(b) Three-dimensional models. 
I n order t o compensate f o r the "end e f f e c t " , computer 

methods have now been devised t o c a l c u l a t e the g r a v i t y e f f e c t 
o f a three-dimensional anomalous body. A published account of 
such a method i s given by Swing and Talwani (I96O). A s i m i l a r 
procedure has been used by Dr.Bott t o develop a programme f o r 
use i n the Pegasus computer. 

The p r i n c i p l e upon which the computer programme i s based 
i s as f o l l o w s : - The o u t l i n e o f the three-dimensional body i s 
f i r s t represented by contours spaced a t a convenient v e r t i c a l 
i n t e r v a l ( F i g . 4 . 6 ) . Each contour i s then replaced by a 
h o r i z o n t a l n-sided polygon, the number of sides depending upon 
the accuracy w i t h which i t i s required to f i t the l i n e of the 
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contour. (Fig.4.7). The body i s thus now represented 
by a s e r i e s of h o r i z o n t a l polygonal laminae spaced a t 
i n t e r v a l s throughout i t s depth. The g r a v i t y e f f e c t of 
the whole body at any e x t e r n a l p o i n t may then be determined 
by f i n d i n g the e f f e c t of each lamina and i n t e g r a t i n g the 
r e s u l t s from the bottom t o the top of the body. 

As i t stands, however, the g r a v i t y e f f e c t of each 
lamina cannot be determined d i r e c t l y : i t must f i r s t be s p l i t 
i n t o a s e r i e s o f standard forms, the e f f e c t s of which may 
be c a l c u l a t e d by use of a standard formula and then added 
together to give the e f f e c t of the whole lamina. I n t h i s 
case the lamina i s considered t o be div i d e d i n t o a number 
of t r i a n g l e s , each being based on a side of the polygon and 
having as i t s apex the p r o j e c t i o n i n the plane of the lamina 
of the p o i n t a t which the anomaly i s being calculated. The 
three p a r t s o f f i g u r e 4.8 show the three possible types of 
s i t u a t i o n where t h i s p o i n t P may f a l l : - (a) where the 
p r o j e c t i o n of the s t a t i o n f a l l s w i t h i n the polygon; (b) 
where i t l i e s outside the polygon; (c) where i t l i e s on one 
of the sides of the polygon. 

Now the g r a v i t y e f f e c t a t an ex t e r n a l p o i n t of a 
t r i a n g u l a r lamina i s given by the formula:-

©2 
S A = G/ot - z 

1 
I / " I 2 

1 t "''•o. 

(4 .IT) 
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where 6 A i s the g r a v i t y e f f e c t ; G i s the g r a v i t a t i o n a l 
constant; p i s the dens i t y c o n t r a s t ; t i s the thickness 
of the lamina and z i s the depth t o the lamina. (See 
Fig.4,9 f o r an explanation of the other symbols used). 

I n t e g r a t i n g formula 4 . iv. 

6A = G p t I 
- 1 sin© 

sin 

1 + r 

2 ^ 

Hence 

SA = G ^ t G-
- 1 sine 

sin 

1+ r jQ 
1 

G 

.(4.V) 

I n f i g u r e 4.9 the only d e t a i l s o f the dimensions of the 
t r i a n g l e which can b© f e d i n t o the computer d i r e c t l y are the 
co-ordinates o f the side of the polygon (X-L, ŷ )̂ and (x2, 
and the co-ordinates o f the p r o j e c t i o n p'of the " s t a t i o n " , 
taken as (0,0) i n the f i g u r e s . I n order t o calcu l a t e the 
g r a v i t y e f f e c t o f the t r i a n g l e , however, the values o f 
s i n ^ 2.* ^ 2> ^o ittust f i r s t be found from the above 

data. The p r i n c i p l e o f the c a l c u l a t i o n i s as fo l l o w s : 
Drop a perpendicular from the p o i n t (XQ, yo) on the side 

AB t o the p o i n t P . Now, from the theory of s i m i l a r t r i a n g l e s , 
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^ 0 - ^ 1 

^ o - ^ 1 

Therefore y^ - y-ĵ  

7 2 - 71 

72 - 7 i 

X2 - Xi 

^ o - ^1 

Therefore Y, 
f 

^ 0 + 

- y. 

X„ - X, 

The equation i s thus now. i n the form mx+ c, the 
general equation f o r a s t r a i g h t l i n e . 

Now, the perpendicular from the o r i g i n to such a 
l i n e has the general equation y = - 1 x. 

m 
I t meets the l i n e AB a t (x^,y ) 

o o 
Solving simultaneously the equations yQ = - 1 XQ 

m 
and yQ = mxQ + c 

we o b t a i n c = ( 1 + m^)yQ 
Therefore yn = c ^ 

1 + m2 
and 

and 

XQ = - mc 
( 1 + m) 

ô = XQ^ + yo' 
l + m 2 

S u b s t i t u t i n g f o r m and c 

7o = ( 7 i ̂ 2 " ^2 ^ 1 ^ ^^2 ~ ̂ 1 ^ 
(X2 - x^)2 + ( y ^ - y^)2 
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^o = 

^o 

- ( y i ^2 - y2 xj^) (y2 - y-̂ ) 

(X2 - x i ) 2 + (y^ - y^)2 

2 _ X2 - y2 x^) 

(X2 - x-j_)^ + (y2 - y^^)^ 

Incorporating t h i s schedule into the programme, then, 
enables the computer to evaluate Xp, y^ and hence TQ. By 
simple trigonometry on the right angled triangle the values 
of s i n ^ 2_ and s i n ^ 2 "^^^ tlc^n be obtained. A l l the 

necessary data are thus availablB i n a form which may be 
substituted by the computer into formula 4,v, from which the 
gravity e f f e c t of the triangle ABP may be calculated. 

I n order to obtain the gravity effect of the whole polygon 
the t o t a l effect of a l l the triangles must now be computed. 

Whether any one triangle i s added to or subtracted from 
the t o t a l depends upon the position of the point P . Thus i n 
figure 4.8a the point l i e s inside the polygon. Taking each 
of the sides of the polygon i n turn, i n order of clockwise 
rotation, i t i s evident that the effect of each triangle must 
be added to the t o t a l i n order to account for the whole 
polygon. I t i s noticeable, too, that the total angle subtended 
at the centre by the addition of each triangle i s always 
increasing, u n t i l i t f i n a l l y reaches 2 rr radians on completion 
of the whole polygon. 

I n figure 4.8b, however, starting at the top of the 
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polygon and ta k i n g each side i n order of clockwise r o t a t i o n 
as before, we see t h a t although the e f f e c t s o f the t r i a n g l e s 
based on the top sides must be added, those o f the lower 
sides must be subtracted from the t o t a l . Examination of the 
behaviour o f the t o t a l angle subtended a t P shows t h a t the 
a d d i t i o n o f each p o s i t i v e side involves a progressive increase 
i n a clockwise d i r e c t i o n , w h i l e the s u b t r a c t i o n of the e f f e c t s 
of the negative sides i n v o l v e s a swinging back of the angle 
so t h a t i t increases i n an anti-clockwise d i r e c t i o n . By the 
time every side of the polygon has been considered, the t o t a l 
angle subtended at P w i l l have swung out t o a maximum and 
back again, r e s u l t i n g i n a t o t a l coverage o f zero. 

I t now becomes possible t o formulate a r u l e f o r the 
a d d i t i o n or s u b t r a t i o n of the e f f e c t of any side, as f o l l o w s : -
I f on going from one side o f the polygon to the next, i n order 
of clockwise r o t a t i o n , the angle subtended at P i s increased 
i n a clockwise d i r e c t i o n , then the e f f e c t of the new side must 
be added t o the t o t a l . I f the angle increases i n an a n t i 
clockwise d i r e c t i o n , the e f f e c t of the new side must be 
subtracted. 

Consideration o f the co-ordinate geometry of Fig.4.9 
shows t h a t r o t a t i o n i s clockwise and t h e r e f o r e regarded as 
p o s i t i v e i f y^ ^2 " ^2 greater than zero. Rotation i s 
a n t i - c l o c k w i s e and t h e r e f o r e negative, i f y^ X2 - y2 x^ i s 
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l e s s than zero. 

This means t h a t the computer may now be supplied w i t h 
a method f o r determining whether to add or subtract the 
e f f e c t o f each t r i a n g l e to produce the t o t a l e f f e c t due to 
the whole polygonal lamina. 

Having c a l c u l a t e d the e f f e c t of the f i r s t lamina, d e t a i l s 
of the next one are brought i n t o the computing store and the 
whole process repeated u n t i l the e f f e c t of each lamina has 
been obtained. The t o t a l e f f e c t of the whole body i s then 
found by summing the e f f e c t s of a l l the laminae between the 
bottom and top l i m i t s o f the body. The complete procedure i s 
then repeated f o r as many d i f f e r e n t " s t a t i o n s " as may be 
re q u i r e d . 

I n the present case, the amount o f c a l c u l a t i o n which can 
be performed i s r e s t r i c t e d by the a v a i l a b i l i t y of the 
e l e c t r o n i c computer. I t has ther e f o r e been found more 
p r a c t i c a b l e to concentrate on obtainin g a few accurate l i n e s 
o f p r o f i l e across the area r a t h e r than to attempt an even 
network of " s t a t i o n s " over the whole map. This means t h a t 
c e r t a i n s i m p l i f i c a t i o n s may be made to the data, a l l of which 
help t o save computer time. 

I n the case of the main C r i f f e l anomaly, the main 
co n s i d e r a t i o n i s to produce a p r o f i l e across the three 
dimensional body along the same l i n e as t h a t used i n the 
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two dimensional work i . e . approximately across the centre 
of the mass. Accurate contouring of the extreme ends of 
the body i s t h e r e f o r e unimportant as the ends are 
s u f f i c i e n t l y d i s t a n t from the l i n e of p r o f i l e f o r minor 
v a r i a t i o n s to be of n e g l i g i b l e i n f l u e n c e . The broad oval 
shape o f the main g r a n o d i o r i t e renders i t r e a d i l y replaceable 
by laminae of simple rectangular plan, which enables the 
working out of co-ordinates and the computer c a l c u l a t i o n 
i t s e l f to be c a r r i e d out considerably more qu i c k l y than i f 
a more complex polygon were being used. 

I n place o f the i n t r i c a t e contouring system o f Ewing 
and Talwani (I960) the body i s d i v i d e d i n t o a number of 
h o r i z o n t a l slabs, the greater the number of slabs the greater 
being the accuracy, e s p e c i a l l y near the surface (Fig.4.10). 
The anomaly o f each slab i s c a l c u l a t e d by computing (as 
d e t a i l e d above) the e f f e c t of a c e n t r a l lamina at v/hich the 
mass o f the slab i s assumed to be concentrated. The t o t a l 
anomaly i s then obtained by adding the e f f e c t s of a l l the 
laminae. The whole process i s then repeated f o r as many other 
" s t a t i o n s " as may be required. 

Again two data tapes are prepared, the f i r s t containing 
d e t a i l s of the shape which i s being tested. For each slab 
are given; the de n s i t y c o n t r a s t between i t and the adjoining 
slabs; the depth from the surface to the c e n t r a l lamina of the 
sl a b ; the thickness, and the x and y co-ordinates of i t s ends. 
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The second tape contains the x, y and z (height) co-ordinates 
of the " s t a t i o n " a t which the anomaly i s being calculated. 
The z co-ordinate i s taken as zero throughout, i . e . mean sea 
l e v e l , t o conform t o the reductions o f the observed f i e l d data. 

Erro r of the three dimensional method. 

An estimate of the e r r o r i n v o l v e d i n approximating the 
slab t o a c e n t r a l lamina has been made w i t h the use o f the 
two dimensional programme. The r e s u l t i s shown i n f i g u r e 4.11. 
I n t h i s f i g u r e , the sol'd l i n e represents the anomaly f o r the 
s e m i - i n f i n i t e slab, o u t l i n e d i n s o l i d l i n e s , c a lculated by 
the two dimensional computer programme. The dashed curve 
represents the anomaly f o r the lower s e m i - i n f i n i t e slab, 
o u t l i n e d by dashed l i n e s . The dots are the values calculated 
by hand f o r the two s e m i - i n f i n i t e c e n t r a l laminae. 

The correspondence f o r the lower slab i s , a t worst, only 
1.5^ i n e r r o r . For the upper slab, however, there i s a 
divergence of up t o 14% f o r the s t a t i o n close to the contact 
between the two d i f f e r e n t d e n s i t i e s . For t h i s reason, the 
near surface slabs i n the three dimensional model must be 
made as t h i n as p r a c t i c a b l e . Throughout the i n t e r p r e t a t i o n 
of the C r i f f e l anomaly, the uppermost slab of the three 
dimensional models has been taken as 1000 metres t h i c k , 
i n v o l v i n g a maximum e r r o r of O.5 mgal. This i s of the same 
order as the allowable discrepency between the observed and 
cal c u l a t e d anomalies and i s therefore permissible. 



Chapter 5. DESCRIPTION OF ANOMALIES. 
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5. DiESCRIPTIQN OF ANOMALIES. 

The g r a v i t y contour maps f o r the C r i f f e l area are 
shown i n Maps 1 and 2. Map 1 shows the d i s t r i b u t i o n and 
g r a v i t y values of the s t a t i o n s , from which i t may be seen 
t h a t the i n t e r v a l between s t a t i o n s i s s u f f i c i e n t l y close 
to a l l o w q u i t e accurate contours to be p l o t t e d . These are 
adequate f o r a general r e g i o n a l i n t e r p r e t a t i o n and also f o r 
more d e t a i l e d i n v e s t i g a t i o n of c e r t a i n p o r t i o n s of the map. 
Map 2 shoves the r e l a t i o n s h i p between the geology o f the area 
and the g r a v i t y contours. 

I n the d e s c r i p t i o n of the g r a v i t y f i e l d of any region, 
i t i s customary t o choose a background value, against which 
s i g n i f i c a n t v a r i a t i o n s i n the f i e l d may be compared. I n 
t h i s cas«, the st e a d i e s t values are found over the S i l u r i a n 
country rocks. These occur over a very wide area and may be 
considered as the normal, r e g i o n a l rock type, i n t o which l o c a l 
v a r i a t i o n s have been introduced, as f o r example, by the 
C r i f f e l complex i t s e l f and by the Permian trough around 
Diimfries. For these reasons the values of the Bouguer anomaly 
over the S i l u r i a n rocks have been taken as the background. 
There are gradual, y e t d i s t i n c t , r e g i o n a l changes i n t h i s 
background, but i t i s q u i t e possible t o take these i n t o account 
f o r each p a r t o f the complex when c a l c u l a t i o n s of depth, etc., 
are being made. 

The undisturbed background value over most o f the area 
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i s i n the region of I5 or I6 m i l l i g a l s , but t h i s r i s e s 
s t e a d i l y to a maximiim of 27 m i l l i g a l s to the south of 
K i r k c u d b r i g h t . 

The main anomalies superimposed upon t h i s background 
are as f o l l o w s : -

(1) The negative anomaly over the main g r a n o d i o r i t e . 
There i s a very pronounced negative anomaly over much 

of the C r i f f i e l mass, the g r a v i t y contours corresponding very 
w e l l w i t h the oval shape of the outcrop. L i k e the outcrop 
they t r e n d north-east - south-west. The lowest measured 
value i s - O.9 m i l l i g a l , but the actual minimum, l y i n g over 
an i n a c c e s s i b l e p a r t o f the g r a n i t e may be as low as -
2 m i l l i g a l s . This represents a drop of some I5 m i l l i g a l s 
below the background value., The lowest p a r t of the anomaly 
i s not c e n t r a l l y l o c a t e d , as i s u s u a l l y the case w i t h g r a n i t e s , 
but i s displaced a matter o f 1§ miles to the north-west of 
the geometrical centre of the p l u t o n where the g r a n i t e i s of 
the p o r p h y r i t i c v a r i e t y . 

The spacing between contours i s also of considerable 
i n t e r e s t . On the north-western side of the mass, over the 
g r a n i t e i t s e l f , the g r a d i e n t i s shallow, being about 2 m i l l i g a l s 
per m i l e . Once the contact i s reached, hov/ever, i t shows a 
sudden increase t o an average value over the nearby country 
rock o f n e a r l y 5 m i l l i g a l s per m i l e - a value which i s q u i t e 
c o n s i s t e n t along most o f t h i s north-western boundary. 



On the other hand, the gradient over the south-eastern 
margin i s remarkably steady, the value being about 3*5 
m i l l i g a l s per m i l e f o r at l e a s t two miles on e i t h e r side of 
the contact of the g r a n i t e w i t h the S i l u r i a n . 

The g e n e r a l l y oval shaped anomaly i s modified s l i g h t l y 
on t h i s south-eastern side by a sudden l o c a l decrease i n 
g r a d i e n t i n the region of Caulkerbush, where the value drops 
from 5.5 m i l l i g a l s per m i l e t o 1 m i l l i g a l per mile and then 
g r a d u a l l y resumes i t s former value. 

(2) The negative anomaly over the Permian 
sandstones o f Dumfries. 

This l a r g e negative anomaly, occupying the north-eastern 
p a r t o f the map, reaches a minimum value of + 2 m i l l i g a l s i . e . 
14 m i l l i g a l s below the background. The anomaly i s l i n e a r and 
trends N.N.W - S.S.E., c u t t i n g almost a t r i g h t angles across 
the north-eastern end of the C r i f f e l anomaly and l o c a l l y 
modifying the l a t t e r . B o t t and Masson-Smith (I96O) have 
demonstrated t h a t t h i s negative anomaly i s caused by a great 
thickness of Peimian sandstones and breccias, w i t h whose 
surface outcrop the anomaly corresponds. As the present 
survey does not cover t h i s area, however, t h i s anomaly w i l l 
not be examined f u r t h e r . 

( 5 ) The north-westerly decrease i n anomaly. 

Going to the n o r t h west, away from the main mass of the 
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C r i f f e l g r a n o d i o r i t e i t s e l f , the anomaly r i s e s s t e a d i l y to 
the background value of around I 5 or I6 m i l l i g a l s . This remains 
constant f o r a distance of two or three miles but then s t a r t s 
to f a l l away unifonmly t o the n o r t h west at a r a t e o f about 
2 m i l l i g a l s per m i l e . A minimum value of +10.6 m i l l i g a l s 
was recorded, but i t i s l i k e l y t h a t progressively lower values 
would be found were the survey t o be extended f u r t h e r to the 
n o r t h west. 

This decrease does not correspond to any immediate 
surface f e a t u r e , the rock being a uniform sequence of S i l u r i a n 
shaltes and greywackes. A small i n l i e r o f Ordovician age i s 
present t o the n o r t h of Castle Douglas, but the rock type i s 
s i m i l a r t o the S i l u r i a n and i t has no appreciable e f f e c t upon 
the g r a v i t y f i ^ e l d . 

A wide r i d g e o f p o s i t i v e anomalies runs n o r t h eastwards 
from K i r k c u d b r i g h t , i n e f f e c t separating the negative anomaly 
of C r i f f e l from t h a t of the north-west corner of the map. 

(4) Regional increase o f background anomaly to the 
south. 

G r a v i t y measurements t o the immediate south of the C r i f f e l 
g r a n i t e obviously cannot be extended as f a r over the country 
rock as on the n o r t h side, on account of the sea. There are, 
however, s u f f i c i e n t s t a t i o n s to show t h a t a steady background 
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i s not reached but t h a t the g r a v i t y values are s t i l l 
c l i mbing. At Southerness P o i n t (the f u r t h e s t p o i n t away 
from the g r a n i t e on i t s south-eastern side) a value of 
18.1 m i l l i g a l s was recorded. I t i s only here, at the most 
o u t l y i n g p a r t o f the coast, t h a t the gradient begins to 
slacken o f f from about 5 m i l l i g a l s per m i l e to O.5 m i l l i g a l s 
per m i l e , t h i s l a t t e r being measured between the l a s t two 
s t a t i o n s on the p o i n t i t s e l f . I t i s therefore l i k e l y t h a t 
the anomaly reaches a value of + 20 m i l l i g a l s or even higher 
a short way out i n t o the Solway F i r t h . 

To the south-west of the C r i f f e l mass, i n the 
K i r k c u d b r i g h t region, the Bouguer anomaly reaches a maximum 
of 27.1 m i l l i g a l s . Again, a steady background i s not reached, 
although the gradient does decrease from 2 m i l l i g a l s per mile 
east of K i r k c u d b r i g h t t o O.5 m i l l i g a l s per m i l e on the coast. 
From the general trend o f the contours i t vrould seem t h a t they 
may p o s s i b l y close w i t h i n a short distance of the coast. 

None o f these increases can be explained by comparison 
w i t h the known geology, as the rocks here consist of shales 
and greywackes of very uniform density. 

( 5 ) The anomalies of the Auchencairn d i s t r i c t . 
The anomalies over t h i s south-western p a r t of the 

g r a n i t e complex are d i f f i c u l t to c o r r e l a t e w i t h the geology. 
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The main features are, f i r s t l y , a small p o s i t i v e anomaly 

o f about one m i l l i g a l over Orchardton Bay t o the north-east 

of Auchencairn and, secondly, the presence of a steep 

g r a d i e n t over the southern p a r t of the intermediate 

g r a n o d i o r i t e . 



CHAPTER 6. INTEEPRETATION Or THE GRAVITY MOMALIES. 
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6. IMTERPRETATIOM OF THiS GRAVITY ANOMALIES. 

I n t h i s chapter an i n t e r p r e t a t i o n i s given of the 
features shown on Maps 1 and 2 and described i n the previous 
chapter. The anomalies are t r e a t e d i n p r a c t i c a l l y the same 
order as described, using the methods discussed i n chapter 4. 
The i n t e r p r e t a t i o n i s approached i n three stages: 
1) from a p u r e l y p h y s i c a l viewpoint, t o determine the type 
of c r u s t a l f e a t u r e causing t l ^ anomaly. 2 ) i n t e r p r e t a t i o n 
of the g r a v i t y f i e l d i n r e l a t i o n to the surface geology. 
3 ) assuming the cause of the anomaly, a d e t a i l e d study of the 
shape i s mad© using models. 

1) The negative anomaly over the main g r a n o d i o r i t e . 

a) Physical i n t e r p r e t a t i o n . 
The most important f e a t u r e of the anomaly i s t h a t i t i s 

negative r e l a t i v e to the background. This means t h a t there i s 
an underlying mass d e f i c i e n c y , caused by a body of less dense 
rock than the surroundings. 

The g r a v i t y f i e l d over the g r a n o d i o r i t e i s of broad oval 
o u t l i n e over a wide area, showing l i t t l e l o c a l v a r i a t i o n away 
from t h i s g e n e r a l l y smooth r e g i o n a l p a t t e r n . I t may, 
t h e r e f o r e , be assumed t h a t the feature which causes the anomaly 
i s i t s e l f o f l a r g e dimensions and probably of regular o u t l i n e . 

The existence of r a p i d changes i n the h o r i z o n t a l g r a v i t y 
g r a d i e n t s shows t h a t the source of the anomaly cannot l i e very 
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deep i n the c r u s t . These changes can, i n f a c t , be u t i l i z e d 
to g i v e a maximum f i g u r e f o r the depth to the top of the mass 
d e f i c i e n c y , using equation 4 i (p.37 ) 

d ^ 2 9 . 0 X >0 ^ ^ ' • max 
/ ; 

A 
// 

The value o f A , measured from Map 1 , i s eleven mgal. 
per male per mile. i s assumed to be O.5 gm/c.c, the 
maximum l i k e l y d e n s i t y c o n t r a s t i n the crust. This gives a 
r e s u l t o f about I . 5 miles, demonstrating t h a t the upper 
surface o f the mass d e f i c i e n c y l i e s w i t h i n the topmost p a r t 
of the c r u s t . 

b) Comparison w i t h the geology. 
The g r a v i t y anomaly shows a close c o r r e l a t i o n w i t h the 

outcrop o f the C r i f f e l g r a n o d i o r i t e . Since the anomaly has 
been shown to be o f shallow o r i g i n , i t would th e r e f o r e seem 
t h a t t i e g r a n i t e i t s e l f i s the cause. 

Granites i n many other areas ( B o t t I956) are known to 
show s i m i l a r negative anomalies. Furthermore, measurements 
on d e n s i t y specimens from the C r i f f e l g r a n o d i o r i t e have shovm 
t h a t the g r a n i t e i s l e s s dense than the country rock, on 
average by about 0.06 gm/c.c. 

Other features which might p o s s i b l y cause such an 
anomaly, such as a trough of l i g h t sediments or a s a l t dome 
s t r u c t u r e may be r u l e d out on the basis of an unsuitable 
t e c t o n i c environment and the lack of any geological i n d i c a t i o n 
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o f t h e i r existence. 

I t t h e r e f o r e seems l o g i c a l to conclude t h a t the g r a n i t e 
i t s e l f i s the cause o f the anomaly. 

c) I n t e r p r e t a t i o n by models. 

Having assumed the cause of the anomaly, i t i s now 

possi b l e to b u i l d up models of mass d i s t r i b u t i o n s , to calculate 

the anomalies to which they would give r i s e and to compare them 

w i t h the observed anomaly. A s a t i s f a c t o r y model must reproduce 

a l l the described featu3?es of the anomaly, chief among which 

are the asymmetry o f the centre o f the anomaly i n r e l a t i o n to 

the g r a n i t e boundary and the nature of the changes i n the 

g r a v i t y g r a d i e n t s . 

Two dimensional models are produced i n the f i r s t instance 

since these are simple to construct and use comparatively 

l i t t l e computer time. Having obtained an approximate shape 

by t h i s method, three dimensional models are then developed 

to give a b e t t e r r eproduction o f the shape causing the anomaly. 

l ) Two dimensional models. 

The two dimensional models which are described represent 

cross sections of the g r a n i t e along the l i n e A B shown on 

Map _2. For each model, the observed anomaly i s shown i n 

a d d i t i o n to the c a l c u l a t e d anomaly to enable comparison t o be 

made. 

Figures 6 . 1 and 6 . 2 show simple models where the g r a n i t e 
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has been assumed to be of uniform density throughout. The 
depth t o the base i s taken as f i v e m i l e s , as suggested by the 
equation f o r the g r a v i t y e f f e c t of a v e r t i c a l c y l i n d e r 
(equation 4 i i ) , using a d e n s i t y c o n t r a s t of 0.08 gm./c.c. 

Neither of the two models produces an anomaly 
resembling the observed p r o f i l e : i n each case the anomalies 
diverge i n three important features. - F i r s t l y , the calculated 
anomaly i s of shallower extent than the observed. Secondly, 
the lowest p a r t of the c a l c u l a t e d anomaly i s c e n t r a l l y placed 
i n r e l a t i o n to the g r a n i t e contacts w h i l e the observed 
anomaly i s markedly asymmetrical. T h i r d l y , the change i n 
g r a d i e n t o f the c a l c u l a t e d anomaly over the south eastern 
margin occurs much more r a p i d l y than i s observed. 

While the amplitude of the anomaly can be matched by 
s l i g h t l y i ncreasing the depth of the model, the asymmetry of 
the g r a v i t y "low" can only be explained by a mass of denser 
m a t e r i a l l y i n g below the c e n t r a l and southern p a r t o f the 
g r a n i t e . I f the g r a n i t e i s s t i l l assumed to be of uniform 
d e n s i t y , the only conceivable way i n which denser rock may 
occur under the centre o f the mass i s f o r the g r a n i t e contact 
on the south eastern side t o be o f a sinuous nature as shown i n 
the sketch ( f i g . 6 . 3 ) > thus b r i n g i n g country rock under the 
centre o f the g r a n i t e a t no great depth. This i s , however, 
u n l i k e l y on g e o l o g i c a l grounds; f o r example the exposed angle 
o f contact and the w e l l defined r e g i o n a l f o l i a t i o n p a t t e r n 
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wMch «verywlier« dip steeply outwards. The possibility-
has therefore been discounted as a l i k e l y interpretation. 

There remain two possible means of explaining these 
observed features which cannot be s a t i s f a c t o r i l y accounted 
f o r by the simple models hitherto discussed. Either the 
granite i s deeper i n the north west than i n the south east, 
or, a l t e r n a t i v e l y , there i s a horizontal density variation 
w i t h i n the granite. 

The idea t h a t the granite i s deeper i n the north west 
would account f o r the asymmetry of the gravity "low", and, 
from a geological point of view may be feasible. However, 
i t s t i l l does not e^qjlain the steady gravity gradient over 
the south eastern margin, since a sudden change of density at 
the contact i s bound to produce a change i n gradient r e f l e c t i n g 
the p o s i t i o n of the contact. Thus, while a change i n depth 
might account f o r some features of the anomaly, i t i s 
impossible to i n t e r p r e t the whole structure on th i s basis. 
Although i t may be a contributory factor, t h i s therefore i s not 
the main reason f o r the peculiar shape of the anomaly. 

I t therefore remains to consider the p o s s i b i l i t y of a 
horizontal change i n density w i t h i n the granite. I f t h i s i s 
the explanation of the characteristics of the anomaly, i t i s 
evident that the density increases towards the south eastern 
margin to account f o r the asymmetrical nature of the gravity 
minimum. The steady gradient over the south eastern margin. 
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which could not bB reproduced whera the density change takes 
place suddenly, might be explained by a more gradual Increase 
i n density occurring over a wider part of the granite than 
j u s t the contact zone i t s e l f . A rapid change i n density would 
however s t i l l be expected over the north western edge of the 
granite where the gravity gradient shows a sharp increase at 
the contact. (The fac t that the main increase i n the gradient 
i s over the country rock and not the granite i t s e l f also 
provides evidence of an outwardly sloping boundary to the 
granite i n t h i s north western region) . 

There i s good geological evidence for such density 
changes w i t h i n the rock. I t has been shown i n chapter 1 that 
the main mass of the i n t r u s i o n i s composed of l i g h t coloured 
po r p h y r i t i c granodiorite, surrounded on a l l sides except the 
north west by the darker, main granodiorite. The density 
values of the minerals given on page 11 show that the l i g h t e r 
coloured minerals of which the porphyritic rock i s largely 
composed are lower i n density than the dark minerals which 
predominate i n the main granodiorite. As the change from 
po r p h y r i t i c to main granodiorite i s only gradual, i t i s l o g i c a l 
to assume that the change i n density from one rock type to the 
other i s also gradual, increasing towards the contact. 

The measurement of actual rock specimens collected from 
widely scattered l o c a l i t i e s w i t h i n the granodiorite provides 
s t r i k i n g proof of the existence of th i s density change, the 
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values ranging from 2.64 gm./c.c. i n the centre of the 
porphyr i t i c mass to 2.70 gm./c.c. i n the main granodiorite. 
Where t h i s i s absent, on the north western side of the 
complex, specimens from a marginal l o c a l i t y give a value 
of 2.66 gm./c.c demonstrating that there i s l i t t l e density 
gradation i n t h i s region, the change being more abrupt than 
on the south eastern side. 

Using a l l the above observations, models of l i k e l y 
density d i s t r i b u t i o n s may be constructed and the calculated 
and observed anomalies compared, as before. 

Figure 6,4 shows an example of such a model, based 
upon figure 2 of Bott and Masson-Smith (I96O). I t reproduces 
closely those features of the anomaly which the previous models 
could not do, namely, the position of the gravity "low" and 
the gradients over the boundaries. This has been achieved by 
extending the depth of the model to 6.8 miles and by using 
varying density contrasts as shown. These values have been 
derived by i n t e r p o l a t i o n between l o c a l i t i e s where density 
values are known from measurements, bearing i n mind the 
geological evidence of a gradational increase. 

Figure 6.5 retains the same essential features as the 
model developed by Bott and Masson-Smlth, but uses a density 
of 2.72 gm./c.c. f o r the country rock as indicated by the 
density specimens collected during the present survey. I t 
has also been modified to include a wedge of denser rock on 
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the north western side. While there i s no direct evidence 
from density specimens of the existence of such a wedge, i t 
i s reasonable to (expect t h i s by analogy with the southern 
margin. The re s u l t i n g anomaly agrees closely w i t h the 
observed anomaly and i t i s considered that t h i s model provides 
a l i k e l y a lternative explanation to that given by Bott and 
Mas son-Smith. 

i i ) Three dimensional models. 
I n order to obtain the two dimensional p r o f i l e s 

described above, i t has been assumed that the model i s of 
i n f i n i t e extent i n the plane at r i g h t angles to that of the 
p r o f i l e . However, the geological map of the area (Map 2) 
shows that the C r i f f e l granodiorite i s only about twice as 
long as i t i s broad. I t i s evident that t h i s assumption, 
ignoring the end e f f e c t , w i l l lead to errors, and w i l l result 
i n a shallov/ estimate of depth to the base of the mass 
d e f i ciency. 

This d i f f i c u l t y i s overcome by the use of three 
dimensional models which take into account the ends of the 
mass as wel l as j u s t i t s detailed cross section. A 
sat i s f a c t o r y model i s shown i n figure 6,6., compiled a f t e r 
the manner described on page 50 , the shape being represented 
by a p i l e of f i v e horizontal slabs. The plan of the uppermost 
of these i s shown i n f i g u r e 6.7. 



uguer Anomaly 
(Mgols) 

9 1 ? 
^ ' ^ M i l e s 

Observed anomoly 

O Calcula ted anomaly 

A • 
< S i l u r i a n - Porphyr i t ic Main B 

Hjronodiorite ^Granodiorite S i lu r ian 

2 -73 2 - 0 4 

J. 6.6 Sec t ion a c r o s s a t h r e e d imensional model of the C r i f f e l 

g r a n o d i o r i t e showing a good f i t be tween the observed and 

c a l c u l a t e d a n o m a l i e s . 



2-73 

/ I / 

/ / 
N _ / 

\ -

I / 

^' - ^ / \ ' \ ^ ^ \ 
1 2 -66 

/ I \ . \ 

12.73 \ \ 
^ \ \ 

\ \ 

- ? M i l e s B 

ng.6.7 Map of the Cr i f fe l granodiorite complex showing the outline of the topmost 

polygon of the three dimensional model whose c r o s s sect ion along the line 

A B Is shown in f ig . 6 j6 



66 

The anomaly calculated f o r the model f i t s the observed 
anomaly as closely as do the better two dimensional models 
( f i g s . 6.4 and 6.5). The main difference from the two 
dimensional models l i e s i n the increased depth to the base of 
the anomalous mass (now 8.1 miles). The density d i s t r i b u t i o n 
remains the same as before. As the only major change has been 
to take i n t o account the ends of the granodiorite, t h i s error 
i s e n t i r e l y due to the so-called "end-effect" and i t now 
becomes possible to assign a value to t h i s hitherto rather 
vague quantity. I n t h i s case i t represents an error of I.3 
miles, or 19% of the depth suggested by the two dimensional 
p r o f i l e . 

2) Local anomalies. 
While the model shown i n figure 6.6 provides a reasonable 

explanation of the mass d i s t r i b u t i o n which causes the main 
features of the negative gravity f i e l d , the c a l c T i l a t e d 

anomaly diverges s l i g h t l y i n three respects from the observed 
curve, as follows:-

a) The anomaly i n the region of Caulkerbush. 
There i s a l o c a l decrease i n gradient i n the Caulkerbush 

area, involving a drop i n the anomaly of about half a m i l l i g a l . 
As t h i s part of the area i s largely d r i f t covered i t i s not 
possible to correlate the gr a v i t y f i e l d w i t h the geology. 
The anomaly may be caused e n t i r e l y by the existence of a thick 
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d r i f t deposit resting against the granite, or i t may 
r e f l e c t f a u l t i n g between the S i l u r i a n and Lower 
Carboniferous rocks which underlie the d r i f t . I f the 
anomaly were due to the d r i f t alone, use of the slab 
formula {k = 2 rr Q p t) shoivs that f o r a density 
contrast of 0.4 gm./c.c. a thickness of approximately 
100 fe e t would be necessary. I f i t were enti r e l y the 
effe c t of downfaultlng of the Carboniferous a thickness 
of about 400 feet would be required. I t i s possible that 
the anomaly i s caused by a combination of both these 
features. 

b) The decrease of background anomaly to the 
north west. 

I n both of the two dimensional and the three 
dimensional models ( f i g s . 6.4, .5 or .6) the calculated 
background value on the north west side of the granite i s 
consistently higher than i s observed. Map 2 shows that t h i s 
decrease i n the observed anomaly i s continued beyond the 
end of the l i n e of p r o f i l e . The gradient of the decrease 
i s comparable to that of the outermost part of the C r i f f e l 
anomaly and i t i s suggested that the Cairnsmore of Fleet 
granite, which comes to the surface a few miles to the 
west of the present area, may be the cause. 
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c) The increase i n background value to the 
south east. 

None of the models used so far reproduces exactly the 
r i s e i n background value which takes place to the south 
east of the area. The value of 18.1 m i l l i g a l s at the very 
t i p of Southerness Point (Map l ) i s already higher than 
the background value to the north west of the granite and 
there i s every i n d i c a t i o n that i t i s s t i l l increasing out 
in t o the Solway F i r t h . This increase i n background i s 
apparent a l l along the coast from Southemess to the l i m i t s 
of the survey at Kirkcudbright and thus appears to be a 
l i n e a r feature. (The apparent closure i n the anomaly around 
Kirkcudbright i t s e l f i s more l i k e l y to be due to the 
i n t e r a c t i o n of t h i s regional r i s e w i t h the C r i f f e l anomaly 
rather than to a departure from the regional l i n e a r i t y ) . 

The gradient of the ri s e i s f a i r l y steep, although not 
as pronounced as around the granite. The mass surplus which 
i s responsible f o r the r i s e probably therefore l i e s w i t h i n 
the upper part of the crust rather than near the base of i t . 

5) The Auchencaim Anomaly 
The i n t e r p r e t a t i o n of the gravity anomaly over the 

complex south west corner of the granite mass has been 
approached by methods similar to those used on the main 
C r i f f e l anomaly. The s i g n i f i c a n t features which need to be 
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explained are the steep gradient over the intermediate 
granodiorite to the south west of Auchencairn and the 
small posi t i v e anomaly over the main granodiorite between 
Auchencairn and the Urr Water. 

I n the f i r s t instance two dimensional models were 
constructed along the l i n e CD (Map 2) assuming a depth of 
about f i v e miles to the base of the granite. These were 
a l l unsatisfactory f o r the l i k e l y range of density values 
which could be used. On a two dimensional basis, the 
only model which gave an anomaly Twhich f i t t e d the observed 
curve was one w i t h a variable depth to the base of the 
granite, ranging from f i v e miles below the surface at C to 
6*8 miles at D. 

Construction of three dimensional models, however, 
shows that t h i s sloping base may be i n fact a spurious 
representation owing to the increasing end eff e c t as the 
granite outcrop narrows to the south west. 

A reasonable f i t i s provided by the three dimensional 
model whose cross section i s shown i n f i g i i r e 6.8. The outline 
of the uppermost slab used i n i t s construction i s shown i n 
fig u r e 6.9, from which i t w i l l be seen that the whole of the 
main C r i f f e l granite has been taken i n t o consideration and 
not j u s t the portion shown on the r i g h t hand side of the 
p r o f i l e . The depth of the base of the model below the 
surface i s 8.1 miles, as f o r the main granite (fi g . 6 . 6 ) . 
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The density values f o r the S i l u r i a n rocks and the 
por p h y r i t i c granodiorite are f a i r l y w e l l established, but 
values f o r the other rock types are tentative since these 
are based upon r e l a t i v e l y few density determinations. 

While the small positive anomaly of Orchardton Bay 
i s explained by a s l i g h t l y denser body lying beneath, as i n 
figure 6.8, the f i t between the calculated and observed 
anomalies i s not exact on the south west side of the p r o f i l e . 
Here, the calculated background value i s less than the 
actual one and the gradient of the theoretical curve i s also 
somewhat less than the observed. This l a t t e r feature may 
possibly be r e c t i f i e d by adjustments to the density or width 
of the narrow s t r i p of denser rock which i s thought to be 
present on t h i s side. The f a i l u r e of the calculated background 
value to a t t a i n the true one must again be attri b u t e d to the 
regional r i s e noted i n the p r o f i l e of the main C r i f f e l granite. 

Conclusions. 
I t i s now possible to draw certain conclusions about 

the nature and d i s t r i b u t i o n of the C r i f f e l mass. 
1) I n the area of the large negative anomaly the 

granite extends to a depth of approximately eight miles below 
the surface, assuming that the density contrasts used i n the 
model (fig.6.6) are consistent throughout the depth of the 
mass. Neglect of the e f f e c t of the ends of the mass i n a 
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purely two dimensional I n t e r p r e t a t i o n results i n a spurious 
figure being obtained f o r the depth, the granite being 
represented as I.3 miles shallower than i s indicated by the 
three dimensional method. 

2) The main granite i s not of uniform density 
throughout but exhibits a gradational increase i n density 
from the edges of the porphyritic centre outwards to the 
contact with the country rock on the south-eastern side. 

5) This gradation i s not present on the north
western side, the l i g h t porphyritic granodiorite continuing 
r i g h t up to the contact. Some denser rock may be present 
i n the contact region at depth but cannot be of greater 
extent than°ls shown i n figure 6.5. 

4) The granite contacts everyvrhere slope outward at 
a high angle, approximately p a r a l l e l to the flow f o l i a t i o n . 

5) The granodiorite i n the region of Auchencalrn i s 
sim i l a r to the main C r i f f e l mass i n that i t , too, could be 
about eight miles deep and exhibits density variation. Owing 
to the rapid narrowing of the outcrop to the south west, tvro 
dimensional methods of in t e r p r e t a t i o n are grossly inaccurate. 

6) Features outside the l i m i t s of the survey appear 
to be exerting a regional influence upon the anomalies. The 
drop i n anomaly to the north west i s regarded as being the 
e f f e c t of the Cairnsmore of Fleet granite, while the r i s e i n 
anomaly to the south r e f l e c t s a mass of denser material 
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under the p a r t of the Solway F i r t h which borders t h i s coast. 

While t h i s i n t e r p r e t a t i o n cannot be regarded as 

unique from a geophysical point of viev;?.-, i t does provide 

the only r e a l l y , s a t i s f a c t o r y -explanation of the features 

described i n accord w i t h the g e o l o g i c a l evidence. 

I m p l i c a t i o n s of the i n t e r p r e t a t i o n . 

Having thus a r r i v e d a t a p i c t u r e of the p o s s i b l e 

form of the C r i f f e l mass, i t i s i n t e r e s t i n g to see i f any 

deductions may be made as to i t s mode of o r i g i n and to compare 

i t to s i m i l a r f e a t u r e s elsewhere. 

The f a c t t h at the models show that the g r a n i t e extends 

to about eigh t m i l e s depth i s p o s s i b l y not i n accord with 

P h i l l i p s (1956) analogy w i t h a "giant b l i s t e r " . T h i s f i g u r e 

does however c o r r e l a t e ' w e l l w i t h depths determined for other 

B r i t i s h g r a n i t e s of comparable s i z e of outcrop, e.g. The 

Dartmoor g r a n i t e (Bott and others I958). I t i s impossible 

to say w i t h any c e r t a i n t y , from g r a v i t y evidence alone what 

chang-es occur a t t h i s depth of e i g h t m i l e s : a l l that can be 

concluded i s that the d e n s i t y c o n t r a s t between the g r a n i t e 

and the country rock d i e s out. T h i s might mean that there 

i s a l a y e r of rock below t h i s depth of the same de n s i t y as 

•either the g r a n i t e or the country rock or p o s s i b l y of some 

other constant value. The f a c t that depth values obtained 

f o r other g r a n i t e s agree with that of the C r i f f e l g r a n i t e 
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may perhaps be regarded as evidence f o r a widespread uniform 

l a y e r a t t h i s depth. 

The geophysical evidence may, perhaps, be used to 

throw some l i g h t upon the mode of emplacement of the g r a n i t e . 

Geologipal observations, such as the flow f o l i a t i o n , the 

fo r c i n g aside of the country rocks and petrographical 

c o n s i d e r a t i o n s suggest that the major p a r t of the granite i s 

of p o s t - t e c t o n i c , magmatic o r i g i n at i t s present l e v e l . There 

i s no suggestion of any " b a s i c f r o n t " i n the country rocks 

around the g r a n i t e as would be expected i f i t were of 

metasomatic o r i g i n . T h i s i s supported by the g r a v i t y data, 

which shows no t r a c e of any p o s i t i v e , "hump" over the margin 

of the g r a n i t e which would be present i f a " b a s i c front" 

e x i s t e d (Bott, I956). 
The problem of the d e s t i n y of the country rock which 

o r i g i n a l l y f i l l e d the space now occupied by the C r i f f e l mass 

i s a l s o of importance, as w i t h most other l a r g e g r a n i t e 

bodies. The two a l t e r n a t i v e t h e o r i e s u s u a l l y advanced 

are a) f o r c i b l e i n t r u s i o n , whereby the country rocks are 

shouldered apart by the u p r i s i n g magma b) stoping; a process 

where blocks of country rock are removed by sinking to below 

the base of the magma. 

Although there i s g e o l o g i c a l evidence of some for c i n g 

a s i d e of the country rock, i t i s inconceivable that such a 

l a r g e body of rock could become emplaced i n i t s present 
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p o s i t i o n by t h i s means alone. While f o r c i b l e i n t r u s i o n may 

play some p a r t t h e r e f o r e , i t i s not the main mechanism. 

Stoping can only occur where the m a t e r i a l which i s 

being removed i s denser than the magma; i f t h i s i s not so 

i t w i l l not s i n k . I t has been shown that the country rock 

i s considerably denser than the g r a n i t e and so from t h i s 

p o i n t of view the process i s f e a s i b l e . The existence of 

qu i t e l a r g e x 4 n o l i t h s w i t h i n the g r a n i t e may be taken as 

f u r t h e r evidence of the p o s s i b i l i t y of stoping. I f the denser 

m a t e r i a l has been removed from the surface l a y e r s to a depth 

below the base of the g r a n i t e , i t might s t i l l be expected to 

show a p o s i t i v e e f f e c t superimposed upon the main negative 

anomaly, as shown by Bott (195^) • T h i s however i s obviously 

not the case, as the g r a v i t y anomaly a t t a i n s a very d e f i n i t e 

"low" w i t h no s i g n of a p o s i t i v e hump. Bott (1956) has 
no t i c e d a s i m i l a r l a c k of any p o s i t i v e anomaly i n the 

g r a n i t e s he examines and concludes that the p o s i t i v e e f f e c t 

which a sunken mass of country rock vrould have i s p o s s i b l y 

o f f s e t by a corresponding c m s t a l thickening below the area 

of the g r a n i t e . T h i s explanation may equally w e l l apply to 

the C r i f f e l g r a n i t e . 

There may however be an a l t e r n a t i v e explanation i n 

p a r t . The C r i f f e l g r a n i t e i s the only B r i t i s h g r a n i t e which 

i s known to e x h i b i t a pronounced gradation i n density, 

p o s s i b l y on account of i t s p o s i t i o n on the edge of the 
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Southern Uplands t e c t o n i c u n i t and i t i s c l e a r that a 

f a i r proportion of the country rock has been a s s i m i l a t e d 

i n t o the g r a n i t e i n these denser regions. This a s s i m i l a t i o n 

w i l l only account f o r a p a r t of the rock which has been 

removed, but as i t i s r e s t r i c t e d to the south eastern side 

of the mass, i t might be expected that the surplus mass l i e s 

f u r t h e r out, beyond the Solway coast. The r i s e i n g r a v i t y 

anomaly over the coast iaay p o s s i b l y be due to such a mass 

l y i n g a t depth, although i t i s a l s o p a r t of a regional r i s e 

towards the Solway F i r t h and I r i s h Sea which has been noted 

i n other areas and i s as y e t not e n t i r e l y s a t i s f a c t o r i l y 

e x p l a i n e d (Whittow, I 9 5 8 ) . 

The g r a v i t y evidence lends support to P h i l l i p ' s (I956) 
mapping of the asymmetrical nature of the g r a n i t e . P h i l l i p ' s 

e xplanation of a magma w e l l i n g up i n the north western part, 

a s s i m i l a t i n g country rock and "flowing" down on the south 

e a s t e r n s i d e i s a l s o i n accord w i t h the geophysical r e s u l t s . 

I t i s i n t e r e s t i n g to f i n d t h a t t h i s asymmetry i s not merely a 

s u r f a c e f e a t u r e , but continues at depth: nowhere on the north 

western s i d e i s there a very great thickness of denser rock 

w i t h i n the g r a n i t e . The asymmetry i s thus a feature of the 

o r i g i n a l i n t r u s i o n and i s not by any means e n t i r e l y the 

r e s u l t of l a t e r u p r i s e of the p o r p h y r i t i c block r e l a t i v e to 

the r e s t of the i n t r u s i o n , although t h i s undoubtedly did take 

p l a c e to a c e r t a i n extent. 
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The f a c t t h a t the g r a n o d i o r i t e of the Auchencairn 

area could be of the same depth as the main granodiorite 

shows t h a t i t i s not a t h i n offshoot of the main mass but 

forms an i n t e g r a l p a r t of the complex. 
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APPENDIX A 



GRAVITY BASE STATION NO: 1 

TOWN: Auchencairn COUNTY: Kirkcudbrightshire 

1" MAP: SHeet 8 l 6" MAP: NX 75 SE 

DESCRIPTION; Meter opposite end window of shop, 5 f t . from 
w a l l . B.M.(74«76) on other end of w a l l . Auchencairn 
Square. 

GRAVITY: +l:97i mgls. 

ELEVATION: 72.0 f t . 

LATITUDE: 54 50' 35" 

LONGITUDE: 3 52' 10" W 

DATE: 3/9/59 

OBSERVER: P. Eennett 

r ountai n 



GRAVITY BASE STATION NO: 17 

TOWN: Dalbeattie COUNTY: Kirkcudbrightshire 

1" MAP: Sheet 8 l 6" MAP: NX 86 SW 

DESCRIPTION: Meter i n l i n e with edge of hedge opposite f i r s t 
of row of houses set back from road. 

GRAVITY; +5;0Dmgls. 

ELEVATION: 49 f t . 

LATITUDE: 54 56'11" 

LONGITUDE: 3 52' 11" 

DATE: 3/9/59 

OBSERVER: P.Kennett 

Dun FRIES 

r 

C E N T R E 

N 

P O R K 

oTr*c. 



GRAVITY BASE STATION NO: l8 

TOWN: Caulkerbush COUNTY: Kirkcudbrightshire 

1" MAP: Sheet 8 l 6" MAP: NX 95 NW 

DESCRIPTION: Meter opposite B.M.(35.42) on end wall of lo^ge 
house. 

GRAVITY: +-6.37 mgls. 

ELEVATION: 33.4 f t . 

LATITUDE: 54 53' 53' 

LONGITUDE: 3 40' 13" W. 

DATE; 4/9/59 

OBSERVER: P.Kennett 

nUi.KCReu&H A 710 



GRAVITY BASE STATION: Dumfries 

TOWN: Dumfries 

I " MAP: Sheet 74 

COUNTY: Dumfriesshire 

6 ' MAP: 

DESCRIPTION: Meter aligned opposite buttress of end 

house i n road, 3 f e e t from kerb. Road 

i s a turning off the main Dumfriess to 

Locherbie road on the o u t s k i r t s of the 

town. 

GRAVITY: +I2.59mgls. 

ELEVATION: 66.9 f t . 

LATITUDE: 55*'04'23" 

LONGITUDE: 3'55'07" 

T^ATE: 15/11/54 

OBSERVER: Bott & Nairn 

.1̂  
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BOUGUER ANOMALY MAP OF THE CRIFFEL GRANODIORITE 
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