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INTRODUCTION 

The foundations of our knowledge concerning the trace-

element contents of minerals and rocks and the principles of 

their distribution are based mainly on the well known geochemical 

studies of V.M. Goldschmidt. During recent years, a beginning 

has been made in applying trace-element data to attempts to 

solve some of the numerous problems of petrogenesis. Such 

studies have already shown that this line of research is likely 

to be very fruitful in contributing towards our understanding 

of the natural history of rocks. Impressed by the very pro-

mising possibilities and also by the paucity of data concerning 

suites of geochemically related rocks of various kinds, the 

writer decided a few years ago to devote himself to a systematic 

programme of geochemical research, and to this end he was most 

fortunate in being awarded a Farouk I Fellowship by the Egyptian 

Government, and in being granted study leave from the University 

of Alexandria for a period of two years. 

This period has been spent at (a) the Grant Institute 

of Geology, University of Edinburgh, under the stimulating in-

fluence of Professor Arthur flolmes and Dr D.L. Reynolds, and 

(b) the Macaulay Institute for Soil Research at Aberdeen with 

its fully equipped spectrochemical laboratories, where the most 

outstanding E3ritish work on the determination of trace elements 

has been carried out. 

The / 
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The choice of rocks for investigation was controlled 

by the availability of powders or specimens of rocks already 

analysed chemically for petrographic purposes. A few of these 

the writer was able to contribute himself, but most of the 

material studied was furnished from research collections of 

the Grant Institute, representing series of rocks of petro-

genetic significance already fully described from a petrographic 

standpoint. 

In all, 22 trace elements have been determined spec-

trographically in number chemically analysed rocks. The 

suites represented comprise: 

Metamorphic-metasomatic types from Co. Donegal, Ireland 
(7)- 

Regional metamorphic rocks from the Scottish Highlands 
(5) 

Granitic and related rocks from the complexes of Loch 
Doon (12) and Spango (5). 

Perthite pegmatites from the Slack Hills, South 
Dakota (23) 

Magmatic rocks, forming a well established differentia-
tion series, from the Braefoot Outer sill, Fife, 
Scotland (10) 

Volcanic ultrabasic potassic types from South-west 
Uganda and the adjoining part of the Belgian 
Congo (29) 

Carbonatites (4) and limestones (.) of different 
occurrences. 

a The/ 
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The determined trace elements are: Rb, Li, Ba, Sr, 

Cr, Co, NI, Zr, La, Y, Cu, V, Gal  Ti, Sn, Pb, Sc, Mo, Gel  Be, 

Ag and In. The distribution of each element in the various 

suites of rocks is discussed and the petrogenetic significance 

of their trace-element constitution is considered, 

The Thesis now presented contains the following papers: 

Behaviour of the trace elements in a front of metasomatic-

metamorphism in the Dairadian of Co. Donegal; published in 

Geochimica et Cosraochimica Acta, 1952, Vol. 2, pp. 170-184. 

The epidiorite and quartzite of the Malin Head dis-
trict (Ireland), are considered by Holmes and Reynolds (Comm. 
geol. Finlande Bull. 140, 19472  pp. 25-65) to be metasomatically 
transformed into skarn-rocks and mica-schist respectively. 
In this transformation process, it has been found that the 
trace elements follow the major elements for which they can 
substitute in favourable crystal lattices. Rb, Ba and pro-
bably Pb and Ag follow and substitute for K Sr and. Y for Ca 
and probably K; Li, Cr, NI, Co, V, Cu, Sc, Sn and Mo for Mg, 
Fe' and Fe3; and Ga for Al. 

The distribution and significance of the trace elements 

In the Braefoot Outer sill, Fife; published in Trans. Edin. 

Geol. Soc., 1952, Vol. 15, pp. 150-186. 

The trace-element contents of the differentiated rocks 
of the Braefoot Outer sill indicate that certain elements con-
centrate at particular stages of magmatic crystallisation. The 
stages of crystallisation are classified into early (accumulative 
Intermediate and late on the basis of the ratio (FeO+Fe2O3)/ 
(M90+Fe0+Fe203), which increases from early to late. The dis-
tribution of the trace elements Is found to depend mainly on 
the amount and type of the minerals of the discontinuous and 
continuous reaction series predominating in the rock. Cr and 
Ni concentrate in the early types, rich in olivines and/or 
pyroxenes. / 
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pyroxenes. Co, V, Cu. and Sr are relatively enriched in rocks 
of the intermediate stage, rich in pyroxenes, amphiboles and 
caic-alkalic plagioclases. Li, Rb, Ba, Ga, La, Y and Be con-
centrate in rocks of the late stage of magmatic crystallisation, 
rich in biotites and potash feldspars. 

The early said intermediate stages are characterised 
by having the inter-relationship Cr> Ni.> Co and Sr.> Ba whereas 
the late stage has Ni> Co> Cr and Ba> Sr. The relative pro- 
portions of (Cr+Ni+Li) (Co+V) (Rb+Ba) in the different 
stages ahoy, a trend similar to that of MgO : FeO: (Na2O+ K20). 

There are certain ratios which attain their highest 
values at particular stages. The most important of these are 
(Mg+Fe2+F0)/(Naic+Ca) and (Cr+Co+Ni+V+Cu)/(Rb+Ea+Sr) in the 
early stage; Fec/Mg and (V+Co)/(Cr+Ni) in the intermediate 
stage and (FeO+Fe2O3)/(Mgo+FeO+Fe2o3), Li/Mg, Rb/Ba, Rb/K and 
Ga/Al in the late stage. 

(III) A geochemical study of the regional metamorphic zones 

of the Scottish Highlands; presented at the Inter. Geol. Cong., 

XIXme Seas., 1952, Algiers, Algeria. 

The grades of regional metamorphism are conveniently 
divided into low, medium and high, comprising rocks of the 
chlorite zone (green schist fades), the biotite and garnet 
zones (epidote-ainphibolite facies) and the staurolite and dli-
manite zones (amphibolite fades) respectively. It is found 
that the ratios (FeO+Fe03)/(Mg+Feo+Fe2o3) and K20/A1203 do not 
substantially differ in the three grades. FeO3/MgO and Fe3/Fe2  
show a regular increase from low to high. The geochemical 
changes involved during the dEvelopment of the rocks of the 
different grades seem to have been (a) decrese in Aland K, 
and a slight increase in the total of Mg, Fe4  and FeOin the low 
grade; (b) decrease in Al, Ca and (Mg+Fe2+Fe3)9  and increase in 
K in the medium grade; and (c) very slight decrease in K, and 
increase in Al, Ca and (Mg+Fe2+Fe3) in the high grade. 

The behaviour of the trace elements resembles that of 
those major elements which have approximately the same ionic 
radii. The trace elements, therefore, culminate in the rocks 
which show culmination of certain major elements. Ga culminates with / 
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with Al; Ti, Mn, Li, Cr, NI, Co and V with Mg, Fe2  and Fe3; 
Sr, Y and La with Ca; and Rb, Ba and Pb with K. Similar 
inter-relationships between certain trace elements are found 
in all three grades of metamorphism; e.g. the distribution of 
Cr, Ni and Co In the three grades is Cr.Ni>Co and that of Da 
and Sr is Ba> Sr corresponding to the distribution of these 
elements in average shale. 

(IV) Petrogenesis of perthite pegmatites of the Black Hills, 

South Dakota: published in Jour. Gee loy 1949, Vol. 57, pp. 

555-E81. 

Some pegmatitic perthites of the Glendale area of the 
Black Hills of South Dakota were chemically analysed and micro-
scopically studied in order to provide evidence bearing on the 
origin of the perthites of this area. The textures of the 
perthites and the microscopic features of the country rocks 
seem to be Inconsistent with a magmatic origin: rather they 
suggest metasomatic activities. Evidence of metasomatic de-
rivation of the perthites is given in the discussion of their 
petrochemistry. The feldspar equilibrium diagram is sho'wn to 
be inconsistent vdth the actual composition of the perthites. 
The schists grade into feldspar-rich types, the country schists 
having been chemically reactivated. The feldspathic materials 
are thought to be endogenetically derived from the schist. 
Perthitisation was partial in some parts of the country rock, 
where perthite-schists were developed. In other parts of the 
country rock, perthitisation was complete because of favourable 
conditions of temperature, pressure and structure, and thus 
perthitic pegmatite bodies formed. In still other parts of 
the country rock the conditions assted both in the trapping of 
some elements and in the action of certain reaction processes 
which gave rise to the formation of shells or zones composed 
essentially of definite minerals characteristic of such condi-
tions. The perthite zone of certain pegmatites is considered 
to be one of these zones. 

It Is suggested that the formation of perthite was a 
complex metasomatic process which took place In various stages. 
The following stages are believed to have been passed during 
the evolution of the perthites studied: (1) endogenetic develop. 
ment of homogeneous potash-soda feldspathic material by meta-
morphic differentiation of the country rocks; (2) exchange of 
Na! 
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Na and K and diffusion of the Na into preferred parts of the 
structure of tle homogeneous material to form the string and 
film types (3) further migration of Na from the schist to 
form albite which, (4) replaces microcline of the film and 
string types of perthite by reaction metasomatism, thereby 
giving rise to perthite of the vein and patch types. 

Observations on the distribution of trace elements in 

the perthite peginatites of the Black Hills, South Dakota; to 

be published in Americaniralogt, 1952, Vol. 37. 

The trace-element contents of the Black Hills per-
thites have been determined spectrographically. Their chief 
trace elements are found to be Rb, Ba and Sr. Li, Pb and Ga 
are fairly abundant but in amounts notably less than those of 
Rb, Da and Sr. tin, V, Cu, Be and Ge are relatively rare; 
and Ag, Cr, Co, Ni, Sc, Mo, La and Y are very rare. Ti is 
present in detectable amounts In perthites which are relatively 
rich in Rb. The pink and reddish perthites seem to be rela-
tively poor In Rb but relatively rich in Ea, while the greyish 
types show the reverse relationship. 

The distribution and relative proportions of the dif-
ferent trace ements are discussed. They are consistent with 
the metasomatic derivation of the perthites from the schiats 
of the country rocks in which the pegm&tites occur. 

The trace elements of the plutonic complexes of Loch 

Doon and Spango (South Scotland) and their petrogenetic signi-

ficance; to be submitted for publication to the Royal Society 

of Edinburgh. 

The trace-element contents of the plutonic rocks r.f 
Loch Doon and Spango Complexes are discussed. It is found 
that the trace-element constitution of the granitic types of 
these complexes is not consistent with the magmatic mode of 
origin. 

During / 
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During the metasomatic development of the Loch. Doon 
and Spango granitic rocks the trace elements behave like those 
major elements which, respectively, have approximately the same 
diffusion coefficients and ionic radii, and are known to be 
replaced by them in favourable crystal lattices. 

The trace elements of the volcanic ultrabasic potassic 

rocks of South-1.e stern Uganda and the adjoining part of the 

Belgian Congo, and their bearing on petrogenesis; to be sub-

mitted for publication to the Geological Society of America. 

The trace-element contents of different volcanic 
ultrabasic potassic rocks from South-western Uganda and the 
adjoining part of the Belgian Congo are discussed. The trace-
element constitution of the types studied, supports Holmes'  
hrpothesis of their derivation from reactions between magmatic 
carbonatite and slalic crustal material. 

The following additional papers embodying the results 

of original research are included in support of the Thesis: 

Significance of the orthoclase-alblte-anorthite, and 

the NaAlSl04-KA1S104-5102 equilibrium diagrams in igneous 

petrogeny; published in American Mineralogist, 1950, Vol. 35, 

pp. 1039-1048. 

High temperature studies of silicate systems indicate 
that rocks which form at the latest stages of the differentia-
tion of a basaltic magma should have salle normative proportions 
which lie in the low temperature region of the NaA1Sl04-KA1SiO4- 
S102 equilibrium, diagram. Their normative feldspar content 
should lie aproximte1y on the cotectic curve of the Or-Ab-An 
equilibrium diagram. The chemical compositions of some potash-
and soda-rich acidic rocks do not harmonise with these require-
ments. It is suggested, therefore, that some of these rocks 
may/ 
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may have been enriched in potash or soda through metasomatic 
processes, while others may h:ve been derived from the crystal-
lisation of potash-rich"granitic" or soda-rich spilitic magmas 
respectively, formed, possibly, by differential remelting of 
the crust. 

(Ix) (Jointly with N.M. Shukri) Mechanical analysis of 

some bottom deposits of the Northern Red Sea; published in 

Jour. Sed. Pet., 1944, Vol. 14, PP. 43-69. 

The mechanical composition of some sixty bottom samples 
from the Northern Part of the Red. Sea, in particular from the 
Gulf of Suez, the Gulf of Aqaba and the Red Sea proper is dis- 
cussed. The statistical constants are correlated with each 
other and with the contents of calcium carbonate, nitrogen and 
organic matter and these properties are correlated with the 
environmental conditions of deposition. 

The irregular bottom topography gives rise to variety 
in the deposits. Contrasts appear between the deposits of the 
shallow and smooth-floored Gulf of Suez, of the deeper Gulf of 
Aqaba, and the very irregular Red Sea proper. 

(X) (Jointly with N.M. Shukri) The mineralogy of some bot-

tom deposits of the Northern Red Sea; published in Jour. Sed. 

Pet., 19441  Vol. 14, pp. 70-85. 

The special character of the wind-borne Red Sea de-
posits is discussed. The mineralogy of the sediments is uni-
form over the three provinces (Gulf of Suez, Gulf of Aqaba and 
Red Sea proper) and thus contrasts with the variations commonly 
found in other basins of deposition. Local variations are, 
however, caused by contamination from local source-rocks or 
variation in the environmental conditions of deposition. 
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BEHAVIOUR OF THE TRACE ELEMENTS IN A FRONT 

OF METASOMATIC-METhMORPHISM IN THE 

DALRADIAN OF CO. DOEGAL. 

(Tth be published. in Geochimica et Cosmochimica Acta) 

ABSTRACT 

The epidiorite and quartzite of the Malin Head dis-
trict (Ireland) have been found by Holmes and Reynolds (7) to 
be metasomatically transformed into skarn-rocks and mica-schist 
respectively. The trace element contents of these rocks were 
investigated using semi-quantitative methods In order to study 
the behaviour of the different trace elements during the meta-
somatic changes which have taken place. The determined elements 
are Rb, Ba, Ag and Pb; Sr, Y and La Li, Cr, Ni, Co, V, Cu, 
Sc, Sn and Mo; Ga Zr, Be, Ti, Ge and In. The trace elements 
follow the major elements for which they can substitute in 
favourable crystal lattices. The substitution Is found to be 
in accord with Goldschruldt's rules. Rb, Da and probably Pb 
and Ag follow and substitute for K; Sr and I for Ca and pro-
baly K Li, Cr, Ni, Co, V, Cu, Sc, Sn and Mo for Mg, Fe and 
Fe ; and Ga for Al. During granitization processes the trace 
elements seem to culminate in rocks which show culmination of 
their respective interchangeable major elements. 

INTRODIJC TI OTT / 
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Th2RODUCTII 

In their study of the white Cow epidiorite sills of 

the IIalin Head district, Inishowen, Co. Donegal, Eire, in the 

most northerly part of Ireland, Holmes and Reynolds (7) have 

established the following sequence:- 

lepidome lane- skarn 

epidiorite— biotite-epidiorite----- biotite-skax4i 

chlorite- skarn 

They have also discovered and investigated the fol- 

lowing transformation: - 

quartzite mica-schist. 

The quartzite underlies the main VThite Cow and sepa-

rates the latter sill from an underlying thinner epidiorite sill. 

For the general geology of the district and a geological map 

see Holmes and Reynolds (7) p. 28 & fig. 35  p. 29. 

From field evidence and microscopic examination a 

metasomatic derivation of the skarn rocks from the epidiorite, 

and of the mica-schist from the quartzite is inferred. Dif-

ferential atomic migration of the various elements and reorgani-

zation of the constituents of the country-rocks in the solid-

state are thought to he responsible for the metasomatic changes 

that have taken place. Gaseous transfer is considered inade-

quate / 
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inadequate, since a gas phase is most likely to be acidic, 

whereas in the metasomatic changes under consideration intro-

ductions of alkaline materials were dominant. Moreover, hydro-

thermal solutions could not readily account for the trandbnna-

tions, since cracks, fissures and other passageways which could 

assist circulating solutions in penetrating rocks such as 

Quartzite are lacking. 

The metasomatic changes mentioned above are considered 

to be comp lenient ar:T to granite formation. The skarn-rocks and 

the mica-schist are regarded as representatives of a basic 

front, possibly to be correlated with the development of syn-

tectonic migmatites elsewhere. 

The chemical changes involved in the transformation 

processes and responsible for the change from epidiorite to 

skarn-rocks have been, on the whole, increase of MgO, (total 

FeO+MgO), K20, H20, P205  and MnO and decrease of A1203, CaO 

and Na2O- 

The transformation of quartzite to mica-schist seems 

to have resulted from similar changes to that found from 

development of the akarn-rocks from epidiorite; thus there 

seems to have been an increase of A1203, total FeO, !,TgO, K201  

H207 T1 27  P205  and MnO and decrease of SiO2, Ca CO3, CaO and 

Na2O. 

The / 
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The present study is an investigation of the be-

haviour of the trace elements during this metasomatic-metamor-

phism. Using spectrographic methods, the author has analysed 

the following rocks of the Malln Head district for their trace 

elements: 

epaaorite (No. 94): 
biotite-.epidiorite (No. 350); 
b10titekarfl (No, 92): 
lepidomelane-skarn (No. 381) and chlorite-skarn 

(No. 353) 
quartzite (No. 394) and mica-schist (No. 395). 

Petrographic descriptions and chemical analyses of these rocks 

are given by Holmes and Reynolds and their exact location is 

illustrated (7, fig. 41  p. 30 & fig. 61  p. 34). 

ANALYTICAL METHODS 

Portions of the powders used for the chemical analyses 

were kindly provided by Professor A. Holmes and Dr D.L. Reynolds. 

The spectrographic analyses were made at the Macaulay Institute 

for Soil Research at Aberdeen. 

The semi-quantitative analyticalmethod adopted in 

this study has already been described in detail by Mitchell (9). 

The determined elements, the respective wave lengths 

of/ 
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of their diagnostic lines and the sensitivity of each element 

are listed in Table 1. 

RESULTS 

The percentages of the major oxides determined chemi-. 

cally, quoted from Holmes and Reynolds (7), as well as those of 

the different trace elements are recorded in Table 2. The rock 

formula (based on a unit cell of 160 oxygen atoms) introduced 

by Barth (2) for metasnatic processes of each of the analysed 

rocks, was calculated with the results listed in Table 3. 

Figs. 1-5 show the significant gains and losses of the various 

elements involved at each stage of the transformation processes. 

ALTERATIONS OF THE EPIDIORIPE 

(a) Alterationof PpIdiorite A_o.jLoJ,ite-eDjd1orjteB, 

The unmodified epidiorite of the sill (No. 94) is 

formed of narrow alternating bands which differ in colour. 

The/ 
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The relatively dark bands are rich in hastingsite and contain 

some iron-ore, sphene, a little epidote and occasional biotite. 

The relatively light coloured bands are composed of feldspar, 

small crystals of epidote and occasional garnet (72  p. 31). 

The biotite-epidiorite (No. 350) is composed of hastingaite, 

quartz, oligoclase with abundant associated sericite, finely 

granular epidote, relatively large flakes of biotite, and a 

little sphene, black iron-ore and pyrite. The biotite which 

is partially altered to ipidol1te, replaces the original con-

stituents of the epidiorite. 

The mineralogical changes are, therefore, an increase 

of biotite and quartz at the expense, principally, of amphibole 

and sodic plagioclase. The chemical changes involved in this 

transfcrraaton correstond. fairly closely to the changes in the 

mineralogical constitution. 

Reference to Table 3 shows the gains and losses in 

the formation of the biotite.-epidiorite. The most significant 

gains are Mg 1.06, K 0.99 and Si 0.60 and losses are Al 2.401  

Na 1.48 and lesser amounts of Ca 0.74, Fe2  0.43 and Fe3  0.18. 

The minor elements which were added to the epidiorite 

are P and Mn, while the trace elements gained are Cr, Ni, Co, 

Li, Cu, rio, Sn, Rb, Ba and Pb. One minor element, Ti, was 

subtracted, and the trace elements 'lost' are Sr, Y, V, Ga and 

Ag. 

There / 
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There are still six elements, namely La, Ti, Sc, Gel  

Be and In, which if present in the epidiorite arid/or its meta-

somatic product the biotite-epidiorite, are in amounts below 

the limits of sensitivity given in Table 1. Any change in 

these elements is, therefore, undetectable. 

Table 4 shows for each of the major rock forming 

elements, namely S14 , A13 , Fe2 , Fe3 2  Mg4 , Ca2 , Na4  and K 

Which of the minor and trace elements are believed to substitute 

for it, under favourable conditions of temperature and pressure 

and in the appropriate crystal lattices. Substitution may be by 

camouflage, capture or admission depending on the electrostatic 

charges and the radii of the elements concerned (42  5 and 6). 

It Is significant that in the transformation process 

under review - epidiorite to biotite-epidiorite - each trace 

element, whether added or subtracted, follows quite closely the 

major element with which It can form a substituting pair. Li, 

Cr, NI, Co and Cu follow Mg; Rb, Ba and Pb follow K; and. Sr 

follows Ca. 

Ferrous and ferric iron ere both subtracted from the 

epidiorite. TTeither Co nor Cr was subtracted though they have 

Interchangeable ionic radii with Fe2  and Fe3  respectively. 

But the amount of gain in Mg Is much higher than the total loss 

in iron. It is evident therefore, why Co and Cr which can 

proxy / 
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proxy for Mg and/or F52+ and Fe3 followed Mg. V on the other 

hand, was subtracted, as was ferric iron. V has an ionic 

radius 0.65 very nearly the same as that of Fe3  0.67 
0 

Ti, having an ionic radius of 0.64 A. was also subtracted, 

thus behaving like Fe3 . 

The gain in Mg is 1.06, while the total loss of both 

Fe2  and Fe3  is only 0.61. The trace elements which can sub-

stitute for Mg, Fe2+,  and Fe3 , as shown In Table 4, are Li, Cr, 

Co, NI Cu, Sn, Mo and V. Amongst these elements, V was sub-

tracted, whereas the others were added. The total of the 

added ions (0.038) exceeds that of the subtracted Ions (0.001), 

as in the case of their respective interchangeable major ele--

mente. 

Rb and Ea were added, clearly following K. Sr can 

substitute for both Ca and K. In this case it may be surmised 

that Ba and Rb, having apparently satisfied what the potassium 

mineral lattices could accommodate, left Sr to follow Ca. 

Just as the added amount of K exceeds that of the subtracted Ca, 

so the added Rb and Ba (0.01) is also higher than the subtracted 

Sr, Y and Ag (0.007). Y is known to substitute for Ca while 

Ag can replace both K and Ca. 

Gal  following Al, was subtracted. It is not clear 

at this stage which trace element(s) follow Na. It can be said 

that / 
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that the loss in Na accounts for the relative impoverishment of 

the biotite-epidiorite in soda-plagioclase. It seems that the 

substitution in the feldspar lattice takes place mainly with 

respect to Ca and K. The ions which can substitute for Na are 

Co, Cu, Nil  Li and Sc. The feldspar lattice is not favourable 

for these ions, since they have relatively low co-ordination 

numbers. Moreover, they have high activation energy values (13) 

and therefore, can preferentially substitute in minerals formed 

at higher temperatures than those appropriate to the crystalliza-

tion of sodic plagioclase. In soda-amphiboles and soda-pyroxenes 

for example, Co, Cu, Ni, Li and Sc can replace Mg and/or iron, 

while their substitution for Na cannot be justified. The same 

trace elements are commonly found in the olivines. Soda-

olivines, however, are not known as natural minerals and so far 
have not been synthesized. It would appear that Na, which can 

exist in the silicon-oxygen chain structures of amphiboles and 

pyroxenes, cannot take part in the tetrahedral structure of 

olivines which, moreover, form at temperatures apparently too 

high for Na to play a role in their composition. 

Table 5 gives the ratio of each of the trace elements 

to its interchangeable major element. The ratio Ga/Al, Ni/g 

and Co/Fe2 are approximately the same in the epidiorite (amphi- 

bole-rich rock) and the biotite-epidiorite (biotite-rich rock). 

Ga/ 
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Ga, and Co seem to enter into the amphibole and the biotite 

lattices with about ecual ease. On the other hand, the biotite- 

rich rock B, has higher Li/Mg, Ba/K and (Ba+Rb)/K ratios and a 

lower Sr/K ratio with comparison to the amphibole-rich rock. 

Nockolds has mentioned similar findings (in Yockolds and itchell. 

10, pp. 551-552) regarding the hornblendes and biotites occur-

ring in certain Caledonian plutonic rocks which are mainly of 

granodioritic composition. He considered such characteristic 

tendencies in the ratios under discussion as an indication that 

hornblende crystallized from magmatic sources earlier than blo-

tite. Supposing for the sake of argument that Nockolds is 

right in ascribing a magmatic origin to these minerals, one 

would therefore be led to the belief that the fundamental prin- 

ciples of replacement of the major elements by the trace elements 

remain essentially the same, whether the mineral concerned is 

formed from magmatic melts, migrating atoms or even granitizing 

solutions. The same mineral, so far as our knowledge goes, 

has the same crystal lattice and reveals essentially the same 

geochemical relationships in every case. 

The paragenesis of minerals on the basis of the be-

haviour of the trace elements would not then provide conclusive 

evidence for a magmatic derivation. This inference is indepen- 

dent of the fact that the order of crystallization in magmatic 

rocks / 
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rocks can rarely be judged with adequate certainty. 

Tuerger and \Washkin (3) show that during metamorphism 

a mineral will recrystallize only when it is heated above a cer-

tain critical temperature which varies with the mineral and is 

characteristic of it. Each of the well Imown fades of the 

metamorphic rocks forms under specific conditions of temperature 

and pressure. Metasomatic products also depend on the tempera-

ture prevailing during the replacement. The effect of tempera-

ture on the substitution of the trace elements for their inter-

changeable major elements would be the same in all the different 

crystalline-rock formation processes. A given trace element, 

whether present in the magmatic melt, in the country rocks or in 

the replacing materials, appears to enter into any favourable 

mineral lattice, following the same geochemical rules in every 

case. 

Ahrens (1) has established that thallium and rubidium 

are enriched in replacement microclines. This enrichment accords 

well with Goldsehmidt's rules for substitution. Jaffe (8) 

studied the trace elements of garnets from pegmatites and from 

metamorphic rocks, namely, schists and tactites. Again, he finds 

that Goldschmidt's concepts of substitution of the trace elements 

hold true in every case. The pegmatite garnets are manganese 

rich, where Y (ionic radius 0.83 A ) proxies for Mn (0.91 X ). 
The / 
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The garnets of the schist are rich in magnesium and iron where 

so (0.83 1 ) proxies for either Mg (0.78 1 ) or Pe2'(0.83 2 ). 
The gamete of the tactites are calcium rich where Sr (1.27 1 ) 
proxies for Ca (1.06 1 ). These replacements are essentially 
similar to those here shown to characterise the metasomatic trans-

formation of epidiorite to biotite-epidiorite. 

(b) Alteration of biotite-epidiorite B to biotite-ekarn C. 

Gradation between biotite-epidiorite and skarn is found 

in places (79  p. 37). The significant mineralogical change in 

this transformation is the great increase of biotite at the ex-

pense of hastingsite. 

Table 5 indicates that the biotite-epidiorite gained 

K 4.149  C 2.62, Pe2t0.48, Fe310.34, and lost the following: 

Si 2.959  Na 39589  Ca 1.56 and Mg 0.86. The trace elements which 

were added are Li. V and Sc; Rb, Bay Sm, Y and Age The sub-

tracted minor and trace elements are respectively, Ti and Mn, and 

Cr, Co, 141.9  Ca  Sn, Mo; and Pb. 

It is noticeable that V and Sc followed iron. It is 

quite likely that V replaced Fe3 9  and Sc substituted for Fe2  

with other appropriate substitutions taking place., mainly in the 

biotite lattice, to balance the electrostatic charge. It might 

be recalled that Li was added in the replacement of hastingeite 

by biotite to form the biotite-epidiorite. The same happened 

when more biotite replaced hastingaite to give rise to the 

biotite-skamn / 



130 

bithtite-skarn from the biotite-epidiorite. This shows the great 

tendency of lithium to enter the biotite lattice. Rb, Ba, Sr 

and Ag followed K. The amount of the K gained (4.14) is much 

higher than that of the Ca subtracted (1.56). It Is under-

standable, therefore, why Sr, which can proxy for both K and Ca 

followed the former In this case. The total gain in combined 

Fe2  and Fe3  (0.76) Is less than the loss in Mg (0.86). Cor-

respondingly, the total gain In Li, V and Sc (0.05) is also less 

than the total loss In Ti, Mn, Cr, Co, Ni, Cu, Sn and Mo (0.26). 

Na was lost in accord with the Impoverishment in sodic 

plagioclase. 

Ga and Al remained unchanged and therefore the ratio 

Ga/Al Is the same. Table 7 shows that the transformation of 

biotite-epidiorite to biotite-skarn involved negligible change 

in the ratios Ni/Mg, Co/Mg and Co/Fe2 . These ratios are also 

approximately the same in the biotite-epidiorite and the epi-

diorite, suggesting that Ga, Ni and Co enter into the biotite 

and amphibole lattices with about equal ease. The Li/Mg ratio 

becomes much higher in the biotite-skarn. Notable changes take 

place in the ratios of Ba, Rb and Sr to K. The ratio Rb/K In-

creases markedly, Ba/K decreases slightly and (Rb+Pa)/K is higher 

In the biotite-skarn. Sr/K decreases but Sr/Ca increases. 

Rubidium is, therefore, the element which most readily replaces 

K In the biotite lattice. 

(c) / 
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(c) Alteration of biotite-skarn C to lepidomelane-skarn D. 

The biotite-skarn passes locally into lepid.omelane-

skarn. In other places, it was metasomatically transformed 

into chlorite-skarn. 

The mica of the lepidomelane-skarri is different from 

that of the biotite-skarn. The lepidomelane has X = light 

golden yellow Y = deep gold Z = reddish gold; 2V = 200; 

71 1.681: and marked dispersion; whereas the biotite of the 
biotite-skarn has X = straw yellow Y = Z = old gold to greenish 

brown; 2V small; and 7" ranging from 1.643 to 1.645 (71  p. 41 

and P. 36). In association with the 'golden' mica, the lepi-

domelane-skarn has a relatively small amount of biotite which 

is greenish brown, or distinctly green in colour, and displays 

optical properties resembling those of the biotite of the 

biotite-skarn. The textural relationship between the lepidome-

lane and the greenish biotite indicates that the former has 

developed at the expense of the latter. In places, the lepi-

domelane-skarn contains hastingsite relics of the original rock, 

that is, the epidiorite. Sphene occurs in minute granules as 

a minor accessory. 

The dominant mineralogical change is evidently the 

transformation of biotite to lep:Idome1ane. 

The chemical changes in the major elements are shown 

in 
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in Table 3. The most significant changes seem to be:- 

addition of 

Si 2.25, Fe3  3.43, Mg 2.26 and Na 0.76 

and subtraction of 

Fe2  3.86, C 2.62, Ca 1.80, K 1.411 and Al 0.90. 

The trace elements that increased are 

Ti, Mn, Cr, Cu and Sn Ga; Rb and Pb and Y. 

The trace elements that decreased are 

V, Sc, Co and Li; Ba and Ag: and Sr. 

Ti, Mn, Cr, Ni, Cu and Sn followed Mg and Fe3 , while Li, V and 
Sc followed Fe2 . Ba and Ag followed K and Sr followed Ca and 

possibly K. The total addition of Fe3  and Mg (5.69) Is higher 

than the total subtraction of Fe2  (3.86). Concordantly, the 

total addition in Ti, Mn, Cr, NI, Cu and Sn (0.3) is higher than 

the total subtraction of Li, Co, V and Sc (0.03). The total 

subtraction of Ba, Sr and Ag (0.05) exceeds that of the added 

Rb and Pb (0.009) in accordance with the decrease of K. 

Na was added, although there was no development of 

soda-plagioclase. The sodium content of lepidomelane Is gene-

rally higher than that of biotite. It can be present amongst 

the (X) group elements of the generalised mica formula (see below) 

or It may be replacing e3  In the sixfold co-ordinated positions. 
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Ga was added, yet Al was subtracted. This can be 

readily explained if we consider that the amount of the Al lost 

(0.90) Is far less than the Fe-9+ gained (3.43). Fe3  can re-

place Al and Ga substitutes for both. 

The transformation of biotite to lepidomelane does not 

involve a change in the lattice type. The general chemical for' 

mula for each of these micas is also of the same type. The for-

mula of mica is known to be (X)01  (Y)2_3  (Al, Si)4 010  (OFT, F)21  

where (X) comprises K, Ca, Na, Rb, Ba and Sr and (Y) is Al, Mg, 

Fe2 , Fe3 7  Ti, Mn, Cr, Co, Ni and Li, all having co-ordination 

number six. The difference between lepidomelane and biotite is 

that the former has relatively more Fe3  and less Mg and Fe2 . 

The total amounts of these elements would be essentially the same. 

It Is significant that the total of the ratios* (Mn+NI+Co+Li)/Mg, 

(Co+LI)/Fe2  and Cr/Fe3+ in the biotite skarn and the lepidomelane-

skarn are 12.65 and 13.13 respectively. Moreover, the ratios 

(Sr+Rb+Ba)/K are 73.25 and 73.80 respectively. The similarity 

of these ratios in both rocks indicates that the trace elements 

enter with exactly the same ease Into the identical lattices of 

both / 

*LIX1000/Fe2+ and MnXlO/Mg of the biotite-skarn and lepidomelane-
skarn are 0.92 and 0.56, and 1.00 and 0.62 respectively. 

Ti/Mg was not taken since Ti is also present In sphene. The 
other ratios are recorded In Table 7. 
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both biotite and lepidomelane, replacing the appropriate major 

elements in the favourable positions of the structure. However, 

Sr/Ca differs widely in the two rocks. On the one hand, calcium 

is not nearly so important an element in biotite and lepidomelane 

as K, lug, Fe2 , or Fe31.  On the other hand, the minor acces-

sories in both rocks are mainly calcium-bearing minerals, such 

as epidote, sphene and apatite. Moreover, CO2  is 2.02 per cent 

in the biotite skarn and none in the lepidomelane-skarn, norma-

tive calcite being 4.59 in the former. Strontium, therefore, 

is most likely to be present in the calcite and the other calcium-

bearing minor accessory minerals. 

(d) Alteration of biotite-skarn C to chlorite-skarn E. 

Transitional rocks between the biotite-skarn and the 

chlorite-skarn are found in places. The chlorite-skarn is com-

posed of chlorite (ripidolite), epidote, quartz, feldspar which 

may be iso-orthoclase (intimately intergrown with chlorite), a 

little albite, sphene and calcite (7, p. 44). 

The chemical changes (Table 5) in the major elements 

involve addition of 

Mg 1. 22, Fe3  0. 26, Ya 0.26 and C 0. 46 

and subtraction of 

K 4.36 9  Si 2.30, Al 1,90 and Fe 0.50. 

The / 
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The trace elements that increased are TI, Mn, Li, Cr, Ni, Cu, Sn 

and Mo. The trace elements that decreased are Rb, Ba, Sr, Y 

and Ag; Ga and V and Sc. 

The general behaviour which has been found in all the 

previous transformations Is also followed In this case. TI, 

Mn, Lis  Cr, Ni, Cu, Sn and Mo follow Mg and Fe3 . Rb, Ba, Sr, 

Ag and Pb follow K. Ga follows Al; and V and Sc follow Fe2 . 

The total addition of Mg and Fe3  (1.48) exceeds that of the sub-

tracted Fe2  (0.50) just as the total addition of Ti, Mn, Li, 

Cr, Ni, Cu, Sn and Mo (0.49) exceeds the subtraction of V and 

Sc (0.008). The loss in K is far greater than the added Ca, 

thus explaining the behaviour of Sr. Na was added In accordance 

with the development of albite in the chlorite-skarn. 

The chlorites in general are known to have more hydroxyl 

and less of the alkalies, mainly K, than the micas. The chlorite-

skarn Is richer In H and poorer in K than both the biotite-skarn 

and the lepidomelane-skarn. In consequence of this, the Rb, Ba, 

Sr and Ag contents of the chlorite-skarn are much lower than 

those of the other two rocks and Pb Is also very low. The main 

differences between the blotite-skarn on one hand and the 

lepidomelane- and chiorite-skarns on the other, are (a) Increase 

of Rb/K in the lepidornelane-skarn and. its decrease in the 

chlorite-skarn and (b) the marked decrease of Sr/Ca, reaching 

Its / 
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its lowest value in the chlorite-skarn. Li/Mg decreases in the 

lepidomelane-bearing rocks and is approximately the same in both 

the biotite- and the chlorite-bearing rocks. Cr/Fe3  increases 

in the lepidomelane-skarn but is practically unaltered in the 

chlorite-skarn. Co/Fe2  behaves somewhat like Cr/Fe3 1  but de-

creases more notably in the chlorite-skarn. 

It is important to estimate the changes involved in 

the transformation of the biotite-skarn to its two metasomatic 

derivatives. Table 6 records the addition and subtraction of 

the different elements which have taken place where two "unit 

cells" of the biotite-skarn are assumed to have given rise to one 

"unit cell" of each of the lepidomelarie-skarn and the chlorite- 

skarn. There would then be a gain of Fe3 , Mg and Na, the added 

trace elements being Ti, Mn, Cr, Ni, Cu, Sn and Mo. There would 

also be a 1088 of Al: Fe2 ; Ca; and K, the subtracted trace 

elements being Ga; Li, Co, V and Sc; Sr and Y; and Rb, Ba and 

Ag. The total gain in Fe and Mg (3.59) exceeds the loss in 

Fe2  (2.18), corresponding to the total gains (0.39) and losses 

(0.02) of the trace elements which can proxy for these three 

interchangeable elements. 

(e) / 
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(e) Alteration of epidiorite to skarn-rocks General statement. 

The cumulative sum of the different geochemical changes 

which have taken place in all the transformation processes dis-

cussed above is recorded in Table 9. On the whole, there has 

been increase in Mg and Fe3  as well as their substituting minor 

and trace elements, namely, Mn, Cr, Ni, Li, Cu and Sn. K has 

been gained as were the trace elements which can proxy for it, 

namely, Rb, Ba and Pb. On the other hand, there has been de-

crease in Fe2 , and the minor and trace which replace it, namely, 

Ti, Co, Sc and Mo. Al and Ga have been subtracted. Sr and Y 

have followed Ca. The total gain in Mg and Fe3  (3.89) Is 

higher than the loss In Fe2  (2.13) in correspondence with the 

totals of gains (0.17) and losses (0.03) in the trace elements 

which can proxy for these three elements. The loss in Ca exceeds 

the gain In K and thus the subtraction of Sr can be explained. 

H has been gained In accordance with enrichment in the 

hydroxyl: and Na has been lost in accordance with the impoverish-

ment of the soda plagioclase. The trace elements which follow 

Na cannot be recognised precisely. There has been a gain in C 

in agreement with the increase of calcite. 

P has increased and Zr has decreased. These two 

elements are found mainly in the minor accessory minerals, apatite 

and! 
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and zircon respectively. The role played by these minerals in 

the transformations is insignificant and therefore, P and Zr 

are not discussed. 

The same behaviour is shown in some Finnish rocks 

studied by Saharna (12). At Ihovaara Hill, 'contaminated' 

rapakivi granite (IV) has been formed by metasomatic replacement 

of the mica-gneiss country-rock (I). The chemical and spectro-

graphic analyses of his mica-gneiss (II) from the immediate 

vicinity of the rapakivi contact, and the contaminated rapakivi 

granite (IV) from the same contact are given by Sahama (13, 

analyses II and IV Table XI, p. 59). The mica-gneis (II) is 

relatively rich in Mg, Fe2  and Fe3 . The corresponding trace 

elements which are also enriched in this rock are Ti, Mn, Li, 

Co, Ni, Cr and V. Ca, Sr and Y are also higher in the mica-

gneiss. On the other hand, the contaminated rapakivi granite 

(IV) is enriched in K and the total of Rb and Ba also increases 

relative to the mica-gneiss (Ii). 

Fig. 1 shows the changes in the proportions of (a) Rb, 

Ba and Sr, and (b) Cr+Li, Co and Ni in the different rocks of 

the White Cow sill near I.Talin Head. (a) Here the change has 

involved relative enrichment of both Rb and Ba, and relative im-

poverishment in Sr up to the biotite-skarn stage. Beyond this 

stage / 
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stage)  two different alterations have taken place. The one, 

giving rise to lepidomelane-skarn has involved an Increase In Rb 

relative to Sr and only a slight change in Da. The other giving 

rise to chlorite-skarn has involved an increase in Pa relative to 

Rb and only a slight change In Sr. (b) There has been an in-

crease in the relative proportion of the total Cr+Li and a rela-

tive decrease In Ni up to the biotite-skarn stage. Co also de-

creases but not so markedly as Ni. The increase in the total 

proportion of Cr+Li continues in the transformation of biotite-

skarn to lepidomelane- and chlorite-skarns, with a relative de-

crease In Co in both rocks, but with a relative decrease in NI 

in the lepidomelane-skarn and a relative Increase in NI In the 

ch lorite-skarn. 

ALTERATION OF QUARTZITE TO MICA-SCHIST 

The quartzite (No. 394) is composed of quartz and albite 

with a little potash feldspar, muscovite, biotite and garnet. 

It is relatively rich In calcite. In comparison with the 

quartzite the mica schist is enriched in potash feldspar and 

biotite. / 
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biotite. It contains accessory apatite and iron-ore; calcite 

is absent or very scarce and garnet is found rarely. 

The chemical changes expressed in terms of the "unit 

cells" of these rocks are given in Table 5. They involved 

addition of 

Al 5.32 Fe2  2.18, Fe3  1.44, Mg 1.95, K 3.86 and H 8.887  

and subtraction of 

Si 3.50, Ca 4.69, Na 1.16 and C 4.61. 

The trace elements behave in essentially the same way 

as found in the transformation of the epidiorite to skarrx rocks. 

Ti, Mn, Li, Cr, Co, Ni, V and Sc follqw Mg, Fe2 and Fe3 . Rb 

and Ba follow K. Sr follows Ca and Ga follows Al. Although 

Cu and Sn, which usually follow Mg and iron, were subtracted, 

the total of the subtracted amounts of these two elements (0.014) 

is far less than the total amounts of the added elements (0.65) 

Which can proxy for Mg and iron. The same is true with respect 

to Pb and Ag, which substitute for K. 

Changes in TI, Mo, Ge and In are not detectable, since 

these elements if present are found in amounts below the limits 

of sensitivity. 

CONCLUSIONS / 
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CONCLUSIONS 

Holmes and Reynolds (7) believe that the transforma-

tions discussed above may be correlated with the development of 

migatitic rocks such as those outcropping to the west of the 

Talin Head district. The skarn rocks would be of the basic 

front representatives of this granitization process. 

The total additions and subtractions of the different 

elements durirg the transformation of epidiorite to skarn rocks 

as a whole, and that of quartzite to mica-schist are recorded 

in Table F. The data show that K, Mg, Fe2 , Fe3  and Al are 

added, and that they culminate in the basic front rocks. The 

minor elements, Ti, P and Mn also culminate in the basifled 

rocks as discovered by Reynolds. The present study shows that 

the trace elements which proxy for K, Mg, Fe2 , Fe3+ and Al cul-

minate in the same rocks as those which show culmination of the 

major elements. Rb and Ba culminate with K; Li, Cr and Ni with 
Mg and Fe3 ; Co and V with Fe2 ; and Ga with Al. 

The released elements after the formation of the bad-

fled rocks are Si, Ca and one of the alkalies which is Na in 

this case. Sr was released in accord with Ca. There has also 

been release of Sn, Ag, Pb and Cu. These are elements commonly 

found ,' 
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found in the ore-deposits associated with granitic rocks. If 

the hypothesis of the inetasomatic derivation of granitic rocks 

is true, it might be suspected that ore-deposits composed of 

Sn, Ag, Pb and Cu could be obtained from the country-rock 

material. Further reochemical work is needed in order to 

establish the quantitative validity of this assumption. 

ACaJo\TLEDGrENT 

I wish to express my grateful thanks to Dr D.N. 

McArthur, Director of the Macaulay Institute for Soil Research 

at Aberdeen for his kindness in allowing the spectrographic 

determination to be made there to Drs R.L. Mitchell and R.O. 

Scott of the Macaulay Institute for their valuable help and 

guidance during the spectrographic analysis: to Professor 

A. Holmes and Dr D.L. Reynolds for providing the analysed 

materials and for their constructive criticism and discussion; 

to Dr Th. G. Sahaina for reading and criticising the manuscript; 

and to Professor L.R. wager for his valuable suggestions. 

REFERENCES / 



J. 

REFERENCES 

ARRENS, L. 11. (1948). The unique association of thallium 
and rubiclurn in minerals: Jour. Geology, Vol. 56, 
pp. 578-590. 

BAR, Tom. F.. (1948). Oxygen in rocks: a basis for 
petrographic calculations: Jour. Geolo, Vol. 
56, pp.  50-60. 

BIJERGER, M.J. and WASI{KEN, E. (1947). Metamorphism of 
minerals: Amer. Mineral., Vol. 32, pp. 296-308. 

GOLDSCTMIDT, V.M. (1934). Drel W3rtrage fiber Geochernie: 
Geol. Fbren. Stockholm FSrhand1., Vol. 56, p. 385. 

(1937). The principles of distribution of 
chemical elements in minerals and rocks: Jour. 

p • 655. 

- 
(1945). The geochemical background of minor 
element distribution: Soil 3d.1  Vol. 60 No. 1, 
pp. 1-7. 

HOLMES, A. and REYNOLDS, D.L. (1947). A front of meta-
somatic metamorphism in the Dairadian of Co. 
Donegal: Comm. Geol. Finlande Bull. 140, pp. 
215-65. 

(a) JAFFE, HW. (1951). The role of yttrium and other minor 
elements in the garnet group: Amer. Mineral., 
Vol. 362 pp.  133-155. 

MITCHLL, R.L. (1948). The spectrographic analysis of soils, 
plants and related materials: Commonwealth Bureau 
of Soil Science, Tech. communication No. 44, pp. 
53-77. 

I\TOCKOLDS, S.R. and 1-JITC7ELL, R.L. (1948). The geochemistry 
of some Caledonian plutonic rocks: a study in the 
relationship between the major and trace elements 
of igneous rocks and their minerals: Trans. Roy. 
Soc. Fdinhug, Vol. 61, part II, pp.  533-575. 

/ 



29. 

IEYNOLD, D.L. (1946). The sequence of geochemical changes 
leading to granitization: 9J.G.S., Vol. 102, 
pp. 389-446. 

SAHAMA, Th. G. (1945). On the chemistry of the east 
Fennoscandian rapakivi granites: Comm. geol. 
Finlande Pull. 136, pp.  15-67. 

WICAN, F.E. (1943). Some aspects of the geochemistry of 
igneous rocks and of differentiation by crystal-
lization: Geol. F6ren. Stockholm Frhnd1., Vol. 
652  pp. 371-396. 



0 
0 J Ca 

0-5 I 34] 
AIIFCI 

4 

z 
IM9 2 °- 

4- Mn 

cc 

 

IS 

20 

14- 0 

2-0 

10-0 

B-0 

6-0 

40 

2- 0 

20 

40 

6-0 

80 

Sr 

r vY 

4 t t 
NI Cu Rb tL1 

Cr Co Sn Ba 

Fig. 1 

Addition and subtraction (per rock "unit 
cell") of major and trace elements during 
the transformation of epicliorite (A) to 
biotite-epidiorite (B). The amounts in 
the Case of the trace elements are mul-
tiplied by 1000. 
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Addition and subtraction (per rook 0un1t 
cel1) of major and trace elements during 
the transformation of biotit--pidiorite 
(B) to biotite-skarn (a). The ;iounts in 
the case of the trae elements re mul-
tiplied by 1000. 
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Addition and subtraction (per rock 'unit cell") 
of major and trace elements during the trans-
formation of biotite-skarn (a) to lepidomelane-
skarn (D). The amounts in the case of the trace 
elements are multiplied by 1000. 
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Addition and Subtraction (per rock "unit 
cell") of mar and trace elements during 
the transfortjon of blo-tite-sicarn (c' 
to chlorite-sicarn (E'. The siounts in the 
case of the trace elements are multiplied 
by 1000. 
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Pig. 5 

Addition and subtraction (per rook "unit 
cell") of major and trace elements during 
the transformation of quartzite (F) to 
mica-schis' (G). The amounts in the case 
of the trace elements are multiplied by 
1000. 
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TABLE 

Element* Vave Lenpi.h Sensitivity 
in h in ppm. 

Rb 7800.2 1 

Li 6707.8 1 

Ba 4934.1 5 

Sr 4607.3 5 

La 4333.7 30 

Cr 4254.3 1 

Sc 3911.9 10 

Co 3483.5 2 

3414.8 2 

Zr 3391.9 10 

I OJ 

Ag 3280.7 1 

Cu 3247.6 3 

V 3185.4 5 

Mo 3170.3 1 

Be 3131.7 5 

In 3039.4 ic 
Ga 2943.6 1 

Sn 2840.0 5 

Pb 2833.1 10 

21 2767.9 30 

fle 2651.6 10 

*Tor ionic racii see Table 4. 



TABLE 2 

in veiht iper cent. 

oxide A B C ID E F 0 

S10, 47.32 48.34 45.65 48.13 44.98 72.06 65.36 
A13 17.39 15.9 15.56 14.76 14.44 10.92 15.68 
Fe03  2.36 3.14 2.55 7.34 3.02 0.04 1.49 
Fe 10.91 1C'.60 11.21 6.38 10.98 1.40 4•33 

4.78 5.56 5.01 6.61 6.08 0.31 1.79 
CaD 10.08 9•e7 7.94 6.18 8.44 6.02 0.83 
Na20 4.73 1.98 0.01 0.43 0.16 2.93 2.16 
K70 0.54 1.36 4.77 .59 1.73 1.16 4.54 

• 1 cA . r) 
- . OJ ' • LZ 1( .). L \ C)A U • 

C0 tr. none 2.02 none 1.74 3.92 none 
TiO2  2.68 7.48 2.30 3.58 2.92 0.08 0.86 
P205 tr. 0.32 0.20 0.32 0.29 none 0.18 
iJnO 0.24 0.3 0.32 0.5 0.07 0.21 

0.0005 0.006 0.066 0.08 0.009 
0.002 0.005 0.017 0.01 0.02 
0.01 0.03 0.1 0.08 0.03 

0.077 0.03 
* * * * * 

.0.001 
* 
* 

0.007 (3.033 
0.003? * 

0.01 0.01 
0.008 0.01 
0.022 0.014 
0• .04. r 

. .' 
r' 

_  

0.0°04 40.0001 
0.01 0.03 

C
1
. 

: 
* * 
* * 
* * 

0.005 0.005 

RbC 
Li0 
Ba0 
Sr0 
La203 
Cr-:;,03 
Sc203 
coo 
1\T1Q 
Zr03 
YC1. 2 

Cub 
v702 
iTô0-. 
PeG 
In C,  
Ga20 
snJc, 
Ph0 
T120 
GeO3  

0 • 01 
* 

?r. 
0.07 
0.000, 
0.0001 
0.04 
0.047 
0.0003 

* 
* 

0.005 
0.01 
C 

* 
* 

0.0006 
0,007 

* 
* 

0.009 
* 

0.006 
0.01 
0.014 
0.009 

0,04 
0.045 
<0.0001 

* 

0.003 
0.001 
0.001 

* 
* 

0.004 
0.0006 
0.1 

'-U' '•' 

0.005 
0.0003 

* 

0.0001 
0.0004 
0.032 
0.006 
0.000'? 
0.08 
0.01 

* 

(0.001 
* 

0.003 
0.01? 
0.01 

* 

0.076 
0.004 
0.33 
0.06  
0.006 
0.01 
0.001 
0.003 
0.006 
0.135 
0 • 01 
0.0002 
0.06 
0.015 

* 

0.002 
* 

0.005 
0.004 
0.004 

* 

0.003 
* 

0.009 
0.008 
0.027 
0.009 

<0.0001 
o .03 
0.05 

40.0001 
* 
* 

0.005 

<C .001 
* 
* 

A = Epidiorite (1'O. 94).,P 'oLite-epicUorite (Po. 350), C 
F-iotite-skarn (Vo 92), P Iepidome1F'ne-6karn (Pb. 381), E 
Chlorite-skarn (Pb. 353)., F = Quartzite (Po. 394) and 0 = Pica- 
schist (TO 5) 
Chemical analyses in -o1rnes -,,ind r?eynolds (7), include:- 

13a0 010 Total .Analyst 
0.05 0.01 - 100.01 Agnes Gibbs 
0.16 99.73 W.F. Ferdsman 

0 0.10 r'.0" tr. 100.02. Agnes Gibbs 
99.75 W.H. Pbrdsman 

0 0.18  

0 0.7  
0- 0.34 - - 100.08 " 

pcctrographic en:iyet: TTir, 
- Olement if present is in amount below the corresponding limit 
of sensitivity iven in Tnble 1 

Trror is of thc orñer of 25-20 per cent over the range of approxi- 
tely 10 to 200 ppm. If the element is over 1000 rpm. er-

r-ors of 50 'r eet a7.e rnThTh. 



TABLE 3 

Rock formu1e of the anaiirsec' rocks 

Element A B C D E F G 

Si 45.96 46.45 43.50 45.75 41.20 61.00 57.50 
Al.  19.0 17.40 17.4 16.50 15. SO 10.90 16.22 
Fe l.7 1.54 1.32 5.25 2.08 0.03 1.47 
Fe 8.87 8.4/' 2.97 5.06 8.42 0.219 3.17 
Mg 6.90 7.96 7.10 9.36 8.32 0.40 2.35 
Ca 10.40  el ..:C 8.O 6.20 2.12 5,47 0.78 
Na 5.14 2•/6 0.0 0.78 0.28 4.82 
K 0.67 1.6 5.80 4.36 1.44 1.24 5.10 
H .20 '.22 14.  00 17.90 31.60 4.72 13.60 
C tr. none 2.62 none 2.16 4.61 none 
Ti 1.95 1.7 1.64 1.22 2.02 0.05 0.56 
P tr. ,7 0.24 0.12 0.22  none 0.14 
Mn  C.1G 0.77 0.18 0.16 0.27 0.05 0.16 

Fib 0.000% 0.004 0.04 0.042 0.005 0.002 0.04 
Li 0.008 0.0 0.06 0.04 0.07 0.002 0.016 
ha. 0.004 (/12 0.037 0.03 0.01 0.03 0.1 
Sr 0.066 (.06 0.09 0.04 0.015 0.1 0.03 
La * * * * 00015 0.002 
Cr 0.002 '/'9 i:.oc5 0.024 0.006 0.0002 0.009 
Sc * * 0.002? * * * 0.001 
Co 0.007 (".0027 0.0086 0.008 0.005 0.00007 0.002 
TTI 0.006 0.00 0.006 0.009 0.007 0.0002 0.004 
Zr 0.01 0.01 0.01 0.006 0.007 0.01 0.06 
L 0.005 0.004 0.0054 0.0058 0.0046 0.003 0.006 
Ag 0.00004 0.00002 0.0002 0.000011  * 0.0003 0.00004 
Cu 0.02 .0.03 0.009 0.02 0.03 0.05 0.04 
V 0.037 0.036 0.039 0.035 0.033 0.007 0.01 
Mo 0.00004 0('(('J * * 0.00005 * * 

Be * * * * * 0.003 C.004 
In * * * * * * * 

Ga 0.0029 0.0028 0.0028 0.00% 0.002 0.002 0.003 
* 0.005 * 0.0002 o.000s 0.00/' 0.001 

Pb :1,()003 0,001 0.0003 0.000 1  0.0003 0.003 0.001 
Ti * * * * * * * 

Ge * * * * * * * 

- Cr as in J:.tle :. 



TATUJE 4 

Possible substitutions for the comrion rock-

forrnirg elements* 

.ajor 
element Dig a+ Fe2  Fe K+ Ca A13 s14+ 

Fe3' Al Ar+ NTa Fe3  Al 

Cr Fe CO2+ Cr' La' In Cr 

11,10 c Ph4  il1n6  Ga3  p5  

Li+ rj2+ Li+ V3+  9r2  Ag+ V Ge 

Ni2  Zr T1 La3  Ti 

T1 in-3+ Lg ?h+ Sr2  TTo' 

3ubstitu- V3  Li+ iIO Li+ T1+ 
ting 

Elements Sn Trj+ 5n4  N1 
2+ I'n2  Ka 

("02+ Sc' Zr Sn 

Cu2  Sn In  3  

Zr 

In3  g+ 

n•+  

Sc3  

Ionic radii in KX for 6-folci-coordin&tjon taken from Rankama 
K. and Sahaina, 211-1. C. "Geochemistry", Univ. Chicago iress 
(1950), appendix 3, pp. 794-5, are: 

g2  0.781 C.98, 2e2  0.8 Fe2  0.67, K+ 1.33, Ca2  1.06, 

a2  1.'3, e2  0.34, 

CO2 0.82, Cr 0.647  92+  0.23, Ca3  0.62, Ge C). 44, 

In C.92, La3' 1.72, Li+ 0.72, 2+ 0.91, _ , 044 0.68, 

2+ 0.78, P 0.35, Pb2  l.3', lb+ l.'19 7  0c3  0.83 

7n 0.74, Sr2  1.277  T14  0.64, Tl+ 1,49, V 0.65 

Y 1.06 9  ancl Zr ('.27. 



TA  

Ratios of trace to major e1inents in the 

analysed rocks 

Ratio* A 13 C D E F G 

Ga/Al 0.39 0.47 0.42 0.51 0.33 0.43 0.48 

Ni4g 7.08 2.39 2.03 2.26 2.04 1.60 4.12 

Co/Mg 2.43 2.69 2.81 2.01 1.37 0.53 2.32 
Li/Mg 0.35 0.75 2.50 1.35 2.45 1.60 1.5 

Co/Fe2  0.83 1.09 1.03 1.081 0.59 0.09 0.74 
Cr/Fe3  1.21 4,68 2.80 4.38 2.85 7.15 8.62 
Sr/Ca 14.00 13.40 24.62 14.75 4.25 41.70 84.50 
Sr/(Ca+K) 13.15 11.41 14.50 8.80 3.62 34.20 10.90 
Ba/K 72.70 26.60 22.70 25.20 27.40 93.50 79.80 
Ba/(+Ca) 1.32 3.81 9.39 10.12 4.05 17.10 67.00 
Rb/K 1.11 4.87 15.15 26.80 8.30 4.14 18.50 
Sr/K 222.00 70.60 35.40 21.80 24.40 187.00 13.25 
(Rb+Ba)/K 23.31 31.47 37.85 52.00 35.70 97,4 9.30 
(Sr+Rb+Ba)/K 245.1 111.07 73.25 73.80 60.10 284.64 111.55 

A-G aE in Table 2 . 

*Ratios are expressed as multiplied by 1000 in each case 



eto 

Addi tion 

1.89 Fe3, 1.70 Mg, 0.51 Na, 9.58 H, 
0.28 Ti, 0.06 F, 0.09 Tn, 0.Ci Cr, 
0.002 i, 0.01 Cu, u.0003 on, 
0.00002 Mc, 0.0035 rO 

Subtraction 

O.p3 Si, 19.40 Al, 2.1 
Fe', 0.89 Ca, 2.90 k, 
1.54 C, 0.0003 Gal  0.005 
Li, 0.002 Co, 0.005 V, 
0.002 Sc, 0.06 Sr, 0.0002 
Y, 0.01 Rb, 0.017 Dal  
0.0002 Ag, 0.003 Zr 

TABLE  

tive in ye 

Addition Subtraction 

1.90 Mg, 1.99 Fe31  2.23 K, 18.55 H, 2.13 Fe, 3.80 Al, 4.55 
1.08 C Ka, 3.19 Ca, 6.49 Si 
0.05 Li, 0.01 Cr, 0.002 !'TI, 0.0003 0.001 Co, 0.003 V, 0.03 
bn, 0.11 TJii 1  0.30 F, 0.03 Rb, Tip 0.00002 lo, u.0004 
0.017 Bat  0.0000b z,b Gal  0.03 Sr, 0.0002 Y 

TABLE 8 

in pdiorite plus cuartz 
ye ocks -olus ia:ica-schist 

AdcT I ti on Subtraction 

1.52 Al, 3.43 iC6  0.15 Fe2, 3.85 5.99 Si, 7.8E Ca, 5.71 
TTg, 6.09 K, ?7.43 H, Na, 3.53 C, 
0.0006.Ga7  0.48 Ti, 0.44 1, C.22 0.1 Sr, 0.0003 Ag, 0.001 
n, 0.0 Li, 0.02 Cr, 0.001 Cc, Pb, 0.005 Cu, 0.002 Sn 
.005 Ni, 0.0005 V, 0.06 Rb, 0.09 

:a, 0.002 Y 



PART II 



THE DISTRIBUTION AND SIGNIFICANCE OF THE 

TRACE ELEENTS IN M BRAEFOOT OUTER 

SILL, FIFE. 

To be published in the Transactions of the 
Geological Society of Edinburgh (Campbell 
Volume). 

ABSTRACT 

The Braefoot elli magma has been shown by Campbell, 
Day and Stenhouse (1933 & 1934) to have differentiated into 
picroteschenite, teachenite, dolerite pegmatite, dolerite, 
basalt and microsyenite. The trace element contents of these 
rocks have now been determined by semi-quantitative methods 
in order to study the behaviour of the trace elements during 
the progress of differentiation. It is found that Cr and Ni 
concentrate In the early stage of crystallisation; Co V, Cu 
and Sr In the intermediate stage; and Li, Rb, Da, Ga, La, Y 
and Be in the late stage. Sc is enriched in the early and 
intermediate stages. Zr remains uniform in the early and 
intermediate stages but increases later. Ag is enriched in 
the early stage and Mo in both the early and late stages. 
The variations of Sn, Ti, Ge and In cannot be recognised, 
since, if present, these elements occur only in amounts below 
their limits of sensitivity. The inter-relationships between 
certain trace elements are discussed. It is found that the 
rocks of the early and intermediate stages are characterised 
by the distribution Cr>NI>Co and Sr>Ba, whereas the rocks 
of the late stage have Ni>Co>Cr and Ba>Sr. Certain ratios 
seem to furnish a guide for the degree of differentiation 
represcnted by a given rock. (Mg+Fe+Fe3)/(Na+K+Ca) and 
(Cr+Co+i+V+Cu)/(Rb+Ba+Sr) decrease during the progress of the 
differentiatIon, while Li/Mg Rb/Sr, Rb/Ba, Rb/K and Ga/Al 
increase. Fe /Mg and (V+Co)/(Cr+1'TI) reach their highest 
values in the intermediate stage. 
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INTR0DUCTI0T 

The Braefoot outer sill, which is probably of Car-

boniferous age, has been described in detail by Campbell, Day 

and Stenhouse (1933 and 1934). Their investigation has shown 

that the sill is variable in character, both vertically and 

along the strike. It attains its maximum thickness of 310 

feet at the Braefoot Promontory (1933, map, Fig. 17  p. 344). 

There, from below upwards, it consists of the following members: 

(a) Basalt, with tachylitic margin; (b) picroteschenite 

(c) teschenite becoming coarser in texture upwards; (d) 

dolerite pegmatite; (e) dolerite and basalt. Narrow dykes 

of microsyenite are of widespread occurrence in the upper part 

of the sill. There is also a thin sill of hornblende-teschenite 

underlying the main sill and differing from the teschenitic 

members of the latter in being richer in alkalies. A complete 

petrographic description (with chemical analysis) of each of 

these rock types is given. The various members of the sill 

are thought to have resulted from the differentiation of an 

olivine-basalt magma, the original composition of which is most 

closely represented by the basal basalt. By gravitative 

separation, probably aided by magmatic movement, olivines of 

early crystallisation were added to the basal liquor to form 

the/ 
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the picroteachenite. The alkali feldspar-rich residual liquor 

gave rise to the microsyenite dykes. Hydrothermal and pneu-

matolytic changes took place during and immediately following 

the consolidation. These changes comprise analcitisation, 

zeolitisation, albitisation, chioritisation and calcification 

of certain constituent minerals of the different rock types. 

The purpose of the present paper is to record the 

results of an investigation of the distribution of the trace 

elements in representative analysed rocks of the 8111 in order 

to elucidate the role played by each element during the con-

solidation process. 

It is a great pleasure to dedicate to Dr Robert 

Campbell this work. 

SPECTROGRAPHIC ANALYSIS 

Portions of the poers used for the chemical analyses 

were kindly provided by Dr R. Campbell. The spectrographic 

analyses were made by the writer at the Macaulay Institute for 

Soil Pesearch, Aberdeen. 

The semi-quantitative analytical method adopted in 

this / 
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this study has already been described in detail by Mitchell 

(1948). The same method has been used by him in analysing a 

series of rocks from the Skaergaard Complex of East Greenland 

(Wager and Mitchell, 1943) and a series of Caledonian rocks 

mainly of granodioritic composition (Nockolds and Mitchell, 

1948). The possible errors in this method are of the order 

+ 25-30 per cent over the range of approximately 10 to 300 ppm. 

Errors of + 50 per cent are possible if the abundance is over 

1000 ppm. 

For further details of the geochemistry of the deter-

mined elements, the respective wave lengths of their diagnostic 

lines and the sensitivity of each element see Higazy, 19E2.. 

RESULTS 

The major and trace element contents in parts per 

million are given in Table I. The major element contents are 

calculated from the percentages of their respective oxides 

given by Campbell, Day and Stenhouse (1933 and 1934). 

DISCUSSION / 
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DISCUSSION 

Stages in the differentiation of the sill 

The main process responsible for the variation within 

the r3raefoot sill appears to have been crystallisation differen-

tiation. There was some contamination by quartzose xenoliths 

during the formation of the upper dolerite, but this was purely 

local and subsidiary. The main consolidation process can be 

conveniently divided into three distinct stages: (1) an ac-

cumulative stage represented by the picroteachenite; (2) an 

intermediate stage represented by (1) teachenites, (ii) dolerite 

pegmatites and (iii) dolerite and upper basalts (the average 

composition of these rock types is taken to represent this 

stage); and (3) a late stage represented by the microsyenite 

dykes. 

There are certain features which characterise each of 

these three stages with regard to (a) the normative compositions 

and (h) the relative proportions of certain major oxides. 

(a) The normative compositions of the rocks of each 

of the three stages outlined above given by Campbell, Day and 

Stenhouse (1933 and 1934) are graphically shoin in Fig. 1. 

Similar tendencies in the distribution of the normative com-

pounds are found in the "Big" Trap differentiated ophitic 

basalts / 
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basalts of the Keweenawan series of the Michigan copper district 

studied by Cornwall (1951a, Fig. 9, p.  187). 

(b) The values of the ratio 100(Fe0+Fe203)/(Mg0+Feo+ 

Fe203) for each of the three stages of crystallisation are: 

42.0 in the accumulative, 65.5 in the intermediate and 70.5 in 

the late, 53.5 being the value for the undifferentiated lower 

olivine-basalt. These figures agree very closely with those 

given by Walker and Poldervaart (1949, pp. 652-4) for the three 

corresponding stages of crystallisation of the Karroo dolerites; 

25-50 (early stage); 50-70 (middle stage) and 70-80 (late stage). 

The trend in the relative proportions of total iron 

oxides (as FeO), Mg0 and K20+I1a20 is clearly significant and 

effectively serves to distinguish the different stages of the 

crystallisation of the magma, since it includes MgO and iron 

oxides which are critical constituents of the ferromagnesian 

minerals (the discontinuous portion of the reaction series), and 

Na20 and K20 which are the critical constituents of the feldspars 

(the continuous portion of the reaction series). Fig. 2 illus-

trates that there is a relative enrichment in MgOin the picro-

teechenite (accumulative stage) in comparison to the undifferen-

tiated olivine-basalt. The intermediate stage is characterised 

by enrichment in both FeO and alkalies and impoverishment in 

Tff9O / 
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MgO compared to the accumulative stage. The difference be-

tween the undifferentiated olivine-basalt and the average com-

position of the intermediate stage is not noticeable with res-

pect to F.Igo and FeO yet there is a slight increase in the 

alkalies in the latter. The late stage is much enriched in 

the alkalies and has lower proportions of both MgQ and FeO than 

in each of the accumulative stage, the intermediate stage and 

the undifferentiated basalt. This trend is essentially similar 

to that followed during the differentiation of the Karroo 

dolerites (Walker and Foldervaart, 1949) as well as to the 

trends of various other differentiated sills and magmatic rocks 

represented graphically by these authors: namely, Tasmanian 

dolerites, Palisade sill, Siberian traps, the late Palaeozoic 

quartz-dolerites and tholeiltes of Scotland and northern England, 

and the Hawaiian lavas (Walker and Poldervaart, 1949, Figs. 

29-337  pp. 658-660). The trend of the differentiation of some 

Keweenawan lavas (Cornwall, 1951b, Fig. 101 is also identical 

with the above mentioned examples. 

From these differentiation trends, representing simi-

lar petrographic provinces widely separated in space and time, 

it can therefore be considered as established that (1) the rocks 

produced at the early accumulative stage are generally richer 

in' 
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in Mgo than the undifferentiated original magma; (2) those 

formed during the intermediate stage are relatively enriched in 

FeO and (3) those formed in the late stage are enriched in the 

alkalies. 

DISTRIBUTION OF Cr 

Chromite and spinels in general -- the most important 

chromium bearing minerals -- are not uncommon constituents of 

igneous rocks, especially in the ultrabasic and basic types. 

Cr can enter into the structure of certain ferromagnesian 

silicate minerals. It is similar to Fe3  in , ionic radius 

(Cr 0.64 A° and Fe 0,67), co-ordination, valency and E-Value 

(activation energy of migration). 

The data given by Wager and Mitchell (1950, p. 144) 

show very clearly that Cr enters ihto the structure of pyroxene 

more readily than into that of olivine. The olivines of the 

eucrite and the olivine-gabbro of the Skaergaard intrusion of 

east Greenland have 20 andcl ppm. of Cr respectively; whereas 

the pyroxenes of these rocks have 3000 and 350 ppm. of this 

element. This can be understood if we consider the paucity 

of trivalent iron in the divine structure. When Cr replaces 

Mg/ 
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Mg and/or Fe2, it is essential to have univalent ions which 

should possess ionic radii similar to that of Cr and should be 

6-fold in co-ordination In order that electrostatic equilibrium 

is maintained. Lithium satisfies these requirements, but its 

low E-Value makes it unlikely that It can enter into the olivine 

lattice. On the other hand pyroxenes, amphiboles and biotites 

generally contain Fe3  and/or Al, and chromium can readily re-

place either of these trivalent elements. Amongst these ferro-

magnesian groups, pyroxenes seem to be the richest in Cr. The 

range in Cr content of the augites of the Caledonian grano-

dioritic rocks studied by Nockolds and Mitchell (1948) is 1500-

2500 ppm., while the range In the hornblendes of these rocks 

is 150-800 ppm. and that in the biotites is 25-800 ppm. The 

Cr content of some biotites of the granodioritic rocks of 

Jamestown, Colorado, examined by Bray (1942b, p.  801) ranges 

from 40-1090 ppm. 

Generally the Cr content of the minerals of the con-

tinuous portion of the reaction series is relatively poor. 

The range in Cr content of the plagioclases of the rocks of the 

Skaergaard intrusion is 1-10 ppm. (Wager and Mitchell, 1950, 

P. 144). The Cr concentration varies from <2 to 15 ppm. in 

the plagioclases of the Caledonian rocks. A plagioclase Ab58  

An42  separated from hornblende monzonite of the Front Range, 

Colorado / 
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Colorado, has 2 ppm. Cr (Bray, 1942a, p.  436) and a plagio-

clase of the Overland Mtn. granite, Jamestown, Colorado, has 

4c1 ppm. (Bray, 1942b, p. 798). The Cr content of potash 

feldspar is also relatively low. The average for the potash 

feldspars of the Caledonian rocks is <2 ppm. The range for 

the potash feldspart of the granodioritic rocks of Jamestown, 

Colorado, is 41-14 ppm. (Bray, 1942b, p. 796). If not due 

to contamination by ferromagnesian inclusions, such relatively 

small amounts of Cr as are found in the feldspars may be re-

placing Al in the crystal lattice. 

It appears, therefore, that the Cr content of igneous 

rocks depends on the type and amount of the minerals of the 

discontinuous reaction series present, since the members of the 

continuous reaction series carry only negligible amounts of 

this element. It is known that during the fractional crystal-

lisation of basic magma, chromite and/or spinels in general 

and/or olivine separate at the early stage. The resulting 

accumulative rocks would therefore be expected to be relatively 

rich in Cr. The Cr content of rocks which crystallise during 

the early intermediate stage is likely to be relatively high 

since pyroxenes are their predominant ferromagnesian minerals. 

The amphiboles commonly predominate in the late intermediate 

stages of magmatic crystallisation. The rocks of this stage 

would / 
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would therefore be expected to have less Cr than those of the 

early intermediate stage. The Cr content at the late stage 

when rocks relatively rich in hiotite form, would again be less 

than that of rocks of the late intermediate stage. The Cr 

content of such felsic rocks as may form at the end of the 

crystallisation process would be negligible. 

Table I shows that the picrotesehenite -- the accumu-

lative rock -- has the highest Cr content among the rocks of 

the Braefoot outer sill (950 ppm.). The lower undifferentiated 

olivine-basalt has 750 ppm. The sum of the modal pyroxene and 

iron-ore in the picroteschenite and the lower olivine-basalt 

are very similar being 30 and 29.5 respectively (Campbell et al, 

1933). The difference in the modal olivine of these two rocks 

is rather noticeable. The picrotesehenite has 35 olivine while 

the lower basalt has only 18.5. It was mentioned above that 

the Cr content of olivines is relatively poor. The richness 

of the picrotesehenite in Cr may, therefore, be attributed to 

either or both of two possibilities: (a) the presence of minute 

crystals of chromite which separated with the olivine at an 

early stage; (b) the relative enrichment of the augite of the 

picro-tesehenite in Cr as compared with that of the olivine-

basalt. Cr has a smaller ionic radius than that of Fe3  and, 
therefore, would show relative concentration in the earlier 
minerals according to Goldschrnidtts rules (1934). 

The / 
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The Cr contents of rocks of the intermediate stage 

are much lower than the content of the accumulative rock and 

are also lower than that of the undifferentiated basalt. The 

content of Cr in the dolerite pegmatite isd ppm., whereas it 

ranges from 40-180 ppm. in the tesehenites, and from 400-.550 

ppm. in the dolerite and uper basalts. 

The extreme deficiency of the dolerite pegmatite in 

Cr is very striking. The rock consists of large crystals of 

plagioclase (1.2 cm. in length), augite (up to 8 mm. in dia-

meter), and iron oxides set in a vesicular crystalline meso-

stasis composed of feldspar and chlorite, or, rarely, chioro-

phaeite. The aucites contain bands of fluid inclusions and 

in some cases, they are almost completely replaced by chlorite 

and carbonates (Campbell et al, 1933, p. 354). That the 

dolerite pegmatite stage was greatly enriched in volatiles is 

evidenced by the vesicular character of its mesostais and of 

the presence of fluid inclusions in the augites. The volatiles 

decreased the viscosity and thus pegmatitic crystals were de-

veloped. The gases might also have been responsible of de-

creasing the temperature of crystallisation to such an extent 

as Cr could no longer enter into the augite structure. More-

over, the hydrothermal replacement of augite by chlorite and 

carbonates / 
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carbonates might have been a factor responsible for the deficiency 

of the dolerite pegmatite in Cr. The dolerite pegmatite of the 

Karroo rocks given by Walker and Poldervaart (1949, p. 662) has 

much less Cr (45 ppm.) than the other doleritic rocks of the 

Karroo (e.g. 260 ppm.). The difference In Cr content of the 

dolerite pegmatite of the i3raefoot outer sill and that of its 

dolerite is far more than that found in case of the Karroo rocks. 

The dolerite pegmatite of the Whim sill has been con-

sidered by Tomkeieff (1929) to be formed from the segregation of 

a wet magmatic fraction. Walker and Poldervaart (1949, p.  662) 

accept Tomkeieff's point of view regarding the origin of the 

Karroo dolerite pegmatite. They, however, consider it as an 

advanced phase during the crystallisation of the parent source 

and not as a heteromorphic variety of the normal rock as Tomkeieff 

suggested In connection with the dolerite pegmatite of the Whin 

sill. The relative proportions of FeO, MgO, and Na2O+K20 of the 

normal rock from which the dolerite pegmatite of the Karroo was 

derived as well as the dolerite pegmatite Itself Indicate that 

the latter Is further along the path of crystallisation than the 

former. This is also the case in the dolerite pegmatite of the 

Braefoot sill. The plot of the relative proportions of FeO, 

Nrgo, and Na7O+K20 of the undifferentiated olivine-basalt and the 

dolerite / 
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dolerite pegmatite given in Fig. 2 shows that the dolerite peg-

matite composition relative to that of the olivine-basalt is 

upward away from the Mg0 corner toward the FeO apex indicating 

a more advanced stage of crystallisation. 

On the whole, the average Cr content of the three 

types of rocks of the intermediate stage, that is, tesehenites, 

dolerite pegmatite and dolerite and upper basalts is 224 ppm. 

compared to 950 ppm. in the accumulative rock and 750 ppm. in 

the undifferentiated rock. This shows the decrease in Cr con-

tent as crystallisation proceeds towards the intermediate stage. 

The decline in Cr content continued, since the content 

of the microsyenite which marked the late stage of the differen-

tiation of the Braefoot sill magma is negligible being less than 

the sensitivity of the method used, that is, less than 1 ppm. 

The microsyenite is a felsic rock very poor in pyroxenes. The 

deficiency in Cr in this microsyenite is, therefore, under-

standable. 

The concentration of Cr in the three stages of the 

crystallisation of the Braefoot magma agrees very closely with 

what would be expected during the normal course of the differen-

tiation of the basic magma. 

DISTRIBUTION / 
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DISTRIPUTION OF Ni 

The sulphides of Ni are not common constituents of 

igneous rooks. It c.n be present in Iron-ores. Magnetite of 

olivine-gabbro of the Skaergaard intrusion has 300 ppm. (Wager 

and Mitchell, 1950). NI can enter very readily into the ferro-

magnesian mineral structure mainly replacing Mg. Ni and Mg 

have exactly the same Ionic radii 0.78 1, they are both divalent,  

6-coordinated and have large E-values. Ni can also replace 

Fe  since the difference in their radii is not big (Fe2  0.83 A°). 

The Ni contents of the olivines and pyroxenes of the 

Skaergaard intrusion (Wager and Mitchell, 1945) show (1) Ni is 

more concentrated in the olivines than in the pyroxenes since 

the olivines of the gabbro picrite, olivine-gabbro and hortono-

lite ferro-gabbro have 1000, 400 and 10 ppm. respectively while 

the pyroxenes of the same rocks have 807  50 and 2 ppm. (2) 

the Ni contents of the olivines and pyroxenes found in rocks 

formed at earlier stages are relatively higher than those of the 

late stages. The supposed order of crystallisation of these 

three types of the Skaergaard rocks is gabbro picrite, olivine-

gabbro and hortonolite ferro-gabbro. The two olivines analysed 

by @oldich and given by Sandell and Goldlch (1943, p. 177) con-

tain 6350 and 3060 ppm. Ni. The latter which is richer in Ni 

has / 
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has higher MgO content, being 51.43 per cent while the former 

has 49.78 per cent. 

The amphiboles seem to have lower Ni content than the 

olivines and/or the pyroxenes. The biotites appear to possess 

approximately similar Ni concentration like that of the amphi-

boles if not a little lower. The ranges of the Ni content of 

the pyroxenes, hornblendes and biotites of the Scottish Cale-

donian rocks found by Nockolc3s and Mitchell (1948) are: augites 

90-200 ppm., hypersthene 300 ppm., hornblendes 80-150 ppm. and 

biotites 30-150 ppm. The range of Ni content in the biotites 

of the granoclioritic rocks of Jamestown, Colorado given by Bray 

(1942b, p. 808) is 25-170 ppm. The NI contents of the members 

of the discontinuous series decrease regularly from olivine 

to biotites. 

The plagioclase feldspars contain negligible amounts 

of Ni. The plagioclase of the eucrite of the Skaergaa.rd In-

trusion has 10 ppm. Ni while each of the plagioclases of the 

olivine-gabbro, middle gabbro, hortonolite ferro-gabbro and 

fayalite ferro-gabbro has 42 ppm. Ni (Wager and Mitchell, 1950, 

p. 144). Moreover the range of Ni content In the plagioclases 

of the Scottish Caledonian rocks in 4,2-20 ppm. (Nockolds and 

Mitchell, 1948). The potash feldspars are similar to the 

plagioclases / 
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plagioclases In being poor in Ni. The potash feldspars ofthe 

Caledonian rocks have 2-5 ppm. 

Evidently, the concentration of Ni In rocks depend 

on the amount and type of the minerals belonging to the discon-

tinuous reaction series present in the rock. Those rich In 

divine and/or pyroxenes such as the accumulative and the ultra-

basic and basic types in general are relatively the richest in 

Ni. The intermediate rocks which usually contain pyroxenes 

and/or amphiboles are richer In Ni than the acidic types which 

contain amphiboles and/or biotites. The felsic rocks which 

are generally very poor in the ferromagnesians would have very 

negligible amounts of Ni. The trend in the cOncentration of 

Ni during the normal fractionation of the magma is, therefore, 

towards a regular decrease In the amount of Ni. 

The picroteachenite of the l3raefoot outer sill Is the 

richest type in Ni among the rocks of this sill. The accumu-

lative rocks are also the richest in Ni In case of the Skaer-

gaard intrusion and the Karroo dolerites. The difference in 

Ni content between the picroteachenite (430 ppm.) and the un-

differentiated olivine-basalt (340 ppm.) is not as big as that 

between the gabbro picrite of the Skaergaard Intrusion (600 

ppm.) and Its marginal olivine-gabbro (100 ppm.) which Is 

supposed / 



18. 

supposed to represent the Skaergaard magma (Wager and Mitchell, 

1943); or that between the olivine-basalt of the Karroo (Portje 

type) which has 200 ppm., while the undifferentiated dolerite 

(Kokstad type) has 80 ppm. (Walker and Poldervaart, 1949, p. 6L14). 

The ratios of the Ml content of the accumulative types to that 

of the undifferentiated rocks In the Braefoot sill, Skaergaard 

intrusion and the Karroo dolerites are 1.3, 6.0 and 2.5 respec-

tively. The undifferentiated rock of the Braefoot sill is the 

richest In Ni. (340 ppm.), the corresponding Skaergaard and Karroo 

rocks each having 100 ppm. The accumulative rock of the Brae-

foot, however, having 430 ppm. is poorer than that of the Skaer-

gaard Intrusion on one hand, and richer than that of the Karroo 

dolerites on the other. The ratio Fo:Fa in the olivines 

separating gravitationally to form each of these accumulative 

rocks is quite likely different. The olivine of the Skaergaard's 

gabbro picrite seems to be the richest in Fo; and that of the 

Karroo (olivine-basalt, Portje type) may be the poorest In this 

molecule. This seems to be true since the Mgo contents of the 

gabbro picrite and that of the olivine-basalt of the Karroo are 

27.09 and 12.91 per cent respectively. The rgo content of the 

picroteachenite of the Braefoot is 14.96 per cent. The Ni con-

tents of these rocks increase with increase in the Mg content. 

The / 
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The Ni contents of the rocks of the intermediate stage 

are less than those of both the picrotesehenite and the undif-

ferentiated basalt. The dolerite pegmatite, which may have 

been formed from segregation of fractions rich In the volatiles, 

has lower Ni (48 ppm.) than the teechenites (80 ppm.), and dole-

rite - and upper basalts (100 ppm.). On the whole, the average 

Ni content of all the types of the intermediate stage Is 84 ppm. 

The mIcrosyenite which forms at the late stage of the crystalli-

sation of the Braefoot magma has 40 ppm., that Is, the lowest 

Ni content among the Braefoot rocks. The trend in Ni during 

the fractionation of the Braefoot magma, has been, therefore, 

towards a regular marked decrease. 

DISTRIBUTION OF Co 

The sulphides of Co are not common in igneous rocks. 

It can be present in the iron-ores ubiquitously found as minor 

accessories In rocks. Ilmenite of the middle gabbro of the 

Skaergaard Intrusion has 100 ppm. (Wager and Mitchell, 19507  

p. 144). Co can enter the ferromagnesian mineral structures 

mainly replacing Fe2. Available data concerning the concentra-
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concentration of Co in the ferromagnesian minerals indicate 

only a small change in the different groups. The olivines 

have slightly higher Co content than the py-roxenes. The olivines 

of the eucrite and olivine-gabbro of the Skaergaard intrusion 

have 150 and 125 ppm. respectively, while the pyroxenes of the 

same rocks have 60 and 50 ppm. (Wager and Mitchell, 1950). 

The similarity in Co content between olivine and pyroxene of 

the fayalite ferro-gabbro of the same intrusion is more pro- 

nounced. The olivine has 20 and the pyroxene has 15 ppm. 

The amphiboles and the biotites seem to have approximately iden- 

tical Co content which is a little lower than that of the pyro- 

xenes The Co content of the Caledonian minerals are: augites 

30-70, hypersthene 100, honiblendes 20-40 and biotites 15-40 ppm. 

The feldspars contain negligible amounts of Co since 

they lack Fe and Mg in their composition and their major elements, 

that is, Ca, Na and K have generally higher coordination numbers 

than that of Co. The ionic radius of Co2  is 0.82 A° closer to 

that of Na 0.98 A than to that of La or K. The small pro-

portions of Co generally found in the feldspars might replace 

Na in their structure provided that other replacements take 

place to satisfy the electrostatic eciuilibrium. 

From the brief outline mentioned above, it seems that 

the Co content of a rock depends rather on the amount of the 
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ferromagnesian minerals present. The type of the ferromagnesian 

mineral does not have great significance on the Co content. 

The ultrabasic types would be expected to have relatively high 

Co content since they are ccznposed almost exclusively-  of ferro- 

magnesian minerals. The basic and other rocks which form at 

the early intermediate stage of the crystallisation of the magma 

could also be considered as relatively rich in this element. 

Rocks of the late intermediate stage and the felsic types of 

the late stage would be impoverished in Co compared to the 

others which crystallise at earlier stages. 

The distribution of Co in the Braefoot sill corres- 

ponds to expectation. The Co content of the picroteachenite 

is 85 ppm. very close to that of the undifferentiated basalt 

(90). The derivatives of the intermediate stage are not much 

lower in Co than the accumulative picroteachenite, the averages 

being teachenites 70, dolerite pegmatite 55 and dolerite and 

upper basalts 58 ppm. The Co content of the dolerite pegmatite 

compared to that of the dolerite is very interesting. It may 

be recalled that both Cr and Ni are lower in the peginatitic 

phase. Co, however, is almost the same in the pegmatite (55 

ppm.) and the dolerite (50). The dolerite pegmatite of the 

Karroo and the dolerite of the same locality (Walker and Folder-
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Poldervaart, 1949, Analyses 6€ and 5, Table 14, p. 644) have 

31 and 28 ppm. of Co respectively. Cr and Ni of these two 

Karroo rocks, however, are much higher in the dolerite than In 

the pegmatite, as in the Braefoot sill. It seems reasonable 

to Infer, therefore, that the lowering of the temperature, due 

to the volatiles, does not appear to decrease the tendency of 

Co to enter into the ferromagnesian mineral structures, contrary 

to what happens with Cr and Ni. 

The average Co content of all the rocks of the inter-

mediate stage is 61 ppm., again not much lower than that of the 

picrotesehenite (85 ppm.). The Co content of the Lte stage 

micrsyenite is, however, noticeably lower (10 ppm.). This 

is consistent with what would be expected had these rocks been 

fractionated from a basic magma. 

Cr : NI: Co 

Lundeg&'dh (1949) investigating the geochemistry of 

Cr, Ni and Co has ascertained that, according to Qoldscbmldt's 

rules, the ultrabasic rocks and those of the early stages of 

the crystallisation of the magma as a whole, should be charac-

terised by the following order of distribution 

Cr iTi> Co, 
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whereas the latest differentiates should have 

Co ifi > Cr. 

The undifferentiated lower olivine-basalt of the 

Braefoot sill as illustrated in Table I has Cr-Ni -,-Co. The 

picrotesehenite which is considered to be the accumulative de-

rivative shows also the same relationship. 

The distribution in the teschenites as well as in the 

dolerite and upper basalts of the intermediate stage Is Cr>Ni> 

Co. The averages for the two tesehenites are Cr 110, Ni 80 

and Co 70 ppm., while those of the dolerite and upper basalts 

are Cr 450, Ni 110, and Co 58 ppm. The dolerite pegmatite, 

however, has a distribution which, according to Lundegth'dh, 

typifies rocks of the late magmatic stage, that is Co>Ni>-Cr. 

The averages for the rocks of the intermediate stage 

as a whole given in Table II are Cr 224, Ni 84 and Co 61 ppm., 

i.e., Cr>Ni>Co. The intermediate stage has, therefore, the 

distribution characteristic of basic rocks. 

Lundeg&rdh (1949, p.  21) has suggested that the dis-

tribution normally prevailing in late stage magmatic rocks is 

Co>Ni>Cr. However, the Braefoot microsyenite has Cr<2, Ni 

40 and Co 10 ppm., i.e., Ni>Co>Cr, and, moreover, there are 

other late magmatic rocks which are similarly at variance with 
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Lunceg&'dh's suggestion. The acid granophyre which marks the 

latest stage in the fractionation of Skaergaard intrusion has 

Cr 3, Ni 5 and Co 3 ppm., I.e. Ni>Co = Cr (Wager and Mitchell, 

1943, p.  287). This grariophyre has 75.03 per cent Si.02  and 

Lundeg&dh accepts Its magmatic derivation (1949, p. 14). The 

porphyries and rhyolite analysed by Lundegrdh (19499  Table 4, 

p. 41) show also deviation from the distribution Co Ni Cr. 

The Tertiary rhyolite of Ramsö, Lake Mien, Kronbergs Ian, for 

instance, has Cr 6, Ni 50 and Co -6-2 ppm., that is, Ni>Cr>Co. 

Moreover, the average of 29 samples of silicic rocks (Sb2 

63 per cent) studied by Sandell and Goldich (1943, p.  182) is 

Ni 6 and CI 3 ppm., that is, MI > Co. Cr unfortunately was not 

determined in these rocks. The average of coarse granite and 

other monzonitic rocks of Oliverlan magma series of New TTaxnp-

shire studied by Billings and Rabbitt (1947, Table 4, (1), 

p. 581) Is Cr 14, Ni 16 and Co 7 ppm., that is, NI> Cr> Co. 

It can be said that the ultrabasic and the basic 

rocks appear to have the distribution Cr>Ni>Co. During the 

fractionation of the magma Cr and Ni decrease, the decrease of 

the latter is slower, whereas the Co content remains relatively 

more uniform. This behaviour gives rise to the extreme im-

poverishment of the latest differentiates in Cr whereas NI and 

Co would be higher in content compared to that of Cr. If the 
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decrease in Ni is very sluggish owing to a very slow decrease 
in temperature during the crystallisation of the magma, the 
content of this element is liable to be higher than that of Co 

in the latest differentiates. 

DISTRIBUTION OF V 

Vanadium may be tri- tetra- or quinquevalent. The 

ionic radii are V3  0.652  V4  0.61 and V5  0.4 A'. The Ionic 

radius of V3  is very close to that of Fe3  0.67 A°and therefore, 

can substitute for it in suitable mineral structures. The 

olivines which generally lack Fe3  in their composition are very 
poor in V3. Each of the olivines of the eucrite, olivine-

gabbro and hortonolite ferro-gabbro of the Skaergaard intrusion 

(Wager and Mitchell, 1950, P.  144) has 5 ppm. V. The pyroxenes 
of the same rocks, however, have 300, 250 and 30 ppm. respec-

tively. The augite of augite-peridotite of the Garabal Till- 

Glen Fyne Complex (Nockolds and Mitchell, 1948, p. 561) has 

250 ppm. Hyperathene and augite of pyroxene mica-diorite of 

the same complex have 100 and 200 ppm. respectively. The range 

of V in the hornblerides of the Garabal Hill rocks as well as 

other /1 
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other Scottish Caledonian graxiodioritic rocks is 100-300 ppm. 

The distribution of V In the few analysed pyroxenes and horn.-

blendes of the Caledonian rocks indicates that V Is slightly 

enriched in the hornblendes compared to the pyroxenes. The 

range of V in the biotites of the same rocks Is 100-1000 ppm. 

showing a tendency of V to be more enriched In the biotites 

than any of the other ferromagnesian minerals. 

The feldspars are generally poor in V. The plagio-

clases of the rocks of the Skaergaard intrusion have 5-10 ppm. 

Those of the Caledonian Scottish rocks have 10-30 ppm. The 

potash feldspars are poorer in V than the plagioclases. Most 

of the potash feldspars of the Caledonian rocks have <5 ppm. 

of V. 

appears, therefore, to be enriched in rocks rela-

tively rich in the amphiboles and/or the biotites, that Is, 

those rocks which usually form at the late Intermediate stages 

of the magmatic crystallisation. 

V4  has an Ionic radius 0.61 if very close to that of 

TI4  0.64 A° The presence of appreciable amounts of V in 

sphene and ilmenite Is, therefore, understandable. Sahama 

(1946) reports 615 ppm. in a sphene from I1djthvi. The V con-

tent of each of the four sphenes of the granodloritic rocks of 
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the Garabal Hill is 300 ppm. Ilmenite of the olivine-.gabhro 

of the Skaergaarcl intrusion has 600 ppm. The magnetite of the 

same rock, however, has 2000 ppm. much higher than the Ilmenite. 

Moreover, magnetites of the middle gabbro and the hortonolite 

ferro-gabbro have 800 and 300 ppm, respectively whereas Ii-

menitof the same rocks have only 300 and 20 ppm. The V con-

tent of magnetite seems to be higher than that of i:Lmenite and 

apparently most of the vanadium of the magnetites is in the 

trivalent state of ionisation. In fact, the Ionic radii of 

Fe3, TI4, and V in its tn- and tetravalencies are not very dif-

ferent from each other. This makes it likely that vanadium in 

entering into the magnetite and ilmenite structures Is distri-

buted between both Fe3  and T14, with more preference to Fe3. 

Fentavalent vanadium with an ionic radius of —0.4 A°  

can replace P5  In minerals especially those rich in the latter 

such as apatite. 

The V content of the Braefoot sill rocks Is In harmony 

with the general distribution of this element in the different 

members of the discontinuous reaction series. The average con-

tent of the rocks of the intermediate stage (340 ppm.) is higher 

than that of the accumulative rock (720) while that of the late 

stage is very low (8). The content of the undifferentiated 
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basalt is 330 ppm. slightly lower than the average of the rocks 

of the intermediate stage. V is enriched in the intermediate 

stage of the crystallisation of the Braefoot magma and becomes 

greatly impoverished during the latest stage. 

Vanadium is more related in its distribution to Co 

than to either Cr or NI. Both V and Co are relatively enriched 

In the intermediate stage. They mainly replace Fe in the 

structures of the ferro-magnesian minerals, yet Co is more en-

riched in the pyroxenes (early intermediate stage), whereas V 

appears to be relatively more concentrated In the biotites 

(late Intermediate stage). 

DISTRIBUTION OF Li 

The lithium minerals such as spodumene and amblygonite 

are commonly found in granitic pegmatites indicating the enrich-

ment of this element in the very latest residual magmatic 

liquors. The mechanism of separation of lithium-rich liquors 

to form lithium-rich pegmatites from the bulk of the alkaline-

rich residual liquor is still an unsolved problem (Higazy, 1949, 

P. 55). 

Li/ 



29. 

Li with an ionic radius of 0.78 A°  usually replaces 

Mg which has exactly the same radius. Available data concer-

ning the content of Li in the ferromagnesian minerals of the 

Scottish Caledonian rocks indicate very clearly that Li is more 

enriched in biotites than in pyroxenes or hornhlendes. The 

ranges of Li content are 2-5 ppm. in the pyroxenes, 5-30 in the 

hornblendes and 80-800 in the biotites. The olivines are gene-

rally very rich In Mg yet their Li content is negligible. The 

dunite of the Garabal Hill (Nockolcls and Mitchell 1948) for 

instance, has <1 ppm. Li. According to Wickman (1943), Li 

has a low E-value and therefore, can only be incorporated to a 

very limited extent in minerals formed at relatively high tem-

peratures such as the olivines. 

The feldepars in general are poor in Li perhaps be-

cause of (1) the lack of Mg and (2) the low coordination and 

small ionic radius of Li. However, Lundegrdh (1947, p. 108) 

suggests that Li may replace Al in the feldspar structure. 

According to Ahrens (1945a, p. 82), a content greater than 2-5 

ppm. is exceptional in the feldspars. The plagioclases of the 

Scottish Caledonian rocks have 1-15 ppm. and the average for 

the potash feldspars in these rocks is 1 ppm. In some pena-

tites, however, the Li content of feldspars is enormously 
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greater. Hess (1940) finds as much as 1.2 per cent Li in peg-

matitic microcline. Moreover, the perthites of the Black Hills 

pegmatites, South Dakota, recently analysed by the writer, have 

up to 300 ppm. 

The distribution of Li in the members of both the dis-

continuous and continuous reaction series suggests that Li would 

be relatively enriched in the mica-rich rocks, that is, those 

which form at the late stage of the magmatic crystallisation. 

This is the case in the Braefoot sill rocks. The mlcrosyenite 

has 50 ppm. Li, whereas the undifferentiated basalt has 12 ppm. 

and the accumulative rock 20 ppm. The average Li content for 

the intermediate stage is 24 ppm., very close to that of the 

picroteschenite (accumulative stage). The lithium distribution 

in the I3raefoot sill indicates little difference between the 

accumulative and Intermediate stages, but notable enrichment 

in the late stage. 

DISTRIBUTION OF Rb 

Rubidium minerals are unknown in igneous rocks. Rb 

enters into the mineral structures replacing K since (a) these 
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elements are closely similar in ionic radius: Rb 1.49 and K 

1.33 A° , and (b) their coordination numbers are usually 9-10. 

Absence of Rb from olivines and pyroxenes is therefore to be 

expected. The amphiboles, which usually contain but little K, 

are relatively poor in Rb. The range of the Rb content in the 

hornblendes of the Scottish Caledonian rocks is 20-30 ppm. 

The biotites and the micas in general are relatively very rich 

in this element. The range in the blotite micas of the Scot-

tish rocks is 400-2500 ppm. The muscovite of the pegmatites 

of Urarioop River area, Namaqualand, S. Africa have 100-1280 

ppm. (Ahrens, 1945b, p.  223). The micas are, therefore, the 

only member of the discontinuous reaction series which can be 

considered as having appreciable amounts of Rb. 

The plagioclase feldspars have generally only a small 
proportions of K. Consequently, their Rb contents are not very 

high. The range in the plagioclases (chiefly albitic) of cer- 

tain South African rocks is nil-lb ppm. (Ahrens, 1945 b, p. 219). 

Ahrens also reports 11,880 ppm. Rb in the green microcline of 

Pike's Head, Colorado. The perthites of the Black Hills, S. 

Dakota analysed by the writer have up to 9500 ppm. 

The survey of the distribution of Rb in the members 

of the reaction series indicates that the mica- and potash 

felc.spar-rich rocks should he enriched in this element. These 
are / 
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are generally felsic rocks which form at the latest stages of 

the crystallisation of the magma. 

The distribution of Rb in the rocks of the Braefoot 

sill is in harmony with this general concept. The microsyenite 

has 100 ppri., twenty times as much as the content of the undif-

ferentiated basalt. The picroteschenite has only 3 ppm, and 

the average Rb content of the rocks of the interm€diate stage 

is 16 ppm., indicating a regular increase in Rb during the 

progress of the differentiation of the Braefoot magma. 

DISTRIBUTION OF Ba 

Ba minerals are not coriir:on constituents of igneous 

rocks. The ionic radius of Ba is 1.43 A , close to that of 
K 1.33 A. The substitutioh of K by Ba in crystal structures 

has been mentioned by several investigators. The ionic radius 

of Ca is 1.06 A°  and inter-replacement between Ba and Ca is 

possible. Neither Ca nor K is found in the composition of the 

olivines. Accordingly the Ba content of this group should be 

negligible. The pyroxenes usually have Ca but, according to 
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Wickman (1943)9  the transition of Ca from 8- to 6- coordination 

may cause shrinkage in the structure of the pyroxene and, con-

sequently Ca should be replaced by Fe2  and/or Mg but not by Ba. 

This may account for the rather insip-nificant Ba content in the 

pyroxenes. Augite and hyperathene from the Garabal Hill-Glen 

Fyne Complex, for example, have 5-20 ppm. The amphiboles seem 

to be richer in this element than the pyroxenes. The range in 

the hornblendes of the Scottish Caledonian rocks is 20-100 ppm. 

Biotites, which have K as one of their most significant elements 

usually contain appreciable amounts of Ba. The biotites of the 

Caledonian rocks have 1500-4000 ppm. Those of the igneous 

rocks of Jamestown, Colorado, (Bray, 1942b, p.  808) have 90-

450 ppm. 

The plagioclases are relatively rich in Ba. Ca in 

their structure is in 8-coordination and can be substituted by 

Ba. Plagioclases from the Caledonian rocks have 200-1500 ppm. 

and those of the rocks studied by Bray (1942b) have 40-1030 ppm. 

The potash feldspars are known to be highly enriched in Ba and 

figures need not be mentioned. There is a continuous isomor-

phous series between orthoclase and celsian which ranges from 

Cr05  Ce15  to Cr67  Ce33. 

Ba is evidently enriched in the mica-rich and felsic 

rocks. These rocks generally form at the late stage of the 
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magmatic  crysta.11isation, though it hs been pointed out by 

FgeThardt (1936) that Pa is relatively enriched in potash 

feldspars which have formed at earlier stages of crystallisa-

tion co*ared with those formed later. The bulk of the Da, 

horever, seems to remain in the residual melt until the late 

st.2.o of crystallisation is reached. At this stage the feld-

spars, especially the potash types, are the dominant minerals. 

The earlier products of the late stage should have potash feld-

spars with a higher Ba content than those formed still later. 

The micros.yenite of the Braefoot sill contains 1200 

ppm. This is higher than the contents of the undifferentiated 

basalt (950 ppm.), the picrotescl'enite (650 ppm.) and the 

average of the rocks of the intermediate stage (936 ppm.). 
Although the picroteechenite has the lowest content, it should 

be mentioned that the amount is higher than would be expected 

in an accumulative rock. Its modal plagioclase percentage is 

23, and it has 5 per cent of modal chlorite, analcite and 

zeoUtes. Perhaps the plagioclase and zeolites are responsible 

for the relatively high proportion of Ba, since it is not likely 

that the other constituents would have an appreciable amount 

of Pa. 
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LCr+NI+LI) (Co+V) : (Rb+I3a) 

The behavious of Cr, ITI  and Li, Co and V, and Rb and 

Ba have been already dieusse'J. The trend in the relative pro- 

portions of (Cr+Ni+Li:(Co+V):(Rb+Ba) during the stages of the 

magmatic crystallisation seems to be of significance. The 

trend in the relative proportions of 7JgO:FeO:(1Ta2O+K20) of the 

rocks developing at the three main stages of the magmatic cry-

stallisation has been shown by Walker and Poldervaart (1949) to 

be essentially the same in many magmatic rocks of different pro-

vinces. The trend in the relative proportions of these oxides 

in the Briefoot rocks shown In Fig. 2 does not deviate from that 

given by Walker and Poldervaart as was discussed previously 

(p. 7 ). It may be recalled that Cr, NI and Li are very much 

related to Ivg, and that Co and V, on the other hand are more 

related to Fe than to Mg. Rb and Ba however, are elements 

mainly present In the feldspars and their geochemical relation-

ship with K Is seemingly fully established. 

Fig. 2 shows that the trend in the relative proportions 

of (Cr+Ni+Li):(Co+V):(Rb+Ba) is similar to that of MgO:FeO: 

(Na20+K20). There has been a relative enrichment in (Cr4Ni4Li) 

in the early accumulative stage corresponding to that of MgO. 

As crystallisation proceeded to form rocks of the intermediate 

stage, there were enrichments In the relative proportions both 
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of (Co+V) and of(Rb+Ba). In the late stage there was a marked 

increase in the relative proportions of (Rb+Ba) accompanied by 

impoverishment in the proportions of both (Cr+Ni+Li) and (Co+V). 

DISTRIBUTION OF Sr 

The Sr minerals are not common constituents of igneous 

rocks. The ionic radius of Sr is 1.27 A°, between the radii 

for Ca (1.06 A°) and K (1.33 A?). Sr can replace both these 

elements in crystal lattices at favourable temperatures. The 

inter-replacement between Sr and Ca seems to be more conspicuous 

than that between Sr and K. Both Sr and Ea can replace Ca 

and/or K, but as the ionic radius of Ca is closer to that of Sr 

than Da (1.43 A°), Ca is preferably replaced by Sr. Actually, 

the ionic radius of Sr is very close to that of K, but the ionic 

radius of Ba is also very suitable for replacing K. The inter-

replacement between Da and K seems tobe stronger than that be-

tween Da and Ca. 

Olivines should have very negligible amounts of Sr 

since Ca and K are usually lacking. Amphiboles are apparently 

richer in Sr than both pyroxenes and biotites. The range of 
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Sr content in the Caledonian minerals are: pyroxenes, 10-30 ppm., 

hornblendes, 30-300 ppm, and biotites, 30-200 ppm. 

The content of Sr in feldspars is relatively higher 

than that in ferromagnesian minerals. The feldspar structure 

seems to be more favourable for Sr. Plagioclases which usually 

contain appreciable amounts of Ca have greater amounts of Sr 

than potash feldspars. The range in the Caledonian plagioclases 

is 1500-3000 ppm. and in the potash feldspars 50-2000 ppm. 

Sr, therefore, should be enriched in rocks with pre-

dominant plagioclase. Such rocks crystallise mainly in the 

intermediate stages of magmatic history. 

The distribution of Sr in the Braefoot sill indicates 

that there was impoverishment in both the accumulative and the 

late stages in comparison to the undifferentiated basalt. The 

picroteschenite and the microsyenite have 300 and 450 ppm. 

respectively, whereas the undifferentiated basalt has 900 ppm. 

The average Sr content in the rocks of the intermediate stage 

is 864 ppm. approximately the same as the undifferentiated 

basalt, indicating that the relative enrichment of Sr took place 

in the intermediate stage. Actually, the Sr content of the 

picroteachenite is high relative to that of other accumulative 

rocks; e.g. the gabbro picrite of the Skaergaard intrusion has 
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only 85 ppm. This high amount of Sr in the picroteschenite 

cannot be attributed to relative enrichment in the original magma, 

since the undifferentiated Braefoot basalt has 900 ppm., that is, 

less than the content of the marginal olivine-gabbro (1690 ppm.) 

which is taken to represent the composition of the Skaergaard 

magma, Perhaps the plagioclase and zeolites are responsible 

for the relatively high proportion of Sr in the picroteschenite 

as has already been mentioned with respect of Ba. 

Ba: Sr 

The relationship between Ba and Sr seems to be of some 

significance in distinguishing rocks formed at the different 

stages of magmatic crystallisation. The known relations between 

Ba and Sr in the different groups of minerals of the discontinuous 

and continuous reaction series are indicated below. These re-

lations are based mainly on the Caledonian minerals (Nockolds and 

Mitchell, 1948), but since the number of the analysed minerals 

may not be sufficient to justify so definite a statement this 

scheme should be considered as only tentative until more data 

are available. 
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olivines-both Ba and Sr nil- 
Early stage \ cable plagioclases-Sr > Ba- 
-Sr>Ba- 

Mg pyroxenes-Ba and Sr nil- 
\ calci-alkalic plagioclases 

/ Mg-Ca pyroxenes-Sr>Ba- alkali-calcic plagioclases 
Intermediate / _Sr Ba- 
stage-Sr Ba- amphiboles -Sr > Ba- 

alkalic plagioclases 
/ -SrT3a- 

biotites -Ba>Sr- 
Late stage 
-Ba> Sr- 

potash feldspars -Ba>Sr- 

It appears that the Ba content should be less than that 
of Sr in the rocks of both early and intermediate stages, since 

the minerals of the reaction series which prevail in these stages 

are characterised by such a distribution. On the other hand, 

rocks of the late stage should have Ba> Sr since they are essen-

tially composed of potash feldspars and blotites. 

The distribution in the Braefoot sill, however, shows 

slight deviation from expectation. The picroteschenite has Ba 

Sr with Ba:Sr = 2.1. The ultrabasics of Southern Lappland 

(Saliama, 1945) also show this character with Ba:Sr = 2.0. It 

may be that the late hydrothermal action had a significant in-

fluence in changing the Ba and Sr distribution in the picro-

teechenite. But, if so, why did these hydrothermal activities 

change the distribution of Ba and Sr in the picrotesehenite and 
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not in the rocks of the intermediate stage, which still have 

Sr >Ba? Possibly the amount of Sr in the intermediate rocks 

may have been originally so high that the hydrothermal addition 

of Da did not reverse the relation Sr> Ba. The microsyenite 

(late stage) has 1200 ppm. Da and 450 ppm. Sr, that is, ]3a> Sr 

as seems to be characteristic of late-stage magmatic rocks. 

DISTRIBUTION OF Ga 

The most important occurrence of Ga in ig-neous rocks 

is known to be replacing Al in silicate structures. Ga felds-

pars K Ga Si308  and Na Ga 81308  where Ga completely replaces Al 

have been synthesized by Goldsmith (1950). Olivines thus have 

very negligible amounts of Ga. The ranges of Ga in the augites, 

hornblendes and biotites of the Caledonian rocks are 6-8, 15-30 

and 10-30 ppm. respectively. The Ga content of the Caledonian 

plagioclases ranges from 20 to 50 ppm. and that of the potash 

feldspars from 15 to 30 ppm., indicating a slight enrichment 

In the plagioclases. 

On the whole, there seems to he no appreciable dif-

ference / 

iii 



4].. 

difference in the Ga content of the various aluminous minerals, 

but because of the relative deficiency in olivine and augite 

Ga should be relatively impoverished in the early accumulative 

rocks. In the rocks of the intermediate and late stages of 

the magmatic crystallisation Ga should be more or less uniform. 

The felsic rocks of the latest stages should show a slight 

enrichment in this element. 

The picroteschenite of the Braefoot sill has 6 ppm., 

the lowest among the other types of its rocks. The average 

content of the rocks of the intermediate stage is 32 ppm., very 

close to that of the undifferentiated basalt (30 ppm.). The 

microsyenite has 40 ppm. indicating a slight increase in the 

Ga content at the late stage of crystallisation. 

DISTRIBUTION OF La AND Y 

According to Sahama and Vähtálo (1941), the rare 

earths are present in appreciable amounts in certain accessory 

minerals of igneous rocks. The most important of these minerals 

are: xenotime, fluorite, apatite, sphene, orthite and monazite. 
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The occurrence of both apatite and sphene in igneous rocks is 

known to be ubiquitous. Apatites of the Caledonian rocks con-

tain 200-3000 ppm. La and 600-5000 ppm. Y, while ephenes of the 

same rocks contain 500-1000 ppm. La and 400-1000 ppm. Y (Nockolds 

and Mitchell 1948). In entering the apatite and sphene struc-

tures Y (ionic radius 1.06 A°) replaces Ca which has a similar 

ionic radius. Electrostatic neutrality can be maintained by 

the replacement of by S14  in case of apatite and of TI4  by A13  

in sphene (Wickman, 1943, pp. 387-88). 

The distribution of La and Y in common rock forming 

silicate minerals is not yet thoroughly investigated. It may 

be surmised that olivines contain undetectable amounts of La 

and/or Y since Ca is lacking. The Y contents of the pyroxenes, 

hornblendes and biotites of the Caledonian rocks are <30-100, 

.30-50 and -30-200 ppm. These data are not sufficient to 

determine the degree of relative enrichment of this element in 

these mineral groups. There are three reasons for this: (1) 

The number of the analysed samples in each of the groups is 

different. (2) The variation from one sample to another in the 

same goup is rather wide. The Y content in one augite is 100 

ppm. and in each of the other two samples is <.30 ppm. There 

are 8 analysed hornblendes and only three contain 50 ppm, while 
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the others have 30 ppm. Moreover, two of the 13 analysed 

biotites have 200 and 1007 ppm., while the others have <30 ppm. 

(3) Minute inclusions of apatite and/or xenotime or monazite, 

which are significant sources for the rare earths, may be pre-

sent - especially in the biotites as nuclei of the pleochroic 

haloes (Hutton, 1947). Nevertheless, if the bulk of La and/or 

Y is present mainly in the lattices of the ferromagnesian 

minerals, it may be in the Ca positions. It is probable that 

La with an ionic radius of 1.22 A replaces K 1.35 A
0 

 • K Fe'- 

La Li may be a possible mode of substitution. 

The La content of the plagioclases of the Caledonian 

rocks ranges from 410-100 ppm. According to Wickman (1943) 

the rare earths cannot enter the feldspar lattice at high tem-

peratures though they have high E-value. He mentions that the 

entrance of these elements into the feldspar structures depends 

to a great extent on Be which has a low E-value: accordingly, 

the rare earths should enter mineral structures formed at rela-

tively lower temperatures. The type of substitution suggested 

by 'Wickman (1943), p.  387) in order that Y can enter into the 

feldspar lattice is Ca Al2  S1208  - Y (Be Al) S1200. Wickman's 

suggestion makes it appear that both La and Y should be rela-

tively enriched in the late differentiates but the distribution 

of these elements given by Rankama and Saharna (1950, pp.  527-8) 
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shows that Y is enriched in basic rocks, compared with La. 

Their explanation is that substitution of Ca by Y is easier 

than by La. 

La is present in amounts below its limit of sensiti-

vity (30 ppm.) in all the rocks of the Braefoot sill except the 

microsyenite (late stage) which contains 75 ppm. The idea of 

relative enrichment in the early or Intermediate stages cannot, 

therefore, be justified in the case of the Praefoot sill. 

There Is, on the other hand, an obvious enrichment in the late 

stage. Y Is more abundant in the Praefoot rocks than La the 

contents being 25 ppm. in the picrotesehenite, 50 ppm. in the 

undifferentiated basalt, 56 ppm. in the average of the rocks 

of the intermediate stage and 200 ppm. in the micrsyenite. 

These figures indicate (1) that there was a relative Impoverish-

ment in Y in the early accumulative stage; (2) that Y is very 

slightly enriched in the intermediate stage; and (3) that 

there was a notable enrichment in the late stage; the Y content 

of the rnicrosyenite is four times as high as that of the undif-

ferentiated basalt. 

Be as mentioned elsewhere (p. 5"/ ) is also enriched 

in the late stage, in agreement with Wickinan's suggestion con-

cerning the type of substitution for Y to enter into the feld-

spar lattice. 
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DISTRIPUTION OF Zr 

Zircon is a ubiquitous accessory in igneous rocks and 

is likely to be the main source of Zr in such rocks. The Zr 

contents of the pyroxenes, hornblendes and biotites of the Cale-

donian rocks reported by Nockolds and T Titchell (1948) range from 

10-100 ppm. There is reason to believe that the presence of 

Zr in these species may be due to the presence of minute inclu-

sions of zircon. According to Rankama and Sahama (19507  p. 564) 

the coordination of Zr (ionic radius 0.87 A°) should be near the 

border-line between 6- and 3-. Assuming that Zr is actually 

present in the crystal structures of the ferromagneiari minerals, 

it may replace Mg and/or Fe29  both of which have 6-coordination 

and ionic radii fairly close to that of Zr. Electrostatic 

neutrality must, of course, be maintained by means of other 

suitable substitutions in the structures. The feldspars may 

contain small amounts of Zr which may be due to zircon inclusions 

or to substitution of Na (0.98 A) in the structure. 

There is no statistical information about the frequency 

of zircon in the different types of igneous rocks, but it is well 

knorn that zircon is more abundant in acidic than in ultrabasic 

or basic rocks. Zr should therefore be relatively enriched in 

the rocks of the late stage and data recorded by Rankama and 

Sahama (1950, p. 566) conforms with expectation: 

Rock / 



ao'i auOenp' 

.*is ei(T 

err 



46. 

Rock Zr (g/ton) 
Peridotites, eclogites, dunites 60 
Gabbro& 140 
Diorites 11,80 
Granites 460 

The distribution of Zr in the Braefoot sill (Tables 

I and II) shows that (1) there was slight impoverishment in the 

early accumulative stage, (2) little variation during the inter-

mediate stage and (3) marked relative enrichment in the late 

stage. 

DISTRIBUTION OF Sc 

Sc has an ionic radius of 0.83 if close to that of Fe2  
0 

0.83 A and Mg 0.78 1 
0 
 . It can replace both elements in the 

ferromagnesian structures provided that other replacements take 

place in order to maintain electrostatic neutrality. The feld-

spars should have negligible amounts of this element, if any, 

since they lack Mg and/or Fe2  and the inter-replacement between 

Sc and Al is likely to be weak. 

According to the general distribution in igneous rocks 

recorded by Rankama and Sahama (1950, p. 516), Sc seems to be 

enriched in basic rocks and especially in pyroxenites. The 

distribution of Sc in the Braefoot sill indicates that it i 

relatively / 



47. 

relatively enriched in the early accumulative stage. Mtually,the 

upper ocellar basalt contains the highest So concentration aiuongt 

the Braefoot rocks (20 ppm.) but the average of all the rooks of the 

intermediate stage Is only 3 ppm. The late stage Is impoverished 

in this element since the content of the microayenite is below the 

limit of sensitivity. 

DISTRI]fTION OF Ou 

Cu Is far more common in sulphide minerals than In silicates. 

Examination of the textural features and the study of polished 

specimens of the fayallte ferro-gabbro of the Skaergaard intrusion 

led Wager and Mitchell (1950, p. 147) to the belief that, at an early 

stage of the magmatic history, an immiscible liquid sulphide phase 

formed as droplets in the silicate melt and that the available Cu 

was largely concentrated in the sulphide liquid. This suggestion 

seems to be sound, but it does not rule out the possibility that 

separation by immiscibility could take place during each of the 

successive stages of magmatic crystallisation -- earlier as well as 

later -- irrespective of the different temperatures concerned. This 

possibility appears to be borne out by the actual data for earlier 

and later rocks recorded in the paper referred to above. In particular 

there Is a tendency for Cu to be relatively enriched in the rocks 

of the Intermediate stage of the Skaergaard intrusion, 
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The data given by Sandell and Goldich (1943, p. 175) 

shows that. Cu occurs in largest amounts in basic rocks. Sill-

dc rocks (average 5102, 72 per cent) have an average Cu content 

of 16 ppm., Intermediate rocks (average SiO2, 62 per cent) con-

tain 38 ppm. and subsilicic rocks (average 5102,  48.5 per cent) 

149 ppm. There Is also a tendency for Cu to be relatively 

enriched in the rocks of the intermediate stage of the Skaer-

gaard intrusion (Wager and Mitchell, 195O p. 144). The ionic 

radius of Cu2  is 0.83 A°, very close to the radii of Fe2  (0.83 

A°) and Mg (0.78 A°). The relatively small proportions of Cu 

which enter into the silicate structures occur essentially in 

the ferromagnesian minerals, since Cu can replace both Fe2  

and I'Ig. 

In the Braefoot sill (Table II) Cu is found to be 

more abundant in the rocks of the intermediate stage than in 

either the early or late stage. This distribution Is very 

similar to that of V. 

DISTRIBLTTIOIT OF Pb 

The Pb sulphide, galena, does not commonly occur in 
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igneous rocks. Substitution if K by Pb can be considered as 

the most pronounced replacement of Pb in silicate structures, 

since the ionic radii are very nearly the same (Pb2, 1.32 A°  

and K, 1.33 A°) Consequently, biotites and potash feldspars, 

which are usually abundant constituents of the late stage rocks, 

should be richer in this element than any of the other groups 

of minerals. 

The low and uncertain contents of Pb in most of the 

rocks of the Braefoot sill justify no more than the statement 

that the distribution appears to be fairly uniform in the three 

main stages. 

DISTRIBUTION OF Ag 

Information about the distribution of Ag in minerals 

and rocks is exceedingly scarce. Ag seems to be more concen-

trated in the sulphide minerals than silicates. According to 

Fankama and Sahama (1950, p.  703) Ag readily becomes enriched 

in the sulphides that separate during the early stages of 

ma.c -it Icc9ifferentiation. 

'J'he content of Ag is highest in the early stageBrae-

foot / 



50. 

Braefoot rocks. The exact manner of the relatively high amount 

of Ag in the picrotesehenite (10 ppm.) cannot be established. 

The ionic radius of Ag (1.13 A°  ) is fr too big for Ag to sub-

stitute for either Fe2  or Mg but is fairly close to that of K. 

However, it may be surmised that Ag cannot be mainly present in 

the lattices of the picrotesehenite feldspars which are princi-

pally plagioclases poor in K. Moreover, the microsyenite shows 

relative impüverishment in Ag. It is more appropriate to sup-

pose that Ag is mainly present in combination with S in very 

minute granules of sulphide minerals. The contents of S cal-

culated from the chemical analyses of the Braefoot rocks are 

recorded in Table II. The picroteechenite has higher S than 

either the average of the rocks of the intermediate stage or the 

microsyenite, but while Ag corresponds in this general way there 

is no close correlation between S and Ag amongst the individual 

rocks. 

DISTRIBUTION OFMo 

The distribution of 10 in the silicate minerals is not 

well known. Affinity to S seems to be pronounced since the 
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most important occurrence of this element is in th-e sulphide 

form. Actually, however, the distribution of Mo in the rocks 

of the Eraefoot sill is quite different from that of Ag. Mo 

is relatively enriched in both the early accumulative and the 

late stages compared to the undifferentiated basalt and the 

intermediate stages. The picroteachenite contains 3 ppm. and 

the microsyenite has 4 ppm. whereas the undifferentiated basalt 

contains 1 ppm. and the average of the rocks of the intermediate 

stage is only 0.3 ppm. 

DISTRIBUTION OF Sn, Ti, Ge In and Be 

Sn, Ti, Ge and In, if present in the rocks of the Brae-

foot sill, occur in amounts below their limits of sensitivity 

and, therefore, their exact behaviour during the progress of 

differentiation cannot be discussed. It need only be mentioned 

that these elements are very scarce in igneous rocks in compari-

son with all the others so far discussd. 

The content of Be Is also below its limit of sensiti-

vity except in the late stage. The microsyenite has 4 5 ppm. 

Fe. If this has any significance it Implies relative enrich-

ment of Be towards the end of the differentiation; such is 
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generally considered to be the case. 

TRELIDS OF THE RATIOS OF Ti-rE. VARIOUS 

ELEMEMT'S DLrRIrG TIE PROGRESS OF 

ID IFD'ERENTIATIO 

So far, we have mainly discussed the concentration of 

each of the different investigated elements during the progress 

of the differentiation of the Braefoot magma. The behaviour 

of most of the elements is in good agreement with the recent 

findings of Wager and Mitchell (1951) concerning the fractiona-

tion of the Skaergaard magma. It is also important to under-

stand the relationship between the different elements in this 

process. Certain ratios in the three stages of the differentia-

tion of the 1raefoot magma are calculated and recorded in Table 

III. The graphical representations of these ratios are illus-

trated in Figs. 3-6. The total Mg+Fe2+Fe3  of each of the three 

stages which is taken as the abscissa in each of the figures 

decreases gradually from the early to the late stage. 

Figs. 3-6 show that there are certain ratios which 

attain their highest values in each of the different stages. 
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Fig. 3 shows ratios which are greatest in the early 

accumulative stage: Cr/Co, (Mg+Fe2+Fe3)/(Na+K+ Ca), (Cr+ Co+Ni+ 

V+Cu)/(Rb+Ba+Sr), Cr/Fe3  and Co/Fe3. 

Fig. 4 shows ratios which are highest in the undif-

ferentiated basalt: Co/Fe2, Ba/K, Cr/Mg, Sr/(K+Ca), Sr/K and 

Jru/Mg. 

Fig. 5 shows ratios which attain their maximum values 

in the intermediate stage: V/Fe2, Cr/Ni, V/Fe3, Fe2/Mg, 

(Co+V)/(Cr+Ni) and Co/Ni. 

Fig. 6 shows ratios which are highest in the late 

stage: Ba/Ca, Ba/(Ca+K), (Fe3+Fe2)/Mg, Sr/Ca, Rb/K, Rb/Ba, 

Li/Mg and Ga/Al. Ratios which behave similarly but not repre-

sented in Fig. 6 are: Li/Ni, Li/Cr, Ea/Sr, Fe3/Fe21  Rb/Sr and 

(FeO+ Fe2O3) /(MgO+ FeO+ Fe2O3). 

There are a few points of interest which can be con-

sidered in the light of the general behaviour of these ratios. 

(1) The ratio of the major elements (Mg+Fe2+Fe3)/(Na+K+Ca) 

and that of their corresponding interchangeable trace elements 

(Cr+Ni+Co+V+Cu)/(Rb+Ba+Sr) behave similarly. They both attain 

their highest values in the early accumulative stage and decrease 

during the progress of the differentiation. Mg and Fe are com-

mon constituents of the ferromagnesian minerals whereas Na, K 

and Ca are much more abundant in the feldspars. It is usually 
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the case that the ratio ferromagnesian minerals/felsic minerals 

decrease as the magmatic crystallisation proceeds. Consequently 

the ratio of the trace elements which most commonly enter into 

the ferromagnesian mineral lattices to those which are generally 

present in the feldspar structures also decreases during the 

course of normal differentiation. 

The ratio Fe2/Mg is highest in the intermediate stage. 

This confirms Wickman's view (1943) that the E-value for Fe2  is 

less than that of Mg and, therefore, that the latter should be 

enriched in the earlier differentiates relative to the former. 

Moreover, it is known that Fe2  is enriched in the later ferro-

magnesian-bearing rocks. It is interesting to find that the 

ratio (Co+V)/(Cr+Ni) in the rocks of the Braefoot sill behaves 

in essentially the same manner as the ratio Fe -'/Mg indicating 

that both V and Co are more related to Fe2  than to T19 in their 

distribution during the fractionation of the magma. 

The ionic radii of Li, Ni and Mg are the same, 0.78 A°, 

but Li/Mg is highest in the late stage whereas Ni/Mg attains 

its greatest value in earlier rocks. This feature may be ex-
plained by the relationship between their E-values given by 

'Tickman (1943, P. 395).  Fe assumes that the E-value for Ni 

is higher than that for Li, and therefore, that Li should be 
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concentrated In the later rocks, as compared to Ni, if both 

elements replace Mg in the different crystal structures. It 

has also been pointed out by Strock (1936) that LiO/MgO in-

creases at the latest stages of magmatic differentiation. 

In the rocks of Central Roslagen, Sweden (Lundegardh, 1946, 

p. 112) Li/Mg shows a definite Increase with progress of frac-

tionation similar to that found in the Braefoot sill. It can 

be emphasised that Li/Mg provides a good index of the stage of 

differentiation reached by a given rock as first suggested by 

Strock (1936). 

Ni/Mg, however, does not behave so uniformly in dif-

ferent differentiation suites and cannot be of the same signi-

ficance as Li/Mg. 

Rb shows a definite increase during the progress of 

differentiation with respect to K, Da and Sr, since the ratios 

Rb/K, Rb/Ba and Rb/Sr are highest in the late stage. This 

feature can be explained by Goldschmidt's rules (1934) accor-

ding to which the element with bigger ionic radius is relatively 

enriched in the latest differentiates compared with its other 

interchangeable elements. These ratios seem to be indicative 

of the stage of differentiation attained. 

Sr/ca and Da/Ca are both highest in the late stage. 
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This is what would be expected, since the ionic radius of both 

Sr and Pa is bigger than that of Ca. But Sr/K and Ba/K is 

highest in earlier rocks. The behaviour of Sr/K is under-

standable because Sr has a small ionic radius than K but the 

ionic radius of Pa is bigger than that of K and accordingly 

Ba/K should be higher in the later rocks. This discrepancy 

may be due to the hydrothermal activity which took place at the 

end of the magmatic history. But the absence of the effect of 

these activities on Da/Ca, Sr/Ca or Sr/K makes this explanation 

rather doubtful. Ea/(K+Ca) however, is highest in the late 

stage whereas Sr/(K+Ca) attains its maximum value in earlier 

rocks. Ba appears to be enriched with respect to the total of 

K and Ca at relatively lower temperatures. Sr on the other 

hand, seems to be concentrated with respect to the same total 

in rocks formed at relatively higher temperatures. This ac-

cords with the finding (p. 39) that Es/Sr is highest in the 

late stage. 

(6) Certain other ratios call for brief mention. 

Li/Ni and Li/Cr attain their greatest values at the late 

stage, indicating enrichment of Li with respect to both Ni and 

Cr at relatively low temperature. 
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(b) Ga/Al Increases during the progress of differentiation. 

This is in harmony with Goldschmiclt's rules, since Ga has a 

bigger ionic radius than Al. 

(c) The individual ratios of Cr, Ni and Co to Mg and Fe show 

relative increase In the earlier rocks, while those of V to Fe2  

and Fe3  are highest in the intermediate stage. 

CONCLUSIONS 

The trace element contents of the differentiated rocks 

of the Braefoot sill indicate that certain elements concentrate 

at particular stages of magmatic crystallisation. The closest 

approach to the original magma of this sill is considered to be 

represented in composition by olivine-basalt outcropping at the 

lower levels of the sill. The stages of crystallisation are 

classified Into early (accumulative) intermediate and late on 

the basis of the ratio (FeO+Fe2O3)/(Mgo+Feo+Fe2o3), which in-

creases from early to late. The distribution of the trace 

elements is found to depend mainly on the amount and type of the 

minerals of the discontinuous and continuous reaction series pre-

dominating in the rock. Cr and Ni concentrate in the early 
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accumulative types, rich in olivines and/or pyroxenes. Co, V, 

Cu and Sr are relatively enriched in the rocks of the inter-

mediate stage rich in pyroxenes, amphiboles and caic-alkalic 

plagioclases. Li, Rb, Ba, Ga, La, Y and Be concentrate in the 

rocks of the late stage of magmatic crystallisation rich in blo-

tites and potash feldspars. 

The early and intermediate stages are characterised by 

having the inter-relationship Cr,Ni>Co and Sr>Ba whereas the 

late stage has Mi> Co> Cr and Ba> Sr. The relative proportions 

of (Cr+Ni+Li) : (Co+V) : (Rb+Ba) in the different stages show a 

trend similar to that of MgO :FeO: (Ma2O+K20). 

There are certain ratios which attain their highest 

values at particular stages. The most important of these are 

(Mg+Fe2+Fe3)/ra+K+ca) and (Cr+Co+'\Ti+V+Cu)/(Rb+ta+Sr) in the 

early stage; Fe2/Mg and (V+Co)/(Cr+Ni) in the intermediate stage 

and (FeO+Fe2O3)/(I'Igo+Feo+Fe2o3), Li/Mg, Rb/Ba, Rb/K and Ga/Al 

in the late stage. 
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TABLE I] 

Element Early Undifferen- Inter- Late 
tiated basalt mediate 

Rb 3 5 16 100 
Li 20 12 24 50 

Da 650 950 936 1200 

Sr 300 900 86f  450 
Cr 950 750 22 * 

Co 85 90 61 10 

Ni +30 340 8+  40 

Zr 220 290 230 1100 

La * * * 75 
Y 25 50 56 200 

Cu 25 i-0 53 10 

V 220 330 3+0 8 
Ga 6 30 32  40 

Ti * * * * 

Sn * * * * 

Pb <10 10 <12 10 

Sc 10 <10 3 * 

MO 3 1 0.3 
Ge * * * * 

Be * * * 5 
Ag 10 1 2.5 2 

In * * * * 

2770 960 2297 1170 
* Analysed for chemically 



TABLE III 

Ratios of the various elements in the different stages 

of orystallisation 

Early Undifferentia- 
ted basalt 

Inter- 
mediate 

Late 

ioo( Fe0+Fe203)/ 
(Mg0tPeOi-Pe203) 42.00 53.50 65.970 70.50 

Fe3/Fe2  0.18 0,35 0,32 0166 
(Fe3sFe2)/Mg 0.92 2.20 2.44 2.90 
1000 Ga/Al 0.10 0.38 0.42 0.55 
1000 Li/?g 0;22 0.29 0.73 2.90 
1000 Rb/K 0.52 0.60 1943 2.94 
1000 Rb/Ba 0.46 0.53 1.71 8.35 
1000 Rb/Sr 1.00 0.56 1.85 22.20 
Ba/Ca 1.57 1.68 1.77 8.80 
100 Ba/(CatIC) 1137 1.46 1.25 2.52 
100 Sr/Ca 0.72 1.59 1,35 3.31 
Ba/Sr 2.16 1.05 1.08 2.66 
Li/Mi 0.05 0.04 0.29 1.25 
Li/Cr 0.02 0.02 0.11 >25. 
Fe2tMg 0.78 1,63 1.85 1.75 
(C6+V/(Cr+1ri) 0.22 0,38 1.30 0.45 
100 V/Fe3  1.72 1.40 1.74 0.04 
100 V/Fe2  3.14 4.85 5.61 0.26 
co/Ni 0.20 0.26 0.72 0.25 
Cr/Ni 29 20 2,20 2.67 * 
1001-ii/mg 0.48 0.81 0.25 0.23 
100 Cr/Itg 1.06 1.78 0.68 * 
1000c6/Mg 0.95 2.15 1.87 0.58 
1000 co/Fe2  1.21 1.32 1.01 0.33 
10 Ba/K 1.12 1.14 0.84 0.35 
10 Sr/K 0.52 1.08 0.77 0.13 
100 Sr/(Cai-K) 0.64 1139 1.15 0.95 
ii,qg_+pe3+pe2)/(Na+K+Ca) 2.68 1.54 1.14 0.82 
(Cr-t-oo*1sTi*vi-cu)/(Rbt:Ba 
*Sr) 1.80 0.84 0.42 0.04 
* (Cr/Co) 2.87 2.08 0.92 * 
10 Cr/p93 0.74 0.32 0.12 * 
100 Co/Fe3 0.66 0.38 0.31 0.05 
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A GEOCHEMICAL STUDY OF THE REGIONAL ?VTETAMORPRIC 

ZONES OF THE SCOTTISH HIGHLANDS 

To be presented at the International Geological Congress 
XIX Sessions  Algiers, September 5-12, 1952. 

ABSTRACT 

A -representative rock of each of the regional metamor-
phic zones of the Scottish IIigh1azs has been chemically analysed 
and its trace elements determined spectrographically, using semi-
quantitative methods, in order to elucidate the geochemical 
changes which take place during the development of the rocks of 
the different zones. The grades of regional metamorphism are 
conveniently divided into low, medium and high, comprising rocks 
of the chlorite zone (green schist fades), the b1ot5.te and gar-
net zones (epidote-amphibolite facies) and the staurolite and 
sil]Jmanite zones (amphibolite fades) respectively. It is 
found that the ratios (FeO+FeoO3)/(1kgo+Feo+Fe-,o3) and K20/A1203 
do not substantially differ in the three grades. Fe3/Fe2and 
FepO/Mgo show a regular increase from low to high. The geo-
chemca1 changes involved during the development of the rocks of 
the different grades seem to have been (a) decrease n Al and K, 
and a slight increase in the total of Mg, Fe' and Fe '5  :Ln the low 
grade; (h) decrease in Al, Ca and (Ig+Fe2+Fe2 ), and increase in 
K in the medium grade; and (C) very slight decrease in K, and 
increase in Al, Ca and (Tg+Fe2+Fe3) in the high grade.  K, there-
fore, behaves differently from Mg, Fe2  and FeOin all these 
changes. 

The trace elements behave like the major elements which 
have approximately the same ionic radii. Ga follows Al; Ti, 
Mm, Li, Cr, Ni, Co and V follow big, Fe2  and Fe3; Sr, V and La 
follow Ca; and Rb, La and Pb follow K. The distribution Cr> 
1 i> Co and a>3r Is similar in each of the three grades of re-
gional metamorphism. 
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IiTRODUCTIOF 

In the study of progressive regional metamorphism in 

the Scottish Highlands the following successive zones have been 

recognised: chlorite, biotite, garnet, staurolite and sillimanite 

zones. 

The P T conditions under which the rocks of these dif-

ferent zones recr:Tstaliised are considered to correspond to: 

(a) the green schist fades in the case of the chlorite and blo-

tite zones; (b) the epidote-amphibolite fades in the case of 

the garnet and staurolite zones and (c) the amphibolite fades 

In the case of the sillimanite zone. 

Very little is 1iovn about the geochemistry of these 

zones, and the manner of the development of their index minerals 

is not fully understood. This paper deals mainly with the be-

haviour of the trace elements and their relation to the major 

elements in the different zones. 

ANALYTICAL T477-'ODS A) DATA OPTAIN1D 

A representative rock of each of the chlorite, biotite, 

garnet, staurolite and sillimanite zones was selected by Dr H. 

Campbell / 



Campbell and the writer after a careful petrographical examina-

tion of at least thirty rocks of each of these zones. The rocks 

were chemically analysed by Mr W.F. Herdsman. Their trace ele-

ments were determined spectrographically by the writer at the 

Macaulay Institute for Soil Research at Aberdeen, Scotland, 

using portions of the powders prepared for the chemical analysis. 

The semi-quantitative method adopted in this study has 

been described in detail by Mitchell (1948). The error in this 

method is stated to be of the order of + 25-30 per cent over the 

range of approximately 10 to 300 ppm. If the element is over 

1000 ppm. errors of + 50 per cent are said to be possible. The 

spectrographic determinations were carried out in duplicate and 

the diagnostic lines of the different trace elements were com-

pared with the standard plate on the Judd Lewis comparator on 

two different occasions with very close correspondence. It is 

believed, therefore, that the actual errors are far less than 

+ 25-50 per cent; more probably they are about + 10-25 per cent. 

The chemical and spectrographic composition of the 

rocks investigated are given in Table I. The trace element 

contents in ppm. are given in Table II. Their modal composi-

tions are given in Table III. 
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DISTRIBUTION OF 71M, ELINTS 

Silicon 

It is known that the ratio of psarnitic to pelitic 

material in the original country rock commonly varies between 

wide limits. The SW2  content of the psanuo-pelitic schists 

depends mainly on the amount of the detrital quartz and the 

other silica particles present in the original rock. 

The reactions responsible for the production of the 

index minerals of the different zones are not exactly known. 

It may be that all the mineral constituents play some part in 

this respect. Quartz, however, is commonly found in the psammo-

pelites in surplus and it appears that only a very small propor-

tion of the amount present of this mineral is needed to complete 

the reactions. oreover, quartz seems to carry only negligible 

amounts of the trace elements compared to the other silicate 

minerals. The relative abundance of quartz would be, therefore, 

of little significance in the distribution of the trace elements 

of the psamnio-pelitic schists, affecting their abundances but 

not their relative proportions. 

The 510, percentage in the analysed rocks ranges be- 

tween 50.6:3 and E8.05. Its average in these rocks is 57.05, 

close to the $102 of the average shale (58.10) quoted by Petti-

john (1949). 

There / 
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There see.s to he no regular relationship between the 

content of silicon of the analysed rocks and the other major 

elements, namely, Fe2, Fe3, Mg, Ca, K and Na. The trace elements 

resemble the major elements in this respect. They, too, show 

no regular relationship with Si. The Rb2O contents, for in-

stance, of the biotite-schist and the biotite-sillirnanite-gneiss 

are 0.05 and 0.033 per cent respectively. The Sip, percentages 

of these rocks do not differ very much, they are 53.05 in the 

former and 53.02 in the latter. Noreover, the SiO2  contents 

of the chlorite- and the garnet-biotite-schist vary rather widely, 

being 60.512 and 68.05 per cent respectively. On the other han 

their R'b20 contents are the same (0.011 per cent). Nockold 

and 111itchell (1948 p. 542) mention similar findings for the 

schists surrounding the Garabal Hill-Glen Fyne Complex. 

Other major elements 

The most important constituents in the psammo-pelitic 

metamorphie rocks under consideration are A1203, Fe2031  FeO, 

MgO and K20. They are fundamental constituents of the dif- 

ferent index minerals of the various metamorphic zones. CaO 

and }Ta201  however, are of less significance than these oxides. 

This is because (1) Ca and ?a are not as important as Al, Fe, Mg 

and K in the composition of chlorite, biotite, almandine garnet, 

staurolite / 
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staurolite and sillirnanite, and (2) the plagioclases and/or 

epidotes, in which Ca end TTa are present in significant propor-

tions, occur, .,,hen present, in the studied rocks only in minute 

amounts. 

The relative proportions of A1203; FeO, MgO and Fe2O3 

and K20  are best represented graphically by the AKF triangular 

diagram introduced by sko1a (191, p. 128). It is known that 

according to the facles classification of metamorphic roks, the 

mineral assemblages in equilibrium vary with Lhe grade of meta-

morphism. When plotted on the AKF diagram corresponding to 

the green-schist facies the compositions of both the chlorite-

and the biotite-schists are found to lie in the part of the 

diagram indicating the assemblage chloritoid-biotite-muscovite-

quartz. It should be noticed that the position of chioritoid 

on the AF side of the triangle can he considered as equivalent 

to that of an aluminous species of chlorite; consequently, the 

mineral assemblage in these rocks can be regarded as chlorite-

biotite-muscovite-quartz, which agrees to a great extent with 

their mineral composition. It is of interest to find that the 

small amount of biotite present 'in the chlorite-schist is 

greenish in colour with X = dark yellow, Y = Z = deep green, 

while the biotite of the biotite-schist is brownish with X = 

yellow, Y = Z = dark brown, and that of the sillimanite gneiss 

reddish / 
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reddish brown with X = pale yellow, Y = Z = reddish brown, con-

firming what has been observed by Tilley (1926, p. 40). The 

plot of the composition of the metamorphic schist of the garnet 

zone on the AKF diagram of the epidote-amphibolite fades cor-

responds to the assemblage chioritoid (chlorite)-a].rnandine-

muscovite-quartz. The plots of the compositions of the repre-

sentative rocks of the staurolite and silhimanite zones on the 

AKF diagram of the amphibolite-facies indicate the assemblages: 

and staurohite-muscovite-

almandine-cuartz respectively. It is thought to he more con-

venient in our discussion to consider the representative rocks 

of the different zones as Indicative of three grades of regional 

metamorphism. (1) The low grade is represented by the schist 

of the chlorite zone. (2) The medium grade is represented by 

the average of the rocks of the biotite and the garnet zones. 

This average, given in Table I, when plotted on the AKF diagram 

of the epidote-amphibolite fades, lies in the field showing the 

assemblage chioritoid (chlorite )-a1mandIne-muscovite-cuartz, 

(3) The high grade is represented by the average of the rocks 

of the staurolite and silimanite zones. This average, when 

plotted on the AI'O? diagram of the amphiboUte fades, lies in 

the field showing the assemblage staurohite-muscovite-kyanite-

quartz. 

All 



8. 

Al and Ga 

In the rocks investigated A1203 varies from 15.69 to 

28.86 per cent, the average being 21.42 per cent. This is 

higher than the average A120 content of shales (15.40) cited by 

Pettijohn (1949, p. 271). The averages in the different grades 

of metamorphism are 17.45 in the low grade (chlorite-schist), 

12.72 in the medium grade (average of the rocks of the biotite 

and garnet zones) and 26.11 in the high grade (average of the 

rocks of the staurolite and the sillimanite zones). The average 

L0O3  content of five metamorphic rocks of Duchess County, New 

York (phyllites, a garnetiferous schist and a mica-schist) studied 

by Barth (1936, p. 202) is 18.14 pet cent, approximating to the 

averages of both the low and medium grades of the Scottish High-

lands but considerably lower than the average of the correspon-

c9inv high grade. 

It sems that the A1.03  content in the high grade meta-

morphic rocks ia relatively higher than that of rocks of both the 

low and medium grades. Staurolite, kyanite and sillimanite 

are species generally stable in the relatively high grade meta-

morphism and their A1200  contents are higher than those species 

indicative of low and medium grades of metamorphism, that is, 

chlorite, biotite and almandine garnet. 

It is interesting to notice that the total of S102  and 

A1-,03  / 
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does not very much n th dee of rietrpliiem. I is 

77.97, 79.27 and 77.93 an the low, medium and high grades respec-

tively. Moreover, the average of the toLal of these two major 

oxides in the slates of the Duchess County, New York is 80.12 

(Barth, 1936, p. 799). This average is very close to that of 

the phyllites, garnetiferous and mica-schists of the same loca-

lity (79.31). Also, the total of these two oxides in the 

cuartz-muscovite-chlorite phyllite of the Stavanger region, Nor- 

ray, is 78.32 (Goldschmidt, 1920, p. 110). The average of the 

total in the other metamorphic schists of this region which 

carry biotite and/or garnet is 79.41. This may indicate that 

the different reactions which take place in the various grades 

of metaorDhism in order to produce their respective index mine-

rals do not materially change the total of SiO2 and A1203. 

Ga is most commonly found substituting for Al in the 

crystal lattices of the different minerals. It is of signifi-

cance that the relative decrease or increase of Al in the rocks 

of the different zones is accompanied by similar behaviour of 

Ga. The high grade me axnorphic rocks contain the highest Al 

content and are P.Iso the richest in a (Fig. 1). 

Fe2, Fe3  and Mg-- Cr, Co, Ni, V, Cu and Li. 

The total of FeO, Fe203  and MgO of the rocks of the 

various / 
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various zones ranges from 8.87 to 11.10 per cent. Perhaps this 

difference is mainly to be attributed to the varying amounts of 

iron-ores present in these rocks. However, the variation in 

this total is only from 9.99 to 10.51 per cent in the different 

grades of metamorphism. The low grade metamorphic rock (chlo-

rite-schist) is slightly richer in these oxides (10.48) than the 

medium grade metamorphic rocks (9.99), and is not appreciably 

different from that of the high grade metamorphic rocks (10.51). 

The ratio Fe0/Fe203  varies rather considerably in the 

rocks of the different zones as well as in the various grades of 

metamorphism. It reaches its highest value (14.5) in the low 

grade and its lowest value (2.1) in the high grade, the value in 

the medium grade being 3.5. 

Average shale (Pettijohn, 1949, p. 271) has more Fe203  

than FeO and therefore the ratio FeO/Fe2O3  is less than unity 

(0.3). In this respect the high grade metamorphic rocks are 

intermediate between average shale and low grade metamorphic 

rocks. 

The distribution of both Co and V is almost uniform in 

the different grades of metamorphism. Li, Cr and Ni, however, 

show more marked variation. Li is richest in the medium grade 

metamorphism. The Li contents of the low and high grades do 

not / 
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not differ significantly, being 100 and 115 ppm. respectively. 

Te high Li content of the medium grade metamorphism can perhaps 

be correlated with the relative richness in biotite produced 

under the P T conditions prevailing in this grade. However, 

there is an appreciable amount of Li in the staurolite.-schist 

(120 ppm.) which contains 40 per cent of staurolite, 20 per cent 

muscovite, and only 5 per cent of biotite. Here it is more 

likely that most of the Li content occurs in staurolite where 

it would substitute for Fe3  in the structure. Muscovite does 

not usually contain Mg and/or Fe which could be replaced by Li. 

The muscovite of the Caledonian plutonic rocks, for example, has 

only 10 ppm. Li, while the biotites of these rocks vary in their 

content of this element from 70 to 800 ppm. with an average of 

360 ppm. (Nockolds and Mitchell, 1948, p. 84). The Li content' 

of the sillimanite-gneiss is 110 ppm., that is, one-third of the 

amount in the biotite-schist, though the mineralogical composi-

tion of these two rocks is nearly the same (Table II), each 

having 40 per cent of biotite. Li, therefore, may be relative-

ly enriched at the lower temperatures prevailing in the biotite 

zone. 

Cr is lowest in the low grade (60 ppm.). The Cr 

content of the high grade (115 ppm.) is but little higher than 

that of the medium grade (100 ppm.). The NI content of the 

rock / 
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rock of the low grade (55 ppm.) is slightly higher than that of 

the average of the medium grade metamorphic rocks (45 ppm.). 

Ni attains its highest value in the high grade metamorphic rocks 

(98 ppm.). The distribution of Cr+Ni is similar to that of 

Fe3+1!g in the three grades of metamorphism. 

The Cu content of the different schists - 6 to 15 ppm. - 

is relatively very low. The averages for both the medium and 

high grade rocks are similar (12 ppm.). The low grade rock has 

a lower Cu content (6 ppm.). 

It is interesting to notice that the distribution of 

the total of TI, Mn, Cr, Ni, Li, Co, V and Cu in the three dif-

ferent grades of metamorphism is similar to that of Fe2, Fe3  and 

and Mg, as graphically illustrated in Fig. 1. 

The metamorphic rocks surrounding the Garabal Hill-

Glen Fyne Complex examined by Nockolds and Mitchell (1948) also 

illustrate this correlation. Fe2, Fe3  and Mg are unfortunately 

not given, but their relative concentrations can be judged from 

the mineralogical constitution of the different rocks. The 

hypersthene-bearing hornfels (analysis No. 1, Table IV, p. 545) 

Is the richest in Cr and NI,  and the diopside-bearing hornfels 

(No. 6, Table IV) comes next In the abundance of these elements. 

It is reasonable to assume that the Mg content of each of these 

hornfelses is higher than in any of the associated schists, and 

that / 
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that it is highest in the hypersthene-bearing hornfels. 

Ti, Mn, Cr, Ni, Li, Co, V and Cu usually replace Fe2, 

Fe3  and Mg in favourable crystal lattices. During the progress 

of the crystallisation differentiation of volcanic rocks the 

total of Fe2, Fe3  and Mg tends to decrease. It has been found 

by the writer (Higazy, 1952bthat the total of the trace elements 

which can replace these major elements also decreases. In re-

gional ue tamorphism, however, where there seems to be no regular 

decrease of the total of Fe2, Fe3  and Mg from high to low grades, 

the same behavious is found in the respective trace elements. 

In metasomatic-metamorphism this has also been found to be the 

case (Higazy, 195. 

Ca Sr, Y and La 

The Ca content of the investigated rocks is relatively 

low. CaO ranges from 0.48 to 1.33 per cent. The average CaO 

content in these rocks (0.84) is much lower than that of shales 

(3.11). The average CaO content of the high grade metamorphic 

scThists (1.13) is higher than the averages for the other two 

grades (0.93 in the low grade and 0.51 in the medium grade). 

As found in case of the ratio FeO/Fe203  , the CaO content of the 

high grade metamorphic rocks shows a closer resemblance to the 

average for shale than do the low and medium grades. 

The/ 
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The similarity between the distribution of Ca on one 

hand and of that of each of Sr, Y and La on the other is striking. 

Increase or decrease in Ca is acmpanied by similar behaviour 

of both Sr and Y. If present, La is in amounts below Its limit 

of sensitivity In the low and medium grades, but it occurs In 

detectable amounts (30 ppm.) in the high grade rocks which also 

possess the highest Ca content amongst the rocks examined. The 

similarity of behaviour between these trace elements and Ca can 

be readily understood if we consider that their ionic radii are 

all closely alike (Ca, 1.06; Si', 1.27 Y, 1.06; and La, 1.22 it) 

K Rb, Ba and Pb 

K20 varies from 2.23 - 6.59 per cent with an average 

of 3.64, close to that of the average shale (3.24). The :p 

content is almost the same In the chlorite-, garnet- and stauro- 

lite-schists, being 2.27, 2.23 and 2.25 respectively. It is 

relatively high in both the biotite- and the biotite-sillimanite-

schiets, being 6.59 and 4.89 respectively. Its distribution in 

the three grades of metamorphism Is 2.27 in the low, 4.41 in the 

medium and 3.57 per cent in the high grades. 

The distribution of each of Rb, Ba and Pb Is very simi-

lar to that of K. These trace elements attain their highest 

amounts in the medium grade (Rb 275 7  Ba 200C) and Pb 22 ppm.) 

which / 
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which is also richest in K. They are lowest in the low grade 

(Rb 1002  Ba 900 and Pb 10 ppm.) which is also poorest in K. 

It is significant that the metamorphic rocks surrounding the 

Garabal Hill-Glen Fyne Complex show similar tendencies. Ba and 

Rb are more concentrated in the schists which have biotite and 

potash feldspar among their major constituents (Nockolds and 

Mitchell, 1948, Analyses Nos. 2, 5 and 109  Table IV, p. 545), 

and which can therefore be expected to be relatively rich in K. 

Zr 

Zr varies considerably in amount and its abundance is 

most likely to be related to the amount of zircon found in the 

different rocks. The chlorite- and the biotite-schists have 

relatively high amounts of this element. Zircon as a minor 

accessory constituent is also relatively more abundant in these 

two rocks than in the other schists. The biotite of the silli-

manite-gneiss is more heavily sprinkled with pleochroic haloes 

than that of the biotite-schist, yet the Zr content of the former 

rock is much lower than that of the latter. This may indicate 

that the nuclei of these babes are for the most part radioactive 

minerals other than zircon. 

Mo/ 
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Mo and Sc 

Mo is found in very small amounts in the rocks of the 

different zones, 1 ppm. in the low grade and an average of 2 ppm. 

in each of the medium and high grades. 

Sc, if present, is found in amounts below its limit 

of sensitivity in the rocks of both low and medium grades. The 

sillimanite-gneiss has 10 ppm. Sc and thus the average Sc con-

tent in the high grade metamorphic rocks is 5 ppm. Sc is related 

in its distribution to Mg, Fe2  and Fe3. 

Be and Ag 

The Be content of the rocks of each of the low and high 

grades is 5 ppm. In the medium grade Be, if present, is in 

amounts below its limit of sensitivity. 

Ag is present in amounts ranging from 1 to 3 ppm. 

The abundances of both Be and Ag in the rocks examined 

fall to suggest a definite relationship with any of the major 

elements. 

Sn, Ti, Ge and In 

Sn, if present, is in amounts below its limit of sen-

sitivity in the investigated rocks. Cassiterite has not been 
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found among the minor accessory minerals of these rocks. 

Ti, Ge and In, if present are in amounts below their 

respective limits of sensitivity; relatively they are the rarest 

of the trace elements in the rocks under consideration. It is 

worth mentioning that although the Rb content is as high as 450 

ppm. in the biotite-schist, Ti is undetectable in the same rock. 

The lepidomelane-skarn of Co. Donegal, Eire, studied by the 

writer (Higazy, 19o, has 800 ppm. of Rb and its Ti content is 

also undetectable. liowever, the perthites of the Black Hills 

of South Dakota, recently analysed by the writer (Higazy, 195.c) 

P. ) which have a Rb content as high as 9500 ppm., contain 

30 to 150 ppm. of Ti. This confirms the unique association of 

Ti and Rb in rocks and minerals already noted by Ahrens (1948). 

Water 

The Ti20.  reaches its highest value 0.39 in the low grade 

and it is lowest in the high grade. The total H20- and H20+, 

however, is highest in the medium grade and lowest in the high 

grade. The metamorphic rock of the low grade has a total of 

these two oxides (3.87) which is very slightly lower than that 

of the average of the rocks of the medium grade (4.11), and 

higher than that of the average of those of the high grade (3.21). 
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BEHAVIOUR OF THE TRACE ELEi.IENTS TM REGIONAL METAMORPHISM 

General statement 

The average composition of all the investigated rocks 

(Table I) is considered to represent approximately the original 

composition before metamorphism. The SiO2, MgO, Na2O, 1(20  and 

contents of this average are similar to those of the average 

shale quoted by Pettijobn (1949). The total of Fe703 and FeO, 

however, (7.80) is slightly higher than that of the average shale 

(6.47); CaO (0.84) is much lower than in the average shale 

(3.11); and A1203 (21.42) is much higher than in average shale 

(15.40). It is assumed that this original composition would 

give rise under the different P. T conditions to the metamorphic 

rocks of the different grades. It is not overlooked that other 

factors such as primary-  local lithological differences, shearing 

stress and transference of mobile ions, are also involved in 

the processes of metamorphism. 

The significant changes which took place in the pro-

portions of the major elements during the production of the low 

grade chlorite-schist are: decrease in Al and I, and a slight 

increase in the total of Mg, Pep  and 7e3. There has been also 

a corresponding decrease of Gal  and of Rb and Pa, and a slight 

increase in the total of Ti, Mn, Li, Cr, Co, Ni, Cu and V. 

The production of the medium grade metamorphic rocks (biotite 

and / 



11 

and biotite-garnet schits) ivolved decrease in Al, Ca and the 

total of Mg, Fe2  and Fe3, and increase in K. In the high grade 

rocks (staurolite-schist and illimanite-biotite gneiss) there 

has been a slight decrease in K, and increase in Al, Ca and the 

total of Mg, Fe2  and Fe3. This, in all these changes K behaves 

differently from the total of flg, Fe2  and Fe3. The trace ele-

ments behave like their respective major elements during the 

development of these medium and high grade rocks. 

The inter-relationships of Cr, Ni and Co on the one 

hand and of Ba and Sr on the other in the different grades of 

metamorphism are very significant. In all three grades we find 

Cr> Ni> Co and Ba> Sr. Thus, the different P T conditions 

corresponding to the various grades of metamorphism do not ap-

pear to have influenced the relative distribution of these trace 

elements. It may be stated that the distribution Cr> Ni > Co 

is found to be characteristic for the ultrabasic and basic rocks 

that form during early and intermediate stages of magmatic cry-

stallisation (Lundegrdh, 1949; Higazy, 1952). The distribu-

tion Ba> Sr, however, is found to characterise rocks that 

develop at the late and end stages of the magmatic history 

(Higazy, 1952b). 
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Significant Ratios 

It has been found (Higazy, 1952bthat certain ratios 

vary significantly during the formation of various kinds of vol-

cane rocks by the crystallisation differentiation of basic 

magma. The most important of these ratios are (Fe0+Fe203)/ 

(Mg0+FeO+Fe203), Fe3/Fe2  and (Fe3+Fe2)/Mg all of which increase 

during the progress of differentiation and thus attain their 

highest values in the late stages; and (Mg+Fe3+Fe2)/(K+Na+ca), 

which has its highest value in the early stages and thereafter 

decreases. 

The ratio (Fe0+Fe203)/(Mg+Fe0+Fe2o3)7  however, is al-

most uniform in the metamorphic rocks here under discussion, 

being 0.73, 0.77 and 0.76 in the low, medium, and high grades 

respectively. These values lie within the range found for 

late magmatic rocks (0.7-0.8) by Walker and Poldervaart (1949). 

The value of Fe3/Fe2  increases from low grade (relatively low 

temperature) to high grade (high temperature), a result which is 

the reverse of that characteristic for a series of differentia-

ted volcanic rocks. The value of (Fe2+Fe3)/Mg shows only a 

slight increase in the medium and high grades of metamorphism 

relative to the low grade. Fe203/Mg0 increases regularly from 

low to high grade and attains its maximum value (1.43) in, the 

staurolite-.schist. 
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It seems, therefore, as regards the variation of these 

ratios, that the regular tendencies characteristic of differen-

tiated volcanic rocks are not followed by metamorphic types which 

have substantially different mineralogical constitution. This 

is also true with respect to the other ratios of the trace ele-

ments. Li/Mg, Rb/K, Ba/K Li/NI and Li/Cr do not show a regular 

Increase towards the low grade of metamorphism yet they attain 

their highest values in the late maatic rocks. 1Toreover, 

neither (Mg+Fe2+Fe3)/(K+ca) nor the corresponding ratio (Cr+Co+ 

NI+Cu+V)/(Rb+Ba+Sr) exhibits a regular decrease towards the low 

grade metamorphic rock. 

This contrast in ratio-tendencies for differentiated 

types and regionally metamorphosed psamino-pelitic rocks may be 

accounted for by considering the respective differences in their 

petrogenetic evolution, differences which culminate in the pro-

duction of highly contrasted mineral assemblages In the two 

series of rocks. 

The ratios In the biotite-schist and the sillimanite-

blotite-gneiss show an interesting feature. These two rocks 

are similar in their modal mineral composition. Their most 

abundant minerals are biotite and ouartz. This makes it ciulte 

likely that biotite in each of these rocks is the main source of 

the trace elements. The values of the ratios Li/Mg. Li/wi, 
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Rb/K, Ba/Ca, 13a/(Ca+K) and Sr/Ca are all higher in the biotite- 

schist than in the sillimanite-bearing biotite gneiss. This 

is consistent with Goldschmidt's rules for the replacement of 

major by trace elements. The trace elements which have bigger 

ionic radii than their respective replaceable major elements 

should concentrate relative to them at the lower temperatures. 

The hiotite of the biotite-schist (green schist fades) is known 

to recrystallise at a relatively lower temperature than that of 

the 'biotiteof the sillimanite bearing rock (amphibolite fades). 

Similarly Cr/Fe3  is higher in the sillimanite-biotite-gneiss 

which forms at relatively higher temperature. Cr has a smaller 

ionic radius than that of Fe3. 

CONCLUSIONS 

During the development of the well known zones of re-

gional metamorphism of the Scottish Highlands, the behaviour of 

the trace elements resembles that of the major elements which 

have approximately the same ionic radii. The trace elements, 

therefore, culminate in the rocks which show culmination of cer-

tain major elements. Ga culminates with Al; Ti, Mn, Li, Cr, 
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Ni, Co and V with Mg, Fe2  and Fe3; Sr, Y and La with Ca and 

Rb, Ba and Pb with K. Similar Inter-relationships between 

certain trace elements are found In all three grades of meta-

morphism: e.g. the distribution of Cr, Ni and Co in the three 

grades is Cr>Iii>Co and that of Ba and Sr is Ba>Sr, corres-

ponding to the distribution of these elements In average shale, 

as recorded by Rankama and Sahama (1950, p. 226). 
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average average 
A B C BC D E DE 

(Fe0+Fe03  )/ 
(Mg0+Fe0+Fe2 0,3 ) 0.73 0.75 0.86 0.77 0,78  0,75 0.76 
(Fe+Fe2 )/Mg 3.36 3.56 5.15 4.35 1+.1+3 3.8i  4-13 
Fe8/Fe2  0.06 0.55 0.03 0.29 0.60 o+o 0.50 

Fe203/Mg0 0.17 1.09 0.15 0.62 1.1f3 0.72 1.08 
K2 0/JU2 03  0.1 0.30  0.1i4 0.22 0.08 0.21 0.15 

1000 Ga/Al 0.38 0.48 0.30 0.39 0)+9 0.+8 0.48 
1000 Li/4g 5.75 19.10 4.66 11.88 8.6+ 6.97 7.80 
Ii/Ji 1.82 6.60 1.25 3.93 1.00 1.17 1.24 
Li/Cr 1.67 2.20 1.00 1.6o 1.00 1.00 1.00 

1000 Rb/IC 5.05 8.22 5.o 6.81 8.02 7.39 7.70 
100 Ba/IC 4.78 5,50 5.110 5.1+5 5.08 1+.92 5.00 
100 Ba,+Ca) 3.5 5.1 11.5 +.8 3.7 +.0 3.8 
Fe2 /Mg 3.17 2.29 4.96 3.63 2.76 2.92 2.8+ 
(Mg+Fe2 +Fe8  )/ 
(K+Ca) 2.98 1.35 3.00 2.18 2.98 1,53 2.26 
(Cr+Ni+Co+V+Cu)/ 
(Rb+Ba+Sr) 0.2+ 0.11 0.18 0.15 0.311. 0.14 0.211- 
100 CWFea 1.78 0.69 2.71,. 1.72 0,52 0.75  0.64 

A - E as in Table I 

A, BC and DE as in Table I 



I Trace element contents in ppm. of the analysed rocks 

average average average o: 
Element A B C BC D E DE all rocks 

Rb 100 1f50 100 275 

Li 100 330 50 190 

Ba 900 3000 1000 2000 

Sr 60 50 20 35 
Cr 60 150 50 100 

Co 30 25 35 
Ni 55 50 +0 

Zr 850  900 100 500 

La * * * * 

Y 50 35 30 33 
Cu 6 15 8 12 

V 110 110 80 95' 
Ga 35 55 25  40 

Ti * * * * 

Sn * * * * 

Pb 10 35 10 23 
- 

Sc * * * * 

Mo 1 1 3 2 

Ge * * * * 

Be 5' * * * 

Ag 3 2 1? 1.5 

In * * * * 

150 300 225' 220 

120 110 115 1+2 

950 2000 11+75 1570 

80 120 100 66 

120 110 115' 98 

1+0 35' 38 35' 
120 75 98 68 
280 320 300 1f90 

30 30 30 * 

60 100 80 55 
15 8 12 10 

110 115 113 105 

75 60 68 50 
* * * * 

* * * * 

15 20 18 18 
* 10? 5? * 

2 2 2 2 
* * * * 

5 5 5 * 

1 2 1.5 2 
* * * * 

A, B, C, BC, D, E and DR as in Table I. 

Spectrographic analyst: R.A. Higazy 
* = Element if present is in amount below its limit of sensitivity 

given in Table I. 



Mineral A B C D E 

Quartz 1+0 35 50 30 1+0 

I Chlorite 1+5 P 20 P P 

Sericite and 
Muscovite 10 17 10 20 15 

Biotite P 1+0 15 5 ig) 

Staurolite - 1+0 - 
Garnet P P P 

Silhimanite - - - 3 

Iron-ores 5 8 5 5 2 

Calcite P - P - 

Albitic 
plagioclase P -? - P P 
Tourmaline P p P P P 

Apatite P p P P P 

Zircon P P P p P 

A - E as in Table I 

P = present in amounts much less than 1 per cent 
- = absent 



PETROGENESIS OF PERTHITE PEGMATITES 
IN THE BLACK HILLS, SOUTH DAKOTA 

RIAI A. HIGAZY 

Reprinted for private circulation from 

THE JOURNAL OF GEOLOGY 
Vol. 57, No. 6, November 1949 

PiNrao IN U.S.A. 



VOLUME 57 NUMBER 6 

THE JOURNAL OF GEOLOGY 
November 1949 

PETROGENESIS OF PERTHITE PEGMATITES IN 
THE BLACK HILLS, SOUTH DAKOTA' 

RIAD A. HIGAZY' 
Farouk I University, Alexandria, Egypt 

ABSTRACT 

The study of some pegmatites of the Black Hills, South Dakota, has led to the conclusion that metaso-
matic replacement played a significant role in their formation. Microcline microperthites of these pegmatites 
were not products of magmatic crystallization but were formed by complex processes of ierthitization. The 
hypothesis of the metasomatic origin of the perthites is supported by chemical analyses and microscopic 
features of the perthites and country rocks and by field observations. 

STATEMENT OF PROBLEM 

The origin of the potash-rich rocks, 
whether deep seated or extrusive, is still 
an unsolved problem. Some authors ex-
plain them as products of magmatic 
crystallization, whereas others believe in 
a secondary mode of origin of the potash. 
Final conclusions regarding the genesis of 
these rocks can he drawn only on the ba-
sis of field and laboratory investigations 
of individual occurrences. 

The author studied some potash-rich 
pegmatites in T. 2 S., R. 6 E., near Glen-
dale, Pennington County, South Dakota 
(fig. i). Excellent outcrops and mine cuts 
facilitated the study. The pegmatite 
mines studied include the Glendale, in 
the northernmost portion of NW. I  Sec. 
23, T. 2 S., R. 6£.; the Soda Spar, in the 
SE. 1 Sec. 22, T. 2 S., R. 6 E.; the John-
son Dike, in the SE. 1 NW. 1 Sec. 22, T. 
2 S., R. 6 E.; and several smaller un- 

'Manuscript received October 8. iS. 
2 On a study leave at the University of Chicago. 

named bodies. Several pegmatites, such 
as the Three Falls Lode in the SW. - 

Sec. 22, T. 2 5., R. 6 E., previously 
mined, were also examined. 

Smaller pegmatites are very numerous 
in this area. The map of pegmatites of 
the Beecher Rock Basin, T. 4  S., R. 4  E., 
in Custer County, South Dakota, made 
by Gwynne (194.) shows clearly their 
wide distribution. 

Some of the largest pegmatites of the 
Black Hills in the neighborhood of both 
Custer and Keystone were also visited. 
These were the Buster, 2 miles south-
southwest of Custer, in the SW. - Sec. 2, 
T. 4  S., R. 4  E.; the New York, in the 
NE. Sec. 18, T. 4 S., R. 4  E.; the Peer- 
less, in the NE. - SE. Sec. 8, T. 2 S., 
R. 6 E.; the Hugo, in the southernmost 
portion of SE. I  Sec. 8, T. 2 S., R. 6 E.; 
the White Cap, in the S. Sec. 9, T. 2 S., 
R. 6 E.; and the Etta, in the NW. 
NW. Sec. 0, T. 2 S., R. 6 E. 

The structure of most of these pegma- 

555 
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tites has been described by other writers: GEOLOGY OF PEGMATITE AREA 

Apsouri (194.0), Connolly and O'Harra The general geology of the Black Hills 
(1929), Guiteras (1940), Fisher (1942 and has been discussed by Darton and Paige 
1945), Landes (1928), Lincoln (1927), (1925). The Black Hills uplift, an outlier 
Page and Norton (1946), and Tullis of the Rocky Mountains, is an elliptical 
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Fin. i —Glendale area, showing location of perthites 

(1939). Few chemical or microscopic area whose long axis trends northwest. 
data have been published. The author, The core is composed of metamorphic 
therefore, analyzed some perthites and and eruptive rocks surrounded by con-
country rocks and examined 65 slides of centric outcrops of Paleozoic and Meso-
these rock types. Still more data are zoic sediments. The pre-Cambrian cen-
needed to make certain the conclusions tral portion and the outwardly dipping 
drawn, sediments are overlain by Oligocene for- 
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mations. Hypahyssal dikes and sills of 
Tertiary age intrude the pre-Cambrian 
metamorphic rocks and the Paleozoic 
and Mesozoic sediments (Kirby, 1932). 

The pre-Cambrian rocks are metamor-
phosed sediments and basic igneous 
rocks, granites, and granite pegmatites. 
The sediments are conglomerate, quartz-
ite, slate, phyffite, mica schist, garnet 
and staurolite schists, and marbles (Van 
Hise, 1890). The basic rocks, originally 
dioritic or gabbroic, are amphibolites and 
hornblende schists. In places metamor-
phism makes it difficult to distinguish be-
tween metabasics and metasedirnents 
(Connolly, 1927). 

The pegmatite granite of Harney 
Peak is a coarse-grained potassic granite 
composed principally of microcline-
perthite, quartz, and muscovite with an 
unusually large amount of tourmaline. 
The pegmatites are also rich in potash 
and consist chiefly of those minerals 
which form the pegmatitic granite. 

Intense metamorphism and lack of 
fossils (Connolly, 1927) make it difficult 
to determine the age of the sediments. 
Most investigators assign these rocks to 
the Algonkian. Davis (1926) determined 
the age of the uraninite from the pegma- 
tites of the southern Black Hills as 1,167 
million years. The corrected age, apply- 
ing Wickman's graphic chart (i) of 
U/(U + Pb) and U/(U + TI2), 15 1,450 
million years. The Black Hills pegma-
tites are, therefore, Archean. 

FIELD RELATION OF PEGMATITE 

AND ASSOCIATED SCIIISTS 

Recent studies of the Black Hills peg-
matites show that most of the mined peg-
matites are zoned (Page and Norton, 
1946). The zones occur in a definite se-
quence, and, although any number of 
different zones may be missing, the se-
quence of the existing zones will remain  

the same. Perthite may be either an es-
sential constituent of the zones or may 
form one of the zones. The Hugo pegma-
tite and the High Climb Pit, 6 miles 
north of Custer (Fisher, 1942, p1. 19 and 
fig. 4)  are examples of the first type. 
Perthite is the principal constituent of 
some of the different zones of the Soda 
Spar pegmatite, the Johnson Dike, and 
the Three Falls Lode. 

Examples in which perthite alone 
forms one of the zones are the White 
Cap and the John Ross Lode, 4  miles 
west of Custer (Fisher, 1945, pp. 80-82). 
The Glendale pegmatite consists of 
perthite only. Fisher (1945, P. io) has 
shown that pegmatitic masses composed 
almost entirely of perthite are common. 

Abundant pegmatitic pockets in nu-
merous unzoned bodies in many eases are 
composed almost entirely of perthite, 
commonly associated with aibitites. 

Perthite is also found as metacrysts in 
the perthitized schists and as coarse 
phenocrysts in the granites of the area. 
The unaltered schist is composed essen-
tially of muscovite, hiotite, and quartz 
with minor amounts of garnet. The 
schist in places is feldspathized and/or 
tourmalinized. 

The feldspathized schists contain from 
25 to 8o per cent of feldspar. The feldspar 
may be a perthite, an albite, or a micro-
dine. 

An outcrop of the perthite schist (p1. i, 
A, D) about 36 yards long, lies in the 
NE. 1  Sec. 28, T. 2 S., R. 6 E. The folia-
tion of the perthitic schist, of the schist 
inclusions commonly found in the peg-
matites, and of the isolated schist out-
crops all have the same trend. The perth-
ite of the schist appears mainly along the 
schistosity as small ovoid masses less 
than i mm. in diameter, grading into 
masses more than 3  cm. long, which tend 

3 For location see P. 555 and fig. I. 
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to assume the rectang lar outlines of a 
true feldspar (pl. i, 4). Some of the 
larger metacrysts have biotite laminae 
curved around them, indicating that the 
growing feldspar crowded aside the folia 
of the schist. The ovoid masses some-
times join and form a pinch-and-swell 
structure. Perthites crowded with many 
megascopic schist inclusions grade into 
uncontaminated perthite (pl. i, B and 
C). Replacement rather than viscous in- 

trusion and magmatic crystallization 
seems to be the best explanation of these 
phenomena. 

Microscopic features support this 
view. The inclusions in the perthite 
metacrysts are brown biotite and quartz. 
The biotite has the same optical proper-
ties as the schist. The quartz inclusions 
are more or less rounded and elongated in 
a direction parallel to that of the schis-
tosity of the matrix. Some of them still 

PLATE I 
.4, Perthite of the perthite schist assuming the rectangular outline of the feldspars (white with dark 

schist inclusions). Pushing-aside of the schist foliae is best shown at the corners of the crystal P. 

Perthite, uncontaminated crystal (while); another smaller crystal appears to the right of the figure. 
The groundmass is schist relic, showing black quartz and lighter-colored micas. 

A crystal of perthite of the perthite schist, showing inclusions of the schist in a megascopic sieve tex-
ture. Parts of the crystal are uncontaminated (white). Inclusions are dark. 

Perthite schist, showing many perthite crystals (white with light-gray schist inclusions). Schist relic is 
dark and forms the groundmass. 

PLATE 2 

Perthitic schist showing albite (.4) and string perthite (P) with faint grating. Note (a) rounded quartz 
inclusions (schist relic) in both albite and perthite, (a) the cementing material between some quartz grains 
is still preserved (C), () the trend of the quartz inclusions is roughly northeast-southwest in the figure, 
and (M biotite inclusions (B). 12X- 

Feldspathized schist showing albite (.4)—polrsvnthetic twinning—and potash feldspar (PF—simp1e 
twinning, Carlsbad law. Notice (a) rounded inclusions of quartz in the feldspars (in some feldspar crystals 
the inclusions appear white, in others they are extinguished); (a) the trend of inclusions is the same in the 
different feldspar crystals—northeast-southwest; and () the pushing-aside of the biotite flakes of the orig-

inal schist (B) at the corners of the feldspars. 12 X. 
Albitite. Notice the cementing material (C) between some quartz grains. Quartz (Q), albite (.4), 

tourmaline (T). The albite crystals show polvsynthetic twinning, all trending in a roughly parallel direction. 
Most of them do not show up clearly in the figure. 12 N. 

Section of a perthite parallel to (ooi), showing patch (white) and microcline (grated). Note the micro-
dine island in the albite patch in optical continuity with host microcline. Note also the extinguished ungrated 
portion of the microcline. Albite and microcline edges show embayinents. 41X. 

B, Section of a perthite parallel to (oro), showing albite veins and patches (white) with numerous micro-

dine islands (gray). i 2 X. 
F, Section of a per thite parallel to (oor), showing patch albite (polysynthetic twinning) and microcline 

(grated). Note microcline relics in the patch, showing optical continuity with the host microcline, and 
irregular resorbed contacts. IaN. 

PLATE 3 
ri Patch and vein perthite (no. r, table i), section parallel to (oco), albite (while), microcline (gray). 

Note (r) fine strings and thin films between the veins, (a) grading of the strings and films into veins near the 
center, () grading of the veins into patches, and () microcline relics in the patch at the lower portion. 12 N. 

Film, vein, and patch perthite (no. 5, 
table a), section parallel to (010), albite (while), microcline 

(dark gray and bier/c). Note (x) abundance of thin films, (a) grading of the films into veins, (3) complex 
texture of the veins grading into patches, and () microcline islands in the patch near the center. 12 X. 

Film and vein perthite (no. 7,  table i), section parallel to (ooi), albite (black.), microcline (finely grated). 

Note abundance of regularly elongated veins and thin films. The latter grade into the former. aiX. 
Vein perthite (no. so, table a), section parallel to (oio), albite (while), microcline (grated). Note the 

roughly round cross section of veins. aiX. 
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Perthite of the perthitized schist 
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have the yellowish-green chioritic or the 
yellowish-brown ferriferous cementing 
material, like that of the quartz of the 
original unaltered schist (p1. 2, A). The 
albite of the schist has formed in the 
same manner as the perthite. Plate 2, A 
shows inclusions of rounded quartz of the 
schist in the albite. They are elongated in 
the direction of the schistosity. AJbite 
from a schist in the NE. 1 Sec. 8, T. 2 S., 
R. 6 E. (across the east-west road from 
the mill of Consolidated Feldspar Cor 

COMPOSITION OF PERTHITES AND 

RELATED ROCKS 

Fifteen perthites, one cleavelandite, 
and three samples of the country rocks 
were analyzed chemically by the writer 
at the University of Chicago. Specimens 
of perthite and microcline from the Hugo 
pegmatite, obtained from Dr. L. Page, of 
the U.S. Geological Survey, were ana-
lyzed by Mr. B. Bruun. The analyses of 
the sixteen perthites and the microcline 
appear in table i, the analysis of the 

TABLE 1 

ANALYSES OF PERTIIITES* 

Oxides

__ H LtHH+'°H HH + 
.iO,.... 63.59oç 13 64.29 63.67] O 48 64.3003 9664  7304.1161_

3  - 
4 30 2967 4565. 10! 64.9763 0,l _64 4 64.6 6.;.,o TiO, . . - 

AlO 
0 00 

21.61L0 
0 00 

, 
0.00 0.00 0 00] 0'00 0.00 

19 0]  20 oS 19 54 19 5719 
0 00 0 00 

0219 0219 3918 
0 00 0.00 0 00 0 00 0.00 0.00 0.00 0,0 0.00 

re,o........0 09 0 09 0 00! 0 07 0 09 
3719.7619 6619 5 19-41,19  04 19-72 9 79 19.35 

?sfgO .. 0.00 0 05 
0 09 0 73 

0 II 0.02 
0 06] 0 oô 009 0.09 0.12 0 10 0.07! 0 13 0.09 0.17 0.01  

CoO 0 7S a.25 
0 00 0 05 0.05 

0 2 0.49] 0.79 0.82 0.49 
0 07 0 ' 
0 75 0.37 

0 03 
0 27 

0 o6 
0.27 

o.o6 0 00 0 02 0 03 0 0 
0 0 07 0.26 0.17 0 38 

0 Ø] 

0'02  
0.02 
0 02 SaC) 

\a,O 
002 
2.72 

0.05 
2 94 

o06 002 0.01 002 0.17 
o.38r 2.96 2.74 90 2 So 

0.03 004 
2.12 2 5 

005 
2.43 

003 
2 69 

005 002 005 005] 004 
2 72 2 98 o6 o 2 6 

nd. nd. 
1.21 o8io 59 15.62 13.68 12 52! 11.9 12-4114.0312.8414 0212 3013.0011.58 72 3571 94! 12.66 17.95 14.95 

f 0.......ii 
11,0 . .. 0.31 0.17 0 IOj 0 . 18r 0.271 0.2()'  0.36  0 25! 0.221  0.23!  0.21  0 o.16] 0 2] 0.16] o.22  0.27 0.27 

Total... 100. '50199-94  I71 38200 0699 7399 7699  9399 7999. Q9.9899 .56fr0o .31
]
99.SB

]
100.ol 100.09200 20 

* T-i: Perthites (see fig. i for location) analyst, R. A. Higazy. i6: Perthite (Hugo pegmatite); analyst, B. Bruun, 17: Micro. 
clue (Hugo pegmatite); analyst, B. Bruun. 

poration near Keystone) contains abun-
dant quartz inclusions which clearly 
show a sieve texture (p1. 2, B). All the 
inclusions in the feldspar crystals are 
elongated in a northeast-southwest di-
rection in agreement with that of the 
schistosity and the quartz of the matrix. 
The albite schist in some cases grades 
into albitites composed essentially of al-
bite, quartz, and micas. In these albitites 
the cementing quartz material can still 
be observed between some quartz grains, 
and the albite is generally elongated in 
the direction of the schistosity (p1. 2, C). 
These transitional rocks, containing 
some relic features of the schist, suggest 
a metasornatic origin for both the 
perthite schists and the albitites,  

cleavelandite is given in table 2, and the 
analyses of the country rocks are shown 
in table 3. 

The normative potassium feldspar 
(Or), sodium feldspar (Ab), and lime 
feldspar (An) of each of the analyzed 
perthites, microcline, and cleavelandite 
were calculated, using the equivalent 
molecular percentage instead of the mo-
lecular percentage (Niggli, 1936). This is 
shown in table 4.  The Or is the molecule 
KAlSi308, composed of one atom of po-
tassium, one of aluminum, and three of 
silicon; the Ab is the molecule NaAl-
Si308; and the An is CaAl2Si2O8. The per-
centages of the three feldspar molecules 
do not differ much from those obtained 
with the weight percentages in calculat- 
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ing the norm. The sum of the three mole-
cules forms in most cases 98 per cent of 
the total normative composition. 

NORMATIVE COMPOSITION OF THE PERTHITES 

The normative ratios Or:Ab and 
Ab: An of the feldspars shown in table 4 

TABLE 2 

ANALYSIS OF CI,EAVELANDITE* 
Per cent 

Oxides Oxides 

SiO, ................  67.62 
TiO2  ............... 0.00 

A120,............... 19.76 
Fe,O, ..............  0.09 

MgO ...............  o.o8 
CaO ...............0.50 

BaO ...............  0.05 

Na2O............... 11.03 

K20............... 0.09 

FLU ................  0.40 

Total .............  99.62 

respectively, and Or:Ab ratios of 70.7 

29.3 and 81.3: I8.7, respectively; (2)perth-

ites 4,  5, and 6 with Ab:An ratios of 
88.0:12,0, 87.4:12.6, and 87.7:12.3, re-

spectively, and Or:Ab ratios of 82.0: i8.o, 
75.2:24.8, and 73.2:26.8, respectively. 

Perthite 13, found as a phenocryst in 
the granites of the area, has a normative 
plagioclase composition of Ab 98.5. This 
is more sodic than most of the perthites. 
If this phenocryst had crystallized from 
a granitic magma, it would have a nor-
mative plagioclase poorer in the albite 
molecule than that of the pegmatite 
perthites because it formed at a compara-
tively higher temperature. Moreover, the 
normative plagioclase composition of 
cleavelandite (No. iS, table 4)  is Ab 97.5 
An 2.5. This is richer in anorthite than is 
the perthite phenocryst of the granite. 
Also, perthite 2 has exactly the same nor- 

* Analyst, R. A. Higasy. 

were plotted in figure 2. Perthite i has an 
Or:Ab ratio of 72.5: 27.5, similar to that 
of perthite 13, which has the ratio 72.0: 

28.0. Yet the Ab:An is 88.5:11.5 in the 
former and 98.5:1.5 in the latter. The 
similarity of the Or:Ab ratio in the two 
perthites might indicate that their tem-
peratures of formation were about the 
same, and, accordingly, one would expect 
them to have similar normative plagio-
clase composition. On the contrary, the 
normative plagioclase in the former is 
near oligoclase, whereas in the latter it is 
sodic albite. Similarly, perthite 14 and 6 
have Or:Ab ratios of 73.1:26.9 and 
73.2:26.8, respectively, and Ab:An ra-
tios of 95.5:3.5 and 87.7:12.3, respec-
tively. Moreover, figure 2 shows that 
there can exist perthites with similar 
normative plagioclase composition, but 
different Or:Ab ratios. Examples of this 
are: (i) perthites T5 and 8, which have 
Ab:An ratios of 97.0:3.0 and 96.5:3.5, 

TABLE 3 

CHEMIcAL ANALYSES OF THE COUNTRY ROCKS* 

Oxides r 2 3 

SiO, ..........  70.85 69.93 
0.22 0.00 TiO,........... 

.
0.46 

24.63 15.43 17.84 
8eO3. .... .... 0.64 0.14 

..
1.42 

1.09 0.20 

0.01 0.01 

0.83 0.54 

..

68.33 

0.38 0.59 
Mg0 ...........2.24 

BaO ..........  0.11 0.02 

FeO ............3.83 
MnO ...........0.05 

Na2O .. ....... 2.16 9.68 

CaO ............0.52 

K,0. . ... .... 5-01  6.45 0.42 

..

0.11 

0.45 0.51 

.

1.05 

1.18 0.23 
P505............0.17 

0.08 o. o6 

99.90 100.17 

1.10+...........1.52 
l-L0............0.14 

Total ........99.98 

' i, Biotite schist; 2, microcline-perthite biotite schist; 3, 
albitite. Analyst. R. A. Higacy. 

mative plagioclase composition as that 
of cleavelandite. Perthite 13 has even a 
lower anorthite content than does cleave-
landite. Therefore, it can be stated that 
such perthites might have formed at the 
same temperature as cleavelandite (the 
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hydrothermal species), if not lower. 
Lastly, 17 is a microcine collected from 
the rnicrocline-quartz zone of the Hugo 
pegmatite, and 16 is a perthite from the 
perthite zone. The perthite which is from 
an outer zone and supposed to have crys-
tallized at an earlier stage than the ml-
crocline of the inner zone has a norma-
tive plagioclase composition of Ab  99.7 
An 0.3; this is more sodic than that of the  

microdine, which has the normative 
plagioclase Ab 99.0 An '.0. 

COMPOSITION OF PERTHITE OF THE SCHIST 

The similarity in composition of the 
perthite metacryst in the schist and the 
phenocryst in the granite with the 
perthites of the pegrnatites is striking. 
Table 5  shows that the weight percent-
ages of all the oxides of a perthite meta- 

TABLE 4 

RATIO OR: AB: AN OF THE DifFERENT PERTHITES* 

Per 
Number Or Al) An Ab:An Cent Or: Ab 

Plag. 

70.4 26.2 3.4 88.5:11.5 29.6 72.5:27.5 
29.3 1.3 97.3: 2.5 30.6 70.2:29.8 
3.5 1.8 66.0:34.0 5.3 96.2: 3.8 

4 ...........  17.5 2.4 83.0:12.0 19.9 82.0:18.0 
24.0 3.5 87.4:12.6 27.5 75.2:24.8 

3 ............ 94.7 

25.9 3.6 87.7:12.3 29.5 73.2:26.8 
5 ............ 72.3 

.3o,i 

24.9 2.3 91.6: 8.4 27.2 74.5:25.5 

I ............ 69.4 

6 .............70.5 
7 ............ 72.8 

S .......... 80.7 r8.6 0.7 96.5: 3.5 19.3 81.3: 18.7 
22.7 1.8 92.7: 7.3 24.5 76.8:23.2 
13.3 1.4 90.6: 9.4 14.7 86.5: 13.5 
25.9 1.4 95.0: 5.0 27.3 73.7:26.3 

9 .............75.5 

19.3 1.7 92.0: 8.0  21.0 80.5:19.5 

10.............8 
II .............72.7 
12 .............79.0 

27.9 04 98.5: 1.5 28.3 72.0:28.0 13 .............71.7 
26.6 1.3 95.5: 4.5 27.9 73.1:26.9 
29.1 0.9 97.0: 3.0 30.0 70.7: 29.3 

[4.............72.1 
15 .............70.0 

Average.... .8 22.4 1.8 91.0: 9.0 24.2 77.2: 22.8 

28.8 0.1 99.7: 0.3 28.9 72,2:28.8 16 .............71.1 
10.9 0.1 99.0: 1.0 11.0 89.0:11.0 7 ............89.0 

:8 ............0.6 97.0 2.4 97,5 2.5 99.4 0.899.2 

" i-is, perthites; iS, perthite (Hugo pegmatite); i, m.icrocline (Hugo pegmatite); iS, cleave- landite. 

ab 

90 

80 

70 

ab60on40  

2
%15 08 

•i3 

14 11 

•7 
09 •I2 

 010 

•• •4 

au ZU 0 
ab40or60 cb0  or100  

JIG. 2,-The normative ratios Or: Ab and Ab: An of the analyzed feldspars 
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cryst of the perthitized schist, with the 
single exception of baria and water, lie 
within the range of the oxides forming 
the perthites of the pegmatites. It also 
shows that the weight percentages of all 
the oxides of the perthite phenocryst of 
the granite, with the exception of lime, lie 
within the range of the oxides forming 
the perthites of the pegmatites. 

TABLE 5 

(),dcles 
Range in the 

Perthites 
(Per Cent) 

SiO ....... 65.10 63.96 
TiO, 0.00  0.00 0.00  
AlO3  ...... 

..63.89-65.13 

19.55 19.39 
Fe03  0.06- 0.13 0.10 0.23 
MgO  ...... o,00 0.05 

. 18.92-21.61 

o.i— 0.82 0.07 0.46 
BaO ....... o.o6 

. 

0.02 0.17 
CaO......... 

NaO  ...... 

. o.00—o.I2 

3.29 2.98 2.80 
K,O....... 

. o.ol- 

. 0.38—  
11.58 12.41 

T-LO ....... 0.12- 
. 0.58-15.62 

0.32 o. 16 0.36 

* I'erthif.e phenocryst in granite 
f Perthite metacryst in schist. 

TEXTURES OF PERTHITES 

The analyzed perthites as well as a 
few others were examined microscropi-
cally. Four textural types have been 
recognized, namely, 

i. Patch perthite 
2. Vein perthite 
. 

Film perthite 
. String perthite 

These types were named by Andersen 
(1928), who gave a complete description 
of each type. The interlocking perthite of 
Andersen (1928, P. i. i), the braid perth-
ite of Goldich and Kinser (i), and 
the guttate perthite found by Barth 
(io) were not observed in the Black 
Hills perthites. Two or more types of 
perthite always occur together. Table 6 
shows the types found in the perthites 
analyzed. Those not analyzed chemically 
are similar to those analyzed. 

Vein and patch types of perthite are 
abundant in practically all material 
studied. The patches reach 2.3 mm. or 
more in width and in most cases exceed 
i.o mm. In the patches of albite are is-
lands of microcline, which exhibit com-
plete optical continuity with the host 
microcline (pl. 2, 0). They are well shown 
in sections parallel to both (oio) (pl. 2, E) 
and (ooi) (p1. 2,F). Plates 2, .0-F, and 3, 
A and B, illustrate these relations. In sec-
tions parallel to (oo), regular hands of 
albite are commonly found which are 
parallel to the pericline twins of micro-
dine and in many cases swell out per-
pendicular to this direction. Commonly 
the patches send out branches or off-
shoots which appear to have eaten their 
way into the microcline. These are ir-
regular and in places have a complicated 
texture. In some cases the patches form 
lens-shaped or roughly rounded pools, 
which send off other patches which may 
run in any direction. The contacts be-
tween the albite of the patches and the 
microcline are commonly irregular and 
embayed (pl. 2, E). The amount of albite 
in the patches, estimated by microscopic 
areal measurements, is not the same in 
all perthites. In perthite No. io albite 
patches form about 8 per cent, whereas 
in perthite No. ii, albite patches form 
approximately 19 per cent of the whole 
specimen. Patch albite commonly shows 
polysynthetic twinning according to the 
albite law. The extinction angle on (010) 

varies, probably because of variation in 
the anorthite content. The microcline 
portions of the perthites are more homo-
geneous. The extinction angles of micro-
chime are +15°  to +i6°  on (ooi) and +50 
to +6°  on (oro). The grating may differ 
in coarseness; in some cases it is fine, and 
in others it is relatively coarse. A com-
bination of both fine and coarse gratings 
in a single perthite is common. Nearly all 
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the microcline seen contains some areas, 
variable in width, which lack the charac-
teristic grating (pl. 2 7  D). Some graphic 
granites, composed essentially of quartz 
and perthite, also show a patch type 
which displays the general characteris-
tics mentioned above. 

The vein type of perthite is closely as-
sociated with the patch type. In some  

The veins in some cases are more or less 
parallel to (ioo) pl. 3,  C), but more com-
monly they run irregularly through the 
whole perthite. They generally have nu-
merous veinlets which possess smaller 
width and length. Veins which have cir-
cular cross-sections of a diameter of 
about 0.05 mm. are also present (p1. 
, D). 

TABLE 6 
TEXTURAL TYPES OF ANALYZED PERTHITES 

No, String Film Vein Patch Color* 

r Tt T X X Pale pink 
2 X T T X Grayish-white 

T T X X Pink 
4 - - . - .. X X Grayish-white 

T X T X Deep pink 
6 T T X X Pink 
7 T X X T Salmon-red 
S ... X X T Whitish-gray 
9 X T X X Grayish 

io . . . T X T Grayish-white 
ix T T X X Deep pink 
12 T . . . X X Whitish-gray 
13 T T X X Pink 
14 X . . . X T Deep pink 

... ... X X Pinkish-gray 

* The perthites analyzed vary in color. The percentage of FeO may be the same in both pink 
and gray perthites. For example, perthites x and a are pink and grayish-white, respectively; yet 
each has o.og per cent Fe,05. This indicates that the variation in color is not due to iron or appar-
ently to any of the common elements but might be attributed to other rarer elements. 

Symbols: N - Present in abundance; T = Present in trace; ... = Absent. 

places it is difficult to differentiate be-
tween them. The vein perthite generally 
shows intricate and irregular networks of 
anastomosing veins, which grade into the 
patch type. The veins commonly enclose 
microcline islands in complete optical 
continuity with the host microcline simi-
lar to those in the patch type. Aihite of 
the vein type rarely exhibits polysyn-
thetic twinning, and its edges are com-
monly irregular. Both the width and the 
length of the albite of the vein type vary 
in the different perthites, but they are 
decidedly less than those of the patches. 
The width varies from 0.05  to 0.2 mm., 
and the length reaches a few millimeters. 

The film and string albites constitute 
a relatively small amount of the total al-
bite of the perthite, or both films and 
strings may he absent. The strings and 
films are always accompanied by vein 
and patch types (p1. 3,  A). Both of the 
latter form, on the average, 90 per cent of 
the total albite of the perthite, the rest 
being film and string types. The total al-
bite, estimated by microscopic areal 
measurements, conforms closely to the 
normative plagioclase percentages of the 
various analyzed perthites given in table 
4. The films are generally o.oi mm. in 

width, rarely 0.04 mm., and several mil-
limeters long. The strings have a width 
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of about o.003 mm. and a length of as 
much as o.65 mm. Both fflin and string 
types commonly grade into the vein 
type. The strings make an angle of 76°-
81°  with (ooi). They commonly occur in 
groups between the veins. The grating of 
the microcline of the strings is relatively 
fine, but such fine grating can also be 
found in the other types. 

SIGNIFICANCE OF PERTHITE TEXTURES 

The perthitic intergrowth has been 
thought to he due to (1) simultaneous 
crystallization, (2) exsolution, or () re-
placement. 

A detailed study of the textural fea-
tures of perthites of southern Norway icc! 
Andersen to believe that each well-de-
fined textural class corresponds to a par-
ticular mode of origin (1928, P. 163). The 
string and film types were believed to be 
the products of exsolution. The string 
forms at an early stage of the evolution 
of the feldspar, whereas the films form at 
a lower temperature in a later stage. The 
vein perthite was believed to be formed 
mainly by recrystallization of albitic so-
lutions derived from the pegniatitic mag-
ma from which the host feldspar crystal-
lized. These solutions fill the contraction 
cracks, believed by Andersen to be 
formed perpendicular to (oio) and mak-
ing an angle of about 700  with (oor), 
where they crystallized without much re-
placement. Goldich and Kinser (iix, P 
423) thought the atomic structure was 
an important factor in determining the 
location of the openings in which the 
vein solutions would crystallize. In a later 
stage, Andersen says, these solutions 
work their way farther from the cracks, 
replacing the host microclinc and form-
ing networks of albitic ir.ateriaL The 
patch type was considered to be an ad-
vanced stage of replacement, transitional 
between the vein type and pure albite. 

It is reasonable to accept the replace-
ment hypothesis for the explanation of 
the origin of the patch type. It is difficult 
to believe that magmatic crystallization 
can give rise to the peculiar characteris-
tics of this type. The microcline islands 
in complete optical continuity with the 
host microcline, the extreme irregularity 
of the contact between the patches and 
the host, the numerous embayments, the 
network-like forms and other complex 
textures without any regularity in the di-
rection of elongation, the transition of 
veins into patches and of the latter into 
chessboard albites and albite in general, 
the variation in the amounts of albite of 
the patches of different perthites, and the 
pools and pods of albite with offshoots 
and tongues which appear to have 
worked their way by eating and digesting 
the host—all these features undoubtedly 
favor the replacement theory. 

Vein perthite, which is next to the 
patch type in abundance, commonly 
shows microcline relics and irregular and 
embayed contacts with the host micro-
dine. Intricate networks of arborescent 
and anastomosing veins are common. 
These generally grade into the patch 
type. It is, therefore, a product of meta-
somatic processes, that is, a crystalliza-
tion of albitic materials circulating into 
the contraction cracks and/or the open-
ings controlled by the atomic structure 
of the feldspar. Much replacement of the 
potash feldspar accompanies its precipi-
tation, 

Andersen's concept of origin of string 
and film types of perthites seems correct. 
These perthites are the rarest types. 
They are believed formed by exsolution 
in the solid state, that is, by diffusion of 
the constituents of albite to cracks in the 
host microcline. Both types show more 
uniform elongation than do the vein and 
patch classes. Transitional stages be- 
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tween string and film types, on the one 
hand, and the vein type, on the other, are 
not uncommon. Some veins cut the 
strings and films and are therefore 
younger than such strings and films. In 
the early stages of the evolution of the 
perthite, diffusion of the albitic material 
seems to have followed a certain pre-
ferred direction in the atomic structure 
of the feldspar forming the regularity in 
trend of the strings and films. Later in 
the evolution some of the albitic materi-
als acted selectively in certain directions 
in the feldspar, giving rise to the regular 
veins. They might have started this ac-
tion in the same direction as those of the 
strings and films, transforming these into 
the vein type. Perthite No. L5  is devoid 
of both the string and the film types. 
This may be because the transformation 
of strings and films into veins has been 
completed. 

What is the origin of the homogeneous 
potash-soda feldspar and of the circulat-
ing albitic material? It has been proved 
experimentally that soda feldspar (tiS-

solves to a considerable extent in potash 
feldspar by prolonged heating somewhat 
below the melting temperatures (Dittler 
and Köhler, 1925). It has also been 
proved by X-ray analyses that homo-
geneous potash-soda feldspar may form 
cryptoperthite on heating slightly below 
its melting temperature (Kozu and 
Endo, 1921; Chao, Smare, and Taylor, 
1939). It may be concluded, therefore, 
that at relatively high magmatic tem-
peratures the potash-soda feldspar is 
homogeneous. On cooling, the solubility 
of the soda feldspar decreases rapidly, so 
that a once homogeneous substance sep-
arates into two solid phases, namely, a 
soda-rich and a potash-rich feldspar. The 
soda feldspar in this case would he found 
in fine or thin intergrowths, in other 
words, strings and films, but not in rela- 

tively coarse bands, like those of the 
veins and patches. The perthite obtained 
experimentally is a submicroscopic cryp-
toperthite having a greater similarity to 
the strings, and to a less extent to the 
films, than to any of the other classes. 

Although the string perthite can he 
produced by exsolution from magmatic 
sources, some may have been formed by 
migration of material from the country 
rock to structurally favored places where 
they form rocks markedly unlike the 
original parent-rock. This process is de-
scribed elsewhere in this paper. The perth-
ite of the perthitic schists (p1. i, A--D) 
could not be derived from a magmatic 
source. It shows megascopic and micro-
scopic features, discussed above, which 
are difficult to explain by viscous intru-
sion and magmatic crystallization. 

PERTIJITE GENESIS 

Magmatic pegmatitcs must, by defini-
tion, precipitate from the residual mag-
matic melt and are its final product of 
differentiation. The water content of this 
residual melt was probably less than 10-

12 per cent. Such melts should obey the 
laws of crystal fractionation. 

The rn concentration of lithium or sodi-
um in certain pegmatites and the im-
poverishment of others in potassium 
seem to indicate that these rocks might 
not have been derived from the crystal-
lization of a pegmatitic rest magma. The 
residual magma is known to be rich in 
the alkalies in the latest stages, and there 
is no way of separating the different al-
kali members by the differential crystal-
lization of the liquor, letting one or an-
other of them concentrate in certain 
more favorable structures. 

In some places, as in the case of the 
Edison pegmatite in the Keystone area, 
potassium-bearing minerals are not 
found. This pegmatite has an interior 
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zone of quartz and albite, surrounded by 
a zone of quartz, albite, and spodumene. 
In other cases, such as the Etta pegma-
tite of the Keystone area, in which 
spodumene, the dominant mineral, forms 
crystals several feet in length, lithium is 
present in abundance; in still other peg-
matites, lithium is found only in traces. 

Whenever perthite forms peginatitic 
pockets or forms a zone in a pegmatite 
body, its chemical composition should 
closely approximate the mother-liquor 
from which it was crystallized. Walker 
and Mathias (1946) believe that the 
perthite at Bantry Bay (South Africa) 
represents the composition of the pegma-
titic magma. If perthites crystallize from 
a magma, such magma should follow the 
course of crystallization expressed by the 
feldspar equilibrium diagram. 

The orthoclase-albite equilibrium dia-
gram suggested by Vogt (1926) does not 
satisfactorily explain the derivation of 
the perthites analyzed from a granitic 
magma. The orthoclase: albite ratio in 
these perthites (table 4)  is far from that 
which should he attained (that is, Or 
40: Ab 6o) had they been formed in such 
a manner. 

Spencer (1938) in his study also con-
cluded that the orthoclase-albite binary 
diagram cannot explain satisfactorily- the 
magmatic origin of the potash-rich peg-
matites. 

THE ORTHOCLASE-ALBITE1,NORrmTE 

TERNARY EQUILIBRIUM 

DIAGRAM 

The ratio Or: Ab : An of the different 
perthites given in table 4  was plotted on 
the orthoclase-albite-anorthite equilibri-
um diagram as shown in figure 3.  The 
cotectic curve, CD,, in figure 3,  after 
Bowen (1928), has Cat the Or: An eutec-
tic point and D at the Ab: Or eutectic 
point. 

All the perthites analyzed lie in the 

field of the orthoclase or the potash-rich 
rocks. Those of Andersen (1928, P. 148) 

fall in the same field. In the normal 
course of crystallization, composition of 
the liquid cannot cross the cotectic curve. 
In the plagioclase field the crystallizing 
liquid must follow a certain path, such as 
that given by Nockolds (1946, P. 213) 

and plotted in figure 6 or that given by 
Barth (iç). The liquid, upon hitting 
the cotectic curve, would then follow it, 
so that in the last stages of crystallization 
the eutectic ratio Or:Ab would be at-
tained. The Or: Ab :An ratio of the Black 
Hills rocks does not harmonize with this 
concept. 

The author also plotted the Or: Ab: An 
content of some fifty rocks.4  These are 
deep seated (graphic granites, granites, 
pegmatites, and a rnonzonite), hypabys-
sal (porphyries), and extrusive (rhyo-
lites, liparites, pitchstones, comendites, 
and trachytes). The compositions of 
these fifty rocks also lie in the orthoclase 
field (fig. 4). An attempt to shift the 
Or: Ab eutectic point D of figure 4 to D', 
around which most of the plotted graphic 
granites and granites fall, and the Or: An 
eutectic point C to C', which represents 
the composition of a pitchstone,s would 
not solve the problem, as there are still 
other rocks6  whose composition still lies 
in the orthoclase field (fig. 5). Why 
should these rocks, if of magmatic origin, 
not follow the regular course of crystalli-
zation that such an origin demands ac-
cording to the feldspar ternary diagram? 

4 Of subrang Dopotassic Omeose, Order Qiiarclo-
felic Britannare, and the subrang Dopotassic Magde-
hurgose and Sodipotassic Alaskose, Order Quarfelic 
Colunbare, from Washington's tables (19r7, pp. 
109, 57,  and ói, respectively). 

S Belonging to the subrang Perpotassic, Order 
Quarfelic Columbare (Washington, 1917, p. 79). 

6 Of the subrang Dopotassic Omeose and the 
subrang Perpotassic Lebachose, Order Quardofelic 
Britannare (Washington, 1917, P. 107). 
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Bowen has proved (i') that liquids 
at the latest stages of crystallization be-
come enriched in the alkali silicates. The 
chemical analyses of some volcanic rocks 
have been shown to fall in the trough of  

rocks, Bowen referred to the work of R. 
Terzaghi (1935). She stated that some of 
the potash-rich rocks may have been 
fornieci by metasomatic alterations but 
that most of them are magmatic. The 
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FIG. 3.—The Or:Ab:An ratio of the analyzed perthites 
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FIG. 4.—Tile Or:Ab:An ratio of some potash-rich rocks. Nos. 1-5 and 6-32 = nos. 1-5 and 7-33  of 
Washington (1917, P. 109). Nos. = nos. 1, 2, , 11. 12, 13, 15, 183  22, 25, 27, 30, and 31 of Washing-
ton (1917. P. 57). Nos. 46-49 = flOS. 10. 31 32, and 60 of Washington (1977, p. 61). Nos. o-i = nos. 1-2 

of Washington (1917, P. 70). Solid circle = granite, pegmatite; open circle, rhyolite, trachyte, and other 
volcanics; triangle, porphyry. 

his figure 9 (i.yj,  p. iS), which he postu-
lates for rocks formed in the last stages of 
crystallization. Some deep-seated rocks 
(granites and syenites) have been shown 
to lie also in this trough. However, most 
of the potash-rich rocks—extrusive as 
well as deep seated—do not lie in this 
trough. With respect to the origin of such  

position of the latter rocks in the ortho-
clase field Or: Ab : An ternary diagram 
she attributes mainly to the reaction re-
lation between anorthite and orthoclase, 
to pressure, or to devitrification. 

The reaction relation between an-
orthite and orthoclase as suggested by 
Bowen (1928, pp. 227-233) was thought 
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to enable the liquids to cross the cotectic 
curve. Recently, Schairer and Bowen 
(i), in their study of the system an-
orthite-leucite-silica, found that such a 
reaction relation does not exist. There is, 
however, a eutectic between anorthite 
and orthoclase at 10400 ± 200 C. There-
fore, the reaction factor can no longer he 
held responsible for liquids crossing the 
cotectic curve. 

Terzaghi (1935) says that an increase of 
pressure under deep-seated conditions can 
shift the orthoclase-aihite eutectic point;  

as rhyolites and liparites, as well as some 
deep-seated granites and pegniatites, lie 
together in the same field. Furthermore, 
Nockolds (1946) found that there are 
deep-seated aplites, adamellites, and 
granites which lie on the cotectic curve 
and follow its course (fig. 6). The Or: Ah: 
An ratios of some fifty deep-seated, 
hypabyssal, and extrusive rocks, plotted 
in figure 6, lie approximately on the co-
tectic curve, and some of them fall in 
close proximity to the Or: Ab eutectic 
point. Such types of rocks might he 
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FIG. S.—The Or:Ab:An ratio of some potash-rich rocks. Nos. x-8 = 1105. 4, 5, 7, 8,  9, 10, II, and 12 of 
Washington (1I7, P. 307). 

she admits, however, that, in order to 
establish this, more information is needed 
concerning the latent heat of formation 
of the feldspars. If such were the case, the 
plagioclase field would increase, and 
some of the potash-rich rocks would no 
longer lie in the orthoclase field. But, 
as has been mentioned above (p.  566), 
such a shift, on the basis of the position 
of most of the graphic granites (which 
closely approximates the amount of shift 
postulated by Terzaghi), is not adequate 
because other potash-rich rocks will still 
remain in the orthoclase field. The effect 
of pressure on the feldspar equilibrium 
diagram appears to be of little impor-
tance because some volcanic rocks, such  

mainly of magmatic origin. Furthermore, 
there should be pegmatites correspond-
ing to such rocks with compositions ap-
proximately on the cotectic curve, so 
that the position of this curve as given by 
Bowen in the orthoclase-albjte-anorthjte 
equilibrium diagram seems to be ap-
proximately correct. 

Therefore, if pressure was not the fac-
tor responsible for throwing potash-rich 
rocks into the orthoclase field, would it 
not also have affected Nockolds' se-
lected rocks and the others of figure 6 
which do not lie in that field? Why, then, 

01 the subrangs Sodipotassic Liparose, Dopo-
tassic Miha]ose, and Dopotassic Dellenose (Wash-
ington, 2967, pp. 145,  79, and 16, respectively). 
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Fic. 6.-The Or: Ab : An ratio of some rocks following a course of crystallization in the plagioclase field and of rocks falling approximately on the cotectic curve. Nos. 
(i)-(0) = nos- 1-16of Nockolds (1946). Nos. i-6 nos. 3-8 of Washington (1907, P. 79). Nos. 7-7 = IlOS. 248, 249. 250. 254, 253, 256, 237, 258, 260, 261, 262, 263, 264, 265, 267, 270, 276, 279, 280, 282, 283, 284, 285, 289, 290, 291, 292. 294, 296, and 297 of Washington 0917, P. 145). Nos. 38-44 = lbS. I. 5, 7, 8, 30, 17, and 22 of Washington (1917. P. 165). Square, granite, adarnellite, and aplite of Nuckolds )1946). 
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are they still governed by the magmatic 
rules? Why should pressure have affected 
some rocks and not others? If one argues 
that rocks studied by Nockolds, though 
deep seated, were subjected to less pres-
sure than were the deep-seated rocks in 
the orthoclase field, then it follows that 
the volcanic rocks in the orthoclase field 
also were formed under conditions of 
higher pressure than the rocks of Nock-
olds—a conclusion obviously absurd. 
There probably are deep-seated rocks—
granites and aplites, as well as pegma-
tites—which are unquestionably of mag-
matic origin; but these will generally 
have normative feldspar contents which 
follow the cotectic curve, as in the case 
of those rocks selected by Nockolds. At 
the same time, there are other deep-
seated varieties of the same species 
which do not follow the magmatic 
crystallization rule. The orthoclase-al-
bite-anorthite ratios of such rocks cannot 
result from strictly magmatic processes; 
thus metasomatic alterations must have 
played the significant role in their for-
mation. 

It is important to note that the zoned 
plagioclase crystals of an extrusive rock 
formed under low pressure, such as a 
basalt, and those of a deep-seated rock 
formed under relatively high pressure, 
such as a gabbro, show agreement with 
the course of crystallization given in the 
the albite-anorthite solid-solution dia-
gram (Bowen, 1928, P. 34). In both rocks 
the zoned crystals have cores which are 
richer in the anorthite molecule than are 
the rims. Moreover, the path of crystalli-
zation of both basalts and gabbros ter-
minates at the same point in the diop-
side-albite-anorthite equilibrium diagram 
(Bowen, 1928, P. 46). Diopside and albite 
exhibit quite different crystal structures: 
chain lattice and framework lattice, re-
spectively. It seems probable that pres- 

sure would have a greater effect on sys-
tems whose members have different cry-
stal structures. Because no pressure ef-
fect is evident in the albite-anorthite and 
the diopside-plagioclase systems, it must 
be negligible in the orthoclase-albite-
anorthite system. 

Terzaghi (r) found that four de-
vitrified rhyolites were richer in potash 
and poorer in both soda and lime than 
were rhyolites not devitrified. The Or: 
Ab : An ratios of the devitrified rocks fall 
in the potash-rich or orthoclase field. 
Terzaghi believed that the devitrified 
rhyolites were originally magmatic and 
vitric and that at an earlier stage of their 
history they had the normal Or: Ab : An 
ratios of vitreous rhyolites. Later, soda, 
lime, and potash were leached out—the 
soda and lime at a greater rate than the 
potash. Therefore, when these altered 
rocks became devitrified, they possessed 
higher potash content than did the origi-
nal vitric type, and they consequently 
fell into the orthoclase field. Recently the 
plot of the normative feldspar content of 
some rhyolite rocks of the Esterel region 
in France (Terzaghi, 1948, fig. i) shows 
that the vitreous obsidian lies in the 
plagioclase field, whereas six devitrified 
obsidians and spherulitic rhyolites and 
two rhyolite porphyries lie in the ortho-
clase field. Because devitrification is con-
fined to the immediate vicinity of the 
cracks in one of the obsidians, Terzaghi 
believes the devitrification to he due to 
percolating solutions. The crystals of 
a&alic feldspar, which are most strongly 
euhedral, are believed to have originated 
by replacement of vitreous material. 
Terzaghi concludes that hot solutions 
and possibly gaseous emanations were 
active in the region after the eruptions of 
rhyolitic lava took place. Reactions be- 
tween solutions and rocks are most clear-
ly indicated by the microscopic features 
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of the spherulitic rhyolites that she 
studied. The secondary potash which en-
riched the rhyolites (luring their devitri-
flcation either was introduced by hydro-
thermal solutions or gaseous emanations 
originating from an underlying body of 
magma or was derived by local leaching 
of the rhyolite itself. The potash leached 
from the rhyolite in one place was car-
ried on in solution and was available for 
potash enrichment elsewhere. The pos-
sible dual origin of the secondary potash 
in the Esterel region is in harmony with 
the conclusions reached by Allen (1935), 
Allen and Day (1934), and Fenner 
(1936) in their studies of the thermal 
waters and the altered rhyolites of the 
Yellowstone Park region. 

Fenner (1936, P. 278) observed that 
not only were orthoclase, analcite, heu-
landite, and calcite formed as replace-
ments of original minerals by soluble 
salts (chlorides, carbonates, etc., of the 
alkalies), but all these difficultly soluble 
minerals were taken into solution to 
some extent, migrated rather freely, and 
were deposited in fissures and other open 
spaces. Elsewhere, Fenner (1936, P. 279) 
states that there may be many occur-
rences of similarly altered rocks in vol-
canic regions, which, in the absence of 
complete data, have been regarded as 
normal lavas. Even analyses of such 
rocks have been accepted as representing 
original compositions. 

The high potash content of some rhyo-
lites and extrusives may be due to sec-
ondary enrichment by potash-bearing so-
lutions. The secondary potash might 
have been derived in part from these ex-
trusives by leaching and migrating from 
one place to another. Possibly the potash 
transfer could take place in the solid 
state, especially so if evidence for the 
presence of solutions is lacking. If pres-
sure causes differences in the chemical  

potentials of the elements in the various 
parts of country rocks, it is believed that 
the elements will migrate from areas of 
higher to areas of lower potentials until 
equilibrium is reattained (Ramberg, 
1944). 

Other factors may be responsible for 
potash-rich pegmatites—perhaps the con-
centration of volatiles in the last stages of 
crystallization. Andersen (ii, p. 25) 
gives two analyses of pegmatites whose 
projection points apparently lie in the 
plagioclase field. Others can be found in 
Washington's tables. On the other hand, 
some pegmatites lie in the orthoclase 
field. Though all magmatic pegmatites 
are supposed to have crystallized from 
residual solutions rich in volatiles, we 
find some on the cotectic curve, others in 
the plagioclase field, and still others in 
the orthoclase field. We can conclude, 
therefore, only that we have pegmatites 
of different origins and that in the case 
of the magmatic types the presence of 
volatile constituents has had no signifi-
cant influence on the course of crystalli-
zation. 

Moreover, the effect of volatile con-
stituents on the course of crystallization 
is not too well known; their only impor-
tant effect, however, seems to be a lower-
ing of the temperature of crystallization, 
with no discernible influence on its 
course. Bowen states (1928, pp. 299-300) 
that the addition of i per cent 1120 (the 
most important volatile constituent) to a 
liquid composed of 5o  per cent K2Si2O5  
and 5o per cent K2S103  does not change 
the course of crystallization or even the 
proportions of the separated phases 
from that of the dry melt. Moreover, 
in Bowen's nephelite-kaliophyffite-silica 
equilibrium diagram (1937), the lowest 
temperature of crystallization for a dry 
melt is 10380 C.; but granites rich in 
the volatiles and thought to have crys- 



572 RIAD A. HIGAZY 

taffized from a magma at 7000  C. have 
chemical compositions which place them 
in the "trough" of this dry-melt diagram. 
The zoned plagioclase crystals of both 
peridotites poor in volatiles and granites 
relatively rich in these follow equally 
well the rules of plagioclase crystalliza-
tion given by the albite-anorthite binary 
equilibrium diagram. One is therefore led 
to the conclusion that, although the 
presence of the volatile constituents will 
lower crystallization temperatures, it 
will not significantly change the course 
of crystallization. That is, although fu-
sion surfaces might show differences in 
relief with increase or decrease of vola-
tiles, the positions and relative reliefs of 
the cotectic "valleys" and boundary 
surfaces will remain approximately the 
same. 

The immiscibility of water-rich sili-
ceous liquids does not seem to be the solu-
tion. The initial compositions used by 
Tuttle and Friedman (1948) for the dc-

termination of the equilibrium relations 
of the system Na,O-SiO-H2() at 250, 

300, and 350, proving that the system 
possesses liquid immiscibility between 
200 and 250°, consist of approximately 
So per cent H.O. This is much higher 
than the mc per cent of 1120 assumed to 
be in the pegniatitic rest magma. Smith 
(1948, P. 538) also dealt with solutions 
of a very highly specialized composition 
that do not represent a rest pegmatitic 
magma from which a perthitic rock could 
crystallize. Smith's solutions had 50  per 

cent 1120 and less than i per cent of 
K.O. Goranson's work (1931) makes it 
unlikely that a perthitic liquid which ap-
proximates that of a granite could ab-
sorb more than io per cent H.O. 

Moreover, the potash-rich rhyolites 
cannot be explained because their tem-
perature of crystallization is higher than 
that at which immiscibility occurs. 

The experiments by Goranson (1931) 

have demonstrated a limited miscibility 
of H,0 in silicate melts. A consequence 
of this is that, near the end of the consoli-
dation history of a magma, a hydrother-
mal solution may separate as an inde-
pendent phase coexisting with the mag-
matic phase, on the one hand and with 
the solid phase (the rock), on the other. 
The significance of Goranson 's work and 
its implications have been discussed by 
many petrologists. The exudation of the 
hydrothermal solutions is believed to 
mark the final stages in the consolidation 
of the magma. It is important to note 
that they are separated from the magma 
through an immiscibility gap. The com-
position of the solutions is governed by 
the endomagmatic hydrothermal differ-
entiation processes as described by Neu-
mann (1948). Magmatic pegmatites are 
the precipitates from the residual mag-
matic melt prior to the hydrothermal 
stage. 

It appears, therefore, that neither the 
reaction relation anorthite-orthoclase nor 
pressure nor the volatile constituents can 
account for the composition of the Black 
Hills perthitic pegniatites. Metasomatic 
alterations which were found by Ter-
zaghi (1948) to he responsible for the 
presence in the orthoclase field of the 
potash-rich rhyolites that she studied 
might also be the reason why the Black 
Hills potash-rich pegmatites lie in the 
same field. It is uncertain whether all the 
potash-rich deep-seated, hypabyssal, and 
extrusive types plotted (figs. 4  and  5)  are 
metasomatic rocks or were formed by 
some other processes. This is not dis-
cussed in this paper and will he the sub-
ject matter of another work by the 
author. 

If it turns out that the hypothesis of 
potassium metasomatism is true, the 
orthoclase field of the orthoclase-aihite- 
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anorthite ternary diagram might well be 
named the "potassium metasomatism 
field." Perhaps also there are rocks which 
possess a higher albite normative compo-
sition than is consistent with a truly mag-
matic origin. Examples of these are the 
albite-rich granites and the albitites. A 
chemical analysis of an albitite from the 
Black Hills is given in table 3;  this has 
an Or:Ab ratio of 3:97. These would 
be placed in a field nearer to the Ab 
corner of the Or-Ab-An ternary diagram; 
this field might be named the "sodium 
metasomatism field." 

Whether the potash pegmatites of the 
Black Hills were once magmatic and 
have been metasomatized or are merely 
metasornatic is another subject and will 
be considered elsewhere. 

GENESIS OF PERTHITE SCHISTS 

Table 3  shows the chemical analyses 
of three country rocks. The rock formula 
introduced by Barth (1948) of each of the 
analyzed rocks—the average perthite, 
the cleavelandite, and the microcline—
was calculated as shown in table 7.  Table 
8 shows quantitatively the gains and 
losses required to change the normal 
schist to a perthitized schist, albitite, 
and perthite. The normative composi-
tions, using Von Wolff's method, were 
also calculated in table 9. 

Figure 7 is a reproduction of figures 7 
and 8 of Reynolds' work on the geo-
chemical changes leading to granitiza-
tion (1946). The schist of the Glendale 
area lies in the field of the aureole sedi-
ments of the Flamouth granite area. It 
lies also in the field of the aureole shales 
of the Dartmoor area (Reynolds, 1946, 

fig. ). The perthitized schist falls in the 
fields representing the Flamouth granite, 
the granitization series of the Dartmoor 
area, and the granites of the latter region. 
The albitite and the average perthite lie  

in a separate field closer to the L of the 
diagram. This means that partial feld-
spathization of the schist could give rise 
to perthitic schist, which has a chemical 
composition similar to potash granites. If 
feldspathization is more complete, rocks 
will form that possess a chemical com-
position near that represented by L of 
the Von Wolff diagram. 

Such rocks are the albitites and the 
perthitites (monomineralic rocks com-
posed of perthite). The formation of such 
rocks is an end-stage in Reynolds' se-
quence of changes of pelitic and semi-
peitic rocks. These changes may take 
place by the reorganization of the atoms 
and molecules inside the schist. Table 8 
would then refer to loss and gain inside 
certain volumes of the schist, where-
as the whole schist complex may show 
little change in bulk chemical composi-
tion. The perthite crystals in this schist 
seem to grow and recrystallize at the ex-
pense of the schist material, similar to 
the formation of porphyroblasts in other 
metamorphic rocks. In places they seem 
to have pushed aside the schist which 
forms the groundmass of the rock (pl. 
i, A). In places there are crystals ex-
ceeding 6 cm. in length, exhibiting mega-
scopic sieve texture (p1. i, C). A perthitic 
pegmatite which has approximately the 
same chemical composition and shows 
identical textures as those of the perthite 
of the schist may thus be formed in a 
similar manner. It is worth mentioning 
that Goldschmidt (ig) attributed the 
source of scandium, the rare element 
found in some pegmatitic pockets, to the 
country rocks which are mainly amphib-
olites and not to a pegmatitic magma. 
This was concluded from spectrographic 
studies. The amphibolites which could 
give their scandium lend support to the 
belief that the schist could contribute 
potassium to form the feldspars. If this 
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be true, the change is illustrated by the 
following: Three schist "unit cells" (the 
least number of the schist "unit cell" to 
form a perthite is 3)  are composed of: 
K 16.86, Na 5.37,  Ca 1.62, Mg 8.76,  

will be 

3 schist ± perthite + 2 schist relic.' (1) 

The "unit cell" of this schist relic is com-
posed of: K 1.21, Na 0.51, Ca 0.62, Mg 

TABLE 7 

FORMULAE OF THE COUNTRY ROCKS 

Rock K Na Ca Mg Ba Mn W+ Fe Al Ti Si P 0 H 

Schist .............. 1.790.502.920.040.04 2.82 0.95 I5.I5O.3060.450.I31608.95 
eerthiticschist  ...... 

. 

3.800.381.460.040.00  0.78 0.42 IS. 700.I661.620.321006.85 
AIbitite............. o 0.15 0.20 IS- 340.0060.510.3$I6O1.32 
Average perthite..... 

..

5.62 

21.200.0058.80.... 2602.37 
Cleavelandite ........ 

..
7.20 

. .4816.300.540.700.000,00 

18.370.470.110.01 20.240.0059.21.... 1602.42 
. 4.45 
. 0.11 

7.50 2.150.0 Microcline...........220.03....................0.03 

4.350.370.050.02...............0.07 

.... 

.
........ 

. o.o6 
20.900.0059.00.... 16oi.6ç 

TABLE 8 

GAINS AND LOSSES IN THE SCHIST 

Addition and Subtraction 

Schist to Addition: 1.58 K, 2.01 Na, 0.55 Al, 1.17 Si, 0.19 P 
perthitic 
schist Subtraction: 0.12 Ca, 2.46 Mg, 0.04 Mn, 2.57 Fe, 0.24 Ti, 2.20 H 

Schist to Addition.: Na, 0.04 Ca, 3.29 Al, o.o6 Si, 0.25 P 
albitite 

Subtraction: 5.24K, 2.22 Mg, 0.04 Ba, 0.04 Mn, 3.52 Fe, 0.30 Ti, 7.63 H 

Schist to Addition: 8.83 K, 2.56 Na, 6.05 Al 
average 
perthite Subtraction: 0.13 Ca, 2.87 Mg, 0.02 Ba, 0.04 Mn, 3.70 Fe, 0.30 Ti, T.65 Si, 

0.13 P, 7.58 H 

TABLE 9 

NORMATIVE COMPOSITION AFTER VON WOLFF 

Rock AlkJ An Mt Aug Q t L M Q 

2.4 1.2 13.4 41.1 4.3 44.3 14.6 41.1 
Perthitic schist . ... 55.2 2.0 o.6 5.2 34.3 2.8 6o.o .S 34-3  
Schist ........... ..37.6 

Albitite ..........  2.8 0.1 2.0 20.9 0.2 87.2 2.1 10.9 
Average perthite 

.84.2 
94.7 3.9 0.2 0.1 0.2 1.1 99.7 0.2 0.1 

Fe 11.43, Al 45.45,  Ti 0.90, Si 181.35, 

Po,39, H 26.85; and the average perthite 
"unit cell" consists of: K 14.45, Na 4.35, 
Ca 0.39, Mg. 0.05,  Fe 0.07, Al 21.20, 

Ti 0.0, Si 58.80, H 1.37.8  Therefore, the 
equation of the process of transformation 

Ba is taken into Ca, and Mn is taken into Fe. 

4.36, Fe S.68, Al 12.13, Ti 0.45, Si 61.28, 

P 0.20, H 12.74 (see Table io), 
Figure 8 shows a crystal of perthite 

about 2 cm. in length, forming a zone 
surrounded by another zone containing 

'Material produced after the petrob]astic forma-
tion of perthite from the schist. 



PERrHITE PEGMATITES IN THE BLACK HILLS 575 

schist relic material. Figure 9 is drawn to 
explain a mode of formation of such a 
crystal. The arrows indicate the direc-
tion of migration, and the amounts of  

spathic material. The core, which pos-
sesses K 5.62 and Na 1.79, has thus 
gained K 5.62 and Na 1.79 from the inner 
shell and K 3.21 and Na 0.77 from the 

In 

____ Aureole Sediments (Flamouth granite) 

1jxx I 
Granite 'I  

Granifizafion Series (Dartmoor granite) 

Granite 
11 It 

11( 7.—Vo11 \Volff diagram showing the composition of the studied rocks 

the diffusing ions are shown. The three 
"unit cells" of equation (i) are called in 
figure 9 the "outer shell," the "inner 
shell," and the "core." Potassium and 
sodium migrated from both the outer 
and the inner shells toward the core, 
which acted as a receiver for the feld- 

outer shell. The core also gained Al 6.05 
migrating from the inner shell and at the 
same time lost the excess of other ions 
over and above those necessary to form 
the perthite. The inner shell has gained 
K 1.21, Na 0.51,  and Al 3.03 migrating 
from the outer shell and the other ions 
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migrating from the core in the amounts indicated on the arrows. Lastly, the outer 
shell gained material migrating from the core as given in figure 9.  In this case it is 
supposed that the outer and the inner shells have the same composition after the 
development of the perthite. If such were not the case, the outer and inner shells 
would form two zones different in composition. The development of a pegmatite 
body composed almost entirely of perthite surrounded by schist material may he 
the result of such a transformation process. 

The perthite zone of a pegmatite might form in a similar manner. But equation 
(i) does not apply if several zones are present. If the ratio and chemical composition 
of the different minerals forming these zones are known, one can set up a similar 
transformation equation. 

The composition of cleavelandite (table 2) is considered to represent that of albite. 
It is possible for both microcine and albite to form from the schist according to 
the following equation (illustrated in table ii): 

16 schist 4 microcline'° + albite (cleavelandite) + 11 schist relic . (2) 

Sixteen schist "unit cells" are the least 
number of these units which could form 
a potash-rich and a soda-rich feldspar in 
the approximate ratio found in the aver-
age perthite, that is, 4: i, respectively. 

In this case, if conditions in the coun-
try rock were favorable for zoning, the 
schist could give rise to a pegmatite 
with two zones, one composed of micro-
dine and the other of albite. This  

transformation might take place at lower 
temperatures than those of the forma-
tion of perthite. This is because, at rela-
tively high temperatures, the feldspathic 
material is likely to form a homogeneous 
potash-soda feldspar. It should be noted 
that the formula of the schist relic of the 
last equation is approximately the same 
as that of the schist relic derived from 
equation (i). 

TABLE 10 

Schist Perthite 4- Schist 
Relic 

Formula 
of Schist 
Relic 

K.........  04.45 2.41 1.21 

Na ........  4.35 1.02 0.51 
Ca .........  

.x6.86 

0.39 0.13 0.57 
..5.37 

0.05 8.71 4.36 
0.02 0.10 0.05 

Mn  ........ o.o6 

Mg...........8.76 

....

1.50 

4.23 

Ba .............0.12 

2.85 

....

0.12 

0.07 2.78 1.39 
Al  ......... 20.20 24.25 12.13 

Fe ...........8.46 

Ti  ..... . ... 

...........0.12 

...........
8.46 

0.00 0.90 0.45 
..45.43 

58.80 122.55 61.28 Si ..........181.35 ...0.90 

0.20 P ............0.39 
H..........26.85 

...........0.39 
1.37 25.48 12.74 

The formula of microcline (table r) of Hugo 
pegmatite is used here. 

Schist  

(ci . 

: \ 
P e r t h i t e 

(Enlarged 2X) 

Fin. 8.-Perthite metacryst in the schist 



Fm. 9.—Reorganization of the schist material to form the perthite metacryst. A, core of innermost shell; 
B, inner shell; C, outer shell. 
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It is worth mentioning that the forma-
tioii of m.icrodine and albite suggests an 
explanation of the plagioclase rims sur-
rounding orthoclase in some potash 
granites and the orthoclase rims sur-
rounding plagioclase in some basic rocks. 
Such rimmed plagioclases were con-
sidered by Bowen (1928, pp. 227-233) as 
evidence for the existence of a reaction  

relation between anorthite and ortho-
clase. In a recent work, Schairer and 
Bowen (i) found that anorthite and 
orthoclase are not reaction pairs; there-
fore, Bowen's first conclusion is no longer 
valid, and the rimmed plagioclases of the 
basic rocks must now be explained in 
another way. They could find their solu-
tion in solid diffusion phenomena. 

TABLE 11 

iO Schist 4 Micro- + Cleave- + ii Schist 
Cline landite Relic Relic 

Formula of 

Schist 

70.00 0.11 19.81 iSo K.................89.92 
8.6o 18.37 x.b7 0.13 Na ................28.64 

Ca  .............. 
....

8.00 0.04 0.47 7.49 0.67 

Mg ..............  
0.12 0.12 46.49 4.22 

............... 
Mn
Ba  0.06  

.............. 

..

46.71 

0.06 
45.12 4.10 

Fe+ 

...0.64 

0.12 0.06 25.02 1.40 

...0.64 

83.60 

........................o.64 

20.24 138.60 12.60 Al ............... 

..

242.40 ...
25.20 

0.00 

........................0.64 

.......................45.12 

0.00  4.80 0.43 
236.00 59.21 672.99 61.o 

Ti .................4.80 
Si ................967.20 
P....................2.08 0.29 
H................ 143.20 6.6o 

..........................2.08 

2.42 134.20 12.18 

If microcline (potash-rich material) and albite (soda-rich material) derived from 
the schist subsequently reacted metasornatically by replacing the schist, other rocks 
would result, according to the following equation (illustrated in table 12): 

Iv[icrocline + albite (cleavelandite) + schist ± perthite + aihitite + perthite schist 
(3) 

+ basic ions 

TABLE 12 

I I I I I I 
Micro- + Cleave.  + Schist = Perthite-I-Albitite Perthite + Basic 
Cline landite Schist ions 

0.21 5.62 24.45 0.48 7.20 
Na  ............. 18.73 1.79 4.35 26.30 3.80 

....

2.15 

0.47 0.50 0.37 0.54 0.38 Ca................0.02 
0.11 2.92 0.05 0.70 1.46 0.8 

K.................17.50 

Ba  ............. 0.04 0.02 0.00 0.04 
Mn  ............. 0.00 

0.78 1.89 

Mg ........... 
......

0.03 

o.o6 0.95 0.07 0.10 0.42 0.45 
Al  .............. 

............0.01 

20.24 15.25 

..........0.00 

22.20 28.34 25.70 

Fe .............0.03 

..................0.04 
...................2.82 

0.00 0.30 

..........0.15 

0.00 0.00 o.,6 0.14 Ti ................0.00 
..

20.90 

59.21 60.45 8.80  6o.i 62.62 Si ............... 59.00 
H  .............. .i.6 2.42 8.95 2.37 1.32 6.8 
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The amounts of potassium, sodium, alu-
minum, and silica of the reactants are 
approximately equal to those of the prod-
ucts; however, basic ions are released in 
the reaction and are thus free to migrate  

might have diffused to lower levels in the 
gravitational field. A combination of 
both explanations is also a possibility. 
Figure i o is a summary of the reactions 
discussed above. 

QUARTZ MICA SCHIST 

VAn 'I, 

SCHIST RELIC + MICROCLINE PERTHITE+SCHIST RELIC 
-I- 

ALBITE 

MICROCLINC 
± + QUARTZ MICA SCHIST 

ALBITL 

PERTHITITE-I-ALBITITE-I-PERTHITE SCHIST + BASIC IONS 

Released as1a source of 
basificalion (amphibolites) 

V,o. io.—Metasomatic development of the Black Hills perthite 

to other parts of the country rock, where 
they may, by reaction, give rise to other 
basic rocks. Perhaps they migrated to the 
north of the studied area, where they 
may have played a role in the formation 
of some amphibolites outcropping there. 
Another working hypothesis is that they 

SUMMARY AND CONCLUSIONS 

Some pegmatitic perthites and coun-
try rocks of the Glendale area of the 
Black Hills of South Dakota were chemi-
cally analyzed and microscopically stud-
ied in order to explain the origin of the 
perthites of this area, The textures of 
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the perthites and the microscopic fea-
tures of the country rocks do not seem to 
be of a magmatic nature; rather, they 
support metasomatic activities. Evi-
dence of metasomatic derivation of the 
perthites was given in the discussion of 
their chemistry. The feldspar equilibrium 
diagram was proved to be unsatisfactory 
for the magmatic derivation of these 
perthites. Moreover, the general chemis-
try does not harmonize with the general 
crystallization rules. The schists grade 
into feldspar-rich types, the country 
schists having been chemically reacti-
vated. The feldspathic materials are 
thought to be endogeneticallv derived 
from the schist. Perthitization was par-
tial in some parts of the country rock, 
where perthite schists were developed. 
In other parts of the country rock perth-
itization was complete because of favor-
able conditions of temperature, pressure, 
and structure, and thus perthitic pegma-
tite bodies formed. In still other parts of 
the country rock the conditions assisted 
both in the trapping of some elements 
and in the action of certain reaction 
processes which gave rise to the forma-
tion of shells or zones composed essen-
tially of definite minerals characteristic 
of such conditions. The perthite zone of 
certain pegmatities is considered to be 
one of these zones. 

The formation of perthite in general  

was a complex metasomatic process 
which took place in various stages. The 
following steps are believed to have 
taken place during the evolution of the 
studied perthites: (i) endogenetic de-
velopment of homogeneous potash-soda 
feldspathic material by metamorphic dif-
ferentiation of the country rocks; (2) dif-
fusion of the soda feldspar portion into 
preferred parts of the structure of the 
homogeneous material to form the string 
and film types; (3) endogenetic develop-
ment of a soda-feldspar (albite) from the 
schist; and () reaction metasomatism or 
replacement of microcline of the film and 
string types of perthite, giving rise to 
vein and patch classes. This reaction was 
accelerated by water derived from the 
schist. 

I do not pretend to have discussed the 
whole problem of the genesis of pegma-
tites. I have given only some explana-
tions of the studied types. 
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OBSERVATIONS ON THE DISTRIBUTION OF TRACE ELEMENTS 

IN THE PERTHITE PEGMATITES OF THE BLACK HILLS, 

SOUTH DAKOTA 

To be published in American Mineralogist 

kD STRACT 

The trace-element contents of the Flack Thus per-
thites have been determined spectrographically. Their chief 
trace elements are found to be Rb, Fa and Sr. The distribu- 
tion and relative proportions of the different trace elements 
are discussed. They seem to support the metasomatic deriva-
tion of the perthites from the schists of the country rocks 
in ?.hich the pegmatites occur 



2. 

STATEMENT OFPROBLEM 

The perthite pegznatites of the Black Hills, South 

Dakota, have been considered by the writer (Higazy, 1949) to 

have been formed not by magmatic crystallization but mainly by 

replacement processes. The chemical composition of these per-

thites as well as their textural and microscopic features sup-

port their metasomatic derivation. Moreover, field observa-

tions seem also to be in favor of the replacement origin of 

these pegmatites. The trace-element contents of the perthites 

and of some of the country rocks were determined spectrographi-

cally in order to study the significance of such elements in 

the petrogenesis of these perthites. 

SPECTBOGUAPHIC AMJYSIS AND DATA OBThINED 

Portions of the powders used previously for chemical 

analysis were spectrographically analysed by the writer at the 

7Tacau1ay Institute for Soil Reserach at Aberdeen, Scotland, 

using the semi-quantitative method described in detail by 

r.1itchell (1948). The determined trace elements, and the wave 

lengths ' 
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lengths of their respective diagnostic lines have already been 

recorded by the writer (Higazy, 1952a). 

The trace-element contents of the analysed perthites 

and cleavelandite are listed in Table l and those of the 

other country rocks are given in Table 2. For the exact loca-

tion of these rocks, and their chemical composition and petro-

graphic description, reference should be made to an earlier 

paper (Higazy, 1949, Fig. 11  p. 5567 p.  559 and pp.  562-564). 

MAJOR EL:ETS 

The average ratio Or:Ab:An in the analysed perthites 

is 75.8:22.4:1.8 (Higazy, 19499  p. 561). The most important 

major elements in their composition are, therefore, Si, Al and 

K. Na and Ca may also be significant but not to the extent 

of that of K. The ranges of 1(20,  Na2O and CaO in these per-

thites are 10.58 - 15.62, 0.38 - 3.29 and 0.15 - 0.82 per cent 

respectively. 

Small amounts of Mg and Fe are usually present in 

the composition of perthites. MgO and total iron oxides (as 

Fe2O3) in the perthites of the Black Hills vary from 0.00 - 

0.12 ' 
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0.12 and 0.06 - 0.13 per cent respectively. The exact mode 

of occurrence of these elements, namely, Mg, Fe2  and Fe3, in 

the structure of potash feldspar is not yet perfectly known. 

Among the major elements of the perthite, Na possesses the 

closest ionic radius (0.98 ) to that of Mg (0.78) and that of 

Fe2  (0.83). It is not certain that Mg and/or Fe2  replace Na 

in the feldspar lattice since (a) Na usually has a higher co-

ordination number and (b) Mg and Fe2  appear to have much higher 

activation energy values (E-value). Mg is known to replace 

Al In biotite and hornblende. Although these species have 

different structures from that of the feldspars, yet the possi-

bility of such replacement in the latter should not be disregar-

ded. If, however, Mg and Fe2  have no definite position in the 

structure of the feldspar, it may then be conjectured that they 

are either dispersed through the structure or present in minute 

mineral inclusions in the perthite. A combination of these 

two alternatives is also a possibility. 

Fe3  has an ionic radius of 0.67 9, not very different 

from that of A13  (0.57)7  and both have the same valency. If 

the feldspar lattice is favorable for the admission of Fe3, it 

may be surmised that it replaces Al, since Wickman (1943, p. 

31) points out that Fe3  may be considered as so immobile that 

It could be Incorporated in a suitable lattice under any con-

ditions. 

TRACE / 
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TRACE ELEMENTS 

The different trace elements in the perthite pegma-

tites are classified according to their abundance into four 

categories: abundant, present in small amounts, rare and very 

rare. 

Abundant 

Rb, Ba and Sr. 

Present in small amounts: 

Li, Pb, Ga and 
Tl. 

Rare 

mm 1  V, Cu; 
Pe Ge and 

Zr 

Very rare 

Cr, Co, Ni, Sc; 
Sn, Ag, Mo; 

La, Y and 
In. 

Rubidium, barium and strontium 

The Rh content in the analysed perthites (1'Tos. 1 - 15) 

varies from 600 to 9500 ppm. and the average is 2665 ppm. 

(Table / 
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(Table 1). The average in the two analysed microcline- 

perthites from the Hugo pegmatite is 3600 ppm. The Rb content 

of the potash feldspar of the Caledonian granodioritic rocks of 

Scotland studied by Nockolds and !:itchel1 (1948), Table XXI, 

p. 571 varies from 60 to 800 ppm., the highest being in potash 

feldspar from aplite, Garabal Hill-Glen Fyne Complex, Scotland. 

But the perthite found as phenocrysts in the granites of the 

Glendale area of the Black Hills (analysis 13, Table 1) has 

900 ppm. Rb. On the whole, the Rb content of the Black Hills 

perthites seems to be higher than that of the Caledonian feld-

spars. 

Ahrens (1945b) examined the Rb content of 67 specimens 

of potash feldspars (microcline, orthoclase and perthite). 

rost of these, however, were collected from pegmatites of widely 

different occurrence. Their Rb content varies from 40 to 2560 

ppm, with an average of 295 ppm. The range in the 16 green 

microcline (amazonite) examined also by him, is from 640 to 

117880 ppm. with an average of 3670 ppm. The average in per-

thites of the Black Hills (2665 ppm.) is not appreciably lower 

than that of the green microcline. Among the fifteen analysed 

perthites of the Black Hills, one is grayish in color (No. 9), 

five are grayish-white (Nos. 21  41  81  10 and 12) and other nine 

are pinkish (Higazy, 1949, p.  563). The grayish perthite is 

relatively / 
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relatively the richest in Rb (9500 ppm.). The average Rb con-

tent of the six grayish and grayish-white samples is 4835 ppm., 

while that of the nine pinkish perthites is only 1220 ppm. 

This seems to be a fairly reliable indication that the pink 

varieties of potash feldspar contain relatively less Rb than 

the grayish types. The average Rb of the grayish perthites 

(4835 ppm.) lies within the range given by Ahrens (1945b, 

p. 229) for amazonite (4570-5485 ppm.) and closer to the mini-

mum limit, while the average for the pink types is notably less 

than for the green species being only 1220 ppm. 

Ba in the Black Hills perthites is less abundant than 

Rb except in the perthite porphyroblast (No. 7) found in the 

perthitized schist. It is interesting to notice that the 

color of this Ba-rich perthite is salmon red and that it con-

tains 0.13 per cent of total iron oxides as Fe203, an amount 

similar to that of perthite No. 15, which is pinkish. More-

over, perthites Nos. 10 and 11 are grayish-white and deep pink, 

respectively; yet each has 0.09 per cent Fe203. But the Ba 

content of the grayish-white perthite (380 ppm.) is less than 

that of the deep pink (1500 ppm.). The reddish coloration, 

therefore, seems to be related to relative enrichment in Ba 

rather than in Fe. 

The Ba content ranges from 20 to 10,000 ppm. The 

highest / 



highest abundance for the pegmatitic perthites excluding the 

perthite porphyroblast of the schist is 1500 ppm. while the 

average is 965 ppm. The average B& content of the rnicrocline-

perthites of the Hugo pegmatite is 290 ppm. In the potash 

feldspars of the Caledonian granodioritic rocks Ba ranges from 

2000 to 8000 PP1.  and is more abundant than Rb, as in the por-

phyroblast of the perthitized schist of the Glendale area of 

the Black Hills. But the Ba content (50 ppm.) of the potash 

feldspar from aplite, Garabal Hill-Glen Fyne Complex (locko1ds 

and 1ilitchell, 1948, p. 571) is lower than that of Rb (2000 ppm.) 

as in the pegmatitle perthites and the perthite phenocryst of 

the granite of the Black Hills. Although the data for the 

Black Hills perthites do not show a regular relationship be-

tween Rb and Ba, yet they suggest that the relatively Rb-rich 

perthite (No. 9) possesses a relatively low content of Ba. 

Sr varies from 20 to 1500 ppm. with an average of 

270 ppm. It is less abundant than Ba in most of the analysed 

perthites, as in the potash feldspars of the Caledonian rocks 

and those of the Pre-Cambrian granites of Boulder Creek, Over-

land Mtn. and Silver Plume, Jamestown, Colorado, examined by 

ray (1942). 

That Rb, Ba and Sr are concentrated in the K-rich 

feldspars is very obvious, especially when comparison is made 

vrjth •/ 
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with the content of these three elements in cleavelandite. 

This Na-rich species has only 0.09 per cent 1(20  and its Rb, Pa 

and Sr contents are 2, 5 and 100 ppm. respectively. Rb and 

Ba are thus present in negligible amounts compared with their 

respective average abundances in the perthites. Sr, however, 

Is relatively high. But cleavelandite has 0.50 per cent CaO. 

Its 0r:Ab:An ratio is 0.6:97.0:2.4 (Higazy, 1949)  p. 561). 

It is quite likely that Sr (1.27 J) substitutes for Ca (1.06) 

in cleavelandite. 

Lithium, Lead and Gallium 

Li is present in all the analysed perthites but in 

widely variable amounts, the range being from 2 to 230 ppm. 

and the average, 60 ppm. It seems that the relatively Rb-rich 

perthites (Nos. 8, 9 and 10 of Glendale area pegmatites and No. 

16 of the Hugo pegmatite) are also rich in Li. But this rela-

tionship cannot be generalised since perthite No. 12 has 2000 

ppm. Rb and 130 ppm. Li, while perthite No. 4 has 5000 ppm. Rb 

and only 7 ppm. Li. Moreover, the potash feldspar of the 

adamellite, tTorven-Strontian Complex, Scotland (Nockolds and 

TMitchell, 1948) has 600 ppm. Rb and 8 ppm. Li, while the range 

of the Rb content of the other Caledonian potash feldspars is 

from 60 to 2000 ppm. and their Li is below its limit of sensi-

tivity (1 ppm.). 

The " 
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The position of Li in the feldspar lattice is deba-

table. Li feldspars do not exist in nature, and according to 

Ahrens (1945a, p.  82), a Li content greater than 2 - 5 ppm. is 

exceptional in the feldspars. However, the Li content of the 

micas is generally appreciable. There are good grounds for 

assuming that Li replaces Mg in biotite. Both elements have 

the same ionic radius (0.78 A
0
) and the same coordination number. 

On the other hand, muscovite does not usually contain Mg. But 

Hendricks (1939, p. 73) mentions that Li can enter the musco-

vite structure giving rise to lithium muscovite, TToreover, 

Ahrens finds as much as 1.2 per cent L120 in the rnuscovites of 

Uran.00p River Area, Namaqualand, S. Africa (Ahrens, 1945a). 

He suggests that Al may be replaced by Li in the muscovite 

structure providing that electrostatic balance is restored by a 

concomitant replacement elsewhere in the lattice. The proposed 

substitution of Al by Li in muscovite may possibly imply that 

such replacement could also take place in the feldspar lattice 

as Limdegrdh suggests (1947, p. 108). It should also be men- 
0 

tioned that Li (0.78 A) may replace Na (0.98). Cleavelandite 

has 150 ppm. Li, but this Na-rich species also possesses a high 

amount of Al. On the other hand the analysed albitite (Table 

2) is relatively poor in Li (10 ppm.). This makes the replace- 

ment of Na by Li rather uncertain. 
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Pb is present in all the analysed perthites. Omit-

ting No. 15 it ranges from 10 to 40 ppm. with an average of 25 

ppm. Perthite No. 15 is exceptionally high in Pb (450 ppm.) 

and if it is taken into account, the average rises to 53 ppm. 

It is interesting to notice that the total of Rb, Pa and Sr in 

the exceptionally high Pb perthite (No. 15) is the lowest among 

all the samples tested. Pb ores were not detected microscopi-

cally in the thin section of this perthite. Pb is below its 

limit of sensitivity (10 ppm.) in cleavelandite. It is most 

likely replacing K in the lattice of the potash feldspars; 

the association of Pb and K in silicic rocks has been pointed 

out by Sandell and Goldich (1943, p.  169). 

Ga occurs in the analysed samples rather uniformly, 

the range being from 30 to 50 ppm. and the average 33 ppm. 

Cleavelandite has 70 ppm. Ga. 

between Ga and Al is unique. 

The geochemical relationship 

Ga feldspars, KGaSi308  and 

NaGaS13081  in which Ga completely replaces Al, have been syn-

thesized by Goldsmith (1950). 

Thallium 

The abundance of Ti in the perthites of the Black 

Thus is very interesting. The average Ti content of the 

fifteen perthites of the Glendale area is 29 ppm. It is 

found / 
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found in amounts below its limit of sensitivity (30 ppm.) in 

some perthites and in others it may be present up to 150 ppm. 

Shaw. (1952, p.  128) reports 84 and 21 ppm. Ti in the microcline-

perthites of Custer lilt. and the High Climb pegmatites of the 

Plack Hills respectively. The microcline of the Hugo pegmatite 

has 80 ppm. Ti. In the five perthites which possess less than 

1000 ppm. Rb (Nos. 6, 71  11, 13 and 15) Ti is below its limit 

of sensitivity. Moreover, the lepidomeiane-skarn of Co. Done-

gal, Ireland, examined by the writer (Higazy, 1952a) has as 

much as 800 ppm. Rb and its Ti content is undetectable. Of 

the four perthites (Nos. 2, 51  14 and 16) in which Rb varies 

from 1000 to 1500 ppm. Ti is present in detectable amount (40 

ppm.) only in No. 5. All the remaining perthites (Nos. 11  39  

41  81  91  10, 12 and 17) contain appreciable amounts of Ti to-

gether with at least 2000 ppm. of Rb. This clearly shows that 

there is a geochemical relationship between Rb and Ti as sug- 

gested by Ahrens (194). It should be stated that Cs (8079.02 

line) was detected qualitatively in only the spectrum of the 

perthite No. 9 which possesses the relatively highest contents 

of both Rb (9500 ppm.) and Ti (150 ppm.). There may be, there- 

fore a relationship between Cs on the one hand and Rb and Ti 

on the other, especially if we consider that the caesium 

rdnera1 pollucite examined by Ahrens (1945b) also contains 

appreciable / 
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appreciable amounts of both Rb and Ti. However, more data 

from several other Rb-rich potash feldspars are needed to es-

tablish the suggested relationship. 

The Rb/Ti ratio in the perthites of the Black Hills 

varies from 25 to 93 with a mean of 60. Ahrens (1945b) con-

cluded that the mean weight ratio Rb20/T120 is 110 and that 

the limits of variation are 30 and 650. He also mentions that 

this ratio can vary in the same type of mineral from one area 

to another. The mean value of this ratio for the perthites 

of the Black Hills is 64, with variation from 28 to 98. The 

log, per cent relationship between Rb20 and T120 is represented 

graphically In Fig. 1. The results are practically the same 

as those plotted by Ahrens (1945b, Fig. 3) and the slope of 

the graph in both cases Is nearly 450. 

Rb and Ti have the same ionic radii (1.49 R) and are 

concentrated in potash-rich minerals, where they enter into the 

lattices with about the same ease, replacing K. 

Man anese vanadium and copper 

Each of the elements Ifln, V and Cu Is found In almost 

uniform amounts. Mn varies from 7 to 15 ppm. with an average 

of tO ppm.; V from amounts below its limit of sensitivity 

(5 ppm.) to 20 ppm. with an average of 6 ppm.; and Cu from 3 

to / 
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to 5 ppm. with an average of 4 ppm. The exact position of 

each of these elements in the lattice of the potash feldspar 

is not known. Judging from the ionic radii of Mn2  and Cu2, 

0.91 and 0.83 A, respectively, it may be surmised that they re-

place Na (0.98), and that V3  (0.65) substitutes for Al (0.57). 

The contents of V (10) and Cu (5 ppm.) in cleavelan-

dite are within the range of these elements in the perthites. 

However, the Jn content in this Na-rich feldspar (40 ppm.) is 

much higher than in any of the perthites. 

Beryllium arid germniurn 

Be is found in all the analysed perthites except one 

(No. 6). It varies from 5 to 8 ppm. Ge, however, is found 

in only five perthites of the Glendale area and in the micro-

dine of the Hugo pegmatite. Its range is 10 to 15 ppm. 

It is likely that both Be and Ge replace Si in the feldspar 

lattice, since the ionic radius of Be (0.34 R) and that of Ge 

(0.44) are close to the radius of Si (0.39). Moreover, Ge 

feldspars, in which Ge completely replaces Si, have been syn-

thesized by Goldsmith (1950). Cleavelandite is richer in 

both Be and Ge than the perthites, having as much as 120 ppm. 

of Be and 20 ppm. of Ge. 

Zirconium / 
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Zirconium 

Zr Is found only in one perthite (No. 5) and there 

it Is present In rather high amount (300 ppm.). This makes 

it very likely that minute inclusions of zircon are responsible 

for the Zr present in No. 5. 

The very rare trace elements 

Among the very rare trace elements in the an1ysed 

perthites are Cr, Co and NI. Cr is found In eight perthites 

in amounts varying from 1 to 5 ppm., but below Its limit of 

sensitivity In the others. Co and NI, if present at all, are 

below their limits of sensitivity (2 ppm.) In all the analysed 

samples. In six of the perthites it can be stated that the 

relative distribution of Cr, Co and NI is Cr> Co = NI. 

Sc, If present Is In amounts below Its limit of sen-

sitivity in all the perthites. 

Cr, Co, Ni and Sc are elements which generally re-

place M, Fe2  and Fe3  In crystal lattices. The relative de-

ficiency of the perthites in these major elements explains 

the impoverishment of their replaceable trace elements. 

Ag Is present In most of the analysed perthites In 

amounts ranging from <1 to 4 ppm. The Ionic radius of Ag 

is 1.13 X, very close to that of K. It Is possible that the 

relatively / 
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relatively small amount of this trace element replaces K in 

the lattice, 

$n is found in detectable amount in only one sample 

(No. 16), collected from the Hugo pegmatite. The high con-

tent of Sn (200 ppm.) present in this perthite appears to be 

eccidental, being attributable to very minute inclusions of 

Sn minerals, possibly cassiterite. 

Mo is found in one perthite from the Glendale area 

and in another from the Hugo pegmatite, the Mo content in eadix  

being only 1 ppm. 

La, Y and In, if present, are each in amounts below 

the respective limit of sensitivity. 

SIGNIFICANCE OF THE DISTRIBUTION OF THE TRACE ELEMENTS 

The petrogenetic significance of the distribution of 

the various determined elements in the perthites can be studied 

with regard to (a) the composition of the different perthites 

and (h) the trace-element contents of the associated country 

rocks namely, the unaltered schist (quartz-muscovite-hiotite-

schist), the perthitized schist, the granite and the perthite 

pegmatites. 

(a) / 
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(a) Bray (1942) estimated certain trace elements in 

the potash feldspars of both Pre-Cambrian granites and their 

corresponding pegmatites. These rocks were supposed to be of 

magmatic origin. He (Bray, 1942, p. 797) remarked that the 

pegmatite minerals usually contain less of almost every minor 

element than the corresponding minerals from the parental grani-

tic rocks. The statement that pegmatitic minerals should be 

relatively less enriched in almost every minor element, is too 

broad a generalisation it is not in complete harmony with 

Goldsehmidt's principles of the replacement of major by trace 

elements (Goldschmidt, 1937 and 1945), replacement being a 

process which is mainly governed by the electrostatic charges 

and the ionic radii of the elements concerned. According to 

these principles, there should he certain elements which become 

relatively concentrated in the pegmatite minerals, provided 

that such minerals also occur in the parental rocks. In such 

cases the ratio of the content of the trace element to that of 

its replaceable major element should be higher in the pegmatite 

mineral. Rb is an example of this, since its ionic radius 

(1.49 A) is greater than that of K (1.33). The potash feldspar 

of aplite from the Garabal Hill-Glen Fyne Complex in Scotland 

has 2000 ppm. Rb, while the average of this element in the 

potash feldspars of the granodioritic rocks supposed to have 

crystallized / 
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crystallized earlier from the magma is only 425 ppm. (Nockolds 

and Mitchell, 1948). Moreover, the average Rb20 content of 

the potash feldspars from granites studied by Ahrens (1948) is 

0.0073 per cent, while that of the pegmatitic species is 0.0319 

per cent and that of the hydrothermal microclines from pegma-

tites is as high as 0.433 per cent. Amongst the perthites of 

the Black FIlls Yos. 6 and 15 have the lowest Rb20 content, 

0.066 per cent. The perthite phenocryst (No. 13) from granite, 

hovever, has a higher Rb20 content (0.099 per cent). The Rb/K 

ratio of the phenocryst (9.4) is also higher than that of the 

perthites Nos. 6 and 15 (6.1). Moreover, the perthite porphyro-

blast of the schist has 0.088 per cent Rb70 and its Rb/K ratio 

is 7.7. Supposing, for the sake of argument, that these per-

thites were derived ft'oin strictly magmatic sources, that is by 

differentiation of a basic magma, then their Rb contents, as 

well as the values of their Rb/K ratio, would seem to imply that 

the pegmatite perthites were formed at an earlier stage than the 

perthite phenocryst from the granite, and that the porphyroblast 

was developed at an intermediate stage - conclusions that are 

obviously not feasible. 

There are other pegmatitic perthites, especially Nos. 

41  81  9 and 10 of the Glendale area and No. 17 of the Hugo 

pegmatite / 
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pegmatite, which have unusually high Rh contents. These per-

thites cannot be considered as primary products of magmatic 

crystallization since such products generally have a much lower 

Rb content. The relatively high Rb and Li contents in these 

perthites may support the hypothesis that the latter were formed 

at the hydrothermal stage during which replacement processes 

become dominant. 

There are also certain features in the distribution of 

the other trace elements which are not in favor of the magmatic 

mode of genesis. The Ba content of the phenocryst from granite 

and the value of its Pa/K (1000 Ba/K = 1.6) are much lower than 

those of (a) most of the pegmatitic perthites (1000 Pa/K ranges 

from 1.9 to 14.7) and (b) of the perthite porphyroblast of the 

schist (100 Ba/K = 97.0). But according to Goldschmidt's 

principles, divalent Ba should be more concentrated relative to 

K in the early formed crystals. Moreover, Engelhardt (1936) 

has pointed out that Pa is relatively enriched in potash felds-

pars which form at the earlier stages of crystallization com-

pared with those formed later. 

It is important to trace the source of the replacing 

materials which gave rise to the pegmatitic perthites. They 

may be the residual hydrothermal solutions which usually remain 

at the end of the magmatic history. These solutions subsequent- 

ly / 
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subsequently replce the magmatic mncrals of the piegmatites. 

But the relative distribution of Cr, Co and Ni leads to the 

belief that such magmatic hydrothermal solutions cannot be re-

sponsible for the development of the Black Hills perthites. 

It has been found that the relative abundances of these trace 

elements in the rocks that form during the end stages of ma-

tic crystallization is Co>NiCr (Ludegardh, 19491  p. 21) or 

Ti> Co> Cr (Higazy, 1952h). Consequently the hydrothermal 

magmatic solutions as well as the magmatic pegmatites or even 

the granites that crystallized immediately before the hydro-

thermal stage should have a lower Cr content than that of either 

Co or Ni. The cueston now arises, why the Black Hills peg-

matites and granite, if of strictly magmatic ancestry)  have the 

relative distribution Cr>NiCo which is inconsistent with 

this mode of origin? Thy do we find wide fluctuations in the 

Rb, Li and Da contents of the different perthites? It may be 

argued that the composition of the hydrothermal replacing solu-

tions varies from place to place in the same locality, that is 

to say, the solutions may have been Rb-rich in one part of the 

country rocks and Li-rich in another. But then the separation 

of such differing solutions from the original magmatic liquor 

calls for explanation. These problems seem to f.nd their solu-

tion if we seek the origin of the replacing material in the 

country rock itself. In the first place, the analysed schist 

has / 
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has the relative distribution Cr>Ni>Co, like that of the as-

sociated granite and pegmatites. In the second place, the 

trace-element contents in the country schists are quite likely-

to differ from one part to another. Landergren (1945), studying 

the boron content of sediments, points out that this content 

varies horizontally as well as vertically in the stratigraphic 

column from one district to another. Such local differences 

in the trace-element contents of the country rocks would un-

doubtedly show up in the corresponding granitization products. 

This would be so quite apart from the fact that the mobilities 

of the different elements also vary and would therefore tend to 

give rise to different concentrations of such elements in the 

various parts of the rocks through which they pass. Moreover, 

it seems that each element would tend to follow preferential 

paths determined by the structural features of the area and 

therefore, for this additional reason, the relative concentra-

tions would vary in different parts of the same locality. 

(b) The trace-element contents of the various country 

rocks. 

The chemical composition and the trace-element contents 

of the country rocks, namely, the unaltered schist, the perthite-

coMet, the granite and the albitite are recorded in Table 2. 

It, 
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It is important to notice that the schist does not 

lack any of the trace elements present in the granitic country 

rocks. Moreover, they all have Cr>TTi'Co and Da>Sr. This 

is the seine relationship as that found in the psanuAo-pelitic 

schisto of the different metamorphic zones of the Scottish High- 

lands (Higazy, 1952c). ?ere also the relative distributions 

Cr>:Ti>Co and TaSr persist in the analysed rocks of the 

chlorite-, biotite-, garnet- staurolite- and sillimanite-zones. 

The essential mineral constituents of granites, wherever 

they occur, are substantially the same. Yet the distribution 

of the rarer elements in these granites varies rather markedly. 

The trace-element contents of the Fre-Caxnbrlan granites of the 

Black Hills (S. Dakota), the rapakivi granite of Finland and the 

Caledonian granites (adamellites) of May and Morven-Strontian 

(Scotland) are listed In Table 3. It will be noticed that the 

rapakivi granite has 1000 ppm. Rb, while the Scottish rocks have 

500 and 400 ppm., and the Black Hills granite only 240 ppm. 

Furthermore, both the rapakivi and the Black Hills granites are 

relatively poor in Sr, having-39 and 50 ppm, respectively while 

the Scottish granites have 1200 and 1500 ppm. of this element. 

The values of Ba/Sr in the granites of Finland (rapakivi), Black 

Hills, Moy and Morven-Stront.jan are l, 15, 2.5 and 1 respectively. 

These marked differences cannot be entirely attributed to the 

different ./ 
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different ages of these granites, since Shama and Rankama (1939 

p. 8) point out that the Pre-Cambrian granites in the different 

parts of Finland show a remarkable variation in their rarer-

element contents, a discovery which led them to the belief that 

not all the granites could be of magmatic origin. 

It is difficult to see how residual granitic melts 

which might form at the late stages of differential crystalliza-

tion of basic magma could exhibit such wide variations in their 

trace-element contents from one geographical occurrence to 

another. It is a more reasonable inference from the data 

available that the granites concerned formed either by metasorna-

tic processes within the country rocks or by a further extension 

of such processes - leading to refusion, whereby granitic ichors 

might be formed. Moreover, if the normative composition of 

several granitic and pegmatitic rocks supposed to have crystal-

lized at the late stages of the differentiation history of basic 

magma be plotted on the orthoclase-albite-anorthite and the 

aAlS104-KãlSiO4-Si02 equilibrium diagrams, the distribution is 

inconsistent with the hypothesis of their derivation from a dif-

ferentiating basic magma (Higazy, 1950). The normative feldspar 

contents lie in the orthoclase field of the orthoclase-albite-

anothite equilibrium diagram and their salic normative consti-

tuents place them outside the region of low temperature in the 

TTaA1SiO4  / 



24. 

NaAlS104-KAlSiO4-S102  equilibrium diagram. It has been gene-

rally assumed that the discrepancy between the chemical compo-

sition of such rocks and the results of high temperature studies 

of analogous systems is mainly due to the effect of water vapor 

which usually concentrates towards the end of the magmatic his-

tory. However, this explanation is considered, on theoretical 

grounds, to be inadequate (Higazy)  1949). Moreover, Bowen and 

Tuttle (1950, p. 497) have recently established that water vapor 

has no discernible effect on the fundamental course of crystal-

lization in the albite-orthoclase binary system, i.e. in the 

system which is the most important one concerned in the problem 

of the perthite. 

The discrepancy between the normative composition of 

the Black Hills perthites and the orthoclase-albite-anorthite 

equilibrium diagram, together with the textural features, were 

considered as criteria supporting a metasomatic origin for these 

perthites (Higazy, 1949). Metamorphic differentiation, which 

is responsible for the development of the perthite porphyro-

blasts in the schist, was thought to give rise to chemically 

similar perthite pegmatites in parts of the country rock where 

favorable physical and structural conditions prevailed. Ex-

perimental data, given by Jagitsch, (1949) however, suggested 

that the depth affected by solid diffusion is only a few metres 

in/ 
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in 10  years. Although so slow a rate could satisfactorily 

account for the formation of the perthite porphyroblasts yet it 

cannot explain the development of large peginatitic bodies by 

"solid" diffusion. But the state under which diffusion takes 

place may not necessarily be that of a perfect solid-  moreover, 

we do not yet know the exact effect on diffusion rates of the 

very complicated pressures and stresses that attend orogenesis-

Such conditions may change an apparently solid rock into a state 

concerning which our knowledge is so far negligible (Bridgman, 

1951). However, it is quite comron to find appreciable amounts 

of water in sediments and especially in the pelitic types. 

Garrels, Dreyer and Howland (1949) report a rate of penetration 

for ions during their diffusion through intergranular spaces 

in water-saturated rocks, of two and a half miles in a million 

years at a temperature of 100C. Moreover, they mention that 

the rate of diffusion increases with temperature. These fin-

dings add strength to the view that water might have accelerated 

the reactions and transformations during the metamorphic dif-

ferentiation of the country schist which is regarded as having 

given rise to the perthttes (Higazy, 1949, p.  580). 

The significance of isotopic composition of the oxygen 

in silicate rocks in petrogenesis has been pointed out by-

Beartschi (1950). Silverman (1952) has recently determined 

the / 
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the relative abundances of the oxygen isotopes in different types 

of rocks. He has found that granites have higher 018  abundances 

compared to the basic rocks. This fact implies that the gra-

nites he investigated are not late crystallizing fractions of a 

differentiating basic magma. Furthermore, he finds that the 

rocks which are supposed to be the late differentiates have vari-

able isotopic abundances which can be correlated with variation 

in their parental sedimentary materials (Silverman, 1952, p. 35). 

The variation in the trace-element contents of the perthites of 

the Black Hills and the appreciable differences of these contents 

in the granites of various geographical regions can also be as-

cribed to corresponding variations in the lithological and chemi-

cal constitution of the original country rocks already noted on 

P. RA . 

GAINS MiD LOSSES OF THE TRACE ELEMENTS DURING 

THE 12TASOMATIMA OF THE COUNTRY SCHIST 

If the hypothesis of the metasomatic derivation of the 

Black Fills perthites is true, it is of special interest to as-

certain the behavior of the trace elements during the reorgani-

sation of the atoms and molecules inside the schist to give rise 

to/ 
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to these perthites. The additions and subtractions of the 

major elements which were inferred to have taken place during 

the metasomatism have already been given by the author (HIgazy, 

1949, Table 8, p.  574). 

The metaa)matic alteration of the quartz-muscovite--

biotite-schist to perthitic schist comprised 

addition of K, Na, Al and Si, 

and subtraction of Mg, Fe2, Fe3  and Ca. 

Reference to Table 2 shows that, as regards the trace elements, 

there was 

addition of Rb, Bat  Sr and Pb; Ga; Be Li and Zr 

and subtraction of Cr, Co, Ni, Cu and Mo; and Y. 

Thus Rb, Bat  Sr and Pb behaved similarly to K, while Ga fol-

lowed. Al and Be most probably accompanied Si. Li usually fol-

lows Mg, but In this particular case Li was added while Mg was 

subtracted. It has already been mentioned (p. 10 ) that Li 

may replace Al in the feldspar lattice. Since we here find 

that both Li and Al were added, it appears that replacement of 

Al by Li is highly probable. Cr, Co, Ni, Cu and Mo followed 

their replaceable major elements Mg, Fe2  and Fe3; and Y be-

haved similarly to Ca. 

The geochemical changes of the major elements involved 

In the transformation of the country schist into average per-

thite / 
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perthite are mainly the same as those concerned in the formation 

of the perthite-schist. K, Na and Al were added; and Ca, Mg 

and Fe vere subtracted. The K-replacing trace elements which 

were added are Rb, Sr, Pb and Ti. Again Ti shows its geo-

chemical coherence to Rb. Ba, however, was subtracted; but 

since Ba can substitute for both K and Ca it seems that it fol-

lowed Ca in this case, particularly as the gain in K (8,83)X 

is far greater than the loss in Ca (0.13). Similarly the 

total amount of added Rb, Sr, Pb and Ti is greater than the 

amount of the subtracted Ba. Cr, Co, Ni, Cu, V and Mo fol- 

lowed Mg, Fe2  and Fe3  in being subtracted; and La and Y de- 

creases with Ca. 

During the formation of the Black Hills perthites the 

trace elements therefore behaved as they have been found to do 

(a) in the metasomatic-metamorphic d€velopment of skarn rocks 

from an epidiorite in the Malin Head district of Co. Donegal, 

Ireland (Holmes and Reynolds, 1947; Higazy, 1952a) and (b) in 

the development of the various metamorphic zones of the Scottish 

Highlands (Higazy, 1952c). It is important to mention that the 

diffusion / 

XAmount of gain or loss is calculated from Earth's (1948) rock 
formulae (based on a unit cell for each rock of 160 oxygen atoms) 
and recorded by Higazy (1949, p. 574). 
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diffusion coefficients (D, in cm2/day) recorded by Garrels, 

Dreyer and Howland (1949, p. 119) show that the trace elements 

have the same or very similar diffusion coefficients as those 

of their replaceable major elements. Considerable confidence 

can be placed, therefore, in suggesting the addition of dif-

fusion coefficient as a new significant factor in controlling 

the distribution and behavior of the trace elements during the 

progress of metasomatic and metamorphic processes. 

CONCLUSIONS 

The Black Hills perthites contain appreciable amounts 

of Rh, ia and Sr. These elements have approximately the same 

ionic radii as that of K and are known to substitute for it in 

the crystal lattices. Ti is present in detectable amounts in 

the perthites which are relatively rich in Rb. Li, Pb and Ca 

are present in amounts  notably less than those of Rb, Ba and Sr. 

Mn, V, Cu, Be and Ge are relatively rare and Ag, Cr, Co, Ni, 

Sc, Mo, La and Y are very rare. The pink and reddish perthites 

seem to be relatively poor in Rb but relatively rich in Pa, 

While the grayish types show the reverse relationship. 

The trace-element contents are variable in the dif-

ferent ./ 
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different perthites. The Black Hills granite and perthite 

pegmatites have Cr>Ni> Co and Cr> Ni = Co respectively which 

is not consistent with either a magmatic or a hydrothermal mode 

of origin. The replacing materials seem to have been derived 

endogenetically from within the country schi8t which also has 

Cr >--,, -,i> Co. 

During the metasomatic development of the Black Hills 

perthites the trace elements behave similarly to the major 

elements which respectively have approximately the same diffu-

sion coefficients, and ionic radii and are known to be replaced 

by them In favorable crystal lattices. 
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Trace-element Contents in ppm. of the Analysed Per-
thites and Cleavelandite 

Ele- 
sea-
siti- 1 2 3 1+ 5' 6 7 8 9 10 11 

ment vity 

Rb 1 2800 1500 2500  5000 1000 600 800 5000 9500  6000 800 

Li 1 +0 1+ 9 7 25 3 2 170  300 100 8 
Ba 5' 1+5' 80 25 260 200 1+00 1 1000 20 380 1500 

Sr 5 1500 12 20 180 1+5 70 750 1+00 600 90 60 

Cr 1 
* * * * * * * * 5' 3 3 

Co 2 * * * * * * * * * * * 

Ni 2 * * * * * * * * * * 

Zr  i0 * * * * 300 * * * * * * 

La 30 * * * * * * * * * * * 

Y 30 * * * * * * * * * * * 

CU  3 3 1+ 5 1+ 3 3 3 1+ 1+ 3 
V 5 5' 5 * 5' * 5 5 520 10 10 

Ga 1 35 30 1+0 35 50 30 30 1+0 45 30 30 

Ti 30 30 * 30 65 1+0 * * 1+O 150 80 * 

Sn 5 * * * * * * * * * * * 

Pb 10 10 18 15 50 15 30 35 20 1+0 10  40 

Sc 10 * * * * * * * * * * * 

Mn 5 8 10 10 10 10 12 8 7 8 10 10 

Mo 1 * * * * * * * * 1 * * 

GelD * * * * * * * 15 10 * 

Be 5 8 * * 10 * * * * 8 * 8 
Ag 1 * * * * 1 * * * 1 1 3 
In 10 * * * * * * * * * * * 

Nos. 1 to 11 correspond to numbers of chemical analyses by R.A. Higazy 
recorded by the writer (Higazy, 1949, p. 559). 
Spectrographic analysts R.A. Higazy. 

*Element if present is in amounts below its limit of sensitivity. 



Trace-element Contents in ppm. of the Amalysed Per-
thites and Cleavelandite 

Ele- sensi- 12 13 11+ 15 Ave- 16 17 Cleave- 
ment tivity rage landite 

Rb 1 2000 900 1000 600 2665 1200 6000 2 

L± 1 130 25 55' 2 60 35' 160 150 

Ba 5 100 150  200 100 965 30 550 5' 
Sr 5 211.0 25 50 35' 270 800 90 100 

Cr 1 3 1 3 1 1.5 1 1 1 

Co 2 * * * * * * * * 

Ni 2 * * * * * * * * 

Zr 10 * * * * * * * 30 

La 30 * * * * * * * * 

Y 30 * * * * * * * * 

Cu 3 3 5 14. 3 11. 11. 14. 5' 
V 5 5 5 8 5' 6 5' 15 10 

Ga 1 30 30 35 30 35 35 40 70 

11 30 45 *  * * 39 * 80 

Sn 5 * * * * * 200 * * 

Pb 10 20 25 20 450 53 10 10 * 

Sc 10 * * * * * * * * 

Mn 5 15 10 12 10 10 12 8 1+0 

Mo 1 * * * * * * 1 * 

Ge 10 10 * * * * * 10 20 

Be 5 * * * * * 8 * 120 

Ag 1 * 1 1 1 3 1 * 

In 10 * * * * * * * * 

Nos. 12 to 17 correspond to numbers of chemical analyses by R.A. 
Higazy recorded by the writer (Higazy, 1949, p. 559) 
Spectrographic analyst: R.A. Higazy. 

*Element if present is in amounts below its limit of sensitivity. 



Chemical Composition and Trace-element Contents of the 
Country Rocks 

A B C D 
Biotite-'schist Perthite.eschjst Granite Albitite 

Oxide 

SiO2  68.8 70.85 73.1f8 69.93 T±Q 0.I 0.21 0.10 0.00 
A108  1+.63 1561+8 15.10 17.8+ 
Fe2 03  1.+2 0.6+ 0.1 0.14 
FeO 3.83 1.09 0.82 0.20 
M10 0.05 0.0]. 0.02 0.01 
MgO  2.24 0.83 0.60 0.54 CaO 0452 0.38 0.80 0.59 N  1.05 

5.01 
2.16 .3)+  9.68 
6.+5 .31 0)+2 

P205  0.17 0.+5 0.1 0.51 JT0 1.52 1.18 0.94 0.23 I0- 0.1+ 0.08 0.08 0.06 

Rb 2+0 600 240 1 Li 30 70 150 10 Ba 2000 3500 750 25 Sr 
Cr 

35 
80 

150 
60 

50 
Co 10 3 2 Ni 40 20 * * 
Zr 220 250 250 50 La 30 30 30 * 
Y 120 60 +o 30., 
CU 
V 

9 3 8 6" 
' 

Ga 
50 
3 * 

60 
0 

20 
50 

12 
60  Ti * * 

Sn 5? * 5? Pb 12 18 12 Sc *? * * 
MO 1 * * 
Ge *? * * 
Be 5 8 25 10 Ag 
In 

<1 
* 1 

* 
l 
* 

<1 
* 

Chemical and Spectrographic analyst: R.A. Higazy. 

Chemical analyses A, B and D are taken from Iigazy (19+9, p. 560). 

*Element if present is in amounts below its limit of sensi-
tivity given in Table 1. 



TABLE 3 

Trace-element Contents In ppm. of Granites 

Element 
Rapakivi 
granite 

(1) 

Black 
Hills 

granite 

Morven-Stron- 
tian, Scotland 
adamellite 

(2) 

Loy, 
Scotland 

adamelllte 
(2) 

Average 
granite 

(3) 

Da. 480 750 1500 3000 445 

Sr 39 50 1500 1200 85 

Rb 1000 240 400 500 550 

Li. 25 150 40 25 185 

Co 0 <1 <1 10 8 

Ni 0 <1 8 10 2 

Cr 28 3 10 20 2 

Ga. 75 50 15 15 15 

V 2 20 70 20 -- 

Amounts taken from Sahama (1945, P. 59). 

Amounts taken from Nockolds and Mitchell (1948, p. 549 & 
p. 550). 

Amounts taken from Wager and "i.tchell (1943, p.  287). 

-- No data 
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THE TRACE ELEMENTS OF THE PLUTONIC COMPLEXES 

OF LOCH DOON AND SPANGO (SOTYIfl SCOTLAND) 

AND THEIR PETROGENETIC SIGNIFICANCE 

To be submitted for publication in Trans. Roy. Soc. 

Edinburgh. 

ABSTRACT 

The trace elements of the chief plutonic rocks of 
the Loch Doon (norite, diorite, grmodiorite and adamellite) 
and the Spango (diorite and granodiorite) Complexes, Scotland, 
have been determined spectrographically. The distribution 
and relative proportions of the determined elements are dis-
cussed. Relationships appear to be consistent with the 
hypothesis that the investigated rocks developed metasoma-
ti cally. 



2. 

STATEMENT OF PROBLEM 

The genesis of most granitic complexes is still a matter 

of acute controversy. Each complex may be considered to be 

the result of different processes by different investigators. 

The Loch Doon and the Spango granitic complexes of Scotland pro-

vide examples. They are considered to be derivatives of mag-

matic differentiation by some authors, whereas others interpret 

the evidence to imply a metasomatic mode of origin. This paper 

is a study of the geochemistry of the trace elements of a series 

of analysed rocks from each of these complexes with a view to 

assessing the significance of trace elements in the attempt to 

solve petrogenetic problems. 

THE LOCH DOON COMPLEX 

PREVIOUS WORK  

The Loch Doon complex, which is probably of Lower Old 

Red Sandstone age, occurs in the Southern Uplands of Scotland, 

in the Counties of Ayr and Kirkcudbright. Walker (1928, Fig. 17  
p. 154) gives a map showing its location as well as that of 

several other smaller complexes of the Southern Uplands. 

Gardiner ,/ 
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Gardiner and Reynolds (1932) cite earlier work dealing with this 

complex; and mention that its rocks range from true granites 

in the central portion to norite at the north-west and south-

east margins, the major part of the complex being a tonalite. 

They (Gardner and Reynolds, 1932, P1. IV) give a geological 

map showing the distribution of these main rocks as well as 

transitional types between norite and tonalite and others be-

tween tonalite and granite. They also deal with the petro-

graphy and recorded the chemical composition of some of the 

rocks. They conclude that the three main plutonic types, 

namely, norite, tonalite, and granite seem to be the result of 

three successive intrusions in order of dcreaslng basicity. 

Later, however, TicIntyre (1947) studied the north-west part of 

the Loch T)oon complex and showed that the magmatic hypothesis 

cannot explain the fundamental features of his examined rocks. 

His evidence supports the alternative hypothesis that the 

granites of the area were produced by granitisation of the 

country-rock sediments. The pyroxene-bearing rocks which were 

thought by Gardner and Reynolds (1932) to be intrusive norites, 

were considered by 7cIntyre to be basic-front representatives. 

McIntyre's interpretation is supported by a series of chemical 

analyses of rocks representing different stages of feldapathi-

satlon and basification. Rutledge (1950) studied the southern 
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portion of the complex, and arrived at conclusions, similar to 

those of McIntyre (1947), favouring the metasomatic derivation 

of the rocks of the complex. 

SPECTROGRAPHIC ANALYSIS MiD DATA OBTAThED 

Portions of the powders of the Loch Doon rocks, used 

previously for chemical analysis, were kindly provided by Dr 

D.B. Ticlntyre and Dr H. Rutledge. They were spectrographically 

analysed by the writer at the Macaulay Institute for Soil Research 

at Aberdeen, Scotland, using the semi-quantitative method des-

cribed in detail by Mitchell (1948). The determined trace 

elements, and the wave lengths of their respective diagnostic 

lines have already been recorded by the writer (Higazy, 1952a, 

p. 171). 

The analysed powders provided by Dr McIntyre are of 

rocks outcropping in the north-west part of the Loch Doon complex: 

No. of analysed rock Name 

485 Greywacke 
506 Slightly feldapathised greywacke 
507 TTighly feldspathised greywacke 
685/5 opdalitic pod in the aureole 
333 Fine-grained opdalite 
18 Coarse-grained opdalite 

206 Potash-feldspar - poor "norite". 

Those provided by Dr Rutledge are of rocks outcropping 

ml 
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in the southern portion of the complex: 

No. of analysed rock Name 

414 Biotite-hornblende-plagioclase-hornfels 
214 Mobilised sediment 
404 Contact auartz-diorite 
401 Marginal hornblende-biotite-granodiorite 
666 Adamellite 

The chemical analyses of all these rocks are recorded 

in Table 19,whi1e their trace-element contents are given in 

Table lb. 

DISTRIBUTION OF THE TRACE ELEMENTS: DISCUSSION 

Rubidium, barium, strontium and lithium 

Rb is present in amounts varying from 50 ppm. in the 

basified sediment (biotite-hornblende-plagioclase-hornfels No. 

414) to 380 ppm. in the adamellite. In the slightly feldspathi.- 

sed greywacke (No. 506) Rb is 90 ppm., increasing to 180 ppm. in 

the highly feldspathlsed greywacke (No. 507). Similarly, the 

quartz-diorite (No. 401) and the granodiorite (No. 404) have 

120 and 110 ppm. respectively, while the adamellite, which repre- 

sents a more advanced stage of granitisation (feldapathisation) 

has 380 ppm. 

It is important to notice that the Rb content of the 

"norite" (100 ppm.) is appreciably higher than that normally 

found / 
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found in basic volcanic rocks. The averages of Rb in the 

basaltic and doleritic rocks of the Braefoot Outer Sill, Fife, 

are 4 and 16 ppm. respectively (Higazy, 1952b). Moreover, 

the Kokst&1 and the Perdekloof types of Karroo dolerite, S. 

Africa, contain only 18 ppm. Rb (Walker and Poldervaart, 1949, 

p. 644). Furthermore, some deep-seated gabbros which are pro-

bably of magmatic origin, are very much poorer in Rb than the 

Loch Doom tinoritelt The gabbros of Southern Lappland contain 

no perceptible Rb (Sahama, 1945, Table XII, p. 30). In the 

Skaergaard series, hypersthene-olivine-gabbro to fayallte-

ferrogabbro, Rb varies from 20 to 30 ppm. (Wager and Mitchell, 

1951, Table C). On the other hand, the Caledonian gabbros of 

the GarabaJ. Hill-Glen Fyne Complex (Nockolds and Mitchell, 1948, 

p. 539) show exceptionally high Rb content, like the Loch Doon 

unoriteft. The range of Rb in these Garabal Fill rocks is from 

<20 to 500 ppm. with an average of 160 ppm. It is signifi- 

cant that the Rb content of the fine-grained gabbro of this area 

(500 ppm.) is higher than that of any of the six analysed diorites 
four of the five analysed granodiorites, and one of the two 

analysed aplites (Nockolds and Mitchell, 1948)  Table II, pp. 

538-539). Furthermore, the value of Rb/K is higher In this 

gabbro (31) than In any of the rocks which are supposed to lie 

further down on the liquid line of descent and are believed by 
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Noekolds to form at a later stage of the magmatic crystallisa-

tion. This is obviously the reverse of what would be expected 

in a normal case of magmatic differentiation, since Rb is known 

to have a bigger ionic radius (1.49 R) than that of K (1.33) 

and therefore K would concentrate relative to Rb in the latest 

fractions (Goldschmidt, 1937 and 1945). The high Ib content 

of the Garabal Hill gabbros is therefore inconsistent with the 

hypothesis of magmatic origin, a conclusion which applies equal-

ly to the "norite" of the Loch Doon complex. 

Ba varies from 600 ppm. in the sediment (No. 214) to 

2000 ppm. in the granodiorite. The adamellite has 1800 ppm., 

a content not noticeably lower than that of the granodiorite 

(2000 ppm.). Ba shows an increase from 750 ppm. in the grey-

wacke (No. 485) to 1400 ppm, in the slightly feldapathised type 

(No. 506), and is as high as 2000 ppm. in the highly felds-

path ised greywacke (No. 507). 

The Ba content of the Loch Doon "norite" (1000 ppm.) 

- like that of Rb - is exceptionally high compared with other 

basic rocks. The average Ba contents of Karroo dolerites 

(Walker and Foldervaart, 1949), Southern Lappland gabbros 

(Sahama, 1945) and various Skaergaard (Wager and Mitchell, 1951) 

are 120 7  180 and 62 ppm. respectively. Moreover, the Pa con-

tent of average gabbro is given by Wager and Mitchell (1943, 



8) 

p. 286) as 62 ppm. while Engelhardt. (1936) reports 60 ppm. Ba 

for gabbros and anorthosites. 

The following data show that Rb + Ba increases with K: 

Rock Rb + Ba in ppm. K2O in wt. per cei$,t 

Sediment 

rasified sediment and 
the pyroxene-bearing 
rocks (norite and op.-
dalites) 

FeldepatMa ed grey-
wackes and granitic 
types 

758 

1936 

1,60 

1,93 

3.03 

Sr varies from 200 in the greywacke to 2200 ppm. in 

both the "norite' and the granodiorite. Generally the Sr con-

tent of the basified rocks is slightly higher than that of the 

feldspathised types, the average Sr content of the biotite-

hornblende-plagioclase-hornfels and the pyroxene-bearing opdali-

tic rocks being 1500 ppm. while it is 875 ppm. in the felds-

patbised greywackes. Similarly, the 'tnorite" has 2200 ppm. Sr 

while the average of this element in the more feldspathic gra-

nitic types (quartz-diorite, granodiorite and aame1lite) is 

1430 ppm. 

Li varies from 15 ppm. in the opdalitic rock (No. 

685/5) to 350 ppm, in the adamellite. Tilost of the samples, 

however, have Li content ranging from 70 to 100 ppm. The 

average / 
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average in the granitic types and feldspatMsed greywacke (141 

ppm.) is higher than that in the pyroxene-bearing rocks and basi-

fied sediment (75 ppm.). 

The "norite" has 100 ppm. Li: very much higher than 

the amounts found in basic volcanic rocks and gabbroic types of 

probable magmatic origin. The Karroo dolerites (Kokatad and 

Pedekicof types) average only 2 ppm. (Walker and Poldervaart, 

1949) and the basalts and dolerites of the Braefoot Outer sill, 

Fife, only 20 ppm. (Higazy, 1952b). The average Li contents for 

the Deccan Traps and for andesites are given by Strock (1936) as 

7.4 and 15.2 ppm. respectively. The gabbros and dolerites of 

Southern Lapplarid (Sahama, 1945, p. 30) and the different gabbros 

of the layered series of the Skaergaard intrusion both average 

only 6 ppm. 

Chromium, nickel, cobalt, vanadium and copper. 

Cr ranges from 70 ppm. in the highly feldapathisea grey-

wacke (No. 507) and the adamellite to 450 ppm. in the biotite-

hornb1erñe-p1agioc1ase_hofe5 (basified sediment). Generally 

the content is lower in the granitic types and feldspathised grey- 

wackes (average 216 ppm.) than in the pyroxene-bearing types and 

basified sediment (average 320 ppm.). The average in the unal-

tered sediments is 250 ppm. 

The / 



The general distribution of Ni Is similar to that of 

Cr. Ni varies from 35 ppm. In the adamellite to 200 ppm. In 

the opdalltic rock (No. 18). The average in the granitic and 

feldspathlsed types (89 ppm.) Is lower than that of the pyroxene-

bearing rocks (134 ppm.). The average in the unaltered sedi-
ments is 108 ppm. 

It is iportant to notice that the adamellite Is unusual-

ly rich In both Cr and Ni. Formally, rocks that form at the 

latest stages of magmatic crystallisation have negligible amounts 

of these elements. The late magmatic microsyenite of the Brae- 

foot Outer sill, Fife, has <1 ppm. Cr and 40 ppm. Ni (Higazy, 
1952b). The silicic rocks (SiO2 > 63 per cent) from different 

parts of the U.S.A. have Ni contents ranging from 2 to 10 ppm. 

(Sandell and Goldich, 1943, p. 182). In the granitic rocks of 

the Oliverian magma series, New Hampshire, Cr varies from 7 to 

14 ppm. and Ni from <8 to 8 ppm. (Billings and Rabbitt, 1947, 

Table 3, analyses 4, 5 and 6, p. 577). Moreover, Lundegrdh 

(1949, Table 4, p. 41) reports <1 to 6 ppm. Cr and <1 to 50 ppm. 

in porphyry, rhyolite and similar acid rocks of Swedish occurrences 

For the late differentiates of the Skaergaax'd intrusion, Wager and 

Mitchell (1951, Table F, analyses C, H and I) report averages of 

Cr and Ni of <1 and 4 ppm, in the hedenbergite-granophyre of 

the layered series, 8 and 10 ppm. in the transgressive heden- 

berglte-granophyre, and 14 and 8 ppm. in average acid granophyre. 

They / 
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They (Ibid, p. 200) mention that fractionation of the basic magma, 

as exemplified by the Skaergaard intrusion, gives rise to inter-

mediate and acid rocks which are almost entirely depleted of 

both Cr and Ni. This has been found by the author (Higazy, 

1952b) to be true for the corresponding rocks in the Braefoot 

Outer sill, Fife. The high Cr and Ni contents of the diorite 

and granodiorite of the Loch Doon complex (average 350 and 130 ppm  

respectively) and those of the aaiiel1ite of that complex (70 and 

35 ppm. respectively) therefore provide strong evidence against 

their origin from a differentiating basic magma, noritic or 

otherwise. 

The averages of Co for unaltered sediment (48 ppm.), 

basified sediment and pyroxene-bearing rocks (46) and intermediate 

rocks (43) are closely similar. The feldspatMsed greywackes 

(35 ppm.), and especially the adamellite (5 ppm.), are poorer in 

Co. 

Lundegrdh (1949) has mentioned that rocks which form 

at the early stages of the crystallisation of the basic magma 

have the relative proportion Cr > Ni > Co whereas those which 

form at the latest stages have Co .> Ni. > Cr. The rocks of the 

Braefoot Outer sill, Fife, show Cr> Ni > Co in the early basal-

tic and doleritic differentiates and NI > Co > Cr in the late 

microsyenitic differentiate (Higazy, 1952b). The Cr content of 

late / 
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late magmatic rocks, therefore, is relatively lower than that of 

both Ni and Co. But the granodiorite and quartz-diorite and even 

the adamellite of the Loch Doon area have Cr> Ni > Co which is 

obviously not consistent with expectations from crystallisation 

differentiation. It is highly significant that the unaltered 

sediments of this area have the same relative proportion of these 

elements as the granitic types, that is Cr> Ni> Co. Moreover, 

the relative proportion Cr> Ni > Co has been found to persist 

through the well known regional metamorphic zones of the Scottish 

Highlands (Higazy, 1952c). It Is quite likely, therefore, that 

metasomatic-metamorphism of the sediments played an Important role 

in the development of the granitic rocks of the Loch Doon Complex. 

V ranges from 100 ppm. in the adamellite to 200 ppm. in 

the "norite" • There Is no marked difference in the average con-

tents of the various rocks studied. The average of the basified 

sediment and the pyroxene-bearing rocks (166 ppm.) is slightly 

higher than that of the feldspathised greywacke and the granitic 

types (120 ppm.). The average in the unaltered sediments Is 

138 ppm. 

The V content of the adamellite (100 ppm.) is very much 

higher than that of acidic volcanic types? the latter contain 

only 8 ppm. of V (H!gazy, 1952b) 

Cu/ 
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Cu varies from 3 ppm. in both the sediment (No. 214) 

and the adamellite to 320 ppm. in the 'norite. There is a 

general tendency for Cu to be relatively enriched in the basified 

rocks compared to the granitised types. The average in the for-

mer is 195 ppm. while it is 85 ppm, in the latter. 

An interesting geochemical feature in the distribution 

of Cu in the Loch Doon area is Its enrichment in the feldepathi-

sed greywacke (average 205 ppm.) relative to the granitic types 

(average 5 ppm.). This suggests that further granitisation of 

the analysed sediments might lead to the release of Cu and Its 

subsequent concentration as ores. Naturally, this could only 
been 

take place where Cu has/sufficiently abundant in the sediments 

to give rise to such ores. The same suggestion has been made by-

the author on the basis of evidence found during an investigation 

of the metasomatic-metamorphisni of certain Dalradian rocks in 

Co. Donegal, Ireland (Hlgazy, 1952a, p.  184). 

Lanthanum and Ytt ium 

The variation in La is from < 30 to 60 ppm. while that 

of Y is from 40 to 100 ppm. All the analysed rocks have Y> La 

except the adamellite which has Y = La (60 ppm.). 

The content of Y In the 11nor1te" (70 ppm.) is higher 

than that of the quartz-diorite;  granodiorite and adamellite 

(60 ppm. in each). Since there Is tendency for Y to be rela-

tively / 
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relatively concentrated in the later magmatic fractions (Higazy, 

1952b), this suggests that the acidic types seem not to be the 

result of differentiation of a basic magma. 

Gallium 

The range in Ga is from 25 ppm. in the sediment (No. 

214) to 45 ppm. in the adamellite. Generally, the distribution 

of Ga is uniform since the content of this element in the dif-

ferent rocks, does not noticeably vary from the mean content 

(35 ppm.) of all the analysed types. 

Zirconium 

Reference to Table la shows that the distribution of 

Zr seems to be erratic. It reaches 1200 ppm. in the opdalitic 

rock No. 18 (basic rock) whereas it is only 350 in another 

opdallte (No. 333). Similarly, it is as high as 1100 ppm. in 

the quartz-diorite, but falls to 40C ppm. in the adamellite. 

On average there is an increase in the average Zr content from 

the pyroxene-bearing rocks and basifled sediment (610 ppm.) to 

the granitic types and the feldspathised greywackes (780 ppm.). 

Scandium, molybdenum- tin, lead and silver 

The variations of Sc and Mo are undetectable since 

most / 
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most of the analysed rocks contain <10 ppm, of Sc and <. 1 ppm. 

of Mo. 

The contents of both Sn and Pb show more variation 

than those of both Sc and flo. Reference to Table lb indicates 

that the pyroxene-bearing rocks contain slightly higher amounts 

of both Sn and Pb than the granitic types. As in the case of 

Cu, both Sn and Pb are more enriched in the,  feldapathised grey-

wackes (18 ppm. Sn and 24 ppm. Pb) than In the more granitised 

types ( <5 ppm. Sn and 13 ppm, Pb). This would suggest a 

release of these ore-forming elements during the development 

of granitic rocks. 

The distribution of Ag indicates a slight enrichment 

In the granitic types and feldspath±sed greywackes (average 

4 ppm.) relative to the pyroxene-bearing rocks and basified 

sediment (average 1.6 ppm.). 

Thallium, germanium, beryllium and Indium 

Ti, Gel  Be and In, if present, occur in amounts below 

their respective limits of sensitivity. This indicates that 

these trace elements are relatively the rarest trace elements 

in the silicate rocks of the Loch Doon area. In view of the 

very low limits of sensitivity, ',-,To and Ag should also be added 

to the list of very scarce trace elements in these rocks. 

The / 
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The trend of the different trace elements 

So far we have discussed the distribution of the dif-

ferent trace elements in the various rocks of the Loch Doon Com-

plex. The so-called "norite" of this complex has been found to 

have a trace-element constitution which is highly anomalous com-

pared either to that of volcanic rocks of corresponding composi-

tion or to that of gabbroic types thought to be of magmatic 

origin. Moreover, the Cr, Ni and V contents of the adamellite 

are of an entirely different order from those commonly remaining 

in the late differentiates of a fractionating basic magma. 

In metascznatic processes, however, it has been found 

(Higazy 4952a: and 1952d) that the trace elements follow such 

replaceable major elements as have approximately the same ionic 

radii and, possibly, similar coefficients of diffusion. The 

behaviour of the trace elements in the investigated rocks from 

the Loch Doon Complex is in close agreement with this principle. 

The total Mg+Fe2+Fe3  decreases in the sequence: 'norite", 

diorite and granodiorite and adamellite, whereas K increases. 

In accordance with expectation, the total (Mn+Ti+Cr+NI+Co+LI+ 

V+Cu) decreases, whereas the total Rb+Ba increases 

Rock / 
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4g+Fe2+Fe3  
Rock in wt. per  

cent 

"tNorite" 8.62 
Diorite and 
granodiorite 6.92 
Adamellite 2.26 

n+ Ti+ Cr+ Ni+ 
Co+Li+V+Cu 
in ppm. 

11,795 

6459 
2783 

K in v1t. Rb+Ba 
pcent. In ppm. 

1.48 1100 

2.19 1915 
.56 2180 

The same trend prevails in passing from the slightly feldspathi-

sed greywacke (No. 506) to the highly feldapathised greywacke 

(No. 507). In the former both Mg+Fe2+Fe3  (6.60 per cent) and 

Mn+Ti+Cr+Ni+Co+Li+V+Cu (8525 ppm.) are higher than in the latter 

(5.75 per cent and 7480 ppm.). Furthermore, the slightly 

feldapathised greywacke has lower K (1.63 per cent) and corres-

pondingly lower Rb+ fla (1490 ppm.) than the highly feldapathised 

type (3.00 per cent and 2180 ppm.). 

The von Wolff value increases in the more advanced 

stages of granitisation (Reynolds, 1946). The values of the 

ratio L/M in the "noritell ,  diorite and granodiorite, and adamel-

lite are 1.7, 2.5 and 9.0 respectively. Accordingly, we find a 

corresponding increase in the values Of Ltr/Mtr, when  Ltr = 

Rb+Ea+Sr, the main trace elements of the common leucocratic 

minerals, and 'tr = Cr+Ni+Co+Li+V+Cu, the chief trace elements 

in the melanocratic minerals. The values of are 3.4 

in the "norite", 5.1 in the diorite and granodiorite, and 6.2 

in the adamellite. 
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Evidences which add confidence to the inference that 

the sequence: "norite" (basic)--quartz-diorite and granodiorite 

(intermediate)-- and adamellite (acidic) did not result from a 

differentiating parental basic magma, can be found in the trends 

of the more important trace elements in this sequence. Re-

ference to Table lb in which the trace elements of the rocks 

concerned are listed show that: 

Cr and Ni are more concentrated in the intermediate rocks 

than in the basic rock. In contrast, the data concerning the 

relaive distribution of Cr and Ni (a) in the different types 

of igneous rocks recorded by Lundeg&dh (1949); (h) In the 

various rocks of the Skaergaard complex, Greenland (Wager and 

Mitchell, 1951, p. 199); and (c) in those of the Braefoot Outer 

81117  Fife (Higazy, 1952b) seem to leave no doubt that these 

two elements are enriched in the basic rocks relative to the 

intermediate types. Furthermore, the ionic radius of Cr (0.64 R) 

is smaller than that of Fe3  (0.67), and accordingly Cr should be 

concentrated relative to Fe3  in the earlier rocks (Goldsohmidt, 

1937; and 1945). In the Loch Doon rocks, however, we find 

that Cr/Fe3  in the "norite" (0.08) is lower than In the inter- 

mediate rocks (0.11). 

Both Li and Li/Mg are lower in the intermediate than in 

the basic rocks, but Strock (1936) has shown that both should 

increase / 
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increase during the progress of fractional crystallisation.. 

(3) Both Sr and Y are more abundant in the intermediate than 

in the basic rocks. This is the reverse of expectation from 

magmatic differentiation (Higazy, 1952b). 

Moreover, it has been found that during the progress 

of crystallisation of the ]3raefoot Outer sill, Fife, the ratio 

Cr/Fe3  decreases, whereas the ratios Li/Mg, Rb/K and Rb/Ba in- 

crease (Higazy, 1952b). The values of these ratios in the 

Loch Doon sequence are: 

Ratio 'tllorite 1  Dirite and Adamellite 
Cr anod io rite 

Cr/Fe3  0.08 0.11 0.03 
1000 Li/Mg 3.1 2.9 4.0 
1000 Rb/K 6.7 5.2 10.0 
Rb/Ba 0.10 0.06 0.21 

There is a significant break in the trend from "norite" to 

adamellite which is completely inconsistent with the hypothesis 

that the rocks are of co-magmatic origin. It should be remem-

bered that in connection with metasomatic processes, there would 

be no necessity for a sorting out of the trace elements in the 

same manner as happens in a fractionating magma. The identity 

in the relative proportion of Cr, Ni and Co in the granites and 

their country rocks is strong evidence supporting the hypothesis 

of the metasomatic derivation of the former from the latter 

(Higazy, 1952d). 



20. 

THE SPANGC) COMPLEX 

PREVIOUS WORK 

The Spango complex, Which is smaller than that of the 

Loch Doon, is probably of Old Red Sandstone age. It occurs on 

the border of Dumfriesshire and Lanarkahire. Walker (1928) 

summarises earlier work concerning this complex, and mentions 

that its main rock is a basic hornblende-biotite-granodiorite 

or quartz-diorite showing very little variation. He favoured 

the derivation of the rocks from a magma of quartz-d.ioritic 

composition. In an unpublished thesis Sarkar (1948) gives a 

detailed gelogical map of the area, showing the distribution of 

the main granodioritic rock of the complex as well as its sur-

rounding sediments, together with detailed petrographic descrip-

tions and chemical enalyses of the rocks. His observations 

led him to conclude that the granodioritic types of the complex 

are products of metasomatic-metamorphism of the aureole sedi-

ments. 

SPECTROGRAPHIC / 
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SPECTROGRAPHIC ANALYSIS AND DATA OBTAINED 

Representatives of the Sparigo complex rocks were 

kindly provided by Professor Arthur Iiolmes for the spectrogra- 

phic determinations of their trace elements. They include: 

Metamorphosed mudstone (5/186); 

Cordierite-biotite-hornfels (S/41); 

Biotite-amphibole--plagioclase-hornfels (S/162E); 

Porphyritic micro-diorite (501/D); and 

iTornblende-biotite-granodiorite (501/G). 

The chemical analyses of these rocks are assembled in Table 23, 

While their trace element contents are given in Table 2b. 

GENERAL GEOLOGY 

The Spango granitic complex and its metamorphic 

aureole comprise Ordovician and Lower Old Red Sandstone rocks. 

Their sequence can be summarised as follows: 

(Lava conglomerate 
(Red Sandstone 
(Contemperaneous flows of andesite and 

Lower Old Red olivine-basalt and ash beds 
Sandstone Plutonic complex granodiorite and diorite 

Minor dykes of porphyrite (metamorphosed) 

Caradocian / 
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Ordovician 

Caradocian 

Arenig 

(Greywackes, mudstones and 
( haggis rocks 
(Glenkiln black shales. 

Radiolarian cherts and mudstones 

The Ordovician sediments are folded along axes with 

the normal Caledonian trend, south-west to north-east. The 

folds form part of the north-western flank of the great anti-

clinorium which is the dominating structure of the Ordovician 

and Silurian sediments in the Southern Uplands. 

The plutonic complex is elliptical in form (3 x  li 

miles) with the major axis approximately parallel to the strike 

of the Ordovician sediments. The width of the metamorphic 

aureole varies from 1/6 of a mile to 1 1/3 miles in the different 

parts (Sarkar, 1948). 

Metamorphosed porphyritic dykes of Lower Old Red 

Sandstone age cut the Ordovician beds within the metamorpbic 

aureole. They are earlier than the plutonic complex. 

GENERAL PETROGRAPHY 

(a) Arenig cherts and mudstones 

The Arenig group is formed of radiolarian cherts of 

different / 
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different colours interbedded with mudatones. The unmetamor-

phosed chert is composed of crypto-crystalline silica with 

various bands containing ferruginous and argillaceous material 

(Sarkar, 1948, p. 18). The silica occupying the radiolarian 

tests is of slightly coarser grain than that of the groundmass. 

Different grades of metamorphosed chert are represented. The 

low-grade types contain quartz, minute flakes of biotite, small 

octahedra of magnetite, rare garnet and incipient cord.ierite. 

In the medium-grade the minerals remain the same but increase 

in grain size. Orthoclase, plagioclase, diopside and enstatite 

appear in the high-grade types in addition to the minerals al-

ready mentioned. 

The unmetaxnorphosed mudstones are composed chiefly of 

fine chioritic and sericitic material, minute grains of quartz 

and ferruginous matter (Sarkar, 1948). Together with these 

constituents, the analysed sample (5486) contains small needles 

of rutile and grains of zircon. In the low-grade metamorphosed 

mudstones minute blebs of pale green biotite appear, together 

with occasional acicular, colourless or pale green amphibole 

and incipient crystals of cordierite. The medium-grade types 

consist of cordierites of irregular shape in a matrix of brown 

biotite and minute ouartz grains. Sample S/41 is representa-

tive of this type. The high-grade types consist of dark brown 

flakes / 
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flakes of biotite; cordilerite, occasionally showing pleochroic 

haloes7 acicular or lamellar crystals of amphibole and 

skeletal ens tatite. 

(b) The Caradocian group 

The Caradocian group is composed of (1) pebbly grits 

(Haggis rocks) and (ii) greywackes and mudatones. 

(1) A general description of the constituent pebbles, frag-

ments and grains of the Haggis rocks is given by Sarkar (1948, 

P. 43). The chief materials present include quartz, feldspars 

and amphiboles, Arenig cherts and mudstones and spilites, 

andesites, alkali-trachytes, micro-granItes, granophyres and 

tufts. The groundmass in which these different ingredients are 

embedded, consists of a much finer-grained matrix of similar 

materials. The spilitic, andesitic and other volcanic pebbles 

closely resemble those found in the Arenig rocks of the Southern 

Uplands. 

As a general rule the nEtamorphism of the Caradocian 

sediments increases towards the margin of the granitic complex, 

but numerous exceptions have been observed (Sarkar, 1948). 

In places, conspicuous enrichment of the iaggis rocks in heden-

bergite and plagioclase is noticeable. This enrichment is 

believed to be brought about by introduction and fixation of 

cafemic constituents (Sarkar, 1948, P. 71). 
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(ii) The detrital constituents of the Cara5ocian greywackes 

vary in size from 0.1 to 2.0 mm. The grains are subangular in 

the coarser greywackes and angular in the finer types. They 

are composed of materials similar to those in the Haggis Rocks. 

Quartzo-feldspathic pods and lenticles exhibiting 

granitic texture are occasionally present in the metamorphosed 

greywackes. The hornfels surrounding these pods and lenticles 

shows relative enrichment in biotite. 

The Caradocisri mudetones are similar in composition to 

the Arenig types; and the similarity naturally extends also to 

the different metamorphic products (chiefly cordierite-biotite-

hornfels). Hornfelses unusually rich in biotite are notably 

developed. 

The Plutonic Complex 

The Espango complex is composed mainly of granodiorite 

with a subsidiary development of diorite. The two types are 

intimately connected and inclusions of dioritic composition of 

variable size are ubiquitous in the granodiorite. 

Two varieties of diorite are recognised by Sarkar: 

(1) a porphyritic micro-diorite which exhibits crystalloblastic 

textures and (ii) a medium-grained diorite which is of more 

even grain. 
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The most significant feature in the plagioclases and 

biotites of these diorites is their striking similarity to those 

developed in the high-grade hornfelses near the margin of the 

complex. Moreover, relics of fine-grained hornfelsic material 

arranged either zonally or at random are commonly, met with in 

the plagioclases of the diorites (Sarkar, 1948, p.  113). The 

detailed mineralogical study carried out by Sarkar of numerous 

samples of diorite and aureole hornfelses shows that all transi-

tional stages between these two extreme types are commonly re-

presented. 

The granodiorites are fine- to medium-grained horn-

bleride-biotite-bearing varieties with abundant dark coloured 

hornfelsic and (iloritic inclusions. These inclusions vary in 

size from a few millimetres to several yards across, and in 

shape from round or elliptical to irregular; their contacts 

with the granodiorite are usually sharp. Both the granodiorite 

and its inclusions have plagioclase and biotite with respectively 

similar characters (Sarkar, 1948, p. 157). Orthoclase forms 

up to one-third of the total feldspars in the granodiorite, 

and commonly contains relics of plagioclase with textures indi-

cating that it was formed at the expense of the plagioclase. 

The approximate modes of the analysed granodiorite (501/G) and 

diorite (501/D), as recorded by Sarkar (1948, p. 177) are: 

Porphyritic / 
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Portthyritic micro-.diorite Granodiorite 

Quarts 4.7 22.1 
Plagioclase 57.6 42,5 
Orthoclase 4.2 14.5 
Amphibole 1:?.1 10.6 
Biotite 18,5 8.9 
Pyroxene 0.5 0.3 
Accessories 2.0 1.0 

99,6 99.7 

PETE0GENESI8 

Field and Fe roica1 Evidence 

Walker (1928) accepted the traditional magmatic origin 

for the Spango complex. Under this hypothesis, the diorite and 

grariodiorite are interpreted as successive differentiation pro-

ducts of a single magma. Sarkar (19417), however, reports a 

wealth of field and petrographic evidence which is completely 

inconsistent with such a mode of origin. The predominanttex-

tu.res of the diorite and granodiorite are crystalloblastic. 

Many of the feldspars of both these types contain hornfelsic 

relies as inclusions. In addition, plagioclase crystalloblasta 

exhibiting properties similar to those of the rocks of the com-

plex are widely distributed in the horn.felses of the aureole. 
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The biotites have properties similar to those of the adjoining 

hornfelses. Such features obviously cannot be explained by 

magmatic processes they are, however, consistent with a meta-

somatic mode of origin. 

Detailed study of the hornfelses reveals that in some 

places they become enriched in cafemic constituents (basified), 

While in others they become enriched in feldspathic constituents, 

culmnat1ng in the formation of rocks of dioritic and/or grano- 

dioritic composition (granitisation) A typical secuence worked 

out by Sarkar (1948) to illustrate successive stages in the 

evolution of granodiorlte from mudatone is 

(5/186) mudstone —+(5/41) cordierite-biotite-hornfels--> 

(S/162E) biotlte-amphibole-plagioclase-hornfels (basified 

hornfels —(501/D) porphyritic micro-diorite ), (501/G)  

biotite-hornhlende-ranoc3iorite. 

Geochemical Evidence 

The geochemical migrations and fixations of the major 

elements involved in the tranormation processes have been found 

by Sarkar (1948) to be similar to those established by D.L. Rey-

nolds (194) for hasification and granitisation processes. 

As demonstrated by the data recorded in Table 2b the 

trace-element contents of the diorite and granodiorite are also 
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inconsistent with a magmatic ancestry for these rocks. In the 

first place, their respective contents of Cr (120 and 90 ppm.) 

and V (130 and 110 ppm.) are very much higher than those of felsic 

rocks developed by magmatic fractionation; the latter, as would  

be expected, are found to contain negligible amounts of these 

elements (1-Ugazy, 1952b). Moreover, the relation Cr> Ni > Co, 

which characterises both the diorite and granodiorite, is dif-

ferent from that of late magmatic differentiates; these have 

less Cr than either Yi or Co (Lundegardh, 1949; Iigazy, ]952b). 

The fact that the country aediments of the Spango complex have 

the same relation (Cr> NI> Co) strongly suggests that the sedi-

ments played an essential role in the development of diorite 

and granodiorite. 

The behaviour of the trace elements in the basification 

and granitisation processes by which the rocks of this complex 

developed is also highly significant. Chemical and trace-

element compositions of the greywackes - which played as essen-

tial a role in the development of the diorite and granodiorite 

as the hornfelses - are unfortunately lacking. In the absence 

of such data, the exact behaviour cannot be recognised. Judging 

by the hornfels data, however, basification and granitisation 

involved introduction of Rb, Zr, Sr and Y (see Table 2b). Table 

2b also shows that the total of Li, Cr, Ni, Co, Cu and V In the 

average / 
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average basified hornfelsea (931 ppm.), is higher than the cor- 

responding average for diorite and graodiorite (339 ppm.). 

This follows the behaviour of the corresponding replaceable 

major elements, namely, Mg, Fe' and Fe35  for which the respective 

totals are 9.58 and 5.75 per cent. oreover, the total of 

Rb, Ba and Sr in the average granitised types (4360 ppm.) indi- 

cates an enrlchnent of these elements relative to their abundance 

in the basified types (3735 ppm.). This is in accordance with 

the total of K and Ca, which is higher in the diorite and grano-

diorite (5.39 per cent) than in the basified hornfelses (4.07 

per cent). The major elements, therefore, ere followed in a 

general way by the trace elements which are laiown to replace 

then in favoura'le crystal lattices. The data are too few for 

firm conclusions to be drawn, but it is worthy of notice that the 

pattern of behaviour iS similar to that found by the writer in 

other metamorphic and metasornatic rocks (Higazy, 1952a; c; 

and d). 

CGCLUSIONS 

The chief rocks of the Loch Doon complex are pyroxene-

bearing rocks of noritic composition, diorite, granodiorite and 
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adamellite. The pyroxene-bearing types  are considerably richer 

in Rb, Da and Li than basalts and dolerites. The adamellite, 

like the diorite and granodiorite, contains unusually high con-

tents of Cr, Ni and V1  and has the relation Cr> Ni> Co, which 

it shares with the country sediments. Late magmatic differen-

tiates possess less Cr than either Ni cr Co. 

The pyroxene-bearing (basic) types contain lower Cr 

and Ni but higher Li than the diorite and granodlorite (inter-

mediate types). Furthermore, In the basic types Cr/Fe3  is 

lower and Li/Mg is higher than In the intermediate types. These 

relationships are Inconsistent with an immediate magmatic ances-

try for these rocks. 

The trace elements are found to have behaved like 

their replaceable major elements during the development of the 

Loch Doon complex. The basified types have relatively higher 

totals of Mg, Fe2  and Fe3  and correspondingly of Li, Cr, NI, 

Co, Cu and V; while the granitised types have relatively higher 

contents of K and Ca and accordingly of Rb, Da and Sr. 

The thief rocks of the Spango complex are diorite and 

grariodiorite. These types have very much higher Cr and V con-

tents than magmatic types of similar composition. Moreover, 

they have the relation Cr> Ni> Co which is inconsistent with 

a magmatic origin. 
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The relation Cr>!'Ti> Co, moreover, persists in the 

granitic types of the Loch Doon and Spango Complexes' the same 

relation characterises their respective country rocks. This 

strongly suggests that in each complex the country rocks have 

played an essential role in the development of the granitic 

rocks. 
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DISCUSSION - H. RUTLEDGE (192): Contact phenomena of the 

southern part of the Loch Doon plutonic complex. Abstr.. 

Proc. Geol. Soc.)  No. 1484, pp.  64-65. 

Dr R.A. HIGA= made the following written contribution: 

"I have determined spectrographically the amounts of 22 trace 

elements in representative rocks from thG Loch DoorL complex. 

A detailed study of these determinations is in progress. In 

connection with Dr. Rutledge's paper it is interesting to mention 

that Cr >Ni >Co both in the plagioclase-biotite-hornblende-

hornfels and mobilized sediment on the one hand, and in the 

quartz-diorite and marginal granocU.orite on the other. This 

suggests that the former rocks may have played a significant 

role in the development of the latter."  

The AUTHOR, in reply, said that he was gratified that Dr. 

Higazy's work on trace elements supported the close relationship 

which had been shown petrographically to exist between the sedi-

ments and the marginal granodiorite. 



Chemical composition of the chief rocks of the 
Spango complex. 

A B C D E 

3/186 SAl S/162E 501/D 501/a 

3102  56.62 57.26 54.2)+  58.68 65.18 
A12 03  17.88 18.1.2 18.03 17.57 16.93 
Fe2 03  2.6i 0.24 0.96 1.17 0.911. 
FeO 6.71i 7.82 8.08 4.96 3.11.2 
Mg0 5.72 4.71 5.72 3.64 2.18 
Ca0 tr. 1.6+ 3.19 5.66 2.63 
Nag   2.0+ 2.65 4.02 3.611 3.53 
K20 2.58 2.69 2.911. 2.79 3.01. 
H20+ 4.27 2.11.5 0.87 0.96 0.98 
Ito.. 0.49 0)48 0.16 0.05 0.11+ 
Tb 2  0.87 1.37 1.26 0.81+ 0.72 
P20 0.06 0.07 o.o6 0.07 0.01+ 
Mn0 0.17 0.05 0.11+ 0.09 tr. 

100.08 99.85 99.67 100.12 99.73 

Analyst: W.H. Herdsman. 

A = Unmetarnorphosed mudstone, near Fingland Farm, about 
900 ft, from the Knockenshag diorite (Sarkar, 1948, 
Table 19  Analysis 1) 

B = Cordierite-biotite-hornrels, a metamorphosed mudstone 
of medium grade, 250 ft. from the Knockenshag diorite 
border (Sarkar, 1948, Table 1)  Analysis 2). 

C = from near the 
Bucht Hill diorite margin (Sarkar, 191+81  Table 1, 
Analysis 3)- 

D = Porphyritic micro-diorite  inclusion within the granodbo-
rite from the right bank of Brocklaw Burn (Sarkar, 
191+8, Table 11  Analysis 1+). 

E = Hornblende-.bjorite granodiorite from the right bank of 
Brockliw burn (rty. 1C1I. P1iø 1 t4. 



Trace-element contents In ppm. of the chief rocks 
of the Spango complex. 

Sen- A B C Aye- D B Aye- 
Ele- siti- rage rage 
ment vity 8/186 S/1 $/162E BC SOlID 501/G t 

Rb 1 .85 150 220 185 180 140 160 
Li 1 70 500 100 300 90 80 85 
Be 5 1700 1200 2800 2000 2200 2000 2100 
Sr 5 120 600 2500 1550  2200 2000 2100 
Cr 1 160 180 350 265 120 90 105 
Co 2 30 25 50 38 30 15 23 
Ni 2 150 150 190 170 60 30  45 
Zr 10 180 200 280 240 1000 800 900 
La 30 * '.30 430 4-30 4.30 40 33 

30 70 90 150  120 160 120 
cii 3 30 50 5 28 10 12 U 
V 5 110 120 110 130 130 110 120 
Ga 1 35 35 45 +0 35 +0 37 
Ti 30 * * * * * * * 

Sn 5 * * * * * * * 

Pb 10 <10 20 410 12 IC 12 11 
Sc 10 <10 20 25 23 12 <10 410 
MO 1. 1 1 2 t.5 * * 
Ge 10 * * * * * * * 
Be 5 * * * * * * * 
Ag 1 * 41 * * 3 1 3.5 
In 10 * * * * * * * 

Analysts R.A. Higazy. 
* Element if present is in amounts below its limit of 

sensitivity. 
A - E are as given In Table 2a 
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THE TRACE ELEMENTS OF THE VOLCANIC ULTRABASIC 

POTASSIC ROCKS OF SOUTH-WESTERN UGANDA AND 

THE ADJOINING PART OF THE BELGIAN CONGO, AND 

THEIR BEARING ON PETROGENESIS 

To be submitted for publication to the Geological 
Society of America 

ABSTRACT 

The trace-element contents of the volcanic ultra-
basic potassic rocks from South-western Uganda and the ad-
joining part of the Belgian Congo are discussed. The trace-
element constitution of the various types investigated supports 
Holmes' hypothesis of their derivation from reactions between 
carbonatite magmas and sialic crustal material. 
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I. INTRODUCTION 

Of the many assemblages of alkali igneous rocks des-

cribed In recent years those of the Toro-Ankole volcanic fields 

of South-western Uganda and the Pirunga-Puftmbira or North Kivu 

field, further to the south, are amongst the most remarkable for 

their petrographic constitution and the most interesting for 

their petrogenetic significance. By far the greater part of 

the work so far accomplished on these rocks has been carried out 

by the late A.D. Combe in the field In collaboration with Pro-

fessor A. Holmes In the laboratory. A large number of rocks 

from the above areas have already been analysed chemically and 

samples of the analysed powders of many of them have been made 

available to me by Professor Holmes for spectrographic deter-

mination of the trace elements. This communication deals with 

(a) the distribution of the trace elements In characteristic 

rocks from both the Toro-Ankole and Birunga volcanic fields, 

and (b) the petrogenetic significance of the unique geochemIcal 

features which have been revealed. 

The Toro-Ankole fields, East and South-east of Ruwen-

zori, comprise several areas of tuffs and explosion craters 

accompanied, In places, by lava-flows or near-surface plugs and 

sheets. The Investigated specimens were collected by Combe 
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from the following areas: 

Katung, an isolated extinct volcano, situated in the 
plateau country in the southern portion of the 
Toro-Ankole province. A general description of 
Katunga has been given by Combe (1937). 

Bunyaruguru, extending south of Lake George across 
the Western Rift and adjoining plateau. Reference 
should be made to Combe (1930, 1933 and 1939) for 
a general description of this field. The different 
explosion craters and lava occurrences of part of 
this field are shown in a map published by Combe 
and Holmes (1945, Fig. 2). 

Katwe-Kikorong, within the Western Rift, between Lake 
Edward and Lake George. 

Reference is also made in the present paper to the 
Fort Portal area, still further north. The exact locations of 
these volcanic areas can be seen in recent editions of the geo- 
logical map of Uganda and also on maps compiled by Holmes (1950, 
Fig. 11  and 1952, Fig. 1). 

The volcanic activity in Toro-Ankole, though now ap-
parently extinct, dates from the Middle Pleistocene to almost 

the present time. The rocks underlying the volcanic products 
are mainly (1) the Kaiso series, composed of Pleistocene lacus-
trine and fluviatile deposits, and (.) Pre-Cambrian rocks com- 
prising (a) the Post-Karagwe-Ankolean Granites, (b) the Karagwe-
Ankolean System formed chiefly of argillites, phyllites and 

quartzites, and (c) the Toro System composed principally of 
schists, quartzites, amphibolites, gneisses and granites. 

Except / 
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Except the Fort Portal area lava flows are very rare, 

pyroclasts being the dominant products. Katungite, a potassic 

volcanic rock with abundant olivine and melilite is the com-

monest type of lava. It occurs as lava-flows only at Katunga, 

the type locality; elsewhere, it is found almost ubiquitously 

as bombs, ejected blocks and lapilli in the agglomerates and 

tuffs. Each area, however, has its own peculiarities. At 

Katunga, katungite occurs by itself. In Bunyaruguru there is 

a greater variety, the two chief additional types being ugandite 

(a melanocratic olivine-rich leucitite) and mafurite (a rock 

differing from ugandite in having kalsilite instead of leucite). 

Mafurite obviously requires a very high K20/Na2O ratio other-

wise potash nepheline appears instead of kalsilite. In the 

Katwe-Kikorongo area K is generally only a little higher than 

Na and consequently the place of rnafurite is taken by potash 

ankaratrite. The letter type is linked to olivine-poor 

ugandite and mela-leucitite by leucite-ankaratrite, all the 

rocks of this series being richer in augite than the mafurite-

ugandite series of Bunyaruguru. 

In the Fort Portal area none of the above types ex-

cept katungite is present. Lava-flows are abundant, but all 

are highly altered to calcium carbonate and only sparse relics 

of fresh minerals now remain. The original lavas seem to have 

been nepheline-leucite-melilite types not unlike those of 

Finagongo (Birunga) and north shores of Lake Kivu. 
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It may be noted here that these unique volcanic rocks 

and the sub-volcanic types, such as biotite-pyroxenite, that are 

invariably associated with then, present unusually difficult 

problems in petrogenesis. The recent hypothesis advanced by 

Holmes (1950) to account for the genesis of the most ubiquitous 

type, katungite, advocates that the latter was produced by reac-
tions between a carbonatite magma and sialic crustal material 

such as granite and its associates. The magmatic carbonatite 

is regarded as the source of the cafemic material present in the 

rock, while the sialic material is considered to provide the 

alk-aluininous constituents and silica. This hypothesis has 

been successfully extended to the potash ankaratrite-mela leu-

citite series of Katwe-Kikorongo (Holmes, 1952). 

Bufumbira is the eastern and Uganda part of the very 

extensive volcanic field of Biruna, which stretches across the 

Western Rift valley for nearly 50 miles north and north-east of 
Lake Kivu, for the most part covering regions in the Belgian 

Ruanda and the Belgian Congo. The positions of its major vol-
canoes are illustrated in the map given by Holmes (Holmes and 

Harwood, 1937, Fig. 2). The physiography and general geology 
of this field have been dealt with by Combe, in Combe and Simmons 
(1933, Chapters I-VI see also the geological map at the end). 

Simmons in Combe and Simmons (1933) gave preliminary 

petrographic / 
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petrographic descriptions of the volcanic rocks of Bufumbira. 

More detailed petrography, accompanied by chemical analyses and 

instructive petrological discussions has been published by 

Holmes in a valuable series of papers and memoirs (19367  1937, 

19427  1945, 1950 and 1952; also Holmes and Harwood, 1932 and 

1937; and Combe and Holmes, 1945). 

Unlike the Toro-Ankole fields, the Birunga-Bufumbira 

field has many plagioclase-bearing rocks, kivite being the 

typical leucitic type and absaro]dte the potash feldspar-bearing 

type. In Bufumbira, ugandite is comnon and links the area 

to Bunyaruguru. In the south of Birunga nepheline-leucite-

melilite rocks characterise Ninagongo and some of the small 

volcanoes along the north th ore of Lake Kivu. This feature 

recalls the Fort Portal field, but there is a striking difference 

the Ninagongo rocks are beautifully fresh, whereas those of 

Fort Portal are heavily carbonated. 

It is noteworthy that basalts are absent from both 

the Toro-Ankole and Biruriga-Bufumbira fields, unlike the South 

Kivu field which is mainly basaltic with associated trachytes 

and rhyolites. 

II / 
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II. GENERAL PETROGRAPHY 

Holmes' investigations of the volcanic and associated 

rocks of Toro-Ankole and Pirunga include a wealth of informa-

tion with regard to (a) their detailed petrography and (b) 

their classification and nomenclature according to their micro-

scopical features and chemical composition. A brief summary 

of these investigations, with special emphasis on the general 

petrography of the rocks core idered in the present study may 

be useful. 

The constituents of the py-roclasts include fragments 

(a) of pre-volcanic crustal rocks (accidental) and (b) of a 

sub-volcanic (cognate) suite of rocks consisting of various 

combinations of the minerals augite, biotite and olivine. 

Representatives of both groups occur in the lavas - flows, 

blocks and lapilli - as xenoliths and xenocrysts. Each group 

will be briefly considered in turn before dealing with the lavas 

em. 

(A) Accidental Constituents 

The accidental xenoliths and xenocrysts and the accom-

panying ingredients of the tuffs and agglomerates are composed 

of the underlying crustal rocks. These are mainly grantee, 

phyllites / 
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phyllites and quartzites; and other schists, amphibolites &c. 

belonging to the Karagwe-Ankolean and the Toro Systems. A 

full list of the varieties of such accidental blocks and xeno-

liths from Katwe crater has been given by Holmes (Holmes and 

Harwood, 19329  Table VIII, p. 403). Some of these crustal 

materials exhibit transfusion phenomena. Specimen K 91  con-

sidered in the present investigation, s a partially transfused 

microcline-granoaiorlte...gnejss from Katwe crater. It shows 

channels consisting of a dense, buff coloured, glassy or crypto-

crystalline material with black inclusions, separating aggre-

gates of granular quartz from large crystal of feldspar. The 

invading materials are tongues of a pyroxene-rich melilite-

basalt (Holmes and Harwood, 1932, pp.  411-412). Holmes (1936) 

has also described from Bufumbira several interesting cases of 

transfused vein quartz or quartzite, accompanied in all cases 

by marked changes of composition. Moreover, he has demon-

strated that granitic xenoliths enclosed in volcanic ejectarnenta 

from ICariya crater (Bunyaruguru) have been transformed during 

the volcanic activity into leucite, leucitite and olivine-

leucitite (Holmes, 1945). 

(B) / 



(B) Cognate Sub-volcanic Rocks 

The sub-volcanic rocks are represented both as (a) 

ejected blocks in tuffs, agglomerates c. and (b) xenoliths in 

lavas, lapilli and bombs. These rocks consist essentially of 

one or more of the minerals olivine, biotlte and pyroxene; 

for brevity they are conveniently referred to by Holmes (1950) 

as the O.P.P." series, after the initials of their dominant 

minerals. 

Monomineralic inclusions composed almost entirely of 

olivine (dunite) occur locally in i3ufurnbira, but they are so 

friable that they cannot be collected without falling to pieces 

(Combe and Simmons, 1933, p.  69). 

Monomineralic biotite-bearing rocks (glirnmerite) are 

represented in this study by specimen C 4034a from Kakunyu 

crater, Bunyaruguru. This rock is composed essentially of 

biotite Y = 1.631, accompanied by no more than traces of augite 
(Combe and Holmes, 1945, p. 377). Piotite is present in an-

hedral reddish brown crystals which frequently show distortion, 

as in the case of other glimmerites described by Holmes from 

other craters (Holmes and Harwood, 1932, p. 406; 1937, p.  31; 

and Combe and Holmes, 1945, p. 376). 

The commonest type of pyroxene occurring in the 

pyroxenites is a pale green, slightly pleochroic variety of 

augite / 



augite with Z"c = 440 and 2V about 600. Its nonnative corn-

position in the Kakunyu pyroxenite, C 4035, considered in this 

study is approximately: diopside 90 per cent; aegirine, 4; 

hyperethene, 2; A1203 and Fe2O3, 4 (Combe and Holmes, 1945, 

p. 375). Many other varieties of augite, some richer in heden-

bergite, some in aegirine and some more titaniferous are also 

found in the pyroxene-bearing types. 

Other rocks of the sub-volcanic series are the pen-

dotites (C 1963 and C 4034b) and the biotite-pyroxenites (C 2786, 

G 20 and K 4), the latter being by far the commonest. 

C 1963 is a biotite-bearing augite-penidotite from 

an ejected block near Mahungo crater (Eufuinbira). Olivine, 

almost perfectly fresh, forms roughly a quarter of this rock. 

Augite is more abundant and occurs as prismatic greenish crystals 

displaying faint pleocbroism with X = Z = pale green; Y = yel-

lowish green. Biotite makes up about 8 per cent of the rock, 

as flakes between the individual crystals of olivine and pyro- 

xene. Its pleochroism is X = green yellow; Y = light brown; 

Z = brown (Holmes and Harwood, 1937, pp.  21-22). The other 

peridotite (C 4034b) from Kakunyu crater (Bunyaruguru) is richer 

in biotite and very much poorer in augite. The augite is 
greyish-green in colour; its biotite is reddish brown with 

X = very pale yellow; Y = yellowish brown; Z = reddish brown, 

and is partially corroded around its edges. Olivine is found 

in/ 
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in relatively small fresh grains. 

C 2786 Is part of an ejected block of biotite-

pyroxenite from Lutale crater (Bufumbira). It Is a holocry-

stalline aggregate of copper-coloured plates of biotite, blue-

black tarnished-looking prisms of augite and black garnet, with 

accessory black ores and rare olivine. Blotite of this type 

is present In two distinct varieties; a dominant type dis-

playing the pleochroism X = green yellow, Y = light red brown; 

Z = copper brown. The smaller crystals of this variety exhibit 

alternations of colour parallel to the cleavage and show marked 

pleochroism with X = metaflic grey Y = purple grey; Z = deep 

chestnut brown. The other variety of biotite is less common 

and invades the dominant type along strips between the cleavage 

cracks. Its basal sections resemble malanite and can only be 

readily distinguished from it by the biaxial interference 

figure. The garnet of this biotite-pyroxenite is a titani-

ferous melanite found in elongated lobes and aggregates of 

rounded grains with dominant deep chestnut brown colour (Holmes 

and Harwood, 1937, p. 26). Specimen G 20 is a biotite-

pyroxenite from Katwe crater. Its minerals are similar to 

those found in other biotite-pyroxenites from Katwe, and already 

fully described by TTolmes (Holmes and Harwood, 19329  pp. 408- 

409). The thief constituents of these rocks are pleochrolc 

diopside- / 



1].. 

diopside-hedenbergite and deep brown biotite. The accessories 

are aphene, ilmenite or titaniferous magnetite, melanite and 

perovakite, with traces of nepheline. In places, aphene may 

be present in such conspicuous amounts as to justify naming 

the rock "ephene-rich biotite-pyroxenite". Specimen K 4 is a 

representative of this variety. Holmes points out that in 

mineralogy and structure the biotite-pyroxenites of South-west 

Uganda (Holmes and Harwood, 1932, p. 409) closely resemble the 

corresponding rocks found in situ in the Libby stock (Montana) 

described by Larsen and Pardee (1929). 

Leucite-kentallenite is an interesting variety of the 

cognate sub-volcanic rocks, so far found only in l3irunga, where 

it is associated with kivite. These rocks differ from the 

previously mentioned types in possessing feldspars among their 

constituents. C 3033 is part of an ejected block of leucite-

kentallenite from the caldera of Nyamuragira, a vigorously 

active volcano situated in the western part of Birunga. The 

rock is composed of phenocrysts of augite and smaller rounded 

grains of clear brown-green olivine, embedded in a white feld-

spathic matrix. Augite is purple in colour and displays strong 

pleochroism with X = fawn, sometimes with a greenish tinge: 

Y = purple; Z = brownish purple. Zoning is noticeable in 

some crystals. Leucite and a dominantly- feldspathic matrix 

occupy / 
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occupy the interstitial spaces. The matrix is composed of 

fine-grained plagioclase laths, most of which are zoned (An-. 

An85), together with smaller amounts of alkali-feldspar flecked 

with yellowish ferruginous staining, biotite in minute flakes, 

apatite needles and small grains of olivine (Holmes and Harwood, 

19377 pp.  113-114). 

The specimens of sub-volcanic rocks studied in this 

investigation are listed in the following Table. 

No. of 
specimen Name Locality Reference 

K 9 Ejected block of par-
tially fused grano-
diorite-gneiss 

G 20 Ejected block of blo- 
tite-pyroxenite 

K 4 E.jected block of sphene-
rich biotite-pyroxenite 

Katwe crater, Holmes & Harwoo 
Katwe-Kikorongo 1932, pp.  411- 

412 
it ibid., p.  408 

H Ibid., p.  409 

C 4034a Xenolith of glimmerite Kakunyu crater Combe & Holmes, 
from olivine-rich ugan- l3unyaruguru 1945, p • 377 
cUte 

C 4035 Xenolitb of pyroxenite if ibid., p.  375 from olivine-rich ugandite 

C 4034b Xenolith of blotite- ff ibid., p.  377 peridotite from olivine- 
rich ugandite 

C 2786 Ejected block of blotite- Lutale crater Holmes & Harwood 
pyroxenite Bufumbira 19377  p. 26 

C 1963 Ejected block of biotite- Mabungo crater ibid., pp. 21-22 bearing augite-peridotite Bufumbira 
C 3033 Ejected block of leucite- Caldera of ibid., pp.  113- kentallenite TyamuragIra, 

Birunga 

(C) / 
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(C). Volcanic rocks from the Toro-Ankole fields 

The mineralogical classification of the chief volcanic 

rocks adopted in this study is that introduced by Holmes (1950, 

Fig. 21  P. 776), shown graphically in Fig. 1. The principal 

rock varieties are katungite, ugandite and mafurite. Katungite 
In 

Is rich,melilite, but free from augite its potash is mainly 

in glass. Ugandite and mafurite contain augite, but their 

dominant feldspathoids are leucite and kalsilite respectively. 

Olivine is present in these three types, but there is an im-

portant variety of katungite which is free from this mineral 

and has been given the name proto-katungite (Holmes, 1942, p. 

199; 19507  p. 784). The investigated rocks also include mem-

bers of the potash-ankaratrite-melaleucitite series from the 

Katwe-Kikorongo field. This series differs mineralogically 

from the ugandite-mafurite series in being conspicuously rich 

in augite and relatively poor in olivine (Holmes, 1950. p. 776). 

Xenocrysts derived from the "O.B.P." series differ in the various 

volcanic rocks. They are mainly, but not exclusively, biotite 

and augite in the case of katungite; olivine in ugandite; and 

augite in ankaratrite. rIafurite carries variable amounts of 

all the three minerals, often with a conspicuous abundance of 

biotite (Holmes, 1950, p. 777). 

(1) Katungite / 
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(1) Katurigite 

Katungite is the most widely distributed of all the 

volcanic types. As defined by Holmes (1937, p.  210), who pro-

posed the term, katungite Is "an alkali ultrabasic rock with 

morepotash than soda, the essential minerals being melilite and 

olivine; the potash may be present in glass, zeolltes, potash-

rich nepheline, kaliophilite [later recognised as a new mineral 

kalsilite; Holmes, 1942, p. 210], leucite, or hiotite; spe-

cial varieties may be distinguished by appropriate mineralogical 

prefixes, e.g. leucite-katungite, blotite-katungite, leucite-

biotite-katungite". Its significant characters and relation-

ships to olivine-melilites and related rocks from other regions 

are discussed in detail by Holmes (1937). The seven katungites 

investigated include specimens from the Katunga, Bmyaruguru 

and Katwe volcanic areas. With one exception (Katunga) they 

are lapilli or blocks. A list of these specimens is given in 

the adjoining Table. 

No • / 
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No. Name Locality Reference 

C 4407 Katungite 

G 21 Katungite 

G 56 Biotite-. 
katungite ° 

C 3509 Katungite 

C 5945 Katungite  

W. lava flow, 
Katunga 

Lapilli, Katwe 
crater 

Ejected block 
Katwe crater 

Ejected block 
Chamakumba crater 
Bunyaruguru 

Lapilli, N.W. 
edge of Bunyaru-
guru 

Holmes, 1937, p. 205 

ibid., p.  207 

ibid. l. 

Holmes, 1942, p. 212; 
and Combe and Holmes, 
19457  p. 367 

Combe and Holmes, 1945, 
p. 367 

C 4012 Kalsilite- Lapilli, charigabe Holmes, 1942, p. 210; 
katungite crater, Punyaru- and Combe and Holmes, 

guru 1945, p. 367 

C 6065 Proto- Ejected block, Holmes, 1950, p.  784 
katungite Lugazi ridge, 

Bunyaruguni 

41  This is an augite-bearing biotite-katungite and has been re- 
ferred to under the more familiar name aj.ndite (Holmes, 
19507  p. 780). 

(ii) 0uachitite 

The examined specimen (C 5844) is an olivine-rich 

ouachitite from Katwe crater. It is fine-grained porphyritic 

rock with phenocrysts of olivine and diopsidic augite. Its 

groundmass is composed mainly of shreds cf reddish-brown biotit' 

and / 
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and of aggregards of diopsidic augite. Associated with these 

constituents, are small olivine crystals and minute grains of 

perovakite and black ore. Calcite patches and zeolite in-

fillings of vesicles are scattered here and there in the matrix. 

Rare leucite grains and a few glass-clear crystals of potash-. 

nepheline occur interstitially. 

Katungite (G 21), augite-bearing biotite-katungite 

or alnöite (G 56) and ouachitite (C 5844) are all from Katwe 

crater. They form a series in which there appears to be a 

complementary relationship between melilite and pyroxene. 

The katungite is rich In melilite and free from augite 'whereas 

the other end-member of the series (ouachitite) has prepon-

derant augite and no melilite. The volume percentages of 

melilite in these rocks are estimated by Holmes (1950, p.  781) 

as 37 in katunglte, 18 in alnoite, and none in ouachitite. 

(iii) K&Mdite 

Ugandite is the term proposed by Holmes (Holmes and 

Harwood, 1937, p.  11) for melanocratic types of olivine-

leucitites. Such volcanic rocks are found in the Katwe-

Kikorongo, Bunyaruguru and Pufumbira volcanic fields. Varie-

ties exceptionally rich In olivine are locally common and are 

referred to as olivine-rich ugandite. 

The / 
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The ugandite here investigated (C 3052) is an olivine-

rich variety from Kichwsmba, adjoining Kachuba crater, Bunyaru-

guru. A detailed petrographic description is given by Holmes 

(Holmes and Fa-mood, 1932, pp, 414-415). The rock contains 

conspicuous phenocrysts of olivine, clino-enstatite and augite. 

Olivine is sporadically rimmed by biotite. Augite is most 

generally straw-green in colour. Apart from a few small cry-

stals (0.1 to 0.2 mm.) of olivine, augite, and mica, the ground-

mass is composed of augite microlites, leucite, perovakite, 

opaque ores, apatite needles, and little patches of calcite and 

cloudy analcite. 

For descriptions of other interesting varieties of 

ugandite, reference should be made to Holmes (Combe and Holmes, 

1945, pp.  371-372) who records nosean in the kalsilite- and the 

kalsilite-melilite-uganalte lavas of Kabirenge and Lyakauli, 

flunyaruguru; and to his earlier investigations of the l3ufum-. 

bira ugandites and their relationships to similar volcanic rocks 

in other provinces (Holmes and Harwood, 1937, P. 60). 

(iv) Mafurite 

The term mafurite has been proposed by Holmes (1942, 

p. 199) for olivine.'.melakalsilitites, composed of olivine, 

pyroxene, kalsilite, perovakite, and black ore, found in and 

around the Mafuru craters, flunyaruguru. The specimen here 

investigated / 



investigated (C 6073) is porphyritic with phenocrysts of deeply 

corroded olivine and of diopsidic augite. The volume percen-

tages of these and of the constituents of the groundmass are 

given by Holmes (1942, p.  203) as follows: 

Groundmas $ Pheno cry sts 

Diopside 26.0 20.6 
Kalsilite 23.7 
Ferovakite 6.2 
Black ore 5.7 
Olivine 4.4 6,3 
Piotite 2.3 
Glass 4.1 

Totals 72.4 26.9 

Some varieties of mafurite contain melilite, melilite-

mafurite being transitional towards katungite. Leucite- 

mafurite and kalsilite-ugandite are intermediate varieties in 

the series mafurite - ugandite. The microscopical features 

of examples of these types, as well as of the variety biotite-

mafurite, from various craters in Punyaruguru, are given and 

illustrated by Holmes (1942, pp. 207-210; and plate VI, p.  216), 

(v) Leuci te- ankaratrite and Leucite-melilite-ankaratrite 

In general, the ankaratritic series can be distinguishe 

from the mafurite-ugandite series by its relative abundance of 

pyroxenee compared with divine, which may, indeed by absent 

from some members (Holmes, 1950, p. 776; 1952). The mineralo- 

gical constitution of the Katwe-Kfkorongo ankaratrites is closely 

similar / 
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similar to that of the melanocratic nephelinites of Madagascar, 

the type arikaratrites described by Lacroix (1923, p. 59). But, 

on account of their higher potash content and K20/Na2O value, 

Holmes (Holmes and Harwood, 1932, p. 38E) has distinguished the 

Uganda examples by the name ttpotashankaratrite!$. By increase 

of leucite at the expense of potash-nepheline these types pass 

through leucite-ankaratrite to melaleucitite or olivine-mela-

leucitite, the latter being like olivine-poor ugandite. Meli-

lite-bearing varieties are also known. 

The arikaratritic rocks here investigated are leucite-

ankaratrite (C 5635), from a lava exposed in the wall of Lake 

Mbuga crater (Holmes, 1952, p.  204), and leucite-melilite-. 

ankaratrite (C 5692), part of an ejected block from the south 

rim of Nyaluzigati crater; both localities are in the Katwe-

Kikorongo field. 

C 5635 is a coarse-.grained porphyritic variety. The 

phenocryste are mainly augite together with less abundant 

olivine and some black ores and perovakite. Augite occurs in 

elongated hypidiomorphic prismatic and bladed forms, up to 8 mm. 

long, showing notable sub-parallelism. It is yellowish-green 

in colour exhibiting distincly purplish outer margins. The 

cores of some of the crystals are very pale in colour. The 

rims are heavily sprinkled with minute grains of black ore, 
together , 
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together with occasional crystals of perovakite. The termina-

tions are frayed and show no sign of variation in composition 

towards aegirine-augite. Most of the olivine grains are 

smaller in size than those of augite and are irregularly randed. 

Their borders are commonly rimmed with brown ferruginous matter 

and reddish-brown biotite. 

The groundinass is composed of very clear patches of 

potash-nepheline, mainly occupying parts of the interstitial 

spaces between adjacent augite phenocrysts, where it is asso-

ciated with numerous round crystals of leucite. Aggregates of 

augite and black ores: shreds of biotite; calcite and minute 

crystals of perovakite are also found in the groundmass. Apa-

tite In rounded grains is present as sporadic inclusions in 

biotite and in the black ores. 

Potash ankaratrites and leucite-ankaratrites from 

.Thuga and Nabugando craters in the Katwe-Kikorongo field, have 

recently been described in detail by Holmes (1952). In an 

earlier paper he gave the modal composition of several rocks 

belonging to this series (Holmes and Harwood, 1932, pp.  387-390 

and pp. 392-394). The feldapathoidal members in these rocks 

are potash-nepheline with subsidiary leucite, as in the sped-

men (C 563) here investigated. Moreover, the mode of C 5635 

approximates to that of leucite-ankaratrite (C 1000) which Is 

as / 
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as follows (Eolmes and Harwood, 19322 p.  387): 

Phenocrysts: 

Pyroxenes 50 per cent 
Olivine 4 
Opaque ores 11 

Groundmass: 

.k-yroxenes 10 
Fiotite 4 
Ores,&c. 7 
Feldapathoids 14 

The other investigated ankaratritic rock (C 5692) is 

a leucite-melilite variety. It is porphyritic, with small 

phenocrysts of augite and sparse olivine. Augite occurs as 

yellowish-green prismatic crystals arranged in a sub-parallel 

manlier; purplish margins are lacking and the rims are not 

strevrn with black ores and perovskite as in the augite pheno-

crysts of C 5635. Olivine occurs as clear transparent crystals 

without reaction borders. The groundmass is composed of minute 

laths of augite, prisms of mel.ilite, cloudy in patches, rounded 

grains of leucite, occasionally carrying black inclusions, 

transparent crystals of olivne, black ores and perovskite, the 

latter being more abundantin C 5635. These constituents are 

set in a greenish glassy background. 

(vi) rfela-potash-nephe1jnite and mela-leucitite. 

The mela-potash-nephelinite (C 5566, from an ejected 

block // 
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block, north of the Lake in South Nymununka crater, Katwe-

Kikorongo volcanic area) and. the mela-leucitite (C 55451  from 

an ejected block, western rim of South Nymununka crater) are 

olivine-free types. 

C 5566 is very fine-grained, but C 5545 is slightly 

coarser and porphyritic. They re composed essentially of 

augite and feldspathoic5., as indicated respectively in the names 

adopted. C 5545 also contains occasional crystals of nosean 

or hauyne. Together with these constituents abundant aggre-

gates of black ores and perovakite occur in both rocks. Apa-

tite, occurring as needles, is a minor accessory. 

(D) Volcanic rocks from the Birunga field 

The specimens investigated of the volcanic rocks from 

the 131runga field comprise: (1) types with feldapathoids and no 

feldspars, such as olivine-melilitite (C 7360) and potash-

nepheline-milhlitite (C 3022); (ii) feldspar-and-leucite-bearing 

varieties represented by kivite or leucite-basarilte (C 9780, 

C 9892) and leucitic trachybasalt (C 9878); and (iii) limbur-

gite (C 7347). 

(1) Olivine-melilitite (C 7360) comes from Lwabikari 

crater, north of Lake Kivu, Belgian Congo. It is porphyritic 
with / 
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with abundant phenocrysts of augite and occasional olivine. 

Augite is grey to buff with a purplish tinge and more distinctly 

purple margins. Some of the larger grains are deeply embayed 

by the grouridmass. 011wine crystals, some of which are corroded, 

are generally smaller than those of aurite. The groundmass is 

cry-ptocrystalUne and consists mainly of aggregates of black ore 

and augite, accompanied by small prisms of melilite, olivine 

grains, glass-clear tabular crystals of potash nepheline, occa-

sional rounded grains of leucite and small needles of apatite. 

The mo& of this rock approaches that of the melilite-leucite-

arikaratrite (C 5692) described on page P.1 except that it contains 

less melilite and is free from perovekite. 

Potash nepheliie-meljljtite (C 3022) is a typical speci-

men of a flow from i9rgongo volcano. It has been already des- 

cribed by Holmes (Holmes and Harwood, 1937, p. 84), who mentions 

that Inelilite-nepheline lavas are not uncommon in the southern 

part of Pirunga, between !Yinagongo and Lake Kivu, e.g. from the 

Bushwaga and Goma Volcanoes C 3022 is fine-grained and con-

sists essentially of meliJJte laths exhibiting a somewhat trachy-

tic texture, together with clear crystals of potash nepheline 

and aggregates of black ore, In an interstitial matrix of greenish 

material which may be chlorophaeite. Perovsklte is absent. 

This rock cannot he matched rnineraloical1.y with any of the 

volcanic / 
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volcanic t -pes of the Toro-Ankole volcanic areas mentioned above, 

but it may be akin to the original lavas (now highly carbonated) 

of the Fort Portal field (Holmes and Harwood, 1932, p. 380). 

(ii) C 3030 represents a kivite lava, from the nor-

thern slopes of !Zyamuragira at 9500 feet, which has been petro-

graphically described by Holmes (Holmes and Harwood, 1937, p. 

116). It is a vesicular porphyritic rock with phenocrysts of 

purple augite, clusters of plagioclase, and olivine. The ground-

mass is composed of abundant grains of augite, minute laths of 

plagioclase, leucite, mainly in clear patches, and black ores. 

inclusions are present, consisting of the leucite-kentallenite 

escribed on p. 11 . For detailed descriptions of other kivites 

from Birunga reference should be made to Holmes (Holmes and Har- 

iood, 19377  pp. 102-136) and to Verhoogen (1948, p. 160) who 

gives the petrographical characters of the lavas of the 1938 

:yamuragjra eruption. 

C 9780 is a representative of the 1948 eruption of 

Kituru (a new volcanic cone on the flanks of ITyamuragira). 

This type is a scoracious and finer grained variety of kivite 

but has essentially the same mineralogical constitution as C 3030. 

C 9292 represents the 1948 eruption of Muhubu]3. (a new 

come on the same line of fissure as Kituru). The rock is also 

a kivite, with microscopical features very similar to those of 

C 2780. 
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The leucitic trachybasalt C 9878 is from a lava, flow 

erupted in 1948 from a fissure north-west of Kituru. The pheno-

crrsts of this rock are similar to those of the kivites just 

mentioned, but the groundmass is hyaline except for very minute 

laths of plagioclase and a few more or less rounded grains of 

leucite. 

(Iii) C 7347 is a characteristic specimen of the Urn-

burgite erupted in 1904 from 1TahimbI volcano (formerly called 

Adolf Friedrich Kegel) situated In the south-western portion of 

the Firunga field (Holmes and P'arwood, 1937, p. 214). Finckh 

(19127 p.  20) described the lava as a porphyritic rock with abun-

dant phenocrysts of titanaugite (up to 10 mm.) and olivine in a 

groundmass composed essentially of augite and black ore, to-

gether with a little olivine and interstitial brownish glass. 

The specimen here Investigated corresponds, except that the 

augite is only very faintly purple and the groundmass is mainly 

brownish glass. 

III. / 
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III. ANALYTICAL METHODS A DATA OBTAINED,  

Samples of the powders originally prepared for chemi-

cal analysis of all the above mentioned sub-volcanic and vol-

canic rocks were kindly provided by Professor Arthur Holmes, 

for their spectrographical investigation The chemical com-

positions of most of the types investigated have already been 

published by holmes in his various papers to which reference 

has already been made. Professor Holmes has kindly given me 

permission to make use of hitherto unpublished chemical analyses 

of some of the specimens from the Katwe-Kikorongo and Eirunga 

fields. 

The trace elements of these rocks, as well as those 

of four carbonatites (from the Premier Diamond mine, South 

Africa; Spitzkop alkaline complex, I3ushveld, Transvaal; Ma-

rongwe Hill, Chilwa Island, Nyasaland; and Hartung, Aind Island, 

Sweden), and two limestones (from the Transvaal System, South 

Africa; and Mansji)  Sweden), also provided by Professor Holmes, 

were spectrographically determined by the author at the Macaulay 

Institute for Soil Research at Aberdeen, Scotland. The semi-

quantitative method adopted in this study is that described in 

detail by Mitchell (1948). The determined elements and the 

wave lengths of their diagnostic lines have already been given 

by the writer (H.gazy, 1952a). 

IV/ 



27. 

Iv. GEOCFtE!JIISThY OF THE SUB-VOLCANIC ROCKS 

(0.13.P.) SERIES 

(1) Major constituent 

The chemical composition and the trace-element con-

tents of the sub-volcanic suite of rocks are recorded in Table 

la and lb respectively. Three of the chief members of the 

C.B.P.1' series - peridotite, pyroxenite and glimmerite - are 

represented by specimens from Kaicunyu crater, Bunyaruguru (Nos. 

4034b, 4035 and 4034a respectively). The distribution of the 

major constituents of these rocks will now be discussed in order 

to illustrate their main geochemical features. 

Of all the major constituents, the iron oxides have 

the most uniform distribution, with FeO>Fe2O3. The range of 

FeO is from 2.55 per cent in the peridotite to 2.90 in the glim-

merite; and that of Fe203 is confined to the narrow limits of 

4.96 per cent in the peridotite to 5.42 in the pyroxenite. 

Na2O is relatively very low and roughly uniform, ran-

ging from 0.26 per cent in the peridotite to 0.56 in the pyro-

xenite and glimmerite. 

The other major constituents, however, show marked 

variations in the different types. As would be expected, A1203  

is low in pyroxenite and peridotite and much higher in gum-
merite. 

Mg0 / 



28. 

Mgo reaches 33.84 per cent in the peridotite and 

amounts to 19,32 in the gliriimerite and 13.14 in the pyroxenite. 

The difference in the CaO contents of these rocks is still more 

pronounced. The pyroxenite has 22.5? per cent of Ca0, whereas 

the peridotite and the glimmerite have only 2.84 and 1.16 re-

spectively. The biotite-augite-peridotite, C 1963, from 13u-

fumbira, however, posesseo lower Mgo (19.31 per cent) and con-

siderably higher CaO (16.99) than the Bunyaruguru peridotite 

C 4034b. These differences are due to the relative abundance 

of augite In the Eufumbira peridotite and of olivine in the 

Punyaruguni variety. 

It Is not surprising to find 9.01 per cent K20 in the 

glimmerite, since it is composed almost entirely of blotite, 

which is responsible also for its relatively high T102  (5.18 per 

cent). The peridotite and the pyroxenite, however, possess 

considerably lower X20 contents, being 2.58 and 0.08 per cent 

respectively. The glimmerite and the peridotite have K20> Na2O:  
whereas the pyroxenite has ITa20 > K07  corresponding to Its com-

plete lack of biotite. All three rock types have A1203> K20. 

The analysed biotite-pyroxenites, G 20 from Katwe and 

C 2786 from Bufumbira, have 1(20 > Na2O and Fe203> FeO, the re-
verse of what is found in the pyroxenite C 40359  The aphene-

rich biotite-pyroxenite K 4 of Katwe, is remarkable for Its very 
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abundant TiO2  (s.5 per cent) end P205  (2.80). Its total FeO 

and Fe203 (17.89 per cent) is considerably higher than that of 

the hiotite-pyroxenites of Katwe (9.97) and Pufurnbira (7,91). 

Chemical analysis of the leucite-kentallenite (C 3033a) 

from Pufumbira reveals a marked excess of FeO (12.00 per cent) 

over Fe203  (1.15). Since the rock contains plagioclase A1203 

(12.20) and Na2O (1.60) are higher than in the "0.B.P." series 

(apart from the high A1203  of glimmerite). 

In summary, It Is found that the sub-volcanic rocks 

discussed above show variations in the anunts of their major 

oxides consistent with their mineralogical constitution. The 

peridotites (average of C 4034b and C 1963) have MgO > CaO > 

(A1203~K20+Na20) vthereas the pyroxenftes (average of G 20 )  K 4, 

C 4035 and C 278€) have CaO> MgO > (A1203+K0+1Ta20); the gUm-

merite (C 4034a) has (A1203+K20+Ta20)> MgO> Ca0; and the 

leuclte-kentaiJenite (C 3033a) has (AL,03+ K20+I'Ta20) > Ca0> MgO. 

(ii) Trace Elements 

(a) Rtb Id ium and barium 

The distribution of Rb and Da in the different O.R.P. 

sun-volcanIc types is primarily related to that of biotite. 

The peridotitec and the pyroxenite in which biotite is negligible 

or absent contain undetectable contents of Rb (less than 1 ppm.) 

and / 
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and are relatively poor in Ba (15-50 ppm.). The biotite-

pyroxenites, hoever, contain appreciable and almost uniform 

amounts of Rb (150-170 ppm.). Their Ba contents are relatively 

high, ranging from 1200 to 2000 ppm. The glinimerite (biotite-

rich rock), possesses still higher contents of both Rb (1000 

ppm.) and Ba (3200 ppm). This clearly indicates that, of the 

ferromagnesian minerals, hiotite is the richest depository of 

these two elements. 

The leucite-kentallenite is a biotite-free rock, but 

it contains feldspars, mainly plagioclase, and leucite. The 

presence of appreciable amounts of Rb (75 ppm.) an3 Pa (1000 

ppm.) in this rock is therefore, understandable. 

The (Rb+Ba) and K20 contents of the above rocks vary 

sympathetically, as indicated in the following list: 

(Rb+Ba) in K20 in wt. per 
Type ppm. cent. 

Pyroxenite 20 0.08 
Peridotite (2 analyses) 33 1.73 
Leucite-kentallenite 1075 2.02 
Sphene-rich biotite-pyroxenite 1370 2.38 
Piotite-pyroxenite (2 analyses) 105 3.55 
Uiinuerite 4200 9.01 

(h) Gallium 

Ga is present in relatively low amounts ( < 1-10 ppm.) 

in the peridotites and pyroxenites. The distribution of this 

element I' 
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element in the other types, namely, biotite-pyroxenites, gUm.-

merite and leucite-kentailenite is almost uniform (20-30 ppm.). 

It is noticed that the total (A1203+Fe2O3) in the relatively 

Ca-poor varieties (5.65 - 6.86 per cent) is lower than that in 

the Ga-rich types (11,48 - 19.42). 

(c) Strontium, lanthanum and yttrium 

Sr varies from 40 ppm. in the peridotite (C 4034b) to 

1000 in the sphene-rich biotite pyroxenite. The pyroxenite and 

biotite-pyroxenitee, which contain little or no sphene, have 

much less (340-600 ppm.) than the sphene-rich type, indicating 

that sphene is responsible for the relatively high Sr content 

of the latter. 

The biotite-pyroxenites and the glimmerite (relatively 

rich in biotite) all have Ba> Sr, but the peridotites and the 

pyroxenite (relatively poor in biotite) have the reverse rela-

tionship. It is interesting to notice that the values of Ba/Sr 

in the biotite-pyroxenite (G 20) from Katwe and that from Bufum-

bira (C 2786) are similar, being 3.3 and 3.0 respectively. 

i'!roreover, the values of the same ratio in the peridotite from 

Punyaruguru (C 4034b) and that from Pufumbira (C 1963) are also 

much the same - 0.4 and 0.5 respectively. The pyroxenite 
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(C 4035) shows considerably greater enrichment in Sr relative 

to Pa, its Sr/Da value being 16.6. This corresponds to the 

greater enrichment of Ca relative to K in this rock than in the 

other types, the CaO/K20 value being 280 in the pyroxenite 

(C 4035) and ranging from 1.1 to 19.3 in the biotite pyroxenites 

and peridotites. 

La is present in a detectable amount ( <30 ppm.) only 

in the ephene-rich biotite.-pyroxenite, which also contains a 

similar amount of Y. Two of the other rocks also contain Y, 

the biotite-yroxenite from Katwe ( <30 ppm.) and the leucite-. 

kenta11 en1te (35 ppm.), although they are free from detectable 

quantities of La (i.e. <30 ppm.). 

(d) Lithium 

Li is present in very low amounts in the different 

types of the sub-volcanic series ( <.L.-8 ppm.). This feature 

is also noticeable in all the volcanic rocks investigated. 

The variation of the Li content is so narrow that no significance 

can be attached to it. Moreover, althopgh Li is liable to be 

enriched in the micas, it is remarkable that even the glimmerite 

has < 1 ppm. This indicates that the parental materials from 

which these rocks developed were deficient in this element. 

This is confirmed by the analyses of Uganda granites listed in 
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King (1939, Table 3, p.  138); L120 is recorded as "none" In 

seven out of eight analyses and as 'trace' in the remaining one. 

(e) ChromiumJ'ickel and Cobalt 

The peridotites are characterised by normally high Cr 

and Ni contents. The peridotite from Bufumbira has 4000 ppm. 

Cr and 350 ppm. Ni, and that from Bunyaruguru 2400 ppm. Cr and 

1900 ppm. Ni. It is noticeable that the former (relatively 

rich In pyroxene) has higher Cr and lower Ni contents than the 

latter (relatively rich in divine). This adds further support 

to the writer's statement - in connection with the distribution 

of these elements in ferromagnesian minerals (ITigazy, 1952b) - 

that the Cr content of the olivines seems to be lower than that 

of the pyroxenes and that Ni shows the reverse distribution in 

these two groups. 

Cr and ?"i are more concentrated in the glimmerite 

(1500 and 320 ppm. respectively) than in the different varieties 

of biotite-pyroxenite (average: Cr, 775 Ni 190 ppm.) and the 

p-,rrnjte has still less (100 and 85 ppm, respectively). The 

aphene-rich biotite-pyroxenite is remarkable in containing ne- 

gligible amounts of both Cr ( < 1 ppm.) and Ni. (2 ppm.). This 

rock contains abundant sphene which forms roughly 40 per cent 

of Its modal mposition, while yellowish green pyroxene, 

hiotite / 



34. 

biotite and black ores constitute Epproximately 60 per cent. 

The deficiency of this rock in both Cr and Ni is therefore, very 

striking. 

The contents of Cr and Ni in the leucite-kentallenite 

are 350 and 120 ppm. respectively, being similar to the corres-

ponding averages for gros (Cr, 340 Ni, 158 ppm.), as given 

by Goldsclirnidt (1937). 

The total (Cr'Ni) and the MgO contents of the dif-

ferent types vary rather sympathetically: 

(Cr'-Ni) in MgC in wt. per 
Type ppm. cent 

Peridotite (2 analyses) 
Glimrierite 
I3iotite-pyroxenite (2 

analyses) 
Pyroxenite 
Sphene-rich biotite-pyroxente 

4325 26.58 
1820 19.32 

965 14.72 
185 13.14 
2 7.53 

The distribution cf Co is much less variable than that 

of Cr and Ni, the average contents of the various types all 

falling within the range 55 to 75 ppm. 

All the varieties except the aphene-rich biotite-

pyroxenite are characterised by Cr > 1,T-i> Co, as in ordinary 

ultrabasic rocks (Lundegrah, 1949; Higazy, 1952b). The 

sphene-rich biotite-pyroxenite, however, has Co > Ni> Cr. 
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(f) Vanadium and Copper 

On the wholes  the pyroxenites contain more V than the 

other members of the "0.B.P.t series. The sphene-rich biotite- 

pyroxenite has the highest content of this element (550 ppm.); 

the biotite-pyroxenites (345 ppm.) and the guimmerite (200 ppm.) 

coming next, followed by pyroxenite (150 ppm.) and the perido-. 

tites (120 ppm.). V can be present in pyroxenes, sphene and 

biotite. V (ionic radius, 0.65 R) replaces Fe3  (0.67) in the 

pyroxene structure. But in the aphene and biotite lattices, 

V is most likely to be present in Its tetravalent state replacing 

Ti4, since V4  and TI4  have similar ionic radii, 0.61 and 0.64 

respectively. The concentration of V in the leucite-kental-

lenite (380 ppm.) is approximately the same as that of the 

average content in the pyroxenites (350 ppm.). 

The total (Co+V) In the different types increases with 

increase in the total (Fe0+Fe203) as assembled below: 

(Co+V) in (FeO+Fe2O3) in 
Type ppm. wt. per cent. 

Peridotlte (2 analyses) 188 6.57 
?yroxenite 205 8.03 
Glimmerite 255 8.14 
Piotite-pyroxenite (2 analyses) 408 8.94 
Leuclte-kentallenite 455 13.15 
Sphene-rich biotite-.pyroxenite 610 17.89 

The Cu content of the biotite-pyroxenites (average 

75 ppm.) is higher than that of the reridotites (average 45 ppm.) 
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But the glinrnerite and pyroxenite both contain only 3 ppm, of 

this element. The distribution of Cu is obviously very erratic 

in these rocks. 

The t',tal (Cr+Ni+Co+V+Cu) increases with the total 

(MgO..FeO+Fe2Q3) as shown below: 

(Cr+Pi+Co+V+Cu) (LI+Fe0+Fe0) in 
Type in ppm. wt. per cn 

Pyroxenite 393 
Leucite-kenta]ienite 960 
Biotite-pyroxenite (2 anal- 

yses) 1448 
Glimmerite 2078 
Peridotite (2 analyses) 455e 

21.17 
23.41 

23.91 
27.46 
33.15 

These trace elements are knon to replace Mg, Fe2  and 

Fe3  in the different appropriate crystal lattices. 

(g) Other trace elements 

Zr is much more abundant in the ephene-rich biditite-

pyroxenite (1200 ppm.) than in the other types ( <10-250 ppm.). 

This indicates that the ephene in this rock is relatively rich 

in Zr. 

Sc is found in detectable amounts (15.-40 ppm.) only 

in the pyroxene-rich rocks, its content in augite-poor perido-

the, glinirnerite and leucite-kentallenite being below the limit 

of sensitivity ( <10 ppm.). 

Ag is detectable except in 1eucite-kenta1ienite the 

members / 



37. 

members of the 'O.?.P." series having variable amounts of this 

element ranging from 1 to 20 ppm. 

The variation in the distribution of Pb cannot be 

determine'. 7ant of the examined types have <10 ppm. of 

this element. 

Mo is detectable only in the peridotitea (average, 

2 ppm.) while Be and In are determinable only in the glimmerite 

(5 and at 10 ppm. respectively). Ti and Ge if present are 

found in amounts below the limits of sensitivity throughout 

this suite. 

Summary of the trace-element distribution in the sub-volcanic 
rocks 

Generally the outstanding features of the distribution 

of the trace elements in the analysed members of the "0 • P. P.11  

series are as fo11o:c: 

Cr and Tj  are relatively abundant in the peridotite; 
Rb and Ba in the glimmerite; and Sr and (Co+V) in 
the biotite-pyroxenites. 

Li is very sparse in all the members. 

All the types have Cr> ii> Co as in normal ultrabasic 
rocks. 

It has been shown that the average peridotite has 
LTgO . CaC(Al7.K 0+a 0) while the glimmerite 
has (A1203+K90+Na20) Mg0> CaO. Correspondingly, 
the former so'e (Cr+i> (r+La+V)> (Ga+Rb+Pa), 
and the latter has (Ga+Rb+Ba).> (Cr+Ni) . (Sr+La+Y). 
The / 
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The pyroxenite has CaO> MgO> (A1203+K20+Na2O) 
and accordingly shows (Ga+Rb+Ba) > (Sr+La+Y) 
(Cr . Ni). 

The biotite-pyroxenites have MgO> CaO > (A1203+K20+ 
NaO) and (Ga+Rb+Ba))" (Cr+NI)> (Sr+La+Y); and 
the sphene-rich biotite-pyroxenite has CaO 
(AlO3+K20+Na2O).> MgO and (Ga+Rb+Ba)> (Sr+La+Y)> 
(Cr+Ni), 

The leucite-kentallenite Is characterised by rela-
tively moderate amounts of Rb, Ba Sr; and Cr 
and Ni. It has Cr> Ni Co; and (Ga+Rb+Fa)> 

(Sr+La+Y) ,> (Cr+NI) corresponding to the relation 
(A1203+K20+Na2O)> CaO> MgO. 

V. GEOCHEMISTRY OF THE VOLCANIC ROCKS 

A. Katurigite, igandite and mafurite 

(I) Major constituents. 

The chemical compositions of the investigated katun-

gites, ugandite and mafurite are recorded in Table 2a. It is 

noticeable that the katungites of the different volcanic areas 

do not vary in the contents of their major oxides, and conse-

quently no individual katungite differs significantly from the 

average composition here adopted for discussion. There are 

certain characters shared by allthree types. All are relatively 
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rich in K20 (3.46-6.98 per cent) and TI02  (3.52-4.86), and have 
K20> Na20 , their chief feldspathoids being leucite and/or 

kalsilite. They also have A1203> (K20+!Ta2O), thus differing 

from the leucite-bearing rocks of West Kimberley, Western Aus-

tralia which have K20> A1203  (Wade and Prider, 1940). 

The chief mineralogical differences are naturally re-

flected chemically. Katungite, being melilite-rich, possesses 

the highest CaO content (16.06 per cent). Ugandite, being the 

richest in olivine, has the highest Mg0 (24.84 per cent). 

Mafurite, being kalsilite-rich, contains the highest A1203  (8.18) 

and K20 (6.98). 

The average katu.ngite possesses higher CO2  (1.53 per 

cent) and P205  (0.97) than mafurite (trace and. 0.61 respectively) 

and ugandite (0.36 and 0.29 respectively-). 

Amongst the members of the t'O.E.P." series, the aye-

rage composition of biotite-py-roxenite has features In common 

with average katungite, just as the peridotites have with 

olivine-rich ugandite. Glimmerite similarly shares certain 

chemical features with mafurite. 

(ii) Trace elements 

The trace-element contents of the three volcanic types 

are given in Table Pb. The variations in the katungites from 
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the different volcanic areas are insignificant. Proto-katungite 

however, has notably more abundant Ba, Sr, La and Cu, and less 

abundant Cr, Ni and V than average katungite. The distribution 

of the different trace elements in the main types will now be 

discussed. 

(a) Rubidium and barium 

Generally, the three main volcanic types have abundant 

Rb, which is most likely replacing K in leucite and/or kalsilite, 

or accompanying it in the potash-rich groundxnass. Both ugan-

dite (relatively rich in leucite) and mafurite (relatively rich 

in kalsilite) have 450 ppm, of Rb, whereas the average katungite 

(containing potash-rich glass and generally poor in leucite and/ 

or kalsilite) has 220 ppm. Kalsilite-katungite from fluny-aru-

guru has more Rb (380 ppm.) than three other kalsilite-free 

katwigites from the same field (150-240 ppm.). 

The volcanic rocks of South-West Uganda are highly 

enriched in Ba, as was first reported by Holmes and Harwood 

(1932, p. 420). Ba reaches 7500 ppm. in the K20-rich mafurite, 

compared with 3370 ppm. in katungite and 2000 ppm. In ugandite. 

In mafurite and ugandite, Ba appears to be chiefly present re-

placing K in their potash feldepathoids. The relatively high 

Ba content of katungite sugcrests that this element may in part 

be present replacing Ca in melilite. This view is strengthened 

by,' 
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by the fact that uncompahgrite (a coarse-grained melilite-

pyroxene rock occurring at Iron Fill, Gunnison County, Colorado) 

has 2685 ppm. of Ba, whereas ijolite (melilite-free) from the 

same locality has only 895 ppm. (Larsen, 1942, p. 36). The 

possibility, however, that Ba chiefly exists among the consti-

tuents of the potash-rich groundmass of katungite cannot be 

overlooked. 

(b) Strontium 

The volcanic rocks of South-Western Uganda are also 

remarkable for their abundant Sr. Katungite and mafurite have 

similar amounts, 6685 and 7000 ppm. respectively, but ugandite, 

corresponding to Its relatively low Ca has a much lower content 

(1800 ppm.). 

The Sr contents of both mafurite and ugandite are 

slightly lower than those of Ba; whereas katungite has con-

siderably more Sr than Ba. This is understandable, since 

katungite is rich in melilite, the mineral In which most of the 

Si', replacing Ca, is likely to exist. That Sr is more easily 

accomnodated into the melilite lattice than into that of pyro-

xene, becomes very obvious when we consider that pyroxenite 

(C 4035 7  Table la; pyroxene-rich and melilite-free) has 22.57 

per cent CaO and possesses only 340 ppm. Sr whereas katungite 
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(C 4012, Table 2a; pyroxene-free and melilite-rich) has only 

16.79 per cent CaO and possesses as much as 9500 ppm. Sr. 

Lanthanum and yttrium 

The volcanic types contain both La and Y in detectable 

amounts, with La> Y. The variation of La in the different 

katungite samples is from 30 to 70 ppm., but proto-katungite has 

more abundant La (100 ppm.) in accordance with the corresponding 

relative abundance of Sr. Maftrite and ugandite have 80 and 

35 ppm. of La respectively, The Y content of the three types 

appears to be similar ( <30 ppm.), but there may be undetec-

table differences in the concentration of this element since its 

sensitivity is 30 ppm. 

Compared with the sub-volcanic rocks (as in the case 

of Sr) the volcanic types are richer in both La and Y. 

Gallium 

The Ga contents of katungites from the different vol-

canic areas (Katwe-Kikorongo, Bunyaruguru and Katunga) are al-

mct uniform (20-30 ppm.) with an average of 25 ppm. Mafurite 

and ugandite have 15 and 5 ppm, of this element respectively. 

The increase of Ga with (A1203+Fe2O3) which characterises the 

sub-volcanic series, is again found in the chief volcanic types 
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Type @a in ppm. (A1203+Fe203) in 
'-t:. per cent 

Ugandite 5 9.41  
Mafurite 15 12.79 
Katungite 25 14.83 

Lithium 

Li is present in uniform and relatively low amounts in 

the three types (5 to 8 ppm.). 

Chromium, Nickel and Cobalt 

Cr and Ni are relatively high in the three volcanic 

types, all of which are rich in olivine. Ugandite and mafurite 

have 1200 and 9007  and 1300 and 300 ppm. respectively, while 

katungite averages only 720 and 185 ppm., and proto-katungite 

has even less: 290 and 100 ppm. 

The increase of (Cr+Ni) with Mg0 that characterises 

the sub-volcanic series is again found in the volcanic rocks as 

recorded below: 

(Cr+Ni) in MgO in wt. per 
ppm. cent 

390 10.93 
905 12.40 
1600 17.66 
2100 24.84 

Type 

Proto-katungite 
Katungite 
"afurite 
Ugandite 

The contents of Co in katungite, niafurite and ugandite 
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are 73, 70 and 110 ppm, respectively. Similarly, the FeO con-

tents of both katurigite and mafurite are almost alike (5.06 and 

4.98 per cent respectively) but that of ugandlite is higher 

(6.47 per cent). 

All the types have Cr> ITI.> Co, as in the sub-volcanic 

series. 

(g) Vanadium 

V appears to increase with (Fe2Oj.T102) as shown below: 

(Fe203+T102) in wt. 
Type V In ppm. per cent 

Ugandite 110 7.55 
Mafurite 220 8.97 
Katungite 275 11.99 

The total of the trace elements which are known to 

replace Mg, Fe2  and Fe3  in the crystal lattices, namely, Cr, NI, 

Co, V and Cu, increases with the total of these major elements; 

(Cr+NI+Co+V+Cu) (Mg0+FeO+Fe2o3) 
Type in ppm. in wt. per cent 

Katimgite 1238 23.59 
Mafurlte 1915 27.25 
Ugandite 2380 35.34 

Comparison of these constituents with those of the sub-volcanic 

rocks (P.36) shows that the corresponding totals for katungite 

and mafurite are closely similar to those for biotite-py-roxenite 

and glimmerite respectively. Furthermore, for both ugandite 
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and peridotite these totals are higher. But ugandite has 
slightly higher (Mg0+FeO+e2o3) and lower (Cr+Ni+Co+V+Cu) totals 

(35.34 per cent and 2380 ppm.) than those of perldotite (33.15 

per cent and 4558 ppm.). 

(h) Ziroonium 

The distribution of Zr is very interesting. While 

both katungite and mafurite have relatively high contents of 

this element (1000 and 900 ppm. respectively), ugandite posses-

ses only 300 ppm. It may be recalled that amongst the members 

of the "0.B.P." series, the sphene-rich biotite-pyroxenite has 

an enormous quantity of Zr (1200 ppm.), most of which is present 

in sphene. Neither katurigite nor mafurite carries aphene but 

they have appreciable amounts of perovakite. It is quite like- 

ly, therefore, that most of the Zr in these rocks is present in 

this mineral, replacing T14. 

It is highly significant that in all three types Zr 
is extraordinarily abundant as compared witi normal ultrabasic 

rocks. Rankama and Sahama (1950, p. 566) report 60 ppm. as 

the average Zr contents of peridotites. Moreover, three ultra-

basic rocks from Garabal Hill-Glen Fyne Complex, Scotland, 

namely dunite, augite-peridotite and pyroxenite have <10 ppm, 

of this element (Nockolds and Mitchell, 1948, Table II, analyses 

1, 2 and 3, p. 538). 

(1) / 
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W Other Trace-elements 

Pb is present in amounts less than 10 :)pm. in all 

three types: and differences are therefore undetectable, since 

the sensitivity is 10 ppm. 

Ti, Sn, Sc, Mo, Ge, Be, Ag and In, if present, occur 

in amounts below their respective limits of sensitivity in these 

volcanic rocks. 

of the distribution of the trace elements inkatngite, 
ite and ugandite 

The outstanding features of katungite, mafurite and 

ugandite are as follows: 

Elements uncomiaon in ultrabasic rocks, namely, Sr, 
Ba, Rb and Zr, are very abundant. 

Elements common in ultrabasic rocks, namely, Cr and 
Ni, are normally abundant 

(Sr+La+Y) increases with Ca; (Rb+Ba) with K2O and 
(Cr.pNi) with Mg. 

(E All three rocks have Cr> N1. Co. Mafurite and 
ugandite have Ba Sr, whereas katungJ.te has Sr> Ba. 

(5) Sr and Ba are notably more abundant than in the 
members of the !O.B.P." series. But otherwise, 
the trace-element abundances are generally siilar 
for katungtbe and biotite-pyroxenite; mafurite 
and glimmerite; and ugandite and peridotite. 

B.! 
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B. Ouachitite 

The chemical composition of ouachitite (Table 2a) 

has much in common with katungite (Table 28) and biotite-

pyroxenite (Table la). 

The noteworthy features of the trace-element abun-

dances of ouachitite (Table 2b) are the following: 

Ba and Sr are both lower than in katungite, but the 
relation Sr> Da remains the se, whereas biotite-
pyroxenite has Ba>Sr. 

Both Sr and Zr are conspicuously abundant compared 
with the corresponding amounts in biotite-pyroxenite. 
Zr is also somewhat higher than in katungite. 

It is noticeable that the Sr content decreases from 

proto-katungite ( >l0,000 ppm.), through katungite (6685), 

alnoite (3800), ouachitite (2500) to biotite-pyroxenite (550). 

Da and Rb show also a decrease from proto-katungite to ouachi-

tite. As shown in the following table, the average trace-

element contents of the end members of the series (proto-

katungite and biotite-pyroxenite) are not very different from 

the corresponding averages for katungite, alnäite and ouachi-

tite. 

F,lement / 
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Element A B C D E Average Average 
A&E B,C&D 

Rb 240 200 150 100 155 198 150 
Da 7000 2800 2600 1700 1725 4360 2100 
Sr 10,000 7500 3800 2500 550 5300 4600 
Cr 290 700 800 550 775 533 683 
Co 60 85 70 60 62 61 72 
Ni 100 230 140 250 190 145 207 
Zr 1100 800 1100 1200 60 580 1030 
La 100 30 30 30 K 50 30 
Y 30 30 30 30 30 30 30 
Cu 200 80 60 65 75 138 68 
V 170 320 350 320 345 260 330 
Ga 25 25 30 25 23 24 27 

A Proto-katungite C 6065, Bunyaruguru 
B Katungite C- 21, Katwe 
C Alnöite (biotite-augite-katungite) G 56, Katwe 
D ouachitite C 5844, Katwe 
E Average of biotite-pyroxenites G 20, Katwe and C 2786, 

Pufurnbira 
' Considerably lees than 30 ppm. 

C. the le 
C 

The remaining rocks investigated from the Toro-Ankole 

volcanic province all come from the Katwe-Kikorongo field. 

They comprise potassic ankaratritic types, mela-potash nephe-

Unite and mela-leucitite. The chemical composition and the 

trace-element contents of these rocks are given in Tables 3A 

and 3b respectively. 

(i) / 
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(1) Potasslc ankaratritic types 

In general, the analysed leucite-ankaratrite and leu-

cite-rnelllite-ankarat,rite have many chemical characteristics in 

common with katungite, mafurite and ugandite (K.M.U.): e.g. 

relatively high 1(20  and TI02, with 1(20>  Na2O and A1203> (1(20+ 

Na2O). The ankaratritic types, however, have certain systematic 

geochemical differences corresponding to their greater abundance 

of augite relative to olivine: notably lower MgO; higher A1203  

and Na20; and (Fe0+Fe203) > 14902 the latter being the reverse 

of what has been found in the "K.1%U.11  series, These differences 

justify the recognition of the ankaratritic types as a distinc-

tive group. 

Comparison of the trace-element contents of the leucite- 

ankaratrite with those of the 

(Table 3a, columns A and B) reveals the following Interesting 

features: 

Cr and Ni are very similar in both varieties, cor-
responding to their similar MgO contents. 

V is noticeably higher in the leucite-melilite-
ankaratrite, where perovskite and T102  are more 
abundant. 

The leucite-ankaratrite has more CaO (16.59 per cent) 
than the leucite-melilite_ankaratrite (14.34). 
Yet, Sr Is notably lower In the melilite-free 
var.ety (4000 ppm.) than in the rnelilite-rich type 
(9. ppm.). This is another example illustrating 
the relative enrichment of melilite-bearing rocks 
In Sr. 

(ii) / 
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(4) Rb and Ba are more abundant in the leucite-nielilite-
ankaratrite, corresponding to its higher K20 con-
tent. 

The average value of (Cr+Ni) is lower than that for 

any of the !tK.'.Ij.II  series, corresponding to the lover MgO of 

the ankaratritic rocks. On the other hand, (V+Co) and Ga are 

higher, corresponding to the higher values of (FeO+Fe2O3+Ti02) 

and (A].203+Fe2O3) respectively. The potassic ankaratritic 

rocks have Sr> Ira, like katungite. 

The outstanding features of the trace-element abun-

dances for the potssic ankaratritic rocs are the same as those 

found for the "K.1'.tJ." series: relatively high Sr, Dal  Zr and 

Rb; low Li; Cr> N1> Co and La>?. 

(1:1) Mela-potash nephelinite and mela-leucitite 

Important features in the chemical composition of the 

mela-potash nephelinite and the mela-leucitite are their low 

MgO and abundant Na,  0 and A12039  relative to the other volcanic 

types already discussed. This is in accord with their less 

mafic character. Otherwise, however, they share the main 

chemical characters of the other volcanic rocks, viz: relatively 

high K20, TiO2 and P205 9  with KpO> Na2O and .&1203> (K20+Na2O). 

Furthermore, like the ankaratritic rocks, they have CaO> MgO )  

and (FeO+Fe203) > gO. 

The / 
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The mela-potash nephelinite and the mela-leucitite 

(Table 3a, Columns C and D) have trace-element contents that 

are strikingly similar. Both have (1) relatively high Sr, Ba 

and Rb contents of the same order as those of the other vol-

canic types; (2) relatively high Zr content, like all the 

others except ugandite; and (3) Sr> Ba as in katungite, an-

karatritic rocks and ouachitite. 

However, they differ conspicuously from all the other 

types by their extreme impoverishment in Cr, Co and Ni and by 

having Co > Ni> Cr instead of Cr Ni .> Co. 

D. Volcanic rocks from Birunga volcanic field 

(I) Feldspar-free types 

The chemical composition and the trace-element con-

tents of these types are given in Tables 4a and 4b respectively. 

Olivine-melilitite and potash nepheline-melilitite resemble the 

volcanic rocks from the Toro-ankole field in having relatively 

high K207  TiO2 and P205, with A1203> (K20+Na20). However, 

they differ in the following respects: 

Na2O is slightly more abundant than 1(20. This is 
related to the preponderance of potash nepheline 
over leucite in the Pirunga types; the ratio 
Na20/K20  also rises in some of the potash ankara-
trites of the Katwe-Kikorongo field. 

TiO2  is relatively low and perovakite is sparse. 

/ 
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H20 in these rocks is also lower than in the Toro-
Ankole types. 

FeO is higher than Fe203, a feature shared only by 
ugandite in the Toro-Ankole fields. 

It is noticeable that AlO  is relatively high in the 

olivine-melilitite and potash-nepheline-melilitite of Birunga 

as in the mela-potash nephelinite and mela-leucitite of Toro-

Ankole. Moreover, these types have (Fe0+Fe03) > MgO, like 

the ankaratritic rocks. 

The outstanding features in the trace-element con-

stitution of the olivine-melilitite and the potash nepheline-

melilitite are: 

Great abundance of Ba and Sr. The olivine- 
melilitite has 2200 ppm. of Ba and 8000 ppm. of 
Sr while the potash nepheline-melilitite pos-
sesses as much as >10,000 ppm, of each of these 
elements. 

Moderate contents of Cr and Ni in the olivine-
bearing melilitite (450 and 100 ppm. respectively) 
and paucity of these elements in the potash 
nepheline-bearing melilitite ( <.1 and 30 ppm. 
respectively). 

On the whole, the trace-element constitution of the 

Birunga types under consideration shows the characteristic 

features of that of the Toro-Ankole, i.e. high Sr, Ba, Zr and 

Rb contents and low Li content. Cr and Ni are also relatively 

low corresponding to the low Mg0. It must be mentioned, how-

ever, that these types have Y > La, the reverse of the relation-

ship / 
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relationship prevailing in the related Toro-Ankole volcanic 

types. 

(ii) Feldspar-bearing types 

The kivites and leucitic trachybasalt (Table 4a) 

differ from the olivine-melilitite and potash nepheline-.meli-

litite in having higher S102 (average, 44.99 per cent) and 

A1203 (18.00); and lower Mg0 (4.69) and CaO (9.42). Like 

most of the volcanic rocks of Birunga and Toro-Ankole they are 

rich in K20, TiO2 and P205,  and have A1203> (K20+Na20). K20 

is not invariably higher than Na2O, but the relationship K20> 

Na20 9  which prevails in the volcanic provinces concerned, holds 

for the average composition. 

The kivitic rocks have (A1203+K20+Na20)> CaO >MgO; 

FeC> Fe2O3; and (Fe0+Fe203),> MgO, like their xenolithic 

sub-volcanic rock, the leucite-kentallenite (p.R9). 

The trace-element contents of the four rocks studied 

are all much alike (Table 4b) and share most of the peculiar 

features characteristic of the two provinces. Sr, Day Rb and 

Zr are high and Li is low. It is significant that the average 

Rb, Pa, Sr, and Zr contents of these kivitic rocks are as high 

as 158, 2600, 4700 and 750 ppm, respectively, and basic types 

are known to carry negligible or small amounts of each of these 

elements / 
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elements. Moreover, the average Cr, Co and. Ni contents are 

relatively low, being only 41, 50 and 35 ppm. respectively. 

The abundance of V, on the other hand is normally high (322 ppm.) 

exceeding the total Cr+Co+NI (126 ppm.). As In the Birunga 

feldspar-free feldapathoidal types, the kivites have Y> La. 

Put the average Ga content (45 ppm.) is relatively high, cor-

responding to the high average total A1203+Fe203  (20.20 per cent). 

Comparison of the respective trace-element constitu-

tion reveals that kivite (Table 4b) has more abundant Rb, Ba, 

Sr, and Zr, and less Cr and Ni than leucite-kentallenite (Table 

ib). 

(iii) Limburgite 

Limburgite (Table 4) Is similar to kivite in having 

relatively high SiO2  (44.22 per cent, but the former contains 

lower A1203, K20 and Na2O and higher MgO and CaO than the lat-

ter. Moreover, limburgite has CaO > ?.'tgo> (A1203+K20+Na20) 

whereas the relationship between these oxides in kivite Is 

(A1203+K20+Na2O)> CaO > MgO. 

The trace-element constitutions of these types (Table 
46) differ significantly. Llmburgite has higher Cr and Ni. and 

lower Ba and Sr than kivite.' Moreover, in llmburgite, V is much 

less abundant than (Cr+TTi), whereas In kivite V> (Cr+!Ti). It 
should / 
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should also be mentioned that limburgite has higher Cr, NI and 

Zr than leucite-kentallenite (Table la); the Ba and Sr con-

tents of these two types, however, are almost alike. Other-

wise, limburgite shares in one of the main geochemical features 

which characterises the volcanic rocks of the }irunga field, 

viz relatively high Rb, Ba, Sr and Zr with Y> La. 

Table 5 shows the relative distribution of the dif-

frent trace elements in all the investigated volcanic types. 

VI • TRACE-ELEMENT DISTRIBUTION IN CARBONATITES 

AND LIMESTONES 

Carbonatites and related rocks as well as limestones 

are usually involved in discussions of the genetic problems of 

alkaline rocks. Four carbonatites, and two samples of lime-

stones have, therefore, been spectrographically analysed 

(Table 6). The carbonatites come from different alkaline com-

plexes which have been studied in detail by well-known petrolo-

gists. The samples represent a carbonate dyke, Premier Diamond 

mine, S. Africa (Daly, 1925) a carhonatite from Spitzkop Com-

plex, Bushveld, Transvaal (Shand, 1921): another from Marongwe 

7111 / 
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Hill, CM1wa Island, Nyasaland (Dixey, Campbell Smith and Bisset, 

1937); and a advite from Hartung, Aind Island, Sweden (Ecker-

maim, 1948). The limestones are from the Transvaal System, 

S. Africa, and Mansjo, Sweden. 

Reference to Table 6 shows that the carbonatites as 

well as the limestones lack Rb and Ga, and that they have inap-

preciable amounts of Li, Cu or V. Cr, Co and Ni are relatively 

low in the carbonatites (averages, 11, 14 and 50 ppm. respec-

tively) but negligible in the limestones (2, . 1 and -4- 1 ppm. 

respectively). There are, however, far more outstanding dif-

ferences. The carbonatites are conspicuously rich in Ba, Sr, 

La and Y, and have Sr,> Ba and La> Y; whereas the limestones 

have relatively very low Sr content and negligible amounts of 

Da, La and Y. The following contrast is particularly instruc-

tive: 

Rock Ba Sr La Y 

Spitzkop carbonatite 650 10 7 000 400 120 ppm. 
Transvaa]. limestone 5 5 3E K ppm. 

below the limit of sensitivity (30 ppm.). 

For carbonate rocks (limestones and dolomites) from Southern 

Lapland, Sahama (1945) reports Da, 270 ppm.; Sr, 850; La and 

Y, nil. Noll (1934) gives the range of Sr in limestones as 

425-765 ppm. 

That limestones are impoverished in Sr, La and Y c1earj 

indicates / 



57. 

indicates that the susceptibility of these elements to replace 

Ca decreases remarkably at the relatively low temperatures of 

formation of such rocks. This corresponds well with the fact 

that Sr-minerals are exceedingly rare in igneous rocks which 

form at relatively high temperatures but are not uncommon in 

hydrothermal and sedimentary deposits. In igneous rocks Sr 

can easily be accommodated into Ci-minerals and so it has no 

tendency tobecorne concentrated as it has, for example, in low 

temperature deposits of celestite and strontianite. The 

poverty of limestones in Ba can be similarly accounted for. 

However, according to Ranka and Sahama (1950), p. 483), Pa 

and K are more easily adsorbed by clays than Sr arid Na respec-

tively, because they la ve correspondingly lower ionic poten-

tials. Most of the Ba in limestones is therefore likely to be 

present in argiliacious impurities. The extremely low contents 

of limestones in Cr, Ni aod Co can be explained by (1) the 

paucity of these elements in sea water and (2) their low capa-

city for replacing Mg (in dolomitic admixtures) at low tempera-
tures. 

VII. / 
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Vu. PRO1SI 

The origin of alkaline rooks in general continues to 

be debatable, Daly's well known "limestone assimilation" 

hypothesis being still under active discussion. 

Bowen (1945) in his study of the equilibrium rela-

tions in portions of the quaternary system, Na20-CaO-Al2O3-SiO2 

suggested that crystallisation differentiation of an initial 

melilite-nephelinite (or melilite-nepheline-basalt) magma pro-

duced by limestone desilication of normal mafic m&gma(or per-

haps, in some instances by other means, such as selective re-

sorption of hornblende) might give rise to a series of dif-

ferentiates such as inelilite-nephellnite, tephrite and phono-

lite. Shand has particularly developed the hypothesis of the 

desilication of a feldspathic magma by reaction with limestone 

to explain the genesis of the nepheline-rocks of Sekukuniland 

South Africa (1921) and those of the Franspoort Line, Pretoria 

District (1922), and indeed of alkaline rocks in general (194). 

The main petrogenetic process suggested by Larsen (1942) - rather 

diffidently - to account for the derivation of the alkaline 

rocks of Iron Hill, Gunnison County, Colorado was the assimila-

tion of marble by a basaltic magma. Puifrey (1960) 9  however, 

considers that the ijolitic rocks near Homa Bay, Western Kenya 

were developed chiefly by metasomatie-replacement processes. 

Melilite- / 
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e1ilite-bearing rocks from Scawt Hill, Co. Antrim 

were shown by Tilley to be the products of assimilative reac-

tions between chalk and basaltic magma (Tilley and Iiarwood 

1931). rra]jaara  (1936), however, rejected the limestone as-

similation hypothesis in his study of the melilite-basalts of 

South Africa. He (Taljaard, 1936, p. 309) assumed that these 

rocks were crystallisation products of an original magma rich 

in CaO end MgO, poor in SiO2, A1203  and alkalies, and that 

resorption of primary olivine into biotite and of primary 

pyroxene into magnetite, perovekite and melilite has taken 

place prior to complete consolidation. 

Leucite-.rocks from Java have been considered to be the 

result of assimilation of limestone by an andesitic lava (Brouwer 

1928). Rittmann (1933) in discussing the evolution of the po-

tassic lavas from the Somma-Vesuvius volcano, assumed that a 

parental trachytic magma became undersilicated by assimilation 

of dolomitic limestones. Rittmaxm suggested that sinking of 

ferromagnesian minerals, concentration of potash at higher 

levels and removal of soda by gases into the wall rock accom-

panied the assimilation process and so led to the development 

of the leucite-bearing lavas of that volcano. His mechanism, 

however, does not account for the abundance of potash in the 

parental trachyte, which is after all, the main problem. Wade 

and / 
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and Prider (1940) believe that the various leucite-bearing rocks 

of West Kimberley, West Australia were derived from the differen-

tiation of a potassic mica-peridotite magma by the early cry-

stallisation an removal of olivine. Here again the essential 

feature is assume6 in the "explanation". They thought (Wade 

and Prider, 1940) that this mode of origin was also applicable 

to the case of the leucitic rocks of Leucite Hill, Wyoming. 

Tore important, they concluded that the limestone-assimilation 

hypothesis could not explain the peculiar chemical features of 

their rocks. Holmes in his account of the petrogenesis of the 

ultrabasic potassic rocks of the Pufumbira volcanic field has 

commented adversely on the limestone-assimilation hypothesis. 

He writes (Holmes and Harwood, 1937, p. 248): "One cannot re-

main satisfied with a hypothesis that appeals to carbonate-assimi-

lation in the Roman Province, when it is found that similar 

suites of leuctic rocks, and even of melilite-rich rocks, oc-

cur in other areas (e.g., South-west Uganda) where there is 

little or no limestone or dolomite to he assimilated". In his 

recent treatment of the petrogenesis of katungite and its as-

sociates from South-western Uganda, Holmes (1950) postulates that 

such rocks are products of reaction between sialic crustal rocks 

(considered to be the course of A1203, S102  and above all of 1(20) 

and carbonatitic magma rich in 1'lgO, CaO, iron oxides, TiO2  and 

P25  / 
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P205. Magmatic carbonatites are also regarded as having been 

involved in the production of the alkaline rocks of the Fen 

district, Norway (Brogger, 1921); the Chilwa series, Nyasaland 

(Dixey, Campbell Smith and Bisset, 1937); and those of the Alnö 
district, Sweden (Eckermann, 1948; 1950a; and 1950b). 

On the whole, the hypotheses postulated by the dif-

ferent authors to account for the origin of alkaline rocks may 

be summarised as follows: 

Crystallisation differentiation of a basic magma 
accompanied by resorptive reactions of the 
primary constituents., 

Assimilation of carbonate rocks by basaltic or 
felsic (e.g. trachytic or granitic) magmas. 

Reactions of magmatic carbonatites and the sialic 
country rocks. 

In the case of the rocks studied from Toro-Ankole and 

Birunga any working hypothesis should 
- to remain tenable - 

provide an adequate explanation for their peculiar assemblage 

of geochemical characters, already discussed in detail. Here, 

we are dealing with rock types which possess tte outstanding 
e 

feature of being ultrabasic and potassic, and enrich not only 

in Cr and Ni, but also in Rb, Pa, Sr and Zr. Moreover, some of 

the rocks, e.g. katungite and maftrite, have a relatively high 

Ga content. 

Neither the crystallisation-differentiation nor the 

limestone / 
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limestone assimilation hypotheses can furnish adequate reasons 

for the above-mentioned geochemical peculiarities. This fol-

lows from the results of recent investigations concerning the 

differential concentrations of various trace elements during 

the progress of crystallisation-differentiation of basic magma 

(Wager and Mitchell, 1951; and Higazy, 1952b) - results which 

distinctly show that the Rb, Dal  Sr and Zr contents of basaltic 

rocks and their differentiates are conspicuously less than those 

of the volcanic types here under discussion. This very striking 

contrast indicates that a basaltic parentage for these rocks is 

so unlikely as to be practically impossible. This inference 

is independent of the further very significant fact that true 

basalts have not been encountered in the Toro-Ankole and Birunga 

volcanic fields (Holmes and Harwood, 1937). Moreover, it is 

difficult to believe that basaltic magma, which normally dif-

ferentiates into residues with increasing 5102  as crystallisation 

proceeds, could in some cases give rise to silica-poor differen-

tiates such as the feldspathoid-bearing rocks, unless certain 

processes responsible for their desilication, such as assimila-

tion of limestone were operating. But this would not solve our 

problem, since basaltic rocks and limestones (see Table 6 for 

analyses of limestones) lack those very trace elements - Rb, Dal  

Sr and Zr - which are present in such surprising abundance in the 

volcanic / 
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volcanic rocks under consideration. Differentiation of basaltic 

magma, with or without assimilation of limestone, cannot, there-

fore, be held responsible for their derivation. 

Perhaps, then, these rocks originiated as a result of 

assimilation either (1) of limestone by a felsic magma or (2) 

of granitic rocks by an olivine-basalt magma. On either assump-

tion it is difficult to account for the fundamental character 

of Sr abundance, since none of the materials involved can be re-

garded as an adequate source for this element. Moreover, the 

high Cr and Ni. contents are left without a source in case (1), 

and the very low 5102  becomes still more difficult to account 

for in case (2). 

That the various volcanic and sub-volcanic types of 

Toro-Ankole are genetically related is quite obvious since the 

variations in their major elements are accompanied by similar 

behaviour on the part of their corresponding replaceable trace 

elements. The recent hypothesis advanced by Holmes (1950) for 

the explanation of the origin of katungite and its associates 

advocates that they are products of reaction between magmatic 

carbonatites and eialic rocks such as granite. The carbonatitic 

magma is thought to have contributed the cafemic constituents 

while the granitic types are regarded as the source of t1e alka-

luminous materials. This mode of origin also adequately accounts 
for / 
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for the peculiar geochemical features of the rocks core erned. 

In striking contrast to limestones (Table 6), the analysed car-

bonatites contain abundant Sr, La, Y and Pa; on the other hand, 

granites are well known to be enriched in Rb, Ba, Zr and Ga. 

On this hypothesis, the high Cr and Ni of some of the 

studied volcanic types would also be supplied by the carbona-

tites, since granitic rocks are known to have negligible amounts 

of these elements. The carbonatites actually analysed, how-

ever, do not possess aprecIable amounts of either Cr or Ni. 

This apparent discrepancy disappears, however, when it is reali-

sed that the carbonatites met with in the field can represent 

no more than the relatively Ca-rich portion of the original 

carbonatitic magma. The latter must also have contained con-

siderable amounts of Mg and Fe (Holmes, 1950, p.  786; 1952, 

p 211). During the progress of the complex reactions between 

carbonatitic magma and granitic rocks, most of the Cr and Ni 

available would he naturally present in the products developed 

from the selective silication of the Mg-rich portion of the 

carbonatitic magma. The residual portion of the carbonatite 

magma would thus become Ca-rich and would be deficient in Cr 

and Ni, while, If further reactions with granitic rocks occurre4 

the resulting products would also be poor in Cr and Ni. The 

Fe-portion / 
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Fe-portion of the carbonatite magma was apparently involved 

during the silication of both the Mg- and Ca-rich portions of 

this magma since all the rock types generated are rich in iron 

oxides. 

From the facts (a) that members of the "0Bp" 

series occur ubiquitously as xenolithic materials in the vol-

canic types, and (b) that the "0.fl.P." material is invariably 

present in the tuffs and agglomerates, a close genetic rela-

tionship between the sub-volcanic series and the volcanic types 

can be regarded as established. In particular, Holmes (1950, 

p. 783) infers that at the time of eruptivity, the katungite 

and proto-katungite magmas existed in an "0.B.P." environment 

consisting largely of biotite-pyroxenite. If the hypothesis 

of reactions between granite (G) and carbonatitic magma (C) is 

true, one probable set of complementary products would have 

been different members of the "0.B.P." series and proto-katungite 

(P.K.), as Indicated by the following qualitative equation: 

G + C ) 0.E.P." + P.K. 

It is important to keep in mind that there are a great many 

variables involved in the above equation - compositions, pro-

portions and physical nnditions - and that discussions of par-

ticular combinations of these are no more than illustrations of 

some of the possibilities that can reasonably be envisaged. 

The / 
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The members of the ttO.B.P." series were presumably 

formed under sub-volcanic conditions (at relatively low crustal 

levels) where the Mg-rich portion of the carbonatitic magma 

with abundant Cr and NI, reacted with sialic (e.g. granitic) 

material. The former supplied mainly Mg with Cr and Ni, 

Whereas the latter contributed Si, Al and K with Gal  Rb and Ba. 

The different members of the series, namely peridotite, gUm-

merite and pyroxenite, appear to have been formed from corres-

pondingly different proportions of the reactants. The perid.o-

tite seems to have developed from reactions between considerable 

amounts of Mg-rich carbonatitie magma and relatively little 

granitic material, whereas the formation of glimmerite required 

reverse quanti-Ues of these materials. In the case of pyroxenite 

the reactants included much of the Ca-rich portion of the car-

bonatitic rngma, vthile the production of such a variety as the 

ephene-rich biotite-pyroxenite vvould require still more. The 

share of the granitic material In the formation of biotite-

pyroxenite seems to have been greater than that required for 

pyroxenite and aphene-rich biotite-pyroxenite. 

Other types suh as mela-potash nephelinite, mela-

leucitite and potash nepheline-melilltj.te, and possibly kivite, 

all of which possess relatively low Cr and Ni contents, can also 

be considered to develop from essentially similar reactions 

between / 
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between Ca-rich carbonatitic magma and granite. It should be 

mentioned, however, that the proportions of the main reactants 

would differ in the various cases. Potash nepheline-melilitite, 

for instance, may have had a relatively high supply of the Ca-

rich carbonatitic magma, whereas kivite would require a greater 

share of sialic reactants an( perhaps some basaltic material. 

The production of the chief volcanic types, namely, 

katungite, mafurite and ugandite, may he attributed to either 

(1) reactions between the different members of the O.B.P." 

series and the proto-katungite magma or (2) reactions of a re-

sidual Ca-rich portion of the carbonatitic magma with 

and granitic material. Combinations of these two processes 

are also possibilities. 

(1) Fig. 2 shows the relative proportions of Sr+LasY (sup-

plied by the Ca-rich portion of the carbonatitic magma), Rb+Ba+Ga 

(contributed, like K and Al, by the granitic material) and Cr+Ti 

(supplied by the Mg-rich portion of the carbonatitic magma) in 

the chief volcanic types and the different members of the !IO..P. 

series. It can be seen from this diagram that, at least arith-

metically, reactions between material of glimmerite composition 

with proto-kagungite could give rise to types with mafuritic con-

stitution. Moreover, katungite could similarly result from 

reactions with pyroxenite and ugaridite from reactions with 

material / 
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material of composition U (aproximate1y 1/3 peridotite and 

2/3 biotite-pyroxenite). 

The other volcanic types such as ouachitite and potash 

and leucite-ankaratrites could also develop by similar reactions 
with but various proportions of the reactants. 

(2) It Is also possible that reactions between the Ca-rich 
portion of the carbonatitic magma, granitic material and the 
different members of the "O.B.P.' series could give rise to the 

various volcanic types. This mode of origin is arithmetically 
similar to that discussed above, sInce proto-katurAgite itself Is 
regarded as the result of the reactions between Ca-rich carbona-
titic magma and granite. On this alternative assumption, the 
different reactants would differ in proportion in the various 
cases. Ugandite (relatively high Mg with abundant ferromagne-
sian species) would need a higher anount of the olivine-rich 
types of the "O.T.P." series than that required for mafurite or 
katungite. The proportion of granite would need to be greater 
for mafurite (rel.tively high K and Al with abundant kalsilite); 
while the proportion of the Ca-rich carbonatitle magma would 
need to be greater for katungite. 

It may also be inferred that, as compared with the 
requirements for mafurite, transitional forms such as (a) leucite- 
mafurite (between mafurite and uandite) would reoulre higher 
proportions / 
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proportions of olivine in the "O.E.P." part of the reactants 

while (b) melilite-mafurite (between mafurite and katungite) 

would require higher proportions of the Ca-rich carhonatitic 

magma. Moreover, kalsilite-katungite would require a higher 

proportion of the reacting granitic material than that needed 

for the production of katungite. 

It should be emphasised that all the reactions dis-

cussed above are merely representatives of the great variety 

which may have taken place during the genesis of the various 

volcanic and sub-volcanic rocks of the Toro-Ankole fields. 

Fundamentally, however, the reactants appear to be essentially 

similar for all the rocks involved - carbonatite magma and 

sialic material of approximately granitic composition in every 

case. These reactants are the most promising sources for the 

peculiar chemical composition and trace-element constitution of 

the rocks under consideration. 

The leading geochemical features of the studied vol-

canic types from Pirunga, especially kivite, divine- and 

potash nephe11ne-melilites, are essentially similar to those 

from Toro-Ankole, and therefore their genesis can be explained 

in a similar manner. However, they differ mainly in the fol-

lowing respects: K is not Invariably higher than Na in the 
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Birunga rocks; the itter lso possess Y> La, whereas a re-

verse relationship prevails in tie Toro-Ankole rocks, These 

differences can be attributed either to (a) local variations in 

the reacting eiaUc crustal material or (b) incorporation of 

basaltic material in the different reactions, since basaltic 

rocks have relatively high Na20 content and are known to possess 

the relationship Y > La. Such influence of bssic rocks is 

most marked in the case of limburgite. 

It is not pretended to s'w,crest that alkaline rocks of 

other districts have necessarily originated In similar way. 

It is highly desirable to fill in the lacunae in our knowledge 

concerning the trace-element contents of such rocks, with a 

view to testing to 1,/hat extent Holmes' recent hypothesis may 

prove to he spplicable in explaining their genesis. 

VIII. CONCLUSIONS 

The chief volcanic rocks of Toro-Ankole fields (South-

west Uganda) are: katungite (olivine, melilite and potash-rich 

glass), gandite (olivine, augite and leucite) and maft.rite 

(olivine, augite and kalsilite). 0uach1t1te (olivine, augite, 
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biotite and feldapathoids); and members of the potash ankara-

trite-melaleucitite series (different from the mafurite-ugandite 

series in being conspicuously rich in augite and relatively poor 

in olivine) also occur. All these types contain invariable 

amounts of perovakite and black ores. Sub-volcanic rocks, 

represented by peridotite, pyroxenites and gliinmerite, are 

ubiquitously present as xenolithic materials in the lava types 

and fragmental materials in the pyroclasts. 

The studied types from the Birunga field (North of 

Lake Kivu) are: (a) feldapathoid-bearing feldspar-free rocks 

such as olivine-melilitite and potash_nepheflne-melilitite, 

(b) feldspar-bearing varieties comprising kivite (leucite-

basanite) and leucitic tracjybasa1t, and (c) imburg. 

The volcanic rocks of Toro-Axikole are ultrabasic types 

relatively rich in K201  TiO2  and P205  and characterised by havin, 

K20 > Na2O and A120:3 ,>  (K20+Na2O). The outstanding features 

concerning their trace-element contents are (1) relative abun-

dance of elements uncommon in ultrabasic rocks, namely, Sr, Ba, 

Rb and Zr; (2) normally high contents of Cr and Ni in all types 

except those which are relatively poor in Mg, namely, mela-

leucitite and mela-potash nephe1in1te (3) low Li content; and 

(4) relatively high La and Y with La,,> Y. 
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The studied types from 'tirunga are also relatively 

rich in 1(20,  T102  and P.O., but in these rocks 1(20 is not in-

variably higher than !Ta20. They also have Al203  > (K20+Na20), 

and share with the Toro-Ankole types the peculiar geochemical 

character of being relatively rich in Sr, Ba, Rb and Zr. The 

Birunga rocks, however, possess Y.> La, i.e. the reverse of the 

relationship prevailing in Toro-Ankole. 

The geochemical characters of the rocks investigated 

cannot be explained by fractionation of either basaltic or fel-

sic magma with or without assimilation by limestones, since these 

sources lack adequate amounts of Sr, Ba, Rb and Zr. The most 

promising hypothesis for explaining the genesis of the Toro-

Ankole rocks and their geochemical peculiarities is that intro-

duced by Holmes (1950). The volcanic and sub-volcanic products 

are regarded as derivatives of reactions between 

magmatic carbonatite, which contributed Ca with Sr, 
La and Y; Mg with Cr and Ni; Fe with V and Ti; 
and P and 

sialic crustal rocks of approximately granitic com-
position, which provided Si; Al with Ga; and K 
with Rb and Ba. 

The differences in composition of the various products are at-

tributed to respective variations in the proportions of the 

reacting materials, and in the physical conditions under which 

the reactions took place. 

The/ 
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The Birunga rocks originated in essentially the same 

manner as that of the Toro-Ankole types, but in addition to the 

sialic reactants basaltic materials may have played a signifi-

cant part in their production. 
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g. 1 

Triangular classification of the rock-types occurring 
in the volcanic fields near Ruwenzori. I:Leucite and. 
augite; J:Ka1eilite and augite; Mielilite and potash- 
rich glass, occasionally with kaleilite or leuoite. 
All the types contain divine, except those named in italics. 
Liotite varieties (including heteroiiorpha such as 
olivine-ouaohitite) of some of the types are known, but 
are not named except in the case of alnite. The 
ankarstrite series differs from the inafuriteaugandite 
series in being conspicuously rich in augite and relatively 
poor in divine. After Holmes (19500  Fig. 29  p. 776). 
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Relative proportions of Sr+YjLa, Rb4BaGa and 
CrtI;i in the different volcanic ty and meithere 
of the "0.B.P." aeries. 
Iyroxenite:C 4035, Peridotite:average Of C 1963 
and C 4034b, BIotite-pyroxenIteaverage of G 20 
and C 2786, Gl1ninerIteC 4034a, and U=1/3 peridotite 
and 2,/3 biotite-pyroxenite. 
XatungIt&average of all analysed katungiteB given 
in Table ib, Mafurite:C 6073, and UganditeC 3052. 



TABLE la 

Chemical composition of members of the sub-volcanic series 

A P,  c D E F G 
C4034b C1963 C4035 K4 G20 C2786 C4034a 

SiO2 42.59 47.33 50.39 33.99 44.39 43.35 38.18 
A1203 3.82 6.84 3.04 5.6 6.37 9.67 16.52 
Fe20.3 2.55 0.02 2.61 9.35 5.11 5.26 2.90 
FeO 4.96 5.62 5.42 8.54 4.86 2.65 5.24 
MnO 0.10 0.12 0.05 0.15 0.10 0.09 tr. 
MgO 33.84 19.31 13.14 7.53 14.20 15.74 19.32 
Ca0 2.84 16.99 22.57 18.23 17.02 12.20 1.16 
Na70 0.26 0.41 0.56 0.69 0.50 0.44 0.56 
K20 2.58 0.88 0.08 2.38 2.35 4.74 9.01 
T20+ 2.96 0.55 0.14 0.96 0.35 0.59 1.22 
H20- 0.63 0.21 none 0.18 0.05 0.07 0.58 
CO2  0.25 0.02 none 0.30 0.04 0.04 hone 
TiO2  1.60 1.26 1.96 8.65 3.91 4.38 5.18 
P905  0.22 0.21 tr. 2.80 0.26 tr. - 

Cl 0.05 tr. - 0.02 0.04 tr. - 

F 0.12 0.01 - 0.09 0.04 0.11 - 

8 0.18 0.01 - 0.03 0.02 tr. - 

Cr203  0.23 0.32 - none 0.03 0.05 0.14 
V203  0.01 - 0.07 0.05 0.04 - 

Ni0 0.21 0.04 - none 0.01 0.04 - 

Ba0 0.13 0.03 tr. 0.13 0.16 0.30 0.16 
Sr0 0.02 none 0.12 0.05 0.03 none 0.22 
Li2O tr. tr. - none tr. tr. - 

Cu0 - - - - - 0.03 - 

Total 100.15 100.22 100.08 100.00 99.89 99.79 100.17 
Less 0 0.11 0.01 - 0.05 0.03 0.04 - 

100.04 100.21 100.08 99.95 99.86 99e75 100.17 



Table la (Contd.) 

= Biotite perciotite. Xenolith from ejected block of 
olivine-rich ugandite, C 4034b, Kakunyu crater, 
Eunyaruguru (Combe and Holmes, 19457 p.  377). 
An4yst: H.F. Harwood. 

= Fiotite-bearing augite-peridotite. Ejected block, 
C 1963, Mabungo crater, Pufurnbira (Holmes and Harwood, 
19371  P. 23). Analyst: I[.F. Harwood. 

= Pyroxenite. Xenolith from ejected block of olivine-rich 
ugandite, C 4035, Kakunyu crater, Bunyaruguru (Combe 
and Holmes, 19459 p.  377). Analyst: W.N. Herdsman. 

= Sphene-rich biotite-py.roxenite. Ejected block, K 47  
Katwe crater (Holmes and Harwood, 1937, p.  30). 
Analyst: i-1.F.  Harwood. 

= l3iotite-pyroxenite. Ejected block, C 20, Katwe crater 
(Holmes and Harwood, 1937, p.  30). Analyst: 
H. F. Hax'wood. 

= Biotite-pyroxenite. Ejected block, C 27861  vent on 
S.S.W. end of Lutale Ridge, Bufumbia (Holmes and 
Harwood, 1937, p. 29). Analyst: L.F. Harwood. 

= Glirnmerite. Xenolith from ejected block of olivine-
rich ugandite, C 4034a, iKakunyu crater, Eunyaruguru 
(Combe and Holmes, 1945, p. 377). Analyst: 
W.H. Herdsman. 

= Leucite-kentalienite. Ejected block, C 3033a, Nyainura-
gira, Belgian Congo. New analysis by Imperial 
Chemical Industries Limited, Research Department, 
Billingham, Co. Durham. 



TABLE lb 

Trace-element contents in ppm. of members of the sub-
volcanic series. 

Ele- Sensi- 
merit tivity 

Rb 1 
Li 1 
Pa 5 
Sr 5 
Cr 1 
Co 2 
Ni. 2 
Zr 10 
La 30 
Y 30 
Cu 3 
V 5 
Ga 1 
Ti 30 
Sn 5 
Pb 10 
Sc 10 
1Jio 1 
Ge 10 
Be 5 
Ag 1 
In 10 

3€ K 

2 4 
15 50 
40 100 

2400 4000 

45 90 
1900 350 
40 90 

K 3€ 

3€ K 

40 50 
110 130 

3€ 5 
K 3€ 

5 10? 
10 <10 

K 20? 
3 1 
K K 

3€ 3€ 

2 3 
3€ 3€ 

C D E F G H 

3€ 170 160 150 1000 75 
6 3 1 1 K 8 
20 1200 2000 1500 3200 1000 

340 1000 600 500 240 1000 
100 3€ 900 650 1500 350 
55 60 75 50 55 75 
85 2 150 230 320 120 
200 1200 50 70 K 250 
K <30 K 3€ K K 

K <30 <30 3€ K 35 
3 50 90 60 3 35 

150 550 400 290 200 380 
10 30 25 20 25 20 
3€ K 3€  

3€ K K <5 K 

<10 <10 <10 <10 10 <10 
40 K 20 15 K K 

K 3€ 3€ 3€ 34. 3€ 

3€ 3€ 3€ 3€ 3€ 3€ 

3€ 3€ 3€ 3€ 5 
15 5 20 1 1 
K 3€ 3€ 3€ <10? 

Analyst: R.A. Higazy 
= less than the respective limits of sensitivity 

A - H as in Table la 



ABLE 3a 

Chemical composition of ankaratrit, mela-potash 
nepheliifte and mela-1eucitte 

Mela-potash Mela- 
Ankaratrites Average nphel1n1te leucitite 

ankara- 
A B trttte C D 

$102 39.86 35.28 35.27 34.77 37.09 
A1203  8.64 9.84 9.24 10.62 13.03 
Fe203  7.68 6.62 7,15 7.24 7.50 
FeO 6.57 6.21 6.9 6.37 5.83 
Mn0 0.29 0.36 0.33 0.27 0.23 
Mg0 10.64 9.08 9.86 6.32 5.48 

Ca0 16.59 14.34 15.47 15.34 14.02 
1Ta20 1.30 3.07 2.19 3.58 3.14 
K  2  0 2.27 5.33 3.80 3.88 4.13 
H20+ 0.82 2.02 1.45 1.77 2.02 
H20- 0.09 0.44 0.27 1.44 0.88 

CO2  none none none 2.01 0.90 
TIO2  4.37 6.37 5.37 5.03 4.98 
P205  0.37 0.92 0.65 1.23 1.09 
Cl 0.05 - - - - 

F 0.06 - - - - 

S - - - - - 

Other 
consti- 0.40 - - - - 

tuents 

Total 100.06 99.88 99.74 99.87 100.32 
Less  0.04 - - - - 

100.02 99.88 99.74 99.87 100.32 



TABLE 2a (Contd.) 

A = Leucite-ankaratrite C 5635. Lava occurrence Lake 
Tbuga crater, Katwe-Kikorongo (Jo1mes, 1952). 
Analyst: W.H. Herdsman. Other constituents 
include 503 0.17; ---"ac-) C'.OS; and SrO 0.18. 

B = Leucite-melilite ankaratrite C 5692. Ejected block 
from S. rim of N3ra1uzitati crater, Katwe-Kikorongo 
New analysis by W.H. Herdsman. 

C = Mela-potash-nephelinite C 55. Ejected block 
N.N.W. of crater floor S. Nyamununka crater, Katwe- 
Kikorongo. Yew n1ysis by \.H. Herdsman. 

D Mela-leucitite C 5545. Loose ejected block from 
three feet W . rim of South 1Tyamtinunka crater, 
Katwe-Kikorongo. New analysis by W.H. Herdsman. 

Grateful acknowledgment is due to Professor Arthur 

TTo1mes for his kind permission for publishing analyses B, C 

and P. 



TABLE 3b 

Trace-element contents in ppm. of arkaratrite, mela-
potash nephelinite and mela-leucitite 

Mela-potash Mela- 
Ankaratrites Average nephelinite leucitite 

ankara- 
A B trite C D 

Rb 70 270 170 120 180 
Li 6 10 8 20 25 
Ba 1800 4000 2900 5900 6000 
Sr 4000 9800 6900 >1% > 1 
Cr 400 400 400 <1 5 
CO 70 80 7.5 50 40 
Ni 100 85 93 15 15 
Zr 300 800 550 500 700 
La 30 35 30 <30 <30 
Y <30 30 <30 <30 <30 
Cu 90 45 68 250 100 
V 250 450 350 350 400 
Ga 25 35 30 30 30 
Ti 

Sn 3€ K 3€ K K 

Pb K <10 3€ 3€ 3€ 

Sc lOT K W x K 

Mo K K K 3€ K 
Ge K K K 3€ 3€ 
Be 3€ K 3€ 3€ K 
Ag 3€ K 3€ 3€ 3€ 

In x 3€ 3€ K 3€ 

Analyst: R.A. IJigazy 
Flement if present is below its limit of sensitivity 

given in rable lb. 
A - D as in Table 3a 



Average Lim 
feldspar- bur-
bearing gite 
types G 

SW, 
A1203 
Fe203  
FeO 
Mn0 
MgO 
Ca0 
J. 

IA 

Co2 
TIC2  
P205  
Cl 
F 
S 
803  
Cr2O3  
v203  
NIO 
Ba0 
SrO 
CuO 

38.45 
13,42 
3.97  
7.86 
0.38  
9.54  

17.03 
2.52  
2,46 
042 
0.03 
none 
1.94 
1. 3 3 

0.06  
tr. 

0.17  

0.08  
0.43 

TABLE 4a 

Chemical composition of volcanic rocks from 
Lirunga .ie1d. 

Feldspar-free 
types Feldspar-bearing types 

A B C D E F 

36.86 45.66 44.74 44.73 44.86 44.99 44,22 
14.97 16.90 18.68 18.18 18.24 18.00 11.56 
2.93 2.20 2.42 1.98 2.20 2.0 2.16 
7.04 10.35 9,27 9.79 9.53 9.74 8.41 
0.32 0.21 0.7 0.25 0,24 0..4 0.25 
4.86 3.98 4•79 4.06 5.19 4.69 13,86 
15.31 8.97 9.77 9.64 9.29 9.42 13.60 
6.09 3.23 3.OLj 3.13 2.77 3.06 1.73 
5.47 4.23 2.94 3.16 3.16 3.37 1.05 
0.26 0.25 0.26 0.52 0.46 0.37 0.26 
0.21 0.06 0.10 0.05 0.22 0.10 0.24 
tr. 0.09 none none none 0.02 none 
2.60 3.09 3.02 2.96 3.02 3.02 2.03 
1.02 0,68 0.53 0,54 0.43 0.64 0.21 
0.17 0.08 0.09 0.09 0.08 0.09 0.06 
0.12 0.15 none 0.01 none 044 none 
- 0.07 0.08 0.10 0.10 0.09 0.03 

0.14 - - - - - - 

0.01 - - - - - 

0.06.- - - - - 

0.01 - - - - - 

0.09 0.13 0.11 0.11 0.11 0.10 
0.08 0.16 0,18 0.15 0.14 0.18 
0.04 - - - - - 

100.49 100.13 100.38 100.05 100,23 99.95 
0.08 0.04 0.05 0.04 0.05 0.02 

100.41 100.09 100.33 100.01 100.18 99.93 

0,15 
0,22 

Total 100.09 100.04 
Less 0 0.01 0.09 

100.08 99.95 



TALLE 4a (Contd.) 

A Olivine-melilitite, C 7360, Livabikari crater, N. 
of Lake Kivu. New ani1ysis by V.H. Herdsman 

B = Potash.-riepheline--melilitite, C 3022. Ninagongo 
crater. New analysis by Imperial Chemical 
Industries Limited, Research Department, 
Dillingham, Co. Durham. 

C = Kivite, C 3030. Lava northern slope of Nyamura-
gira at 9500 feet. New analysis by Imperial 
Chemical Industries, Limited, Research Depart-
ment, Dillingham, Co. Durham. 

1) = Leucite-basanite (kivite), C 9780. Kituru, new 
Volcano 1948 SS of Nyamuragira. New analysis 
by W.H. Herdsman. 

E = Leucite-basanite (icivite) C 9892. Muhubuli 1948. 
New analysis by N.H. Herdsman 

F = Leucite trachybasalt, C 9878. Fissure NW of 
Kituru 1948. New analysis by V.H. Herdsman. 

G Lirnburgite, C 7347. Nahimbi 1904 between Nyamura- 
gira and Lake Kivu • Neu analysis by V.H. 
Herdsman. 

Grateful acknow edgment is due to Professor Arthur 

Holmes for his kind permission to publish these analyses. 



TAPLE 4b 

Trace-element contents in ppm, of volcanic rocks 
from Birunga field 

Feldspar-free Average Linbur- 
types Feldspar-bearing types feldspar- gite 

Element bearing 
A 13 C D E F types 

Pb 85 300 150 160 180 140 155 
Li 5 10 9 9 8 18 11 
Ba 2200 >1 2800 2600 2000 3000 2600 
Sr 8000 XL 4500 5500 4500 5000 4700 
Cr 450 41 10 50 75 70 41 
CO 85 70 60 50 40 50 50 
Ni 100 30 35 30 35 40 35 
Zr 1000 1100 900 700 650 750 750 
La <30 80 <30 430 <30 <30 <30 
Y 60 100 45 40 40 40 41 
Cu 60 45 35 12 15 15 19 

V 650 340 320 300 320 350 322 
Ga 45 35 40 50 50 40 45 
Ti K K K K K K K 

Sn K K K K K K K 
Pb 410 <10 <10 <10 410 <.10 <10 
Sc 10 K K K K K K 

Mo K 2 K <1? <1? <111 K 

Ge K K K- K K K K 

Be K K K K K K K 

Ag <1 <1 K <1 K K K 

In K K K 3€ 3€ 3€ K 

Analyst: R.A. Higazy 

Element if present Is below,  its limit of sensitivity given 
in Table lb. 

A - 0 as in T:: 1e 4a. 



TABLE 5 

Trace-elenient constitution of volcanic types 

from Toto-Ankole and Mrunga 

Rock Rb Ba Sr Cr Co Ni Zr V Ga. 

Ugandite XXX X X XXX XXX XXX X X 

E±\irite XXX XXX XX XXX XX XX XX XX XX 

Katungite XX XX XX XX XX XX XX XX XX 

0uachitite X X X XX XX XX XX XX XX 

Ankaratrite XX XX XX XX XX XX XX XX XX 

Mela- 
leucitite XX XX XXX X XX X XX XX XX 

Mela-potash 
nephelinite XX XX XXX A XX X XX XX XX 

Olivine- 
melilitite X XX XX XX XX XX XX XXX XXX 

Potash 
nepheline- 
melilitite XX XXX XXX X XX X XX XX XX 

Kivite XX XX XX X XX X XX XX XXX 

Limburgite X X X XXX XX XX XX XX XX 

Average con- 
tents in all 210 4100 6250 535 70 200 765 330 28 
types in Nm. 

XXX >315>6150>9375 >802 >105 >300 >1147 >495 >42 

XX 105- 2050-3125- 267- 35- 100- 382p 15- 14- 
315 6150 9375 802 105 300 1.147 495 42 

X 4105 <20503125 <267 <35 <100 <382 <165 <14 



TAP.LE 6 

Trace-element contents of carbonatites and 
limestones 

Carbonatites Limestones 
Average Average 

A P C D carbona- E F limestone 
tite 

Rb K K K K K K 3€ K 

Li 20 41 <1 K 5 1 1 1 
Pa 290 650 400 3000 1985 <5 <5 45 
Sr 1000 >1. 1 >1%>7?50 <5 300 150 
Cr 45 K FE K 11 3 2 
CC 50 <5 <5 <5 14 
NJ. 200 VE K R 50 3€ K 3€ 

Zr 90 70 80 K 60 10 40? 25 
La 140 400 700 500 435 3€ 3€ K 

Y 45 120 300 100 140 3€ K K 

Cu 45 4 7 3 15 4 6 5 
V 16 16 30 30 18 6 10 8 
Ga 4 3€ K 1 3€ 3€ K 

TIL 3€ 3€ K K 3€ K K 3€ 

Sn <5 3€ K <5 3€ € 10 5 
Pb <10 <10 10 3€ <10 K K K 

Sc K 3€ 3€ 3€ K K K K 

10 12 1? 1? 3 4 3€ 2? 1 
Ge K K K K 9€ K K K 

Be 10 K 3€ 3€ 3€ 3€ K K 

Ag 8 4 10 2 6 4 1 3 
In 9€ K K K K K K K 

Analyst: R.A. Higazy 
K = inent J. present is in amounts below its limit of 

sensititivy given in Table lb. 



TALLi 6 (JorxLd) 

A = Carbonate dyke Premier flimond !'.,inc, S. Africa. 

B Carbonatite, Spitzkop alkaline Complex, Bushveld, 
Tranvaal. 

C = Carboratite, Maronze ill, CThilwa Island, T1yaealand. 

D = Svite, Hartung, Aind Islam, Sweden. 

E = Limestone, Transvaal System. 

F = Limestone, M-1, Mansjo, Sweden. 
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SIGNIFICANCE OF THE ORTHOCLASE-ALBITE- 
ANORTHITE, AND THE NaA1SiO4-KA1S iO4-SiO2  

EQUILIBRIUM DIAGRAMS IN IGNEOUS 
PETROGENY 

RIAD A. HIGAZY, Farouk I University, A texaniria, Egypt .* 

ABSTRACT 

High temperature studies of silicate systems indicate that rocks which form at the 
latest stages of the differentiation of a basaltic magma should have salic normative pro-
portions which lie in the low temperature region of the NaAlSiO4-KAlSiO4-SiO2 equilbrium 
diagram. Their normative feldspar content should lie approximately on the cotectic curve 
of the Or-Ab-An equilibrium diagram. The chemical compositions of some potash- and 
soda-rich acidic rocks do not harmonize with these requirements. It is suggested, therefore, 
that such rocks are sometimes enriched in potash or soda through metasomatic processes, 
in other cases they are derived from the crystallization of potash-rich granitic or soda-rich 
spilitic magmas respectively, which form by differential remelting of the crust. 

INTRODUCTION 

The potash-rich rocks have normative feldspar contents corresponding 
to points in the orthoclase field of the Or-Ab-An equilibrium diagram 
(Bowen, 1928, p. 231). The salic normative constituents other than 
anorthite of most of these rocks exceed 80 per cent. The plot of the pro-
portions of the salic normative constituents exclusive of anorthite of 
such potash-ritth acidic rocks lies outside the region of low temperature 
representing the residual magma in the system NaAlSiO4-KAlSiO4-SiO2 

(Schairer & Bowen, 1935; and Bowen, 1937, p.  12). 1-ugh temperature 
studies, on the other hand, indicate that rocks formed as products of 
the latest stages of primary crystallization of a basaltic magma should 
not have normative feldspar contents which lie in the orthoclase field, 
and they should have salic normative constituents placing them in the 
low temperature "valley" in the system Na.AlSiO4-KAlSiO4-SiO2 equi-
librium diagram. 

The discrepancy between the results of the above-mentioned equi-
librium diagrams and the composition of the potash-rich acidic rocks 
with regard to their magmatic mode of origin needs discussion. 

SOME EXAMPLES OF PoTAsh-RICH ROCKS 

Noble (1948) gave chemical analyses of some potash-rich rhyolites 
from the Homestake Mine, Lead, South Dakota. He classified these 
rhyolites into two divisions; namely, high potash and low potash types. 
Soda and potash of the high potash type ranges from 0.23 to 0.59 per 

* On a study leave at Stanford University. 
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1040 MAD A. HIGAZY 

cent and 9.17 to 13.16 per cent, respectively. The potash: soda ratio 
in these rocks ranges from 15.5:1 to 48.8:1. 1-le mentions that Washing-
ton (1917, p.  107) has listed ten other rocks which have chemical compo-
sitions similar to those of Lead, South Dakota. They are rhyolites, 

FIG. 1. Squares 1 t 11=1 to 11 (Terzaghi, 1948, p.  21). Circles 1 t 6=1 to 6 (Noble, 
1948,p. 932, high-potash type). Circles 15 to 20=15 to 20 (Noble, 1948, p. 932, low-potash 
type). Solid circles 1 to 8=averages of rhyolite, rhyolite family 116, sodaclase rhyolite, 
leuco-rhyolite, all aplites, alkali aplitc, runite, and sodaclase granite respectively (Johann-
sen, 1931, pp.  509-513). 

granites, and quartz prophyries. The normative feldspar contents of 
the rocks studied by Noble (1948, p.  933) as well as those given by the 
author (Higazy, 1949, Fig. 4) lie in the orthoclase field of the Or-Ab-An 
equilibrium diagram. In addition to these rocks, there are two rocks 
(Washington, 1917, p.  79), namely, a porphyry and a pitchstone which 
have identical chemical character to the high-potash rhyolites studied 
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by Noble. The porphyry has a potash: soda ratio of 28.5:1 and the pitch-
stone has a higher ratio since it possesses 6.75 per cent of K20 and traces 

of Na2O. 

FIG. 2. Circle = deep-seated rocks, triangle = volcanic rocks, square = hypabyssal rocks. 
1 to Sand 6 to 321 to 5 and 7 to 33. Order quardofelic britannare. Subrang dopotassic 
omeose (Washington, 1917, p.  109), 33 1045=1,2,3, 11, 12, 13, 13, 18, 22, 25, 27, 30, and 
31. Order quarfelic columbare. Subrang clopotassic rnagdeburgose (Washington, 1917, p. 
57), 46 to 49=10, 31, 32, and 60. Order quarfelic columbare. Subrang sodipotassic alaskose 
(Washington, 1917, p. 61), 50 and 51 = 1 and 2. Order quarfelic columbare. Subrang perpo-
tassic (Washington, 1917, p. 79), 52 to 59=4, 5, 7, 8, 9, 10, 11, and 12. Order quardofelic 
britannare. Subrang perpotassic lehachose (Washington, 1917, p. 107). 

The low-potash rhyolites of the Homestake Mine have soda and potash 
ranging from 1.84 to 4.48 per cent and 5.11 to 7.50 per cent, respectively. 
The potash: soda ratio in this type varies from 1.2: 1 t 3.3:1. Examples 
of such rocks given by the author (Higazy, 1949, Fig. 4) are more abun- 
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dant than those of the high-potash type. They are granites, aplites, and 
peginatites; quartz and granite porphyries; rhyolites, pitchstones, ob-
sidians, and comendites—that is, rocks which are supposed to crystallize 
at the latest stages of the differentiation of the basaltic magma. The 
normative feldspar contents of the low-potash rhyolites of Lead, South 
Dakota (Noble, 1948, Fig. 1B), as well as those of the above mentioned 
examples (1-ligazy, 1949, Fig. 4), also lie in the orthoclase field. The 
salic normative proportions, excluding anorthite, of all the cited rocks 
lie outside the low temperature region of the NaA1SiO4-KAlSiO4-SiO 
equilibrium diagram, close to its Or point as illustrated in Figs. 1 and 2. 

Terzaghi (1948) gave chemical analyses of some potash-rich rhyolites 
from the Esterel region, France. In these rocks soda and potash ranges 
from 0.54 to 3.95 per cent and 2.45 to 8.71 per cent, respectively. The 
potash: soda ratio ranges from 0.8: 1 to 11.6:1. It is 0.8: 1 in a vitric 
rhyolite and 0.9:1 in a spherulitic rhyolite. Both of these rocks have 
normative feldspar content lying outside the orthoclase field of the 
Or-Ab-An diagram (Terzaghi, 1948, Fig. 1). The potash: soda ratio in 
the other nine rhyolites studied by Terzaghi ranges from 1.9:1 to 11.6:1. 
In four rocks the ratio lies within the range of the low-potash type of 
Noble. The plot of the salic normative constituents excluding anorthite 
of the Esterel region rocks falls outside the low temperature "valley" 
of the NaAlSiO4-KAlSiO4-SiO2  equilibrium diagram, closer to its Q 
(SiO2) point as shown in Fig. 1. 

Johannsen (1931) gave average chemical compositions of rhyolites, 
sodaclase rhyolites, leuco-rhyolites, all aplites, alkali aplites, runite, 
and sodaclase granites. The normative salic constituents of these aver-
ages excluding anorthite form more than 80 per cent of the rock composi-
tion. The proportions of these constituents are plotted on the NaAlSiO4-
KAlSiO4-SiO2  equilibrium diagram (Fig. 1). They lie outside the "valley" 
of the residual liquids. 

ORIGrN OF THE POTASH-RICH Rocxs 

The potash-rich rocks may be explained as originating in two ways; 
namely, (a) crystallization differentiation and (h) metasomatic altera-
tions. 

Crystallization differenlialion 

The formation of a potash-rich liquor at the latest stages of magmatic 
crystallization has first been shown to be possible by Bowen (1928, p. 
231). He postulated a reaction relation between anorthite and orthoclase 
enabling liquids to cross the cotectic curve of the Or-Ab-An system 
during the end of the magmatic crystallization history. This supposition 
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was considered by Noble (1948) to be true and accordingly he favored 
the differentiation theory to account for the genesis of the rhyolites he 
studied. However, the reaction relation has recently been found by 
Schairer and Bowen (1947) to be non-existent so that this hypothesis 
can no longer hold. Terzaghi (1935) thought that the presence of the 
normative feldspar content of the potash-rich rocks in the orthoclase 
field might be due to pressure. However, pressure should have but a 
negligible effect in the case of the rhyolites since they are extrusive 
types. Moreover, the author (Higazy, 1949) has shown that pressure 
does not seen to be responsible for the presence in the orthoclase field 
of the normative feldspar content of the deep-seated potash-rich rocks 
of granitic compositions derived from the differential crystallization of 
a purely basaltic magma. It might be argued that the volatiles affect 
the course of the crystallization, but the presence of other rocks sup-
posed to form at the latest stages of crystallization whose normative 
feldspar contents do not lie in the orthoclase field and whose salic norma-
tive constituents lie in the low temperature region of the NaAlSiO4-
KAlSiO4-Si02  diagram leads to the belief that the influence of the fugitive 
components cannot he the reason that compositions of the potash-rich 
rocks fail to conform to the crystallization differentiation theory as 
expressed by the feldspar and the NaAlSiO4-KAlSiO4-SiO2 equilibrium 
diagrams. Nockolds (1946) studied some granitic rocks and found that 
their normative feldspar contents lie approximately on the cotectic 
curve of the Or-Ab-An equilibrium diagram. These rocks studied by 
Nockolds could be the result of the latest stages of crystallization of the 
basaltic magma. This, of course, would only be true in the case that the 
cotectic curve of the Or-Ab-An diagram is accepted to represent compo-
sitions which form at the latest stages of magmatic differentiation. 

It may be true that the potash-rich rhyolites of the Lead region (Noble, 
1948) are of a truly magmatic origin and have been derived from the 
differential crystallization of a basaltic magma, but neither the Or-Ab-An 
nor the NaAlSiO4-KAlSiO4-SiO2  equilibrium diagram can satisfactorily 
account for their compositions. If such were the case, it would not be 
reasonable for petrologists to use the presence of the normative composi-
tions of the different rocks types in certain portions of the equilibrium 
diagrams as proof or disproof of their derivation from the differentiation 
of a basaltic magma. If, however, we assume these diagrams to be valid 
in every case we must seek some other explanation for the origin of these 
rocks that do not conform to them. 

One possible mode of origin of the potash-rich rhyolites is their forma-
tion from a primordial rhyolitic magma. Fenner (1948) believes in the 
presence of two immiscible liquids at high temperature, a rhyolitic one 
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and a basaltic one; these two liquids re-unite to form a single liquid 
before crystallization starts unless the two liquids have become separated 
from each others influence. The potash-rich rhyolites might on this as-
sumption he the result of the crystallization of a rhyolitic magma orig-
inally rich in potash. The rhyolites of the Gardiner River area in Yellow-
stone Park impregnating the hasalts of an earlier flow have been shown 
by Fenner (1948) to support his view. If this were true, one would not 
expect to find that the compositions of the rhyolites formed in this way 
follow the rules expressed by both the feldspar and the NaAlSiO4-KAlSiO4-
SiO2  equilibrium diagrams since these apply only in the case of crystal-
lization differentiation of a purely basaltic magma. Under this assump-
tion we can have two types of rhyolites. One type forms as the latest 
product of the differentiation of a purely basaltic magma, or a re-
united mixture of both basaltic and rhyolitic magmas, the rhyolite 
magma being subordinate in amount. The other type is the product of 
the crystallization of a purely rhyolitic magma or a re-united mixture 
of both rhyolitic and basaltic magmas, the basaltic magma being sub-
ordinate in amount. The former category of rhyolites would have norma-
tive compositions Which are in harmony with the phase equilibrium dia-
grams; examples of these rocks may be those selected by Bowen from 
the Eastern African lavas (Bowen, 1937). The rhyolites of the latter 
category would not necessarily have normative compositions which 
conform to the demands of the differentiation theory because they form 
substantially from an originally rhyolitic magma. 

There are also soda-rich rhyolites. The normative salic constituents 
of this type also lie outside the field of the low temperature in the 
NaAlSiO4-KAlSiO4-SiO2  equilibrium diagram close to its Al) point. 
Examples of this type are some aphites, microgranite, albite pegmatite, 
granite porphyry, granophyre, felsite, quartz keratophyre, and soda 
rhyolites (Washington, 1917, p.  77). Potash in these rocks varies from 
0.00 to 0.99 per cent, while soda ranges from 4.53 to 6,89 per cent; the 
normative orthoclase and albite range from 0.00 to 6.12 and 37.73 to 
58.16 per cent, respectively. Hatch (1889, p.  72) gives the chemical 
composition of a soda felsite from Brittas Bridge, Co. Wicklow, Ireland, 
which has 0.16 per cent potash and 7.60 per cent of soda. Thomas (1911), 
in his study of the Skomer volcanic rocks (Pembrokeshire) among which 
a soda rhyolite possessing 0.38 per cent of potash and 6.40 per cent of 
soda and whose orthoclase and albite normative percentages are 2.22 
and 53.97 respectively, considered the chief mineralogical and chemical 
peculiarities of the Skomer rocks to be primary and he regarded the 
series in part as being rich in original soda and as having pantellerian 
affinities (Thomas, 1911, p. 210). Bowen (1945) in his studies of the 
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equilibrium relations in portions of the quaternary system, Na20-CaO-
Al03-Si02, shows that fractional crystallization in these compositions 
could give rise to differentiates analogous to tephrites, phonolites, and 
alkali rhyolites (soda-rich). The system studied by Bowen (1945) does 
not contain any potash. It seems probable that if K20 were added to 
this system instead of Na2O, similar differentiates could develop; namely, 
leucitites, leucite hasalts, leucite bearing phonolites, and alkali rhyolites 
(potash-rich). There are no studies concerning the presence of both 
Na2O and K20 in a system containing CaO, A120, and SiO2  and the 
prediction of the actual situation in such a quintuple system would 
indeed be difficult. The studies of the system NaA1SiO4-KA1SiO4-SiO2  
where potash and soda are equally represented indicate, however, that 
the latest products of differentiation will be restricted to those which 
have normative salic constituents which lie in the low temperature 
region of that system. Compositions which are relatively rich in either 
potash or soda cannot he explained. It seems, therefore, on the basis of 
what we know from the dry equilibrium phase diagrams, that the soda-
rich and the potash-rich rhyolites could develop as the latest differenti-
ates of two separate inagmas, a soda-rich and a potash-rich liquor, re-
spectively. This assumption cannot hold if we consider a primordial 
basaltic magma as the original material since there is no evident way at 
present of separating potassium- and sodium- alumino silicates in the 
differential crystallization of a basaltic magma. 

In the pegmatite phase, we may get replacing solutions composed 
essentially of albitic materials with negligible amounts of potash. In 
other cases, however, the replacing hydrothermal solutions may be com-
posed substantially of microclinic materials with no or negligible amounts 
of soda. The question now is; are the albitic or soda-rich material and 
the microclinic or potash-rich material derived from the same original 
source? If they came from one source, then it can be assumed that there 
had been immiscibility between the sodium and the potassium alumino 
silicates in the hydrothermal stages and this immiscibility might have 
been assisted by the enrichment in water in the hydrothermal stage. 
If immiscibility between the sodium and the potassium alumino silicates 
is effective in the hydrothermal stage, has it also any influence at higher 
temperatures at which the rhyolites form? Experiments supporting the 
immiscibility between the alkali alumino silicates at relatively high 
temperatures are not available. In the absence of such experiments, it is 
doubtful that this process occurs; it is more reasonable to assume that 
the albitic soda-rich and the microclinic potash-rich materials have been 
derived from two different sources. 

Wahl (1949) states that during geosynclinal orogenies at least four 
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different kinds of parental magmas are formed by differehtial remelting 
of the crust; (1) spilitic and picrospilitic magmas, (2) granodioritic and 
dacitic-anclesitic magrnas, (3) basaltic magma, and (4) granitic magma. 
Furthermore, under cratogenic conditions other magmas are obtained. 
One of these magmas is a granitic one which differentiates into potash 
granite and gabbro-norite-ariorthosite. The occurrence of such a granitic 
magma which is analogous in composition to rhyolitic compositions 
would solve the problem of the potash-rich acidic rocks. The soda-rich 
rocks, however, seem to be related to the spilitic and picrospilitic mag-
mas, whereas the normal subalkalic rocks are apparently the differen-
tiates of either a dacitic-andesitic magma or a basaltic magma or both. 

IVielasomalic alterations 

Potash enrichment has been ascribed by some authors to secondary 
processes. Fenner (1936) has shown that thermal waters containing 
alkali halides and bicarbonates are still in the process of altering the 
rhyolite of the Yellowstone Park region. Terzaghi (1948) attributed the 
enrichment in potash of the rhyolites of the Esterel region, France, to al-
teration processes. Terzaghi arrived at that conclusion after some field 
evidences and the investigation of the textures of the studied rhyolites. 
The presence of the normative feldspar proportions of these rocks in the 
orthoclase field of the Or-Ab-An equilibrium diagram and the existence 
of the salic proportions outside the legion of low temperature in the 
NaAlSiO4-KAlSiO4-SiO2 equilibrium diagram is believed due to the 
secondary enrichment in potash. The vitric rhyolite studied by Terzaghi 
possesses a normative feldspar content which lies outside the orthoclase 
field and close to the cotectic curve of the feldspar equilibrium diagram. 
This might indicate that the rhyolite before clevitrification and alteration 
was formed as an end stage of the differentiation of a basaltic magma. 
The formation of some potash-rich pegmatites of the Black Hills, South 
Dakota, has been shown by the author (Higazy, 1949) to be due to meta-
somatic processes. This conclusion has been drawn from the study of 
the chemical compositions and the textural features of the investigated 
rocks. Examples of secondary soda enrichment are numerous in the litera-
ture and need not be cited here. It may then be true that the other potash-
and soda-rich rocks are altered by metasomatic processes but this con-
clusion cannot be arrived at except from field evidences and through 
investigation of the textural features of every individual occurrence of 
these rocks. Until we have such studies and more information about 
every individual case of the potash- and soda-rich rocks it should be 
stated that it is possible for these rocks to form directly by magmatic 
crystallization with no alteration. However, the possibility of these rocks 
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forming from the differentiation of a basaltic magma is very remote, if 
not altogether non-existent, unless the equilibrium systems which are 
discussed in this paper are changed in one way or the other in order to 
harmonize with the extreme Compositions which we get in the case of the 
potash- and soda-rich rocks. The complications and the changes in these 
systems which are supposed to be clue to pressure, water, volatile com-
ponents, or even the combination of all these factors do not seem to 
affect the principal results derived from these equilibrium systems. It 
might possibly he proved that by means of some mechanism or relation-
ship between the different components unknown at the present, that 
these factors have a significant influence in modifying the principles 
of crystallization in the studied equilibrium diagrams. Available data 
and experiments, on the other hand, do not point in that direction. The 
assumption of the presence of potash- and soda-rich magmas seems to 
solve the problem of the magmatic derivation of the potash- and soda-
rich rocks respectively. Metasomatic processes by flowing pore solutions 
or diffusion of individual particles (Ramberg, 1944) may also be signif-
icant. 

CONCLUSIONS 

The Or-Ab-An and the NaAlSiO4-KAISiO4-SiO2  equilibrium diagrams 
fail at present to account for the derivation of the potash- and the soda-
rich rocks from the differentiation of a basaltic magma. Until a reason-
able mechanism for their formation from such a magma is known it is 
assumed that they are in some cases the differentiates of potash-rich 
rhyolitic and soda-rich spilitic magmas respectively. In other cases, they 
are probably metasomatic rocks formed from the alteration of other 
subalkalic rocks. The field and textural features for every individual 
occurrence must be known to establish their metasornatic derivation. 
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MECHANICAL ANALYSIS OF SOME BOTTOM DEPOSITS 
OF THE NORTHERN RED SEA 

N. M. SHUKRI AND R. A. HIGAZY 
Faculty of Science, Cairo 

ABSTRACT 

The following account is an investigation of the mechanical composition of some sixty 
bottom samples from the Northern Part of the Red Sea, in particular from the three differ-
ently constituted areas, the Gulf of Suez, the Gulf of Aqaba and the Red Sea proper. The 
statistical constants were correlated with each other and with the contents of calcium car-
bonate, nitrogen and organic matter and these properties were correlated with the environ-
mental conditions of deposition. Though sufficient work has not been done on the Red Sea 
deposits to enable general conclusions to be drawn, still conclusions relating to the effect of 
depth and the configuration of the sea-bottom seem to be well established. The irregular 
bottom topography gives rise to variety in the deposits. Contrasts appear between the deposits 
of the shallow and smooth Gulf of Suez, of the deeper Gulf of Aqaba, and the very irregular 
Red Sea proper. 

INTRODUCTION 

The following paper is an investigation 
of the mechanical analysis of some bot-
tom samples collected during the Egyp-
tian Preliminary Expedition to the 
Northern Red Sea in the R.RS. "Maba-
hith" in 1934-1935, when the senior  

1, the number of samples and the corre-
sponding sections examined are given. 

Core samples were collected by a Bige-
low sounding rod whereas the grab sam-
ples were collected by a modified type of 
a Petersen grab. 

To the author's knowledge, samples 
collected during previous expeditions to 

TABLE 1 

Section examined No. of samples 

Gulf of Suez 3 core samples. 
Gulf of Aqaba 7 grab samples. 
Ghardaqa-Shadwan -Sena fir 3 core samples and 31 grab samples. 
Yuba-Mersa Daba 1 core sample and 2 grab samples. 
Safaga-Mowila 3 core samples and 3 grab samples. 
Qoseir-Brothers-No'man 4 core samples and 2 grab samples. 
Daedalus-Hanak 5 grab samples. 

author accompanied the expedition (2, 3 
and 10). The mineralogy of the sedi-
ments is given in the succeeding article of 
this Journal. Sixty four samples were 
examined, of which fourteen are cores 
and fifty are grab samples. The localities 
of the different sampling stations are 
given in a previous publication (3, table 
p. 77), and their distribution is also 
shown in figure 1 (see also track chart and 
position of various sections in 3, figure 1, 
p. 6 and 10, figure 1, p. 308). In table  

the Red Sea, such as the "Pola," the 
Magnaghi and the John Murray Expedi-
tioflsb (15, 16 and 17), were not subjected 

Also 20 charts and 5 sheets with echo 
sections published in connection with an ar-
ticle on bottom topography (I). Unfortun-
ately these charts though published were never 
issued but could he obtained from the 
Librarian—Faculty of Science—Cairo. 

b The observations of the John Murray 
Expedition as well as of the Dutch Snellius 
Expedition were restricted to but a few sta-
ions scattered over the southern part of the 
Red Sea. 
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FIG. 1.—Northern Red Sea showing sampling stations. 
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TABLE 2. Statistical constants of bottom sediments of Red Sea. Northern Part. 
Section 1. Cidj s; Sam. 

Position 
r"  

 Type of 

LatjtudeN.Longi1adeELho(min  (mm) So Sk CaO 
O C Remarks 

1 8503 1 Core-Top 29° 23' 30 321  37' 00 62 .178 .044 .011 4.02 .604 1.01 .004 60.77 .050 .35 Marked increase of -Bottom ' .06.1 .017 .007 2.92 .465 1.61 .207 temp. andtraosparencv. 
2 8504 2 Core-Top 

-Middle 
20 06 15 

" 

32 45 30 59 .072 .020 .006 3.42 .534 1.12 _.049 Decrease of salinity in 
-Bottom 

" .043 .015 .004 3.20 .503 0.80 1.903 57.27 .055 .45 passing down Gall of 
.074 .023 .008 3.00 .477 1.15 .061 Suez. 

3 8505 3 Core-Top 28 46 45 32 57 15 64 .180 .064 .015 3.46 .539 0.66 1.819 
° -Middle 
° -Bottom 

a 
" .200 .060 .010 4.58 .661 0.53 1.723 73.02 .049 .38 

.115 .040 .012 3.16 .500 0.83 1.919 

.Seclwn 2. Gall  of Aqaba. 

4 8506 57 Grab 28 11 54 34 32 12 1128 .043 .010 .002 4.33 .637 1.20 .079 71.11 .033 .15 
Wire soundings esceo 

5 
6 

8507 
8508 

48 
49 

" 28 27 42 34 32 00 365 .060 .034 .015 2.00 .301 0.78 1.892 77.20 .024 
I sive over echo as gral 

.06 tell ,lo;vn slope. Ech 28 27 24 34 30 18 265 .460 .200 .082 2.37 .375 0.95 1.975 (gives in table prohabi' 
7 8509 52b 28 32 00 34 40 121 1113- .067 .018 .004 3.99 .601 0.87 

- 

1.940 42.20 .023 
too low owing to siope. 

.08 28 32 18 34 40 06J 1)43 
8 8510 28 32 00 34 40 12 .080 .030 .008 3.14 .497 0.72 1.557 28 32 18 31 40 06 
9 8511 54 28 40 30 34 42 18 1161- .038 .014 .002 3.98 .600 0.47 1.668 58.62 .024 .11 28 38 30 34 41 18 1393 
10 8512 55 28 49 12 34 39 12 442 .014 .005 .002 2.52 .401 1.23 .090 57.65 1 .025 2.1 

Seci ion 3. GhardoQa-Shadwon_Senafiy. 

Il 8513 43 Grab 27 52 00 34 27 24 1147 .048 .018 .003 3.70 .568 .47 1.676 76,52 .041 .21 12 8514 41a 27 54 57 34 37 38 24 .450 .260 .180 1.58 .199 1.20 .079 95.17 .044 .09 13 8515 58 (27 51 30 34 38 12) 596- .057 .022 .007 2.88 .459 .81 1.910 78.47 .055 .20 Near TiranIsland. 
14 8516 42 

127 52 00 
t27 49 30 
127 49 

34 38 00 
34 35 30 

616 
741 .042 .015 .007 2.45 .389 1.31 .117 77.13 .032 

I 
.12j 

15 8517 45a " 

00 
f27 29 30 

34 38 42 
34 23 30 960 .055 .200 .013 2.06 .314 1.79 .253 75.21 .016 .09 Near Rao Mohamed. )27 38 00 34 22 36 

16 8518 40 Core-Top 27 34 36 34 00 Si 941 .051 .022 .010 2.26 .354 1.03 .013 
-Middle .040 .019 .007 2.39 .378 .77 1.890 80.32 .086 .22) -Bottom .038 .018 .007 2.35 .371 .81 1.908 

17 8519 7 Core-Top (27 50 40 34 03 30) 731 .066 .029 .009 2.70 .431 .70 1.848 
East of Shadwan Island 

1 27 2') 36 34 05 10) 
• -Middle .060 .031 .012 2.24 .350 .75 

- 

1.875 81.27 .049 .31 • -Bottom - .064 .038 .018 1.88 .274 .75 1.875 



TABLE 2. (continued) 

Section 3. Gdardago.Skadwan-Sen.afir (contiucd) 
C' 

No. of T(1ef 
1

Md ° 
log log I CSCO I'. I 

Remarks 
sample Eho)  

E. sample ve's 
 ity tion mn) (rim) (nm) 

No.' No. Latitude N. Longitude 

18 8520 26 Grab 27 27 48 33 54 18 236 .320 .200 .085 1.94 .288 .8 1.832 83.62 .041 .11 

19 8521 32a Round 
27 17 33 52 06 

30-102 
(wire) 1.400 .640 .220 2.52 .401 .75 

- 

1.878 89.09 .058 .24 

20 8522 32c
11  1 1.440 .710 .319 2.16 .334 .89 1.948 

21 8523 21a 27 26 42 33 43 33 73 .078 .035 .015 2.28 .358 .95 1.980 84.70 .091 .35 

22 8524 203 27 21 51 33 46 30 17-21 1.38 .57 .27 2.26 .354 1.14 
0 

.059 

23 8525 20c 
0 0 0 0 U 96.96 .029 .19 

24 8526 15a 527 20 48 33 47 48) 20-53 1.82 .780 .36 2.25 .352 1.08 .033 

(27 20 30 33 48 035 (wire) 

25 8527 27 27 27 48 33 54 00 203 .74 .34 .20 1.93 .286 1.28 .107 

26 8528 14a (27 19 39 33 4 06) 66-70 .80 .37 .21 1.95 .290 1.22 .088 92.26 .029 .13 

(27 19 30 33 48 245 (wire) 
27 8529 14c 1.10 .50 .30 1.91 .252 1.32 .121 

28 8530 18a 27 19 18 33 48 48 66-71 .132 .035 .021 2.51 .400 2.26 .354 91.28 .042 .15 

(wire) 

29 8531 19 27 17 54 33 50 12 102 .14 .059 .025 2.36 .373 1.01 .002 88.33 .052 .39 
W re) 

30 8532 34b 527 23 24 33 56 30) 80-433 .42 .240 .14 1.73 .238 1.02 .009 92.53 .024 .09 
Between Ghaedaqa and 

31 8533 34 Grab 9 
(27 24 21 33 55 485 

.42 .290 .20 1.45 .161 1.00 .000 Shadwan Island. 

32 8534 34c 0 .94 .580 .33 1.69 .227 .92 1.965 
33 8535 34a 

0 .70 .320 .18 1.97 .294 1.23 .090 94.86 .030 .11 

34 8536 34 Grab 12 " .56 .320 .21 1.63 .212 1.13 .0'61 

35 8537 34b " .50 
.080 

.270 

.034 
.18 
.014 

1.66 
2.39 

.221 

.378 
1.23 
.97 

..092 
1.987 81.66 .072 .30 

36 
37 

8538 
8539 

341.. 
34 Grab 1,00 .550 .30 1.82 .261 .99 1.996 

38 8540 34 Grab 8 .40 .220 .13 1.73 .244 1.07 .031 

39 8541 37 Core-Top 527 24 48 33 59 151 366 .052 .024 .010 2.30 .362 .89 1.948 80.52 .039 .19 

(27 24 42 34 00 005 
-Bottom " .041 .018 .005 2.78 .444 .67 1.826 

40 8542 22b Grab 27 16 00 33 51 54 89 .065 .031 .011 2.38 .377 .95 1.978 
41 8543 22c 27 16 24 33 51 18 102 .062 .028 .012 2.28 .358 .95 1.978 88.14 .082 .38 

42 8544 22a 27 16 12 1 33 51 24 102 .056 .025 .015 1.93 .287 1.38 .127 
43 8545 23c 27 18 24-1  33 52 36 93 .55 .300 .195 1.68 .225 1.19 .075 95.43 .025 .11 

Round 
44 8546 33 27 17 33 52 06 22-51 .18 .085 .03 2.45 .389 1 .75 1.873 

Section 4. Yuba-Mersa Daba' 

45 8547 67 Core-Top 527 08 42 34 10 00) 814 .060 .027 .014 2.07 .316 1.15 .061 75.77 .031 .18 
(27 07 00 34 10 455 I  

-Middle .090 .027 .014 I 2.53 .403 1.73 .238 
-Bottom " .070 .025 .010 2.64 .421 2.80 .447 

46 8548 66 Grab 27 19 00 34 26 30( 1079- - .080 .014 - - - - - - - Ships' clinkers present. 
27 17 15 34 21 001 1225 

47 8549 62 27 46 30 35 09 00) 247- .050 .020 (108 2.53 .403 .92 1.989 
27 46 42 35 08 005 336 
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Section 5. Safaga-Msuila. 

48 8550 75 Grab 27 03 18 34 12 24 468-485 .120 .050 020 245 389 96 1.982 Near Safaga Island. 49 8,551 69 U 92-400 1.440 .380 .160 3.00 .477 1.59 .201 
50 8552 74 - .250 .170 .130 1.39 .143 1.12 .051 fReef.  0110 m 
51 8553 76 Core-Top 126 57 39 34 23 365 951 .045 .011 .005 2.94 .468 1.93 .285 

526 57 12 34 23 305 
-Middle .060 .014 .006 3,22 .508 1.77 .249 69.45 .030 .15 
-Bottom .040 .012 .002 4.08 .611 .66 1.823 

52 8554 77 U  -Top 527 05 24 34 37 005 1274 .015 .005 I .002 2.61 .416 1.27 .104 
527 04 54 34 37 095 

-Middle .015 .014 .005 1.77 .248 2.38 _.376 78.27 .023 .13 
-Bottom U U .040 .025 .007 2.53 .403 .53 1.724 

53 8555 78 U  -Top 527 13 2 1  34 50 125 1148 .150 .024 .011 3.69 .567 2.82 .450 
527 12 30 34 50 305 

-Middle 11 .054 .019 .005 3.00 .477 .85 
- 

1.929 77.52 .019 .11 
-Bottom U U .080 .020 .001 4.59 .652 .76 1.881 

Section 6. Qoseir_Brothers'-No'man. 

54 8556 86 Core-Top 26 13 15 34 36 12 667 .051 .012 .006 2.80 .447 2.30 ,,.362 
-Middle U . U .048 .013 .003 394 .595 .88 1 44  78.72 .024 .13 Between Egyptian coasi -Bottom U U .052 .025 .007 2.64 .422 .62 1.795 and Brothers'. 

55 8557 80 Grab On slopes of Brothers' 90-940 1.58 .760 .47 1.83 .262 1.29 .111 Grab generally failed tc 
Islets. 5cicse. 56 8558 87a U U 84-198 .95 .51 .37 1.60 .204 1.35 .130 5Near Brothers' Island. 

57 8559 83 Core--Top 526 34 33 35 03 455 1234 .050 .011 .004 3.63 .550 1.57 .196 
526 33 30 35 03 065 U  -Middle U .032 .011 .005 2.61 .417 1.24 _.095 58.82 .047 .29 U  -Bottom U 1 .050 .018 .005 3.10 .491 .80 1.906 

58 8560 82a U  -Top 26 38 00 35 21 30 834 .115 .011 .004 5.55 .752 3.42 .534 
U  -Middle U U .050 .012 .004 3.49 .543 1.42 . 154 80.87 .018 .11 Between Brothers' and U  -Bottom U U .044 .015 .002 4,47 .650 .43 1.633 Arabian coast. 

59 8561 SIb " -Top 126 18 30 35 40 365 873 .018 .017 .007 2.62 .418 1.16 .065 
526 50 30 35 41 305 

U  -Middle U U .12 .025 .007 4.00 .602 1.44 1.58 72.49 .028 .15 
U  -Bottom U U .036 .012 .004 3.00 .477 1.00 .000 

Section 7. Dacd alas-H sasS 

60 8562 102c Grab 24 55 15 35 51 27 1.83 1.38 .82 .50 1.66 .220 1.02 .011 1 
61 8563 102 Grab 3 U U 466 1.20 .75 5(3 1.55 .190 1.07 .029 5Near Daedalus Reef. 
62 8564 103 U 24 55 20 35 51 00 512 .33 .28 .20 1.28 .107 .842 2.925 1 65 8565 98 U 525 01 00 36 01' 005 1214 .18 .029 .022 2.86 .455 4,71 .673 - - - "Mabahith" Deep. 

525 02 48 36 00 305 
64 8566 91 " 25 25 00 36 40 00 19-25 .38 .22 .16 1.54 .187 1.26 .100 

1 Numbers refer to specimens housed in the Geological Museum, Fouad I. University, Cairo. 
After A. F. Mohamed (9). 
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to mechanical analyses and, with the ex-
ception of Sujkowski's work (12) on a 
few samples collected by S. S. Endeavour 
from the southern part of the Sea, noth-
ing is known about the mineralogy of the 
bottom deposits. A. F. Mohamed exam-
med the chemistry of some of the bottom 
samples collected during the present ex-
pedition (10, p.  314 and 9) and he con-
cluded that the environmental conditions 
of deposition are, on the whole, different 
in each of the three main regions investi-
gated, namely the Gulf of Suez, the Gulf 
of Aqaba and the northern part of the 
Red Sea proper. 

The Gulfs of Suez and Aqaba differ 
greatly, the former having a flat bottom 
at a depth of 36-72 meters, whereas the 
latter has a trough 1600-1800 meters 
(900-1000 fms.) deep over to its eastern 
side, and its bottom is irregular even at 
the greatest depth. The Gulf of Aqaba, 
only about 22 kms. wide, has a depth 
nearly equal to the greatest depth of the 
Red Sea, which is about ten times as 
broad. The Red Sea itself is deeper in 
proportion to breadth than any other. 
The maritime plain so characteristic of 
the Red Sea shores, where it is generally 
up to 32 kms. wide, is almost absent on 
the Gulf of Aqaba where the shores are 
extremely abrupt and the mountains on 
its sides rise sheer from the water. The 
descent to the greatest depths in the Red 
Sea proper is by a series of steps, except 
in places on the Arabian side, where there 
are abrupt falls to 720-900 meters. An-
other character of the topography of the 
Red Sea bottom is the presence of small 
isolated reefs rising abruptly from deep 
water and lying on foundation rocks. The 
most conspicuous are the Brothers' Islets, 
rising from 1080 meters (ii) and Dae-
dalus Reefs located not far from the mid- 
dle of the sea. Other ridges do not reach 
the surface but form submarine hills and 
mountains giving the bottom a very ir-
regular topography (1 and 2, Figs. 1 & 2) 

The charts and sections published in con-
nection with this reference were not issued as 
previously mentioned.  

Such variation in topography has a 
great influence on the mechanical com-
position of the bottom deposits. 

TECHNIQUE USED IN THE LABORATORY 

The samples examined were divided 
into two divisions, those containing 95% 
or more of material coarser than 84.7hz 
and a second division containing samples 
with more than 511/0  of material finer than 
84.7k. The samples of the first division 
were analyzed by sieving methods. They 
were quartered and about 25 to 30 g. 
were screened through a set of sieves 
(meshes Nos. 10, 30, 60, 120, and 200 
with openings of 2001, 610.2, 271.1, 
135.6 and 84.7 microns in diameter a 
calibrated microscopically), using a me-
chanical shaker for fifteen minutes. Both 
sieving and sedimentation methods were 
used for sediments of the second division. 
In this case about 40 g. of each sample 
were thoroughly deflocculated using the 
technique suggested by Krumbein (7 and 
8, pp. 51 if.). Experiments were made to 
choose a suitable procedure for effectively 
dispersing the samples. For this reason 
0.5 g. of a representative sample was put 
into each of a set of test tubes which were 
subsequently filled with the following 
peptizers:—N/25, N/SO and N/lOU so-
dium carbonate, dilute ammonia (400 
ml. distilled water added to 40 ml. of 
freshly prepared 33% ammonia solution), 
N/100 sodium oxalate, sodium silicate 
(0.5 ml. of N/S sodium silicate in 500 ml. 
distilled water), N sodium hydroxide, N 
ammonium carbonates and boiling N 
ammonium carbonate plus a few drops of 
sodium hydroxide solution. The suspen-
sions were subsequently well stirred and 
left overnight. The same experiments 
were made after washing the samples 
free from electrolytes as confirmed by the 
addition of silver nitrate to the filtrate. 
None of the unwashed samples were de-
flocculated. On the other hand, all the 
samples free from electrolytes were at 
least partially dispersed. Examining a 
few drops of each suspension under the 
microscope, it was concluded that the 
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dilute ammonia solution is the most suit-
able pcptizer. A mechanical stirrer was 
used for ten minutes to complete the dis-
persion. 

After thorough dispersion the pipette 
method as described by Krumbein (6 and  

curves. The median diameter Md, the co-
efficient of sorting So and its logarithm log 
So, and the coemcicnt of skewness SIc and 
its logarithm log Sk (8, pp. 229 if.) were 
calculated from the cumulative curves. 
The weight percentages of the grain 

FIG. 2.—Histograms of section 1 of sediments of Gulf of Suez. Vertical components represent 
percentage from 0 at the bottom to 75 at the top; horizontal components shown at the boLtom 
of each diagram range from 4 mm. at the extreme left to 1/2048 at the extreme right. 

8, pp. 166 if.) was used for mechanical 
analysis. Suspension was sucked by the 
pipette at intervals corresponding to the 
following grain sizes in microns: 84.7-
31.2, 31.2-15.6, 15.6-7.8, 7.8-3.9, 3.9-
1.95, 1.95-0.98. In both coarser and finer 
sediments the weight percentages of the 
different fractions (corresponding with 
the different meshes used or with the dif-
ferent readings of the pipette) were deter-
mined. The data obtained were then rep-
resented on cumulative logarithmic  

sizes corresponding with the We n worth 
scale (8, p. 80) were also calculated from 
the cumulative curves and the corre-
sponding histograms were drawn. 

DISCUSSION OF RESULTS 

1. Gulf of Suez 
Section 1 of Table No. 2 includes the 

statistical constants of the three cores 
collected from the Gulf of Suez, (six, nine 
and fourteen kms. away from its western 
shore and from about the same depth, 
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ranging from 59 to 64 meters) and their 
corresponding histograms and cumulative 
curves are given in figures 2 and 3. In-
spection of table 2 shows that the median 
diameters of the sediments range be-
tween 15 and 64 A. There is a decrease 
from top to bottom in cores 1 and 3, a 
relation which does not hold for core 2. 
The sediments of this section are norm-
ally sorted (13, p. 62), with a coefficient 
of sorting ranging between 2.92 and 4.02, 

IIIIPlIUl 

iiiiIILIWiiU 

Skewness is very small in some parts 
of the cores, whereas, in others it tends 
towards either the finer or the coarser 
fractions. These data are comparable 
with those given by other normally 
sorted sediments from continental 
shelves; the Gulf of Suez is itself a shal-
low flat shelf filled with the surface water 
of the Red Sea and descending at its 
mouth abruptly to a depth five times 
greater than its own. The smoothness of 
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with the exception of the middle portion 
of core No. 3 which is a poorly sorted 
sediment with So =4.58. The average 
sorting factor of each of the three cores 
varies slightly (3.47-3.20---3.73). This 
might be attributed to their approximate 
equal depths, to the identity in the con-
figuration of the flat bottom, and to the 
fact that no samples were collected from 
the shored. 

d Fifteen samples were kindly provided to 
the authors by Dr. H. A. F. Gohar from the 
shore between Suez and Ghardaqa. They 
were found to be well sorted and were com-
parable with other beach deposits described in 
the literature.  

the bottom of the gulf explains in part 
the mild changes in the physical con-
stants of its bottom sediments. Further 
discussion of the interrelations of the 
properties of the sediments of the Gulf of 
Suez and of these properties with en-
vironmental conditions of deposition are 
referred to later. 

2. Gulf of Aqaba 
Section 2 of table 2 gives the statistical 

constants of the seven grab samples col-
lected from the Gulf of Aqaba. The sam-
ples were secured from deeper waters 
(ranging between 265-1393 meters) than 
those of the Gulf of Suez. Three grab 
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Fin. 4—Histograms of section 2 sediments of Gulf of Aqaba. Vertical components represent 
percentage from 0 at the bottom to 75 at the Lop; horizontal components shown at the bottom 
of each diagram range from 4 mm. at the extreme left to 1/2048 at the extreme right. 
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samples (5, 6 and 10) are nearer to shore give the histograms and cumulative 
than others located nearer to the mid-sea curves of the Gulf of Aqaba sediments. 
and from deeper waters. Figures 4 and 5 In contradistinction with the Gulf of 
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Suez samples the median diameters of the 
Gulf of Aqaba samples vary greatly, 
ranging from .005-200 mm. The samples 
are either well sorted or normally sorted, 
the sorting factor ranging between 2.00 
and 4.33. It is to be noted here that the 
well sorted samples are those collected 
from the shallower and nearer shore sta-
tions, off Dahab and Wasit. It is also of 
interest to note that two of these well 
sorted sediments (5 and 6) collected out-
side Wasit are located on a slope, and 
have fractions of nearly the same size. 
Log of skewness of the samples varies be-
tween +090 and —.332. 

In contradistinction with the Gulf of 
Suez, variation of the statistical data of 
the bottom sediments of the Gulf of 
Aqaba is in harmony with the roughness 
and irregular configuration of its bottom. 

3. Ghardaqa—Shadwan--Senafir Section. 
Three core samples and 31 grab sam-

ples were examined from this most north-
ern section of the Red Sea, from depths 
varying from 17-1147 meters. The sam-
ples include four, collected near Tiran 
and Senafir Islands at the entrance of the 
Gulf of Aqaba (11-14), one south of Ras 
Mohamed (15), two east of Shadwan 
Island (16-17) and the majority (18-44) 
between Shadwan Island and the Marine 
Biological Station of the Fouad I Uni-
versity at Ghardaqa (Hurghada). Their 
statistical constants and other properties 
are given in section 3 of table 2, and the 
corresponding histograms and cumulat-
ive curves are shown in figures 6 and 7. 

The median diameters range between 
.015—.780 mm. Those of the samples col-
lected from the entrance of the Gulf of 
Aqaba are small (.015-0.22 mm.) and the 
sediments are normally sorted, except 
the single sample collected from the shal-
low waters nearer to the shores of Tiran 
Island (12) which possesses a greater 
median (0.260 mm.) and is better sorted 
than the others (So = 1.58). The samples 
collected south of Ras Mohamed and 
east of Shadwan possess small medians 
(.018—.038 mm.) and are all from rela-
tively deep waters. The median diameter  

of the remaining sediments between Shad-
wan and Ghardaqa varies greatly, 
ranging between .018—.780 mm. and sedi-
ments are mostly well sorted with but 
few possessing a sorting coefficient slight-
ly greater than 2.5, the upper limit of well 
sorted sediments (sorting coefficient 
varying between 1.45-2.78). Log of skew-
ness varies from zero to 1.989, all being 
either symmetrical or asymmetrical in a 
positive sense. 

The fact that the statistical constants 
depend on the configuration of the sea 
bottom is beautifully illustrated by the 
samples collected at station 34, which 
lies over a submarine hilt discovered by 
the present Expedition west of Shadwan 
Island. All samples (31-88) lie on the 
slopes of the hill except one sample (36) 
located at its foot. The sample from the 
base possesses the smallest median dia-
meter and is not as well sorted as the 
other samples. The median diameter 
varies widely in samples collected be-
tween Shadwan Island and Ghardaqa; 
the irregularity of the bottom, with sub-
marine hills and slopes, in the area is in 
harmony with this variation in mechan-
ical constitution (ace 4, fig. 2, p.  26, 
showing reefs and shoals of area and 2, 
fig. 1 showing Section between Shadwan 
and Ghardaqa). 

4. Yuba—Mersa Daba' Section 
Section 4 of table 2 gives the statistical 

constants of the single core and two grab 
samples analyzed, whereas figures 8 and 
9 give the corresponding histograms and 
cumulative curves. The samples were se-
cured from comparatively deep waters 
ranging between 247 and 1225 meters and 
far from the mainland, except one (47) 
which was collected not far from the 
northern end of Yuba Island. They are 
fine grained sediments with median dia-
meters varying from .020-080 mm. One 
sample is very poorly sorted owing to the 
presence of ships' clinkers in the coarser 
fractions; the sample being secured from 
underneath the main route of ships cross-
ing the Red Sea; the two others are on the 
border line between well sorted and 
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.. _MmikJL.. 
FIG. 8,—Histograms of section 4 sediments of itba-Mersa Daba'. Vertical components 

represent percentage from Oat the bottom to 75 at the top; horizontal components shown at the 
bottom of each diagram range from 4 mm. at the extreme left to 1 /2048 at the extreme right. 
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normally sorted sediments. The log of 
skewness of the samples varies between 
.975 and 2.80. 

5. Safaga—Mowila Section 
Three grab samples and three cores 

were examined from this section, They 
spread from east of Safaga Island to near 
the middle of the sea with no samples 
from the Arabian side. Their statistical 
constants are given in section 5 in table 2 
and the corresponding histograms and 
cumulative curves are shown in figures 
10 and 11. The samples were collected 
from relatively deep waters (between 
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and 1234 meters. Their statistical con-
stants are given in section 6 of table 2 and 
the corresponding histograms and cumu-
lative curves are shown in figures 12 and 
13. As previously mentioned, the Red Sea 
floor is in its greater parts very irregular 
and the bottom of the present section is 
no exception. The two Brothers' Islets, 
for instance, which are formed of founda-
tion crystalline rocks (or 'continental 
blocks") and not by the accumulation of 
volcanic extrusions as is the case with 
the volcanic islets of the Pacific, form the 
summits of a submarine hill about 1000 
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Fin. 11 —Cumulative curves of section 5 sediments of Safaga-Mowila. Frequencies are shown 
on the left in percentages ranging from 0 at the base to 100 at the top. Along the bottom are 
shown values of the log, diam. in nn/ms. 

468-1274 meters) and are fine grained 
sediments with median diameters vary-
ing between .005—.050 mm. except for 
two samples collected from Panorama 
Reef, which are from shallower water and 
coarser in nature (with Md =.38 and .17 
mm.). The sediments are either well sort-
ed, normally sorted, or poorly sorted 
with sorting factor varying between 1.39 
and 4.59. The asymmetry of the sedi-
ments is either towards the coarser or 
finer fractions. 

6. Qoseir—Brothers'--No' man Section. 

Four cores and two grab samples were 
analysed from this section, and were col-
lected from depths varying between 84  

meters high (11). This irregularity of the 
bottom is shown by the following notes 
recorded at some of the sampling sta-
tions: "irregular bottom, no catch," 
"grab generally failed to close," "grab 
closed upon, and damaged its wire, indi-
cating steep irregular bottom." The sam-
ples collected from this section are dis-
tributed as follows: one sample from the 
bottom between the Egyptian coast and 
the Brothers' (no. 54), two from the 
slopes of the Brothers' (nos. 55-56) and 
three cores from between the Brothers' 
and the Arabian coast (nos. 57-59). 

The median diameters of the samples 
of this section vary from .011—.025 mm. 
for the samples other than those collected 
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from the slopes of the Brothers' Islets, 
the medians of which are much coarser 
and vary from .760 to .510 mm. These 
two samples, collected from the slopes of 
the Brothers', are also well sorted (with 
So =1.60 and 1.83) in contradistinction 
with the other samples which are norm-
ally or poorly sorted. This fact of the 
coarseness and well sorted nature of sedi-
ments collected from slopes is also beau-
tifully shown by the samples of the sub- 

Masabi Reef, near the Arabian coast (no. 
64). Section 7 of table 2 gives the statis-
tical constants of these samples and their 
histograms and cumulative curves are 
shown in figures 14 and 15. The median 
diameters of the samples are relatively 
coarse and vary from •22—.82 mm. and 
are well sorted (with So =1.28-1.66). 
They were collected from the slopes of 
Daedalus Reef and from the shallow 
waters near Masabi Reef, on the other 
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marine hill west of Shadwan Island 
further north and by those on the slopes 
east of Wasit in the Gulf of Aqaba. Log 
of skewness of the samples changes in 
both positive and negative senses. 

It is of interest to note here also that 
the great changes in the bottom topo-
graphy are in harmony with changes in 
the statistical constants of the sediments. 

Daedalus—IIanak Section. 
Five samples were examined from this 

section: three from west of Daedalus 
(nos. 60-62), one from the "Mabahith" 
Deep lying between Daedalus Reef and 
the Arabian coast (no. 63) and one from  

hand the deep sample (no. 63) is much 
finer and less sorted. 

INTERRELATION OF PROPERTIES 
OF THE SEDIMENTS 

The following is a discussion of the 
interrelation of the properties of the sedi-
ments examined. The discussion shows 
that the properties are in many respects 
interdependent. 
Median Diameter: Sorting: 

In figure 16 the median diameter is 
plotted against the sorting factor for all 
the samples analyzed. It is clear from the 
graph that the trend of the line drawn 
indicates that the degree of sorting he- 



IIIIUIU•IIIIIPI•IIIIlIIUiiiiiiii• 
IIH..rni... 

MINE 

LN-04 

iiiiOl•IliUIIEIhi&Il iiiiiii.. 
IIIIIII!• IIIIlPdI 11111111 lWIIII 

- ii lii 
• ii 

ii.,... 
S.. 

iii 
ii 

nUeUu. 
utiii•• 

nir 
uui.. 

uuu,u.. 

1,IOIIU 
liii... 

IWhIIU 

u,ss.U.1 

miiiili 
m U 1111111 

4 
=
M

11111111 
ii,,... 

MUNN 
ituiIU 

iiiul. 

1111111w 
IIIIIuIUT huh 

huh.. 
uuula..11111.a iiiuui - 

b. 

ANALYSIS OF BOTTOM DEPOSITS OF THE RED SEA 61 

73;  
70 60 61 oo 64 

30 

40 

&JL!1tJ 
20 

I.. . .

30 

FIG. 14.—Histograms of section 7 sediments of Daedalus-Hanak. Vertical components repre-
sent percentage from 0 at the bottom to 75 at the top; horizontal components shown at the 
bottom of each diagram range from 5 mm. at the extreme right left to 1/2048 at the extreme 
right. 
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FIG. 16.—Relation between median diameter and sorting factor of 
Northern Red Sea sediments. 

comes slightly better from the larger 
median diameters (about 1 mm.) down 
to about 0.15 mm., then becomes poorer 
as the diameter decreases to .009 rum. It 
is of interest to notice that a similar rela-
tion was recorded by 1-lough for the sedi-
ments of Cape Cod Bay and Buzzards 
Bay, Massachusetts (5, p.  19), notwith-
standing the fact that the Red Sea sedi-
ments are of very different environments. 

Median Diameter: Skewness: 

Figure 17 shows the relationship be- 

tween median diameter and log of skew-
ness. The distribution of points in this 
graph is not conclusive but it may indi-
cate that the log of skewness varies from 
about zero in the coarser grains to both 
positive and negative values in the finer 
sediments, some of which, however, still 
possess a zero value. The points become 
diffused in the vicinity of median diame-
ter .06, but it is to be noted that only a 
few sediments possess median diameters 
between .2 and .06. The skewness of the 
sediments, however, is very ambiguous 
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a 
/09. 9C skewn 

FIG. 17.—Relation between median diameter and log of skewness 
of Northern Red Sea sediments. 

in its interrelation with other properties 
or with factors of environments as shown 
later. 

Sorting: Skewness: 

A graph was drawn to show the rela- 

tion between sorting and skewness but 
the plotted points were diffused. They 
showed, however, that, on the whole, the 
well sorted samples possess low figures 
and that the less sorted sediments possess 
higher figures for log Sk in both negative 
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FIG. 18.—Relation between median diameter and CaCO% of 
Northern Red Sea sediments. 

and positive directions as would be ex- tween median diameter and calcium car-
pected from the two previous relations. bonate content. The figure clearly shows 

that the percentage of CaCO3  increases 
Calcium Carbonate Content: Statsst-ztal with increase of median diameter, and, 

Constants: as would he expected from the median: 
Figure 18 shows the relationship be- sorting relation, a graph drawn to show 
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the interrelation between CaCO3  content 
and sorting factor showed that the well 
sorted samples possess the highest con-
tent of carbonate whereas the poorly 

Nitrogen and Organic Carbon Content: 
Statistical Constants: 
Graphs were drawn to show the rela-

tion between the nitrogen percentages 

FIG. 19.—Relation between sorting factor and nitrogen percentage of 
Northern Red Sea sediments. 

sorted samples possess the lowest. The and organic carbon (evaluating the or-
relation between log of skewness and ganic matter content of the sediments) 
carbonate content was also investigated on the one hand and the median diame-
by drawing a diagram, which showed that ters and sorting factors on the other. The 
there is no conclusive relation, graphs showed that both the nitrogen 
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and organic carbon remain more or less 
constant irrespective of median diameter 
or sorting factor, except between median 
diameters .04—.02 mm. and sorting fact-
ors 2-2.5, (fig. 19) when they become 
conspicuously enriched. The log of skew-
ness graph showed that it changes from a 
positive value to zero, thence to a nega- 

ted against depth it was clearly shown 
from the curve drawn that on the whole 
increase in depth meant decrease in me-
dian diameter. The depth: sorting coeffi-
cient graph (see fig. 20) showed, as would 
be expected from the interrelation me-
dian diameter: sorting, that the well 
sorted samples are shallower than the 
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Fio. 20.—Relation between sorting factor and depth of Northern Red Sea sediments. 
The letter S marks the samples from the Gulf of Suez. 

tive value with increase of nitrogen con-
tent from .01 to .06 to .09 respectively. 

COORDINATION BETWEEN PROPERTIES OF 
SEDIMENTS AND CORRESPONDING 

FACTORS OF ENVIRONMENT 

Knowing that the various properties 
of the sediments analyzed are more or 
less interdependent, with the exception of 
log of skewness, we Can now proceed to 
coordinate these properties with the cor-
responding environmental conditions of 
deposition. 

Depth: Statistical Constants: 
When the median diameters were plot- 

less sorted samples. The shallower de-
posits are better sorted and coarser than 
the deeper. 

It is interesting to note that in the 
graphs showing the interrelation between 
the various properties of the sediments, 
the points are interrelated in the same 
way irrespective of the environment from 
which the samples were secured. On the 
other hand,, the points for the Gulf of 
Suez occupy a unique position in the 
depth curves. Thus in the depth: sorting 
factor diagram, for instance, the points 
for the Gulf of Suez sediments are all 
located in the field marked "S" in figure 
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20. The sediments of the Gulf of Suez, 
though of shallow origin, are finer and 
less sorted than those from the Gulf of 
Aqaba or the Red Sea shallow environ-
ments. On the other hand, the depth: log 
of skewness graph showed a confused 
relation and, in contradistinction with 
the sorting and median diameter graphs, 
the plotted points of the Gulf of Suez 
were not concentrated in a special area of 
the skewness graph. It seems that skew-
ness is of little genetic value for the Red 
Sea sediments as judged from the sedi-
ments already examined. 

Depth: Calcium Carbonate Percentage: 
As could he deduced from the depth.-

median diameter and median diameter: 
carbonate graphs, the carbonate content 
was found to decrease with increase of 
depth. 

Depth: Organic Matter Content: 
Both nitrogen and organic carbon con-

tent of the sediments were plotted against 
the corresponding depths in two graphs, 
which showed that the organic content 
remained more or less constant at differ-
ent depths except at the relatively shal-
low depth of about 100 meters where an 
increase in organic matter content was 
apparent. It was previously shown 
that the sediments enriched in organic 
matter possess also median diameters 
between .04 and .02 mm. and sorting 
factors between 2 and 2.5. It is interest-
ing to note that, though the rule is that 
the shallow and well sorted sediments are 
coarse, here the shallow (of depths about 
100 meters) and well sorted sediments, 
which are also rich in organic matter, 
deviate from the rule, and are fine-
grained sediments. It seems that the or-
ganic matter concentrates in the finer 
fractions relative to the carbonate par-
ticles, which concentrate in the coarser 
fractions. The organic matter was also 
found to accumulate more in basins than 
on slopes and ridges, as shown by samples 
collected at station 34 (over a submarine 
hill) west of Shadwan Island (9). It is 
interesting to note that the sample from  

the base of the hill, at the basin, is finer 
and less sorted than those collected from 
the slopes. 

SUMMARY AND CONCLUSIONS 

The paper deals with the mechanical 
analysis of some bottom samples amount-
ing to fourteen cores and fifty grab sam-
ples collected during the Egyptian Pre-
liminary Expedition to the northern part 
of the Red Sea in the R.R.S. 'Maba-
hith' in 1934-1935. Both sieving and 
sedimentation methods (the pipette 
method) were used in the mechanical 
analysis. The fine sediments were thor-
oughly deflocculated by washing them 
free from electrolytes and subsequent 
stirring in dilute ammonia solution. 

The Red Sea is unique amongst the 
seas of the world in the fact that no per-
manent streams flow into it and that 
only winds, mostly northwesterly, and 
rain torrentse  contribute material to its 
bottom. The sea is probably unique also 
for its very irregular bottom topography 
(excluding the Gulf of Suez), hence, the 
nature and distribution of its bottom de-
posits are unmatched in other seas. 

Though it is known that the physical 
constitution of marine sediments de-
pends on many factors of environment 
and mode of origin such as the agents of 
transportation, flocculation effects, trans-
porting influence of currents, depth, 
nearness to landmasses, amount of slope 
of bottom, effect of organisms etc., and 
that sediments deposited in several en-
vironments may have identical graphs 
(14), yet the mechanical analysis of the 
examined deposits gave many interesting 
results. 

It is already apparent from the evi-
dence that the statistical constants, the 
calcium carbonate and organic matter 
contents are interrelated in the same way, 

The authors had many experiences with 
torrents pouring into the sea, in its northern 
and southern parts, for several days with such 
a force as to make the sea water turbid for 
many kilometers off shore, giving it a similar 
color to that of the coastal plains. 
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irrespective of the environment from 
which the samples were secured. It was 
even noted that Hough gave a similar 
relation for median diameter: sorting 
factor for the sediments of Cape Cod Bay 
and Buzzards Bay, Massachusetts (5). 
It was found that, on the whole, the 
coarser sediments are better sorted and 
richer in calcium carbonate than the finer. 
The organic matter content increases be-
tween diameters .04-02 mm. and sorting 
factors range between 2 and 2.5. It was 
shown also that the organic matter prob-
ably concentrates in the finer fractions 
relative to the carbonate particles, which 
concentrate in the coarser fractions. The 
interrelations of log of skewness and other 
properties are ambiguous. 

As to interrelations of these properties 
with environmental conditions of deposi-
tion, it was found that the sediments are 
coarser and better sorted when they are 
secured from shallow or sloping bottoms 
or from near landmasses (including sub-
marine ridges). The carbonate content 
has been found to decrease with increase 
of depth and the organic matter to con-
centrate in depths about 100 metres, be-
ing also greater in basins than on ridges 
and slopes. The skewness of the sedi-
ments, however, is ambiguous in its in-
terrelation with other properties or with 
factors of environments. It seems that 
skewness is of little genetic value for the 
Red Sea sediments, as judged from the 
sediments already examined. 

The topography of the bottom which 
affects the various factors of environ-
ment mentioned above seems to be the 
important factor in determining the 
physical constitution of the deposits. 
The Gulf of Suez, because of its flat bot-
tom, has deposits with but little variation 
in their statistical data, in contradistinct-
tion with the deposits on the very irregu-
lar bottom of the Gulf of Aqaba or the 
Red Sea which have rapid changes in the 
corresponding statistical constants. The 
difference in environment is also shown  

by the fact that some of the statistical 
constants for the Gulf of Suez are located 
in special fields in the corresponding 
depth diagrams.' The sediments of the 
Gulf of Suez though of shallow origin are 
finer and less sorted than those of the 
Gulf of Aqaba or the Red Sea shallow 
environments. The data for the Gulf of 
Suez sediments are, in fact, comparable 
with those given by other normally 
sorted sediments from continental shelves; 
the Gulf of Suez is itself a shallow flat 
shelf filled with the surface water of the 
Red Sea and descending at its mouth 
abruptly to a depth five times greater 
than its own. 

Though these results are of value in 
the reconstruction of paleogeographic 
conditions of deposition for ancient sedi-
ments, yet on account of the small num-
ber of samples examined, the results 
should be considered tentative and must 
inevitably remain subject to correction 
in the future. It is earnestly hoped, how-
ever, steadily to fill in the lacunae in our 
knowledge with fresh material to be col-
lected when the main expedition for the 
exploration of the Red Sea is undertaken, 
and complete cartographic studies can be 
consequently accomplished. 

The authors wish to express their 
thanks to Prof. 0. Zdansky for laboratory 
facilities provided at the Geology De-
partment of the Fouad I. University, 
Cairo. The authors are specially in-
debted to Dr. A. P. Mohamed for kindly 
giving permission to use while in press, 
the chemical data enclosed in the present 
work. 

It is interesting to note that the same 
peculiarity was reflected on the mineralogy of 
the Gulf of Suez sediments, which are much 
richer in authigenic pyrite than either the 
Gulf of Aqaba or the Red Sea. 

g The Egyptian Government postponed the 
expedition in 1935-1936, because of the 
Italo-Abbysinian War raging at that time; 
financial difficulties thereafter caused further 
delay; the present World War made it im-
possible for the "Mabahith" to resume its 
activities. 
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THE MINERALOGY OF SOME BOTTOM DEPOSITS 
OF THE NORTHERN RED SEA 

N. M. SHUKRI AND R. A. HIGAZY 
Faculty of Science, Cairo 

ABSTRACT 

The present paper deals with the mineralogy of sixty-four samples of bottom deposits from 
the Northern Red Sea collected during the "Mabahith" Expedition (1934-35). The special 
character of the wind-borne Red Sea deposits is discussed. The mineralogy of the sediments is 
uniform over the different provinces and thus contrasts with that of the usual basins of deposi-
tion. Local variations are, however, caused by contamination from local source-rocks or varia-
tion in the environmental conditions of deposition. The full value of the results can only be 
estimated when much more work has been clone on the contributing rocks of the coastal areas. 

INTRODUCTION 

In the preceding article the authors 
gave the results of the mechanical analy-
sis of the bottom deposits of the Northern 
Red Sea collected during the "Maba-
hith" expedition in 1934-1935 (9). A map 
showing the distribution of the samples is 
given in the same work. The present pa-
per deals with the mineralogy of the de-
posits, a topic which received but little 
attention till the present. In fact the only 
work, as far as the authors are aware 
which deals with the mineralogy of the 
Red Sea sediments, is that of Sujkowski 
(21), who examined the sediments col-
lected by S. S. 'Endeavour" from the 
middle and south-eastern parts of the 
Sea in 1926-1928. Sujkowsky concen-
trated his study on the deep water de-
posits, especially their detrital material, 
which he considered to be derived from 
the continental dust by wind and ac-
cordingly gave a clue as to the features of 
sediments derived from desert regions. 
He recorded the following detritals:—
aniphiboles, pvroxenes, biotite, lime-
soda and potash feldspars, feldspathoids, 
quartz, rare zircon and very rare tourma-
line, but he failed to note garnet or rutile 
or any authigenic mineral, especially 
pyrite.- These minerals, however, and 
some other species were noted in the  

present investigation. Sujkowski con-
cluded that the characteristics of such 
deposits, because of the absence of any 
chemical decomposition and lack of water 
transportation, are: 

1—The freshness and angularity of 
detrital grains. 

2—Their small size, which does not 
exceed 0.06-0.07 mm. (for mica 
0.14 mm.). 

3—The characteristic mineral com- 
position, with the rareness or ab-
sence of common heavy minerals in 
sediments such as tourmaline, ru-
tile, zircon, etc. and the preponder-
ance of: 

colored minerals 
common rock-forming minerals 
(of igneous and metamorphic 
rocks) 
easily weathered minerals. 

The authors believe that these char- 
acters are not criteria for wind transpor-
tation as stated by Sujkowski,b though 
the deposits are actually carried mainly 

I  The minerals recorded are found in the 
fraction coarser than .005 mm. Sujkowski 
treated the sediments with hydrochloric acid 
before examination. 

b The criticism of the work of Sujkowski, 
given in the following pages, does not, in any 
way, lessen the importance of his paper. 
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by wind giving them a more or less uni-
form mineral constitution in very widely 
separated parts of the Sea, without form-
ing any sedimentary petrographic prov-
inces (10). On the other hand local con-
ditions (mostly depending on prove-
nance) gave rise to variation in the 
frequencies or types of minerals present 
without affecting the general characters 
of the mineralogy of the deposits. Inci-
dentally the evidence showed also that 
White's statement (23) that wind-borne 
sediments contain less frequent heavy 
minerals than water-borne sediments is 
invalid. 

TECHNIQUE USED IN THE LABORATORY 

The coarse samples, which are loose, 
whitish in color, and mainly formed of 
large organic carbonate particles, were 
separated by dry sieving into the follow-
ing fractions: 2001-610, 610-271, 271-
135, and 135-84 microns. The finer 
samples, which are usually gray, buff or 
rarely yellow in color, were thoroughly 
dispersed by washing them free from 
electrolytes, adding a dilute ammonia 
solution, and the subsequent stirring of 
the suspensions using a mechanical stir-
rer. The suspension was then screened 
through a 200 mesh (.084 mm.) sieve and 
the coarser material dried and again 
separated as for the coarser sediments. 
The finer material (less than the 200 
mesh) will be the subject matter of a 
future publication. 

All fractions of three representative 
samples were then separated by bromo-
form into heavy and light fractions. The 
constituents of their different fractions 
varied as follows: 
>2.001 mm—Shells and shell fragments, 

mostly of larnellibranchs and gas-
tropods, carbonate particles and rare 
teeth, brachiopods and echinoid 
fragments. Quartz was not observed. 

>.610 mm—Do—together with frag-
ments of corals, bryozoa, foramini-
fera and annellids. 

>.271 mm.—Do.—together with very 
few quartz grains. 

>136 mm.—Do.---together with mica 
flakes, iron ores and a few grains of 
the non-opaque heavy minerals. 

>.085 mm.—Do,—the non-opaque 
heavy minerals are, however, more 
frequent. 

The fraction >.085 mm. of all the 
samples was accordingly separated into 
heavy and light fractions. After deter-
mining the index figure (11, p.  236 and 
239) the residues were mounted in Can-
ada balsam and analyzed microscopically. 
Four hundred to seven hundred grains 
were counted from each crop and the 
relative frequencies of the minerals pres-
ent were calculated. It is to be noted 
here that the minerals to be described 
are found in the fraction .136—.085 mm. 
and are accordingly coarser than the 
limits given by Sujkowski i.e. .05—.07 
mm.c, a small size, which he considered as 
characteristic for marine sediments trans-
ported by wind. 

DESCRIPTION OF MINERALS 

Table I gives the minerals recorded 
from each station, their percentages- ' and 
the corresponding index figures, whereas 
Table 2 shows the average percentages 
and range of minerals for the samples of 
each of the sections examined. Table 1 
shows that the index figures (varying 
from 2.0 to .1) of the sediments are com-
paratively low for recent sediments but 
this is due to the presence of much non-
detrital organic carbonate particles in 
them. An attempt was made to coordin-
ate environmental conditions of deposi-
tion of the sediments and the correspond-
ing index figures. A graph was accord-
ingly drawn to show the relation between 
depth and index figure but no definite 
relation was detected, the points being 
diffused in the graph irrespective of 

Biotite flakes reach approximately twice 
this size, being exceedingly thin and thus more 
easily transported. 

d The percentage of pyrite given is rela-
tive to all other minerals, carbonate grains 
were not counted and biotite was counted 
with the heavy minerals. 
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TABLE 1. (continued) 
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depth.- This may be attributed to the 
fact that wind, not water, is the main 
agent of transportation as there is no 
diminution of detrital minerals from 
shore-lines towards basins of deposition. 

The authigenic mineral pyrite is to be 
dealt with first. It was previously men-
tioned that Sujkowski (p. 1) failed to de-
tect pyrite in the sediments further  

medium, will undoubtedly favor the for-
mation of pyrite and not the oxides and, 
2) its close proximity to the Egyptian oil 
fields and sulphur deposits, which are 
located in the neighborhood of the 
western coast of the Gulf of Suez at Ras 
Gharib and Ras Gemsa and on the east-
ern coast at Abu Durba. Few of the Red 
Sea samples, however, are rich in pyrite 

TABLE 2. Average percentages and range of minerals of samples examined. 

Mineral 
Section 1 Section 2 Section 3 Section 4 Section 5 Section 6 Section 7 

Av. Range Av. Range Av. Range Av. Range Av, Range Av. Range Av. Range 

Iron ores 43 24-61 26 14-39 28 13-48 23 18-27 42 27-49 47 40-52 40 3049 
Biotite 10 313 16 635 28 2$8 24 4-38 21 4-40 7 213 16 629 
Amphiboles 13 5-18 33 27-38 23 12-34 31 20-49 20 12-24 16 11-24 21 15-25 
Pyroxenes 22 16-30 7 2-11 6 2-24 6 3-10 4 2- 6 16 7-26 9 4-18 
Epidote 3 2- 5 3 1- 7 4 1-10 6 4- 7 5 2- 6 7 5- 9 4 2- 5 
Chlorite X X-X 3 - 5 3 X-  9 3 1- 6 2 -. 6 2 1 4 2 l 5 
Tourmaline I X-  3 1 7<-  4 1 - 4 3 1- 4 2 1- 4 2 1- 3 2 1- 3 
Sphene X - X 2 - 6 1 - 3 2 7<-  2 2 - 4 1 X 1 2 3 
Apatite X - 1 4 2- 7 2 - 5 2 1- 3 1 X-  2 1 1- 1 1 - 2 
Zircon 5 4- 8 1 2 1- 3 1 2 1 - 9 1 

X I 

7<-  1 1 7<-  2 2 1- 2 

3 2- 3 

1 

- 

X- 3 

Pyrites 43 34-49 X - 7< 7 1  —30 __ X 3 J 7<-S - - 

south. It was, however, identified from 
the present sediments, and was present 
in great abundance at some stations, 
expecially in the Gulf of Suez, which has 
a special environment as shown in a pre-
vious work. Figure 1 gives the distribution 
of the minerals. 

Pyrite—Pyrite is always authigenic 
and occurs in irregular patches and ag-
gregates of minute crystals filling the hol-
low spaces of micro-organisms, especially 
the forams, showing their internal struc-
ture in a very striking manner. It is of 
interest to note that authigenic pyrite 
forms 34-49% (average of 43%) of the 
heavy residues of the Gulf of Suez sedi-
ments, whereas it is much less frequent or 
even completely absent in the sediments 
of both the Gulf of Aqaba and the Red 
Sea proper (see table 2). This suitable 
environment for the formation of authi-
genic pyrite in the Gulf of Suez may be 
attributed to 1) its richness in organic 
matter,t (16) which, being a reducing 

It is assumed that the amount of carbon-
ate particles, which affects the index figure as 
well as authigenic pyrite, are constant. 

This is due to the fact that conditions in  

though not as rich as the Gulf of Suez. 
The richest sample (no. 16) possesses an 
average of 25% of pyrite and is located 
east of Shadwan Island in the Strait of 

J ubal and though the sample was se-
cured from relatively deep waters (941 
meters) its richness in organic matter5 
(16) helped in the formation of pyrites. 

In the following pages the description 
and significance of the detrital minerals 
are given, starting with the light min-
erals. 

A) MINERALS OF THE LIGHT FRACTION 

The light fraction is composed mainly 
of micro-organisms in all the samples 
examined. These include various species 
of foraminifera (Crstellaria, Nodosa-ria, 
Triloculina, Globigerina, etc.) and shells of 

the Gulf are favorable to the growth of plank-
ton and on account of the shallowness of the 
Gulf rapid sedimentation of organic debris 
takes place. 

s This is due to the accumulation of organic 
residues transported from the Gulf of Suez by 
a strong outgoing current, which slows down 
west of Shadwan Island on the one hand, and 
down the continental slope into the great 
depths in the Strait of Jubal on the other 
hand. 
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FIG. 1.—Distribution of the minerals in the different sections. 
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lamellibranchs." Besides these organisms 
which are dominant, few shells of gastro-
pods, ostracods, echinoid spines and 
plates, triaxial and monoaxial sponge 
spicules, bryozoan encrustrnents, radio-
larians and diatoms are also present. A 
few clear carbonate grains are rhombo-
hedral in shape and may be of authigenic 
origin. 

The other detrital light minerals con-
stitute only a very small percentage of 
the light fractions. The minerals recorded 
arranged in a decreasing order are quartz, 
muscovite and feldspar. 

Quartz.—This mineral occurs in two 
different shapes: one is angular or sub-
angular with inclusions mostly of apatite 
and zircon crystals, the other is remark-
ably well rounded. The rounded quartz 
grains are much more abundant than the 
angular quartz in the Gulf of Suez sedi-
ments but the contrary is the case in the 
Gulf of Aqaba or the Red Sea proper 
sediments. The difference in shape may 
indicate different sources, the rounded 
from pre-existing sediments, the angular 
from crystalline rocks. The dominance of 
pre-Cambrian crystalline rocks on either 
side of the Sea except to the west of the 
Gulf of Suez where only Carboniferous 
and post-Carboniferous sediments are 
present (together with minor Tertiary 
basaltic sheets) favors this assumption 
and may explain the relative abundance 
of the two varieties of quartz in the Gulf 
Of Suez on the one hand and in both the 
Gulf of Aqaba and the Red Sea on the 
other, This is one example for the effect 
of local variation depending on the type 
of distributive rocks and some other 
examples are to he mentioned in the fol- 
lowing text but these variations do not 
affect the mineralogy of the deposits of 
the Red Sea as a whole to the extent of 
masking their uniformity, as may be seen 
from tables 1 and 2 and from the follow-
ing description. It is to be noted here 

h Some shells give a negative uniaxial 
figure between crossed nicols due to the con-
cavity of the shells acting itself as a con-
vergent lens.  

that Sujkowski stated that the detrital 
particles exceeding .005 mm. in diameter 
are only rounded in the sediments ob-
tained from shallow water and near the 
shore, but such rounded grains, repre-
senting different mineral species, were 
sparsely found in the deep water sedi-
ments of the northern Red Sea. It seems 
that the evidence of angularitymentioned 
by Sujkowski as one of the characteristic 
properties of the Red Sea sediments and 
thereby of desert dusts carried by wind 
is subject to discussion. The authors be-
lieve that further work on the sphericity 
and roundness of the minerals present is 
needed before any conclusion is drawn, 
as the mode of transportation does not 
seem to affect the angularity of fine 
mineral-grains (.07—.06 mm.), which 
Sujkowski worked out. 

Some quartz grains show undulose ex-
tinction and few others are coated by 
thin films of yellow and reddish iron ox-
ide. Such coated grains were undoubtedly 
transported as such (from the Nubian 
Sandstone or any others similarly stained 
sandy deposit from the mainland), as it is 
impossible that the ferric oxide could be 
formed in a reducing medium, which 
favored the formation of the sulphide as 
mentioned above. 

Muscovite.—M uscovite, in irregular or 
rarely oval basal flakes, occurs in less 
abundance than quartz. The flakes are 
usually devoid of inclusions and few 
grains show undulose extinction. 

Feldspars.—These are represented by 
a few grains in each slide. Orthoclase, 
microcline and plagioclase are recorded 
and are always fresh and angular. Their 
freshness is an indication of mechanical 
weathering but not necessarily of wind 
transportation as remarkably fresh feld-
spars and easily weathered ferromagne- 
sian minerals (including th least stable 
mineral olivine) are present in the water-
carried Nile deposits as shown by a re- 
cent work carried by the senior author 
(see also 13). This question of the fresh-
ness of the detrital minerals of the Red 
Sea sediments will be further discussed. 
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B) MINERALS OF THE HEAVY FRACTION 

The minerals will be described and dis-
cussed in the order given in table 1, in 
which the minerals are arranged, as far 
as possible, according to their relative 
abundance. 

Carbonates.—Carbonate grains are al-
ways abundant in the heavy crops and 
are not counted. Aragonite is the most 
common carbonate and is of organic ori-
gin, but calcite, not well separated into 
the light fraction, is also present. Mem-
bers of the dolomite-ankerite group may 
possibly be present but no attempt was 
made to identify them. Some of the ara-
gonite grains are either uniformly stained 
in pink, mauve or purple colors or only 
part of the fragments are colored. Some 
of the stained grains show cleavage and 
pronounced pleochroisrn (X =mauve, Z = 

colorless) and are at first sight mistaken 
for glaucophane or dumortierite except 
that they show twinkling. 

It is interesting to note that pleochroic 
aragonite is not recorded in Milner's 
Sedimentary Petrography. Dispersion of 
the light along a certain direction in the 
crystals may be the cause of the apparent 
pleochroism, but it is difficult to explain 
the partly "stained" particles by this 
assumption. It is highly possible that a 
staining matter arranged its atoms or 
molecules in definite directions in the 
crystals and thus formed a part of its 
crystal lattice. 

Iron Minerals—Under this heading, 
ilmenite, magnetite, hematite and limo-
nite are grouped together. They are not 
counted separately because it is not easy 
to distinguish between ilmenite and mag-
netite, and again limonite or hematite 
may be present as thin films enveloping 
magnetite grains. The grains are rounded 
and always form an important part of the 
heavy fractions, ranging from 13 to 61 
per cent. It is interesting to note that the 
percentage of both authigenic pyrite and 
detrital iron minerals added together is 
highest in the Gulf of Suez. This is in 
harmony with the fact that the Gulf of 
Suez sediments are also the highest in the  

percentage of iron as proved chemically 
(16). 

B'iotite.—The frequency of biotite 
ranges between 2 and 58 per cent in the 
different samples as shown in table 2. It 
is found in two distinct fresh varieties: 
a) a dark-brown, b) a dirty-green variety, 
comparable to that usually found in con-
taminated rocks. Rutile and zircon are 
the usual inclusions. Few grains are 
either completely or partially altered to 
chlorite. The flakes are mostly irregular 
but perfectly oval grains of both varieties 
are present in the Gulf of Suez. Such per-
fectly oval grains were observed by the 
senior author from the Nile sediments 
and, as mentioned later, the authors state 
that the Nile sediments of the Delta may 
have contributed easily weathered ferro-
magnesian minerals, including the oval 
shaped biotite, to the Gulf of Suez in a 
similar fresh state. If this is true it shows 
that biotite and other ferromagnesian 
minerals can survive two cycles of sedi-
mentation and even survive them with-
out affecting their freshness. In fact, 
there is no reason why the remarkaby 
fresh ferromagnesian minerals of the Nile, 
which stood one cycle of sedimentation, 
could not be carried once more by wind 
and deposited in the Gulf of Suez in a 
similar state of freshness. 

Variation in the relative frequencies of 
biotite in the different sections and in 
samples of the same section seems to de-
pend on changes in wind velocity during 
transportation and on the degree of 
quietness of their marine environment. 
On the other hand local variation in the 
distributive rocks undoubtedly played a 
part in this respect (3, chapter VII). The 
samples west of Shad wan Island, for in-
stance, which is formed of mica schists 
and acid and intermediate rocks as ob-
served by the senior author during the 
present Expedition caused enrichment of 
biotite in these neighboring sediments 
(nos. 16 and 17), whereas the sediments 
collected from the Brothers' slopes, which 
are formed of basic rocks nearly devoid 
of mica (18) are relatively poor in biotite. 
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Amphiboles.—Uhder this heading four 
"species" are recorded and described 
namely: dirty-green hornblende, bluish-
green hornblende, brown hornblende and 
actinolite. The frequency of amphiboles 
varies from 5 to 48 per cent in the differ-
ent sediments; the dirty-green variety 
always exceeds the others; whereas the 
brown variety and actinolite are very 
rare and the latter is usually the least 
abundant.1  All the grains are remark-
ably fresh and are very rarely decom-
posed into chloritic material. It was 
noted that in the Gulf of Suez, for in-
stance, the completely altered crystals of 
amphibole, as well as pyroxene, became 
more abundant as the downward trend 
of the core increased (percentage of de-
composed amphibole varies from .2 to 1.8 
as shown in Table 3. This might be due 

TABLE 3. Showing percentage of decomposed 
amphiboles and pyroxenes. 

No of %of %of 
samples decomposed decomposed 

amphiboles pyroxenes 

1 Top .2 .4 
Bottom .9 1.4 

Top .6 1.4 
2 Middle .8 2.0 

Bottom 1.2 3.0 

Top .4 .6 
3 Middle 1.0 1.4 

Bottom 1.8 2.1 

to post-depositional processes (4, 8, 17 
and 21), which will yield simplification of 
the mineral detritus during geological 
time. If this is correct, because there is 
the possibility that these decomposed 
grains were transported as such and that 
their increase downward is accidental, 
the hydrogen sulphide generated dur-
ing diagenetical processes undoubtedly 
helped in the alteration of the mineral 
particles, because the slightly alkaline 
seawater is a stabilizing medium rather 
than a destructive one (18). 

The same relative abundance is recorded 
from the Nile sediments at Cairo. 

The hornblende crystals are compact 
and angular and show some tendency for 
prismatic habit. The grains show marked 
pleochroism from yellowish-green to 
dirty-green, from green to bluish-green 
(with —2V=82' and Z c =300)i,  and 
from pale-brown to dark-brown in the 
three varieties of hornblende. Black iron 
minerals are present as inclusions. Ac-
tinolite is fibrous, very pale green in 
color and unpleochroic. The amphiboles 
summed together are always more abun-
dant than the pyroxenes, except in the 
sediments from the slopes of the Brothers' 
Islets in the south (nos. 55 and 56) and 
from the Gulf of Suez. These are two 
other examples of the effect of local vari-
ations on the mineralogy of the sedi-
ments. The abundance of the pyroxenes 
on the slopes of the Brothers' is due to the 
fact that they are formed of basic rocks 
(18). It was difficult at first to account, 
however, for the relative abundance of 
pyroxenes in the Gulf of Suez, especially 
as the Gulf is bounded in its immediate 
vicinity by sediments on its eastern side 
and mainly by both sediments and acid 
and intermediate types on its western 
side, but this may be explained by the 
suggestion that the important north-
westerly winds passing over the Delta of 
the Nile carried its fine detritals during 
the frequent sand storms and subse-
quently deposited them in the Gulf of 
Suez. The Nile sediments contain more 
abundant pyroxenes than amphiboles as 
shown in a recent work by the senior 
author. 

Pyroxenes.—Both monoclinic and 
rhombic pyroxenes are recorded. Their 
total relative frequencies vary from 2 to 
30 per cent. The monoclinic pyroxenes 
comprise five varieties: grayish-brown 
augite, yellowish augite, Ic  colorless augite, 
diopside and diallage. They are all un-
pleochroic and the grayish-brown variety 

i Data determined by the use of a Fedorov 
stage. They compare fairly well with those of 
a bluish-green hornblende from the Nile 
sediments, as determined by the senior 
author. 

k With +2V = 560, the cleavage is not clear. 
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is always dominating. The colorless aug-
ite and diopside are very rare and are 
completely absent in some sections. The 
diallage is also very rare and is schiller-
ized and the inclusions are mostly reddish 
iron oxides. The grains are angular to 
sub-angular and are very fresh with but 
few grains partially altered into a yellow-
ish serpentinous material. The colorless 
and diopsidic varieties were not seen in a 
decomposed state. 

The rhombic pyroxenes are very rare 
and are represented by both hypersthene 
and enstatite. The hypersthene shows 
marked pleochroism from green to pink 
and is rarely altered along cleavage 
planes into a brownish serpentine. Black 
iron ores are common inclusions. The 
colorless rhombic pyroxenes were identi-
fied as enstatite. 

Epidoles.—Pistachite, zoisite, cli no-
zoisite, thulite and a much turbid 
rounded variety were recorded. The total 
frequency of the epidotes varies from 1 to 
10 per cent. Pistachite, which occurs in 
angular or sub-angular broken crystals is 
the most abundant except in the sedi-
ments of the Gulf of Suez and few sam-
ples from near Tiran Island where the 
turbid and rounded grains are more 
abundant than pistachite. It is believed 
that the turbid and rounded variety is 
derived from pre-existing sediments. 
The abundance of sediments on the 
western side of the Gulf may thus ex-
plain the dominance of the rounded tur-
bid variety over the fresh pistachite. 
Zoisite and clinozoisite, occurring also in 
angular crystals are very rare. Thulite, 
showing pleochroism from rose to color-
less, was recorded only from the sedi-
ments located on the slopes of the 
Brothers' Islets. It is interesting to note 
that thulite was identified from the basic 
rocks of the Brothers' (sample no. 3472 
housed in the Geological Department of 
Fouad I University). 

ChlorUe.—Chlorite varies from less 
than I to 9 per cent. Besides its occur-
rence as alteration product after biotite, 
other grains seem to be primary. These 
are pale-green, non-pleochroic and occur  

in rounded or oval grains and may be de-
rived from pre-existing sediments, but ir-
regular flakes are present, some of which 
show undulose extinction and suggest 
derivation from crystalline rocks. The 
rounded grains are dominant in the Gulf 
of Suez. 

Tourmaline.—The percentage of this 
mineral varies from less than I to 4 per 
cent. It occurs in four varieties differing 
in color, namely brown, bluish, violet 
and green varieties, exhibiting marked 
pleochroism. The brown variety is the 
commonest. Most of the particles are 
prismatic with rounded or angular edges 
but well rounded grains are occasionally 
observed. The presence of these two 
varieties, namely the prismatic and 
rounded, suggest derivation from crystal-
line and sedimentary formations respec-
tively. Inclusions, including zircon crys-
tals, rutile needles and opaque particles 
are more abundant in the brown variety 
than in the others. A rare light indigo-
blue variety (indicolite) in very clear 
grains is also present. It is interesting to 
note that exactly similar grains were ob-
served in the Nubian Sandstone of the 
Eastern Desert of Egypt (19). 

Sphene.—Sphene varies from less than 
1 to 6 per cent. It is faint brownish in 
color. The grains possess pitted surfaces 
and are sub-angular or angular but rare, 
nearly complete spindle-shaped crystals 
are present. Some grains contain iron 
minerals as inclusions. Sphene is more 
abundant in the Gulf of Aqaba than in 
the Gulf of Suez or Red Sea sediments. 

Apatite.—Two varieties of apatite were 
recorded, namely, 1) a clear angular to 
sub-angular prismatic variety, which is 
devoid of inclusions and 2) rounded or 
oval grains, which are crowded with in-
clusions composed mainly of opaque ma-
terial. The relative frequencies of the two 
varieties vary in the different samples. 

Zircon.—The frequency of zircon varies 
from less than 1 to 9 per cent. Colorless, 
purple and yellow varieties are distin-
guished. It ranges from water-clear crys-
tals devoid of any inclusions except for 
some fluid cavities to grains possessing 
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numerous inclusions (comprising apatite 
crystals and smaller zircon grains). Worn, 
rounded and oval grains (usually of the 
purple and yellow varieties) as well as 
idiomorphic crystals (usually the color-
less) are present. The presence of these 
two varieties suggests that they are de-
rived from two different sources, the 
rounded from sediments and the idio-
morphic from crystalline rocks. The 
rounded grains are more abundant than 
the idiomorphic crystals in the Gulf of 
Suez, whereas the reverse is the case in 
the Gulf of Aqaba or the Red Sea sedi-
ments. This may be due to local variation 
related to the dominance of sediments on 
the sides of the Gulf of Suez. 

Rutile.—This mineral is recorded from 
most of the sediments and its frequency 
reaches up to 5 per cent. It occurs in 
ovoid, deep reddish-brown or yellowish 
grains, showing marked pleochroism. 
Less frequently angular to sub-angular 
prismatic crystals, often striated parallel 
to the vertical axis are present. Some of 
the angular crystals show polysynthetic 
or heart-shaped twinning. 

Garnet.—The freqency of garnet varies 
from less than 1 to 2 per cent. Three 
varieties were recognized, colorless, pink, 
and yellowish-brown. The colorless usu-
ally dominates. The grains are rounded 
and inclusions are rare. A few etched 
grains, having a scaly patterned surface 
and similar to those figured by Wilgus 
(23, p. 86) were seen. Exactly similar 
grains were recorded from the Nubian 
Sandstone of the mainland to the west 
(19). Broken dodecahedrons are also 
present. At least two sources of the garnet 
are suggested: the Nubian Sandstone on 
the one hand and crystalline rocks on the 
other. 

Stauroliie.—Staurolite when present 
always forms less than 1 per cent except 
in some samples of the Gulf of Suez where 
it forms up to 1 per cent of the heavy 
minerals. It is angular and exhibits 
strong pleochroism (X =nearly colorless, 
Y =pale yellow and Z =golden yellow). 
Inclusions, commonly carbonaceous mat-
ter, are rarely present and a few grains  

show a pitted scaly patterned surfac& 
which is more pronounced than that 
shown by the pitted garnets mentioned 
above. Staurolite seems to have been de-
rived from the Nubian Sandstone where 
it forms about 20 per cent of the 
heavy non-opaque minerals of the sand-
stones (19). Staurolite is, however, re-
corded from a few localities in the Eastern 
Desert but is very rare in the Pre-
Cambrian of Egypt (1). 

Kyanie.—Kyanite is, on the whole, 
slightly less frequent than staurolite. It 
occurs in colorless stout prismatic grains 
with rounded edges and shows the two 
rectangular cleavages. Inclusions are ab-
sent. Kvanite like staurolite is recorded 
from a few localities in the Eastern Desert 
of Egypt. 

Fluorite.—This mineral was recorded 
from only three samples (from the en-
trance to the Gulf of Aqaba, Safaga-
Mowila and Qoseir-Brothers' sections) 
It is always less than 1 per cent and oc-
curs in very rare sub-angular colorless 
grains. Fluorite is recorded from the Pre-
Cambrian of Sinai and the Eastern 
Desert, 

Andalusite.—Anclalusite is recorded 
from three samples located in the Gulf of 
Aqaba and at its entrance. It is very rare 
and occurs in clear prismatic grains with 
their edges rounded. I'leochroism from 
pink to colorless is displayed by all the 
grains. It is interesting to note that Flume 
recorded contact-altered pelitic rocks 
bearing andalusite, showing the charac-
teristic pink pleochroism, from the south-
eastern part of Sinai (12, p.  607), other-
wise andalusite is not recorded from 
Egypt. This is another example showing 
the effect of source-rocks on the mineral-
ogy of the neighboring sediments. 

G1aucowie.—Glauconi te is represented 
in two samples only by two grains, one 
from the Gulf of Suez section and the 
other from Safaga-Mowila section. The 
two grains are unpleochroic green in color 
and rounded, showing aggregate polariza- 

Similar staurolite grains are recorded 
from the Nubian Sandstone (6 and 20). 
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tion colors. The grains are most probably 
detrital in origin. Glauconite was not seen 
either filling the hollow spaces of organ-
isms or forming after biotite. 

Spnel.—This mineral is recorded from 
two samples in the two southernmost 
sections. It is represented in the two 
samples by a bluish-green isotropic angu-
lar variety, represented by a very few 
grains. 

Olivine.—Olivine was also recorded 
from the same two sections, from the 
slopes of the Brothers' Islets and from 
station no. 64, north-west of Sheihara 
Island, but in greater abundance than 
spine] as it forms 1 or 2 per cent of the 
heavy minerals. The mineral is present in 
angular colorless fresh grains on the 
Brothers' slopes and exhibits a yellowish 
tinge in the other occurrence. The optic 
axial angle of the colorless olivine from 
the Brothers' slopes equals 85° and it is 
interesting to note that remarkably fresh 
olivine crystals (with —2V=840 -780) 
were described from the shore-debris and 
from a compact conglomerate on the 
Brothers' Islets (18). The presence of 
olivine in the bottom sediments as well 
is another example of the effect of local 
variations on the mineralogy of the Red 
Sea deposits. 

Anaase.—This mineral occurs in three 
samples, two from the Gulf of Aqaba 
and one from the slopes of the Brothers' 
Islets and is represented by a very few 
grains. It occurs in angular dark bluish-
gray, nearly opaque grains. 

Rock-fragmenls.—Besides the separate 
mineral grains recorded in the previous 
pages a few rock-fragments are occasion-
ally present in the heavy crops. A horn-
blende schist is recorded from the Gulf of 
Aqaba, whereas a fragment of a dolerite 
is recorded from the slopes of the 
Brothers' sediments. Dolerite is recorded 
from the Islets by the senior author (18). 

SUMMARY AND CONCLUSIONS 

The present paper deals with the 
mineralogy of the bottom deposits col-
lected during the "Mabahith" Expediton 
to the northern part of the Red Sea in 

1934-1935. The sediments were frac-
tionated and the fraction lying between 
.135 and .085 mm. was separated by 
bromoform into light and heavy fractions 
and was examined microscopically. Car-
bonate particles of organic source form 
the greater part of the sediments and the 
following minerals are recorded: pyrite, 
calcite, quartz, moscovite, orthoclase, 
microcline, members of the plagioclase se-
ries, pleochroic aragonite,-  ilmenite, mag-
netite, hematite, limonite, hiotite, horn-
blende (three varieties), acti nolite, augite 
(three varieties), diopside, diallage, hy-
persthene, enstati te, pistachi te, zoisite, 
clinozoisite, thulite, chlorite, tourmaline, 
sphene, apatite, zircon, rutile, garnet, 
staurolite, kyanite, fluorite, andalusite, 
glauconite, spinel, olivine and anatase, 
amounting to about 38 species. 

The characteristics of the minerals 
present in the middle and south eastern 
parts of the Red Sea are beautifully sum-
marized by Sujkowski and his description 
agrees in its essential parts with the min-
erals found farther to the north. The rela-
tive frequencies of the minerals recorded 
show that the common heavy minerals of 
sediments (especially of the older forma-
tions), such as tourmaline, rutile, zircon, 
etc. are rare or even absent in some parts 
of the Sea, whereas the easily weathered, 
colored minerals, and the common rock-
forming minerals of crystalline rocks are 
present in abundance in a fresh state. 

Sujkowski stated that such an assem-
blage of minerals characterizes sediments 
derived from desert regions by wind. This 
statement is, however, subject to discus-
sion and the authors believe that these 
characters are neither criteria for wind 
transportation nor of desert regions. The 
minerals of the bottom sediments of the 
Red Sea exhibit these characters mainly, 
or at least in part, because they were de-
rived in their greater part from crystalline 
rocks, which bound the Sea on both sides. 
In fact, the recent dunes of the great 

Pleochroic aragonite (X=niauve, Z = col-
orless) is not recorded in Milner's sedimentary 
petrography. 
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African iSahara, where conditions that 
favor mechanical disintegration rather 
than chemical decomposition of source-
rock prevail, but where sediments and 
not crystalline rocks dominate (14) con-
tain a totally different assemblage (rich 
in iron minerals, tourmaline, zircon, rutile, 
etc.) from that of the Red Sea sediments 
(2 and 23). On the other hand, the Nile 
sediments, worked out by the senior 
author and which are water-borne, gave 
an assemblage of minerals with the same 
characteristics as those of the Red Sea 
bottom deposits. Both formations, though 
of two different modes of origin, are re-
markable examples for the richness of 
recent sediments (derived from crystalline 
rocks) in vulnerable minerals. The sedi-
ments near Cairo, though carried for 
hundreds of kilometres, contain over 
thirty mineral species in a very fresh 
state, many of which stand at the top of 
a list of minerals arranged in an increas-
ing order of stability. 

The angularity of the grains and their 
small size, stated by Sujkowski to be 
characteristic for the mode of origin of the 
Red Sea sediments, seems to be invalid 
and further evidence is wanted on the 
subject before any conclusion is drawn. 
It was noted that the minerals recorded 
in the present work are coarser than the 
limits given by Sujkowski, who con-
sidered their fineness as characteristic for 
wind transportation. 

The mineral assemblage of a sediment 
depends on three main factors: 

Nature of distributive rocks. 
Type of weathering and mode of 
transportation. 

Post-depositional processes, leading 
to simplification of detrital grains 
and increase in authigenic min-
erals. 

Sujkowski took into account the second 
factor mentioned but not the first, which 
is of great importance in the case of the 
Red Sea sediments. The third is not work-
ing in recent sediments or is of negligible 
importance. The characteristics of sedi-
ments derived from deserts by wind are,  

accordingly, not those given by Sujkow-
ski. At the same time the statement of 
White (23) that wind-borne sands con-
tain less frequent heavy minerals than 
water-borne sands and that the heavy 
minerals are less frequent in larger deserts 
than in smaller desert areas is invalid as 
he did not take into account the factor of 
distributive rocks in this case also. 

The detrital minerals of the Red Sea 
sediments were transported to the sea 
mainly by wind, mostly from the rocks in 
its immediate vicinity, though rain-
torrents and waves undoubtedly con-
tributed smaller amounts of material. 
The mineral constituents of the sediments 
are uniform° in all parts of the Sea and 
they all show the same general char-
acters, whether collected from the south- 
ern, middle or northern portions of the 
Sea.p The usual heterogeneity of the 
mineralogy of marine sediments, produc-
ing well defined 'sedimentary" petro- 
graphic provinces (10) and which are in 
many cases due to transportation by 
rivers, is not known in the Red Sea 
bottom deposits. Again, no diminution of 
detrital minerals from shore-lines towards 
basins of deposition was detected and 
this may also be due to wind transporta-
tion. On the other hand, local conditions 
gave rise to variation in the frequencies 
or types of minerals present without af-
fecting the general characters of the 
mineralogy of the deposits. Variation in 
authigenic minerals is due to variation of 
the environmental conditions of deposi-
tion, on the other hand, variation in 
detrital minerals is mainly attributed to 
differences in the source-rocks, but varia- 

It is interesting to note that Wade (22) 
showed that the sands round Gebel Zeit, in 
the northern Eastern Desert of Egypt are 
mostly derived from rocks in its vicinity, the 
sand itself playing a part in the disintegration 
of the source-rocks. 

I  Sujkowski (21) states that it is not 
possible to differentiate between one sedi-
ment of deep water bottom and another by a 
study of their minerals. 

" It is interesting to note that the shallow 
and near-shore sediments gave the same gen-
eral characters as those of the deeper samples. 
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tion of wind velocity and direction, as 
well as of environments of deposition 
(such as strength and direction of cur-
rents, etc.), played a part. 

Authigenic pyrite is present in great 
abundance (average of 43 per cent of the 
heavy minerals) in the Gulf of Suez, 
which has a special environment as shown 
in the preceding article and is much less 
frequent or even completely absent in 
the sediments of both the Gulf of Aqaba 
and the Red Sea proper. The suitable 
environment for the formation of authi-
genic pyrite in the Gulf of Suez is at-
tributed to its shallowness, richness in 
organic matter and its close proximity to 
the Egyptian oil-fields and sulphur de-
posits, located on its sides. It was noted 
that the percentage of both authigenic 
pyrite and detrital iron minerals added 
together is highest in the Gulf of Suez; 
this is in harmony with the fact that the 
Gulf of Suez sediments are also the high-
est in the percentage of iron as proved 
chemically (16). 

Examples of the effect of local varia-
tions on the detrital grains were discussed. 
The presence of 1) feldspathoids in the 
sediments described by Sujkowski from 
the middle and south-eastern parts of the  

Sea and their presence in the Yamano-
Abbyssinian Tertiary alkaline volcanic 
provinces as well, and their absence in the 
bottom sediments and extreme rarity in 
the source rocks from the north, 2) the 
presence of olivine, thuhite," and dolerite 
in both the Brothers' Islets and the bot-
tom sediments collected from their 
submarine ridge, 3) the presence of anda-
lusite in the Gulf of Aqaba sediments and 
in those from its entrance on the one hand 
and its record in a similar variety from 
the south-eastern part of the Sinai Penin-
sula on the other and 4) the dominance of 
rounded quartz, zircon and turbid epidote 
grains over angular or idiomorphic crys-
tals of the same species in the Gulf of 
Suez (contrary to the Gulf of Aqaba and 
Red Sea sediments) and the abundance of 
sedimentary formations on its sides, are 
some examples of the effect of local 
variations. 

The junior author wishes to convey his 
thanks to Prof. 0. Zdansky for laboratory 
facilities provided at the Geology Dept., 
Fouad I University. 

" This mineral and others, though of ex-
treme rarity, are of great provenance sig-
nificance (7). 
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2.147 2.49 K2 0 2.27 6.59 2.23 4.14-1 2.25 +.89 3.57 3.614- Nag  0 2.914. 0.82 0.37 0.59 1.92 2.06 1.99 1.62 0.39 0.20 0.11+ 0.17 0.05 0.18 0.12 0.19 I0+ 3.48 1+.55 3.31+ 3.95 2.97 3.22 3.09 3.51 CO2  Nil Nil Nil Nil Nil Nil Nil Nil PsOs  0.17 0.18 0.10 0.11+ 0.28 0.16 0.22 0.18 

R10 
L120 

0.011 
0.022 

0.05 0.011 0.031 0.016 0.033 0.025 0.022 

BaO 
0.07  0.012 0.041 0.026 0.021+ 0.025 0.031 

Sr0 
0.1 
0.007 

0.33 
0.006 

101.1 
0.002 

0.22 
0.001+ 

0.11 
0.009 

0.22 
0.011+ 

0.17 
0.012 

0.17 
0.008 Cr2 03  0.009 0.O2 0.007 0.015 0.018 0.016 0.017 0.011+ coo 0.001+ 0.006 0.003 0.0045 0.005 0.005 0.005 0.005 Ni0 0.007 0.06 0.005 0.005 0.015 0,009 0.012 0.008 ZrO 0.11 0.12 0.01 0.07 0.01+ 0.01+ 0.01+ 0.06 La2 03  * * * * 0.001+ 0.001+ 0.001+ 0.001 Y2 0 0.006 0.04 0.0014. 0.008 0.01 0.009 0.006 Cu0 

1J2 0, 
0.0007 
0.016 

0.002 
0.016 

0.001 
0.012 

0.0015 
0.01+ 

0.002 
o.016 

0.001 0.0015 0.001 

G% 08  0.005 0.007 0.003 0.005 0.01 
0.017 
0.008 

0.016 
0.009 

0.015 
0.006 

T12 0 * * * * * * * * 
* * * * * * * * 

?b0 0.001 0.001+ 0.001 0.0025 0.002 0.002 0.002 0.002 Sc2 03  * * * * * 0.002 0.001 * 1,4006 0.0002 0.0002 0.0005' 0.0001+ 0.0003 0.0003 0.0003 0.0003 
GoO2 * * * * * * * * 

BoO 0.001 * * * 0.001 0.001 0.001 o.0006 0.0003 0.0002 0.0001? 0.0002 0.0001 0.0002 0.0002 0.0002 Ina  (6 *  * * * * * * 

A quartz..oh1orjte-sj (Skatie shore) 

B = quartz-biotjte schist (south side of Perthumie Bay) 
C (north of Red Man, Perthuinie Bay) 
D = quartz-staurol1te_s (Perth'umie Bay) 

E quartzsil1irnnjt_bjotjte..gnej58 (Earnshough Bay) 

A, BC and DE = low, mediu*i and high grades of metamorphism respectively 

Chemical analyst: W.H. Herdsman 

Spectrographic analyst: R.A. Higazy 

* 
Element if present is in amount below its limit of sensitivity. The limits of sensi-tivity in ppm. are as follows: 

Rb1; Lii; Ba5; 3r5; Cr 1; Co 2; Ni 2; Zr 10; La 30; Y 30; Cu 3; V 5; Gal1 fl30; Sn5'; Pb 10; Se 10; Mol; Ge 10; Be 5, Ag 1; In 10. 



LE lb 

Trace-element Contents in ppm. of the chief rocks of the Loch Doon Complex. 

B 

1+85 

100 

80 

750 

200 

250 

35 

115 

500 

30 

65 

280 

05' 

30 

* 

20 

35 
* 

1 

* 

* 

<1 

* 

Sensi- A 
Element tivity 

211+ 

Rb 1 65 
Li 1 80 

Ba 5 600 

Sr 5 950 
Cr 1 250 

Co 2 60 

Ni 2 100 

Zr 10 290 

La 30 30 

1 30 70 

Cu 3 3 
V 5 170 

Ga 1 25 

TI 30 * 

an 5 1+0 

Pb 10 10 

Sc 10 10 

Mo 1 <3. 

Ge 10 * 

Be 5 * 

Ag 1 2 

In 10 * 

C D E F G 

1+11+ 206 13 333 685/5 

50 100 150 130 110 

70 100 80 90 15 
800 1000 1000 1200 1900 

1000 2200 1900 2000 1100 

+50 280 320 260 290 

65 15 35 1+0 

120 120 200 110 120 

350 1+50 1200 350 700 

<30? <30 30 30 <30 
1+0 70 80 50 75 
12 250 320 24.0 150 

180 200 180 120 150 

35 35 35 30 1+0 
* * * * * 

<5 15 25 10 8? 

<10 25 25 32 30 

10 <10 <10 <10 * 

<1? <1 <1 1 * 

* * * * * 

* * * * * 

2 <1 3 2 1 
* * * * * 

H I J K L 

506 507 1+01+ 1+01 666 

90 120 110 120 380 

85 100 90 80 350 
1)0 2000 2000 1600 1800 

850 900 1200 2200 900 
21+0 70 1+00 300 70 

30 1+0 1+0 45 5 
90 60 150 110 35 

600 1000 1100 800 1+00 

lfo 50 30 1+0 60 

65 ioo 60 60 60 

110 300 5 8 3 
110 1-20 130 11+0 100 

30 35 35 1+0  45 
* * * * * 

5 30? <5 <5 <5 
12 35 10 10 20 
* <10 <107 <10? <10 

<1 <1 <.1 <1 3. 
* * * * * 

* * * * 

<1 2 1+ 6 8 
* * * * * 

Analysts R.A. Higazy 

* = Element if present is in amounts below its limit of sensitivity.  

A L as given in Table lo... 



Chemical. composition of katungite, mafurite, ugandite and ouachitlte 

Katungjte 

Katwe4(ikorongo Bu.nyaruguru Katunga Average 
Mafurite Ugandite Ouachitjte 

A B C D E F G 
Katun-
gite H I 3 

3102  35.51 37.93 33.89 31+,23 33.22 35.52 35.37 35.09 39.06 38.91+ A32  08  6.83 6.59 8.27 8.02 9.71 8.0+ 6.5o 7.70 8.18 5.38 6.92 F% On  9.68 6.81 7.03 6.62 6.68 5.88 7.23 7.13 7.13 4.61 5.27 FeO 2.70 4.37 5.21 5,31+ 5.30 5.50 5.00 5.06 1+.98 6.1+7 5,09 14n0 0.22 0.18 0.26 022 0.52 0.15 0.2+ 0.26 0.26 0.23 0.23 Mg0 11.67 11+.5+ 10.93 9.92 12.12 13,51* 11+.08 12.1*0 17.66 21+.84 11.58 Ca0 16.00 15.23 16.98 16,51+ 15.61+ 16,79 i6.6 lo.'-o 8.06 15,95 N0 1.56 0.88 1.1+2 1,20 1.51 1.1+2 1.32 1.33 0.18 0.68 1.01 K20 3.30 2.65 3.65 3.39 3.51+ 1+.26 1+.09 3.56 6.98 3.+6 3.96 
3.11 3.38 2.08 2.80 3.28 2.3+ 2.78 2.82 1.1+2 1.11 2.26 
1.31 1.1+2 1.19 1.72 0.80 1.68 1.15 1.32 0,50 0.57 1.20 
1.1+7 0.50 3.27 1+.02 0.1+2 0.96 0.09 1.53 tr. 0.36 2.12 T102 1+,88 1+.12 1+.1+3 4.56 6.08 6.01* 3.87 1+.86 1+.36 3.52 3.88 

P2  05 1.18 1.03 0.97 0.96 1.12 0.82 0.71+ 0,97 0.61 0.29 0.91 Cl. tr. 0.01 - - 
- 0.02 - 

- 0.01 - F 0.27 0.16 0.18 0.11* 0.08 - 0.16 0.13 0.10 0.13 S - 
- 0.11+ 0.12 - - 0.35 

- 0.13 0.01+ 0,11+ 00  r t'P 

Cr. G3 0.02 0.05 - - - 
- 0.01 - 0.08 0.11 - 

V203  0.01+ 0,02 - - 
- 0.03 - 

- 0.03 - 

NW 0.02 0.03 - - - 
- 0.19 - tr. 0.23 0.09 BaO 0,27 0.30 0.21 0.0 0.17 0.15 0.25 - 0.32 0.27 0.18 Sr0 0.21+ 0.25 0.29 0,23 0.05 0.+ 0.01+ 0.18 0.02 0.19 Li2 O tr, - - - 
- none - 

Cu0 - - 
- 

- 0 • 06 - - 

Total 100.1+1 100.51 100.1+0 100.3 100.21+ 99.96 100.36 100.09 100.01+ 100.18 100.05 
Less 0 0.11 0.07 011 0.11 0.03 - 0.21+ 0.10 0.05 0.09 

100.30 ioo.4 100.29 100.12 100.21 99.96 100.12 99,94  100.13 99.96 

A = E:atungite. Lapflhl from tuff, G 21, Katwe crater (Holmes, 1937, p. 20. H.F. Harwood. 

B = Biotite-katungite (Alnöite). Ejected block, 0. 56, Katwe crater (Holmes, 1937, p. 207). Ana1vIj H.F. Harwood, 

C Proto-katungite. Ejected block C 6065, from the rim of one of the oldest craters, Lugasi, Bunyaruguru (Holmes, 1950, p.781+). analyst: W.H. Herdsman. 

D Katunglte. Lapilli separated fm the first volcanic horizon of the Upper Kaiso Series, C 591+51  near M.P. 75 on the Fort Portal Road, N.H. edge of the Bunyaruguru field (Combe and Holmes, 191+5, p. 367). A1yst: W.H.  Herdsman, _______ 

E Katungite. Ejected block, C 3595  from Chamakumba crater, Bunyaruguru (Holmes, 191+2 4 , p. 212). nalvst: W.H. Herdsman, 

F = Ka1siljte-katujte. Lapilli separated from tuff, C 1+012 2  N.W. rim of Changab? crater, Bunyaruguru (Combe and Holmes, 191+5, P. 37). ina1vst: W.H. Herdsman. 

G = Katungite, western flow, C 1+1+07, Katunga (Holmes, 1937, p. 205). Analyst: A.W. Groves. 

Mafurite, Ijected block from the tuffs above the lava sheet of Mafuru, C 6073 (Holmes, 1942, p. 212). ]t: W.H. Herdsman, 

I = Olivine-rich ugandite, C 3052. liOld rest camp of ichwaua, adjoining Kachuba crater, Bunyaruguru (Holmes and Harwood, 1932, P. 1+15). nst: H.F. Harwood. 
3 = 011vine-ouachitlte, C 581+1*. Ejeted block 20 ft. below N.E. rim of Katwe crater, Katweicnorongo (Holmes, 190, P. 780). 

a13: Herdsman ;.H.  



Trace-element contents of ka tungite s, maCun te, ugandi. te and ouachi ti te 

Katunga Average 
K trn- 

F G gite 

380 200 220 

6 8 8 

+500 2900 3370 

9500 4500 6685 

1200 900 720 

70 65 73 

180 270 185 

800 1200 1000 

70 )+o 50 

<30 <30 <30 

50 70 85 

210 250 275 

20 25 25 
* * * 

35 * * 

<10 <10 <10 
* * * 

* * * 

* * 

* * 

2 * 1 
* * * 

Element 
Katwe-Kikorongo 

A B 

Rb 200 150 

Li 10 12 

Ba 2800 2600 

Sr 7500 3800 

Cr 700 800 

Co 85 70 

Ni 230 10 

Zr 800 1100 

La 30 <30 

Y <30 <30 

Cu 80 6o 

V 320 350 

Ga 25 30 

TI * 

Sn * * 

Pb <10 <10 

Sc <10 * 

No * * 

Ge * * 

* * Be

kg * 

In * * 

Katungi tes 
Bunyaruguru 

C D E 

240 220 150 

8 7 6 

7000 2000 1800 

> 1 7500 4000 

290 650 500 

60 80 80 

100 200 160 

1100 850 1200 

100 50 30 

<30 <30 <30 

200 70 60 

170 260 350 

25 25 30 
* 

<5? * * 

<10 <10 410 
* <10 <10? 
* * * 

* * * 

* * 

* * * 

* * 

I 
* 

Mafu.rite Ugandite 0uachitite 

H I 3 

450 50 100 

5 7 13 

7500 2000 1700 

7000 1800 2500 

1300 1200 550 

70 110 6o 

300 900 250 

900 300 1200 

80 35 <30 

<30 4--30 <30  

25 60 65 

220 110 320 

15 5 25 
* * 

* * * 

<10 <10 l0 
* * * 

* * * 

* * <10? 
* * * 

* 

lvst: R.A. Higazy 

* = Element below its 11 t of sensitivity given in Table lb 

A -J as in Table 2a 



TABLE 

A B C D B F G H I J Sensitivity 
Si 211+,000 196,000 2209000 209,000 2101000 21+,000 225,000 196,000 221,000 287,000 
Al 79,400 58,700 8'+1500 82,+00 69,4OO 77000 799300 639300 80,600 732500 
Fe3  23,600 12,800 11,000 22,800 38,800 17000 1+2300 12,200 19,800 19,900 
Fe  68,000 70,000 56,000 622300 6o,000 901000 +22700 57,800 53,600 30,200 
Mg 41,700 902000 +39300 361200 29,900 292900 36,200 17,600 35',400 17,200 
Ca 562500 41,1+00 47,700 +7000 66,4oO 29,000 77,100 101,000 77,200 13,600 
Na 212800 17000 32,000 34,500 21,200 19,700 197100 14,000 202200 33000 
K 8,300 52800 11,1+00 14,1+00 10,600 11,800 10$ 00 101900 81800 3+7000 
P 11222 830 960 11050 11090 2,050 71+0 960 1,050 870 
Mn 1,550  19550 771+ 1,160 17550 2,162 771+ 1,160 11160 1+65 
Ti 13,300  9,700 137200 12,800 18,1+00 17,700 11,700 102 500 132000 51200 
S 960 2,770 29180 2,1+00 2,180 4,900 1,970 1,120 1,330 12170 

A B C D B F G H I J Sensitivity 
Rb 
Li 

5 
12 

3 
20 

18 
1+0 

25 
32 

10 
3 

15 
20 

20 
28 

18 
1+0 

9 100 1 
Ba 
Sr 

950 
900 

650 
300 

2,600 
950 

11250 
950 

1+50 
1,200 

1+00 
300 

500 
1,000 

550 
650 

9 
800 

50 
1,200 

1 
5 

Cr 750 950 180 1+0 * <1 1+00 1+00 
1,000 

550 
'+50 

* 5 
1 Co 

Ni 
90 

31+0 
85 

+30 
60 
70 

80 
90 

55 
50 

55 
'+5 

50 55 70 10 2 
Zr 
La 

290 220 21+0 21+0 160 180 
110 
280 

100 
220 

120 
290 

1+0 
1,100 

2 
10 

Y 
Cu 

50 
40 

25 
25 

50 
70 

70 
50 

60 
80 

60 
60 

50 
+0 

1+5' 60 
75 

200 
30 
30 

V 
Ga 

330 
30 

220 
6 

360 
40 

360 
1+0 

+50 220 390 
35' 

250 
35' 

31+0 
10 

8 
3 
5 

Ti * * * * 3 32 
* 35' 

* 
12 
* 

30 
* 

'+0 1 
Sn * * * k * * 

* 
* 

30 
Pb 
Sc 

< 10 
<10 

< 10 
10 

'10 
* 

<10 
* 

<10 
* 

<10 
* 

<LO 
* 

50 <10 10 
5' 

10 
MO * 

* 
3 
* 

* * 2 * 
20 
* 

<10 
* 

* 10 
Ge 
Be * * 

* 
* 

* 
* 

* 

* 
* 
* 

* 
* 

* 

* 
* * 

1 
10 

Ag 
In  .L 

1 
* 

10 
* 

1 
* 

1 
* 

2 
* 

1 
* 

1+ 
* 

10 
* 

1 2 
5 
1 * * * 10 

() Chemical analyses (TIIC. Day, analyst) in Campbell et al (1933 and 193+) include 

i4cality H2 0+ H2 0- CC6 Total 

A Olivine basalt Braefoot Bay, PiTh. 4.74 0.92 0.15 100.08 
B Pcroteschenjte ft U Il 

4'97 1+)+0 0.29 99.96 
C Medium-grained 

teschenite Quarry, near sirnniit of Braefoot promontory, Fife 4,67 0.69 0.12 99.76 
D Coarse-grained 

tesehenite 
Birk-hill Wood Hailway cutting, Fife +.27 o.60 1.19 99.76 

B Chlorophaeite- 
dolerite-pegmatito Braefoot Pier, Fife 1.70 2.07 3.02 10057 

F h1oritisod-do1erj te 
pegmatite 80 yards north-vest of Braefoot Pier, Fife 1+.61+. 0.82 2.27 99.96 

G Dolerite Braefoot Plantation)  Fife 2.56 0.57 2.80 100.07 
H Ocellar basalt Dalgoty Bay, Fire, 330 yards north of Braefoot Pier 3.30 0.99 A.11 100.1+6 
I Upper basalt ff U U 370 yards fl U 0 2.05 0.92 1.16 99.88 
J Microsyenite 330 yards north of Braefoot pie; Dalgety Bay, Fife 1.81+ 0.51 0.93 100.03 

Spectrographic analysts R.A. Higazy I  

*Element if present is in amount less than its limit of sensitivity 


