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INTRODUCTION

The foundations of our knowledge concerning the trace-
element contents of minerals and rocks and the prineciples 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 itrace-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 Holmes and Dr D.L. Reynolds, and
(b) the Macaulay Institute for Soil Researech at Aberdeen with
its fully equipped spectrochemical lszboratories, where the most
outstanding British 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 himgelf, 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 deseribed from a petrographic
standpoint.

In all, 22 trace elements have been determined spec-
trographically in number chemically analysed rocks. The

suites represented comprise:

(a) Met?mgrphic-metasomatic types from Co. Donegal, Ireland
7).

(b) Reg%o?al metamorphic rocks from the Scottish Highlands
5]

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

(@) Perthite pegmatites from the Black Hills, South
Dakota (£3)

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

(f) Voleanic ultrabasic potassic types from South-west

Uganda and the adjoining part of the Belgian
Congo (29)

(g) Carbonatites (4) and limestones (2) of different
occurrences.

. The /
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The determined trace elements are: Rb, Li, Ba, Sr,
Cry Co, Ni, Zr, La, Y, Cu, V, Ga, T1, Sn, Fb, Sey, Mo, Ce, 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 containg the following papers:

(I) Behaviour of the trace elements in a front of metasomatic-
metamorphism in the Dalradian of Co. Donegal; published in
Geochimica et Cosmochimica Acta, 1952, Vol, 2, Pp. 170-184,

The epidiorite and quartzite of the Walin Head dis-
trict (Ireland), are considered by Holmes and Reynolds (Comm.,
geol, Finlande Bull, 140, 1947, 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 erystal lattices. Rb, Ba and pro=-
bably Pb and Ag follow and substitute for X: Sr and Y for Ca
ang probab%y K; Li, Cr, Ni, Co, V, Cu, Se, Sn and Mo for Mg,
Fe® and Fe®; and Ga for Al.

(II) The distribution and significance of the trace elements
in the Braefool Outer sill, Fife: published in Trans. Edin.
Geol. Soc., 1962, Vol. 15, pp. 150-186.

The trace-element contente of the differentiated rocks
of the Braefoot Outer sill indicate that certain elements con-
centrate at particular stages of magmatic erystallisation. The
stages of crystallisation are classified into early (accumulative
intermediate and late on the basis of the ratio (FeO+Fec03)/
(MgO+FeO+Feo03), which inereases 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, Vy; Cu. and Sr are relatively enriched in rocks
of the iIntermediate stage, rich in pyroxenes, amphiboles and
cale-alkalie plagioclases. Li, Rb, Ba, Ga, La, Y and Be con-
centrate in rocks of the late stage of magmatic erystallisation,
rich in biotites 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 Ni> Co> Cr and Ba> Sr. The relative pro-
portions of (Cr+Wi+Li) : (Co+V) : (Rb+Ba) in the different
stages show a trend similar to that of MgO:FeO:(Nag0+Ks0).

There are certain ratios which attain their highest
values at garticular stages. The most important of these are
(lig+Fe2+Fe )/(Na§K+Ca) and (Cr+Co+Ni+V+Cu)/(Rb+Ba+Sr) in the
early stage; Fe</Mg and (V+Co)/(Cr+Ni) in the intermediate
stage and (FeO+Fep03)/ (ligO+FeO+Fes03), Li/Mg, Rb/Ba, Rb/K and
Ga/Al in the late stage.

(ITI) A geochemical study of the regional metamorphic zones

of the Scottish Highlands; presented at the Inter. Geol. Cong, ,
XIXme Sess., 1952, Algiers, Algeria.

The grades of regional metamorphism are conveniently
divided into low, medium and high, comprising rocks of the
chlorite zone (green schist facies), the biotite and garnet
zones (epidote-amphibolite facies) and the staurolite and silli-
manite zones (amphibolite facies) respectively. It is found
that the ratios (FeO+FegOg)/(lig0+FeO+FegOg) and Kp0/AlsO3 do_not
substantially differ in the three grades. Feo03/Mg0 and Fe3/Fe?
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) decregse in Al and K,
and a slight increase in the total of Mg, Fe? and Fe® in the low
grade; (b) decrease in Al, Ca and (Mg+Fe2+Fe3), and increase in
K in the medium grade; amd (c) very slight decrease in K, and
increase in Al, Ca and (Mg+FeZ+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

:géﬁh/show culmination of certain major elements. Ga culminates
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with Al; T4, Mn, Li, Cr, Ni, Co and V with Mg, Fe2 and Fe3;
Sry 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
Cry Ni and Co in the three grades is Cr>Ni>Co and that of Ba
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, Geology, 1949, Vol. 57, pp.
555-581,

Some pegmatitic perthites of the Glendale area of the
Black Hille of South Dakota were chemically amalysed 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 mieroscopic 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 shown to
be inconsistent with the actual composition of the perthites.
The schiste 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 assisted both in the trapping of
some elements and in the action of certain reaction processes
which gave rise to the formation of sghells 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 fommation of perthite was a
complex metasomatie process which took place in various stages.
The following stages are believed to have been passed during
the evolution of the perthites studied: (1) endogenetie develop:
ment of homogeneous potash-soda feldspathic material by meta-

morﬁhic 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 tlk homogeneous material to form the string and
film types; (2) 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.

(V) Observations on the distribution of trace elements in
the perthite pegmatites of the Black Hillg, South Dakota; to
be published in American Mineralogist, 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 abundent but 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, Scy, Mo, La and Y are very rare. Tl is
present in detectable amounte 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 Ba, while the greyish
types show the reverse relationship.

The distribution and relative proportiong of the dif-
ferent trace ek ments are discussed. They are consistent with

the metasomatic derivation of the perthites from the schists
of the country rocks in which the pegmatites occur.

(VI) 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 Ed i'nburgh .

The trace-element contents of the plutonic rocks of
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 megmatic 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 ioniec radii, and are known to be
replaced by them in favourable erystal lattices.

(VII) The trace elements of the voleanic ultrabasic potassie
rocks of South-Westerm Uganda and the adjoining part of the
Belgian Congo, and their bearing on petrogenesis; to be sub-
mitted for publication to the CGeological Society of America.

The trace-element contents of different volecaniec
ultrsbasic potassic rocks from South-western Uganda and the
adjoining part of the Belgian Congo are discussed. The trace-
elemen® constitution of the types studied, supports Holmes'
hypothesis of their derivation from reactions between magmatic
carbonatite and sialiec crustal material.

The following additional papers embodying the results
of original research are included in support of the Thesis:
(VIII) Significance of the orthoclase-albite-amorthite, and
the HaAlS5i04~KA15i04-5102 equilibrium diagrams in igneous

petrogeny; published in Emerican 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 salic normative proportions
which lie in the low temperature region of the NaAlSiO4~KAlSiO4-
5102 equilibrium 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 harmonise with these require-

ment?. It is sugrested, therefore, that some of these rocks
may



may have been enriched in potash or soda through metasomatic
processes, while others may have been derived from the erystal-
lisation of potash-rich "granitie' or sodaerich spilitic magmas
respectively, formed, possibly, by differential remelting of

the erust.

(IX) (Jointly with N.M, Shukri) Mechanical analysis of
some bottom deposits of the Northern Red Seaj; publisghed in
Jour, Sed, Pet,, 1944, Vol., 14, pp. 43-69. A el

The mechanical composition of some sixty bottom samples
from the Northern Part of the Red Sea, in particular from the
Gulf of Suez, the Culf of Agaba 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
envirommental conditione 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 Suex, of the deeper Gulf of
Aqgaba, and the very irregular Red Sea proper.

(X) (Jointly with NW.M, Shukri) The mineralogy of some bot-
tom deposits of the Northern Red Sea; published in Jour. Sed.

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 Agaba and
Red Sea proper) and thus contrasts with the variations commonly
found in other basins of deposition. Loeal variations are,
however, caused by contamination from local source-rocks or
variation in the environmental conditions of deposition,



o= N
Sl &' e
y —1I‘

2 AR Ly
&1 Ll
S

A I X
_',I j g ap .-__’J".l:l"'l’;., i
f',ég v.h'%i":}'ﬂ s

S .(:,r.-"\.#'

-fl;._ J':‘L“L'v| TEaE -"i":""'l.';- i’ B
'F‘:' X '?1'-  hs 'J\-—-IJ' :“:'-.-:_:' }

>

4 o _alt
:.,n‘,‘? -r\g.;’r‘;""
o e | 1




BEHAVIOUR OF THE TRACE ELEMENTS IN A FRONT
OF METASOMATIC-METAMORPHISM IN THE
DALRADIAN OF CO., DONEGAL.

(T6 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 metasomatiecally 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,
Se, Sn and Mo; Ga; Zr, Be, Tl, Ge and In. The trace elements
follow the major elements for which they can substitute in
favourable erystal lattices. The substitution is found to be
in accord with Goldschmidt's rules. Rb, Ba and probably Pb
and Ag follow and substitute for K; Sr and Y for Ca and pro- .
baBly 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.

INTRODUCTION /
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INTRODUCTION

In their study of the White Cow epidiorite sills of
the Malin Head district, Inishowen, Co. Donegal, Eire, in the
most northerly part of Ireland, Holmes and Reynolds (7) have
established the following sequence:-

lepidomelane~-skarn
epidiorite——abiotite—epidiorite——ebiotite-skafﬁ
chlorite~-skarn

They have also discovered and investigated the fol-
lowing transformation:- |

quartzite mica-schist.

The quartzite underlies the main White Cow and sepa-
rates the latter sill from an underlying thinner epidiorite sill.
For the general geology of the district and a geological map
gee Holmes and Reynolds (7) p. 28 & fig. 3, p. 29,

From field evidence and microscopic examination a
metasomatiec 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 be responsible for the metasomatic changes
that have taken place. Gaseous transfer is considered inade-

guate /
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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 trandbrma-
tions, since cracks, fissures and other passageways which could
agsist ecireulating solutions in penetrating rocks such as
quartzite are lacking.

The metasomatic changes mentioned above are considered
to be complementary to granite formation. The skarn-rocks and
the mica-schist are regarded as representatives of a basice
front, possibly to be correlated with the development of syn-
tectonic migmatites elsewhere.

The chemical changes involved in the transformation
processeg and responsible for the change from epidiorite to
gkarn-rocks have been, on the whole, increase of MgO, (total
FeO+Mg0), K50, Ho0, PoOg and VMmO and decrease of AlgOg, Cal
and Nas0.

The transformation of quartzite to mica-schist seems
to have resulted from similar changes to that found from
development of the skarn-rocks from epidiorite; thus there
seems to have been an increase of Alo03, total Fe0, MgO, KoO,
Ho0, TiOp, PoOg and MnO and decrease of Si0Op, Ca COg, Ca0 and
NacO.

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 spectrogrephic methods, the author has analysed
the following rocks of the Malin Head distriet for their trace
elementis:~

epidiorite (Wo. 94);

biotite-epidiorite (o, 350);

Riotite-skarn (No. 92):

epidomelane-skarn (o, 381) and chlorite-skarn
(No. 353):

quartzite (No., 394) and mica-schist (Wo. 395).
Petrographic descriptions and chemical analyses of these rocks
are given by Holmes and Reynolds and their exact location is

illusetrated (7, fig. 4, p. 30 & fig. 6, p. 34).

ANALYTTCAL METHODS

Portions of the powders used for the chemical analyses
were kindly provided by Professor A. Holmes and Dr D.L. Reynolds.
The spectrographic snalyses were made at the Macaulay Institute
for Soil Research at Aberdeen.,

The semi-quantitative analytical method adopted in
this study has already been deseribed in detail by Mitechell (9).

The determined elements, the respective wave lengths
of /
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of their diagnostiec 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 Teble 2. The rock
formula (based on a unit eell of 160 oxygen atoms) introduced
by Barth (2) for metasomatiec 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

elemente involved at each stage of the transformation processes.

ALTERATIONS OF THE EPIDIORITE

(a) Alteration of epidiorite 4 to biotite-epidiorite B.

The unmodified epidiorite of the sill (No. 94) is
formed of narrow alternating bands which differ in colour.
The /



The relatively dark bands are rich in hastingsite and contain
gome iron-ore, sphene, a little epidote and oceasional biotite.
The relatively light coloured bands are composed of feldspar,
small erystals of epidote and occasional garnet (7, p. 31).

The biotite-epidiorite (No. 350) is composed of hastingsite,
quartz, oligoclase with sbundant 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 dpidolite, replaces the original con-
stituents of the epidiorite.

The mineralogicel changes are, therefore, an increase
of biotite and quartz at the expense, prineipally, of amphibole
and sodiec plagioclase. The chemical changes involved in this
transformation correspond 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 8i 0.60 and losses are Al 2,40,
Na 1,48 and lesser amounts of Ca 0.74, Fe®* 0,43 and Fe3* 0,18.

The minor elements which were added to the epidiorite
are P and ¥Wn, while the trace elements gained are Cr, Ni, Co,
i, Cu,y Mo, Sn, Rb, Ba and Fb. 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, nemely La, Tl, Sc, Ge,
Be and In, which if present in the epidiorite and/or its meta-
somatie product the biotite-epidiorite, are in amounts below
the limits of sensitivity given in Table 1. Any change in
these elements is, therefore, undetectable.

Teble 4 shows for each of the major rock forming
elements, namely Si%, A13*, Fe2*, Fe3*, ugc*, ca*, Na* and K
wvhich of the minor and trace elements are believed to subsititute
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 eleetrostatic
charges and the radii of the elements concerned (4, & 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,
Cry Ni, Co and Cu follow Mg; Rb, Ba and Pb follow K; and Sr
follows Ca.

Ferrous and ferrie iron were both subtracted from the
epidiorite. Neither Co nor Cr was subtracted though they have
interchangeasble ionic radii with Fe®* and FeS3* 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 Fe-' and Fe>* followed Mg. V on the other
hand, was subtracted, as was ferric iron. V3* hae an ioniec
radius 0,65 & very nearly the same as that of Fe3* 0.67 A°.
Ti, having an ionic radius of 0.64 K, was also subtracted,
thus behaving like Fe°*.

The gain in Mg is 1.06, while the total lose of both
Fe2* and Fe3+ is only 0.61. The trace elements which can sub-

stitute for Mg, Fe* 2

y end Fe™ , as shown in Table 4, are Li, Cr,
Co, Ni, Cu, Sn, Yo 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-
ments.,

Rb and Ba 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 aecommodate, left Sr to follow Ca.

Just as the added amount of K exceeds that of the subtracted Ca,
so the added Rb and Ba (0.0l1) is also higher than the subtracted
Sry, Y and Ag (0.007). Y is known to substitute for Ca while
Ag can replace both K and Ca.

Ga, following Al, was subtracted. It is not clear
at this stage which trace element(s) follow Wa. It ecan be said
that /
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that the loss in Na accounts for the relative impoverighment 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
Coy, Cu, Ni, 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 wvalues (13)
and therefore, can preferentially substitute in minerals formed
at higher temperatures than those appropriate to the erystalliza-
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 & gives the ratio of each of the trace elements
to its interchangeable major element. The ratio Ga/Al, Ni/ug
and Co/FeZ* are approximately the same in the epidiorite (amphi-

bole-rich roek) and the biotite-epidiorite (biotite-rich rock).
Ga /
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Ga, Ni and Co seem to enter into the amphibole and the biotite °
lattices with about equal ease. On the other hand, the biotite-
rich rock B, has higher Li/lig, 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 Noeckolds and Mitehell,
10, pp. §51-552) regarding the hornmblendes and biotites occur-
ring in certain Caledonian plutoniec 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 bio-
tite. Suppoeing for the sake of argument that Nockolds is

right in ascribing a megmatic 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 magmatiec 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 erystallization in magmatic

rocks /
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rocks can rarely be Jjudged with adequate certainty. .

Buerger and Washkin (3) show that during metamorphism:
a mineral will recrystallize only when it is heated above a cer-
tain eritical temperature which varies with tﬁe mineral and is
characteristic of it., FEach of the well known facies of the
metamorphic rocks forms under specific conditions of temperature
and pressure. lletasomatic 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 Goldschmidt'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 Coldschmidt's concepts of substitution of the trace elements
hold true in every case. The pegmatite garnets are manganese

o]
rich, where Y (ionic radius 0.83 A ) proxies for ¥Mn (0.91 £ ).
The /
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The garnets of the schist are rich in magnesium and iron where
Sc (0.83 b ) proxies for either Mg (0.78 & ) or Fb3+(0.83 A® Yo
The garnets of the tactites are calcium rich where Sr (1.27 & )
proxies for Ca (1.06 & ). 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-skarn C.

Gradation between biotite~epidiorite and skarn is found
in places (7, Pe 37)e 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 4.14, C 2,62, Fe'0,48, Fe>'0.34, and lost the followings
Si 2.95, Na 3,58, Ca 1.56 and Mg 0,86, The trace elements which
were added are 1Li, V and Sc; Rb, Ba, Sr, Y and AE The sub~
tracted minor and trace elements are respectively, Ti and Mn, and
Cry Co, Wi, Cu, Sn, Moj and Pb, ‘

It is noticeable that V and Sc followed iron. It is
quite likely that V replaced Fe°', 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 hastingsite
by biotite to form the biotite-epidiorite, The same happened
when more biotite replaced hastingsite to give rise to the
biotite~skarn /
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bidtite~-skarn from the biotite-epidiorite. This shows the great
tendency of lithium to enter the biotite lattice. Rb, Ra, 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
FeZ* and Fe3* (0,76) is less than the loss in Mg (0.86). Cor-
respondingly, the total gain in Li, V and Se (0.05) is also less
than the total loss in Ti, Mn, Cr, Co, Ni, Cu, Sn and Mo (0.26).

Na wae 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/Fe*, 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/X in-
creases markedly, Ba/K decreases slightly and (Rb+Ra)/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.

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

The biotite-skarn passes locally into lepidomelane-
skarn. In other places, it was metasomatically transformed
into ehlorite-skarn,

The mica of the lepidomelane-skgrn ig different from
that of the biotite-skarn. The lepidomelane has X = light
golden yéllow Y = deep gold Z = reddish gold; 2V = 209;

7/; 1.681: and marked dispersion; whereas the biotite of the
biotite-skarn has X = straw yellow Y = Z = old gold to greenish
brown; oV emell; and7 renging from 1.643 to 1.645 (7, p. 41
and p. 36). In association with the 'golden' mica, the lepi-
domelane-skarn has a relatively emall amount of biotite which
is greenish brown, or distinetly green in eolour, and displays
optical properties resembling those of the biotite of the w o}
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 ie, the epidiorite. - Sphene occurs in minute granules as
a minor accessory.

The dominant mineralogical change is evidently the
transformation of biotite to lepidomelane.

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, FeS* 3,43, Mg 2.26 and Na 0,76
and subtraction of

Fe®* 3,86, C 2,62, Ca 1,80, K 1,44 and Al 0.90.
The trace elements that increased are

Ti, Mn, Cry Cu and Sn: Ga; Rb and Pb: and Y.
The tracé elements that decreased are

V, Sey Co and Li; Ba and Ag: and Sr.
Ti, ¥n, Cr, Wi, Cu and Sn followed Mg and Fe3*, while Li, V and
Se followed Fe2*, BRa and Ag followed X 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, Cry Ni, Cu and Sn (0.3) is higher than
the total subtraction of Li, Co, V and Sec (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-plagioclage. The sodium content of lepidomeléne 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 Pe®* in the sixfold co-ordinated positions.

Ga /
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Ga was added, yet Al was subtracted. This can be
readily explained if we coneider that the amount of the Al lost
(0.90) is far less than the Fe3* 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)y_; (Y)o.g (AL, 8i), 044 (OH, Flos
where (X) comprises K, Ca, Na, Rb, Ba and Sr; and (Y) is Al, Mg,
Fe?*, Fe3*, T4, Un, 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+. L
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 12,656 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/Fe®* and MnX10/Mg of the biotite-skarn and lepidomelane-
skarn are 0.92 and 0,56, and 1,00 and 0.82 respectively.
Ti/Mg was not taken sinece 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, lig, Fe2*, or Fe3*. On the other hand, the minor acces-
sories in both rocks are mainly calcium-bearing minerals, such
as epidote, sphene and apatite. Moreover, CO, is 2.02 per cent
in the biotite skarn and none in the lepidomelane-skarn, norma-
tive calecite 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 caleite (7, p. 44).

The chemical changes (Table 5) in the major elements
involve addition of

Mg 1.22, Fe3* 0,26, Na 0.26 and C 0.46
and subtraction of

K 4,36, 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 elemente that decreased are Rb, Ba, Sr, Y
and Ag; Ga; and V and Se.

The general behaviour which has been found in all the
previous transformations is also followed in this case. Ti,
¥Mn, Li, Cr, Ni, Cu, Sn and Mo follow Mg and Fe®*, Rb, Ba, Sr,
Ag and Pb follow K. Ga follows Al; and V and Se follow Fe®*.
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

Se (0.008), The loss in K ie 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
end 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-gkarn. 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 biotite-skarn on one hand, and the
lepidomelane- and chlorite-skarns on the other, are (a) increase
of Rb/K in the lepidomelane-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/lig 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/FeZ* behaves somewhat like Cr/FeS*, 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 lepidomelane-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 loss of Al: Fez*; Ca; and K, the subtracted trace
elements being Ga; Li, Coy, V and Se; Sr and Y; and Rb, Ba and
Ag. The total gain in Fe3* and Mg (3.59) exceeds the loss in
Fe°* (2,18), corresponding to the total gains (0.39) and losses
(0.02) of the trace elements which ean 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 ean proxy for it,
namely, Rb, Ba and FPb. On the other hand, there has been de-
crease in Fe2*, and the minor and trace which replace it, namely,
Ti, Coy Se 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 Fe®* (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 hags 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 zirecon 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 Sehama (12). At Thovaara 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
vieinity of the rapakivi contact, and the contaminated rapakivi
granite (I¥) from the same contact are given by Sahama (13,
analyses II and IV Table XI, p. 59). The mica-gneiss (II) is
relatively rich in Mg, FeZ* 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 Malin Head. (a) Here the change has
involved relative enrichment of both Rb and Ba, and relative im-
poverighment in Sr up to the biotite-skarn stage. Beyond thie
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 Ba. The other giving
rise to chlorite-skarn has involved an increase in Ba 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-
gkarn 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

chlorite-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 caleite. 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; calecite
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, Fe®* 2,18, FeS* l.44, Vg 1.95, K 3,86 and H 8.88,
and subtraction of
S8i 3,60, Ca 4,69, Na 1.16 and C 4.61.

Thé trace elements behave in essentially the same way
as found in the transformation of the epidiorite to skarn rocks.
Ti, ¥n, 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 amounte of these two elements (0.014)
is far leess than the total amounts of the added elements (0.65)
which ean proxy for Mg and iron. The same is true with respect
to Pb and Ag, which substitute for K.

Changes in Ti, lio, Ge and In are not detectable, since
these elements if present are found in amounts below the limits
of gensitivity.

CONCLUSIONS /
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CONCLUSIONS

Holmes and Reynolds (7) believe that the transforma-
tions discussed above may be correlated with the development of
migmatitie rocks such as those outecropping to the west of the
Malin Head district. The skarn rocks would be of the basie
front representatives of this granitization process.

The total additions and subtractions of the different
elemente during the transformation of epidiorite to skarn rocks
as a whole, and that of quartzite to mica-schist are recorded
in Teble 8.  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 basified
rocks as discovered by Reynolds. The present study shows that
the trace elements which proxy for K, Mg, Fe®*, Fe3+ and Al cul-
minate in the same rocks as those which show culmination of the
major elements. FEb and Pa culminate with K; Li, Cr and Ni with
Mg and FeS*; Co and V with Fe2*; and Ga with Al.

The relessed elements after the formation of the basi-
fied 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, Fb and Cu. These are elemente commonly

found /
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found in the ore-deposits associated with gramitic rocks. IT
the hypothesis of the metasomatic derivation of granitic rocks
is true, it might be suspected that ore-deposits composed of
Sn, Agy Pb and Cu could be obtained from the eountry-rock
material. Further geochemical work is needed in order to

establish the quahtitative validity of this assumption.
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Relative proportions of Ni, Co and Cr+ Li {(full line);
and Ba, Sr and Rb (dotted line) in the anszlysed rocks.
Wotice that the trends in the traonsformstion epidiorite
to @karn-rocks with respect to change in the proportions
of Ni, Co and Cr +Li; and Ba, Sr and Rb are respectively
eimilar to those in the transformation quartzite to
mica-schist, A epidiorite, B biotite-epidiorite, C
biotite-skarn, D lepidomelzne~-skarn, E chlorite-skarn,

P ousrtzhte and G mica=-schist,
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Element™ Wave Length Sensitivity

in & in ppm.
Rb 7800.2 1
Li 8707.8 ¢
Ba 4934.1 5
Sr 4607 .3 5
La 4333,7 30
Cr 4254.3 1
Se 3211.9 10
Co 3483.5 2
& Ni 3414;8 2
Zr 3391.9 10
Y 3327.9 30
Ag 3280.7 1
Cua 3247.6 3
v 3185.4 5
Mo 3170,3 1
Be 3131.7 5
In 3039.4 10
Ga 2943.6 3
Sn 2840.0 5
Fb 2833.1 10
T1 2767.9 30
Ge 2651.6 : 10

*for ionic radii see Table 4.
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8108 47.32 48.34 45.65 48,13 44,98 72.06 65.36
3

Alo 17.39 15.49 15.56 14,76 14.44 10.92 15.68
Feo0g 2,36 2.14 2.558 7.34 3.02 0.04 1.49
Fe 10,91 10.60 11,21 6.38 10,98 1.40 4,32
MgO 4,78 5,56 5.01 6.61 6.08 0.31 1,79
Ca0 10.08 .42 724 6.18 8.24 6.02 0.83
NagO 2e73 1.28 .01 0.43 0.16 2.93 216
K=0 0.54 1.36 4.77 3.59 1.23 1.16 4,54
HoO+ 0.96 1.54 2.35 2.82 5.19 0.84 2.22
CO2 . none 2.02 none 1.74 3.98 none
Ti0o 2.68 248 2.30 2.58 2.92 0.08 0.86
Lm0 0.20 0.34 0.23 0.32 0.356 0.07 0.21
EbsO 0.0005 0.006 0.086 0.08 C.00¢2 0.004 0.076
Lis0 0.002 0.008 0,017 0.01 0.02 0.0006 0,004
BaQ 0.01 €.03 0.1 0.08 0.03 0.1 0.33
sSr0 0.12 0,11 0.185 C.077 0,03 0.21 0.06
La203 * * * * x 0,008 0.006
Cro03 0.003 0.01 0,007 0.033  0.002 0.0003 0.01
Ses0g * * 0.008% * * ¥ 0.001
CoO 0.008 ¢,01 001 ° 0,01 0.006 0.0001 0,003
NiQ 0.008 0.01 0,008 0,01 0,01 0.0004 0,006
Zr0o 0.027 0.027 0.022 0.014 0.014 0.032 0.1356
Yo03 0.009 0,008 0,01 0.01 0,002 0.006 0.01
Ago0 <0,0001 ©.0001 0.0004 <0,.0001 *2 0.0007 00,0002
Cu 0.03 0.04 0.01L 0.03 0.04 0.08 0.06
VoOg 0.05 0.047 0.0 0,045 0,045 0.01 0.0156
MoO> <0.0001 0.0003  * *  <0.0001 * *
BeO * * * * *  <0,001 0.002
Gag0g 0,008 0.005 0.008 0.005 0.003 0.003 0.005
Snlo .01 0.0006 0.001 0.01% 0.004
FbO £0.001 0.005 <«0.,001 0,002 0.001 0.01 0.004
T150 5 * * * * +* *
Ge02 * * * * L * *

A = Epidiorite (Wo. 94), B = Piotite-epidiorite (Wo. 350), C =
Biotite-skarn (Yo. 92), D = Lepidomelane-gkarn (No. 381), E =
Chlorite-skarn (o. 353), F = Quartzite (Wo. 2394) and ¢ = Vica-
schist (No. 395).

Chemical analyses in Holmes and Reynolds (7), include:-

HoO- BaO NiO Total Analyst
A 0.06 0,01 - 1¢0.01 Agnes Gibbs
B 0.16 - - £9.73 WeH. Ferdsman
C Q10 0.02 tr, 100,02 Agnes Gibbs
D 0.39 ~ - 89,76 W.H., Herdsman
E 0,18 - - 99.80 #
F 0.26 - - 100.07 o
G 0.34 - - 100.08 "

Specirographie analyst: R.A. Higazy

*= Element ifvgresent is in amount below the corresponding limit
of sensitivity pgiven in Table 1.

Error is of the order of 25-30 per cent over the range of approxi-
mately 1C to 300 ppm. If the element is over 1000 ppm. er-
rors of 50 per cent are possible.



TABLE 3

Roek formulae of the'analyseggrocgg

Element A B Cc D E F G
Si 45,96 46,45 43.50 45.75 41,20 61.00 §7.50
A13 19.80 17.40 17.40 16.50 15,50 10,20 16.22
Feo 1572 1.54 1.82 5.25 2,08 0.03 1,47
Fe 8.87 8.44 8.92 5.06 8.42 0.99 3,17
g 6.20 7.96 7.10 9.36 8.32 0.40 235
Ca 10,40 0,66 8.10 6.230 8.12 8.47 0.78
Na 5.14 2.66 0.02 .78 0.28 4,82 3.66
K 0.67 1.66 5.80 4,36 1.44 l.24 - 5+30
H 6.20 0.82 14,20 17.90 31.60 4,72 13.60
C tr. none 2.62 none 2.16 4,61 none
Ti 1.6 1,78 1.64 1.83 2.02 0.05 0.56
P tr. C.20 .24 0.18 .22 none Ce.14
Mn 0.16 0.27 0.18 0.26 0.27 0.05 C.16
Eb 0.0002 0.004 0.04 0.048 0.008 0,002 0.04

%, B 0.008 0.02 0.06 0.04 0.07 0.002 0.016
Ba 0.004. 0,012 0.037 0,03 0.01 0.03 e

Sr 0.066 0.06 0.09 0.04 0.015 0.} 0.03
La * * * * * 0.,0015 0,002
Cr 0.002 0.0C8 C.008 0.024 0.006 0.0002 0.009
Se * * C.002% * * * 0.0C1
Co 0.007 0,0087 0.0086 0.008 0.005 0.00007 0.002
Vi 0.006 C.CC2 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
¥ 0.006 0.004 0©,0054 0,0082 0,0046 0,003 0.008
Ag 0.00004 0.00D02 0.0002 0.00004 * 00,0003 0.00004
Cu 0.02 .0,03 0.002 0.02 Q.03 0.05 0.04
v 0.037 0,036 0,032 0.03 0,033 0.007 0.01
Mo 0.00004 0.0001 * * 0.000056 » .
Be * * * * * C.003 0,004
In * * * % * * %
Ga 0.0022 0©.0028 0.0028 0.002 0.002 0.002 0.003
Sn * 0.005 * 0.0002 0.C005 0,004 0,001
Fb 0.0003 0.001 0.0003 0.0004 0.0003 0.003 0.0C1
T1 +* * * * * % *
Ge * * * * * * *

A - G as in Table 2.




TABLE 4

Pogssible substitutions for the common Trock-
——--—-—“'-—-——-—l—————.—_,m_______.-

formigg elements*

lMajor =
element  Mg2* Na: Fe2* Ped* [k (a2t 413+ gié+

Pe2* g Mg Al  Ag+ Na @ Fed* a1l

Cr3+ Pei* Co2* ér3+ LaB"' In3+ cr3+ B e2+

Mo Co®* Ca  @a®* 2 wpd* a3t pb*

Lis Cu™ Lis V3*  op2*r pgp Y3 et

NiZ* zr® 5%t it pa®t 13 me

T I M2 ue Bbe  Sr2t mo®
Substitu- « V¥ Lis Mo Lis Tl

ting : =
Tlements sn?** Wit o WS
P2t Wn2* Na | me?

zp¥* ca  1m®*
In3’ Ag'l'

En-t  vo*

se*

*Tonic radii in KX for 6-fold-coordinstion taken from Ranksama
K. and Sehema, Th. G. "Geochemistry", Univ. Chicago Press
(1950), appendix 3, pp. 794-5, are: |

Mg=* 0.78, Vas 0,98, Fe2* 0.83, Fe2* 0,67, K+ 1.33, Ca®* 1.06,

a13* 0,57, 5i% 0.39, Ags 1.13, Ba®* 1.43, Be2* 0,34,

Co®* 0.82, Cre* 0.64, Cu®* 0.33, Gad* 0,62, Ge?* 0.44,

In®* 0.92, La>* 1.22, Lis 0.78, Mn?* 0.91, Mo* o.68,

Ni2* 0.78, F°* 0.35, Fb2* 1.32, Rbs 1.49, Se3* 0.83

sn®* 0.74, sr?* 1,27, Ti%¥ 0.64, Tls 1,49, V3* 0,65

v3* 1.06, and zr® C.97.




TABLE §

Ratios of trace to major elements in the

analysed rocks

Ratio™ A B C D E F G
Ga/Al 0.39 0.42 0.42 0,51 0.33 0.43 0.48
Ni/Ng 2.08 2,32 2,03 2.26 2.04 1.60 4,12
Co/lig 2.43 2.69 2,81 2,01 1.37 0.53 2,32
Li/ug 0.35 0.76 2.50 1.25 2.45 1.60 1.85
Co/Fe2* 0.83 1.09 1,03 1.61 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 24,82 14.75 4.25 41,70 84.50
Sr/(Cask) 13.15 11.41 14,50 8.80 3,62 34.20 10.90
Ba/K 22,2 26.60 22,70 25.20 27.40 93.50 79.80
Ba/K+Ca) 1.32 3.81 9.39 10.12 4,05 17.10 67.00
Rb/K 1.1 4.87 15.15 26.80 8.30 4,14 18,50
sSr/K 222,00 79.60 35.40 21.80 24.40 187.00 13.25
(RbsRa)/K 23.21 . 31.47 37.85 52.00 35.70 97.64 92.30
(Sr+Rb+Ba)/K 246.21 111,07 73.25 73.80 60.10 284.64 111.55

A-G ag in Table: 2 .n

*Ratios are expressed as multiplied by 1000 in each case.
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IABLE ©

Gaing and losses in biotite-skarn to give rise to
both lepidomelane- and e¢hlorite-gkarmns

Addition

Subtraction

1.89 Fe3, 1,70 Mg, 0.51 Wa, 9.58 H,
0.28 Ti, 0.06 P, 0.09 lin, 0,01 Cr,
0.002 Ni, 0,01 Cu, 0.0003 Sm,

0.00002 Ho, 0,00005 Fb

ON:.OI:"H*JO
8

TABLE 7

Cumulative gains and losses in epidiorite to give

rige to the skarn rocks

Addition

Subtraction

1.90 Mg, 1.99 Fe>, 2.23 K, 18.55 H,
1.08

0.05 Li, 0.01 Cr, 0.002 Ni, 0.0003
Sn, 0.1l Mn, 0,30 P, 0.03 Rb,

0.017 Ba, 0.00005 Fb

o R

2.13 Fe”, 3.80 Al, 4.55
Na, 3.19 Ca, 2,49 Si,
0.001 Co, 0.003 V, 0.03
T4, 0.00002 ko, 0.0004
Ga, 0.03 Sr, 0.0002 Y

TABLE 8

Cumulative gaing and losses in epidiorite plus quartzite
to Eive rise to skarn rocks Elus mica=-gchist

Addition

Subtraction

.__'I r ——‘
1.52 Al, 3.43 Fe3, 0.15 Fe2, 3.85
Mg, 6.09 K, 27.43 H,

0.0006 Ga, 0.48 Ti, 0.44 P, 0.22
¥n, 0.06 Li, 0.02 Cr, 0.001 Co,
0.005 Ni, 0.0005 V, 0,06 Rb, 0,09
Ba, 0,002 Y

5.99 Si, 7.88 Ca, 5.71
0.1l sr, 0.0003 Ag, 0.001
Pb, 0.005 Cu, 0.002 Sn







THE DISTRIBUTION AND SIGNIFICANCE OF THE
TRACE ELEMENTS IN THE BRAEFOOT OUTER
SILL, FIFE,.

To be published in the Transactions of the

Geological Society of Edinburgh (Campbell
Volume).

ABSTRACT

The Braefoot sill magma has been shown by Campbell,
Day and Stenhouse (1933 & 1934) to have differentiated into
pieroteschenite, teschenite, dolerite pegmatite, dolerite,
basalt and microsyenite. The trace element contents of these
rocks have now been determined by semi-cuantitative 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, Ba, Ga, La, Y
and Be in the late stage., ©Sec 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, Tl, 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 degreg of . differentiation
represented by a given rock. (Vg+Fe +Fe3)/(Na+K+Ca) and
(Cr+Co+Ni+V+Cu)/ (Rb+Ba+Sr) decrease during the progress of the
differentiatiog, while Li/Mg, Rb/Sr, Rb/Ba, Rb/K and Ga/Al
increase, Fe“/lMg and (V+Co)/(Cr+Wi) reach their highest
values in the intermediate stage.
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INTRODUCTION

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. 1, p. 344).
There, from below upwards, it consists of the following members:
(a) Basalt, with tachylitiec margin; (b) picroteschenite:

(e) 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 hormnblende-teschenite
underlying the main sill and differing from the teschenitic
members of the latter in being richer in alkalies. A complete
petrographic deseription (with chemical analysis) of each of
these rock types is given. The various members of the sill

are thought te have resulted from the differentiation of an
olivine~basalt magma, the original éomposition of which is most
closely represented by the basal basalt. By gravitative
separation, probably aided by magmatic movement, olivines of

early ecrystallisation were added to the basal liquor to form
the /
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the pieroteschenite. The alkali feldspar-rich residual liquor
gave rise to the microsyenite dykes. Hydrothermal and pneu-
matolytie changes took place during and immediately following
the consolidation. These changes comprise analecitisation, -
zeolitisation, albitisation, chloritisation and calecification
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 sill in order
to elucidate the role played by each element during the con-
solidation process.

It is a greal pleasure to dedicate to Dr Robert
Campbell this work.

SPECTROGRAPHIC ANALYSIS

Portions of the powders used for the chemical analyses
were kindly provided by Dr R. Campbell, The speetrographic
analyses were made by the writer at the Macaulay Institute for
Soil Research, Aberdeen,

The semi-quantitative analytical method adopted in
this /
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this study has already been described in detail by Mitchell
(1942). The same method has been used by him in analysing a
gerieg 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 1C 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, 1952,

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 /



DISCUSSION

Stages in the differentiation of the sill

The main process responsible for the variation within'
the Braefoot 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 picroteschenite; (2) an .-
intermediate stage represented by (i) teschenites, (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 (2) the normative compositions
and (b) the relative proportions of certain major oxides.

(a) The normative compositions of the rocks of each
of the three stages outlined sbove given by Campbell, Day and
Stenhouse (1933 and 1934) are graphically shown in Fig. 1.
Similar tendencies in the distribution of the normative com-

pounde are found in the "Big" Trap differentiated ophitie
basalts /
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basalts of the Keweenawan series of the Michigan copper district
studied by Cornwall (195la, Fig. 9, p. 187).

(b) The values of the ratio 100(Fe0+Feg03)/(Mg0O+FeO+
Feo0Og) 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, 53,6 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); 60-70 (middle stage) and 70-80 (late stage).

The trend in the relative proportions of total iron
oxides (as FeO), Mg0 and K,0+Nac0 is clearly significant and
effectively serves to distinguish the different stages of the
crystallisation of the magma, since it ineludes Mg0 and iron
oxides which are critical constituents of the ferromagnesian
minerals (the discontinuous portion of the reaction series), and
Nag0 and Ko0 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 MgQO in the picro-
teschenite (accumulative stage) in comparison to the undifferen-
tiated olivine-basalt. The intermediate stage is characterised
by enrichment in both Fe0 and alkalies and impoverisghment in
Mg0 /
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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 Mg0 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 Mg0 and Fe0 than
in each of the accumulative stage, the intermediate stage and A
the undifferentiated basalt. This trend is essentially similar
to that followed during the differentiation of the Karroo
dolerites (Walker and Poldervaart, 1949) as well as to the
trends of various other differentiated sills and magmatie rocks
represented graphically by these authors: namely, Tasmanian
dolerites, Palisade sill, Siberian traps, the late Palaeozoic . -
quartz-dolerites and tholeiites of Scotland and northern England,
and the Hawaiian lavas (Walker and Poldervaart, 1949, Figs.
29-33, pp. 658-660)., The trend of the differentiation of some
Keweenawan lavas (Cormwall, 1951b, Fig. 10) is also identieal
with the above mentioned examples,

From these differentiation trends, representing simi-
lar petrographic provinces widely separated in space and time,
it ean 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 p
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 similer to Fe® in s ilonic radius
(Cr 0.64 A° and Fe 0,67), co-ordination, valenecy and E-Value
(activation energy of migration).

The data given by Wager and Mitchell (1260, p. 144)
ghow 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 and«l ppm. of Cr respectively; whereas
the pyroxenes of these rocks have 3000 and 350 ppu. of this
element. This can be understood if we consider the paueity
of trivalent iron in the olivine structure. When Cr replaces
Mg /
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Mg and/or Fe®, 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, smphiboles and biotites
generally contain Fe® 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-
2600 ppm., while the range in the hornblendes of these rocks
is 1850-800 ppm. and that in the biotites is 25-800 ppm. The
Cr content of some biotites of the granodioritie rocks of
Jamestown, Colorado, examined by Bray (19242b, p. 801) ranges
from 40-1020 ppm.

Generally the Cr content of the minerals of the con-
tinuous portion of the reaction geries 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,
Pe 144), The Cr concentration varies from <2 to 15 ppm. in
the plagioclases of the Caledonian rocks., A plagioclase Abgg
An,o separated from hornblende monzonite of the Front Range,
Colorado /
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Colorado, has 2 ppm. Cr (Bray, 19422, p. 436) and a plagio-
clase of the Overland Min. granite, Jamestown, Colorado, has
<1 ppm. (Bray, 1242b, p. 722). 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 granodioritie rocks of Jamestown,
Colorado, is < 1-14 ppm. (Bray, 1942b, p. 796). If not due
to contamination by ferromagnesian inclusions, such relatively
emall amounts of Cr as are found in the feldspare may be re-
placing Al in the erystal 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 erystallise during
the early intermediate stage is likely to be relatively high
gince pyroxenes are their predominant ferromagnesian minerals.
The amphiboles commonly predominate in the late intermediate

stages of magmatic erystallisation. 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 biotite form, would again be less
ihan that of rocks of the late intermediate stage. The Cr
content of such felsie rocks as may form at the end of the
erystallisation process would be negligible. :

Teble I shows that the picroteschenite -~ the accumu-
lative rock -~ has the highest Cr content among the rocks of
the Braefoot outer sill (960 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 picroteschenite 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 picroteschenite in Cr may, therefore, be attributed to
either or both of two possibilities: (a) the presence of minute
erystals of chromite which separated with the olivine at an
early stage: (b) the relative enrichment of the augite of the
picro~teschenite in Cr as compared with that of the olivine-
basalt. Cr has a smaller ionic radius than that of Fe° and,
therefore, would show relative concentration in the earlier
minerals according to Goldschmidt's 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 is<l ppm., whereas it
ranges from 40-180 ppm. in the teschenites, and from 400-550
prm. in the dolerite and upper basalts.

The extreme deficieney of the dolerite pegmatite in
Cr is very striking. The rock consists of large crystals of
plagioclase (1.2 em, in length), augite (up to & mm. in dia-
meter), and iron oxides set in a vesicular erystalline meso-
etasis composed of feldepar and chlorite, of, rarely, chloro-
phaeite. The augites 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 mesostasis and of
the presence of fluid inclusions in the sugites. The volatiles
decreaged 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 apd

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 doleritiec rocks of the
Karroo (e.g. 260 ppm.). The difference in Cr content of the
dolerite pegmatite of the Braefoot outer sill and that of its
dolerite is far more than that found in case of the Karroo rocks.

The dolerite pegmatite of the Whin 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 regerding the origin of the
Karroo dolerite pegmatite. They, however, consider it as an
advanced phase during the erystallisation of the parent source
and not as a heteromorphic variety of the normal rock as Tomkeief?f
suggested in connection with the dolerite pegmatite of the Whin
sill. The relative proportions of FeO, g0, and Nag0+Ko0 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 Fe0,
Vg0, and NapO+Kg0 of the undifferentiated olivine-basalt and the
dolerite /
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dolerite pegmatite given in Fig. 2 shows that the dolerdte peg-
matite composition relative to that of the olivine~basalt is
upward away from the MgO corner toward the FeQ 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, teschenites,
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
deficieney in Cr in this microsyenite is, therefore, under-
standable.

The concentration of Cr in the three stages of the
erystallisation 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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DISTRIBUTION OF Ni

The sulphides of Ni are not common constituents of
igneous rocks. It cen be present in iron-ores. WMagnetite of
olivine-gabbro of the Skaergaard intrusion has 300 ppm. (Wager
and Mitchell, 1950). Wi can enter very readily into the ferro-
magnesian mineral structure mainly replacing lg. Ni and Mg
have exactly the ssme ionic radii 0,78 i, they are both divalent,
6-coordinated and have large E-values. Wi ean also replace
F92 since the difference in their radii is not big (Fe? 0.83 &),

The Ni contents of the olivines and pyroxenes of the
Skeergaard 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 80, 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 erystallisation of these
three types of the Skaergaard rocks is gabbro picrite, olivine-
gabbro and hortonolite ferro-gabbro. The two olivines analysed
by Goldich and given by Sandell and Goldich (1943, p. 177) con-
tain 2350 and 3060 ppm. Ni. The latter which is richer in Ni
has /
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has higher Mg0 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 Nockolds 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 granodioritie rocks of Jamestown, Colorade given by Bray
(1242b, 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 Skaergaard 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 <2 ppm. VWi (Wager and Mitchell, 1950,
p. 144). loreover the range of i content in the plagioclases
of the Scottish Caledonian rocks in <2-20 ppm. (Noeckolds 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 rocke depend
on the amount and type of the minerale belonging to the discon-
tinuous reaction series present in the rock, Those rich in
olivine and/or pyroxenes such as the accumulative and the ultra-
basie and basic types in general are relatively the richest in
Wi, The intermediate rocks which usually contain pyroxenes
and/or amphibolea 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 cdncentration of
Ni during the normal fractionation of the magma is, therefore,
towards a regular decrease in the amount of Ni.

The picroteschenite of the Braefoot 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 picroteschenite (430 ppm.) and the un-
differentiated olivine-basalt (340 ppm.) is not as big as that
between the gabbro pierite of the Skaergaard intrusion (600
ppm.) and its marginal olivine-gabbro (100 ppm.) which is
supposed /
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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. 644),
The ratios of the Ni 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
gseparating gravitationally to form each of these accumulative
rocks is quité 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 lgo contents of the
gabbro picrite and that of the olivine-basalt of the Karroo are
27.09 and 12,91 per cent respectively. The Mg0 content of the
picroteschenite 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 picroteschenite 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 teschenites (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 formes 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 ean be present inhthe iron-ores ubiquitougly found as minor
accessories in rocks, Ilmenite of the middle gabbro of the
Skaergaard intrusion has 100 ppm. (Wager and Mitchell, 1950,
Pe 144). Co can enter the ferrémagnesian mineral structures
mainly replacing Fe2, Available data concerning the concentra-
tion /
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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 pyroxenes. 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, hornblendes 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 ig, Ca, Na and K have generally higher coordination numbers
than that of Co. The ionic radius of Co° is 0.82 A°closer to
that of Na 0,98 A’ than to that of €a 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 eleetrostatic equilibrium,

From the brief outline mentioned above, it seems that
the Co content of a rock depends rather on the amount of the

ferromagnesian /
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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 campoged almost exclusively of ferro-
magnesian minerals., The basic and other rocks which form at
the early intermediate stage of the erystallisation 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 erystallise at earlier stages.

The distribution of Co in the Braefoot sill corres-
ponds to expectation. The Co econtent of the pieroteschenite
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 pieroteschenite, the averages
being: +teschenites 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 pegmatitic
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 Polder-
vaart / |



22s

Poldervaart, 1949, Analyses 66 and 5, Table 14, p. 644) have

31 and 28 ppm. of Co respectively. Cr and Ni of these twb
Karroo rocks, however, are much higher in the dolerite than in
the pegmatite, as in the Braefoot sill. It seeme 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 happéns 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
picroteschenite (85 ppm.). The Co content of the late stage
micrgsyenite 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
Lundegérdh (1949) investigating the geochemistry of
Cry, Wi and Co has ascertained that, according to Goldschmidt's
rules, the ultrabasie 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 > Ni > Co,

whereas /
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vhereas the latest differentiates should have
Co > Ni > Cr.

The undifferentiated lower olivine-basalt of the
Braefoot sill as illustrated in Teble I has Cr>Ni>Co. - The
picroteschenite 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 teschenites 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 Lundegérdh,
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 basie rocks.

Lundegfrdh (1949, p. 21) has suggested that the dis-
tribution normally prevailing in late stage magmatic roeks 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

Lundegérdh's /
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Lundeggrdh's suggestion. The acid granophyre which marks the
latest stage in the fractionation of Skaergaard intrusion has
Cr 3, Ni & and Co 3 ppm., i.e. Ni>Co = Cr (Wager and Mitchell,
1943, p. 287). This granophyre has 75.03 per cent 5105 and
Lundeg@rdh accepts its magmatic derivation (1949, p. 14).  The
porphyries and rhyolite analysed by Lundegfrdh (1949, Table 4,
P. 41) show also deviation from the distribution Co Wi Cr.
The Tertiary rhyolite of Rams8, Lake Mien, Kronbergs I#n, for
instance, has Cr 6, Ni 60 and Co« 2 ppm., that is, Ni> Cr> Co.
Moreover, the average of 29 samples of silicic rocks (8105

63 per cent) studied by Sandell and Goldich (1943, p. 182) is
Wi 6 and Ci 3 ppm., that is, Ni >Co. Cr unfortunately was not
determined in these rocks. The average of coarse granite and
other monzonitic rocks of Oliverian magma series of New Hamp-
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

decrease /



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 lisble to be higher than that of Co.
in the latest differentiates.

DISTRIBUTION OF V

A

Vanadium may be tri-, tetra- or quinquevalent. The
ionic radii are V3 0.65, V4 0.61 and V6 0,4 £ The ionic
radius of Vo ig very close to that of Fe® 0,67 A°and therefore,
can substitﬁte for it in suitable mineral structures. The
olivines which generally lack Fed in their compoeition are very
poor in Ve, Each of the olivines of the euerite, olivine-
gabbro and hortonolite ferro-gabbro of the Skaergaard intrusion
(Wager and Mitechell, 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 Hill-
Glen Fyne Complex (Nockolds and Mitehell, 1948, p. 561) has
250 ppm. Hypersthene and augite of pyroxene mica-diorite of
the same complex have 100 and 200 ppm. respectively. The range
of V in the hornblendes of the CGarsbal Hill rocks as well as
other /
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other Scottish Caledonian granodioritie 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 elightly
enriched in the hormblendes 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 < & ppm.
of V.

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. ‘

V% has an ionic radius 0,61 £ very close to that of
i R 0.64 A?. The presence of appreciable amounts of V in
sphene and ilmenite is, therefore, understandaeble. Sahama
(1948) reports 615 ppm. in a sphene from Il8jdrvi. The V con-
tent of each of the four sphenes of the granodioritie rocks of
the /
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the Garabal Hill is 300 ppm. Ilmenite of the olivine-gabbro
of the Skaergaard intrusion has 600 ppm. The magnetite of the
same rock, however, has 2000 ppm. much higher than the ilmenite.
lMoreover, magnetites of the middle gabbro and the hortonolite
ferro-gabbro have 800 and 300 ppm. respectively whereas il-
menites of the same rocks have only 300 and 20 ppm. The V con-
tent of megnetite seems to be higher than that of ilmenite 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 tri- 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 Fe and Ti4, with more preference to FeS,

Pentavalent vanadium with an ionic radius of ~0.4 A°
can replace P° 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 (220), while that of the late
stage is very low (8). The content of the undifferentiated
basalt /
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basalt is 330 ppm. 8lightly 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 ites 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
gtructures 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. 565).

Li /
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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 ferromsgnesian minerals of the
Secottish Caledonian rocks indicate very clearly that Li is more
enriched in biotites than in pyroxenes or hormblendes. 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 (Nockolds 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 teme
peratures such as the olivines.

The feldspars in general are poor in Li perhaps be-
cauge of (1) the lack of Mg and (2) the low coordination and
emall ionic radius of Li. However, Lundegf@rdh (1947, p. 108)
suggeste 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 gome pegma-
tites, however, the Li content of feldspars is enormously

greater /
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greater. THess (1940) finds as much as 1.2 per cent Li in peg-
matitie mieroecline. 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 erystallisation.
This is the case in the Braefoot sill rocks. The microsyenite
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 estage)., The lithium distribution
in the Braefoot 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

elements /
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elements are closely similar in ionic radius: Rb 1.49 and K
1.33 A°, eand (b) their coordination numberé are usually 9-10.
Absence of Eb 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 biotite micas of the Scot-
tish rocks is 400-2500 ppm, The muscovite of the pegmatites
of Uranoop River area, Namaqualand, S. Afrieca 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 Eb.

The plagioclase feldgpars have generally only a small
proportions of K. Consequently, their Rb contents are not very
high. The range in the plagioclases (chiefly albitie) of cer-
tain South African rocks is nil-110 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 Rblin the members
of the reaction seriesg indiecates that the mica- and potash
feldspar-rich rocks should be enriched in this element. These

are /
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are generally felsie rocks which form at the latest stages of
the crystallisation of the magma.

The distribution of Rb in the rocks of the Braefoot
gill is in harmony with this general concept. The microsyenite
has 100 ppm., twenty times as much as the content of the undif-
ferentiated basalt. The pieroteschenite has only 3 ppm. and
the average Rb content of the rocks of the intermediate stage
is 16 ppm., indicating a regular increase in Rb during the
progress of the differentiation of the Braefool magma.

DISTRIBUTION OF Ba

Ba minerals are not common constituents of igneous
rocks., The ionic radius of Ba is 1.43 A , elose to that of
K 1.33 £ . The substitutioh of K by Ba in erystal 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 sghould be
negligible. The pyroxenes usually have Ca but, according to
Wickman /
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Wickman (1943), 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 insignificant Ba content in the
pyroxenes, Augite and hypersthene from the Garsbal 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.
Biotitesy 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 ean be éubstituted 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
figurees need not be mentioned. There is a continuous isomor-
phous series between orthoclase and celsian which ranges from
Crgg Ceyg to Crgs Cegq.

Ba is evidently enriched in the mica-rich and felsie
rocks. These rocks generally form at the late stage of the
magmatic /
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magmatie erystallisation, though it has been pointed out by
Engelhardt (1936) that Ba is relstively enriched in potash
feldspars which have formed at earlier stages of crystallisa-
tion compared with those formed later. The bulk of the Ba,
however, seems to remein in the residusl melt until the late
stage of erystallisation 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 microsyenite of the Braefoot sill contains 1200
Ppm. This is higher than the contents of thg undifferentiated
basalt (950 ppm.), the picroteschenite (650 ppm.) and the
average of the rocks of the intermediate stage (936 ppm.).
Although the picroteschenite 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, analeite and
zeolites, 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 apprecisble amount

of Ba.

(Cr /
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(Cre+Ni+Li) : (CosV) : (Rb+Ba)
The behavious of Cr, Ni and Li, Co and V, and Rb and

Ba have been already discussed. The trend in the relative pro-
portions of (Cr+Ni+Li):(Co+V):(Rb+Ba) during the stages of the
magmatiec erystallisation seems to be of significance. The
trend in the relative proportions of MgO:FeO:(Nag0+Ko0) of the
rocks developing at the three main stages of the magmatiec ery-
stallisation has been shown by Walker and Poldervaart (1949) to
be essentially the same in many megmatic rocks of different pro-
vinces. The trend in the relative proportions of these oxides
in the Braefoot rocks shown in Fig. 2 does not deviate from that
given by Walker and Poldervaart asg was discussced previousgly

(p. 7 )« It may be reecalled that Cr, Ni and Li are very much
related to Mg, 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 ghows that the trend in the relative proportions
of (Cr+Ni+Li):(Co+V):(Rb+Ba) is similar to that of MgO:FeO:
(Na50+4K50).  There has been a relative enrichment in (CreNisLi)
in the early accumulative stage corresponding to that of NgoO.

As crystallisation proceeded to form rocks of the intermediate
stage, there were enrichments in the relative proportions both
of /
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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 ioniec 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 Ba can replace Ca
and/or K, but as the ionic radius of Ca is closer to that of Sr
than Ba (1.43 A?), Ca is preferably replaced by Sr. Actually,
the ionie radius of Sr is very close to that of K, but the ionie
radius of Ba is also very suitable for replacing K. The inter-
replacement between Ba and K seems tobe stronger than that be-
tween Ba and Ca.

Olivines should have very negligible amounts of Sr
gince Ca and K are usually lacking. Amphiboles are apparently
ricﬁer in Sr than both pyroxenes and biotites. The range of
sr /
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Sr content in the Caledonian minerals are: pyroxenes, 10-30 ppm, 4
hornblendes, 30-300 ppm. and biotites, 30-200 ppm.

The content of Sr in feldspars is relatively higher
than that in ferromegnesian 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
pieroteschenite 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
picroteschenite is high relative to that of other accumulative
rocks; e.g. the gabbro picrite of the Skaergaard intrusion has
only /
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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 respeet 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 erystallisation. The known relations between
Ba and Sr in the different groupe of minerals of the discontinuous
and continuous reaction series are indicated below. These re-
lations are based mainly on the Caledonian minerals (Nockolds and
Mitehell, 1948), but since the number of the analysed minerals
may not be suffiecient to justify so definite a statement this
scheme should be considered as only tentative until more data

are available.,

Barly /
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olivines-both Ba and Sr nil-
Early stage caleie plagioclases~Sr > Ba-
-5r > Ba~-
Mg pyroxenes-Ba and Sr nil-
calei-alkalic plagioclases
-Sor > Ba-
Mg-Ca pyroxenes-Sr > Ba- alkali-calcic plagioclases
Intermediate -5r > Ba=-
stage-Sr »Ba~  amphiboles -Sr > Ba-
alkaliec plagioclases
-Sr > Ba-
biotites +~Ba > Sr-
Late stage
-Ba > Sp=-
potash feldgpars -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 biotites.

The distribution in the Braefoot sill, however, shows
slight deviation from expectation, The pieroteschenite has Ba
Sr with Ba:Sr = 2,1. The ultrabasics of Southern Lappland
(Sehama, 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-
teschenite. But, if so, why did these hydrothermal activities
change the distribution of Ba and Sr in the pieroteschenite and

not /
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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 Ba did not reverse the relation Sr> Ba. The microsyenite
(late stage) has 1200 ppm. Ba and 450 ppm. Sr, that is, Ba> Sr

as seems to be characteristic of late-stage magmatic rocks.

DISTRIBUTION OF Ga

The most important occurrence of Ga in igneous rocks
is known to be replacing Al in silicate structures. Ga felds-
pars K Ga SigOg and Na Ga SigOg where Ga completely replaces Al
have been synthesized by CGoldsmith (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 be no appreciable dif-

ference /
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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 piecroteschenite 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 ecrystallisation.

DISTRIBUTION OF La AND Y

According to Sahama and Vihatdlo (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.

The /
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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 sphenes of the
same rocks contain 500-1000 ppm. La and 400-1000 ppm. Y (Nockolds
and Mitchell 1948). 1In entering the apatite and sphene struc-
tures Y (ionie radius 1,06 A’ ) replaces Ca which has a similar
ionie radius. [Electrostatic neutrality can be maintained by
the replacement of P5 by'si4 in case of apatite and of Tig‘by'Al3
in sphene (Wickman, 1943, pp. 387-88).

The distribution of La and Y in common rock forming
gilicate 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 gfoup 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 econtain 50 ppm. while
the / |
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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,
wvhich are significant sources for the rare earths, may be pre-
gent - espeecially 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°. K Fe®
«—>La° L1 may be a possible mode of substitution.

The La content of the plagioclases of the Caledonian
rocks ranges from <10-100 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 elemente 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 Al, Si 05 - Y (Be Al) $1,0g.  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 Sahama (1950, pp. 527-8)

shows /
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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 76 ppm. The idea of
relative enrichment in the early or intermediate stages cannot,
therefore, be justified in the case of the Braefoot sill.

There is, on the other hand, an obvious enrichment in the late
stage. Y is more abundant in the Braefoot rocks than La, the
contents being 25 ppm. in the picroteschenite, £0 ppm. in the
undifferentiated basalt, 56 ppm. in the average of the rocks

of the interﬁediate stage and 200 ppm. in the micrgsyenite,
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 microsyenite 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 Wickmen's suggestion con-
cerning the type of substitution for Y to enter into the feld-
spar lattice.

DISTRIBUTION /
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DISTRIBUTION 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 Mitchell (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 zireon. According to Rankama and Sashama (1950, p. 564)
the coordination of Zr (ioniec radius 0.87 A°) should be near the
border-line between 6- and 2-. Assuming that Zr is actually
present in the crystal structures of the ferromagneeian minerals,
it may replace Mg and/or FeZ, 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 sitructures. The feldspars may
contain small amounts of Zr which may be due to zircon inclusions
or to substitution of Na (0,98 £ ) in the structure.

There is no statistical information sbout the fregquency
of zircon in the different types of igneous rocks, but it is well
known that zircon is more sbundant in acidie than in ultrabasie
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) conforme with expectation:

Rock /
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Rock Zr (g/ton)
Peridotites, eclogites, dunites 60
Gabbros 140
Diorites 280
Granites 460

The distribution of Zr in the Braefoot sill (Tables
I and ITI) 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 Se

Se has an fonic radius of 0.83 & close to that of Fe?
0.83 A° and Mg 0,78 £ . Tt 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 amounte of this element, if any,
gsince they lack Mg and/or Fe? 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 basiec rocks and especially in pyroxenites. The
distfibution of Se in the Braefoot sill indicates that it is
relatively /
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relatively enriched in the early accumulative stage. Actually,the
upper ocellar basalt contains the highest Sc concentration amongét
the Braefoot rocks (20 ppm.,) but the average of all the rocks of the
intermediate stage is onlyls pym; The late stage is impoverished
in this element since the content ¢f the microsyenite is below the
limit of sensitivity,

DISTRIBUTION OF Cu

Cu is far more common in sulphide minerals than in silicates,
Examination of the textural features and the study of polished _
specimens of the fayalite 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 immiseibility could take place during each of the
successive stages of magmatic crystallisation -- earlier as well as
later -- irrespective of the @ifferent 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 Skaergasrd intrusion.

The /
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The data given by Sandell and Goldich (1943, p. 175)
shows that Cu occurs in largest amounts in basic rocks. 5ili-
cie rocks (average Si0O2, 72 per cent) have an average Cu content
of 16 ppm., intermediate rocks (average SiOs, 62 per cent) con-
tain 38 ppm. and subsiliecic rocks (average S5i0Op, 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, 1950, p. 144). The ioniec
radius of Cu® is 0,83 A , very close to the radii of Fe? (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 Fe?
and Mg.

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
gimilar to that of V,

DISTRIBUTION OF_FPb

The Pb sulphide, galena, does notl commonly oeccur in

igneous /
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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 (PbZ, 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
Rankema and Sahama (1960, p. 703) Ag readily becomes enriched
in the sulphides that separate during the early stages of
magmatie differentiation,

The content of Ag is highest in the early stage Brae-
foot /
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Braefoot rocks. The exact manner of the relabtively high amount
of Ag in the picroteschenite (10 ppm.) cannot be established.
The ionic radius of Ag (1,13 & ) is far too big for Ag to sub-
stitute for either Fe? 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 picroteschenite feldspars which ére princi-
pally plagioclases poor in K, Moreover, the microsyenite ahows
relative impoverishment 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 contente of 3 cal-
culated from the chemical amnalyses of the Braefoot rocks are
recorded in Table II. The picroteschenite 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 c¢lose correlation between S and Ag amongst the individual

rocks.

DISTRIBUTION OF Mo

The distribution of Mo in the silicate minerals is not
well known. Affinity to S seems to be pronounced since the

most /



51,

most important occurrence of this element is in the sulphide

~ form.  Actually, however, the distribution of Mo in the rocks
of the Braefoot 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. ?he picroteschenite containe 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, Tl, Ce, In and Be

Sn, Tl, 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 discusséd.

The content of Be is also below its limit of sensiti-
vity except in the late stage. The mierosyenite has < 5 ppm,
Be. If this has any significance it implies relative enrich-
ment of Be towards the end of the differentiation; such is
generally /
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generally considered to be the case.

IRENDS OF THE RATIOS OF THE VARIOUS

ELEMENTS DURING THE PROGRESS OF

DIFFERENTIATION

So far, we have mainly discussed the concentration of
each of the different investigated elements during the prbgress
of the differentiation of the Braefoot magma, The behavioup
of most of the elements is in good agreement with the recent
findings of Wager and Mitehell (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 Braefoot magma are calculated and recorded in Table
I1II. The graphical reprecentations of these ratics are illus-
trated in Figs. 3-6. The total Ng+FeZ+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.

Fig. /
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Fig. 3 shows ratios which are greatest in the early
accumulative stage: Cr/@o, (Mg+FeZ+Fe3)/(NaskK+Ca), (Cr+CosNi+
V+Cu)/(Rb+Ba+Sr), Cr/Fe® and Co/FeS,

Fig. 4 shows ratios which are highest in the undif-
ferentiated basalt: Co/Fe2, Ba/K, Cr/Mg, Sr/(K+Ca), Sr/K and
Ni/vg. _

Fig, & shows ratios which attain their maximum values
in the intermediate stage: V/Fe®, Cr/Ni, V/Fe3, Fe/ug,
(Co+V)/(Cr+Ni) and Co/Ni,

Fig. 6 shows ratios which are highest in the late
stege: Ba/Ca, Ba/(Ca+K), (FeS+FeZ)/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, Ba/Sr, Fe3/Fe®, Rb/Sr and
(FeO+Fes0g)/ (MgO+ FeO+Fec03)

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+FeZ+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 ferromagnesisn minerals whereas Na, K
and Ca are much more abundant in the feldspars. It is usually

the /
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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.

(2) The ratio Fe?/Ng is highest in the intermediate stage.
This confirms Wickman's view (1943) that the E-value for Fe? 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 Fe? is enriched in the later ferro-
magnesian-bearing rocks. It is interesting to find that the
ratio (Co+V)/(Cr+lli) in the rocks of the Braefoot sill behaves
in essentially the same manner as the ratio FeZ/Mg indicating
that both V and Co are more related to Fe2 than to Mg in their
distribution during the fractionation of the magma.

(3) The ionie 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
Wickman (1943, p. 325). He assumes that the E-value for Ni
is higher than that for Li, and therefore, that Li should be

concentrated /
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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 LigO/Mg0 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.

(4) Rb showe a definite increase during the progress of
differentiation with respect to K, Ba 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 indiecative
of the stage of differentiation attained.

(5) Sr/Pa and Ba/Ca are both highest in the late stage.
This /
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This is what would be expected, since the ioniec radius of both
Sr and Ba 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
ionie radius of Ba is bigger than that of K and accordingly
Ba/K should be higher in the later rocks. This diserepancy
may be due to the hydrothermal activity which took place at the
end of the magmatiec history. But the absence of the effect of
these activities on Ba/Ca, Sr/Ca or Sr/K makes this explanation
rather doubtful. Ba/(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 Ba/Sr is highest in the
late stage.

(6) Certain other ratios eall for brief mention.

(a) Li/Ni and Li/Cr attain their greatestAvaluea 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 inereases during the progress of differentiation.
This is in harmony with Goldschmidt's rules, since Ga has a
bigger ionic radius than Al,

(e) The individual ratios of Cr, Ni and Co to Mg and Fe show
relative increase in the earlier rocks, while those of V to Fe®

and Fe® 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 erystallisation. The closest
approach to the original magma of this sill is considered to be
represented in composition by olivine-basalt outeropping 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 (Fe0+Fe203)/(MgO+FeO+F9203), 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

accumulative /
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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 calc-alkalic -
plagioclases. Li, Rb, Ba, Ga, La, Y and Be concentrate in the:
rocks of the late stage of magmatie erystallisation rich in bio-
tites and potash feldspars.

The early and intermediate stages are characterised by
having the inter-relationship Cr > Nis> Co and Sr > Ba whereas the
late stage has Ni> Co> Cr and BRa> Sr. The relative proportions
of (Cr+Nis+Li) : (Co+V) : (Rbs+Ba) in the different stages show a
trend similar to that of MgO:FeO:(Na20+K2O).

There are certain ratios which attain their highest
values at particular stages. The most important of these are
(Mg+Fe®sFe3)/(NasK+Ca) and (Cr+Co+Ni+V+Cu)/ (Rb+Ba+Sr) in the ;
early stage; Fez/Mg and (V+Co)/(Cr+Ni) in the intermediate stage
and (FeO+Feg03)/ (MgO+FeO+Feo03), Li/Mg, Rb/Ba, Rb/K and Ga/Al
in the late stage.
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Trend of major oxides and trace elements during the
different stages of crystallisation of the Braefoot
sill, Full line = trend of major oxides and dotted
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Element Early Undifferen- Inter- Late
tiated basalt mediate

Rb 3 5 16 100
Li 20 12 2k 50
Ba 650 950 936 1200
Sr 300 900 86k 150
Cr 950 750 22k "
Co 85 90 61 10
Wi 430 340 84 L0
Zr 220 290 230 1100
La * * * 7 5
Y 25 50 56 200
Cu 25 40 53 10
v 220 330 340 8
Ga é 30 32 40
T1 * %* * *
Sn » * *
Pb <10 <10 <12 10
Sc 10 <10 3 »
Mo 3 1 0.3 L.
Ge * * * *
Be * 2 * 5
Ag 10 1 2.5 2
In % ¥* * *

s 2770 | 960 2297 1170

® Analysed for chemically



TABLE III

Ratios of the various elements in the different stages

of ecrystallisation

Early Undifferentia- Inter~ Late
ted basalt mediate
100( FeO+Feg0sz)/

(MgO +FeO +Feg0s) 42,00 53,50 65,60 70450
FeS/Fe? 0.18 0435 0¢32 0.66
(FeS+ Fe?) Siig 0.92 2,20 2.44 2,90
1000 Ga/Al 0.10 0.38 0.42 0455
1000 Li/Mg 0322 0.29 0.73 2.90
1000 Rb/K 0452 0460 1.43 2,94
1000 Rb/Ba 046 0453 1.71 8435
1000 Rb/Sr 1,00 0456 1.85 22,20
Ba/Ca 1,57 1.68 1.77 8480
100 Sr/Ca 0,72 1.59 1.35 3431
Ba/Sr 2.16 1.05 1,08 2.66
Li/Ni 0,05 0.04 029 1.25
1i/Cr 0,02 0,02 0.11 >25. .
Fe® 0,78 1,63 1,85 1,75
(Co+V /(Cr+]§i) 0.22 0.38 1,30 0.45
100 V/Fe® 1,72 1.40 1.74 0.04
100 V/Fe® 3,14 4,85 5,61 0426
Co/Ni 020 0.26 0,72 025
Cr/Ni 2,20 2,20 2467 #
100 Ni/Mg 0,48 0.81 0.25 0423
100 Cr/Mg 1.06 1.78 0,68 %
1000°C6/ Mg 0495 2,15 1.87 0.58
1000 Co/Fe® 1.21 1.32 1.01 0,33
10 | 1.12 1,14 0.84 035
100 Sr/(Catk 0.64 1.39 1.15 0.95
(Mg +FeS+ Fe?) /(Ha+K+Ca) 2,68 1,54 1.14 0.82
( Cr+Co+Ni+V+Cu)/(Rb+Ba
+ Sr) 1.80 0,84 0,42 0,04
4 (Cx/Co) 2,87 2.08 0,92 @
10 Cr/Fe® 0,74 0432 0.12 *
100 Co/Fe® 0,66 0.38 0e31 0,05
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A GEOCHEMICAL STUDY OF THE REGIONAL METAMORPHIC
ZONES OF THE SCOTTISH HIGHLANDS

To be presented at the Intermational Geological Congress
XIX Sesesion, Algiers, September 5-12, 1952,

ABSTRACT

A Tepresentative rock of each of the regional metamor-
phic zones of the Scottish Highlands has been chemically analysed
and its trace elements determined spectrographically, using semi-
cuantitative 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 facies), the biotite and gar-
net zones (epidote-amphibolite facies) and the staurolite and
sillimanite zones (amphibolite facies) respectively. It is
found that the ratios (FeO+Feg0g)/(MgO+FeO+FesOg) and_Ko0/AlsOg
do not substentially differ 14 the three grades. Fe3/Fe2an
FegOg/ligo show a regular increase from low to high. The geo-
chem?cal changes involved during the development of the rocks of
the different grades seem to have been (a) dgcreaee én Al and K,
and a slight inerease in the total of Mg, Fe® and Fe® in the low
grade; (b) decrease in Al, Ca and (lg+FeZ2+Fe3), and increase in
K in the medium grade; and (g) very slight decrease in K, and
increase in Al, Ca and (Mgs+FeZ+Fed) in the high grade. KX, there-
fore, behaves differently from Mg, Fe? and Fed in all these
changes.

The trace elements behave like the major elements which
have approximately the same ionie radii. Ga follows Aly Ti,
¥n, Li, Cr, ¥i, Co and V follow Mg, Fe? and Fe3; Sr, Y and La
follow Ca; and Rb, Pa and Pb follow K. The distribution Cr>
Wi>Co and Ba>Sr is similar in each of the three grades of re-
gional metamorphism, i

INTRODUCTION /
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INTRODUCTION

In the study of progressive regionsl metamorphism in
the Scottish Highlands the following successive zonee have been : .
recognised: chlorite, biotite, garnet, staurolite and sillimanite
Zones.

The P T conditions under which the rocks of these dif-
ferent zones recrystallised are considered to correspond to:

(a) the green schist facies in the case of the chlorite and bio-
tite zones; (b) the epidote-amphibolite facies in the case of
the garnet and staurolite zones; and (c¢) the amphibolite facies
in the case of the sillimanite zone.

Very little is known 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 £racé elements and their relation to the major

elements in the different zones.

ANALYTICAL METHODS AND DATA ORTAINED

A representative rock of each of the chlorite, biotite,
garnet, staurolite and sillimenite zones was selected by Dr R.

Campbell /
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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 Vr W.H, Herdeman. 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 elose correspondence. It is
believed, therefore, that the actual errors are far less than
+ 25-80 per cent; more probably they are about + 10-25 per cent.
The chemical and spectrographiec 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.

DISTRIBUTION /
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DISTRIBUTION OF THE ELEMENTS

Silicon
It is known that the ratio of psamitic to pelitie

material in the original country rock commonly waries between
wide limits. The 510, content of the psammo-pelitic echists
depends mainly on the amount of the detrital quartz and the
other silica particleg present in the original rock.

The reactions responsible for the production of the
index minerals of the different zoneg 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. Moreover, quartz seems to carry only negligible
amounts of the trace elements compared to the other gilicate
minerals. The relative sbundance of quartz would be, therefore,
of little significance in the distribution of the trace elements
of the psammo-pelitic schiste, affecting their abundances but
not their relative proportions.

The Si0, percentage in the analysed roeks ranges be-
tween 50,63 and 68.05. Its average in these rocks is 5§7.085,
close to the Si0, of the average shale (58,10) quoted by Petti-
Jjohn (1949).

There /



There seems to be 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 elemenits in this respect. They, too, show
no regular relationship with Si. The Rbgy0 contents, for in-
stance, of the biotite-schist and the biotite-sillimanite-gneiss
are 0,06 and 0,033 per cent respectively. The Si0o percentages
of these rocks do not differ very much, they are £3.05 in the
former and 53.02 in the latter, Moreover, the 5i0, contents
of the chlorite- and the garnet-biotite-schist vary rather widely,
being 60,52 and 68,05 per cent respectively. On the other hang
their Rbo0O contents are the same (0.011l per cent). Nockolds
and Witchell (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-pelitie
metamorphis rocks under consideration are'Algoa, Fes0qy FeO,
Vg0 end Ko0. They are fundamental constituents of the dif-
ferent index minerals of the-various metamorphic zones. Cal
and Was0, however, are of less significance than these oxides.
This is because (1) Ca and Na 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 sillimanite, and (2) the plagioclases and/or
epidotes, in which Ca and Na are present in significant propor-
tions, occur, when present, in the studied rocks only in minute
amounts.

The relative proportions of AlpOg; FeO, MgO and FegOg
and Ko0 are best represented graphically by the AKF triangular
diagram introduced by Eskola (1915, p. 128). It is known that
according to the facies elassification of metamorphic rofks, the
mineral assemblages in equilibrium vary with the 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 ghould be noticed that the position of chloritoid
on the AF side of the triangle can be 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-guartz, which agrees to a great extent with
their mineral compogition. 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, ¥ = Z = dark brown, and that of the sillimanite gneiss
reddish /
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reddish brown with X = pale yellow, ¥ = 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 facies cor-
responds to the assemblage chloritoid (chlorite)-almandine-
miecovite-quartz, The plots of the compositions of the repre-
esentative rocks of the staurolite and sillimanite zones on the
AKF diagram of the amphibolite-facies indicate the assemblages:
staurolite-muscovite-kyanite-quartz and staurolite-muscovite-
almandine-quartz respectively. It is thought to be 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 facies, lies in the field showing the
assemblage chloritoid (chlorite)-almandine-muscovite-quartz.
(3) The high grade is represented by the average of the rocks
of the staurolite and silimanite zones. This average, when
plotted on the AKF diagram of the amphibolite facies, lies in

the field showing the assemblage staurolite-muscovite-kyanite-
quartz.

Al /



Al and Ga

In the rocks investigated Al203 varies from 15.69 to
28.86 per cent, the average being 21,42 per cent. This is
higher than the average AloO4 content of shales (15.40) cited by
Pettijohn (1949, p. 271). The averages in the different grades
of metamorphlism are 17,45 in the low grade (chlorite-schist),
18,72 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
Al;0q content of five metamorphic rocks of Duchess County, New
York (phyllites, a garnetiferous schist and a mica-schist) studied
by Barth (1936, p. 802) is 18,14 per 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-
ding high grade.

It seems that the Al,0, content in the high grade meta-
morphie rocks is 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 Algoa contents are higher than those species
indicative of low and medium grades of metamorphism, that is,
chlorite, biotite and almandine garmet,

It is interesting to notice that the total of Si0O, and
Al0, /
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AlOn does not vary much in the grades of metamorphism, It ise
7797, 79,27 and 77,93 in the low, medium and high grades respee-
tively. Moreover, the average of the total of these two major
oxides in the slates of the Duchess County, New York is 80.l2
(Barth, 1936, p., 799). This average is very close to that of
the phyllites, garnetiferous and mica-schists of the same loca-
1lity (79.31). Also, the total of these two oxides in the
guartz-miscovite-chlorite phyllite of the Stavanger region, Nor-
way, is 78.32 (Goldschmidt, 1920, p. 110). The aversge of the
total in the other metamorphie 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 metamorphiem in order to produce their respective index mine-
rals do not materially change the total of 5i0Os and AlsOg3.

Ga is most commonly found substituting for Al in the
erystal 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 metlamorphic rocks contain the highest Al
content and are also the richest in Ga (Fig. 1).

The total of FeO, FeoOg and MgO of the rocks of the

various /
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various zones ranges from 8,87 to 11.10 per cent. Perhapes 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 (2.99), and is not appreciably
different from that of the high grade metamorphie rocks (10.51).

The ratio FeO/Fegoa 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 3e5.

Average shale (Pettijohn, 1949, p. 271) has more Fe,0g
than FeO and therefore the ratio FeO/Fes0g is less than unity
(0.3). In this respect the high grade metamorphiec rocks are
intermediate between average shale and low grade metamorphiec
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
metamorphiem. The Li contents of the low and high grades do
not /
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not differ significantly, being 100 and 115 ppm. respectively.
The high Li content of the medium grade metamérphism can perhaps
be corfelated 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 § per cent of biotite. Here it_is more
likely that most of the Li content occurs in staurolite where
it would substitute for Fe® 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 metamorphie rocks (45 ppm.).

Ni attains its highest value in the high grade metamorphie rocks
(98 ppm.). The distribution of Cr+Ni is similar to that of
Fe3+Mg 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. Fez, Fed and Mg are unfortunately
not given, but their relative concentrations can be Jjudged 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, ¥n, Cr, Wi, Li, Co, V and Cu usually replace Feg,
F@3 and Mg in favourable crystal lattices. During the progress
of the crystallisation differentiation of volecanie rocks the
total of Fe2, Fe3 and Mg tends to decrease. It has been found
by the writer (Higazy, 1952b)that the total of the trace elements
which can replace these major elements also decreases. In re-
gional me tamorphism, however, where there seemes to be no regular
decrease of the total of FeZ, 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, 1952d).

Ca; Sr, Y and La
The Ca content of the investigated rocks is relatively

low. Ca0 ranges from 0.48 to 1.33 per cent. The average Ca0
content in these rocks (0.84) is much lower than that of shales
(3.11). The average Ca0 content of the high grade metamorphie
schists (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/Fes0g , the Ca0 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 sitriking.
Increase or decrease in Ca is ace mpanied 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 ionie radii are
all closely alike (Ca, 1.06; Sr, 1.27; Y, 1,06; and La, 1.22 X)

K: Bb, Ba and Pb

K20 varies from 2,23 - 6,52 per cent with an average
of 3.64, close to that of the average shale (3.24). The X0
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-
schists, being 6.59 and 4.89 respectively. Its distribution in
the three grades of metamorphism is 2,27 in the low, 4.4l 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 elementsattain their highest
amounts in the medium grade (Rb 275, Ba 2000 and Pb 22 ppm.)
which /
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which is also richest in K. They are lowest in the low grade
(Rb 100, Ba 9200 and Pb 10 ppm.) which is also poorest in K.

It is significant that the metamorphiec rocks surrounding the
Garsbal Hill-Glen Fyne Complex show similar tendencies. Ba and
Eb are more concentrated in the schists which have biotite and
potash feldspar among their major constituents (Nockolds and
Witehell, 1948, Analyses Noe. 2, 5 and 10, Table IV, p. 545),
and which can therefore be expected to be relatively rich in K.

Zr varies considerably in amount and its abundance is
most likely to be related to the amount of zirecon found in the
different rocks. The chlorite- and the biotite-schiste 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-
menite-gneiss ie more heavily sprinkled with pleochroic haloes
then 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 nueclei of these haloes are for the most part radioactive

minerals other than zircon.

Mo /
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Mo and Se

Mo is found in very small amounts in the roecks of the
different zones, 1 ppm. in the low grade and an average of 2 ppm.
in each of the medium and high grades.

Se, if present, is found in amounts below its limit
of sensitivity in the rocks of both low and medium grades. The
sillimenite-gneiss has 10 ppm. Se and thus the average Sc con-
tent in the high grade metamorphic rocks ie & ppm. Se ie related
in its distribution to Mg, FeZ and FeS.

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 sbundances of both Be and Ag in the rocks examined
fail to suggest a definite relationship with any of the major

elements.

Sn, Tl, Ge and In

Sn, if present, is in amounts below its limit of sen-
sitivity in the investigated rocks. Cassiterite has not been
found /
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found smong the minor accessory minerals of these rocks.

Tl, Ge and In, if present, are in amounts below their
respective limits of semsitivity; 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, T1 is undetectable in the same rock.
The lepidomelane-skarn of Co. Donegal, Eire, studied by the
writer (Higazy, 1952d), has 800 ppm. of Rb and ite Tl content is
also undetectable. However, the perthites of the Black Hills
of South Dakota, recently analysed by the writer (Higazy, 1952¢)
p~—— which have a Rb content as high as 9500 ppm., contain
30 to 150 ppm, of T1. Thie confirme the unique association of
Tl and Bb in rocke and minerals already noted by Ahrens (1948).

Water
The H,0- reaches its highest value 0.39 in the low grade
and it is lowest in the high grade. The total HoO~ and HoO+,
however, ig 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).

BEHAVIOUR /
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BEHAVIOUR OF THE TRACE ELEMENTS IN REGIONAL METAMORPHISM

General statement

The average compogition of all the investigated rocks
(Table I) is considered to represent approximately the original
composition before metamorphism. The SiOp, Mg0, NasO, K0 and
P;0g contents of this average are similar to those of the average
shale quoted by Pettijohn (1949). The total of FegOg and FeO,
however, (7.80) is slightly higher than that of the average shale
(6.,47); Ca0 (0,84) is much lower than in the average shale
(3,11)3 and Alo03 (21.42) is much higher than in average shale
(15,40)., It ie assumed that this original composition would
give rise under the different P. T conditions to the metamorphic
rocke of the different grades. It is not overlooked that other
factors such as primary local lithological differences, shearing
gtress 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 K, and a slight
increase in the total of Mg, Fe? and Fe®, There has been also
a corresponding decrease of Ga, and of Rb and Ba, and a elight
inerease in the total of Ti, ¥Mn, Li, Cr, Co, Ni, Cu and V.

The production of the medium grade metamorphic rocks (biotite
and /
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and biotite-garnet schists) i pvolved decrease in Al, Ca and the
total of Mg, Fe and Fea, andiincrease in K, 1In the high grade
rocks (staurolite-schist and ﬂillimanite-biotite gneiss) there
has been a slight decrease ian, and increase in Al, Ca and the
total of Mg, Fe2 and FeS3, Thie, in all these changes K behaves
differently from the total of izg, Fe® and Fe®, The trace ele-
ments behave like their respeciive 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 ery-
stallisation (Lundegfrdh, 1249; 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, 19520).

Significant /
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Significant Ratios

It has been found (Higazy, 1952p) that certain ratios
vary significantly during the formation of various kinds of vol-
caniec rocks by the erystallisation differentiation of basic
magma. The most important of these ratios are (FeO+Fes03)/
(MgO+FeO+Fes04) , Fe3/Fe? 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+Nas+Ca),
which has its highest value in the early stages and thereafter
decreases. .

The ratio (FeO+Feg0g)/(Mg+FeO+Feg0s), 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 FeS/Fe® inereases 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 volesnic rocks. The value of (Fe2+Fe3)/lig shows only a
slight increase in the medium and high grades of metamorphism
relative to the low grade. Fey0y/MgO increases regularly from
low to high grade and attains ite maximum value (1.43) in, the
staurolite-schist.

It /
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It seems, therefore, as regards the variation of these
ratios, that the regular tendencies characteristic of differen-
tiated volcanie rocks are not followed by metamorphic types which
have substantially different mineralogical constitution. This
is aleo true with respect to the other ratios of the trace ele-
mente. 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 magmatie roecks. Moreover,
neither (Mg+Fe®+Fe®)/(K+Ca) nor the corresponding ratio (Crs+Co+
Ni+Cu+V)/(Rb+Ba+Sr) exhibits a regular decfease towards the low
grade metamorphic rock.

This contrast in ratio-tendencies for differentiated
types and regionally metamorphosed psammo-pelitie rocks may be
accounted for by considering the respective differences in their
petrogenetic evolution, differences which eulminate in the pro=-
duction of highly contrasted mineral assemblages in the two
series of rocks.

The ratios in the biotite-schist and the sillimanite-
biotite-gneiss show an interesting feature. These two rocks
are similar in their modal mineral composition, Their most
abundant minerals are biotite and quartz. This makes it quite
likely that biotite in each of these rocks is the main source of

the trace elements. The values of the ratios Li/vMg, Li/Ni,
Rb/K /
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Rb/K, Ba/Ca, Ba/(Ca+K) and Sr/Ca are all higher in the biotite-
schist than in the gillimanite-~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
ghould concentrate relative to them at the lower temperatures.
The biotite of the biotite-schist (green schist facies) is known
to reecrystallise at a relatively lower temperature than that of
the biotiteof the sillimanite bearing rock (amphibolite facies).
Similarly Cr/Fed is higher in the sillimanite-biotite-gneiss
which forms at relatively higher temperature. Cr has a smaller

ionie radius than that of Fe3,

CONCLUSIONS

During the development of the well known zones of re-
gional metamorphism of the Scottish Highlande, 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 rocke which show culmination of cer-

tain major elements. Ga culminates with Al; Ti, ¥n, Li, Cr,
Ni /
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Ni, Co and V with Mg, Fe® and Fe®; 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>Ni>Co and that of Ba and Sr is Ba>Sr, corres-
ponding to the distribution of these elements in average ghale,
as recorded by Ranksma and Sshama (1950, p. 226).

ACKNOWLEDGMENTS

I wish to express my grateful thanks to Dr R. Campbell
for providing the analysed specimens; to Dr D.W, MeArthur,
Director of the Macaulay Institute for Soil Research at Aberdeen
for his kindness in allowing the spectrographic determinations
to be made there; 1o Dr R.L. Mitchell and Dr R.O. Scott of the
Macaulay Institute for their valuable help during the spectro-
graphie analysis, and to Professor Arthur Holmes and Dr D.L.
Reynolds for their constructive eriticism and helpful sugges-
tions, I am also indebted to the Egyptian Hducation Bureau in
London for a grant from which the cost of the chemical analyses

has been defrayed.

REFERENCES /



24,

REFERENCES

AHRENS, L.H. (1948), The unigue association of thallium and
rubidium in minerals: J. Geol., Vol. 56, pp. 578-590,

BARTH, Tom, F.W. {1936). Structural and petrologic studies in Duches
Countys New York., Part II: Petrology and metamorphism of
the Paleozoic rocks: Bull. Geol. Soc. Amer., Vol. 47,
PDs 775-850,

ESKOLA, P. (1915)s On the relation between chemical and miner-
alogical composition in the metamorphic rocks of the
orijarvi region: Comm. géol, Finlande Bull,, No. 44, pp.
109-145,

GOLDSCHMIDT, V.M, (1920). Die injektionsmetamorphose im Stavanger-
Gebiete: Vid. Selsk. Skrifter, Kristiania, No. 10.

HIGAZY, R.A. (1952a). Behaviour of the trace elements in a front
of metasomatic-metamorphism in the Dalradian of Co.
Donegal: Geochim et Co chim Acta, Vol. 2, pp. 170-184,

(1952b)., 'The distribution and significance of the trace
elements in the Braefoot Outer sill, Fife: Irans, Geol.
Soce Edin., Vol. 15, pp. 150-186. :

(1952¢)s Observations on the distribution of the trace
elements in the perthite pegmatites of the Black Hills,
South Dakota: Amer, Mineral.,, Vol. 37, in the press.

LUNDEGARDH, P.H. (1949). Aspects to the geochemistry of chromium,
cobalt, nickel and zinec: Sver. Geol., Undersok,, Ser. C,
No. 513-Arsbok 43, No. 11, pp. 1-58.

MITCHELL, R.L. (1948). The spectrographic analysis of soils,
plants and related materials: Common Soi
Sci,, tech. comm, No. 44, pp. 53-77.

NOCKOLDS, S.R. and MITCH&LL, R,L. (1948). The geochemistry of
gsome Caledonian plutonic rocks: A study in the re-
lationship between the major and trace elements of
igneous rocks and their minerals: Trans, R Ce
Ed-in" Vel. 61 (Put II), P B33=575.

PETTIJOHN /



25

PETTIJOHN, F.J. (1948). "Sedimentary rocks": Harper and
Brothers, New York.

RANKAUA, K. and SAHAMA, Th. G. (1950). “Geochemistry":
Univ. Chicago Press. -

TILLEY, C.E. (1926). ©Some mineralogical transformations in
erystalline schists: Min, Mag., Vol. 21, pp. 34=46.

WALKER, F., and POLDERVAART, A. (1949). Karroo dolerites of
the Union of South Africa: Bull., Geol. Soc. Amer.,
. Vol, 60y pp. 591-7086.




0:0101 — .
o‘oos._.&:_?z_._._ ............
O‘OIO. "’ _____________ - ——
0-005+ . :
|-°‘__~<:}-Z_._._._._ ....... 2 |
054 .

0-2- — - w— . O S — S— — D
O-I-—._. L
‘0031
s o c— . c— - —
0-024 ”’a
0: 0l
4-0+
3-0- ““’”
2:04

|.3-_._._x.-<'._}'2'
10 :

Cr; Oy + CoO + NIO+Li; O + CuO +V, Oy+ TIO# MnO

I1-0-
10-0- T
MgO+ FeO+ Fe, O
0-0104
——
o-oos-—'-"-lﬁrz
0:0004 Gay 0y

2501 /
200 .—”

ﬁ’_’_/
15-0

Fige 1

Behaviour of major and trace elements in the three
: ades of
metamorphidm, =,=q=q=, represents the average compgzition

of the analysed rocks., 1I- low grad =
311 - high Eonte. grade, II: medium grade and



PART IV



A 5 aveggge D x aveggge

(FeO+Fe, 0y )/
(MgO+FeO+Fe, Oy ) 0.73  0.75 0.86  0.77 0,78 0,75 0476
(R +Fe? )/ 3.36 3456 515 W35 M43 3.8% W3
Fe® /Fe? 0.06 0,55 0.03 0,29 0.60 040 0,50
Fe, 05 /Mg0 0.7 1:09 0,15 0.62 13 072 0 1,08
K, 0/A1, 05 0,12 0430 0.,1% 0.22 0,08 0.21  0.15
1000 Ga/Al 0.38 0,48 0,30 0,39 0.49 0,48 0,48
1000 Li/Mg 575  19.10 1466 11.88 8.6% 6497  7.80
Li/N4 1.82 6.60 1.25 3.93 1,00 147  1.24%
Li/Cr 1667 - 220 1,00 - 1,60 1,00 1400 ' 1400
1000 Rb/K 5.05 8.22 5,40 6.81 8,02 7.39 7,70
100 Ba/K 4,78 5:50 5.40 5.45 5,08 4,92 5400
100 BaAf+Ca) 3.5 5e1 4.5 4,8 3.7 4.0 3.8
Fe? /Mg 3.17 2,29 4,96 3.63 2,76 24,92 2.8%
&a%w*-re’ )/ ,

+Ca) 2498  1.35 3.00 2,18 2.98 1.53 @ 2.26
(Cr+Ni+Co+V+Cu)/
(Rb+Ba+Sr) Os2F 0,11 0.18 0415 0.3% 0.1%  0.2%
100 C8/Fe° 1.78 0469 2%  1.72 0.52 0,75  0.6%

A = E as in Table 1
A, BC and DE as in Table I



IABLE 11

Trace element contents in ppm. of the analysed rocks

2

average average average oi
Element A B C BC D E DE all rocks
Rb 100 450 100 275 150 300 225 220
Li 100 330 50 190 120 110 115 142
Ba 900 3000 1000 2000 950 2000 @ 1475 1570
Sr 60 50 20 35 80 120 100 66
Cr 60 150 50 100 120 110 115 98
- Co 30 L5 25 35 %0 35 38 35
Ni 55 50 %0 45 120 75 98 68
ar 850 200 100 500 280 320 300 490
La % W * * 30 30 30 *
Y 50 35 30 33 60 100 80 55
6 15 8 12 15 8 12 10
v 110 110 80 95 110 115 113 105
Ga 35 55 25 40 75 60 68 50
Tl * ¥ * % ¥* * ¥* *
sn * * % %* e * % *
Pb 10 35 10 23 15 20 18 18
Se o % # e i % 109 57 %
Mo 1 1 3 2 2 2 2 2
Ge E * %* ¥* * * % *
Be 5 b * * 5 #
Ag 2 1? 1.5 1 1.5 2
In * ¥* % * o %* % *

Ay B, C, BC, D, E and DE as in Table I.

Spectrographic analyst:

R.A. Higazy

* = Element if present is in amount below its limit of sensitivity

given in Table I.
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Mineral A B c D E
Quartz 40 35 50 30 40
Chlorite 45 P 20 P P
Sericite and
Muscovite 10 17 10 20 15
Biotite 12 40 15 5 40
Staurolite - - - %0 -
Garnet - - P P P
Sillimanite - - 1t &

Iron-ores 5 8 5 5 2
Calcite P - P - -
Albitie

plagioclase P 1 - P P
Tourmaline P P P P P
Apatite P P P P P
Zircon P P P P P

A= E ags in Table I

o
L]

1}

absent

present in amounts mich les

g8 than 1 per cent
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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 perthitization. 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 be drawn only on the ba-
sis of field and laboratory investigations
of individual occurrences.

The author studied some potash-rich
pegmatitesin T. 2 S., R. 6 E., near Glen-
dale, Pennington County, South Dakota
(fig. 1). Excellent outcrops and mine cuts
facilitated the study. The pegmatite
mines studied include the Glendale, in
the northernmost portion of NW. 1 Sec.
23, T. 2 8., R. 6 E.; the Soda Spar, in the
SE. £ Sec, 22, T. 2 S, R. 6 E.; the John-
son Dike, in the SE. + NW. 1 Sec. 22, T.
2 S., R. 6 E.; and several smaller un-

* Manuscript received October 8, 1948.
20n a study leave at the University of Chicago.
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named bodies. Several pegmatites, such
as the Three Falls Lode in the SW. 1
Sec. 22, T. 2 S,, 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 (1944) 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. 1 Sec. 2,
T. 4 5., 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. 1 Sec. 8, T. 2S,, 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. 16, T. 2S.,, R. 6 E.

The structure of most of these pegma-

el
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tites has been described by other writers:
Apsouri (1940), Connolly and O’Harra
(1929), Guiteras (1940), Fisher (1942 and
1045), Landes (1928), Lincoln (1927),
Page and Norton (1946), and Tullis

RIAD A. HIGAZY

GEOLOGY OF PEGMATITE AREA
The general geology of the Black Hills
has been discussed by Darton and Paige
(1925). The Black Hills uplift, an outlier
of the Rocky Mountains, is an elliptical

oy
T 15
PRy
nr"

PENNINGTON

CUSTER

lron

F1e. 1.—Glendale area, showing location of perthites

(1939). Few chemical or microscopic
data have been published. The author,
therefore, analyzed some perthites and
country rocks and examined 65 slides of
these rock types. Still more data are
needed to make certain the conclusions
drawn.

area whose long axis trends northwest.
The core is composed of metamorphic
and eruptive rocks surrounded by con-
centric outcrops of Paleozoic and Meso-
zoic sediments. The pre-Cambrian cen-
tral portion and the outwardly dipping
sediments are overlain by Oligocene for-
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mations. Hypabyssal 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, phyllite, mica schist, garnet
and staurolite schists, and marbles (Van
Hise, 18¢0). 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 metasediments
(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 (1943) of
U/(U + Pb) and U/(U + Th), is 1,450
million years. The Black Hills pegma-
tites are, therefore, Archean.

FIELD RELATION OF PEGMATITE
AND ASSOCIATED SCHISTS

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
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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, pl. 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.3

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. 10) has
shown that pegmatitic masses composed
almost entirely of perthite are common.

Abundant pegmatitic pockets in nu-
merous unzoned bodies in many ¢ases are
composed almost entirely of perthite,
commonly associated with albitites.

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, biotite, and quartz
with minor amounts of garnet. The
schist in places is feldspathized and/or
tourmalinized.

The feldspathized schists contain from
25 to 3o per cent of feldspar. The feldspar
may be a perthite, an albite, or a micro-
cline.

An outcrop of the perthite schist (pl. 1,
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 1 mm. in diameter, grading into
masses more than 3 cm. long, which tend

* For location see p. 555 and fig. 1.
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to assume the rectang ilar outlines of a
true feldspar (pl. 1, 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. 1, B and
C). Replacement rather than viscous in-
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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 1

A, 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.

B, Perthite, uncontaminated crystal (whife); another smaller crystal appears to the right of the figure.
The groundmass is schist relic, showing black quartz and lighter-colored micas.

C, 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 (whife). Inclusions are dark.

D, Perthite schist, showing many perthite crystals (white with light-gray schist inclusions). Schist relic is
dark and forms the groundmass.

PLATE 2

A, Perthitic schist showing dlbite (4) and string perthite (P) with faint grating. Note (1) rounded quartz
inclusions (schist relic) in both albite and perthite, (2) the cementing material between some quartz grains
is still preserved (C), (3) the trend of the quartz inclusions is roughly northeast-southwest in the figure,
and (4) biotite inclusions (B). 123X.

B, Feldspathized schist showing albite (4)—polysynthetic twinning—and potash feldspar (PF)—simple
twinning, Carlshad law. Notice (1) rounded inclusions of quartz in the feldspars (in some feldspar crystals
the inclusions appear white, in others they are extinguished); (2) the trend of inclusions is the same in the
different feldspar crystals—northeast-southwest; and (3) the pushing-aside of the biotite flakes of the orig-
inal schist (B) at the corners of the feldspars. 123X.

C, Albitite. Notice the cementing material (C) belween some quartz grains. Quartz (Q), albite (4),
tourmaline (T). The albite crystals show polysynthetic twinning, all trending in a roughly parallel direction.
Most of them do not show up clearly in the figure. 12X.

D, Section of a perthite parallel to (oo1), showing patch (white) and microcline (grated). Note the micro-
clineislandin the albite patchin optical continuity with host microcline. Note also the extinguished ungrated
portion of the microcline. Albite and microcline edges show embayments. 41 X.

E, Section of a perthite parallel to (o10), showing albite veins and patches (whife) with numerous micro-
cline islands (gray). 12X.

F, Section of a perthite 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. 123X.

PLATE 3

A, Patch and vein perthite (no. 13, table 1), section parallel to (or0), albite (white), microcline (gray).
Note (r) fine strings and thin films between the veins, (2) grading of the strings and filmsinto veinsnear the
center, (3) grading of the veinsinto patches, and (4) microcline relicsin the patch at the lower portion. 12X.

B, Film, vein, and patch perthite (no. s, table 1), section parallel to (o10), albite (white), microcline
(dark gray and black). Note (1) abundance of thin films, (2) grading of the films into veins; (3) complex
texture of the veins grading into patches, and (4) microcline islands in the patch near the center. 12X.

€, Film and vein perthite (no. 7, table 1), section parallel to (oo1), albite (black), microcline ( finely grated).
Note abundance of regularly elongated veins and thin films. The latter grade into the former. 12X.

D, Vein perthite (no. 1o, table 1), section parallel to (o10), albite (white), microcline (grated). Note the
roughly round cross section of veins. 123<.
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Perthite of the perthitized schist
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Thin sections of feldspathized schist and perthite
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Thin sections of perthite
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have the yellowish-green chloritic or the
yellowish-brown ferriferous cementing
material, like that of the quartz of the
original unaltered schist (pl. 2, 4). The
albite of the schist has formed in the
same manner as the perthite. Plate 2, 4
shows inclusions of rounded quartz of the
schist in the albite. They are elongated in
the direction of the schistosity. Albite
from a schist in the NE. ; Sec. 8, T. z S.,
R. 6 E. (across the east-west road from
the mill of Consolidated Feldspar Cor-
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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 1, the analysis of the

TABLE 1
ANALYSES OF PERTHITES*
‘ A
Oxides I 2 £ S [EF S 5 6 7 8 o o zx | 3l | a3 14 15 a‘:: 10 17
Si0s..,... 63.80l65.13 64.29{ 63.67| 65.48 64.36/63.06/64.13/04. 11/64.30/64.20/64. 48/65. 10| 64.97/65.07 64.41| 64.00| 64.20
TiO: 0.00) 0.00, ©0.00; ©0.00| '0.00, 0.00| 0.00| 0.00| ©0.00| 0.00| 0.00| 0.00| 0.00| ©0.00 0.00 ©.00| 0.00 ©.00
AlO;..... 21.61/20. 70 10.40( 20.08| 19.54 19.53/10.30/18.92/19.62/10.37|10.76/10.66/10.55 10.41119.04| T0.72| 10.70 19.38
Fea0s. 0.0g 000 ©.0g| 0.07 0.00| 0.09 0.13 0.06 0.06| 0.00| 0.00( 0.12 0.10| ©.07| 0.13| o.0 0.17 ©0.05§
MgO . ©0.00| 0.03| ©.TI| 0.02| 0.00; 0,05 0.05| 0.07| 0.12| 0.03| 0.06| 0.06| 0.00 0.02 ©0.03| ©.04f o0.01] o.02
Ca0.. ©.78/ 0.25/ ©.32| ©.49 o0.70 ©.82 0.46] 0.15 0.37 0.27 ©.27| 0.21| 0.07| ©.20/ 0.15| 0.38) ©.02| o.02
BaO...... ©.02( 0.05/ 0.06 ©.02 ©0.01 0.02| 0.77| ©.03| 0.04| 0.05| 0.03| ©.05| 0.0z ©.03 0.05/ o.04 nd. | n.d.
NaO... .. 2.72| 2.04] ©.38 1.90 2.74/ 2.06 2.80| 2.12| 2.55| 1.43| 2.80| 2.12| 2.08 3.000 3.20/ 2,46 3.10| 1.21
Ka0...... 11.0810.58( 15.62 13.68| 12.52| 11.0412.41 14.03112.84/14.02/12.30/13.0011.58| T2.35/1T 04| 12.0606| 11.03| 14.05
Ha0. .. 0.31] 0.17] ©.16/ ©0.18 o0.21] 0.29 0.36 0.25 0.22 0.23| 0.21 u‘28‘ 0.16] 0.12| ©.16| o.22| 0.27] 0.27
Total, .. 100. 50/00.04 100.43%100.17 Im.38)10o.069973 00.70/00.93109.70/00. 00 gg.gBigq,sﬁ Im.sliog.&Smo.oz 100.00/I00, 10
1

* r-15: Perthites (see fig. 1 for location); analyst, R, A, Higazy. 16: Perthite (Hugo pegmatite); analyst, B. Bruun. 17: Micro-

cline (Hugo pegmatite); analyst, B. Bruun.

poration near Keystone) contains abun-
dant quartz inclusions which clearly
show a sieve texture (pl. 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 (pl. 2, C).
These transitional rocks, containing
some relic features of the schist, suggest
a metasomatic 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
KAISi;03, composed of one atom of po-
tassium, one of aluminum, and three of
silicon; the Ab is the molecule NaAl-
351;0s; and the An is CaALSi,0;. 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 CLEAVELANDITE*
Per Cent

Oxides Oxides
SiOg ................ 67.62
DO S i rva 0.00
ARG . o TR0
PG el i 0.00
Mo@e i ... ©0.08
Cal) . - 0.50
BaG.. o b e 0.05
IR ot e 11.03
G e eia
H.0 0.40
Total............. 09.62

* Analyst, R. A. Higazy.

were plotted in figure 2. Perthite 1 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 ¢8.5:1.5 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 ¢5.5:3.5 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: (1) perthites 15 and 8, which have
Ab:An ratios of ¢g7.0:3.0 and ¢6.5:3.5,
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respectively, and Or:Ab ratios of 70.7:
29.3and 81.3:18.7,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, T€-
spectively, and Or: Ab ratios of 82.0:18.0,
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 ¢8.5. This
is more sodic than most of the perthites.
Tf 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. 18, 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-

TABLE 3
CHEMICAT. ANALYSES OF THE COUNTRY ROCKS*
Oxides T 2 3

105 s 68.83 70.85 69.93
TR e LA 0.40 0.21 0.00
\ . 14.63 15.48 17.84
1.42 0.04 0.14
! 3-83 I1.09 0.20
MnO 0.05 0.0I 0.0L
MgO......... 2.24 0.83 0. 54
Ca0 S 0.52 0.38 0.50
Ba®i s i 0.II 0.11 0.02
Na O 1.05 2.16 0.68
K S 4 5.0 6.45 0.42
TRt e 0.17 0.45 0.5I
1 BB el B 1.18 0.23
H2 O s 0.14 o.08 o0.06
Total.......| 09.98 99.90 100.17

* 1, Biotite schist; 2, microcline-perthite biotite schist; 3,
albitite. Analyst, R. A, Higazy.

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 microcline collected from
the microcline-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 mi-
crocline of the inner zone has a norma-
tive plagioclase composition of Ab gg.7
An o.3; this is more sodic than that of the
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microcline, which has the normative
plagioclase Ab gg.0 An 1.0.

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 pegmatites 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 Ab An Ab:An Cent Or: Ab
Plag.
T 70. 4 26.2 3.4 | 88.5:II.5 200 | 72.5127:5
2Ll S 69.4 29.3 I.3 | 97-5: 2.5 | 30.6 | 70.2:20.8
ALE w05 04.7 3.5 1.8 | 66.0:34.0 5.3 | 96.2: 3.8
A 8o.1 17.5 2.4 | 88.0i12.0 | 19.9 | 82.0:18.0
R e st e 72.5 24.0 eI 87.4:12.6 275 75.2124.8
Gis 70.5 25.0 3.6 | 87.7:12.3 | 20.5 73.2:126.8
G 72.8 24.9 2.3 91.6: 8.4 27.2 74.5:25.5
8.. 80.7 18.6 0.7 06.5: 3.5 19.3 81.3:18.7
Qs e s 75-5 22.7 Tea |Lg2.f: 7.3 24.5 76.8:23.2
10. 85.3 133 1.4 | 00.6: 9.4 | 14.7 86.5:13.5
5 A S 72.7 25.9 1.4 | 95.0: 5.0 | 27.3 | 73.7:20.3
E ey ST 79.0 19.3 .7 9z.0: 8.0 21.0 80.5:10.5
TR0y Shvi i pa 71,7 27.9 o.4 | 98.5: 1.5 28.3 72.0:28.0
T ol il s izl 26.6 I.3: | 9555 4.5 27.9 73.1:26.9
15.. 70.0 20.1 0.9 97.0: 3.0 | 30.0 70.7:20:3
Average....| 75.8 22.4 1.8 | ot.0! 9.0 | 24.2 | %77.2:22.8
T v s JT 28.8 0.1 | 0g9.7: 0.3 28.9 | 72.2:28.8
e 89.0 10.9 0.1 99.0: 1.0 11.0 | 8g.0i11.0
ESE L 0.6 97.0 2.4 | 097.5: 2.5 | 090.4 0.8:99.2
i d? 1-15, perthites; 16, perthite (Hugo pegmatite); 17, microcline (Hugo pegmatite); 18, cleave-
andite.
b 509N
2_®I13
%5 es
90 1489 |
.7.9 ez
80} i @10
Tor
abznan 1 . L
SO 30 20 10
ab400r60 b9 °T00

¥16. 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. Tt 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

Range in the
Oxides Perthites * 21
(Per Cent)
DOy 63.80-065.13 65.10 63.06
TiO,. 0.00 0.00 0.00
ALOs. .. ... 18.92—21.61 10.55 19.39
Fe;0; 0.06— 0.13 0.10 0.13
MgO...... 0.00— 0.12 0.00 0.03
Ca0. 0.15— 0.82 0.07 0.46
BaO. 0.0I— 0.06 0.02 0.17
NaO...... 0.38— 3.29 2.08 2.80
K0, ... 10.58-15.62 11.58 12.41
H.Gh 0.12— 0.31 .16 0.36

* Perthite phenocryst in granite.
{ 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,

1. Patch perthite
2. Vein perthite
3. Film perthite
4. String perthite

These types were named by Andersen
(1928), who gave a complete description
of each type. The interlocking perthite of
Andersen (1928, p. 151), the braid perth-
ite of Goldich and Kinser (1939), and
the guttate perthite found by Barth
(1930) 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.
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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
1.0 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 (o10) (pl. 2, E)
and (oo1) (pl. 2, F). Plates 2, D-F, and 3,
A and B, illustrate these relations. In sec-
tions parallel to (oor), regular bands of
albite are commonly found which are
parallel to the pericline twins of micro-
cline 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. 1o albite
patches form about 8 per cent, whereas
in perthite No. 11, albite patches form
approximately 1g per cent of the whole
specimen. Patch albite commonly shows
polysynthetic twinning according to the
albite law. The extinction angle on (o10)
varies, probably because of variation in
the anorthite content. The microcline
portions of the perthites are more homo-
geneous. The extinction angles of micro-
cline are +15° to +16° on (co1) and +5°
to 4+6° on (o10). 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, 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

503

The veins in some cases are more or less
parallel to (100) (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 o.05 mm. are also present (pl.

3, D).

TABLE 6
TEXTURAL TYPES OF ANALYZED PERTHITES
No String Film Vein Patch Color*
ik T i X X Pale pink
2oiehing X T T X Grayish-white
B T T X X Pink
Gl Yo o By X X Grayish-white
LT, q X i X Deep pink
ey, Il i X X Pink
iy rarats T X X T Salmon-red
Bl 43 X X T Whitish-gray
(et X Al X X Grayish
e o T X T Grayish-white
TESeas T i1 X X Deep pink
T2 e T e X X Whitish-gray
I3 T 4 I X X Pink
S ) X o X T Deep pink
R ey ety X X Pinkish-gray

* The perthites analyzed vary in color. The percentage of Fes0; may be the same in both pink
and gray perthites. For example, perthites 1 and 2 are pink and grayish-white, respectively; yet
each has 0,00 per cent Fes0;. This indicates that the vanation in eolor is not due to iron or appar-
ently to any of the common elements but might be attributed to other rarer elements.

1 Symbols: X = Present in abundance; T =

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. Albite 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 o.05 to 0.2 mm.,
and the length reaches a few millimeters.

Present in trace; . . . = Absent.

The film and string albites constitute
a relatively small amount of the total al-
bite of the perthite, or both films and
strings may be absent. The strings and
films are always accompanied by vein
and patch types (pl. 3, 4). Both of the
latter form, on the average, go 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.or mm. in
width, rarely o.04 mm., and several mil-
limeters long. The strings have a width
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of about 0.003 mm. and a length of as
much as 0.65 mm. Both film and string
types commonly grade into the vein
type. The strings make an angle of 76°-
81° with (oo1). 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 be due to (1) simultaneous
crystallization, (2) exsolution, or (3) re-
placement.

A detailed study of the textural fea-
tures of perthites of southern Norway led
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 pegmatitic mag-
ma from which the host feldspar crystal-
lized. These solutions fill the contraction
cracks, believed by Andersen to be
formed perpendicular to (o10) and mak-
ing an angle of about 70° with (co1),
where they crystallized without much re-
placement. Goldich and Kinser (1939, 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 microcline and form-
ing networks of albitic material. The
patch type was considered to be an ad-
vanced stage of replacement, transitional
between the vein type and pure albite.
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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-
cline. Intricate networks of arborescent
and anastomosing veins are common.
These generally grade into the patch
type. 1t 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. 15 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 dis-
solves to a considerable extent in potash
feldspar by prolonged heating somewhat
below the melting temperatures (Dittler
and Kdohler, 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 be found
in fine or thin intergrowths, in other
words, strings and films, but not in rela-
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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 be
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 (pl. 1, 4-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.

PERTHITE GENESIS

Magmatic pegmatites 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 1o-
12 per cent. Such melts should obey the
laws of crystal fractionation.

The: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 pegmatitic
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 be attained (that is, Or
40:Ab 60) 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-ALBITE-ANORTHITE

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 C at the Or: An eutec-
tic point and D at the Ab:Or eutectic
point.

All the perthites analyzed lie in the

RIAD A. HIGAZY

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. 215)
and plotted in figure 6 or that given by
Barth (r944). 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.* These are
deep seated (graphic granites, granites,
pegmatites, and a monzonite), 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,’ would
not solve the problem, as.there are still
other rocks® 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 Quardo-
felic Britannare, and the subrang Dopotassic Magde-
burgose and Sodipotassic Alaskose, Order Quarfelic
Columbare, from Washington’s tables (rg17, pp.
109, 57, and 61, respectively).

5 Belonging to the subrang Perpotassic, Order
Quarfelic Columbare (Washington, 1917, p. 79).

60f the subrang Dopotassic Omeose and the
subrang Perpotassic Lebachose, Order Quardofelic
Britannare (Washington, 1917, p. 107).



PERTHITE PEGMATITES IN THE BLACK HILLS

Bowen has proved (1937) 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
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rocks, Bowen referred to the work of R.
Terzaghi (1935). She stated that some of
the potash-rich rocks may have been
formed by metasomatic alterations but
that most of them are magmatic. The

o [

&5 o5
T 04
o, _eell o9 —ei—_ g
s 913 L
ab < 7 ™ 7~ r\ 7 7 7% 7 7 ~ 7~ or
45055 50 50 55 45 60 40 65 35 70 30 75 25 80 20 85 15 90 10 95 5

F16. 3—The Or:Ab:An ratio of the analyzed perthites

ez7 932

an

@30 oz6
gopsi Nl —

®48 A7, 86 AD Al — =y 22
®5 g47 asegy os20t3 5‘2‘3;:53.“,;’ R
b Senb i ~EOely a1 n6 a0 36
a D T 7 T ApT Zam o A 7a) or
50 50 50 40 70 30 80 20 %0 10

F16. 4—The Or:Ab:An ratio of some potash-rich rocks. Nos. 1—5 and 6—32 = nos. 1-5 and 7-33 of

Washington (1017, p. 100). Nos. 33-45 = nos. 1, 2, 3, 11, 12, 13, 135, 18, 22, 23, 27, 30, and 31 of Washing-
ton (1917, p- 57). Nos. 46-49 = nos. 10, 31, 32, and 6o of Washington (1917, p. 61). Nos. 50-51 = nos. 1-2
of Washington (1017, p. 70). Solid circle = granite, pegmatite; open circle, rhyolite, trachyte, and other

volcanics; triangle, porphyry.

his figure g (1937, p. 18), 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
(1947), 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 1040° + 20° C. There-
fore, the reaction factor can no longer be
held responsible for liquids crossing the
cotectic curve.

Terzaghi (1935) says that an increase of
pressure under deep-seated conditionscan
shift the orthoclase-albite eutectic point;

ab
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as rhyolites and liparites, as well as some
deep-seated granites and pegmatites, 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 be
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F16. 5.—The Or:Ab:An ratio of some potash-rich rocks. Nos. 1-8 = nos. 4, 5, 7, 8, 9, 10, 11, and 12 of

Washington (1917, p. 107).

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-albite-anorthite
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,

7 Of the subrangs Sodipotassic Liparose, Dopo-
tassic Mihalose, and Dopotassic Dellenose (Wash-
ington, 1917, pp. 145, 79, and 165, respectively).
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44 = MN0S. I, 5; 7, 8, 10, 17,
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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 scems probable that pres-
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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 (1935) 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. 1) 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 be due to
percolating solutions. The crystals of
alkalic 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 during their devitri-
fication 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 (1933),
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
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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 (1931, 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 cage
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 1 per cent H,O (the
most important volatile constituent) to a
liquid composed of 50 per cent K,Si,0,
and 50 per cent K.SiO; 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-kaliophyllite-silica
equilibrium diagram (1937), the lowest
temperature of crystallization for a dry
melt is 1038° C.; but granites rich in
the volatiles and thought to have crys-
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tallized from a magma at 700” 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 de-
termination of the equilibrium relations
of the system Na,0-SiO,-ILO at 250,
300, and 330°, 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 1o per cent of H.O assumed to
be in the pegmatitic rest magma. Smith
(1048, 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 s0 per
cent H,0 and less than 1 per cent of
K.O. Goranson’s work (1g31) makes it
unlikely that a perthitic liquid which ap-
proximates that of a granite could ab-
sorb more than 1o 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.
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The experiments by Goranson (1931)
have demonstrated a limited miscibility
of H,O 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 pegmatites. Metasomatic
alterations which were found by Ter-
zaghi (1948) to be 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 be 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-albite-
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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
metasomatic 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 g.

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. 5). 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
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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-
pelitic 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.
1, A). In places there are crystals ex-
ceeding 6 cm. in length, exhibiting mega-
scopic sieve texture (pl. 1, 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 (1934) 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 35.37, Ca 1.62, Mg 8.76,
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will be

3 schist = perthite 4 2 schist relic.® (1)

The “unit cell” of this schist relic is com-
posed of: K 1.21, Na o.51, Ca 0.62, Mg

TABLE 7
FORMULAE OF THE COUNTRY ROCKS
Rock K Na | Ca | Mg | Ba | Mn Fett Fettt Al | Ti Si 13 [ i = e
Sonierme - 5.62| 1.79|0.50|2.92|0.04/0.04| 2.82 0.95 |15.15/0.30/60.45/0.13/160(8.05
Perthit_ic schist. .. ... 7.20| 3.80/0.38|1.46/0.04/0.00| ©0.78 0.42 |15.70|0.16/61.62|0.32|160(6.85
Albifite site o 0.48|16.30{0.54/0.70/0.00|0.00| ©.I5 o.70 |18.34/0.00|60.51|0.38(160(T.32
Average perthite... .. 14.45| 4-35l0.37/0.05]0 02, .. .ol 0.07 |21.20[0.00|58.80|....|160|1.37
Cleavelandite........| 0.11(18.37(0.47(0.TI[0.0T}. .. | ... ... 0.06 [20.24|0.00|59.21|. ... |100|2.42
WMicroching. . ..oun <o | I7 V50| 2 T51040210:03] !l b s st 0.03 [20.90/0.00|59.00|. ...|1600|1.65
TABLE 8
GAINS AND LOSSES IN THE SCHIST
Addition and Subtraction
Schist to Addition: 1.58 K, z.01 Na, o.55 Al, 1.17 Si, 0.19 P
perthitic
schist Subtraction: o.12 Ca, 1.46 Mg, o.0o4 Mn, 2.57 Fe, 0.14 Ti, 2.10 H
Schist to Addition: 14.51 Na, o.04 Ca, 3.19 Al, 0.06 Si, 0.25 P
albitite
Subtraction: 5.14 K, 2.22 Mg, o.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: o.13 Ca, 2.87 Mg, o.02 Ba, 0.04 Mn, 3.70 Fe, 0.30 Ti, 1.65 Si,
0.13P, 758 H
TABLE 9
NORMATIVE COMPOSITION AFTER VON WOLFF
Rock Alk f An Mt Aug Q t L M Q
SCHISEINE L S I 37.6 R | 28 ol NG o VA M s o R W U 7 T e L1
Perthiticschist....| s5.2 | 2.0 | 0.6 | 5.2 | 34.3| 2.8 | 6o.0| 5.8 | 34.3
Albitite. . ........ 84.2 | 2.8| o.x| z.0|10.0| 0.2 [87.2| 2.1| 10.9
Average perthite. .| 04.7 [ 3.9 | o.1 | o.1 0.1 1.1 | g9.7| o©.2 | o.r1

Fe 11.43, Al 45.45, Ti o.9o, Si 181.353,
P 0.39, H 26.85; and the average perthite
“unit cell” consists of: K 14.45, Na 4.35,
Ca 0.39, Mg. o.05, Fe o.07, Al 21.20,
Ti 0.0, Si 58.80, H 1.37.% Therefore, the
equation of the process of transformation

8 Ba is taken into Ca, and Mn is taken into Fe.

4.36, Fe 5.68, Al 12.13, Ti 0.45, Si 61.28,
P o.20, H 12.74 (see Table 10).

Figure 8 shows a crystal of perthite
about 2 cm. in length, forming a zone
surrounded by another zone containing

9 Material produced after the petroblastic forma-
tion of perthite from the schist.
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schist relic material. Figure g is drawn to
explain a mode of formation of such a
crystal. The arrows indicate the direc-
tion of migration, and the amounts of

Schist

575

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 o.77 from the

'J
T BT A 7AY
[ 20 80 40 60 60 40
Aureole Sediments
Granite
Granitization Series

Granite

/\\"\‘1

(Flamouth granite)

7AY
80 20

1] "

(Dartmoor granite)

n n

Fi6. 7.—Von Wolff diagram showing the composition of the studied rocks

the diffusing ions are shown. The three
“unit cells” of equation (1) are called in
figure ¢ 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 o.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 g. 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 be
the result of such a transformation process.

The perthite zone of a pegmatite might form in a similar manner. But equation
(1) 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 microcline and albite to form from the schist according to
the following equation (illustrated in table 11):

16 schist =4 microcline!® 4- albite (cleavelandite) 4+ 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, 4:1, 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-
cline and the other of albite. This

TABLE 10

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 (1).

Schist
3 Schist= Perthite - 2 [ic?'iﬂ ffm;:_-‘hl-l{l; re I IC e

Zv Relic
3G o Nl ol 16.86 I4.45 2.41 I.21
Na........ 5.37 4.35 1.02 0.5T
Gl o Ta50 0.30 I.13 0.57
Mg o 8.476 0.03 8.71 4-36
Bat e 0.12 0.02 0.10 0.05
ME%- ....... expey e o 0.12 0.06
Eehies L s 8.46 [........ 8.46 4.23
Fetth o . 2.85 0.07 2.78 1.39
AL et 45.45 21.20 | 24.25 12.13
AT oo ©.90 0.00 o.go 0.45
57T i L 2l 181.35 | 58.80 |122.55 | 61.28
1 e et e Gpedey ol 0.39 0.20 i
Helse v 26.85 1.37 | 25.48 | 12.74 Perthite

10 The formula of microcline (table 1) of Huga
pegmatite is used here.

2X)

F16. 8. —Perthite metacryst in the schist

(Enlarged



Schist
Relic

S (A)

Fe**
perthite Fer**

\ schist
\\ Relic

S—

F16. g.—Reorganization of the schist material to form the perthite metacryst. 4, core of innermost shell;
B, inner shell; C, outer shell.
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It is worth mentioning that the forma-
tion of microcline 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

RIAD A. HIGAZY

relation between anorthite and ortho-
clase. In a recent work, Schairer and
Bowen (1947) 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
5 [ 3 | | o Formula of
16 Schist = 4 Micro- + Cleave- - 11 Schist Schi

| cline landite | Relic o

Relic

R e e L ol 89.92 70.00 0.I1 19.81 1.80
1 TS e e e 28.04 8.60 18.37 1.67 0.15
Ca. 8.00 0.04 .47 7.49 0.67
M, i s it 46.72 0.12 0.1T " 46.49 4.22
B b Tt QB i mistineriocos | sutsne wderesaets 0.64 0.06
1% Ea St N 0 (ool e17 | SN 0.064 0.00
Bt o 40 o e ]| UM R ool O 45.12 4.10
Bettt o s 15.20 0.12 0.06 15.02 I.40
o M i s e 242.40 83.60 20,24 138. 60 12.60
B A e 4.80 0.00 0.00 4.80 0.43
Si. 967.20 236.00 50.21 671.99 61.00
B e, e s 2Bl ST ] Do I 2.08 0.10
Hi i s e 143.20 6.60 2.42 134.20 12.18

If microcline (potash-rich material) and albite (soda-rich material) derived from
the schist subsequently reacted metasomatically by replacing the schist, other rocks
would result, according to the following equation (illustrated in table 12):

Microcline +- albite (cleavelandite) 4 schist = perthite + albitite + perthite schist

1. 3)
—+ basic ions .
TABLE 12
I I I l | |
Micro- + Cleave- + Schist = Perthite-}-Albitite + Perthite + Basic .
cline landite | Schist Tons
/1S, R R 17.50 0. IT 5.62 14.45 0.48 AL I e
I N S 2.15 | 18.73 1.79 4.35 16.30 0| PR
S 0.02 0.47 0.50 .37 0.54 0.38
VG et i s 0.03 .11 2.92 0.05 o.70 1.46 0.85
B o o | N O 0.01 o.04 0.02 0.00 (it O s
IV L i oot | etis Col |V O S, oAl [ ke L 0.00 (o oz T (ot v et
Febtos o ma il (st F Ol 2R 0. 15 0.78 1.89
BeEE e 0.03 0.06 0.95 0.07 o.10 0.42 45
e e 20.90 | 20.24 | 15.15 220 || 834 |i35ig0n [inse i,
BT S 0.00 0.00 0.30 0.00 0.00 0.16 0. 14
oL S e | 59.00 | 59.21 | 60.45 | 58.80 | 6o.51 | 6r.62 |........
18 LR | 1.65 2.42 8.95 3. 37 I.32 O3B S
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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

579
might have diffused to lower levels in the
gravitational field. A combination of
both explanations is also a possibility.

Figure 10 is a summary of the reactions
discussed above.

QUARTZ MICA SCHIST

SCHIST RELIC + MICFLOCL!NE
ALBITE

MIC_'BOCLINE
ALBITE

Reacfion melasomatism
and replacement of schist

PERTHITE+SCHIST RELIC

+ QUARTZ MICA SCHIST

PERTHITITE+ALBITITE + PERTHITE SCHIST + BASIC IONS

Released as a source of
basification (amphibolites)

I'1c. 10.—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



580 RIAD A.
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. Ewi-
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 endogenetically 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

HIGAZY

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: (1) 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 (4) 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

ABSTRACT

The trace-element contents of the Black Hills per-
thites have been determined spectrographically. Their chief
trace elements are found to be Rb, RBa 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 which the pegmatites occur.



2.

STATEMENT OF PROBLEM

The perthite pegmatites of the Black Hills, South
Dakota, have been considered by the writer (Higazy, 1949) to
have been formed not by magmatic erystallization 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.

SPECTROGRAPHIC ANALYSIS AND DATA OBTAINED

Portions of the powders used previously for chemical
analysis were spectrographically analysed by the writer at the
Macaulay Institute for Soil Reserach at Aberdeen, Scotland,
using the gemi-guantitative method described in detail by
Mitchell (1948)., The determined trace elements, and the wave
lengths /



lengths of their respective diagnostic lines have already been
recorded by the writer (Higazy, 1952a).

The trace-element contentes of the analysed perthites
and cleavelandite are listed in Table 1: 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. 1, p. 556, p. 559 and pp. 562-564).

MAJOR ELEMENTS

The average ratio Or:Ab:An in the analysed perthites
is 75.8:22,4:1.8 (Higazy, 1949, p. 561). The most important
major elements in their composition are, therefore, Si, Al and
K. Na and Ca may also be gignificant but not to the extent
of that of K. The ranges of K50, Nag0 and Ca0 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. WMg0O and total iron oxides (as
Feo0g) in the perthites of the Black Hills vary from 0.00 -
0.12 /



0.12 and 0.06 -~ 0,13 per cent respectively. The exact mode

of occurrence of these elements, namely, Mg, Fe® and Fe3, in
the structure of potash feldspar is not yet perfectly known.
Among the major elements of the perthite, Na poésesses the
closest ioniec radius (0.98 X) to that of Mg (0.78) and that of
Fe? (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 FeZ 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 FeZ 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.

Fe® has an ionie radius of 0.67 £, not very different
from that of A1® (0.57), 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.
381) points out that Fe® may be considered as so immobile that
it could be incorporated in a suitable lattice under any con-
ditions.

TRACE /



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

T3

Rare:

¥n, V, Cuj

Be, Ge and
Zr

Very rare:

Cr, Co, Ni, Sec;

Sn, Ag, Mo:
La, Y and
In.

Rubidium, barium and strontium

The Rb content in the analysed perthites (Wos. 1 - 15)
varies from 600 to 9500 ppm. and the average is 2665 ppm.
(Table /




6.

(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 Mitchell (1948), Table XXI,
Ps 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 REb content of the Black Hills
perthites seems to be higher than that of the Caledonian feld-
spars.

Ahrens (1945b) exsmined the Rb eontent of 67 specimens
of potash feldspars (microcline, orthoclase and perthite).
Most of these, however, were collected from pegmatites of widely
different occurrence. Their Eb 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
11,880 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. 2, 4, 8, 10 and 12) and other nine
are pinkish (Higazy, 1949, p. 563)., The grayish perthite is
relatively /



relatively the richest in Eb (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
(4836 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 Fep0Og, 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 Feg03. 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 exeluding the
perthite porphyroblast of the schist is 1500 ppm. while the
average is 965 ppm. The average Ba content of the microclineF
perthites of the Hugo pegmatite is 290 ppm. In the potash
feldspars of the Caledonian granodioritie rocks Ba ranges from
2000 to 8000 ppm, and is more abundant than Rb, as in the por-
phyroblast of the perthitized schist of the Glendale area of
the Blaeck Hills. But the Ba content (50 ppm.) of the potash
feldspar from aplite, Garabal Hill-Glen Fyne Complex (Nockolds
and Mitchell, 1948, p. §71) is lower thamn that of Rb (2000 ppm.),
ag in the pegmatitic perthites and the perthite phenoeryst of
the granite of the Blaeck Hills. Although the data for the
Black Hille perthites do not show a regular relationship be-
tween Rb and Ba, yet they suggest that the relatively Rb-rich

perthite (Wo. 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
Bray (1942).

That Rb, Ba and Sr are concentrated in the K-rich
feldspars is very obvious, especially when comparison is made
with /
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with the content of these three elements in cleavelandite.
This Na-rich species has only 0.09 per cent K,0 and its Rb, Ba
and Sr contents are 2, § and 100 ppm. respectively. Rb and
Ba are thus preseni 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 Or:Ab:An ratio is 0.6:97.0:2.4 (Higazy, 1949, p. 561).

It is quite likely that Sr (1.27 A) 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 (Wos. 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. lioreover, the potash feldspar of the
adamellite, Morven-Strontian Complex, Scotland (Nockolds and
Mitehell, 1948) has 600 ppm. Rb and & 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-
teble. 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 thé
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 E) and the same coordination number.
On the other hand, muscovite does not usually contain Mg. But
Hendricks (1939, p. 763) mentions that Li can enter the musco-
vite structure giving rise to lithium muscovite. Moreover,
Ahrens finds as much as 1.2 per cent Lig0O in the muscovites of
Uranoop River Area, Namaqualend, 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 Lundegérdh suggests (1947, p. 108). It should also be men-
tioned that Li (0,78 E) 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.

Pb /
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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 Ppme.
It is interesting to notice that the total of Rb, Ba and Sr in
theemceptionally high Pb perthite (No. 15) is the lowest among
all the samples tested. Fb 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 siliciec 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. The geochemical relationship
between Ga and Al is unique. Ga feldspars, KGaSizOg and
NaGaSigOg, in which Ga completely replaces Al, have been syn-
thesized by Goldsmith (1950).

Thallium

The sbundance of Tl in the perthites of the Black
Hills is very interesting. Tﬁe average Tl 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 (1962, p. 128) reports 84 and 21 ppm. Tl in the microeline-
perthites of Custer Mt. and the High Climb pegmatites of the .
Black Hills respectively. The microeline of the Hugo pegmatite
has 80 ppm, Tl. In the five perthites which possess less than
1000 ppm. Rb (Wos. 6, 7, 11, 13 and 15) Tl is below its limit
of sensitivity. lMoreover, the lepidomelane-skarn of Co. Done-
gal, Ireland, examined by the writer (Higazy, 1952a) has as
much as 800 ppm. Rb and its Tl content is undetectable. of
the four perthites (Nos. 2, 5§, 14 and 16) in which Rb varies
from 1000 to 1500 ppm. Tl is present in detectable amount (40
ppm.) only in No. §. All the remaining perthites (Wos. 1, 3,
4, 8, 9, 10, 12 and 17) contain appreciable smounts of Tl to-
gether with at least 2000 ppm. of Rb. This clearly shows that
there is a geochemical relationship between Rb and Tl as sug-
gested by Ahrens (1948). It should be stated that Cs (8079.02
A line) wag detected qualitatively in only the spectrum of the
perthite No, © which possesses the relatively highest contents
of both Rb (9600 ppm,) and T1 (150 ppm.). There may be, there-
fore a relationship between Ces on the one hand and Kb and T1

on the other, especially if we consider that the caesium
mineral pollucite examined by Ahrens (1945b) also contains
appreciable /
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appreciable amounts of both Rb and T1, However, more data
from several other Rb-rich potash feldspars are needed to ea;
tablish the suggested relationship. |

The Rb/T1 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 ratic Rbg0/Tlo0 is 110 and that
the limite of variation are 30 and 650. He also mentions that
this ratio ecan vary in the same type of mineral from one érea
to another. The mean value of this ratio for the perthites
of the Black Hilles is 64, with variation from 28 to 98. The
log. per cent relationship between RboO and T1s0 is represented
graphiecally 1n 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 45°,

Eb and T1 have the same ionic radii (1.49 £) and are
concentrated in potash-rich minerals, where they enter into the
lattices with about the same ease, replacing K.

Vanganese, vanadium and copper

Each of the elements Mn, V and Cu is found in almost
uniform amounte. Wn varies from 7 to 15 ppm, with an average
of 10 ppm.; V from amounts below its limit of sensitivity
(6 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 ionie radii of Mn® and Cu2,
0.91 and 0,83 3, respectively, it may be surmised that they re-
place Na (0.98), and that V2 (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 Mn content in this Na-rich feldspar (40 ppm.) is
much higher than in any of the perthites.

Beryllium and germanium

Be is found in all the analysed perthites except one
(Wo, 6). It varies from 5 to 8 ppm. Ge, however, is found
in only five perthites of the Glendale area and in the micro-
cline 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 £) 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 Ce,

Zireonium /
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Zirconium

Zr is found only in one perthite (No. §) 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. &.

The very rare trace elements

Among the very rare trace elements in the analysed
perthites are Cr, Co and Ni. Cr ie found in eight perthites
in amounts varying from 1 to & ppm., but below its limit of
sengitivity 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.

Se, if presgent is in amounts below its limit of sen-
gitivity in all the perthites.

Cr, Co, Ni and Sc are elements which generally re-
place Mg, Fe? 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 E, 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. |

Sn ie found in detectable amount in only one sample
(Wo. 16), collected from the Hugo pegmetite. The high con-
tent of Sn (200 ppm.) present in this perthite appears to be
eccidental, being attributable to very minute ineclusions of
Sn mineralé, possibly cassiterite.

Mo is found in one perthite from the Glendale area
and in another from the Hugo pegmatite, the Mo content in each
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 (b) the trace-element contents of the associated country
rocks: mnamely, the unaltered schist (quartz-muscovite-biotite-
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 almostevery minor
element than the corresponding minerals from the parental grani-
tie rocks. The statement that pegmatitiec minerals should be
relatively less enriched in almost every minor element, is too
broad a generalisation; it is not in complete harmony with
Goldschmidt's principles of the replacement of major by trace
elements (Goldschmidt, 1937 and 1945), replacement being a
process which is mainly govermed by the electrostatic charges
and the ionic radii of the elements concerned. According to
these principles, there should be 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, Bb 1g an example of this, since its ionic radius
(1.49 X) is greater than that of XK (1.33). The potash feldspar
of aplite from the Garabal Hill-Glen Fyne Complex in Scotland
has 2000 ppm. Eb, while the average of this element in the
potash feldspars of the granodioritiec rocks supposed to have
erystallized /



18,

crystallized earlier from the magma is only 425 ppm. (Nockolds
and Mitechell, 1948). Moreover, the average RbpO 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 Hills Nos. 6‘and 15 have the lowest Rbo0O content,
0.066 per cent. The perthite phenocryst (No. 13) from granite,
however, has a higher Rbo0O 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), lMoreover, the perthite porphyro-
blast of the schist has 0.088 per cent Rbo0 and its Rb/K ratio
is 7.7. Supposing, for the sake of argument, that these per-
thites were derived from strietly magmatie sources, that is by
differentiation of a basiec 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 phenoeryst 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.
4, 8, 9 and 10 of the Glendale area and No. 17 of the Hugo
pegmatite /
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pegmatite, which have unusually high Rb contents. These per-
thites cannot be considered as primary products of magmatic
erystallization 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 magmatiec
mode of genesis. The Ba content of the phenoeryst from granite
and the value of its Ba/K (1000 Ba/K = 1.6) are much lower than
those of (a) most of the pegmatitic perthites (1000 Ba/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. loreover, Engelhardt (1938)
has pointed out that Ba 1s relatively enriched in potash felds-
pars which form at the earlier stages of erystallization com-
pared with those formed later.

It is important to trace the sourece of the replacing
materials which gave rise to the pegmatitie perthites. They
may be the residual hydrothermal solutions whiech usually remain
at the end of the magmatie history. These solutions subsequent-
iy [/



subsequently replace the magmatic minerals of the megmatites.
But the relative distribution of Cr, Co and Wi leads to the
belief that such magmatiec hydrothermal solutions cannotl be re-
spongible for the development of the Black Hills perthites.

It has been found that the relative abundances of these trace
elements in the rocke that form during the end stages of magma-
tic erystallization is Co >Ni» Cr (Ludegardh, 1949, p. 21) or
Ni> Co>Cr (Higazy, 1952b). Consequently the hydrothermal
magmatie solutions as well as the magmatie 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 cuestion now ariges, why the Black Hills peg-
matites and granite, if of strictly magmatic ancestry, have the
relative distribution Cr >Wi> Co which ie inconsistent with
this mode of origin? Why do we find wide fluctuations in the
Rb, Li and Ba 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 snother. But then the geparation
of such differing solutions from the original magmetiec liquor
calls for explanation. These problems seem to find their solu-
tion if we seek the origin of the replacing material in the
country rock itself. TIn the first place, the analysed schist
has /
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has the relative distribution Cr>Ni> Co, like that of the as-
gociated granite and pegmatites. In the second place, the
trace-element contents in the country schists are gquite likely
to differ from one part to another. Landergren (19245), 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 ténd 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-
schist, 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 granitie country
rocks. Moreover, they all have Cr>Ni> Co and Ba> Sr. This
is the same relationship as that found in the psammo-pelitic
schists of the different metamorphic zones of the Scottish High-
lands (Higazy, 1952¢). Here, alsc, the relative distributions
Cr>Ni>Co and Ba>Sr persist in the analysed rocks of the
chlorite-, biotite~, garnet-, staurclite- and sillimenite-zones.

The esgential mineral constituents of gfanitea, 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 Pre-Cambrian granites of the
Black Hills (8. Dakota), the rapakivi granite of Finland and the
Caledonian granites (ademellites) of Moy and Morven-Strontian
(Scotland) are listed in Table 8. It will be noticed that the
rapakivi greanite has 1000 ppm. Eb, while the Scottish rocks have
800 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 Scottisgh 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-Strontian are 12, 15, 2,6 and 1 respectively.
These marked differences cannot be entirely attributed to the
different /
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different ages of these granites, since Sahama 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 meltis
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 metasoma-
tic processes within the country rocks or by a further extension
of such processes - leading to refusion, whereby grahitic 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
NaAlSiO4-KA1Si04-5i0p 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-
anorthite equilibrium diagram and their salic normative consti-

tuents place them outside the region of low temperature in the
NaAls 104 /
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NaAl510,-KA15104-5i0 equilibrium diagram. It has been gene-
rally assumed that the discrepancy between the chemical compo-
gition 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, thie 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
syetem 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
gimilar 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 108 years. Although so slow a rate could satisfactorily
account for the formation of the perthite porphyroblasts yet it
cannot explain the development of large pegmatitic bodies by
"golid" diffusion. But the state under which diffusion takes
place may not necessarily be that of a perfeet 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,
1961) . However, it is quite common 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 100°C, 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 perthites (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 faet implies that the gra-
nites he investigated are not late erystallizing 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-
eribed to corresponding variations in the lithological and chemi-
cal constitution of the original ecountry rocks already noted on
Pe RR .

GAINS AND LOSSES OF THE TRACE ELEMENTS DURING
THE METASOMATISM OF THE COUNTRY SCHIST

If the hypothesis of the metasomatic derivation of the
Black Hills 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 /



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 autho_r (Higazy,
1949, Table 8, p. 574).
The metasomatic alteration of the quartz-muscovite-

biotite-schist to perthitic schist comprised

addition of K, Na, Al and Si,

and subtraction of Mg, Fe®, FeS and Ca.
Reference to Table 2 shows that, as regards the trace elements,
there was

addition of Rb, Ba, Sr and Pb; Ga; Be: Li and 2Zr

and subtraction of Cr, Co, Ni, Cu and Mo; and Y.
Thus Rb, Ba, 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 thie particular case Li wae 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. Cry Coy, Ni, Cu and Mo followed
their replaceable major elements Mg, Fe? 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 pér—
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 were subtracted. The K-replacing trace elements which
were added are Rb, Sry, Pb and Tl, Again T1 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)%
is far greater than the loss in Ca (0.13)¥, Similarly the
total amount of added Rb, Sr, Pb and Tl is greater than the
amount of the subtracted Ba. Cr, Co, Ni, Cu, V and Mo fol-
lowed Mg, Fe® and Fe® 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 metasomatie-metamorphic development of skarn rocks
from an epidiorite in the Malin Head distriet of Co. Donegal,
Ireland (Holmes and Reynolde, 1947; Higazy, 1952a) and (b) in
the development of the various metamorphic zones of the Scottish
Highlande (Higazy, 1952¢). It ie important to mention that the
diffusion /

¥aimount of gain or loss is calculated from Barth's (1948) rock
formulae (based on a unit cell for each rock of 180 oxygen atoms)
and recorded by Higazy (1949, p. 574).
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diffusion coefficients (D, in cmg/day) recorded by Garrels,
Dreyer and Howland (1949, p. 1819) show that the trace elements
have the same or very similar diffusion coefficients as those
of their replaceable major elements. Congiderable 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 metasomatiec and metamorphic processes.

CONCLUSIONS

The Black Hills perthites contain appreciable amounts
of Rb, Ba and Sr. These elements have approximately the same
ionic radii ab that of K and are known to substitute for it in
the crystal lattices, T1 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,
Sey Mo, La and Y are very rare. The pink and reddish perthites
seem to be relatively poor in Rb but relatively rich in Ba,
while the grayish types show the reverse relationship.

The trace-element contents are varisble in the dif-

ferent /



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 magmatiec or a hydrothermal mode
of origin. The replacing materials seem to have been derived
endogenetically from within the country schist which also has
Cr >Ni> 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 ioniec radii and are known to be replaced
by them in favorable crystal lattices.
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ZABLE 1

Trace-element Contents in ppms of the Analysed Per-
thites and Cleavelandite

recorded by the writer (Higazy, 1949, p. 559).
Spectrographic analyst:

R.As Higa.w .

*Element if present is in amounts below its limit of sensitivity.

Ele- ;::i— 1 2 3 b 5 6 7 8 $ W n
ment vity

Rb 1 2800 1500 2500 5000 1000 600 800 5000 9500 6000 800
Ii 1 W 4 9 SRS | | 3 2 170 300 100 8
Ba 5 4 80 25 260 200 400 1% 1000 20 380 1500
Sr 5 1500 12 20 180 45 70 756 0 600 90 60
Cr 1 * W * #* * * ¥* ¥ 5 3 3
Co 2 % 'ﬁ.* ¥* * ¥* * * % w * ¥*
Hi. 2 * * * ¥ ¥ % * %* ¥* W ¥*
Zr 10 b3 * * *® 300 #* * w W % *
I.a 30 * * * * ** L4 # #* w ¥* #
Y 30 * ¥ %* * % * % * * +* #
Cu 3 3 3 Y 5 b 3 3 3 b L 3
¥ ¥ 5 5 i 5 ” 5 5 5§ 20 10 10
Ga 1 35 30 W 35 %% 30 30 % & 30 30
TL 30 30 ¥ %0 65 4o » * 1k 150 80 .
sn 5 % * * * * * ¥ % % % %
o310 10+ 38 1Y S ¥ 3@ ¥ 20 W W W
Se 10 %* * * * % * * * * % *
Mn SR RS WReNL. T WL SR 8 7 19 10
MD 1 w* * +* * +* * * * 1 % *
Ge 10 % * * * * * * 15 10 ® *
Be 5 8 % % 10 * * * * %* 8
Ag 1 * * * * 1 * * % 1 1 3
In 10 * * * ¥* * ¥* * * * * *
Nos. 1 to 11 correspond to numbers of chemical analyses by R.A. Higazy



TABLE 1 (Contd.)

Trace-element Contents in ppms of the Analysed Per-
thites and Cleavelandite

Ele- sensi- 12 13 14 15 Ave=- 16 17 Cleave=-

ment tivity rage landite
Rb 1 2000 900 1000 600 2665 1200 6000 2
1i i 130 25 55 2 60 35 160 150
Ba 5 100 150 200 100 965 30 550 5
Sr 5 240 25 50 35 270 800 20 100
Cr 1 3 1 3  § 1.5 1 i | : |
Co 2 * %* W +* * #* % *
Ni 2 * * * ¥* 9% ¥* * *
Zr 10 W * %* * % : W % 30
La 30 3 “* % * ¥* * * *
Y 30 * % % * * %* * #*
Cu 3 3 5 3 L L]
v 5 8 6 5 15 10
Ga 1 30 30 35 30 35 35 40 70
71 30 [',5 * * * 39 * 80 »
8n 5 * ¥* * * * 200 * *
Pb 10 20 25 20 450 53 10 10 ad
Se 10 +* * ¥ * * * % *
Mn 5 15 10 12 10 10 12 8 40
Mo 1 * * * ¥* * +* 1 ¥*
Ge 10 10 » » * " * 10 20
Be 5 % * * * ¥* 8 %* 120
Ag 1 » 1 L 1 1 3 1 »
In 10 ¥ * * * * * * W

Nos. 12 to 17 correspond to numbers of chemical analyses by R.A.
Higazy recorded by the writer (Higazy, 1949, p. 559).

Spectrographie analyst: R.A. Higazy.
*Element if present is in amounts below its 1imit of sensitivity.



IADIE 2

Chemical Composition and Trace-element Contents of the
Country Rocks

S

A B (] D
Biotite-schist Perthite-schist Granite Albitite

_ 0.21 0

A 14.6 15.48 15.10 17.8%
FE%ob 1.hg 3.su g.hl 0.1k
F 3483 1.0 0.82 0.20
MnO 0.0 0.01 0.02 0.01
MgO 202 0&8 0-60 009"‘
Cal 0452 0e3 0.80 0.53
Na, 0 1.05 2416 E.3h 946
Ky 5,01 641+5 .31 0.2
P, 0 0417 0445 0.1 0451

0 1.52 1.1¢8 0. 0.22

0= el 0.08 0.08 0.0

2%0
i 30 70 150 10
Ba 2000 3500 750 25
Sr 5 150 50 E
¥ T
(v}
= o o o
250 0
La 30 56 ag 5;
Y 120 0 30
Cu G 3 8 6 |/
v 50 60 20 5
g 32 \ R Ry
8n 5% #* 59 #/
Pb 1 W
Mo % %* ,
Ge %'? * * %
Be 5 8 25 10
28 % 3 “% <1

Chemical and Speetrographic analysts R.h. Higazy.
Chegéggl analyses 4, B and D are taken from H_igazy (1949, p.
®

¥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

Rapakivi Black Morven-Stron- Moy, Average

Elemant granite Hills tian, Scotland Scotland granite
(1) granite adamellite adamellite (3)

(2) (2)

Ba 480 750 1500 3000 445
Sr 39 50 1500 1200 856
Rb 1000 240 400 500 580
Li 256 150 40 28 185
Co 0] <& <1l 10 8
Ni 0 <1 8 10 2
Cr 28 3 10 20 2
Ga 75 80 15 16 15
v 2 20 70 20 -

(1) Amounts taken from Szhama (1945, p. §9).

(2) Amounts taken from Nockolds and Mitchell (1948, p. 549 &
p. 680).,

(3) Amounts taken from Weger and Mitchell (1943, p. 287).
-~ lNo data
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THE TRACE ELEMENTS OF THE PLUTONIC COMPLEXES
OF LOCH DOON AND SPANGO (SOUTH SCOTLAND)
AND THEIR PETROGENETIC SIGNIFICANCE

To be submitted for publication in Trams. Roy. Soc.
Edinburgh.

ABSTRACT

The trace elements of the chief plutonic rocks of
the Loch Doon (norite, diorite, granodiorite and adamellite)
and the Spengo (diorite and gramodiorite) Complexes, Scotland,
have been determined spectrographically. The distribution
and relative proportions of the determined elementes are dis-
cussed, Relationsghips appear to be consistent with the

hypothesis that the investigated rocks developed metasoma-
tically.



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 elemente 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 petrogenetie problems.

THE LOCH DOON COMPLEX
PREVIOUS WORK

The Loch Doon complex, which is probably of Lower 01d
Red Sandstone age, occurs in the Southern Uplands of Scotland,
in the Counties of Ayr and Kirkeudbright. Walker (1928, Fig. 1,
P. 154) gives a map showing its location as well as that of

several other smaller ecomplexes 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 (Gardiner and Reynolds, 1932, Pl. IV) give a geological
map showing the distribution of these maim 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 plutoniec types,
namely, norite, tonalite, and granite seem to be the result of
three successive intrusions in order of deereasing basicity.
Later, however, McIntyre (1947) studied the north-west part of
the Loch Doon complex and showed that the magmatie hypothesis
cannot explain the fundamental features of his examined rocks.
His evidence supporte the altermative hypothesis that the
granites of the area were produced by granitisation of the
country-rock sediments. The pyroxene-bearing rocks which were
thought by Cardiner and Reynolds (1932) to be intrusive norites,
were considered by MeIntyre to be bagic-front representatives.
lMeIntyre's interpretation is supported by a series of chemical
analyses of rocks representing different stages of feldspathi-
sation and basification. Rutledge (1950) studied the southern
portion /
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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.

SPECTROGRAFHIC ANALYSIS AND DATA OBTAINED

Portions of the powders of the Loch Doon rocks, used
previously for chemical analysis, were kindly provided by Dr
D.B. MeIntyre 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-
eribed in detail by Mitchell (1948). The determined trace
elements, and the wave lengths of their respective diagnostie
lines have already been recorded by the writer (Higazy, 1952a,
Pe 170)4

The analysed powders provided by Dr MeIntyre are of
rocks outeropping in the north-west part of the Loch Doon complex:

No. of analysed rock Name
485 Greywacke
506 Slightly feldspathised greywacke
507 Highly 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
in /



Se

in the southern portion of the complex:

No, of analysed rock Name
414 Biotite-hornblende-plagioclase-hornfels
214 Mobilised sediment
404 Contact quartz-diorite
401 Marginal hornblende-biotite-granodiorite
666 Adamellite

The chemical analyseg of all these rocks are recorded
in Table 1l¢,while their trace-element contents are given in

Table 1b.

DISTRIBUTION OF THE TRACE ELEMENTS: DISCUSSION

Rubidium, barium, strontium and lithium

Rb ie present in amounts varying from 50 ppm. in the
bagified sediment (biotite-hormblende-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 feldspathised 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 (feldspathisation)
has 380 ppm.

It is important to notice that the Rb content of the

"norite"” (100 ppm.) is appreeciably higher than that normally
found /
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found in basgic volcanie rocks. The averages of Rb in the
basaltiec and doleritie rocks of the Braefoot Outer Sill, Fife,
are 4 and 16 ppm. respectively (Higazy, 19562b). Moreover,
the Kokstad and the Perdekloof types of Karroo dolerite, S.
Africa, contain only 18 ppm. Eb (Walker and Poldervaart, 1949,
Ps 644)., Furthermore, some deep-seated gabbros which are pro-
bably of magmatic origin, are very much poorer in Rb than the
Loch Doon "norite". The gabbros of Southern Lappland contain
no perceptible RFb (Sehama, 1945, Table XII, p. 30). In the
Skaergaard series, hypersthene-olivine-gabbro to fayalite-
ferrogabbro, Rb varies from 20 to 30 ppm. (Wager and Mitchell,
1961, Teble C). On the other hand, the Caledonian gabbros of
the Garabal Hill-Glen Fyme Complex (Nockolds and Mitchell, 1948,
P. 539) show exceptionally high Rb content, like the Loch Doon
"norite". The range of Rb in these Garabal Hill rocks is from
<20 to §00 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 Mitehell, 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
Woekolds /
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Noekolds to form at a later atage of the magmatie erystallisa-
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 £) than that of X (1.33)
and therefore K would concentrate relative to Eb in the latest
fractions (Goldsehmidt, 1937 and 1945), The high Rb 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 ghows an increase from 750 ppm. in the grey-
wacke (No, 485) to 1400 ppm, in the slightly feldspathised type
(No. 506), and is as high as 2000 ppm. in the highly felds-
pathised greywacke (No. §07).

The Ba content of the Loch Doon "norite" (1000 ppm.)
- like that of Eb - is exceptionally high compared with other
basic rocks. The average Ba contents of Karroo dolerites
(Walker and Poldervaart, 1949), Southern Lappland gabbros
(Sahama, 1945) and various Skaergaard (Wager and Mitchell, 1951)
are 180, 180 and 62 ppm. respectively. Moreover, the Fa con-
tent of average gabbro is given by Wager and Mitchell (1943,
p. /



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 Eb + Ba in ppm. K20 in wt. per cemit
Sediment 758 1.60

Basified sediment and
the pyroxene-bearing

rocks (norite and op- 1288 1,93
dalites)

Feldspathised grey-

wackes and granitic 1936 3.03
types

8r 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 ofrthe
feldspathiced types, the average Sr content of the biobite-
hornblende~plagioclase~hornfels and the pyroxene~bearing opdali-
tic rocke being 1500 ppm. while it is 875 ppm. in the felds-
pathised greywackes, Similarly, the "norite" has 2200 ppm. Sr
while the average of this element in the more feldspathiec gra-
nitie types (quartz-diorite, granodiorite and adamellite) is
1430 ppm.

Li varies from 15 ppm. in the opdalitic rock (No.
685/6) to 350 ppm, in the adamellite, Most 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 feldspathised 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 basie voleanie rocks and gsbbroie types of
probable magmatic origin., The Karroo dolerites (Kokstad and
Pedekloof 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 Lappland (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 feldspathised grey-

wacke (No. 507) and the adamellite to 450 ppm. in the biotite-
hornblende-plagioclase~hornfels (basified sediment). Generally
the content is lower in the granitiec types amd 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 /
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The general distribution of Wi is similar to that of
Cr. Ni varies from 35 ppm. in the adamellite to 200 ppm. in
the opdalitie rock (No. 18). The average in the granitic and
feldspathised types (82 ppm.) is lower than that of the pyroxene-
bearing rocks (134 ppm.). The average in the unaltered sedi-
ments is 108 ppm. |

It is important to notice that the adamellite is unusual-
1y rich in both Cr and Ni. Normally, rocks that form at the
latest stages of magmatic erystallisation 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 siliciec rocks (SiOc > 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 granitiec 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,
Teble 3, analyses 4, & and 6, p. 577). Moreover, Lundegdrdh
(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 Skaergaard intrusion, Wager and
Mitchell (1951, Table F, analyses G, H and I) report averages of
Cr and Wi of <1 and 4 ppm. in the hedenbergite-granophyre of
the layered geries, 8 and 10 ppm. in the transgressive heden-
bergite-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 aeid rocks vwhich are almost entirely depleted of

both Cr and Ni, This haes been found by the author (Higazy,
1962b) to be true for the corresponding rocke 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 adamellite of that complex (70 and
35 ppm. respectively) therefore provide strong evidence against
their origin from a differentiating basic magma, noritiec or
otherwise,

The averages of Co for unaltered sediment (48 ppm.),
basified sediment and pyroxene-bearing rocke (46) and intermediate
rocks (43) are closely similar, The feldspathised greywackes
(36 ppm.), and especially the adamellite (5 ppm.), are poorer in
Co.

Lundegfrdh (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-
tie and doleritie differentiates and Ni > Co > Cr in the late
microsyenitic differentiate (Higazy, 1952b). The Cr content of
late /
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late magmatie rocks, therefore, is relatively lower than that of
both Ni and Co. But the granodiorite and quartz-diorite and even
the ademellite of the Loch Doon area have Cr > Ni > Co which is
obviously not consistent with expectations from cryestallisation
differentiation. It 1s highly significant that the unaltered
sediments of this area have the same relative proportion of these
elements as the granitie 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, 1952¢). 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 adameliite (100 ppm.) is very much
higher than that of acidic volcanic types: the latter contain
only 8 ppm. of V (Higazy, 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 tendeney 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 feldspathi-
sed greywacke (average 205 ppm.) relative to the granitie types
(average 6§ 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
take place where Cu hagﬁggfficiently 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-metamorphism of certain Dalradian rocks in

Co. Donegal, Ireland (Higazy, 1952a, p. 184).

Lanthenum snd Yttium

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 "norite" (70 ppm.) is higher
than that of the quartz-diorite, granodiorite and adamellite
(60 ppm. in each). Since there is tendeney 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 masgma,

Gallium

The range in Ga is from 26 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 ghows that the distribution of
Zr seems to be erratie., It reaches 1200 ppm. in the opdalitie
rock No. 18 (basic rock) whereas it is only 350 in another
opdalite (No. 333). Similarly, it is as high as 1100 ppm. in
the quartz-diorite, but falls to 400 ppm. in the adamellite,
On average there is an increase in the average Zr eontent from
the pyroxene-bearing rocks and basified sediment (610 ppm.) to
the granitie types and the feldspathised greywackes (780 ppm.).

Scandium, molybdenum: tin, lead and silver

The variations of Se and Mo are undetectable gince

most /
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most of the amalysed rocks contain < 10 ppm, of Se and < 1 ppm,
of Mo,

The contents of both Sn and Pb show more variation
than those of both Se and Mo. Reference to Table 1l indicates
that the pyroxene-bearing rocks contain slightly higher amounts
of both Sn and Pb than the gramitic types. As in the case of
Cu, both Sn &nd Pb are more enriched in the feldspathised grey-
wackes (18 ppm. Sn and 24 ppm. Pb) than in the more granitised
types ( < & ppm. Sn and 13 ppm, Pb). This would suggest a
release of these ore-forming elements during the development
of granitiec rocks.

The distribution of Ag indicates a slight enrichment
in the granitie types and feldspathised greywackes (average
4 ppm.) relative to the pyroxene-bearing rocks and bagified
sediment (average 1.6 ppm.).

Thallium, germanium, beryllium and indium

Tl, Ge, Be and In, if present, occur in amounts below
their respective limits of sengitivity. This indicates that
thege trace elements are relatively the rarest trace elements
in the silicate rocks of the Lock Doon area. In view of the
very low limite of sensitivity, Mo 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 volecanic 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 basiec magma.
In metasomatie processes, howe%er, it has been found

(Higazy, 1962a; 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 elemente in the investigated rocks from
the Loch Doon Complex is in close agreement with this prineciple.
The total Mnge2+Fe3 decreases in the aeéuence: "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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UgsFeZsFed  MneTisCrsNis K in wt. RbsBa
Rock in wt, per Co+Li+V+Cu per cent. in ppm.
cent in ppm,
"Norite" 8.62 11,795 1.48 1100
Dioritg and
granodiorite 6.92 6459 2.19 1915
Adamellite 2.26 2783 3.56 2180

The same trend prevails in passing from the slightly feldspathi-
sed greywacke (No. 506) to the highly feldspathised greywacke:
(No. 807). In the former both lig+FeZ+Fed (6.60 per cent) gﬂd
Mn+Ti+Cr+Ni+Co+Li+V+Cu (8525 ppm.) are higher than in the latter
(6.75 per cent and 7480 ppm.). Furthermore, the slightly

- feldspathised greywacke has lower K (1.63 per cent) and corres-
pondingly lower Eb+Ba (1480 ppm.) than the highly feldspathised
type (3.00 per cent and 2180 ppm.).

The von Wolff value "L" Increases in the more advanced
stages of granitisation (Reynolds, 1946). The values of the
ratio L/M in the "norite", diorite and granodiorite, and adamel-
lite are 1,7, 2.5 and 9.0 respectively. Accordingly, we find a
corresponding increase in the walues of Lip/Mips; when Lyp =
Rb+Ba+Sr, the main trace elements of the common leucocratic
minerals, and Mip, = Cr+Ni+Co+Li+V+Cu, the chief trace elements
in the melanocratic minerals., The values of Ly,/M; . are 3.4
in the "norite", 6.1 in the diorite and granodiorite, and 6.2
in the adamellite.

Evidences /
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Evidences which add eonfidence to the inference that
the sequence: "norite" (basic)--quartz-diorite and granodiorite
(intermediate)-- and ademellite (acidie) 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 1b in which the trace elements of the rocks
concerned are listed show that:

(1) Cr and Wi are more concentrated in the. intermediate rocks
than in the basie rock. In contrast, the data concerning the
relative distribution of Cr and Ni (a) in the different types
of igneous rocks recorded by Lundegfrdh (1949); (b) in the
various rocks of the Skaergaard complex, Greenland (Wager and
Mitchell, 1961, p. 199); and (e¢) in those of the Braefoot Outer
eill, 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 K)
is smaller than that of Fe® (0.67), and accordingly Cr should be
concentrated relative to Fe3 in the earlier rocks (Goldsehmidt,
1937; and 1945). In the Loch Doon rocks, however, we find
that Cr/Fe® in the "morite" (0.08) is lower than in the inter-
mediate rocks (0.11),

(2) Both Li and Li/Mg are lower in the intermediate than in
the basie 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). sl

Moreover, it has been found that during the progress
of erystallisation of the Braefoot Outer sill, Fife, the ratio
Cr/Fed 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 "Norite" Diprite and Adamellite

Granodiorite
Cr/Fe3 0.08 0211 0.03
1000 Li/ug 3.1 2.9 48.0
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-magmatiec origin, It should be remem-
bered that in connection with metasomatie 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 metagomatic derivation of the former from the latter

(Higazy, 19524),

THE /



THE SPANGO 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 Lanarkshire. Walker (1928)
summarises earlier work concerning this complex, and mentions
that its main rock is a basiec hornblende-bietite-granodiorite
or quartz-diorite showing very little variation. He favoured
the derivation of the rocks from a magma of quartz-dieritie
composition. In an unpublished thesis Sarkar (1948) gives a
detailed gelogical map of the area, showing the distribution of
the main granodioritie rock of the complex as well as its sur-
rounding sediments, together with detailed pegrographic descrip-
tions and chemical enalyses of the rocks. His observations
led him to conelude that the granodioritic types of the complex
are producte of metasomatic-metamorphism of the aureole sedi-

ments,

SPECTROGRAFPHIC /
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SPECTROGRAPHIC ANALYSIS AND DATA OBTAINED

Representatives of the Spango complex rocks were
kindly provided by Professor Arthur Holmes for the spectrogra-
phic determinations of their trace elements. They include:

Metamorphosed mudstone (S/186);

Cordierite-biotite~hornfels (S5/41);

Biotite~amphibole-plagioclase~-hornfels (S/162E);

Porphyritic micro-diorite (501/D); and

Hornblende-biotite~granodiorite (501/G).

The chemical analyses of these rocks are assembled in Table 2a,

while their trace element contents are given in Table 2b.

GENERAL GECLOGY

The Spango granitic complex and its metamorphie
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 0Old Red olivine-bagalt and ash beds

REnartee Plutonic complex: granodiorite and diorite
L_Minor dykes of porphyrite (metamorphosed)

Caradocian /
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Caradocian (CGreywackes, mudstones and
( haggis roecks
Ordovician (Glenkiln blaek shales.

Arenig 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 1%
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 im the different
parts (Sarkar, 1948),

Metamorphosed porphyritic dykes of Lower 0ld Red
Sandstone age cut the Ordovician bedeg within the metamorphie

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 mudstones. The'unmetamorq
phosed chert is composed of erypto-crystalline silica with
various bande containing ferruginous and argillaceous material
(Sarkar, 1948, p. 18). The gilica occupying the radiolarian
tests is of slightly coarser grain than that of the groundmsss.
Different grades of metamorphosed chert are represented. The
low-grade types contain quartz, minute flakes of biotite, small
octahedra of magnetite, rare garnet and inecipient cordierite.
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 unmetamorphosed mudstones are composed chiefly of
fine chloritic and sericitic material, minute grains of quartz
and ferruginous matter (Sarkar, 1948), Together with these
constituents, the analysed sample (S/3}86) contains small needles
of rutile and grains of zireon. In the low-grade metsmorphosed
mudstones minute blebs of pale green biotite appear, together |
with occasional acicular, colourless or pale gfeen amphibole
and inecipient erystals of cordierite. The medium-grade types
consist of cordierites of irregular shape in a matrix of brown
biotite and minute quartz 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; cordierite, occasionally showing pleochroie
haloes: acicular or lamellar crystals of amphibole: and
gkeletal enstatite.

(b) The Caradoecian group
The Caradocian'group is compoged of (i) pebbly grits

(Haggis rocks) and (ii1) greywackes =mnd mudstones.

(i) A general description of the constituent pebbles, frag-
ments and grains of the Haggis rocks is given by Sarkar (1948,
Pe 43). The chief materials present include quartz, feldspars
and amphiboles, Arenig cherts and mudstones:; and spilites,
andesites, alkali-trachytes, micro-granites, granophyres and
tuffe. The groundmags in which these different ingredients are
embedded, consists of a much finer-grained matrix of similar
materials, The spilitic, sndesitic and other voleanic pebbles
closely resemble thoee found in the Arenig rocks of the Southern
Uplands.

As a general rule the me tamorphism of the Caradocian
sedimente increases towards the margin of the granitic complex,
but numerous exeeptions have been observed (Sarkar, 1948).

In places, conspicuous enrichment of the Haggis rocks in heden=-
bergite and plagioclase is noticeable. Thies enrichment is
believed to be brought about by introduction and fixation of
cafemie constituents (Sarkar, 1948, p. 71).

(i1) /
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(ii) The detrital constituents of the Caradocian greywackes
vary in size from 0,1 to 2,0 mm. The graine 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 pode and lenticles exhibiting
granitic texture are occasionally present in the metamorphosed
greywackes., The hornfeles surrounding these podes and lenticles
shows relative enrichment in biotite.

The Caradoeian mudstones are similar in composition to
the Arenig types; end the similarity naturally exﬁends also to
the different metamorphic products (chiefly cordierite-biotite-

hornfels), Hornfelsee unusually riech in biotite are notably
developed.

The Plutoniec Complex

The Spango 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 ubiguitous in the granodiorite.

Two varieties of diorite are recognised by Sarkar:
(i) a porphyritic micro-diorite which exhibits erystalloblastic
textures and (ii) a medium-grained diorite which is of more
even grain.

The /
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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., 1Moreover, 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 earried out by Sarkar of numerous
samples of diorite and aureole hornfelses ghows that all transi-
tional stages between these two extreme types are commonly re-
presented.

The granodiorites are fine- to medium-grained horn-
blende~biotite~bearing varieties with abundant dark coloured
hornfelsic and dioritie inelusions. These inelusions vary in
size from a few millimetres to several yards across, and in
shape from round or elliptiecal to irregular; their contacts
with the granodiorite are usually sharp. Both the granodiorite
and its inclusions have plagioclase and biotite with respectively
gimilar characters (Sarkar, 1948, p. 157). Orthoclase forms
up to ome-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:
Porphyritiec /
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Porphyritie micro~diorite Cranodiorite

Quarte 4,7 22:1
Plagioclage §7.6 42,5
Orthoclase 4,2 14,5
Amphibole 12,1 10.6
Biotite 18,5 8.9
Pyroxene 0.5 0.3
Accesgeories 2.0 0

09.6 00.7

PETROGENESIS

Field and Petrological Evidence

Walker (1928) accepted the traditional magmatie origin
for the Spango complex. Under this hypothesis, the diorite and
granodiorite are interpreted as successive differentiation pro-
ducts of a single magma, Sarkar (1942), however, reports a
wealth of field and petrographic evidence which is completely
inconsistent with such a mode of origin. The predominant tex-
tures of the diorite and granodiorite are erystalloblastic.

Many of the feldspars of both these types contain hornfelsie
relics as inclusions, In addition, plagioclase erystalloblasts
exhibiting properties similar to those of the rocks of the come
plex are widely distributed in the hornfelses of the aureole.
The /
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The biotites have properties similar to those of the adjoining
hornfelses. Such features obviously camnot 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 feldspathiec constituents,
culminating in the formation of rocks of dioritic and/or grano-
dioritic composition (granitisation). A typieal secuence worked
out by Sarkar (1948) to illustrate succesgive stages in the
evolution of granodiorite from mudstone is:

(8/186) mudstone —(S/41) cordierite~biotite~hornfels —
(8/182E) biotite-amphibole-plagioclage~hornfels (basified
hornfels —» (501/D) porphyritic micro-~diorite —s (501/G)
biotite~-hornblende~-granodiorite.

Geochemical Evidence

The geochemical migrations and fixations of the major
elements involved in the trandbrmation processes have been found
by Sarkar (1948) to be similar to those established by D.L. Rey-
nolds (1946) for basification and granitisation processes,

Ag demonstrated by the data recorded in Table Zb the
trace-element contents of the diorite and granodiorite are also

inconsistent /
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inconsistent with a magmatic ancestry for these rocks., 1In 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 fractionationj; the latter, as would
be expected, are found to eontéin negligible amounts of these
elements (Higazy, 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 Ni or Co (Lundegardh, 1949; Higazy, 1952b).
The fact thet the country sediments of the Spango complex have
the same relation (Cr > Ni > Co) strongly suggeste 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 algo highly significant. Chemiecal and trace-
element compositions of the greywackes - which played as essen-
tial a role in the development of the diorite amd 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 intreduetion of Rb, Zr, Sr and Y (see Table 2b). Table
2b also shows that the total of Li, Cry Ni, Co, Cu and V in the

average /
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average basified hornfelses (931 ppm.), is higher than the cor-
responding average for diorite and graodiorite (389 ppm.).’

Thie follows the behaviour of the corresponding replaceable
major elemenis, namely, Mg, Fe? and Fea, for which the respective
totels are 9,58 2nd 5,75 per cent. lMoreover, the total of

Eb, Ba and Sr in the average granitised types (4360 ppm.) indi-
cates an enrichment of these elements relative to their abundance
in the basified types (3735 ppm.). This is in accordance with
the total of X 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, were followed in a
general way by the trace elements which are known to replace

them in favoursble 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 similay to that found by the writer in
other metamorphic and metasomatie rocks (Higazy, 1952a; c¢3

and d).

CONCLUSIONS

The chief rocks of the Loch Doon complex are pyroxene-
bearing rocks of noritic composition, diorite, granodiorite and
adamellite. /
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v X

adamellite. The pyroxene-bearing types are considerably richer
in Rby, Ba and Li than basalts and dolerites., The adamellite,
like the diorite and granodiorite, contains unusually high con-
tents of Cry, Ni and V, and hags the relation Cr > Ni > Co, which
it shares with the country sediments. Late magmatic differen-
tiates possess less Cr than either Ni ar Co.

The pyroxene-bearing (basic) typee econtain lower Cr
and Wi but higher Li than the diorite and granodiorite (inter-
mediate types). Furthermore, in the bagiec types Cr/Fed 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 't.hé development of the
Loch Doon complex. The basified types have relatively higher
totals of Mg, Fe? and Fe® 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, Ba and Sr.

The c ief rocks of the Spango complex are diorite and
granodiorite. These types have very much higher Cr and V con-
tents than megmatie types of similar composition, Moreover,
they have the relation Cr > Ni > Co whiech is inconsistent with
a magmatie origin,

The /
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The relation Cr > Ni > Coy moreovery persists in the
granitic tyvpes of the Loch Doon and Spamgo complexes: the same
relation characterises their respective country rocks. This
strongly suggeste that in each complex the eountry rocks have
played an essential role in the development of the granitie

rocks.
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Contact phenomena of the
southern part of the Loch Doon plutonic complex. Abstrs
Proc. Geol. Soc., Ho. 1484, pp. 64=65,

Dr R.A. HIGAZY made the following written contributions
“I have determined spectrographically the amounts of 22 trace
elements in representative rocks from the Loch Doon 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 granodiorite 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.



IABLE 2a

Chemical composition of the chief rocks of the
Spango complex.

A B ¢ D E
8/186 s/l S/162E  501/D  501/G
810, 56.62 57426  S4.2% 58,68 65,18

Al 0, 17.88  18.42  18.03  17.57  16.93
Fe, 0y 2.6 0.2% 0.96 1.17 0,9

Fe0 6.7k 7.82 8.08 %.96 3,42
Mg0 5.72 b.71 5.72 3464 2,18
. Ca0 tr. 1.6% 3,19 5.66 2463
Na, 0 2,04 2.65 4,02 3464 3453
K, 0 2.58 2469 2.9% 2.79 3.0k

H, 0= 0,49 0.48 0.16 0.05 0.1%

710, 0.87 1.37 1.26 0,84 0.72
P, 05 0,06 0.07 0.06 0.07 0,04
MnO 0.17 0.05 0.1k 0.09 tr.

100,08 99.85 99.67 100.12 99.'?3

Analysts W.H, Herdsman.

A = Tnmetamorphosed mudstone, near Fingland Farm, about
900 ft, from the Knockenshag diorite (Sarkar, 1948,
Table 1, Analysis 1)

Cordierite-biotite-hornfels, a metamorphosed mudstone
of medium grade, 250 ft. from the Knockenshag diorite
border (Sarkar, 1948, Table 1, Analysis 2).

C = Biotite-amphibole-plagioclase~hornfels from near the
Bucht Hill diorite margin (Sarkar, 1948, Table 1,
Analysis 3).

D = Pogghyritic micro-dlorite inclusion within the granodio=-
te from the right bank of Brocklaw Burn (Sarkar,
1948, Table 1, Analysis 4).

E = Hornblende~biorite granofiorite from the right bank of
Brocltlaw burn (Sanlram TOLME MalTa 1 AeeTerad o 23

B
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IABLE 2b

Trace=element contents in ppms of the chief rocks
of the Spango complex.

Sen~- " U |
Ele- siti-
ment vity $/186 S/
R 1 85 150
% . | 70 500
Ba 5 1700 1200
Sr 5 1220 600
¢ 1 160 180
Co g 139 25
Ni 2 150 150
Zr 10 180 200
La . 30 * <30
Y 30 70 90
Cu 3 30 50
v 5 110 120
Ga 1 35 35
TL 30 v d
Sn 5 : % 3
Pb 10 <10 20
S8e 10 <10 20
Mo 1 ) 1
Ge 10 . *
Be 5 * »
Ag 1 i <1
In 10 - "
Analyst: R.A. Higazy.

€ Ave=
S/162E "BG.
220 185
100 300
2800 2000
2500 1550
350 265
50
190 170
280 240
<30 <230
150
5 28
1% 130
L5 40
jt- *
* %
<10 12
25 23
2 1.5
% %
5% *
* *
% %

38

120

D B
501/D 501/G
180 140

% 80
2200 2000
2200 2000

120 90

30 15

60 30
1000 800
<30 %o

160 120
10 12
130 110
35 ' &0
* *

» : *
10 12
12 <10
%* %

% *

W .

3 L
% *

Ave~
rﬁo
160
85
2100
2100
105

45
900
33
140

11
120

(9%
~J

N
=t
*Wt*itﬂt:**

¥ = 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-
Jjoining 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-
eribed in recent years those of the Toro-Ankole volcanic fields
of South-western Uganda and the Pirunga-Bufumbira or North Kivu
field, further to the south, are amongst the most remarkable for
their petrographic constitution and the most interesting for
their petrogenetie 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 amalysed 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, Fast 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
from /
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from the following areas:

(a) Katunga, 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).

(b) 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 deseription 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).

(e) Katwe-Kikorongo, 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 exaet 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. 1, and 1952, Fig. 1).

The voleanie activity in Toro-Ankole, though now ap-
parently extinet, dates from the Middle Pleistocene to almost
the present time. The rocks underlying the voleanie products
are mainly (1) the Kaiso series, composed of Pleistocene lacus-
trine and fluviatile deposits, and (2) Pre-Cambrisn rocks com-
prising (a) the Post-Karagwe-Ankolean Granites, (b) the Karagwe-
Ankolean System formed chiefly of argillites, phyllites and
quartzites, and (e¢) the Toro System composed prineipally 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
voleanic 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 melanocratie olivine-rich leucitite) and mafurite (a rock
differing from ugandite in having kalsilite instead of leucite).
Mafurite obviously requires a very high K50/NagO 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 mafurite is taken by potash
ankaratrite. The latter 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 calecium 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
Winagongo (Birunga) and north shores of Lake Kiwvu,

It /



It may be noted here that these unique volecanic rocks
and the sub-voleanic types, such as biotite-pyroxenite, that are
invariably associated with them, 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 megma and sialie erustal material
such as granite and its associates. The magmatic carbonatite
is regarded as the source of the cafemiec material present in the
rock, while the sialic material is considered to provide the
alk-aluminous constituents and silieca. 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 voleanic field of Birunga, which stretches across the
Western Rift valley for nearly 50 miles north and north-cast of
Lake Kivu, for the most part covering regions in the Belgian
Ruanda and the Belgian Congo. The positions of ite 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: gee also the geologiecal map at the end).

Simmons in Combe and Simmons (1933) gave preliminary
petrographie /
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petrographic deseriptions of the voleanic rocks of Bufumbira.
More detailed petrography, accompanied by chemical analyses and
instruetive petrological discussions has been published by
Holmes in a valuable series of papers and memoirs (1936, 1937,
1942, 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 rockes, kivite being the
typical leuecitic type and absarokite the potash feldspar~bearing
type. In Bufumbira, ugandite is common and linke the area
to Bunyaruguru. In the south of Birunga nepheline-leucite-
melilite rocks characterise Ninagongo and some of the small
volecanoes along the north & 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 Birunga-Bufumbira fields, unlike the South
Kivu field which is mainly bagaltic with associated trachytes
and rhyolites.

il
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II. GENERAL PETROGRAPHY

Holmes' investigations of the volcanic and associated
rocks of Toro-Ankole and Birunga include a wealth of informa-
tion with regard to (a) their detailed petrography: and (b)
their classification and nomenclature according to their miecro-
scopical features and chemical composition. A brief summary
of these investigations, with special emphasis on the general
petrography of the rocks cores idered in the present study may
be useful,

The constituents of the pyroclasts include fragments
(a) of pre-voleanic erustal rocks (acecidental) and (b) of a
gub-voleanic (cognate) suite of rocks consgisting of wvarious
combinations of the minerals augite, biotite and olivine,
Representatives of both groups occur in the lavag - flows,
bloecks and lapilli - as xenoliths and xenocrysts. Each group
will be briefly considered in turn before dealing with the lavas

themselves.

(A) Acecidental Constituents

The accidental xenolithe and xenoerysts and the accom-
panying ingrediente of the tuffe and agglomerates are composed
of the underlying crustal rocks. These are mainly granites,
phyllites /
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phyllites and quartzites; and other schists, amphibolites &ec.
belonging to the Karagwe-Ankolean and the Toro Systems. A
full list of the varieties of such accidental blocks and Xeno=
lithe from Katwe crater has been given by Holmes (Holmes and
Harwood, 1932, Table VIII, p. 403), Some of these erustal
materials exhibit transfusion phenomena. Specimen K ©, con-
sidered in the present investigation, is a partially transfused
microcline-granodiorite~gneiss 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 quartsite, accompanied in all cases
by marked changes of composition, Moreover, he has demon-
strated that granitic xenoliths encloged in volcanic ejectamenta
from Kariya crater (Bunyaruguru) have been transformed during
the volcaniec activity into leucite, leucitite and olivine-
leucitite (Holmes, 1945),.

(®) /
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(B) Cogmate Sub-volcanie Rocks
The sub-voleanie rocks are represented both as (a)

ejected blocks in tuffs, asgglomerates &c. and (b) xenocliths in
lavas, lapilli and bombs. These rocks consist essentially of
one or more of the minerals olivine, biotite and pyroxene;

for brevity they are conveniently referred to by Holmes (1950)
as the "0.B.P.," series, after the initials of their dominant
minerals.

Monomineralie inclusions composed almost entirely of
olivine (dunite) occur locally in Bufumbira, but they are so
friable that they cannot be collected without falling to pieces
(Combe and Simmons, 1933, p. 69).

Monomineralic biotite~bearing rocks (glimmerite) are
represented in this study by specimen C 4034a from Kakunyu
erater, 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). Biotite is present in an-
hedral reddish brown erystals 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 pleochroie variety of
augite /
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augite with Z/e = 44° and 2V sbout 60°. TIts normative com-
position in the Kakunyu pyrexenite,‘c 4035, considered in this
study is approximately: diopside 20 per cent; aegirine, 4;
hypersthene, 2; AlgOg and FegO3, 4 (Combe and Holmes, 1945,
p. 376). 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-voleanic series are the peri-
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-peridotite from
an ejected block near Mabungo crater (Bufumbira). Olivine,
almost perfectly fresh, forms roughly a quarter of this rock.
Augite is more abundant and occurs as prismatic greenish crystals
displaying faint pleochroism with X = Z = pale green; Y = yel-
lowish green. PBiotite 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-
pyrokenite from ILutale 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, DBiotite of this type
is present in two distinct varieties: a dominant type dis-
playing the pleochroism X = green yellowy, Y = light red brownj;
Z = copper brown, The smaller crystals of this variety exhibit
alternations of colour parallel to the cleavage and show marked
pleochroism with X = metallic 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 ohly 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 chesgtnut brown colour (Holmes
and Harwood, 1937, p. 26). ©Specimen G 20 is a biotite-
pyroxenite from Katwe crater. Ite minerals are similar to
those found in other biotite-pyroxenites from Katwe, and already
fully deseribed by Holmes (Holmes and Harwood, 1932, pp. 408~
409). The thief constituents of these rocks are pleochroie
diopside- /
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diopside~hedenbergite and deep brown biotite. The accessories
are sphene, ilmenite or titaniferous magnetite, melanite and
perovskite, with traces of nepheline, In places, sphene may
be present in such conspicuous amounts aﬁ to justify naming

the rock "sphene-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 Birunga, 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 volecano 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
pleochroiem 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 intersgtitial spaces. The matrix is composed of
fine-grained plagioclase laths, most of which are zoned (Anéo‘
Angs), together with smaller amounte of alkali-feldspar flecked
with yellowish ferruginous staining, biotite in minute flakes,
apatite needlés and emall grains of olivine (Holmes and Harwood,
1037, pp. 113-114)., |

The specimens of sub-volecanic rocks studied in this

investigation are listed in the following Table.

L

No. of

specimen Name Locality Reference

K9 Ejected block of par- Katwe crater, Holmes & Harwooc
tially fused grano- Katwe-Kikorongo 1932, pp. 4ll-
diorite-gneiss 412

G 20 ected block of bio=- " ibid. « 408
tite-pyroxenite senssy P

K 4 ected block of sphene- " ibid. « 409
EQGh biotite-pyroxgnite aRases P i

C 4034a Xenolith of glimmerite Kakunyu crater Combe & Holmes,

gggg olivine-rich ugan- Bunyaruguru 1945, p. 377
C 4035 Xenolith of oxenite " ibid, « 375
from ol vineg¥geh ugandite bidss pe 57
C 4034b Xenolith of biotite- " ibid., p. 377

peridotite from olivine-
rich ugandite

C 2786 Ejeeted block of biotite- Lutale crater Holmes & Harwood
pyroxenite Bufumbira 1937, p. 26

C 1963 Ejected blogck of biotite- Mabungo crater ibid . 21-9¢
bearing augite-peridotite Pufumbira &22Csy PPe &o758

C 3033 Ejected block of leucite- Caldera of d. . 113-
kentallenite Nyamuragira, ibid., pp. 11
Byfunga

(c) /
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(C)+ Voleanic rocks from the Toro-Ankole fields

The mineralogical clagsification of the chief volcanic
rocks adopted in this study is that introduced by Holmes (19250,
Fig. 2, ps 776), shown graphically in Fig. 1. The principal
rock varieties are katungite, ugandite and mafurite. Katungite
is rieﬁﬁhelilite, but free from sugite; 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.
19935 19850, p. 784). The investigated rocks algo 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 comnspicuousgly rich
in augite and relatively poor-in olivine (Holmes, 1950. p. 776).
Xenocrysts derived from the "O.B.P.," series differ in the various
volecanie rocks. They are mainly, but not execlusively, biotite
and augite in the case of katungite; olivine in ugandite; and
augite in ankaratrite., Mafurite carries varisble amounts of
all the three minerals, often with a conspicuous abundance of

biotite (Holmes, 1950, p. 777).

(i) Katungite /
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(i) Katungite

Katungite is the most widely distributed of all the
voleanic 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, zeolites, potash-
rich nepheline, kaliophilite [}ater recognised as a new mineral
kalsilite; Holmes, 1942, p. Elé], leucite, or biotite; spe-
cial varieties may be distinguished by appropriate mineralogical
prefixes, e.g. leucite-katungite, biotite-katungite, leucite-
biotite~katungite". 1Its 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, Bunyaruguru
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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Fo. Neme Locality Reference
C 4407 Katungite W. lava flow, Holmes, 1937, p. 205
Katunga
G 21 Katungite Lapilli, Katwe ibid., pe. 207
crater
G 56 Biotite~ Ejected block ibid.,
katungite?® Katwe crater
C 3509 Katungite Ejected block Holmes, 1942, p. 212;
Chamakumba crater and Combe and Holmes,
Bunyaruguru 1945, p. 367 |
C 5245 Katungite Lapilli, N.W, Combe and Holmes, 1945,
edge of Bunyaru- p., 367
guru
C 4012 Kalsilite- Lapilli, Changabe Holmes, 1942, p. 210;
katungite crater, Bunyaru- and Combe and Holmeg,
guru 1945, p. 367
C 6065 Proto~ Ejected block, Holmes, 1960, p, 784
katungite Lugazi ridge,

Bunyaruguru

©® This is an augite-bearing biotite~katungite and has been re-
ferred to under the more familiar name alnfite (Holmes,

1960, p. 780).

(ii) OQuachitite

ouachitite from Katwe ecrater.

The examined specimen (C 5844) is an olivine-rich

It is fine~grained porphyritiec

rock with phenocrysts of olivine and diopsidic augite. Its

groundmases is composed mainly of shreds o reddish-brown biotit

and /
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and of aggregards of diopsidie augite. Associated with these
constituents, are small olivine erystals and minute grains of
perovekite and black ore. Caleite 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 alndite (G 656) 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 katungite, 18 in alnoite, and none in ouachitite.

(iii) Ugandite
Ugandite is the term proposed by Holmes (Holmes and
Harwood, 1937, p. 11) for melanocratic types of olivine=-
leucitites, Such volecanie rocks are found in the Katwe-
Kikorongo, Bunyaruguru and Bufumbira voleanic 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 oliving-
rich variety from Kichwamba, adjoining Kachuba crater, Bunyaru-
guru. A detailed petrographic desecription is given by Holmes
(Holmes and Harwood, 1932, pp. 414-415)., The rock contains
congpicuous phenocryste 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-
stale (0.1 to 0.2 mm.) of olivine, sugite, and mica, the ground-
mass is composed of augite mierolites, leucite, perovskite,
opaque ores, 2patite needles, and little patches of caleite and
cloudy analeite.

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-ugandite lavas of Kebirenge and Lyakauli,
Bunyaruguru; and to his earlier investigations of the Bufum-
bira ugandites and their relationships to similar volcanie 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-melakslsilitites, composed of olivine,
pyroiene, kalsilite, perovskite, and black ore, found in and

around the Mafuru craters, Bunyaruguru. The specimen here
investigated /
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investigated (C 6073) is porphyritic with phenocrystes of deeply
corroded olivine and of diopgidic augite. The volume percen-
tages of these and of the constituents of the groundmass are
given by Holmes (1942, p. 203) as follows:

Groundmasgs Phenoerysts
Diopside 26,0 20,6
Kalsilite 28.7
Perovskite 6.2
Black ore 5.7
Olivine 4,4 643
Biotite 23
Glass 4,1

Totals 72.4 26,2

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 Bunyaruguru, are given and
illustrated by Holmes (1942, pp. 207-210; and plate VI, p. 218).

(v) Leuecite-smkaratrite and Leucite-melilite-snkaratrite
In general, the ankaratritiec series can be distinguishe
from the mafurite-ugandite series by its relative shundance of
pyroxenes compared with olivine, which may, indeed by absent
from some members (Holmes, 1950, p., 776; 1952), The mineralo-

gical constitution of the Katwe-Kikorongo ankaratrites is closely
gimilar /
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similar to that of the melanocratic nephelinites of Madagascar,
the type ankaratrites deseribed by Lacroix (1923, p. §9).  But,
on account of their higher potash content and Ko0/Nao0 value,
Holmes (Holmes and Marwood, 1932, p. 388) has distinguished the
Uganda examples by the name "potagh-ankaratrite'". By increase
of leucite at the expense of polash-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 knowm.

The amkaratritic 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 am ejected bloek from the south
rim of Nyaluzigati crater:; both localities are in the Katwe-
Kikorongo field.

C 5636 is a coarse-~grained porphyritic variety. The
phenocrysts are mainly augite together with less abundant
olivine and some black ores and perovskite. 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 distinely purplieh outer margins. The
cores of some of ﬁhe erystals 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 perovskite. The termina-
tions are frayed and show no sign of variation in composition
towarde aegirine-augite. Most of the olivine grains are
smaller in size than those of augite and are irregularly rainded.
Their borders are commonly rimmed with brown ferruginous matter
and reddish-brown biotite.

The groundmags is composed of very clear patches of
potash-nepheline, mainly occupying paris 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; calecite; and minute
erystals of perovekite are also found in the groundmass. Apa-
tite in rounded grains is present as sporadic ineclusions in
biotite and in the black ores.

Potash ankaratrites and leucite-ankaratrites from
Mbuga and Nabugando craters in the Katwe-Kikorongoe field, have
recently been described in detail by Holmes (1852). In an
earlier paper he gave the modal composition of several rocks
belonging to this series (Holmes and Harwocod, 1932, pp. 387-390
and pp. 392-394). The feldspathoidal members in these rocks
are potash-nepheline with subsidiary leucite, as in the speei-
men (C 5635) here investigated. Moreover, the mode of C 5635
approximates to that of leuecite-ankaratrite (C 1000) which is

as /
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as follows (Holmes and Harwood, 1932, p. 387):
Phenocrysts:

Pyroxenes 50 per cent

Olivine 4

Opaque ores 11
Groundmass:

Pyroxenes 10

Biotite 4

Ores,&c. 7

Feldegpathoids 14

The other investigated ankaratritic roek (C 5692) is
a leucite-melilite variety. It is porphyritie, with small
phenocrystes of augite and mparse olivine. Augite occurs as
yellowigh-green prismatic erystals arranged in a sub-parallel
manner; purplish merging are lacking and the rims are not
strewn with black ores and perovskite as in the augite pheno=-
crysts of C 6635. Olivine occurs as clear transparent crystals
without reaction borders. The groundmass is composed of minute
laths of augite, prisms of melilite, e¢loudy in patches, rounded
graing of leueite, occasionally carrying black inclusions,
transparent erystals of olivine, black ores and perovskite, the
latter being more abunﬂangizg C 6635, These constituents are
set in a greenish glassy background.

(vl) Mela-potash-nephelinite 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 erater, Katwe-
Kikorongo veoleanic area) and the mela-leucitite (C 5545, 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 porphyritiec. They are compoeed essentially of
augite and feldspathoid, s& indicated respectively in the names
adopted. C 5545 zlso contains occaslonal erystals of nosean
or hauyne. Together with these constituente abundant aggre-
gates of black ores and perovekite occur in both rocks. Apa-

tite, occurring as needles, is a minor accessory.

(D) Voleanic rocks from the Birunga field

The specimens investigated of the voleanic rocks from
the Birunga field comprise: (i) types with feldspathoids and no
feldspars, such as olivine-melilitite (C 7360) and potash-
nepheline-mililitite (C 3022); (ii) feldspar-and-leucite-bearing
varieties represented by kivite or leucite~basanite (C 9780,

C 9892) and leucitie trachybasalt (C 9878)3 and (iii) limbur-
gite (C 7347).

(1) Olivine-melilitite (C 7360) comee from Lwabikari
crater, north of Lake Kivu, Belgian Congo. It is porphyritic
with /
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with abundant phenocrysts of sugite and occasional olivine.
Augite is grey to buff with a purplish tinge and more distinetly
purple margins, Some of the larger grains are deeply embayed
by the groundmass. 0livine erystals, some of which are corroded,
are generally smaller than those of augite. The groundmass is
eryptocrystalline and consists mainly of agsregates of black ore
and augite, accompanied by emall prisms of melilite; olivine
grains, glass-clear tabular erystals of potash nepheline, occa-
sional rounded grains of leucite and small needles of apatite.
The mode of this rock spproaches that of the melilite-leucite-
ankaratrite (C 5692) described on page R1 except that it contains
less melilite and is free from perovskite,

Potash nepheline-melilitite (C 3022) is a typical speei-
men of a flow from Ninagongo voleano. It has been already des-
eribed by Holmes (Holmes and Harwood, 1937, p. 84), who mentions
that melilite-nepheline lavas are not uncommon in the southern
part of Pirunga, between Winagongo and Lake Kivu, e,g, from the
Pushwaga and Coma Voleanoes, C 3022 is fine-grained and con-
siste essentially of melilite laths exhibiting a somewhat trachy-
tic texture, together with elear erystals of potash nepheline
and ageregates of hlack ore, in an interstitial matrix of greenish
material which may be chlorophaeite, Perovskite is absent.

This rock cannot be matched mineralogically with any of the

voleanie /
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volecanic types 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 Nyamuragira at 9500 feet, which has been petro-
graphiecally described by Holmes (Holmes and Harwood, 1937, p.
116). It is a vesicular porphyritiec rock with phenocrysts of
purple augite, clusters of plagioclase, and olivine. The ground-
mass is composed of abundamt grains of augite, minute laths of
plagioclase, leucite, mainly in clear patches, and black ores.
Inclusione are present, consisting of the leucite-kentallenite
described on p. 11 . For detailed deseriptions of other kivites
from Birunge reference should be made to Holmes (Holmes and Har-
wood, 1937, pp. 102-136); and to Verhoogen (1948, p. 160) who
gives the petrographical characters of the lavas of the 1938
Nyamuragira eruption,

C 9780 is a representative of the 1948 eruption of
Kituru (a new voleanic cone on the flanks of Nyamuragira) .

This typs is a scoracious and finer grained variety of kivite
but has essentially the same mineralogical éonstitution as C 3030.

C 9892 represents the 1948 eruption of Muhubuli (a new
cone on the same line of fissure as Kituru). The rock is also
a kivite, with microscopical features very similar to those of
C 9780.

The /
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The leucitie trachybasalt C 9878 is from a lava flow
erupted in 1948 from a figsure north-west of Kituru. The pheno-
cerysts of this rock are similar to those of the kivites Just
mentioned, but the groundmass is hyaline exeept for very minute
laths of plagioclase and a few more or less rounded grains of
leucite.

(1i1) C 7347 is & characteristic specimen of the lim=
burgite erupted in 1904 from Nahimbi volecano (formerly called
Adolf Friedrich Kegel) situated in the south-western portion of
the Birunga field (Holmes and Harwood, 1937, p. 214). Finckh
(1912, p. 20) described the lava as a porphyritie rock with abun-
dant phenocrysts of titansugite (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
aungite is only very faintly purple and the groundmass is mainly

brownish glass.

¥1X: ./
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ITI. ANALYTTCAL METHODS AND DATA OBTAINED

Samples of the powders originally prepared for chemi-
cal analysis of all the above mentioned sub-volecanic 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 maeke use of hitherto unpublighed chemical analyses
of some of the specimens from the Katwe-Kikorongoe and Birunga
fields.

The trace elements of these rocks, as well as those
of four carbonstites (from the Premier Diamond mine, South
Africa; Spitzkop alkaline complex, Bushveld, Transvaal; Ma-
rongwe Hill, Chilwa Island, Nyasaland; and Hartung, Aln8 Island,
Sweden), and two limestones (from the Transvaal System, South
Africa; and Mansjd, 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 (Higazy, 1952a).

v /
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IV. GEOCHEMISTRY OF THE SUB-VOLCANIC ROCKS

(0.B.P,) SERIES
(i) Major constituents

The chemical composition and the trace-element con~
tents of the sub-volcanic suite of rocks are recorded in Table
la ané 1b respeetively., Three of the chief members of the
"C.B.F." geries ... peridotite, pyroxenite and glimmerite — are
represented by specimens from Kakunyu 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 >Feg0g. The range of
FeO is from 2,56 per cent in the peridotite to 2,90 in the glim-
merite; and that of FegOz is confined to the narrow limits of
4,96 per cent in the peridotite to 5.42 in the pyroxenite.

NagO 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, Aly0q
ies low in pyroxenite and peridotite and much higher in glim-

merite,

Mgo /
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Mgo reaches 33.84 per cent in the peridotite and
amounts to 19,32 in the glimmerite and 13,14 in the pyroxenite.
The difference in the Ca0 contents of these rocks is still more
pronounced. The pyroxenite has 22,57 per cent of Ca0, whereas
the peridotite and the glimmerite have only 2,84 and 1,16 re-
speetively. The biotite-augite-peridotite, C 1963, from Bu-
fumbira, however, possesses lower VNgo (19,31 per cent) and con-
siderably higher Ca0 (16.99) than the Bunyaruguru peridotite
C 4034b, These differences are due to the relative abundance
of augite in the Bufumbira peridotite and of olivine in the
Bunyaruguru variety.

It is not surprising to find 9,01 per cent K50 in the
glimmerite, since it is composed almost entirely of biotite,
vhich is responsible aleo for its relatively high TiO, (6.18 per
cent). The perildotite and the pyroxenite, however, possess
considerably lower KO contents, being 2,58 and 0,08 per cent

respeetively, The glimmerite and the peridotite have Ko0 > Nas0.
vhereas the pyroxenite has Nag0 > Ko0, corresponding to ite com-

plete lack of biotite, All three rock types have AlsOg> KoO.
The analysed biotite-pyroxenites, G 20 from Katwe and

C 2786 from Bufumbira, have Ks0 > Nan0O and FecO0g > FeO, the re-

verse of what is found in the pyroxenite C 4038, The sphene-

rich bictite-pyroxenite X 4 of Katwe, ie remarksble for its very
abundant /
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abundant TiO, (8.65 per eent) and POz (2.,80)., TIts total Fed
and FegOz (17.82 per cent) ie considersbly higher than that of
the hiotite-pyroxenites of Katwe (92.97) and Bufumbira (7.21).

Chemical amalysis of the leucite-kentallenite (C 3033a)
from Bufumbirsa reveals a merked excess of FeO (12,00 per cent)
over Feg03 (1.15). Since the rock contains plagioclase Alg0g
(12,20) and Naj 0 (1,60) are higher than in the "0.B.P." series
(spart from the high Al,0, of glimmerite).

In summary, it is found that the sub-volcanic rocks
discusesed ahove show variations in the amounts of their major
oxlides consistent with their mineralogical constitution. The
peridotites (average of C 4024b and C 19263) have Mg0 > Ca0 >
(Alp05+K;04a-0) whereas the pyroxenites (average of G 20, K 4,

C 4036 end C 2786) have Ca0 > Mg0 > (Al,0g+Ko0+Nas0); the glim-
merite (C 4034a) has (A1;04+K504Na0) > MgO > Ca0; and the
leucite-kentallenite (C 30332) has (Al;Og+ K-0+Nag0)> Ca0 > lg6.

(ii) Trace Elements

(a) Rubidium and barium

The distribution of Rb and Ba in the different 0.R.P.
sun-voleanic types is primarily related to that of biotite.
The peridotites and the pyroxenite in which biotite is negligible
or absent contain undetectable contente of Rb (less than 1 ppm.)
and /
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and are relatively poor in Ba (15-50 ppm.). The biotite- -
pyroxenites, however, contain apprecieble and almost uniform
emounts of Rb (150-170 ppm.). Their Ba contents are relatively
high, ranging from 1200 to 2000 ppm, The glimmerite (biotite-
rich rock), possesses still higher contents of both Rb (1000
ppm.) and Ba (3200 ppm.). This clearly indicates that, of the
ferromagnesian minerals, biotite is the richest depository of
these two elements.

The leucite-kentallenite is a biotite~free rock, but
it contains feldspars, mainly plagioclage, and leucite. The
presence of appreciable amounts of Rb (75 ppm.) and Ba (1000
ppm.) in this rock is therefore, understandable,

The (Rb#Ba) and KoO contents of the above rocks vary
sympathetically, as indicated in the following list:

(Rb+Ba) in KoO in wt. per

Type ppm. cent.
Pyroxenite 20 0.08
Peridotite (2 analyses) 33 1,73
Leucite-kentallenite 10786 2.02
Sphene-rich biotite-pyroxenite 1370 2.38
Riotite-pyroxenite (2 analyses) 19056 3.55
Glimmerite 4200 9.01

(v) Gallium

Ga is present in relatively low amounts ( < 1-10 ppm.)
in the peridotites and pyroxenites, The distribution of this
element /



31.

element in the other types, namely, biotite-pyroxenites, glim~
merite and leucite-kentallenite is almost uniform (20-30 ppm.).
It is noticed that the total (AlgOg+FecOs) in the relatively
Ga~-poor varieties (5,65 - 6,86 per cent) is lower than that in
the Ga-rich types (11,48 - 19.42),

(e) Strontium, lanthanum and yttrium

Sr varies from 40 ppm. in the peridotite (C 4034b) to
1000 in the sphene-rich biotité pyroxenite. The pyroxenite and
biotite~pyroxenites, which contain little or neo sphene, have
muich less (340-600 ppms) 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) 2ll 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.
lMoreover, the values of the same ratio in the peridotite from
Bunyaruguru (C 4034b) and that from Bufumbira (C 1963) are also
much the same - 0.4 and 0.5 respectively. The pyroxenite
(c 4035 / |
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(C 4035) shows considerably greater enrichment in Sr relative
to Ba, its Sr/Ba value being 16.6. This corresponds to the
greater enrichment of Ca relative to K in this rock than in the
other types, the Ca0/K;0 value being 280 in the pyroxenite
(C 4038) 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 sphene-rich biotite-pyroxenite, which also contains a
similar amount of V. Two of the other rocks also contain Y,
the biotite-pyroxenite from Katwe ( < 30 ppm.) and the leucite=~
kentallenite (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-volecanic series ( < 1-8 ppm.). This feature
is also noticesble in all the volcanic rocks investigated.
The variation of the Li content is so narrow that no significance
can be attached to it. Moreover, although Li is liable to be
enriched in the micas, it is remarksble that even the glimmerite
has < 1 ppm. Thie indicates that the parental materials from
which these rocks developed were deficient in this element.
This is confirmed by the enalyses of Uganda granites listed in
King /
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King (1939, Table 3, p. 138); Li 0 is recorded as "none" in

seven out of eight analyses and as 'trace' in the remaining one.

(e) Chromium, Nickel and Cobalt

The peridotites are characterised by normally high Cr
and Ni econtents. The peridotite from Bufumbira has 4000 ppm.
Cr and 380 ppm. Ni, and that from Punyaruguru 2400 ppm. Cr and
1900 ppm. Ni. Tt ie noticesble that the former (relatively
rich in pyroxene) has higher Cr and lower Ni contents than the
latter (relatively rich in olivine). This adds further support
to the writer's statement - in connection with the distribution
of these elements in ferromagnesian minerals (Higazy, 1952b) -
that the Cr content of the eclivines seems to be lower than that
of the pyroxenes and that Ni shows the reverse distribution in
these two groups.

Cr and Wi are more concentrated in the glimmerite
(1500 and 320 ppm. respectively) than in the different varieties
of biotite-pyroxenite (average: Cr, 775: Ni 120 ppm.) and the
pyroxenite has still less (100 and 85 ppm., respectively). The
sphene-rich biotite-pyroxenite is remarksble in containing ne-
gligible amounts of both Cr ( < 1 ppm.) and Ni (2 ppm.). This"
rock contains sbundant sphene which forms roughly 40 per cent
of its modal cmposition, while yellowish green pyroxene,
biotite /
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biotite amnd black ores constitute g proximately 60 per cent.
The defieiency of this rock in both Cr and Ni is therefore, very
striking.

The eontents of Cr and Ni in the leuecite-kentallenite
are 350 and 120 ppm, respectively, being similar to the corres-
ponding averages for gabbros (Cry, 340; Wi, 158 ppm.), as given
by Goldschmidt (1937).

The total (Cr+Ni) and the MgO contents of the dif-
ferent types vary rather sympathetically:

(Cr+Ni) in Mg0 in wt. per

Type ppm. ' cent
Peridotite (2 analyses) 4325 26,58
Glimmerite 1820 19,32
Biotite-pyroxenite (2

analyses) 065 14,72
Pyroxenite 185 13,14
Sphene-rich biotite-pyroxenite 2 753

The distribution & Co is much less wariable than that
of Cr and Ni, the average contents of the wvarious types all
falling within the range 55 to 75 ppm.

All the varieties except the sphene-rich biotite-
pyroxenite are characterised by Cr > Wi > Co, as in ordinary
ultrebasic rocks (Lundeg@rdh, 1949; Higazy, 1952b). The
sphene-rich biotlte-pyroxenite, however, has Co > Ni > Cr,.

(£) /
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(f) Vanadium and Copper
On the whole, the pyroxenites contain more V than the

other members of the "0.B.P." series. The sphene-rich bictite-
pyroxenite has the highest content of this element (550 ppm.);
the biotite-pyroxenites (345 ppm.) and the glimmerite (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° (ionie radius, 0.65 &) replaces Fe® (0.67) in the
pyroxene siructure. But in the sphene and biotite lattices,
V is most likely to be present in its tetravalent state replacing
7i%, since V? and Ti? heve similar ionie radii, 0.61 and 0.64 A
respectively. The econcentration 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 (FeO+Fec0Oy) as assembled below:

(Co+V) in (FeO+Feg03) in

Type pPpm, wt. per cent.
Peridotite (2 analyses) 188 6.57
Pyroxenite 2086 8.03
Glimmerite 265 8,14
Riotite-pyroxenite (2 amalyses) 408 8.94
Leucite-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 peridotites (average 45 ppm.)
But /
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But the glimmerite and pyroxenite both contain only 3 ppm. of
this element. The distribution of Cu is obviously very erratic
in these rocks. |
The total (Cr+Ni+Co+V+Cu) increases with the total
(Mg0+FeO+Fe203) as ghown below:
(Cr+Ni+Co+V+Cu) (Mgo+FeO+Fe20%) in

Type in ppm. wt. per cen
Pyroxenite 393 Sled?7
Leueite~kentallenite 960 23.41
Biotite-pyroxenite (2 anal-

yses) 1448 23,91
Glimmerite 2078 27 .46
Peridotite (2 analyses) 4558 33.15

These trace elements are knovn to replace Mg, Fe? and

Fe® in the different appropriate erystal lattices.

(g) Other irace elements

Zr is much more sbundant in the sphene-richlbittite-
pyroxenite (1200 ppm,) than in the other types ( < 10-250 ppm.).
This indiecates that the sphene in this rock is relatively rich
in Zr,

Se is found in detectable amounts (15-40 ppm.) only
in the pyroxene-rich rocks, its content in augite-poor perido-
tite, glimmerite and leueite-kentallenite being below the limit
of sensitivity ( < 10 ppm.).

Ag is detectable except in lencite-kentallenite, the

members /
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members of the "C.B.P." geries having variable amounts of this
element ranging from 1 to 20 ppm.

The variation in the distribution of Pb eannot be
determined. Most of the examined types have < 10 ppm. of
this element,

Mo 1s detectable only in the peridotites (average,

2 ppm.) while Be end In are determinable only in the glimmerite
(6 and < 10 ppm. respectively). Tl and Ge if present are

found in amounts below the limits of semsitivity 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 "O,B.P,"

gseries are as follows:

(1) Cr and Vi are relatively abundant in the peridotite;
Rb and Ba in the glimmerite; and Sr and (Co+V) in
the biotite-~pyroxenites.

(2) Li is very sparse in all the members.

(3) All the types have Cr > Ni > Co as in normal ultrabasic
rocks.

(4) It has been shown that the average peridotite has
Mg0 > Cal >(AloQ3K O+Na O) while the glimmerite
has (AloOg+Ko0+Nac0) > MgO > Ca0. Correspondingly,
the former shows (Cr+Xi)> (Sr+las¥) > (GasRb+Ba),

and }he latter has (Ga+Rb+Ba) > (Cr+Ni) > (Sr+La+Y).
The
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The pyroxenite has Ca0 > MgO > (Alg03+Ko0+Nag0)
?nd acco:)'dingly shows (Ga+Rb+Ba) > (Sr+Las+Y)
Cr 4 Ni).

(6) The biotite-pyroxenites have Mg0 > Ca0 > (Al20g+Ko0+
NagQ) and (Ga+Rb+Ba) > (Cr+Ni) > (Sr+La+Y); and
the sphene-rich biotite-pyroxenite has Ca0
EA1g03-;K20+Na20) > Mg0 and (Ga+Rb+Ba)> (Sr+Las+Y) >

Cr+Ni .

(6) 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+Ba)>
(Sr+La+Y) > (Cr+Ni) corresponding to the relation

(A1203+K20+1\Ia20) > Ca0 > Mig0,

V. GEOCHEMISTRY OF THE VOLCANIC ROCKS

A, Katungite, ugandite and mafurite

(1) Major comstituents.

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 voleaniec areas
do not vary in the contents of their major oxides, and conse=-
quently no individual katungite differs significently from the
average composition here adopted for discussion. There are
certain characters shared by allthree types. All are relatively
rich /
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rich in K0 (3,46-6,98 per cent) and TiO, (3,62-4,86), and have
K50 > Nag0 , their chief feldspathoids being leucite and/or
kalsilite. They also have Al;0q > (K20+Na20), thus differing
from the leucite-bearing rocke of West Kimberley, Western Aus-
tralia which have K205> A1203 (Wade and Prider, 1940).

The chief mineralogical differenceg are naturally re-
flected chemically. Katungite, being melilite-rich, possesses
the highest Ca0 content (16.06 per cent). Ugandite, being the
richest in olivine, has the highest Mg0O (24.84 per cent).
Mafurite, being kalsilite-riech, contains the highest Alg0q (8.18)
and K20 (6.98).

The average katungite possesses higher CO0s (1.53 per
cent) and P50z (0.97) then mafurite (trace and 0.61 respectively)
and ugandite (0.36 and 0,29 respectively).

Amongst the members of the "O,B.P." series, the ave-
rage composition of biotite-pyroxenite has features in common
with averege katungite, just as the peridotites have with
olivine-riech ugandite. Glimmerite similarly shares certain
chemical features with mafurite.

(ii) Trace elements

The trace-element contents of the three voleanie types

are given in Table 2b. The variations in the katungites from
the /
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the different voleanie areas are insignificant, Proto-katungite
however, has notably more sbundant Ba, Sr, La and Cu, and less
abundant Cry, 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 voleanie types have abundant
Rby which is most likely replacing K in leucite and/or kalsilite,
or accompanying it in the potash-rich groundmass. Both ugan-
dite (relatively rich in leucite) and mafurite (relatively rich
in kalsilite) have 450 ppm. of Rb, whereas the average katungite
(containing potash-rieh glass and generally poor in leucite and/
or kalsilite) has 220 ppm. Kalsilite-katungite from Bunyaru-
guru has more Rb (380 ppm.) than three other kalsilite-free
katungites 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 KoO=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 X in their potash feldspathoids. The relatively high
Ba content of katungite sugrests that this element may in part
be present replacing Ca in melilite. This view is strengthened
by /
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by the faet that uncompshgrite (a coarse-grained melilite~
pyroxene rock occurring at Iron Hill, Gunnison County, Colorado)
hag 26885 ppm. of Ba, whereas ijolite (melilite-free) from the
same locality has only 825 ppm. (Larsen, 1942, p. 36). The
possibility, however, that Ba chiefly exists among the consti-
tuente of the potash-rich groundmass of katungite cannot be

overlooked.

(b) Strontium

The voleanic rocks of South-Western Uganda are also
remarkeble for their abundant Sr. Katungite and mafurite have
similar amounts, 6685 and 7000 ppm. respeetively, 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 hag con-
siderably more Sr than Ba. This is understandable, since
katungite is rich in melilite, the mineral in which moet of the
Sry, replacing Ca, is likely to exist. That Sr is more easily
accommodated into the melilite lattice than into that of pyro-
xene, becomes very obvious when we consider that pyroxenite
(C 4035, Table laj pyroxene-rich and melilite-free) has 22,57
per cent Ca0 and possesses only 340 ppm. Sr: whereas katungite
(C 4012 /
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(C 4012, Table 2a; pyroxene-free and melilite-rich) has only
16.792 per cent Ca0 and possesses as much as 9500 ppm. Sr.

(e) Lanthanum snd yttrium
The volecanic 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. Mafurite 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 ie 30 ppm.

Compared with the sub-volecanic rocks (as in the case

of Sr) the volcaniec types are richer in both La and Y.

(d) Gallium
‘The Ga eontents of katungites from the different vol-
canic areas (Katwe~-Kikorongo, Bunyaruguru and Katunga) are al-
mos t uniform (20-30 ppm.) with an average of 25 ppm. Mafurite
and ugandite have 15 and & ppm. of this element respectively.
The increase of Ga with (AlyOg+Fes04) which characterises the

sub-volecanic series, is again found in the chief volecanie types:

Type /



Type Ga in ppm., (A1203+Fe203).in
wt. per cent
Ugandite 5 9,41
Mafurite 15 12579
Katungite 26 14,83
(e) Lithium

Li is present in uniform and relatively low amounts in
the three types (5 to 8 ppm.).

(f) Chromium, Nieckel and Cobalt
Cr and Ni are relatively high in the three voleanie

types, all of which are rich in olivine. Ugandite and mafurite
have 1200 and 900, and 1300 and 300 ppm. respectively, while
katungite aversges only 720 and 185 ppm., and proto-katungite
has even less: 290 and 100 ppm.

The increase of (Cr+Ni) with MgO that characterises
the sub-volcanic series is again found in the voleanie rocks as

recorded below:

(Cr+Ni) in Mg® in wt. per
Type Ppn. cent
Proto-katungite 320 10.93
Katungite 9086 12,40
Mafurite 1600 17 .66
Ugandite 2100 24,84

The contents of Co in katungite, mafurite and ugandite

are /
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are 73, 70 and 110 ppm. respectively. Similarly, the Fe0 con-
tents of both katungite and mafurite are almost alike (5.06 and
4.98 per cent respectively) but that of ugandite is higher
(6.47 per cent).

All the types have Cr > Ni > Co, as in the sub-voleanie

geries.,

(g) Vanadium
V appears to increase with (Fe2QgT102) as shown below:
(F0203+T‘i02.) in wt.

Type V in ppm. per cent
Ugandite 110 755
Mafurite 220 8,97
Katungite 275 11,99

The total of the trace elements which are known to
replace Mg, Fe2 and Fe® in the crystal lattices, namely, Cr, Ni,
Coy V and Cu, increases with the total of these major elements;

(Cr+Ni+Co+V+Cu) (MgO+FeO+Fes03)

Type in ppm, in wt. per cent
Katungite 1238 23.59
Mafurite 1915 27.25
Ugandite 2380 365.34

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-pyroxenite
and glimmerite respectively. Furthermore, for both ugandite
and /
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and peridotite these totals are higher. But ugandite has
slightly higher (MgO+FeO+Bes03) and lower (Cr+Ni+Co+Vs+Cu) totals

(35.34 per cent and 2380 ppm.) than those of peridotite (33.15
per cent and 4558 ppm.).

(h) Zireonium

The distribution of Zr is very interesting. While
both katungite and mafurite have relatively high contents of
thie element (1000 and 900 ppm. respectively), ugandite posses-
ses only 300 ppm. It may be recalled that amongst the members
of the "O.B.P." series, the sphene-rich biotite-pyroxenite has
an enormous quantity of Zr (1200 ppm.), most of which is present
in gphene. Neither katungite nor mafurite carries sphene but
they have appreciable amounts of perovekite. It is quite like-
ly, therefore, that most of the Zr in these rocks is present in
thie mineral, replacing Ti4.

It is highly significant that in all three types Zr
ie extraordinarily sbundant as compared with normal ultrabaaic.
rocks. Rankama and Sahama (1960, p. 566) report 60 ppm. as
the average Zr contents of peridotites. loreover, 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 IT, analyses
l, 2 and 3, p. 538).

(1) /
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(1) Other Trace-elements

Pb is present in emounts less than 10 ppm. in all
three types: and differences are therefore undetectable, since
the sensitivity is 10 ppm.

Tl, Sn, Sc, Mo, Ge, Be, Ag and In, if present, occur
in amounts below their respective limits of sensitivity in these

volcanie rocks.

Summary of the distribution of the trace elements in katungite,
T mafurite and ugandite ,

The outstanding features of katungite, mafurite and

ugandite are as followe:

(1) Elements uncommon in ultrabasic rocks, namely, Sr,
Ba, Rb and Zr, are very abundant.

(2) Elements common in ultrsbasic rocks, namely, Cr and
Ni, are normally abundant.

(8) (Sr+La+Y) increases with Ca; (Rb+Ba) with K505 and

(#) All three rocks have Cr > Ni > Co, Mafurite and
ugandite have Ba > Sr, whereas katungite has Sr > Ra.

(6) Sr end Ba are notably more abundant than in the
members of the #0.B.P." geries. But otherwise,
the trace-element sbundances are generally similar
for katungite and biotite-pyroxenite; mafurite
and glimmerite; and ugandite and peridotite.

B. /
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B, OQuachitite

The chemiecal composition of ouachitite (Table 2a)
has much in common with katungite (Table 2a) and biotite-
pyroxenite (Table la),

The noteworthy features of the trace-element abun-
dences of ouachitite (Table 2b) are the following:

(1) Ba and Sr are both lower than in katungite, but the
relation Sr > Ba remains the same, whereas biotite-
pyroxenite has Ba > Sr.

(2) Both Sr and Zr are congpicuously sbundant compared
with the corresponding amounts in biotite~pyroxenite.
Zr ie also somewhat higher than in katungite.

It is noticeable that the Sr content decreases from
proto-katungite ( > 10,000 ppm.), through katungite (6685),
alngite (3800), ouachitite (2500) to biotite-pyroxenite (550).
Ba 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, alndite and ouachi-
tite.

Element /



Element A B C D E Average Average
A&E By C&D

Rb 240 200 150 100 188 198 150
Ba 7000 2800 2600 1700 1728 4360 2100
Sr 10,000 7800 3800 2800 680 6300 4600
Cr 200 700 800 650 776 533 683
Co 60 856 70 60 62 61 e
Ni 100 230 140 2560 120 1456 207
Zr 1100 800 1100 1200 60 580 1030
La 100 30 30 30 # 50 30
Y 30 30 30 30 30 30 30
Cu 200 80 60 65 76 138 68
v 170 320 350 320 345 260 330
Ga 25 26 30 25 23 24 27

A Proto-katungite C 6065, Bunyaruguru

B Katungite G 21, Katwe

C Aln8ite (biotite-augite-katungite) G 56, Katwe

D Ouachitite C 5844, Katwe

E Average of biotite-pyroxenites G 20, Katwe and C 2786,

Bufumbira
% Considerably less than 30 ppm.

C. Other voleanic rocks from the Toro-Ankole
volcanicprovince

The remaining rocks investigated from the Toro-Ankole
voleanic province all come from the Katwe-Kikorongo field.
They comprise potassic amkaratritic types, mela-potash nephe-
‘linite and mela-leucitite. The chemical composition and the
trace-element contents of these rocks are given in Tables 3A

and 3b respectively.

§13.7
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(i) Potassic ankaratritic types
In general, the analysed leucite-ankaratrite and leu-

cite-melilite-ankaratrite have many chemical characteristics in
common with katungite, mafurite and ugandite (K.M.U.): €e8e
-relatively high K0 and Ti0g, with K50 > NagO and AlgOg> (KgOs
Nag0). The ankaratritic types, however, have certain systematic
geochemical differences corresponding to their greater abundance
of augite relative to olivine: mnotably lower Mg0O; higher Als0g
and NagOj; and (FeO+FegOg) > MgO, the latter being the reverse
of what has been found in the "K.,M.U." geries. These differences
Justify the recognition of the ankaratritic types as a distine-
tive group.

Comparison of the trace-element contents of the leucite-
ankaratrite with those of the leucite-melilite-ankaratrite
(Table 3a, columms A and B) reveals the following interesting
features:

(1) Cr and Ni are very similar in both varieties, cor-
responding to their similar MgO contents.

(2) V is noticeably higher in the leucite-melilite-
ankaratrite, where perovskite and TiOo are more
abundant.

(8) The leucite-ankaratrite has more Ca0 (16.59 per cent)
than the leucite-melilite-ankaratrite (14.34).
Yet, Sr is notably lower in the melilite-free
variety (4000 ppm.) than in the melilite-rich type
(98, ppm.). This is another example illustrating

?hesrelative enrichment of melilite-bearing rocks
n Sr.

(4) /
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(4) Bb and Ba are more abundant in the leucite-melilite-
ankaratrite, corresponding to its higher Ko0 con-
tent.

The average value of (Cr+Ni) is lower than that for
any of the "K.M,U." series, corresponding to the lower MgO of
the ankaratritic rocke. On the other 'hand, (V+Co) and Ga are
higher, corresponding to the higher values of (FeO+Feo03+Ti0g)
and (AloOg+Feg03) respectively. The potassic ankaratritic
rocks have Sr > Ba, like katungite.

The outstanding features of the trace-element abun-
dances for the potassic ankaratritic rocks are the same as those

found for the "K.M.U." series: relatively high Sr, Ba, Zr and
Bb; low Li; Cr> Ni > Co and La > Y.

(ii) Mela-potash nephelinite and mela-leucitite

Important features in the chemical composgition of the
mela~-potash nephelinite and the mela-leucitite are 't.heir low
Vg0 and sbundant Nag0 and AlgOg, relative to the other voleanie
types already discussed. Thie is in accord with their less
mafic character., Otherwise, however, they share the main
chemical characters of the other volcaniec roeks, viz: relatively
high K20, TiOp and PgOg, with Kp0 > NagO and AlgOg > (KpO+NagO).
Furthermore, like the amkaratritic rocks, they have Ca0 > Mg0,
and (FeO+Fes03) > g0,

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-
caniec 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. Voleanie rocks from Birunga voleanic 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
volcanie rocks from the Toro-ankole field in having relatively
high K20, TiOp and Pg05, with Alp03 > (K20+NagO).  However,
they differ in the following respects:

(1) Nag0 is slightly more abundant than Ko0., This is
related to the preponderance of potash nepheline
over leucite in the Birunga types; the ratio
NagO/Ko0 also rises in some of the potash ankara-
trites of the Katwe-Kikorongo field.

(2) TiOo is relatively low and perovskite is sparse.

(3) /



52.
(3) HoO in these rocks is also lower than in the Toro-
Ankole types.

(4) FeO is higher than Feo0a, a feature shared only by
ugandite in the Toro-Ankole fields.

It is noticeable that Al,0, 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 (FeO+FeRO\3) > lig0, like
the ankaratritic roecks.

The outstanding features in the trace-element con-
stitution of the olivine-melilitite and the potash nepheline-
melilitite are:

(1) 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.

(2) Moderate contents of Cr and Ni in the olivine-
bearing melilitite (460 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 econtent. Cr and Wi are also relatively
low corresponding to the low MgO. 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-Ankeole volecanie
types.

(ii) Feldspar-bearing types
The kivites and leucitic trachybasalt (Table 4a)

differ from the olivine-melilitite amnd potash nepheline-meli-
litite in having higher 510 (average, 44.99 per cent) and
AloO3 (18.00); and lower MgO (4.69) and Ca0 (9.42). Like
moet of the voleanic rocks of Birunga and Toro-Ankole they are
rich in K90, TiO2 and P20g, and have Al203 > (K20+Na20). K20
is not invariébly higher than Naj0, but the relationship EoO>
Nag0, which prevails in the voleanic provinces concerned, holds
for the average composition. :

The kivitie rocks have (AlpOg+Ko0+Nag0) > Ca0 > MgOs
FeO > Feg0g3 and (FeO+Feg03) > MgO, like their xenolithie
sub-voleaniec 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
Teatures characteristiec of the two provinces. Sr, Ba, Rb and
Zr are high and Li is low. It is significant that the average
Eb, Ba, Sr, and Zr contents of these kivitie rocks are as high
as 158, 2600, 4700 and 7650 ppm, respectively, and basiec 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 sbundence 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 feldspathoidal types, the kivites have Y> La.

But the average Ga content (45 ppm.) is relatively high, cor-

responding to the high average total Al,0g5+Feg03 (20.20 per cgnt).
Comparison of the respective trace-element constitu-

tion reveals that kivite (Teble 4b) has more abundant Rb, Ba,

Sr, and Zr, and less Cr and Wi than leucite-kentallenite (Table

1b). |

(iii) Limburgite
Limburgite (Table 44)is similar to kivite in having

relatively high SiOs (44,22 per cent), but the former contains
lower AloOg, K50 and NagO; and higher MgO and Ca0 then the lat-
ter. IMoreover, limburgite hars Ca0 > g0 > (A1203+K20+I~Ia20)
whereas the relationship between these oxides iﬁ kivite is
(A1203+K20+1~1a20) > Cad > Mg0, .

The trace-element constitutions of these types (Table
4b) differ significantly. Limburgite has higher Cr and Wi and
lower Ba and Sr thén kivite. ﬂoreover, in limburgite, V is much
less abundant than (Crs+Ni), whereas in kivite V> (CrsNi). Tt
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 cdnf
tents of these two types, however, are almost alike. Other-
wise, limburgite shares in one of the main geochemical features
which characterises the voleanie rocks of the Birunga field,
viz: relatively high Rb, Ba, Sr and Zr with Y > La.

Table & shows the relative distribution of the dif-
férent trace elements in all the investigated volcaniec 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. Afrieca (Daly, 1925); a carbonatite from Spitzkop Com-
plex, Bushveld, Transveal (Shand, 1921):; another from Marongwe
Hill /
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Hill, Chilwa Island, Nyasaland (Dixey, Campbell Smith and Bisset,
1937); end a s8vite from Hartung, Alng Island, Sweden (Ecker-
mann, 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 Eb and Ga, and that they have inap-
preciable amounts of Li, Cu or V. Cry Co and Ni are relatively
low in the carbonatites (averages, 11, 14 and 50 ppm. respee-
tively) but negligible in the limestones (2, < 1 and < 1 ppm.
respectively). There are, however, far more outstanding dif-
ferences. The carbonatites are conspicuously rich in Ba, Sr,
La and ¥, and have Sr> Ba and La > Y; whereas the limestones
have relatively very low Sr content and negligible amounts of

Ba, La and Y. The following contrast is particularly instruc-
tive: :

Rock Ba Sr La Y
Spitzkop carbonatite 660 10,000 400 120 ppm.
Transvaal limestone 5 8 3 ¥ ppm.

® below the limit of sensitivity (30 ppm.).
For carbonate rocks (limestones and dolomites) from Southern
Lapland, Sahama (19485) reports Ba, 270 ppm.; Sr, 850; La and
Y, nil. ©Noll (1934) gives the z"ange of Sr in limestones as
425-765 ppm.

That limestones are impoverished in Sr, La and Y cleary
indicates /
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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 faet
that Sr-minerals are exceedingly rare in igneous rocks which
form at relatively high temperatures but are not uncommon in
hydrothermal and sedimentary deposites. In igneous rocks Sr
can easily be accommodated into Ca-minerals and so it has no
tendency tobecome concentrated as it has, for example, in low
temperature deposits of celestite and sirontianite. The
poverty of limestones in Ba can be similarly accounted for.
However, according to Rankama and Sahama (1950), p. 483), Ba
and K are more easily adsorbed by clayé than Sr and Na respec-
tively, because they m ve correspondingly lower ioniec poten-
tials. Most of the Ba in limestones is therefore likely to be
present in argillacious impurities. The extremely low contents
of limestones in Cry, Ni and Co cam 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.

VIX. /



58.
VII. PETROGENESIS

The origin of alkaline rocks 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, NazO-Ca0-Alp03z~SiO2:
suggested that crystallisation differentiation of an initial
melilite-nephelinite (or melilite-nepheline-~basalt) magma pro-
duced by limestone desilication of normal mafic magma(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 melilite-nephelinite, tephrite and phono-
lite. Shand has particularly developed the hypothesis of the
desilication of a feldspathic magma by reaction with limestone
to explain the genecis of the nepheline-rocks of Sekukuniland,
South Africa (1921) and those of the Franspoort Line, Pretoria
Distriet (1922), and indeed of alkaline rocks in general (1945).
The main petrésemtie process suggested by Larsen (1942) - rather
diffidently - to account for the derivation of the alkaline
rocks of Irom Hill, Guunison County, Colorado was the assimila-
tion of marble by a basaltic magma. Pulfrey (1960), however,
considers that the ijolitic rocke near Homa Bay, Western Kenya

were developed chiefly by metasomatic-replacement processes.
Melilite- /
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Melilite-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 Harwood, .
1931)., Taljaard (12236), however, rejected the limestone as-
similation hypothesis in his study of the melilite-basalts of
South Afrieca. He (Taljaard, 1936, p. 3092) assumed that these
rocke were crystallisation products of an original magma rich
in Ca0 and MgO, poor in 8i0y, AlgOg and alkalies, and that
resorption of primary olivine into biotite and of primary
pyroxene into magnetite, perovskite and melilite has taken
place prier to complete consolidation.

Leucite-rocks from Java have been considered to be the
result of assimilation of limestone by an andesitie lava (Brouwer
1928). Rittmann (19383) in discussing the evolution of the po-
tassiec lavas from the Somma-Vesuvius volcano, assumed that a
parental trachytic magma became undersilicated by assimilation
of dolomitic limestones. Rittmann 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 volesno. 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-
gtallisation and removal of olivine. Here again the essential
feature is assumed in the "explamation". They thought (Wade

and Prider, 1940) that this mode of origin was also applicable

to the case of the leuecitic rocks of Leucite Hill, Wyoming.

Vore important, they coneluded that the limestone~-asgimilation
hypothesis could not explain the peculiar chemical features of
their rocks. Holmes in his account of the petrogenesie of the
ultrabasie potassic rocks of the Bufumbira volcanic field has
commented adversely on the limestone-agsimilation 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 leuecitic rocks, and even of melilite-rich rocks, oec-
cur in other areas (e.g., South-west Uganda) where there is
little or no limestone or dolomite to be assimilated". 1In his
recent treatment of the peirogenesis of katungite and its as-
gociates from South-western Uganda, Holmes (1960) postulates that
such rocks are products of reaction between sialic crustal rocks
(considered to be the souree of Aly0g, SiOg and above all of K50)
and carbonatitic magma rich in MgO, Ca20, iron oxides, TiOo and
PoOg. /
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PoOg. 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 geries, Nyasaland
(Dixey, Campbell Smith and Bisset, 1937); and those of the Alnd
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:

(1) Crystallisation differentiation of a basie magma
accompanied by resorptive reactions of the
primary constituents.

(2) Assimilation of earbonate rocks by bagaltic or
felsic (e.g. trachytie or granitic) magmas.

(3) Reactions of magmatic carbonatites and the sialie
country rocks,

In the case of the rocks studied from Toro-Ankole and
Birunga any working hypothesis should - to remain tenable -
provide an adequate explamation for their peculiar assemblage
of geochemical characters, already discussed in detail. Here,
we are dealing with rock typee which posseses thre outstanding
feature of being ultrabasie and potassie, and enricﬁ?not only
in Cr and Ni, but also in Rb, Ba, Sr and Zr. lMoreover, some of
the rocks, e.g. katungite and mafurite, have a relatively high
Ga content. |

Neither the erystallisation-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 Mitehell, 1951; and Higazy, 1952b) = results which
distinetly show that the Rb, Ba, Sr and Zr comtente of basaltiec
rocks and their differentiates are conspicuously less than those
of the voleanic types here under discuseion. 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 faet that true
basalts have not been encountered in the Toro-Ankole and Birunga
voleanie fields (Holmes and Harwood, 1937). Moreover, it is
difficult to believe that basaltic magmas, which normally dif-
ferentiates into residues with increasing Si0o as crystallisation
proceeds, could in some cases give rise to silieca-poor differen-
tiates such as the feldspathoid-bearing rocks, unless certain
processes responsible for their desilication, such as assimila-
tion of limestone were operating. Put this would not solve our
problem, since basaltie rocks and limestones (see Table 6 for
analyses of limestones) lack those very trace elements - Rb, Ba,
Sr and Zr - which are present in such surprising abundance in the

voleanie /



63.

voleanic 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 granitiec rocks by an olivine-basalt magma. On either assump-
tion it is difficult to account for the fundamental character
of Sr sbundance, 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 SiOg becomes still more difficult to account
for in case (2).

That the various volecanic 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 sialiec rocks such as granite. The earbonatitic
magma is thought to have contributed the cafemic constituents
while the granitic types are regarded as the source of the alka-
luminous materials, This mbde of origin also adequately accounts
for /
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for the peculiar geochemical features of the rocks corec erned.
In striking contrast to limestones (Table 6), the analysed car-
bonatites contain abundant Sr, La, ¥ and Ba; on the other hand,
granites are well known to be enriched in Rb, Ba, Zr and Ca.

On this hypothesis, the high Cr and Ni of some of the
studied volecanic types would also be supplied by the carbona-
tites, since granitic rocks are known to have negligible amounts
of these elemente. The carbonatites actually analysed, how-
ever, do not possess aprrecizble amounts of either Cr or Ni.
This apparent discrepancy diséppears, 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-
giderable amounts of Mg and Fe (Holmes, 1950, p. 7863 1952,

P. 211). During the progress of the complex reactions between
carbonatitic magma and granitie rocks, most of the Cr and Ni
available would be naturally present in the products developed
from the selective silication of the lMg-rich portion of the
carbonatitic magma. The residual portion of the carbonatite
magma would thus become Ca-rich and would be defieient in Cr

and Ni, while, if further resctions with gramitie rocks occurred
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 sllication of both the lg- and Ca-riech portions of
this magma since all the rock types generated are rich in iron
oxides.

From the facts (a) that members of the "O.B.P."
series occur ubiquitously as xenolithic materials in the vol-
canic types, and (b) that the "O.B.P." material is invariably
present in the tuffs and agglomerates, a close genetic rela-
tionship between the sub-volcanic series and the voleanic types
can be regarded as established, 1In particular, Holmes (1950,
P. 783) infers that at the time of eruptivity, the katungite
and proto-katungite megmas existed in an "0,B.P." enviromment
consisting largely of biotite-pyroxenite. If the hypothesis
of reactions between granite (G) and carbonatitie magma (C) is
true, one probable set of complementary products would have
been different members of the "C.B.P." series and proto-katungite
(P.K,), as indlcated by the following qualitative equation:

G+ C —m—8u ",B,P," &+ P.K.
It is important to keep in mind that there are a great many
variableg involved in the above equation - compositione, pro-
portions and physical onditions - and that dis cussions 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 "0.B,P." series were presumably
formed under sub-voleanic conditions (at relatively low ecrustal
levels) where the Mg-rich portion of the ecarbonatitic magma.,
with abundant Cr and Ni, reacted with sialic (e.g. granitie)
material. The former supplied mainly Mg with Cr and Ni,
whereas the latter contributed Si, Al and K with Ga, Rb and Ba.
The different members of the series, namely peridotite, glim-
merite and pyroxenite, appear to have been formed from corres-
pondingly different proportions of the reactants. The perido-
tite seems to have developed from reactions between considerable
amounts of lg-rich carbonatitic magma and relatively little
granitic material, whereas the formation of glimmerite required
reverse quantities of these materials, In the case of pyroxenite
the reactants included much of the Ca=-rich portion of the car-
bonatitie magma, while the production of such a variety as the
sphene-rich biotite-pyroxenite would 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 sphene-rich biotite-pyroxenite,

Other types su¢h as mela-potash nephelinite, mela-
leucitite and potash nepheline-melilitite, and possibly kivite,
all of whieh possess relatively low Cr and Wi 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 megma, whereas kivite would require a greater
share of sialic reactante andé perhaps some basaltic material.

The production of the chief volecanie types, namely,
katungite, mafurite and ugandite, may be attributed to either
(1) reactions between the different members of the "O,B.P."
series and the proto-katungite magms or (2) reactions of a re-
sidual Ca-rich portion of the carbonatitic megma with "O.B.P."
and granitic material, Combinations of these two processes
are also possibilities.

(1) Fig. 2 shows the relative proportions of Sr+La+Y (sup-
plied by the Ca-rich portion of the carbonatitic magma), Rb+Ba+Ga
(contributed, like K and Al, by the granitic materiazl) and Cr+Ni
(supplied by the Mg-rich portion of the carbonatitic msgma) in
the chief voleanie types snd the different members of the "O.B.P.'
series. It can be seen from this diagram that, at least arith-
metically, reactions between materisl of glimmerite composition
with proto-kagungite could give rise to types with mafuritie con-
stitution, Moreover, katungite could similarly result from

reactions with pyroxenite: and ugandite from reactions with
material /
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material of composition U (approximately 1/3 peridotite and
2/3 biotite-pyroxenite).

The other voleanie typee such as ouachitite and potash
and leucite-ankaratrites could also develop by similar reactions
with but various proportions of the reactants.

(2) 1t is élso possible that reactions between the Ca-rich
portion of the earbonatitic magma, granitic material and the
different members of the "0.B.P." series could give rise to the
various voleanic types. This mode of origin is arithmetically
similar to that discussed above, since proto-katungite itself is
regarded as the result of the reactions between Ca~rich carbona-
titic megma and granite. On this alternative assumption, the
different reactants would differ in proportion in the various
cases. Ugandite (relatively high Mg with abun&ant ferromagne-
sian species) would need a higher amount of the olivine-rich
types of the "O.,B,.P," geries than that required for mafurite or
katungite. The proportion of granite would need to be greater
for mafurite (relatively high K amd Al with abundant kalsilite)s
while the proportion of the Ca-rich earbonatitie magma would
need to be greater for katungite.

It may also be inferred that, as compared with the
requirements for mafurite, transitional forme sueh as (a) leucite-
mafurite (between mafurite and ugandite) would require higher
proportions /
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proportions of olivine in the "0.B.P." part of the reactants:
vhile (b) melilite-mafurite (between mafurite and katungite)
would reguire higher proportions 6f the Ca-rich carbonatitiec
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-volcanie rocks of the Toro-Ankole fields.
Fundamentally, however, the reactants appear to be essentially
similar for all the rocks involved - earbonatite 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 Birunga, especially kivité, olivine~ and
potash nepheline-melilites, are essentially similar to those
from Toro-Ankole, and therefore their genesis can be explained
in 2 similar manner. However, they differ mainly in the fol-
lowing respeets: X is not invariably higher than Na in the
Birunga /
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Birunga rocks; the latier also possess Y > La, whereas a re-
verse relationship prevails in tle Toro-Ankole rocks. These
differences can be attributed either to (a) loeal variations in
the reacting eislie crustal material or (b) incorporation of
basaltic material in the different reactions, since basaltie
rocks have relatively high Nag0 content and are known to possess
the relationship Y > La. Suech influence of basie rocks is
most marked in the case of limburgite.

It is not pretended to suggest 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 what extent Holmes' recent hypothesis may
prove to be gpplicable in explaining their genesis.

VIII. CONCLUSIONS

The chief voleanic rocks of Toro-Ankole fields (Bouth-
west Uganda) are: katungite (olivine, melilite and potash-rich
glase), lgandite (olivine, augite and leucite) and mafurite

(olivine, augite and kalsilite). OQuachitite (olivine, augite,
biotite /
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biotite and feldspathoids); and members of the potash ankara-::
trite-melaleucitite series (different from the mafurite-ugandite
geries in being conspicuously rich in augite and relatively poor
in olivine) also occur. All these types contain invariable
emounts of perovskite and black ores. Sub=-volcanie rocks,
represented by peridotite, pyroxenites and glimmerite, 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) feldspathoid-bearing feldspar-free rocks
such as olivine-melilitite and potash-nepheline-melilitite,
(b) feldspar-bearing varieties comprising kivite (leuecite-

basanite) and leucitic trachybasalt, and (c) limburgite. ‘

The voleanie rocks of Toro-Ankole are ultrabasic types,
relatively rich in K,0, TiOp and Pg0g and characterised by having
Ko0 > Nag0 and AlgOg > (Kg0+NagO).  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 nephelinite: (3) low Li content; and
(4) relatively high La and Y with La > Y.

The / ;
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The studied types from Birunga are also relatively
rich in K0, Ti0y &and P50gy but in these rocks K,0 is not ine
variably higher than Naj;0. They also have AlyOg > (K;04Na50)
and share with the Toro-Ankole types the peculiar geochémical
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 basaltie or fel-::
sic magma with or without assimilation by limestones, since these
sources lack adequate amounts of Sr, Ba, Rb and Zr. The ﬁqst
promising hypothesis for explaining the genesis of the Toro-
Ankole rocks and their geochemical peculiarities is that intro-:
duced by Holmes (1250). The volecanic and sub-volecanie products
are regarded as derivatives of reactions between

(a) magmatic carbonatite, which contributed Ca with Sr,
La and Y3 Mg with Cr and Ni; Fe with V and Ti;
and P; and

(b) sialie ecrustal rocks of approximately granitic com-

position, which provided Si; Al with Gaj and K

with Eb and Ba.

The differences in composition of the various products are at-
tributed to respective variations in the proportione of the
reacting materials, and in the physical conditions under which

the reactions took plaece,

fhe /
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The Birunga rocke 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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Kalsilite - Leucite -
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Kalsilite- Leucite- .
melil ite- melilite-
e il ugandite mafurite
e/ilite- ~ Melilite- Melilite eli/ite -
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Leucite- ite - katup,.: ilite-
melilitite ssmeiiene PAE "g%..mﬁj;?ft’t

KATUNGITE
Proto = katungite

Fig. 1

Triangular classification of the rock-types ocourring

in the volcanic fields near Ruwenzori. L:zLeucite and
emgite; KsKalsilite and augite; M:-Melilite and potash=-

rich glass, occasionally with kalsilite or leucite.

All the types contain olivine, except those named in italics.
Biotite varieties (including heteromorphs such as
olivine=ouachitite) of some of the types are kmown, but

are not named except in the case of alnéite. The
ankargtrite series differs from the mafurite-ugandite
series in being conspicuously rich in gugite and relatively
poor in oclivine., After Holmes (1950, Fige 25 Ps 776).




Rb + Ba + Ga 1% Cr + Ni

Fige 2

Relative proportions of Sri¥iLs, Rbi+Ba+Ga and

Cr+lii in the differenti volecanic types and members
of the "0,B.P," series.

Pyroxenite-C 4035, Peridotite-average of C 1963

and C 4034b, Biotite-pyroxenite=average of G 20

and C 2786, Glimmerite-C 4034z, and U=1/3 peridotite
and 2/3 biotite=pyroxenite. ' '
Katungite-average of all analysed katungites given
in Table 1lb, Mafurite=C 6073, and Ugandite=C 3052,



Chemical compesition of members of the sub-volcanic series

TABLE la

AR

A B c D E F G H

C4034b C1963 C4036 K4 G20 (2786 C(C4034a (C3033a
Sioe 42,59 47,33 50.39 33.99 44,39 43,35 38,18 42.91
AloOq  3.82 6.84 3.04 5,86 6.37 9.67 16.52 12,20
FeoOg 2,56 0.02 2,61 9,35 6.11 65.26 2.90 1.18
FeO 4,96 5.62 6,42 8,54 4,86 2.65 5.24 12.00
MnO 0.10 0.12 0.05 0.15 0,10 0.09 tr. 0.1¢
Mg0 33.84 19,31 13.14 7.53 14.20 16.74 19.32 10.26
Cal 2.84 16.99 22,57 18.23 17.02 12.20 1.16 13.6§%
Na 0 0.26 0.41 0.56 0,62 0,50 0,44 0.56 1.60
Ko0 2.58 0.88 0,08 2.38 2,36 4.74 9.01 2,02
Ho0+ 2,96 0.66 0.14 0.96 0.36 0.59 l.22 0.20
H,O-  0.63 0.21 . mnome 0.18 0.05 0.07 0.58 0.02
COo 0.25 0.02 none 0,30 0.04 0.04 fione 0.06
Ti0o 1.60 1.26 1.96 8,656 3.91 4,38 5,18 3.37
PoOg 0.22 0.21 tr. 2.80 0,26 tr. - 0.36
Cl 0.05 tr. - 0.02 0.04 tr. - 0.08
F 0.12 0.01 - 0.02 0.04 0.11 - 0.06
S 0.18 0.01 - 0.03 0.02 tr. - 0.056
Cro0g 0.23 0.32 - none 0.03 0,086 0.14 0.02
V03  0.01 - - 0.07 0.05 0.04 - 0.06
Ni0 0.21 0,04 - none 0,01 0,04 - 0.01
Bal 0.13 0.03 tr. 0,13 0.16 0,30 0.16 0.05
Sro 0.02 none 0.12 0.06 0.03 none 0.22 0.05
Lis0 tr. tr. - none  tr. tr. - -
CuO B - - - - 0.03 - 0.05
Total 100,156 100.22 100,08 100,00 ©9.89 992,72 100,17 100,42
Less O 0.11 0.01 - 0.06 0.03 0.04 - 0.04

100.04 100.21 99.956 ©99.86 99.76 100,17 100.38

100.08
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Table la Contd,)

Biotite peridotite. Xenolith from ejected block of
olivine-rich ugandite, C 4034b, Kakunyu crater,
Bunyaruguru (Combe and Holmes, 1945, p. 377).
Analyst: H.F. Harwood.

Biotite-bearing augite-peridotite. Ejected block,
C 1963, Mabungo crater, Pufumbira (Holmes and Harwood,
1937, p. 28). Analyst: H.F. Harwood.

Pyroxenite. Xenolith from ejected block of olivine-rich
ugandite, C 4035, Kakunyu crater, Bunyaruguru (Combe
and Holmes, 1945, p. 377). Analyst: W,H. Herdsman.

Sphene-rich biotite-pyroxenite. Ejected block, K 4,
Katwe crater (Holmes and Harwood, 1937, p. 30).
Analyst: H.F. Harwood.

Biotite-pyroxenite. Ejected block, G 20, Katwe crater
(Holmes and Harwood, 1937, p. 305. Analyst:
H.F. Harwood.

Biotite-pyroxenite. Ejeéteﬂ block, C 2786, vent on
S.5.W., end of Lutale Ridge, Bufumbira (Holmes and
Harwood, 1937, p. 22). Analyst: H.F. Harwood.

Glimmerite. Xenolith from ejected block of olivine-
rich ugandite, C 4034a, Kakunyu crater, Bunyaruguru
(Combe and Holmes, 1945, p. 377). Analyst:

H.H. Herdsman.

Leucite-kentallenite., Ejected block, C 3033a, Nyamura-
gira, Belgian Congo. New smalystis by Imperial
Chemical Industries Limited, Research Department,
Billingham, Co. Durham.



TABLE 1b

Trace-element contents in ppm. of members of the sub-
voleanic series.

Ele- Sengi- A B C D E F G H
ment tivity

Rb 1 3 ® ¥ 170 160 150 1000 76
Li 1 2 4 6 3 1 1 * 8
Ba 5 15 50 20 1200 2000 1500 3200 1000
Sr 5 40 100 340 1000 600 500 240 1000
Cr 4 2400 4000 100 ¥ 200 6560 1500 350
CcO 2 45 20 55 80 75 50 556 75
Ni 2 1200 360 85 2 1580 230 320 120
zZr 10 40 20 200 1200 850 70 'S 280
La 30 H 'S x® <30 ¥ 3 * H®
Y 30 x X * <30 <30 5 ® 35
Cu 3 40 50 3 80 20 60 3 35
\'4 5 110 130 150 550 400 290 200 380
Ga & 5 10 30 25 20 25 20
iz 8 30 ® ® ® E'3 *® ® ® ®
Sn 5 L 107 L4 3 % ® <5 b
Fb 10 <10 <10 <10 <10 <10 <10 10 <10
Se 10 3 207 40 ¥ 20 15 'S #®
Vo 1 3 1 ¥ ' E 4 ® £ *
Ge 10 * ® % ® * *® ¥ *®
Be [ *® *® 4 H o o4 & ¥
Ag 1 2 3 16 5 20 1 1 #
In 10 4 ® 3 ® ® #* <107 ¥

Analyst: R.A, Higazy
¥ = less than the respective limits of sensitivity

A - H ags in Table la



TABLE 3a

Chemical composition of ankaratrite, mela-potash
nephelinites. and mela-leucitite

Mela-potash Mela-

Ankaratrites Average nephelinite leucitite
ankara-
A B trite G D
S5i0o 39.86 36.28 35.27 34,77 37.09
AlgOg5  8.64 9.84 9,24 10.62 13.03
Fes0g 7.68 6.62 7.15 7.24 7.80
FeO 6.57 6.21 6.39 6.37 5.83
moO 0.29 0.36 0.33 0.27 0.23
Mg0 10,64 9.08 9.86 6.32 5.43
Ca0 16,59 14,34 15.47 15.34 14,02
Nago 1.30 3.07 2.19 3.58 3.14
K20 227 5.33 3.80 3.88 4,13
HoO4+ 0.88 2.02 1.45 1,77 2,02
HQO- 0.09 0.44 0.27 1.44 0.88
CO5 none none none 2.01 0.920
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 - - - - |
g o v = - -
Other
consti- 0,40 - - - -
tuents
Total 100,06 99,88 09,74 29,87 100.32
Lees 0 0.04 - - - -

100,02 99.88 99,74 99,87 100,32
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TABLE 3a (Contd.)

Leucite-ankaratrite C 5635. Lava occurrence, Lake
Wbuga crater, Katwe-Kikorongo (Holmes, 1952).
Anslyst: W,H. Herdsman. Other constituents
inclucde 503 0.17; BaO 0.05; and Sro 0,18,

Leucite-melilite ankaratrite C 5692. . Ejected bloeck
from S. rim of Nyaluzigati crater, Katwe-Kikorongo.
New enalysis by W.H, Herdsman. '

Mela-potash-nephelinite C £566., Ejeeted bloeck
N.N.W. of crater floor S. Nyamununka crater, Katwe-
Kikorongo. New analysis by W.H. Herdsman.

Vela~leucitite C 5545, Loose ejected block from
three feet W. rim of South Nyamununka crater,
Katwe-Kikorongo, New analysis by W.H. Herdsman.

CGrateful acknowledgment is due to Professor Arthur

Holmes for his kind permission for publishing analysesg B, C

and D,



TABLE 3b

Trace-element contents in ppm, of ankaratrite, mela-
potash nephelinite and mela-leucitite

Mela-potash Mela-
Ankaratrites Average mnephelinite  leucitite
ankara-

A B trite Cc D
Rb 70 270 170 120 180
Li 6 10 8 20 25
Ba 1800 4000 2800 5900 6000

4000 2800 6200 > 1% > 1%

Cr 400 400 400 <3 5

70 80 75 50 40
Vi 100 886 93 186 15
Zr 300 200 - §BO 8500 700
La <30 35 30 <30 <30
X <30 30 <30 <30 <30
Cu 20 45 68 250 100
v 250 450 3560 380 400
Ga 25 356 30 30 30
T ¥ ¥ 3 3 ®
&n ® *® ® ® x®
Fb ® <10 E'S *x x®
Se 107 * £ *® 3
Vo * i = =% ®
Ge ® 3 S ® =%
Be *® ® 24 *® ®
Ag £ ® * ® *®
In k3 = 'S k3 ®

Analyst: R.A. Higazy

¥ = FElement if pre en‘i is below its 1limit of sensitivity
given in Table 1b.

A -« D ag in Table 3a



Si0g
Alg03
Fezoa
Fe0

Ca0
Na,0
e

H0-

7105

Cro0g
V50q
Wi0
Ba0
Sro
Cuo

Total

TABLE 4a

Chemical composition of volcanic rocks from
Birunga field. i

{

Feldspar-free Average Lim-
types Feldspar-bearing types feldgpar- bur-
bearing  gite

A B c D E F types G -
38,46 36,86 45,66 44,74 44,73 44,86 44,99 44,22
13.42 14,97 16,20 18.68 18.18 18,24 18,00 11.56
3,97 3,93 2.20 2,42 1,98 2,20 2.20 2.16
786 7.04 10,356 9,27 9,72 9.83 2.74 8,41
0,38 0,32 0.21 0,27 0.26 0.24 0.24 0.28
2,564 4,86 3.98 4,62 4,96 6.19 4,69 13,86
17,03 16.31 8497 ©.77 9,64 9,29 9.42 13,60
2,82 6.09 3528 3,05 3,13 2,77 3,06 1,73
2.46 5.47 4,23 2,94 3.16 3,16 3.37 1.05
0.42 0,26 0.26 0.26 0.52 0,46 0.37 0.26

0.03 0,21 0,06 0.10 0.068 0.22 0.10 0,24
none 5 0 0.09 none none none 0.02 none
1.94 2,60 3.09 3,02 2,96 3.02 3.02 2,03
1.33 1.32 0.68 0.53 0.54 0,43 0.54 0.21

0.08 0.17 0.08 0.09 0,09 0,08 0.09 0.06
tr. Qe12 0.15 none 0.01 none 0i04 none

- - 0.07 0.08 0.10 0.10 0.09 0.03
0.17 0.14 o EO > B 5

- - 001 = - " - »

- - 0.06 . = - - . -

- - 0.0 = - - - @

0.08 0.15 0.02 0.13 G211 - 0:1) 0.11 0,10
0.43 0,22 0.08 0,16 ©:18 0.16 0.14 0.18
- - 0.04 o ' - b= 3 -

100.0¢ 100.04 10C,49 100,13 100.38 100.05 100.23 99.95

Less O 0.01 0.09 0.08 0.04 0,06 0.04 0.06 0.02

100,08 99,95 100,41 100,02 100.33 100.01 100.18 99,93



TABLE 4a (Contd,)

A = Olivine-melilitite, C 7360, Livabikari ecrater, W.
of Lake Kivu. VNew analysis by W.H. Herdsman

bd
i

Potash-nepheline-melilitite, C 3022. Ninagongo
crater. New analysis by Imperial Chemical
Industries Limited, Research Department,
Billingham, 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, Billingham, Co. Durham.

D = Leuecite-basanite (kivite), C 9780. Kituru, new
Voleano 1948 SSW of Nyamuragira. New analysis
by W.H, Herdeman.

E = Leucite-basanite (kivite) C 9892. Muhubuli 1948,
FNew analysis by W.H. Herdsman.

F = - Leucite trachybasalt, C 9878. Fissure NW of
Kituru 1948, VNew analysis by W.H., Herdsman.

G = Limburgite, C 7347. Nahimbi 1904 between Nyamura-
gira and Lake Kivu. ©New analysis by W.H.
Herdsman. :

Grateful acknowl edgment is due to Professor Arthur
Holmes for his kind permission to publish these analyses.



TAELE 4b

Trace-element contents in ppm., of voleanic rocks
from Birunga field

Feldspar-free Average

types Feldspar-bearing types  feldspar-

Element bearing
A B c D E F  types
Bb 886 300 150 160 180 140 168
Li 5 10 9 2] 8 18 1L
Ba 2200 >1% 2800 2600 2000 3000 2600
S 8000 >1% 4500 B500 4500 8000 4700
Cr 450 <1 10 &80 75 70 41
Cco 85 70 60 80 40 50 50
i 100 30 36 30 356 40 35
zr 1000 1100 900 700 650 750 780
La <30 80 <30 <30 <30 <30 <30
- 80 100 45 40 40 . 40 41
Ca 60 45 35 12 15 15 19
v 650 340 320 300 320 3560 322
Ga 45 356 40 50 50 40 45
i it 4 ® ® @ ¥ x 3 *
on S * ® 3 1 X ®
Pb <10 <10 <10 <10 <10 <10 <10
Se 10 ® ® ¥ ¥ 3 *
Mo * 2 % <17 <17 <1% ¥
Ge £ ® a- 1 * *® £
Be E 3* ® ® ® Es 3%
Ag <1l <1 £ <l e ® £
In 3 1 3 '3 ® 3 E 4

Analyst: R.A. Higazy

o L

Linbur-
gite

R

¥ = Element if present is below its limit of sensitivity given

in Table 1b.

A - G as in Table 4a.



TABLE &

Trace-element constitution of voleanie types
from Toto-Ankole and Birunga

Roeck Bb Ba sr Cr Co Ni Zr v Ga
Ugandite XXX - X XX B0k - XX X X -3
Mafurite XX XXX X XX XX XX XX X X
Katungite XX XX XX XX XX XX XX XX XX
Ouachitite X X X XX XX XX XX XX XX
Ankaratrite XX XX XX XX XX XX XX XX XX
Mela-
leucitite XX XX XK X XX X XX XX XX
Mela-potasgh ]
nephelinite XX L XXX X X X XX XX XX
Olivine- |
melilitite X XX XX XX XX XX X% XX XXX
Fotash
nepheline-

melilitite XX XXX XXX X XX X XX XX XX
Kivite X XX X X XX XX XX XXX
Limburgite X X X XXX XX XX XX XX XX

Average con-
tents in all 210 4100 6250 635 70 200 765 330 28
types in BpPm.

XXX >316>615003756 >802 >105 >300 >1147 >495 >42

X 105- 2060-3125- 267- 35- 100- 382p 165- 14~
316 6150 9376 802 105 300 1147 495 42

X <105 <2050<3125 <287 <35 <100 <382 <165 <14



Mo
Ge
Be

Ag
In

TABLE 6

Trace-element contents of carbonatites and

limestones
Carbonatites Limestones
Average
A B C D carbona- E F
tite

% * ¥ X £ x *®
20 Z1 <1 3 5 1 y i
290 650 4000 3000 1985 <5 <5
1000 >1% 1% >1%>7760 <5 300
45 ® 3 * b 41 3 *
80 <5 <5 <5 14 ¥ '
200 ® 2 .3 50 ¥ x
90 70 g0 ¥ 60 10 407
140 400 700 EC0 436 *® *
45 120 300 100 140 3 ®
45 4 7 3 16 4 6
16 16 30 30 18 6 10
4 . % ® - £ %
£ ® ® * ® *® ®
<5 3 #® <5 3 ® 10
<10 <10 10 ® <Ii0 * ®
X % ® ® ¥ ® ¥
12 17 17 3 4 ® 27
® ® H ® - *® ®
10 X 4 % E3 ® ®
8 4 10 2 6 4 1
# * X k4 ¥ # %

Analyst: R.A. Higazy
= Elementi%gtgresent is in amiun&g below its limit of

sens VY given in

Average
limestone

HWOKE BHFKH O K ODOKK
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TABLE Contd,)

Carbonate dyke,; Premier Diamond Mine, S. Afrieca.

Carbonatite, Spitzkeop alkaline Complex, Bushveld, %
Transvaal.

Carbonatite, llaronzge Hill, Chilwa Tslend, Nyasaland.
S8vite, Hartung, Alnd Island, Sweden.
Limestone, Transvaal System.

Limestone, M-1l, Mansjo, Sweden.
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SIGNIFICANCE OF THE ORTHOCLASE-ALBITE-
ANORTHITE, AND THE NaAlSiOs;-KAISiO,-SiO;
EQUILIBRIUM DIAGRAMS IN IGNEOUS
PETROGENY

Riap A. Hicazy, Farouk I University, Alexandria, 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 hayve salic normative pro-
portions which lie in the low temperature region of the NaAlSiO-KAISiO4-510; 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-rith acidic rocks lies outside the region of low temperature
representing the residual magma in the system NaAlSiOs-KAlSiO4-Si0s
(Schairer & Bowen, 1935; and Bowen, 1937, p. 12). High 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 NaAlSiOKAISiO:-SiO: 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. Ile 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 RIAD 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. He 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,

Fic. 1. Squares 1 to 11=1 to 11 (Terzaghi, 1948, p. 21). Circles 1 to 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 aplite, 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 K:0 and traces
of NB.gO.

Fic. 2. Circle=deep-seated rocks, triangle=volcanic rocks, square=hypabyssal rocks.
1 to 5and 6 to 32=1 to 5 and 7 to 33. Order quardofelic britannare. Subrang dopotassic
omeose (Washington, 1917, p. 109), 33 to 45=1, 2, 3, 11, 12, 13, 15, 18, 22, 25, 27, 30, and
31. Order quarfelic columbare. Subrang dopotassic magdeburgose (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 lebachose (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 to 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
pegmatites; 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 (Higazy, 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 NaAlSiO-KAISiO4-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 NaAlSiO-KAISiO;s-Si0, equilibrium diagram, closer to its Q
(Si0,) 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 NaAlSiO;-
KAlSiO4-Si0; equilibrium diagram (Fig. 1). They lie outside the “valley”
of the residual liguids.

OricIN oF THE Porasn-Rice Rocks

The potash-rich rocks may be explained as originating in two ways;
namely, (a) crystallization differentiation and (b) metasomatic altera-
tions.

Crystallization differentiation

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 NaAlSiO,-
KAISiO,-Si0; diagram leads to the belief that the influence of the fugitive
components cannot be 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-KAlSiO;-Si0s 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 NaAlSiO,-KAISiO4-Si0. 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 be 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 basalts 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 NaAlSiO,-KAlSi0,-
Si0; 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 hy 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
NaAlSi0KAISi0+Si0; equilibrium diagram close to its Ab point.
Examples of this type are some aplites, 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 (.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, Na,0-CaO-
Al:05-Si0,, shows that fractional crystallization in these compositions
couta-give rise to differentiates analogous to tephrites, phonolites, and
alkali rhyolites (soda-rich). The system studied by Bowen (1945) does
not contain any potash. Tt seems probable that if K,0O were added to
this system instead of NasO, 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
Na;O and K0 in a system containing Ca0O, Al:O; and Si0, and the
prediction of the actual situation in such a quintuple system would
indeed be difficult. The studies of the system NaAlSiO&KAlSiQ4-SiO;
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 be 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 magmas, 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 differential remelting
of the crust; (1) spilitic and picrospilitic magmas, (2) granodioritic and
dacitic-andesitic magmas, (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-anorthosite. 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.

Metasomalic 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 region of low temperature in the
NaAlSiO-KAISiO04-Si0; 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 devitrification 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 due 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 be 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 NaAlSiOKAISiO4SiOs 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 metasomatic derivation.
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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 Agaba 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 Agaba, 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

TasLE 1

Section examined

No. of samples

Gulf of Suez

Gulf of Agaba
Ghardaga-Shadwan-Senafir
Yuba-Mersa Daba
Safaga-Mowila
Qoseir-Brothers-No'man
Daedalus-Hanak

3 core samples,

7 grab samples.

3 core samples and 31 grab samples.
1 core sample and 2 grab samples.
3 core samples and 3 grab samples.
4 core samples and 2 grab samples.
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-
tions® (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 (1). Unfortun-
ately these charts though published were never
issued but could be obtained from the
Librarian—Faculty of Science—Cairo.

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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TaBLE 2. Statistical constants of bottom sediments of Red Sea Northern Part,
Section 1. Guif of Sues.

Uni- | Sta- Position Depth : o Nitro-| O
No. olf versity| tion Typelof I J inmts, | @ | Md | Qs So l‘c;:g Sk lgg Calos =on ganic Remarks
samplel “Noi' | No. sumple | patitude N. | Longitude E.| (Echoy | (mm) | (mm) | (mm) 3 sk €%
i 8503 1 Core—Top 29°.23" 307 32°:37% 00" 62 .178 | .044 | 011 [ 4.02 | .604 | 1.01 .004 | 60.77 | .050 .35 | Marked increase of
¥ —Bottom L = 4 .063 | .017 | 007 | 2.92 | .465 | 1.61 207 temp. and transparency.
2 | 8504 2 | Core—Top 29 08 15| 32 45 30 59 072 | .020 | .006 | 3.42 | .534 | 1.12 | _.049 Decrease of salinity in
4 —Middle C 8 # .043 | .015 | .004 | 3.20 | .505 | 0.80 | 1.903 | 57.27 | .055 .45 | passing down Gulf of
“ —Bottom L * * 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
4 —Middle I % = ,200 | .060 | .010 | 4.58 | .661 | 0.53 1.723 | 73.02 | .049 .38
“ —Bottom » ", £ 115 | .040 | .012 | 3.16 | .500 | 0.83 | 1.919
Section 2. Gulf of Agaba.
4 8506 57 Grab 28 11 54 | 34 32 12 1128 .045 | ,010 | .002 | 4.33 | .637 ‘ 1.20 079 | 71.11 | .033 15 i Bt
ire soundings exces-
‘2 {sive over echo as grab
5 8507 48 i 28 27 42 | 34 32 00 365 060 | .034 | .015 | 2.00 | .301 | 0.78 1.892 | 77.20 | .024 .06 ifell down slope. Echo
6 8508 49 e 28 27 24 [ 34 30 18 265 460 | .200 | .082 | 2.37 | .375 | 0,95 | 1.975 (gi\«'lcn in table pmlba.bly
e too low owing to slope.
T 8509 52b L 28 32 00| 34 40 12 1113- | .067 | .018 | .004 | 3.99 | .601 | 0.87 | 1.940 | 42.20 | .023 .08
28 32 18 | 34 40 06 1143 =
8 8510 o 5 28 32 00| 34 40 12 L <080 | .030 | .008 | 3.14 | .497 | 0,72 | T.857
28 32 18 [ 34 40 06 e
9 8511 54 % 28 40 30 | 34 42 18 1161~ | .038 | .014 | .002 | 3.98 | .600 | 0.47 | 1.668 | 58.62 | .024 At
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 | .025 2.1
Section 3. Ghardaga-Shadwan-Senafir.
11 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 e 27 51 30 | 34 38 12 596- | .057 | .022 | .007 | 2.88 | .459 .81 | 1.910 | 78.47 | .055 .20 ¢ Near Tiran Island.
27 52 00 (34 38 00 616
14 8516 42 4 27 49 30|34 39 30 741 .042 | ;015 | .007 | 2.45 | .389 | 1.31 AETHTRAS 032 .12
27 49 00 | 34 38 42
15 8517 45a L 27 29 30 |34 23 30 260 .055 | .200 ( .013 | 2.06 | .314 | 1.79 .253 | 75.21 | .016 .09 | Near Ras Mohamed.
27 38 00 |34 22 36
16 8518 40 Core—Top 27 34 36|34 00 51 941 .051 | .022 | .010 | 2.26 | .354 | 1.03 | _.013
4 —Middle o L .040 | .019 | .007 | 2.39 | .378 77 | 1.890 | 80.32 | .086 .22)
% —Bottom £ L .038 | .018 | .007 | 2.35 | .371 «81 | 1.908 ! Bk e
3 East of Shadwan Island.
17 8519 7 Cere—Top J27 30 40 | 34 03 30} 731 .066 | .029 | .009 | 2.70 | .431 W70 | 1.848
127 29 36 |34 05 10 =
¢ —Middle * o .060 | .031 [ .012 | 2,24 | .350 .75 | 1.875 | '81.27 | .049 .31
“ —Battom e % - .064 | .038 | .018 | 1.88 | .274 .75 | 1.875

VAS ddy HHI 40 SIISOdAd WOLIOd 40 SISATVNV

¥



TABLE 2. (continued)
Seq!ian 3. Ghardaga-Shadwan-Senafir (continued)

Uni- | Sta- Position Depth of Nitro-| Or-
S vemsity| tion | GIBREE s | (3| M8 By | S0 | 88| s | B 59 e e R
TP Noi'| No. P Latitude N. Longitude E. | (Echo) g % | C%
18 8520 26 Grab 27 27 48 |33 54 18 236 0320 | .200 | .085 | 1.94 | .288 .68 | 1.832 |'83.62 | .041 A1
19 | 8521 | 32a g Round 30-102 i,
27 17 33 52 06 | (wire) [1.400 | .640 | .220 | 2.52 [ .401 .75 | 1.878 | 89.09 | .0S8 .24
20 8522 32¢c L: o ¥ & 1.440 | .710 | .310 | 2.16 | .334 .89 | 1.948
21 8523 21a Ly 27 26 42 | 33 45 33 73| .078 | .035 | .015 | 2.28 | .358 .95 | 1.980 | 84.70 | .001 .35
22 8524 20§ ~ 27 21 51| 33 46 30 17-21 |1.38 .57 27 2.26 | .354 | 1.14 .059
23 8525 20c ' & & < i % & i i L % 96.96 | .029 .19
24 8526 15a L 27 20 48 | 33 47 48} 20-53 |1.82 .780 | .36 2,25 | .352 | 1.08 033
27 20 30 | 33 48 03[ (wire)
25 8527 27 o 27 27 48 | 33 54 00 203 .74 .34 .20 1.93 | .286 | 1.28 107
26 8528 14a & 27 19 39 | 33 48 06 66-70 | .80 .31 221 1.95 | .290 | 1.22 .088 | 92.26 | .029 .13
27 19 30 | 33 48 24f| (wire) |
27 8529 l4c e & o ol 1.10 .50 .30 1.91 | .282 | 1.32 121
28 8530 18a 2 27 19 18 | 33 48 48 (66_—7)1 .132 | .035 | .021 | 2.51 | .400 | 2.26 .354 | 91.28 | .042 .15
WITE,
29 8531 19 5 27 17 54| 33 50 12 e .14 .059 | .025 | 2.36 | .373 | 1.0t .002 | 88.33 | .052 .39
wire
30 8532 34h oy f27 23 24 | 33 56 30]| 80433 .42 .240 | 14 1.73 | .238 | 1.02 .009 | 92.53 | .024 .09
127 24 21 [33 55 48 Between Ghardaga and
31 8533 34 Grab 9 e o I .42 .290 | .20 1.45 | .161 | 1.00 | _.000 Shadwan Island.
32 8534 34c ¥ # & & .94 .580 | .33 1.69 | .227 .92 | 1.965
33 8535 34a * e L1 5 .70 .320 | .18 1.97 | .294 | 1.23 .090 | 94.86 | .030 .11
34 | 8536 | 34 | Grab 12 & Ly “ .56 | .320 | .21 | 1.63 | .212 | 1.15 | .061
35 8537 34b & 4 £ - .50 .270 | .18 1.66 | .221 | 1.23 | _.092
36 8538 34L ’ B ) # .080 034 | .014 | 2.39 | .378 .97 | 1.987 | 81.66 | .072 .30
3E 8539 34 Grab 5 « 4 L 1,00 550 | .30 1.82 | .261 .99 | 1,996
38 8540 34 Grab 8 & Lt « .40 220 | .13 1.75 | 244 | 1.07 031
39 8541 37 Core—Top 27 24 48 | 33 39 15} 366 .0582 | .024 | .010 | 2.30 | .362 .80 [ T.948 | 80.52 | .039 .19
27 24 42| 34 00 00 i
 —Bottom i & “ .041 | .018 | .005 | 2.78 | .444 .67 | 1.826
40 8542 22 | Grab 27 16 00 | 33 51 54 89 .065 031 ( ,011 | 2.38 | .377 .95 | 1.978
41 8543 22¢ i 27 16 24 | 33 51 18 102 .062 028 | .012 | 2.28 | .358 .95 | 7.978 | 88.14 | ,082 .38
42 8344 22a “ 27 16 12.| 33 51 24 102 .056 025 | .015 | 1.93 | .287 | 1.34 <127
43 8545 23c “ 27R 18 d24 33 52 36 93 S 300 | .195 | 1.68 | .225 | 1.19 .075 | 95.43 | .025 St
oun:
44 8546 33 « 27 1T 33 52 06 22-51 18 085/ |03 2.45 | .389 .75 | 1.873
Section 4. Yuba-Mersa Daba’
45 8547 67 Core—Top 27 08 42 | 34 10 00 814 .060 | .027 | .014 | 2.07 | .316 | 1.15 061 | 75,77 | .031 .18
27 07 00| 34 10 45
4 —Middle o “ “ .000 | .027 | .014 | 2.53 | .403 | 1.73 .238
“ —Bottom L & % L070| .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 00 1225 ! o
47 8549 62 = 27 46 30 | 35 09 00 247~ | ,050 | .020 | .008 | 2.53 | .403 .92 | 1.989
27 46 42 | 35 08 00 336
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Section 5. Safaga-Mowila.

33 g;gﬂll gg Gx;ab 27 03 18 | 34 12 24 |468-486 | .120 | .050 | 020 | 2.45 1&;? gg ng’f Near Safaga Island.
. 92-400 [1.440 | .380 | .160 | 3.00 | . 1. v
50 | 8552 | 74 | & . 4 — | 1250 | .170 | 130 | 1.39 | .143 | 1212 [ losi DGR
51 8553 76 Core—Top 26 57 36 |34 23 36 951 .045 | .011 | 005 | 2.94 | .468 | 1.93 .285
26 57 12 | 34 23 30
4 —Middle # [ = .060 | .014 | .006 | 3.22 | ,508 | 1.77 | _.249 [ 69.45 | .030 =15
“ —Bottom - i .040 | .012 | .002 | 4.08 | .611 .66 | I.823
52 8554 7 “ —Top 27 05 24 | 34 37 00 1274 .015 | .005 | .002 | 2.61 | .416 | 1.27 104
27 04 54 | 34 37 09
“ —Middle i ) .015 | .014 | .005 | 1.77 | 248 | 2.38 | _.376 | 78.27 | .023 .13
“ —Bottom o & .046 | .025 [ .007 | 2.53 | .403 W53 11,724
53 8555 8 “ —Top 27 13 21 | 34 50 12 1148 .150 | .024 | .011 | 3.69 | .567 | 2.82 . 450
27 12 30 | 34 50 30 1
4 —Middle 8 s .054 | ,019 | 006 | 3.00 | .477 .85 | 1,929 | 77.52 | .019 11
“ —Bottom ! # L080 | .020 | .004 | 4.59 | .662 .76 | 1.881
Section 6. Qoseir-Brolhers'-No'man.
54 8556 86 Core—Top 26 13 15| 34 36 12 667 .051 | 012 | .006 | 2.80 | .447 I 2,300 | _.362
“ —Middle 4 v .048 | .013 | .003 | 3.94 | .595 .88 | 1.944 | 78,72 | .024 .13 | Between Egyptian coast
% —Bottom & " .052 | .025 | .007 | 2.64 | .422 | .62 | I.795 and Brothers’,
55 | 8557 | 88 | Grab On s]npels lof Brothers’ 90-940 |1.58 LT60 | .47 1.83 | .262 | 1.20 111 J({:mb generally failed to
slets. close.
56 | 8558 | 87a # “ 84-198 | .95 Gy 37 1.60 [ .204 | 1.35 130 |Near Brothers’ Island.
57 8559 83 Core—Top 26 34 33|35 03 45 1234 .050 | 011 | 004 | 3.63 | .560 | 1.57 196
26 33 30 | 35 03 06
4 —Middle I @ .032 | .011 | .005 | 2,61 | .417 | 1.24 | _.095 | 58.82 | .047 .29
“ —Bottom # % .050 | .018 | ,005 | 3.10 | .491 .80 | 1.906
58 8560 82a 4 —Top 26 38 00 |35 21 30 834 S145 (011 | ,004 | 5.65 [ .752 | 3.42 .534
4 —Middle 7 & .050 | .012 | .004 | 3.40 | .543 | 1.42 | _.154 | 80.87 |..018 .11 || Between Brothers’ and
% —Bottom “ « .044 | .015 | .002 | 4,47 | .650 | .43 | 1.633 Arabian coast.
59 8561 81b % —Top {26 48 30 | 35 40 36} 873 048 | 017 | 007 | 2.62 | .418 | 1.16 065
26 50 30 | 35 41 30
¢ —Middle % L 12 .025 | 007 | 4.00 | .602 | 1.44 1.58 | 72.49 | .028 .15
4 —Bottom L L .036 | .012' | .004 | 3.00 | .477 | 1.00 .000
Section 7. Daedalus-Hanak
60 8562 | 102c | Grab 24 55 15 |35 51 27 183 [1.38 .82 .50 1.66 | .220 | 1.02 011 [
61 | 8563 | 102 | Grab 3 L ) 466 [1.20 | .75 250 | 1,55 | .190 | 1.07 | _.029 Near Daedalus Reef.
62 8564 | 103 G 24 55 20 | 35 51 00 512 .33 .28 .20 1.28 | .107 842 1.925
63 8565 98 ¥ 25 01 00| 36 01 00 1214 .18 .029 | (022 | 2.86 | .456 | 4.71 .673 — — — “Mabahith” Deep.
25 02 48 | 36 00 30
64 8566 91 & 25 25 00 | 36 40 00 19-25 | .38 222 .16 1.54 | .187 | 1.26 . 100

1 Numbers refer to specimens housed in the Geological Museum, Fouad I. University, Cairo.
2 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-
ined 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 Agaba and the northern part of the
Red Sea proper.

The Gulfs of Suez and Agaba 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 Agaba 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 (11) 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 topographye (1 and 2, Figs. 1 & 2)

¢ The charts and sections published in con-
nection with this reference were not issued as
previously mentioned.

Such wvariation 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 84.7u
and a second division containing samples
with more than 5% of material finer than
84.7u. 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 as
calibrated microscopically), using a me-
chanical shaker for fifteen minutes. Both
sieving and sedimentation methods were
used for sediments of the second division.
I this case about 40 g. of each sample
were thoroughly deflocculated using the
technique suggested by Krumbein (7 and
8, pp. 51 ff.). 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/50 and N /100 so-
dium carbonate, dilute ammonia (400
ml, distilled water added to 40 ml. of
freshly prepared 339, ammonia solution),
N /100 sodium oxalate, sodium silicate
(0.5 ml. of N /5 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 peptizer. 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

49

curves. The median diameter Md, the co-
efficient of sorting So and its logarithm log
So, and the coefficient of skewness Sk and
its logarithm log Sk (8, pp. 229 ff.) were
calculated from the cumulative curves.
The weight percentages of the grain
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Fi6. 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 bottom
of each diagram range from 4 mm. at the extreme left to 1/2048 at the extreme right.

8, pp. 166 ff.) 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 Wenworth
scale (8, p. 80) were also calculated from
the cumulative curves and the corre-
sponding histograms were drawn.

DISCUSSION OF RESULTS

1. Gulf of Sues

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 histogramsand 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 p. 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,

.

u!
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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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F16. 3.—Cumulative curves of section 1 sediments of Gulf of Suez. Frequencies are shown
on the left in percentages ranging from 0 at the base to 100 at the top. Aleng the bottom are

shown values of the log. diam. in m/ms.

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 Ghardaga. 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 Agaba

Section 2 of table 2 gives the statistical
constants of the seven grab samples col-
lected from the Gulf of Agaba. 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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Fi1G. 4 —Histograms of section 2 sediments of Gulf of Aqaba. Vertical components represent
percentage from 0 at 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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F1G. 5.—Cumulative curves of section 2 sediments of Gulf of Agaba. 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 m/ms.
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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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F16. 6.—(Continued on next page)
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Fic. 6.—Histograms of section 3 sediments of Ghardaga-Shadwan-Senafir. Vertical com-
ponents represent percentage from-0 at 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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Suez samples the median diameters of the
Gulf of Aqgaba 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
Agaba is in harmony with the roughness
and irregular configuration of its bottom.

3. Ghardaga—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
Agqaba 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 Ghardaga wvaries greatly,
ranging between .018-.780 mm. and sedi-
ments are mostly well sorted with but
few possessing a sorting coefhicient 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 hill 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 (see 4, fig. 2, p. 26,
showing reefs and shoals of area and 2,
fig. 1 showing Section between Shadwan
and Ghardaga).

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 othersare on the
border line between well sorted and
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Fi6. 8.—Histograms of section 4 sediments of Yuba-Mersa Daba’. Vertical components
represent percentage from 0 at the bottom to 75 at the top; horizontal components shown atthe
bottom of each diagram range from 4 mm. at the extreme left to 1/2048 at the extreme right.
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Fi6. 9.—Cumulative curves of section 4 sediments of Yuba-Mersa Daba’. Frequencies are
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F16. 10.—Histogram of section 5 sediments of Safaga-Mowila. Vertical components repre-
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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

i e R

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

FiG. 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 m/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,”
““orab 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-

Pbdla

3 ' L
b
Lo s T

s

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

Fic. 13—Cumulative curves of section 6 sediments of Qoseir-Brothers'-No'man. Fre-
quencies 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 m/ms.

marine hill west of Shadwan Island
further north and by those on the slopes
east of Wasit in the Gulf of Agaba. 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.

7. Daedalus—Hanak Section.

Five samples were examined from this
section: three from west of Daedalus
(nos. 60-62), one from the “Mabahith"
Deep lying between Daedalus Reefand
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 be-
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F1G. 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.

bo &1
1 LU T LLJ
- o]
b5 t &
ol o i1 7 = F~4 1 = =
® soll T J SRS g |11 ®» &
1 e
fw A5 { ; § ~ |
Lehblil L. = H I i 1 li[ L
& ! .
n‘.f}*‘ i Uit -o {-Z_HJ« h.f%.;l'
2ol 4/ £ F == aefllT qf- «I-r:-;—i—-
el e | — ol A LTl o
o L i 4 i -l gl o Ll ro 4l 1.1L| .
¢ TIEI 2 7 SEIE TS0 08 W F i Fll 07543 8§ TIEI L FATIIOE N li i ]
=— Log dm in Y, Sl 4 =— Log diom. iv s ; ¥
b2 63
b 1111 T ‘» !ws%. T -u_” 2 i LB B A L L e iR
#0| ! o N 1R T B T_ #o| 1 L1.] by ]
=T I B : } o 3 I
'n ] et F T BB ) o, =T hT_ == T =
e .J.L 1 e ] » el B b4 53 S |
?_n . : 1NN ‘:m s /
i.‘"h u-ﬁ»ulj_- I = ‘E*’LF —--‘-‘H--]]ll_— AT F = L
a0 i it 7
{” » ESess iy o Ly | t::ngA, S R il
ol T Hiee . i B sofiiT + rriz I 1
ELd R e B 'f Tt il L ct | {-...‘...
o f T e 0 1 r-r".-;l.-l' =il il
T TEI ey T SesE y wores ot ¥4y ii [ RITIEI L g TSI horosror ogy 3 R
= Log ditm 1 . i : =— Log glemr in Tay ]
64
bl || USSR 141155
) f & ‘:er h 1l )
7] @
Tn 1 i ¥ i 1
":I ”WT ;‘a,f; oL LS ~
= i
e | i B
S it t :
LT 4 =
2o = SR -
o Ml H s L 9| =
07 IEI 2§ T IEI L oF OTO5OF -r!i i i

=— Log. diam. in %,

Fi1c. 15.—Cumulative curves of section 7 sediments of Daedalus-Hanak. 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 m/ms.



62 N. M. SHUKRI AND R. A. HIGAZY
ol
v
202 g ' & P
P ¢ e e

j 3 S

[0\ ] / ?

o s

o // i = "
5 [

i ®

ol [

%

E\l ‘Y‘ —e
Q -4 @

03 Y ==

Py

E,:f \® )
= > 0& e

& \
8% 4.. \\;. °

I

) I % S & 4)

SORTING FACTOR

F16. 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 mm. It
is of interest to notice that a similar rela-
tion was recorded by Hough 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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F1c. 17.—Relation between median diameter and log of skewness
of Northern Red Sea sediments.

in its interrelation with other properties tion between sorting and skewness but
or with factors of environments as shown the plotted points were diffused. They

later. showed, however, that, on the whole, the
: well sorted samples possess low figures
Sorting: Skewness: and that the less sorted sediments possess

A graph was drawn to show the rela-  higher figures for log Sk in both negative
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Fic. 18 —Relation between median diameter and CaC0;% of

Northern Red Sea sediments.

and positive directions as would be ex-
pected from the two previous relations.

Calcium Carbonate Content:

Constanis:

Statistical

Figure 18 shows the relationship be-

tween median diameter and calcium car-
bonate content. The figure clearly shows
that the percentage of CaCOs; increases
with increase of median diameter, and,
as would be expected from the median:
sorting relation, a graph drawn to show




ANALYSIS OF BOTTOM DEPOSITS OF THE RED SEA

the interrelation between CaCQ; content
and sorting factor showed that the well
sorted samples possess the highest con-
tent of carbonate whereas the poorly

5.

65

Nitrogen and Organic Carbon Content:
Statistical Constants:
Graphs were drawn to show the rela-
tion between the nitrogen percentages
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F16. 19.—Relation between sorting factor and nitrogen percentage of
Northern Red Sea sediments.

sorted samples possess the lowest. The
relation between log of skewness and
carbonate content was also investigated
by drawing a diagram, which showed that
there is no conclusive relation.

and organic carbon (evaluating the or-
ganic matter content of the sediments)
on the one hand and the median diame-
ters and sorting factors on the other. The
graphs showed that both the nitrogen
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and organic carbon remain more or less
constant irrespective of median diameter
or sarting 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-

)
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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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F16. 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
Agaba 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.

Depih: Calcium Carbonate Percentage:

As could be deduced from the depth:
median diameter and median diameter:
carbonate graphs, the carbonate content

was found to decrease with increase of
depth.

Depth: Organic Matier 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 torrents® 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 (3).
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 Agaba 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.f 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,
andcomplete cartographic studies can be
consequently accomplished.2

The authors wish to express their
thanks to Prof. O. 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 Agaba or the Red Sea.

& 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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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 done on the contributing rocks of the coastal areas.

INTRODUCTION

In the preceding article the authors
gave the results of the mechanical analy-
dis 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:—
amphiboles, pyroxenes, 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:
a. colored minerals
b. common rock-forming minerals
(of igneous and metamorphic
rocks)
c. easily weathered minerals.

The authors believe that these char-
acters are not criteria for wind transpor-

tation as stated by Sujkowski,® though

the deposits are actually carried mainly

2 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 lamellibranchs 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.®, a small size, which he considered as
characteristic for marine sediments trans-
ported by wind.

DESCRIPTION OF MINERALS

Table T 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.

4 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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Section 1 (Gulf of Suez)

N. M. SHUKRI AND R. A. HIGAZY

S Sy xapur paunIIaiap jou .&MM,&.{.MN H324H e
" ML TS QSS 32 2 XX XX s [ e
B esemmuyl [ [ 1] 111 | [XX] | % LI
oo 8 Y 1 I R E BRI S
) wuds || [ ] | TS L] ) LR
& sqwoonepg | | | X || ||| X R [T
w aysnpepuy | || ||| [ ]| | X[ X[ | % NG RN
4 s_sei__:_____ [l EIs] Tt L)
o ewmmey|xx XI0 LEL x| [ LIIXEI] (=100 10
o aommg | | | X e | IXX] | % XX LI
o gauzesy| | e | | XXXXX R e
= »ESH_ [] X== XXX X [P il o
M :ou.:N_A.d. S0 Mo n ) 6 N O O T N XZ_
i ety BGOSR ) S uﬁm DR (S|
%
v uuu;nw_ [H] peas T[] X Mw. [[smaiiialic M helalnb e Rl €l iEa)
— aulfemInop [ XX Tm— Mo o W bkt MM bt he Saha U M|
= oo | XX XXX XXX X [ 2| #s | mmnn M.., w—in ®00
= Bo_uam_ss Tom ana o § | wmmonns .,m A= eaReY
3
© sousxo1sy | S m%m wum o 4 NN o M\ VInmmol
f sapqudmry |0 Boo Xox o R m gR&R2 252
e BReES-L peaps gs
a seouwor|zg IWS S5 R B tdab BREsd 832
et mn..__m %,mwm _WM_I_“.W R 33839 m%m__
el e $
g g
&
g g
e R Sl SO S ghoogs el
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TABLE 1. (continued)

Section 5 (Safaga-Mowila) (continued)
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depth.e 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.

Section 1 Section 2 Section 3 Section 4 Section § ‘ Section 6 Section 7
Mineral

Av. | Range | Av.| Range | Av.| Range |Ay. | 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 | 30-49
Biotite 10 3-15 | 16 6-35 | 28 2-58 | 24 4-38 | 21 4-40 7 2-13 | 16 6-29
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 ] 3-10 4 2—- 6| 16 7-26 9 4-18
Epidote 1 R ) 3 -7 4 1-10 6 4- 7 5 2- 6 7 59 4 25
Chlorite X | X=X 3|— 5 3| X=9 3 1- 6 2| —L6 2 1- 4 2 1- 5
Tourmaline 1] X-3 1| X-4 1| — 4| 3 1- 4 2 1- 4 2 1-3 2 1-3
Sphene Xl — % 2| — 6 1|— 3 2| X-12 2| — 4 1 ®-1 2 |'=— "3
Apatite ili— 4 2-'7 2(— 5§ 2 1- 3 | X=2 i 1-:1 1hilr= "2
Zircon S5 4- 8 2 1- 3 2| — 9 1| X1 1 X— 2 2 1- 2 1 X—3
Pyrites 43 3449 | x| — x| 7|—30|X|—x| 3| X8 = =

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 34-499, (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 Agaba 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,! (16) which, being a reducing

e It is assumed that the amount of carbon-
ate particles, which affects the index figure as
well as authigenic pyrite, are constant.

f 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
Jubal and though the sample was se-
cured from relatively deep waters (941
meters) its richness in organic matters
(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 (Cristellaria, Nodosaria,
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.

& 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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lamellibranchs.® Besides these organisms
which are dominant, few shells of gastro-
pods, ostracods, echinoid spines and
plates, triaxial and monoaxial sponge
spicules, bryozoan encrustments, 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 guartz,
muscovite and feldspar.

Quariz—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 Agaba 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
sexamples are to be 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

b 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), asitis
impossible that the ferric oxide could be
formed in a reducing medium, which
favored the formation of the sulphide as
mentioned above. ¢

Muscovite—Muscovite, 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 the 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 pleochroism (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

b,

percentage of iron as proved chemically
(16).

\ Biotite—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 Shadwan 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 wvery
rare and the latter is usually the least
abundant.i 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 7 of o of
Sl decomposed | decomposed
P 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=30%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,  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 42V =56°, 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 ina
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.

Epidotes—Pistachite, zoisite, clino-
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 wvariety 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).

Chlorite—Chlorite wvaries from less
than 1 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 1 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 Agaba than in
the Gulf of Suez or Red Sea sediments.

A patite—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



MINERALOGY OF BOTTOM DEPQSITS OF THE RED SEA 81

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 ecrystalline 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 Agaba 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 fregency 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.

Staurolite.—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 surface!
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).

Kyanite—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 Agaba, 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—Andalusite is recorded

from three samples located in the Gulf of
Agaba and at its entrance. It is very rare
and occurs in clear prismatic grains with
their edges rounded. Pleochroism from
pink to colorless is displayed by all the
grains. [tisinteresting to note that Hume
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.
Glauconite—Glauconite 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-

1 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.

Spinel—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—0Olivine was also recorded
from the same two sections, from the
slopes of the Brothers’ Islets and from
station no. 64, north-west of Sheibara
Island, but in greater abundance than
spinel 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 ecrystals (with—2V =84°—78%)
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.

Anatase—This mineral occurs in three
samples, two from the Gulf of Agaba
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-fragments.—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
Agaba, 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, pleachroic aragonite,™ ilmenite, mag-
netite, hematite, limonite, biotite, horn-
blende (three varieties), actinolite, augite
(three varieties), diopside, diallage, hy-
persthene, enstatite, pistachite, 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 =mauve, Z =col-
orless) is not recorded in Milner's sedimentary
petrography.
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African Sahara, 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:

1. Nature of distributive rocks.

2. Type of weathering and mode of

transportation.

3. 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 uniforme 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.» 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, wvariation in
detrital minerals is mainly attributed to
differences in the source-rocks, but varia-

n [t 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.

o 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 Agaba
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, thulite,a 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 Aqgaba 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 Agaba 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. O. Zdansky for laboratory
facilities provided at the Geology Dept.,
Fouad I University.

a This mineral and others, though of ex-
treme rarity, are of great provenance sig-
nificance (7).
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Mohlised sediment about 18 ft. from the contact quartz-diorite, at a height of approximately
800 ft., on the south plope of Buchan Hill (Rutledge, 1950, Table II, Analysie Gy

Greywacke from south side of Craiglure Hill (McIntyre, 1947, Table 2, Analysis 1).

Biotite~hornblende-plagi clase~hornfels, 55 yds. from the marginal granodiorite at a height of
approximately 800 ft. ¢n the south slope of Buchan Hill (Rutledgey 1950, Table II, Analysis B).

Potash-f'eldspar-poor "nosite® from south side of Shiel Hill (McIntyre, 1947, Table 2y Analysis 8).
Coarse-grained opdalite, 100 yds. south of Balloch Lodge (MeIntyre, 1947, Table 2, Analysis 7).
Fine-grained opdalite, wdst shore of ILoch Cornish (MeIntyre, 1947, Table 2, Analysis 5).

Opdalite pod in the aureale south of summit of Craigbrock (MeIntyre, 1947, Table 2, Analysis 4).

Slightly feldspathised greywacke, Cow Craig (McIntyre, 1947, Table 2, Analysis 2).

Highly feldspathiced greyracke, Cow Craig (MeIntyre, 19%7, Table 2, Analysis 3).

Contact quartz-diorite, transitional to marginal granodiorite at a height of approximately 800 ft.,
on the south slope of Buchan Hill (Rutledge, 1950, Table II, Analysis D).

Marginal hornblende-biotite-granodiorite, about 15 yds., from the contact-quartz-diorite at a height
of approximately 800 ft., on south slope of Buchan Hil1l (Rutledge, 1950, Table II, Analysis E),

Biotite~adamellite, Crzignaw. New analysis.
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Ca0 0.93 0. 0.48 0,51 0.9 1.33 1.13 0.8%
Mg0 2,89 2.87 1,77 2,32 2.32 2.62 247 2,49
K, 0 2,27 6459 2.23 L.h1 2,25 %,89 3.57 3.64
Na, 0 2.9% 0.82 0.37 0.59 1.92 2.06 1.99 1.62
H, O~ 0.39 0.20 0.1k 0.17 0.05 0.18 0.12 0.19
H, O+ C 3.48 4,595 3.34% 3.95 2.97 3.22 3.09 3«51
CQ, TNl Wi M . Nil Nil Hil Nil
Py O 0,17 0.18 0.10 0,14 0.28 0.16 0.22 0.18
Rb, 0 0.011 0,011 0.031 0.016 0,033 0.025 0,022
Li,0 0,022 0,012 0,041 0.026 0,024 0,025 0.031
Ba0 0.1 0.1 0.22 0,11 0.22 0:17 0.17
Sro 0.007 0.002 0.004% 0,009 0,01k 0.012 0.008
Cr, Op 0.009 0,007 0,015 0,018 0,016 0.017 0.01%
Co0 0.004% 0,003 0,0045 0,005 0,005 0.005 0,005
NiQ 0.007 0.005 0,005 0.015 0.009 0.012 0.008
ZrQ, 0.11 0.01 0.07 0.0 0.0% 0.04 0.06
Lag O * " w 0,004 0.004% 0,004 0,001
Y, 0p 0.006 0.004% 0,004 0.008 0.01 0.009 0.006
Cu0 0.0007 0.001 0.0015 0.002 0.001 0,0015 0,001
Va0 0.016 0.012 0.01% 0.016 0.017 0.016 0.015
Gag Og 0,005 0,003 0,005 0.01 0,008 0,009 0,006
Tl,,G * * W # * * *
Sno, #* #* * * * * *
PbO 0.001 0.001 0.0025 0.002 0.002 0.002 0.002
Seg 0y " » " ” 0.002 0.001 .
MoQ, 0.0002 0.0005 0.000% 0.0003 0,0003 0.0003 0.0003
Gel, W * * * * 3 - *
BeO 0,001 " » 0,001 0.001 0.001 0.0006
Agy O 0.0003 0.0001? 0.0002 0.0001 0.0002 0.0002 0,0002
In, 0y * % * * #* * %*

4 = quartz-chlorite-schist (Skatie shore)

B = quartz-biotite schist (south side of Perthumie Bay)

C = quartz-garnet-biotite~schist (north of Red Man, Perthumie Bay)

D = quartz-staurolite-schist (Perthumie Bay)

E = quartz-sillimanite-biotite-gneiss (Barnsheugh Bay)

A, BC and DE = low, medium and high grades of metamorphism respectively

Chemical analyst: W.H, Herdsman
Spectrographic analyst: R.A. Higazy

* = Element if present is 1n amount below its limit of sensitivity. The limits of sengi-

Ge 1

tivity in ppm. are as followss
Rb 13 Ii 16 Ba 5 ar 5 Cr 13 Co 23
Ni 23 Zr 103 Ia 303 4 30& Cu 3 v 5}
Ga 15 T1 303 Sn 53 Pb 103 Sec 16; Mo 1;
-

Be 53 Ag 13 In 10.




Element

ZABLE 1b

Trace-element eontents in ppm. of the chief rocks of the Loeh Doon Complex.

Sensi- A B c D
tivity
214 485 Y1k 206
1 65 100 50 100
1 80 80 70 100
5 600 750 800 1000
5 950 200 1000 2200
1-'2% 250 | wo 280
£ - ‘.o e W
2 100 115 | 120 120
10 290 500 | 35 450
30 <30 30 <307 <30
30 70 65 40 70
3 3 280 12 25
5 170 105 | 180 200
S s A D™
36 k4 % ¥* +*
5 %0 20 <5 15
10 10 35 <10 25
10 10 » 10 <10
¥ =% 1 =1y <}
10 * % * ¥*
* ¥* %* %
1 B <¥ : &
10 * * * %

Analysts R.A. Higazy

» _
= Element if present is in amounts below its limit of sensitivity.

A« as given in Tabie

la..

18

150
80

1000

1900
320
45
200
1200

30
80

320
180
35

25
25
<10
<1

333

130
90
1200
2000
260
35
110
350
30
50
240
120

30

10

32
<10

G

685/5

110
15

1900

1100
290

120
700
< 30
75
150
150

87
30

506

90
85
1400
850
240
90

600

65
110
110

507

120
100
2000
909
70
3o
60
1000
50
100
300
120
35

*®

307

35
<10
<1

b K
bok  ho1
110 120

9% 80

2000 1600

1200 2200
%0 300

4o 45
150 110
1100 800
30 Lo
6 60
5 8
130 140
35 Lo
w *
<5 <5
10 10
<107 <107
=l
¥* o* %
% *
%

666

380

350
1800

900

70

35
400
60
60

100
45
*
<5
20
<10

1
%



$ADLE 29

Chemical comppsition of katungite, mafurite, ugandite and ouachitite

_ Katungites
KatwesKikorongo Binyaruguru Katunga Average it Bentits Gttty
A B c D E ¥ G Kéfé.?“ H I J
810, 35.51 37.93 33.89 34,23 3h22 - 35.%2 35.37 35.09 39.06 40,47 38.9%
A1, 0y 6.83 6.59 8.27 8402 9.71 8.04% 6.50 770 8.18 5.38 6.92
Fe, 0y 9.68 S8l . 9.3 6462 6,68 5.88 7423 7.13 7.13 4,61 5.27
Fe0 2.70 4,37 5.21 543% 530 . 5.5 5.00 5.06 4,98 6.47 5.09
MnO 0.22 0.18 0.26 0422 0.52 0,15 0.2% 0.26 0.26 0.23 0.23
Mg0 11.67 1%, 5% 10.93 9492 12,12 13.5% 14,08 12.40 17.66 24,84 11.58
Ca0 16,00  15.23 16498 16454 15.6% 15.22 16.79 16.06 10.%0 8.06 15,95
Na, O 1.56 0.88 142 1420 1.5 142 1.32 1.33 0,18 0.68 1.01
K0 3+30 2.65 3.65 3439 354 4,26 4,09 3.56 6.98 3.46 3.96
H, 0+ 3.11 3.38 2,08 2.80 - 3.28 2.3% 2,78 2.82 1.kh2 1.11 2,26
H, 0= 1.31 1.42 1.19 147z c.80 1.68 1.15 1.32 0.50 0.57 1.20
o, 1.47 0450 3.27 4,02 0.42 0.96 0.09 1.53 tr, 0436 2.12
TiQ, 4,88 k.12 L.43 4,56 6.08 6.04 3.87 4,86 4,36 3.52 3.88
P, Og 1,18 1.03 0.97 0,96 1.12 0.82 0.7% 0.97 0.61 0.29 0.91
c1 tr. 0.01 - - - - 0,02 - - 0.01 -
F 0,27 0.16 0.18 0.0k 0.08 - 0,16 - 0.13 0.10 0.13
s - - 0.14 0.2 - - 0.35 - 0,13 0.0% 0.1%
S0, 0.13 0,06 - - - - - - " - -
Cry O 0,02 0.05 - - - - 0.01 - 0.08 0.11 -
V, 0 0.0% 0,02 - - - - 0.03 - - 0.03 -
Ni0 0,02 0.03 . - - - 0.19 - tr. 0.23 0.09
Ba0 0,27 0.30 0.21 0,17 0.15 0425 - 0.32 0.27 0.18
Sr0 0.2% 0.25 0.29 0.05 O.lils 0,04 - 0.18 0.02 0.19
Li, 0 tr. - - - - none - - - -
cud - - - - - 0,06 - - - -
Total 100.41  100.51  100.%0 100,23  100.2Y% 99.96  100.36  100.09 100,0% 100.18 100.05
Less 0 0,11 0,07 0.11 0.11 0.03 - 0.2% 0.10 0.0% 0.09
100,30  100.+  100.29 100.12  100.21 99.96 100,12 99.9% 100,13 99.96

A = EKatungite. Lapilli from tuff, G 21, Katwe crater (Holmes, 1937, p. 209. Analyst:s H.F. Harwood.

B = Biotige--g:tungéte (AlnBite). Hjected block, G. 56, Katwe erater (Holmes, 1937, p. 207). Analysts
H.F. rwood.

C = Proto~katungite. Ejected blockl C 6065, from the rim of one of the oldest craters, Iugazi,
Bunyaruguru (Holmes, 1950, p.|78%).  Analyst:s W.H, Herdsman.

D = Katungite. Lapilli separated fPom the first voleanic horizon of the Upper Kaiso Series, C 5945, near M.P. 75
gnﬂthg Fort Portal Road, W.W. edge of the Bunyaruguru field (Combe and Holmes,; 19%5, p. 3567) Analyst:
«H. Herdsman.

&

E = Kamgitg. " Ejected block, C 3509, from Chamakumbe crater, Bunyaruguru (Holmes, 1942, p, 212). Apalvst:
W.H. Herdsman.

F = Kalsilite-katungite. ILapilli s parated from tuff, C 4012, N.W., rim of Changabs crater, Bunyarugur
(Combe and Holmes, 1945, p. 367). Analyst: W.H. Herdsman.

G = FKatungite, western flow, C 4407, Katunga (Holmes, 1937, p. 205). Analyst:s A.W. Groves.

~taffs above the lava sheet of Mafuru, C 6073 (Holmes, 1942, p. 212),

- H = Mafurite. BEjeeted bloek from
dpalyst: W.H. Herdsman.

1d rest camp of Kichwamba, adjoining Kachubs crater, Bunyaruguru (Holmes and

Bjepted block 20 ft. below B.E. rim of Katwe crater, Katwe-Kikorongo (Holmes, 1950, p. 780),

I = Olivine-rich ugandite, C 3052.
Harwood, 1932, p. 2,*15')..

J = Olivine-ouachitite, C 5844,
4nalyst: W.H. Herdsman



Element

Rb
Li
Ba
Sy
Cr
Co
Ni
ir
La

Cu

Ga

Sn
Pb
Se

Ge
Be
Ag
In

Katungites
Katwe~Kikorongo Bunyaruguru
A B c D B
200 150 240 220 150
10 12 8 7 é
2800 2600 7000 2000 1800
7500 3800 >1f 7500 %000
700 800 290 650 500
85 70 60 80 80
230 140 100 200 160
800 1100 1100 85 1200
30 <30 100 5’0_j 30
< 30 <30 <30 <30 <30
80 60 200 70 60
320 350 170 aée‘ 350
25 30 25 25 30
* * * e E
. il - ﬁ .
<10 <10 <10 <10 <10
<10 " * <10 <107
*% * +* L *
* e * * *
* * * %* *
#* 8 L2 % %
¥* * * * *

Trace-element contents of katungites, mafurite, ugandite and ouachitite

Analvst: R.A. Higazy

380

k500
9500
1200
70
180
800
70
<30
50
210
20

35
<10

Katunga

200

2900
4500
900
65
270
1200

<30

70
250

Average

Katun=-
gite

220
8

3370

6685

720
73
185
1000
50
<30
85
275

* = Element below its limit of sensitivity given in Table 1b

A =J as in Table 2a

Mafurite

450

7500
7000
1300
70
300
900
80
<30

Ugandite

450

2000
1800
1200
110
900
300
35
<30

110

OQuachitite

100
13
1700 -
2500
550

- 250
1200
<30
<30
65
320



A B c D E F G H 4 J Sensitivity
81 214,000 196,000 220,000 209,000 210,000 214,000 225,000 196,000 221,000 287,000
Al 79,400 58,700 84, 500 182,400 69,400 77 5900 795300 63,300 80,600 73,500

Fe3 23,600 12,800 11,000 22,800 38,800 17,300 14,300 12,200 19,800 19,900
Fe? 68,000 70,000 56,000 62,300 60,000 90,000 42,700 57,800 53,600 30,200
Mg 41,700 90,000 43,300 36,200 29,900 29,900 36,200 17,600 35,400 17,200
Ca 56, 500 41,400 47,700 47,000 66,400 29,000 77,100 101,000 77 4200 13,600
Na 21,800 17,500 32,000 3%, 500 21,200 19,700 19,100 1k%,000 20,200 33,800
84300 5,800 11,400 14,400 10,600 11,800 10, 500 10,900 8,800 34,000
P 1,222 830 960 1,050 1,090 2,050 740 960 1,050 870
Mn 1,550 1,550 774 1,160 1,550 2,162 774 1,160 1,160 Lé5
Ti 13,300 9,700 13,200 12,800 18,%00 17,700 11,700 10, 500 13,000 5,200
8 960 2,770 2,180 2,400 2,180 4,900 1,970 1,120 1,330 1,170
A B c D E F G H I J Sensitivity
Rb 5 18 25 10 15 20 18 9 100 3
Li 12 20 Lo 2 20 28 9 50 1
Ba 950 650 2,600 1,250 450 400 500 550 800 1,200 5
Sr 900 300 950 1,200 300 1,000 650 1,000 hgg 5
Cr 750 950 180 <1 400 550 1
Co Zg 8 60 80 55 55 50 55 70 10 2
Ni 3 430 0 Zg 50 L5 110 10 120 : 2
%i 290 220 2 2 160 180 280 220 290 1,103 10
_ \ o = 7 .30
4 Zg 25 50 70 60 60 Eg 45 60 200 30
Cu 25 70 0 80 60 L ag 10 3
v 330 220 360 360 L50 220 390 250 3 8 5
Ga 30 6 40 35 32 35 12 30 40 1
T]. # #* * * *® * * 30
Sﬁ * * * % - * * * #* ¥#*
Pb <10 <10 <10 | <10 <10 <10 <10 50 <10 10 10
Se <10 10 o " * » * 20 <10 - 10
Vo * i * * * 2 * * l'i' 1
Ge ¥ % W * * % * #* % 10
Be W o * * * * #* * * g 5'
4g } 19 ! ! 3 } 3 19 3 : "
(®) Chemical analyses (T.C. Day, analyst) in Campbell et al (1933 and 193%) ineclude
cality H, O+ H, 0- ca, Total
Q].ivm basalt Braefoot Bay g . e, "“o ?}'l' 0 . 92 G. 15 1&6. 08
Picroteschenite - " a l“- 97 "1‘01"'9 0.29 99996
Medium~grained ' ;
teschenite Quarry, near stmit of Braefeot promontory, Fife 4,67 0.69 0.12 99.76
D Coarse-grained Birkhill Wood Railway cutting, Fife 4,27 0.60 1.19 99,76
teschenite
E Chlorophaeite~
dolerite~pegmatite Braefoot Pier, Fife ; | 1.70 2.07 3.02 100,57
F Chloritised-dolerite
pegmatite 80 yards north-west of Braefoot Pier, Fife Lo G4 0.82 2,27 99.96
G Dolerite Braefoot Plantation, Fife 2,56 0,57 2.80 100,07
H Ocellar basalt Dalgety Bay, Fife, 330 yards north of Braefoot Pier 3,30 0.99 1b.11 100,46
I Upper basalt " " " 370 yards n =& " " 2.05 0.92 1.16 99.88
J Mierosyenite 330 yards north of Braefoot pier, Dalgety Bay, Fife 1.8% 0.51 0.93 100,03

Spectrographic analyst: R.A, Higazy
*Element 1if present is in amount less then its 1imit of sensitivity



